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bstract

dense clad overlay with chemical inertness was achieved on top of the plasma-sprayed YSZ thermal barrier coatings by laser in order to protect
hem from hot-corrosion attack. The Al2O3-clad YSZ coating exhibited good hot-corrosion behavior in contact with salt mixture of vanadium
entoxide (V2O5) and sodium sulfate (Na2SO4) for a longtime of 100 h at 1173 K. The LaPO4-clad YSZ coating showed corrosion resistance

nferior to the Al2O3-clad one. Yttria was leached from YSZ by reaction between Y2O3 and V2O5, which caused progressive destabilization
ransformation of YSZ from tetragonal (t) to monoclinic (m) phase. The chemical inertness of the clad layers and the restrained infiltration of the

olten corrosive salts by the dense clad layers were primary contributions to improvement of the hot-corrosion resistances.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coatings (TBCs) are widely used in gas tur-
ines to provide insulation for hot sections and also to increase
urbine efficiency. Currently, state-of-the-art duplex TBC system
omprises the YSZ (zirconia stabilized with 6–8 wt.% yttria) top
oat applied over an oxidation-resistant MCrAlY (M = Ni and/or
o) metallic bond coat. Previous results demonstrated that oxi-
ation of bond coat and thermal mismatch between ceramic
oating and superalloy substrate were main factors that limit
ifetimes of TBCs used in aviation gas turbines.1–6

TBCs are also finding increasing application in land-based
ndustrial engines and sea engines that are usually operated
n corrosive environments or burn low-quality fuels contain-
ng impurities, such as vanadium, sodium, and sulfur. In this

ase, another failure mode, hot corrosion, becomes predomi-
ant and crucial to the lifetimes of TBCs. During long-term
ervice, molten sulfate and vanadate salts condense on the TBCs
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tings

t the temperature of 600–1000 ◦C.7–11 Interconnected pores
nd microcrack networks in the plasma-sprayed YSZ coatings
educe thermal conductivity and also affect mechanical prop-
rties of the coatings. However, these pores and microcracks
nevitably provide infiltration paths for molten salts to attack
he coatings. Therefore, hot-corrosion resistance over long-term
xposures in low-quality fuel combustion or corrosive environ-
ents is highly essential for expansive application of TBCs.
In previous studies, a variety of methods have been performed

o seal the coating surface, including liquid metal impregna-
ion, hot isostatic press (HIP), laser glazing, sol–gel process,
hin chemical vapor deposition (CVD), physical vapor deposi-
ion (PVD), plasma-sprayed (PS) and electron beam-physical
apor deposition (EB-PVD) overcoatings, to prevent the pene-
ration of molten salts into the porous YSZ coatings.12–30 Laser
reatment has been proved to be a highly promising method
o improve the coating quality of the plasma-sprayed coatings
y eliminating open pores within the coating surface and gen-

rating a controlled segmented crack network. Hot-corrosion
ests in the presence of V2O5 indicated that the lifetimes of the
lasma-sprayed 6.1YSZ, 7.3YSZ, 12YSZ and 19.5YSZ (num-
ers denote wt.% of Y2O3) coatings were largely increased

mailto:xcao@ciac.jl.cn
dx.doi.org/10.1016/j.jeurceramsoc.2009.10.017
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Table 1
Plasma-spraying parameters for the bond coat and the 8YSZ top coat.

Coatings Current (A) Voltage (V) Spraying distance (mm) Plasma gas (SLMa) Carrier gas Ar (SLM) Powder feed (g min−1) Pressure (kPa)

Bond coat 650 70 250 Ar, 65/H2, 4 4 30 7.9
8 /He, 1
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a SLM = standard liter per minute.

fter laser glazing.19,20 Chen et al.27 reported that Al2O3 over-
ay had been deposited on top of 8YSZ coating by EB-PVD,
nd Al2O3 overlay had refrained structural destabilization of
he inner YSZ coating. Afrasiabi et al.28 demonstrated that PS
l2O3 overlay had shown good promise as a potential hot-

orrosion barrier for 8YSZ coating. Laser cladding is also an
ffective method to improve performance of coatings includ-
ng corrosion resistance.31–33 Yue et al.31 reported that laser
ladding of composite coating containing Al2O3 on aluminum
lloy had exhibited good corrosion resistance. Lanthanum phos-
hate (LaPO4) has good corrosion resistance in environments
ontaining sulfur and vanadium salts.34,35 However, to our best
nowledge, no LaPO4 TBC is reported for composition change
f LaPO4 after high-temperature fabrication.

In our former work, the plasma-sprayed 8YSZ coating was
aser glazed and achieved remarkably improved hot-corrosion
esistance against molten V2O5 + Na2SO4 salts. In the present
aper, the 8YSZ coatings were laser-clad with Al2O3 and
aPO4, and the hot-corrosion behaviors of the overlay-clad
YSZ coatings in contact with molten V2O5 + Na2SO4 salts
ere studied.

. Experimental

.1. Specimen preparations

DZ125 nickel-based superalloy with a thickness of 3 mm
as chosen as TBC substrate in this study. A bond coat of
iCoCrAlYTa superalloy was deposited on the substrate by low-
ressure plasma-spraying (LPPS) using a Sulzer Metco Vacuum
lasma-Spray Unit. The thickness of the bond coat was 100 �m
pproximately. The substrate was firstly grit-blasted with alu-
ina particles before deposition to increase bond strength

etween substrate and bond coat. The atmospheric plasma-
praying (APS) of the 8YSZ coating on top of the bond coat was
arried out by spraying the 8YSZ powder (204NS, Sulzer Metco)

sing a Praxair-Tafa 5500-2000 Plasma-Spray unit with a SG-
00 plasma-spray gun. Simultaneously, 8YSZ was also directly
prayed on stainless-steel substrate without bond coat. The steel
ubstrate coating was used for characterizations of composition

t
i
i

able 2
aser-cladding parameters for the 8YSZ coatings.

aser treatments Power (W) aLaser beam moving
speed (mm min−1)

Beam spot (mm2) O

laddded Al2O3 130 7000 0.8 × 0.8 0
laddded LaPO4 300 7000 1.5 × 1.5 0

a Laser beam moving speed: the moving speed of specimen on the CNC table.
4 5.2 20 –

nd microstructure before laser cladding. The as-sprayed 8YSZ
oating was about 400 �m in thickness. The plasma-spraying
arameters for the bond coat and the ceramic top coat are listed
n Table 1.

.2. Feed powder preparations

The Al(OH)3 powder (99.5%, Jinan Jinyingtai Chemicals)
as heated at 1673 K for 12 h in order to get �-Al2O3. La2O3

99.9%, Guangdong Chenghai Sanxing Chemicals) was dis-
olved in a diluted phosphoric acid at the molar ratio of
a:P = 1:1, and the precipitates were washed several times with
e-ionized water until the pH value of the filtered water was close
o 7. Then the as-received powder was heated at 1273 K for 2 h in
rder to obtain pure LaPO4 as a final product. The as-prepared
owders of both Al2O3 and LaPO4 were spray-dried (GZ-5,
angguang Ganzao), and the free-flowing spray-dried powders
ith particle size between 32 �m and 50 �m were collected and
sed directly as feed powders for laser cladding.

.3. Laser cladding

Laser cladding of Al2O3/LaPO4 on top of the 8YSZ coat-
ngs was carried out using an industrial high power (5 kW)
ontinuous-wave CO2 gas laser (10.6 �m wavelength) with a
hree-axis CNC workstation. Argon was used as carrier gas
or Al2O3/LaPO4 feed powders. The laser beam was directed
erpendicular to the coating surface during the laser-cladding
rocess. In order to cover the coating surface completely, the
amples were subjected to multiple scans with an overlap of
0% between consecutive tracks, always in the same direction.
he laser-cladding parameters for the 8YSZ coatings are listed

n Table 2.

.4. Hot-corrosion tests
For comparison, the hot-corrosion tests were performed on
he plasma-sprayed, Al2O3-clad and LaPO4-clad 8YSZ coat-
ngs simultaneously. The coating specimens were sectioned
nto a dimension of 1 cm × 1 cm. The V2O5 + Na2SO4 mixture

verlap (mm) Power density
(W mm−2)

Powder feed rate
(g min−1)

Loading gas flux
(Ar, SLM)

.4 203.1 1.5 180

.7 133.3 1.3 200
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as shown in Fig. 1b and c, which were characteristic features of
ig. 1. Cross-sectional microstructures of the 8YSZ coatings: (a) as-sprayed; (b

5 mol.%) was applied uniformly over the coatings surface to a
overage of 10 mg cm−2. Then the specimens were isothermally
eated at 1173 K in air for 100 h in an electric furnace. Upon
eating, the salt mixture was molten on the coating surface. Fol-
owing a 100-h dwell, the specimens were furnace-cooled down
o room temperature.

.5. Characterizations

The X-ray diffraction (XRD, Rigaku D/Max 2500 diffrac-
ometer with Cu-K� radiation 1.5406 Å) was used for the phase
dentification and hot-corrosion products. In order to inves-
igate the phase inside the coating, the coating surface was
round until a thin layer of approximately 80 �m was removed
efore the XRD analysis. The surface morphology and cross-
ectional microstructure of the coatings were investigated by
canning electron microscopy (SEM, XL 30 ESEM FEG, Micro
EI Philips), and the elemental distribution was analyzed by

eans of energy dispersive spectroscopy (EDS). For cross-

ectional microstructure analysis, the specimens were embedded
n epoxy resin and polished down to 1 �m using diamond
aste.

ig. 2. XRD patterns of the Al2O3 feed powder (a); the plasma-sprayed 8YSZ
oating (b); Al2O3-clad 8YSZ coating (c).

l
t
a

F
c

O3-clad; (c) LaPO4-clad, perpendicular to the laser beam moving direction.

. Results and discussion

.1. Characterizations of coatings before and after laser
ladding

The cross-sectional microstructures of the 8YSZ coatings
efore and after laser cladding are exhibited in Fig. 1. It is
learly shown in Fig. 1a that the as-sprayed 8YSZ coating has
orous microstructure that is typical microstructure of plasma-
prayed coating. As can be seen from Fig. 1b and c, the two
verlay-clad 8YSZ coatings both contain an external densified
ayer. The molten pool solidified rapidly as the laser beam has
assed by, giving rise to the elimination of a majority of pores
ithin the coating surface, consequently the dense overlay was

nduced. The Al2O3-clad layer has a thickness of 80–100 �m
Fig. 1b), while that of LaPO4 is 50–100 �m (Fig. 1c). In addi-
ion, segmented cracks perpendicular to the coating surface
ere formed within the densified layers after laser treatments
aser-remelted ceramic materials.14–22 During laser treatments,
he coating surface was molten rapidly and then cooled immedi-
tely after the laser beam passed by, and therefore the segmented

ig. 3. XRD patterns of the LaPO4 feed powder (a); and the LaPO4-clad 8YSZ
oating (b).
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Fig. 4. Cross-sectional micrographs and the corresponding elemental distrib

racks were caused by the shrinkage of the molten materials and
y the relief of thermal-induced residual stresses during cool-
ng. These segmented cracks perpendicular to the coating surface
lay an important role in enhancing the thermal-shock resistance
y improving the strain accommodation.

The XRD patterns of the as-sprayed and Al2O3-clad 8YSZ
oating surface are compared in Fig. 2. As shown in Fig. 2b,
he as-sprayed 8YSZ coating predominantly crystallizes in
on-transformable (t′) phase and contains a tiny amount of
esidual monoclinic (m) phase derived probably from partially
olten particles with inhomogeneous composition. It is gen-

rally accepted that the rapid solidification of YSZ during
lasma-spraying process drives the diffusionless transformation
rom cubic (c) phase to t′-phase without a composition change.
he Al2O3-clad 8YSZ coating surface is composed of �-Al2O3
nd t′-ZrO2, and m-ZrO2 is absent (Fig. 2c). The homogeniza-
ion of chemical composition of t′- and m-phase presented within
he as-sprayed 8YSZ coating surface during instant melting
nd rapid cooling exclusively contributes to the complete for-
ation of t′-ZrO2. The presence of thermodynamically stable
-Al2O3 within the coating surface is a characteristic feature
f laser-treated Al2O3, which is in agreement with previous
nvestigations.36–39

The XRD pattern of the LaPO4-clad 8YSZ coating surface is
hown in Fig. 3, together with the data of LaPO4 feed powder.
he as-prepared LaPO4 used as feed powder is a pure phase and
rystallizes in monazite structure as shown in Fig. 3a. After the

aser cladding, LaPO4 transformed to La7P3O18 as exhibited
y Fig. 3b. LaPO4 is a line compound that melts congruently
ut small deviations from stoichiometry change its solidus tem-
erature from ∼2343 K to 1853 K on the La-rich side, or to

c
o
s
c

ig. 5. Cross-sectional back-scattered electron micrographs (BSE) of the 8YSZ c
lasma-sprayed; (b) Al2O3-clad; (c) LaPO4-clad, perpendicular to the laser beam mo
s analyzed by EDS for the 8YSZ coatings: (a) Al2O3-clad; (b) LaPO4-clad.

323 K on the P-rich side. Slight deviations in composition could
hen induce changes in volume and concentration of the molten
ool, with resulting variations in evaporation rate and vapor
omposition.34 Therefore the rapid melting of LaPO4 during
he laser-treatment process resulted in its composition deviation
rom the stoichiometric LaPO4 and formation of the La-rich
ompound La7P3O18.

Fig. 4 exhibits the elemental distributions within the clad
ayers. As shown in Fig. 4a, the contents of Al and O within
he clad layer, as expected, are increased gradually towards the
oating surface, while the contents of Y and Zr are decreased (see
he dashed square). This result indicates that a eutectic of Al2O3
nd YSZ is formed after laser cladding, and fractional content of
l2O3 within the clad layer is increased gradually towards the

oating surface. For the LaPO4-clad 8YSZ coating, as shown in
ig. 4b, the content distributions of Y and Zr within the clad layer
ere similar to that within the clad Al2O3 layer. The contents
f La, P and O within the clad layer are increased gradually
owards the coating surface. The content of P is not increased
o much as that of La, which is attributed to the formation of
a-rich compound La7P3O18.

.2. Hot-corrosion resistance and failure analysis

The cross-sectional back-scattered electron micrographs
BSE) of the exposed coatings after the hot-corrosion tests are
hown in Fig. 5. It is clearly shown in Fig. 5a that serious

racking and spallation occurred in the as-sprayed coating and
nly a thin ceramic top coat remained. It is obvious that the
pallation was initiated and propagated in the ceramic top coat
lose to the top coat-bond coat interface. Therefore the failure

oatings after hot corrosion in the molten-salt mixture (V2O5 + Na2SO4): (a)
ving direction.
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e
induced segmented cracks perpendicular to the coating surface
served as infiltration paths for the molten salts. As proved by
the XRD patterns in Figs. 6–8, YVO4 was produced as reac-
tion product of V2O5 with Y2O3, which consequentially caused
ig. 6. XRD patterns of 8YSZ coating after hot corrosion in molten-salt mixture
V2O5 + Na2SO4) at 1173 K for 100 h: (a) coating surface; (b) inner area of
oating.

f the as-sprayed 8YSZ coating in the hot-corrosion test can
e reasonably proposed to be caused predominantly by phase
ransformation and thermal expansion mismatch stress between
he top coat and the substrate/bond coat. As can be clearly seen
rom Fig. 5b, the Al2O3-clad 8YSZ coating retains almost per-
ect, and neither crack nor spallation is observed. It is believed
hat the good hot-corrosion behavior is mainly attributed to the
ower stress generated by lesser phase transformation of YSZ
oating. In addition, the improvement of strain accommodation
hrough the segmented cracks induced by laser treatment is also
elpful. However, cracking and spallation are observed in the
aPO4-clad 8YSZ coating after the hot-corrosion test as shown

n Fig. 5c. Obviously, the spallation occurred in the ceramic top
oat considerably far away from the top coat-bond coat interface,
hich is believed to be resulted from the serious stress induced
y the significant phase transformation during the longtime test.

The XRD patterns of the exposed coatings after the hot-
orrosion tests are shown in Figs. 6–8. It was found that the
elative intensities of the characteristic diffraction peaks of m-
rO2 of all the exposed coatings, i.e., m(1̄ 1 1) and m(1 1 1),
ere significantly intensified in contrast to that before the hot-

orrosion tests. The volume fractions of m-ZrO2 (%m) within the
oatings after the hot-corrosion tests are compared in Table 3,
hich were calculated by the peak intensity ratio formula40:

m = Im(1̄ 1 1) + Im(1 1 1)

Im(1̄ 1 1) + Im(1 1 1) + It′ (1 1 1)
(1)

here I represents the diffraction intensity of the respective
attice planes.

As listed in Table 3, the volume fraction of m-ZrO2 within
he LaPO4-clad 8YSZ coating surface is the highest among

ll of them. When their surfaces were ground until a layer of
pproximately 80 �m thick coating was removed, the volume
raction of m-ZrO2 in the inner area of the as-sprayed coating
as decreased to 64.8%, whereas those of the Al2O3-clad and

F
m
(

ig. 7. XRD patterns of Al2O3-clad 8YSZ coating after hot corrosion in the
olten-salt mixture (V2O5 + Na2SO4) at 1173 K for 100 h: (a) coating surface;

b) inner area of coating.

aPO4-clad YSZ coatings were significantly reduced to 41.4%
nd 53.4%, respectively. This indicates that much lesser t′-ZrO2
ransformed to m-ZrO2 in the inner area of the Al2O3-clad and
aPO4-clad coatings compared to that in the as-sprayed coating
fter the hot-corrosion tests. In our previous work, the volume
raction of m-ZrO2 in the inner area of the laser-glazed coating
as decreased to 46.3% under the same conditions.41

The pores within the as-sprayed coating surface were mostly
liminated by laser cladding, however, to some extent, the laser-
ig. 8. XRD patterns of LaPO4-clad 8YSZ coating after hot corrosion in the
olten-salt mixture (V2O5 + Na2SO4) at 1173 K for 100 h: (a) coating surface;

b) inner area of coating.
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Table 3
Volume fractions of m-ZrO2 (%m) within the YSZ coatings after hot corrosion.

Coatings As-sprayed Al2O3-clad LaPO4-clad

Coating surface aInner coating Coating surface aInner coating Coating surface aInner coating

%

proxi
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m 83.5 64.8 79.2

a Inner coating: the surface of the coating was ground until a thin layer for ap

eaching of Y2O3 from YSZ. It is generally known that t′-phase
f YSZ is stabilized by the presence of Y2O3, therefore depletion
f Y2O3 resulted in phase transformation from t′- to m-ZrO2.
he process of t′- to m-ZrO2 is a diffusionless, martensitic-type

ransformation which is accompanied by a large destructive vol-
me expansion. The serious stresses within YSZ induced by the
olume expansion can lead to cracks in the coating upon cool-
ng and may cause coating failure further. No evidence from
he XRD patterns was found that the chemical reaction between
a2SO4 and YSZ, Al2O3 or La7P3O18 had taken place. This

ndicates that Na2SO4 had no chemical effect on the YSZ coating
t the elevated temperature of 1173 K. A previous investigation
eported that the presence of Na2SO4 aggravated the degrada-
ion of YSZ coating by V2O5 at 973 K.42 The XRD analysis also
howed that any reaction product of V2O5 with ZrO2 could not
e detected after the hot-corrosion tests. It is known that zirco-
ium pyrovanadate (ZrV2O7) is the only compound existing in
he ZrO2–V2O5 system. ZrV2O7 melts at a temperature above

43
020 K to ZrO2 and V2O5, and therefore no reaction product
f V2O5 with ZrO2 was found in this investigation. In addition,
t is revealed from the XRD patterns that no reacted product of

2O5 with Al2O3 or La7P3O18 is presented, which suggests that

e
i
u
o

ig. 9. High-magnification microstructures and EDS map scanning of the top coat-
s-sprayed; (e–h) Al2O3-clad; (i–l) LaPO4-clad.
41.4 98.6 53.4

mately 80 �m was removed.

either Al2O3 nor La7P3O18 reacted with V2O5. Since the three
pecimens were exposed to the V2O5 + Na2SO4 mixture for a
ongtime of 100 h at 1173 K, and neither V2O5 nor Na2SO4 was
resented within the coating surface based on the XRD results,
robably a critical content of m-ZrO2 is believed to reach for the
ested coatings.

The phase transformation from t′- to m-ZrO2 is believed to
e an important factor for the failure of the as-sprayed 8YSZ
oating. Those numerous pores in the as-sprayed YSZ coat-
ng provide paths for infiltration of the molten salts through
he ceramic top coat, which resulted in comparatively high
olume fraction of m-ZrO2 in the coating after the longtime
ot-corrosion test. For the Al2O3-clad and LaPO4-clad 8YSZ
oatings, the elimination of pores within the coating surfaces and
he inertness between the corrosive salts and Al2O3 or La7P3O18
ffectively restrained the reaction between the corrosive salts and
he inner coating, and therefore the volume fractions of m-ZrO2
n the inner area of coating were significantly decreased. How-

ver, the LaPO4-clad YSZ coating showed corrosion resistance
nferior to the Al2O3-clad one. This could be attributed to the
neven-thickness clad layer that depressed the restraining effect
n infiltration of the molten salts, to a certain extent.

bond coat interface of the 8YSZ coatings after the hot-corrosion tests: (a–d)
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Fig. 9 shows high-magnification microstructures and ele-
ental distributions at the top coat-bond coat interface of

he as-sprayed and overlay-clad 8YSZ coatings after the
ot-corrosion tests. Neither sodium nor sulfur was detected,
mplying that Na2SO4 did not reach the top coat-bond coat
nterface. The molten V2O5 ultimately penetrated into the top
oat-bond coat interface after the longtime tests as shown in
ig. 9d, h and l, even though the clad layer was presented.
s shown in Fig. 9b–d, f–h, and j–l, vanadium exists in the

egions which contain high quantity of yttrium and low quantity
f zirconium, revealing leaching of Y2O3 out of 8YSZ by reac-
ion between V2O5 and Y2O3. The distributions of vanadium in
ig. 9d and l are more intensive than that in Fig. 9h, implying

hat the clad Al2O3 layer depressed the infiltration of molten
2O5 through the coating more effectively.

. Conclusion

The plasma-sprayed 8YSZ coating achieved a dense clad
ayer and other characteristic features of laser-treated ceramic

aterials. In contact with the V2O5 + Na2SO4 corrosive species
or a longtime of 100 h at 1173 K, the Al2O3-clad 8YSZ coat-
ng exhibited good hot-corrosion behavior and consequently
btained a prolonged lifetime. The LaPO4-clad YSZ coating
xhibited corrosion resistance inferior to the Al2O3-clad one.
he reaction between V2O5 and Y2O3 produced YVO4, leach-

ng Y2O3 from YSZ and causing the progressive destabilization
ransformation from t′- to m-ZrO2. The failure of the as-sprayed
oating is mainly attributed to the phase destabilization and ther-
al mismatch stress. The chemical inertness between V2O5 and
-Al2O3 or La7P3O18, and the dense clad layers that restrained

nfiltration of the molten corrosive salts through the coatings led
o relatively low m-ZrO2 content in the inner area of the coat-
ngs after the hot-corrosion tests. These two factors are primary
ontributions to the enhancement of hot-corrosion resistances
f the overlay-clad YSZ coatings. In addition, the segmented
racks in the coating surface induced by laser treatments were
lso helpful in improvement of thermal-shock resistance.
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