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a b s t r a c t

In the present work hot corrosion behavior of plasma sprayed zirconia–alumina coatings on Ni-base,
IN-738, super alloy substrate was studied compared with normal zirconia. Hot corrosion resistance of
the coatings was measured at 1050 ◦C using an atmospheric electrical furnace and a fused mixture of
vailable online 25 June 2010

eywords:
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vanadium pentoxide and sodium sulfate salt.
The hot corrosion test duration was 4 h in each cycle, while the specimens were cooled in the fur-

nace. The general and peripheral conditions of the specimens were inspected. If there were any cracks
or spallation in coating wedge the test was stopped, the time was recorded and coating microstruc-
ture was studied. Composite coatings of zirconia–alumina having alumina as a top coat or a mixed
zirconia–alumina layer, showed better resistance in hot corrosion tests. It was concluded that alumina

romo
overlay on zirconia has p

. Introduction

The need to improve efficiency and higher energy output of
nergy generating systems caused the application of advanced
aterials. Coatings have a significant role towards this advance for

he work pieces under high temperatures [1].
High temperature coatings are used to prevent surface degra-

ations or as thermal barriers against warm atmosphere. The
ork pieces life span is controlled by their surface alterations

hereby applying coatings significantly improves their performance
nd increase their durability. Surface alterations are usually done
hrough corrosion, oxidation or erosion of solid particles. Simulta-
eous existence of these factors results in work piece strengthening
rop in its ductility and eventual occurrence of its premature failure
2].

The extent of components requiring coatings is widely increas-
ng especially in industrial and aero turbines [1,3,4].

Common thermal barrier coatings (TBCs), typically comprise a
CrAlY (M: nickel, cobalt or a mixture of these two) bond coat

nd a high temperature resistant yttria-stabilized zirconia (YSZ) top

oat which is applied by thermal spray on super alloys surface [5].
he main disadvantage of TBCs is their decohesion from the bond
oat which is caused by oxygen diffusion, oxidation and formation
f thermally grown oxide (TGO) or infiltration of detrimental fac-
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ted the hot corrosion resistance of the coatings.
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tors such as vanadium salts which results in phase transformation
and spalling upon thermal cycling and high temperature oxida-
tion [6–8]. In recent years layer composite of (Al2O3/YSZ) coatings
on TBCs substrates have been proposed [9]. In these coatings due
to existence of Al2O3 layer, oxygen or other detrimental factors
infiltration is prevented and formations of TGO and zirconia phase
transformation are retarded. In spite of the finding that thermal and
mechanical properties of TBCs are improved by layer type compos-
ites [9], but the effect of other parameters such as type of composite
is yet to be studied.

The aim of the present research is to investigate and make a
comparison between common YSZ coating and a composite coating
comprising of Al2O3/YSZ as top layer or Al2O3 as dispersed particles.
In the present work, the coatings were applied by plasma spray,
their hot corrosion behavior were studied and compared.

2. Experimental procedure

The base material was In-738 Ni super alloy in the shape of disks of 25 mm
diameter and 10 mm thickness. Its composition is listed in Table 1.

Amdry 962 trade mark NiCrAlY micro-powders, Metco 204 NS-G trade mark
YSZ zirconia powders and Metco 105 NS Al2O3 powders were prepared and coated
using air plasma spray (APS) Metco 3 MB process. The specimens were shot blasted
by 50–80 grain mesh alumina particles under 40–50 psi pressure before applying
coatings. The surface oxides were removed using methyl ethyl kethon cleaner, and

degreasing was performed under trichloro ethylene vapor. After washing they were
preheated at 66–93 ◦C (<100 ◦C) and finally the following coatings were applied over
the specimens. Argon was the primary and hydrogen was the secondary plasma gas
and the plasma spray parameters are summarized in Table 2.

First NiCrAlY coating was plasma sprayed on the specimens with a thickness of
150 �m and then specimens were plasma sprayed with the following coatings:

dx.doi.org/10.1016/j.jallcom.2010.06.110
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Table 1
Chemical composition of IN738LC.

IN738LC C Al Co Cr Mo Nb Ta Ti W Ni

wt.% 0.101 3.45 8.32 16.09 1.70 0.75 1.73 3.34 2.56 Balance
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Fig. 1. Cross-sectional SEM images of as-sprayed coatings: (a) YSZ/NiCrA

(a) Usual YSZ with a thickness of 350 �m.
b) A composite layer consisting of 100 �m of alumina on the bond coat then

250 �m top coat YSZ layer.
(c) A composite layer of Al2O3 and YSZ mixed powder in 350 �m thickness.
d) A composite layer having 100 �m Al2O3 top coat and 250 �m YSZ.

YSZ + Al2O3 composite was made by mixing 60 wt.% of YSZ and 40 wt.% of Al2O3

owder in ball milled in alumina cup and balls in rotating speed of 150 rpm in 5 h.
Hot corrosion tests were carried out in an air furnace at 1050 ◦C in 4 h cycles
n which the samples were furnace cooled. The surface was covered with 30 mg
f a mixture of 55 wt.% V2O5 and 45 wt.% Na2SO4 salts per square centimeter of
pecimen’s surfaces spreading in the way to keep 3 mm from the edge to avoid cor-
osive edge effect and form an even film of corrosive material on coating surface. The
esting temperature and the concentration of corrosive materials were respectively

able 2
lasma spray parameters for each coating.

Parameter NiCrAlY YSZ YSZ + Al2O3 Al2O3

Current (A) 500 600 550 550
Voltage (V) 80 70 70 70
Primary gas flow, Ar (l/min) 55 40 40 40
Secondary gas flow, H2 (l/min) 17 15 15 15
Powder feed rate (g/min) 42 37 37 37
Spray distance (mm) 130 120 100 100
Wheel rotation speed (rpm) 35 25 30 35
) YSZ/Al2O3/NiCrAlY; (c) YSZ+Al2O3/NiCrAlY; and (d) Al2O3/YSZ/NiCrAlY.

selected according to zirconia phase transformation and performing a fast test.
The specimens were heated up from room temperature to 1050 ◦C. Leaved for

each cycle, they were then inspected and their peripheral conditions were checked.
If there were any cracks or spallation in coating edge the test was stopped and the
time was recorded.

Optical microscopy (OM), scanning electronic microscopy (SEM, Oxford
CAMSCAN-MV2300) equipped with energy dispersive spectrometer (EDS) and X-ray
diffraction (XRD, Philips X’pert/Co-K� radiation) were used to study the specimens.

3. Results and discussions

The SEM image of the four types TBC layers microstructure is
shown in Fig. 1. Some porosities can be observed in all coatings
with exception of alumina top layer because it was made of fine
alumina grains which is a characteristic of plasma sprayed coatings.
The absence of void or microcracks in zirconia/alumina interface
indicates proper cohesion of these two layers.

3.1. Hot corrosion test
The results of hot corrosion tests are listed in Table 3 in terms of
appearance of the first visible crack on the surface. The Al2O3/YSZ
composite coating revealed the most and YSZ/Al2O3 the least resis-
tance to hot corrosion test. The low resistance of the latter may
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Fig. 2. Outer surface morphology of coatings: (a) YSZ/NiCrAlY; (b) YSZ/Al2O3/N

e attributed to the mismatch of thermal expansion of alumina
nd zirconia layers and also alumina with NiCrAlY intermediate
ayer.

The ordinary YSZ coating cracked after 16 h exposure to hot cor-
osion test. Composite YSZ + Al2O3 coating beared 24 h while in the
l2O3/YSZ composite coating, only alumina top coat dissented from
irconia after 40 h of exposure to hot corrosion and the composite
SZ/Al2O3 coating tolerated 12 h in hot corrosion test.

SEM micrographs from the coatings outer surfaces are illus-
rated in Fig. 2 and their cross-section microstructures after hot
orrosion at 1050 ◦C is shown in Fig. 3. It is seen that the zirconia
atrix became completely porous and some needle-like crystals

f about 50 �m length grew outward from the zirconia matrix,
hich have different shapes in different coatings. These are cor-

osion products resulting from interaction between V2O5, yttria in
he YSZ coatings. In composite Al2O3/YSZ coating the underneath
irconia layer remained almost unattacked. Outer surface morphol-
gy of zirconia coating after alumina top coat spallation is shown in

ig. 2d. Zirconia matrix and only some tiny needle crystals having
length of about 10 �m are noticeable in this figure.

The comparison of microstructures before and after hot corro-
ion of ordinary YSZ, YSZ/Al2O3 and YSZ + Al2O3 TBCs implies that

able 3
he results of hot corrosion test at 1050◦C.

YSZ ordinary
coating

Layer composite
YSZ/Al2O3 coating

Particle composite
Al2O3 + YSZ coating

Layer composite
Al2O3/YSZ coating

4 cycles (16 h) 3 cycles (12 h) 6 cycles (24 h) 10 cycles (40 h)
Y; (c) YSZ+Al2O3/NiCrAlY; and (d) Al2O3/YSZ/NiCrAlY after hot corrosion test.

outer surface of the coatings after hot corrosion becomes intensely
porous because of the mentioned needle-like crystals formed on
the surface (Fig. 2a–c). The shape of these crystals in YSZ, YSZ/Al2O3
coatings is needle-like and they grow outwards but in YSZ + Al2O3
coating it is dendritic (sprout-like). The XRD analysis from the sur-
face of the coatings after hot corrosion reveals monoclinic zirconia
and tetragonal zirconia which existed also in as-sprayed coating
and YVO4 composition.

Fig. 3 shows cross-sectional images of the coatings after hot
corrosion test. All coatings are separated from the bond coat/YSZ
interface except in Al2O3/YSZ composite coating in which in spite
of the spallation of Al2O3 the underneath YSZ remained unattacked.
Thus one can say that in comparison with other three coatings, layer
composite of Al2O3/YSZ coating is much more resistant to hot cor-
rosion in which the alumina overlay played an important role in
decreasing the infiltration of molten materials into zirconia layer.
Composite YSZ/Al2O3 coating showed the least endurance against
hot corrosion test, i.e., 12 h resistance.

The X-ray analysis of the needle type crystals, shown in Fig. 2, is
demonstrated in Fig. 4. It is seen that the crystals were composed of
yttrium, vanadium and oxygen, and their XRD analysis confirmed
that the composition is YVO4. It seems that during hot corrosion,
yttrium element has been removed from YSZ coating by interaction
with vanadium oxide.
3.2. Phase analysis

Fig. 5 shows the existing phases in the surface of TBC coat-
ing after hot corrosion at 1050 ◦C. The overlay YSZ layer coating
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ig. 3. Cross-sectional SEM images of TBC coatings: (a) YSZ/NiCrAlY; (b) YSZ/Al2O3

as the tetragonal zirconia as the main phase and also the new
hases of monoclinic zirconia and tetragonal YVO4 composition
hich can be regarded as corrosion products are observed. Phase
nalysis of composite YSZ + Al2O3 coating indicated that it contains
hombohedral (�) and orthorombic (�) alumina and also tetrago-
al and monoclinic zirconia phases as well as YVO4 composition. In
l2O3/YSZ composite coating, in which Al2O3 top coat spalled from

Fig. 4. Spot EDS spectrum of needle and d
lY; (c) YSZ+Al2O3/NiCrAlY; and (d) Al2O3/YSZ/NiCrAlY after hot corrosion test.

the specimen surface after hot corrosion, in addition to the tetrag-
onal zirconia as the main phase, phases of monoclinic zirconia and
tetragonal YVO4 composition have also formed as corrosion prod-

ucts but the decrease in peak intensities is due to the decrease in
corrosion effect.

Morphology of YSZ layer surface after Al2O3 layer spalla-
tion (Fig. 2d) consists of some small crystals. XRD analysis from

endritic crystals shown in Fig. 2a–d.
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Fig. 5. X-ray diffraction patterns of coatings outer surface: (a) YSZ/NiCrAlY; (b)
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that composite coating with alumina can improve hot corro-
sion resistance of YSZ at 1050 ◦C in the presence of V2O5 and
Na2SO4.

Al2O3/YSZ was the most resistant coating during exposure to
hot corrosion. This is because dense alumina layer significantly
SZ/Al2O3/NiCrAlY; (c) YSZ + Al2O3/NiCrAlY; and (d) Al2O3/YSZ/NiCrAlY after hot
orrosion.

entioned surface reveals monoclinic zirconia phase and YVO4
omposition too but peak intensities of aforesaid compositions in
omparison with ordinary YSZ, YSZ/Al2O3 and YSZ + Al2O3 have sig-
ificantly dropped. Since the percent of formation of monoclinic
irconia unstable phase is so important in hot corrosion process, Eq.
1) is used to determine monoclinic phase volume fraction [10–16]:

M1 + M2
% =
M1 + M2 + T

(1)

here T is the intensity peak of tetragonal zirconia at (1 0 1) plane,
1 is the intensity peak of monoclinic zirconia at (1 1 1) plane and
2 is the intensity peak of monoclinic zirconia at (1 1 1) plane in

Fig. 6. Approximate percentage (content) of monoclinic
Compounds 506 (2010) 103–108 107

XRD plots after hot corrosion. Fig. 6 shows that the percentage
of undesirable monoclinic YSZ in all the tested composites coat-
ings calculated using formula (1). Thus it is clear that content of
monoclinic zirconia in ordinary TBCs and YSZ/Al2O3 coatings, is
maximum and it is minimum in Al2O3/YSZ. The monoclinic zirco-
nia is unstable and transforms to tetragonal phase at a temperature
of about 1000 ◦C where during cooling process it converts to mono-
clinic again with 3–5% volume change [10,17] which is responsible
for the spallation of the coating during thermal cycles. The mecha-
nism of monoclinic zirconia formation during hot corrosion is based
on the following reactions [18]:

V2O5 + Na2SO4 → 2(NaVO3) + SO3 (2)

ZrO2(Y2O3) + 2(NaVO3) → ZrO2(monoclinic) + 2YVO4 + Na2O(3)

At first according to Eq. (2), sodium vanadate (NaVO3) is formed.
Then according to Eq. (3), NaVO3 reacts with zirconia stabling com-
ponent (Y2O3) to form monoclinic ZrO2, YVO4 and Na2O. The Na2O
compound in Eq. (3) is assumed to be sublimated during hot corro-
sion test [19–29].

Proper results of Al2O3/YSZ coating during oxidation and hot
corrosion state that alumina top coat decreases oxygen diffu-
sion towards NiCrAlY bond coat and acts as a strong barrier
against the infiltration of corrosive materials into the ceramic YSZ.
As a result the existence of Al2O3 top coat on YSZ coating can
increase TBC life span under service conditions of gas turbine
blades.

4. Conclusions

Based on the results of the present work it can be concluded
prevented the infiltration of molten salt (V2O5 + Na2SO4) into YSZ
layer.

Spallation of YSZ which is partly due to the interaction of V2O5
with yttria can be retarded if Al2O3 is used as a top layer coat on
YSZ or mixed with YSZ.

zirconia in TBC coatings after hot corrosion test.
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