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trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United
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ABSTRACT

In order to improve the hot corrosion resistance of yttria-stabilized zirconia (Y SZ), an
Al,O3 overlay has been deposited on the surface of YSZ by electron-beam physical vapor
deposition. Currently, hot corrosion tests were performed on the Y SZ coatings with and without
Al O3 overlay in molten salt mixture (N&SO4 + 0~15wt%V,0s) at 950°C in order to investigate
the effect of amount of vanadate on the hot corrosion behaviors. The results showed that the
presence of in V205 the molten salt exacerbates the degradation of both the monolithic YSZ
coating and the composite Y SZ/AlL,O3 system. The formation of lowmelting NaO-V,0s-Al,03
liquid phase is responsible for degradation of the ALO3 overlay. The ALO3 overlay acts as a
barrier against the infiltration of the molten salt into the YSZ coating during exposure to the
molten salt mixture with <5wt% vanadate.

In the next reporting period, we will use XPS and SIMS to study the interactions
between alumina overlay and molten salt containing vanadate
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1 INTRODUCTION

Thermal-barrier coatings (TBCs), which consist of an yttria stabilized zirconia (Y SZ)
top-coating and an intermediate MCrAlY (M=Ni, Co, Fe) bond coating, are extensively used in
gas turbines.™ The application of TBCs can improve the durability of components and enhance
the engine efficiency by increasing the turbine inlet combustion temperature. The common
failure mode of TBC used in aviation gas turbines is that a thermally- growth oxide (TGO) forms
and continuously grows between the top-coating and the bond coat. Because of the thermal
expansion mismatch between the TGO and the bond coat, thermal cycling results in cracking,
even spalling of TBCs,

TBCs are dso finding increasing application in land-based industrial engines and sea
engines which are usually operated with low quality fuels containing sulfur and vanadium.® In
this case, another failure mode — hot corrosion become predominant and crucial to the lifetime
of TBCs. During service, molten sulfate and vanadate sat condense on the TBCs at the
temperature of 600-1000°C.% ” Although zirconia itself shows good resistance to the attack of the
molten sulfate or vanadate compounds arising from fuel impurities, yttria is leached out of the
zirconia by the reaction with V>Os or NavOs; to form YVOQ, causing the structural
destabilization of ZrO; (i.e., transformation of the zirconia from the tetragonal and/or cubic to
monoclinic phase). The structural destabilization of ZrO, is accompanied by a large destructive
volume change, leading to large stresses within the YSZ, which eventualy results in the
delamination and spalling of the coating.®*3

Further improvement of engine efficiency requires TBCs being an integral part of the
component which, in turn, desires reliable and predictable TBC performance. Hence, many
methods have been developed to improve the hot corrosion resistant of TBCs to such harsh
environment containing sulfate-vanadate deposits. For instance, based on Lewis acid-base
concept, zirconias stabilized with india (InO3),***® scandia (Sc;03)™® and ceria (CeO2)™Y as
well as Ta0s5 *® and YTa0,4™® have been evaluated for their hot corrosion resistance. On the
other hand, over the years attempt has been made to sea the surface of zirconia TBCs by laser-
glazing and arc lamp®# or various “seal coats™"? to prevent the penetration of molten deposits
into the porous Y SZ coating.

In the present work, a high-purity Al,O3 overlay is deposited onto the surface of YSZ
coating by means of electron-beam physica vapor deposition (EB-PVD) technique in order to
improve the hot corrosion resistance of TBCs. Alumina has a high melting point and stability
without showing phase transition at high temperature like the ZrO, ceramics. ALO3 has a small
solubility particularly in molten salt and is expected to show an excellent corrosion resistance.?®
The hot corrosion tests of TiAl with Al,O3 coating in the sulfate melt a 900°C have shown that
the ALOj3 coating is very stable in the sulfate melt and effectively prevent the intermetallic TiAl
from hot corrosion.?” Chen et al’s experiment?® has demonstrated that the ALOs coating could
resist hot corrosion attack of molten NaSO, salt for longer time than the YSZ coating. In
addition, Al,Os-ZrO, composite coatings have been explored as thermal barrier applications,
showing better resistance in NaCl molten salt than Y SZ.%° This allows the potential application
of AbOs3 in gas turbines.



In our study, both the monolithic Y SZ coating and the composite Y SZ/ALO3 system will
be exposed to the molten salt (N&SO4+ 0~15wt%V,0s) at 950°C. The hot corrosion mechanism
of the composite YSZ/ALO3; system will be studied. The effect of the V,Os content on the hot
corrosion behavior of coatings will be investigated. The role of the ALOs3 in the hot corrosion
resistance will be explored.

2. EXECUTIVE SUMMARY

The presence of V205 in the molten sat exacerbates the degradation of both the
monolithic YSZ coating and the composite Y SZ/AlLO3; system. The formation of lowmelting
NaO-V20s5-Al,O3 liquid phase is responsible for degradation of the ALO3 overlay. The ALOs
overlay acts as a barrier againgt the infiltration of the molten salt into the YSZ coating during
exposure to the molten salt mixture with <5wt% vanadate.

3. EXPERIMENTAL

The TBC system used in the present work consisted of 6061 nickel-based superalloy
substrate, CoNiCrAlY alloy bond coat as well as zirconia-8wt%yttira (Y SZ) ceramic top coating.
The 100 nm thick bond coating and the 200 nm thick YSZ were produced by lowpressure
plasma spray (LPPS) and air plasma spray (APS), respectively.

The ALO; overlay was deposited by EB-PVD. The aluminum oxide coatings were
deposited using an EB-PVD unit. Prior to deposition, the 1.5"x1.5” coupons were ultrasonically
cleaned and dried. The vacuum unit was pumped down to a base pressure of 7.5 x 10°® Torr with
the oxygen gas lines being evacuated. Using two of the electron beams, the samples were
preheated to ~1000°C and allowed to soak at 1000 °C for 20 minutes. During the evaporation of
aluminum oxide, ~150 sccm of oxygen was flowed into the chamber to maintain the oxygen
stoichiometry of the condensing coating (chamber pressure ~ 1x10° Torr). The average
condensation rate was 0.88 nm/min. At the end of the desired deposition time, the samples were
retracted into the load lock chamber and allowed to cool for 10 minutes with ~200 sccm of
oxygen flow of before venting to atmosphere. The thickness of AlL,O3 coating was approximately
25 mm.

Hot corrosion test was carried out on the TBCs with and without Al,O3 coating. The TBC
plates were coated with a 150 mg cmi? salt mixture (N&SO4 + 0-15wt%V»0s) on a hot plate by
dipping in a aqueous dlurry of salt (1000 g/ |), then placed carefully into a still air furnace, and
isothermally held at 950°C for 10 hours. Melting of the salts mixture produced a thin liquid film
on the surface of specimens. After exposure, the specimens were cooled down to room
temperature in the furnace. The exposed specimens were cleaned in de-ionized water, resined in
isoprypol alcohol and then dried. The Philips PW1700 X-ray diffractometer was then employed
to analyze the corrosion products and phase transformation of ZrO, ceramic in the exposed
samples.



The microstructure, composition of the coating surface and the cross-section were aso
examined using the PHILIPS XL30 scanning electron microscope (FE-SEM) equipped with an
energy-dispersive spectrometer (EDS).

4. RESULTS AND DISCUSSION
4.1 XRD measur ement

X-ray diffraction (XRD) analysis was performed on the coatings before and after hot
corrosion testing. Pattern A in Fig.1 demonstrates that the T-phase of ZrO, was predominant in
the monolithic YSZ coating before corrosion testing. After the monolithic YSZ coating was
exposed to the molten salt of pure NaSO,4 at 950°C for 10 h, only a little amount of M-phase
ZrO, was detected (Pattern B in Fig.1), and no chemical reaction was found. However, after
exposure to the mixed molten salt of NaSO4+5wt%V,0s5, YVO, was formed (Pattern C in
Fig.1), implying the leaching of Y.Os; from YSZ by the reaction of Y>O3 with V,0s. As a result,
the intensity of T-phase decreased remarkably, and a considerable amount of Mphase was
formed due to the leaching of Y>O3 from YSZ. As the V205 content in the molten salt mixture
increased to 15wt%, much more M-phase ZrO, occurred in the coating after hot corrosion testing
(Pattern D in Fig.1).

Fig.2 shows the XRD patterns of the composite YSZ/ALO3 system before and after hot
corrosion testing. The as-deposited Al,O3 overlay showed the g-phase structure (Pattern A in
Fig.2). As shown in Pattern B in Fig.2, there were no change in the structure of both the Al,O3
overlay and the Y SZ layer after exposure to the pure NaoSO, mdt. In contrast, part of the g
Al,O3 phase was transformed to a-Al,O3; phase after exposure to the mixed molten sat of
NaSO4+5wt.%V 205 (Pattern C in Fig.2). Moreover, all the g-Al,O3 phase was transformed to a -
Al,O3 phase after exposure to mixed molten salt with15wt.%V.0s (Pattern D in Fig.2). It is well
known that a -Al,O3 can only be produced by heating pure ALO3 in air above 1200°C. This
indicated that V,Os played an important role in the phase transformation process from g-Al,O3 to
a-Al,Oz at 950°C. However, no evidence from the XRD patterns was found that the chemical
reaction between the Al,O3 overlay and the molten salt had taken place. The results also showed
that no YV O, peaks were present due to its low content that was below the detection limit of the
XRD. The T-phase of ZrO,in the Y SZ coating was till predominant and only a little amount of
the M-phase of ZrO, existed in the YSZ coating after exposure to the molten salt of
NaS04+5wt%V,0s. As demondtrated in pattern D in Fig.2, however, the amount of M-phase of
ZrO; in the Y SZ remarkably increased when the V205 content in the salt melt reached to 15wt%.

In order to evaluate the hot corrosion resistance of the TBCs with and without ALOs
overlay, the extent of destabilization (D) of zirconia was estimated by

Where T is the intensity of the zirconia tetragonal (111) peak, and M is the intensity of the ZrO;
monoclinic (111) peak in XRD tests. Figure 3 shows the destabilization fraction of ZrO, (D%)
after exposure to molten salts at 950°C for 10h. It can be seen from Fig.3 that both the



monolithic YSZ and the composite Y SZ/ALOs; system exhibited excellent resistance to hot
corrosion in pure NaSO,4 melt, whereas the T-phase ZrO, in both the monolithic YSZ and the
composite Y SZ/Al,O3 system became destabilized during exposure to the mixed sulfate-vanadate
salt. The destabilization fraction of ZrO, (D%) increased with increase in the V,Os content in the
molten salt mixture. The ALO3 overlay had a significant effect on the destabilization fraction of
ZrO,. The destabilization fraction of ZrO- in the composite Y SZ/ALO3 system was about 8%
after exposure to the mixed sulfate- vanadate salt with 5wt% V,Os. In contrast, the destabilization
fraction of ZrO- in the monolithic YSZ coating reached up to 65%, indicating the penetration of
molten salt into the YSZ through the pores and micro-cracks. The remarkable reduction of the
destabilization fraction of ZrO, by the ALO3 overlay indicated that the Al,O3 overlay acted a
barrier against the penetration of molten into the YSZ layer. As the V,Os5 content in salt was
increased to 15wt%, the destabilization fraction of ZrO, in the composite Y SZ/ALO3 coating
sharply reached up to 45%. This indicated that the ALOs overlay was no long a protective
coating when exposed to the molten salt mixture containing high V,Os content.

42 SEM observation

SEM examination was carried out on the surface of monolithic Y SZ coating after 10h of
exposure to the salt melt of NaSO4+5wt%V,0s. And SEM microphotos exhibited many
pyramid-like particles (Fig.4(a)). EDS analysis confirmed that the particles were rich in yttrium
(40.53at%) and vanadium (36.31at%) and contained no zirconium. Keeping the XRD pattern in
mind, these particles were identified to be YVO,. The cross-section of the YSZ coating was
examined as shown in Fig.4(b). YVO4 was detected not only near the surface of YSZ but also in
the area adjacent to the bond coat, implying that the molten salt was penetrated into the inner
YSZ.

SEM observation of the surface of as-deposited ALO3 overlay revealed a ‘cauliflower’
type of morphology (Fig.5(a)). It can be clearly seen from the SEM image of the cross-section
that the ALO3 overlay was dense and adherent to the porous YSZ coating (Fig.5(b)). The
thickness of the ALOj3 coating was measured to be about 25mm.  After exposure to the molten
salt of pure NaSQO,, the surface of composite Y SZ/Al,O3 system became dark green. Further
SEM examination showed that the morphologies of the top surface and the cross-section showed
little variation after exposure (Fig.6). The ALOs overlay was still dense and continuous.

After exposure to the molten salt mixture containing V>Os, visua examination showed
that the surface became brown from white in color. Further SEM examination results are shown
in Fig.7. Comparing Fig.7 with Fig.5 and Fig.6, it can be found that a significant change in the
surface morphology of ALOs overlay took place after 10 h of exposure to the molten salt
containing V»0s. Coarse acicular-shape a-Al,O3 crystals and faceted crystals were present, and
the orientation of the crystals varied from region to region. Also, the preferential solution of
grain boundaries occurred. About 97% of surface was still covered by ALOs overlay after
exposure to molten NaSO4+5wt%V,0s sdt (Fig.7(a)). However, after exposure to the molten
NaS04+15wWt%V .05 sdlt, the Y SZ was clearly visible on the surface, where Al,O3; was removed
during corrosion exposure (Fig.7(b)).



Fig.8(a) demonstrates the cross-section of composite Y SZ/AlL,Os; system after 10 h of
exposure to the molten salts of NaSO4+5wt%V,0s. The ALO3 overlay can be divided into two
different regions. (i) The region close to the outer suface marked by “A” was bright and loose,
which was corresponding to the acicular-shape a-Al,O3 crystals and faceted crystals (Fig.7(a)).
(if) The region adjacent to YSZ mraked by “B” was gray and relatively dense as compared with
region “A”. Because of the presence of dense layer “B”, the attack of Y SZ by the molten salt was
arrested considerably (Fig.3). But some grooves existed within the region “B”. It is worthy
noting that the pores and cracks within the YSZ coating were filled with ALOs3 (indicated by
arrows), which was confirmed by the EDS analysis as shown in Fig.8(b). And YVO,4 was aso
found in some pores and cracks within YSZ near the surface (Fig.8(c) and Fig.8(d)). In contrast,
the pores and cracks within the Y SZ coating before hot corrosion testing were empty (Fig.5(b)).
Therefore, it is inferred that ALO3 was absent in the YSZ coating before hot corrosion testing,
and the presence of ALOs3 in the defectswas caused by hot corrosion rather than by EP-PVD
process.

Figure 9 illustrates the cross-section of composite Y SZ/ALO3; system after exposure to
the molten salts of NaSO4+15wt%V,0s. The integrated and dense ALO3 overlay was no longer
present, leaving separate a-Al,O3 fragments on the surface of Y SZ, which was consistent with
the surface micrograph (Fig.7(b)). Large ALOs pieces were “embedded” into the YSZ layer,
leading to the interlacing of the ALO3 layer with the YSZ layer at the interface. Owing to the
absence of compact ALOs overlay on the surface of the YSZ, the YSZ layer was directly
exposed to the molten salt. As a result, serious destabilization of ZrO, occurred during hot
corrosion exposure (Fig.3).

4.3 Discussion

In agreement with previous studies,>*! the present work showed that Y SZ was susceptible
to the attack of sulfate-vanadate salt. Failure of the YSZ coating was ascribed to the infiltration
of molten salt into the Y SZ coating along pores and cracks in the YSZ and subsequent reaction
of molten sat with Y>0Og, leading to the destabilization of YSZ coating (Fig.3 and Fig.4). The
degradation mechanism of YSZ was addressed in the previous investigations®*!. Therefore, the
present study would focus on the hot corrosion mechanism of the composite Y SZ/ALO3 system.

(1) Hot corrosion in pure sulfate melt

Lawson et al have reported that intergranuluar corrosion can occur if an alumina-silicate
phase existed along the grain boundaries of ALO3 grains®® The preferential dissolution of grain
boundary phase can be excluded in the present study because of the absence of the impurities
along the grain boundaries. Chen et al have studied the hot corrosion behavior of the plasma
sprayed ALOs coating on the stainless steel when exposed in the molten N&SO, at 850°C.%
They have found that ALOs reacted with molten N&SO, to form NaAlO,. In the present
investigation, however, no new corrosion products were detected by XRD and XPS after hot
corrosion testing of the Al,O3 overlay in the molten salt of pure NaSO,. In addition, the Al,O3
overlay did not show phase transformation and dissol ution after exposure (Fig.1 and Fig.6).



At 950°C, there exists equilibrium for Na,SO4 melt as expressed by
NaSO,® NaO + SO;3 (2

EECHONN 15.0 (at 950°C [31])

109 8s,0 +109 Peo, = 2.303RT

This melt exhibits acid/base chemistry, with NgO the basic component and SOz the acidic
component. As shown by Eq.(1), & the activity of N&O, a,,, increases, the pressure of
SOs, Py, , decreases and vice versa. During hot corrosion, the activity of N&O or the pressure of
SOzin the molten salt determines the type and extent of reactior?>*. Hot corrosion may involve
fluxing of oxides as either basic or acidic solutes in the molten salt. In case of the high N&O
activity, alumina can react with N&O and dissolve in the molten sulfate by basic fluxing, which
can be given by

NaS04 () + ALOs (9® 2NaAlO; (1) + SOs(g) (3)
In case of the low NgO activity and the correspondingly high P, , alumina can dissolve by
acidic fluxing, which is shown by

NaS04(l) + ALO3 (® Al(SO4 )3 (1) + SO5(9) 4
If the activity of N&O and the pressure of SOz are within the intermediate range, dumina is
stable and negligible solubility in the molten sulfate occurs. Keep thisin mind, it is not surprising
that in our experiment no evident corrosion took place in the ALO3 overlay.

(2) Hot corrosion in sulfate-vanadate melt

For the mixed sulfate-vanadate salt, V>,Os would be first melted upon heating due to its
lower molting point (690°C). NavO3 could be formed by the reaction of molten N&SO, with
V05 at the testing temperature of 950°C

N&;SO4 (1) + V205 (1) ® 2NavOs (1) + SOz (9)
(?G °=-11.9 k¥mol at 950°C) (5)

As a result, when Y SZ/ALO3 system was exposed to the NgSO4+V205 sdt mdt, the
NavVO3N&SO, met covered the surface of the ALOs overlay. As reported in the previous
literature, 3> * the presence of NaV O3 increases the acidic solubility. Consequently, it is possible
that metal oxides, such as Al,O3 and Y203, react with NavV Oj; to dissolve by acidic flux, which is
expressed by

AlLO3 (s) + 2NavVO3 () ® 2AIVO, (I) + NaO (1) (6)

Y203 (s) + 2NaVO3 (I) ® 2YVO4 (s) + N&O () (7
However, AIVO,4 was not found in the composite Al,O3/Y SZ coating that had been exposed to
the molten sulfate-vanadate salt for 10 hours.

If we take a look at the phase diagram of NaVO3-Al,O3 as shown in Fig.10,%® we may
find the reason for degradation of Al,O3 during exposure to the molten sulfate- vanadate salt. The
NaV O3-Al,O3 phase diagram demonstrates that a liquid phase containing Al, Na, V, and O will
be formed when the temperature exceeds 610°C. Therefore, it is deduced that the formation of
low-melting liquid phase was responsible for the failure of the ALOs; overlay during hot
corrosion testing. This notion can be confirmed by the further evidence in the present study. For
instance, the surface of ALO3; overlay exhibited a ‘cauliflower’ type of morphology before hot
corrosion testing (Fig.5a), whereas the surface after hot corrosion testing was characteristic of



acicular-shape crystals and faceted crystals (Fig.7). In addition, the gap between the crystals was
observed (Fig.7). In particular, the pores and cracks within the YSZ coating were filled with
Al,O3 (Fig.8). This indicates that a liquid melt flowed along the pores and cracks.

When pure AlLO3 co-existed with NavV O3 at 950°C, a low- melting liquid phase containing
Al, Na, V, and O was formed. The continuous formation of the liquid phase can result in loss of
integrity of the surface. Upon cooling process, the liquid phase was then decomposed and ALO3
crystallized to form acicular-shape crystals on the surface of the ALO3 overlay (Fig.7). Keep
this in mind, it was not surprising that the surface morphology of the overlay (region “A” in
Fig.8(a)) was different from the subsurface region (region “B” in Fig.8(a)). Further attack by
molten salt etched the subsurface region and caused the grooves. Then the liquid phase was
infiltrated aong the grooves and penetrated into pores and cracks within the YSZ coating.
During cooling process Al,Os was crystallized from liquid phase and trapped in the pores and
cracks within the YSZ coating. This was confirmed by SEM observation and EDS analysis as
shownin Fig.8.

The solubility of ALOs3in solvent NaV O3 was estimated to be about 2.2 mol.% according
to the phase diagrams.*® When the molten salt contained only 5 wt%V,O0s, the amount of
alumina that could be dissolved by molten salt was limited due to limited V,Os content. When
the V,0Os5 content in the molten salt was increased to 15 wt%, however, more ALOs could be
dissolved. Consequently, continuous formation of the liquid phase eventually resulted in loss of
integrity of the surface and removal of dense alumina overlay. The outmost surface of Y SZ could
be fully covered by the liquid phase at 950°C. When this occurred, the ALO3 overlay was no
longer able to protect the inner YSZ layer. The liquid phase containing molten salts penetrated
freely into the Y SZ layer. Asaresult, significant M-phase of ZrO, was formed in this case. After
cooling, Al,O3 was crystallized to form large a-Al,Os3 acicular-shape crystals (Fig.7(b)).

In short, before corrosion exposure alumina exhibited the g phase structure, which was
thermodynamically metastable. During corrosion exposure, g-Al,O3 was melted together with
vanadate to form a liquid phase. After corrosion exposure, a-AlbOsz which was
thermodynamically stable, was crystallized from the liquid phase uponcooling (Fig.2).

Dissolution of Al,O3 in molten salt depended on the V,Os content in the mixture. In the
current hot corrosion testing, the V05 content is much higher than that in real fuel (usualy in the
<100ppm range®’). Although part of Al,O3 was degraded by the formation of low melting-point
liquid phase, the ALOs overlay in the composite ALOs/YSZ system acted as a barrier layer
against the infiltration of the molten sat into the YSZ coating (as shown in Table 1).
Destabilization of ZrO, was considerably restrained when the amount of V,Osin the molten salt
was less than 5wit% (Fig.3).

5. PLANSFOR THE NEXT REPORTING PERIOD
In the next reporting period, we will use XPS and SIMS to study the interactions
between alumina overlay and molten salt containing vanadate
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6. CONCLUSION

(1) Both the monolithic YSZ coating and the composite Y SZ/Al,O3 system exhibited good
hot corrosion resistance in the molten salt of pure NgSO,.

(2) During exposure to the molten sulfate-vanadate salt mixture, the monolithic Y SZ coating
reacted with V,0s5 to form YVQq, leading to a significant structural destabilization of
ZrOo.

(3) Dissolution of Al,O3 in molten NavVO3 was responsible for degradation of the AlLOs
overlay during hot corrosion testing. Degradation of the Al,O3 overlay was deteriorated
with increase in the V2,05 content in the molten salt mixture.

(4) The ALOs overlay acted as a barrier against the infiltration of the molten salt into the
Y SZ coating when \,Os content in salt was lower than about 5wt%. This restrained
considerably the destabilization of ZrO,.
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Fig.1 XRD patterns taken from the surface of the monolithic Y SZ coating before and after 10 h
of hot corrosion testing at 950°C. (Pattern A: before corrosion testing, Pattern B, C and D: after
corrosion testing in N&gSOs, Ng SO, +5wt.%V 205 and NgSO4 +15wt.%V 205, respectively)
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Fig.2 XRD patterns taken from the surface of composite Y SZ/Al,O3 coating before and after 10
h of hot corrosion testing at 950°C (Pattern A: before corrosion testing, Pattern B, C and
D: after corrosion testing in NgSO4, NaSO4+5wt.%V 05 and Na SO, +15wt.%V ,0s,
respectively)

70

/

—®— Monolithic YSZ
—O— Composite YSZ/AI O,

(]

10 15

Destabilization fraction of ZrO, (%)

V,0, content in molten salt (wt.%)

Fig.3 Destabilization fraction of zirconiain the Y SZ layer as a function of V>Os content in the
molten salt after hot corrosion testing at 950°C for 10 h
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Fig.4 SEM images taken from the corroded TBC without
Al203 overlay ((a) surface image, (b)cross-section
image), showing the formation of YVOu after 10 h
of corrosion testing at 950°C in salt melt of
Na2S04 + 5wt %V20s

Fig.5 SEM photographs showing the surtace of the Al:03 overlay (a),
and the cross-section of the YSZ/Al20: overlay (b)
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Fig.6 SEM images of YSZ with Alz03 overlay after hot corrosion in molten
Na2504 at 950°C for 10 h ((a)surface image, (b)cross-section image)

Fig.7 SEM photographs taken from the surface of composite YSZ/AI203
overlay after 10 h exposure at 950°C to the molten salts of
(a) NazS04 +5wt.%V20s and (b) Na2804 +15wt.%V20s
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Fig.8 SEM photographs taken from the cross section of YSZ/Al203 overlay system.
(a) the microstructure of composite YSZ/Al203 coating after 10 h exposure to
the molten salt of Na2504 +5wt % V20s5; (b) the EDS spectrum taken from the
pores which indicated in Fig.8(a); (¢) SEM photograph showing the filled cracks
and pores; (d) the EDS spectrum taken from pores in Fig.8(c);
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Fig.9 Cross section SEM photographs of YSZ/Alz03 coating after 10 h of
exposure at 950°C to the molten salt of Na2S04 +15wt.%V20s
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Fig.10 NavOs-Al,O3 Phase diagram showing the formation of liquid phase at the temperature
above 610°C (After Klinkova and Ukshe.®®)
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