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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United State
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legad liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
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
State Government or any agency thereof.

ABSTRACT

In order to further improve the hot corrosion resistance of yttria-stabilized zirconia
(YSZ), an ALO3s overlay of 58 nm thick was deposited on the surface of Y SZ by electron-beam
physical vapor deposition. Hot corrosion tests were performed on the Y SZ coatings with g-Al,O3
overlay and a-Al,O3 overlay in molten salt mixture (N&SO,4 + 5wt%V,0s) at 950°C. The a-
AlL,O3 overlay was obtained by the post-anneding of g-Al,O3 overlay at 1200°C for 1h.The
results showed that compared with the hot corrosion resistance of Y SZ coating with 25 nm thick
g-Al,O3 overlay, either thickening g-Al,O3 overlay or employing a-Al,O3 overlay could impair
the hot corrosion resistance of YSZ coating, because the tensile stresses developed in the
alumina overlay in both cases due to the mismatch in thermal expansion coefficient (TEC)
between alumina and zirconia resulted in cracking of ALO3 overlay. The formation of cracks
increased contact area between molten sat and ALO3 overlay, and also the penetration rate of
molten salt into ALO3 overlay and Y SZ coating, leading a faster and greater degradation of Y SZ
coating upon exposure.

In the next reporting period, we will study the effect of Al,O3 overlay thickness on hot
corrosion and spalling of Y SZ coatings.
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Fig.1 XRD patterns taken from the surface of the YSZ coating with 58 nm Al,O3 overlay after
10 h of hot corrosion testing at 950°C. (Pattern A: after corrosion testing, Pattern B, after
apart of Al,O3 overlay was removed)

Fig.2 XRD patterns taken from the surface of composite Y SZ/ALO3 coating after post annealing
at 1200 C (Pattern A) and followed by corrosion testing (Pattern B).

Fig.3 Destabilization fraction of zirconiain the Y SZ layer with different ALO3 overlay.

Fig.4 Cross-section SEM images of YSZ with g-Al,O3 overlay before and after exposure to the
molten salt.

Fig.5 EDS maps of the cross-sectionof TBC coating after 10 h of hot corrosion testing.

Fig.6 SEM cross-section images of Y SZ with 58 mm g-Al,O3 overlay after post annealing at

1200°C in air (a) and followed by exposure to the molten salt (b).

Fig.7 EDS maps of the cross-section of Y SZ coating with post annealed ALO3 overlay after 10

h of hot corrosion testing

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 crucia to the lifetime
of TBCs. During service, molten sulfate and vanadate salt 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,0s or NavOs; to form YVO, 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 (InOs),***® scandia (Sc,03)*° and ceria (CeO,)*’ as
well as Ta0s *® and YTa0,4™® have been evaluated for their hot corrosion resistance. On the
other hand, over the years attempt has been made to seal 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.

Our previous results have shown that ALOs overlay acted as a barrier layer against the
infiltration of the molten salt into the Y SZ coating during exposure to the molten salt containing
VO. However, ALO3 overlay could be degraded by the formation of low-melting NgO-V,0s-
AlLO3 liquid phase. In the present work, the thickness of electron-beam physical vapor deposited
high-purity ALO3 overlay was increased to 58nm to investigate whether a thick ALO3 overlay
can further improve the hot corrosion resistance of TBC. The composite Y SZ/AlLO3 system will
be exposed to the molten salt (NaSO4+ 5wt%V,0s) at 950°C.

2. EXECUTIVE SUMMARY

Compared with the hot corrosion resistance of YSZ coating with 25 nm thick g-AlLO3
overlay, either thickening g-Al,O3 overlay or employing a-Al,O3 overlay could impair the hot
corrosion resistance of Y SZ coating.

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 nmm thick YSZ were produced by lowpressure
plasma spray (LPPS) and air plasma spray (APS), respectively.

The Al,Os overlay was deposited by EB-PVD. The auminum 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 wo 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 Al,O3 coating was approximately
58 nm.

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 + 5wt%V,0s) on a hot plate by
dipping in a agqueous dlurry of salt (1000 g/ 1), then placed carefully into a till air furnace, and
isothermally held at 950°C for 10 hours. Médlting 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
41 XRD measur ement

Consist with the previous results, the as-deposited ALOs overlay showed the gphase
structure. Fig.1 shows the XRD patterns of the composite Y SZ/ALO3 system after hot corrosion
testing. It can be seen that the g-Al,O3 phase was transformed to a-Al,O3 phase after exposure to
the mixed molten salt of NaSO4+5wt.%V 205 (Pattern A in Fig.1). When part of ALO3 overlay
was removed, the formation M-phase of ZrO, in the YSZ coating was evident (Pattern B in
Fig.1). 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 YSZ coating was till
predominant. To investigate whether the a-Al,O3 overlay has better corrosion resistant than the
g-Al,O3 phase, the composite Y SZ/AlL,O3 system was heated at 1200°C for 1 hour in air before
hot corrosion, which leads to transformation of g-Al,O3 to a-Al,O3 phase (Pattern A in Fig.2).
Pattern B in Fig.2 shows XRD pattern of TBC with a-Al,O3; overlay after exposure to
NaSO4+5wWt.%V 205,

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 tetragona (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 Y SZ with
g-Al,O3 overlay and YSZ with a-Al,O3 overlay improved hot corrosion resistant of monolithic
Y SZ coating. However, the hot corrosion resistant of Y SZ with either a thicker g-Al,O3 overlay
or aa-Al,O3 overlay was not as good as Y SZ with 25 mm g-Al,O3 overlay.



42 SEM observation

Fig.4 shows the cross-section SEM images of Y SZ with g-Al,O3 overlay before and after
exposure to the molten salt. It can be seen that the g-Al,O3 overlay was intimately contacted with
YSZ coating before exposure, but grooves existed within the overlay. After exposure, coarse
acicular-shape a-Al,Os crystals and faceted crystals were present and the ALO3 overlay became
very loose, especially adjacent to the Y SZ coating.

After hot corrosion testing, EDS analysis was performed on cross-section of TBC coating as
shown in Fig.5. The Al Ka-dot map exhibited evidently that the ALO3 overlay was no long
dense and well contacted to the YSZ coating. In addition, S, Na, and V can be detected at the
AlL,O3 overlay-Y SZ interface and also within the ALO3 overlay and YSZ coating. These results
indicated that the molten salt containing V20s and NgO covered the surface of the ALOs3
overlay was infiltrated along the grooves to the interface between ALO3z overlay and YSZ
coating. As a result, the coexistence of \bOs, N&O and ALOs3 led to the formation of low
melting liquid phase of NaO-V,0s-Al,O3. The continuous formation of the liquid phase can
result in loss of integrity of the surface and inner alumina. At the same time, the lowmelting
liquid phase penetrated into pores and cracks within the Y SZ coating, leading to the reaction
occurs between V>0s and Y SZ to form YV O4 and hence the formation of M-phase ZrO,

Compared with the hot corrosion results of YSZ with 25 mm gAlO3 overlay, more M-
phase ZrO, formation in the case of YSZ with 58 mm g-Al,O3 overlay was probably due to the
thicker g-Al,O3 overlay was easy to crack during exposure because the heating cycle causes
tensile stresses in the aumina due to the mismatch in therma expansion coefficient (TEC)
between alumina (TEC » 8- 9 10°°/°C) and zirconia (TEC » 11- 13" 10 °/°C). The formation of

cracks increased contact area between molten salt and ALOs; overlay, and also increased the
penetration rate of molten salt into ALO3 overlay and Y SZ coating.

Fig.6 demonstrates the SEM cross-section images of YSZ with 58 nm g-Al,O3 overlay
after heat treatment at 1200°C in air and followed by exposure to the molten salt. Fig.7 shows
EDS analysis performed on cross-section of TBC coating exposured to the molten salt after heat
treatment. It is clearly seen that many cracks had been formed from original groove within the a-
Al,O3 overlay after heat treatment. Upon exposure to the molten salt, although the a-Al,Os
overlay showed much less dissolution in molten salt, the molten salt could easily penetrate into
Y SZ coating through the cracks, as evidenced by the presence of Na, S, and V within the YSZ
coating, leading to the degradation of Y SZ coating.

5. PLANSFOR THE NEXT REPORTING PERIOD
In the next reporting period, we will study the effect of ALO3 overlay thickness on hot
corrosion and spalling of Y SZ coatings.

6. CONCLUSION



(2) Dissolution of Al,O3 in molten NaVO3 was responsible for degradation of the Al,Os
overlay during hot corrosion testing. Degradation of the Al,O3 overlay was deteriorated
with increase in its thickness.

(2) The formation of cracks in a-Al,O3 overlay led faster and more degradation of the YSZ
coating, although the a-Al,O3 overlay showed much less dissolution in molten salt.
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Fig.1 XRD patterns taken from the surface of the Y SZ coating with 58 mm Al,O3 overlay after
10 h of hot corrosion testing at 950°C. (Pattern A: after corrosion testing, Pattern B, after
a part of Al,O3 overlay was removed)
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Fig.2 XRD patterns taken from the surface of composite Y SZ/Al,O3 coating after post annealing
at 1200 °C (Pattern A) and followed by corrosion testing (Pattern B).
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Fig.3 Destabilization fraction of zirconiain the YSZ layer with different ALO3 overlay.
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Fig.4 Cross-section SEM images of Y SZ with g-Al,O3 overlay before (a)
and after exposure to the molten salt (b).

Fig.6 SEM cross-section images of Y SZ with 8 nm g-Al,O3 overlay dft ost ann ingat
1200°C in air (a) and followed by exposure to the molten salt (b).
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Fig.5 EDS maps of the cross-section of TBC coating after 10 h of hot corrosion testing.
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Fig.7 EDS maps of the cross-section of Y SZ coating with post annealed ALO3 overlay
after 10 h of hot corrosion testing



