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ABSTRACT

The high temperature corrosion behavior of thermal barrier coating (TBC) system
consisting of IN-738 LC superalloy substrate, air plasma sprayed Ni24.5Cr6Al0.4Y (wt%)
bond coat and air plasma sprayed ZrO,-20 wt% ceria-3.6 wt% yttria (CYSZ) ceramic coat
were characterized. The upper surfaces of CYSZ covered with 30 mg/cm? , mixed 45 wt%
Na,S04-55 wt% V205 salt were exposed at different temperatures from 800 to 1000 °C and
interaction times from 1 up to 8 h. The upper surface plan view of the coatings were
identified for topography, roughness, chemical composition, phases and reaction products
using scanning electron microscopy, energy dispersive spectroscopy, talysurf, and X-ray
diffraction. XRD analyses of the plasma sprayed coatings after hot corrosion confirmed the
phase transformation of nontransformable tetragonal (t) into monoclinic phase, presence of
YVO, and CeVO, products. Analysis of the hot corrosion CYSZ coating confirmed the
formation of high volume fraction of YVO,, with low volume fractions of CeOV,and CeO..
The formation of these compounds were combined with formation of monoclinic phase (m)
from transformation of nontransformable tetragonal phase (t").

Keywords: Ceria-yttria-stabilized zirconia; Plasma sprayed coating; Na,SO4-V,0s;
High temperature corrosion; YVO,; CeVO,
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INTRODUCTION

The applications of any engineering system require the scientific and engineering
approaches for selection of all elements to controlling the design efficiency. The performance
of gas turbine advanced engines is mainly determined by the maximum temperature that can be
sustained by the alloy components, e.g, the blades of the engine Miller et al. (1981). The key
factor for reliable and reproducible servicing for these advanced engines is the selections of
successful thermal barrier coatings (TBCs) resist highly the high temperature corrosion
resistance Cao et al. (2004), Stover et al. (2004). They require the selection of elements of
materials, processing involve, design variables and principles govern all of these Davis (2004).
In TBCs, there is intimate interrelationship between the processing variables of thermal plasma
spraying and the features of stabilized zirconia based ceramic Bai et al. (2011), Mohammed
Jasim (2011).

Detail analysis of the state of the art of TBCs field explored many requirements should be
present for successful advanced engines Grunling and Schneider (1981), Nicoil et al. (1985),
Clarke (2003), Wang and Sayre (2009), Fauchais et al. (2010). It is very crucial to
understand what is meant by thermal barrier coating? It should be having many requirements,
designed and selected carefully the successful processing to withstand thermal shock resistance
and salt high temperature corrosion attack. These adversely requirements sometime does not
easy monitor. It requires adequate combination of low thermal conductivity, high thermal
expansion near the bulk substrate, phase stability, critical volume fraction of porosity and good
hot corrosion resistance Steven (1986).

Examination the open literatures of TBCs suggest clearly from balancing between
advantages and disadvantage of plasma sprayed coatings, the only promising systems of TBCs
are based on yttria partially stabilized zirconia (YPSZ), YPSZ + ceria stabilized zirconia (CSZ)
and alumina yttria partially stabilized zirconia (Al'YPSZ) Strangman (1985), Ma et al. (1988),
Mohammed Jasim et al. (1988), Nejati et al. (2013), Mohammed Jasim, (2015), YPSZ
systems which are worldwide acceptable TBCs for many advanced turbine engines were widely
investigated for high temperature corrosion resistance Jones and Williams (1987), Susnitzky
et al. (1988), Jones (1989), Jones (1997), Mohan et al. (2007). They were found that the
performance of TBCs can improve considerably due to enhance the aerodynamically and melt
part of the ceramic coating to close the undesirable porosity and cracks. However, there are
extensive literatures highlight the behavior of YPSZ plasma sprayed coatings during high
temperature corrosion. It still there is a dearth of detail information regarding the reaction
between species in the fuel such as V05 and Na,SO,4. The proposed failure mechanisms of hot
corrosion plasma sprayed TBCs have been documented by many investigators DeMasi et al.
(1990), Clake et al. (1997), Singh et al. (2001).

The failures of TBCs were taken place due to sever attacks of vanadium compounds such as
NaVOj3; and V,0s with yttria causing leaching of yttrium from YPSZ Wu et al. (2005). These
reactions are accompanied with severe transformation of nontransormable tetragonal (t”) phase
to mixtures of transformable tetragonal (t), cubic (c) and monoclinic (m) phases Singh et al.
(2001). The formation of m phase is the main destructive outcome causing severe stresses
leading to spalling Nagelberg (1985). The other failure mechanism is a purely oxidation
mode Lu et al. 2013. It takes place by diffusion of oxygen during service which forms a
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thermally growth oxide (TGO). The thickness of a thermally growth oxide (TGO) forms at the
interface between bond layer and ceramic layer increases considerably during service. Severe
thermal expansion mismatch will produce due to the difference between thermal expansion of
bond coat and TGO layer. This will cause at a critical thickness of TGO to spallation Nitin et
al. (2002).

A considerable scientific works have attempted to improve the high temperature corrosion
resistance of yttria partially stabilized zirconia and ceria stabilized zirconia thermal barrier
coatings Jones (1997), Mohan et al. (2007), Sreedhar and Raji, (2009), Ghasemi et al.
(2014), Bajpai et al. (2015). It is appeared that developing of ceria-yttria-stabilized zirconia
thermal barrier coatings require to be evaluated at high temperature corrosion resistance. This
study investigates the performance of zirconia-20 wt% CeO,- 3.6 wt% Y,03; at high
temperature corrosion through molten salt of mixed of V,05 and Na,SO..

MATERIALS AND EXPERIMENTA METHODOLOGY

Ni-based grit blasted with alumina Inconel 738 LC (Ni-15Cr-8.5Co, wt%) superalloy in the
shape of discs, 25 mm diameter and 3 mm thickness were used as substrates for plasma
spraying. Amdry 963 bond coat powder (Ni24.5Cr6Al0.4Y, wt%) and premixed powder of
zirconia-20 wt% ceria-3.6 yttria (obtained from mixing different weight percentages of
standard Sulzer Metco 204NS-G and 205NS powders, ZrO,-8 wt% Y,03 and ZrO,-25 wt%
Ce0,-2.5 wt% Y,05 respectively ) were air plasma sprayed on the substrate respectively (Table
1). Plasma spraying was performed, using 3MB gun Metco INC, Westury, L.I.LN.Y. The
thicknesses of the bond and plasma sprayed coats are approximately 90 £ 15 and 400 + 25 pm
respectively. The angle of plasma sprayed gun was kept to be perpendicular to the substrate.
The particle size distribution of both sprayed powders is -125 pm +11 pm.

Quarters of the plasma spayed thermal barrier coating discs were tested for corrosion at high
temperatures. The upper surfaces of the sprayed samples were covered with a mixture of 55
wt% V,0s5-45Wt% Na,SO, salt. About 1 mm from the edges of the samples was kept
uncovered to prevent the substrate attack by salt. The concentration of the salt was
approximately 30 mg/cm?. The high temperature corrosion tests were conducted at different
temperatures of 800, 900 and 1000 °C for interval time of 1 and 8 hours. The heating rate was
maintained at 10 °C/min. The detail procedures of corrosion test were mentioned previously
Maryam Ali Bash (2017). The tested samples were thoroughly inspected visually and with
optical microscopy for possible crack imitation or degradation. The samples were allowed to
cool down inside the furnace to prevent thermal shock failure. The phases and reaction
products were evaluated using X-ray diffraction (XRD) and scanning electron microscopy
(SEM) equipped with energy dispersive spectroscopy (EDS) facilities for qualitative and
quantitative chemical analysis. The detail procedures of corrosion test, topographical, roughess
and phases analyses were mentioned elsewhere Maryam Ali Bash (2017).

RESULTS AND DISCUSSION

Fig.1shows the typical upper surface plan view of the plasma sprayed CYSZ coating. It can
be observed from Fig. 1 that the coating consists of typical topography of plasma sprayed
ceramic coating having lamellar grains with some unmelted and semimelted particles of
CYSZ. The coatings also present some defects of porosity, voids and cracks. SEM analysis of
the plasma sprayed coatings at higher magnification showed the high quality of the coatings as
suggest from the effective bonding between the splats (Fig. 1). The average of center line
average (CLA) roughness of the coatings is approximately 6.2 um. The amount of open
porosity as determined from Image J is less than 15%. In order to postulate extra structural
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data for the thermal barrier coating CYSZ system, numerous features from the transverse
section were observed. Fig. 2 presents clearly the good bonding between the constituent of the
system, substrate/bond coat, bond coat/thermally grown oxide and thermally grown
oxide/CYSZ coat. Fig. 2 also shows the lower volume fraction of porosity and relatively larger
voids and porosity observed from transverse section compares with those observed from upper
surface plan view (closed porosity is relatively less than 12%). These defects are common
nature of plasma sprayed ceramic coatings that play a vital role at high temperature corrosion
of TBCs as active penetration paths of corrosive salts. The amount of porosity was found to be
within the reasonable value satisfies the lower thermal conductivity and gives the mechanical
cohesion between splats and bonding with TGO/bond coat. It should be emphasis that, it is
very necessary before evaluate the response of thermal barrier coating to hot corrosion to
investigate the features of plasma sprayed coating. This is because the hot corrosion
mechanism is highly affected by the state of plasma sprayed coating.

Investigation of upper surface plan views of the hot corrosion plasma sprayed CYSZ
showed the formation of agglomerated crystals with different shapes of semi-rods of yttrium
vanadate (YVO,), cerium vanadate (CeVO,) and some semi-cubic ceria (CeO;). EPMA
analysis of the as-sprayed top coat showed at lower temperature of hot corrosion and shorter
interaction timem, the main harmful phase formed is YVO, rather than CeOV, (Fig. 3).
Increasing the hot corrosion temperature from 800 to 1000 °C and increasing the reaction time
from 1 to 8 hr, the as-sprayed coats color changed remarkably from yellow to dark brown.
With increasing the hot corrosion time, the mainly rod like structure of YVO, and small
amount of CeVOy, increased considerably (Fig. 4). This is formed due to the continuous
reaction between plasma sprayed coat and the salt with increasing interaction time. This is
taken pace via many steps. The dominant important step is the formation of the most harmful
compound of NaVOj3; due the following reaction formula:

Na,SO, (salt) + V205 (acid) — >  2NaVO;3;+S03(g) +1/2 0O, Q)

The formation of sodium metavanadate (NaVOs3) is the key factor as oxygen carrier for
degradation of the plasma sprayed coating. It is due to severe interaction inside the pores rather
than the splats. It was observed that, the formation of YVO, was related to leaching of yttrium
form yttria which forms the YVO, compound and less amount of CeVO, and CeO; via the
following reaction:

t'ZfOz(YzOg, CGOz) + NaVO; —> t'Zr0O, (CGOQ, YzOg) + mZrO, (CGOz, YzOg) +
YVO, + Na,O + CeVO, @)

Careful examination of the hot corrosion products by SEM, EDS and EPMA showed that
the formation of YVO, increased rapidly with increasing the temperature (Fig. 4). The size and
the amount of the needles of YVO, increased considerably with increasing the temperature.
The needles volume fraction of CeOV, was low for all reaction temperatures. This is related
directly to increasing the acidity of the plasma sprayed coating due to the presence of high
amount of ceria in the coating. Nevertheless, small amounts of CeOV, and CeO, were also
observed. Strong evidence confirmed that the hot corrosion mechanism was obtained from
XRD analysis. The XRD pattern of plasma sprayed coatings confirmed the presence of these
phases (Figs. 5). The formation of harmful phases of YVO,, CeOV, and CeO, resulted in
reducing t' phase and increasing m phase. The growths of these harmful phases were on the
surface rather than inside the porosity. They led to increase the roughness of the degradation
coats (Figs. 6 and 7). The absence of detection any sodium element from EPMA may be related
directly to the sublimit at high temperature of Na,O Jones et al. 1986.
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In this study, increasing the temperature of hot corrosion test to higher than 690 °C (melting
temperature of V,0s) led to melt it and some reaction with ceramic coatings will take place.
With increasing the temperature, the Na,SO4 melts producing Na,O (highly basic oxide) which
react with fused V,0s (acidic oxide) forming the harmful phases of sodium metavanadate.

CONCLUSIONS

1- The base of the plasma sprayed thermal barrier coating, zirconia oxide is very stable to
corrosive salts; there were no zirconia based phases formed.

2- The deleterious phases produced after hot corrosion are due to reaction of yttria rather
than ceria with the mixed vanadium pentoxide-sodium sulfate salt to form the rod type phases
of mainly yttrium vanadate (YVO,), some amount of cerium vanadate (CeVO,) and small
amount of semi-cubic phase of ceria (CeO,).

3- The transformation of t' phase to m phase with low yttria and ceria content was due to
depletion of mostly yttrium and to less extent cerium from the plasma sprayed coatings to form
the harmful phases.

4- The volume fraction and size of YVQ,, CeVO, and CeO; increased considerably at 1000 °C
reaction temperature. The reaction rates at 800 and 900 °C were much lower.

Table 1. Processing sheet for bond coat and ceramic coat.

Parameter Bond coat Plasma spray coat
Ni24.5Cr6Al0.4Y Zr0,-20 wt% Ce0,-3.6 wt%o

Y203

Primary gas, Ar (SLPM) 39.95 53.25
Secondary gas, H, (SLPM) 6.11 7.52
Current, A, Ampere 450 525
Voltage (V), Volt 50 55
Spray distance, mm 120 70
Powder feed rate, g/min 45 35
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(€)) (b)

Fig. 1. SEM micrographs of upper surface plan view of the plasma sprayed CYSZ coating (a)
low magnification and (b) high magnification.

Fig. 2. SEM micrograph of polished transverse section of CYSZ plasma sprayed CYSZ TBC
system showing the different coating (layer and substrate.
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Fig. 3. SEM micrographs showing the effect of hot corrosion temperature at 8 hr reaction
time (a) 800 °C, (b) 900 °C and (c) 1000 °C.

Fig .4. EDS of rod type crystal on the CYSZ coating after hot corrosion at 900 °C for 8 hr.
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Fig. 5. XRD patterns of (a) as-sprayed CYSZ coating and (b) as-sprayed
CYSZ coating exposed to hot corrosion at 900 °C for 8 hr.
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Fig. 6. Image J of as-sprayed CYSZ coating.
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)

Fig. 7. Image J of as-sealed CYSZ after hot corrosion at 1000 oC for 8 hr showing the
increasing of roughness due to formation of harmful compounds.
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