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ABSTRACT

The effect of coating porosity and thickness on the resistance to damage of yttria stabilized zirconia
thermal barrier coatings in an oxidizing environment by thermal cycling was evaluated. Hardness
and elastic modulus of an as-processed porous coating were lower than those of a dense coating
and the porous coating failed after fewer thermal cycles. Similarly, specimen with a thicker coating
failed after fewer thermal cycles than specimen with a thinner coating. The earlier failure of the
porous coating is due to lower fracture toughness and enhanced oxidation of the coating/substrate
interface, whereas, the earlier failure of the thick coating is due to higher thermal transient stresses
that developed in the coating during thermal cycling. Generally, an increase in coating density led
to initial increase in both hardness and elastic modulus with increasing thermal cycles. However,
hardness and density gradually decreased as the number of thermal cycles increase because of
microcracks formation and growth. Microscopic observations indicated that the formation of
multiple microcracks and their subsequent growth and coalescence led to final coating failure.

INTRODUCTION

Thermal barrier coatings (TBCs) have shown great potential for increasing turbine inlet-gas
temperature by reducing heat transfer from the hot gas to air-cooled blades. Turbine superalloys
melt in the range of 1230-1315°C [1]. Because the combustion gas environment is at =1370°C, the
superalloys are air cooled to protect them from the oxidation, creep, melting, and thermal fatigue
that reduce efficiency. Traditionally, efficiency is improved by improving the design of the cooling
system. An alternative is to use TBCs. A typical TBC system consists of an insulating outer
ceramic layer and an inner metallic "bond coat" layer between the ceramic layer and the metallic
substrate. TBCs improve performance and increase efficiency by lowering the turbine temperature
and reducing the cooling-air requirements [2-4].

Premature failure of the ceramic coating layer, a concern when reliability and long service life of
gas turbine components are considered [5-7], may be related to factors such as residual stresses
that develop in the ceramic layer during cooling because of expansion mismatch between the
ceramic and metallic layers [5-9]; cyclic inelastic strain in the coating due to thermal cycling during
service [10-11]; oxidation, plastic deformation and creep of the bond layer; and phase
transformation and sintering of the top layer. Therefore, it is critical that we understand the effects
of these parameters on coating failure if we are to predict performance and service life of TBCs.
Many of these parameters, such as residual stresses, elastic and inelastic strains during thermal
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made to obtain a statistically reliable value. Subsequently, the surface was fine-polished and
Knoop indentations were made at the same locations and identical loads and times were used to
evaluate elastic modulus. The Knoop indentation diagonals (b' and a'), shown in Fig. 2, were
carefully measured with a high-magnification optical microscope. With a known value of a/b
(7.11) for the Knoop indenter geometry, elastic recovery (b'/a' - b/a) was evaluated, and elastic
moduli were calculated from Eq. 2.
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RESULTS AND DISCUSSION

Figure 3 shows the variation of hardness and elastic modulus for the two specimens with differing
porosity (Set A), as a function of thermal cycles. As shown in the figure, both hardness and
elastic modulus values of the specimen with a porous coating are lower than those of the specimen
with a dense coating. The hardness and elastic modulus values of the dense coating specimen in
as-received condition are =8 and =85 GPa, respectively. The corresponding values for the porous
coating specimen are =5 and =60 GPa, respectively. The lower values for the porous specimen are
the result of higher porosity, which caused the coating to fail (spall from the substrate) after only
10 thermal cycles. On the other hand, the specimen with a dense coating did not fail, even after 25
cycles. Failure of the porous coating after only a small number of cycles is partly due to the low
fracture toughness of the coating. Furthermore, higher porosity may also have caused higher
oxidation at the substrate/coating interface, which led to premature failure. The exact cause of
premature failure is currently under investigation.

As seen in Fig. 3, the elastic modulus of the dense coating initially increased with an increasing
number of thermal cycles and reached a maximum of =110 GPa at 10 cycles. Further increase in
cycles resulted in a corresponding decrease in elastic modulus. In general, hardness variation
showed the similar trend. We believe that the initial increase in elastic modulus is the result of an
increase in coating density. For example, if the coating specimen had been exposed to 1150°C for
10 h after 10 cycles, the density would be expected to increase. Because elastic modulus is
inversely proportional to porosity, increased density led to a higher elastic modulus. However, at
higher thermal cycles, more microcracks were formed and growth of pre-existing cracks was
observed. As noted by Hasselman and Singh [13], elastic modulus is strongly dependent on and
varies inversely with increasing crack length and density. This effect becomes more dominant than
densification as the number of thermal cycles increases and leads to a net decrease in elastic
modulus.

Figure 4 shows the variation of hardness and elastic modulus of the two specimens with coatings
of differing thickness (Specimen Set B) as a function of thermal cycles. As shown in the figure,
both the hardness and elastic modulus of the thicker coating (540 pm) were lower than those of the
thinner coating (340 um) and failed after fewer thermal cycles. Both hardness and elastic modulus
initially increase with an increasing number of thermal cycles and subsequently decrease at higher
number of cycles. As discussed in the previous paragraph, this behavior is.the result of an
increase in coating density during the initial thermal cycles and of microcrack formation and growth
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Fig. 3. Hardness and elastic modulus variation of specimen with (a) porous and (b)
dense coating.
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