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a b s t r a c t

Thermal barrier coatings (TBCs) are applied to superalloy turbine blades to provide thermal
insulation and oxidation protection. A TBC consists of an oxide/metal bilayer: the outer
oxide layer (top-coat) imparts thermal insulation, while the metallic layer (bond-coat)
affords oxidation protection through the formation of a thermally-grown-oxide (TGO) at
elevated temperatures. The TGO layer possesses significantly different elastic, thermal
expansion, and creep properties than the surrounding top-coat and bond-coat layers.
An intrinsic mechanism which controls the long-term stability and mechanical integrity
of a TBC is the volumetric change accompanying the oxide formation, and the attendant
locally large stresses that can arise due to the geometrically uneven development of the
TGO layer. In this paper we focus on modeling the response of the bond-coat material
and its oxidation, and present a new continuum-level thermodynamically-consistent,
large-deformation, fully three-dimensional theory which couples high-temperature
elastic-viscoplastic deformation of the material with diffusion of oxygen, eventually leading
to an oxidation reaction in which the reaction-product causes permanent swelling.

The theory is chemo-thermo-mechanically coupled and complex, and at this point in
time the list of material parameters appearing in the theory are not fully known. Once
the material parameters in our theory are calibrated from suitable experiments, and the
theory is numerically-implemented and validated, then the numerical simulation capabil-
ity should provide an important ingredient for analyzing the evolution of the local stress
and strain states which are important ingredients for the life-prediction and perfor-
mance-improvement of TBCs.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Turbine inlet temperatures in the gas path of modern high-performance gas turbines operate at �1400 �C. In the high-
temperature regions of the turbine, special high-melting-point nickel-based superalloy blades and vanes are used, which
retain strength and resist oxidation and hot corrosion at extreme temperatures. These superalloys melt at �1300 �C, which
means that the blades (and vanes) closest to the combustor may be operating in gas-path temperatures which far exceed
their melting point, and the blades must therefore be cooled to acceptable service temperatures, �1050 �C (a homologous
temperature of about �0.8) in order to maintain integrity. Accordingly, modern turbine blades subjected to the hottest
gas flows take the form of elaborate single-crystal superalloy investment castings that contain intricate internal passages
and surface-hole patterns, which are necessary to channel and direct cooling air within the blade, as well as over its exterior
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