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Using a newly developed object-oriented finite-element
analysis method, both an actual microstructure and model
microstructures of a plasma-sprayed thermal barrier coat-
ing system were numerically simulated to analyze the full-
field residual stresses of this coating system. Residual
stresses in the actual microstructure were influenced by
both the irregular top-coat/bond-coat interface and cracks
in the top coat. By treating the microcracked top coat as a
more-compliant solid microstructure, the effects of the ir-
regular interface on residual stresses were examined. These
results then could be compared to results that have been
obtained by analyzing a model microstructure with a sinu-
soidal interface, which has been considered by some earlier
investigators.

I. Introduction

CERAMIC thermal barrier coatings (TBCs) are commonly
used to protect air-cooled superalloy hardware in the hot

sections of gas-turbine engines, by reducing the surface tem-
peratures of these components.1–3 A typical plasma-sprayed
TBC system consists of an oxidation-resistant metallic bond
coat overlaid with a porous, thermally insulating ceramic top
coat. Thermal-cycling experiments on plasma-sprayed TBC
systems have shown that failure results from cracking and de-
lamination of the top coat parallel to and near the interface. It
is generally agreed that a rough bond coat surface can increase
the lifetime of a typical plasma-sprayed TBC system during
thermal cycling in a turbine engine. It has been commonly
assumed that the roughness of the bond coat provides mechani-
cal interlocking at the interface between the top coat and the
bond coat. However, a recent theoretical analysis4 showed that
periodic undulations of the surface of the bond coat can provide
oscillatory energy-release rates that cause cracking in the top
coat to be arrested locally, which, in turn, prevents or post-
pones TBC spallation.

The purpose of the present study was to examine the effects
of interface asperities on the residual-stress distributions in
plasma-sprayed TBC systems. To achieve this objective, a re-
cently developed object-oriented finite-element analysis
(OOF)5 method was used. OOF is designed to be used on
microstructural images; thus, it incorporates the actual micro-

structure and interface geometry. Using an actual cross-
sectional microstructure of a plasma-sprayed TBC system, the
full-field residual stresses were analyzed. To examine the ef-
fects of interface asperities on residual-stress distributions,
OOF also was performed on the actual microstructure, with the
cracks removed, and a model microstructure with a sinusoidal
interface.

II. The TBC System

The TBC system in this study consisted of an air-plasma-
sprayed (APS) 8-wt%-Y2O3 partially stabilized ZrO2 (YSZ)
top coat that was deposited onto a vacuum-plasma-sprayed
Ni-22Cr-10A1-1Y bond coat. The NiCrAlY bond coat was
fabricated in a manner that induced significant surface rough-
ness (RA) (on the order of 14.2mm). Deposition conditions
have been reported elsewhere.2 The substrate was a disk (2.2
cm in diameter) of single-crystal nickel-based superalloy (Rene´
N5, provided by GE Aircraft Engines, Cincinnati, OH). The
thicknesses of the top coat, bond coat, and substrate were∼200
mm, ∼125 mm, and∼3.175 mm, respectively. The specimen
was subjected to 270 thermal cycles (∼75% of its lifetime).2
Each cycle consisted of a 15 min ramp to 1150°C, a
60 min isothermal hold, and 15 min forced-air cooling to∼25°C.

During high-temperature exposure, a thin oxide scale (pre-
dominantly a-Al 2O3) formed along the irregular top-coat/
bond-coat interface. A typical cross section of this specimen
after thermal cycling is shown in Fig. 1(a), in which the dark-
contrast oxide scale (thickness of∼5 mm) is visible. Large
asperities were present along the interface, and numerous
cracks were present within both the top coat and the oxide
scale. The majority of cracks in the top coat were parallel to
and near the interface, as has been observed previously.6 The
cracks in the oxide scale were predominately located on the
convex portions of the interface asperities. Also, the oxide
scale was typically thicker on the convex bond-coat surfaces,
with some localized regions being as thick as 20mm.

III. Numerical Simulations

Residual stresses exist in TBC systems because of the ther-
mal mismatch strain and the oxidation strain. OOF, which uses
a two-dimensional uniform grid (each grid consists of two
triangular elements), was used to model the residual stresses.
The thermal/mechanical properties used in the analysis are
listed in Table I.1,7 The temperature change used in calculating
the thermal strain was −1125°C. Plastic deformation and creep
deformation of the constituents were not considered in this
analysis. However, creep of the top coat and the bond coat has
been included in a recent finite-element model.8

An exact determination of the Young’s modulus for the po-
rous, microcracked ceramic top coat is difficult. The Young’s
modulus of a dense YSZ is∼200 GPa; however, Young’s
moduli of 5–50 GPa have been reported for free-standing de-
posits of APS YSZ.7 In the present numerical simulation, a
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Young’s modulus of 200 GPa was adopted for the apparent
dense region in the top coat prior to incorporation of the visible
cracks (in the digitized image). For the analysis where all the
cracks have been removed in the model microstructure, the
reported upper bound of the Young’s modulus (50 GPa) was
adopted for the top coat.

Oxidation generally induces a volume expansion. This ex-
pansion can be readily incorporated in the OOF by replacing
the coefficient of thermal expansion (CTE) of the oxide scale
by an effective CTE, such that the thermal strain due to the
effective CTE equals the sum of the thermal strain due to the
actual CTE and the oxidation strain. However, the oxidation
strain for converting the bond coat to the oxide scale is not well
documented; therefore, replacement of the effective CTE for
the oxide scale was not performed in this study. Hence, the
important points in the present simulated results that will fol-
low are trends in the residual-stress development with the in-
terface morphology, rather than the absolute values of the stresses.

The TBC system is subjected to biaxial residual stresses in
the plane parallel to the interface when interface asperities are
not considered. While OOF is limited to a two-dimensional
analysis, care should be taken in applying it to the cross section

of the TBC system. For Fig. 1(a), the residual stress normal to
the interface is expected to be much smaller than that parallel
to the interface. For the plane-stress case, the elastic stress–
strain (i.e.,e–s) relationship parallel to the interface is de-
scribed bye 4 s/E, whereE is the Young’s modulus. For the
biaxial stress case, the relationship becomese 4 s(1 − n)/E,
wheren is the Poisson’s ratio. Hence, to approximately capture
the nature of the biaxial stress,E is replaced byE/(1 − n) when
the two-dimensional OOF is applied to the cross section of the
TBC system in the present study.

(1) Analysis of the Actual Microstructure
First, the microstructure shown in Fig. 1(a) was digitized to

a portable pixel map (ppm) format; each pixel then corre-
sponded to two triangular elements. Hence, meshing in OOF
was obtained simply by converting an image to a ppm format.
The processed image (which consists of 78408 elements) is
shown in Fig. 1(b). All visible cracks were included in the
analysis (see the empty elements in Fig. 1(b)). The substrate
(not shown in Fig. 1) was much thicker than the other con-
stituents; thus, the thermal strain of the substrate (i.e., −0.0163)
was used as the boundary condition at the right and left edges
of the image in Fig. 1(b), to constrain its distortion in the
x-direction.

Using OOF, the corresponding predicted-stress maps for the
stress parallel and perpendicular to the interface (sx and sy,
respectively) are shown in Figs. 1(c) and (d). The stresses in the
system, minus the cracks (represented by empty elements), are
indicated by the color bar in Fig. 1. In the absence of both
interface asperities and cracks,sx values in the top coat, oxide
scale, and bond coat should be −1.35 GPa, −3.6 GPa, and 225
MPa, respectively;sy 4 0 in the system.9,10Perturbation of the
residual-stress field due to the presence of interface asperities
and cracks is obvious in Figs. 1(c) and (d). Specifically,sy is

Fig. 1. (a) Actual microstructure, (b) processed image for numerical simulation, (c) calculated residual stresssx, and (d) calculated residual stress
sy for the plasma-sprayed TBC system. The substrate is not shown.

Table I. Thermal/Mechanical Properties for the
Plasma-Sprayed TBC System

Component

Young’s
modulus,
E (GPa)

Poisson’s ratio,
n

Coefficient of thermal
expansion,

CTE (× 10−6/°C)

Dense top coat 200 0.25 10
Porous top coat 50 0.1 10
Oxide scale 360 0.27 8
Bond coat 200 0.3 15.2
Substrate 213 0.25 14.5
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tensile in the convex portions. To study how the geometry of
the interface asperities influences the residual stresses, numeri-
cal simulations were performed on model microstructures as
follows.

(2) Model Microstructures
The effects of interface asperities on residual stresses were

somewhat obscured by the presence of cracks in Figs. 1(c) and
(d). Removing the cracks from Fig. 1(b) and using 50 GPa as
the Young’s modulus for the top coat, the model microstructure
and the predicted-stress map forsy are shown in Fig. 2(a).
Also, assuming a periodic sinusoidal topology for the inter-
face,4,8,10,11the model microstructure and the predictedsy are
shown in Fig. 2(b).†† The figure shows that tensile and com-
pressive stresses normal to the interface (sy) occur in the re-
gions of convex and concave asperities, respectively.

IV. Conclusions

Fracture and spallation of the plasma-sprayed Y2O3-
stabilized ZrO2 (YSZ) top coat are a major concern for thermal
barrier coating (TBC) applications. A rough bond-coat surface
can apparently increase the lifetime of plasma-sprayed TBCs.
The present study attempts to analyze the effects of interface
asperities on the residual-stress distributions in a plasma-
sprayed TBC system. A newly developed object-oriented fi-
nite-element analysis (OOF) method was used to model the
residual stresses. The uniqueness of OOF is that it can be used
directly on microstructural images. OOF that is performed on
the actual microstructure of the TBC system provides a full-
field plot of the residual stresses. To systematically examine

the effect of interface asperities on residual-stress distributions,
OOF also can be performed on model microstructures with
various interface geometries.12
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††The stress should be strictly periodic if the boundary condition was imposed
exactly. Because a uniform strain in thex-direction was imposed at the right and left
edges of the image, the simulated results suffer the edge effect.

Fig. 2. Model microstructures and the calculated residual stress (sy) for the TBC systems ((a) cracks removed from the actual microstructure and
(b) microstructures with an oxide scale and a sinusoidal interface topology).

April 1999 Communications of the American Ceramic Society 1075


