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It was previously reported that the adhesion strength of thermal sprayed yttria-stabilized zirconia coatings, as
measured by the modified tensile test, decreased with increased coating thickness. Results from this method in-
clude the effects of both residual stress introduced during the spraying process and the adhesive glue used for the
specimenpreparation. Thiswork quantified these effects bymeans offinite element analysis. Themodel also con-
sidered friction factors for interfacial crack closure induced by compressive residual stress in the coatings. It is
concluded that friction factors affect interfacial fracture toughness slightly, but the most significant effect is
caused by a change in the crack propagation path in the case of the thinnest coatings.
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1. Introduction

From the so-called 3E viewpoint, which represents economic effi-
ciency, the environment, and energy security, all countries are en-
couraged to make better use of fossil fuels. Gas turbine combined
cycle (GTCC) technology is therefore starting to play a more signifi-
cant role in power generation systems because of its high thermal ef-
ficiency. Demands for GTCC efficiency to be even higher have led to
increasing gas turbine inlet temperatures. The most advanced gas
turbine, which achieves a temperature of about 1600 °C, employs a
thermal barrier coating (TBC) that is essential to protect the blade
and vanes from such a hot gas stream [1]. Any spalling of the TBC
can cause catastrophic damage to the turbine. Evaluation of adhesion
strength of the coating is therefore required for all fields of applica-
tion. One of the most promising evaluation methods is based on in-
terfacial fracture mechanics [2–4]; however, problems relating to
interfacial mechanics always involve difficulties, including those of
mixed-mode stress fields and stress–strain singularity. Residual
stress induced by the coating process also has significant effects on
the adhesive strength [5–7].

Various testing methods [8–12] have been developed to evaluate in-
terfacial fracture toughness; however,most procedures and sample prep-
arations are cumbersome. Some are limited in applicability to ductile
materials or adhesive polymers [8,9]; others require complicated

equipment [10,11]. Although an indentation test [12] is simple, it includes
some error in measurement of crack length, depending on the skill and
experience of the observer. The modified tensile test proposed by
Watanabe et al. [13] is oneof the simplestmethods, and it can be conduct-
ed using only a tensile testing systemand can be applied to brittle ceramic
coatings [14].

In a previous study, the authors used this modified tensile test to
evaluate a TBC applied by thermal spraying, and reported that its ad-
hesion strength decreased with coating thickness, as shown in Fig. 1
[15]. It was, however, not clear why a thicker coating showed lower
adhesion strength. Possible reasons are: (i) changes of the stress field
due to variations of coating thickness and Young's modulus; (ii) a
contribution from residual stress within the coatings induced by
the spraying process; (iii) an effect of the adhesive layer used during
sample preparation. It is difficult to experimentally evaluate each
factor individually because they mutually interact and complicate
the phenomenon.

In this work, effects of experimental variables on the interfacial frac-
ture toughness, as measured by the modified tensile test, were numer-
ically evaluated to investigate reasons why a thicker coating showed
lower adhesion strength. Energy release rate was calculated using a fi-
nite element model (FEM) that simulated actual geometry and mea-
sured coating modulus of a test specimen. Residual stress accumulated
during the spraying process was simulated by thermal mismatch be-
tween the coating and substrate; influence of crack–surface contact
was also considered. Adhesive glue was also modeled to confirm how
this can affect test results.
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2. Analysis of modified tensile test

2.1. Previous study and its problems

In the modified tensile test, a coating is processed on a cylindrical
substratewith a circumferential pre-crack around its outer edge. Anoth-
er cylinder is then bonded to the coating surface using adhesive glue.
Adhesion strength between the coating and substrate can be evaluated
by measuring the tensile load when the coating is de-bonded from the
substrate. Watanabe et al. [13] analyzed the modified tensile test
using FEM and formulated interfacial stress intensity factors, Fi, normal-
ized by σ∞
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where σ∞ is nominal stress, R is the substrate radius, a is crack length,
c(=R−a) is ligament length, α is the Dundurs parameter, defined in
[16], and G(c/R) is a shape factor, as defined in Eq. (2):
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Using Eq. (1), the stress intensity factor for a homogeneous material
with a circumferential crack was extended [17] to a bi-material crack,
based on the analysis of a sandwich structure [18]. Eq. (1) is accurate
enough to obtain interfacial stress intensity factors for engineering ap-
plications, but it provides no quantitative information concerning the
effects of various factors, including those of coating thickness and resid-
ual stress in the coating.

2.2. Description of finite element model

Fig. 2 shows the two-dimensional (2D) FEM configurations
employed in this study. Complex stress intensity factors in themodified
tensile test specimen were analyzed using whole specimen models, as
shown in Fig. 2(a) and (b). The commercial code ABAQUS 6.13 (Simulia,
Providence, RI, USA) was used. The model in Fig. 2(b) includes an
adhesive layer between the coating and the Al substrate. Stress intensity
factors caused by residual stress were independently calculated using
an as-sprayed model, shown in Fig. 2(c). Because the crack-tip stress
field caused by residual stress is independent of that induced by a ten-
sile applied load, the stress intensity factors from residual stress can
be superposed on that calculated for the whole specimen model, as in
Fig. 2(a) or (b).

Fig. 3 shows detailed FEM meshes for three cases. In all models,
eight-node quadratic elements with axis symmetry were used. The
bottom surfaces of the Al substrates were restrained in the vertical di-
rection. An adhesive layer composed of eight meshes was inserted be-
tween the coating and top substrate. A fine mesh was generated from
the crack tip in the radial direction and quarter-point singular elements
were employed around the crack tip, the size of which was 1 μm in
length. Complex stress intensity factors and J-integrals (energy release
rates) were computed using the interaction integral method [19].
Analyses were attempted for various combinations of moduli and

Fig. 1. Adhesive strength results for various thicknesses of thermal barrier coating, as
measured by the modified tensile test [15].

Fig. 2. Finite element model configurations and materials properties.
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