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Abstract

Micromechanical models are developed to explore the effect of embedded metal layers upon thermal cycling delamination failure of
thermal barrier coatings (TBCs) driven by thickening of a thermally grown oxide (TGO). The effects of reductions in the steady-state (i.e.
maximum) energy release rate (ERR) controlling debonding from large interface flaws and decreases in the thickening kinetics of TGO
are investigated. The models are used to quantify the dependence of the ERR and delamination lifetime upon the geometry and consti-
tutive properties of metal/TBC/TGO multilayers. Combinations of multilayer properties are identified which maximize the increase in
delamination lifetime. It is found that even in the absence of TGO growth rate effects, the delamination lifetime of TBC systems with
weak TGO/bond coat interfaces can be more than doubled by replacing 10–20% of the ceramic TBC layer with a metal whose ambient
temperature yield stress is in the �100–200 MPa range.
� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thermal barrier coating (TBC) systems are widely used
to reduce the rate of oxidation and hot corrosion of inter-
nally cooled superalloy structures in gas turbine engines [1–
4]. These coating systems consist of an aluminum-rich
metallic bond coat (BC) applied directly to the superalloy
component surface, a thin thermally grown oxide (TGO)
that slowly forms on the BC surface during high-tempera-
ture exposure to oxygen, and an outer low thermal conduc-
tivity ceramic coating, such as ytrria-stabilized zirconia
(YSZ) or gadolinium zirconate. This top coat reduces the
temperature of the BC/TBC interface and slows the rate
of oxidation. Thermal cycling in an oxygen environment
eventually leads to spallation of the coating, usually by
growth of an interface delamination crack [5,4,6], either
at the TGO/BC interface or at the YSZ/TGO interface.
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These cracks are driven by the release of stored elastic
strain energy associated with large compressive stresses
that develop in the TGO upon cooling from the elevated
temperature at which oxide growth occurs, as shown in
Fig. 1. These stresses in the TGO have been extensively
investigated by piezo-spectroscopic methods and have been
shown to be primarily the result of thermal expansion
mismatch between the TGO and other components of the
system [7].

During high-temperature use, the TGO thickens para-
bolically with time, and the parabolic rate constant
increases rapidly with temperature. The increase in TGO
thickness can lead to a variety of complex failure mecha-
nisms, with arguably two dominant modalities: (i) the
stored elastic strain energy in the TGO/TBC bilayer drives
large-scale debonding of the TGO/BC interface, with
debond lengths much greater than the coating thickness,
and (ii) the large stresses in the TGO and cyclic creep/plas-
ticity in the BC lead to TGO rumpling (i.e. layer waviness),
which induces locally high stresses that drive a variety of
rights reserved.
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Fig. 1. Schematic illustration of the embedded metal layer concept. Two delamination scenarios are considered. (A) Failure above the TGO layer at the
YSZ/TGO interface, in which case the TGO plays no role in debonding. (B) Failure beneath the TGO layer at the TGO/BC interface, in which case the
TGO serves as the principle driving force for debonding. (C) Variables used in the analyses.
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microcracking phenomena, notably cracking in the TBC
near the crests and valleys of the rumpled TGO. Generally,
both modalities are important: if rumpling can be sup-
pressed, the initial microcracking that serves as the precur-
sor to large-scale delamination is delayed, thus improving
lifetimes. If the elastic strain energy in the TGO/TBC
bilayer that is released by delamination is suppressed,
greater TGO thicknesses are required for large-scale delam-
ination. Thus, the central and critical role of the TGO has
led to insightful studies of the complex interplay between
many competing rate- and temperature-dependent phe-
nomena that control TGO stress and morphology, with
emphases on the creep-mediated interaction of the TGO
with the BC (e.g. [4,6,8,9]), and microcracking or debond-
ing near wavy interfaces (e.g. [10–12,14,13,15]).

These experiments and simulations have provided key
insights that have led to proposed concepts for improve-
ments to the BC to delay failure at the TGO/BC interface,
i.e. the improvement of BC creep properties to reduce the
rate of TGO rumpling, thus delaying or suppressing the
formation of microcracks [16,17]. While improvements to
BC creep have the desired effect of suppressing rumpling,
continued alloy refinement is needed to ensure that BC oxi-
dation behavior is acceptable [16]. In comparison to studies
of BC behavior and cracking mechanisms in existing sys-
tems, relatively little attention has been directed at modifi-
cations to the ceramic TBC itself (i.e. the YSZ layer).

In this work, a micromechanical model is developed and
used to explore the potential benefits of developing multi-
layered TBCs with the aim of delaying large-scale debond-
ing, such as occurs after microcracks along an interface
have coalesced into a dominant flaw (for which the delam-
ination driving force is maximum). The principal goal is to
present a simplified model that can be used by material
developers to identify promising novel multilayer TBC sys-
tems that increase the critical TGO thickness (or, for exam-
ple, a critical TBC modulus) necessary for large-scale
delamination.

There are several reasons to believe that modifications
to the TBC itself holds promise for suppressing large-scale
debonding, at least for systems in which rumpling has been
managed such that the time to reach criticality is domi-
nated by oxide thickening (as opposed to rumpling). First,
examination of the coefficients of thermal expansion (CTE)
in Fig. 1C reveals that upon cooling from an elevated depo-
sition temperature, elastic strain energy present in the TBC
increases the driving force for delamination flaws. The in-
plane elastic modulus in the TBC layer controls the strain
energy in this layer. It has been shown that spallation
can be significantly reduced by decreasing the modulus of
the YSZ layer (by increasing its porosity) [18]. Since the
elastic strain energy stored in the TBC layers can be
released by delamination at the TBC/TGO interface, fail-
ure can occur at this interface even though the strain
energy in the TGO remains fixed (see Fig. 1A). Secondly,
it is important to note that the YSZ layer alters the kinetics
of TGO growth by reducing the temperature of the TGO;
however, it is a very ineffective diffusion barrier for oxygen
and therefore does not reduce the oxygen flux to the TGO
surface. Finally, reactions can occur between the ceramic
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TBC and the TGO layer, resulting in the formation of
“mixed-phase” regions at the interface, which can signifi-
cantly reduce the TBC/TGO interface interfacial tough-
ness, which promotes failure at this interface if the TBC
modulus is high [19].

A recent experimental study has investigated the feasi-
bility of inserting thin platinum layers into a YSZ coating
to reduce the radiative component of heat transport to
the TGO surface and thus its temperature [20]. However,
this study revealed that the platinum layers also slowed
the rate of oxide growth, perhaps by reducing the oxygen
flux to the TGO. (Platinum has a very low oxygen diffusiv-
ity.) This increases the time necessary to reach a critical
TGO thickness to drive spallation and thereby potentially
improves coating lifetime.

The pure platinum metal layer used for these experi-
ments has a low yield strength and significant ductility
[21]. This mechanical response is quite different to that of
the YSZ during cooling, and appears to offer several bene-
fits. First, plastic deformation in the metal during cooling
limits the amount of stored elastic energy in the layer
(because of its low yield strength), potentially reducing
the high stored elastic energy in the layers above the
TGO. Second, if the stresses in the metal are tensile after
coating delamination, they are balanced by compression
in the YSZ layer and this lowers the amount of strain
energy released during debonding. Third, plastic straining
of the metal layer dissipates energy: a portion of the energy
released by debonding would be dissipated by plastic work,
as opposed to creating new interface crack area. It there-
fore appears possible that metal layers embedded within
a ceramic layer might increase a coating’s resistance to
spallation by a number of mechanisms. However, the sig-
nificance of the effects will depend sensitively upon the
properties of the constituent materials and the coating
architecture.

The micromechanical model presented here to evaluate
the effects of embedding ductile layers in a ceramic TBC
enables rapid identification of directions for future experi-
mental assessments. The model allows for straightforward
evaluation of the release of stored elastic energy and dissi-
pated plastic work for debonding from a macroscopic inter-
face flaw, which control the maximum energy release rate
(ERR) for interface debonding. The model avoids the
necessity of numerical (FEA) analyses that make broad
parameter studies time-intensive and multilayer optimiza-
tion very difficult. Naturally, the candidate systems and
anticipated benefits identified with this model will require
experimental study (such as those in Ref. [20]), to verify that
the lifetime of the systems at hand are not dominated by the
time required to develop a dominant interface flaw near
interface features, such as rumples. Given that BC modifica-
tions continue to be explored, it is possible that a combina-
tion of new BCs and novel multilayers will ultimately extend
lifetimes, by reducing the rate of rumpling and increasing
the critical TGO thickness for large-scale delamination.
The present model enables such a design study.
The impact of metal layers on TBC spallation lifetime is
predicted by calculating the release of stored elastic energy
and dissipated plastic work associated with the transition
from the fully adhered to the debonded state. This calcula-
tion yields the ERR for steady-state debonding, i.e. that
associated with an interface flaw that is much longer than
the thickness of the multilayer. This ERR is the maximum
possible for an interface flaw, and, in that sense, the model
is conservative. The interface crack advances once the ERR
reaches the interface toughness. The coating’s time to
failure can be estimated by calculating the time required
to grow the TGO to the critical thickness that triggers
this transition. This calculation can be extended to include
the role of the metal layer in slowing the TGO growth
rate.

Results are reported for the multilayer system and prop-
erties shown in Fig. 1C. The focus is on the effect of the
yield strength, thickness and relative position of a single
embedded layer upon the ERR relative to that of a refer-
ence ceramic coating. The model extends a previous study
that analyzed a multilayer comprising a single ceramic
coating with multiple embedded layers, placed symmetri-
cally about the middle of the ceramic coating [22]. This pre-
vious analysis did not address (i) the effect of asymmetric
metal layer placement, (ii) the effect of the TGO layer, or
(ii) the retardation of the TGO growth rate. By explicitly
addressing these factors here, the model presented here
can be used to comprehensively explore potential improve-
ments to coating lifetime and identify material combina-
tions and layer architectures that increase coating lifetime.

2. Multilayer model

2.1. Overview

A schematic illustration of the model multilayer archi-
tecture to be analyzed here is shown in Fig. 1C. The
TGO and TBC (YSZ) layers are assumed to be linearly
elastic, while the embedded metal layer is assumed to be
elastic–perfectly plastic, with a yield stress rY. The general
constitutive law for a given layer, denoted with subscript i,
is assumed to be:

�i ¼
ð1� viÞri

Ei
þ hiðT ; tÞ ð1Þ

where Ei is the elastic modulus of the layer, vi is the Pois-
son’s ratio, and hi(T, t) is a time- and temperature-depen-
dent eigenstrain. The eigenstrain hi can be defined to
represent thermal strains, intrinsic growth strains, etc., or
to account for deposition stress (through suitable scaling
with the modulus). For example, for thermal strains in a
time-dependent problem, hiðT ; tÞ ¼ aiðT Þ T ðtÞ � T o

i

� �
,

where ai(T) is the coefficient of thermal expansion (could
be temperature dependent) of the ith layer and T o

i defines
the reference temperature at which thermal strains are zero.

As will be illustrated, the problem is completely defined
in terms of the eigenstrain hi values in the multilayer,
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regardless of their physical source. In order to limit the
number of parameters needed for the present examples,
we assume the eigenstrains arise purely from thermal
expansion mismatch, and the reference temperatures of
all layers is the same, such that hi = aiDT, where DT is
the temperature change of the system relative to a reference
temperature free of thermal strain. Here, DT < 0 corre-
sponds to cooling from an elevated temperature. For many
systems, relaxation at high temperatures implies that
thermal strains are the dominant source of stress, and
hence dominate the ERR predictions. It should be
emphasized that alternative scenarios can be considered
with the exact same model, with suitable definition of hi.
Finally, normalized results are presented relative to the
base coating with no metal layers, further de-emphasizing
the impact of specific properties chosen to define the
eigenstrains.

The subscripts used to identify the layers are: s, sub-
strate; c, TBC (e.g YSZ); o, TGO; and m, metal layer.
The thickness of the TGO is defined as h, while the thick-
ness of the TBC/metal multilayer is defined as H. The dis-
tance from the top of the TGO to the middle of the metal
layer is defined as d � H, while the thickness of the metal
layer is defined as f � H. Hence, f defines the metal layer
(volume) fraction in the TBC/metal multilayer coating.

Typical properties for a TBC system are given in Fig. 1C
and are used as the basis for subsequent analysis, unless
otherwise noted. Using these, the elastic stress in the
embedded metal layer while it remains bonded to the sub-
strate after cooling from the coating deposition tempera-
ture (DT � 1100 �C) is rm � � 500 MPa. The negative
sign indicates that the metal layer experiences a biaxial
compressive stress and will yield upon cooling for the range
of metal yield stresses considered here. Upon release of a
multilayer by delamination at the TGO interface, the large
compressive stresses in the multilayer relax, and the multi-
layers expand relative to the adhered state. During this
debonding release, the metal can experience a reverse ten-
sile plastic deformation, provided the metal yield stress is
sufficiently low. The metal layer can therefore reduce elastic
strain energy by two mechanisms, and both are addressed
in the analysis below.

The model assumes that the superalloy substrate coated
by the BC is homogeneous and of semi-infinite thickness.
Thermally induced bending is therefore prevented when
the layers are adhered, and the thermal strain of the sub-
strate hs = asDT controls the adhered state’s axial compres-
sion. To further simplify the analysis, it is assumed that all
layers experience purely biaxial deformation even after
debonding. Strictly speaking, if the delamination crack
front remains straight, there is no loss of constraint in
the debonded region since curvature about the x-axis is
suppressed. While this effect is easily accounted for with
an elastic analysis, preventing curvature about the x-axis
leads to different plastic strains in the x- and z-directions,
which significantly complicates a yielding analysis. The
biaxial approximation is likely to be conservative since
added constraint in the z-direction increases the stored
elastic energy in the elastic layers of the debonded film
and lowers the ERR for debonding (as compared to the
biaxial case). The assumption of biaxial deformation
implies that the results are only a function of the biaxial
elastic modulus of the layers Ei ¼ Ei=ð1� viÞ. The bixaxial
stress state implies that yielding occurs when the stress in
the metal is rm = rY, where rY is the uniaxial yield stress
of the metal. It also implies that the yield strain
�Y ¼ rY =Em ¼ ð1� vmÞrY =Em. With the biaxial assumption
and this notation, the Poisson’s ratios of the layers do not
explicitly appear in the problem.

Debonding at either the YSZ/TGO interface or the
TGO/substrate interface are both analyzed here. In the fol-
lowing, it is assumed that the critical ERR during crack
growth at the relevant interface, Gc, is an intrinsic property
of the interface and includes contributions from plastic
deformation in the substrate. Hence, the influence of BC
plasticity (possibly driven by thermal stresses) is accounted
for by suitable modification of the assumed interface
toughness. Crack growth occurs when the ERR
G � DWe �Wp P Gc. Here, DWe is the change in stored
elastic strain energy (per unit area) in going from the
adhered state to the debonded state, and Wp is the plastic
work (per unit area) dissipated in the embedded metal
within the YSZ coating during debonding. It is assumed
that the plastic work dissipated in the embedded metal
layer is dominated by relaxation of the thermal misfit
strains (hi � hj), and is not influenced by the presence of
the crack tip. That is, a ceramic layer shields the embedded
layer from the elevated stresses near the crack tip, such that
the crack tip fields do not induce significant additional
plastic deformation in the embedded metal layer. This
can be shown be rigorously true if EcGc=r2

Y < Dh, where
Dh is the thickness of the TBC between the metal layer
and the debonding interface. That is, if the distance over
which the crack tip stress fields in the ceramic layer (adja-
cent to the BC) are elevated is much smaller than the dis-
tance to the metal layer, plastic deformation in the metal
due to the crack tip will be much smaller than those arising
from CTE mismatch. Put simply, if the above inequality is
satisfied, the stiff ceramic layer between the interface and
the embedded metal layer shields the metal layer from
additional plasticity due to the crack tip. Again, it is worth
emphasizing that while BC plasticity may have a profound
effect, this is accounted for in present model through the
definition of the critical interface toughness, with more
ductile BCs presumably leading to a greater interface
toughness.

The problem for the model defined above then consists
of calculating the total axial stretch and curvature in the
multilayer for a prescribed set of multilayer properties
(modulus, thickness, etc.) and imposed thermal strains
(e.g. hi = aiDT). Once these quantities are known for both
the adhered and debonded states, one can compute the
stored elastic strain energy and the plastic work dissipated
in the metal layer, and, in turn, the ERR.



M.R. Begley, H.N.G. Wadley / Acta Materialia 60 (2012) 2497–2508 2501
2.2. Governing equations

The following is an overview of the equations needed to
predict the deformation, associated stresses and work terms
necessary to compute the ERR. Although the resulting
equations are straightforward algebraic relationships, the
large number of parameters makes the full expressions
unwieldy, and it is difficult to glean general insight from
their complicated form. Since the full expressions are easily
recovered with symbolic manipulation software such as
Mathematica, we present only the essential elements of
the analysis to convey the conceptual framework underpin-
ning the computations. To aid in implementation, a more
detailed derivation is included in Appendix A for the
limiting condition where the deformation in the metal layer
after debonding is fully plastic, in which case the resulting
linear equations can be solved in closed form. Generally,
the solutions are nonlinear and require numerical computa-
tions, due to the piecewise nature of the metal’s elastic–
perfectly plastic constitutive behavior.

The total strain as a function of vertical position in the
multilayer is defined as �(y) = �o � j � y, where �o is the
total strain reference (y = 0) axis and j is the curvature
of the reference axis, as shown in Fig. 1C. For elastic layers
(the YSZ and TGO layers), the stress in the layers is also
dependent upon the vertical position and is given by:

riðyÞ ¼ Eið�o � j � y � hiÞ ð2Þ
where hi = aiDT. In the metal layer, the stress is defined by
its elastic–perfectly plastic response:

rmðyÞ ¼ Emð�o � j � y � hm � �pÞ for rm 6 rY

¼ rY � sign½�o � j � y � hm � �p� for rm > rY ð3Þ

where �p is the plastic strain at the start of the loading
increment. If yielding occurs for a given y-position in the
metal, then the stress is known and the plastic strains are
calculated as �p(y) = �o � j � y � hm.

The strain �o and the curvature j are determined by solv-
ing for the resultant axial force and resultant moment,
which are zero in the absence of external loads:

Nr ¼
X

i¼o;c;m

Z
ri½�o; j; hi; �

p; y�dy
� �

¼ 0

Mr ¼
X

i¼o;c;m

Z
ri½�o; j; hi; �

p; y� � y � dy
� �

¼ 0 ð4Þ

where the sum is performed over all layers in the multilayer
being analyzed. A plastic strain contribution is only present
for the metal layer. Substituting Eqs. (1) and (2) for the
stresses in Eq. (3) results in two coupled nonlinear equa-
tions that can be solved for �o and jy, to determine the de-
formed state of the multilayer. Once these variables are
determined, the stress throughout the multilayer is com-
pletely defined, and one can then proceed to calculate the
stored elastic energy as follows.

While the multilayer coating remains attached to the
substrate (i.e. prior to its debonding), the bending strain
is zero (j = 0) and the axial strain �o is equal to the thermal
strain of the substrate; �o = asDT = hs (since the substrate is
assumed to be semi-infinite). This implies that the deforma-
tion is known, with layer stresses given by Eqs. (1) and (2).
If hs < hm, the yield condition for the metal upon cooling
from deposition, and associated plastic strains during cool-
ing from deposition, are given by:

hs � hm 6 �rY =Em ð5Þ
�p

1 ¼ hs � hm þ rY =Em ð6Þ

(For cases with thermal mismatch of different sign, the
signs of the following must be adjusted accordingly: see
[22].) Since as > am and DT < 0, the metal will yield in com-
pression and compressive plastic strains will be generated.
The plastic strains due to cooling from the oxide growth
temperature affect the subsequent deformation of the mul-
tilayer that debonds. With uniform stresses throughout the
layers and �o = hs, the stored elastic energy in the adhered
multilayer can be easily computed in closed form by inte-
grating the strain energy density through the thickness of
the multilayer.

After the multilayer debonds, Eqs. (1)–(3) are solved
with �p ¼ �p

1 (given in Eq. (5)) to determine �o and j for
the released layer. (Note: if debonding occurs above the
TGO, this layer is not included in the summation of Eq.
(3).) The stored elastic strain energy in the released layer
can again be found by integrating Eqs. (1) and (2) through
the layers. The integrals for the elastic layers are straight-
forward to evaluate. For the elastic–perfectly plastic metal
layer, the integration of elastic strain energy is computed
by integrating r2

mðyÞ=Em, where the stress is given by Eq.
(2): the piecewise nature of the stress–strain relation implies
the stored elastic energy contribution will be r2

Y =Em for
those y-positions that have yielded. The plastic work dissi-
pated in the metal during debonding is given by:

W p ¼ rY �
Z

D�p
2ðyÞdy ð7Þ

where D�p
2 is the plastic strain increment associated with re-

lease, which is a function of position in the metal film:

D�p
2ðyÞ ¼ 0 �o � j � y � hm � �p

1 6 rY =Em ð8Þ
¼ �o � j � y � hm � �p

1 � rY =Em �o � j � y � hm

� �p
1 P rY =Em ð9Þ

Once again, note that these results apply when hs < hm:
for other cases, the signs of the following equations must
be adjusted accordingly (see [22]). If the metal yields upon
debonding, it will yield in tension for as > ac > am; when the
layer is released, the TGO and the coating expand (to
recover a portion of the strains imposed by the substrate
during cooling).

While the multilayer remains attached, the metal layer
experiences a uniform stress state, given by either
Emðhs � hmÞ for the elastic case, or rY if yielding occurs.
If the metal layer does not yield during debonding, or
experiences complete through-thickness yielding, then the
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piecewise nature of its constitutive response is avoided, and
closed-form analytical solutions are possible. Even in these
limiting cases, the final expressions are cumbersome to
present. A derivation of the analytical relationships is pre-
sented in Appendix A to aid in computer implementation.

The analytical solutions are also useful, since they
approximate well the behavior of the multilayer for small
volume fractions of metal. When the metal layer is thin
in comparison to the TBC, gradients through the thickness
are small, implying that the entire metal layer is likely to
experience the same type of deformation (either completely
elastic or completely plastic). The analytical solutions nat-
urally enable quite rapid calculations, which is helpful
when generating contour maps to highlight the interplay
between specific layer properties. In the next section, a
comparison between analytical and numerical solutions is
presented first, to motivate the use of analytical solutions
for subsequent results which would otherwise be computa-
tionally intensive.

3. Results

3.1. Delamination above the TGO

When delamination occurs above the TGO layer at the
YSZ/TGO interface, the ERR during debonding is inde-
pendent of TGO properties, since the TGO remains bonded
to the semi-infinite substrate and this prevents the release of
the TGO stress. Fig. 2 presents contour maps of the ERR as
a function of metal layer fraction, position and yield stress:
the ERR is normalized by Go ¼ HEcðhs � hcÞ2, which is the
stored elastic energy in an elastic ceramic coating of equal
thickness. This also represents the ERR for a pure ceramic
coating since debonding of a single layer relieves all strain
energy (according to the biaxial deformation approxima-
tion discussed earlier). Values of G/Go less than unity
represent a benefit from embedding a metal layer, and it is
evident that significant reductions in debond driving force
exist. For example, a multilayer with f = 0.15, located at
d = 0.2 with a yield stress of rY = 75 MPa has a 30% smal-
ler driving force than a ceramic layer with the same total
thickness.

The solid blue lines1 indicate the boundaries where either
the top or bottom of the metal film experience yielding dur-
ing debonding, as predicted by an analysis that assumed
only elastic unloading. Between the solid blue lines, the
metal experiences partial yielding during debonding. Below
the bottom solid blue line, the metal layer experiences com-
plete yielding throughout its thickness during debonding.
Above the top solid blue line, the metal layer remains com-
pletely elastic during unloading associated with debonding.
In Fig. 2, the dashed lines represent the full non-linear solu-
tion as described in Section 2B. The solid lines represent the
analytical approximation: in the regimes of complete yield-
ing or complete elastic unloading, these should produce
identical results to the complete nonlinear solution. Dis-
crepancies in Fig. 2 outside the partial yielding zone are a
result of numerical imprecision associated with solving
and integrating piecewise-linear functions. In the partial
yielding regime, the analytical result is defined as the maxi-
mum of the two ERRs obtained via the fully plastic and
fully elastic analytical solutions. The results in Fig. 2 illus-
trate that this analytical approximation is quite accurate
for small volume fractions: though not shown, results for
larger layer fractions of metal show large discrepancies, as
is expected since the through-thickness gradients of partial
yielding play a larger role for thicker layers.

Fig. 2A indicates that when debonding involves complete
yielding of the metal, the position of the metal layer has a
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negligible effect on the ERR and the reduction in G/Go due
to the metal layer scales linearly with the layer fraction of
metal. This implies that the earlier parameteric study [22]
can guide multilayer design, since asymmetry in metal layer
placement plays a small role. When debonding involves
purely elastic unloading in the metal, the volume fraction
plays a more significant role, and the ERR drops as the
metal layer is positioned closer the TBC centerline. The lat-
ter effect arise because the maximum constraint on TBC
expansion during debonding is achieved when bending is
prohibited, i.e. when the metal/TBC multilayer is symmet-
ric. Although not shown, results for 1/2 < d < 1 are a mirror
image of the contours in Fig. 2A, across a vertical axis. This
is because the energy and work in the multilayer is indepen-
dent of whether the metal is above or below the TBC center-
line: whether or not the metal layer is above or below the
centerline impacts the curvature of the debonded layer,
and hence the mode-mixity of the interface crack. The latter
effect is not considered here, though it could be critical for
interfaces that exhibit strong dependence of the interface
toughness on mode-mixity.

The lines in Fig. 2B have the same interpretation as
those in Fig. 2A, with the regime of elastic unloading dur-
ing debonding falling to the right, at higher levels of yield
stress. For relatively low volume fractions, f < 0.075, the
minimum ERR is independent of yield stress, provided it
is sufficiently low to allow for complete yielding of the
metal layer during debonding. At higher levels of metal
volume fraction, the minimum ERR depends strongly on
the yield stress. This is a result of two competing effects.
If the yield stress is too low, the metal layer does not con-
strain expansion of the TBC, and the release of strain
energy in the TBC during debonding is larger. Also, for
low levels of yield stress, the dissipated plastic work during
debonding is also low. Conversely, as the yield stress
increases, plastic straining during debonding decreases
and the elastic strain energy in the metal film (even when
yielded) also increases.

Fig. 3A shows the dependence of G/Go upon metal layer
yield strength for a single volume fraction and several dif-
ferent positions of the metal layer. The solid lines represent
the full numerical solution, while the dashed lines represent
the analytical solution described above (i.e. the minimum
of the ERR predicted via fully elastic and fully plastic
unloading). The dotted lines in Fig. 3A represent DWe,
i.e. the ERR computed if one neglects the plastic work
term. Clearly, the plastic work term plays a greater role
for small yield stresses, since plastic strains can then be
large. Note that as the yield stress goes to zero, the results
asymptote to G/Go = 1 � f, since the only effect of the
metal is to eliminate the strain energy that would be stored
in that layer if it were comprised of TBC material. Clearly,
the partial yielding regime is rather small and well-approx-
imated with the analytical results.

The presence of a minimum ERR in Fig. 3A has impor-
tant implications for multilayer design, since it identifies an
optimal value of yield stress that maximizes the reduction
in ERR for a prescribed location in the multilayer. Given
the relatively small discrepancy between the numerical
and analytical results in the partial yielding regime, the ana-
lytical results can be used to accurately calculate the
optimal value of rY and associated reduction in the
ERR. As shown in Fig. 3A, the minimum occurs at either
the minimum of the fully plastic solution (d = 0.1 in this
case), or at the intersection of the fully plastic and fully
elastic solutions (d = 0.5 in this case). Results for small vol-
ume fractions in Fig. 3B reveal that the transition to fully
elastic unloading upon debonding is pushed to larger yield
stresses: the reason for this is that for small volume
fractions of metal, the TBC expansion upon release
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overwhelms the metal layer and causes yielding even when
the yield stress is comparatively high.

It is interesting to note that for the properties considered
here, the dominant effect of the metal layer is to alter the
stored elastic energy prior to debonding (by exploiting
metal yield to reduce the strain energy in the adhered
layer), and to alter the stored elastic energy in the debond-
ed film (by exploiting metal yield to create tensile stress in
the metal, which compresses the TBC and prevent the
release of its energy). The results in Fig. 3 illustrate that
the impact of plastic work is secondary (at least for the
properties considered here), and plays a surprisingly minor
role for configurations that minimize the ERR.

Fig. 3A reveals that the maximum reduction in ERR is
obtained when the yield stress is the minimum of two val-
ues: the yield stress that minimizes the ERR assuming fully
plastic behavior, or the yield stress associated with the tran-
sition from fully plastic to fully elastic behavior. The opti-
mum yield strength for a plastic debonding solution, and
associated ERR, is given by:

rð1ÞY ¼
Emðhc � hsÞ

4

Gð1Þ

Go
¼ 1� 1þ Em

8Ec

� �
� f ð10Þ

where these results reflect the asymptotic behavior of the
fully analytical solution for f� 1 (i.e. neglect of O[f2]
and higher.) Conversely, the optimum yield strength corre-
sponding to the intersection of plastic and elastic debond-
ing solutions, and associated ERR, is given by:

rð2ÞY ¼ Emðhc � hsÞ �
1

2
� Em

Ec
� ð1� 3ð1� dÞdÞ � f

� �

Gð2Þ

Go
¼ 1� f þ f 2 � Em

Ec

� �2

ð1� 3ð1� dÞdÞ ð11Þ
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Fig. 4. (A) Contour plots of G/Go for debonding at the TGO/BC interface a
h = 0.5 lm and metal yield stress rY = 75 MPa. (B) Contour plots of G/Go for
and yield stress, for d = 0.25 and h = 0.5 lm. For combinations between the b
full numerical solutions to the piecewise linear problem. The solid lines corresp
elastic or fully plastic: in the partial yielding regime, the maximum ERR of the
fully plastic regime due to the presence of the oxide layer, which drives plasti
where again these results reflect the asymptotic behavior of
the fully analytical solution for f� 1 (i.e. neglect of O[f2]
and higher.) Fig. 3B illustrates the optimal value of yield
stress and the associated ERR as a function of layer frac-
tion and position. The transition from one optimal solution
to the other occurs at rð1ÞY ¼ rð2ÞY : to the left of this bound-
ary, the optimal yield stress depends on both the layer frac-
tion and the position. If the minimum occurs within the
fully plastic range, the optimal solution is independent of
the position, and the reduction scales linearly with volume
fraction, as also supported by Fig. 2.

3.2. Delamination beneath the TGO

When debonding occurs beneath the TGO, the TGO
layer plays two critical roles. First, the stiff TGO layer con-
tains significant strain energy in the adhered state and this
increases the strain energy released by debonding. Second,
expansion of the stiff TGO layer upon debonding serves as
an additional driving force for plasticity in the debonded
section. The second of these effects is evident in the results
shown in Fig. 4. It shows contour maps of the ERR as a
function of metal layer position, volume fraction and yield
stress, for a single value of TGO thickness. The ERR is
normalized by the result for a pure YSZ layer on top of
a 0.5 lm thick TGO layer. Comparing Fig. 4 to Fig. 2,
one notes that the regime of fully plastic behavior is
expanded to larger volume fractions of metal, and that
results are no longer symmetric about d = 0.5. The reason
for this is that stresses in the TGO increase the curvature of
the multilayer after debonding: the stress in the metal lay-
ers increases with increasing proximity to the TGO.
Though the reduction in the ERR due to the metal layer
is approximately the same, it is important to note that Go

is higher for cases in Fig. 4 than in Fig. 2, due to the pres-
ence of the TGO in the debonded stack.
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The role of the TGO thickness is more clearly illustrated
in Fig. 5, which plots the ERR as a function of TGO thick-
ness in both its absolute and normalized form, for the posi-
tion d = 0.25 and the volume fraction f = 0.2, and yield
stresses in the range 25 MPa < ry < 150 MPa. Note that
at zero TGO thickness, the results correspond to those
shown in Fig. 2. At low TGO thickness, the ERR is
decreased by reducing the metal yield strength. For high
levels of yield stress and small oxide thickness, the metal’s
behavior upon debonding is elastic (or partial yielding).
Eventually, as the TGO thickness increases, the expansion
of the TGO upon debonding is sufficient to cause complete
yielding of the metal layer. In this regime, the ERR
decreases with metal yield strength. In the asymptotic limit
of thick TGO layers, the strain energy of the TGO domi-
nates the results and the metal layer plays an increasingly
minor role. As will be further discussed, this implies that
metal layers will only be effective in extending lifetime for
systems with relatively weak interfaces, which debond at
relatively small TGO thickness.

The results in Fig. 5 illustrate that the potential benefit
of the metal layers depends strongly on the critical ERR
for debonding. For weak interfaces, say Gc � 15 J m�2,
the presence of the metal layer increases the critical TGO
thickness for debonding by as much as 50%. Of course, this
increase is only realized if the yield stress of the metal is suf-
ficiently low: for elevated values of the yield stress, the elas-
tic strain energy in the metal may elevate the ERR above
that of a pure YSZ layer, such that debonding occurs prior
to complete yielding of the metal. For a given layer fraction
and interface toughness, there is an optimal value of yield
stress that maximizes the TGO thickness at failure, and
hence the time to failure of the interface.

For delamination driven by the increasing thickness of a
TGO, the time to failure can be predicted by determining
the critical TGO thickness for failure, hc, and then using
a time-dependent growth law for the oxide thickness to
solve for the time at which G[hc] = Gc]. In the following,
the analytical solutions described earlier corresponding to
either fully elastic or fully plastic behavior are used to pre-
dict hc. (Because the maximum value of G from these solu-
tions accurately predicts the behavior even in the partial
yielding regime, the minimum value of hc from these solu-
tions accurately predicts the critical oxide thickness.) Previ-
ous studies have shown that (after a short transient
behavior), the TGO thickness, h(t), increases parabolically
with time. This parabolic growth law can be written as:

hðtÞ ¼
ffiffiffiffiffiffiffiffi
b � t

p
ð12Þ

where b is a parabolic rate constant that is governed by
many factors, including the BC composition, the oxygen
flux that arrives at the TGO surface and the temperature
of the TGO. The incorporation of platinum layers in
YSZ coatings has been shown to reduce the parabolic
TGO thickening constant by up to a factor of 2. The frac-
tional change in lifetime due to the embedded metal layers
effect upon TGO thickening rate can be written as:

tc

to
c

¼ bo

b
hc

ho
c

� �2

ð13Þ

where to
c is the critical time to failure in the absence of the

metal layers, and ho
c is the critical thickness in the absence

of the metal layers.
Fig. 6 illustrates lifetime gains as a function layer frac-

tion, metal yield stress and the critical interface toughness;
contours are shown for the ratio of the square of the critical
thickness values with and without the metal layer. If a metal
layer does not reduce the TGO thickening rate, these values
represent the increase in lifetime due to the thermomechan-
ical effect of the metal layers. If the metal layer does also
change the rate of oxide growth, this effect is multiplicative
with the results of the mechanics analysis: i.e. one multiplies
the values in Fig. 6 by bo/b, where bo is the growth constant
in the absence of metal lines. The effect of a reduction in b
due to a metal layer can be significant. For a 100 lm thick
YSZ layer on a NiCoCrAl-y BC, experiments [20] have
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indicated that b � 11 lm2 h�1, while for a platinum/YSZ
layer, b � 8 lm2 h�1. (It is believed that small voids in the
metal layer eventually increase the effective oxygen trans-
port rate over the (much lower) value predicted by diffusion
through the fully dense metal.) As an example, the multipli-
cative effect of metal layer mechanics hc=ho

c and slowing of
the growth strains bo/b implies a doubling of spallation life-
time for volume fractions of f � 0.1 with rY � 150 MPa.

The results in Fig. 6 clearly illustrate that the maximum
gain in lifetime due to the presence of embedded metal lay-
ers arises when large volume fractions of the metals are
used in systems with low values of interface toughness.
Increasing the metal layer fraction increases the constraint
afforded by the metal layer on TGO/YSZ expansion upon
debonding. (The increase in plastic work due to increasing
metal content is less dramatic, as suggested by Fig. 2.) The
gain is largest for the smallest values of interface toughness:
when the interface is weak, lifetimes are small, such that
small increases critical thickness associated with the metal
layers have a greater effect. Fig. 6 also indicates there is
an optimal value of yield stress that maximizes the lifetime
gain due to the presence of metal layers. This is a function
of both the metal layer fraction and the interface toughness
of the TGO/BC interfaces.

Fig. 7 plots the maximum gain in lifetime due to the
presence of the metal layers, which is determined by finding
the value of the yield stress that maximizes hc/ho. The asso-
ciated optimal values of the yield stress are also shown. The
values of the yield stress shown in Fig. 7 are much larger
than the corresponding values in Fig. 3B for delamination
of the YSZ/TGO interface: the reason for this is that the
stiff TGO layer creates an additional driving force for plas-
ticity during debonding, which allows for metals with lar-
ger yield stress to be utilized. Again, maximum benefit is
achieved for weak interfaces, with as thick a metal layer
as possible. Once again, it should be emphasized that the
mechanisms of slowed oxide growth and mechanics of
debonding are multiplicative, such that lifetime increases
of 70% are possible with f � 0.1 (even for comparatively
tough interfaces) provided bo/b � 1.3 and rY � 180 MPa.

4. Summary

� The impact of embedded metal layers is greatest in TBC
systems when the yield stress, position and volume frac-
tion of the metal layer are such that complete yielding
occurs during debonding. While an elastic–perfectly
plastic analysis strictly requires the solution of nonlinear
governing equations, the ERR is accurately predicted by
the minimum predicted assuming either purely elastic or
purely plastic deformation of the metal upon debonding.
This allows derivation of closed-form analytical solu-
tions that facilitate parameter studies.
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� For debonding above the TGO which does then release
its stored energy, the maximum reduction in ERR due
to metal layers is insensitive to metal layer position pro-
vided the metal yields upon debonding: reductions in the
ERR scale then scale as f � ð1þ Em=ð8EcÞÞ, which
implies reductions of �2f for porous thermal barrier
coatings with relatively low modulus top coats. The
dominant effect of the metal layer for such systems is
to lower the strain energy while bonded and to serve
as a constraint to TBC expansion during debonding:
the effect of plastic work dissipated in the metal is sec-
ondary for such configurations. The optimal yield stress
that minimizes the ERR in this regime is rY � 70 MPa
(for typical TBC properties) provided the metal layer is
placed near the coating centerline. For metal layers
placed closer to the TGO and layer fractions
f > � 0.05, the optimal yield stress decreases with
increasing layer fraction, to ensure that plastic deforma-
tion occurs during debonding.
� For debonding beneath the TGO, the high stiffness of

the TGO and its considerable expansion upon debond-
ing promotes plastic deformation in the metal, such that
the fully plastic regime comprises a greater range of
layer fractions and yield stress. The asymmetry intro-
duced by the TGO in the debonded stack implies greater
curvatures upon debonding, such that the metal layer
position plays a stronger role in altering the ERR. The
maximum reduction in the ERR occurs for relatively
thin TGO layers, because thick TGO layers dominate
the response: hence, metal layers have the greatest
impact on TGO/BC delamination when the debond
toughness is low.
� For debonding beneath the TGO, there is an optimal

value of yield strength that maximizes the critical oxide
thickness associated with failure for a given layer frac-
tion and interface toughness. This yield strength lies in
the range of 100 MPa le rY 6 200 MPa for 15 6 Gc 6

30 J m�2. and 0.05 6 f 6 0.2. The reduction in TGO
growth rate by metal layers has a mutiplicative effect
upon that of the metal’s thermomechanical behavior.
Assuming a 30% reduction in TGO thickening kinetics,
the predicted delamination lifetime improvements range
from 50% to 300%, with the largest gain occurring for
weak interfaces and with the highest layer fractions.
� The impact of the metal layer is greatest when the metal

layer thickness is of the order of the TGO thickness; this
implies that the greatest gains in lifetime are experienced
for systems with relatively low toughness interfaces. For
systems with tough interfaces, the critical oxide thick-
ness for debonding can be large enough that the TGO
dominates the response of the multilayer, and little ben-
efit of a metal layer is seen.
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Appendix A

Here, we present a synopsis of the governing equations
and solution steps for the following scenario. When the
multilayer is attached, the metal layer experiences yielding
in compression during cooling from elevated temperature,
such that its stress state just prior to debonding is given
by �rY. During debonding, the elongation of the TGO
drives complete reverse yielding in the metal layer, such
that its stress in the released state is rY.

After cooling from elevated temperature, the metal is
presumed to yield and its stress is given by �rY: the plastic
strains generated in the metal layer are:

�p
1 ¼ hs � hm þ

rY

Em
ð14Þ

The mechanical strains in the layers after cooling but
while still adhered are then defined as:

�m
c ¼ hs � hc ð15Þ
�m

o ¼ hs � ho ð16Þ

The elastic strain energy in the multilayer while adhered
is then computed from:

U1 ¼
Z 0

�h
Eo �

m
o

� �2
dy þ

Z ðd�f =2ÞH

0

Ec �
m
c

� �2
dy

þ
Z ðdþf =2ÞH

ðd�f =2ÞH

r2
Y

Em
dy þ

Z H

ðdþf =2ÞH
Ec �

m
c

� �2
dy ð17Þ

where h is the thickness of the TGO, H is the total thickness
of the metal/TBC multilayer, d is the position of the center
of the metal layer (as a fraction of the total layer thickness),
and f is the fraction of the metal/TBC multilayer occupied
by the metal. Note that the usual factor of one-half is elim-
inated by the assumption of a biaxial stress-state.

After cooling and after release, the mechanical strains in
the layers are defined as:

�m
c ¼ �o � j � y � hc ð18Þ
�m

o ¼ �o � j � y � ho ð19Þ

where �o and j describe the total elongation and curvature
of the released multilayer. The axial force resultant and the
moment resultant are computed from:

Nr ¼
Z 0

�h
Eo�

m
o ðyÞdy þ

Z ðd�f =2ÞH

0

Ec�
m
c ðyÞdy

þ
Z ðdþf =2ÞH

ðd�f =2ÞH
rY dy þ

Z H

ðdþf =2ÞH
Ec�

m
c ðyÞdy ð20Þ

Mr ¼
Z 0

�h
Eo�

m
o ðyÞ � y � dy þ

Z ðd�f =2ÞH

0

Ec�
m
c ðyÞ � y � dy

þ
Z ðdþf =2ÞH

ðd�f =2ÞH
rY � y � dy þ

Z H

ðdþf =2ÞH
Ec�

m
c ðyÞ � y � dy ð21Þ



2508 M.R. Begley, H.N.G. Wadley / Acta Materialia 60 (2012) 2497–2508
Note that if the metal layer is assumed to experience
elastic unloading, one defines the mechanical strains in that
layer as �m

m ¼ �o � j � y � hm � �p
1, and replaces the yield

stress terms in the above with Em�
m
mðyÞ. Absent any applied

loads on the debonded multilayer, Nr(�o,j) = 0 and
Nr(�o,j) = 0: hence, these two equations are solved to
recover �o and j, the deformation in the multilayer after
debonding.

Once these are obtained, the strain energy in the deb-
onded multilayer is computed using Eqs. (14) and (15) as
follows:

U2 ¼
Z 0

�h
Eo �

m
o ðyÞ

� �2
dy þ

Z ðd�f =2ÞH

0

Ec �
m
c ðyÞ

� �2
dy

þ
Z ðdþf =2ÞH

ðd�f =2ÞH

r2
Y

Em
dy þ

Z H

ðdþf =2ÞH
Ec �

m
c ðyÞ

� �2
dy ð22Þ

Once again, note that if the metal layer is assumed to
experience elastic unloading, one defines the mechanical
strains in that layer as �m

m ¼ �o � j � y � hm � �p
1, and

replaces the yield stress terms in the above with Em �m
mðyÞ

� �2
.

The plastic strain increment associated with debonding,
and the corresponding dissipated work are computed from:

D�p
2ðyÞ ¼ �o � j � y � hm �

rY

Em

� �
� �p

1 ð23Þ

W p ¼
Z ðd�f =2ÞH

ðd�f =2ÞH
rY � D�p

2ðyÞ � dy ð24Þ

The ERR is computed using the results from the above
using:

G ¼ U1 � U2 � W p ð25Þ
where the last term is omitted if one is solving the case
where the metal layer does not yield upon release.
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