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On the Mechanical Response in a
Thermal Barrier System Due to
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Department of Mechanical Engineering,
University of Delaware,

Newark, DE 19716

in the Bond Coat

Recent studies have shown that Pt-aluminide—a common bond coat material in thermal
barrier coatings—undergoes martensitic transformations during thermal cycling. The
transformations are associated with both large transformation strain and a strain hyster-

esis, leading to accumulation of a mismatch strain. Thermal barrier systems based on
Pt-aluminide bond coats are susceptible to interfacial morphological instabilities. In this
study, we investigate how the cyclic martensitic transformation influences the morphology.
Two key results are: (i) the morphological instabilities are highly sensitive to the thermo-
mechanical properties of the substrate due to the martensitic transformation; (ii) the
hysteresis associated with cyclic martensitic transformation cannot drive the morphologi-
cal instabilities; the strains associated with the formation of the thermally grown oxide

do.

1 Introduction

Thermal barrier systems are commonly used in the hot sections
of modern gas turbines for aero-propulsion and power generation
[1-5]. A typical design consists of a single-crystal nickel based
superalloy coated with a bilayer that provides both thermal and
oxidation protection. The bilayer consists of a bond coat, provid-
ing oxidation protection of the superalloy, and a ceramic top coat,
providing thermal protection. The bond coat provides oxidation
protection by it oxidizing, forming an oxide scale. The oxide scale
is typically an alpha-aluminum oxide, @ —Al,053, commonly re-
ferred to as the thermally grown oxide (TGO). A thermal gradient
is maintained over the top coat due to active cooling of the super-
alloy substrate. Thus, the thermal barrier system is a four-layer
system consisting of (Fig. 1) (i) the (thick) superalloy substrate,
(ii) the bond coat (thickness: 30—-100 um), (iii) the thermally
grown oxide, TGO (thickness: 2—10 wum), and (iv) the thermal
barrier coating (TBC) (thickness: 120-200 um). The system
evolves during its life, primarily manifested in the bond coat be-
ing consumed as it provides aluminum to the TGO.

Even though the TGO is relatively thin compared to the rest of
the constituents, it is associated with many failure modes observed
in thermal barrier systems [4—15]. A particular interesting prop-
erty of the TGO is the “growth strain,” which arise during oxida-
tion. As the oxide scale grows at high temperature, it is subjected
to both a lengthening and a thickening growth component (see for
example [10]). The lengthening component is commonly referred
to as growth strain, and may be interpreted as new alumina form-
ing at the grain boundaries of the existing grains.

This study focuses on a widely used thermal barrier system
based on Pt-aluminide bond coat, which initially has a single
phase of B (NiAl). This type of bond coat forms a relatively pure
and slow growing @ —Al,05, thus being more resistant to failure.
A dominant failure mode in this system relates to the development
of morphological instabilities (Fig. 1), a phenomenon that has
recently received significant attention [4,9—16]. The current un-
derstanding of the failure mode—based on experimental, numeri-
cal and analytical studies—indicates that there are several essen-

tial conditions that together cause the development of the
morphological features [9—15]. These are (i) the intrinsic thermal
mismatch between bond coat and TGO, causing large compressive
stresses in the TGO at ambient temperatures; (ii) the initial imper-
fections in the bond coat/TBC interface, serving as nucleation
sites for the instabilities [11]; (iii) the lengthening growth strain in
the TGO, causing increasing compressive stresses during thermal
exposure [9,10,12—15]; (iv) the crack-like imperfection in the top-
layer, allowing the TGO to deform [8,14]; (v) the yielding in the
bond coat, accommodating the TGO-deformation [10]; (vi) the
high-temperature TGO creep, allowing the TGO to relax at higher
temperatures [12]; and (vii) the thermal cycling, “resetting” the
state of stress developed at high temperature [10,12,15].

Most theoretical studies have assumed temperature independent
properties in the bond coat. This study will incorporate tempera-
ture dependent material properties including martensitic phase
transformation and bond coat yield strength. In particular, recent
measurements [18-20] have revealed the temperature dependent
properties of Pt-modified aluminide bond coats, including thermal
expansion coefficients, transformation strains, and yield strength.
The measurements [18—19] also show that the properties change
as the system ages.

Two temperature dependent bond coat properties will be con-
sidered: (i) yield strain and (ii) misfit strains, where the latter
consists of thermal strain and the transformation strain between
Martensite (L1,) and Austenite (B,).

Yield Strength. Three critical parameters govern the yield
strength (Fig. 2): (i) the high temperature yield strength, o .
(ii) the high temperature transition, T,, and (iii) the rate at which
the yield strength increase for decreasing temperatures,
—doP%/dT. The influence of o, , while ignoring martensitic
transformation, was investigated in [10] and [15]. The lower bond
coat yield strength is associated with more rapid formation of
morphological instabilities. A small change in yield strength can
significantly enhance the change in morphology. For simplicity,
the parameters associated with the bond coat yield strength will be
kept constant in this study.

Thermal and Transformation Strain. Martensitic transfor-
mations have been observed during thermal cycling by Chen et al.
[19] and Zhang et al. [20]. The thermally induced bond coat strain
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Fig. 1 An example of the development of morphological insta-
bilities in a thermal barrier system, based on Pt-modified alu-
minde bond coat, subjected to thermal cycles (courtesy D.R.
Mumm). The downward displacement of the TGO layer into the
bond coat increases with thermal cycling (indicated as percent-
ages of life) [11].

as a function of temperature, based on Chen et al. [19], is pre-
sented in Fig. 2(b). The thermally induced strain is defined by a
range of parameters, including:

* The strain induced due to martensitic phase transformation,
& (shrinking upon cooling)

* The onset temperature of martensitic transformation during
cooling, My, and heating, A

 The temperature interval, AT, for austenite to transform to
martensite or reverse

 The coefficient of thermal expansion for the high temperature
parent phase (Austenite), ag,, and the low temperature mar-

tensitic phase, a| N

Commonly, the onset temperatures during cooling and heating do
not coincide. Thus, the loop Mg—M;—AT,,—A;—A+AT,
corresponds to the hysteresis during phase transformation. In this
study, we will explore how this affects the development and mor-
phology of the thermal barrier system.

In the following, we will investigate how temperature depen-
dent properties affect the overall behavior of a thermal barrier
system. In particular, three issues will be studied: (i) Can the
hysteresis associated with the martensitic transformation drive the
morphological changes observed in Fig. 1? (ii) Can the strain
induced from the martensitic transformation be modeled by an
“efficient” coefficient of thermal expansion? (iii) Can the con-
straint from the substrate in conjunction with martensitic transfor-
mation influence the morphological development?

2 Model

The hemispherical undulation representative of the actual im-
perfections (Fig. 1) is modeled with an axisymmetric layered
model with an undulation, Fig. 3. The undulation growth is de-
fined by two components: the downward displacement at the cen-
ter of the undulation, dy,y,, and the upward displacement at the
periphery of the undulation, &, , Fig. 3.
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Fig. 2 (a) Yield strength and (b) thermal strain of the bond
coat material [18-19]

The structure is initially assumed stress free at its highest tem-
perature Ty=1150°C."! The TGO is assumed to grow at this tem-
perature (the growth temperature). Thus, at the growth tempera-
ture, the system is driven by the increment of growth strain.
During cooling to room temperature, Try, and reheating to T,
no growth strain is imposed. Consequently, during this sequence,
the system is driven by the thermal expansion misfit between the
bond coat and the TGO, Aa= ap.— aygo (A@>0) and by the
martensitic phase transformation strain, &, .

The bond coat is assumed linear-elastic and perfectly-plastic
with temperature-dependent yield strength according to Fig. 2(a),
and a temperature-dependent thermal strain according to Fig. 2(b).
To simplify the simulation, the high temperature TGO-creep is
modeled by perfectly plastic behavior, thus making the numerical
model time-independent. This is justified by the investigation fo-
cusing on accumulation of non-elastic strain after several cycles.?
The yield strength is assumed to be the plateau stress for long
term relaxation (creep). This stress is commonly referred to as
“growth stress” for thermally grown oxides. Thus, in the model,
the TGO only undergoes elastic deformations, except at the
growth temperature where the TGO is linear-elastic and perfectly-
plastic with yield strength o'f°.3

The nonelastic TGO-strain plays a central role in the system
development, differentiating between cyclic and isothermal re-
sponse [12]. The following scenario is observed at the elevated
temperature, T,: When oxidation occurs at T, the compressive

IThe various layers are deposited close to this temperature, thus the structure is
assumed to be stress free.

’In classic continuum mechanics, used here, creep and plastic yield are only
differentiated by the former being a time dependent property. The physical cause of
creep (i.e., diffusion, grain boundary sliding) and plasticity (i.e., dislocation motion)
is not incorporated in these model.

3This is achieved in the numerical model by letting a'f,g°= 10 GPa for T
<1050°C, 0'3°=300 MPa for T>1050°C, and letting o*?° vary linearly in be-
tween.
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Fig. 3 An example of the finite element model, consisting of the substrate (2 mm), bond coat
(50 pm), TGO (initially 0.5 um), and top coat (100 um)

TGO stresses increases. Subsequently, the yield stress is reached,
and the TGO yields. The remaining of the lateral growth strain is
redistributed as thickening growth strain.

The finite element code ABAQUS [17] has been used to per-
form the simulations, utilizing large deformation theory. Growth
of the TGO is simulated by imposing stress-free strains in accor-
dance with a user subroutine, uexpan [10]. Based on the experi-
mental observation, the in-plane strain is imposed uniformly
through the TGO-thickness, while the thickening component is
only applied at the elements closest to the bond coat. In a similar
manner, the martensitic phase transformation is imposed as a
stress-free strain, assuming that the transformation is thermally
induced, independent of the current state of stress. The heat loss/
generation associated with martensitic transformation is ignored.

3 Simulations
The simulations will explore:

* the notion that the martensitic transformations can drive the
morphological instabilities seen in Fig. 1

* the possibility of using an ““effective coefficient of thermal
expansion” instead of modeling the actual phase transforma-
tion

* the constraint the substrate and the top coat impose during the
phase transformation

The structural response is highly nonlinear and will first be illus-
trated by investigating the single cycle response. With this estab-
lished, the development of multiple cycles will be discussed.
Table 1 shows the materials properties used in the simulations. To
simulate the martensitic transformation, the following values are

used: M =600°C; A;=700°C, AT, =100°C [18]. The slope of
the yield strength is assumed to be dogc/dT =—1.2MPa/°C [19].
The TGO growth components are Aggy= 1073 and Aeqhie
=10"2 respectively.

3.1 Single-Cycle Response. To elucidate the system re-
sponse, we will first consider the initial single-cycle response
where we for simplicity ignore the top coat. A typical bond coat
element close to the TGO interface is investigated in Fig. 4.

The system starts stress free at elevated temperatures (1150°C).
After a small temperature drop (AT~100°C) the bond coat yields
(Fig. 4(c)) and starts to accumulate plastic strain (Fig. 4(a)). The
bond coat continues to yield until the temperature falls below T
<T,=800°C. Below this temperature, the yield strength in-
creases and the bond coat becomes elastic. When the phase trans-
formation starts, T=M =600°C, the bond coat stress increases
rapidly (Fig. 4(c)), eventually resulting in bond coat yielding and
additional accumulation of plastic strain (Fig. 4(a)). After the

Table 1 Materials properties used in the model
Coefficient of
Young’s Modulus  Thermal Expansion
Material [GPa] [ppm°C]
TBC Porous yttria 20 11
stabilized zircona
TGO a-alumina 380 8.6
Bond Coat Pt-modified 110 12.5 for T<Mjq
aluminide 14.5 for T>A,
Substrate René 5 110 10.5-14.5
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Fig. 4 The response of the system during the first cycle in a
typical bond coat particle: (a) The incremental strain and (b)
temperature as a function of the steps in the thermal history.
(c) Mises stress and (d) thermal strain as a function of the
temperature.

phase transformation is completed at T=M;—AT,=M;
=500°C, the structure once again becomes elastic, and remains
elastic during cooling to room temperature.

Upon reheating the bond coat remains elastic until the tempera-
ture reaches T=M;=500°C. As the temperature is further in-
creased, the bond coat will yield (Fig. 4(c)), exhibiting forward
yielding. This results in additional accumulation of plastic strain
(Fig. 4(a)). The bond coat will yield until the reverse martensitic
transformation starts at T=A¢="700°C, resulting in an elastic re-
sponse followed by reverse yielding. The bond coat element will
continue to yield until the maximum temperature is reached,
1150°C. At this temperature, the bond coat oxidizes to form addi-
tional TGO, simulated by applying growth strain. Initially, the
bond coat responds elastically, but will eventually yield. Even
though the bond coat yields, the TGO-stresses continues to in-
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Fig. 5 The plastic strain accumulation during 12 cycles com-
paring “thick” to “thin” bond coat. For thick bond coat, the
substrate has identical material properties as the bond coat,
including martensitic transformation. For thin bond coat, the
substrate does not undergo martensitic transformations.

crease with accumulation of growth strain. Eventually the TGO
may yield (not shown), bringing the bond coat back to its elastic
regime. When the bond coat yields during oxidation, more growth
strain is allowed to accumulate, thus increasing the driving force
for amplitude growth.

The above discussion corresponds to a typical development of
the bond coat close to the TGO interface. The magnitudes and
some of the nuances will vary depending on location of the bond-
coat-element in question, but the general behavior is true for lo-
cations close to the TGO/bond coat interface.

In particular, we note that the forward yielding upon re-
heating is a novel behavior, directly associated with martensitic
transformations.

3.2 Cyclic Response. We will next consider the response of
the system during thermal cycling. The cyclic development is of
importance, since the morphological instabilities do not develop
during isothermal conditions. Ultimate failure occurs after 100’s
of cycles [11]. The failure is a complicated combination of stress
and strain development in combination with crack growth and
coalescence. In the following, we will limit the analysis to 12
cycles, to illuminate the cyclic response of the system due to
martensitic transformation. The development and propagation of
cracks are beyond the scope of this work.

Four issues will be discussed: (i) the effect of the constraint the
substrate introduces, (ii) the effect of the growth strain, (iii) the
effective coefficient of thermal expansion, and (iv) the stress de-
velopment in the top coat. In the first three cases the top coat is
ignored in the model.

3.2.1 Effect of Substrate. In order to elucidate the response
of mismatch between substrate and bond coat (Fig. 5), two cases
are discussed: (i) “thick bond coat” where the substrate is given
identical properties as to the bond coat (including phase transfor-
mation); and (ii) “thin bond coat” where only the bond coat un-
dergoes martensitic transformation. In both cases the substrate is
assumed elastic. In the former case no mismatch is induced during
martensitic transformation. The latter corresponds to the real ge-
ometry. The two cases have different plastic zones, Figs. 6(a) and
6(b). For ““thin bond coat,” the strain mismatch during martensitic
transformation causes overall bond coat yielding. This results in
large plastic strain accumulation (Fig. 5). Due to the overall bond
coat yielding, the TGO can easily relax its compressive stress,
caused by thermal mismatch and the TGO growth, by pushing into
the bond coat.
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Fig. 6 Contour plot of the plastic strain accumulation in bond
coat during 12 cycles: (a) With Substrate (“thin bond coat”), (b)
Thick bond coat (substrate has identical properties as to the
bond coat), (c) Using the effective coefficient of thermal expan-
sion a,, see Fig. 3.

The rate of imperfection growth—translated as the amplitude
change 6= 8,1 Sgown (Fig. 3)—depends on the relative thermal
expansion coefficient between the substrate and bond coat, Fig. 7.
The highest rate of imperfection growth (Fig. 7) is achieved when
the substrate has higher thermal expansion coefficient than the
bond coat, as>ay.. Thus, according to the numerical results,
reducing the thermal mismatch between the bond coat and the
substrate can slow the imperfection growth. The process behind
this development is an intricate nonlinear process and is currently
being investigated [21].
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Fig. 7 The development of the amplitude change over 12
cycles, comparing various thermal coefficients of expansion
for the substrate

Thus, in order to correctly predict the development of the struc-
ture, the thermo-mechanical properties of the substrate are as im-
portant as the properties of the bond coat and the TGO.

3.2.2 Growth Strain. The cyclic response reveals the impor-
tance of growth strain (oxidation) of the TGO, Fig. 8. When
growth strain is not incorporated, the system undergoes shake-
down resulting in vanishing accumulation of plastic strain (Fig.
8(a)) and vanishing amplitude changes (Fig. 8(b)). Thus, the hys-
teresis from the Martensitic transformation cannot alone drive the
amplitude change.
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Fig. 8 The development over 12 cycles using and ignoring
growth strain: (a) plastic strain and (b) amplitude change.
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3.2.3 Effective Coefficient of Thermal Expansion. The trans-
formation strain caused by the martensitic transformation adds
significant complexity to the numerical scheme. It is therefore
pertinent to investigate if the calculations can be simplified by
determining and using an “Effective Coefficient of Thermal Ex-
pansion,” ECTE, a. Two possible methods for selections are in-
dicated in Fig. 2(b). @; corresponds to the average expansion over
the total temperature interval, and «, corresponds to a maximum
expansion given by the geometry of the thermal strain-
temperature space. The former case corresponds to the apparent
thermal strain, observed within the temperature interval. The latter
is inspired by two factors; (i) yielding occurs at high temperatures,
where the bond coat has its lowest yield strain; and (ii) no yielding
occur for temperature below T,, except during martensitic trans-
formation. Thus, by using a, we expect an upper bound for plas-
tic strain accumulation during thermal cycling.

Unfortunately, the amplitude change is not predicted by any of
the two cases considered (Fig. 9). Moreover, the accumulation of
plastic strain is completely different between modeling martensitic
transformation and using ETCE, Figs. 6(a) and 6(c). Thus, the
investigated ECTE are not appropriate ways to simulate the mar-
tensitic transformation. Eventhough the same amount of mismatch
strain is imposed on the system, it is applied in different manners.
Since the system is highly nonlinear and nonconservative (due to
plasticity) the system is path dependent. It follows that it is perti-
nent to impose the mismatch strain in the correct sequence. Thus,
the suggested ways of defining ETCE do not correctly predict the
behavior of the system.*

3.3.4 The Effect of the Top Layer. So far, the results dis-
cussed have been based on simulations excluding the top coat, the
thermal barrier itself. Some key results when including the top
coat will be discussed in this section. The inclusion of the top coat
introduces a range of parameters, including: the elastic modulus of
the top coat and the degree of anisotropy; and the presence and
location of traction free planes (cracks) [14]. However, these pa-
rameters will not be systematically investigated, since the focus
will be on the martensitic transformation in the bond coat. Thus,
the simulation will assumed a perfectly intact top coat (no traction
free planes) and the elastic modulus will be set to E=20 GPa in
plane and E=200 GPa out of plane.

Determining the stresses in the top coat is critical, since the

“It may be possible that other schemes for approximating the mismatch strain can
be developed—which must correctly predict both amplitude change and plastic strain
accumulation—but this will not be pursued presently.
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stresses will govern the initiation, growth and coalescence of
cracks. These are the cracks that ultimately grow to critical length,
causing the top coat to buckle and spall, leaving the metal exposed
to the hot temperatures [ 1-7]. Karlsson et al. [14] showed that the
stresses in the top coat grow for each cycle, where the magnitude
quickly can reach critical values, promoting crack initiation and
growth. Similar cyclic increase in stress is observed when the
Martensitic transformations are considered, Fig. 10. The stress in
the top coat changes when the thermal expansion coefficient of the
substrate is changed. For example, the stresses in TBC are lower
when the substrate has higher coefficient of thermal expansion to
that of the bond coat, as> ey, . This is consistent with the obser-
vation absent top coat. Thus, the thermo-mechanical properties of
the substrate directly will influence the state of stress in the top
coat. The details of the mechanics behind this are currently being
investigated [21].

4 Concluding Remarks

The effect the martensitic phase transformation in the bond coat
has on the development of morphological instabilities in a class of



thermal barrier systems has been investigated by utilizing a nu-
merical scheme. To simulate the thermal load conditions, the
model is subjected to a loading sequence including cooling, heat-
ing, forward and reveres martensitic phase transformation, and
growth strain. The phase transformation and the growth strain are
modeled by imposing appropriate stress free strains in the FE-
model. The phase transformation and growth strain are assumed
thermally induced, independent of the state of stress.
Several important observations are made from the model:

1. The phase transformation cannot by itself drive the system
to increase the undulation size, but the lateral strain associ-
ated with the oxide growth (“growth strain”) must be
present.

2. The thermo-mechanical properties of the substrate, in par-
ticular the coefficient of thermal expansion, rule the behav-
ior of the system. This follows from the substrate being sig-
nificantly thicker than the other constituents. Thus, in order
to predict the failure mechanism of the thermal barrier sys-
tem, it is crucial to incorporate representative properties of
the substrate.

3. The cooling-heating process including the martensitic trans-
formation cannot be simulated with an effective coefficient
of thermal expansion.

The plastic deformation in the bond coat occurs at the two
segments in the thermal history: (i) at the highest temperatures,
where the bond coat strength is extremely low, and (ii) within the
temperature range of martensitic transformation. Thus, it is poten-
tially possible to optimize a system, reducing the stresses in the
top layer, by designing the range where the martensitic transfor-
mation occurs. However, the martensitic transformation will only
occur during a particular time interval in the lifetime of the TBC.
Thus, it may be desirable to design the bond coat so that marten-
sitic transformations do not occur at all, reducing the cyclic strain
in the system.

In summary, the martensitic transformation in the bond coat
give rise to a complex non-linear mechanical behavior of a ther-
mal barrier coating; sometimes with unexpected results. In spite of
the complex response, this study indicates that there are opportu-
nities to optimize the bond coat properties so to minimize top coat
stresses, and in this way extending the life of the thermal barrier
coating.
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