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ABSTRACT

Functionally graded materials offer potential as a solution to the premature failure of
thermal barrier coatings due to thermal residual stresses, however this solution has not been fully
evaluated to date. An analytical methodology based on the bending of plates has been used to
model the residual stress distribution through the layers of a functionally graded (FG) cermet top
coat-bond layer-substrate system after cooling from a high deposition temperature. The model is
then applied to two material systems with different trends in variation in the coefficient of
thermal expansion from the substrate to the top coat layer. Increasing the number of layers
reduces the discrete stress variations across the interfaces through the FG layers and reduces the
propensity of interfacial cracking. While the stress in the top coat is always compressive for the
Inconel substrate, the stress in the top coat is tensile in nature for the steel substrate when the
ceramic volume fraction in the functionally graded layers is low. The stress in the top coat
gradually becomes compressive with an increasing volume fraction of ceramic in the
functionally graded top coat. The curvature of the TBC system follows a similar trend and
changes its sign with increasing ceramic content for the steel substrate. The effect of the number
of layers on the curvature gradually diminishes and the curvature becomes constant beyond only

a few layers.
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1. INTRODUCTION

Thermal barrier coatings (TBCs) are refractory-based films that are used to protect a
metallic component from high temperature exposure [1-4]. A typical TBC system consists of
three layers, (i) the TBC or a top coat, (ii) a bond coat which is typically an environmental
barrier layer between the top coat and the metallic component and (iii) a metallic substrate. The
top coat is usually a ceramic based material, which provides thermal protection to the substrate
[5]. A typical TBC is expected to have a high melting point, low thermal conductivity, chemical
inertness, a thermal expansion coefficient similar to that of the substrate, and no phase
transformation between the room temperature and operating temperature [5, 6]. The bond coat
layer provides protection of the substrate by preventing interactions with the reaction chamber
environment in the event of partial or complete breakdown of the TBC.

The adherence of the interfaces between different layers of a thermal protection system
depends upon the materials pairing and upon the processing used to join them. The quality and
performance of a TBC strongly depends on top coat-bond coat and bond coat-substrate adhesion
characteristics [7]. Although a sufficiently strong adherence is generally obtained between the
metallic substrate and the bond coat, the interfacial adhesion can be weak between the bond coat
and the TBC due to difficulty in obtaining a strong metal-ceramic bonding across the interface
[8]. A strong chemical bonding between metal and ceramic is influenced by the surface energies
of metal and ceramic, the interfacial energy and work of adhesion, the orientation relationship
between crystal lattices across the ceramic/metal interface, and the segregation of atoms at the

metal/ceramic interface [8, 9]. However, the requirements of the high temperature resistance, low
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thermal conductivity, strength and abrasion resistance ability of the components narrows down
the choice of TBC materials [10, 11]. Similarly, the choice of the bond coat material is limited by
the requirements of minimal difference in the coefficients of thermal expansion between the
TBC and metallic substrate, and of resistance to chemical attack by forming a protective layer
[12].

Failure of a TBC might occur either by cracking within the ceramic top coat or by
cracking at the top coat-bond coat interface [13, 14]. High stresses can be generated within the
ceramic in the vicinity of the interface due to thermal mismatch and lattice misfit between the
TBC and bond coat. Lattice misfit can either lead to high stress or can generate defects at the
TBC-bond coat interface [14, 15]. Failure will occur at the interface if the interface is weaker
than the ceramic itself. The defects due to lattice misfit between the TBC and the bond coat
reduces the adhesion of the interface and facilitates interfacial delamination. However, the effect
of lattice misfit on the stresses through the TBC layers is limited to only a small thickness of
100-200 nm. Beyond that thickness, the thermal mismatch between the TBC layers plays the
dominant role in governing the failure of the TBC system [15].

During the deposition and thermal cycling processes, thermal barrier coatings (TBCs)
deposited by plasma spraying and physical vapor deposition were prone to premature failure
because of thermal residual stresses due to high thermal expansion mismatches among the
coating layers and substrate [16]. Deposition of these coatings by laser additive manufacturing is
also expected to be a problem as a high temperature is involved in the deposition by melting and
solidification processes. Functionally graded materials, which are essentially multilayered
systems (described in section 2), offer potential as an effective solution, as they reduce the

difference in the CTE and lattice parameter mismatch between the consecutive layers [17-19].



Thermal stresses in multilayered elastic systems have been modelled previously [20-24].
For a typical TBC system with a uniform top coat, bond coat, and substrate, an analytical
solution for thermal stresses is not very complex and a closed-form solution is available in
literature [25]. But with the increasing number of layers in the system, and the displacement
compatibility condition at interfaces between layers to be satisfied, the complexity in obtaining a
closed-form solution increases. Therefore, most of the analyses, except that by Hsueh [26] and
Zhang et al.[27], consider simplified assumptions (e.g. a constant Young’s modulus throughout
the system) to obtain closed-form solutions or are solved numerically by computer [21, 23, 24].
The effects of substrate material, number of functionally graded layers, the volume fraction of
ceramics in the top coat on the stress profile and the geometry and curvature of the TBC system
have not been investigated through modeling before. Therefore, it is necessary to address these
effects through an analytical model.

In this effort, we use the bending theory of plates to model the residual stress through the
functionally graded TBC system. We have selected two different TBC-substrate material systems
to compare the residual stress distribution through the layers after the deposition of the TBC. The
substrate materials in the two material systems are Inconel 718 (IN 718) and A516 pressure
vessel steel, respectively. In the first case, on the IN718 we assume the deposition of a NiCrAlY
bond coat layer, and on that the deposition of partially stabilized Yittria stabilized zirconia
(YSZ). In the second case, on an A516 pressure vessel steel we assume the deposition of a 100%
Inconel 625 bond coat layer, and on that the deposition of a functionally graded cermet of PSZ
and Inconel 625.

For both cases the residual stresses developed due to the deposition and subsequent

cooling from the deposition temperature to the room temperature are modeled analytically. The



interfacial stresses are estimated after incorporating the effects of thermal mismatch between
adjacent layers. The coating thickness-dependent Young’s modulus variation is incorporated in
the model to capture the discrete stress profiles at the functionally graded layers. It is shown that
the deposition temperature, mismatch in the coefficient of thermal expansion, numbers of graded
layers and the volume fraction of the YSZ ceramic within the cermet top coat are critical to the

manufacturing of thermal protection system for engineering components.

2. ANALYTICAL MODEL

A functionally graded (FG) coating material is characterized by varying physical and
mechanical properties due to changes in composition along its dimensions. A schematic of a
typical functionally graded TBC system is shown in Fig. 1. For building the model we consider a
material A as a bond coat deposited on the substrate. The top coat is a functionally graded
material which is assumed to be a homogeneous mixture of material A and a material B with
varying concentration through the depth. The physical and mechanical properties are varied by a
stepwise change in composition from 100% A to a mixture of materials A and B through n

number of layers. The thickness of each layer is denoted by ¢,. The thickness of the substrate is
t, . The interface between the substrate and the layer above it is defined as the z =0 . The total

thickness of the coating, A, is the summation of individual layer thicknesses and can be defined

as h, = ZI_I. . The thickness of substrate is 7.

j=
In this model, the Young’s modulus ( E) of each individual layer of the FG coating with

the increasing number of layers is expressed by Vegard’s rule as,



E=E)V,+E\V, ey
where V, =1-V, and E, and E, are the Young’s modulus of material A and B, respectively.

The coefficient of thermal expansion (@ ) for each layer can similarly be expressed as

a=a\V,+a,v, 2)
zZ
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Figure 1: Schematic of a TBC system with functionally graded top coat. The first layer above
the substrate has 100% of material A. The volume fraction of a material B increases with each
additional layer of the top coat.

We assume that the whole coating system is cooled from a stress-free state. The thermal
strain during cooling due to the difference in coefficient of thermal expansion between substrate
and the TBC layers is expressed as,

Ag =(a, -a,)AT 3)
Where a and a, are the coefficient of thermal expansion of the substrate and layer i of the

TBC, and AT is the temperature difference between the deposition temperature and room

temperature.



In-plane forces will be generated in the film and the substrate due to thermal mismatch strain

between the layers. The thermal mismatch strain in each layer can be expressed as

Ae=—1—— 4
Ei, Ep, @

Where E and E, are the Young’s modulus and F| and F, are the in-plane force uniformly
distributed across the substrate and the i th layer of the film, respectively.
According to the force equilibrium condition, z F+F =0 5)

By combining Eq. (3) -(5), the strains in each layer of the film and in the substrate can be

expressed as

Et, {EstanAT + Z Eza, -a )AT}
F, = _ (©6)
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And the strain in the i th layer and in the substrate can be expressed as

E t AaAT + z E.t, (ak -a, )AT
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A bending strain arises due to the bending moment of the whole system and needs to be

accounted for via total stress calculations. The bending strain can be expressed as
E(k)=K(z+0), —t, <z<t, (10)
where O is the distance from the bending axis to the interface between the substrate and the first

layer (i.e. z=0), and K is the curvature.

Now we apply force and moment equilibrium on this system. From Force equilibrium,
J.KE (Z+5)dZ+ZIKE (z+0)dz=0 an
i=1 By
From moment equilibrium,

jKE(z+5)dz+ZjKE(Z+5)dZ— (12)

zlh

This bending moment should be balanced by the moments from the in-plane forces, F, and F|
and the sum of the moments with respect to the bending axis will be zero.
M+j S(z+5)dz+z.[ —L(z+0)dz=0 (13)
i=1 By i

Combining Egs. (11)-(13), we determine the expressions for 0, M and K as

Estrz _ZEiti (2h,_, +1,)
0= =l - (14)
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(16)

The stresses in individual layers of the film ( ;) and in the substrate () are now calculated as
Ul.=E,.[£,.0+K(z+5)],lsiSn,hFlsthi (17)

0, =E|e +K(z+0)|, -1, <20 (18)

3. MATERIALS AND PROPERTIES

Two different TBC systems, representative as systems of interest for functionally
gradients TBCs, are analyzed through this model. The bond coat material is material A in the
schematic of Fig. 1. The ceramic material used in the top coat cermet is material B in Fig.1. TBC
system 1 (S-1) is typical of that used in turbine blades of aerospace engines, which consists of
Inconel 718 substrate, an MCrAlY bond coat and a functionally graded cermet top coat of
MCrAlY and partially stabilized YSZ. The partially stabilized zirconia fraction is increased with
increasing coating thickness. TBC system 2 (S-2) consists of a steel substrate made of a pressure
vessel type steel A516, an Inconel 625 bond coat and a functionally graded cermet top coat of
Inconel 625 and partially stabilized YSZ. S-2 may be an appropriate TBC system for the inner

liners of a furnace or a reactor. The material properties are provided in Table 1.



Table 1: Young’s modulus and coefficient of thermal expansion of YSZ ceramic, bond coat and
substrate materials

Material E (GPa) a (10/K)
YSZ (ZxO2, 8 YSZ) 80 GPa 8.6
MCrAlY (M= Ni) 170 GPa 12.5
Inconel 625 208 GPa 13.1
Inconel 718 204 GPa 144
AS516 204 GPa 12

The coefficient of thermal expansion (CTE) gradually decreases from the substrate to the top
coat for S-1, whereas the CTE increases first from the substrate to the bond coat and then

decreases as the YSZ volume fraction is increased in the top coat.

4. RESULTS AND DISCUSSION

The thickness values of the bond coat and the substrate are kept constant at 0.2 mm (200
um) and 12.7 mm, respectively, for both systems. The substrate, bond coat and top coat are
assumed to be stress-free at a deposition temperature of 1025°C, which leads to a temperature
difference of AT =(25-1025) °C =-1000°C upon cooling.

The stress profiles of TBC systems S-1 and S-2 upon cooling by AT = 1000°C are shown
in Fig. 2(a) and 2(b). Three layers of gradation are considered in both the cases. The YSZ

volume fraction is increased to 1%, 5% and 10% in subsequent 0.6 mm layers, leading to the
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total top coat thickness of 1.8 mm. Such thick coatings are necessary for typical temperature
reductions between 200 °C and 400°C through the top coat during high-temperature operation of
turbine blades. The top coat is subjected to compressive elastic stresses upon cooling in S-1 (Fig.
2). The magnitude of stress increases with increasing the YSZ fraction towards the surface.
Sharp and discrete stress drops occur at the interfaces of the functionally graded top coat. The
maximum stress drop (148 MPa to -200 MPa) occurs at the interface between the IN718
substrate and the MCrAlY bond coat. The stress drop continues to occur through the functionally
graded layers and finally reduces to -229 MPa at the free surface at 2 mm above the substrate-
bond coat interface. The stress drops at the interfaces of the functionally graded coating are
significantly smaller in magnitude (-206 MPa to -238 MPa at the 1.4 mm depth from the IN 718
substrate-MCrAlY bond coat interface) and the compressive stress reduces from -238 MPa to -
229 MPa at the free surface through the third functionally graded layer.

The sharp stress drop at the IN 718-MCrAlY interface is due to the large difference in the
coefficients of thermal expansion of the respective materials (Table 1). The IN 718 substrate is
subjected to a small elastic tensile stress of 148 MPa (yield strength of IN 718 is ~1.1 GPa). In
contrast, the profile for TBC system S-2 shows that the substrate is subjected to a small
compressive stress of -70 MPa and the subsequent layers are subjected to tensile stress. The
maximum tensile stress of 157 MPa exists at the substrate-IN 625 interface. Therefore, instead of
a stress drop (as in S-1), a stress jump is predicted at the substrate-bond coat interface in S-2. The
IN 625 bond coat (yield strength= 63 MPa and ultimate tensile strength= 132 MPa) is supposed
to plastically yield and may even fail at such high stress level. However, the stress within the top
coat decreases with increasing YSZ volume fraction with the increasing thickness, and reduces to

43 MPa at the free surface at 2 mm above the A516 steel substrate-IN 625 interface.
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Figure 2: Residual stress profiles for (a) IN 718-MCrAlY+YSZ (S-1) and (b) A516-IN
625+YSZ (S-2) TBC system. The film is under compression and the substrate is under tension
for S-1, whereas the film is under tension and the substrate is under compression for S-2.

A similar stress profile was predicted by Zhang et al.[27] for a functionally graded TBC system
with a ZrO»-Y203+NiCrAlY FG top coat layer on various Inconel substrates. However, with the
temperature difference, AT being only 400°C in their study, the magnitudes of stresses in the
substrate, graded layer, and the discrete stress jump across the substrate-100% NiCrAlY interface
were lower than those predicted by our model (Fig. 2(a)). Based on finite element analysis, Baig
et al.[28] demonstrated that for functionally graded magnesia stabilized zirconia+Ni coatings
deposited on Nimonic alloy substrate, the compressive residual stress at the surface of the
coating gradually becomes tensile with increasing distance from the surface into the coating.
4.1 Effect of number of layers

To show the effect of the number of layers we have considered the residual stress profiles
for TBC systems S-1 and S-2 with the maximum YSZ volume fraction of 10%. The thicknesses
of the bond coat and the top coat and were kept same. The maximum volume fraction of YSZ is
also kept the same at 10% as before, and this YSZ content was the maximum concentration in
systems with one, two, and 10 layers. For one layer, the entire 1.8 mm thick top coat consists of

10% YSZ and 90% of the bond coat material. For two layers, the top coat consists of two 0.9 mm

thick layers with the first layer containing 5 vol.% YSZ and the next 0.9 mm thick layer
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containing 10 vol.% YSZ. When the number of layers is increased to 10, the YSZ content was

increased by 1% in each 0.18 mm thick layer. The stress profiles are plotted in Fig. 3(a) and 3(b).
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Figure 3: Residual stress profiles exhibiting the effect of the number of functionally graded
layers for (a) IN 718-MCrAlY+YSZ (S-1) and (b) A516-IN 625+YSZ (S-2) TBC systems. The
YSZ content increases in equal steps (10%/number of layers) up to a maximum at the top coat of
10 vol.% YSZ. The magnitude of discrete stress drops at the bond coat-top coat interface and
through the top coat decreases with increasing the number of layers.

It is evident from Fig. 3(a) and Fig. 3(b) that the number of layers do not significantly
influence the magnitude of stress in the substrate and the bond coat. But the magnitude of
discrete stress drops at the bond coat-top coat interface and at the interfaces through the graded
top coat decreases with increasing the number of layers. The inset of Fig. 3(a) shows that for S-1
the magnitude of stress drop at the MCrAlY bond coat-top coat interface reduces from 50 MPa to
only 6 MPa with increasing the number of graded layers from one to 10. Similarly for S-2 (Fig.
3(b)), the magnitude of stress drop decreases from 100 MPa to 10 MPa with increasing the
number of graded layers from one to 10. High differences in stress levels at the interfaces may
cause cracking. Increasing the number of graded layers decreases the stress change at interfaces

and thus may reduce interfacial cracking. Such a decrease in discrete stress levels with an
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increasing number of FG layers was predicted by Zhang et al.[27] Based on a finite element
model, Widjaja et al.[29] demonstrated that a graded ZrO> system with layers of Al2O3 lowers
the residual stresses compared to a purely ZrO» system. Due to these reductions in stress levels at
interfaces and within individual layers, it might be possible to deposit a thicker coating by
resorting to a functionally graded approach.
4.2 Effect of YSZ volume fraction

A high volume fraction of YSZ in the top coat is often necessary to increase the
insulative value of the thermal barrier. To observe the effect of the YSZ concentration on the
stress profiles, we increase the maximum volume fraction of YSZ in the functionally graded
layer to 60% and then apply our model to the TBC systems S-1 and S-2. The number of layers in

the top coat was varied among one, two, and 10.
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Figure 4: Residual stress profiles exhibiting the effect of number of functionally graded layers
for (a) IN 718-MCrAlY+YSZ (S-1) and (b) A516-IN 625+YSZ (S-2) TBC system. The YSZ
content increases in equal steps (60%/number of layers) up to a maximum at the top coat of 60
vol.% YSZ. The magnitude of discrete stress drops at the bond coat-top coat interface and
through the top coat decreases with increasing the number of layers.
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The stress profile for TBC system S-1 shown in Fig. 4(a) reveals that the magnitude of
stress in the top coat, bond coat and substrate increases with increasing YSZ content. The top
coat and substrate are under compression and tension, respectively. The magnitude of discrete
stress drops at the interfaces is also greater as compared to that observed in Fig. 3(a). The
magnitude of discrete stress drops at the interfaces are highest when the top coat consists of only
a single layer of 40% MCrAlY+60% YSZ. Increasing the number of layers decreases the stress
drops as explained in the last section. While -332 MPa (200 MPa to -132 MPa) of stress drop is
predicted at the IN 718-MCrAlY interface, -374 MPa (-127 MPa to -502 MPa) of stress drop is
predicted at the bond coat-top coat interface. The interfacial toughness of the bond coat-top coat
interface for the single layer top coat is expected to be less than that of the substrate-bond coat
interface. Therefore, the bond coat-TBC interface is prone to interfacial cracking due to the high
magnitude of stress drop at that interface. However, the magnitude of stress drop decreases with
increasing the number of layers, and hence the propensity of cracking may decrease.

The stress profile for the TBC system S-2 with maximum 60% Y SZ is shown in Fig. 4(b)
for one, two, and 10 layers. The basic nature of the profile is different from 10% YSZ shown in
Fig. 3(b). In this case (Fig. 4(b)), the substrate and the bond coat are in tension. While the top
coat may be either fully in compression, or be partially in compression as well as partially in
tension, depends upon the number of graded layers. For a single layer (i.e. 40% IN 625+60%
YSZ), the entire top coat is subjected to a compressive stress -154 MPa. However, a discrete
stress drop of -467 MPa (308 MPa to -159 MPa)) is predicted at the bond coat-top coat interface
(Fig. 4(b)), which may cause interfacial failure. Although increasing the number of layers

decrease the sharp stress change across the interfaces, the bottom part of the top coat may be
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subjected to tension and the stress state may change to compression at a distance further above

the bond coat-top coat interface (Fig. 4(b)).

The TBC system may have finite curvature upon cooling as the layers are mutually
bonded. There are two consequences of this which may impact component performance and
lifetime. The warpage will cause loss of dimensional and shape conformance to specifications for
the component. Further ceramics and ceramic-based materials, such as are used for TBCs, have
low elastic limits and will thus be subject to premature failure. It is worthy of note that they
exhibit greater strength in compression than in tension.

A finite curvature results due to a high coating to substrate thickness ratio of 0.157 in our
study for the coating thickness of 2 mm and substrate thickness of 12.7 mm. The curvature effect
gradually decreases with increasing the thickness of substrate and almost disappears when the
film to substrate thickness ratio is less than 0.05 [30]. A similar effect was verified in our model.

The effect of the number of graded layers and the YSZ volume fraction on the curvature
of a TBC system is shown in Fig. 5. It is evident from Figs. 5(a) and 5(b) that the curvatures of
both TBC systems rapidly change when the number of top coat layers is increased from one to
two. Increasing the number of layers beyond three has only a little effect on the curvature of the
TBC system. The curvature of S-1 is always positive and is independent of the YSZ volume
fraction at the top coat. Positive curvature results in compression of the top coat and tension in
the substrate (Fig. 3(a) and 4(a)). In contrast the curvature of S-2 is negative when the YSZ
volume fraction is low, which results in tensile stress in the top coat and compressive stress in

the substrate. But with increasing the YSZ volume fraction in the top coat, the curvature of S-2
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becomes positive. Therefore, a change in the stress state within the top coat, bond coat and

substrate occurs in S-2 with increasing volume fraction of YSZ.
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Figure 5: The effect of number of graded layers and volume fraction of YSZ in the top coat on
the curvature of the TBC system (a) S-1 and (b) S-2. The thickness of substrate is 12.7 mm in
both cases.

It is evident from Figs. 5(a) and 5(b) that the curvature of the coating system increases

with increasing the degree of gradation (i.e. decreasing the number of layers and increasing the

YSZ concentration at the top coat). The change in the curvature of the TBC systems is more

pronounced at small numbers of layers and saturates as the number of layers increases. Figs. 5(a)

and 5(b) reveals that the curvature saturates faster when the YSZ volume fraction is low. With

increasing the thickness of the substrate, the curvature of the entire system decreases.
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S. CONCLUSION

The curvature of the TBC system decreases with increasing the number of functionally
graded layers in a TBC top coat. This may result in components failing to meet dimensional or
shape specifications, or to premature failure of the ceramic-based TBC top coat. Although the
magnitudes of stresses at the free surface of the substrate and the top coat are not influenced by
the number of functionally graded layers, the magnitude of discrete stress variations at the
interfaces reduces with increasing the number of layers. The stress state in the top coat depends
significantly on the coefficient of thermal expansion of the substrate, bond coat and top coat.
While the top coat is always in compression for the IN 718-NiCrAlY-NiCrAlY+YSZ system (S-
1), the top coat can remain in tension or partially in tension and compression depending upon the
YSZ concentration at the top coat. Increasing the YSZ concentration gradually changes the stress
state of the top coat from fully in tension to partial tension at close proximity to the bond coat-

top coat interface, and further to compression near the free surface of the top coat.
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