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ABSTRACT

Despite providing superior protection of engine components from severe temperatures, ther-
mal barrier coatings are susceptible to catastrophic failure due to large-scale interfacial delam-
ination. Under operating conditions, interfacial waviness increases due to bond coat creep
and the cyclic nature of the thermal loading. Recent analyses show that the top coat incurs
cracks at the sites of interfacial undulation. The top coat cracks propagate and coalesce under
cyclic thermal load, which leads to catastrophic interfacial delamination. In this article, a fi-
nite element model of the thermal barrier coating (TBC) system is developed in the commercial
code ABAQUES to investigate dependencies on various parameters and to develop a simplified
parametric understanding of the top coat crack initiation and propagation. A parametric do-
main map for assessing crack initiation and propagation is developed in terms of geometric
parameters of the TBC. Thus the domain map identifies which TBC geometries yield a fail-safe
design.
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1. INTRODUCTION

The state-of-the-art electron beam physical va-
por deposition (EB-PVD) thermal barrier coatings
(TBCs) are used in gas turbine engines to protect
components from high-temperature gases and se-
vere transient thermal loading. As shown in the
scanning electron microscope (SEM) micrograph of
Fig. 1, a conventional TBC consists of three layers
deposited on a superalloy substrate. The first layer
is a 50- to 100-um thick bond coat that provides
oxidation protection, while the second is a 100- to
120-pum thick top coat for providing thermal insu-
lation. The top coat is structured to be strain tol-
erant to avoid cracking and subsequent delamina-
tion; this is achieved by incorporating microcracks
or aligned porosity in the material [1]. Typically, due
to its low, temperature-insensitive thermal conduc-
tivity [1], Yittria-stabilized Zirconia (YSZ) is the ma-
terial of choice for the top coat. The top coat is trans-
parent to oxygen, and thus a third layer, the ther-
mally grown oxide (TGO), forms as the bond coat
oxidizes. Owing to TGO growth and the creep de-
formation of the bond coat, the morphology of the
interfaces between TGO and adjoining layers con-
tinue to evolve during the life of the TBC [2]. As
shown in Fig. 1, the SEM images of the TBC mi-
crostructure reveal that the TGO interfaces may be
planar or wavy.

Individual layers in TBCs are significantly
stronger than the interfaces between the top coat
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FIGURE 1. An SEM image of the thermal barrier
coating (TBC) microstructure consisting of the top coat,
the thermally grown oxide layer, the bond coat, and the
super-alloy substrate [3]
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and TGO and between the TGO and bond coat. Fur-
thermore, the interface toughness also tends to de-
grade with exposure time [4]. Consequently, over
their service life, TBCs are susceptible to delamina-
tion along the top and/or bottom TGO interfaces.
Thus modeling the delamination phenomena is of
considerable interest to the engineering community.

Experimental observations [2,5] confirm that in
the absence of significant bond coat creep, delam-
ination is predominantly along the TGO and bond
coat interface. TBC spallation is preceded by a com-
petition between buckling and interface delamina-
tion that is stimulated by the waviness of the inter-
face. The competing mechanisms have been exten-
sively investigated in the literature [6-9] and were
recently formalized parametrically to enable identi-
fication of the dominant failure mechanism for TGO
and bond coat delamination [9].

There is also evidence that with significant bond
coat creep, damage initiates within the top coat,
leading to delamination of the top coat and TGO in-
terface [10-12]. Damage within the top coat is pri-
marily driven by the stresses developed due to the
coefficient of thermal expansion (CTE) mismatch
between the different layers during thermal load-
ing as well as by creep deformation of the bond
coat. A number of geometrical and mechanical fac-
tors are known to contribute to the damage initia-
tion and propagation within the top coat. Notable
among these are important geometric and morpho-
logical features of interfaces and constituent layers
and their thermomechanical properties.

A significant body of work exists in the litera-
ture characterizing the growth of undulations under
cyclic loading [10-12]. A number of these investi-
gations also consider the top coat damage [11,12],
but the relationship between damage and geomet-
ric and material factors has not been addressed in
detail. Xu et al. [13] have demonstrated the vari-
ation in energy release rate as the crack propagates
within the top coat for crack paths that were selected
a priori.

This article is aimed at the development of para-
metric domain maps delineating safer TBC system
designs from those prone to failure. The multi-
dimensional parametric space is represented as a
reduced-order two-dimensional parametric domain
map for the crack initiation in terms of the crit-
ical geometric parameters. This map is created
through parametric finite element simulations that
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include the substrate, bond coat, TGO, and top coat.
The crack path is not postulated a priori; instead,
crack initiation and its subsequent trajectory is de-
termined based on the local drivers at the crack tip.
A sensitivity analysis is employed to first estimate
the contribution of material and geometric param-
eters to crack initiation. Subsequently, sensitivities
to parameters responsible for crack initiation are
investigated through crack propagation simulated
with a hysteretic cohesive zone model.

The development of a domain map enables the
realization and selection of geometric parameters
that result in a safer TBC. As a final step, based
on the predictions of the parametric domain map,
which incorporates crack initiation followed by
crack propagation, two representative failure sce-
narjos are simulated. The geometry and material
properties for these cases are obtained from the liter-
ature, and the predicted crack trajectories are found
to be in good agreement with experimental observa-
tions in the literature [2,7]. The models developed
in this article are micromechanical in nature, with
explicit damage representation at the micromechan-
ical scale of the TBC. However, the implications of
the model are macroscopic in that it is used to pre-
dict overall reliability of EB-PVD TBCs.

2. THE TOP COAT FAILURE MECHANISMS AND
SOLUTION APPROACH

In the context of linear elasticity, TBCs are insensi-
tive to cyclic loading, and the failure mechanisms
are limited to TGO interfaces [6-8]. However, in-
corporating bond coat creep introduces significant
nonlinearity to the TBC response under cyclic load-
ing and also activates an alternate failure mecha-
nism reported by Evans et al. [7] and Karlsson et
al. [12]. During operation under cyclic thermal
loads, the TBC can experience critical loads, causing
crack initiation within the top coat and at the site of
interfacial undulations. During subsequent cycles
of loading, the initial crack may (1) propagate un-
til it reaches the interface, (2) propagate away from
the interface, or (3) be arrested without any subse-
quent propagation. The probability of crack initia-
tion and its eventual trajectory in a TBC under op-
erating conditions will depend on various geomet-
ric and material parameters as well as the applied
 loading. Hence it is of interest to study the influence
of TBC parameters on initiation and propagation of
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top coat cracks. A brief introduction to the meth-
ods used to study the initiation and propagation of
cracks is presented next.

2.1 Crack Initiation within the Top Coat

In addition to significant in-plane compressive
stresses caused by its thermal expansion mismatch
with the substrate, the top coat is also subjected to
out-of-plane tensile stresses due to the wavy mor-
phology of the top coat and TGO interface. This ren-
ders the top coat susceptible to cracking in the vicin-
ity of interfacial undulations. Since the material of
choice is brittle YSZ, the top coat cracking is likely
to initiate in mode I. A mode I crack initiation crite-
rion similar to [14] is employed, where damage ap-
pears as a finite crack oriented normal to principal
direction, when, as given in Eq. (1), the maximum of
first principal stress (S1™8%) exceeds rupture stress
(Grupture):

Spmex Z 0-rupi:ure

1)

Crack initiation is sensitive to the rupture stress
rather than fracture energy; hence, even though the
top coat and TGO interface toughness is lower than
the bulk top coat, the rupture stress is assumed to
be invariant. It enables identification of safer TBC
designs through a sensitivity analysis to determine
the relationship of S1™#* to various geometric and
material parameters. The parameters considered for
this study are shown pictorially in Fig. 2 and in-
clude (1) top coat modulus Erc, (2) TGO modulus
Erco, (8) TGO thickness h, (4) amplitude A and
wavelength W of the undulation, and (5) thermal
cycle parameters, including peak temperature and
heating, holding, and cooling time. Since the result-
ing crack is oriented normal to the principal direc-
tion for mode I fracture, the orientation of the princi-
pal axis is recorded so that propagation of a nascent
crack can be studied.

2.2 Propagation of Cracks Originating within the
Top Coat

The top coat may incur cracks due to local ten-
sile stresses at the sites of interfacial undulations,
however, not all cracks will contribute to the large-
scale failure of TBC. The critical cracks that require
further investigation are those that propagate with
each load cycle and reach the interface. Since the
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FIGURE 2. Schematic of the TBC model showing geo-
metric and dimensional parameters of the undulation as
well as the location of the crack characterized by normal
distance v. The substrate, excluded here for clarity, is in-
cluded in the finite element model

cracks that reach the interface will initiate delamina-
tions, it is of interest to understand their sensitivity
to the various parameters. In recent years, cohesive
zone models have emerged as important tools for
modeling crack propagation in homogeneous and
heterogeneous materials [15-19]. Cracking is sim-
ulated by inserting special cohesive elements be-
tween continuum elements (e.g., [15,17,19]). The
use of a highly refined computational mesh, espe-
cially near the crack tip, is also a requirement, even
though the effect is mitigated due to the finite crack
tip stresses provided by the cohesive zone. In this
article, a state-of-the-art cohesive zone model is em-
ployed along with a criterion for crack path evo-
lution determined by the local crack tip state, thus
eliminating the mesh-dependent prediction of the
crack path, even with a structured mesh. These
computational tools are described in the next two
subsections.

2.2.1 Hysteretic Mixed-Mode Cohesive Element
Formulation

Owing to the cyclic nature of the thermal loading,
TBCs may incur significant fatigue damage within
the top coat, leading to crack coalescence and fail-
ure. The hysteretic cohesive models proposed by
Nguyen et al. [20] and Maiti and Guebelle [21]
are found to be suitable for such failure, but they
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are limited to mode I loading. Although top coat
cracks are assumed to initiate under mode I load-
ing, they may experience mixed-mode loading as
they extend along complicated trajectories. Hence,
for TBC application, a hysteretic cohesive model is
extended to mixed-mode loading that reduces to an
irreversible bilinear, rate-independent cohesive law
under monotonic loading [18,21].

The bilinear cohesive model is discussed in de-
tail elsewhere (e.g., [18]) and is summarized by the
following traction separation law:

Omax

—-6—5 if 5 < 8. (hardening region)
4

0 ax .
ﬁ(é—ée) ifd, <8 < b, )]

(softening region)
0if6 > 8, (completely debonded)

The effective separation and effective traction are
defined as § = /52 + p262 and T = VTZ+B212,
respectively, where §,, and T, are the normal sepa-
ration and traction, 8; and 7T} are the tangential sep-
aration and traction, and B is an empirical factor. As
the effective separation increases, the effective trac-
tion across the elements reaches a maximum value
(Omax) at &, and then decreases for further increase
in separation. This increase in traction is known as
hardening. The subsequent decrease is known as
softening, which introduces irreversibility through
monotonic decay of the peak stress due to damage.
At a selected effective separation (6,), the tractions
vanish, indicating the failure of the element.

Regardless of whether the element is in the hard-
ening or softening region, the unloading is always
assumed to be toward the origin of the traction sep-
aration curve. Thus the bilinear cohesive model re-
mains fully reversible within the hardening region.
Once it enters the softening region (5 > 5,), any sub-
sequent unload/reload occurs with reduced stiff-
ness, rendering the deformation irreversible. On
reloading, it returns to the state at the beginning of
unload, and additional monotonic damage can be
accrued on further loading.

To account for dissipative mechanisms in the
fracture process zone ahead of the crack tip, a hys-
teretic model incurs fatigue damage only during
reloading. This damage can occur at any point, in-
cluding when the element is in the so-called harden-
ing region. Unloading is still assumed to be linearly
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toward the origin of the traction separation curve,
and therefore hysteresis curves are formed. During
reloading, the stiffness of the cohesive element is as-
sumed to decay according to the stiffness degrada-
tion given in Eq. (3). The rate of stiffness decay is
controlled by the introduction of an additional pa-
rameter d:

& :
. _KP 2™ if
Ky = Knnéf ! §n>0
0 if 5, <0
i, ®)
. KB if §
Ky = Ktt5f ! .6t>0
0 if §, <0

These incremental stiffness equations are converted
to difference equations to calculate the stiffness at
the (p + 1)th step based on the stiffness of the pth
load step and increment in displacement jump. The
resulting normal and tangential stiffnesses are

_ s
KPPl = KP e °/ where A§,, = 651! — 8P

)
Aby
KB = Kbe™ ™7 where A8, = 87+ — &7

Owing to the incremental nature of fatigue dam-
age, increments in normal and tangential tractions
are calculated using the following equation:

(F)-[ %](&) o

Using the backward Euler method, the normal and
tangential tractions at the (p + 1)th step are evalu-
ated using the updated stiffness, as given in Eq. (6):

TP+ = TP + KPHLAS,
(6)

1 1
TH™ =T + KA,

The hysteretic response of the cohesive model re-
mains within the envelope of the bilinear model,
and when the reloading curve intersects the soften-
ing curve, it follows the curve for as long as the load-
ing process continues. During such periods, the ele-
ment accrues only monotonic damage, without any
fatigue damage. From the above formulation, it can
be seen that five cohesive zone parameters, namely,
Omax, Oc, O, 0f, and P, define the hysteretic cohe-
sive zone response. Figure 3 graphically illustrates
the traction separation response of the hysteretic co-
hesive model under cyclic loading.
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FIGURE 3. A plot showing the hysteretic cohesive zone
element response with cyclic loading to eventual failure
when & = 6.= 0.001

2.2.2 Incremental Direction of Crack Propagation

The crack trajectory cannot be determined a priori
as it depends on the local drivers at the crack tip.
This makes it imperative to evaluate the direction
of crack propagation at each increment of loading,
as the crack is restricted to follow the trajectory de-
fined by the cohesive zone elements. The follow-
ing are among the numerous methods proposed in
the literature to evaluate incremental direction: the
maximum circumferential stress ofg™ criterion [22],
the maximum energy release rate criterion [23], and
the strain energy density criterion [24]. In this work,
direction is determined using the maximum cohe-
sive energy criterion proposed by Liand Ghosh [16].
This criterion postulates that the crack will propa-
gate in the direction that maximizes the available co-
hesive energy. From the definition of the J-integral,
a relation between the cohesive energy ¢ for com-
plete decohesion and the critical energy release rate
G has been established in [17] as

R Se
85
Ge=J= Té;dm_/Tdé_cb @)
0 0

where R is the length of the cohesive zone. Conse-
quently, for a given crack tip state of stress, the crack
growth direction is estimated as that along which
G., or equivalently, the cohesive energy ¢, is max-
imized. The cohesive energy ¢4 at the crack tip A
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along any direction & can be expressed for an arbi-
trary effective separation 4 (x) as

() t(x)
a8
dal@)=| | T()as| =| [ T(x).Loat| (8

A A

where T(x) = \/ (Teoh)? 4 p=2 (T,;’Oh)2 is the mag-
nitude of the effective cohesive traction. The cor-
responding unit normal n and tangential t vectors
along the direction x are expressed as

n = —(sinx)i+ (cosx)j t= (cosx)i+ (sinx)j (9)

The normal and tangential components of the cohe-
sive traction force at an angle « are then deduced

as
IR U [ ng my
Teoh (7t
Oz 8in% 0t + Oy 5in 20 + 0y, c0s?
~ 1 =Loge sin 20+ 0, cos 20+ £ 0 sin 20 (10)
5Vzz Ty 2VYY

OzzNz + OzyNy
OgzyNg + OyyNy

and hence the effective cohesive traction for direc-
tion o is

. . 2
(042 sin® o — 0, sin 200+ 0, cos?o)
T(x)= |+B~%( — 204s sin 20t + 04y cos 2
+4 0y, sin 20)

(11)

The incremental direction of crack propagation is
assumed to maximize the cohesive energy at A, ac-
cording to the criteria

Oba(o)
o 0

O?da () <

5o 0 12)

The resulting direction of crack propagation «q is
obtained by inserting Eq. (11) into Eq. (8) and using
the maxima criteria in Eq. (12) and can be written as
follows:

xg = sin™? ([ny — Oge + \/(Um —0y)’ + 40_?04

/\/ éyy —Ogzt \/ 2z —0yy )2+4G§y)2+40‘§y> (13)

The change in crack trajectory is achieved by gen-
erating a new mesh incorporating an updated crack
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path laced with cohesive elements. To reduce the
computational expense associated with this process,
the crack trajectory update is subjected to a geomet-
ric criterion that identifies whether there are tenden-
cies for significant directional variation. The pro-
posed geometric criterion requires that the crack
path be updated only when the incremental direc-
tion (og) exceeds a tolerance limit based on the crit-
ical angle (o) that minimizes the crack tip distance
to the interface. Figure 2 illustrates the crack geom-
etry and critical angle pictorially. As the undula-
tion is idealized with a sinusoidal wave, represented
in Eq. (14a), and the critical angle corresponds to
the normal from the crack tip (z3, y2)to the interface
(x1,y1), & can be determined using the trigonomet-
ric relation in Eq. (14b) and is given in Eq. (15):

- (T _*L
yr = —A4A (1 + sin (2 Wﬂ')) (14a)
Y2—1 _<£i§/i)_1:.. W (14b)
To— 1 dz; mAcos (§—%im)
& = tan~! <y_2__:y_1> (15)
Zo — T1

Equation (15) shows that the critical angle of propa-
gation is a function of crack tip location and the un-
dulation geometry. The crack path is updated when
lxoll/||xc]| is greater than 0.1%.

3. FINITE ELEMENT MODELS OF THERMAL
BARRIER COATING

3.1 Material Models

Advanced TBCs typically have nickel-based super-
alloy substrates with high strength and stiffness,
even at elevated temperatures. The bond coat ma-
terial of choice is an intermetallic platinum mod-
ified nickel aluminide with a CTE similar to that
of the substrate material. Mechanical properties of
the bond coat material may vary with thermal cy-
cling, and the bond coat may also undergo signifi-
cant creep deformation at elevated temperature [25].
A thermally activated creep material model for the
bond coat has been proposed in [25] based on mi-
crotensile test results performed on bond coats ex-
tracted from actual TBC systems. The model is phe-
nomenological in nature and does not account for
explicit variables at the microstructural level. The
strain rate stress law in this model is expressed as
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27 (=340 [KJ /mol
Ecreep = 1.9 X 1020(%> exp <—-£%;/£12J)

T < 800°C
(16)
, _ a7( ©\* _ (—400 [K]/mol
Ecreep = 9.1 x 10 (E) exp (——————————RT
T > 800°C

where écreep is the equivalent creep strain rate, o
is the equivalent deviatoric stress, R is the gas
constant, and T is the absolute temperature. The
model was calibrated with experiments in [25], and
a change in model parameters was found at 800°C.
This bond coat material model is implemented as a
user subroutine in the ABAQUS [26] finite element
package.

The effect of bond coat creep on the out-of-plane
creep strain accumulation in the bond coat has been
investigated analytically by Balint and Hutchinson
[27] and numerically by Karlsson et al. [12]. Numer-
ical implementation of the creep material model in
this study is validated through reproducing results
reported in [25] with similar geometry and material
properties.

Although it is believed that damage initiates in
the top coat [2] and accurate material models of the
top coat are essential, the YSZ with a strain-tolerant
columnar structure is not well characterized in the
literature. The effect of the top coat material model
was investigated to determine the best representa-
tion for accurate prediction of failure. The ther-
mal expansion coefficient of the TGO is less than
that of the substrate, causing very high compressive
stresses in the TGO. The TGO reduces these stresses
by lengthening through out-of-plane displacements
that increase the undulations accommodated by a
relatively compliant bond coat [11]. However, the
top coat provides a constraint that restricts such de-
formation and leads to out-of-plane stresses near
the undulations. The magnitude and location of
these stresses clearly depend on the top coat stiff-
ness. A compliant top coat would not restrict TGO
deformation, and the out-of-plane stresses would
localize at the TGO and top coat interface due to
bending of the TGO. However, a stiffer top coat
will prevent TGO deformation, resulting in out-of-
plane tensile stresses in the vicinity of the undu-
lation. Since experimental observations in [2,7,13]
suggest that cracks initiate away from the interface
at the undulation sites, the top coat is idealized
as an isotropic elastic material with no preexisting
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flaws. Furthermore, although the columnar struc-
ture of the top coat suggests that under tension, it
will be more compliant in plane than out of plane,
CTE mismatches between the top coat and substrate
will lead to in-plane compression. With little in-
plane tension during load, effects of the columnar
microstructure should not be significant. Mechani-
cal properties of the top coat are sensitive to deposi-
tion process parameters as well as to the intercolum-
nar spacing [28]. The properties may also vary dur-
ing the TBC service life due to sintering [29] with
total exposure time at high temperatures. However,
this variation is not significant over individual ther-
mal cycles. Solutions with four different top coat
moduli, ranging between 100 and 220 GPa, are con-
sidered in this study to account for microstructure
variability in the specimens. Table 1 presents mate-
rial property values for each of the TBC layers ob-
tained from those reported by Evans et al. [7] and
Cheng et al. [30]. The rupture stress for the top
coat is assumed to be same as homogeneous YSZ
reported in [31].

3.2 Geometric Model and Finite Element Mesh

A finite element model of the TBC system, includ-
ing the substrate, bond coat, TGO, and top coat, is
shown in Fig. 4. Two-dimensional plane strain rep-
resentations of the TBC system are selected as un-
dulations and are assumed to run through the sam-
ple thickness. The TBC morphology is assumed to
be symimetric about the vertical plane, and only the
half geometry is modeled. From Fig. 1, it can be
observed that undulations in the vicinity of planar
interfaces between the TGO and bond coat are com-
monly observed due to the initial and growing sur-
face roughness of the bond coat. In this study, only
sinusoidal undulations penetrating into the bond
coat are considered.

A 150 x 1100 pm section of the TBC system is
modeled with a graded mesh of fournoded ele-
ments, which are identified as CPE4(QUAD2D) in
the ABAQUS element library [26]. The resulting
model consists of more than 11,000 elements and
12,000 nodes and exhibits less than 0.5% error in
the strain energy when compared to a more refined
mesh. As shown in Fig. 4, a highly refined mesh
is used in the vicinity of the TGO undulation, and
the mesh becomes coarse away from the region of
interest.
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TABLE 1. Material properties of components of the TBC system as obtained from [7,30,31]

Property Substrate TGO TBC
Poisson’s ratio 0.31-0.35 0.23-0.25 0.10-0.12
Elastic modulus (GPa) 120-220 320-400 100-220
Thermal expansion coefficient (107%/°C) 14.8-18.0 4.0-8.0 6.0-12.2
Rupture stress (Mpa) - - 287

UonIpuo)) Arepunog orpouog

FIGURE 4. Finite element model (ot to scale) of the
TBC system, with the bottom of substrate constrained to
remain flat, symmetry at the left vertical edge, and radial
periodicity at the right vertical edge

3.3 Boundary Conditions

In practice, the top surface of the TBC is exposed
to hot combustion gases and is assumed to be free
of any mechanical constraints or loads. The cur-
rent TBC system model is subjected to a cyclic ther-
mal load through variation of a uniformly applied
temperature from 1000°C to room temperature of
30°C. Each nominal temperature cycle includes 10-
min heating, 10-min hold at peak temperature, and
10-min cooling. All analyses are performed for
five successive cycles. The thermal loads caused
by this thermal cycle generate in-plane compres-
sive stresses in the TGO and top coat on account
of the CTE mismatch. Although temperature gra-
dients are expected along the TBC thickness dur-
ing service, the uniform thermal load assumption
is considered adequate since out-of-plane thermal

effects are secondary to undulation stresses. For
all analyses, symmetry boundary conditions are ap-
plied at the left edge; a rigid substrate is simulated,
with roller supports applied at the lower horizontal
boundary; and radial periodic boundary conditions
are applied at the right edge of the models. These
boundary conditions are shown pictorially in Fig. 4.

3.4 Cohesive Zone Element Implementation

The hysteretic cohesive model described in Sec-
tion 2.2 is implemented as a four-noded cohesive el-
ement within ABAQUS'’s user-defined element sub-
routines [26]. These elements are compatible with
the regular, continuum ABAQUS QUAD2D ele-
ments. The element comprises two cohesive sur-
faces with two nodes each. In the initial, unloaded
state, the nodes of the two surfaces share the same
coordinates. With the application of external load,
the surfaces move and separate from one another
as the adjacent solid elements deform. The rela-
tive normal and tangential tractions for the two-
dimensional cohesive elements are calculated at the
element integration points according to the traction
separation law defined by Eq. (2). The element has
two integration points, corresponding to those of
the QUAD2D element. The parameters associated
with the cohesive element definition in ABAQUS
are the number of nodes for the element and their
connectivity, the cohesive zone parameters associ-
ated with the element, and the solution-dependent
state variables required for the element. Figure 4
shows a TBC finite element model with cohesive el-
ements along a representative crack path.

4. PARAMETRIC MODELING OF CRACK
INITIATION AND PROPAGATION IN
THE TOP COAT

The parametric space is defined by parameter
ranges given in Table 2 and is spanned by nearly 100
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TABLE 2. Range of variation of parameters from experimental observations reported in {2,7,32-35]
Parameter Range of Variation
TGO thickness (h) (pm) 2-6
Undulation amplitude (A) (um) 5-50
Undulation wavelength (W) (um) 10-160
TC thermal expansion (arc) 6-12 x 107°
TGO thermal expansion (atco) 4-8x 10°°
Top coat modulus (Etc) (GPa) 100-220
TGO modulus (Ergo) (GPa) 320-400

simulations. These results yield information about
how crack initiation and extension in the TBC sys-
tem is sensitive to important geometrical, material,
and loading parameters. Critical analysis of the re-
sults demonstrates that there are some parameter
ranges that provide safer TBC designs.

TBC failure due to top coat spallation can be char-
acterized by crack initiation and crack propagation
phases. Two studies are conducted to investigate
these phases. These studies are performed sequen-
tially, namely, the probable locations of crack initia-
tion are determined in the first study, and the sub-
sequent study assumes existence of a finite crack at
that location.

4.1 Sensitivity Analysis for Crack Initiation
within the Top Coat

To identify the critical parameters assisting crack
initiation, a sensitivity analysis of the maximum
first principal stress (S1™%*) with respect to geomet-
ric, material, and loading parameters is performed
for the TBC system. Candidate parameters consid-
ered in the sensitivity analysis are (1) h, thickness of
the TGO; (2) A, amplitude of the sinusoidal undu-
lation; (3) W, wavelength of the undulation; (4) ¢,
thickness of the top coat; (5) Erco and arco, stiff-
ness and thermal expansion coefficient of the TGO;
(6) Erc and arg, stiffness and thermal expansion
coefficient of the top coat; (7) s, sp, and s., heat-
ing, hold and cooling time of the thermal cycle, re-
spectively; and (8) Tpeax, peak temperature of the
thermal cycle load. Definitions of the geometric pa-
rameters are pictorially given in Fig. 2. Individual
parameters are varied incrementally, while keeping
all others stationary; that is, parametric variation is
achieved by changing the value of one parameter at
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a time. This is needed to isolate the effect of each pa-
rameter on the damage initiation and propagation.
Such variation is performed for each parameter un-
til the entire parametric space is spanned.

The simulations revealed that the magnitude and
location of §1™%* in the top coat is sensitive to sev-
eral parameters. It also shows that S1™%* occurs ei-
ther along the axis of symmetry or along the inter-
face. Hence the location of the S1™** is character-
ized by its normal distance from the interface (v).
A representative set of the sensitivity analyses re-
sults for S1™#* magnitude are summarized in Figs.
5(a)-5(c), where the normalized S1™** is plotted as
a function of the normalized geometric, material,
and loading parameters, respectively. The §17&*
for each plot is normalized by S1§**, the maximum
among all reported results in that plot. Each pa-
rameter is normalized with its maximum value con-
sidered in this work. S1™#* is found to be insensi-
tive to any increase in the top coat thickness ¢ or the
bond coat thickness b beyond the nominal values (b
=60 pm and ¢ = 100 um) selected. Figure 5a shows
that principal stress decreases exponentially with
increasing undulation wavelength W and asymp-
totically approaches zero. This is confirmed by the
fact that an undulation with infinite wavelength cor-
responds to a flat interface, for which the S1™*
principal stress is zero. For increasing amplitude A,
there is first an increase in the principle stress and
then exponential decay. Finally, the principal stress
increases nonlinearly with the TGO thickness & and
with quasi-stabilization at high thickness values.

Figure 5b shows that S1™** increases linearly
with the top coat and TGO modulus, with the TGO
modulus having a steeper increase. The principal
stress decreases almost linearly with an increase in
the thermal expansion coefficient of the TGO. How-
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FIGURE 5. Plots showing top coat principal stress sensitivity to (a) geometric parameters (normalizing values of
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6 pm, Amax _
of EEES = 400 GPa, E

363.20 MPa)

ever, increasing the thermal expansion coefficient of
the top coat first decreases the principal stress and
then causes rapid increase.

Figure 5c shows that the increase in peak temper-
ature of the thermal cycle almost linearly increases
the principal stress. For a higher values, the dura-
tion of the cooling and holding do not influence the
principal stress. However, significant decreases in

25 pm, W™ =120 pm, and S1§** = 604 MPa), (b} material parameters (normalizing values
ETE* = 220 GPa, aF&* = 12e-6, aT&5 = 8e-6, and S1T%* = 167.16 MPa), and (c) thermal load
cycle parameters (normahzmg values of s7'** = 40 min, s7** = 40 min, s§"** = 40 min,

max

peak = 1200°C, and S15** =

the cooling and holding durations can increase the
principal stress significantly.

Parametric sensitivities of normal distance (v) of
the §1™2* Jocation from the interface are summa-
rized in Figs. 6(a)-6(c), where the normalized v is
plotted as a function of the normalized geometric,
material, and loading parameters. The v for each
case are normalized with respect to the correspond-
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ing maximum value of normal distance vg, and each
parameter is normalized with respect to its maxi-
mum value reported in the figure captions. Fig-
ure 6a shows that increasing TGO thickness reduces
the normal distance (v) of S1™2* from the interface.
An increase in wavelength first reduces v before
sharply increasing it. The variation in v due to in-
Crease in amplitude is parabolic, with v increasing

from zero, reaching a peak, and then reducing back
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FIGURE 6. Plots showing sensitivity of the location of principal stress to (a) geometric parameters (normalizing
values of A™* = 6 um, A™* = 25 um, W™ = 120 pm,

and vo = 15.22 pm), (b) material parameters (normalizing

values of EF&% = 400 GPa, ETE* = 220 GPa, aR&* = 12e-6, &% = 8e-6, and vo = 32.53 pum), and (¢) thermal load cycle
parameters (normalizing values of s7** = 40 min, s7'** = 40 min, s7** = 40 min, Tje3k = 1200°C, and v = 20.18 um)

to zero. However, it should be noted that for these
simulations, reduction of v to zero resulted from the
S§1™2* Jocation moving to a different location along
the interface and not just returning to the initial lo-
cation.

Figure 6b shows that for their range of variation,
the moduli of TGO and top coat do not influence
the location v. An increase in TGO thermal expan-
sion coefficient increases v exponentially. The rela-
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tionship between v and at¢ is parabolic. Figure 6¢
shows that the location of §1™2 is insensitive to any
increase in duration of heating, cooling, and hold-
ing time beyond 10 min. Furthermore, there is little
change for a considerable increase in peak tempera-
ture.

4.2 Parametric Domain Map for Damage
Initiation in the Top Coat

The sensitivity analyses show that the maximum of
the first principal stress (51™2%) magnitude as well
as its normal distance from the interface (v) is very
sensitive to several parameters. Owing to the highly
nonlinear response that results from bond coat creep
and cyclic loading, closed form parametric equa-
tions to predict failure are infeasible. Instead, a
domain-partitioning map of the critical geometric
parameters is developed as a tool to predict TBC
failure.

From the sensitivity analyses, TGO thickness and
undulation geometry are found to emerge as ge-
ometric parameters that have the most effect on
damage. The multidimensional parametric space
spanned by the parameters h, 4, and W is char-
acterized to predict failure. In this work, a novel
reduced-order parametric space is introduced that
can effectively represent the multiparameter depen-
dence of damage initiation. Two nondimensional
parameters (U, &) are uniquely defined from sensi-
tivity and dimensional analysis for this representa-
tion as

2
(#)°

where A is the TGO thickness, A is the undulation
amplitude, W is the undulation wavelength, and
ho = 1 pym. Partitioning of the two-dimensional
(b, &) domain delineates regions of different dam-
age characteristics. Three distinct domains, viz.
safe, fail, and subsafe subdomains, are introduced.
The safe domain corresponds to the geometries for
which no crack will be initiated in the top coat. The
fail domain contains those geometries for which in-
terfacial cracks will initiate. The subsafe domain
corresponds to geometries for which cracks will ini-
tiate away from the interface and further loading
will determine if they will propagate toward the
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interface. The boundaries of the three distinct do-
mains are delineated by critical nondimensional pa-
rameters Y. and ., and the domains are expressed
as

Fail domain: V>P&E>E,
Subsafe domain: ¥ > P, & & < &,
Safe domain: P <P

(18)

The critical values (., &.) are evaluated in the fol-
lowing steps:

1. Conduct simulations for various combinations
of parameters and designate each parametric
combination as fail, safe, or subsafe based on
results of crack initiation.

2. Determine the corresponding parameters (1, &)
from Eq. (17). The critical values P, and &, are
identified as those that correspond to the tran-
sition between the different fail-safe domains,
as shown in Fig. 7.

The critical coordinates defining the par-
tition boundaries are determined to be
V. =20e-2and & = 4.8. It should be noted that
this domain delineation is done for Erc = 200GPa

i
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FIGURE 7. Plot showing the domain map of the para-
metric space delineating TBC designs into safe, subsafe,
and fail combinations based on two unique combinations
of parameters \ and ¢,
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and Ergo = 400 GPa. The complete dependence of
these domains on Er¢ and Ergo will be explored
in a future article.

4.3 Sensitivity Analysis for Crack Propagation
within the Top Coat

For the domain map, the safe configurations that do
not initiate cracks and the fail configurations that
initiate cracks at the interface are readily identified.
However, the occurrences of subsafe configurations
require additional analysis for further subdivision
into safe and fail. Since the maximum principal
stress axis is always parallel to the axis of symme-
try, a horizontal crack path is selected for all sub-
safe geometries and is laced with hysteretic cohe-
sive elements. The crack is allowed to propagate
with cyclic thermal loading while monitoring the
incremental direction of propagation. As discussed
in Section 2.2.2, the analysis is terminated when the
incremental direction of crack propagation (xg) ex-
ceeds 0.1% of the critical angle («.).

The cracks that deviate away from the interface
(xp > 0) at the termination of the analysis are un-
likely to cause interfacial delamination and are thus
reclassified as safe. Configurations that propagate
cracks toward the interface (g < 0) could reach
the interface and become fail or could arrest and be-
come safe. Given the complexity of the cracks prop-
agating toward the interface, the present focus is on
cracks that are repelled away from the interface.

A parametric investigation of the sensitivity of
the incremental direction with geometric parame-
ters including (1) h, thickness of the TGO; (2) 4,
amplitude of the sinusoidal undulation; and (3) W,
wavelength of the undulation. Figure 8 shows the
relationship between crack propagation direction
(ctg) normalized by its maximum value and normal-
ized geometric parameters. Each parameter is nor-
malized with the maximum value given in the fig-
ure caption. Figures 8 shows that increase in TGO
thickness (h) decreases the incremental angle (o),
which promotes potentially critical cracks that are
attracted toward the interface. An increase in undu-
lation amplitude (A) or wavelength (W) is likely to
suppress critical cracks as they promote repulsion of
cracks away from the interface.

The functional dependence of crack deflection on
geometric parameters is formalized using the fol-
lowing dimensionless parametric expression (:
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where A is the undulation amplitude, W is the un-
dulation wavelength, and A is the TGO thickness;
ho = 5pm and Ag = 10um. Sensitivity studies
show that for the subsafe parametric combinations
for which ¢ < (., the cracks are repelled away from
interface and are deemed safe. The critical value,
L, is determined from the sensitivity data to be
2.32. Similar to the domain map, this delineation
of safe geometries is done for Eyc = 200GPa and
Ergo = 400GPa. This parametric expression  can
be used in combination with domain maps for selec-
tion of safer TBC designs.

19)

5. COMPARISON OF NUMERICAL PREDICTION
WITH EXPERIMENTS

As a final step, the experimental observations of top
coat failure are reported in the literature [2,6] are
compared with the domain map prediction as well
as finite element simulations. Two cases are con-
sidered for which geometric parameters and crack
trajectories are obtained from SEM micrographs, as
follows:

a. A=10 ym, W =40 um, and h = 3 um, with
a crack initiating at v ~ 9 um and propagat-
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ing horizontally for ~14 um before deviating
sharply toward the interface and leading to de-
lamination (Fig. 8(b) in [2]).

b. A =10 um, W = 30 um, and h = 3 um, with
a crack initiating at v ~ 5.5 um and propagat-
ing horizontally for ~7.5 pm before deviating
toward the interface and penetrating the TGO
layer (Fig. 7(c) in [7]).

For both cases of 4, W, and h parameter combina-
tions in the two situations described above, Eq. (18)
predicts the TBC to be in the subsafe domain. This
is in agreement with the experimentally observed
crack initiation away from the interface.

The finite element simulations with nominal
values for material and cohesive parameters (i.e.,
ETGO = 400GP&, ETC = 200 GPa, and Omax —
287MPa) yield the following crack trajectories for
the corresponding cases described above:

a. The crack initiates at v = 9.8 um from the in-
terface and propagates horizontally for 15 um
before the first directional update.

b. The crack initiates at v = 6.38 pum from the in-
terface and propagates horizontally for 8.75 um
before the first directional update.

In both cases, the cracks deviate toward the inter-
face, indicating a possibly critical crack. The finite
element simulations of crack initiation and propa-
gation agree very well with the experimentally ob-
served crack trajectories. This implies that the mod-
eling framework employed to develop the domain
map is capable of accurately predicting crack trajec-
tories.

6. CONCLUSIONS

In this article, failure characteristics of elastic top
coats for TBCs are investigated using a finite ele-
ment model. The evolution of maximum princi-
pal stress determines the onset of top coat crack-
ing. Some of these cracks are postulated to sub-
sequently lead to delamination of the interface be-
tween the top coat and the TGO. A hysteretic cohe-
sive zone model is employed to study crack prop-
agation within the top coat. The materials and ge-
ometries in the study are chosen to be representative
of TBC materials in real applications. The contribu-
tion of geometric parameters to crack initiation is es-
timated, and a multidimensional parametric space
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is represented as a reduced-order two-dimensional
parametric domain map for crack initiation in terms
of the parameters. The reduced-order domain map
is constructed by collecting the relevant parame-
ters into two unique variables that span the two-
dimensional domain. This domain classifies the de-
sign space as fail, safe, and subsafe for crack initia-
tion.

The direction of crack propagation for TBC de-
signs identified as subsafe is also investigated. The
crack propagation is assumed to be in the direction
that maximizes the cohesive energy based on the
criterion proposed by Li and Ghosh [16]. Since in-
terfacial delamination is ultimately responsible for
TBC failure, designs that attract the crack toward
the interface are deemed fail, and those repelling it
are deemed safe. The potentially safer combinations
within the subsafe domain are identified by a third
dimensionless expression within the domain map.
However, this domain map is limited to specific ma-
terial properties of the constituent layers, and ex-
plicit dependence on material parameters will be es-
tablished in a subsequent articles.

The article concludes with finite element simu-
lations of two representative failure scenarios from
the literature. The geometry and material properties
for these cases are obtained from the literature, and
nominal material properties are selected for simu-
lations. The parametric domain map predictions
for criticality of crack initiation and propagation are
found to be in good agreement with experimental
observations. Furthermore, finite element simula-
tions of the propagation also compare well with the
experimentally observed crack trajectories.

Despite establishing parametric criteria to deter-
mine initiation of microcracks in the top coat, the
present study is limited to establishing the critical
direction of crack propagation. However, cracks
that tend to propagate toward the interface do not
ensure interfacial delamination since the crack may
arrest before actually reaching the interface. Thus
the proposed domain maps provide a conservative
estimate of safer TBC designs. Parametric investiga-
tions accounting for other factors like rate of crack
propagation can reduce the conservativeness and
are the subject of future work.
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