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The tensile bond strength of thermal barrier coatings (TBCs) is an important criterion in evaluating the quality of
coatings, which depends significantly on the coatings' complex microstructures. In the current study, a three-
dimensional (3D) microscopic structural model reflecting the actual interface morphology and pore distribution
of TBCs is built using microcomputer tomography (micro-CT). The model is then applied to investigate the 3D
spatial evolution processes of damage and failure under uniaxial tension using FE techniques. To validate the
numerical simulation results, the tensile responses of the TBCs are measured and a follow-up quantitative de-
scription of the tensile fracture morphology is obtained with a 3D surface profiler. The simulation results are in
good agreement with the experimental data. Our simulation results show that the local stress concentration in-
duces two types of crack sources located either at the top coat (TC)/bond coat (BC) interface or along the pore
boundaries; as the load increases, only the microcracks at the interface amalgamate and begin to form a primary
crack; then the primary crack propagates rapidly horizontally along the interface, eventually inducing an undu-
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1. Introduction

Thermal barrier coatings (TBCs) applied by atmospheric plasma
spraying (APS) are widely used for hot-section blades in gas turbine
engines [ 1-3]. Such coatings can provide protection for the metallic sub-
strate, which results in an improved component durability [4-6].
Increased efficiency can be achieved by allowing an increase of the
turbine inlet temperatures. APS TBCs comprise metal and ceramic
multilayers. The ceramic layer, normally yttria-stabilized zirconia
(YSZ), is used as a top coat (TC) and it provides thermal insulation,
whereas the metal layer, called the bond coat (BC), is typically made
from an MCrAlY alloy (where M stands for Fe, Ni, Co, or a combination
of these elements). The BC provides adherence for the ceramic TC [7].

As we all know, the service life of TBCs is typically limited by spall-
ation and delamination of the ceramic coatings [8]. For the past few
years, many different types of failure modes leading to TBC spallation
have been studied in laboratory experiments, and the most commonly
used testing methods are tension [9-11] and bending tests [12,13].
These studies emphasize that the delamination failure of top coats
normally results from the initiation and propagation of cracks either at
the bottom of the TC layer or near the TC/BC interface, which severely
limits the application of TBCs [14]. However, it is difficult to track or
observe the crack propagation processes in real-time using the current
experimental techniques. Therefore, to have a better understanding of
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the intrinsic failure mechanisms in TBC systems, numerical simulation
methods with a variety of finite element models have been developed
[15]. In most of the earlier works, a two-dimensional (2D) or three-
dimensional (3D) sinusoidal wave profile has been chosen as a simplifi-
cation to represent the TBC interface [16-26]. A crack propagation
model was proposed by Ranjbar et al. [16] and Bialas [17] to analyze
the stress distribution in TBCs using a 2D wave profile to represent the
TC/BC interface. Ranjbar used both uniform and non-uniform ampli-
tudes to represent the wave profile and an inhomogeneous top coat
layer with an artificial lamellar structure. It was concluded that the
cracking depends mainly on the interface morphology. Failure mecha-
nisms were analyzed by Evans [20] with the help of a 2D finite element
model representing the interface as a sine wave profile. Similarly, lifetime
prediction models were made by Vassen et al. [21], Shen et al. [22], and
He et al. [23] based on the growth of delamination cracks using a 2D
sine wave profile to model the interface. Recently, Jinnestrand et al. [24]
developed a model using a 3D sine wave profile to represent the interface
to analyze the stress distribution.

However, a simplified roughness profile might not lead to precise
predictions as it does not incorporate the actual complex surface topog-
raphy created by plasma spraying. An attempt was made by Shen [7]
and Bolelli [27] to overcome this limitation by generating a finite ele-
ment geometric model of TBCs based on an actual 2D microstructural
image. Using this method, damage accumulation and microcrack
growth were clearly observed during the simulation. However, no addi-
tional 3D information of the microstructure and the failure mechanisms
could be obtained because of the 2D modeling method. Gupta [28]
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Table 1
Basic operating parameters of plasma spraying.

Primary gas, Ar (SCFH) Secondary gas, H, (SCFH)

Carrier gas, Ar (SCFH)

Electric current (A) Powder rate (RPM) Spraying distance (mm)

Bond coat 120 20 10
Top coat 75 45 8

700 2 75
850 5 75

represented the 3D TC/BC interface successfully by using actual BC sur-
face topographies scanned with a white-light interferometry technique
before spraying the top coat layer. However, the representation of pores
and microcracks with irregular shapes and distributions, which influence
the mechanical behavior of the coatings dramatically, cannot be taken
into account in this method [29,30]. In this case, some new approaches
were developed to relate 3D pores and crack interconnections [31-34].
In Amsellem's study [32], for example, X-ray micro-tomography (XMT)
was performed at the European Synchrotron Radiation Facility (ESRF)
using beamline ID19 (a high-resolution diffraction topography beamline)
to reconstruct the microstructures of plasma-sprayed alumina.
However, up to the present time, existing models are not yet suffi-
ciently mature to allow reliable prediction of the tensile bond strength
of TBCs. In this study, a 3D microscopic structural model of TBCs that
reflects the actual interface morphology and pore distribution was
built using common laboratory microcomputer tomography (micro-
CT) for the first time. This method is helpful for characterizing tension
delamination properties and for revealing the failure mechanisms in
TBC systems. The crack initiation and propagation path in 3D space
were taken into account and the modeling results, including tensile
bond strength and fracture surface morphology, were investigated and
quantitatively compared with the observed experimental results.

2. Experimental methods and characterization
2.1. Materials and specimen

The thermal barrier coatings investigated in this study were a
ceramic/metal bilayer system prepared using a Praxair SG-100 plasma
spray gun (Praxair Inc., Danbury, Connecticut, USA), and the basic oper-
ating parameters used for deposition of the coatings are listed in Table 1.
Prior to spraying, the surface of GH4169 superalloy substrates with
thicknesses of 10 mm and diameters of 25 mm were cleaned with alcohol
and then NiCoCrAlY bond coats (CO-210 alloy powder, Praxair Inc., USA)
with thicknesses of 100 um were plasma-sprayed onto the substrate
surfaces. Subsequently, nanostructured ceramic top coats produced
using 8 wt.% yttria-stabilized zirconia powder were applied on the bond
coats with an 8 mm nozzle. The thicknesses of the top coat layer were
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Fig. 1. SEM image of the cross-sectional microstructures of a TBC.

approximately 150 to 160 um. Fig. 1 shows a typical scanning electron
microscope (SEM) image of the cross-sectional microstructures of a TBC
for the coating porosity measurement; the white box shows the area
used for statistical analysis. In this study, a total of 20 random SEM images
from four different specimens were employed, and the average final po-
rosity for the TBCs was 9.4 £ 0.1%.

2.2. Tension delamination experiment

One of the simplest and most widely used methods to determine the
bond strength of an interface is the tension delamination experiment. The
specimens for such an experiment are bonded on both sides onto steel
tension bars using a commercial epoxy (Araldite AW106/HV953). The
specimens are then cured at 150 °C for 20 min. A schematic of a specimen
prepared in this manner is shown in Fig. 2. According to the Chinese
National Standard GB/T 8642-2002, the tensile bond strength, Ry is calcu-
lated by Eq. (1):

Ry=—o (1

where Fy, is the maximum loading force; S is the cross-sectional area of
TBC specimen.

Ten TBC specimens were tested in this study and their responses
were reasonably consistent. Ten TBC specimens were tested in this

Tension bar

Top coat
=30 150~160 pm

Bond coat

=100 pm

Superalloy substrate

Fig. 2. Schematic of the tension specimen with dimensions.
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Fig. 3. Tensile bond strengths from ten tension experiments.

study and their responses were reasonably consistent, as shown in
Fig. 3. The average tensile bond strength of the TBCs was found to be
44.78 MPa.

Fig. 4 shows the tension fracture surface of a TBC specimen obtained
after the tension experiment, where both the exposed bond coat and
the adherent top coat are clearly visible. It is apparent that the fracture
path undulates and that it is always near or at the TC/BC interface.

3. Finite element modeling and simulation methods

To understand and explain the experiment results and the underlying
failure mechanisms in the TBC system, finite element (FE) numerical
simulations were performed using a 3D model based on the actual micro-
structures of the plasma-sprayed TBCs in order to simulate crack propa-
gation during the tension experiment.

s et

3.1. 3D finite element model based on the microstructures of TBCs

3.1.1. X-ray tomography and 3D reconstruction

One of the most novel methods for building a 3D model by accurately
capturing actual microstructures is micro-CT, which is based on X-ray
tomography. In X-ray tomography, an X-ray beam is directed onto a
sample and the transmitted beam is recorded onto a detector. The
resulting image is the projection of a volume in a 2D plane. In this
study, however, considering the X-ray transmission capability for
micro-CT and the high density of ceramic and bond coats, a small cylin-
drical TBC sample with dimensions of 0.5 mm x 1 mm was employed
to characterize the microstructures. To prepare such a sample, atmo-
spheric plasma was sprayed onto a prefabricated stepped substrate
sample using the same operating parameters listed in Table 1. The
final scanning sample was obtained by cutting off the bottom cylinder,
as shown in Fig. 5.

Subsequently, the small cylindrical TBC sample was scanned using a
high-resolution desktop micro-CT (Sky-Scan 1172) system [35]. A colli-
mated X-ray beam (81 kV and 124 pA) penetrated the sample and the
transmitted X-rays were collected using a charge-coupled device
(CCD)-based detector. Tomography was carried out with a high voxel
definition, i.e., 1.49 x 1.49 x 1.49 pym. In this study, 281 transmission
X-ray images were obtained while rotating the sample between 0°
and 180°, which were then converted into slice images with different
directions through the software NRecon. Subsequently, 170 high-
resolution slice images of the regions of interest (ROI, 100 x 100 pm)
in the z-direction (see Fig. 6) were reconstructed into a 3D image
model (100 x 100 x 253 um) by the Simpleware commercial package
[36], which offers an extensive selection of image-processing tools to
assist the user in visualizing and segmenting ROIs [37]. Fig. 6 shows a
schematic of the TBC 3D model specification. It can be seen that pores
and defects with irregular shapes and distributions exist inside the ce-
ramic layer or at the TC/BC interface, which is similar to the microstruc-
ture detected by SEM. It should be mentioned, however, that due to the
limited resolution of transmission X-ray images, interfaces between
ceramic lamellae cannot be identified, and they were ignored in our
simulation. Fortunately, the effects of the particle interfaces on the

Top coat

Tension fracture surface

Bond coat

Superalloy substrate

Adherent top coat

/
Exposed bond coat

Fig. 4. Tension fracture surface of the specimen.
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Fig. 5. Preparation of the small cylindrical sample for X-ray tomography.

stresses and crack propagation are negligible. For example, Wang [38]
and Han [39] ignored the particle interfaces inside the top coat and suc-
cessfully predicted the micromechanical and thermal response behavior
of an actual coating. According to the statistical results of pore volume
inside the top coat, the porosity of the ceramic coating for the TBC FE
model was calculated to be 9.48%, which is consistent with the value ob-
tained by SEM image analysis given in Section 2.1.

3.1.2. Mesh generation

The image model was then imported to the ScanFE module, which
provides a robust approach for converting 3D image data into a volu-
metric mesh. In this study, solid elements were used and a 3D finite
element model with mixed tetrahedral/hexahedral meshes was gener-
ated. A characteristic of such meshing is that it is highly dense and
smooth at the interfaces, which allows us to outline the pore boundaries
and the TC/BC interface morphology precisely, as shown in Fig. 7. Nodes

at the interface are shared with both the top coat and bond coat. In this
case, the final model contained 807,480 tetrahedral elements and
612,393 hexahedral elements. The built FE model was then exported
to the ANSYS LS-DYNA software for numerical analysis.

3.2. Boundary and loading conditions and material properties

Because the residual stresses in TBCs induced by plasma spraying are
known to be only on the order of 3-5 MPa [19,40], the TBCs were con-
sidered to be stress-free at the beginning of the tension experiment.
To obtain the tensile bond strength of the TBCs along the spraying direc-
tion, a changing stress condition was applied on plane z = H in the
z-direction by prescribing the quasi-static normal stress o with a con-
stant rate of 1 MPa/s, as shown in Fig. 7. In addition, the displacements
of nodes on plane z = 0 were fixed. The nodes on plane x = 0 were free
to displace in the plane, but they were all constrained to have the same

Transmission X-ray images

Sample st -
ample siage at different angles

Simpleware

Pores inside the ceramic layer

253m

700///}7

100 pm

TBC 3D image model

<

R °
Reconstruction °

Slice images with different directions

Segmentation
Smoothing

170 pieces

7
Y, 100pm

Slice images in ROI

Fig. 6. Schematic of the TBC 3D model specification.
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Fig. 7. 3D finite element model and the external tensile stress curve.

normal displacement “u” during the deformation in order to maintain a
flat surface. The nodes on planes x = L,y = 0,y = W were defined in a
similar way, as shown in the following Egs. (1)-(4), respectively.

u(0,y,2) = u(0,,,0,,,0) 2)
u(L,y,z) = u(L,0,,,0) 3)
v(x,0,2) = (0,,,0,,,0) (4)
v(x, W,z) = v(0,W,0) (5)

where L, W, and H are the length, width, and height of the model, re-
spectively; v is the displacement in the y-direction.

In our simulation, a linear elastic model was used to characterize the
brittle behavior of YSZ (top coat) and the maximum tensile stress was
defined as the failure criterion. The failure value was measured by our
research group using the uniaxial compression Brazilian test, which is
generally employed to acquire the tensile strength of the brittle mate-
rials indirectly [41]. The test method details can be found in the litera-
ture [7]. An elastic-plastic model was chosen to model NiCoCrAlY
(bond coat). The properties of the two materials are listed in Table 2.
During the simulation, the element that satisfied the failure criterion
was deleted immediately from the model so the crack initiation and
propagation of the TBCs would be observable.

4. Results and discussion
4.1. Comparative analysis of experimental and simulation results
4.1.1. Tensile bond strength
In FE analysis, the internal energy of the model due to the elastic—

plastic deformation of the elements can be recorded. Fig. 8 shows the in-
ternal energy versus time curve of the whole 3D FE model, together

Table 2
Material properties used in the model.

Young's modulus Poisson's Yield stress Failure stress
E (GPa) ratio v oy (MPa) or (MPa)
Top coat 80 0.26 - 215

Bond coat 200 0.30 426 -

with those of the individual top coat and bond coat throughout the
entire process of uniaxial tension. It should be clear that elastic deforma-
tion of the top coat accounts for most of the energy absorption, about
73% of the whole model. After the internal energy of the whole model
reaches its peak value at t = 44.4 s, it decreases rapidly because many
elements of the TC layer have been deleted, and thus the stored internal
energy of the failed elements is released. The external tensile stress at
the time of 44.4 s (see Fig. 7) corresponding to the peak energy was
chosen as the tensile bond strength of the TBC, i.e., 44.4 MPa, which is
in good agreement with the statistical experimental result (44.78 MPa)
reported in Section 2.2.

4.1.2. Tensile fracture morphology

A macroscopic visual inspection of the tension fracture surface of
the TBC specimen (see Fig. 4) reveals that the fracture path is near or
at the TC/BC interface, resulting in an undulating fracture morpholo-
gy. However, a more detailed description of the tensile fracture mor-
phology was obtained with a MicroXAM-100 Optical Surface Profiler
(Profilometer), where quantitative parameters that characterize the
topography of the fracture surface can also be obtained. The geomet-
rical shape of a selected section of the tested fracture surface

27.5

25.0 ] Peak energy att=44.4s «&-:--

v

Tensile bond strength=44.4 MPa

22.5
20.0
17.5 1

—#— The whole model
—&— Top coat (TC)
—&— Bond coat (BC)

15.0
12.5

10.0
7.5
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5.0

Tttt

2.5 +
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Fig. 8. Internal energy-time curve of the whole model and the individual top coat and bond
coat.
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(b)

Exposed bond coat
Adherent top coat

35.26um

30.22

Fig. 9. Fracture morphology obtained by an optical profilograph: (a) 2D isometric image and (b) 3D topographical map.

Tension fracture surface

The highest point
Exposed bond coat

Y E H
b x .

Adherent top coat
Fig. 10. 3D geometric morphology of the tension fracture surface.

(300.0 x 243.1 um) is represented by a 2D isometric image and a 3D to- exposed bond coat, whereas the concave areas (labeled as “B”) corre-
pographical map, as shown in Fig. 9(a) and (b), respectively. The results spond to the adherent top coat, and the difference in height between
show that the convex sections (labeled as “A”) correspond to the them is approximately 20-35 pm.

Crack Source I:
Microcracks at the TC/BC interface

.

Crack Source 1l

~
N

l\
Crack Source |

I Bond coat

Y I Failed elements

X

Fig. 11. The damage picture of the top coat at t = 40.0 s. Crack Source I: microcracks at the TC/BC interface.
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Crack Source II: Microcracks along the pore boundaries

Slice D
Slice C
Slice B
Slice A

4
L:Y
X

s Top coat
I Bond coat
I Failed elements

Fig. 12. Damage picture of the top coat at t = 40.0 s. Crack Source II: microcracks along the pore boundaries.

Similarly, simulation results for the TBC FE model, which character-
izes the 3D geometric morphology of the fracture surface together with
an additional scale, are presented in Fig. 10, and the distance between
the lowest and the highest point of the fracture surface is 24.5 pm,
which is in good agreement with the available experimental data.
From the overhead view of the tension fracture surface, one can con-
clude that crack propagation occurs both within the ceramic layer and
at the TC/BC interface. The exposed bond coat and the adherent top
coat show a perfect match with the observed experimental results
shown in Fig. 4. Therefore, the methodology developed in our present
work is reliable for studying the tension delamination properties and
the failure mechanisms in TBC systems.

4.2. Coating delamination and failure analysis

This section discusses the underlying mechanisms of crack initiation,
crack propagation, and final spallation of TBC subjected to a uniaxial
tensile load.

4.2.1. nitiation of multiple crack sources

Fig. 11 shows the damage stereogram of the top coat at t = 40.0s.In
order to observe the internal 3D spatial distribution of the crack sources
more intuitively, the non-failure elements of the top coat are deliberately
hidden; only the bond coat and the failed elements of the top coat are
displayed and portrayed in different colors. It is evident that several
microcracks appear simultaneously at the TC/BC interface (Crack Source
1) or inside the top coat (Crack Source II).

Nevertheless, it seems that the distribution of the microcracks inside
the top coat (Crack Source II) is random and even. For further study,
slices perpendicular to the z-axis (marked as “A”, “B”, “C”, and “D") are
taken from the model to observe the exact location of the microcracks
(Fig. 12). The partial enlargements show that these failed elements are
located just along the pore boundaries. Fig. 13 shows the first principal
stress contour of the 3D FE model at t = 30.0 s. It is found that stress
concentration mainly occurs at the TC/BC interface or along the pore
boundaries, which are generally regarded as weak regions of the coat-
ings. Obviously, it is the local, relatively high, concentrated stress that
leads to the failure of the elements of the top coat, thus inducing the de-
velopment of multiple crack sources.

4.2.2. Evolution of the primary crack

The formation and propagation of the primary crack inside the top
coat are shown in Fig. 14. At time t = 44.4 s from initial application of
the load, the generated microcracks at the TC/BC interface [labeled as
“I”, “II”, “IlI”, and “IV”, see Fig. 14(a)] propagate, amalgamate, and
begin to form a primary crack, as shown in Fig. 14(b). This moment

corresponds to the peak value of internal energy shown in Fig. 8. The
inset in Fig. 14(b) displays the first principle stress vectors at the crack
tip; tensile stress in the z-direction can be seen very clearly. As a result,
the primary crack propagates horizontally inside the top coat along the
interface direction, that is, normal to the vertical tensile stress. The spe-
cific crack propagation path is illustrated in Fig. 14(c).

As the applied load continues to increase, the primary crack propa-
gates rapidly until the final spallation of the TBC. It is noted that at the
later stage of loading, the primary crack will terminate at a TC/BC inter-
face where the bond coat is an obvious convex above the surrounding
surface. In this case, the crack prefers to propagate around the convex
bond coat, as illustrated in Fig. 15, thus eventually inducing an undulat-
ing fracture morphology.

5. Conclusions
In this study, a 3D microscopic structural model reflecting the actual

interface morphology and pore distribution of TBCs was built using
micro-CT for the first time. The model was then applied to investigate

First Principle Stress

(MPa) 120
108 :I

96 -
84 =
. ”x
* Stress concentration 60 -
along the pore boundaries 48

Stress concentration
at the TC/BC interface

Y
X

Fig. 13. The first principal stress contour of the FE model at t = 30.0 s.
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Fig. 14. Initiation and propagation of the primary crack: (a) microcracks at the TC/BC interface, (b) formation of the primary crack, and (c) propagation of the primary crack.

----4 Cracks terminate at TC/BC interface
—— Cracks propagate round a convex

t=45.6s

t=46.2s

Fig. 15. Further propagation of the primary crack.

the 3D spatial evolution processes of damage and failure under uniaxial
tension using FE techniques. To validate the numerical simulation
results, the tensile responses of the TBCs were measured and a follow-
up quantitative description of the tensile fracture morphology was
obtained with a 3D surface profiler. The simulation results were in
good agreement with the experimental data. The crack initiation and
propagation path in 3D space was clearly observed and some compel-
ling conclusions are drawn:

(1) In the earlier stage of loading, local stress concentration induces
two types of crack sources located either at the TC/BC interface
or along the pore boundaries.

(2) With the increase of load, only the crack sources at the interface
amalgamate and begin to form a primary crack. This moment
corresponds to the time of the peak value of the internal energy
curve.

(3) The primary crack propagates mainly along the TC/BC interface
direction, i.e., normal to the vertical tensile stress at the crack tip.

(4) At the later stage of loading, the primary crack terminates at the
TC/BC interface and propagates around the convex bond coat
until the final spallation of TBC.
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