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Effects of TGO Roughness on Indentation Response of
Thermal Barrier Coatings

Taotao Hu' and Shengping Shen'>

Abstract: In this paper, an axisymmetric indentation model is set up to calculate
the effects of the roughness of the thermally grown oxide (TGO) layer, which was
modeled as a sinusoidal wave, on the indentation response of the thermal barrier
coatings. It is found that the amplitude, wavelength, and thickness of the thermally
grown oxide layer have obvious influences on the indentation response, while the
effect of the indenter position can be neglected. In the top coating layer, resid-
ual stress mainly occurs below the indenter and around the nearest two peaks of
the thermally grown oxide layer to the indenter. Only when the indentation depth
is less than 10% of the thickness of the top coating layer, the influence of TGO
roughness on the force versus displacement curves of the indentation can be ig-
nored. Correlating this work with the experimental data from indentation test may
lead to improved characterization of the mechanical properties of TBC systems.

Keywords: Thermal barrier coating; Thermally grown oxide; Indentation; Finite
element analysis

1 Introduction

Thermal barrier coating (TBC) systems have been widely used in modern jet en-
gines and gas turbines. They can protect structural materials and allow for hot gas
temperatures to increase the efficiency of the engine. TBC can decrease the tem-
perature of the metallic substrate by about 100-150 °C (Vaidyanathan et al., 2004;
Thompson and Clyne, 2001; Schlichting et al., 2003) when they are applied to tur-
bine blades made of nickel base superalloy. Hence, it is important to investigate the
mechanical behaviors of the thermal barrier coatings.

The indentation test has been the standard method for material characterization.
The load-displacement curve of the indentation test is regarded as the "fingerprint"
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of a material, from which one can obtain the intrinsic material information. More-
over, it is convenient to perform and does not need to remove films from their
substrates. Indentation test provides a convenient nondestructive experimental pro-
cedure for evaluating basic material properties of the thin film/substrate systems
(Nix, 1989). However, in general, the indentation itself only furnishes informa-
tion on hardness and Young’s modulus. Furthermore, the films are supported by
the substrates, thus, substrate-independent measurements of thin-film properties
are complicated because of the small thickness of film, the complex deformation
of the film/substrate system, and the measuring resolution of the instrument. On
the other hand, the finite element method provides a numerical method to investi-
gate complicated indentation problems. Correlation of the finite element analysis
with the experimental data from indentation test may bring on improved character-
ization of the mechanical properties of thin films and multi-layer systems. Oliver
and Pharr (1992) developed an improved technique for determining hardness and
elastic-modulus by means of indentation experiments. Nix and Gao (1998) ana-
lyzed the indentation size effects in crystalline materials by employing the strain
gradient plasticity. Huang and Pelegri (2003) investigated the nanoindentation re-
sponse of low-k porous silica thin films spin coated on silicon substrates. Huang
and Pelegri (2007) also employed the finite element method to analyze the nanoin-
dentation with friction contact at the film/substrate interface. Guo et al. (2006)
studied the effects of the substrate on the indentation of the coating systems by
using finite element method. Up to now, most of the finite element simulations
on the indentation of the multi-layer systems assume that the interface is a plane.
However, in TBC and many other multi-layer systems, the interfaces actually are
very complicated, and not planar. For examples, during operation, a thin thermally
grown oxide (TGO) layer in TBC is formed, which is usually rough. Moreover, it
is well known that the TGO layer acts crucial role in TBC systems, and controls the
TBC behavior (Rabiei and Evans, 2000; He et al., 2003). Although TBC fails in
several different ways, the mechanisms of greatest concern are those that intimately
involve the growth of the TGO (Rabiei and Evans, 2000; He et al., 2003). Hence,
in order to improve the characterization of the mechanical properties of TBC sys-
tems, it is necessary to investigate the effects of the roughness of TGO layer on the
indentation response of the TBC systems by using finite element analysis, which
can be correlated with the experimental data of the indentation test.

The thermally grown oxide layer is usually modeled as a sinusoidal wave (Safar et
al., 2002; Aktaa et al., 2005), which can be characterized by its amplitude, wave-
length, and thickness. This paper focuses on the effects of the TGO roughness
including its amplitude, wavelength, and thickness on the indentation response of
thermal barrier coatings by using finite element analysis. The effect of the indenter
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position on the indentation response is also investigated.

2 Indentation model

As shown in Fig. 1, the indenter is conical with semi-conical angle 70.3°. The in-
dentation test using a conical indenter is a typically axisymmetric problem, which
is solved by using ABAQUS (Hibbitt, 2005) in this work. The axisymmetric inden-
tation model including the boundary conditions and aspect parameters are depicted
in Fig. 1. The TBC system considered here consists of three layers, the top coat-
ings (TC), the bonding coatings (BC) and the superalloy substrate. During opera-
tion, a thin thermally grown oxide (TGO) layer between the TC and BC is formed.
Moreover, the interface between the TC and BC layers is modeled as a sinusoidal
wavy interface with a wavelength A7rgo and an amplitude Argo (half of max-to-min
range) as shown in Fig. 1. The assumption about the sinusoidal wavy interface has
been adopted and verified in many research papers on the thermal barrier coatings
(e.g., Safar et al., 2002; Aktaa et al., 2005).

In this work, the width of the computational model is taken to be 0.6 mm, which is
equivalent to at least ten times wavelength of the sinusoidal wave. Thus, the effects
of the boundary on the indentation response can be neglected. The average thick-
nesses of the TC layer and BC layer are both 0.1 mm, and that of the substrate is
1.6 mm. The maximum indentation depth in the simulation is 0.028 mm (i.e., 28%
thickness of the TC layer). In the finite element analysis, the symmetric boundary
condition is applied on the left boundary, to restrict its moving along horizontal
direction, and the bottom is constrained vertically.

Furthermore, the following assumptions are employed in this work for simplifica-
tion:

1. The indenter is rigid, and the friction between the contact surfaces is free;
2. all layers are homogeneous and isotropic;
3. there is non-slip on the interface between TC and BC layers;

4. all layers are initially stress-free at room temperature.

3 Computational models

As shown in Fig. 2, the meshes in the TC, TGO and BC layers are fine enough to
capture the deformation in these layers, while the coarsen meshes are used in the
superalloy substrate. The load is enforced by controlling the vertical displacement
of the indenter.
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Figure 1: Schematic of the indentation model and the boundary conditions
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Figure 2: Finite element model
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In this simulation, the TC, TGO and BC layers are considered to be ideal elastic-
plastic, and obey the von Mises yielding criterion. The superalloy substrate is as-
sumed to be linear elastic. All the related material parameters (Guo et al., 2006; He
et al., 2003; Safar et al., 2002; Martena et al., 2006) are listed in Table 1.

Table 1: Material parameters of the TBC system

Young’s modulus /MPa | Poisson ratio | Yield stress /MPa
TC 17471 0.2 2000
TGO 380000 0.27 10000
BC 182590 0.3 400
Substrate 211000 0.3

4 Results and discussions

In this section, we will discuss the effects of the roughness of the TGO layer on the
load-displacement curve of the indentation. The rigid indenter is gradually pressed
into the TBC vertically in the finite element analysis, that is implemented through
a number of steps during loading and unloading.
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Figure 3: The distribution of the residual von Mises equivalent stress in TBC for
different indenter positions

4.1 Influence of the position of indenter on indentation response

At first, we will investigate the effect of the indenter position on the indentation
response. Fig. 3(a) and 3(b) give the distribution of the residual von Mises equiv-
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alent stress after unloading for the indenter position on the point corresponding
to the TGO wave crest and wave trough, respectively, with the thickness of TGO
Trco = 0.01lmm, the TGO amplitude ArGo=0.03mm, and the wavelength of TGO
Arco=0.06mm. As seen, the residual stress zones in the TC layer are located just
below the indenter and around the nearest two TGO wave crests to the indenter
regardless of the indenter position.
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Figure 4: Force versus displacement curves for different indenter positions

Fig. 4 plots the effect of indenter position on the force versus displacement curves
of the indentation for the case with A7go = 0.03 mm, A7G0=0.06 mm and Trgo =
0.01 mm. It can be stated that, the effect of indenter position can be ignored since
the force versus displacement curves almost completely overlap. Thus, in the fol-
lowings, we only consider the cases with the indenter position on the point corre-
sponding to the TGO wave crest.

4.2 Influence of the thickness on indentation response

Fig. 5 illustrates the distribution of the residual von Mises equivalent stress after
unloading for different TGO thickness Trgo with Argo = 0.03 mm andA7Go=0.06
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mm. As seen, in the TC layer the magnitudes of the residual stresses near the
indenter are almost same, though the TGO thickness T7go varies. Since the thick-
ness of the TGO layer is very small compared to the thickness of the TC layer (only
2.5%~10%), and the distance between the TGO and the indenter is relatively large,
the effect of the TGO thickness on the residual stress near the indenter is negligible.
The maximal stress in the TGO layer appears around the second nearest wave crest
to the indenter, and increases with decreasing the TGO thickness. These phenom-
ena are mainly due to the relatively large stiffness and yield strength of TGO layer.
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Figure 5: The distribution of the residual von Mises equivalent stress in TBC for
different TGO thickness

Fig. 6 displays the effect of the TGO thickness on the force versus displacement
curves of the indentation for the case with Argo = 0.03 mm and Argp=0.06 mm.
Fig. 7 gives a local enlargement of Fig. 6. As seen, the force versus displacement



48 Copyright © 2010 Tech Science Press CMC, vol.17, no.1, pp.41-57, 2010

40 —A—T,,=0.0lmmA,  =0.06mm.A . =0.03mm
- — TT m:O,O(WSmm,)\T - 04).06mrn,AT - 0:0.03m
35 - TTm:O‘Oosmm’}‘mojo'%mmATm:O‘O?)mm
| —— TTw=O.0025mAmO=O.061mA[ GO:O.O3mm

30 -
Z 5L
=} L
I
L 20+
= L
S
§ 15
=] L
3
= 10|
= -

5L

0

5 ] . ] . ] . ] . ] . ] .

0.000 0.005 0.010 0.015 0.020 0.025 0.030
Indentation depth /mm

Figure 6: Force versus displacement curves for different thickness of TGO
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Figure 8: The variation of the maximum load with the thickness of TGO

curves do not overlap again when the depth of indentation is beyond 0.016mm
(16% of the TC layer thickness). Hence, the effect of the TGO thickness is obvious.
The load increases as the TGO thickness increases. Thus, one can conclude that,
the thicker the TGO layer is, the harder the TBC system is. This conclusion is
reasonable since the stiffness and the yield strength of the TGO are larger than
those of the TC layer.

Fig. 8 demonstrates the variation of the maximum load with the TGO thickness.
The maximum load increases with increasing the TGO thickness. The maximum
load is 38.37 N for T7Gp=0.01 mm, while it is 35.99 N for T750=0.0025 mm,
which is increased by 6.2% due to the increment of TGO thickness. When the
TGO thickness is very small, its effect can be ignored. In order to investigate the
effects of the TGO layer, in the following cases, the TGO thickness is taken to be
0.01 mm.

4.3 Influence of the amplitude on indentation response

In order to illustrate the effect of the TGO amplitudes on the residual von Mises
equivalent stress after unloading in the indentation test, Fig. 9 gives its distribution
for different TGO amplitudes with the thickness of TGO Tygo = 0.01 mm and the
wavelength A760 = 0.06 mm. This figure clearly shows that the residual stress near
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Figure 9: The distribution of the residual von Mises equivalent stress in TBC for
different TGO amplitudes

the indenter is almost unchanged, although the amplitude Ao varies. However,
the residual stress in the TC layer around the wave crest of the TGO adjacent to
the indenter decreases as the amplitude Argo decreases. This is because, as the
amplitude of the TGO decreases, the distance between the indenter and the TGO
layer increases.

Fig. 10 shows the effect of the amplitudes on the force versus displacement curves
of the indentation for the case withA7go = 0.06mm and Trgo = 0.0lmm. Fig.
11 gives a local enlargement of Fig. 10. As seen, the effect of the amplitudes is
obvious since the force versus displacement curves do not overlap when the depth
of indentation is beyond 0.01mm (10% of the TC thickness). The load increases as
the amplitude increases. The reason is that, when the thickness and wavelength of
the TGO layer are kept constant, increasing the amplitude of the TGO layer means
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to increase its volume fraction.
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Figure 12: The variation of the maximum load with the amplitude of TGO

Fig. 12 demonstrates the variation of the maximum load of the indentation with
the amplitude of TGO. The maximum load increases with increasing the TGO am-
plitude. The maximum load is 38.37 N as ArGo=0.03mm, while it is 35.68 N as
A760=0.00mm (plane). The maximum load is increased by 7% due to the incre-
ment of TGO amplitude.

4.4 Influence of the wavelength on indentation response

Fig. 13 illustrates the distribution of the residual von Mises equivalent stress after
unloading for different wavelength Argo with the thickness of TGO Trgo = 0.01
mm and the TGO amplitude A7Gp=0.03 mm. As seen, in the TC layer the magni-
tudes of the residual stresses near the indenter are almost same, though the wave-
length Ao varies. The maximal residual stress in the TC layer appears around the
wave crest of the TGO close to the indenter, due to the relatively large stiffness and
interface morphology of TGO.

Fig. 14 displays the effect of wavelength on the force versus displacement curves
of the indentation for the case with Argp = 0.03 mm and T7go = 0.01 mm. Fig.
15 gives a local enlargement of Fig. 14. As seen, the effect of wavelength is pre-
sented since the force versus displacement curves do not overlap when the depth of
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Figure 13: The distribution of the residual von Mises equivalent stress in TBC for
different TGO wavelengths

indentation is greater than 0.01mm (10% of the TC thickness). The load increases
as the wavelength decreases. This is due to that, when the thickness and amplitude
of the TGO layer are kept constant, decreasing the wavelength of the TGO layer
means to increase its volume fraction.

Fig. 16 demonstrates the variation of the maximum load of the indentation with the
wavelength of TGO. The maximum load decreases as increasing the TGO wave-
length. The maximum load is 38.37 N at A7G0=0.06 mm, while it is 35.63 N at
Ar60=0.15 mm. The maximum load is decreased by 7.1% due to increasing TGO
wavelength.
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Figure 14: Force versus displacement curves for different wavelength of TGO
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5 Conclusions

Based on the finite element analysis, in this paper, an axisymmetric indentation
model is employed to analyze the effects of the thermally grown oxide (TGO)
roughness on the indentation response of thermal barrier coatings. During oper-
ation, the TGO layer becomes thick and rough, then its effects on the indenta-
tion response must be considered. The numerical results stated that the amplitude,
wavelength, and thickness of the thermally grown oxide layer have significant in-
fluences on the indentation response, while the effect of the indenter position can
be neglected. The residual stress zones mainly located just below the indenter and
around the nearest two peaks of the thermally grown oxide to the indenter. When
the indentation displacement is greater than 10% of the thickness of the top coating
layer, the influence of TGO roughness on the force versus displacement curves of
the indentation must be considered. Correlating this work with the experimental
data may lead to improved characterization of the mechanical properties of TBC
systems.
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