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1  Introduction 

1.1  Motivation 

Ceramic Thermal Barrier Coatings (TBC) are widely used in different industrial 
applications e.g. vanes for gas blade turbines (see figure 1.1) to protect hot 
sections in service at high temperatures, e.g. the gas inlet temperature is of 
1400°C-1600°C. 
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Figure 1.1 TBC-coated turbine blade and its application in an aero-engine   

 
The in service failure of TBC coatings occurs often by delamination at the 

interface between metal and coating and leads further to local spallation of the 
TBC, see figure 1.2. The thermal and mechanical loading in service changes the 
microstructure and properties of the materials of the TBC system. This may 
reduce the resistance against initiation and propagation of delamination cracks 
or, with other words, the interfacial fracture toughness. It is proposed to use the 
(apparent) interfacial fracture toughness for describing the damage accumulation 
before spallation [1] and, if the fracture toughness can be determined as a 
function of loading history, as a universal damage parameter in lifetime 
modelling [2]. 

 
Figure 1.2 TBC spallation in service 
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The state of the art of the testing methods offers the possibility to 
determine the interfacial fracture toughness of coating systems in mode I e.g. the 
double cantilever beam (DCB) specimen [3], in mode II e.g. the edge notched 
flexure specimen (ENF) [4] or the shear test [5], and in mixed mode e.g. 
Rockwell indentation on the surface of the ceramic coating [6] or the notched 
four point bending specimen with symmetrical interfacial cracks [7]. Despite the 
diversity of test methods, there are still practical problems in using one or the 
other test method for the case of the TBC systems and in understanding the 
results of the tests.   
 
 
1.2  Aim of the work 

The aim of the present work was to use different fracture mechanics tests to 
evaluate the change in adherence after heat treatment of industrially used EB-
PVD TBC systems and to contribute to a better understanding of the damage 
mechanisms in the TBC systems.   
 
 
2 Fracture mechanics of layered material systems 

2.1  Basics of fracture mechanics 
 
In chapter 5, Experimental investigations and FEM simulation, concepts such as 
fracture toughness, interfacial fracture toughness, crack propagation, and energy 
release rate will be used. Therefore, basics of fracture mechanics and of 
mechanics of interfacial cracks need to be explained. 
 

The existence of a defect in a material is a physical discontinuity and 
produces locally a critical surrounding area. A crack is one model of a physical 
discontinuity. Under static loading, fatigue, or corrosion the crack grows and 
further damages a structure. The crack consists of two surfaces which appear 
after the fracture of the interatomic connections and a tip where the interatomic 
connections are not yet destroyed. The line between these two domains is the 
front of the crack. 

Depending on the relative movement between the surfaces of the crack in 
the plane where the crack grows, three fundamental types of crack extension can 
be distinguished: 

- Mode I: the crack extends through opening; the displacement of 
the points of the cracked surface is perpendicular to the crack 
plane; 

- Mode II: the crack extends through frontal sliding; the 
displacement of the points of the cracked surface occurs in the 
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crack plane, perpendicular to its edge, in the direction of the crack 
driving; 

- Mode III: the crack extends through lateral sliding; the 
displacement of the points of the cracked surface occurs in the 
crack plane, parallel to its plane. 

 
The study of the crack extension can be done with linear elastic fracture 

mechanics or nonlinear fracture mechanics, depending on the dimension of the 
plastic deformed zone around the front of the crack. If this zone has small 
dimensions in comparison with the elastically deformed zone’s dimensions and 
with the length of the crack, then the fracture can be studied with the linear 
elastic fracture mechanics (LEFM). If the dimension of this zone is comparable 
with the length of the crack or if the whole stressed body is plastically deformed, 
the nonlinear fracture mechanics (NLFM) can be used. 
 The first explanation regarding the big difference between the 
theoretically and experimentally determined fracture strength in the case of ideal 
brittle materials has been formulated by Griffith [8]. His hypothesis bases on the 
existence of a microcrack in a brittle material, which leads to a stress 
concentration at the front of the crack. This stress concentration reaches a value 
bigger than the local theoretical fracture strength. In this case the crack extends 
with a big speed. So, under an applied stress, the existent crack extends and its 
surface becomes bigger. The extent of the crack, respectively its bigger surface, 
requires energy for breaking the connection between the atoms situated in the 
plane of the extension of the crack. This energy is accumulated as a surface 
energy, in the surrounding area of the crack front. The rise of the surface energy 
is obtained by relaxing the energy of the elastic deformation of the interatomic 
network. Griffith gave the following criterion for the sudden extension of a 
crack: a crack propagates when the decrease of the energy of the elastic 
deformation of the interatomic network is at least equal to the required energy 
to create a new surface of the cracks. 
 

Zener [9] has developed the Griffith’s theory further. He considered that a 
crack with a length of 2l, situated in a thick plate (see figure 2.1) and loaded in 
the elastic domain by an external stress σ, leads to the unloading of the zone 
around the crack. The decrease of the elastic energy is El /22σπ− . For the crack 
extension, a surface energy of about 4lT is necessary, where T is the specific 
surface energy. Thus, the variation of the energy of the elastic strain 

is
E

llTU
2

24 σπ−=Δ . The function U(l) reaches a maximum if the following 

mathematics condition is achieved: 
 

( ) 024
2

=−=
E

lT
dl
Ud σπ  (2.1) 
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Further, the critical value of the stress required for the crack extension for the 
state of plane stress is determined by the following relationship: 
 

l
ET
π

σ 2
= (2.2) 

 

 
Figure 2.1 Schematic curves of variation of the energy of elastic strain as function of  crack 

length [10] 

 
 
and for the state of the plane strain, as follows:  
 

( )l
ET

21
2

νπ
σ

−
=  (2.3) 

 
 At this stress value, the crack with the length of 2l is in an unstable state. 
At a very small increase of the length, the crack propagates spontaneous. This 
crack length was named by Griffith as its critical length. 

Similar concepts regarding the mechanisms of the crack extension have 
been developed by Irwin and Washington [11]. They have shown that the 
loading with a stress σ,  of a plate with a finite thickness and an infinite length,  
and which has a crack with an elliptic shape, leads to a change of the elastic 
energy, ΔUe, which further leads to the increase the surfaces of the crack front 
with a quantity dF. It can be mathematically described by means of a 
relationship, as below: 

 
( ) ( )

( ) G
ld

Ud
dF
Ud ee ==

)2
 (2.4) 

 
where G is the specific energy required for the crack extension. Irwin and 
Washington have considered G as a force which leads to an increase of the crack 
length. Taking into consideration that the variation of the elastic energy 
is ElUe /22σπ−=Δ , the equation 2.4 leads further to: 
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for the state of plane stress, with 01 >σ , 02 >σ , 03 =σ , where σ1, σ2, σ3 are the 
principal stresses. 

For the state of plane strain, with 01 >σ , 02 >σ , 03 >σ , G is given by: 
 

( )
E
lG

2
21 σπν−=

 
(2.6) 

 

 
The crack is growing unstable when G is achieving the critical value Gc. 

This level of G is reached when term σ2l reaches the critical value. By 
multiplying this term with π, we can write: 

 
Kl =πσ  (2.7) 

 
where K is called the stress intensity factor. This factor depends on the load and 
on the crack geometry. 

G and K are connected by means of a relationship: 
 

 E
KG

2

=
 

(2.8) 
 

 
for the plane stress state, or: 
 

( )
E

KG
221 ν−

=  (2.9) 

 
for the plane strain state. 

If the stress reaches the critical value σc (the stress required for the 
unstable crack extension), the stress intensity factor reaches the critical value Kc 
too. This value is a material characteristic and it is called the fracture toughness. 
With the same consideration, the crack length has a correspondent critical value. 

Irwin and Washington [11] have formulated the following condition 
which is required for the unstable extension for the cracks opening by mode I: 

 
IcKK ≥  (2.10) 

 
or if: 
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IcGG ≥  (2.11) 
 
because there is a relationship between KI and GI: 
 

E
AKG I

I

2

=
 

(2.12) 

 
where:  A=1 for plane stresses and A=1-ν2 for plane strain.  
 In practice, the situation is more complicated, because sometimes a 
superposition of the modes can appear. Therefore, the total energy required for 
fracture in a certain situation of stresses is given by the sum of the energies for 
every mode of the crack extension: 
 

IIIIII GGGG ++=  (2.13) 
 
The stress intensity is also determined by means of the superposition 

method, when for example two loading types exist, let say  load 1 - tension and 
load 2 - bending, which result in a similar type of crack extension (for example 
Mode I). The stress intensity is given by: 

 
)2()1( II KKK +=  (2.14) 

 
 
2.2  Mechanics of interfacial cracks  
 
For interface cracks [12], the K concept can not be applied in the same way as 
for the homogenous materials. Regarding the field in front of the crack situated 
at the interface between two different materials with the material constants E1, 
ν1, E2, ν2, the complex method can be used [12]. 
 

 
Figure 2.2 A schematic representation of a bimaterial crack tip [12] 

 
The solutions used for this case are [12]: 
 

( ) λzAz 11 =Φ , ( ) λzBz 11 =Ψ , ( ) λzAz 22 =Φ , ( ) λzBz 22 =Ψ  (2.15) 
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where now the exponent λ can be complex. For this reason the displacement at 
the tip of the crack will be non-singular, so it is set Reλ>0. The boundary 
conditions and the transition conditions are given by: 
 

( ) 0)1( =+
=πϕϕϕ τσ ri

, ( ) ( ) 0)2(
0

)1(
0

=+=+
== ϕϕϕϕϕϕ τστσ rr ii  

( ) 0)2( =+
−= πϕϕϕ τσ ri

, ( ) ( ) )2(
0

)1(
0 == +=+ ϕϕ ivuivu  

(2.16) 
 

These conditions lead to a homogenous equations system of the 4 
complex constants A1..B2. Through setting the 8×8 determinant of the 
coefficients equal to zero, an eigen-value equation is obtained with the solution 
given by: 
 

⎪⎩

⎪
⎨
⎧ ++=

n

in ελ 2
1

  n=0, 1, 2,…, 

(2.17) 
 

 
where ε is so-called bimaterial constant  [4]: 
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1
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+
+
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(2.18) 
 

with ( )i

i
i

EG
ν+

=
12

.  

At the crack tip, the condition r→0 dominates the field, which 
corresponds to the eigen-value with smallest real part, see the equation below: 

 
ελ i+=

2
1 (2.19) 

 
 By using the Kolosov’s equations [12] and the relationship rii er lnεε = , the 
obtained stresses and the displacements are given by: 
 

( )rrij lncos2/1 εσ −≈ , ( )rrui lncos2/1 ε≈  (2.20) 

  
The stresses at the interface [4], [11] are: 

 

( )
r

Kri
i

xyy

ε

ϕ
τσ =+

=0
 

(2.21) 
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where: 
 

''' iKKK +=  (2.22) 
 
is the complex stress intensity factor. Because of the asymmetry of the elastic 
behaviour, a separation in Mode I and Mode II is not possible. For this reason K’ 
and K’’ cannot be assigned with KI and KII. 
 
 If a crack is located at an interface of a bi-material specimen, which is 
loaded under tension (see figure 2.3), the complex stress intensity factor K is in 
this case: 
 

( ) ( ) aaiK i πσε ε ⋅⋅⋅+= −221  (2.23) 

 

 
Figure 2.3 A schematic representation of an interfacial crack under tension [12] 

 
If the specimen is loaded under shear, the complex stress intensity factor 

K is given by: 
 

( ) ( ) aaiK i πτε ε ⋅⋅⋅+= −221  (2.24) 
 
The field of the crack front of a bimaterial crack is characterised by means 

of the complex stress intensity factor ''' iKKK += . In this case a similar fracture 
criteria like K=Kc or f(K’, K’’)=0 exists. 
 
 The phase angle Ψ is defined as below [13], [14]: 
 

I

II

K
Karctan=Ψ  , 

with Ψ=+= i
III eKiKKK and 22

III KKK +=  
 

(2.25) 
 

and it describes the ratio between tensile loading (mode I) and shear 
loading(mode II) of the crack. For homogenous materials, Ψ is dependent only 
on the applied loads, but for the case of an interfacial crack, Ψ is changing 
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because of the above mentioned asymmetry of the elastic behaviour of two 
different materials situated at the interface. 

Dundurs has introduced two dimensionless parameters [15], [16], [7], [5], 
[17], [18] the so called Dundurs parameters α, β. By using these parameters, Ψ 
can be calculated at the front of the crack. α, β are given by: 
 

( ) ( )
( ) ( )1221

1221

11
11

νμνμ
νμνμα

−+−
−−−

=
 

(2.26) 
 

( ) ( )
( ) ( )}11{2

2121

1221

1221

νμνμ
νμνμβ

−+−
−−−

=
 

(2.27) 
 

where: μ is the shear modulus, ν is the Poisson’s ratio, and the subscripts 1 and 2 
refer to the two materials. 

The phase angle at the front of the crack Ψf is defined as below [14], [19]: 
 

( )βαω ,−Ψ=Ψ f
 

(2.28) 
 

and ω is the parameter of rotation and is a function of α, and β. 
 
 
3 
 

Literature survey of the testing methods for evaluating the interfacial 
fracture toughness of brittle coatings on ductile substrates 

 
Before using adequate test methods for evaluating the interfacial fracture 
toughness of EB-PVD TBC systems, a literature survey of the existing test 
methods has been done. Advantages and disadvantages of every test method are 
emphasised, and finally two complementary test methods have been chosen.  
 
 

Indentation perpendicular to the coating surface (see figure 3.1) is one 
proposed test method to measure the interfacial fracture toughness [20]. The test 
is very attractive because of the possibility to use small pieces of material. The 
indenter used is a Rockwell brale C indenter. The objective of this test is to 
produce a local delamination. The driving force of the delamination is 
considered to be the elastic-plastic deformations of the substrate [6]. Important 
information required to determine the interfacial fracture toughness is the radial 
surface displacement of the indented material, around the indenter. Drory and 
Hutchinson [20] have mentioned, that, if the residual stress in the coating is 
tensile, the test is no more feasible.  
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Figure 3.1 Schematic representation of the indentation perpendicular to the coating surface 

[6] 

 
The interfacial Vickers indentation test (see figure 3.2) consists of 

indenting a polished cross section exactly at the coating/substrate interface and 
the diagonal of the Vickers indenter parallel to the interface [21], [22].  After 
indentation, interfacial cracks at the corners of the indenter occur. The 
considered length of the crack is the sum of half of the diagonal and the crack 
length, which start at the corner of the Vickers indenter. These data are plotted 
as a function of the applied load in bi-logarithmic scale. The intersection 
between the line of the half of the diagonal and the line of the crack lengths is 
the critical point (see figure 3.3) which has two coordinates: the critical load Pc 
and the critical crack length ac. By using these coordinates of the critical point, 
the apparent interfacial fracture toughness is calculated [21]. The advantage of 
this test is that it requires a small quantity of material. The disadvantage of this 
test is that it is not easy to place the indenter exactly at the interface and thus a 
big scatter of the data results. 
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Figure 3.2 Principle of the interfacial Vickers indentation test 

 

 
Figure 3.3 Representation of the test results in a bi-logarithmic scale 

 
The notched four-point bending specimen with symmetrical interfacial 

cracks (see figure 3.4) consists of a central notched bimaterial flexural beam [7]. 
The specimen is loaded in a four-point bending configuration.  This specimen 
allows the measurement of the interfacial fracture toughness for a large range of 
mode mixity and for relatively equal normal and tangential stresses. The vertical 
displacement in the middle of the specimen is recorded during the experiment by 
means of a displacement transducer. This test has some advantages: simple 
geometry; existence of an analytical solution to calculate the interfacial fracture 
toughness [7]; it is not necessary to monitor the crack length during testing [23]. 
The disadvantages are: the vertical cracking of a brittle coating made the 
evaluation of the interfacial fracture toughness difficult; there is a critical 
thickness of the coating to store the energy required to propagate cracks at the 
interface [24]. The test is mostly applied to composites because of the larger 
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fracture toughness of the debonding layer which prevent the vertical cracking 
and segmentation of the debonding layer [24]. 
 
 

 
Figure 3.4 Schematic representation of the notched four-point bending specimen with 

symmetrical interfacial cracks [7] 

 
In order to eliminate the disadvantage of the vertical cracking and 

segmentation of a brittle ceramic coating, Hofinger et al. [24] have proposed a 
new variant of this method. They glued a stiffener layer on the top of the 
ceramic layer (see figure 3.5). The analytical solution and the calculation were 
similar to the calculation given by Charalambides et al. [7], with some 
additional geometric assumptions. 

Figure 3.5 Schematic representation of the modified notched four-point bending specimen 
with symmetrical interfacial cracks [24] 

 
Gell and Jordan [25] have developed the so called “Modified ASTM 

direct-pull test, with the objective to measure the bond strength of different EB-
PVD TBC systems and after different exposure times at high temperature of 
1121°C. In this test the specimen is glued together with the special ASTM 
loading fixtures. The specimen in this form is fixed by means of the universal 
joints and loaded in tension up to the failure of the specimen (see figure 3.6). 
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They observe that the failure in this test occurs at the same location as the failure 
occurs in service for turbine blades, namely at the interface between TBC and 
BC and the values of the bond strength depend on the thermal cycling and the 
type of the coating. An advantage of this test is that the measurement of the 
bond strength is relatively simple. An additional advantage is the existence of a 
simple analytical solution to calculate the interfacial fracture toughness. The 
disadvantages are: it is not easy to glue or to find the proper gluing agent for 
fixing the specimen with the special ASTM loading fixtures; the distribution of 
the stress at the interface is not uniform; the test is limited by the bonding 
strength of the adhesive between the clamp and the coating, if the bonding 
strength of the adhesive is smaller than the adhesive strength of the coating to 
the substrate. 

 

Figure 3.6 Schematic representation of the “Modified ASTM direct-pull test” [25] 

 
The configuration of the double cantilever beam (DCB) specimen is 

shown in figure 3.7. The coating layer with thickness 2tc is glued by using an 
adhesive with thickness 2te to the lower arm of the DCB specimen. The substrate 
has the thickness ts [3]. The lower arm is manufactured from a material, which is 
stiffer than the adhesive. Both extremities of the specimens are loaded in tension 
in order to allow delamination between substrate and coating. The advantages of 
this test are:  existence of a simple analytical solution to calculate the interfacial 
fracture toughness; the experimental observations show a more stable crack 
growth than those derived from other test methods [26]. A disadvantage is that 
the test is limited by the bonding strength of the adhesive to the clamp, when the 
bonding strength of the adhesive is smaller than the adhesive strength of the 
coating to substrate.  
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The Chevron-Notched Sandwich specimen (see figure 3.8) was first 

proposed in 1994, by Shaw and Abbaschian [27]. Shaw et al. in 1995 [28] have 
successfully used this specimen for metal/oxide and metal/silicide interfaces.  In 
1997 Shaw [29] successfully used this specimen to measure the interfacial 
fracture energy of Al2O3/Nb interfaces. In 1998, Shaw et al. [30] have used this 
specimen for the first time to measure the interfacial fracture toughness for TBC 
systems applied by plasma spray technology on an IN939 superalloy as substrate 
and a NiCrAlY bond coat (BC). The specimen was sandwiched with another 
block from IN939 alloy by means of an epoxy adhesive. After bonding, a 
chevron notch was introduced parallel to the interface between TBC and BC in 
such a manner that the notch front directly faced both TBC/BC interface and 
BC/substrate interface. The advantages of this test specimen are [30]: the testing 
procedure is relatively simple; the authors [30] observed that the interfacial 
fracture toughness is independent of the Young’s modulus of the TBC, which is 
different in tension and compression. 

 

 

Figure 3.8 Schematic illustration of the chevron-notched sandwich specimen [27] 

 
 

 
Figure 3.7 Configuration of the DCB with two layers of coating [3] 
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The shear test after Weiss [31] has a simple configuration: the coating is 
sheared off from the substrate by means of a shear plate or a die (see figure 3.9). 
In this way the shear adhesion strength of a coating on a substrate is measured. 
The advantages of this test are: the test is not limited by the strength of the 
adhesive; it does not require a very accurate machining of the specimen. The 
disadvantages are: the minimum thickness of the coating must be about 70 μm as 
suggested in [31]; there is a big stress concentration at the protruded corner 
which leads to a lower measured shear adhesive strength [5]. In order to reduce 
this stress concentration, Era et al. [5] have proposed a modified shear test 
specimen by introducing a semicircular notch at the protruded corner (see figure 
3.10). They evaluate the effectiveness of the proposed specimen by means of 
experiment, photoelastic method (PEM) and finite element method (FEM) for a 
thermal sprayed cermet coating with a thickness of about 300 μm on a mild steel 
substrate.  It was found that the stress concentration has been reduced and the 
shear adhesion strength was lower for a specimen without this notch. In 1996 
Müller at al. [32] have proposed a modified shear test by gluing the specimen on 
a high speed steel (HSS) and manufacturing a C-notch at the interface between 
coating and substrate. The coating was a magnetron sputtered TiN coating on 
HSS substrate. The advantage of this test is that it has a very simple 
configuration and the disadvantage is that the test is limited by the bonding 
strength of the adhesive.  

 

 
Figure 3.9 Experimental arrangement of the shear testing [31] 

 

 
Figure 3.10 Shear test specimen with a semicircular notch [5] 
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Perry [33], [34] has used the scratch test for a quantitative evaluation of 
the adhesion of TiN and TiC CVD deposited coatings on steel. This method is 
suitable for hard coatings and very thin coatings in the range of about 2-20 μm. 

 

 
Figure 3.11 Schematic representations of the Rockwell C stylus and the form of the 

scratched channels below and above the critical load [33] 

 
In this method a loaded stylus is moved repeatedly across a specimen (see 

figure 3.11). After every step the load is increased until the coating is removed 
completely from the substrate. A problem which can be encountered with this 
test is that it is relatively complicated to define the point at which the coating is 
completely removed, so complementary optical techniques must be used.  The 
mechanism of the coating removal can be differentiated for brittle and ductile 
coatings. In the literature it is reported that a brittle coating can be removed 
completely.  Ichimura et al. [35] have studied the effects of the indenter radius 
on the critical load in the scratch test. They found that the correlation between 
critical load and the indenter radius is influenced by the plastic behaviour of the 
coated materials. They studied TiN and CrN coatings on metallic substrates. 
They presented in their work an analytical expression of the critical load as a 
function of the indentation radius, indentation depth, material parameters of the 
coating and of the substrate. Beltzung et al. [36] proposed a new method to 
measure the fracture toughness of plasma sprayed ceramic coatings, based on 
the scratch test. The test is performed on a cross section of the coated substrates. 
The result is a half-cone shaped fracture across the coating layer. The height of 
this cone is used further to calculate the fracture toughness of the coating. This 
test method is standardised in Europe in the norm [37].  
 



 17

As we can see, there are many ways for evaluating the interfacial fracture 
toughness of brittle coatings on ductile substrates. The answer to the choice of 
test used from this variety could be based on repeatability, ease of the analysis 
of the results and of the testing, and comparability of the results to results 
obtained with other test methods. Indentation test methods have shown to be the 
easiest to design and perform, and require only a small quantity of material. The 
indentation methods chosen in this work are the Rockwell indentation 
perpendicular to the coating surface and the interfacial Vickers indentation test. 
 
 
4 The material system 
 
4.1 General description of  the TBC system 
 
The principal role [38] of a TBC system is to provide a durable thermal 
insulation of the turbine blades. The gas inlet temperature of an in service 
turbine is very high, up to 1400°C. Therefore, a very low thermal conductivity 
of the ceramic TBC is an essential requirement to assure an effective coating 
system.  
 An additional requirement [38] for the ceramic TBC is a minimal 
mismatch between the coefficient of thermal expansion of the TBC and of the 
substrate material. 
 A complete TBC system consists of additional components, see figure 4.1. 
On the substrate material, which can be a Ni-superalloy, there is the so called 
bond coat (BC) with a thickness of 100 µm. The BC is a metallic coating, which 
consists of MCrAlY alloy (M can be Ni and/or Co or PtAl). The BC has two 
important functions: firstly, the formation of a protective oxide layer at the 
interface between BC and TBC for slowing down the oxidation of the substrate; 
secondly, this oxide layer is improving the adhesion of the ceramic TBC during 
coating processing and in the as coated condition. As a function of the operating 
time at high temperature, this thermally grown oxide (TGO) layer achieves a 
thickness up to 10 µm [38]. 
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 100-300 µm 
λ= 2 [W·m-1·K-1]  
α= 10 [10-6·K-1] 

1-10 µm  
λ= 20 [W·m-1·K-1]  
α= 6 [10-6·K-1]
ca.100 µm 

 
Top coat 

 
 

Substrate 

 
BC 

TGO

λ= 25 [W·m-1·K-1]  
α= 17 [10-6·K-1] 

 
Figure 4.1 Schematic representation of a TBC system 

 
 
4.2 Investigated materials 
 
4.2.1 Substrate 
 
TBC systems with two different substrates were investigated. One material was 
isotropic IN625, INCONEL® nickel-chromium alloy 625. It is used widely in 
industrial application for its high strength, good manufacturability, and 
extremely good corrosion resistance [39]. The in service temperatures vary from 
cryogenic to high temperature (1100°C). Composition is shown in table 4.1. 
 
Table 4.1 Chemical composition of IN625, wt.[%] [39]. 

 
Ni Cr Fe Mo Nb+Ta C Mn Si P S Al Ti Co 

58.0 

min. 

20.0-

23.0 

5.0 

max. 

8.0-

10.0 

3.15-

4.15 

0.10 

max.

0.50 

max.

0.50 

max.

0.015 

max. 

0.015 

max. 

0.40 

max. 

0.40 

max. 

1.0 

max.

 
 Its high tensile, creep, and rupture strength, excellent fatigue and thermal 
fatigue strength, good oxidation resistance make it attractive for applications in 
the aerospace industry e.g. aircraft ducting systems, turbine seals, compressor 
vanes, etc.  
 From the microstructural point of view, IN625 is a solid-solution matrix-
stiffened face-centred-cubic alloy [39].  It may contain carbides MC and M6C, 

λ=16 [W·m-1·K-1] 
α=15 [10-6·K-1] 



 19

rich in nickel, niobium and molybdenum. It may additionally contain γ grains, 
and annealing twins [40].  
 

The second substrate material used was an anisotropic material, CMSX-4. 
It is a second generation Ni based single-crystal superalloy developed for gas 
turbines [41], [42]. Its excellent strength is due to the solid solution 
strengthening effects of chromium, tungsten, rhenium, and tantalum [41]. 
Aluminium and titanium give additional strength because of the precipitation-
hardening effect of γ, phase [41]. The alloy has also good molten-salt hot-
corrosion resistance and therefore it is used for components exposed in service 
at very high temperatures. The excellent creep properties at high temperatures 
are also due to the γ, phase [42]. The alloy is a solid-solution face-centred-cubic 
(fcc). Composition is shown in table 4.2. 
 
Table 4.2 Chemical composition of CMSX-4, wt.[%]  [41] 

 
Ni Cr Co Mo Ta Ti Al W Re 

60.4 6.5 10.0 0.6 6.5 1.0 5.6 6.4 3.0 

 
The alloy is used in high temperature application e.g. turbine blades for 

gas turbines. 
 
 
4.2.2 Bond coat 
 
For the material system with isotropic material substrate IN625, the BC was an 
EB-PVD NiCoCrAlY alloy. The approximate chemical composition is 
Ni38Co19Cr21Al22 in at.% and with Y and C with a concentration smaller than 1 
at.% [43]. The main phases of the BC are β-NiAl and γ-Ni [43]. After 
application, the BC was densified by shot peening and afterwards a heat 
treatment 4h at 1080°C has been performed. For the material system with 
anisotropic material substrate CMSX-4, the BC was deposited by vapour plasma 
spray (VPS). 
 
 
4.2.3 Ceramic topcoat 
 
The material of the TBC was an EB-PVD ceramic ZrO2 partially stabilised with 
6-8 wt. % Y2O3. The ceramic ZrO2 must be stabilised with Y2O3 because of its 
polymorphy and its associate volume change during phase transformation [38]. 
The main phase is the tetragonal t, phase [44]. 



 20

The BC and the TBC were applied on the substrate material by means of 
Electron Beam Physical Vapour Deposition (EB-PVD) coating equipment. In 
the figure below is shown schematically the configuration of such equipment: 

 

 
Figure 4.2 Schematic configuration of EB-PVD coating equipment [38] 

 
First of all [38], the specimen e.g. turbine blade is assembled in a holder, 

in a pre-heating chamber. After pre-heating at the necessary temperature, the 
specimen is moved into the deposition chamber. The deposition chamber is a 
vacuum chamber where an electron beam with high power of 100 KW is 
focussed on ceramic ingot, which is continuously fed into the vacuum chamber. 
The ingot material is evaporated by the electron beam. The pre-heated specimen 
is positioned and rotated in this ceramic vapour cloud. The temperature of the 
substrate is about 1000°C during deposition. The coating thickness increases 
constantly by deposition of the vaporised particles onto the colder surface of the 
specimen. For Y2O3-stabilised ZrO2, a deposition rate of 10-15 µm/minute is 
achieved. In order to achieve the stoichiometry of the zirconia coating, the 
addition of O2 is required.  

The principal characteristic of the EB-PVD TBC is the columnar structure 
of the ceramic, see figure 4.3. The diameter of a column varies between 2-15 
μm, depending on the coating processing parameters [44] and on the distance 
from the metallic surface where the TBC has been deposited. 

 

Figure 4.3 Columnar microstructure of the EB-PVD TBC [45] 
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Such a columnar structure results in excellent thermal shock behaviour of 
the coating. Additionally, as mentioned above, ZrO2 has a very low thermal 
conductivity. Therefore, the TBC is widely used to protect blades and vanes of 
the high pressure turbine section of aeroengines or of stationary gas turbines for 
electric power generation. 
 
 
5 Experimental work and FEM simulation 

 

 
The knowledge of the mechanical properties of the material components is a 
very important issue when one needs to perform fracture mechanics calculations 
or to simulate the residual stress state in the TBC system by means of Finite 
Element Method (FEM). Therefore, before performing adhesion tests, the 
Young’s moduli of the component materials of the TBC system have been 
determined by means of the Impulse Excitation Technique (IET). The Young’s 
moduli have been determined at room temperature and after heat treatments, and 
as a function of temperature, as following: 

- on a cylindrical specimen which consists only of the substrate material 
IN625 in its as manufactured condition and after heat treatment 4h at 
1080°C in vacuum; 

- on cylindrical specimens, which consist of the substrate material IN625 
and the EB-PVD BC in their coated condition; 

- on cylindrical specimens, which consist of the substrate material IN625,  
the EB-PVD BC, and the EB-PVD TBC in their coated condition and 
after heat treatment 24h, 100h, 500h, and 1000h at 1000°C in air. 

Moreover, the hardness of the TBC has been determined by nano-indentation 
on polished cross sections in the as coated condition and after  heat treatment for 
24h, and 100h at 1000°C in air; the hardness of the EB-PVD BC has been also 
measured by Vickers micro-indentation, on polished cross sections and in the 
same conditions. 
 
 It is known that the presence of the residual stresses in the TBC systems 
affects its adherence. Therefore residual stresses have been calculated by FEM 
and measured by Hole-Drilling Strain Gage Method. The FEM calculations 
have been performed for both TBC systems, with isotropic and anisotropic 
material substrate in the as coated condition. The Hole-Drilling Strain Gage 
Method has been applied on specimens with a TBC system with anisotropic 
material substrate in the as coated condition. 
  

5.1 Research plan 
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For determining the change in adherence after heat treatment of 
industrially used EB-PVD TBC systems, different fracture mechanics tests have 
been evaluated.  

 
Firstly, the interfacial Vickers indentation test has been applied on 

rectangular polished cross sections of specimens, which consist of a TBC system 
with isotropic material substrate, in the as coated condition and after heat 
treatment 24h and 100h at 1000°C in air. Additionally, the influence of the 
thickness of the TBC has been investigated. Therefore, tests on specimens with 
different thicknesses of the ceramic top coat (274 µm, 174 µm, 100 µm), in the 
same conditions, have been performed. 

 
Then, additional interfacial Vickers load controlled micro-indentation 

tests on rectangular polished cross sections of specimens, which consist of the 
TBC system with isotropic material substrate in the as coated condition and after 
heat treatment for 24h and 100h at 1000°C in air have been performed. 

 
Further, load controlled and displacement controlled Rockwell brale C 

indentation tests perpendicular to the TBC surface have been applied on 
different EB-PVD TBC-systems with different thermal history, as following:  

- load controlled Rockwell indentation tests on rectangular specimens, 
which consist  of the TBC system with anisotropic material substrate in 
the as coated condition; 

- displacement controlled Rockwell indentation tests on rectangular 
specimens, which consist  of the TBC system with anisotropic material 
substrate in the as coated condition and after heat treatment for 500h at 
1000°C in air; 

- displacement controlled Rockwell indentation tests on rectangular 
specimens, which consist  of the TBC system with isotropic material 
substrate in the as coated condition and after heat treatment for 50h, 100h 
and 200h at 1000°C in air. 
A modified instrumented Rockwell brale C indentation test has been 

proposed and its applicability has been investigated. The tests have been 
performed on the as coated rectangular specimens, which consist of the TBC 
system with anisotropic material substrate. 
 Microstructural investigations by means of optical microscopy and of 
Scanning Electron Microscopy (SEM) have been carried out in parallel for 
evaluating changes in the microstructure of the TBC after heat treatments and to 
correlate these changes with change of the adherence.  
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5.2 
 

Determination of the elastic properties of the TBC system by means of  
Impulse Excitation Technique (IET) 

 
5.2.1 Specimens and experimental plan 
 
The specimens have a cylindrical shape. In total 11 specimens are prepared. One 
specimen consists only of the substrate material, a nickel based super alloy 
IN625. Three specimens consist of the substrate material and the metallic bond 
coat. Seven specimens consist of substrate, BC, and ceramic top coat. For each 
specimen, the diameters of the substrate, the thickness of the BC, and the 
thickness of the TBC are determined with the help of an optical microscope. The 
thickness of the BC and the thickness of the TBC are calculated by successive 
measurements of the external diameter of the specimens after the BC and TBC 
processing. The length is measured with a slide gauge and the mass with an 
analytical scale. The measured data and the scatter are listed in table 5.2.1.  
 
Table 5.2.1 Overview of the mass and geometry of the specimens 
 

 
*    5 measurements with a slide gauge. 
**   5 measurements with an optical microscope. 
*** 3 measurements with an optical microscope: at the right end (R), in the 
middle (M), at the left end (L). 
 
 
The Young’s modulus is obtained on samples with differences in thickness of 
TBC and BC and heat treatment histories, resulting in a set of data in 
dependence on:  
- heat treatment (different time exposures at a temperature of 1000°C in air);  

Specimen  1 2 3 4 5 6 7
 

8 9 10 11

Mass, [g] 7.07 7.27 7.63 8.80 8.00 7.56 8.66 8.71 8.50 9.72 9.22 
*Average 67.08 67.09 67.15 67.17 67.10 67.01 67.04 67.08 67.02 67.06 67.10
Minimum 67.07 67.0 67.14 67.15 67.08 67.00 67.02 67.03 66.95 67.05 67.08

Length, 
[mm] 

Maximum 
 

67.09 67.11 67.17 67.20 67.14 67.03 67.05 67.12 67.07 67.08 67.13

**Average 3.99           
***Average  3.98 3.94 3.99 3.95 3.95 3.99 4.02 3.96 3.99 3.97 

R  3.99 3.96 4.02 3.96 3.94 3.99 4.01 3.94 4.03 3.97 
M  3.98 3.93 3.99 3.93 3.95 3.99 4.03 3.97 3.97 3.98 

Diameter 
of 

substrate, 
[mm] 

L  3.98 3.94 3.97 3.95 3.95 3.98 4.02 3.07 3.96 3.97 
***Average  0.02 0.11 0.26 0.02 0.02 0.11 0.10 0.11 0.25 0.27 

R  0.02 0.11 0.25 0.02 0.02 0.10 0.10 0.10 0.24 0.25 
M  0.02 0.11 0.27 0.03 0.03 0.11 0.11 0.11 0.26 0.28 

Thickness 
of the BC  

 [mm] 
L  0.02 0.11 0.26 0.03 0.03 0.11 0.11 0.10 0.25 0.27 

TBC ***Average   0.19 0.11 0.19 0.19 0.19 0.19 0.09
R     0.19 0.11 0.19 0.19 0.18 0.19 0.08 
M     0.19 0.11 0.19 0.19 0.19 0.20 0.10 

 

L     0.19 0.11 0.20 0.19 0.19 0.20 0.10 
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- BC thickness; 
- thickness of the TBC. 

Additionally, some tests were performed at different test temperatures, in 
order to achieve data of the Young’s modulus in dependence on the test 
temperature. 

The test plan at room temperature is shown in table 5.2.2, and the test plan at 
high temperature in table 5.2.3. 

 
Table 5.2.2 Test plan at room temperature 
 

Specimen  1 2 3 4 5 6 7 

 
8 9 10 11 

Substrate 
diameter, 

[mm] 

3.99 3.98 3.94 3.99 3.95 3.95 3.99 4.02 3.96 3.99 3.97 

BC  thickness, 
 [mm] 

- 0.02 0.11 0.26 0.02  0.02 0.11 0.10 0.11 0.25 0.27 

TBC 
thickness, 

 [mm] 

- - - - 0.19 0.11 0.19 0.19 0.19 0.19 0.09 

As-processed   
x 

 
x 

 
x 

 
x 

 
x 

 
x 

 
x 

 
x 

 
x 

 
x 

 
x 

After  
4h/ 1080°C in 

vacuum 

x           

After 
24h/1000°C in 

air  

  
 

 x 
 
 

x  x   
 

x  

After  
100h/1000°C 

in air  

  
 

  
x 
 

 
x 
 

  
x 
 

   
x 
 

 

After  
500h/1000°C   

in air 

  
 

  
x 

 
x 

  
x 

   
x 

 

After 
1000h/1000°C   

in air 

  
 

 x x  x   x  

 
 
Table 5.2.3 Test plan at high temperature (heating up until 1000°C, cooling 

down until room temperature) 
 

Specimen  1 4 8 9 

In air  x  
in vacuum  x x 

In Ar x  
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5.2.2 Impulse Excitation Technique (IET) 

With the Impulse Excitation Technique (IET) the dynamic elastic properties of 
materials can be determined. Every material has specific resonant frequencies, 
which depend on the elastic modulus, mass, and geometry. IET means that a 
vibration is induced in the material by a small mechanical impulse. The energy 
is dissipated by the material into a vibration. This vibration is expressed as a 
damped sine [46], see figure 5.2.1. 

 
Figure 5.2.1 Sinusoidal damped vibration [46] 

 
The vibration of any material consists of a sum of several resonant 

frequencies. For simple shapes e.g. rectangular bars, cylindrical rods, and discs, 
there are well defined vibration modes. The supports are placed in the vibration 
nodes of the specimen so there is a minimal influence on the vibration by the 
supports. The nodes are the locations where the vibration has zero displacement, 
see figures below. 

 

 
Figure 5.2.2 Flexural mode of rectangular bars [46] 

 
Figure 5.2.3 Torsional mode of rectangular bars [46] 

 
The dynamic elastic properties of the materials can be calculated if the 

resonant frequencies, mass, and geometry are known [47]. Dynamic Young’s 
modulus can be determined using the resonant frequency measured in the 
flexural or longitudinal mode of vibration. The dynamic shear modulus can be 
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calculated using the resonant frequency measured in the torsional mode. If the 
dynamic Young’s modulus and the dynamic shear modulus are known, the 
Poisson’s ratio can be computed. 

A dynamic mechanical measurement [47] is a technique which measures 
the modulus, the damping or both of a material under an oscillatory deformation, 
as a function of temperature, frequency or time or a combination of these 
parameters. This test method can be performed at room temperature, at high 
temperature and at cryogenic temperature with special equipments. Special 
attention should be paid to compensate the thermal expansion or contraction of 
the specimen. 

The method has the advantages that it is non-destructive and can be 
applied for specimens with a geometry different from common ones i.e. rods, 
parallelepipeds, which cannot be tested with other test methods. 
 
 
5.2.3 Experimental set-up 

Room temperature tests were performed with different IET devices: the 
Grindosonic device and the Resonance Frequency and Damping Analyser 
(RFDA) type RFDA-HT1750. The RFDA-HT1750 device is designed to 
perform measurements inside of the furnace HT1750, at elevated temperature, 
and outside, at room temperature. 

The Grindosonic device has been developed at J.W. Lemmens NV in 
Belgium. It is a reliable tool for industrial use. The measured value is a number, 
the so-called R-value, which is related to the fundamental resonant frequency of 
the sample, by the relationship: 

f
R 2000000
=  

 

Depending on the excitation and the sample type, f can be a fundamental 
torsional or flexural frequency.  Nowadays, there is a new Grindosonic device 
which is very similar to the older version, but now the machine provides directly 
the measured frequency. 

The RFDA-HT1750 device (see figure 5.2.4) performs the signal analysis 
automatically and calculates the Young’s modulus of the specimen. The tests at 
high temperatures are conducted in a furnace designed at the same company, 
J.W. Lemmens NV, type HT1750, which can be used up to 1750°C in air or in 
vacuum or in gas atmosphere (Ar, N).  
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Figure 5.2.4 Photo and the principle schema of the IET equipment RFDA-HT1750 [46] 

 
5.2.4. Experimental procedure 

 
The dynamic Young’s modulus E of the tested materials is determined using the 
resonant frequencies in the flexural mode of vibration.   

The cylindrical specimens are suspended on a special support device at 
the fundamental nodal points (0.224·L from each end, [47]).  The specimens are 
excited with a small hammer, which consists of a flexible polymer rod with a 
steel sphere glued at the end or, in the case of high temperature measurements 
with a small ceramic projectile. The vibration signal is captured by a 
piezoelectric detector in the case of the Grindosonic device or by a microphone 
in the case of the RFDA device and analysed with its software. 

Tests with the Grindosonic device are very simple. The test requires 3 
steps (see figure 5.2.5): 

- Touch: a piezoelectric detector is used to capture the vibrations, and to 
convert it into an electrical signal. The point detector is simply brought 
into contact with the sample; 

- Tap: The sample is excited into vibration by means of a light tap; 

- Read: the numerical result is displayed on the panel. 
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Figure 5.2.5 The required steps to measure with the Grindosonic device [48] 

 
 RFDA is the computer based equipment to measure resonant frequencies. 

The signal analysis is performed automatically after the acquisition and storage 
of the vibration signal. The result of the automatic analysis is the Young’s 
modulus of the specimen. The Young’s moduli of coated specimens can be 
calculated from subsequent experiments: first on specimens which consist of 
substrate only, then on coated specimens. 
 
 
5.2.5 Calculation of the Young’s modulus for cylindrical coated specimens 
 
The relationship which is used to calculate the Young’s modulus from the 
fundamental flexural frequency of a cylinder is as follows [47]: 
 

( ) 1
2

1
43 /6067.1 TfmDLE ⋅⋅⋅⋅=  (5.2.1)

 
where: D is the diameter of the cylinder in mm, m the mass of the cylinder in g, 
L is the length in mm,  ff  is  the  experimentally acquired fundamental flexural 
frequency in Hz, E the Young’s modulus in Pa and T1 is the correction factor for 
fundamental flexural mode. 
 The correction factor T1 is calculated with the following relationship [47]:  
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(5.2.2)

 
where: μ is the Poisson’s ratio. 
 The Young’s modulus of the coating of a coated specimen with substrate 
and bond coat (BC) is [49]: 
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( ) 44
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with: EBC+s  the calculated Young’s modulus from the experimentally 
determined frequency for the system with substrate and BC in Pa using 
relationship (5.2.1),  rs the radius of the substrate in mm, tBC the thickness of the 
BC in mm, Es Young’s modulus of the substrate material in Pa. 

In order to deduce the above relationship, the bending theory for a composite 
beam [50] is applied. 

For calculating the Young’s modulus of a second coating e.g. the TBC, the 
necessary relationship is determined in three steps, as follows: 

• First extract EBC+s, the Young’s modulus for the first two layers of the 
TBC system from relationship (5.2.3). From the IET tests we get the 
frequency for the whole TBC system and for this reason the new 
substrate will be considerated as BC plus substrate material:  

  

( )4

442223 464

BCs

ssBCBCsBCBCsBCBCsBCBC
sBC tr

rEtErtErtErtE
E

+

++++
=+  (5.2.4)

• The relationship (5.2.3) can be written in a new form, in order to 
determine the Young’s modulus of the  TBC: 
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where ETBC+BC+s  is the calculated Young’s modulus from the 
experimentally determined frequency for the whole system with substrate, 
BC, and TBC in Pa  and  tTBC  the thickness of the TBC in mm. 
• Introducing the relationship (5.2.4) in the relationship (5.2.5), the 

Young’s modulus of TBC can be calculated: 
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(5.2.6) 
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5.2.6 Results  
  

5.2.6.1 Elastic properties of the substrate IN625 at room temperature 
before and after heat treatment  

 
How does accuracy of measurements of the parameters mass, length, diameter, 
and frequency influence the calculated Young’s modulus? A sensitivity analysis 
has been performed on the specimen, which consists only of substrate material 
IN625, taking into consideration the maximum and the minimum values of all 
parameters from equation (5.2.1), before thermal treatment. The results are 
presented in table 5.2.4: 
 
Table 5.2.4 The results of the sensitivity analysis 
 

 d[mm] L[mm] ff[Hz] m[g] 
 d1

 d2 L1 L2 ff1 ff2 m1 m2 
 3.98 4.01 67.0 67.1 3860.6 3860.9 7.07 7.07 

E1 
[GPa] 206.1  204.1  204.2  204.2  

E2 
[GPa]  200.8  204.4  204.2  204.2 

 
where: 

- d1: minimum measured diameter of the specimen, [mm]; 
- d2: maximum measured diameter of the specimen, [mm]; 
- L1: minimum measured length of the specimen, [mm]; 
- L2: maximum measured length of the specimen, [mm]; 
- ff1: minimum measured frequency, [Hz]; 
- ff2: maximum measured frequency, [Hz]; 
- m1; minimum measured mass of the specimen, [g]; 
- m2 maximum measured mass of the specimen, [g]; 
- E1: calculated Young’s modulus by using relationship 5.2.1 and d1, L1, ff1, 

and m1, [GPa]; 
- E2: calculated Young’s modulus by using relationship 5.2.1 and d2, L2, ff2, 

and m2, [GPa]. 
Table 5.2.4 reveals that the biggest scatter of Young’s modulus value, of 

about 6 GPa, is due to measurement errors of diameter. This fact is mentioned in 
the literature too: for a measurement error of diameter of about 0.1%, the 
calculated Young’s modulus has an error of about 0.4%.  In conclusion, the error 
in diameter measurement is the most critical. 

The Young’s modulus has been calculated for the same specimen after 
thermal treatment 4h at 1080°C in vacuum, with the geometry and mass of the 
specimen before the above mentioned heat treatments (see table 5.2.1) and with 
the different measured frequencies. The calculated value of E is about 206.1 
GPa. The change in frequency can be attributed to a change in Young’s moduli, 
even through the change is very small. 
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Table 5.2.5 displays the values for Young’s moduli of the substrate material 
IN625 before and after thermal treatment 4 hours at 10800C in vacuum. The heat 
treatment 4 hours at 10800C simulates the processing of the BC in order to take 
into consideration the eventual change in the Young’s modulus of the substrate.  
 
Table 5.2.5 Young’s modulus of IN625 before and after heat treatment 4 

hours at 10800C in vacuum 
 
 As coated 

test at KU 
Leuven 

After the heat 
treatment, test at 
TU Darmstadt 

After the heat 
treatment, test at 

KU Leuven 
Diameter, [mm] 3.99 3.98 
Length, [mm] 67.08 67.08 
Mass, [g] 7.07 7.068 
Average of 10 measured 
fundamental flexural frequencies, 
[Hz], first frequency 

3860.7 3863.2 3862.2 

Average of 10 measured 
fundamental flexural frequencies, 
[Hz], second frequency 

3847.0 3850.3 3848.7 

Young’s moduli, [GPa] calculated 
with the first frequency 

204.2 206.3 206.4 

Young’s moduli, [GPa] calculated 
with the second frequency 

202.8 203.1 204.9 

Young’s moduli from quasi-static 
test, [GPa], [51] 

203.0 - - 

Young’s moduli by Mixed 
Numerical-Experimental Techique 
(MNET), [GPa], [52] 

205.9   

 
The IET test gave for one experiment two close values of the fundamental 

flexural frequency. The appellations first frequency and second frequency are 
arbitrary.  

After heat treatment 4 hours at 10800C in vacuum, measurements in two 
different laboratories have been performed: at the Technical University 
Darmstadt, Germany and at the Katholieke Universiteit Leuven, Belgium. The 
measured frequencies are almost equal.  

The difference between the value of Young’s modulus of the as received 
specimen and of the thermally treated specimen is small, about 2.1 GPa. From 
the Scanning Electron Microscope (SEM) investigations (see figure 5.2.6, 5.2.7), 
a conclusion can be drawn: the thermal treatment results in a grain growth by a 
factor of about 10. This change in microstructure is probably the reason for the 
change of Young’s moduli. 
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Figure 5.2.6  Microstructure of IN625 before 

thermal treatment 
Figure 5.2.7  Microstructure of IN625 after 

thermal treatment 4 hours at 1080°C in 
vacuum 

 
For the further calculations of the Young’s moduli of the BC and of the 

TBC, a Young’s modulus of IN625 of 206 GPa is used. This is the value after 
the heat treatment 4 hours at 1080°C in vacuum simulating the processing of the 
BC. By using this value of Young’s modulus of IN625, the influence of the heat 
treatment is taken into consideration.  
 
 
5.2.6.2 Elastic properties of the BC at room temperature 
 
In table 5.2.6, the values for Young’s moduli of the specimens with BC and 
substrate are shown: 
 
Table 5.2.6 Young’s modulus of BC 

 
The above presented values are calculated with relationship (5.2.3). 

Specimen Nr. 2 
TU 

Darm-
stadt 

2 
KU 

Leuven 

3 
KU 

Leuven 

4  
KU 

Leuven 

Diameter of substrate, [mm] 3.98 3.94 3.99 
Thickness of  BC, [mm] 0.02 0.11 0.26 

Length, [mm] 67.09 67.15 67.17 
Mass, [g] 7.27 7.63 8.80 

Average of 10 measured fundamental flexural 
frequencies, [Hz], first  frequency 

3899.1 
 

3898.0 3996.8 4334.8 

Average of 10 measured fundamental flexural 
frequencies, [Hz], second  frequency 

3964.6 3964.3 4038.8 4368.2 

Young’s moduli, [GPa] calculated with the 
first frequency 

171 169 171 179 

Young’s moduli, [GPa] calculated with the 
second frequency 

294 294 192 186 
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Again, two close values of the fundamental flexural frequency have been 
recorded for one experiment and they are named first and second frequency. The 
first frequency is assigned to the lower frequency, and the second frequency is 
assigned to the higher frequency. The Young’s modulus of the BC calculated 
with the first peak frequency has a reasonable value of 171 GPa, respectively 
169 GPa; the Young’s modulus of the BC calculated with the second peak 
frequency has a value which cannot be considered. For specimens 3 and 4 both 
calculated values of E are reasonable.  

For further calculations an average value of the values calculated with the 
first recorded frequency of all 3 specimens is used. This value is of 173 GPa 
which is in the range of values reported in the literature (175 GPa, [51], 176-194 
GPa [52]).  
 
 
5.2.6.3 Elastic properties of the TBC at room temperature before and 

after heat treatments at 1000°C 
 
In table 5.2.7, the values for Young’s moduli of the specimens with TBC, BC, 
and substrate are shown. The values presented below are calculated with 
relationship (5.2.6). 
 
Table 5.2.7 Young’s modulus of TBC, for as received specimens  
 

Specimens Nr. 5 6 7 8 9 10 11 

Diameter of substrate, [mm] 3.95 
 

3.95 
 

3.99 
 

4.02 
 

3.96 
 

3.99 
 

3.97 
 

Thickness of  BC, [mm] 0.02 0.02 0.11 0.10 0.11 0.25 0.27 
Thickness of TBC, [mm] 0.19 0.11 0.19 0.19 0.19 0.19 0.09 

Length, [mm] 67.10 67.01 67.04 67.08 67.02 67.06 67.10 
Mass, [g] 8.00 7.56 8.66 8.71 8.50 9.72 9.22 

f1 
 
 

3803.1 3844.4 4004.4
 

4008.9 3987.7 4228.7 
 

4288.3Experimentally acquired 
fundamental flexural 

frequency (average of 10 
measurements), [Hz] 

f2 3860.2
 

3849.9
 

4060.7 4047.1 4004.1 4307.7 4305.9

E1 39 40 43 34 45 40 55 Young’s moduli, [GPa] 
E2 54 42 57 44 49 60 64 

E, [GPa] from quasi-static 

test [51] 

28-57 

E, [GPa] by MNET [52] 35-42 
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As already mentioned above, two close resonant frequencies are recorded 
for one experiment. They are arbitrarily appellate f1 and f2. The first frequency is 
assigned to the lower frequency, and the second frequency is assigned to the 
higher frequency. 

Average value of the Young’s modulus calculated with the first 
frequencies of all the specimens for as received TBC is E=42 [GPa]. 

The above calculated values of Young’s moduli determined with IET are 
in accordance with values obtained with quasi-static measurements [51] or by 
means of the Mixed Numerical-Experimental Technique (MNET) [52]. The 
scatter of these values is in the range of 30-53 [GPa] which is also in the range 
of the scatter mentioned in the literature [51], [52].  

 
In table 5.2.8 and figure 5.2.8, the values for Young’s moduli of 

specimens with TBC, BC, and substrate after heat treatment at 1000°C in air for 
24 h, 100 h, 500 h and 1000 h are shown.  The values presented below are 
calculated with relationship (5.2.6), assuming that the values of Young’s moduli 
of the substrate and of the BC do not change with exposure time at high 
temperature [50]. These values are 206 GPa for IN625 and 173 GPa for BC. 
Again, 2 close resonant frequencies have been recorded. They are listed in table 
5.2.8 and presented in figure 5.2.8 and they are an average of 10 measurements. 
The first frequency is assigned to the lower frequency, and the second frequency 
is assigned to the higher frequency. 
 
Table 5.2.8 The measured fundamental flexural frequencies f, and Young’s 

moduli E of TBC, for as received specimens and for heat treated 
specimens 

 
Specimen Nr. 5 7 10 

 f, [Hz] E, [GPa] f, [Hz] E, [GPa] f, [Hz] E, [GPa]

f1 3803.1 39 f1 4004.4 43 f1 4228.7 40 as received  

f2 3860.2 54 f2 4060.7 57 f2 4307.7 60 

f1 3866.5 56 f1 4057.7 57 f1 4290.9 55 after 24h in air 
at 1000°C 

f2 3922.5 71 f2 4082.7 63 f2 4370.3 65 

f1 3863.9 55 f1 4061.0 58 f1 4285.7 54 after 100h in air 
at 1000°C 

f2 3920.2 70 f2 4087.2 64 f2 4365.3 74 

f1 3866.6 56 f1 4105.4 69 f1 4310.8 60 after 500h in air 
at 1000°C  

f2 3923.9 71 f2 4130.8 76 f2 4390.0 81 

f1 3866.6 56 f1 4133.4 76 f1 4323.4 64 after 1000h in 
air at 1000°C 

f2 3924.6 71 f2 4158.5 83 f2 4402.6 84 
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Figure 5.2.8 Evolution of the Young’s modulus of the TBC after heat treatments 

 
In figure 5.2.8 the values of the Young’s modulus were connected in a 

way which gave a plausible trend, showing a parabolic increase of Young’s 
modulus as a function of exposure time. If the values of the Young’s modulus 
corresponding to the lower frequency are connected, a plausible trend can be 
obtained.  
 
 
5.2.6.4 Elastic properties of the TBC system as a function of temperature  
 
The Young’s modulus of the TBC, in dependence on temperature, can be 
calculated, if tests on specimens, which comprise substrate material (specimen 
nr.1) and substrate+BC (specimen nr.4) were performed before the test on 
specimens, which comprise the complete TBC system (specimen nr.8 and 9).   

In figure 5.2.9, the evolution of the Young’s modulus of IN625 as a 
function of temperature is displayed. Two tests in Ar atmosphere were 
performed. The Ar atmosphere was used to avoid the oxidation of the metallic 
specimen. In the first test, heating up to about 775…800°C and cooling down to 
room temperature were conducted with the same rate, namely 2°C/minute. The 
initial objective was to heat up the specimen to 1000°C but technical problems 
with the experimental set-up made it impossible. Moreover, during the cooling 
down, below 150°C data were not recorded. In the second test, heating up to 
1000°C and cooling down to room temperature were performed with a rate of 
2°C/minute. At the beginning of this test, between the room temperature and 
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200°C, two close flexural frequencies were recorded.  After 200°C only one 
frequency has been recorded. 
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Figure 5.2.9 Young’s modulus of the IN625 as a function of temperature, first and second test in Ar atmosphere 
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In the figure above, between 500°C and 600°C, both for the first test and the 
second test, a change of the slope of the curve is observed.  The slope changed 
both during heating up and cooling down stages of the test. 

 An overview of the starting and ending Young’s modulus values recorded 
during the tests at high temperature in Ar is shown in table 5.2.9. 

 
Table 5.2.9 Overview of the Young’s modulus values of the IN625 at the 

beginning and at the end of the tests at high temperature in Ar 
 

 
 
 
 
 
 
 
 
 

 
* Beginning of the heating up. 
** End of the heating up. 
*** End of the cooling down.  
 

At the end of both tests in Ar, the value of the Young’s modulus of IN625 
is slightly higher: 205.3 [GPa] in comparison with 203.2 [GPa] at the beginning 
of the first test, and 205.7 [GPa] in comparison with 204.3 [GPa] at the 
beginning of the second test. That means that the test at high temperature was 
similar to a heat treatment. A slightly increase of the Young’s modulus of the 
IN625 after heat treatment was also noted in the chapter 5.2.6.1. 
 

In figure 5.2.10, the evolution of the Young’s modulus of BC for 
specimen nr.3 as a function of temperature is shown. The test was conducted in 
an atmosphere of 95%Ar+5%H with a heating and cooling rate of 5°C/minute 
respectively. The Ar atmosphere was also used to avoid the oxidation of the 
metallic specimen. For the calculation with relationship 5.2.3 of this modulus 
during the heating up and cooling down, the corresponding values recorded from 
the second test on the IN625 specimen (see figure 5.2.9) were used, for the same 
reason as above. 

First test 
Temperature, [°C] Young’s modulus, [GPa]

23*  204.3 
30 203.2 

791**  154.1 
30*** 205.3 

Second test 
23*  204.3 

990** 135.3 
23*** 205.7 
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Figure 5.2.10 Young’s modulus of BC, specimen nr. 3, in 95%Ar+5%H 

 
An overview of the starting and ending Young’s modulus values recorded 

during the second test at high temperature on a specimen with BC is shown in 
table 5.2.10. 
 
Table 5.2.10 Overview of the Young’s modulus values of the BC at the 

beginning and at the end the test at high temperature in 
95%Ar+5%H 

  
Temperature, [°C] Young’s modulus, [GPa]

23* 190.8 
30 190.3 

1000** 71.3 
30*** 197.0 

Notes: 
* Beginning of the heating up. 
** End of the heating up. 
*** End of the cooling down. 
 

At the end of this test, the value of the Young’s modulus of BC is slightly 
higher: 197.0 [GPa] in comparison with 190.3 [GPa] at the beginning of the test. 
That means that again as above, this test at high temperature was similar to a 
heat treatment and it led to a slight increase of the Young’s modulus of BC. 

During the heating up, between 650°C and 750°C, the values of the 
Young’s modulus corresponding to the heating up stage of the test are higher 
than the values of the Young’s modulus corresponding to the cooling down and 

Heating up 

Cooling down 
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there is a peak of the Young modulus of the BC, about 208.6 GPa which 
corresponds to a temperature of 698°C. It is suggested that the testing device had 
some technical problems during the cooling down stage of the experiment. 

 
In figure 5.2.11, the evolution of the Young’s modulus of BC for 

specimen nr.4 as a function of temperature is shown. The test was conducted in 
vacuum with a heating and cooling rate of 5°C/minute, respectively. The used 
test atmosphere was vacuum instead of Ar.  After the first tests in Ar atmosphere 
on metallic specimens, a thin oxide scale was observed, probably due to remains 
of oxygen in the Ar-atmosphere. Different atmospheres were used in order to 
examine the effect of oxygen on the properties of the TBC. Previous tests have 
shown a different sintering behaviour of the TBC in oxygen and in vacuum [53]. 
The maximum heating temperature was 1000°C. After the previous tests in Ar 
on the specimens, which comprise IN625, a slight oxidation was visually 
observed. For the calculation with relationship 5.2.3 of this modulus during the 
heating up and cooling down, the corresponding values recorded from the 
second test on the IN625 specimen (see figure 5.2.9) were used. The values 
recorded from the second test, have been used because the heating up of the 
second test has been performed up to 1000°C, which was the same maximum 
achieved temperature as for specimen nr.4. 
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Figure 5.2.11 Young’s modulus of BC, specimen nr. 4, in vacuum 

 
An overview of the starting and ending Young’s modulus values recorded 

during this test at high temperature is shown in table 5.2.11. 
 
 

Heating up 

Cooling down

Heating up 
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Table 5.2.11 Overview of the Young’s modulus values of the BC at the 

beginning and at the end the test at high temperature in vacuum 
 
 

Temperature, [°C] Young’s modulus, [GPa]

23* 188.9 
30 188.4 

1000** 115.6 
30*** 192.0 

Notes: 
* Beginning of the heating up. 
** End of the heating up. 
*** End of the cooling down.  
 

At the end of this test, the value of the Young’s modulus of BC is slightly 
higher: 192.0 [GPa] in comparison to 188.9 [GPa] at the beginning of the test. 
That means that again as above, for the case of IN625, this test at high 
temperature was similar to a heat treatment and it led to a slight increase of the 
Young’s modulus of BC. 

Between 600°C and 1000°C, the values of the Young’s modulus 
corresponding to the heating up stage of the test are higher than the values of the 
Young’s modulus corresponding to the cooling down. Especially between 
650°C and 770°C the difference between these values is bigger. During the 
cooling down part of the experiment, between 606°C and room temperature, 
there is an inverse relationship: the Young’s modulus of the BC is higher than 
during the heating up. This difference is accentuated between 400°C and 200°C.  
 

In figure 5.2.12, the evolution of the Young’s modulus of the TBC 
(specimen nr.8) as a function of temperature is shown. The test was conducted 
in vacuum, with a heating and cooling rate of 5°C/minute, respectively. For the 
calculation with relationship 5.2.6 of this modulus, the corresponding values 
from the second test on IN625 (see figure 5.2.9) specimen and from the test on 
the specimen with BC (see figure 5.2.10) were used because both tests achieved 
a maximum temperature of 1000°C. 
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Figure 5.2.12 Young’s modulus of TBC, specimen nr. 8, test in vacuum 

 
An overview of the starting and ending Young’s modulus values recorded 

during the test at high temperature in vacuum on the specimen with TBC is 
shown in table 5.2.12. 
 
Table 5.2.12 Overview of the Young’s modulus values of the TBC at the 

beginning and at the end of the test at high temperature in 
vacuum 

 
Temperature, [°C] Young’s modulus, [GPa]

23* 36.5 
30 36.0 

1000** 6.1 
30*** 51.9 

 
Notes: 
* Beginning of the heating up. 
** End of the heating up. 
*** End of the cooling down.  

 
At the end of this test, the value of the Young’s modulus of TBC is 

higher: 51.9 [GPa] in comparison with 36.0 [GPa] at the beginning of the test. 
That means that this test at high temperature was similar to a heat treatment and 
it led to a significant increase of the Young’s modulus of TBC. 

 

Heating  up 

Cooling down 
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At the beginning of the heating up the Young’s modulus has a steep 
decrease up to 250°C, and then, between 250°C and 625°C it is almost constant. 
Further, during the heating up, between 625°C and 1000°C, the value of the 
Young’s modulus corresponding to the heating up stage of the test are higher 
than the values of the Young’s modulus corresponding to the cooling down and 
again during the cooling down this relationship is inverse. The reason for such a 
variation is not yet understood. 

In figure 5.2.13, the evolution of the Young’s modulus of TBC (specimen 
nr.9) as a function of temperature is shown. The tests were conducted in air, 
with a heating rate of 2°C/minute. The recording of the cooling down step of the 
tests was not possible because of technical problems with the experimental set-
up. First test stopped at 916°C, the second test stopped at 977°C. For the 
calculation of these moduli, the same values of IN625 and of BC as above were 
used. 
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Figure 5.2.13 Young’s modulus of TBC, specimen nr. 9, first and second test in air, only 
heating sequence 

 
An overview of the starting and ending Young’s modulus values recorded 

during the tests at high temperature in air on the specimen with TBC is shown in 
table 5.2.13. 
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Table 5.2.13 Overview of the Young’s modulus values of the TBC at the 
beginning and at the end of the tests at high temperature in air 

 
 
 
 
 
 
 
 
Notes: 
* Beginning of the test. 
** End of the test. 
 

At the beginning of the second test, the value of the Young’s modulus of 
TBC is higher: 66.3 [GPa] in comparison to 41.4 [GPa] at the beginning of the 
first test. The Young’s modulus of TBC at the beginning of the second test 
corresponds to the Young’s modulus of TBC at the end of the first test. That 
means that again as above, for the case of tests at constant temperature in air, the 
test was similar to a heat treatment and it led to an increase of the Young’s 
modulus of TBC. Other trend which can be observed is that the values of the 
Young’s modulus of TBC at high temperature are smaller than the values of the 
Young’s modulus of TBC at room temperature. 

 
 
5.2.6.5 Microstructural investigation of the TBC as-coated and after heat 

treatment  
 
The microstructure of the TBC systems is a columnar one. Between columns are 
empty spaces. There is a significant difference between these empty spaces 
when they are located near the interface TBC/TGO or near to the top of the 
coating, see figures 5.2.14, 5.2.15: 
 

Figure 5.2.14 Microstructure of the TBC as-
coated near the interface between BC and top 

coat 

Figure 5.2.15 Microstructure with columns 
of the TBC as-coated near the top of the TBC 

First test 
Temperature, [°C] Young’s modulus, [GPa]

23*  41.4 
916**  20.6 

Second test 
23*  66.3 

977**  23.4 

2 µm 2 µm
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The structure of the TBC systems is also a porous one. In the literature a 20 
vol.% open porosity is mentioned [54]. 
 After heat treatment, the columns sinter. Sintering can be defined “as a 
thermally activated process in a porous mass that aims at a reduction of the 
specific surface area in this mass” [54]. 
 Figure 5.16 shows the microstructure of TBC in the as-coated condition. 
Figures 5.2.17 and, 5.2.18 show the microstructure after 24h and 200h heat 
treatment in air at 1000°C. The pore growth is seen (see figure 5.2.17).  
 Other researchers [55] associate the sintering with densification of TBC 
by bridging of columns. This effect is best seen in figure 5.2.18. 
 

 
 

Figure 5.2.16 Microstructure of the TBC in the as-coated condition  

  

 
Figure 5.2.17 Microstructure of the TBC after heat treatment for 24 h at 1000°C in air  

 
 
 

Grown 
Pores

Pores

2 µm 

2 µm 
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Figure 5.2.18 Microstructure of the TBC after heat treatment for 200h at 1000°C in air  
 

The TBC microstructure shows after heat treatment in air at 1000°C, apart 
from the above mentioned bridging of the TBC columns, the rounding of the 
side arms, as seen in the figures below.  

 

 
 

Figure 5.2.19 Microstructure with columns of the TBC as-coated 
 

2 µm

Bridging of 
the columns

2 µm 
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Figure 5.2.20 Microstructure with columns of the TBC after heat treatment for 400h at 
1000°C in air 

 
 
5.2.7 Discussion 
 
Impulse Excitation Technique is a good non-destructive experimental method to 
determine the Young’s modulus for complex material systems, in our case 
thermal barrier coating systems.  

Special care must be taken concerning the accurate measurements of the 
external diameter of the specimens because error in these measurements induces 
an error of 0.4% in the calculation of the Young’s modulus with the relationship 
(5.2.1). 

Changes in the microstructure of materials after thermal treatments induce 
changes in the experimentally recorded frequency. For the case of the substrate 
material IN625, after heat treatment 4 hours at 10800C in vacuum, quite big 
changes in the grain dimensions result in only small difference of the Young’s 
modulus, about 2 GPa. This fact is also observed after the test which recorded 
Young’s modulus as a function of temperature. This test is practically equivalent 
to a heat treatment, but not at constant temperature, and the time at high 
temperature is less. 

For the specimen nr.4, which consists of substrate+BC, the test which 
recorded Young’s modulus as a function of temperature shows also only a small 
increase of E of BC, about 3 GPa, while for the specimen nr.3, also consisting 
of substrate+BC, the increase was about 7 GPa. Therefore, it is assumed that for 
the case of the substrate and BC material the value of Young’s modulus does not 
change significantly due to heat treatments. 

The value of Young’s modulus of the TBC has a big scatter. This fact was 
observed too with quasi-static methods [51], but the obtained values agree well. 
Moreover, the values of Young’s modulus for every component of the TBC 
system obtained by a mixed numerical-experimental technique [56] agree also 
very well with the results presented in this work. By this method, an average 

2 µm 
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Young’s modulus of the TBC of 42 GPa was obtained for the same specimens, 
while for IN625 an  average value of 206 GPa and for BC an  average value of 
173 GPa was obtained. 

For the case of the TBC material, a general trend of increase of the 
Young’s modulus after heat treatment is obtained. Starting from values about 
39…43 GPa corresponding to the first frequency f1, and about 54…60 GPa 
corresponding to the second frequency f2 for the as coated specimens, after 1000 
h heat treatment at 1000°C, Young’s modulus of TBC reaches values about 
56…76 GPa corresponding to the first frequency f1, and about 71…84 GPa 
corresponding to the second frequency f2. After 100 h heat treatment at 1000°C 
it seems that the Young’s moduli of the TBC materials reach a plateau.  

This increase of the Young’s modulus of TBC after heat treatment can be 
associated with the sintering of the TBC material [53]. The microstructural 
investigations (see chapter 5.2.6.5) reveal that the sintering process results in: 
- the pores coarsening in the columns; 
- the rounding of the side arms; 
- the bridging of the TBC columns. 
All of these changes in the microstructure of the TBC have an influence on the 
value of the Young’s modulus of TBC after heat treatment and lead to an 
increase of it. An increase of the Young’s modulus of TBC after heat treatment 
is also reported in the literature [54], measured by Dynamic Mechanical 
Analysis (DMA). 

During the tests, which record the value of the Young’s modulus of TBC 
as a function of temperature in vacuum and in air (see chapter 5.2.6.4), it is 
observed that the test atmosphere has an influence on the evolution of the 
recorded values. Between the Young’s modulus of TBC at the end of the test in 
vacuum and for as coated specimen, a difference of about 15 GPa should be 
mentioned. In the same time, as a result of the test in air, between the Young’s 
modulus of TBC at the end of the test and for coated specimen, a difference of 
about 25 GPa was measured. In other words, a bigger increase in the Young’s 
modulus of TBC was recorded after the high temperature IET test in air than 
after the test in vacuum.  

An important aspect should be mentioned:  the second test in air started at 
a value of Young’s modulus of TBC of 66.3 GPa, when the first test in air 
started at a value of E of TBC of 41.4 GPa. That means that the first test was 
similar to a heat treatment, not at constant temperature but at a temperature 
which varies with time (increasing and decreasing) and the sintering processes 
lead to an increase in the Young’s modulus of the TBC. Therefore, effort was 
made to keep an increasing trend in choosing the values of the Young’s moduli 
for the diagram showing its stepwise evolution (after 24 h, 100 h, 500 h 1000 h 
respectively), see figure 5.2.8. 

The determination of the Young’s modulus by IET method has a specific 
problem for cylindrical specimens: two close values of the flexural resonant 
frequencies have been recorded for all the specimens, coated or uncoated. One 
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possible explanation is: if the cross-section of the cylindrical specimen is not 
perfectly circular, but for example an ellipse, then the bending stiffness of the 
cylinder is lower in the direction of the short axis of the ellipse, and higher in the 
direction of the long axis of the ellipse. Consequently, the in-plane bending 
vibration and the out-of-plane bending vibration of such cylinder will have two 
different frequencies.  
 
 
5.3  Residual Stress Analysis in the TBC system by experiment and by 

FEM modelling 
 

 
Residual stresses develop in EB-PVD coatings after the deposition of the 
ceramic top coat. As mentioned in chapter 4, the temperature of the substrate is 
about 1000°C during deposition and the entire material system is cooling down 
from 1000°C to room temperature. In chapter 4 it has been shown that the TBC 
system is a multilayered material system which comprises 4 layers with different 
coefficients of thermal expansion. Because of the mismatch of the thermal 
expansion coefficients of the component layers, residual stresses are generated 
during cooling down. 
 
 

 
Many methods have been proposed in the literature to measure residual stresses: 
the hole drilling method [57], [58], [59], [60], the luminescence spectroscopy 
[61], analysing by FEM the results of the instrumented indentation [62], by 
measuring the change in curvature upon coating removal [63], [64], by finite 
element analysis calculation [65], or by sharp indentation [66]. 
 In this chapter, a two dimensional FEM model has been used to calculate 
the thermal/residual stresses for a TBC system and the Hole-Drilling Strain 
Gage Method [58] used as an experimental method to measure it.  
 
 
 
 
 
 
 
 

5.3.1 How are residual stresses generated in the TBC systems? 

5.3.2 Methods to determine residual stresses 
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The objective in this chapter is to calculate the thermally induced residual 
stresses developed in a plate, which consists of a TBC system, after cooling 
down from 1000°C to 20°C. The calculation has been carried out by using the 
commercial finite element program ABAQUS [67].  

To simulate the cooling down, a thermal loading was introduced in the 
model by using temperature fields.  This is an option in ABAQUS [68] which is 
used to specify values for predefined field variables used in the analysis. In this 
case the variable is the temperature. A temperature field with a homogenous 
temperature of 1000°C has been defined in the initial step of the analysis. A 
temperature field with a homogenous temperature of 20°C has been defined in 
the next step of the analysis. The two dimensional model has a shape of a plate 
with a length of 15 mm, and a total thickness of 4.377 µm, where the thickness 
of the substrate was 4 mm, the thickness of the BC was 0.100 mm, the thickness 
of the TGO was 0.003 mm, and, on top, the thickness of the TBC was 0.274 
mm. The length of the model of 15 mm was chosen with the aim of accelerating 
the calculation time. The real specimens are longer (120 mm), and it is expected 
that, the residual stresses through the thickness, in the centre (the symmetry 
axis) of the specimen, are almost constant. Only at the free edge of the 
specimen, a non constant distribution of the residual stress distribution through 
the thickness is expected, the so called “edge effect”. In order to keep an aspect 
ratio less than 10, the elements in TGO have been very small 
(0.0015×0.0001462 mm2). The aspect ratio is defined as the ratio between the 
longest and shortest edge of an element [68]. The element type was CPS8, a 8-
node biquadratic plane stress quadrilateral. They are continuum elements from 
the available library of ABAQUS for stress analysis and they are plane stress 
elements, which are suitable for modelling thin structures [68]. The model 
consists of 34505 nodes and 10428 elements. In order to investigate the 
influence of the thickness of the TBC on residual stress, the model has been 
modified by changing the thickness of the TBC from 274 µm to 174 µm and 100 
µm. Specimens with TBC thickness in this range have been investigated in 
chapter 5.4; also, the models simulate real tested specimens. The number of 
nodes and elements were the same. 

The defined boundary conditions of the symmetrical model are that the 
left edge cannot move in the horizontal direction (1 or x direction) because of 
the symmetry and the left bottom node cannot move in the horizontal and 
vertical direction, see figure below. The model was built symmetrical also with 
the aim of accelerating the calculation time and because of the loading 
symmetry. 

5.3.3 FEM analysis of the residual stresses in an EB-PVD TBC systems 

5.3.3.1 Description of the model 
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Figure 5.3.1 Mesh and boundary conditions of the model 
 

Material properties used for the calculations are shown in the Appendix of 
this chapter and they are used as a function of temperature. Part of them is from 
literature [69] and the other part from this work, chapter 5.1 (Young’s moduli of 
the substrate, of BC and of TBC as a function of temperature). 

 
 

 
TBC systems comprising two different substrate materials (IN625 and CMSX-4, 
see chapter 4) have been investigated in this work. Therefore, the corresponding 
distributions of the calculated in-plane calculated stresses after cooling down 
through the thickness, in the centre (the symmetry axis) of the specimen, are 
shown in the figures 5.3.2 and 5.3.4. One comment should be made - the 
CMSX-4 is an anisotropic material; thus, precise modelling of the residual 
stresses in all crystallographic directions can be difficult. For the FEM 
calculation, the substrate properties in the [111] direction have been taken as 
input for the model. The [111] direction has been chosen because its Young’s 
modulus is quite bigger in comparison with Young’s modulus of IN625 (see 
Appendix). For the crystallographic directions [100] and [010] this difference is 
not so big [69]. To conclude, the substrate properties in the [111] direction have 
been used as an academic example. 

5.3.4.2 Results 

Substrate 

BC 
TBC 

4.377

15
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Figure 5.3.2 Distribution of the in-plane calculated residual stresses through thickness in the 

TBC system for substrate IN625 properties 
 

For the material system with IN625 substrate, the TBC is under a 
compressive stress of about 200 [MPa] and there is a slight variation through the 
thickness because of the bending of the specimen after cooling down, see figure 
5.3.3. The TGO is under higher compressive stress, of about 2358 [MPa]. The 
BC is under tensile stress of about 374 [MPa]. The substrate is also under tensile 
stress of about 28 [MPa], which decreases through the thickness to nearly 0 
[MPa]. 
 
 

TBC 

SUBSTRATE 

BC 

TGO 
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Figure 5.3.3 Contour plot of the in-plane stress after cooling down, exaggerated shape times 
40, for substrate IN625 properties 

 
The distribution of the calculated in-plane stresses after cooling down 

through the thickness of the specimen, for the modified models with thickness of 
TBC of 174 µm and 100 µm is similar and there are only small differences 
between the stresses in the component layers. An overview of these stresses is 
shown in the table 5.3.1: 
 
 
Table 5.3.1 Overview of the in-plane calculated stresses after cooling down 

through the thickness, for substrate IN625 properties 
 

Thickness of TBC, [µm]  

274 174 100 

in TBC -200 -206 -210 
in TGO -2358 -2396 -2425 

Residual Stress,  [MPa]

in BC +374 +355 +341 
 

For the material system with CMSX-4 substrate, the distribution of the 
residual stresses (see figure 5.3.4) is similar: the TBC is under a compressive 
stress of about 234 [MPa]; the TGO is under higher compressive stress, of about 
2134 [MPa]; the BC is under tensile stress of about 489 [MPa], the substrate is 
under tensile stress and decreases through the thickness to almost 0 [MPa]. A 
comparative table with these calculated values is shown below:  
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Figure 5.3.4 Distribution of the in-plane calculated residual stresses through thickness in the 

TBC system for substrate CMSX-4 properties in the [111] direction 
 
Table 5.3.2 Comparison of the in-plane calculated stresses after cooling down 

through the thickness, for the substrate materials CMSX-4 and 
IN625 

 
Substrate material 

CMSX-4 IN625

Difference CMSX-4/IN625 

 values, [%] 

in TBC -234 -200 +17.00 
in TGO 

 

-2134 -2358 -10.49 
Residual Stress,  

 [MPa] 

in BC +489 +374 +30.74 
 

In order to study how sensitive the residual stress is in every single layer 
for other material properties from the literature [69], further FEM calculations 
have been performed, as following: for different properties of the BC (Young’s 
modulus),  and of the TBC (Young’s modulus), see Appendix.  For the TGO, the 
difference between the used material data and data found in literature was not 
relevant. 

 
For BC Young’s modulus from [69], the distribution of the residual 

stresses (see figure 5.3.5) is similar: the TBC is under a compressive stress of 
about 200 [MPa]; the TGO is under higher compressive stress, of about 
2345[MPa]; the BC is under tensile stress of about 323 [MPa], the substrate is 

TBC 

BC 

SUBSTRATE 

TGO 
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under tensile stress, which decreases through the thickness to almost 0 [MPa]. A 
comparative table with these calculated values is shown below:  

 

 
Figure 5.3.5 Distribution of the in-plane calculated residual stresses through thickness in the 

TBC system for BC Young’s modulus from [69] 
 
Table 5.3.3 Comparison of the in-plane calculated stresses after cooling down 

through the thickness, for the BC Young’s modulus from [69] 
and from this work, and for substrate IN625 properties 

 
BC Young’s modulus from: 

[69] This work 

Difference, [%] 

in TBC -200 -200 0 
in TGO 

 

-2345 -2358 -0.05 
Residual Stress,  

 [MPa] 

in BC +323 +374 -15.78 
 
 

For TBC Young’s modulus from [69], the distribution of the residual 
stresses is also similar: the TBC is under a compressive stress of about 67 
[MPa]; the TGO is under higher compressive stress, of about 2445[MPa]; the 
BC is under tensile stress of about 334 [MPa], the substrate is under tensile 
stress and decreases through the thickness to almost 0 [MPa]. A comparative 
table with these calculated values is shown below:  
 
 

Thickness of the specimen, mm

 

BC 

TBC 

TGO 
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Table 5.3.4 Comparison of the in-plane calculated stresses after cooling down 
through the thickness, for the TBC Young’s modulus from [69] 
and from this work, and for substrate IN625 properties 

 
TBC Young’s modulus from: 

[69] This work 

Difference, [%]

in TBC -67 -200 -198.5 
in TGO

 

-2445 -2358 +3.6 
Residual Stress,  [MPa] 

in BC +334 +374 -11.97 
 
 

 

 
The Hole-Drilling Strain Gage Method [58] is a semi-destructive method to 
evaluate the residual stress by drilling a hole into a part and measuring the strain 
at the surface of the part by means of a special strain gage rosette. It is a semi-
destructive method because a small hole is drilled into the part where the 
measurement has been done but does not affect its structural integrity. When 
introducing a hole in a part, which has residual stress, a relaxation of this stress 
at this location occurs [58] and consequently causes local strains. These strains 
are measured by the strain gage rosette. A strain gage rosette type CEA-XX-
062UM-120, which was used for the test, is shown in the figure below: 
 

 
Figure 5.3.4 Strain gage rosette type CEA-XX-062UM-120 [58] 

 
 

5.3.4 Measurement of residual stresses by the  Hole-Drilling Strain Gage 
Method 

5.3.4.1 Description of the method 
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The rosette consists of three radial gauges, which measure during the 
incremental boring three strains ε1, ε2, ε3.  They are introduced further in the 
equation below, for calculating the maximum and minimum equivalent uniform 
stresses: 
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5.3.1

where a  is a material independent parameter and b  depends slightly on 
Poisson’s ratio. These parameters have been determined by Schajer [59]. 

The literature mentions that there is a decrease in accuracy (see section 
5.3.5) with increasing the depth of the hole and therefore the depth Z is limited 
by a ratio to the diameter of the hole D of 25.0≤

D
Z . The method is simple but 

implies many experimental and accuracy problems (see section 5.3.5). The 
results obtained by this method should be used with caution. 

It is important to mention that the maximum and minimum equivalent 
uniform stresses are not the residual stress when the residual stress is not 
uniformly distributed but can give information about its sign and about an 
eventual non-uniform distribution through the thickness [58]. Additionally, 
when the difference between σmax and σmin is small, an average of the values can 
be used [60]. 
 

 
The method described above has been used to determine residual stress in the 
ceramic top coat (TBC) with a thickness of 280µm. The measurement has been 
performed in three increments. The diameter of the hole was 1.8 mm. The 
specimen consists of a material system with CMSX-4 substrate (see chapter 4). 
Its crystallographic direction was the crystallographic direction <100> of the fcc 
– crystal system. The figure below shows the distribution of the maximum and 
minimum equivalent uniform stresses through the thickness of the TBC: 
 
 
 
 
 
 
 

5.3.4.2 Results 
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Figure 5.3.5 Distribution of the maximum and minimum equivalent uniform stresses through 
the thickness of the TBC 

 
The distribution of σmax and σmin is not uniform and there is an appreciable 

difference between its measured values. Thus an average of σmax and σmin has not 
been used. A similar non uniform distribution has been reported in the literature 
for APS TBC [60]. However, it can be concluded that a compressive residual 
stress is present in the ceramic top coat. 
 
 

 
The measured residual stress in TBC by Hole-Drilling Strain Gage Method does 
not exceed -37 [MPa], while by FEM analysis values of -200 [MPa] are 
calculated. Similar big discrepancy between measured and calculated residual 
stresses has been also reported in the literature [60]. As mentioned in chapter 
5.3.3.1, the measured values should be used with caution because there are many 
sources of error during this experiment and they are mentioned in literature [58], 
[60]. Schajer [59] has demonstrated by a FEM study that there is a decrease in 
accuracy of the measurement with increasing depth of the hole. A different 
aspect is that it is not easy for example to position the drilling machine exactly 
in the centre of the rosette. If an eccentricity of 0.08 mm occurs, for a rosette 
similar to that used an error of 25% results [60]. The ceramic TBC is a brittle 
material and the shape of the drilled hole cannot be ideally cylindrical, as the 
analytical model assumes. Microcracking and inelastic deformation of the TBC 
occur during drilling and this leads to changes in the shape of the hole and in the 

5.3.5 Discussion 
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properties of the material. The measurement device of the depth has its own 
measurement error. All these factors can lead to a big error of the measurement.  

The calculated residual stresses agree well with values reported in the 
literature and obtained by different test methods. Johnson et al. [63] have 
measured by the change in curvature upon coating removal a residual stress in 
the TBC between -70 [MPa] and -260 [MPa]. Buchmann et al. [57] have 
measured also by Hole-Drilling Strain Gage Method for EB-PVD TBC, a 
compressive residual stress varying through the thickness, from 100 [MPa]  in 
the top of TBC to 0 [MPa] at the interface TBC/BC. Tolpygo et al. [61] have 
measured by luminescence spectroscopy a residual stress in the TGO between -
1500 [MPa] and -4000 [MPa]. 

If significant different material properties (Young’s modulus and/or the 
coefficient of thermal expansion) for every single layer are used as input for the 
FEM calculations, see tables 5.3.3-5.3.4 and in Appendix tables 8-12, then 
significant different results have been obtained. For the substrate CMSX4 
properties in the [111] direction, for which the Young’s modulus at 20°C is with 
88.3% bigger than the Young’s modulus of IN625 also at 20°C, the coefficient 
of thermal expansion at 20°C is with 51.1% smaller than the coefficient of 
thermal expansion of IN625 also at 20°C, the bigger difference in the calculated 
residual stresses was for the BC layer i.e. bigger with 30.7% for the CMSX4 
properties. For the BC properties from [69], for which the Young’s modulus at 
20°C is with 20.2% smaller than the Young’s modulus of BC from this work 
also at 20°C, for the same coefficient of thermal expansion, the bigger difference 
in the calculated residual stresses was also for the BC layer i.e. smaller with 
15.7% for the BC properties from [69]. For the TBC properties from [69], for 
which the Young’s modulus at 20°C is with 198.9% smaller than the Young’s 
modulus of TBC from this work also at 20°C, for the same coefficient of 
thermal expansion, the bigger difference in the calculated residual stresses was 
for the TBC layer i.e. smaller with 198.5% for the TBC properties from [69]. 

It can be concluded that the accuracy of the material properties plays an 
important role for calculating correctly the residual stresses in TBC systems. 
 
 
5.4  
 

Determination of the interfacial fracture toughness of the TBC system 
by  means of  Vickers indentation at the interface ceramic/metal 

 
5.4.1 Specimens and experimental plan 
 
This method was first developed at the Universite de Technologie de Compiegne 
in France, by D. Choulier during his PhD Thesis [70]. During the years, the 
method was developed further at the Laboratoire de Mecanique de Lille, France 
[21], [71], [22], [72], and [73]. Some researchers have used the method for Air 
Plasma Sprayed (APS) TBC systems [74], [75].  
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Many models have been presented in the literature [76] for the 
determination of the fracture toughness of bulk brittle materials by Vickers 
indentation. For the case of coating systems, the method considers the materials 
located at the interface as a single brittle material [21]. Moreover, the system 
which comprises of substrate, interface and coating is named “Interface 
Material” [21]. 

The method was already described in chapter 3. 
The specimens have a rectangular shape (25×4 mm2) and they consist of 

the material system with substrate material IN625.  
 For each specimen, the thickness of the BC and the thickness of the TBC 

have been calculated after successive measurements of the thickness of the 
specimens after the BC, respectively TBC processing. They were measured with 
a micrometer screw. In order to get specimens with a different thickness of the 
TBC, some specimens have been ground. The thicknesses of the substrate and of 
the BC have been constant: about 4 mm for substrate and about 100 µm for the 
BC.  

Two different types of Vickers indentation tests at the interface 
ceramic/metal have been performed: conventional Vickers indentation by means 
of a micro hardness test tip FRANK Finotest 38163.012 and micro-indentation 
test by means of a NANO Indenter XP measurement system. Both tests were 
load controlled. The difference between these devices is that the NANO Indenter 
XP measurement system can record load-depth curves of the indentation tests 
and calculate automatically the hardness and the Young’s modulus. 

The interfacial fracture toughness is determined on samples with different 
TBC thicknesses and different heat treatments in air at a temperature of 1000°C.   
The specimen plan corresponding to each TBC thickness is shown in table 5.4.1. 
An overview of the performed tests is given in table 5.4.1 und 5.4.2. 

 
 
Table 5.4.1 Specimen plan for conventional Vickers indentation tests at the 

interface ceramic/metal 
 

                     Thermal  
                   treatment 
TBC  
Thickness, [µm] 

 
 

as coated 

 
 

24h at 1000°C 
 in air 

 
 

100h at 1000°C 
 in air 

274 4 (Load 9.8÷98 N) 4 (Load 9.8÷98 N) 4 (Load 1.96÷98 N) 
174 2 (Load 9.8÷49 N) 2 (Load 9.8÷49 N) 2 (Load 1.96÷49 N) 
100 2 (Load 9.8÷29.4 N) 2 (Load 9.8÷29.4 N) 2 (Load 1.96÷29.4 N)
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Table 5.4.2 Specimen plan for load controlled micro-indentation Vickers 
indentation tests at the interface ceramic/metal [thickness 274 µm] 

 
Load, [N] As coated After 24h at 1000°C in air After 100h at 1000°C in air 

1.96 - 3 2 
2.94 3 2 2 
9.8 3 3 3 

 
 
5.4.2 Experimental set-up 
 
The conventional Vickers interfacial indentation has been performed with a 
micro hardness tester tip FRANK Finotest 38163.012. With this device the 
Vickers hardness can be determined according to DIN 50133, Brinell hardness 
according to DIN 50351 and Knoop hardness according to DIN 52333. The load 
range is 1.96…98 N.  For our purpose, the Vickers indenter is used.  
 The tester is provided with an optical microscope, which serves to 
position the indenter at the desired location and to measure the diagonal of the 
imprint. Additionally, the machine is equipped with a special mounting device 
which helps to clamp the tested specimen, see figure 5.4.1. 
 

 
Figure 5.4.1 Micro hardness tester with mounting device 

 
The hardness of the TBC has been additionally determined with the help 

of a NANO Indenter XP system with high load cell (maximum load 10N) with a 
fully calibrated diamond Berkovich tip. The interfacial load controlled micro-
indentation tests have been performed with the same device but with a fully 
calibrated diamond Vickers tip.  Thermal drift was automatically corrected for 
all tests.   The device can acquire mechanical data on the submicron scale. Each 
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recorded data point (hardness and Young*s modulus) is an average of 1000 
separate measurements. NANO Indenter XP systems are software-controlled. 
The user needs to make only two decisions: where to put the indentations (it is 
equipped with an optical microscope and a video screen) and what experiments 
to perform at those positions. Simply define the maximum load or depth for the 
indentation for routine hardness and modulus measurements, and the system will 
ensure that the tests are consistent, appropriate, and accurate.  
 

5.4.3 Experimental procedure 
 
In order to perform interfacial Vickers indentation of both types, the specimen 
must be carefully ground and polished in cross section. A SiC abrasive paper 
with different granulation was used for grinding. An Alpha Micropolish®II 
Deagglomerated Alumina (producer Buehler®) solution was used for polishing.  
The steps of this preparation are described in the table below: 

Table 5.4.3 Grounding and polishing steps 

Step Treatment Granulation 
1 Grinding 400 
2 Grinding 800 
3 Grinding 1200 
4 Grinding 2500 
5 Grinding 4000 
6 Polishing 1 µm and a washing-up liquid 
7 Polishing 0.3 µm and a washing-up liquid 
8 Polishing 0.05 µm and a washing-up liquid 
9 Washing washing-up liquid 
10 Washing Water 
11 Washing Hot water 
12 Drying Hot-air blower 

 

After grinding and polishing, for performing conventional interfacial 
Vickers indentation, the specimen is clamped onto the mounting device and the 
interfacial indentation is performed with the help of the tester described above. 
Special attention must be paid to place the indenter exactly at the interface. The 
used device for performing such tests cannot technically assure always this test 
condition.  Therefore, also imprints of indents which deviate with a maximum 
distance of 47 µm have been considered. 

After unclamping the specimen, measurement of crack lengths was 
performed by using a LEO Gemini DSM 982 scanning electron microscope 
(SEM) equipped with a field emission gun. Before SEM investigation, the 
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specimens were ion-beam etched with a Gatan High Resolution Ion Beam 
Coater Model 681 equipped with auxiliary equipment for ion etching. Eventual 
contamination of the specimen was removed by ion etching. Finally, the 
specimens were coated with Au/Pd. 

 As mentioned above, the considered crack length is the sum of half of the 
diagonal and the crack length which start at the corner of the Vickers indenter. 
In order to measure it, first the diagonal of the indent is measured and then the 
length of the crack itself. For the case when the indenter was not exactly placed 
at the interface, the considered diagonal was the length corresponding to the 
intersection line between TGO and edges of the imprint of the Vickers indenter. 

If a crack propagates through a pore, the pore is considered as part of the 
crack. If a crack ends in a pore, the pore is not considered in the length of the 
crack. Sometimes bifurcations of the crack occur. In this case the longer crack is 
considered. 
 

After the preparations mentioned above, for performing interfacial load 
controlled micro-indentation Vickers tests, the specimen is glued onto the 
mounting device of the nanoindenter, and then the tests were performed. Load 
controlled micro-indentation means that the tests have been performed until a 
maximum load has been achieved, and then unloaded. In order to correct 
automatically the thermal drift, the maximum load was kept constant for a time 
period of about 85 seconds (see Oliver and Pharr method [77]). The 
displacement of the indenter and the applied load were recorded automatically 
by the nanonindenter device. In this way, after performing the tests, the recorded 
load-indentation curves can be analysed. 

After performing the tests, measurements of the crack lengths were 
performed by using the same SEM as in the chapter 5.4.3. Before SEM 
investigation, the specimens were also ion-beam etched (see chapter 5.4.3).  

Additionally, changes of the appearance of the micro-indentation imprints 
in the as coated condition and after heat treatments have been investigated by 
SEM. 
 
 
5.4.4 Calculation of the interfacial fracture toughness 
 
The apparent interfacial fracture toughness is calculated with the following 
relationship [21]: 
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where E is the elastic modulus, H is the Vickers hardness I, S, and C are the 
respective indices of the interface, coating and substrate, F is the applied load 
for the indentation, d is the measured diagonal after indentation, Pc and ac are 
the critical load and the critical crack length respectively (the coordinates of the 
critical point determined after the experiment).   
 
 
5.4.5 Results of the conventional interfacial Vickers indentation tests 

  
5.4.5.1 Vickers hardness of the TBC and BC 

 
For the determination of the interfacial fracture toughness, knowledge of the 
Vickers hardness of the coating (TBC) and substrate (BC) is required.  

In order to evaluate the scatter of the measurements, 4 tests with a load of 
9.8 N have been performed in the as coated condition and after heat treatment 
(24 h and 100 h at 1000°C in air). The measurements have been performed with 
the micro hardness tester presented section 5.4.2, in the cross section of the 
specimens. The measurements of the diagonal have been done with the help of 
SEM, especially because it is difficult to measure the diagonals situated in TBC 
by means of an optical microscope.  

The evolution of the Vickers hardness of TBC and BC after heat 
treatments is shown in the figures 5.4.2 and 5.4.3.  The measured values do not 
show a significant trend of increasing after heat treatments in comparison with 
the as coated condition. These values are HV1=1.6 [GPa] for TBC, and 
HV1=4.3 [GPa] for BC. 
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Figure 5.4.2 Vickers hardness of TBC in the as coated condition and after heat treatment at 

1000°C in air 
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Figure 5.4.3 Vickers hardness of BC in the as coated condition and after heat treatment at 

1000°C in air 
 

SEM photos of the imprint of the Vickers indenter in BC and TBC in the 
as coated condition and after heat treatments reveal also that the length of the 
diagonal remains almost constant. Examples of such imprints are shown in the 
figures below:  
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Figure 5.4.4 Example of a SEM photo of the Vickers indenter imprint in TBC with a load of 

1 kg, after 100 h at 1000°C. 
 

 

 
Figure 5.4.5 Example of a SEM photo of the Vickers indenter imprint in BC with a load of 

9.8 N, after 24 h at 1000°C 
 
 

 
The Vickers hardness values obtained in the previous chapter are in 
contradiction with values reported in other work [53]. An increase in hardness 
after heat treatment at 1000°C in air was expected. Therefore, additional 
Berkovich instrumented nanoindentation tests through the thickness of the TBC 
have been performed. The tests have been performed with the nanoindenter 
presented in section 5.4.2, in the cross section of the specimens. The results are 
shown in the figure below.  In the graph below, 0 means the interface BC/TBC. 
Each data is an average of 5 measurements. The penetration depth was 2 µm and 
the diamond tip was Berkovich. 
 
 
 
 

5.4.5.2 Hardness of the TBC by Berkovich instrumented nanoindentation
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Figure 5.4.6 Hardness of TBC obtained by Berkovich instrumented nanoindentation in the as 

coated condition and after heat treatment at 1000°C in air 
 

An overview of the hardness values of the TBC obtained by 
nanoindentation is shown in the table below: 
 

 
Duration of the heat treatment at 1000°C, 

[h] 
0 24 100 

Position of the nanoindent from the interface, 
[µm] 

Hardness, [GPa] 
50 3.7 3.5 3.8 
100 3.3 3.0 4.0 
150 2.5 2.7 4.4 
200 2.9 3.2 5.3 

Average hardness, [GPa]  
3.1 3.1 4.4 

For further calculations of the apparent interfacial fracture toughness, the above 
average values of the hardness of the TBC will be used. 
 

 
In order to study the influence of the heat treatment and of the TBC thickness on 
the length of the crack propagated at the interface TBC/BC after the interfacial 
Vickers indentation test, all the specimens mentioned in the test plan in the 
chapter 5.4.1 have been tested. The used load is in the range of 1.96…98 N 

Table 5.4.4 Overview of the hardness values  of the TBC obtained by Berkovich 
instrumented nanoindentation 

5.4.5.3 Influence of the heat treatment  
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depending on the thickness of the specimens. Generally, for thinner coatings, 
tests with lower loads have been performed. 

5 experiments have been carried out for every load level. The results are 
shown in terms of arithmetic average of the 10 measured crack lengths (left and 
right cracks). An overview of the performed tests on specimens with different 
thickness and different heat treatment at 1000°C in air is outlined in the table 
below.  

The experimental values of the crack length vs. applied load, for different 
heat treatments, for every TBC thickness, are shown in figures 5.4.7, 5.4.8, and 
5.4.9. 

 
Table 5.4.5 Overview of the number of performed tests  
 

Applied load, [N] Thermal treatment 
1.96 2.94 9.8 19.6 29.4 49.0 98.0 

TBC thickness 274 µm 
as coated   5  5 5 5 

24h/1000°C in air   5  5 5 5 
100h/1000°C in air 5 5 5  5 5 5 

TBC thickness 174 µm 
as coated   5  5 5  

24h/1000°C in air 5 5 5  5 5  
100h/1000°C in air 5 5 5  5 5  

TBC thickness 100 µm 
as coated   5 5 5   

24h/1000°C in air   5 5 5   
100h/1000°C in air 5 5 5 5 5   
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Figure 5.4.7 Relationship applied load-average crack length as a function of heat treatment 
for TBC thickness 274 µm 

 

0

50

100

150

200

250

300

350

0 10 20 30 40 50
P, [N]

a,
 [µ

m
]

As coated 
After 24h at 1000°C
After 100h at 1000°C

Figure 5.4.8 Relationship applied load-average crack length as a function of heat treatment 
for TBC thickness 174 µm 
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Figure 5.4.9 Relationship applied load-average crack length as a function of heat treatment 
for TBC thickness 100 µm 

 
As a general observation, the graphs show an increase of the crack length 

a with the increase of the load P. The scatter of the measured crack lengths 
increases also with the increase of the load and it is very big.  

For TBC thickness of 274 µm (figure 5.4.7), in the as coated condition 
and after 24 h heat treatment, the relationship a-P is linear and the cracks are 
shorter after the heat treatment. After 100 h heat treatment, the relationship a-P 
is not linear; for the load range 0…50 N, the cracks are shorter in comparison 
with the cracks in the as coated condition but longer in comparison with the 
cracks after 24 h heat treatment. There is an increase of the length of the cracks 
for the load of 98 N. 

For the TBC thickness of 174 µm (figure 5.4.8), the relationship a-P is 
almost linear for all the conditions (as coated or heat treated). In the range of the 
load 1.96…30 N, the cracks are longer after heat treatments in comparison to the 
cracks in the as coated condition. In the range of higher loads, 30…49 N the 
relationship is inverse. The values of the measured crack lengths are close to 
each other.  

For the TBC thickness of 100 µm (figure 5.4.9), the relationship a-P is not 
linear. After 100 h heat treatment the cracks are longer in comparison with the 
cracks in the as coated condition, for the range of the load 0… 20 N. There is a 
decrease of the crack length for the load of 29.4 N. After 24 h heat treatment the 
cracks are shorter in comparison with the cracks in the as coated condition and 
the relationship a-P is almost linear. 

 
 

Big scatter 
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The experimental values of the crack length vs. applied load as a function 

of the TBC thickness in the as coated condition and for every heat treatment (for 
24 h and 100 h at 1000°C in air) are shown in figures 5.4.10, 5.4.11, and 5.4.12. 
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Figure 5.4.10 Relationship applied load-average crack length as a function of TBC 

thickness, in the as coated condition 
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Figure 5.4.11 Relationship applied load-average crack length as a function of TBC 

thickness, after 24 h heat treatment 

5.4.4 Influence of the TBC thickness  

Big scattter 
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Figure 5.4.12 Relationship applied load-average crack length as a function of TBC thickness, 
after 100 h heat treatment 

 
The relationships applied load-average crack length as a function of TBC 
thickness show a big scatter, especially at higher loads, in all conditions. The 
graphs show also an increase of the crack length a with the increase of the load 
P. 
 
 

 
In order to calculate the apparent interfacial fracture toughness, the knowledge 
of the Vickers hardness and of the Young’s moduli of the BC and TBC is 
required. These material properties have been determined and presented in other 
chapters (see chapters 5.2, 5.4.5.1, and 5.4.5.2).  
 Additionally, after measuring the crack lengths and the diagonals by 
SEM, the coordinates of the critical point (Pc, ac) are also required. Tables with 
these lengths and the experimentally bi-logarithmic diagrams are shown in the 
Appendix of this chapter. In the figure below is exemplified a diagram for the 
TBC thickness of 174 µm in the as coated condition: 
 
 
 
 
 
 
 

5.4.5.5 Calculated values of the apparent interfacial fracture toughness 

Big scatter 
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Figure 5.4.13 Bi-logarithmic diagram crack length-load for the as coated TBC with a 
thickness of 174µm 

 
The calculated values of the apparent interfacial fracture toughness are 

shown in the table 5.4.6: 
 

 
 
 
 
 
 
 
 
 
 
The evolution of the interfacial fracture toughness as a function of the 

duration of the heat treatments is illustrated in figure 5.4.14: 
 
 
 
 
 
 

Table 5.4.6 Overview of  the calculated values of the apparent interfacial 
fracture toughness Kca 

Thickness of TBC, [µm] 

274 174 100 

 

Kca, [MPa·m1/2] 

0 3.43 2.93 2.90 

24 2.77 2.30 1.69 

 

Duration of the heat treatment at 1000°C, [h]

100 3.28 2.35 - 
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Figure 5.4.14 Interfacial fracture toughness as a function of heat treatment 

 
After 24h and after 100h at 1000°C, there is a general trend of decreasing of 
interfacial fracture toughness, for all TBC thicknesses.  

After 100h at 1000°C, Kca increases to a value higher than after 24h, but 
near to the values in the as coated condition for the TBC thickness of 274 µm. 
For the TBC thickness of 174 µm, after 100h at 1000°C, Kca increases in 
comparison to the values after 24h, but the difference is very small. 

There is a different situation for the TBC thickness of 100 µm, after 100h 
heat treatment. The intersection point of the crack line and of the apparent 
hardness line is situated in the negative domain of the diagram, see figure below: 
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Figure 5.4.15 Bi-logarithmic diagram crack length-load for TBC thickness 100 µm after 
100h at 1000°C in air 
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The critical point corresponds to a critical load of 0.53 [N], which is a 
very low critical load in comparison to 5.95 [N] in the as coated condition 1.44 
[N]. One conclusion can be drawn: the adhesion of the coating with a thickness 
of 100 µm, after 100h heat treatment is very low if only a load bigger than 0.53 
[N] is necessary to propagate a crack at the interface. 

The decrease of the interfacial fracture toughness because of the heat 
treatment has been reported in the literature by many authors [6, 80, 83], but the 
increase after 100h heat treatment is unexpected. This will be discussed in 
chapter 5.4.6. 

The evolution of the interfacial fracture toughness as a function of TBC 
thickness is shown in figure 5.4.16: 
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Figure 5.4.16 Interfacial fracture toughness as a function of TBC thickness 
 

 
The calculated apparent interfacial fracture toughness increases with the 
increase of the coating thickness in all the condition of the TBC thickness.  
 

 
In order to understand better, how the interfacial cracks propagate at the 
interface ceramic-metal, a microscopic study of the crack path has been done in 
this section. This is a classification of the observed features. 

The ideal case of the crack propagation is when the crack propagates 
exactly at the interface, see figure 5.4.17:  

 
 
 

5.4.5.6 Microscopic  observation of the interfacial cracks
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Figure 5.4.17 Ideal case of crack propagation at interface, without secondary cracks (load 49 

N, TBC thickness 274 µm, after 100h at 1000°C) 
 

This is not always the case. In addition to interfacial cracks, secondary 
cracks have been observed. The appellation secondary crack is used for other 
types of observed cracks, which are apart from the interfacial cracks. The 
secondary cracks have been classified into 5 categories: 

1. Secondary cracks in TBC; 
2. Secondary cracks in TGO; 
3. Secondary cracks in BC; 
4. Crack branching in TGO; 
5. Conical shaped break off of the TBC on top. 
In figures 5.4.18-5.4.22 are shown examples of these categories of 

secondary cracks.  
 

 
Figure 5.4.18 Secondary cracks in TBC (load 49 N, TBC thickness 274 µm after 100h at 

1000°C in air) 
 
 
 
 
 
 

200 µm 

20 µm 
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Figure 5.4.19 Secondary cracks in TGO (load 9.8 N, TBC thickness 274 µm after 100h at 

1000°C in air) 
 
 

 
Figure 5.4.20 Crack branching in TGO (TBC thickness 274 µm after 100h heat treatment at 

1000°C in air) 
 
 

 
Figure 5.4.21 Secondary cracks in BC (load 29.4 N, TBC thickness 100 µm, as coated) 

 
 
 
 

5 µm

10 µm

50 µm



 78

 
Figure 5.4.22 Conical shaped break off of the TBC on top (load 19.6N, TBC thickness 100 

µm, after 100h heat treatment at 1000°C in air) 
 

The frequency of the occurrence of such secondary cracks has been 
accounted for every TBC thickness, in the as coated condition and after heat 
treatments (24 h and 100 h at 1000°C in air). An overview is given in the tables 
5.4.7, 5.4.8, and 5.4.9. 
 

 
Categories of the additional 
observed secondary cracks 

 Load, 
[N] 

Number of the accounted 
interfacial cracks 

1. 2. 3. 4. 5. 
9.8 10   
29.4 10 2   
49 8 3  

Thickness of 
TBC 274 µm 

 
98 10 3  
9.8 10 1 2   
29.4 10 7 1  

Thickness of 
TBC 174 µm 

 49 10 2 7  
9.8 10 2   1
19.6 10 3 1 2  

Thickness of 
TBC 100 µm 

 29.4 10 5  
 
 
 
 
 
 
 
 
 
 
 
 

Table 5.4.7 Occurrence of secondary cracks in the as coated condition 

50 µm 
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 First of all, all of these observed secondary cracks consume a part of the 
energy from the totally consumed energy. That means that less energy will be 
available to propagate interfacial cracks and consequently the length of the 

Table 5.4.8 Occurrence of secondary cracks after 24 h heat treatment at 
1000°C in air 

Categories of the additional  
observed secondary cracks 

 Load, 
[N] 

Number of the accounted 
interfacial cracks 

1. 2. 3. 4. 5. 
9.8 10 3 1   
29.4 10 1   
49 10 7   

 
Thickness of 
TBC 274 µm 

 98 10 1   
1.96 10 3   
2.94 10 2 2   
9.8 10 2 5   1
29.4 10 1 4 4  

 
 

Thickness of 
TBC 174 µm 

 49 10 2 5 6  
9.8 10 1 5 1  3
19.6 8 1 4   3

Thickness of 
TBC 100 µm 

 29.4 10 5   

Table 5.4.9 Occurrence of secondary cracks after 100 h heat treatment at 
1000°C in air 

Categories of the additional 
observed secondary cracks 

 Load, 
[N] 

Number of the accounted 
interfacial cracks 

1. 2. 3. 4. 5. 
1.96 6   
2.94 8   
9.8 10 3 2   
29.4 10 2   
49 8 5  1 

 
Thickness of 
TBC 274 µm 

 

98 10 4  3 
1.96 10 5   
2.94 10 2 1  
9.8 10 7   
29.4 10 5 6  1 

 
Thickness of 
TBC 174 µm 

 
49 10 2 4 1 4 1

1.96 10 2   
2.94 10 3   
9.8 10 7 3   1
19.6 10 2 2   5

 
Thickness of 
TBC 100 µm 

 
29.4 10 3   
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interfacial cracks will be influenced by the presence of the secondary cracks in 
the coating system. In other words, shorter cracks will be generated at the 
interface ceramic/metal.  
 If we look at the table 5.4.7, for the case of the as coated TBC, there is 
certain load when the secondary cracks appear, at 29.4 N for the thicker TBC – 
274 µm thick. For thinner TBC, 174 µm and 100 µm, they occur already at 9.8N. 

If we look at the tables 5.4.8 and 5.4.9, for the case of the heat treated 
TBC 24 h and 100 h at 1000°C in air, there is a general tendency of increasing 
of the frequency of occurrence of such events in comparison to the case of the 
TBC in the as coated conditions.  

Category 4 of secondary cracks - crack branching in TGO, occurs only 
after heat treatment 100 h and only for TBC thicknesses of 274 µm and 174 µm.  

Category 5 of secondary cracks - conical shaped break off of the TBC on 
top, occurs only for the thinner coatings - thicknesses of 100 µm and 174 µm.  

The most frequently observed cracks are cracks of categories 1 and 2, 
secondary cracks in TBC and in TGO. 

 
 

5.4.6  
 

Results of the Vickers load controlled micro-indentation tests at the 
interface ceramic/metal 

 
In order to understand better the results obtained by conventional interfacial 
Vickers indentation tests, additional Vickers micro-indentation tests at the 
interface ceramic/metal have been performed. 

  
5.4.6.1 Influence of the heat treatment on the length of the cracks 
 
In order to study the influence of the heat treatment on the length of the cracks, 
which propagate at the interface TBC/BC after the interfacial Vickers load 
controlled micro-indentation tests, the specimens mentioned in the test plan in 
the chapter 5.5.1 have been tested. The maximum loads were 1.96, 2.94, and 
9.8N. 

In the as coated condition, 3 experiments have been evaluated for the load 
of 2.94, and 3 experiments for the load of 9.8 N.  

After 24 h heat treatment at 1000°C in air, 3 experiments have been 
evaluated for the load of 1.96 N, 2 experiments for the load of 2.94 N, and 3 
experiments for the load of 9.8 N. 

After 100 h heat treatment at 1000°C in air, 2 experiments have been 
evaluated for the load of 1.96 N, 2 experiments for the load of 2.94 N, and 3 
experiments for the load of 9.8 N. 

More tests have been performed for every load, but the best positioned at 
the interface indentations have been selected. 

The results are shown in terms of an arithmetical average of the measured 
crack lengths (left and right cracks).  
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The experimental curves crack length-load as a function of the heat 
treatment are shown in figure 5.4.23. 
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Figure 5.4.23 Relationship between applied load and the average crack length as a function 
of heat treatment  

 
As a general observation, there is an increase of the crack length (d/2+c) 

with the increase of the load P. The scatter of the measured crack lengths is 
almost constant for this range of the load.  In all conditions of the TBC, the 
relationship (d/2+c) -P is linear. On the one hand the cracks seem to be longer 
after 24 h heat treatment, and shorter after 100 h heat treatment, but on the other 
hand there are few measurements, the scatter is big.  

 
 

 
Load displacement curves obtained from interfacial Vickers load controlled 
micro-indentation tests on the as coated and heat treated specimens (24h and 
100h at 1000°C in air) are shown in figures 5.4.24-5.4.26: 
 
 
 
 
 
 
 
 

5.4.6.2 Influence of the heat treatment on the shape of the load 
displacement curves 
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Figure 5.4.24 Load-displacement graphs of micro-indentation experiments tests on the as 

coated specimen  
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Figure 5.4.25 Load-displacement graphs of micro-indentation experiments tests on a 
specimen heat treated 24 h at 1000°C in air  
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Figure 5.4.26 Load-displacement graphs of micro-indentation experiments tests on a 
specimen heat treated 100 h at 1000°C in air  

 
The figures above show a small scatter of the slope of the loading in the as 

coated and after 24h heat treatment specimens. This scatter is also small in the 
after 100h heat treatment specimens; additionally, discontinuities in the load-
displacement curve during loading can be seen.  

Exemplary load displacement curves obtained from interfacial Vickers 
load controlled micro-indentation tests on the as coated and 24h heat treated 
specimens, for a maximum load of 2.94 N, are shown below, in figure 5.4.27. 
 The curves for specimen in the as coated condition have a smaller slope 
than the curves for specimen after 24h heat treatment. 
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Figure 5.4.27 Comparison of load-displacement graphs of micro-indentation experiments on 
specimens in as coated condition and heat treated 24 h at 1000°C in air specimen 

 
 
5.4.7 Discussion 
 
First, let us discuss the results of the conventional interfacial Vickers indentation 
tests. The method proposed by Choulier [70] to use interfacial Vickers 
indentation tests gave reasonable results for TBC systems with different 
thicknesses. The calculated values of the apparent interfacial fracture toughness 
Kca are in the same order of magnitude like other results from literature [6], 
obtained by Rockwell indentation perpendicular to the coating: for a TBC 
thickness of 100 µm, Vasinonta at al.. Also, in general, Kca is decreasing after 
heat treatment at 1000°C (24h and 100h). 
 
 Other authors [78] have also used the Rockwell indentation perpendicular 
to the coating, but after longer time of exposure (up to 1000 h) at different 
temperatures (1100°C, 1135°C and 1200°C). They have obtained in the as 
coated condition values of 2…3.3 [MPa·m1/2] and they have reported a 
continuous decrease of the interfacial fracture toughness (up to about 1 
[MPa·m1/2] after 1000 h) with the increase of the exposure time at high 
temperature, see figure 5.4.28. They associate the loss in adherence with the 
growth of the TGO and with the TBC sintering. They made approximating 
calculations of the interfacial fracture toughness, taking into account the growth 
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of the TGO and the sintering of the TBC. The calculation suggested that the 
growth in TGO has the most influence in the mechanisms of the loss of 
adherence of EB-PVD TBC systems. 
 

 
Figure 5.4.28 Interfacial fracture toughness as a function of exposure time at different 
temperature, obtained by Rockwell Indentation perpendicular to the TBC surface [78] 

 
In this work, an increase of the thickness of the TGO (see chapter 5.6) and 

sintering of the TBC (see chapter 5.2) has also been observed. 
 

Gell et al. [25], [79] have determined the bond strength of EB-PVD 
coatings in the as coated condition and after thermal cycling, from room 
temperature up to 1121°C, by a modified ASTM direct pull-test. The TBC 
thickness was 125 µm. They have measured an increase of the bond strength 
after 100 cycles, see figure 5.4.29: 

 

 
Figure 5.4.29 Bond strength as a function of exposure time, obtained by modified ASTM 

direct-pull test [25] 
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They have related the increase in the bond strength with an increase in the 
compressive residual stress in the TGO after 100 cycles. 

Finally, between 100 cycles and 1000 cycles, the bond strength of the 
TBC decreases up to zero, also total spallation of the coating. They have 
determined the residual stress state in the TBC system in parallel with the 
evaluation of adhesion. They have shown that the residual stress in TGO 
decreases with the increase of the exposure time at high temperature, after 100 
cycles (see figure 5.4.29). 

 
Microscopic observation of the interfacial cracks (chapter 5.4.6.6) has 

shown that, apart from the ideal case, when the cracks propagate exactly at the 
interface, many other types of secondary cracks occur. A classification of these 
cracks has been done in the chapter 5.4.5.6. 

As already mentioned, from an energetically point of view, the secondary 
cracks consume a part of the energy from the totally consumed energy. That 
means that less energy will be available to propagate interfacial cracks and 
consequently the length of the interfacial cracks will be shorter than in the ideal 
case. Shorter cracks will give higher values than expected, for the calculated 
apparent interfacial fracture toughness.  
 If we look, for example, the case of the TBC thickness of 274 µm (see 
figure 5.4.7), we see that  for the range of the load 29.4…49 N  the length of the 
cracks in the as coated condition is bigger than after 100 h and than after 24 h 
heat treatment. That means that, for this range, the interfacial fracture toughness 
in the as coated condition should be lower than after 100 h and even after 24 h 
heat treatment. If we look at the frequency of occurrence of the secondary cracks 
in tables 5.4.7 to 5.4.9, we account for the same range of the load, 5 events in 
the as coated condition, 8 events after 24 h and 7 events after 100 h heat 
treatment. That consequently means that for the TBC after 24 h and 100 h heat 
treatment, more energy has been consumed for the secondary cracks in 
comparison with the TBC in the as coated condition. Therefore, shorter cracks 
than expected have been generated at the interface.    
 
 Concerning the influence of the TBC thickness on the values of the 
interfacial fracture toughness, a general trend of increase of the interfacial 
fracture toughness with the increase in thickness of the TBC has been found. 
Thinner coatings are more flexible in comparison with thicker coatings. 
Therefore the opening (mode I type) of the interfacial cracks will be easier and 
consequently longer interfacial cracks will be generated.  Similar relationship 
coating thickness - Kca has been reported in the literature for other coating 
systems [71]. 
 

Now, let us discuss the results of the interfacial load controlled micro-
indentation Vickers tests. The small scatter of the slope of the loading can be 
attributed to the positioning of the indenter at the interface ceramic/metal. 
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Despite of the full automatically positioning procedure for the indenter, it is not 
possible to indent exactly at the interface ceramic/metal.  
  

The smaller slope of the curves for specimens after 24h heat treatment can 
be associated with the corresponding increase in hardness of the coating, which 
has been already reported in chapter 5.4.6.2. 
 
 
5.5  

 

Qualitative Evaluation of the Interfacial Fracture Toughness of the 
TBC System by means of Rockwell Indentation tests perpendicular to 
the coating surface 

 
5.5.1 Specimens and experimental plan 
 
The Rockwell indentation test was first used for evaluating the interfacial 
fracture toughness of brittle coatings on ductile substrates by Drory and 
Hutchinson [20]. In this test method, a Rockwell brale C indenter penetrates the 
coating perpendicular to the surface and generates plastic and elastic 
deformations in the substrate, which are, after Vasinonta and Beuth [6], driving 
forces for delamination cracks at the interface between coating and substrate. 
The test method was already described in chapter 3. 

In this chapter, the influence of the substrates material properties and of 
different heat treatments on the measured interfacial toughness has been 
investigated. The specimens were flat plates with parallel surfaces. 

Five types of specimens with isotropic substrate were investigated: 
substrate IN625® with EB-PVD BC and 274 µm TBC in the as coated condition 
and after heat treatments of 50 h, 100 h, 200 h, and 400 h at 1000°C in air. The 
thickness of the substrate was 4 mm. 

Additionally, four types of specimens with anisotropic substrate were 
investigated: substrate CMSX-4 only, substrate CMSX-4 with APS BC, 
substrate CMSX-4 with APS BC and 280 µm TBC in the as coated condition 
and after a heat treatment of 500 h at 1000°C in air. The thickness of the 
substrate was 2 mm and 4 mm, respectively. Single crystal nickel based super 
alloys are used in real TBC coated turbine blades and the investigation aimed to 
capture the effect of the substrate anisotropy on the interfacial fracture 
toughness measurements. Its crystallographic direction was the crystallographic 
direction <100> of the fcc – crystal system. An overview of the tests performed 
on these specimens is given in table 5.5.1 

The heat treatments of the specimens with both isotropic and anisotropic 
substrates have been selected in such a way that they can be correlated with the 
results of the IET tests presented in chapter 5.2.  

For each specimen, the thickness of the BC and the thickness of the TBC 
have been calculated after successive measurements of the thickness of the 
specimens after the BC, respectively, TBC processing as mentioned in chapter 
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5.2.1. 
 Three different types of Rockwell indentation tests have been performed: 
load controlled Rockwell indentation by means of a hardness testing machine; 
displacement controlled Rockwell indentation by means of a self designed 
machine at DLR Köln, with maximum loads from 50 to 1800 N – these loads 
have been used for the purpose of studying the process of the crack initiation 
and the growth of the crack; a modified Rockwell indentation by removing part 
of the coating at the indent location with a diamond driller.  

An overview of the tests performed on these specimens is given in tables 
5.5.1 and 5.5.2. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Modified Rockwell 
indentation 

Load controlled 
Rockwell 

indentation 

Displacement 
controlled Rockwell 

indentation By partial 
removing of 

the TBC 

By total 
removing of 

the TBC 
Maximum applied load,  [N] 

Specimen type 

625 1250 2500 1300 1800 2500 2500 2500 
CMSX-4 1 1 1   1   

CMSX-4+BC 1 1 1   1   
CMSX-4+BC 2 2 2      

CMSX-4 
+BC+TBC as 

coated 

   1   1 2 

CMSX-4 
+BC+TBC 

after 500h at 
1000°C in air 

    1    

Table 5.5.1 Overview of experiments on specimens with anisotropic 
substrates 
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Heat treatment Nominal load, [N] Nr. of the performed tests Real load, [N]

50 2 47.4/51.9 
60 1 61.0 
70 1 70.8 
80 1 81.9 
90 1 91.4 
100 1 113.3/101.9 
150 1 153.1 
200 1 240.1 
400 1 432.3 
600 1 618.4 
800 1 844.6 
1000 1 1057.8 
1400 1 1453.8 
1600 1 1634.6 

 
 
 
 
 
 
 
 

as coated 
 

1800 1 1832.1 
50 1 65.3 
60 1 77.3 
70 1 84.0 
80 1 96.5 
90 1 104.9 
100 2 112.9/121.2 
200 1 268.9 
400 1 559.2 

 
 
 
 

50 h/1000°C in air 
 

600 1 967.3 
50 1 49.5 
60 1 60.8 
70 1 73.9 
80 1 87.0 
100 1 106.2 
200 1 210.7 
400 1 410.2 

 

 

100 h/1000°C in air 

600 1 609.8 
50 1 60.0 
60 1 66.1 
70 1 78.6 
100 1 130.8 
200 1 227.6 
400 1 487.1 

 
 
 

200 h/1000°C in air 

600 1 976.3 
 
 
 
 
 
 
 

Table 5.5.2 Overview of displacement controlled indentation tests on 
specimens with isotropic substrates
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Load controlled Rockwell Indentation tests have been conducted by means of an 
hardness testing machine type Dia Testor 2n produced by  Otto Wolpert Werke 
company. The used indenter is a Rockwell brale C indenter.  
 The machine is equipped with test benches with different bearing surfaces 
for different specimen shapes, e.g. cylindrical or flat specimens. The height of 
the test bench is adjustable. The machine is also equipped with a microscope and 
a focussing screen which help to set up the machine before the test and to 
observe the imprint of the indent after the test. Loads between 10 N and 2500 N 
can be applied by this machine. 
 
 

 
The displacement controlled Rockwell indentation tests have been conducted by 
means of an electromechanical testing machine self designed at DLR Köln. The 
used indenter was also a Rockwell brale C indenter. The displacement of the 
indenter was recorded by means of an inductive displacement transducer; the 
load was recorded by means of a load cell. The maximum load which can be 
applied by this machine is about 5000 N but was limited to a maximum of 
3000 N by the strength of the indenter cone. The load is applied by moving the 
crosshead into the direction of the specimen. The movement of the crosshead is 
done by two screws which are electromechanically activated.  The data can be 
recorded in parallel by means of an X-Y recorder with mechanical penlift, type 
BD 1 produced by Kipp&Zonnen, Holland, and by means of a computerized 
data acquisition system type DMC 9012 A produced by Hottinger Baldwin 
Messtechnik, Germany. The testing machine and the indenter together with the 
load cell and the inductive displacement transducer are shown in the figures 
5.5.1 and 5.5.2. 
 
 
 
 
 
 
 
 
 
 
 
 

5.5.2 Experimental set-up 

5.5.2.1 The hardness testing machine 

5.5.2.2 The displacement controlled indentation machine 
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Figure 5.5.1 Electromechanical testing machine 

 

 
Figure 5.5.2 Indenter, load cell, and displacement transducer 

 
 

 
Load controlled Rockwell indentation tests were conducted using the Wolpert 
hardness testing machine described above. First, the specimen is placed on the 

5.5.3 Experimental procedure 
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test bench and its height is adjusted in such a way that by means of the 
microscope, a clear image of the surface of the specimen can be seen. Then, the 
microscope can be moved back and the indentation test with the desired load is 
performed.  
 For the specimens with TBC on top, the delamination size after the test 
and the imprints of the indenter have been investigated with an optical 
microscope, by infrared camera, and by Laser Backscatter Technique [80]. 
Additionally, the length of the interfacial cracks has been measured in cross 
section by SEM. It is necessary to cut carefully small pieces around the area 
where the delamination occurred.  Before cutting, the delaminated area is 
stabilised by applying resin on this area. It is also necessary to measure the 
position of the centre of the indent after cutting in small pieces, see figure 
below: 
 

 
Figure 5.5.3 Measurement of the position of the indent, left TBC surface without resin, right 

TBC surface with resin 
 

Having the knowledge of the position of the centre of the indent, the 
specimen has been embedded in epoxy resin and then ground and polished on 
cross section. During the metallographic preparation, the height of the embedded 
specimen is measured, and the procedure is finished when the position of the 
centre of the indent is achieved. The necessary steps of the metallographic 
preparation have been already described in chapter 5.4.3.  
 Cross sections of some specimens, which consist of substrate and BC, 
have been also investigated by SEM. 
 

For the displacement controlled Rockwell Indentation tests, the 
displacement controlled indentation machine described above has been used. 
The specimen is placed on the test bench. Then, the speed and the direction of 
the displacement of the crosshead, and consequently of the indenter, are 

Centre of the 
Indent 
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controlled with the help of the control unit. The crosshead is moved down onto 
the surface of the specimen. When the required displacement, or in other cases, 
when the required maximum load is achieved, the movement of the indenter is 
stopped. After few seconds, the crosshead is moved up and, in this way, the 
specimen is unloaded.  
 After these tests, the length of the interfacial cracks has been also 
measured in cross section by SEM following the procedure described above. 
Additionally, the location of the path of the crack in the as coated condition and 
after heat treatments has been observed in cross section by SEM. It was not 
always possible to stop the machine at exact values of displacement because the 
control was made by a human operator, using his eyes and stopping it by hand. 

For the modified Rockwell indentation tests, the same displacement 
controlled indentation machine has been used. The difference was that, before 
the tests, the TBC has been locally removed, partially or totally, by drilling with 
a diamond driller. Special attention has been paid to position the indenter 
exactly in the centre of the hole before the test. The delamination size obtained 
after the test has been investigated by optical microscope and by infrared 
camera. 

 
 

 

 
In order to understand the influence of the properties of the substrate on the 
results, Rockwell indentation tests have been performed on specimens consisting 
of substrate and of substrate and BC, before performing tests on specimens, 
which consist of the whole TBC system. 

Rockwell indentation tests on uncoated CMSX-4 left an oriented imprint 
of almost rectangular shape, even though the indenter has a conical shape (see 
figure 5.5.4). At the corners of the imprint plastically deformed material was 
piled up; if the pile-up is removed (e.g. by polishing), the imprint is circular, 
which fits to the conical indenter. In comparison, the imprint on CMSX-4 with 
metallic BC was round (see figure 5.5.5). With decreasing indentation depth, the 
imprint approached a circular shape [81]. 

 
 
 
 
 
 
 
 

5.5.4 Results 

5.5.4.1 Load controlled  Rockwell indentation tests on the as coated 
specimens with anisotropic substrate 
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Figure 5.5.4 Rockwell indentation on  

CMSX-4 with a load of 625 N  
Figure 5.5.5 Rockwell indentation on 

CMSX-4+BC with a load of 2500 N 
 
Indentation on specimens, which consist of the whole TBC system, 

resulted in circular imprints and at higher loads, exceeding 1000 N, in butterfly 
shaped delamination cracks. The delamination cracks are visible to the naked 
eye, with the optical microscope (see figures 5.5.6), but best images have been 
obtained by laser backscatter technique [80] (see figure 5.5.7). A butterfly 
delamination crack after Rockwell indentation has been observed on a similar 
TBC-system, but on cylindrical specimens [82].  

 
 

a  
 

Figure 5.6.6 Image of a butterfly-shaped delamination crack by means of an optical 
microscope, after indentation with a load of 2500 N 

 
 
 
 
 
 
 
 
 

200 µm 200 µm 

1 mm
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Figure 5.6.7 Image of a butterfly-shaped delamination crack by means of the Laser 

Backscatter Technique after indentation with a load of 2500 N [80] 
 

As mentioned in chapter 5.5.4, after the tests, the delamination span width 
has been measured by optical microscopy, by infrared camera, and by SEM. The 
dependency between the used load and the delamination span width is shown in 
table 5.5.3 and figure 5.5.8. 
 
Table 5.5.3. The delamination span width as a function of the applied load 

 
 
 

 

 

 

 

 

 

 

Delamination span width, [µm] 

Load, [N] 
Optical 

microscope 
Infrared 
camera SEM 

625 1100 600 1200 
1250 3800 4400 3500 
2500 7000 7000 7200 

1 mm 
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Figure 5.5.8 Delamination span width as a function of the applied load 
 

The graph in the figure above shows that the crack length increases with 
the increase of the applied load. Furthermore, by means of three different 
methods, the measured values of the crack length are very close to each other. 
The crack lengths measured by SEM and optical microscope are closer in 
comparison with the crack lengths measured by infrared camera. The 
explanation for it is that the SEM and optical microscope have a higher 
resolution.  

The investigation of the cross sections by SEM shows that, even for the 
maximum load of 2500 N, the TBC cannot be totally penetrated, and, moreover, 
the BC is only slightly deformed, see figure 5.5.9, when the TBC is substantially 
damaged, see figure 5.5.10. 

 

Figure 5.5.9 Cross section in the centre of the indent with a load of 2500 N 

 
 

500 µm 
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Figure 5.5.10 Cross section in the centre of the indent with a load of 2500 N 

 
 

 
Exemplary load-displacement curves [83] for several indentation tests are shown 
in figures 5.5.11 and 5.5.12. The curves derived from tests on specimens from 
substrate only and with additional BC are smooth (figure 5.5.11). There are 
slight differences in the slopes during loading and during unloading. The load 
displacement curves from tests on the entire TBC system in the as coated 
condition have a smaller slope in the loading step than curves from tests on 
substrate or substrate and BC. The curve of the TBC-system in figure 5.5.11 
exhibits two short displacement discontinuities, at approximately 1000 N and 
1500 N.  
 

 
Figure 5.5.11 Load-displacement graphs of indentation tests on substrates and coated 

substrates [83] 
 
 
 
 

5.5.4.2 Displacement controlled Rockwell indentation tests on the as 
coated and heat treated specimens with anisotropic substrate 

Lo
ad

 /N
 

200  
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Figure 5.5.12 Load-displacement graphs of indentation tests on TBC-systems in the as 

coated condition and heat-treated 500h at 1000°C in air [83] 
 

Load-displacement curves can be used to understand the energetic balance of 
the indentation process [77]. The area under the unloading curve represents the 
reversible energy. The area under the loading curve represents the total energy 
and the difference between these areas is the irreversible energy. Comparing the 
load-displacement curves of specimens with and without ceramic topcoat in the 
as coated condition at the same displacement, the dissipated energy is less in the 
coated system.  

Figure 5.5.12 shows load-displacement curves of the indentation tests on a 
TBC system as-coated and heat treated 500 h at 1000°C in air. The tests were 
stopped at similar displacements. For obtaining the same displacement, i.e. 
indentation depth, a higher load was essential for the heat-treated TBC. The 
slope of the curve in the loading step was remarkably higher in the case of the 
heat-treated specimen. After the indentation test, the as coated TBC revealed a 
butterfly shaped delamination crack of about 4 mm span width, compared to a 
span width of the delamination crack of about 2 mm in the heat treated 
specimen. That would mean that the apparent interfacial fracture toughness 
increases with increasing time at high temperature; that leads to the assumption 
that the simplification made by Vasinonta et al. [6] are inadequate for the 
investigated material system.  

 
 

 
In order to investigate the influence of substrate deformation versus residual 
stresses and/or interaction between indenter and ceramic coating on the 
delamination crack extension and consequently the measured Kc,a, several 
experiments with partially removed ceramic topcoat, compare figures 5.5.13 and 
5.5.14 [83], were performed. Before performing Rockwell indentation tests, 
blind holes of 1.9 mm diameter and different depth were drilled into the coating. 
It was found that Rockwell indentation with identical load generated smaller 
delamination cracks with decreasing coating thickness in the drilled blind hole. 

5.5.4.3 Modified Rockwell indentation tests on the as coated specimens 
with anisotropic substrate 
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In another experiment, first a small delamination crack with a span width of 
4 mm has been generated by indenting the intact TBC with a load of 1200N. 
Afterwards, a blind hole of 1.9 mm diameter was drilled at the imprint center 
with a diamond driller until the BC. In the center of the blind hole a second 
Rockwell test was performed with 2500 N load, but no crack extension 
occurred. 
 

Figure 5.5.13 Indentation on intact surface (a) 
results in longer delamination cracks than  

indentation in a blind hole (b) 

Figure 5.5.14 Pre-cracks, generated with 
low indentation load (a), do not grow in a 

second test performed with higher load 
after local removal of the top coat (b) 
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Load-displacement curves obtained from indentation tests on the as coated and 
heat treated specimens (50h, 100h and 200 h at 1000°C in air) are shown in 
figures 5.5.15- 5.5.18.  
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Figure 5.5.15 Load-displacement graphs of indentation tests on the as coated specimens 
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Figure 5.5.16 Load-displacement graphs of indentation tests on heat treated specimens 50 h 

at 1000°C in air 

5.5.4.4 Displacement controlled Rockwell indentation tests on the as 
coated and heat treated specimens with isotropic substrate   

Maximum load

Maximum load 
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Figure 5.5.17 Load-displacement graphs of indentation tests on heat treated specimens 100 h 

at 1000°C in air 
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Figure 5.5.18 Load-displacement graphs of indentation tests on heat treated specimens 200 h 

at 1000°C in air 
 

First, the recorded load-displacement graphs show a scatter of the slope of 
the loading. Moreover, it can be seen in these figures that the maximum 
displacement and the irreversible displacement increase with increasing load. 

Maximum load

Maximum load



 102

The irreversible displacement is the permanent depth of penetration after the 
indenter is fully unloaded [77]. As already mentioned in chapter 5.5.4.2, the area 
under this curve is a measure of the irreversible energy dissipated in the TBC 
systems during the test. The evolution of the irreversible deformation as a 
function of the maximum applied load, in the as coated condition and after heat 
treatments is shown in figure 5.5.19.  The dependency of the irreversible energy 
on the maximum applied load in the as coated condition and after heat 
treatments is shown in figure 5.5.20. 
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Figure 5.5.19 Evolution of the irreversible deformation as a function of the maximum 

applied load 
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Figure 5.5.20 Dependency of the irreversible energy on the maximum applied load 
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Among the increase of the irreversible deformation and of the irreversible 
energy with the increase of the maximum applied load, the figures above show 
that the heat treatments 50 h, 100 h and 200 h at 1000°C in air make no 
difference to these evolutions.  

After displacement controlled Rockwell indentation tests, specimens have 
been metallographic prepared and the crack lengths have been measured in cross 
section by SEM. The results of these measurements are shown in the figure 
below:  
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Figure 5.5.21 Crack lengths vs. maximum applied load in the as coated condition and after 
heat treatments 

 
The graph shows that the crack length increases with increasing the 

maximum applied load and that the crack length decreases with the increase of 
the duration of the heat treatment in air at 1000°C. This consequently means that 
the interfacial fracture toughness of the TBC system is bigger after heat 
treatment than in the as coated condition. This result is in contradiction with 
results obtained by Vasinonta and Beuth [6] and by Handoko and Beuth [78], 
using also Rockwell indentation for EB-PVD TBC with a thickness of 100 µm. 

The values of the measured crack lengths are very close to each other in 
the range of small loads (up to 100 N), independent of their state (as coated or 
heat treated). The measured crack lengths have a big scatter for specimens in the 
as coated condition and after 50 h heat treatment; the measured crack lengths of 
the 100 h heat treated specimens have a smaller scatter. For the specimens heat 
treated 200 h it was not possible to measure the crack lengths because, after the 
tests, the TBC has delaminated by so called “desktop failure”. Desktop failure 
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means that after cooling of the specimen and after several days, the spalling of 
TBC occurs, without any external mechanical or thermal load.   
 

In addition to the measurement of the crack length in cross section by 
SEM, investigation on the change of the path of the cracks, which are initiated 
by the Rockwell indentation and/or by the desktop failure, and of the 
microstructure of the TGO has been conducted. 
 First, concerning the location of the path of the cracks, a classification has 
been done, as following: 

- cracks which propagate at the interface BC/TGO; 
- cracks which propagate at the interface TBC/TGO; 
- cracks which propagate in TGO; 
- cracks which propagate in the  TBC, near to the interface TBC/TGO. 
The fact that a crack propagates at one of the above mentioned location is 

considered as a statistical event. In order to calculate the relative frequency of 
these events, the cracks corresponding to each category have been counted for 
specimens in the as coated condition and after heat treatments. The result of this 
evaluation is shown in the figure 5.5.22 and schematically illustrated in the 
figure 5.5.23. 
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Figure 5.5.22 Relative frequency of the propagation of the cracks at a certain location 
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Figure 5.5.23 Schematic representation of the change of the location of crack propagation 
with increasing duration of the heat treatment 

 
Figure 5.5.22 shows that for the specimens in the as coated condition, 

50% of the cracks propagate in TGO and 40% at the interface TGO/BC. After 
50 h heat treatment, the location of the crack propagation is different, in TGO 
and at the interface TBC/TGO and further, after 100 h heat treatment the 
location is also different, namely in TBC and at the interface TBC/TGO. After 
200 h heat treatment, the cracks propagate at the interface TGO/BC – this is the 
desktop failure. 

Secondly, the investigation on the microstructural changes of the TGO 
shows that the thickness increases with the increase of the duration of the heat 
treatment and two different zones have been developed during the heat 
treatments: one zone, the so called dense zone which has no pores, and the so 
called intermixed zone with pores and with less density, see figures 5.5.24 and 
5.5.25: 

 

Figure 5.5.24 TGO in the as coated condition (left) and after 50 h heat treatment (right) 

Desktop 
failure 

Intermixed 
zone

Intermixed 
zone

Dense zone 
2 µm 2 µm



 106

0 50 100 150 200 250 300 350 400
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

T
hi

ck
ne

ss
 [µ

m
]

Duration of the heat treatment [h]

 d
 ddense

 dintermixed

 
Figure 5.5.25 Evolution of the thickness of the TGO with the increase of the duration of the 

heat treatment 
 

The formation of these zones in TGO has been also reported in the 
literature [84] as well as the increase of the thickness of TGO after heat 
treatment [85], [86].  

Figure 5.5.25 [87] shows a steep increase of the total thickness of the 
TGO until 24 h heat treatment, increases until 200 h, and reaches a constant 
value in the range of 200 h - 400 h heat treatment. The thickness of the 
intermixed zone increases more than the thickness of the dense zone in the range 
of 0 - 100 h heat treatment. Further, in the range 100 h - 200 h, the thickness of 
the intermixed zone decreases and in the range 200 h - 400 h it reaches a plateau. 
The thickness of the dense zone increases suddenly until 24 h, decreases in the 
range 24 h - 50 h, has a steep increase in the range 50 h - 200 h and, similarly 
with the thickness of the intermixed zone, it also reaches a plateau in the range 
200 h - 400 h heat treatment. 
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The load controlled Rockwell indentation test and the displacement controlled 
Rockwell indentation test have been used for estimating the interfacial fracture 
toughness of EB-PVD TBC systems with anisotropic and isotropic substrates 
and having a ceramic top coat with a thickness of about 280 µm. The use of this 
test is very attractive because it is easy to perform, a small quantity of material is 
necessary, no special preparation of specimens is required, and the test can be 
applied on components. The disadvantage of this test method is the difficulty in 
interpretation of the test results. 
 

Indentation tests on specimens with anisotropic substrates resulted in 
butterfly shaped delamination cracks. A butterfly delamination crack after 
Rockwell indentation has been observed on a similar TBC system, but on 
cylindrical specimens [82]. For one cylindrical specimen with TBC, Q. Ma [88] 
has conducted Finite Element calculations, showing an inhomogeneous 
deformation of the substrate surface at the indentation with larger compressive 
strain in circumferential than in axial direction. It is important to note that the 
compressive strain in both directions is first increasing with distance to the 
indent until reaching a maximum. This is due to the high deformation 
perpendicular to the surface in the near vicinity of the indent, i.e. the observed 
pile up. With further distance to the indenter the in plane deformation decreases. 
Assuming that the elastic-plastic deformation of the substrate is the dominating 
driving force for a delamination crack, a non-circular delamination crack is 
expected. The butterfly shape may be explained by the evolution of the stress 
intensity for a small initial crack with respect to the fracture toughness: during 
the indentation process the stress intensity may exceed the fracture toughness 
only in directions with high in plane compressive strain. In these directions the 
crack propagates, because with increasing crack length the stress intensity 
increases until the compressive strain of the substrate reaches the maximum. The 
crack stops when the strain has decreased to a level that stress intensity and 
fracture toughness are equal. In other directions the initial crack may never see 
critical stress intensity. In the investigated flat specimens the anisotropy of the 
substrate material properties may cause a similar inhomogeneity in deformation 
like the geometric anisotropy of the cylindrical surface, resulting in butterfly 
delaminations.  

 
Measuring the crack lengths in cross section by SEM, for specimens with 

anisotropic substrates, it has been found that the crack length increases with the 
increase of the load. Higher load means a bigger quantity of the energy 
dissipated in the TBC system, which consequently in the investigated specimens 
generated longer delamination cracks. It has also been observed that for this 
TBC system having a ceramic top coat with a thickness of about 280 µm, the 

5.5.5 Discussion  
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substrate was slightly deformed, when the TBC was substantially damaged, 
shear cracks started in the region under the indent, and propagate further until 
reaching the interface. That means that the assumption of Vasinonta and Beuth 
[2], for TBC systems with a thickness of the top coat of 100 µm, that the 
interaction TBC/indenter can be neglected, is not correct. 

 
SEM investigations of the cross section after indentation with a load of 

2500 N (figure 5.5.10) have shown that the TBC cannot be totally penetrated 
and the BC was only slightly deformed. In contrast, a SEM photo after 
indentation with the same load, but on a specimen which consists only of 
substrate and BC shows an accentuate deformation of the BC (see figure below). 
This evidence leads to the conclusion that the elasto-plastic deformations are 
influenced by the existence of the TBC; thus the calculation of the apparent 
interfacial fracture toughness is not exact. 

 

 
Figure 5.5.26 Cross section in the centre of the indent with a load of 2500 N  

 
Recording load-displacement curves for specimens, which consist of 

anisotropic substrate and of anisotropic substrate and BC, have shown a slight 
difference in the slopes during loading which can be explained by a higher 
hardness of the BC material in comparison to the CMSX-4 substrate. 
Differences in the unloading step are more difficult to interpret, because not 
only the stiffness of the BC is different to that of the CMSX-4 but also the 
contact areas between indenter and the indented material.  
 

The load displacement curve from the test on the entire TBC system with 
anisotropic substrate has exhibited two short displacement discontinuities (see in 
figure 5.5.11), at approximately 1000 N and 1500 N. For the interpretation of 
this behaviour, micrographs of cross sections of indented TBC-systems have 
been investigated. Figure 5.5.10 shows an example of a TBC in the as coated 
condition after indentation with 2500 N load. Below the indent, the ceramic has 
been deformed irreversibly. Scanning electron microscopy revealed micro-
cracking of columns and compaction of pores. Figure 5.5.10 exhibits also big 
open shear cracks, starting at the contact between indenter and ceramic and 
propagating to the interface between BC and ceramic. The formation of such 
shear cracks can probably be attributed to short displacement discontinuities, as 
observed in figure 5.5.11 [83], [89]. Indentation tests on TBC-systems with 
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lower maximum load (1200 -1300 N) did not always show the short 
displacement discontinuities. Consistently, the respective micrographs showed 
only shear bands but no open shear cracks [81].  
 

After the indentation test on the as coated TBC with anisotropic substrate, 
a butterfly shaped delamination crack of about 4 mm span width has been 
measured, compared to a span width of the delamination crack of about 2 mm in 
the heat treated specimen, 500 h at 1000°C in air. That means consequently that 
interfacial fracture toughness of the TBC has increased after heat treatment. 
Moreover, after the indentation tests on the as coated TBC with isotropic 
substrate, on heat treated specimens, 50 h and 100 h at 1000°C in air, the 
measured crack lengths in cross section by SEM decrease with the increase of 
the duration of the heat treatment, also a similar trend. This result is in 
contradiction with the results obtained by Vasinonta and Beuth [6] or by 
Handoko and Beuth [78], for EB-PVD systems with a thickness of the top coat 
of 100 µm.  Further SEM investigation on the specimen indented after 200 h 
heat treatment, which showed the desktop effect, revealed that  the dense zone in 
the TGO has shielded the crack (see figure 5.5.27). The crack has propagated 
first through TBC, then through the intermixed zone in the TGO and it was 
shielded by the dense zone in TGO, then it has propagated further into the 
intermixed zone, and remained there. It seems that the formation and the 
increase of the thickness of the dense zone in TGO have a protective role against 
crack propagation at the interface by Rockwell indentation. 

 

 
Figure 5.5.27 Shielding of the crack by the dense zone in TGO, specimen after heat 

treatment 200h at 1000°C in air, after indentation with a real load of 66.1 N 
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The fact that the measured crack lengths decrease with the increase of the 
duration of the heat treatment shows that the resistance of the TBC against crack 
propagation has increased. Consequently that means that more energy is 
consumed in other irreversible processes than in crack propagation. 

Using the load – displacement curves obtained after the indentation tests 
on the as coated TBC with isotropic substrate, and on heat treated specimens 50 
h and 100 h at 1000°C in air, the irreversible energy consumed during the test 
can be calculated and the relationship between this energy and the crack lengths 
can be evaluated, see figure 5.5.28. This graph shows that, in order to obtain the 
same crack length, more energy is necessary with the increase of the duration of 
the heat treatment; moreover it shows that in the as coated condition, consuming 
the same quantity of energy, longer cracks are propagated. 
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Figure 5.5.28 Irreversible energy vs. crack lengths 

 
The displacement controlled experiments have shown that the interaction 

between indenter and the ceramic top coat cannot be neglected in the case of 
thick ceramic coatings for the determination of the interfacial fracture 
toughness. Therefore, in order to avoid this interaction, it was proposed to 
remove the ceramic coating, partially or totally, underneath the indenter. The 
test performed by total removing of the TBC has shown no crack extension after 
performing the Rockwell indentation test in the blind hole. Two possible 
explanations are: the pre-cracks were closed by metal pile up, and the 
redistribution of the residual stresses due to EB-PVD processing has reduced the 
driving force for the delamination crack. More about residual stresses in the 
TBC systems and its redistribution has been discussed in the chapter 5.3. The 
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test performed by partial removing of the TBC has shown shorter delamination 
cracks than cracks obtained after test on the TBC specimens without removing 
the top coat. That means that in this case, the release of the residual stresses and 
a different strain field around the indent has an influence on crack length and 
consequently on the interfacial fracture toughness. 

Load-displacement curves obtained after displacement controlled 
Rockwell tests on the as coated and heat treated specimens with isotropic 
substrates (figures 5.5.15- 5.5.18) have shown a scatter of the slope of the 
loading stage of the tests. A possible explanation is the roughness of the TBC 
surface. The tests have been performed on unpolished surfaces.  
 
The evolution of the thickness of the TGO has shown a decrease of thickness of 
the dense zone in the range 24 h – 50h (figure 5.5.25). It can be explained by 
measurement errors. 
 
 
6. Summary and conclusions 
 
The aim of the present work has been to evaluate different fracture mechanics 
tests for determining the change in adherence after heat treatment of industrially 
used EB-PVD TBC systems. Additionally, the influence of the substrate 
material and of the thickness of the TBC on adherence has been investigated. A 
measure of the adherence of a coating is the interfacial fracture toughness. There 
are many test methods for determining it, but it is not easy (from the practical 
point of view) to use them and to interpret their results. The core test method 
was the sharp indentation with the following variations: Vickers indentation at 
the interface ceramic/metal, Vickers instrumented nanoindentation at the 
interface ceramic/metal and, finally Rockwell indentation tests (conventional 
and instrumented) perpendicular to the TBC. Theoretical models for calculating 
interfacial fracture toughness need material properties such as Young’s modulus 
and hardness. Therefore, they have been also experimentally determined.  
 
 The central points of this work are summarised in the list below: 
 

1. Young’s modulus (E) of the component materials of the TBC system has 
been determined by means of the IET method. For the case of the TBC 
material, a general trend of increase of the Young’s modulus after heat 
treatment has been obtained. The measured values of E of the TBC 
material have a big scatter, but they are in accordance with the literature. 
The measured value of the Young’s modulus of the substrate material 
IN625 did not change after heat treatment, though big changes in the grain 
dimensions have been observed in SEM investigations. The measured 
value of E of the IN625 by IET agrees very well with values in the 
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literature. The measured value of E of the BC material after heat treatment 
did not change significantly. 

 
2. The hardness of the TBC material has been determined by Bercovich 

instrumented nanoindentation on polished cross sections. An increased 
hardness after heat treatment has been measured. Hardness measurements 
on the BC material by Vickers micro-indentation after heat treatment have 
shown no increase. 

 
3. Interfacial Vickers indentation tests gave reasonable results, in the same 

order of magnitude as other results from literature. After 24 h exposure at 
1000°C, a decrease of the apparent interfacial fracture toughness for all 
TBC thicknesses has been obtained. After 100 h at 1000°C, a small 
increase of the interfacial fracture toughness in comparison with the 
values after 24 h heat treatment has been observed, but the values are still 
smaller than the values in the as coated condition. This increase has been 
associated with secondary cracks, which occur in TBC, in TGO, and in 
BC and conical shaped break off of the TBC on top, which all consume a 
part of the available energy. In this way, less energy was available to 
propagate interfacial cracks and consequently shorter interfacial cracks 
have been propagated. Additionally, the influence of the TBC thickness 
on the values of the interfacial fracture toughness has been investigated. 
An increase of the interfacial fracture toughness with the increase in 
thickness of the TBC has been found. It can be explained by different 
flexion behaviour of thinner coatings, in comparison with thicker 
coatings. Opening of the crack by mode I type is easier for thinner 
coatings.  

 
4. Vickers load controlled nanoindentation tests at the interface 

ceramic/metal, on TBC specimens with a thickness of 274 µm, 24 h heat 
treated, have confirmed the evolution of the interfacial fracture toughness 
obtained by conventional interfacial Vickers tests. By measuring the 
length of the interfacial cracks after these tests, longer cracks have been 
found. That consequently means that the interfacial fracture toughness has 
been reduced. The measured lengths of the cracks have shown a different 
tendency after 100 h heat treatment: shorter cracks have been found, 
which consequently means higher interfacial fracture toughness. 
Moreover, load-indentation curves recorded in these tests have shown that 
discontinuities during the loading after 100 h heat treatment, chipping, 
and secondary cracks are closely related.   

 
5. Rockwell indentation tests on specimens with anisotropic substrates 

resulted in butterfly shaped delamination cracks. Measuring the crack 
lengths in cross section by SEM, for specimens with anisotropic 
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substrates, it has been found that the crack length increases with the 
increase of the load. By means of SEM investigations, it has been 
observed that for a TBC system having a ceramic top coat with a 
thickness of about 280 µm, the substrate was slightly deformed, when the 
TBC was substantial damaged (see microstructural investigations in the 
chapter 5.5.6.1). That means that the assumption of Vasinonta and Beuth, 
for the case of TBC system with a thickness of the top coat of 100 µm, 
that the elasto-plastic deformations of the substrate and BC are the driving 
forces of the delamination is not correct for thicker TBC and the 
interaction TBC/indenter cannot be neglected. 

 
6. A modified Rockwell indentation test has been proposed. The 

modification consists in partial or total removing of the ceramic topcoat 
by drilling, and afterward performing the indentation in the resulting blind 
hole. It was found that Rockwell indentation with identical load generated 
smaller delamination cracks after partial removing of the coating. In 
another experiment, a small delamination crack has been generated first 
by indenting the intact TBC with a load of 1200 N. Afterwards, a blind 
hole was drilled at the imprint center until the BC was reached. In the 
center of the blind hole a second Rockwell test was performed with 
2500 N load, but no crack extension occurred. The reason for these results 
is not yet understood. It was expected that a further crack propagation and 
consequently a longer crack will be obtained. FEM simulations which 
take into consideration the residual stress state in the coating after drilling 
could help to a better understanding of the results. 

 
7. Instrumented Rockwell indentation test on the as coated TBC with 

anisotropic substrate, resulted in a butterfly shaped delamination crack of 
about 4 mm span width that has been measured, compared to a span width 
of the delamination crack of about 2 mm in the heat treated specimen, 
500h at 1000°C in air. It implies that interfacial fracture toughness of the 
TBC has increased after heat treatment. A decrease of the crack length 
after heat treatment has been also observed after instrumented Rockwell 
indentation test on TBC specimens with isotropic substrate.  These results 
are in contradiction to results obtained by Vasinonta and Beuth or by 
Handoko and Beuth, for EB-PVD TBC systems with a thickness of 100 
µm. Shorter cracks with the increase of the duration of the heat treatment 
implies consequently that the resistance of the TBC against crack 
propagation has increased. It has been demonstrated, by calculating the 
consumed irreversible energy from the experimental load-displacement 
curves, that more energy is necessary with the increase of the duration of 
the heat treatment for obtaining the same crack length.  
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In conclusion, despite the difficulties mentioned in this work, the sharp 
indentation method, with the above mentioned variations, can be successfully 
used to determine interfacial fracture toughness of TBC systems for industrial 
applications. 

The interfacial Vickers indentation tests performed on different heat treated 
thick TBC systems gave reasonable results and they depend on the heat 
treatment – decrease with increase of the duration of the heat treatment, and on 
the coating thickness – increase with increase of the thickness.  

The Kc,a qualitatively determined by indentation tests perpendicular on the 
surface of the TBC with a Rockwell brale C diamond, depends also on the 
coating thickness and on the mechanical properties of the coating. For practical 
use on thick coatings the energy consumption due to direct interaction between 
indenter and coating needs to be determined or the coating thickness has to be 
reduced in a sufficient large area before performing the Rockwell indentation 
test. These tests show that the results were not governed by changes of the 
interface between BC and TGO, but by the sintering of the top coat and the 
growth of a dense TGO, which shielded the weakest interface from indentation-
induced cracks.  
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Appendix of Chapter 5.3 
Material Data 

 
Substrate IN625 
 
Table 1    
Temperature, [°C] Young’s modulus, [GPa],

[this work] 
Poisson’s ratio, 

[69] 
20 205.7 0.27 
93 201.7 0.28 
204 195.5 0.28 
316 188.8 0.29 
427 182.2 0.29 

1000 135.3 0.34 
 

Table 2    
Temperature, [°C] Coefficient of thermal expansion,

[1/K], [69] 
204 1.31·10-05 
316 1.35·10-05 
427 1.39·10-05 
538 1.44·10-05 
649 1.51·10-05 
760 1.57·10-05 
871 1.66·10-05 
982 1.73·10-05 

 
BC 
Table 3 

Temperature, 
[°C] 

Young’s modulus, 
[GPa], [this work] 

Poisson’s 
ratio, [69] 

Coefficient of 
thermal expansion, 

[1/K], [69] 
20 192.0 0.3219 1.49·10-05 
100 185.0 0.3243 1.29·10-05 
200 181.9 0.3273 1.20·10-05 
300 175.9 0.3303 1.21·10-05 
400 172.7 0.3333 1.27·10-05 
500 168.0 0.3363 1.32·10-05 
600 162.6 0.3393 1.36·10-05 
700 159.6 0.3423   1.42·10-05 
800 149.2 0.3453 1.53·10-05 
900 132.4 0.3483 1.70·10-05 

1000 115.7 0.3513 1.86·10-05 
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TBC 
Table 4 
Temperature, [°C]  Young’s modulus, [GPa], 

[this work]   
Poisson’s ratio,  

[69] 
20 51.9 0.30 
204 42.6 0.30 
316 39.2 0.30 
427 37.6 0.30 

1000 6.1 0.30 
 
         Table 5 

Temperature, [°C] Coefficient of thermal expansion,
[1/K], [69]  

20 8.99·10-06 
93   9.37·10-06 
204 9.76·10-06 
316 10.01·10-06 
427 10.18·10-06 

 
 

TGO 
Table 6 
Temperature, [°C] Young’s modulus, [GPa], 

[69] 
Poisson’s ratio, 

[69] 
20 387.5 0.25 
127 381.7 0.25 
227 375.8 0.25 
327 370.0 0.25 
427 364.1 0.25 
527 358.3 0.25 
627 352.4 0.25 
727 346.6 0.25 
827 340.7 0.25 
927 334.9 0.25 

 
Table 7 
Temperature, [°C] Coefficient of thermal expansion,

[1/K], [69]  
20 6.73·10-06 
100 7.05·10-06 
200 7.43·10-06 
300 7.78·10-06 
400 8.13·10-06 
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Temperature, [°C] Coefficient of thermal expansion,
[1/K], [69]  

500 8.45·10-06 
600 8.76·10-06 
700 9.05·10-06 
800 9.32·10-06 
900 9.58·10-06 

1000 9.82·10-06 
 
 

Material Data for the sensitivity analysis 
 

Substrate CMSX4 properties in the [111] direction 
 
Table 8 
Temperature, 

[°C] 
Young’s 
modulus, 

[GPa], 
[69] 

Difference, [%], in 
comparison with the 

Young’s modulus of IN625 
[69] 

Poisson’s 
ratio, 
[69] 

20 387.5 +88.38 0.25 
127 381.7 0.25 
227 375.8 0.25 
327 370.0 0.25 
427 364.1 0.25 
527 358.3 0.25 
627 352.4 0.25 
727 346.6 0.25 
827 340.7 

 

0.25 
927 334.3 +147.35 0.25 

 
Table 9 

Temperature, 
[°C] 

Coefficient of 
thermal 

expansion, 
[1/K], [69] 

Difference, [%], in comparison to 
the coefficient of thermal expansion 

of IN625 [69] 

20 6.73·10-06 -51.14 
100 7.05·10-06 

200 7.43·10-06 

300 7.78·10-06 

400 8.13·10-06 

500 8.45·10-06 

600 8.76·10-06 

700 9.05·10-06 
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Temperature, 
[°C] 

Coefficient of 
thermal 

expansion, 
[1/K], [69] 

Difference, [%], in comparison to 
the coefficient of thermal expansion 

of IN625 [69] 

800 9.32·10-06 

900 9.58·10-06 

1000 9.82·10-06 -56.64 
 

BC 
Table 10 

 
 

 
TGO 
Table 11 
Temperature, 

[°C] 
Young’s 
modulus, 

[GPa],  
[69] 

Difference, [%], in 
comparison to a different  

Young’s modulus from [69] 

Poisson’s 
ratio, 
[69] 

20 403.0 +4.00 0.30 
127 396.9 0.30 
227 390.8 0.30 
327 384.8 0.30 
427 378.7 0.30 
527 372.6 0.30 
627 366.5 0.30 
727 360.4 0.30 
827 354.4 

 

0.30 
927 348.3 +4.00 0.30 

 
 

Temperature, 
[°C] 

Young’s modulus, 
[GPa], [69] 

Difference, [%], in comparison to the  
Young’s modulus from this work 

20 159.7 -20.20 
100 157.6 
200 155.2 
300 152.8 
400 150.2 
500 147.3 
600 143.6 
700 139.2 
800 133.6 

 
 

900 126.8 -4.40 
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TBC 
Table 12 
Temperature, 

[°C]  
Young’s 
modulus, 

[GPa],  
[69] 

Difference, [%], in 
comparison to the  Young’s 

modulus from this work 

Poisson’s 
ratio,  
[69] 

20 17.4 -198.00 0.30 
204 15.9 0.30 
316 18.2 0.30 
427 19.5 

 

0.30 
1000 22.0 +262.13 0.30 
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Appendix of Chapter 5.4 
 

Table 1 Measured diagonals and crack lengths for a load of 9.8 N, as coated, 
thickness of TBC 274 µm 

 

 
 
Table 2 Measured diagonals and crack lengths for a load of 29.4 N, as coated, 

thickness of TBC 274 µm 
 

 
 
 
 
 

 Diagonal of the 
imprint, d, 

[µm] 

Length of the 
left crack, cleft, 

[µm] 

Length of the 
right crack, cright, 

[µm] 
Indent nr.1 70.2 3.0 2.0 
Indent nr.2 68.5 2.5 11.6 
Indent nr.3 76.6 7.8 5.3 
Indent nr.4 71.3 1.1 9.7 
Indent nr.5 68.5 3.9 7.5 

Average of the 
diagonal imprint, d, 

[µm] 

 71.0  

Average of the 
crack length, c, 

[µm] 

 5.4 

 Diagonal of the 
imprint, d, 

[µm] 

Length of the 
left crack, cleft, 

[µm] 

Length of the 
right crack, cright, 

[µm] 
Indent nr.1 134.1 77.7 52.3 
Indent nr.2 114.9 58.0 42.4 
Indent nr.3 128.7 88.1 52.1 
Indent nr.4 126.0 62.3 47.3 
Indent nr.5 129.4 51.6 45.7 

Average of the 
diagonal imprint, d, 

[µm] 

126.6  

Average of the 
crack length, c, 

[µm] 

 57.8 
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Table 3 Measured diagonals and crack lengths for a load of 49 N, as coated, 

thickness of TBC 274 µm 
 

 
 
Table 4 Measured diagonals and crack lengths for a load of 98 N, as coated, 

thickness of TBC 274 µm 
 

 
 
 
 
 
 
 

 Diagonal of the 
imprint, d, 

[µm] 

Length of the 
left crack, cleft, 

[µm] 

Length of the 
right crack, cright, 

[µm] 
Indent nr.1 168.1 69.0 40.1 
Indent nr.2 162.8 130.4 239.6 
Indent nr.3 151.1 120.6 217.9 
Indent nr.4 159.6 44.1 170.6 

Average of the 
diagonal imprint, d, 

[µm] 

160.4  

Average of the 
crack length, c, 

[µm] 

 129.0 

 Diagonal of the 
imprint, d, 

[µm] 

Length of the 
left crack, cleft, 

[µm] 

Length of the 
right crack, cright, 

[µm] 
Indent nr.1 221.4 419.0 40.0 
Indent nr.2 223.6 348.1 297.9 
Indent nr.3 223.0 306.1 121.8 
Indent nr.4 232.0 307.3 293.4 
Indent nr.5 230.0 278.0 348.8 

Average of the 
diagonal imprint, d, 

[µm] 

226.0  

Average of the 
crack length, c, 

[µm] 

 276.0 
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Table 5 Critical parameters and materials properties used in equations 5.1, 

5.2, as coated, thickness of TBC 274 µm 
 
 

Pc, [N] 6.82 
ac, [mm] 0.0279
Hs, [GPa] 4.37 
Hc, [GPa]  3.14 
Es, [GPa]  175 
Ec, [GPa] 45 

2/1

IH
E
⎟
⎠
⎞

⎜
⎝
⎛  

5.67 

Kca [MPa·m1/2] 3.93 
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Figure 1 Bi-logarithmic representation of the crack length values vs. indentation load, 
as coated, TBC thickness of TBC 274 µm

Pc=6.82 N 

ac=27,90 µm 
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