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Atmospherically sprayed thermal barrier coatings (TBCs) are nowadays an essential part in modern gas
turbines. However, a design integrated use of these coatings is only possible with reliable lifetime models.
In this paper, a model is outlined which describes the major failure in TBCs associated with the growth of
a thermally grown oxide (TGO) on the bond coat (BC). An essential part of the model is a simplified
description of the crack growth as a result of thermal cycling and TGO growth. In addition, the energy
release rate for the system is calculated and compared to an estimated critical energy release rate
reduced by the crack growth. If both are equal, failure is assumed. The results of the modeling are
compared to thermal cycling experiments partly applying a thermal gradient. BC temperatures and also
microstructures of the ceramic topcoat have been varied and the influence on the cyclic life studied.

Keywords coatings for engine components, high-tempera-
ture oxidation, property of coatings, TBC top-
coats, thermal cycling

1. Introduction

Thermal barrier coatings (TBCs) are in use in gas tur-
bines since more than three decades. However, still these
coatings are not fully integrated in the design as a failure
between two service intervals and a subsequent harsh
damage of the gas turbine cannot be totally excluded. To
overcome this situation, reliable lifetime prediction in
combination with good reproducibility of the coatings is
an important research target. In the past, many efforts
have been made to calculate the stress levels in TBCs,
especially by finite element (FE) methods (Ref 1-6). These
models have to include the complex microstructure at the
interface between TBC and topcoat. In APS TBCs, this
interface is not flat as typically found in the electron beam
physical vapor deposition (EB-PVD) type coatings. In-
stead a rough interface with roughness values well above
6 um is used. This rather high roughness values are
essential for a sufficient bonding between topcoat and
bond coat (BC). On the other hand, they introduce addi-
tional stress levels in the ceramic coating due to the cur-
vature. Depending on the type of curvature, both tensile
or compressive stress levels can be generated within the
TBC and also in the TGO. This fact was already pointed
out by Chang and Pucharoen 20 years ago (Ref 7). Many
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detailed calculations have been performed and different
possible crack paths have been suggested. However, still it
is difficult to transfer these complex results to a more
general description of the lifetime. Instead, more gen-
eralized approaches have been used. An early attempt was
made by Miller and within a NASA project (Ref 8, 9), in
which the number of cycles to failure N is a function of the
strain range Ae and a critical strain range Ag., which is a
function of the ratio of TGO thickness 6 and the critical
TGO thickness o.:

- (Betdray’

Ae (Eq 1)

Oechsner described a lifetime prediction approach for
TBC systems in which critical energy release rates are
compared to the actual energy release rate in the system
(Ref 10). Microstructural changes in the system lead to a
reduction of the first, while the second is increasing.
Failure occurs when both values are equal.

Renusch et al. (Ref 11, 12) developed a model based on
the evaluation of strains in the coating system which are
partly extracted from experimental data.

Beck et al. presented a phenomenological lifetime
prediction model in which first an incubation period is
assumed (Ref 13, 14). This period ends when a certain
TGO thickness is reached. In the second phase, crack
growth is governed by a fracture mechanics approach.

Busso et al. (Ref 15) presented a software tool in which
thermo-elastic and visco-plastic effects are considered to
evaluate stress levels with a FE code. These stress values
are compared with a failure stress extracted from experi-
mental data.

In the present approach, it is assumed that the
cracks mainly propagate within the topcoat close to the
TGO. An incubation period for the cracks is not neces-
sary as microstructural investigations show that many
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microcracks with crack lengths above 50 um are present
in the as-sprayed condition (Ref 5). The crack growth
reduces the bonding area between topcoat and substrate/
BC and by that the critical energy release rate. The energy
release rate is calculated by cooling a stress-free system
from elevated temperature to room temperature. If energy
release rate and critical energy release rate are equal,
failure is assumed similar to the model described by
Oechsner (Ref 10). Certainly, several simplifications are
made in the model, however, the model is based on
microstructural considerations and all parameters can be
interpreted in terms of such properties. In fact, different
microstructural features of the ceramic topcoat of the
TBC system can be described by model parameters.
Having this capability, the model allows the evaluation of
the influence of coating microstructure on the lifetime and
furthermore, suggestions should be possible for a further
optimization of the ceramic topcoat.

2. Model Description

Parts of the model have been described in earlier
publications (Ref 6, 16, 17) and will therefore be outlined
here only shortly. The basic idea of the model is the
growth of pre-existing cracks in the APS TBC close to
the BC due to the stress state generated during the
thermal cycling. That this type of crack growth really
exists in thermally cycled TBCs was already shown in
Ref 5, a recompilation of the data is presented in Fig. 1.
The calculation of the stress level is made in a simplified
way, which is made on purpose to keep the number of
parameters rather small. Assuming a stress-free state for
the as-sprayed conditions, in-plane tensile stresses are
generated during the high-temperature phase within the
TBC due to the higher thermal expansion coefficient of
the substrate compared to the coating. We assume here
that this stress level relax rather fast due high creep rates

O mean value
180 | maximum value
1 O number of cracks > 0.1mm

160
140
120
100

80

number *10

60
40
20

Mean and max. values in [ =m]

as-sprayed 500 cycles 1084 cycles 2000 cycles

Fig. 1 Evolution of the mean crack size, the maximum crack
length and the number of cracks larger than 100 pm at the center
of a thermally cycled TBC system, BC and surface temperature
1000, and 1250 °C, respectively, heating time 5 min (about 4 min
at temperature), cooling time 2 min (Ref 20)
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within the ceramics and the BCs. For our coatings, vis-
cosity and Young’s modulus data of about 10 GPa h and
20 GPa have been determined at 1000 °C (Ref 18),
which indicate a stress relaxation even at 1000 °C within
hours. Assuming a stress-free high-temperature state also
avoids the need of time-consuming FE calculations for a
large number of thermal cycles.

During cooling, compressive in-plane stresses are gen-
erated within the TBC. Within the presented approach,
these stress levels are calculated using FE programmes
(ANSYS) assuming linear elastic behavior without creep
or plasticity. As discussed, creep or plasticity is implicitly
introduced by using a stress-free state at operation tem-
perature. The model also automatically indicates that the
influence of heating and cooling rates is only given by
modifying times at temperature and not by relaxation of
stress states during the transients. A key feature of our
model is the assumption of a rough interface between BC
and TBC. This rough interface is essential for a good
performance of the system as it gives the good mechanical
interlocking of ceramic topcoat and metallic parts. Typical
roughness values are between 6 and 12 pm. Due to the
curvature of these rough interfaces, additional stress levels
are generated which have been pointed out earlier (Ref 7).
At first, tensile stresses are found at hill locations in the
TBC, here the cracks can grow till they reach the valley
locations, where compressive stress levels are found (see
Fig. 2a). Further crack extension is only possible after the
growth of a sufficiently large TGO layer which leads to a
stress inversion (Fig. 2b). In our calculations, the rough
surface was approximated by a sinusoidal function with a
wavelength L and an amplitude A. At the valley location,
the stress values in a perpendicular direction to the
interface as a result of the FE calculations have then
been fitted by an analytical formula based on analytical
considerations:

_ A 2n
Gyyvalley(¥) = dETpC(0BC — OtTBC)|AT|Z exp (*Zy)

2n —Olgc — O d
(1 +—y) _ pPBC ~ 9160 4160
L apc —orpc A

<147 4 e SA 2n
YCITGO *P drgo e

(Eq 2)

in which a, B, ¥, 8 are fitting constants of the order of +1,
o; the thermal expansion coefficients of BC, TBC, or
TGO, Etgc Young’s modulus of the TBC, AT the tem-
perature drop during cooling at the interface, drgo the
TGO thickness, and y the distance perpendicular from the
interface TBC/TGO within the TBC. The first exponential
factor will lead to a fast reduction of the stress state within
the coating for larger values of y/L.

The fit was based on different calculations: at a
constant wavelength of 70 um with amplitudes of 5, 10,
and 15 pm, and at constant amplitude of 10 pm with
wavelengths of 40, 70, and 100 pm. For each calcula-
tion, the TGO thickness of 0, 4, 8, and 12 um was taken.

X
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Fig. 2 Schematic of the stress levels in a TBC system: (a) as-sprayed and (b) after TGO growth

The difference between the analytical and the FE results is
typically below 20%, only close to the stress inversion it is
larger.

The growth of the TGO is described by a conventional
growth law:

(Eq 3)

ETGO>
d =A exp| —— |
TGO TGO €XP ( ko T

where Atgo, Etco, and p are the parameters, and kg is
the Boltzman constant.

In addition, also tensile stress levels generated by a
curved substrate (e.g., a cylindrical sample) are added in a
similar way as described in Ref 17 giving an inverse
dependence of the stress state on the radius of curvature.

These stress values are then introduced into a subcrit-
ical crack growth law (Ref 19):

da _A*<M>m

— = Eq 4
dt K[,C ( 4 )

in which A* is a constant and K(a, o) and Kj. are the
stress and the critical stress intensity factors and m an
exponent fixed to 18. With K = Yoa'”? one can rewrite the
equation to:

arg

i
da A*Y™ [
/ = K / ordt
Le

aop lo

(Eq 5)

with the indices 0 and f indicating crack length and time
at the beginning and at failure, and A * (Y/K.)" being
a fitting factor. We assume a starting crack length of
half the wavelength of the roughness profile (L/2).
Of course, in the given calculation of the stress inten-
sity factor the geometrical factor is probably different
for each crack geometry; however, this is ignored for
simplicity.

If the stress levels in the TBC are positive (tensile)
crack growth starts. The maximum length the cracks can
reach is the full wavelength. In our old model at this stage,
the cracks are interconnected and the coating spalls off. In
our present approach, failure can take place even earlier
as outlined below.
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It is well-known that sintering plays a major role for the
performance of TBC system. This item is introduced in
the model by an increase of the Young’s modulus E by the
sintering:

_ BEYacESse
BETsc + ETsc — Etpe

Ev,
with B =1+ Ay exp (f—“‘) "

Etpc(t)

T (Eq 6)
with 0 and o indicating the starting and the bulk modulus,
Asints Esint, and n are parameters to describe the sintering
kinetics. In contrast to our old description, this model
approaches for infinite time the bulk value and not infinity
which is more realistic. The increase of Young’s modulus
leads to an increase in the stress levels according to Eq 2.

Up to now the model does not contain factors which
really describe the cyclic effect of the thermo mechanical
loading. In principle, the results should be quite similar
comparing the lifetime of samples cycled with short or
long dwell times as long as the ratio between high and low
temperature phase is similar. On the other hand, experi-
mentally it is observed that the lifetime is reduced con-
siderably if the cycle length is reduced (see e.g., Ref 20). A
possible mechanism which can explain such effects of the
cycle length is stress relaxation. It has been found that
such relaxation processes can take place even at room
temperature (Ref 18). A simple approach considers the
stress reduction as follows:

do de

E
:E—:EE = 0 =0 exp(——t>
n n

ar T (Eq7)

in which n is the viscosity and o/cy gives the stress level
reduction during the time ¢. This function is now intro-
duced into Eq 5. Hence, starting stress levels from Eq 2
are reduced during the crack growth at room temperature
and lifetime is prolonged.

The model described so far is focused on the stress state
close to the interface BC/TBC. The stress states are hardly
influenced by the stress state in the ceramic far way from
the interface or by the thickness of the TBC. Also here,
the experience shows that the thickness plays a major role
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and should be introduced. A possible way to do that is to
estimate from the crack growth the reduction of the
interfacial bonding and to compare this with the critical
energy release rate buildup in the TBC. For the first term,
it is assumed that the cracks of length a will reduce the
area of the interface and hence the critical energy release
rate G reaching at infinite crack lengths a certain frac-
tion of 10%. A simple formula giving this behavior is

G = (= as 1= exp (7)) )

The factors a; and a, are determined to start at the starting
crack length ay=L/2 with the critical energy release rate
of the as-sprayed material and giving 10% of it at infinite
crack length. In Ref 10, values of 100 and 200 J/m? are
given for the critical energy release rate, we assume a
mean value of 150 J/m? The extension of the possible
crack length beyond L avoids the introduction of a rather
artificial maximum crack length. This procedure does not
effect lifetime significantly as growth is very fast for crack
lengths larger than L.

The energy release rate stored in the coating is
approximated by an integration of the stress level across
the spalling coating thickness (drgc — y) and inserting
these in the energy release rate of a straight long interface
crack (Ref 21):

(Eq 8)

drpc
_ 2
G(t) = 12(117_‘”2 / E(tvx)((T(x) - Tcrack) ATBC
y

+(Terack — Teool) (dTBC — CXsub))zdx
(Eq 9)

where T .k and Teoo are the temperatures at the crack
location and during cooling, argc and oy, are the thermal
expansion coefficients of TBC and substrate, the addi-
tional factor 1 is described below. It should be mentioned
that the considered stresses here are the in-plane stress
states. The additional stress state closes to the interface
according to Eq 2 are not taken into account as they are
typically comparably low.
Failure will occur if the following condition holds:

G([) Z Gcrit (Eq 10)

The factor t is added as the formula describes the energy
release rate for a long (¢ > drpc) interface crack and
high stress levels. For shorter cracks, the release rate is
reduced. The crack length evaluated in the model are
typically shorter (<L) than the TBC thickness. The
argument is now, although in one direction the crack
growth follows the described model, the cracks are two-
dimensional objects which are interconnected (e.g., shown
by the high gas permeability of the coatings) and by this
giving increased efficient cracks lengths and significant
energy release rates.

The factor t was fitted by using the data for new TBC
single-layer systems. These coatings typically spall-off at
the interface without significant TGO growth due to the
lower toughness of the TBC and hence the reduced critical
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Table 1 The used model parameters

Amplitude A, pm 10/5, see text

Wavelength L, pm 50
Substrate thickness, mm 3

Bond coat thickness, mm 0.15

TBC thickness, mm 0.4

Young’s modulus substrate, GPa 191
Poisson’s ratio substrate 0.3
Thermal expansion coefficient substrate, 1/K 1.58 x 107°
Thermal conductivity substrate, W/m/K 26

Young’s modulus bond coat, GPa 70
Poisson’s ratio bond coat 0.43
Thermal expansion coefficient bond coat, 1/K 1.68 x 107°
Thermal conductivity bond coat, W/m/K 31.6
Young’s modulus TGO, GPa 360
Poisson’s ratio TGO 0.22
Thermal expansion coefficient TGO, 1/K 8 x 107°
Thermal conductivity TGO, W/m/K 7

Young’s modulus TBC, GPa 20
Poisson’s ratio TGO 0.33
Thermal expansion coefficient TBC, 1/K 1x10°°
Thermal conductivity TBC, W/m/K 1.0

TGO growth coefficient Argo, m/s” 7.48 x 107*
TGO growth activation energy, Etgo, eV 0.907

TGO growth exponent 0.25

TBC sintering coefficient Agy, ™ 2 x 10"
TBC sintering activation energy Egjn, eV 3

TBC sintering exponent 0.25

TBC viscosity, Pa s 3.6 x 10
Fracture energy, J/m> 150

energy release rate (10-20% of YSZ, corresponding to
15-30 J/m? (Ref 22), 30 J/m? is used). As mean time to
spallation, we use 60 h at temperature (1050/1250 °C)
which are about 500 standard cycles (Ref 23). With this
value, a factor t of 0.24 is obtained which is fixed for all
calculations. A summary of the used model parameters is
given in Table 1.

The outlined model equations have been implemented
into a Java program. The program reads input files in
which the model parameters are stored. First, the fitting
parameter is determined by using the known lifetime of a
specific run. Subsequently, a rather unlimited number of
different input parameter files can be read and the lifetime
as well as other relevant data are calculated and stored in
corresponding output files.

3. Experimental

Different types of TBC systems have been investigated.
They were produced by atmospheric plasma spraying with
an A3000 unit by Sulzer Metco (Wohlen, Switzerland)
using a TRIPLEX I gun. Vacuum plasma spraying (VPS)
with a F4 gun (Sulzer Metco, Wohlen, Switzerland) was
used to deposit a 150-pum NiCoCrAlY BC (Ni 192-8
powder by Praxair Surface Technologies Inc., Indianapolis,
IN) on disk-shaped nickel base IN738 superalloy sub-
strates (diameter 30 mm, 3 mm thickness), which were
used for thermal cycling experiments.

Details on the process conditions are given in Ref 24,
25), a summary of the coating characteristics is given in
Table 2. As YSZ powder, a 7.8 wt.% yttria-stabilized
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Table 2 Characteristics of the investigated APS coatings

_é

Thickness, HVO.1, Estimated mean thermal

Set pm Porosity, % GPa E*, GPa conductivity, W/m/K Characteristics

S 400 12 6.3 163,142,104 1 Standard
136-20

SM 400 12 9.3 158,134,127 1 Higher microcrack density
140-21

ST 700 12 1 Thick

D 400 12 (?) 8.9 148,157,127 1.1 Lower porosity
144-21

P 400 15 7.0 128,138,110 0.9 Higher porosity
125-18

SE 450 8 4.1 185,207,185 14 Segmentation cracks, ~4, mm
192-28

*Young’s modulus E at 10, 100, and 1000 mN and with mean value (bold) and extrapolated Young’s modulus as described in the text

zirconia powder (Metco 204 NS) supplied by Sulzer Metco
GmbH, Hattersheim, Germany, was used.

Besides the manufacture of the thermal cycling speci-
mens, steel substrates were also coated. These coatings
were used to characterize the as-sprayed condition. The
porosity level was measured on free-standing coatings by
mercury (Hg) porosimetry using two units of porosimeters
produced by CE Instruments, Italy (Pascal 140 for the low
pressure and Pascal 440 for the high pressure range).
Coatings were removed from the substrates by using
hydrochloric acid.

Stiffness values were determined by depth-sensing
microindentation, details are given in Ref 26. For model-
ing, Young’s moduli from bending tests seem to be more
adequate. Values for the standard material of 20 GPa
have been determined by this technique (Ref 27). This
value was taken as a basis to calculate also the other
values (see Table 1).

Thermal cycling was performed in one of our gas bur-
ner test facilities operating with natural gas and oxygen.
The substrates were cooled by compressed air from the
back. The surface temperature was measured with a
pyrometer operating at a wavelength of 8-11.5 pm and a
spot size of 12 mm. The emissivity of YSZ for this wave-
length range was determined to be close to 1. Addition-
ally, the substrate temperature was measured by a
thermocouple mounted in a hole drilled toward the center
of the substrate from one side. The surface temperature
was adjusted close to 1250 °C, the substrate temperature
was tried to be maintained as a mean value between 1050
and 1075 °C. Due to high thermal conductivity of the
coatings and limited heat flux (<1 MW/m?), this was not
possible in all cases. Using the thermal conductivities of
the coatings and the substrate, one can estimate that the
BC temperature is about 20-40 K higher than the sub-
strate temperature.

In the test facilities, gas burners with a broad flame are
used giving a rather homogeneous temperature distribu-
tion in the center of the samples. After heating for less
than a minute stationary conditions are obtained. After
5 min, the burner is automatically removed for 2 min from
the surface and the surface is cooled from the front at an
initial rate of more than 100 K/s using compressed air.
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Cycling is stopped when a clearly visible spallation of
the coating occurred. However, the specimens are not
inspected after each cycle and the installed automatic
system can only detect spallation if a rather large tem-
perature change occurs at the surface of the coating. As a
result, a certain number of cycles can be performed even
after spallation which gives a certain uncertainty in the
number of cycles typically below 20% of the total cycle
count.

In addition to this cyclic burner tests, furnace tests have
also been performed. The specimens were kept in a
furnace for 24 h at 1100 °C under air atmosphere and
removed afterward for 1 h. During this time, the samples
cooled down to room temperature at moderate cooling
rates. During weekends the samples remained in the fur-
nace giving longer dwells times.

Metallographic cross sections have been prepared from
all samples to investigate the microstructure. The coatings
have been imbedded in epoxy before cutting to reduce the
possibility of damage.

For the TGO thickness investigation, a scanning
electron microscope (Phenom, FEI) was used. About
50 measurements per data point have been taken. The
depleted zone was measured with an optical microscope.

4. Experimental Results and First
Discussion

4.1 Lifetime Data

The results of the burner rig testing are shown in Fig. 3.
Time to failure is the hot time assuming 5 min per 5/2 min
cycle. For each type of coating, two samples have been
tested. Obviously, the number of cycles to failure are
decreasing with increasing BC temperatures. In addition,
the two samples of one type of coating show very similar
results if the general dependence on the BC temperature
(indicated by the straight line) is considered. These results
allow some kind of ranking of the microstructures: the
best TBCs are those with porous and modified structures,
the others as standard, dense, thick standard, and seg-
mented appear within the scatter range quite similar.
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Fig. 3 Cycles to failure in our burner rigs for the different sys-
tems as a function of BC temperature. In addition, results for
isothermal tests are plotted: furnace testing at 1100 °C in our
institute (approximately 1 day cycles including 1 h cooling) and
results obtained with our standard system from reference (dwell
time at 1050 °C given, 1 min at 60 °C, cylindrical samples with
8.5 mm diameter; Ref 13)

One should add here that the tested segmented coating
was one with a segmentation crack density of about 4/mm.
Meanwhile process improvement led to coatings with
much higher densities of more than 10/mm.

In addition, also results from furnace tests at 1100 °C
and literature results in which our coatings were used
(Ref 13) are given. It should be mentioned that the sam-
ples used in Ref 13 are cylindrical samples with diameter
of 8.5 mm with substrates made of CMSX4. In the
modeling, we will ignore this fact and assume flat IN738
substrates for all calculations.

In Fig. 4, photos of one of each type of sample are
shown after failure. Also two furnace test samples are
included. They show a total spallation of the TBC.

4.2 Microstructure and TGO Growth

In Fig. 5, the TGO thickness at failure in the center of
the samples is plotted for the different samples. With this
measurement information on the influence of the micro-
structure on the failure should be obtained. The idea was
that a better/improved microstructure should give a higher
TGO thickness at failure. In contrast to the expectations
only some differences in the TGO thickness values are
found. For example, the segmented coatings show rela-
tively low thickness values. In Fig. 6(a-f), the microstruc-
tures of the TBCs close to the BC/TBC interface are
shown. Especially in the burner rig tests, the samples show
cracks running in the TBC close to the TBC/BC interface
at a distance close to the one chosen in the model (20 pm).
The examples in Fig. 6 show that especially in areas with
high modulations rather thick TGOs are found because
the TGO layers of the two parts of a hill location grow
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together. In order to take into account this local overes-
timation of the TGO thickness, the maximum 20% of the
data have been excluded. This procedure reduced the
scatter of the data considerably, however, still no distinct
correlation between microstructure and TGO thickness at
failure was found. Certainly, also the tendency of the used
BC to form large areas of internal oxidation leads to
additional problems in a precise determination of the
TGO thickness. In Fig. 7, the TGO thickness values for
both types of evaluation are shown. Obviously, the TGO
thickness at failure is reduced with increasing BC tem-
perature. According to Eq 3, a plot of the TGO thickness
divided by the number of cycles with an exponent of 0.33
is shown. This should follow an Arrhenius-type behavior,
i.e., an increase with temperature is expected. In contrast,
the data points indicate more likely a decrease. Looking
on the thickness of the depleted zone, a rather large
scatter is observed. Despite of this scatter, a reduction of
thickness with increasing BC temperature is not observed.
The thickness of the depleted zone divided by the cycle
number with an exponent of 0.33 shows in the middle an
increase with temperature. These results can be explained
by a change of TGO morphology with changing temper-
ature, i.e., the TGO becomes denser or shows a lower
amount of internal oxidation with increasing temperature.
This can explain why the TGO thickness decreases while
the depleted zone correlated to the amount of consumed
aluminum increases with rising temperature. The different
micrographs in Fig. 6 in the order of increasing BC tem-
perature seem to be consistent with this hypothesis. On
the other hand, this hypothesis is not included in our
model, in which a simple thermally activated growth of the
TGO is assumed. To keep the model simple, we use an
ordinary growth law as given for our BC in Ref 13. With
this kinetics the high-temperature values fit to our
experimental data for the TGO thickness (i.e., 50 h at
1100 °C correspond to about 7 um TGO thickness). Our
assumption for the lower temperature is that the large
internal oxidation and the mixed oxide formation of this
BC correlates in fact to a lower effective TGO thickness
with respect to stress build-up at the interface. At higher
temperature, the enhanced selective oxidation of alumi-
num leads then to a pure alumina scale.

5. Comparison of Experimental
and Modeling Results

The results shown in Fig. 3 indicate that the lifetime of
a TBC system is extremely depending on the given oper-
ation or test conditions. Although the lifetime model was
mainly developed to describe the lifetime data of samples
tested in our burner rigs (the lower values in Fig. 3), it
should also be able to account for additional influencing
factors as cycle length or the temperature profile during
testing (gradient or isothermal). In addition, the generally
found temperature dependence should also be predicted
in an adequate way. As another important feature,
the model should be able to describe in at least a
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Fig. 4 (a-e) Photos of the samples after failure, rig-tested samples in the order according to Table 2 for sample a to f. Photos (g) and (h)

correspond to standard and the thick coatings after the furnace tests

semi-quantitative way the influence of the microstructure
of the TBCs on their performance.

5.1 Influence of the Data Used for Fitting
on Modeling Results

The first step in applying the model is the determina-
tion of the fitting factor A*(Y/Ky.)" describing the crack
growth behavior and given in Eq 5. Doing that it turns out
that the results of the calculations are rather largely
depending on the used starting value for fitting. If a data
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point with a long lifetime (e.g., in Fig.3 > 1000 h at
1050 °C) is taken, the cycle length dependence for the
isothermal cycling could be reproduced quite nicely;
however, the predicted lifetime of the rig samples is very
long. On the other hand, if the burner rig data are used for
fitting, the predicted lifetime of isothermal experiments
are typically too short. It indicates that for the given
parameters and input data, the model does not precisely
describe the cycle dependence of the lifetime data. On the
other hand, it should be stated that no optimization loops
for the model parameters have been used and certainly
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several of the parameters are rather uncertain as pointed
out below. In addition, it also should be mentioned that
the investigated range of test conditions is extremely wide,
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Fig. 5 Thickness of TGO and depleted zone of rig samples for
the different types of samples

so a detailed description by a single model is anyhow
ambitious.

Finally, it was decided to use as fitting data the iso-
thermal data from literature (Ref 13) with a short dwell
time (20 min at 1050 °C). For these parameters, we obtain
a fitting factor of 107°" m/s (Pa m'?)™™ which appears
rather large compared to expectations from literature

H TGO
45 # TGO without max 20% 45
A depleted zone
40 A O TGO/cycles*n A 4
A depl. zone / cycles™n A ,E,
35 35
A A 2 A =
T 3 7N Ary 3 8
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Fig. 7 Thickness of TGO and depleted zone of the rig samples
as function of the BC temperature (filled symbols). In addition
the thickness values divided by the cycle number with an expo-
nent of 0.33 are given (open symbols)

Fig. 6 SEM micrographs of failed rig samples at the BC TBC interface ((a) to (f) order according to Table 2 with increasing tem-
perature, (g) and (h) correspond to furnace tests at 1100 °C, see also text)
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data (Ref 17). On the other hand, the uncertainty in the
stress determination at the interface and the uncertainty of
all experimental data (e.g., taking a Young’s modulus of
40 GPa used in Ref 17 instead of 20 GPa reduces the
factor by more than five orders of magnitude) might
explain this deviation.

In Fig. 8(a), a comparison between the experimental
data given in Fig. 3 and our modeling results are shown.
Obviously, the temperature dependence of the lifetime
can be predicted; however, the actual lifetime of the
burner rig samples is by a factor of 3 to low. The
temperature dependence reflects the temperature depen-
dence of the TGO growth rate. This indicates that the
approximation for the growth kinetics discussed above is
adequate.

A better fit can be obtained by using one of the burner
rig data points for fitting. The result is that the fitting
factor (the crack growth constant) becomes very large,
which appears not really physical meaningful. Simulta-
neously, all data points for one temperature tend to lie

2000 | A
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800 -

600 -
400 -

200 A
rig test

Arig test
1350°C

time to failure [hours]

100+
80 -

60 -
40 T T T T
1020 1040 1060 1080 1100
(a) bond coat temperature [°C]

1000
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|RT— 500°C

200 { -\
A24h
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80

60 600um A o

A9 test

Arig test
1350°C

40 T T T T
1020 1040 1060 1080 1100

(b) bond coat temperature [°C]

Fig. 8 Comparison of experimental (see Fig. 3) and modeling
results: (a) amplitude 10 pm, (b) amplitude 5 pm. Open symbols:
experimental results, filled and half-filled symbols: modeling
results of furnace and burner rig tests, respectively. In (b) also
a number of modeling results for a 600-um thick coating are
included
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close together. Once the critical TGO thickness for stress
inversion is reached, fast crack growth sets in leading to
failure close to this time.

5.2 Influence of the Analytical Stress
Approximation on Modeling Results

One additional feature of the model which has to be
optimized is the analytical description of the stress state
close to the TGO in the TBC. Figure 9 shows the devel-
opment of the stress state with TGO thickness. Obviously,
it exists a rather steep increase of the stress levels after
reaching the critical TGO thickness for stress inversion for
the amplitude of 10 um. The slope of this curve largely
influences the crack growth kinetics as the stress enters
with a high exponent (m=18, see Eq5) in the crack
growth law. An improved accuracy might be possible from
more detailed FE calculations for the given interface
morphology instead of using a general formula as done
here. However, this makes the model rather inflexible.
Being aware that the analytical stress function is critical
for the outcome of the lifetime model, it is tried to modify
this by using a different roughness value (amplitude A).
Additionally, as for several other parameters used in the
model, the given value of 10 pm is only a mean value and
therefore a simplifying approximation of a complex
structure. The stress evolution for an amplitude of 5 pm is
also shown in Fig. 9. It clearly shows a smoother increase
with increasing TGO thickness.

The results obtained for an amplitude of 5 um are
shown in Fig. 8(b). Obviously, the modeling results are
much closer to the experimental results, especially to
the furnace tests at 1050 °C. Also, the fitting factor
A*(YIKy)" appears to be more reasonable (4.2 x
1007 m/s (Pa*m'?)™™). In addition, the burner rig
lifetimes obtained by the model are reduced and by that
closer to the experimental results. The remaining devi-
ation seems to indicate that the thermal cycling in
our burner rigs generates additional stress levels not

40
30~ — SHm
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-
==
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_ 7~
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/
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/ /
y4

-20 -~ /
-30

-40 T T
0 5 10 15

TGO thickness [um]

stress level [MPa]

Fig. 9 Stress levels in the TBC developed at a distance of 20 pm
from the valley locations for the used interface roughness
(A=5+10 pm, L=50 um) as a function of TGO thickness
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included in the model which further promote crack
growth. One possibility which is already included in the
model is the thermal gradient itself. The gradient will
lead to a faster increase of the Young’s modulus close
to the surface and by this also to a faster increase of the
strain energy of the coating. On the other hand, the
higher surface temperature and by that the large con-
traction of surface near regions during cooling will
reduce the mismatch strain and by this the critical
energy release rate (see Eq9). We tried in the results
shown in Fig. 8a) to stress the effect of the sintering
compared to the expansion effect by choosing a rela-
tively high activation energy for sintering (3 eV), which
still fits experimental data reasonably. Sintering seems
just to compensate the expansion effect.

An additional influencing parameter might be the
transients in thermal cycling. In the burner rig tests, we
apply cooling of the TBC surface by compressed air
leading to a distinct stress inversion in the coatings. An
approximate calculation shows that the developed strain
energies can be close to the critical energy release rate
after some sintering (~100 J/m?). Hence, in a future model
this additional driving force has to be included.

Also shown in Fig. 8(b) is the effect of the surface
temperature by increasing it from 1250 to 1350 °C. Life-
time is reduced from 93 to 74 h for rather constant BC
temperature of 1100 °C. This can be explained by the
enhanced sintering.

The results for the furnace testing at 1100 °C is still
lower than the experimental findings. Here it is also tried
to take into account the more enhanced relaxation due to
slow cooling for the furnace testing at 1100 °C by intro-
ducing a relatively high lower temperature level (500 °C
instead of RT). With this, the experimental results can be
fitted very nicely.

Figure 8(b) also shows modeling results for thicker
TBCs (600 pm instead of 400 pm as standard). While for
BC temperatures below about 1040 °C, the results are
similar to those of thinner coatings a reduction is found for
higher temperatures. The higher slope in the logarithmic
lifetime versus inverse temperature plot indicates a dom-
inating process with a higher activation energy. The
modeling results show that no crack growth occurs at
higher temperatures in the thick TBCs. Only the strain
energy build-up by sintering leads to the failure. As we use
sintering with a rather high activation energy, the slope of
the corresponding curve becomes rather steep. These
results might explain why the lifetime of the thick coating
at low temperatures was so high while at higher temper-
atures the lifetime drops considerably (see inverse trian-
gles in Fig. 8b).

5.3 Influence of Microstructural Variations
on Modeling Results

Figure 10 shows the influence of Young’s modulus on
the lifetime according to our model. Here different
E-moduli are used as given in Table 1. Obviously, also a
rather low increase of the Young’s modulus reduces life-
time considerably. The improvement of the lifetime for
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Fig. 10 Lifetime of the burner rig samples compared to mod-
eling results for samples with different microstructure/Young’s
moduli at two temperatures (1077 and 1090 °C). The symbols
connected with the bold line indicate the reference (20 GPa). In
addition, results for reduced viscosity values (100 times reduc-
tion) are included

the porous coating seems to be reproduced by the mod-
eling result (compare 20 and 18 GPa). The reduction of
lifetime for the segmented coating with the high Young’s
modulus slightly overestimates the effect. This might be
explained by the different stress state developed in
such segmented coatings. The segmentation cracks should
reduce stress levels and by that overcompensate the det-
rimental effect of the increased Young’s modulus. This
seems to be not fully possible by the tested segmented
coatings. However, as mentioned before, new segmented
coatings with higher crack densities show improved ther-
mal cycling performance.

Interesting is also the good performance of the
so-called modified standard TBC. By using a higher
number of passages more microcracks are introduced into
the coating. This can lead to a more pronounced stress
relaxation which we try to model by a reduced viscosity in
the coating. Indeed, a rather large reduction of viscosity
by a factor of 100 can explain the good thermal cycling
results of our modified coatings.

The influence of relaxation (see Eq 7) for the standard
viscosity value will finally be briefly discussed. The exper-
imental value for the viscosity gives a significant relaxation
at low temperature only for times in the order of hours.
Hence, for most of the given experimental results, the
effect is rather negligible. Only for the furnace testing at
1100 °C, a significant increase of the lifetime is observed
due to the introduction of the relaxation. Of course, for
longer dwell times at low temperatures (or lower viscosity
coatings) this effect becomes more relevant.

6. Summary

A lifetime model for TBCs was presented which com-
bines the influence of several features as TGO growth, BC
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roughness profile, sintering within the ceramic, Young’s
modulus and thickness of the ceramic, thermal gradients
and the precise shape of the applied thermal cycles. This
was possible by combining a crack growth with an energy
release rate based model.

The outcome of this model was compared to the results
of a number of different burner rig and cyclic oxidation
experiments. By an adjustment of the amplitude of the
roughness profile it was possible to reproduce the exper-
imental findings in a very satisfying way. Only the burner
rig tests showed somewhat lower lifetimes which was
attributed to additional transient stress buildup which was
not yet implemented in the model.

Also, the influence of different types of TBCs with
varying porosity, microcrack density and coating thick-
ness on the lifetime results could be at least qualitatively
explained by the model results.
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