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Abstract
Double layer thermal barrier coatings (TBCs) consisting of a Gd2Zr>07 (GZO) top and an ytrria stabilized
zirconia (YSZ) interlayer have been tested in a burner rig facility and the results compared to the ones of
conventional YSZ single layers. In order to gain insight in the high temperature capability of the alternative
TBC material, high surface temperatures of up to 1550 °C have been chosen while keeping the bond coat
temperature similar. It turned out that the performance of all systems is largely depending on the
microstructure of the coatings especially reduced porosity levels of GZO being detrimental. In addition, it
was more difficult in GZO than in YSZ coatings to obtain highly porous and still properly bonded
microstructures. Another finding was the reduced lifetime with increasing surface temperatures, the amount
of reduction is depending on the investigated system. The reasons for this behavior are analyzed and

discussed in detail.

1. Introduction

Thermal barrier coating systems consist of a metallic intermediate bond coat layer (often NiCoCrAlY
compositions are used) and a ceramic topcoat. The bond coat layer allows an improved bonding of the
ceramic topcoat to the substrate and protects the substrate from oxidation by forming a protective scale
(thermally grown oxide (TGO), often alumina-based). This scale introduces additional stresses into the
TBC system and often plays an important role in the degradation and failure of TBC systems. In this study
the bond coat has always the same NiCoCrAlY composition as the major focus is on the influence and

performance of the ceramic topcoats.

The main function of the ceramic top coat in the TBC systems is providing thermal insulation for the

metallic engine parts. Since it was introduced in the 1970s, 6-8 wt. % yttria-stabilized zirconia (Y SZ) has



been the material of choice for this purpose [1], because it shows a unique combination of desired
properties. These properties include good thermal stability (i.e. limited changes of porosity (sintering) and
phase transformation during high temperature treatment), low thermal conductivity, high coefficient of
thermal expansion (CTE) in combination with a high fracture toughness which are the main required
properties for the ceramic top coat on metallic components. The 7.4 wt. % YSZ has a high melting point
(2700 °C) and a low thermal conductivity of 2.5 to 3.0 W/mK between room temperature and 1000 °C [2].
YSZ shows for typical oxide ceramics a high CTE (11 x 10° K'), which is rather close to that of the
underlying superalloy substrate (typically temperature dependent and in the range of 13-15 x 10° K™ [3]
and therefore leads to moderate stresses during thermal cycling. However, a certain mismatch remains and
typically relaxation at high temperature leads to increasing compressive stress levels in the coatings at low
temperatures [4]. As a result, crack propagation and finally delamination of the coating is promoted. A
tough ceramic is certainly helpful to suppress such early delamination. The highest toughness values in
Y SZ materials are found for low yttria contents (2 to 3 mol.% Y»03), leading by transformation toughening
to extraordinary toughness values [5]. Unfortunately, this mechanism only operates at low temperatures
and is also depending on a well-defined fine-grained microstructure. However, a high toughness is also
observed in 4-5 mol.% YSZ due to a ferroelastic switching [6] which is essential for a good performance

of YSZ in TBC applications and one of the reasons why 4-5YSZ is the most frequently used TBC material.

A further improvement of the coating performance can be obtained by an optimization of the microstructure
of the coatings mainly by reducing the stress levels and/or increasing the strain tolerance. This can be
achieved by introducing porosity and cracks (inter-lamellar cracks, segmentation cracks etc.) or also
columnar structures [7]. The most commonly used deposition technologies, thermal spray and electron
beam — physical vapor deposition (EB-PVD), result in different types of coating microstructures. The
deposition with EB-PVD typically leads to columnar structures with good thermo-mechanical performance
[8]. This type of coating is typically used for the highly loaded parts as first stage blades in gas turbines. A
large number of thermal barrier coatings are produced by thermal spray methods especially in stationary
gas turbines and the coatings discussed here were prepared by this method, more specifically by the

atmospheric plasma spraying (APS) process.

In the APS process, an electric arc generated between anode and cathode ionizes and heats the flowing
process gases (argon, hydrogen, nitrogen or helium). Into this hot and fast plasma plume ceramic particles
are injected, heated and accelerated. They then impinge on the substrate and form the coating. A recent
more detailed description is given in [9]. As a result of the specific deposition process with its fast cooling

a lamellar microstructure of flattened particles (“splats™) with porosity and micro cracks is often found with



porosity levels between about 10 and 25 percent. With more advanced thermal spray techniques as
suspension plasma spraying (SPS) or plasma spray physical vapor deposition (PS-PVD) also columnar

microstructures can be obtained [6].

Although YSZ appears to be an excellent TBC material, it shows some drawbacks especially with respect
to high temperature stability. This fact led to an intense search for more than 2 decades for new thermal
barrier coating materials with improved properties compared to the standard yttria stabilized zirconia (Y SZ)
[10], [11]. The new material should show no detrimental phase transformation at elevated temperature as
YSZ does and it should have very low sintering rates at the foreseen operation temperatures beyond 1200
°C. Different types of materials as perovskites, hexa-aluminates or pyrochlores have been considered as
potential material. Among these materials especially gadolinium zirconate, a pyrochlore, seems to have a
high potential and is meanwhile introduced in aero-engines [12]. Pyrochlores have a couple of promising
properties as low thermal conductivity, high thermal expansion coefficients, low sintering rates, and good
phase stability [6]. However, there are also some drawbacks, especially the low fracture toughness and the
lower melting point compared to YSZ. The low toughness makes the use of double layer coatings with an

intermediate YSZ layer essential [13].

To further improve the performance of TBC systems one has to understand the major degradation
mechanisms. Certainly, one major factor is the growth of the thermally grown oxide (TGO) on the bond
coat at elevated temperatures. This interlayer can reduce the bonding of the ceramic top coat to the bond
coat and hence the substrate [14]. This can be described by the critical energy release rate G, which is
reduced during operation. Once the elastic energy or the apparent energy release rate G in the coating is
sufficient to overcome G. the coating will spall-off. The elastic energy of the coating is dictated by the
thermal expansion mismatch between substrate and topcoat, the temperature difference, the Young's
modulus of the coating, and the thickness. During high temperature operation the porous ceramic top layers

will start to sinter and by this increase the modulus and the elastic energy, promoting failure [15].

A commonly used method to investigate the performance of TBCs is the use of isothermal cycling. These
tests give an insight in the typically TGO induced failure of the TBCs. However, a type of test more close
to the realistic temperature profile in a gas turbine is a gradient test e.g. in a gas burner rig. This test will be
used in the present study with a special focus on the influence of the surface temperature, which is often
disregarded in the literature [16], [17]. A paper looking also on the influence of the surface temperature

will be discussed later [18].



2. Experimental

The feedstock powders for the ceramic top coats were a commercially available agglomerated sintered
7YSZ Amperit powder (H.C. Starck Amperit 827.006, d10=54 pum, dso=80 um, and dgp=112 um) and a spray
dried Gadolinium Zirconate (GZO) powder with a hollow spherical morphology (H.C. Starck Amperit
835.090, d10=60 um, dsp=83 um, dgp=117 um).

For thermal cycling, YSZ/GZO (400 pm/200 pum) topcoats were deposited by APS in a Multicoat facility
(Oerlikon Metco, Wohlen, Switzerland) with a three-cathode TriplexPro™210 gun on Inconel 738 disk
shaped substrates which had diameters of 30mm and a thickness of 3mm. The outer edge of the
substrates was machined in a radius of curvature of 1.5 mm to reduce the stress level and avoid failure at
sharp edges. Before deposition of topcoats, the disk shaped substrates were coated with a 150 um
NiCoCrAlY (Oerlikon Metco, Amdry 386) bondcoat by vacuum plasma spraying (VPS) in an Oerlikon Metco
facility using a F4 gun. Mild steel substrates with an intermediate NaCl layer were coated with single layer
YSZ and GZO for characterization especially for performing mercury of porosimetry on free-standing

coatings.

The plasma jet was generated using 46 slpm argon and 4 slpm helium or hydrogen as process gas. The gun
was moving with a meander type motion with a velocity of 500 mm/s and a meander width of 2 mm. For
both YSZ and GZO the plasma current and the stand-off distance have been varied to investigate the
influence of different microstructures on the thermal cyclic performance at high surface temperatures
well above 1300 °C. The processing conditions for GZO are partly taken from an earlier work [19]. The
detailed process conditions for the samples used in the thermal cycling experiments are presented in
Table 1. The short name of the coatings refer to the results of the porosimetry measurements given later.

For the double layer coatings, the 400 um YSZ layer was applied using the YSZ dense conditions.

Gas burner test facilities operating with natural gas/oxygen mixture were used to evaluate the thermal
cycling behavior of the systems [20]. The burner flame provides a homogeneous temperature distribution
with a slight temperature decrease towards the outer rim of the specimen. This temperature decrease is
typically about 50K, but might increase with increasing surface temperatures. At the same time, the back
side of the substrate was cooled by compressed air to achieve the desired temperature gradient through

the thermal barrier coating.



During the test, surface temperature was measured with an infrared pyrometer. The emissivity of the
coatings was assumed to be constant and the emissivity was determined to be close to 1 for YSZ. The
same value was taken for the GZO.

The emissivity value of 1 is an approximation, more realistic values are about 0.98 [21] in the wave length
range of the used pyrometer. For example, at object temperature of 1400°C the approximated value is
leading to an underestimation of the surface temperature below 30K. On the other hand, emissions arising
from the hot gas flame in the same spectral range lead to some increase of the pyrometer reading which,
in part, counterbalance the effect of overestimated emissivity. As it appears difficult to precisely assess
these competing effects, a simplified approach was made which give limited underestimation of the

surface temperature.

Additionally, substrate temperature was measured by a thermocouple which was located in the center of
the substrate. Three different surface temperatures were envisaged for testing, namely 1400, 1500, and
1550 °C, while the substrate temperature was adjusted to about 1050 °C. Due to slightly varying
conditions, the mean values of logged temperature readings showed differences between the samples.
Using the thermal conductivities of the coatings and the substrate, bond coat temperatures were
calculated to be about 30 K to 40 K higher than the measured substrate temperatures. As the thermal
conductivity change during cycling, a fixed approximate value of 1 W/m/K was assumed for the top coats.
In fact, the lower conductivity of the GZO might lead to some overestimation of the bond coat

temperature compared to YSZ.

After the thermal cycling mean substrate and surface temperatures during the heating phase were
calculated by disregarding the temperature during the fast heating phase at the beginning of each cycle.
In the test facility, after 5 min high temperature period, the burner was automatically removed and the
surface was additionally cooled using compressed air during 2 min to achieve rapid cooling conditions.
Cycling was stopped when a clearly visible spallation (about 20% of the surface area), or delamination of

the coating occurred.

Metallographic cross sections have been prepared from all samples to investigate the microstructure and
failure mode via SEM (Zeiss Ultra 55 FEG-SEM, Carl Zeiss Microscopy GmbH, Germany). Characterization

of the coatings were also carried out using X-ray diffraction (Bruker-AXS/D4 Endeavor) for phase and



crystallographic analysis and mercury intrusion porosimetry for pore size distribution (Pascal 140 and 440,

Thermo Scientific, Hofheim, Germany).

Mechanical property measurements were performed on the metallographic cross sections of the samples
in the as-sprayed and the cycled condition. The hardness and elastic modulus of top coats were measured
with a depth-sensing micro-indentation test (H-100 Fischerscope, Helmut Fischer GmbH, Germany). The
load applied on the indenter was set to be 1 N. Effective Young’s modulus was calculated from the initial

unloading slope [22]. The elastic modulus of the materials can be obtained with the following equation:
* — E
B =E/ 2 (1)
where E is the elastic modulus (GPa), E* is effective Young’s modulus (GPa), and v is the Poisson’s ratio;
in this work, v = 0.22 was adopted from [23]. In order to get reliable values, 15 indentations were

performed on each sample at a distance of 80 to 90 um from the surface.

3. Results and Discussion
Microstructure

The as-sprayed microstructures of the four investigated thermal barrier coatings are shown in Figure 1. It
should be mentioned here, that the YSZ porous coating used for the characterization of the as-sprayed
condition was sprayed with a shorter meander size (150 instead of 200 mm). In this specific case with low
stand-off distance and rather high plasma gun power led to an increase of the substrate temperature to about

500 °C and also to a higher deposition efficiency (750 um coating thickness instead of 600 um).

The mercury porosimetry results are shown in Figure 2. It shows the typical size distributions of thermally
sprayed ceramic coatings consisting of fine pores (micro cracks) and large (globular) pores. Due to the fact
that the larger pores are also often filled via the fine cracks the distributions are shifted towards fine pore
sizes. As aresult, the distributions due hardly reflect the amount of larger pores in the high porosity coatings
as seen in Figure 1. With the short stand-off distance a considerable higher porosity level of about 23 %
could be reached for YSZ, however, on the expense of reduced deposition efficiency (s. Table 1). It is
assumed, that the short stand-off distance allows only melting of the surface of the particles and so the high

viscous (rather cold) core of the particles is not able to deform easily during impact leading to increased
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porosity. The longer stand-off distance led to a porosity of about 15 % for the YSZ. In the case of GZO an
investigation on the influence of spraying conditions on porosity and efficiency have been made (not shown
here) before the selection of the short stand-off distance. The selected parameters of GZO dense given in
Table 1 gave a good deposition efficiency and a rather high porosity level of more than 15% measured by
digital image analysis on SEM images of free-standing coatings. However, the more reliable mercury
porosimetry reveals a quite low porosity level (11.2 %). In order to increase the porosity, an extremely large
stand-off distance for GZO was chosen, which led to an in-flight solidification of the particles and a
moderate porosity level of 13.8%. It can be stated that the establishment of a rather high porosity levels is
more difficult for GZO than for YSZ. The reason is not fully clear as the melting point compared to YSZ
is not much lower [24]. Two reasons may play a role, the rather low heat capacity of GZO which accelerates
the heating of the particles [25] or the (slightly) reduced high temperature viscosity which leads to better

deformation during splat formation and hence lower porosity [26].

Thermal cycling results

In Figure 3 the cycles to failure as a function of the surface temperature are given. There is for all samples
a clear tendency of a reduced lifetime with increased surface temperature. However, it has to be considered
that it was not possible to keep the bond coat temperature exactly constant. Instead, it was found that the
bond coat temperatures varied between 1068 and 1108 °C with the relation that higher surface temperatures
also led to somewhat higher bond coat temperatures. This was due to the fact that the substrate temperature
was kept constant which leads to higher bond coat temperatures with increased surface temperatures.
Additionally, in the burner rigs always some fluctuation of the heat load during the tests is observed which
leads to additional variations.

For an approximate compensation of this effect, the lifetime normalized to 1100 °C bond coat temperature
was calculated assuming an activation energy of 3.67 eV for the different thermally activated processes
leading to degradation (as oxidation, sintering). This activation energy corresponds to an increase of
lifetime by a factor of 2 when reducing the temperature by 30 K from 1100 °C (see [13]).

7



Although not shown here the normalization does not change Figure 3 significantly, only the GZO porous
layer is now at intermediate and highest temperatures the best performing coating. Figure 4 shows the
images of the samples after thermal cycling. There is a tendency of failure within the ceramic layer for both
dense systems at higher temperatures (see first and third row). That is especially true for the GZO dense
system, where obviously the GZO top layer spalled off at the high surface temperature (Figure 4 third row,
middle and right), and to some extent for the dense YSZ systems loaded at high temperatures. For the other
systems the failure occurs close to the interface TBC/bond coat which is an indication that the growth of

the thermally grown oxide (TGO) plays a major role for the failure.

In Figure 5 SEM micrographs of the cycled samples from the central regions are shown. Between the porous
ceramic topcoats and the bond coat layers a dark intermediate layer, the TGO, is clearly found which is
varying in thickness according to the different exposure times at temperature. As was observed earlier ([27],
[28]) it is consisting mainly of an alumina-based scale with some yttrium aluminate inclusions. As the same
bond coat and similar bond coat temperatures were used throughout the tests, it is not surprising that the
TGO growth is similar for all the tested samples and hence, has a similar effect on the degradation for all
systems. The typical failure mode in our burner rigs is a combination of oxidation (TGO) driven degradation
and thermal cyclic/fatigue degradation. This is similar to the loading in gas turbines with the difference,

that some components like blades additionally see a large mechanical load in a gas turbine.

TGO induced failure in a thermal gradient

In order to gain an understanding of the failure mechanisms of the investigated TBC systems, existing
descriptions of the failure of such systems will be described briefly. According to Ochsner [29], failure
especially crack propagation at the interface (delamination) takes place in a TBC if the apparent energy

release rate G is larger than the critical one Geit. The apparent energy release rate (so the energy available



for crack propagation in the coating) of a TBC system in a thermal gradient can be calculated in the case of

a crack much longer than the coating thickness:

__@%h 1 (o5—07\2
G_Z—EC(1+E(—, )) )

G
with h and E. thickness and Young's modulus of the coating, respectively; osand i in plane stress in the
coating at the surface and at the interface (plain stress state assumed), respectively; and the mean stress ¢ =
(ostoi)/2. Assuming that at high temperatures the stresses relax quite fast, compressive stresses will be
build up in the coating during cooling. The stress level and also the energy release rate at room temperature
will be reduced for higher surface temperatures at constant substrate temperatures (i.e. larger gradient) as
the additional thermal strain due to the higher temperature in the coatings partly compensates the misfit of
thermal expansion between coating and substrate.

Assuming a Young's modulus of 20 GPa the energy release rate can be estimated, ranging from about 205
J/m? for isothermal testing down to 105 J/m? at 1400 °C, 85 J/m? at 1500 °C and 77 J/m? at 1550 °C surface
temperature. As a result, this simple approach cannot explain the reduced lifetime at higher surface
temperatures as there is less elastic energy for crack propagation available at high temperatures due to the

gradient.

Influence of Sintering

One relevant factor which was ignored up to now is the change of the Young's modulus during cycling. As
in equation (1) the mean stress is proportional to the Young's modulus, the energy release rate is also
proportional to it, a stiffer coating can supply more elastic energy for crack propagation. To have a better
insight into the development of the Young's modulus during thermal cycling, the stiffness of the coatings
in a surface near region has been analyzed by an indentation technique. The results of the measurements
are presented in Figure 6a. First of all, it has to be stated that indentation stiffness values are typically much
higher than elastic modulus results obtained from macroscopic testing as bending tests. The reason is the

sampling of rather small regions, so large pores and cracks which largely reduce the apparent modulus of



the coatings are not taken into account. On the other hand, the indentation measurements certainly give an

indication of the sintering in the coating microstructure which will be related to the overall modulus.

Figure 6a shows for both dense materials, as expected, higher stiffness values (filled symbols) for the dense
coatings. Furthermore, the results after tests at 1400 °C reveal for dense YSZ a considerable increase of
Young's modulus compared to the as-sprayed condition. For the GZO this is not clearly visible, especially
not for the porous GZO. This might be an indication of the higher sintering resistance of GZO. In order to
consider the time at temperature, the stiffness data are also plotted as a function of the Larson Miller
parameter LMP=T[K](30+log(t[h])) ([30]) in Figure 6b. For the dense YSZ clearly stiffness decreases with
higher cycling time and temperature. As was observed earlier, in cyclic loading one can have competitive
processes of sintering and crack formation/growth. It is assumed that especially the fast initial cooling rates
and the accompanied tensile stress in the coating can promote crack formation [31]. As a result, in most of
the coatings in Fig. 5 segmentation cracks running from the surface into the coating can be found.

In summary, sintering does not appear to play a major role for the faster degradation of the TBCs at higher

temperatures.

Phase transformation

An additional reason for micro cracking or even delamination of the YSZ coatings might be the phase
changes from tetragonal prime (t") to tetragonal (t) and then to monoclinic (m) during cooling, a well-
known process observed in YSZ TBCs [32]. An analysis can be made by XRD. It should be emphasized
here that XRD only give information on the first 10 — 30 pm of the coatings, so in our case of gradient
testing the part of the coating seeing the highest temperatures.

XRD patterns revealed mainly a t’- structure of the YSZ coatings after spraying with about 1-2 %
monoclinic phase (Fig.7). After cycling the amount of t” phase was reduced and significant amounts of
cubic and tetragonal phases appear indicating the start of a phase transformation, however the amount of

monoclinic phase remained rather small (2-3 %). The porous YSZ TBCs did not show a pronounced
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decrease in Young's modulus (s. Fig. 6). If cracking is mainly related to the phase transition, a possible
explanation can be the large pore volume available in these coatings, which might be beneficial for a
compensation of the large volume increase due to the t to m transformation during cooling. In summary,
the amount of phase transformation to monoclinic is very limited in the YSZ systems and the accompanying

strain can hardly explain the early failure at higher temperature.

As shown before in the GZO double layers it was observed that the GZO is present in the defect fluorite
structure after spaying and will form the ordered pyrochlore structure during annealing [13]. This
transformation is not accompanied with large volume changes and hence, seems not to introduce
detrimental stress levels in the coatings. Interestingly, the samples tested at about 1550 °C did again show
the defect fluorite structure. The explanation is the stability range of the pyrochlore phase [33]. Above about
1500 °C the pyrochlore transforms into defect fluorite, the fast cooling then prevents the reordering and the
defect fluorite phase remains.

To sum up the phases changes in the pyrochlore are not the reason for early failure of the double layer

systems.

Influence of porosity levels

For the YSZ coatings the question remains, why the lifetime of the porous TBCs is equal or at 1500 °C
even lower than those of the dense YSZ TBCs (Figure 3) although their Young’s modulus is lower. Since
the early work of Stecura it is known that porosity certainly is advantageous at least in definite ranges [34],
he found a maximum thermal cyclic life for about 15 % porosity. For the discussion of an optimal porosity
level one should have in mind that with reducing the Young’s modulus and hence the strain energy (energy
release rate) also the toughness is typically reduced [35]. In models describing the fracture of ceramics the
crack growth velocity is depending on the ratio of stress intensity (which is proportional to stress level and

hence Young's modulus) to fracture toughness. Of course, the stress intensity is depending on the actual
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loading conditions, however, in thermal loading the strain is similar for coatings with different porosity
levels (TEC is hardly depending on porosity), so the stress is governed by the Youngs modulus.

The ratio between stress intensity and fracture toughness is at least for sintering ceramics not depending
too much on microstructure and porosity level [36], however, this might not be true for plasma-sprayed
coatings with their specific microstructure. In addition, if the energy release rate of the coatings due to the
high Young’s modulus become too high, it might exceed the critical energy release rate of the TGO/topcoat
interphase and so the crack will run mainly at or through the TGO and not through the YSZ topcoat giving
earlier failure. Also it was observed in APS sprayed YSZ coatings that toughness decreased with aging
even at 1100 °C although Young’'s modulus increased [37,38]. This effect would lead to an accelerated
degradation of the coatings. It might also be possible that the more pronounced phase transformation of the
porous YSZ into the low toughness cubic phase found at lower temperatures (s. Figure 7) plays a role.

So, the complex interplay of sintering, micro cracking, and phase transformation depending on the type of
thermal load and the microstructure might be a reason for the similar behavior of dense and porous YSZ
coatings. It should also be stated that at certain porosity levels stress is still build-up under compressive
load due to interlocking of the sprayed splats, the limited bonding between these splats will lead to fast
crack growth. As a further remark, the giving argumentation is only valid for the specific microstructure of
thermally sprayed coatings, in other coatings as EB-PVD coatings certainly other strategies for optimization
are necessary.

Interestingly, the effect of porosity in the GZO/YSZ system is in the investigated regime much more
pronounced probably because the dense GZO has a very low porosity level considerably lower than for the

YSZ. The good performance of the GZO layer with higher porosity might be related to lower sintering.

Influence of large thermal gradients

So, still a plausible explanation for the reduced lifetime at elevated temperatures is missing. Hutchinson
and Evans discussed the influence of a gradient on the failure of TBC systems [39]. They stated that a gas
burner will not give sufficiently high heat fluxes, but their results should be discussed here as our rigs give

12



heat fluxes of nearly IMW/m? close to the highest flux in gas turbines. They distinguish between sintering
induced cracks or those arising from large cracks within the TBC or from edges. Cracks seem to start from
edges (see Fig. 4), so the latter mechanism might be suitable. However, the calculations assume a linear
elastic approach which gives then a moment due to the stress involved with the gradient. Earlier calculations
show that the stresses relax rather fast at elevated temperatures [13] and hence, the driving force is missing.
In addition, the failure should occur at high temperature that was not found in the present investigation for
most of the samples.

In a paper [18] the reduction of the lifetime with increasing surface temperature was explained by the
approach described above using a large interphase crack, however, as stated above high temperature stress

levels are probably fast relaxed and can therefore hardly explain failure.

Influence of cooling transient

Another important feature of our burner rigs (and also of gas turbines!) are the fast heating and cooling
rates, due to the surface cooling with compressed air and the radiation cooling initial cooling rates above
200K/s can be obtained. These transient temperature distributions can lead to an additional driving force
for cracking which was intensively discussed in literature [40,41]. As expected the energy release rate is
determined by the cooling rate. Jackson used an exponential temperature drop and found that depending on
the properties of the TBC system the energy release rate due to the transient cooling exceeded the one of
slow cooling after some seconds of cooling. In these calculations typically convective cooling is considered
as cooling mechanism. Due to the very high surface temperatures in our case also radiation cooling
(proportional to T*) will play an important role. Assuming black body radiation about 0.6 MW/m? cooling
power will result at 1550 °C. In addition, also the convection cooling (proportional to Tsurface-T cooling gas) Will
be improved due to the higher surface temperature. Although this argumentation appears reasonable, an
experimental verification is needed. As described earlier the cooling in our burner rig is improved by
cooling air impinging on the surface of our TBC samples. This cooling air can be switched off to reduce
the cooling to some degree. This was done for the dense samples still available from the same production

13



run (2 YSZ and 1 GZO/YSZ sample, all dense variants). The results are given in Table 2. At least for sample
YSZ A a considerable improvement is obvious, which is a hint that the cooling rates and the proposed
mechanism play an important role. Also for the GZO/YSZ sample a prolongation of the lifetime was

observed, although it is still very limited. Here probably the low toughness plays the dominant role.

In order to get a better insight into the failure during transient thermal gradient testing a simplified model

to describe this mechanism was developed. In Fig. 8 some basic assumptions are illustrated.

It is assumed that after removing the burner rig the cooling flux jq keeps constant. For a thick substrate with
thickness dqp it is mainly used to cool down the substrate, which can be approximately calculated at a time

t by eq. (2):

. AT sup
Jo = —Cysub Psub dS: 3)

with cysuwp and psu the specific heat and density of the substrate.

(3) can be solved with Tsus(0)=Tsuvo

J
Tsup = Tsupo — — ¢ €]

Cysub Psub Asub

In the coating it is assumed that the thermal diffusion effects only a thickness equal to the diffusion length
daifrusion Which can be written as:

daiffusion =V D't (5)
with D = A/ (cvc pc) being the diffusion coefficient, A, cvc and pc are the thermal conductivity, the specific
heat and the density of the coating. The factor ©'> was added as the initial slope of the temperature profile,
the diffusion length than corresponds to the exact solution [42].

The temperature drop at the surface after the start of the cooling phase is estimated by

Tcoating (t)_Tcoatingo
Ac (6)
ddif fusion

jQ:_
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We assume a linear temperature profile as shown in Fig. 8. From the temperature profile the thermal strain
can be calculated using the thermal expansion coefficient o assuming a stress free state at the end of the
heating phase. In addition, the substrate cooling as calculated in (4) using the thermal expansion coefficient
o Of the substrate lead to a substrate strain which reduces the strain in the coating. With the strain

distribution in the coating the forces per depth P and the moment per depth M
dc dc dc
P=[ " o(x)dxand M = [ “o(x) (x - —)dx (7)

according to [43] can be calculated for plain stress. This is then used to calculate the energy release rate for
thick substrates:

G=— (

2E,

P(t)?
dc

2
+12 %) (8)
with d. the coating thickness. The calculation shows that the maximum in the energy release rate is reached

when the diffusion length is close to the coating thickness d.. Using this the maximum of the energy release

rate can be calculated:

Ecdc)(ac 1 CucPclc Xsuy 2 1 1
Gnax = 2 {(7@ (ATgrad + ﬂATmax) - : ATgrad) + 12 (O_’C 1+8 (ATgrad +

CysubPsubdsub T 1

2
ﬁATmax)> } 9)

with ATgna the thermal gradient across the TBC, ATmax the temperature difference between surface
temperature and room temperature (RT), B = a dc /A and o being the heat transfer coefficient (determined
from o=(Ac AT grad/dc)/(Tsuwp-RT) ). For the calculation data from [13] have been used.

The calculated values at 1400 °C, 1500 °C and 1550 °C are plotted in Figure 9 as a function of the mean
time at these temperatures for all the YSZ samples (porous and dense). Note that the longest time correspond
to the lowest surface temperature. In addition, the critical energy release rate in the as-sprayed system as
given in [44] is added at 0 h. Furthermore, the values given above for a gradient testing according to
equation (2) are shown. It follows from Figure 9 that the energy release rate due to the transient cooling

exceeds the one from the cooling from a gradient above 1400 °C. The maximum of the energy release rate
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will promote failure if it is equal to the critical energy release rate and, although slight variations are found,
these maximum values are reduced with time. The decrease in the critical energy release rate with time is
typically explained by the increasing damage at the interphase with increasing cycle numbers [13].
Although we did not measure the critical energy release rates the suggested behavior given in Figure 9 can
serve as a consistent explanation of the reduced lifetime at elevated temperatures due to the effect of the
transient loading. In addition, the formula given in (8) allows an approximation of the energy release rate
during transient cooling depending on the different properties of the coating systems. This might be useful
for the comparison and optimization of such systems and will be probably more important in the future due

to the increased use of load-flexible gas turbines operating at extremely high hot gas temperatures.

Conclusions

The performance of YSZ single and GZO/YSZ double layer TBCs were evaluated in a burner rig at very
high surface temperatures up to 1550 °C. Dense GZO/Y SZ coatings performed badly at high temperatures,
while porous layers showed the best high temperature results. Both porous and dense YSZ coatings
performed well even at highest temperature only with somewhat lower lifetimes than porous GZO/YSZ
systems. As possible failure mechanisms sintering and phase transformations have been discussed with the
conclusion that they are not dominant, in some cases sintering seems to be compensated by micro cracking.
As a major degradation mechanism at the elevated temperatures the transient cooling was identified. A
simplified model calculating energy release rates for these loading condition was described. It could be
shown that under certain conditions the transients will lead to high energy release rates shortly after the
start of the cooling. With increasing surface temperatures the energy release rate during transient cooling

is increased leading to earlier failure of the coatings.
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Figure captions

Figure 1 SEM images of the as-sprayed condition of the four investigated systems (s. Table 1), a) YSZ

dense, b) YSZ porous, ¢) GZO dense, d) GZO porous.

Figure 2 Mercury porosimetry results of the two used YSZ layers and the two GZO layers used in the

double layer coatings (s. Tablel).

Figure 3 Cycles to failure as a function of surface temperature for the four different TBC systems given in

Table 1.

Figure 4 Images of the cycled samples, first row YSZ dense, second row YSZ porous, third row GZO dense,

fourth row GZO porous, left column: low surface temperature (~1400°C), middle column: intermediate

temperature (~ 1500°C), right column: high temperature (~1550°C).
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Figure 5 SEM micrographs of the cycled samples, first row YSZ dense, second row YSZ porous, third row
GZO dense, fourth row GZO porous, left column: low surface temperature (~1400°C), middle column:

intermediate temperature (~ 1500°C), right column: high temperature (~1550°C).

Figure 6 Indentation stiffness for as-sprayed and cycled samples as a function of testing temperature (room

temperature values represent as-sprayed condition, a), and as function of the Larson Miller parameter (b).

Figure 7 Results of phase analysis from XRD patterns at the surface of dense and porous YSZ samples

cycled in the burner rig at the indicated temperatures (25 corresponds to as-sprayed).

Figure 8 Schematic of the temperature profile in the TBC system during transient cooling phase used in the

calculations.

Figure 9 Energy release rate as calculated from equation (8), closed symbols, and according to equation (2)
(open symbols) at the corresponding mean surface temperatures as a function of the mean time at
temperature i.e. the mean lifetime of all samples tested at the corresponding temperature. The value at zero

time is the value for the as-sprayed coatings given in [41].
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