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1  |   INTRODUCTION

For many decades thermal barrier coatings (TBCs) have 
been used to improve the efficiency of both aeronautical 
and stationary gas turbines.1,2 The most frequently used 
coating processes are electron beam physical vapor depo-
sition (EB-PVD,3) and thermal spray processes such as 
atmospheric plasma spraying (APS,4). Due to the colum-
nar, strain tolerant microstructure of the EB-PVD process, 
stress levels are reduced and the coatings are employed 

for highly loaded parts of aero engines, especially the first 
row of the turbine blades. For stationary gas turbines and 
less loaded components of aero engines, thermal spray 
processes are the technology of choice. Considerable ef-
forts were taken for the development of advanced TBC 
materials.4 However, the most frequently used material 
remains still for more than 40 years Yttria stabilized zir-
conia (YSZ), in which a stabilizer content of 7-8 wt% yt-
trium oxide is optimal.5 For both deposition processes, the 
YSZ is deposited in a so called t´phase which shows a high 
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Abstract
Yttria-stabilized zirconia (YSZ) has been for several decades the state of the art ma-
terial for thermal barrier coating (TBC) applications in gas turbines. Although the 
material has unique properties, further efficiency improvement by increasing the 
temperature is limited due to its maximum temperature capability of about 1200°C. 
Above this temperature the deposited metastable tetragonal (t´) phase undergoes a 
detrimental phase transformation as well as enhanced sintering. Both processes pro-
mote the failure of the coatings at elevated temperatures and this early failure has 
been frequently observed in gradient tests. In this paper, we now experimentally 
shown for the first time that under typical cycling conditions not the time at elevated 
temperatures leads to the reduced lifetime but the transient cooling rates. If cooling 
rates were reduced to 10K/s, TBC systems could be operated in a burner rig at a 
surface temperature well above 1500°C without showing a lifetime reduction. The 
explanation of these astonishing findings is given by the evaluation of energy release 
rate peaks during fast transient cooling in combination with the phase evolution dur-
ing cooling with the used cooling rates.
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toughness and is generally accepted to have a good tem-
perature capability up to about 1200°C.6.For a further im-
provement of the efficiency, higher operation temperatures 
are envisaged. However, it is known that at higher tem-
peratures the metastable t´phase undergoes a detrimental 
phase transformation and also accelerated sintering takes 
place. As both processes promote the failure of the coat-
ings, 1200°C is accepted to be an upper temperature limit 
for long-term applications. Between the substrate, often a 
nickel base superalloy with excellent mechanical proper-
ties, and the ceramic topcoat TBC systems typically use 
an additional layer, the bond coat. The bond coat improves 
the bonding between topcoat and substrate. In addition, it 
protects the substrate from severe oxidation and corrosion 
as it forms a protective alumina scale (a thermally grown 
oxide—TGO) during oxidation as it is typically made of 
aluminum rich alloys such as aluminides or NiCoCrAlYs.7 
Both the bond coat and the substrate will degrade fast at 
temperatures over 1200°C, so a test of a complete TBC sys-
tem at elevated surface temperatures a thermal gradient is 
necessary. As thermal gradient tests are much more com-
plex than isothermal tests in a furnace, often free-standing 
coatings are used to investigate the temperature capabil-
ity of TBC materials and especially YSZ.8,9 In these in-
vestigations it was found that at elevated temperatures the 
non-equilibrium t´phase basically decomposes into a mix-
ture of an Y-lean tetragonal and an Y-rich cubic phase with 
several additional tetragonal phases appearing during the 
phase transformation.8 Upon cooling down to the ambient 
temperature, the tetragonal phase then transforms into the 
monoclinic phase. This phase transformation is accompa-
nied by a rather large volume increase (about 4 vol.-%,10) 
which can lead to a disintegration of the coating.

Another detrimental process at elevated temperatures is 
sintering. All ceramic topcoats for TBC applications contain 
a large amount of porosity. This reduces the Young´s mod-
ulus and as the strain is typically rather fixed given by the 
mismatch between substrate and topcoat, the stress level in 
the coatings is reduced. Reduced stress levels typically im-
prove the lifetime of the coatings. The TBC elastic modulus 
increases as sintering progresses,11,12 resulting in larger mag-
nitude of stored strain energy that may promote early failure 
and reduce lifetime.13 As discussed above, both described 
mechanisms are typically analyzed on free-standing coatings. 
An investigation of these effects in complete TBC systems 
with bond coat and substrate needs testing in a gradient. There 
are a rather large amount of rigs available (eg in Europe14), 
however often they are operated in an industrial environment 
and only limited experimental results are published. So the 
influence of especially very high surface temperatures on the 
lifetime of TBCs is hardly found in the literature.

A number of papers describe theoretically the influence of 
gradients on the lifetime of TBC systems.15-17 It is interesting 

to note that from a purely elastic point of view, the gradient 
will reduce the stress level at room temperature after cool-
ing down from a relaxed high temperature state as the mis-
match strain is reduced. Hence, this would increase lifetime. 
Hutchinson et al16 considers the influence of gradients on the 
energy release rate for edge crack induced delamination for 
EB-PVD coatings mainly looking at the stationary case at 
high temperatures. This can lead to high energy release rates, 
however, a reduction is expected due to relaxation processes 
at elevated temperatures and furthermore, high temperature 
delamination is typically not observed experimentally.

Jackson et al18 also evaluated the transient phase in gra-
dient testing. The authors can theoretically evaluate the en-
ergy release rates due to fast cooling in a gradient test. Due 
to the faster cooling of the ceramic topcoat in comparison to 
the metallic substrate, tensile stresses develop in the topcoat 
which can lead—depending on the cooling rates—to even 
higher energy release rates than in the fully cooled state. For 
rather high cooling rates well above 100K/s energy release 
rates of 50 J/m2 can be expected for a 500 µm thick TBC.18 
These high energy release rates can explain the earlier failure 
of TBC systems tested at extremely high surface temperatures 
of above 1400°C. This reduction was recently observed19 
and a corresponding explanation was given in terms of the 
energy release maximum during the transient cooling phase 
of the thermal cycling experiments. It was demonstrated in 
this investigation that the other degradation mechanisms 
often assumed to take place at elevated temperatures, namely 
sintering and monoclinic phase formation, are not of major 
importance.

The question now arises what happens if the cooling rate 
of the gradient test is reduced. Will the other degradation 
mechanisms such as sintering and phase transformation limit 
the lifetime of the TBCs? This question will be answered in 
the present paper.

2  |   EXPERIMENTAL PROCEDURE

2.1  |  Deposition of coatings

The substrates had a disk shaped geometry with a diameter of 
30mm and a thickness of 3mm and were made from Inconel 
738. The outer edge of the substrates was machined in a ra-
dius of curvature of 1.5 mm to reduce the stress level and 
avoid failure at sharp edges.

Before applying the topcoats, the disk shaped substrates 
were coated with a 150  μm NiCoCrAlY (Oerlikon Metco, 
Amdry 386) bond coat by vacuum plasma spraying (VPS) 
in an Oerlikon Metco facility using a F4 plasma jet gun and 
50 mbar booth pressure. The gun was operated at a power of 
50 kW using a volumetric gas flow of 50 SLPM argon and 



      |  465VAssEN et al.

9 SLPM hydrogen as process gas at a stand-off distance of 
275 mm.

A commercially available agglomerated and sintered 7YSZ 
Amperit powder (HC Starck Amperit 827.006, d10 = 54 μm, 
d50 = 80 μm, and d90 = 112 μm, 7.8 Mol-% YO1.5-stabilized 
ZrO2) was used as feedstock powder for the ceramic topcoat. 
The investigated topcoats were deposited to a thickness of 
about 600  µm by atmospheric plasma spraying (APS) in a 
Multicoat facility (Oerlikon Metco, Wohlen, Switzerland) 
with a three-cathode TriplexProTM210 gun. The gun was op-
erated with a power of 48 kW with 46 SLPM argon and 4 
SLPM helium at a stand-off distance of 150 mm. Mercury 
porosimetry measurements were performed on free-standing 
coatings to avoid interaction with the substrate. These were 
produced by coating mild steel substrates with an intermedi-
ate NaCl layer with the YSZ topcoat and dissolving afterward 
the NaCl with water. The measurement gave a porosity of 
about 16%.

2.2  |  Burner rig tests

The thermal cycling behavior of the coatings has been tested 
in a gradient test rig using a gas burner operating with nat-
ural gas/oxygen mixture.20 The burner flame has about the 
diameter of the test samples and give a rather 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. While heating the surface, 
the back side of the substrate was cooled by compressed air 
allowing the adjustment of the desired temperature gradient 
through the thermal barrier coating.

The surface temperature was measured with an infrared 
pyrometer KT15.99 IIP (Heitronics Infrarot Messtechnik 
GmbH, Wiesbaden, Germany) with a distance of roughly 
60 cm between sample and pyrometer. For the monitoring 
of temperature a constant emissivity of the coatings was 
taken with the fixed value of 1. The emissivity value of 
1 is an approximation, as more realistic values in case of 
YSZ TBCs are about 0.9821 in the wavelength range of the 
used pyrometer (9.6 µm-11.5 µm). For example, at object 
temperature of 1400°C the approximated value leads to an 
underestimation of the surface temperature which is below 
30  K while the measurement uncertainty of the pyrome-
ter itself it less than 11  K at this temperature. 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, the same simplified approach was made for YSZ 
coatings expecting limited underestimation of the surface 
temperature.

A thermocouple mounted in a drilled hole to the center 
of the sample was used to measure the substrate tempera-
ture. Although the highest surface temperature of 1550°C 
was the focus of the present work, also 1400°C and 1500°C 
were used. The substrate temperature was kept constant at 
about 1050°C. As the thermal cyclic conditions slightly vary 
over time, the mean values were calculated from the logged 
temperature readings. These showed differences between 
the samples. With a 1-dimensional heat flux approximation 
(q1D =qi =−ki ⋅ΔTi∕Li, with heat flux q, thermal conductiv-
ity k, temperature drop ΔT , and layer thickness L for each 
layer in i=”substrate”, “bond coat”, and “thermal barrier 
coating”) and thermal conductivity values from literature 
(compiled in Ref. 22), the bond coat temperatures were found 
to be about 30 K to 40 K higher than the measured substrate 
temperatures. As the changes of thermal conductivity arising 
from microstructure evolution cannot be determined during 
testing, a fixed approximate value of 1 W/m/K was taken for 
the topcoats.

In standard tests, the burner heated for 5 minutes the sam-
ple and was then automatically moved away from the surface 
of the sample and an additional compressed air flow was ap-
plied to cool the surface during 2 minutes to achieve rapid 
cooling conditions. Controlled heating and cooling rates 
were achieved by continuous adaption of gas fluxes during 
transient phases. Cycling was stopped when a clearly visible 
spallation (about 20% of the surface area), or delamination 
of the coating occurred. For each surface temperature two 
samples were tested.

2.3  |  Characterization

Metallographic cross sections have been prepared from the 
samples to investigate the microstructure and failure mode 
via Scanning Electron Microscopy (SEM) using a Zeiss Ultra 
55 Field Emission Gun-SEM (Carl Zeiss Microscopy GmbH, 
Germany). The presented images are backscatter electron im-
ages, which were taken with an accelerating voltage of 8 kV. 
The TGO thickness was determined by measuring a number 
of 10 representative places of the TGO perpendicularly from 
the TGO/TBC to the TGO/BC interface. Places with strong 
internal oxidation and large oxide pegs were excluded. The 
TGO thickness was determined by measuring a number of 
10 representative places of the pure TGO. At those 10 places 
a tangent line was laid on the top of the TGO and the thick-
ness was measured perpendicularly from the point where the 
tangent touched the TGO, to the TGO/BC interface. Places 
with strong internal oxidation, large oxide pegs or areas with 
gaps and cracks within the TGO were avoided on purpose. 
Oxide pegs are often included by the digital imaging analysis 
programs which are not really connected to the TGO and/ or 
yttria/hafnia rich precipitates close to the TGO are included 
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unintentionally. The thickness measurement was carried 
out using the measurement tools of the Zeiss SmartSEM 
software.

Further 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). Rietveld analysis 
was performed using the TOPAS software V. 4.2 (Bruker 
AXS). It was carried out to identify the present phases qual-
itatively as well as quantitatively. The following references 
were chosen for a starting crystal structure model: tetrago-
nal (Inorganic Crystal Structure Database, ICSD No. 86603), 
cubic (ICSD No. 75316), monoclinic (ICSD No. 60900). The 
peak profiles were refined using the fundamental parameters. 
The calculated lattice parameters enabled the assigning of the 
tetragonal YSZ into the t or t’-phases.

3  |   RESULTS AND DISCUSSION

Typically in burner rig tests the burner is moved from the 
surface of the sample and then the surface is often cooled 
by compressed air. Even if the compressed air cooling is 
avoided, especially at highest surface temperatures, the initial 
cooling rate remains fast due to massive radiation cooling (a 
heat flow of 0.63 MW/m2 can be expected for an emissivity 
1 at 1550°C using Stefan-Boltzman´s law). To avoid this ef-
fect, an experiment was performed in which the cooling rate 
was adjusted by a defined reduction of the burner heat flux 
with time. The established temperature profile obtained by 
this measure is shown in Figure 1 and compared to the con-
ventional one. While for the conventional cycling an initial 

cooling rate of about −100K/s is observed, this was reduced 
to about −10K/s in the modified cycle. It is assumed that the 
actual cooling rate is even higher but cannot be measured due 
to the limited time resolution of the pyrometer. An estimate 
of the mean cooling rate during the first 100ms can be esti-
mated from Ref. 18 to be 2000K/s using the empirical cool-
ing schedule given in the paper. An estimation according to 
Ref. 19 gives even higher value, in the first 10 ms the cooling 
rate is about 20 000 K/s.

In addition, the heating rate is also slower in the new cycle 
and stationary gradient conditions are reached with slight 
delay. Despite this, the total time at high temperature is only 
slightly affected. In order to compensate the later arrival at 
low temperature the cooling phase was extended to 5 minutes.

The lifetime of the YSZ coating system in the burner 
rig testing for the different conditions is shown in Figure 2. 
Lifetime is here defined as the minimal cycle number at 
which 20% of the TBC coated area spalled-off. The results 
of the experiments with fast cooling rates are taken from a 
previous publication.19

Obviously, the low cooling rate leads to a huge improve-
ment of the lifetime by a factor of more than 2. The lifetimes 
at a surface temperature of 1550°C with slow cooling seem 
to be even slightly higher than the one at a surface tempera-
ture of 1400°C with fast cooling. If a mean time per cycle at 
the highest temperature of about 4.5 minutes (see Figure 1) 
is taken, a total time at 1550°C of more than 100  hours 
(104 hours and 150 hours) results. Before these amazing re-
sults are further discussed, more details of the characteriza-
tion will be presented.

The photos of the cycled samples are shown in Figure 3. 
All samples present a large delaminated area. The failure 
seems to run close to the interface topcoat and bond coat as 

F I G U R E  1   Temperature profiles during thermal cycles, filled symbols correspond to the standard thermal cycling (5 minutes heating, 
2 minutes cooling), open symbols to the modified temperature profile (slow heating and cooling with 5 minutes heating, 5 minutes cooling). Circles 
show the surface, squares the substrate temperatures
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the oxidized bond coat is visible. Interesting is the roughen-
ing of the remaining TBC in the middle of the sample where 
the highest surface temperature is expected. At this location 
the samples also are more whitish. This is related to a ther-
mo-mechanical degradation of the TBC triggered by different 
mechanisms. The authors assume that the extreme gradient 
close to the surface of the coatings lead to energy release rates 
high enough to promote layer wise spallation. The observed 
(see Figure 3) whitish color of the center of the samples after 
testing might be related to the extremely high temperatures 
reached when individual splats are only loosely bonded to the 
rest of the coating. These high temperatures can lead to a va-
porization of impurities like Ca, which has a concentration of 
330 ppm in the YSZ powder and can give a yellowish color of 

the as-sprayed coatings.23 The photos indicate that this type 
of degradation is less pronounced in the samples with the 
lower cooling and heating rates although the time at tempera-
ture was considerably longer. For a further evaluation metal-
lographic cross sections of the cycled samples are evaluated 
(Figure 4). In the sample cycled with fast cooling and heating 
rates (see Figure 4A,B), a number of cracks are visible which 
corresponds to an ongoing damage of the coating material 
and which is also indicated in the central region of the sam-
ples in Figure 3. The higher magnification (Figure 4C) shows 
clearly the grown TGO at the bond coat/topcoat interface 
with a thickness of about 3  µm. Although the thickness is 
rather limited, the influence on the interfacial bonding which 
is determined by the critical energy release rate appears to be 
high enough, so that the critical one is equal to the apparent 
energy release rate. So a delamination occurs at the interface. 
Micrographs of a sample with reduced heating and cooling 
rate (Figure 4D-F) do not show a distinct difference of the 
microstructure of the coatings to the sample with the high 
cooling rate. The samples with slow cooling rates also show 
some longer cracks and reduced porosity levels in the regions 
close to the surface (Figure 4E). This indicates the closure 
of areas with small cracks and pores and the corresponding 
shrinkage will open the larger cracks. This demonstrates that 
sintering certainly took place. An indication of this sintering 
was found by indentation tests.19 However the coating is still 
rather intact showing only some crack formation even after 
more than 100 hours at 1550°C. Due to the long time at ele-
vated temperature, the TGO also grew much thicker than for 
the high cooling rate sample, a value of about 6 µm could be 
determined.

As the operation temperatures during the here described 
tests have been extremely high, it is expected that a consider-
able phase segregation into cubic and tetragonal phase took 

F I G U R E  2   Number of cycles to failure for YSZ thermal barrier 
coatings as a function of the surface temperature using fast and slow 
cooling (s. Figure 1)

F I G U R E  3   Photos of failed YSZ TBCs 
after cycling with a surface temperature of 
about 1550°C, top: fast heating and cooling, 
(A) 485 cycles and (B) 677 cycles, bottom: 
slow heating and cooling (C) 1388 cycles 
and (D) 1993 cycles. Circles indicate areas 
with visible damage [Color figure can be 
viewed at wileyonlinelibrary.com]

(A) (B)

(C) (D)

www.wileyonlinelibrary.com
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place with further monoclinic phase formation during cool 
down. In Figure 5, the results of Rietveld refinement data of 
XRD profiles of samples with fast and slow cooling are plot-
ted as a function of the Hollomon–Jaffe parameter.24 This ap-
proach combines temperature and time in a simple parameter 
HJP (similar to the Larson-Miller parameter):

where T is the aging temperature in degrees Kelvin, t is the 
aging time in hours, and C is a constant for a given materi-
als system. The HJP parameter was used in 25 to describe 
the phase evolution in free-standing YSZ thermal barrier 
coatings. The parameter C  =  27 which is used here was 
determined in this analysis. The time t corresponds to the 
time at the highest temperature. In the present evaluation 
the amount of t´ phase is within the experimental scatter 
rather constant with 50%. The Y-lean tetragonal phase lies 
round 40%. At the highest HJP values also about 10% of 
cubic phase (Y-rich) is observed. The amount of mono-
clinic phase is always in the low percentage range. This is 
in sharp contrast to the results shown in 25 where furnace 
tests with cooling rates of −10  K/min were performed. 

Here at HJP numbers above 55 000 only Y-rich (cubic) and 
monoclinic phases are observed. These findings can be ex-
plained by a consideration of the oxygen vacancies in the 
coatings.

At higher temperatures, the amount of vacancies in 
equilibrium increase, stabilizing the tetragonal structure. 
If the cooling is performed quickly, the high equilibrium 
vacancy concentration is retained at room temperature and 
the afore-mentioned transformation is avoided. Slow cool-
ing rates, on the contrary, reduce the vacancy concentration 
and increase the amount of monoclinic phases.26 Slow cool-
ing lead to 27% of monoclinic phase after a heat-treatment 
of 100 hours at 1500°C while less than 1% was observed 
after fast quenching.26 Consequently, with respect to mono-
clinic phase formation fast cooling should reduce the trans-
formation. As a conclusion the high amount of monoclinic 
phase is a result of the slower cooling rates down to room 
temperature in the furnace testing of the free-standing coat-
ings which reduces the amount of vacancies stabilizing the 
tetragonal phase.26 It should be mentioned here that the ex-
periments in 25 were performed on free-standing coatings. 
In the present work, full TBC systems including substrates 
were used. The substrate led to a compressive stress in the 

(1)HJP=T (C+ lnt)

F I G U R E  4   SEM micrographs 
of failed samples cycled with 1550°C 
surface temperature with fast heating and 
cooling rates (A, B, C, Tsurface = 1545°C, 
Tbondcoat = 1079°C, cycles to failure 
485) and slow rates (D, E, F, bottom, 
Tsurface = 1547°C, Tbondcoat = 1086°C, cycles 
to failure 1388). Arrows indicate cracks

(A) (B)

(C) (D)

(E) (F)
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coating after cooling, this could reduce the amount of trans-
formation into monoclinic phase. The experiments in 26, 
which also have been performed on free-standing coatings, 
clearly demonstrated the effect of cooling rates. So it can be 
concluded that the transformation into the monoclinic phase 
can be avoided even without the presence of a substrate.

More interesting and new is the demonstration of the 
excellent thermo-mechanical performance of these coat-
ings with the two tetragonal t’ and t (Y-lean) phases, and 
some cubic phase (Figures 2 and 5). The most detrimental 
load is the extremely fast cooling at the beginning of the 
cool down phase. If this can be avoided by adjusting the 
cooling phase, the thermally aged material with tetrago-
nal and some cubic phases can withstand the harsh ther-
mal cycles. Indeed, the calculation of the energy release 
rate according to the approach given in 19 results in values 
of about 1 J/m2 if a cooling rate of 10 K/s is assumed for 
the surface. This is by more than two orders of magnitude 
lower than the result obtained for fast cooling (123 J/m2) 
and can explain the huge lifetime benefit under the spe-
cific cyclic conditions. That means if the energy release 
rate related to the transients is small, that is, slow cooling, 
the coating will fail when the energy release rate due to the 
mismatch stress during cooling exceeds the critical energy 
release rate. With higher surface temperature during cy-
cling, the mismatch stress will be reduced and hence the 
energy release rate. This might be the reason why the life-
time at 1550°C is even slightly longer than that at 1400°C. 
It also should be mentioned that the topcoat in the vicinity 
of the interface topcoat bond coat, where the temperatures 
remain relatively low and cracks propagate in conventional 

oxidation induced failure, is not affected by the high sur-
face temperatures.

In the appendix, an approximate formula is derived which 
estimates the maximal energy release rate Gmax for a delami-
nation crack at the interface:

with α, E, and d being the thermal expansion coefficient, the 
Young´s modulus, and the thickness of the coating, ΔT is the 
maximum temperature drop of the surface, and ⋅Tc, ⋅T

���
 the 

mean cooling rates of surface and substrate. For the here used 
TBC system with a maximum temperature drop of 1500 K a 
maximum value of 480 J/m2 results. This value is much higher 
than typical critical energy release rates of TBCs systems and 
hence, even with smaller temperature drops the transient cool-
ing can explain the failure of the TBC systems. As shown in the 
Appendix the substrate in the present case cools down with a 
rate of about 50 K/s, so that cooling should be faster than this 
value to have a considerable effect of the transient phase on the 
performance. If cooling is too fast, the heat front cannot diffuse 
fast enough through the whole coating. Such high cooling rates 
might lead to spallation of single splats or layers from the sur-
face. A first indication of such a failure mechanism might be 
the crack parallel to the surface seen in Figure 4B. However, 
for cooling rates above about 1000K/s no considerable further 
promoting effect for the spallation of the complete coating is 
expected.

The outlined explanations of the different failure modes 
are summarized in Figure 6. Of course, the details of the 

(2)Gmax ≈
1

6
(�ΔT)2 Ed

⋅Tc− ⋅T
���

⋅Tc

F I G U R E  5   Development of phase 
composition of the surface of the samples 
cycled in burner rigs as function of the 
Hollomon-Jaffe parameter (HJP). Open 
symbols correspond to high cooling rates, 
closed symbols to slow cooling rates [Color 
figure can be viewed at wileyonlinelibrary.
com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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given regimes will depend on the considered TBC system 
and have to be determined with more accuracy. Especially 
whether 1600°C is really the upper limit for safe operation 
needs to be confirmed. Nevertheless, the given failure map 
can provide a general insight in the failure of YSZ based 
topcoats at high surface temperatures and different cooling 
rates.

These findings can have a major impact on the gas tur-
bine industry and the use of these coatings in service. The 
modification of the cooling cycle allows the use of the es-
tablished YSZ based TBCs up to temperatures well above 
1500°C. It only has to be guaranteed that the cooling rates 
are reduced to values below 100 K/s and that the cooling is 
maintained down to rather low temperatures of one hundred 
degree Celsius or slightly above. If that is not the case, a det-
rimental phase transformation into the monoclinic phase can 
occur. An option can be the use of reducing atmospheres to 
cool down to the lowest temperature. The low oxygen partial 
pressure can avoid the reduction of the number of oxygen va-
cancies, which stabilize the tetragonal structure. The up-take 
of oxygen will take place for oxygen contents above the equi-
librium pressure which is with about 10-24 mbar at 1000°C 
low.27 However, kinetic limitations can prevent sufficiently 
fast oxygen up-take.

The approach can be used especially for land-based 
turbines. It is advantageous if the engines are not oper-
ated at intermediate temperatures, which might be detri-
mental with respect to the formation of monoclinic phase. 
However, as long as the temperature is not below the tetrag-
onal/monoclinic phase transformation line, the detrimen-
tal transition is avoided.28 According to the YSZ phase 
diagram and the typical composition of YSZ TBC (about 
8 Mol-% YO1.5), even temperatures as low as 500°C can 
be tolerable.28 A precise determination is difficult as the 
phase diagram is not published below 500°C. Nevertheless, 
for further cool down a short intermediate cycle to high 

surface temperatures might be beneficial to establish again 
a high oxygen vacancy concentration. Then cooling down 
to room temperature should be done in a continuous pro-
cess with intermediate cooling rates (eg 10 K/s). Also for 
stationary gas turbines, especially those which are operated 
with alternating loads (load flexible), and even for aero en-
gines the proposed approach of reducing the initial cooling 
rate is advantageous as it reduces a major driving force for 
spallation of the topcoat. This general concept can also be 
advantageously adapted to new TBC systems based, for ex-
ample, on pyrochlores as well as other protective coatings 
subjected to extreme temperature changes.

4  |   SUMMARY

It was shown experimentally that fast cooling from elevated 
temperatures can be the origin of failure in thermal barrier 
coating systems. Fast cooling above 100K/s led to lifetime 
reduction by a factor of 2 to 3. If cooling rates were reduced 
to 10K/s, TBC systems could be operated in a burner rig at a 
surface temperature of about 1550°C without showing a life-
time reduction. With this defined cooling rate the peak in the 
energy release rates could be avoided. Furthermore, cool-
ing down to low temperatures below 100°C with moderate 
cooling rates could additionally avoid tetragonal/monoclinic 
transformation and therefore lead to high lifetimes of the 
YSZ based coatings at extremely high surface temperatures.

From this outcome a stable, long-term operation of gas 
turbines using YSZ TBCs at surface temperatures above 
1500°C is suggested by using defined modifications of the 
operation conditions.
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