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Abstract

Thermal barrier coating systems are often subjected to complex thermo-mechanical loading
involving a combination of mechanical stresses under complex thermal gradients, in addition to
the contribution of oxidation to the damage processes. Recently, a thermal-barrier coating bond-
coatless system has been developed using prior-surface treatments. Atmospheric plasma spray
(APS) Yttria-Stabilized-Zirconia (YSZ) is deposited on the AM1 nickel-based single crystalline
superalloy substrate. The substrate has been either grit-blasted or laser textured before thermal
spraying. The durability of these systems are investigated performing out-of-phase load
controlled thermo-mechanical fatigue (TMF) tests in the 500 - 1100 °C and 120 - 700 MPa
temperature and stress ranges. The contribution of a prior thermal over-aging of 200h at 1100°C
has also been investigated. The damage mechanisms during out-of-phase TMF of the different
TBC bond-coat-less systems have been studied and compared to the ones obtained during
isothermal creep at 1100°C/120 MPa. It is shown that a prior thermal over-aging favors cycling
ratcheting during TMF cycling due to the degradation of the substrate microstructure. In addition,
the coating damage mechanisms are observed to depend on the prior-surface treatment and
thermal over-aging. Cracks perpendicular to the interface in the top coat have been observed
whatever the specimens and microstructural state. Top coats are debonded for grit-blasted
substrates while crack bifurcation above key holes is observed for laser textured substrates,

leading to a better top coat TMF durability.
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1 Introduction

Film or wall cooling is widely used in turbine blades employed in the hottest sections of most
advanced aero-engines to improve the efficiency of the gas turbine [1]. Moreover, thermal barrier
coatings (TBC) are today commonly employed for the design of these components to improve
even more the overall efficiency of the gas turbine. TBC systems are usually composed of
different layers deposited on a load-bearing superalloy substrate: an alumina-forming metallic
bond coat and a ceramic top coat [2]. The bond coat protects the base material from oxidation
with thermally grown oxide preferentially of a-Al,Os3 type and from corrosion. The ceramic top
coat is built-up on bond coat using different processes such as EB-PVD or plasma spraying [3].
Prior-surface treatments and bond coats composition are widely studied to enhance adhesion
strength and thermal-shock resistance. Nevertheless, premature failure of TBC systems, due to
several mechanisms, is still a critical issue from an engine durability point of view [4-7].
Mechanical anchoring is reported as the main contributor for adhesion in the case of TBC
systems [8]. The authors of the present article have hence studied previously laser surface
texturing treatment to create thermal barrier coating bond-coat less system (TBC-BCL) [9]. Their
recent work showed the benefits of a specific texture on adhesion bond strength, isothermal and
thermal cycling oxidation as well as creep resistances. So, the objective of this study is to
characterize the degradation mechanisms of this TBC-BCL system under close-to-service
conditions, i.e. with changing thermal and mechanical loading paths. The durability and the
damage mechanisms of this “new” TBC-BCL system are analyzed under thermo-mechanical
loading histories. The understanding of damage development under such conditions requires
specific experiments more representative than usual laboratory tests [10]. Within this context, a
new testing equipment reproducing service thermo-mechanical loadings of turbine blades profile
(mechanical fatigue, thermal fatigue, high heating and cooling rates, hot combustion gases
environment, complex thermal gradients) is used [11].

The thermo-mechanical durability of this TBC-BCL has been evaluated in this study using two
kinds of prior-surface treatment (i.e. grit-blasting and laser surface texturing) of the substrate.
Moreover, two prior-thermal treatments are applied to achieve different microstructure
degradation states. First, the paper focuses on the substrate load-bearing capacity under thermo-

mechanical fatigue (TMF) tests, considering the intrinsic creep and tensile resistance of the



substrate. Then, thermally grown oxide (TGO) development and coating delamination
mechanisms are presented. Finally, the impacts of prior thermal aging and thermo-mechanical

cycling are discussed in terms of damage mechanisms.

2 Experimental procedure

2.1 Materials and specimens

Plasma sprayed ceramic top-coat was deposited on the AM1 single crystal superalloy substrate.
The AMI is a first-generation nickel-based single crystal superalloy, whose composition is given
in Table 1. Cylindrical specimens was machined out from standard solution heat [12] treated rod
supplied by SAFRAN Aircraft Engines, close to a <001> crystallographic orientation (primary
misorientation less than 8 degrees), using an electric discharge machining. Cylindrical specimens
have been machined for tensile, creep and TMF tests with a total length of 14, 42 and 64 mm and
a diameter of 4.0, 3.0 and 4.37 mm respectively. To remove residual stresses induced by
machining and to avoid recrystallization during high temperature mechanical tests, specimens
were mechanically polished up to a 2000 SiC paper before aging heat treatments (Sh/1100°C/AQ
+ 16h/870°C/AQ) and/or long term over-aging.

2.2 Prior surface treatments

Before spraying of the top coat, theses specimens were surface treated. Grit-blasting (GB) has
been used to create a controlled roughness (Ra: 2.3 um, Rz: 7.8 um) (Figure 1-a/b). Abrasive-
granules have been sprayed with a pressure of 3 bars, at a distance of 5 cm from the surface and
using a tangential direction. Laser surface texturing has also been conducted with a pulsed fiber
laser (Laseo, Ylia M20, Quantel France) to structure the surface [13]. The laser operated at a
nominal wavelength of 1.06 um with pulse duration of 100 ns, a maximum power of 20 W and
variable frequency varying between 10 to 100 kHz. The laser beam used for this operation is
circular with a diameter of 60 um at the focal point and Gaussian energy distribution. Laser
patterning consists of series of equidistant lines covered with holes. Patterns with an outer
diameter of 80 um and a depth of 60 um were made. Holes’ depth was limited to 40 um to
optimize ceramic particle spreading during plasma spraying [14]. The distance between patterns
has been fixed to 100 um between revolute center lines (Figure 1-c/d) to maximize adhesion

bond strength [15].



2.3 Thermal spraying

The ceramic top-coat has been deposited with atmospheric plasma spraying (F4 torch - Sulzer-
Metco - Neuwiesenstrasse 158401 WinterthurSwitzerland) and standard parameters optimized for
the TBC material (Table 2). The torch used for top coat deposition is mounted on a XYZ robot to
ensure repeatability (ABB robot - Affolternstrasse 44 CH-8050 Zurich Switzerland). Samples
turned at 3 revolutions/sec and the torch had a vertical movement of 10 mm/min for
homogeneous coating deposition. During the coating deposition, samples were cooled down to
room temperature by perpendicularly guided air jets. ZrO2-7Y203-1.7HfO> (in wt. Pct) powder
(Praxair - ZRO 236-1) has been chosen for the top-coat. The particle size varied from 16 um to
100 pm (do.1 - do.g) with a 63 um mean particle size. The top-coat thickness has been evaluated

to be 300 £ 12 um after 12 passes (Figures 1-b and d).

2.4 Prior thermal-aging treatments

Long term annealing of uncoated AM1 specimens has been performed at 1100°C +/- 2°C using a
Nabertherm 1800 furnace. Several specimens have been thermally aged up to 300 hours
(followed by air quench) to evaluate the evolution of tensile properties at 5S00°C. Before tensile
tests, specimens were carefully polished up to a 4000 SiC paper to remove the Y depleted and Y
affected layers due to oxidation, in addition to possible local recrystallization of the specimen. A
prior over-aging at 1100°C for 200 h has also been carried out before TMF tests using coated
specimens. Two TBC-BCL have been studied with and without prior over-aging: grit-blasted and

laser textured samples.

2.5 Tensile tests

The substrate mechanical properties have been evaluated by tensile tests at 500°C (4/- 2°C). This
temperature is chosen since it corresponds to the lowest temperature applied during out-of-phase
TMF tests performed in this study and presented in a subsequent part. The yield stress (taken at
0.2 pct plastic strain offset) has been evaluated with and without a prior thermal-aging (from 24h
to 300h at 1100°C). Tension tests have been performed in air using an electromechanical Instron

8562 machine. The strain rate has been fixed to 10 s™! for all the tests.

2.6 Oxidation analysis

A SETSYS Evolution Atmospheric Thermo-Gravimetric Analysis (TGA) equipment (Setaram,
Lyon, France) has been used for thermal cycling oxidation tests. A robust and high performance
graphite furnace offering high heating and cooling rates (up to 100 °C/min across the entire

temperature range) has been used. The environment used for these tests is synthetic air (20% O2



and 80% N>). In this TGA equipment, a symmetrical and hang-down balance detected small mass
changes over long term thermal analysis with a precision of +/- 2 ug. The system is used to
measure mass uptake/loss during thermal cycling. 100 cycles have been applied to each specimen
with ten minutes at 100°C and one hour at 1100°C (see Figure 2). The heating and cooling rates
were fixed to 90°C/min. Thermally grown oxides were compared between pure thermal cycling
oxidation and TMF tests for TBC-BCL system. Oxide thickness was also evaluated through ten
image analysis using the Image J software and specific routines developed for such measurement

for each samples [16].

2.7 Creep tests

Creep tests have been performed using a specific set-up developed at Institute Pprime [16]. They
are performed under constant load. Heating is ensured by a radiant furnace and plastic strain is
measured using a laser beam passing through slots in the furnace. The temperature heterogeneity
along the gage length is less than 5°C. Creep tests have been performed using an initial applied
tensile stress of 120 MPa at 1100°C. Tests have been stopped at a nearly 1% creep deformation.
Non-failed specimens were cooled down to room temperature under load to prevent any stress-

free damage development in the TBC system during cooling and any TC spallation.

2.8 Thermo-mechanical fatigue

TMF specimens have been tested using a unique burner rig developed at Institute Pprime
(MAATRE burner rig). A burner based on the combustion of natural gas with air supplies hot
gases that are blown onto specimens lying in a testing section. These hot gases are accelerated
though a convergent exhaust section. Very high heating or cooling rate can be achieved (up to
15°C/s). Temperature and stresses in the specimens have been chosen to obtain a specific cycling
with an applied tensile stress of 120 MPa at 1100°C for 1 hour and an applied tensile stress of
700 MPa for 30 seconds at 500°C (Figure 3). Heating and cooling rates were fixed at 10°C/s and
temperature was controlled by using a dual wave-length pyrometer in a wavelength range
allowing to avoid any variation of emissivity of the top coat [17]. Tests have been stopped when
a 3% inelastic strain is reached. The interested reader is referred to [18, 19] for further details
regarding the MAATRE burner rig. These out-of-phase (OP) thermo-mechanical fatigue
conditions presented in Figure 3 have been chosen to mimic possible loading paths encountered
in blades, vanes or shrouds. It is worth mentioning that due to the gas flow around the specimen,
the temperature distribution is not homogeneous from the leading edge up to the trailing edge of

the specimens. The temperature heterogeneity from the leading edge to the trailing edge, as



measured by different pyrometer measurements, is around 30-40°C during dwell times at
maximum temperature (Tmax at leading edge = 1100°C, Tmax at trailing edge = 1060-1070°C)
while it is nearly 20°C during the low temperature part of our cycle (Tmax at leading edge =
500°C, Tmax at trailing edge = 480°C). Along the vertical direction, our temperature distribution
is almost homogeneous along the gauge length of our specimen, with a +/- 5°C accuracy. Hence,
the temperature profile presented in Figure 3 is the one applied to the leading edge of the
specimen and a small temperature gradient across the top coat has been measured during
experiments since no internal cooling is applied to the specimens [17]. It is worth mentioning that
through post-mortem observations of the y/yY microstructure across the section of specimens and
subsequent Y area fraction measurement, no temperature heterogeneity greater than 40°C could
have been noticed (not shown here for the sake of clarity). In fact, the Yy fraction is highly
sensitive to the local temperature in Ni-based single crystal superalloys for thermal exposure in
excess of 1000°C [20-22]. Finally, thanks to specific grips allowing free rotation of the
specimens, no induced bending moment is possible in the specimen due to their thermal
heterogeneity. A summary of all (thermal-) mechanical and oxidation tests performed in this

study is presented in Table 3, as well as a nomenclature of the specimens used.

2.9 Microstructure observations

After tensile, thermal cycling oxidation, creep and TMF tests, specimens have been observed by
scanning electron microscopy (SEM). They were cut along the tensile axis (parallel to the <001>
axis), then carefully polished and etched using a solution made of 1/3 HNOs + 2/3 HCI (volume
part) to dissolve the y'-phase. The microstructure after failure of each specimen has been
characterized using JEOL JSM 7000F and JEOL JSM 6400 microscopes operating at 25kV. The
different layers of the system have been observed using both the secondary and backscattered
imaging modes. In the following of this article, all microstructure observations of TMF

specimens have been performed close to their leading edge where the temperature was controlled.

3 Results

3.1 Yield strength evaluation after prior thermal aging treatments

Prior-thermal aging have been performed using uncoated AMI1 substrates to evaluate how the
high temperature exposure during TMF tests at 1100°C, as well as the prior over-aging of the
specimen, may affect yielding during the low temperature part of our OP-TMF cycle. The prior

thermal overaging is indeed developed to entail a coarsening of the substrate ' precipitation and a



decrease of the mechanical properties [23]. Tensile tests have hence been performed to evaluate
the evolution of 0.2% Yield strength (Figure 4). In Figure 4, conventional stress has been plotted
as a function of the conventional strain.

Increasing the aging time at 1100°C leads to a decrease of the yield stress and tensile strength,
from about 1040 to 950 MPa. This decrease is faster during the first 100 hours of exposure and
then more sluggish according to Figure 5. Moreover, a decrease in tensile resistance has also been
observed (see Table 4).

Microstructure observations have been performed to understand the evolution of tensile
properties. Figures 6 and 7 show the microstructural evolution of AM1 single crystal superalloy
in the primary dendrite arms and in interdentritic spacings, respectively. After standard solution
heat treatment, a regular array of cuboidal y'-precipitates is observed (Figures 4-a and 5-a). With
the increase in thermal exposure at 1100°C, a coarsening of y'-precipitates is observed. According
to different studies, this mechanism is mostly responsible for the degradation of monotonic
mechanical properties such as creep and tensile ones [24-27]. Dislocations movements are indeed
easier due to a widening of the y matrix channels and a decrease of the Orowan stress [28, 29].

These results will further be used to analyze the out-of-phase TMF behavior.

3.2 Inelastic behavior during creep and TMF tests

The plastic strain evolutions during creep and OP-TMF tests are presented in Figure 8. All
experiments are carried out up to a ~ 3% and ~ 1% inelastic strain for TMF and creep tests,
respectively. An insert is provided in Figure 8 to have a better overview on the total creep
behavior over all the tests duration.

According to Figure 8, the pure creep behavior is composed of three creep stages; including a
small amplitude primary creep stage, a slow secondary creep stage and a very steep tertiary stage.
This is a typical creep behavior of high temperature/low stress conditions for Ni-based single
crystalline superalloys, i.e. in temperature and stress conditions leading to a fast Y rafting during
the primary creep stage and then, a very slow secondary creep stage [24]. Moreover, the creep
time to tertiary creep stage onset is really similar to results obtained by Riallant et al. using the
same substrate but with a ~ 75um thick NiAlPt bond coat and a ~ 160 um thick EB-PVD YSZ
top coat [25]. According to Figure 8, the OP-TMF behavior is also presenting a short primary
creep stage. However, no clear stationary creep stage can be observed and an accelerated
elongation is observed since ~ 0.3-0.4% plastic strain. It is seen that introducing both thermal and
mechanical cycling leads to a faster plastic elongation of the specimens compared to the

reference isothermal creep behavior at the conditions used in the hottest part of the TMF cycle.



From Figure 8, the prior over-aging is also shown to decrease the TMF resistance by inducing a
higher inelastic strain rate and an earlier acceleration of the plastic strain. Figure 9 shows the
isolated strain rates for different cycles of the LST-TMF and LST-TMF-A (cycles 9-10-11 and
cycles 30-31-32). Linear interpolations have been performed to evaluate the strain rate during
each dwell at maximum temperature during each cycle. Despite slower creep elongation at cycles
9, 10 and 11, it is observed in Figure 8 a steeper increase in strain rate in the over-aged state
compared to the LST-TMF specimen. This earlier tertiary stage leads to a shorter time to reach a
3% inelastic strain. Cycles 125-128 have been measured to have almost the same strain rates in
LST-TMF specimen as the ones obtained in LST-TMF-A specimen at cycles 9-11. This clearly
indicates an earlier onset of tertiary stage in the over-aged state. Plastic deformation also seems to
occur during the tensile stage at 500°C due to low temperature mechanical properties
modification by the applied prior thermal-aging. Indeed, small amplitude inelastic strain jumps
are observed between each cycle, especially toward the end of the tests due to damage
accumulation (see LST-TMF-A behavior in Figure 9). The Yield strength and creep degradation
due to thermal aging overall result in a lifespan reduction. This last trend is in good agreement
with previous OP-TMF results obtained using an EB-PVD TBC system tested using the
MAATRE burner rig [17]. It is, however, in apparent contradiction with the OP-TMF behavior
observed in CMSX-4 with/without any prior thermal aging at 1000°C by Moverare et al. who
observed almost no effect of the prior over-aging [30]. Indeed, in their case, since experiments
were performed in strain-controlled mode, a relaxation of the minimum stress was obtained
during compressive dwell at high temperature. Since the prior over-aging favors such a stress
relaxation process, lower (in magnitude) compressive stresses were obtained in the over-aged
state in their case, overall leading to higher tensile stresses and larger plastic strain in the cold
part of their TMF cycle. This greater stress relaxation in the hot part of their TMF cycles was
hence couter-balanced by greater yielding in the cold part of their cycle, overall leading to similar
TMF lives with and without any prior over-aging. Besides, the prior-surface treatments hardly
affect creep or OP-TMF behavior and durability in the investigated conditions.

The substrate microstructure in the as-received state and after creep/OP-TMF tests is shown in
Figure 10. A classical y/y' microstructure is observed before testing, with y' cuboidal particles
having a 0.4-0.5 um edge length (Figure 10-a). A rafted y/y' microstructure is established at the
end of creep and TMF tests (Figure 10-b; 10-cand 10-d), whether a prior over-aging is applied or

not. As a main consequence of the prior over-aging of 200h at 1100°C, and despite a shorter



TMF tests, thicker y'-rafts are obtained (see Figure 10-d) compared to pure creep (Figure 10-b) or
OP-TMF tests without any prior aging (Figure 10-c). This is clear indication that most of the
coarsening of the y'-phase had already developed during the prior thermal exposure. One may
also notice in Figure 10-d y'-rafts not perpendicular to the tensile stress axis, which is another
indication that most of the microstructure degradation took place during the prior 200h thermal

exposure at 1100°C before OP-TMF tests, in good agreement with Figures. 6 and 7.

3.3 TGO growth under thermal cycling and thermomechanical conditions

The exact parameters governing TBC systems lifetime during high-temperature service are still
subject to debate. It is generally accepted that the growth rate, morphology, cristallography and
adherence of the aluminum-based thermally grown oxide scale (TGO) which forms during high-
temperature service is of crucial importance for the eventual occurrence of top coat spallation
[31]. Upon first exposure at a high temperature, i.e., during heat treatment, the system tends to
form different types of oxides, e.g. Cr.03, NiO, (Ni,Co)(Cr,Al);04 etc. [9]. The transition of this
heterogeneous scale into a stable a-Al,Os-based layer can lead to stress initiation and/or result in
the formation of cracks which may be further crack initiation sites during high temperature
service, especially under thermal cycling conditions [32]. Figure 11 shows that the TGO after
OP-TMF tests is composed of two grey layers (light and dark) corresponding to spinel (outer
layer) and alumina oxides (inner layer) respectively [33].

According to Figure 12, the relative mass uptake during thermal cycling oxidation is rather
similar for both type of specimens (i.e. grit blasted or laser textured) despite differences in the
surface morphology and preparation. A typical parabolic growth has been observed for both types
of specimens with only noticeable differences within the transient regime at the beginning of
oxidation tests.

TGO thickness has been measured after mechanical tests for the different samples and compared
to the oxide thickness after pure thermal cycling oxidation (Table 5). The TGO is in fact thicker
after OP-TMF cycling than after pure thermal cycling conditions. This may result from possible
TGO cracking in the low temperature part of the TMF cycle (i.e. below 700°C) due to both a
brittle character of the oxide scale and the superposition of a large tensile stress [34]. We believe
that given the high heating and cooling rates used during both type of experiments (1.5°C/s in
thermal cycling oxidation versus 10°C/s during OP-TMF tests), a direct contribution of thermal

transients in terms of TGO thickening can be neglected.



3.4 Top coat damage mechanisms under TMF conditions

After a macroscopic overview, vertical cracks are observed in the top coat of TMF specimens
after 3% plastic deformation, whatever the prior surface treatment. The surface density of micro-
cracks is equal to 31, 46 and 78 cracks per meter for GB-TMF, LST-TMF and LST-TMF-A
respectively. These cracks results from the lack of (plastic) strain tolerance of this kind of plasma
sprayed top coat during cyclic thermo-mechanical loading [10]. Furthermore, t based on the crack
density, some assumptions on the top coat adhesion can be performed. Indeed, a high crack
density suggests a good adhesion of the ceramic top coat, since the metallic substrate imposes its
total strain (i.e. elastic, thermal and plastic strain) to the coating. Figure 13 suggests that the
coating followed the substrate inelastic deformation until the nucleation and propagation of
vertical cracks in the top coat. These vertical cracks then deviated near the top coat/substrate
interface. Their number can then be attributed to the number of cycles up to complete
delamination of the top-coat [35].

Having a closer look at the crack bifurcation, it is seen from Figure 13(a) that either cracks follow
the TC/substrate interface and/or inter-splat/oxide defects for grit-blasted samples. Also cracks
are deviated above holes for laser textured specimens. Cracks nucleated within the thickness of
the top coat then have propagated above the interface for LST-TMF (Figure 13(b)). Cracks have
also propagated above holes for LST-TMF-A (Figure 13(c)) and followed pattern edges. Besides;
vertical micro-cracks cracks are observed in hole for prior-thermally exposed specimens (Figure
11(b)). Interface cracks were only observed for grit-blasted sample after creep tests.

According to previous figures, prior-surface treatments affect the coating delamination
mechanisms. Top coats remained trapped on the substrate in case of laser surface texturing, then
forcing crack deviation above the TC/substrate interface. The patterns could then be defined as
crack propagation obstacles. Finally, it is worth noting that no crack is observed to initiate from
key holes introduced in the substrate after a 3% plastic strain during burner rig OP-TMF tests.
This result is in agreement with a similar observation in isothermal creep in a previous article
from the authors [9] in which no cracks are observed after a 1% creep strain starting from key
holes. This substrate surface morphology introduced by laser texturing hence does not seem to

favor crack initiation during high temperature monotonous and thermo-mechanical loading.

4 Discussion

The TMF durability of a bond coatless TBC system has been investigated in simulated gas

turbine environment using the MAATRE burner rig. In the following, the effect of thermo-



mechanical cycling on the overall system mechanical resistance to inelastic deformation and the

TC/substrate interface evolution during TMF cycling will be discussed.

4.1 Microstructure evolution under TMF

The discussion first focuses on the strain rate comparison between TMF and creep tests. TMF
tests are composed of a high-temperature stage (+120MPa/1100°C) and a low-temperature tensile
stage (+700MPa/500°C) with two fast temperature transitions (cooling and heating). This thermo-
mechanical cycle induces microstructure evolutions during each cycle and leads to a faster strain
rate compared to pure isothermal creep conditions under the same conditions of the high
temperature stage of the TMF cycle (see Figure 13). When LST-TMF and LST-Creep strain rates
are compared in Figure 14, a nearly one order of magnitude difference is observed after 20 hours
of test. This result is quite in good agreement with Arrell et al. study on the impact of the prior
substrate microstructure degradation on the number of cycles to crack initiation in TMF in
CMSX-4 alloy [36]. However, in our case, we have decided to stop our OP TMF tests at a nearly
3% inelastic strain to avoid any contribution of macroscopic crack propagation within the
substrate to the overall behavior. As such, a direct comparison between isothermal creep and
TMF behaviors is possible, with a very limited contribution of damage in the form of cavitation
or crack propagation [17, 28, 37].

First, it was shown by Raffaitin et al. that introducing a thermal cycling in the creep life at
1150°C/80 MPa of MC2 Ni-based SX alloy leads to a faster strain rate and lower creep life [38].
In their study, the creep strain at the end of the primary creep seems to be independent of the type
of creep test for a given applied stress. Finally, the difference between the two types of creep tests
lied essentially in the duration of the steady-state stage, which is responsible of the difference in
high-temperature creep lifetime. A reduction in high-temperature creep life associated with
thermal cycling was clearly evidenced, this reduction being greater for a higher cycling
frequency. A similar trend has also been observed by Giraud et al. and then by Cormier during
thermal cycling conditions involving repeated overheatings [39, 40]. According to Cormier, creep
resistance under non-isothermal conditions is primarily controlled by the remaining y' volume
fraction at high temperature, whatever the thermal cycling type [41,16]. The dissolution of the
coherent y' precipitates and their subsequent re-precipitation on cooling affected the mechanical
behavior of the alloy and the creep lifetime [16]. Moreover, and as a main result from le
Graverend et al. in situ investigation by X-Ray diffraction under synchrotron beam of the creep
behavior [42], the observed faster strain rate under thermal cycling creep conditions compared to

pure isothermal conditions results from the easier penetration of dislocations with y-precipitates,



a result that has been confirmed recently by Schwalbe et al. by TEM investigations [43]. The
thermal cycling applied during our TMF conditions is then probably responsible for an important
increase of the creep rate, which leads to a decrease in lifetime at high temperature. Moreover,
the large tensile stress (+700 MPa) applied at S500°C, even if below the Yield stress defined at a
0.2% plastic offset according to Figures 4 and 5, may also favor precipitate shearing toward the
end of the test in a very localized way, due to the degradation of the y/y microstructure. It is
indeed well known that first slip bands at low temperatures (i.e. below 600°C in high Y volume
fraction containing Ni-based superalloys) may emerge at applied stresses far below the 0.2%
macroscopic stresses [44, 45].

The impact of the prior over-aging at 1100°C on the OP TMF resistance is more straightforward
since the prior microstructure degradation is not only shown to induce a debit in tensile properties
at 500°C (see Figure 4 and Table 4), but also a decrease of the creep properties. Indeed,
according to Mauget et al. [17], Steuer et al. [27], Riallant [46] and Shi et al. [23], a prior
microstructure coarsening leads to a faster strain rate due to wider y-channels and hence, easier
dislocation by-passing mechanisms due to a lower Orowan stress. According to the TMF
behaviors shown in Figures 8 and 9, the effect of the prior over-aging of 200h at 1100°C on the
creep resistance at 1100°C has a prominent contribution to the faster inelastic strain rate rather
than the loss of Yield stress at 500°C since inelastic strain jumps during temperature/stress
transients only occur toward the end of the tests. Indeed, the Yield stress at 0.2% is of nearly 965
MPa at the beginning of TMF test, i.e. far above the applied tensile stress of 700 MPa. Yielding
at 500°C during TMF tests using pre-aged specimens only occur once the microstructure has
sufficiently coarsened (see Figure 10(d)). The only unexplained result from the present study is
the very low minimum inelastic strain rate observed during TMF tests using pre-aged specimens
(see Figure 13). This minimum inelastic strain rate, reproducible for both grit-blasted and laser
textured specimens, is even lower that the minimum creep rate observed in pure isothermal
conditions. A possible reason for this unexpected minimum strain rate could be the re-orientation
of y/Y interfaces during TMF tests since a non-directional coarsening has been obtained after the
prior exposure of 200h at 1100°C (see Figures 6(d) and 7(d)) while a directional coarsening tends
to operate during our TMF tests since a tensile stress is kept applied during all our tests. Such
interfaces re-orientation was already observed by Giraud et al. [39] and by Xingfu et al. [47]
during high temperature creep tests with a prior pre-rafting in compression. This assumption

needs to be checked in the future by performing interrupted experiments.



4.2 Interface evolution under TMF

In all the experiments presented in this article, the top-coat followed the substrate deformation
during TMF and creep experiments. The inability of the APS coating to recover to its original
dimensions during cooling causes in-plane biaxial tension in the coating. When the tensile
stresses exceed the fracture strength of the newly sintered and compacted YSZ, the energy is
relieved by through-thickness crack growth and possible delamination of the coating at the
interface [48]. Petorak et al. proposed an explanation of compressive stress relaxation in APS
coatings, which is proportionally linked to the magnitude of tensile stress with rearrangement and
sliding of lamella [49]. The coating lamellar structure has a poor plastic strain tolerance
compared to EB-PVD processed top coat, overall leading to vertical cracks after a ~ 1% plastic

strain has been reached [50].

For grit-blasted specimens, an entire delamination of the top coat is observed and a full spallation
has been obtained soon after the end of the TMF tests. The buckling mechanisms are known to be
favored for a grit-blasted substrate by the cyclic applied stresses [34] and very sudden spallations
have been observed during cooling stages of TMF tests by other groups due to the stress state in
each layer of the TBC system [51, 52]. In our case, no ductile-brittle transition of a bond-coat can
be invoked for such a top coat spallation since no bond-coat is used, but the stress distribution
during cooling across the top coat and substrate, in addition to the substrate roughness after grit

blasting are enough to favor interfacial delamination compared to texture specimens.

For textured specimens, crack deviation has been observed above the patterns. These deviations
can be a result of compressive stresses in the vicinity of holes which enable crack bifurcation and
hence, better durability of the top coat. The interested reader is referred to a previous article form
the authors regarding the better durability in thermal oxidation resistance of laser texture
specimens [9]. Two distinct damage behaviors are observed for LST specimens after TMF tests
(see Figure 12). LST-TMF has crack deviations above holes and no crack propagating toward the
substrate could have been observed. However, for LST-TMF-A specimens, vertical cracks
propagating toward the substrate have been detected, coming from the top coat (see Figure
11(b)). These cracks have reached the y-depleted layer in the bottom of hole. This first cracks
identified to propagate from the top coat tower the substrate probably result from the larger Y-
depleted layer below the substrate/top coat interface due to the prior over aging, this layer having

a worse resistance to crack propagation. It is anticipated that by increasing the duration of our



TMF tests, by, e.g., lowering the applied stress at 1100°C, such cracks may also develop in LST-

specimens for longer TMF testing time.

Kyaw et al. demonstrated by finite element simulation that tensile stresses are predicted to be
concentrated at the near-interface peaks during heating. The stresses near these cracks relax while
their propagation towards the valley region is opposed by high compressive stress [53]. After the
heating stage, stress reversal at the TBC peak and valley regions does not occur rapidly,
specifically for the aged system with thick initial TGOs compared to the as-sprayed system.
Shalka et al. showed also that cracks nucleate at the TBC peak during heating continue to
propagate during the steady state heating stage for aged systems and premature spallation is
expected [54]. During steady state heating, additional parallel cracks are expected to nucleate at
the TBC valley due to stress reversal at the TBC peak and valley. When cooling is applied, any
thermal expansion mismatch is predicted to cause tensile out-of-plane stresses in the vicinity of
the peak and the valley and slope of the TBC. The authors assume that at the end of cooling,
tensile delamination cracks are expected to occur at the peak near the interface interface. TGO for
aged samples can also be identified as a crack nucleation and strain could drive micro-cracks and

nucleate with further propagation of existing TBC.

5. Conclusions

The Out-of-Phase TMF behavior of a new thermal barrier coating bond-coat less system (ceramic
top-coat + single crystal nickel-based superalloy) has been studied in a simulated gas turbine
environment. The applied TMF cycle was composed of 1 hour at 1100°C/+120 MPa + 30
seconds at 500°C/+700 MPa. From this work, the following main conclusions can be established
* The Out-of-phase thermo-mechanical cycling increased the inelastic strain rate compared
to the pure isothermal creep reference in the conditions of the high temperature part of the
TMEF cycle. This faster plastic strain rate results mainly from a faster creep rate on each
dwell at 1100°C due to the temperature cycling. This temperature cycling indeed favors
faster coarsening of the Y-phase as well as easier penetration of dislocations in Y-
precipitates.
e Prior thermal over-aging for 200h at 1100°C induces a coarser y/y' microstructure which
promoted faster creep elongation at 1100°C and lower yield stress at 500°C. The TMF

resistance is then lower after introducing a prior thermal over-aging.



* Prior-surface treatments (either grit blasting or laser texturing) did not weaken this TBC
system by favoring crack initiation from holes or a recrystallized layer below the surface.

* Laser surface texturing of the substrate leads to crack deviation above the interface. The
cavities introduced in the substrate are inducing coating compressive stresses and can be

defined as obstacles for top coat crack propagation.
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Figure 1: Top-view and cross-sections of grit-blasted (a, b) and laser textured (c, d) substrates
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Figure 2: Thermal cycle applied during oxidation tests
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Figure 5: Yield stress at 500°C/10-3 s! evolution as of the over-aging time at 1100°C for the AM1 superalloy




Figure 6: y/y microstructure in primary dendrite arms of AM1 single crystal superalloy: (a) in the as-received state , (b) after

24h at 1100°C, (c) after 100h at 1100°C , (d) after 200h at 1100°C, (e) after 300h at 1100°C



Figure 7: y/y¥ microstructure in interdendritic spacings of AM1 single crystal superalloy: (a) in the as-received state, (b) after
24h at 1100°C, (c) after 100h at 1100°C , (d) after 200h at 1100°C, (e) after 300h at 1100°C
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Figure 10: SEM observations of the y/y microstructure in primary dendrite arms (a) in as-received specimens, (b) after creep
tests, (c) after a TMF test without any prior over-aging and (d) after over-aged TMF test (horizontal applied stress)
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Figure 11: Cross-sections of a) LST-TMF and b) LST-TMF-A samples in pattern
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Figure 13: Top coat damage mechanism observed in a) GB-TMF b) LST-TMF and c¢) LST-TMF-A specimens
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Table 1: AM1 chemical composition (Wt pct.)

Co

Cr

Mo

W

Al

Ti

Ta

Hf

Bal.

6.6

7.5

2.0

5.5

5.2

1.2

7.9

0.04




Table 2: Thermal spray parameters for top coat

Primary gas flow rate [slpm] Ar 44

H, 13
Spray Distance[mm)] 120
Arc current [a] 630

Powder Feeding rate[g/mm] 23
Carrier gas flow [L/min] 3.4
Angle injection [°] 90




Table 3: Tensile, Oxidation, creep and Out-of-Phase TMF tests performed in this study for grit-blasted (GB) and textured
(LST) samples. X accounts for either GB or LST specimens.

Samples (X: Stages Stress loading  Temperature loading Prior-thermal
GB/LST) (MPa) (O] aging
Tensile - - 500 0/300h — 1100°C
X-Ox 1h/30sec - 1100/100 -
X-Creep (1%) 120 1100 -
X-TMF 1h/30sec 120/700 1100/500 -

X-TMF-A 1h/30sec 120/700 1100/500 200h-1100°C




Table 4: Ultimate tensile strength and ductility (at 500°C/10-3s™") as a function of the aging time at 1100°C for the AM1
superalloy

Aging time (h) 0 24 100 200 300

UTS (MPa) 1098 1053 1005 1015 1015
Ductility (%) 6.2 6.1 6.7 6.5 8.5




Table 5: Oxide thickness (in um) after 50 and 150 oxidation cycles and after TMF tests (+0.15 pm) * debonded top coat

Cycle number  GB-Ox  LST-Ox  GB-TMF-A LST-TMF-A LST-TMF

50 2.7 2.9 3 3.2 -
150 * 34 - - 3.6






