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Abstract: The failure mechanism of a thermal barrier coatings (TBCs) system is investigated using
cyclic thermo-mechanical loading with a thermal gradient. Hollow circular cylindrical specimens
are employed, consisting of a nickel-based single-crystal alloy DD6 coated with a NiCoCrAlYHf
bond coat via arc-ion plating and a surface electron beam physical vapor deposited (EB-PVD) yttria-
stabilized zirconia topcoat. The experimental setup allows for a surface temperature of 1130 ◦C
and a substrate temperature of 1070 ◦C, while a tensile mechanical load of 200 MPa is employed
to simulate the centrifugal stress in the middle of the high-pressure turbine blade. The comparison
between TBCs with and without mechanical loading implies that the coupled thermo-mechanical
load significantly promotes coating spallation since the superposition of mechanical strain enhances
the local tensile stress at the peak region of the topcoat/thermally grown oxides (TGOs) interface. A
subsequent interfacial morphology analysis demonstrates that the topcoat/TGO interface exhibited
a degradation in the direction parallel to the mechanical loading axis. For all the specimens, TGO
comprises a duplex structure, consisting of outer spinel and inner α-Al2O3.

Keywords: thermal barrier coating; thermo-mechanical coupling; NiCoCrAlYHf; DD6 superalloy;
failure mechanism; microstructure evolution

1. Introduction

To improve the performance and efficiency of gas turbine engines under conditions
associated with extreme stress, thermal loads, and vibrational effects, many attempts have
been made to gradually increase the inlet temperature. In that regard, thermal barrier coatings
(TBCs), consisting of a metal bond coat and a ceramic topcoat, have been widely employed as
a surface protection to improve the operation temperature of Ni-based superalloys [1–4].

Spallation of the topcoat is a critical issue from the viewpoint of engine durability [5,6].
To evaluate the performance of TBCs, it is necessary to simulate the engine operating
conditions in the laboratory environment. Burner rig tests operating with fuel gas (propane
or acetylene)/oxygen mixture are generally used to evaluate the thermal cycling behavior
of the systems [7–9]; however, there are two drawbacks to the commonly used facilities:
(i) the gas velocity is usually insufficient to evaluate the gas impact or erosion resistance of
the coatings; (ii) it is unable to simulate the cyclic mechanical loading together with the
cyclic temperature gradient, not to mention the chemical factors (e.g., calcium–magnesium–
alumino-silicate (CMAS) corrosion). This deviation between the real and the laboratorial
condition hinders the accurate evaluation of TBCs. For these purposes, it is necessary to
employ a multifactor coupled facility for the TBCs performance and failure mechanism
analysis to establish sound lifetime prediction models.
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It is generally accepted that the TBCs’ degradation is associated with a progressive
roughening (or rumpling) of the bond coat surface along with the thermally grown oxide
(TGO). The out-of-plane displacement accompanying rumpling results in tensile stress
around the undulation peaks that can initiate interfacial cracking and eventually the
failure of TBCs. Previously, investigations suggested that the TBCs failure mechanism
under thermo-mechanical loading condition was obviously different from that of a statistic
thermo-cyclic case [10–14]. Baufeld et al. [15,16] studied the effect of phase difference
between the applied thermal and mechanical loading; in an in-phase test, the buckling
and delamination of coatings is the main pattern, while in an out-of-phase test, the fatigue
cracks initiated from the bond coat/TGO interface control the failure. Usually, an axial
load along the length of the specimen is applied, resulting in segmentations of the coatings
that are perpendicular to the loading [17]. Shi et al. [18] investigated the morphological
surface instabilities on bond coat and emphasized the importance of temperature gradient
and axial load on the interfacial undulation. Despite the different failure behaviors, an
interfacial instability under thermo-mechanical loading is well recognized.

DD6 is a low-cost second-generation single-crystal superalloy proposed and produced
by AECC Beijing Institute of Aeronautical Materials [19]. NiCoCrAlYHf bond coat is
typically used as a bond coat material due to its excellent oxidation resistance and its
improvement in the bonding between the ceramic topcoat and superalloy substrate [20,21].
In our previous work, we have investigated the effects of the coating pre-treatment and the
interdiffusion between coating and substrate on the surface recrystallization behavior of
the NiCoCrAlYHf/DD6 system [22]. Here, the purpose of this work is to study the process
of the destruction of the YSZ/NiCoCrAlYHf/DD6 system under cyclic thermo-mechanical
loading with a temperature gradient using a multifactor coupling test facility.

The experimental sets of the multifactor coupling test are shown in Figure 1. A kerosene-
fueled combustor system was employed to generate the desired jets, and the simulated
flame has a maximum temperature of 1700 ◦C and a maximum speed of Mach 0.8. This
facility can perform tests involving thermal shock, thermal cycling, gas impact, and ero-
sion/corrosion, during which the specimens were fixed by a loading system for a further
rotation, tensile/compressive loading, and internal cooling. The objective of this work is
to investigate the failure mechanism under a cyclic thermo-mechanical test with a thermal
gradient. The growth and morphology of TGO are elucidated with X-ray tomography, and
the comparison between the specimen with and without mechanical strain is supposed to
promote the understanding of TBCs lifetime controlling in an actual service condition.
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2. Materials and Methods
2.1. TBCs Preparation

DD6 single-crystal superalloy was selected as the substrate of TBCs. The annealed DD6
superalloy was machined into hollow rods with an outer/inner diameter of 6.5 mm/4.5 mm,
respectively, and a gauge length of 40 mm (detailed geometry of the specimens used for this
study is given by CAD drawing (CAD 2007) in Appendix A). A 25 µm NiCoCrAlYHf bond
coat was deposited via arc-ion plating technology (AIP-PVD, A-1000, Russia) at a deposition
rate of about 0.3–0.5 µm/min. All NiCoCrAlYHf-coated specimens were then annealed under
vacuum at 900 ± 10 ◦C for 3 h to facilitate the interdiffusion and enhance the bonding strength
between the bond coat and the substrate. Ultimately, electron beam physical vapor deposition
technology (EB-PVD, UE-207 S, Ukraine) was employed to deposit 120 µm YSZ (6–9 wt.%
Y2O3) coatings onto the bond coats at a deposition rate of 4–5 µm/min. The nominal chemical
compositions of DD6 and NiCoCrAlYHf are displayed in Table 1.

Table 1. Nominal chemical compositions of the DD6 single-crystal superalloy and the NiCoCrAlYHf
bond coat (wt.%).

Alloys Cr Co W Al Ta Y Hf Re Ni

DD6 3.8–4.8 8.5–9.5 7.0–9.0 5.2–6.2 6.0–8.5 / / 1.6–2.4 Bal.

NiCoCrAlYHf 18–23 10–15 / 8–12 / 0.1–0.5 0.2–0.6 / Bal.

2.2. Thermo-Mechanical Coupling Testing with Temperature Gradient

The thermo-mechanical coupling test with temperature gradient (TMTG) was carried
out using multifactor coupling equipment (MK Technology GmbH, BTR-MK, Germany).
The test simulated the centrifugal force during blade rotation by applying an axial tension
on the rod specimen. In this study, an axial load of 3454 N (corresponding to a nominal
stress of 200 MPa) was employed according to the centrifugal stress in the middle of the
high-pressure turbine blade of a certain type of engine. A load-controlled mode was chosen
because of the thermal heterogeneity in the specimens [17].

Figure 1 shows the experimental setup. The gas injection speed was 0.7 Mach to
achieve a gas temperature (Tg) of 1300 ◦C, and room temperature cooling air with a mass
flow rate of 1 g/s was introduced into the round tube to establish a temperature gradient
along the TBC thickness direction. The topcoat surface temperature (Tsurf) was evaluated
using an optical pyrometer with a measurable wavelength range of 9.6–11.5 µm (Infrared
Messtechnik GmbH, KT15 II Serie, Germany) (Figure 1c). A detailed measurement of
the emissivity of YSZ coating can be found in Appendix B. The Tsurf was maintained at
1130 ◦C during the test. The substrate temperature (Tsub) was measured as 1070 ◦C by
drilling a hole in the wall of the hollow specimen and inserting a thermocouple (Figure 2b).

The profile of temperature and mechanical loading during a TMTG process is shown
in Figure 2b; each cycle consisted of three stages of heating, dwelling, and cooling. The
cycle started at 30 ◦C, followed by a heating period of 15 s until a dwell temperature of
1130 ◦C was reached (corresponding to a heating rate of ~73.3 ◦C/s). The dwelling time of
each cycle was ~55 min. After that, the specimen holder changed rapidly to the cooling
position, in which the specimens cooled rapidly by forced convection from the cold air
nozzle (Figure 1a). The coating surface temperature reduced to 30 ◦C after 1 min of cooling
(corresponding to a cooling rate of ~18.3 ◦C/s). During the cycling, the axial tensile load
was applied throughout the heating and cooling process. Thermo-mechanical cycles of 0,
20, 45, and 70 times were conducted, and an extra specimen that underwent 70 thermal
cycles (without tensile load) was used for the comparison. The thermo-mechanical tests
were stopped overnight for safety reasons, and the specimens were carefully examined for
damage before and after every test.
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Figure 2. (a) Schematic diagram of the temperature gradient over TBC thickness during a TMTG
process; (b) profile of the temperature and mechanical loading during a TMTG cycle.

2.3. Microstructure Characterization

After the thermo-mechanical coupling test, the rod specimens were cross-sectioned
using a SiC abrasive cutting blade for the following microstructure’s characterization. All
the specimens for the scanning electron microscope (SEM, Rise, TESCAN, Brno, Czech)
were prepared using a standard metallographic procedure; the ring-shaped TBCs were
vacuum-impregnated by epoxy (EpoFix, Struers, Ballerup, Denmark) and then subjected to
grinding (with SiC papers up to 3000 grit) and polishing (with 50 nm alumina suspension).
Backscatter electron (BSE) images were taken because they can exhibit higher composi-
tional contrast. Chemical composition analysis was performed by using energy dispersive
spectroscopy (EDS, Aztec X-MaxN80, Oxford, UK) equipped in the SEM. For the interface
morphology, the X-ray microscope (XRM, Xradia 520 Versa, Carl Zeiss, Wetzlar, Germany)
was utilized. Before scanning, the specimens were carefully cut down to ~1 mm (by dia-
mond wire cutting with coolant) to increase the X-ray transmission. The operation energy
was set at 160 kV for all the scans. Each scan comprises 3001 projections equi-angularly
distributed over 360◦ specimen rotation. The reconstructed virtual slices have a voxel size
of 1 µm. Three-dimensional (3D) image analysis including filtering and shaping was con-
ducted in ORS Dragonfly software (4.0, Carl Zeiss, Wetzlar, Germany). Two-dimensional
(2D) slices were then exported for further image processing. The topcoat/TGO interfacial
contour in the 2D images were extracted using imageJ software (1.46r) through image
processing functions, including binary, watershed, and particle analysis.

3. Results
3.1. Microstructure and Composition of the TBCs after TMTG Cycles

The circumferential cross-sections of TBCs before and after the TMTG cycles are shown
in Figure 3a–d; the specimen that underwent thermal cycling without tensile load is shown
in Figure 3e. It can be seen that some fragments appear at the tip of columnar grains after
20 cycles of thermo-mechanical tests (Figure 3b). After 45 cycles, intergranular cracking of
the topcoat occurs (Figure 3c), and after 70 cycles, delamination of the TBC is observed, and
the fracture of columnar grains is more severe (Figure 3d). Bending of the YSZ columns to
the right of the delaminated region is also visible (indicated in Figure 3d), which implies
that the columns are undergoing plastic deformation during the thermo-mechanical test.
When no mechanical load is applied (Figure 3e), the TBCs remain almost intact and only
an increase in the column gap is observed. The temperature gradient of TBCs facing the
flame during a dwelling stage is shown in Figure 3f, with a one-dimensional heat flux
approximation (qi = −ki·∆Ti/Li, heat flux q, thermal conductivity k, temperature drop
∆T, and layer thickness L) being applied [23]. The bond coat temperature is found to be
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~1084 ◦C. Thermal conductivity values were obtained from Ref. [24]; fixed approximate
values of 1 W/m/K, 31.6 W/m/K, and 26 W/m/K were taken for the topcoat, the bond
coat, and the substrate, respectively.
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Beneath the topcoat, a double-layered TGO is formed in all the specimens. The
enlarged BSE image and the corresponding elemental mappings in Figure 4 suggest that
the upper layer is spinel oxides enriched with Ni, Cr, and Co and the bottom layer is
alumina. Usually, the spinel on MCrAlY coatings can form in two different ways. On
the one hand, the spinel could form at the very early stage of oxidation where the base
mental elements have a preference over Al. On the other hand, formation of the spinel
could also occur after the establishment of a continuous α-Al2O3 until the depletion of Al
in the bond coat. This issue might be clarified from the microstructure of the TGO layer.
Instead of discontinuous fragments embedded in alumina, a common feature of spinel
grown in the early stage [21], the spinel layers in Figure 3 are continuous. Moreover, the
interfacial temperature (1084 ◦C) is sufficient for the Al oxidation, and the Gibbs free energy
of the formation of Al2O3 (−850.5 KJ/mol @1000 ◦C) is lower than that of other oxides,
e.g., NiCr2O4 (−42.9 KJ/mol@1000 ◦C), etc. These two points mean that the spinel is more
likely to be formed after a continuous α-Al2O3 is established.

Figure 5 shows the microstructure and chemical composition of TBCs after 20 cycles of
TMTG. The front and back sides of the gauge region (cylindrical central part of the sample,
i.e., areas facing and facing away from the heating nozzle) have been compared. Both the
areas are double-layered TGO; the spinel and the alumina thickness on the back side are
smaller than that facing the flame because there is a temperature difference of ~150 ◦C.
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Elemental profiles perpendicular to the interface were acquired by conducting area scans
according to Figure 5a and averaging the horizontal values. It can be found that the Cr and
Al content in the bond coat on the back side is higher, while its Ni content is lower. This
also indicates that TGO growth consumes Cr, Al, and Ni, of which Ni diffuses from the
substrate to the bond coat with oxidation lasts.
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It should be noted that the fatigue cracks or voids, which are the common defects in
the thermo-mechanical fatigue tests [15,25,26], are not observed in the bond coat of all the
specimens in this work. The tensile loads were still applied to the TBCs during and after
the cooling to room temperature, and although the brittleness of bond coat increases below
the ductile–brittle transition temperature, the sustained applied mechanical load is not
sufficient to crack it within the thermal cycles performed.

3.2. Interfacial Morphology of the TBCs after TMTG Cycles

As demonstrated by the SEM images in Figure 3, the failure of TBCs under the cyclic
thermo-mechanical with thermal gradient occurred at the TGO/bond coat interface, as
commonly observed for EB-PVD TBC systems. However, the spallation of the specimen that
has undergone the cyclic thermo-mechanical test is obviously severer than the specimen
that has not been mechanically loaded. Figure 6 is the 3D views of TBCs measured by XRM;
the specimens were taken from the area close to the flame center. Due to the limitation of
cutting equipment, the specimen’s geometry was not exactly the same. The mechanical
loading is marked in Figure 6b,c to gain an intuitive perspective. The 3D views evidenced
that the as-prepared TBCs are integrated; however, after 70 cycles of TMTG, there is
spallation to a certain extent, and the residual columns are broken. The spallation of TBCs
after 70 thermal cycles without tensile loading is obviously reduced.
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Figure 6. Three-dimensional view of the TBCs measured by XRM, (a) as-prepared TBCs, (b) TBCs
after 70 TMTG cycles, (c) TBCs after 70 thermal cycles (without tensile loading). The direction of
mechanical loading is marked in the images.

Figures 7 and 8 show the 2D virtual µ-CT slices of the axial and tangential cross-section
on the cylinder (i.e., parallel and perpendicular to the mechanical loading), respectively.
The interface between the topcoat and bond coat of the as-prepared TBCs is rather smooth
(Figure 7(a1–a4)), while plenty of wrinkles are formed after thermal exposure. The top-
coat/TGO interfacial contour were extracted from the µ-CT slices using imageJ software
through image processing functions, including binary, watershed, and particle analysis.
This image processing allows us to obtain the coordinates of each point on the contour. A
total of 11 slices were randomly selected from each scan of the specimen, and the same
image processing was carried out. The extracted interfacial contours of the cross-section
parallel to the mechanical loading are plotted in Figure 9, and the interfacial roughness is
calculated accordingly. Although the XRM scan range is different for different specimens, a
similar sampling length of ~500 µm is used for the data plot and the data math. The mean
square root roughness, Rq, is defined as follows [27]:

Rq =

√
1
n∑n

i=1(yi − y)2 (1)

where n is the total number of coordinate data; y is the average value of vertical coordinates,
y. For TBCs after 70 cycles of TMTG, Rq = 3.15 ± 0.38 µm; for TBCs after 70 thermal cycles
(without tensile loading), Rq = 3.24 ± 0.57 µm. There is no statistically significant difference
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between the Rq of these two, but the average value and the dispersion degree of the TMTG
specimen are smaller.
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Figure 7. Two-dimensional virtual µ-CT slices of cross-section parallel to the mechanical loading,
(a1–a4) the as-prepared TBCs, (b1–b4), the exfoliated TBCs after 70 cycles of TMTG, and (c1–c4) the
exfoliated TBCs after 70 rounds of thermal cycling (without tensile load). The direction of mechanical
loading is marked in (b1). The topcoat/TGO interfacial contour is sketched by a dotted yellow line in (b1).
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Figure 8. Two-dimensional virtual µ-CT slices of cross-section perpendicular to the mechanical loading,
(a1–a4) the exfoliated TBCs after 70 cycles of TMTG, and (b1–b4) the exfoliated TBCs after 70 rounds of
thermal cycling (without tensile load). The direction of mechanical loading is marked in (a1).
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Figure 9. Interfacial contour from the 2D virtual µ-CT slices of cross-section parallel to the me-
chanical loading and the corresponding mean square root roughness, (a) TBCs after 70 TMTG
cycles, Rq = 3.15 ± 0.38 µm, (b) TBCs after 70 rounds of thermal cycling (without tensile loading),
Rq = 3.24 ± 0.57 µm.

For the interfacial roughness of the cross-section perpendicular to the mechanical
loading (as plotted in Figure 10), Equation (1) is no longer applicable since the baseline is
not a straight line but an arc (corresponding to the cylindrical surface). Therefore, the arc is
used to fit the tangential interface by use of the least square method, and the roughness of
the tangential interface is then defined as the root mean square deviation of the interfacial
contour relative to the baseline. The detailed Python code used for this calculation can be
found in Appendix C.

The roughness calculated according to Figure 10 shows that the tangential interface
roughness of the TBCs after TMTG is larger than that of the TBCs after thermal cycling
without tensile loading. It should be noted that due to the difference in baseline, the
longitudinal and tangential interfacial roughness cannot be used for comparison. However,
using the thermal-cycled TBCs without tensile loading as a reference, it can be inferred that
an anisotropic TGO/bond coat rumpling is developed after TMTG cycling.

The mechanisms that govern the surface roughening (also termed as rumpling, ratcheting,
or undulation) can be complicated [18,28–31]. It has been generally accepted that the stress in
TGO, either from the lateral growth or the thermal mismatch, is the primary driving force for
the rumpling at the TGO/bond coat interface. The in-plane compression of TGO arises with
its lateral growth [32]; for mechanical equilibrium, compressive stress in the oxide must be
balanced by tensile stress in the conterminous bond coat. Rumpling, which is a mechanism for
the relaxation of elastic strain energy, requires the plastic deformation of TGO and the bond
coat. Yang et al. [33] developed an analytical model to evaluate the high-temperature stress in
the bond coat, and the critical stress required to active the diffusional creep of the NiCoCrAlY
bond coat is identified as 0.5 MPa (i.e., the minimum stress to active the grain sliding). Not
only does creep contribute to the plastic strain but yielding also leads to deformation. The
yielding strength of the NiCoCrAlY bond coat is dramatically reduced with the increasing
temperature (less than 50 MPa at 1000 ◦C [34]).
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Young’s modulus of the NiCoCrAlYHf bond coat is close to that of the DD6 sub-
strate [35,36]. As the substrate is much thicker than the other layers combined (approx-
imately seven times), the strain resulting from the applied load is dominated by the
substrate; it can be deduced that the bond coat has a similar stress value of ~200 MPa with
the substrate. Therefore, the plastic deformation of the bond coat is inevitable.
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mechanical loading and the corresponding mean square root roughness, (a) TBCs after 70 TMTG
cycles, Rq = 3.54 ± 0.18 µm, (b) TBCs after 70 rounds of thermal cycling (without tensile loading),
Rq = 2.90 ± 0.12 µm.

4. Discussion
Failure Analysis of the TBCs in Thermo-Mechanical Loading with Temperature Gradient

The spallation in the thermo-mechanical specimens is significantly enhanced compared
with the thermal cycling without tensile loads; moreover, in both tests, the YSZ topcoat
separates from TGO, and the oxide scales remain in contact with the bond coat surface.
Tzimas et al. [10] studied the thermo-mechanical fatigue with high (~0.65%) and low (0.4%)
mechanical strain, and the cracking of the bond coat was absent under the lower mechanical
strain. Here, the mechanical strain during a dwelling period is estimated to be ~0.26% (take
the elastic modulus in the [001] direction of DD6 substrate as 78.1 GPa at 1000 ◦C [36]); the
relatively low strain level might be the reason for the absence of bond coat cracking or voids.

The stress in TGO is the primary driving force for the rumpling at the TGO/bond coat
interface; it has two contributions, lateral growth stress and thermal mismatch stress. The
lateral growth of TGO (mainly occurs at the dwelling stage) produces compressive stress
in the growing oxide [37,38] in both the longitudinal and tangential direction. Clarke [32]
developed a dislocation climb model for growth strain and, accordingly, compressive stress
of an order of 0.5–1.5 GPa is generated by high-temperature oxidation.
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The temperature gradient is mainly concentrated in the YSZ topcoat; however, the
discontinuous columnar structure by the EB-PVD technique allows the substrate to exert
limited constraint on its thermal expansion and vice versa. On the other hand, although
the temperature gradient across the TGO/bond coat/substrate is rather small (~14 ◦C,
Figure 3f), the difference in the coefficient of thermal expansion (CTE) between TGO and
the substrate is ~7 × 10−6/◦C (as listed in Table 2), inducing thermal mismatch stress in
TGO by the following:

σ =
E∆T∆α

1 − ν2 (2)

where E and ν are the elastic modulus and the Poisson ratio of TGO, respectively; ∆T and
∆α are the temperature variation and the CTE mismatch between TGO and substrate, re-
spectively. The direction of thermal mismatch stress depends on the stress-free temperature,
and it is generally assumed that the deposition temperature is the reference temperature
(900 ◦C here). A tensile stress of ~0.43 GPa is then generated in TGO by thermal mismatch
during the dwelling stage with a temperature variation of 180 ◦C (heat up to the interface
temperature in Figure 3f). Like growth stress, thermal mismatch stress also exists in both
the longitudinal and tangential direction.

The externally applied axial load gives only longitudinal stress; therefore, in the
dwelling stage, in the longitudinal direction, TGO is subjected to the tensile mechanical
loads, compressive growth stress, and tensile thermal mismatch stress, while in the tan-
gential direction, TGO is subjected to the latter two. That is, the compressive stress is
greater in the tangential direction, which leads to anisotropic rumpling of the interfacial
rumpling. This anisotropic rumpling caused by uniaxial stress had been evidenced in the
(Ni,Pt)Al/CMSX-4 system as well [27,39].

Table 2. Thermophysical properties of the TBCs.

α (×10−6/◦C) E (GPa) ν

TGO (α-Al2O3) 5.08–9.20 [40] 309–380 [40] 0.27 [40]
NiCoCrAlYHf 12.3–17.6 [40] 72–152 [40] 0.32–0.35 [40]

DD6 11.9–15.0 [36] 78.1–131 [36] 0.34–0.39 [36]

The strain within multilayered TBCs needs to be consistent; with an increased in-
terfacial rumpling, the strain compliance between the topcoat and TGO intensifies the
shear stress between the two and affects the out-of-plane stress redistribution. Aleksanoglu
et al. [14] conducted a FE analysis of the stress distribution during the thermo-mechanical
test with a thermal gradient, and the results of the radial stress showed that in the peak
region of the topcoat/TGO interface, tensile stress for the bond coat and TGO occurred, as
well as Tzimas et al.’s [10] failure analysis of TBCs under cyclic thermo-mechanical loading.
The superposition of mechanical strains enhances the local tensile stress perpendicular to
the interface, which is supposed to facilitate the coating delamination [14]. In addition
to the interior spallation, a large number of column breaks has been observed. The fast
cooling of the topcoat surface results in transient tensile stress; while the bottom of the
topcoat still remains in compression, the shear within the topcoat is supposed to promote
the formation of transverse cracks which break the column in half [8,23]. Detailed modeling
of combined oxide growth and mechanical loading for the NiCoCrAlYHf/DD6 system will
be investigated in the future.

5. Conclusions

This study has investigated the failure of TBCs under cyclic thermo-mechanical loading
with thermal gradient. In light of the results obtained, the main findings are highlighted below:

(1) The uniaxial tensile loading results in anisotropic rumpling. Compared with ther-
mal cycles without mechanical loads, the TMTG specimens exhibit an enhanced
TGO/bond coat interface on the tangential cross-section.
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(2) TGO exhibits a duplex microstructure, consisting of outer spinel and inner α-Al2O3.
The mechanical load has little effect on the configuration of TGO, and the temperature
only affects the TGO’s thickness, not its structure.

(3) The mechanical strain has effectively accelerated the spallation of TBCs; it is inferred
that the superposition of mechanical strain enhances the local tensile stress at the
peak region of the topcoat/TGO interface. Quantification of the thermo-mechanical
loading-induced rumpling effect needs further computational investigations.
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Figure A1. CAD drawing of the DD6 single-crystal superalloy for thermo-mechanical coupling test.

Appendix B

Although the optical pyrometer allows one to realize experiments in contactless mode
at temperatures exceeding 2000 ◦C, this measurement principle is highly sensitive to de-
viations in the emissivity characteristics of the specimen that must be precisely known
in advance. First, a B-type thermocouple was positioned in contact with the YSZ coat-
ing surface. The equipment was then run by selecting the operating point with a Tg of
1300 ◦C. Once the device reached stability during operation, the temperatures measured
by the optical pyrometer and the thermocouple approached each other, providing an
emissivity value of 0.33.
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Appendix C

Python code for the tangential interface roughness.
diameter_mm = 6.5
radius_mm = diameter_mm/2
r_data = radius_mm
theta_data = np.arcsin(x_data/radius_mm)
def circle_func(theta, r_fit, theta_fit):
return r_fit * np.cos(theta − theta_fit)
popt, pcov = curve_fit(circle_func, theta_data, r_data, p0 = [radius_mm, 0])
r_fit = popt [0]
theta_fit = popt [1]
rmse = np.sqrt(np.mean((circle_func(theta_data, *popt) − r_data)**2))
theta_standard = np.linspace(0, 2*np.pi, 100)
r_standard = np.ones_like(theta_standard) * radius_mm
r_fit_circle = np.ones_like(theta_standard) * r_fit
fig, ax = plt.subplots(subplot_kw = {‘projection’: ‘polar’}, figsize = (8, 8))
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