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This work concentrates on the phase, composition, thermo-physical properties, microstructure,
service lifetime, and failure behaviour of GdEuZrO/YSZ thermal barrier coatings fabricated via electron
beam-physical vapor deposition. The thermo-physical property of theGdEuZrOceramics are superior
to Gd2Zr2O7 and YSZ due to the substitution of Eu. A feathery structure characterized by inner-gaps
and linear pores is observable at the column tips. The GdEuZrO/YSZ TBCs have demonstrated the
most extended service lifetime compared to YSZ or GdEuZrO TBCs. The high thermal expansion
coefficient, the feathery microstructure, the low thermal conductivity, and the substitution effect of Eu
are key contributors to the enhanced thermal durability of the TBCs. After the thermal cycling test, the
outward migration of Ni, Cr, Co, Al, and Hf elements results in the emergence of Ni-Cr-Co-Al-Hf
oxides. Themigration of elements and theprogressionof cracks are identifiedas theprimary causes of
failure in the GdEuZrO/YSZ TBCs.

Thermal barrier coatings (TBCs) represent a vital and widespread thermal
insulation technique utilized in gas turbine engines. TBCs are designed for
high thermal and phase stability, resistance to corrosion, and are crafted
from ceramic oxides that conduct heat minimally for turbine blades1–3.
Typically, TBCs are composed of one ceramic top layer, one metallic, and
one intermediate layer of thermally grown oxide (TGO). The core purpose
of TBCs is to shield metallic materials from oxidation and corrosion in the
presence of high-temperature gases4,5. To date, the predominant material
utilized for TBCs is yttria partially stabilized zirconia (YSZ), containing
6–9 wt.% yttria. Processing YSZ ceramics necessitates advanced high-
temperature capabilities due to their highmelting points, which are close to
3000 K. Thermal plasma and electron beam are the primary energy sources
for depositing TBCs6–10. Notably, the columnar structure characteristic of
TBCs is attainable through electron beam-physical vapor deposition (EB-
PVD) technology. This structure enhances the TBCs’ ability to accom-
modate strain, allowing for enduring operation at high temperature8–12.
While TBCs are designed for high-temperature function, their main per-
formance is thermal conductivity and lifetime at high temperature
exceeding 1100 °C. However, YSZ TBCs are prone to sintering and degra-
dation above 1200 °C due to the t’-phase instability13–15.

To overcome the limitations of YSZ TBCs, significant advancements
have been focused on advanced ceramic oxides with low thermal con-
ductivity. Among these materials, rare earth zirconates (RE-ZrO2), pyro-
chlore/fluorite ceramics, and perovskite-structured oxides are under

consideration as potential successors to YSZ16–25. Particularly, gadolinium
zirconate (Gd2Zr2O7, GZ) ceramics have garnered considerable interest due
to their high melting point, phase stability, matching thermal expansion
coefficients, and reduced thermal conductivity20–25. However, GZ single-
layer coatings often demonstrate inadequate thermal cycling lifetime at
temperatures exceeding 1100 °C. To enhance the thermal performance, the
substitution of complex atomic structures of rare elements such as Cerium
(Ce), Ytterbium (Yb), Erbium (Er), and Lanthanum (La) in the A or B sites
of the GZ ceramics has been selected20–30. This elemental substitution
introducespoint defects into the crystal lattice, leading to a further reduction
in thermal conductivity.Moreover, the shortcomings of singleGZ layers can
be overcome by designing multilayer or graded structures. Incorporating a
YSZ ceramic middle layer above the metallic bottom layer allows for a
broader rangeof thermal expansion coefficientmismatchwith the substrate,
resulting in reduced thermal stress between the top layer and the metallic
bottom layer, thereby improving the thermal cycling lifetime30–35. Our
previous work has explored and debated the criteria for choosing YSZ and
RE-GZ coatings, focusing on their thickness ratios, porosity levels, and the
characteristics of their columnar microstructures14,17,36,37. This comprehen-
sive analysis was crucial for understanding how these factors influence the
overall performance of the coatings in terms of thermal insulation,
mechanical resistance, and durability under high temperature conditions.
Nevertheless, scientific and technological investigations into europium
(Eu)-doped GZ ceramics and TBCs remain limited. The effects of Eu
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substitution on key performance characteristics - including thermal con-
ductivity, thermal cycling lifetime, and failure mechanisms - require a
comprehensive investigation and continue to pose significant challenges in
the development of advanced TBC systems. Based on differences in atomic
mass, ionic radius, interatomic bonding forces, and electronic configura-
tions, europium (Eu) was selected as a partial substituent for gadolinium
(Gd) sites in Gd2Zr2O7 to enhance its thermophysical properties, particu-
larly thermal conductivity and thermal expansion coefficient.

In this study, we present a double-layer TBCs system, comprising one
GdEuZrO top layer and one YSZ bottom layer, and deposited using EB-
PVD technology. The as-deposited TBCs feature a hierarchical structure
that includes a featherymorphologywith interspersed inner gaps and linear
pores, which contribute to its enhanced performance. The extended lifetime
can be attributed to the unique microstructure of the coating, which pro-
vides better resistance to thermal stress and the associated crack propaga-
tion. The result indicated that the GdEuZrO TBCs exhibit a relatively high
thermal lifetime andgood thermal conductivity comparedwith othermulti-
layers, graded structures, bilayers, and other zirconates in the literature10–18.
Furthermore, this study delves into the relationship between crack forma-
tion and the evolution of the TGO layer within the TBCs system. The TGO
layer, which forms at the interface between the ceramic top coat and the
metallic bond coat, plays a pivotal role in the overall performance and failure
mechanism of TBCs. The growth and thickening of the TGO layer can
induce thermal stresses, leading to crack initiation and propagation.
Understanding this relationship is essential for developing strategies to
enhance the thermal cycling resistance and overall durability of TBCs. The
insights gained from this study can guide future developments in TBC
materials and deposition techniques, aiming to achieve even higher levels of
performance anddurability in demandinghigh-temperature environments.

Results and discussion
Thermo-physical property and phase
In TBCs systems, the thermal conductivity of materials is recognized as a
critical thermal attribute.Currently, a significant focus in ceramic research is
the development of materials with low thermal conductivity, as these are
highly desirable for thermal insulation and energy efficiency applications.
Figure 1 illustrates the trend in thermal conductivity and thermal diffusivity
forGE5Z,GE10Z,GE20Z, andYSZceramics as the temperature increases. It
is observed that both the thermal conductivity and thermal diffusivity of the
series ofGEZandYSZdecreasewithin the temperature rangeof 20–1000 °C.
At 1000 °C, the thermal diffusivity of GE20Z ceramics is as low as
0.252mm²/s, compared to 0.723mm²/s for YSZ ceramics. When the tem-
perature is raised to1200 °C, the thermaldiffusivityofGE20Z is 0.267mm²/s,
and for YSZ, it is 0.780 mm²/s. Notably, the thermal diffusivity of the
series of GEZ ceramics is approximately 50% less than that of YSZ. As
shown in Fig. 1b, the thermal conductivity of GE20Z at 1000 °C is only
0.889W/mK, and it slightly increases to 1.089W/mK at 1200 °C. In
contrast, the thermal conductivity of YSZ ceramics is significantly
higher, at 2.450W/mK at 1000 °C and 2.662W/mK at 1200 °C due to

the relatively low fractional porosity. The thermal conductivity of our
YSZ bulk ceramics (ca. 2.5 W/m·K) falls within the range of values
reported in previous literature1,4,7. The series of GEZ ceramics exhibit a
thermal conductivity that is nearly 50% lower than that of YSZ. These
findings underscore that the series of GEZ ceramics are among the
materialswith low thermal conductivity,making thempotentially superior
candidates for applications in TBCs. The lower thermal conductivity of
GEZceramicshelps tominimize the heat transfer through the coating, thus
protecting the underlying substrate from high temperatures.

In the field of TBCs, thermal conductivity is a pivotal attribute, pre-
dominantly governed by the scattering of phonons. This scattering is trig-
gered by interactions among phonons themselves (phonon-phonon
scattering), by material defects (phonon-defect scattering), and material’s
boundaries (phonon-boundary scattering)10–15. In ceramicswith larger grain
sizes, the impact of phonon-boundary scattering is often negligible, making
phonon-phonon and phonon-defect scattering the dominant factors. The
incorporation of the larger europium (Eu) cation into the GEZ lattice dis-
rupts the fluorite structure, resulting in a shortened mean free path for
phonons. This material, where Eu3+ replaces Gd3+, exemplifies a solid-state
substitution with implications for thermal conductivity. The atomic mass
and ionic radius discrepancies between Eu3+ (with an atomicmass of 151.96
and an ionic radius of 1.07 Å) andGd3+ (with an atomicmass of 157.25 and
an ionic radius of 1.05 Å) introduce point defects into the Gd2Zr2O7 cera-
mic. These defects, primarily vacancies and substitutional impurities, sig-
nificantly influence the material’s thermal conductivity. Furthermore, the
presence ofEu3+ inGd2Zr2O7 enhances the scattering efficiency of phonons,
both between themselves and off defects. This enhanced scattering is the
chief contributor to the reduced thermal conductivity observed in these
ceramics. On the other hand, the O-Gd interatomic bonding force differs
significantly from that of O-Eu38,39. The electronic configurations of Eu and
Gd also exhibit significant differences in their electron outside the nucleus
arrangements (Eu: [Xe] 4 f7 6 s2 andGd: [Xe] 4f7 5d1 6s2). These variations in
interatomic bonding force and outer electron arrangements further con-
tribute to the low thermal conductivity of GdEuZrO ceramic materials.
Consequently, the low thermal conductivity of GEZ ceramics, which is a
result of these factors, is particularly beneficial for TBCs applications,
enhancing their performance and efficiency.

Based on the thermal durability results, the thermal expansion coef-
ficient (TEC), ingot, and coating phase would focus on the GE10Z ceramic
material. The introduction of rare earth elements is recognized for its sig-
nificant impact on the thermal andphysical properties ofGd2Zr2O7 ceramic
materials. In this work, we focus on the substitution of Eu for Gd site in
Gd2Zr2O7 ceramics. This substitution is expected tomodulate thematerial’s
characteristics, potentially enhancing its performance in high-temperature
applications. Figure 2a illustrates the XRD patterns of the GE10Z ingot and
coating, which are compared against the standard pattern for Gd2Zr2O7

(cubic fluorite structure, space group Fm-3m, PDF#80-0471). The presence
of XRD peaks at 34.33°, 39.67°, 57.39°, and 68.50° corresponds to the (111),
(200), (220), and (311) reflections of the Gd2Zr2O7 standard, respectively.

Fig. 1 | Thermal diffusivity and thermal con-
ductivity of YSZ, GZ, GE5Z, GE10Z, and GE20Z
bulk ceramics. a thermal diffusivity; (b) thermal
conductivity.
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This alignment confirms that the fluorite structure remains the primary
phase in both the GE10Z ingot and coating.

As we know, TBCs are complex, multi-layer systems composed of a
bond coat, a thermally grown oxide (TGO) layer, and a ceramic top coat.
The thermal stability of TBCs during thermal cycling is a critical factor, as it
is influenced by the varying thermal expansion coefficient (TEC) of the
individual layers3–5. Mismatches in TEC among the layers would lead to the
generation of thermally induced residual stresses, which are a primary
source of TBC failure. Given that the TEC values for the substrate and bond
coat typically range from 16–19*10−6 and 15–16*10−6K−1, respectively,
these are notably higher than those of the conventional ceramic top layers.
Consequently, a ceramic top layer with a higher TEC might be more
desirable to minimize the TEC discrepancy between layers.

At present, the dilatometer method is the predominant technique for
measuring thermal expansion coefficients, offering a reliablemeans toassess
these critical properties in TBCmaterials. Thus, the TEC can be determined
by measuring the length changes as a function of temperature. Figure 2b
illustrates the TEC values for YSZ, GZ, GE5Z, GE10Z, and GE20Z bulk
ceramics bulk ceramics. In the temperature range of 500–1500 °C, the
GE10Z ceramic material demonstrates exhibits the highest TEC (10.71 �
10−6K−1 to 11.19 � 10−6K−1) among YSZ, GZ, GE5Z and GE20Z. For
temperatures between 500 and 1350 °C, the TEC of GE10Z consistently
increases. However, beyond 1350 °C, there is a slight decrease in the TEC
value for GE10Z. Specifically, from 1200 to 1500 °C, the TECof GE10Z falls
within the range of 11.49�10−6K−1 to 11.20�10−6K−1, surpassing that of
YSZ, which ranges from 11.05�10−6K−1 to 11.20�10−6K−1. This suggests
that GE10Z could be a more suitable material for applications where a
higher TEC is advantageous.

Generally, the TEC is predominantly associated with the anharmoni-
city of phonons within lattice vibrations40–42. This anharmonicity is influ-
enced by the ionic radius and the field strength of the cationic species
introduced, such asEuropium(Eu). Replacing the smallerGadolinium(Gd)
cation (with a radius of 1.05 Å) with the Europium cation (1.07 Å), which is
slightly larger, results in an increased average ionic radius at the A site. This
increase subsequently reduces the Goldschmidt tolerance factor, which is

conducive to a higher TEC. Additionally, the incorporation of Eu into the
Gd site introduces numerous point defects into the GE ceramic material,
generating a stressfieldwithin the lattice. The elevatedTECof theGdEuZrO
layer mitigates the stress caused by thermal expansion discrepancies
between the ceramic top layer, the YSZ layer, the NiCoCrAlYHf layer, and
the substrate.

Microstructure characterization
Figure 3 presents a SEM analysis of the cross-section of the as-deposited
GE10Z/YSZ/NiCoCrAlYHf coatings. The TBCs system, as depicted in
Fig. 3a, is composed of three distinct layers: one GE10Z top layer, one YSZ
intermediate layer, one NiCoCrAlYHf bond coat, and the substrate. The
SEM images reveal that the GE10Z top layer has a thickness ranging from
approximately 100 to120μm.TheYSZ intermediate layer is slightly thinner,
with a thickness of about 70 to 85 μm, while the NiCoCrAlYHf bond coat is
approximately 45 to 55 μm. Figure 3b illustrates the microstructure of the
coatings, with the columnar grains measuring a diameter of roughly 3.0 to
5.0 μm. The interface between the GE10Z and YSZ layers appears free of
significant defects, indicating a robust adherence. The columnar grains are
observed to grow continuously through the YSZ layer and across the
interfaces, both with the YSZ and the GE10Z layers, showcasing a seamless
integration achieved during the EB-PVD process. This continuous growth
pattern and the absence of defects at the interfaces are indicative of the
high-quality bonding and material integrity within the TBCs system.
Furthermore, the surface of as-depositedGE10Zcoatings exhibit apyramid-
like surface microstructure without any horizontal cracks, as shown in
Fig. S2.

In an effort to assess the distribution of elements across the GE10Z/
YSZ/NiCoCrAlYHf TBCs, a comprehensive analysis was performed using
EPMA.TheEPMAmaps not only corroborate the structural integrity of the
three-layered TBCs system but also highlight the distribution of elements
within each layer. The resultingmaps, as presented in Fig. 4, offer a detailed
visualization of the elemental composition within the cross-section of the
TBCs. As shown in Fig. 4a, the TBCs exhibit a clear three distinct layers: an
upper ceramic top layer, amiddle ceramic layer, and a bottommetallic bond

Fig. 2 | Phase structure and thermal expansion
coefficient. a XRD patterns of GE10Z ingot and
coating; (b) thermal expansion coefficient of YSZ,
GZ, GE5Z, GE10Z and GE20Z bulk ceramics.

Fig. 3 |Microstructure of the as-deposited GE10Z/
YSZ TBCs. a cross-section; (b) YSZ/GE10Z
interface.
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coat. The top layer, identified as the GdEuZrO layer, is characterized by a
rich presence of Gd, Eu, and Zr. The GdEuZrO ingot is evaporated into the
gas phase by electron beam energy in the EB-PVDprocess. The vapor cloud
solidifies into a solid phase on the substrate. Thedifference of vaporpressure
andmelting points among the various elements (Gd2O3, Eu2O3, and ZrO2)
is sensitive to the electron beam energy leading to the Gd, Zr and Eu
heterogeneously distributed throughout the coatings. Conversely, the bot-
tom layer, which serves as the bond coat, is predominantly composed of Ni,
Co, Cr, and Al, elements that are integral to the NiCoCrAlYHf layer. This
layer plays a critical role in adhering the TBCs to the substrate and in
withstanding the thermal stresses experienced in service. Furthermore, the
absence of significant elemental gradation or intermixing at the interfaces
between layers suggests a stable and coherent bond, which is vital for the
long-term durability of the TBCs under the extreme conditions of thermal
cycling and high-temperature exposure typical in aerospace and industrial
gas turbine applications.

As show in Fig. 5, the hierarchical microstructure of the GE10Z top
layer is characterized using TEM, high-resolution transmission electron
microscopy (HRTEM), and fast Fourier transform (FFT). Figure 5a, b
reveals an evident feathery structure with internal gaps and linear pores in
the column.A closer examinationof theHRTEMimage, as shown inFig. 5c,
discloses that the crystal spacing within the GE10Z top layer measures
approximately 0.268 nm and 0.192 nm, corresponding to the (200) and
(220) planes of Gd2Zr2O7, respectively. Upon a clear observation of the FFT
of the columnar tips (located at the top left corner of Fig. 5c), the lattice
structure is seen to exhibit a fluorite structure. The lattices in the FFT are
associated with the [100] zone axis, suggesting that the fluorite structure
predominantly features a large (200) plane area in theGE10Z coatings. This

observation implies that the feathery structure is likely formed by a
structure-temperature relationship where the substrate temperature
(Tsubstrate) is within the range of 0.3 Tm to 0.5 Tm (with Tm for GdEuZrO
being approximately 2273 K). These feathery structures are hypothesized to
confer a high degree of strain tolerance during thermal cycling tests. Fur-
thermore, the feathery microstructure, characterized by internal gaps and
linear pores, is also expected to significantly influence the thermal con-
ductivity of the material.

Thermal durability
To assess the potential application of these TBCs systems, we evaluated the
thermal durability of GEZ single coatings, YSZ single coatings, GE5Z/YSZ,
GE10Z/YSZ, and GE20Z/YSZ double layer coatings under identical con-
ditions. NiCoCrAlYHf coatings of uniform thickness were employed as
bonding layers. The average lifetime of the TBCs was determined based on
the performance of five samples. As illustrated in Fig. 6, the GE10Z/YSZ
TBCs demonstrated the longest lifetime, achieving 708 cycles, in contrast to
the YSZ TBCs, which lasted 558 cycles, and the GEZ single TBCs, which
only reached 125 cycles. Furthermore, the GE10Z/YSZ TBCs also demon-
strated the longest lifetime, in contrast to theGE5Z/YSZTBCs, which lasted
541 cycles, and the GE20Z/YSZ TBCs, which only reached 433 cycles.
Additionally, to analyze the heating and cooling processes, we compared the
thermal shock lifetimes of the TBCs, as shown in Fig. 6b. The GE10Z/YSZ
TBCs again outperformed the others, exhibiting a thermal shock lifetime of
7000 cycles, compared to 4530 cycles for YSZ TBCs, 715 cycles for GEZ
single TBCs, 4316 cycles for GE5Z/YSZ TBCs, and 3250 cycles for GE20Z/
YSZTBCs. Overall, both the thermal cycling lifetime and the thermal shock
lifetime of the GE10Z/YSZ TBCs indicate a significant enhancement in

Fig. 4 | Cross-section and corresponding EPMAmaps of the as-deposited GE10Z/YSZ/NiCoCrAlYHf TBCs. a cross-section; (b) Gd; (c) Zr; (d) Eu; (e) Ni; (f) Co; (g) Zr;
(h) Al.

Fig. 5 |Microstructure of the as-deposited GE10Z layer. aTEM image of feathery structure; (b) TEM image of inner gaps; (c) HRTEM image and corresponding processed
FFT image.
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thermal durability. The enhanced thermal performance of GE10Z/YSZ
TBCs primarily stems from GE10Z’s high thermal expansion coefficient,
which improves compatibility with the substrate and NiCoCrAlYHf bond
coat1–3. Furthermore, optimized europium dopingmight enhance the high-
temperature phase stability of Gd2Zr2O7, contributing to good thermo-
mechanical properties5,6.

The thermal durability results suggest that theGEZ/YSZdouble layer is
a promising candidate for high-temperature applications in gas turbines and
other thermal environments. The enhanced thermal durability of GEZ/YSZ
TBCs can be attributed to several key factors as following: (1) The appro-
priate incorporation of Eu into Gd2Zr2O7 results in a stabilized solid solu-
tion that exhibits excellent thermal stability. The appropriate substitution of
Eu for Gd in Gd2Zr2O7 introduces complex point defects, which enhance
the resistance to sintering of the top layer, thereby contributing to a longer
service lifetime. (2) The higher TEC of the GEZ top layer helps tominimize
the TEC mismatch between the GEZ layer, the YSZ layer, and the NiCo-
CrAlYHf layer. The dual-layer design, withYSZ as the intermediate ceramic
layer between the GEZ top layer and the NiCoCrAlYHf layer, further
reduces thermal stress caused by TECmismatch. This reduction in thermal
stress is beneficial for alleviating the thermal stresses that arise between the
ceramic top layer, YSZ layer, NiCoCrAlYHf layer, and substrate, leading to

an increased thermal lifetime of the TBCs6–10. (3) The feathery micro-
structure, characterized by internal gaps and linear pores, significantly
influences the adhesive strength, strain tolerance, and compliance of the as-
deposited TBCs. These structural features are crucial for managing residual
stresses and enhancing the overall lifetime of the TBCs. (4) The lower
thermal conductivity of the GEZ layer provides improved thermal insula-
tion for the NiCoCrAlYHf layer and the substrate. The double layer design
of GEZ+YSZ also creates a temperature gradient during the heating
process, which is advantageous for the thermal protection of the underlying
layers. In conclusion, the substitution effect of Eu, the elevated TEC, the
unique feathery microstructure, and the reduced thermal conductivity are
the four main contributors to the superior thermal lifetime of GEZ/YSZ
TBCs. These attributes make them an excellent choice for applications in
gas-turbine engines, where high thermal and mechanical stability are
essential.

Failure behavior
To assess the failuremechanisms ofmulti-layer TBCs, the development and
progression of the TGOand ceramic layers were examined using SEM, EDS
line scans, and EPMA.As shown in Fig. 7a, the TBCs system is composedof
three layers: the YSZ layer, the TGO layer, and theNiCoCrAlYHf bond coat
layer. The expansion of the TGO layer leads to the accumulation of thermal
stresses within the TBCs. The growth and thickening of the TGO layer are
correlated with the initiation and propagation of cracks. Upon completion
of the thermal cycling test, the TGO layer’s thickness of GE10Z/YSZ/
NiCoCrAlYHf reached approximately 7–9 μm. Furthermore, the TGO
evolution of YSZ/NiCoCrAlYHf TBCs and GE10Z/NiCoCrAlYHf TBCs
has also been investigated under the same conditions. As shown in Fig. S1
andTable 1, theTGO layer’s thickness ofYSZ/NiCoCrAlYHfTBCs reached
approximately 5-7 μm, and the TGO layer’s thickness of GE10Z/NiCo-
CrAlYHf TBCs reached approximately 8-10 μm. In the open literature, the

Fig. 7 | Cross-sectionmorphology after thermal cycling test. aCross-section of TBCs; (b) Cross-section and EDS line scans of TGO layer andYSZ/NiCoCrAlYHf interface.

Table 1 | The thickness of TGO layer in the GE10Z/YSZ/
NiCoCrAlYHf, YSZ/NiCoCrAlYHf and GE10Z/NiCoCrAlYHf
system

Sample Thickness (μm)

GE10Z/YSZ/NiCoCrAlYHf 7–9

YSZ/NiCoCrAlYHf 5–7

GE10Z/NiCoCrAlYHf 8–10

Fig. 6 | Thermal durability of the as-deposited
GEZ, YSZ, GE5Z/YSZ, GE10Z/YSZ and GE20Z/
YSZ TBCs. a Thermal cycling lifetime; (b) thermal
shock lifetime.
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TGO layer in TBCs systems typically reaches a thickness of 6-10 μm by the
end of thermal durability tests. This range aligns with observed TGO evo-
lution in GE10Z/YSZ/NiCoCrAlYHf, GE10Z/NiCoCrAlYHf, and YSZ/
NiCoCrAlYHf TBCs systems1,2,10.

To delve into the elemental composition of the TGO layer, EDS line
scans were conducted at the boundary between the YSZ andNiCoCrAlYHf
layers. Figure 7b illustrates the SEM analysis of the TGO layer and its
interface. The bottom figure in Fig. 7b shows the EDS line scans, where the
green line indicates thepresenceofAl element.Consequently, thedark layer,
rich in Al and O, is identified as the TGO layer, primarily composed of
aluminum oxide (Al2O3). Furthermore, no chipping or failure occurred in
the GE10Z layers in the TBCs system. The primary failure mode remained
TGO-driven at interface. Additionally, the valleys in the EDS line scan
correspond to the locations of the cracks. Throughout the thermal cycling
process, thermal stresses accumulate and are released within the TBCs,
leading to the formation of horizontal cracks at the YSZ-TGO interface. At
the end of thermal cycling test, these cracks had interconnected, forming a
large-scale network. The coalescence of cracks results in a separation zone,
causing damage to the columnar grains near the TGO layer, to a depth of
about 3-5 μm. Moreover, bright spots were observed within the TGO layer
and at the interface with the bond coat. These spots may indicate the for-
mation of new phases or compounds. Furthermore, the failure behaviors of
YSZ/NiCoCrAlYHf TBCs and GE10Z/NiCoCrAlYHf TBCs have also been
investigated under the same conditions. As shown in Fig. S1, themain cause
of failure of YSZ/NiCoCrAlYHf TBCs is TGO evolution. When the TGO
thickness in YSZ/NiCoCrAlYHf TBCs reaches the critical thickness
(approximately 5-7 μm), the YSZ/NiCoCrAlYHf TBCs would fail and
break. On the other hand, the main cause of the failure of GE10Z/NiCo-
CrAlYHf TBCs is TGO and crack evolution. As shown in Fig. S1, the
coalescence of cracks results in a separation zone, causing damage to the
columnar grains near the TGO layer and even destroying the GEZ layer.
Overall, the degradationof thermal stability is primarily due to the evolution
of cracks under high-temperature conditions.

To delve deeper into the elemental evolution and the failure
mechanism, EPMA images of the YSZ/TGO/NiCoCrAlYHf interface were
examined following the thermal cycling experiment. Figure 8a illustrates the
growth of the TGO layer, which is particularly evident at the interface
between the YSZ and TGO layers. Figures 8b through 8f depict the dis-
tribution of Al, Co, Ni, Cr, and Hf elements, respectively. Figure 8b reveals
that Al is predominantly found within the TGO layer. Figure 8c–e shows
that Co, Ni, and Cr are primarily located in the NiCoCrAlYHf layer. After
the thermal cycling test, it is observed that some of the bond coat layer
elements (Co, Ni, and Cr) have diffused and concentrated within the TGO
layer. Figure 8f highlights the presence of bright spots within the TGO layer,
indicating that Hf from the NiCoCrAlYHf layer has diffused outward,
creating an Hf-enriched region.

At high temperatures (1150 °C), the outward diffusion of elements
leads to the formation and growth of Ni-Cr-Co-Al-Hf oxides within the
TGO layer43–48. The emergence of these oxides could result in the intro-
duction of new phases and compounds. Consequently, the bright spots
detected within the TGO layer are attributed to this phenomenon. The
formationofNi-Cr-Co-Al-Hfoxidesmayalso cause volumechangesduring
the thermal cycling test due to the thermal expansion coefficient mismatch.
These volume changes can induce crack formation and coalescence within
the TBCs. Moreover, the TECmismatch between the newly formed Ni-Cr-
Co-Al-Hf oxides and the rest of the TBCs system can lead to interface
instability during the heating and cooling cycles. In summary, elemental
diffusion and the evolution of cracks are two primary contributors to the
failuremechanism of GE10Z/YSZ TBCs. Understanding the progression of
thermal properties and failure behavior in GE10Z/YSZ TBCs can offer
valuable insights for the development of other advanced TBC systems.

In conclusion, the GdEuZrO and YSZ layers were applied using EB-
PVD,while theNiCoCrAlYHf layerwasdeposited viaPVDtechnology.The
TBCs systemcomprises aGdEuZrO top ceramic layer, an intermediate YSZ
ceramic layer, and a NiCoCrAlYHf metallic bottom layer. The phase
structureof both theGdEuZrO ingot and theTBCs is characterizedby aFm-
3m cubic fluorite structure. The TEC of GdEuZrO, ranging from
10.72�10−6K−1 to 11.49�10−6K−1, significantly exceeds that of Gd2Zr2O7

and YSZ. The GE10Z exhibits a thermal conductivity of 1.280W/mK at
1000 °C, which is notably lower than that of YSZ. The GdEuZrO layer’s
column tips reveal a distinct featherymorphology interspersedwith internal
gaps and linear pores. TheGE10Z/YSZTBCs demonstrate superior thermal
shock resistance, enduring up to 7000 cycles, and a thermal cycling lifetime
of 708 cycles, surpassing theperformanceof bothYSZTBCsandGEZTBCs.
The high TEC of GdEuZrO, the feathery microstructure, the low thermal
conductivity, and the substitution effect of Eu are four key contributors to
the enhanced thermal durability of the TBCs. After thermal cycling testing,
diffusion and concentration of Ni, Co, Cr, andHf elements within the TGO
layer result in the formation ofNi-Cr-Co-Al-Hf oxides. The TECmismatch
between these Ni-Cr-Co-Al-Hf oxides and the TGO layer can trigger the
development and expansion of interfacial instabilities. The migration of
elements and the progression of cracks are identified as the primary causes
of failure in the GdEuZrO/YSZ TBCs.

Methods
Ingot synthesis
In the standard preparation process, NiCoCrAlYHf ingots were crafted
through vacuum melting, which involved the high-purity metals: nickel
(99.9%), cobalt (99.9%), chromium (99.9%), aluminum (99.9%), yttrium
(99%), and hafnium (99.9%). For the ceramic components, YSZ and
gadolinium europium zirconate (GdEuZrO, abbreviated as GEZ) ingots
were produced through a solid-state reaction. This process took place at a

Fig. 8 | Cross-section of TGO layer and corre-
sponding EPMA maps. a cross-section; (b) Al; (c)
Co; (d) Ni; (e) Cr; (f) Hf.
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temperature of 1973K for 20 hours. The starting materials used for this
reaction were of high purity: gadolinium oxide (Gd2O3, 99.9%), europium
oxide (Eu2O3, 99.9%), zirconium dioxide (ZrO2, 99.9%), and yttrium oxide
(Y2O3, 99%). Notably, europium, a rare earth element, was doped into the
GdEuZrO ingot at a concentration of 5, 10, and 20 atomic percent, which is
expected to influence thematerial’s thermal properties. The abbreviation of
GE5Z, GE10Z, and GE20Z correspond to the respective chemical compo-
sitions (Gd0.95Eu0.05)2Zr2O7, (Gd0.9Eu0.1)2Zr2O7 and (Gd0.8Eu0.2)2Zr2O7,
respectively. The prepared YSZ and GEZ ingots were then cut to a specific
size ofΦ 68.5mm× 50.0mm to fit the requirements of the coating process.

TBCs deposition
The Ni-based superalloy substrate (25.0 mm × 10.0mm × 1.0mm) was
subjected to water grit blasting to enhance surface adhesion prior to
depositing a NiCoCrAlYHf coating. Its nominal chemical composition (in
wt%)was: 12.5%Co, 6.3%W, 5.7%Ta, 6.3%Al, 2.2%Re, 5.8%Cr, 1.3%Mo,
0.02% C, with Ni as the balance. The NiCoCrAlYHf coating was applied
utilizing physical vapor deposition (PVD) technology with equipment
model A-1000 from Russia. The deposition process occurred at a tem-
perature of roughly 600 ± 50 °C, and the coating’s growth rate was
approximately 0.35 micrometers per minute. The NiCoCrAlYHf coatings
were heat-treated in a vacuum at 850 ± 50 °C for 3 ± 1.0 h to enhance
element diffusion (using a VBF-30 furnace, manufactured in China). Fol-
lowing this, the YSZ and GEZ layers were consecutively deposited using a
commercial EB-PVD system, model UE-207S by ICEBT. The respective
growth rates for these layers were 5.0 micrometers per minute for YSZ and
3.0 micrometers per minute for GEZ. The deposition process of YSZ and
GEZ layers occurred at a temperature of roughly 900 ± 50 °C. All the TBCs
exhibited comparable porosity (10 ± 2%) under identical EB-PVD proces-
sing conditions. After EB-PVD deposition process, the atomic ratios of
Gadolinium (Gd), Europium (Eu), and Zirconium (Zr) in the GZ, GE5Z,
GE10Z, and GE20Z coatings are approximately 1.00:0:1.00, 0.98:0.06:1.00,
0.92:0.12:1.00, and 0.78:0.23:1.00, respectively.

Characterization
The phase composition and crystal structure of the coatings and ingots are
examined using X-ray diffraction (XRD). The Bruker D8 Advance XRD
system, equipped with Cu Kα radiation, is utilized for this purpose with a
step size of 5°/min in the 2θ range of 20°–90°. The concentration of metals
within the coatings was ascertained using inductively coupled plasma-
atomic emission spectrometry (ICP-AES) on anAgilent 725-ES instrument.
The cross-sectional structure of the TBCs is observed using a scanning
electron microscope (SEM, FEI-Quanta 600). SEM provides high-
resolution images of the cross-section morphology and can reveal details
such as the columnar structure, porosity, and any defects or cracks in the
TBCs. The chemical composition of the TBCs is analyzed using an electron
probe micro-analysis (EPMA, JXA-8100 prototype) system with wave-
length dispersive spectroscopy (WDS). For a more detailed examination of
themicrostructure, transmission electronmicroscopy (TEM, JEM-2100F) is
employed. The thermal expansion behavior of the ceramics is measured
using a dilatometer (Netzsch DIL 402C) in the temperature range of
500°–1500°. The dimensions of the bulk ceramic material used for the
thermal expansion coefficient (TEC)measurement are 20.0mmby 5.0 mm
by5.0mm.The thermal diffusivity (α) of the ceramics, which is ameasure of
amaterial’s ability to conduct heat, is determinedusing a laser flash analyzer
(NetzschLFA427) in the temperature range of 30°–1200°. The bulk ceramic
material, intended for thermal diffusivity testing, has a diameter of 10.0 mm
and a height of 1.5 mm. To enhance the accuracy of thermalmeasurements,
a thin layer of graphite is applied to both surfaces of the bulk ceramic
samples. This application improves the absorption and emission properties
of the ceramic, ensuringmore reliable measurements of thermal diffusivity.
The thermal conductivity (λ) of GEZ and YSZ ceramics can be ascertained
through their thermal diffusivity (α), specific heat capacity (Cp), density (ρ),
and fractional porosity (φ). The laser-flash method stands as the pre-
dominant technique for assessing thermal diffusivity.Utilizing the following

equations, the thermal conductivities of GEZ and YSZ ceramic materials
were established:

λ ¼ ρ× α×Cp ð1Þ

λ=λ0 ¼ 1� 4=3φ ð2Þ
As shown inTable 2, the fractional porosityGE5Z,GE10Z,GE20Z,GZ

and YSZ is 2.3%, 3.2%, 4.1%, 1.5% and 1.0%, respectively. In the TBCs
system, the density (ρ) of the materials is typically determined using the
Archimedes Principle, which relies on the displacement of fluid by the
material and is a reliable method for measuring the volume and density of
ceramics. The specific heat capacity (Cp) is often ascertained using the
Neumann-Kopp rule, which is a generalization that allows for the estima-
tionof the specificheat capacity of a compoundbasedon theproperties of its
constituent elements10–12.

The thermal cycling and thermal shock tests are crucial for evaluating
the durability and performance of TBCs under high temperature condition.
The furnace temperature was maintained at 1150 °C under ambient
atmospheric conditions. The TBCs samples reached the target temperature
within approximately 1minute, corresponding to an average heating rate of
20 °C/s. All TBCs exhibited comparable thicknesses (±5%) when deposited
under identical processing conditions. In the thermal cycling test, the TBCs
are subjected to a cycle that involves exposure at a high temperature of
1150 °C for a dwell time of 55minutes. This period of exposure mimics the
prolonged high-temperature environment that the TBCs would face in
applications such as gas turbine engines. Following the high-temperature
exposure, the TBCs are air-cooled for 5minutes. Air cooling simulates the
rapid temperature drop that can occur when a component is exposed to the
atmosphere after being in a high-temperature environment. Similar to the
thermal cycling test, the TBCs are exposed to 1150 °C but for a shorter dwell
time of 5minutes for thermal shock test. This shorter exposure is designed
to assess the TBCs’ response to rapid heating. The TBCs are then air-cooled
for 5minutes to quickly reduce the temperature, simulating a thermal shock
scenario. The thermal shock test ismore severe than the thermal cycling test
due to the shorter time at high temperature, which can cause more sig-
nificant thermal stresses in the coating. After the thermal cycling and
thermal shock tests, the temperatureofTBCs sampleswas about 300 ± 50 °C
at the end of one cycle. The thermal tests are repeated for a set of TBCs
samples, typically five, to ensure statistical reliability and to account for
variability in the coating process or material properties. The lifetime of the
TBCs is determined by calculating the average number of cycles to failure
(10%delamination) across the set of tested samples. TheTGOthicknesswas
determined through five independent measurements conducted along the
oxide growth direction (normal to the interface). The TGO layer was
identified as the gray-black region in cross-sectional micrographs (top
interface: transition fromYSZ-gray to TGO-black, bottom interface: further
color change at the TGO/BC boundary). The reported TGO thickness
represents the range of these five perpendicular measurements. In addition,
the average value number of cycles is a key performance indicator for the
TBCs and is used to compare different coating systems or to assess the
impact of changes in coatingmaterials or processes. These tests are essential
for predicting the service life of TBCs and for improving their design and

Table 2 | The fractional porosity of the GdEuZrO and YSZ
ceramics

Sample Porosity (%)

GE5Z 2.3

GE10Z 3.2

GE20Z 4.1

GZ 1.5

YSZ 1.0
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materials to enhance their resistance to thermal fatigue and thermal shock.
The data obtained from these tests can be used to optimize coating systems
for specific applications, ensuring that they canwithstand the rigors of high-
temperature service environments.

Data availability
Data that support thefindings presented in thismanuscript can be provided
upon reasonable request by contacting the corresponding author.
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