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SUMMARY

La2Zr2O7 coatings are promising candidates to substitute YSZ coatings in
advanced gas turbine engines. In this work, Sm-doped La2Zr2O7 coatings were
deposited by physical vapor deposition. This work focuses on the crystal
structure, thermal conductivity, thermal expansion coefficient, morphology,
composition, and thermal durability of LaSmZrO coatings. The LaSmZrO ceramics
exhibit low thermal conductivity (1.69 W/mK at 800�C) and high thermal expan-
sion coefficient (9.72*10�6 K�1 at 1500�C) compared with La2Zr2O7. The
LaSmZrO/YSZ coatings with feathery microstructure show relatively good ther-
mal durability (8183 cycles or 856 h) under high temperature. The broken regions
are observed at the ceramic coating/bond coating interface. The failure behaviors
are relevant with crack evolution and thermally grown oxide growth. This work
might guide the investigation of advanced coatings under high temperature.

INTRODUCTION

Advanced gas turbines have been widely used as power sources for aircrafts. During service, hot

components of gas turbines need to face complex and harsh conditions (oxidation, erosion, and corrosion)

under high temperatures (Padture et al., 2002; Clarke et al., 2012; Levi, 2002; Vaßen et al., 2010; Sampath

et al., 2012). Thus, the demand for advanced gas turbines needs to grow along with the development of

related aviation technology. Among them, thermal barrier coatings (TBCs) have a significant effect on

the development of next-generation gas turbine engines. As we know, TBCs would provide effective

protection for hot components of gas turbines during service because of their thermal conductivity,

thermal stability, and thermal expansion coefficient. Nowadays, the main deposition technology of TBCs

include atmospheric plasma spraying, electron beam-physical vapor deposition (EB-PVD), suspension

plasma spray, and plasma spray-physical vapor deposition (Vaßen et al., 2010; Sampath et al., 2012; Pollock

et al., 2012; Karaoglanli et al., 2020a, 2020b; Kaplan et al., 2019). Among them, EB-PVD technology is a

sophisticated TBCs deposition technology for rotating parts of advanced gas turbins (Padture et al.,

2002; Clarke et al., 2012). At present, TBCs are metallic coating + ceramic coating complex systems. The

Y doping ZrO2 (YSZ) has been applied in gas turbine as TBCs. However, YSZ usually exhibits poor thermal

durability owing to the phase instability and low sintering resistance above 1200�C (Vaßen et al., 2010;

Sampath et al., 2012).

To improve the thermal durability, researchers and institutions have explored novel ceramic materials. The

novel ceramics (La2Zr2O7, Gd2Zr2O7 and Re-ZrO2) have been studied to substitute YSZ because of their

good thermal property (Pollock et al., 2012; Karaoglanli et al., 2020a, 2020b; Kaplan et al., 2019; Zhao

et al., 2017; Zhang et al., 2015, 2020; Shen et al., 2018, 2019, 2021a, 2021b, 2021c; Mahade et al., 2017;

Gok and Goller, 2016; Shen et al., 2021a, 2021b, 2021c; Hong et al., 2015; Ozgurluk et al., 2021a, 2021b;

Zhou et al., 2017, 2020, 2021; Ozgurluk et al., 2018, 2021a, 2021b; Doleker et al., 2020). Among advance

ceramics, La2Zr2O7 (LZ) has been widely studied owing to its relatively low thermal conductivity, high

melting point, and thermal stability compared with YSZ (Vaßen et al., 2010; Sampath et al., 2012). To further

reduce thermal conductivity, the heavy atomicmass and complex atomic structure of rare elements (Ce, Yb,

Y, and Gd) have been chosen to substitute in A site or B site of LZ ceramics (Vaßen et al., 2010; Sampath

et al., 2012; Zhou et al., 2019; Shen et al., 2020; Wang et al., 2015; Wan et al., 2009; Bahamirian et al.,

2019; Song et al., 2020). The doping element might produce many point defects into the La2Zr2O7 crystal,

which can improve the phonon-point defect scattering, leading to the reduction of thermal conductivity.

On the other hand, the LZ, doped by rare elements with heavy atomic mass and complex atomic structure,

exhibits a high thermal property in comparison to YSZ (Vaßen et al., 2010; Sampath et al., 2012). The high
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thermal expansion coefficient and phase stability of advanced TBCs can alleviate residual stress and

improve thermal protection ability leading to high thermal cycling life. However, seldom work

systematically focuses on the La site substitution of LZ ceramics and their TBCs by EB-PVD. To further

improve thermal property, the Sm element was selected to partially substitute for La site of La2Zr2O7.

The effect of Sm substitution on the structure, property, and thermal durability has yet to be studied in

the literature. Furthermore, the relationship between cracks evolution and thermally grown oxide (TGO)

growth still remains to be a challenge in the study of TBCs failure.

The objective of the work is to study the LaSmZrO (LSZ) as advanced TBCs. The LaSmZrO coatings were

prepared by electron beam-physical vapor deposition. The phase, composition, and microstructure of

LaSmZrO coatings were investigated by XRD, SEM, EDS, EPMA, and TEM. The relationship between cracks

evolution and interface stability has been investigated in this work.

RESULTS AND DISCUSSION

Crystal structure

The XRD results obtained from LZ ingot, LSZ ingot, LZ as-deposited TBCs, and LSZ as-deposited TBCs are

shown in Figure 1A. The XRD patterns of LZ ingot and LSZ ingot exhibit a relatively pure cubic pyrochlore

type crystal structure (No. 17-0450). The diffraction peak of LZ and LSZ ingots at 28.66�, 33.23�, 47.56�, and
56.41� belong to (222), (400), (440), and (622) of La2Zr2O7 phases. It indicates that the solid solution structure

of LaSmZrO ingot is formed in a solid state reaction because of the similar ionic radius of Sm3+ (1.08 Å) and

La3+ (1.16 Å). After deposition, XRD of LZ TBCs exhibits a pure cubic pyrochlore type crystal structure

corresponding to La2Zr2O7 phases. The XRD of as-deposited LSZ TBCs exhibit a composited crystal

structure. The peaks at 28.46�, 33.02�, 47.31�, and 56.04� belong to (222), (400), (440), and (622) of

La2Zr2O7 phases. The peaks at 29.42�, 34.14�, 49.00�, and 58.10� belong to (222), (400), (440), and (622)

of Sm2Zr2O7 phases. It indicates that a composite of La2Zr2O7 and Sm2Zr2O7 has been formed after the

EB-PVD process. In addition, the LZ as-deposited TBCs and LSZ as-deposited TBCs show the broad and

low diffraction peaks corresponding to the existence of hierarchical structures.

Figure 1. The crystal structure, thermal expansion coefficient, thermal diffusivity, and thermal conductivity of

coatings and ceramics

(A) XRD patterns of LZ, LSZ, ingot and TBCs, (B) thermal expansion coefficient of LZ and LSZ ceramics, (C) thermal

diffusivity, and (D) thermal conductivity of the YSZ, LZ, and LSZ ceramics.
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Thermal conductivity

In the field of TBCs, low thermal conductivity is the key property dominating the heat insulation ability to

substrate (Sampath et al., 2012). The thermal diffusivity of YSZ, LZ, and LSZ ceramics were detected by

Netzsch LFA 427. The value of thermal conductivity of YSZ, LZ, and LSZ ceramics were calculated by the

formula (l=r 3 a 3 Cp) (Zhao et al., 2017; Kubaschewski et al., 1993). The thermal diffusivity and

thermal conductivity of all ceramics exhibit a tendency to decrease first and then increase in the range

of 30�C–1500�C (Figures 1C and 1D). The minimum value of YSZ ceramics is about 2.45 W/mK at

1000�C. The minimum value of LSZ ceramics is about 1.69 W/mK at 800�C, whereas the minimum value

of LZ ceramics is about 1.90 W/mK at 800�C. The minimum value of thermal conductivity of LSZ ceramics

is about 30% lower than YSZ ceramics and about 11% lower than LZ ceramics.

In general, the complexity of crystal structure has an important effect on the reduction of thermal

conductivity because of the increasing number of optical phonons. Furthermore, increasing the number

of optical states also increases the number of available phonon-phonon interactions leading to the

reduction of thermal conductivity (Zhao et al., 2017; Kubaschewski et al., 1993).] According to XRD analysis,

the Sm3+ substitutes for La3+ site of La2Zr2O7 leading to a composite of La2Zr2O7 and Sm2Zr2O7 crystals.

Owing to themass and ionic radius difference between Sm3+ (1.08 Å) and La3+ (1.16 Å), a lot of point defects

would be introduced in La2Zr2O7 material. The substitution of La3+ by Sm3+ might introduce strain

fluctuations, leading to the relatively high heat-carrying phonons. Thus, the Sm rare earth doping in

La2Zr2O7 would lead to the effective reduction of thermal conductivity. In DCL TBCs systems, the reduction

of thermal conductivity has an important effect on the thermal cycling life of TBCs under high temperature.

In the cooling-heating process, the LSZ coating with low thermal conductivity might provide the thermal

gradient condition, leading to good thermal protection and high thermal cycling life.

Thermal expansion coefficient

Although thermal conductivity of ceramics is the key metric for advanced ceramic materials, it is also

essential that thermal expansion coefficient (TEC) is another keymetric for thermomechanical compatibility

with bond coating and the intermediate ceramic coating (Pan et al., 2012; Li et al., 2020; Wu et al., 2019). As

we know, the TEC mismatch among the substrate, bond coating, and ceramic coating would lead to high

thermal stresses in TBCs system that might further promote the TBCs failure. Thus, the high TEC of

ceramics would have a significant role on the thermal property. TEC results that were obtained from LZ

ceramics and LSZ ceramics are shown in Figure 1B. At low temperature, the TEC value of LSZ ceramics is

relatively lower than LZ ceramics below 450�C. The TEC value of LSZ ceramics is relatively higher compared

with LZ ceramics above 450�C. TEC value of LSZ ceramics is 9.72*10�6 K�1 at 1500�C, which is about 10%

higher than LZ ceramics. In addition, the TEC curve of LZ decreases above 1300�C owing to the sintering

effect of LZ ceramics. It indicates that LSZ ceramics would have a better sintering temperature which is

about 200�C higher than LZ ceramics. In general, ionic radius/cationic field strength on the introduction

of Sm3+ (1.08 Å) has a significant effect on the improvement of TEC of La2Zr2O7. In addition, the substitution

of Sm3+ for La3+ can produce point defects in La2Zr2O7, which would further introduce a stress field and

enhance the anharmonic vibration in the lattice leading to the improvement of TEC (Zhao et al., 2017).

In the DCL-TBCs system, the improvement of TEC plays an important role on the thermal cycling life of

TBCs under high temperature. In the cooling-heating process, the high TEC of LSZ coating would provide

the high thermomechanical compatibility to bond coating and substrate compared with LZ coating, thus

leading to high thermal cycling life (Zhao et al., 2017).

Morphology and composition

Figure 2A shows typical cross-section morphology of as-deposited LaSmZrO coatings. It clearly shows that

the TBCs system consisted of a bond coating with a thickness of about 30-40 mm, a middle ceramic coating

with a thickness of about 70-80 mm, and a top ceramic coating with a thickness of about 70-80 mm. The

thickness ratio of top ceramic coating: middle ceramic coating: bond coating is about 1.0:1.0:0.5. Further

investigation indicates that the morphology of middle and top ceramic coating is a columnar structure,

whereas the morphology of the bond coating is a typical equiaxed structure. The three-coating system

exhibits smooth and good bonding because of the AIP-PVD and EB-PVD process.

As shown in Figure 2B, EDS line scanning has been detected in cross-section of TBCs. The Ni, Co, Cr, Al, Y,

and Hf elements mainly exist in the bond coating corresponding to the NiCoCrAlYHf. The La, Sm, Zr, andO

elements mainly exist in the layer corresponding to the LaSmZrO. The Zr andO elements mainly exist in the
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middle layer corresponding to the YSZ. The content distribution of the Zr element clearly confirms three

layers of coating structure.

As shown in Figures 2C–2E, themicrostructure of LSZ coatingwas further investigatedbyTEM.As shown in Fig-

ure 2C, the LSZ coating exhibits a feathery microstructure at columnar gaps. The HRTEM is carried out on the

thin area of the LSZ coating (Figure 2D). Further investigation indicates that the interplanar Spacing (d) of LSZ is

0.322 nm belonging to the (222) plane of La2Zr2O7, whereas the interplanar Spacing (d) of LSZ is 0.298 nm

belonging to the (222) plane of Sm2Zr2O7. In addition, the corresponding Fast Fourier Transform (FFT) pattern

of LSZ demonstrates the composited crystal structure of La2Zr2O7 and Sm2Zr2O7 (Figure 2E).

To further analyze the element distribution of LSZ + YSZ + NiCoCrAlYHf TBCs system, the cross-section

morphology was detected by using EPMA technology. As shown in Figure 3, the EPMA images provide

a visualization of morphology and composition of LSZ/YSZ DCL TBCs. The La, Sm, and O elements mainly

exist in top ceramic coating corresponding to the LaSmZrO coating. The Cr, Co, Al, Y, and Hf elements

mainly exist in bond coating corresponding to the NiCoCrAlYHf coating. As shown in Figures 3B and

3C, the La and Sm elements are distributed homogeneously throughout the LSZ coating. Further

investigation indicates that the difference of Y element concentration also indicates the formation of the

three-coating structure.

Thermal durability

Owing to the low thermal conductivity and high TEC, the LSZ ceramics might be used as an advanced TBCs

material to provide thermal insulation in advanced aeroengines. As shown in Figures 4A and 4B, the

Figure 2. The morphology and composition of TBCs

(A) Cross-section morphology, (B) EDS line scanning, (C) HAADF image, (D) HRTEM image, and (E) FFT pattern of

the LSZ.
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thermal shock life and thermal cycling life of LSZ/YSZ DCL TBCs and LSZ single TBCs were detected at

1100�C. The average thermal shock life of LSZ/YSZ is about 8183 cycles, whereas the average thermal shock

life of LSZ is only about 273 cycles. The thermal shock life of LSZ/YSZ is about 30 times higher than that of

LSZ. In addition, the average thermal cycling life of LSZ/YSZ is about 856 h, which is about 18 times higher

than that of LSZ (48 h thermal cycling life). The LSZ/YSZ DCL TBCs exhibits a high thermal durability

compared with other advanced coatings (Vaßen et al., 2010; Zhang et al., 2020; Shen et al., 2021a,

2021b, 2021c; Mahade et al., 2017; Wan et al., 2009; Bahamirian et al., 2019; Song et al., 2020).

According to the crystal structure, thermal conductivity, thermal expansion coefficient, morphology, and

composition data, the reasons for the high thermal durability of LSZ/YSZ DCL TBCs could be summarized

as the following aspects. Firstly, the Sm substitution in La site of La2Zr2O7 leads to a dual phase structure of

La2Zr2O7 and Sm2Zr2O7. The dual phase structure of TBCs would introduce many point defects and the

relatively complex phonon scattering leading to the low thermal conductivity. The low thermal conductivity

would introduce high thermal gradient condition in the cooling-heating process. The thermal gradient

condition between ceramic coating and substrate would produce good heat insulation leading to the

thermal durability extension of TBCs (Dong et al., 2020; Shen et al., 2021a, 2021b, 2021c). Secondly,

the LaSmZrO/YSZ TBCs introduce the relatively complex defects leading to stress field and enhance the

anharmonic vibration that would lead to the improvement of TEC. The high value of TEC would produce

good thermomechanical protection to bond coating and further to substrate that might lead to the thermal

durability extension of TBCs. Thirdly, the feathery morphology of TBCs provide a high level of strain

tolerance and pseudoplasticity. In the cooling-heating process, the feathery morphology would alleviate

residual stress in TBCs system leading to the thermal durability extension of TBCs (Padture et al., 2002;

Clarke et al., 2012). In addition, the Sm substitution in La site of La2Zr2O7 also introduces the relatively

complex thermodynamically immobile defect clusters, which would improve the sintering resistance

leading to the thermal durability extension of TBCs (Karaoglanli et al., 2020a, 2020b). On the whole, the

reduction of thermal conductivity, the improvement of thermal expansion coefficient, and the feathery

morphology of TBCs result in the thermal durability extension of LSZ/YSZ TBCs.

Failure behaviors

The failure behaviors of LSZ/YSZ DCL TBCs are systematically investigated after the thermal durability test.

The cross-section morphology of ceramic coating (LSZ + YSZ), thermally grown oxide layer, and

Figure 3. EPMA images of the as-deposited LSZ/YSZ TBCs

(A) Cross-section morphology, (B) La, (C) Sm, (D) O, (E) Cr, (F) Y, (G) Co, (H) Al, and (I) Hf.
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NiCoCrAlYHf bond coating is shown in Figure 4. In TBCs system, the LSZ and YSZ coating still exhibit the

columnar structure, whereas the bond coating still exhibits the equiaxed structure. The LSZ + YSZ +

NiCoCrAlYHf system exhibits relatively good thermal stability under 1100�C. The LSZ/YSZ interface occurs

after a delamination interface after thermal cycling test. As shown in Figure 4D, the horizontal and vertical

cracks are mainly detected LSZ/YSZ interface owing to the different TEC’s between LSZ (9.72*10�6 K�1) and

YSZ (about 11*10�6 K�1). As shown in Figure 4E, a lot of horizontal cracks coalesce into a broken line leading

to the damage of YSZ columnar above TGO (about 5 mm). With the cooling-heating process, the broken

regions caused by the crack evolution have spread over the interface between YSZ and TGO, leading to

the failure of TBCs system (Liu et al., 2015; Jonnalagadda et al., 2017; Chen et al., 2018; Parlakyigit et al.,

2020; Karaoglanli et al., 2020a, 2020b; Doleker et al., 2021a, 2021b, 2021b). As shown in Figure 4F, the

thickness of TGO is about 10 mm after thermal durability test.

As shown in Figure 4G, the element distribution of YSZ/TGO/BC interface has been investigated by using

EDS-line scanning. The existence of Al and O reveal relatively uniform distribution in TGO (mainly Al2O3).

The peak of the purple line is the position of Al2O3, whereas the valley of the purple line is the position of

horizontal crack. Further investigation also indicates that the thickness of TGO is about 10 mm after the

thermal cycling test. To further elucidate the element evolution and failure behaviors of TBCs systems,

TGO morphology and EPMA images of LSZ/YSZ TBCs were investigated after thermal durability test. As

shown in Figure 5A, the TGOwas formed between YSZ and bond coating with the cooling-heating process.

Some bright zones were formed in TGO after thermal cycling life. Figures 5B–5F show the element

distribution in TGO corresponding to the Al, Ni, Co, Cr, and Hf five elements. As shown in Figure 5B,

the Al element is mainly concentrated in the TGO. As shown in Figures 5C–5E, the Ni, Co, and Cr element

aremainly concentrated in the bond coating (Figure 5B). Further investigation indicates that the Ni, Co, and

Cr three elements have diffused from NiCoCrAlYHf bond coating to TGO layer leading to the formation of

Ni-Co-Cr-rich zone. In addition, the Hf element is also partly diffused and concentrated in the TGO layer

Figure 4. Thermal durability and morphology evolution of LSZ/YSZ TBCs

(A) The thermal shock life, (B) thermal cycling life, (C) cross-section morphology of TBCs, (D) DCL interface, (E) YSZ/BC

interface, (F) TGO interface, and (G) EDS line scanning after thermal durability test.
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leading to the formation of the Hf-rich zone. Further investigation indicates that the position of Ni, Co, Cr,

and Hf element rich zones is almost the same in the TGO layer. That is to say, the diffusion of Al, Ni, Co, Cr,

and Hf would lead to the formation of Ni-Al-Cr-Co-Hf oxides (Doleker et al., 2021a, 2021b, 2021a, 2021b;

Chen et al., 2017; Yang et al., 2017; Shen et al., 2022; Doleker et al., 2019a, 2019b; Ozgurluk et al., 2019a,

2019b). These TECmismatches between Ni-Al-Cr-Co-Hf oxides and Al2O3 might lead to the formation and

growth of interface instability. The element diffusion in TBCs system would bring some volume change in

the cooling-heating process. The volume change would lead to the growth of residual stresses and the

crack evolution(Doleker et al., 2019a, 2019b; Evans et al., 2001, 2008; Ghadami et al., 2021; Balint et al.,

2011). As a result, the element diffusion might be a critical factor for cracks’ extension leading to the failure

of TBCs. The investigation on failure behaviors will provide some insights on the effect of element and crack

evolution on the failure of other TBCs systems.

Conclusions

The LaSmZrO/YSZ coatings are deposited by EB-PVD. The LaSmZrO coating mainly exhibits composite

crystal structure. The coatings are composed of LaSmZrO, YSZ, and NiCoCrAlYHf coatings. The

LaSmZrO coating exhibits a relatively high thermal durability because of the reduction of thermal

conductivity, the improvement of TEC, the doping effect of Sm, and the feathery microstructure. The crack

evolution and TGO growth lead to the instability of the TBCs system and play a key role in the failure

mechanism of TBCs. The LaSmZrO coating might be one of the advanced TBCs materials.

Limitations of the study

The analysis given by furnace cycle tests is not detailed, because there was a temperature gradient

between the ceramic coatings and bond coatings in the service. Thus, thermal durability requires follow-up

experiments and in-depth investigation.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
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B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

B Preparation of TBCs
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Figure 5. EPMA images of the LSZ/YSZ TBCs after thermal durability test

(A) Cross-section morphology of TGO, EPMA mapping images: (B) Al, (C) Ni, (D) Co, (E) Cr, and (F) Hf after thermal

durability test.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Zaoyu Shen (shenzaoyu@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this work will be shared by the lead contact upon request.

d This work does not report original code and custom computer code.

d Any additional information required to reanalyze the data reported in this work paper is available from

the Lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

This work does not use experimental models typical in the life sciences.

METHOD DETAILS

Preparation of TBCs

The substrate material was cut into 30.0 310 31.0 mm by wire cutting method. The NiCoCrAlYHf material

was chosen for bond coating deposited by (AIP-PVD, A-1000 made by Russian). In the deposition process,

the operating pressure was controlled below 5 3 10�2 Pa. The deposition rate of NiCoCrAlYHf is about

0.25 G 0.5 mm/min. Then, the NiCoCrAlYHf bond coating was treated at 870�C for 3 h in vacuum heating

process pressure (VBF-30 made by China). The thickness value of NiCoCrAlYHf bond coating is 30-40 mm.

The composition of NiCoCrAlYHf bond coating is about 12.0 wt % Co, 20.0 wt % Cr, 10 wt % Al, 0.3 wt % Y,

0.2 wt % Hf and Ni as balance. LSZ ingots were synthesized by solid state reaction at 1500�C with La2O3

(99.99%), ZrO2 (99.9%) and Sm2O3 (99.99%). The composition of LSZ ingots is about 45 at% La, 5 at%

Sm, 50 at% Zr and O as balance. YSZ ingots were synthesized by solid state reaction at 1500�C with

ZrO2 (99.9%) and Y2O3 (99.99%). The YSZ and LSZ ingots were used in EB-PVD process (UE-207S,

ICEBT). The specimen was heating to 850G 50�Cwith 20G 5 rpm. In the deposition process, the operating

pressure was controlled below 1 3 10�2 Pa. The deposition rate of YSZ and LSZ coatings is about 3.5 G

0.5 mm/min and 3.0 G 0.5 mm/min, respectively. After the deposition of LaSmZrO coatings by EB-PVD,

the atom ratio (La:Sm:Zr) of LaSmZrO coatings is about 1: 0.092:1.355.

Characterizations

The composition of coatings was measured by inductively coupled plasma-atomic emission spectrometry

(ICP-AES; Agilent 725-ES). The crystal structure of coating was recorded by an X-ray powder diffractometer

(XRD, Bruker D8 Advance). The morphology and composition of coating was further investigated by field

emission scanning electron microscopy (FESEM, FEI Quanta 600) and transmission electron microscopy

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals

ZrO2 Sigma-Aldrich CAS: 1314-23-4

Y2O3 Sigma-Aldrich CAS: 1314-36-9

La2O3 Sigma-Aldrich CAS: 1312-81-8

Sm2O3 Sigma-Aldrich CAS: 12060-58-1
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(TEM, EM-2100F). Element evolution was obtained by using an electron probe micro-analyzer (EPMA, JXA-

8100 prototype). The thermal expansion coefficient of ceramics was detected by Netzsch DIL 402C from

200 to 1500�C. The thermal diffusivity (a) of ceramics was detected by Netzsch LFA 427.

Furnace cycle tests

Furnace cycle tests (thermal shock/cycling tests) of coatings were performed by a vertical furnace. The

holding time of coatings was 55min/5min at 1100�C, and then the coatings were quenched by compressed

air for 5 min to reduce the temperature below 300�C. In furnace cycle test, each coatings contains five

parallel samples. The thermal durability of TBCs is the average number of 5 samples. The furnace cycle tests

was finished until the broken area excess 10%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Figures were analyzed by Origin from the raw data.

ADDITIONAL RESOURCES

This work does not include any additional resources.
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