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Limitation of yttria stabilized zirconia  

• Zirconia partially stabilized with 7 wt% yttria (7YSZ) is the 
current state-of-the-art thermal barrier coating material.  

 
• However, at temperatures higher than 1200 oC, YSZ layers 

are prone to sintering, which increases thermal 
conductivity and makes them less effective.  

 
• The sintered and densified coatings can also reduce 

thermal stress and strain tolerance, which can reduce 
the coating’s durability significantly. 
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Motivation and objective 

• To further increase the operating temperature of 
turbine engines, alternate TBC materials with lower 
thermal conductivity, higher operating temperatures 
and better sintering resistance are required. 

• The objective of the project is to develop a novel 
lanthanum zirconate based multi-layer thermal 
barrier coating system.  

• The ultimate goal is to develop a manufacturing 
process to produce pyrochlore oxide based coating 
with improved high-temperature properties. 
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Pyrochlore - A2B2O7 

Pyrochlore-type rare earth 
zirconium oxides 
(Re2Zr2O7,Re = rare earth) 
are promising candidates for 
thermal barrier coatings, 
high-permittivity dielectrics, 
potential solid electrolytes in 
high-temperature fuel cells, 
and immobilization hosts of 
actinides in nuclear waste. 

Pyrochlore crystal structure: 
A2B2O7. A and B are metals 
incorporated into the structure in 
various combinations. (credit: 
NETL) 



7 

Why La2Zr2O7? 

• Higher temperature phase 
stability. No phase 
transformation 

• Lower sintering rate at 
elevated temperature  

• Lower thermal conductivity 
• Lower CTE (can be 

enhanced by CeO2 doping) 

Phase diagram of La2O3–ZrO2 

Compared with YSZ, La2Zr2O7 has 
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YSZ vs. La2Zr2O7 

Materials property 8YSZ La2Zr2O7 

Melting Point (oC)  2680 2300 
Maximum Operating Temperature (oC)  1200   >1300 
Thermal Conductivity (W/m-K)  (@ 
800oC ) 

2.12 1.6 

Coefficient  of Thermal Expansion  
(x10-6/K)   (@1000 oC) 

11.0 8.9-9.1 

Density (g/cm3) 6.07 6.00 
Specific heat (J/g-K) (@1000 oC) 0.64 0.54 
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Layered coating architecture 

• The coefficient of thermal expansion of La2Zr2O7 
(10x10-6/K) is lower than those of both substrate and 
bondcoat (about 15x10-6/C @ 1000 oC). As a result, 
the thermal cycling properties may be a concern 

• The layered topcoat architecture is believed to be a 
feasible solution to improve thermal strain tolerance 

• In this work, we develop a multi-layer, functionally 
graded, pyrochlore oxide based TBC system 
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La2Zr2O7  powder morphology  
Powder surface 
morphology 
 
•Spherical shape with 
rough surface 

•Good flowability and 
high density 

•Particle size between 30 
~ 100 µm  

+ 125 um - 125 um 

Powder cross-section 
 
•Porous interior  
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Powder size distribution (PSD) 

Microtrac standard range particle analyzer’s percent passing 
data show that the average powder size, D50, is ~65 µm 
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Chemical composition - ICP-MS 

• Inductively coupled plasma – mass spectrometry (ICP-MS) 
technique was used to measure the powder compositions  

• The measurements confirms La2Zr2O7 composition  
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Element Weight% Atomic% 
O K 17.42 60.37 
Zr L 31.92 19.40 
La L 50.67 20.23 
Total 100 

Element analysis of cross-section  

Higher La, and lower Zr and O contents are inside of powder 
than on surface 

Element Weight% Atomic% 
O K 28.51 74.28 
Zr L 27.21 12.43 
La L 44.28 13.29 
Total 100 

Powder 
surface 

Powder 
cross-
section 
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La2Zr2O7 powder XRD analysis 

Philips, NL/X''Pert 
PRO MPD, Eindhoven, 
Netherlands 
Kα1 wavelength:  1.5405600 Ǻ 
 

XRD data show that the powder composition is La2Zr2O7 
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Synchrotron XRD 

In situ Synchrotron XRD shows no compositional change at 
high temperatures  
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Design of Layered TBCs 

Ni based superalloy 
substrate 

Low density layer, 
 
 7YSZ 

High density 
vertically cracked 
layer, 7YSZ 

Ni based superalloy 
substrate 

Ni based superalloy 
substrate 

 
Porous La2Zr2O7 
 
 

 
Porous La2Zr2O7 
 
 

Dense La2Zr2O7 
 

Dense La2Zr2O7 
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Dense coating 

TBC 

Substrate 
(HS188) 
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XRD analysis of coating and powder 

XRD shows that coating compositions are same as those of the powder  



20 

Cross section view of dense coating  
1 2 3 

4 5 6 

Processing parameters (powder feed rate, surface speed, 
current, stand off ) were varied to control the porosity.  
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100 µm 100 µm 

500 µm 

Backscattered SEM images 
5279-14 line #2 

Dense vertical crack (DVC) 
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50 µm 50 µm 

Backscattered SEM images (cont’d) 

5279-14 line #2 

Dense 
vertical 
crack 
(DVC) 
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Nano-indentation  

5279-15 line #3 
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Summary of hardness (from Rockwell’s Indentation) 
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• Low density coatings with porosity between 7~10 % were achieved.  
• Porosity and hardness can be tuned via changing processing conditions 
• Powder feed rate↑ or current↓  porosity↑  hardness↓ 
 [Hardness = 1.99×(100-porosity) -100] 
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Low density coating 

Position A   Position B        Position C 

Line 12 
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Low density coating (high mag.) 

Position A   Position B        Position C 
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Low density coating (high mag.) 

Position A   Position B        Position C 
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Porosity of low density coating 

Line # Batch # 
Density 
(g/cm3) 

 Porosity (%) 

Spray test 

7 5279-19 5.3182 11.36 

8 5279-20 5.2587 12.36 

9 5279-21 5.2584 12.36 

10 5279-22 5.2917 11.81 

11 5279-23 5.2614 12.31 

12 5279-24 5.0089 16.52 

Porosity  = 1 – (Archimedes method density / fully dense density). Fully dense (theoretical ) density is 6.0 g/cm3. 

Low density coatings with porosity between 11~17% were 
achieved. 
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Geometry optimization 
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La2Zr2O7 free energy calculation 

B. Liu et al, Acta Materialia, 55 (2007) 2949-2957. 
Y. Tabira, et al, Journal of Solid State Chemistry, 153 (2000) 16-25. 

Lattice parameter (Å) 

This work (VASP) 10.89 

This work (CASTEP) 10.73 

Liu’s work (CASTEP) 10.73 

Tabira’s work (XRD) 10.802 
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La2Zr2O7 specific heat (Cp) calculation  

1.R. Vassen, et al, J. Am. Ceram. Soc. 83 (2000) 2023–2028.  
2.H. Lehmann, et al, Journal of the American Ceramic Society, 86 (2003) 1338-1344.  
3.A. Chartier, et al, Physical Review B, 67 (2003). 

0

0.1

0.2

0.3

0.4

0.5

0.6

-273 -73 127 327 527 727 927 1127 1327

S
pe

ci
fic

 h
ea

t (
J/

g°
C

) 

Temperature (oC) 

Robert Vassen [1]

Alain Chartier [3]

This work

, [2] 



42 

La2Zr2O7 elastic constants calculation 

42 

  Both stress and strain have three tensile 
and three shear components, giving 6 
components in total. The linear elastic 
constants form a 6 × 6 symmetric matrix, 
having 27 different components. 

 For             cubic structure there are only 3 
independent elastic constants C11, C12, C44. 

11 12 13 14 15 16

21 22 23 24 25 26

31 32 33 34 35 36

41 42 43 44 45 46

51 52 53 54 55 56

61 62 63 64 65 66

x x

y y

z z

x x

y y

z z

C C C C C C
C C C C C C
C C C C C C
C C C C C C
C C C C C C
C C C C C C

ε σ
ε σ
ε σ
γ τ
γ τ
γ τ

    
    
    
     =    

    
    
    
        

B. Liu, J.Y. Wang, Y.C. Zhou, T. Liao, F.Z. Li, Acta Materialia, 55 (2007) 2949-2957. 

C11 
(GPa) 

C12 
(GPa) 

C44 
(GPa) 

 Bulk modulus 
(GPa) 

Shear modulus 
(GPa) 

This work  289.8 124.8 100.4 179.8 93.3 

Liu’s work 
(CASTEP) 289 124 100 179 93 

3Fm d



43 

La2Zr2O7 thermal conductivity calculation 
1x1x20 super cell    

Replicate 20 conventional cells 
along the heat flow direction to 
form a super cell  
 

(K) 

The calculated thermal conductivity is 1.2 W/m/K at the temperature of 1000 oC, 
which is reasonably in agreement with the experimentally measured thermal 
conductivity ~1.5W/m/K [1]. 

[1] R. Vassen, X. Cao, F. Tietz, J. Am. Ceram. Soc., 83 (2000) 2023–2028. 
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Summary 

• La2Zr2O7 powder and coating’s microstructure and chemistry 
characterizations show that La2Zr2O7 is stable at high 
temperatures, which makes it suitable for TBC applications. 

• Porosity of the coating can be controlled with desirable 
microstructures and mechanical properties. 

• First principles studies of La2Zr2O7 were conducted to derive 
fundamental thermal and mechanical properties.  
 

• Fabricate multi-layer coatings using air plasma spray 
• Characterize the coating using JETS and FCT tests 
• Calibrate the model with experimental data 

Future work 
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