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�LC�

\]�TC2eètu YSZ\]/Hè$�^Ôa[�

��B&�! 100 µm/200 µm�150 µm/150 µm�200 

µm/100 µm � 3 P LC/YSZ �12� TBCs �T�b

B&! 300 µm/ 

[�>?@��>cd[�<Ye�[fghi

1¢�[�B&��B&e�; 25 µmjk/[f�

hi¢YOl! 4�6�8 ¢�+mg�����B&

100�150�200 µm�é�[�<YÕ� 1�n/ 

Hèop� ¡xíî�12� TBCs ��¼Û

Ü:¾¿µ>/� 3PB&� LC/YSZ�Tq; 1000 

����r@��!� 5 min�lstu 25 �ov@ 

 

 

 

 

 

 

 

 

 

§ 1  �EFG TBCs/0¨©§ 

Fig.1  Schematic of the structure of double-ceramic-layer TBCs 
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Table 1  Thermal spray parameters for bond coat and top coat 

Parameter BC YSZ LC 

Power/kW - 33.8 31.5 

Distance/mm 380 120 100 

Ar/H

2

 flow/L·min

-1

 - 35/6.5 40/6.5 

Feed rate/g·min

-1 

60 40 35 

Gun velocity/mm·s

-1 

700 500 400 

Fuel flow/L·h

-1

 24.6 - - 

Oxygen flow/m

3

·h

-1

 2100 - - 

Carrier gas flow/L·min

-1

 23 - - 

w·xyuz���{B 1 ¢� ¡�Õ� 2 �n/

Õ�|}�¯m�4K�~��T�+���Ó9C

D��u�� LC�+Ó9+�mg 20%�*4��

~����� ¡¢Y�!�12� TBCs ��¼Û

Ü/J�g��56��ËA�þ�eû 1000 �!

� ¡�&/ 

������	
�

���������	
���	���

�12� TBCs �¼*4'�C� 2/M� 2

+9���B&�! 200 µm/100 µm��12� TBCs 

 

 

 

 

 

 

 

 

 

 

§ 2  KN67ª¦¨©§ 

Fig.2  Schematic of process of thermal shock 
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Table 2  Results of thermal shock of double-ceramic-layer 

thermal barrier coatings at 1000 �

��

� 

Thermal 

cycle 

LC/YSZ= 

200 µm/100 µm 

LC/YSZ= 

150 µm/150 µm 

LC/YSZ= 

100 µm/200 µm 

2 

Large area spal- 

lation at the edge 

circle 

No significant 

changes 

No significant 

changes 

3 

All the coating 

peels off at the 

edge circle 

No significant 

changes 

No significant 

changes 

22  

A few spallation 

at the edge area 

No significant 

changes 

24  

Edge spallation 

increases 

No significant 

changes 

26  

Large area 

spallation at the 

edge 

Few spallation at 

the central area 

27  

Edge spallation 

increases with 

serious central 

spallation 

Central area 

spallation is 

obvious 

36   

Central area 

spallation is 

serious 
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�T; 2 ¢� ¡s�WX��¸�$+�Ó9�a

L� 2 PB&���TwÃº[I/3 ¢� ¡s�

B&�! 200 µm/100 µm��TWX���NÓ9�

L� 2PB&����ùwÃº[I/�> 22¢� 

¡s�B&�! 150 µm/150 µm��TWX�¸F�

`�Ó9�B&�! 100 µm/200 µm��T12�w

Ãº[I/mn� ¡¢Y�£¤�B&�! 150 

µm/150 µm�T�WXNOÓ9+���1$��>

24¢� ¡s;��@E�à«��¸Ó9�B&�

! 100 µm/200 µm��TwÃº[I/�> 26¢� 

¡s�B&�! 100 µm/200 µm�T@E�à�¸F

�Ó9B&�! 150 µm/150 µm��TWX���

�$NOvÓ9�@E�àÓ9Ãº/27¢� ¡s�

B&�! 100 µm/200 µm��T@E�àÓ9Ãº�

B&�! 150 µm/150 µm��TWXNO��Ó9�

�1$�@E�à��Ó9��/�> 36¢� ¡s�

B&�! 100 µm/200 µm��T@E�àÓ9���

¯���WXêNOÓ9/ 

3PB&� LC/YSZ�12� TBCsÓÔ�I4'

Õ� 3 �n/M�@+9���mn LC/YSZ B&�

£$�ÓÔ·&¤���¼ÛÜ²S/þ
0C LC

12��üýéê|S�T�XYD|Ù���PQ

]��
L�VWXYDr¬\]�å�S�þ�S

�Tª;op��ÒþPË�CDÊ�B� LC ��

¤���ÓÔ�Tª��Xu�¼ÛÜ²S/ 

���������	
��������

!h�Q����3���Ol=op� ¡*

s��To, T�)¡�¢£/?�ls;hi¤¥

Ê4KL¦+A§�Õ� 4 �n�L@�� 4a�4b�

4c : 4d�4e�4f Ol!B&� 100 µm/200 µm�150 

µm/150 µm�200 µm/100 µm� LC/YSZ�12� TBCs 

 

 

 

 

 

 

 

 

 

 

 

§ 3  3H2I LC/YSZ�EFG TBCsopv®¯° 

Fig.3  Spallation area evolution of LC/YSZ thermal barrier 

coatings with three different thickness ratios 

¾¿s��+Ó9�:,44Þ�� 4g�4h �4iO

l
 3PB&���12� TBCs¾¿µ>n¨�/ 

M� 4+9���� LC/YSZB&�! 100 µm/200 

µm��; LC�@©�à�¸ª��O«�o�¬5�

��¬ LC�¦N��ÓÔ¾¿��>?@ LC YSZ

*+®!¯34{ /þ°�0C LC�VWXY7

8���$�;xy>?@��¦N�F�$�+¦Z

Â�a LC �=C YSZ Lr¬\]±�S�Tª�/

�¸¹ Vaßen^²

[24]

E= LZ/YSZ�12� TBCs�

���Ò*@ LZ���ÓÔ¾¿�¸¹³´/ 

LC/YSZB&�! 150 µm/150 µm���TWX

��12�*+µ�d{F*+�3�mn� ¡

¢Y£¤�ÓÔ�à���tg LC �@©�à�¯

�¸��o�¬5�a LC  YSZ *+34{ /

LC/YSZB&�! 200 µm/100 µm��¾¿F;W

X/¶��12�*+� LC�¦/ 

·��¸¸¹�+9¸� LC/YSZ B&�£¤

s�LC/YSZ �12� TBCs 6�;�TWXFÓ

9��Ó9��¶� LC  YSZ �*+/LC/YSZ B

&�¹º�TBCs�C�¸ LC�¦N��Ó9¸¹�

���¼>?@ LC YSZ*+34{ / 

��»��
�YSZ��[�&; 1200 �jk�

LC��PQ]0CYSZ�L�[�&; 1400 �

[30,31]

�

; 1000 ���Ê LC  YSZ ùqF�[�S��

[q
Tª��FÓÔ�RS/ 

�������

�����������

12� TBCs ¼I!� 5 �n�½¾¿À�L@

LC ��YSZ ��34�:78�B&ù�¼*

@�T�UV�Á/ 

!hØÂ���¸�ÕÊÃ×�(1) Xu��b

cùÄ��&Á](2) Å(��Xu/CÆÇ][

IÈÉ(3) ��*+£Ê�34Ë /êA#ØÂ

@XuÌ��&! 1000 ��op��Ò>?@�T

��Ê�+:kÍ+oF=ÎÏ��jÍ+Ð��

=ÎÏ�XY! 3000 W·m

-2

·�

-1

�Xu(©�&! 25 

�/TBCs��bc<YÕ� 3�n

[32]
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§ 4  �EFG TBCs± 1000 ²KN67³Vvo�§´µ¶/0§·¸bc��¨©§ 

Fig.4  Surface images (a~c), microstructures (d~f) and schematic of failure modes (g~i) of LC/YSZ thermal barrier coatings after thermal 

shock at 1000 ²: (a, d, g) LC/YSZ=100 µm/200 µm, (b, e, h) LC/YSZ=150 µm/150 µm, and (c, f, i) LC/YSZ=200 µm/100 µm 

 

 

 

 

 

 

 

 

 

 

§ 5  LC/YSZ�EFG TBCs/0¨©§¸¹º�» 

Fig.5  Schematic of structure (a) and physical model (b) of LC/ 

YSZ thermal barrier coatings 

 

Ñ&ZÂ°�Y@;Ñ&ÔÔ 0~11 mm9¦�S�×

�¬5��F°�FCØÙ��T���+�@E

NO�à/×�¬5�Fs�LC�q���Ó9�0

C¬ÚÛQ]�çÜ¬ÚÝ&ZÂ�$aTªo�¬

5ÞF�̄ �mn*+ßà/mn� ¡¢Y�£¤�

�á×�¬5E�o�¬5qr1~�â§�(©T

ª��¬ LC ¦NFÓÔ/þ+}
B&�! 100 

µm/200 µmD 150 µm/150 µm��12� TBCs@©

�àF��ÓÔ�RS/0C@©�à LC �F

ÓÔ���Q� ¡¢Y�S�ãlB&�! 200 

µm/100 µm��12����+Ñ&�ZÂ�$��


�� ¡¢Y�F�×�¬5��Fqz9Tª�

�FÓ9/M*4'+9¸B&�! 150 

µm/150 µm���@©�àFÓ9��E½CB&

�! 100 µm/200 µm��12���/ 

� 6b�6cOl! 3PB&� LC/YSZ���12

�*+/�Ý&ZÂä)ZÂåÑ&ÔÔ�O«�

� 6e�6f Ol! A `D B `Ý&ZÂ:ä)ZÂO

«Ó�/0� 6bD� 6c+æ�mnÑ&ÔÔ�£¤�

�12�*+/�Ý&ZÂä)ZÂ{
7G!¯

q[�ls�¸ç[��ç[ZÂ�Ð=Imn LC 

a d 

g 

300 µm 

100 µm 

h 

b e 
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Crack 

Resin 

LC 
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BC 

Substrate 

Crack Resin 
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BC 

Substrate 

300 µm 

Resin 

LC 

YSZ 

BC 

Substrate 

Crack 

Interfacial cracks at 

LC/YSZ interface 

LC 

YSZ 

Interfacial cracks at 

LC/YSZ interface 
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Table 3  Property parameters of TBCs

[32]

 

Material 

Temperature/ 

� 

Elastic 

modulus/GPa 

Density/ 

kg·m

-3

 

Thermal expansion 

coefficient/×10

-6

 �

-1 

Poisson 

ratio 

Thermal conductivity/ 

W·(m K)

-1 

Specific heat/ 

J·(kg·K)

-1 

25 49 7100 6.7 0.24 1.12 494 

400 44 7100 8.9 0.24 0.93 565 

LC 

800 38 7100 13.7 0.24 0.9 607 

25 53 4400 7.2 0.25 1.5 500 

400 52 4400 9.4 0.25 1.2 576 

YSZ 

800 46 4400 16 0.25 1.2 637 

25 225 7320 14 0.3 4.3 501 

400 186 7320 24 0.3 6.4 592 

BC 

800 147 7320 47 0.3 10.2 781 

25 200 8220 14.4 0.3 11.5 431 

400 179 8220 14.4 0.3 17.5 524 

Substrate 

800 149 8220 14.4 0.3 23.8 627 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

§ 6  3H2I LC/YSZ KLMG��¼½¾¿·¸ A�Bt	} LCG��À§ 

Fig.6  Stress distribution (a~c) and stress contour in LC of point A and point B (d~f) in LC/YSZ TBCs with three different thickness 

ratios: (a, d) radial stress on LC surface, (b, e) axial stress in the interface of LC and YSZ, and (c, f) shear stress in the interface of 

LC and YSZ 
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�&'�()*+�,-./ LC/YSZ ����0	

��
���"���()1�/2�#$34

4506+7#$&89�%:;<=>�45?@�

A� LC � YSZ ��BC 200 µm/100 µm D 150 

µm/150 µm �EFG$ TBCs %HFG$����I

J�*+� 

��������

1) La

2

Ce

2

O

7

/YSZEFG$�K#$�LMNO&

8PQ"IJRST�H$FG$���BU�V

W�XY La

2

Ce

2

O

7

/YSZ ��B��6Z YSZ$��

[\6IJ]^_�`abcdefg=>456I

JRScdhi�FG$�$j&'eklEFG$

����0�&86-&8P�km6�LMNno� 

2) 	��p����qr LC$i���st

 !�()*+�XY�uvwx��6 yz{|

}~
������9�� !��6V�st 

!`��� !����O��6��qr#$&'�

A� La

2

Ce

2

O

7

� YSZ��BC 100 µm/200 µmD 150 

µm/150 µm �=>_ LC ��ab9�$j&8�(

)*+� 

3) EFG$��450	��
�����

���9�EFG$��45�� !���6�

�qr#$%����&8�A� La

2

Ce

2

O

7

� YSZ

��BC 200 µm/100 µmD 150 µm/150 µm�#$=

>_HFG$����&'IJ�()*+� 
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Effect of Ceramic Layer Thickness Ratio on Thermal Shock 

Resistance of La

2
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7

/YSZ Thermal Barrier Coatings 

 

Ren Xiaoxue, Jiang Peng, Fan Xueling, Wang Tiejun 

(State Key Laboratory for Strength and Vibration of Mechanical Structure, Xi’an Jiaotong University, Xi’an 710049, China) 

 

Abstract: The effect of the thickness ratio between La

2

Ce

2

O

7

 (LC) layer and YSZ layer on the thermal shock performance of 

La

2

Ce

2

O

7

/YSZ double-ceramic-layer thermal barrier coatings was studied by experimental and numerical method. The thermal cycling test 

indicates that with the decrease of the thickness ratio, the lifetime of double-ceramic-layer thermal barrier coatings is improved obviously 

and the failure region gradually transfers to the sample center. Meanwhile the separation position transfers from the LC/YSZ interface to 

the inner LC near the upper surface. The numerical results show that the lager axial tensile stress and shear stress of the interface of LC 

layer and YSZ layer at the edge leads to the spallation failure at the coating edge. The larger radial tensile stress at the central area of the 

LC surface leads to the initiation of vertical cracks accompanied by the interface deflection, which is the reason why the coating is peeled 

off from the inside of the LC layer. 

Key words: thermal barrier coatings; double-ceramic-layer; thermal shock lifetime; failure mode; thermal stress 
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