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1.1  �������� CT	
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 1  CT!"#$ 

Table 1  CT scanning parameters 

Scanning parameters Small FOV 

FOV/mm 0.5 

Optical magnification 20  

Geometry magnification 3 

Voltage/kV 70 

Current/µA 86 

Power setting/kV·W

-1

 70/6 

Exposure time/s 17 

Resolution/µm 0.5 

Total time/h 17 

Image size 995×995 

 

 

 

 

 

 

 

 

 

 

� 1  <EFB X45678&� CT�� 

Fig.1  CT image of TBCs reconstructed by X-ray microscope 

 

 

 

 

 

 

 

� 2  TGO23CD 

Fig.2  3D morphology of TGO 
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� 3  1Y[\]Ll@<EFB23LT^_ 

Fig.3  3D segmentation model of TBCs for finite element 

analysis 
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2  �������� 

 ;pz/æçr�#äåæçA�XpkD~�>

(1) @�x&efAAkBF�����]^89B

,<���3 TGO ���2kR�Ç%A�ÎÏÐ

��(2) �ÎÏ TGO &�N,-�(3) �ÎÏ��?

@A&�îËÌ�(4) æç��ÎÏlm»J���

&����(5) æç?@Ak��4&�������

��<»i��+ 

 ����c�&�ËÌ��2�(c��nop

Æ�qr��6�6:Í��&��2�-�(�á�

��+< Ansys A����á����# 2 ²³��

�²����á�WX���-�(�á{å��3�
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: 2��� 1������6��� 2�<���6
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«����&ËÌ�:Í+ 

2.1  ��������� 

 Ð2 1.3 �ADÓ&����K��(Ç%�O

P�X Avizo MN&efd:�miµÇ%ojef

d:�$¨�X HypermeshMNi���L���e

fojØÙ§/�§�Yqef{å£¤; 6 µm��

X¨��{å SOLID70�µ{å©# 8���Sª�

��h«# 1 ��6¬�6�AkX2K�NV®

N�:y+����k����4&{åÁ? VGLUE

Z��<��+i TGOkO TGO��C¯&ef°

/�§k±²��³69��TGO&ef{å£¤�

; 1.5 µm�Ytª« 288 937�K�Õ�ef�460 758

����Y¨G  AnsysAoj�-�(�áæç+ 

2.2  ���  

 ����k�lm3�6»�&lmÅÆ1� 2

23

[15-17]

+@�AÅÆAkBE�TGO����<


�D�´µ�6Dj+�2���lm}¶��·¸

B,´µ�2k�ÎÏ´µ+ÎÏ« TGO����&

¹lUV����� TGO��XI�l���/lm

Ç%+ 

 2  %&'()*+,�-./#$ 

Table 2  Material parameters of TBCs related to  

temperature

[15-17] 

Parameter Top coat TGO Bond coat 

Temperature range/� 20~1100 20~1100 20~1100 

Young's modulus/GPa 48~22 400~325 200~110 

Poisson's ratio 0.1~0.12 0.23~0.25 0.3~0.33 

Thermal expansion 

coefficient/�10

−6

�

-1

 

9.0~12.2 8.0~9.3 13.6~17.6 

Thermal 

conductivity/W·(m·�)

-1

 

2.0~1.7 10~4 2.0~0.17 

Yield strength/GPa - 10~1 0.426~0.114 

Creep exponent, n 1 1 3 

Creep prefactor/MPa

-n

·s

-1

 1.8�10

-11

 7.3�10

-12

 1.39�10

-7
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c r

ε
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;�JËJQ�A ;lm�JpÆ�σ ;

Misesn\ËÌ�n;lm�J»Æ+ 

<®N:y&�¼�½p¾9ÎÏlm&G�p

Æ�d�¿¾9ÎÏlm&À6�¼�·+� 3 ;3

�6Á�&�Â�lÅÆ

[18]

+ 

2.3  ������� 

 ð�6Ã�¤N¢;� 1 ÄÃ�¤N�Å<��

�����Æ���4J/&�6¡£�â_`�¸

G&�4+�2Ç%�iÇ���XiÇl�°¤N+

Ç%&ÌÈÃ�¤N;iÇ% 4 �É�Æ�?¦�°

Ã�¤N�Å< y=0 µm� y=150.5 µmÃ�?�h&

��oj y³5h&?¦�°�âi z=0 µm� z=240.5 

µmÃ�?�h&��oj z³5h&?¦�°�kÀ

�æç� yLz³5h&?¦�Ê�H�@��ËÃ�

?¦&÷øl+ 

3  ����� 

3.1  �	
������� 

�6Ã�¤N¢;��Ã�¤N�Å<����

���Æ��6¡£�â_`¸G&�4�< 1��=

>c�����=>�63�4&Ì@�p1Ñ 4 2

3+< 300 sc@Í� 20 ��« 1050 �¨�� 600 s� 

 

� 3  �������	
���� 

Table 3  Other parameters of TBCs independent of 

temperature 

Parameter Top coat TGO Bond coat 

Density/kg·m

-3

 3610 3984 7380 

Specific heat/ 

J·(kg·�)

-1

 

505 755 450 
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< 300 scDj«Í� 20 ���=>æç;µ�6¡

£ÎÏ=>�¡+ 

3.2  �	
������ 

 ����[\&89`a��4í�+Ð#ef

��

[19,20]

�Ñ�2��³5&~5ËÌ σ

x

i����

�4í��]^[\�8G¢X+aT��½:yðk

GH��í��8GaÒ&ËÌ σ

x

;89efiÓ+ 

3.2.1  ��������	 

<
�>CD��2�J&¢XAkW���ËÌ

ÔÕ�ñò����k����4&�ËÌ+����

k�lmÎÏ�J���6���Í��TGO &K�

ËÌ:ÍÖÑ1Ñ 5a23�ÑA σ

x

�3; x³5&�

�ËÌ�σ

max

�3; x ³5h��ËÌ&Yq��σ

min

�3; x³5h��ËÌ&Y���ËÌ�#×Ø�3

ìËÌ�Î�;êËÌ+Td�ÑA&\]¤�3�¦

&ËÌ�X�¦&\]�3Eû+TGO c x ³5&Y

qêËÌ; 348 MPa�YqìËÌ; –329 MPa+Ù�

ÎÏ�J��TGO < x ³5��&K�ËÌ:ÍÖÑ

1Ñ 5b23�TGOc&YqêËÌ; 1860 MPa�Y

qìËÌ;–2530 MPa+@Ñ 5AkBE�Ù� �J

:y��TGO c&ËÌEFq76G�&FÓ+�½

���
��Ji�����ËÌ"#ñò¢X+ 

Ñ 6 ;ÎÏ�J����=>cËÌ σ

x

3Ú�(@

������� 68 485«������ 98 042�4&

Ú�)&�pÛ�+�¦\]&Û��3�¦�Ü&ËÌ

�Ú�J/&�p+@ 150� 300 s��Ý{&Û�Ñ

AkBE����6&�
�300 s�Ü&ËÌq2 150 

s�Ü&ËÌ+< 55~60 µm ��ËÌJ/�6Þq�µ

?�Ûß; TGO�Û��2 TGO��ùúà_���

ËÌáJ+300~900 s�Ü���Ý{��2�J&UV�

ËÌ<ñò�2kËÌº9�2 300 s �Ü&ËÌ+

1050~1200 s�j��Ü�ËÌUìâ'N+ 

 

 

 

 

 

 

 

 

 

 

� 4  <=>;uU��@���� 

Fig.4  Relationship between temperature of thermal cycles and  

time 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 5  TGO23<ghL|�� 

Fig.5  3D thermal stress distribution nephograms of TGO:     

(a) with creep and (b) without creep 
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3.2.2  �
��������	 

�=>:y���2Ç%?2q�ef{åÆ�

��ÆæÂq�<y&=>æçA�¾9çq&�

èé4+;pG�:y�½êN&q��ëÓìíÑ

2 A A C¯&����K�Ç%oj�=>ËÌæ 
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Fig.6  Thermal stress distributions of TBCs with creep 
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Fig.7  Thermal stress distributions of TBCs without creep 
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Fig.8  3D thermal stress distribution nephograms of TBCs after different thermal cycles: (a) 1 cycle, (b) 10 cycles, and (c) 63 cycles 
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� 9  � 63e<=>C¤? TGO@23<ghL|�� 

Fig.9  3D thermal stress distribution nephogram of TGO after 63 

thermal cycles 
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Fig.10  3D thermal stress distribution nephogram of top coat 

after 63 thermal cycles 
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Fig.11  3D thermal stress distribution nephogram of bond coat 

after 63 thermal cycles 
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Fig.12  Relationships between the stress value of the maximum 

stress node and the number of thermal cycles 
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Thermal Stress Analysis on Thermal Barrier Coatings Based on Real 

Three-dimensional Structure of Thermally Grown Oxide 

 

Zhong Jianlan, Ao Bo, Gu Yuqi  

(Key Laboratory of Nondestructive Testing, Ministry of Education, Nanchang Hangkong University, Nanchang 330063, China) 

 

Abstract: Thermal barrier coatings (TBCs) after high temperature cycles were imaged with a high resolution of 0.5 µm by X-ray 

microscope. Three-dimensional (3D) segmentation and extraction of thermally grown oxide (TGO) were performed. A finite element 

analysis model of the TBCs was established based on real 3D structure of TGO, and the effects of creep and thermal cycles on the stress 

distribution of the TBCs were studied. The result of finite element analysis shows that the stress decreases greatly due to the influence of 

creep at the keeping stage. High temperature creep can release the thermal stress of TBCs. The result of 3D thermal stress distribution 

shows that the thermal stress at the interface between the bond coat and the TGO is the maximum. The stress of TBCs increases with the 

increase of thermal cycle number, but it tends to be stable after 15 thermal cycles. 

Key words: thermal barrier coatings (TBCs); X-ray microscope; finite element model; thermal stress analysis 
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