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Fig.1  Thermal spraying process
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� 2  abcÄ<ÅÆcgÇÈ�� 

Fig.2  Cross-sectional microstructure of the thermally sprayed 

FeS coating

[8]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 3  FeCrBSicgÇÈ�É��Ê´ËÌÍ� 

Fig.3  Cross-sectional micrograph (a) of the FeCrBSi coatings 

and its micro-defect morphology in the coatings (b)

[13] 

 

~\Z�
]�ÚÛùc"?£!�^�
W23�

�_HTQ 4b cQ 4a 	`a-qÚÛ[3, �~\

Z�
]±u¬�, 78DEXG	�
&'
$�

�PQ 4cRST�bcdüe, ��ab�
	
W


�y, zf��YZ, ghY¢£�
	�ijY

k_D�ZeVabWfg23	%6&, J�V3


W3
�yTlx���mnï -o1Þã	p

��¸3
W3
�y	fYZmnqrÞ�stT

�� -�23	u0>[&WFG�Vj+Wj+

�y�j+W23��56�y�j+3
W3
�

��y���¹fq 3�|vJwx�����W

3
$��'hY¢£ab�
ãÒ#¹	y!

[16]

T

Q 4dc�
9�6z{Ù×�[3���V�
]V

W WC +�(|)qa}}~��I+�qi��u�

q�z�,{�}���
$ÚÛ(A)23�

[17]

T 


���������������

ØÙ×�ÄÓÔ(transmission electron microscope, 

TEM)	}�7øù)����~\��i� 0.2 µm

	��TP. Poza�

[18]

Ð8ØÙ×�ÄÓÔ��øù�

���
���!8O]�x��!�ë thermal 

grown oxide, TGOìx�8ODlx�	ÄÓ��[ 

800 µm 

Sprayed coating 

20 µm 

b 

a 



� 9 �                                 �-.t@abccg^_��YsÎÏ%½                              �3057�  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 4  WC-12CoÐÑ��cg��>�ÒÓ  

Fig.4  SEM images of nanostructured WC-12Co coating: (a~c) SEI images and (d) BEI image
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� 5  Ni-YSZcgf TEMÔÕÖ 

Fig.5  Bright-filed TEM micrograph of the Ni-YSZ coating
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Fig.6  Matlab image processing flow
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Table 1  Porosity measured by Matlab software
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Fig.8  Atomic force microscope working principle

[30] 

 

`¢×��56	Dv����_`��56	Óm

}ÍT��ãÄÓÔ	Mp�LPQ 8RS

[30]

���

��Óyã³ab	Ócd�eA6�f�eu�Ó

i	åg�ågW�256hhYZT��åge�

�W�256��y±V³Óy	ijã (10

-8

å  

10

-6

 N)�Ð8ÕÖx*�g�ã	�6�kuåg	

Ócd��¨�ågW�256��yp�ã	�±

6JV¦h��2	56:Hl�;T��ÑÒm

æ��W
×,mæ���æ{Ócd�¨�ÕÖð

ô	±n[!�§J�~J{�256&�	ËÌT 

o_pqr
súûcdR	 D Kumar�

[31]

�V

AA2024-T351���� CoNiCrAlYj�
 7YSZ�

¸���ãÄÓÔ��
��ÍZ}Í�}tV 20�

40�60 µm

2

56Gö÷ÕÖ�\Z56��_�56

��	9uPQ 9RST 

��������	
��������

���������	
������

0.0 0.2 0.4 0.6 0.8 1.0

0.0

3.2

6.4

9.6

12.8

 Desorption

 

Relative Pressure

 

 

V
o
l
u
m
e
/
c
m

3

·
g

-
1

 Adsorption

A-AFM sample 

B-AFM diamond tip 

C-STM tip 

D-Micro cantilever 

E-Modulated piezoelectric ceramics 

F-Fluorine rubber 

0.8 mm 

AFM  

1 cm 

 

F 

 

A 

D 

 

25 µm 

E 

0.25 mm 

 

 

B 

C 

STM 

Pedestal(Al) 

Diamond tip 

Cantilever (Au) 



�3060�                                        ���������                                             � 48� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 9  ���� ! 

Fig.9  Topography of top coat surface with 20 µm
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Fig.11  Coated surface porosity (a) and 3D map of coating  

pores (b)

[33]

 

	oÉp�ÞÆ�Ñ×§¨�tx��	Ú}Á#�

�£HÞÆp�GV)¹ç�����{Ù¾Þ¢�

±�tx���	!_W�£�/'$�ø����

��"?	���!_Wè#Þ�£�/hY'ø�T

VM:CTQÌ��CTJX�	�è#Þ�£�/�s

tCTJW!_hY'ø�T 

��Óxô CT �VD¾'��	iñ��X�

��Ó�����Ã�'Ì�§ CT QÌ��}Í�

�7>��qi>}��ù/TÐ8ÓxôM: CT

QÌÂÑ��7x�~��R¾	6GW�6G	ø

JI5STV CTQÌ] CTJW!_hY'�ø�s

t��&	 CTJW3&	 CTJ/umtTst�

��~�6��J�� CT J���J	�@�c�

¬��Ru���J	�@/W��@/�ø�c�

�	��7 X�� 

1

×100%

A

X =

A

∑

 

                   (10)  

²]�A

1

c CT J���J	�@/GA c��R¾

mn	�Ì@/T 

Ð8QÌ}Í�D��ÂÑZ��7�lxT�

ÂÑZRcdmn���R¾	6G>=" CT J�

�Ç}9�=" CT J���øù���Dlmn	

!_9u�J�Ç}9�5A���a!_	"?#T 

�� CT QÌÇ���J}�ù/�}��ìL

usk	ab#��¹V+p8O]���£i��

	�/���¾'�D	 ¡�KÐ�lx��ö�

2�ol	/2�Dl	Òó�¹/»¢Dl	QÌ

�J}�Ñ��4�Dl	�J�ÂÑ{Z	�ìÞ

�#ùqTst�4� CT QÌ}ÍIÂÑ��7L

u�6	£Ò#�g5eV��7ñ¼Ñ�	9u�

Dl	ñ¼Ñ��ù/LuDl	.¤O_�P�J

}�Ñ�¥¿¦§¨���ÆÈ6�L	�J�ÆÃ

�qç	���Dl	�J����ì	¿ÀùqT 

��M:ÂÑÒ
Í'Ì��®y>}�7u©�

D¹Í\���	ÓiÁÂÃ�mæ�)}�7 CT

���øùH	�
}Íúû�ÎÏÓxô CT>lÓ

ªÙ CT~��b	VW CTT P. Spanne�

[36]

4�l

ÓªÙ CT ��cd������
	ó«mæ�l

ÓªÙ CT�~ñ¬ 2 µm	���t¹ã�����

�
]	BC��Ã�mæT 

®¯®qÒ	°ï�

[37]

V�f23��56

���!±���Ã� XÙè'Ì}ÍTK�ìPQ

12 RS�§Q 12a �~\Z edge ¹:	²`X��

�
56)_D"?Tlx4� ¶_�ø_�kÑ

��Q 12a Ã�&L�{\Q 12bTüe�����

a 

b 



�3062�                                        ���������                                             � 48� 

�
mn5_D"?�5ec³³´´�Zeg�ô

&	�s�¹W����
)_:±Vù ��u

�T4�Óxô CT ���Ã�£!#}Í�lx�

����
�a��Ã�éêª�T§Q 13]�~\

Z�µ yç¶3
/c 1102
x4�·Ze�
�§

�
��~üe �����c23�
�¸¹K

YT¸� VGstudio MAXºHºkæç�¹Ã���

�äæç��Q 13a ]�� 1 7æç�ä:rc 

24.8 µm��� 2�ä:rc 20.14 µmTµ yç¶3


/c 1108
x��
'}AÄ� ���/ç>¶

ë�AÄ�qT�Q 13b ]�� 3 7æç�ä:r

c 27.79 µm��� 4�ä:rc 28.38 µm��� 5

�ä:rc 48.07 µmTµ yç¶3
/c 1120
x�

4D±V23���ò
«÷mn±VqçÓi���

J]ymná$±Vùq»¼mn��¹����


56±V½³R£Tµ yç¶3
/c 1148
x�¾

	a}c�!±�
��~\Z�!±�
)_D"

?T§ y ç:Dl±n	�
¶3QÌ}Í{\�

ò�
±Vqç���£!#ù�T 

pó¥ yç:�¼ 282
 CTQÌ�850å1131


�¸� VGstudio MAXºH�����
�a	�

�Ã�}���Q 14a�78}�ñ¼56½³a}

k{\	���½!�ì�Q 14b�K]á¼�3

¿5SQÌö÷T 

������ X �����
��

éê XÙèÄÓÔ(3D X-ray microscopy)���

2�lÓªÙÑ��ÃÑÒüýHI	b� CT 'Ì

úû�àV�yÁ CT úûWÑÒÄÓúû	�&�

¸���Ã	-q'Ìúû�K}�7u��sq	

ÃÓ

[38-40]

Téê X ÙèÄÓÔ'ÌWyÁ CT Dl�

4�âV-qúû�g� XÙèÄÓÔ	-q./�

��À¿-q./WÑÒ-q./	ÁG�KâV-

qúû��PQ 15RSTÂ��WyÁÄÓ CT��

��2Ã���-q'Ì�µÙè�A6x���-

q./¼Ã���ù/ Dis1  Dis2T¿k X Ùèq 

 

 

 

 

 

 

 

 

 

 

� 12  +>?@ XA	BC�DEFGH 

Fig.12  High resolution X-ray imaging (a) and contrast 

enhancement (b)
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Fig.13  CT images of TBC in different cross sections along y axis: (a) slice 1102 , (b) slice 1108, (c) slice 1120, and (d) slice 1148
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Fig.14  3D visualization of voids in thermally sprayed coatings
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Fig.15  Two-stage magnification architecture of XRM
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Fig.16  Analysis of pores in TBCs: (a) 3D visualization of pores 

in ceramic topcoat and (b) 3D visualization of pores in 

bond coat

[40] 
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Table 2  Porosity of the TBCs

[40]
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Fig.17  X-ray three-dimensional images of coating pores
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Fig.18  X-ray 3D scanning characterization of pores in TBCs
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Fig.19  Schematic diagram of SR-CT technology experimental 

device
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Fig.20  C-scan images and information of the pore: (a) porosity 

under the same luminance and (b) pore size under the 

same luminance
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Fig.21  Phase differences with different TC porosity when frequency is 26.5 to 40 GHz: (a) the theoretical results and (b) the 

experimental results
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Abstract: Pores are common in the thermally sprayed coatings. The pore morphology, size and distribution take great effects on the 

performance of coatings. Therefore, it is very important to characterize pore structures of thermally sprayed coatings. In this work, the 

characterization means of thermal sprayed coatings’ pore structure were comprehensively reviewed. The often-used image analysis means 

of pore structure characterization included optical microscope, scanning electrical microscope and transmission electron microscope. 

Besides, there were infiltration compression, gas adsorption and desorption, contact measurement of atomic force probe, 3D ray scanning 

imaging including X-ray and neutron ray, ultrasonic imaging analysis, and so on. The advantage and disadvantage of all kinds of pore 

characterization means were discussed. The application scopes of each means were analyzed. The future characterization technology of 

thermally sprayed pore structure was prospected.  

Key words: thermal spraying; coatings; pore; microstructure; characterization  
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