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78�9:;< 45~60 µm= 50~70 µm��>?@ABCDE(selective laser melting, 

SLM))*FG Kanthal HIJK2A�L%MNOP��L%M(SEM)NX QRSQT(XRD)=UVWXYZ[\]^

Kanthal 78_HI`ab5cNL%deNfgh=UVWijk�lmnZopJgqar!SLM s5 Kanthal H

ItuabvwNxyghNz{E`X,�(|}~�
�g6���5s��
g6�bJ�� 45~60 µm456
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Ç�ö FeCrAlz¤/Ð��Ç0¦1

23��S4ôgÀ��­�!� 8.2~12.4 GHz h5
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1x´!=�>Ä� SLM ãä?@�

����� Kanthal¼Ì¦ÐãäÇ�!��ÊAB¤

Øº»�ÉÑÒ 0.1~1.06 mm��¼Ìmn!CD7�

�������kl��¼Ì�^�Ç�1 
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Kanthal z¤¼Ìúûüjýè SLM ¦Ð�>Ù
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jýè¦Ð$%�¦!pU 1LT1SLM¦Ð$%M
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$%5S�T5¦�T5R�T5U­²�VW¦�
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45~60 µm� 50~75 µm
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Û­�
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pº 1 �º 2 LT1�¶·¸Ö×Iaj

Ë¹kl SLMb»/c»¦Ð Kanthal¼Ì!¶·¸�

ABD 11.7 mm ×9 mm ×3 mm!Kanthal¼Ì�ABD

11.6×9×X(ÑÒ XD 0.1~1.0 mm)1SLM¦Ð`9:æ

Dúû�¯ 175 W!
�ïÒ 1300 mm/s!§ÌÑÒ

20 µm/Ì!ûdeù 60 µm!·Yí 10%� 0.2%!¼

Ì SLM ¦Ð:æpº 3 LT1À+ KG1~KG85

KL1~KL75KCG1~KCG9� KCL1~KCL7Dc»¦Ð

¼Ì!KG9 � KCG9 Db»¦Ð¼Ì1Ä� Nikon 

MM-800Lû`S�f�g��h[� JSM-6510�
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Ä�qrs�­:v$%7mn Kanthal ¼Ì�qr

s+Ah¯�vwx� QÁkl:v1 
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¯� 1
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´ 1  @ABCDE SLMs5µ¶´ 

Fig.1  Schematic diagram of the selective laser melting (SLM) system 
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´ 2  Kanthal6
785c´  

Fig.2  Morphologies of the Kanthal powder: (a) diameter of 45~ 

60 µm and (b) diameter of 50~75 µm 

 

z¤¼Ìß=ÒS4ém(U 4c� 4f)1Õx��	�

¼Ì���m�µÈ+!¾í�¼Ì+������

�!z¤��?¾$æu!g�Ò�x_��ýèÐ

¦gß=Òº»1º 4 	 Kanthal z¤¼Ì¥ ��

Yí1¼Ì+��MN Fe5Cr5Al� O!À+·Yí

�_ 10%!��z¤���úûüjýè¦ÐµÈ+ 

� 1  ������� 

Table 1  Chemical compositions of the materials (ω/%) 

Material Cr Al Co C O Fe Cu 

Kanthal alloy 22.1 5.12 0.5 0.02 

0.04 

Bal - 

Copper(T10150) - - - - 0.002 0.004 99.97 
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Table 2  Thermophysical properties of Kanthal used in this  

study 

Property Kanthal Copper 

Density/g·cm

-3

 7.1 8.92 

Melting point/°C 

1500 1083 

Thermal conductivity/W⋅m

-1

⋅K

-1

 

7.1 398 

Coefficient of thermal expansion/ 

¸10

-5

 K

-1

 

1.35 1.77 

Specific heat/J·kg

-1

·K

-1

 460 385 

Electroconductivity/S·m

-1

 8978 

58×10

-6

 

Permeability/H·m

-1

 2.58 0 

Outgassing rate/Pa⋅L⋅s

-1

⋅cm

-2

 <1×10

-10

 <1×10

-9

 

 

�·è1EDS �h*+ Co ��!Õx	 Co Yíu

(0.5%!wí§æ)!�±�h§Z���1 

U 5 	 Kanthal ¼Ì��jËI�S�ij1Ù

U�+!50~70 µm�� SLM¦Ð¼Ì!�����3

Z±u��XjËC45~60 µm�� SLM¦Ð¼Ì��

��jË�� í�X�_Z±u��XjË16 

 

� 3  Kanthal �� SLM ���� 

Table 3  SLM parameters of Kanthal coatings 

Sample � KG1 KG2 KG3 KG4 KG5 KG6 KG7 KG8 KG9 

Thickness/mm 0.1 0.15 0.2 0.25 0.3 0.36 0.51 0.55 0.88 

Oxygen content/% 10 

Powder diameter/µm 50~70 

Sample � KL1 KL2 KL3 KL4 KL5 KL6 KL7   

Thickness/mm 0.19 0.22 0.25 0.4 0.5 0.53 0.55   

Oxygen content/% 0.2   

Powder diameter/µm 50~70   

Sample � KCG1 KCG2 KCG3 KCG4 KCG5 KCG6 KCG7 KCG8 KCG9 

Thickness/mm 0.27 0.33 0.39 0.40 0.49 0.50 0.52 0.58 0.78 

Oxygen content/% 10 

Powder diameter/µm 45~60 

Sample � KCL1 KCL2 KCL3 KCL4 KCL5 KCL6 KCL7   

Thickness/mm 0.10 0.15 0.18 0.35 0.40 0.46 0.55   

Oxygen content/% 0.2 

Powder diameter/µm 45~60 

a 

b 

100 µm 
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´ 3  SLMs5 KanthalHIab5c 

Fig.3  Surface morphologies of Kanthal coatings by SLM technology: (a) KL7, (b) KG8, (c) KG9, (d) KCL7, (e) KCG8, and (f) KCG9�

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

´ 4  SLMs5 Kanthal6
HIL%de 

Fig.4  Microstructure of Kanthal coatings by SLM technology: (a) KL7, (b) KG8, (c) KG9, (d) KCL7, (e) KCG8, and (f) KCG9 

 

� 4  Kanthal ��������  

Table 4  Chemical composition of Kanthal coating (at%) 

Element KL7 KG8 KG9 KCG8 KCL7 KCG9 

O 11.76 16.39 13.91 16.64 11.98 13.31 

Al 20.81 20.45 17.89 19.69 17.55 17.58 

Cr 18.06 16.89 18.24 16.88 18.92 18.40 

Fe 49.37 46.27 49.95 46.80 51.55 50.71 

a 

b 

c 

d 

e 

f 

1 mm 

a b 

c 

d 

e f 
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´ 5  KanthalHI¹ºC»¼0L%de 

Fig.5  Enlarged microstructures of the Kanthal coatings: (a, b) KL7, (c) KG8, (d) KG9, (e) KCL7, (f) KCG8, and (g, h) KCG9 

 

µ EDS§Z<���jË
P1~P8�Í����Yí!

§ZÞ pº 5LT1�3Z±u(e¡ P1!P3)��X

jË(e¡ P2, P4)¢Y Al� O��!£ Fe� Cr��1

�50~70 µm��SLM¦Ð¼Ì!¢YFe�Cr��(P6)!

¤� í�X�_(e¡ P5!P6� P8)��XjË(e¡

P7)��¢Y Al � O ��1�� Al-O uU� Fe-Cr u

U!��)¦�uD α-Al

2

O

3

!Al+α-Al

2

O

3

� αFe (CrAl)1 

U 6 	 KCG8 ¼Ìlm»ÐkP EDS s
�Þ

 1ÙU 6a�+!¼Ìlm»ÐkD/Ð�_ý¥¦

§ÔÐ¦��Þò!¸/Kanthal z¤Þz¨»�§j

Ë*�§ýz!Õx	/Ð�_ýèµÈ+Ð¦ö�

�©?ß¼ÌZ¸Ö×� ��jË*Ð¦zªß=

�¨»1U 6b EDS s
�Þ ST¸Z¼Ìz¤�

�ýèj«ÒD 5~8 µm!º� SLMµÈ+úû7ý

¬#�g�­®0�!��¨»�¸5¨5©��-

)öui¯°�±²!Ð¦ö Cu-Kanthal!¤Þz¨

»

[10,11]

1́ þ!ª�·��³s#����7^&$!

��¼Ìº»½´/ Al

2

O

3

µ
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Table 5  Chemical composition of each zone in Fig.5 (at%) 

Zone P1 P2 P3 P4 P5 P6 P7 P8 

O 

50.67 40.59 31.33 30.48 40.63 38.02 15.23 54.19 

Al 

46.11 53.65 66.51 56.02 49.36 33.30 65.22 44.35 

Cr 

01.42 02.30 00.87 04.43 03.99 08.23 05.74 00.61 

Fe 

01.80 03.46 01.28 09.06 06.14 20.45 13.80 00.84 

Possible phases 

α-Al

2

O

3

 αFe(CrAl) Al+α-Al

2

O

3

 α-Al

2

O

3

 

 

 

 

 

 

 

 

 

 

 

 

 

´ 6  KCG8HI½¾b5c_ EDSROPgq 

Fig.6  Cross-sectional morphology (a) and EDS linear scanning results (b) of sample KCG8 coating 
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U 7	 Kanthalz¤��P¼Ì XRDUh1|U

+�O}±!Kanthal��P¼ÌÙ α-Fe5FeCr� Cr

��i¦!�¶ Al� Co��i¦�èz°u!Õx

	z¤���ý¶���·èÐ¦/Ð�µÈ+ Al

� Co��Ôý_ Fe¸�+

[13]

1Zz¤��u�!z

¤¼ÌtJ¹«è5º»¼½²!tJ¹¾Òtu!

Õx	���úûýè�¿À§ÔµÈ+z¤��¸

�Þò-)Áè!¸ ^�é�
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1Cu ��tJ¹

�Â¼ÌÖ×¶·¸¤Ø1Ãþ!¶ÀÄtJ¹±É!

º�úûüjýè�µÈ+Å�-)°u�NÁ�è

`6^1 

αFe(CrAlCo)	Ù Fe5Cr5Al� CoÕ�"YÆ�

¸Ç+�àÈÉÊ!Ð¦¸� bcc àÈ!Ø_¶Ë�

Im3m � àÈÌ1�Û!FeCr ,Ø_¶Ë� Im3m

� àÈÌ1Fe Õ��¸Ç(æ	 0.2866 nm!�

FeCrAl z¤¼Ì+ bbc Þò αFe ¸Ç(æD 0.2871 

nm!FeCr¸Ç(æD 0.2876 nm!��¸Ç(æÁ�!

Cr � Al kÍ Fe ¸ÇÎÏ¸Ç(æ�Áè1Ù_ Fe

Õ�Ðù 0.172 nm!CrÕ�Ðù 0.185 nm!AlÕ�

Ðù 0.182 nm!CoÕ�Ðù	 0.167 nm!Cr5Al�

CoÕ�ÑÒ FeÕ�¦��¸Ç(æÁ�1x´!k 
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Fig.7  XRD patterns of Kanthal alloy powder (a) and coating (b) 
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7 9a01 2985 MHz���&� Qw����

	�q�z<�O�@7���r� 50~70 µm ��

�� SLM Y��	�q������&� Q w��

���������7 9a� 9b�J�� ¡g¢£

Y��	�����& Q w(3598~4800)¤��Z¥

£Y��	�}� Qw(3685~5350)�>4aa¥£Y

��	�{£¦�§�&��¨©*O*����	

Y�_ª
�«¬`�­ !"#*��u®¯|�

Kanthal ���	�Y�«¬`@ 10%��° 0.2%�

&� Qw���{±�	�"#*�.²³k�´«

¬`� 0.2%�KL7�	�q� 0.55 mmµ���& Q

w¶�� 3658� 

r����	�q�45~60 µm���������

��& Qw������	� !"#*����·�

�7 9c� 9d�J�¢£Y��	�}��& Qw¤

�� 2500~4320�kZ¥£Y��	�}� Q w

�2280~5300��>4a¢£Y��	{£¦¸��	

�Y�_ª
�¬«`�¹Z³k­ !"#*��

º´�q»_ 0.5 mm�«¬`��	� !"#*�

¯|¼¸�́ Kanthal���	�Y�«¬`� 10%�

�q� 0.58 mm �	����& Q w½²¶¸w

2280�¾¿$%&�À�Á�� 

�Â7 9a � 9c�ÃÄÅÆ 45~60 µm ����

SLMY��	���& Qw�2280~5300�±u�Z

50~70 µm ����Y��	���& Q w

(3685~5350)�{±¸ÃÄÅÆ����Y� SLM �

	Ç�ÈÉ� !"#*��Ê.��&-Ë� Qw�

4Ì�Kanthal �	 SLM Y�{£¦E«FÍE�q

Î����Äqa¯|$%& Qw�zÏ4Ð� 

���� Kanthal �����	�� 

 !"#ÑÒ�"#Ó?ÔÕ)¨©�Ö¨© 2

×

[2,13]

�Kanthal��ÑÒaØÖ¨©�Ù�Ú�"#

ÑÒ�­"#`�G_"#	�)GYÂÛ

[15,16]

�Ü

ÝÞß
 Kanthal��à)áâE)R1�ÖR1ã

âÝ

[3,17,18]

�¹äåæ)Ölçè(computer simulation 

technology�CST)éê��$%&�8*�­)Öl

ëìí£7�7 10 �J�CST ����$%&�$

%01 2970.2 MHz��­9:;+,-.�
/�

01w 2985.2~2986.9 MHz îï��
�ðñ¼¸

�0.5%~0.6%��ò±$%&�)Ö$%a$%& Q

w��E���	 !"#*��·�ÙÁ>4�

Kanthal �	 !"#*��
zóâ�{£)ô1

��õöq

[19,20]
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Fig.8  Principle diagram of the measurement system for cavity parameters 
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Fig.9  Quality factor Q vs coating thickness curves for cavity: (a, b) 50~70 µm, and (c, d) 45~60 µm 
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Fig.10  Sectional view of field distribution for loaded cavity: (a) magnetic field H distribution, (b) electric field E distribution, and     

(c) surface current density distribution 
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Fig.11  Schematic of microwave attenuation properties for 

Kanthal coatings 
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Abstract: Kanthal coatings were fabricated by selective laser melting (SLM) with two kinds of powder, 45~60 µm and 50~70 µm in 

diameter. The surface morphology, microstructure, element distribution, phase structure, and microwave attenuation properties of the 

coatings were studied by optical microscope, scanning electron microscopy, X-ray diffraction, and cavity characteristic measurement 

system. The results indicate that Kanthal coatings have the characteristics of rough surface, porous and flaky structure. The quality factor Q 

of cavity loaded with coatings fabricated by 45~60 µm sphere powder is lower than that of coatings by 50~70 µm powder, showing better 

microwave attenuation properties under the frequency of 2985 MHz. Al

2

O

3

 thin films and micro void generated in the structure of coatings 

have the effect of scattering microwave and thus reduce microwave reflection. It is also shown that flattened shape of Kanthal coatings is a 

good way to suppress eddy currents in high-frequency electromagnetic field and leads to the formation of easy magnetization planes, which 

is helpful to enhance the microwave attenuation property. The coating thickness has profound effects on interference loss of microwave. 

Cavity Q with coating thickness of 0.55 mm reaches the minimum value of 2280. Kanthal coating is composite material whose main 

mechanism is attributed to magnetic loss.  

Key words: selective laser melting; Kanthal coatings; microwave attenuation properties; quality factor 

 

Corresponding author: Wang Bofeng, Ph. D., Institute of Electronics, Chinese Academy of Sciences, Beijing 100190, P. R. China, Tel: 

0086-10-56535231, E-mail: bfwang@mail.ie.ac.cn 


