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m:�iµ;Ì 2 �ÁÂ�
= AlN �1�å=

FeSiAl�à4AlN�1� 2�;��AlN-1	<¼=>

Þ�ß�1�9?@;�	 1.2 µm�AlN-2	°±�Þ

�ß�1�?@;�A;BC	 500 nm�FeSiAl�à

D°±EFGvHF²ÒIY8²L�'r	 Fe 85%- 

Si 9.6%-Al 5.4%AE¡r9C�J;KL	 1~37 µm4 

M
bNO AlN�1! FeSiAl�àPáQ�R

STU.RSUTV°��8WIUT-°XÂ 1 h4

 X»ÂPáYZ��[�\6 VHP300/50-2000 ©

ª�]^°�� 5_10

-3 

Pa©ª�§56~85 MPa]%§

1600~1650 �5}� 30 min.72�T(�L� AlN- 

FeSiAlº»@AÁÂ4 

ÁÂL�"'`�ab59c�§�d¢�9§

O�U§v789!e¸xyËf8gh�ri4 

µ;jq�klÝmgbhn.c��; LFA427


Zo��pghhn.�d¢�9�; PPMS-9T


q/c$gh��ghnr.O�U4;6c�§�

d¢�9gh.hnKL	 Φ10 mm_1 mm�;6O

�Ugh.hnKL	 8 mm_1 mm_1 mm4 

µ;Ó± Agilent8722ES 
s¡turip!Á

Âv789gh��gbÁÂ.v789�¸� Ka

��A26.5~40 GHzChnKL	 7.12 mm_3.56 mm

_1 mm4 
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µ;vwvx5 AlN�¸�ÁÂf8Ìri�{
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=>Þ�ß�1 AlN-1.vx|}4Ö 16£Ì 2�

AlN�1.$~rix�4 

O�{ 1 !{ 2 �£�°±�Þ�ß�1 AlN-2

!<¼=>Þ�ß�1 AlN-1Ä��eÇ��°±�

Þ�ß¸�;�rs�0#��?@;�A;BC	

500 nm.Þ�ß���Ö�Þ�ß�°��.;B�

500 nm���mn×��ñ� 20%~35%;B	 1~2 µm

.J;! 10%~20%;B	 5 µm��.J;��O�

(�<¼Þ�ß AlN-1¸�;�rs�^#���9 

 

 

 

 

 

 

 

 

 

 

¡ 1  ��¢X<Yr 

Fig.1  SEM image of AlN powder made in China (500 nm) 

 

 

 

 

 

 

 

 

 

 

¡ 2  ����£¤¥X<Yr 

Fig.2  SEM image of Toyo AlN powder (1.2 µm) 

 

 !""2# AlN$% EDS&'�()* 

Table 1  EDS results of two kinds of AlN micro 

powder (ω/%) 

AIN powder N O Al 

China AlN-2 26.31 2.30 71.39 

Japan AlN-1 33.34 1.07 65.58 

 

J;.;B� 1 µm��4 
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2.1.2  �������
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	2£¨©.Þ�ß�1�µ; AlN-2 ! AlN-1

L�Ì AlN-10%FeSiAlº»BC�55BC.c�!

�� f8ÌO�4�x72�T	�©ª� 5_10

-3 

Pa§�x�� 1620 �/}��� 30 min§]% 85 MPa4 

Ö 2	 2�º»BC.c�!�� 4DÖ 2�

£�µ;°±�Þ�ß�L�.nr�c�	 3.18 

g/cm

3

�µ;<¼=>Þ�ß�L�.nr�c�	

3.32 g/cm

3

4`3.c��e�6¯34 

�Iç£�×�x���i���6°±�Þ�

ß¸�;�rs�0#���x�ª�«¬�zÏ­

�x!®��9¯�°�5±`��²?o³=í��

x��J;�&'Ð�0´°.µ¶��O�(�<

¼Þ�ß AlN-1¸�;�rs#����x?o°#

��x§·É!�²�&'Ìµ¶!¸¹�5��.

¸xy4 

µ;AlN-1L�.AlN-FeSiAlº»BC�d¢�

9	 31.39 mm

2

/s�º�6µ; AlN-2 L�. AlN- 

FeSiAl º»BC�d¢�9A20.35 mm

2

/sC45ø.

AlN-FeSiAl º»BC�� 	 75.58 W/m·K ! 47.03 

W/m·K�¯3=`3. 1.6�4 

>?×�O��»¼µ;°±�Þ�ß�5��

��� ½S���2¾<¼=>Þ�ß��	`¿

²Ò.�i�àÁÂ4 
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2.2.1  FeSiAl��������� 

{ 36£Ì FeSiAl�à.¸À&Á4À�à;�

 !	 1~37 µm�¸J;Q�ÂÃ�Ä0´°&��

|J;Ö
�Ð�Å/
!Å/ÆÇ�È�ÉÊËn4

FeSiAl�xÌÍ=
�OPQú��ÁÂ�� L§S§

C§X§Ku§Ka! W���� ©ªvH�T°�h 
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Table 2  Density and thermal property of hot-pressing 

sintered AlN-10%FeSiAl at 1620 �

��

� 

Property China AlN-2 Japan AlN-1 

Density/g·cm

-3

 3.18 3.32 

Thermal diffusion coefficient, α/mm

2

·s

-1

 20.35 31.39 

Specific heat capacity, c

P

/J·(kg·K)

-1

 725 725 

Thermal conductivity, λ/W·(m·K)

-1

 47.03 75.58 

 

 

 

 

 

 

 

 

 

 

¡ 3  FeSiAlr`P SEM§ 

Fig.3  SEM image of FeSiAl powder 

 

iø;4FeSiAl�xÌÍ=
�v§7@A����

.@AÁÂ���àÎ�§@A¡�§0Ïª�§�

�ÐÑË�¾4 

¼²Ò`£2¾ FeSiAl ú��ÁÂ�	º»B

C.äå��æ�ðõ½äå�.E¡r9�5`�

Þ�ßq¸�tuBC.�� Òr�*4 

�¯Ó²Ò°�µ; AlN-2L�£Ì 4�'r.

º» AlN-FeSiAlBC�FeSiAl
F¡AE¡r9Ca

b	 5%�10%�15%! 20%4"'Ì Ka ��v7c

$gh4ghx�	�� FeSiAl ñ¡	 5%§10%!

15%��3 �ÁÂ<��¨�.Dv^9�5|�

26.5~40 GHz OP  ![<���Û.OP¸�@

Ac$�FeSiAl
F¡	 20%����ÁÂDvtu

Ð��¿Dv^9Ô��Õçø;4þ��äå�ñ

¡Ö��ÁÂ�� Ö��×2¾
F 5%! 10%.

FeSiAl.@ABC�f
Ø²Ò4 

2.2.2  FeSiAl����
� !"������ 

�©ª� 5_10

-3 

Pa§�x�� 1650 �/}���

30 min!]% 85 MPa.�x72(�L�Ì FeSiAl


F¡	 5%! 10%. AlN-FeSiAlº»BC4Ö 36

£ÌaÙmg�d¢�9!�� �ÚÔI��.�

� 9Ù4 

 

 :""AlN-FeSiAl23456789& 

Table 3  Density and thermal property of AlN-FeSiAl 

ceramics 

FeSiAl addition, ω/% 

Property 

5 10 

Density/g·cm

-3

 3.33 3.40 

Thermal diffusion coefficient, α/mm

2

·s

-1

 31.509 35.764 

Specific heat capacity, c

P

/J·(kg·K)

-1

 737.5 725 

Thermal conductivity, λ/W·(m·K)

-1

 77.4 88.2 
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� 

λ=αc

p

ρ                                 A1C 

I°�λ	�� AW/m·KC�α	�d¢�9Am

2

/sC4

ρ	c�Ag/cm

3

C�c

p

	O�UAJ/kg·KC4 

DÖ 3 æ��FeSiAl 
F¡	 5%��º»BC

�� 	 77.4 W/m·K�
F¡	 10%��º»BC�

� 88.2 W/m·K4º»BC.�� ÛÜ FeSiAlñ¡

.RF�RF4 

{ 4a !{ 4b r�	 AlN-5%FeSiAl ! AlN- 

10%FeSiAl º»BC.e¸xy4ÀÝ,��ÁÂÞ


Dßà§áà�âà� 3 ãrä'4X �å$~r

iÖ��ßà�ñ� Fe�Si�Al�N 4�$%�5ø

FeSiAl��áàãræ� Al! N 2�$%�5ø AlN

qà�âàãr	µ¶4 

ri¼	��çèßñ¡�½��9J;½´°

éê¢�Þ�ßëì�°

[18]

�Þ�ßí;	·¿��

D6Þ�ßí;����.îH"#YDo�Þ�ß

í;·¿��*6`�º»ÁÂ.�� 4£¤�

AlN-10%FeSiAl .c��6 AlN-5%FeSiAl�Iç

AlN-10%FeSiAl.�� ��4 

2.2.3  FeSiAl���
� !"�#$%&'��� 

{ 5 6£Ì AlN-5%FeSiAl ! AlN-10%FeSiAl º

»BC� 26.5~40 GHz(.Dv^9 ε!tuÃ]ï 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¡ 4  AlN-FeSiAl{|@A¨©ª« 

Fig.4  Cross-section morphologies of AlN-FeSiAl composite 

ceramic: (a) 5% FeSiAl and (b) 10% FeSiAl 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¡ 5  AlN-FeSiAl{|@AP¬%­� εK>?®¯° tgδ

e

 

Fig.5  Dielectric constant ε (a) and loss angle tangent tgδ

e

 (b) of 

AlN-FeSiAl composite ceramics 

 

tgδ

e

4D{æð�ÛÜ FeSiAl ñ¡.RF�º»BC

.Dv^9RF�tuÃ]ï tgδ

e

³RF42 �ÁÂ

.Dv^9 ε!tuÃ]ï tgδ

e

ñ�<�	"a

[19]

4 

� FeSiAl ñ¡	 5%��º»BC.Dv^9�

	 12.34~16.19�tuÃ]ï tgδ

e

	 0.10~0.90�FeSiAl

ñ¡	 10%��º»BC.Dv^9 ε	 21.36~28.62�

tuÃ]ï tgδ

e

	 0.31~0.754 

çø;��. Ka��A26.5~40 GHzC	ò�9

5º»BC.vc$i�	�Dv^9 εó10~30�t

uÃ]ï tgδ

e

ó0.1~1.045Oç×x��£�¼²Ò

.¸�@ABC� Ka ��"#��5vc$ô?i

�4õvc$ô?�ö�FeSiAlñ¡	 5%! 10%. 2

� AlN-FeSiAl@ABC<æçø;6 Ka��.¸�

v©ª�T4 
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2.3.1  ()*�
 AlN-FeSiAl � !"+����

����� 

¨©.�x��=���c$BC.­÷4�©

ª� 5_10

-3 

Pa§}��� 30 min!]% 85 MPa0ñ

.72�T(�2ø 1620! 1650 � 2���f8Ì

�xm:4Ö 2 6£Ì�x��	 1620 �� AlN- 

10%FeSiAl º»BC.c�!�� �Ö 3 6£Ì�

x��	 1650 ��º»BC.c�!�� 45O
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Ö 2!Ö 3���x��	 1620 ���AlN-10%FeSiAl

º»ÁÂc�	 3.32 g/cm

3

��� 	 75.58W/m·K�

�x��	 1650 ���AlN-10%FeSiAl º»ÁÂc

�	 3.40 g/cm

3

��� 	 88.2 W/m·K�9c�!�

� #� 1620 ���e`�4 

{ 6 	 1620 ��x AlN-10%FeSiAl º»BCÞ


&Á4æç�£�º»BCÄ��eµ¶�Æc�

�5�½4{ 4b= 1650 ��x AlN-10%FeSiAlº»

BCÞ
&Á�µ¶���hn&q¼m�Æc�

[20]

4 

ri¼	�FeSiAlÁÂ.�¾	 1400~1450 ��

�x���?� !�æò FeSiAl ÁÂ"#�6�

���4��x��+� 1650 ���FeSiAl ùà.

?��+� 200 ��9Êúc����+,�æçû

�_éûèÞ�ßJ;�.µ¶���æòº»BC

.µ¶ �eA��Æc���eü`�4 

2.3.2  (),-
 AlN-FeSiAl � !"+����

����� 

Ö 4 6£Ìñ 10%FeSiAl º»BC� 56 ! 85 

MPa ]%(�x`.c�!�c$49¯�x89 

	�©ª� 5_10

-3 

Pa§�x�� 1650 �/}���

30 min4 

DÖ 4æ��ÛÜ]%� 56 MPaF�¬ 85 MPa�

ÁÂ.c�D 3.09 g/cm

3

�¬ 3.4 g/cm

3

4ÁÂ�� ³

D 60 W/m·K�¬ 88.2 W/m·K�`3=¯3. 1.47�4 

 

 

 

 

 

 

 

 

 

 

¡ 6  AlN-FeSiAl{|@A¨©ª« (1620 �wx) 

Fig.6  Cross-section morphology of AlN-FeSiAl composite 

ceramic sintering at 1620 � 

 

� ��������	
��
���������

Table 4  Density and thermal property of compound ceramics 

under different sintering pressures 

Pressure/MPa 

Property 

56 85 

Density/g·cm

-3

 3.09 3.40 

Thermal diffusion coefficient, α/mm

2

·s

-1

 26.79 35.764 

Specific heat capacity, c

P 

/J·(kg·K)

-1

 725 725 

Thermal conductivity, λ/W·(m·K)

-1

 60.0 88.2 

ri¼	�ÛÜ�]]%.F��ÁÂ¨µ õ

½§�1J;hl§ýcÊú!íþ��Rú�Ð�

o�×`�Ìº»ÁÂ.Æc�����ÆÁÂc�

!�� �e`�4 

>?×�m:!ri� Þ�ßq@ABC�x

72»b	�©ª� 5_10

-3 

Pa§�x�� 1650 �/

}��� 30 min§]% 85 MPa4 


�*

AlN-FeSiAl����+,-����./ 

�×
.m:°���Ì�»c$ü�.¸�@A

BC�9�� +� 88.2 W/m·K�É�Ó± Ceradyne

ÔÕ AlN q¸�@ABC.�� Ý"4 

�Iç���5��.�� �ri�i�6ç

(���yz=2;Ì;��ª|rs#�.Þ�ß

�14¹��1	��#�§Æc!��� .Þ�

ßqà`�Ì¯`�9b�=2;ú��� FeSiAl�

	º»ÁÂ.äå�4FeSiAl ��º�6 SiC§W �

Ë.¸���c$��i���c$
b.�T(�

2; FeSiAlæ�ðõ½äå��º»ÁÂ°.Oò�

	`�ÁÂ�� `�Ì�*�T�ä	�=2;Ì

©ª�]���x724FeSiAl .�¾	 1400~1450 

��¼m:ø 1650 �.�x���æò FeSiAlJ;

�º»ÁÂ.�x?o°"#�6��!ù����

¹Òr�*69èr�(Þ�ßqà�5�qà��


b.d¢�;4Ã��FeSiAl�����æçX�

ûèÁÂµ¶.�;4£¤���QJ.Û���6�

FeSiAl �	`�ç
�q&Irs6 AlNqà°�ò

AlN í;��¦æm��:É'�»}����.î

H"#YDo���û�.�� 

[21]

4 

��������

1) ¼²Ò`£ ú¸���� FeSiAl ¸��	

AlN q¸�@ABC.äå��f�²L£Ì
��

���� !�¸���c$. AlN-FeSiAl ¸�@

ABC4 

2) ç<¼=>Þ�ß¸�	qà�
F 10%.

FeSiAl�5ø©ª� 5_10

-3 

Pa§85 MPa]%! 1650 

�/}� 30 min72���.º»ÁÂ�� +� 88.2 

W/m·K�É�Ó± Ceradyne ÔÕ AlN q¸�@AB

C.�� Ý"4 

3) µ;©ª�]���x72�ò FeSiAl J;

�º»ÁÂ.�x?o°�6��!ù�����*

6Rúäå��qà�.�(!�:d¢�5æX�

ûèº»ÁÂµ¶.�;��x`&'. FeSiAl 
�

�	q�*6ò AlNí;��m��:É'4 
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Study on Aluminum Nitride Microwave Attenuation 

Ceramics with High Thermal Conductivity 

 

Zhang Yongqing, Yin Shengyi, Gao Xiangyang, Li Xiuxia, Jin He, Zhang Lianzheng 

(Key Laboratory of High Power Microwave Sources and Technologies, Institute of Electronics, 

Chinese Academy of Sciences, Beijing 101407, China) 

 

Abstract: To solve the problems of high toxicity and poor consistency of traditional beryllium oxide microwave attenuation ceramics, a 

kind of AlN-FeSiAl microwave attenuation ceramic based on aluminum nitride with high thermal conductivity was developed. The 

material belongs to environment-friendly material by adding FeSiAl to the AlN matrix. In order to obtain high thermal conductivity and good 

electromagnetic performance, the effects of different aluminum nitride powders, FeSiAl additive amount and sintering process on composite 

properties were studied. The results show that when adopting Toyo aluminum nitride, adding 10 wt% FeSiAl, and vacuum hot pressing 

sintering under 1650 °C and 85 MPa, the high attenuation performance of microwave attenuation ceramics is realized, and material thermal 

conductivity is 88.2 W/m·K, close to that of the microwave attenuation ceramics based on aluminum nitride in Ceradyne company.  

Key words: microwave; attenuating ceramics; AlN; FeSiAl; hot pressed sintering 
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