
� 47� � 10� ��������	                                Vol.47, No.10

2018� 10�          RARE METAL MATERIALS AND ENGINEERING October 2018

�����2017-10-11

���	����	
���51172282������	
���E2015506011����������9140A12040211JB34�


���������1963��� !�"#�$%&'(�)�*+,-./0�12��� )�* 050003�3450311-87994005�

E-mail: jianjiang_w@163.com

FeSiAl ��������	�
���

��������

���

1

����

2

��	


1

���

1

(1. $%&'(���� )�* 050003)

(2. 6398367��8 9: 214035)

� ��;<=>?@ABCADEFGH�IJ�KLMNO�PQR Fe+Si+AlAFe+Si+Al+KNO

3

;KLSTU�

< FeSiAlVWXYZ[\�]^ SEMAXRDA_`Pabcde�1< KNO

3

fghiAjkAlmnoBCFG

pqrstuvwxy�z{ KNO

3

|�KL}R.~�MN����j��A��j��A�����o����m

n��l��; FeASiAAl �6P Fe

0.9

Si

0.1

�z�n FeSiAl X���9FGpq��{ KNO

3

��KLSTrMN

����;YZ[\���P�����l� Fe

3

Si

0.5

Al

0.5

AFe

3

Si

0.7

Al

0.3

AFe

0.9

Si

0.1

o Femn�=>< FeSiAlX��

5 mmFGH�i����FG���BK���–22.1 dB�F ¡¢fLC�; 7.0 GHz�B£–10 dBr¤EF C

¥; 5.1~8.4 GHz�¥¦� 3.3 GHzuKNO

3

P§KL2��rD¨©ªo(ª«S¬®KL¯i°DAKL��±²A

³´��jnAn��oYZ�µD�BCFGpq¶·¸¹rº�»¼uo½¾X¿OU�r�� FeSiAl VWX

lÀ��KLMNOU�r FeSiAlYZ[\rBCFGC¥¤EÁ¦�Â|/0rhiÃB< 38%�¤EÄÅ<Æ

ÇBCFG/0ÈÉA¦A?AÊËrÌÍu

����KNO

3

�VWX�FeSiAl�YZ[\�BCFG��KLMNO

�������TB333  ������A �����1002-185X(2018)10-3072-08

��������	
����������

��	��������� !"#

[1,2]

�$%&'�

���()*�+,-.	�����/0#�


�12��3(12��.�4
56789:;<

=>?0	@A

[3]

3BC�DEFGHIJK�HL

M0N.O'P87:;Q8~20 GHzR	F
S�C

� 8 GHz TU	VP87:;	FGWX�YZ�[

\]�#7^VPA�7_`:;	/abc'd3

efIg89hijkl�mno7pq'r

stu�vrwxyz{J|}~t�Q���R��

���$VPA�789hmn�v	����

[4]

3

efI�� FeSiAl fIrAlNiCo fIrFeSiAlCr

fIJ FeCoB fI���. FeSiAl fI:;�J

��t�'�����	:;��I�u��'O

�����VPAo7����v	89u�

[5]

3

FeSiAlfI(�=�i�QSendustfIij�m��

v	eu�

[6]

R��� D¡¢uJu9£¤

¥¦�O 0�§C����¢	e¨u3

Feng �

[7]

©�ª«¬�% FeSiAl efIo

g�®FG%ª«¯°J�±��²³�´:;87

u�	���
�µ¶ª«J�±��²³·�´)

f:;( 4 mm~t¸�¹Vº�q»6–39.67 dB�

P�$ 1.4 GHz�¼¶½¾87:;	~t�»T(

0.73~3.94 GHzVP¿ÀÁ���7	nÂ89Qº

�q R<–10 dBR3Zhang�

[8]

ÃÄÁ%[=��Å
�

�±Æu»TÇVÈ�É¥�ÊCnÂ&' FeSiAl)

f:;( GHz¿À	87u�3

Ë�DEÌÍÎÏÐÑ%87:;	ÒÓ�F

G��.�Ô�:;<Á�87:;ÒÓ�	?0

@AÕ=ÖCao�

[9]

�%u��v	 Fe

3

O

4

/Í×Ø

Ô�Ù)f87:;�Í×ØÔ�Ù	�(ÚÛÇV

%)f:;	ÜtÝYang�

[10]

©��ÎÞ�J��	

ß¬à,á NiOÔ�âãäO SiCåæS�ç]%Ò

Óè's)f87:;3 

BC�éO FeSiAlefI	ÒÓ��êën

FG��Üt#	¨�ì%(VP87íî	��3



� 10�                     ���c5FeSiAlVWXYZ[\r[ÎvÏÐU�gBCFGpq                  Ñ3073Ñ 

ïFG©�ðº�ñò¬�%mnóôõö	

FeSiAlefI�÷ø%ùú FeSiAl:;Üt#rû

×~�üý�ç]%þ�rÒr�r��	��VP

87:;3 

��������

����������	
���

T Fe grSi grAl g$�;��Oðº�ñò

��

[11]

��fi FeSiAlefI�T SendustfI$

Ë	
�ij��� Fe:Si:Al=85:9.6:5.4�º�¶�

��Q1RÖ 

85Fe+9.6Si+5.4Al→Fe

85

Si

9.6

Al

5.4

           Q1R 

� 2 �Á��=� � KNO

3

��h�=��� 20%

QÓ�j¥�U�R KNO

3

��h�
���FG3 

©�Æ
	��ª«-����¬�ðº�ñ

ò���g��¯°�UÖ !à Fe grSi gJ

AlgQ"=�#� 20% KNO

3

R$�Q1R%&}�'

f®�� 20%()·�*O ND7-1L �+�ª«,.

-« 6 h�\fIJ()åæ.j/0ÝB·à'f1

;2345¬ª«6.�T789:$ÈÓª« 6 h

·;�*O<=�.�>�� 10%,�?@<= 2 h

·;�Ý¹·µA-rØ�Q 200 BRrg0rCj

i 2 �æD( 43~62 µm ¿À	E���g�®©�

ðº�ñò� FeSiAlefIóôoF3 

�����������
� FeSiAl�����

ðº�ñò¬� FeSiAl efIóôoF	

�³�G 1%&3à$�Q1R}	��gH�IJ

KL	�9MIJ+.
��N�\�
�ðOP'

sfiQSHSRº��(º�QNÑ's�9MIJ

QR 3500 KR	S?��UCT�	'sàº�T1

UV®WiUX�UX.En��g.n,1r��

h�'s��T�	#�Y��à[�	UXK��

Z[8.Á�\]^êñò�\UX.	Y�_ �

`�Cab�¹cWi�dfirmnóôõö	o

F3Á�.e�Æ	 D

�

�IJKL�fgY$g 

Y�fg�R$ 15 g/min�ñòhi$ 500 mm�K�

IJ©��9MoØ�J��jY/gÓ�xq�QG/C

�R$ 93 

�����������

� VEGA\\XMU�kl��ÚomQSEMR�ó

ôoF	Wn
�op3� X Pert Pro PANalytical X

�âq�rQXRDR�óôoF	1X
�js�k

lt^ 0.05°�klut$ 10°~80°3©�v��w¬

xyóôoF����Á�:;	Üt3©�

Beckman Coulter LS13-320 z{ætrx�óôoF 

 

 

 

 

 

 

 

 

 

 

 

Ò 1  �KLMNOU� FeSiAlVWXYZ[\»ÓÒ 

Fig.1  Principle diagram for preparation of FeSiAl magnetically 

soft alloy hollow microspheres by self-reactive quenching 

technique 
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Ò 2  z{o�{ KNO
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|�KLMNOU�r FeSiAlXYZ[\ SEM×� 

Fig.2  SEM images of FeSiAl alloy hollow microspheres prepared by self-reactive quenching technique without (a~c) 

and with (d~f) KNO
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Ò 3  z{o�{ KNO
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Fig.3  XRD patterns of FeSiAl magnetically soft alloy micro- 

spheres without (a) and with (b) KNO
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Fig.4  Permittivity (a, b) and permeability (c, d) of FeSiAl hollow microspheres without and with adding KNO
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Fig.5  Magnetic loss mechanism curves of FeSiAl hollow 

microspheres without and with adding KNO
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Fig.6  Reflectivity curves of FeSiAl magnetically soft alloy 

hollow microspheres samples without adding KNO

3

 using 

absorbents of different thicknesses 

2       6      10      14      18 

a 

� 

��

� Without adding KNO

3

 

��With adding KNO

3

�

5.2

5.0

4.8

4.6

4.4

4.2

ε
′
 

b 

c 

d 

2       6      10      14      18 

0.7

0.6

0.5

0.4

0.3

0.2

0.1

ε
″
 

� 

��

� Without adding KNO

3

 

��With adding KNO

3

�

1.8

1.6

1.4

1.2

1.0

0.8

0.6

µ
′
 

2       6      10      14      18 

f/GHz 

� 

��

� Without adding KNO

3

 

��With adding KNO

3

�

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

µ
″
 

2       6      10      14      18 

f/GHz 

��

� 

� Without adding KNO

3

 

��With adding KNO

3

�

0.5

0.4

0.3

0.2

0.1

0.0

µ
″
(
µ
′
)

-
2

f

 
-
1

 

2       6      10      14      18 

f/GHz 

� 

��

� Without adding KNO

3

 

��With adding KNO

3

�

2    4    6    8    10   12   14   16   18 

f/GHz 

0

–5

–10

–15

–20

–25

R
e
f
l
e
c
t
i
v
i
t
y
/
d
B
 

d=2 mm 

d=3 mm 

d=4 mm 

d=5 mm 

d=6 mm 

d=7 mm 



� 10�                     �����FeSiAl�	
�������������������                  �3077� 

�������–10 dB�	
���������

����������� ! FeSiAl"#$%�&'

()*+,-�.��/0��(12�

 

3 7�45 KNO

3

6 FeSiAl�����(789

�:�(;<=>�?@ABC�DE�45 KNO

3

6�FG��(12HIJK�LM�NO78�

(;<=�J5���PQRS�TU��VWX

Y/45 KNO

3

Z6��(12�0[�\] d=5 

mm �^_<=Y/`a��(12�3 8 �45

KNO

3

Z6�����(789 d=5 mm <=>�?

@AbY3�c3Dd�9e<=>�45 KNO

3

6

� FeSiAl����f�?@Ag–22.1 dB���PQ

bhA� 7.0 GHz���–10 dB�	
��i�

5.1~8.4 GHz�ijg 3.3 GHz�klDd�45 KNO

3

6�mHIno FeSiAl�������(12��

��pqrst�u�	vwx1y45 KNO

3

6�c 

 

 

 

 

 

 

 

 

 

� 7   ! KNO

3

" FeSiAl�	
������#$%&'

��()*+�,-./0 
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Table 2  Microwave absorption properties of FeSiAl alloy prepared by mechanical alloying method

[31]

 

Thickness/ 

mm 

Minimum 

reflectivity/dB 

Corresponding 

frequency/GHz 

Effective absorption frequency 

band below –10 dB/GHz 

Effective absorption 

bandwidth/GHz 

2 –11.2 4.0 3.73~4.80 1.1 

3 –16.7 2.6 2.40~3.31 0.9 

4 –23.0 1.9 1.61~2.27 0.7 

5 –31.0 1.5 1.3~1.8 0.5 
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Table 3  Microwave absorption properties of FeSiAl hollow microspheres prepared by self-reactive quenching technique 

after adding KNO

3 

Thickness/ 

mm 

Minimum 

reflectivity/dB 

Corresponding 

frequency/GHz 

Effective absorption frequency 

band below –10 dB/GHz 

Effective absorption 

bandwidth/GHz 

3 –12.5 12.8 11.2~14.8 3.6 

4 –14.0 9.0 7.2~10.6 3.4 

5 –22.1 7.0 5.1~8.4 3.3 
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Abstract: In order to obtain absorbents with light weight, low frequency and high efficiency, FeSiAl magnetically soft alloy hollow 

microspheres were prepared by self-reactive quenching technique based on Fe+Si+Al and Fe+Si+Al+KNO

3

 reactive systems. Effect of 

KNO

3 

on their density, morphology, phase and microwave absorption properties in the low frequency band was studied by SEM, XRD and 

vector network analyzer. The results show that chemical reactions cannot happen without KNO

3

. In addition, the quenched products 

consist of spherical particles, near-spherical particles, irregular particles and lamellar particles. The phase components are Fe, Si, Al and 

Fe

0.9

Si

0.1

. FeSiAl alloys are not formed and thus hardly any microwave absorption properties occur. After adding KNO

3

, the quenched 

products consist mainly of hollow microspheres with uniform particle size distribution. The phases are composed of Fe

3

Si

0.5

Al

0.5

, 

Fe

3

Si

0.7

Al

0.3

, Fe

0.9

Si

0.1

 and Fe. FeSiAl alloys are obtained. The minimum reflectivity of the absorbent sample at 5 mm thickness is –22.1 

dB, and the corresponding frequency is 7.0 GHz. The effective absorption frequency band below –10 dB is 5.1~8.4 GHz, with a bandwidth 

of 3.3 GHz. The high heat-releasing and large amounts of gas from the decomposition of KNO

3

 increase the reaction temperature. In 

addition, the target products are obtained and then melted. Moreover, both the spherical rate and the hollow rate improve. These are the 

reasons for the obvious improvement in microwave absorption properties at low frequency. Compared with the flake FeSiAl magnetically 

soft alloy prepared by mechanical alloying method, the FeSiAl hollow microspheres prepared by the self-reactive quenching technique 

have a broader absorption frequency band at low frequency and a density reduction of 38%. So the new absorbent effectively achieves the 

characteristics of “thin, broad, light and strong” at low frequency. 

Key words: KNO

3

; magnetically soft alloy; FeSiAl; hollow microsphere; microwave absorption at low frequency; self-reactive quenching 

technique 
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