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Table 1  Characteristics and fabrication methods of elemental 

powders 

Elemental 

powder 

Purity/% 

Particle 

size/µm 

Fabrication method 

W 99.95 2.4~2.6 Oxide reduction 

Ni 99.90 2.2~2.5 Carbonyl process 

Fe 99.50 3.0~5.0 Carbonyl process 
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Fig.1  SPS cyclic heat-treatment processing curve of 93W-4.9Ni- 

2.1Fe heavy alloy 
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Fig.2  OM images of the specimens: (a) as-sintered and       

(b) CHT20 
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Fig.3  Influence of heat-treatment cyclic index on dihedral angle 

and W-W contiguity (a), vickers hardness and tungsten 

grain size (b) 
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Table 2  EDS analysis of matrix phase in the specimens heat 

treated for different cycles (ω%) 

Specimens 

W 

content 

Ni 

content  

Fe 

content 

As-sintered 26.77 52.72 20.50 

CHT1 27.57 51.98 20.44 

CHT2 29.39 50.76 19.86 

CHT5 30.66 49.53 19.81 

CHT10 29.24 50.51 20.25 

CHT20 28.12 51.44 20.43 

CHT1 CHT2 CHT5 CHT10 CHT20

27

30

33

36

39

42

45

 

 Dihedral angle 

 

 

D
i
h
e
d
r
a
l
 
A
n
g
l
e
/
(

o

)

C
o
n
t
i
g
u
i
t
y

a

0.15

0.18

0.21

0.24

0.27

0.30

 Contiguity

 

CHT1 CHT2 CHT5 CHT10 CHT20

 Hardness 

 

 

H
a
r
d
n
e
s
s
,
 
H
V
/
M
P
a

Specimens

G
r
a
i
n
 
S
i
z
e
/
µ
m

b

25.5

26.0

26.5

27.0

 Grain size 

 

3300

3200

3100

3000

2900

2800



� 7�                             %  &A²SPSQRST.F 93W-4.9Ni-2.1FeL	fg]ijHkl               ³2213³ 

 

D�Þ®�Û�������D���FFL

[16,17]

?

7ÕÖ×�É�Ô�,���ßà�������F

<>�� ������á¸®���Ô�à��?

Û���FLVKT	���v���ó�A 2�¸�

��Ô@A¡BC<©���à���Û�YÊ��

���F�ËV������óO��àÎWz{¢

��W-M�Z�>�D�ÎW¨�����><Ôà

���®���ÅEF¨��a���A W ��y

�><Ô����EF®��a��w�m W-W ¯

X�®��a��ã	���HID��n���<

�¨�?ô�����0�@A W-M �ZL��Î

£n�7�ZmsU�¤P:¥�ËV���ó�O

��:¥ÎWO¦�§#7�Z�¨jw>ª�U�

¤P-��©ª�_����D�¨��ª`$æ_?

à�z{ß�w:z{	l�@A<��ª��©ª

��:¥«¬�u7�7_­:®àz{�¯°L<

©���©àz{��»��¥9a�

[18]

?±²[19]

³´�~µ¶}�z{�kSð�·�¸
v�	X

Y����ù�`!¸���Ôà��/���¸û

Ck��Ë���¸û�E;��Ôà��ÎW®��

_`�������ó�� 20�0�à��K���

�
¹¡��(?Ö×YN�v�><�º¡óúFÎ

V¸��><�»��sij����VULS

[20,21]

�

v�� 20�0�Í6`¸�><¡¢¼
£¤�Ð@

A¦§ W-W �Zû�><��O���><�»�

Cã<��w�m W��©�><���DK	i©

ªDK�½���><�FÞ®�Û�®�����

�¾��F? 

� 5 
ôµÎá�ó������	�I�W

¿ SEM ï8?Û�ÔT	�����u7 4 ÀW�

1È4W-W �Z¡�
WW��W-M �Z¡�
WM��

�><�Á�
M�i W ª«�pªW�
W�?Î

á���ó������W¿UÂaÊ��Îá�

Æ^���YÊ
ÎáW�1Èã�%Ã�VK?

ÄCÖ×¸
�������W�D�T@Þë3

È9:Å2

[22]

4  

 

�

�

�

�

�

�

�

�

�

 

´ 4  QRST.£L	H`a½h-¾Ja¶ 

Fig.4  Bending stress-deflection curves of the cyclic alloy heat- 

treated specimens 
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Fig.5 Fractographs of the cyclic alloy heat-treated specimens: (a) as-sintered, (b) CHT1, (c) CHT2, (d) CHT5, (e) CHT10, and (f) CHT20 
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Effect of SPS Cyclic Heat-Treatment on the Microstructure and Properties of 

93W-4.9Ni-2.1Fe Alloy 
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(National Engineering Research Center of Near-Net-Shape Forming for Metallic Materials, South China University of Technology,  

Guangzhou 510640, China) 

 

Abstract: The effect of vacuum cyclic heat-treatment based on spark plasma sintering (SPS) technique on the microstructure, composition 

and properties of as-sintered 93W-4.9Ni-2.1Fe tungsten heavy alloy was studied by optical microscope, SEM, EDS and three-point 

bending tests. The results show that the matrix penetration into W-W grain boundaries increases in amount remarkably, and the W-W 

contiguity and dihedral angle decrease gradually with the increase of the cycle index. SPS cyclic heat-treatment does not obviously change 

the micro-hardness and grain size. The matrix is strengthened by the increase of tungsten content owing to the treatment. The bending 

strength of the alloy is significantly increased after 2 cycles. When the number of cycles is increased to 20, the average bending strength 

reaches 2321 MPa, which is 160 MPa higher than that of the conventional liquid-sintered and solution-treated 93W-4.9Ni-2.1Fe alloy. The 

microstructure and properties of 93W-4.9Ni-2.1Fe tungsten heavy alloy can be improved greatly by SPS cyclic heat-treatment.   
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Corresponding author: Li Xiaoqiang, Ph. D., Professor, National Engineering Research Center of Near-Net-Shape Forming for Metallic 

Materials, South China University of Technology, Guangzhou 510640, P. R. China, Tel: 0086-20-87111080, E-mail: lixq@scut.edu.cn 

 


