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Fig.1  Schematic of spark plasma sintering (SPS) 
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Fig.2  Comparison of SPS (a) with conventional sintering (b)
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Fig.3  Schematic of DC pulse current flowing through the 

powder particles during the sintering process

[21]

 

 

Liu 1

[24]

x�e¶¢£��Jè�v6�yìíE'

ªzÃmÄ
�|}�¢£���{°`G 

�6	
���SPS¢£�%)Ä%U]°^�

�Y��E;{=�|�

[24, 25]

bHI��²};_

`�	
��¨%U]°^��cd�G�e{?

SPS~�	
��EHI��K��°��¢£)~

��K��~�ª)*~��#¼ä³ª¶·1���

���G���1

[26]

{?SPS��̈ ª)6950~ 1200 

�³ª¶·610~20 min�#635~80 MPa ���

YZ�
4��*��¢£�|}¸�Ti-22Al-25Nb

��G°`�Lu1

[27]

�÷{?SPS¨1000 �³ª

10 min~��(640 MPaYZ���¢£�

Ti-24Nb-6Zr��G���1

[28]

¼ª)1400~1600 �*

�#60 MPa*³ª¶·6 min�~���{?SPSYZ

�£)'�6.88~6.90 g/cm

3

�NbMoCrTiAl��GM�

	
����1

[5]

{?SPSßÝ~�ª)�@6480*

490*500E510 �~��(6500 MPa³ª¶·61 

min~�YZ�Tiò	
��SEM����YZ��

ö÷��¢£)´ÕG�¼��	
���§�~�

ª)V°M��$��==ÈÅ³ª¶·�´O�

7�K��~��(V�´'�7�;~��(´Å

�«¬Cardinal1

[29]

¨~��(690 MPa�«¬Y

Z�°M¢£)6100%�	
��÷ÏChang1

[18]

�¨~��(660 MPa�«¬YZ�	
��÷

ÏSEM����¢£)´ÕG	
��CDEHI

��CD�SPS~������7	
���;�%

U]°^¼ä
��Yè¢�G�6%U]°^�5

¨SPSYZ	
���~�ª)°M�´Å³ª¶

·��%µ¼��~�%)z	
��������


�°b~��(��ÑÄ	
�����*L?

�SPSßZ1¼ä��K�1;|G 

2  �������
������� 

Upper electrode 

Therm- 

Lower electrode 

P 

P 

ocouple 

Oil pressure, 

Pneumatic 

Controller/ 

computing 

Temperature 

Pressure 

Current-voltage 

Vacuum 

Powder 

system 

O
n

-
o

f
f
 
D

C
 
p

u
l
s
e
 

g
e
n

e
r
a
t
o

r
 

P 

P 

P 

P 

DC pulse 

Heater 

b 

a 

Pulse current 

Particle 

Coulomb discharge 

Discharge 

D
i
e
 



�1098�                                        ¯C	°)*�+,                                            � 50± 

{? SPSYZ¦�	
���6q�½��

7��¼{? SPSYZ��§K�ç�¦�	
��

�6q8=��m ¡�7��{? SPSYZ�¢

£��*¢£)*��1¤�¥¦K��~��b

$%�Y SPS�����¤~�ª)*~��(*\

ªT§*³ª¶·1¥�¼½�m8¨GcÇ©�q

��y SPSYZ	
����Øª�«G 

2.1  ��������

~�ª)7gh¾¿1À�~�%)�JK�

v~�ª)�'Å�©gh�~�÷Ï�¢£)*

()*+)*
�))1�çG 

Chang 1

[18]

¨~�ª)�@6 350*370*410 ¼

ä 430 �M Zr

55

Cu

30

Al

10

Ni

5

	
��QR~�4 0

÷Ï�¬ï¢£9® � 4 ���¼��¨Å

ª~��«¬¤350*370 �¥|}34g¯°ó

34·��´±fïR£²�=!p6¨´'~

�ª)¤410 �¥¢£)==s\p6³´

34·��µÕb~�ª)6 430 �¶÷Ïº¡

¢£¶p6��G~�ª)M¢£�%)�ghJ

K7$%ghY��E½��Chen1

[25]

�abY�

�E^Bä Arrhenius ·X��¨8Ñª)rs�¸

N§ ∆L/L

0

Ä~�ª) T�·�|�+ 

0

0 vis

d( / ) 3

d 4 exp( / )

L L

T Dq Q RT

γ

η

∆

=

            (1) 

X¤1¥zγ6�?CD�Gï�D6|}34�

	q6\ªT§η

0

6Y)��Q

vis

6Y��EK

��R 6$?��¹�G�º¨8Ñª)rs�

~�ª)�s\M÷Ï�¢£�;LQË?G 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 4  w²vV³gF Zr

55

Cu

30

Al

10

Ni

5

@AB	F SEM´µ.¶ 

Fig.4  SEM images of Zr

55

Cu

30

Al

10

Ni

5

 amorphous alloys sintered 

at different temperatures: (a) 350 , (b)�  370 , (c)�  410 �, 

and (d) 430 �

[18]

 

��~�ª)�s'	
��÷Ï�¢£�)

)s'()*+)*»�^!�:�=¯G¼�½

¾�7 � 5a��Cheng1

[18]

� 40��~�ª

)÷Ï� X¿ÀÁ¿�«GÂ:;~�ª)�\

'÷Ïz;�
°���G|��
°�ghTan

1

[30]

Øªx�Alò	
°ÄÃÄ
���s'q(

)²x�m7�6Å���	
/ÃÄ
^:;{'

�()Æ	
°ÄÃÄ
�·´(�fï��G��

¶ Tan1�x�´'�ÃÄ
�ÆÇbÈ����

Ã��ÉÊË=$��1

[31]

|�~���M

Fe

73.5

Cu

1

Nb

3

Si

13.5

B

9

	
����gh�Øª�GÂ

~�ª)%'è¢	
��z=!�
°���È�

()ÈÅG 

�� SPS~�	
��%)z�
°�9�M÷

Ï��;oKghb�
°�9�{=))� ¡

�~�ª)�e~�ª)gh
�))�Øª�{

oKGCardinal1

[29]

¨{? SPS~�YZ Cu

50

Zr

45

Al

5

	
��¶̈ 400*420 �¶~���÷Ï²h��


��Ìab±~�ª)\'� 430 �¶� XRD 

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

� 5  w²vV³g· Zr

55

Cu

30

Al

10

Ni

5

@AB	¸¹��«¬

®F XRD �ºJw²vV³g· Cu

46

Zr

42

Al

7

Y

5

vV

¸¹����F»¼¸¹F�G-�½¾¿ 

Fig.5  XRD patterns of Zr

55

Cu

30

Al

10

Ni

5 

amorphous alloy and its 

powder particles at different sintering temperatures (a)

[18]

; 

stress-strain curves of Cu

46

Zr

42

Al

7

Y

5

 sintered at different 

temperatures and its cast samples (b)

[32]

  

20 30 40 50 60 70 80

I
n

t
e
n
s
i
t
y

/
a
.
u
.
 

2θ /(

o

)

703 K

683 K

643 K

623 K

As-powder

a

0 1 2 3 4 5

0

500

1000

1500

2000

 593 K

 613 K

 633 K

 653 K

 703 K

 As-cast

E
n
g

i
n

e
e
r
i
n
g
 
S

t
r
e
s
s
/
M

P
a

Engineering Strain/%

b

�

350 �  370 � 

410 � 

430 � 

100 µm 

a 

b 

c 

d 



� 3�                               ���N=s;NtuvV_`@AB	F����                           �1099�� �

�ÍwÎ��ÏÐ�
�Ñ450 �¶Áno
�G

;Ò�7¨Å½úz�?	
|}�ijkÃª)

T

g

6 438 �¨~�ª)gh��	
��|}� T

g

¶÷Ï���q
��ÌGò�eHarimkar 1

[32]

ØªGÂ|}34©P^Ó¿�£)%=*U�%

é7è¢÷ÏsÔ��
����Ge#Cardinal

1

[29]

x�SPS ����*�Îé�Y���HI

~�z�#Ýé�-.é�©�~��I��Î�

è¢^:�ª)KÅ���÷Ï�ª)b SPS~�

ßZ�é¿ÕÖ� !^:�ª)�e±~�ª)

ßÝ6 430 �¶÷Ïcd�ª)K'�ßÝ~�ª

)�b��
��ÌGHarimkar 1

[9]

�x���

÷Ï�½×ª)��K�^:ª)K'G 

©��ØM�~�ª)M	
���gh�Øª

°M�I~�ª)�\'�¼LQ÷Ï�¢£�)

)Qb�#$����s\�z�
°�5¨M#

$���;{oK�ghÙ±�~�ª)ÈÚ�
°

��¼=(	
���()�%!��
°ÈÛ�÷

Ï�#$��G�e:;ª)�\'÷Ï�()È

¯�Ü\'üÈÅ�ÝÞ

[33]

G 

2.2  ������� 

~��(�7ghSPSYZ	
���80oK�

vJKM~�÷Ï�£)ä
�));´=�ghG 

Þ´ß1

[34]

$%£²~�ÜÝ�" ZàWA�Q

DáÀyâ<	
��÷Ï¢£��)) � 6 �

�¨ 300 MPa375 �¶ãwÎ¢£�b¨ 600 

MPa225 �¶�;Â��¢£�qbÆ¨ 29

����#, �� 0.7 mm � Z àQD!§K��

�ª)�@6 427 � (600 MPa)E 507 (300 MPa)� 

�º¾¿1À�~�%)z~��#;LQ	
�

�÷Ï¢£��Ë?GPaul 1

[35]

¨Øª�#M Fe ò

	
��¢£��gh¶s�̈ #¯�#�Ë?

|}34·©P�#�=�K�#¯�#= 2 0�!

äÆ:;#¯�#�=¯b=¯¨~�12¨

|}34·©P�#ä�å>æ>�Ë?34·

©PïÃ=©P�#Ã� � 7 ���c6°

ó�|}34þ�Ã96:;çï��ï�ó�7

34·�p6��qqr¢£)s'G��34·

©PïÃ=�èéq34Gï��©Pïy%�è

¢U�%éêZ�U�
�G�;ëì

[36]

í SPS~�

�#�s\ÈLQ SPS ~�z Al ò	
���Y�

�E�b�¢£)s\ò�eLi1

[37]

¨Øª�

#M Al ò	
�� SPS î�%)�gh¶x�¨

200 MPa�~��#~���÷Ï�34fïR

û;ïð�H�Mb±~��#\6 600 MPa¶Y

Z�q�ûH�M�¡¢£	
��34fïïð

�H�MñYq~�%)z�MçkDb�#s\

ü¨�#E¾¿�ò�Ë?34GïH�Mu

óLQMçkDs\q¢£)G 

�ô e~��(gÈM	
���
�))`

�ghGMaurya1

[38]

¨Øª Alò	
���°kÃ�

�¶x�~��(6 100 MPa �÷Ïz���9


�°~��(6 300 Ä 400 MPa �÷Ï³õº¡	


öG±#¯�#´=¶SPS~�%)z��ìí4

ñY��ìí÷À´O�È9��P��M1�


��G � 8a��ÊË=$øùú

[39]

¨{? SPSY

Z TiAlò	
��¶���q°`��ûG 

ü��ý~��(JK7$%gh÷Ï�¢£

)E
�))yM��Î�gh�~��(�=

¢£)�'�
°�Î�k�ñY � 8b��

÷Ï�()*+)*£)1���:���s\G 

 

 

 

 

 

 

 

 

 

 

 

�  6  SPSvVFe

76

Si

9

B

10

P

5

@AB	Àw²vVÁG·ZÂÃ

ÄÅ¸¹³gF½�¾¿ 

Fig.6  Change curves of Z axis displacement with temperature of 

samples under different sintering pressures during SPS 

sintering of Fe

76

Si

9

B

10

P

5

 amorphous alloy

[34]

 

 

 

 

 

 

 

 

 

 

 

� 7  Fe�@A«¬Æ SPSvV¥,�z�FÇ�ÈVW 

Fig.7  Polyhedron structure of Fe-based amorphous powder during 

SPS process
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amorphous powder for holding time of 5 and 30 min
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Fig.12  Simulation results of temperature distribution of the stacking models after SPS for 10 s with packing density of 52% (a)  

and 63% (b)
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Abstract:�Amorphous alloys possess excellent mechanical properties, corrosion resistance, and magnetic properties, and are a new structural 

and functional material with significant application potential. However, the preparation of amorphous alloys via traditional methods is restricted 

by the critical cooling rate, and the forming size is also limited; these factors restrict the application of amorphous alloys. However, the 

preparation of amorphous alloys via spark plasma sintering (SPS) is not restricted by the critical cooling rate, and SPS can produce larger 

amorphous alloys. This research summarized the research progress of the preparation of amorphous alloys with SPS from the aspects of the 

densification mechanism, process parameters, comparative study of properties, and numerical simulation, and analyzed present difficulties and 

future development directions.  
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