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BC�¸ 200 MPa·m

1/2

P%UA 293 Kb¸ 77 Kp


�@A0cC�BC�ZYÞf�i�
I�@A

�¯ 1.3 GPa
���	
� 90%
��BCq��

¸ 275 MPa·m

1/2
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;< 293 KU

A
S 77 K®p���¥��A[f&Xia6ö
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[19]

ÉÊ����@°	� FeCoNiCr- 

Ti

0.2

����ÂTi-HEAÃ
78���Sß#UA

ª�M^CL� !°&%UA 293 Kb¸ 77 K

p
Ti-HEA�"#@A 700 MPa$%¸ 860 MPa


I�@A 1.24 GPa��¸ 1.58 GPa
���	


36%��¸ 46%&�=�����
UA�&'(

@cC�:Ô&
�)a��ç*�®�÷�

Ñ&&TEM+,9:`a®UA�bT
®

-+¦§��Aéê.����A/ê�Ë�c
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`a®����
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®1/ZYß#23�/ê
/

êZY45
/ês/ê67ÐÑ89 :� 2;


®���<=/ê
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/ê�ZY
¥ABC4�j!�>=ú
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2D=E¥@°�ÙF&��;s/ê�;GH�


"#i�����D°
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,¸?®�¥�ZY&4Jè�
 =?��A�"

=��|S
i�®�¥�®�KL�M
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Table 1  Mechanical properties of some high-entropy alloys at 

room temperature and cryogenic temperature 

Alloy T/K σ

0.2

/MPa σ

b

/MPa δ/% Ref. 

293 620 1155 20.4 

AlCoCrFeNi

2.1

 

77 857 1461 16.6 

[15]�

293 265 600 45 CrMnFeCoNi 

77 460 1060 60 

[18] 

293 700 1240 36 FeCoNiCrTi

0.2

 

77 860 1580 46 

[19] 

293 925 1310 43 Ni

30

Co

30

Fe

13- 

77 1080 1700 51 

[20] 

293 260 980 45 FeCoCrNi 

77 480 1725 55 

[21] 

293 360 1238 48 FeCoCrNi- 

77 602 1863 51 

[21] 

293 498 752 52.5 

VCrMnFeCoNi 

77 698 1128 78.6 

[22] 

293 442 745 53 

V

10

Cr

15

Mn

5- 

Fe

35

Co

10

Ni

25

 

77 698 1136 78.5 

[23] 

293 544 860 46.2 

V

10

Cr

15

Mn

10- 

Fe

30

Co

10

Ni

25

 

77 766 1225 54.1 

[23] 

293 397 721 58 

V

10

Cr

15

Fe

40- 

Co

10

Ni

25

 

77 600 1073 81.4 

[23] 

293 393 735 44 

Fe

40

Ni

25

Cr

15- 

Co

10

V

10

 

77 612 1073 59.9 

[24] 

293 265 600 47.5 

CrMnFeCoNi 

77 460 1060 60 

[18] 

293 1147 1207 12 

Al

0.3

CoCrFeNi 

77 1320 1600 17.5 

[25] 

29 360 670 60 

CoCrFeMnNi 

77 580 1120 90 

[26] 

293 250 635 58.5 

Al

0.1

CoCrFeNi

 

77 412 1042 81.6 

[27] 

293 220 620 58.4 

Al

0.3

CoCrFeNi 

77 515 1010 68 

[27] 

293 360 750 30 

CrCoNi 

77 560 1625 44 

[28] 

 

 

 

 

 

 

 

 

� 1  Al

0.1

CoCrFeNi;<��=��?ZC TEM��� 

Fig.1  TEM BF images of the microstructures of Al

0.1

CoCrFeNi alloy tested at 298 K (a), showing a tendency towards dislocation cell 

formation at a high strain level of 50%; at 200 K (b), showing the (111)-type slip plane, at 77 K (c), which shows nano-twinnings; 

the HRTEM image in Fig. 1c focusing on the region where two deformation twins with a thickness of about 2 nm cross the field of 

observation (d)

[29]
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� 2  FeCoNiCrTi

0.2

9:;<= 293$ 77 Kxy� 36%C TEM� 

Fig.2  TEM image of FeCoNiCrTi

0.2

 high-entropy alloy at 293 and 77 K with deformation to 36%: (a) at 293 K, 36%, a large number of 

stacking faults were observed; (b) a high-resolution map of the local area in Fig.2a; (c) at 77 K, 36%, a large number of 

high-density stacking faults occur, and stacking faults appear to be mutually intersected; (d) a high-resolution image of the local 

area in Fig.2c 

[19]
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ÉÊ�� Fe

60

Co

15

Ni

15

Cr

10

���

�
���S 77 Kp�YZ\]�@cC&S 77 K

p�I�@A�¸ 1.5 GPa
³ÏÅ?� 87%�cCP

�
&78�Y
ScC®¯lX�Ñ:Ô�;

Âfcc ;¶ bcc ;��Ã:� 3;
;QËcC

ÂTRIPÃ�ËcC®&S����X
fcc ;�

� bcc ;Bè��ßR�
S�áLËÌTUTC

�ZY
ï�S Fe

60

Co

15

Ni

15

Cr

10

��X
bcc ;�Z

YßïI?ËÌTUTC
UÎ = bcc ;�f�Ð

Ñ
���@A�cC�ZYfgA�i�
Ús

����®�:Ô�VQ&S���XÅ?��Y

W�S��¥Aç*�XYZ8[O\?��� hcp

;®�
4Jè�� =��>?T�/êL
/ê

�]®� hcp ;&Wang 6ö

[32]

ÉÊ��7^�

��� Fe

49.5

Mn

30

Co

10

Cr

10

C

0.5


78���Sß#U

Aª�M^CL� !°&���S 77 Kp9YZ

\]��@cC&¥AE°1���S 77 K��p


�I�@AL�¸� 1300 MPa
cCL�¸� 47%&

��S®¯lX_�Ñ fcc¶ hcp;��:� 4;


hcp;á� /ê��]®�&S 293 K� 77 K®

¯lX�I?®�¥B�Y&�:®�¥S��

�XB@`�a÷&4Jè�
 =UAbT
/

êL`6bT

[33-36]
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�®�
c hcp\d=®�¥ZY& 

���������
���

Sun 6ö
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e¯fg�h�ki÷øZ��jk

â¦¥��E¥����ÂUFG, HEA, ¥A23� 650 

nmÃ&���S 293 K��p
�"#@A� 798 MPa


I�@A� 887 MPa
���	
� 26%&%���

S 77 K��p
�@A�cC�ZY:Ô�i�&

77 K��p
"#@A��¸ 1.24 GPa
I�@A�

�¸ 1.46 GPa
���	
��¸ 41%&78�Y


S 293 K®p
�)�®�÷�éêlmÂ� 5aÃ


`a®����
éê���éên&S 293 K

®p�®�¥ZY&ÎS 77 K®p
ST�p
 

 

 

 

 

 

 

 

 

 

 

� 3  Fe

60

Co

15

Ni

15

Cr

10

9:;< 77 Kxy�����x�C EBSDC]��� 

Fig.3  EBSD maps for Fe

60

Co

15

Ni

15

Cr

10

 high-entropy alloy deformed at 77 K, with different strains: (a) ε

true

=10%, (b) ε

true

=20%, and    

(c) ε

true

=30%

[31] 
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77 K 

 

500 nm 

 

b 

 

293 K 

 

5 nm 
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77 K 
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fcc 92% 
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fcc 82% 

bcc18% 
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10 µm 

fcc 52% 

bcc48% 
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� 4  Fe

49.5

Mn

30

Co

10

Cr

10

C

0.5

9:;< 77 Kxy�����x� EBSDC]��� 

Fig.4  EBSD maps of Fe

49.5

Mn

30

Co

10

Cr

10

C

0.5 

high-entropy alloy deformed at 77 K, with different strains: (a) ε = 5%, (b) ε= 25%, 

and (c) ε = 45%

[32]
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� 5  CoCrFeMnNi9:;< 77 Kxy�����x�C TEM � 

Fig.5  Microstructure evolution of UFG HEA CoCrFeMnNi with different strains at 77 K: (a) ε=2%, a large number of dislocations appear;     

(b) ε=5.4%, high-density dislocation stored in the grain interior; (c) ε=10.3%, initiation of deformation twins in some grains, these related 

diffraction spots are verified from inset SAED pattern; (d) ε=18.8%, formation of profuse deformation twins; (e) ε=18.8%, HRTEM image 

of deformation twins and some stacking faults; (f) ε=31.5%, accommodation of profuse deformation twins and dislocations

[37]
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200 nm 
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2 nm 
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77 K-31.5% 

 

200 nm 
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[32]

78ß#¥A23� Fe

49.5

Mn

30

- 

Co

10

Cr

10

C

0.5

����Sß#UAª���CL:�

6;&���������e¯�g���°\�·¸

¥AA�� 100 µm��¥ !ÂCGÃ
â���¬

«fg�h�\�·¸¥AA�� 6 µm �E¥ !

ÂFGÃ&78�Y
S 77 K ��¨©ª
�<�¥

����
E¥�����"#@Ai� 150 MPaP

S¼U��p
�<�¥����
E¥�����

"#@Ai� 300 MPa& S 77 Kp
E¥���

��I�@A��
�¸� 1300 MPa&He6ö

[10]

÷øZ 2�ß#¥AA� FeMnCoCr����
�

¥¥AA�� 500 µm
E¥¥AA�� 8 µm&S 293 K

®p
�¥���"#@A� 170 MPa
cC�

46%PE¥���"#@A� 272 MPa
cC� 47%&

S 77 K®p
�¥���"#@A� 340 MPa
c

C� 54%PE¥��"#@A� 481 MPa
cC�

65%&á�
STUpE¥@°�ÙFð�:Ô&S

TUVWª
���éê«�S�ãlA$Ba÷
M

Néê���¥L@°Ù�S�ãlA$B��
t

p
E¥@°Ù��)9YSi�®�¥�KL®O

�M�,;�KL�MÎ�¸@°���ÙF& 

 

 

 

 

 

 

 

 

 

 

� 6  ��5�ZC Fe

49.5

Mn

30

Co

10

Cr

10

C

0.5

9:;<= 293 �

77 K� �D-�x¡¢ 

Fig.6  Stress-strain curves of Fe

49.5

Mn

30

Co

10

Cr

10

C

0.5

 high-entropy 

alloys (iHEA) with different grain sizes at 293 and 77 K 

(CG: coarse grain; FG: fine grain)

[32]
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78 CrMnFeCoNi�:9 2;s

CrCoNi :9 3;�����M^CL&78¦FÔ�


S¼U¨©ª
CrCoNi���"#@A��= CrMnFe 

CoNi��&ÎS 77 K¨©ª
CrMnFeCoNi���"

#@A��= CrCoNi��&Ú 2�����ü� fcc

ýþ*& CrMnFeCoNi ����ä)�= CrCoNi �

�
St CrMnFeCoNi ���ýþ*[���
Ó

A[>&�=¼U����
éê«���Ë
¥=

ÓA[f�CrCoNi��ýþ@°[:Ô&ÎS 77 K

¨©ª
éê«�S�ã�lA$Ba÷
� OÒ

Ó��éê��MMÎ@°���ýþ@°Ù�

?�ãlA�¡�&CrCoNi���ýþAT= CrMn- 

FeCoNi��
CrCoNi���/êLqrT
S 77 K

p
CrCoNi��[¢£¤����¥
¥� CrMnFe- 

CoNi���"#@A)�= CrCoNi��& 

Xie6ö

[38]

78 N��� FeCoNiCrMn���

CLòó
78�Y
¦� 0.1%Âùú4�Ã� N

��1
���CL:Ô$%&FeCoNiCrMn s

FeCoNiCrMnN

0.1

�§¨DA HV 4Q� 4150 � 4680 

MPa
"#@A4Q� 1314 MPa� 1517 MPa
I©

@A4Q� 2026 MPa� 2141 MPa&á�
N��L

:Ôi����@A&ùSS= N����ª��

���/êL
�·�����;«ãCi�
ß£

¤�/ê0�¥��;�½YTUª�cC®&

St
�=����STUª�ýþ@°
qq =

éê«�Ba÷
¬�ýþ@°ÙFß:Ô&þÜ�

@°H�qq*YS�����;«ãC
��/ê0 

 

� 2  CrMnFeCoNi ����� 293 � 77 K �	
�� 

Table 2  Tensile property of CrMnFeCoNi high entropy alloy at  

293 and 77 K

[11]

 

Property 293 K 77 K 

σ

y

/MPa 410 759 

σ

u 

/MPa 763 1280 

ε

f 

/% 57 71 

Note: σ

y

 -yield strength; σ

u

 -ultimate tensile strength ; ε

f 

-strain to 

failure  

 

� 3  CrCoNi ���� 293 � 77 K �	
�� 

Table 3  Tensile property of CrCoNi high entropy alloy at 293  

and 77 K

[4]

 

Property 293 K 77 K 

σ

y

/MPa 440 657 

σ

u

/MPa 884 1311 

ε

f

 /% 73 90 

Note: σ

y

 -yield strength; σ

u

 -ultimate tensile strength; ε

f 

-strain to 

failure  
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[39-44]

&Y?�78¦F9:
���/êLs TWIP

Ù���Ñ?Þfº+
T�/êL[¢£Q� TWIP

Ù�

[21,40,45,46]

&`UAbT
�R�����/êL

_`abT

[4,11]

&¥�È�_STU®����X

�Y®�¥�|S& 

Gludovatz 6ö

[11]

ÉÊ��6ùú< CrMnFeCoNi

����
���>? fcc ü;¦§&78�Y
�

��S 293 K®p
�)®�÷�éê}lm


���I�@A�� 730 MPa
cC�� 55%P%U

Ab¸ 77 K p
�®�÷���®�¥�

Ë
���I�@A�¸ 1280 MPa
cC�¸

75%&���¥ß³i���cC
ÎÏS®¯

lXi´«ã�D°
&Li6ö

[25]

÷ø��

Al

0.3

CoCrFeNi����µ§
�µ§S 298 K¬«�

�p
�"#@A� 1147 MPa
I�@A� 1207 MPa


cC� 12%P%S 77 K¬«��p
"#@A��¸

 1320 MPa
I�@A��¸ 1600 MPa
cC�

�¸ 17.5%&78�Y
S 298 K®p�éê}

lm�Ë
S 77 K®pÐÑf�����¥
�

��¥����CLi�(¸�)H�&R���

��� TWIP Ù�
e¯f��¶�k÷ø��A�

¥ !á?Ùhi����"#@A& tá�
S

TU����X TWIP Ù�L·?Ùhi����@

BC
���ð��)�@°¤Ý& 

����TRIP�����

;QËcCÂTRIPÃÙ�S����u¸¹�

º��XB»:L·Ô¼i����@BC&¡R¢

�
STU����Xq+,¸ TRIP Ù�
TRIP

Ù��=TU�����@BCi�q>?ð�:Ô

�H�

[47-51]

&STU����X+,¸� TRIP Ù�

? fcc ¶ bcc ¦§��

[31]

Â� 3Ã
fcc ¶ hcp ¦§

��

[32]

Â� 4Ã
bcc¶ hcp¦§��

[52]

6&SÚ

R;¯lX
ÐÑf��;L}
¡�éêl

m�½�� eÊ
MNéêlm
¾¬���

�kD°
i´r���D°
& 
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� 7  TEM£¤¥¦] L12y§$��¨ HRTEM©� L12$

fccª6«¬9Z® 

Fig.7  TEM image showing the morphology and distribution of 

L12 nanoparticles (a) and HRTEM image demonstrating 

the highly coherent interfaces between the L12 

nanoparticles and fcc matrix (b)
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� 8  77 K� CoCrNi{:;<$`¯!"C}E^°� 

Fig.8  Comparison of toughness between CoCrNi medium entropy 

alloy and other materials at 77 K

[4]

 

a 

100 nm 

b 

L1

2

 particle 

L1

2

 particle fcc matrix 

10 nm 

Yield Strength, σ

y

/MPa 

F
r
a
c
t
u

r
e
 
T

o
u

g
h

n
e
s
s
,
 
K

c

/
M

P
a
·
m

1
/
2

 



�3280�                                       �j<�!"$%&                                              � 49� 

ß#�®�÷& S®ò/
S�íîïK¡ðn

á�+,¸?f��óôõ*4éêÂ1/6<112>2	Ã

opm�& =���>?rT�/êL
`a4é

ê���
Sß#�{111}lm}$®�f��/

ê
u� 9a � 9b X�ö÷�ø¥�&ÚR/ê =

4éê���\=ßùh®O�úû��ü°6

X&ùú2A��ü/ê®�¯l�� 9c � 9d&S

t=0 sp
u� 9c
S�íîïðnI?/ê®�&`

a®����
S t=1.2 sp
u� 9d
á��Y?

/ê®�
Ú�4éêS{111}}$�lm¬��&/

ê�ýþ���
u� 9e¥�&4éê�lm�;

º/ê�®�S®�/p�=cC®(ayº�

)�H�&`a®�¬�0��
ß#{111}}$�

4éê_ZY8GH�
®�“/ê�}*”
u� 10

¥�&Ú�/ê�}*����§æç
ûL·@?

M�MNéê���
¾¬�D°ÙF
i���

BC&S®1/
1/2<110>2	�kéêop��


kéê���;<=4éê��ð���3
¥�Ú

�kéê�4>È�
�ð����	A��& =

kéê��ð��3
û�
¶=®�éêÒÆ
�

a�*�lmZ¬«��
u� 11¥�&Ú��*�

lmZá�?Ù�MN4éê���
'(4éêS

}lmZ\�
Ú�MNH�L·i´?Ù��

D°ÙF
i������BC& 

3.1.2  ������ 

�¯éêB°�÷L·�@���BC¯
78

�Y�¥QËcCÂTWIPÃÙ�#�á�?Ù�i�

�����BC&78ö�e¯ùé TEM èé�Y

S CrCoNi ��®¯lXf!�¥Aç*�L®�

!��¥+�

[69]


u� 12a � TEM :��¥�&S

� 12aXá��Y 3��¥+�(Twin 1
Twin 2
Twin 

3)
3 ��¥+�á�;GH�®����§��

¥¦§
Ú��§�¥¦§L·?Ù�MNéê��

�&�¥s�*�;�Éð�ú��u� 12c ¥�


»:�¥�|S&78�YÑ���¥L?��®

Ý
���"=�¥L
1���ð"=�¥L&Ú

2 ��¥L�L·?Ù�MNéê���&tu
%

éêS��{111}}$lmp
 ={111}}s"=�

¥Lß½«
éê��e¯
ÚRéê�_S�¥L

\ZY�
u� 12a �ø¥�&�¥LL·MNé

ê���
ÚßR=���cC
ï�%?f��¥

Ñ��p�
�¥á�(¸�Ë®�LM
¾¬�

��cC
Ú�����D°LM
��@�

��BC&� 12b á��¸
 =�¥L�MN


éêS�¥L\�®�ÒÆ&78�Y
éês

�¥�8Gð_®������ 9R ¦§
u� 12d

¥�
¬�á��¥=Ó& 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 9  TEMBC±�²W³´�µ¶VWyG 

Fig.9  Partial dislocation activity and stacking-fault formation: (a, b) Bright-field TEM images that show the formation of SFs (indicated 

by the red arrows) at the crack tip (top left-hand corner) under in situ loading of the CrMnFeCoNi high-entropy alloy, beam 

direction [110]; (c, d) HRTEM images captured from the in situ high-resolution TEM movie, the formation of multiple SFs at the 

crack tip (bottom left-hand corner) was observed at the atomic scale; (e) the magnified inverse fast Fourier transform image 

showing the atomic structure and stacking sequence (marked in yellow) of the SFs, surrounded by the red box in Fig.9d

[68]
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� 10  µ¶VWyGC·p¸¹678 TEM�� 

Fig.10  TEM image of the stacking-fault parallelepiped  

structure

[68]

 

 

 

 

 

 

 

 

 

 

 

 

� 11  ��º»¼ TEM��½¾±�²W¿À±·¹ÁÂÃ 

ÄÅ 

Fig.11  Bright-field TEM image showing the blocking of partial 

dislocations by the localized band of planar slip

[68]
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� 12  CrCoNi;<{CÆ578 TEM� 

Fig.12  TEM images of twin structures in the CrCoNi alloy:    

(a) bright-field TEM image showing the hierarchical 

twinning architecture in a grain of the CrCoNi alloy;  

(b) low-magnification bright-field TEM image showing 

dislocation arrays on the twin boundary; (c) SAED 

pattern along <110> beam direction of CTB;         

(d) HAADF STEM image showing the structure of a 

CTB and an ITB which contains a 9R structure

[69]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 13  £¤ÇÈ�xyÆ5= 2ÉÊË¹«¬yG�XYÊË

CÌ �£¤ÇÈ¿�Í 

Fig.13  Nanofibers and deformation twins are formed between 

the two crack faces (a); as the cracks expand, the 

nanofibers are elongated (b)

[68]
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Recent Development of Mechanical Behavior of Cubic High-entropy Alloys  

at Cryogenic Temperature 
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Abstract: In recent years, the researches on the mechanical behavior of high-entropy alloys with cubic structure at cryogenic temperature 

(77 K) have become a hot topic. It is found that stacking fault energy (SFE) of some cubic high-entropy alloys decreases with the decrease 

of temperature. Compared with those at room temperature, the mechanical properties of these alloys at cryogenic temperature show 

remarkable increase, suggesting their tremendous potential as promising structural materials used at cryogenic-temperature. In this paper, 

recent progress on the mechanical behavior of high-entropy alloys with cubic structure at cryogenic temperature are reviewed, focusing on 

the underlying mechanisms of strengthening and toughening during plastic deformation. At last, the possible future development trend is 

also given. 
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