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� 1  �Opu�}���4<=���� Cu{ Cu-6.5%Ta�./056 

Fig.1  Simulated structures of nanocrystalline Cu and Cu-6.5%Ta alloy by molecular dynamics simulations: (a) nanocrystalline Cu, initial 

structure; (b) nanocrystalline Cu, 10 ns; (c) Cu-6.5%Ta alloy with uniform distribution of Ta, 24 ns; (d) Cu-6.5%Ta alloy with 

uniform distribution of Ta, annealed at 1000 K for 30 ns; (e) Cu-6.5%Ta alloy with Ta segregation, annealed at 1000 K for 70 ns; 

(f) Cu-6.5%Ta alloy with Ta segregation, annealed at 1200 K for 45 ns

[20]
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� 2  ���R Cu-Nb./0���� 700 ��� 1 h4

TEM��

 

Fig.2  TEM images of mechanically alloyed Cu-Nb alloy 

annealed at 700  for 1�  h: (a) bright-field image, Cu 

nanocrystalline grains; (b) dark-field image, Nb solute 

atoms

[21]
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Cu-10%Nb (ìGÀ�) ���PWMG��§ 700 �

¨© 1 hI�FG Nb�ì��9:� Cu�HÌ��

6ghn Cu ����ijk�(M 2)

[21]
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[22-26]
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�Á�ªST���§¨i��jk6�- 

���i��jk£�&'� 2 ©C��m

Trelewicz-Schuh (TS)C�M Wynblatt-Ku (WK)C�-
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Fig.3  Schematic of three-dimensional free energy surface with 

respect of grain boundary concentration X

ig

 and grain size 

d: (a) a nanocrystalline minimum is present and (b) no 

nanocrystalline minimum is present
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[41, 42]
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TS C�Ä*�ì��9Á��H��H$�WX
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� 4  W '()��* 1100 ����+, !�-./01

2�34W����W-20%Ti�����5 1100 �6

7 189� W�	
�:;� 

Fig.4  Nanostructure stability map for tungsten-based alloys (a); 

the W grain size histograms for W-20at%Ti and W 

powders after annealing at 1100 

o

C for 1 week (b)

[41] 

 

A A

A A

ig b

m

seg A B el

b ig

8

( )(1 ) [ ( )

1 1

            ( ) ( )]

2 2

l

v v

H

H H z X X

Z

z X z X

γ γ α σ

α

∆

∆ = − − + ∆ − −
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���HI��6WX Cu �H��üN�H�WX
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� 5  <=����>?@����A4BCDEF��

���- Cu-1%Zr ���5 900 �67 1 h 9� TEM

GH 

Fig.5  Relationship between grain boundary energy and grain 

boundary solute excess for different alloy systems (a); 

TEM image of Cu-1%Zr after annealing at 900  for �    

1 h (b)
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��()ªU�Z[�WXM��À��}K%�ô
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� 6  Cu-10%Ta���5 900 Q67 4 h9� TEMGH 

Fig.6  TEM images of Cu-10%Ta after annealing at 900 Q for  

4 h: (a) Cu grains and (b) Ta nanoparticles

[28]

 

Cu-10%Ta(��À�)���¥¦§ 1040 Ò¨© 4 h
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Abstract: The nanocrystalline materials exhibit the microstructure with an average grain size smaller than 100 nm, which is responsible 

for their unique properties. A high thermal stability is the key for the application of nanocrystalline materials. Hence, the grain growth of 

nanocrystalline materials is the focus of intense research efforts in recent years. This paper reviewed the current status of research in this 

field. The microstructural characteristics of nanocrystalline materials were introduced. The effects of solute atom, the second particle and 

internal strain on the thermal stability of nanocrystalline materials were discussed. The basic theoretical models in thermodynamics 

stabilization and kinetics stabilization were summarized. 

Key words: nanocrystalline materials; thermal stability; thermodynamics; kinetics 
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