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�������ijk��c^º��ÉÊª

u-D����EFG��Ë��HÌ�./Í�Ä
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[18, 19]

- 

@A[20]BOÀ�~��CD>?n Ta�ì��

² Cu ���ijk��¼½�²&n
E�Ta ��

%FG���¸M Ta��9:��H 3HIJ���

��ijk�-�#'��� 750 Kî���
ES

TnKLVF(M 1a M 1b)<²� Ta �ì��� Cu

N�¸%FÀO�çP�§ 750 K¨© 24 nsI��

��û�	F(M 1c)��� 1000 K¨©I�U�KV

F(M 1d)<C8m��Q° CuRAî�Ta�ì�� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 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]

 

 

9:� Cu �H�çPSST�K��UVF(è�

��Th�ijk�(M 1eM 1f)-�>?Ø��ò Ta

����HÌUVI�ÍPWX�H�M�H>?6

���6jk�H�,��UVF-Lei  >?S(

Cu-10%Nb (ìGÀ�) ���PWMG��§ 700 �

¨© 1 hI�FG Nb�ì��9:� Cu�HÌ��

6ghn Cu ����ijk�(M 2)

[21]

-� Cu-W�

Cu-Mo�Al-Zr�Al-W�Cu-Al-Y�Fe-Zr�Fe-Ti

[22-26]

 X¥Y*Z[��öE�%º×mnh���ì�

���HÌ9:��C	Ðn�ì��\]^���

U��_��-D�ò�ì��9:Nl�H�WX

\`°* 0 î��HÌ�i��«�àó-./��

ì��ST��Á����U�	RSTVF��N

l�Â�_�������h��ijk�- 

2.2  ����� 

ò()ªU�Z[X� 20 nmî��ÍPab�H

MËãc~gh���h�jk�<�ò()ªU�Z

[*]^�_^�dî����eS�U,�VF-

Zhang ÑÈ��BOf�
���Cu-10%W(��À�)

���ghE�D�W� CuN�E�ij/�kl�m

N� 900 �¨©I�WnUZ[¬­®*¯ 10 nm-./�

��6ab�H�N Cu�UZ[­®�¯ 30 nm

[27]
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o'È��9�²�G��¥¦��ì��M(
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��H9ÁM>?6��12�UVF
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��rh��ì����Á�I�()ª��nU�

smjk�U�·O-Z9tq�u
·O�Nl7

*���¥¦��+,�ijk�-eBO£¤¥¦

�
��� Fe-1%Zr M Fe-5%Zr(��À�)���G

������¡� 600 �î�­®*jk�ëªG�

����Fe N��UZ[%¯* 9 nm<ò��h�

600 ��I�Fe

3

Zr��nUvwÁ��Fe�UxyV

F<§ 900 �¨©I�Fe-1%ZrM Fe-5%Zr(��À�)

¥¦�UZ[À÷* 79 M 67 nm-D/���Fe-Zr

���¥¦�ijk�	�z¿{.��ì����

H�9:·O�ò��h� 600 �î�Fe

3
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������ Cu �ijk�îS(�§ 500 

�¨©IçP�� qWX��Jrh����ï
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m
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�s�H�-.0WX�12�U��- 

3.1  ������� 

i��jk£�T�D Weissmullerg��\��

S�n 20 "3-yz0D���{|�Weissmuller

 ��ò�ì��9Ám�H�I�D��ì��M

�¡�¢+·O��£��û��� �N�H�W

X�����H� γ�D�|$%

[35-37]

� 

0 gb seg

= Hγ γ Γ ∆�

                       (1)      

|E�γ

0

*
¦���H��Γ

gb

*�HÌ�ì��P

ñG�∆H

seg

*�H9:Y-D{|(1)���9ÁY

M�H�ì¤��}K�ô��H��WX-òB�

�HÌ�ì¥G	�Ph�¦`R���ì:V*�

�Á�ªST���§¨i��jk6�- 

���i��jk£�&'� 2 ©C��m

Trelewicz-Schuh (TS)C�M Wynblatt-Ku (WK)C�-

TSC�����À*�UâM�Hâ�2©âp��

�Pª«¥â(transitional bonding)-ò¥¦ÐÀ* X�

�¸M�H��ìÐÀÀ÷* X

b

M X
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î�¥¦¬�

­O®0D�û�*

[38-40]
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b b

mix ig mix ig mix

ig ig ig b ig ig b ig

ig b B A

(1 )

             {[ ( ) (1 )( )]

            ( )( )}

G f G f G

z f X X X X X X

X X

zt

ν ϖ

Ω

γ γ

∆ = − ∆ + ∆ +

− − − − −

− −

 (2) 

cE� 

b

mix b b b b b

b b

(1 ) [ ln

              (1 ) ln(1 )]

G zX X KT X X

X X

ϖ∆ = − + +

− −

        (3) 

ig

mix ig ig ig ig A ig B

ig ig ig ig

(1 ) (1 )

              [ ln (1 ) ln(1 )]

G zX X X X

t t

KT X X X X

Ω Ω

ϖ γ γ∆ = − + − + +

+ − −

(4) 
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b
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��(E

AA

)��ì��(E

BB

)���ì-�¡���¥«
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��UZ[ d ��H¤�

X

ig
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mix
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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

[39]

 

 

¡[(´µ¶·)�`/î��Ì�i��jkàó�
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-BC��¸*��E����0

D�∆G

mix

¹�TX[��ì��	��jk����

·O�¥¦�UZ[º��ä»F(M 3b)- 

BO TSC��Chookajorn Ñ>?n 12H	


�ì3¾(e Ti, Zn, Cr, Sc, Mn, Cu )² W����

jk6� (M 4a)

[41]

-�#S(�Ti �ì���KL

gh W����ijk�-́ 7��!""ØE�å

rBO~�
��n�UZ[
* 22 nm �

W-20%Ti(��À�)���M
 W ����� 2Hç

P� 1100 �¼½­¾�¨© 1¿IS(�
 W��

��UZ[}K\¯ 604 nm�C W-20%Ti(��À�)

���À* 24 nm(M 4b)�'(�+,�Áh��U

VF������$%�#7�

[41, 42]

- 

TS C�Ä*�ì��9Á��H��H$�WX

9gh���ijk���'�.��9 Wynlatt M

Ku

[43]

 ÑÄ*�ù£��û��� 9�ì��9:

��H�}~��æ9��i��jk�&'.¾-*

/�år�£�Y´xn9ÁY$%{|���n WK
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[42,43]
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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] 
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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

∆

∆ = − − + ∆ − −

+ − + −

(5) 

|E��Â AM BÀ÷4'�¡M�ì�α9H$�

�¸«�Ã��&[�σ 9�¡���Ä±$��z

9¯Ë��X
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el

9£�0DY�∆H
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@A[30]ôO WK C�²&$%n Cu-Zr�Fe-Zr

M Cu-Zn���{7��H�(γ/γ

0

)��H�ì��P

ñGÆГ

s

Ç���u�(M 5a)�ò γ/γ

0

=0 î���Ì

�i��jkàó-�#'��D� Zr9Ám Cu�

���HI��6WX Cu �H��üN�H�WX

* 0 î¶o'�Pñ�ì¥GTX-./�Cu-Zr ¥

¦ijk�TÈ<C Zn �ì��ä
N�H�KL

WX�./ä
smjk Cu�U�·O��� Cu-Zn
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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)

 [30] 

 

yz WKC��Koch Ñ$%¬�n 44H�¡

� 52 H�ìÏ¥É¯� 2288 H)3��(e Fe-Zr, 

Cu-Ta, Ni-W  )�i��jk�A

[44]

-yz$%�

#�årg��,�����UVF��ì3¾��

����A�Æ1Ç�ì��¡G��'¡<Æ2ÇÌ�

G�óî��ì��ÊÐN��TF�£��û<

Æ3Ç�ì��¡�X¥YQ°� 0<Æ4Ç�H0D

�Ë��¡- 

3.2  ������� 

~��jk£�&']Ì�ì��>?£�M(

)ªU�ab£�-ò�ì��_�ì��9:��H

î�D��H-.o'Í~�ì��7sc~���ì
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��>?6�(solute dragging mechanism)-ïð���
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���ì��>?6�WX�\�a-./�Í�Ä*

�ì��>?£�À�Ñ�_¡�î�6- 

ò�h���ì���N��ùE��Á�I�

²�H�.~s12·O�&'9()ª��U�a

b6��m Zener pinning-@A[28]>?S(¡�~

�
��� Cu-10%Ta(��À�)¥¦§ 900 Ò¨© 

4 h I�FGZ[X� 30 nm � Ta Á�ªÀO� Cu

�HÌ�sm12 Cu�H-.M�UVF�·O(M 6)- 

Í��~	()ª��U��ab� F�O Zener 

pinning{|$%�m

[45]
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3

2

f

F

r

γ=

                               (6) 

|E�f*()ªnU���À��r*nUÓ8-�

��()ªU�Z[�WXM��À��}K%�ô

�}K�H-.�1��gh�U�ijk�- 

´7���ò()ªnUZ[ r *7k[î��

���TXjk�UZ[ d

min

�O�|$%

[46]
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min
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3

r

d

f

=
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�{|m�ÔÕÑrÖ÷���h�ijk£�

9¦9×�()ªnU�ab·O�æ�O�Øé*

N���UZ[­®*7k[î�o'Kx�()ª

nU�Z[�c��À�- 

BC�°36	Ù>?È��ôO|(7)$%��

abnUZ[_��À�Í��!Ú[	Û¥-e� 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 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

I Cuª�UZ[��\ 167 nm�yz|(7)�$%�

/î¥¦E TanUZ[ÜÝ �_X� 33 nm��[

X�!Úºém� TanU«%Z[(64 nm) 

[28]

-./�

ÎÀ�qÈ�|(7)�K��� α�m

[47]

� 

min

4

3

r

d

f

α=

                            (8) 

|E�αÞ[* 0.4~1.33-@A[48]�ôOßZI�|

(8)>? WnU² Cu����ab6�îS(�ò¨

©��* 600 Òî�α Þ 0.4 lm�$%�#�!é

[Û¥<ò��rh\ 800 ÒI�αÞ 1)*àò-

�@A´7�È��D� WnU	à*á~	�./
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�±"IJ��i��jk£�M~��jk£���


î²�����UVF�T¼½

[49,50]

-&e�ò�ì

��9:��HÌî�Ñrä�kGâÀ�H�WX�

s�i��jk6���ì��>?ÊÐ�~��j

k6��åA-(2)��~��jk£�pq	Ð�ö

zæ���C��́ 7�ÍPw���M!"L·¥�

��~��jk£�9q6L·�#��7- 

4  �  � 

Ëçu��������ijk��c¼½.¾

��FG>?��¬�	ÙNè5³pq�|-m�

�*é�u��������ijk�>?&'�ë

ì��MÎÀ)3¥¦*²è�²ê3��>?�Ù-

=¹�ÎÀ���á�ð7k�ëì�Àí�ei�

�jk6�&'9×�H$��WX�9�ù£��

û��� pq�ÐuÅ-ÍP:Héêîï�eh

ÀÒÓÔÕÖ�êð��ñò óô´7�>?��

��^º���cõû
Æ� �¥À�~��CD

 #
bñö¼½ijk��:H.¾�²>?��

�����ijk�£����'÷ø- 

 

����    References  

[1] Gleiter H. Progress in Materials Science [J], 1989, 33: 22 

[2] Kapoor M, Kauba T, Darling K A et al. Acta Materialia[J], 

2017, 126: 564 

[3] Harzer T P, Dehm G. Thin Solid Films[J], 2017, 623: 48 

[4] Moustafa E T, Yi H, Hyelim C. Materials Science & 

Engineering A[J], 2017, 682: 323 

[5] Kapoor M, Thompson G B. Current Opinion in Solid State and 

Materials Science[J], 2015, 19: 138 

a 

30 nm 

500 nm

b 



� 11�                                  ��������	
��
�������                         �3577� 

[6] Lu Ke(�  � ). Bulletin of National Natural Science 

Foundation of China(������)[J], 1994, 4: 245 

[7] Botcharova E, Freudenberger J, Schultz L. Acta Materialia[J], 

2006, 54: 3333 

[8] Thomas G J, Siegel R W, Eastman J A. Scripta Metallurgica et 

Materialia [J],1990, 24: 201 

[9] Andrievski R A. Journal of Material Science[J], 2014, 49: 

1449  

[10] Li D X, Ping D H, Ye H Q. Materials Letters[J], 1993, 18: 29 

[11] Lu K, Luck R, Predel B, Scripta Metallurgica et 

Materialia[J], 1993, 28: 1387 

[12] Zhang H Y, Hu Z Q, Lu K. Journal of Physics: Condensed 

Matter[J], 1995,7: 5327 

[13] Alloyeau D, Ricolleau C, Mottet C et al. Nature Materials[J], 

2009, 8(12): 940 

[14] Chen Z, Liu F, Yang W et al. Journal of Alloys and 

Compounds[J], 2009, 475 : 893 

[15]Lu Ke(� �)�Zhou Fei(� �). Acta Metallurgica Sinica(�

 �!)[J], 1997, 33(1): 101 

[16] Zhang K, Alexandrov I V, Valiev R Z et al. Journal of 

Applied Physics[J], 1996, 80: 5617 

[17] Bachmaier A, Motz C. Materials Science and Engineering 

A[J], 2015, 624: 41 

[18] Shi X H, Chen Y Z, Ma X Y et al. Materials 

Characterization[J], 2015, 103: 58 

[19] Koch C C, Scattergood R O, Darling K A et al. Journal of 

Material Science[J], 2008, 43: 7264 

[20] Frolov T, Darling K A, Kecskes L J et al. Acta Materialia[J], 

2012, 60: 2158 

[21] Lei R S, Wang M P, Xu S Q et al. Metals[J], 2016, 6: 194 

[22] Muthaiah S V M, Mula S. Journal of Alloys and Compounds 

[J], 2016, 688: 571 

[23] Dake J M, Krill C E. Scripta Materials[J], 2012, 66: 390  

[24] Roy D, Mahesh B V, Atwater M A et al. Materials Science 

and Engineering A[J], 2014, 598: 217 

[25] Darling K A, Vanleeuwen B K, Scattergood R O et al. 

Materials Science and Engineering A[J], 2010, 527(15): 

3572  

[26] Azimi M, Akbari G H. Journal of Alloys and Compounds[J], 

2013, 555: 112 

[27] Zhang X, Vo N Q, Bellon P et al. Acta Materialia[J], 2011, 

59: 5332  

[28] Darling K A, Roberts A J, Mishin Y et al. Journal of Alloys 

and Compounds[J], 2013, 573: 142 

[29] Humphreys F J, Hatherly M. Recrystallization and Related 

Annealing Phenomena[M]. Amsterdam: Elsevier, 2004 

[30] Mark A A, Ronald O S, Koch C C. Materials Science and 

Engineering A[J], 2013, 559: 250 

[31] Liu W B, Zhang C, Yang Z G. Applied Surface Science[J], 

2014, 292: 556 

[32] Tao J M, Zhu X K, Scattergood R O. Materials and Design[J], 

2013, 50 : 22 

[33] Lu L, Wang L B, et al. Materials Science and Engineering 

A[J], 2000, A286: 125 

[34] Hao Zhifang("#$ )�Zeng Meiqin(%&' ). Metallic 

Functional Materials(� ()
�)[J], 2005, 12(3): 31  

[35] Li D, Zhou S T, Li P et al. Rare Metal Materials and 

Engineering[J], 2015, 44(5): 1075  

[36] Weissmuller J. Nanostructured Materials[J], 1993, 3(1-6): 

261 

[37] Weissmuller J. Journal of Materials Research[J], 1994, 9(1): 

4 

[38] Trelewicz J R, Schuh C A, Physical Review B[J], 2009, 79: 

094 112 

[39] Murdoch H A, Schuh C A. Acta Materialia[J], 2013, 61: 

2121 

[40] Baláž P, Achimovičová M, Baláz M. Chemical Society 

Reviews [J], 2013, 42: 7571 

[41] Chookajon T, Murdoch H A, Schuh C A. Science[J], 2012, 

337(24): 951 

[42] Chookajon T, Schuh C A. Acta Materialia[J], 2014, 73: 128 

[43] Wynblatt P, Ku R C. Surface Science[J], 1977, 65: 511 

[44] Lejcek P. Grain Boundary Segregation in Metals[M]. Heidelberg: 

Springe, 2010  

[45] Humphreys F J, Hatherly M. Recrystallization and Related 

Annealing Phenomena[M]. Amsterdam: Elsevier, 1995: 284 

[46] Smith C S. Trans AIME[J], 1949, 9: 15 

[47] Doherty R D. Material Science Forum[J], 2012, 715-716: 1 

[48] Mark A A, Debdas R, Kristopher A et al. Materials Science 

and Engineering A[J], 2012, 558: 226 

[49] Bachmaier A, Pfaff M, Stolpe M. Acta Materialia[J], 2015 96: 

269 

[50] Akbarpour M R, Kim H S. Materials and Design[J], 2015 83: 

644 

 

 

 



*3578*                                        +,� 
�-./                                             0 471 

 

Research Progress on Thermal Stability of Nanocrystalline Materials 

 

Lei Ruoshan

1

, Chen Guangrun

1

, Xu Shiqing

1

, Wang Mingpu

2

  

(1. China Jiliang University, Hangzhou 310018, China) 

(2. Central South University, Changsha 410083, China) 

 

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. 
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