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|^×£>º>fÏ��Ý (SEM-ECC) Eâ*	ïÄ
 [4̄ 18 41] üw£��Ôü¬N3ØÓ�5ACÌ
e��N�Ú �(�9Ù3ØÓ§Ý��ò»^�e�9½5. (JL², 3ò»§Ý� 300 ◦C �, �N 
�(� (Xóä(�!73w£� PSB ¢F(�!PSB �(�Ú�û(��) þu)
²w£E. �ò»§Ýp
u 500 ◦C, þãù
�N �(�Ä���, þu)
²w�2(¬y�, ¿�Ñ��kò»Ì¬�/¤. ©Û@
�, 2(¬�u)Úò»Ì¬�ÑyØ=�ò»§ÝÚ	\�5ACÌk', ��\ÈÌ��5ACþkX��
�'X.

'�c: Ôü¬N, �N �(�, 2(¬, ò»Ì¬

PACS: 62.20.me, 65.40.−b, 81.40.Zf, 81.70.Pg

1 Ú ó

l�*ºÝþ�«á��Ì�C/�úÅn
kÏu��n)�«á���N��¯K, Ïd,

éÌ�C/��á�?1�* �(��ïÄÒ
w�c�� [1−3], �d�'� “UþÑ\é�
* �(�K�” �ïÄ���É�'5. 20 
V 80 c�, Tabata �< [4] m©ïÄUþÑ\é7
3w£� (PSB) (��K�, ¦�òÌ�C/�¹
k PSB FG(�Úóä(��Ôü¬N�¤>º
�¬, 3pØ>fw�ºS��ò»?1*	. (
JL², 3 350 ◦C ^�e, �§ 18 min, PSBs Úó
ä(�×���. ��qkÆöäYïÄ
ò»
?n�ü¬ÔÚõ¬Ô �(��9½5. ~
X, Chen Ú Gottstein[5] QïÄ
 [1̄69] üw£��
Ôü¬�N �(�3 200—850 ◦C ò»^�e
�9½5, *	��ÄåÆy��~aq2(

¬1�, �2(¬vku), �k �£EÑy.

Wang[6] é²þ¬âº�� 80 µm �õ¬Ô�N
 �(�9½5?1ïÄ, 3¤æ^�§Ý�
�S (150—650 ◦C) ò»?n�, �vk*	�2
(¬�u). �C, ÁJ�< [7] ��	
ò»?
n (300 ◦C) é [1̄49] üw£��Ôü¬N�N�/
¤� PSB FG(��K�, (JL², PSB �,

Ü ÅÚ[z, $���, �E�*	�2(¬y
�. ��ù�< [8] æ^p�ÝóÀ>6?n�N
�Ôü¬NÚu2(¬y�, 3óä«�/¤õ>
/�2(¬¬â, 3 PSB ?/¤Cý��2(¬¬
â, Ù�¶÷ PSB ��, ù�U´Ï�>óÀ�^
�má, �N �(�á�mº�ACU¤�.

� � 5 `, Ì � C / � �   � | � � © �
ü |, = ² ï   � ( � Ú � ² ï g | �   �
(�. Kuhlman-Wilsdorf[9,10] JÑ�$U �(
� (LEDS) �.Ú Glazov �< [11] JÑ�g|�
 �(� (SODS) nØ©Oéùüa �|��
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/¤?1
Ün�£ã, ¿^u)º7á¬N�
Ì�C/Ån. �´, ù
�.ÚnØEI�3�
�¡ (cÙ´3¢�þ) ��?�Ú�y¢Ú�õ.

�ud, �©XÚïÄ
��;.üw£��Ôü
¬N3ØÓ�5ACÌe/¤��Ú �(��
��ò»1�, ±Ï´Lé7á¬N�N �(�
9½5�@£, ùkÏu\�n)Ú�õ LEDS

nØ.

2 ¢�L§

¢�¤^ [4̄ 18 41] üw£�� (Ù Schmid Ï
f Ω = 0.5) Ôü¬Næ^XÝ� 99.999%�p�
>5Ã�Ô, ÏL Bridgman �{)���. �NÁ
�d>»s���Å\ó¤, ¬N�NÁ��o
Nº�� 6 mm × 6 mm × 65 mm, Iå«�º�
� 6 mm×4 mm×16 mm. �NÁ�c, ¤kÁ�þ

3 800 ◦C eý�ò»?n 2 h, ,�²>)�1�
ØÁ�L¡�í{AC. é¡. - ØÌ�/C¢�
3 5 kN >�pÑ�N¢�Åþ, 3¿§Ú�í�
¸¥?1, æ^ð�5ACÌ��. AC��&Ò
�n�Å/, ªÇ� 0.05—0.4 Hz. �NÁ�Ì��
�Ú�Ê� [12]. äN¢�^�9êâXL 1¤«.

�NÁ��, lÌ��Ú��ü¬�¬�Iå
«S��º��Ó� 4 ���¬, Ù�!°!p©
O� 4 mm × 4 mm × 6 mm. Ù¥, ���¬Ø�
?n, ����ë��¬±*	�Ú �(�, Ù
§n��¬©O3 300 ◦C, 500 ◦C Ú 800 ◦C ?1
ý�ò»?n. ò»L§æ�§S�§, ,§�Ç
� 3 ◦C/min, ���½§Ý��§ 30 min, ,��
¬e%�¿§, �Ñ�¬éÙ?1Å��1Ú>
)�1, 2|^×£>º>fÏ��Ý (SEM-ECC)

Eâ [3,13] éò»��¬��*(�Ú�Uu)�
2(¬y�?1*	.

L 1 [4̄ 18 41]Ôü¬N��NÁ�^�ÚÌ��Úêâ

�5ACÌ γpl Ì�±g N \È�5ACþ γpl,cum Ì��ÚAå τs/MPa

3.3 × 10−4 14000 49.8 27.2

1.3 × 10−3 19600 182.4 28.2

7.7 × 10−3 2100 165.9 31.2

3 ¢�(J

ã 1 � [4̄ 18 41] üw£��Ôü¬N3�5
ACÌ� γpl = 3.3 × 10−4 e/¤��N�Ú 
�(�� SEM-ECC ã�, Ù¥ã 1(a) Ú (b) ©O
éA*	¡R�Ú²1u\1¶�ã�. lã 1(a)

�±w�, �
tÑ�ÄNóä(�'�þ!/
©Ù3�¬þ, 3ã 1(b) ¥uy, ØÄNóä(
�±	, �*	��þ�÷XÌw£¡²1ü�
� PSB ¢F(�. ù=�;.� “PSB ¢F/ÄN
óä” V� �(� [1−3]. éTACÌeÌ��Ú
���¬©O3ØÓ§Ýe?1ò»?n, ,�|
^ SEM-ECC Eâ*	Ù�*(��Cz, (JX
ã 2 ¤«. w,, 3 300 ◦C ò»?n�, �¬L¡E
�±*	��þ�óä(� (ã 2(a)), ���N�
�ò»��¬(J�' (�ã 1(a)), PSB ¢F(�
��, óä(��ã��Ýk¤ü$, ùL² �
�Ýk¤ü$, �¬��*(�u)
²w�£E.

�ò»§Ý,p� 500 ◦C �, 2(¬u), d�*

	��þò»Ì¬Ú�þ¬.�Ñy, k�ò»Ì
¬îB¬â, ¿B���¬., ù«Ì¬���¡
���ò»Ì¬; k�Ì¬K�àª�3¬S, ¤
�Ø��ò»Ì¬, Xã 2(b) Ú (c) ¤«. �§Ýþ
,� 800 ◦C �, duò»§Ý�,p, Ù¬âº�
ØäO�, Ì¬��, L¡�*	��
��½�
��¬., Xã 2(d) ¤«.

�X�5ACÌ,p� γpl = 1.3 × 10−3(d
�\È�5ACþ���O\, �L 1), �ò»
� [4̄ 18 41] Ôü¬N��N�Ú �(�u)

²w�Cz, Xã 3 ¤«. 3R�Ú²1u\1¶
�*	¡þþ�w�, ÄNE´�ß�óä(�,

Á�L¡þEk�þ� PSB ¢F(�÷XÌw£
��/¤, � PSB ¢F¥Ñy
éõ�(�, Nõ
ü� PSB �XACÌ�O�÷Ìw£¡à8/
¤ù«d PSB ¢FÚ��¤�ow£�, ±«ú
�é�p��5AC. 3 300 ◦C éÙ?1ò»?
n�, PSB ¢F(�Ú PSB �(�du£EÄ
���, ÄN�óä(�C�tÑ,  ��Ý²w
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eü. �´�ò»§Ý� 500 ◦C �, u)
²w�
2(¬y� (ã 4(b)), kò»Ì¬Ñy, ��Îk
Ì¬BL��¬. (ã 4(c)), � γpl = 3.3 × 10−4

�(J (ã 2(a)—(c)) Ä�aq. ,, �ò»§Ý
� 800 ◦C �, u)
²w�2(¬y�, �3�Ü

©2(¬�¬â¥�U
*	�ò»Ì¬�Ñy,

k�ò»Ì¬'�o�, Xã 4(d) ¤«. Ty�3
$ACÌ�N�¬¥�*	� (ã 2(d)). ùL², ò
»Ì¬�/¤Ø=�ò»§Ýk', ���5A
CÌÚ\È�5ACþ���'.

ã 1 [4̄ 18 41]üw£��Ôü¬N3ACÌ γpl = 3.3 × 10−4 eÌ��Ú���* �(� (a) *	¡R�\1¶; (b) *
	¡²1\1¶

ã 2 [4̄ 18 41]üw£��Ôü¬N3ACÌ γpl = 3.3 × 10−4 eÌ��Ú�23ØÓ§Ýeò» 30 min ���*(� (a)

300 ◦C; (b), (c) 500 ◦C; (d) 800 ◦C

ã 3 [4̄ 18 41]üw£��Ôü¬N3ACÌ γpl = 1.3 × 10−3 eÌ��Ú���* �(� (a) *	¡R�\1¶; (b) *
	¡²1\1¶
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ã 4 [4̄ 18 41]üw£��Ôü¬N3ACÌ γpl = 1.3 × 10−3 eÌ��Ú�23ØÓ§Ýò» 30 min ���*(� (a)

300 ◦C; (b), (c) 500 ◦C; (d) 800 ◦C

ã 5 [4̄ 18 41]üw£��Ôü¬N3ACÌ γpl = 7.7 × 10−3 eÌ��Ú���* �(� (a) *	¡R�\1¶; (b) *
	¡²1\1¶

ã 6 [4̄ 18 41]üw£��Ôü¬N3ACÌ γpl = 7.7 × 10−3 eÌ��Ú�23ØÓ§Ýò» 30 min ���*(� (a)

300 ◦C; (b), (c)500 ◦C; (d) 800 ◦C
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��5ACÌ?�ÚO\� γpl = 7.7 × 10−3

�, /¤
Xã 5 ¤«��Ú �|�. $AC
Ìe/¤� �óä(�Ä��*	�, �*	
�U
«ú���/C/þ�÷XÌw£¡ü�
�d�� PSB � (ã 5(a)) ±9�û(� (ã 5(b)).

ã 6 �Ñ
�N�Á�3ØÓ§Ýeò»��
���A�*(�ã�. Ó�, 300 ◦C ò»?n
�, ã��ÝwÍeü, PSB �(�u)
²w
�£E,  ��Ý��eü (ã 6(a)). 3 500 ◦C

?1ò»�, 2(¬y�u), ò»Ì¬/¤, Ù
�*(�� γpl = 1.3 × 10−3 ��', 2(¬¬
âº�C�, ò»Ì¬êþÑkO\, ��c¡
ü�ACÌe��/k¤ØÓ�´, 3TACÌ
e2(¬/¤��Ñ´��¬.. �ò»§Ý�
� 800 ◦C �, �,u)
²w�2(¬ÚÑy�
þ�ò»Ì¬, �ò»Ì¬'�o�, Ù°Ý�
�
 100 µm.

4 ? Ø

2(¬�u)I��½�Uþ^�, Uþ�Ø
��.�, ò»�m2��Ø¬Ñy2(¬y�.

lþ¡�¢�(J�±uy, ¤k��¬3 500 ◦C

Ú 800 ◦C ò»�ÑÑy
²w�(�Cz, �N
���* �(�Ä���Ø�, u)
2(¬
y�, �Ñy
�þ�ò»Ì¬. ã 7 «¿5/
o(
ùü�ò»§Ýe�2(¬ÚÌ¬��
*(�: 3 500◦C ò» 30 min �, Ñu)
2(
¬, ¿�Ñy
ò»Ì¬, �´3 γpl = 3.3 × 10−4

Ú γpl = 1.3 × 10−3 ùü��$ACÌe/¤��
Ñ´��¬., ¤±Ñyò»Ì¬BL��¬.�
�¹, 3ACÌ γpl = 7.7 × 10−3 �^�e, 2(
¬u)�'�ì�, /¤
Nõ��¬., ò»Ì
¬�Ñy3ü��¬âS, ù`²2(¬�ì�§
Ý��5ACÌk�½'X.

ã 7 [4̄ 18 41]üw£��Ôü¬N3ØÓACÌeÌ��Ú�23ØÓ§Ýò» 30 min �2(¬9ò»Ì¬«¿ã
(a)—(c) 500 ◦C; (d)—(f) 800 ◦; (a), (d) γpl = 3.3 × 10−4; (b), (e) γpl = 1.3 × 10−3; (c), (f) γpl = 7.7 × 10−3

800 ◦C ò»?n�, 2(¬Ñ�~ì�, �´
3ã 7(d) ¥vk*	�ò»Ì¬, ù´duò»Ì
¬´3¬â)�L§¥/¤�, �¬âÏL¬.[
£)��, �f�3¬.�? (111) ¡þ�æ÷^
Só,�æ, Ò¬Ñy����Ì¬.¿��3
¬.?/¤ò»Ì¬. 2(¬��Ý v �§Ý T ÷
vXe'Xª [14]:

v = A exp(−Q/kT ), (1)

ª¥ A ´~ê, Q �2(¬-¹U. w,, §Ý�
p, 2(¬�Ý�¯, ¬.[£�Ç�p. Ì¬d¬
.?Ï�f�ü�)I��½�)�Ï, XJ¬

.[£�Çép, Ò�U¬³�ò»Ì¬��þ/
¤. ,, 3,	ü�ACÌe*	��þò»Ì
¬, ùAT�ØÓACÌeÌ��Ú�\O�5A
Cþ���ØÓk'. ¢Sþ, 7á¬N3Ì�C
/�¤�Ñ�õ�Ü©±9þ�/ªÑ�K, ,�
Ü©K±p ��Ý¤Úå�î¬�ÆCU�
/ª�3. du;�ÆCU��3, ¦Ì��5C
/��7á¬N�gdU,p, 39åÆþ?uØ
½�æG�, §äk�/Cc�½G�=z
�ª³. XJ3�½§Ý�ò»^�e, �f¼�
v
p�¹ÄUå, Ì�C/��7áÒ�Udæ
��½�=C, lÚå�*|��Cz, 

156201-5



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 15 (2012) 156201

;�U´ù�=CL§�Ì�°Äå. éuÌ�C
/ó, \È�5ACþ´Ì�1Ö�^e��ú
\È�¶ÂþÝ, §3�½§Ýþ�N
Ì�C/
��;�U�p$, Ù½ÂXe [2]:

Γ = 4
N∑

i=1

γpl,i, (2)

ª¥ γpl,i ´1 i �Ì�¥��5©)�ACÌ, N

´�NoÌ�ê. éu�5ACÌ�½� γpl �Á
� Γ = 4γplN . ²O�, $ACÌ γpl = 3.3 × 10−4

e�N�¬�\O�5ACþ�k 49.8, ,	
ü � A C Ì e \ O � 5 A C © O � � 
 182.4

Ú 165.9, ù�2(¬u)Úò»Ì¬ÑyJø

v
�°Äå. é'c<�ïÄó�, U
�?
�Ú�`²\È�5AC�����û½X2(
¬´Äu). Wang �ó� [3] ïÄ�´Ôõ¬, \
È�5ACþ�� 12.0,  Chen Ú Gottstein �ó
� [2] æ^�´oACÌ����NÁ�, ²{ü�
���, Ù\È�5ACþ�u 8.0. �¢�æ�
�´ð�5ACÌ��, ¢�¥�¬SÜ\È�A
CþÑé�. ùATÒ´ Wang Ú Chen �ó� [3]

¥�uy �£Ey�, �ïÄ%*	�2(¬
Úò»Ì¬�y��Ì��Ï.

3�¢�¥, 2(¬�/Ø�ªA�æ¬=Ä
àÜ/Ø, Ï��¢�¥Ôü¬��NC/þ�
�
Ì��Ú, C/þé�, �duÔü¬���
U�é�p, �N���Ú�, �¬SÜdu�þ
�w£�u)/¤óä!PSBs!�û�;.�
ÅGw£. �(�, ù
(�¥�Ý�p�/
� (Xóä!PSB ¢FÚ�û(�¥� �p) Ò

aquæ¬., æ¬.ÇØ�, Ø´[£. �´3
ò»L§¥, ù
aæ¬.¥� ��±ÏL�£
Ú�w£[Ñ, ¦aæ¬.S� ���, ��
�aæ¬=ÄàÜ¤����æ¬, ��� �?
\�C�æ¬.¥, �àÜ�æ¬��/Ø�.º
��, B¬u)2(¬y�.

5 ( Ø

éØÓ�5ACÌeÌ��Ú�� [4̄ 18 41]

üw£��Ôü¬N��* �(�?1ØÓ§
Ýe�ý���ò»?n, �	
Ù9½5, �
�±eÌ�(Ø:

1. [4̄ 18 41] üw£��Ôü¬3ØÓ�5
ACÌeÌ�C/�, Ù�Ú�N �(�©O
� PSB ¢F(�ÚÄNóä(�, PSBs à8/¤
�ow£�(�, ±9d ��ü�¤� PSBs

ÚÛÜ«���û(�. éÌ��Ú�ü¬N?
1ØÓ§Ýe���ò»?nuy, �ò»§Ý
� 300 ◦C �,  �(�þu)
²w£E, �§
Ýpu 500 ◦C �, þ*	�2(¬�u)±9ò»
Ì¬�/¤ ($ACÌ γpl = 3.3 × 10−4 eÌ��
Ú�¬3 800 ◦C ò»e��¹Ø	).

2. 2(¬�ÑyÚò»Ì¬�/¤�ÄØ=
�ò»§ÝÚ	\�/ACÌk', ��\È�5
ACþ������'. �X�5ACÌÚ\È�
5ACþ�O\, AC8¥§Ý²wO\, �Ì¬
��)Ú2(¬�u)Jø
¤I���ÛÜA
CU. 2(¬�/Ø�ª�U�æ¬=ÄàÜ/Ø.
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Investigations on the thermal stability of fatigue
dislocation structures in a single-slip-oriented

copper single crystal∗
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Abstract

The fatigue dislocation structures in cyclically saturated [4̄ 18 41] single-slip-oriented Cu single crystal at different values of

plastic strain amplitude γpl, as well as their thermal stabilities under annealing at different temperatures for 30 min are studied using

the electron channeling contrast (ECC) technique in scanning electron microscopy (SEM). It is found that the dislocation structures,

such as veins, PSB ladders, PSB cells, Labyrinths, etc. undergo an obvious process of recovery after annealing at 300 ◦C. However,

when the annealing temperature is higher than 500 ◦C, those dislocation structures basically disappear, and the recrystallization takes

place in all specimens, meanwhile, annealing twins form in most cases. The occurrence of the recrystallization and the formation of

annealing twins are related not only to the annealing temperature and applied γpl, but also closely to the accumulated cyclic plastic

strain.

Keywords: copper single crystal, fatigue dislocation structure, recrystallization, annealing twin
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