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Effect of Equal Channel Angular Extrusion on Dynamic Strain Aging of 
an Al-Mg-Si-Cu Alloy 
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Department of Materials Science & Engineering, Sharif University of Techmnology 
 

Abstract: An Al-Mg-Si-Cu alloy was subjected to tensile testing, both under solutionized and ECAE-ed conditions, using 
strain rates of 10-4 s-1 to 10-1 s-1 at temperatures of 25 ˚C to 325 ˚C to investigate the dynamic strain aging (DSA) phenomenon in 
the alloy. Negative strain rate sensitivity (m) and increasing ultimate tensile stress were observed in the DSA region with 
increasing temperature . Regarding the activation energy of the phenomenon, it was suggested that the process is controlled by 
the interaction of Mg atoms with mobile dislocations at lower temperatures of DSA occurrence while at higher temperatures, the 
aggregation of Mg atoms and precipitates of a second phase decreases the amount of Mg atoms in the solid solution, resulting in 
the inverse DSA effect. Moreover, it was shown that at temperatures greater than 250 ˚C, the ratio of post-uniform to uniform 
elongation increases with increasing temperature or with decreasing strain rate due to the solute drag of Mg atoms in the Al 
matrix. Processing the alloy by ECAE transferred the negative m values to lower temperatures and decreased the tendency to 
DSA at higher temperatures. Calculating the mentioned ratio for the ECAE-ed specimens revealed that the post-uniform 
elongation dominates the uniform elongation at all examined temperatures and strain rates. Also, it was found that for ECAE-ed 
specimens, the ratio is not so sensitive to variations of temperature and strain rate. 
 
Keywords: Equal Channel Angular Extrusion, Dynamic Strain Aging, Al-Mg-Si-Cu alloys, Strain rate sensitivity. 
 

���� ���	
 
A�3$�4�� ��4��-56 78-6 
m�9$�4 :�$ �6 �;��&< =��>-56 78-6 
Q�0?�� ��5� 0@�$	J mol-1 

R�6�A #$��B ��C?�DJ mol-1 K-1 

T�EFG� 0���K

σ9.H;�<#��MPa 

ε��#�;�< 9$�4 :�$s-1 

86��-9� 

�I�� ?	 #J%2� K�8-L� � �M;���N OP� �;;QH R�S.C �6

�I� #.;2I$ T;I6 0@�;�U �V�.W 08�< 0�C@�;�U � �9$�4 :�$ 8

�$	-$� 7�;� #.L.� �#.;2$�B 	����	 K-C�2� O6�X .��B8 �6

�$	-$� 7�;� 7-�U FZ	 	� #P;��I.�� #2I$�4 �I;N �6 =
)DSA (

 �;FH�2I� T��IH�N �IA	 7	�.W �6 8 K-� K�	� �[&$�)PLC ( \I;$

 #� ��]�.� ���]�[.^�I[W �I6 �I� �;FH�2� T��H�N ���5� �A	

 �I$	-$� 7�;I� _8�I� #I$	�L6 9$�I4 9C�I4 �S�� �IA	 � 	�

 8 K��I6 K-� ��]�.� 0��� 9$�4 :�$ 9C�4 �� 8 ��� 9�	\�	

 ��� �6#P;��I.�� #2I$�4 �I;N K-I� �����`N 0���-� a��H ��

 ��	 �;B�H O6�X]�8
[.?	 �Hb�I6 �I�� #I�X8 ��IS�� c�d ?	

"����$	 0���"e�I� 0�IC@�;�U � f�JI] �I6 �-��6 #.;5� 

K-$�� �%��#H�I[W �I6 �I� �;FH�2I� T��H�N g�P5� ��� �

�$	-$� 7�;� _8�� #$	�L6 9$�4 9�	\�	 �	 �A	 � 	� ��� 9�	\

 ��	 K-C�2� O6�X \;$ 9$�4 :�$ 9C�4 �� 8]�[.

0�C@�;�UAl-Mg-Si 8 ��I] 7	8	�� #�5.V �;�C	 �d�] �6

e�� ^�;F�W �A	 � R�PL��	 9�	\�	 �;h$ i4 �;F6�X O;�� �6

�I���D 	�X �5��G� ��� #5;�8 g�;�� � #�%� -I$	]�[.TI�	

 �8��&4	 ^b�JL� ^�V �6 =FZ	 �C@�;�U K?�� � K-� 8 �IC

 #I� 	�IX K��j��	 ��� 0?�� O;[��H	 k��.V -I$�;D .� #I�<	

 8 #D��I] �I6	�6 � e�] ��8��� �T;��N ��;&$	� �OP� �;;QH

 T;��IN �I�;X 8 =��.� 0��`N l�B �e�FG� #LG� f	�]

 0�I� �I6 	 #$	8	�� �B�H �4 ��	 #F�	�W K��? � �C@�;�U T�	

 ���	� c�G5� �C@�;�U T�	 ��	]m[.

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
8.

28
.1

.1
.2

 ]
 

                             2 / 12

https://dorl.net/dor/20.1001.1.2251600.1388.28.1.1.2


��� ������	
����� �������� ���� n

��-0:63	�.��� 	�"� ����  ������2 ;��< 

Mn FeCuSiMgAl�=�) 

�/(o/(p/(�/�)/(+/)q���� -#�	 

>�2:6;��? &�%���� �� ���<��2 @�' .

R�I��� #�8 7	�.W �6 -�-� #P;���N OP� �;;QH ���W	

 �$	� �6 ��$	� \� �	�� -;��H 0	�6 ? ��I56	 � #��C �I� 78�IP;� �I�

 ��	 K-� ��]�.� ��$�$ .#FW ����	 T�	 � 0��P;.PH ��B8 iZ

 K-I�W �IB�H �-�-� #P;���N OP� �;;QH ���W	 0	�6 rF�%�

 �II�8	? ��II$�4 � 7@8��&II4	 -II.�	�� �5II��H 087�&II�C 	�m

)ECAE ( ��	 K-� \4����]![.OI;�� 8� ?	 #I��$ �IB�H T�	

 6�X -.�	�� T�	 �P$U �&%$ s��	 t\I6 ��I56	 �6 �	�� -;��H �;F

 � 0��I56	 ^	�;;QH ��1�	 R-W �6 �B�H �6 T�	 �6 K8�W ��	� 	

 #� kG�� uG� � #$�I;� �F<�� M� 7	�.W �6 -.�	�� T�	 ?	 7	�H

 ��4 K��j��	 -;��H a]]v[.

��&$	� g��	 �6 #I�4 ^�I5��G� ��I���� T�	 7�D-.&��$ 0�C

 �� #2I$�4 �I;N ��� ��� � 0�IC@�;�U #P;��I.Al-Mg-Si-Cu 

��	 ����� R�1$	]�8w[.#�1&I.� ^�I�;�LH 7�.4�IH K8�IW �6

-.�	�� a��H 9$�4 9;N ���W	 �;A�H K�6�ECAE �;N ��� �6 

��	 ����S$ R�1$	 �4`� 0�C?�;�U � #P;��.�� #2$�4 .� 	`I�

 @�;�U M� ?	 9C8xN T�	Al-Mg-Si-Cu �I�� #��6 �h.� �6

�;N :�I$ 8 �C��� � 924 7��?U ?	 K��j��	 �6 #P;��.�� #2$�4 

�I6 9$�I4 9;IN ��I�W	 �;A�IH 8 K-� K��j��	 rF�%� 0��2$�4

 -.�	�� ?	 K��j��	ECAE #6�I�?	 ��I� �4`I� �I�� 08 �6 

#� 	�X��;D .

B6C�9D< E�� � 	�"� 

�8-IIB)�(TII�	 � K��j�II�	 ��II� @�II;�U #��;�;II� OII;FLH

 9C8xN#� 7�2$ 	-C�.

�F;� ^�V �6 �;�8	 K��� �IGX �6 #��Cmm ��7	�I�	 	?�I6 ?	

 -� 0	-��] .^�I;F�W �LH 	-�6	 @�;�U T�	 ?	 K-� K-��6 ^�5GX

 0��� � 0?�� ��FL�C˚m�y ^-� �6 m/
�I���D 	�IX �W�� 

-$-� M.] 	�C � 3z� 8.�$��$ ^�I5GX TI�	 ?	 92I4 0�IC

 �	-$���	 �6 E6�G�ASTM E8 -$-I� ��]�I� K?	-$	 ��? ��56	 � .

#��I�� K�8-IL� � 924 7��?UC˚
m�IH C˚�
m :�I$ � 8

�;�8	 0��2$�4s-1�"�y �H s-1�"�y 92I4 K�S�I�� ?	 K��j�I�	 �I6 

INSTRON 6027 �I��D R�I1$	 M� �6�A �W�� a�	�� � 8.

�$��$ #���H ^-� �6 9.H ���W	 ?	 O[X 924 0�C�m� �I�;X� 

��4-$-� K�	� ^	�< R�D 924 7��?U R�1$	 .

=I��X ?	 �$��$ �[W �A	 #��6 �h.� �6ECAE �I�� �I6 

��d �6 #H�5GX �K���mm wmK-I��6 K-� 0?�� ��FL� K��� ?	 

-$-� K�	� �[W =��X 78� ?	 {�H	 0��� � �F<�� M� 8 K-� .

� K��j�I�	 ��I� =I��X 0����$�4 ?	 #P;H��� |�d OPI� )�(

��	 K-� K�8U .

7	�IP�C 8 #I��C	��	 aI��H K-� �}		 �G6	 ?	 K��j��	 �6

]�y[?	 K��I� �I[W MI� 0	?	 �I6 �$��$ �6 #���W	 �A�� 9$�4 �

�6 �6	�6 {�� =��X!�/y-� �[��L� .-.�	��ECAE ?	 K��j��	 �6 

�II6�A �II[���H �W�II� �IILH M;�8-II;C g�IINmms-1 
/y

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
8.

28
.1

.1
.2

 ]
 

                             3 / 12

https://dorl.net/dor/20.1001.1.2251600.1388.28.1.1.2


��� ������	
����� �������� ���� o

��-0B6D� ������2 ;��< �������� F��"� �"( 

ml *4GH 3	�� 

wy �G�� eU 

�yy �����FF� O;H�6 

v�y ��$�H	)OP�	 O;H	(

v� M��F4�N -;�	 

��-0I63	�-D� �������	 �
�� ��� J"?� ����	 &�� 

�9$�4 :�$s-1 �#���� K�8-L�C˚
o"�( {�H	 0��� ��?"�p( 
n"�( '�("q(
'"�( 'n("*(
�"�( 'q(")(

10

100

1000

0.00001 0.0001 0.001 0.01 0.1 1
$%خ &%$#

[M
Pa

]
+,
,&
/.م
01
ا2

RT 60 °C
130 °C 195 °C
260 °C 325 °C
390 °C

[s-1]

2>�B6�

 K��D��� L����M< )UTS ( �	 F�� P�� ��

1(�Q� &����	 

�II��D R�II1$	 .7-II[;��� -;j��II� ?	)MoS2(0�IIP$	8 0	�II6

 -� K��j��	 =��X 0����$�4 .�$��$ ^�I5GX ?	 924 0�CECAE 

��I� a�	�� �LH 8 0�P.;��� #F[X ^�J%2� 7��C �6 K-�

 �9$�4 9;N ���W	 78-6 ���< 0	�6 K��j��	-$-� K-;24 .

~PI�8�P;� ?	 K��j��	 �6 #zP�8�P;� ^�5��G� R�1$	 0	�6

 0�II[W #II$8��P�	!)TEM (�II$��$ �II6 OPII� M&II�� 0�IIC

 ?	 ���4 0�����%>mµ�yy �IB R�I��� M;.PH ?	 K��j��	 �6 

�$�D8�v-$-� 0?�� K���U .�8-B )
(��IFL� #��;�;� =;4�H 

�.;2;��N8��P�	 � K��j��	 ����7�2$ 	 #�-C� .

0�II�� � �.;2II;��N��P�	 ^�II;F�WC˚�@�II��8 � 8V�� 

���D R�1$	 .~PI�8�P;� � K��j�I�	 ��I� #IC� e��� @���8

 �6 �6	�6 0�[W #$8��P�	kV 
yy��6 K-� e�%�$	 .

I6RD� � S���� 

I6:6��"�� �	 �������	 �
�� ��� 3-
T� 	����� &��

����� ���� �	����� ��	 

�8-B)�(K�8-L� #P;��I.�� #2I$�4 �;N _�X8 #���� 0�C

 #� 7�2$ 	-C� .#� K-C�2� �C � #P;��.�� #2$�4 �;N �4 ���

#� : #.;5� #���� K�8-L� � 9$�4 :�$-C� .

OP�)
(#224 R�PL��	 ������ ^	�;;QHw9$�I4 :�I$ �6 

#� 7�2$ 	 ��� �C �-C� .9$�I4 :�I$ �I6 �;��&I< =��>

)m(#� �4�G6	 �6 E6�G� 	 7U 7	�H)�(=;I� �I6 ���4 r��5H

 OP� � K-� K�	� 7�2$ ��G])
(��	 ��[H	 �]��[.

)�(ln
m

ln
∂ σ

=
∂ ε�

OP�)�(0�I�� 8 9$�I4 :�$ �6 �;��&< =��> #S�&6 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
8.

28
.1

.1
.2

 ]
 

                             4 / 12

https://dorl.net/dor/20.1001.1.2251600.1388.28.1.1.2


��� ������	
����� �������� ���� p

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0 100 200 300 400 500

[C] .:د

 #
$%<
خ&
%<$
=<>
?@
2.
AB
CD
%E

0

40

80

120

160

200

240

0 100 200 300 400 500

[C]  .<:د

[M
Pa

]
+,
,&
/.م
01
ا2

10^(-4) 1/s

10^(-3) 1/s
10^(-2) 1/s

10^(-1) 1/s

 

>�2I6F�� P�� �� U����H ;��V W�� X�Y<�� 

F
 &��	 ��.

>�2Z6�� L����M< P�� �	 ��	 ;�H�� �

 K��D� 

1(�Q� &�%
��.

#� 7�2$ 	 924-C� .#� K-C�2� �4 �$�D 7��C 	-�� ���m

0��� �HC˚
!y��	 #j.� .

OP�)�(� �I�� ?	 #56�H 7	�.W �6 	 K��� #224 R�PL��	

 #� 7�2$ rF�%� 0��2$�4 :�$-C� .�Ih<�� �I4 �Id 7�I�C

#� :�$ ?	 R	-4 �C � ��� ��IB8 #��I�� K�8-L� M� ��2$�4 

�I1;�$ � #2I24 R�PL�I�	 	-�� ��� 9�	\�	 �6 7U � �4 �	�

#� 9�	\�	 #P;��.�� #2$�4 �;N ?8�6-6�� .

OP� �6 �B�H �6)�(�8-IB 8)�(#I� K-C�2I� �I4 ��I�

K�8-L� �Hb�I6 0�IC��� �I6 9$�4 :�$ 9�	\�	 �6 �4`� #���� 

#� ����$	-6�� .C��� T�	 �I�? ^�IV �I6 8 K��I6 ��`N �;B�H �

��	 u;>�H O6�X.

�6�$ �924 7��?U T;< � �2IN � =FZ	 ��L�� 0��;��B

 kII�1H �II;h$ �II�$U �II4�< �;&II� � ��IIB�� #5II>�� kII$	��

�6�$ ��;��B�y -$	� 	�X K-� OjX ���< �6 ]�
[.�I6�$ T�	 �I�;��B

 �IC �L� �6 8 K��6 k$	�� ?	 7-� �C 0	�6 l�H � �7-I�

 #I� �4�< 0-56 k$�� ��� �6 #�b�6 �W�� �6 -I..4 .#Id �

 rX�H 7��?�� �6�$ �k$	�� �2N � ��I5� � �4`I� 0�I�;��B

 ^-IX 8 ��I�	� 	�IX K-$�I� O< 0���H	 a��H #D-$�� OjX

 #� 9�	\�	 rX�H 7��? 9�	\�	 �6 k$�� -6��]��[.�4 #H�V �

 -��6 #$	�L6 0	-�� ?	 ��2;6 rX�H 7��? �I���� O;P2H �j&�H	

 �I6�$ c	�Id	 � K-$�I� O< 0���H	 ?	 0�IX 0-IX �I6 �I�;��B

#� �6�$ �4 ��� 8 K��I[$ kI$	�� �2IN ?	 7-� �C �6 ��X ��;��B

 #C��B 0	�6�
 �I6�$ �6 �#���W	 M;���N OP� �;;QH �60�I�;��B

 ��	 ?�;$ 0-�-B ��L�� .K��I� ��]�� �4 ��	 O;�� T;�C �6

�I;N _�IX8 ?	 3N ?	 #�b�I6 ��;&I$	� 0		� #P;��I.�� #2I$�4 

�6�$ ����;��B]�
[.

c�Id �I6 K-$�I� OI< 0�I��H	 ��Ij$ �I4 ��	 �4� 7����

�6�$ 0���D �6 K-� ��5� -.�	�� 8 c�d M� ?	 ��;��B�� 7-� �	?U 

�6�$ 0-I.�	�� 8� �S�� c�d ?	 k$	�� �2N ?	 ��;��B � �I4 -I$	

 -I$�S�-P� �I6 �I6�X .I�� K�8-IL� � #2II$�4 �I;N _�IX8 #��

 �	� �I[FZ �IS�� -.�	�� �6 �&%$ -.�	�� #P;��.�� .�Ih$ � �I6

 ��C�IH�4 0�I�$��? �P.�	 �6 �B�H �6 �-.�	�� 8� T�	 ^	�A	 T���D

 l\IQ� �Hb�I6 0���W�� �6 k$	�� ���4 ^-X �1;�$ � 8 rX�H

�6�$ ��I[H	 � 9$�I4 �Hb�6 0��]�$ �6 �S�� ^�[W �6 �� ��;��B

���	 7�I;6 �I6 �� 8 9$�4 :�$ �6 �;��&< =��> 7��6 #j.� 

�S��"#��$ 9$�4 :�$��"#2I$�4 �;N _�X8 #���� K�8-L� � 

��	 K-C�2� O6�X #P;��.��]��[.8 ^�L;I>�H T�	 �6 �B�H �6

 �I�� 9�	\I�	 �6 �4`� #���� K�8-L� � �P.�	 T���D �h$ � �6

 �6�$ c	�d	 � K-� O;P2H �j&�H	 �X ��;��B #� ��� O;P2H ����

 �6�$ ?	 0�Hb�6 ��;&$	� R�PL��	 ������ 9�	\�	 �1;�$ � 8 ��;��B 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
8.

28
.1

.1
.2

 ]
 

                             5 / 12

https://dorl.net/dor/20.1001.1.2251600.1388.28.1.1.2


��� ������	
����� �������� ���� q

-12

-10

-8

-6

-4

-2

0

0.001 0.002 0.003 0.004

Q= -R*slope=129.8 kJ/mol

[K-1]

-12

-10

-8

-6

-4

-2

0

0 0.001 0.002 0.003 0.004

Q= -R*slope=86.9 kJ/mol

[K-1]

>�2[6��	"�� ln ε�;�H �� 1/T ��� J��2 &����	 &��� 

�������	 �
��.

>�2\6��	"�� ln ε�;�H �� 1/T ��� ����� &����	 &��� 

��	 �
�������.

��	 �h�$	 O6�X ��� 9�	\�	 �6 #224 .�I;N �I�� T�I� T;6 ?	

 T;I5� 0�I�� M� ?	 ��� 9�	\�	 �6 #P;��.�� #2$�4)7�I�C �I4

 ��	 ��� T�	 _�X8 7���N 0��� (T���I� 0�IH�6 �I6 �B�H �6 \;$

 �6�$ #����D 7-� �	?U -.�	�� ��j$ �6 �[&$ k$	�� �2N ?	 ��;��B

K-$�� O< 0���H	�6�$ c�d �6#� ��[X O6�X ��;��B -��6]�
[.

�IW�6 -I� �I4� b�I6 � �4 �d 7��C 9$�4 :�$ 9�	\�	

 #� OjX ^-X 9C�4 8 rX�H 7��? 9C�4 ��I� .�I�� 9�	\I�	

#� �I�� ?8�I6 �W�6 8 K��4 7	�[B 	 OjX ^-X 9C�4 -$	�H

 ��� #P;��.�� #2$�4 �;N .:�I$ 9�	\I�	 �I6 �IS�� ^�I[W �I6

�9$�4 0�IC��� �I6 #P;��I.�� #2$�4 �;N _�X8 #���� K�8-L� 

#� O��.� �Hb�6��� .�I6 ��� 9�	\�	 �4 7U O;�� �6 ���B8 T�	 �6

 #�$ O��4 �d :�$ 9�	\�	 ?	 #��$ rX�H 7��? 9C�4 �A	 -$	�H

 OP� � �4 �d 7��C �-.4 7	�[B 	 9$�4)�(#� K-�� ��I�

 9�	\I�	 �I6 #224 R�PL��	 �.;2;6 	-�� 9C�I4 9$�I4 :�I$ 

#� ��	 #F[X ^��;�LH �6 E6�GH � _�>�� T�	 �4 -6��]��[.

I6B6�������	 �
�� ��� &��� ��/� &���� 

#� #P;��.�� #2$�4 �;N T���2;6 8 T����4 0�;D K?	-$	 �6 -$	�H

 :�I$ �I6 �I�$U #S�&I6	8 7�I;6 8 K-�-N T�	 _�X8 �6 ��6�� 0�C���

�G6	 ^�V �6 9$�4U 0	 ��� 7�;6 ��? OP� �6 #��;$]��[.

)2(QA exp
RT
− ε =  

 
�

�I;N 7�I��N 8 _8�I� 0?�� ��5� 0���@�$	 ��G6	 T�	 ?	 K��j��	 �6

 �I�	 �[I��L� O6�X #P;��.�� #2$�4 .�I�	 R?b �Ih.� T�-I6

 ^	�;;QH #.L.�ln ε�=&< �6 1/T ��I� i� .0��FPI�)m(8

)!(#2I$�4 �I;N 7�I��N 8 _8�I� 0	�I6 =;H�H �6 	 ^	�;;QH T�	

#� 7�2$ #P;��.��-.C� .�6 �6	�6 ��G] T�	 =;�)-Q/R (��	.

OP� �6 �B�H �6)m(#2I$�4 �I;N _8�� 0?�� ��5� 0@�$	

 �6 �6	�6 #P;��.��kJ/mol �/�
w#� ��� �6 -�U .� 	-I�� TI�	

������ �6 E�	�H kJ/mol ��y�� � kB]��[�I� kJ/mol �
m � 

kB��]�m[� i�\;.� ��j$ 0?�� ��5� 0@�$	 7	�.W �6 �4 ��	 

K-� l	\D #��;.;���U �.;�?-$	 .#� T�	�6�.6 	 i�\I;.� iH	 7	�H

 ��I� @�I;�U � #P;��I.�� #2I$�4 �I;N _8�I� =[&� 7	�.W �6

��4 #��5� 9C8xN T�	 � K��j��	 .

�;N 7���N 0?�� ��5� 0@�$	 �I6 �I6	�6 \I;$ #P;��I.�� #2$�4 

kJ/mol w/�!0?�I� ��I5� 0@�I$	 �I6 M��\$ �4 -�U ��� �6

#���JH ^�6�� O;P2H�m Ed�.� �� GPII �I�F< �4 ��	 ?	 0	

 -.�&IC �IIC@�;�U TI�	 � 0	`IID e�I� O&IF&H]�m[.T;II.�

 #� ���.2;N �I6 @�I;�U TI�	 � #P;��I.�� #2$�4 �;N 7���N �4 ���

 d�.� #$? �$	�B EGPII i�\I;.� 0���H	 �hFZ 9C�4 �W�6 �4

#� �.;�? � ��FL� -��6 ��[H	 � ��� .�6�$ �6 \;$ _�>�� T�	 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
8.

28
.1

.1
.2

 ]
 

                             6 / 12

https://dorl.net/dor/20.1001.1.2251600.1388.28.1.1.2


��� ������	
����� �������� ���� +

>�2]6&�"Y) �^������� ��"=< )TEM(3-2 3-�
 ��"�� �� &��	 �	C˚:I_ F�� P�� �4 110 s− −ε =�.

)r�	()e(

>�2`61��6���� a�G< !� �� &��"=< b c�"d� ��"�� �	 ���06��H�� �  �� �������� �/2� E��� &"+�� .

#$�I��N 0�C��� � �;FH�2� T��H�N g�P5� ��� �6 K��	 ��]

 ?	 0�;&I6 � �I4 �	� @�I;�U T�	 � #P;��.�� #2$�4 �;N _�X8

 ��	 K-C�2� O6�X K-$�� �%� e�� 0�C@�;�U]�[.kIX	8 �

 0���H	 e`B k[.� M� �6 �;FH�2� T��H�N g�P5� ��� _�X8

 0�;N =[&� K-$�� O<)0���H	 �1.�	 �Mg ( �	� ?�;$ .e`B

 0�IC��� �I6 ��� 9�	\�	 �6 7U ^-� �4 ��.;�? ?	 K-$�� O< iH	

 g�IP5� �I6 ��I�5� �I�� ��I��$	 0��� ?	 �Hb�6)Tt(��2I;6 �

#� �H	 �A�� ��;&$	� ���� 9C�I4 	 �.;�? � ��FL� i�\;.� 0��

#� -C� K�I�	 #��I��H	 7U �I6 K-$�I� O< 0���H	 �A�� ��;&$	�

 #� �4 �	� �6�$ 8 K��4 ��j$ �$	�	?U -.$	�H -I..4 OIjX 	 ��;��B..

r;5> �W�6 9C�4 T�	 ^	�A	 T�� T;6 ?	 ����$ � 8 7-� �H

 #I� #P;��.�� #2$�4 �;N ��I� .�I4 �I�	 �I4� �I6 R?b �I��

 �&I;$ #P;��.�� #2$�4 �;N 7���N =[&� #���.H �6 g�P5� .�

�6�$ #����D 7-� �	?U �6 �&�C K-�-N T�	 kX	8 �2IN ?	 �I�;��B

 c�Id �6 K-$�� O< 0���H	 ��j$ ��B c�] � 8 K��6 k$	��

�6�$ #� O�W ��$U 7��4 OjX �h.� �6 ��;��B -.4 .^�I5��G� ����$

 ~PI�8�P;� �I6 ����� R�1$	 �I$��$ 08 �I6 0�I[W #I$8��P�	 

0�II�� � K-II� K-;2II4C˚��y 9$�II4 :�II$ 8s-1�"�y � �II4 

0��FP�)v(8)�(^	�Ih$ K-I..4 -I;��H ���	 K-� K�	� 7�2$

��	 �;]	 .

OP� �6 K�68� #C�S$ �6)�(#I� R�IF5� :�I$ � �I4 ��I�

 9$�4s-1�"�y 0�C��� �6 ��� 9�	\�	 �6 #224 R�PL��	 	-�� �

Hb�6 �8-< ?	 �C˚��y #� 9C�4 -6�� .=I;4�H T�	 �S�� 7�;6 �6

TI�	 � #P;��.�� #2$�4 �;N 7���N �6 ���.�� 9$�4 :�$ 8 ��� ?	 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
8.

28
.1

.1
.2

 ]
 

                             7 / 12

https://dorl.net/dor/20.1001.1.2251600.1388.28.1.1.2


��� ������	
����� �������� ���� *

0

20

40

60

80

100

120

0 100 200 300 400 500

[C] .:د

R&
#
$%&
=>
+D
STU
از
W
X#
$%&
?Y
A$

10^(-4) 1/s

10^(-3) 1/s
10^(-2) 1/s

 
>�2e61(�Q� &�%
�� P�� �	 ��	 ;�H �� > F�� �� W+���� F�� -#�	 L����M< .

��	 @�;�U .COP� ?	 �4 �d 7��)v(#� �h<�� �I$��$ ���I�

	��II6�$ ?	 0��]�II� 0	 kII�1H Ed�II.� �7U � �II4 �II���;��B

�6�$ �I6�$ �I��4 ��;&$	� �6 #�d�.� �.4 � #��B �	� 	�IX #��IB .

�6�$ k�1H 7�P� M� ?	 K-� �;�H #zP�8�P;� ���JH �I6 #��IB

 #$8��P�	 �5�	 l	�N 0�S�	 K	��C�! � �I;<�$ 7U ?	 K-� ����D 

��B[100] 0��FPI� � =;H�H �6)�"	rI� (8)�"e(7�2I$

K-� K�	�-$	.

#FW OPI� � ��8 O6�X e�� ��B8 R-W iZ)�"rI�	(�

OPIII�)�"e(kIII�1H OIIIL� � R8� ?�III� O;P2IIIH -III���

�6�$ ��;��B��.iIC 0		� l	�N 0�S�	 �6 �B�H �6 �R8� ?�� ^	�

 #��I;.;���U �.;�? �6 0�;D ��B �G6	 8 #���;� -I$	]�![.R-IW

 A ?�� ^	� K-C�2� OP� � 0�$�)�"r�	 (�IP.�	 �I6 �B�H �6 \;$

 #���;I� iC ^	��v Ed�I.� �I;h$ GPII 0��zPI�8�P;� aI��H �

��	 ��[X O6�X �-.�&;$ ��`N ��8 #���5� 0�[W #$8��P�	 .

08�I< 0�$�IA ?�� ^	� �4 ��P$ T�	 ^�[A	Mg �I6 �-.�&IC 

7	�P�C 8 �6�D a��H K-�U ��� �6 ����$ �6 �B�H]�m[�&I;� 

��II6 -IC	�] .?	 K��j�II�	 �II6 �II4 #H�I5��G� � �4`II� 7�II��L�

 #I���jH #268 0�������4��)DSC ( #I$8��P�	 ~PI�8�P;� 8

@�;�U M� � �4 -.����� �-$�8U O�W �6 0�[WAl-Mg-Si-Cu 

08�<m/y� 3I� ?�I6 ��I< T;�&I%$ �3I� #$?8 -V� 

^�6�� #$? �$	�B �6 �0	`D e�� O&F&HQ′I�	 7�I�� �

Ed�I.� O;P2IH ?	 3IN 0	`D e�� O&F&H ?	 ��F< T�	 �4

GPII #� : -C� .Ed�.� T�	�6�.6GPII �5I�	 l	�N 0�S�	 �4 �

08�I< K-I�W �Id �I6 ��I���$U ��IB8 K-..4 -;��H #$8��P�	

 i;&F;� 8 i�\;.� ��;&I$	� �Ed�I.� TI�	 O;P2IH �I1;�$ � 8 -$	

#� 9C�4 �.;�? � ��FL� i�\;.� 0���H	-6�� .

I6I61(�Q� &����	 �	 ����  F
 ����� 

OP�)w(?	 �I4 �	 #��FD ?	 3N ��d ����?	 #[&$ �;�C	

 9.IH ��4	-I< �IG�$ �IH ��d ����?	 8 O4 ��d ����?	 c��]	

 9.H 0�C	���$ � #224"#I� �I�� �6 #�-.�� 9$�4 �-I�U

 #� 7�2$-C� .?	 3IN ��d ����?	 �[&$ ^	�;;QH �OP� T�	 �

#��FD��	 K-�U 9$�4 :�$ 8 ��� �6 O4 ��d ����?	 �6.

9C�4 �� ��� 9�	\�	 �6 �4`� �[&$ �4 ��	 �B�H 7����

 #I� 9�	\�	 ��-H �6 9$�4 :�$ -I6�� .� 9�	\I�	 TI�	 �I�[�	

 �8-II< ?	 �Hb�II6 0�IIC��� � ��4`II� �[&II$C˚
my 0		� 

�	-$ #$	-.� ^	�;;QH ���4 0�C��� � 8 K��6 �;�C	 .�	\�	 9

l	\ID g�I�	 �I6 �I�� �I6 #��IFD ?	 3N ��d �;;QH �[&$

 7	�P�C 8 #� �.;��}	�]�v[�6 �;��&< =��> 9�	\�	 �6 �

9$�4 :�$)OP� � �4)
(��	 K-� K�	� 7�2$ (��I[H	 �

��	 .OPI� � �I4 �Id 7��C)
(#I� K-I�� =��I> ��I�

 ?	 �I��4 0�C��� � 9$�4 :�$ �6 �;��&<C˚
my 0	-I�� 

�6�A #� 9�	\�	 ��� ��2;6 9�	\�	 �6 8 ���	� -$8 T�	 �4 -6��

 ��	 #��FD ?	 3N ��d ����?	 �[&$ ��� �6 E6�GH � .TI�	 

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
8.

28
.1

.1
.2

 ]
 

                             8 / 12

https://dorl.net/dor/20.1001.1.2251600.1388.28.1.1.2


��� ������	
����� �������� ���� )

0

1

2

3

4

5

6

0.0014 0.0016 0.0018 0.002 0.0022

10^(-4) 1/s     slope=2484.3
10^(-3) 1/s     slope=1790.6

10^(-2) 1/s     slope=1610.2
10^(-1) 1/s     slope=862.42

σ
ln

[K-1]

0

0.02

0.04

0.06

0.08

0.1

0 100 200 300 400

[C] .:د

 #
$%<
<<&
%خ
<<$=
<<>?
@<<2
.AB

CD
%<<E

>�2:_6��D�� L����M<σln P�� �	 ��	 f"�/� ;�H �� 

1(�Q� &�%
��.

>�2::6&��	 �� F�� P�� �� U����H ;��V W�� X�Y<�� 

F
��"�� �	 3-2 	����� &��.

#� �C��� �A	 �6 -$	�H K-$�I� OI< �JI.W 924�w ��I[H	 � 

-��6]��[.�J.W 924 �A	 0?�� ��5� 0@�$	 �[��L� ��[$� �6

 ����5� ?	 K��j��	 �6 K-$�� O<)�(�I}		 �I�� T�	 �;B�H 0	�6

#� ���]�� [:

)3(
mQK exp

RT
  σ = ε     
�

�G6	 T�	 � �4Q�I�? �IG6	 EI[d 8 K��6 0?�� ��5� 0@�$	 �

��	 �[��L� O6�X:

)4(R (ln )Q
m (1/ T)
∂ σ

=
∂

OP�)�y(#S�&6	8lnσ�6 1/T rIF�%� 0��2$�4 :�$ � 	 

#� 7�2$-C� .

�6 �;��&< =��> T;S$�;� 	-�� K��j�I�	 �I6 9$�4 :�$ 

OP� � ��B�� ������ ?	)
(�6 �6	�6�ym/y-I� T;I;5H .�I6

 ����5� � �-W T�	 0	`D�B)�(�IC � 0?�I� ��I5� 0@�$	 �

�I6 �IB�H �I6 8 7U �I6 ��I6�� a] =;� 08 ?	 9$�4 :�$

 �II���5�)�(�II6 �II6	�6 7U ����II�� aII���� 8 K-II� �[II��L� 

kJ/mol m/��� \$ �4 -�U ��� �6 0?�I� ��5� 0@�$	 �6 M��

 9%6 � �4 ��	 #��;.;���U �.;�? � i�\;.� ��j$)�"�(7�;6

-� .�A	 ��1�	 O��W 7	�.W �6 	 i�\;.� iH	 9�$ ^�[��L� T�	

#� -;��H b�6 0�C��� � K-$�� O< �J.W 924-.4.

I6Z6����< ECAE ����  �������	 �
�� ��� ����� �� 

OP�)��(;6 ��[H	 8 9$�4 :�$ �6 �;��&< =��> T

�$��$ 0	�6 	 ��� #� 7�2$ K-� �8��&4	 0�C-C� .�I6 E6�G�

 #���H 0	�6 9$�4 :�$ �6 �;��&< =��> ������ OP� T�	

 ��	 �[�� �5��G� ��� 0�C��� .#����D �1;�$ T;.� 7	�H

 0��2I$�4 :�I$ 8 �C��� K�8-L� � #P;��.�� #2$�4 �;N �4

 	 � K��j��	 ��� #I�$ : E;�LH T� -IC� .�TI�	 �I6 K8�IW

 9�	\�	 ��� 9�	\�	 �6 9$�4 :�$ �6 �;��&< =��> 	-��

#�-6�� .#I� =I;H�H T�-6 #��I�� K�8-IL� �I4 �IjD 7	�IH

 {�IH	 0�I�� �I�? �I6 9$�I4 :�$ �6 �;��&< #j.� =�	�>

�II�	 K-II� OII��.� .7	�IIP�C 8 0�II�]�w[8 �N�II4 \II;$ 8

7	�P�C]
y [	 	-�� 9�	\�	 OPI� �;;QH ?	 3N =��> T�

 K��4 -;��H ��] 0��;��6 � 	 -�-� #P;���N -I$	 .T�-I6

 #� =;H�H � #P;��I.�� #2I$�4 �I;N �6 O���H �4 �jD 7	�H

 T;I6 ?	 �Hb�I6 0�IC��� �I� a;L� 0��� � �5��G� ��� @�;�U

 ��	 ��� .#� T;.� 	 ��� T�	 ��I�W	 �4 �	� u;>�H 7	�H

j��	 �6 9$�4 9;N ?	 K��ECAE #�b�6 ��;&$	� O;P2H �W�6 

�II6�$ ?	 9C�II4 �IIW�6 �II1;�$ � 8 K-II� ��]�II� � �II�;��B

 �II6�$ c	�IId	 � 0�II;N =[&II� 0�II��H	 �j&II�H	 �II�;��B 

#� ���]
�[.

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
8.

28
.1

.1
.2

 ]
 

                             9 / 12

https://dorl.net/dor/20.1001.1.2251600.1388.28.1.1.2


��� ������	
����� �������� ���� �(

0

20

40

60

80

100

120

0 50 100 150 200 250 300 350

[C] .:د

 R<<&
#
$%<
<&=
<<>+
<<DS
TU
از
W
<<X#

$%<
&?
Y<A
$

10^(-4) 1/s
10^(-3) 1/s
10^(-2) 1/s

 

>�2:B6��"�� &��� > F�� �� ��"(7 �� g� F�� UY�� L����M< &��ECAE 3-2.

I6[6����< ECAE F
 ����� ��h�� &��	 

OP�)�
(�I6 #��IFD ?	 3IN ��Id ����?	 �[&$ ^	�;;QH

�$��$ 0	�6 	 O4 ��d ����?	�8��&4	 0�C #� 7�2$ K-�-C� .

#� K-�� �4 �d 7��C 8 �IC��� #��I�H � �[&I$ T�	 ����

 ?	 �Hb�6 ��2$�4 :�$my%�I�	 .��Id ��I��?	 �IS�� 7�I;6 �I6

�$��$�8��&4	 0�C �� �H-�W K-� ����� R�1$	 OP� �;;QH �6 ��6

 ��	 #��FD ?	 3N .8 �I�� ^	�;;QH �6 �[&$ T�	 �S�� c�d ?	

 #�$ #$	-.� �;;QH 9$�4 :�$-.4 .OP� �;;QH 0�H�6 ��;�< �

 0�C-$�6 ?	 #�b�6 ��;&$	� �6 TS�C OP� �;;QH �6 #��FD ?	 3N

#��6
y�8��&4	 K��� ��]�� � ��B�� OPI� �I;;QH �I4 K-�

��N#� ?�ZU ��$U �	-��	 � �;�8	 M;� �	� ��[H	 ����]

[.

Z6�G��� &��7 

�I6 K-� ���W	 �-�-� #P;���N OP� �;;QH �A	 E;�LH T�	 �

 =��X O]	� ?	 K��� �[W M�ECAE MI� #224 ��� 08 �6 �

@�;�UAl-Mg-Si-Cu #I��6 rIF�%� 0��2I$�4 :�$ 8 �C��� � 

-� .��? 0����;D �1;�$O6�X E;�LH T�	 ?	 ��	 ��J<:

�.9�	\I�	 �9$�I4 :�I$ 8 �I�� a�	�I� ?	 #[��.� =;4�H �

 #Ij.� ����I�� \I;$ 8 �I�� 9�	\I�	 �6 #224 R�PL��	 	-��

 -I� K-C�2I� @�;�U T�	 � 9$�4 :�$ �6 �;��&< =��> .

@�I;�U � #P;��I.�� #2I$�4 �I;N _�IX8 -��� ^	-C�2� T�	

��	 9���?U ��� .


.0@�$	 �[��L� �4 �	� 7�2$ #P;��.�� #2$�4 �;N 0?�� ��5� 

O< 0���H	 O��5H a��H ��] T�?�ZU 0�C��� � K-�-N T�	

 �6�$ 8 K-$�� #I� ��I�.4 ��L�� 0��;��B ��I� .0�IC��� �

 0���H	 k�1H \;$ #$���NMg R8� ?�I� ^	� #I$? �I$	�B 8

�6 �1.� 8 K-� �.;�? � ��FL� i�\;.� 0���H	 9C�4 �W�6

� _�X8-� �;FH�2� T��H�N g�P5� �� .

�.�I6 OI4 ��Id ��I��?	 �I6 #��IFD ?	 3N ��d ����?	 �[&$

 #� 9�	\�	 9$�4 :�$ 9C�4 �� ��� 9�	\�	-6�� .92I4 �A	

 ��]�.I� �I�� T�	 _�X8 =[&� 7	�.W �6 K-$�� O< �J.W

-�.

�.-I.�	�� aI��H 9$�I4 9;N ���W	 �4 -� K-C�2�ECAE �

9$�4 :�$ �6 �;��&< =��> 8 K�	� 9�	\�	 ��� �C � 	

 :�I$ �6 �;��&< #j.� =�	�> #���� K�8-L� ����$	 �W�6

 #� ��.;��N 0�C��� �6 9$�4��� .-�-� 9�	\�	 �6 ��� T�	

 �6�$ ��;&$	� -I.�	�� ?	 3N ��]�� � ��;��BECAE �[&I$ 

iIH	 0�C�j&I�H	 �	-I5H 9C�I4 �IW�6 �4 -� K�	�Mg �

�6�$ c	�d	 ��� 0��;��B#� k$	�� �2N � rX���.

m.-I� K-C�2� ��5��G� ��� 0��2$�4 :�$ 8 �C��� #���H �

 �$��$ � #��FD ?	 3N ��d ����?	 �4 �6 K-� �8��&4	 0�C

 ?	 3IN ��Id ����?	 �[&$ 8 ���	� �[FZ TS�C ��d ����?	

 8 �I�� �I;;QH �I6 #$	-I.� ^	�;;QH O4 ��d ����?	 �6 #��FD

$ 7�2$ ��] ?	 9$�4 :�$#�-C�.

 [
 D

O
R

: 2
0.

10
01

.1
.2

25
16

00
.1

38
8.

28
.1

.1
.2

 ]
 

                            10 / 12

https://dorl.net/dor/20.1001.1.2251600.1388.28.1.1.2


��� ������	
����� �������� ���� ��

���	�-? 

#I� R?b ��] �6 ����� 7�D-.&��$ R�I�L� �I$8�5� ?	 �IH -I.$	�

 iC	�I� �d�I] �I6 r��I� #�5.IV K�S2$	� 08�.� 8 #2C8xN

-..4 #$	�-X 8 �P2H E;�LH T�	 R�1$	 ^�$�P�	 7�8U.

���� 3��� 

1. serrated flow 
2. dynamic strain aging 
3. Portevin Le Chatelier effect 
4. precipitation hardening alloys 
5. equal channel angular extrusion 
6. transmission electron microscope 
7. twin jet technique 

8. electropolishing 
9. ultimate tensile stress 
10. dislocation tangles 
11. waiting time 
12. accommodation 
13. thermally activated phenomenon 
14. strain rate softening 

15. random precipitates 
16. electron diffraction pattern 
17. coherent 
18. differential scanning calorimetery 
19. solute drag effect 
20. shear bands 
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