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?	(�@A�B#�CDEF*G

H$IJ$KLMN�*GOPQR�S����T

UVW 10 µm (X$Y'(Z[������\]�

^_,%�`6asevere plastic deformation$SPDbO

P	c���de��4��aultra-fine grained$

UFGbf�$ghi��TUjk 1 µm$l65mn

���fo$pJ��qr�st��3S_���

SPD*G�uvwxyz{|
��}z~,�%�

`6��$�6�3TU�x�z~�`$��\�

Fg�#��d�,�%�`6S������.�

)$65���$�������,�.��$�Jh

i4��f�(��	65�����

[1]

��OP��

}	c��4������hi�����_

[2~5]

�

,%�`6!7�9$ o*G��_k�/�

���)*¡	c�x¢�\£¤¥¦�/�)*§

^_� SPD*G��¨�/������TU
��

3st���©ª�

���������	 SPD 
��
���

��	��


�
��
����

de�`6«4� 60%�?	¬­�,�`?

	(large strain rolling)$^_®*Gg¯°��f��

},�`?	§$��`±²S��³´µ¶$�s

·§i�W¸¹$º	»¼B#��6½¾,`6«

�)���.$¿ÀB#�6½$VW�����Á

_

[6,7]

�

Pérez-Prado H

[8]

¨ AM60/�ÀÂ,�`?	$

�Ã��� 3 mmÄ�Å¼ AM60Æ�$450 �XÀ

Â 30 min�ÇÈEF$(hiHÉ���,�`?	

} 375 �XÀÂ$X>«oÊ� 10%$20%$30%$

50%$68%$80%$@ËX>«��)$?	A�/�

��TUÌj$68%X>«�$ÍÎ��TU� 3 µm$

80%X>«�$ÍÎ��TU� 1 µm�Ï 1ÐÑ��

X>«� AM60 /� 375 ÒuÓÔ?	A�(0002)�

�

[8]

$@ËX>«��)$/���2.°Õ�)$

lyÖ×Ø�Ù�ÚÛ��

[8]

$��Ü2�ÝyÖ}

¡FÞ�Ù5 15°ß���Ý$�\àk,�`?	

§$<c+a>áâã.�)�A. Müller H

[9]

¨ä�å�

æ� Mg-Zn-Y /�ÀÂ,�`?	$}çèéêë

ì$_í�� 42 mm�îï6ðñÅ<56�}?	

¦$�/�;<5 88 mm�ÍÆ$uÓÔ?	A�/

�Æ�Ä.� 2.6 mm$òÓÔ?	A�/�Æ�Ä.

� 1 mm$}��óÓÔ,�`?	A$��TU} 1 

µmôõ$öyÖ�×Ø�Ù�ÚÛ���̈ Mg-Zn-Y

/��01st��ÀÂ÷ø$zÖ��uÓÔ?	

A�/�ùú2.� 242 MPa$ûü2.� 332 MPa$

J��òÓÔ?	�/��ùú2.
ûü2.oÊ

� 297 MPa$331 MPa�ùú2.iW�¯°��)$

�\g(�pk/������� 
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i 1  ABjkl AM60-. 375 mnopqCS(0002)KL 

Fig.1  Pole figures illustrating the macrotexture of the AM60 

alloy after one rolling pass at 375 m and different 

thickness reduction 
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ý¶þ?aaccumulative roll-bonding$ARBb


d���ÙÀÂ���)*��HEFATUæH�

ó����Æ��}u�1.Xþ?lS��»	

/$IA
�ÀÂæ��*G��þ?	/$�JS

���f�iW��
ß
�o�Î�$,-.��

���st��

[10~12]

� 

ARB �����
ÍÙ�`3���`���

Á_$J��`6l��`Æ��Ä.$p®}��

`63ÍÙ`6þ)���$H��`§��)��

��`$��SH��`,,�)�¨ AZ31

[13]

a�

Ã�� 38 µmb3 AZ91

 [13]

/�a�Ã�� 23 µmb}

400 �ÀÂ ARB EF$X>«� 80%$�Ôþ?¦

�ÀÂ�ÙEF$?	���)�á �d�¨)*

A/��!"f�"#zÖ�AZ31 �� ARBuÓÔ

A$��$HÉ��$��TU� 4 µm$®A%�}

3 µm ôõ¾AZ91 ��uÓÔA$��TUjk 1 µm$

®A��TU&'Î���ValleH

[14]

d�¨ AZ61/

�ÀÂ ARB )*$zÖ}X>«jk 50%�$ó�

Ù(7�)�#/$J�X>«�)W 50%(�$�

\�����Á_·§}*uÓÔ$@A�ÓÔ�\

��!"f��Î���)*1.¨�����©ª

+,$1.,-$�����.,¯°$}X>«�

66%$300 �Xþ?$zÖ/����VW 1~2 µm$

/jk 400 �XiW�/���TU� 

Pérez-Prado H

[15]

¨ AZ91 /�ÀÂ ARB )*$

l¨�st��ÀÂ÷ø�)*��Ã/� AZ91 Å

<A��ÇÈEF$��TU� 23 µm$ARBEF*

G� 375 �$X>«� 80%$ARBEFA AZ91/�

��°Õ��$ÍÎ��TUVW 500 nmôõ$0ü

²12} 2%$2.iW�,-.��$à�3� 159 

MPa$�uÓÔ ARBAVW 378 MPa$4ÓÔAVW

405 MPa�2.����\�pk�����(��

Ù���yÖ$J567����`�)� 


������������

�89H

[16]

¨�/�Æ��:;�y�u�H

��?	aequal channel angular rolling$ECARb*G$

l<¨�/��`6m{=>�}?dÚ@A?B�

ÀÂ�C� ECAR DÝ��*G^_?dÚ@A?

B$� ECARñ�EDk?ByFE$ECAR ñ�¡

H��=>ñ�GH�ECAR ��§$Æ�IJd�

ó?@K~u��?	>X`6$IAL_Æ�¡?

@­M�NOs�Æ�PQñ�ÀFdÓ$lS­d

�ñ���$z~��`6$*G�FÏR¢S[17]�

�*G}T/��)*§ö�U5

[18]

� 

ECAR *G	c�/�Æ�V�W«:; ZK60

X

[19]

$, o:;YZ AZ31 Æ��)*�d�¨

AZ31 /�� ECAR *G:;$zÖ�H��?	A, 

Æ�z~���`6$��[\à�3�(0002)�Ù

[\�`��Ù[\¡]�Ù[\�^$���_`

ûaà�Ã AZ31 �/�� 1.2 �)W ECAR A�

1.6

[20,21]

�Æ����¡H��?	¦æaz~�b

,$�Ã AZ31/��ÍÎ��TU� 7.5 µm$��

ECAREF���TU� 11.3 µm$l�c�~5$d

@Ë?	ÓÔ��)$c�e«&'ÌW

[22]

�¡H�

�?	¦�Æ�æa$H��?	AÆ��2.¯°

��$Jfg0ü²`��,$h�
 1 vÓÔ?	

�Æ�$�iû2.àH��?	¦� 240�,W 275 

MPa$ùú2.à 193.8�,W 239.2 MPa�@ËH�

�?	ÓÔ��)$Æ��2.&'j-$k* 4 v

ÓÔ�iû2.j-k 250 MPa$ùú2.j-k

207.3 MPa$�p}kH��?	A$Æ�§yÖ,«

�c�$h�
u
òÓÔ?	A�Æ�$c~d�

èl��m»3K~)*��$65�s·§�3n

��$����2.$j-��%�

[23]

� 


����
�����

deo=>a,k 50:1�=>*G¬­�,a²

=>ahigh ratio extrusionb$=>*Gg(�uÔ,a

²=>39Ôý¶,a²=>�,a²=>��x�

F
�d�,�=>a$S��}+,�=>sÁ_

X$K~,%�`6$�JVW�����p��}

A=>��§$àk=>a�,$��qûb(kf

g5!j�r�$��­M�æsNO)±�tu�

�$Jdvwo��*òæx{èl���b,$�

Jhi�j���

[24]

� 

Uematsu H

[25]

:;�=>a¨/�����(�

st���©ª��Ã��
��TU 200~250 µm

� AZ61(� 140~150 µm� AZ80/�$} 613~650 K

­MÀÂ=>$=>±²� 1 m/min$=>aoÊ�

39$67 (� 133$d�¨=>A/��!"f��"

RD 

RD 

RD 

RD 

a 

b 

c 

d 

Levels: 1,2,3 Levels: 1,2,3,4,5 Levels: 1,2,3,4,5 Levels: 1,2,3,4,5,6,7,8 

TD 

TD 

TD 
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#$zÖ/����iW¯°��$��=>a�

AZ61/���TUoÊ� 4.8$4.7$3.9 µm$ AZ80

���TUoÊ� 5.9$5.5$4.3 µm�����=>

a� AZ61=>�/��a0002b_ÏR¢S[25]$=

>��§�/����Gy¡=>a(z$a0002b�

Ù¡=>!\5 30°{�$��2.@Ë=>a��

)J�)�,a²=>�����Á_¯°$� 1 �

��,a²=>*G(�=>A���TU� 


� ����������

H��=>aequal channel angular extrusion/pres- 

sing$ECAE/Pb$L_àóvæ|�H�dÓf5�

=>ñ�3S��hi,�%���`6$ø}`6

¦A�6�3TU�z~�`$pJg(ÀÂ9Ô=

>`6$�,`6«�H��=>
p¦�/�,%

�`6§�_Ü��ö
:;Ü~��u�)*!

�$��°Õ�����Á_$} AZ61

[32]


ZK60

[33,34]

h�
 AZ31

[35,36]

��,«�:;UÓ� 

w�ø}}�ÓÔM��!\3�.���$g

(oH��=>o� 4�`6��

[37]

��� A$�Ó

Ô=>A$ø}���$í�ÀÂXuÓÔ=>¾�

� B

A

$�ÓÔ=>A$ø}� 90°|���ÀÂ=>¾

�� B

C

$�ÓÔ=>A$ø}��u!\�� 90°À

QXuÓÔ¾�� C$�ÓÔ=>A$ø}�� 180°$

ÀQXuÓÔ��/�ø}��� B

C

=>A°!f�

Ü)$�� CÔ­$�� A¡�� B

A

Ü&

[2]

� 

Xia H

[38]

^_ ECAE ¨ AZ31 /�)*$IJ}

380~400 �=>$ECAEñ��ß�� 90°$^_��

B

C

$)*1.� 200 ��$=>±²� 240 mm/min$

)*1.� 150� 100 ��$=>±²� 0.2 mm/min�

)*A/����iW¯°��$4ÓÔ 150 �(�

4ÓÔ 100 �)*A�/���TUjk 1 µm$@Ë

ÓÔ��)$f�o���)Î��¨ Mg-8%Li/�

[39]

ÀÂ ECAE )*$zÖÅ¼/����TU�

60~70 µm$̈ Å</�=>A���TU� 3~10 µm$

J=>A�/�BÀÂ ECAE)*�$��TU� 1~7 

µm$�� ECAE)*�/�} 200 �$1.5×10

-4

 s

-1

�

�`±²X�üb²VW 1780%� 


�!��"#������

��=>(reciprocation extrusion, RE)��x�F

¡ CECacyclic extrusion compressionb*GæH$ñ

�ê� 2v�Ù¶æH
} 1�í��
§M� 1v

���o��ñ�$}ñ��ó�oÊDÝ 1 v�>

����}=>��§$ø}}���Á_X$WV

���$®�$ø}�W�=>`6$=>A�ø}

}�uvñ����Á_X$z~��`6�¥*u

ñ�ê�ø}� q=>W*òñ��$B
���

���\>�$|�5uv»Á ¡�
�(���

�$íkhiÐ\��`�¢$K�â£u¤��$|

g(�ø}=y56

[40]

�Ku��g((`Ô�ÀÂ

X£$�Jhi(`,��`3�jÎ��HÉ��� 

Guo H

[41,42]

¨¥±¦Ç7	c� Mg-6Zn-1Y- 

0.6Ce-0.6Zr/�ÀÂ��=>`6$d�¨!"#�

(�st���÷ø$§¨��=>`6¨/���

�©ª���=>*Gñ�í�� 50 mm$����

í�� 14 mm$=>1.} 320W 328 �­M$>�

±.} 3.22W 8 mm/min$J=>>s� 9 MPa�̈ /

��!"#�ÀÂ"#$zÖ����=>$/��

!"f�æ¥Î�$��©òÓÔ=>��"ÍÎ�

�TU� 1.3 µm$
=>`6¦��TU� 1/4$�

�iW°Õ����®*G	c� Mg-6Zn-1Y-0.6Ce- 

0.6Zr /��ùú2.g(VW 336 MPa$0ü²�

27%$st��öiW�¯°��� 

 

 !""#$%&'()*&'+,-./0"

Table 1  Typical extrusion processing and grain sizes in Mg alloys after extrusion 

Alloy Processing means Extrusion temperature/� Grain size/µm Extrusion ratio 

AZ91

[26]

 PM+extrusion+annealing 280 1-2.8 100 

 IM+extrusion+annealing 280 4.1-5 100 

ZK60

[26]

 IM+extrusion+annealing 280 2.2-6.8 100 

AZ31

[27]

 Extrusion 350 5 100 

ZK60

[27]

  310 2.8 100 

AZ31

[28]

 Extrusion sheet 250-350 4.5 100 

   2.5 166 

AZ91

[29]

 Two-step extrusion 300 7.2 144 

  335 9.8 144 

  370 14 144 

AZ91

[30]

 Extrusion sheet 250-350 2.5 >150 

AZ31

[31]

 Extrusion 250 4 100 

AZ61

[25]

 Extrusion 330 3.9 133 

AZ80

[25]

  330 4.3 133 
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ChenH

[43]

¨ AZ31/�ÀÂ��=>$ñ�í�

� 30 mm$����í�� 20 mm$oÊÀÂu
ª


«ÓÔ=>$�æ���`� 0.81
4.1(� 10.5¾)

¬>s� 810 kN$=>±.� 7 mm/s�d�¨��=

>�/�!"f��"#$zÖ��=>��°Õ�

����Á_$�\���Á_z~}*uÓÔ$

AZ31��uÓÔ=>A���,j� 2.17 µm$ªÓ

Ô
«ÓÔ=>A���TUoÊ� 1.893 1.77 µm�

¨/��st��ÀÂ÷ø$zÖ��«ÓÔ=>A

0ü²
�3� 2.2­¾Jùú2.j-� 50 MPa$

à�3� 189jW 140 MPa$2.�Xj�\�pk

���®¯(����°��d�:;?d=>¼�

573 KX CEC)*A AZ31/���_Ï$gR2.

@Ë CEC ÓÔ��)J�)${1010 }±²}uÓÔ

CEC)*AyÖ³�Ù[\$}«ÓÔ CEC)*A$

{0001}�Ù´ík"#Ù${1010 }�Ù}�Ë=>!

\yÖÜ,µ�Lee H

[44]

¨ Mg-15Al-1Zn/�ÀÂ�

�=>`6$zÖ/��ùú2.3iû2.g(V

W 3063 376 MPa$J�0ü²¶kVW 1610%$�

�4%�� 


�$��C %���"#�� 

WangH

[45]

}�/�)*§$�yu�³y�,%

�`6!7aC shape equal channel reciprocating extru- 

sion$CECREb$d��`uL*G$���=>¡

ECAE#/·3$̧ ú��=>�Ù¡ê �`o��

Î�¹{$���=>§M����>�º5H��$

�")*»Á¡��=>æH$*G�FR¢S[45]� 

� AZ31=>¼3ñ�} 100 �11 10 min$@

AS_½¾¿ÀÁ��á $} 300 �X)A 2 h­

A�ÃÀÂ CECRE )*�H���XîÁÂ�� 22 

mm$êîÁ� 12 mm$Ð���Î_îáÁ�Ã�$

=>)¬sg(d�»ÁÄÀÂ�`�d�>Å$z

Ö®*G4ÓÔ)*�ý¶�`g(VW 11���

CECRE)*�!"f�o�Î�$��TUæ²$Í

Î��TU� 3.6 µm¾¨��ÓÔ�)*©ªoÆ$

zÖ�ÓÔ¨����Î�
\Á_� 


�&��"#'(�)*�

� � Ç È > í 7 (repetitive corrugation and 

straightening$RCS)*Á�F
���-1ø}¹}ó

vÉ6ñ��>sÁ_Xz~ÊË`6$��Ì
�

ÊË`6$*Í5�ÎÏ�¾IA_óvÍÐ¨ÎÏ

�*ÍÀÂ>íEF$(Ñ�*Í�6�$�Ô*Ò

�ÊËÍíMø}�» 90°

[46]

�d��!7$}��

`*ÍÓ�ÙÔÕ6��Ö×X$g(���TU�

�WØÙ«Ú$}	c�"4�� Cu

[47]

� Al/�

[48]

§��+9:;� 

Yang H

[49]

d� RCS *G	c AZ31 Æ�$l¨

RCS*G¨/����©ªÀÂÛQ�:;��Ã�

����A?� AZ31Æ�aÄ.� 6.35 mmb$��

�5 89 mm×89 mm!6	Í$��ªÓÔ���Ç

È>í$)¬±.� 0.12 mm/min$ªÓÔ*Á1.

oÊ� 250$200$170 �$ªÓÔ)*AÆ�Ä.�

1 mm�¨/��!"f�"#$�Ã��o����

3���$/�ÍÎ��TU� 9.8 µm$����Ç

È>íA/�$���ÍÎ��TUVW 1.4 µm$�

���Ù¶ä«VW 97%$�����.°Õ�¨�

���1.ÇÈ>í���ÀÂ:;$zÖ}-1X$

ý¶�`«+,$�����)�����TU@Ë

�`«��)JÌj$�Ù��2.@Ë��TU�

ÌjJ�,AÌj$�Ù��}��TU� 3.2 µm�

Ü2�����A�Ù���ÌÜ�pk��E��

`6(�j������ 

���������	
��
��

���st��¡�F��à89���pÝÐ

�	$��TU¨���st���
\�©ª�9

�"%�`6��xm{|
��g¨áâK~��

èl$6`��§�áâ�3c�Þeß¢k��E�

��2�¨k�� !ahcpb#���/��.��

¯°�/��ùú�s σ

y

¡��TU d �zàg_

Hall-Petchzà�Ñ� 

σ

y

=σ

0

+kd

-1/2

                             a1b 

�§$σ

0

��áNOs$k� Petchâ²$d��"í�� 

��ùú2.@Ë��TU�ÌjJ�)$Valle

H

[50]

¨ AZ31 /��st��¡��TU­M�zà

ÀÂ:;$#.�¯$ε=0.002 � k=207 MPa·µm

1/2

$

d��`�sË�§Xãägi σ

0

=122 MPa$µiå

æ�
$@Ë`6��)$k µÌj$¥ ε=0.05 �$

k=135 MPa·µm

1/2

� 

Mukai �Fç_3è¯	c���/���Í$

S_��`±²�j-)*1.�$Zener-Hollomon

ée (Z=εexp(Q/RT) )eµ+�$ägVW��2��

.

[8]

�������\g(�pk�Ù}=>��§

���56����s�·§$�J}��EyÖ�

áê�$,�.��,«~5$}���s·§��

��iW°Õ���$:Ï 2ÐÑ

[43]

�J¨�s·§

��������.$Valle_Ãë»¼B#�ÀÂì

¸$:Ï 3 ÐÑ

[7]

$���·#¡|áâ65í�f

�$J@Ë�s·§�îë$ï��yÖlâ»J6

5,�.��$�JSi��iW��� 
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i 2  AZ31-.+ CECt#05FG_Zuvwxi 

Fig.2  Schematic view showing the grain refinement mechanism 

of AZ31 alloys during CEC process

 [43] 

 

 

 

 

 

 

 

i 3  yz3{|0}~FG������Fwxi 

Fig.3  Schematic view showing the process of continuous 

dynamic recrystallization (CDRX) of grains in shear 

stress concentration zones

[7]

 

 

��������

,%�`6aSPDb)*�_k�/�����

�°Õ�����Á_���,%�`6*GA$�

/��ÍÎ��TUg(VW 1 µmôõ$lg(°Õ

���/��4%�$ðàk},%�`6§$�5

6/����ñ`$�9Ö×X,%�`6A��/

���^}��2�¡��°�$SiòL,%�`

6A�/�@Ë�����2.���-.�`�:

Õ�	���K~$zó,%�`6�����Á_$

�J�)/��ô/���
õA,%�`6}�/

�)*§�_�:;
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Effects of Severe Plastic Deformation on Microstructure 

and Property of Magnesium Alloys 

 

Du Wenbo, Qin Yaling, Yan Zhenjie, Zuo Tieyong 

(Beijing University of Technology, Beijing 100124, China) 

 

Abstract: This paper summarized several severe plastic deformation (SPD) techniques used in magnesium alloy processing and analyzed 

the effects of different preparation processes on grain size, texture and properties of magnesium alloy. Optimizing the present working 

process and controlling appearance of texture to realize the grain refinement effect of SPD and to improve properties of alloys are main 

research keys in the magnesium alloy processing.  

Key words: severe plastic deformation; magnesium alloy; grain refinement; texture 
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