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¶ 1  ECAE�6��·¸|Y�± 

Fig.1  Slip line theory analysis of the deformation mechanism 

pattern during ECAE process 
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Table 1  Parameters for the simulation of the square-section 

channel extrusion process  

Material Temperature/¹ Time increment/s Friction 

AZ31 250 56 0.2 
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Fig.2  Flow chart for parametric analysis algorithm of ECAE 

process 
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¶ 3  ECAE¼zHI�������� 

Fig.3  Effective strain contours of the workpiece simulated with  

ECAE processing 
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¶ 4  78ÂGÃ 90°Ä{| AHI�¥V��ÅCD������ 

Fig.4  Effective strain distribution across the workpiece width for route A at ΦÆ90°: (a) 1 pass, (b) 2 pass, (c) 3 pass, and (d) 4  

pass 

 

 

 

 

 

 

 

 

 

 

 

¶ 5  {| AÇzHI�V������ 

Fig.5  Effective strain distribution across the workpiece width for  

route A at ΦÆ90° 
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¶ 6  {| BaÇzHI�V������ 

Fig.6  Effective strain distribution across the workpiece width for  

route Ba at ΦÆ90° 
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¶ 7  {| BcÇzHI�V������ 

Fig.7  Effective strain distribution in the cross-section of  

workpiece for route Bc at ΦÆ90° 

 

 

 

 

 

 

 

 

 

 

 

 

¶ 8  {| CÇzHI�V������ 

Fig.8  Effective strain distribution across the workpiece width for 

route C at ΦÆ90° 
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Fig.9  Effective strain distribution of route A, Ba, Bc and C for 4 

passes at ΦÆ90° 
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¶ 10  HI�����ËV§�� 

Fig.10  Optical images of ECAE pressed samples: (a) as-annealed unprocessed sample, (b) the head of deformation zone, (c) the main 

deformation zone, and (d) the tail deformation zone 
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¶ 11  4ÌHI{|HI 4zd���Íq0ÎÏÐ 

Fig.11  TEM images for AZ31 Alloys after 4 passes ECAE process: (a) route A, (b) route Ba, (c) route Bc, and (d) route C 

 

5  �  � 

1N|~� ECAE ÐrKLab@�j'��A

l�����Ð·'(ò>?ÞQ��¤¥ A�¤¥

Ba�¤¥ Bc 2¤¥ C 4ð¤¥� 4rKLÜÝ��

·�°�¤¥ A 2 Ba KLablm��j'�¥¤

a 

b 

c 

d 

270 nm 

a 

b 

c 

d 

20 µm 



³1612³                                        ´aµ()*+,                                             � 47� 

¥ Bc 2 CKLabfGHlm���
¦§'��

-��¤¥ Bc KLablm��'�O1¨KLr

«p�qVk©�56���jk6;�KL¤¥�

�¹KLÞ¬�ª«��KL¤¥Ê¬E 

2Ng@��mU�X�3«�KLr«2KL¤

¥
KL�O������
_¤¥ A�Ba�Bc 2 C 

4 ðKL¤¥!"ÃKL 4 r¹!c®nåÏu<

=+;v��Ù_��jy��2¯°�`¤��<

:�µ_!ðj&±U²�<=�<:��ª���

³jy¤�´õ��µ~�wx<=+;Ïuv��

-+;<=���'�O1¶·�KL¤¥!TE 

3N����lm�O�<=��¢£¹����

�9lmtu����qV¤���¥���ôõÞQ

<:�ª�<=+;��6���kl¥¤�`¤��

����12��¥mUkl�Ïu<:J1�k

l�Xm{0002}nH)	��4�|~������E 

 

����    References  

[1] Estrin Y, Murashkin M, Valiev R et al. Fundamentals of 

Aluminium Metallurgy[M]. London: Woodhead Publishing 

Press, 2011: 468 

[2] Zhao R, Han J Q, Liu B B et al. Materials & Design[J], 2016, 

94: 195 

[3]Segal V M, Reznikov V I, Drobyshevskiy A E et al. Russian 

Metallurgy[J], 1981, 19(1): 99 

[4] Valiev R Z. Nanostructured Metals and Alloys[M]. London: 

Woodhead Publishing Press, 2011: 3 

[5] Inoue T, Horita Z, Somekawa H et al. Acta Materialia[J], 2008, 

56(20): 6291 

[6] Sun Bing(Ñ Ò), Zhang Yingbo(ÓÔ�), Quan Gaofeng(Õ

�Ö) et al. Rare Metal Materials and Engineering(´aµ

()*+,)[J], 2016, 45(2): 404 

[7] Xu C, Horita, Z, Langdon T G et al. Materials Science and 

Engineering A[J], 2011, 528(18): 6059 

[8] Xu S, Zhao G, Luan Y et al. Journal of Materials Processing 

Technology[J], 2006, 176(1-3): 251 

[9] Basavaraj V P, Uday C, Kumar T et al. Journal of Materials 

Processing Technology[J], 2015, 17(1): 88 

[10] Bouaksa F, Rodas C O, Zaïria F et al. Computational 

Materials Science[J], 2014, 85(4): 244 

[11] Lu C, Deng G Y, Tieu A K et al. Acta Materialia[J], 2011, 

59(9): 3581 

[12] Zha M, Li Y, Ragnvald H et al. Acta Materialia [J], 2015, 84: 42 

[13] Han Fuyin(×ØÙ),Wang Ping(Ú Û), Tian Linhai(ÜÝÞ) 

et al. Rare Metal Materials and Engineering(´aµ()

*+,) [J], 2013, 42(7): 1497 

[14] Dogan E, Vaughan M W, Wang S G et al. Acta Materialia[J], 

2015, 89: 408 

[15] Xu S, Zhao G, Ren G et al. Journal of Materials Processing 

Technology[J], 2006, 176(1-3): 251 

[16] Xu S, Zhao G, Ren G et al. Computational Materials Science 

[J], 2008, 44(2): 247

 

Effect of Severe Plastic Deformation on the Microstructure Evolution of AZ31 

Magnesium Alloys 
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Abstract: Equal channel angular extrusion (ECAE) process has the capability to produce bulk nonstructural materials without loose holes. 

Using commercial metal forming finite element code, ECAE process was analyzed numerically in the present research. It combined the 

node reflection method and three-dimensional model switching to realize multi-extrusion process of Routes A, Ba, Bc and C by the finite 

element method. The distribution of accumulated effective strain and the influence rules of deformation uniformity in round billets were 

obtained, and the grain refining mechanism of equal channel angular multi-extrusion for different processing routes was given. The results 

show that changing the extrusion route can alter the microstructure of the workpiece, which can be gradually refined in each route with the 

number of extrusion increasing. It is found that route Bc and C can get larger angle grain boundaries and more uniform equiaxed grain 

distribution than other routes. In addition, the microstructure evolutions of different multi-pass ECAE processing routes are consistent 

with FE analyses. 

Key words: equal channel angular extrusion; finite element numerical analysis; reflection method; ultra-fined grain; processing routes 
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