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>?@ABCDEA�FGHA3IJ�KL

8��MN�5�OLPQ��'RSTMNUB

SV9:;ABWXY����Z	L��3[\W�

]^_`aXY�bcd���`�e�fghij

k� /lm�]n���o�p� (severe plastic 

deformation, SPD)qr-./0st3uvstwx

yz�SPD qr{|T}�XY����5���  

�

[3]

3IJ�SPD ~�����T��5�~���

�

[4]

3�������(equal channel angular pressing, 

ECAP)�Y���(high pressure torsion, HPT)�{�

�	L��?@��3;�����I��(accumulative 

rolling bonding, ARB)�j
��"(rolling at cryogenic 

temperature, cryorolling)qr{|��T���c�I

J����8� fg����¡¢�w��£��

8� ¤¥
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]^�1Y�{����5���c~���

��¨8©�ª����;w���p«¬qr®

¯°±²:W�{|�XY��¨³´µ¶`·o�3

���Wang�

[5]

styz�̄ 550 ¸/1 h¹P¬+180 

¸/2 hº��+75%��Bª�+100 ¸/48 h»���

60615��¼½��(σ

b

)¾¿��(σ

y

)�ÀÁÂÃÄ

(δ
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)EÅ] 560 MPa542 MPa� 7%3ÆÇ�

[6]

sty

z�̄ 560 ¸/30 min¹P¬+24 hÈI��+80%�

�Bª�+180 ¸/1 h»���Al-0.75Mg-0.75Si-0.8Cu 

(ÉBEA��Ê)��σ

b

�δ

f

EÅ] 450 MPa� 7.1%3

Sushanta �
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styz�¯ 490 ¸/6 h ¹P¬+2.3

1pBª�+100 ¸/35 h���70755��σ
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δ
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st

yz�̄ 500 ¸/1 h¹P¬+40%��Bª�+175 ¸

/7 h���20245��σ

b

σ

y

�δ

f

EÅË. 608 MPa

540 MPa� 7.8%3´Ìst�xÍyz�'Rª�Î
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]^ÜÝª�+��Þß�p«¬qr128

����5���àfáâã 180 ¸/1 hº�� 6156

���c�¯ 50%~80%��B©�ª�£�»_ä

100 ¸/48 h��3�p«¬Rå��'R½Ãæá

çæ��Bãª��»���c�èé�{�ê2ë

éÐìí(optical microscopy, OM)Xîïðî(X-ray 

diffraction, XRD)  ñ ò ó í (scanning electron 

microscopy, SEM)�ôîóí (transmission electron 

microscopy, TEM)�qr�õö�E9ìõ÷ø�ÀÁ
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fácd]�2 3.6 mm�� 6156���c��

é�E] 0.82 Mg0.7 Si1.04 Cu0.43 Mn0.08 Fe

0.15 Zn�B Al3�c¯ 550 ¸/1 h¹P¬�©�

��£�`�E�	_ä4� 180 ¸/8 h 
���

(Peak-ageing, PA)�`�E¯ 180 ¸/1 h º��

(Under-ageing, UA)£��∅350 ����´¯v%�

©�ª�(Cold-rolling, CR)� 1.8, 1.44, 1.08, 0.72 mm

��ã1����BEÅ] 50%60%70%80%3

ª����%���B�"� 5%�������"

��ã�c÷ø�ýþ3�£�Ó	 CR �cÍ_ä

100 ¸/48 h»��(Re-ageing, RA)¬3Þ����

z�Z� !�"ç·� 100 ¸����#ï�4 ß

��B CR�c¯» 100 ¸/48 h��¬�Í¬8
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æ��� WDT−30æá�´� 2 mm/min_ä½Ã�

{çæ�OM÷øõö� MDS 400=�;Ðìí´_
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í´_ä�./ó�] 200 kV�01��ê2�2�
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CH

3

OH(CDEA)6�P43½ÃÀ7õö� JEOL 

5600LV= SEM´_ä�82 Bruker D8= XRD9:

- æ � � 6 & E ; < A (Orientation distribution 

function�ODF)��ê2 TextureCalc=Ú>?ø@÷

E�CDEA� ! XRD 
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(ρ=2

3

ε/db�b] Al�F�GHB�5 0.286 nm)3 
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f

�PQZδ
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 =δ

u

+δ

l

3RI 1�y 1�S�180 ¸/1 

hº��� UAæ��	T
��(σ

b

=379 MPaσ

y

=309 

MPa)�TYo�(δ

f

 =23.7%)�;����180 ¸/8 h


���� PA æ�σ

b

�σ

y

EÅS� 398 MPa � 352 

MPa�δ

f

U� 18.4%3V UA�c_ä©�ª��WX

��BST�CRæ���SVo�U
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�B 50%� CR50æ�σ

b

σ

y

�δ
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b

�

σ
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EÅS� 561 MPa� 544 MPaδ

f

U� 3.4%3 
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σ

y

�δ

f

EÅ] 525 MPa

505 MPa� 8.6%�;����RA60æ�σ
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�σ
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f

XY^ 34%�_`a�CR60 æ�δ

u

�δ

l
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u

�δ

l
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u

XY^ 70%�Jδ

l
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�]^`�WÈ8δ
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� 1  �z���� 6156US67� �Y-�v�> 

Fig.1  Tensile engineering stress-strain curves for 6156 alloy 

under different processed conditions 

 

 1  !"#$%& 6156'�()*+, 

Table 1  Tensile properties of the 6156 alloy under different 

processed conditions 

Sample σ

b

/MPa σ

y

/MPa δ

f

/% δ

u

/% δ

l

/% 

UA 379 309 23.7 14.8 8.9 

PA 398 352 18.4 9.8 8.6 

CR50 509 464 8.4 5.1 3.3 

CR60 520 499 6.4 3.1 3.3 

CR70 540 514 5.5 2.8 3.3 

CR80 561 544 3.4 1.2 2.2 

RA50 515 472 11.1 7.3 3.8 

RA60 525 505 8.6 5.2 3.4 

RA70 540 528 8.0 5.7 2.3 

RA80 564 551 5.7 3.5 2.2 
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� 2  �z���� 6156US¢£':VW 

Fig.2  OM images for the longitudinal sections of UA (a), CR50 (b), RA50 (c) and CR80 (d) samples 

 

���������

I 2J: UACR50RA50� CR80æ�h��

�;ij3UA æ�]%�&½k�lm$»whh

i�Ê��õö.`nop� AlFeSi� Mg

2

Si�wh

;qi

[10]

3WXª���BST�CR æ�hi%�

&_`a½k���q&hi?@�Àk��rgs

t÷øFG3 !�ïr�UACR50 � CR80 æ�

��q&mÍhi?@EÅç-] 25.7, 15.1, 7.8 µm3

Î CR æ�;��;Ê��B� RA æ�uIµ¶X

st÷øFG��� CR50 � RA50 (I 2b2c)�y

z CRæ��W£ 100 ¸/48 h»��Rå�v	²�

»wh�hikT3ùZ�dI 2b~2dg��e:�

CR� RAæ��wh;qiE;FGÎ UAæ�¨à

;Ê�yzª��»��ãMýþ�T3 

����������

I 3 J: UACR50RA50RA80 æ� ODF

I(φ

2

=0°, 45°, 60°)�y 2J:æ�ø@÷E�;1�

CDEA(f

i

)3UA æ��»whø@]`�w	�E

�"ø@3M��»whø@x� Cube {001}<100>

]`(f

Cube

=59.2%)�Ê�U	�B Goss {011}<211> 

(f

Goss

=6.8%)��"ø@y� Brass {001}<100>]`

(f

Brass

=29.5%)�w	�B S {123}<634> (f

S

=4.5%)3;

������B 50%� CR50æ���»whø@ Cube

��(f

Cube

=22.8%)GossSV(f

Goss

=22.7%)��"ø@ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 3  �z���� 6156US ODF� 

Fig.3  ODF plots of different processed 6156 alloy: (a) UA,    

(b) CR50, (c) RA50, and (d) RA80 
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Brass ��(f

Brass

=14.4%)S ÐÑSV(f

S

=20.9%)�Ê�

:gTB Copper {112}<111>ø@(f

Cube

=19.1%)3WX�

�BS� 80%�CR80æ��»whø@ Cube� Goss

z{��(f

Cube

=8.9%f

Goss

=12.7%)�J�"ø@ S �

Copper¨à�p(f

S

=22.2%f

Cube

=19.0%)�Brass»�S

V(f

Brass

=35.5%)3ùZ�dy 2 g��e:�RA50 æ

��ø@÷E�CDEAÎ CR50æ�¨à;Ê�ÞP

yz^ 100 ¸/48 h»��Rå�v	²�»wh3 

 !æ�ø@÷E�CDEA���C?:mÍ

TaylorØ|M

A

 (M

A

=ΣM

i

f

i

�M

i

]æ��}`ø@�Taylor

Ø|�f

i

]~ø@�CDEA)

[11,12]

��y 2Ó�3Î UA

æ�;��WXª���BST�CR æ���"ø@

SV»whø@���Øù�æ�M

A

��ST3 

����������

y 3 J:�Êª���B CR � RA æ��ìh

?@ d �ì1pε��!ùC?-.�DE��ρ3W

X��BST�CR � RA æ��DE��Í��X

Y��Ò�;Ê��B��RA æ�DE���
8

CRæ�3���V��Bd 50%S� 80%�CR50�

CR80æ�DE��EÅ] 6.9+10

13

7.8+10

14

 m

-2

�

J RA50� RA80æ�DE��EÅ] 5.8+10

13

6.4

+10

14

 m

-2

3Rù�_�RAæ�U	
���DE�

yz� 100 ¸/48 h»��Rå�v	²�»wh��

8MDE��
8;Ê��B� CR æ��yyz»

���²�^DE��3 

�����TEM ��

I 4~6J:�Ê¬$> 6156��� TEMij3

RI 4a ��e:�UA æ�¨C�h�E;X?@

0.01~0.3 µm��N;�{�E9yzÞni|`�Z

Al

6

(Mn, Fe)��;��.�"»wh�hikT��

Fe�É	§/2�¨C�9:^TBlm���;(I

4b)��6ó|ðî���:g����ï�yzÞn

9:;Z β″;

[13]

�ùZ�I 4agyzh�����^

A�5 150 nm��9:�(precipitate free zone, PFZ)3 

 

� 2  ���� 6156���	
�������� Taylor 

�� 

Table 2  Texture components, volume fractions and average 

Taylor factors of different processed 6156 alloy 

Sample 

f

Cube

 

(2.45) 

f

Brass

 

(3.17) 

f

Goss

 

(2.45) 

f

S

 

(3.33) 

f

Copper

 

(3.7) 

M

A

 

UA 59.2 29.5 6.8 4.5 0 2.7 

CR50 22.8 14.4 22.7 20.9 19.1 2.97 

RA50 22.6 16.6 21.5 20.3 19.0 2.98 

CR80 8.9 35.9 12.7 22.2 20.2 3.15 

Note: the data in the brackets represent Taylor factors of the 

corresponding texture components

[12]
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Table 3  Microcrystallite sizes, microstrains and dislocation 

densities of the CR and RA samples 

Sample d/nm 

ε/% ρ/m

-2

 

CR50 95.5 0.05 6.9¤10

13

 

CR60 38.7 0.23 7.2¤10

14

 

CR70 34.9 0.21 7.3¤10

14

 

CR80 37.3 0.24 7.8¤10

14

 

RA50 83.0 0.04 5.8¤10

13

 

RA60 44.2 0.22 6.0¤10

14

 

RA70 55.9 0.29 6.3¤10

14

 

RA80 53.1 0.28 6.4¤10

14

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 4  JKL�� 6156UVW TEM¥¦ 

Fig.4  TEM images for under-aged 6156 alloy 

 

I 5a yz UAæ�¯ 50%��Bª��CR50æ
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µm�h��[(I 5b)�?@TT���;��(I 5c

�  1)��^¡¢DE£D�;����?@Tc�

��;��DE£Då�y;ãT
(I 5c��  2)�

ùZ�180 ¸/1 h º��9:� β″;¯ 50%��Bª

�£�¤I{|E-:9:;¥¦��I 5d� Ó�3

ã8��B§T� CR80 æ�W��`q��DE�

?@�c� 0.1~0.6 µm (I 5e)�`q��β″;®¯

��E-(I 5f� )3 

β″      

20 nm 

 b     

0.2 µm      

PFZ         

 a     
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� 5  �zPQ�� 6156UVW TEM¥¦ 

Fig.5  TEM images for cold-rolled 6156 alloy: (a~d) CR50, and (e, f) CR80 
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RAæ�v	²�»wh (I 6a)�Ê��YE- TEM

yz�β″;P¢ªp-«¬�_(I 6b)3ùZ�ã�

, TEM ®(I 6c6d)��e:�RA50 � RA80æ

�� β″;�9:FG��ÐÑ¯°3 

����������

I 7 J:^ CR50CR80RA50RA80 æ��

½ÃÀ7 SEMij3��e:�4ßæ�À7´ÍÊ

�E;Xü±=²hÀÁ�%hÀÁ�ß³´3 !

ü±?@E;FG�`<ü±��TT� 10 µm�

´�'4ZRµTwh;¶²�����I 7a�  1

Ó��`<ü±��Tc� 3 µm ���`·Z

R��;¶²�����I 7c7fÓ�3�T CR50(I

7a)� RA50(I 7b)� CR80(I 7d)� RA80(I 7f)��

e:�;Ê��B� CR � RA æ�À7�¸¨à;

Ê�Þyz 100 ¸/48 h���¹]pÀÁFG3ùZ�

�TI 7c � 7f ��e:���BTc� RA50 æ�

´ü±?@TTABT�º�Tº(I 7c)�J�

�BTT� RA80 æ�´ü±?@TcABTv

º�T»(I 7f)3 

��������
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(∆τ
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)
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]
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�M��σ
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hiTc�τ
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]¼ Al �½�¾'¾¿1è�5] 10 

MPa�∆τ

d

]DE��ab�678DE���M

A

]

mÍ Taylor Ø|�678ø@÷E�CDEA�∆τ

p

]9:��ab�6789:;�ÉAB�>

?@CDEA�FGHA����z�Z�̄ R 180 

¸/1 hº��¬�UAæ��R¿�PÉÀ|®¯�

β″;�´TB9:(I 4b)�Øù�¹P��ab��

�»ÁÂ3 !fáwx�S�ÎhiTT� UA æ

�;��WX��BST�CR æ�ìõ÷ø²��

�p�Ã��q&�hi?@���c(I 2)�;1Ä�

σ

gb

��ST�SCopperBrass�p�ø@÷ESV�

CubeGoss �»whø@��(I 3)�dJÅ- M

A

��ST(y 2)�DE��SV(y 3)�Øù�∆τ

d

��

ST�ùZ�ÆÇ 180 ¸/1 hº��9:� β″;¯ª

�p�£��E-M�>(I 5d5f)�ÈÁÂ.ª�

��c��Tc�β″;�À|�É�Ê��ÍKE;

$>�JZ¤IËÌ�ÍÎDÏ�Rù��Ð] CR

æ�� β″;¤{XÑTT�∆τ
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��ab3Ò8�´
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y

C?Ó´��·�-:�CR

æ���WX��BSVJST(y 1)3 

Î CR æ�;��;Ê��B� RA æ����

Ô�U�JZ[	XY(I 1�y 1)3Þ`gÕ��Q

Ö��ÃR8 100 ¸/48 h»��� RAæ�hi�>
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� 6  �z���� 6156UVW TEM¥¦ 

Fig.6  TEM images for 6156 alloy under different processing conditions: (a~c) RA80 and (d) RA50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

� 7  �z���� 6156U67d�u§ 

Fig.7  Tensile fractographs of CR50 (a), RA50 (b, c), CR80 (d), and RA80 (e, f) samples 
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Effect of Cold-rolling Thickness Reduction on Microstructures and Mechanical 

Properties of 6156 Al alloy 
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Abstract: The microstructures and mechanical properties of the 6156 Al alloy subjected to a thermomechanical treatment consisting of 

under-ageing at 180 °C for 1 h, cold-rolling at room temperature with the thickness reductions of 50%~80% and re-ageing at 100 °C for 48 

h were investigated by optical microscopy, tensile test, X-ray diffraction, scanning electron microscopy and transmission electron 

microscopy. The tensile test indicates that the alloy can achieve high strength and relatively good ductility simultaneously, whose ultimate 

strength, yield strength and elongation to failure are 515~564 MPa, 472~551 MPa and 11.1%~5.7%, respectively. The microstructural 

observations show that the high strength results from the combination of deformation and precipitation strengthening and increases with 

increasing the thickness reductions. The improved ductility is attributed to both the decreased dislocation density and increased 

precipitation strengthening. The fractographs of the alloy consist of intergranular and dimple-induced transgranular fracture and the 

dimples have shallow depths and increased number with increasing the thickness reductions. 

Key words: aluminum alloys; thermomechanical treatment; microstructures; mechanical properties; fracture 
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