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Fig.1  Age hardening curves of the alloys with different cold 

rolling pre-deformation treatment 
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Table 1  Tensile properties of samples with different cold 

rolling pre-deformation 

Cold-rolling 

pre-deformation/% 

UTS/MPa YS/MPa EL/% 

0 604.2±8.9 553.1±1.7 5.2±0.4 

5 638.8±5.8 603.7±12.3 9.3±0.2 

10 651.3±12.9 614.5±16.7 11.9±0.05 

15 689.9±12.0 668.1±13.5 7.9±1.2 

20 658.5±17.2 632.7±6.9 5.4±0.1 
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Fig.4  GBPs and PFZ along the grain boundary with different cold rolling pre-deformation: (a) 0%, (b) 5%, and (c) 10% 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

¬ 5  defg�@AF²WXµ¶w·¸A¹ 

Fig.5  Fracture morphologies of tensile specimens with different cold rolling pre-deformation: (a) 0%, (b) 5%, (c) 10%, (d) 15%, and  

(e) 20% 

GBPs 

200 nm 

c 

GBPs 

PFZ 

200 nm 

a 

PFZ 

GBPs 

200 nm 

b 

a 

b 

Grain boundary 

c 

d 

e 



§3256§                                       ¨x�©,-�ª«                                              � 49� 

l 5� 5¹�p*IR���5§óD2¹�p*Ò

�KÖø�íâ*QÉ! � , 0%E8*��C

R���Óg� �Í*���ÏÐÍ�§ÓB�Ô

Õz�,s!l�Ö×Nã*Ø�Ó EDS�ZÁuU

,Ù Cu(Fe, Mn)*¢£>���IJ{*KÚÑ¯v

ÙuE½ÛÜVÝÞ*|}�ßà��*�|vá¿

*¾�KÚIJ<â!Àr©Î� �*E8XY�l

5a��IRì{ãäø�� *KÚ�k[*å|J

±�CDEá¿Ýæßà�ªr*K;IJÑ¯��

KÚ*çä5§®mÂ�*Ø��l�§¨©ã��

�IRstCDèéê���Uì{ø�ë��Èì

*KÚ�íî{�|vK;-ï;w�IJcK;IJ

*ð$<â! 

��� �, 5%*$%�ó|�íâ* r�l

5b��èéê���ð��V�ÇÈ*KÚwq��

*ñ�ÁÂ�KÚkì���ãäãW,ò�K;Ñ

¯�KÚ*��c
ÇÈuE>���uE>*��

Yp!®eó�*Ù Cu�Fe�Mn�*¢£>���

wqØ�*ñ�ª«¬ÁÂ�U©�ó*KÚkô�

Ù§¨ìã�ª[*Ù Cu ��ó|¾�IJ�ÈÂ

�*�������Èô*KÚ!d�5§õIEw

IJ�â,KÚ-w�ð$<â! 

²� � , 10%e�l 5c��®8�vKÚ-

w�ð$<â�`aªØ�ÛÜ*[KÚ���Y[

Ø�*�W{ÙK;¾�IJ��*ª'Â*KÚ

ö!�vUØ�ì{ø�*KÚ>À� � 5%8

9kô�Ø�Yíâ*Ï}�CDE÷}�|5�v

U�;kN*µd!®e�ø�ÁÆ�ÃÄh8*¾

�IJ!©Ã�=4� ; � 15%e�IRø�í

î*ì{�ømqùJÑ¯�|vá¿*aÌIJ�l

5d�!®eIR*[äÁì{���úL��û�ü

q�KÚ!ª[*Ù Cu ��ó|�ýþ���VJ

±!l 5e,� � , 20%e*IR���IJ{[

äÁ�íî*�{©úL��ûðjY� Â�*Ï

ÐKÚ! 


®� �*ÏÐIRì{�XYw�IJ�K

Ú���ÁÆ*�W!Ó� �ËÌ*E8
�XY

��*��ý����ÁÆ!mq� � *=4�

¾�IJ*ú?�c�=4�ÁÆ��4íâ!²�

 � [@ 10%e�ø�aÌIJ�ï;w�IJ�

ûüU�;ËÌ9�! 

���������

�����
�����������

efgh� � 0%$%*Grst§�¹u

E* θ′>� T

1

>,s�¡|k�*�8�G8G!È

��� ��]3��� �gh�* �Gr�Í

È%ËÌgh�*¯°uEGr�5§63���S

É*;��l 1�ì 1�!G�q�*v�
®*� 

�E8*G8G«�@rÓ� �E8!|5�vÙ

§9 4 ýµd×�*!���� �gh¡|*¥¦

5§, T

1

>�(�Y�*�­¥T�4·U���ÇÈ

=4�­é���efgh�uE>*ydÁ�

[23]

!U

å�� α-Alxy�ø�*�¹>Fª[*%/�r$

½�ÚÛÍ�gá�*³´µ�5§G�å	�¥

¦�6 T

1

>��{XY��*�­¥T�5�ÖU


uE>§Lj´>*|}!¢��� �56ÚÛg

h���*[ ¢£��¥�¥¦������ÇÈ

¡|«¬ÁÂ*¥¦�|
�=4�¥¦78��6

�¥¦Ë�­* T

1

>«¬ÁÂ�®e����dÚÛ

È��*ÝÞ\�!¢
�¥¦�¯°uEgh�5

±²ÚÛgá�Ê³y>p*³´µ�*¶·¸¹º

»�4·³´uE·é�¨©Gr> T

1

�­!®e�

 �ûü¸¹�*���¸¹�*���ïûüuE

>��*�����}~�³´*¸¹���=4�

Gr>*� 78�4·�Ç��xy�ðñ©�³

´µ�*e�

[24]

�4¶�gá�Ê³y*�³�6 T

1

>*z«}8��78=4

[22]

!Ùì 1Fl 2 �l 3

5Ñ�mq� �h8*=4�Gr> T

1

* r��

c$%*G8 r>À\! 

T

1

>? θ′>XY�G*Grf��d�§ðñ θ′

>�=4 T

1

>ï6$%*Grf��4íâ!Èæç

G8m T

1

>*ydÁ�*=[È=[�m T

1

>�8

*=[È��

[9]

!d��� � , 5%*E8*kr

� �*æçG8=4�,âä!Dorin

[8,9]

R�,3

�*G8cuE>*78�y»Yp��uE>*y

»[�ÀUÅÆ�4âä�uE>*ÂrïûüUÀ

*G8��mq� �*=4È��!©§ 15%� 

� 9 T

1

>�4ü7�©Ã�ªrî6U����

�àm-�! 

x@¥¦|}* T

1

>*��ÁÂ�����[

*� Î9�xy��78¥¦ÁÂ*«¬;,��

�* T

1

>�(Yf*¥¦�dT�duE>c¥¦�

�>»+]�¥¦*�ëlm�ÖîïÅÆ$%*K

;!mq � *=4�î�{�ø�*«¬F�7

8 T

1

uE½�� XÉ8ùYfå6î�«¬r

[15]

�

®e[ Â�«¬* T

1

>ï6$%�*¥¦Ù�g

�!g· ���"{î�

[25]

�îï=4$%*�;! 

�­�mq��� � àm 20%�$%*ÏÐ

;�ó|íâ*9�!|c Lu R

[15,16]

ÔÕ*	�¾



� 9�                                ���`%fg�@AhIJKLM�wtu}~�n�YZop               §3257§ 


�
�óD²� �àmÃÄh8e�>»#!*

¥¦È�Y�$�ûü
®�W*¥¦78
«¬�

î6uE½ª«¬uEÈ
�@tGefG8*=

4!®e�Ê³Í*� �ËÌï¡|[ *¥¦�

d�À¥¦*ø%��Y��î6U�ÏÐAEgh

�4��r·é����À\k�*�;! 

�����
�����
������

T

1

>�­¥T`a

[26]

���F) Zr �¹½FGP

��¥¦! � , 0%e T

1

>[ ø�5�vÙ@�

ÚÛgh�� *¢£�¤�¥R��xy�|���

efËÌ��Ù@�|Í¢£Ë�*&Ù��T

1

>S

��­�Å'*|}!Chen R

[27]

óD�ö÷�* Li-

�¥	$��G[ Li-Cu º»×� T

1

>*�­�@ θ′

>��rÓ� �eûïø�� * θ′�std, T

1

>*�­}[l Cuµ��¥¦�*(�*ÅÆ�È θ′

>�v�¥)** Cu µ�*¸¹

[28]

![ ��

[18,29]

óD�Al-Li $%*+�efÆ\ïdef^*�; 

�È4·�¨© T

1

>*uE�®eðñ θ′>�l 2�! 

T

1

>�{111}

Al

{ù�­}[�¤l 2c�U�y	


Ùxy{,-��fcc�· , T

1

>*7����hcp�

	
�®eømq�{µ��*>»+]!À@ T

1

>*�y	
�ø�./�&'�, T

1

>/Al xy�

{§ Al-Li Ô Al-Cu Æ*�âø�

[30]

!T

1

>*�­�

}[v�>�*(111)

Al

Æù012TË¥¦*Áa�

3¿¥¦*ºî�¡|*_Á¥¦�a/6 <112>�*�

ëÈ¨6�4ghó|�· �ÇÈÙxy* fcc  

, T

1

>* hcp���â

[10]

�w· ��@¡|-�y

d\ !dÈ~°��*º5T5§+, T

1

>*�­

­,	ÈÀ@~°ÀÁ¿Ã~°È
6¾�5�vÙ

@�Ëø�|}71Ô8U
¥¦*9�È+, T

1

>�­*­,�l 2cT A�T B�!DengR

[31]

�,

� T

1

>���^ø�^:y T

1p

>�Uc AlxyY>

®*��	
�U�{111}

Al

{ùø�Ù Li�Ù CuÆ�

Ù Cu Æ�* Cu µ�ó|(�Èw<112>

Al

��Û�

;��!È T

1p

� T

1

>*· �v&g³´*(��

�4;<*¼ �|¹ r®8�vÙ@� T

1p

>�

* 2ý a/6<112>Á¥¦=å�{111}

Al

{ùî��6U

�y	
ó|· !GuoR

[32]

��,�efgh�î

ó| GP

T1

�� T

1

>*· �Ä Alµ�§%>ë��

Frenkel¢£È�@³´µ�*(��®emqÙ?Æ

� Cu ) *=4Lµ�ÉÊf\*ÅÆ�µ@AB

�W*���C�E�È¡|µ�¥D*EF�ûü

�uE>	
<�· !À@34 Mg � Ag 01*

Al-Li$%�Mg� AgÁÂ� T

1

>*�{ù�¨© T

1

>*uEë��È=4U�­fé

[33]

�� T

1

>��*

G@1H�{111}

Al

{ù¥¦*ÃÍ~êùª«¬ÁÂ

qk�* Mg� Cu�È Li� Agµ��� ø�	m

qefe�*è}�Cu� Mg��Á��Ù�Cu�Li�

*~ê�{111}

Al

{ù��

[34]

!�efgh��xy�

³´µ�*I8î�@�Ä�Mg� Agï�'Jim

xy��|�ÃÄh8ù�Ö� T

1

>*}[

[34]

!mq

� �h8*=4
�6¥¦� *=4�®e�û

ü¥¦ù01�KL*� ËÌ=4

[10]

�&g�Bµ

�M�XYm T

1

>�¥¦Ë�­�Ñ7v�01�K

LË�d�ef^*� �î=4�­¥T§��$

%G8

[10,34]

! 

��Ù)�¥F¥¦�³´µ��&'S�+,

��3��uE½*É´�­T!Ò��*ÔÕìí�

Al-Li$%*�;kQcVX	
ù*��7�>p!

JhaR

[35]

�, PFZ*�rvÙ@ δ�AlLi����ù�

���mq$%� Li) *=4�PFZ*|}·é=

[!U
ÔÕ+N

[36, 37]

�,���IJcV O%/

j´�Na�K����*ÁÂYp�) Fe*ÇÈ��

PûüaÌ�ïI!ª[* GBPs� PFZ«Y*@ã

ä ��¨©��ý�

[38]

!k[{d*GBPs

[39]

� PFZ

5�v��IJ*µd

[35]

! 

$%rÓg� �e³´µ��efgh�Q�

@���uE�§����¢£¡|*\ �!mq

efe�*è}�Ù CuuE>w��RS�­|}�

5-H>»ÇÀ�l 4a�!��� �Í��[ *

¥¦��¥�|5, T

1

>*uE�(S�*�­¥

D�6��� T

1

>*� =4È��Ë���ûü

PFZ  �!�­�$%%�*=45,efËÌgh

� T

1

>*uE�(:ë�!LinR

[40]

�,Óg� �

ËÌÍ��{ä¡|�[ * T

1

uE>�ûüxy�

Cuµ�I8*��!�­�xy�*?µ����*

¸¹ïlm��ÛÜ¥¦�d*TU!d���Y�

���¥Dßà�Võ* Cuµ��6Ù Cu>���

�­�|}�ÇÈ��
ÇÈ*��uE! 

�����
����������

l 5 ìí
®� � $%*IRCDíâ*Q

7�|¹�7stWd@
®*IJ°Ð9*�{�

��VX	
*QÉ!À@ � , 0%*89�ø

� PFZ§LÇÈ�ª[* GBPs�¤l 4a©ã�XY

���5ûü���ì{íî*IJ!�ÏÐEJ��

PFZ �?@�{¯°>Gr>kv��; �P�w

�Wó|

[41,42]

!���Ï\�+]9�Zv* PFZÀ

¥¦�ë*TU[��¨©�� PFZË*\�à��

ûüÝæ���uE½ÛÜ�­�|}�|vw$%

*��IJÎ,*stµd!c�®e�ÇÈ*��



§3258§                                       ¨x�©,-�ª«                                              � 49� 

¯°TU¥¦�ë5ûü¥¦�d�-Hûüãä\

�à����

[43,44]

!PFZ cÇÈ GBPs *	$6��

 Y�ûü��VJ±�VÝîw PFZ¸\�ªr�

����	$��6$%èÐé����ó3���

w�IJ

[3]

!Ùl 5a5§®E��IRË�Y� ì

È�*KÚ��uE½Ë5§]^å®mß	ÝÞ�

|�_q� �gh�uE½cxyÁ��5�uE

½Ë¡|VÝÞ! 

À@ 5%� �*ÏÐE8�CDE
ÇÈ�ª

[* GBPs�k�* PFZ�¤l 4b©ã!�ÏÐEJ

���VÝst���­��Í� PFZ{ä|}�ß

à�����IJ{ù��Â�*ì`a�¤l 5b

©ã�!b�* PFZ�
ÇÈ�ª[* GBPs
�6

��íâ¼c�È�xy�7à�Â�* T

1

>5§Y

fåTd¥¦�ë�¨6¥¦ßà�ÇÈûüU��

�{VÝ�­!d��VÝÞ5§������{ä

®e����ÜKÚ���IJ*ð$<â!��Y

k�* PFZ�kª[*ªÇÈ GBPs�LinR

[45]

óD�

|¹
ÇÈ*��¯°òa���¥¦�d�\�à

��Y�@��Ð}é! 

mq� �=4m 10%��*¥¦785§4·

xy*uE���e�*¶·uE5�� PFZ *�  

8

[46]

���ø�� ª[* GBPs�¤l 4c©ã!|

¹��\�Y�@��3�*èÐé!d��Ó 10%

� �ËÌE8*Ð}é?rÓg� �ËÌ*E8

��!¢£>���Ü*KÚÑ¯�vÛÜ*\�à

��Ü*VÝÞ|}�ß	È��*!È[*£åJ

±*¡|stYfýµd��g�h�ù*ÝÞXY

����*	$	h�ù*
>³ûü\�à�

[47]

! 

�mq� �h8*©Ã�=4�$%*�;9

��¬�uE>�¯°½�����{*+]��c[

*�  �ûü*4��r>p

[22]

!� �gh�¡|

*[ ¥¦ûüÀ¥¦%ø��Y��Ù@uE½c¥

¦*>»+]�$%�ø�[ ¥¦�d��ÏÐEJ

��Ö�¥¦*î��6$%*�; Q

[48]

! 

���	����

1) ��� �âä}~àmtG�8*e��

¨6gef�8ËÌ9���Àtefe�8ÅÆ


íâ! 

2) ��� �v��w$%G8*Yf�&�²�

 � ,15%e�YS�UTSÁ7,668 MPaF 690 MPa�

ÈÐ}éàm 7.9%��c� � 0%>?Á7=4

� 115 MPaF86 MPaF2.7%! 

3) � � *=4�T

1

>Ói�ª}-Â~-Â}

-ª~* r��uE½78íâ=4�ÁÂ�4«¬	

θ′>� k���mq �h8*=4RSð�! 

4) ��uE½Ùr� � 9*ÇÈª[��

* PFZ · , 10%� �9ªÇÈ*uE½��*

PFZ�6U�;¼c! 

 

����    References 

[1] Dursun T, Soutis C. Materials & Design[J], 2014, 56(4): 862 

[2] Gupta R K, Nayan N, Nagasireesha G et al. Materials Science 

and Engineering A[J], 2006, 420(1-2): 228 

[3] Lavernia E J, Srivatsan T S, Mohamed F A. Journal of 

Materials Science[J], 1990, 25(2): 1137 

[4] Rioja R J, Liu J. Metallurgical and Materials Transactions 

A[J], 2012, 43(9): 3325 

[5] Abd El-Aty A, Xu Y, Guo X et al. Journal of Advanced 

Research[J], 2018, 10: 49 

[6] Huang J, Ardell A. Materials Science and Technology[J], 1987, 

3(3): 176 

[7] Huang J, Ardell A. 4th International Aluminium Lithium  

Conference[C]. Pars: IALC, 1987: 373 

[8] Dorin T, De Geuser F, Lefebvre W et al. Materials Science and 

Engineering A[J], 2014, 605: 119 

[9] Dorin T, Deschamps A, Geuser F D et al. Acta Materialia[J], 

2014, 75: 134 

[10] Cassada W A, Shiflet G J, Starke E A. Metallurgical 

Transactions A[J], 1991, 22(2): 287 

[11] Cassada W A, Shiflet G J, Starke E A. Metallurgical 

Transactions A[J], 1991, 22(2): 299 

[12] Tao J, Zhang L, Wu G et al. Materials Science and 

Engineering A[J], 2018, 717: 11 

[13] Kim J D, Park J K. Metallurgical Transactions A[J], 1993, 

24(12): 2613 

[14] Kim N J, Lee E W. Acta Metallurgica et Materialia[J], 1993, 

41(3): 941 

[15] Lu Y, Wang J, Li X et al. Materials Science and Engineering 

A[J], 2018, 723: 204 

[16] Lu Y, Wang J, Li X et al. Journal of Alloys and Compounds[J], 

2017, 699: 1140 

[17] Khan A K, Robinson J S. Journal of Microscopy[J], 2008, 

232(3): 534 

[18] Ringer S P, Muddle B C, Polmear I J. Metallurgical and 

Materials Transactions A[J], 1995, 26(7): 1659 

[19] Nayan N, Narayana Murty S V S, Mukhopadhyay A K et al. 

Materials Science and Engineering A[J], 2013, 585: 475 

[20] Xiao Daihong(º»¼ ), Wu Mingdong(��� ), Zhou 



� 9�                                ���`%fg�@AhIJKLM�wtu}~�n�YZop               §3259§ 

Pengfei( ½ ¾ ¿ ) et al. Chinese Patent( � . À Á ), 

201910093929.6[P], 2019 

[21] Xiao Daihong(º»¼), Wu Mingdong(���), Zhou Pengfei 

(½¾¿) et al. Chinese Patent(�.ÀÁ): 201910092906.3 

[P], 2019 

[22] Rodgers B I, Prangnell P B. Acta Materialia[J], 2016, 108: 55 

[23] Lee E W, Frazier W E. Scripta Metallurgica[J], 1988, 22(1): 53 

[24] Deschamps A, Fribourg G, Bréchet Y et al. Acta Materialia[J], 

2012, 60(5): 1905 

[25] Taylor R A, Qureshi A I. Metallurgical and Materials 

Transactions A[J], 2004, 35(12): 3681 

[26] Itoh G, Cui Q, Kanno M. Materials Science and Engineering 

A[J], 1996, 211(1-2): 128 

[27] Chen A, Peng Y, Zhang L et al. Materials Characterization[J], 

2016, 114: 234 

[28] Huang B P, Zheng Z Q. Acta Materialia[J], 1998, 46(12): 

4381 

[29] Kumar K S, Brown S A, Pickens J R. Scripta Metallurgica et 

Materialia[J], 1990, 24(7): 1245 

[30] Donnadieu P, Shao Y, De Geuser F et al. Acta Materialia[J], 

2011, 59(2): 462 

[31] Deng Y, Bai J, Wu X et al. Journal of Alloys and 

Compounds[J], 2017, 723: 661 

[32] Gao Z, Liu J Z, Chen J H et al. Journal of Alloys and 

Compounds[J], 2015, 624: 22 

[33] Gumbmann E, De Geuser F, Sigli C et al. Acta Materialia[J], 

2017, 133: 172 

[34] Araullo-Peters V, Gault B, Geuser F D et al. Acta 

Materialia[J], 2014, 66: 199 

[35] Jha S C, Jr T H S, Dayananda M A. Acta Metallurgica[J], 

1987, 35(2): 473 

[36] Bennett C G, Lynch S P, Nethercott R B et al. Materials 

Science and Engineering A[J], 1998, 247(1-2): 32 

[37] Pasang T, Symonds N, Moutsos S et al. Engineering Failure 

Analysis[J], 2012, 22(4): 166 

[38] Jr T H S, Ludwiczak E A, Sawtell R R. Materials Science and 

Engineering[J], 1980, 43(3): 247 

[39] Vasudévan A K, Ludwiczak E A, Baumann S F et al. Metal   

Science Journal[J], 1986, 2(12): 1205 

[40] Lin Y, Lu C, Wei C et al. Materials Characterization[J], 2018, 

141: 163 

[41] Lin F S, Chakrabortty S B, Starke E A. Metallurgical 

Transactions A[J], 1982, 13(3): 401 

[42] Kawabata T, Izumi O. Acta Metallurgica[J], 1976, 24(9): 817 

[43] Balducci E, Ceschini L, Messieri S et al. Materials & 

Design[J], 2017, 119(Complete): 54 

[44] Vasudévan A K, Doherty R D. Acta Metallurgica[J], 1987, 

35(6): 1193 

[45] Lin Y, Zheng Z, Li S et al. Materials Characterization[J], 

2013, 84(7): 88 

[46] Prasad N E, Gokhale A A, Rao P R. Sadhana[J], 2003, 28(1): 

209 

[47] Wang Y, Zhao G, Xu X et al. Materials Science and 

Engineering A[J], 2018, 727: 78 

[48] Guo C, Zhang H, Zou J et al. Materials Science and 

Engineering A[J], 2019, 740-741: 82 

 

Effect of Cold Rolling Pre-deformation on Microstructure and Mechanical Properties 

of New Aluminum Lithium Alloy 

 

Wu Mingdong, Xiao Daihong, Chen Weibin, Huang Jing, Huang Lanping, Liu Wensheng 

(Science and Technology on High-strength Structural Materials, Central South University, Changsha 410083, China) 

 

Abstract: New Al-4.5Cu-1Li-0.7Mg-1Zn-0.3Ag-0.3Mn-0.2Zr aluminium lithium alloys were prepared by casting and hot deformation. 

The effects of cold-rolling pre-deformation on microstructure and mechanical properties after solid solution were investigated using 

Vickers hardness, tensile testing, scanning electron microscopy and transmission electron microscopy. The results show that cold-rolling 

pre-deformation can effectively promote the precipitation of T

1

 phases and reduce the volume fraction of θ' phases in the matrix. Adding 

cold-rolling pre-deformation enhances age hardening response and shortens the time to reach peak aging. At the same time, the grain 

boundary precipitates change from continuous precipitation to discontinuous precipitation, and the width of the PFZs becomes smaller. The 

yield strength, tensile strength and elongation of as-aged alloy, when the pre-deformation amount is 15%, are 668 MPa, 690 MPa and 7.9%, 

respectively. 

Key words: aluminum lithium alloy; cold-rolling pre-deformation; microstructure; mechanical properties 
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