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ABSTRACT Bulk Cu with preferentially oriented nanoscale twins was synthesized by means of
direct–current electrodepositon. The nanotwinned Cu sample is composed of columnar grains with
high density nanoscale coherent twin boundaries, most of which are parallel to the growth plane. It
was found that the current densities play an important role on the grain size of the nanotwinned Cu
samples, however, a non–obvious effect was found on the twin lamellar thickness. With increasing
the current densities from 10 mA/cm2 to 30 mA/cm2, the average grain size of the bulk nanotwinned
Cu samples was decreased from about 10.1 µm to 4.2 µm. While the twin lamellar thickness was
unchanged obviously and in the range of 30—50 nm. This is because that with the increase of current
density, the overpotential of cathode increases and the grain refinement occurs.
KEY WORDS Cu, direct–current electrodepostion, current density, nanotwins, grain size��Y��+Iq�ByS|k\I�-.Q�V����, f8+IqK�Dq)ISpC�b��{z [1−3]. �t8, k\S���A��UqC#ds=�p=l+I#�q}�2� [3−8]. (� [6−8] ��, P

* 8o��-"Z��g 50890171 C 51071153, :8o�xZP'��jlQ�g 2012CB932202 �Æ<kK �� : 2013–01–10, <k�� �� : 2013–03–03"ms� : � E, l, 1980 s', (C*
DOI: 10.3724/SP.J.1037.2013.00017

�S�x3quÆ, +Iq��nl}�V�. ��, iS�x3K�uÆ| 15 nm -, Cu q��`l bx, [l 900 MPa[7]. �6(uÆS�x3K�, +Iq��VPS�x3K�quÆ
zt, fK�Dq)ISpC�Bd|hq6. nVTaqy��S\�d}%^. (� [6] �d, o_VS��q|N#K�+IqC#�p��|2�2q#K. 6�a, o_.�_US��!, S��pQ���o__} (�S+I), i��EC�0�-, o_VS��a�(ÆE"S;S��a. K6�a,�U fcc ��+I, S��a38P8a, o_%f.bS��a!_}, ^-,#S��ab��;D�.lo
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Q�V�G+IqK�Dq)ISpC [5−9]. �6((� [10] ��, NGS�x3re,�BI^�+IqC#�p3Q�bH�. bk\S�x3K�%�-, i�BI^Z 460 nm hql 1500 nm-, k\S� Cu q��XQd}�S, 
�K�Dq)ISpC�d}hq [11]. n8OUb�BQ?UQ\'�qo_"pQ�=���q�S�l.h�k\S�+Iq(��b�bC#�p/- [5−8,10−14] D��\=qmMeq! [9]. 5/!, k\S�+Iq���d)<8����kqB�rW [8,10]. N�S��/b�t3_pq���}�\b, f8�E��S�x3bk\Fgq4Y1z, ;d�E/�k\S��/q.2(;/�%>. h�q��mqk\S�1zq��jBb}.�lE:, 6:8(;k\S�, 6:8��k\S� (DPD)[15]. ��, W2x#D{	?_8��(;k\S��9KqjB. Zhang s [14,16,17] D Hodge s [4] ?KW2x#q���G"Q�_�k\S�q Cu 1z. f8OUW2x#q��;D��`, ��q1z\9�Æ, K�b 20—100 µm, 	?_JPV. UJ{	?_jB��qk\S�1zK�3bh+i\�jo [5−7]. ��(� [11−13] ��, ?KwN{	?_jB3.Xnk\S��/, �1zK�.`�i\|h%>\, 	�BI^DS�x3�'�j�6. 6�{	?_;D�2q/CQ{N_��[qk��5 pH xDp�s/C. wN{	?_)</C�Ui4�/qH���b, R�nq1z�BI^.Zh%i\|+h%i\, S�x3K�Z
38 nm | 80 nm.lG'?u=	4Yk\S� Cu ��qX=, �)#yb�q�5u��pH xDp�s{	/C%�q�6{, \;|�{N_�8��%^i4�/q{	?_k\S� Cu 1z. "& X #�+# (XRD)� b{�}i� (SEM) Db#{�}i� (TEM) 8(�i4�/P{N_�q�S, l4Yk\S�1zq.2��V*/-C d=Tyj.

1 GQ0./-�ewN{	?_)<��"Q�_�k\S�q4Y Cu 1z. {��5�AlL� CuSO4 �5,�� Cu2+ u�[ 80 g/L, �5q pH xl 1. �(��.��/a8V�l 99.995% q�V Cu 	, Ca8�V Ti 	, /aVCaqa_�bU 10 � 1, /aVCar#�Eb 10 cm !R. {	?_;D8bI{Ne3{��q. {	?_q{N_��!l 10, 15, 20, 25 D
30 mA/cm2. lG�q�5� Cu2+ u�q'^�, b{	?_qp%;D���5��\�}�. {	5qp�2�2�b 20 �.  �{	?_k\S� Cu 1zqI^l 2 cm×4 cm, K�[l 500 µm.

XRD /-1K Rigaka D/MAX 2400 X #�+#9, /-.K Cu �, +##;l λKα1=0.154056 nm D
λKα2=0.154439 nm,  b(; 2θ=0.02◦,  bq~��jl 40◦—140◦. ?K FEI Nova NanoSEM 430 8�# b{�}i�q��#{��� (SEM–BSE) �!�{	?_1zq�aD��aqi4�/��45. & ��a�W�9amXn�BI^am. OUd%�B�Wl�U�, R;�)#��BI^qbÆ8yR1F��B����qI^. Y%1z1F<; 500 %�B,& am�'Xn|'�BI^..K JEOL 2010 b#{�}i��1z�aqi4�/��45. qJ{$l 200 kV. OU�1zqS�a[�|�U?_a, AX��45��a�/,.XnS��/q�v. {�1z����{: (1) ?K{WO��!�{5�l 500 µm q�a1z; (2) \�(f| 40 µm !R, JMY�{�1zrM, �MK AB{ySibo1w�l 0.5 mm q�� ϕ3 _T!; (3)b MTP–1 �{	Fv9!uÆw|S1. ?K��1F�JS��r##lS�x3K�. Y%1zP\�e;8o1F<; 1000 %x3, & am�'Xn|'S�x3K�.

2 GQ:6%^{N_�{{	?_qk\S� Cu q XRD��d 1 R4. .;�Ou)M{	?_T1z{Qd6q
Cu �, "XQ�S+#�\b. %^{N_�S� Cu 1z'\bd}q {111}t/, nd}%^UUJ{	?_��qk\S� Cu 1zq {110}t/ [5−8]. %^{N_�{{	?_T1zq+#�"XQd}q�S, nGd{N_�XQ}���wN{	?_k\S� Cuqt/��d��'.%^{N_�{{	?_Tk\S� Cu 1zq�
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Fig.1 XRD patterns of columnar grained nanotwinned

bulk Cu samples synthesized by direct–current elec-

trodeposition with different current densities



v 5 � Æ Dr : yL℄��uLy�=℄iZQ� Cu g3�-oF� 637�a SEM �W�d 2 R4. �a�W}4, 1z8Os��B/A, �BI^'bi\g!, �Brr��uq���(. )��Bo).)l6��N|�qbF|w�a, n8OU)�S��b(;q;D�
�U(;a(;Aq. P�{N_�qhq, �BqI^	wuÆ, f�B��XQ��, ��ls���B.d 3R4l%^{N_�{{	?_Tk\S� Cu1z��aq SEM 
. 45��, n��Bb�8*?_��(;q��, "	�BI^d}��aq�BI^2bH�. n
28OU�aq SEM �/
28b45G+� Ti [	q601zq�/, OU=[Ye)(;qH�, �a!45lq�B����Æ. �a45lq�BI^NG={N_�qH�U=l?_[Y�BI^qH�. lG�.puÆ[Ye)(;qH�, ��a�W
2��1z#�a[ 250 µm R, "�l�R�BI^bÆ
2=?_{N_�qH�. 45����Bo"Q�_�q|�S��, n�S�����B�!A[�|�U?_aq[Y/S�x3. P�?_{N_�qhq, ��Bq�BI^d}uÆ. ^-��Bq;�3d}uÆ, "�P"F�Æ��BqM�.

lG'?u45{N_�����BI^qH�,& SEM 45�9��am, �d 4 R4. .v, {N_�l 10, 20, 25 D 30 mA/cm2 -1zq|'�BI^8 10.1, 9.7, 5.6 D 4.2 µm. Hd}, P�{N_�qhq, {	?_1zq|'�BI^	wuÆ. V�JPW2x#?_��qk\S� Cu[1,4,14,18,19], Ag D%�� [1,16] ��, wN{	?_���k\S��/"Q�Hqi4�/, f�BI^d}bUW2x#?_1zq%i\�BI^.d 5 R4l%^{N_�-{	?_T�k\S� Cu q TEM lxDS�x3am�'d. �a TEM45�d, {	?_TS��l (111) ,#S��, S�oDS��!~�9��, ��_��t. b�CS���~y�(;��, 1z"QH�q {111}aet/,nV XRD �t6}. bF TEM 45}41z�b�C�BoS�x3K��'�5, b 10—180 nm rr. {N_�l 15 D 30 mA/cm2 -q{	?_�k\S�
Cu q|'S�x3K��!8 52 D 31 nm. OX.v,P{N_�hq, S�x3I^�Q"�uÆ.�!i4�/�o�9, .v{	?_ Cu 8O<Q'^�'qeM���'k\S�q��BR/A. 1

K 2 $℄zM^�zvMz�>^p��j[R� Cu p�` SEM 	
Fig.2 SEM images of surface of the as–deposited columnar nanotwinned Cu samples under current densities of

10 mA/cm2 (a), 20 mA/cm2 (b), 25 mA/cm2 (c) and 30 mA/cm2 (d)
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K 3 $℄zM^�,��j[R� Cu p�` SEM 	
Fig.3 Cross–sectional SEM images of the as–deposited columnar nanotwinned Cu samples under current densities

of 10 mA/cm2 (a), 20 mA/cm2 (b), 25 mA/cm2 (c) and 30 mA/cm2 (d)
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K 4 $℄zM^�z��j[R� Cu p�AH℄`l�&
Fig.4 Grain size distributions of the as–deposited columnar nanotwinned Cu samples under current densities of

10 mA/cm2 (a), 20 mA/cm2 (b), 25 mA/cm2 (c) and 30 mA/cm2 (d)
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Fig.5 TEM cross–section observations (a, b) and the twin thickness distributions (c, d) of the as–

deposited columnar nanotwinned Cu samples under current densities of 15 mA/cm2 (a, c) and

30 mA/cm2 (b, d)z"Qd}q {111}aet/. {N_�q��"XQd}��{	?_1zqt/d|'S�x3, f|'�BI^�(�d}q�S. P�{N_�qhq, {	?_k\S� Cu 1zq�BI^B	wuÆ6.

3 1NIB��{	?_, 8\;{	FCa!��;�qUXÆED{��b1Y�a(A���3q;D [20]. \9O5�T���~�S�{ATwD{�� 4 %(��A. {	?_��qi4�/�%U{��(�q�B�AD�B;b;D, 
�B;DqÆ}C8�UCa;{o. Ca;{o�, f�B�\Æ, �BhPhb. i{	?_;D��Bq(AJPbU�Bq;bJP-, Q�UXn�BI^yÆq1z. V�{N_�8hqCaaS9Kq�. P{N_�qhq, Ca�a Cu2+ u�V�5�Y Cu2+ u�6hb, u6aShb, Ca;{o)�. nVh�/-45lq��{N_�{{	?

_T1z"Q�Æq�BI^��G.Ca;{oqV�Q�UyS�B.	9{N_���BI^qH�, f8b��{N_�q-L, "m��?_1zqS�x3K�Qd}q��. Z�C#~�*O, ,#S���}\b~��pF't, R;S��AQ?Uzt�Y�apF. "	S�ffb��Y�4��R�B, "\;S(Sj�B����
ztpY��qpF [21]. AX, �5D�bFS��, waq��ap?.pAS(q�(
zt. K6�a, Xu s [22,23]\;mM\eqDXoEC1F�9�d, UJ{	?_;DqEC_9DIG?.p[�S�(;, ebUJ{N�\-, {	?_;D�bF�BG"y1�37(�37EC, "9mg�E�p; 
bUJ{N2�q-rr$o, 9mq7ECy[1�3;a���37(S(,AECIGDztwapF. �UwN{	?_, �5{N_��UJ{	?_tH�, fOUE�{Nq#K,



�640 �>� �� v 49 $�9_qEC����, n�%m	9wN{	?_��.7(��_�qS�. h�lz, CaaSqhq�S��Bd(;\�qH�7�%&�O, lG'?u.2|��BI^DS�x3K�, �S{	?_/C�Uk\S� Cu i4�/qH�yQ�6((�.

4 :B?KwN{	?_jBb CuSO4 �5���Mk\S� Cu 4Y1z. 1zO*?_��(;qi\g��B/A, �Bo<Q�_�S��, "	b)�S��|�U?_a, "Q {111}aet/. (���hq{N_�.Q�uÆk\S� Cu q�BI^; f{N_��US� Cu1zq {111}aet/UodS�x3I^XQd}qH�.'>MO
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