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ABSTRACT Microstructure evolution, grain refinement mechanism and mechanical properties of
face–centered cubic (fcc) metallic materials, subjected to equal channel angular pressing (ECAP), were
systematically investigated. According to the special shear deformation mode of ECAP, Al single crys-
tals with different orientations and Cu bicrystals with different initial grain boundary directions were
subjected to ECAP for one pass, and it is found that shear deformations both parallel and perpendic-
ular to intersection plane play important roles in the ECAP process. Moreover, Al single crystals, Cu
single crystals and polycrystalline Cu–3%Si (mass fraction) alloy with different stacking fault energies
(SFEs) and special crystallographic orientations, subjected to ECAP for one pass, were selected to
experimentally and analytically explore the combined effects of crystallographic orientation, SFE
and grain size on deformation twinning behaviors in several fcc crystals. Furthermore, ultrafine grained
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(UFG) or nanocrystalline (NC) Cu–Al alloys with different Al contents were prepared using multiple–
passes ECAP. The results show that the grain refinement mechanism is gradually transformed from
dislocation subdivision to twin fragmentation, and the equilibrium grain size decreases with lowering
the SFE of Cu–Al alloys. Meanwhile, the homogeneous microstructures of materials with high or
low SFE are much more readily gained than those of medium–SFE metals. More significantly, the
strength and uniform elongation can be simultaneously improved with lowering the SFE, i.e., the
better strength–ductility combination is achieved in the Cu–Al alloy with lower SFE.
KEY WORDS equal channel angular pressing, fcc metal, microstructure, grain refinement,

mechanical property

 20 �� 80 ��� Gleiter[1] ��������
��!�, "#� $�� �!��%!"%&#, ��
��'�$%��!"(� #$%!. )�"��#�
� &'$*�%+�bottom–up  ,!, (+!� �
") *�!-%&�. �+%+&�&'"� ��"
.'#� ,-�"*"'*�!(,$( " ���
 #)%&)'.#$. %$, /*' [2−5] %�� &&

&" � —— .'/*'(0 � (equal channel an-
gular pressing, ECAP) +#((#))�� "�, )
01*)$%&*"  +�((#��, ,*$���
�"� 1#2&' —— 3+&&+4' (SPD). SPD
'�%+�top–down  ,!"�((#!��#))
�� &',1, -!")+�/'%& ((# (#)
%&+# 1 μm ! 100 nm ,,) !��# (#)%&
<100 nm) ��, 5+!2/*' ",+# [2].

SPD  �$--#, $*-. ECAP, 30/*
(high pressure torsion, HPT)[6], 0.40/0 (accu-
mulative roll bonding, ARB)[7], 5+&&+4 (dy-
namic plastic deformation, DPD)[8], 1.1/&"
(friction stir processing, FSP)[9], �( ECAP � SPD
 �(/*)-)!-#$  � [3]. , 1 6�$
ECAP  ,!$6,. -2, .!- ECAP (0,$
(, 7% 342.&.01!+, 5�-!',-/�
(0'-(�� 3+&&+4, )0*)8.�#(/
��#��. Valiev ! Langdon[3] /01/*$ ECAP
 +4&)�019�:+45"�179�83!"�

+ 1 ECAP �2*;1

Fig.1 Schematic illustration of equal channel angular press-

ing (ECAP) process

 ((#���#�� "%&#.

Segal[10,11] ( ECAP  +4,$!-$2( 9
3, 2� ECAP (0,$($4:-'+<"&4, 1
:�=5 ('2&4, 61:>;<=33#('2 
&4. 7,-�!.4. ECAP ,$(&4:&4 -
'+<"95�/84+, +5�0==5 ('2 +
<"(�� &&+4!019+�$*4+. 5$><
112 ECAP  +4,$, Wang . [12] 966+3:

�?44 Cu 7#�, /* ECAP ,$( 679�
!+45", 84)$�9 /*6@. 6+7#�/*
ECAP +4,$$!77:�A: (1) -!587#�
 �&44, B:/*7 581��6 '?; (2) 7
#�!".#� @8, +4,$9(97, A#..C
67:+45",,:;</; (3) -!3//*+4,
$ =B&, 87#-<16$1/".(0,$( 4
+. ;#&�CA, ��D:',6$1/>%+7#�
. ECAP +45"&2 /*"4 [13−15]. ;�-$ 
ECAP +45"",115+4�<(#5 ('2E
=, +7>+&4�=('28& [16−18], :D$1�
'?6@!#6+F>++4&)?9 [13,14]. ;<E+
7�=#� �A, 58$10�6 '?, :,#><1
!? ECAP ,$(7�=#� 679�! ECAP  
@C+4&)(7#�(�5"!#� @8. .%+ 
$�644 Al 7#A$ ECAP +45" ;<;, 5
8$�>44 Al 7#�Cu 7#, 8%+ Cu–3%Si(7
?9?, 7�) 0) $BG=># (3 mJ/m2)  �A,
<=93$#�44�=>#!#)%&(+4@>-5

 @8, :,#6�1�0! 93, ?+&<( fcc )
)4+@>-5 !?.

./*��, ?A%+ ECAP ,$( $(�3=
># Al, Ni, Cu . fcc ))�� .C679�!-
$(%/* [2,3]. (�3=>#��. ECAP +4( 
.C679�!#)(�5"$*�"&&+4'= 
@>C@>@�('#) 9HAB? , &�#)(�
 ;;5", D@>9H5" [17,18]. .B<+7, C:#
)=!� ÆF/A9H, %8<+? )&, @>8!
%59B, +�<(.@>@�, 4)7IC*@>@�
(geometrically necessary dislocation boundary, GNB)
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!%5@>@� (incidental dislocation boundary,
IDB), +@>@�,,�@>Q?9(IG AK, ?
+BC:#)!�#9A7IC*@>9R,. %8&
&<+ !19)&, ',!SFC!+0@>, &�7
IC*@>@� 44E)')5''#�, �DL4
) 8#)', EÆF/0 E595M*/J!9
� G?44@:, -.B,&F'#)(�) $%
544 (B#). 3T;H, "@>9H5"+)2
 F=#)%U5#G2((#%U, +!�;< �
�%U. �+, . $(.=># Cu (, ��#�
�-!',�>>5FG+4IK SPD  �"�*
), GHH (ball milling, BM)[1] ! DPD[8]. .&
�"� �(, "#@>E5!2B'J", 5�+4@
>.#)(�(�2$I=I+ 4+. +4��, 71
@>/0>) +4@#H#)9H)@#/;�=J>
(twin/matrix, T/M) 67; %8+4 )&, "#@>
:@#� 9J4+!C4K"4K!;@>/0 �
5, B@#V>SJ�KL, 4)$>B%& ��#),
&#5"AI5@#KL5" [8,19]. 5�, "#4+@
>�G=>#��.&&+4,$( $*+45", .
G=>#��(#)-#L(�2��%U. ;<%+ 
$!�=># Cu–Al 0)',-/� ECAP (0

+4, /01/*=>#(�.C679�!#)(� 
4+.

" Hall–Petch %/-!NJ, ((#���#��
:K0 F#��9L, �0U!OUKM�3. �+, I
G LL&&)5((#���#��'M<+ $*?
M [20,21]. @AAB, ))�� &&4B#> <+O
�#", +<+O�$*�"#��  0.#"AB?
 .((#���#��"#. SPD&",$('=$7
NN! � , NM$@>O5#", B��N@> O
"#" (D<+O�#"). .@C%U;, Consideré C
>B?8LL,$(<+M#� ,&, DNJ$" SPD
&"*) ((#���#��.OW,&$%POPQ

&"O�#", .+4��NLV>KM <+M#�.
5�, .((#���#��(, -O.�3��0U 
�DB�� &&P1.I< QF [21]. -=, Zhao
. [22] ��, ))#��� 0U!&&-!',X+=
># &)��D�3. ,�/* [20] DPK, ',PG
=>#, -B ECAP 1/� Cu–Al 0) 0U!&&�
D)2�3. ;<D/01/*$=>#( ECAP +4
��0U!&& @8.

 ? ECAP ����$, 9%/*B'1R5$
ECAP ;<!P:9% � QOV6. 60;R$0
=�/*6@, ;<DS$. ECAP +45"�+4@
>5!�.C679��#)(�5"�"%&#.&2

 !6, "R#YZ[!&<( ECAP +45"���
.C67:&#,, %/!C��&&+4!P !
? [23−26].

1 AlE,-F,./0G12H345 [27]

�6, 5$SQ-#�('?#� @8, B+4,
$9(97�, :;@C+4-5:.C67,, %/,
Q+ Bridgman &'>R 3S (99.999%)Al 7#45
/*��, R: ECAP 5  �AQ4$3:�644
 Al 7#�, 95?S5: 1\7#�, �449(#
5 �H, T=&4 (ID) F-# [110], (�&4 (ED)
F-# [111]; ]\7#�, �445 (111) 2F-#3'
5  !P>+2/('2, + [110] &4=8'U15 
ECAP  !P>+&4; 3\7#�, �445 (111) 3
3# ECAP  !P>+2, [110] &4D33#!P >
+&4, G, 2 A$.

, 353:7#�. ECAP(0,$6+^IVS
TTT (EBSD) &'*) B,. -!T�, .(0,$
(V> #�44*5(�&44$0U RV4+. 1
\7#� 44. ECAP ,$(=WDJ&4U [111]
*5$U 80◦, ]\7#� 44=WDJ&4*5$U
60◦, +3\7#�>=WDJ&4*5$U 90◦. ?+4
$ B,-!T�, 1\7#� 44=B19B#$*
44 A:, PK. ECAP ,$(1\7#�QX$I
5=B +4; ]\7#� 44>41:�? &49
S, -'-G 50◦ KV, PK]\7#�. ECAP(QX
$_U!=B +4; -�6 6@� 3\7#�, �
+4$ 447NY$VI 9S, TN-�011:7
#� �L.

5$!19/*3:7#�+4$ .C01, 95
(� ID–ED 2(W#9!-$UT^IM.R (TEM)

+ 2 ECAP ��MW��WX��		��*;1
Fig.2 Schematic illustrations of the ECAP coordinates and

the designed single crystal with three orientations

(ID—insert direction, ED—extrusion direction)
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+ 3 X`�		�
Y�X� EBSD �a	YZ ID–ED �

[Y�� (111) S1
Fig.3 EBSD measured pole figures of ID–ED plane for Al

single crystals I (a, b), II (c, d) and III (e, f) before

(a, c, e) and after (b, d, f) one–pass ECAP

CZ. Q1/� ECAP +4$, 1\7#� ID–ED 2 
.C67", 4a A$ =TZ48#0), &#4> 
867�"4:&47NJ933 @>\9H+) ,
:867,, 44E8!'. , 4b 5b' 8674
[. &�867 @�_U.V, 8#,, [U+�D
LIMN, &�c�8# dZ�L. , 5 PK]\7#
� +467$*"4:&4 \>670), 9JT'
U5 70◦, &:4:2,, ]2'�-/= . QA^
ITT"1�LR TT]A0), HK ECAP +4B
]\7#�'#6744EV>-'+�. (LTTU7
:+467-!T�, &4:&4 \>67�"4:Æ
F2; -:ÆF/e�]5+4) . \T 67D.
Fukuda . [13]  '?()2, :WA15. ECAP +
4(5$1:$* ÆF2]5, +4:&4 \>67
�"!�#9 #�9J*54) , &:;<%*^S
 CA$A!�. 3\7#�+4$4)$F-#]1:
�?ÆF2 71&4 \>67, .&�\>67 @
�.($'? @>, G, 6 A$. &�\>67F-#
>++4 &4, "1/>@>Æ670). 9< QA
^ITTHK&10�? \>67�"1:$* Æ
F2; ÆF/]5+4) .

5�, EBSD ! TEM CZ_9PK, #�%44(

+ 4 �f�		�g[ TEM �^�\^_
Fig.4 TEM micrograph and [110] oriented EDP of sub–

grains (a) and its magnified image (b) for crystal I

after one–pass ECAP

7#�. ECAP ,$( @>679�!#)(�5"
$MN@8. 3:7#�.+4(4) !�.C67
�" ECAP 5 A8& >++4:7#'#ÆF/0
,59J4++`> . �+, B: ECAP 5 +4 �
A, %+ Fukuda . [13] �� >+5I ��! ECAP
97>++4CA, 8!#-<1?9]�3\7#�.
ECAP ,$( 679� [27]. 5�, 6�$1: ECAP
,$(-# +45), G, 7 A$. ��. ECAP 5
 ('2E=V>3+&&+4, Q$=5 ('2+<
" 4+X, =33#5 ('2 +<"D�-+* 
4+, +&:&4DN� Segal[11] 2� ECAP ( h
]:-'+<"&4.

B:-2:] ECAP  >+&4, (#]\7#
�, 9< >+25 (110) 2, +>+&45 [111] &
4. :�8Y ]\7#�(ÆF/ >+5IGP 1
A$. -!T�, B:2:] >+&4RJ, ]\7#
� (111) ! (111) 2; Z:ÆF/ $I' >+
5I 0.67, . ECAP +4(`A,5. &:NJ:9<
 '?6@_U1%, G, 8 (A$ +4(, $4:$
*ÆF2; ÆF/,54) 4:&4 \>67. (
#3\7#��H, 9< >+25 (111) 2, >+&4
5 [110]. B:33#('2&4 >+-!NJ3\7
#(i:ÆF/ >+5I, GP 2 A$. NJ6@PK,
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+ 5 jf�		����a�_`���bO�	
Fig.5 TEM micrograph and [110] oriented EDP of the two orientated band–like structures in crystal II after

one–pass ECAP

+ 6 Xf�		���� ECAP �������^

Fig.6 TEM micrograph and [110] EDP of deformation microstructures for crystal III after one–pass ECAP
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+ 7 ECAP `����a
Fig.7 Illustration of the deformation principle during

ECAP for ideal state (IP—intersection plane)

P 1 klcV[QmnW^\oXb_RSY`daQap
oeb

Table 1 The shear factors and their relevant importance for

various slip systems in crystal II based on the general

simple shear theory, the shear plane and the shear

direction are (110) and [111], respectively

Slip Slip Shear Order of

plane direction factor m shear factor

111 110 0.00 2

011 0.00 2

101 0.00 2

111 011 0.00 2

101 0.67 1

110 0.67 1

111 101 0.00 2

011 0.67 1

110 0.67 1

111 110 0.00 2

101 0.00 2

011 0.00 2

ECAP ,$(3\7#%5$1:$* ÆF2; Æ
F/,5, &:, 9 ("1:$* ÆF2,5A4)
 71&4 \>67�]c1% . ;#;S:] 
ECAP >+&4, -!-`A!?]\!3\7#�.
ECAP ,$(A4) +467 Ec.

(#T45 [110]  1\7#�, "#U80^'?
(%$4:ÆF2; Z:(I ÆF/�D]5, A!
+4,$(�T4%01!+ [13]. &#(IÆF/ �
D]5D�F7#�. ECAP $#Y4)I=B 67
!C#�44EIB ,5. 1\7#�!Z$I5�6

+ 8 jf�		�g[���^, d_`���bO�	�a
Fig.8 TEM micrograph of deformation microstructure for

crystal II in the central portion of the deformed ma-

terials showing the presence of two set of sub–grain

structures induced by two primary slip planes acti-

vated

P 2 dlcV[QmnW^\oXb_RSY`daQap
oeb

Table 2 The shear factors and their relevant importance for

various slip systems in crystal III based on the gen-

eral simple shear theory, the shear plane and the

shear direction are (111) and [110], respectively

Slip Slip Shear Order of

plane direction factor m shear factor

111 110 1.00 1

011 0.50 2

101 0.50 2

111 011 0.17 4

101 0.17 4

110 0.00 5

111 101 0.17 4

011 0.17 4

110 0.00 5

111 110 0.33 3

101 0.17 4

011 0.17 4

 T=&4 [110], +7(�&45 [111]. &#�6&
B1\7#�.(0,$(!Z$(IÆF/ ]5, +
7-!><1e0 ECAP >++4. "#!;7:�A,
1\7#. ECAP +4$ $44EIBC01=B
 �L.

U,, #�%44(#���. ECAP ,$( @
>679�!#)(�5"$+*@8. ?;S:] 
ECAP >+&), D=33#('2&4, #Y0!1
?93:!�447#�. ECAP ,$( 679�E
5, L1f15 97>+!P.937#�+4D>&
0!.
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+ 9 Xf�		�g[���^, d�`���bO�	�a
Fig.9 TEM micrograph of deformation microstructure for

crystal III in the central portion of the deformed ma-

terials showing the presence of one set of sub–grain

structures induced by a primary slip plane activated

2 Cu6,-F78H39: [28]

#�.)) &&+4,$(�8/%+* 4+.
>45#):#),, �2, .#)V>&&+4D(
@> E5�2VM4+, ?+B)).+4DP-�&
"O� [1], DB))�� 0U%#)%& [B+)
&, DW? Hall–Petch %/. g��h!e\+4D, #
�__f�-6V>fb,J @:, )5))��-i
M \] [29,30]. .��#��+4(, #�f45$`
 @>g, (�&&+4�_U+* a=4+ [31]. ))
�� �&#�.3+&&+4&"((#)(��8
+* 4+ [2−4]. 5!19/*#�. ECAP +4(
 4+, ;<%+=#� $71F3#� �A, Q4
$G, 10 A$ 1/> Cu =#�, /*1/� ECAP
+4,$(#� +4!9�83. &Z:=#�=?�
1+=#�;+4, $*cd#�. ECAP ,$( 9
�, !cd 2 :#)44 @8.

'?PK, g>++4 &4:#�)!� 'U
D, #� 9�83!+4-5$MN A5, &-!%

+ 10 �� ECAP ���������b` Cu 
		�
*;1

Fig.10 Schematic illustrations of the specially designed four

Cu bicrystals according to the feature of ECAP

deformation (TD—transverse direction, GB—grain

boundary)

+ ECAP ,$( &&e+!>++4'U)2-< 
93 [21]. ECAP ,$(, ,&#�44!Z(#�9�
$KM @8, ^B?>++4:#� _J4+-5.

 $ 0◦ #� =#�Q ECAP (0$�#�;;
01F3, .#�E=AK5$a=#� Æ�e+, 4
j #)=i (111) 24)$!�&4 +4\67.
&�+4\67�%8#� +4�D`> , �4),
$G, 11 A$.

 $ 45◦ #� =#�, �#�.(0$LQ+)c
g, $KM >+\:#�_J4+ `a, >++4:
#� _J4+-!954#\Z,G, 12A$. ECAP
>++4$4)$-->+\, >+\h2=#� #�
D, LV>0U _J4+, $ >+\-!k,=#�
 ''#�, B#�l�->++4db; $ >+\:

+ 11 �� 0◦ 	c�
		�	c	 ECAP �2���
�2*;1
Fig.11 Deformation process of the bicrystal with 0◦ grain boundary during ECAP

(a) initial state (b) during deformation (c) final state observed
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#� _J4+-!B#�V>/g"cW. X)!6 
�, &�>+\ 4)&4;<33##�, &!19Y
K$=33#5 ('2&4 +<". ECAP +4(
�-+* 4+, &1A:%+7# Al A)26@�1
% [27].

 $ 90◦ #� =#�, �#�. ECAP (0$D
;;01F3, #�4j #)5$a=#� @Ce+,
�'#4)$!�&4 +4\67. �+&�+4\6
78Y$V62#�l, +-�:=#� #�011?
 fg, &-#�"##� ".B#�E=AK +4
!�#�>@:+i) . :#�U) 45◦ &4 >+\
67h<qj$=33#5 ('2 >++4. =#�
 #�. ECAP ,$(V> 90◦  *5, +=33#5
 ('2 >+4) >+\, kUWDJ&4*5 90◦

$N�'?(CZ2 :(�&4) 45◦  >+\67,
G, 13 A$.

 $ 135◦ #� =#�, �#�. ECAP (0$
D;;01F3, �MN �A�=#�LR &44)
$1/>&49= +4\67, .F-##� &4^
CZ2$1/>>+\67. &�+4\!F-##� 
>+\ 4):33#5 ('2 >+&+9%. "#
�&#�33#5 ('2, A!=F-##� &4%
4)-- +4\!>+\67. (0,$(#�DV>
$''U *5, A!)2-.CZ2 >+\67, �
+4,$-!+, 14 P$. F=#� +4,$D_9
PK, . ECAP ,$(, =33#5 ('2 >++4
(#���.C67 9��_U+* 4+.

U,, . ECAP >++4,$(, ,& #�44
(#�2 9�!C#�:>++4 _J4+$KM
 @8. +7',�658 =#�, k1�?Y$=3
3#5 ('2 >++4. ECAP +4($-+* 
4+.

+ 12 �� 45◦ 	c�
		�	c	 ECAP �2���
�2*;1
Fig.12 Deformation process of the bicrystal with 45◦ grain boundary during ECA

(a) initial state (b) during deformation (c) final state observed

+ 13 �� 90◦ 	c�
			 ECAP �2���
�2*;1
Fig.13 Deformation process of the bicrystal with 90◦ grain boundary during ECAP

(a) initial state (b) during deformation

(c) final state observed (the white arrows in the magnified figure mean the shear direction)
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+ 14 �� 135◦ 	c�
			 ECAP �2���
�2*;1
Fig.14 Deformation process of the bicrystal with 135◦ grain boundary during ECAP

(a) initial state (b) during deformation (c) final state observed

3 E,Cu, AlZ[,Cu–3%Si\;F3H<=
9: [32−35]

@>�))��V>&&+4 1#+*5", :@
>ÆF�4:9Jd] ,$. 4+@#.&Sh&��
W;& (bcc) !C1�67(I&!3 ))��(�
_U", [36]. %8/* <=, ?AV-4+@>.
fcc ))(D'?".. @8 fcc ))4+@> 5Æ-
-, �('#5Æ-.=>#�#�44�#)%&., +
X#5Æ-.+4eU�+4O9�<+?!+4&).

27,5^, %# fcc ))4+@> /*LQ,6
$'? "4, :-�".1�ir 6P!O!!? 
'?-f. ;<%+ ECAP +4 �6&, 58$ $
�644 7# Cu ! Al, D%#� @>2!@>&
4: ECAP 5  >+2!>+&4;<+0, G, 15

+ 15 �	 Cu, Al �WX�*;1
Fig.15 Experimental design of single crystals Cu and Al

A$, �D60=>#BG (3 mJ/m2)  -# Cu–3%Si
0), ?-;; @>q<5"�V, ?@84+@> 
'5!X54&2+2i# fcc )) @>-5, ?+&
<( fcc ))4+@>-5 !?.
3.1 Cu _>`?a@ABC

, 16 5Q1/� ECAP l! Cu 7#�>+\
E= SEM ! TEM g. , 16a 5 SEM g, ,(3:
ej&j95(<#;�:>+\@��;�A!>+\

A, 9< TEM gG, 16b—d A$. >+\'01:
;�01 $!� &4, >A,, T'U5 70◦. ;
�A"=F-# (111) 2 @>\9H+) \>01
7), &1#9 \>67fA61:&4 @>\!1
99H, G, 16c A$. ;��AK @>&U-3, :
QATT]AM$44E8!'. !�#;�A @>\
67, >+\A"kUU5 500 nm  \>670), &
�\>67 $-KM @�, 9< QA^ITTPK,
&�\>67 44E-', G, 16d A$. (>+\A
K!19b'CZV-, �(4)$'? +4@#. ,
17a 5>+\( I\>01. ,(mjlhA-:AK
 ^ITTÆPK>+\($@#4). , 17b 5>+\
AK Kng, -!T�$--J>@#9B�(, Ge
jfiA$.

B: ECAP (0,$(4) @#4>!9B�
A, -!H4+@#953\ [35]: h1\4+@# >
R&4:>+\ l6&49�, �\@#??I-, %
&D9(I'; h]\4+@#@#;�(m=>+\A
K, oJ>, &\@#kU-B, ?D-N; h3\4+@
#4)#>+\'# \>01(, >R&4:>+\l
6&4T'U5 70◦, �\4+@#",1".#>+\
( \>01(, %&c.��?g. &3#4+@#"
BT5"!#�VT!c@>5" [31,37] 4). 5�, '
,(7#� 44�658, -!.9(e! +4IK
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+ 16 ���� ECAP � Cu �		�h
bm�	pc��	knih
bk� SEM � TEM jio�sb
\^

Fig.16 SEM (a) and TEM (b—d) micrographs of the deformation microstructure for copper single crystal

(a) a typical shear band

(b) the interface between matrix and shear band shown by dash line

(c) the dense dislocation walls formed in the region of matrix

(d) the fine strip–like structure in the shear band

+ 17 ���� ECAP � Cu �		h
b��a����	
Fig.17 Profuse deformation twins, nucleated in the shear band region of the Cu single crystal after one–pass ECAP

(a) deformation twins formed in the shear bands (b) profuse deformation twins, as shown by arrows

7 [38], . Cu 7#�(*)Z[ 4+@#, PK4+@
>$-0 44RV&.
3.2 Al _>`?aDcEd

, 18 5 Al 7#�+4$4) 1I>+\ 
TEM g. : Cu 7#!�, >+\'�X01=57
:.�KV, >+\'�X @>&U=!�-3. QA
^ITTPKFA' 0144E!'. TEM CZPK,

DB. Al 7#� >+\ADY$V-4+@#. ( Al
7#�Q ECAP $ +401!19b'-CZ2'?
 @>67, G, 19 A$. :-�kCZ24+@#.
5�, ;�58$�644 7#�, "# Al  $-3
 =># (166 mJ/m2), .Ue7!G<+O97V>
4+@>�_UnO , �4+.C67-�!@>9�
5$.
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+ 18 ECAP � Al �		��lh
b� TEM j

Fig.18 TEM morphology of a shear band formed in Al single crystal after one–pass ECAP

+ 19 ECAP � Al �		��a����	
Fig.19 Dislocation structures of Al single crystal after one–pass ECAP

(a, b) dislocations pinned by the grain boundary (c) the formation of subgrains (d) dislocation network

3.3 Cu–3%Si eÆ`?a@ABC
, 20a � Cu–3%Si 0)-#� ECAP $"F2Æ

F+4) \>01,. -!-.41T�, &�R\(
$:�)1?'U j(\>67, ?QA^ITTÆ-
!lS�, &�&< j(\>675.@#!=>, G
, 20b A$. ? [001] &4CZ-V-'?=>;;=
4:&49B, G, 20c ! d A$. -!T�, .+4
 ��, �6"F2@>,54)1/>\>67, +$
.&�f\(kV>4+@>"=>. &.1?$U;-
!15�%U`<Vk$4+. DB.=>#-G Cu–

3%Si 0)(, ,&bt@>ÆF^�-$` +45",
%8\>67 4), @>ÆFgl+)nO, +@>"
=>>)$ $d]" +45", 5+�-'? 4+
@#!=>. , 21 � ECAP ,$( Cu–3%Si 0)(
4) '?4+@# 4[. Cu–3%Si 0).&1AK
$*!@>+45$, +.�>7:AK>$*!@>Æ
F"@>ÆF + @>m0+45$. !;CZ_9PK,
DB Cu–3%Si 0) $-G =>#, .V>3++4
DD!c#!@>5"+4, .!� AKE5-', H
K#�%44(G=>#)) @>-5D$-'@8.
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+ 20 ���� ECAP � Cu–3%Si ����a�lbO���	hmb��	�	�����^
Fig.20 TEM micrographs of the numerous twins and stacking faults formed within the elatively fine banding struc-

tures in the Cu–3%Si alloy after one–pass ECAP

(a, b) fine twins and stacking faults in the band structures

(c, d) images of stacking faults viewed from the [001] direction

+ 21 ���� ECAP �
� Cu–3%Si ����a�on����	
Fig.21 Formation of dense deformation twins in Cu–3%Si alloy after one–pass ECAP

(a, b) low and high magnified images of deformation twins

(c, d) bright and dark images of deformation twins
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3.4 FG fcc ÆH?a@A`IJ
fcc )) $*ÆF@>5 1/2〈110〉 mZ@>. .

ÆF,$(__9?54: Shockly !c@>&(,1
:=> l6@>0+. .X"np7, 4:!c@> 
fg d D%gl)&, -!P$5 [39]

d =
G

8π

b2
p

γ − τbp
(1)

)(, bp = a0/
√

6 5 Shockly !c@> Burgers o
?, a0 5#TU?, G 5>+5?, γ 5=>#, τ 5A

8& >+<". =>#�))�� ;Lq?, D'5,
+A8& +<">q<$))��Al +4>+, D
X5. -!T�, ))(=> kU�"'5!X5e�
B? . ?, 22 (gh+�-!T�, .�? ))(,
@><"<g'#".#=>*Jl6 q�<".

'?PK, 4+@>5�-.1��644 #)
(. 55#�ÆF/"'@>/A*) >+<"-'$
U1!#)#�%44 r", cd#�44 @8$,
) (1) ( =>kU-!P$5

d =
G

8π

b2
p

γ − mτbp
(2)

)(, m �P>+5I. , 23 6�$!�44 Cu #
�(=>kU%X�+<"+� gh. -!T�, 5$
m >0.75  #), �Ap @><"rB# 400 MPa, +
�>44 #), @><"%>+5I [B+PO)&.
. Cu  ECAP ,$(, '<"-`AG2 400 MPa !
; [38]. 5�, A5844 Cu 7#�, . ECAP $ 
01(LCZ2'? 4+@#. :.�>'?IK7,
Z#CZ2-N 4+@# [38].

,2 93(Lcd$=>#!#�%44 @8,
:�LQ#Y?91�#$, �+./*F#!��#�
�D, %##)%&`<TN-�".8ir. #)%&

+ 22 Al, Cu � Cu–3%Si �����s�mcpo
��
�u�

Fig.22 Relationships between the split distance of an ex-

tended dislocation and applied shear stress for Al,

Cu and Cu–3%Si alloy

`<$*�-.(@>4v!ÆF,$ J"4+. GH
#�%44�=>#!#)%&`<D0cd, >-!)
�9< @><" τT PG)

[32]

τT ≥ τDS + τSF =
Gbp

Dm
+

γ

mbP

=
1
m

(GbP

D
+

γ

bP

)
(3)

)(, τDS 5,51: F–R @>gAp +<", τSF 5

=>*Jl6 q�<", D 5((#"��#�� #

)%&. ) (3) PK, =>#!#)%&`<.!� %
U7%L�!� 4+, G, 24 A$. (#AK I, #)
%&`<!#�%44e�B?@><" 'B. :.&
1AK@>8!�$s 4+5", 55@><"LQ-
3, +�>1�+45"-#9(#@>!ÆFL>&`
A, G#�ÆF!#)*5.5" [40,41]. .AK II, @
><""=>#�#)%&!#�%443:5Æe�r

", +.&1AK +4"ÆF!@>e��]). .A
K III, @><"$*"=>#!#�%44�r", :@
><"9(#ÆF<"LQ-3, A!&1AK +45

+ 23 ��		��� Cu 		���s��cpo
�
���
qn

Fig.23 Plots of the critical shear stress vs split distance of

Shockley partials under different values of shear fac-

tor (m) for Cu

+ 24 �����o Cu ��	���t�qp, `n��X
`���kr

Fig.24 Three regions divided according to the controlling

factor of twinning stress in Cu (τs—slip stress)
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"!@>ÆF5$, +@>5�.1��6np7 wi
+4&). ;�g Cu  #)%&B# 350 nm DÆF<
"%(,@><", :+4!1?N!@>5$, 55#
�%44^L�-+* 4+. &D�.��# Cu +4
$5.1��644 #)(CZ24+@# ,5. 5
�, ÆF!@>!1?�1#J9d] +45", G@
<"QF�DG2@>!ÆF,5 *R, >A%-#L
�D]5.

4 jkKlLmMnN0t,./045ZOPQ
KFRS
=>#�&S67))(-5+* q?,1, >!

ZB?@>ÆF&), �DD@8�� +45" [39]. ?
;SqP(-B, PG fcc )) =>#$i#4)'?
4+@#. 72%%+&:5", 95Qs $!�=>
# Cu–Al 0)5/*(f, /01/* ECAP +4,
$(=>#( Cu–Al 0).C679��#)(�5"
!"%&# @8.
4.1 Cu–Al eÆ`DcEdTU

, 25PKQ1/� ECAP(0$,=>#(# Cu–
Al 0).C67!&&+4 @8 [25]. %8=># P
G, @>0+ 4[?"@>\9H+) =>67g9
*�5F2ÆF; 4+@# &UDg9o&, .=>#
IG Cu–Al 0)(-!CZ2@#_H-f; .C>
+\Dg9?�rZ >+\*+5�prZ >+\. .
hu&&+4&2, %8=># PG, g9?@>ÆF
5$*+54+@#5$, +7>+\(hu&&+4�

8t�t+* 4+ [23]. -!RJ, %8=># PG,
Cu–Al 0)#)(�5"Lg9?@>(�5"*+5
@#L�5".

! $(�G=># Cu–5%Al(,I9?, 7�)
5u, , 26 5 TEM CZ ECAP 1/Z/� .
C679�. Q,1/� ECAP +4$, G, 26a A
$, 4)$"@>\9H+) =>67, F==,fU
5 200—400 nm, ='5LR @>Æ; .1�+4#
)(-!CZ2N? 4+@# (, 26b). ]/�$,
=>@�,f[B, F=%&U5 100 nm, �D$1
�B%U>+\4) (, 26c). "#=># PG!@
#>R $%44, .1�AK4)$'?9_ @#
J=, G, 26d A$. 3/�$, LR =>67'?
[N. !�ÆF/ ,5+H$Æ67!=>67, B�
9�59(.T 8#) (, 26e). .@#J=(-!
CZ23&U @>, HK&�AK".8-3 <"
<(, G, 26f A$. qu+4, .&�AKLV>@
#SJ, B#)(� [19]. Z/�$, G, 26g A$,
?9< QATT-!T�, '#9AK8#), 4
4EI', HK4)$LI=B .T8#)67. �

D, .1�((#)'#4)$N?��%U@# (,
26h). 5�, ;� Cu–5%Al 0) (�5"$*RV
#@>E5, :@#SJB(�5""@>9H4@#
(�5"*+, :�Æ::7 -.67^!�-=B.

! $-G=># Cu–8%Al 5u, 1/�$, G
, 27a, '#94+#)'#c4)$Z[ (B+4@

+ 25 Cu–Al ��	�������2�������	����	�h
b�
���*;1 [25]

Fig.25 Schematic diagram showing the influence of stacking fault energy (SFE) on the evolution of

dislocation configuration, deformation twins and shear bands in Cu–Al alloy during severe plastic

deformation[25]
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+ 26 ECAP � Cu–5%Al(vb�s) ������	
Fig.26 TEM images of the ECAPed Cu–5%Al (atomic fraction) samples

(a) 1 pass, elongated subgrains/cells

(b) 1 pass, a few mechanical twins

(c) 2 passes, several microscale shear bands shown by dashed line

(d) 2 passes, twin/matrix (T/M) lamellae subdivide the dislocation configuration

(e) 3 passes, approximately equiaxed subgrains

(f) 3 passes, extremely high–density dislocations locating at the T/M lamellae as shown by arrows

(g) 4 passes, uniformly distributed equiaxed grains

(h) 4 passes, a few nano–sized twins in ultrafine Cu–5%Al grains indicated by arrows
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+ 27 ECAP � Cu–8%Al ������	
Fig.27 TEM images of the ECAPed Cu–8%Al samples

(a) 1 pass, profuse thin mechanical twins

(b) 1 pass, shear bands

(c) 2 passes, profuse secondary twins formed in primary twins as indicated by arrows

(d) 2 passes, twin intersections shown by arrows

(e) 3 passes, roughly equiaxed grains

(f) 3 passes, resultant twins

(g) 4 passes, equiaxed nanocrystallites with random orientations

(h) 4 passes, the formation of nanograins inside T/M lamellae shown by arrows
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#, @# kUU57r:��. +.1�AK, G, 27b
A$, Q4+@#X, vxDLCZ2kU 400 nm  >

+\. ]/�$, G, 27c ! d A$, "#4)$'?
 ]�@#!@#_H, B)@#tw>&(�. 3/�
$, G, 27e ! f A$, $I5.T 8#4). .8#
,9B81�%&-B @#u. .-3 <"4+7,
"#@#�:@> 9J4+, B@#V>SJ, 4)�
�%U#), s%@# &U$A7P. Z/�$, G,
27g A$, '#9AK4)$.T��%U#), 9< 
QATT57Nxu \>, HK��#), 44E-
'. vngPK.@#J=(4)$'? .T��#
), &YK@#LJ.#)(�(�2$+*4+. �D
ECAP +4 Cu–8%Al 0) -.67L Cu–5%Al 0
)=B [25].

, 28 U6$4)=B.C67Ap* ECAP /
�:=># %/. -!T�, =>#(��+4679
�$4&2 @8: 1&2, 9(3=>#��, (.=>
#��( @>E5#"9(IM,  $IG 5+ry
9, &ws$=B.C67 4); 61&2, 4+@#B
))��.+4$ $-( =B=>67, &�=>6
7%',:@>_J4+"'@#_H+V>L� &
)qu(�, &�-5&O$=B9B ��# 4).
�+, . ECAP +4IK7, :G=>#��9L, (.
=>#��-O4)=B @#67. 5�, . ECAP+
4,$(, 9(I3"IG=>#��*L(.=>#�
�>`A4)=B .C01 [42].
4.2 Vp>Wqr

)�/* [2,29,43] 2�, Ft#)%&L%=># γ

 PG+[B. w%#)(�5" *+, ECAP +4 
Cu–Al0)%=>#PG, -B#)%U-!"((#)
G2��#). , 29 5B: ECAP +4 fcc ))��
 1�?: [42−44] U6 z1�=># γ/Gb :-B#
)%& dmin/b ,, %/,. -2, >A,,'%se

+ 28 �aÆ����	�Æ ECAP ��m���u�
Fig.28 Relationship between the numbers of ECAP passes

and SFE required for homogeneous microstructures

h&%/, \T %/D-!.�>+4&)()2Y',
uG BM[45] ! HPT[46]. �+, G, 29 A$, (L4#
!�+4&) v9X-!)�, ECAP +4 v9X
MN3# BM. &HK%+4$U &y, -B#)%&
dmin/b !=># @8+B. 5�, *PX#+4IKG
I, -B#)%&cL%=>#PG+[B. �+, =>
# γ/Gb (-B#)%& dmin/b  @8$U, Dv9X
'B, D4B#X#+4IK yU$U.
4.3 tuXv Zener–Holloman(Z) wYxyZE

d`FG [42]

@AAB, &&+45" Qs-'$U;4B#�
� #\�=>#!X#&xIK. 5�, G�-B#)
%&, -.+467DL!2i#'#!X#5Æ @8.
s';, <+O9 ε !+4eU T (#-.+467!
"%&# @8-!+q? Z(D lnZ) P$ [8]. , 30 U
6$'<+? (ε > 2) +4$=>#! Z q?(67 

@8. (#3=>#"G=>#��, +4$ 67;;
!!X#5Æ @8. 3=>#��+467$*-.Æ

+ 29 �����	 ECAP ���tz����{�
uu
	
�

Fig.29 Normalized equilibrium grain size obtained by ECAP

and ball milling as a function of the normalized SFE

+ 30 x����o����� Z �s����	w���
��	*;1

Fig.30 Schematic of deformation microstructure map of ma-

terials at large plastic strain determined by the rela-

tionship between LnZ and SFE
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67!8#. &7 67$*Rm@> 5+vy�'
-, .Æy;.($'? @>, +.Æ'#7NY$@
>".. 9q, .G=>#��(, "#@>-`AA9?
54:9@>, 4)=> F2S>, ?+s%'?@#
 4). 5�, .G=>#��+467(".8'? 
4+@#�=>�B%U>+\!C>A,, 9J4+.
+7, (#G=>#��, "#!#4)>- B%U>
+\, .IG lnZ X+4IK7, @C>+\D-`A4
), 87k,Æ::7s%�� >+,J. (#(.=
>#�� +467, !X#+4IK@8-'. .-s
! +4IK7, lnZ X-G, "#@>O5LIOy, A
!+467\T#3=>#��. 9q, G@+4-yU,
lnZ X-3, >@>O5LAz", �+467v4#G
=>#��. 5�, (#�� +45"!9< +46
7, .]#$U;PG=>#!�3 lnZ X#�2�7 
4+.
4.4 Cu–Al eÆ ECAP a?z`[\]X

, 31 5 3 #Q 0 — 4 /� ECAP l! Cu–Al
0) LL"$<" – <+gh. �(0U-.OW
0U!-30U. -!T�, .+4 ,&bt, <"w
y)&, !19+4$)&s{, 3/�$7NG2N
!, &:)6 /*6@ [3] 1%. ECAP +4$ 3
# Cu–Al 0).LL+4 ,&btNV>$&&Q
G, D^x. �+, %8 ECAP /� )&, =Bw
L9w|$)&. Q�,X, 3 # Cu–Al 0) 1 — 4
/� SJwL99(IG, ;;01. 10% — 15%
,,.

>5+* �, .0U!=BwL9% ECAP /�
)&+)& �D, 0U!wL9D�D%8=># P
G+)&, G, 32 A$. :<x [5] ( ?:9L, Cu–
16%Al 0) (=>#U5 6 mJ/m2) y|5#!- 2 /
� ECAP +4, +4$ -30U!=BwL97N
5((#S Cu(=>#U5 78 mJ/m2)  4z. &#3
+&&+4 Cu–Al 0) =BwL9%=># PG+
MN)&, &$*z5#<+O�9 �3. &HK, ',
@> .(+*)$&"O�#", ?+�3$=BwL
9. 5�, -!0!1RJ ECAP l!$3# Cu–Al 0
) !�0167s%$<+O�9 !�. �X, ',
( ECAP "�+ ((# Cu–Al 0)$!-1/> 
yz!LL'?V-, Al Q?3 Cu–Al 0) (=>#
IG)  LL0U!=BwL9=3# Al Q?G 0),
&!19Y'$=>#(0)0U!&& +*4+, G
, 33 A$ [26].

60,?/* 6@ [47−50], , 34 PG$"%&#
:.C+467,, %/. ',3+&&+4, -!)
&�� @>!#�&U, !+�3�� 0U. �+&

+ 31 ECAP Y� Cu–Al �����}2�� – ��qn
Fig.31 Tensile engineering stress–strain curves of Cu–Al al-

loys before and after ECAP

(a) Cu–5%Al ECAPed by 0 (A0), 1 (A1), 2 (A2), 3

(A3) and 4 passes (A4)

(b) Cu–8%Al ECAPed by 0 pass (B0) to 4 passes

(B4)

(c) Cu–16%Al ECAPed by 0 pass (C0) to 2 passes

(C2)

!-{}1LzQ�� &&. (L0U:&&,, |
:%/, -!',!� &"&', '='? @#!=
>, ?+�D�3�� 0U!&&. &�6@!ZZ[
$=>#(((#))��&&+45"�#)(�!0
x�5"@8 !?, �DD&<!{6$(((#))
��01:"%&#%/ !?, 8(((#��01!
&# r"�C� $1? qc{X.



� 3 � C@JK : KDL9EFGMD� fcc ��NEOGPHHID�JE 275�

+ 32 �� ECAP ��o} Cu � Cu–Al ��������
��Æ����u�

Fig.32 Relationships between ultimate tensile stress and

uniform elongation of Cu and Cu–Al alloys with the

numbers of pressing

+ 33 ��� Cu-Al ���� – ��������
Fig.33 Effect of decreasing SFE on the strength–ductility

combination of Cu–Al alloy

+ 34 	��o}l|o�	��	m��{}�u�
Fig.34 Relationship between mechanical properties and mi-

crostructures of materials processed by various tech-

niques

5 M^_`a
(1) 7#� �&44(�. ECAP ,$( @>
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4, _9PK=33#5 ('2 >+. Cu =#� 
ECAP (�7 $+* 4+.

(3) ',�658 Cu 7#�! Al 7#� 44,
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5, ?;; @>!P�V, c293$r" fcc))4+
@> y~5Æ, PK fcc ))4+@>Ap @><"
"=>#�#)%&!#�%443&25Æe�B?.
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� .

(4) %+ $!�=># Cu–Al 0)A$$.
ECAP +4(, %8=># PG, #)(�5""@>
9H*�5@#9J5", +4$�� BJ#)%&[
B. Cu–Al 0)'&&+4$ .C6793PK,  $
I3"IG=>#��, +4$ 67!X#+4IK@
8IB, >`A4)=B67. q,,  $(.=>#�
�+4$ 67!X#+4IK@8I'. ',PG=>
#, -!B Cu–Al 0) 0U!&&�D�3. �X, y
z!LL'?PK, %=># PG, Cu–Al 0) 0U
– &&ze&KM�{.

(5) XQ 20 |� /*!|}, ��~%"4'.
((#!��#�� "�"}�.C67PL�4+5
"!"%&#.&24)$R= !9, {��..C6
7:"%&# %/&2$$I5<= !?. �+, (
(#!��#��",".0U:&&,,|:%/ 
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