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ABSTRACT Using a 3D rotary–die equal–channel angular pressing (3D–RD ECAP) mold, the
commercial wrought magnesium alloy AZ31 has been processed through 4 routes (A′, B′

A, B′
C and

C′) and microstructures as well as mechanical properties of the samples processed were investigated.
The results reveal that all the 4 routes can refine microstructures of the alloy, however, the effects
on microstructural homogeneity and tensile elongations of the samples are different. The grain sizes
of the samples processed through routes A′ or B′

A are more uniform and their tensile elongations
at ambient temperature are also higher than those through B′

C or C′ routes. The distributions of
hardness on the central longitudinal planes of samples extruded through different routes are well
consistent with the microstructural characters at the corresponding positions. Strain analysis on the
cubic elements in the samples reveals the limitation of the traditional shear mode for ECAP. Based
on experimental results and finite element method (FEM) simulation, the deformation homogeneity
caused by ECAP processing is closely related to the alternative action of tensile and compressive stresses
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at the different positions in the samples and is independent of the deformation regularity of the cubic
elements in the shear model proposed in the previous studies.
KEY WORDS magnesium alloy, equal–channel angular pressing, rotary–die, pressing route,

structure homogeneity, grain–refinement
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Fig.1 Schematic illustrations of the 3D rotary–die mold in

equal–channel angular pressing (a) and 4 kinds of

routes of processing sample, A′—1→2→3→4→1· · ·;
B′

A—1→2→5→3→4→6→1· · ·; B′
C—1→2→5→1· · ·;

C′—1→2→1· · · (b)
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>;.

AZ31 /2.# 200 X F!#Md0>JX[Æ
), K 2a ( AZ31 2.21>*!#*>$*8+.6
89, !#/- 9Y 1. (K&e, !#8)*_:#VH,
I>)*`a4- 25 μm. 7# 1 $% ECAP I8 (K
2b), 5d89EC:5;('e+)*, @=$b#QG
f#E-42,'&%Æ]c+)*, 'e+)*Id#
/Je;+)*IF, 'BK)*`a6f:;. 9D8
9+&>B9-JX[Æ)&=U. 7# 3 $% ECAP
I8, e;+)*E<.^, )*-5'(, U-[Æ)#
>6=0, HK 2c—f LG. 6E(KEf&e, 7# A′

<=3 B′
A <= ECAP +9D+)*+$>B'e, I

>)*`aIM4- 5.5 3 5.4 μm (K 2c 3 d). 6/I
,, B′

C <=I>)*`a_;Gf, 4- 6 μm (K 2e);
C′ <=I>)*`a4- 5.9 μm, "89+>B+Jf,
&@K0+)*`a6f:; (K 2f).

3.1.2 WXYZ O ECAP8+/2.9DeD.
Eg_+6J`O, #`.+E_FBg 3 mm \GB7
g9fB, h\5 21 B7 (^%i- P1—P21). ECAP
=+9D'L38Lg(/H+3ah+?<, '&8)
*`a+>BB&H9D+EF?I, 8;HI-hX'
&K (steady deformation zone). 56#B_ ECAP '
&89+>B+=, "1(hhX'&K+>B+, 6K
0i` P3—P19, h 17 B7, 56, #Ii89>B+=
1 ' 17 B7-D<.

K 3 5G57# ECAP I8, O9DeD.6JF
W7+5dfB<j'(bc, 5EK 3a 3 b IMUG
+( 1 $% ECAP 3 3 $% 4 K<= ECAP 8/I2
.+ Vickers fB+Id.

'aidfB>Bh% αHV UG9DfB<ebI

><+>B.

αHV = (HVmax − HVmin)/HVave (2)

VE, HVmax -fB+.;<; HVmin -fB+.e<;
HVave UGfB+b$I><, HVave=ΣHVi/i, 5E,
HVi - i 7+fB, i=P3, P4, · · ·, P19.

50, αHV je, UG>BBj-. U 1 ELZ+(
 9DeD.E_F+hX'&K 17 B7+fB<4-
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Fig.2 Optical micrographs of the samples before ECAP (a), after one pass ECAP (b), and after 3 passes ECAP

through routes of A′ (c), B′
A (d), B′

C (e) and C′ (f)

8 3 1 �j� 3 �j 4 	�� ECAP 	��kdg
lmh
�
��l
Fig.3 Individual values of microhardness tested along the axis lines on the central longitudinal planes of the samples

ECAPed by one pass (a) and 3 passes (b)
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[ 1 ECAP kkinjemllmlenoo
Table 1 Average hardnesses and uniformity coefficients of

hardness of the samples after ECAP

Pass Route HVave αHV

1 64.1 0.115

3 A′ 62.9 0.082

B′
A 64.0 0.083

B′
C 62.2 0.157

C′ 64.6 0.100

=3 C′ <=+ αHV, 9-9D+>B+.-. B′
C <=

+ αHV <.;, ,:,#5 1 % ECAP +9D, ( 4 K
<_E.&&\+$*p=.
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/-*+!+?<&^6@. B′

A <=89D+7+9.

-, )* 28%, A′ <=8+9D_f, - 25%, % B′
C 3

C′ <=+7+9IM- 21% 3 22%; %/(f];B,
Y( B′

C 3 C′ <=J-, .( 4 K<=KM&;. :(
km;B, A′ <=.:, g" 131 MPa; B′

A <=%I, -
170 MPa; B′

C 3 C′ <=8+9Dkm;B/J-, IM
- 182 3 184 MPa. g6&e, ECAP <=/9Df]

;B+?<Je, ./7+93km;B+?</J;.
3.2 bc

ECAP "$(GK"#;h1+'&%n@;`a

qdm9nmoX/-++"(6c, 5F?(9D#"
#"$�%=0>D?'&, Q'&-+4>;+D?1
', g6=Drp+*o(%Q)*@*'(. ;(+4
8 [9−12] U-, ECAP #>E, )*'(d+(gHFJ
X[Æ)ip+, "[Æ)Q#V)+Idb(>B. 6
E, ^psJD+/2.'&E"1d&0Jpi), %
"#i>&0+t+,"C5\J+-po)j$"q

('()* [13,14]. kE, # ECAP E, g(,"J-
1', l'q(d#D?Kr0^pEg+4>, =DD
?-++�J, 4>qE+-%B)j [15,16], '$()
*'(+GBF5.

<>+/IÆ)5G, ECAP Q-++-*+!"
-5+Rf, .;Bhq3*sqL [17] E!#X AZ31
+hq#GBMIF. 'd+(5-, <>/IE!#&
'(/*s(>4'&/2.+'&(e@p, "/I)
BJ- ()* 200 X), &'[Æ)+42uEI0r, 5

8 4 AZ31 
��� ECAP r	
sv����
Fig.4 Mechanical properties of AZ31 alloy at room temper-

ature before and after ECAP through one pass and

3 passes in 4 routes

6#-*+!Fst-;BJ:. 6E, DH+!#9;
u3*>aaQ-+O5'&6JF&0;h+9

1 [18,19], #";h91+6JF6@\J+)*Or
5rpC^p, #tK>BFGGo3-5;B, /(
ECAP #> (A5(p$% ECAP) r0+91YJe.
</IE, AZ31 2.7# 3 $% ECAP 8+7+9

(21%—28%) 57-(*sqLFLZ+hq (4 15%).
Jm6.#&@, 1+e:(/2.+d+u7. 56(
'B%BFt, <>+ ECAP /2.-*+!+Rf4
2f(:57+.

(K 2c—f & nC, <>+-+#7#&@<=+
3 $% ECAP !#8, [Æ))*+I>`a6f&;,
.)*`a+>B+b#fM, '$?<5'&8-+-
*+!+>B+ (HK 3 LG+fBv_). '9-#-
+n'&)Bn'&89n#-3!#$%GGD+wo

,, <> 4 K&@<=+ ECAP !##/-++)*'

(>BF(S(GB%(u+, %d+?<+(-++8
93+!+>B+, 56'ad+AB+(<>E+&@
!#<=/ AZ31 /2.+d`3v`>B++?<.

 a+48 [20−22] ;p3-DH+ ECAP E<=
/'&+>B++?<Y[( BC ≥C≥A 9 BA. K

5a UG+(DH ECAP +D?8wE, m6Zv (xx
8b#(9D:?+m6&, 2(Ii-+:?+'&w
o) +'&>;. m6Zv7# BC 3 C <=IM!#

4n, 2n(n -@%) $%&wVFH, % *><_ BA 3

A !#=Y&&+$px', BC <_/ C <_+"(+
F5(g( C <_q"Q Z .@*'& [23].

0%, #<>+ 3D–RD ECAP E+woyzz6
s.  A′ <=3 C′ <=-r (K 5b LG), 'BK<=
3DH ECAP E+ A <=3 C <=+m6Zv+'&

>;=U6@, A′ <=E+m6Zv&&#]c, % C′

<=E+Zv/# 2n %8wVFF+&H, .(s A′
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<= ECAP +9D>B+y+,( C′ <=+>B+.
B′

A <=+ X, Y 3 Z 3 B.$(&&]c'e, p%
!#8q"y*tO+&H, .(y(().,++<=,
'9-2D?8w?_&!@6Æ'w*+:y, V+(
kEGB%BFIi.

#e)/2.{#z'&=, i)&.sx 5 Bu
m^ps+;=, %"& 6A1-zE, %#]+'&
=, d+(^t.E.^pp*sx 5 Bum^ps+
;=, .(i)$& 6A1-zE. #')/2.+'
&E, .E.^p& sx 5 Bum^ps+;= [24],
^t)j^J6A1-zE, %&(^ui)[3, '(
5-9)*/J'e=, )jSzE+1-Je%:|
y0i)&0. <48E AZ31 /2. ECAP I')
*/Je;, I>)*`a4- 25 μm, 6=i)p*
:;+42, /2.'&E+i)"1-##1-42,

&0+ {1012}〈1011〉 ]+i)3]1-42,&0+
{1011}〈1012〉 #zi), &0+vjI?1- (CRSS)
IM- 2 MPa 3 76—153 MPa. ';#'&OO+w
a"q(1', ;p0>#-+{*!#=; 8;#{8
+#>E& |v1-zE [13], ;p0>#-+{*]
+=. 50, {1012}〈1011〉 ]+i)/ {1011}〈1012〉 #
zi)+}z&0, 56e)/2.##z=+1++,
(]+=+1+.

5%, # ECAP #>E9D+{-Hom&(>B

+. <>4;/ ECAP #>G?5"}v8x, @*#E
-b#+;=,9D1-Id+G,K (HK 6a LG),
5E9D"#�%+?I& I-B?I, wT3{TU
G{]1-42 (1--{<), |TnxT jyTUG
{#1-+42 (1--}<), |T3wT+IF+Cj
S(BBK0+Ij_. ##1-42,/2.+}z0

8 5 �� ECAP[23] � 3D–RD ECAP 
����
����
�g� 4 	����j
���ÆP
Fig.5 Schematic illustrations of the distortions introduced into cubic elements when viewed on the X, Y and Z

planes for 4 routes in conventional ECAP [23] (a) and in 3D–RD ECAP (b)

8 6 FEM �� 3D–RD ECAP ��
����|z� 4 	��j������$�
xg
�ÆP
Fig.6 FEM simulated stress distribution on the sample surface during ECAP pressing (a) and schematic diagram

of the tensile stress on the surfaces of samples during ECAP processing by 4 routes in 3D–RD ECAP (b)
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>>B+'&, %]1-42,Y/J{|, 56FU.
+}z4>O|, (%}z#9DFU.4>y}&+
|~.

F,U.{-Ho+&@/p$% ECAP+9D+
>B+z5d4>?<. 75-+"#�%S:{+U.
-{T (K 6a EwTK0), UG-+}z#'BrN4
>|~. K 6b ( RD–ECAP + 4 K<=p%$%!#
WU.{-HX+}~+'(>;+G,K, A′ <=9
D+I?+ 2 BU.C]8{*]1-42; B′

A <=(

4 BU.C]{]1-42; B′
C <=(6~+ 2 BU.

{]1-42; C′ <=M" 1 BU.{]1-42. #
BB.C]{]1-42+9D50+/M" 1 BU.
{]1-42+9D}z>B80>'&. #DH ECAP
E{]1-42+U.(s\'D+>;: A <=9DM

" 1 BU.; BA <=9D(6~+ 2 BU.; BC <=

9D( 4 BU.; C <=9D(I?+ 2 BU.. /J
3D–RD ECAP 3DH ECAP 8&|0:<=IF"W
\+/1<s: A′ <= ≈C <=, B′

A <= ≈BC <=,
B′

C <= ≈BA <=, C′ <= ≈A <=. "# F/DH
ECAP 3 3D–RD ECAP <=+Ii& @C'D+Æ
_, ?<9D893+!>B++5C1K(9D{-H
X+}~+'(>;, %&(m6Zv+'&>;.

4 =@
(1) 3D–RD ECAP <= A′, B′

A, B′
C 3 C′ G&Q

AZ31 /2.)*0>'(, .&@<=//2.+d`
893-*+!+?<&@, (/'&8-+>B+%B
/J, B′

A 3 A′ BK<=+()/ B′
C 3 C′ <=+,.

(2) JDH+ ECAP /J, -+# 3D–RD ECAP
#>E+{-HX(=D&@ ECAP <=ip'&+>
B+f&+d+5C. ECAP/9D'&+>B+d+\
4(]#1-C]42(9DWB?I+Y[, %JD?
8wE+m6Zv'&>;�<.
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