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Original Research Paper Equal channel angular pressing (ECAP) is one of the most efficient techniques among severe plastic
Received 12 November 2015 deformation (SPD) methods that enhance the mechanical properties of polycrystalline metals by
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refining subjected grains. In this article, equal channel multi angular pressing (ECMAP) process as one
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of the effective ECAP methods on production of ultra-fine grained (UFG) AI5754 strips is studied.
Route C is considered as a multi pressing route and grey relational analysis is used as the optimization

Keywords: ; . . L P

ECMAP method. Geometrical parameters were taken as input variables and strain inhomogeneity index,

Optimization equivalent plastic strain and required process load were taken as the objectives. The suggested tests by

FEM full factorial method were simulated by FEM. Finite element simulations were done by ABAQUS

grey method commercial software and obtained results were validated by analytical methods and experimental tests.
Then considering all input and output parameters, optimization was done and optimum values of input
parameters were elicited. Also, the effectiveness of each parameter on the objective parameters was
obtained. It is concluded that, among geometrical parameters of route C, die channel angle (¢_2) and die
corner angle (y_1) have the maximum and minimum effectiveness respectively..
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Table 2 Chemical composition of Al5754 strip

Si Fe Cu Mn Mg Zn
0.085 0.247 0.011 0.138 2.828 0.004
Cr Ni Pb Sn Ti Al
0.014 0.006 0.003 0.000 0.007 Bal

1- ABAQUS/Explicit
2- Arbitrary Lagrangian Eulerian
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Table 5 Grey relational coefficient for objective parameters, grey
relational grade and simulation order

SS uye
azr o
4l _ e Sl g Sox perSle ojlad
3y -
oS Senl Y
13 0.568 1.000 0.365 0.340 1
23 0.429 0.456 0.447 0.384 2
19 0.484 0.378 0.704 0.369 3
17 0.520 0.885 0.333 0.342 4
24 0.428 0.493 0.409 0.381 5
4 0.708 0.437 0.686 1.000 6
14 0.545 0.899 0.403 0.333 7
25 0.426 0.378 0.524 0.377 8
12 0571 0.333 1.000 0.379 9
20 0.484 0.641 0.476 0.333 10
2 0.741 0.359 1.000 0.864 11
21 0.461 0.336 0.613 0.433 12
6 0.681 0616 0.481 0.945 13
9 0,597 0.354 0.639 0.798 14
22 0.449 0.342 0.562 0.443 15
1 0.786 1.000 0.359 1.000 16
10 0.594 0.353 0.824 0.605 17
26 0.383 0.333 0.333 0.484 18
5 0.690 0.429 1.000 0.640 19
18 0.490 0.461 0.473 0.537 20
15 0.540 0.798 0.342 0.481 21
8 0.606 0.333 0.960 0.525 22
11 0572 0.356 0.431 0.931 23
7 0.665 1.000 0.414 0.582 24
3 0.722 0.336 0.829 1.000 25
16 0532 0.387 0.553 0.655 26
27 0.364 0.424 0.333 0.333 27
0.9
08
® 07
B
S os
g o5
K]
‘E‘j 04 |
03
o
02
0.1
0 e e
1 3 5 7 9 11 13 15 17 19 21 23 25 27

Simulation number

Fig 8 Graph of grey relational grade
las ot plos sl 5,5 42,5 8 S8

3- Grey relational grade for each level

279

D Al il el Gy (2 e Lo el sl oIl (e Siks o7 (Slej
|X2 (k) — X, (k)|

X =1- maxX? (k) — minX? (k) ©)
abal) 5l Cesl by e el (sl o3l op i o5 (BG4
.6
. X2(k) — minx? (k)
Xi(k)=1- : - (6)

maxX? (k) — minX? (k)

5UT sl e X7 (K) sloymolly Lasls, ol 5o 45 55 e oolicid
5T 51 L ool e X2(K) 5 ialesT ool K o gely ool i 6l 6,5
5 5Y o bl 90 a8 @bl SOl nl o il pl D50 4 g
9 o8 oaliial 4 alal, el e il feS a4z e 155 SSeal oy o
S Sl g Jolae Stadly 255 SPD slavl ples )5 (izmesn
abuly 5l bl ol loanae @l cnlple Bl asls 1) Jlade o i
[21] o oolisl 6

655 po e -3-2-4
S S5 by s Silid g e SO g yhe w30 55
4 ool Cendy (65 o pd (28003 ghm el Gl Al e & el
Jso 2 51 65 card Gt lp om0 L | Lalyds o g oS5 S0
[23,22] 54 0 0oliznl 7

()

fl(k) - Amin + fAmax

A()i(k) + fAmax
5IUT 51 e ools (i3, Lol ewivs Apin sl el )b o] jo o
i3 Boi(k) +5,5 5UT 51 g aosls 35,) LS rmy5e Ay 55
oy (k) 5 Liulosl el k5o el el T sl (6,5 50UT 51 ug 00ls
68 Ly, jl alilazr &jgo ar 7 abaly glo el 5 S p2 il 5

Aoi (k) = [1Xo (k) — X7 (Il (8)
Apax= maxmax||Xg (k) — X; (k)| 9)
Apin= minmin||Xg (k) — X/ (k)|| (10)

salys (051) o3l o (00 o)lgan 6,5 oo &5 ol IS 4 p3Y

o0l )y e Gob 093 ST gl 4T Jgeyd o il g o

S g e G el S0 ()5 cupd Al jlke Sl Gl o
[24] 545 o 551033

265 azye -4-2-4

e ool T 4 65 cupe LS e oS el il 6 4o
Sl ol idles o SaS e Cle G 4 oliiws (gl osls Condse
[25] 55,8 oo Jol> 11 alayly Lawugs

1 m
Vi :EZE” (11)
i=1
arg bl )8 ez polin 5 Jgaz wilios 65 ax 0¥ ol o oS
A oo lis
Olyee oaims GLiS (g3 bl o (sl onal Cusay 65 oye
05 3 655 mlyd Gl sl age Sl @ o095 Ll s (Sus
sas a4 iolesl S 50 (6,5 Cupo 4 ol 0 sols lis (6,5 a0

1- Grey Relational Coefficient
2- Grey Relational Grade

2 o )laids 16 095 1395 ciuams)l (oo Suille wiie



VoD 9 YluisdsS (S 3piine Ylosy

2050 Sobwo HI3&91) SUILLS S (popg 3iard s 590 WAL S il )lwdise

S saims (lid Jlde ol 0,50 s 19 15 16 Lals, 511, (6,5 .56
AL e ke pl 4z e aesge Gl ]y Bae gl (Sos

)18 (53955 Fall 4 (5 5tie (Sadly abgpe (29,5 el

k
_ 1
B —E;G (16)
m
k=2 (17)
_ NB;;

NB;; = (Max;; — Min;;) (19)

Lol aeds Shaad Mol oo Kooy 50 6l 65 a2 0 B &
ool gl olass N

= oSl ke NBj 5] el (sl £ sl (538,36 woys By
2 G polie 8 Joao il gl o Gl 65 cupd e
a3 e (LaS (g, el 9, 15 6998 Sk

7o Febl as s, 1) 6osps sell e ISR 1T s
B 2sbge 4 K2 cnl 5l & pshailes amd e plas SIS S j9a
el Py 5l yden By sLlg; pled 0 Py el

coy g mbi-3-4

Solie B U cloadss 15 symse bl gled aSiyl 4 azg |
meled B U agly 5o sl S ol yo annl axsls wilss o ) (Solie
56 Jgozr o cilizs laglads SIST o)y oo 85 a5 o cilizee sl
b1 a2 3ty el 26 S ol (Las 9(aC) JSb (rizmen
S 0 Jol> a5 9(d) U 1 eizmen sl Py el 5l s
797 St 55, W2 91 P15 aw o DLl sy D90 0
rot35Le ool (59 i ol ol b ol i 4§ by 558
e 510 IS5 5o el K05 eite 99 4 Sl (555 pS perins 9
o Sar slo el plai (g9, Yo 5Py sl 90 536 T Jga o
oWz sl NS rite o el ceny amd Gl s
89.310% a5 ailb e by sy 155 agl; 4 by Gon slo el
165 a5y b byl 59, Y1 sl IS 236 (i 5 wiloe
ol 33.580% ] oo o5 ail e

8 Jsoz )0 (o> sl SO ST 5, 99955 sl el 6,135,550

Ay by )0 fally je 635 LIET Jgus
Table 7 Effectiveness of each parameter in optimum condition

el 2 (5,38 ,50 Y; b1
A
I R
R

=9 b 65; 5999 el )38 L8 Jeus
Table 8 Parameter effectiveness on each objective

O eSS SKeslcoye Y gomieeSle Y ¢y
46.344 27.855 12.047 P a
53.656 72.145 §7.953 W,

37.692 33.269 23.100 -
62.308 66.731 76.900 ¥,
33.048 5521 32.523 -
66.952 94.479 67.477 W,

2 o )loiis 16 095 1395 i)l (oo Suille wiiie

Sasi M alslee coyo Koipaw ;8 6lp 65 4234 Gob Laly; o
Olsie 4 ol Jhaie 6 Jgaz o il zshw ol N 5 Sliylss]
oot o5 Conl 0ud ;S5 6,5 Az clrosls (gly Mmarios — paysSLe"”
Jlade (pliall oo w12 6l (65 4z )0 aeS g At polie Jolis
el o sl ol o5t Y o sine ol 4 ol sl 58 s sl S
e 3 bl ol @l Sl ol gog oml 9 bl alas
Sy posis — oSl polie a5 was o lid 6 Jgux [28] sl s
85w Olgier o Sl W ) i By polie plad 2y yekie
2 o g, b1 G b b el iy 536 S

Dy oo oaaliva Py 9P el )l 93 polie il

L o5 &1,5-6-2-4

28l 65 420 5 gshe @ by pe Jouo Jloged b 0 65 SIS
5 0aiydS las s g e Al 4y bl D90 4 45 Wil o o
S8y mrhas aw jo gly onel s 4y (6,5 BIF 00 F o oy bl
YU Sl [SLas Jloged cpl 0 o vl oas ools las 9 IS o
o g el g g Rl Ol e cd (fiee (IS L oS 005
by 48 e e s 9 IS GldlS 00 0 5, o8 linles]
et b ek it zolaw )3 i b 639y (owie laaie
& Sy xS nl & Olges WS oy n ) eies g 0S5 (el
V2 D1 w295 Full v v g, o slaylly )8 50
L)

2 apte by s 50 ialyly b (g IS 3l - 7-2-4
Cowdy 14 alayly 5l oolal b ange bl o melil o (6 08,50 ol
iyt Mo parica 5 ke parSle o Jolis NAy; o1 jo o5 syl
B 5,08 50 enms Gl (15 A.Ia,»‘)) Col zhw o ly S
50 ayial)ly (6 185 50 oo aulone gl gy Ll jo il
ools )Lis 10 IS 5o e el )b (6,138,506 1,5 ol o0 00,91 7 Jgam
3t LS Pn el )80l Py 4 bage Sl ol

ol Py gl )l
NA;;
a = [mi”_] x 100 (14)
_ ZENA

5295 bl p» (5956399 Felyl (5,108 3L -8-2-4

ol Olgee &5 9,8 e U Ban eyl 69, 69959 Sl 2

gl o slp 65 42,56 Jgu
Table 6 Grey relational grade for each level
gl 2 slp 55 azyo bugie b el
Tobe
e~ oo She [
o rM-’)S 3 2 1 i 1
0.058 0.514 0.552 0.494 [ 145
0.160 0.588 0.428 0.544 Y,
0.026 0.588 0.576 0.562 Py 155
0.219 0.431 0.644 0.650 Y,
0.076 0.539 0.615 0.573 Py 165
0.150 0.523 0.531 0.673 Y,

1- Grey Relational Graph
2- Parameter effectiveness in optimum condition
3- Parameter effectiveness on each objectives

280



VoD 9 YluisdsS (S 3piine Ylosy

2050 Sobwo HI3&91) SUILLS S (popg 3iard s 590 WAL S il )lwdise

L 165y by ke 85 Sles 5% 4l 31|, b i 855
V2 asly o2 5kl azyo 165 plndy aSiiley (izen 35S
plxl sl oY s s B8 el (e (55, 1) 6,18 30 (i
@) (Sly i (295 Pl (85 meaSle )8 oo wanl

A1 o L a0 145 4l (1) B U assly 40 g Py asgl;
5 el Sl By a4 5 il Ll i 5 s

el 00 3119 Jga

S5 4o =S
Sleolatul b ails 5y 558 slodens adgs 0 ECMAP o018 (o5luaiay
S5 gy 5l Silwaine slp o plxl AIST5A 5T (g5, 2 9 C pane
oy (638,506 (e (uizeed g aige polie (105 lay (Sl a5
sbls; 5 B bzl sbls) B pwsin (gla ol o eolil o)l

100
Pl my2
80
g
2 60 |
e
L
2
S 40 F
i
20 |
0
145 55 165

1!
Die channel angle (o¢1)
Fig 10 Parameters effectiveness in optimum conditi

a5 Sy 5o 535 56 10 S

100
S

80 [
Lo .
2 - -0-yl, ®1=145 —o—pl, P1=155 o pl, d1=165
=
(<
>
3 o. -®-y2, P1=145 —=—y2, P1=155 = P2, P1=165
Ea0

20 |

0

Maximum required load  Inhomogeneity index Plastic Strain
Fig 11 Graph of parameter effectiveness on each objective

o Aol 5y oays sl 613 36 11 Ul

Lty cp 5 g e 9 Jgoer
Table 9 best and weakest conditions

blpd o e

$1
Y2 Y 23 Py
35 35 70 17.5 145
50 25 0 25 155
30 15 0 15 165

281

0.6
a ¢, =145 2

Y ——

Y, --e- s

0.45} .
4
¢
b ¢, = 155
0.7t Y —a— .
Y, --e-
0.6f _
2 05f T
wn .,
>
< .
g: ‘e
= 04
S o7
= c ¢, =165
& 'Y Y
> \\\ 1!’2 -—@--
065 N .
(O] A

Levels

Fig 9 Grey relational graph: (a) ¢,=145°, 1, and vy, are variables, (b)
$,=155° 1, and 1, are variables, (c) ¢,=165° ¥, and ¢, are
variables and (d) ¢, ¥, and i, are variables

Y 51 P1=155° (b« ysne Dy 1Py P1=145° (@15 G159 IS
ey 9Py Py (A5 psze Py 5Py P1=165° (C e

X0l o oS il Jeols azel ol el ool ools las 11 S

2 o )laids 16 095 1395 ciuams)l (oo Suille wiie



VoD 9 YluisdsS (S 3piine Ylosy

2050 Sobwo HI3&91) SUILLS S (popg 3iard s 590 WAL S il )lwdise

[13] F. Fereshteh-Saniee, M. Asgari, M. Barati, S. M. Pezeshki, Effects of die
geometry on non-equal channel lateral extrusion (NECLE) of AZ80
magnesium alloy, Transactions of Nonferrous Metals Society of China, Vol.
24, No. 10, pp. 3274-3284, 2014 .

[14] J. Jung, S. C. Yoon, H.-J. Jun, H. S. Kim, Finite element analysis of
deformation homogeneity during continuous and batch type equal channel
angular pressing, Journal of materials engineering and performance, Vol.
22, No. 11, pp. 3222-3227, 2013 .

[15] A. Shokuhfar, O. Nejadseyfi, The influence of friction on the processing of
ultrafine-grained/nanostructured materials by equal-channel angular pressing,
Journal of materials engineering and performance, Vol. 23, No. 3, pp. 1038-
1048, 2014 .

[16] Y. Iwahashi, Z. Horita, M. Nemoto, T. G. Langdon, An investigation of
microstructural evolution during equal-channel angular pressing, Acta
Materialia, VVol. 45, No. 11, pp. 4733-4741, 1997 .

[17] A. Nagasekhar, S. Yoon, Y. Tick-Hon, H. Kim, An experimental verification
of the finite element modelling of equal channel angular pressing,
Computational Materials Science, Vol. 46, No. 2, pp. 347-351, 2009.

[18] H. S. Kim, Finite element analysis of equal channel angular pressing using a
round corner die, Materials Science and Engineering: A, Vol. 315, No. 1, pp.
122-128, 2001 .

[19] G. Faraji, M. Mashhadi, K. Abrinia, H. Kim, Deformation behavior in the
tubular channel angular pressing (TCAP) as a noble SPD method for
cylindrical tubes, Applied Physics A, Vol. 107, No. 4, pp. 819-827, 2012 .

[20] U. Caydas, A. Hascalik, Use of the grey relational analysis to determine
optimum laser cutting parameters with multi-performance characteristics,
Optics & laser technology, Vol. 40, No. 7, pp. 987-994, 2008 .

[21] D. K. Panda, Modelling and optimization of multiple process attributes of
electrodischarge machining process by using a new hybrid approach of
neuro—grey modeling, Materials and Manufacturing Processes, Vol. 25, No.
6, pp. 450-461, 2010 .

[22] S. Khalilpourazary, P. Kashtiban, N. Payam, Optimization of Turning
Operation of St37 Steel Using Grey Relational Analysis, journal of
computational and applied research in mechanical engineering, Vol. 3, No.
2, pp. 135-144, 2014 .

[23] C.-J. Tzeng, Y.-H. Lin, Y.-K. Yang, M.-C. Jeng, Optimization of turning
operations with multiple performance characteristics using the Taguchi
method and Grey relational analysis, Journal of materials processing
technology, Vol. 209, No. 6, pp. 2753-2759, 2009 .

[24] K. Palanikumar, B. Latha, V. Senthilkumar, J. P. Davim, Analysis on drilling
of glass fiber—reinforced polymer (GFRP) composites using grey relational
analysis, Materials and Manufacturing Processes, Vol. 27, No. 3, pp. 297-
305, 2012 .

[25] J. A. Barrios, A. Cavazos, L. Leduc, J. Ramirez, Fuzzy and fuzzy grey-box
modelling for entry temperature prediction in a hot strip mill, Materials and
Manufacturing Processes, Vol. 26, No. 1, pp. 66-77, 2011 .

[26] H. Lu, C. Chang, N. Hwang, C. Chung, Grey relational analysis coupled with
principal component analysis for optimization design of the cutting
parameters in high-speed end milling, Journal of materials processing
technology, Vol. 209, No. 8, pp. 3808-3817, 2009 .

[27] L. K. Pan, C. C. Wang, S. L. Wei, H. F. Sher, Optimizing multiple quality
characteristics via Taguchi method-based Grey analysis, Journal of
Materials Processing Technology, Vol. 182, No. 1, pp. 107-116 , 2007.

[28] J. Kopac, P. Krajnik, Robust design of flank milling parameters based on
grey-Taguchi method, Journal of Materials Processing Technology, Vol.
191, No. 1, pp. 400-403, 2007 .

2 o )loiis 16 095 1395 i)l (oo Suille wiiie

€F S s giludigr 50 599y slayully Glyia (ladyS Ll
A 4 das i Sl b el slaad CJB 0 vgzse ()l 4 azgi b aiad
w0 ol Jolre Saodly (13,5 i yol)ly a0, oy rals sae
79 Syl Olen (19,5 (S5eal cupo g anld 6l Y o
S8 ,50 Jelge a5 ols lis g5lwaigs i bled giludigs al)d o
awlie 5l aiibie Py 92 P1 by (e bl 4w o g,
S 0 Jol> axs ol (Y 5Y) Lol loasys ull g0 It
oezed SIS i 8 (2 bl SESS e, P2 sl
al sy 16 o)leds Gialos] cwaie slasog,g polie b bul s o e

Ailge 42500525 155 ol s Yy 5Py @y polie ] 0 45

&=10-6

[1] Y. Huang, T. G. Langdon, Advances in ultrafine-grained materials, Materials
today, Vol. 16, No. 3, pp. 85-93, 2013.

[2] R.Z. Valiev, T. G. Langdon, Principles of equal-channel angular pressing as
a processing tool for grain refinement, Progress in Materials Science, Vol.
51, No. 7, pp. 881-981, 2006 .

[3] S. Arab, A. Akbarzadeh, The effect of equal channel angular pressing
process on the microstructure of AZ31 Mg alloy strip shaped specimens,
Journal of Magnesium and Alloys, Vol. 1, No. 2, pp. 145-149, 2013.

[4] J.Y.Park, D. N. Lee, Deformation and annealing textures of equal-channel
angular pressed 1050 Al alloy strips, Materials Science and Engineering: A,
Vol. 497, No. 1, pp. 395-407, 2008 .

[5] I. Sabirov, N. Enikeev, V. Kazykhanov, R. Valiev ,M. Murashkin, Ultra-fine

grained Al-Mg alloys with superior strength via physical simulation, in
Proceeding of, IOP Conference Series: Materials Science and Engineering,
pp. 012042 .

[6] K. Nakashima, Z. Horita, M. Nemoto, T. G. Langdon, Development of a

multi-pass facility for equal-channel angular pressing to high total strains,
Materials Science and Engineering: A, Vol. 281, No. 1, pp. 82-87, 2000 .

[7] H.S. Kim, Finite element analysis of deformation behaviour of metals during

equal channel multi-angular pressing, Materials Science and Engineering: A,
Vol. 328, No. 1, pp. 317-323, 2002 .

[8] G. Faraji, M. Mousavi Mashhadia, Plastic deformation analysis in parallel
tubular channel angular pressing (PTCAP), Journal of Advanced Materials
and Processing, Vol. 1, No. 4, pp. 23-32, 2013 .

[9] G. Fargji, M. M. Mashhadi, S.-H. Joo, H. S. Kim, The role of friction in
tubular channel angular pressing, Reviews on advanced materials science,
Vol. 31, No. 1, pp. 12-18, 2012 .

[10] H.-j. Hu, D.-f. Zhang, F.-s. Pan, Die structure optimization of equal channel
angular extrusion for AZ31 magnesium alloy based on finite element
method, Transactions of Nonferrous Metals Society of China, Vol. 20, No. 2,
pp. 259-266, 2010 .

[11] T. Suo, Y. Li, Q. Deng, Y. Liu, Optimal pressing route for continued equal
channel angular pressing by finite element analysis, Materials Science and
Engineering: A, Vol. 466, No. 1, pp. 166-171, 2007 .

[12] A. Nagasekhar, Y. Tick-Hon, Optimal tool angles for equal channel angular
extrusion of strain hardening materials by finite element analysis,
Computational Materials Science, Vol. 30, No. 3, pp. 489-495, 2004 .

282



