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Prediction of Texture Evolution in Equal Channel Angular Extrusion (ECAE) Using
Rate-Independent Crystal Plasticity with Rigid-Plastic Finite Element Method
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Recently, the change of mechanical properties and microstructural evolution during severe plastic
deformation (SPD), such as Equal Channel Angular Extrusion (ECAE), has been the subject of
intensive investigation because of the unique physical and mechanical properties of severely
deformed materials. In this study, two types of ECAE processes were considered, dies with
intersection angles @ of 90° and 120° using experiments and simulations. The decoupled
method, in which the rigid-plastic finite element method is incorporated with the rate-independent
crystal plasticity model, was applied to predict the texture evolution in commercially pure
aluminum during the ECAE processes with 120° and 90° dies. The simulated textures were
compared with a measured texture via an EBSD OIM analysis. The comparison showed that the
simulated textures generally were in good agreement with the experimentally measured texture.
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7|sMd9H ; = spin tensor
L _ . .
w; = lattice spin tensor
n" = slip plane normal vector 7 = shear strain rate
m'" = slip direction ¢,, = Euler angle
v, ;= velocity gradient tensor F, (o) = plastic potential
d,.j'.’ = plastic strain rate tensor 7" = resolved shear stress
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7 = critical resolved shear stress Gz B gEd 2ol T4 T oAl HA=
® = intersecting angle ko] A Fe FA HTbsjr), B ATt A]
Y = arc angle = AR 73 24§14 W3t Rate-independent

AR A 2EE | WHo R AASe]

1. ME Apzkol 90°9k 120°91 7 FHO TEERAUE
(Equal Channel Angular Extrusion, ECAE)*® &7

ditH oz A{FHE 54 ARELS 53 qgste] Wy AFxAS AFHUY. =9,
ZEet A 24 Tl RolHdoR eldte] th Schmid W& & 7% & 3+ Rate-independent 2 7
ek A EoFel A AW SlEAl A EE AR &4 BEe g Zdol JdItE R EAYE Tt
A, AATHoRE FEL dAAHOR o]FofX A7) whtol & Fwe] RAFA ZHE-3sh=
AR Aot 4% ol&sle] dste P4 & @A 2 H(active slip system)S A AT
AAE Zte AFeRE Albete 3L T2 9x, 7 itk A B AFoA = olE 53
dE 2 AAH 22 55 A4F TAHES F3 9 7] 918, Gambin™''ell 9]s] AtE T EAE
FolAw, oju TAF= A4 WP A= (Rounded-off corners)E& 7}A| & HF=elf &5
AAHES 54 g U=E A 7IEA H ol 7] %3t Rate-independent 274 AAAEHS
g H&E4 (Deformation texture)S WrAYA|ZIT), g3t} mg AAA RS A WE TS 3
olgjgt Wy Mgz AL AiE AE A7) fElA, B A HE 99 WHIE
ZIAA e F FFE MAA Ha, AFE 3 Zrjar 7F438kE Taylor 29 ARS8
AFY Fdolv & FA Fog Wy | A B} e 27X AA1050 A=S FEEZ

=% AR Wy JAFxAe TS oS53 UE TAHAS T TH FTol LA ¥F
7] A= Asde 4483 Fx, A4EH HA3=x4S EBSD OIM #A o= ZFHAsto] A<t
<497 d T8 wHEA aFsof AT A gk vdAd Ao R Aty Wy [z
TFe Lokl A AREE I e §F 84 A Aol v ustelt.
o] AS, 24 Wy Fdo TAstE A9 3
o= gk Wy JFxAe Ay e 24 2. REHR &5 §HE JIX|= Rate-Independent
A< EAS nEstA Xt 24 7tE T4 243 a9 1Y
oA AstE BE JFxAY TS d535H7]
AaAM= Fe 84 MY 24 A4 Blol o Hill#} Rice'?oll ]3] #|¢t¥ Rate-independent 2
AEojok gt} fg 84 AT AH A4 = g 2dee I PO E XA Schmid WA S AHE
ge] AARHOEE AZ (Coupled) A3 HA gt} o] & FHE IItEE HAZE 7HA/7V
A (Decoupled) Aol Uth'? A Ao A= ol A W T WA L85k EHA
freb 84 Agdold FAoA HA ol 28s FdsiA A4S 71 vk wEkA 2 o
[z weds Aststa 2+ dAve 2743 Toll A= Gambindl] ©]3) A|erE T BAEE 7}
A AT Yy J3zAe] JuolE Hr}, o) A= Fre$ g5 FHo] 7] %3 Rate-independent
Ak old d4 FAe #we AFE QT AR 2AQsHS 4!
A A Zro]l Frate] Had 4Y 4= A M 7ol EHA=EE 7= Aol dist,
Al Aol BrFsetth HAdAd A e WA EHA=EE 0"y, r=12,..,M 3 Zo] £
freb 84 AME Sl 24 TS e A "k o] W, n” & &9 HAd FAT o
WM& o2 (Deformation history)S Al2FslaL, o] & Eolil m”e &£ Wako 7o e W ot
AR A4 B gj¥go=r Argste] Wy I GAA o] & g ¥EES v 7Hgskd,
A4S AET o] W E Ak Za Y3 S gl 14 v = A1) Zol, MEE S
= F9olAe Wy JFAE wEA AL QA 4] o =3 ®A o, Z2ea Az 29 W
T Atk AHe] AW, #HA AF I o] 7+ A oop ol oz 589 5 U
Al A o] 7 A o] tha WA WE w|
At Ggol 2 TAE AFA %7 wwd v, =dj +o] +aj M
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d”+w _Z}/(r) (r) (') a)I:R R. (2)

ij ia”ja

AR A AR
Zolal, R Al H/] 248 Z(Euler angle)
@, °l oig 3]' olt}y. FEZE FE FHE 7HA
Rate-independent EH o= THA G A 44
St (plastic potential) $HFE (3= A

A
=
& Sk

1 lan (70N
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A7 ) er W
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Fig. 1 Geometry of ECAE die

Route A Route B, o
Route B¢ Route C

Fig.2 Schematic illustration of the two ECAE
processing routes A and C

Qe %A A4S depla Atk o F )
o] Ado] wAtetE wAZelw, wiE F Ao A
Qo| TR ARE dehli wEzeln. o
o wel 2712 wabel webd Almel el
Adge a718 28 & F gow) AL
AR FoAE 2A9 wuEgel WaA Ronz
HkE FA o] 7hEsie) Fig 19 EAIE Al 719 =
2 EDv ¢4=W3F (Extrusion Direction), TDE -+

MY Aol BF F£AF =WHEE  (Transverse
Direction), ND¥ ED$} TDeo| R% A
(Normal Direction)s WEFHTL. ECAE ¥4& WH
Mo FP w, g gl AEE 2AE 3
A 7= Wl wet A, B, B, 18 aCE T
= 09 7HE A E(route)’t EAH A 71 7
28 A g9 2AE 3 flo] Ul AgE
E ARola, Bty AEE &AE wWZol 7MY
190° 3| Al7]= 7he AREelW, B, 7t ARE
£ 90° 3 A= e A
2olal, C 7HE ARE 180° I HAAAAN tg @A
= w2 o)th o Fig. 20] ECAE®] 7}o 7
A9 S AR e
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2= AFdA = wAZo]l 90°¢F 120091 7 e
ECAE =& 71+

H
o AEeoldste] 248 Astel vwaglch.
4.ECAE 330IAMe HE Fet =7 o5

taq Ane &4 Wge
A4YEel slvel WHE, L3} 2k 7H4

2E €
3HE Taylor BE& ARESTES GAA ) A &gd
BE HA4e A Ane 4z AA-Ee] A
&3
L=[v,,]=D+W ®)
D = WHE H& dirola, w = 23 w0l
o et 84 siAel QoA 7 HEAHL
Nl ARHE 7= 243 AFAR AFdH
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obef el Fig. 3ol A el 7 A @
24 4 AnEA ECAE &AM faddy
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o4 4 sith mazel 90 Q)

120°91 AR AR WFol BYSE A
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F o, o5/ JFE &4 ¥y 99
d Axdol wedrty 452 5+

Effective strain Rate (/s)
8.23630e-001

7.20670e-001

6.17720e-001

5.14760e-001
/ 4.11810e-001
3.08860e-001

2.05900e-001

1.02950e-001

0.00000e+000

(a) Workpiece through the 90° ECAE die

Effective strain Rate (/s)
5.68280e-001

4.97240e-001
4.26200e-001
3.55170e-001
2.84130e-001
2.13100e-001
1.42060e-001
7.10300e-002

0.000002+000

(b) Workpiece through the 120° ECAE die

Fig. 3 Distribution of the effective strain rate for the
ECAE process with the (a) 90° die, (b) 120° die
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integration)& A&tk 5, {F¥ =45 dFs
AL H(Pointyx Agsti o] He x7] A
(0ol HF A (EH7HA == A
Eoto] §A (Flow-line)& 73+ ¥, 4

Askd &%= Gl (Velocity gradien)yE 274 &4

H
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FxAe] weg oSk Fig 400 90° % 12009
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Fig. 4 Flow-Line and velocity gradient fields for the
ECAE process with the 90° die
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Fig. 5 Flow-Line and velocity gradient fields for the
ECAE process with the 120° die
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Aol A dAl AEE "ojuER sl
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A PE g (111) pole figure

(a) (b)
Fig. 6 (a) Measured (111) pole figure of initial AA1050
(b) Random (111) pole figure for simulations

1)

(a) Measured pole figure
after 1 pass

(b) Predicted pole figure
after 1 pass

(1171') (111)
(c) Measured pole figure
after 2 passes in route A

(d) Predicted pole figure
after 2 passes in route A

Fig. 7 Measured and predicted texture evolution during
the ECAE process with ®=90°
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(a) Measured pole figure
after 1 pass

(b) Predicted pole figure
after 1 pass

(171717 ) (111)
(¢) Measured pole figure
after 2 passes in route A

(d) Predicted pole figure
after 2 passes in route A

Fig. 8 Measured and predicted texture evolution during
the ECAE process with ®=120°
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