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E_ Cirole -« Bliptical | Mul-'l:. # Linaar twisting : ¥ . | __ i [ --"'_] _ i - B )
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§ dy| | I }_I__L :

g Estruded length x fmm] | '
(a) (b) (c) (d)

Fig. 1 (a) Schematic diagram of NTE, and variation of rotation angle with
translation, rotation angle, shear strain and rate of shear strain of (b) TE, (c)
NTE and (d) NTE of whole channel
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dx dx
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DEFORM-2D/3D Z# W THH L2 L ORKRMEICBNT, 77 Vv BT
EEHDORCOWENEAELRWELZREL TWD, 7272 L., Fig.2 2B 2#RIHK
OEEOFEHELB I NELEZNEh e, BL Db, T 5,

— 103 —



_rdo

Jao

0= Ax)

Fig. 2 Definition of shear strain of non-linear rotation angle as a function of

translation

Table 1 Parameters of the NTE die.

The channel [mm] D0,©,®, parts 50, 40, 20,
Twist rate n 2
Last rotation angle of @

gmax 1.05
[rad]
Radius [mm] r 5.00
The major axis of ellipse

a 7.50
[mm]
The minor axis of ellipse

b 3.33
[mm]
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AIE LD, NTE ICL WV EASRDIEABOTHRIZ0.79 THDH, £/, NTE %
fltd SPD ik & e 5720, Y BEMEOTHEZR T 5, NTE O 3 DO %
BPHEOTHOXZEHNTRD D, 9, PR r OMBR»OEL a, il b OF
M RIS 5 RO DAY MO A 1%
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de?, = \/% [(defj)z + (de?)’ + (de?)’ + %{(dy}fy)z + (@) + (dyfx)z}]

SITC. def =dyh, =dy), =dyh =0, def =%, del = LY

o - B ]

PRI Q D FE 4 B ONT 1
de”, = jé[(dsf)z +(deB)’ + (de)’ + 5 (@) + (@) + (@r))

22T, def =def = def = dyf, = dy}, =0, dy}y =rCdx LV

- fac, - fif o i

Wrif IR 2 2 S RPN R TR @I O L Ak TH 5, LI »> T, NTE O
PSR TEAS N DAY BIEO T A0

P — p
£ 2221+a€17

P =2 (i In a) L 7Omax
\3 3 L

L7 oT, NTED 1 32H 70 OMLEOT 1L 0.82 &7 5,
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X 20000 THOEIL-MIEMEAE L, MEOIS IO T AR BER T Fig.3 (2
IRTT—H Wz, ORI LT T VX XRRE LT,

Fig 4 I NTE B X O TE (B LMTET VERT, 770 Vv 2k, &0
e kL uit%ﬁ)#%:ﬁ’éf%%bfmé Ty LTI EEMTH Y KB O
F LT D X DI E LT, NTE OB ITER 10 mm £ & 50 mm TH 5,
F7-. TEORBRHFIZBWT, BmlE—2 20mm OELFETHY . £ 1% 40 mm
Tbh b,
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Fig. 4 Analysis model

(a) NTE

Fig. 3 Deformation resistance of pure
copper (C10100 machining)
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3:2 NTEREIZXZHHLERGE

Fig. 6 |2 NTE &8 Oy R O AV G B 1B X O AN TR /MR 2 073, RIK©
BLORKOOGOEHIZUHEIIN LT 2. 7 —0 v b 72 TDICEFIR
Lo TS, HRBRICT - T, HR 9.5 mm B X UE X 30 mm O Hid 5k
a2k —{bo7- 923 K 3 LN 60 min 12 & 0 B A 4T - 7-, fH LIEE
I35 AE AR AGSO00KNT (Bt ffEpr i) 2 L7z, #H L#E (X 1 mm/min T
B FEBRIEEIL 100CE LTz,

B~ > e

ﬁl

(a) NTE die (b) Entire System
Fig. 6 Extrusion experiment of (a) NTE die and (b) entire system
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O 4 R HOWTHT 2 To il B OB E T LR KO O 2 T2 Bl LT,
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4+1 NTE %O/ - 55k

Fig 9 IZNTE @ 1, 2, 3B L4 X 2% O EBSD IZ L 5 fda A~ » 7 OHIE
R EZRTRBATLEMITE RZICBWTENENBEA (LTS = &
MR TE D, ABRAIMUITH O DICHRE BRI L L TWD Z ERbrd,
NTE M TLIC X 0 SR SN TWD Z E0NfERTE 5, —hF T, REBA P
LD D FEERLT S 2B DI E DR WIERIZZEL L T D TR ICEB N TS,
TE O LY ERITABA T ~OREEBII DN bbb, Ledis T,
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EFEZBND,

(a) Center part 1 to four pass from left

L~ i

(b) Edge part, 1 to four pass from left
Fig. 9 Orientation image map after NTE for 1~4pass of center part (upper)
and edge part (lower)

Fig.10 IZ NTE 0, 1, 2 B L W4 NREOYEFERRRZ~T, B F .0k &
OSMANT 35 THEIRE b BL BT S AL DI EVEAD LTV D 2 L3 bh b, £
72 NTE4 N A% 2B W TR bR 23R o s TOYMAlO M 5T 1w m LA
TeleoTHY, ZToMo SPD k& ik LT H A5 O L UL F THb ARk 23 AL
T&EheEZILND,
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Fig. 10 Variation of grain size with number of pass of NTE

Fig.11 {2 EBSD JIEIC L W B ik~ v T & rd, /IMEAKR(LAGB : 2°
=0 <15 )EHEMTRL, RMEMAKFMHAGB : 15° = 0)Z KM TRT, 2K
DAL AR I X OKRARLR Ol 723 L TRM L TW\Wd Z & 23ib
75, 1BIV2 SR EBN TR A MU X THOIZE < /AR S LD
KARKFINBTFEL TS, LL, 3BLO4 N2 2B W TERER LR Lot
B O/NRIFE L OKRBRFUCRERZT RN EAL LN D,

(b) Edge part of a billet, 1 to 4 pass from left
Fig.11 Misorientation maps by EBSD after NTE for 1 to four passes, (upper)

center part, (lower) edge part
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Fig.12 Misorientation distribution after NTE for 1 to 4 passes,
(a) center, (b) edge parts
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Fig.13 Fraction of high angle grain boundary after NTE for 1 to four passes
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