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RT, ZIUD OFERITERICRL O 150-30%
M EORBENPRKE ERRD 300-30%44 &
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ToOMmENELNTZ,
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776
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INBEDERIRBL - X0 REDEHIR & Kh SRR
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RO AMIERBMAIIE THERMUESR

B RS SR ML DG SR AL

1. IL®IZ

AR 2018 45 1 HICH R LIz ilm

['T. Koizumi, M. Kuroda, Grain size effects in
aluminum processed by severe plastic deformation,
Mater. Sci. Eng. A 710 (2018) 300-308 [1]. IF
3.414 (2017) | IZOWTHIFRL, REL-D
DThDH. Km0 F ¥ OWFFeii ke
Advances in Engineering XV, THFHIZE
BLRWFERCR (BT B O b 20 Y
W, FRPGE0.1%LLT) & LTEE - #1 [2]
S, 2019 4F 2 H R TS OB EE D25 9
o8| H»&H 5 (google scholar) .

2. s

FABEO AR IR L | IAE SRIEE d D-1/2 SRIZHE -
TEMZENT 5 Z ERmbh Tk, =
AUl Hall-Petch @B & IETH TV 5 [3],[4].
TER DBILEL % £ 5 [EIECITH L 7 & DR £}
INLiEZ W T2856, 5 pm LU F OSEEJRS AL
£ (LUF, fhdmhifte Rit) AT 5B
BIOERNRNEE L 72 5. BEHFOMIC,
RO AN TAZ B 2 AT FEBRAFE AN ATAT
NTETRY, ¥r73I7vrnbt/4—4%
—DREBRIRE AT D 7RO B E 2
BONERT D5 Z ERFRE L le o7z, RO
HIMTORFR 2 T71E L LT,
channel angular pressing (ECAP) [5],[6], high
pressure torsion (HPT) [7],[8], accumulative roll-
bonding (ARB) [9],[10]3 % F Hivd. b
DINT 5% T orss s kL)@ (2B 9%
WF7EIE, FEEICETRE CTrtERE e @B OH L

equal-

MHERIEIC T o —FE

T R S SR AT
PR BARE BN /NRIETT

Wra T4 7 ERDIEEMAFLT, £<
DIFFEE N L - THEBIIIThN TE -
[11]-[24]. Tsujietal. [11]i%, 10 um 7>% 0.2
um DS eI 2 A3 % ARB I L S 7o/l
NV =0 L EARRSEN (IF ) 2 AW ThlsR
AR A T L7z, OT AN TIC X o TR
RIPEDMM L SV ToAEECIE, I LA O K}
FVHBIRBEPAFICRDZ AR L
7-. Kamikawa et al. [23]i%, ARB JIT. & B&dh
IZX o THERLES N7 VS =7 AR ORER
SR &G RIR DBk & 71, Hall-Petch DB
FRIZOWTEZE L. ZOFERTIE, H1HIC
6 1 7 LD ARB I TAZ L » Tkt & /RS
L, BRx 72REE ST X 2 Be RO 7 sl 2 0
25 Z L TChERL AR AL LTz, fE6I1E, #
pe RS 10 pm AT O FEPHIC IV T, AR
& AR TR EE O BALR D3E R D Hall-Petch o Baf%
MHREL T 52 & A /RL7Z. Gaoetal.
[2411%, IF S DWW TIRERD FEEBRZITV, 4
pm A Ol SR OFEPHIZ BN T, FLL
FWBRIRELZ - b3 2 2R LT,
W, MOPTHRIMTICEL > TERSh -8B
BHE, BT OBITITHE, HEROBYEN
TH &0 BFERINIC S < DERAL (Rah K
ba) #Eiel FHIEND. DEV, ROTH
INTH ORPEIREENE, HE R DA BN
2T, HAALIZBES 5 Wi bR i ko T
flxiLd LIS,

Kamikawa et al. [23] %2 O Gao et al. [24]1%, £
B C O BEFE R I\ TR SRR OB N & J
(ZHRALHE FE DR DS 2 B 2 & A RHEREE O
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sAbE T L& W TORKEE L7=. Gubiczaetal.
[25]i% ECAP N & 7-4J& (Al, Al-Mg
alloys, Cuand Ni) (23T, HFH—irftle L
T, SR OMAMEIZ X D9k &2 B ET
\Z Taylor A [26]iC X % #sfr B D 5R (kD AT
MR 2 Gk TE 5 Z & 2R Lo, T4,
Cizek etal. [27)i%, HPT I L&/ EEDIF
OB ZOWTHIFE LT, Z 0T —X
FRMT CRER SN RIBE X~ A 7 n ey
— AREFEINSHEE Z4,  Z ORARIE LI THRNAL
& A R BEE T 2 i R LA O 5 512 K
HZEEHLMNI L., F7, FERRIEICREY
YA b EE, A EAY 72 Hall-Petch @ BEf%
IZHED Z BRI L TR, T —Ziric X
> TR &N 7= Hall-Petch 125k k 23tk D 7
=74 ML —ET 5 Z L& L7 Krajiiak
etal. [28]i%, ECAP I T.&h7-F %D AX41
~ TR YU LGOI K ORI
REIZOWTHIZE L=, FEBRFER O T — X fifhr
EIAHZLicEh, 8/SADECAP T %
FA"C OERNT K O SRR B9 % 5k & s
A% THHI L ERB L.

Wo T, MOTHMTIC L > THRESh - F
FOEBMENZEB T, BRI IR 55
BRI R OB S IXFERITIFEFE S T
V. EBIE, BOTHRIITAZ X o ThGaRIEE
DS S TR BE & BESIIC K TR
DHLRAL ST RHT 381F Bt s B s
A% THLIMIARATHS. Bk, Zhbo
R DWW T4 A BRR 35 B AL TN 72
VY. ARHFZETTIE, ECAP T Gt I ok
fbSNTfbib vt a9 o 7 AREL, 8
/XA D ECAP NNLAS 2 sl L T BEREAIITHLR
bbb e a3 50 7 AEEE AV
T, TERMT NI =0 AORBRIREIZ KT
TG RPN R A BB T 5.

3. ZEER
31 A

AAFFEOFEHE, EEE 9.95mm, £ X 60 mm
DOTERMT VI =7 A (A1070) Itz H
V. ECAP L Z4T 9 il 425°C, 1h THE
AT o 72, BESE X7 AL ECAP I T.o>
HFEM TH D720, Lk 0 A LRl T
%. ECAPINLIZHIT HfEEIE, 1 /32T &I
ARELO R FI7 mHhE v 12 90°[RIfE X H /L—
kN Be &M L7z, EEIE D/ & R 7= el
T, I FFFERORERIAG O D Z LR
FNHNTUWA[29]. ECAP & D FEHM K Y
ECAP I LM OalkHE#IFE R & Fig. 1 IZRT.
SROVT B AN AT K 2l sl o s i & BEST
(2 L DGR AR IC BT, AEHR
JEIZ 52 DAERRIR DN RDRE TH D i
FET A7, 2 o0REHEEHE L. 1
OFEHEIL, #FEAY7e ECAP INTIC & - THE
R LR BRI S 7z 7 v —T7 T h
% (LLF, ”Refining approach” &4 %). %5 2
OFEHEIL, 8 /XA F T ECAP I T. % Elii
L, #EVCThkx 7o liE CTOREM 21T > ThHtdh
ki % BRI L S BT 7V —T Th B
(LLF, “Coarsening approach” &4 %).
Refining approach (Z vy 2 3EHE 1 /S 2447
H8NAMETIANRRAITELICHE L.
Coarsening approach (Z i\ 2 Bt D eSS4
% Table 112”3, 2405 OBERLSAFIISCHER
[23],[30]& & &Iz LT-.

(a)

W= 36.87\

Specimen

(b)

Normal direction (ND)

Transverse
direction (TD)

Extrusion
direction (ED)

Fig. 1. Schematic diagrams: (a) ECAP die; (b)

material coordinates.
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Table 1. Annealing conditions in the coarsening

approach.
Sample Annealing conditions
8 passes (As-ECAPed)

8 passes-O1 175°C0.5h
8 passes-02 175°C6h
8 passes-03 175°C 6 h+225°C0.5h
8 passes-04 175°C 6 h+250°C0.5h
8 passes-05 175°C 6 h+300°C0.5h
8 passes-06 175°C6 h+350°C0.5h
8 passes-O7 175°C6 h+400°C0.5h
8 passes-08 175°C6 h+450°C0.5h
8 passes-09 175°C 6 h + 550°C 10 min

32, FEARRIR

FAEM ORI RRe d (LT, flio7
DRI EMES) ([ZOW T, EBSD % HUCH|
E L7, BIEICITINEEE 15V O ERE 8
PhEEdEE (JEOL JSM7600-FA) (ZR%E Sz
T AL A BESEE S 2 7 4 (OIM, EDAX)
Ze A2 RE s & A RR OB RS R
Table 2 |Z777". OIM Z W TR ZRET 5
7oL, BT Db RLOFFR A %
RETDHMEND D, — R ECIE 508
D H, ECAP I LANE S L= A BTl
2RV BN BH[31],[32]. AWFETIX, ZhE
%7212 Refining approach Tl 2°, Coarsening
approach TIL 5°OFFA AL &R E LT,

Table 2. Parameters of the Hall-Petch relation reported in the literature for pure aluminum at room

temperature.

oy NI ey Retees
1 99.99 18-400 9.7 41.0 [23]
2 99.999 35-1300 5.6 41.1 [43]
3 99.99 71-760 8.5 47.4 [43]
4 99.99 30-490 9.0 63.0 [43]
5 99.99 33-155 12.2 10.0 [43]
6 99.99 35-180 17.0 13.0 [43]
7 99.98 25-1000 3.0 32.0 [43]
8 99.9 15-320 3.0 60.0 [43]
9 99.7 16-40 15.5 36.0 [43]
10 99.5 15-240 18.0 25.3 [43]
11 99.5 12-1200 16.0 40.0 [43]
12 99.2 25-1000 11.0 43.0 [43]
13 99.0 20-200 14.3 65.0 [43]
14 98.65 25-150 12.7 30.0 [43]
15 99.50 35-400 17.2 42.4 [44]
16 — — — 68.0 [44]
17 99.70 15-220 9.2 83.1 Present work
Average 11.4 43.4 No.1-No.17

Standard deviation 4.7 18.9 No.1-No.17
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iR, (SHEFEE (C) 2301 R DT — 4
ZBRO TR L7, EBSD JIEN LA B i
%%ﬁﬁ%ﬁvy7(WFvy7)®—W%
Fig 2 (2R, 1pass MDA (Fig 2(b)),

PROFFRAE % 2°1 _prfut Zi% 443
um, S5°ZERE L2 11m5wnk£ﬁ
-, ECAPJJDIEP b STy VTR )
ALK, AT ok AL, K
WNHERIZ 2 < OEFESRRINAERR L TV D Z &R

WT&ED. Bk TDLH1C, FRAKEDOR
U tﬁl#éﬁbw‘i@ﬁ ROEENT, A
FEORE %ﬁ%zﬁ:@zm\

ED

’

Flg. 2. Examples of EBSD crystal orientation maps.
(a) 0 passes with a tolerance angle of (TA) 5°, (b) 1
pass with TA 2° and (c) 8 passes with TA 2°.

33. R

HAA7 2% EERIE 1L, XRD HIPFEEE  (Rigaku
Ultima IV) % fv T Williamson-Hall 7% [33]-
[B5]iC L 0 Feffi L7, MIESLMFIE, CuKaf,
40kV, 40mA, B 7V U 71E 0.01°, A¥
¥ U AE—FR1°%min TH Y, (111), (200),
(220), (222), (311), (331), (400), (420),
(422)D 5t & JE L.

Refining approach & Coarsening approach (Z &
LENLEIE DAL A Fig. 31RT. =T —
—% 3 B ORE BT D I KAE & /Ml % 7=
9. 8 passes-O3 K\ 8 passes-04 D7 /LT
X 1 EIOREFRER DA DI DT T —/"— 3R

L T2\ . Refining approach Tl 1 pass @

ECAP N L CHANLE D R KICET 5. £ D
%, ECAP N LZ#:v R4 Z & T, KAEDHK
A EAMELE S U TENTB MK T LT <.
BN EFARAE L 720, BB LRI
() 1.6 um) 2fafnd 5. 8passes #f DHENL
BRI, 1pass MO FEETH T,

d [pm]
200 50 10 5 2 1
0.8 1 L 1 L 1
i Refining approach
L 07 S
= l 3 passes
= | pass
S 0.6 1 2 passes 44 passes
RS
=
@ 7 passes
S 04 5 passes
Q HERTL
=3 T T }S passes
=
S 033 6 passes ;,-
é 3 // # 8 passes-O1
0.2 1
% 8§ passes-02
& o1 ] Coarsening approach
8 passes-04 m m8 passes-03
7 +—r——T—Trr-rr"Tr—

Fig. 3. Relationship between dislocation density and

grain size.

ECAP L Z & DR FE & & DHEREIZ D
TIE, #i7 /LI = 2 (99.99%, 4N) [ZBH LT
WA ST SCHR [36]DAE R E —Ed 5. Sk
[25]Tli%, 4N OFLT /L I =7 LD
[FRRICHIE 7228, & OMEHE L STHR [36]
K ORIEDOFER LD b 3505 5 FFRE K
Mo lo. BB L XRD HESCERAH L
FHRFEIKTT 5. o T, EBBIEEICE
LCEREMNREmA T 52 & IINETH D &
SA25. TRICHLEP LT, [K/XA® ECAP

ML TEMNBEN Y —7IZEL, T0%OM
T CERIREIZMm D> TEANTBEN DT

AL, ZAboifgEicm L Tz, K
ﬁaiuﬁ (HAGB) OE|&IE, TROT A0 T A
VIRT Z &I L o CHEGERIZHEMNT 5 Z &

HHINTWD [32],[37],[38]. SCiHR[38] Tl
HAGB M afz 2RI AN H 0, 8O
BINTLAZ X AT O R% & HAGB I BT s

RLDOWINAIIERIRAE & 720, BT EHIR

-905 -



HEIZR D ZEMRBINTND.

Coarsening approach (Z33V T, 8 passes-O1 &
8 passes-02 D FEFDHANT X 6 passes 7> 5
8 passes DFEL DR EIZILHE L TV, 8
passes-0O3 & 8 passes-04 DI HE X Z 5
DED 10%FEEIZAHEIZI L7z, 8 passes-
05 75 8 passe-08 |2 LTI, fEEMEDm
(785 BE OOl % Williamson-Hall 77 & BufS4-
D ENTERDST. 2D OFREOERNL
BEELL, SEARITHESRL S IR B C ORRNLEE
UL D E TR T L& B2 b5,

34. 5liEaER

SRR A I 5 7=, & TO ECAP IIL
b 52 SOVREERBR AT BEOIN T L7z, 3R
R OIIR, ~Tik, OFRr—y GRSl
FLA2) DHEFHZEIZSWT Fig. 4 1277, 5l
sRIERIL T HER B (Shimadzu AG-1S 50kN)
ICNELEL Y 72 B0 £, Ry 7 LR A
DOFFFEI TR I T L 0T o 72, FIITOT A
B IE 0,001 sTIZRRE LT,

refining approach % UX coarsening approach (233
\F % 2% % TOEIG-RHOT A Bk % Fig.
51ZRT. RST 5 40% £ TORFRIEGTI-AFR
O BI% % Fig. 6 129", Refining
approach (Fig.5 (a)) T, 1 pass#f® 0.2%ifit
71 (Moe) I 0passes M DFN LD 6 1%
FREEHIN 228, KR b O3 M3 2

(T7bb, KPFIZBIT S 39.2 um 75 44.3
um). XFRRAYIZ, 8 passes 4D 0.2%ifif /713 1
pass A IZ L~ ThHh3 s 1.2 (R EE OB
% 5. Coarsening approach (Fig.5 (b)) T,
8 passes-O1 7> 5> 8 passes-O4 (Z /T THA O
bPlk k%68 279", 8 passes-O1 #4 & -02 #4
D 0.2%lfit /11 I T F 8 Th % 8 passes #4 D
FRE EES. Znbo 3 >0RENE, 1FIE
FEORZE (T7205, K 16225 1.8um)
EHLTWAIZHEAD LT, 85 170G
B L. Z @ “Hardening by annealing” Hi

L1, Y73 nr A —F—0RiREEAETSH
TERMT VI =7 A (A1100) & OVIF D
ARB I THIZ Lo TRRIZHE ST\ D
[40],[41].

Extensometer
(Both sides)
M9-0.75 |« > Strain gauge
/ N R4 (Both sides)
~1 /
NN
15 \ 8 \ 15
< > e > e >
y (44)

Fig. 4. Shape and dimensions of the specimen for
uniaxial tensile tests with positions at which wire-

strain gauges were pasted.

oYy 180
a ] " :
@) { Refining /7 passes, 2.3 um (TA 2°)

& passes, 1.6 pm (TA 2°)
160 ] approach | =

140 ] ——— —
£ 120 7 S —
= 1 : s MY 6 passes, 2.0 um (TA 2°)
= 100 ] ‘\\ . S\ S passes, 2.8 um (TA 29)
4 1 : US4 passes, 3.1 um (TA 2°)
£ wd [ N3 passes, 4.3 um (TA 29)
w 1 2 L, 6.1 um (TA 29)

! : g
EE 60 4 ; Young's modulus 4.4 um (TA 2°)
b ; -0 passes, 39.2 pm (TA 5°)

40 4 ! 0.2% proof stress 7 e e

] 5 e
0] L ——
0 g T T T
0 0.005 0.01 0.015 0.02

Logarithmic strain

180 ;
(b) 1 Coarsening ;
160  approach  ;

——" 8 passes, 1.6 um (TA 29)

—

140 1 “
P ] ’ '8 passes-O1, 1.7 um (TA 59)
2 120 ] : 8 passes-02, 1.8 um (TA 59)
= 1 . D — - .
o 100 5 i T8 passes-03, 3.2 um (TA 59)
] 1 : 8 passes-04d, 4.7 um (TA 5°)
80 9 'y Yo o
© ] L}y TOUDES modulus /.N passes-05, 17.3 pm (TA 5°%)
= 60 3 L ) /8 passes-06, 15.8 um (TA 5%)
= ] { /0.2% proof 5[11'.\'5// * 8 passes-07, 34.9 um (TA 5°) |
40 1 L ——

20 4}

~ 8 passes-O8, 137.0 um (TA 5°)
8 passes-09, 218.5 um (TA 5°)

0 0.005 0.01 0.015 0.02
Logarithmic strain

Fig. 5. True stress—true strain curves obtained from
uniaxial tensile tests with the grain sizes: (a)
refining approach, (b) coarsening approach. ‘TA’
stands for the tolerance angle used to determine the
grain size.
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(a) 180
8 passes, 1.6 um (TA 2°)
160 /7 passes, 2.3 um (TA 2°)
6 passes, 2.0 um (TA 2°)
140 ] 5 passes, 2.8 um (TA 2°)
= 4 passes, 3.1 um (TA 2°)
% 120 3 passes, 4.3 um (TA 2°)
= 2 passes, 6.1 pm (TA 2°)
@ 100 ]
=
w
E 80 1 pass, 44.3 um (TA 2°)
‘E 60 ]
o ]
zZ 0 0 passes, 39.2um (TA 5°)
40
20
0 Refining approach
0 0.1 0.2 0.3 0.4
Nominal strain
(b) 180
8 passes, 1.6 um (TA 2°)
160
140
‘T
o
S 120 4
2
2 100 4
=
w
= 80
=
g 60 4 passes-06, 15.8 um (TA 5°
z
40 8 passes-07, 34.9 um (TA 5°)
8 passes-08, 137.0 um (TA 5°)
20 8 passes-09, 218.5 um (TA 5°)
0 Coarsening approach

0 0.1 0.2 0.3 0.4
Nominal strain

Fig. 6. Nominal stress—-nominal strain curves
obtained from the tensile tests for (a) refining
approach and (b) coarsening approach. ‘TA’ stands
for the tolerance angle. A pair of extensometers
(Tokyo Sokki RA-5) was also set at opposite
positions across a diameter. The elongation of the
specimen was taken to be the average of the data
recorded by the two extensometers. The ‘gauge
length’ for computing the nominal strain was taken
to be the value giving a strain value identical to that
obtained with the wire-strain gauges in the elastic
deformation range. After yielding, the nominal
strain determined by this method may not be a well-
defined quantity due to the plastic deformation that
occurs in the round parts. However, we consider that
such apparent values of the nominal strain are useful
for relative comparison of the ductility of the

specimens.

AWFFE D EERFERIL, ECAP I LEN/=3 7
0 A —H—0hifREH T D LERMT LI

SULTHRABOBENE D2 L &R LT
5. 8 passes-O5 2> 5-09 #4 Tk, RifEAs 10
um X0 HHARAEL, 0.2%if 7133 L < b
T 5. O ORBHIIRW R EE A A LT
BY, ERICHEISNTRECHL EEZXDH
o, LinL7eii s, 8passes-O1 7>5-04 44
TlX, Fig. 3Rk 21, MEOKIZ
FHET D ELEZLNDEMDEF L T,
WoT, ZIITRSNTMBIRET — & 13,
iz BEE TR b K OV AR B i b O A2 3T
LDERTHL EEZEZBND. 2 DDH{EH)
REgBEL T, 2RORIIC KT TR DI
DINRZEST DN D D.

4. ERICEERE DT — 2 fiRAT
4.1. e D ET L
FBRCRIE S 7z 0.2%I0 S (09,) (2xFL
T, ROLBEE R L &k AR B R L D FF 543
SEET S, 2B, MiAEO SRR
BF 2 R GAT U7 AMPBREE O INGRIER] [42)% 34
AT 5.

0p.2 = 0¢ + Ogs + Ogisloc (1)
T 2T, ool TS (REALE 34k <
ORI+ K& WIS OETRGUS ),
O\ TR PEHIRIV B, 0gigioc | TRRNLBIETRAY,
BAERT. ogld LI LIRS B 2 5k
LTRSS VDD, HELZEX
ICBNT, ogl TFBRAFFETITEET 2 2 &N
TERV. BEERIICH FIT D FIENHEL S
LTz, hiitds L ORI BEsR b o>
W7 OB E G e, oyl T Y) A BER A E L 7=
MR %2 AT D EHZ B W T, fEkD Hall-
Petch ORRR DU/ & L TIRIETHZ LN T
X5, RERT—H LV, o2 IET HITIT
TN E VIR 8  (8 passes-
05 /& 8 passes-09 £ TDE5D>DT—H D
F), 10 um LA EORIREH T HHT7 L =
LT 17 @ Hall-Petch @ BIFRF A SCHik
[23],[43],[44] L W I4E L 7= (Table2). ZiLH
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DT —Z OFHEETRAT 22 L1280, g
% 11.4 MPa L JR7E L 7.

HA(7 BEEsRILIZBE L ClE, Taylor HI[26],[45]

ZHWD.

Taisloc = Maub./p (2)
Z Z\Z, M(=3.06) iE Taylor factor (Z #Uidfsk
BT EAFMBRIC L > TE LT 518 Z2T
EFOEITER LTV D), u (=26 GPa) X
B AHPERRE, b (= 0.286x10° nm)iZ N — A
— AR MLVOREXE, p (TEAEE, ol
EHTHY, —MIZ 022055 0.7 DESHW
LD DBBEERAY IR E FIEIIFE L2V, K
WIFRETO ald, FEBHERICESE L TOFIR
IRV FEE L.

Fig. 312 & % &, 1pass ORI 7T K
&< (443 um), AU Che b AL
mV. 2 OREIOME T & U CHisAr B E R
fECXELESND EBEZ HND. KIT, Hall-
Petch #2354 Ml (k = 43.5 MPa ym/2) X
W, 1pass M TiL, gp, = 0y + 0gs + Tgisioc =
11.4 + 43.5d" Y2 + Maub.[p ORI T
LEMET D, ZORBREMNNT, Riftd=
44.3 uym, 3 [ OFIERERIZ X By, & XRD
FEIWZ X Dp& AW CHEH SN EE AT
5T, BkICa = 051 RESNS.
Z DalZk, Refining approach |Z351F % 2 passes
7~ 8 passes #4 & (F Coarsening approach @&k
BHZ 31T 2 A7 B b & DT I S 4
L. Fio, T —42 & LU CER[25] 2 B
T 5. [FSCERCHE SV TV DRI D
a=025%[FE L. CHkCTITRRET —% D
RN LD, AWIEDOT — 2 TEE
Hiz7-.

AR, BEREIZ K- THEZR DR (0.96 pm &
W0.26 um) ZH T HHMT /LI =7 A ARB N
TH D5 aRRER, YAV TE O 4 B Tt
AR FEDSBIITHEINT 5 2 & i S Twn
5[46]. D 0.2%FHEOT AR T, #BAr
BRI HITTTDEDIZIE 2 5172 -

TWAH[46]. Fi DR E A9 H580F AN
TEEMIZBNT, RERATE 0.2%BHEOT A
TORNEEDOHEMENMEE—ETH D LK
ETIUE, ZOHGTa Db LTHNLD
PUTHDH. AFRETIE. ZOREEERH
L, SRMEZSIEAI O L DAL & [E S
BEY, —~EEOa(=050)%H\5.

4.2, BERIRIREEIZISUT DRB N R Dfftf

FRTRLULEMEFET VE2 b L IZERFERO
T 24T 5. BIE SNTzag, L p, RESNT
T A= B LT, KRR Cogs &
Ogs = 092 — 0o — Maub,[p% FICEHli 4% .
Refining approach & Coarsening approach (235
% 0.2%[it /) & O DINFR. (09, Ogs, Oisioc)
R DOBIFRIZ OV, Fig. 7(a),(b)izZ 2
R

H AL OFRALI, ZE 1 Refining approach
& Coarsening approach (Z31) 5 0.2%ifif /7, —
T —/3—3 3 [H D5 iEFRER T & 7o A KA
ER/MEZ Y. FOIUATEIL0, + 045 DI,
T T — 3 —[T0y, & plTKIET D BIEE DA
BN BIRE S T RKE & f/ME % 7R
T kI L OAAFSE (Table 2) OF — &
OEFE SN T20,8B L Ok OFEHIMEIZ XL % Hall-
Petch OBIRIFIKADFEH TR L TWND. 0y
L Ok DFFEYERZE T SN2/ “Hall-
Petch zone” & L CHEIL T\ 5.

Refining approach (Fig. 7(a)) T, 04isioc?
TEPESBTHD. ERTANEIE, gp+ 05D
Zry b (FWIUMAE) 7 Hall-Petch zone @
ERRIZENZ ETHD. ROERITE, +oi
BESI S U 723BE (FRAL) @ 0.2%I Nag, 36 &
W ECAP I Lsnizikkl (FoWNME) O
0 + 0gs\ZBT 27— 2 ORIFEMR 2R T
Fig. 7(a) TI%, SCHR[25]ICBT Doy, & E DI
R (00, 0gs, Ogisioc) [ PWTHOFETRLT
W5,
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"(}() 'i{} 1 U 5 2 |

160
Re!mmg 1pp1’0dC|l 9 + 65.4d 2
140 4 3, pl»\&.\ 4 pe —
" 2 passes - = o 8 passes
A g b |
S 1209 lpassgq,, = 147 +42.50 2
2 100 4
£
o 80 4 8 passes-09
8 B passes-08
i—d_ 60 8 passes-07
2 |8 passes-03
&40 ] P
= // =
204 4 7 — O
= / ; [,
o I Iﬁlpussus-(}h[ l_ _I I Jti 1
0 0.2 0.4 0.6 0.8 1
a2 [um?]
(b) d [um]
"{l[] 5(} I(] 5 2 1
160 .
Cmr\enlm__, appmdch 3 passes-O1 1 6
140 8 passes-02—— .
= Hardening
cipei)3 by
& 120 4 8passes03 g passes N annealing”
E e A
2 100 8 pasgee: 04 - Ol
g 8 passes-09 "; -
2 80 4| 8 passes-08
° || 8 passes-07 nd
S || §passes e
5 60 ] I\ E{\\pnsses—()_ﬁ Ef‘ms\ret\?,‘ Ha“_pctch
S wlll W\ ‘ 2008
R 1l | —Gpp = 114+ 435472
|} i
204 ¢ a8 .
8§ passes-06 P, 4

0 0.2 04 0.6 08 I
a2 [um!'?)

Fig. 7. Relationship between 0.2% proof stress oy,
with its breakdown into gy, g5 and ogsioc, and
grain size: (a) refining approach (with five
additional data points obtained from well-annealed

samples), (b) coarsening approach.

XHR[25] CH- 2 bz T — 2 M HEtR S
0p + 0 P71 v b GREOTHEE UMY |
Hall-Petch zone WNIZ B, [BIJRER (&
filHR) 1% Hall-Petch D BEfR D FEEIFRITEE I
MET D, > T, BRI EIREIZET
% ECAP I LA4 T O bl b o 20 51
#E D Hall-Petch BAFRDOIMEIC L 0 #EE S 1L
R EFRFEOEETHD. ZZTHVLRN
ToRIARIT 22 DFFR LA E TIRE LT, Ll
D= DRI JE 5°TORER % Fig. 8 12
Y. BNTORENEALTY, AHFSE
LTI TARARHZ LAz,

d [um]
200 50 0 s 2 I

160

1 1
Rcﬁmn{. approach Gz = 124 + 68.4d72

140 3 4 passes 6 passes
3 passes — '\“

1200 1

100 1

80 1

60 4

40 1

0.2% proof stress [MPa]

=5 = 114 +43.5d !
20 ]

0 .‘ KP‘M\% jl_ . _|,' rf;.

0 0.2 0.4 0.6 0.8 I
d2 [um 2]

Fig. 8. Relationship between 0.2% proof stress and
grain size in fining approach when the tolerance
angle was chosen to be 5°. In the case of the as-
ECAP-processed samples with a small number of
ECAP passes,

misorientation angles were generated inside the

many subgrains with low
apparent coarse grains as can be seen in Fig. 2(b).
For this situation, the evaluated grain size depends
on values chosen for the tolerance angle. A
tolerance angle of 5° is often used for general
materials with annealing treatments, while an angle
of 2° has been used for as-ECAP-processed
[31],[32]. The
comparison of Fig. 7(a) in the main text, which used

materials in several studies
2°, with the present plot, which used 5°, confirms
that the tolerance angle does not affect the findings

in the present study.

Coarsening approach (Fig. 7(b)) TiZ, BESIC
F o TR D KA & B B DD 23[Rl RE
234 L, 0.2%I0 J0g, 03 BEFERIIZIR T LT
W L LZRR D, 5 um Kl ORI TORL
B R Lo, D FI Refining approach (Fig.
7)) OENL LD LI LMNITRKEL.
Ogs P71y b (FREO/NVED) 1, Hall-
Petch zone D&/ EICALET 5. FFIZ 8 passes-
03 H Ty, I KT Bog DEIAIE, B L%
70% % 5T\ %. Hall-Petch zone @ F[R%

oy +
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FRIE L 720gs SOV T, BESIIC & > THIFURS
MERZELL, TNDo DHME b7 6 LIzl
RN S D Z L 2R LT 5. Fig. 7(b)

@ “Extra strengthening” & K50 S AU/ fEIk IS
KT % i ER{E &%~ LT\ 4. Coarsening
approach THWHIL2RRIE, Edlk L7249
(Z B DFFR AL TRIESNIZ. 5°L 2°OFFE
BEIZLDE WL, Fuy hERERETE
NN EZERL TV D,

5. B

SCHR[25] TlE, ECAP T &N 7-fi7 /L =
UL (AN) ORRREEE, —UOERIE LT,
BB 2h F A %5 BT Taylor HINNC X 5 fishr
HRLOA TR TE L Z DRI T
%. REFFECIT - I EBREE RO (Fig.
7(a)) TiE, REBIEFR(L MR ST
D, BERIEICTHGTHZ LA L. R
AR D % 5O EE I3l BLAY 72 Hall-Petch OB
RCOIMFIZ L D TR L RI%ETH 7=, Sk
[25]D#ET VX =7 LD, B 2
passes B T ANICEL, D% IIMHR A 12D
L7-=. Fig. 7(a)iZ7~x L7z & 9 |2 Refining
approach CTOFRRIREE X, RREZE U TiE
R L CR Y, B oW,
SRS IR 5 R A B SR L O BEINZ £ -
THiDALTZ. F£72, CHK[25]TIE, Al-Mg &
B DORFRIBE I L BB EOERT—4 (1
pass 1 & 8 passes #1) HxIi7z. Al-Mg &
& DY54A, ECAP IIT.OM Y K LIZH: 9 #hr
BEOWDIIBE SN ol ZOT—4
G E T ORI BhE S 2 b zh 3, i
BOZNED B/NSWATREMRH D Z L 2R
e LT 5. RIERIFSCHR25NC XL ST
W2, ZZTIEENLDOT —HIZOW
T, IHICEmT 220 0TV, FEFELIT
BIfE, A5052 A 4% AV CTANISE & FkED 3
BRICHLD $A TV .

Cizek etal. [27]i%, HPT L& N7=F D IF

HHOTRIEEE I DWW TEEMICAFZE L T2, 125
%, AR )ITH Y 3 2 A R A

(0 =0, + Ma,ub\/; +k/d) ZREL, HIE
SNTRIRES K QMRS FE 2 A 2 ONT - D B
L L TRLE BRBETI~A 70D
— ZREE N LHEE ST, S OFEREERO
T CId Hall-Petch (R k N7 + v T 4 7
WRIA=ZEBIRSN, T4 9T 4T
BONTZKkDERD 7 =T A MHDZ[4T]
EEFIIC B LTS Z EERA L. it
AT R FIAN SRR DI H D 5
9, ARAFZERERIC 1T % Refining approach &
DR EIRARBZ—F L TWD. Fig. 7(a),(b)
TRLIEEIIE, KERFEETH->TH, &
RO BEARIREE 2503 2 R AR e s b O A
1%, Refining approach & Coarsening approach
DETREL Bigoiz. 2D I)IFERZEE)
%, MESRESCHEREDOMEIOEWIZE LT
BR5650B20N05. - T, BROTH
INTANE S e @b Bt D it B 4 S 512
FES 572 0DI21E, kRx 2288 T O EBRAAT
L ZHUCKHET 7 — Z T 2 R L TV
SHEDRHD.

AAFFEIZ I T, Refining approach &
Coarsening approach Tig W \MEIEE S 7o hifk
BT b DA I T DB 72 A T = X 1
IEH L EN TV, ZOEEIIREIC
F o THRERREIN 2 L5 Z LITERI L T
HAREMEN B B R O Z E AT
HIDITIE, ST MBI S kR &
G/ NUREBR T TO~ A 7 a A H =B VR
%, BTGB 2 e~ A 7 e
7 — [ e R [48], [49] N =R T A 5. L
BR [27]ClX, SRA0E L OB INES K ORIBE DI
DRFEMLIZZETER S, M7y h—
AEEEIT HPT AL & & H1THT 2T HIIN Lt
T EnBE S, o2 ki
KAE AR OB 2 & AT 7.
T OBIE LOWRIRIZ, 08 &R
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DL 5 £ T, KEMRIROEE D
BN BERORIZT G Lian 2 L &2RIB L
TWD. EE LI, ABE L FEOREZ H
W, SRR & OVERME S | R s A akiR 1

BTN T—=RRORE S EREDE
FRIZOWCHRAE L=, ECAP I T.a /= %

OFRBITIE, BB LN B — 2 RO5RE
& ORI IRV VFEBEBLEE S du7e b o 72 [39].

SCHR[BINZ BN T, FRONT AN A D FEARFY
TR TVFRIRFE I TR L, ITc k- T

HEN Lf:*iﬁﬁifﬁhﬁ@ﬁaa*iﬁﬁﬁ D HNLFE N R
AP GRIIZ LR T TII RN & &R L
TW5. ZOHAILFig. 7@ 2 A EER
fERE —BT 5.

6. fis

AWFTETIE, STV =7 AORRRIREEIZ
ET S SRR DN IOV T, ECAPﬂ[E%
TR RIS %ﬂ%ﬁkLiﬂiﬂﬁk
AT 8 passes ® ECAP T4, BEHIZ
TRIER % BERERL ﬁkMLtﬁﬂﬁ%ﬁwf
BRELT-. EBT —Z Offifiz b &12, BRI
SRE s O B B R (b &2 E R b L T2 L5
TR R, ISR SR BT L O R X
%%®HM¥mh%%ﬁE%ﬁéﬁégk*
LT\, F£7, ECAP T & M 2 KIR
Beblid 5 Z 12K » T, RIERRE R L AN 0
T 52 LD STz,

7. BbYIZ

A SR OT ZN T A @A EL D EARR 726
BRI OV T, # SRR & RS Ko
— D TH I OBRN ORI LIZHDOTH
L. VU TVIMEEHE S LT, 2016 0D
2017 ISR L 72 EBREIE & S TSRS &
HMRAEFE LD, KNEEPETHIZEST-.
LIL723 6, 2019 4RBUE, T b oftlicd
9 —OEBERLIN T PFET H 2 & &R
LTW5. ZORIZHOWTIE, 4%, ke

L CFIEE L TRET 5.
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