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Abstract

Image-based deformation simulation of microstructures in metals is attracting attention; however, the data conversion processes
from the images of microstructures into the geometric models for the deformation simulation are now inconvenient, and there
is a possibility that it prevents diffusion of the image-based simulation. In order to solve the problem, we developed an interface
to convert the data of crystal orientation maps obtained by Electron Back-Scatter Diffraction (EBSD) patterns into that of
geometric models for Crystal Plasticity Finite Element (CPFE) analysis. The interface incorporates several functions for data
cleaning and coarse graining of the microstructures: functions to narrow down the limits of Eulerian angles presenting crystal
orientations, integrate crystal grains with similar crystal orientations, eliminate small crystal grains, select representative crystal
orientation in each crystal grain, and so on. The interface was applied to an orientation map of polycrystal microstructure in
pure titanium, and the course-grained geometric models were successfully obtained. Image-based CPFE analysis was
conducted using the geometric models with different number of finite elements. The numbers of crystal grains were assumed
to be around 50 in any geometric models. A dislocation density dependent constitutive equation was employed and uniaxial
tensile loading was applied to the geometric models by the forced displacement. The results showed that spatial distributions
of stress, strain, and dislocation density were good agreement among geometric models with different number of elements in
both elastic and plastic ranges while values of the strain and dislocation density showed quantitatively dependency of the
number of elements on their distributions in the plastic ranges. These features indicate that the qualitatively similar results can
be obtained using the developed interface on the condition that coarse graining of the microstructures does not occur even
though the number of elements is changed.
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1. #&

SHREMEMEREOTRIERY 22 £ &, Electron Back-Scatter Diffraction (EBSD) %% AWz db AL~ » 7R D
M B, SRR O A A —2 T — & 2 BTSSR L~V T OB & rliE & L7z, #1213, Raabeet
al. (2001) 1%, EBSD ¥£% HNTHl Al OFES AL~ » 7 2B L, TN ETEHRGEIL T2 RO MET L L L,
ftrm B TRELSE  (Crystal Plasticity Finite Element : CPFE) 4T % 92fii L7=. Lewis and Geltmacher (2006) 1%, #X
SRR OWFE &L~ > T OER ARV IR L, 26 &2 D7 51 5 Serial sectioning 14 & FEITL 5 Fik% H
WTC 3 RTTAE L~ v 7B L (Lewis etal., 2006), i A RESEE T WA U CEANT % 520t L7-.
T, EBSD {EE X REIHT A2 Wz FlEZ A A1 (Zhang et al., 2015, Ghosh et al., 2016), #2115 K
T 52 L7 LIC@BMEIO 3 Rtk f i~ v 7 HAER T 5 Z ENAlREL e o TE TS, EF, B V7
T 7 4 Z M Uik~ — 7 —75 (Morikawa et al., 2010), 7 2% /LVE{EAARIE  (Pan et al,, 2009) <°, EBSD
1B X o TEIEAIE ORGSR B OTH % BEES 2 F% (Wilkinson, 2001) 25, FRBKLER O Z T AFAT AN T
ENFE LTS, 2RO DOFEBRITFIECL > TEONIZRERIT, A A — D _— 2O O LTS R &
DOHEBINES ThD. £, GBI OLEEMITICB N T, FaaRiORIRE O SMIERIL, #Kofn7a
INT A—HFEE I ) L BN RKEI W E O (Zhangetal,,2015) 2355, L72R- T, 4 A=V _X—2D4EM
AR O LML, SHFEICEEENET EEDbND. LLAERS, A A—UF —X 24 REHEE (Finite
Element Method: FEM) FI DO L~EHST AERITEMTH Y, TR ERDEED—D Lo TNE EE
ZHN5.

RN OWETEE LTI X BEAWETIES, ~f7n7 7ty My MNESEEA R TIERH DD, TO
HCH EBSD A1, HIERRIAE LS, MEFROBISNATEETH Y, FOAITREN S <, 2B OB AN ET)
B & WD A Sl 2 TV D72, fisahi~ v THERO T DITRfER S Tnd (G, 2008). —75, &
RAHAARE DO ZETEMAT FIE L LT, MMM L < WO D, RESEBYERATIE, EE )15 ORSAA A
AR el A2 2 B R DO IE A B IAATZFT FIE CTH 5. BRMBIOMEER O OFTIEIC S
WC, EAEARRIORE S AL L OV OZEMELE &, T OITRTE L7290 ROTEE 2 G-I C X 5 2 & 130D
THETHD. ITFE, BT O%RE (Roters,2010) LS KIFHRTE LS, BETIE, EaBIEmMmITT, o
e DV B IZBH%E L7z CPFE kD 22— REHWTHET A, A FEM Oo—W—4 7 L —F & FW - fig
Hr (51 2.1% Mayeur and McDowell, 2007) <2, A —7> Y —ADa— K (#iziE Roters et al,, 2012) % A 7-fEtr
DERESIL TN D,

FRRORRIZ, BAETIX, EBSD {EIC X DfEE TN~ » 7 OIERERSE & b Sh B IERRENT O TR 138 2 09 < 72
STEY, TNH20E28SA U H—T7 2 —AORRIL, HITA A —TD_— 2B OB & W %
542720, SRMIRRD BT 2 ErE R L T 2H90E & JUEMRIT 2 ik L T2 E 2 %K<
V—L L7 iR 5. ARERSCTIE, EBSD VEIZ LV Bifs LTk AL~ »~ 77— 4 v, CPFE f#AT €T L %
ERIT 54 2 —T 2= AP ETST-OTHET D, £, A ¥ —7 = —AB L ORI THYV 7= CPFE
FRENT FIEIZ DWW TR~ 5. WIC, AT (hep) MEEE AT DT 2 38O EBSD 7 —Z IZ[Al A v 4 — 7 = —
A& LT, BT LofEile, i Ao A —— CPFE fif## & 30 U755 B2~

2. AA—UR-RiEmBUBEAOFE

B LIzA v H—T 2= LTS v ¥ —T—RALT2) LZORKOBREX 1ITRT. KENRFIUL
kD (i) ~ (i) ©O@EY TH5. (i) EBSDIEIZ LV G LizfEd i~y 7 G~y 7 35) @
F—A 2 HETD. ZOB, WEEEICAIET DM EBSD ity 7 b =T ZHWT, FEihioikh T — &
7)== 7RIS (i) RIZ, ZofEAN~ vy T ORRERSEIZITV, CPFE fEHT D72 D&K€ T /v
F— WSS Z OB, BEERALEE TEX LT, BRSBTS DR, B
A ROHEE b IaE L 975, i) &I, 1ERL7Z&ME7 Va2 -WT, CPRE T4 323 5. 2+ 1HiCik
(i) DA =T =2 —RZHWT A TY XLNZOWTEBAL, 2 28T, (i) THW = CPFE T THEIC
DOWTHIAT 5.
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2:-1 T—AFE|AA—T—R

B LImA v Z—T7 = —20MEAZX 1 (i) |[TRT. £ F—7 =— R UIANATBE 7 IS DRGSR
<y FIKHE LT AT AL ERE L. A X —7 = —Z% AW T EBSD & —# % CPFE H4&(i& 7 /LT 28
T B HEIIROBY THD. 7, N~y T T =2 DT =47 ) —= T FEwT 5. T4V —=
> 7%, EBSD HIEEBIZMBOEMAY 7 Ny =7 THREETHD. LILAENRD, A ¥ —T 2 —ADIHI L
S>C VAL ET—RICHIETEDLRIL, T—X 7 V== TOT NI AT X —T 2— A FEE L.
WU, K& %2R Buler A& TR T 5. 24U, fEaE T ORNEEZE 2 72858, SMi/ekiihomCHm %
FIHELD Buler NFIET D720 THDH. BElH, EBSD JIERERDO/RY Euler f DFPAZ, #55A& T OXFE %
EBETHILICEVKD Z KD, KIZ, EBSD fEd NI~ v 7D FEM AT T L &3 5 k% P
L, ARER ONEAEER) ([20ET 5. ZOBS, TRENOERITIE, bkl Z EICEBSD 7—4% LV EfE L
TREFMEFTMB L OHOEHRE 525, U EORBREZIR T, CPFE THKEMET NV EG5. 70T AL
DOFECOWVTIE, LFICl~R5.

] ]
(i) EBSD data ‘ (D) Distinguish separate grains with the same characters ‘
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Fig. 1 Flow of interface system from EBSD data to crystal plasticity analysis.

2-1-1 EEEEHKERANVT—29)—=7

EBSD M/ EEE A BORERMNTY 7 b U =7 THAAMRER T — X 12, fEm AN 2 £t % — DR
ROWPEFEFR L BHEO N REOTNERT T 4 v ME, EREORSEZRTAA— 74V T 41— (1Q), &
FEMEHESC (Confidential Index : CI) ZEMFE(ET 5 ($5K,2009). Z D9 b, FERGALOFEEST OIEMEE 2K b
EREICR L TODDIE CL THY, KL TERT A4 —T7x—ATlE, ClEZHWTT—47 ) —=
7 EEMT 5. CLIZ0.0~1.0 DEZEY, 3 % — )b PR SN A EEORE SO H )6 TN - s

(b) ©
E

@)
B
Q

Fig. 2 Schematics showing methods of data cleaning. Initial state (a) and states after the data cleaning by
the neighbor CI correlation (b) and modified CI correlation (c).
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PLOMED G LS Z2FKT. Al ZHREEFEFCIL CL 2% 0.1 UL EdiuE, 2O OEZHEIL 95%LL ETH D L
IMENRDHD (BAR, 2009).

AV H—T =R ZFEE LT — % 7 ) —=1 7 FIEIT Neighbor CI Correlation & FEIEAL 5 Fik ($5K, 2009),
L FNEWE L7=FE (LT Modified CI Correlation: MCI Correlation & FESS) D22 Th D, FDT/LTY LD
WEAZX 27T, Ebbb DKWY v VDT —% %, ZORPIAET D Cl OOV T — X &
T DFETHLIN, ZORBEOE 7 ELOFOT — 2 OIREBIZ L > TEMEOI ST 3 Ee % . Neighbor CI
Correlation (X, BUELL T O Cl 23 5 €7 BV OfESITALL Cl %2, BETLE 7 BLON, &b CIOmVE Y
TADOLOICERT D TFETHD (K2 (a), (b)). MCICorrelation %, BELL T Cl 249 % 7 w/LOf5H
FOLE Cl%, BT 2BMELL LD Cl 2B 3587 BAON, [FUAERKIO Y 7 B OB R HZ 0 H O & (B
THFETHD (K2 (@, (©)). Cl2HL5—EEI EORREGIIE, SR TELGEMTHkTnsZ &
EEMT 05, BELLED Cl #H9 5 7 2L O bifki AL 2 EfeEs & LGRS, (BiEoRE
WY THIUT) ELWRER T ZRIRL TND 2 &Il Rd. A2 —7=—ATlE, 2 TDEBSD 7 &£/1Z
*UCHIELL T O Cl OEREFE L, EfeT—% 27 V—=V 7 %175, ZO#EEZ Istep & L, Cl23EELL T
EBSD B2 BAM72< 70D £ TIOBEA MY KT

MCI Correlation /%, Neighbor Phase Correlation & FEIFIL 2 FE (85K, 2009) I[ZHLLTH S, Neighbor Phase
Correlation | %, ®HHFEMELLTO Cl #H 357 BNV OT —& EfEE AT — % %, TOE T B/ZB#ET 5
ELLED ClEZHTHE 7 ELON, EHE/HEOZVHOWE LR SOE 7 1O b 0 LERT 5 FETHD.
MCI Correlation 1A VIR L7 FHEELESIT 5 Z ERHKD. AIFFETIX, MCI Correlation 2 AW TT —#
) —= T EHEm LT

2-1-2 HERAUOHRHEEERELT-Euler AOFHRTE

ARJEIE R L ik S PEAE 2 DA EEEARIE 3 DD Euler I K » THBICERTEX 5. LL, fEOEH IS
VEFED B 5 DT, Sl RlEREIR 2 235D Buler 37/ 5. EBSDIEIC K WEUG L7=T —# B
DY 7 M =2T EHWTHES T RO D &, MO Miller FEENEA 72 5L T, #7225 Euler 4 CHbdh
FNMEBEINDZENHD. ZDOX 97 Buler AOT —X 22D F F CPFE IS &, fNTONREILT
SRHAREMEND . Kk 052 EE L T Euler AZFREL, TOHMAEKD &, Sh/2EEd<0
RO L, RNTHERNER IS,

AHFFETIL, hep FEfH> CPFE fi#hT % 3242 72, LAF T hep #i&ifh Dbk 1 O3Bt L O olalzic
DWTHHT 5. X3 12 hep DR 77 ML KONERERER (X3 (a)) &, Bunge 3D Euler 412 K Hfbh

(@) (b)
zZ
1ocyd
,: a;
AT RLY
as [N
x+ D
Fig. 3 Crystal coordinate system of hep lattice (a) and Fig. 4 Schematics showing the algorithm for modification of
the rotation by Bunge definition (b). the inclination angles ® when @ is greater than 7/2.

Table 1 Rules for modification of Eulerian angles depending on ®.

0=0=n?2 2<d=n
o1 ?1 e
(0] (0] n—O
02 2n— ¢
©>
-3 (01=0,1,2,+ + *,5)
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JERE R & AR R OREEEIE (K3 (b)) Zond. [EHESRIOMEEZ[ X, Y, Z), [BlEsgOEEZ[X, Y™, 2 T L
T5H. #, k& (74 L) O, BRI L DEEOEUEEE/RL, TITRETHITHDL Z L E2HKT.
Bunge E#%® Euler 4 ClE, Z RV -X #h[E]1 0 -Z #h[5]1 0D DONET, ZALEIURRES ¢, ©, ¢ 701F, AhsnEEERD
EREREE R U CREET S, 2 OEEEERITR A TEES.

X" cosp, —sing, 0|1 O 0 cosgp, —sing, 0] X
Y"|=|sinp, cosp, 0|0 cos®d —sind([sing, cosy, OfY (1)
zZ' 0 0 1|0 sind cosd 0 0 1|2

ol clih (ZHflh) BV OEERTHY, ZIUTED cEOBELS FHRBARED. O 1F X HHE1Y OFRELRT, c B
EERT D, X, clld O ZTIENWED clill (Z2#h) FY OEEETH 5.

FEEa AN &2 32T Euler A OFFAIY, 0=¢, <21, 0=0<m, 0=¢,<2n T2 (Engler and Randle, 2009). = D#j
PH &b+ ORFE A W TR D Z e 2582 5. 12720, ¢ BofE< Hrogu (Z @ihiml v ofl#s o) ZH R
L72WH D ET 5. hep D& FITIE, K3 (a) OFSMEIERTEZ DL, clih (Z#) EoYIZ6[E, a i,
a¥l, ¥, a- @, ao-all, o-aBEDDIC2 FORESHFERSH Y, BASEFRERCIZRD (FK,
2007). HHIAST ISR OEE RO ELOLNLRTHREILTHDH. LB -T, K4 ITRTERIZ, n2<d=
T DAL, cHOREZMIZLT, @ Z0=S0=n2 TERTIENTED. L, 20O 0 DEHIZIBWT, ciil
B DIREA @ DRERS WY, JEKEOEND RAGAEERNL RAGE TR0, ;= 2n-p&7eb. £
72, c BB L FFRIDOAE 1L, ZH8HEIY ICKEET DD T, 0o <2n i EDRRIC a 2T T T HERSH D, i
%Iz, cHhE Y DIl o, OFIPHIX 6 FIRIFMEEZBET D L 0=p<n/3 &7 5. EFFEIZL > T Buler 10
FPHIL, 0= <2, 0=D=n/2, 0= <m/31TDZ L3k D. iR Buler AOEHFEAEF LD EE 1 Ok
272 5.

2-1-3 EBERANOMPFEOZELAZE

FESNL~ v 7 R EIL, CPFE ATHOKMET LV AERT 5. METNOKERE (UL FET /LR
LT D) X, MmNy TG, FERRLOFRIE S L HE, e NSEDOT —Z % ET )Y, EBSD OJIE
Mk EPBRE i~y 7O 7 vLHY A X ) BT ANEBZOY A XX@ERRDT-0, ZOT—ZDZIFEL
WIETRARE L 725, F— 22 FELICHWET AT Y RAELL I3 T 5.

fEE N~ T INDET NVEFRAOT —Z T L FEOBRKX 2K 5177, 2 bDRICBWT, MmoE
UMIFESRRLOEWE BT 5. AEmbL OB IS FE MR R 5% 5 (L THERRIE T E35) 25252 &
WZE->TIT9. 72771, EBSD fsa i~y 7O 7L (LLFEBSD B2 b4%) 1%, [FUfbikRe T
% EBSD 7 &)L T EIZENENRR DRSS G- SN TV D, L LR s, 7 VER T EIITREST
MIEE 23, RIS L1525, SRR ORERE B TN OREHFIECOW TR ET TR <%,
FERIE S DA BEFA~DOZIE UHTEL, HERNET IVERNICFEE LRWATREENH 256 L, vl
WESBFET A CTELEHE 5. EBSD B2 B/LOKELH EBSD JIESATH Y, ZOHA51F1%, EBSD #l
ERDOFIME & T NVEZEOY A A ified 252 L Ti7H. WESORRE Y LT VEZODNENES (K 5
(@), MRETHETNVEROMEREFIL, T NVEROELNOROIEWVELEZFFD EBSD 2710 h

#1: i

Fig. 5 Schematics showing methods to determine the character of each finite element in the condition that the

(@ N

el
Ji/l O EBSD pixels

[] Finite elements

T TN

sizes of elements are (a) smaller or (b) larger than the distance between measurement points in EBSD.
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DETLH. WEROHIEE Y T NVEREOUNREWVGS, XRETLETNVEROMWEIL, 7 VERENICE
£+ 585D EBSD v 27 v LW, b EH%E 5D 5 EBSD V7 A DR E S LTS (W5 b). 72770, &
WFFEIZ BV TIE, BEHRENITH D EBSD B 7 VR ERROGE, #IOIHH L7 EBSD 27 /106 DA xR ¥R
DOfERiE & L THW.

2-1-4 KREBRFLLOEE

REFERFNORETTIEE LT, BIZIE, FESERINOBELOFER TN E D 51ESR, fEdbkiN OfE S5O
Y% BB 1% (Spanosetal., 2008) BEZ HiLD. EBH Y, kL & AE LIZRINIC K & Zeibst HALOE 3
ROVGEITIT R WVIERIE 72D, L LR D, BOOR SR Z WS LTI, BEOORSS T NLAYRIN Ofthod
BRI GN & RE S BRAZBEETYH, TOMBIMNNMRIMEE 2D AREMNH Y, EHERD HIETIE, it
L LT DRERINICRE < BAR DML LT2BE, TOREEZT T, fanhNICAAET Difban 0L &
ERE S B DFERGNNEH SO REMENR H D, ARFRSCTIL, FEdbkL & #0l S RS ebhiNISRE S AL D5y
it HEEERE LT, RNEBRITALOBRET VT XLZHIICHRE L. 207 T) XhZ2LLTFICHHA
T5.

BJ6I, FELLREMBAFTMOBET VY XLEBEXPNTTR L TWD, K7 VT Y XA, FEERIAICTT
T AHLOFES FN OEIS OE S %, EBSD B 7 L GERHES) JEICEHME L, fESbiN TN e
H VR ORE S TN Z ORISR ONRIFRES L & T2 HIETH 5. R ORI ORI Om S OFHEFILEE
HHT 5. K6 (@) OFEBIORORIL, EBSD O FAHIER TH Y, BAUIRSAIREZ £, ik O
SOCHER L, RINOZNLAORE j &5, RikjO c#OFTNEE o 3 DD athiD IO, F/hd
FNiE 0a & L, ool oo ZllE T2 EREERTIK 6 (b) ORIZERT D. ZOfGE T EHEIER -0 TD i
& DIl j O Aoy DBEER w OFNZ, fEdb AR W L EFR L, K f1EDO—FE Toh 5 Moving Particle Semi-
implicit (MPS) 7% (Koshizuka and Oka, 1996) THW AL DRI HEE & [FfkORXAE VT, ROBRIZEHEAET .

(a) (b)

@@ Measurement points

Aa,—,-

Fig. 6 Schematics showing the algorithm for the evaluation of misorientation densities. Misorientations of crystal lattices: o, and

o, between points 7 and j within a crystal grain (a), misorientation Ag; between i and j in the a.-a. coordinate system (b),

and the profile of weighted misorientation w as a function of Aa; (c).

The current method with small h

»

A

o, A _
% The current method % The average & :
?‘; The average % current method !
& i | withlargeh !
20 30 "D >
@ (b)

Fig.7 Representative crystal orientations given by the averages and current method when two peaks occur

in the frequency distributions with discontinuity (a) and continuity (b).

[DOI: 10.1299/transjsme. 1x-00000] © 201x The Japan Society of Mechanical Engineers



Kikai, Gijyutsu and Tokyo, Transactions of the JSME (in Japanese), Vol.00, No.00 (201x)

W, = > w(Aay,h) )

j#i

2T, widEABET, MahNZE Aoy DN SUVEEREVME & 70 5 BEA VY, AfeSC TR HEO—FEThH
% Smooth Particle Hydrodynamics (SPH) (Monaghan, 1988, Miiller et al.,2003) DO EABEE L TEL HWHILDH K
A Tz,

315
w(Ag;,h) =1 647h’
0, otherwise

(" -Ag?), 0<Aq; <h 3)

B THY, AHLTIE L L. R Q) ICE-oTHLID w & Ag OBMRIZK 6 (¢) DREICR 5.
JEFE R aq-ac C, FEAEF SO AT —Z EPNERB L TWAIEE, S OFMIEWGMOE 7 EANRE N LI
7Y, BAMFEHET T A0 w (M6 (¢) O WiEm< 725, BN DOETOE 7 B EITDONT
W3R L, Wb REWE Y RO G A Z OFERRLOREREE IO E T 5. EFtiT hep fEidma R L L
TTNTY XLEBA LT, FEAEIER OO X B2 M U, BRI EARAE R 2 AV &L inic i
T OREER N ORET N TY ALERD.

IR T, EHEmRDHEEAREFETH LN OIRER-RSIOENE, HHRHZET TRHT 5. X 7
FFOFPAKTHS. 5D —ODFEEWRINIZ, 30 S0 EBSD HIESNH 72T 5 (M7 (a). flHEDO-D, %
L6 DOHERIZENT, Euler HD/RT A —52 (g1, @, o) DOIZDOIFEEITNERH Y, 10 KT =2.0° , 20
FIE® =3.0" Zoleld5. ZoOREMBFNIL, FHERDFEOSE, 0527 L7d. —F, KEETF
EDOSE, 20 HAFET 20 =3.0° OffmFNEENEFHiSh, ZOMENRE/EIL LD, b, #7#
RTDTETIE, FETDIERTMOFND, FRORRITALOZ N DONEIREIND.

WIZ, BRROT VZ B O AT TIE72 <, @OSAANIELNIELT 56 (K7 b)) 2525, 208
A, FHERADFETIE, —o0v—27 ORICh 5 AENMGES L E LTRSS, —F, RKIREFIET
%, EAE L ORESICE-T, BIRSNAREERFMNDRRRD. h BHRFICREWVGE, Z>O8—7 %
PSR s B AT 5720, —ODOE— 7 ORMICHAAENRITNSD. h VNS WS, B HDILOA
FEORFHM S, LV KREZRILOE—7 OMAENERITND.

AIRBETIEIC L D REER T OPRETIEORHRE R T 5 L RO TH D, () h 2 RESEDZ LT, FHN
IRAEE NI RIRE LS. (i) h 2/ S <ED 2 LT, HRIORSS AL R b 2 WEE AR SIS, (il)
WE SN TS AL OSSR SN 5.

2-1-5 HELE-ERBORER BRHNOHE, RETFHEROHIRR

EBSD 7 —# # AREZADOKTET MIEHRT DR, T—X 7V —=2 70, BROFIOEEIZEY, 25M
BINZEEL T DI H BID bR USRS XM 5 SN2 A0 H 5. A VX —72— AT, K 1OIKRT
BRIZ, ZO5HE Ui R B DSR2 A5 L, KA 5. ZORBNCE Y, KE72FERRI S8 L
T/ NSRRI Z A TE D L 912720, MO/ S efb b 2 LR TV RS Z ENAlREE 72 5.

WIZ, FERRLOFAE T VT Y XAZOWTHAT 5. ORI AT DT k2 maT22 &
EEZD. FRORSITAOMBNCIE, 21 - 48 CHH LIk oo 22 V5. X2 1Rk, B
BT DAERL i & OFSSEEER D c il a oo 2 SOENO HAED, ZHENTFEMEU T O, fiibki 2 #a
+5. Hib,
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j=1 when a. <A and o, <A )

a

Ths. ERTEBNT, ABITAITENEN, clills LT a MOTAZAEDOHFRMETH S, FRkE I %
AT DREGBIOFEL, N (4) ORI AR 72 < 72D £ TEMT 5.

B2 KL DB IBRT L T ZAIZOWTHAT D, A ¥ —T7 =—ZA T, WS OFFREEZ BT
L, #bbENTPRELZE 550, NSWYA ORI OIES, FidRizHIER L, fdbkiEkz i+ 5.
HAWR RSN 5. 9, SHBHORE S G OEED i~ X I1OITRIHRIS, ffRhoRE
S DNRRLASRE AR DA A D58, FFRMEZ B2 DN OSSR OFET DB ~, FFAELANOIRAL
DRE S OfRLIZ kR S8 5. BAFRRIZIE, ERZIECHA, HIBRT NSRRI, fHfRIR & 5 5%
ROFEIRE S %, BHETDREWVHRERLO b OIS, ZofEL 1 A7 v 7L L, HlfRT_&/hasin
TR 2 < R D ETINZMY Y. AID, HIFRT NS/ 2RI & 2 S % C U BEES 2 R & WG
RIPEONRET D, U EOTNATY XN LY, [EEORE RIS OMIUEZ /TaEL 375,

2-2 EREMAREREN
CPFE fi#hft = — 1 clp (Ohashi, 1987, 1994, 1997, 2005, Ohashi et al., 2007) % Tt & 34 5. clp 1%, fec
(Kondou et al., 2008, Mayama et al., 2009, Ohashi and Kondou, 2013, {i[%#{th, 2015), bec (BLiL, KH8, 2016, Yasuda et
al.,2017), hep (KIBfth, 2010, Kawanoetal.,inpress) @ 3 DOFEFRICHWHITE 72, LUTFITIE, clp ([CEES
NTWDET AT, AN OEFET . HmrEmUIR (Hil, 1966) THZ 5.

& = {Si?kl +22{h(nm)}_l Pij(n)Pk(Im):|d-kl (5)

Eij IXOT ISy, Siy I3E= LT T4 T U R, 64 1% Cauchy DIGHT v Y L ORS, Pij(”) I% Schmid 7>~/
v, m, n IXEENT Y RAERL TS, Schmid RIS T2 EREL, KT ROIEESEMFIL, £330 %
W30 B 4y it VWIS ) DI S o0 fif AUWiis 71 (Critical Resolved Shear Stress: CRSS) Bz /=i & 9 5. h(m) 5
O (AR ECTH 5D, CRSS 1L, KUK TIEIE Bailey-Hirsch €5 /L (Ohashi, 1994) % 5.

QWM:%(T)+§Zay5Q“m pm 6)

ZIT, Oy XEBEAALIC KT D AR LZRWEHUE, o 13 0.1 FREEOBMERE, w138 AUWmHEPEAREL,
bl s— =2 brokE s, QM 3a4~0 RIAFET BB O EIER OR S 2 2525475, pl™
I IR EFE T DAL (Statistically Stored dislocations : SS #&fif) #ETH 5. SSEIELE L, LATFTORUC
£V 5 %% (Ohashi, 1987).

Ps == @

clF 1 OA—F ORMELREL, 7 1T AWOT S Th L. LITRMOEHB IR THY, RATEH
%% (Ohashi, 2005) .
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(m) _ c*

L [Zee e ®

k

ot b " TN, RO LT & 2 R, 35 X ORI O EAER 08k & % R H AR T
FIThs. || Ps ” V2L TS BEZRHAAT (Geometrically Necessary Dislocations: GN #izif) D /L ATH
5. GNERAIEFED J v ATk L W kDD (Ohashi, 1997) .

|28 = (L) + ()’ ©
(m)
m __10oy
pG,edge - 6 Gg(m) (10)
(m)
m _10y
pG,screw - 6 aé,(m) (11)

22T, P & P 1 GN BRI DRSS L OMBERR Sy T 5. E™, (M irmhEnt <0k

G,screw

MEB L OEIUCEER S THS. CRSS OHE, K TH X2 (Ohashi, 1987).
o — h(nm);}(m) (12)

OFmaEtsh™ i3, % 6) — ©®), (12) LVLLFORECRE .

hm) _ ac Q"™

— (13)
oM pgm)

3. HEMEETOERFAETIADEREIVERT LT XLOR SN

3.1 #EM

A & L CRHWEMT 2> (aeTi) 13, BEZERMAIICEEN R0 — VEE L, FEShsi R bz Bi9 L Lizgvl
%, EX8mm, 1§ 2 mm OBEZEAEIN AR, K8 IRTHRICHREBRA 20 Lz, JEXIZ05mm ThH 5.
BRI, 1B, EMRTEE AR C, EBSD 12T 3.00 um [BFE CRESEALAIE L7=. WIZ, CI 28 0.1 Ko
— B Er ) == 7 Lzt REIOBEm O )5 ND S oifisX (Inverse Pole Figure: IPF) ~ v 7% {E
L. o7 =227 ) —=v7DFEiEB L OIPF ~ v 7 OERRIZIE, EBSD HIE#EE 1 2HE$ % TSL Solutions
#:8o> EBSD 7 —# T~ 7 w7 =7 OIM Analysis % U 7=, OIM Analysis O FH T X 0 SARAHLA o Hf <o
RIXOIERE B RIEETH D, HFOHNTZ IPF~ > 7 %M 9 12T

3-2 HAEFIADOEHE
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3-2-1 BREEFORMIELEZERE LIz Euler BOBRE

CPFE ittt F DT N2 ERG 5728, K9 D IPF~ v 7/H 5, 800x 1600 um? OFPHAZ I, G109 H L
Toftiem L~ 7 % Bunge EEFD Euler 1D 3 DD/XT A—H (g1, @, @) TENENRRLIZH D% 10 12
Y. K10 IFERSEILTE LT, i~y 71X EBSD B 7 v biRs. W, 4 ¥ —72—A &N
T, 2LL HiCik =T —% 7 V—= 7% Cl OfE%E 0.1 & UCE LA, fEdbFhi~ v 718 bidanwz
LIIHERE - Th 5.

IPF ~ » 7 CILI Y — 2 HL 2 7= A RN O 56534 (K19) 23, Euler #0534 (K110 (a) ) ThH.S & ARY
—ThdZ s, —F, BRITRTERICHSRO M2 UA < LT, ZORbE N OSERE 34 & i~
% (10 (b) ) &, —OOREERNIERO Y —7 BMFET 5. IPF~ > 71X, FMiefEimoma &8 L /b
FPHCAT LAEE LI vy R LTS 72, Euler O AR A FESRRIN CRYE— 7B 1%, Sdmis 1 O%M 72
TN 2R HEELD Buler ABFAET A0 THDH LWL TE S, 2+ 1 - 4Hi TRl L7z Fik% VT Euler £ % 15
WRETS.

111, FESLEE T DX 2 E 8 L CRIRE LT-1% D Euler 1 D434 Tdh 5. Euler 1 D/35 A — % OFFHIT,
FPERT (X 10(0) TIHO0=¢<2n, 0=0<m, 0=¢,<2n Th-o7=A, FREE (K1) 121, FNFN0=¢p

Size:
4 mm : 0.90 x 2.00 mm’
R1 1070
g MR
S A
— 4
Y(TD) 10mm" §mm Y (TD)
X(RD) Thickness: 0.5 mm L X(RD)
Z(ND) Z(ND)
Fig. 8 The shape of specimen. Fig. 9 Inverse Pole Figure (IPF) map obtained by
EBSD analysis.
0 (rad) 2 0 (rad) w/2
(a) (a) -
IHMV O dl
() 1 1 1 (b) 1 1 1
o = i & = =
l k I
0 0 ol - 0 0 ol |
O s T 0 gy 20 gma T oad) 0 gy 0 gy
P o »2 P1 o ®2
Fig. 10 Crystal orientation maps obtained by EBSD Fig. 11 Crystal orientation maps after the reassignment of
analysis (a) and the distributions of crystal Eulerian angles. Crystal orientation maps (a) and the
orientations within a crystal grain (b). The distributions of crystal orientations within a crystal
numbers of EBSD pixels and crystal grains are grain (b).
164164 and 349 within the area of observation,
respectively.
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<L2m, 0=O=n2, 0=¢p<m3 LB NT=. FTo, FEESRINORER T OMES AR (K11 () ) 1%, #EkdH-7-
MO —27 (K10 (b) ) B—olot-. UbLXYy, £ 2 —T7 —R2FHE LT~ Euler AOFIRET L
FY XKML ST, Euler AOHFAZKSD Z ENHKDLDEMER LT,

3:2-2 #HEATY TOERMELAZRERALBEFEOZ LY

WIC, FEsa AN FRRER ORI~ v 7 (M 11) #EFESETSH. 21 3HITik*/-#bv, EBSD £/ &
NN EETNVERORPEMRIZL Y, BERHSBIOBEORET VER ORISR SO EHIEITELT 5. EBSD v
RN ED BT IVERENNSWEES (BT NVEEROFTNEBSD 7 B8 L0 $2WEE) , BT LVEREIC
EBSD BV BNV DOROT — X 2 ZDEEZTFWET Z ENHRD T2, T—X OZIFPE LICITRK X 22834 U
V. L2c L7235, EBSD B 7 BV K 0 b BT VRN D I WEE, oD T VERENICEEIF(ET D EBSD
7 BV DR ORERIR S O D — D OFERIER B2 RSVERH 5. Z OBROBIITFETLH T —Z M8,
BRI OWA121F T  FEFRIEL O PDAE db 700 ORISR 7 — &% ORI Z 5. AHiTlL, EBSD
7BV ED bETNVEREDND RO TEESTNZITO . SRmALTIE, 214 #iCTu L7 FEE N
WCRERSR 2 G L, BB L ORI OB LD Z > 7235610, REFERFNMOBENEX LT-iH
DIATON TN DD EfERT 5.

0 (rad) 2n 0 (rad) /2 0 (rad) n/3 0 (rad) 2 0 (rady/2 0 (rad) z/3
| B | | & | HT 1 e a | B | | & |
| I E
(d)
| |
¢1 @ (02

Fig. 12 Geometric models converted from EBSD orientation maps. Elements are (a) 10x20x2, (b) 25x50%2, (c) 50x100%2,
and (d) 100x200x2. The numbers of grains are (a) 41, (b) 49, (c) 52, and (d) 60.

0 (rad) 2z 0 (rad) z/2 0 (rad) /3 0 (rad) 2z 0 (rad) n/2
| & | Ex 1 | B | | & A | n 1

Fig. 13 Geometric models obtained when small crystal grains are eliminated (a) and neighboring crystal grains are integrated
when misorientations Ao, and Aa. are smaller than 10° (b). The number of elements in both models is 100x200x2.
The numbers of grains are (a) 50 and (b) 30.
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X 12 (%7 LV OBEEBIKFEEZ R LTV 5. EREOBD &SRR is3 5. g, —ooE
TIVEFRNICHEELD EBSD 7 B ABHET D356, BEHRN TR OIAWVERZ 5D Db OFR S NE T /VER
W5 S50, DEROE 7 BN D /NS efEiinE, BERENTRWEREE HH 52 ENTETIL, £0
RSN ET NVEEOREME L GRBIRENTHE LIZDTH D, —F, BEHENSVE, etk
BT D ERLSIFEL, b £< 25 (K12 (d) ) . 20O LITEEROSEIC X - TR OH
FULORREZFEI T 52 L 2/RLTEY, BRI LZEY EBSD B /L &7 VERB O SRLE5DOZE L
WThNZZ & 2wt RS, 2oz &%, A% —7 =—ZT CPFE fi#fT7= O DO IEME 72 (1€ 7 /L 2 /EHl-4
BRI, BT NVEROV A RIEERIRIC I VHIRIND Z EHRL TN,

WIZ, BAERRLONFRE RN O EREURIFEZ TS, X 12 1%, EEHEORNMNIEDL ST, BN UE
B AAE T DR R IR R RSS2 EBSD B 7 B AN LZ I ESNIZZ L 2R LTWA., 2D &, R&#F
TSR HALOBEET LT ) XANERK L@ 0BTV D Z & 2 T 5. ER AL ORE T /LAY XL
B L@ TN TWDE0E, LV LOWEECHEET D780, IROFETRTET VA~DT — 2 51T -
2. £, K12 (d) OKRMET MRS SR OFIBRT LT U X8 (21581 ZHWT, K13 (@) IR
TRRICRE SR g R 50 fH % THINT 5. Zhva, 13 (b) (R TERIC, BRI 2 B ok o a7 v
Y XA (21580 ZHAOTHRESETO cfilds LV a il A0S 10° N O B Dt saki 2 a9 5. #
B SN ARBALIIIRERE RS E 5T 5. REERFALREDO T LT Y ZLNEL @iFiE, RFEES 5
O, ZOREERINICB W TRV A AT 5RO RER I NAV—TORh @S5, AIG, #ia Sz
FEEERIICIE, 2 OfSARRL AR T 2 A RIORERRLORER AL ON, Kb REZRERRLO b ORFE I D,
ERLDOFEERIE T, AN OEET D &, MAEHROREAIZIE, HERORERION, b KE 2Rk
DHLDOWONTNDZ Elbnd. BIb, RE/EGAORET VI Y X LANER L@ IIZ@oCTnsd Z &n
MR TE =,

4. HEREMARERMBEN

4 -1 CPFEfRHTRSAETILOE L BINEH

WIS, T—5 7 V== 7 RO & R ER ORGSR~ v 7 (K1) DD EERORR S 3 >DE
TNEAERT S, ERUT-RET VA 14 17T, BRI (@ 25%x50x2, (b) 50x100x2, (c) 100 x
200x2 TdhDH. EBSDICLVESSG LT —XIZ2RTD LD TH DN, TOMMT—H & BT HIAIZ 2 By
JEBE L, CPFE F(iET /TR D 3IRTTET V& LTz, FETNOBATH RO A RIS HERERD 2 S5
Ths. fEmhilL, TOFMMEZ 50 & LT, MlZfmbionlRy =Y XA (2+1-58Hi) ZHNTZD
BxHx, (@ 49, (b) 50, (c) 50 & L7z

> > -
@ & (b) © TEmmew:
&> &€ -
> > -
&> 4> -
&> > -
i b -
Y, gi %’; ¥ D
&> 8>_> -
zl_ﬁi & S s ﬂ,
Size: 800 x1600 x64 pm? Size: 800 x1600 %32 um? Size: 800 x1600 x16 pm?
Elements: 25 x 50 x 2 Elements: 50 x100x2 Elements: 100 x200%2
Number of crystal grains: 49 Number of crystal grains: 50 Number of crystal grains: 50
Fig. 14 Schematics showing the geometric models and the boundary conditions for CPFE analysis.
Table 2 Elastic compliances for pure-Ti with hcp Table 3 CRSS for a-Ti [MPa] (Gong and Wilkinson, 2009,
structure [(TPa)'] (Fisher and Renken, 1964). Amouzou et al., 2016).
Sn Si2 Siz Sa3 Sas Basal Pri <a> Pyr <a> Pyr <cta>
9.581 -4.623 -1.893 6.980 21.413 209 181 - -
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BT T WG 2 TP OV CRET. IMEEICIIMT 2 o b 02 s, HWeitka 7747
2 (Fisher and Renken, 1964) # % 2 |29, fliTFZ o OIEEIT N0 RI1L, JEHE, fEfi<a>, —&k#Ef<a>, —&
Htfi<cta>TH DAY, —IkfEm<c+a>d 1Y 2D CRSS [FMhod9= 0 R & bl L T, —wkifffi<a>d 0 ZD
CRSS %, Ik~ T NTo& 0355 (Amouzouetal., 2016) . = 2 ClE, #Ef+ Y RITF OIEFEMEN
LA EME L CIEMEE L, KR & HERi<a>d X0 %0 CRSS 133 3 1Z7~975# Y Gong and Wilkinson (2009) &
Amouzou etal. (2016) DHWMEAEZSEIZ L CRE LT, WIHERNEEIL SS DA TH 2, BN TH—IC
1.8x108m2 & L=, AMSHEIN 14 1 R@Y, 7 A OEMREZ XSG mEE L, A LT X i
IS —H#5 | IEDOHFIEN. &2 5 2, TNLSOEICITHB L OEE TS 20D L L.

4-2 —ESIRBAEROERKKEY

fiFH DA A—V_—A CPFE ffrOfER%Z X 15 (R 15 1%, B (g, =0.1%) 3K OWBMEL

(g, =1.0%) IZBIT 5 X WIHROBEISS) 04y B LOREOTH &y, LIBMIRICIIT S GN B E D /L
1| o8| 4w vk ss iz PP OoTIAERL TS

EP, MR L MR O TN EIUTIIT D Oy & &y DERBIKEMERBIET 5. WHIRICE T 5 0y & &4y
1%, FORKIER L OB MEICESRBIREENR 55 b OO, BHREKICHD O TRIUBHCEVMELZ R L, Oy &

% 101 x 101
102 (MPa) 122 | 332 (MPa) 753 0.0(m?) 1.0 1.8 (m?) 7.0
B a E 1 [
<O
g e
(@ o L
M L g
. T lj
ik, i
T Y
(b) o=,
ﬂ__, £y 4
e =
r‘/ [ N
[:'\v ('*;/
”.?\T_}".‘/}[ R
»?(qu*
W,
© ="
B b
‘\ b /r‘\-)/
[
Y, Err =0.1% £p =1.0%
i_. total
X O yy Exy (e

Fig. 15 Results obtained by the image-based crystal plasticity analysis when the numbers of elements are (a) 25 x 50 x 2,
(b) 50 x 100 x 2, and (c) 100 x 200 % 2.
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Exy DOTRDBEHEIMIEAMIT NSV S IR A D, BRI A > THEN O OBTIZEREN SRS & D7

AATEETHS.

RO, EMERINC IR B 250 & O B0 kT 2 BRBUKEIE NS WD L b7,
LNLRm s, RO AT, Oy L9 b &gy OFFD, BRIEOBNFED, EVME & AR WEO 223 X

DiZoE D LT DRRICRRD. T, Mﬁ%%#btgﬁ@mﬁmﬁkmiC%s_;ofﬁiékm,Eﬁ
U351 2 IS DEAAE & e/ MEDFEFIE DI WA, OFTRITIZZORIKIN RN =D L EZ b,

Wiz, BHLEIEDIER~D. T, GNEENHHIED /L AE 2T <0 R TR Labi bo ol | 26
5. BERERENZVER, BT ABOTAOEER L 0 EEICENS D, OTHOARALEE SRS GN
B E OB S b, ERENSVELORKIEIEEL 225, OTHROARINE < 720 03 SRR T
OB E Th D, —F, SSEMEELZET Y RTELADEELO o 13, BHRENZ T,
ZOFRENIE-E Y L5500, GN EEEITEOEREIKFIEIIA LN, Blh, Mg AROd 2o
ZE Y AELN D EH S5 GN BE(TEEEED ) )V L DAATDITHS, SS HANEEEEE D 43An K 0 Z2 B DR & 0D F 28
TR TINZ ERNbND.

AR SO B A A L 0 B EICEME T 70, BEESA AR L. #EEAN 16 10T, X 16
IZBWT, B0 (3ER) 1220 & U, SR KM L O%/MERS, MRITHER & 01 bNn7c i KiER KLU
IMEIZHRHET 2. W, REZIEREL, —oO A2 TOERENET GG, TOMMN 1 EedFkc Lz K
161R LGy, & P80 P80 f@ﬁr MACINT, LRol 15 % AV & U R,
Hia. Blb, BEMEE L SISO BB S OBAICBNTY, TOSITEEENE LT L ERIICIEF U ThH
L. LLARRD, WIS T “ﬁu%fﬁWﬁi%rﬁ%@ﬁﬁﬂé VIO £, OB LY,
Y AMTOT 20D AL Méhéwﬁm®ﬁf ML EERIEEES KX . 2 OB EROEY T
b5,

PbXv, BEEHORRZDEMET VAT CPFE T2 F0i LT, fdbkiEs L O~ Oftsbki OB &
PRFITUIIE, EMRRNCIER CREREB LS Z L Rbins. b, KTl f v ¥ —7 = — 2%

0.4 0.4 0.4 0.4 1.0 1.0
2 S > = = >
g g 2 g 2 g
(@) 2 g g g 2 g
g g g g 53 g
= - = s = = =
0.0 0.0 0.0 0.0 0.0 0.0

=1
o

§ 123 0.33 5.4 0.0 4.1 1.8 23
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© g 4 g g Ey &
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0-?01 o 0.0 0.0 0.0 0.0 I 0.0

o, (MPa) ' 330 5 (Mpa) 760 0.09 ¢ (%) 011 033 e, (%) 5.4 O_OHPM o l(]‘—‘nr3)4'1 1.8 P (% 105m?) 23
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Fig. 16 Histograms showing changes in frequency distributions of physical quantities when the numbers of elements are
(a) 25X50X2, (b) 50X 100X 2, and (c) 100 X200 X 2.
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WTREBHEROIEIE 2 T, fTHEI O R E B E T V2 AFR L, RESRIBIEARIT 2 i L T b, REabhio
RE 72 & 2 OALEDZALHNEE Z > TOZRT AT, EVERNCIERE CRERBBEOND Z 2R LTS 2L,
GN #RAIE FE 1T, ERBO LD 2= 09V, GN IR DKL, I T LROZE(CFEOYIMEME D ZAL
SIS0, BYIRLARS, RELROTHORMTHIT 21T 5 BRICIE 0 RBE S L TH 5.

5. #&

EBSD |2 & YV Btfg L= BtOfE s i~ » 77 — 2 Z /i A TR 255 (CPFE) f#tT H O 7 A s
BAHE =T 2—AEFR LT, TORYMORKIEDT-D, KAV H—T 2—RAEfiF 2 @A L, Hoiviz
W ET NEHNTA A= _X—A CPFE it &= £l L7-. SoNizfRe2ELHd L, UTOKTHD.

(1)  EBSDIC X W ES L=k T i~ v 75— % CPFE it HHO (AT N A B DA L X —T 2 —A

BRI L. AV F—T7=2—RA2E, T4 7 ) —= JHERE, #ER T OB ERE L CREM TN
%727 Buler A OFAH &AL D8R8, TUHE7ofE SR O HIBR-ORELL O FE LT 5 T D AS AR O KA O
BRI EIERE, REER S OBRIRES 2RI LT,

(2 ARAH—7x—A%HT CPFE it (€T VA/ER L, A A—~X—R CPFE fi#d & 3hE L 7=
LA, AR OESCRLE O 2 LS OO K X 7o L3 Z - TR, BEREE A (bsw
THEEMICIXIRZERBROR R EOND Z L2 MR L. 72720, OTABLGN EREED /L
LDGAGE, JET1& SS MR D o34 & el LT, BEHREIURGFHER K& o Tz,

#t 3
AWFFEDZATIZE T2 Y S UKD TSRS J O ABEB 2, 2 B FERICIIA 2B E 2 THN
T AWZED—ERIE, MAERFEEIN « A/ N—a VRO SIP (IS A ) N—Ta VAET 0 7T L) TR
Mz U, REMENI IS 2 RRRBVETIR DT OFAEEE ) (FBHEAN : JST) IZ& - THEMi Sz,
L THEERT.

X 73

Amouzou, K.E.K., Richeton, T., Roth, A., Lebyodkin, M.A. and Lebedkina, T.A., Micromechanical modeling of hardening
mechanisms in commercially pure a-titanium in tensile condition, International Journal of Plasticity, Vol.80 (2016),
pp.222-240, DOI:10.1016/j.ijplas.2015.09.008.

Engler, O. and Randle, V., Introduction to texture analysis: macrotexture, microtexture, and orientation mapping, second
edition, CRC Press (2009), p.35.

Fisher, E.S. and Renken, C.J., Single-crystal elastic moduli and the hcp — bec transformation in Ti, Zr, and Hf, Physical Review,
Vol.135, No.2A (1964), pp.482-494, DOI:10.1103/PhysRev.135.A482.

Ghosh, S., Shahba, A., Tu, X., Huskins, E.L. and Schuster, B.E., Crystal plasticity FE modeling of Ti alloys for a range of strain-
rates. Part II: Image-based model with experimental validation, International Journal of Plasticity, Vol.87 (2016), pp.69—
85, DOI:10.1016/}.ijplas.2016.09.003.

Gong, J. and Wilkinson, A.J., Anisotropy in the plastic flow properties of single-crystal o titanium determined from micro-
cantilever beams, Acta Materialia, Vol. 57, No.19 (2009), pp. 5693-5705, DOI:10.1016/j.actamat.2009.07.064.

Hill, R., Generalized constitutive relations for incremental deformation of metal crystals by multislip, Journal of the Mechanics
and Physics of Solids, Vol.14, No.2 (1966), pp.95-102, DOI:10.1016/0022-5096(66)90040-8.

Kawano, Y., Ohashi, T., Mayama, T. and Kondou, R., Crystal plasticity analysis of change in incompatibility and activities of
slip systems in o-phase of Ti alloy under cyclic loading, International Journal of Mechanical Sciences, in press,
DOI:10.1016/j.ijmecsci.2017.09.023.

PIEPFEHS, HFLE, AFEE, SR T R, KiES, EESRET VO L D GN NN Y — o L DKL
FUERMEKAEME, B AR S22 50 SCEE, Vol. 81, No. 824 (2015), DOI:10.1299/transjsme. 14-00630.

Kondou, R., Ohashi, T. and Miura, S., Relationship between micro-incompatibility and heterogeneity of dislocation density
distribution in Cu-9at.% Al symmetric type bicrystal models under tensile loading, Journal of Computational Science and

[DOI: 10.1299/transjsme. 1x-00000] © 201x The Japan Society of Mechanical Engineers



Kikai, Gijyutsu and Tokyo, Transactions of the JSME (in Japanese), Vol.00, No.00 (201x)

Technology, Vol.2 (2008), pp.162—172, DOI:10.1299/jcst.2.162.

Koshizuka, S. and Oka, Y., Moving-particle semi-implicit method for fragmentation of incompressible fluid, Nuclear Science
and Engineering, Vol.123 (1996), pp.421-434, DOI:10.13182/NSE96-A24205.

Lewis, A.C., Bingert, J.F., Rowenhorst, D.J., Gupta, A. and Geltmacher, A.B., Two- and three-dimensional microstructural
characterization of a super-austenitic stainless steel, Materials Science and Engineering A, Vol.418, No.1-2 (2006), pp.11-
18, DOI:10.1016/j.msea.2005.09.088.

Lewis, A.C. and Geltmacher, A.B., Image-based modeling of the response of experimental 3D microstructures to mechanical
loading, Scripta Materialia, Vol.55, No.1 (2006), pp.81-85, DOI:10.1016/j.scriptamat.2006.01.043.

Mayama, T., Ohashi, T. and Kondou, R., Geometrically necessary dislocation structure organization in FCC bicrystal subjected
to cyclic plasticity, International Journal of Plasticity, Vol.25, No.11 (2009), pp.2122-2140, DOI:10.1016/j.ijplas.
2009.02.001.

Mayeur, J.R. and McDowell, D.L., A three-dimensional crystal plasticity model for duplex Ti-6Al-4V, International Journal of
Plasticity, Vol.23, No.9 (2007), pp. 1457-1485, DOI:10.1016/j.ijplas.2006.11.006.

Monaghan, J.J., An introduction to SPH, Computer Physics Communications, Vol.48, No.1 (1988), pp.89-96, DOI:10.1016/
0010-4655(88)90026-4.

Morikawa,T., Mitani, Y. and Higashida, K., Inhomogeneous deformation observed using high-precision markers drawn by
electron beam lithography in a magnesium alloy with LPSO phase, Materials Science Forum, Vol.638-642 (2010),
pp-1574-1578, DOI:10.4028/www.scientific.net/MSF.638-642.1574.

Miiller, M., Charypar, D. and Gross, M., Particle-based fluid simulation for interactive applications, Proceedings of the 2003
ACM SIGGRAPH/Eurographics symposium on computer animation, No.5 (2003), pp.154—159.

Ohashi, T., Computer simulation of non-uniform multiple slip in face centered cubic bycrystals, Transactions of the Japan
Institute of Metals, Vol.28, Nol1 (1987), pp.906-915, DOI:10.2320/matertrans1960.28.906.

Ohashi, T., Numerical modelling of plastic multislip in metal crystals of f.c.c. type, Philosophical Magazine A, Vol. 70 (1994),
pp-793-803, DOI:10.1080/01418619408242931.

Ohashi, T., Finite-element analysis of plastic slip and evolution of geometrically necessary dislocations in fcc crystals,
Philosophical Magazine Letters, Vol.75, No.2 (1997), pp.51-58, DOI:10.1080/095008397179741.

Ohashi, T., Crystal plasticity analysis of dislocation emission from micro voids, International Journal of Plasticity, Vol.21, No.11
(2005), pp.2071-2088, DOI:10.1016/].ijplas.2005.03.018.

Ohashi, T., A multiscale approach for modeling scale-dependent yield stress in polycrystalline metals, International Journal of
Plasticity, Vol.23 (2007), pp.897-914, DOI:10.1016/j.ijplas.2006.10.002.

KRiGgkth, TRESER, GG, EILEI, HCP BRSSO R VI K o TET D RINRIZETEY; LSS, BA
FEWR 2250 SCEE A R, Vol. 76, No.764 (2010), pp.367-369.

Ohashi, T. and Kondou, R., Evolution of dislocation patterns in a tricrystal model subjected to cyclic loading, Philosophical
Magazine, Vol.93, No.4 (2013), pp.366-387, DOI:10.1080/14786435.2012.721017.

WIS, KAGS, B 72 BRIRMR 72 & T “HE- @0 LB BT 283 E7 U > 7, $k L8, Vol.102,No.7
(2016), pp.32-40, DOLI: http://dx.doi.org/10.2355/tetsutohagane. TETSU-2015-096.

Pan, B., Qian, K., Xie, H. and Asundi, A., Two-dimensional digital image correlation for in-plane displacement and strain
measurement: a review, Measurement Science and Technology, Vol.6, No.6 (2009), DOI:10.1088/0957-0233/20/6/
062001.

Raabe, D., Sachtlaber, M., Zhao, Z. and Zaefferer, S., Micromechanical and macromechanical effects in grain scale polycrystal
plasticity experimentation and simulation, Vol.49, No.17 (2001), pp.3433-3441, DOI:10.1016/S1359-6454(01)00242-7.

Roters, F., Eisenlohr, P., Hantcherli, L., Tjahjanto, D.D., Bieler, T.R. and Raabe, D., Overview of constitutive laws, kinematics,
homogenization and multiscale methods in crystal plasticity finite-element modeling: Theory, experiments, applications,
Acta Materialia, Vol.58 (2010), pp.1152-1211, DOI:10.1016/j.actamat.2009.10.058.

Roters, F., Eisenlohr, P., Kords, C., Tjahjanto, D.D., Dichl, M. and Raabe, D., DAMASK, The dusseldorf advanced material
simulation kit for studying crystal plasticity using an fe based or a spectral numerical solver, Prodedia IUTAM, Vol.3
(2012), pp.3-10, DOI: 10.1016/j.piutam.2012.03.001.

Spanos, G., Rowenhorst, D.J., Lewis, A.C. and Geltmacher, A.B., Combining serial sectioning, EBSD analysis, and image-
based finite element modeling, MRS Bulletin, Vol.33, No.06 (2008), pp.597-602, DOI:10.1557/mrs2008.124.

$AIE—, EBSD @it —OIM Z T 5125 7=> T, 3[R, HASFETSL Y U 22— 3 > X (2009).

AR, Fix OFESHARNTE & SEM/EBSD 1EDJREL, HARGE TS « SR SBIVE SR 20 FEEMEHE <

[DOI: 10.1299/transjsme. 1x-00000] © 201x The Japan Society of Mechanical Engineers



Kikai, Gijyutsu and Tokyo, Transactions of the JSME (in Japanese), Vol.00, No.00 (201x)

F—&El (2008).

Wilkinson, A.J., A new method for determining small misorientations from electron back scatter diffraction patterns, Scripta
Materialia, Vol.44, No.10 (2001), pp.2379-2385, DOI:10.1016/S1359-6462(01)00943-5.

Yasuda, Y., Ohashi, T., Shimokawa, T. and Niiyama, T., Strain-hardening characteristics of ferrite layers in pearlite
microstructure, Materials Science and Technoology, in press, DOI:10.1080/02670836.2017.1397941.

B HHE, MEATEGBOLEERE ~ 720 Lzfuid LT, WHEEME (2007), p9l.

Zhang, C, Li, H., Eisenlohr, P., Liu, W., Boehlert, C. J., Crimp, M. A. and Bieler, T.R., Effect of realistic 3D microstructure in
crystal plasticity finite element analysis of polycrystalline Ti-5A1-2.5Sn, International Journal of Plasticity, Vol.69 (2015),
pp-21-35, DOI:10.1016/j.ijplas.2015.01.003.

References

Amouzou, K.E.K., Richeton, T., Roth, A., Lebyodkin, M.A. and Lebedkina, T.A., Micromechanical modeling of hardening
mechanisms in commercially pure a-titanium in tensile condition, International Journal of Plasticity, Vol.80 (2016),
pp-222-240, DOI:10.1016/j.ijplas.2015.09.008.

Engler, O. and Randle, V., Introduction to texture analysis: macrotexture, microtexture, and orientation mapping, second
edition, CRC Press (2009), p.35.

Fisher, E.S. and Renken, C.J., Single-crystal elastic moduli and the hcp — bec transformation in Ti, Zr, and Hf, Physical Review,
Vol.135, No.2A (1964), pp.482-494, DOI:10.1103/PhysRev.135.A482.

Ghosh, S., Shahba, A., Tu, X., Huskins, E.L. and Schuster, B.E., Crystal plasticity FE modeling of Ti alloys for a range of strain-
rates. Part II: Image-based model with experimental validation, International Journal of Plasticity, Vol.87 (2016), pp.69-
85, DOI:10.1016/}.ijplas.2016.09.003.

Gong, J. and Wilkinson, A.J., Anisotropy in the plastic flow properties of single-crystal o titanium determined from micro-
cantilever beams, Acta Materialia, Vol. 57, No.19 (2009), pp. 5693-5705, DOI:10.1016/j.actamat.2009.07.064.

Hill, R., Generalized constitutive relations for incremental deformation of metal crystals by multislip, Journal of the Mechanics
and Physics of Solids, Vol.14, No.2 (1966), pp.95-102, DOI:10.1016/0022-5096(66)90040-8.

Kawano, Y., Ohashi, T., Mayama, T. and Kondou, R., Crystal plasticity analysis of change in incompatibility and activities of
slip systems in o-phase of Ti alloy under cyclic loading, International Journal of Mechanical Sciences, in press,
DOI:10.1016/j.ijjmecsci.2017.09.023.

Kawano, Y., Tamaru, N., Ishii, S., Mayama, T., Kondou, R. and Ohashi, T., Grain boundary inclination dependence of GN
dislocation patterns and density in bicrystal model, Transactions of the JSME (in Japanese), Vol.81, No.824 (2015),
DOI:10.1299/transjsme. 14-00630.

Kondou, R., Ohashi, T. and Miura, S., Relationship between micro-incompatibility and heterogeneity of dislocation density
distribution in Cu-9at.% Al symmetric type bicrystal models under tensile loading, Journal of Computational Science and
Technology, Vol.2 (2008), pp.162-172, DOI:10.1299/jcst.2.162.

Koshizuka, S. and Oka, Y., Moving-particle semi-implicit method for fragmentation of incompressible fluid, Nuclear Science
and Engineering, Vol.123 (1996), pp.421-434, DOI:10.13182/NSE96-A24205.

Lewis, A.C., Bingert, J.F., Rowenhorst, D.J., Gupta, A. and Geltmacher, A.B., Two- and three-dimensional microstructural
characterization of a super-austenitic stainless steel, Materials Science and Engineering A, Vol.418, No.1-2 (2006), pp.11-
18, DOI: 10.1016/j.msea.2005.09.088.

Lewis, A.C. and Geltmacher, A.B., Image-based modeling of the response of experimental 3D microstructures to mechanical
loading, Scripta Materialia, Vol.55, No.1 (2006), pp.81-85, DOI:10.1016/j.scriptamat.2006.01.043.

Mayama, T., Ohashi, T. and Kondou, R., Geometrically necessary dislocation structure organization in FCC bicrystal subjected
to cyclic plasticity, International Journal of Plasticity, Vol.25, No.11 (2009), pp.2122-2140, DOI:10.1016/.ijplas.
2009.02.001.

Mayeur, J.R. and McDowell, D.L., A three-dimensional crystal plasticity model for duplex Ti-6Al-4V, International Journal of
Plasticity, Vol.23, No.9 (2007), pp. 1457-1485, DOI:10.1016/j.ijplas.2006.11.006.

Monaghan, J.J., An introduction to SPH, Computer Physics Communications, Vol.48, No.1 (1988), pp.8§9-96, DOI:10.1016/
0010-4655(88)90026-4.

Morikawa,T., Mitani, Y. and Higashida, K., Inhomogeneous deformation observed using high-precision markers drawn by
electron beam lithography in a magnesium alloy with LPSO phase, Materials Science Forum, Vol.638-642 (2010),

[DOI: 10.1299/transjsme. 1x-00000] © 201x The Japan Society of Mechanical Engineers



Kikai, Gijyutsu and Tokyo, Transactions of the JSME (in Japanese), Vol.00, No.00 (201x)

pp.1574-1578, DOI:10.4028/www.scientific.net/MSF.638-642.1574.

Miiller, M., Charypar, D. and Gross, M., Particle-based fluid simulation for interactive applications, Proceedings of the 2003
ACM SIGGRAPH/Eurographics symposium on computer animation, No.5 (2003), pp.154-159.

Ohashi, T., Computer simulation of non-uniform multiple slip in face centered cubic bycrystals, Transactions of the Japan
Institute of Metals, Vol.28, Nol1 (1987), pp.906-915, DOI:10.2320/matertrans1960.28.906.

Ohashi, T., Numerical modelling of plastic multislip in metal crystals of f.c.c. type, Philosophical Magazine A, Vol. 70 (1994),
pp-793-803, DOI:10.1080/01418619408242931.

Ohashi, T., Finite-clement analysis of plastic slip and evolution of geometrically necessary dislocations in fcc crystals,
Philosophical Magazine Letters, Vol.75, No.2 (1997), pp.51-58, DOI:10.1080/095008397179741.

Ohashi, T., Crystal plasticity analysis of dislocation emission from micro voids, International Journal of Plasticity, Vol.21, No.11
(2005), pp.2071-2088, DOI:10.1016/].1jplas.2005.03.018.

Ohashi, T., A multiscale approach for modeling scale-dependent yield stress in polycrystalline metals, International Journal of
Plasticity, Vol.23 (2007), pp.897-914, DOI:10.1016/}.ijplas.2006.10.002.

Ohashi, T., Fukao, R., Ito, Y. and Mayama, T., Crystal plasticity analysis of the disclination type deformation field and stress
concentration in a HCP bicrystal(<Special Issue>M & M 2009 Conference), Transactions of the Japan Society of
Mechanical Engineers, Series A, Vol.76 (2010), pp.367-369 (in Japanese).

Ohashi, T. and Kondou, R., Evolution of dislocation patterns in a tricrystal model subjected to cyclic loading, Philosophical
Magazine, Vol.93, No.4 (2013), pp.366-387, DOI:10.1080/14786435.2012.721017.

Okuyama, Y. and Ohashi, T., Numerical modeling for strain hardening of two-phase alloys with dispersion of hard spherical
particles, Tetsu-to-Hagane, Vol.102, No.7 (2016), pp.32-40 (in Japanese), DOI: http://dx.doi.org/10.2355/tetsutohagane.
TETSU-2015-096.

Pan, B., Qian, K., Xie, H. and Asundi, A., Two-dimensional digital image correlation for in-plane displacement and strain
measurement: a review, Measurement Science and Technology, Vol.6, No.6 (2009), DOI:10.1088/0957-0233/20/6/
062001.

Raabe, D., Sachtlaber, M., Zhao, Z. and Zaefferer, S., Micromechanical and macromechanical effects in grain scale polycrystal
plasticity experimentation and simulation, Vol.49, No.17 (2001), pp.3433-3441, DOI:10.1016/S1359-6454(01)00242-7.

Roters, F., Eisenlohr, P., Hantcherli, L., Tjahjanto, D.D., Bieler, T.R. and Raabe, D., Overview of constitutive laws, kinematics,
homogenization and multiscale methods in crystal plasticity finite-element modeling: Theory, experiments, applications,
Acta Materialia, Vol.58 (2010), pp.1152-1211, DOI:10.1016/j.actamat.2009.10.058.

Roters, F., Eisenlohr, P., Kords, C., Tjahjanto, D.D., Diehl, M. and Raabe, D., DAMASK, The dusseldorf advanced material
simulation kit for studying crystal plasticity using an fe based or a spectral numerical solver, Prodedia IUTAM, Vol.3
(2012), pp.3-10, DOI: 10.1016/j.piutam.2012.03.001.

Spanos, G., Rowenhorst, D.J., Lewis, A.C. and Geltmacher, A.B., Combining serial sectioning, EBSD analysis, and image-
based finite element modeling, MRS Bulletin, Vol.33, No.06 (2008), pp.597-602, DOI:10.1557/mrs2008.124.

Suzuki, S., Reading book of EBSD — in use —, TSL Solutions (2009), (in Japanese).

Tsuji, N., Various methods of crystal orientation analyses and principles of SEM/EBSD, The document of the material seminar
2008 by the Kansai division of the Japan Institute of Metals and Materials and the iron and steel institute of Japan (2008),
(in Japanese).

Wilkinson, A.J., A new method for determining small misorientations from electron back scatter diffraction patterns, Scripta
Materialia, Vol.44, No.10 (2001), pp.2379-2385, DOI:10.1016/S1359-6462(01)00943-5.

Yasuda, Y., Ohashi, T., Shimokawa, T. and Niiyama, T., Strain-hardening characteristics of ferrite layers in pearlite
microstructure, Materials Science and Technoology, in press, DOI:10.1080/02670836.2017.1397941.

Yoshinaga, H., Deformation twining in hexagonal close-packed metal — with a central focus on Magnesium —, Uchidarokakuho
(2007), p.91 (in Japanese).

Zhang, C, Li, H., Eisenlohr, P., Liu, W., Boehlert, C. J., Crimp, M. A. and Bieler, T.R., Effect of realistic 3D microstructure in
crystal plasticity finite element analysis of polycrystalline Ti-5A1-2.5Sn, International Journal of Plasticity, Vol.69 (2015),
pp-21-35, DOIL: 10.1016/j.ijplas.2015.01.003.

[DOI: 10.1299/transjsme. 1x-00000] © 201x The Japan Society of Mechanical Engineers



