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Fig. 1.1  High-resolution microscopy image of Au tilt grain boundary (Merkle,K. and
Wolf,D., (1992)29)
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2.1 #:S

ZRBEBEFCHELETIHNAE, SRHNEOFMLHBEORERLZED L <
EAREEBEORNTVAHEBRE LTHEBEIN TV, HEONFRIHRBED
BENPHEFBEEOBO TEVE AL, EREOBLLRoTVIRALH S
ZENMENT WA, B, BOMEEFHEMEL STM ° AFM & KD EEE
TO—T7THEBEICLIAEENLRBEEBIILI - TELN TR EFEr LR FHEE
DFFMPHLPIZENDDOH S, $/-—HTIDLI) RERNLZELED &
EAT, BFYIab—-varyZiVBEERET 2RAPEHLEENTETY
5., TOHEOHNEELT, BFEEATREZMHATOBEIIKRFT2MZ 5
ZERRLD, FRIIBVWIHB®EZT A RAOEE, BE, WELE LEOHELY
PGV OEHHETRETCEAIENBITONS.

B2 EHER) Va2 —-Ya e LT, 4F 8% (molecular statics
method: MS & F 7213 #& F-# 77 % & lattice statics method: LS & &> 9), &
+B) 71 % 1 (lattice dynamics method: LD ), 4T &) JJ %% (molecular dynamics
method: MD %), £ > 7 7 )b 10 i (Monte Carlo method: MC ) 2 E23H 1), #h
TNOFHEIZBNE LT LB CTHE, AEFH L. LSEIL 0K TOREHE
EBAIFETHY, ETFOHBHNRBEZHIIONTORFTIEITE L v, MD &
2, RRNOZEF (D LAES ) oNEBELEF=s HANESH HFENEHCZ
EWEVRDEHET, FEEICI VIV T Ial—2alEThblnid,
—J7, MCERRBEINFOT ¥ 7 (HetEH) OMer E@EL LT, 7
YH YT IVOFHIRBIIB T AYEHEOEHRIZENT VS, KAE T, AR
TOWE, WHEVIFWNLRBEAZLERT L7201, MDEEZE L LT, £7:4
Bz MCHEx w5,

FEfyIab—-—varilbwTld, EFHOMEERHOFMOTEIZLDHR
DFEENPRKELEAENE., INE T ENNABEDTTE T, KTHMHE
HEAERART Y Vv VBBE LT, 2B FROBEBOAKELEZRYREE L 2
WHDPRBENE Z DL Dol 2HREFHET >V x v EHAVS L, Bk
REDOBRSIZEAL TCy =04y VI BRELIIHEN LW I — ¥ — (Cauchy) DH
BB IO ERHMENT WS, /2, NAEHEORTFOEBETIREILX, £
MOBELRZDIENDI-oTBY, ETOREERFEZEETE RV 2/4H

13
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RF VU VI AEFMICIIERED L. #0 X5 LEFEHNS, Daw & Baskes I
& 58 A AR T (embedded atom method: EAM)(;’) &, Jacobsen,Ngrskov & 2
£ B AL 5 (effective medium theory: EMT) OORZBL SN, —BIZHoM L
TWALRELABETFTFORFOBRDARIFINVF —BHHEMEIIRBEN B %
bEIFMT A0 LT, BATREENHEE ORI »r oGl &D /-8
FARAPOEONLIERBRIR/NT A—FEEXH . EMT # v 5 45 T8 1%
YI3alb—=Ya oI I NI Lo TERBRNZFMI TR ETHE. A
e Tid, FELTIOEMTIXEDSKEFHAFRT Y I YV EHWSL I LIZT 5.
— IR R OBE IO CTERETERTH 5, BONIIEETEOZVR RO
HHIZOVWTOHBNLEHMFIVPUM2ASLL R ENTETVS., KFREIZBV
THENZHET L, TR EE L THRENEZRBOLE S D0 TH 57,
BEUMDODB R FIIBOWTHAI AN - (RRAZAINFT )N BB E
NHY, WEIIEETAZEDHMONTWA, L2RLLEDPFL, 2OLHLRBAT
bR LI AN —-OMEBRERLAT 2HEBIEIZE, EBRNRKEHD
HEETHADOT, BF T Ial—2a Y lIAMEaANASThrEELZLNS.
RETIE, RMICMDEOEAMALEMTIZL AR THERT ¥ Yy bizow
TR, MRABEBRWTET LRI ICEBEL TCORMEFNFEOFMIIOWVWTOHE 21T
9., ZLT, EBIIfcc BEZHEOTVIZTAZODWTELNIH REFEE
CRRIANVF-DFMBEIZIOVTIHENR, EEFMRZS.

2.2 HFEHhFE

2.2.1 BEFESKIIBITR2=Z2—bFDOEGHAER

DFENFEMD)ETE, ZHOERTOEAK(BFIRA»OHEFTE»S &
U UTCHRTOEKEN LT . ) 3E2, FRFIIOVWTOEHHFER,

_____; =F,, (z =1,2,--- 7N) ....................................... (2.2_1)

ZIMT, TNEEEtBOFMICEERSETHILICLIDBETN, 22T,
my,ri, FA3FNFn, B 0E&E, ME, MbEHThHE. FAX KT H
DEF; OB r; 2 EREHETIEFHAT ¥ vy VEKOO M Er 2T
LZEBBICATEDITL 0,

VRS, BUFIFERLZEEHACAIETHELIOIREEFZHR) TLFTRIIZD DO
5.
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0P
F, = ST (2.2.2)
ELTRE SN S, SOMBHIEN 3 KT OBBIKAEL, FIZERICIERKE
B & HD.
MD B CIEAMMAI L L TERTFOMB L EEFEET 5L, & (221) A RS
TAZEIXVEEBA B 22N OME L RESRERNIRE S

2.2.2 MEIEHE

BEFIIRMIG 2 A0 HErE, BREAOBAEICEIREERFIFEEL TV
AHOT, ZIZHBHLBEFELICTI2O08GFE L. —F, HESLHELREERERD
BE, BENEEEOBRFOAPER I A TRITI W, HALZEIHEIZE,
ERWIEHESEEEREFE L TH 25, WNAOBIMMEE TIZEEN 2SBS0
OHANDEFPHTLEIENTHE. L RHRAEHEORETOMMEEL, K
FHREBESEEHZOBEEN LB T BT 2 REBEEHF LIV LN RVTE
BVWEIICERTBLEND L. —J, ERFICEGZ5WEEv L, FOLEE)
IANVF—DPERETHIREIIHIET A2 LTS, W HFOHI /= A VT »
T VIEBWTRERFOEEIZY 7 A7 =)V (Maxwell) 51,

m 3/2 va
E = iV e " .
() (mmBT> emp( NBT) (2:2:3)

ERDBIENHOLNTVAE, 22T, Zv) IBRESHBEHE, IRV y <
(Boltzmann) ¥, NIIEFE, m3ETOEE, TRIEE, o IXETOHE
DEFETHL. BE, 7T VOBEIIIrPDLLT —DOREfESL LT
FFERTEHETHC TR Q223) O+ ERL-BE*EZETII52 5. 7TE
Rk, EFREEOEHIIEVROESH A NVF - LRTF Y Iy LR
F=OBRTEPELL. EICEKROEE, Y7 ATz VGRrblddn/EE
DHERBIENLEVY, —H, EEERETCORTFHREIE S hnid, RETF
WELB L EEPFTEHINTVIIREL LS.

2.2.3 EREH

BFREeKOELEZZ 2HEREMHE LT, HHEREG, 8T LEFR
GIEOEV) ONARTOEFOMELEE DL L CIXERENETOUT AEO
BN CTERLSED4M0, ARICIENHBOMIIDETHZEHSIETMRA S
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&, T, ROBRAEZEBELEERS AL LCEEERTREE T2 &4
ZEDEADOLOPEZ ONE. 2, RETHERDS I, FHERSEMGL L
BIZED (BN —FDT v H v TV ERTLHEEHVL I LLWETH .
BHER S0, BB AHEZRFREAVTe 708 (NL 7 RETO)
WHEEZFFMT 2720 BASINE, BEANIZEN210L 512, FHEEETT
BERELVIIEHETLIA ATV eZ 2, EREVADOEFFLVOER %
Bz 758, Mt XA UEENRZ P EH>THHOBER»S AoTL 5 &
TAH., BREVOWABIINET RS (REFHEET VI Y VIZIoTHRES N

particle
(atom)

basic cell

imaginary cell
7.: cut-off radius

Fig. 2.1  Periodic boundary condition

LD (v bt 7)HEEE r 2 T5HE, Wb r RIS EF) ICERT
LN EFMTBICHoTIE, A A—TJ L VHOBEETFEOHMENER D EEIC
A3,

—%, BE%2EE, $-REVEELEE, HEOEATFyTIIBWT, BEF
DHEEZO0, DLLERETAIEMNAEICHENNWIZALES, ME, HOA Y b
FTTHEE T ERE, SHNEANATHBNORTOEM 2 HIE L, A%
HELZVWETICERTA*BALEFOZE N MLLEVE T A, HTH
W3 HEHAELHEEICITRD.

WROL) GARYEREZECEHE, BEREHORE I EELET S, MNAE
TORBEREUERPEEERINVIAKDLDERRLGEN L VDT, LIVH
DEFOWMEERZOL ZENFARELEAEPEL TS, MAOFHEIZHL-H
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EELTHETOND DD, Lutsko HIZ Lo THEA SN HED L X — =)L
HBEMIEINEAETH S, wiEL, %387 % Parrinello & Rahman 12 X 5 [EH (&
) —ZDFEPRE) 2IDHLA-FETH), NAEICEELZ FHOBE (F
M) X ZBTEALAMENTVE, M22IRT EHWChRICEATm2FOET£
EERIZOVT, RO LIRS, KFICTEE L F 10O O HEIE (F88 1A,B) A

——— .
_____ : v T regionlI B
A region I
- - ; --
ﬁ : 7 grain boundary
--- ===  plane
region IT A
PP ISP (S Z
_____ % A Zﬁmm/Lz
—
____§§§§w ..

Fig. 2.2  Lutsko’s method for grain boundary simulation (*)

DFEFIE, TN OHER (FEIED) OFRFEHEMERIET 545, £OEMITHEE
NEeEfkOLEESICHB SIS L35, HABRIABEKOEG FERIE, 21
BY2ELIZMbbHOM» o E,ND. FHIRIABOER HEKITHEOR) R
AANBVEH ARV ERICE LIRS IES.

A==k VETIE, R230X 912, BRLVFICHEREORAE 2 DR E
L, COBEPEUIMIZBYIESN TR EE L, 3ARICEBEREELEA
TA5, INIZEoT, EVICHWERS 2ELLENEL 2N, MARLTOHE
TEHeRITB1-DICTELRTRABMOEBY» R LILEND 5.

224 FlrYLTINEBTETIHE

Gibbs 2L VEBAENHKIANFILBIBAT T VoBlErHVSLE, B
BT, EOP, BV, KRFENLZEOREEDI LENPIODREIZIVER
MREPHESNDG, ROERMLYHEER, EANLTRELFERS T 2R L
TEEPEHEL, FOTTROREDOY I VA2 B2 LIZL 0V MENRSE. £
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grain boundary

\ basic cell \ imaginary cell

Fig. 2.3 Super-cell method for grain boundary simulation

TNV T=FUPRES NS 2L, ROBHERZEBHRLERTPY 2 L5 2
ETENDTREIL R B,

NVT%#—%F&LREBE, A/ ZANT YH T VINVTT oH 2T )i
A5, NVIZMATZRANLVF—-ER—F0ORIE, I70h /) =hrvryr o7
VNVET YH 7 V) eidns, BEOMDETIENFO A0 F — 7]
WOV TBY, NVr—gEsLvyIialb—YaryiZihiron)=sn
TYH T UNRERICERINS.

BT o T NVEFERTLIFECEBUTOLI) L L0MNH L. BBITEE
T OEBHMGIE (BR) CEICHEERHS LI LT, FHETA R GIETER)D
REZTIZRL, NVIT7 % 7V EAEBTHMDEXHEL OO, 72,
Parrinello & Rahman (& Andersen (2 X Y B SN -E N —EFD HEDZ, fHE L
VORREZEASEE L) RWREZHEST I LIZXD, ZOIRHEZ—EIZHRDMD
ExZBELEOO, I/ RERONINV T UV EEZSLILET, TRHLOF
BhEfEAEDLELILLWETHHOU0 DITFTIE, KL THWSIRE %
DHEEFRS (BN —BDHEIZOWTHHAT 5.
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BE—EDHE

AIZANT v T NE, BETOBRBEIZAVFEF-DRDEDZLDD
ZOVBRTEOREIZH Y, BREFN—FBIZEZNTVWAE LTHOIES. BRBED
HEEHI ANV - R 2EIANMBEEELZEAT A ETEHEINSL, 2
NICERDE ) EE R EH S

dr; P

= = ;2_2 ...... e e e e EEEEEREETRRTIRT, (2.2.4)
dp; _ x
E Fz sz .................................................... (2 2 O)
¢ 1 p’

P @(;E—SNI@T) .......................................... (2.2.6)

TP RET i OEHEEE LY. X (2.25) THA SR BB (2.26) 16
CESEZAET B L E L B, KB T AL ¥ — S EH S IR S LA 3/2N kT
LD LKREVEAIIEOHINL, HFOREFSENICHRL S22 L1245,
QUZOREHHOES 2RO EHTHE. TNLORIZLVEDHERD
FHARIEL LCH ) — A VAEDNERSND 2 EFERNIIR S A TH 60D,

EH (5Hh) —EDFHE (P-RE)

Parrinello & Rahman 13, 2255 —ZF DI NREBIZHESDIHIIDE S
572012, BRELVOBREZEALER®RLIAD LI LMD EOERILEZITR-oTW
280

EEREVHOR T DFLEr I L THREBEEs, #E AL,

Pi=Hs; (1= 1,2, N )i (2.2.7)
DEBTHEIINLET S, 22T, HEIIX3IOTHRITHTHY, FRE2ERT

%30®ﬂNﬁb»mM:Lz®i %h%h%th%%é3o® D FF I
ZMNVIZHIBT A, ZEREVOKEFV

THZoNAE, HERETOLHTH, MEXZ P VEEFNRENH,, & T 5
E, EVDRHMPOLHNDODER 2T AH I EIZHEWENS b Leid
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EBDT, RBREN?S ORI,
U=T—Ty= (HHgl — 1)110 ......................................... (2210)

E%b. TITHUIHOHTH 2D L, 1l BT 2 EDL TS, 7
1) — ¥ (Green) ® 0§ AR Eeld,

E%B. ZIT, LFEAZOT,-TEENETNEELTSY], BT ORETIE2ED
T, F7, N(QR212) TEXRSNLIGRFIET YV IV THDH. TOXD ZIKRE
T, RO I 7 5 V7 v (Lagrangian) L 1213, ZERTOEH LA V¥ — K LK
TYVXNVIANF-UIL, SHICNMEHEELLVELC2EES T AVF— L&
RTF VYA NVIANVTF IR LB K EUDMDSE. bbb 77077

\I
o

b4

L=K —U4 K, —Ug-ceeee (2.2.13)

TEDLENL. FHUSH) —FOT7 v H T VO%HE, K, 1/2Wir(H H) T
BEixbN5%. 22C, WERAMBHECHELAERICHRTI2ETHE.
BITHION L= X (BF) AT L2 EKRT A, L7z, OB TIHES, BKE
DRESHpLT B LU,

Us = pV + Votr(S — p1)e

1
= pV + Sul{H; (S - p ) H;T%}G)
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X=H NS —pr)H; Vg (2.2.15)

TEDLENDIETHY, LIIEERETOLVORBTHAL. LoTHME
HELEDOL-RERDT 77 TV T Vi, %ﬁkwmwéﬁ%@ﬁ%aﬁﬁ
r,ri(i=1,2,--- N)DONEELBRITHHD IR & ZORHEILED RS
FH6N + 18 HOLEH % & A,

:—E:mlsZ Gs; — ZZ@ (rij) + VVtr(H H) - pV——tr(EG) -(2.2.16)

zl =1 >4

b, TIZTO(r) B3RT Y Ix VAR THE., b TT TV aDEE
ﬁ*—iﬁi

N 1 on. . .
sz:_Zié(%)(sz_‘g])_g-lg‘gi ............................ (2.2.17)
g T T
WH:(ﬂ'—pl)o'_HE ............................................ (2218)
PEIPND. old, ZOKFINT P Vh(k=1,2 3) DT b v

Kk%tfwé% JVETHD,
o ={hy X hs,hs x hy,hy x hy} = VH T oo (2.2.19)

THEZbN5. K (2218) Owix, RATEH IR TH Y,

1 N N N ‘I)' 7,,
= — Zvivl ZZ 2‘7 rzjr” ............................... (2220)
v =1 =1 j>1 Tij

TEDLEINE, 22T, v,iilFi0EET LD,

THY, v, Rr;r,; X7 M VDT 4T 7 14 7 F& (dyadic product) # Kb 7. R
(22.18) X, L LVHBOEH T OB OBRF LB, S DIBH T 7B KIEE D
EPS, WENZEVORENEE 2T A2 RL TS, R (2217) &K
(22.18) DEIBN +9HOEFH T RAX 2B L TNHOKTOME, EE L €
VORIRE ZOEBEILORRT -7 KE 5.
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2.2.5 HESTEDOER

MD T, BEEFOMELEBIZOWTDLETTOELEMD X2 #H L 4
BENdsH. THNIZEEERSEHCS. BEMRSEIZRE, NV L (Verlet) i, IV
>-7 v % (Runge-Kutta) ik, ¥7 (Gear) LR EVH L. Vo r-7 v 8 FEITEM
DHEAONHEMEOHEREIILCHCLORA TV EY, BEHIZAVS R
HFEEZFICHNE, 1 AT v T B2 EDLIDILABEBOAHFLRTHV2EE
BETHEOT, MDETEEBEAT v 7 T L XEEROLEFITERAT 57 (3
(221) DEBAB)DFHBELETHIEPLELLLZOTHEI 2. NV LI MD
BETOLKHAVONTVEY, BEAATy 7 EOFREGVIZLo TLrIERED
BEERZVWIEDFDE. LARAHTRARZBE—EDOMDETIE, BEEH
O HRR (2.25) BB L EENREL, EEICBY 2 BENMEICEE
THLEWIORMBEERELDL. 22T, flEELREDNT /X%:%xé}:%’—Tﬂi
ﬁ%mf%ék%ieném AT IOL ) RBERIS X7 HE2 BMER

FHEELTRALTWS., UTICRE—-EOMD EORBERTE L LTFT

FHEAT S HEPIIOVTHERS.

HE—FOMD T, X (224)~(226) DEBHFBRNEHEL 2 812k 595,
g, =1, N)CEH (2 EOLEDEEqEZEZ DL, TLOONIE
B

d’q; dg
= = F, ( dt) ................... PP (2.2.22)

TEDLENE. AFv 7 nTOIRERFIZOVT, XD LI e~y b vpMr 2
25,
1

n} 1 NI
5 (A1°a 0™, o (An)1g,® ) (2.2.23)

Pﬁ”=(m“ﬁAwﬁ* LAy,
TIT, AtEBEXTFy T ERDL, ¢,¢ - ¢PM rEnen, Mo
SEBOREMO THL. £2T, n+1 ATy 7HOHEE

P o BRI (2.2.24)

TFHlT2. 22T, I EO~HHL555ICETFHELZERLLTED, TR+
(predictor) & FFIZN B, ThE H W T, 151EF (corrector),
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n ~ AN 1 ~ X in
Pi{ ) PZ»{ 1 + bi(At)Q (Fz — q-{ +1}> ........................... (2.2.25)

REMliT A, 22T, Fi @l " U a HOCHE LAFOETSH 5. Bl

111 11
01 2 3 4
B =] 0 0 1 3 6 | -cveererermmiiiii ittt (2.2.26)
00 01 4
00 001
THhH, blg,
19 3 11N\t
b= <_, —. 1. = _> ............................................ 2997
1207 47 77 27 12 ( )

THb. INODORIIN-FREFPFIZN TV DA, q,O0) q,O0 % Lo & E L
FPOBROBBMASE*EATVLIDT, BENICEFHENIHE L RS, 22
T, ROLHI B F-ERXREPENLIRTONZ b VQ,MIzonwTE LS.
{n} {n} o Loas ) Loapzs (o) Loapzs gy o
Q" = (g™, Mg, S(A)G, ™, S(AY°G"Y, S(A, (2.2.28)
N-ZXROP,"H 5 F-FKX0Q M~ EHiT,

1 .
qz_{n—l} = qi{n} — q'i{“}At + iq"i{n}(At)? ............................... (2.2.29)
qi{n—Q} — qi{n} — Q(ji{"}At + 2¢fi{”}(Ai)2 .............................. (2.2.30)

LT R) ZENTE, BRTIITEHAVL ERD L) ITKBETE 5.

100 0 O
010 0 0
T = 001 0 0 | (2 2_32)
001 -3 6
001 =3 24
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THhH. N-KXDOBEWZHINT B F-XKADITFALtald,

Ll =% 3
23 8 5
01 % —3 &
A=TBT =] 0 0 3 =3 1 |--cvveiimmiiiii.. (2.2.33)
0 01 0 O
00 0 1
19 3 T
a=Tb= <1_2_0’ Z’ 1, 0, 0) ........................................ (2.2.34)
D, REHNEXFTHEOT VT X AT,
Qi{nﬂ} — AQi{n} .................................................... (2.2.35)
n ~ {n+1} 1 . ~ {n+1} ~ {n+1}
Qi{ 1} _ Qi{ + ag(AtY <F1(Qz ) —q; > ................. (2_2.36)

THzZb6N 5.
EROFE TR THOMEERIOHESEDLEENFEEICLL, TR
ZLIFEBRHEFERSESNS. 22T, stEENMZHRT 272012 k0 220 F
EEEAT .

WFERZE FaBARETE, D2ETEHEMEHTAIERFI, 2OEREFORE
FOREONI-#HBENICRESND I LS W, 22T, HEEBHOHE
DI, BFHERT Y2 VIR L TRESNDE TOYMERE (r.) £ 0
bR ROOHEBE(ISEEE)NILHIETOATHEYLREHAT YT O
B RTESRELERLTCEOFIOERLTBE, EFERAT YT TEFD
RS r NICH D ERICHEERTAEF*RCHE L, HEERHOE
%), HEENIETONORE, ZoFEFRVRIERFENICK
BLTEMTAEI LR, AR nHEIIARTEHERA NERHREINS.
7272l BEF»EERCRESEZBE T 2HEARLAREKORBISEVETF O
BN TA2%E, ChICEINALDBETORTRHOBIT 2 ELE TN
BH, ZOL)RGFIIENTERROEFR AT v 7T BEEEIEER
KT I LEVHS.
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NIMIE RZI VT Oy T 2EHE LTV LEER2HERTLEES, X2 1L
Cx L2707 S 05 HWAEZ L CHENEARTLTRINERENS.
EIIRZ P MMEERELIZCVwDIX, EAMEMT EF v v VIZBWTLEE
FOBRBFEELXLZHRETFEMEHA»SFET ARG THS. L2L, HE
FERHLZWEFIZOWTL 0 EBWTRENIIV—TOHIZED TRE LAA
EYHERTPMLEI NG Dolo Vv —F & X7 P VLT BT ENTREIC R
LGENHH. Bl LT, KRKEXRBEFEREL Y —OXZ VT Oy H
AW LZA— -3 ¥a—% SX3(NEC#HE) I2BWT, #%aAT 5 EMT
K7 e VO (23.4) &K (23.9) Doy,,0,, DEFFIETEZT 0T 5 A
(FORTRANTT 2 ) O —8 5% X7 b ML EFT42 ) L ICEE L CEHEHR
VY E S NG 2R, BEHEKSIGMAL(T),SIGMA2(1)(I=1~NATOM) 2
SIG1(K),SIG2(K)(K=1~KMAX) D% B LA LV —F > THh 5. LI(K),LI(K)
BEFNOFFK ENERBETEIRFOFRSLI ZHED T HEINEHT
5. KMAX GETFX Ok i+ RbTELH, NATOM &K O BT %
ROTERTH 5.

o NI M VALEEIZWET HHI

DO 23 K=1,KMAX
I=LI(K)
SIGMA1(I)=SIGMA1(I)+SIG1(K)
SIGMA2(I)=SIGMA2(I)+SIG2(K)
J=LJ(K)
SIGMA1(J)=SIGMA1(J)+SIG1(K)
SIGMA2(J)=SIGMA2(J)+SIG2(K)

23 CONTINUE

o NI MVAMLEIZH®E LK

SIG1(0)=0D0
SIG2(0)=0D0
DO 23 L=1,IKMAX
DO 231 I=1,NATOM
SIGMA1(I)=SIGMA1(I)+SIG1(LKI(I,L))
SIGMA2(I)=SIGMA2(I)+SIG2(LKI(I,L))
SIGMA1(I)=SIGMA1(I)+SIG1(LKJI(I,L))
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SIGMA2(I)=SIGMA2(I)+SIG2(LKJI(I,L))
231 CONTINUE
23 CONTINUE

WEMTH, KTHRIETLV-F Y DONV—=7)iER7 b VLS h v
D, WEBTRELONV—TOREOIDON—-THBX7 I ViEEn 5. B
LKI(LL),LKJ(LL) 3 EF IO LFBICHEFHTAEFORETEZHRML T
B, ZoOMALIDBLIMERLTBL HEERALZVEFIIHL TG,
LKI(),LKJ() O fElZ 0(%) & LTH &, It d % SIG1(0),S1G2(0) @
Bz 0.0(EH) LRALTELIEIZLY, BZFDODONV—-TIZBVTED
JBHF D I~IKMAX Ofg— L7Z2HEERBORFICbLEoTRELALE L &
D, 2L FEDDO V=T HNR7 F VLEN D EHZMWMIZTHIIRSE., 22T
BRLTwZWY, JOFEIRAKOFELEATAEI ENTES.

LON—F LR UET AR ERB L BOFNFROT O TAERANT
2000 8 DB -F-5 5 % 5 F D 2000£s(1000 A 7 v F) 12725 MDEHE 24Tk -
TNy b VbR, FHRs P VE, ETERRBAEER2URLE. 0
EREIZEI DA b bENP 2D LA L, EFERBED 1260 L ThE
ENTVE2DONRhLH5.

Table 2.1  Improvement of MD calculation by vector operation (Calculation is exe-

cuted using super-computer "SX-3” in Computation center of Osaka university.)

unit | before after

vector operation ratio | % | 84.26 98.09
average vector length 235.5 241.2
CPU time 8 103.4 41.4

226 XhOKYXEFTLFHILOE

MC#EIZET 5 —FiE & LT A NI ERY X (Metropolis) VN H A, HEARRIZ
A ZANT T VO FEHREOYHETMT A FEE L TERINL
bDTHEN, ENE—EWXT AT Y H YT V(NPT T ¥ 07 V) ~DHik
)80 W F B TS IERTF VXV E—~FLTDT TN (T T
YEAIZANT H YT M) ANOPEOML R X T WD, BE, MCike
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WHE, TOAMTEYRAEERETIENS V. KIFETIIMD EIZ L AR
DFMETZIBICHVAIOT, T THBEIZHETS.

AMORY AFER, BEORE (RFEE) S RORE~BEEBT L, BHED
KREOADPEBHERICKE L TROKREPRE SN S L) Y37 (Markov)
BREOEZEZHICEITVTVDE, ROBLNFEADN /) ZANT Y T VI
L 2 HEHFE IR,

B [ Aexp (— FET) drVdp"
a [ exp (_Ef'f) drNdpN

(4)

THZONE., 22Tkl RNy < (Boltzmann) EHTH Y, TIIRDBET
H5. MO drVNdpVN I NBORTETCONEBELEHECBLTOLERS, ¥
bbf... fdrydry - -drydp,dp,---dpyE BT A, FOZ RN F— EiT,

DEIIRDLENLDT, AVMEr,(i =1,2,---,N) ODRIKET 5 E2OHEE,
EHEp,(1=1,2,--- ,N) X BBV DTHBTHK S,

B J Aexp (__7?%) de?
B [ exp (—k;%) dr¥

E%d., APORYAETIHIDINRITTOLERS *ETTHRDYIZ, &/
= H A ANHIET B exp (_i]fldijfé) DEREFHERFFREED )T (B
AEEF LT V). DI TOa A BT A BB S EAMBEOROKT ¥ T
ANF—DOEILETH 5.

24l EBOFEICHWON A 7O —Fv— M2 5RT. FIEEZLUTICHET 5.
HLRFEEZNPRGE L TEZTBE, SFEBTLBOE L, 7,73, 74(0 <
%<1 =1,2,3,4) O— KAL) 2 RESE, BETHET () OREICLME, £
DBEEE RO BEMNZ IV (Ar;)) OFECIHEEFEAL, BBHORGTE2T %
Iy, TORTIZLY, ROERTF VI VI A NF =00 WA T 5512 5AT
WEDHEONAETEEL ERFGFIIRATS. £, €K7 vy Vi V¥ —
WHEMT AHETH, A REIESE —FRELEN0 <7 < 1) & exp <—%di—;-)
DEERELT, 0135 H/h S WHEIRTICL 0S5 N HFRE % 54

(4)
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iteration of this process
for N times

coordinate of atoms (state: /)

calculation of potential energy (®,)

select one atom ( j) among N-atom
(uniform random number 1)

decision of displacement Ar,
(uniform random number m,,N,, M)

|

move of J atom (new state: m )

calculation of potential energy (D)

Q- yniform random number 1; 1
®m < @ 1 ?

yesl

accept new state |

m-—]

Fig. 2.4  Flow-chart of Metropolis method

5. BEIOMIT 2T koo R, HFOBIHHENREIVETOREZRAT
BHEENFEFINELS B VRENRY VT ) VTP T BA R b, 202D,
AT ERBAOE A2 1 REILRD LD 1L, BITORORRORFHRE O
EFEELBVE IR TV

AP ORYRETIE, 7VF T VOMEFPEEIVTWL D, Bohb
BEFEBNZFOFTIHVAET VYT VTOFEREIIR>TWL EEZ TI W,
L2L, BEOBMAR A>TV, BETFROBN S 2R HICHES
HTHRFATLIIERERWMIITCE R, /2, RNICRTEE S LLEOHE
Py rT7) 712 Oo0WTHHENRD 5.
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2.3 AHHRAERICSLIRFEMBEEH

MD - MCEOBREZB L 2 WI A1, ZoEESH»5, EFHERDOA
THEER RS 5 24 EF M AT ~ 2 v ) (pair potential) 2 & < FRH S 1,
FORNEHETHLAMEERRT Y ox v, VI PIATRT Yy VR EO B
REFVRT v xvERAWTERERMEAS 263N, LiL, A%
BEL2EHEOAFT VESFRE, BFHIIRESIFSTL2ETOREINKEL
HEBTLEEZON, KEWIZZHEEDND S, Daw & Baskes 12, HLETFD
FOL)OFHWETEERIHAHORTFAGIALI2BETEEOMTLoTEDLEN
5 k2T, AR T (embedded atom method: EAM) & 9 #r L e
DRFHET ¥ VX VEFMis 5 HEEZZERL2O. ZRICBESFERETOFIC
BOALLEWIA A—TUDPEYAINTBY, 2OLEOIANF— (HDHAAR
IANVF)OBBRBEIRBHREIZESEREZINS. EAMTE, #DAAT
ANVEF—OELERO2EBOMEMEHOBE L AKICHREZXATRbEN L.

— 7T, Jacobsen & Ngrskov i< EAM & RO EP %, BEILBEEEL (density
functional theory: DFT) i2 & 2 ERALICE S W TIT % ) BREE B (effective
medium theory: EMT) 2 Z R L 7-0), HEEADOEZ H13d & b & Norskov 5 12
JoTHERBENRTOVAZLDTH HEVE), Jacobsen H i3, RERL KM% ED, xf
MUEP LR VDI KRBEELRBNPLEL 2RI L TCAYEEORE K
H3bZ8i23), JODRVEHEETOMMTPWTREIZEZLZILEZRL TN,
EMT i, ERILICBVWTHLEEL L E37 A -5 22 TRITFEEILEEZE (local
density approximation, density functional theory: LDA-DFT ) 12 & % 5 — R # 5
BTRkDOTBY, BBUZEIEIN TV RVOT, ERBNLZ KT I yvibe
MBS SN 5b, MDESR MCEDREIZEET 272012042 ) RIEZEHE
AZINED, ERBULFMABES I ITRZAAILIEFELVERTHS.

RIFFE CIE—ETHITH LT EAM O #i 8 I2J& 9 4 Finnis-Sinclair(FS) A 7 ~
Ty L@ HWAMIE, FIZT VI 2T AT EEMT K7 v Iy ivd Bw
%. LTIz, Jacobsen H5 2L o TRENAEMT IZOWTHEIZHET 5.

2.3.1 BFRMETEHR (EMT)

EMT Tli, RO I NVF — ELERANOZETPEHBEORT»5 O®EF
BEOESIZIVRESNLIBELETHNANEDOATINL LEDHOAAT
ANVF—DHMELTELZONEEEZDL., Thbb,

TFSRF Uy VOFEMIZOWTIE, KFEXTIIHE4 20 THENT 5,
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N
Bt =Y. {Ec’i(ﬁi) + AEZ??] .......................................... (2.3.1)

=1
THA. i i BFOBFEETHAS. id i EFO0E DY OoBERKWIZH
TETH 25k (RFIK) WIZ—H) ”ﬁtfwét%xé HEREEE T A KR T
BT AHEBIZZEM % 283 5 DI21E Wigner-Seitz )V (WS V) # a2 &
BEWD, FHZ ETEHBIIWS BB ERTER Y., 512, AHOETFIC
LoTEO NI ELRBETF H AR HRRONGEELS L. 22T, WSELVEE
FERTELT 5. X (231) FOELRAADE 1 HIEILIZ LT,

E.;(n;) = Ey + E, (5__1> + Es (__1>3 .......................... (2.3.2)

0 g

CREEIND EER D, nid,

.
s = Y O (2.3.3)
n; = ngexp(nsg o, 3.
ZeXp ,727%] ( ) ............................................. (2_3.4)
J#
TROLNZ, 22T, BEEIr) I,
Q(T) — L (2.3_5)

THEDLENLIATYTIROBEETHY, iz OO P IZHEEE L L ITHBEES
TDIZBAEINS, IdEFHEOREFZ2LELL D ICHET IHMICEASNSE
RICERTHA. I/, IEIRBERTHEMHOE FROFEFIINT LT, B
AIZEICKRTEBEHTH D,

8= % (%ﬁ) H e (2.3.6)
DEHITR B,

EMT Q&R 2EZHIZXN(231) OHLEIHTRDENT WAL, HFIK
DEPUZH L7201, BERFHICETFEEFELZ)E)BIRLELFEDN
EVEHSHPELL., FITR(231) OELE2HICEETROMEE LIFITH
BAESENMA b TWwAE., ZOIHEIE, o, BEIKETH 28R fec faDF

BEFEEn <,
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AEE, = o(m; — ﬁifcc) ................................................. (2.3.7)

TEHESNE. ZIT,

— fee 02,
nif = ng exp(nso) 1227 ................................................ (238)
2
02 = ZGXP (~zm~) O(1rij) v v (2.3.9)
i p

THAb. BRIt EABIIERESEOREF 250 L ICHERTALEIZEAZINRS
FEHIALEHTH 5. F£2.212 Jacobsen HIZL o TRD LN T NI =7 AIIHT
LHERTF VXY NDINTG XA —F & RT.

Table 2.2  Parameters of EMT interatomic potential for aluminum )

parameter value unit
no 0.007 bohr~3
S0 3.000 bohr
n 2.000 bohr™!
9 1.270 bohr~?
o 1280 eV/bohr=>
Ey -3.28 eV
E, 1.12 eV
Es -0.35 eV
- 1.0416
- 1.0664
T, 10.13 bohr
Teon 6.55 bohr
3 1.809
a -15.0

1 bohr = 0.52918x107%m, 1 eV = 1.60219x1071%J

F72, 1, DfE L Jacobsen H 12 Lo THR W R BTS2 5 1B, Stoltze I
FoTEINMBERF I CEOIHAOEFIHEERITOUKEREr & &I
23D X HIIRENT WA,



32 H2E RFHHNFEHECSIHNFORERFHEEREN

Table 2.3 Values of normalization factors,yy, s, 7. (%)

shell | neighbor distance cut-off radius Y1 Y2
atoms (r.)[bohr]

1 12 Bsg = lggao 6.5524 1.0000 | 1.0000

2 6 V28s0 = ag 8.5393 1.0288 | 1.0417

3 24 V3830 = 3g§a0 10.129 1.0416 | 1.0664

4 12 2830 = V240 11.497 1.0426 | 1.0689

5 24 V5839 = \éiaao 12.717 1.0430 | 1.0701

ag: lattice constant

EOBBERET I THEIIEO AN LI TEROBENSE L L)%, KiFseT
BEIBBEEFTITEZEDAEILIZT A,

232 EFICRESKHERFICHOERK

A2 mb 5 000%, N(2.22) I, EMT OHBAIZIEX (23.1) TEbEN S
BFHEET v VAR ELWORTOMEr L HEREBE LT,

8Etot
o
. 8ECJ' on; 80'172' 8Em' 3ﬁifcc 80’2’1'
T Om; oy, Or; OnRc Doy, O

8Ecj aﬁ]’ 80'1 ; oF 2.4
— : o P 23.10
ZJ-: aﬁj 80’1,]' 87‘2' ; Bﬁjfcc 80’27]' Bri ( )

F; =

DEHIITKDENSL, T T,

6E~i 2K, /n; 2 2 '
o 2 (n__1> -I-% (n__1> Qe (2.3.11)
on; ng \ng ng \Ng
OF.; :
: (re e rnate e e et et e i (2.3.12)
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.89@ = L (2.3_13)
301,z' 577201,-i

= fcc fcc
?nz i (2.3.14)
602,2' T2
801 3 89(7"”) Ti;

LA . — 2B )y =L 2315
or. zj:eXP( 772sz){ s, 2 (TJ) i ( )
904, 99(ri;) P

o JEPOUR I i S P B T 2316
7 = exp(mar) { 20 gt | 22 (2:3.16)
80'22' n 89(7'1']‘) n ’l"z']‘ .

L — — () Y 2317
et = enp (<) { = Bt | 2 (2:37)
30'2]' n 89(7‘23) n ’I’,‘j

o o B S 2318
o7, exp ( ﬂrm) { 87}']’ B (7’]) i _ ( )

TH5A.

BRFIERT 500, EFREOEIALIE ) EFRICEIAODNEFRT VY
VWIANF—-DZEALE, BEERELTEEL TERTEMNEZZDLPII2RC
REMLENVE» SEIEINL VT AEMIIHRT 0T ALV F - L
EMeTHIEIlLoTRFMMENS., BEANICE—HR20TAPMbL LEDOD
TEHAIANVF-—DOTAICLIZBEAICBIT L1 ROBEBORE L LTUTOL
AL TFEINLCOC), & 25—k O3 Ae® (a,b,---=1,2,313H#E L L TR
AT AEERIIDVWTORDEERDLT) 22T 728 31, KBV 2&FHOMMEAEAD
OFTAIRNTF—UDEILAU I,

1 :
AU = Vo™ ¢ §Cabcd5abgcd F O(E3)] v (2.3.19)
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DE T 4T — (Taylor) BB TE S, OE) E3RU LOMAETHS., =
CTI1IRDEDFEE,

o — 1 O N (2.3.20)
IRACES abgy e

BIROBEEEMT HDbBIN T vV VERD, 2ROEDRE,

1 U
Ol — [ ] 2.3.2
Vv (8eab@€od)aab=0 ced=0 -

i, 2ROHMBERT b bEBEKT YLV ELRS, INHIT, HIZOT AT
ANVF-DUVTAHAILLLEMDTORTEDLINTVEY, 2 UOTAEEIR
ETNIE, TRNERAOZREFEEBEEINI P Ve ll L5 RMAOFICE i
25T EDNUETHE. 2F 0, ohEHEEREIE,

W 1oU 1 XX o,
”_V%wzvggw{”
1 &
= VZVZ.(;Z@ ..................................................... (2.3.22)
=1

DEIHIFHETESL, 22T, 223 VF-UVEBEREFOFELOAVF—-UD
N
MT, U= UThs. ViIiETHVEETLLEZZAEKBTHY, 5209 i K

=1
FOFOFRT ) A ZHEKROEBEIHLNE, T?j,rfj,rfj,rfjli, r DT EED
LTw5h,
LR D, oot E Cobed iz,

1 & au; 1 XU, rird;
ab _ E L E'_i_”_li ............................... (2.3.24)
o; - =i - - .3,
2‘@ A &rij J 2[/2 jy a’l"ij Ti;
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N N 72 a b e ..d
abed _ 1 3 U ropd — 1 3 OUiriTi ™ (2.3.25)
! 2V, & Ordore, VY 2V, o OrZ rZ '

) J J IF#1 J J

THY, ThThzRKFLXVoLh (BEFIDh), BERREFREZI LIZT 5.
EMT 128 5K FIohid, :(2.3.24) 5,

re Tb

1 J sl
7 Z Uéﬁ,i(?“z'j)—;—__—y ........................................... (2.3.26)

i i i

ab __

’ 2

3

TROLBND. T I TUL(r) RERDHET ¥ Vv,

OE.; n;
oi T eXP(—rYO() e (2.3.27)

Uai(r) = ~20m™ 4 2752

DEEHTH 5.

T, BTFORT VI VEAINFTF—DOREEEB LD, ZERLHEED X
ACETFOBEBHIHMLVWEASICEBN T 2EH A NVEF-DFELSE LERT
ERWV. FOXIRGEICHVOND BTN OKET I FEW 2 EH I Irving 5 12
LoThaNTn5H6Y,

2.3.3 BEEEREHV YIEFTFME

FEICBRRZEMT 2 HWT, ThETIIYBBEOFENLITrbNTET
BY, EICEKEENYE, B, BEESFEOFMICEGLERE 5 2AZ L
HMbNTWwad, Z2TiE, AETESLORZERLI SO T, FOFMIZOVTH
5.

REIRILF¥—

Jacobsen 5137 IV 3 =7 A D (100),(110),(111) HORE LAV F—DfE L LT
FNZ10.883,0.830,0.701 J/m?%BETCWE0, 7 LIy A0KRAIRAVF -1
FE BRI IZ 1T Tyson 562 X - T 1.180 J/m*D{EAS, F 72— T Ho & Bohnen IZ &
LZRERE-RETECHTIZ1.090 J/m?OELES LTS, Jacobsen & IXFKE
IANF—-L B, RABMEBIC OV THERSER LAKOERZETED,
EMTR7 Y vy VA RAOMENEATAZEPTNREBTHLAIRME LT5.

26, AR TMDELLIVEONA-HEEORERBECOLZRTORED
KTV VNI ALVF-DOSKEROL TS, H25IZHWZET L E2EXK
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7 o (100) plane
surface . . - r 0O (110) plane "
(;20).(110),(111) J 8 45+ < (111) plane ,
{(331).(112; o o -
13010010 o = 4 (112) plane :
........... ! = = v (113) plane O
surface layer @ |
£ L S
2
< 1
..................... Ns: s | !
ESF g :
=2 r !
Qo 3
1 E -50 :
i----d - 2
PSR ST VA ;.a.' £ :
,' . 4 =¥ |
P v
o e e e ’ ) ) surface layer
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Fig. 2.5 Model used for calculation
of surface energy Fig. 2.6  Potential energy distribu-

tion of atom near the surface
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Table 2.4  Surface energy calculated by EMT

surface | surface energy
plane J/m?
(100) 0.906
(110) 0.974
(111) 0.848
(221) 0.947
(331) 0.968
(112) 0.960
(113) 0.976
(210) 1.011
(310) 1.001

HEBOFEEAL T ANV F - OFMEV R EFfT bR TV,

PRI RIRE

Stoltze Hix, MCH: 2 HWTT7 VI =7 2 OFERERROFM % 17 %\, 300K
T20x 10K 'OfER BT WAHG8, Zhid, EEE2.35 x 105K 169040 p 57\
fECdH 5. F7-, Hikkinen 5 i& Parrienllo-Rahman D FE 7 —%F D MD #12 & 1,
27T x 10K DEXH T WA, REFFETIE, F5ZTHENS FHIRTOR FILEL
DEFIZBNT, L VOBRBREZEBIZVWVNI-BNEIT )2 LIZTH50T, +
SIEWIRETORBEREORFEZFASRTBLLLEN DA, M27I121E, KIfzET
BONTHERBBEEE L OMBEERT. 50 HORT» 5% 5 L HTERERD
TERMETENERELZEDII—FBICTAMDETERRETCEH LR L46H%
KD, EVO—BOEEI2BRETO6RLEERTEL L, HEEGEKetman ¥

1 dl

QTherm = E&T ....................................................... (2.3.29)

W DRDTWEB, 22T, LIE2BKIZBIT 2L VOEETHAE. MPIZIZEER
EEAE Y R L Ty 5. 300K Tl Stoltze b D EFE 5 F, Hakkinen 5 D E /&,
EBRELAYEFZIHOEBH T -H LTS, EBRELLERSZ LEREIIXNT S
AERDPZ2D/NEVD, THEHEAT S EHIZEMT ORAOTBMENEEME L
DLBLTFMEINLZ L LHEELTVEEELZLND. |
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Fig. 2.7 Thermal expansion coefficient (with experimental data 1039 2(49))
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WEEZONRNDL., THLZERS, SITELNBAOHEIRER RETIZ
WA, EIEICXZEMT OV 7R (Te™) & L TERTORA EIIXFI LT
MESITAIRZIDOHLEEZ D,

1400

control temperature

1200}
4000 fs (4 ps)
e

Temperature K

1000

|||||||||

Time fs

Fig. 2.8 Diagram of temperature control used for simulation of melting
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Finnis-Sinclair BF » ¥ ¥ V)@ L ) |CHEER O Cyy, Cly, Cu® /37 A — % [
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Range 1000K-1400K
Increment 10K
Duration 4ps

x 1028 m3

Volume
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8 5 C. L 1 : 1l s ! 2
1000 1200 1400
Temperature K

Fig. 2.9  Temperature vs. volume relation obtained by Parrinello-Rahman method

under temperature control

Table 2.5  Elastic constants

quantity calculation experiment
reference 1142 | reference 2(43)
x10™ [Pa] x10'[Pa] x 10 [Pa]
Ci 1.044 1.12 1.082
Cis 0.801 0.66 0.613
Cy 0.424 0.28 0.285
bulk modulus 0.883 0.81 —

lattice constant | 4.0496 x10~1°m 4.05 x1071% m
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2.4 RFREBEDEFIVE

MAILEREBPICHEEL, ERAM, MK, S&BE, 2320509
LOBEBPERLI200BRNEFTHLTWEERE LTEREI LD, —HH
HREIIE, b ﬁﬂ# R L EMBEC, HPELZLIEMHAEL E TN A9,
CCTHRERTUDPARERIIZoTVLIE—DOBREDEF»S % 5 &G &R E O
REDHEIZIZT 5

HROBEIIEHLTIEINEITELOHESTEHLNTE TV AU~ F 5
DR FREED S 2 Chho 2RI, FAILESR Eﬂt%?@ﬁkaZO
DEZFDELLTRRTIDNRELVPDERDV D770, HETIRFOED
COFBEDLDDL I EDHL MR TWHEM,

WAEZZIATHET A2ERMOMEMSNZHEEAOKE S LT, MR
ERAKMFBIDEINDEZ LD, MK ROHEEIL, Burgers®9% Braggs &
G2 X VMR EE 2 bND I EFREN, ZDH%, Read & Shockley®? 1z X -
TRANFBIZLZOBMEVE SN, MU FTOHE TIEIHLOBRMLIBE N
KT S ICERL TV A D IIEBEMO VT ALIA N -DEREDLENTETH D,
BRI ANT —yqg& IAFT VIV T —TaryAOOMIZ, AvwrEHELT,

YEB = Y0O[A — IN @]« - ceeeee (2.4.1)

TELENLZERAIED IS, LirL, BELFOVWI 2 2z 2 KANFIZER
5 &, %umvf&%#i&b IO TEMEFTFELERE LTHIFES 2
k#TT 2% 0, it%ﬂﬁ@ﬁﬁﬁ%#ﬁﬁféﬁ<&éﬂ

RKANROREZRET 272012, BN ZEAEE % Fo - Ib R RO X
<mw%h5.ﬂmhﬁiTﬂ%@ﬁﬁ#¢&<ﬂﬁ?@%b%w V) FEE
PHONTHY, HRNALIFINEFATH L. THIZOWTITIE 2418 TH

AT 5.

T/ A= PV —F—DOFENELZHOT /HETE, MAOHEEITHES
FUOEELY IHERBNOT A XITRELKET L. HAKFORH» HEE
BzonwZl e, BRENOMNEIFIFEZHICELL I LS, FEDOFMELR
DRFE, EXEGUEOBRVH DR AOHBHENRKE WOV L2 B35
nNTwab, £/, EEMEIEPIELCEFTANAMRACHEASIALZT VI =T AR
BMICERESNARAIEEZETTAL ) ICERET 272012, R 3RTT

tZ 2T, HAREZ AL COMBESR O 2 BEH % I A4 ) 27— 3 ¥ f (misorientation
angle) (ODELFTEHVE) EELEI LIZT 5.
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2.4.1 WIS TIER
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Fig. 2.10  Coincidence site lattice
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Fig. 2.11  General grain boundary
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2.5 XISHRFROWEEF EHNTI XX — O

2.5.1 WIEHRODEFEES

BIET BN R FEBIIESOVTRESNLIBEOT VI =Y LONFD
Jﬁi‘:%%l_c‘:*\iﬁl?\ﬂ/‘\: % EMT K7 vy VEHWTENTT S, A i.
2120 & H 12, BN AEICEEZSSICEACNSE, NAEICFT 2%
i@ﬁ*\iﬁkﬁﬁéﬂé. ZNEN OB % X (it axis), hl)‘i’tiﬂi(twis‘c
axis) EXBI L TR Z WD 5. BIEEHOIRY) FIZEKIZH LD, BN %
IT-HEHTRLPEINDZTMIIBR L ESUORVHADP S HEOND Z LA
ENTVE. ELICALNRKADORE, BIEE O R OKE&FHI & FIER O &
H(REWICEELZEH) PLOIIHNAMELRLDOT, 37 —HBEIESEED
REVHIEL A VT —HAIEH LN L LIC2 260, NAEEEL 200
A ESRFNICEMIZ R A L D ICES L, SHMEAR R (symmetrical tilt grain
boundary: S.T.G.B.) & xf#r4a U 1AL F (symmetrical twist grain boundary) I27%2 5.
%”C“ KEFFETIE, W THEBTEDLINLIHFOHFT, K2.12(a),(b),(c),(d)

R &) RE X E & [100),[110),111]) B BRSSO HEAKNF L, ALR
e [100) MICESHBAOSBRALANA L RIONRZEL, Ut En %
[wmmmmﬂﬁ%ﬁ% [100) RUNK R EERZ 12T 5T,

Ranganathan®®) Pumphrey®3)iz X % &, [hkl] % Bléxdh (& &, AU hE) & ¥
YA, NROIALFT VY5 —YaryBoLuEid

O = 21an L T i e e e (2.5.1)
ng

2 dz(n +mn) ..................................................... (252)

o= Rk D (2.5.3)

THILNE., TI7T, n,n 3 iEEH (n,,n,=1,2,3,---) ThHb. DEIIEEKE
B25%20VOT, HFERILELZ2ET2TEHIRITLZZODRENHLTHL. INLH
DAL S{FELNERSHRFD S 5, [100] FAR FITK L TIEE =5 ~ 41, [110]
ARFIH L TIEE =3~ 33, 1] EAKFIIHL TIEE=7~57, [1000ALH

"I -BRICIIBERFMNORTETE, (1000 16 >0 EENIIEMA2 AN
MWMNMWWWWMWW0%%%Aﬁ®fwm@ﬁhﬁkﬁbf%iw ZZT

B1I00)EARFERL TV AEEEL EICEENSZWIED, [100) 8IS 2 Flmtdh s 3 24
RLBTRTCEATEDL TR EEZD.
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Tilt axis Tilt axis

unit cell of f.c.c.

(b) [110] tilt grain boundary

Twist axis

(c)[111] tilt grain boundary (d) [100] twist grain boundary

Fig. 2.12  Tilt and twist grain boundaries ((a)[100] tilt, (b)[110] tilt, (c)[111] tilt,
(d)[100]twist)
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Fig. 2.13  Grain boundary models
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Table 2.6  Geometric structures of coincidence grain boundaries used in analysis

[110] tilt grain boundary

: : 0 ¥ L F p
[100] tilt grain boundary [deg] [ao]

d® x L F P 109.5 3 A (111) +/6/2
[deg] [ao] 705 3 B (112) 3

369 5 - (310) V10/2

1415 9 A (221) 3v3/2

22.6 13 - (510)  V26/2 389 9 B (114) 3
28.1 17 - (530) V34/2 505 11 A (113) 22/2
16.3 25 - (710) 5v2/2 1295 11 B (332) 11
436 29 - (730)  V/58/2 86.6 17 A (223) V/34/2
189 37 - (750)  V74/2 934 17 B (334) 17
12.7 41 - (910)  v82/2 1535 19 A (331) +/38/2
© misorientation angle 26.5 19 B (116) /19
; iabel ofgramfbou.ndsry ; 31.6 27 A (115) +/54/2
+ lacet plane of grain boundary g, 97 B (552) 33
p: minimum periodicity length 59.0 33 A (225) «/66/2
in & direction 121.0 33 B (554) +/33

(ap lattice constant) / JEE/:
160.0 33 C (441) 66/2

20.1 33 D (118) /33

[100] twist grain boundary

®© ¥ L F P

[deg] [ao]

[111] tilt grain boundary 36.9 5 - (100) +/10/2

® ¥ L F P 22.6 13 - (100) +/26/2

[deg] [ao] 28.1 17 - (100) +/34/2
21.8 7 - (211) V14 16.3 25 - (100) 5v/2/2
322 13 - (312) V26 43.6 29 - (100) +/58/2
13.2 19 - (321) +/38 189 37 - (100) +/74/2
38.2 21 - (413) V42 12.7 41 - (100) +/82/2
42.1 31 - (514) 62 31.9 33 - (100) +/106/2
9.4 37 - (431) 74 104 61 - (100) 121/2
27.8 39 - (523) /T8 14.3 65 A (100) +/130/2
44.8 43 - (615) /86 30.5 65 B (100) +/130/2
6.4 49 - (532) 98 41.1 73 - (100) +/146/2
46.8 57 - (716) /114 25.1 85 A (100) +/170/2
8.8 85 B (100) +/170/2

26.0 89 - (100) +178/2
42,1 97 - (100) +/194/2
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Fig. 2.14  Temperature control diagram to lead to a stable grain bounda,ry structure
at 0 K
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Fig. 2.15 Indicator denoting the intensity of atomic energy
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oy
25

D A

(c)S = 11[110](A)(50.5°)

(d)T = 19[110](B)(26.5°) (e)T = 27[110)(A)(31.6°)

Fig. 2.16  Atomic configuration and energy distribution of [110] tilt grain boundaries
(Energy level of each atom is shown by circle centered at its position. Radius of the
circle corresponds to the energy level. Length of line segment at the lower right of each

figure corresponds to -4.3x107'%]J., See Fig.2.15.)
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Fig. 2.17  Structural unit in [110] tilt grain boundaries
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S

(a)T = 5[100](36.9°) (b)T = 25[100](16.3°) ()T = 41[100](12.7°)

Fig. 2.18  Atomic configuration and energy distribution of [100] tilt grain boundaries
(Energy level of each atom is shown by circle centered at its position. Radius of the
circle corresponds to the energy level. Length of line segment at the lower right of each

figure corresponds to -4.3x107!?J. See Fig.2.15.)

(2)8 = 7[111](21.8°)  (b)S = 37[111)(9.4°) (¢)T = 57[111](46.8°)

Fig. 2.19  Atomic configuration and energy distribution of [111] tilt grain boundaries
(Energy level of each atom is shown by circle centered at its position. Radius of the
circle corresponds to the energy level. Length of line segment at the lower right of each

figure corresponds to -4.3x1071?]J. See Fig.2.15.)
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(a)ry plane (b)zz plane ajzy plane (b)zz plane
(a)X = 5(0 = 36.9°) (b)X = 13(© = 22.6°)

(a)zy plane (b)zz plane (b)zz plane
()X =17(0 = 28.1°) ()X = 25(0 = 16.3°)
° &7 ) ®
S D %:Vu .
Sty

L%, e e .
(a)zy plane (b)zz plane (a)zy plane (b)zz plane
()T = 29(© = 43.6°) ()T = 97(0 = 42.1°)

Fig. 2.20  Atomic configuration and energy distribution of [100] twist grain bound-
aries (Energy level of each atom is shown by circle centered at its position. Radius
of the circle corresponds to the energy level. For each grain boundary, projections on
(a)ry plane and (b)zz plane are shown. Length of line segment at the lower right of
each figure corresponds to -4.3x1071%J. See Fig.2.15.)
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WERFDRHBEZ Wby s., £7, T =210 R LNKRFOHE, WAEICE
ELTVWLIREFBATIAVF-DOFEWETERVEFPEEL TS, 7,
H22LICR L724a DO FEETRBENAETHLOT, MAELZFHEE L TiTIZ
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IANVE N 2R ARMOBMERB L VICRE LB ELEENL. 22T, &
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1 N,
NGB = ——— (EGB _ ——GEEPC> ........................................ (2.5.5)

Ags Npc
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Oy 45 EK222, 2230 L H12%5.
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ME b,
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[100] tilt grain boundary

29 29
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Grain boundary excess energy y gg J/m?

(number indicates Z —value)

1 1 ] j 1 i N

30
Misorientation angle © deg

(2)[100] tilt grain boundary

{110] tilt grain boundary

Z=11(A) 2=3(A)

<
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Grain boundary excess energy y gg J/ m?

i i

| B Ll i
50 100 150
Misorientation angle © deg

(b)[110] tilt grain boundary

Fig. 2.22  Relation between grain boundary energy and misorientation angle ([100]

and [110] tilt grain boundary)
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[111] tilt grain boundary

Grain boundary excess energy 7y g J/ m?

20 40 60
Misorientation angle © deg

(a)[111] tilt grain boundary

{100] twist grain boundary

Grain boundary excess energy ygg J/ m?

0 40
Misorientation angle © deg

(b)[100] twist grain boundary

Fig. 2.23  Relation between grain boundary energy and misorientation angle ([111]
tilt and [100] twist grain boundary)
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Definition of grain boundary
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Fig. 2.24  Relation between grain boundary energy and thickness of grain boundaries
(Wgg) (for three threshold energies)
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Fig. 2.25 Grain boundary energy vs. coordination number averaged over atoms in

grain boundary region
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CLHEE T NN [kkh,2h), [hohsks] 5 H. 2 Th,h3BEHETHY, 20
e =k /5. 226D L) RINDLD2DODEERT M V5% bH
FEEZL. BROPLORENEL % b LD % [kh2h) FHEIH L TR
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o ®T mx
\Pz
N
fl[hs h sk s]__ Pz

L

fz[ksk 2h s] [110]

Fig. 2.26  Geometrical relation between crystallographic planes meeting at the grain

boundary in [110]A.T.G.B.
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BODTTEDHARBIREMNBRMAEL %5, P, P,OMEZHERNZ F v
[kok 2R,), [hohok,) DIREE (BE) O (my,m,) £ LTERDT I LT 5 L, MAHE
Yl BHENY N vpy,p,id,

pl = mzf2[ksks2hs] + myfl[hshsks]
P = mxf?[ksks2hs] - myfl [hshsks]

TERbEE., 22T, fi, Ll [kk20,), [hhok,) & ENFNEADOED R L OER
RZPMWVIZTBOOERTHAE. SOATGCB. OIAF )y TF—-Yaryild,

O =2tan™! (\/5%) ............................................... (2.5.7)
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THY, T,
Y = dy(2m2f2 + mzflz) ........ P (2.5.8)

TROONE., LIISEZHFHIZTAOORBTHE. cOEREILEEL T &
THEHO 10AT.GB. 2155 Z LA RTH S5, 22 CRAFEI BN E
WEBI L A= 1D EZL. SOk =h,=1,F5E, i=1/2f,=1
E5 iz L, pepidik (25.6) 25,

1 _
P = gma[112] + m,[111]

1 _
P2 = 5ma[112] — my[111]

EB. TNHD[II0AT.GB. D9 H, ¥ =3(R 1M (003), & (221), (DT &
BRET2O0FKHRKEXHNT 5)) WA LY =9(R FH (115); & (333)) KA D I X
FVLYT—2aryHOEOM(0 = 10947 ~ 141.06°) R OFT 5 D A.T.G.B.
DHELIANVF-2RARE. FNOLOAT.GB. OKAH, IAL)ZVF —
Yarfy, SOEEXE2NIRT. FRENRDAT.GB.IZ(A)~E) DTNV 7 DI
TRHLTWA3, |

Table 2.7 Geometic structure of [110] A.T.G.B. used in simulation
(range of misorientation angle © = 109.47 ~ 141.06°(61))

grain boundary plane | misorientation
Y | label
plane 1 plane 2 angle [deg]
(003) (221) 109.47 31 (A)
(1117) (11, 11,7) 118.98 97 | (B)
(1111) (775) 124.12 41| (C)
(ﬁS) (5521) 129.52 111 (D)
(115) (333) 141.06 9 | (E)

22713 K 27D (A) & (B) DI XNV %D 72 AT.GB. ORFHE L ZFETFO
RFV Iy VIAINVF~%, H215BVWTHALLZAETRLAELDTH S,
(AYDAT.GB.IIE=30EFM%ZF OV, MLLZ=3(ZDHEFIIL=3(A) D
ST.GB. O¥& (K216(a)) L W ERILRT ¥ X VTRV F - R FORTH
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[110]A.T.G.B. (A) [110]A.T.G.B. (E)

Fig. 2.27  Atomic configuration and energy distribution of [110] A.T.G.B.(A and E)
(Energy level of each atom is shown by circle centered at its position. Radius of the
circle corresponds to the energy level. Length of line segment at the lower right of each
figure corresponds to -4.3x1071?]. See Fig.2.15.)
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Fig. 2.28  Grain boundary energy vs. misorientation angle (range of misorientation

angle © = 109.47 ~ 141.06°)
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do(m2+m2) I DEBMEND. (maym,) ORLE LTECIIBL) 2 ERE, BA
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Fig. 2.30  Atomic configuration and
energy distribution of ¥ = 5[100]
A.T.G.B. (Energy level of each atom is

shown by circle centered at its position.

Fig. 2.29  Geometrical relation be-
tween crystallographic planes meeting

at the grain boundary in [100]A.T.G.B.
Radius of the circle corresponds to en-

(case: & = 2)
ergy level. Length of line segment at
the lower right of figure corresponds to
-4.3%1071J. See Fig.2.15.)
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Table 3.1 oy, estimated for three cleavage planes

Oth = 4/ Cu’Ys/To

cleavage | Cyy To Oth
plane | [GPa] | [ao] | [GPal
(100) | 104.4 | 1/2 | 21.7
(110) | 134.1 | v/2/2| 21.5
(111) | 144.7 | +/3/3 | 23.0
ap: lattice constant(= 4.027 x 1071%m)
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Fig. 3.11  Transition of potential energy per atom (range of horizontal axis and

vertical axis is different in each figure)
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Fig. 3.12  Distribution of ¢, along y direction (X = 5[100] tilt grain boundary)
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Fig. 3.18  Fracture energy estimated by MD calculation (4%,. is calculated with

respect to all atoms in cell)
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Fig. 3.19  Fracture energy estimated by MD calculation (42, is calculated with

respect to atoms near the grain boundary)
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Fig. 3.20  Atomic configurations after fracture in three different tensile conditions
(Projections on zy plane are shown. Small circles indicate atoms and a rectangle shows

basic calculation cell.)
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Grain boundary excess energy J/m?
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Relation between grain boundary energy and fracture stress (side constraint
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Fig. 3.22 Relation between grain boundary energy and fracture stress(side constraint

is case (c) in Fig.3.8)



3.5 &5 93

3.5 E

MD %2 W THBHNFAOBEEELFML, ROX ) 2HEREF .

T, AN WEESOHMEMES EMT X7 VY VIZX-oTEMT 5 &, &
FIZMbE2HERKDIENENEFHDOAEEZL S L Z12GPaBBE, — L2 T A
MbsEE, SHBIZOTANMbS &L ERAKTGPaBEIZR S,

SHRFLROFT, 10 EHAKFICET AT =3(A) ALY = 11(A) MR TIZ,
WHOBDLIRFHZDDOLANF—, BEEHVEIZEDDITRELL LB,
CORMBIBERERE —HT 5. '

Fi, MR ANVT - DNSVEBHROBEELNIIKRELL 2 2EA2H L. WA
IANVF=DPREVEEIE, v =2y, —7es (R (3.3.1)) THEL XV F— % FM$
HZENTELD, HRIANVF=HEVE = 3(A) 110 RSP = 11(A)[110] ki 7
TIRBEASEICER SN IANVF-IKREL, FREEE LY = 27— e+
(RB32)) WXL TFFlIT A2 Z EHFLEIIRS.

WREFICIoOTORAOWBEL NI EALT 5. F2HMFIROBEFIZEHAT
DBEEEFHZONEOT, NRALANVF-OZBEFIVEZ LY, BEKY
WL AELZBADHEL 2D,
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4.1 #E

ZRGERBVEEBBIZEIFHACBET BN EHE P ORMEY IR
FLEDPRRCETAINARITFEL, NATOHBEIELSHL 2D, Zhid
FWREBEOIANF—-LRNUPEVLDIZEFOBEIELSVI EMNERT
HbH. ECHZALELRNAREECIETRG LA L HETELRCEMLZ EOBFR
MORERBENPLELL., EAXERTRBEFREVPELS S ADEE L
G %Y, MABEICKEEET L, E382 TR AOHEERE OFEMIC
BUWCHLEHTORTHEN R (BHNLR)BESHEEETLILENH 7. BEROERE
TONFEEIZIZOZENSILIZHEFIHVW TS LFEINLEDOT, KA
EETORFREOEEOREERGFEICETLMEATLEELE LS.

COEIMRAEBALLDIIEMREFEILOFEFL RV Y Iab—Ta s
ZLATebNTETHL, LPLEPOLBRTONADOREFEEIIOVTITARA
GEDBEL, WREEBTFRBEOBEEIZOVWTLHIVRIT IR TV RN, 2
TABZETIE MD BT 247 %\, BT HIRE, 5IRD BIRE, € AN EmIKE
DERETILHLLEONAEBEORTFEILOT Y Y 7THREICEE L TEFRT
5., REONFRETARFIRINTTEORBEIIOVWTHRENEZ  ORED 2
ENTETWAHE=51000 A ChFERY, KEFHET ¥y VITZEAS 2L
DRI ANF -2 BYICERBETAHI DT E LN T 5 Finnis-Sinclair R 7
YUV NERWE, £, BREECORFYIalL—~-2aryt LTEHTHY
MD AR S & BB R EN MR THZ A P 0K ZFELIC L FEEED
FIER D BmREOBT 2T\, ZORRBEEOBITIIBIT 2 EGELFARS.

4.2 PFinnis-Sinclair R7 > 2 v )b

KEIZBWTHRHE T 5 Finnis-Sinclair(FS) 7 > v Vid, ZHEFHOMEE
TEHAZEETH2EAMOEZ FIZEDEHEIN TV LY, K7 ¥ v Ve

DEHIEEFEONE ZHAKEHO DI TEDLEN, GpbdyidFhFh,



96 ¥4F NP LRFREEDBEFADHEN

Op = §Z¢(TU ...................................................... (4.2.2)
Y R R EEEERE RS (4.2.3)
pi = Z B(Tif) e (4.2.4)

LY END, I Ty(r),o(r) XFEIETi,j MOE# ;O3 REERE LT
FKbH 3N 5. Finnis & Sinclair 12 Lo THHIZH L TRKDON2Z2 N b OEEHIFIC
ER AR T HMERE Cry, C12,Caa, BT EB a0, ZILER T RNV F — EDfHE
PHARAINTVDS,

Table 4.1  Parameters for FS potential for Cu(®)
unit value
Cy1 | GPa 168.4
Cy2 | GPa 121.4

C44 GP& 754
ag m | 3.615x10710
Evf eV 1.17

1eV = 1.60219x1071%J

4.3 L =5[100] B U hiiF & EFEADEREE

Y =5[100] ALK FIE, BFASEIIOZ 1HEOE S TCSL HEFT 5 [100]
RENMNREOHTERIBEAGUOBRRATH ), XBREITIC L 2BERTOL
MSEIZ L 2R THEEDOFMOUE L IR TS,

B 410 X9 %2 =5[100] RLNKADEFETFTVERH VL, NAEIZEER S
M (z 1) OV oms %z B EREEE L, RFEICFTRE (oy @) NARICIZE
HERAMZ2ERTL. NATRERELVDH 2V 3IXx3=9FDOCSLHTDKE S
RO, 2 FAICIE 45 BOET 25 %5 (002) WA BREAELRA. LTFTIEN
FRE»OHZ 720002 HOEE*BOFEST LTS, 1BHOTH (- HM) I
Y=51000 R CNKFLIERT 5. BA4AETVOHELRT.

BFOTxYT2ELGT5DIlERKLVPLEFEZ—2ORIKRCZ L
WEoTRFRILFEAT S, BEAMEBIERK 420 X 5 IR FEO LB (42 )
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fixed region

oy

=5 [100] twist
grain boundary

XY IV

Z, y - = /,—"/ §
e X

fixed region
x,y : periodic boundary condition
z : fixed boundary condition

[ the number of atoms

=1125-1
(002) plane x 25 layers

grain boundary plane

3x3CSL

CSL

Fig. 4.1 ¥ = 5[100] twist grain boundary model

Table 4.2 X = 5[100] twist grain boundary model

unit value
ine (z) (v) | (2)
ap | 3v/10/2 | 33/10/2 | 12
the number of atoms 1124
boundary atoms (fixed) 270
initial vacancy 1
initial temperature K | 300,600,900,1200,1500

ao = 3.615 x 10-Om
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layer number
¥
———————— 10
—————— 9
"""" 8
vacancy 'op
(example) )aoeator NN 5
STy 4 \ position of
’ X e S | 2 initial vacancy (1-5) -
LES——— 0 Grain boundary plane
i gl
------ -3
. "6‘5
z o O NN
[001] - 3
45 atoms per one layer
x y

Fig. 4.2 Numbering of (002) layers and initial position of vacancy

DEI~NELET S, 430X ICA—EBARIZCSL RE TR U DO F R D
D, ThHDONBIXLHARTORBLAESIIRLRLILEZZAONLDTRET S,
300K LT CIRRIEFZRILOEFITIZE A EENDT, 300K 2> 5 1500K F T 300K
BEOBREIHELLEE-EOMDERTL). 5B, FORMMAIL 138K TH
HZENERMIZMSNTWBEON, 2338 THRRA-LH12, WAHLAZFS K
TV NVOWBEEETFT VO ET A XOEZEMNS 1500K OFEmMET S K
TRidehRs LTEEFOREZHED.

FFELIBEREFLVEZIHRANEDL ) 2RO RE T L. M44TIIE?2
BOBEFPEIBANBETLIBEOEFOEMEFNIIMbLALNEZRL TS,
COBBIRTIRGOE (G k) LRLA - —DB L £ 400~500 fs TE T
THEDT, Dy 7T eMHIh5b.

A EBALZBERHAHICEEL-BECEIRBENZEFBEBRENIR LN
5. K452 1R E (A)300K, (B)900K, (C)1500K T D (a) KW IZHERE L 725,
(b) ZBILZEALLBOEFOEBE, 200fs T & OFETAEZERGETHT, zy
ANOBEERELTRELTWAS, TR LEY—ATRWHEEILIE2ED
CSLETHRWEZA (KELZOMDOMUE) ICEASNTED, F1IBPLOETO
VYT BELTWS, WEMEKEOM (A)(300K) TIZE2BOEFOBE)IZD
RS, EIR (K (B)(900K), K (C)(1500K)) 2% % & 2 BA O BEFE F 2 LAL
BIloVry 7L, il TCELEBIIZEIBIOETV VY735, TRILH
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h[om](E) 4 [010)(A)

A °0 o° B A - CSL ool
O A O o
o oo Fo . / ror

° Qio \ ’,’ O:o [e] {100}(B)
=4

o o] $ e} o LT

twist
grain
boundary

€
o
°
°
o}
€
o
O:¢
g
A\l

/)

CSL point ° : A crystal
other point o : B crystal
(no CSL point)

Fig. 4.3  Location of CSL points in ¥ = 5[100] twist grain boundary

5
Initial vacancy is at 3rd Layer (no CSL point)

Z
0]\ -

=

< F

g T

g

s o

g

uO- be

Migration
L 2nd Layer 3rd Layer
_5 L 1 1 L 1 1
0.04 0.06 0.08 0.1

Normalized z-position ( 7 zcellsize)

Fig. 4.4  Relation between displacement and force of an atom during jump motion
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[N H 1}
-» - P - - ]
oy * - ’ ., .
"y * .
* ; : 4‘) . . - - »
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> = . M) -
P ' - . s
b ¥ “ .
» ] LY - - .
r 4 - — [ » -
> [ 3 . * -
view - ~on L " - -
* z - rs
. . .
(a)lst layer (b)2nd layer
= (A)300K
o A « . |
ST L, fe g , et
.' ,,,7,,,,,_‘“_“ w._m,,‘mf,, ,,,,I'..,_AA,.“ S * . -.
: M@d ¥ . *
in boundary - * e
y e S ‘. ’cﬁ’ “® .
A ----- w’ e om « ¥ 5 LA
~ >
\/ 1 » 4 % " A A &

(a)lst layer (b)2nd layer
(C)1500K

Fig. 4.5 Trajectory of atoms in 1st and 2nd layer defined in Fig.4.2. (Projections on
ry plane(parallel to the grain boundary plane) are shown. Large circle indicates the

position of initial vacancy and dotted lines denote the outline of CSL.)
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REINT, FIBTRHLEORTFEBHNVLEL L. FOBE, F2BICET A CSLE
FHLICEIBOADOES P H2 M LHICEHET S, Zhidmgekadbcid
WV EESNAY B ICEN L BB TH L. S = 5100 RRIZ S
DE)LRETHEBRELLIIETFBEIETAZENDNS. o MD B
WWEoTREDI ERRBENTWBO),
FHFOMOBEmEDOREBELIILTOL ) IIFFMENS. 4.6(a) (b) X, &

LoNs2s_ Tt \s23 . \so4 25 - 23, ; 24‘.5.
: L L. = .is e
R T S A & Pourr 6 4 4 SR A
; H . : . :
. . . . . . . . : - ) s . H : -
. i i - X X . 'E_ . E v s - t " iRt ] E‘ *
510 .\ 508 . \soo. i P T I E R R TP
. . L . : . P o i .
. . « i :‘ -f-‘ 4-. " 2x§z

(a)numbermg of CSL at initial state ( Jnumbering of CSL at 10ps
(large number of 1~9)

i temperature=300K
initial vacancy : 2nd layer
(no CSL point)
CSL no.1~9

deg

50

i’ T x (001) plane

CSL no.8

T T T T T 177

[130]1

rotatxon
anole

CSL no.5

rotation angle of 4—pair of atoms

T T T T 1T 1777

; 3000 10000
time fs
®
{3101
c)definition of rotation angle d)transition of rotation angle(300K
() (o)

Fig. 4.6  Group rotation involving four atoms around CSL points

IBOERELVAIZIOH S CSLHERIZL VXN TV EIEFEEE) I2F 5
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(1~9%2FT, FNILETH4D0D0RFLE2BOCSLA(E1IBDLZ CSL D
HRIEBETA)ICHAL 1 PORTLAERTHE Ny AN (RREN) IZEEL
72HTHD. K (a) IZRWOIREE, X (b) I 10ps BOREOEFHBE* R VTF
DRMERL TS, H46(c) DEI 4 DODE T HAEROBEOAEDE
CEZPYL-bOX ZORFOMONEAELEERT LS. 920 CSL DL A
KR LTELL OBHELZRLAODH46(d) THDH. £DCSL THEI0°D
HEATEL EDAELDH, 458FDCSLTRAT v 7IROEAL (40°LL E) 234 LT
WhH.4FEBFDOCSLOL ) ICEET A CSL THSEMIZEE L AEL 256N
HH., INOLOEEEEIZLoTHEDLNSLE =5[100) R UMK FORFHE 1L,
Majid 5B RE LA 0O LFEKETH LD, ZOHRICL-T, TN HPEERH &
HIET LD THLIENRINTA. BB TIEEA5B),(C) DEFDOH
BrobbhdEHl, s0OKFOMOEEIZMR TH CSL O R F DR
(LE) PERI L0, SOIHEMLZETRHBREICL 5.

4.4 BFOTvT7HOTEFM

ERNOERORBRRBIEFEZILOVYy v 7 THHIEHFMON TS, fec.
BETIE, BERMNICEIRATIIRT I, BTFEEE ek T 5 &vV2/2a0D HiBE
NIZH5 12BOE 1 BBEEFONEI»LORFBENELLEEZONS. £
T, 1DDRFHPV2 2aDEBEX*BEN L2 X (MEEMbDARV) 21 VYT
EHABZEILT .

B 4.813 % 438 TH 728 = 5[100] 42 U LKL O 2 F 5 IR RE 20ps B O BAE D ~
VTBEBEOEBRERANSLDOTH L. APEILOMBOREIHT Y 2
A, 600K L B2 v THPEFELLEMT S, ZlOoYy Y 7THIZEE
KHEEZBEIRET A D2 5.

4.5 SHAETICETIERFO I v T HOFM

NOPAFEINDE LN ARBEORFORBEPFR SN, BREIZEL
TICMADNATZANFT -2 HETHEEZONE. FIRETORFHIKE
HBHY =5[100) A LR F & FHFEILOET NV (K4.1) 12, F341IETHERT (A)
DHEEZTHCTHREICEEHAANDFIR) & FIT2ARNDEAR O 2 EH
ONHEAERL, ELIZRFOIY Yy 7ORK (T 7 2 AR5,
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60,
vacancy at CSL point
---------- vacancy at no CSL point
O ® lstlayer ]
D m 2nd layer ;
40r O & 3rdl
- ayer
_‘g’ A A 4thlayer
=
2
a,
g
=
20r
Initial vacancy A
1 1 ] 1 | 1 i i3

e A”
1 TS R T |
500 1000 1500
Temperature K :

g 1st neighbor atoms

Total 12
(rot12) Fig. 4.8  Cumulative jump number

Fig. 4.7 V igration f 1st i .
'8 acancy migration from 25 during thermal equilibrium calculation

neighbor site (f.c.c. structure) (20ps)

4.5.1 GE|REW
FKASIRT LB CTHENEZ»BWT 5.

Table 4.3  Conditions for tensile loading

unit | value

strain rate (&) 1/s | 2.5x10°
maximum strain % |25.0
simulation time s |1.0x10"10

increment of time step | s | 2.0x1071°

ERTF VIV NVIANF-OEALIIH49D LS ITh 5. HEIIREHRE LTn
5N, —EOVTHAEEEMATCRLIDTOTAIIGAMRAL I EHFTEL. R
TYTANTANF T2 REMREGISHEI LR, BIRD O3 A 88 18%5 5
VRO CABIZHAT S, M4100L I IERF Y Yy VA VF - RBAL L
BLEDOVT AR (MITOTS) RRENBCEAS CRBEANDD. Z2T
FHHMAREOSNKE LTS, ZOL =510l RALAKFEOEFT VERLKE
EEFOREHBOEFTMICH L TABOLEHET T Ro7251E D) AR ORN
(OTRT)TIE, BEILLIBEINTDENFNKE LS.
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1200K 1500K 900 K
56
600 K
- 300 K
5
X538
M
>N
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5
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°
5 L
62k
I 30000 100000

Time fs

Fig. 4.9  Transition of total potential energy during tensile loading
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Fig. 4.10  Temperature dependence of total strain at maximum potential energy























































































































































































































































































