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Dislocation-based Crystal Plasticity FE Analysis for Kink Band Formation in
Mg-based LPSO Phase Considering Higher-order Stress

Abstract

Magnesium alloys including a Long-Period Stacking Ordered (LPSO) phase have some
excellent properties such as light weight, high strength and high heat resistance, and are
expected to be used in structural materials of transportation equipment as a prevention measure
of the global warming problem. Since, kink band formation in the LPSO phase strengthens the
alloys, it is extremely important to clarify the formation mechanisms of kink band. However,
the results of FE analyses for the kink band formation based on the conventional
dislocation-based crystal plasticity model show the mesh dependence and such numerical
property is not desirable in quantitative evaluation of slip and crystal orientation in the kink
band. On the other hand, in the theory considering higher-order stress conjugate to the strain
gradient, the mesh dependence is reduced because nonlocal information around a material point
is introduced into the constitutive law. In the present thesis, a dislocation-based crystal plasticity
model considering higher-order stress is developed and the multiscale FE analysis is performed
to verify the validity and the capability of the present model.

Chapter 1 is an introduction and explains the background and aims of this study.

In chapter 2, kinematics for large deformation of materials and the concept of crystal
plasticity theory are described. In addition, the definitions of GN (Geometrically Necessary)
dislocation density and SS (Statistically Stored) dislocation density related to the slip gradient
and the slip respectively are given.

Chapter 3 provides various conservation laws in higher-order theory on the basis of the
principle of virtual power. The higher-order stress is incorporated to the total free energy and its
divergence is expressed as back stress. The general forms of constitutive law for stress and
higher-order stress are derived in thermodynamic framework.

Chapter 4 gives rate form of the constitutive equations of elastoviscoplasticity and a
higher-order stress. The higher-order stress involves an intrinsic length scale associated with the
area in which the GN dislocations distribute and the conventional hardening rule is modified by
extending a representation of the SS dislocation density to that depending on the curvature of
slip plane. Moreover, the relationship between the conventional model and the higher-order
stress one is investigated.

In chapters 5 and 6, the principle of virtual power is extended to the rate form and discretized
on the basis of FEM. The boundary conditions for slip rate and higher-order stress, which are
newly introduced is described in detail and the correlation between the boundary condition for
higher-order stress and GN dislocation density is clarified.

Chapter 7 shows the results of FE analyses for the LPSO phase. The mesh dependence for the
kink band formation in single crystal is discussed from the view point of size effect defined as a
ratio of the intrinsic length scale to the specimen size. The relationship between the intrinsic
length scale and the width of the kink band is also referred and it is shown that the present
model can express the size dependence of materials. In analyses for polycrystals of LPSO
phase, the effects of additional boundary condition for slip rate on the grain boundaries are
discussed through the GN dislocation pile-up and the activity of non-basal slips. Furthermore,
the method to depict a disclination quadrupole using the incompatibility of slip is mentioned.

Chapter 8 summarizes the conclusions obtained in this study.
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Fig. 1.1 Various crystal structures.

LPSO i IENi-Ti R A BIC L BT L2 LB HE SN TR ), KX TiEMg & g L L7z
BECERENDI LD, TR0 b Mg LPSOME /AT & LT 5.

(a) H@HEE

4 @ D AR FR 0 72 A A% 1 12 1R 0 37 5 (FCC: face-centered cubic) i3 (1K 1.1(a)) , 4.0 7 )5 (BCC:
body-centered cubic) #1E (X 1.1(b)) F & OV J7 5 % Fe 8 (HCP) #3i& (X 1.1(c)) O3 H YV, Al
X Cu’ FCC 1, #k (Fe)<°Z7 1 A (Cr) N BCC A% & 2 DICxt L CAMFIE TG &5 Mg & 1%
U, ZnH K7 A (Cd), F4 2 (Ti), Y7 EIXHCP ka2 49 % C0CH, LPSO K& 1L, &R
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Fig. 1.2 Crystal structures of HCP and LPSO.
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BIREEIC OV TR S, 7ok, LPSO M OFERML, WA T oREROREBEE R T L%
miEEZRT TNV 77Xy FRELIFIHOMAGLEICLY RSN D. 22T, HmBEriE
TTNT7 7y ME, I ZE K (R: thombohedral) 35 1 OV 7 i (H: hexagonal) @ 88 37 C
H5H. M1210%, HCP & 18RAILPSO D Wiffis # Z A CHREE L, SLAEMICHIm L7200 Th 5.
T, KRG T OA NI EEIR T OME KT ICBE T A REMEEZ KBTS0, A,
BOLIICHY 2T X NEZOMBEIZI U TELLTWS. 2 1F, HCP i TIEX 1.2() ® &L 9
WCiRERTEIZAME, BE, AE, BE-& 2AHEE2 AT 2 ABREELZ <. —J7, LPSOMHIE T
EH120) DL HICAE, BELET TRAFZICCBM/EAIND Z LT, SEEOKERICLD
RN 2/E & 70 5. £72, ABC, CAB, BCAFEE &\ o 7= /e 2 J7 11 238 L CREE T 5 4
HEIXFCCHERAD LD Th 572, LPSOHiE (X HCP Ffg N D JRFTIC FCCREE N E A T
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rve = 0.160 nm

0.125 < rry £ 0.143 nm
0.174 < rgg < 0.180 nm

Fig. 1.3 Condition for atomic radius of each element for generation of LPSO phase!!?). rx represents atomic
radius.
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(14HM), 8ix%E (Q4RHA) ZL L7 5 @) = k5 fEE Kz L 2 EZEM L minc#E I
K DA 7 U BE AR TR 28 BN A - I R JE M CEA S Lo E X T2 2 7 v B LPSO (Synchronized
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VANLE =R ENEET S ENHALMIENTWS 0, 1 1.3 13 LPSO # 1 ¥ 52 2 2 22 RN
THROF I ERORESBLOHEAEKCB T 2 @EBELZ R LD TH L 0. AKICRT LI
WMIEFEORESIIMgR T LIXRAL D720, AR ORMTENBIL L 4REBRTHEHICE T 3R
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@) Pl Eo X5, LPSO M X HAALKE T O J AT e M A K ONREZTIC X0 BT
S5, LPSOMEZ#H U ABICIEIK120) I RT L9 RBFTOMEICERTILEND 5.

728, LPSO i 1Z x4 % Miller F§ 2 R 50121, fli B b 0 72 ® 12 HCP #i i & [RIARIZ 4 fRIE R i
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EMEQY, HCP A O O BFRIZB W CHEZRYMEME L 725 ). £, KE®RICE T 2 RERT
FNC & o lztih % atih, RBEICEE SIS E > 2% cfil & FES.
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Fig. 1.4 Crystal basis for HCP structure.
(b) FEAR DR
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Fig. 1.5 Relation between tensile yield stress and plastic elongation of each alloy at room temperature®.
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Tablel.1 Comparison of characteristics between Mg/LPSO RS P/M alloy and extra super duralumin{!90D,

Mg/LPSO RS P/M alloy  Extra super duralumin

(Mgos.7Zn0.85 Y2 Al 45) (7075-T6)
Specific weight 1.85 g/cm? 2.75 g/cm?
Yield stress (0.2% proof stress) 533 MPa 505 MPa
Elongation 10.6 % 11.0 %
Fatigue strength (107 cycles) 325 MPa 275 MPa

Corrosion rate 0.160 mm/year 0.285 mm/year
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Fig. 1.7 Microstructure of as-cast Mg/LPSO (Mgy,Zn;Y>) alloy®.
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Fig. 1.8 Microstructure of extruded Mg/LPSO (Mgy,Zn;Y>) alloy2®).
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Fig. 1.9 Temperature and orientation dependence of yiled stress of extruded Mg/LPSO (Mg,,Zn;Y) alloy!!”.
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Fig. 1.10 Microstructure of directionally solidified polycrystal composed of LPSO single phase (MggsZnsY7)".
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Fig. 1.11 Temperature and orientation dependence of yiled stress of directionally solidified polycrystal composed
of LPSO single phase (MgggZnsY7) 7.
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Tablel.2 Slip / twinning system families of Mg.

Family Number of systems  Plane  Direction
Basal 3 (0001) <1120 >
Prismatic 3 {1010} <1120 >
First-order pyramidal 6 {11_01} <1120 >
Second-order pyramidal 6 {1122} <1123 >
Tensile twin 6 {1012} <1011 >
Compression twin 6 {fOl 1} < 1012 >
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Fig. 1.12 Slip systems in a-Mg phase and LPSO phase. Drawed plane and arrow denote slip plane and slip
direction, respectively.
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Fig. 1.13 Deformation twin.
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Tablel.3 Similarities and differences between a-Mg phase and LPSO phase.

0-Mg phase LPSO phase
Basal slip Predominantly occur
Non-basal slips Activated only at high temperature
{1012} < 1011 > Twinning Occur Not occur
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Fig. 1.14 Nominal stress - strain curves of as-cast and extruded Mg/LPSO (Mgy,Zn;Y>) alloys!?.
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Fig. 1.15 Characteristic microstructure of extruded Mg/LPSO alloy.
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Fig. 1.16 Schematic deformation kink.
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Fig. 1.17 Dependence of tensile yield stress of Mg/LPSO (Mgy,Zn; YY) alloy on extrusion ratio!!).
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Fig. 1.18 Dislocation model of kink band formation proposed by Hess-Barrett*!.
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Fig. 1.19 Relation between disclination and dislocation™®).
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Fig. 2.2 Crystal grids deformed by crystallographic slip and other process.
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Fig. 2.3 Plastic deformation due to crystallographic slip on « activated slip system.
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Fig. 2.4 Classification of dislocations.
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Fig. 2.5 Expression of dislocation in Burgers circuit.
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Fig. 2.6 Difference of representation of dislocation density in accordance with the way of taking Burgers circuits.
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Fig. 2.7 Difference of expression of dislocation pair dependent on Burgers circuit.
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Fig. 2.9 Local coordinate system and crystal bases®.
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Slip plane

Fig. 2.10 Rectangular dislocation loop.

Burgers circuit
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= Z gf;)) v(m)y<“> ....................................................... (3.16)

L, IMEEICE N THAREREITI—RENET D & L ITHM/NEEEREORELZEMT T 5 2
LCRIEs, mo) DZOMERAL TS, £, KE16)DOSHEFHOFERICE N TR0 HE

m (m)

NN LNt o i

(@) L@ (@)
g(:,])g = N(m)&[;eﬁ(;és(i)am(g)é ................................................................. (3.17)

EEFRL TS, KRBT THEINDEKIGRZ RV Gurtin' 2338 A U 7= microscopic stress”

L0 bOTHY, KEG17) IR (2.126) & MRS mly) = ) x s(o) O BIR & 3 ]+ i w A &
55.

£ = [Ny - (s @ 580 )] 40 = [Nimy - (s @ £0)| S0 oo (3.18)

TR0 H, E0 1 Za \CHERRERIEN Ny D RO FA~OFRETHY, $9 KL OGN
BEB OBEEN ) & Hde b, Ei2, KBA8) O X HIC £ DIEMT 2 H L o) & £ Wsi) Ok
WAETRINDED, €0 BT RVENICRESND Z LAbRD. REIHBLORE16) LY,
N D 72 RAEAE R P

P= T DYy + Ty D, +Z§(m) Vi D (3.19)
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2. BRERAR & = b e B — KA

LRI TE, X (3.19) £l O E A& Bl E ~ push-forward 341
(3.20)

P:T'D6+T~DP+Z§(")-V)"(") .........................................................

WAV =RV 2 HVTEY, BEEICET D &R €9

s, 2L, MR FORE
ERAXTERL TS,

@) — ()

& = RIE()

F 7o, K (248) B L O Q2.111), & VT (3.20)
P=T-(D-D°)+T DP+Z§(“)-V):’(“)=T~D—(T T)-Dr+ ) €9 vy

-7-D-)(1- T)-Pg”)):/(“) +Z§<a>.v§(a)

@

)= Z (T(Uz) _ .;-(a)) '}:/(a) + Z g(a) . Vy((x)
(3.22)

@

ST B Y A0 4 Y o i
a [0

Il
~

T2 TN ENRANTERL TS,

EEFL. T, TBEXOTODa TR0 E~D
E I A < (3.23)

e D (3.24)
(3.25)

70, 9Ly
W =@ 4@ = (T-T). Py

LEETDH. BRT B LAV IS EAWIE S, A XML ORE) 1L L THET YR
BRI < DMaENIS I Ths. £7-, REBW)OEBZEOERICEVWT T, =T-TEHB W=
THEL, TR0 FRA~DZOMHE T&)érg’)i RIS S LB . K

G, Ty XIS (NESTI)
(3.22) B A58 4 1 T 2 (2.36), 38 £ VR (2.45) & XA LA B 4y & g 13

Z (a>y(a> N Z £0) . gy

iv [TTz; +> §<“>§<">) SaVT =T - Y Y - Y (dive®) 7
DRI L2 BT,

ERF S E AL 2.101) ZHWTHRKXD XD

P=T- gradv—

5.
T, REI)ALE2HD

_ Z V. ( P(a)y(eo) 3 F@y@

@
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yywc\‘
— — 5

()

L o N P (3.28)

:tm/ki%ﬁij@cm“AD ANDHETH D .
X£.3.9) 12X (3.13), X G3.14), X (3.26) B LK (3.27) ZA L, Gauss O F H#E B % 5 A4 i
AR EROFRE IR LY lc£ S 5.

j{ [ - Tn 0+ Z (2)(“) — £ n)):’(")
a

—h/{hNT+pU¥iN~b+T-W+§Eﬁ?+dWﬁ”ﬁm}dv:O .................... (3.29)
v a

ZIT, niIWERE .Y oS E EALERSY PLTH D, X329 ICB W TREEOTE M
EEETNIE, RIEONFHIRFAS XN FNREREE (BRERSEE) PEREThko X
HIZH/EHND.

da

divT+p(f-v)=0
in ¥ : T =T (3.30)

Tf)a) = T(a) _ f-(a) = —div é:(a)

(;):Tn
0N L (3.31)
7@ gy
X (3.30); B L O (330, iITZznEnfekoEs) &R FR GES) HRR) & L O 8 &4 17 G0
Thd. LB ->7T, TIXEE O Cauchy i /1 TH Y, K (3.31) 1% Cauchy D EAREFC) ¢ H 5 =
ERbD. Fio, (B30 iﬁb‘(ﬁfﬁ@f’ﬂ“%ﬁfi‘t%i‘%bf%@ X B3 I m KIS 1 D5
REMERD. Thbb, BRI EZE LM X, ko NFRRAFAD (X (3.30),2) B &
OB i e (5K (3.31)1) um/)*iﬁﬁjj@f’\j/\b‘iﬁkothiﬁ*ﬁ:fJ)%ﬁﬁ B EhnD. ek,
SETHRARD K ICEWKIG I OBER LA B3, 1%, WESE L m A8 L7z GNEENL O3t N & 5 #
CRHE LTV 5.
*ji X (3.30) Z R L, X (3.31), Wk E s L OFEHUEE 2 H WILIZ 2 TE O T F R 17
Ak L HricFEons.

m D
%ytda+/pfdv—D—t/pvdv—0

%xx tda+/x><pfdv——/x><pvdv—0 ......................................... (3.32)
v

% §(Q)da+/ (a)dv:O

KGR IFECEEEOEHERGF, AEHERFUNBSIOBROEHERFH THDS. 22
TbH, X (3.32)  1F RO G L FEERICE 2 B i, K (3.32); 0 & Y B &R A7 R A8 72 128 A
b,
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7’06?3 TZ)Hﬁ”ﬁﬂﬂﬁAb’ BIF D Cauchy i I THDHZ tnn, XB2W)ICHRTaT D Z~DZED

HBINDH VI EHOSBEAMIGHE VWA D, 72, DRANE D13 (3.25) LY
A@—WL<®&§éné T b, S FERO 7D H 5 BRSO R KA R L TR R
THRAETHHMEIEN 1O 2ELVERTEZLN, AR e T RICHDNICTEH N &
5. ZOZERED BN A EHEREERTHY, O RBEEERORE H LD,
B, P TIEETY 2< fOBL 00 2 HICHEENBLOEIE N EMHT 2L &5,

323 IRILX—REFEH
SRIE O T F X —(RIEH B D DITE S RE LB, RICkRo Ly icFEans 6,
- — ext
Dt(8+7() P Q. (3.33)

ZIT, 8 K PUBIOQIETN TN TR ALF—, EHT XX —, AT RoTRI N
HUEFERBLVCACL 22N F—LBFEE2EL, TRETAKRATERS D G,

6=/p8dv ............................................................................... (3.34)
v
K = SOV VAV (3.35)
v
E—j{ q-nda+/prdv ................................................................ (3.36)
7 v

IIT, eI A AR —EE, g BL O riZETNENHREEIC BT D BB R B I OV G 2V
(FEHEMERY 7Y ONBRER) Thd. £, ANCL-oThRIN D HELEP L, R
GI)BLOAGIM) BV THARZBREORICES R L, BENHEHARY £5 2L TRO LD
Wz b6 5.

7”“5% (;‘)'vda+2j{ ?(“)).’(”)da+/pf-vdv .......................................... (3.37)
B2 — J ¥
2L, @mwERDBFCEFXNGC2DEHVTWS, £72, B9 LY
Pext—%zj{ Psda+/ Pbdvz/ PAV. oo (3.38)
Dt % v v

EELZLENTEDL. 22T, V\U‘J@@T&%#Pi L (320 1B T HINARBEZ B EICE X H#H
Z, W ot (X 3.30),) 2FE T i

P = div [Tv + Z g“’)&(“)] —divT-v- Z @y _ Z (dive @)y @ (3.39)

LEREAND. L EOK (334~ (3.36), & (338) B LUK (3.39) 2K (3.33) ICfMA L, Wk EME
FORBEHZEHA L CRIMMETNVIERARELND.

T -D- Z T®y@ 4 Z ED VYD —divg+p(r—&) =0 (3.40)
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L, WHORHEB LR QA) ZH TS, KB40 DNEKRER BT 2 RFAEOT 3L
XF—REFEATHD. B, WROMBHBEMEGRCD CEREERIENEZEZEL TR0, K (3.40) 12
BWTEUF2EBIOEIHEHAHEESIND. 72, X @.111);, XG.23)B LK (3.25 % A9

niE, XG40 ITEkD Lo IcEEHBZIOND.

T D¢+ ) #0904 3 E0 VY _divg+p(r-£)=0

324 T v hOE—EXA
Ty bR E— KRG DV IEB R 2T, —RICKRO XS IcERL S h 5 (000,

/p%}dvzg/pndv—(—% g‘nda+/p—rdv)20 .....................................
¥ v o 0 v U

Dt
T, VMBS ONETY e E—ERERE, gl kR —BETHL. £k,
@O B L O IEFNENRFT= L hr v —fRls LTOERtHTy he E—BEL£T. X (342

DI Y ZR CTRAMET 52 &, KATEKSNLZ=r brE—FREANKFTOND.

POV = PO — g G+ AIVG = F 2 0o oo (3.43)
-,

o= ?’9 .................................................................................... (3.44)
TREZ 2B TH S

3.3 Clausius-Duhem O R~ & =
KB4 D= F VX —RFHZH Tz b e ©—REX (3.43) 1231 5 IMH ALK BV (divg - pr)

FHET L, kA TE I D Clasius-Duhem D RGN E SN 5.
D =ptil—pe+ T-D*+ Y 2OV 13 o). gy _ g
ST, = pdY EHCRBKTH B 10, 3K (3.45) OWLIC J AT U 50K R A 2 R

pull-back TALIFR A A5 5.
5 — 19[11_ l.j + T(m) . D(em) + Z’.’;‘:((l)'i/(a) + Z’Eggq)) . V(m)i/(a) _E(m) . q(m) >0
T, HBRXOUBEENENH=pon B L QO U=ppe THDH. Fiz, BIRHROFE L #H

B OBBRT T T OEBHNCH > T g=Roge EEEND DD g=Rogu E72 5.
HEU T, 3.0 i T A7 A E L — O RTFER Y W 53— 72 Helmholtz o F = 5 /L % —

Ui, i\

z

L RIERIC
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tiikcExr B2, LT, X347 2 H T (3.46) IZ Legendre & #2 % fii H1Z Ik X 2 15 5 .

5 = - (II/[C] + Hﬁ) + Fi(m) . D(em) + T(m) . DFm) + N(m) . Z(m) - E(m) . q(m) >0, (348)

L, KRGy, RG24 B LV Ny - Zmy = Lo by VeV OBIRZ W TH D 3 s £ O
A ET Y ARICTRB LTS, K (346) LG8 Z T 5L, HEIL= hrE—H
DU JEIMSLBALR 2R L, K (348) TIIAES ICHIE AT RER B’ TH HIRE N MIER L R> TV D
ERbMD

*F&“&:%ﬁ@‘f ERAEZE T D5EIE, WD EMIER, OTHE2ERERICT L2 NEEL
Wz T, it(3.48) z ﬁéﬁrﬁ?‘]kU\ﬁ*‘#@ﬁé)ﬁ—ﬁﬂﬁ%ﬁ%%@iﬁéﬁéf:&)bzb’tiﬁf“ﬁé%
% Gibbs B %% 8 A5 5 .

= wlc] c
G = I = Ty Egpy = M) - DE oo (3.49)

T, PENIBEAPREER TH Y, RICG LA RHRIER L B 2 572w (109 ’#%ﬂ“é
EHEICIIRFELEFEOAREZEE LTS, K (3.49) 2 v T (3.48) D Legendre 25 #i % 1T % |F

—_— hd ]
D= (G + H + E - Ty + DY Mgfn))

+ D Tn) + Ziany - Neam) = Gamy * By = Dy - Mgy 20 (3.50)
5%, 22T, RES)ICHNT T & E(m), MEfm L DY, ORERANSIBILR & B LT, AR
DOEIZBWTHNHEEZGIE, BMFEEEUEELEKLELTERAD.

34 REERHD D ENFRFHIRE
#(3.50) £ 1, Gibbs BI¥ 34K D & 5 ITERTE 5.
G = G(ﬂ, Ty Ty Newy By M ) ...................................................... (3.51)

L7ERNoT, GOWERBBSIZEANC LY ’RKD LI ICEIT .

. G- 090G = 4G = G = G - 0G =

G = 8_1_‘}0 + — T(m) + T(m) + —" N(m) + a.,— g(m) W (:r]x) .......... (352)
(9 (m) (’jT(m) 0 (m) g(m) 0 (m)

X(3.52) XK (B3.50) I AT 5 L
- 4G 4G | = > -
@ = —(H+ %)ﬂ (Efm) aT()] Ty — [Dﬁn) PYYT ] Mﬂcﬂ) + DG, T(m) + Zm) - Nm)
m (m)
_ s G = G = 4G =
~ Q) - Zmy — Dl - My —( = T+ —— Nwy + 5= g(m)] 20, i (3.53)
T(m) 6N(m) g(m)
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L s, GBS EZBE TR (3.53) A0 K% EOFEIMAN OFHITAEHE T L TENLZILRIE
Th o1, REX(3.53) NFITHEST 2722
0G 0G 0G

20, 20, S S0 (3.54)
oT (m) 0 N(m) ag(m)

ThhiX LW, LEeR->T, GOFIEITKRDO LS ITREEND.

G=G(0, Tey: MU (3.55)

ihiﬂﬁ&ﬁL%kﬁ%@%LW&imﬁiwﬂmi&i@ﬁ%&é’&ﬁféét@ ey
(3.53) N 552@4’)71 B BRENBETHNIT I V. LER- T, IREESISHT 28528
BB/ &I 6%6

0G 4G » oG

H=-— E7

(m) = —_——, (m) ...........................................
9%’ 0 Ty oMy,

5, K (3.53) FILE 4~T HDE B F S Ty N By MUY 3AHE (D], Ziwy, Gy bg’m))
WCETET A EEZONDATD, TOUHLDOHEIITZOERBCHIBLZM T Z LT, Lo
T, BERBEEIIXNGHBLOKGB6)ZEZEEL TKROLIICEEZTHEHSIND.

— = — _ . d]
b= Dfm) . T(m) + Z(m) . N(m) - q(m) . g(m) + D( wm) >0 . (357)

f:f:“b, K@D LR REERECIIRGI)OEGEEZH TS, £72, R(3.55) B LU0 (3.56) &
, Rt F 2T HE R EBEOMAX DO BB IIRATELLNS.

G
00 (ﬂ T(m)’ MErCr]l))

oG
)=, 0 Toms M)

. oG .
D,y = Dy (0 Ty MEm)) PyvoN (’9 T MEm))
(m)
7L, R (358 1ok LT, AMFETITAIE TR LI IR EZEETS. 20
Balix, WHEEEXo —EE2 XG5, BLUORKGB6) LY
— o wlel
Tim) = W(
(m)

H = H(ﬁ, Fi(m); ME:A))

EC

m = E

ﬁ, T(m): Mg:n)

o

9, By D). (3.59)

(m)

ERTZEHTED. NG THMERALEFEZ R THERERONERTH Y, 415 TIEX(3.59)
CHESVTRIE O BMIEMERE BT 2. 2k, WaBER T2 8T~ X512 DY) 23 iE
EMICEE D0, NG T AELERD.

3.5 HURE D DR NFHFIR
i B AT A B RO — (LR O R4 IS LV )
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EETD. Lo T, KGO D5l EzZET XX (3.57) TR D EEEE D5 HiE

B= &E(D(m), Ziwys Gy’ (m)) .............................................................. (3.61)

b, £, XQGSN)OARERIIMLEOBGIIK LT HENZRIE L T2 e THIZ /5 fif © X,

Timy - Dy + Newy + Zany + MU - D22 0. By Py 2 0o (3.62)

LRTZLEBTEH, Fabh, KRG £ T £ DI Ty, N B £ 0 MY 0B %
RELTEELZTRBERIE RS20, —J, BVREICET 5 0 (3.62), 7> & 1L — %19 72 Fourier D 14
RIZSE N 528, AR TR —ERE FOEREMNG L L TIREIIE LRV, 22T, =0
Db ETR(3.57) &R (2.97) B L O (2.134) & VT

~ = — — ~ . . .
® = Timy DY)+ Ny - Ziny + Migs) - D = Ty - Efy) + Ny - @y + M) Dfm) >0, (3.63)

LEx, XEG60)DEFREH VW THMEREY-YOBRBRT XL —2 2O TEEITRADO X
INZEIT D

wid _ P N = p
dll/[ I = T(m) . dE(m) + N(m) . da(m) + ]”Em) d D(m)

2T, KES B LUK G.64) AL A DRI R F 0L, FEAFIN L ok 3oL — pl
_%h%h&@%%#%é_&#b#

eV G _ G
m == Nam=g=— > M = o (3.65)
o”!Efm) 9 () D,
T, TROOBMIIRGE LY, TRAERKRDO LI ICETS.
T = Tioo (Efyy, o D)
Nimy = Niany (EDyys @any Diyy) e eeeoeeoeee e (3.66)
yldl _ agdl (pp = . pP
MEm) = MEm) (E<m>’ ®(m)> D(m))
—47, KBS OFB%EJTHRL, T BEP Nm 25T RICHET 5 L
D = pyl¥ = )" FOYO LN LDV + ML) Dfm) >0 (3.67)
EEFDH. 22T, RNQCONEAUFE2HIFXRO LI ICERTE S.
Zg(m) ViV = 3 (F1ED) V7@ = 310 (Vap ™) (3.68)
TR L, HIMIELE By \C BT D m I N & ) = F ' EEFL TS, £, R(G.67) B ALE

3IHIL, IRMEZETE O B OO W R R O 8 N AR ZE TR O ARCE &Y
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LEFET DD, ROXHSIZERTES.

d.pr - N @5@
MDY= 3 OV (3.70)

@

=7 L, M{d DaTRYFZ~DHE

~a d] )
PO = MU - PG (3.71)
EEFRTDH. Lo, X(3.67)i%
= 3 [0 4 ) (V) + FOO 200 (3.72)

LELZENTE, XEB60) LV HEMEEYZVOBAEATEALT —OEMYTBITRDO L HICES
ns.

~(@) & @
ol _ N\ T @, N 20 (@) Y gy@
dy _Z . dy@ + Z . d(V(I)y")+Z . Y@ > 0. (3.73)

@ o (2

Liei-T, K@) LBDOHTIT

gyl Pt P
20 = ) o M = o 3.74
T pay(a) > g(]) pa (V(I)'y(a)) > 4 1% P 5/(01) ( )

LRI, ThH 05 BEBENTNRDLDICET .

2@) _ 2@ (7@)’ Yy :ym))

gﬁ;? gg‘;))( @ ¥y, 7(‘”) ............................................................. (3.75)
5@ — @ (7@, Yy &(a))

2 (2.153) 35 L O (2.156) L 0 @ X SSHAT# L p@ LB L, 72K (2.13) B LR (2.137) &Y
Voy 1x GN L L pls), pley & Baﬁia‘z)%f@ét&), K (3.75) D& I 1K Ha 7 58 FE % 51 5T
Lol mhpEDL., Lo T, XEBIS LV EBMEESMEOMTEICHEEST 52 &8bn
D, 438 TR RB K ) REFWGALEEOMALA~DOBE XA ZMICIELWE WL S, 72, #E
5 U2 o FHc L, Y@ orficET sEmkEE R, RGBT AUH 1 HB L O3 HE
IR ORI T S .

D [%@W YO S 0 (3.76)

L7ERoT, RGBT BHICHT 2720113 R (3.72) 485 2 HA KM THICIE & 2hiE L.
LapL7edin, sET75), &0 &Y SIS VoY 2872, B, 60 Yy @ 2 0 285 12 v
VOMGER ARV, C OMBEERET B I, BET5 €] OEICK (3.76) 2 H T 5B &
BOFEZERTLZLIVWEEZLONS. ThbL, RE) TEXELELEHEHT XL —D3|K
2 VYD IS S 5 kA AR Y LOEAL, &9 o IICEYT 5 Mtz EETE L. L
MURNR S, WEERICIERY P RE2RITE 2\ 720 000 v Y@ O 02 Ziy 235 bl

BRNBEROBREEZOND. REL, ZOFMAEHIANETITOTAROBEE T 5.
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45

F Rz & REAE A

& )

ARETIE, SRR IR 2 W E TR - KM, &S O E BN R X O
LRI A28 T 5. £7, 3.4E/ﬁfﬂ< U 72 /7 & B O3 7 D 4 i BEAR T S D W T pl o 2

L, #Edn SRR ICE L 7o ClEE R MR A~ YRR 5. T, 35 E TR LI @mikIs
DEABIBICESWTZ OB EZENT 5. £ Ok, %EEJC B E D AR E R &AL R O SL
MORET L. WIS, A b B MERR R K OHRAI—E A 284 B LW LAIO —fKkiwma~L, Thb
%%W@?ﬁ‘ﬁ(li@ﬁ‘éﬁ/ EET DS £, *Eﬁfi%@@ﬂi@%%ﬁﬁ_éyE“@‘%Wﬁ?%ﬁ'*ﬁiﬁ‘fﬁi
MR ZE <, KK, WAARNZEE T 2 LPSOMOIEE T XY ZORPUIZONTIRRD.

41 HBMHERR

ARETIE, 348 TR LIS L FHEOTHOMEBEREZ AW TRz EH+ 5. ki
T, WP 2 KRBT D 72 O (S MRS Rl &2 B R IS Rk U, 28108 BE 2 )\ T o P A kX
ZRIE T 5.

411 RERBEMEERK

HMEEAR TGS, ZHWTEK{ETES., 2L, EBEMEIOHELEICB W IR & H
PEOT AL IR E R T 5720, MIEHEMERXEZ B ET 2561212 (3.58), &£ X (3.59)
DELLOBRNZEHNTHR —OERANEOND. 2 TCARFETIE, EHEEZRXLEF—O
RAEER 4y Pl 2 Bfkfb L, X359 2 AW TR HMERER 28 5.

ET, WMEAROREKFELZERL, ZSRERCBTI22HHT XL X —DRFERDEZ RO

&7

Pl = I (B DY) = P (Egy )+ P (D)oo (4.1)

(m)

£, WWHO2WU EOENERT 2HEOTAGEIT/NNSVEDEREL, ISHBRFEDLE
HHEOT AL ELRDIALMEZE 2L, BEOTH XX = PIIRO L 5 IcET 5 G0,

1
V¢ =—E

= 3By (Coay 1 Bm) oo vveee e 4.2)



62 4% MR L LRI

TIIT, G FARORGHHMEMRET YV THD (EBISR] Len>T, X359 &Y
RAOHERERL N HFEOND.

~ ape

T(m) 0E(e) C(m)

T2, G b 1B KOO T ORI b KK OMHE 2 65 (9.

B et 43)

C(em)&ﬁgg = C(em)'é&;sg = C(em)&ﬁgg = C(em)SQ(Nl/B ....................................................... (4.4)
Ero, BUNEMEREZERETRZI~1THY, R@E3)ITBT D T 13
Ty = Cfm) : Efm) ............................................................................ 4.5)

ET(m) %Tﬁ'@zé EMNTE D, &5 JE(45) ﬂl#@gﬁ#ﬁﬁﬁ%ﬁéj\%ﬁ@ i %2‘?'5“1@5 ﬂ(m)
BT LEEREMEERD RO XL 5 I %ﬂé

Timy = C

oy e = oy i D e (4.6)

(m) * (m)

22T, K (4.6) DB ORI (2.94), A VTV 5. R (4.6) & BELE B | push-forward 311
1L, BELHE TR SN RO FEEEHEEBR XN EOND.

=77 L, Tixst (2.19) |27~ 3~ Mandel-Kratochvil i & (77)
T =T W T+ TW o (4.8)

ThY, W7y vEms. iz, RIGMWREREIT Chy = RGRRGREClaps: P & O ICELEZ
Mmsns. B, CHLROMEEZAT L1,

C;'kl = C;'ikl = ijlk = Ciy 4.9)

1

412 #HRBUERICBTHI EREREHEBEERX

L @7 Té%%éfiﬁﬁ/LfDe%ﬁ(248)%ﬁﬁb\f£ SR DB X OV Sy DP o =

THEL, RQI111) 2 HV 5 & BT D HERBBE MRS RO LS AL,
%‘:Ce:(D—DP)zce:D—ZCe:P(S”)).’(") ................................................ (4.10)
SR VEE SR T I AR TR TV D L O R D I AR ETH Y, TR0 EE YO o

xﬁﬁ‘éﬁﬁflﬁ,ﬁﬂ@#ﬁ%aﬁ SND. ZOBALRIOFEMIC OV TR D 43I THE~ND . ok, K
Hfi T U 7z BB AMERS U ER O RS AL R I K RS B RRIC BT Db D LRI TH S.
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42 BRIGTDERK

ARFITI, 3.5 8 THI L@ KIEN QBB B2 OMRRE BKLT 5. OB, ML
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Volterra dislocation
(edge dislocation)

Fig. 4.1 Definition of intrinsic length scale r.
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GN dislocation
(@) Slip plane (@) Slip plane
Y + 4 Y wlm Lo
1 155’
Curved slip plane
GN dislocation
(a) Flat slip plane (b) Curved slip plane

Fig. 4.2 Schematic effective slip rate and curvature of slip plane due to GN dislocation.
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(a) Micro-clamped condition (b) Micro-free condition

Fig. 5.1 Boundary condtions for slip rate and higher-order stress.
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%W%ﬁ#mmuﬁbfk@,%ﬁukwfﬁﬁﬂ%ﬁ%hé_k%ﬁbfwé.Ltﬂof,
BERETIET ARy, —F, X(G.16), T30 BHEEERSEM (£ 7213 micro-free condition)
EREIEAL, RSAG)ICART LD IS ERERITSREGHRADPMEMLRVERERERE R, BHITER
NEULDZLEEZRLTWVWD., LER-S T, ZOHBICEHERLETCTIRDITERERD.
AT, KNG BLOXNGI) DO LI ICHEEROFEBAFOREEZE 2 5720, KX (5.16)
TRLEEBKREICHTIERAGFHEZRO LS ITIEET .

M =0 (micro — clamped condition)

on . or (5.17)

®
[ =0 (micro — free condition)

X (517 132 (5.16) & FFRICT RN W REREMEEZ, X GA7) 1T (5.16), & FERICT <D A HE
Rtz rhEfhnE LTS,
ZIT, BREICHTHR(G17) OBER M E L0 MRS 201, K (S5.13) ZEE O
%aﬁf%\u\f&%@ﬂmf IHMRT AL EEZDL. KRG ILTEEOREE B LY oxt L
R SZE I e B 2272 8, Bittencourt7?) ;t(aw(“)—o:rootmb)v_ow%é,\@z D o
%%h%h&@io_%zfma
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@ Y?=0nHa

WA AT RO R YO 20 L E 2 BEE, 2 TOLEBEAMMAICAE LS. LiERoT, &
(5.13) 1%
@

/V[%—(DT+ TD)+LT]-idv=fy 0@ o (5.18)

EEFD. EL, REEEZSRIZL=LThs. X (5.18) 1T0E K DM AHH 23 1) 5 updated
Lagrange J& =X 0 3 £ JE AR AR A1 55 0 JF #2458 L vy 109,

DEIICHEER L BUERNFEENOWEHFAICAEL, EWICHH LA T2ERRIIELRD
BAICHY TS, oLk, X613

oo v . : W 3
-3 /V 1Y dv [V [gm -Dgv -y P(f)f(“))’(ﬂ)] VY dy =] fy (YD da ... (5.20)
a a B a

Lrn. Fiz, A(520)12 (514, AL TRBGER Z 8N XN T 5.

Za: [, (%gw + divE@ — grad @ - LT)W AV =0 (5.21)
722 L, MUNEMEEEORE LD EREE LA EEL D, 2612, R@4.29 2 RATIE

D /V (div £ _ diy é@’));@’) AV = 0 (5.22)
Ly, R@EIDB & U“it(z.m) 2 (5.22) KA T

Z / /lb(")[ ( P - o V)’(“) t(“)) 1@ — v(p(g()e) + biv%“) “’)) : s‘“>]§<“> dv=0......... (5.23)

EEFL. ThbL, BREWmICE T 2 HEEREBAFORIEITGNEBMEEDOHAHF VWAL LT
i%#ﬁzé LRTED. %72, ONEMEEOEHRRQ.131) 2 Z T, KG23) KO LD
IHHAESBLOHREIICHMLTEED.

1
@ _ V@) . @) @ gy, =
/ (pG(S) TVt ) dv=0

1 v
(@) w@) §@ (@ qy, =
/ (PG(e) e )VV )7 dv=0

Z2T, RG22 EFRQBY D 2RICENFNALE O E LK (::mi;@ [ZHEY) ZF TR
S EELE>TELDICHELWI ERNbNDS. Liedo T, X (5.24) 133 E I O GN Bar 5 E O 55
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RlckrERE VRS, £72, RG24 a‘éy@%ﬁe@$zf%§ﬂ;&p CEEE L, REBEH L E
HLTKG2)EZRD L IZERT 5.

1 1 . 1 .
H@ = A\ (@) gy v {@) y(@ = (1. @) (@)
/ P pdv = b()/(gradp £9) @ dv ) (dlvt )Y dv+l~)(a)]{yp(nt )7 da

1 N 1 N
((l) O . (Q) ((I) R P! 1 ((I) (Q) —_—— . ((l/) ((1/)
/,DG(e)pd b()/ (gradp s )7’ dv+l~)(a)/7/p dlvs ) dv R0 p(n s )}’ da

22T, RG220 2RKICEB W TCENETNALEIHEICT RO FHEICH T I2ERAGFENEH SIND
ZENDLMND

(5.25)

bEo2@y oERiEfREE2E 252 LT, R(G.13) 13X (5.18) B L O (5.25) » 2 ¥ o K
T2 ENTED. 7o, TOBEOERGME LT (G15 13X (5.18) 12, KX (5.15), ;‘ﬁ(s.zs)
WENZENRESnbsEZE20Nh5. 22T, MREOEMAFMHICERT DL, (525 THEFEIN
%5 R & L C Kuroda-Tvergaard?? 12 (5.17) L ORFIGE B E 2 TKRDO X HICH5 2T 5.

(n . t(a)> Y =, (n . s("))if(a) =0  (micro — clamped condition)

on . or (5.26)
P(Ga()s) =0, P(Ga()e) =0 (micro — free condition)

Thbb, X620 IWERKREHICBIT DT XY O mEIERTMBRAOHEEZERL TWVWDHD
TR MR EFEICHIET D, £, ZOFRBEEFKS1@) AT LI ITERIC jbb\fGNiz:M@
FHABRNZ E2ERT. —F, R (526, 1FRS.10) ICRT L 5 ICWik#iE 2 L TAESIC GN &
PMEDOWRHADEL, BRATONIRMEEIIFELRDIEERLTVD. LER-ST, ZOFMITT
R HEHERSEMEICHIET S, BLEXY, NG17), oFkFEmR IR THERSMA X, ERICE
%GNS E ORI AFZHICHY T EE LD, LN - T, @k ICE S < FEM f#
MrEiT>8%61E, BHEBHIZBWTXGI1), 2, oo RE EZITMMER e EoiEicE
WTRGIT) DEBEZRZRBT I LRRL L EZLND.

53 WERDERICHEITHIEERRELEDRE

A & TR L2 (5.13) B8 L O (5.15) ’io‘lz\“C;”ﬁﬁl‘ijJ, S/ NVAPSESON -2 & 31 TR = F
L2 LT, BMREROREr — AL L THKROHERICE T 2 HEREEFEOFRERL L OB R &
HERELND. Thbb, WEkOHERIZET % updated Lagrange 7 7 o 38 B 2 AR AR 41 35 o0 JREE 12 X
G LR IATEREINS.

/[%—(DT+ TD)+LT]oI:dv=% FoBda (5.27)
v S
Fio, BEREMAEKGI5) LV

on . : _ T (5.28)
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LB L LARRL, MKRIENZZBEBLZ2VERICE W TH ARG TIENX(5.15), O@mk &I
TOERAZMGZBETCEZRTNE RGN, 22T, koM maME LSS, ®KIGNIE
WAERNOERFEERB LOCEREICBWTHEFENIZFE LRI, TOEAZMATEERITENT

on . : ‘év“)(a) _ (é“’(a) S () e (5.29)

LT ONRRHELEZLND. Al D X 51T, X(5.29) TRENDHEMAFMHIT, REH ETGONER
ERERICHTYD Z 2RI L THD (K510)ZH).

ARHFZETIE, TEIZCBWTRERZF L LIS E OBEMBNT & ET 528, £ ORI < Ry
AT G2 L2272, TOMITICBT 2mREICHE T 25EARXMITITNG29) 2T 5.
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6F

FEMfTD=HDERIE

ARETEmRHEGICIR T 5 BT % FEM f# T THE < 7212, FiisE TEH L7z d R AR L
FORBMOMEBALZAIT I . TOR, BHFHE = X MO 72 D IR EIE DB 2 FITE ST
TR HEMACR OBERIEMBELBBESED. £, BEFEOLRENEK D 72D rpn 1E
ZHANTD.

6.1 BEMIGCHER DAL

K430 2 WVIER@32) 1B b D K 5T YD L 2O D THROWIEREEGREET 5. B@F,
FEM fi# AT (X BEHcL L 72 BERE 0 A 7 v T M CTHIZEREZ TN ZE MBI L THEL 729, FEM
fiRHTIC X 0 X (4.31) 2 EREICITMT 272013 TS W2 48 L L, HAAGHES
ANEETDH. FZTAMETIE, FFE A FHIEO 72 9 12 Okumura & 023 234222 U 7= $2 4747 54
W 129029 ¢ [ i 4 IO T Y@ L 2@ OBIE A RIBILT S

FF, BEHE LR B L O+ Mt OB OT RO ES AYDICHoONWTEZ D, B2k T 5+
D HE A YD, BEL AT T DT R B A YO LR L, 4D 2RO LS ICEEMRET .

Ay = [(1 ) O 9GO A ©6.1)

ZIZT, M0 <1 OEERT LB TH Y, K(6.1)1L6" =00 & XA Euler i (B
i), 0% =1/2 ® & % Crank-Nickolson ¥ L TRO™ =1 » & X % 1& Buler 1% (JRfEEE) IZZFNFR
MR 5. 728, 1/2<0™ <10 & X TH - KBIEE RIS T 23 B RElT 52 Lnmb
T3 29329 K (6.1) 12 31F 5 My TRk mETH D70, R@A3) OBRICHLA b0 O
F—Z—RBEAEMGL, 1YGERZT 2 YO BRRO LS IcBEbND.

. . y(@) . @] . )| |
wagie) g O g e —aT gy 4 OV 1 gy
t t t
L O P
V) A(@) (@)
=YY+ 57@ AT + 7g® A (6.2)
t

T, (B IZENENRA B IO t+ MICB T A EEET. 12, K62 IV T
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21T H f\@tfﬂb AR = 3@ 44 35 LA™ =g 72 2 BR A VT DL R (6.2) & 5K (6.1)
IZRAT T

A% (@) etan ayfaz
a
og ,

. oY
(@) _ | ty(@) tan
Ay —[7 +6 FE ()

2%, 22 F TOHERIZ@EE OERGEEE V) 255 b O TH S A, Okumura 5 12 (%
K (6.3)12H1F 2 MyD & 44D DILEZRICER LT, R(6.3)%

A3 = @ [Ay(”) gy gy O

Y@
g‘

DEHITAD IZONTIRNT VWD, = 2T,

@ = ! DT e (6.5)
o, OV
[et At 37@ )
Thd. o, WS HE 3130 443) £V
A8 = Y HPAFE (6.6)
B
EETD. 2T, AT N0 HE AKX (4.40) B LUK (4.41) kY
. l;(a)i)(”) . .
$9= |1+ |er—S-| sgn ()’(a)))’(“) ....................................................... 6.7)
y(@)
CEXEL, ATV EROLIICELT 5.
- 2
be) 1p@ :
O~ |1+ er— sgn (W«”)mm SO (6.8)
tyla)
=77 L,
@)
B((l/) \p a
= |1+ [slr - sgn (’)’(")) ......................................................... (6.9)
ty(a)
Thb. LN -o T, Mivs 18450
Ag® = Z ) ) Ay ) (6.10)
B
cELZERTE, R6.10)F R (64) ICRATRIZRAD LY 1Tk D.
A7 = Z LOP Ay B Dt 6.11)

B
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I T,
Y@
L@B) = )| sap) _ gtan g, O 5 rhuw) wo |
S (6.12)
¢(a) Bl ty(@)
ThbH, X@3) LR BT 2RI ZEN
Y@ U\ feaen |79
ar@| = (mf%(“))y sn(#) |- g
! U [ (6.13)
Y@ 1 @ an | 79"
ag(a) - (_mtg(w))yr sgn( ) g(a)

LERED. 221, 6P I Kronecker DTV E ThDH. Lmin- T, X (6.11) DML % At T4 &
NS OWEREEM S Z RO LT RO EEICH L THRBILTE 5.

HO = N LY g (6.14)
B

E70, SR AW D OB RS ER (323) LY
,;.(ar) — (TI)(SQ))' _ ;,‘P(Sa) — (Ce . De)_ I)(S(I)
=(c®: P?).-D°=(C: PO)- D= (C: PD)- POV (6.15)
( S S S S

B

L7pb. =L, K(6.15) DEHIZIET, T C° OXHMER LK (4.19), =X (4.20) D 5L £ K 0 3
RBAXEZHNTWD., LR > T, IS OMEREMM S I1E (325 £

7 = 10 30 = (¢o: PY). Z RPyB) 4 ¢("> ......................................... (6.16)
LETFL. 277 L
ROP =100 4 (€ PY)- PO (6.17)

Toh D, K (6.16) X (5.13) ITNA T 4L, BEMAREE % H L 72 updated Lagrange 12 20 3 & T2 4K
FHEOFRENKRO LI ICENINS.

L{[%_(DTJFTD)]'DJF(LT)'Z'}dV+Za:/f/(Ce:P(sa))'D;(a)dv

L) _ @) . g gy (8) plap) la) ) £\ YB) . gr@)
+Z[,/(§ D¢ ) VY@ dy Z;{[/ Ry 1 (POg@)y B . vy }dv
= f ‘- vda+z ?{ §<“>7(“>da+z / d)(“))/(”)dv ................................ (6.18)
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2T, RGIS)ENFIEICIE, THEODT+TD ORFEEZZEELTWA. £, X (6.18) 4
%3@iﬁﬁﬁ@ﬁﬁﬁ$f%é

B, BEHE LoRE Ak ~5. X (6.14)1CB 1T 2HBERIL, 09 =0, YD =0B LT
m@mwﬂ—o&@é BIER G BLORGY) DR EARD DR LRV, TZT, ZAbD
O TR I, TEOREMAT TIXO™ =1 TEHET S L L bIcX(6.9) B LK (6.13), %

- 2
b(a) tb(a’)
0= 1+ [alr— sgn( ("))

Y@ 4§ y(a)

in (ar) 1/m

1 ).
_ (@) (@)
B (mf%(“))y sgn( ) tg(a)

DEIITEETS. 22T, IF10° BECEKETHS. FEEDOFHEE Okumura & 12 §47 5 T
B, XGIDICL> T ERDFFREEZESZENTE D,

a

dy@
+ 61 Py @
g

6t@
t

62 EERKRELAZTOEREOT L)Y ARTE

AT, HEBRELEORBOBERLOMEMRE LT, X618 D~ N 7 ARREITH. F
T, EMICEE L7z R TERIND EHBEREERZEAL, 7 Y VRL I - R
R (4.46) B L OBRIENOERR @28) %~ F )V ARTRTHEZNETNKRDOLHICARD.

(6} = [SONVH) (621)
ZZ T,
TI={ To Ty To To T Ta | oo (6.22)
e CS,, CS.. CS, Ct. C°

XXXX xxyy xxzz XXXy xxyz XXzX
e e e e e e
C)’}’XX C}’yyy nyzz CWXY nyyz C}’)’ZX

e e e e e e
[ Ce] szxx szyy szzz szxy szyz szzx

=| = : : : : L (6.23)
nyxx nyyy nyzz C‘cyxy nyyz nyzx
C;zxx C;zyy C;:zzz C;zxy C;/:zyz C;zzx
L Czexxx C;xyy C;xzz C;cxy C;xyz Czexzx J
— T
{dj={ D D, D. 2D, 2D, 2D, |". ... (6.24)
g0l={ 20 =20 =0 =29 59 SO} . (6.25)
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S 89 8@
[S@O] = | 812 80 8 | (6.27)
@) g gl
Szx Szy Szz
{vy) z{ R A b }T ....................................................... (6.28)
0x dy 0z

ThHDH. R(6200~R (628)FEZE/ELTR(GI)Z~ M) 7 ARFTRIERDO LI IcET 3.

L (- [z ) el av- 3 [ (a=fiera
-5 [ (e a5 o

+Z L/ [{v§(a>}T[S<a>]{v«}(w>} + ;(;(Q)R(dﬁ))'/(ﬁ) _ {V;m)}T{ P(f)f(a)}&(ﬂ))] O

- %y (o)7{¢)da+ ) fy YO gq 4 > [, Wé@ AV (6.29)

ZZ 7T,
2T, 0 0 T, 0 T..
0 2T, 0 T, T, 0
0 0 2T 0 T, T..
Tp| = 1 1 | IR (6.30)
[ ] Tvcy Txy 0 E(Txx‘i' Tyy) Esz ETyz
1 1 1
0 Tyz Tvz 2sz E(T)y + Tzz) ETxy
1 1
sz 0 sz zTyz ET‘cy (Tzz+Txx)
{0={ Lo Ly Lo Ly Ly Ly Lo Le Lo | (6.31)
XX VX ZX Xy vy zy Xz yz 7z
T. 0 0 T, 0 0 T, 0 0|
0 T O O T, O O T, O
0 0 Ty O 0 T, 0 0 T,
T, 0 0 T, 0 0 T. 0 0
[Til=| 0 7o, 0 0 T, 0 0 Tn 0 |.cooiiii (6.32)
0 0 T, 0 0 T, 0 0 T,
T.. O 0 7. O 0 T 0 0
0 I, 0 0 T. 0 0 T. 0
0 0 T, O 0 7T, O 0 T
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s{{ce:Pg“}m fce: PP} e PY) e P e PP e PP }T ..... (6.33)

» zz Xy vz

@ 1(2’ lﬂ(
@ g0 g0 (@)

2% 2
a (03 1 @ 1 a
[E0]=] 0 & 0 &Y AV 0 | (6.34)
277 2
1 1
() (@) (@)
0 0 & 0 257 &
@) = [ s pB) () p(B) () p(B) () p(B) (@) p(B) () pB | T
[PRED) ={ &P +&2P0 d0PY 4 0P d0PE 0P T (6.35)
Bf={o o o) (6.36)
5 e
{t} E{ A }T .................................................................... (6.37)

ThD. 2L, UEEREETY{d) B & OB E 2 5 BT {I) k2 ha 6.24) 8 LUK
63) DFHWYZFARICEE B b O L LTERSND. £, FHESZ L (o} 133(6.36)
DHERYEBHERICEBEHBI-BDOTHS.

¥, BKERICHE T D FEM N Ci, WEAOHBEEIZ v TR YD bt 58ns. 20
I ABRICHE T S SR CHE TR E A RER v GR) +¥@ (12720 ZOHL) =15
HEE, “REMETE Q) +79 (125%5) =14 BHEE L2V, fEROMERIZHS < FEM
EMTICH AN THE T X MR RIET 5. 2T, TEICET DT TIE, #FEa X FEIRO =
DICHBRICEEHOTHEELBEA LT R THT 2 ER L TWD. 2oHa10iE, R (6200~
(63N ICHBTF Bz BECzEMICBE LN ENZREBSND.

6.3 XEEAEXDBERIL

A TIE, FEM 2 E i3 2 7= O ICEE R AEAF O RO ZZR/] - [REEICE T 2Bk 217 9 .

6.3.1 MREKICIIHEBILELIUVRIEAER

KE2NITEBEOERBE Y BLOZOERE.Y THRYTDH. £2C, ARERETCIEE I NG LT
DY BLOS b HBRENSRER, TRADLARERCHEL, TORE Yy BLOZTOEE
P BNTHEEAFEOFREE TN ENE 2.

BHOAFRERETIE, BRENOMLEOMEXICHIT 2B EILEZNICHFET D EEHUR,
THROLLEHRICBTOIMBEEZNFT L2 L THROLNADL. 22T, NFIZHW D H#FBEBIIZ IR
B L ML 5 (29, L= o T, [EE OB 28 E v(x) (285 112 2 R BE N (x)
CHIREE L FAVTKRO LY ISR S,

Mnd(v)
v(x) = Z N ) U (6.38)
I=1
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ZIT, My FTEEOHFIMNONL —EEHTY OHRETH L. FKRIC, EEOEExIX
A EE Y N TRO LI ICHEOND.

Nnd(v)

x= Z N ) X (6.39)
I=1

227, R63)BLVOR(639) DL H vl x DHMICHE UK N 202 EHRH T 7T 1 V-
TARNY v 7 EHFLFENR O, KFRTIXZOEFEEL A WVCFEM #2179 . £/, EEE b
OFM B FERIC

Nnd(v)

B(x) = Z N ) B (6.40)
I=1

DEHITATH. B, K63 BLOK(640) D L HICHER L REEOMMBICE CIINEEE M
WD FEIIT T —F 020 L iEh 5.

%\, Bittencourt 5 (0 L [@AEICLE OALEICI T 5T R0 HE YD (o) 2 EATICBIT 5T
D EE YO EVTRO LD KBTS,

nnd(.o

YO = Y NEOV (6.41)
=1

ZIT, mup BT ROVEEONFICHNOND —ERHY OFRETHY, NITT R0 EED
WEICHWDIBRER TH D, £, BT RO EE YO ) IZHT—F L EICLD

Tind(y)

Y (x) = DN ) O (6.42)
=1

DEYICHET S, 22T, HEBIOT XY EEOMBIZH WD —EFE Y72 OH SBIETLT
Ly =B EL0EERVD, KFETIEZNAOE — S ) = fndy =ma & T 5. F72, B
Bl @i ISR T 2 BIRBE b N =N =N L RFELT 5.

T, BN E R (638) 2~ b U 7 AERT L

{of = [V){ona} - (6.43)
LETL. L,
Vnd( = vl ! ’UZI ’U)zc 22 vg g gfind gt L (6.44)
Y Y

NN 0O 0 N 0 0 .- Nm 0 0
[M]=] 0 N 0 0 N 0 - 0 N™ 0 | (6.45)
0 0 N 0 0 N -~ 0 0 Nw
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LET B0, K (63D ICBT B {1} iE
{0 =[Bu){ona) - (6.47)
LETF 5. =77 L,
[ ON! ON? HN"s
— 0 0 — 0 0 0 0
ox Ox 0x
ON! AN? AN"™e
0 — 0 0 — 0 0 0
ox ox ox
ON'! ON? ON"™a
0 0 —— 0 0 —— 0 0 -
ON! ON? HN"a
— 0 0 — 0 0 0 0
ay ay ay
ON! AN? HN"™s
[B.]=| © & 0 0 & 0 0 % (N PO (6.48)
ON' ON? ON"d
0 0 & 0 0 e 0 0 %
AN' ON? AN
- 0 0 —= 0 0 e 0 0
AN' AN? AN"™i
0 o 00 i 0 0 & 0
AN' ON? AN™3
0 3 3 R =
Thbd. [FAEICERHEE DIEX(638) LD
1[ov (ov\"]| & 1[oN aNt \'
D=-|—+[—]| =) = |— | 4
2[ax+(ax” ;2[ax”l+(ax”’” (6.49)
LEG D0, K (6.24) 181 B (a1
{d) = [Bol{vad) ... (6.50)
s, =77 L,
[ AN! ON? HN"ma
— 0 0 — 0 0 0 0
ox ox ox
ON'! ON? ON™s
0 & 0 0 o 0 0 % 0
1 2 nd
0 o WM 0o I 0 o M
0z 0z 0z
|Bo|=]| ., 1 O POUURPRPRR (6.51)
ONLON' ANt NN N
ay Ox dy Ox ay Ox
0 ON'  ON! 0 ON*  ON? o ON™ aNm
0z ay 0z dy 0z dy
NN e o o o
0z ox 0z ox 0z ox
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Thd. £/, REEE, REEEZSEBIMIBELEEE LT ETH

(o) = [VuJ{mma) .- (6.52)
(I =[B{ona) (6.53)
{d) = [Bol{tna). ... (6.54)

LEFLLDO LTS,
WIT, aF R0 ROF Y HEER (6.4]) DEL O 2L 2

P = N ) (6.55)

LEITD. L,

Pl = { oy yema AT (6.56)
(MPL={ NY N2 N (6.57)

ThDH. Eim, TNDEEZ SR VYD R (641) LY

YD 9N

ox — ox

vy @ =

LET D0, K(628) 0BT (Vi
(WY@l = B ()} (6.59)

LETFL. L,

[ ON'  ON? AN |
ox  ox  ox
ON'  ON? AN
|BY] = T Gy Ty | (6.60)
ON'  ON? AN
9z 0z oz

Thd. £, AT RV EELIMEET RV EEZ SR bEN TN

PO = VO] 6.61)
{vfy@} = [BS;”]{;;‘;’} ........................................................................ (6.62)

EEFLHLDOET L. KB, HT XD RO AT R EEZNEICHEMH LR FLE

Pad =L O AT BT (6.63)

EELL, REELFERIC

(aad = { BT AT o T T (6.64)
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LRT.
UL ko Bt U7c Bz @ 3 uid, X (6.29) 13k D X5 IZHEib s 5.

K] [RE] | [ o] | [ 7 »
g |

&) [x3]
KE]= [y (180" (<] - [To]) [Bo] + [BL]T[Te][BL]| dv oo (6.66)

L E-Z L [Bo =) BY | dv. (6.67)

(y
(Y
2!

[KE)=- L (3T s Py ]« (3 e[ Bo) v (6:68)

L A L R ol e R R P | et

)= M0 (6.70)

=3, [N g + PO 61
b5,

7o, WEENICEI L CIEETE Buler 5 A A L CHEIL 21T 5. T/ b b, [LEO R (o) 0 &
() % I 114 43 1 A¢ % F 0 C

A
(0~ =

DEINTEBT D, 22T, A(e) (TR A 1B 1T 5 (o) DI TH D . K(6.72) # T
(6.65) Z¥E I E X E AL, 250 - FERIICBI U CEERE S - BHRERIME T RS KO L HI2H 5

no.
[K5][KS] | [ {duna) | [ {ar0) .
= 7
e ] (KE] || faa) [ f72) o
-,
415 ] = f{ [N T4 da (6.74)
S
[4/50] = Z 72} [M;”]TA?(“) da+Z [I/ [N(Y")]TA%“) AV o (6.75)

Ths.
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RBIZ, B LT HMERERICH L TR(6.73) OfMmae & hid, RO REKEIMELSRANE 25
no.

(K] (8] || fa) || {ar)
(K] (5] | {ar) || 147

T AREBRANE~ R 2 2, {du) i Z O ay) 122 E IS BT 5 8 A ALY B K O R T 0
5y, {af) B L O Af, ) A A BT B AR 004y g & OV R R T )M L B D
BHAENW A OMTH D, 728, —RILEREMEY B L RIEBAHEYEZRTh

(a0} z{ {du|T {ay}" }T, (4F) z{ {ap gt {ar )t }T ................................. (6.78)
LESIE, X (6.76) 13
[K[{aU)={aF) .. (6.79)

LREDLH., AHTIHEEZRLICHBT 2B FRAOBEBIEZ R L), ZRCOFm O &M%
WOLGEIITzMICEHT 28D TN ETNERTLIT LW

mE, RETIEM NE AR L L CEER B FEO R (5.13) IT S W72 X (6.18) D
BEBL 21T > 72723, 528 TR L7z X 5 SRR ICH T 2 AL FEO KB ITR (5.18) B L U (5.25)
DEDI2FEHOHEVWKR (FHEX) T T 528 TEL. LEN-T, ZEHFEXLE LTKX
(5.18) B LUK (5.25) DB 1TV, ZHICHE S FEMr 2 #E i+ 5 Z L b AlseTH 5. T D
BROBEHALOFEMIC O W TR Cl 2B RE .

6.3.2 Gauss K& %

AIREHREITZFH O LB F R EMLS 2o, X(6.66)~K(6.71) D L H cHE IR L TR
FBIOCEHBEESZITILERNDD. —KIZ, TD O % EAEMITHICIT 93546, Gauss KFH
EERWDZENEZ . Gauss RIE L TS OFLEZREE X< RO D FETH Y, oML
BHBANOFFEDY 7V 7 JICBT 2 HE S EBEICERZ T, P 7Y 7RI LT
BLLHZLETHELNRD. BB, R TV TR R EERD. KBRS EMIICE D
L ARE OB f(x) DIRFEFE 713 Gauss KFFIC L > TRDO L HICRDDHZ LW TED.

Ngp

/V f(x)= /V F(r)det [J (r)] dvrz;W<">f(r<f>)det[1(r<f>)] ............................... (6.80)

TIT, ng IS AL, rTBIOwT XN ERBEKICE T 2 i & H OB Y S OEEME L
VELTHD. 2B, X(6.80) TIHEEEZEDPEXLZLEPLFICTRIELTWVEDR, fRZEKOEA



6.4. rmin 5IC & D 3 OE E 89

WX ZE DR E RSB OBBRKRE CHELRBEOIMEERD DI ZENTES W20, 20w, K
SEAENRZENICL > THBEEND T EDELWHRERETIE Gauss RENFEND. 7o, #
FEI A BT AR M OB L OB OFEMIC O W T AR ESH BT 5 B & (120~029 4 2
ZHR I,

6.3.3 HEREEDERN

HREEORBERIIR@1DBLIOXA2)ICL 0 526050, 2nb0XOEMEESICLY
BONDHEL O SO BLOm® O EMRMER L OBETET ICEEZNZR . 2 0B TR
DIEAt #BRICEEL TWVWDHEHTH L. AT, BRI D%y, HORER%Z D
MREEsSYBL0m OERMEL X OETERFSICE NS X9 Ik 42 v TR &b R E %
HH 5 190,

A ) AR IS ) (6.81)
FA M@ AR T (6.82)

ZIT, AR IFRATERIND R DIy T 5 109030,

AR =1+ g 12 O W A1) (6.83)
w w
tr [(W4r)?]
O S o (6.84)

72E5, WEEI L+ AT BT B BALREER A2 RV O 3 K (2.126) L RBED B 2 & I T @ 5
J:U‘\H—Atm(a)o)%%&:i @{f%%hé ‘j—fcﬁb‘%’

L) A ) o A ) (6.85)

ThH 5.
£, MAMAKOERICE L RWVEMBEFORS, TRDLRM TR 2 2 2 LB T 5.
BT MR B CO IR SR T ALITHRAF T D72, AT TR CC 2N AT v 7 HICEFRT 5.

6.1 i TIZHEMRBIED B A T 2 M WT, H DR 22K MW 4t 2 W 2 BROFHE O K
AAMEER ST, L LR, AR THRLET DX 7 LB O & 5 (2 TREFR TaH
R E L LB TR, 6.1 IR LEFIEZHO TS Fo Rt REEN RNV ATEMELN H
L. Thebb, WAt D t+ 4t O OISR (6.79) D#IE LR+ 2 ITRFES LR WA
I, BEFAEORENE L TZLT IO RIMELET D, £ TABETIL, rp i DB %
WTHE DR KO E I EOBEIEZIT, SEREGE L T2 2 & TF v 7 B OFH
AROREEND.
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6.4.1 ryn ik

G EORLZEMLTIAROBMME DR A 2D Z LICERLTERY, £ 0Ok b BB 720
Rig & U THEEBRINE 5 FR 2 (6.79) (2 B W T — AL & AL 43 & — AL E s 0 38 5 D BRIB A 2S +
DRTENDBREETMEZ/NSLTLHIEREZLND. T CTHASNTZDON mn i ETHY, Z
DO FEITHE SR RO BB OBIBERRIEND KO M B L Oy BEEZRET 5 FIE
VC&J% (131)(132).

Finin 1EIC X DR At OREB L O S EOEEIZLUL TOFIETITONLD.

(1) BRI 72 N5 ] 38 53 08 Atiior 2 F VS CHERR L 7 25K (6.79) % Mf &, — AL B A0 ZE A48 4 0 34T
i {aU) B £ O BACH RIS ORI (AF| | EZNZNRD S,

Q) RHEICTERT DAY 2 ELHICDE DR TOMA R THIL, THDOR/MEE ryn &
T5.

(3) Aot 1T rmin & T U T2 D& TE LV 40 & PET 5. £/, HA (1) TRz 4v]
BLOAF) A LT OB g R CZ B OE LWL T 5. T bbb, B84
W, —MALE A 5 5 KO — A RN IR RO LS IcEh ZEESNS.

Pmin X Atgial = At

i x (AU =AU L (6.86)

rminX{AF }trial = {AF }
ZDOXIICLT, FEX L2 E BT DN OREMEICE U CREESEB L O s ENE R
BESND., ZZTEBELARLZOIFED Q) TRAZLEAYDEDHFTHY, WETIZZFORES

EIZoWnw TR 5,

642 trAYDESHH

WM 2T %A1, WMOAT vy 7HNTREOHOENRKRELS 2D T X5 &K (6.79) O
BRI, FEBEOKTIIC 22N, LaLAaRs, LI2ZEATHRZ X1, 7 #HNR
R EN 5 & BFTIICHERKE FAEEE L, BRELTRERTRVES YD NEL S Z LN THE
Sha (K1162W). Thbb, KM TG LT HMTICB W CIERB M2 LT e BRI T
RV THDHEZEZOND. TZTARIFRETIE, DO CD—HHAT v 7RHOT XY SO
R Ay ZR T TBEE, 5T X0 RZOT R0 B AYD N2 OFFRAE %88 2 72 B e[ 184 55 18
MPEBHITNEL R LAY ZRETD. Thabb, EMOPEOET Y RIZBWVW T
PO 2 RARDEHICERTD.

Aa) = Aytol
- A'y(a)

DX IITEDIIT, YD PNHEME Ay B A TBICHAY1T20< Y <1 225 20 A DR
HEHEERTREL, T2/ OR/NMETRDE mn EB<. BB, rmnz 1 ODHEAICIEX
(6.86) DEE S DAE 1T M S 720>,
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FEMEEIER LB H

AREETIL, 6% CHERL L 72 3l 7 R I EE S50 € Mg 2 LPSO A3 @ B fs fh 38 X OVl b 1o x5
% FEM gt & £fid 2. 22T, KREEFLTFTO4 o0 CHERINS.

718 TIL, TR RICBIT A % v 7 # 0 E % % Hess-Barrett) BRHER L 7% v 7 R ET L
SN ToRT.

72 #iTiX, FLHIR O LPSO FHHLAE S S k32 IR GTRENT A AT\, FEPER E B SHE O TE
WHAT =N ER TR WO A v ¥ 2 KEEEZFMT 5. TOB, /tkoeF 1%
W2 FEM AT i2 351 2 A 2 RS L7 SR ICHFE R 2 A IROEICEAL S 2@t 2170, F
TSR T HRERONREBET D, £, s A4 XOREBRF T3 L CRERD BT %
fTH2LT, RETANETDHEEZLNDLTEDRFEEEATEST LS. 512, HERLOMT
FERADZEIZOWNWTIRARD.

73 #iTiX, LPSOtHZ A db Tkt 972 SR oufRbr 2l L, #Edbki R ICIB 1T 240 o5 i 50
MWEFGIZE 2 D Ba i FUCHERE L7 GNERLE BB L OENIC & b e 0 WIS 5T AR O 8L )
ODELEST L. Flo, RSB D2EmRABDIEHICOVTIERDS.

TAHITIX, ¥ 7% RS0 2 RN DY S 1 0 K ah R R I R BL e & O ERE AR T i 2 BL
FiEEWR D, 72, LPSOfHEFE SR IZR T 5 & > 7 # o [al i DY & A & 2 2B AT f I /84 5.

71 X 0FDORE

ARFETIX, ¥ 7 WK% 1.1.2 T Tk X /= Hess-Barrett®) 232 & L7257 VICAI L CEIT
5. [X7.10%, K 1.18 |27’ L 7= Hess-Barrett®) o &% > 7 # k€T MK ST, o7 HICEM
LI fiaRRLIZbDOTHD. KRETNATIE, 27H TR 72 MIE O EE = H\WVC,
INSEHRAL O B FE A4 GNEAL 5 B, BRI Xt OB E % SSIBE CENENRBLTE 5. £2 T, ¥
VU BICBWTIM IR B KM E R M 71 DX 5o+ 5 EBELEEE, ThEhok
XM HIZRT L OGN, SSOMBMHEEZHNTRETEEEZ2bND. T2bb, K71
WZBWT EMOFx > 7 EREHEICIEAOGNEN (F), FHO X 7 BRI I2IXIEO GN A7
() DENENEELELTERBL, ¥ 7m0 AEBICITSSEM (B) NEEETEHEHETSH. L
T2 o T, WHEILLEE O Tk, RG5O GN AL Ik icHe T, 2o o x4 ik



92 7%  FEMfETAE 3 & 552

V.' SS dislocation density
(Density of dislocation pairs)

w%‘%
‘ ,' '3 .m\
,n‘ ¢’ “‘

o“uw{
%4545

GN dislocation density
(Density of isolated dislocations)

Basal plane

Fig. 7.1 Expression of kink band by GN dislocation density and SS dislocation dnesity based on Hess-Barrett
model™D.

SSHALEE N L KRR SN EZ T 7 e By, £, F7HTENTIICRT LI
B OMEE O A RS S 20, TR IR T 2808 O GN, SSEANLE I KV RS
DN OME RGN M bHERT D LT 5.

7.2 LPSOtHE#ESRICX T 5 Rt FEM

AHITIX, LPSOFHEAE S IC k4 5 “ kL FEM fi#gfr &2 i L, &6 = iriE RicE S v T
VIR D A v v 2 R EFIMT D, £, BEEBIOBRT IR — RN X T ETR
WCHE 2 AEBERFATHEL BICAET LD EDROGELFHET 5.

721 FUUOFEBD A YL akEFENE

BJ 7.2 \ZARMEHTIZ D LPSO HLfE f D fgMT & 7 v A 3. R (a) (X AEHT 5 o 4 Atk LPSO #H
B EAR TH 0, LPSO MM BHAE I FE THE WHCKHRR Z Bl L3 \»WE Z b 2B L T
R ORI 2 LI REL Lo T WD, 7, WIS GAIEFER G) ICRT X 9y lic
tUTIEE TN HFAPAEENTOI=5"H LIICRETDH. 2D K5 RAMEN ﬁ#éﬁﬁ@
VIER A5 2 HHHBIT, FUI7ERIT -HEOT X AX—HRH ﬁﬁ%f%@ Z DI
S POUPARENLE RO TH D, Hl21F, KOO HEB D2 VHAIC ﬁ%ﬁiy%
Bo THMICEMINDE T THD. £, PIHMERN0<0< 1 BEOLEITIX, %RibT 28
Eﬁ%i@ﬁ@ﬂﬁf_§%mwtﬁﬁﬂﬁwfﬁﬁﬁﬁ%ﬁﬁﬁ%éﬁhL#ﬁ?,K%TW
TEHRHALTWOHM/NEEER O EDOMEAfEKBEZE 2 TLE . W, MIMERI A RE T2
LAIIE, @E QKm0 &éﬁﬁﬁﬂﬂm%ﬁ WT%EL%/7mi%méntm L
™o T, X7 EREREMTICAELSEL2DI12E, AR»OH D RE/NS 20 HER %2
&E?é%%ﬁ%é ﬁﬁ%ﬁﬁﬁ%ﬁ%ﬁokﬁ% JE T O P HER O K E X PN 0=3~10°
JE D% AT Rk ?“5%/77Tﬁ/7bxibé LEMBERELTREY, ZZ2THEHI=5°LHFELTNS.
ik,l7mm@m%ﬁu% YE LTS AR BISE N B & 7 bR R Z K () IoRT. 2
@ioﬁm%ﬁufi,E%ﬁﬁ&%ﬁﬁ)@ﬁi@#ﬁi?«@ﬁ@ﬁﬁﬁ#%ﬁw_ﬂﬁb
Bo. Fle, WHEERRBEM/INCTH D20, KEFIITFROT AR EZEHATE 5. 2k, K1.8
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Uniaxial compression

< =

Basal plane ~
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o
x (b) Initial crystal orientation
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Slip direction
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(a) Specimen (c)Predominant basal slip system

Fig. 7.2 Computational model for LPSO single crystal.

R XD ITHMEERNICAEAET 5 LPSO D BLAT & FF 1 JE S TR Ik L T+ R&E W, LPSO
DX I EREFHOTAMEE LT Rk T 52 LiTZY LNz 5.

FEMTIC WD BERSLMICBE L CIX, S1ECRAHE (B8 5y) OBERSM 2K 7.20) 127
TEOWCHEL, REBEFOmMMEmEEZIAEBEERETH. £/, MKREORREMHIE, EROBH &
DB EREZICTHEDICEEIMIIBNTRG2) 2 WS, bbb, dBheEmET

onall .¢% : i‘l)(a) :(é‘)(a):o ......................................................... (7.1)
DESICTRYVABFHEZHETH. IO LI ICEHREBEHNITFELERDLIZ D, ZORMFI
K 510b) 2R T LI ICGNIMLARE CREBICH TS Z L 2ERL TS, £/, FEMfi#fr Tik
A TTROEORRMEL LTEHEIND.

KIEOMHTTIX, FLI7HRRDOA v ¥ a2 K FEHEEZFTMT 272D 73RS 3IEY DA
vaNyElEELZL. 2T, M73() TIE5x30=15023%, [ (b) TIZ10x60=600ZEH I L
X (c) TIX15x90=1350 EHRICNEI L TRV, FEXEOMMBIRIIETEBERLD. £72, %
NEND A v 2 45BN Hi A D BB 2 F S, Bl FE 4 13 Gauss RFETE D 2 2RI TIT ) .

Fo, FIRICBUL2ZEFBZHEL TRTICARIYEMEB X OHBERRZ A —F2HW\5., 22
T, ZF D ()", ()P ()P 5 L (o)W 1F N EHIEE R, FEE R, KHEERB L OET
N FRIEORTHD Z L EERT. Ein, BAEMEHMEGEEKC oM RS (W2 B1BR) 121X
18R BUAf 1 2 A 3 5 LPSO M H S dbicxf L T Sl BD 2 H vy, 7730 % 2T & oM IE£R
Bp 1 C AT R RICHELTHINL TS, T2bb, 4@ =Chys@m'OsOm® o X 5 I3
Hans. £/, XIS ORERA G288 T 2 p i TEHFHEERICHTLI b0 THY, BHM%
D3R HCP 2 LPSO #E T2 ER TE RV D, AMETIEET D Z0 U O FHHEE L
Tu= oD/ (Num.of @) & 52 TW5. =¥, KETLO L) REHREETT L TIE, K 1.20) I
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Fig. 7.3 Mesh division of specimen.

R OB EZEF %A L7 LPSOHO &2 RBL X2, 22T, HEEKRET LE AW
THAEMANT 217 9 BRI, LPSOME 2 2RI 2 CT—HAaEEMEL AT 2mE e LT
WHOMEND D, TOYE, LPSOMEED A 72T 2B D% < I Mg i1 TR SIS
HCP 1% & 52720 @, 20K FHBIXTFHNICH Mg b O LIZIEELVWEEZLNRD. £ 2
T, Burgers X2 hL®d K& &b (23 H Mg DfE 13D 2 5. %72, LPSO I 5 O 4
FEREE R m O IERE 2 ITMAE STV RV, KRN TIXERICE T 5 H Mg o fE B % H
W5, IHNHETROBEE & RIS, LPSOMHOm T MgD b O L RERENNIRVEFHEEIND
e THDH. BAHBEE OB LTI, RO RBIEE TV & F 72 LPSO H LR B~
A 7T =TT ERBNICERL, ERERPD LT v T 4 v T 2T RE%E R
wfwé.&% LPSOMHICE W TIER A DIFH N K L AE LT WD, @ ofEixR 71157 T
Vﬁ @%®#Wkkkofwé 70, TR0 RMOMEAEMNZZT QP B XYo@
@%m IRBHOZDICRTIICTRTHEE A VNS, 2720, K7.20) O 52 HWizHEaic
i,jﬁg%ﬁ%oL%/7ﬁ%m@m©®fﬁ¥®$ﬁ&bKiof%tgéﬂék%ﬁém
D7, QP B I OEIIBITRERICIFEALEEBLRITSRNEEZOND. &61T, #
T1DOFHEEZHWTZEREICKX@34) 106G 0085 T XV RDCRSSZRKT2ITRT. ZhbOfHEIX
L%OW@CMS®%%%¢QW$k%@éALTk@ ﬁawzﬁcmsﬁ%%ﬁk%ATéi
B RV OEEREL TS, Eh, KR TIEBROT HHE Y LMl E O 720
f’TU‘?‘JNEE{s —FHEED.
LEoS&Eob L, B720) ICRT L5 IR EMAEICy BT 9 £=0001s" OAHOT A
HE ARG X CIEMOMT 21T 5. RETIEET, R 2FE»0HBROK~ 2EICE
Méﬁfﬁﬁ%ﬁw,%ﬁ%%@%yv;Wﬁé®ﬁﬁ%ﬂﬁ?é.%@%hr®@_%bfﬁﬁ
WM T 27 DICIRANTED DL AT — ik E 5
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Table7.1 Material constants and numerical parameters.

Elastic modulus3? C¢ =67.7GPa, C5=729GPa, C5, =21.5GPa,
s, =283GPa, C%,=19.5GPa
Magnitude of Burgers vector(!3% p® =032 nm, AP) =0.32nm, A™) =0.61 nm

Parameters in higher-order stress u =21.94 MPa
[eq. (4.28)]

Parameters in slip rule [eq. (4.31)] (au) =0.001s7", m=0.02039

Parameters in flow rule [eq. (4.43)] T(fbas) =3 MPa, (p") = 155MPa, T(fpyr) =335 MPa,
P =01 pm2, a@ =03, =2,
1) = 21,50 GPa, ™ = 19.70 GPa, ™ = 24.61 GPa,
c®) = 100, 0 =50, O =35,

gm:wa:{?gzg

Parameters for FEM gen =1, 5, =103, Ayio = 0.001, £=10.001s"! , Atgia = 0.01s

Table7.2 CRSS of each slip system.

Basal  Prismatic Pyramidal

CRSS [MPa] 10.832 162.18 352.09

2T, HEIKT2@ IR LERBRELOREEITH D, F, 438 Tl 7= MEAMERE IO
BERWREIZAHTHDL 2D, T CIIETr L IO THLIFER g2 g =01ICETET 5.

(@ &=0DHFE r=0TEBRIGAZEE LG VRERDOEFTHER)

K741%, HEEZr=0& LEESHA, ThbbAFr—LHIC LT&_O&Lt%ﬁ roTHEL
NEAHIGI-OFTHBRETH D, 2k, K@) ITTRT LI r=00HAITITE RGN B LU
IS TIBAFLE L 720 T2, KT VIR OB s B €7 1 méfé LMo T, X174
DFERIIHRDOETT N EH MR L 2T, K745, 7 ERBOBMBE L LICARH
IS OB BRBE TR TED. £, 7 EEREIME CORNRBILIEHEOA v asyy
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Fig. 7.4 Nominal stress - strain curves with & = 0.

FT—HLTWD. LLLRRL, ¥ 7 EBEOIGIREIZA v v 2 08IKF L TRE R
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75@ OB T HIEMBIZBIT DTV NMATHDL. I U7 EBRBBELEHICERD &, ©
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E—HERERERDH. TOK, AME L BITF 7 HORITR 2 IR L TN

M 7.6~X791%, THhZENAKROTHhe=1.0%K0K S XEMRELROT XY 540, EROz
HhE © ORIEE A A, GNELEE O IR oM L OSSN EE M THLH. 22T, T
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WWEOVEBLTWS., 72, K720) 2T O G TIE, R (c) DJER R ICH T D GN AL 5
EOOLHARDITEENICRLERD. £ 2T, IHE 3B 72 K H % O GN 85075 13 AR A5y
DHEFTDHH, LLFEO GN AL E I T 5 TR R CTIEHRR Y OARRRT L. £z, &
KETNTIETROELIHARELRDD, TX0VBLOT R EE (W) nfhidar ¥ —
KT DH., —FH, TOMORIIBEYEETH I, TNOLONHAIER G VWIRY BRI LICT
VHENEKRT D, KT6~XT9 LY, FU T HIIBITIHEDODABIORE STTBHER A ¥
ValkFHERHRTE D, £, KT6FICF U/ EOEAERENCHMLTRLTEY, b
DENSIERHR LT2F 7 HOIRIZH A v ¥ a KEERERN, XAy vangBzh$21FLxr
JHDORL/NSL R Enbod. o, II1TICRTEIIICF U 7 HICBVWTURRMEEOA
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(a) Enlarged view of nominal stress - strain curve with 10X60 elements and &= 0

5.6x10° 2.1x10" 8.0x10™
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[-] [-] (-]
I | |
L"s 1 [ |
3.0x10°° |0 0
(i) £€=0.21% (ii) £=0.28% (iii) €=0.35% (iv) €=0.55%

(b) Basal slip increment

Fig. 7.5 Kink band formation in specimen with 10 X 60 elements and &5 = 0.

FEREE L CW AT AR TED., ZOZEIETIHTRREZAREEASLTEBY, TicBIT5
DX )RR ORI 710 R T X O T RGN L 2R BT KD R R E AR
M2 & THELD. 72, M7TITLIEXMTSC)BLUEKTIIC) DF v 7 HEDEIRKLEZLOT
Y, NP OMFIZEROEMZRL TWAH. KXY, Z O CIXRG SO GN AL &% &
TEMEL, F7-SSEIMAMAREICEZHEERML VDI ZEND, ZOEBHEX LV Z7HTHD L
KD THIETED.

B 7.1210%, 7.5 THRATZZIER T N0 BN+ RFME LIZEOR A v o &Nk 2 &R D7



98 7%  FEMfETAE 3 & 552

(a) 5x30 elements (b) 10X60 elements () 15%90 elements

Fig. 7.6 Basal slip with & = 0 at € = 1.0%.

(a) 5%30 elements (b) 10x60 elements (¢) 15%90 elements

Fig. 7.7 Rotation angle of basal plane with &5 = 0 at & = 1.0%.
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(a) 5x30 elements (b) 1060 elements (c) 15%90 elements

Fig. 7.8 Edge component of basal GN dislocation density with &5 = 0 at &€ = 1.0%.

(a) 5%30 elements (b) 10x60 elements (¢) 15%90 elements

Fig. 7.9 Basal SS dislocation density with & = 0 at £ = 1.0%.
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Fig. 7.10 Crystal rotation due to slip.

RSB THD. ZNHORERNS, I THBBRINIZRERLTEDOIRICA v ¥ 2 RIF1E
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Fig. 7.11 Dislocation density in kink band formed in specimen with 15 x 90 elements and &5 = 0 at £ = 1.0%.
Dashed lines represent basal plane.
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Fig. 7.12 Mesh dependence of width of kink band on early deformation stage with &g = 0 (¢ = 0.35%).
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Fig. 7.13 Evolution of kink band in specimen with 15 x 90 elemetns and & = 0.
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Fig. 7.14 Nominal stress - strain curves with &, = 5.6 x 107 (7 = 0.1 um ).
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Fig. 7.15 Basal slip with ;= 5.6 x 107 (7 = 0.1 um ) at & = 1.0%.
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Fig. 7.16 Edge component of basal GN dislocation density with & = 5.6 X 107 (7= 0.1 um ) at & = 1.0%.
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Fig. 7.17 Nominal stress - strain curves with & = 2.8 x 1073 (# = 0.5 um ).
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Fig. 7.18 Basal slip with &, =2.8 x 107 (7 = 0.5 um ) at & = 1.0%.
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Fig. 7.19 Edge component of basal GN dislocation density with &5 = 2.8 X 1073 (7= 0.5 um ) at & = 1.0%.
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Fig. 7.20 Nominal stress - strain curves with &, = 5.6 x 1073 (7 = 1.0 um ).
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Fig. 7.21 Basal slip with ;= 5.6 x 1072 (7 = 1.0 um ) at & = 1.0%.
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Fig. 7.22 Edge component of basal GN dislocation density with & = 5.6 X 1073 (7= 1.0 um ) at & = 1.0%.
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(a) Enlarged view of nominal stress - strain curve with 10X60 elements and &=15.6X10"
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Fig. 7.23 Kink band formation in specimen with 10 x 60 elements and &5 = 5.6 x 1073.
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Fig. 7.24 Mesh dependence of width of kink band on early deformation stage with &, = 5.6 X 107 (& = 0.38%).
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Fig. 7.25 Dislocation density and rotation angle of basal plane in kink band formed in specimen with 15 x 90
elements and & = 5.6 x 1073 at & = 1.0%. Dashed lines represent basal plane.
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Fig. 7.26 Nominal stress - strain curves with &g = 1.1 x 1072 (7 = 2.0 um ).
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Fig. 7.27 Basal slip with ;= 1.1 x 1072 (7 = 2.0 um ) at & = 1.0%.
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Fig. 7.28 Edge component of basal GN dislocation density with &5 = 1.1 X 1072 (7 = 2.0 um ) at & = 1.0%.
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Fig. 7.29 Boundary condition appropriate for higher-order theory.
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Fig. 7.30 Effect of boundary condition for slip rate on nominal stress - strain curves.
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Fig. 7.31 Dependence of scale ratio of nominal stress - strain curves.
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Fig. 7.32 Dependence of scale ratio of basal slip at £ = 1.0%.
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Fig. 7.33 Dependence of scale ratio of edge component of basal GN dislocation density at & = 1.0%.
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Fig. 7.34 Effect of boundary condition for slip rate on nominal stress - strain curves ( # = 10 um, & = 5.6 x1072).

(a) Basal slip (b) Edge component of basal
GN dislocation density

Fig. 7.35 Distributions of each value with micro-free condition for all surface (7 = 10 um, & = 5.6 x1072 ). This
boundary condition is represented by eq. (7.1).
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Fig. 7.36 Dependence of length scale ratio of nominal stress - strain curves (7 = 1.0 um, & = 5.6 x 1073 ).
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Fig. 7.37 Effect of length scale ratio on basal SS dislocation density at & = 1.0% (7 = 1.0 um, & = 5.6 x 107).
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Fig. 7.38 Dependence of length scale ratio of nominal stress - strain curves (7 = 2.0 um, & = 1.1 x 1072 ).
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Fig. 7.39 Effect of length scale ratio on basal SS dislocation density at & = 1.0% (7 = 2.0 um, & = 1.1 x 1072).

723 FUUBMRICETHTEMNR

AR CHEE LT ERET VICITHERNEASND 2D, RETVITTENREAETHLEE
AbND., ZFZTARETIE, FU7HERICBT A2 TEMREBRFTT 272012, ETIELHITK
TAO R A XD D 4B ORBA T 22175, 22T, KT7401I277F Lo Ic&R
B OREREL H : WILETEE THWERBR A ERRIC6: 1 TEET D, £72, MITICHW 59
BRI MNBLOEMEAR T A —ZIZZNERKTI20)BLOETIICFRTbOZHNS. E6I12, &
REOFERGFHEICETMETRLERXNTHZHEAL, FEEBLOHFERKIZZNZ r=1.0um



7.2. LPSO fH B f% f t2 3% ¥k 5¢ FEM fi##r 119

<
Y U
Wlum] H[pm] & "
A 3 18 5.6X10°
S B 30 180 5.6x10°
C 300 1800 5.6X107"
D 3000 18000 5.6x107
*risfixedto 1.0 um
y
v Z
v 2t
4
PN

Fig. 7.40 Computational model for investigation of size effect.

BIUg=011CEHET 5.

M 7.411%, 4FEEORBRT KT 2MITICE > THROLNEZATIGH-OTHARKTH 5. R X
VD, ¥4 ZD/NERBBAABLOBRY A ZOKEARRBACEIOD LY & KX RIS HEE
RLTEY, VA ANRERNDOHBAADOAHISENPRRRTHLZEnbrs. Thbb, &
B TEPNSS DB EBRENENRD LWV BRI TEDIRERB L TWDLZLRbND.
LEERoT, KETNMZED FEDROEBIANRARELE WL D, ok, BB CEBIUYDIEFLD
REIPRENTNI0FERLDZLEDPDOLTAHRIENTIFLALERLETHD. Thbb, 1L4H
THRARZZEI R A APRBEBLE0um UL ETIEHESRER AL R NE W) EBHRLEE LT
EEMEONLTWD. £/, M7 EFERBRAICBIT 5 1L.0%EH% OEHI 90 I X OGN 5L
BEOFKREY A THD. WKLY, BROBm & FERICA 7 — VR RERRBAICENT
R LEF 7 HOMRIIREL Lo TWDHZ ERMRTED. £, K742 DT 0 454 &K
732(d) ZLHE T D L WETT RO SMATIELEAE KL TWDLZ ERNbND. ZhbORBR A IT
FEBLOBHEr OERERDLIN, TNLOLTHDIAF—LHITE LW, Thbb, 27—
WHEDBELFHIZHABNICELN DR LENbO L RS, L LARNB DL, X7.42(2) © GN A7
B A E K T733(d) D L GNEMEEORE INBLZI0GR22 B3N D. Thb
L, BEORTEATIEICERBRI VA ROBKM SN 5.

BT, RBRA ORI OB B Z M T 272073 IR T L) REBSHIZT—ETEHELL,
W& W OHNERDIFEEORB KT DRBEOMATZITH. 22T, ERBAIDOA v v =2 iyE
B —EHZFERETELLRDEIITIT-o TS, X7441%, 3FBEORE I3 5T &
DVIFOLNTZARIEI-OT MK TH L. ML VEWRE /DS <, BB B L2 & K oR
BRANR OGNSR ABIENZRLTWAEZENDND. STEDROBE LW XIE, A ZXH/N



120 7%  FEMfETAE 3 & 552

180

160 -
— | — (A)3 umX18 pum,
z 40 &=5.6x10"
% or —— (B) 30 umXx180 pm,
& 100 |- &=5.6x10"
- 80 I — (C)300 umx1800 pum,
é 60 &=5.6x10"
Z a0 b —— (D) 3000 umx 18000 pm,

£&=5.6x10"
20
0 ] ] ] ] ]

0.0 0.2 0.4 0.6 0.8 1.0 1.2

Nominal strain [%)]

Fig. 7.41 Size dependence of nominal stress - strain curves with 7 = 1.0 pm.
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Fig. 7.42 Size dependence of each value with » = 1.0 um at ¢ = 1.0%.
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Fig. 7.43 Computational model for investigation of size effect with constant height.
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Fig. 7.44 Size dependence of nominal stress - strain curves related to constant height of specimen with » = 1.0
wm.
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Fig. 7.45 Size dependence of each value with » = 1.0 um at € = 1.0%.
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Fig. 7.46 Computational model for investigation of size effect with constant width.
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Fig. 7.47 Size dependence of nominal stress - strain curves related to constant width of specimen with » = 1.0
(m.
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Fig. 7.48 Size dependence of each value with » = 1.0 um at € = 1.0%.
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Fig. 7.49 Computational model for LPSO polycrystal.
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Fig. 7.50 Nominal stress - strain curves for polycrystal dependent on boundary condition for slip rate on grain
bounrary.
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Fig. 7.51 Basal slip with micro-clamped condition on grain boundary.
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Fig. 7.52 Edge component of basal GN dislocation density with micro-clamped condition on grain boundary.
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Fig. 7.53 Basal slip with micro-free condition on grain boundary.
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Fig. 7.54 Edge component of basal GN dislocation density with micro-free condition on grain boundary.
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Fig. 7.55 Back stress of basal slip system dependent on grain boundary condition at & = 5.0%.
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Fig. 7.56 Activation of other slip systems with micro-clamped condition on grain boundary at &£ = 5.0%.
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Fig. 7.57 Activation of other slip systems with micro-free condition on grain boundary at € = 5.0%.
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(a) Micro-clamped condition (b) Micro-free condition
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Fig. 7.58 Equivalent stress dependent on grain boundary condition at & = 5.0%..
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(a) Wedge disclination (b) Edge dislocation wall

Fig. 7.59 Equivalence between wedge disclination and edge dislocation wall®).
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Fig. 7.60 Representation of disclination quadrupole by incompatibility with » = 1.0 um.
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Fig. 7.61 Representation of disclination quadrupole by incompatibility considering boundary condition for GN

dislocation density with » = 1.0 pm.
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(a) Edge component of (b) Wedge disclination component
GN dislocation density of incompatibility

Fig. 7.62 Representation of disclination quadrupole by incompatibility considering boundary condition for GN
dislocation density with » = 2.0 um.
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Q) =ZE HARBMEMIYS SERL27TFEE  BMEIN TR 8 i U ST & .
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fHEA
2E N E

Al RO MLBEUVTUYVILOHEREIERE

ABFECERAT 5 4B EMA TIX, 52 P HEE Bm 2 D BLEE B ~PIEEDRZ Mlak X
V2EDT I NV ADRBEEHIZIRATEHERZLND.

é(m)
F79, XADICHO W THLOYE RS % & X
i = (RTa) = RTa+ RTa= R (a+RRTa) ... (A3)

LD, T, RRIIERT UV INTHDHITEDRR =170, ZOWEREMMS % & TR
BEsEoNnS.

(RRT =I=0 = RRT=-RRT......................... (A4)
Lo T, R(Q210) L0 FHMERA LY WITKO L ICETS.

W = R R = R R (A.5)
K (AS5) &R (A3) ITRAT I

gy = R (@=W@) = RT@. ..o (A.6)

v, KQI6) BN EIND.
Wiz, KA OWHLOWERMM Y Z E-~T-0b, KASZEATHIZRE2E5.

Ay = (RTAR) =RTAR + RTAR + RTAR = R"(A+ R'R"A+ AR'R")R’

“RTA-WA+ AW )R =RTAR ... (A7)

LR E DR Q17 AEAR D,
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A2 EBREBIZEBFTAVTHDESE

O % % Lagrange WIC R R T 586, HMEOT HOSREE LS 1 TRHEEBMm TH LD,
200~ (22) ZH W TR AWF I HIFIKRADO LI ICEXTEHES.

dx - dx — dxqu) - dxon) = Fdxq - Fdxq) — FPdxq) - FPdxq) = (F'F - FPTF?) - dxg) @ dxq)
= 2E5) X @ AX() « e (A.8)
[FIER I
dx - dx — dxqu) - dxuy = R dX(m) - R dxgmy — U7 dogmy - U7 domy = (1= U7 0°") - dgm) ® dxm)
= 2ES) X ® Q) - (A.9)
B IO
dx - dx — dx) - dxy = dx - dx - F'dx- F-ldx = (I- F7'F7') - dy @ dx
= 2E X ®AX (A.10)

LETS. LEOR(AS)~(AL0) XV BEEICH T DO T HOEHR (2260 N EIT .
RI, O HOBRE B IZHEE B & 725 2 L2 EET T, & (2200~ (2.22) 2 AL
TR QD) ALE2HEIFRDO L) ICEXEES.

dxw - dxuy — dxqr - dxy = dxwy - dxowy = FP~ dxuy - FP~dxuy = (1= FP7TFP™!) - dxow ® dxgu)
= 2y - dXou) ® XMy o (A.11)
EE- 3
dxqu) - dxany = dxqy - dxqy = U Aoy - 0% dotmy = F' Aoty - F ' dony
= (OO = FTF ) dxgm) ® dXm) = 2B} - dX() @ Ay - (A.12)
B IO
dxqu) - dxuy — dxy - dxgy = F'dx - Foldx - Frldx Fldx = (FTF7 - FTF) - dr o dx
S 2B X @ AX. .o (A.13)

EETAS. XKAID~A) LV EREICBT A2BHEOTHLOERNQ27) NEIT 5.
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A3 GNERfITUVILDRIFKIE
Q113 ALK D & 5 ICBEE fo OB D REHNTES 2L HTE D,

b = —j{ dxq) = —j{ Fldx = —f (curlF_l)nda .................................... (A.14)
Cow ¢ K%

22T, N(A14) OF 3 HFEXA~DOEHIT T Stokes DFHREF Z AT W5, o, M/NEHEEEZED
EE%Z@T@EJJ nda = (detF)F‘Tn(M)da(M) % H U\VCEE(A14) %Eﬁﬁ?‘ﬂbib’(iﬁ%@é .

i’(M) = —7{ (curlF*_l)nda = —% Je(curl F_I)F*_TM(M)da(M) .............................. (AIS)
7 S
2L, det F = (detR")(det U°) I\ Tdet R = 1 Th 5 Z LICEE SN, K (A15) LK (2.115)
T IIEGNEEMAT > Y LOBEBEER KO LI ICELNS.

gy = =J(curl F)F T (A.16)

A4 BEREIZEITHGNERMTYVIL
X (Q2.116) £V, 1 HEEEBwm (2T 5 GNIEEMLT v Y baw 2 H#T 25 L
gy = —(Curl FP)FPT (A.17)
Thd. Fh, KAINEFROLEICEL ZLHTX S,

@) © ap = —exisFy, Fox = —exiiFy, FY Fp = —JPessFP 3 Fr

ald,y

_ -1 7P P -1 P _ -1 P

= —ego(FP A FY, ) + epysF P35 F oy = —€ysasy + epysF 5 Fo ) = egysF P55 FY

& FPcurlan FP™1) Lo (A.18)

Z 2T, curlwy(e) IEH I FREIEEICK T SHEEmAERT. 7z, N (AL OREH TILIP =1 ORIR
ZHVWTWD. 7o, GNEEMLT U Y VIE—RICKET v e LTREN, £OREEHEINITR
DEHIITETD.

a = J*_IR*O’(m)R*T = J*_]Je_lR*Uea(M)i]cTR*T = J*_lje_]F‘*a'(M)F‘*T ........................ (A19)

L, JSedet R =1ThHH, KAIDEFXQUNERALbDOTHS. Aods, GNEMT > VL
RQUS) DO L)W/ EREERICH L CERIND 0, HEEORELEHREZEE L T (A19)
KRS BEOSTT 2RETWD. LERS T, 82 HHEE Bm \SHB T 5 GNEENLT > Y L am
FRO LS IZETS.

Uy = S U@y U°" = =77 U (Curl FP)FPTO°T = -y~ O%(Curl FP)FT ... (A.20)
HHNER (A1) Z AN D &

Uy = S Uy U°T = T U F(curloy FP~)U°T = 77V F (curlgy PP 0T (A.21)
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L s, SbIT, #(A20)1F
W) & amap = " UsaexsFoy Fx = =J 7 Usyexis Py FyFpe = =) U, IepsF 5 Fy

—_ 7 . (1P e . 1
= ~Ukuepsa(F 3 Fay) , + UsaeisF

P _ _fre . _fre-1 . . .1
aa JS,yFaJ =-U; 6:85’5 U ad,y + Fa"/ eﬁ7~’6F

aa J.y
e U e(curl(m) U e_l) + F(curl(m)f'"l) .......................................... (A.22)

LELILELTED. L, curlp(e) ZH 2 HMEEICH T 2EEEZET. M EOX (A20)~R
A2) 2 F b &, HF2HMEEICB W TGN T > Y LT

A(m) = —JB*IIA]e(Curl FP)F‘T = Jeflf(curl(M)prl)f]eT = —Ue(curl(m)lﬂjefl) + F(curl(m)Fl) ..... (A.23)

LRIND.
fen T, X (A19) KV BLAELE B (ST 2 GNEELT & VY LIERD X HI2FET 5.

@ =R amR" = -7 RU(Curl FP)FP U TR
= —J 7 F(Curl FP)FPTFT = 7 F(Curl FP)FT o (A.24)
HHWIEN(A24) 2 S HIc LR LT
@ &y =—J FlexiyFy, Fix = =J'Fexi FY ) FuFx = =J ' Fi,JeyF", F)]
=~ Freu(FFS))  + P FremF o, F oty = ~FioeuF ol + FueuF sy
& —F(curl F™ )+ Feurd F™') .o (A.25)
LELZLELTEDS. RA24)BLOR(A25) LV, HEBEICHT S GNEAT > Y i
@ =-J7 F(Curl FP)F" = —F(curl ") + F(curl F')...........o (A.26)

LRI,

A5 GNEfIT 2 VI DOYERRBMD
R (2.116) DL OYE R & L 5 &
dn =~ [(Curl FP)FPT]" = —(Curl FP)FPT — (Curl FP)FPT.... (A27)
En. Bz .99) 2 AT iR

awm = - [Curl (L10 Fp)] FPT — (Curl Fp) FrT LP(TM)

M)
= —[Curl (L FP)| FP + @y L Py oo (A.28)

2T, KA TH?S 2ITH~DEFRICILGNERN T v Y L O ERR (2.116) 2 N TN S,
KAWLV FE I HEEERRCTCAERT 2 &

- {[Curl (LFM>F p)] F pT}aﬂ - _EKU(LFM)WF pr),zF Bk
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= _eKULFM)a%&F(IS)IFEJFgK - eKUL(pM)‘WFsJ, [F,EK
=-J peﬁéyLé)M)wﬁ - eKULFM)wF pr, 3 [I;K
= 05y L 0.6 + Ly ay @y e (A.29)
EEIFDL. LT, XA BLOXN(A29) LW kX2 HES.
@ = L@ + @onLP vy = Curlon Ly oo (A.30)
Fo, KA AFLE 1 HBLOHE2HAE ABDICBE ST UL
@) = Ly @ = @onLP vy = =Curlan Ly oo (A.31)

EEFL. T, AEEDO2EOT YL AITK LT

& EFE S5 EE 1T Oldroyd 3 B % 72 1% upper-convected 38 B % @0 L 121X 5 F @M &2 A+ 5
T&) n , :T:t(A31) &i%(ﬁﬁfgg‘f LFM) Lz @ v @Oldroyd;ﬁfﬁ& %‘/’ATT: L ﬁ‘f% 5. jﬁfccj/)t)’

&(M) = (.Y(M) - LFM)Q’(M) - Q’(M)LPEM) = —curl(M)LfM) ........................................... (A33)

Th 5.

A6 BEEICHITHGNEL K T FEE
51 hELE B (S D GNEENL KU 7 b HEE Zoy 133K (2.123) 5 L O (2.133) L 0
Zoy = @y = vy = L@y = @anLP{yy -+ (A.34)
ThbH. 22T, EREADH1IEIR(AL9) LY
o = (JFaFT)
= PP eF T+ P aF T+ P F T GF T P T
=JFa-La—al +(cL)e|F~" (A.35)

LEGS. FELRQINEY F=T=Jul=JtuLTHY, QAN EFANTLS = FF = _F !
Y0 P =P Tl D, E1m, R(A3M) BATDE 2 s £ OV 3IE I, K (2.44), 35 L U (AL19)
Loz FnARXKOLHIICERTE 5.

LYoo = (FTLPF) S F e ™) = J P LPaF ™" (A.36)

oLy = (S F e ) FLPF) = R el TR (A.37)
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L2 - T, K (A35~R (A37) LV K (A34)1F
Zoy = JF o - L —aL®" + (r L) - LPa - oLPT|F*"
=JF ' e-La—aL"+(cL)e|F "= F " aF" .. (A38)
LEFBH. 2T,
@=d-La—aL"+(trL)a..................... (A.39)

B C B D GNEE(L T > VL D Truesdell i £ 199 ¢ 5. J70b b, BELEICHIT 5 GN S
LRy~ bﬁr;:%:Zsa EEFRTNIE, GNERAL R Y 7 R ORLEZ#A2 al :iﬁ“éﬁ(A.w)
tHRIEXA TR L IICEZ BN D.

A A A (A.40)

Fo, BH1IHPREEICS O TR M EEIL 8K EETVIEGNERAL R Y 7 Ml EEIE 0 (2.132) D &
ETDH. T, X (2.132) (T db U o Z2 # I 2C (2.102) 38 L OV (2.130) Z i H T v id ik X &

AN
x

Zon = Y [BOR(Fs9) @ (F 1)« B, (F150) o (F14)

2

= J°F! [Z (Je-lywpgg)s(w ® s + I BIPE) s @ t(”)) Flo (A41)
L7zsoT, EXER(A40) LT niE Z i
_ -17(@) @) (a « —17(@) H@) (a «
z=y (Je DD s” @ s + I B PG s @ ff )) ...................................... (A42)

LETS.
F72, (A3 BANE 1ETR AL ZANTERDEIICHLETS.

don = (72U a0’
= U U5+ SO gy U + S gy U+ S0 gy U
=Jeye! [Ey(m) - D(em)a(m) - a(m)De(Tm) + (tr L) a(m)]Ue’T
= JU o) — L sy — @y L ys + (tr L) ey U7 oo (A.43)

=L, ﬁ(zsé)ot@ De)_ueue o LU B B, U= -0 ‘D, LD E, K
(A34) BA B 2HB L OEIHI LN ENRAD L S LA TE S,

L(pM)(I(M) = ((:/eflL([:n)i/e)(Jei]efla(m)i/efT) = Jei]eflLFm)Q’(m)i]eiT ............................ (A.44)

oo LP ) = (S U U ) (O LD UF)' = T U @ LR U (A.45)
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L7=2- T, 2 (A43)~3 (A45) L 0 =K (A34) 1E
Zoy = T U Q) — Liyys@m) = L (ys + (tr L) @eny = L2 t(my = ) L7y | 027
= SO [drmy = (Linys + LEy) @my = @ Liys + L)+ (tr L) @y | T°"
= JU* [érmy — Lim @y — ¥ Ly + (tr L) @ |05 = 0 05 (A.46)

LEFEITD. EL

Limy = Liys + L{y oot (A.47)
BIW

a(m) @) — L)@ — a(m)L(m) + (tr L) ()« e (A.48)
LEHELTWD. Thabb, H2RMEEICHET S GNEN R Y 7 NEES Zom = b L EET S
L R E ) B%ZEPF'?@E%/\@GN%:Q U7 N OREZWAIDN e i3T5 (A19) &

AP TKRADLIICERBND.
Zimy = J T U Zony U (A.49)
Fo, FIHHEEBICBONTHEEEITI-HFRERETNVIER/REEDOERAI LV KKXE2HD.
Ziwy = 20 [F BORG sl @ oy + T BRGS0 ® 1)) (A.50)
A7 SSEHMEEDEH
Orowan @ 7 % K 22759 0D,

ZIT, yiET N0, pn (T ATBMEEALEE E, bid Burgers N7 ML DK E X, XXM AR ML
WHELLEEMOYEHBEEM CTH 5. b, RLOBHEALDOTZDIZT A ROELRT L&

KT (@) ITEB LTS, £z, MHEOLZOICHRBAAIZONWTOAREZLZ &L L, MALICTR
T LI n KON A Y L CHBEXZEBS L3, 330kl TcREN5b.
nb X  nbDx
’Y—EV—V— 72 (A52)

2L, VEBETHIREROERBV=HWVD Tb 5. tE, XAR)EIOLHABMEEZTZHAIC
LKL T 5. R(AS2) RALITE T D aDX E TRV i L CEA A RO ZREHTH Y, ok
EAETNIER A IFROLHIICEETHRZIOND.
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D
5 e —
e — )
H e—>
e —
—pn /4

Fig. A.1 Plastic deformation by dislocation glide.

2T, W20 X ICHEREEM LML -T2 EZ D L, K(AS3) DTV ES dy ik Ao
Lorichzons.

5
4
2L, diEbBABMNORES, KIZEML—FOBREKRTHY, ANIZHEABIZB T ML —F
OIEE, dn (ZHEALEFESH 72 0 DAL — 7 OBNEE dn = dAN/V (R TIE [E/m’]) Th 5.
AN T AR S 720 OBMBROES L LTERSN L0, X2.1012ES50 T Bz
By dpm & DE AN B L O KRB RSICEN TN DT TEZD. T2bbH, K210
FV, HEABRNLEEH ST dpme B K ORRIEBALE EH 5 dome 1ZENERKRATEZHND.

dy = dA=§(d~Kd~dN)=l~)Kd2~dn ...................................................... (A.54)

dome = —=dN =2d -dn. ... (A.55)
dpme) = %idN SR dn (A.56)
22T, (A5 LY dn=dy/(bkd®) ThH BT, R(ASS)BLOKX(ASG) ITERZEN
2
Pmis) = oY e e A.57
Pmis) = 74y (A.57)
d =24 (A.58)
Pm(e) = IN)d 1 T I .
LD, LEERo T, R EEEMEERSIILEARS EAREPOE LD LT
2 1+«

d»m=dms dme=~_
p pU+P()bd
EET L. Fio, BALOTEEHRATIEME LI1XX2.10 XV 5 & AN R K O AR ERAL 0 3E B) B o
Bt TkADEHIcRSIND.

L=1(§+g)=w ................................................................. (A.60)
2\272 4
LidsoT, d=4L/(1+0) L2V, &R (ASI) ITRAT 2 L kxRS,
2
Ao = R (A.61)

2k BLy
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WEBRZTWD R DIEZ A4t & L, R4l =0 THEEALIR D B FEA LT8R 1T REL ¢ = At TR TAR
kT 2L&E25. ZOHAITE, HRET2HHMBITI W T BIMENLE EHE 7 dpop (3 & AL
BEW S dpim ICFE LI RDITTTHD. $2bb, (A6l LD

o (1 +K)2L

dpim = P i)Ldy ....................................................................... (A.62)
LELZLNTED. LEN-T, EMBNHEOEREIRXNTELZONS.

s (40?1

Pim = g R (A.63)
ARWFZETIE, —BEEHRIR L 728 v — 7 O 3 X QAL O IR F O [EE B LI E 2 2w, L
Mo T, JE(A63) HRO L) ICHEEEES.

P .

m = | |_ |7| ................................................................ (A.64)

7L, c=( +K)2/(2K) TR TH D, N (A64) TEIND BFHEIBMNEEITHMAEEH - O
B L —7HAEAFELCHBY, TADLLEBMMEEL 525, LR T, R (A.64) 7 SS RN
EoEHNLERD.

. C |*
=l 1 A65
Ps bLM (A.65)
i, U\J:O)’;fuﬂf 1210 WCBTD2dBIO0«cZEHELTEBY, b LEBMLV—TORIRESE
RIEFBICHEB LA ICEc=150c=2L72%. LPSOMICE T BHRAL/L— T DI _E‘éa“é

EEME LW, ZIKE?;‘L’C WX O - L — P 2 E RIS 5.
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HEB
AEDHE

B1 EAMHEMEZREK

BAMEBMRRIE, @) BLOR @I IREND L DD, T ORFRMEN b MSL Ao 1 21 ik
SICHIRENS. 22T, RE250 Voigt BRIC LV C° 2 1FHHRFT 5 &

¢, Ch G Gy G Cg
¢ Gy Gy G G
[cc] = s G G o | (B.1)
Ca G Ci
Sym. Css Cs,
Cée

L, NEREBOLEAICIES DOMSIAESICE kD L HlcgkESn 5 109,

Cfl sz Cf3 0 0 0
Ct, Ch 0 0 0
Cs; 0 0 0
[ce] = cs, 0 0 e (B.2)
Sym. Ciy 0
Clel B CTz
2

11°
BEAAEERIZRB T DRy RL E Voigt REEO XS IZ £ Bl 2RI N\, 727210, 2 2 TILHCP
Dz zihlc —HEFET W5,

I, CY, CY, S, CLBLUCE RMBEEOBIETH S, 2k, ERICHE Lz EH

TableB.1 Relationship between Cartesian components and Voigt notation.

Cartesian components  xx Yy zz Yz,zy ZX,XZ XV, VX

Voigt notation 1 2 3 4 5 6




164 e B

B2 SRIGCHADEERBAADEH
K (4.16) O 30 O W B RER 853 & & i

) _ 7@ (H@ (@) _ A@) (@ 7(@) [ (@) @) (@) +(@)
Em) = D@ (PG(S)t(m) —,OG(e)s(m)) + A (pG(S) (i) —pG(e)s(m)) ................................... (B.3)

ED. L, AMTERELTWS. £, KG2D) OWBERICWE RS 24 & kX &
5%,

E0 = (RTED) = RTED+ RTED = RTED (B.4)

722 L, XQR16) DR ZE AW T WA, [FAkIZ, KX (2.102) 8 LK (2.130) £ 0 25 2 FRIALE B &
BT DRERHLE S BLOA) OMBERHEMOSNZENZTRKRO LS ICBELND.

(m) (m)
W@ _ (T (@) — prT (@) (@)
s(‘;) = (R s") =R (s @ - W*s“) ......................................................... (B.5)
W) _ (T (@)\® _ p=T [ ¥a) _ (@)
o) = (RT{V) =R (t Wt ) ......................................................... (B.6)

£ (2.102), 3 (2.130) 35 £ 07t (BA)~3k (B.6) # 3 (B3) 1T A L, WlIZfis (E) 7 R % %
U CHIAL & (2 push-forward TALIF R A5 5 5.

£ = 4B (0,49 = P ) + 4B o (1 = W 1) = 0y (3 = s (B.7)

EHIT, REEYBIVMoRENRENEN

DO EHcRIN DAY L2z 2 o iE, X (B.7) I
;a_ 7(@) [ H@) [« H@)  (a
£ = 2B (P ) = P8 ) (B.10)

LETD.

B.3 ExfuimICEDIKELIDOEY

B B.1ICR T RATEAE R (R EEER) Db & T, x3 BT - 72 EIRICE W — AR O EEALI T 65 O
S TN GOV I K Lk LIt REND.

X
0 0 T2 : 2
)Cl + )Cz
h(@) X1
. S @1_ Hb 0 0 —-—
For screw dislocation : [0' d(s)] = xf + x% .................... (B.11)
X2 X1
) 2 2 0
| T TA N ThH
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2t

(a) Screw dislocation (b) Edge dislocation

Fig. B.1 Volterra dislocations.

X2 (3x% + x%) X1 (x% — x%)
(2+x) (2+2)
For edge dislocation : [O'f;:) ] = ﬂ o (xf _ x%) - (x% _ x%) ....... (B.12)
VAN el (Rex)
2vx,
: O ez

T, uBEBvIEER TN E T HEERICBT 2BEEAEB IR T Y U TH L. X (B.1D)
B EOKBA2) TR AIALE T DL EEE (x, ) IC b b TR NERLTWD., — 5T, B
(1, ) WAL E T D x3 8IS AT AR BB AR N R AL & 72 & 9706 01E, X (B.11) B LK (B.12) 12
BUILIERDOF T ENimIE-bol L TREND.

WAz, FURERICHE — 72T X0 ZNORFFOERA (7277 L, x3 82 PAT R BBALHY) 232547
T 28564252, TOBREOZERNEEZBHEOZDICHAELVICRFELT 5. Thbb,
apgl) 6,08)
0x 0x;

X1

P(Ga) (x1,x2) = P(g)|0 +

0 0

EET. L, O IEEAICBTEERLTEY, 3 @I PATRERE OB EZ L TND
O xix; N T#EmL TS, 72, KB OELIIEHFICHELET LR T 0 RO
W WS TATC o B L ARET 5 7200, DK O 3 i 1A S bk 1787 A T 72 VAT I By 12 CTHF 5
BT, MFEEERER (x) =rcosb,xy = rsinf,x3 = x3) ZH AT 5 EABI)IFKROILHICEXERES.
aps siieﬁp(c”)]
ar r 06

ap(G“) N cosf 6,02’)]

or r 00

P(Ga) (x1,x2) = ,O(g)|0 + [cos@ rcosf + (sine

rsing....... (B.14)
0 0

£, BERDOPEEFNICHFET 2BMANRAMEIC L TIENFIRATELLND.

7 p2n
0'5';) = /0 /0 O'EI(II)J p(G“’)r AOdr . (B.15)
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L=t o T, fgn@x;@ﬁanain 7 Z 1 ol B IE R BAN I T B o) s Hsy (7272

, BRAEIAER T 28 2E 22720 (DT 5) 20T

a 2
(01) (@) (@)
T )13 /0 /0 9 45)13PG(s)" dedr

2 b(“) sind o0 05.0&0()5) sinf 6;%“()5) P
Pas, T |C0s8— Y Orcos
9 p(fl)g 00 p(fl)s
+ [sin9 (9Gr(‘) + C(;S aGg() rsind| r dodr
> ()= (@)
,ubm)rz 6pG(S)
S e B.16
4 Ox (B.16)
LRIND. WIS EABMICRET 250 o) 8 & CHREMICER T 2150 off) £ 2h 2
NEHHE T 2 & xixox; RFTEERICBNTUTO LR 5.
(@)
0 apG(s)
6)(?2
(@)
h7 _ 9P
For screw dislocation : [ Eg’))] K 2 r 0 0 0x15 R (B.17)
(@) (@)
6pG(s) 6pG(s)
a ) 0
X2 X1 0
(@) (@)
3 apG(e) _ BPG(e) 0
6)(?2 0 6)(1 0
(@) (@)
p@72 dpg dpg
. . . (@] _ /lb r _ (e) () 0
For edge dislocation : [O'(e)] =30y 91 ) ox, N AR (B.18)
0 p(Ga)
()
0 0
v axz
KX B.17NB IO BIS) DT > Vv % xyz RREE R TR T T
For screw dislocation :
P L N R B (59 © £0)) — (Vay o | - @) (1) & 52))
® - 3 M PG|y~ Mo | Sy @ Lawy O Pa)| - Mo | oy © S
(@) (@) (@) (@) (@) (@) (@) (@)
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Fig. D.1 Nominal stress - strain curves using 4-nodes element with & = 5.6 x 1073 (7 = 1.0 um ).
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Fig. D.2 Each value using 4-nodes element with £, = 5.6 x 1073 (7= 1.0 um ) at £ = 1.0%.
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Fig. D.3 Nominal stress - strain curves using 4-nodes element with &g = 1.1 x 1072 (7 = 2.0 um ).
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Fig. D.4 Each value using 4-nodes element with £, = 1.1 x 1072 (7 =2.0 pm ) at £ = 1.0%.
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Fig. D.5 Nominal stress - strain curves based on discretization of two ways.
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(a) Based oneq. (C.16) and eq.(C.17) (b) Based on eq.(6.79)

Fig. D.6 Edge component of basal GN dislocation density based on discretization of two ways (& = 1.0% ).

(a) Basedoneq. (C.16)and eq.(C.17) (b) Based on eq.(6.79)

Fig. D.7 Wedge disclination component of incompatibility [eq.(7.6)] based on discretization of two ways (
e=1.0%).
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Fig. D.§ Computational model for polycrystal of a-Mg / LPSO two phase alloy.
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TableD.1 CRSS of each slip system in a-Mg phase.

Basal  Prismatic Pyramidal

CRSS [MPa] 0.9744  56.155 63.122
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Fig. D.9 Nominal stress - strain curves for polycrystal of two phase alloy dependent on boundary condition for
slip rate on grain bounrary.
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Fig. D.10 Edge component of basal GN dislocation density with » = 0 um and each boundary condition on grain
boundary (& = 5.0%).
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Fig. D.11 Edge component of basal GN dislocation density with » = 1.0 um and each boundary condition on grain
boundary (& = 5.0% ).
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