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Background Phase Diagram
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Basic concept
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Intermediate phase
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Theoretical Procedure First-p

-Total energy calculation at the ground state: FLAPW

*Cluster Expansion Method (CEM)

AENV (r){& )= Zj,v,- (Vv (r)-&F

(i; o o0 & &M =(0,-0,-0;)
v, =27 AE™
Cluster Varrirflltion Method (CVM)
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S=Kkg-In H{II\’IJX 5 H{Nwijkl!}z Xi yij!(zijk)’wijkl - {&}
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Background Fe-Pt L10

First-principles calculation of phase stability and
L1,-disorder phase equilibria for F€-P1 system
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Phase Diagram
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Entropy and Cluster Variation Method (C\V/M)
Bragg-Williams approx.
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Phase Field Method

Fchemzj( f [{Ui}]+;’fi(vﬂi)2 )-dV

Microstructure n;(r) : field variable
i
a B
.
Free energy of homogeneous system " interface
Free energy of microstructure
Time evolution of 7(r)
Conserved on _ i v (_Mvm K; : gradient energy
C ot on, coefficient,
on, oF.,.m M : mobility

Non-Conserved ot _Z L, 517 L;; : relaxation constant.

LRO : )
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Hybrid Model

1:1 agl

Atomistic
CVM

Mlcrostructure Multi-scale
PFM
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LLong Range Order paramet
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Preliminary calculation
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Multi-scale Analysis -Hybridized Model-

Elementary processes
Circle shaped APB

RE-REOF(FI2ROHE 11 Philosophical Magazine(2003) 16



Kinetics of a Circle Shaped
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Elementary process

| = | +

1. Inside/outside APB 2. at APB 3. movement of APB
homogeneous line-shaped APB
Ty = 1~3 T, >100
diffusion

B -REOTAFIHZOHRE 11 Philosophical Magazine(2003) 1



kinetics of a Uniform System
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Elementary process

| = | +

1. Inside/outside APB 2. at APB 3. movement of APB
homogeneous line-shaped APB
Ty = 1~3 T, >100
diffusion
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Kinetics of a line-shaped APB

Wetting
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Coarsening Process
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Scale?

X'=1000 7

X'=x-/(N-v,)/(2x] )

Spatial scale

Crystallographic orientation

gl

V,: Pair interaction energy

t'=2.0 <104

Kk . gradient energy coeff.

Atomistic model of APB

RE-REOF(FI2ROHE 11 M. Ohno Ph.D Thesis Hokkaido Univ. (2004) -5



Coarse Graining

discrete lattice system

_—clonal  Cells
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Coarse Graining [2]
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Coarse Graining [3]

Ginzburg-Landau type

- LI N ol I Zr (99X 4:) -0

Kss = N - kB T 'sz,s'(rm’a’ {J })
J
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Free energy -LRO profile
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——— lattice constant is optimized
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Fe-Pd

fy4is = —2.687 (mRy/atom)
forg= —2.756 (MRy/atom)
Af(fgis—Tforg) = 0.069 (MRy/atom)
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First principles Microstructural Calculat

Fe-Pd disorder — L1, atc=0.5

— T=1200K— 880K
d.. =4nm

initial size of ordered particle is about 4nm

7.04

T-O approximation

L-Af -t  PFM+PPM
J. Phase Equil. and Diffusion, (2006) o

RE-FEAOFATILRAOHE 11



LB

HEBMmELREE
FA7V MO, [FEETE. s
R +/7 5 FH ks
SEETEM

BEERMF
S SEAT Y A
EREMEREE
Fe,Ni,Cr,Co,Mo g E
ShtEEREEEE
Ti, Al Mg

REZEW B,
T4 2 ; 5t i B S i

RE-FEAOFTATFIZAOEE 1

BtE. FEEME. LDk

'EGDI%*EIXnQn

I )L —[fx8
R EYIES

5
G

EOKRE
DR

HBEEE/ 4/7 RFIE. Aoh— N4 T
25 HMZERE. FHM. etcetc /NYAVE(R

S



< JVF R — LAt

bRD

7

-7-’4 TRFRE AV A— 1A
T4 ; FeintmEas .
FEH. etc etc /YA ER

108cm - 105cm

RE-FEAOFTATFIZAOEE 1

32



PN Bk

e R AL T
ety
NIEY
= LR

j lb()nm

5

RE-REOFAMTI2RAOHE I &2






RE-FEADOFTATIVAOEE 1) 35




RE-FEADOFTATIVAOEE 1)




|
e
31
»\
7
A\

Normal to slip plane’  Slip directiors ?

RE-REOFMTI2AOEHE 1

37




eTo Vs
COT00
COOGO
CCCCO CCO0O
COL0O
CCGLO
COL00 6666
00800 &
H :
N . CCO
R GCCOCO |
= 79-99¢ 66000 |
7 : 7 o
£ 600090 S -

¢ 006090  ©8CO
60600 00

',
-
®
S
I
i
I
i



RE-FEAOFTATILAOHE 11

C ALh‘DinE

SIS SO (1971)

89



T AVARL: 221 P N
" | - SR #R dislocation

 EH =R 0EE
108cm/cm?3® — 10%2cm/cm3
5K 0D 7% & FE] B 0D 25015

SRS
Sz oX A

S E B O HI
NERRR S (emmex #7im)

RE-REOY1TSLROHE 111 FEYEZFHm IO/ (1971) 40

-




Mg
$E
AJ
AN
ﬁ/
IN

r—
j—
=

o

TRENY (Bragg)

i

EbRmeEns

Hikw 35t

(b)

Faw 25

(s)

41

JO0F# (1971)

a

7

)
e
S
X
o

-
-

-REOF(T

R\




e B ALY

E
[100) £
rrv—q.
+4 o
'I
(T3 .
J *‘_ :
H= Js! - .—1
— .
—+— 1 A -: & - T : 3 444 I ¢ e ¢ > 3
=3 = :
: Vi *KJ> t: HFH
® ; R 3 4+
P —‘. ') &+ L
t 1 = +
» > = 4
- { ‘2 por S
T 1 11
A =
o 4 M TIOM
o ok 1 HH
I | +f 3
| A 3 L <
pd & -
B 109 2RO A ALY 2 1 5
3 s &
(Read) 6: @l2OM 5 —(100) %
————— T
B 10-10 32k O EMER (Read) . AR .
VEREM MMM BT
4 b BB y;
1314y
111
h 4 L 4

ﬂﬂ;lj\ﬂﬁﬁ *ﬁﬁ gFﬁﬁ‘/J\ﬂﬁﬁ *ﬁﬁ (a) ;;;ﬁz{:ﬂf‘.’(;m) Wi (“éé?[jﬁ,;m);

B 1018 LUDMRCMBT LS R ARER

RLYEREFR

RE-REOX1FSL2ROHE 1 E Y= J05 7 (1971) 42




R Em IS B O e
Plasticity within dislocation theory
1. B—RUuDES

Single dislocation behavior

2. B—ERDOEHEFTYIHETOES

Single dislocation behavior in the obstacle field

3. ZHER(UD EHEFTWIHTO)FEE

Many-body behavior of dislocations

RE-FEAOFTATFIZAOEE 1
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Plasticity within dislocation theory
1. B—ERfIDES

Single dislocation behavior

2. B DOEHEFTYIHETOES

Single dislocation behavior in the obstacle field

3. ZHER(UD EHEFTWIHTO)FEE

Many-body behavior of dislocations

RE-FEAOFTATFIZAOEE 1
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H—ER\ L OEBEEWS T

Single dislocation behavior in the obstacle field

N. Number of i-th type obstacle

f. Elementary interaction force with i-th type obstacle

2'=Z:Ni-1:i ’)

z = f(T',w,C,distributi on)

I’ Line tension
w width of an obstacle
C concentration of an obstacle

RE-FEAOFTATFIZAOEE 1
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Single dislocation behavio
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100 x 300 x 4 stress(X, y, z) = {(x-x Foly—y P r(oz) +C}5/2
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String model of a dislocatio

2
m pw | B%+F2X¥ F Tt °

M :mass of a dislocation

B ;damping

I :line tension

Tt effective stress on a disloc.

T

€ 4

fF—C int.

appl.

RE-REOFMTI2AOEHE 1 48
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Friedel Regime
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Other Regimes
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Plasticity within dislocation theory
1. B—ERfIDES

Single dislocation behavior

2. B—ERDOEHEFTYIHETOES

Single dislocation behavior in the obstacle field

3. ZHER(UD EHEFTWIHTO)FEE

Many-body behavior of dislocations
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Actual situations

A 1ststage | 2ndstage

st~ Dislocation reactions

— ~ Multiplication,

Dynamic recovery,
Immobilization/
mobilization of
mobile/immobile

dislocations
tangling

U. Essmann, | Prinz and Argo
Acta Met. phys. stat. sol.
(1964) (1979)

Applied stress

| Mughrabi et al
Phil. Mag.(1986)

Example : Formation
process of Persistent Slip
Bands(PSBs)

Heterogeneous distribution of dislocations C. Shiller and D. Walgraef:
Acta Metall. 36, 3 (1988)

Reaction-Diffusion equation Fatigue
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Objective

U. Essman : phys. stat.sol. (1963)

RE-FREOTMTI2ROEKE 1

-
Calculation of a S-S curve

under
Constant Strain Rate Tensile

Test
— v

- Three stages of S-S curve
- dislocation microstructure
= Energetic origin of
dislocation

structural formation
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Slip systems and evolutio
001

Secondary
(111) [011]

j-th slip system:j = (p, s)

L= Sign of Burgers vector

iImmobile(i), mobile(m) : n= (i, m)

010

Primary
100 | (1112) [T01] dp j
o~ Vol + fe ok, o piv s Poe)
Conservative motion of dislocation Reaction
Aoy,

=DV, pl. VLV, o + T (oL, pl., pk, PE.)

Glide motion
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R-D equation and Reaction

Mobile and Immobile

1:nJ+ (:On+ /On+) — flntra (:On+) =+ Z 1tlnter (pr{-i’prl:i)

‘ Intra slip system ‘ ‘ Inter slip system ‘

!

mtra (IOn+) o fconservatlve (pn+) + fnon conservative (prfi)

‘Conservative reaction ‘ ‘Non-conservative reaction ‘

RE-FREOTMTI2ROEKE 1
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Reactions: Intra slip system,;

_ J
mtra (IOI‘H-) fconservatlve (/On+) + fnon conservative (pni)
1. Mobilization

Immobile dislocation Mobile dislocation

/J' —> - C s Teoff piji

----- 'I Effective stress ' T

2. Immobilization ; Dipolization = Multi-polization

— L i j
—> T XCIgVm P+~ Pm—

- L a4 oC MoVt P~ Pi i
T T

RE-REOF(FI2ROHE 11 T. Shoji Ph.D Thesis Hokkaido U. (2003) 57



Reactions: Intra slip system

_ {1 J
|ntra(pn+) fCOﬂSGI’V&tVE (pn+) + fnon conservatve (pni)
3. Multiplication

— i
D E— C FrmVm Pm+
—
-%_» o i V] J J
=i imVYmAPm=+ - LPi+
4. Recovery
L *v, oC IV
s
/'/ > 2 : I p|+ pl
T | *ens?

Climb

RE-FEAOFTATFIZAOEE 1

T. Shoji Ph.D Thesis Hokkaido U. (2003)




* Reactions: Inter slip system

Lomer-Cottrell lock formation K ] K . _ "
CTcVim Pzt Py (JLk=ps J#k)

>~ >%<

Tangllng of dislocations o IV um (J k=p,s j=k)

—_ XY
A

RE- nﬁmﬁ\azwug 11} T. Shoji Ph.D Thesis Hokkaido U. (2003) 59




Evolution of dislocation st

Immobile dislocation Mobile dislocation

0.015<0,,

S

g

o p g

h - &

i

"y

[001] [001] N
/gd] J_[r:' 12.4(;um) > _L'r“' 12.4(m) » 00040,

Plastic strain — ™ Plastic strain —» ™
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Objective

U. Essman : phys. stat.sol. (1963)

RE-FREOTMTI2ROEKE 1

-
Calculation of a S-S curve

under
Constant Strain Rate Tensile

Test
— v

- Three stages of S-S curve
- dislocation microstructure
= Energetic origin of
dislocation

structural formation
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Stress-Strain Curve and Disloc

8.0 X 10% . . 7
3 Work hardening rate of 2"d stage
= 6.0 X 103 [ s L % SR P —
=
2 Y TST—— CARRRIN: S90S 5 VR S —
= 4.0x10 O D
G';‘J : \ : U S
=3 : B WL
g \% 20 % 10_3 .................. .. ............. Work harden'ng rate of 1st Stage
(@] b“" T e : \ : :
Z ~ “0 . E

iImmobile

0.0 \
% 0.2\ 0.4 . \iO._G 0.8 1.0
Tensilestrain

mobile

T. Shoji Ph.D Thesis Hokkaido U. (2003) 62
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BT D IE A EN S35 Non-equilibriu

o84 2 f2 (Elastic deformation) 4\ W T TOH R DERR T ik g

Static equililbrium of a system under the applied stress

FAMZHZ (Plastic deformation )

BEIRGRE  (yielding), 7')—J5&E (creep), FBEETE (super plasticity)

etc.

B

FE (dislocation density), FRI&B#E#E (microstructure) etc

HNATTOROIREDERINEIL JEFEAEKEE

Time evolution process of a microstructure under the applied stress

RE-FEAOF(FI2AOHE NI
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Internal energy due to sto

Line energy of dislocation per unit length

eline(p(x)) ~ /sz

1—v/2

41— 0) '”[bu)&))“z ]

- Homogeneous distribution E;gTeo — < p>e“ne(< ,O>)

1 1
o het local
-Heterogeneous distribution  Egiore = —J. E. . (p(X)dx=— j o(x)e;..(p(x))dx
Q Q Q Q
5.0 X 107
o 4.0x102 4
£
S, Homogeneous //
> 3.0x 102 74
(@)]
(¢B]
: N
5 20x107 X <
1.0x10 "I Heterogeneous
0.0 E
0 0.2 0.4 0.6 0.8 1
strain

RE-FREOTMTI2ROEKE 1
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AN

N EE) L2

- Burgers vector

E8an
BERGERseE G
e RErssanaa
E:.’?e,aﬁggg

(b)
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ZBERALDZEE) Many-body &
# L8307 (static dislocation) > |b;| =minimum
i

RE-FEAOFTATFIZAOEE 1
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BT D IE A EN S35 Non-equilibriu

o84 2 f2 (Elastic deformation) 4\ W T TOH R DERR T ik g

Static equililbrium of a system under the applied stress

FAMZHZ (Plastic deformation )

BEIRGRE  (yielding), 7')—J5&E (creep), FBEETE (super plasticity)

etc.

B

FE (dislocation density), FRI&B#E#E (microstructure) etc

HNATTOROIREDERINEIL JEFEAEKEE

Time evolution process of a microstructure under the applied stress

JRER 2

MGl EhEnfyy 0 O BMEE-ISA??

RE-FEAOF(FI2AOHE NI
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{2720 Conservation law

@:_v.\] Ty v,-B +v, B, v By +v, B
\ i
u
—:—V-Ju é_
ot —P 3
05 05 f

P v.I $=24V.), I rOF—4mEE

ot ot (entropy production rate)
i W N HIF2L (number of species)
'OE =-V-J,+ Oij g' U RETRJLF—(internal energy)

I' RISEE (reaction rate)

2T )3 — (thermal energy) 0 FFE (density)
H 1S5Z

HER TR ILF— (mechanical energy) o, 57 (stress)

W, 3 & (component of the velocity)
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Energy conservation

pccll—u =-VJ, + ot % W, 3& & (component of the velocity)
t .
| /O-xx O-xy ze\
du ov 1 , ow 1
E:_p'g‘l‘_gu'g__v\Ju O-Ij: O-yx O-yy O-yz
P i P o, O, O

du__ v 1 gy

E_ﬁtp'j”p }%

P Z & (density)

J, BN R (component of the heat flux)

RE-REOFMTI2AOEHE 1
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Local equilibrium and ene

du=T-ds—p-dv +4-dN,

Ny BRI (dislocation density)
P ou
ON,

du_ s v, oN ,

a a Patt e

%:_p.@-l_lo-li'.éi'_iv‘-]u
dt o p "N op
1) 1
S=@+V-JS=J V| — |+ —
ot ST )T

RE-FEAOFTATFIZAOEE 1

K. Nishioka et al., (1978)
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(Gxx ny Xz
GYX GW yz
\O-zx Gzy 77 )
1
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Entropy Production Rate

. O 1) 1 : ON
S=—S+V-JS :Ju-V(?j+?[o]jogij—p-/1°—j =£(r~é—p-l-%j

ot ot T ot
Tapp TI0NEG 71 (applied stress)
Tone = Tert + 7 7 Tett NG A1 (effective stress),
| B r FER{ DM E{ERAI A (interaction stress)
e=N,-v- b Ty ANIEE{E(work hardening)
ON
7.-N_-V-b=p-4-—" -\
ae N P ot S':1° (ij -N%2/3+C-N%2
_ .2_2]43 T k-b

r—C- N = f(N,)

S:(reff+ri)-é @ ocﬁ
=7(N)-& ON|. ON].

& &

RE-FREOTMTI2ROEKE 1
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Lek e N IAD)) R

Stral t . . 3
ren e S=leg+e)e 08| 07
=7(N)-¢ ON|, ONJ,
Nm/\
Bhin . D E) R H
73 Tensile test E.
stress glogﬁuasﬁ strain S \—/

S . UTHEE—REM TR (BILNE
ERIENN—EOEMFCEER sz onfo) . B0 OHER.

REZRANET HELIITEEERL ZOUVFHEEEEODICHELLTR
DEENREIND, S APREINTEBESIZRES,

K. Sumino (1971) 72
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HEYEM: (Superplasticity)

Non-equilibrium
Statistical Thermodynamics

Refined grain
| High temperature
EETEH _' | } |  Abnormal deformation
BEICKETHEHY_

(b)

mRT~yEem o JEEMystans

RE-REOFMTI2AOEHE 1
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&

4 (Super plasticity

I r " DIFFUSION-ACCOMMODATED FLOW AND SUPERPLASTICITY*
M. F. ASHBYt and R. A. VERRALL{t

L ReLATIVE
TRANSLATION
OF GRAINS

(o) INITIAL STATE (b) INTERMEDIATE STATE (c) FINAL STATE

(a)
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=

FBYAME (Super plasticity)
Slip deformation (§ XY ZERH)
Strain rate(EEE) £=N_ -v-b
N Mobile dislocation density (R] 151 % )

v Average dislocation velocity (B B1E5{ D 141K E)

GRAIN 1

b Burgers vector (/N\—H—ARTk)L)

Super plasticity (FBZ814)

Strain rate(FE R E) &= Ng ’Z)‘go
N, Rotational grain density (7] B & i % )
 Average rotational velocity (BB T 14 B &5 5% )
&, BEDRBEDE~DHE

T. Mohri X&\F 75
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Hall-Petch relation 1

20

35
sl BEaGRzEL) % i
e
o
Z10 g*
R
p o
sk 2
15
ik d
00 t ] 10 1 1 1 1 1
100 200 300 SIS M W Suos RIS iay ;.
V2 (%) e
837 ZnDIEH-0FAEH 8-38  ikiW (0.11%C) osRAYHE

T e d somg

B 1030 SARNCTREGNOER.
BART7I - ~VR

ZEmF A Z (1972) 76
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Hall-Petch relation 2

¥

75¥7-0—Filf

L\\\ B i aer e o e S et e e
L3

10-29 KROX>hMEHTLEDL
N L - By

10:30 RENRCTELEMOER.
BhR757v7-)—FVE
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Hall-Petch relation 3

T(g):i J— o— > X

c—1 7 S
( ) 7322-0—Fik g
D(x 1 2 3 n
= A|l—=d
o)A
4
B 10-29 NROL>hMEHBTLDHL
NEBE L Az B
7(£)+7.(£)=0
T(§)+ Ta (‘5) =Ty +a
T _Ta(g)_ Aj%x)zdx JD(X) dx=n
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Hall-Petch relation 4

r.(&)=7, =0 r,(£)= constant
B os : : ' :
D(z) : : E
:r E D(z) E
i | i
@ i i ]
; : g :
: H e ‘
| e : : \
H Ta : | E
g E _; = » x
i - ' '
| n 1 | n ({a—X y2
. D(x)=_.[ 22—~
P(x) T (az_xz)l/Z () Vi (a+xj

B lzsg A F] 7% (1974) 79
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Hall-Petch relation 5

jD(x)-dx:O
i D(z) 7[ p
: : T T COS
3 f(5)= - !( 5) do+r,
: 1+— |-cosd
(] E# a
éa o+a
: =\r,—7¢) -1+ +7,
: , ( f{ \/25a+§2}
5 1 |a
=\r. -7, )—=.|— + 0 << a
=3 e

D(X) - A (az _sz)l/z

RE - REOY1FILROHE 111 FEYEZFHm J07# (1971) 80



Hall-Petch relation 6

BRI 79

*7 / 30 C
v, / ;';
1_77/ - E
i 2 S T
15

LT
¥ 5
sl
R e’ 15
A

. 8-38 ikl (0.11%C ,
1030 RRHRICTE XL ORR. il *,_‘f%(m; i
BhR77v7-9—FVE Lt i

T, =T; Jr(rc—z'f)\ﬁ-d_y2
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