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Microscopic picture
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VIC picture
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General properties

ge, scale free interaction F oc 1/r.
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DDD single slip in 2D

motion

N
= Mpb Zsiszind(Fj: = F;) + Text
Jj=1

dx;
dt
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DDD single slip in 2D

Equa motion with thermal noise

N
% = M/%} > sisiTina(F — F) + Text | + /2M kg TCi(t)
Jj=1

< Gi(£)Gj(0) >= 6;8(¢)
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DDD single slip in 2D

Equa motion with thermal noise

N
% = M’% (Z 5iSTind (7] — F7) + Text) + V/2M'" kg T(i(t)
=1

< Gi(£)Gj(0) >= 6;8(¢)

Since

Tind = OxOyXind = Tind = —OxPind J

% = —M'0,V({F}) + V2M kg T(i(t)

V{7 = % 3 si5i®inal7i — 7)
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Fokker—Planck equation
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Fokker—Planck equation

PO E) _ 5 0 i, 00 VIAD) + ki T pl ), ]

Steady state solution

[0x V({7i}) + ke TOx] poc ({xi}) = O J

L -
Poo({xi}) = e J
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Fokker—Planck equation

PO E) _ 5 0 i, 00 VIAD) + ki T pl ), ]

Steady state solution

[05; V({7i}) + kg TOx] poo ({Xi}) = 0 J
1
Poo({xi}) = e J
Time scales
1 /p _ 1 1 1

t =__ VI _ b= —
R T M b2 Mopb?h T MpkeT
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Time evolution of the energy

dv _dv Ly
& =2 Vigg =~ MV <0
1 1
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Coarse graining

el edge dislocations with +b

2
Vix = ﬁ (bOy) kg with kg = Zs;5(F’— )
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Coarse graining

el edge dislocations with +b

2
Vix = ﬁ (bOy) kg with kg = Zs;é(?— )

Convolution with w(F)

/w(r— FYV A (F)dF = 12_—“V W(7— 7)b8,g(F)d7
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Micro — > meso

motion

‘71' = MOE(Z;\I#, Tind(F; - '7) + Text)
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Micro — > meso
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Micro — > meso

motion

5(F—7)
_— e N sz d
v; = Mob (Zj#i Tind (F7 — rj) + Text) b??

N
i=1

Istvin Groma, ELTE Condensed Matter Physics, Statistical physics of dislocations 8/1



Micro — >

meso

motion

57— 7)
Vi = MOE(ZJI\;, 7—ind(’_‘; - F;) + Text) bi

Q

\g|
=2

dtpdisc(F) =

|
-

MOE—F,{/Tind(F()pdisc(F')pdeC(F_ FI)dFI"‘TeXf”d"SC(F)}’

N
pdisc(’_", ’_'i7 . FN) = ZJ(F— F;
=1
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Micro — >

meso
motion
5(F—F)
‘7": Mob (ZJ'I\;,‘Tind(F;_Fj)“‘Text) bdi?
N
>lin1
_Epdisc(F) = MoE—F{/Tind(Fl)pdisc(F')pd,'sc(F— F’)dF’ +7'exthisc(F)} s
N
pdisc(’_",’_'iwaN) = ZJ(F—F;
i=1
.
Coarse graining

p1(F) =< paisc(F) >cc: p2(F, ') =< paisc(F)pdisc(F— F') >cq
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Micro — > meso

motion

- MOE(Z’."

5(F—r)
A 7—ind(’_‘; - F;) + Text) bdi

\g|
=2

i=1
dtﬂdisc(F) = MOE_F.{/Tind(Fl)Pdisc(F')Pdisc(F— 7)dr +7'extpdisc(7)} :
N
pdisc(’_", n, 7FN) = ZJ(F— F;)
i=1 )
Op1(ri, t)
ot
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Micro — > meso

motion

§(7F—7)
\7,- = Myb (ZJI\;I 7—ind(’_‘; - F;) + Text bdi,*

~d
dtpdisc(F) = Mob—

= { [ i pae Vo7 ) + Texrﬂdfsc(f“)} ;

N
2= = > =
pdisc(Fy A,y iy) = ZJ(r —7)
=1
9p+(7, 1) - d = -~ @ =
= [;4('1, )Text + / {P++(’1v Rt = py (7,7, f)} Tind (i — '2)df2] =0
i
ap_ (7, t ~
p—(A )7M0b7
ot dr

o= Orext = [{o—— (3.0 = o1 (.5, 0} Tina(i - B)an] =0
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Plastic shear

density tensor

az1 = b(pt —p-) =bx p=ps+p- J
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Plastic shear

density tensor

az1 = b(pt —p-) =bx p=ps+p- J
9B,
bk = ——12
" Ox
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Plastic shear

density tensor

az1 = b(pt —p-) =bx p=ps+p- J
opP
b = ——12,
" Ix
with 7:,3{’2

b dv
= e 2V
b2 dr
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Plastic shear

density tensor

az1 = b(pt —p-) =bx p=ps+p-

with v = ,Bf2

TR ar J

Geometrically Necessary Dislocation (GND) density
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Plastic shear

density tensor

az1 = b(pt —p-) =bx p=ps+p- J
opP
b = ——12,
" Ix
with 7:,3{’2

b dv
= e 2V
b2 dr

Geometrically Necessary Dislocation (GND) density
Deformation rate

Ak b d¥
at b2 dF’
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Self-consistent field

pSS’(Fly Fé!t) :ps(a)psl(’:i)a S, sl € {+7_} J
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Self-consistent field

pSS’(Fiy '37t) :ps(ﬁ)psl(’:é), S, sl € {+7_} J
Ap(F,t
”g ) +Moba_,[/¢(r ) {7ec(F ) + Text}] = O
Ok(7, t) =0 .
———~ + Mob—[o(F, t) {Tsc(F;t) + Text}] = O
ot or

where

el = [ K na(F— )l
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Self-consistent field

pSS’(Fiy Fé! t) = ps(Fi)ps’(Fé), S, sl € {+7 _}

apg 8, Moba_‘[/@(r ) {rse(F ) - T )]

Ok(F, t)

T Mobf[p(r t) {7sc(7, £) + Text}]

where

el = [ K na(F— )l

Tsc is not "new”

2by O o2

Aoy ay," == 55X
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Local density approximation

pss’(’_'iy Fé:t) = ps(ﬁ)ps'(a)(l_’_dss'(ﬁ» Fé)) 57SI € {+7_}

J

"

=
302 0 0 1 2
< Rrrsl
X
Relaxed dislocation configuration Correlation function
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Local density approximation

pss’(’_'iy Fé:t) = ps(ﬁ)ps'(a)(l_’_dss'(;i; Fé)) 575/ S {+7_}J

10
> !
-
01
32 1 0 1 2 3
: Rrrsl
X
Relaxed dislocation configuration Correlation function

dssl(f_‘i, Fé) = dss’('_i - Fé:p('_'i))
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Local density approximation

ps(ﬁ)ps'(a)(l + dss’('_'i; Fé)) S, s' e {+7 _}
dss’((Fl - Fi) V p(ﬁ))

pss’(’_'iy Fé: t)

dss’(Fiv Fé)
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Local density approximation

pSS’(Fiy f_‘é, t) pS(Fi)ps'(Fz)(l + dss’(Fi’ F2)) S, s’ € {+7 _}
deo (A, %) = de((A—R)Vp(A))

swith p=py +p_ and Kk = p4 — p—

Stress “like” t

Oep+(F, t) + MobOx {P+ |:Text + Tse =T +Tp+ T2+ ET{| } =0

Btp—(F: f) — Mo bOx {P— |:7'ext + Tsc = Tf +Tp — Ta — S'rf] } =0
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Local density approximation

pSS’(Fiy f_‘é, t) pS(Fi)ps'(Fé)(l + dss’(Fi: Fé)) S, s’ € {+7 _}
deo (A, %) = de((A = R)Vp(A))

swith p=py +p_ and k = py — p_

Stress “like” t

Orp+(F, t) + MobOx {p+ |:Text + Tse =T +Tp+ T2+ g"'fj| } =0

K
81'/7—(?: f) — Mo bOx {P— I:Text + Tsc = Tf +Tp — Ta — ;Tf] } =0

Correlation functions

ds =3(diy+d-— +di—+d_y),
dp =3(dit+ +d-— —di— —d_1),
da = 3(dpy —d—— —di— +d-y),
dy = 3(d4r —d—— +di —d—y).
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Local density approximation

pSS’(Fiy f_‘é,t) = pS(Fl)ps’(Fé)(l"_dss’(Fi:a)) svsl € {+7_}
deo (A, %) = de((A = R)Vp(A))

swith p=py +p_ and k = py — p_

Stress “like” t

Orp+(F, t) + MobOx {p+ |:Text + Tse =T +Tp+ T2+ g"'fj| } =0

Btp—(F, f) — MobOx {p— I:Text + Tsc = Tf +Tp — Ta — STf] } =0

1 —
() = /Tind(F— #)a() a2, T” A2y = by

(M) = = [ A7 Yrna( = )

(@) = [ R (P )R

7a(F)

/p(F’)dp(F’— F)mnalF = F)d2r
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Local density approximation

pSS’(Fiy f_‘é,t) = pS(Fl)ps’(Fé)(l"_dss’(Fi:Fé)) svsl € {+7_}
deo (A, %) = de((A = R)Vp(A))

swith p=py +p_ and k = py — p_

Stress “like” t

Orp+(F, t) + MobOx {p+ |:Text + Tse =T +Tp+ T2+ g"'fj| } =0

Btp—(F, f) — MobOx {p— I:Text + Tsc = Tf +Tp — Ta — ST{| } =0

Tsc(F) = /Tind(F— 7)r(F)d?r, lz—_uy A2 x = bdyk
7¢(F) = Friction stress .... pba\/m,

WA = —Gbo(?)

) = —G5au(),
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Phase field theory

ations for py and p_

Otp+ + Oxlp+vE] = £f(p4, p-) J
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Phase field theory

ations for p4 and p_ with no sources

Otp+ + Ox[p+vE] =0 J
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Phase field theory

ations for p1 and p_ with no sources

Otp+ + Ox[p+vE] =0 J
Dissipative motion (v o F7)
SE 1 SE SE
T:H, E[n:zaxfy] = T=—3XE, = Vj::_MOaXE
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Phase field theory

ations for p1 and p_ with no sources

Otp+ + Ox[p+vE] =0 J
Dissipative motion (v o F7)
SE 1 SE SE
T:E, E[n:zaxfy] = T:—axg, = Vj:I—MoaxE

Phase field functional P[p+, p—, x]

1+B8 6P 1—8 6P
= — M, | —— — — —
- 0{8[ 2 dpy 2 59—]}

148 6P 1—65P:|}
_ = —MyL o —_— =
Y O{X[ 2 dp- 2 dpy
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Phase field theory

ations for p1 and p_ with no sources

Otp+ + Ox[p+vE] =0 J
Dissipative motion (v o F7)
SE 1 SE SE
T:E, E[n:zaxfy] = T:—axg, = Vj:I—MoaxE

Phase field functional P[p+, p—, x]

oP oP
Orpt — Ox {P+Mo |:ax_+,86x 7] } = 0
Ok op
oP oP
atp— + Ox {,0— Mo |:ax__,88x 7:| } =
0Kk op
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Phase field functional

ined energy functional

1-v
PSC[Xap+7p—]=/|:_ au (AX)2+bX8yli d2r
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Phase field functional

ined energy functional

1—v
Psc[XaP+7p—]=/|:_ m (AX)* + bxdyk| d2r

Minimum condition

6P _
Ix
1_
YAy = bOyk, Tee = Okdyx
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Phase field functional

ined energy functional

Psc[x, p+;p-] = / [

+ bxdy k| d%r

Minimum condition

6Psc - 0
ox
1-v
X = boyk, Tsc=0x0yXx
2
Evolution equation
0, t
”((9’ ) & mo ba_,[/-s(r ) {rec(Ft) +7ext}] = O
Ok(r,t
) + My bi[p(r t) {7ec(Ft) +Text}] = O

ot

Istvin Groma, ELTE
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Correlation part

GDb K2
P, [p+] =/ [GAprn (ﬁ) + T%] d2r
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Correlation part

Psclp+, p—, x] + Peorr[p+, p—]

GDb K2
PE_ [p+] :/ [GAprn (ﬁ) + T%} d2r

Evolution equations

Bep = —Mboy {m‘sc — 6bD ok — GbA8xp}
P

Bers = —Mbdy {stc — GbDOK — GbAfaXp}
p
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Flow stress

stress

Bep = —Mbd, {m’se — GbDZ Bk — GbABXp}
p

B¢k = —Mbdy {stc —p (1 - ;é) 7t — GbDyr — GbAZdyp
e(Tsc) = Tsc if 7ec < auby/p
f\Tsc) = apb\/p if 7ec > auby/p
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Flow stress

stress

oP oP
8tp = 8)( {KIMoaxE 4 PMoax%}
P oP
Otk = Ox {pM (6)(7) —l—nMo@X(S—}
’%z-x if |x| < xo
P 2
M(x) = Mo sgn(x) [|x| —Xp (1 = %Z)
if |x| 2 xo

with xo = apub?\/p

=i
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Finite size effect

2.
7
T 20
g
B
g 15
x S
P
PL. 4 8 10
> @
°
Z 05 /
5
2
i} o L
~ 0 2 8 10
L
L Strain[bp, “D]
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Finite size effect
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Finite size effect

ifp=1/1

=
PG|
r b 95(0)
p(r) 0Ox
1
"= Th G
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Finite size effect

ifp=1/P

Klp)

L

at the surface —L/2 p= —k

T
T G DL—aK(F)
p(r) 0Ox
1
"= TR G
r = —ep—L 20
K(F) Ox
1
k(F) = noexp{—rﬁx}
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NG composite

2h
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NG composite

0.5

— continuum /
- -~ discrete (iif)
.
7
7 0 y
0N~ 0 i
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/
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NG composite
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Debye screening
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Debye screening

cation+" bath”

2\ = b0r8 + bdak
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Debye screening

cation+" bath”
X = b0 + bork

Single dislocation+induced GND

1—v

A2x=b82{6+% 2x}
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Debye screening

Single dislocation+induced GND

1—v

A2x=b82{6+% 2x}

Solution

x o sinh(koy)Ko(kor)
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Debye screening

Single dislocation+induced GND
1—v

o A2x=b82{6+% 2x}

K(XgY)/ko?

Solution

x o sinh(koy)Ko(kor)

Kny
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Only GND

s
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Only GND
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Dislocation configuration
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Only GND

...... ‘f;i 600
t B F
s t ?111 n
:‘f 1: LY 500 -
AL
L
Pt Q400
ﬁ 1L t=0 -
1 1‘** 1 = -m-
P i “10
A 1‘ s | t= A
R R 300 £=200 -
LA Y Po —
. . . . 200 L L
Dislocation configuration 0 02 04 06 08
X

Density evolution

ji = —MoAbGdyp, =0 J
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Beyond Gradient term

ntial

1-—
P = /G{ ( (Ax)2+bx<9yp++GbAp+|n(p+/po)

+p4U [(axp+) /p1]} dr
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Beyond Gradient term

= Boundary condition

Psurface = /6(; A\/p-;-(Eﬁ')ds
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Dislocation patterning

Cell structure PSB structure
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Stability analysis

p(rit) = p+0p(Ft)
w(Ft) = Or(F,t)
x(Ft) = Toxy +0x(F,t)
Periodic perturbation
dp dpo A .
oK = dko exp <—t + iw/pokF’)
2% dXo fo
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Stability analysis

p(Ft) = p+p(F,t)
K(FE) = On(Ft)
x(Ft) = Toxy +0x(F,t)
Periodic perturbation
op dpo A .
0k | = | Oko |exp <—t 4F i\/%kf’)
ox dXo fo
Stability condition
k2 k2
G +2a)¥ —a)+ A k4y + ADK? < 0.
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Length scale selection
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vV = p(F, @) + 9

L(F, ) = (cos(¢),sin(¢), 0, k(F; #))

Velocities

V = (v1,v2,0) = v(F, ¢)(sin(¢), — cos(¢), 0)

V(F; (P) = (Vli V2,0, — L V)

Evolution eqs. g = pk
dp=—(pV) + qv

9:q = —/(qV) — pvL VLV

Istvin Groma, ELTE Condensed Matter Physics, Statistical physics of dislocations 26/1



