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Contact, website and class days

Date / Location Topics Lecturer
15. April 2016 Introduction to materials micromechanics, multiscale problems in micromechanics, Raabe
IMM / RWTH case studies, crystal structures and defects, relation to products and manufacturing

22. April 2015 Crystal structures, dislocation statics, crystal dislocations, dislocation dynamics Raabe
IMM / RWTH

29. April 2015 Dislocations, crystalline anisotropy and crystal mechanics in hexagonal metals Sandlobes
IMM / RWTH

6. May 2015 No classes -

IMM / RWTH

13. May 2015 Fracture mechanics Shanthraj
IMM / RWTH Introduction to FEM

20. May 2015 Athermal phase transformations in micromechanics Wong
IMM / RWTH

27. May 2015 No classes =

IMM / RWTH

3. June 2015 Crystal micromechanics, single crystal mechanics, yield surface mechanics, polycrystal Raabe
IMM / RWTH models, Taylor model, Integrated micromechanical experimentation and simulation for

complex alloys, hydrogen embrittlement

10. June 2015 Micromechanics of polymers and biological (natural) composites Raabe
IMM / RWTH
17. June 2015 Il Class at MPI II' Applied micromechanics: multiphase and composite material design  Springer

MPI / Dusseldorf MPI Lab tour
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Multiscale crystal plasticity FEM
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Crystal dislocations: Relationship between lattice and defects

Why is the crystal lattice relevant for
understanding complex dislocation
structures?

What is the connection between
,simple ‘ structure data
and complex dislocation structures?

Body centered cubic (bcc) lattice structure

Max-Planck-Institut fur Eisenforschung, Dusseldorf, German
D



Crystal dislocations: Relationship between lattice and defects

Why is the crystal lattice relevant for
understanding complex dislocation structures?

Densely packed planes: glide planes; densely packed translation shear
vectors: Burgers vectors

Twinning systems

Stacking fault energy: planar dislocation cores, cross slip, recovery,
annihilation, Suzuki effect, twinning, strain hardening, stair rod dislocations,

reactions

Shockley partial dislocations (b = a/6<112>)
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Crystal dislocations: Relationship between lattice and defects

Special properties of the 3 main lattice types regarding plasticity defects

FCC: stacking fault energy can vary from very low values (a-Brass- 30 wt% Zn
in Cu; TWIP steels: =20 mJ/m?) to very high values (Al : =180 mJ/m?):
Regarding lattice defects in plasticity FCC and hcp is not a ‘homogeneous® or
unique crystal structure

Hex: hcp or hex?; c/a ratio determines slip systems and twinning: some
hex metals are very brittle (Mg) and some are rather ductile (Ti)

BCC: non-close packed planes: pencile glide behavior; multiple
slip systems: {110}; {112}; {123}; complex core of dislocation;
twinning vs. anti-twinning glide sense

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Example FCC — TWIP steels
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How frequently do certain crystal structures occur in the PSE?
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Lattice parameters

FCC: Face centered cubic Hexagonal close packed (a,c) BCC: Body centered cubic (a)
close packed, (a)

Cu (3.6147) Be (2.2856, 3.5832) Fe (2.8664)
Ag (4.0857) Mg (3.2094, 5.2105) Cr (2.8846)
Au (4.0783) Zn (2.6649, 4.9468) Mo (3.1469)
Al (4.0495) Cd (2.9788, 5.6167) W (3.1650)
Ni (3.5240) Ti (2.506, 4.6788) Ta (3.3026)
Pd (3.8907) Zr (3.312, 5.1477) Ba (5.019)

Pt (3.9239) Ru (2.7058, 4.2816)

Pb (4.9502) Os (2.7353, 4.3191)

Re (2.760, 4.458)

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Crystal structure: BCC

atoms per cell = (8x1/8)+1=2

coordination number = 4+4=8

atomic packaging = 0.68
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Glide plane: BCC
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Glide plane: BCC

(121)

[111] stereographic projection showing orientations of all {110} and {112} planes
belonging to the [111] zone.
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Crystal dislocations: BCC structure
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BCC-Fe: non-close packed planes: pencile glide behavior;

multiple slip systems: {110},; {112}; {123}, complex core of
dislocation; twinning vs. anti-twinning glide sense
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Crystal dislocations: BCC structure
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Crystal structure: FCC

Fe?(y).,_AI, CE;AEJ
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Crystal structure: FCC

atoms per cell=(8 x1/8)+ (6 x ¥2) = 4

coordination number = 4+4+4=12

atomic packaging = 0.74

4r=\/§a
a:2\/5r
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Crystal dislocations: FCC structure
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Crystal structure: Hexagonal

Seperate class by Dr. Sandlobes

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Crystal structure: Hexagonal

3. HCP: hexagonal close- packed

(Mg, Be, Co, Ti, Zn)
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Crystal structure: Hexagonal

¢ A ¢ 4 ¢ A
(a) (D) (c)
1 e
El;\ 13
S >
a, a,
a a,
basal <a>, 3 pyramidal <a>, 6
C
(d) (e)
>
3
a
dy
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Crystal dislocations: Hex structure

HCP Slip Planes and Directions
Principal slip system can depend on c/a and relative orientation of

load to slip planes

hcp Zinc
single crystal

0001} planes in the direction of <1120 >

Slip systems: 1x3=3 ¢/a2 1.6333 (ideal)
Cd, Zn, Mg, Ti, Be ...

Q {1010} planes in the direction of <1120 >
Slip systems: 3x1=1 Ti

Adapted from Fig.
7.9, Callister ée.

{1011} planes in the direction of <1120 >
Slip systems: 6x1=6 /5 <1 6333 (ideal)
Mg, Ti

Adapted from Fig.
7.8, Callister 6e.

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany | Gottstein, Physical Foundations of Materials Science; Springer
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Crystal dislocations: Hex structure
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(b) EAM/Sun’s (initial separation = 0.0 A)

Hex: hcp or hex?; c/a ratio determines slip systems and twinning: some
hex metals are very brittle (Mg) and some are rather ductile (Ti)
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hexagonal alloy systems: crystal structure and plasticity: examples
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Crystal dislocations: Hex structure — example of Mg
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Crystal structure: Hexagonal / FCC

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Crystal structure: Hexagonal / FCC




Crystal structure: Hexagonal / FCC




Crystal structure: Hexagonal / FCC




Crystal structure: Hexagonal / FCC




Deriving Miller indices: the description of lattice vectors
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Deriving Miller indices: the description of lattice vectors

—(100) plane (110) plane x) [111] direction
\

- -
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Miller Indices of typical planes and directions in FCC metals
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Miller Indices of typical planes and directions in BCC metals
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Miller Indices of typical planes and directions in BCC metals

Max-Planck-Institut flir Eisenforschung, Dusseldorf, Germany
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Microstructure Mechanics

Dislocation statics
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Plastic deformation of a single crystal by dislocation slip

single slip in a single crystal

plastic anisotropy

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany | Gottstein, Physical Foundations of Materials Science; Springer



Plastic deformation of a single crystal by dislocation slip

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany | Gottstein, Physical Foundations of Materials Science; Springer



Boundary condition: determines lab frame constraints

Constraints lead to specific crystal rotations
Non-symmetric dislocation shear leads to rotation

Symmetric-shear can lead to shape change without rotation T,

U7 crystal
| rotation

(1 slipplanes

Change in local constraints leads to heterogeneity

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany Roters et al. Acta Mater.58 (2010)



Kinematics: displacement vector in continuum space

u=u(x,y,z)

Uy (X,Y,Z)=U()(X,Y,2)

(X Y:2) (X2)¥:2)
O o
1 2
Uay(X,y,2) Up)(X,Y,2)

Max-Planck-Institut flr Eisenforschung,

Dusseldorf, Germany Roters et al. Acta Mater.58 (2010)




Kinematics: displacement vector in continuum space

u=u(x,y,z)
(X2 ¥:2) (X(2)Y:2)
o o
1 2
Uey(X,y,2) U (X,Y,2)

Uy (XY, Z)#U ) (X,Y,2)

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany Roters et al. Acta Mater.58 (2010)



Kinematics, displacement, displacement gradient: general

Distorsions come from gradients in the displacement fields

Displacement vector:
u = [uy, u, u,]

Strain tensor:

Sxx = .
OX
ou
Sxy :%(aux +—
oy  oX

efc.

Strain tensor: symmetrical part of displacement gradient tensor

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany Roters et al. Acta Mater.58 (2010)



Kinematics: Micro-to-macro-transition

strain rates and displacement gradients in crystals

l(ui + iii) = %mmsj}s mit m = = %(nibj +nb, )

X K
& =L A\, : < i i
S:

7\ =
o0
dy_ kbl

dt XZdt %

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany Roters et al. Acta Mater.58 (2010)



Geometrical interpretation

strain rates and displacement gradients in crystals

N
g opf = i) = it == (np )

i
g=1

plastic spin from polar decomposition

a}f = W{TK = %( Ii — zkfl.) = émﬂ?ﬂmsj}s mit rrf}m = = —(nl.bj. —-nb, )

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany Roters et al. Acta Mater.58 (2010)



Displacement gradient

The tensor 3':"_ is called displacement gradient tensor and may be written as
=

x dy dz

ui _ | p P I

i, Mg = dx dy  dz

vx] dw dw Jdw
L dx dy dz U

e

u,fx, yedy)

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany Roters et al. Acta Mater.58 (2010)



Displacement gradient tensor

The displacement gradient tensor in general is a non-symmetric tensor and can be decom-
posed into symmetric and antisymmetric part. Hence the displacement is

. 1 il
Ui = U; -+ = (ll,',j - L-l,',,') CL\,' s (Ll,",‘ — uj,,-) dx‘,'
~—~ 2 e .
translation vector o i
strain tensor rotation tensor
S— O . . . . . .

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Displacement gradient tensor: the Cauchy strain

Strain tensor

In matrix form

= % (Vu+ (Vu)T)

The above strain tensor is called Caushy strain tensor

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Displacement gradient tensor: the Cauchy strain

[ dul 1 [ dui + dug 1 [ duw + Bua |
dr1 2\ dxo dr1 2\ dx3 dr1
— |1 du2 + dul du2 1 duz + dui
— |2\ dx dro dxo 2\ dx3 dza
1(3us 4 Ow ) L [Jug 4 Dup dug
_‘3 az1 or3 2\ dzo ir3 a3 i
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Displacement gradient tensor: the rotation

Rotation tensor

In matrix form

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Displacement gradient tensor

Matrix expression of the strain tensor

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Displacement gradient tensor: strain components

Normal strains

Shear strains

. 1 (81! 8w>
2\ 9z ox
- l (8\’ 8w>
7 2\dz 9y

Engineering shear strains

Yoy =28y, Yo =26, Yo =28

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany




Displacement gradient tensor: special cases

Rigid Body Displacements

i Rigid Body Rotations
P X

Stretching kS

T Shear (with Rotation)
: »x

Pure Shear

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Displacement and strain field: infinite straight screw dislocation

'Recipe” | ' ' Jou, b @ (Y
- take a hollow cylinder, axis along z: € =73 =——tan"| =
- cut on a plane parallel to the z-axis; oy 4noy X
-displace the free surfaces by b in the z-direction. b 1 1
o ~dni 7P
By inspection: Uy =t, =0 (A)z
u—be _b 2x 2=bcos()
2 =50 dnx“+y* 4n r
b ;
=—tan ‘(X-J
2n X

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Strain and stress field: infinite straight screw dislocation

Stress field of straight screw dislocation

xx = Cyy
oo b 'y _ bsind
“ o 4nxP4+y? 4nor

GXX= W=GZZ=GX)'=GYX=O
A=0
Gb vy Gb sin©

— 2G - -

. R = y>  2n r

Gb x Gb cos6

= 2G = =

2 2+ y> 2n

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany

In Polar coordinates:

(either by direct inspection, or by transforming the
strains and stresses from Cartesian co-ordinates)

b
Cgz =Bz = Ant All other components of the
stress tensor are zero.
Gb
Ggz =029 = "2?'
Note:

+ Stress and strain fields are pure shear

+ Fields have radial symmetry

+ Stresses and strains are proportional to 1/r:
+ extend to infinity
+ tend to infinite values as r—=0

Infinite stresses cannot exist in real materials:
the dislocation core radius r is that within which our
assumption of linear elastic behaviour breaks down.

Typically ry= 1 nm.



Summary: infinite straight screw dislocation

0
u(x) = 0

arctan %

2m

by

O 0 b,_,i?r :1:2—|—y2
N b
é(:};) AAAAAA 0 0 _‘1_:;-( mz_i_yz

by b 0
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_ by
0 0 Arw 12412
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Summary: infinite straight edge dislocation

b (arct Y n 1 Xy )
Uy — arctan = ‘_ -
e 27 r 2(1—rv)x? +y?

Dty by ((3—2v) 22 +(1—-2v) y?)

| Ox 1 (=14 v) 7 (a2 +y2)
u, —(by (1 +2v) 2° + (=1 +2v) y°))
” 0y 4 (—1+w)m(a?+y?)
1 (f}u,m B’ufy) b (—x* +y°)
£ 1 — T\ p — - I 2
Y 2" Jy Ox 4 (=1+4v)m (2?2 + -yz)z
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Summary: infinite straight edge dislocation

bGy (327 +y?)

Oxx — c 942
2 (=1 +v) 7 (22 +y?)
bGy (=2 +y?)
Oyy — - N
" 2 (=1 +v) 7w (22 +y2)
bG vy
Ozz — ; p
(—1+wv) 7w (22 +y?)
bG o (—2% +y?)
Opy =

2 (=1 +v) 7 (22 +42)
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Forces and stress field: infinite straight edge dislocation
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Dislocations and strain hardening

s & true strain
O stress

. &
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Dynamics: forces among dislocations

Peach-Koehler Force

— 152 = o

Dislocation 2 “feels" the stress field of
dislocation 1 (and vice versa).

O, — produces giige force

G,y — Produces climb force
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Forces among edge dislocations

So glide force, resolved onto the slip plane, is:
Gb?  Ax(Ax? - Ay?)
Fogs =
2n(1-v) (ax?+ Ay2f

8
3Ax2 + Ay? : Gb
Oy =_Dyﬁ, with: D= :
(AX +_\y )2 21!(1—\)
2 A2
q‘yzayx:D_\xu
(a2 + Ay2

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany



Forces among edge dislocations

2 2
oﬂ:-Dym_+Ay. with : D:i
(A2 + Ay 2x(1-v)
2 Ay2
quzqw:D_\xu
(a2 + Ay2

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Forces among screw dislocations

Force on dislocation 2 from dislocation 1, resolved
onto the glide plane is:
Gb?

Fres = '%COSO

Alternatively, we can use the stress field expressed in
Cartesian co-ordinates:

Gyx = Oy =0, =0y, =0, =0

XX vy
Dislocation 2 "feels” the stress field of Gb Ay Gb sin®
dislocation 1 (and vice versa). Oy =— 5 o
2n AX® + Ay 2n r
_.. _Gb Gb  Ax Gb cost
%e =% =5 Oyz = 2 7
o 2n AX“+Ay* 2r r
So force on dislocation 2 from
dislocation 1 is:
' Note that the shear stress acting to shear atoms paralle
Ea Gb? to b above and below the glide plane is o,,.
2nr Gb? Gb?  Ax
Fres =0y,b=——cC080= ——
2nr 2n AX“+ Ay

... but this force acts in the radial direction.
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Stable configurations for dislocation ensembles

Fgllde
Gb?
27(1- v)Ay Ax [ Ay
- T
03 _ L
/...L
For like Burgers vectors: £ /.,L
Stable array is a planar 3
stack L 0
A low angle tilt boundary. R
L7
v
This arrangement has a L~ |
strong long-range stress 7
field. pd
J{/

For like Burgers vectors:
Ax = £Ay: unstable equilibrium
Ax =0 : stable equilibrium

For opposite Burgers vectors:
Ax = +Ay: stable equilibrium
Ax =0 : unstable equilibrium

For a set of “opposite” Burgers vectors:

There are a large number of possible stable

1 1 1L 1 1 1
T T
T T T T 1
l 1 1 1 T _I_J- i
T T T T 1 T
l 1 1 1 T J__I_
“Taylor lattice” “Dipole dispersion”

These stable arrangements have minimal /ong-
range stress fields.
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Homework: calculate forces among dislocations

Calculate the mutual forces for the following dislocation configurations:

2 parallel edge dislocations (same glide plane)

parallel edge and screw dislocations (same glide plane)
2 parallel screw dislocations (same glide plane)

2 parallel edge dislocations (above each other)

2 anti-parallel edge dislocations (same glide plane)

Write program:

store: stress fields of 2D infinite screw and edge dislocations (along z axis)
enter: position (x,y) and Burgers vector b of second dislocation (place first
dislocation in origing)
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Overview

Discrete Dislocation Dynamics

Statistical Dislocation Dynamics
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Basics of Discrete Dislocation Dynamics: DDD

Discrete Dislocation Dynamics

Max-Planck-Institut fur Eisenforschung, Dusseldorf, Germany
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Discrete Dislocation Dynamics in 2D

2D — view parallel to dislocation line
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Types of Discrete Dislocation Dynamics in 2D and 3D: DDD

A T

PUT) L e
< .

Some questions:

Difference between edge and screw dislocations?
How to do multiplication?

Dislocation bow-out?

Annihilation?

Climbing?

",

Ld |
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Types of Discrete Dislocation Dynamics in 2D and 3D: DDD

Discrete Dislocation Dynamics in 2D

2D — view into the glide plane
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Types of Discrete Dislocation Dynamics in 2D and 3D: DDD

Discrete Dislocation Dynamics in 2D

2D — view into the glide plane

Some guestions:

Difference between edge and screw dislocations?
Cross-slip?
Climb?
Cutting?
Jog-drag?
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Types of Discrete Dislocation Dynamics in 2D and 3D: DDD

Discrete Dislocation Dynamics in 2D

2D — view into the glide plane

Some guestions:

Difference between edge and screw dislocations?

Cross-slip?
©00000000 .90 9N9 999
. ©000C0O0O0GOO
Climb? ©0 0000000
.9 0 0 0 O ONewsighusk 9 90 099 WS @
. o O ©O ofl wiginal Slip Plane = _o. _o_ _? - 9- o .(.)r_l":'lh.,'.\l.:_[‘_m_.ur.
Cutt|ng? "o 0 000 00 O 900 9-;,"}1~}ig»j'r_un_ﬁ__
© ©O 0 00 0 O © 9 00 0 OO
© 0 000 O © O © 0 0000 0 O
‘JOg-drag? O O O OO0 O O O © © © 00 © © ©
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Types of Discrete Dislocation Dynamics in 2D and 3D: DDD

Discrete Dislocation Dynamics in 2D

2D — view into the glide plane

Some guestions:

Difference between edge and screw dislocations?
Cross-slip?
Climb?
Cutting? )
Jog-drag?
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Dislocation Interactions

Dislocation-Dislocation Interactions

Straight dislocation can intersect to leave Jogs and
Kinks in the dislocation line

Extra segments in a dislocation line cost energy and
require work done by the external force

. ‘ |
) 1

Dislocation g ‘ Kinik

szt l‘l‘ Dislocation =7 G ‘
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Edge-Edge Intersection Perpendicular Burgers vector

J The jog has edge character and can glide (with Burgers vector = b,)
d The length of the jog=b,
d Edge Dislocation-1 (Burgers vector b,) 1s unaffected as b,|| t,

J Edge Dislocation-2 (Burgers vector b,) — Jog (Edge character) —
Length |b,|.

il
——

|

2 4

¥ ¥
Intersection between two edge dislocations producing a Jog Intersection between two edge dislocations producing a Jog
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Edge-Edge Intersection Parallel Burgers vector

[ Both dislocations are kinked.

d Edge Dislocation-1 (Burgers vector b;) — Kink (Screw character) — Length |b,|
O Edge Dislocation-2 (Burgers vector b,) — Kink (Screw character) — Length |b,|
O The kinks can glide

Intersection between two edge dislocations Intersection between two edge dislocations
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Edge-Screw Intersection Perpendicular Burgers vector

Length |b,|

Length |b,|

J Edge Dislocation (Burgers vector b;) — Jog (Edge Character) —

J Screw Dislocation (Burgers vector b,) — Kink (Edge Character) —

Screw dislocation

Edge dislocation

b,

Intersection between an edge & a screw dislocation

| (L character)

4 oz
(L character)

o
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Screw-Screw Intersection Perpendicular Burgers vector

U Important from plastic deformation point of view
J Screw Dislocation (Burgers vector b,) — Jog (Edge Character) — Length b,
 Screw Dislocation (Burgers vector b,) — Jog (Edge Character) — Length b,

[ Both the jogs are non conservative
(i.e. cannot move with the dislocations by glide)

b/ b,+ Jog
s » s p (L character)
b Jog =
— (L character)
Screw dislocations vl

Screw dislocations

Intersection between two screw dislocations

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Types of Discrete Dislocation Dynamics in 2D and 3D: DDD

3D: DDD (discrete dislocation dynamics)

I:I' [T N T N AN TN NN SN NN NN T N M N NN
0 0.a 1 15
strain & (:{1[3'3)
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Types of Discrete Dislocation Dynamics in 2D and 3D: DDD

Discrete Dislocation Dynamics in 3D

Full 3D segment treatment

Some guestions:

Difference between edge and screw dislocations?
Junctions?
Cutting?

Cores of the dislocations?

Max-Planck-Institut flir Eisenforschung, Dusseldorf, Germany
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Discrete Dislocation Dynamics in 2D
2D — view parallel to dislocation line

Principle procedure
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Basics of Discrete Dislocation Dynamics in 2D

How to proceed?

Stress field of (edge) dislocation
Get coordinates

Use Peach Koehler

Move it
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Basics of Discrete Dislocation Dynamics in 2D

Force

=\ O

Force on dislocation ‘a@‘ T T

by all others J- T
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Basics of Discrete Dislocation Dynamics in 2D

Force

= all others—a [ —
F =\o b

acceleration friction coefficient (drag)

!

woion - =m X + BX ~ BX
/ /

Inertia velocity
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Basics of Discrete Dislocation Dynamics in 2D

Equilibrium of forces

= alle—a .
Fa — Z ba ><ta
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Basics of Discrete Dislocation Dynamics: 2D and 3D

Equilibrium of forces

- I:disloc T I:self force T I:extern T I:therm T I:viscous T I:obstacle T I:Peierls T I:osmotic T I:image T I:inertia

Fyisioc - €lastic — other dislocations Fopstacte - ODStacle

Feerf force - €lastic — self Foeierls . Pei€rlS

Feoviern - €Xternal Fosmatic: chemical forces
Finerm - Stochastic Langevin Fimage : SUrface forces
Feous | Viscous drag Fooint defect - POINt defects
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Example of Discrete Dislocation Dynamics in 2D

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Example of Discrete Dislocation Dynamics in 2D
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Example of Discrete Dislocation Dynamics in 2D

T 7

1) Calculate stress field of machine and of
all other dislocations at position of T

2) Use Peach-Koehler equation to get force
on dislocation

3) Integrate with very small time step
(explicit) viscous eq. of motion
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Set-up of Discrete Dislocation Dynamics in 3D

3D segments and node construction

discretization node

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany

\d

Burgers vector sum rule
* For each node
Dy + by, + by =0
* For each segment
By, +b,, =0

U




Set-up of Discrete Dislocation Dynamics in 3D

Annihilation events

L\& >
.

e
I\

%

Figure: Annihilation of two attractive dislocations

A C
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Set-up of Discrete Dislocation Dynamics in 3D

Jog formation

=

Figure: Jogs are formed when the angle between two attractive dislocations
in different planes becomes less than a critical angle ¢5°
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Dislocation-Point Defect Interactions

« The stress field of a dislocation can interact with the stress field of
point defects.

« Defects associated with tensile stress fields are attracted towards the
compressive region of the stress field of an edge dislocation (and vice
versa). Higher free-volume at the core of the edge dislocation aids this
segregation process.

« Solute atoms can segregate in the core region of the edge dislocation
-> higher stress is now required to move the dislocation (the system is
in a low energy state after the segregation and higher stress is
required to ‘pull’ the dislocation out of the energy well).

» Defects associated with shear stress fields (having a non-spherical
distortion field) can interact with the stress field of a screw dislocation.
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Dislocation-Point Defect Interactions

« Vacancies are attracted to the compressive regions of an edge dislocation
and are repelled from tensile regions.

« The behavior of substitutional atoms smaller than the parent atoms is similar
to that of the vacancies.

« Larger substitutional atoms are attracted to the tensile region of the edge
dislocation and are repelled from the compressive regions.

» Interstitial atoms (associated with compressive stress fields) are attracted
towards the tensile region of the edge dislocation and are repelled from the
compressive region of the stress field.
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Dislocation-Point Defect Interactions

Rep““ed

Vacancies (O) - No-interaction—*

v Tens,ﬂe Stresses

line

.‘lllf‘ac/et/
* Compressive Stresses
Stress values in GPa
Point Defect Tensile Region Compressive Region

Vacancy Repelled Attracted
Interstitial Attracted Repelled
Smaller substitutional atom Repelled Attracted
Larger Substitutional atoms Attracted Repelled
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Dislocation-Point Defect Interactions
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Dislocation-surface Interactions

« Vacancies are attracted to the compressive regions of an edge dislocation
and are repelled from tensile regions.

« Adislocation near a free surface experiences a force towards the free
surface, which is called the image force.

« The force is called an ‘image force’ as the force can be calculated assuming
an negative hypothetical dislocation on the other side of the surface. The
attractive force between the dislocations (+ & [1) is gives the image force.

« If the image force exceeds the Peierls stress, then the dislocation can leave
the crystal spontaneously without application of external stresses!

* Hence, regions near a free surface or nano-crystals can become
spontaneously dislocation free. In nanocrystals due to the proximity of more
than one surface, many images have to be constructed and the net force is
the superposition of these image forces.
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Dislocation-surface Interactions

Original Free-surface _
Edge dislocation._ =~ I Image dislocation —Gh?
n\1- : QO |Limage 4}7(1 _ l/)d
T
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Examples in 2D and 3D

Examples
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Example of Discrete Dislocation Dynamics in 2D
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Example of Discrete Dislocation Dynamics in 2D
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Example of Discrete Dislocation Dynamics in 2D
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rete Dislocation Dynamics in 3D
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Example of Discrete Dislocation Dynamics in 3D

Max-Planck-Institut flr Eisenforschung, Dusseldorf, Germany



Example of Discrete Dislocation Dynamics in 3D
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Example of Discrete Dislocation Dynamics in 3D: superalloys

Increasing Resistance to Creep Deformation
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Example of Discrete Dislocation Dynamics in 3D: superalloys
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Example of Discrete Dislocation Dynamics in 3D
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Example of Discrete Dislocation Dynamics in 3D: superalloys
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Example of Discrete Dislocation Dynamics in 3D: superalloys

1,8x10"

| [——150 MPa

——250MmPa

16x10" 4 | 350 MPa, \
1,4x10" - '\/‘W

1,2x10"

1,0x10™

Dislocation density (m?)

o N

8,0x10" -

6,0x10" -

L} l Al l Al ' Al ' Al
0,0 2.0x10® 4,0x10°® 6,0x10° 8,0x10° 1,0x10”7
Time (s)
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Statistical Dislocation Dynamics

WHY Statistical Dislocation
Dynamics ?
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Statistical Dislocation Dynamics

 kinetic equation of state
* structure evolution
« coupling to continuum kinematics
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Statistical Dislocation Dynamics
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Statistical Dislocation Dynamics
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Statistical Dislocation Dynamics

» Kinetic equation of state

10" T T T
O one
V' two slip planes
A six o
10717 a polycrystal AT
=
L,
a
> 109 |— -
£ <
S v
©
-~ A
. S
Q 408 — —
8 T=0aGby/p
o A
A
107 [ o9 % -
@ v
o v
ik 1 1 1
1 10 100
shear stress t [Mpa]
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Statistical Dislocation Dynamics

kinetics: collective dislocation behaviour g '
v tw.: }slpp&a’ns
. . . WP~ o ::iy‘crystal uu W
 Kinetic equation of state E
> w0 .
5 9/
5 of &
« structure evolution g o |- v 1 1=0aGbyp
© o‘:A
90 _ apt 4 Bp VA
d _ p p o/ ¥V

shear stress 7[Mpa)

« coupling to imposed shape change

_d7/_ dxb 1
T 4 dt XZdt

= PV

| |
.
I

|
I
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