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* Few words on substructure
* Dislocation density evolution
e Subgrain size evolution

* Model demonstration
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Introduction to dislocations
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MatCalc
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Dislocations

Wall dislocations

Intrinsic dislocations
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Dislocation density

* |[mpact:

Diffusion (pipe-diffusion)

Nucleation rate (number of nucleation sites)
Subgrain size (through similitude principle)
Recrystallization onset

Yield strength
* Directly - work hardening
* Indirectly — subgrain size, precipitate size
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Dislocation density evolution
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Dislocation density evolution

e MatCalc models

* Sherstnev-Lang-Kozeschnik (SLK) models
* 1 parameter model (a.k.a. ,1ABC")
* 2 parameters model (a.k.a. ,2ABC")

* 1 parameter model: global dislocation density evolution

e 2 parameters model: separate dynamics for intrinsic and
wall dislocations
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Dislocation density evolution
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&' Precipitation domains ...

Predipitation domains ...

matrix*
New ... Remove
Set active Rename ...

General Mech. Props MS Evolution Trapping Spedial

Grainstructure Substructure Solute drag Vacancies Heat generation

Substructure evolution model |no substructure evolution

no substructure evolution

1-param - Kreyca-Kozeschnik - 'sigma-theta’

2-param - Sherstnev- ang-Kozeschnik -'2-ABC'

No substructure evolution ...

Cancel
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Dislocation density evolution

p=p1— P2~ P3

* Dislocation generation
* Deformation =2 p;

e Dislocation annihilation

* Dynamic recovery (dislocations with antiparallel Burgers
vectors hit each other) 2p,

* Static recovery (dislocation climb) =2 p5
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Dislocation generation (deformation)

Mg
pl_bA\/ﬁ

p - Dislocation density M - Taylor factor

A - A-parameter (constant) € - Strain rate

b - Burgers vector
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Dislocation generation (deformation
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¢z Precipitation domains ... 7 @

. Precipitation domains ... [ General I Mech. Props ‘ MS Evolution ( Trapping ] Spedial }
M 8 matrix*

. Substructure | Solutedrag | Vacancies | Heatgeneration |
p 1 ‘l V p TN Ve TR T B 1 S 1-param - Sherstnev-Lang-Kozeschnik - 'ABC =

Excess dislocations ...

Rho_total [m-2] 0

Equilibrium wall dislocation density ...

from Read-Shockley /manual 1214 Misorientation [deg] 3

SGB pinning force ...

include disl. pinning  cell width [m] | 1e-8

p - D i S | O Ca t i O n d e n S ity Dislocation generation and annihilation ...

Parameter Value Description -
A 50 Mean free path for dislocation generation |
A - A— pa ra m ete r (CO n Sta nt) B 5 Dislocation annihilation coefficient (DRV) )
C le-3 Dislocation annihilation coefficient (SRV)
[ New ... ] [ Remove ] Al 30 Similitude parameter. Similar to A. but not totallv

[ Set active ] [ Rename ... ]

Cancel ] [ OK
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Dislocation generation (deformation)

M - Taylor factor
& - Strain rate

b - Burgers vector
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€t Precipitation domains ...

Precipitation domains ...

matrix*

[ New ... ][ Remove ]

[ Set active ] [Rename... ]

General Mech. Props MS Evolution l Trapping | Special ]

General Solid Solution I Segregation l CC Diffusion I Precipitation

Mechanical properties ...

Young's Modulus [Pa] | (69220-40.1%TSC)*1e6

Taylor factor (2.5-3.1) 3.06 Poisson's ratio 0.3

Speed of sound 5100.0

Matrix strength evaluation ...
Basic strength [Pa] 20.0e6
Hall-Petch coeff (gb/sab) 0.04e6 / |0.0e6

Disl. strenat. coeff. (a1/a2) 0.5 / 0.0

Dynamic strength ...
delta_F_lt_fact |1.0 delta_F_ht ' +127200 coupl.-exp 3.0

eps_dot_fact |1.0 exp_ht 1.0/3.0

Total strength coupling coefficients ...

Coeff. thermal + athermal (1.0) 1.0

Cancel ] [

OK
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Dislocation generation (deformation) ML

Cc . o - -
€t Precipitation domains ...

Precipitation domains ... General Mech. Props | MS Evolution : Trapping | Special ]

—
matrix Thermodynamic matrix phase ...

- Mé
G

Microstructure parameters ...

equilibrium dislocation density [m-2] 1e13
initial grain diameter [m] 100.0e-6 elongation factor |1

initial subgrain diameter [m] ' 100.0e-6 elongation factor |1

Burger's vector

(V| automatic manual value [m] |2,5e-10

M - Taylor factor

€ - Strain rate

b - Burgers vector [ New.. ][ Remove ]

[ Set active ] [Rename... ]

Cancel ] [ oK

Page = 14




o~
§§f Edit t/m treatment segment ...
p. —— / p | General | MsEvolution |

b A deformation mode |axisymmetric compression (forging) E]
Options ...
("] reset excess vacancies ("] break up particles
| reset X_recrystaliized || release gb precipitates
|| reset trap partitioning

M - Taylor factor

Comment | Pre-Segment Script Post-Segment Script

€ - Strain rate

b - Burgers vector
| 0 cancel | [ ok
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Dislocation annihilation (dynamic recovery) MarLalc

L __ G,
amn - 2n(1 —v)Ey,

dann - Annihilation distance Ey,- Vacancy formation energy

G - Shear modulus (from thermodynamic database)

V - Poisson ratio N, - Avogadro constant



Dislocation annihilation (dynamic recovery)

277:(1 P— V)EVCI,

dann

d,nn - Annihilation distance

D

Shear modulus

<

Poisson ratio
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Precipitation domains ...

A General

matrix*

General

[ New ... ][ Remove ]

[ Set active ] [Rename... ]

Co e

Mech. Props MS Evolution ] Trapping I Spedial

: Solid Solution ] Segregation I CC Diffusion l Precipitation

Me al propertie
Young's Modulus [Pa] | (69220-40.1%TSC)*1e6

Taylor factor (2.5-3.1) |3.06

Poisson's ratio 0.3

Speed of sound 5100.0

Matrix strength evaluation ...

Basic strength [Pa] 20.0e6
Hall-Petch coeff (gb/sab) 0.04e6 / |0.0e6
Disl. strengt. coeff. (a1/a2) 0.5 / 0.0

Dynamic strength ...

delta_F_lt_fact 1.0 delta_F_ht ' +127200 coupl.-exp 3.0

eps_dot_fact |1.0 exp_ht 1.0/3.0

Total strength coupling coefficients ...

Coeff, thermal + athermal (1.0) 1.0

Cancel ] I OK




Dislocation annihilation (dynamic recovery)

L __ GbN,
ann = T —WhEya

d,nn - Annihilation distance

G Shear modulus

14 Poisson ratio
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Precipitation domains ...

‘ General

matrix*

General

[ New ... ][ Remove ]

[ Set active ] [Rename... ]

Mech. Props MS Evolution l Trapping I Spedial

Solid Solution I Segregation I CC Diffusion ] Precipitation
Mechanical properties ...
Young's Modulus [Pa] | (69220-40.1*TSC)*1e6
Taylor factor (2.5-3.1) 3.06

Speed of sound 5100.0

Matrix strength evaluation ...

Basic strength [Pa] 20.0e6
Hall-Petch coeff (gb/sab) 0.04e6 / |0.0e6
Disl. strengt. coeff. (a1/a2) 0.5 / 0.0

Dynamic strength ...

delta_F_lt_fact 1.0 delta_F_ht ' +127200 coupl.-exp 3.0

eps_dot_fact 1.0 exp_ht 1.0/3.0

Total strength coupling coefficients ...

Coeff, thermal + athermal (1.0) 1.0

o s |

Poisson's ratio 0.3

Cancel ] |

OK




Dislocation annihilation (dynamic recovery) Marcale
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Precipitation domains ...

[ General I Mech. Props } MS Evolution l Trapping ] Spedial }

matrix*

- d JM‘ Substructure ’ Solute drag I Vacancies l Heat generation I
2 M g ann B (0o o0 la 81 g R Blce g By o 1e < Wl 1-param - Sherstnev-Lang-Kozeschnik - "ABC' ﬂ

[ ]
p 2 b p Excess dislocations ...

Rho_total [m-2] 0

Equilibrium wall dislocation density ...

from Read-Shockley /manual 1214 Misorientation [deg] 3

SGB pinning force ...

include disl. pinning  cell width [m] | 1e-8

Dislocation generation and annihilation ...

B = B_ pa ra m Ete r (CO n Sta nt) Parameter Value | | D-escrit?on - -

m

icient (

V)

[ New ... ] [ Remove ] A 30 Similitude narameter. Similar to A. but not totallv

[ Set active ] [Rename... ]

Cancel ] [ OK
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Dislocation annihilation (static recovery) MatCalc

ZGb3 C
3 = ef (o =gl

D.s¢ - Diffusion, incl. enhancement factors like pipe diffusion,

excess vacancies, etc.

kg - Boltzmann constant ' - C-parameter (constant)

T - Temperature Peq - Equilibrium dislocation density



Dislocation annihilation (static recovery) MatCalc

P3 =

C
Peq

— 2Gb°D eff.(p

— p2;)

C-parameter (constant)
Equilibrium dislocation
density (sum of intrinsic

and wall dislocations)
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§§f Precipitation domains ...

Precipitation domains ...

matrix*
[ New ... ] [ Remove ]
[ Set active ] [ Rename ... ]

General | Mech. Props MS Evolution Trapping ] Spedial }

En )

Grainstructure Substructure Solute drag I Vacancies I Heat generation |
ST e TR T B Sl 1-param - Sherstnev-Lang-Kozeschnik - 'ABC n

Excess dislocations ...

Rho_total [m-2] 0

Equilibrium wall dislocation density ...

(V| from Read-Shockley / manual | 1214 Misorientation [deg] '3
SGB pinning force ...

[¥] include disl. pinning  cell width [m] | 1e-8

Dislocation generation and annihilation ...

Parameter Value Description

A 50 Mean free path for dislocation generation

Cancel ] [ OK




peq -

Dislocation annihilation (static recovery)

ZGb3 effc

O = (P -)

C - C-parameter (constant)
Equilibrium dislocation
density (sum of intrinsic

and wall dislocations)
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€&t Precipitation domains ...

Precipitation domains ...

| matrix*
[ New ... J [ Remove
[ Set active ] [ Rename ...

] L

General | Mech. Props MS Evolution
Thermodynamic matrix phase ...

FCC_A1

Microstructure parameters ...
equilibrium dislocation density [m-2]
initial grain diameter [m] 100.0e-6

initial subgrain diameter [m] ' 100.0e-6

Burger's vector

Trapping Spedcial

lell
elongation factor |1

elongation factor |1

V| automatic manual value [m] |2.5e-10

Co s

Cancel

OK




Dislocation annihilation (static recovery) MatCalc

P

€5 Precipitation domains ... (-2 [

Precipitation domains ... General | Mech. Props ‘ MS Evolution Trapping ] Spedial }

matrix* 1 !
[ Grainstructure ‘ Substructure Solute drag I Vacancies I Heat generation

( p 2 _ ({01073 g0 a 01 g R Bice g By o s < Wl 1-Param - Sherstnev-Lang-Kozeschnik - "ABC' n

Excess dislocations ...

 2GD3D,psC
p3 _ kBT

Rho_total [m-2] 0

Equilibrium wall dislocation density ...

(V| from Read-Shockley / manual | 1214

C - C-parameter (constant) e . pvin ettt il 53

Dislocation generation and annihilation ...

peq = Equnibrium diSlocation Parameter Value Description

A 50 Mean free path for dislocation generation B
. . . . B 5 Dislocation annihilation coefficient (DRV) -
d e n S Ity (S u m Of I nt rl n S I C C le-3 Dislocation annihilation coefficient (SRV)
[ New ... ] [ Remove ] A 30 Similitude parameter. Similar to A. but not totallv
. . [ Set active ] [ Rename ... ]
and wall dislocations)
Cancel ] [ OK
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Read-Shockley dislocation density

* Read-Shockley dislocation density = necessary amount to fulfill
geometrical constraint
',u.;é‘-ui| =] [ )T
| ‘ll \ \ \ A ! f "‘:! i "u' | '1 I,'
s=d AN RRHAFE O
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6 - Misorientation angle T \w /| H

Burgers, J.M., Proc. Phys. Soc. 52 (1940) 23-33
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Read-Shockley dislocation density MatCalc

€5 Precipitation domains ... ==

Precipitation domains ... General Mech. Props | MS Evolution | Trapping l Spedial

 Read-Shockley dislocation | . e —
density = necessary VS — |

amount to fulfill ——

ge O m et rl Ca | CO n St ra I n t Equilibrium wall dislocation density ...
(V| from Read-Shockley / manual | 1214

SGB pinning force ...

[¥] include disl. pinning  cell width [m] | 1e-8

Dislocation generation and annihilation ...

Parameter Value Description

ta A 50 Mean free path for dislocation generation
pRS —_ 5 Dislocation annihilation coefficient (DRV)

m

B
C le-3 Dislocation annihilation coefficient (SRV)
A

[ New ... ] [ Remove ] 30 Similitude narameter. Similar to A. but not totallv

[ Set active ] [ Rename ... ]

6 - Misorientation angle | —
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Subgrain size evolution
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Subgrain size evolution

§=6,—6,

e Subgrains grow to minimize the subgrain boundary
area (minimize the boundary energy) 26,

e Subgrain walls shrink with increasing dislocation
density (more wall dislocations available) = 6,



Subgrain growth MatCalc

SlePD

» Subgrain growth model same as for grain growth - product of
mobility and driving force

* Same models for as for grain boundary mobility 2 same
effects for precipitate pinning and solute drag



Subgrain growth MatCalc

e

$& Precipitation domains ... 2| (3]

Predipitation domains ... ‘ General | Mech. Props I MS Evolution | Trapping ‘ Spedial

61 —_ MPD it { Diffusion control I Energies | Mobilities

Grain boundaries (HAGB) ...

intrinsic MO 0.01"MOB_HAGBS@ Q 0.0
solute drag MO |1000.0%GB_MOB_INTS@ Q 0.0
pinned MO 0.01*GB_MOB_INTS@ Q 0.0

Subgrain boundaries (LAGB) ...

 Same models as for grain vscw [LOMOSLAGHHO 2

[V] use same solute drag factor than HA grain boundaries

boundary mobility =
same effects for
precipitate pinning and
solute drag

solute drag MO | 1000.0%5GE_MOEB_INTS@ Q |0.0

|| use same pinning factor than HA grain boundaries

pinned M0 0.01*SGB_MOB_INTS@ Q (0.0

[ New ... ][ Remove ]

[ Set active ] [Rename... ]

Cancel ] [ OK
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Subgrain growth MatCalc

* Driving force — balance between Laplace pressure and

dislocation pinning of subgrain walls

P — — —_—
Ysgp - Subgrain boundary energy w - Cell width for dislocation pinning

0 - Subgrain size prs - Read-Shockley dislocation density



Subgrain growth

* Driving force — balance betw
dislocation pinning of subgra

v 8 ywp

VP — Prs

Ysgp - Subgrain boundary energy

d - Subgrain size

MatCalc

Engineering
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":? Precipitation domains ...

Precipitation domains ...

matro" |
[ New ... } [ Remove ]
[ Set active } [ Rename ... ]

General Mech. Props MS Evolution

Trapping |

: Diffusion control Energies Mobilities

Defects ...

Grain boundary [1/m2] 0.5

Spedial

(o e |

Subgrain boundary [J/m2] 0.3

Dislocations [J/m] 0.0

Stacking fault energy

V| automatic SFE manual [J/m2] |0.0

Cancel ] |

OK




Subgrain growth

Driving force — balance bety

dislocation pinning of subgr

Gb?
\/P — PRrs

_ Wsgb

Py 5

w - Cell width for

dislocation pinning

MatCalc
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‘-:?' Precipitation domains ...

Precipitation domains ...

matrix*

[ New ... J[ Remove ]

[ Set active ] [ Rename ... ]
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General I Mech. Props ‘ MS Evolution [ Trapping | Spedial }

Grainstructure Substructure \ Solute drag I Vacancies I Heat generation ‘

ST e TR T B Sl 1-param - Sherstnev-Lang-Kozeschnik - 'ABC n

Excess dislocations ...

Rho_total [m-2] 0
Equilibrium wall dislocation density ...
Misorientation [deqg] '3

(V| from Read-Shockley / manual |1214

SGB pinning force ...

[¥] include disl. pinning  cell width [m] | 1e-8

Dislocation generation and annihilation ...

Parameter Value Description

A 50 Mean free path for dislocation generation B
B 5 Dislocation annihilation coefficient (DRV) -
C le-3 Dislocation annihilation coefficient (SRV)

A 30 Similitude parameter. Similar to A. but not totallv

OK

J

Cancel




Subgrain shrinkage MatCalc

€5 Precipitation domains ... @

Precipitation domains ... I General ] Mech. Props ] MS Evolution [ Trapping l Spedial }

matrix*

Grainstructure Substructure l Solute drag l Vacancies l Heat generation }

Substructure evolution model |BE =l e g Ty VR T T By ta g [y V= o u

Excess dislocations ...

5 3 Rho_total [m-2] 0

Equilibrium wall dislocation density ...

2 2 pl from Read-Shockley / manual | 1214 Misorientation [deg] |3

SGB pinning force ...

include disl. pinning  cell width [m] |1e-8

Dislocation generation and annihilation ...

Parameter Value Description H

/ ) A 50 Mean free path for dislocation generation 5

A a A = pa ra l I l ete r (CO n Sta nt) B 5 Dislocation annihilation coefficient (DRV) B
C le-3 Dislocation annihilation coefficient (SRV)

[ New ... ] [ Remove ] A 30 Similitude narameter. Similar to A. but not totallv

[ Set active ] [Rename... ]

[ Cancel ][ OK
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Model demonstration
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Strain rat

1-parameter model MatCalc

1 _- .......................................................................... q‘H 1 e+14 _:
B £ 1
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i : )
- 2 41e+13
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. "8' 1e+12 E
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1 w |
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0 — .I ............... o I I .............. I. .............. < D I . I . l I . I : I : I : I : I
1e-06 0,0001 0,01 1 100 10 000 1e-06 0,0001 0,01 1 100 10 000
Time [s] Time [s]
o See
G - EPS_DOT 2« = dd_totSmatrix

Al, 400°C isothermal, A=50, B=5, C=1e-3 (default values)



1-parameter model MatCalc

0:-‘ 7] r—
E 1e+14 =
E - =
g 5
G 1e+13 - ‘g
v -
o i 8
) | ©
T 1e+12 - 5
Q ] e
e 2
1 e+1 1 - I ! | ! I ! | ! | y | [ . | ! | ! | ! | ! | ! | i
1e-06 0,0001 0,01 1 100 10 000 1e-06 0,0001 0,01 1 100 40000 41e+06
Time [s] Time [s]
GG:; ‘2-‘.'
22‘ = dd_totSmatrix DD_EQUSmatrix = DD_EQU_WALLSmatrix 2“' = sgd$matrix

Al, 400°C isothermal, A=50, B=5, C=1e-3 (default values)



2-parameters model MatCalc
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1e-06 0,0001 0,01 1 100 10000 1e+06 1e-06 0,0001 0,01 1 100 10000 1e+06
Time [s] Time [s]

= EPS_DOT A = dd_totSmatrix

Al, 400°C isothermal, A=50, B=5, C=1e-3, Aw=250, Bw=2e-1, Cw=0 (default values)



2-parameters model MatCalc

T es14 ]

- 1e+13
li-l 2115

21e+12—;§
m |

° 16
= 1e+11 4F
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8 1l;
8 1e+09 4

i) 4l:
a 13"'08?;

[ ' T T | ' : | T T : | : I T | ' T T | ' T i | ' T T
1e-06 0,0001 0,01 1 100 10000 1e+06 1e-06 0,0001 0,01 1 100 10000 1e+06
Time [s] Time [s]

ae = dd_totSmatrix DD_EX_INTS$matrix = DD_EX_WALLSmatrix ae = dd_totSmatrix DD_EQU$matrix = DD_EQU_WALLSmatrix

Al, 400°C isothermal, A=50, B=5, C=1e-3, Aw=250, Bw=2e-1, Cw=0 (default values)



2-parameters model

| ' T : | ' ' T ' | ' T .
1e-06 0,0001 0,01 1 100 10000 1e+06

Time [s]
e
ae = dd_totSmatrix DD_EQU_WALLSmatrix = DD_EX_WALLSmatrix
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1e-06 0,0001 0,01 1 100 10 000 1e+06
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‘03
23‘ = sgd$matrix

Al, 400°C isothermal, A=50, B=5, C=1e-3, Aw=250, Bw=2e-1, Cw=0 (default values)
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