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Outlook

* Few words on substructure

* Dislocation density evolution model
e Subgrain size evolution model

* Model demonstration



Introduction to dislocations
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Dislocations

* Two geometries: e
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http://www.geology.um.maine.edu/geodynamics/AnalogWebsite/UndergradProjects2010/PatrickRyan/Content/dislocationdiagram.jpg
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Dislocations

Internal dislocations Wall dislocations

https://www.tf.uni-kiel.de/matwis/amat/iss/kap_5/illustr/misfit_dislocations_si.gif https://www.flickr.com/photos/core-materials/3840257277
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Dislocations & subgrains

Fig. 7. A schematic representation of the microstructure; cell diameter, o, cell wall thickness, h,
cell wall dislocation density, py, and dislocation density within the cells, p;

E. Nes, Prog. Mater. Sci. 41 (1998) p.129-193

MCE-ppt-MO4E-V1



MatCalc

Engineering

Dislocation density

* Impact:
 Diffusion (pipe-diffusion)
* Nucleation rate (humber of nucleation sites)
e Subgrain size (through similitude principle)
* Recrystallization onset

* Yield strength

* Directly - work hardening

* Indirectly — subgrain size, precipitate size



Dislocation density
evolution
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Dislocation density evolution

e Stress in material increases with

dislocation density

SHEAR STRESS, T

* Flow curve analysis

T

Ym YIY [YY ) Y s

* Various stages in dislocation density evolution e SHEAR STRAIN, Y

* Dislocation density saturation expected at

some point

b SHEAR STRESS

Fig. 1. (a) Schematic stress—strain curves and (b) strain hardening (0) vs flow stress (t) curves for
fee-metals
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Dislocation density evolution

e MatCalc models

e 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

£5¢ Precipitation domains ... ? x
Predpitation domains ... General  Mech. Props ~ MSEvolution  Trapping  Spedial
matrix® ; . .
Grainstructure Substructure Solute drag Vacandies Heat generation
Substructure evolution model |no substructure evolution ~
Lo substructure evolution
Mo substructure evolution ...
New ... Remave
Set active Rename ...
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) 2 p,

e Static recovery (dislocation climb) =2 ps
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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) 2 p,

e Static recovery (dislocation climb) =2 ps
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Dislocation generation (deformation)

pp=A"" 35\/5

p - Dislocation density M - Taylor factor

A - A-parameter (constant) € - Strainrate

b - Burgers vector
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Dislocation generation (deformation

P

%‘ﬁ' Precipitation domains ... @

Predipitation domains ...

| General | Mech. Props | MS Evolution | Trapping I Special |
M matrix®

° ] 1 év— Grainstructure Substructure | Solute drag | Vacandes | Heat generation |

pl b p Substructure evolution model (s e= e = ] 15 =4 I= 10 o Fa=rctn g ]| A1 08 =

Excess dislocations ...

Rho_total [m-2] |0

Equilibrium wall dislocation density ...

from Read-Shockley / manual | 1214 Misorientation [deq] |3

SGB pinning force ...

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

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

Parameter Walue Description at
A 50 Mean free path for dislocation generation L
A - A— pa ram ete r (CO N Sta nt) B 5 Dislocation annihilation coefficient (DRV) 1
C le-3 | Dislocation annihilation coefficient (5RY)
[ MNew ... ] [ Remave ] A 30 Similitude parameter, Similar to A but not totally
[ Set active ] [ Rename ... ]
Cancel ] [ K
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Dislocation generation (deformation

e

Ef“" Precipitation domains ... @

Precipitation domains ... Gemeral | Mech.Props | MSEvolution | Trapping | Spedal
matrix*

° q —_— 1 g' General Solid Solution Segregation CC Diffusion Precipitation
pl b p Mechanical properties ...

Young's Modulus [Pa] | (62220-40. 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/fsgb) 0.04e6 /o |0.0ed
M T I f t Disl. strengt. coeff. {(01fa2) 0.5 /(0.0
y Dynamic strenagth ...
delta_F_It_fact |1.0 delta_F_ht |+127200 coupl,-exp 3.0

é - St ra i n rate eps_dot_fact [1.0 exp_ht 1.0/3.0

Total strength coupling coeffidents ...

b - Burgers Vector | Mew.. || Remove | Coeff. thermal + athermal (1.0) | 1.0

| Set active | | Rename ... |

Cancel | [ QK
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Dislocation generation (deformation)

'-';Ef Precipitation domains ... @

Precipitation domains ... Gereral | Mech.Props | MSEvolution | Trapping | Spedal
M matrix*

_ 1 Thermodynamic matrix phase ...
pl - A @g\’p FCC_AL

Microstructure parameters ...

equilibrium dislocation density [m-2] 1213
initial grain diameter [m] 100,0e-6 elongation factor |1
initial subgrain diameter [m] | 100.0e-6 elongation factor |1

Burger's vector

| automatic manual value [m]

M - Taylor factor

€ - Strain rate

b - Burgers vector otione) [oemove

| Set active | | Rename ... |

Cancel | [ OK
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Dislocation generation (deformation)

M E?’ Edit t/rn treatment segment ...

ldle_lbp

M5 Evalution

deformation mode |axisymmetric compression {forging) |E|
Options ...

reset excess vacandes break up particles

reset ¥_recrystallized release gb precipitates

reset trap partitioning

M - Taylor factor

Comment Pre-Segment Script Post-5egment Script

€ - Strain rate

b - Burgers vector

Il

@ Cancel | [ Ok
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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) 2 p,

e Static recovery (dislocation climb) =2 ps
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Dislocation annihilation (dynamic recovery)

%‘ﬁ' Precipitation domains ... @

Predipitation domains ...

| General | Mech. Props | MS Evolution | Trapping I Special |

Grainstructure Substructure | Solute drag | Vacancies | Heat generation |

2 M d ann . 0oL oWl RS Pl B v le S| 1-piaram - Sherstnev-Lang-Kozeschnik - 'ABC =

matrix®

pz - gp Excess dislocations ...

Rho_total [m-2] |0

Equilibrium wall dislocation density ...

from Read-Shockley / manual | 1214 Misorientation [deq] |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) arar‘neter Value | | Dnrescrit?c'n _ -

m

Dislocation annihilation coefficient (DRY)

- An N | h | |at|o N d |Sta nce c Te | Dislocation anniniation Coerncient (ory)

30 Similitude parameter, Similar to A but not totally

dann [ MNew ... H Remaove ] A

[ Set active ] [ Rename ... ]

Cancel ] [ K
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Dislocation annihilation (dynamic recovery)

4 1 Gb*N,
amn - 2n(1 —v)Ey,

d,nn - Annihilation distance Ey,,- Vacancy formation energy
G - Shear modulus (from thermodynamic database)

V - Poisson ratio N, - Avogadro constant
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Dislocation annihilation (dynamic recovery)

E{"r Precipitation domains ... @

Precipitation domains ... General Mech. Props MS Evolution Trapping Special

matrix®
General Solid Solution Segregation CC Diffusion Precipitation

d — 4
ann 27-[(1 _ V)EVa Taylor factor (2.5-3.1) |3.06

Speed of sound 5100.0

Poisson's ratio 0.3

Matrix strength evaluation ...

Basic strength [Pa] 20.0e6

Hall-Petch coeff (gb/sab) 0.04e6 f |0.0e6

Disl. strengt, coeff, (al/a2) 0.5 /(0.0
dann - Ann|h||at|0n d|Stance Dynamic strenath ...

delta_F_lt_fact | 1.0 delta_F_ht | +127200 coupl.-exp |3.0

G S h ea r m Od u I u S eps_dot_fact [1.0 exp_ht 1.0/3.0

Total strength coupling coeffidents ...

| New ... | | Remove | Coeff. thermal + athermal (1.0) 1.0

14 Poisson ratio

| Set active | | Rename ... |

Cancel | [ QK.
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Dislocation annihilation (dynamic recovery)

%E“g Precipitation domains ... @

Precipitation domains ... General Mech. Props MS Evolution Trapping Special

matrix®
General Solid Solution Segregation CC Diffusion Precipitation

G b 4‘ NA Mechanical properties ...

Young's Modulus [Pa] | (69220-40. 15TSC)*1e6

dann o 27.[(1 _ ’ EVa 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 f |0.0e6

Disl. strengt, coeff, (al/a2) 0.5 /(0.0
dann - Ann|h||at|0n d|Stance Dynamic strenath ...

delta_F_lt_fact | 1.0 delta_F_ht | +127200 coupl.-exp |3.0

G _ S h ear m Od u | us eps_dot fact | 1.0 exp_ht | 1.0/3.0

Total strength coupling coeffidents ...

| Mew ... | | Remove | Coeff. thermal + athermal (1.0) 1.0

<
I

Poisson ratio

| Set active | | Rename ... |

Cancel | [ QK.
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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) 2 p,

* Static recovery (dislocation climb) 2 p;



Dislocation annihilation (static recovery)

2Gb3Dey s
kg T

Pz =C (p? = pq)

D.sr - Effective diffusion coefficient, incl. enhancement factors

like pipe diffusion, excess vacancies, etc.

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

T - Temperature Peq - Equilibrium dislocation density
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Dislocation annihilation (static recovery)

?&" Precipitation domains ... @
Precipitation domains ... | General | Mech. Props | M5 Evolution | Trapping | Special |

matrixc*
Grainstructure Substructure | Solute drag | Vacandes | Heat generation |

2Gb>D
p3 — . eff ( p p gq ) T R N B S| 1 param - Sherstnev-Lang-Kozeschnik - 'ABC' -

Excess dislocations ...

Rho_total [m-2] |0
Equilibrium wall dislocation density ...

from Read-Shodkley [ manual  |1214 Misorientation [deq] |3

SGE pinning force ...

C - C-parameter (constant)
indude disl. pinning  cell width [m] | 1e-8

peq = EQUI|Ibrlum d|Slocat|0n denS|ty Dislocation generation and annihilation ...
Parameter Yalue Descripticn it

(Sum Of equ”lbrlum Values for A 50 Mean free path for dislocation generation

intrinsic and wall dislocations)

I Mew ... II Remaove I

I Set active I I Rename ... I

Cancel I [ Ok
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Dislocation annihilation (static recovery)

‘g?' Precipitation domains ... @

Predpitation domains ...

General Mech. Props M35 Evolution Trapping Special

2 G b 3 D matrix® Thermodynamic matrix phase ...
ef f

k T Microstructure parameters ...
B

equilibrium dislocation density [m-2] 1e11

p3=C

initial grain diameter [m] 100,0e-6 elongation factor |1
initial subgrain diameter [m] | 100.0e-6 elongation factor |1
Burger's vector
C = C' pa ram Ete r (CO N Sta nt) | automatic manual value [m] |2, 5e-1i

Peq - Equilibrium dislocation density

(sum of equilibrium values for

intrinsic and wall dislocations)

| MNew ... || Remove |

| Set active | | Rename ... |

Cancel | [ Ok
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on (static recovery)

?&" Precipitation domains ... @

Precipitation domains ... | General | Mech. Props | M5 Evolution | Trapping | Special |

3 matrixc*
eff Grainstructure Substructure | Solute drag | Vacandes | Heat generation |

p. 3 — C k T ( p 2 —_— gl DR TG L S| 1-param - Shersinev-Lang-Kozeschnik - 'ABC |
B

Dislocation annihilat

Excess dislocations ...

Rho_total [m-2] |0

Equilibrium wall dislocation density ...

from Read-Shoddey / manual 1214

C - C-parameter (constant)
indude disl. pinning  cell width [m] | 1e-8
peq = EQUI|Ibrlum d|Slocat|0n denS|ty Dislocation generation and annihilation ...
. . Parameter Yalue Descripticn il
(Sum Of equ”lbrlum Values for A 50 Mean free path for dislocation generation L
) ) . . . B 5 Dizslocation annihilation coefficient (DRY) N
|ntr|nS|C and Wa” d|Slocat|0nS) C le-3 | Dislocation annihilation coefficient (5EV)
I Mew ... I I Remove I A ] Similitude parameter. Similar to A. but not totallv. ™
I Set active I I Rename ... I
Cancel I [ Ok
Page = 28

MCE-ppt-MO4E-V1



Engineering

MatCalc
Wall dislocation density (1-parameter model)

Taken as Read-Shockley dislocation density = necessary amount to fulfill

geometrical constraint for subgrains with a given misorientation angle and size

{ ‘ll'.'il\' ll\' \ RH\ l\ l 1"J /' /l[ ?'|l "‘l f"v 'j'
{94 )
= T FEEA VAN AL P
RS b N E::
orantat L)
@ - Misorientation angle | .}\\L \‘ i.-(-r-ﬁ/[:w:,
%;l';—l'n \‘\ ‘\' ; 5)/ /‘ f’
& - Subgrain diameter \.\.\\a-{[___(;, H

Burgers, J.M., Proc. Phys. Soc. 52 (1940) 23-33
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Wall dislocation density (1-parameter model)

* Taken as Read-Shockley dislocation density = necessary amount to fulfill

geometrical constraint for subgrains with a given misorientation angle and size

g; ROLLING REDUCTION [ %)
5— 5 Sfo 7|0 8I0 9|O 95 98
- | l:|99.98I Al (39)
tane 8 br 23355 /?\l[ ((150]) 7
- = ® 995 Al (42)
pRS 6b 5 3+ o S L -
e ® ®
3, o s 0 ]
= O
O - Misorientation angle & | 7 ]
O
=
. . = ¢ | L
& - Subgrain diameter S '1 ; . . :
STRAIN, £

Fig. 6. Sub-boundary misorientation vs strain®
E. Nes, Prog. Mater. Sci. 41 (1998) p.129-193
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Read-Shockley dislpcation density

‘gf“g Precipitation domains ... @

Precipitation domains ... Gemeral | Mech.Props | MSEvolution | Trapping | Special

Read-Shockley dislocation —— s —
d e n S ity Substructure evolution model |E|
9 necessary amount to Excess dislocations ...

Rho_total [m-2] |0

fulfill geometrical constraint et wal docaton densty
| from Read-Shockley fmanual | 1214

SGE pinning force ...

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

ta Dislocation generation and annihilation ...
-~

—_— Parameter Yalue Descripticn
pRS 5b A 50 Mean free path for dislocation generation L
B 5 Dizslocation annihilation coefficient (DRY) I
C le-3 | Dislocation annihilation coefficient (5EV)
. n . | Mew ... | | Remove | A 30 Similitude pararneter, Similar to A but not totallv
@ - Misorientation angle Cotacive | (R
Cancel | [ Ok,
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Wall dislocation density (2-parameter model
 Separate equations for internal and wall dislocations
* Internal dislocations x

Excess dislocation density [m-2] ...

Mobile [1,54862¢+13 | wail [0 |

Equilibrium wall dislocation density ...

from RS/ manual  1e14 subgrain phi [deg]
diphi)/d(eps) [0.0°1.0 d(phi/d(eps_dot)
L] L)
L4 Wa I I d I S I Ocat I O n S Dislocation generation and annihilation ...

Parameter  Yalue Description
Al 50.0  Mean free path for dislocation generation (internal)
Bl 10,0 Dislocation annihilation ceefficient (DRY) (internal)
¢ — N —_— . —_— ¢ Cl 1.0e-3 Dislocation annihilation coefficient (SRV) (internal)
pW - pW’ 1 pw, 2 pW’ 3 AW 2500 Mean free path for dislocation generation (Wall)
BW 0.2 Dislocation annihilation coefficient (DRV) (Wall)
cw 0.0 Dislocation annihilation coefficient (SRV) (Wall)

New ... Remove

Set active Rename ...

Cancel
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Subgrain size evolution

(only when a subgrain evolution model is active)
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Subgrain size evolution

5.:5.1_5.2

e Subgrains grow to minimize the subgrain boundary area

(minimize the boundary energy) 26,

* Subgrain walls shrink with increasing dislocation density

(more wall dislocations available) 2§,
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Subgrain size evolution

5.:5.1_6.2

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

* Subgrain walls shrink with increasing dislocation density

(more wall dislocations available) 952
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Subgrain growth

6, = MP;,

» Subgrain growth model same as for grain growth - product of

mobility and driving force

* Same models for growth inhibition as for grain boundary mobility =

same effects for precipitate pinning and solute drag
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Subgrain growth |

E‘é? Precipitation demains ... @

Precipitation domains ... | zeneral | Mech. Props I M5 Evolution | Trapping | Spedial

. (matri ]
5 —_— | Diffusion control | Energies | Mobilities |
1 D

Grain boundaries (HAGE] ...

intrinsic MQ 0.01"M0E_HAGES®E Q0.0
solute drag MO | 1000.0%GE_MOB_INTSE Q 0.0
pinned MO 0.01*GE_MOB_INTS@ Q 0.0
Db b 2 Subgrain boundaries (LAGE] ...
M — 77 f e ——— intrinsic MO 1.0*MOB_LAGES@E Q 0.0
kb T use same solute drag factor than HA grain boundaries

solute drag M0 |1000.0*568_MOE_INTSE Q |0.0

use same pinning factor than HA grain boundaries

pinned MO 0.01¥5GE_MOB_INT:@ Q |0.0

D, - Bulk diffusion coefficient

[ New ... ][ Remaove ]

nf - Scaling faCtOr [ Set active ][Rename... ]

Cancel ] [ K

Page = 37
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Subgrain growth |

E‘é? Precipitation demains ... @

Precipitation domains ...

5-1 4 MPD [mateic |

| General | Mech. Props I M5 Evolution | Trapping | Spedial

| Diffusion contral | Energies | Mobilities |

Grain boundaries (HAGE] ...

intrinsic MO |0.01*MOB_HAGBS@ Q0.0
solute drag MO | 1000.0%GB_MOB_INT$@ Q 0.0
pinned MO 0.01*GB_MOB_INT$@ Q 0.0

Subgrain boundaries (LAGE) ...

intrinsic MO 1.0*MOB_LAGESE@ Q 0.0
. use same solute drag factor than HA grain boundaries
Same models as for grain
solute drag MO | 1000.0*5GE_MOB_INTS@ 0 |0.0
bO U n d a ry m O b I I Ity use same pinning factor than HA grain boundaries

pinned MO 0.01¥5GE_MOB_INT:@ Q |0.0

— same effects for precipitate
pinning and solute drag

[ New ... ][ Remaove ]

[ Set active ] [ Rename ... ]

Cancel ] [ K
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Subgrain growth

* Driving force — balance between Laplace pressure and dislocation

pinning of subgrain walls

4‘ngb sz
P, = — —
D S \/W—p\/p PRs
Ysgb - Subgrain boundary energy w - Cell width for dislocation pinning

6 - Subgrain size prs - Read-Shockley dislocation density



Subgrain growth

* Driving force — balance betw

dislocation pinning of subgra

Wsgp

G b*?
) WP

Pp VP — PRs

Ysgb - Subgrain boundary energy

d - Subgrain size

MatCalc

Engineering

Page = 40

E?’ Precipitation domains ...

Predpitation domains ...

matric®
| New ... | | Remaove |
| Set active | | Rename ... |

Co s

General Mech. Props MS Evalution Trapping Special

Diffusion contraol Energies Mahilities

Defects ...

Grain boundary [1fmZ] 0.5

Subgrain boundary [1fmZ] |0.3

Dislocations [J/m] 0.0

Stacking fault energy

| automatic SFE manual [I/mZ] 0.0

Cancel | [ (0]4
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Subgrain growth

?&" Precipitation domains ... @

Precipitation domains ... | General | Mech. Props | M5 Evolution | Trapping | Special |

matrix*

Grainstructure Substructure | Solute drag | Vacandes | Heat generation |

L) D riVi ng fo rce = ba | a n Ce bet\" 210 (aT=10gBlwa B =R =i (While g By oo < Ml 1-param - Sherstnev-LangKozeschnik - 'ABC' n

Excess dislocations ...

dislocation pinning of subgr wo_tota n21 [

Equilibrium wall dislocation density ...

from Read-Shodkley [ manual  |1214 Misorientation [deq] |3

SGE pinning force ...

2
_ Msgp  Gb”
— 6 '\/p p RS [¥] indude disl. pinning  cell width [m] | 1=-8

Dislocation generation and annihilation ...

Pp

Parameter Yalue Descripticn it
A 50 Mean free path for dislocation generation A
B 5 Dizslocation annihilation coefficient (DRY) T
C ” 'd h f C le-3 | Dislocation annihilation coefficient (5EV)
W - e WI t O r I Mew ... I I Remove I A 30 Similitude parameter, Similarto A but not totallv. 7

I Set active I I Rename ... I

dislocation pinning o] o
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Subgrain size evolution

5.:5.1_6.2

e Subgrains grow to minimize the subgrain boundary area

(minimize the boundary energy) 26,

* Subgrain walls shrink with increasing dislocation density

(more wall dislocations available) 952



MatCalc

Engineering

Subgrain shrinkage

9.1
7L P
6. |- s -
5.+ // -
A 7 .
’ Vd
wn 3_5 // —
T ~ — 1.5
2, [ -
o - IO // .
AN g s
ve) De e
ABHA 7
- Yogee” 1, Q
w9 s a%a — 1 h
N B 7 D+9 E%OA — —
— .7F / + * Oap a n
(/) '6- / AX g A | | 7] w
S / X 8 A — (O
—J L *a 4
l__l_lJ 3L/ — 05
o / i
.2-’
I I 1 1 1 I 0
1 2 3 IR 5 6
STRAIN, &

Fig. 4. Subgrain/cell size as a function of equivalent strain, from Ref.**

E. Nes, Prog. Mater. Sci. 41 (1998) p.129-193
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Subgrain shrinkage’

-gg':" Precipitation domains ... @

Precipitation domains ... | General | Mech. Props | M5 Evolution | Trapping | Special |

matrixc*
Grainstructure Substructure | Solute drag | Vacandes | Heat generation |

210 (aT=10gBlwa B =R =i (While g By oo < Ml 1-param - Sherstnev-LangKozeschnik - 'ABC' n

Excess dislocations ...
6 3 Rho_total [m-2] |0

Equilibrium wall dislocation density ...

2 [ \ 2 pl from Read-Shoddey [ manual  |i=14 Misorientation [deq] |3

SGE pinning force ...

indude disl. pinning  cell width [m] |1=-8

Dislocation generation and annihilation ...

Parameter Yalue Descripticn it

/ A’ A 50 Mean free path for dislocation generation A
A - - pa ra l I IEte r (CO n Sta nt) B 5 Dizslocation annihilation coefficient (DRY)
C le-3 | Dislocation annihilation coefficient (5EY)

[ Mew ... ] [ Remove ] A ] Similitude parameter. Similar to A. but not totallvl] ™

[ Set active ] [ Rename ... ]

[ Cancel ][ 0K
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