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Mechanical threshold

* Yield stress at temperature O K

* Microstructure dependent

O-O:f(p;d ;dsg; . p;

e Thermal & athermal contributions

O0p = Ogth T Otp
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p - Dislocation density [m-2]
d, - Grain diameter [m]

d., - Subgrain diameter [m]

S9

clm - Concentration of i-element in matrix

r... - Radius of precipitate j [m]

bj

N.

= Number density of precipitate j [m3]
j

04¢n - Athermal contribution [Pa]

o¢, - Thermal contribution [Pa]
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Model overview

* Contributions to mechanical threshold, o
* Intrinsic strength, o
* Work hardening, oy
* Grain/subgrain boundary strengthening, ¢, oy,
* Solid solution strengthening, o

* Precipitation strenghtening, Oprec

Op = f(o-i» Odist» Ogb, Osgb» Oss Uprec)
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Model overview

* Contributions to mechanical threshold, o

* Intrinsic strength, o

* Work hardening, oy
* Grain/subgrain boundary strengthening, ¢, oy,
* Solid solution strengthening, o

* Precipitation strenghtening, oy

Op = f(o-i» Odist» Ogbr Osgbsr Oss, O-prec)
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e Precipitation domains ... :
Precipitation domains ... General Mech. Props M5 Evolution Trapping Special
Mi_matrix* - ) ) P o
General Solid Solution Segregation CC Diffusion Precipitation

Mechanical properties ...
Young's Modulus [Pa] | (222750-83.6%T&C)*1e6
Taylor factor {2.5-3.1) |3.06 Poisson's ratio |0.3
Speed of sound 5100.0
Matrix strength evaluation ...

variables ... g X

I Basic strength [Pa] 20,026 I i

variables value 2
Hall-Petch coeff (gbfsgb) 0.74e6 /o |0.0e6 4 kinetics: pd strength
Digl. strengt. coeff. (olfa2) 0.5 [ |0 4 TYS5BS*

TYSBSnickelmatrix 2.18e+07 W
Dynamic strength ... categaory: kinetics: pd strenagth
delta_F_It fact 1.0 delta_F_ht (0.0 coupl.-exp |3.0 E’;‘?;lefnsi'fg;;{ﬁsij snone
eps_dot fact |1.0 exp_ht 1.0/3.0 -= basic yield strength of predpitation domain
Total strength coupling coeffidents ...
Mew ... Remove Coeff, thermal + athermal {1.0) | 1.0
Set active Rename ...
Cancel oK
—
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Model overview

* Contributions to yield strength, oy

* Intrinsic strength, o

* Work hardening, oy

Grain/subgrain boundary strengthening, oy, o,

Solid solution strengthening, o

Precipitation strenghtening, oy

Op = f(o-i» Odist» Ogbr Osgbsr Oss, O-prec)



Work hardening, oy

* Taylor equation

Ogist = aMGb+/p

M - Taylor factor

(S - Shear modulus

h - Burger’s vector

L - Dislocation density

(X - Strengthening coefficient
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Work hardening, oy

* Taylor equation

Odisl =@b\/5

M - Taylor factor

Shear modulus

Burger’s vector

Dislocation density

QN o O

Strengthening coefficient

2(1-v)

G
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Precipitation domains ...

Mi_matri®
Mew ... Remowve
Set active Rename ...
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» I

Precipitation domains ...

General Mech. Props MS Evolution Trapping Special
General Solid Solution Segregation CC Diffusion Predipitation
Mechanical properties ...
ITnung's Modulus [Pa] |[(222750-83.6%TSC)*1e6 I
ITayI-:ur factor (2.5-3.1) |3.06 I Poisson's ratio |0, 3 I
Speed of sound 5100.0
Matrix strength evaluation ...
Basic strength [Pa] 20.0e6
Hall-Petch coeff (gh/sab) 0.74e6 [ |0.0e6
Digl. strengt, coeff, (01fa2) 0.5 /(0.0
Dynamic strenagth ...
delta_F_|t_fact (1.0 delta_F_ht (0.0 coupl.-exp 3.0
eps_dot_fact 1.0 exp_ht 1.0/3.0

Total strength coupling coeffidents ...

Coeff. thermal + athermal (1.0) |1.0

Cancel (8] 4
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Work hardening, oy

* Taylor equation

Ogist = aMGb+/p

M - Taylor factor
(S - Shear modulus

lb - Burger’s vector|

lp - Dislocation density|

QA - Strengthening coefficient
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Precipitation domains ...

Mi_matriz®
Mew ... Remove
Set active Rename ...

Precipitation domains ...

General Mech. Props
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» IEH

M3 Evolution Trapping Special
Thermodynamic matrix phase ...
FCC_Al -
Microstructure parameters ...
I equilibrium dislocation density [m-2] 1.0e11 I
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] 2. 5e-
Cancel oK
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g Precipitation domains ... ?
Precipitation domains ... General Mech. Props M5 Evolution Trapping Special
o Tayl O r e q u a t i O n Ni_matrix General Solid Solution Segregation CC Diffusion Precipitation
Mechanical properties ...
Young's Modulus [Pa] | (222750-83.6%T&C)*1e6
[ J
TWO pa ra m Ete r m Od e I Taylor factor {2.5-3.1) |3.06 Poisson's ratio |0.3

Speed of sound 5100.0
Matrix strength evaluation ...

O-diSl — Gb\/pl + Gb\/pz Basic strength [Pa] 20,028
Hall-Petch coeff (gbfsgb) 0.74e6 /o |0.0e6
Disl, strengt. coeff. {a 1;"!:2}' 0.5 I I LA

. . - Dynamic strength ...
- Internal dislocation densit
pl y delta_F_It_fact |1.0 delta_F_ht (0.0 coupl,-exp |3.0
0 0 = eps_dot_fact |1.0 exp_ht 1.0/3.0
pP- - Wall dislocation density
Total strength coupling coeffidents ...
Mew ... Remove Coeff, thermal + athermal {1.0) | 1.0
Set active Rename ...

Cancel oK
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Work hardening, oy;q

* Taylor equation

* Two parameter model

= a;MGb+/p; + a,MGb+\/p;

P1 - Internal dislocation density

pP- - Wall dislocation density
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variables value 2
4 kinetics: pd strength
4 TD55*
TD5Snickelmatrix 7.1404e+06 W

category: kinetics: pd strength

expression: TDSSnickelmatrix

legal unit qualifiers: *none™

-= dislocation yield strength contribution in precipitation domain
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Model overview

* Contributions to yield strength, oy

* Intrinsic strength, o

Work hardening, oy

Grain/subgrain boundary strengthening, Oyb » Osgh

Solid solution strengthening, o,

Precipitation strenghtening, oy

Op = f(o-i» Odist» Ogbr Osgbsr Oss, O-prec)



Grain/subgrain boundary strengthening, oy, Oy

* Hall-Petch equation

D - Grain diameter
O - Subgrain diameter

kn - Constant
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Grain/subgrain boundary strengthening, Oyb » Osgp

S . 2
s Precipitation domains ... :

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

> H a | I i Petc h e q u a t I O n Ni_matrix” General Solid Solution Segregation CC Diffusion Precipitation

Mechanical properties ...

Young's Modulus [Pa] | (222750-83.6%T&C)*1e6
k Taylor factor {2.5-3.1) |3.06 Poisson's ratio |0.3

b Speed of sound 5100.0

G — G —_— Matrix strength evaluation ...

g ’ 5 Basic strength [Pa] 20,026
Hall-Petch coeff (gbfsgb) I 0.74e6 I ; N0.0e6

Disl, strenat. coeff. {a1/a2) 0.5 /|00
Dynamic strenagth ...

D - Grain diameter delta_F It fact 1.0 delta F_ht |0.0 coupl.-exp |3.0
eps_dot_fact |1.0 exp_ht 1.0/3.0

O - Subgrain diameter

Total strength coupling coeffidents ...

k , _ Constant Mew ... Remove Coeff, thermal + athermal {1.0) | 1.0

Set active Rename ...

Cancel oK
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Grain/subgrain boundary strengthening, oy, Oy

* Hall-Petch equation

D - Grain diameter

O - Subgrain diameter

kn - Constant
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Precipitation domains ...

Mi_matriz™
Mew ... Remove
Set active Rename ...

Precipitation domains ...

zeneral Mech. Praps MS Ewvolution
Thermodynamic matrix phase ...

FCC_A1

Microstructure parameters ...

equilibrium dislocation density [m-2]

MatCalc

Trapping Special

initial grain diameter [m] 100, 0e-5

initial subgrain diameter [m] | 100.0e-6

Burger's vector

automatic

manual value [m] 2

1.0e11
elongation factor |1

elongation factor |1

Cancel

Engineering



Grain/subgrain boundary strengthening, oy, Oggb

* Hall-Petch equation

D - Grain diameter
O - Subgrain diameter

kn - Constant
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wariables value
4 kinetics: pd strength
4 Ti355%
TGSSnickelmatrix 3577 e+07

category: kinetics: pd strength

expression: TG55*

legal unit qualifiers: *none™®

-= fine grain yield strength contribution in precpitation domain

variables value
4 kinetics: pd strength
4 TS558
TS5G55nickelmatrix 0

category: kinetics: pd strength

expression: TSG5Snickelmatrix

legal unit qualifiers: *none®

-= subgrain yield strength contribution in precipitation domain
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Model overview

* Contributions to yield strength, oy

* Intrinsic strength, o

Work hardening, oy

Grain/subgrain boundary strengthening, oy, o,

Solid solution strengthening, o

Precipitation strenghtening, oy

Op = f(o-i» Odist» Ogbr Osgbsr Oss, O-prec)
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Solid solution strengthening, o,

ki - Coefficient for element i

I Mot Mot C; - Element i content in the prec. Domain

Msub Mint

Ffmry 1 \Mine (mole fraction)
— k.c ki i
Tl o),

: N. - Exponent for element |

- ~ mSub - Exponent for substitutional elements

M. . - Exponent for interstitial elements

M. . - Global exponent

tot
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olld solution Strengt €NINEG, O
_ _
3 Precipitation domains ... ? rfn“t_o';) fr:t__o'; Miot
Su in
Precipitation domains ... General | Mech. Props | MSEvolution | Solute trapping | Spedal m m:
: : : b i
[nickelmatrix General | Solid Solution | Precipitation O-SS — Z (l(ICInI ) - + Z (kICIn ) "
Strengthening coeffidents ... | su b | |nt
Elernent | Coefficient BExponent
AL 225.0e6 142 | -
C 106106 172
Co 39.4e6 142
ko |mos e ‘k ficient for el i ‘
A Bl 1 i - Coefficient for element |
NB 1183.0e6 Q12 ] _ )
I LN C. - Elementi content in the prec. domain
W 477.0eb 1/2
IN; - Exponent for element i |
555 coupling coeffidents ...
[sbstnona o) 15 | T ] msub- Exponent for substitutional elements|
MNew ... Remove | total 55 strength (1.8) | 1.8 I
|mint - Exponent for interstitial elements|

M, ; - Global exponent
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Solid solution strengthening, o

Msub Mint
4 kinetics: pd strength

m m: x
z : n: sub z : n int 4 T5555
— (kl Cl ! ) + (kl CI ) T5555nickelmatrix 2.8264%e+08 (¥

i i . category: kinetics: pd strength
Su b Int expression: TS5558%

legal unit qualifiers: *none®

-= solid solution vield strength contribution in precipitation domain




SS

Solid solution strengthening, o,

* Solid solution strengthening, o

Mint

int

Mtot

variables
4 kinetics: pd strength
4 TS55 ELS*5*

a T555 ELSnickelmatrixs™
T555_ELSnickelmatrixsVid,
T555_ELSnickelmatrixsal
T555_ELSnickelmatrixsC
T555_ELSnickelmatrixSCO
TS555_ELSnickelmatrixSCR
T555_ELSnickelmatrixSFE
T555_ELSnickelmatrixSMO
TS55_ELSnickelmatrixSME
T555_ELSnickelmatrixsMI
T555_ELSnickelmatrixsTI
T555_ELSnickelmatricsW

category: kinetics: pd strength
expression: TSS5_ELS™ oW
legal unit qualifiers: *none®

value

.
]
u

2.78874e+07
4.56667e+07
1.27085e+07
1.70234e+08
5.49895e+07
14771 6e+08
8.446%4e+07

.
u

1.95807e+07
5.71824e+07
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-= solid solution yield strength contribution of element in precpitation domain
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Model overview

* Contributions to yield strength, oy

* Intrinsic strength, o

Work hardening, oy

Grain/subgrain boundary strengthening, oy, o,

Solid solution strengthening, o

Precipitation strenghtening, oy

Op = f(o-i» Odist» Ogbr Osgbsr Oss, O-prec)
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Precipitation strengthening, Oprec

e 72 alternative models available

* Size distribution dependent strengthening

e Co-cluster strengthening

* Tprec ™ Oprec

Tprec - Critical shear stress for a dislocation to cut/by-pass a particle
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Precipitation strengthening,

e 7 alternative models available

e Size distribution dependent strengthening‘

e Co-cluster strengthening

Page = 24

Oprec
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we
€57 Phase status ...

Phaszes ...

FCC_AT
AL_B_DP
CL_MGSI
CL_MGSI_PD
AL B_DP_PD

Create ...

Help

Remaove

General Constraints Precipitate Mudleation Structure Spedial

Properties Strengthening MS Evolution

Setup ...

Strengthening model |Prec, strength multi-dass

Ignore contribution
Predipitation strengf{Prec, strength mean {number-weighted)
Prec. strength mean (volume-weighted)
APE energy [1jmPrec. strength multi-dass

Co-Cluster strengthening {Wana&Starink)

edge

APB: disl. repulsion strong 2.8 APE: disl. rep. weak (0-1) 0.0 I
auto SF emergy [1jm2] 0.0

dislocation character angle: current value = 45 screw I
[ use linear misfit instead of vol, linear misfit [dL/L]

Modulus strengthening model  |Membach

Multi size dasses ...

coupling coeffident |1.4

Cancel
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Size distribution dependent strengthening

* Precipitate size dependence
* Some general parameters/settings

2 scenarios for dislocation behavior:
* Non-shearable particles (Orowan mechanism) = bypassing precipitate

» Shearable particles (weak or strong) = cutting precipitate

e Critical stresses for both scenarios are evaluated
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Size distribution dependent strengthening

* Precipitate size dependence ‘

* Some general parameters/settings

e 72 scenarios for dislocation behavior:

* Non-shearable particles (Orowan mechanism) = bypassing precipitate

» Shearable particles (weak or strong) = cutting precipitate

* Critical stresses for both scenarios are evaluated
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Size distribution dependent strengthening

* Precipitate size dependence

* Contributions dependent on precipitate size

 Various choices for precipitate size parameter selection possible
* Number weighted mean radius
* Volume weighted mean radius

e Size class radius
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Size distribution dependent strengthening

* Various choices possible

* Number-weighted mean radius, 7, , Precipitate size distribution
2 Nty Size class index | Size class radius pr= g
Tmn = i - number density
’ Zl Nl l Ni
0 T Ny
* Volume-weighted mean radius, 7, ,, 1 5! Ny
4 2 &) N2
P 2. Ni7; 3 ry N
muy — 3
2 Nir;

* Size class radius, 1;
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Size distribution dependent strengthening

* Various choices possible .

° N b 5 h d d 5 Phases ... General  Constraints  Precipitate  Nuceation — Structure  Spedal
u m e r_We I g t e m e a n ra I u S’ rm,n E\CLCB}E;P Properties Strengthening MS Evelution
CL_MGSI Setup ...
CL_MGSI_PD

Strengthening model |Prec. strength multi-class

AL B_DP_PO
i Z i N il .

"
APE: disl. repulsion strong

m)n APE energy [1/fPrec. strength multi-class
- g o U = UENOUTE 4| dl Ig&o1d .
l l 28 EPB: disl. rep. weak (0-1) [0.0
auto SF enmergy [Ijm2]
dislocation character angle: current value = 45 screw I edge

[ use linear misfit instead of val. linear misfit [dL/L]

* Volume-weighted mean radius, 7, ,, I —

Multi size dasses

coupling coeffident 1.4

— ¥ Niri*
m,vyv — 3
2 Ni;

* Size class radius, 1; (multi-class model)

Create ... Remove

Help Cancel
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MatCalc

Engineering

Size distribution dependent strengthening

* Precipitate size dependence

* Some general parameters/settings ‘

e 72 scenarios for dislocation behavior:

* Non-shearable particles (Orowan mechanism) = bypassing precipitate

» Shearable particles (weak or strong) = cutting precipitate

* Critical stresses for both scenarios are evaluated
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Size distribution dependent strengthening

* Some general parameters/settings

* Angle between dislocation line and Burger’s vector, 6

(edge/screw ratio; @ = 0 for pure screw; @ = 7/2 for pure edge)
* Equivalent radius, Iy, (describes precipitate-dislocation interference area)

* Mean distance between the precipitate surfaces, L
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Size distribution dependent strengthening

* Some general parameters/settings

* Angle between dislocation line and Burger’s vector 6

(edge/screw ratio; @ = 0 for pure screw; @ = /2 for pure edge)

?
hase stat ?
Phases... [ General | Constraints | Precpitate | Nuc leation | Structure | Speda

FCC_A1

~ - Strenathen .
GAMMAPRIME | | | froperties | Stengthening | MS Evo lution
GAMMA_PRIME_PO Setup ...
SSSSS thening model | Precipitation strengthening

e dasses ...
pling coeffident | 1
||||||||||||||||| thening ...
[3fm32] umber of disl
disl sion s B: disl. k
au [3/m2]
disl hi ngle: edgel
v | isfit instead of vol. inear misfit [dL/L] 0,00
dul th model bach

CCCCC
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Size distribution dependent strengthening

* Some general parameters/settings

* Equivalent radius, I, (describes precipitate-dislocation interference area)

I - Precipitate mean radius
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Size distribution dependent strengthening
* Some general parameters/settings
* Mean distance between the precipitate surfaces, L
In3 4 Z |\IV class m class
L. = + 4rSS —2r class
272—2 NV,cIassrm,cIass Z NV class m class
class class
variables value 2
Ny .as - Precipitate number density within the class I
’ _L_MEA?\J_EDSGAMMA_PF[IME_F‘D 2.02552e-08 W
I, class~ Precipitate mean radius within the class l;ﬂgifaﬁﬂﬂfﬂﬁ%fﬂﬁF'RIMEPD

-= mean distance between randomly distributed predipitates on a single plane
(2-dimensional)
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Size distribution dependent strengthening

* Precipitate size dependence
* Some general parameters/settings

e 72 scenarios for dislocation behavior:

* Non-shearable particles (Orowan mechanism) = bypassing precipitate

» Shearable particles (weak or strong) = cutting precipitate

* Critical stresses for both scenarios are evaluated



MatCalc

Engineering

Size distribution dependent strengthening

* Precipitate size dependence
* Some general parameters/settings

e 72 scenarios for dislocation behavior:

* Non-shearable particles (Orowan mechanism) = bypassing precipitate

» Shearable particles (weak or strong) = cutting precipitate

* Critical stresses for both scenarios are evaluated



Non-shearable particles

JGb
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/ N\
. / - \
o\ Ny LI @ )
| \7 annihilation :I dislocati <
islocation
/) ® \ | loop, Q
4 dislocati \ /j \ \‘
islocation \ PN \
‘ segment @ @) )
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4
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i
(a) (b) (c)
Figure 3.12. Bypassing of strong obstacles by a dislocation according to Orowan.

A denotes the mean planar spacing of precipitatesPll.
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Non-shearable particles

Tnhsh - Critical stress for a dislocation to by-pass the precipitate

]Gb T Teq G - Shear modulus gy — SEUIVEIEN EellE
A= 27TLS 2 T f(@ h) b - Burgers vector 0 - «(b; dislocation line)
B [PaiEaEE i — dislocation core radius
- 2 (TT h - Shape factor
] = 1—v [cos (2 9)]
T
(Gh)—hZ/3 sy o i NEP I N A B 29
f(6,h) = 3 V2+h2 th 2+ R2 Sin th V2+h2 2 coS
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Non-shearable particles

Precipitation domains ...

nickelmatrix

New ... Remave

Rename ...

MCE-ppt-MO4E-V1

Precipitation domains ...

General Mech. Props MS Evolution

General Solid Solution Predpitation

Precipitate retarding force ...

auto

pinned mobility MO' 0.0

Dislocation line tension ...

Solute trapping

() simple (1/2Gh2) ~ dislocation character ...

(® advanced form

Predpitation strengthening coupling coeffidents (1-2) ...

shearing (1.8)
non-shearing (1.8)

total (1.4)

outer cut off=120°

120

Special

Tnsh - Critical stress for a dislocation to by-pass the precipitate

2 I 1., — Equivalent radius
— G - Shear modulus eq — =4

-/(b: i i :
b - Burgers vector 6 - £(b; dislocation line)

: ‘ : | r; — dislocation core radiusl
U - Poisson's ratio

h - Shape factor

I inner cut off=2,0xb

1xb

1.8

1.8

1.4

Cancel

1 9 1
— |sin?0 +| |—+

2
2 PR el
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Non-shearable particles

Tnsh - Critical stress for a dislocation to by-pass the precipitate

. Phase status... 2 7., — Equivalent radius
X G - Shear modulus eq — =4
AEED oo General | Constrainte | Precpitate | Nudeation | Structure | Spedal
- 6 - «(b; dislocation line
GAMMA PRIVE repteesey b - Burgers vector ( )
FGAMMA_PRIME_PD ] ¥| Phase is predpitate . . .
Perentphase: : ‘ : 1; — dislocation core radius
Kinetic alias name GAMMA_PRIME_P0 U - POlsson S I’a'[IO

# size classes: 50 Initialize ... | h - Shape factor |

Edit precipitate distribution ...

Precipitate properties ...
IShapE factor H/D (0. 1is plate) [ | use 1.0 I

Interfadal energy [1fm2] auto planar sharp interface  from planar sharp ie

interfacial energy size correction
diffuse interface correction

regular solution T_crit [ K 2350

Interface mobility [m4/3s] 12100 1 9 1

Driving force model for growth | size dass based - SFFK - =i L] 2 -
2 SlnH-r-\th+wz_l_h2+h2

Help Cancel oK

cos?0
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N hearable particles
Gb T[ variables value o
] e aria
’l' h — n q f (0 h) 4 kinetics: prec, strength
ns 21 2 7, 4 TAO_OROWANS"
S l TAO_OROWANSGAMMA_PRIME_PD  7.74823e+08 ¥
categary: kinetics: prec, strength
expression: TAO_OROWAMNSGAMMA_PRIME_PO
legal unit qualifiers: *none™®
T[ -= Ashby-Crowan shear stress for impenetrable precipitates of individual
1 —v|cos? 5—0 e

/= 1—-v

(eh)—hZ/3 > + 3+ > n%0 + 1+ ’ +1 20
== D2 2 T PRI NI IR
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Size distribution dependent strengthening

* Precipitate size dependence
* Some general parameters/settings

e 72 scenarios for dislocation behavior:

* Non-shearable particles (Orowan mechanism) = bypassing precipitate

» Shearable particles (weak or strong) = cutting precipitate

* Critical stresses for both scenarios are evaluated
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Shearable particles

* Models for “weak” and “strong” particles

* VVarious effects (contributions) considered
* Coherency effect
* Modulus effect
* Anti-phase boundary effect
 Stacking fault effect

* |nterfacial effect
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Shearable particles

* Models for “weak” and “strong” particles

* VVarious effects (contributions) considered
* Coherency effect
* Modulus effect
* Anti-phase boundary effect
 Stacking fault effect

e |nterfacial effect
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JWeak” vs. ,strong” particles

* Criterion: Dislocation bending angle y threshold

 Strong resistance of particles - High curvature of dislocation line - small

u R \ 4
e \
B ;4>/2:. T/ Oo - v 9 ustrong,, particles
F = ‘b‘“ ' N |
v - 180° > “weak” particles

Fig. 1. Balance force between a precipitate and a dislocation.
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JWeak” vs. ,strong” particles

. Criterion:‘DisIocation bending angle v threshold ‘

* Strong resistance of particles & High curvature of dislocation line - small

S A . 9
Precipitation domains ... :
Precipitation domains ... Genera I Mech. Props MS Evolution Solute trapping Spedal
nickelmatrix R
Genera | Solid Solution Predipitation

Precipitate retarding force ...
auto

st e T 0° -y = “strong” particles

Dislocation line tension ...

() simple (1/26b2) __ dislocation character ...

(@) advanced form I outer cut off=120 120 180 I

inner cut off=2,0xb 1xb 4xb W = 1800 9 Ilwea k” pa rtiCIGS

Precipitation strengthening coupling coeffidents (1-2) ...
shearing (1.8) 1.3
non-shearing (1.8) | 1.8

total (1.4) 1.4

MCE-ppt-MO4E-V1
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JWeak” vs. ,strong” particles

* Criterion: Dislocation bending angle y threshold

* Strong resistance of particles - High curvature of dislocation line - small

. In3
n
- L = +4r2 —2r
272-2 NV,cIassrm,cIass
(‘)) v ||Len class
i Strong
particles :
e
0° < W <120° 120°< W, < 180° 2 IZ: Ny ctass T class
Strong precipitate Weak precipitate rSS =l s
(a) (b) 3 Z NV,cIassrm,cIass
class

Fig. 2. Free distance between two precipitates along dislocation line in a random
array. (A) The precipitates are shearable and strong and (B) the precipitates are
shearable and weak.
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JWeak” vs. ,strong” particles

* Criterion: Dislocation bending angle y threshold

* Strong resistance of particles - High curvature of dislocation line - small

Strong | - In3
' ° 27[2 N r
partlcles V class' m,class

class

2
+4r. —2r

0° <y, <120° 120° < w. < 180° W k -1/2

Strong precipitate Weak precipitate ea

(a) (b) . L = Lg| coS i
particles

Fig. 2. Free distance between two precipitates along dislocation line in a random
array. (A) The precipitates are shearable and strong and (B) the precipitates are
shearable and weak.
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JWeak™ vs. ,strong” particles

e Dislocation line tension, T G - Shear modulus

: b - Burgers vector
e Simple model J

U - Poisson’s ratio

2
T = Gb r; — dislocation core radius

2

 Advanced model (different values for ,weak” and ,,strong“ particles)

2 S 2 S
T ~Gb £1+u—3usm Q]In@ T Gb (1+u—305m gjln[]
[

strong ~— weak —
S Arx 1-v A 1-v
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7 7 :
JWeak” vs. ,strong” particles
. . . . —_— variables value =
¢ D|S|0C3t|0n Ilne tenSIOn, 4 kinetics: prec, strength
] i DLT_SIMPLESGAMMA PRIME PO 192907e-09
¢ Slmple model ’ LT \WEAKSGAMMAPRIME.PO _ 160192.09
’ DLT_STRONGSGAMMA_PRIME_PO  1.46929¢-09 v

2
G b category: kinetics: prec. strength
T expression: DLT_SIMPLES™®
legal unit qualifiers: *none™
2 - dislocation line tension from simple description (1/2Gb~2)

» Advanced model (different values for ,weak” and ,,strong“ particles)

Gb* (1+v-3vsin? 6 L, Gb* (1+v-3vsin® o L
Tstrong = In| — Tweak = In
Ar 1-v f A 1-v I
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Weak” vs. |, strong” particles

e Dislocation line tension, T

MCE-ppt-MO4E-V1

e Simple

 Advanced
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Precipitation domains ...

nickelmatrix

Mew ...

Remove

Rename ...

Precipitation domains ...

General Mech. Props MS Evalution Solute trapping Spedal

General Solid Solution Precipitation
Precipitate retarding force ...
auto value obtained from internal calculat

pinned mobility MO 0.0 Q|00

Dislocation line tension ..

{7 simple {1/26b2) islocation character ...

(® advanced form auter cut off=120° 120

inner cut off=2,0xb 1xb

Predpitation strengthening coupling coeffidents (1-2) ...
shearing (1.8) 1.8
naon-shearing (1.8) | 1.8

total (1.4) 1.4

Cancel
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Shearable particles

* Models for “weak” and “strong” particles

* VVarious effects (contributions) considered

* Coherency effect ‘

* Modulus effect
* Anti-phase boundary effect
 Stacking fault effect

e |nterfacial effect



Coherency effect

* Strain field due to precipitation/matrix misfit

l

1/4
_ (2cos? 0+2.1352sin 9)[T£mngGerm )

e Strong particles

Tcoh,strong o LS b3
* Weak particles l
1/2
(1.3416 cos? 6+ 4.1127 sin’ 9)( G3e3r§;b)
z-c:oh,weak —
LS Tweak

MatCalc

Engineering

A“n - Linear misfit

Avol - Volumetric misfit
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Coherencv effect

-4 Phase status .. ?
p Phases ... General Constraints Precdpitate Mudeation Structure Special
FCCAT Properties Strengtheni M5 Evoluti
GAMMA_PRIME p engthening volution
{GAMMA_PRIME_PO : Mechanical properties ...
|:| use same values as matrix
Young's modulus [Pa] | 20229 Poisson's ratio 0.3
Structure ...
I|:| auto  wol. misfit (dv/N) | 0,004%3 I auto Burger's vector [m] | 2, 5e-10 2 2
Coherency rad. [m] 0.0 Breakable above rad. [m] | 1.0 g o A . A
3 lin 9 vol
A,. - Linear misfit
lin
A, - Volumetric misfit
vol
Create ... Remaove
Help Cancel
Page " 54
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Coherency effect

4 Phase status ... ?
q Phases ... General | Constraints | Precpitate | Nudeation | Structure | Spedal
FCC_AT
_ ) Strengtheni i
GAMMA_PRIME Properties engthening M3 Evolution
EGAMMA_PRIME_PO | Setup ...

Strengthening model | Precdipitation strengthening -

Size classes ...

coupling coeffident | 1.8

Precipitation strengthening ... 2 2
APE energy [1jm2] 0,111 number of pair disl, 3 =g A . = A

& lin vol

APE: disl, repulsion strong 2.8 APE: disl, rep. weak (0-1) |1 3 9

auto SF energy [JfmZ] 0.0
dislocation character angle: current value = 45 screw edge

I use linear misfit instead of vol. linear misfit [dL/L] 0,004 I
Modulus strengthening model Membach - . . f
lin
Create ... Remave VOI
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* Strain field due to precipitation/matrix misfit
e Strong particles
) . 9 3 1/4
T ==
Cco h,strong‘ 3
variables value N
* Weak particles " 10 Corkn WEAKS:
I TAQD_COHER_WEAKSGAMMA_PRIME_PO 3.9264e+07
4 AL LUHER 5 RUMGSY
. 3 3.3 1/2 ITAE]_CGHEF{_STRGNGSGAMMA_PRI|"u'1E_F'D 4.9237de+ DE.I W
(1.3416 cos? 0+ 4.1127sin2 0)( G°&°r b
T — €q expression: TAQ_COHER_WEAKSGAMMA_PRIME PO
9y h’Weak LS Tweak :}jE?EE;EEEZZE:ZEI:;?;EEF stress for shearable weak precipitates of
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Shearable particles

* Models for “weak” and “strong” particles

* VVarious effects (contributions) considered

* Coherency effect

* Modulus effect ‘

* Anti-phase boundary effect
 Stacking fault effect

e |nterfacial effect



MatCalc

Engineerin g

Modulus effect

e Elastic properties of precipitate and matrix differ = dislocation

energy inside and outside the precipitate differ

e 2 models

* Nembach

* Siems
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Modulus effect
] Phase status ... ?

o E | a St i C p ro p e rt i es Of p r Phases ... General Constraints Precipitate Mudeation Structure Special

wil

FCC_A1 ) i i
GAMMA_PRIME Properties Strengthening MS Evolution
s 4 EGAMMA_PRIME_PD | Setup ...
energy inside and outs | - .
Strengthening model | Precipitation strengthening -
Size dasses ...

() 2 m O d e I S coupling coeffident | 1.5

Precipitation strengthening ...

AFB energy [1/m2] 0,111 number of pair disl. 3
* Nembach

AFEB: disl. repulsion strong 2.8 APE: disl, rep, weak (0-1) |1
auto SF energy [1fmZ] 0.0

H dislocation character angle: current value = 45 screw edge
* Siems

use linear misfit instead of vol. linear misfit [dL,L] 0,004

I Modulus strengthening model Membach I

Create ... Remowve
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Modulus effect

e Nembach model

e Strong particles

|:mod

mod,strong = bL
S

0.85
F..,=0.05G _Gp\b{%j

T

* Weak particles

2T

T s weak
mod,weak
bL.

2T

weak

3/2 G - Particle shear modulus
( |:mod ] P
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Modulus effect

* Siems model
Up - Particle Poisson ratio

Strong ) l _— ) l _ Weak
2T E. ) E_ Y
Z-mod,strong — 08 bSE:ng 1_(%) z-mod,weak = ZbTLLe:k 1_(?]
G, (1-v)log " + G(1— )Iog® G, (1-v)log " + G(1— )|og
P _ f — feq Ep " { ~~ feq
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Modulus effect

* Nembach mode

e Strong particles

F

mod

z-mod,strong = bL

S

* Weak particles

3/2

2T

T i weak
modweak
bL,

|:m od
2T,

eak
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Phases ...

FCC_ A1
GAMMA_PRIME

(GAMMA_PRIME_PD

Create ... Remove

Help

Phase status ...

General Constraints Precdpitate Mudeation Structure Special

Properties Strengthening M5 Evolution

Mechanical properties ...

[] uze zame values az matrix

Young's modulus [Pa] | 20229 Poisson's ratio 0.3

Structure ...

[ ]auto vol. misfit dv/) | 0,004%3

Coherency rad. [m] 0.0 Breakable above rad. [m] | 1.0

Cancel

auto Burger's vector [m]  2,5e-10

Up

- Particle Poisson ratio Gp

- Particle shear modulus
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MatCalc

Modulus effect
e Elastic properties of precipitate and matrix differ = dislocation
energy inside and outside the precipitate differ
e 2 models
K NembaCh :rakrii::’lisyprec strength e ’
’Z' 4 TAQ r:u“IGD IWE.QKS*
. i modweak TAQ_MOD_WEAKSGAMMA_PRIME_PO 1.80842¢+ 06
Iems ’ If'l'r,;lﬂrujujl[tll[:_?I’?‘E:JTSSGAMMA_PRIME_PD 1.32552e+07 I W

T cateqary: kinetics: prec. strength
mo d,StrO ng expression: TAQ_MOD_WEAKSGAMMA_PRIME_PO
legal unit qualifiers: *none®
-= modulus mismatch hardening shear stress for weak shearable precipitates of
individual phase




MatCalc

Engineering

Shearable particles

* Models for “weak” and “strong” particles

* VVarious effects (contributions) considered

* Coherency effect

* Modulus effect

* Anti-phase boundary effect

 Stacking fault effect

e |nterfacial effect
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Anti-phase boundary (APB) effect

* Dislocation passing through ordered precipitate increases the energy
by creating the APB

e Strong particles

l

069 £8WTStrongreq7/APB jllz

T )
APB,strong
bL, 3

Y apg - APB energy

_ W, [ - Interaction parameter between
* Weak particles

— - the leading and trailing dislocation

3/2 2
. _ 2 T legVnpe | 1657 npeleq S ——
APB,weak —SbLS T 37, S - Number of pair dislocations

weak
weak
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Anti-phase boundary (APB) effect

Phases ...

Phase status ... ? b

FCC_AT
GAMMA_PRIME

General Constraints Precipitate Mucleation Structure Special :i p Ita te i n C re a S e S t h e e n e rgy

Properties Strengthening MS Evolution

(GAMMA_PRIME_PO

i Setup ...

Strengthening model | Predpitation strengthening -

Size dasses ...

coupling coefficent | 1.8

Predpitation strengthening ...

APB energy [1/mZ] number of pair disl,

APB: disl. repulsion strong ) PE: disl, rep, weak (0-1) |1

auto SF emergy [1fm2] 0.0 ‘yAPB - APB energy

dislocation character angle: current value = 45 screw edae
use linear misfit instead of vol. linear misfit [dL/L] 0,004 = I nte raCtI O n p aram Ete r b EtWE e n

Madulus strengthening model Membach =

the leading and trailing dislocation

Create ... Remove

Help
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Anti-phase boundary (APB) effect

* Dislocation passing through ordered precipitate increases the energy
by creating the APB

e Strong particles

= 069 (SWTStrongrequPB jllz

T =
APB,strong
bL, 3

variables value

4 kinetics: prec. strength
4 TAD APB WEAKS®
I TAO_APEB_WEAKSGAMMA_PRIME_PD 2.2558e+08
r ] BT

HH s | B 1%
I TAD_APE_STROMGSGAMMA_PRIME_PO 7.78014e+08 I W

category: kinetics: prec, strength

expression: TAO_APE_WEAKSGAMMA_PRIME_PO

— —_ leqal unit qualifiers: *none®

-= anti-phase boundary hardening shear stress for weak shearable precpitates

* Weak particles

3/2
i 2 r.eq 7/APB 16 ﬂyAPBre?q of individual phase
T APB,weak [~ 2T, T - 3

S

weak
SbI‘S weak
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MatCalc

Engineering

Shearable particles

* Models for “weak” and “strong” particles

* VVarious effects (contributions) considered

* Coherency effect
* Modulus effect

* Anti-phase boundary effect

 Stacking fault effect

e |nterfacial effect
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Stacking fault (SF) effect

* Passing dislocation creates a stacking fault — energy difference

between the SF in the precipitate and matrix

Gb%(2—-v—2vcos(20))

KSF o

87z(l-v)
bp - Burger’s vector of particle
W . 2KSF
it i : :
i Ve o7 Ve Vsep - Stacking fault energy of particle

Vsem - Stacking fault energy of matrix

For = 2(7SFM _7/SFP)\/Weff Feq _We?f /4

!
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Stacking fault (SF) effect

* Passing dislocation creates a stacking fault — energy difference
between the SF in the precipitate and matrix
e Strong particles

Foe Gb?(2-v—2vcos(20))

4 rong Kse =
SF,strong bLS SF 872'(1—0)
* Weak particles W, = 2K ¢
Vsem 1V sep

T ((Fe )
S el sk = “\Vsem ~ Vskp eff eq eff



Stacking fault (SF) effect

Precipitation domains ...

Predpitation domains ...

General Mech. Props

nickelmatrix

M5 Evolution

Diffusion control Energies

Defects ...
Grain boundary [1jmZ] 0.5
Subgrain boundary [I/m2] 0.3

Dislocations [1/m] 0.0

MatCalc

Engineering

" B _ energy difference

Solute trapping Spedial

riX

Stacking fault energy

[] automatic SFE manual [1jm3]

Mew ... Remove

Rename ...

MCE-ppt-MO4E-V1

|8

- Burger’s vector of particle

Vsep - Stacking fault energy of particle

‘7/SFM - Stacking fault energy of matrix
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Stacking fault (SF) effect

Phases ...

FCC_A1
GAMMA_PRIME

(GAMMA_PRIME_PO

Phase status ... ?

General Constraints Precipitate Mudeation Structure Special It — e n e rgy d iffe re n Ce

Properties Strengthening MS Evolution

setp . atrix

Strengthening model | Precipitation strengthening -

Size dasses ...

coupling coeffident | 1.5

Precipitation strengthening ...

Create ...

Help

1 agc I <

MCE-ppt-MO4E-V1

Remowve

AFB energy [1/m2] 0,111 number of pair disl. 3
AFB: disl, repulsion stron 2.8 APE: disl, rep, weak (0-1) |1 .

st SF energy (] | bp - Burger’s vector of particle
dislocation character angle: current value = 45 screw edge

use linear misfit instead of val, linear misfit [dL/L] 0,004

Modulus strengthening model Membach

‘ Vsep - Stacking fault energy of particl

Vsem - Stacking fault energy of matrix



Stacking fault (SF) effect
?
It — energy difference

Phase status ...

FCC_A1 : _ _
GAMMA_PRIME Properties Strengthening MS Evolution
{GAMMA_PRIME_PO : Mechanical properties ... at r i X
|:| use same values as matrix
Young's modulus [Pa] | 20229 Pois=on's ratio 0.3
Structure ...
[ auto vol. misfit (dv/v) | 0,004=3 I auto Burger's vector [m]  2.5e-10 I
Coherency rad. [m] 0.0 Breakable above rad. [m] | 1.0
bp - Burger’s vector of particle
Vsep - Stacking fault energy of particle
Vsem - Stacking fault energy of matrix
Create ... Remove
Help
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Stacking fault (SF) effect

* Passing dislocation creates a stacking fault — energy difference
between the SF in the precipitate and matrix

e Strong particles

F variables ... g X
Y Ly

TSF strong == = 0 variables value e

’ b L 4 kinetics: prec. strength

S 4 TACH SEE WEAKE®
ﬁAG_SFE_R-‘JEAKSGAMMA_PRIME_F'D 0

arai] SEE S THONGST

o TAO_SFE_STROMGSGAMMA_PRIME_PO 0 w
* Weak particles |

category: kinetics: prec, strength
expression: TAOD_SFE_WEAKSGAMMA_PRIME_PO
legal unit qualifiers: *none®

3/2 -= stacking fault energy hardening shear stress for weak shearable predpitates
2T F of individual phase
| weak SF

T —
SF,weak bLS 2-|-

weak
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Shearable particles

* Models for “weak” and “strong” particles

* VVarious effects (contributions) considered
* Coherency effect
* Modulus effect
* Anti-phase boundary effect

 Stacking fault effect

e |nterfacial effect
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Interfacial effect

 Passing dislocation increases the area of precipitate/matrix interface

e Strong particles

T — |:int l
int strong
Py Fot = 275D

* Weak particles

2T ... [ Fi. 32 Yoy - Precipitate/matrix interface energy
z-int,weak = bl 9T
S

weak



Interfacial effect

* Passing dislocation increase:

MCE-ppt-MO4E-V1

e Strong particles

|:int

z'. =
lnt,strong
bL,

* Weak particles

3/2

2T

T e weak
intweak
b

F

Int

2T,

eak
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L L1
s

Fhases ...

FCC_AT
GAMMA_PRIME

(GAMMA_PRIME_PO

Phase status ...

Precipitate properties ...

ShaEE factor HD (0.1is Elatea Lse 1.0

Spedial

General Constraints Precipitate Mudeation Structure
Precipitate setup
| Phase is precipitate
Parent phase: GAMMA_PRIME
Kinetic alias name GAMMA_PRIME_PQ
# zize dlasses: 50
Edit predpitate distribution ...

Mt Gl

Initizlize ...

Interfacial energy [J/mZ]

interfacial energy size correction
diffuse interface correction

regular solution T_crit [ K 2350

auto planar sharp interface | from planar sharp ie

Create ... Remove

Help

Interface mobility [m</1s] 1100

Driving force model for growth | size dass based - SFFK

Cancel

Yeu - Precipitate/matrix interface energy
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Interfacial effect

 Passing dislocation increases the area of precipitate/matrix interface

e Strong particles

T

int strong bl_
S

variables value

4 kinetics: prec. strength

a7, K&
ITAE]_CHEM_WEAKS GAMMA_PRIME_PO 2.30719e+08

e Weak Pa rticles 4 TEG CHEM STEONGET

TAQ_CHEM_STROMNGSGAMMA_PRIME_PD  1.35918e+07 I W

3/2 categaory: kinetics: prec, strength
expression: TAQ_CHEM_WEAKSGAMMA_PRIME_PO
2T F legal unit qualifiers: *none™
T | weak int -z chemical hardening shear stress for shearable weak precipitates of individual
phase

intweak [ bLS 2-|-W

eak
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Size distribution dependent strengthening

* Precipitate size dependence
* Some general parameters/settings

2 scenarios for dislocation behavior:
* Non-shearable particles (Orowan mechanism) = bypassing precipitate

» Shearable particles (weak or strong) = cutting precipitate

* Critical stresses for both scenarios are evaluated




|[dentifying the strengthening regime

* Values of 7 evaluated for each of three regimes (Non-shearable,

shearable weak, shearable strong)

msh

_ ( my, )llmSh
z-i,strong e Ti,coher,strong T7;

Mg
T 7 I,int strong

Mg
I,mod,strong + z-| ,APB,strong T T

i SF ,strong

/m
- msh sh
Ti,weak g (Ti,coher,weak + z-| modweak 5 z-| APB weak + z-| SF weak + z-| mtweak)1

Z-i,nsh

. <[Precipitate phase (for ,mean radius” models)
l —

Size class (for ,,multi-class“ model)

MatCalc

Engineering
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l[dentifying the §_trengthenmg reglme

e Values of 7 evaluated f

shearable weak, shear:

T +7,)

i strong — (I,CO er,strong i,r

A msh s
z-i,weak g (Ti,coher,weak + T N

Ti,nsh

Precipi’

Size cla
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Precipitation domains ...

General

nickelmatrix

Precipitation domains ..

Mech. Props M3 Evolution Solute trapping Spedal

General Solid Solution Predpitation
Predpitate retarding force ...
auto value obtained from internal caloulation

pinnied mobility MO (0.0

Dislocation line tension ...

() simple (1/2Gb2) = dislocation character ...

(® advanced form  guter cutoff=120° 120

inner cut off=2,0xb 1xb

Predpitation strengthening coupling coeffidents (1-2) ...

MatCalc

Engineering

» IEH

1580

Jub

shearing (1.3) 1.8

MNew ...

Remove

Rename ...

naon-shearing (1.8) | 1.8

total (1.4) 1.4

Cancel



Regime

° z-i,regime wit

the furthe

T = (rmS“
i,strongl” \"i,coher,s

‘ z-i ,weak

‘ z-i,nsh ‘
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Phases ...

FCC_A1
GAMMA_PRIME

EGAMMA_PRIME_PD

Phase status ...

General Constraints Precipitate Mucleation Structure Special

Properties Strengthening MS Evolution
Mechanical properties ...
|:| use same values as matrix

Young's modulus [Pa] | 202e9 Poisson's ratio 0.3

Structure ...

[ ]auto wvol. misfit {dv/) |0,004%3 auto Burger's vector [m] | 2, 5e-11

I Coherency rad. [m] 0.0 I Breakable above rad, [m] |1.0

2 MatCalc

Engineering

-aken for

If coherency radius # 0 and the respective radius (mean value or size

class) is greater than the coherency radius =

the non-shearable regime is taken for further calculation




Evaluation of Tjyec

* Summation of T; ¢ gime

prec ~

ZT| sh

m

sum

Zr

nsh
I,nsh

1

nsh

m

sum

sum

T; ¢ -Shearable particles contribution (weak or strong regime)

Ti nsh -Non-shearable particles contribution

MatCalc

Engineering

. <[Precipitate phase (for ,mean radius” models)
l —

Size class (for ,,multi-class“ model)
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. 4 Precipitation domains ... ?
* Summation of T; ¢ gime o
) Precipitation domains ... General Mech. Props M5 Evolution Solute trapping Specdial
nickelmatrix General Solid Solution Predipitation
Predipitate retarding force ...
— — L auto value obtained from internal calculation
m m
Sum Sum msum I pinned mobility MO | 0.0 Q0.0
. nsh
/z- — /z- T nS Dislocation line tension ...
prec : : l, Sh : : I,nsh () simple (1/2Gb2) = dislocation character ...
® advanced form  guter cut off=120° 120 130
B = inner cut off=2,0xb 1xb b
Predpitation strengthening coupling coeffidents (1-2) ...
T; o, -Shearable particles contribution (weak or < [shearng (18)  [1.8 |
non-shearing (1.8) | 1.8
T: .sn -Non-shearable particles contribution oeed L
’ Mew ... Remove
Rename ...
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° I ; .
Summation of T; regime
— — i variables value 2
1 \ Mgym ( 1 \ Mgym Mgyum 4 kinetics: pd strength
_— —r ‘ W
m h mn h TTAQ_MOM_SHEARSnickelmatrin  4.47201e+08 I
S S
T il T Mg + T Mpsh 4 TTAO_SHEARS"
prec T I,sh I,nsh TTAOQ_SHEARSnickelmatrix 1.81568+08 |
: - 4 1AL PRELS®
\ I \ I / IWAG_PRECSnickEImatrix 5.3435%e+08 I w
| _ categaory: kinetics: pd strenath

expression: TTAQ_MOM_SHEAR Snickelmatrix
leqal unit qualifiers: *none®
-= total shear stress from non-shearable predpitates
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e 7 alternative models available

e Size distribution dependent strengthening

*|Co-cluster strengthening|

Precipitation strengthening, Oprec

MatCalc

Engineering

£4f Phase status ..

Phaszes ...

FCC_AT
AL_B_DP
CL_MGSI
CL_MGSI_PD
AL B_DP_PD

Create ... Remaove

Help

General Constraints Precipitate Mudleation Structure Spedial

Properties Strengthening MS Evolution

Setup ...

Strengthening model |Prec, strength multi-dass

Ignore contribution

Predipitation strengt Prec, strength mean (number-weighted)
Prec. strength mean (volume-weighted)

APE energy [1jm Prec. strength multi-dass

APB: disl. repulsion strong
auto SF emergy [1jm2]

dislocation character angle: current value = 45 screw I edge
[ use linear misfit instead of vol, linear misfit [dL/L]

Modulus strengthening model  |Membach

Multi size dasses ...

coupling coeffident |1.4

Cancel
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Co-cluster strengthening

* Related to binding enthalpy of co-cluster elements

O Atom A (Mg)

® Atom B (Cu)

8 AH_.
Tprec — 3\/§ b3 [fcclyA(l 3 xB) 0 fcczyB(l — XA) + 3xAxB] i

AH..; - Enthalpy of binding between elements

shear plane

|
tl

A and B in co-cluster

b - Burgers vector e S

Yi - Content of element jin co-cluster

Fig. 2. A 111 plane in an FCC lattice with a 2-atom co-cluster being cut
by a dislocation. Top shows before and after with the co-cluster remaining
intact in a rotated form; middle shows before and after with the co-cluster

. - H being eliminated, which requires an energy input; and bottom shows
xl, - CO nte nt Of e I e m e nt rnm atrlx before and after in the case where the passing of one dislocation creates a
co-cluster, which releases energy.

fcc1 - Co-cluster phase fraction M.J. Starink, S.C. Wang, Acta Mater. 57 (2009) 2376-2389
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Precipitation strengthening, Oprec

* 2 alternative models available
* Size distribution dependent strengthening

e Co-cluster strengthening

* Tprec ™ Oprec

Oprec = MTTprec

M - Taylor factor



MatCalc

Precipitation strengthening, Op.
* 2 alternative models available

* Size distribution dependent strengthening

e Co-cluster strengthening

() .
Tprec _> O-prec variables value

4 kinetics: pd strength
4 TSIGMA PRECS™
I TSIGMA_PRECSnickelmatrix 1.23579e+09 W

category: kinetics: pd strenagth
expression: TSIGMA_PRECSnickelmatrix
legal unit qualifiers: *none™®

-_— M T Tpre C - total yield strength contribution from precipitates

‘ Oprec

M - Taylor factor

MCE-ppt-MO4E-V1
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Mechanical threshold, oy

* Yield stress at temperature O K

e Thermal & athermal contributions

Ogth = 0j T Ogp + Osgp T Oss + Oprec

Oth = Odisl
Og = f(o-ir Odist» Ogb, Osgb» Oss, Gprec)
0y = Ogth t Otn
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Precipitation hardening

Shape factor influence

< +4r*

ss
272-2 |\IV ,class rm,class

class

-1/4
2
el 2+h

3

K =|h

h - Shape factor

Sonderegger B

Page = 97

MCE-ppt-MO4E-V1

il

Phases ...

BCC_A2
BCC_A2201
BCC_A2#01_PD

Create ...

Help

Remove

MatCalc

Engineering

Phase status ...

» I

General Constraints Precipitate Mudleation Structure Spedial
Precipitate setup
| Phase is precipitate
Parent phase: BCC_AZ#01
Kinetic alias name BCC_A2#01_P0
# size dasses: 25 Initizlize ...
Edit predipitate distribution ...
Precpitate properties ...
IShape factor H/D (0. 1is plate) use 0,01 I

Interfadial energy [1fmZ]

auto planar sharp interface | from planar sharp ie
interfacial energy size correction
[ ] diffuse interface correction

regular solution T_crit / K 0.0

Interface mability [m4/Js] 12100
Driving force model for growth | size dass based - SFFK -



Precipitation hardening

MatCalc

Engineering

Shape factor influence on L

25—
In 3
2
LS =K -|-4-I’SS — ZFSS 20
27[2 NV,cIassrm,cIass \\‘wxhstrengthening
class 1.5 T

multiplicative correction factor

-1/4
2
K = h1/6 2 a h 0.5+ ”'_-_ﬁ;art-icle distances

1 .D ___:_':-— ---:

0.01 0!1 ‘lI 1|{} 100
aspect ratio h
h - Shape factor oblate < » spherical «——— prolate

Figure 2. Variation in particle distances and strengthening for prolate
and oblate precipitates relative to spherical particles.

Sonderegger B., Kozeschnik E., Scripta Mater., 66 (2012) 52-55
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Precipitation hardening

Shape factor influence on L

In3

i 272'2 Nv,classrm,CIaSS

class 4 kinetics: precipitates
4 | MEAMN_2DS
L_MEAMN_2DSGAMMA_PRIME PO 2.02352e-08 w

+4r% =2r
SS

SS

variables value s

2 _1/ 4 category: kinetics: predpitates
2 _|_ h expression: L_MEAM_2DEGAMMA_PRIME_PO

l/ 6 legal unit qualifiers: *none*®
K = -= mean distance between randomly distributed precipitates on a sinagle plane

3 (2-dimensional)

h - Shape factor

Sonderegger B., Kozeschnik E., Scripta Mater., 66 (2012) 52-55
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Precipitation hardening

* Shearable particles — (e.g. coherency effect)

(i = f(@)[GBE@} h

coh,weak — N
| LS 27Tweak
req = (Pedgereq,edgash + I:)screwreq,screw,sh)
r = hm(,/ : +2\/ H ] r
egedgesh — | A 2 2 a'm
L 3 2+h 1+25h i 4 e Equivalent radius for edge disl.

_ 225 ( 1 > T g Fog.screwsn - EQuivalent radius for screw disl.
r.eq,screw,sh = ? E+2 1+ h2 .

D
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Precipitation hardening

* Shearable particles — Coherency effect for non-spherical particles

e Strong particles

1/4 -1/4
1.1101c0s? 6 2.1488 in29)£T£mngGerm} @ - h1,6£2+h2j

coh,strong — Ls b3 3

T

* Weak particles

] @osze@inze)[ejmh i < (1:3416c08° 6+4.1127sin’ 6)

— (2.7310cos? 6+ 3.47365in2 6

coh,weak —
LS

weak
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