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Work hardening, oy
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Intrinsic strength, o

Predpitation domains ...

|nicke|r‘natrix

Precipitation domains ...

General Mech. Props M5 Evolution

General Solid Solution Predpitation

Mechanical properties ...
Young's Modulus [Pa] | 208e9

Taylor factor (2.5-3.1) | 2,6

Matrix strepath evaluation

Solute trapping Special

Poizzon's ratio | 33

Basic strength [Pa] 21,8e6

New ...

Page = 4

Remove

Rename ...

Hall-Petch cu:ue# (gb/sgb) 0, 16e5

Disl, strengt. coeff. (01/a2) (0.5

Total strength coupling coeffidents ...

Coeff. thermal + athermal (1.8) | 1.8

Strain rate sensitivity (temporary] ...

eps_dot_ref | 1.0

| |0.0es

/|03

exp_m [0.05

Cancel
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variables ... B X
variahles value 2
4 kinetics: pd strength
4 TS5BS
TYSBSnickelmatrix 2.18e+07 "

categaory: kinetics: pd strenagth

expression: TYSBS®

legal unit qualifiers: *none™®

-= basic yield strength of predpitation domain
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Model overview

* Contributions to yield strength, oy

* Intrinsic strength, o

* Work hardening, oy

* Grain/subgrain boundary strengthening, ¢, oy,
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* Precipitation strenghtening, oy,
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Work hardening, oy

* Taylor equation

O gist = AO‘Gb\/;

O, - Taylor factor
(S - Shear stress
h - Burger’s vector

L - Dislocation density
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Work hardening, oy

* Taylor equation

O gig| :@aGb\/;

| - Taylor factor |
(5 - Shear stress

b - Burger’s vector

L - Dislocation density

~
 2(10)
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Rename ...

Precipitation domains ...

General Mech. Props MS Evolution

General Solid Solution Precipitation

Mechanical properties ...

Solute trapping Special
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foung's Modulus [Pa] | 208e9

aylor factor (2.5-3.1) 2,6

I Poisson's ratio | ,33

Matrix strength evaluation ...
Basic strength [Pa] 21,8e6

Hall-Petch coeff (gb/sgb) 0,16e6

f|0.0e6

Disl, strengt. coeff. (a1/a2) § 0.5

{ |0.3

Total strength coupling coeffidents ...

Coeff. thermal + athermal (1.8) | 1.3

Strain rate sensitivity (temparary] ...

eps_dot_ref | 1.0

exp_m | 0.05

Cancel



Work hardening, oy

* Taylor equation

O gist = AaGb\/;

O, - Taylor factor
(S - Shear stress

b - Burger’s vector|

lp - Dislocation density|
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Precipitation domains ...

nickelmatrix

Precipitation domains ...

General Mech. Props M3 Evolution
Thermodynamic matrix phase ...

FCC_AL

Microstructure parameters ...

Solute trapping Special
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I equilibrium dislocation density [m-2]

1.0e11

initial grain diameter [m] 20e-6

initial subgrain diameter [m] | 100.0e-6

elongation factor |1

elongation factor |1

Burger's vector

automatic manual value [m]

M
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MNew ... Remove

Rename ...

Cancel
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Work hardening, oy

g Precipitation domains ... ?

L]
> Tayl O r e q u a t I O n Predipitation domains ... General Mech. Props M5 Evolution Solute trapping Spedal

| nickelmatrix

il

General Solid Solution Precipitation
* Two parameter model Vechanicalproperties ..
Young's Modulus [Pa] | 208e9

Taylor factor (2.5-3.1) 2,6 Poisson's ratio | ,33

. ’ ’ Matrix strength evaluation ...
Gd |S| _ b pl + b p2 Basic stren;h [Fa] 21,826

Hall-Petch coeff (gbfsgb) | 0,156 [ 0.0e6

Disl. strengt. coeff. (o 1,|"c|2]l| 0.5 I [ fo.3

Total strength coupling coeffidents ...

Coeff, thermal + athermal (1.8) | 1.3

Strain rate sensitivity (temparary] ...

eps_dot_ref | 1.0 exp_m |0.05

Mew ... Remove

Rename ...
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Work hardening, oy;q

* Taylor equation

* Two parameter model

= AaGb,/p, + AaGb,/p,

MatCalc

Engineering
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

GYS = f (Gi ’ Gdisl / ng’ ngb’ Gss 1 Gprec)



Grain/subgrain boundary strengthening, oy, Oy

e Hall-Petch equation

D - Grain diameter
O - Subgrain diameter

kn - Constant
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Grain/subgrain boundary strengthening, oy, Oy
i Precipitation domains ... ?

e Hall-Petch equation

Precipitation domains ... General Mech. Props M5 Evolution Solute trapping Spedal

| nickelmatrix

General Solid Solution Precipitation

Mechanical properties ...

k k Young's Modulus [Pa] | 2089
g b Sg b Taylor factor (2.5-3.1) | 2,5 Poisson's ratio | ,33

g b — ’ ng b = J Matrix strength evaluation ...
D 5 Basic strength [Pa] 21,8e6

O

Hall-Petch coeff {gb/sgb) I 0, 16e6 I / N 0.0es
Disl. strengt. coeff. {a1/a2) 0.5 /0.3
Total strength coupling coefficents ...

D = G ral n d Iam eter Coeff. thermal + athermal (1.8) | 1.8

- . Strain rate sensitivity (temporary) ...

O - Subgrain diameter

eps_dot_ref | 1.0 exp_m |0.05
MNew ... Remove
k - Constant
N Rename ...



Grain/subgrain boundary strengthening, oy, Oy

* Hall-Petch equation

[D - Grain diameter

O - Subgrain diameter

kn - Constant
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Precipitation domains ...
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Precipitation domains ...

Mew ... Remove

Rename ...
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General Mech. Props M5 Evalution Solute trapping Special
Thermodynamic matrix phase ...
FCC_A1L
Microstructure parameters ...
equilibrium dislocation density [m-2] 1.0ei1
initial grain diameter [m] He-6 longation factar |1
initial subgrain diameter [m] | 100.0e-6 longation factar |1
Burger's vector
automatic manual value [m]  2.52-10
Cancel



Grain/subgrain boundary strengthening, oy, , oy

* Hall-Petch equation

k

D A
. sgb
D o)

[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, Oyb » Osgb

Solid solution strengthening, o ‘

Precipitation strenghtening, oy

GYS o f (Gi ’ Gdisl / ng’ ngb’ Gss 1 Gprec)
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Solid solution strengthening, o,

ki - Coefficient for element |

- s C; - Element i content in the prec. Domain

ot ot My
Msub Mint
n, \Msub 1 \Mine (mole fraction)
= (Z(kici ) j +(Z(kici ) j N .
i sub i - i - Exponent for element |
- - msub - Exponent for substitutional elements

M. . - Exponent for interstitial elements

M., - Global exponent



Solid solution strengthening, o

Precipitation domains ...

[nickelmatrix

Mew ... Remove

Rename ...
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Precipitation domains ...

General Mech. Props MS Evolution Solute trapping Spedial

General Solid Solution Precipitation

Strengthening coeffidents ...

Elernent | Coefficient BExponent
AL 225.0eb 1/2
C 1061.0eb 1/2
O 30.4eb 1/2
CR 337eb 1/2
FE 153.0eb 1/2
MO 1015.0eb 1/2
ME 1183.0eb 1/2
NI 0.0 1/2
Tl T75.0eb 1/2
W 477.0eb 1/2

555 coupling coeffidents ...

Isubstib_lﬁu:unal (1.8) 1.8 IIinterstitiaI (1.8) |1.8

| total 55 strength (1.8) | 1.8 I

Cancel
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B Mot Mot
Msub Mint
m m:
n; sub n int
Z(kici ) Z(kici )
i sub i int

‘ki - Coefficient for element i ‘

Ci - Element i content in the prec. domain

IN; - Exponent for element i |

rnsub

- Exponent for substitutional elements|

|mint - Exponent for interstitial elements|

M,,; - Global exponent
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Msub Mint
4 kinetics: pd strength

n, \Msub n YMint 4 T5558"
— kl CI + kl CI T5555nickelmatrix 2.8264%9e+08 W

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

legal unit qualifiers: *none®

-= solid solution vield strength contribution in precipitation domain
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Solid solution strengthening, o,

* Solid solution strengthening, o

Mipt Mipt
Msub Mint

msub

sub i int

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, Oyb » Osgb

Solid solution strengthening, o

Precipitation strenghtening, oy

GYS o f (Gi ’ Gdisl / ng’ ngb’ Gss 1 Gprec)
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Precipitation strengthening,

* Some general parameters/settings

Oprec

* Angle between dislocation line and Burger’s vector 8 (edge:screw ratio, & =0

for pure screw, & = /2 for pure edge)

- ]
it Phase status ... ?
Phases ... General Constraints Predipitate Nudleation Structure Spedial
FCC_A1
_ - Strengtheni -
GAMMA_PRIME Properties engthening M3 Evolution
GAMMA_PRIME_PO Setup ...
Strengthening model | Precipitation strengthening -
Size dasses ...
coupling coefficent | 1.8
Predipitation strengthening ...
APB energy [1/m2] 0,111 number of pair disl. 3
APB: disl. repulsion strong 28 APB: digl. rep. weak (0-1) |1
auto SF energy [3/m2]
dislocation character angle: current value = 45 screw edge I
[¥] use linear misfit instead of val. linear misfit [dL L] 0,004
Modulus strengthening model  |Membach =
Create ... Remove
Help

Cancel 0K
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Precipitation strengthening, Op.

* Some general parameters/settings

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

I - Precipitate mean radius
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Precipitation strengthening, Op .
* Some general parameters/settings
* Mean distance between the precipitate surfaces, L
2
In3 4 2 z NV,cIass rm,class
L. = +4r. —2rg AT
2”2 NV,cIass i class 3 Z I\IV,cIass Fin class
CIaSS CIaSS
variables value 2
Ny .ass - Precipitate number density within the class I
’ _L_MEA?\J_EDSGAMMA_PRIME_F'C- 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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Precipitation strengthening, Op.

* Derived from 7,
* Non-shearable particles (Orowan mechanism)

» Shearable particles (weak or strong)

* Coherency effect

Modulus effect

Anti-phase boundary effect

Stacking fault effect

Interfacial effect
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Precipitation strengthening, Op.

* Derived from 7,

‘ * Non-shearable particles (Orowan mechanism) ‘

» Shearable particles (weak or strong)

* Coherency effect

Modulus effect

Anti-phase boundary effect

Stacking fault effect

Interfacial effect



Non-shearable particles

T
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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

. JGb n 2r,,
"o2xVl-oL, T,
If r, < 2r;, then

2
7T
1- u[cos(z — 6’)) . 1GDb

= In(2
,—1_0 nsh 272_ ll—ULS ( )
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Non-shearable particles

JGb 2r,

T In
nsh
2rN1-vL I
variables value 2
2 4 kinetics: prec, strength
T 4 TAO_OROWANS*

1 —U CO A 9 TAD_OROWANSGAMMA_PRIME_PD  7.74823e+08 W

category: kinetics: prec, strength
J — expression: TAO_OROWANSGAMMA_PRIME_PO
legal unit qualifiers: *none®
l — D -= Ashby-Orowan shear stress for impenetrable predpitates of individual

phase
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Precipitation strengthening, Op.

* Derived from 7,

* Non-shearable particles (Orowan mechanism)

» Shearable particles (weak or strong)

* Coherency effect

Modulus effect

Anti-phase boundary effect

Stacking fault effect

Interfacial effect
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Shearable particles
* Some general parameters/settings
* Dislocation bending angle, v - weak and strong particles
S \\ "
)"’2 T 0° < y<120° -2 “strong” particles
120° < vy <180° - “weak” particles
!

Fig. 1. Balance force between a precipitate and a dislocation.
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Shearable particles

» Some general parameters/settings

 Mean distance between the precipitate surfaces, L

@ & |
n3
o e L = +4r2 —2r
L 27 Z NV,cIass Vo class
) We* O} P e class
O O Strong
particles
& (0 N r2
0° < w, < 120° 120° < w, < 180° 2 IZ V,ClaSS m,ClaSS
Strong precipitate Weak precipitate rSS S —
(a) (b) 3 Z NV,cIass rm,class
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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Shearable particles

» Some general parameters/settings

 Mean distance between the precipitate surfaces, L

O

)lpcv W k _1/2
O ed L« =Ls|CO v
particles 2
L_/

0° <w,<120° 120° < W, < 180°
Strong precipitate Weak precipitate

() (b)

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.



Shearable particles

* Some general parameters/settings

Precipitation domains ...

nickelmatrix

New ... Remaowve

Rename ...

Precipitation domains ...

General Mech. Props MS Evalution Solute trapping

Special
General Solid Solution Predpitation
Precipitate retarding force ...

auto

pinned mobility MO' | 0.0

Dislocation line tension ...

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

» I

(®) advanced form I outer cut off=120° 120

180 I

inner cut off=2,0xb 1xb

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

non-shearing (1.8) | 1.8

total (1.4) 1.4

Cancel

b

OK

 Mean distance between the precipitate surfaces, L

Weak
particles

Leff

MatCalc

Engineering

~1/2
= L,| cos
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Shearable particles

* Some general parameters/settings

e Dislocation line tension, T

e Simple model

_ Gb?
2

T

e Advanced model

T :Gb2 1+v—-3vsin® o In - _sz 1+v—-3vsin® o In
strong 472_ 1—0 |’. weak 471_ 1—0 r.
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Shearable particles
* Some general parameters/settings
e Dislocation line tension, T
variables value 2
- S|mp|e m0d€| Jljinetics:prelc'.:zzrength
i DI:T_SIMF'LESGAMMA_F'RIME_F'D 1.9290?&-09'
Gb 2 ’ I DLT_WEE*‘CSGAMMA_PRIME_PD 1.6019e-09
2 ’ DLT_STROMGSGAMMEA_PRIME_PD 1.46592%9=-09 v

category: kinetics: prec. strength
expression: DLT_SIMPLES™
legal unit qualifiers: *none™®

® Ad van Ced m Od el -z dislocation line tension from simple description (1,/2Gb"2)

Gb?(1+v—-3vsin% @ L - Gb’ (1+v-3vsin® @ . Lo

weak

strong| A 1—0 r 4 1-v I
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Shearable particles

* Some general parameters/« Precipitation domains . ?

Precipitation domains ... General | Mech. Props | MSEvoluton | Solute trapping | Spedal

¢ D i S I Ocat i O n I i n e te n S i O n ) T nickelmatrix General Solid Solution Predipitation

Precipitate retarding force ...

¢ S| m ple auto value obtained from internal calculatio

pinned mobility MO 0.0 Q|00

¢ Ad van CEd Dislocation line tension §..

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

CUl

1
[l
[=]

®) advanced form  Jouter cut off=120° 120 180

inner cut off=2,0xb 1xb b

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

naon-shearing (1.8) | 1.8

total (1.4) 1.4

Mew ... Remove

Rename ...

Page = 37
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Shearable particles

* Some general parameters/settings

* Inner cut-off radius, r; (multiplication of Burger’s vector)
Precipitation domains ... ?

Precipitation domains ... Genersl | | Mech.Props | MSEwoluton | Solute trapping | Special

ickelmatri
et Genera I Solid Solution Precipitation G b 2 1 3 - 2 9
Precipitate retarding force ... T + U - U S In
auto alue obtained from internal calculation Strong 4 1
pinned mobility MO | 0,0 Q' 0.0 72- —— U
Dislocation line tension ...
() simple (1/2Gb2)  dislocation character ...
(®) advanced form  guter cutoff=1200 120 180
I inner cut off=2,0xb 1xb 4xb I G b 2 1 + U 3U S in 2 8
Predpitation strengthening coupling coeffidents (1-2) ... Tweak i
shearing (1.8) 1.8 472- 1 - U
non-shearing {1.8) | 1.8
total {1.4) 1.4
M - Remawve
Renam:
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Precipitation strengthening, Op.

* Derived from 7,

* Non-shearable particles (Orowan mechanism)

» Shearable particles (weak or strong)

* Coherency effect

Modulus effect

Anti-phase boundary effect

Stacking fault effect

Interfacial effect



Coherency effect

* Strain field due to precipitation/matrix misfit

e Strong particles

_ (2cos? 0 +2.13525in 0)

z-coh,strong gl L
$

* Weak particles

(1.3416 cos? 0+ 4.1127 sin? 9)( G&°rab

Tcoh ,weak —
LS

MatCalc

Engineering

A“n - Linear misfit

Avol - Volumetric misfit



Coherencv effect

o

i
i

-4 Phase status ..
« 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,
Coherency rad. [m] 0.0 Breakable above rad. [m] | 1.0
Create ... Remaove
Help

Cancel
Page ™41
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A“n - Linear misfit

Avol - Volumetric misfit
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Coherency effect

il

P Phases ...

FCC_AT
GAMMA_PRIME

(GAMMA_PRIME_PD

Create ...

Help

Page = 42

Remove

Phase status ... ?

General Constraints Precipitate Mudeation Structure Special

Properties Strengthening MS Ewvolution

Setup ...

Strengthening model | Precdipitation strengthening

Size dasses ...
coupling coeffident | 1.8
Precipitation strengthening ... 2 2
APE energy [1fmZ] 0,111 numnber of pair disl, 3 (9 — Alln — — AVO'
APE: disl, repulsion strong 2.8 APE: disl, rep. weak (0-1) |1 3
auto SF energy [1/mZ] 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 -

‘A"n - Linear misfit

Avol - Volumetric misfit
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Coherency effect
* Strain field due to precipitation/matrix misfit
e Strong particles
. ® 3 1/4
T e (2 COS 9 + 2.1352 S In 9) TstrongGgrm
coh,strong‘_ 3
|2 b
variables value &N
 Weak particles i ThD CorE wEAKS:
I TAQD_COHER_WEAKSGAMMA_PRIME_PO 3.9204e+07
5 . 3 3.3 1/2 ’ %ZSGAMMA_PRIME_PD 4.923?4&+DE.| W
(13416 COS 6 + 41127 S |n 9) G E reqb category: kinetics: prec, strength
T — expression: TAO_COHER_WEAKSGAMMA_PRIME_PQO

coh,weak legal unit qualifiers: *none®
! LS T -z coherency hardening shear stress for shearable weak precpitates of

weak individual phase
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Precipitation strengthening, Op.

* Derived from 7,
* Non-shearable particles (Orowan mechanism)

» Shearable particles (weak or strong)

* Coherency effect

Modulus effect

Anti-phase boundary effect

Stacking fault effect

Interfacial effect
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Modulus effect

* 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 e S Of p r Phases ... General Constraints Precipitate Mudeation Structure Special

wil

FCC_A1 ) i i
GAMMA_PRIME Properties Strengthening MS Evolution
5 4 EGAMMA_PRIME_PD | Setup ...
energy inside and outs | - .
Strengthening model | Precipitation strengthening -
Size dasses ...

o 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

Page = 46
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Modulus effect

e Nembach model

e Strong particles

0.85
= F.., =0.05G _ep\b{%‘*j

T _  mod
mod,strong ~ I—s

* Weak particles

2T
mod, weak b I—S

T

3/2 Gp - Particle shear modulus
weak [ |:mod j
2Tweak
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Modulus effect

* Siems model
Up - Particle Poisson ratio

Strong ) l el ) l _ Weak
2T E, Y E_Y
T rod strong — =0.8 bslt_r:ng 1_£Epj T rod,weak — zl;rvliak 1—(%}
Gp(l—u)logreq+G(1—up)log® cH= u)log +G(l-v )Iog
P _ i o~ req Ep e ' N\ req

= 6o, o) - G(1—up)|og@

I
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Modulus effect

* Nembach mode

e Strong particles

F

mod

Tmod,strong -

* Weak particles

3/2

2T

T . weak

mod,weak b I—g

|:mod
2T,

eak

Page = 49

Phases ...

FCC_ A1
GAMMA_PRIME

(GAMMA_PRIME_PD

Phase status ... é

General Constraints Precdpitate Mudeation Structure Special
Properties Strengthening M5 Evolution
Mechanical properties ...
|:| use same values as matrix
Young's modulus [Pa] | 20229 Poisson's ratio 0.3

Structure ...
[ ]auto vol. misfit dv/) | 0,004%3 auto Burger's vector [m] 2, 5e-10

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

Create ... Remove
Help Cancel
L, - Particle Poisson ratio Gp - Particle shear modulus




MatCalc

Modulus effect
* Elastic properties of precipitate and matrix differ = dislocation
energy inside and outside the precipitate differ
e 2 models
* NembaCh :rakrii::’lisyprec strength e ’
’Z' d K 4 TAQ f:u“IGD IR-"JEAKS*
° S. moda, wea TAD_MOD WEAKSGAMMA_PRIME_PD 1.80848e+06
Iems ’ If'l'r,;lﬂrujujl[tll[;’_[SFEI%EEJTSSGAMMA_PRIME_PD 1.32552e+07 I W

T cateqary: kinetics: prec. strength
mod ,strong expression: TAO_MOD_WEAKSGAMMA_PRIME_PO
legal unit qualifiers: *none®
-= modulus mismatch hardening shear stress for weak shearable precipitates of
individual phase




MatCalc

Engineering

Precipitation strengthening, Op.

* Derived from 7,
* Non-shearable particles (Orowan mechanism)

» Shearable particles (weak or strong)

* Coherency effect

Modulus effect

Anti-phase boundary effect

Stacking fault effect

Interfacial effect



MatCalc

Engineering

Anti-phase boundary (APB) effect

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

e Strong particles

l

069 8WTstrongreq7/APB -
z-APB,strong — bLS 3

Y apg - APB energy

_ W, [ - Interaction parameter between
* Weak particles

- - the leading and trailing dislocation

3/2 2
. 2 T (requPBj 16 57 peg Teg T R
APB ,weak — weak - S - Number of palr aislocations
SbLS Tweak 37Z|—S




MatCalc

Anti-phase boundary (APB) effect

3 Phase status ... ? R
Phases ... 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
FCCAT F ti Strengthenin MS Evoluti
GAMMA_PRIME roperties a a volution
{GAMMA_PRIME_PD : 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 AP B
- ener
auto SF energy [1jm2] 0.0 ‘7/APB gy
dislocation character angle: current value = 45 screw edae
use linear misfit instead of vol. linear misfit [dL/L] 0,004 ﬂ = I nte raCtI O n param Eter betwee n
Madulus strengthening model Membach =
the leading and trailing dislocation
e R ‘ S - Number of pair dislocations

Page = 53 - .
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Engineering

Anti-phase boundary (APB) effect

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

e Strong particles

069 8W-I-strongrequPB =
TAPB,strong W bLS 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 req 7APB 16 ﬁyAPB r-e(Zq of individual phase
U APB weak [~ 2Tweak _

| Sb Ls Tweak 37ZLS




MatCalc

Engineering

Precipitation strengthening, Op.

* Derived from 7,
* Non-shearable particles (Orowan mechanism)

» Shearable particles (weak or strong)

* Coherency effect

Modulus effect

Anti-phase boundary effect

Stacking fault effect

Interfacial effect
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Engineering

Stacking fault (SF) effect

* Passing dislocation creates a stacking fault — energy difference

between the SF in the precipitate and matrix

GbZ(2-v—2vc0520))

KSF =

877(1— U)
bp - Burger’s vector of particle
2KSF
Weff N i _
Vepa T Verr Vsep - Stacking fault energy of particle

Vsem - Stacking fault energy of matrix

Foe = 2(7/SFM —Vsep )\/Weff leq ~Wq /4

!
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Engineering

Stacking fault (SF) effect

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

e Strong particles

- _Fe o Gb(2-v-2vc03(20))
SF,strong ~ SE —
bl 87(1-v)
* Weak particles W. — 2K
Vsem T Vsep

- - 3/2
T woak = weak Sk
S bl (ZTweak j For = 2(7/3F|v| — VsFp )\/\Ne‘“f feg _We?f /4



MatCalc

Stacking fault (SF) effect

- Precipitation domains ... ?

— energy difference

Precipitation domains .. General Mech. Props M5 Evolution Solute trapping Spedial

nickelmatrix Diffusion contral Energies r i X
Defects ...
Grain boundary [1jmZ] 0.5
Subgrain boundary [I/m2] 0.3
Dislocations [1/m] 0.0
Stacking fault energy
[] automatic SFE manual [m2] 0.0 ‘ ’ .
b, - Burger’s vector of particle
Vsep - Stacking fault energy of particle
‘7/SFM - Stacking fault energy of matrix
MNew ... Remave

Rename ...



MatCalc

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 ... Remowve

Help

1agc = JJ

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

auto SF energy [n] | b 5= 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 particlel

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
b 5" Burger’s vector of particle
Vsep - Stacking fault energy of particle
Vsem - Stacking fault energy of matrix
Create ... Remove
Help
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Engineering

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 ... B X

T o oSS
SF,strong| bLS

variables value

4 kinetics: prec. strength

F] (1 _SEE WWEAKE®
ﬁAG_SFE_R-‘JEAKSGAMMA_PRIME_F'D 0

¥ [ e T [l
raTAG_SFE_STRGNGSGAMMA_F'RIME_F'D o | v

* 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 b I—S 2Tweak
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Engineering

Precipitation strengthening, Op.

* Derived from 7,
* Non-shearable particles (Orowan mechanism)

» Shearable particles (weak or strong)

* Coherency effect

Modulus effect

Anti-phase boundary effect

Stacking fault effect

Interfacial effect
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Engineering

Interfacial effect

 Passing dislocation increases the area of precipitate/matrix interface
e Strong particles

— |:int l

int,strong ~
bLS |:int — 27/PM b

* Weak particles

3/2 TeT IX |
- Precipitate/matrix interface ener
T e 2Tweak |:int 7PM p -
int weak — bL 2-|-
S

weak



|
. H Phase status ... ?
| n te rfa C I a ‘ effe Ct Phases ... General Constraints Precipitate Mudeation Structure Spedal

FCC_AT Precipitate setup
GAMMA_PRIME )
[ . ] (] EGPLMMA_PWME_PE' 1 | Phase is precipitate
> Pa SSI ng d ISIOcatlon I ncrease: Parentphase: GAMMA_PRIME
Kinetic alias name GAMMA_PRIME_PQ
P St ro ng pa rti C | eS # size dasses! 50 Initialize ...
Edit predpitate distribution ...
F Precipitate properties ...
int Shape factor H/D (0. Lis plate) use 1.0
mt’Strong b LS Interfacial energy [J/mZ] auto planar sharp interface  from planar sharp ie
interfacial energy size correction
diffuse interface correction
3 regular solution T_crit / K 2350
* Weak particl
e a p a t C e S Interface mobility [m</1s] 12100
Driving force model for growth | size dass based - SFFK -
2 3/2
Tweak |:int

T- =
Int,Weak Create ... Remove
b LS 2Tweak
Help Cancel

Yoy - Precipitate/matrix interface energy

Page = 64
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Engineering

Interfacial effect

* Passing dislocation increases the area of precipitate/matrix interface

e Strong particles

—_— F-

Int

int,strong | bLS

T

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 L weak int -z chemical hardening shear stress for shearable weak precipitates of individual
phase

int,weak | bLS 2-|-

weak
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Engineering

Precipitation strengthening, Op.

* Evaluation
* |dentifying the regime for each precipitate separately

e Summation of the calculated 7

regime OF €aCh precipitate

* Conversion of 7, 10 Oy



MatCalc

Engineering

Precipitation strengthening, Op.

e Evaluation

* |dentifying the regime for each precipitate separately

e Summation of the calculated r.

 regime Of €ach precipitate

* Conversion of 7, 10 Oy
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Engineering

Regime of each precipitate

* For every precipitate phase i: Values of 7 evaluated for each of three

regimes (Non-shearable, shearable weak, shearable strong)

msh

— Mgy,
Z-i,strong = | (Ti,coher,strong T

I,mod,strong

+7 +e +7 Ymh

I, APB ,strong I,SF,strong 1,Int,strong

/m
— msh sh
z-i,weak T (Ti,coher weak + TI mod weak + z-| APB ,weak + TI SF weak + z-| int Weak)1

i,nsh



Regime of each precipitate

-n_-i'.'

Precipitation domains ...

* For every precipitate ph

nickelmatrix
regimes (Non-shearable
R -mS mS
2-i,strong ™ (r,strong + Z-i,rr:]od,
mS mS
7’-i,weak . (Ti,cgher,weak ¥ z-i,rr:;)d,\
MNew ... Remove

Rename ...

Page = 69

Precipitation domains ...

zeneral Mech. Props MS Evolution Solute trapping Spedal

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

pinned mobility MO' | 0.0 Q' 0.0

Dislocation line tension ...
() simple (1/26b2) = 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

I shearing (1.3) 1.8

naon-shearing (1.8) | 1.8

total (1.4) 1.4

Cancel
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Engineering

Regime of each precipitate

* For every precipitate phase i: Values of 7 evaluated for each of three

regimes (Non-shearable, shearable weak, shearable strong)

/m
— Mg Mg, sh
‘ Ti,strong‘_ (Ti,coher,strong + TI mod ,strong + Tl APB ,strong g Z-| SF ,strong + z-i,int,strong)l

/m
— msh sh
i,weak |~ (Ti,coher,weak + TI mod weak + Tl APB ,weak + Z-| SF weak + Z-| mtweak)1

T
variables value e
4 kinetics: prec. strength
4 45"
T TAO_OROWAMSGAMMA_PRIME_PO 7.74823e+08
I,nsh a &K T
TAO_SH EAF‘ﬁJEAKS GAMMA_PRIME_PD 2.483472e+08
4 E STROMNGS™
TAO_SHEAR_STROMGSGAMMA_PRIME_PD  9.532877e+03 I v

category: kinetics: prec. strength

expression: TAO_QROWANSGAMMA_PRIME_PO

legal unit qualifiers: *none®

-= Ashby-Orowan shear stress for impenetrable precipitates of individual phase



t . MatCalc

Phase status ... Engineering

L]
R e g I m e Phases ... General Constraints Precipitate Mucleation Structure Special

FeCA Properties | Strengtheni MS Evoluti
GAMMA_PRIME P engthening volution

EGAM MA_PRIME_PD i Mechanical properties ...

® ,Z.I , reglme Wlt |:| use same values as matrix :a ke n fo r

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

the furthe e

[ ]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

T = (rmS“
I,strong I,coher,si

‘ Ti ,weak

If coherency radius # 0 and the mean radius of precipitate is greater than

‘ T ‘ the coherency radius = the non-shearable regime is taken for further

calculation

-= Ashby-Crowan shear stress for impenetrable precipitates of individual phase
Page = 71
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Engineering

Precipitation strengthening, Op.

e Evaluation

* |dentifying the regime for each precipitate separately

* Summation of the calculated 7, ;.

of each precipitate

* Conversion of 7, 10 Oy
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Engineering

Summation of

i,regime
- i
( A1\ \ Msym ( 1 \ Moum [ Mg,
e = (Zr{,“;ﬁ] e (Zr. r:‘;*;,j
rYy =T~ o

Ti sh -Shearable particles contribution (weak and strong regime)

Ti nsh -Non-shearable particles contribution



prec

Summation of

Page = 74

Mpgh
:EE:’Z},nsh
I

iregi

mSUITl

msum

me

Predpitation domains ...

nickelmatrix

General

General

Precipitation domains ...

Mech. Props

M5 Evolution

Solid Solution

Precipitation

Predipitate retarding force ...

New ... Remowe

Rename ...

Solute trapping

auto value obtained fram internal calculation
pinned mobility MO | 0.0 Q0.0
Dislocation line tension ...
() simple (1/2Gb2) = dislocation character ...
':EZ' advanced form outer cut off=120% 120
inner cut off=2,0xhb 1xh

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

MatCalc

Engineering

Special

150

Suh

Ishearing (1.8)

1.8

non-shearing (1.8)

1.3

total (1.4)

1.4

Cancel

o



Summation of 7 ...

MatCalc

Engineering

* Precipitation strengthening, o, (derived from z,)

* Evaluation of 7,

:

Page = 75

Mg,
Z Ti sh
i

sum

(

Z‘T

_mnsh
I,nsh

mns:h

\

sum

msum

variahles value 2
4 kinetics: pd strength

4 TTAQ MNOMN SHEARS™
TTAO_MOM_SHEARSnickelmatrix  4.47201e+08 I

4 TTAO_SHEARS®

TTAD_SHEARSnickelmatrix 1.81568e+08 l
4 1AL PRELS®
TTAD_PRECSnickelmatrix 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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Engineering

Precipitation strengthening, Op.

* Evaluation
* |dentifying the regime for each precipitate separately

e Summation of the calculated r.

 regime Of €ach precipitate

* Conversion of 7, 10 Oy
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Engineering

Precipitation strengthening, Oy

* Evaluation
 |dentifying the regime for each precipitate separately

 Summation of the calculated . of each precipitate

i,regime

* Conversion of 7, 10 Oy

variables value ~
G —_ aT 4 kinetics: pd strength
prec prec P ¢
i TSIGMA_PRECSnickelmatrix 1.2357%e+09 I v

category: kinetics: pd strength

expression: TSIGMA_PRECSnickelmatrix

legal unit qualifiers: *none™®

-= total yield strength contribution from precipitates

¢ - Taylor factor



Matc.ﬂ

Engineerin g

Total yield strength, oy

e Summation of contributions

Img
. msig ( )msig ]1 Sig
GYS A\ [Gdisl T Gi N, ng i~ ngb T Gss T Gprec
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Engineering

Total yield strength, oy

® Summathn Of COntrIbUthnS H Precipitation domains ... ?

Predipitation domains ... General | Mech.Props | MSEvoluton | Solute trapping | Spedl

| nickelmatrix

General Solid Solution Predipitation
Mechanical properties ...

Young's Modulus [Pa] | 208e9

Taylor factor (2.5-3.1) 2.6 Poisson's ratio |33

Matrix strength evaluation ...

Basic strength [Pa] 21,8e6
Hall-Petch coeff (gbfsab) | 0,16e6 [ 0.0e8
Disl. strengt. coeff. (o1/a2) |0.5 [ 0.3

Total strength coupling coeffidents ...

IC:::Ef'F. thermal + athermal (1.8) | 1.8 I

Strain rate sensitivity (temparary) ...

eps_dot_ref | 1.0 exp_m |0.05

Mew ... Remove

Rename ...

Page = 79
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Engineering

Total yield strength, oy

e Summation of contributions

/' mg;
Sig msi 9
Oy [(le -I-(G t Oyt 0yt 0 +Gprec) 9]1

variables value s
4 kinetics: pd strength
4 TYCe*
| TvSSnickelmatrix 158326400 | o

categary: kinetics: pd strength

expression: TYSSnickelmatrix

legal unit qualifiers: *none™

-= total yield strength of predpitation domain
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Precipitation hardening

Shape factor influence

il

Phases ...

MatCalc

Engineering

Phase status ...

» I

General Constraints Precipitate Mudleation Structure Spedial
BCC A2 Precipitate setup
BCC_AZ#N )
In 3 2 ECC_J:".E#D-I_F'D | Phase is precipitate
LS — K + 4 r Parent phase: BCC_AZ#01
SS
27[ E NV class I’m’class Kinetic alias name BCC_A2#01 PO
class # sire dasses: 25 Initialize ...
Edit predipitate distribution ...
2 h 2 _1/ 4 Precpitate properties ...
K h 1/6 + IShape factor H/D (0. iz plate) [+] use 0,01 I
3 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
h = S h ape factor Interface mability [m4/Js] 12100
Driving force model for growth | size dass based - SFFK -
Create ... Remove

Sonderegger B

Page = 83



Precipitation hardening

MatCalc

Engineering

Shape factor influence on L

2.5
In 3
2
L. =K +4r" —2r 20
272-2 NV,cIass I’-m,class \“‘wxhstrengthening
class 1.5 ™~

multiplicative correction factor

-1/4
2
K — h1/6 2 L 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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Engineering

Precipitation hardening

Shape factor influence on L

In3

K 27[2 Nv,class rm,class

class

2
+4r. —2rg

variables value s

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

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

1/ 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

* Non-shearable particles (Orowan mechanism)

JGb 2r,,
Torowan = 27 l—l—ULS In( rl ] req — (Pedgereq,edge,ns + Pscrewreq,screw,ns)
[ 5 1h2/3 ]
r _| 2h / 3 N 3 + 3 e I cqens - EQUivalent radius for edge disl.
eq,edge,ns 2 2 5 m g,edge,ns
3 2+h h® 2+h 4
= - Vo screw,ns - EQuivalent radius for screw disl.

eq,screW,nS m . .
3 | h 4 P_., - Fraction of screw disl.

oh?3 (1 1 9 )| Page - Fraction of edge disl.
X | T2 _+\/ 2 T > || "
h 2+h
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Engineering

Precipitation hardening

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

o O[S

coh,weak LS 27T\/

weak

req — (Pedgereq,edge,sh + IDscrewreq,screw,sh)
r = hm(‘/ : +2\/ b J "y
eq.edge,sh — | A 2 ) a'm
L 3 2+h 1+5h i 4 fen e Equivalent radius for edge disl.

N

_ 25 (4 > 2 - Foq screwsh - EQuivalent radius for screw disl.
r.eq,screw,sh = ? E+ 2 1+ h2 r.m
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Engineering

Precipitation hardening

* Shearable particles — Coherency effect for non-spherical particles

e Strong particles

1/4 -1/4
1.110150s* +2.1488 inze)LTsi”mngGarm) @ < :h1,6(2+h2j

z-coh,strong - T "B b3 3

L

* Weak particles

T (2.73100s? 6 +(3.4736 3in’ 9)[5 J“Zh i < (13416 05’ 0+4.1127 sin” 0)

coh,weak — — L. @ o N (2.7310 cos’ 6 +3.4736 sin” H)




MatCalc

Engineering

summing up...

* Total yield strength, oy

 Summation of contributions
[ S|g )msig :IU rnsig
G Gdl -I-(Gi-I-ng-I-ngb-l-GSS-I-Gprec

* Influence of strain rate, @

m.. /mSig
Ovys Gdf'g+(0 +0, + Oy, + 0 +aprec)3'g L=



summing up...

* Tot

Page = 90

L
-
-

suil

Predpitation domains ...

|nickelrﬂatrix

Mew ...

Remove

Rename ...

Precipitation domains ...

General Mech, Props MS Evolution

General Salid Solution Precipitation

Mechanical properties ...
Young's Modulus [Fa] | 208e9

Taylor factor {2.5-3.1) | 2.6

Matrix strength evaluation ...
Basic strength [Pa] 21,8e8
Hall-Petch coeff (ghfsqb) 0,16e8

Cisl. strengt. coeff. {al/aZ) 0.5

Total strength coupling coeffidents ...

Coeff. thermal + athermal (1.8) | 1.5

Strain rate sensitivity (temporary) ...

Solute trapping Spedal

Poisson's ratio | 33

[ |0.0e6

f 0.3

I eps_dot_ref | 1.0

IEKF'_ITI 0.05

Cancel
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Engineering
* Total yield strength, oy
e Summation of contributions
G G Slg _I_ (G _I_ G + O_ _I_ G _I_ G )msig / mSig variables value
d| b b p rec 4 kl:f;c::q; pd strength
| Tvssnickelmatrix 1.58386e+00 |
category: kinetics: pd strength
A o Express_iu:un: T‘_fS Sni-:kelmah;ix

¢ I nfl u e n Ce Of St ra I n rate; ¢ lF:EI?-LIEI;ILEETEIahsTéi;;mn?irecipitaﬁun domain

C,

[ 3|g ( )msig :Ill msig 1 ¢
D 1




