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Th -Cal
Schedule A 35'}23\,3?2"

Diffusion Module (DICTRA)

Day 1

9:00 Introduction to DICTRA (= Diffusion Module)
9:40 Example - Up-hill diffusion in the Fe-Si-C system
10:25 Q&A

10:40 Example — Carburisation and de-carburisation

11:10 Example — Particle growth
11:45 Q&A
12:00 Home assignment 1
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Thermo-Calc
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Diffusion Module (DICTRA)

Day 2

9:00
9:10
9:30
9:50
10:30
10:45
11:15
11:45
12:00

Home assignment 1

Example - Solidification using Scheil

Example - Scheil with real back-diffusion in the solid.
Example — DICTRA solidification (Moving phase boundary)
Q&A

Diffusion theory and numerics

Example — Homogenisation model: Diffusion couple

Q&A

Home assignment 2



Th -Cal
Schedule A 35'}23\,3?2"

Diffusion Module (DICTRA)

Day 3

9:00 Home assignment 2

9:10 Example — Dissolution of cementite particles
(moving phase boundary calculation)

10:10 Console mode and macro files.

10:30 Q&A

10:45 Example — Gradient sintering in Cemented carbide

11:30 Trouble shooting

11:45 Q&A

12:00 End




Course material

The download link for the course material is:
https://download.thermocalc.com/training/Diff-Day1/

This folder Diff-Day1 contains the files:

DICT-Dayl.pdf.................. pdf of all today’s slides.

Diffusion_Uphill.tcu

Carburization_Tube.tcu Project files corresponding to each
Al-Sc_Precipitation.tcu calculation example today.
darken.exp......... ... ... Experimental file for 1t example.
Calc.......... Folder with calculated project files.

The-Role-of-Diffusion-in-Materials-Tutorial_Thermo-Calc-Software.pdf
(note Chapter 2 on Diffustion theory).

Folders for Day2 and Day3 are already, or will be, available at
https://download.thermocalc.com/training/Diff-Day2
https://download.thermocalc.com/training/Diff-Day3

Thermo-=Calc
SofGware



The Software /\Tmermo-Calc

Software package for simulation of diffusion controlled
reactions in multi-component alloys.

Simulation on geometries, which may be reduced to one
spatial coordinate (planar, cylindrical or spherical)

Linked to Thermo-Calc, which provides all necessary
thermodynamic properties.

Development started 40 years ago at:
= Royal Institute of Technology in Stockholm, Sweden

= MPI fir Eisenforschung in Disseldorf, Germany (only very early)

= Thermo-Calc Software AB (from 1997 and on)



Overview of Diffusion Module 2025b Thermo-Calc
Software
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Basic calculation procedure

A numerical finite difference scheme is used for solving a
system of coupled parabolic partial differential equations

Oc

Solve Diffusion

o
j=-D%

5 - _a (J) where Oz

Thermo-Calc
A SofGware

AN

0*G

Diffusivities Dp; ~ M 5e2
C

A

Mobilities

A

Boundary conditions

Kinetic DATABASES h

All simulations depend on assessed kinetic and
thermodynamic data, which are stored in
databases

(ExterQal or Internal)




Thermodynamic Databases (The CALPHAD approach) Ahggm;fg'c

Theory <« Estimates «— Experiments
Quantum DTA, Calorimetry,
Mechanics EMF, Vapor pressure
Statistical & i Metallography,
Themodynamics .| X-Ray diffraction, ...
I ) Models CllTe
' 5 with adjustable
. ' © Parameters
5§56 8 i
SE g
© E = Adjusting the
B .E Parameters
§& % |
20 i
= - Thermodynamic Functions
. G, H, S Co=RT,P.x ..)
v
Storage
Databases,
Publications
g Equilibria
=9 v
S8 Graphical
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== Phase Diagrams Representation
o &)
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Applications




Kinetic Databases (in a CALPHAD spirit)

Prediction

Thermo-Calc
A SofGware

Theory Estimates Experiments
<_> 4_’ . . . . . .
- Ab-initio _ Correlation Diffusion without a chemical gradient:
- Tracer diffusion coefficients
Models Diffusion under a chemical gradient:
o - Chemical interdiffusion coefficients
In (RTM B )_ J(x.T,P) - Intrinsic diffusion coefficients
v
Parameter optimization [
___________ L
|
|
!
Storage In g Thermodynamic
mOblllty __________________ database
database t

Applications

Mobility, Diffusivities




Modelling of the atomic mobility  /\memo-cac

From absolute reaction-rate theory arguments Andersson
and Agren?) suggested:

g M , Mobility for element B
— 0 _QB ]‘ M  Frequenc actor
M B — M B eXp < B q Y J
RT RT . Q, Activation energy

When treating the composition dependency of the mobility, Jonsson?)
found it superior to expand the logarithm of the mobility rather than the

value itself, i.e.

RTIn[RTMg]l=RTIn M} — Qp

Because In[RTM ] is often found to have a fairly linear composition dependency

1. Andersson, Agren, J Appl Phys 72(1992)1350
2. Jonsson, Scand J Metall 24(1995)21




Composition dependency /\Trermo-Cai

SofGware

In a CALPHAD spirit the composition dependency is represented with
a linear combination of the values at each endpoint of the
composition space, and a Redlich-Kister expansion, i.e.

bp = Zazz fB -+ ZZQC@ZEJ |:Z T‘I)%j (ZEZ — SIIj)T]

T > r=I0
0 .
where © , represents RT In M , —Q, Ni-Al
-11.5 L L L A}g;g
Example: FCC Ni-Al - M - T
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Engstrém , Agren, Z Metallkd 87(1996)92




Other effects on mobility /\Thermo-Calc

Software
v" Ferromagnetic ordering
v" Chemical ordering
can have very strong effects on the mobility and are described by a
separate term each in the mobility expression.

Shanks

T Segle’
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Mobility enhancement in grain boundaries or dislocations are not taken into
account in the mobility databases. It can be handled in the software by
entering cross sectional area fractions and a factor reducing the activation
energy compared to the bulk (console mode only).
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DICTRA application types /\hermo-Caic

Diffusion in single-phase systems
Diffusion with moving interfaces

Cell calculations (particle distributions, immobile
interfaces etc.) —only in Console mode or use TC-PRISMA

Diffusion in dispersed systems —only in Console mode, Use

Homogenization model 4—’

Coarsening or Ostwald ripening — use TC-PRISMA

Growth of pearlite = Console mode only, very little used.
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DICTRA application types /\hermo-Caic

Diffusion in single-phase systems
Diffusion with moving interfaces

Cell calculations (particle distributions, immobile
interfaces etc.) —only in Console mode or use TC-PRISMA

Diffusion in dispersed systems —only in Console mode, Use

Homogenization model 4—’

— (1 Coarsening-or Qstwald ripening — use TC-RRISMA
0 Growth of nearlite Concol | sl |




DICTRA application types /\Thermo-Cale

Single phase Moving boundary Cell

Hi(1) = Mi(2)= Hi(3)
- _ Ce.'@ | r@ce 2
cell 3 9

Coarsening Disperse system Homogenization

~—
C) ()
() -

()

)

Matrix

Particle
r, = 1.57




Diffusion in single-phase systems /\Termo-cac

SofGware

Straight-forward non-complex simulations, usually on
homogenisation or carburisation treatments

0.8

-0l Homogenisation t, t | Carburisation

o
N

©
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|
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L el AN —
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w
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Boundary conditions can be specified as functions of time,
temperature and pressure.

Different functions may be used in different time intervals.

Also: Spatially non-isothermal simulations



Diffusion with

A J;;

a moving interface  /\Tmermo-cakc

a
Cr J,
—

C ‘

n-1 unknowns:

n-2 chemical potentials.

I v zZ

Sharp interface with
assumption of local equilibrium

Velocity of phase boundary, v (also para-equilibrium possible)

n-1 Flux Balance Equations:

v(cg —c)) =Jdg = J

F-B Equations solved as:

S (e — ) — (g — TP <e



Diffusion with a moving interface  /\Mgmo-Calc

Binary example: Fe-C Ternary example: Fe-Cr-Nj
o n=2= n =3 = two unknowns!
< one unknown . o
- One a, or , (i.e. one tie-line)
=< .
- The velocity - The velocity
950 EI | | | 12 | | | |
300\ : 10- _
2 \ v P Tconst. " _
o w6 =
E 750 & Ty - -
E 700 - % ] -
= =
b= B850 — 27 BCC A2 B
600 I I I I I 0 | I I I I I
A 0 0.01 0.02 0.03 0.04 005 0.086 A 0 5 10 15 20 25 30 35

MOLE_FRACTION C WEIGHT_PERCENT CR




Some application examples /\hermo-Caic

SofGware

Carbide dissolution
100 o TOYILEL Y B OTSRITES TN Nl

v to a transformations in steel goiy"a“"k‘*é‘“’@“’"
Q% A=

. . . B oo R A 2 S : “i-;??t; e,
Growth and dissolution of particles BT S aas ¢t ook
as AT ﬁ:ic_»" After 100 s

Microsegregation during solidification LI ARSI

b .
r austenite

o-phase precipitation in stainless steels %

0.05 }\k L
0 LV NEUNUNIDN

f T T T T T T
-06 -04 -02 00 02 04 06 08

Transient Liquid-Phase bonding of alloys D05 brsarcs o e

Sintering of cemented carbides Microsegregation during
solidification

U O 0 0 0 D0 O

and much more ... R i <1 qw

o Cr {(wt%)

Chromium  {wt%)

Position (um)




Cell calculations /\Thermo-Caie

SofGware

I
i = ]
8 /"
i M,,C,
@ 0w e e e ™ Conditions for cell boundaries:
= Growth or dissolution of v Equal diffusion potentials @, for the elements

particle distributions
for subst. elements

: DP; = p; — pn
=" Competing growth or g e
dissolution ¢, = p;

v Flux balances to conserve the mass of the elements

for interstitial elements

® Interdiffusion across an

. . . cell#1 cell#2
immobile interface J; J;

B n, cell distribution factors
ncell#1 ncell#£2




Diffusion in dispersed systems [\Thermo-Calc

Assumptions:

= Diffusion takes place in
the matrix phase only.

= Equilibrium holds locally

in each node.
P— = Carburisation of high-temperature
alculate .| Equilibrium| | New matrix alloys
Newaverage | - ca|culations| | compositions
compositions
A

® |nterdiffusion in composite materials
» coating/substrate systems

Solve
Diffusion » weldments between steels
T » joints of dissimilar steels
A more general alternative: = Gradient sintering of cemented

carbide work-tool pices
Engstrom et al, Met Mat Trans A 25A(1994)1127

the homogenization model




Homogenization model /\Thermo-Calc

SofGware

This approach allow us to account for diffusion in more than one phase

Ny NLH

Equilibrium calculation
for each slice

Phase fractions
Phase compositions
Chemical potentials
Mobilities

Flux between slices "n-1” and ”n”

—1 77 Apy

Vm VV
”Effective” [M,x,] from combining rules

Larsson, Engstrém, Acta Mater 54(2006)2431
Larsson, Héglund, Calphad 33(2009)495



Case study: Micro-segregation during solidification A‘*gg@g@ﬁg‘c

d  VESPISM (Virtual Experiments to Solve Problems In Steel Metallurgy).
d Development of phase-field code (MICRESS) linked to Thermo-Calc.

d Solidification experiments were performed for alloys A — D below as
one assignment in this project.
1,550

1,500

1,450 -

Temperature

1,400

1,350 | L | L | L | L
0 0.2 0.4 0.6 0.8 1
% Carbon



Observed micro-segregation in Steel C /\Thermo-Cale

Steel C:
Fe - 0.8% Mn — 0.7%Si — 0.03%P — 0.4% C Line-scans across the dendrite arms

(performed by Corus-UK)

1540 1 I L L I we g 0.3000
. 10.00

1520 Ll U|d B é . 1,500
Nl g [ Si

Wn/ﬂ

1480 - -
1460 O _ f
1440 - - f\
1420 - o =
1400 y \_ *
1380 - E
\ 4 ] oy
1360 - ; Peak drifting!
1340 | | | T T :HHHHHHHHHH‘HHHén‘;m
A 0 0.1 02 03 04 05 0.6 0 :

% Carbon Question: Why does the P peak
drift away from the Mn and Si
peaks?

Temperature




Analysis using DICTRA /\Thermo-Calc

SofGware

Bcc A2 =100
= T u;n -
Fcc lqul
)

Bccc—>  Liquid

Bézz' Fcc —p>liquid

)
Fcc —> Liquid

» Secondary dendrite arm spacing assumed to be 200 um.




Cooling function /\Thermo-Calc

SofGware

1600 ] 1 ] ] ]
1500 -
g 1400 4 . Cooling rate assumed to be 0.2 2C/s
i)
g 1300 - i
g- 1200 | - More advanced cooling functions
kS may of course also be imposed.
1100 —
1000 - - - Also possible to instead define a
900 condition on the rate of latent heat

T T T T T
@ 0 500 1000 1500 2000 2500 3000 removalfrom the System_

Time (seconds)




Solidification range /\Thermo-Calc

SofGware

1520 ' ' ! !

1500 L+ § Peritectic reaction

1480

1460° Lever rule

1440

Temperature

1420

1400 - Scheil

~__— DICTRA

1380 , | |
(jED 0 0.2 0.4 0.6 0.8 1.0

Fraction Solid




Fraction of solid phases [\rermo-Cale

SofGware

10 | | ]
0.9 - =
0.8 - =
0.7 - B

0.6 - T =
0.5 v
0.4 - -
0.3 1 B

0.2—6 |
o |
0

@ 0 4 200 400 600 800
Time (Seconds)

Fraction Solid

Peritectic reaction




Carbon profiles during solidification  /\mermo-caic

0.9 | 1 | l
0.8 - 300 s u
0.7 - B

064 905 \ N

osd \ _

0.4 - n

0.3 N
0.2 | 3000 s

0.1 n

Mass-Percent Carbon

O I I I I
T 0 20 40 60 8 1
> 0 100

Distance (microns)




Silicon and Manganese /\hermo-Calc

SofGware

1.3 1 | | | 1-6 | I | |
10 3000 s
| vl 1.4
119 300s )
o 1.0 \ i § o
E et
S 0.9+ 135s B § .
& o8- 90\5 B -
2 " .
S p7- i %o
0.6 - ]
— 0.6 -
0.4 I T | T 0.4 | | | |
. 0 20 40 60 80 100y 0 20 40 60 80 100

Distance (microns) Distance (microns)




Phosphorus

Mass-Percent Phosphorus

Distance (microns)

\
0.02 - |
__+1 ,// f
0.01 —— 3000 s |
O | [ | [
@ 0] 20 40 60 80 100

Thermo-Calc
A SofGware



Segregation profiles after 610 s [\rermo-Cele
(when the last liquid disappears)

2.7 ' ' I |

Mn =

- - N )
&) o - N
| | | l

[

Normalized fraction

—
V)
]

O
©
|

80 100
Distance (microns)




Segregation profiles after 1000 and 3000s  /\Tgrmo-Cale

Normalized fraction

@o

after 1000 s

N
o

-
00}
|

-
(0]
|

—
N
|

-
N
]

Mn

-
o
|

o
(0¢]
|

o
o

20 40 60 80 100
Distance (microns)

Normalized fraction

N
o

-
o
|

-
(o)}
l

—
N
|

-
N
|

-
(@]
l

©
0
!

o
o

after 3000 s

Mn

0] 20 40 60 80 100

Distance (microns)



The solution /Tmermo-Cai

v Mn and Si increase the

> : phosphorus activity.
> i
)
@)
© |
= . v'Phosphorus diffusion
2 i much faster compared
§ - to Mn and Si diffusion.
- -

1 [

D % 20 40 60 o 100 > At the late stage further

Distance (microns) phosphorus redistribution
is controlled by slow

Mn and Si diffusion.




Compound tubes for waste incinerators /\Thermo-Caie

f
:

0
A7 asic) After 4 h at 1100 eC

®) &

o
®
T

o
o
1

-

o
\V]
!

Over-all carboncontent (mass %)
o
H
I

o
J

T S -
P S

T T T T T T

3 2 4 0o 1 2 3. 4
Distance from interface (mm) -

o
1N

0.30 L L L :

© o o
- Mo [\
4] (=] 4]
i 1 |

Sanicro28
(30.5% Ni, 27% Cr, 3.3% Mo, 1.8% Mn, 0.014% C)

Volume fraction of M,C; carbide

Helander, Agren, Nilsson, ISIJ Int 37(1997)1139 0 s 04 03 A S

Distance from interface (mmy}




Interdiffusion in Ni-superalloys /NTermo-Calc

René-N4/René-N5 at 1293 °C for 100 h

/ . \ 012 — I
; i , | Cr ! |
Rene-N4 | Rene-N5 o ! |
[ " = 01 : —
< >< > S o008 o
6.35 mm 6.35 mm =
©
Double geometric grid: 200 points L 0086
w
w
Databases used £ s
: 0.04
Thermodynamics: ThermoTech s s
Kinetics: NIST Ni-mob _—
D is a 10x10 matrix where all coefficients
depend on concentration o} 3 o
/ -1000 -500 0 500 1000
Distance (um)

From: C. E. Campbell, Metallurgy Division, NIST

Experimental work performed by T. Hansen, P. Merewether, B.
See also: Campbell et al, Mat Sci Eng A 407(2005)135 Mueller, Howmet Corporation, Whitehall, MI.




Interdiffusion in Ni-superalloys \Thermo-Caic

Kirkendall porosity prediction

0.1 T T T T T T T T T ] T
101:\
0.05 _— i —_
I 1Q0 h
a(iJVﬂ)O _=_
oz -
-0.05 _—
- Rene-N4 | Rene-N5
-0.1 T S R S S S ———— 200 um /BSE2 2P LV 10nA
-0.0004 -0.0002 0 0.0002 0.0004 _ 0 +
Distance (m) [ Predicted position for ]
[Maximum gives location of pore formation. maximum pore formation
From: C. E. Campbell, Metallurgy Division, NIST
See also: Campbell et al, Mat Sci Eng A 407(2005)135




Coupled carbonitriding and internal oxidation /\"ghmo-Cale

Fe-0.28C-1.15Cr-0.95Mn-0.27Si
850°C, 24 h

Concentrations Fraction nitride Fraction oxides
0.9+ ! ! ! ! ! 20 | 1 1 1 1 1 1 1 20 1 1 1 | | 1 | |
0_8 . @IY Arkhipov et al. Met Sci Heat Treat 14{1972)508 L 18 il 53 18 - 5
B > & Simulation result i A i Spinel i
L 5 141 o= 14y L
a
L E 12 [ S 127\Rhodonite i
= le > L R I~ - L
i Carbon |- § 10 " Experimentally k5] 10 -
@ “q‘J 8| observed range - g 8- L
= i o 64 [ % 6+ Experimentally
r = 44 E S 44 observed range -
i 10°® ] | 10? 7 -
T T

Distance [m]

@o
S
IS
w
o
é‘
=
‘ﬁo
o

T T T T T 0 F
54567850 p A\ 10 15 20 25 30 35 40 45 50
Distance [m] Distance [m]

Micrograph and experimental data
Arkhipov et al Met Sci Heat Treat 14(1972)508 Larsson, Agren, HTM J Heat Treatm Mat 72(2017)19




Compatibility of Databases

SSOL2, SSOL4, SSOL5, SSOL6, SSOL7, SSOLS, SSOL9
TCFES and earlier versions

TCHEA2, TCHEA3+4+5, TCHEA6+7+8

TCFES6, 7, 8,9, TCFE10, TCFE11, TCFE12, TCFE13+14
TTNI8 and earlier versions

TCNI4, TCNI5, TCNI6*

TCNI7, TCNI8

TCNI9+TCNI10+TCNI11, TCNI12+TCNI13

TTAL8 and earlier versions

TCTI4, TCTI5, TCTI6

TCAL1+2+3, TCAL4,TCALS, TCAL6+7, TCALS, TCAL9
TCMG1+2+3+TCMG4+TCMGS5, TCMG6

TCCU1, TCCU2, TCCU3, TCCU4, TCCUS + TCCU6b

Thermo-Calc
A SofGware
MOB?2
MOB?2

MOBHEA1, MOBHEA2, MOBHEA3
MOBFE], 2, 3, 4,5, 6, 7, MOBFES8
MOBNI1

MOBNI2*

MOBNI3, MOBNI4

MOBNI5, MOBNI6

MOBAL1

MOBTI4

MOBAL3,4,5, MOBAL6, MOBAL/7, MOBALS
MOBMG1, MOBMG2

MOBCU], 2, 3, 4, MOBCUS

* Pairing of TCNI6 and MOBNI?2 is not possible for the LIQUID phase.



Thermo-Calc
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Some DICTRA specific
concepts.

Terminology needed mostly for Console Mode




Re g ion Ahermo- Calc

SofGware

A “box” filled with the phase(s) where diffusion
takes place. Can be given any name.

The region has two boundaries, left and right.



Grid Ahermo- Calc

SofGware

Distribution of node points for numerical
calculations (inside the region).




Concentration Profile Ahggm;?:m

Concentration, C, of an element as a
function of distance z.




SofGware

Global Conditions Ahermo-cmc

T=1273K

P=1 atm

Conditions valid for entire system, T and P.




Boundary Conditions /\Thermo-Calc

a.=1 (carburization)

Conditions that apply to region boundaries (can be
functions of time and temperature).




DICTRA Project in Graphical mode /\Thermo-Calc

SofGware

Project 0 & FE

— Thermodynamic + Mobility data!

My F"ru:ujégt /
i

had 4+ . Preliminary Thermo-Calc calculation.
L ""a,h_u . .
=ystem Dgfiner 1 g (not included in template)
'Equilibriurm Calc[]-taf[_gr 1

o 5 Diffusion simulation setup & run.

.

Diffusion Calculator 1

Tahle Heﬁderer’l

2 R Typically many different plots from a
| Plot Renderer 3 . . . .
Flot Renderer 1 * /smgle simulation (only 1 in template).

LF'In:nt Henderer?i




Typical calculation setup - Graphical
1. Select thermodynamic and kinetic data

2. Choose units for composition and distance
3. Enter geometry

4. Enter region(s)

5. Enter grid(s) in region(s)

6. Enter phase(s) in region(s)

7.Enter composition(s) for the phases

(8. Set boundary conditions)

9. Set condition for temperature

10. Set simulation time

11. Perform simulation

Thermo-Calc
A SofGware



Diffusion Calculator in Graphical mode /\Trermo-Cale

(ST ovions | Software

Compeosition unit: |Mass percent|~ oy e . .
€ mmmmmmmmmmmmmmmmmmmmmmmomm—mmmmmoommoommoomos Set composition unit & length unit
Length unit: Elﬂ
Geometry
I-. e Set geometry
Diffcouple

“*+=Visual of the region with its grid.

Diffcouple
Left Interface Boundary

Click to set phase to form on the left.

j'l":'_“”_"_'"_‘i"_aie_b_‘)i'ff: ______________________________________________________ Click plus to add more regions.
i ———— ) Name the predefined 15t region.
Name: [Diffcouple | =========""""7 i ) ) ]
widtn: [0.05 | m [200 | points and type 4 ------------------------- Set region size, grld points and type.
© © Phase: [Fcc_at R e Set matrix phase in region. Click plus to
Composition profiles: D add more phases.
e Set the composition for matrix phase.
7 SHOW FgNt iNerface DOUNAATY ¢mmmmm === mmm = ——m — — e e = = = = — S S S S S S S S EE ST Click to set phase to form on the rlght
Left Boundary Condition Right Boundary Condition
Closed system [+ [closed system [v]  emmmmmmmmmmmmmmmmmmmmmmmmmmmmTTTITT Set boundary conditions.

Select isothermal or not. If not, a box
for editing T-profile will open.

Thermal Profile

® Isothermal ' Non-isothermal

Temperature:  [13220 | [Kein || @F===mmmmmmmm e o o oo oo oo oo Set iso-thermal temperature.
Simulation time: [1.0E10 Seconds | v |grmmmmmmmmm e e Set simulation time.



Input of T and ¢ — Console mode /\Thermo-Cale

Temperature (T) can be entered as a
function of time (and distance)

Many different functions can be used
(+) =) *; **r SQRT(X);
EXP(X),LOG(X),SIN(X))

Initial concentration can be entered as a
function of distance or read from a file

Special functions e.g. error-functions
(erf(x)) and heaviside step functions
(hs(x)) can be used.

T

SofGware

A

Distance (X)



Input of composition — Graphical mode Thermo- Calc

@ = Region
Mame  Regien 1 Al
Width: | 20 mm type: | Geometric ~ | points: | 100 Ratio: |'I.DZ &
@ © Phase | FcC 112 v =) C r
@ © Phase: | BCC B2 v
- Al
Composition profiles: 0 Given by function Table input
— . g
Dependent compenent: | Ni ~ ' CO
Component Cr: Step ~ | from | 0.1 to | 22 step at | 2 mm o F
T a0 e
Compeonent Al Step ~ | from | 49 to|7 step at | 2 mm g
<
Component Co: | Step ~ | from | .01 to | 18 step at | 2 mm ;-
=]
Compenent Fe: Step ~ | from | .03 to| 15 step at | 2 mm =
Right Interface Boundary S
~ Show right interface boundary
Given by function:
L. 10
- LInear
- Step (shown above)
- Function
o T T T T T T T T
0.0 20 4.0 6.0 8.0 100 120 14.0 16.0 18.0 20.0
Distance [mm]
Ta b I e i n p ut * Composition profiles: Given by function (®) Table input
Data file: B delimiter Comma

Dependent compenent: | Ni v
Composition unit: Mole percent

Length unit: Millimeter

Distance Al Co Cr Fe




Input of Thermal profile — Graphical mode Thermo- Calc

700

Thermal profile: e
- isothermal
- import from file (e.g. Excel) :
- edit by hand
Thefmal Profile 450 ; . ‘ ; ; . ‘
|50therma| IO Dn_isotherma| 0 500 1000 1500 2000 Tii:;H[S] 3000 3500 4000 4500 5000
Temperature unit: | Celsius w
Simulation time: | 4200.0 Seconds

Import from file: B delimiter Cornma  ~ | |'G

Time [s] Temperature [*C]
0.0 675.0
3600.0 675.0

4300.0 450.0




Thermo-Calc
A SofGware

One phase Example
- Uphill diffusion




Uphill diffusion in a Fe-Si-C alloy JAITere-Caic

- In a classic experiment (published 1949), L.S. Darken
welded together two steels having similar C-contents,
but with different Si-contents.

Steel 1 Steel 2
3.8 %Si 0.05 %Si
0.49 %C 0.45 %C

- After annealing Darken was able to conclude that C had
diffused up its own concentration gradient, so-called
“uphill diffusion”. Darken thereby proved that it is the
difference in C-activity rather than the difference in

C-concentration that is the driving force for diffusion.
Darken, Trans AIME 180(1949)430



SofGware

DICTRA Setup Ahermo-cmc

- One single region entered.

- Only FCC entered into this region, i.e. single-phase.

- Composition profiles entered with a step in center.

- Closer spacing between grid points towards the center.
- Global conditions: Constant temperature, T=1050 C.

- Boundary conditions: Zero-flux (= closed system).

5cm




Linear grid /\hgrmo-Calc

Equidistant distribution of node points.




Geometric Grid Ahggmﬁm

R>1

R<1
Node points represents geometric series




Double Geometric Grid Ahggm;cr::m

R<1 R>1




Uphill diffusion /\Thermo-Cale

SofGware

86] Fe 860 Fe acSi
ZDI” 5z Jo=-Pecy, 0z ~ Des, 0z

/

"Off-diagonal” term

Concentration-profile for C | ~ cause uphill diffusion Activity-profile for C
075 1 | | 1 | | 1 | | 4 | 1 | | | | 1 | |
0.70 = 51 4 u
0.65 | = 48 - L
© 0,60- : Concentration-profile for Si - _
é 055_ L 40 1 | | Igl 1 | | 1 42_ —
3 _
i 0.50 - . 35 N %39— -
% 0.45 — - _ ao04 | 36 r
i 0.40 — = e 33 L
= = 2.5 =
0.35 - - = 30 B
0.30 - L S 2o0- L 27 i
o E-3
OB L o 15 2o 25 90 a5 40 45 5§ 15T - - %" 5 4o 15 20 25 30 35 40 45 50
ap) E-3 DISTANGE W0 L A =3 DISTANCE
0.5+ -
< ooE_sé 10 15 20 25 30 @5 40 45 50 Darken, Trans AIME 180(1949)430

DISTANCE




Uphill diffusion

Thermo-Calc
A SofGware

Diagonal term. Off-diagonal term.

Jc

DFE @fc

DFE aﬂ—ﬁ

o a CSi
/ / Z / g
F'“EO‘C Diffusivity of Conc Diffusivity of Co‘nc
carbon. C with gradient C with d'.
tto gradient
respectt for C. respect to for Si
the gradient the gradient '
inC. Fe= inSi. Fe =
ref. element.

ref. element.
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Thermo-Calc
A SofGware

One phase Example
- Carburisation




Example — diffusion through a tube wall JATErmo-cele

Boundary conditions: T=1273K

ACR(C) = 0.9

ACR(C) = 0.00001 [ D

Demonstrates the use of: Steel composition:
. Fe — 0.6Mn — 0.7Si — 0.05C (wt-%)
e Geometries

e Boundary conditions
e Reference states




DICTRA Geometries /\hermo-Caic

SofGware

’ Infinitely wide plate of a certain thickness.

' Infinitely long cylinder of a certain radius.

‘ Sphere with a certain radius.




Boundary conditions /\Tmermo-Calc
In Graphical Mode:

Closed System (this is default)
Mixed zero flux and activity (Very useful!)
Composition

There are more possible boundary condtions
in Console Mode:

Fix flux value (very theorethical)

Potential/Activity flux function (for real specialists)
Iterative activity flux function (for real specialists)
Gas (allows for growing/shrinking region)




Reference state /Tmermo-Cal

Database reference state: SER (Stable Element Reference).

SER - the element is referred to H of its stable phase at T=298.15 K, 1 atm
plus its S at OK (= 0). This is practical for a database but NOT for comparison
with measured activities and enthalpies.

The reference state can  congusiion a ¥
be Changed N the i System Definer 2
SOftwa r_e R Databases
* " ® | TCFE Steels/Fe-Alloys v14.0 ~ | Package: Steels and Fe-alloys (TCFE14, MCBFES)
() (2| MOBFES: Steels/Fe-Alloys Mobility v8.1 ~

A C h a nged re‘f State Ca n Elements Species Phases and Phase Constitution Components Data Sources Description
Component Reference phase Reference temperature Reference pressure

be indicated with o v ot
addition of the letter R. =g e

AC(C) - aCtiVity Of C iin j EE: — -2 Cunenttem
ACR(C) — activity of C with coome

a changed ref. state.




U 'fra Cti on Ahermo-cmc

Software
The composition variable used internally in DICTRA

”Mole fraction with respect to substitutional elements only”

Natural choice if it is assumed that

*The partial molar volume is the same for all substitutional elements (V)
eThe partial molar volume is zero for all interstitial elements

Example: System Fe-Cr-C, u, is u-fraction, x, is mole fraction

” LCr LCr » LFe ” e
Cr — — T Fe — C —
QUC'T"i_ZEFe 1_33(7 CE’OT—FQ?FQ for—}_xFe

UCr + UFe = 1

Cr = ’U,k/VS [mol/m?’]




Results — diffusion through a tube wall Thenmo-Calc

14
— 1. Time=0
\ — 2 Time=864000
5 b 3. Time=8640000
o — 4 Time=8 64E+08
N
1.0 \‘\\‘\.
\\\
0 N Y
£ 08 N
(7] NN\
o . 0.006140
g ~.,\‘\\ — 1 Time=0
= \\ — 2 Time=864E+08
@ 06 R e 0.006120
e O\
N 00061001 |
04 e My
e N
N 0.006080
\\
\\,\\. . PR = 4
0.2 < 0.006060
N\ 2
AN 5
N %= 0.006040 1
N\ (%]
8
0.0 <
. 0020 0021 002 0023 0024 0025 0026 0027 0028 0029 0.030 0.006020
@D Distance [m]
0.006000
0.005980 1 \
0.005960 |
0.005940

- 0.020 0021 0022 0023 0024 0025 0026 0027 0028 0029 0.030

@ Distance [m]




Thermo-Calc
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Moving Phase boundary
Example

- Growth of a particle




Moving Phase Boundary Calculations /\Thermo-Calc

( Used for calculating growth or dissolution of a phase

d Assumptions:

v Local equilibrium holds at the phase boundary, i.e.
concentrations at the boundary can be calculated from an
equilibrium calculation in Thermo-Calc.

v Diffusion controls the movement of the phase boundary
d Application examples:

¢ Carbide dissolution

¢ Solidification

** Growth of o-phase in a stainless steel




Moving phase boundary simulation /\Thermo-Cale

Region boundary = Moving phase boundary

k

—>  —

v

Solve diffusion equation in each phase
Calculate displacement of phase boundary

Thermo-Calc is used to find tie-lines




Diffusion with a moving interface /\Thermo-Cale

Software
Binary example: Fe-C Ternary example: Fe-Cr-Ni
o n=2= n =3 = two unknowns!
< one unknown . o
- One a, or , (i.e. one tie-line)
= :
950 EI | | | 12 | | | | | |
% 850 \ ’Y — P’ T ConSt. E . FCC A1 B
§| SOO—J B g ; |
[ w6 L
E 750 o+ Y L b X
E 700 4 L % 7 i
E =
b= B850 — 27 BCC A2 B
600 T 0 T T

| | | | | | | |
@ 0 0.01 0.02 0.03 0.04 005 0.06 5 10 15 20 25 30 35
MOLE_FRACTION C WEIGHT_PERCENT CR

P>




SofGware

Moving Phase Boundary /\hermo-Caic

d Moving phase boundary simulations may be set up in DICTRA in
two different ways:

1) Introducing two or more adjacent regions containing different

phases

2) Entering an inactive phase (formed when thermodynamically
stable)

inactive phase—




. . Th -Cal
Some possible geometries Y \stmn

Growth or dissolution ofa  Growth of spherical film Planar growth
spherical precipitate

(Grain-boundary film)

(O—

Growth of cylindrical
precipitate




Example: Particle growth

Al —0.2 wt-% Sc

— FCC_A1+AL3SC
700 — FCC_A1 +LIQUID i
— AL3SC +LIQUID

800

600 i
|
I

1
o
=)
N

w
o
o

Temperature [°C]
g

N
o
o

100

02 03 04 05 06 07 08 09 1.0
Mass percent Sc

0
0.0 0.1

Quench to 450°C.

— Supersaturated FCC

—> Driving force for the
precipitation of Al;Sc

- Diffusion controlled
growth of Al;Sc

Thermo-Calc
SofGware

Conditions = Options

@ Diffusion Calculator 1

Composition unit: Mass percent

Length unit: Micrometer -
Geometry

ﬁ-’ Spherical
Regionl

Region |

Left Interface Boundary
o Hide left interface boundary

&) & Allowphase to form:  AL3SC

&) @ Region
Mame: Regionl
Width: 2.0 pm 50 points and type | Geometric

&) & Phase: FCC AL w
Compaosition profiles:

Right Interface Boundary

¥ Show right interface boundary

Left Boundary Condition Right Boundary Condition
Closed system ~ Closed system

Thermal Profile
(@ Isothermal (O Non-isathermal
Temperature: :450.0 [ Celsius ~

Simulation time: | 3600.0 | [seconds

«+ | Driving force:

1.0E-5
v Ratio: | 10815
A Initial Composition of FCC_A1
Dependent component: Al v
Component 5c: Linear | from 0.2 o 0.2
0:21
b 0,20 PR - — oo o=
Y 0.19
0.18
017
<

(&) Help| =

¥ Perform Tree Create New Successor =

=

75



Results: Particle growth @Th&l;m;?glc

 Configuration el
[ Piot Renderer 1 -
- Configuration [SL
0l Iy B | B | == % Plot Renderer 5
Save Diagram| Show Triangular| Show Grid| Switch Axes |Retain Labels

o | iy gHoO| & &
|| Diffusion Calculator 1 Save Diagram| Show Triangular| Show Grid| Switch Axes |Retain Labels

Simple mode [] miffusion Calculator 1

Xaxis Smplemods
Axis variable: Distance « | Micrometer Region | Allregions il
b e = ) Axis variable: Time v ||5econds
Limits: 0.0 tol.5 step .05 [ Automatic scaling At Logarithm\cl_o =
Yeaxis Limits: 0.0 to|L.0 step 0.1 [2] Automatic scaling
Axis variable: | Composition « |Sc « | Mass percent « Yoaxis
Axis type: Lingar ~
- Axis variable: Position of interface w  Micrometer - Interface  R_AL3SC/Regionl «
Limits: 0.0 to|0.8 step 0.1 [] Automatic scaling ) — . o B
fxis type: | Logarithmic 10 v
Time Seconds v Value() [1.010.0 120.0 600.0 3600.0 Hte i Redh) FEpET Automatc g
Qe 08
0.8 10
— 1. Time=1
071 — 2: Time=10
— 3: Time=120
. Ly |
0.6 — 4. Time=600 £
o — 5: Time=3600 =
n 0.5 o 10~
£ ©
[T =
3] 2
o 04 c
= =
7] o
203 c
= 9 107
=
72
o
0.11
— 1: AT UPPER INTERFACE OF REGION R_AL3SC#1
104

0.0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 10°® 106 104 102 10° 10? 10*
@ Distance [um] @ Time [s] 76
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Home assignment 1




Home assignment 1: Particle growth @T“se;;ga;‘,’gh

Al —0.2 wt-% Sc

—recmennse| 1y to make the Al-Sc simulation we just performed

700 — FCC_A1 +LiQuiD [|

800

——————-~xc-uam | Mmore realistic by adding the cooling from single-phase
= FCC at 600 °C to 450 °C.
L I — . .
=" Let’s assume this cooling takes 2 seconds.
;.;300

Does this change how much the phase interface has
moved (i.e. how much the particle has grown)
after 1 hour?

»N
o
o

100

0
00 01 02 03 04 05 06 0.7 0.8 09 1.0
f \ Mass percent Sc

1) You have to change the setting to non-isothermal.
2) Also consider how you can compare the two
results after time=3600 s.

79




