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About This Guide

This guide includes an overview of the program and describes in generic terms how you can
define a system, set up and perform simulations, and then visualize the results. There is also
a section to help you troubleshoot your simulation.

The guide is primarily for users already familiar with Thermo-Calc and for those who intend
to use Console Mode. The Graphical Mode version is integrated into the Thermo-Calc
desktop and its functionality is primarily described in the Thermo-Calc documentation.

| Which Mode Should I Use?

The Diffusion Module (DICTRA) is available in both Graphical Mode and Console Mode,
although Console Mode has a couple of more advanced features.

Before you start using this guide, it is recommended that you review the Thermo-Calc
documentation and become familiar with using both modes. Also see Graphical Mode vs
Console Mode to give you an overview of the differences. Understanding the capabilities of
each mode will help you during the design of a simulation.

s N

@ The two modes can be run simultaneously, but there is no communication
between them. What you do in Graphical Mode does not affect the state of the
Console Mode session and vice versa. This can be important to remember if you
create a simulation in one mode and then decide to switch to the other mode.

. J

| What Do I Do Next?

How you proceed depends on your experience with the software as well as your level of
expertise with diffusion simulations. In addition to this guide the following supplemental
documentation and training resources can help you learn how to use the Diffusion Module
(DICTRA).

Documentation Resources

You can search or browse all the documentation available either from within Thermo-Calc
(press F1 or go to Help - Online Help) or browse the PDFs included with your installation by
going to Help - Manuals Folder).
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|_ You can also download The Role of Diffusion in Materials - a Tutorialavailable
' from our website.

Training and Video Tutorials

Some of the Graphical Mode examples have video tutorials available both on our website or
our YouTube channel. Watching those videos may help you with your simulation in Console
Mode. You may also decide to enroll in a training course or if you have several people
interested in on-site training.

X Many of our Graphical Mode examples have video tutorials, which you can
access in a variety of ways. When in Thermo-Calc, from the menu select Help >
Video Tutorials, or you can go to the website or our YouTube channel.
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About the Diffusion Module (DICTRA)

The Diffusion Module (DICTRA) is an Add-on Module to Thermo-Calc. It is used for
simulation of diffusion controlled transformations in multicomponent systems. The
simulation calculations are both time- and space-dependent. The Diffusion Module (DICTRA)
is available in both Graphical Mode (as the Diffusion Calculator) and Console Mode (as the
DICTRA module).

The Diffusion Module (DICTRA), which is often just referred to as DICTRA, is ideally suited to
solve diffusion simulations that include a moving boundary (Stefan problems). The
multicomponent diffusion equations in the various regions of a material are solved under
the assumption that thermodynamic equilibrium holds locally at all phase interfaces.
Simulations are one-dimensional and three different geometries can be performed: planar,
cylindrical, and spherical.

Examples of cases that have been simulated using the Diffusion Module (DICTRA) include:

o Microsegregation during solidification

« Homogenization of alloys

o Growth/dissolution of carbides, nitrides and intermetallic phases

o Coarsening of precipitate phases

« Interdiffusion in compounds, e.g. coating systems

« Austenite to ferrite transformations in steel

o Carburization, nitriding and carbonitriding of high-temperature alloys and steels
« Post weld heat treatment

« Sintering of cemented-carbides

In order to perform a simulation in the Diffusion Module, both a thermodynamic database
and a kinetic database is needed. The thermodynamic database is a normal Thermo-Calc
database, whereas the kinetic database contains information about the atomic mobility of
individual elements in various phases.

Using the Diffusion Module (DICTRA) you can solve a variety of problems, some of which are
described in Types of Diffusion Simulations.
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An Important Note About Terminology

DICTRA is an acronym for DlIffusion-Controlled TRAnsformations. The software of the same
name has been included in the suite of Thermo-Calc products for many years. When you are
working on Console Mode the terminology reflects this historical connection as do all the
literature that cites the use of DICTRA.

With the introduction of the Graphical Mode version of DICTRA, and to better describe what
the Add-on Module does, the product name is now the Diffusion Module (DICTRA). However,
this means some of the terminology between the modes cannot be consistent even though
the theory and concept behind the software is fundamentally the same. For example, in
Graphical Mode the term "DICTRA" is not used when describing the Diffusion Calculator
node.

In Console Mode there is also some terminology to be aware of as there are two
submodules within the program: the DICTRA_MONITOR: For running simulations of diffusion
controlled transformations module and DIC_PARROT: Assesses experimental data and uses
this data to optimize mobilities module.

E In the documentation for Console Mode, DICTRA and DICTRA module are used
interchangeably to refer to the DICTRA_MONITOR module.

Introduction to the Diffusion Module (DICTRA) | 6 of 117



Diffusion Module (DICTRA) Documentation Set

Graphical Mode vs Console Mode

There are two interfaces available in Thermo-Calc: Graphical Mode with a graphical user
interface (GUI) and Console Mode, which uses a command line interface. Thermo-Calc and
the Diffusion Module (DICTRA) are available in both modes, and the Precipitation Module
(TC-PRISMA) and Process Metallurgy Module are only available in Graphical Mode.

If you are a new user, Graphical Mode is a good way to learn how to work with Thermo-
Calc. Depending on what you want to simulate, Console Mode can have more functionality
but until you are comfortable with the concepts, it is recommended you start in Graphical
Mode.

In Graphical Mode calculations are set up, carried out, and visualized as part of

I;I a project. The steps in the project are performed with activities. There are
templates and a Wizard available to guide you through the process of defining
the project.

In Console Mode you work with modules, which are managed using commands

E typed at a prompt. Some modules, called response-driven modules, ask you a
series of questions that typically take you through the process of defining your
system, setting calculation conditions, performing calculations and plotting the
results.

How to Switch Between Modes

The first time you open Thermo-Calc, it defaults to Graphical Mode. For any future instance
it defaults to the last mode used.

Along the top of the GUI is the GRAPHICAL IVIODE TOOLBAR where you switch between modes.

File Tools Window Help
m = AD

New Open Save | Switch to Console Mode

In Console Mode, except for the SWITCH TO GRAPHICAL IMIODE button, the toolbar is not used.
O

Switch to Graphical Mode

New Open Save

D See Menu, Toolbar and Keyboard Shortcuts for information about the Tools,
Window and Help menus, which are available in both modes.

File Extensions
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The file extensions are different based on the mode you are in (Graphical vs. Console). In
Console Mode the extensions are also based on whether you are working with Thermo-Calc
or the Diffusion Module (DICTRA).

I;I In Graphical Mode, the Thermo-Calc project files have the extension *.tcu. This
includes the examples for the add-on Diffusion Module (DICTRA) and
Precipitation Module (TC-PRISMA).

E In Console Mode, Thermo-Calc macro files have a *.7cM extension and the
Diffusion Module (DICTRA) file extension is *.pcM. In addition to macro files in
Console Mode the are also Log files and Workspace files, which also differ.

Modes Run Simultaneously

The two modes can be run simultaneously, but there is no communication between them.
What you do in Graphical Mode does not affect the state of the Console Mode session and
vice versa. One exception is the plot settings. See Global Settings: Graphical and Console

Mode Plotting.

Data Optimization and Thermodynamic / Kinetic Assessments

E Although many calculations can be done in either mode, data optimization and
thermodynamic or kinetic assessments are only available in Console Mode.
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Key Differences Between Modes

Below are some of the main differences between the available features or simulation types
in Graphical Mode (GM) and Console Mode (CM). There are also other differences not listed
in the table such as slight differences between terminology and the file formats, for

example.

| Comparing Graphical Mode and Console Mode Features

For the Graphical Mode version of the Diffusion Module, additional functionality
is scheduled for future versions of Thermo-Calc.

Feature or type

of simulation

Comment

FEATURES

Planar, cylindrical and
spherical geometries

Homogenization

Homogenization
functions

Tables

Setting boundary
conditions

Importing Scheil
segregation profiles

Data optimization
(PARROT)

SIMULATION TYPES

Isothermal and Non-
Isothermal

The varieties with excluded phases are only available in Console
Mode.

For Graphical Mode, the Mixed activity and Zero Flux and
Composition boundary conditions are available. Additional
boundary conditions are planned.
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Feature or type

. . cMm Comment
of simulation

simulations

Growth of
intermediate phases X X
in compounds

Growth or dissolution

. X X
of precipitates
Microsegregation
. e X X
during solidification
Austenite to ferrite « «
transformations
Interdiffusion in
X X
compounds
Coarsening X

Carburizing, and
Nitriding and X X
nitrocarburization

Paraequilibrium X

Thermomigration X

Grain boundary

models X
Pearlite models X
Interpolation scheme X
Cell calculations X
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Diffusion Module (DICTRA) Licenses

You can start (and install) the Thermo-Calc software without a valid license but you cannot
do any calculations. To show information about the available and installed licenses, from the
main menu select Help - Show License Info.

| Network License Restrictions

The Diffusion Module (DICTRA) requires a separate license. If you are using a network client
installation of Thermo-Calc, then you may not be able to use the Diffusion Module (DICTRA)
even if you have access to a license server with a valid network license file. This is because
other clients who are part of your network installation may have checked out all instances of
the network license allowed to run simultaneously.

Graphical Mode and Entering Demo Mode

-

Ll

In Graphical Mode only, and for users with a network license, you must exit
Thermo-Calc to release the license for use. The license is checked out as soon
as you add a Diffusion Calculator and remains unavailable to others until you
exit the program.

With a network license, and if as per above you temporarily do not have access
to a license, you are automatically put into Demo Mode. Then the Diffusion
Calculator is available with three elements. See Diffusion Module Options in
Graphical Mode for more information.

Console Mode

B3]

=

In Console Mode, a license is checked out when you enter the DICTRA module
and it is checked back in when you leave the module. You do not need to exit the
program.

If you are working in Console Mode and try to enter DIC_PARROT after having
been in the PARROT module earlier in the session, a message displays: DICTRA
PARROT disabled after using PARROT. To enter DIC_PARROT relaunch
Thermo-Calc and enter these commands starting in the SYS module: GOTO_
MODULE DIC_PAR.
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D Search the online help or see the Thermo-Calc Installation Guide for more about
network licenses.
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Diffusivity Theory and Diffusion Types

In this section:

Types of Diffusion Simulations .. ... 14
Diffusion in a Single-Phase System .. 16
Moving Boundary Multi-Phase System ... . 17
Diffusion in DiSPerse SYSteMS . 18
DIffUSIVItY ThEOTY il 19
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Types of Diffusion Simulations

The Diffusion Module (DICTRA) is used to simulate diffusion-controlled transformations in
multicomponent alloys. A short summary of the types of simulations it can handle are listed
below and whether it is available in Graphical (GM) or Console (CM) Mode.

The three main simulation types that are available for both modes are briefly discussed in
this section.

Q For Graphical Mode, see the Quick Start Guide for examples of single phase,
moving boundary phase and multiphase simulations.

E For Console Mode, also see Models in the Diffusion Module and the Quick
Start Guide.

Graphical
Mode

Simulation type Examples

Homogenization of alloys X X

One-phase simulations
Carburizing and decarburizing of e.g.

steel in austenitic state

Growth or dissolution of precipitates X X
Microsegregation during solidification X X
Austenite to ferrite transformations X X

Moving boundary simulations

Growth of intermediate phases in

X X

compounds
Coarsening of precipitates X
Interdiffusion in compounds, e.g. . «
coating systems

Long-range diffusion in multi-

phase systems Nitriding and nitrocarburization X
Carburizing of high-temperature alloys X X
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Graphical

Examples Mode

Cooperative growth

Deviation from local
equilibrium

Growth of pearlite in alloyed steels X

Calculations under paraequilibrium
conditions
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Diffusion in a Single-Phase System

EJ’ This type of simulation is available for both Graphical and Console Mode.

The simplest simulation is one where certain elements in one phase diffuse over time in that
single phase. To simulate this, you create one region and enter one phase into that region.
You can set up the system under various conditions by defining profiles for how temperature
and pressure change over time.

E In Console Mode you can also simulate how the boundary conditions of the
region change over time.

Simulate diffusion in a single-phase system
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Moving Boundary Multi-Phase System

EJ’ This type of simulation is available for both Graphical and Console Mode.

With two regions in a single cell you can simulate how diffusion causes phase
transformations. For example, you can simulate how an individual particle grows or
dissolves as a function of time. The result is a simulation of how the boundary between the
regions migrate over time. As in the case of a one-phase simulation, you can set up the
system under various conditions by defining profiles for how temperature changes over
time.

E In Console Mode you can also set up the system to see how the boundary
conditions of the region change over time.

Simulate a moving boundary multi-phase system

Normally, simulations are performed under the assumption that thermodynamic equilibrium
holds locally at all phase interfaces.

E In Console Mode it is also possible to simulate a moving phase boundary
problem while assuming that para-equilibrium conditions apply at the phase
boundary.
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Diffusion in Disperse Systems

EJ’ This type of simulation is available for both Graphical and Console Mode.

You can perform simulations where one or more dispersed phases are present in a matrix

phase. For example, you can simulate how carburization causes precipitation of carbides in
an austenitic matrix phase. In both Graphical Mode and Console Mode, problems involving
diffusion in disperse systems are handled with homogenization model.

In Console Mode and if you are using the disperse model instead of the

E recommended homogenization model, the dispersed phases act as point sinks or
sources of solute atoms in the simulation and the fraction and composition is
calculated from the average composition in each node, assuming that
equilibrium holds locally in each volume element.

Simulate diffusion in a disperse system

The homogenization model allows you to take into account diffusion in all phases for which
you have kinetic data; the homogenization model treats all phases in the same way
regardless of which phase is entered as type matrix and which phases are entered as type
spheroid.

Q In Graphical Mode, the Homogenization model is automatically selected as the
default solver when multiple phases are selected in a region.

E In Console Mode, there are two ways in which you can simulate diffusion in a
system that contains a dispersed phase, but it is strongly recommended that you
use the homogenization model. See About the Homogenization Model.

Simulate diffusion with the homogenization model
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Diffusivity Theory

In order to perform simulations using the Diffusion Module (DICTRA), both thermodynamic
and kinetic descriptions are needed. Moreover, the results and the accuracy of the
simulations critically depend on the quality of these descriptions. So far there is much less
kinetic data which has been systematically assessed in the same way as thermodynamic
data.

In the theoretical treatment of diffusive reactions one usually works with diffusion
coefficients which are evaluated from experimental measurements. In a multicomponent
system a large number of diffusion coefficients have to be evaluated, and moreover, they
are generally functions of alloy composition and are interrelated. A database would thus be
very complex. A superior alternative is to store atomic mobilities in the database, rather
than diffusion coefficients. The number of parameters which need to be stored in a
multicomponent system are then substantially reduced and the parameters are
independent. The diffusion coefficients, which are used in the simulations, can then be
obtained as a product of a thermodynamic and a kinetic factor.

The thermodynamic factor is essentially the second derivatives of the molar Gibbs energy
with respect to the concentrations, and is known if the system has been assessed
thermodynamically. The kinetic factor contains the atomic mobilities, which are stored in
the kinetic database. The purpose of this topic is to describe how concentration,
temperature and pressure dependence of the atomic mobility can be modeled, as well as to
describe relations between the different diffusion coefficients and the atomic mobility.

| Modeling of the Atomic Mobility

From absolute-reaction rate theory arguments the mobility coefficient for an element B, Mp

0
may be divided into a frequency factor ME and an activation enthalpy, Qs, ie.

B
[EC[ 1] RT RT
™I is a factor taking into account the effect of the ferromagnetic transition [Jénsson,
1994a]. ™I is a function of the alloy composition. It has been suggested by Jonsson, 1994b
In Mg

that one should expand the logarithm of the frequency factor, rather than the value

itself, thus the mobility, Mz, is expressed as:

RT In M}, Q 1
Mp = exp (—B) exp ( - = ) —="T
[E. 2] RT RT ) RT
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Both RT1n Mg and QB generally depend upon the composition, temperature, and pressure.
In the spirit of the CALPHAD approach [Agren, 1996], the composition dependency of these
two factors, is represented with a linear combination of the values at each endpoint of the
composition space, and a Redlich-Kister expansion, viz.

m ..
— 2 rHHJ r
P = Saidh+ 2 X mie | 8 ()
2 (3 >t r=
[Eq. 3]
where @B represents RTIn Mg or -Qs. 5 is the value of ®5 for pure i and thus represents
i,J
one of the endpoint values in the composition space. "5 are binary interaction parameters.
The commas separate different species interacting with each other. % and *i are mole
A r i,]
fractions of elements j and j respectively. Each individual ®parameter, i.e. 2% and 25 is
stored in the database and may be expressed as a polynomial in temperature and pressure,

i iy
if necessary. The @5 and P2 are referred to in the database as MF and MQ parameters,
e.g.

MF(BCC_A2&CR,NI:VA;0) = R*T*LN(+8.50E-05)

Ni0
is used to represent the frequency factor to the mobility of Cr in pure Ni, i.e. RTIn Me; ,

whereas:

MQ(BCC_A2&CR,NI:VA;0) = -2.18E+4-05

Ni
represents —Qcr, The magnetic effect is represented by Jonsson's model [1994a].

™I = exp(6af) exp _C;é? £

[Eq. 4]

where ¢ represents the state of the magnetic order (0 < £< 1) at the temperature under
consideration and a is treated as a constant, approximately equal to 0.3 in bcc alloys. For fcc
alloys the ferromagnetic effect on diffusion is usually neglectable, i.e. @ =~ 0. When there is
magnetic ordering it is thus necessary to make the division into MF and MQ because ™I’

depends on QB, i.e. MQ_ The full expression then becomes:
RTIn[RTMp) = RTIn MY — Qp + RTln™T = Y MF + Y MQ + RT ln™T
Both MF and MQ may be arbitrary polynomials in temperature and if there is no magnetic

effect, i.e. RTIn™T =0, it is sufficient to enter either one of them. For example, the
mobility of Cr in pure Ni may as well be stored as:
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MF(FCC_A1&CR, NI:VA;0) = 0
and
MQ(FCC_A1&CR,NI:VA;0) = —QY¢ + RT In MJ¥

In order to build a database it is necessary to find values on MF and MQ (or when no

magnetic effect is considered MQ alone). In many cases such data can be found in the

D

literature. The tracer diffusivity Bis directly related to the mobility M5B by means of the

Einstein relation

[Eq. 5] p = RTMp

and when there is no magnetic effect on the mobility, e.g. ™/I' = 1, then from Equation 2
and Equation 5 it is found that:

F6 MQ=RTIM}—Qp=RTD;

In a more complex database the model parameters are determined from an optimization
procedure, where all experimental information is taken into account, see for example
Jonsson, 1995 and Engstrom and Agren, 1996.

Relationship Between Diffusion Coefficients and Atomic
Mobilities

Phenomenological Coefficients

For crystalline phases the vacancy-exchange mechanism of diffusion is predominant, i.e.
diffusion occurs by atoms jumping into neighboring vacant lattice sites. From the absolute
reaction rate theory, and by assuming that the vacancy concentration is governed by
thermodynamic equilibrium, the diffusional flux of a component k in the lattice fixed frame
of reference can be expressed as [Andersson and Agren, 1992]:

T _ Oy,
g7 Ik = —CkUvaliva g,

Here Ckis the amount of k per unit volume, YVa is the fraction of vacant lattice sites on the

sublattice where k is dissolved, {%va is a kinetic parameter which gives the rate of exchange
if there is a vacancy adjacent to a k-atom,

and Mk is the chemical potential of component k. The mobility Mk is here defined as:

q.8] Mk = ¥vaflva when kis substitutional

Diffusivity Theory and Diffusion Types | 21 of 117



Diffusion Module (DICTRA) Documentation Set

[Eq. 9] Mi = Qiva when kis interstitial

From Equation 7, Equation 8 and Equation 9 it is possible to identify the so called
phenomenological parameters that relate the flux of k to all the driving forces, i.e.

Ly = cMx when k is substitutional, L&k = ¢k¥vaMi when k is interstitial, and L = 0 when
k 71 The fluxes in the lattice-fixed frame of reference may now be expressed as:

¥ z Op; Oy,
Je == Liig, = Lo,
[Eq. 10] i=1

Transformation to the volume-fixed frame of reference, or the number-fixed frame of
reference with respect to the substitutional elements, which may be regarded as the same,
if as assumed in the Diffusion Module (DICTRA), the partial molar volumes are independent
of concentration, and the partial molar volumes of the interstitials are neglected, yields

Jo=— I, 2
k__g ki 9z
1=

[Eq. 11]

where

Ly, = > (8 — cV;) Ly
[Eq. 12] 5=1

where ik is the Kronecker delta, i.e.,=1 when j=k and 0 otherwise. Viis the partial molar
volume of element j.

Interdiffusion Coefficients

Generally, it is much more convenient to express the fluxes as functions of concentration
gradients, rather than gradients in chemical potential. This is accomplished by rewriting
Equation 11 using the chain rule of derivation, i.e.

O\ Oy B
i1 8Cj Oz

n
e =—2. L,
[Eq. 13] =1

or equally if the unreduced diffusivities, D are introduced,

_ n _D aCj
Jo=—2 Dig,
[Eq. 14] J=1

The Pki matrix introduced in Equation 14 may be identified by comparing with Equation 13,
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J— 1 ZFi
Dk‘? o E Lk”' aCj
[Eq. 15] i=1
O,
The 9 are purely thermodynamic quantities, sometimes they are referred to as
thermodynamic factors. It is now evident that the diffusivities may be looked upon as

consisting of two separate parts, one purely thermodynamic and one kinetic.

There is a relation between the n concentration gradients in Equation 14 and for practical
calculations one usually chooses to eliminate one of them. The reduced diffusivities in a
volume-fixed frame of reference, where it is assumed that all the substitutional species have
the same partial molar volumes, and furthermore, only the substitutional species contribute
to the volume, i.e. the Diffusion Module (DICTRA) frame of reference, is expressed as,

D?. = Dy; — D . -

[Eq. 16] kj kj k7 when jis substitutional
D7?. = Dy o .

[Eq. 17] kj ki when jis interstitial

where n is taken as the dependent species. Using these diffusivities Equation 14 now
becomes,

_ 7
Jip = z_: ij 5
[Eq. 18] 5=1

Equation 18 contains the so-called interdiffusion coefficients, sometimes referred to as
chemical diffusivities. These diffusivities may be evaluated experimentally from e.g.
diffusion couple experiments.

Intrinsic Diffusion Coefficients

The individual or intrinsic diffusion coefficients, that are defined in the lattice-fixed frame of
reference by:

n—1
~ . dc:
— tyn I
Jk o Z kj oz
[Eq. 19] =1

can also be evaluated from diffusion couple experiments, if in addition to concentration
profiles the Kirkendall velocity can be estimated from the movement of inert markers. As
the interdiffusion coefficients, the intrinsic diffusion coefficients can also be calculated from
the mobilities. However, this time by applying the chain rule of derivation on Equation 10
and remembering that Lii = 0 when k # iije.
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F o_ Oy, aCJ
I = — Z Lk, dc; 3
[Eq. 20] 5=

The intrinsic diffusion coefficients may be identified in Equation 20 as:

6
[Eq. 21] Bej
Also here there is a relation between the n concentration gradients. If one of the
concentrations are chosen as dependent, and if the same approximation as previously used

for the partial molar volumes of the different elements is applied, then the intrinsic diffusion
coefficients defined in Equation 19 are finally found.

iDp. =Dy — Dy

[Eq. 22] " when j is substitutional

[Eq. 23] k= Dk when jis interstitial
Self-diffusion Coefficient

The self-diffusion coefficient of A is the diffusivity of A in the limit of pure A. Studies of self-
diffusion usually utilize radioactive tracer atoms A* of the same element.

Impurity Diffusion Coefficient

When the diffusion of a solute B in a solvent A is studied at an extremely small concentration
of B, which e.g. radio tracers permit, then the impurity diffusion coefficient of B in A is
observed.
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Diffusion Module Options in Graphical Mode

The Diffusion Module is an Add-on Module to the core Thermo-Calc software.

I;I A separate license is required to perform calculations for more than three
elements. Without it you are able to use the module in Demo Mode. This is not
available in Console Mode. See Demonstration (Demo) Mode to learn more.

Diffusion Simulation Template

A Diffusion Simulation template is available to all Thermo-Calc users when in Graphical
Mode.

= If you are using the Diffusion Module in Demo Mode, see Demonstration
(Demo) Mode for what is available to you. Even if you have a license, you may
find yourself in Demo Mode if you have a network license and all the licenses
are checked out.

Using the Template

When you first open Thermo-Calc in Graphical Mode, on the My Project window, click the
Diffusion Simulation button to add a System Definer, Diffusion Calculator and Plot Renderer
to the Project tree.

Click the Diffusion Simulation icon in the Templates window to add THESE NODES to the
Project.

My Praject

S\,rs’[em‘De.ﬁhBU
s

Diffusion Calculatar 1
A

gl

Plot Renderer 1

b Creating a Project from a Template.

Diffusion Calculator
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A Diffusion Calculator allows you to set the conditions for your calculation that define the
geometry, regions, phases, grids, composition profiles and the thermal profile, plus
additional options. Many of the settings are automatically set as you define your system.
Details about this activity are described in Diffusion Calculator.

Demo Database Packages for the Examples Collection

Both a thermodynamic and mobility database are required to run the Diffusion Module
simulation. If you have a Diffusion Module (DICTRA) license you can run all the examples
because the demonstration database packages are included with your installation.

Select the database packages from the System Definer Configuration window to run a
simulation.

EJ’ If you are in Demo Mode, see Demonstration (Demo) Mode to learn more.

Configuration a B X
%4 System Definer 1
Databases
) (5) FEDEMO: Iron Demo Datzbase v3.0 - Package: |Dema: Steels and Fe-alloys (FEDEMO, MFEDEMO) ~
) (&) MFEDEMO: Fe-Alloys Mobility demo database v2.0 ~ Solder lloys (TCSLD3, MOBSLDL) 2
Copper-based alloys (TCCU3, MOBCU3)

Titanium-based alloys (TCTI2, MOETIZ)
Elements Species Phases and Phase Constitution Components Data Sources  Descri High entropy alloys (TCHEA4, MOBHEAZ)
m— Demo: Steels and Fe-alloys (FEDEMO, MFEDEMO)
AIDDEIT\UJ Nickel-based superalloys (NIDEMO, MNIDEMO
Demo: Aluminium-based alloys (ALDEMO, MALDEMO)
| Demo: Copper-based alloys (CUDEMO, MCUDEMO) v
T

Demonstration (Demo) Mode

The Diffusion Module and some examples are available to all Thermo-Calc users but only for
simulations with three elements. If you do not have a license for then you are in Demo Mode
when using the Diffusion Calculator or Diffusion Simulation template.

Diffusion Simulation Template

When you are in DEMO mode, in the Templates area this is indicated by the text under the
logo.

(=]

@D

Diffusion Simulation DEMO
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Diffusion Calculator

If you are experimenting with the Diffusion Calculator in Demo Mode, you may have access
to a variety of databases based on your license. However, you can only define three
elements for a demo simulation.

If you define more than three elements on the System Definer, when you go to the Diffusion
Calculator, the Perform button is unavailable and the tooltip explains why.

&) Help | < Add Predecessor Perfprm Tree Create New Successor = ‘

| Diffusion calculations in Demo mede limited to three elements onl)r|

= Even if you have more than three elements, the Plot Renderer Perform button is
still available. However, if you click the button and try to run the simulation the
Event Log displays an error message.
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Basic Terminology in Graphical Mode

Q These terms are specific to working in Graphical Mode. The overall simulation
in Console Mode is comparable but there are some differences in terminology
and functionality.

| Region

In Graphical Mode, a system consists of one cell with one or multiple regions in which the
diffusion problem is to be solved.

} Grid Types

These grid types are used in diffusion simulations: linear, geometric and double geometric.
When you are setting up the simulation, in either Console Mode or Graphical Mode, a
region must have a grid defined.

Linear

Geometric

Double geometric

| Phases

Each region must contain at least one phase. The so-called homogenization model is used if
multiple phases are added inside a region, then the average properties of the local phase
mixture is used. Phase(s) can also be added to interphases of region(s) and then only
participate in the simulation if the driving force for precipitation of the phase exceeds a
predefined value. A new region is then created where the name of the region is set to the
name of the phase but with R_ added as a prefix.

| Composition

These types of composition variables are used in the configuration of the Diffusion
Calculator: mass (weight) fraction, mass (weight) percent, mole fraction, or mole percent.
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The u-fractions are used in the diffusion equations. The u-fraction of a component k is
defined as

Tk

T g

JjES

ok

The summation is only performed over the substitutional elements. The choice of the
volume fixed frame of reference in the calculations make it convenient to use a composition
variable which is related to the volume. The definition of the u-fraction is based upon the
assumption that a species may or may not contribute to the volume of a phase. An
interstitial element is assumed to not contribute to the volume. Substitutional elements are
assumed to contribute equally to volume. Weight fraction, mole fraction or u-fraction can be
used when plotting the results from a simulation.

| Geometry and Coordinates

The Diffusion Module (DICTRA) can only handle diffusion problems where compositions vary
along one spatial coordinate. The geometry of your system can be planar, cylindrical or
spherical.

The planar geometry corresponds to an infinitely wide plate of a certain thickness. If the
system has a planar geometry then the lower boundary (the zero coordinate) is at the left
side of the system. The upper boundary (the coordinate with the highest value) is at the right
side of the system.

| Boundary Conditions

Boundary conditions are conditions that define how matter behaves at the boundaries of
your system. By default, matter is not allowed to cross the system boundaries.

You can change the setting for both the lower boundary (left side/centre) and the upper
boundary (right side/surface) of the system.

P See Setting up a Diffusion Simulation in Graphical Mode then go to Working in
Graphical Mode for links to the other relevant content.
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Setting up a Diffusion Simulation in Graphical Mode

When you are using the Graphical Mode version of the Diffusion Module (DICTRA), the steps
to set up a simulation are a combination of adding Activity nodes (the System Definer,
Diffusion Calculator and Plot Renderer) and then defining the applicable settings for each of
these nodes in a Configuration window.

The following is a general overview of the steps to set up the simulation.

1. Use the Diffusion Simulation template to add the System Definer, Diffusion Calculator
and Plot Renderer activity nodes.

2. On the System Definer, you select the thermodynamic and kinetic databases, add
elements and phases, and generally define the system.

3. On the Diffusion Calculator, you set the geometry (by default the geometry is planar),
add region(s) and enter grid(s) and phase(s) in the region(s). You then enter
composition(s) of phase(s).

4. On the Plot Renderer or Table Renderer, you choose how to visualize your diagrams,
and then run the simulation, i.e. you Perform the sequence of nodes you have defined
in the tree to produce the output simulation.

|;| Go to Working in Graphical Mode for links to the relevant content to continue.
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Graphical Mode Diffusion Calculator Examples

»  About the Examples

»  See Diffusion Module (DICTRA) Graphical Mode Examples for links to the examples.

| Opening the Diffusion Calculator Examples

Graphical Mode examples are available for Thermo-Calc and the Add-on Diffusion Module
(DICTRA), Precipitation Module (TC-PRISMA), and Process Metallurgy Module. These are in
the format of project files (*.tcu).

To open an example project file for Thermo-Calc and the Add-on Diffusion (DICTRA),
Precipitation (TC-PRISMA), and/or Process Metallurgy Modules:

1. Open Thermo-Calc.

2. Confirm you are in Graphical Mode. If not, click the Switch to Graphical Mode
button.

3. From the main menu, select File - or Help - Examples Files.

4. The examples are divided into folders. Navigate to the folder and project file you
want and double-click to open.

i OpenFile

Look in: Graphical-mode
. Diffusion Module - DICTRA
e = Precipitation Module - TC-PRISMA
=
Recent tems Process Metallurgy
Property models
Thermo-Calc
Deskiop

5. The Graphical Mode examples are stored without calculated results so you will want
to run the example calculation and generate a plot or table. To do this, click the first
node in the tree at the top of the Project window. Then right-click and select
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Perform now.

Project g 8 X Config

Single paint
Create New Activity >

gystem-; Perform Now
Perform Later...
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Working in Console Mode

In this section:

Opening DICTRA in Console MoOde ... ..o 36
Opening a Macro File (Console Mode) ... 37
About the Console Mode File Formats ... ... 39
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Opening DICTRA in Console Mode

1. Open Thermo-Calc in Console Mode.

l_:%l::- By default, Thermo-Calc opens in the most recently used state. If it opens
in Graphical Mode, on the toolbar, click Switch to Console Mode.

2. Inthe sys module, type coTo MODULE DICTRA. For a list of all the available
commands in the current module, at the prompt type a question mark (?) and press
<Enter>. For a description of a specific command, type He1p followed by the name of

the command.

Console

B Console 1 @ |08

Thermo-Calc / DICTRA
Only for use at Thermo-Calc Software

Local contact pumbaa.thermocalc.se

SYS5:GOTO MODULE DICTRA
WO TIME S5TEF DEFINED

DICH|
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Opening a Macro File (Console Mode)

You can open the macro files (*.TCM or *.DCM files) in different ways.

e From the main menu,
e Using a command, or

« By dragging and dropping the file into the Console window.

How to Open an Example Macro

To open a specific macro file from the Examples folders included with your installation:

1. Open Thermo-Calc.
2. Confirm you are in Console Mode. If not, click the Switch to Console Mode button.

3. From the main menu, select File - or Help - Examples Files. The Console Mode
folder opens.

4. Double-click the Diffusion Module - DICTRA folder to view the subfolders.

|_ The three Quick Start example macros and the PDF guide are in the first
' folder called Beginner Guide.

How to Open a Macro with a Command
At the sys prompt, type MACRO_FILE_OPEN and press <Enter>. In the file dialogue window

that opens, locate and select the macro file on your computer.

How to Open a Macro File by Dragging and Dropping it into Console
Mode

For example, navigate to the Beginner Guide folder and then drag the file from its location
into Thermo-Calc Console window.
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Name Type
. . B File Tools Window Help

@[> simplest_dictra.DIC DICTRA DIC file Em B
| 4] simplest dictra.dcm DCM File New Open Save | Switch to Graphical Mode

@[> simple_moving_boundary.DIC DICTRA DIC file Console

4| simple_moving_boundary.dem DCM File B Console 1 |i Console 2 |i Console 3 ‘ B console 4 = |
@[> multiphase_example.DIC DICTRA DIC file

4| multiphase_example.dcm DCM File Thermo-Calc / DICTRA

only for use at Open IP address range
Local contact thoth.ad.thermocalc.se

" " 306 day(s) more to enjoy this software
Drag the file from its location on your

computer and drop it into the Thermo-Calc
Console window

S¥S:

The macro automatically runs after you drop it into the Console window.

Console g 7 X ‘ Console Results
B Console 1 | @ | T | é| [ Results Console 1 =]
1| Plot 1 %) .jj|;5‘|
Thermo-Calc / DICTRE 2016.02.29.12.30.55
Only for use at Open IP address range = TIME = 0,100000
Local contact thoth.ad.thermocalc.se 1 CELL#1
306 day(s) more to enjoy this software | O
507
SYS:MACRO "C:\Users\amanda\Downloads\simplest dictra.dcm"
S5¥S:
5YS: @@
SYS: @@ SIMPLE HOMOGENIZATION OF A BINARY FE-NI ALLCY. WE ASSUME THAT WE
SYS: @@ INITIALLY HAVE A LINEAR NI-CONCENTRATION FROFILE. 45
S¥YS: @@
S¥S:
sSYS: @@
5YS: @@ WE START BY GOING TG THE DATABRSE MODULE. 40
5¥s5: @@

Double-click to Open a File

Navigate to the macro file location, for example where each set of file examples is in its
own folder. When you double-click, it opens the file in a new instance of Thermo-Calc.
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About the Console Mode File Formats

The Diffusion Module (DICTRA) in Console Mode uses different file formats: log files
(*.TCM), macro files (*.DCM) and workspace files (*.DIC).

D Also see Graphical Mode vs Console Mode. If you are working with Thermo-Calc
in Console Mode, see Working with the Console Mode File Types.

Log Files

Log files (*.TCM) are plain text files and are just macro files used to save a sequence of
commands. These files can be edited in a text editor.

« To start saving your input into a file, in the SYS module type seT_roG F1LE, followed
by the name of the file that you want to save your command sequence to.

o When creating a command sequence, and if you want to save the output in the log
file, type seT EcHO before SET_LOG_FILE. This is useful if you later want to use the log
file as a macro file because the macro file lists the full commands instead of only the
short names.

Macro Files

Macro files (*.DCM) are plain text files used to save a sequence of commands that can be
loaded and executed. Macro files can be edited in a text editor. When creating a command
sequence, you add comments to the file by starting a line with @@.

e To run a macro file, in the SYS or DICTRA module type vacro FILE 0PEN, followed
by the name of the macro file. DICTRA runs the MACRO_FILE_OPEN sequence that the
file contains.

e To remain in the console and keep working in the DICTRA module, in the SYS,
DICTRA, POLY, or POST module add the command SET_INTERACTIVE at the end of the
macro file. Alternatively, use x1T as the final command.

Workspace Files

Workspaces files for the Diffusion Module (DICTRA) have the file extension *.DIC, which
allow you to save all the data in your current workspace. A workspace contains all the data,
specified settings and the result of any calculations performed. The saved data includes
original and modified thermodynamic data, the last set of conditions and options, and the
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results of any simulations.

o At the p1c prompt use SAVE_ WORKSPACES.

o To load the data and calculation results of a workspace file, at the pzc prompt use
READ_WORKSPACES.
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Overview of a System

In this section:

Typical Console Mode Workflow ... 42
About Regions and Grids .. ... ... 42
About System, Cells and RegiONS ... .. 43
About Phases .. . 43
About Composition Variables .. ... L 44
About Global Conditions ... ... ... 45
About Boundary Conditions in Console Mode ... ... ... 45
About Geometry and Coordinates . ... ...l 46
About Operators and FUNCtiONS ... .. 47
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| Typical Console Mode Workflow
The basic work flow in Console Mode is as follows.

1. You are in the SYS module when you start Thermo-Calc in Console Mode.

2. In the DATA module you define the system. Before performing a calculation, you
must define your system and retrieve thermodynamic and kinetic data. The data is
retrieved from the database files.

3. The data needed to describe a system is sent to the GIBBS module. When the data is
in GIBBS, the software can access the retrieved data. The retrieved data is accessible
to the POLY module, which is involved in simulations that require that equilibrium
calculations are performed.

4. In the DICTRA_MONITOR you:

a. Set the initial state of the system and define its geometry and boundary
conditions. The simplest system has one cell that contains one region, but you
may put additional regions in a cell and put additional cells in your system.

b. Define the phases each region contains.

c. Set various parameters for the numerical calculations.

d. Run the simulation from within the DICTRA_MONITOR.
5. In the POST module you plot and visualize your data.

a. Choose the data to plot

b. Change the appearance of the diagram

c. Save the diagram as an image file (available in several formats).

| About Regions and Grids

l;l For Graphical Mode, see Diffusion Module Terminology in Graphical Mode.

b Alsosee Creating Regions and Gridpoints.

A region contains one or more phases. If a region contains several phases one of those must
be entered as a matrix phase whereas the others are entered as spheroid.

A region must also contain a number of grid points. The composition is only known at these
grid points and the software assumes that the composition varies linearly between them.
The amount and composition of all the phases present at a single grid point in a certain
region are those given by thermodynamic equilibrium keeping the over-all composition at
the grid point fixed.
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These grid types are used in diffusion simulations: linear, geometric and double geometric.
When you are setting up the simulation, in either Console Mode or Graphical Mode, a
region must have a grid defined.

Linear

Geometric

Double geometric

| About System, Cells and Regions

Q For Graphical Mode, see Diffusion Module Terminology in Graphical Mode.

A system normally consists of one cell. This cell contains one or several regions in which the
diffusion problem is to be solved. A system of diffusion equations is solved for each region.
The size of the system is the sum of sizes of all the regions in all the system’s cells.

The interface between two regions typically moves as the result of a simulation, that is, the

regions grow or shrink. Such an interface is called an inner interface. The boundary of a cell

is called an outer interface and the condition of this type of interface may be affected by the
choice of boundary conditions.

For some simulations it is useful to have several cells in a system. Matter can move between
cells. However, it is assumed that there is diffusional equilibrium between all cells (this
means that there are no differences in diffusion potentials between cells). In other words,
the size of a cell is fixed during the simulation.

By default this is a closed system, which means that matter cannot move across its
boundaries. However, you can change this setting for both the lower boundary (left
side/centre) and the upper boundary (right side/surface) of the system. You can also set
these boundary conditions to vary as a function of time, temperature and/or pressure.

| About Phases

l;l For Graphical Mode, see Diffusion Module Terminology in Graphical Mode.

b Entering Phases in Regions and Specifying Phase Compositions in a Region.

Overview of a System | 43 of 117



Diffusion Module (DICTRA) Documentation Set

Each region contains one or more phases. A phase can be of the matrix, spheroid or lamellar
type. A phase can be introduced with the status active (the default) or inactive.

An inactive phase is a phase which does not participate in the calculations until it is stable. If
a phase is inactive, then the driving force for precipitation of the phase is continuously
monitored. When the driving force exceeds a predefined positive value, the phase take parts
in the simulation and the phase automatically becomes active. A new region is then created
and the formerly inactive phase is entered as the matrix phase of the new region. The name
of the region is set to the name of the phase that just became active but with r_added as a
prefix.

Region Phase Types

Description

The region’s primary phase. If there is only one phase in a region, then that phase is

Matrix . .

automatically a matrix.

Used to treat one or several dispersed phases in a matrix. Unless the homogenization model
Spheroid is invoked, which happens automatically when a spheroid phase is entered, then diffusion is

only considered in the matrix phase; the spheroid phases then only act as sources and sinks of
the diffusing elements.

Used to simulate the growth of a eutectic or eutectoid region. The software only treats the
Lamellar growth, not the dissolution, of such a region. The pearlite calculation model is used for a
phase that is lamellar.

| About Composition Variables

Q For Graphical Mode, see Diffusion Module Terminology in Graphical Mode.

Two types of composition variables are used within the program: site-fractions and u-
fractions, although you can also use weight fraction or mole fraction, for example.

The site-fractions are used to set up the problem and interface with POLY-3 (in Console
Mode). The site fraction of a species k, yy, is the fraction of equivalent lattice sites occupied
by species k. It is the only concentration variable that uniquely defines the composition and
the constitution of a phase and it is necessary to use the site fraction in the storage of the
data during a simulation.

The u-fractions are used in the diffusion equations. The u-fraction of a component k is
defined as
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The summation is only performed over the substitutional elements. The choice of the
volume fixed frame of reference in the calculations make it convenient to use a composition
variable which is related to the volume. The definition of the u-fraction is based upon the
assumption that a species may or may not contribute to the volume of a phase. An
interstitial element is assumed to not contribute to the volume. Substitutional elements are
assumed to contribute equally to volume.

| About Global Conditions

There are several global parameters that influence the diffusion rate in simulations:
temperature, pressure and heat content removal. These parameters are defined as
functions of time. The temperature can also be a function of the spatial position, and heat
content removal can be a function of temperature or pressure.

For heat content removal, the amount of extracted heat per time unit is normalized and the
size of the system is normalized to one mole of atoms.

b Setting Global Conditions in the Thermo-Calc User Guide

| About Boundary Conditions in Console Mode

Boundary conditions are conditions that define how matter behaves at the boundaries of
your system. By default, matter is not allowed to cross the system boundaries.

You can change the setting for both the lower boundary (left side/centre) and the upper
boundary (right side/surface) of the system.

» SET_CONDITION

Boundary Condition Descriptions

Boundary condition | Description

Enter functions that yield the flux times the molar volume for the
independent components. Can be a function of time, temperature and
pressure. Use this boundary condition with caution as it may cause unrealistic
compositions.

FIX_FLUX_VALUE
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Boundary condition | Description

A legal equilibrium condition expression in POLY-3 syntax that reduces the
degrees of freedom. This type should be used with care as no checks are
done in advance to determine if it is a legal expression. Do not specify the
conditions for temperature and pressure here as these are taken from the
global conditions.

STATE_VARIABLE _
VALUE

Use to take into account the finite rate of a surface reaction. The flux for the
independent components must be given in the format:

POTENTIAL_FLUX_ Jy = fx(T, P, TIME)* [POTENTIALQ’ —gr(T, P, TIME)]
FUNCTION
The functions fand 9 may have time (TIME), temperature (T), and/or

pressure (P) as arguments. IV is an integer. The potentials are those with user
defined reference states.

Use to take into account the finite rate of a surface reaction. The flux for the
independent components must be given in the format:

ACTIVITY_FLUX_ Jr = fu(T, P, TIME)* [AC’TIVITY,CN —gx(T, P, TIME)]
FUNCTION
The functions fand 9 may have time (TIME), temperature (T), and/or

pressure (P) as arguments. IV is an integer. The activities are those with user-
defined reference states.

ITERATIVE_ACTIVITY_ Same as ACTIVITY_FLUX_FUNCTION but an iterative scheme is used to
FLUX_ FUNCTION determine the flux. Use this if the other command encounters problems.

Corresponds to a fix flux value, which is set to zero at all times. This is the

CLOSED_SYSTEM default boundary condition.

MIXED_ZERO_FLUX_ The flux of selected components is set to zero and the activity of others may
AND_ ACTIVITY be set to a prescribed value.

This option can cause a change in system volume. The flux of selected
components is set to zero and the activity of others can be set to a prescribed
value. Use this to treat an expanding system, e.g. the growth of an external
oxide scale.

GAS

| About Geometry and Coordinates

p  Specifying the Geometry

Overview of a System | 46 of 117



Diffusion Module (DICTRA) Documentation Set

The Diffusion Module (DICTRA) can only handle diffusion problems where composition vary
along one spatial coordinate. The geometry of your system can be planar, cylindrical or
spherical.

PLANAR GEOMETRY

This geometry corresponds to an infinitely wide plate of a certain thickness. If the system
has a planar geometry then the lower boundary (the zero coordinate) is at the left side of
the system. The upper boundary (the coordinate with the highest value) is at the right side of
the system.

CYLINDRICAL AND SPHERICAL GEOMETRIES

m Cylindrical geometry corresponds to an infinitely long cylinder of a certain radius.

m Sypherical geometry corresponds to a sphere with a certain radius.

By default for both geometries, the lower boundary (the zero coordinate) is at the centre of
the cylinder/sphere. The upper boundary (the coordinate with the highest value) is at the
surface of the cylinder/sphere. You can enter a left most coordinate that is larger than zero
to allow for tube and hollow sphere geometries.

| About Operators and Functions

Sometimes you need to specify functions when setting up a system. For example, to make
global and boundary conditions vary as a function of time.

The following operators can be used in writing functions. Use a semi-colon (;) to mark the
end of a function.

Available Operators for Writing Functions

Operator Description

+,- %,/ Addition, subtraction, multiplication, division

* ok Exponentiation, raising one quantity to the power of another, e.g. x2.
ABS() Absolute value

ERF(X) Error function
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Operator Description

EXP(X) Exponential
LOG(X) Natural logarithm
LOG10(X) Base 10 logarithm

Sign function

SIGN(X)
SIGN(X) is -1 when X<0, is 0 when X=0 and is 1 when X>0.

SIN(X), COS(X), ATAN(X) Sinus, cosinus and arctangent

SQRT(X) Square root
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Creating a DICTRA Simulation

E These topics describe in general terms what options you have when setting up
your diffusion simulation in Console Mode.

In this section:

Defining a System in Console Mode .. ... .. 50
Setting Up and Running a Simulation ... .. 51
Setting Global Conditions ... . . 51
Specifying Time-Dependent Profiles ... . . 52
Creating Regions and Gridpoints . ... 53
Entering Phases in RegiONS .. . L 54
Specifying Phase Compositions ina Region ... .. ... . 55
Specifying the GeomM ety . 56
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| Defining a System in Console Mode

@ Define your system with as few elements (components) and phases as possible;
keep the simulation as simple as possible to avoid making the simulation
unsolvable.

In order to perform a simulation in the Diffusion Module, both a thermodynamic database
and a kinetic database is needed. The thermodynamic database is a normal Thermo-Calc
database, whereas the kinetic database contains information about the atomic mobility of
individual elements in various phases.

» Database (TDB) Module Commands

1. Open Thermo-Calc in Console Mode. At the sys prompt, type GOTO MODULE DATA.

2. Use SWITCH_DATABASE to select databases. Unless you directly specify the name of
the database as a parameter to the command, the available databases are listed.
Specify the one to use.

3. Use DEFINE_ELEMENTS followed by a list of the elements that you want in your system.
(To list the elements available in the current database, type 1.1ST DATABASE

Elements)

4. Use REJECT with the keyword, Phases to make sure that unnecessary phases are not
retrieved from the database.

5. Use RESTORE with the keyword, Phases to restore any phases that have been
excluded.

6. Use GET_DATA to read from the database and send the thermodynamic data about
your system to the GIBBS and DICTRA workspace.

7. Use APPEND_DATABASE to select the database from which you want to retrieve kinetic
data.

8. Define your elements and specify whether to reject and restore any phases. Do this
in exactly the same way as you would for the thermodynamics data (see steps 2, 3
and 4).

9. Use GET_DATA to read from the database and add the kinetic data to the
thermodynamic data that already exists in the GIBBS and DICTRA module workspace.

10. Use APPEND_DATABASE again to add thermodynamic or kinetic data from another
database. When all the data needed is retrieved, you can start using the
DICTRA module.
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| Setting Up and Running a Simulation

1.

10.

11.

12.

Before you can set up and start a simulation, you must have retrieved
thermodynamic and kinetic data and defined your system. See Defining a System in
Console Mode.

Set conditions that hold globally in the system using SET_CONDITION Global.
Normally, this is the temperature condition.

Enter a region into the current cell using ENTER_REGION. Give the region an arbitrary
name. If the region that you create is not the cell’s first region, then by default it is
attached to the right side of the last region created in the cell.

For each region, use ENTER_GRID_COORDINATES to specify the region’s size (width) as
well as the type of grid and the number of grid points to be used in the region. The
size is specified in meters.

Use ENTER_PHASE_IN_REGION to enter a phase into a region. Specify whether the
phase is active/inactive, which type of phase it is, and what the name of the phase is.

Use ENTER_COMPOSITIONS to specify the initial composition of a phase that you have
entered in a region. You can specify the composition in terms of site fraction, mole
fraction, mole percent, weight fraction, weight percent or u-fraction. The
composition profile may be entered by a user or be read from a file.

Use SET_CONDITION Boundary to set non-default boundary conditions.

Use ENTER_GEOMETRICAL_EXPONENT to enter the geometrical exponent that defines
the geometry of the system. If you do not specify the geometrical exponent, then it is
assumed that the system has a planar geometry.

Use SET_SIMULATION_TIME to set the simulation time.

If you want to use a specific model for the simulation calculations, then set the
DICTRA module to use a COARSENING_MODEL, PARA_EQUILIBRIUM_MODEL,
HOMOGENIZATION_MODEL or GB_MODEL. Also see About the Pearlite Model .

You are now ready to run the simulation. However, it is recommended that you use
SAVE_WORKSPACES to save the setup before running the simulation.

Use SIMULATE_REACTION to start the simulation. To ensure that the simulation is run
with default settings (answer v), otherwise you may be prompted to specify certain
values during the running of the simulations (if phases appear or disappear in the
simulation).

| Setting Global Conditions

Use SET_CONDITION and choose clobal. Global conditions include temperature (T), heat

content removal (Q) and pressure (P), and these reduce the degrees of freedom for
equilibrium calculations.
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»  About Global Conditions

=2 If the heat content removal is specified then only the initial temperature should
be entered with the SET_INITIAL_ TEMPERATURE command.

o In practice, the pressure is rarely specified. By default the pressure is assumed to be
constant and equal to 1 bar.

« For each condition, you can define a profile over time that consists of several
intervals of time, or ranges, with each range having its own function to define the
value of the condition.

o Temperature can be entered as a function of time (TIME) and/or spatial coordinate
(X). The pressure condition can be defined as a function of time (TIME). The heat
content removal can be defined as a function of temperature (T), pressure (P) and/or
time (TIME).

For example, the following function could specify a cooling rate if it is used to
specify how the global condition temperature (T) changes with time (TIME)
during a certain range: 1900-1*TIME;

o Temperature can also be entered as time/temperature pair values.
| Specifying Time-Dependent Profiles

In the DICTRA module you are often prompted to specify a time-dependent profile for a
condition.

To define the profiles or intervals, enter information as follows:
LOW TIME LIMIT

To determine the time when the function starts to apply.

HIGH TIME LIMIT

To determine the time when the function stops applying. Use an asterisk (*) to set the high
limit to the time when the simulation ends.

ANY MORE RANGES

Enter v to specify an additional range with a time-dependent function, which starts to apply
at the time step after the high time limit of the previous range is reached.
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| Creating Regions and Gridpoints

Enter

a new region by specifying its name and, unless it is the first region, how it should be

located with respect to one already existing region. The size of a region is determined when
a grid is entered into the region.

4

About System, Cells and Regions and About Regions and Grids

How to Create a Region

U

. Complete Defining a System in Console Mode.

1
2. Use ENTER_REGION to enter a region into the system.
3.
4

. If this is the first region you create in your system, then you are finished. Otherwise,

Enter an arbitrary name for the region at the Region name prompt.

continue to the next step.
Enter the name of an already existing region to which the new region is attached.

Specify whether the new region should be Attached to the right of the existing
region. Enter v to attach to the existing region’s right side or ~ to attach it to its left
side.

If the system has a cylindrical or spherical geometry, then this is a question of
whether to put the new region outside the existing region, so that the new region
surrounds the existing one, or to put it at the existing region’s centre, so that the
existing region surrounds the new region.

How to Add Gridpoints to a Region

This topic describes how you specify the size and grid point distribution to use in a region.

1
2
3
4
5

. Complete Defining a System in Console Mode and Creating a region.

. Use ENTER_GRID_COORDINATES followed by the name of the region.
. Specify the width of the region in meters.
. At the Number of points prompt enter the number of grid points for the region.

. Specify the type of grid point distribution to have in the region.
e Linear for an equally spaced grid.

e Read Point by Point toread a number of specific grid points from a data
file.
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e Geometric for a grid that yields a varying density of grid points in the region.
Enter the value of R in the geometrical series, which determines the
distribution. A geometrical factor larger than one yields a higher density of
grid points at the lower end of the region and a factor smaller than one yields
a higher density of grid points at the upper end of the region.

e Double Geometric to have a high number of grid points in the middle or at
both ends of a region. Specify two geometrical factors. value of R in the
geometrical series for lower part of region for the distributionin
the lower (left) part of a region, and value of R in the geometrical
series for upper part of subregion for the distribution in the upper
(right) part of a region.

| Entering Phases in Regions

l_f:;,lﬁ? There is no supersaturation locally within a given region.

When defining a region you need to enter one or more phases into the region. The number
and type of phases depends on the simulation you want to run.

o To simulate diffusion of components within one phase, enter one matrix phase into
the region.

o To simulate how an interface between regions moves, enter two regions with at least
one phase in each.

o To simulate growth of one or more dispersed phases in a matrix phase, enter one
matrix phase and one or more spheroid phases.

p  About Phases

Entering Phases in a Region

1. Complete Defining a System in Console Mode and Creating Regions and Gridpoints.

2. Use ENTER_PHASE_IN_REGION. Specify whether the phase is to be active or

Inactive.
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3. For aninactive phase, specify the following:

o Enter the name of the region and the side of that region which the phase is
attached to.

« Enter the required driving force (evaluated as DGM®, and it is dimensionless
(phase) in POLY-3) to be used for determining whether an inactive phase is
stable.

o Enter the conpITION TYPE that the phase boundary condition should be set to
if the inactive phase becomes stable. (Inactive phases are only considered in
the simulation calculations once it is stable.)

4. For an active phase specify the following:
e REGION NAME for the region in which the phase is to be entered.
e PHASE TYPE:Matrix, Lamellar Of Spheroid. SPHEROID is only available if a

MATRIX phase is created first. You can only enter one matrix phase in each
region.

o Enter the paASE NAME. You can append a hash sign (#) and a digit at the end
of the phase name to designate the composition set number (e.g. rcc#2). If
you do not append this and the phase has more than one composition set,
then you are prompted to specify a composition set number.

| Specifying Phase Compositions in a Region

When you specify the composition of a phase, you do this by specifying the composition of
the phase within its region—a composition profile.

b About Phases and DICTRA Commands

How to Specify Phase Compositions in a Region

1. Complete Defining a System in Console Mode, Creating Regions and Gridpoints and
Entering Phases in Regions.

2. Use ENTER_COMPOSITIONS to enter a composition of a phase in a certain region.
3. Enter the rRegion name of the region in which the phase has previously been entered.

4. Enter the Phase name of the phase whose composition you want to specify.

1. DGM is the POLY variable for the driving force that is already divided by RT.
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5. If the phase is spheroid, then for Use equilibrium value enter Y to automatically
calculate the equilibrium fractions of the phase and its constitution at the start of the
simulation. Specify the initial volume fraction of the spheroid phase.

6. Enter the Dependent component. Sometimes the dependent component is
automatically set and there is no prompt.

7. Enter a composition type for the constitution of the phase. The options are: SITE_
FRACTION, MOLE_FRACTION, MOLE_PERCENT, WEIGHT_FRACTION, WEIGHT_
PERCENT, and U_FRACTION.

8. Enter the Type of composition profile (that is, the type of composition profile). The
options are:

e Linear to have an equally spaced composition distribution. Specify the composition at
the first (leftmost) grid point (value of first point) and at the last (rightmost) grid
point (value of last point).

e Read point by point toread the composition at each grid point. The specification of
these can either be read from a DATA-file that you are prompted to select or entered
directly at the terminal. If you want to enter them at the terminal, then enter READ
POINT BY POINT and press <Enter>.

e Geometric for a distribution that yields a higher concentration of the component at the
lower end of the region if a geometrical factor larger than one is given and a higher
concentration at the upper end of the region if the factor is smaller than one. You are
prompted to specify the value of R in the geometrical series which determines
the distribution.

o Function for the global distance denoted ‘gd’. Useful functions include the error
function (erf (gd) ) and the heavy-side step function (hs (gd) ). For example, the
function 3+2hs (x-1e-4) specifies a concentration of 3 at the region’s left side and 5 at
the region’s right side, with a sharp step in the concentration profile at 1e-4m=100um.

| Specifying the Geometry

By default a DICTRA module system has a planar geometry. To change the geometry of the
system, use ENTER_GEOMETRICAL_EXPONENT followed by a number 0 (planar), 1
(cylindrical) or 2 (spherical).

b About Geometry and Coordinates

With a cylindrical or spherical geometry, the system’s zero coordinate (left boundary) is at
the centre of the cylinder or sphere. The highest coordinate (right boundary) is defined by
the cylinder or sphere radius. If you want a geometry corresponding to a tube or a hollow
sphere, then use SET_FIRST INTERFACE to locate the system’s left boundary at a coordinate
that is greater than zero.
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| Setting Boundary Conditions

Boundary conditions are conditions that define how matter behaves at the boundaries of
your system. By default, matter is not allowed to cross the system boundaries.

You can change the setting for both the lower boundary (left side/centre) and the upper
boundary (right side/surface) of the system.

How to Set Boundary Conditions

1. Complete Defining a System in Console Mode and Creating Regions and Gridpoints.

2. Use SET_CONDITION and choose Boundary. Then specify whether you want to set the
LOWER or the UPPER boundary.

3. Specify which condition type you want to set the boundary to.

4. Enter any parameter values that are necessary for the condition type you have
chosen.

5. Specify the Low TiME LIMIT, when the function you define starts to apply.

6. If required, enter the function that is applied during the time interval. For most
condition types, the function may have time, temperature and pressure as
arguments.

7. Enter the i1 TIME LIMIT for the interval.

8. If you want to define a different function for another time interval, then enter v
when prompted with any MORE RaNGES. Then enter another function for the next
range.

9. When you have defined functions for all the ranges you want, enter v at the any
MORE RANGES prompt.

| Adding (Creating) Cells

If you add cells to a system, then each new cell is always placed next to the system’s right
outer boundary. Use the command CREATE_NEW_CELL.

| Importing a Scheil Segregation Profile

You can import a previously calculated Scheil segregation profile into the Diffusion Module
(DICTRA). A Scheil calculation is a conservative estimate of the segregation that occurs
during solidification and is useful when estimating the necessary time/temperature for a
homogenizing heat treatment.
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From a practical point of view it is also a simple and fast calculation compared to a more
accurate, but computationally more difficult, diffusion simulation.

e D

@ In order to limit the computational effort, this feature cannot be combined with
the fast diffusers option in the Scheil module.

Press F1 in Thermo-Calc to search the help for more information.

Example a7

In the following example, taken from the Diffusion Module example collection (see About
the Examples in the Thermo-Calc documentation), the Scheil segregation profile for a
ferritic stainless steel (Fe-17Cr-1.4Ni-1Mn) was calculated in the Scheil module in Thermo-
Calc.

The profile was then imported into the DICTRA module and a one hour homogenizing heat
treatment at 1200° C was simulated. For the simulation a domain size of 100 um was
assumed, which approximately corresponds to the secondary dendrite arm spacing.

FEDEMS: CR, FE, MY M

Temperature, C
5

Male fraction of Sobd
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The plots show the initial (left) and final (right) Ni profile.
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Models in the Diffusion Module

In this section:

About the Homogenization Model ... .. 61
About the Disperse Model .. ... 61
About the Para Equilibrium Model ... . . L 62
About the Thermomigration Model ... ... 62
About the Grain Boundary Model (GB_Model) ... ... L 62
Coarsening ProCeSSeS ... 63
About the Coarsening Model ... .. 63
About the Pearlite Model ... ... L 64
About Cooperative Growth . .l 64
About Using Volume in the Diffusion Module (DICTRA) ... . 65
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| About the Homogenization Model

E This section or topic is specific to Console Mode.

If you enter a spheroid phase when you configure your calculation, then the homogenization
model is automatically used. This is useful when you want to simulate long-range diffusion
through a multiphase mixture, under the assumption that local equilibrium holds at each
node point.

You can also explicitly set the DICTRA module to use the HOMOGENIZATION_MODEL. This
way, you can use it when calculating a one phase or a moving boundary simulation.

When the homogenization model is used, simulations are run using an implicit finite volume
method to increase numerical stability. Because of this, and other factors, homogenization
model simulations generally run slower than other comparable simulations. You can
increase or decrease the begree of implicity when integrating PDEs With the
command SET_SIMULATION_CONDITION.

There are several special commands for use with this model. The UTILITIES_
HOMOGENIZATION and SPECIAL_HOMOGENIZATION_OPTIONS commands are described
individually in the Diffusion Module Command Reference. Search the help (press F1 in
Thermo-Calc) for information.

EJ;- If you have entered a spheroid phase in a region and want to use the older so-
called dispersed system model, then you must explicitly disable the
Homogenization Model after all phases have been entered.

| About the Disperse Model

E This section or topic is specific to Console Mode.

@ This model can be used to calculate diffusion of a phase that is dispersed in a
matrix phase. However, it is recommended that you use the
HOMOGENIZATION_MODEL for this type of calculation instead.

=2 There is no specific command to activate this model. It is only available if a
phase of type "spheroid" is entered in a region.

The disperse model has the following limitations:
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e There must be a continuous matrix phase otherwise the simulation breaks down.

« There is no implicit integration of the partial differential equations (PDEs), leading to
a lower accuracy.

o Only diffusion in the matrix phase can be simulated. It is assumed that no diffusion
occurs in the dispersed phase.

After a spheroid phase is entered, the homogenization model must explicitly be inactivated
in order to run the simulation with the dispersed model. To do this, enter the command
HOMOGENIZATION_MODEL and then choose n to make it inactive.

| About the Para Equilibrium Model
The model allows you to calculate a moving phase boundary simulation while assuming that

para-equilibrium conditions hold at the boundary. You must explicitly set the DICTRA module
to use this model with the PARA_EQUILIBRIUM_MODEL command.

When this model is used, it implies that the local equilibrium assumption is no longer valid
and that substitutional components are regarded as one composite component. You can only
simulate a single moving boundary in one cell.

| About the Thermomigration Model

E This section or topic is specific to Console Mode.

The thermomigration model allows you to simulate thermally induced diffusion in
temperature gradients. To use the model, you must set the temperature to depend on the
spatial coordinate (x) in your calculation. In addition, you must also enter the heat of
transport quantity (Q*) using the ENTER_HEAT_TRANSFER_PARAMETER command. You must
enter this parameter separately for each element in each phase.

E‘? The model is automatically used once this is done.

|_ See Console Mode example exh3 in the Diffusion Module Examples Guide.

| About the Grain Boundary Model (GB_Model)

E This section or topic is specific to Console Mode.

You must explicitly set the DICTRA module to use this model with GB_MODEL. This model
allows you to simulate grain-boundary and dislocation-assisted diffusion.
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The grain boundaries and the dislocations contribute to the total amount of diffusion
according to the weighted fractions. The parameters are entered separately for each region
in order to allow for different expression for different phases.

| Coarsening Processes

E This type of simulation is available for Console Mode. See About the Coarsening
Model for more information.

You can run a simulation of a coarsening process. In accordance with Lifshitz-Slyozov-
Wagner theory, this is done by assuming that the coarsening can be simulated by calculating
the growth of a single particle of the maximum size in the particle size distribution.

Simulate a coarsening process

| About the Coarsening Model

E This section or topic is specific to Console Mode.
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The model is based on LSW theory (after Lifshitz and Slyozov (1961)* and Wagner (1967)%.
The model is also described in Gustafson, Hoglund, and Agren (1998)% and Bjorklund,
Donaghey, and Hillert (1972)*.

LSW theory is strictly only valid for low volume fractions of the particle phase. The theory
predicts that the normalized particle size distribution obtains a constant shape where the
largest particles have a radius equal to 1.5 times the average particle radius.

The calculations are performed in one cell on a maximum size particle which thus is
assumed to be 1.5 times the size of the average particle size. The matrix phase is on one
side in contact with the maximum size particle and on the other the matrix phase is in local
equilibrium with an average sized particle. The effect of the surface energy is such that both
the maximum size particle as well as the matrix phase grows.

The model allows you to perform coarsening simulations. You must explicitly set the
DICTRA module to use this model with the command COARSENING_MODEL.

To use this mode, configure the calculation as follows:

« Have one cell only, with a single particle that is 1.5 times larger than the average
particle size.

o The matrix phase should be in contact with the maximum size particle on the
left/lower side, and then the model specifies a local equilibrium with an average
sized particle on the right/upper side.

o The surface energy then results in growth of both the maximum size particle and the
matrix phase. Use the SET_SURFACE_TENSION command to enter the surface energy
to enable coarsening.

| About the Pearlite Model
E This section or topic is specific to Console Mode.

The pearlite model is automatically used if there is lamellar phase in a region.

| About Cooperative Growth

E This section or topic is specific to Console Mode.

1. Lifshitz, I.M., and V.V. Slyozov. 1961. “The Kinetics of Precipitation from Supersaturated Solid Solutions.” Journal of
Physics and Chemistry of Solids 19 (1-2): 35-50.

2. Wagner, Carl. 1967. “Theorie Der Alterung von Niederschlagen Durch Umlésen (Ostwald-Reifung).” Berichte Der
Bunsengesellschaft Fiir Physikalische Chemie 65 (7-8): 581-91.

3.'Simulation of carbo-nitride coarsening in multicomponent Cr-steels for high temperature applications'. In Advanced heat
resistant steels for power generation (San Sebastian, Spain 27/04/1998

4.Bjérklund, Stig, L F Donaghey, and Mats Hillert. 1972. “The Effect of Alloying Elements on the Rate of Ostwald Ripening
of Cementite in Steel.” Acta Metallurgica 20 (7): 867-74.
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You can simulate the growth of pearlite in alloyed steels by calculating the Eutectoid
reaction y=>a+pB, where a and 3 grow cooperatively as a lamellar aggregate into the y
matrix.

| About Using Volume in the Diffusion Module (DICTRA)

E This section or topic is specific to Console Mode.

@ The following is applicable to the use of the classic models in the Diffusion
Module (DICTRA). That is, all models except the homogenization model.

DICTRA uses a simplified treatment of volume, i.e. DICTRA does not use volume data from
the thermodynamic databases. This implementation in the original software development
was because most databases did not contain volume data at that time.

The basic rule to use when applying the classic model is that only substitutional phase
constituents contribute to volume and the partial molar volume of such constituents are
assumed to be constant and equal. The partial molar volume of interstitial phase
constituents are assumed to be zero. The actual value used as partial molar volume of
substitutional phase constituents is 10-5 [m3/mol] and this is entered in databases as a
constant vs.

The databases contain definitions of zero volume species and these species can then be
interstitial phase constituents. Typically, C, N and O are entered as zero volume species.

There is, however, a rule that supersedes the basic rule, that is, for a phase that consists of a
single sublattice, such as graphite, all constituents are considered to be substitutional.
Another case is the liquid, which in most databases is described with a single sublattice. In
such a liquid all constituents are then considered to be substitutional.

Thus, a given species can be interstitial in one phase but substitutional in another.

For the homogenization model the treatment of volume is, unfortunately, but for good
reason, slightly different. The homogenization model only considers the elements of the
system and regards each element as being either substitutional or interstitial. This status is
the same in all phases. For many cases this treatment yields the same result as the rules for
the classic model described above. However, it does not work for graphite, which has zero
volume.
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Plotting Simulations in the POST Module

You can plot or tabulate the results of your simulation in the POST_PROCESSOR module, also
called the POST module and accessed within the DICTRA module. The resulting diagram is
on a plot tab in the Console Results window. Once the simulation results are plotted, you can
then change its appearance in the Plot Properties window.

In this section:

Plotting Simulation ResUIts ... . 67
Editing the Plot Properties ... 68
Tabulating Simulation ResUIts .. ... 69
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| Plotting Simulation Results

P Saving and Printing the Output in Console Mode

Plotting a diagram is to graphically represent how a dependent variable varies with an
independent variable. The independent variable is either distance or time.

1. Complete all the steps to run your simulation.
2. At the p1c prompt type POST PROCESSOR (Or just POST).

3. Use SET_DIAGRAM_AXIS to specify the variables to plot on the X- and Y-axes of the
diagram. One of the axes must be set to either TIME or DISTANCE.

For example, to set the X-axis to plot the distance from the lower boundary of the
calculation (rather than from the lower boundary of the current region) and the Y-
axis to plot the weight-percent composition of the Si element, at the posT prompt
type:

SET DIAGRAM AXIS X DISTANCE GLOBAL

SET DIAGRAM AXIS Y WEIGHT-PERCENT ST

4. You can specify a Z-axis, which is represented as tick marks on the curve in the XY-
plane.

5. When one of the axes is set to TIME or DISTANCE, the variable automatically
becomes the independent variable. If you do not want the independent variable
plotted along an axis, use SET_INDEPENDENT_VARIABLE and set it to Time Or Distance.

6. Simulation calculations depend on both time and a spatial coordinate; these variables
must be fixed during the plotting process. Use SET_PLOT_CONDITION to set the
variable to keep fixed. These variables can be set as the fixed plot condition:

e Time: The integration time. More than one value can be entered using
commas or spaces to separate the values. One graph is plotted for each
value.

e Distance: The distance in the system (from the lower boundary).
e Interface: At the location of a certain interface between two phases.

e Intergral: The value of the plot condition is integrated over the phase,
region or system volume.
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7. Use PLOT_DIAGRAM to plot the results. The plot is added as a tab to the Console

Results window.

The plot example below is from example exa2a, which is part of the

Diffusion Module example collection (see About the Examples in the

Thermo-Calc documentation). Distance is set as the independent
variable and the weight-percent of Ni is on the Y-axis. The plot condition
is TIME: the plot shows four graphs, each with the spatial distribution of
Ni in the region at the time steps 0, 1e5, 3e5, and 10e5.

8. To print the plotted graphs direct to a postscript-file, type p1ot and a file name.

9. In the Plot window, right click the diagram and choose Properties to adjust its
appearance and colors.

b Editing the Plot Properties.

Console Results
|2 Results Console 1 | (1]

e m 5

Flot 1

2017.03.02.10.36.45
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TE-5
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| Editing the Plot Properties

To change the appearance of a plotted diagram, right click the diagram and select
Properties. In the Plot Properties window you can change the fonts and colours, and add a

title, for example.
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You can also change the colour, stroke (solid/dashed/dotted/dash_dot) and line width of a
particular series of lines in the plot by double-clicking one of the lines in the series. In this
way, you can also toggle whether data points should be shown or not for a series of lines.
The crosshair cursor turns into a cursor resembling a pointing hand when it is placed over a
line that can be clicked but if you hold down the <Ctrl> key, this does not happen (the cursor
continues to be shown as a crosshair).

'_:%|¢ To configure the default settings for plotting, from the main menu, select
Tools->O0ptions. For Console Mode click the Plotting tab.

(3 Changing Global Settings in the Thermo-Calc User Guide

| Tabulating Simulation Results

b DICTRA Commands

1. Complete all the steps to run your simulation.
2. At the DIC prompt type POST PROCESSOR (Or just POST).

3. Use ENTER_SYMBOL Table to specify the variables to be shown in the table columns.
Separate the variables by commas (, ).

4. Use SET_INDEPENDENT_VARIABLE to specify the variable that the rows in the table
should represent.

5. Use TABULATE to generate the table.
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Troubleshooting

The following topics contain some general advice to consider in order to avoid having your
simulation fail to converge when you calculate different kinds of simulations in the Diffusion
Module (DICTRA).

In this section:

Tips for a Successful Diffusion Simulation ... ... . 71
Moving Boundary Simulations ... ... L 73
Cell Calculations . ... .. L 74
Diffusion in Dispersed Systems .l 74
Cooperative Growth il 74
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| Tips for a Successful Diffusion Simulation

Simplify Your Simulation

For example, if you have an alloy with five or six elements, first run a simulation with only
the main elements. When this simulation works, you can then add more elements as
necessary.

Start with a Low Accuracy and Refine It

If you start with a high accuracy setting, then computing the simulation takes much longer,
and problems are more likely. Check the profiles and the overall mass balance, and if the
accuracy is insufficient then you can improve the accuracy values.

To change the accuracy:

E In Console Mode use SET ACCURACY and increase or decrease Max relative

error and Max absolute error.

Q In Graphical Mode the setting is on the Diffusion Calculator in the section Time
step control.

Modify the Grid or Time Step

If you get large fluctuations in the composition or phase boundary profiles, then you can try
modifying the grid or the time step of the simulation. You can increase the time step by
lowering the accuracy if automatic time step control is used (the default).

If you increase the tolerated relative and/or absolute error then the automatic time step
control increases the time step.

E In Console Mode use the SET ACCURACY command.

I;I In Graphical Mode the setting is on the Diffusion Calculator in the section Time
step control.

Integrate the PDEs

The composition or phase boundary profiles can often also be improved if the partial
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differential equations (PDEs) are integrated fully implicitly (i.e. Euler backward).

To integrate the PDEs in this way:

E In Console Mode use SET_SIMULATION_CONDITION to set the parameter
Degree of Implicity when Integrating PDEs to a value of 1.

In Graphical Mode, the setting is on the Diffusion Calculator on the Options tab.

I;I Under Simulation Conditions, you can try a different Time integration method.
The default method is Trapezoidal, which is equivalent to a 0.5 numerical
setting in Console Mode. If you choose Euler backward, this is equivalent to a
1.0 numerical setting in Console Mode.
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Debug (Console Mode)

If your Console Mode simulation fails to converge, then debugging may give you

E some clues about the source of the failure. To receive more detailed
information about what is happening during the simulation use the command
DEBUGGING.

| Moving Boundary Simulations

Grid Distribution

Check the grid distribution at the interfaces. If the grid is too coarse or too fine-grained then
the fluxes may not be defined well.

Use Activities Instead of Potentials

Use activities instead of potentials when the content of one or more of the elements
becomes very low. If you do this, then the activity approaches zero, which is easier to handle
than a potential that approaches infinity.

E In Console Mode, use SET_SIMULATION_CONDITION to set the parameter vary
potentials or activities tOActivities.

I;I In Graphical Mode the setting is on the Diffusion Calculator in the section Classic
model specific. From the list, choose activity [Use the activity of a component
in order to find the correct tieline at the phase interface].

Starting Values

Use the automatic starting values when you run the simulation the first time. If the first time
step does not converge try decreasing the starting values for the velocities. Alternatively,
increase the duration of the first time step.

If the simulation fails during the first time step, then check how the starting values affect the
residuals.

E In Console Mode, use the command SET_SIMULATION_CONDITION and set the
parameter NSO1A PRINT CONTROL to 1.
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When you adjust this setting, the software then prints the tried unknown value and the
residual for each flux balance equation in each iteration. The equations are organized so
that the first unknown value is always the migration rate of the phase interfaces followed by
the unknown potentials. All unknown values are scaled by the starting value or the
calculated value in the previous time step.

| Cell Calculations

E This section or topic is specific to Console Mode.

In cell calculations, determine start values for each cell separately and thereafter connect
the individual cells. You can even start out simulating in planar and/or cylindrical geometry
in order to determine sufficient starting values if you want to use a spherical geometry.

| Diffusion in Dispersed Systems

E This section or topic is specific to Console Mode.

If you simulate diffusion in a dispersed system and the homogenization model is turned off,
then time integration is explicit. The maximum time step allowed, or the highest time step
actually taken in the calculation, affects the final result of the simulation. This effect is most
evident if one or more of the diffusing species have low solubility in the matrix phase. When
this is the case, a supersaturation is created in the matrix phase during a diffusion step and
if too large a time step is allowed, then too much supersaturation is created. Consequently,
always check your results by performing a second simulation with a maximum time step that
is ten times lower than in the first run. If there is large difference in results between the first
and the second run, then decrease the time step again with a factor of ten and perform a
third run. Repeat this process until the results can be trusted.

If a simulation fails because the program is not able to calculate an equilibrium, then try to
calculate the initial equilibrium yourself using Thermo-Calc and enter the composition and
fraction of each phase separately instead of having the DICTRA module calculate it. Also
enter starting values for each phase with the command SET_ALL_START_VALUES. Alternatively,
you may force the software to use certain start values using SET_SIMULATION_CONDITION.

| Cooperative Growth

E This section or topic is specific to Console Mode.

If your simulation fails to converge, try calculating the Ale temperature with Thermo-Calc
and start your simulation at a temperature slightly below that temperature. Use the
equations given in the interactive help in order to estimate SO and the growth rate.
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Diffusion Module (DICTRA) Console Mode Examples

To learn more about how to use the add-on software you can open and run the example
files. These macro files (with the extension *.pcu) include comments, which you can either
run in the Thermo-Calc program or open and read in a text editor.

.. All the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >
Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module
Console Mode Example Macros.

=7 If youread the macro file in a text editor, you do not see the output that
Thermo-Calc gives in response to the commands stored in the macro file.

| Opening the Setup, Run, and Plot Macro Files

For the main set of examples (this is different for the Quick Start examples), there are three
macro files: a setup, run and a plot. You must run these macros in order.

Name
exal MName
exala (D plot.DCM
exalb > run.DCM
exal > setup.DCM
exad

To begin, double-click the setup.DCM file to open it. It launches a new session of Thermo-
Calc and opens in Console Mode.

. All'the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >

Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module
Console Mode Example Macros.

Quick Start Guide Examples

E These examples are used in the Diffusion Module Quick Start Guide (Console
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E Mode). It is recommended you review this guide before going to the additional
examples.

File Name Description

simplest_ Simple homogenization of a binary Fe-Ni alloy. Initially it is assumed to have a linear Ni-
dictra.dcm concentration profile.

simple_

moving_ Calculating a ferrite(bcc)/austenite(fcc) transformation in a binary Fe-C alloy

boundary.dcm

Shows the use of the homogenization model for multiphase simulations. It is taken from
Larsson and Engstrom (2006), "A homogenization approach to diffusion simulations applied to
o +y Fe—Cr—Ni diffusion couples", Acta. Mater. 54, pp. 2431-2439. Experimental data is from
Engstrom (1995), "Interdiffusion in multiphase, Fe-Cr-Ni diffusion couples", Scand. J. Metall.
243, p. 12.

multiphase_
example.dcm

| One Phase Examples

.. All the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >
Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module
Console Mode Example Macros.

Example exal
Homogenization of a binary Fe-Ni alloy: Linear concentration profile

Simple homogenization of a binary Fe-Ni alloy. It is assumed there is initially a linear Ni-
concentration profile.
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T=1400 K
50% Ni
FCC
@ ® @ ® @
10% Ni
1E-4

Example exa2a and exa2b

Homogenization of a binary Fe-Ni alloy

o Example exa2a Step Profile: Simple homogenization of a binary Fe-Ni alloy. A Ni rich
and a Ni lean alloy are put together and initially there is a step profile.

« Example exa2b Time Integration: This example is identical to a2a but instead it uses
implicit time integration instead of the trapezoidal method for solving the PDEs.

%:- The exa2b example uses the TCFE and MOBFE databases. These licenses are
required to run the example.
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T = 1400 K
|
FCC i FCC
® o—r:to e
10% Ni | 50% Ni
|
- -

Example exa3
Uphill diffusion in an Fe-Si-C alloy

This is an example to simulate uphill diffusion in a ternary single phase austenite matrix due
to the classical Darken experiment published by Darken, 1949: "Diffusion of Carbon in
Austenite with a Discontinuity in Composition", Trans. Amer. Soc. Metals, AIME, 180, 430—
438.

In this example, two pieces of austenite (3.80 wt%Si, 0.49 wt%C) and (0.05 wt%Si, 0.45
wt%C) are put together and are subsequently annealed at 1050 C for 13 days. As both pieces
are austenite they must be entered into the same region. This is done by individually giving
the compositions of Si and C in each grid point. These data are then stored to file.

'—?:&li’ This example uses the TCFE and MOBFE databases. These licenses are required
to run the example.
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T = 1323 K
[
[
FCC | FCC
[
|
® o o000 o ®
|
3.8% Si | 0.05% Si
0.49% C | 0.45% C
|
- -
5E-2

Example exa4
Carburization of binary Fe-C alloy: Comparison to an analytical erf solution

This is a simple binary simulation with one single phase region. The numerical simulation is
compared with an analytical erf-solution. A special database is created (erf.tdb) where the
diffusion coefficient is set to a concentration independent value.

Diffusion Module (DICTRA) Console Mode Examples | 79 of 117



Diffusion Module (DICTRA) Documentation Set

T=1200 K

FCC
000 ¢ @ ® ®

X(C) = 0.005

1E-4

X(C) =0.03

Example exa5
Carburization of a binary Fe-0.15 wt% C alloy

A mixture of 40% N2 and 60% cracked methanol is used as carrier gas. The carburizing
"carbon potential” in the gas is 0.85 wt% and a surface reaction controls the flux of C at the
surface.
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T=1173 K
FCC
200 @ ® @ ®
0.15% C
- >

3E-3
Jo = - 8.25E-9 (a2 - 0.64)

Example exa6
Diffusion through a tube wall

A simple example of diffusion through a tube wall. The tube material is an Fe-0.6%Mn-
0.7%Si-0.05%C alloy. On the inside wall a carbon activity of 0.9 is maintained whereas on the
outside the C-activity is very low. This example demonstrates the use of the command SET-
FIRST-INTERFACE as well as the use of MIXED boundary conditions.

E‘p This example uses the TCFE and MOBFE databases. These licenses are required
to run the example.
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ACR(C)=0.9

ACR(C) =0.00001 A~

.. Amodified version of this example is also available in Graphical Mode as
|— example D_06. For Graphical Mode you do not need a Diffusion Module
(DICTRA) license. You can open the example from Thermo-Calc when in
Graphical Mode (File - Examples Files = Diffusion Module).
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Example exa7

Homogenization heat treatment

The initial segregation profile is created from a Scheil calculation (see macro create
initial profile.TcM). The command INPUT_SCHEIL_PROFILE in the DICTRA monitor

performs most of the setup. Only time and temperature must be entered after the INPUT_
SCHEIL_PROFILE command is executed.

T =1400 K

BCC

A

 J

1E-4

| Moving Boundary Examples

Example exbla
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Austenite (y) to ferrite (a) transformation in a binary Fe-C alloy

This example calculates a ferrite (BCC)/austenite (FCC) transformation in a binary Fe-C
alloy. The initial state is an austenite of 2 mm thickness. The composition of the austenite is
Fe-0.15wt%C. After austenitization the specimen is quenched down to 1050K. The system is
assumed closed, so no boundary conditions are set (a closed system is the default). Ferrite is
expected to grow into the austenite. For this reason you start with a thin region with ferrite
adjacent to the austenite.
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\% T =1050 K

0.15% C

" 2E-3
1E-9

Example exb1b
Austenite (y) to ferrite (a) transformation in a binary Fe-C alloy: Inactive a

This is the same example as in exbla but now the problem is with ferrite as an inactive
phase adjacent to the initial austenite.

Time =0 T=1050 K

Y

0.15% C

Inactive o0 .
2E-3
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Time > 0 T =1050 K
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A
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2E-3

Example exb1c
Austenite (y) to ferrite (a) transformation in a binary Fe-C alloy: Gradual cool down to 1050K

This is the same example as in exbla and exblb but now the simulation starts at a higher
temperature and assumes a gradual cooling down to 1050 K.

When 1050 K is reached, the temperature is kept constant and thus has an isothermal
transformation. As in exb1b, ferrite is in an inactive phase adjacent to the initial austenite.

Time =0 T =1173 - Time# 0.1667

i

0o o ° ® ®

0.15% C

Inactive o0

\J

2E-3
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Time > 738s T=1050 K
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Example exb2
Cementite dissolution in an Fe-Cr-C alloy

This example calculates the dissolution of a spherical cementite particle in an austenite
matrix.

This case is from Liu, Héglund, Jonsson, and Agren, 1991:, "An experimental and theoretical
study of cementite dissolution in an Fe-Cr-C alloy", Met. Trans. A, 22(8), 1745-1752.

In order to achieve the correct average composition in the calculation it is necessary to take
into account the fact that the calculation is set up using the volume fraction of the phases.
To calculate the initial state at the heat treatment temperature we need first to determine
the state at the normalizing temperature. To calculate the volume fraction of the phases we
need to enter a number of functions that calculate these quantities.

E‘? This example uses the MOBFE database. This license is required to run the
example.
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T=1183 K

Example exb3
Dissolution of 23-carbide in an austenitic matrix

This example calculates the dissolution of an M23C6 particle in an austenite matrix. A film
of ferrite is allowed to nucleate around the carbide during the precipitation.
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T=1273 K

23 - carbide

Inactive BCC

Example exb4a
Solidification path of an Fe-18%Cr-8%Ni alloy: Eutectic reaction

This example demonstrates the solidification path of an Fe-18%Cr-8%Ni alloy. A eutectic
reaction is assumed, LIQUID -> BCC + FCC. Hence the BCC and FCC regions should be on
separate sides of the liquid region. Comparison is made with both a Scheil-Gulliver
simulation and equilibrium solidification conditions, both done in Thermo-Calc.

E‘p This example uses the MOBFE database. This license is required to run the
example.
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Time > 0 T=1900-1 sk Time K

FCC | Liquid BCC

V vV
- -
1E-4
Example exb4b

Solidification path of an Fe-18%Cr-8%Ni alloy: Peritectic reaction

This example is the same as exb4a but now a peritectic reaction is assumed: LIQUID + BCC -
> FCC. Hence the FCC region should appear in between the LIQUID and the BCC. Comparison
is made with both a Scheil-Gulliver simulation and equilibrium solidification conditions, both
done in Thermo-Calc.

E‘? This example uses the MOBFE database. This license is required to run the
example.
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Time > 0 T=1900-1 3 Time K
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Example exbd4c
Solidification path of an Fe-18%Cr-8%Ni alloy: Peritectic reaction, homogeneous liquid

This example is the same as exb4b but now the diffusivity data is amended for the LIQUID
and a very high value for the diffusivity is used in order to simulate a case where we assume
that the composition in the LIQUID is always homogeneous. This case should be considered
less realistic than exb4b. Comparison is made with both a Scheil-Gulliver simulation and
equilibrium solidification conditions, both done in Thermo-Calc.

E‘p This example uses the MOBFE database. This license is required to run the
example.
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T=1900-1 % Time K

Liquid

( Homogeneous )

-

V

FCC
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Example exb4d

1E-4

Solidification path of an Fe-18%Cr-8%Ni alloy: Peritectic reaction, heat-flux controls the

temperature

This example is the same as exb4b but instead of controlling the temperature the amount of
heat extracted is given. Comparison is made with both a Scheil-Gulliver simulation and
equilibrium solidification conditions, both done in Thermo-Calc.

E‘? This example uses the MOBFE database. This license is required to run the

example.
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Q
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Example exb5

1E-4

v/a/y Diffusion couple of Fe-Ni-Cr alloys

This example demonstrates the evaluation of a ternary Fe-Cr-Ni diffusion couple. A thin slice
of a phase (38%Cr,0%Ni) is clamped between two thicker slices of y phase (27%Cr, 20%Ni).
The assembly is subsequently heat treated at 1373K.

This set up corresponds to diffusion couple in Kajihara, Lim, and Kikuchi, 1993:
"Experimental Study on Dissolution of ALPHA Phase in GAMMA/ALPHA/GAMMA Diffusion
Couples of the Fe-Cr-Ni System", ISIJ Int., 33(4), 498-507. Also see Kajihara and Kikuchi,
1993: "Numerical analysis of dissolution of a phase in y/a/y diffusion couples of the Fe-Cr-Ni
system", Acta Metall. Mat., 41(7), 2045-2059.
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T=1373 K

A
\J

593.45E-6

Example exb6
Microsegregation of phosphorus

This example illustrates the effect of microsegregation of phosphorus during peritectic
solidification in steel.

E‘g This example uses the TCFE and MOBFE databases. These licenses are required
to run the example.
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Example exb7
Moving boundary problem with multiple phases on each side of the boundary

This example shows how to enter dispersed phases on either side of a phase interface. The
particular case shows how the kinetics of a ferrite to austenite transformation is affected by
simultaneous precipitation of niobium carbide. The transformation is caused by
carburization.

E‘p This example uses the TCFE, SSUB and MOBFE databases. These licenses are
required to run the example.
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| Cell Calculation Examples

.+ All the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >

Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module
Console Mode Example Macros.
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Example excl
Carbon cannon in ferrite/austenite (a/y): Fe-C system, two-cell calculation

This example simulates what happens to a ferrite plate that has inherited the carbon content
of its parent austenite. The ferrite plate formed is embedded in an austenite matrix. This
setup corresponds to a proposed mechanism for formation of Widmannstatten ferrite or for
the ferrite phase of the bainite structure. It is assumed that the phase boundary between
ferrite and austenite is immobile, this is achieved in the simulation by putting the ferrite and
the austenite in two different cells’ .

1. Also see Hillert, Hoglund, and Agren (1993) "Escape of carbon from ferrite plates in austenite", Acta Metallurgica et
Materialia, 41(7), 1951-1957.
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Example exc2
Cementite dissolution in an Fe-Cr-C alloy: Three particle sizes and three different cells

This example calculates the dissolution of cementite particles in an austenite matrix. This is
the same as excl except that there are three particle sizes. Altogether six particles are
considered using three different cells. This is to be able to represent some size distribution
among the cementite particles.

'_:%|¢ This example uses the MOBFE database. This license is required to run the
example® .

1. Also see Liu, Hoglund, Jénsson, and Agren (1991) "An experimental and theoretical study of cementite dissolution in an
Fe-Cr-C alloy", Met. Trans. A, 22(8), 1745-1752.
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| Diffusion in Dispersed Systems Examples

All the macro files and the outputs are also combined into one file that you can
search and read. This is included with your installation as a PDF (go to Help >
Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module

Console Mode Example Macros.
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Example exdla
Carburization of Ni-25%Cr alloy: Dispersed system model

This example is about carburization of a Ni-25Cr alloy. In this case the M3C2 and M7C3
carbides are entered as spheroid phases in a FCC matrix. This simulation can be run with
either the DISPERSED SYSTEM MODEL or the HOMOGENIZATION MODEL. In this example
the DISPERSED SYSTEM MODEL is used.

This case is from Engstrom, Hoglund, and Agren (1994), "Computer simulation of diffusion in
multiphase systems", Met. Mat. Trans. A, 25(6), 1127-1134.

'—?:&li’ This example uses the SSOL and MOB databases. These licenses are required to
run the example.

T=1123 K

3E-3

ac=1

Example exd1b
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Carburization of Ni-25%Cr alloy: Homogenization model

This example is about carburization of a Ni-25Cr alloy. In this case the M3C2 and M7C3
carbides are entered as spheroid phases in a FCC matrix. It is similar to exdla except the
default HOMOGENIZATION MODEL is used and then ENTER_HOMOGENIZATION_FUNCTION
should be used instead of ENTER_LABYRINTH_FUNCTION.

This case is from Engstrém, Hoglund, and Agren (1994), "Computer simulation of diffusion in

multiphase systems", Met. Mat. Trans. A, 25(6), 1127-1134.

E‘? This example uses the SSOL and MOB databases. These licenses are required to
run the example.

T=1123 K
O -
@ Y FCC
5 @ )
0 0 © @ o — o
® g ©
e ®
3E-3
ac=1

.. Amodified version of this example is also available in Graphical Mode as
|— example D_07. For Graphical Mode you do not need a Diffusion Module
(DICTRA) license. You can open the example from Thermo-Calc when in
Graphical Mode (File -»Examples Files - Diffusion Module).

Example exd2a
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Diffusion couple of Fe-Cr-Ni alloys: Dispersed system model

This example calculates the interdiffusion in a diffusion couple between a two-phase
(FCC+BCC) and a single-phase (FCC) Fe-Ni-Cr alloy. Initially it has a step profile. This
simulation can be run with either the DISPERSED SYSTEM MODEL or the HOMOGENIZATION
MODEL. In this example the DISPERSED SYSTEM MODEL is used.

This case is from Engstrom, 1995. "Interdiffusion in multiphase, Fe-Cr-Ni diffusion couples",
Scand. J. Metall., 24(1), 12—20.

T=1473 K

)
FcC | _Fce+Bee O

O Q O
o o o000 o
029.4%Ni

[
10.0% Ni | o
16.2% Cr | 40.0% Cr
@ o
- -
4E-3
Example exd2b

Diffusion couple of Fe-Cr-Ni alloys: Homogenization model

This example calculates the interdiffusion in a diffusion couple between a two-phase
(FCC+BCC) and a single-phase (FCC) Fe-Ni-Cr alloy. Initially it has a step profile. It is similar
to exd2a except the default HOMOGENIZATION MODEL is used and then ENTER_
HOMOGENIZATION_FUNCTION is used instead of ENTER_LABYRINTH_FUNCTION.

This case is from Engstrom, 1995. "Interdiffusion in multiphase, Fe-Cr-Ni diffusion couples",
Scand. J. Metall., 24(1), 12—20.
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T = 1473 K
0 O
FCC FcCc+Bcc O
Q @ O
® oﬂ oo
10.0% Ni - O 29.4% Ni
16.2% Cr | 40.0% Cr
© o
- |

Example exd3
Diffusion couple of Fe-Cr-Ni alloys: Homogenization model

This example uses the homogenization model. It is taken from Larsson and Engstrém, 2006:
"A homogenization approach to diffusion simulations applied to a + y Fe—Cr—Ni diffusion
couples", Acta Mat., 54(9), 2431-2439. Experimental data is from Engstrom, 1995.
"Interdiffusion in multiphase, Fe-Cr-Ni diffusion couples", Scand. J. Metall., 24(1), 12-20

The homogenization model can be used for multiphase simulations like the dispersed system
model, but unlike the dispersed system model there is no need to have a single continuous
matrix phase and, furthermore, there is no need to limit the size of time-steps. The set-up is
performed in the same manner as for the dispersed system model, which means that a
certain phase is entered as the matrix phase and the other phases are entered as spheroidal,
but the choice of matrix phase does not affect the simulation.
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T=1373K
]
|
FCC+BCC i FCC+BCC
| o 43 . |
|
7.9% Ni j 29.4% Ni
24.3% Cr | 40.0% Cr
|
|

A
\{
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| Cooperative Growth Example

.. All the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >
Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module
Console Mode Example Macros.

V
>

Il

Example exel
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Growth of pearlite in an Fe-Mn-C alloy

This is an example of pearlite growth in an Fe-0.50wt%C-0.91wt%Mn steel.

'—?:&li’ This example uses the TCFE and MOBFE databases. These licenses are required
to run the example.

T =900 - Time =10
V

—..,

I
pearlite

I austenite

I

4E-5

| Coarsening Example

.. All the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >
Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module
Console Mode Example Macros.
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L3

Equilibrium as defined by

Moving phase interface the average composition
with a and B in local in the system.
equilibrium.

oV

Interfacial energy
p
contribution for a phase

oV

Interfacial energy

r
contribution for a phase

Example exf1
Coarsening of M6C precipitate in an Fe-Mo-C alloy

This example calculates the Ostwald-ripening of a spherical M6C carbide in an austenite
matrix.
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=7  This example uses the TCFE and MOBFE databases. These licenses are required
to run the example.

T=1173K L= 0.228 um

| Kinetic Data Examples

.. All the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >
Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module
Console Mode Example Macros.
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Example exg1
Checking mobilities and diffusivities in an Fe-Ni alloy

This is an example file to check the mobilities and diffusivities in an Fe-Ni alloy.

'—?:&li’ This example uses the TCFE and MOBFE databases. These licenses are required
to run the example.
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-9 H 1356 °C -

1258 °C

13 - 1200 °C |-

F 2 -
log( Dy / [M“s7'])+M

Example exg2
Optimization of mobilities in Ni-Al fcc alloys

A file for reading thermodynamic data and setting up the kinetic parameters that are
needed for an optimization of the FCC phase in the binary Ni-Al system.

D Also see Engstrom and Agren, 1996: "Assessment of Diffusional Mobilities in
= Face-centered Cubic Ni-Cr-Al Alloys", Z. fur Metall., 87(2), 92-97.

=7  This example uses the MOB database. This license is required to run the
example.
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Research

2\

[ Experimental |

\_ data
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\_ data /
- tracer diffusivities
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| Deviation from Local Equilibrium Examples

.. All the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >
Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module
Console Mode Example Macros.
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Example exh1
Ferrite/austenite (a/y) diffusion couple with interface mobility

This example calculates the growth of ferrite (a) into austenite (y) with a limited interface
mobility. This is done by adding a Gibbs-energy contribution to the ferrite using the SET-
SURFACE-ENERGY command.
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Example exh2

Ferrite/austenite (a/y) para-equilibrium in an Fe-Ni-C alloy

This example calculates the growth of ferrite (a) into austenite (y) in an Fe-2.02%Ni-
0.0885%C alloy using the para-equilibrium model. The results are compared with
experimental information from Hutchinson, Fuchsmann, and Brechet (2004)* .

1. Hutchinson, Fuchsmann, and Brechet. 2004. "The diffusional formation of ferrite from austenite in Fe-C-Ni alloys", Met.
Mat. Trans. A, 35(4), 1211-1221.
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T=973 K

A
\J

5E-4

Example exh3
Diffusion induced by a temperature gradient (thermomigration)

This calculation shows how a temperature gradient induces diffusion.

_ uc Opc Q¢ 8T
Jo = —VsyVaMCVa o2 T T oz
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| Diffusion in Complex Phases Examples

. All the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >
Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module

Console Mode Example Macros.
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Example exil
Diffusion in a system with B2 ordering

In this example folder, there is also a datafile A1FeNi-data.TDB, which contains both a
thermodynamic and kinetic description for the ordered and disordered bcc.

Example exi2
Diffusion of carbon in cementite

This example demonstrates the use of the model for calculation of diffusion through a
stoichiometric phase. The flux of a component in the stoichiometric phase is assumed to be
proportional to the difference in chemical potential at each side of the stoichiometric phase
multiplied with the mobility for the component in the phase. The mobility is assessed from
experimental information and is basically the tracer diffusivity for the component.

This calculation is compared with experimental data where a sample of pure iron has been
exposed to a gas atmosphere with a certain carbon activity. The weight gain is then
measured as a function of time.
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The experimental data is obtained from Ozturk, B., Fearing, V. L., Ruth, J. A., and Simkovich,
G. (1982)%.

J~Ap

Example exi3a
Diffusion in iron oxide (FeO)

This example shows the oxidation of an iron sample and the consequent growth of an oxide
layer.

1600 -

1400 B

1200 B

1000 B

800 B

Temperature C

600 B

ﬁ 48 51 54 57 60 63
Mole Percent O

Example exi3b

1. "Self-Diffusion Coefficients of Carbon in Fe3C at 723 K via the Kinetics of Formation of This Compound", Met. Trans. A,
13(10), 1871-1873.
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Diffusion in iron oxide (FeO) with a grain boundary contribution

This example shows the oxidation of an iron sample and the consequent growth of an oxide
layer using the grain boundary diffusion contribution model.

1600 -

1400 B

1200 H B

1000 H B

800 B

Temperature C

600 - B

@ 48 51 54 57 60 63
Mole Percent O
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Introduction to the Diffusion Module (DICTRA)

The Diffusion Module (DICTRA) is an Add-on Module to the Thermo-Calc software package.
It is used for simulation of diffusion controlled transformations in multicomponent systems.
The simulations are both time- and space-dependent.

The Diffusion Module (DICTRA) is suitable for solving diffusion problems that include a
moving boundary (so-called Stefan problems). The multicomponent diffusion equations in
the various regions of a material are solved under the assumption that thermodynamic
equilibrium holds locally at all phase interfaces. The concentration fields only vary along one
spatial coordinate, but the geometry may be either planar, cylindrical or spherical.

In this section:

About this Quick Start GUITe ... . 3
Diffusion Module Terminology in Graphical Mode ... ... 4
Setting up a Diffusion Simulation in Graphical Mode ... ... 6
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About this Quick Start Guide

The following introduces you to the basic concepts, steps and theory to start using the
Diffusion Module (DICTRA). An understanding of this information is necessary to ensure
accurate calculations.

b More details about the use of DICTRA can be found in Andersson et. al (2002)* and
Borgenstam et al. (2000)%.

@ If you are not familiar with Graphical Mode, it is recommended you review the
available documentation and training material.

1. Andersson, J.-O., Helander, T., Hoglund, L., Shi, P., and Sundman, B., Calphad, 26 (2), pp. 273-312.
2. Borgenstam, Al, Hoglund, L., Agren, J. and Engstrém, A., J. Ph. Equilib., 21 (3), pp. 269-280.
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Diffusion Module Terminology in Graphical Mode

The following definitions are useful to help you understand the examples in this guide. For
more detailed information search or browse the online help (Help Online Help).

Q These terms are specific to working in Graphical Mode. The overall simulation

in Console Mode is comparable but there are some differences in terminology
and functionality.

| Region

In Graphical Mode, a system consists of one cell with one or multiple regions in which the
diffusion problem is to be solved.

} Grid Types
These grid types are used in diffusion simulations: linear, geometric and double geometric.
When you are setting up the simulation, in either Console Mode or Graphical Mode, a

region must have a grid defined.

Linear

Geometric

Double geometric

| Phases

Each region must contain at least one phase. The so-called homogenization model is used if
multiple phases are added inside a region, then the average properties of the local phase
mixture is used. Phase(s) can also be added to interphases of region(s) and then only
participate in the simulation if the driving force for precipitation of the phase exceeds a
predefined value. A new region is then created where the name of the region is set to the
name of the phase but with R added as a prefix.
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| Composition

These types of composition variables are used in the configuration of the Diffusion
Calculator: mass (weight) fraction, mass (weight) percent, mole fraction, or mole percent.

The u-fractions are used in the diffusion equations. The u-fraction of a component k is
defined as

Lk

pr =
>
jes

The summation is only performed over the substitutional elements. The choice of the
volume fixed frame of reference in the calculations make it convenient to use a composition
variable which is related to the volume. The definition of the u-fraction is based upon the
assumption that a species may or may not contribute to the volume of a phase. An
interstitial element is assumed to not contribute to the volume. Substitutional elements are
assumed to contribute equally to volume. Weight fraction, mole fraction or u-fraction can be
used when plotting the results from a simulation.

| Geometry and Coordinates

The Diffusion Module (DICTRA) can only handle diffusion problems where compositions vary
along one spatial coordinate. The geometry of your system can be planar, cylindrical or
spherical.

The planar geometry corresponds to an infinitely wide plate of a certain thickness. If the
system has a planar geometry then the lower boundary (the zero coordinate) is at the left
side of the system. The upper boundary (the coordinate with the highest value) is at the right
side of the system.

| Boundary Conditions

Boundary conditions are conditions that define how matter behaves at the boundaries of
your system. By default, matter is not allowed to cross the system boundaries.

You can change the setting for both the lower boundary (left side/centre) and the upper
boundary (right side/surface) of the system.
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Setting up a Diffusion Simulation in Graphical Mode

When you are using the Graphical Mode version of the Diffusion Module (DICTRA), the steps
to set up a simulation are a combination of adding Activity nodes (the System Definer,
Diffusion Calculator and Plot Renderer) and then defining the applicable settings for each of
these nodes in a Configuration window.

The following is a general overview of the steps to set up the simulation.

1. Use the Diffusion Simulation template to add the System Definer, Diffusion Calculator
and Plot Renderer activity nodes.

2. On the System Definer, you select the thermodynamic and kinetic databases, add
elements and phases, and generally define the system.

3. On the Diffusion Calculator, you set the geometry (by default the geometry is planar),
add region(s) and enter grid(s) and phase(s) in the region(s). You then enter
composition(s) of phase(s).

4. On the Plot Renderer or Table Renderer, you choose how to visualize your diagrams,
and then run the simulation, i.e. you Perform the sequence of nodes you have defined
in the tree to produce the output simulation.

|;| Go to Working in Graphical Mode for links to the relevant content to continue.
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Single Phase Simulations

In this section:

About the Single Phase Simulation ... . . 8
Theory for the Single Phase Simulation ... 9
Setting Up the Single Phase Simulation ... .. 11
System Definer SettiNgS ... o 13
Diffusion Calculator Settings ... ... o L 16
Plot Renderer Settings ... o 19
Renaming the Nodes and Saving the Project ... . .. ... 21
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About the Single Phase Simulation

In a 100 um wide planar domain, the single phase example simulates the diffusion of Fe and
Ni at a temperature of 1400 K. At this temperature the material is fully austenitic, i.e. the
only phase present is the so-called fcc (face centered cubic) phase (in Thermo-Calc the
name of this phase is FCC_A1). Initially, there is a linear variation in Ni going from 10
mass-% on the left-hand side to 50 mass-% on the right-hand side.

The simulation time is slightly different between the modes. For Console Mode it is 103
s and for Graphical Mode it is 30 hours.

By default the boundaries are closed. The plot generated shows the initial and final Ni
profile.

%Ni
s
50
10 =0
» distance
0 100 pm
Region:
Phase:

Schematic view of the initial state of Single Phase Diffusion example. The width of the domain is
100 um and there is a linear gradient in composition going from 10 to 50 mass-% Ni. There is a
single region named Austenite that consists of an fcc phase.
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Theory for the Single Phase Simulation

The flux of a component k in the z-direction in an isobarothermal system is in general given
by

n
Op;
Jb =2 Lii—
i=1

where Lki is a matrix of kinetic coefficients and #i is the chemical potential of component i.
The correlation effects, i.e. the coupling of the flux of k component to the chemical potential
gradients of the other elements, are normally neglected

and thus

Jk —ka £ = My kaﬂk

where ¢k is the concentration and Mk the mobility of component k.

The equation for the flux is combined with the equation of continuity, which takes the
following form in a planar domain,

dc
%= 20

which relates the local evolution of the concentration of k to the divergence of the flux.

The expression for the flux can be expanded in terms of concentration gradients

O, 0 (7]
ZMka B = ZDkJ 5

where the diffusion coefficient of component k with respect to the concentration gradient of
component j has been introduced.
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= The flux expressions above are given in the so-called lattice-fixed frame of
reference. In practical calculations it is more common to use a volume-fixed

frame of reference. For a discussion of these concepts, see Andersson and Agren
(1992)*.

1. Andersson, Jan-Olof, and John Agren. 1992. “Models for Numerical Treatment of Multicomponent Diffusion in Simple
Phases.” Journal of Applied Physics 72 (4): 1350-55.
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Setting Up the Single Phase Simulation

For the single phase example, you can open the example project file included with your
installation to first see how it is set up:

1. Open Thermo-Calc.

2. From the main menu, select File & or Help - Examples Files. The Graphical Mode
folder opens by default.

3. Open the Diffusion Module - DICTRA folder and locate the b 01 Diffusion
Single Phase.tcu file and double-click to open it.

4. The project opens in Thermo-Calc and adds this tree structure:

Project o B o=

Diffusion Single Phase

Systern with Fe i
mf

Diffusion single ré_ginn Alstenite
|
r'
=

Composition of Mivs Distance

5. Click the top Project node (renamed to Diffusion_Single_Phase). At the bottom of the
Configuration window click Perform Tree.

The Event Log shows the progress of the calculations:

Event Log

11:24:43,185 INFOQ TOTAL SIZE OQF SYSTEM: 1E-04 [m]

11:24:43,186 INFO CPU time used in timestep 0 seconds

11:24:43,202 INFOQ TIME = 106721.83 0T = 10800.000 SUM OF SQUARES = 0.0000000

11:24:43,202 INFO U-FRACTION IN S¥STEM: FE = .T096792855908542 NI = .290320144091458
11:24:43,203 INFO TOTRL SIZE OF SYSTEM: 1E-04 [m]

11:24:43,203 INFO CPU time used in timestep 0 seconds

11:24:43,214 INFQ TIME = 108000.00 0T = 1278.1741 SUM OF SQURRES = 0.0000000
11:24:43,214 INFQ U-FRACTION IN SYSTEM: FE = .709679855908542 NI = .290320144091458
11:24:43,214 INFQ TOTAL SIZE OF SYSTEM: 1E-04 [m]

11:24:43,298 INFQ >>> Sending to Dictra monitor: read C:\Users‘\amanda‘AppData‘\local\Temp'thermo-calc

When completed, the results are plotted in the Results window as shown below.
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45

40

35
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Mass percent Ni

25

20

— 1. TME=0
— 2 TIME=108000

10
0.000000
=3

@

0.000020

0.000040

0.000060
Distance [m]

0.000080 0.000100 0.00012

Output from the Single Phase example showing the initial and final Ni profile.

For the rest of the exercise, you will learn how to build this example step-by-step.
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System Definer Settings

E—*« To learn more about the activity nodes and tree structure see 'Project Activities
and the Tree Structure' in the Thermo-Calc User Guide.

The following describes how to set up the D_01_Diffusion_Single_Phase.tcu example from
the beginning.

| Add a System Definer Node

1. Open Thermo-Calc.

2. In the Project window, right-click My Project and select Create New Activity -
System Definer.

3. In the System Definer Configuration window, you select the thermodynamic and
kinetic databases to use and select the elements.

Tip: The Diffusion Simulation Template

For this first example the activity nodes are added one at a time. A faster way to add all the
nodes you need is to use the Diffusion Simulation template.

Templates

2 B W

single Point Equiibrium One Axis Equilibrium Phase Diagram

‘4 ‘\4 A

Scheil Solidification Simulation Binary Calaulation

o

A @

Property Model Caculation Diffusion Simulation Precipitation Simulation

| i}

Steel Library - TTT Process Metallurgy

| Choose the Databases

There are databases for different purposes and material types. This example uses two
demonstration databases: FEDEMO (the thermodynamic iron-base database) and MFEDEMO
(the kinetic/mobility iron-base database).

1. In the System Definer Configuration window click the Databases list and select the
FEDEMO database.
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2. Click the Add a database button &,
3. Select the MFEDEMO database.

Databases
\w) (&) | FEDEMO: Iron Demo Database v3.0 w
‘s 5 | MFEDEMO: Fe-Alloys Mability demo database v2.0 w

Tip: Database Packages

For this first example the databases are added one at a time. A faster way to add both the
databases is to add a predefined database Package.

b Svstem Definer 1

~ Package: =~ ——— ~

ta Sources Description  |Steels and Fe-alloys (TCFES, MOBFE4)
Nickel-based superalloys (TCNI9, MOBNI4)
Alphabetic List Aluminium-based alloys (TCAL4, MOBAL3)
Magnesium-based alloys (TCMG4, MOBMG1)
Ultra-high-purity silicon (TCSI1, MOBSI1)

Demo: Steels and Fe-alloys (FEDEMO, MFEDEMO
Demao: Nickel-based superalloys (NIDEMO, MNIDEMO)

| Choose the Elements
On the Elements tab, and based on the databases selected, you can select and review

elements using a Periodic Table or Alphabetic List format. The demonstration databases
have only a small number of elements to choose from.
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1. In the Periodic Table, click Fe.
2. Click Ni.

Elements Species Phases and Phase Constitution Components Data Sources Description

Periodic Table Alphabetic List

Material
Material name:

Amount | Mass percent ~

Fe 99.99

Ni 0.01

B c o

Ca|[Sc| Ti| v Cr Mn::IE‘:. Zn || Ga |Ge | As || Se | Br

‘=2  When using the System Definer with the Diffusion Calculator, you can
keep all phases selected on the Phases and Phase Constitution tab.
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Diffusion Calculator Settings

After you have completed the settings for the System Definer you start defining the diffusion
parameters on the Diffusion Calculator.

In any simulation at least one region must be defined. This is a named container that
designates a certain part of the domain. In this case it is the whole domain. The name of a
region is arbitrary and specified by you.

E‘? The use of regions becomes clearer in the context of moving phase boundary
simulations.

A region must contain a numerical grid specified by width and type. In this example, a 104
m (1e-4 m) wide, linear (i.e. equidistant) grid is used with 50 grid points.

| Define the Region and Composition Profiles

1. Inthe Project window, right click the System Definer node and select Create New
Successor -» Diffusion Calculator. A Diffusion Calculator node is added to the tree
structure.

Project

0
+
H

Wy Praject

ol

Systerm Definer 1
_r

Diffusion Calculatar 1

= If you used the Diffusion Simulation template, then this activity node is
already there. Click the Diffusion Calculator node to access the
Configuration window settings.

2. You are now going to add the settings to the Configuration window on the Conditions
tab. Keep the defaults for Composition unit (Mass percent) and Length unit (m). A
Planar geometry is used for all the examples.
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3. In the Region Name field, enter rustenite. This name is automatically updated on
the tab.

# Show left interface boundary

& @ Region

Mame Austenite

Width 0.0 m |50 points

&) Phase: None e

Compaosition profiles:

Tip: Double-click the Region Tab to Name a Region

Another way to enter the region name is to double-click the tab, enter a name and
then press enter.

laustenite |
L5
# Show'left interface boundary
&) © Region
Name Region

Width (0.0 m |50 points and type

4. In the Width field replace the default with 1e-4. Keep the defaults for number of
points (50) and type of grid (Linear).

5. From the Phase list, select FCC_A1.

The initial composition profile must be specified for all regions. Since there are only
two elements, Fe and Ni, the initial composition profile must only be given for one of
them.

6. Click Edit next to Composition profiles. Fe is chosen as the Dependent component.

& Phase: FCC_A1

Composition profile' % Initial Composition of FCC_A1

Dependent component:  [Fei v

Component Ni Linear ~ | from [10.0 to 50.0
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There are many ways to specify the composition profile, e.g. an arbitrary position
dependent function. In this example, the default Linear type is used.

7. The initial profile for Ni is a Linear variation. In the from field enter 10 and in the to
field enter 50. Click Apply.

These settings mean that the profile goes from 10 (mass-%) on the lower/left hand

side of the system to 50 (mass-%) on the upper/right hand side of the system.

| Define the Thermal Profile

The default Isothermal profile is used for this example. A constant temperature of 1400 K is
used during the simulation, which is run for 30 hours. Enter these values in the fields:
1. In the Temperature field, enter 1400. Keep Kelvin as the default unit.
2. In the Simulation time field, enter 30. Select Hours from the list.
Thermal profile

(® Isothermal () Non-isothermal

Temperature: 1400.0 Kelvin b

Simulation time: 30.0 Hours o

=2 There are no changes to the default settings on the Options tab. You can click
the tab to see what settings are available and then search the Online Help for
more information.
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Plot Renderer Settings

After you have completed the settings for the System Definer and Diffusion Calculator you
define the plot parameters and run (perform) the simulation.

1. In the Project window, right click the Diffusion Calculator node and select Create
New Successor - Plot Renderer. A Plot Renderer node is added to the tree
structure.

Project o & x

My Praject

=

Systern Difiner 1
F

Diffusion Calculator 1

- [T

%

L

Plot Renderer 1

= If you used the Diffusion Simulation template, then this activity node is already
there. Click the Plot Renderer node to access the Configuration window
settings.

For this first example, all the defaults are kept and there is only one setting to add. In
most cases, either a specific position in the domain or one or more specific times
must be specified depending on whether time or spatial position is chosen as
independent (x-axis) variable.

2. In the time field, enter 0.0 before the 30.0, which is automatically taken from the
Diffusion Calculator setting.

3. Click Perform. If you have entered everything correctly, you should get this plot
showing the composition profile of Ni at the initial (O hours) and final time (30 hours
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Renaming the Nodes and Saving the Project

You can rename the nodes in the tree at any time during the creation of a project. For this
first example it was left until the end so you could become familiar with the System Definer,
Diffusion Calculator and Plot Renderer settings. It is also important at this point to save the
project. You can do this at any time and it is good practice to save your project often.

The following renaming can be done to match the example file included with your
installation:

EL When you rename a node, associated tabs are also renamed automatically. For
example, when the Plot Renderer is renamed, so is the tab in the Results
window.

1. Right-click the My Project node and select Rename.

2. In the New name field enter piffusion Single Phase. Click OK. Continue
renaming the other nodes.

3. Right-click the System Definer, select Rename and enter System with Fe Ni.

4. Right-click the Diffusion Calculator, select Rename and enter piffusion single

region Austenite.

5. Right-click the Plot Renderer, select Rename and enter composition of Ni vs

Distance.

6. Save the project. To do this, click the Save button and navigate to a location on your
computer where you can easily find this project file.
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Moving Phase Boundary Simulations

In this section:

About the Moving Phase Boundary Simulation ... ... .. 23
Theory for the Moving Phase Boundary Simulation ... ... 25
Moving Phase Boundary Example Project ... 26
System Definer SettiNgS ... o 28
Diffusion Calculator Settings ... ... o L 29
Plot Renderer Settings ... o 32
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About the Moving Phase Boundary Simulation

The growth of ferrite (bcc) into austenite (fcc) is simulated in this example. The austenite is
assumed to be initially homogeneous with the composition Fe - 0.15 mass-% C and the
transformation temperature is 1050 K. The initial thickness of the austenite is 2 mm and an

initially very thin ferrite (1 nm) is also present at the start of the simulation. The initial state
is as below.

1nm 2 mm

Region:
Phase:
Composition:

The set-up of the Moving Boundary example. There are two regions, Ferrite and Austenite,
consisting of bcc and fcc, respectively.

A schematic graph of the carbon profile during the transformation is shown in the image
below. Crusius et al. (1992)% is recommended as further reading.

%C
& ,Ucu/fy
o

» distance

1. Crusius, Sabine, Lars Hoglund, Ursula Knoop, Gerhard Inden, and John Agren. 1992. “On the Growth of Ferrite
Allotriomorphs in Fe-C Alloys.” Zeitschrift Fur Metallkunde 83 (10): 729-38.
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Schematic view of the carbon profile during the transformation from austenite () to ferrite (Q) in
the Moving Boundary example.
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Theory for the Moving Phase Boundary Simulation

It is assumed that local equilibrium holds at the phase interface, i.e. the chemical potentials
of all elements are continuous across the boundary, but the chemical potential gradients are
in general discontinuous.

In order to maintain mass balance a set of flux balance equations must be satisfied at the
phase interface:

v (¥ —c))=J = J] k=1,...,n—1

where v is the interfacial velocity. The concentrations and the fluxes ¢ and J are those at the
interface on the @ and 7 sides, respectively.

In the present case there are no degrees of freedom at the interface and the concentrations
can be taken directly from a phase diagram. There is only one flux balance equation and the
interface velocity can be evaluated once the fluxes at the interface are known. However, for
ternary and higher systems the state at the interface must be found by some iterative
procedure.

For more information on moving phase boundary problems, see, for example, Agren (1982)*
,Crusius et al. (1992)* and Hoglund (1997)% .

1. Agren (1982) “Numerical Treatment of Diffusional Reactions in Multicomponent Alloys,” J. Phys. Chem. Solids, 43 (4), pp.
385-391.

2. Crusius, Sabine, Gerhard Inden, Ursula Knoop, Lars Hoglund, and John Agren. 1992. “On the Numerical Treatment of
Moving Boundary Problems.” Zeitschrift Fur Metallkunde 83 (9): 673-78.

3. Héglund (1997).Computer simulation of diffusion controlled transformations in multicomponent alloys, PhD Thesis, KTH
Royal Institute of Technology, Stockholm, Sweden.
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Moving Phase Boundary Example Project

For the moving phase boundary simulation, you can open the example project file included
with your installation to see how it is set up.

1. Open Thermo-Calc.

2. From the main menu, select File = or Help - Examples Files. The Graphical Mode
folder opens by default.

3. Open the Diffusion Module - DICTRA folder and locate the file b 02 Diffusion_
Moving Boundary.tcu and double-click to open it.

4. The project opens in Thermo-Calc. Click the top Project node (renamed to Diffusion_
Moving_Boundary). At the bottom of the Configuration window click Perform Tree.

Diffusion Movitg Boundary

1

Systern with Fe C
[ 4

Diffusion two regions Ferite and Austenite
Iy

|

Postion of interface vstime

/
oo

Campaostion profile C

When completed, the results are plotted in the Results window. There are two plot nodes,
which creates two plots: The ferrite/austenite phase interface position as a function of time
and the composition profile for Carbon.
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Position of interface vs ime  Composition profile C
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System Definer Settings

This is a continuation from the Single Phase simulation and it describes how to set up the
example file D_02_Diffusion_Moving_Boundary.tcu. In this example, the shortcuts explained
for the Single Phase System Definer are used.

| Add the Databases and the Elements

1.
2.
3.

Open a new instance of Thermo-Calc.
In the My Project window click the Diffusion Simulation template icon.

In the System Definer Configuration window click the Package list and choose
Demo: Steels and Fe-alloys (FEDEMO, MFEDEMO).

In the Periodic Table, click Fe then C.
Rename the nodes. Right-click System Definer and rename it to System with Fe C.

Right-click My Project and give it the same name as the project e.g. Diffusion_
Moving_Boundary.

Save the project file with a new name, such as DiffusionMovingBoundary.
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Diffusion Calculator Settings

After you have completed the settings for the System Definer you define the diffusion
calculation parameters.

The phase interface between ferrite and austenite is created by introducing an austenite
region that is attached to the ferrite region. Regions are always separated by phase
interfaces and must therefore always contain different phases.

In this simulation both the FCC_A1 and BCC_A2 phases are included. Both phases are
assumed to be initially homogeneous, the bcc phase having 0.01 mass-% C and the fcc phase
0.15 mass-% C. These settings are entered on the Diffusion Calculator.

| Add a Ferrite Region

1.
2.

In the Project window, click the Diffusion Calculator node.

Keep the default for Composition unit (Mass percent). Choose um for the Length
unit. A Planar geometry is used for all the examples.

Double-click the Region tab and enter rerrite. Press <Enter>.

Ferrite

= Show left interface boundary

&) @ Region

Mame: Ferrite

In the Width field enter 0.001 um and change the default number of points to 10.
Keep the default Linear grid type.

The grid type for the ferrite region is the same as in the single-phase simulation
example, i.e. equidistant.

From the Phase list select BCC_A2.

Click Edit next to Composition profiles. Fe is chosen as the Dependent component
and the initial profile for Component Cis a Linear variation.

Enter 0.01 in both fields to represent C going from 0.01 (mass-%) on the lower, left-
hand side of the system to 0.01 (mass-%) on the upper, right-hand side of the system.
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Click Apply.

& Internal Composition

Dependent compaonent: Fe v

Component C Linear ~ | from |0.01 |to 0.01

| Add an Austenite Region

1. Next to Region, click the green add button ©&. A new tab called Region is added.

Ferrite | Austenite

Move left boundary

Maove right
i S rvegron

E‘:} If you add a region and then need to change the order, right-click the
applicable tab and choose Move left or Move right.

2. In the Region Name field, enter austenite. This name is automatically updated on
the tab and above the grid points in a new section for the second region.

Ferrite -

Ferrite

= Show right interface boundary

& @ Region

Nom Gusente >

3. In the Width field enter 2000 um.
4. In the next field (the number of points), enter so0.

5. Select a Geometric type of grid and enter 1. 05 for the Ratio.
For the austenite region the grid type is geometric. For these grids the grid point
spacing changes by a constant factor between every grid point. In this case the
spacing increases by 5%, i.e. a factor of 1.05, from the lower, left side for each grid

point. It is usually good practice to have a denser grid close to moving boundaries
where the composition profiles are expected to vary a lot during the simulation.

6. From the Phase list, select FCC_A1.
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7. Click Edit next to Composition profiles. Enter 0.15 in both fields to represent
Component C going from 0.15 (mass-%) on the lower, left-hand side of the system to

0.15 (mass-%) on the upper, right-hand side of the system. Click Apply. The Austenite
grid shows the points.

Composition unit: Mass percent -
Length unit: pm v
Geometry

P Planar

Austenite

Ferrite | Austenite

- Show left interface boundary

& @ Region
Name Austenite

Width 2000 pm 50 points and type Geometric ~|  Lowerratio:| 1.05°%
© © Phase: |FCC_AL ~

Composition profiles: | Edit

The domain now consists of two regions: Ferrite and Austenite.

| Define the Thermal Profile

The default Isothermal profile is used.

1. In the Temperature field, enter 1050.
2. In the Simulation time field, enter 30. Choose Hours from the list.

3. Right-click Diffusion Calculator and rename it to Diffusion two regions Ferrite and
Austenite.

Thermal profile

(@) Isothermal () Non-isothermal

Temperature: 10350.0 Kelvin b

Simulation time: 30.0 Hours w

l_:%':? As with the single phase example, the Options tab keeps all the defaults.

Moving Phase Boundary Simulations | 31 of 46



Diffusion Module (DICTRA) Documentation Set

Plot Renderer Settings

After you have completed the settings for the System Definer and Diffusion Calculator you
define the plot parameters.

In the Project window, click the Plot Renderer node.

. Choose Time as the X-Axis variable and select Hours.

. Choose Position of interface as the Y-Axis variable.

In the Interface list, keep the default Ferrite/Austenite.

Right-click Plot Renderer and rename it to Position of interface vs time.

I

. Click Perform If you have entered the same settings the plot shows the
ferrite/austenite phase interface position as a function of time. The plot has the
parabolic appearance characteristic for many types of diffusion simulations.

Plot result from the example showing the phase interface position as a function of time.

Results *
Position of interface vs time Caompasition profile C
1: AT UPPER INTERFACE OF REGION FERRITER1 ‘
600 "

5 500

]

@

‘= 400

3

=

L=

© 300

c

2

8 200

o

100
i} . . . . .
a 5 10 15 20 25

=]

@. Time [h]

| Add a Second Plot

1. Right-click the Diffusion Calculator node. Remember it is renamed to Diffusion two
regions Ferrite and Austenite.

2. From the Create New Successor list, click Plot Renderer.

Moving Phase Boundary Simulations | 32 of 46



Diffusion Module (DICTRA) Documentation Set

3. In the new Plot Renderer node Configuration window, for the X-Axis variable,
change the Distance units to pm.

4. Click to clear the Automatic scaling check box.

5. In the Limits fields, keep 0 as the lower limit, enter 2000 for the upper limit and 200
for step.

6. For the Y-Axis variable, keep the default Composition and choose C from the list.

7. Choose Hours as the Time unitand enter 0.0 1.0E-4 30.0 in the field.

Axis variable: | Distance ~ | pm | | All regions

Axis type: Linear b

Limits: 0.0 to|2000.0 step 200.0 DAutnmatic scaling
Axis variable: Compaosition v ||C | Mass percent v

Axis type: Linear w

Limits: 0.0 to|1.0 step (0.1 }\utnmatic scaling

Time Hours ~ (0.0 1.0E-4 30.0

]

8. Right-click Plot Renderer and rename it to Composition profile C.
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9. Click Perform If you have entered the same settings the plot shows the composition

profile of C.

Results

Position of interface vs time Composition profile C
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Multiphase Simulations

In this section:

About the Multiphase Simulation ... L 36
Theory for the Multiphase Simulation ... ... 37
Multiphase Example Project . ... 38
System Definer SettiNgS ... o 40
Diffusion Calculator Settings ... ... o o L 41
Plot Renderer Settings ... o 43

Multiphase Simulations | 35 of 46



Diffusion Module (DICTRA) Documentation Set

About the Multiphase Simulation

This example simulates the evolution of an Fe-Cr-Ni diffusion couple during a 100 hour heat
treatment at 1100° C (1373.15 K). Both end members of the diffusion couple are duplex
ferrite plus austenite, but the majority phase is ferrite on the left-hand side and austenite on
the right.

With this type of simulation it is assumed that the material is fully equilibrated at each grid
point, i.e. the local phase fractions, phase compositions and so forth are obtained from an
equilibrium calculation with the local overall composition as a condition.

Region: Diffcouple
Phases: BCC+FCC
3 mm
< >

» distance

Schematic view of the initial state of the Multiphase example. Two ternary Fe-Cr-Ni alloys form a
diffusion couple. There is a single region (diffcouple) where both the bcc and fcc phases are entered.

Both alloys are duplex bcc+fcc, but the majority phase is bee (Q) in the left-hand side alloy and fcc
(y) in the right.
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Theory for the Multiphase Simulation

More details about the homogenization model for multiphase simulations can be found in
Larsson and Engstréom (2006)Y and Larsson and Hoglund (2009)* . As mentioned in the
description of this simulation, it is assumed that the material is locally fully equilibrated and
that the local phase fractions, phase compositions and so forth are obtained from an
equilibrium calculation with the local overall composition as a condition. From a numerical
point of view the homogenization model treats the multiphase material as a single phase
having the “average”, or “effective”, properties of the local phase mixture.

When estimating the effective kinetics of a multiphase mixture the product of solubility and
mobility in each phase is considered. It is therefore convenient to define

o _ agd o
Iy =M

for each phase ¢. The effective kinetics of the multiphase mixture is denoted and in this
example it was evaluated using the lower Hashin-Shtrikman bound. The default method is a
simple rule of mixtures

wz§ﬁﬁ

where f¢is the volume fraction of ¢. The flux is obtained as

ou
— _ T Pk
Jy = T 5

which replaces the single-phase equation
_ O Oy,
Jr = Lk -, = Mrcr—

for multiphase simulations.

1. Larsson, Henrik, and Anders Engstrom. 2006. “A Homogenization Approach to Diffusion Simulations Applied to a +y Fe—
Cr—Ni Diffusion Couples.” Acta Materialia 54 (9): 2431-39.

2. Larsson, Henrik, and Lars Héglund. 2009. “Multiphase Diffusion Simulations in 1D Using the DICTRA Homogenization
Model.” Calphad 33 (3): 495-501.

Multiphase Simulations | 37 of 46



Diffusion Module (DICTRA) Documentation Set

Multiphase Example Project

For the multiphase simulation, you can open the example project file included with your
installation to see how it is set up.

1. Open Thermo-Calc.

2. From the main menu, select File & or Help - Examples Files. The Graphical Mode
folder opens by default.

3. Open the Diffusion Module - DICTRA folder and locate the b 03 Diffusion
Multiphase.tcu file and double-click to open it.

4. The project opens in Thermo-Calc. Click the top Project node (renamed to Diffusion
Multiphase). At the bottom of the Configuration window click Perform Tree.

Diffusion Muttiphase

Sy

Systern with Fe Cr Ni
mr
Diffusion Murtiph"gse BCCFCC
4

b2

Phase fraction of FCC

When completed, the results are plotted in the Results window.
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System Definer Settings

This is a continuation from the previous examples and uses the short cuts already described.
You can alternatively open a saved project and edit the settings.

| Add the Databases and the Elements

1. Open a new instance of Thermo-Calc.
2. In the My Project window click the Diffusion Simulation template icon.

3. In the System Definer Configuration window click the Package list and choose
Demo: Steels and Fe-alloys (FEDEMO, MFEDEMO).

4. In the Periodic Table, click Fe, then Cr and Ni.
5. Right-click System Definer and rename it to System with Fe Cr Ni.

6. Save the project file with a new name, e.g. DiffusionMultiphase.
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Diffusion Calculator Settings

After you have made the settings to the System Definer, you add the diffusion calculation
parameters.

| Define the Ferrite and Austenite Regions

1.
2.

In the Project window, click the Diffusion Calculator node.

For Composition unit select Mole fraction.

Keep the default Length unit (m). A Planar geometry is used for all the examples.

In the Region Name field, enter piffcouple.
In the Width field enter 0.003 and enter 60 points.

Select Double geometric as the grid type.

A double geometric grid is similar to the geometric grid used in the moving phase
boundary example. The difference is that two geometrical factors are entered: one
for the lower and one for the upper half of the region. In the lower half of the region
the distance between subsequent grid points decreases by 15 % (0.85) and in the
upper half it increases by 15 % (1.15). The resulting grid has a much larger grid point
density toward the middle of the domain where there are sharp changes in
composition.

Enter these values as follows. In the Lower ratio field enter 0.85 and 1.15 in the
Upper ratio field.

Choose FCC_A1 from the Phase list.
Next to Phase click the Add quantity button &. From the Phase list select BCC_AZ2.

9. Click Edit next to Composition profiles. Fe is chosen as the Dependent component.

10.
11.

Define Component Cr and Component Ni.
Choose Step for both the Cr and Ni elements.

In each of the fields for Cr (from, to, step at) enter 0.257, 0.423 and 0.0015,
respectively.
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12. In each of the fields for Ni (from, to, step at) enter 0.0647, 0.275 and 0.0015,
respectively. Click Apply.

A Initial Composition of FCC_A1 4
Dependent component: Fe e
Component Cr: Step ~ | from |0.257 to 0.423 step at | 0.0015 m
Component Ni: Step ~ | from |0.0647 to 0.275 step at | 0.0015 m

The resulting Cr profile is thus 0.257 on the left half of the domain and 0.423 on the
right with a sharp step at the center (as shown in About the Multiphase Simulation).

| Define the Thermal Profile

1. The default Isothermal profile is used for this example.
2. In the Temperature field, enter 1100 and choose Celsius from the list.
3. In the Simulation time field, enter 100 and choose Hours from the list.

4. Right-click Diffusion Calculator and rename it to Diffusion Multiphase BCC FCC.

| Choose the Homogenization Function

The local kinetics of the multiphase mixture must be estimated by means of some function
that may depend on the local phase fractions, phase compositions and the mobilities of the
individual phases.

There are many such homogenization functions to choose from. In this particular example
the General lower Hashin—-Shtrikman bound' is a good choice.

1. To choose this homogenization function, go to the Diffusion Calculator and click the
Options tab.

E‘:} Homogenization is already automatically selected as the Default solver
because multiple phases are selected in a region.

2. Go to the section Homogenization Model Specific from the Homogenization
function list select General lower Hashin—=Shtrikman bound.

1.7. Hashin and S. Shtrikman (1962), "A Variational Approach to the Theory of the Effective Magnetic Permeability of
Multiphase Materials", J. Appl. Phys.,33(10), pp. 3125-3131.
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Plot Renderer Settings

After you enter the settings for the System Definer and Diffusion Calculator, you define the
plot parameters. For this example you want to plot the mole fraction fcc phase as a function
of distance at the end of the heat treatment.

The plot of phase fraction vs distance shows that a single phase fcc zone has formed and this
was also observed experimentally, see A. Engstréom, 1995: "Interdiffusion in multiphase, Fe-
Cr-Ni diffusion couples", Scand. J. Metall., 24 (1), pp. 12-20.

1. Click the Plot Renderer node.

2. Click to clear the Automatic scaling check box.

3. Enter the Limits: 0.001 to 0.002 step 1.0E-4.

4. From the second Axis variable list, choose Phase fraction and FCC_A1.

X-axis

Axis variable: |Distance ~ | m ~ |All regions

Aodis type: Linear W

Limits: 0.001 to|0.002 step|1.0E-4 DAutnmatic scaling
Y-axis

Axis variable: | Phase fraction ~||By mole | FCC_A1

Axis type: Linear b

Limits: 0.0 to(1.0 step 0.1 ,ﬁ.utnmatic scaling
Time Hours  ~| |100.0
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5. Click Perform If you have entered the same settings you will get this plot result.

A
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@. Distance [m]

6. Right-click Plot Renderer and rename it to Phase fraction of FCC.
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Next Steps

Below are suggestions for you to learn more about using the Diffusion (DICTRA) Module.

« Browse the Online Help (Help - Online Help) or open one of the available PDFs
included with your installation (Help - Manuals Folder).

« You have been working with in Graphical Mode. You might also want to try the
Diffusion Module Console Mode Quick Start Guide (Help - Manuals Folder). This will
further prepare you to work with the Console Mode examples (Help - Examples
Files), which contain many simulation types and advanced functionality not available
in Graphical Mode.

e You can also go to the Thermo-Calc website to see if there are other options suited to
you, such as a course or video tutorials. (Help - Video Tutorials and Help - Thermo-
Calc Website).
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Introduction to the Diffusion Module (DICTRA)

The Diffusion Module (DICTRA) is an Add-on Module to the Thermo-Calc software package.
It is used for simulation of diffusion controlled transformations in multicomponent systems.
The simulations are both time- and space-dependent.

The Diffusion Module (DICTRA) is suitable for solving diffusion problems that include a
moving boundary (so-called Stefan problems). The multicomponent diffusion equations in
the various regions of a material are solved under the assumption that thermodynamic
equilibrium holds locally at all phase interfaces. The concentration fields only vary along one
spatial coordinate, but the geometry may be either planar, cylindrical or spherical.

In this section:

About this Quick Start Guide ... 3
About the DICTRA File Formats ... ... ... 4
Opening the Module and Macro Files ... .. 5
Basic TerMINOIOBY .o 8
Setting up a Simulation in Console Mode ... .. 11

Diffusion Module (DICTRA) Quick Start Guide - Console Mode | 2 of 44



Diffusion Module (DICTRA) Documentation Set

About this Quick Start Guide

The following introduces you to the basic concepts, steps and theory to start using the
Diffusion Module (DICTRA). An understanding of this information is necessary to ensure
accurate calculations.

b More details about the use of DICTRA can be found in Andersson et. al (2002)* and
Borgenstam et al. (2000)%.

@ If you are not familiar with Graphical Mode, it is recommended you review the
available documentation and training material.

1. Andersson, J.-O., Helander, T., Hoglund, L., Shi, P., and Sundman, B., Calphad, 26 (2), pp. 273-312.
2. Borgenstam, Al, Hoglund, L., Agren, J. and Engstrém, A., J. Ph. Equilib., 21 (3), pp. 269-280.
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About the DICTRA File Formats

The Diffusion Module (DICTRA) in Console Mode uses different file formats: log, macro and
workspace files.

D When working with the DICTRA module in Graphical Mode, the file formats are
the same as when using Thermo-Calc.

Log Files

Log files (*.TCM) are plain text files and are just macro files used to save a sequence of
commands. These files can be edited in a text editor.

Macro Files

Macro files (*.DCM) are plain text files used to save a sequence of commands that can be
loaded and executed. Macro files can be edited in a text editor. When creating a command
sequence, you add comments to the file by starting a line with @ @.

Workspace Files

Workspaces files for the Diffusion Module (DICTRA) have the file extension *.DIC, which
allow you to save all the data in your current workspace. A workspace contains all the data,
specified settings and the result of any calculations performed. The saved data includes
original and modified thermodynamic data, the last set of conditions and options, and the
results of any simulations.
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Opening the Module and Macro Files

You can go to into the Console Mode to explore the command options, or continue with this
quick start guide, which uses macro files to demonstrate how to use the software.

How to Open the DICTRA Module in Thermo-Calc

1. Open Thermo-Calc in Console Mode.

l_:%l::- By default, Thermo-Calc opens in the most recently used state. If it opens
in Graphical Mode, on the toolbar, click Switch to Console Mode.

2. Inthe sys module, type coTo MODULE DICTRA. For a list of all the available
commands in the current module, at the prompt type a question mark (?) and press
<Enter>. For a description of a specific command, type He1p followed by the name of
the command.

Console

B Console 1 =3 el =]

Thermo-Calc / DICTRA
Only for use at Thermo-Calc Software

Local contact pumbaa.thermocalc.se

SYS5:GOTO MODULE DICTRA
WO TIME S5TEF DEFINED

DICH|

How to Open the Beginner Guide Examples
E For the Console Mode examples included with your installation, you can open

the .DCM files from the main menu. You can also open any macro file with a
command or by dragging it into the Console window.

How to Open a Macro File from the Examples Folder

To open a specific macro file from the Examples folders included with your installation:
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2. Confirm you are in Console Mode. If not, click the Switch to Console Mode button.

. From the main menu, select File = or Help - Examples Files. The Console Mode

folder opens (these are the Thermo-Calc macro files).

folder.

. Double-click the Diffusion Module - DICTRA folder and navigate to an example

The three Quick Start example macros and the PDF guide are in the first

folder called Beginner Guide.

How to Use a Command in Console Mode

At the sys prompt, type MACRO_FILE_OPEN and press <Enter>. In the file dialogue window
that opens, locate and select the macro file on your computer.

Drag and Drop a Macro File into Console Mode

For example, navigate to the Beginner Guide folder and then drag the file from its location

into Thermo-Calc Console window.

Name Type

> simplest_dictra.DIC DICTRA DIC file
| simplest_dictra.dcm DCM File

[» simple_moving_boundary.DIC DICTRA DIC file
4| simple_moving_boundary.dem DCM File

@[> multiphase_example.DIC DICTRA DIC file
| multiphase_example.dcm DCM File

Drag the file from its location on your

computer and drop it info the Thermo-Calc
Console window

File Tools Window Help

m § B O
MNew Open Save | Switch to Graphical Mode
Console
B Console 1 |i Console 2 |i Console 3 ‘ @ console 4 =

Thermo-Calc / DICTRA
only for use at Open IP address range
Local contact thoth.ad.thermocalc.se

306 day(s) more to enjoy this software

SYS:

The macro automatically runs after you drop it into the Console window.
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Console o B ox Console Results
B console 1 | %) | Tl | j| |2 Results Console 1 | =
i Plot 1 @ | O | =
Thermo—Calc / DICTRA 2016.02.2912.30 55
Only for use at Open IP address range E TIME = 0,100000
Local contact thoth.ad.thermocalc.se 1 CELL#1
306 day(s) more to enjoy this software
507
SYS:MACRO "C:\Users\amanda\Downloads\simplest dictra.dcm"
SYS:
s5Ys: @e
SYS: @@ SIMPLE HOMOGENIZATION OF A BINARY FE-NI ALLOY. WE ASSUME THAT WE
SYS: @@ INITIALLY HAVE A LINERR NI-CONCENTRATION PROFILE. 45
SYS: @@
S5¥S:
SYS: @@
SYS: @@ WE START BY GOING TC THE DATABASE MODULE. 40
s5Ys: @e

Double-click to Open a File

Navigate to the macro file location, for example where each set of file examples is in its
own folder. When you double-click, it opens the file in a new instance of Thermo-Calc.
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Basic Terminology

The following definitions are useful to help you understand the examples and commands in
this guide. For more detailed information search or browse the online help (Help Online
Help).

| Cells and Regions in a System

A system normally consists of one cell. This cell contains one or several regions in which the
diffusion problem is to be solved. A system of diffusion equations is solved for each region.
The size of the system is the sum of sizes of all the regions in all the system’s cells.

The interface between two regions typically moves as the result of a simulation, that is, the

regions grow or shrink. Such an interface is called an inner interface. The boundary of a cell

is called an outer interface and the condition of this type of interface may be affected by the
choice of boundary conditions.

For some simulations it is useful to have several cells in a system. Matter can move between
cells. However, it is assumed that there is diffusional equilibrium between all cells (this
means that there are no differences in diffusion potentials between cells). In other words,
the size of a cell is fixed during the simulation.

By default this is a closed system, which means that matter cannot move across its
boundaries. However, you can change this setting for both the lower boundary (left
side/centre) and the upper boundary (right side/surface) of the system. You can also set
these boundary conditions to vary as a function of time, temperature and/or pressure.

| Regions and Grids

A region contains one or more phases. If a region contains several phases one of those must
be entered as a matrix phase whereas the others are entered as spheroid.

A region must also contain a number of grid points. The composition is only known at these
grid points and the software assumes that the composition varies linearly between them.
The amount and composition of all the phases present at a single grid point in a certain
region are those given by thermodynamic equilibrium keeping the over-all composition at
the grid point fixed.

These grid types are used in diffusion simulations: linear, geometric and double geometric.
When you are setting up the simulation, in either Console Mode or Graphical Mode, a
region must have a grid defined.
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Linear

Geometric

Double geometric

| Phases

Each region contains one or more phases. A phase can be of the matrix, spheroid or lamellar
type. A phase can be introduced with the status active (the default) or inactive.

An inactive phase is a phase which does not participate in the calculations until it is stable. If
a phase is inactive, then the driving force for precipitation of the phase is continuously
monitored. When the driving force exceeds a predefined positive value, the phase take parts
in the simulation and the phase automatically becomes active. A new region is then created
and the formerly inactive phase is entered as the matrix phase of the new region. The name
of the region is set to the name of the phase that just became active but withr added as a
prefix.

| Composition

Q For Graphical Mode, see Diffusion Module Terminology in Graphical Mode.

Two types of composition variables are used within the program: site-fractions and u-
fractions, although you can also use weight fraction or mole fraction, for example.

The site-fractions are used to set up the problem and interface with POLY-3 (in Console
Mode). The site fraction of a species k, yy, is the fraction of equivalent lattice sites occupied
by species k. It is the only concentration variable that uniquely defines the composition and
the constitution of a phase and it is necessary to use the site fraction in the storage of the
data during a simulation.

The u-fractions are used in the diffusion equations. The u-fraction of a component k is
defined as

Tk

U = %
jes
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The summation is only performed over the substitutional elements. The choice of the
volume fixed frame of reference in the calculations make it convenient to use a composition
variable which is related to the volume. The definition of the u-fraction is based upon the
assumption that a species may or may not contribute to the volume of a phase. An
interstitial element is assumed to not contribute to the volume. Substitutional elements are
assumed to contribute equally to volume.

| Geometry and Coordinates

The Diffusion Module (DICTRA) can only handle diffusion problems where composition vary
along one spatial coordinate. The geometry of your system can be planar, cylindrical or
spherical.

Planar Geometry

This geometry corresponds to an infinitely wide plate of a certain thickness. If the system
has a planar geometry then the lower boundary (the zero coordinate) is at the left side of
the system. The upper boundary (the coordinate with the highest value) is at the right side of
the system.

Cylindrical and Spherical Geometries

m Cylindrical geometry corresponds to an infinitely long cylinder of a certain radius.

m Sypherical geometry corresponds to a sphere with a certain radius.

By default for both geometries, the lower boundary (the zero coordinate) is at the centre of
the cylinder/sphere. The upper boundary (the coordinate with the highest value) is at the
surface of the cylinder/sphere. You can enter a left most coordinate that is larger than zero
to allow for tube and hollow sphere geometries.

| Boundary Conditions

Boundary conditions are conditions that define how matter behaves at the boundaries of
your system. By default, matter is not allowed to cross the system boundaries.

You can change the setting for both the lower boundary (left side/centre) and the upper
boundary (right side/surface) of the system.

Diffusion Module (DICTRA) Quick Start Guide - Console Mode | 10 of 44



Diffusion Module (DICTRA) Documentation Set

Setting up a Simulation in Console Mode

Although there are several commands to learn to correctly set up a DICTRA module
simulation, the sequence in which to proceed is basically the same:
Define and read thermodynamic and kinetic data.
. Set global conditions (i.e. temperature, T, and pressure, P).
. Enter region(s).

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

1.

2

3

4

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

6. Enter composition(s) of phase(s).
7. Set geometry (optional — by default, the geometry is planar).
8. Set boundary conditions (optional — by default, the boundaries are closed).
9. Set the simulation time.

10. Run the simulation.

p  For definitions of the above, see Basic Terminology.

The following sections describe each step in more detail for these simulation types:

o About the Single Phase Simulation

o About the Moving Phase Boundary Simulation

e About the Multiphase Simulation
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Single Phase Simulations

In this section:

About the Single Phase Simulation ... . 13
Theory for the Single Phase Simulation ... . 14
Running the Single Phase Simulation ... ... 16
Single-Phase Command Details ... ... 17
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About the Single Phase Simulation

In a 100 um wide planar domain, the single phase example simulates the diffusion of Fe and
Ni at a temperature of 1400 K. At this temperature the material is fully austenitic, i.e. the
only phase present is the so-called fcc (face centered cubic) phase (in Thermo-Calc the
name of this phase is FCC_A1). Initially, there is a linear variation in Ni going from 10
mass-% on the left-hand side to 50 mass-% on the right-hand side.

The simulation time is slightly different between the modes. For Console Mode it is 103
s and for Graphical Mode it is 30 hours.

By default the boundaries are closed. The plot generated shows the initial and final Ni
profile.

%Ni
s
50
10 =0
» distance
0 100 pm
Region:
Phase:

Schematic view of the initial state of Single Phase Diffusion example. The width of the domain is
100 um and there is a linear gradient in composition going from 10 to 50 mass-% Ni. There is a
single region named Austenite that consists of an fcc phase.
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Theory for the Single Phase Simulation

The flux of a component k in the z-direction in an isobarothermal system is in general given
by

n
Op;
Jb =2 Lii—
i=1

where Lki is a matrix of kinetic coefficients and #i is the chemical potential of component i.
The correlation effects, i.e. the coupling of the flux of k component to the chemical potential
gradients of the other elements, are normally neglected

and thus

Jk —ka £ = My kaﬂk

where ¢k is the concentration and Mk the mobility of component k.

The equation for the flux is combined with the equation of continuity, which takes the
following form in a planar domain,

dc
%= 20

which relates the local evolution of the concentration of k to the divergence of the flux.

The expression for the flux can be expanded in terms of concentration gradients

O, 0 (7]
ZMka B = ZDkJ 5

where the diffusion coefficient of component k with respect to the concentration gradient of
component j has been introduced.
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= The flux expressions above are given in the so-called lattice-fixed frame of
reference. In practical calculations it is more common to use a volume-fixed

frame of reference. For a discussion of these concepts, see Andersson and Agren
(1992)*.

1. Andersson, Jan-Olof, and John Agren. 1992. “Models for Numerical Treatment of Multicomponent Diffusion in Simple
Phases.” Journal of Applied Physics 72 (4): 1350-55.
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Running the Single Phase Simulation

For the single phase simulation, you use an example macro file called simplest
dictra.dcm. Open this file in in Console Mode as described in Opening the Module and
Macro Files.

The simulation should automatically be set up, executed and finished within a matter of
seconds. Results are plotted in the Console Results plot window.

Console Results *

Plot 1 @ 0O H
2017.10.08.08.01.22

Time=0,100000
CELL#1

50

45

40 ]

.///-
= 35 —
€
1]
2
@ 30 /
o
w
w
1]
=25 /
-
~ -
20 /”
- —-/

15

10

0EO 1E-5 2E-5 3E-5 4E-5 5E-5 BE-5 7E-5 8E-5 9E-5 1E-4

@ Distance

Output from the Single Phase example showing the initial and final Ni profile.

For the rest of the exercise, you will learn how to build this example step-by-step.
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Single-Phase Command Details

To examine the commands in the macro file, you can either open the file simplest
dictra.dcm in a text editor or scroll to the top of the Console window.

[=] simplest_dictra.dem E3 ‘E simple_moving_boundary dem e Enmltiphase_example dem & Jl

ee
@@ SIMPLE HOMOGENIZATION OF A BINARY FE-NI ALLOY. WE ASSUME THAT WE
@@ INITIALLY HAVE A LINEARR NI-CONCENTRATION PROFILE.

ee

OOy 0o W o

ee

@@ WE START BY GOING TC THE DATABASE MODULE.
ee

goto_module

database retrieval

o

(S
sJte}

@@

@@ USE THE FEDEMC DATABASE FOR THERMODYNAMIC DATA
@@

switch database

fedemo

[l el e B
O =] oy U1 W M = C

w0

ee

@@ DEFINE WHAT SYSTEM WE WANT TO WORK WITH
ee

define system

fe ni

[T O T S TSI =

L b = O

Console B % Console Results

B console 1 | @ | M | = | & Results Console 1 i R=

Al s @[@D]B

Thermo-Calc / DICTRA 2016.02.29.12.30.56
Only for use at Open IP address range TIME = 0,100000
Local contact thoth.ad.thermocale.se CELL#1

306 day(s) more to enjoy this software

al]

m

50
SYS:MACRO "C:\Users\amanda\Downloads\simplest dictra.docm"
SYS:
sYS: B@
5YS: @@ SIMPLE HOMOGENIZATION OF A BINARY FE-NI ALLOY. WE ASSUME THAT WE
3YS: @@ INITIALLY HAVE A LINERR NI-CONCENTRATIGN PROFILE.

SYS: @@
SYS:
5¥YS: Ee
SYS: @@ WE START BY GOING TC THE DATABASE MODULE.
sYS: B@

45

40

In the following sections, the commands are discussed in the order they are executed. The
first time a command appears it is listed in its general form in UPPERCASE and then using
code font to detail the specific form of the example. For subsequent examples, only the
new commands are detailed. All commands may be abbreviated as long as they are
unambiguous.

You can also review the comments included in the example files. The first command you will
use is shown in the macro file as follows:
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In a Text Editor

ae
@@ WE START BY GOING TO THE DATABASE MODULE.

L
goto_module
database retrieval

In Thermo-Calc

SYS: @@
SYS: @@ WE START BY GOING TO THE DATABASE MODULE.
SYS: @@

SYS: goto_module

MODULE NAME: database retrieval

| Single Phase - Specifying the Thermodynamic System

Thermo-Calc Console Mode has several modules used for different purposes. In order to
define the thermodynamic system the DATABASE_RETRIEVAL module is used.

GOTO_MODULE <MODULE>

goto_module database retrieval

There are many databases for different purposes and material types. In this example the
fedemo database is used. This is the thermodynamic iron demonstration database.

SWITCH_DATABASE <DATABASE>

switch database fedemo
Determine what elements to use in the simulation, in this case Fe and Ni.

DEFINE_SYSTEM <LIST OF ELEMENTS>

define system fe,ni

Only the FCC_A1 phase takes part in this simulation and therefore all phases are initially
rejected (the wildcard * means all phases in this context) and then, with the next command,
the FCC_A1 phase is restored.

REJECT <ELEMENTS, SPECIES, PHASES, CONSTITUENT OR SYSTEM> <LIST OF THE
RELEVANT TYPE>

reject phases *

RESTORE <ELEMENTS, SPECIES, PHASES OR CONSTITUENTS> <LIST OF THE
RELEVANT TYPE>

restore phases fcc_al

The thermodynamic system now consists of the elements rFe and ni and the fcc a1 phase.
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To actually read the data from file into computer memory the GET_DATA command must be
executed.

GET_DATA

get data

At this stage only the thermodynamic data is defined and read. The kinetic data (mobilities)
are, in this case, stored in another database. This is normally the case though it is possible to
have both thermodynamic and kinetic data in a single database.

To add data from a different database the APPEND_DATABASE command is used. The kinetic
data in this example is stored in the mfedemo database. This is the kinetic iron
demonstration database.

APPEND_DATABASE <DATABASE>

append database mfedemo

The same sequence of commands used for thermodynamic data is used to read kinetic data
from this database.

define system fe,ni
reject phases *
restore phases fcc al

get data

| Setting up the Single-Phase Simulation

The simulation set-up is performed in the DICTRA_MONITOR module.

goto _module

dictra monitor

In this example only one global condition is set, temperature. The other global condition that
can be set is pressure, but that is rarely done as the default value (1 atm) is set
automatically and usually accepted.

SET_CONDITION <GLOBAL OR BOUNDARY>

set condition global
The SET_CONDITION command is immediately followed by these sub-prompts:

<T OR P>

T

The T is for temperature. Then follows a standard procedure for entering temporally piece-
wise functions:
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<LOW TIME LIMIT> <FUNCTION> <HIGH TIME LIMIT> <Y/N> <IF Y, THEN NEXT
FUNCTION> <...>

0 1400; * N

These prompts start with the low time limit, here zero (0), then the function (here the
constant value 1400) closed by a semicolon (;), then the high time limit (here a wildcard * is
entered), then a Y or a N depending on whether more functions will be entered (in this case
N because only a single function is entered).

The wildcard * used for the upper time limit means that the entered function is valid for the
whole simulation. What this means is that a constant temperature equal to 1400 K is used
during the whole simulation.

In any simulation at least one region must be defined. This is a named container that
designates a certain part of, in this case the whole, domain. The name of a region is
arbitrary and specified by you.

ENTER_REGION <NAME OF REGION>

enter region austenite

=2  The use of regions becomes clearer in the context of so-called moving phase
boundary simulations (see About the Moving Phase Boundary Simulation).

A region must contain a numerical grid specified by width and type.
ENTER_GRID_COORDINATES
<NAME OF REGION FOR WHICH GRID IS TO BE ENTERED>
<WIDTH OF REGION>
<TYPE OF GRID>

<NUMBER OF GRID POINTS>
enter grid coordinates
austenite

le-4

linear

60

In the entries above, a 104 m wide (1e-4), 1inear, i.e. equidistant, grid is used with 60 grid
points. There are many types of grids, see below for examples, and for other types than the
linear there are additional sub-prompts.
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These grid types are used in diffusion simulations: linear, geometric and double geometric.
When you are setting up the simulation, in either Console Mode or Graphical Mode, a
region must have a grid defined.

Linear

Geometric

Double geometric

A region must contain one active phase of type matrix. The meaning of active/inactive and
phase type is explained in the next examples.

ENTER_PHASE_IN_REGION
<ACTIVE OR INACTIVE>
<NAME OF REGION>
<PHASE TYPE IN REGION>

<PHASE NAME>

enter phase_in region
active

austenite

matrix

fcec al

In this example only one phase participates, the fcc_a1 phase, and it must therefore be
active and of type matrix.

The initial composition profile must be specified for all phases that take part in a simulation.
Since there are only two elements, Fe and Ni, in the present simulation the initial
composition profile must only be given for one of them.

ENTER_COMPOSITIONS
<REGION NAME>
<PHASE NAME>

<DEPENDENT COMPONENT>
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<COMPOSITION TYPE>

<COMPONENT NAME>

<TYPE OF COMPOSITION PROFILE>
<COMPOSITION PROFILE DEPENDENT INPUT>

enter compositions
austenite

fcc al

fe

welight percent

ni

linear

10

50

In the above entries, re is chosen as the dependent component and the initial profile for Ni
isa linear variation going from 10 mass-% on the lower/left hand side of the system to 50
mass-% on the upper/right hand side of the system. The composition type can be chosen
among a number of different types, e.g. weight percent or mole fraction. There are also
many different ways of specifying the composition profile, e.g. an arbitrary position
dependent function or reading it for each grid point from file. Here the simplest possible
type is used a 1inear function.

Now you set the simulation time. If not specified the initial time is set to zero.
SET_SIMULATION_TIME
<SIMULATION END TIME>
<AUTOMATIC TIMESTEP CONTROL Y/N>
<MAXIMUM TIMESTEP>
<INITIAL SIZE OF TIMESTEP>

<SMALLEST ALLOWED TIMESTEP>
set simulation time

1E5

y

1E4

1E-7

1E-7
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Here the simulation time is set to 10° [s] (1E5), the maximum timestep size to 104 (1£4) and
the initial and smallest acceptable to 107 (both 1E-7). The automatic timestep control
should normally always be turned on, which it is by default (you answer vy above).

Now you save the workspace:

SAVE_WORKSPACES <FILENAME> <OVERWITE EXISTING FILE Y/N>

save workspaces simplest dictra y

=2 The command name SAVE_WORKSPACES can be misleading. The meaning of this
command is roughly set result file. The set-up is saved immediately, but all
results during the simulation are also saved to the selected file.

| Running and Plotting the Simulation

The following command starts the simulation.

SIMULATE_REACTION

simulate reaction

In order to plot results it is necessary to enter the post processor sub-module (note that the
GOTO_MODULE command is not used).

POST_PROCESSOR

post processor

In most cases, either a specific position in the domain or one or more specific times must be
specified with the SET_PLOT_CONDITION command, depending on whether time or spatial
position is chosen as independent (x-axis) variable.

SET_PLOT_CONDITION <CONDITION WITH ARGUMENTS>

set plot condition time 0,leb

Here, the composition profile of Ni at the initial and final time is plotted and thus t ime is
chosen as plot condition.

In other cases distance can be given relative to, for example, a phase interface, hence the
global specification in the following.

SET_DIAGRAM_AXIS <X OR Y> <AXIS QUANTITY>

set diagram axis x distance global

In this example the only meaningful measure of distance is relative to the domain as a
whole, i.e. the leftmost position is zero and the rightmost position corresponds to the width
of the region (104 m).
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The dependent property to be plotted is mass-% Ni.
set diagram axis y weight percent ni
Then plot the diagram:
PLOT_DIAGRAM
plot diagram
In the Console Results plot window, graphs of the initial and final Ni profile display.

Finally, the SET_INTERACTIVE_MODE command is executed to return control to the user. If the
command is absent in a macro the program terminates when the end of the macro file is
reached.

SET_INTERACTIVE_MODE

set interactive mode
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Moving Phase Boundary Simulations

In this section:

About the Moving Phase Boundary Simulation ... ... .. 26
Theory for the Moving Phase Boundary Simulation ... ... 28
Run the Macro File and Learn the Commands ... 29
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About the Moving Phase Boundary Simulation

The growth of ferrite (bcc) into austenite (fcc) is simulated in this example. The austenite is
assumed to be initially homogeneous with the composition Fe - 0.15 mass-% C and the
transformation temperature is 1050 K. The initial thickness of the austenite is 2 mm and an

initially very thin ferrite (1 nm) is also present at the start of the simulation. The initial state
is as below.

1nm 2 mm

Region:
Phase:
Composition:

The set-up of the Moving Boundary example. There are two regions, Ferrite and Austenite,
consisting of bcc and fcc, respectively.

A schematic graph of the carbon profile during the transformation is shown in the image
below. Crusius et al. (1992)% is recommended as further reading.

%C
& ,Ucu/fy
o

» distance

1. Crusius, Sabine, Lars Hoglund, Ursula Knoop, Gerhard Inden, and John Agren. 1992. “On the Growth of Ferrite
Allotriomorphs in Fe-C Alloys.” Zeitschrift Fur Metallkunde 83 (10): 729-38.

Moving Phase Boundary Simulations | 26 of 44



Diffusion Module (DICTRA) Documentation Set

Schematic view of the carbon profile during the transformation from austenite () to ferrite (Q) in
the Moving Boundary example.
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Theory for the Moving Phase Boundary Simulation

It is assumed that local equilibrium holds at the phase interface, i.e. the chemical potentials
of all elements are continuous across the boundary, but the chemical potential gradients are
in general discontinuous.

In order to maintain mass balance a set of flux balance equations must be satisfied at the
phase interface:

v (¥ —c))=J = J] k=1,...,n—1

where v is the interfacial velocity. The concentrations and the fluxes ¢ and J are those at the
interface on the @ and 7 sides, respectively.

In the present case there are no degrees of freedom at the interface and the concentrations
can be taken directly from a phase diagram. There is only one flux balance equation and the
interface velocity can be evaluated once the fluxes at the interface are known. However, for
ternary and higher systems the state at the interface must be found by some iterative
procedure.

For more information on moving phase boundary problems, see, for example, Agren (1982)*
,Crusius et al. (1992)* and Hoglund (1997)% .

1. Agren (1982) “Numerical Treatment of Diffusional Reactions in Multicomponent Alloys,” J. Phys. Chem. Solids, 43 (4), pp.
385-391.

2. Crusius, Sabine, Gerhard Inden, Ursula Knoop, Lars Hoglund, and John Agren. 1992. “On the Numerical Treatment of
Moving Boundary Problems.” Zeitschrift Fur Metallkunde 83 (9): 673-78.

3. Héglund (1997).Computer simulation of diffusion controlled transformations in multicomponent alloys, PhD Thesis, KTH
Royal Institute of Technology, Stockholm, Sweden.
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Run the Macro File and Learn the Commands

If the single phase example has just been run, then either restart the software program or
open another Console window by clicking the green button with the plus sign.

Console

Bl Console 1 %) _,JlJ‘

At the sys prompt, type macro (short for the MACRO_FILE_OPEN command) and press
<Enter>. Locate and select the macro file called simple moving boundary.dcm as
described in Opening the Module and Macro Files. The commands in the macro file set up,
run and plot the simulation in the Console Results window.

In the macro file some abbreviations of the commands are used. You can shorten command
names in an arbitrary manner as long as the abbreviations are unambiguous.

In the macro file most commands are first given as comments with the full name and then
abbreviated. Commands that were not used in the single-phase simulation, or are used
differently, are explained in more detail.

E‘::, Comments in the macro file can be entered after two @@ symbols. In most cases
the arguments of a command can be entered on the same line as the command
itself.

b Single-Phase Command Details

| Moving Phase - Specifying the Thermodynamic System

This set of commands is the same as in the single-phase simulation example.
Thermodynamic and kinetic data is read for Fe and C and the bcc and fcc phases.

@@ goto module database retrieval
go da

@@ switch database fedemo

sw fedemo

@@ define system fe,c

def-sys fe c

@@ reject phase *

rej ph *

@@ restore phase fcc_al,bcc a2
rest ph fcc,bcc

@@ get data
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get

@Q append database mfedemo

app mfedemo

@@ define system fe,c

def-sys fe c

@@ reject phase *

rej ph *

@@ restore phase fcc_al,bcc_az
rest ph fcc,bcc

@@ get data

Get

| Setting Up the Moving Phase Boundary Simulation

The first region to be entered is entered in the same way as in the single-phase simulation.

@@ goto module dictra monitor
go d-m
@@ set condition global T 0 1050; * N
set-cond glob T 0 1050; * N

A constant temperature equal to 1050K is used in this simulation.
@@ enter region ferrite

ent-reg ferrite

The phase interface between ferrite and austenite is created by introducing a region called
austenite that is attached to the ferrite region. Regions are always separated by phase
interfaces and must therefore always contain different matrix type phases.

ENTER_REGION
<NAME OF REGION>
<NAME OF EXISTING REGION TO ATTACH TO>

<ATTACH TO THE RIGHT OF EXISTING REGION Y/N>

enter region
austenite

ferrite

y

The domain now consists of two regions: ferrite and austenite.
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As in the single-phase simulation example, the regions must contain both grids and one
active phase of type matrix. These are entered separately for both regions.

enter-grid

ferrite

le-9

linear

10

enter-grid

austenite

2e-3

geometric

50

1.05
In the above entries, the grid type for the ferrite region is the same as in the single-phase
simulation example, i.e. equidistant. For the austenite region the grid type is called
geometric and for these grids the grid point spacing changes by a constant factor between

every grid point. In this case the spacing increases by 5%, i.e. a factor 1.05, from the
lower/left side for each grid point.

These grid types are used in diffusion simulations: linear, geometric and double geometric.
When you are setting up the simulation, in either Console Mode or Graphical Mode, a
region must have a grid defined.

Linear

Geometric

Double geometric

Now the initial composition of both phases is entered. In this case Fe is automatically chosen
to be the dependent component.

enter-phase
active

ferrite
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matrix

bcc
enter-phase
active
austenite
matrix

fcc

Both phases are assumed to be initially homogeneous, the bcc phase having 0.01 mass-% C
and the fcc phase 0.15 mass-% C, as shown in the following:

enter-composition
ferrite

bcc

w-p

C

linear

0.01

0.01
enter-composition
austenite

fcc

w-p

C

linear

0.15

0.15

Set the simulation time and other parameters related to the time-step size.

set-simulation-time

leb
y
led
1E-7
1E-7
Finally, save the simulation set-up to file.

save simple moving boundary yes
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| Running and Plotting the Moving Phase Simulation

These commands are the same as in the single-phase example.

@@simulate reaction
sim
@@ post processor

post

The ferrite/austenite phase interface position as a function of time is plotted.

Plot 1 @ m 3

2017.10.09.08.06.24
UPPER INTERFACE OF REGION "FERRITE#1"
CELL#

0.0006

0.0005

0.0004

0.0003

Position of interface

0.0002

0.0001

0.0000
0EQ 1E4 2E4 3E4 AE4 SE4 BE4 TE4 BE4 94 1ES

qjtb Time

Output from the example simple_moving_boundary showing the phase interface position as a
function of time.

As mentioned in the single phase example, in general either a specific spatial position or a
specific time must be set as a plot condition. Here the phase interface is set as plot
condition and it can be referenced as the lower interface of the austenite region or as the
upper interface of the ferrite region.

SET_PLOT_CONDITION
<TYPE OF PLOT CONDITION>

<FOR INTERFACE CONDITION, SPECIFY REGION>
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<LOWER OR UPPER INTERFACE OF REGION>

set-plot-condition
interface

ferrite
upper

Set time as x-axis variable
@@set-diagram-axis x time
s-d-a x time

Now set the interface position as y-axis variable
s-d-a y
POSITION_OF_INTERFACE
<SPECIFY REGION>

<LOWER OR UPPER INTERFACE OF REGION>

pos-of-int ferrite upper
@@ plot diagram

plot

The plot has the parabolic appearance characteristic for many types of diffusion simulations.
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Multiphase Simulations

In this section:

About the Multiphase Simulation ... L 36
Theory for the Multiphase Simulation ... ... 37
Run the Macro File and Learn the Commands ... 38
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About the Multiphase Simulation

This example simulates the evolution of an Fe-Cr-Ni diffusion couple during a 100 hour heat
treatment at 1100° C (1373.15 K). Both end members of the diffusion couple are duplex
ferrite plus austenite, but the majority phase is ferrite on the left-hand side and austenite on
the right.

With this type of simulation it is assumed that the material is fully equilibrated at each grid
point, i.e. the local phase fractions, phase compositions and so forth are obtained from an
equilibrium calculation with the local overall composition as a condition.

Region: Diffcouple
Phases: BCC+FCC
3 mm
< >

» distance

Schematic view of the initial state of the Multiphase example. Two ternary Fe-Cr-Ni alloys form a
diffusion couple. There is a single region (diffcouple) where both the bcc and fcc phases are entered.

Both alloys are duplex bcc+fcc, but the majority phase is bee (Q) in the left-hand side alloy and fcc
(y) in the right.
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Theory for the Multiphase Simulation

More details about the homogenization model for multiphase simulations can be found in
Larsson and Engstréom (2006)Y and Larsson and Hoglund (2009)* . As mentioned in the
description of this simulation, it is assumed that the material is locally fully equilibrated and
that the local phase fractions, phase compositions and so forth are obtained from an
equilibrium calculation with the local overall composition as a condition. From a numerical
point of view the homogenization model treats the multiphase material as a single phase
having the “average”, or “effective”, properties of the local phase mixture.

When estimating the effective kinetics of a multiphase mixture the product of solubility and
mobility in each phase is considered. It is therefore convenient to define

o _ agd o
Iy =M

for each phase ¢. The effective kinetics of the multiphase mixture is denoted and in this
example it was evaluated using the lower Hashin-Shtrikman bound. The default method is a
simple rule of mixtures

wz§ﬁﬁ

where f¢is the volume fraction of ¢. The flux is obtained as

ou
— _ T Pk
Jy = T 5

which replaces the single-phase equation
_ O Oy,
Jr = Lk -, = Mrcr—

for multiphase simulations.

1. Larsson, Henrik, and Anders Engstrom. 2006. “A Homogenization Approach to Diffusion Simulations Applied to a +y Fe—
Cr—Ni Diffusion Couples.” Acta Materialia 54 (9): 2431-39.

2. Larsson, Henrik, and Lars Héglund. 2009. “Multiphase Diffusion Simulations in 1D Using the DICTRA Homogenization
Model.” Calphad 33 (3): 495-501.
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Run the Macro File and Learn the Commands

At the sys prompt, type macro and pres <Enter>. Locate and select the macro file called
multiphase example.dcm as described in Opening the Module and Macro Files. The
commands in the macro file should set up the simulation, run it and then produce a graph in

the Console Results window.

Most of the set-up is the same as the single phase and moving phase boundary examples.
Detailed comments are only given for the new commands for this simulation.

» Single-Phase Command Details

| Specifying the Multiphase Thermodynamic System

Data for Fe, Cr and Ni and the fcc and bcc phases are read from the fedemo
(thermodynamics) and mfedemo (kinetics) databases.

go da

sw fedemo

def-sys fe cr ni
rej ph *

rest ph bcc, fcc
get

app mfedemo
def-sys fe cr ni
rej ph *

rest ph bcc, fcc

get

| Setting Up the Multiphase Simulation

Set the temperature T during the simulation to 1100° C (1373.15 K) and enter a region

diffcouple.

go dictra-monitor

set-cond glob T 0 1373.15; * N
ent-reg diffcouple

ent-grid

diffcouple

3e-3

double
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60

0.85

1.15
In the above example a so-called double geometric grid is used. This is similar to the
geometric grid used in the moving phase boundary example, but instead two geometrical
factors are entered, one for the lower and one for the upper half of the region. In the lower
half of the region the distance between subsequent grid points decreases by 15 % (0.85) and

in the upper half it increases by 15 % (1.15). The resulting grid has a much larger grid point
density toward the middle of the domain.

As always, a region must contain exactly one active phase that is of type matrix. In this
example it is arbitrary whether it is the bcc or the fcc phase that is entered as matrix.

enter-phase
active
diffcouple
matrix

fcc

The bcc phase is entered in the same manner as the fcc phase, except that the type is set as
spheroid.

enter-phase
active
diffcouple
spheroid

bcc

The initial composition profile of the fcc phase is entered as a function of distance.

enter-composition

diffcouple

fcc

fe

m-f

cr

function
2.57e-1+(4.23e-1-2.57e-1) *hs (x-1.5e-3);
ni

function

6.47e-2+(2.75e-1-6.47e-2) *hs (x-1.5e-3);
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In the above entries, the hs denotes the Heaviside step function that has the following
properties:

0, <0
hs(w):{l z>0

The resulting Cr profile is thus 0.257 on the left half of the domain and 0. 423 on the right
with a sharp step at the center.

B Asshown in About the Multiphase Simulation.

The initial composition of the fcc phase is actually the initial overall composition. This is due
to the choice of initial composition of the spheroid bcc phase.

ENTER_COMPOSITIONS
<REGION NAME>
<PHASE NAME>

<USE EQUILIBRIUM VALUE Y/N>
enter-comp

diffcouple

bcc

y
When entering the composition for a type spheroid phase it is possible to either, as here, let

the composition of the matrix phase be the overall composition or manually enter a start
composition and volume fraction.

The local kinetics of the multiphase mixture must be estimated by means of some function
that may depend on the local phase fractions, phase compositions and the mobilities of the
individual phases. The command for choosing the function to use is ENTER_HOMOGENIZATION_
FUNCTION. There are many such homogenization functions to choose from. In this particular
example the so-called lower Hashin—Shtrikman bound® is a good choice.

ENTER_HOMOGENIZATION_FUNCTION
<ENTER FUNCTION NUMBER>

enter-homo-fun

1

Finally, set simulation time (100 h) and select the name of the result file:

1.7. Hashin and S. Shtrikman (1962), J. Appl. Phys., 33 (10), pp. 3125-3131.
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set-sim-time
3.6e5

yes

3.6e4

le-7

le-7

save multiphase example y

| Running and Plotting the Multiphase Simulation Results

Run the simulation.
simulate

Go to the post processor.
post

Plot the mole fraction fcc phase as a function of distance at the end of the heat treatment.

set-plot-condition time last
set-diagram-axis x distance global

set-diagram-axis y npm(fcc)

Instead of explicitly entering the final time it is possible to use the keyword 1ast. The np of
npm stands for number of moles of the phase argument and the m is the normalizing
guantity (moles). The limits of an axis can be set with the SET_SCALING_STATUS command.
You manually set the scaling of the axis and then restore automatic scaling:

SET_SCALING_STATUS
<X ORY AXIS>
<USE AUTOMATIC SCALING Y/N>

<IF MANUAL SCALING, ENTER LIMITS>

set-scaling-status x n le-3 2e-3
Plot the diagram.
plot

The plot below shows that a single phase fcc zone has formed and this was also observed
experimentally, see A. Engstrom, 1995: "Interdiffusion in multiphase, Fe-Cr-Ni diffusion
couples", Scand. J. Metall., 24 (1), pp. 12-20.
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2017.10.09.08.07.23
Time = 360000
CELL#1

1.0

09

0s

NPM(FCC)
o
o

=
@

05

04

0.0010

D

0.0011

00012

0.0013

0.0014

0.0015
Distance

0.0016

0.0017

00018

0.0019

0.0020

Output from the multiphase_example showing the mole fraction fcc phase as a function of
distance at the end of the heat treatment.
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Next Steps

Below are suggestions for you to learn more about using the Diffusion (DICTRA) Module.

« Browse the Online Help (Help - Online Help) or open one of the available PDFs that
is included with your installation (Help = Manuals Folder).

« You have been working with in Console Mode. You might also want to try the
Diffusion Module Graphical Mode Quick Start Guide (Help = Manuals Folder).

¢ Run other Console Mode examples (Help - Examples Files), which contain many
simulation types and advanced functionality. It is a good starting point when you are
thinking of creating a new simulation. When you are setting up a new simulation
there are two recommended ways to proceed:
o Copy and gradually adjust an existing macro file from the examples
collection.

o Enter the set-up directly while recording a log file. The command for
recording a log file is SET_LOG_FILE and this should be done immediately when
starting the program in the SYS module. The log file can then be directly used
as a macro file (it has the file extension *.TCM).

« You can also go to the Thermo-Calc website to see if there are other options suited to
you, such as a course or video tutorials. (Help = Video Tutorials and Help = Thermo-
Calc Website).
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About This Guide

The guide is for users already familiar with Console Mode and it includes all the commands
applicable to the Diffusion Module (DICTRA). It is a supplement to the commands described
for Thermo-Calc and which can be found by searching the online help.

How you proceed depends on your experience with the software as well as your level of
expertise with diffusion problems. In addition to this guide, the following supplemental
documentation and training resources can help you learn how to use the Diffusion Module
(DICTRA) in Console Mode.

Documentation Resources

You can search or browse all the documentation available either from within Thermo-Calc
(press F1 or go to Help - Online Help) or browse the PDFs included with your installation by
going to Help - Manuals Folder).

You can also download The Role of Diffusion in Materials - a Tutorialavailable
from our website.

Training and Video Tutorials

Some of the Graphical Mode examples have video tutorials available both on our website or
our YouTube channel. Watching those videos may help you with your simulation in Console
Mode. You may also decide to enroll in a training course or if you have several people
interested in on-site training.

(X Many of our Graphical Mode examples have video tutorials, which you can
access in a variety of ways. When in Thermo-Calc, from the menu select Help -
Video Tutorials, or you can go to the website or our YouTube channel.
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DICTRA Commands

In this section:
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SET_REFERENCE_STATE oo 66
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SET_SIMULATION _CONDITION .. e 67
SET _SIMULATION _TIME . L 69
SET _SURFACE _TENSION .o 70
SIMULATE _REACTION Lo 71
SOLVE_IN_LATTICE _FIXED _FRAME .. 72
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General Commands

These commands are universal in Console Mode.

BACK

EXIT

GOTO_MODULE

HELP

Return to the previous module. From the POST-processor you go back to the
DICTRA-MONITOR module.

Terminates the program and returns to the operating system. Unless a SAVE _
WORKSPACES command has been given before all data entered is lost.

Module name

Select and go to another module. The name of the module must be given. In order
to obtain a list of available modules give a return.

Enter HELP or ? to either a list of all commands or specific help for acommand by
giving the command (abbreviated)

Command

The command for which a description is wanted should be given. If the abbreviation
is not unique a list of all matching commands are given.
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ADVANCED_HOMOGENIZATION_OPTIONS

p  UTILITIES_HOMOGENIZATION

Use this command and its subcommands with the HOMOGENIZATION MODEL. Go to each
command listed below for details.

Which option?

Enter ? to list the available commands as below.

e BC_FOR_DEPENDENT ELEMENT
e SOLVE_IN_LATTICE_FIXED_FRAME

o DEPENDENT_ELEM_BALANCE_
FLUXES

« USE_ TWO TYPES OF BOUNDARY
CON

o CHECK_PHASE_SET

Prompts
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AMEND_CELL_DISTRIBUTION

Use this to amend the cell distribution factor of the currently selected cell.

Cell distribution factor /4.446590813-323/

Prompt A parameter that determines the weight of the cell, it can be used to simulate a distribution of
different cell sizes.
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AMEND_MOBILITY_DATA

Use this command to change an existing parameter.

IZE Also see ENTER_MOBILITY_DATA for information about the parameter names
and prompts.

Parameter name <Identifier> (<Phase>, <Component array>; <Digit>)

Prompt
Enter > to get an overview
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BC_FOR_DEPENDENT_ELEMENT

Use this command to allow an "active" boundary condition (BC) for a dependent element. It
is available with the HOMOGENIZATION _MODEL as a command within the ADVANCED
HOMOGENIZATION _OPTIONS.

The command enables you to enter a “fix flux” or an “activity-/potential-flux function” type
of boundary condition for the dependent substitutional element if such a boundary condition
is already entered for the independent elements.

Use of this command automatically ensures that the flux of the dependent element is not
used to balance the independent fluxes, i.e. the feature “dependent element balance fluxes”
is set to No.

Syntax ~ BC_FOR_DEPENDENT_ELEMENT

Enter BC for dependent element on lower boundary /NO/

If yEs is entered, the subsequent prompts are the same as when the boundary condition was
entered for the independent elements on the lower boundary; it is a prerequisite that such a

Prompts boundary condition is already entered.

— This feature is only allowed with a “fix flux” or an “activity/potential flux function”
type of boundary condition.
Enter BC for dependent element on upper boundary /NO/

If YES is entered, the subsequent prompts are the same as when the boundary condition was
entered for the independent elements on the upper boundary; it is a prerequisite that such a
boundary condition is already entered.

E‘: This feature is only allowed with a “fix flux” or an “activity/potential flux function”
type of boundary condition.
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CHECK_DIFFUSION_MATRIX

Display the diffusion coefficient matrix for a phase at a given composition, pressure and
temperature.

Prompts Output to screen or file /Screen/
Phase name
Name of the phase for which the diffusion coefficient matrix is to be displayed.
Concentration of

Concentration of the component in U-fraction for which the diffusion coefficient matrix is to be
displayed.

Pressure
Pressure for which the diffusion coefficient matrix is to be displayed.
Temperature

Temperature at which diffusion coefficient matrix is to be displayed.

Use one or several of the options:

o D: reduced diffusion matrix

e L:I matrix (diagonal)

e P:L' matrix

e B:L" matrix

e M:MU (k) array

o X:dMU (k) /dC3 matrix

o 0:unreduced diffusion matrix

o E: Eigen values of matrix
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CHECK_PHASE_SET

This command is available with the HOMOGENIZATION MODEL as a command within the
ADVANCED HOMOGENIZATION OPTIONS.

E This command is only available with single region simulations.

One difficulty with single region multiphase simulations is to choose which phases should
take part in the simulation, i.e. which phases should be entered in the region; what phases
are stable, or become stable, is often a part of the question and the diffusion path is not
known a priori. With this command it may be checked which, if any, phases read from the
database but not entered in the region have become stable. The interval at which checks are
made can be set to some extent. Whether a simulation should be terminated when a non-
entered phase become stable can also be set. Finally, it can also be set whether some phases
should be excluded from the check, if for example a phase has been read only to be used to
define a reference state.

Syntax ~CHECK_PHASE_SET

CHECK SET OF PHASES ENTERED INTO SIMULATION (Y/N):

USE THIS FEATURE WITH DEFAULT SETTINGS? (Y/N):

if NO, the following settings can be made:

OPTIONS FOR CHECK INTERVAL:
1. BEGINNING AND END OF SIMULATION
Prompt 2. EVERY TIME RESULTS ARE SAVED
3. AS #2, BUT TERMINATE SIMULATION IF NON-ENTERED PHASE BECOME STABLE
CHOOSE OPTION 1-3:
PERFORM CHECK USING GLOBAL MINIMIZATION? (Y/N) :

SHOULD ANY PHASE BE EXCLUDED FROM THE CHECK? (Y/N):

if YES, then those phases are prompted for.
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COARSENING_MODEL

p  About the Coarsening Model in the Diffusion Module User Guide

The model allows you to perform coarsening simulations. Use this command to explicitly set
the DICTRA module to use this model.

Enable or disable the use of the simplified model for calculating Ostwald-ripening in
multicomponent systems. This also must be used together with the SET_SURFACE TENSION
command.

To use this mode, configure the calculation as follows:

« Have one cell only, with a single particle that is 1.5 times larger than the average
particle size.

o The matrix phase should be in contact with the maximum size particle on the
left/lower side, and then the model specifies a local equilibrium with an average
sized particle on the right/upper side.

« The surface energy then results in growth of both the maximum size particle and the
matrix phase. Use SET_SURFACE_TENSION to enter the surface energy to enable
coarsening.

Enable coarsening model /N/

Prompt
By default the coarsening model is not used. Enter Y to enable the use of this model.
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CREATE_NEW_CELL

Create a new cell and attach it to the list of current existing cells.

Cell distribution factor

Prompt A parameter that determines the weight of the cell, this parameter can be used in order to
simulate a distribution of different cell sizes.
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DEBUGGING

Determines the debugging level. Depending on the value given, different amounts of
information are written onto the output device. This can be used to determine what causes
the program to crash during a simulation.

Debug level (Yes, No, 0, 1, 2, 3, 4) /N/

Prompt
The level of debugging information to be displayed.
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DELETE_REGION

Delete a region and all its associated data from the current cell.

Region name

Prompt
The region name to delete.
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DEPENDENT_ELEM_BALANCE_FLUXES

Use this command to set whether the dependent element should balance fluxes at the
boundaries. This command is available with the HOMOGENIZATION _MODEL as a command
within the ADVANCED HOMOGENIZATION OPTIONS.

For most boundary conditions (the notable exception being the “gas” type of boundary
condition) the default behavior is that the boundary flux of the dependent substitutional
element balances the fluxes of all other substitutional elements such that the size of the
domain is preserved. This generally means that the flux of the dependent element equals
minus the sum of all other substitutional elements.

This feature allow the balancing of boundary fluxes to be turned off and consequently the
domain may change its size as a result of the boundary condition.

The input for this feature is yes or No, where No mean that the balancing of boundary fluxes
is turned off.

Syntax DEPENDENT_ELEM_BALANCE_FLUXES

Prompt Dependent element balance the fluxes /Yes/:
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ENTER_COMPOSITIONS

Enter the composition into the phases in a region.

Syntax

Prompts

The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator
instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

ENTER_COMPOSITIONS

Region name

Name of the region into which the compositions are to be entered.

Phase name

Name of the phase in a region into which the compositions are to be entered.
Use equilibrium value

This is only for spheroid phases in simulations with dispersed phases. If this option is used the
program automatically calculates the equilibrium fractions of the spheroid phase and its
constitution at the start of the simulation.

Dependent substitutional species

A dependent substitutional species is required in order to be able to determine which species are
independent. The program only queries for the compositions of the independent species.

E‘é’ Sometimes the dependent species is chosen by the program and thus this question
is never given. This may be due to stoichiometric constraints or to the fact that it
has been set already in the kinetics database due to the model selected for the
diffusion.

Dependent interstitial species

A dependent interstitial species is required in order to be able to determine which species are
independent. The program only queries for the compositions of the independent species.

%;: Vacancies are always regarded as dependent and therefore if vacancies are
present in the phase then this question is never given.

Composition type

Type of composition used for the constitution of the phase. Options are: SITE_FRACTION, MOLE_
FRACTION, MOLE_PERCENT, WEIGHT_FRACTION, WEIGHT_PERCENT and U_FRACTION.

Type

Type of composition profile to be entered, options are: LINEAR, READ_POINT_BY_POINT,
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Syntax ENTER_COMPOSITIONS

FUNCTION, and GEOMETRIC.

o If READ_POINT_BY_POINT is chosen note the following. When compositions are read
from a file it may often be the case that both grid coordinates and the composition at the
grid points are given on the same line, e.g. the grid coordinates in the first column, the
mole fraction of the first element at that grid point in the second column and so on. The
column that contain the composition of a given element can then be specified in a macro
file by, for example, having a line "read_point_by_point foo.dat 2". The "2" mean that the
grid coordinates are in the 2nd column in the file foo.dat. In a corresponding manner the
column that contain the grid point coordinates can be specified (see ENTER_GRID _
COORDINATES).

« If FUNCTION is chosen the composition profile can be given as a function of the global
distance denoted X. Some useful functions are the error function denoted erf (x) and the
Heaviside step-function denoted hs (x). For example the function 3+2hs (x-1e-4) provides a
concentration of 3 at the left side and 5 at the right side with a sharp step in the
concentration profile at 1e-4m=100um.

Value of first point

Composition in the first gridpoint. Values in between are interpolated linearly if a LINEAR type of
profile is specified.

Value of last point

Composition for the last gridpoint. Values in between are interpolated linearly if a LINEAR type of
profile is specified.

Input file

The input source from which to read the points when entering values point by point, default is
TERMINAL.

Value of point

The value of the point when entering values point by point.
Value of R in the geometrical serie

Use the same geometrical factor as for the geometrical grid.
Volume fraction of

Initial volume fraction of a spheroid phase.
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ENTER_ENHANCEMENT_FACTOR

Change the mobility of a specific element in a specific phase. The mobility of the element in
the phase is multiplied by a factor which is specified as an argument to the command.

Prompt Mobility enhancement factor for phase
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ENTER_GEOMETRICAL_EXPONENT

The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator
L/ instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

Enter the geometrical exponent which defines the geometry of the system. The program
handles one-dimensional geometries defined by the geometrical exponent. These
geometries are:

o Planar. This corresponds to an infinitely wide plate of a certain thickness.

« Cylindrical. This corresponds to an infinitely long cylinder of a certain radius.

o Spherical. Sphere with a certain radius.

Syntax ~ENTER_GEOMETRICAL_EXPONENT

Geometrical exponent
Prompt }
Enter an integer value between 0 and 2.
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ENTER_GRID_COORDINATES

) The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator

T

YL instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

Enter the size and gridpoint distribution of the grid in each region separately. The size of the
region is specified in the units that the diffusion data is entered in. The grid in a specific
region may also be subdivided into several parts, where the type of each part is chosen
independently, by first entering SUB_REGION as the overall grid type.

Syntax

Prompts

Options

TYPE of
grid

ENTER_GRID_COORDINATES

Region name

Name of the region into which a grid is to be entered.
Width of region /1/

The actual size of the region is entered.

@ The size of the region is specified in units compatible with those of the diffusion
data.

Description
Type /Linear/

Type of grid to entered, options are:

e LINEAR: For an equally spaced grid.

e READ POINT BY POINT: Can be done either from the keyboard or from a predefined file.
When grid coordinates are read from a file it may often be the case that both grid
coordinates and the composition at the grid points are given on the same line, e.g. the grid
coordinates in the first column, the mole fraction of the first component at that grid point
in the second column and so on. The column that contain the grid coordinates can then be
specified in a macro file by, for example, having a line "read_point_by_point 30 foo.dat 1".
The "1" mean that the grid coordinates are in the 1st column in the file foo.dat (and "30" is
the total number of grid points). In a corresponding manner the column that contain the
composition of a specific component can be specified (see ENTER_COMPOSITIONS).

o GEOMETRIC: Yields a higher number of gridpoints at the lower end of the region if a
geometrical factor larger than one is given and a higher number of gridpoints at the upper
end of the region if the factor is smaller than one.

e DOUBLE GEOMETRIC: Divides the region in two halves and generates a separate geometrical
grid in each half. It gives a high number of gridpoints in the middle or at both ends of a
region, two geometrical factors should be entered.

e AUTOMATIC: Use this for automatic grid point distribution. An appropriate grid is generated

DICTRA Commands | 22 of 139



Diffusion Module (DICTRA) Documentation Set

Syntax ENTER_GRID_COORDINATES

at the start of the simulation where the grid points are automatically distributed according
to the entered composition profile and boundary conditions.

If suB_rREGION is entered when you are prompted to enter the grid type, then the next prompt is

End coordinate in Sub-Region /1/

Sub Enter a value equal to or less than the total width of the region. You are then prompted for the

region number of grid points and the grid type to be used between the left-hand side of the region and
the end coordinate. As long as the end coordinate is less than the total width of the region you
are prompted for an end coordinate and the grid to be used in the sub region starting at the end
of the former sub region. Thus, progressively higher end coordinates must be entered and the
final end coordinate must be equal to the total width of the region.

Number of points /50/

The number of points present in the region. Please consider the interspacing of the grid when
determining the number of points.

Input file

The input source from which to read the points when entering values point by point, default is
TERMINAL.

Value of point
The value of the point when entering values point by point.
Value of R in the geometrical series

Value in the geometrical factor in the series determining the distribution of the grid points. A
geometrical factor larger than one yields a higher density of gridpoints at the lower end of the
region and a factor is smaller than one yields a higher density of gridpoints at the upper end of
the region.

Value of R in the geometrical serie for lower part of region

The geometrical factor in the series for the lower (left) part of a region in a double geometrical
grid

Value of R in the geometrical serie for upper part of region

The geometrical factor in the series for the upper (right) part of a region in a double geometrical
grid.
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ENTER_HEAT_TRANSFER_PARAMETER

A model for thermos-migration simulates the thermal induced diffusion in temperature
gradients. This model requires that the temperature depends on the length coordinate in the
system and that the quantity heat of transport (0*), is entered.

Heat transfer parameter for phase

Prompt  The phase for which the parameter is to be entered. This parameter is entered separately for each
component in each phase.

I:?l The implementation and functionality of this model is described in Hoglund and
Agren (2010)*.

1. Hoglund, Lars and John Agren(2010)."Simulation of Carbon Diffusion in Steel Driven by a Temperature Gradient", J. Phase
Equilibria Diffus. 31, 212-215.
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ENTER_HOMOGENIZATION_FUN

Use this with the homogenization model for multiphase simulations. The homogenization
model is based on the assumption of local equilibrium at each node point, which yields the
local chemical potentials at each node point from which the local chemical potential
gradients may be estimated. The chemical potential gradients are the driving forces for
diffusion. The local kinetics must also be evaluated by some averaging procedure, the choice
of which is determined by this command. The local kinetics is evaluated by considering the
product of mobility times u-fraction for each component in each phase and the volume
fraction of each phase.

R The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator
@ instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

Enter homogenization function # /5/

Prompt  Enter a digit between 1 and 14 (default is 5). The options corresponding to the numbers are listed
below.
Homogenization Functions

Enter a digit between 1 and 14 (default is #5) to assign the homogenization function then
follow the prompts. The homogenization functions are:

1 General lower Hashin-Shtrikman bound*

2 General upper Hashin-Shtrikman bound*

3 Hashin-Shtrikman bound with prescribed matrix phase*

4 Hashin-Shtrikman bound with majority phase as matrix phase*
5 Rule of mixtures (upper Wiener bound)

6 Inverse rule of mixtures (lower Wiener bound)

7 Labyrinth factor f with prescribed matrix phase

8 Labyrinth factor f**2 with prescribed matrix phase
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No. Function name

9 General lower Hashin-Shtrikman bound with excluded phase(s) *

10  General upper Hashin-Shtrikman bound with excluded phase(s) *

11 Hashin-Shtrikman bound with prescribed matrix phase with excluded phase(s) *

12 Hashin-Shtrikman bound with majority phase as matrix phase with excluded phase(s) *
13 Rule of mixtures (upper Wiener bound) with excluded phase(s)

14 Inverse rule of mixtures (lower Wiener bound) with excluded phase(s)

D * For the Hashin-Shtrikman bounds, see Hashin, Z. & Shtrikman, S. “A Variational
Q Approach to the Theory of the Effective Magnetic Permeability of Multiphase
Materials”. J. Appl. Phys. 33,3125-3131 (1962).

About the Homogenization Functions

The geometrical interpretation of the Hashin-Shtrikman bounds are concentric spherical
shells of each phase. For the general lower Hashin-Shtrikman bound the outermost shell
consists of the phase with the most sluggish kinetics and vice versa for the general upper
bound. The geometrical interpretation of the Hashin-Shtrikman bounds suggest further
varieties of the bounds, viz. Hashin-Shtrikman bound with prescribed matrix phase and
Hashin-Shtrikman bound with majority phase as matrix phase, where the outermost shell
consist of a prescribed phase or the phase with highest local volume fraction, respectively.

The geometrical interpretation of the Wiener bounds are continuous layers of each phase
either parallel with (upper bound) or orthogonal to (lower bound) the direction of diffusion.

E The labyrinth factor functions (described below) are only available in Console
Mode.

The labyrinth factor functions implies that all diffusion takes place in a single continuous
matrix phase. The impeding effect on diffusion by phases dispersed in the matrix phase is
taken into account by multiplying the flux with either the volume fraction (Labyrinth factor f
with prescribed matrix phase), or the volume fraction squared (Labyrinth factor f**2 with
prescribed matrix phase), of the matrix phase.

E The varieties with excluded phases (described below) are only available in
Console Mode.
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The varieties with excluded phases are useful in several respects. First, if a phase is
modelled as having zero solubility for a component, the mobility of that component in that
phase is undefined, which causes a (non-terminal) error. Setting a phase as excluded causes
the mobility of all components in that phase to be set to zero. Second, often there are some
major matrix solid solution phases and some minor precipitate phases. If the mobilities in
the minor precipitate phases are zero the lower Hashin-Shtrikman bound is useless as it
produces a kinetic coefficient of zero. However, using General lower Hashin-Shtrikman
bound with excluded phase(s) the excluded phases are not considered when evaluating what
phase has the most sluggish kinetics.
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ENTER_LABYRINTH_FUNCTION

Enters a constant value or a function of temperature, pressure, or the volume fraction of the
phase where diffusion occurs. This function increase or reduces the diffusion coefficient
matrix. This function is primarily used when spheroid phases have been entered into a
region. It may also be used for increasing or decreasing all diffusion coefficients in a certain
matrix phase by a constant factor.

Region
Prompt
£(T,P,VOLFR, X) =
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ENTER_MOBILITY_DATA

Use this command to enter previously non-existing mobility parameters. If there is already a
function is defined for the same parameter, it is deleted.

You can also use:

o ENTER_ENHANCEMENT FACTOR to enter a factor by which element mobilities are
multiplied with.

o ENTER_MOBILITY ESTIMATE to enter a rough mobility estimate for elements in
specific phases. This can be useful for phases where there is no data in the database.

A valid parameter should have the general form of:

<Identifier> ( <Phase name> , <Component array> ; <Digit> )

The identifier must be followed by an opening parenthesis, a phase name, a comma and
a component array. Optionally, the component array can be followed by a semicolon and a
digit. The parameter name is terminated by a closing parenthesis.

These identifiers are legal:

Mo (activation energy for mobility)

MF (frequency factor for mobility)

Do (activation energy for diffusivity)

pF (frequency factor for diffusivity)

00 (activation energy for mobility, ordered part)

or (frequency factor for mobility, ordered part).

The phase name must be followed by an & and directly following that the name of the
diffusing specie.

The component array consists of a list of constituent names. Interaction parameters have
two or more constituents separated by a comma. If the phase has sublattices at least one
constituent in each sublattice must be specified. The constituents in different sublattices
must be given in sublattice order and are separated by a colon.

After the component array a subindex digit can be specified after a semicolon. This digit
must be in the range 0 to 9. The interpretation of the subindex depends on the excess model
used for the phase. If no semicolon and digit is given the subindex value is assumed to be
zero.
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Prompt

Identifier

Phase Name

Parameter: <Parameter name>

As explained above, specify a correct and complete parameter name, which should contain all
the necessary parts of the general form:

<Identifier>(<Phase>,<Component array>;<Digit>)

If a parameter name is not acceptable or <Enter>, is pressed, the error message displays:

*x* Error, please re-enter each part separately

Examples

e MQ (FCC&C, Fe:Va) Mobility of C in fcc Fe with interstitials.

e MQ (FCC&C, Fe,Cr;0) The regular parameter for Fe and Cr in fcc.

e MQ(FCC&C, Fe,Cr;1) The subregular interaction parameter (Redlish-Kister model).
Identifier /MQ/ <MQ, MF, DQ, Df, 0Q, OF>

If this command is used one or more times, the previous value on this prompt is set as default.
Press <Enter> for the same type identifier or specify a new type.

Phase name /FCC&C/

Each parameter is valid for a specific phase. The name of that phase must be supplied. The
name must not be abbreviated. The phase name must be followed by an '&' and directly
following that, the name of the diffusion specie.
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ENTER_MOBILITY_ESTIMATE

Use this command to enter a function yielding a mobility estimate for a specific element in a
specific phase.

p  LIST MOBILITY_ESTIMATES

Mobility estimate for phase

Prompt Interactively enter a function yielding a mobility estimate for a specific element in a specific phase.
This can be used to enter mobility estimates in phases for which there is no assessed data.
Estimates entered here override database values.
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ENTER_PHASE_IN_REGION

Enter a phase into a previously defined region.

Syntax

Prompts

ENTER_PHASE_IN_REGION

Active or Inactive phase

Type of phase entered. An inactive phase is a phase which does not participate in the calculations
until it is stable. This is done by regarding the driving force for precipitation of the phase in an
equilibrium calculation. The program then automatically retransforms the inactive phase into an
active one.

Region name

Name of the region into which the phase is to be entered.
Phase type

Type of phase entered.

Legal types are:

o MATRIX
o LAMELLAR (see ENTER PHASE IN REGION - Lamellar Prompts).

o SPHEROID: requires that a MATRIX phase has been previously entered.

Phase name

Name of the phase that is to be entered. A #-sign and a digit may append the phase name in order
to specify the composition set number, e.g. FCCH2.

Composition set

Number of the composition set. This is needed if the phase has been amended to have more than
one composition set and the number was not given directly on the phase name, see above.

Attach to region named
Enter the name of the region onto which the inactive phase is to be attached.
Attached to the right of

Enter Y to attach the inactive phase on the right side of the region. Enter N to attach on the left
side.

Required driving force for precipitation

The required driving force (evaluated as DGM (phase) in POLY-3) to be used for determining
whether an inactive phase is stable.

Condition type

Boundary condition used if the inactive phase becomes stable.
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ENTER_PHASE_IN_REGION - Lamellar Prompts

E The following are the ENTER_PHASE _IN_REGION subprompts for Lamellar.

For a LAMELLAR type of phase, the pearlite calculation model is invoked. The following is
displayed:

eutectoid reaction is "gamma" ==> "alpha" + "beta"

This is to clarify what is meant with GAMMA, ALPHA and BETA in the specific sub-prompts
that display as follows.

Subprompts LAMELLAR

Enter name of "alpha" phase

Enter the GES phase name for the ALPHA phase of the eutectic/eutectoid decomposition
product.

Enter name of "beta" phase

Enter the GES phase name for the BETA phase of the eutectic/eutectoid decomposition
product.

Enter name of "gamma" phase
Enter the GES phase name for the GAMMA matrix phase.

Enter "alpha"/"beta" surface tension:
Enter function for the surface tension between the ALPHA and BETA phases, & o/
Enter "alpha"/"gamma" surface tension:

Enter function for the surface tension between the ALPHA and GAMMA phases,o a/y

Enter "beta"/"gamma" surface tension:

Enter function for the surface tension between the BETA and GAMMA phases,o B/y
Optimum growth condition factor /2/:

Enter the Optimum-growth-rate-factor. Due to Zener's maximum growth rate criteria this
factor has a value of 2 for volume controlled growth and 3/2 for boundary controlled growth.
Due to Kirkaldy's extreme in entropy production criteria the values are 3 and 2, respectively.

Name of dependent element

Enter the name of the substitutional element to consider as the dependent one.
Growth model (Volume/Boundary/Kirkaldy) for element x

Select growth model to be used for element X. Choose between:

o volume diffusion model

e Boundary diffusion model
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Subprompts LAMELLAR

e Kirkaldy's mixed mode diffusion model. Implies MIXED, see below.

df (x) = /Value/Automatic/Mixed/TDB/

Either input a numerical value on the pre-exponential factor DF or select one of the
keywords:

o AUTOMATIC
o MIXED
o TDB

AUTOMATIC is only available for element Carbon. It implies a mixed type of calculation where
the volume diffusion part is calculated due to J. Agren “A revised expression for the diffusivity
of carbon in binary Fe-C austenite”. Scr. Metall. 20, 1507-1510 (1986) (volume diffusion of C
in Austenite) and the boundary diffusion part due to J. Agren “Computer simulations of the
austenite/ferrite diffusional transformations in low alloyed steels” Acta Metall. 30, 841-851
(1982) (boundary diffusion of C is assumed to be the same as C diffusion in Ferrite).

The k' or k", as appropriate, are given by B. Jonsson (1992)%. MIXED means a mixed mode
calculation using an effective diffusion coefficient. Coefficient k' or k" is asked for, see below.
TDB means calculate the diffusion coefficient for volume diffusion for element X from the
parameters stored in the database.

DO (X)

Input a numerical value on the activation energy DQ for element X.
=

k''=

Input a numerical value on the k coefficient used to calculate the effective diffusion
coefficient, use in MIXED mixed mode calculations, see B. Jénsson, 1992“0n the Lamellar
Growth of Eutectics and Eutectoids in Multicomponent Systems.” Trita-Mac 478 (January): 27.

DF _boundary (x)=

Input a numerical value on DF for boundary diffusion of element X in a mixed mode
calculation.

DQ boundary (x)=

Input a numerical value on DQ for boundary diffusion of element X in a mixed mode
calculation.

DF_volume (x)=

Input a numerical value on DF for volume diffusion of element X in a mixed mode calculation.
N.B. key word TDB may also be used, see TDB above.

DQ volume (x)=

1."On the Lamellar Growth of Eutectics and Eutectoids in Multicomponent Systems” Trita-Mac 478.
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LAMELLAR

Input a numerical value on DQ for volume diffusion of element X in a mixed mode calculation.
Automatic start values for the sO determination /Y/:

Enter v if you want automatic start values for the unknown parameters in the SO
determination else enter n. SO is the critical lamellar spacing for which the growth rate is zero.

Critical thickness of "alpha" lamella:

If you answered n this prompt displays. The critical thickness of ALPHA is about 0.9 of SO,
which in turn is about 1/3 to 1/2 of the observed lamellar spacing S. For binary Fe-C alloys the
observed pearlite lamellar spacing is approximately given by

S=1.75-105(43, — T)!
The equation may be used as a start value approx. for alloyed steels. However, use the Ase
temperature of the steel.
Critical thickness of "beta" lamella:
The critical thickness of BETA is about 0.1 of SO, see above.
Automatic start values on potentials /Y/:

By default, automatic start values for the unknown potentials are used. Choose N to enter your
own start values.

Give potentials for "alpha"/"gamma" equil.

Enter start values for the unknown potentials, MU, at the ALPHA/GAMMA phase boundary.
Give potentials for "beta"/"gamma" equil.

Enter start values for the unknown potentials, MU, at the BETA/GAMMA phase boundary.
Growth rate v:

Enter a start guess on the growth rate. As a hint on what value to choose we recognize that for
binary Fe-C alloys the pearlite growth rate is approximately given by:

v=28-10"%(41 — T)?
The equation may be used as a start value approx. for alloyed steels. However, use the Ase of
the steel.

Automatic start values on other variables /Y/:

By default there are automatic start values for the unknowns in the determination of the
growth rate.

Fraction of "alpha" phase:
Enter a guess on the fraction of the ALPHA phase. For pearlite it is about 0.9.

Give potentials for "alpha"/"gamma" equil.
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Enter start values for the unknown potentials, MU, at the ALPHA/GAMMA phase boundary.

Give potentials for "beta"/"gamma" equil.

Enter start values for the unknown potentials, MU, at the BETA/GAMMA phase boundary.
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ENTER_REGION

Enter a region into the system. Enter this before entering a grid or any phases.

Prompts

Region name

Name of a region to be entered. The name of the region can be arbitrarily chosen.
Attach to region named

Name of a region to which the new region should be attached.

Attached to the right of

Relative position of the new region. Enter Y to attach the inactive phase on the right side of the
region. Enter N to attach on the left side.
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GB_MODEL

Grain-boundary and dislocation assisted diffusion is implemented by assuming that these
contributed to the diffusion by using the same frequency factor and a modified bulk
activation energy. The grain-boundaries and the dislocations contribute to the total amount
of diffusion according to the weighted fractions.

The parameters are entered separately for each region in order to different expression for
different phases.

The used expressions for the grain-boundary and dislocation contributions are:

Msd = Mgu]k : eXP(FredGB ’ Qbu]k / R/ T)

disl bulk bulk
M = MO : exp(]:-"redDisl : Q R/ T)

where

o MEuk: frequency-factor in the bulk

o QPuk: activation energy in the bulk

* F..qcg: bulk diffusion activation energy multiplier (typical value 0.5)

* F..apist: bulk diffusion activation energy multiplier (typical value 0.8)
The weighted calculated value for the mobility M"™" is then evaluated from:

Mnew:(s/d_Mgb +p _b2_Mdisl_|_(1_5/d_p _b2)_Mbu]k

where

« d: grainboundary thickness (typical value 0.5-109 or 0.5-10-10)
« d: grainsize as a function of time and temperature (typical value 25-10°6)
e P: dislocation density as a function of time and temperature

« b: burgersvector (typical value 1-10-10)

o Mk, mobility in the bulk (8/d being the fraction of grain boundaries in the bulk and £ * b’
being the fraction of dislocations in the bulk)
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HOMOGENIZATION_MODEL

»  UTILITIES HOMOGENIZATION

» ADVANCED_HOMOGENIZATION_OPTIONS

This command enables or disables the use of the homogenization model and its default
settings. The homogenization model is used for multiphase simulations assuming that local
equilibrium holds at each node point. When entering phases into a region one of them is
entered as MATRIX phase and all other phases as SPHEROID, but it does not matter which
one is entered as matrix phase and it does not affect simulations. Homogenization model
simulations differs from all other DICTRA module simulations in that it is implemented using
an implicit finite volume method in order to increase numerical stability (degree of implicity
can be chosen using the SET_SIMULATION _CONDITION command). Because of this, and
other factors, homogenization model simulations generally run slower than other
comparable simulations.

The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator
WL instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

Syntax HOMOGENIZATION_MODEL

Enable homogenization model:

Prompts o o ] )
Enter Y to enable the homogenization model. If it is already enabled, you can enter x to disable it.
Use default settings /Y/:

Press <Enter> to keep the default settings for the homogenization model. Otherwise enter N and
follow the prompts.

Add ideal flux contribution /N/:
If you enter Y you are prompted as follows:
Fractional ideal contribution (0->1) /.01/:

Enter a number between zero and one. In multiphase regions the system loses degrees of
freedom which may cause fluctuations in the composition profiles. This can be amended by
adding a small ideal contribution to the fluxes. The ideal flux contribution should normally not be
used.

Use interpolation scheme /Y/:

By default the interpolation scheme is used and it normally speeds up simulations. You are then
prompted with the following:

Enter number of steps between XMin and XMax /10000/:
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HOMOGENIZATION_MODEL

Enter the number of steps in composition space. In the limit where an infinite number of steps
are used, exactly the same solution is obtained as without the interpolation scheme. However,
excellent results can be obtained with a reasonable discretization.

Linear or logarithmic discretization /Log/:

The discretization can be either linear or logarithmic (the default). For the linear discretization the
scheme is not used at node points where the content of one or more solutes fall below a certain
critical value. For such cases, where a good discretization is required for very low solute contents,
the logarithmic discretization can be tried.

Fraction of free physical memory to be used /.1/:

Enter the fraction of free physical memory to be used by the interpolation scheme. If a value
larger than one (1) is entered it is interpreted as the number of MB to be used for the
interpolation scheme.

Use global minimization /N/:

By default global minimization is not used in equilibrium calculations. In general, using global
minimization significantly increases the simulation time, but there is also a significantly reduced
risk for non-converged equilibrium calculations.

Refresh Jacobian every iteration /N/:

If there are convergence problems, enter Y to see if this solves the issue. This does increase
computational demand for each iteration.

Default grid parameter values /Y/:

These settings only affect simulations where the grid changes during the simulation. If you enter
N, you are prompted with the following.

Geometrical coefficient (0+ -> 1) /.98/:

The geometrical coefficient used in each region.

Fixed interface width (<0 DISABLES) /-1/:

A value larger than zero makes interface widths fixed to that value.
Grid fineness away from interface /1/:

A value other than one causes the grid away from the interface to be coarser (>1) or finer (<1)
than what would be obtained just by the geometrical coefficient.

Interface width fraction (0+ -> 0.1) /.005/:

If the interface width is not fixed the program aims for a width equal to this factor times the cell
width.

Consecutive critical time-steps (DT) to delete region /20/:

If the width of a region falls below a certain critical value and shrinks monotonically for this
number of time-steps it is deleted.
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INPUT_SCHEIL_PROFILE

'—?:&li’ As per normal procedure, and before entering the DICTRA monitor, you need to
read thermodynamic and kinetic data to use this command.

This command takes a previously calculated Scheil segregation profile and performs most of
the setup needed to use that profile in a simulation, for example a homogenizing heat
treatment.

The command creates a region called SCHEIL_REGION. You then create a linear grid and
enter the composition read from the file containing the segregation profile.

After issuing this command, you specify simulation time (SET_SIMULATION_TIME) and
simulation temperature (SET_CONDITION, enter cLoBAL and variable T) to finalize setup.

=72 Inorder to limit the computational effort, this feature cannot be combined with
the fast diffusers option in the Scheil module.

D Press F1 in Thermo-Calc to search the online help for detailed information about
Q Scheil simulations.

Syntax INPUT_SCHEIL_PROFILE

Enter file location of Scheil segregation profile

Prompts In interactive mode (the command line), a file dialogue window opens. Navigate to
the file containing the Scheil profile. Alternately, if you are working from a macro
file, the line should contain the name of the file.

Enter width of region

Enter the width of the region [m] that contains the Scheil profile. This typically
corresponds to the secondary dendrite arm spacing.

Enter main solid solution phase

Enter the name of one of the main solid solution phases. In the next prompt you
can enter other phases that enter the simulation.

Should more phases be entered in the region
Enter Y to enter more phases then enter the phase name as prompted next.
Enter phase name

Enter the name of another phase that should be entered into the region.
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INTERFACE_SURFACE_TENSION

This command enters a distance- and velocity-dependent function that is added to the Gibbs
energy of the phase at left side of a specified interface. This can then be used to emulate the
effect of surface tension on the equilibrium between at the phase interface or limited phase
mobility. This command is similar to the SET_SURFACE_TENSION command but more
flexible because if there is more than one interface in a cell, the user can add different
Gibbs energy expressions to different interfaces, each specified by the two neighboring
phases.

PHASE ON LEFT SIDE OF INTERFACE

The name of the phase on the left side of the specified interface.
PHASE ON RIGHT SIDE OF INTERFACE

The name of the phase on the right side of the specified interface.
Function F(X,V,TIME,T) :

Prompt Enter a function which adds to the Gibbs energy expression for the phase located at the lower
(left) side of the interface. The expression is multiplied with the volume per mole substitutional
atoms (10-5m3/mole). This command is also used to simulate a limited interfacial mobility control
where the energy function is a function of the interface velocity.

It is used to enter the surface energy to enable coarsening. However, it can also be used to
simulate a case with a limited interfacial mobility.

} For detailed syntax for the function, see the SET_SURFACE_TENSION command.
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LIST_CONDITIONS

Use the LIST_CONDITIONS command to lists the conditions defined with the SET CONDITION
command.

Output file

Prompt
File where the information is to be written.
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LIST_MOBILITY_DATA

Lists the mobility data from the database or entered interactively by the ENTER_MOBILITY
DATA command.

Output file

Prompt
File where the information is to be written.
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LIST_MOBILITY_ESTIMATES

Use the LIST_MOBILITY_ESTIMATES command to list on screen the mobility estimate entered
interactively using the ENTER_MOBILITY ESTIMATE command.
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LIST_PROFILES

Lists the concentration profiles and grid coordinates in the cell.

Prompts

Name of region
Name of region(s) in which the profiles are to be listed.
Output file
File where the information is to be written.
Composition type
Composition type in which the profiles are to be written. Legal composition types are:
o SITE_FRACTION
o MOLE_FRACTION
o WEIGHT_FRACTION
o U_FRACTION
Components
The output information may be limited to the specified components.
Constituents

The output information may be limited to the specified constituents.
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LIST_REGION

List the names of the defined regions, active and inactive phases and the global coordinates
of the interfaces.

Output file

Prompt
File where the information is to be written.
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LIST_TIMESTEPS

E This for the DICTRA module. Also see LIST TIME STEPS for the POST module.

Use the LIST_TIMESTEPS command to list the time steps in the workspace and those stored on
file during a simulation.
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MACRO_FILE_OPEN

Use this to predefine sequences of commands on a file and then execute them with the
MACRO command. This is useful when the same calculation is made often with just small
changes. One good case for applying this is when calculating diagrams from an assessment.
With a macro file all commands can be stored on a file and you just type MACRO
<filename>.

Macro filename

Prompt
Give the name of the file with the macro commands. Default extension is DCM.

The macro file can contain any legal DICTRA module commands. The macro must be terminated
with EXIT or in the SYS, DICTRA, POLY-3 or POST module with the command SET INTERACTIVE
MODE.
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PARA_EQUILIBRIUM_MODEL

Turns on the para-equilibrium model in the simulation. Using this model implies that the
local equilibrium assumption is no longer valid and that substitutional components are
regarded as one composite component.

The model is limited to treating only one single moving interface in one cell.

See the Diffusion Module (DICTRA) example EXH2, which is briefly described in
Deviation from Local Equilibrium Examples

Enable paraeq

Prompts
Enables or disables the use of this model by using one of the key words YES or NO.

Auto
Choose this to set it to the value at the region’s lower or upper boundary.

Value %

Enter a value followed by a percentage sign (%) to set it to a certain percentage from the moving
boundary inside the region.

-Value
Enter a hyphen (-) followed by a value to set it to a fixed distance from the moving boundary.
Value

Enter a value to set the composition to that specific value,
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POLY_COMMAND

This command sends a string to the POLY-3 module interpreter where it is then executed.

. An example of the use of this command is as follows. There are some
|_ differences in the default settings for equilibrium calculations based on whether
the equilibrium calculation is performed from the DICTRA module or POLY. The
changes in the defaults are performed automatically every time the
DICTRA module is entered. By using this command it is possible to override
those changes.

To POLY

Prompt
Command line sent to the POLY-3 module.
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POST_PROCESSOR

Use the POST_PROCESSOR command to "give control" to the post processor. Then you can
start using the commands described in POST PROCESSOR Commands.
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READ_WORKSPACES

E‘p Both GES6 and GES5 data are saved to/read from a dic-file. For information
about GES versions, see About the Gibbs Energy System (GES) Module.

The DICTRA, POLY-3 and GES workspaces can be read from a file where they must be
already saved with a SAVE command. This file is not printable.

File name

Prompt
Name of the file where the workspaces shall be read from. The default file extension is dic.
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SAVE_WORKSPACES

E‘p Both GES6 and GES5 data are saved to/read from a dic-file. For information
about GES versions, see About the Gibbs Energy System (GES) Module.

The workspaces in DICTRA, POLY-3 and GES are saved in a file. Return to the state before
the SAVE command by entering a READ command. The SAVE command should normally be
given before starting a simulation with SIMULATE _REACTION.

File name

Prompts Name of the file where the workspaces shall be saved on.
The default file extension is DIC.
Overwrite current file content
Proceed with save

If there is already a file with this name and if you answer Y the previous content is overwritten. If
you have results from SIMULATE_REACTION these are lost when SAVE is used. You may append
several results by the SIMULATE_REACTION command without destroying the previous results but
SAVE erases them all.
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SELECT_CELL

Selects the current cell from the list of existing cells and enables you to enter and display
data into that cell. This command is for the DICTRA.

b See also POST PROCESSOR prompt of the same name SELECT _CELL.

Number

Prompt
Specify the cell number by giving an integer or one of the key words NEXT or PREVIOUS.
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SELECT_TIMESTEP

Select a time step from those stored on file during a simulation. The profiles can be listed
and simulation can be continued from this time step.

Timestep
The time step to be selected, legal syntax is:
e FIRST

e LAST

Prompt o time

e #nnn

o #?

When selecting a time no interpolation is performed but the time step closest to the time entered
is selected. #nnn can be obtained from the number given by LIST_TIMESTEPS or by typing #>.

Delete all other timesteps

Clears the current workspace from all other time steps except the one selected. This is necessary if
the simulation is to be continued from this time step.
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SET_ACCURACY

Enter the accuracy requirements to use in the determination of the time step when using the
automatic time step procedure. It may also be necessary to modify the parameters to
control the removal of grid points and set manual starting values for velocities and
potentials at the phase interfaces.

R The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator
@  instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

Max relative error
Prompts : . , . . . i
The maximum allowed relative error of the profile during one time step integration.

Max absolute error

Maximum allowed absolute error of the profile during one time step integration. This parameter
must be chosen with some relation to the smallest concentration in the profiles.
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SET_ALL_START_VALUES

Enter starting values for various quantities, such as velocities and potentials.

Prompts

Start value for velocity of interface
A starting value for velocity at the named interface is required.
Start value for potential

A starting value for a potential at the named interface is required. If an AUTOMATIC value is
specified the program attempts to determine a starting value and also selects a suitable
component for which the potential is varied.

Varying species in interface
The species which potential is treated as unknown.
Automatic starting values for phase compositions

Compositions used as starting values in the equilibrium calculations using POLY-3. When using
automatic starting values the compositions are taken from the entered profiles.
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SET_CONDITION

Define conditions to reduce the degrees of freedom at equilibrium or defines the boundary
conditions at the outer rims of the system. Use it to set the temperature, pressure or heat
extracted from the system.

Conditions can be a function of time and different time-dependent functions can be specified
at different time intervals. The syntax for this is approximately the same as used in the GES
to specify temperature ranges for thermodynamic parameters.

DICTRA uses a constant molar volume, which is included in the flux, i.e. the unit of flux as
entered in boundary conditions is:

flux[holar volume = mollh 4k ! [h3[hol ! = mk~?

b State, Integral and Auxiliary Variables

Syntax

Prompts

SET_CONDITION
Global or Boundary Condition /Global/

Type of condition to be specified. A global condition is either pressure (P), temperature (T) or heat
content removal (P) and may be specified as a function of time. Boundary conditions determine
how the cell interacts with the world outside the cell.

Variable

Legal variables are pressure (P), temperature (T) or heat extracted (Q) as a function of time
(TIME), or time-temperature-pairs (T-T-P) that specifies temperature at a specific time and lets the
program calculate the cooling or heating rate. For Q the amount of extracted heat per time unit is
normalized and the size of the system is normalized to 1 mole of atoms.

For example, if you enter T-T-P at the Variable prompt then at the next prompt:
TIME, TEMPERATURE

Specify temperature and time pairwise such as e.g.:

0 1400
60 1200
* 1200

Where entering an asterisk(*)" is required in order to indicate the end time of a simulation.
Boundary

Defines on which side of the system the boundary conditions are to be specified. Options are
UPPER (the rightmost side of the system) and LOWER (the leftmost side of the system).

Condition type

Defines the type of boundary condition to be specified. The options may in most cases be
functions of both TIME, T (temperature) and P (pressure). The defaultis CLOSED_SYSTEM which is
equivalent to setting the fluxes of all components to zero at the boundary.
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SET_CONDITION
Options are:
e FIX FLUX VALUE: Enter functions that yield the flux times the molar volume for the

independent components. May be a function of time, temperature and pressure.

e STATE VARIABLE VALUE: A |legal expression in POLY-3 syntax that reduces the degrees of
freedom. This type of boundary condition should be used with the uttermost care as no
checks are done if it is a legal expression in advance.

e POTENTIAL FLUX FUNCTION and ACTIVITY FLUX FUNCTION: These types of boundary
conditions are used to take into account the finite rate of a surface reaction. The flux for
the independent components must be given in the format:

Ji = f&(T, P,TIME)* [ACTIVITY;N — g(T, P, TIME)]
or

Ji = f(T, P,TIME)* [POTENTIALY — g(T,P,TIME)]

where fand g may be functions of time (TIME), temperature
(T), and pressure (P), and N is an integer.

'f?:: The activities are those with user defined reference states. The function /% is the
mass transfer coefficient, 9 is the activity of the corresponding species in the gas
and N is a stoichiometric coefficient.

D For more details see L. Sproge and J. Agren, “Experimental and theoretical studies
Q of gas consumption in the gas carburizing process” J. Heat Treat. 6, 9—19 (1988).

e ITERATIVE ACTIVITY FLUX FUNCTION: Same as activity flux function above. However, an
iterative scheme is used to determine the flux. This method may be used instead of activity
flux function when the latter has problems.

e CLOSED sysTEM: Corresponds to a fix flux value, which is set to zero at all times.

e MIXED ZERO FLUX AND ACTIVITY: The flux of selected components is set to zero and the
activity of others may be set to a prescribed value.

Gas: The flux of selected components is set to zero and the activity of others may be set to a
prescribed value. This option is used for treating an expanding system, e.g. the growth of an
external oxide scale.

L]

Low time limit
The lower time limit to be used when entering a time dependent function.
High time limit

The upper time limit to be used when entering a time dependent function. An asterisk * indicates
the high limit as infinity.
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Any more ranges

To specify whether any additional time dependent functions exists or not.

Type of condition for component

The type of condition when setting a boundary condition of the type MIXED. Options are ZERO_
FLUX and ACTIVITY.
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SET_FIRST_INTERFACE

Set the coordinate of the first interface in the cell, when a value other than zero is required,
for instance when simulating diffusion through a tube wall or a hollow sphere. The default
value is zero.

Coordinate for first interface

Prompt
The coordinate to which the first interface is to be set.
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SET_INITIAL_TEMPERATURE

This command is only used when the heat removal rate from the system is specified. It yields
the initial temperature of the system. How the temperature then varies during the
simulation is a result of the heat removed from the system.

Prompt Initial temperature /2000/
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SET_LOG_LEVEL

Use the SET_LOG_LEVEL command to choose the amount of output to the logs during a
homogenization model simulation. The default (2) keeps the log output to a minimum and
thus limits the possibility of slowing down a calculation.

Prompt HOMOGENIZATION MODEL LOG LEVEL (1=NORMAL, 2=MINIMAL): /2/:

Choose 1 to set the amount of logging to normal and 2 to set it to a minimal amount (the default).
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SET_NUMERICAL_LIMITS

Set parameters to control the integration, the solution of the flux balance equations,
diffusion equations and the equilibrium calculation during the simulation.

Pant

Syntax

Prompts

The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator
instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

SET_NUMERICAL_LIMITS

Required sum of squares in NSO1A

Required accuracy during the solution of the flux-balance equations.
Max number of calls to Calfun of NSO1lA

The maximum number of iterations when solving the flux-balance equations. This number acts as
a safety valve, a moderate choice is 10*(number_of_interfaces *(number_of_components - 1))
but use a larger value if necessary.

Step used by NSO1A

A user supplied parameter which is used to calculate the estimates of the partial derivatives
numerically when solving the flux-balance equations.

Max step used by NSO01A

A parameter which must be set to a generous estimate of the 'distance' between the initial
approximation and the required solution of the flux-balance equations.

Max number of equidistant points in a region

The number of equidistant parts in which a region is divided into that is required to describe the
profile. This parameter is used by the procedure that removes unnecessary gridpoints from the
profile during the simulation; the number of gridpoints is normally not allowed to be less than this
number if a linear grid is used.

Fraction of region assigned to the interface

Fraction of a region at the region border that is to be regarded as part of the interface. This
parameter is used by the procedure that removes unnecessary gridpoints from the profile during
the simulation.

Smallest number used in scaling flux equations

The flux-balance equations are scaled by the velocities calculated in the previous time step. This
number may however decrease to such a small value so that convergence may be affected. The
scaling factor is therefore not allowed to decrease below this value.

Default driving force for inactive phases

Sets the necessary driving force needed before an inactive phase is allowed to start to precipitate.
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SET_REFERENCE_STATE

The reference state for a component is important when using activities, chemical potentials
and enthalpies and it is determined by the data. For each component the data must be
referred to a selected phase, temperature and pressure the reference state. All data in all
phases where this component dissolves must use the same reference state. However,
different datasets may use different reference states for the same element. Thus one must
mix data from different databases with caution.

By default activities etc. are computed relative to the reference state used by the database
and this may thus differ depending on the database. You can select the reference state of a
component if the reference state in the database is not suitable.

Syntax

Prompts

SET_REFERENCE_STATE

Component

The name of the component must be given.
Reference state

The name of a phase that must be either entered or dormant must be given. The component
must be a constituent of this phase of course.

A subtle problem is if the component exists in several species in the phase, for example oxygen as
0, 02 and 03 in a gas. Normally one would like to have the most stable species as reference state
of oxygen, i.e. 02 in this case. Therefore the program calculates the Gibbs energy of all possible
states with the phase with the pure component at the current temperature and selects the most
stable one.

Temperature

Select the temperature for the reference state. The value * means the temperature used for the
calculation.

Pressure

Select the pressure for the reference state.
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SET_SIMULATION_CONDITION

Set parameters used to control output and certain parameters during the simulation.

Syntax

Prompts

The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator
instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

SET_SIMULATION_CONDITION

NSO1lA print control

Determines whether data should be printed about the iterative procedure to solve flux-balance
equations. This parameter is normally set to 0 but can be set to 1 when difficulties with
convergence occur. NSO1A prints out the values used in the iterations and the residuals.

Flux correction factor

This parameter controls if the flux correction scheme should be used in the calculations. The
value should normally always be 1.

Number of delta timesteps in calling MULDIF

This parameter specifies the number of equally large time steps that one time step should be
subdivided into.

Check interface position

This parameter determines whether the time step is to be controlled by the phase interface
displacement during the simulation. The default is Auto.

Vary potentials or activities or LNAC

Determines whether the program should use the potential or the activity of a component in order
to find the correct tie-line at the phase interface. The potential or the activity is varied by the
program and is set in order to reduce the degrees of freedom at the local equilibrium. The default

iSActivities.
Allow automatic switching of varying element

Determines whether the program is allowed to itself switch the component that is used to reduce
the degrees of freedom at the local equilibrium. The scheme used is that of choosing the
components which activities or potentials varied most during the previous time step. The default
is Yes.

Save workspace on file

This parameter determines whether the workspaces are to be saved to file during the course of
the simulation. Options are ves (the default) to always save to file, No to never save to file, or ## to
save every nth time to file where ## is a integer value ranging from 0 to 99.

Degree of implicity when integrating PDEs
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SET_SIMULATION_CONDITION

The default is auto where the default degree of implicity corresponds to trapezoidal (0.5) for
classic and Euler Backward (1.0) for the homogenization model. If large fluctuations occur in the
profiles it may be necessary to use the value 1.0 (Euler backwards).

e Auto

e 0.0 Euler forwards
e 0.5 Trapezoidal rule

e 1.0 Euler backwards

Max timestep change per timestep

Factor specifying the maximum increase in the time step taken from one time step to another.
For example, if the default, 2 is used the maximum time step is twice as long as the previous time
step taken.

Use forced starting values in equilibrium calculation

This concerns the calculation of the equilibrium when using the disperse model where the
equilibrium calculations sometimes fail due the abrupt changes in the composition over the
region. The default auto means it always sets forced starting values for composition and phase
amounts before preforming the equilibrium calculation.

Always calculate stiffness matrix in MULDIF

This determines how often the diffusion coefficient matrix is calculated when solving the partial
differential equations (PDE) of diffusion problem. The default setting ves calculates the diffusion
coefficient matrix, yielding the stiffness matrix, at each iteration. However, when setting this
parameter to No, it is only calculated at the first iteration and a constant stiffness matrix is used to
obtain the solution to the PDEs. This then leads to an implicit solution and therefore the degree of
implicitly is automatically set to 1.

Calculate residual for dependent component /No/

Keep the default.
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SET_SIMULATION_TIME

Enter the time specific conditions for a simulation.

=

O

The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator
instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

Prompts

Eend time for integration
The time up to which the simulation is to be carried out.
Automatic timestep control

Determines whether the time step should be controlled by an automatic procedure or not. If you
answer N you are prompted for the fixed time step to use during the simulation. The time step
determined by the automatic time step control procedure is controlled by the parameters set by
the command SET_ACCURACY.

Max timestep during integration

The maximum time step allowed during the simulation. This is required when using the automatic
procedure to determine the time step.

Timtestep during integration

Fixed time step used when the automatic time step procedure is disabled.
Initial timestep

Time step used as the initial time step.

Smallest acceptable timestep

The smallest time step allowed during the simulation. This is required when using the automatic
procedure to determine the time step.
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SET_SURFACE_TENSION

This command enters a distance- and velocity-dependent function which is added to the
Gibbs energy of the phase at left side of each phase interface. This can then be used to
emulate the effect of surface tension on the equilibrium between at the phase interface or
limited phase mobility.

Syntax

Prompt

SET_SURFACE_TENSION

Function

Enter a surface energy function which adds to the Gibbs Energy expression for the phase located
at the lower (left) side of the interface. The expression is multiplied with the volume per mole
substitional atoms. This command is also used to simulate a limited interfacial mobility control
where the energy function is a function of the interface velocity.

It is used to enter the surface energy to enable coarsening. However, it can also be used to
simulate a case with a limited interfacial mobility.

@ This function should only be used in spherical geometries if the function is solely
dependent of the interface position.

Function describing how the (surface) energy function varies with the particle radius and/or the
interface velocity.

20V,
The classical expression for the surface energy contribution has the form of ~+ .

The molar volume should be given relative to the molar volume used by default in DICTRA, 1 x 10-5
(m3/mole). The volume should also be given per mole of substitutional atoms. For a precipitate of
type M,C, this means multiplying with a factor (y+x)/x. If we use MgC as an example with surface
tension 0.5 (J/m2) and molar volume of 0.71 x 10-> (m3/mole), the entered function should be
2*0.5*%0.71*(7/6)/X;

Commonly the surface tension function is defined as:
delta-G = 2 * SIGMA * Vm / R

The function to be entered will then be:

2*SIGMA/X;

A limited interface mobility can be expressed as:

delta-G = v * Vm /const

The function to be entered is then:

v/"const";

%;- The expression is multiplied by the partial molar volume of the substitutional
components.
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SIMULATE_REACTION

This command starts the simulation. If given without any argument, you are prompted for
certain values during simulations where phases appear or disappear.

The command can also be given with the argument YES typed on the same line:

Simulate Reaction Yes
Prompt -
With the YES argument, default values are used during simulation and no user input can be given.

This is especially useful when using batch mode.
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SOLVE_IN_LATTICE_FIXED_FRAME

Use this command to solve a diffusion problem in the lattice-fixed frame of reference. This
command is available with the HOMOGENIZATION MODEL as a command within the
ADVANCED HOMOGENIZATION OPTIONS.

Syntax ~ SOLVE_IN_LATTICE_FIXED_FRAME

Solve in the lattice-fixed frame of reference /NO/

Prompts
Enter ves to enable this feature.

By default, DICTRA solves diffusion problems in a volume-fixed frame of reference under the
assumption that the partial molar volume of all substitutional elements is constant and equal
and that the partial molar volume of interstitial elements is zero. When you enable this
command, the diffusion problem will instead be solved in a lattice fixed frame of reference.
In addition, this option forces the use of the assessed molar volumes read from the current
thermodynamic database.

E‘;:- Simulations with moving boundaries as well as cell simulations are currently not
available with this feature.

For all geometries the leftmost/lower coordinate is fixed during a simulation (by default it is
zero). This command also enforces some constraints for planar and cylindrical geometry. For
a planar geometry the size of the domain in the plane orthogonal to the direction of
diffusion is fixed. For a cylindrical geometry the length of the cylinder is fixed. For all
geometries there may be changes in the size of the domain as a result of the diffusion
process, even with closed boundaries, since the assessed molar volumes of the
thermodynamic database is used.

All elements are set as substitutional. Though the notion of substitutional/interstitial
elements has no meaning when running a simulation with this feature turned on, it does
have implications in the POST processor.

s N

@ The DICTRA POST processor does not use assessed molar volumes, which means
that certain plots will be erroneous. There may for example be changes in the
total domain size even for a single phase simulation with a closed system due to
changes in the molar volume. A plot of the total number of moles in the domain
would then, erroneously, show a change over time. Other axis quantities that in
general will be incorrect are, for example, IV(*) and VP(*).
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Further, when solving in the lattice-fixed frame of reference the unit of the flux is mol*m-2s-
1, which differs from the default unit wherein the assumed constant substitutional molar
volume (10> m3*mol-1) is included in the flux. This must be taken into account for certain
types of boundary conditions, that is, the conditions of type

FIX_FLUX_VALUE
POTENTIAL_FLUX_FUNCTION
ACTIVITY_FLUX_FUNCTION
ITERATIVE_ACTIVITY_FLUX_FUNCTION

b See SET CONDITION for details about the above commands.

In order to roughly get the same result for these boundary conditions the evaluated flux
must be a factor 10> higher when solving in the lattice-fixed frame of reference compared
to simulations with the default setting.

DICTRA Commands | 73 of 139



Diffusion Module (DICTRA) Documentation Set

STORE_HOMOGENIZATION_DATA

Read/write the interpolation scheme data to file. The interpolation scheme is an option of
the homogenization model that is used to speed up simulations. Use if this option can speed
up simulations further.

Store/Read homogenization model interpolation data <Y/N>

Prompt
Answering v or N enables/disables read/write of interpolation scheme data to file.
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SWITCH_MODEL

Use the SWITCH_MODEL command to use the HOMOGENIZATION_MODEL to solve a problem
if the classic model fails.

There are two solvers for moving phase boundary problems. The classic computationally
efficient model and the more robust, but computationally more demanding, homogenization
model. By default, the classic solver is tried first. If this fails, then the new solver is tried for
a few time-steps before switching back to the classic solver, and so on.

. The Diffusion Module (DICTRA) in Graphical Mode uses a Diffusion Calculator
@ instead of the Console Mode commands. Most of the Console Mode
functionality is available on the Diffusion Calculator, described in the Thermo-
Calc User Guide. However, you cannot use both Graphical Mode and Console
Mode in the same simulation.

Enable automatic switch of model (Y/N)

Prompts  petermine if automatic switching from the classic solver to the homogenization model is
allowed.
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USE_INTERPOLATION_FOR_D

|;| In Graphical Mode, complex is the default and cannot be changed.

An interpolation scheme can be used to calculate the chemical diffusivities of complex
phases. If this is enabled, the performance gain from this ranges in orders of magnitude.
This is ON by default for complex phases and can be set to OFF with this command.

Syntax ~ USE_INTERPOLATION_FOR_D

The following phases will be affected if complex is selected:
When there are phases in the system that will be affected, these are listed. The phases are based
on the thermodynamic model.
Prompts 1nterpolate diffusivities in /None/Complex/All phases /Complex/
The default is complex. A complex phase means that an equilibrium calculation is needed in order

to determine the site-fractions in a phase with converting from u-fraction (or any other type of
composition variable).

Enter number of steps between Xmin and Xmax /10000/:

Enter what is essentially the number of steps in each dimension in composition-P-T space for each
equilibrium condition (Nk, P, T).

In the limit where an infinite number of steps are used, exactly the same solution is obtained as
without the interpolation scheme. However, excellent results can be obtained with a reasonable
discretization.

Linear or Logarithmic discretisation /Log/:

The discretization can be either linear or logarithmic. For the linear discretization the scheme will
not be used at node points where the content of one or more solutes fall below a certain critical
value. For such cases, where composition span many orders of magnitude, the logarithmic
discretisation can be tried.

The system confirms the discretization setting and displays the amount of free memory available
for the calculation. You are prompted to enter how much of this memory to use for the
simulation.

Discretisation set as Logarithmic (or Linear)
Free physical memory (mb): 8535

Fraction of free physical memory to be used /.1/:

The fraction of free physical memory to be allocated for the interpolation scheme.
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USE_TWO_TYPES_OF_BOUNDARY_CON

This command enables you to use two types of boundary conditions (BC). This command is
available with the HOMOGENIZATION_MODEL as a command within the ADVANCED
HOMOGENIZATION OPTIONS. During the simulation one arbitrary boundary will be closed,
but for the other open boundary and for each element, you can select which of the two
entered boundary conditions should apply.

Use two types of boundary conditions /NO/

Prompts
Enter ves to define the boundary conditions further.

Close the upper boundary /YES/
Select whether the upper or lower boundary should be closed during the simulation.
For <element>, use lower boundary BC: /YES/

You are prompted for each element whether the boundary condition entered for the lower or
the upper boundary should apply.
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UTILITIES_HOMOGENIZATION

» ADVANCED_HOMOGENIZATION_OPTIONS

Use this with the HOMOGENIZATION MODEL for the available utilities.

Syntax UTILITIES_HOMOGENIZATION

Set temperature according to solidus temperature /N/:

Set the global temperature such that it goes to a certain value T_{target}=T {sol}-X, where X is an
entered value. Also enter the rate by which the temperature approaches T_{target}. The solidus
temperature is determined with a +/- 1 K accuracy.

Prompts - . . . . .
P Input guesses of the minimum and maximum temperature to occur during the simulation. This

utility can be useful to optimize homogenization heat treatments.

E‘:’ The liquid phase must be entered into the system.

Dump results to text files /N/:

Enter v to save simulation results to various text files. The names of these files are fixed and are
saved to the current working directory.

Read initial composition from text file /N/:

Enter v to read initial composition from a text file xr. TxT that must be present in the working
directory. The file should contain the mole fractions of all elements, in alphabetical order, starting
from the first grid point, in the first region, in the first cell.

Enter ghost phase /N/:

Enter v to force the so-called ghost phase to be created. This phase has full solubility of all
components and zero diffusivity. The Gibbs energy surface of the ghost phase is set above all
other phases. The name of this phase is ZZDICTRA_GHOST. It can be used for numerical reasons. It
is created automatically if there is a phase that lack solubility range of one or more components
and then used internally by the program.

Enter inactive phases into one region /N/:

Enter Y to make all inactive phases at a given interface to be entered into a single multiphase
region when any one of the phases becomes stable.

Explicitly set substitutional/interstitial /N/:

Enter v to explicitly select for each element whether it should be substitutional or interstitial.
There must be at least one substitutional element in each region. These settings only have effect
for the homogenization model and results viewed in the post processor must be interpreted with
care; use DUMP RESULTS TO TEXT FILES to get results corresponding to the settings entered here.

Save average finite volume composition /N/:
Save the average finite volume composition instead of a converted piece-wise linear composition.

Set constant phase addition /N/:

DICTRA Commands | 78 of 139



Syntax

Diffusion Module (DICTRA) Documentation Set

UTILITIES_HOMOGENIZATION

Add constant Gibbs energy contributions to phases (in J/mol formula unit).

Use element mobility prefactor /N/:

Enter constant factors which the mobilities of elements are multiplied with in all phases.
Enter element mobility constant value /N/:

Interactively enter a constant mobility estimate for specific elements in specific phases. This can
be used to enter mobility estimates in phases for which there is no assessed data. Estimates
entered here override database values.

Enter minimum save interval /Y/:

Enter a minimum time interval (in seconds) that must pass between subsequent saved time-steps.
This is useful in cases where a large number of small time-steps may occur in order to keep down
the size of the result file.

Simplified evaluation of activity boundary condition /N/:

Enter Y to evaluate the fluxes on boundaries directly from the activity gradient, i.e. without taking
into account the change of state on the boundary caused by the prescribed boundary activities.

Enter explicit limits on composition /N/:

Use this setting with caution to explicitly enter upper and lower limits on composition for all
components (in mole fraction).

Enter chemical potential contribution /N/:

Enter a function (in valid POLY-3 syntax) that is evaluated separately at all grid points and added to
the chemical potential of all elements. The contribution affects the flux between grid points.

Do not balance external boundary fluxes /N/:

For all boundary conditions except type GAS, the flux of substitutional elements into the domain is
balanced with the flux of the dependent substitutional elements such that the size of the domain
is preserved. Enabling this setting disables the balancing of the substitutional fluxes.

This feature is now available under the ADVANCED HOMOGENIZATION OPTIONS
E command. The use of this feature under the command UTILITIES HOMOGENIZATION
is deprecated.

Fix external boundary flux of dependent component /N/:

This feature is disabled. A more general version is available under the ADVANCED
E HOMOGENIZATION_OPTIONS command. It is still visible for backwards
compatibility reasons.

Modified kinetics on boundary /N/:

Use this to modify the kinetics on the boundary and enter a factor. If the factor is greater/smaller
than one, the mobilities of all elements on the boundary is set equal to the maximum/minimum
mobility of all elements times the factor. This can be useful in order to quickly saturate an
outermost finite volume.
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POST PROCESSOR Commands

In this section:

Purpose and MethodolOgY .. ... e 82
Plot Condition and Independent Variable ... ... . L 83
APPEND _EXPERIMENT AL _DAT A e 84
DETERMINE _KIRK _PLANE e 85
DIFFERENTIATE _VALUES 86
DUMP _ DIAGRAM 87
ENTER _SYMBO L 88
INFORM ATION 90
INTEGRATE _VALUES 91
LABEL _CURVES 92
LIST PLOT _SETTINGS 93
LIST _REGION _NAMES e 94
LIST SYMBOLS 95
LIST TIME _STEPS . 96
MAKE_EXPERIMENTAL_DATAFILE 97
PLOT DI AGRAM . 98
PRINT DI AGRAM . 99
QUICK _EXPERIMENT AL _PLOT . 100
REINITIATE _PLOT _SETTINGS e 101
SELECT _CELL o 102
SET _AXIS LENGTH L 103
SET _AXIS PLOT _STATUS 104
SET _AXIS _TEXT _STATUS L 105
SET AXIS T PE . 106
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SET GO LR 107
SET _DIAGRAM _AXIS .. 108
SET _DIAGRAM _TY PE . 110
SET R ONT 111
SET _INDEPENDENT _VARIABLE .. o 112
SET _PLOT _CONDITION L. 113
SET _PLOT _FORM AT e 115
SET _PLOT _OPTIONS 116
SET _PLOT _SIZE il 117
SET _PREFIX _SCALING 118
SET _RASTER ST ATUS L 119
SET _SCALING _STATUS L 120
SET T C Y PE e 121
SET T T L 122
SET_TRUE_MANUAL_SCALING .. . e 123
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Purpose and Methodology

The purpose of the POST PROCESSOR is to read and process data from the internal data
structure of the DICTRA module in order to present the result of a simulation in either*
GRAPHICAL (command PLOT _DIAGRAM) or* TABULAR FORM (command MAKE
EXPERIMENTAL DATAFILE).

Before plotting/printing, you have to specify what variables should be plotted on the
diagram axis or printed in the table columns. For this purpose there is a command SET_
DIAGRAM AXIS. After having SET both X- and Y-axis variables, you have to SET also plot
condition and independent variable. It is also possible to specify a Z-axis. Its values appear as
tick marks on the XY-curve.
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Plot Condition and Independent Variable

There are two free variables after a simulation is done by the DICTRA module. One is the
simulation TIME, the other is a DISTANCE in the system.

In general, when plotting a diagram you MUST set either type as fixed, i.e. the plot
condition, use command SET_PLOT_CONDITION. The plot condition chosen is printed on a
separate line above the diagram.

The other variable is then the independent variable, use command SET _INDEPENDENT
VARIABLE. The independent variable is used as stepping variable. It varies along the
calculated curve.

Legal Plot Conditions

e TIME: Integration time

o DISTANCE: Distance in the system. It can be a GLOBAL distance counted from the
rightmost interface of the system. A LOCAL distance is counted from the LOWER
interface of the specific region prompted for.

e INTERFACE: At a certain interface. An interface is identified by the NAME of the
adjacent region, with the addition that you will be prompted to specify if the
interface is at the upper or lower end of the region.

e INTEGRAL: Is automatically SET when using an INTEGRAL VARIABLE as axis variable.

e TIE LINE: At a certain interface. Allows you to plot a certain quantity from both
sides of an interface. The typical application is for plotting tie-lines.

Legal Independent Variables

o TIME: Integration time. Is automatically SET when using an INTEGRAL VARIABLE' or
TIME as axis variable.

e DISTANCE: Space coordinate. It may be GLOBAL. It is then counted from the
rightmost interface of the system. Alternatively, it may be LOCAL. The distance is
then counted from the LOWER interface of the specific region prompted for.
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APPEND_EXPERIMENTAL_DATA

Add experimental data and text on a calculated diagram. The experimental data and text
are added to a file prepared according to the syntax of the DATAPLOT graphical language.
The picture generated from the data is superimposed on the ordinary graphical output from
the POST PROCESSOR. The experimental data file can be created with an ordinary text
editor. Another use of the APPEND_EXPERIMENTAL_DATA command is to superimpose plots
from several independent calculations. For this purpose, there is a command MAKE

EXPERIMENTAL_DATAFILE which dumps a calculated diagram on a file according to the
DATAPLOT syntax. With the aid of a basic text editor many such files may be merged.
Remember to have only one prologue section on the file (see below).

»  About DATAPLOT Files

Syntax

Prompts

APPEND_EXPERIMENTAL_DATA

Use experimental data (Y or N) /N/:

By default, no experimental data is plotted.

Experimental datafile

Specify the name of the file with the experimental data. Default file extension is exp.

Prologue number

Select which prologue to use. In a prologue one may e.g. give the scaling of an axis, the axis texts,
and so on. -1 gives a list of all prologues on the file. Read more about prologues below.

Dataset number (s)

Select from which dataset(s) data should be read. Several datasets may be given separated with
commas or spaces. -1 gives a list of all datasets on the file.
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DETERMINE_KIRK PLANE

To use this command a certain time must be set as plot condition. You are prompted for the
position of a plane at time zero. The position of the plane at the plot condition time is then
calculated. The difference in position is equal to the Kirkendall shift, i.e. how much an inert
marker would drift in the material due to a net flux of vacancies.

Prompt Initial zero plane /-1/
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DIFFERENTIATE_VALUES

Use the DIFFERENTIATE_VALUES command to determine differences between values in a
plotted curve.
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DUMP_DIAGRAM

An alternative way to create plots. Supported graphical formats are PNG, BMP, PDF, JPEG
and TIFF. The plot is saved to a file.

Output format (PNG,BMP,PDF,JPEG, TIFF)
Prompt - ) )
Specifies which graphical format to use.

Resolution (Low, Medium, High)

Specifies the resolution of the plot.
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ENTER_SYMBOL

=2 The information about this command is specific to the Diffusion Module
(DICTRA) Console Mode. The ENTER_SYMBOL command is also available in the
GIBBS, POLY3 and POST modules in Thermo-Calc.

Define a symbolic name to represent either a table or an 'arbitrary' function. Legal variables
in functions and columns in tables are described in the sections state variables, auxiliary
variables, integral variables or can be previously defined functions. Functions are a useful
feature of the POST PROCESSOR to define quantities.

Syntax ENTER_SYMBOL

Function or table /Function/

Prompts
Select what kind of symbol to enter.

Name

Each symbol has a unique name that must start with a letter and can have maximum 8 characters.
If one wishes to enter the name and the value on the same line they must be separated with an
equal sign =.

Function

Functions are evaluated from an expression of state variables, auxiliary variables, integral variables
or previously defined functions. The expression is a Fortran-like expression and operators +, -, *, /
and ** can be used (** only with integer powers). Unary functions like LOG, LOG10, EXP, SIN,
COS, ABS and ERF can also be used. An expression can be continued on more than one line. An
expression should be terminated by a semicolon or an empty line.

Examples

POT (CEM, U) -POT (CEM, L) ;
The thickness of the region named CEMENTITE

AC (CR) /X (FCC, CR) ;
The activity coefficient for Cr in phase FCC

SQRT (TIME) ;
The square root of the simulation time

&

The ampersand & sub-prompt displays if the function was not terminated by a semicolon. It allows
a user to continue to write the function on the new line if one line is not enough for the function.
If one has finished the function just press return again.

Variable (s)

When entering a table, specify what variables are to be in the various columns. Separate the
variables with commas or space characters. At present a maximum of 15 columns are allowed.
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@ The independent variable is always printed in the first column.

I}l Auxiliary Variables, Integral Variables, and State Variables for details and examples
of the short names (mnemonics).
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INFORMATION

Some general information about the POST PROCESSOR module is given.

Which subject

Select which subject you want additional information about. Type ? to get a list of topics.

e PURPOSE

o STATE VARIABLES

o INTEGRAL VARIABLES

o AUXILIARY VARIABLES

o PLOT CONDITION AND INDEPENDENT VARIABLE
¢ BASIC METHODOLOGY

Prompt
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INTEGRATE_VALUES

Use the INTEGRATE_VALUES command to mathematically integrate the plotted curve.
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LABEL_CURVES

Create labels. Each label is explained with to the right of the diagram.
Label curves
Enter Yor N.

Prompt

For example: 1. X: X(CR); Y: TIME; PC:3 is read as 1 is a curve with X(CR) on the x-axis, TIME on the
y-axis and plot condition PC according to value 3 specified on the plot condition line printed above
the diagram.
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LIST_PLOT_SETTINGS

Use the LIST_PLOT_SETTINGS command to list on screen the present values of most
parameters specifying the type of diagram to be plotted.
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LIST_REGION_NAMES

EJ’ All region names have a #-sign and the cell number appended.

Use the LIST_REGION_NAMES command to list all region names that are defined.
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LIST_SYMBOLS

Use the LIST_SYMBOLS command to list a specific symbol or enter an asterisk (*) to list all
defined symbols.

Name

Prompt
Give the name of a symbol or an asterisk * to list all defined symbols.
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LIST_TIME_STEPS

E This for the POST PROCESSOR module.

Use the LIST_TIME_STEPS command to list all integration time steps.
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MAKE_EXPERIMENTAL_DATAFILE

Save graphical information in a file with the DATAPLOT format. To merge two or more
diagrams from separate calculations, use the MAKE_EXPERIMENTAL_DATAFILE command to
export it and add them together with a normal text editor.

) APPEND_EXPERIMENTAL_DATA and About DATAPLOT Files

Output file

Prompt
File where the graphical information is written. Default file extension is exp
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PLOT_DIAGRAM

Plot graphical information on the specified device using the plot format set by SET PLOT
FORMAT.

Plot file

Prompt
The name of the file or graphical device.
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PRINT_DIAGRAM

E This command is only available for Windows operating systems.

Use the PRINT_DIAGRAM command to print a plot or diagram using the printers defined in
Windows.
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QUICK_EXPERIMENTAL_PLOT

Use the QUICK_EXPERIMENTAL_PLOT command to define a pair of axes, sets the axis labels to X
and Y, and scale both x- and y-axis between 0.0 and 1.0 unless a prologue is read from the
data file. It is similar to the APPEND_EXPERIMENTAL_DATA command but can be used when
there is no graphical information to be plotted in the DICTRA module workspace.

b See APPEND EXPERIMENTAL DATA about the format of the data file.
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REINITIATE_PLOT_SETTINGS

Use the REINITIATE_PLOT_SETTINGS command to give all parameters describing the diagram
as default values.
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SELECT_CELL

Select the cell data to be processed. You can only plot data from one cell at a time. Type » to
get a list of valid cell numbers. This command is for the POST PROCESSOR.

b Also see the DICTRA module prompt of the same name SELECT_CELL.

l_:%li' The current cell number is displayed as a part of the POST PROCESSOR prompt.

Number

Prompt  Number of the cell to be selected. Specify cell number by giving an integer or one of the key
words NEXT or PREVIOUS.

Tabulate

Tabulate a named table.

E‘? The independent variable is always printed in the first column.

Name
Give the symbolic name of the table.
Output file /Screen/

Select output device/file. Press Enter to get output on the screen.
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SET_AXIS_LENGTH

Change the relative length of an axis, i.e. the number of tic-marks on the axis. The default
number of tic-marks on an axis is 10 when the relative length is 1. The number of units per
tic-mark must be a multiple of 1, 2, or 5 to obtain a reasonable scaling of an axis.

Axis

Prompts
Specify the axis to set the axis length.
Axis length

Specify the relative axis length. The relative length 1 corresponds to 10 tic-marks on the axis.
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SET_AXIS_PLOT_STATUS

Specify to plot a diagram axis. Use it to merge different diagrams on a pen-plotter or to
obtain the diagram faster. The default to plot the axes.

Axis plot

Prompt
Y or N to plot axis.
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SET_AXIS_TEXT_STATUS

Change the axis text from the automatic text given by the axis specification to another text.
Axis (X, Y or Z)

Prompts  gpecify which axis text status to change (if the axis type is INVERSE, X2 or Y2 may be used to set
the corresponding opposite linear axis text).

Automatic axis text (Y or N)
Specify if automatic axis text is to be used or not.
Axis text

Enter axis text.
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SET_AXIS_TYPE

Select a linear, logarithmic or inverse axis.

Axis (X, Y or Z)
Prompts
Specify which axis to change the axis type.

Axis type

Specify which axis type to set. Select .1near (default), Locarithmic or Tnverse. Only the three first
characters are needed.
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SET_COLOR

On devices that support colors/(line types), select different colors/(line types).

o Text and axis Color
Prompt o Diagram Color
o DATAPLOT Color
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SET_DIAGRAM_AXIS

Specify the axis variables of a plot. At least two axis variables (xand y) must be specified.

[

Syntax

Prompts

Also see Auxiliary Variables, Integral Variables, and State Variables for lists of
variables including its abbreviated name (i.e. the mnemonic) as well of the
names of these variables.

SET_DIAGRAM_AXIS

Axis (X,Y or Z)

Specifies the axis to set a variable.
Variable

Specifies the variable to plot along this axis. A variable is specified by its mnemonic (i.e. its
abbreviated name) or by name. The variable types are None, Integral Variables, Functions,
Auxiliary Variables or State Variables.

e NONE: Use this variable to clear an axis setting.

e INTEGRAL VARIABLES: A quantity obtained by integration in space over the whole system or
over a specific region. In a planar geometry values are given per unit area, in a cylindrical
geometry they are given per unit length, and in a spherical geometry they are absolute
values. See Integral Variables for examples.

e FUNCTIONS: These are identified by a name which is entered with the ENTER_FUNCTION
command. Use the LIST_SYMBOLS command to get a list of valid function names.

AUXILIARY VARIABLES: As a complement to state variables and integral variables the auxiliary
variables are defined. The variables can be called by their mnemonic names, which are
shown in the rightmost column. These are useful in user-defined functions. See Auxiliary
Variables for examples.

e STATE VARIABLES: State variables in the DICTRA POST module are similar to those defined in
POLY-3. Examples of state variables are temperature, mole fraction, enthalpy, etc. In POLY-3 a
general notation method based on character mnemonics is designed for a predefined set of
state variables. See State Variables for examples.

Depending on the axis variable some sub-prompts may be available.
For component

When an activity, flux, mole-, weight- or U-fraction or percent is plotted the name of the
component must be supplied.

In region
When the lamellar spacing, e.g. for pearlite, is plotted the name of the region must be supplied.
For phase

When the lamellar thickness, e.g. for ferrite in pearlite, is plotted the name of the phase must be
supplied.

Interface
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When the velocity or the position of an interface is plotted the name of the interface must be
given. An interface is identified by the name of the region on its upper side.

Type

When choosing distance as variable one has additionally to specify what type of distance. A
distance may be GLOBAL, i.e. counted from the leftmost interface, or LOCAL, i.e. counted from
the interface to the left of the region whose name you are prompted for.

Region name

Name of the region wherein the local distance is measured.

POST PROCESSOR Commands | 109 of 139



Diffusion Module (DICTRA) Documentation Set

SET_DIAGRAM_TYPE

Set the diagram to a square (the default) or triangular plot (Gibbs triangle).

Prompts

Triangular diagram
Select v for a triangular plot.
Plot 3rd Axis

For triangular plots is selected specify if a 3:rd axis, connecting the end points of the x- and y-axis
is plotted.

Clip along the 3rd axis

Remove all lines outside the region limited by a line joining the end points of the X- and Y-axis.
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SET_FONT

Select the font to use for labels and numbers when plotting the diagram. For some devices
(e.g. PostScript) there may be other fonts available and these are selected by the SET_PLOT
FORMAT command.

Select Font number
Prompts
Give the number for the font to select. Type ? to get an online list of the available fonts.

Font size

A value of 0.3 is recommended.
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SET_INDEPENDENT_VARIABLE

There are two free variables after a simulation is done in theDiffusion Module (DICTRA).
One is the simulation TIME, the other is a DISTANCE in the system. When plotting a diagram
you must choose either one to vary along the curve, i.e. the independent variable, the other
one is then the plot condition.

@ When plotting integral quantities TIME should be the independent variable.

Variable

Prompts  gselect which variable TIME (integration time) or DISTANCE (space coordinate) to treat as the
independent variable.

Type

When choosing distance as independent variable specify the type of distance. A distance may be
GLOBAL, i.e. counted from the leftmost interface, or LOCAL, i.e. counted from the interface to the
left of the region whose name you are prompted for.

Name of region

For a LOCAL distance supply the name of the region within which the distance is measured. Type
a?, to get a list of valid region names.
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SET_PLOT_CONDITION

There are two free variables after a simulation is done in theDICTRA module. One is the
simulation TIME, the other one is a DISTANCE in the system. In general, when plotting a
diagram you must choose either type as fixed (i.e. the plot condition), the other one is then
the independent variable. However, when plotting integral quantities, plot condition is
automatically set to INTEGRAL and TIME is chosen as independent variable. N.B. You cannot
mix different kinds of plot conditions. However, for TIME and DISTANCE you may supply up
to 15 different condition values, see sub-prompt VALUE(S) below. The plot condition chosen
is printed on a separate line above the diagram.

Syntax

Prompts

SET_PLOT_CONDITION

Condition

Specify the type of condition to set. Valid conditions are:

« NONE: Condition not set.

e TIME: Integration time.

e DISTANCE: Distance in system.

e INTERFACE: At a certain interface.

e INTEGRAL: Value is integrated over the phase/region/system volume

e TIE LINE: Pair of values from both sides of certain interface.

Depending on the condition some or none of these sub-prompts may display.
Interface

Specify at which interface the condition should be set. FIRST and LAST refer to the leftmost and
the rightmost interface of the system, respectively. Type ? to get a full list of relevant region
names.

Type

When distance is chosen as plot condition specify the type of distance. A distance may be
GLOBAL, i.e. counted from the leftmost interface, or LOCAL, i.e. counted from the interface to the
left of the region whose name you are prompted for.

Name of region
Give the name of the region within which the distance is measured.
At upper interface of region

Give the name of the region which upper interface is specified for the TIE_LINE plotting. This plot-
condition allows you to plot a certain quantity from both sides of an interface. The typical
application is for plotting tie-lines.

Upper or lower interface of region

Specify if the condition is at the LOWER or UPPER interface of a region. The LOWER interface is
placed on the left side of a region and the UPPER interface on its right side.
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Value (s)

Supply up to 15 numerical values separated by commas or spaces for the condition set. If plot
condition TIME was chosen FIRST, LAST or #n (where n is an integer number) may be specified. #?
provides a list of time steps.
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SET_PLOT_FORMAT

Adjust the format of the graphical output to another graphical device. This default can be
changed with the SET_PLOT_ENVIRONMENT command in the SYSTEM MONITOR.

Graphic device number /#/: <Number of the device>

Specify a graphic device number. Depending on the hardware, different plot formats (graphic
Prompt devices) may be available. These are listed online by giving a question mark .

For some formats there can be additional sub-prompts (Y or N) about the available fonts being
used for the chosen format. Also enter Y for further specifications, e.g. font type and size.
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SET_PLOT_OPTIONS

Toggle on/off the plotting options on the diagram.

Prompts

Plot header
Toggle the plot of the text above the diagram.

Plot logo

Toggle the plot of the logo at lower-left corner of the diagram.

Plot footer

Toggle the plot of the footer identifier text (only on postscript devices).
White contoured PS CHARS

Toggle the option of having a thin white contour around postscript characters (only on postscript
devices).

Plot remote exponents

Toggle the plot of the remote exponents on the axis.

Plot cell #

Toggle the plot of the cell number text at the upper-right corner of the diagram.
Plot condition status

Toggle the plot of the plot-condition status line above the diagram.
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SET_PLOT_SIZE

Specify a relative scale factor to change the size of the diagram. The default value of the
scaling factor depends on what output device is chosen by the SET_PLOT _FORMAT
command. The default plot size is adjusted to the chosen device.

Relative plot size

Prompt
Enter the relative scaling factor.
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SET_PREFIX_SCALING

When prefix scaling is enabled the remote exponent for an axis is automatically chosen to
have a value which is a multiple of three, i.e. ..., -6, -3, 0, 3, 6,...

Axis (X or Y)
Prompts
Specify x- or Y- axis.

Use prefix scaling

Enables or disables prefix scaling, ¥ or n. Give an integer value to select a prefix
power of your own.
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SET_RASTER_STATUS

Set to have a raster plotted in the diagram. Default is no raster plotted.

Raster plot (Y or N) /Y/

Prompt
Enables (v) or disables (x) the raster plot.
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SET_SCALING_STATUS

Choose between manual or automatic scaling on a specified axis. If manual scaling is chosen
specify a minimum and a maximum value. Manual scaling can be used to magnify
interesting parts of a diagram. When an axis variable is selected by the SET _DIAGRAM _AXIS
command the scaling status for the axis is always set to automatic scaling.

Axis (X, Y or Z7)

Prompts
Specify what axis to set the scaling status.

Automatic scaling (Y or N)
Automatic (v) and manual () scaling.
Min value

For manual scaling specify the value of the starting point of the specified axis.

Max value

For manual scaling specify the value of the end point of the specified axis.
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SET_TIC_TYPE

Change the size of the tic marks and the placement either inside or outside of the axis.

TIC type

Place on either the inside or the outside of the diagram axis. The absolute value of TIC TYPE

PlEITTER determines the length.

e TIC TYPE > 0 (outside the axis)

e TIC TYPE < 0 (inside the axis)
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SET_TITLE

Specify a title that displays on all listings and diagrams from the POST PROCESSOR.

Title

Prompt
Enter the title to include on all output. There is a maximum length of about 60 characters.
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SET_TRUE_MANUAL_SCALING

Use the SET_TRUE_MANUAL_SCALING command to turn manual scaling on and off. The default
is where the tic marks on the axis are placed in even intervals using the whole axis length.
The scaling routine adjusts the given minimum and maximum values slightly to accomplish
this.

Axis (X or Y)

Prompt  gpecify the axis you want to toggle between automatic adjustment or avoiding the adjustment of
the given maximum and minimum values.
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DATPLOT Files

In this section:

AboUt DAT APLOT FileS 125
Keywords for ProlOSUES ... ... 126
Keywords for Datasets . ... 127

Available Graphical Operation Codes (GOCs)
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About DATAPLOT Files

A DATAPLOT file can be divided into two sections. The prologue, which contains directives
for manipulating the default settings on the diagram layout, and the dataset, which contains
the actual data and any text to be plotted in the diagram. The sections may contain multiple
PROLOGUE and DATASET statements, respectively.

p  DATPLOT User Guide included with this documentation set.

« All prologues must be placed before the first DATASET statement. See Keywords for
Prologues and Keywords for Datasets.

o The syntax must be used for the DATAPLOT file.

o In general, each line in a DATAPLOT file must consist of a legal keyword plus its
parameters or an XY coordinate pair.

o An XY coordinate pair is two real numbers and an optional graphical operation code
(GOC). See Available Graphical Operation Codes (GOCs).

Example
700 2.54
50 1.91 WRDS
1.1 0.9 NS3
100 20'This is a text
BLOCK GOC=C3,MWAS; X=Cl+273.15; Y=C2*4.184;
600 -1400 S1'text
700 -1500

BLOCKEND

DATPLOT Files | 125 of 139



Keywords for Prologues

Diffusion Module (DICTRA) Documentation Set

PROLOGUE
XSCALE
YSCALE
XTEXT
YTEXT
XTYPE
YTYPE
XLENGTH
YLENGTH
DIAGRAM_TYPE
TIC_TYPE

TITLE

inumb text

min max

min max

text

text

LIN, LOG or INV
LIN, LOG or INV
rnumb

rnumb
TRIANGULAR or SQUARE
rnumb

text
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Keywords for Datasets

DATASET

FONT

CHARSIZE

COLOR

GLOBALSIZE

LFSIZE

LINETYPE

BLOCK

GOC=C3, DEFGOC;

X=C1+273.15;
Y=LOG10 (C2) ;

BLOCK

GOC=C3, DWR;
X1=C1+273.15;
X2=C1;

Y=C1+C2*4.184;

BLOCK
GOC=C4,MWAS;
X=C1+273.15;
Y1=C2*4.184;
Y2=C3;

BLOCK

GOC=C5, DWA;
X1=Cl; X2=C4;
Y1=C2*4.184;
Y2=C3;
BLOCKEND
DRAWLINE

TEXT

ATTRIBUTE

STRING

inumb text
inumb
rnumb
inumb
rnumb
rnumb

inumb

Select one X and one Y variable

or multiple X and one Y variable

or one X and multiple Y variables

or multiple XY pairs

XY XY
text or “name (of a string, see below)
TOP, CENTER or BOTTOM

name text

The text string may contain text formatting codes namely: AS# to set font size, G for Greek
font, AF# to set font type, AU# for positioning the text upwards, AD# for positioning the text
downwards, AR#for positioning the text to the right, AL# for positioning the text to the left,
and finally AN for printing without updating current position to the end of the character.
These text formatting codes only work for soft fonts not hardcopy postscript fonts.
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INCLUDE filename
CLIP ON or OFF
SYMBOLSIZE rnumb

FUNCTION Y=203 <start end steps GOC>
(X); or X=203
(Y); The < > denotes an optional parameter.

<code> <video> <mode>
The <> denotes optional parameters.

Paint the area enclosed by the current path in the current pattern. The current path starts
at the last 'moveto' given and includes all subsequent 'draws'. Also see PCFUNCTION

FAT below. Default is <code>=0, <video>=NORMAL and <mode>=TRANSPARENT. To set a new
current pattern supply any or all of the optional parameters. <code> is a single letter 0-9,
A-Z or a-t (if <code>=t supply also a number in the range 0.00 - 1.00, e.g. PAINT t 0.25.)
<video> is a string reading NORMAL or INVERSE. <mode> is a string reading TRANSPARENT
or OPAQUE.

PCFUNCTION <start end steps GOC>

Y=203(X); or

X=203(Y) ; The <> denotes an optional parameter. May be used to add a function to the current path.
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Available Graphical Operation Codes (GOCs)

These are the available GOCs:

o w: World coordinates (* DEFAULT)

e v: Virtual coordinates

o N: Normalized plot box coordinates (NPC)

« M: Move to this XY (*)

« D: Draw to this XY

o A: XY is absolute values (*)

« rR: XY are relative values

e S: Plot current symbol at XY

o B: Apply soft spines on the drawn curve (use only on BLOCK data)
e 52: Change current symbol to 2 and plot at XY
o ': Plot the following text at XY
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State, Integral and Auxiliary Variables

In this section:

State Variables . 131
Integral Variables ... o 135
AUXIliary Variables ..o 137
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State Variables

State variables in the DICTRA POST module are similar to those defined in Thermo-Calc
POLY-3 module. Examples of state variables are temperature, mole fraction, enthalpy, etc.
In POLY-3 a general notation method based on character mnemonics is designed for a
predefined set of state variables.

D Also see SET DIAGRAM AXIS and ENTER SYMBOL commands in the DICTRA
POST module.

The numerical values of some state variables, e.g. activity, chemical potential, and the
energetic extensive properties, are given relative to some reference state which has been
defined in the thermodynamic database file. Sometimes you may have specified a reference
state using SET_REFERENCE_STATE. To get numerical values relative to the user-defined
reference state, append an R to the mnemonic names as defined.

| Intensive Properties

Mnemonic | Description

T temperature

P pressure
AC(component) activity

MU (component) chemical potential

| Extensive Properties
NORMALIZATION of extensive properties: For all extensive properties a suffix can be added

to the mnemonic name to indicate a normalized extensive property. The following tables
describe each mnemonic .

Extensive Property 'Z at Each Grid Point

Mnemonic | Description

Z Extensive property Z at each grid point.
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Mnemonic | Description

M Extensive property 'Z per moles of atoms.
W Extensive property 'Z per mass (gram).
yAYS Extensive property ‘Z per volume (m3).

Extensive Property Z for a Phase at Each Grid Point

Mnemonic | Description

z Extensive property ‘Z for the current amount of the phase.
M Extensive property 'Z per mole of atoms of the phase.

ZW Extensive property 'Z per mass (gram) of the phase.

yAY, Extensive property ‘Z per volume (m3) of the phase.

ZF Extensive property 'Z per mole formula unit of the phase.

Energetic Extensive Properties

E‘g Suffixes M, W, V and F can be applied.

Mnemonic Description

S entropy

S(phase) entropy of a phase
vV volume

V(phase) volume of a phase
G Gibbs energy
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G(phase) Gibbs energy of a phase

H enthalpy

H(phase) enthalpy of a phase

A Helmholtz energy

A(phase) Helmholtz energy of a phase

Amount of Components

E‘ﬂ Suffixes M, W and V can be applied.

Mnemonic Description

N(component) Number of moles of a component.
N(phase,component) Number of moles of a component in a phase.
B(component) Mass of a component.

B(phase,component) Mass of a component in a phase.

Total Amount

l_:%lﬁ Suffixes M, W and V can be applied.

Mnemonic | Description

N Number of moles

B Mass
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Mnemonic | Description

=2 The legal combination BW is not very interesting as it will always be unity.
BV is the density

Amount of a Phase

E‘? Suffixes M, W and V can be applied.

E" The normalizing properties are calculated at each grid point.

Mnemonic Description

NP(phase) Number of moles of a phase.
BP(phase) Mass of a phase.
VP(phase) Volume of a phase.

site fraction

Y(phase speciestsublattice) E‘ This quantity is dependent upon the model

chosen for the phase.

Constitution

Elﬁ? This quantity is dependent upon the model chosen for the phase.

Mnemonic Description

Y(phase,speciesttsublattice) site fraction
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Integral Variables

An integral variable is a quantity that has been obtained by integration in space over the
whole system or over a specific region. In a planar geometry values are given per unit area,
in a cylindrical geometry they are given per unit length, and in a spherical geometry they
are absolute values.

»  SET_DIAGRAM_AXIS and ENTER_SYMBOL commands in the DICTRA POST module.

The variable mnemonics are constructed in the following way.

o The first letter is always | for INTEGRAL VARIABLE.
o The second letter specifies quantity.

« The third letter is OPTIONAL and specifies the normalizing quantity.

First and Second Letter

Class | Quantity | Description

| N for number of moles
| wW for mass
| \Y for volume

for number of moles of volume-

! v contributing elements
Il S for entropy

Il H for enthalpy

Il G for Gibbs energy

Il A for Helmholtz energy

Class |

Integral quantities of CLASS=I may take 0-3 arguments.
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The arguments MUST be given in 'falling' order of significance.

1. Region name
2. Phase name

3. Component name

Class Il

Integral quantities of CLASS=Il may take 0-2 arguments.

The arguments MUST be given in 'falling' order of significance.

1. Region name

2. Phase name

Third Letter - Normalizing Quantity

Quantity | Description

N for total number of moles in system
w for total mass of system

Vv for total volume of system

U for total number of moles of volume-

contributing elements in system

Examples

IW(PEARLITE,BCC,CR) is the mass of CR in the BCC phase in region PEARLITE.

IW(PEARLITE,BCC) is the mass of BCC phase in region PEARLITE. IW is the total mass
in the system.

IVV(Austenite) is the volume fraction of Austenite in a single cell calculation.

IVV(2, Austenite) is the volume fraction of Austenite in Cell 2 for a multi cell
calculation.
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Auxiliary Variables

The following table lists auxiliary variables that are associated with both names and
mnemonics.

p SET DIAGRAM AXIS and ENTER SYMBOL in the DICTRA POST module.

Interface names are the same as the region names with the addition that you also have to
specify if the interface is at the U(pper) or L(ower) end of the regions.
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Name and Mnemonic Auxiliary Variables

Name Mnemonic | Argument
ACTIVITY AC(component) component

DISTANCE

FLUX JV(component) component

LAMELLAR-SPACING LS(name) region name
LAMELLAR-THICKNESS LT(name) phase name
MOLE-FRACTION X(component) component

MOLE-PERCENT component

POSITION-OF-INTERFACE

POI(name,U/L)up*)

interface name

TEMPERATURE-KELVIN T
TEMPERATURE-CELSIUS -
U-FRACTION UF(component) component

VELOCITY-OF-INTERFACE

WEIGHT-FRACTION

WEIGHT-PERCENT

VOI(name,U/L)up*)

W(component)

interface name

component

component

Mnemonic Auxiliary Variables

There are also auxiliary variables that are only associated with a mnemonic.

Mnemonic Description

GD global distance
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Mnemonic Description

LD local distance

M(phase,J) mobility coefficient where J=diffusing specie
LOGM(phase,J) 10jog of the mobility coefficient

DT(phase,J) tracer diffusion coefficient where J=diffusing specie
LOGDT(phase,J) 10log of the tracer diffusion coefficient

chemical diffusion coefficient where K=gradient specie, and N=reference

DC(phase,J,K,N) specie

LOGDC(phase,J,K,N) 10Jog of chemical diffusion coefficient
Di(phase,J,K,N) intrinsic diffusion coefficient
LOGDI(phase,J,K,N) 10Jog of intrinsic diffusion coefficient

JV(phase and/or specie) flux in volume fixed frame of reference

JL(phase and/or specie) flux in lattice fixed frame of reference

QC(phase,J,K,N) Q=R(In (DC{T1}) - In (DC{ T1+e}))/(1/(T1+e) - 1/ T1)
QT(phase,)) Q=R(In (DT{T1}) - In (DT{T1+e}))/(1/(T1+e) - 1/ T1)
Ql(phase,J,K,N) Q=R(In (DT1}) - In (DT1+e}))/(1/(T1+e) - 1/T1)
FC(phase,J,K,N) DO=exp(In (DC{T1})+Q/R/ T1)

FT(phase,)) DO=exp(In (DT{T1})+Q/R/T1)

Fi(phase,J,K,N) DO=exp(In (DI{T1})+Q/R/T1)
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The Thermo-Calc Software

The Thermo-Calc software is a sophisticated database and programming interface package
used to perform thermodynamic calculations. It can calculate complex homogeneous and
heterogeneous phase equilibria, and then plot the results as property diagrams and phase
diagrams.

The Thermo-Calc software (also referred to as the Thermo-Calc program or the software to
distinguish it from the company name) fully supports stoichiometric and non-ideal solution
models and databases. These models and databases can be used to make calculations on a
large variety of materials such as steels, alloys, slags, salts, ceramics, solders, polymers,
subcritical aqueous solutions, supercritical electrolyte solutions, non-ideal gases and
hydrothermal fluids or organic substances. The calculations take into account a wide range
of temperature, pressure and compositions conditions.
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About the Thermo-Calc Add-on Modules

The Thermo-Calc program also includes Add-on Modules as briefly described below and at
the links to our website.

o The Diffusion Module (DICTRA) is used to simulate diffusion controlled
transformations in multicomponent systems. You can find more about it on our
website.

o The Precipitation Module (TC-PRISMA) is used to simulate diffusion controlled multi-
particle precipitation process in multicomponent and multi-phase alloy systems. You
can find more about it on our website.

e The Process Metallurgy Module is used to set up calculations used in steel making
and other metallurgical industries. You can find more about it on our website.

| Diffusion Module (DICTRA)

The Diffusion Module (DICTRA) is an Add-on Module to Thermo-Calc. It is used for
simulation of diffusion controlled transformations in multicomponent systems. The
simulation calculations are both time- and space-dependent. The Diffusion Module (DICTRA)
is available in both Graphical Mode (as the Diffusion Calculator) and Console Mode (as the
DICTRA module).

The Diffusion Module (DICTRA), which is often just referred to as DICTRA, is ideally suited to
solve diffusion simulations that include a moving boundary (Stefan problems). The
multicomponent diffusion equations in the various regions of a material are solved under
the assumption that thermodynamic equilibrium holds locally at all phase interfaces.
Simulations are one-dimensional and three different geometries can be performed: planar,
cylindrical, and spherical.

Examples of cases that have been simulated using the Diffusion Module (DICTRA) include:

o Microsegregation during solidification

« Homogenization of alloys

« Growth/dissolution of carbides, nitrides and intermetallic phases
o Coarsening of precipitate phases

« Interdiffusion in compounds, e.g. coating systems

« Austenite to ferrite transformations in steel

o Carburization, nitriding and carbonitriding of high-temperature alloys and steels
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o Post weld heat treatment

« Sintering of cemented-carbides

| Precipitation Module (TC-PRISMA)

The Precipitation Module, or TC-PRISMA, is an Add-on Module to Thermo-Calc and it is
available in Graphical Mode as the Precipitation Calculator.

The Module treats concurrent nucleation, growth/dissolution and coarsening under arbitrary
heat treatment conditions in multi-component and multi-phase systems using Langer-
Schwartz theory and the Kampmann-Wagner numerical approach. It is a general
computational tool for simulating kinetics of diffusion controlled multi-particle precipitation
processes in multicomponent and multiphase alloy systems.

You can use the Precipitation Module for:

« Concurrent nucleation, growth/dissolution and coarsening of precipitates
o Temporal evolution of particle size distribution

o Average particle radius and number density

o Volume fraction and composition of precipitate

« Nucleation rate and coarsening rate

o Time-Temperature-Precipitation (TTP) diagrams

o Continuous-Cooling-Transformation (CCT) diagrams

o Estimation of multi-component interfacial energy

« Estimation of yield stress using the Yield Strength Property Model

| Process Metallurgy Module

E‘; The Process Metallurgy Module requires both a valid Maintenance and Support
Subscription (M&SS) and a license for the TCS Metal Oxide Solutions Database
(TCOXS8 or newer).

The Process Metallurgy Module is an Add-on Module to Thermo-Calc and it is available in
Graphical Mode as the Process Metallurgy Calculator. The Add-on Module is designed to
model reactions that occur in metallurgical processes. Although primarily used in
steelmaking and steel refining processes (such as basic oxygen furnaces, electric arc
furnaces, ladle furnace metallurgy and so forth), applications are not limited to steelmaking.
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There are two main branches of calculations possible: Equilibrium and Process simulation.
Equilibrium calculations do not consider any kinetics, the process simulation includes
reaction kinetics.

In general, for both types, the main difference compared to using a standard Equilibrium
Calculator is that it is easy to handle the different materials present in a metallurgical
process. The materials used in the process can be pre-defined, saved and used for the
equilibrium calculations. Metallic materials can be defined in element weight percent, oxide
materials in weight percent of oxide components, the gas phase in volume percent of gas
components and its amount can be defined in normal cubic meters, and so forth. In principle
this can be done in a standard Equilibrium Calculator. However, it is much easier when using
the Process Metallurgy Calculator as this is designed for this specific purpose.

When using the Equilibrium branch of calculations, both isothermal and adiabatic
calculations are possible. Adiabatic calculations assume no heat and mass exchange with the
environment during the equilibrium reaction, meaning that the temperature changes as a
result of exothermal or endothermal reactions taking place.

For a Process simulation branch of calculation, the reaction kinetics of the process are
considered. This is done by dividing the system into zones. Typically one would have one
steel zone containing liquid metal and a slag zone containing liquid oxide (slag). The kinetic
model assumes that only a fraction of the steel zone reacts with a fraction of the slag zone
per time step. This reacting fraction of the whole system is termed the reaction zone (in
literature it has become known as Effective Equilibrium Reaction Zone or EERZ).

You can use the Process Metallurgy Module to calculate the following:

e The equilibrium between custom-defined steels, slags and gasses.
e The equilibrium between other metallic and non-metallic phases.
« Desulfurization, dephosphorization, and decarburization.

o Any partition coefficient, for example the partitioning of sulphur between the liquid
steel and slag phase.

« Slag characteristics, such as slag basicity or sulphur capacity.
o The fraction of liquid and solid in the slag.
o The temperature change in an adiabatic process.

« Kinetics of the reaction between phases. Typically this is the reaction between a
liquid metal and slag phase, but it could also be the reaction between a solid oxide
and slag (simulation of refractory wear) or between a solid metal and liquid metal
(simulation of dissolution of alloy), etc.

About the Thermo-Calc Software | 6 of 83



Diffusion Module (DICTRA) Documentation Set

Graphical Mode vs Console Mode

There are two interfaces available in Thermo-Calc: Graphical Mode with a graphical user
interface (GUI) and Console Mode, which uses a command line interface. Thermo-Calc and
the Diffusion Module (DICTRA) are available in both modes, and the Precipitation Module
(TC-PRISMA) and Process Metallurgy Module are only available in Graphical Mode.

If you are a new user, Graphical Mode is a good way to learn how to work with Thermo-
Calc. Depending on what you want to simulate, Console Mode can have more functionality
but until you are comfortable with the concepts, it is recommended you start in Graphical
Mode.

In Graphical Mode calculations are set up, carried out, and visualized as part of

I;I a project. The steps in the project are performed with activities. There are
templates and a Wizard available to guide you through the process of defining
the project.

In Console Mode you work with modules, which are managed using commands

E typed at a prompt. Some modules, called response-driven modules, ask you a
series of questions that typically take you through the process of defining your
system, setting calculation conditions, performing calculations and plotting the
results.

How to Switch Between Modes

The first time you open Thermo-Calc, it defaults to Graphical Mode. For any future instance
it defaults to the last mode used.

Along the top of the GUI is the GRAPHICAL IVIODE TOOLBAR where you switch between modes.

File Tools Window Help
m = AD

New Open Save | Switch to Console Mode

In Console Mode, except for the SWITCH TO GRAPHICAL IMIODE button, the toolbar is not used.
O

Switch to Graphical Mode

New Open Save

D See Menu, Toolbar and Keyboard Shortcuts for information about the Tools,
Window and Help menus, which are available in both modes.

File Extensions
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The file extensions are different based on the mode you are in (Graphical vs. Console). In
Console Mode the extensions are also based on whether you are working with Thermo-Calc
or the Diffusion Module (DICTRA).

I;I In Graphical Mode, the Thermo-Calc project files have the extension *.tcu. This
includes the examples for the add-on Diffusion Module (DICTRA) and
Precipitation Module (TC-PRISMA).

E In Console Mode, Thermo-Calc macro files have a *.7cM extension and the
Diffusion Module (DICTRA) file extension is *.pcM. In addition to macro files in
Console Mode the are also Log files and Workspace files, which also differ.

Modes Run Simultaneously

The two modes can be run simultaneously, but there is no communication between them.
What you do in Graphical Mode does not affect the state of the Console Mode session and
vice versa. One exception is the plot settings. See Global Settings: Graphical and Console

Mode Plotting.

Data Optimization and Thermodynamic / Kinetic Assessments

E Although many calculations can be done in either mode, data optimization and
thermodynamic or kinetic assessments are only available in Console Mode.
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Graphical Mode Activities vs Console Mode Modules

b Graphical Mode: About the Activity Nodes

p  Console Mode Modules

Although many calculations can be done in either Graphical Mode (GM) or Console Mode
(CM), only data optimization and thermodynamic or kinetic assessments are available in
Console Mode. Conversely, only the Property Model, Precipitation and Process Metallurgy
Calculators are available in Graphical Mode.

Graphical Mode (GM) versus Console Mode (CM)

CM module

GM
Activity

(Short
Name)

Primary Functions

Binary BIN Calculate binary phase diagrams. Access to specific databases designed
Calculator for BIN, such as TCBIN, is required.
System Select appropriate databases, define chemical systems and retrieve the
. DATA . .
Definer data required for calculations.
e Run simulations of diffusion controlled transformations in Thermo-Calc
Diffusion . e . . . .
DICTRA using the Diffusion Module (DICTRA). An additional license is required
Calculator .
for this feature.
This is to do data optimization for the Diffusion Module (DICTRA). It
- DIC_PARROT allows you to assess experimental data and use such data to optimize
calculations. An additional license is required for this feature.
B ED EXP Part of the PARROT submodule, use it to edit experimental data points
- to make reliable optimizations.
This is the Handles thermodynamic models and quantities. Generally you do not
calculation GIBBS or GES need to use this, but you can get information about models, and list,
engine add or amend the thermodynamic parameters in use.
_ PARROT Used for data optimization to assess experimental data and use the data

Precipitation

to optimize calculations.

Set the conditions for, and perform, a precipitation calculation.
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GM
Activity

Calculator

Property
Model
Calculator

Equilibrium
Calculator

Plot
Renderer

Ternary
Calculator

Process
Metallurgy
Calculator

Scheil
Calculator

Ternary
Calculator

CM module
(Short
Name)

POLY

POST

POTENTIAL

POURBAIX

REACTOR

SCHEIL

SYS

TAB

TERN
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Primary Functions

Predict and optimize material properties based on their chemical
composition and temperature. There are preconfigured General
Models and Steel Models available.

Equilibrium calculation command module. Specify conditions and make
calculations.

This is a submodule to POLY and is for post-processing and plotting of
calculation results. Modify property and phase diagrams, add labels,
change the diagram colors and so forth.

Calculate and plot gas potential diagrams in a ternary system. The
potential of two gas species are used as the diagram axes.

Calculate and plot pH-Eh diagrams (Pourbaix diagrams) and property
diagrams for heterogeneous interaction systems involving aqueous
solutions.

Use this to model reactions that occur in metallurgical processes.
Although primarily used in steelmaking and steel refining processes
(such as basic oxygen furnaces, electric arc furnaces, ladle furnace
metallurgy and so forth), applications are not limited to steelmaking.

Simulate chemical reaction processes in several feed-forward steady-
state stages or in several dynamic stages.

Simulate and plot Scheil-Gulliver solidification processes with no
diffusion in the solid phases and with/without consideration of back
diffusion of interstitial components (such as C, N, O, S).

In Console Mode, interact with the operating system and change
environmental settings. Create and execute macro files.

Tabulate properties of chemical reactions and substances
(stoichiometric or solution phases).

Calculate ternary phase diagrams.
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Graphical Mode vs Console Mode: Calculation Types

P The Calculation Types in Graphical Mode

b Calculations

When you are using Thermo-Calc and the Add-on Modules, you generally first set up a
system, select the databases to use, and then define various parameters related to the
simulation you want to conduct. Once this is set up you decide what calculation type to
perform, choose a plot type (or a table for single equilibrium, for example) to use and then
eventually get a result.

How Thermo-Calc handles the calculation behind the scenes is the same whether you use
Graphical Mode or Console Mode. However, there are differences with the workflow and for
historical reasons some calculation types are named differently based on whether you are in
one mode or another. In addition, the plot types (diagrams) you choose to output the
information are also different based on whether you are in Graphical or Console Mode.
These plot types are often based on the type of calculation being done, where in some cases
you can only do it in one mode and not the other. For example, precipitation calculations are
only available with the Precipitation Calculator, which is only available in Graphical Mode,
but you can do diffusion calculations in both Graphical and Console Mode.

Comparison of Calculation Types in Graphical Mode vs Console Mode

The table lists most of the calculation types that you will want to perform based on whether
it is in Graphical Mode or Console Mode. The first column is primarily based on the
calculation types you can select when working in Graphical Mode and when using the
various calculators as indicated in the second column. The third column is the module or
command in Console Mode that you would use to perform the same, or similar, type of
calculation.

Calculation
Type

Graphical Console Definition

An equilibrium defines the amount(s)
and composition(s) of one or several
phases that have the minimum Gibbs
Equilibrium Equilibrium Calculator POLY3 module E::srsggr: Zg’;:.ls:efur:;irir?;?;e and
successful equilibrium calculation is
that the number of degrees of
freedom according to Gibb's phase

calculations
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Calculation
Type

Single
equilibrium

Single (no axes)

One axis

Property
diagrams

Graphical

Property Model

Calculator (Equilibrium

model) and
Equilibrium Calculator

Property Model
Calculator and Process
Metallurgy Calculator

Property Model
Calculator, Equilibrium
Calculator and Process
Metallurgy Calculator

One axis: available
with Equilibrium
Calculator or Property
Model Calculator

POLY3 module

POLY3 module

POLY3 module

POLY3 module,
STEP command

Diffusion Module (DICTRA) Documentation Set

Definition

rule must be zero. This means that
the right number of independent
conditions must be setin order to
successfully be able to calculate an
equilibrium.

To calculate a single equilibrium. The
results from this calculation are
displayed as follows:

e Graphical Mode: In the
Results window for a Table
Renderer or in the Event Log
window (for the Property
Model Calculator)

e Console Mode: With the
LIST_EQUILIBRIUM command.

To calculate a single point. The results
from this calculation are displayed as
follows:

e Graphical Mode: In the
Results window for a Table
Renderer or in the Event Log
window.

« Console Mode: With the
LIST_EQUILIBRIUM command.

To vary a quantity on the X-axis.

A property diagram is calculated by
stepping one of the conditions that
were defined for the equilibrium
calculation and plotting some other
property against this variable. For
example stepping through
temperature and plotting equilibrium
composition of a certain phase, or
stepping through composition and
plotting equilibrium phase fractions,
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Calculation
Type

Phase diagrams

Scheil
calculations

Gibbs energy
curves

Activity curves

Phase fractions

Isothermal
section

Monovariant
lines

Liquidus
projection

Potential
diagrams

Graphical

Equilibrium Calculator,
Binary Calculator, and
Ternary Calculator

Scheil Calculator

Binary Calculator

Binary Calculator

Binary Calculator

Ternary Calculator

Ternary Calculator

Ternary Calculator

not available

POLY3 module,
MAP command,
BINARY module,
and

TERNARY module

Scheil module

BINARY module

BINARY module

BINARY module

TERNARY module

TERNARY module

TERNARY module

Potential Diagram
module and
POLY3 module
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Definition

and so forth.

A phase diagram is mapped within a
specific space constructed by two (or
more) independent mapping
variables. These are mostly
temperature and composition, but
can be many other, such as
temperature and pressure, activity of
oxygen and activity of sulphur, and so
forth.

Simulate a non-equilibrium
transformation or partial-equilibrium
transformation, also called a Scheil-
Gulliver solidification.

To calculate at a constant
temperature over the whole
composition range.

To calculate at a constant
temperature over the whole
composition range.

To calculate as a function of
temperature at a constant
composition.

To calculate the ternary system for
the whole composition range at a
constant temperature.

To calculate the variation of the liquid
compositions with temperature.

The projection liquid surface and the
monovariant lines are calculated
over the given temperature range.

A potential diagram uses the activities
of two major species in the gaseous
mixture phase as mapping variables.
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Calculation
Type

TO temperature
simulations

Paraequilibrium

Grid

Min/Max

Uncertainty

Aqueous
solutions,
Pourbaix
diagram

Graphical

not available

not available

Property Model

Calculator, Equilibrium
Calculator, and Process
Metallurgy Calculator

Property Model
Calculator

Property Model

Calculator and Process
Metallurgy Calculator

Equilibrium Calculator

POLY3 module

POLY3 module

not available

not available

not available

Pourbaix
Diagram module,
POLY module

Diffusion Module (DICTRA) Documentation Set

Definition

For example, use this for a metal-
oxide/sulphide-gas interaction system
to calculate a diagram based on a
specific temperature and pressure .

The TO-temperature is the temperature
at which two phases have the same
Gibbs energy for a certain composition
for a certain alloy composition.

A paraequilibrium is a partial
equilibrium where one interstitial
component, such as carbon (C) and
nitrogen (N), in a multicomponent
alloy can diffuse much faster than the
other components (the substitutional
elements, including the matrix element
and alloying elements).

With the Equilibrium Calculator, it
computes the equilibrium of each
grid point in a two-dimensional grid.

With the Property Model Calculator,
it evaluates two axis variables of the
selected quantities in the specified
range and number of steps.

Evaluates the Property Model(s) for
all variations of the selected
quantities at the given limits.

Evaluates the Property Model(s)
where the values of the quantities
are sampled from Gaussian
distributions.

A Pourbaix diagram is a kind of phase
diagram that shows the stability
boundaries for a metal-aqueous
interaction system. The phase
boundaries are shown as a function
of pH (acidity) and Eh (standard
hydrogen electronic potential).
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Calculation
Type

Tabulation
reaction

Diffusion
simulation

Isothermal

Isothermal and
non-isothermal

TTT and CCT

Graphical

not available

Diffusion Calculator

See below

Precipitation Calculator

Precipitation Calculator

TAB module

DICTRA monitor

POLY3, DICTRA
monitor

See above

not available

Diffusion Module (DICTRA) Documentation Set

Definition

To tabulate thermodynamic functions
of any type of substance,
stoichiometric phase or solution
phase, or reaction.

Detailed simulation of diffusion
controlled reactions in multi-
component systems.

Isothermal calculations in general can
be done in all Console Mode
modules, for example an Isothermal
diffusion in DICTRA monitor and an
isothermal calculation in POLY3 using
the STEP command.

You can calculate nucleation,
growth/dissolution and coarsening of
particles size classes under these
conditions: isothermic (precipitation
simulation at constant temperature)
or non-isothermic (precipitation
simulation with user-defined
temperature profile).

The TTT (Time-Temperature-
Transformation) and CCT (Continuous
Cooling Transformation) diagram can
be simulated for one or more
particles.
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About the File Types and Formats

The file formats (and the file extensions / suffixes) are based on whether you are working in
Graphical or Console Mode, and in Console Mode, whether you are working with Thermo-
Calc and/or the Diffusion Module (DICTRA).

Graphical Mode

In Graphical Mode you work with one file type, a project file, which has a *. tcu file
extension. This is applicable to Thermo-Calc and the add-on Diffusion Module
(DICTRA)Precipitation Module (TC-PRISMA) and Process Metallurgy Module.

Console Mode

In Thermo-Calc Console Mode there are file types—macro (including log files) and
workspace—and extensions —+*.TcM, *.POLY3, *.GES5, *.PAR, *.POP, and * .EXP.

E A reminder that Linux and macOS are case sensitive; when applicable ensure
you enter file extensions with capital letters.

EJ’ Workspace files are not currently available with GES6.

b Working with the Console Mode File Types
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Displaying Thermo-Calc License Information

You can start (and install) the software without a valid Thermo-Calc license but you cannot
do any calculations. To show information about the available and installed licenses, from the
main menu select Help - Show License Info.

This is an example of part of a License Information window for a network installation. It only
shows the fields you would expect to see as the details are unique for each installation.

A License Information

License diagnostics program
build: 19853 created: Mon Apr 08 14:24:19 2019

Log generated at: 24-04-201% 10:5%9:13
Safenet environment wvariables

LSHOST:

LSERVEC

Local {client) info
hostname:
license wersion:

ethernet: #1
ethernet: #2
ip address: #1
ip address: #2
dns name: #1
dns name: $#2

short locking code:
short lock name:
short lock IP-adress:
short lock sthernset:

Network Licenses

For a network license, under each license type with instances checked out, there is a list of
who checked out each license.
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In Graphical Mode, an instance is checked out when an Equilibrium Calculator

I;I activity is created, and checked back in when that Equilibrium Calculator is
removed. For the Add-on Diffusion (DICTRA), Precipitation (TC-PRISMA), and/or
Process Metallurgy Modules this also applies to the Diffusion Calculator and the
Precipitation Calculator.

E In Console Mode, an instance is checked out when you enter the POLY module
and is checked back in when you exit the POLY module.

o The Features column is a list of the specific software, databases and API licenses
purchases.

e The Version is an internal version number for the feature.

« The number of licenses column is how many instances of each license type available
to be checked out simultaneously.

o The in use column shows how many license instances are checked out.

Console Mode License Restrictions

« If you start Thermo-Calc without a valid Thermo-Calc license you cannot leave the
SYS module.

« If all the licenses are checked out for a network client installation of Thermo-Calc,
you may not be able to enter the POLY or DICTRA modules until a license is available.

o To enter the DICTRA and the DIC_PARROT modules, you need a valid Diffusion
Module (DICTRA) license key.

o If you enter and use either the DIC_PARROT module or the PARROT module, then
you cannot enter the other module in the same session. You must close down
Thermo-Calc and launch the program again to enter the other data optimization
module.

Network Computer License Restriction

If you have a network computer installation of Thermo-Calc, then you may not be able to do
any calculations even if you have access to a valid network license file. This is because
others who are part of your network installation may have checked out all allowed instances
of the software.
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If you are running a network installation of Thermo-Calc, you can see how many instances of
the client licenses are currently checked out and how many of them are left. You can also
see which client computers have checked out the licenses.
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About the Documentation and Examples
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Examples, Manuals and Materials Folders

There are several ways to access the examples, manuals (containing PDF documentation)
and materials data folders.

From the
System | Windows On your

Definer | Start Computer Website

Menu

Manuals (PDF documentation,
DATAPLOT EXP files, and
Property Model Framework
Tutorial Examples)

SDK (TC-Python, TCAPI, TC-
Toolbox for MATLAB®, and TQ- X - - X X
Interface APIs)*

Examples (project and macro files) X - X X X
Materials - X X X X
Property Models - - - X -
Process Metallurgy Materials** - - - X -

* The SDK folder is installed during installation and available when you have a license for the applicable
SDK.

** The Process Metallurgy Module user-defined material compositions are saved from the Process
Metallurgy Calculator and managed from the Tools - Options menu.

From the Main Menu

Once your Thermo-Calc software is installed you can open the Examples and PDF
documentation (Manuals) from the main menu:

« To open the Manuals folder select Help - Manuals Folder. Note for Linux openSUSE
users: This link is not functional. To access the folder, navigate to the default location
based on your installation type
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o To open the Examples based on whether you are in Console Mode or Graphical
Mode, select File - Examples Files or Help - Examples Files.
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From the System Definer (Materials Only)

When you are working with the System Definer you can open the default Materials folder
included with your installation.

At the bottom of the window under Material, click Load material to navigate to a material
file.

E‘;:- There is a separate folder for materials saved using the Process Metallurgy
Calculator. See Installation Default Directory: Process Metallurgy Materials.

Material A =

Material name: Look in: Materials v o

Aluminum Alloys

E] Cast lron
Amount |Mass percent ~ = My Materials
Mickel Alloys
Fe 99,98 Solder Alloys
c o0t Steel
Titanium Alloys
cr 0.01

|y

Documents

b

This PC

Load material...

Save material as... @ File name: |

Network
stwer Files of type: | Material file [=.xmi] - Cancel

The default directory where these files are stored is based on operating system:

Operating

Materials Installation Directory
System

Windows C:\Users\<user>\Documents\Thermo-Calc\2020b\Materials

On Linux all user files are installed where the program is installed. If installed as root
Linux the default is:

/opt/Thermo-Calc/2020b/Materials

macOS /Users/Shared/Thermo-Calc/2020b/Materials

Start Menu (Windows Only)

On Windows, once Thermo-Calc is installed, you can locate the Examples and Materials
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folders, plus all the Manuals using the shortcuts located in the Start menu. Go to Start - All
Programs or All Apps - Thermo-Calc and click Examples, Manuals, or Materials as
required to open the applicable folder.

On Your Computer (All Operating Systems)

The PDFs, example files and materials xml files are included with your installation in a folder
location based on the operating system.

In the table, <user> stands for the username and <version> for the version of Thermo-Calc,
for example 2020b.

Windows File Paths

User Type Default Directory

Software
Program Files\Thermo-Calc\<version>
Administrator

Examples, Manuals, Materials, Property Models, Process Metallurgy Materials and
SDK folders:

Users\Documents\Thermo- Calc\<version>

macOS File Paths

User Type Default Directory

Examples, Manuals, Materials, Property Models, Process Metallurgy
Materials and SDK folders:
Administrator ('user name and /Users/Shared/Thermo-Calc/<version>
password required)
To go to this folder, in Finder, from the Go main menu select Go to

folder. Enter the above file path and click Go.

Linux File Paths
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User Type Default Directory

Non root user home/<user>/Thermo-Calc/<version>

Root user usr/local/Thermo-Calc/<version>

Website

You can download the PDF documentation and examples from the website.

1. Go to https://www.thermocalc.com/.

2. From the menu, select Support - Documentation and navigate to the applicable
section.
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About the PDF Documentation Folder

There is PDF documentation available as part of your installation. This is the same
information as that contained in the online help, just in a different format. The contents of
each folder are described below.

Help |

&¢ Online Help F1 -
H video Tutorials Mame
Examples Files All Thermo-Cale Documentation
| T Manuals Folder M | Database Information Sheets
A  Thermo-Calc Website DATAPLOT Example EXP Files

Show License Info Diffusion Module (DICTRA)

Installation Guides

¥ Checkfor Updates
& L - Precipitation Module (TC-PRISMA)
= equest Suppo
= . e Property Model Development Framework
0 perty P
out

Software Development Kits (SDKs)
TC-Python

All Thermo-Calc Documentation

The Thermo-Calc Documentation Set is one large PDF that includes the information needed
to work with the Thermo-Calc software. By having all content in one PDF it enables you to
search the content just like you would when in the online help, although this PDF does not
include all the Add-on Module and SDK content.

@ It is recommended you search the help (press F1 in Thermo-Calc) if you cannot
find what you are looking for in a particular PDF.

The documentation set includes:
o Thermo-Calc installation guides including Windows, macQOS and TC-Python Quick
Install Guides
o User guides for both Graphical Mode and Console Mode

« Details about the Add-on Diffusion (DICTRA), Precipitation (TC-PRISMA), and/or
Process Metallurgy Modules based on what is included with Thermo-Calc. That is,
some information is contained in the separate guides.
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o Data Optimization User Guide - Console Mode only

o Database Manager User Guide - Console Mode only

o DATAPLOT User Guide - Console Mode only

 Pourbaix Diagrams Educational Material - Console Mode only

o Property Model Development Framework Guide - Graphical Mode only

=7  Thereis also the Thermo-Calc Console Mode Example Macros PDF available
with the installation.

Database Information Sheets

The technical details contained in the database information sheets is included in the online
help system. Some of the databases have PDF copies included in this sub-folder. However,
starting with Thermo-Calc 2020b, the database examples are being separated into separate
PDFs that will only available on the web or in the Help. All PDFs are available for download
from the Thermo-Calc website and the information is generally included in the help.

DATAPLOT Example EXP Files

The examples are available as supplementary information as described in the
DATAPLOT User Guide, which you can find in either the online help, Thermo-Calc
Documentation Set or Diffusion Module (DICTRA) Documentation Set.

Diffusion Module (DICTRA)

The Diffusion Module Documentation Set is one large PDF that contains information you
need to work with this Add-on Module. By having all content in one PDF it enables you to
search the content just like you would when in the online help, although this PDF does not
include any installation or SDK content.

The documentation set includes:

¢ All the content available in the Thermo-Calc Documentation Set

« Diffusion Module (DICTRA) user guides and quick start guides for both Graphical
Mode and Console Mode

The following guides are also available separately in this folder:

o Diffusion Module Quick Guide - Console Mode
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o Diffusion Module Quick Guide - Graphical Mode
o Diffusion Module (DICTRA) Console Mode Example Macros

Installation Guides

Includes the quick install guides for Standalone Windows and macOS installations as well as
the full installation guide for all platforms and installation types. A quick install guide for TC-
Python is also there.

Precipitation Module (TC-PRISMA)

There is a stand-alone user guide in this folder. Use the Thermo-Calc Documentation Set for
all other details you need to work with this Add-on Module, which treats concurrent
nucleation, growth/dissolution and coarsening under arbitrary heat treatment conditions in
multicomponent and multi-phase systems using Langer-Schwartz theory and the Kampmann-
Wagner numerical approach.

Process Metallurgy Module

All the content is contained in the Thermo-Calc Documentation Set.

Property Model Development Framework

The PDF guide contains details about setting up a development environment so you can build
custom Property Models in Thermo-Calc.

The folder also includes two tutorial Python files you can copy and use in your own custom
Property Models. The examples are available as supplementary information as described in
the Property Model Development Framework Guide.

Software Development Kits (SDKs)

L% The TC-Python HTML documentation is stored in its own folder. It is also
available from our website. In this folder you will find the PDF version of the
help.

o TQ-Interface Programmer Guide: The TQ-Interface is available as a way to make
Thermo-Calc an integral part of application programs such as those for process
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simulation, microstructure evolution modeling and materials property prediction.

o TC Toolbox for MATLAB® Programmer Guide: Use this to enable communication
between Thermo-Calc and MATLAB® to be able to retrieve thermodynamic and
kinetic quantities.

o TC-APIl Programmer Guide: This is the Thermo-Calc API that can be used by
programmers to set up your own applications to work with Thermo-Calc.

TC-Python (SDK)

TC-Python is an SDK and you can search and use the special HTML file located in this folder.
Double-click the Index.html file to open it. This help is also available via our website.
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About the Examples

To learn more about how to use the software you can open and run the example projects
(Graphical Mode) and macro files (Console Mode).
Graphical Mode Examples

Graphical Mode examples are available for Thermo-Calc and the Add-on Diffusion Module
(DICTRA), Precipitation Module (TC-PRISMA), and Process Metallurgy Module. These are in
the format of project files (*.tcu).

Console Mode Examples

Console Mode examples are available for Thermo-Calc and the Diffusion Module (DICTRA).
The macro files are in the format of *.TCM and *.DCM, respectively.

L% There are other file types when you are working in Console Mode. See Working
with the Console Mode File Types and About the File Formats in the Diffusion
Module Quick Start Guide.

| Examples by Product

Thermo-Calc Examples

A description of the Thermo-Calc examples, and how to access them, is based on whether
you are using Graphical Mode or Console Mode.

|_ Graphical Mode Examples

|_ Thermo-Calc Console Mode Examples

Diffusion Module (DICTRA) Examples

A description of Diffusion Module (DICTRA) examples, which are available for both
Graphical Mode and Console Mode, is included in both the Thermo-Calc and Diffusion
Module (DICTRA) documentation.
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|_ For Graphical Mode, see Diffusion Module (DICTRA) Graphical Mode Examples

P For Console Mode, search the help or go to the Diffusion Module
(DICTRA) documentation set.

.. All the macro files and the outputs are also combined into one file that you can
|— search and read. This is included with your installation as a PDF (go to Help >
Manuals folder > Diffusion Module (DICTRA) and open Diffusion Module
Console Mode Example Macros.

Precipitation Module (TC-PRISMA)

A description of examples using the Precipitation Calculator, which is only available in
Graphical Mode, is included in both the Thermo-Calc and Precipitation Module (TC-PRISMA)
documentation.

|_ Precipitation Module (TC-PRISMA) Graphical Mode Examples

Process Metallurgy Module Examples

A description of examples using the Process Metallurgy Calculator, which is only available in
Graphical Mode, is included in the Thermo-Calc documentation.

|_ Process Metallurgy Module Examples Collection

TC-Python Examples

A brief description of the TC-Python SDK examples, and how to access these, is available in
the Help.

TQ-Interface and TC-Toolbox for MATLAB Examples

There are examples for the TQ-Interface and TC-Toolbox for MATLAB available as described
in Examples, Manuals and Materials Folders. You can also find information about these in
the respective user guides or by searching the online help.

| Watch the Video Tutorials

X Many of our Graphical Mode examples have video tutorials, which you can
access in a variety of ways. When in Thermo-Calc, from the menu select Help -
Video Tutorials, or you can go to the website or our YouTube channel.
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| 'Online’ Help: No Internet Required

To access online help in a browser, open Thermo-Calc and press <F1> on the keyboard, or

select Help - Online Help.

The content opens in a browser but uses local content so you don't need an Internet

connection except for links to external websites.

| Context Help (Graphical Mode Only)

When you are in Graphical Mode, you can access feature help (also called topic-
sensitive or context help) for the activity nodes in the tree.

1. In the Project window, click a node. For example, System Definer.

2. In the lower left corner of the Configuration window, click the help button .

3. The Help window opens to the relevant topic.

File Tools Window Help
=l = AD

New Open Save | Switch to Console Mode

Project

My Praject /‘\Thel'mO- Calc
J Z\\ Software

Equilbrium Calculator 1 g
2y

Plot Renderer 1

You are here: Thermo-Calc » 2

> System Definer

System Definer

Scheduler

. Scheduled Jobs In a System Definer activity, you select the database to use to retrieve
thermodynamic data and define which elements the system has as
components. You can also select which species to include as well as

change the reference temperature and pressure for your components.

@ Also see Creating Activities and Successors for a list of possible

successors and predecessors for this activity.

Graphical Mode Activities
System Definer
Creating a System Definer A¢

Property Model Calculator

|[E<] 2dd Predecessor

Perform Tree |[_|

]

The window that opens has the same content as the help you access in the browser.
There are these extra navigation buttons in this view.
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| Back || Close || Reload || Forward |

4. Use the buttons on the bottom of the window,
to navigate Back and Forward (these are only active once you have started using the
help to load pages and create a history), to Close the window, and Reload the
original content.

| Console Mode Help

E Console Mode is for Thermo-Calc and the Diffusion Module (DICTRA).

In Console Mode at the command line prompt, you can access help in these ways:

o For a list of all the available commands in the current module, at the prompt type a
guestion mark (2) and press <Enter>.

« For a description of a specific command, type Help followed by the name of the
command. You can only get online help about a command related to the current
module you are in.

o For general system information type Information. Specify the subject or type 2 and
the available subjects are listed. This subject list is specific to the current module.
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Typographical Conventions

The following typographical conventions are used throughout the documentation, both
online and in the PDF documents.

Text

Convention Definition

The forward arrow symbol = instructs you to select a series of menu items in a
specific order. For example, Tools - Options is equivalent to: From the Tools
menu, select Options.

Forward arrow
symbol >

A boldface font indicates that the given word(s) are shown that way on a toolbar
Boldface font button or as a menu selection. For example, if you are told to select a menu
item in a particular order, such as Tools->Options, or to click Save.

An italic font in the body of the text indicates the introduction of important
Italic font terminology. Expect to find an explanation in the same paragraph or elsewhere
in the guide.

For features in Thermo-Calc that use Console Mode (i.e. the command line), this

font and all capital letters indicates that this is a Console Mode COMMAND.

Examples of how you can use a command are written with code font. For
COMMAND example:

Use DEFINE_ELEMENTS followed by a list of the elements that you want in your

system. (To list the elements that are available in your current database, use

LIST_DATABASE and choose Elements).

Text in blue and underline and a page number is a link to another topic in the
current or referenced guide. Command names are often also topics. Clicking

HELP . . . L

Ea— the link takes you to more detail about a particular command or subject in the
PDF or documentation set.

<Enter> Text with <angle brackets> indicates a keyboard entry. Usually to press <Enter>

(or Return) or to use a series of keys such as <Ctrl + S>.

A code font shows a programming code or code example. The code bold font
highlights the entry. It is also used for file names or paths to help distinguish it
from other text. e.g.

code and code bold
o For Windows users, the documents, materials, examples and other folders

that sometimes require additional licenses are installed in
C:\Users\Public\Public Documents\Thermo-Calc\<version>."
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Convention Definition

In general, you click with the mouse to perform an action on the screen (e.g.
click Save) and you press keys on a keyboard to enter a set of commands (e.g.
press Ctrl+S).

click vs press When working in Console Mode, you can use keyboard shortcuts.
E Sometimes a window opens where you have the option to Save,
Cancel or Open afile, for example. In these cases the instructions
might say click Save, whereas you would need to press the
applicable keys to perform the action.

Icons

Convention | Definition

@ Provides important information. It is recommended that you

Important .
P read the text or follow the link.
Note %;v The information can be of use to you. It is recommended that
you read the text or follow the link to more information.
I:h. Go to the link or guide to see more general information about
Q the topic being discussed. Usually includes both text and a link.
Also see . . .
The small blue arrow is used when there is one (sometimes two) cross
reference and no text describing the link. Often used in settings pages
to link you to accompanying theory or extra detail.
Ti Q This is general information that can be of use but is not required
P knowledge.
Examples |_ Go to the example collection to learn more.
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Convention Definition

Console Mode E This note relates specifically to something in Console Mode.

Indicates there is a video tutorial on our website, usually in

Video relation to an example.

This note relates specifically to something in Graphical Mode.

0 O

Graphical Mode

Diffusion Module This indicates that the information relates to the add-on Diffusion
(DICTRA) Module (DICTRA).

!

Precipitation Module This indicates that the information relates to the add-on

(TC-PRISMA) Precipitation Module (TC-PRISMA).
Process Metallurgy 1’ This indicates that the information relates to the add-on Process
Module Metallurgy Module.
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In this section:

About Thermophysical Properties Data Parameters ... ... ..o .. 38
Electrical Resistivity and Thermal Conductivity Models ... .. 40
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About Thermophysical Properties Data Parameters

p  Parameters, Functions and Variables

P Thermophysical Properties Variables

= The so-called classic syntax is used in the examples below. It can be used in
Console Mode or when using the APIs, e.g. TC-Python. Graphical Mode in
Thermo-Calc has readable names for all of these.

Viscosity Model

P Viscosity of the Metallic Liguids Model

p  Viscosity of the lonic Liguids Model

To use this model, the database parameter VISC is needed. It can be used for liquids.

o Dynamic viscosity (DVIS)

o Kinematic viscosity (KVIS)
Examples in Console Mode:

o In POLY module: SHOW DVIS(LIQUID)
o Set as plot variable: SET-DIAGRAM-AXIS Y KVIS(LIQUID)

Thermal Conduction

b Electrical Resistivity and Thermal Conductivity Models

To use the thermal conduction parameters, the database parameter THCD is needed. The
other two related properties are derived from THCD. These properties can be obtained for a
phase or for the whole system.

o Thermal conductivity (THCD)
o Thermal diffusivity (THDF)
o Thermal resistivity (THRS)

Examples in Console Mode:
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e In POLY module: SHOW THCD
» Set as plot variable: SET-DIAGRAM-AXIS Y THDF(FCC_A1)

Electric Properties

b Electrical Resistivity and Thermal Conductivity Models

To use the electric properties parameters, the database parameter ELRS is needed. ELCD is
derived from that. These properties can be obtained for a phase or for the whole system.

o Electric conductivity (ELCD)
o Electric resistivity (ELRS)

Examples in Console Mode:

e In POLY module: SHOW ELCD
« Set as plot variable: SET-DIAGRAM-AXIS Y ELRS(FCC_A1)

Surface Tension

P Surface Tension of Metallic Liquid Alloys Model

Surface tension for liquids can be calculated if the database contains the two database
parameters SIGM and XI. From these, the surface energy is calculated:

« Surface energy (SURF)
Examples in Console Mode:

o In POLY module: SHOW SURF(LIQUID)
« Set as plot variable: SET-DIAGRAM-AXIS Y SURF(LIQUID)
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Electrical Resistivity and Thermal Conductivity
Models

All binary systems are modeled by using experimental data or theoretical estimations.
Ternary and multicomponent systems can be extrapolated and the calculation results agree
very well with the measurements in the selected case studies.

Electrical Resistivity Model Description

The semi-empirical model for electrical resistivity is built based on the Matthiessen’s rule
[1997, De-Bruyn-Ouboter]. In general, the electrical resistivity of a metallic alloy consists of
residual resistivity (P0) and electron-phonon resistivity (2.5 ), as well as magnetic resistivity (
Pm). The residual resistivity is due to the scatterings of impurities and defects that exist in
well-annealed and high purity alloys, and the value of o is generally considered
independent of temperature.

[Eq. 1] P =po+ Pept Pm

Pe—p is described with the modified Bloch-Griineisen equation [1928, Bloch; 1933, Griineisen]
and corrections can be made in cases where other types of scatterings play considerable

roles.
T 5
oo (5) (%)
[Eq. 2] Or T

$haly(G')?

[Eq. 3] 4e? (m*)znckBGDk%,V%.

9 )
()=
[Eq. 4] o (er—1)

The characteristic temperature gz plays a similar role and is also approximated as the
Debye temperature (6p), which can be readily obtained from low-temperature heat capacity
and elastic constants data as well as theoretical computations. The approximation of g5 as
0p indicates that transverse phonons play a role in electron scattering. kz is the electron
wave number at the Fermi surface. gp is the phonon Debye wave number. j, is the Planck
constant. ¢ is a constant representing the strength of the e-p interaction and cannot be
easily estimated. ;,* is the electron effective mass. n, is the number of unit cells per unit
volume. vz is the electron velocity at the Fermi surface.
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To describe the drastic change of the magnetic resistivity (p,,) around the Curie (or Neel)
temperature, T, of a magnetic alloy, an empirical model is proposed using the
dimensionless temperature T'/T¢ and a parameter pgpq that stands for the resistivity due to

spin disordering. According to this model, Eq. 5, p,, approaches Psyq, when the temperature
is well above T, and is 0 when the temperature is far below T¢. s depends only on
composition and is described with the Redlich-Kister (R-K) expression. Apparently, Pspa has a
positive value for magnetic elements, and compounds as well as endmembers, and is O for
non-magnetic ones.

In a typical binary system made of a magnetic element A and a non-magnetic element B,
Pspd decreases usually from Pg,d to 0 at a certain composition (z,). Such a behavior is also

seen in magnetic moment and Curie temperature. f44 is expected to be zero in the
composition range from z, to element B, and will be forced to zero when the R-K expansion
leads inevitably to negative values over this composition range. T, is available from the
thermodynamic description in the database.

Pm = Pspd * (1 — e(_%(%‘)a))

The semi-empirical model (as given in Eg. 1 to Eq. 5) is first fitted to experimental data. The
description is then extrapolated to a wider temperature range if necessary, either to
extreme temperatures where the structure is no longer stable or to where experimental
data are missing. Polynomials are then derived with the experimental data, together with
the extrapolated values, and stored in the database. The model as givenin Eq. 5 is
implemented in Thermo-Calc, so the magnetic contribution can be excluded from the
polynomials and separately modeled, and it will be automatically included during the
calculations.

[Eq. 5]

Thermal Conductivity Model Description

Experimental data of thermal conductivity are used to derive descriptions in polynomials,
which are stored in the database, despite that it consists of two components, electronic
thermal conductivity (x.) and lattice thermal conductivity 4. In other words, they are not
separately treated.

In cases where experimental data are absent or sparse, however, k. and kg can be
separately predicted and summed up to give the total thermal conductivity. k., can be
predicted from p or vice versa, by employing the Wiedemann-Franz Law [1853, Franz; 1985,
Jones], respectively, to the residual resistivity, magnetic resistivity and intrinsic resistivity.
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Ly is known as the Sommerfeld value of the Lorenz number, 2.4453 x 10~ 8WQ/K?
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The intrinsic resistivity (p;) is based on Eq. 2 for the e-p processes, but corrections are
provided, as given in Eq. 8: the first term corresponds to large-angle scattering that satisfies
the original Wiedemann-Franz Law; the second one is due to inelastic small-angle (vertical
processes) and has no counterpart in the electrical resistivity; the third term is a correction
that accounts for situations where large-angle scattering can reverse the electron direction
without actually assisting to restore the distribution back to equilibrium.

kg can be predicted with the Slack model in a temperature range where only anharmonic
Umbklapp phonon-phonon interactions are important. In other words, normal processes are
neglected as a first approximation [2002, Morelli; 1979, Slack]. The most reasonable version
among several ones is given below [1965, Julian].

WW=A. M, -0p-6 1
(A 2
[Eqg. 9] 72 né
g 243-107
Ty _ 0Bl 022
[Eq. 10] v 7

The Debye temperature, 5 can be obtained from low-temperature heat capacity or elastic
constant data. M, is the average atomic mass, §2 the volume per atom, n, the number of
atoms in a unit cell, and v the Grineisen coefficient. A typical value for 4’ is evaluated to be
3 x 1075 using v = 2 as the Gruneisen coefficient, and can be used in the absence of

experimental information. It can also be obtained from e.g. DFT calculations of elastic
properties.

Model Parameters

The extended TDB format accepts parameters describing electrical resistivity and thermal
conductivity, together with spin disordering resistivity. Examples for unary and binary
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systems are given below:
ELRS (FCC_A1,AL:VA;0)
ELRS (FCC_A1,AL,CO:VA;0)
THCD (FCC_A1,AL:VA;0)
THCD (FCC_A1,AL,CO:VA;0)
ESPD(FCC _Al,CO:VA;0)

ESPD (FCC_Al,AL,CO:VA;O0)

Calculation and Plot Variables

e ELRS — Electrical resistivity
e ELCD — Electrical conductivity
e THCD — Thermal conductivity
e THRS — Thermal resistivity
o THDF — Thermal diffusivity
All the above quantities can be calculated, retrieved, shown and plot in Thermo-Calc via the

variables in the Console Mode or via the quantity names in the Graphic Mode (see sections
below).

Console Mode

The quantities corresponding to the variables of ELRrRS, ELCD, THCD, THRS and THDF can be
calculated in Console Mode for a phase, e.g. ELrRs (Fcc_21), or for a system, i.e. ELRs. The
results can be shown in the POLY module with the command SHOW_VALUE or illustrated as a
plot in the POST module with the command PLOT_DIAGRAM.

Graphical Mode

On the Plot Renderer in Graphical Mode, electrical resistivity, electrical conductivity,
thermal conductivity, thermal resistivity, and thermal diffusivity can be selected from the
axes lists, tabulated and plotted using the quantity names, with options for a specific phase,
all phases or for a system.

TC-Python

The quantities of ELRS, ELCD, THCD, THRS and THDF can be retrieved, for a phase, e.g. ELRS
(Fcc_a1), or for a system, i.e. ELRS, via get_value of () OF get values of (), from most
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phase equilibrium calculations in TC-Python, for instance,

e with single equilibrium calculation(),
e with property digram calculation() Or

e with batch equilibrium calculation().

Databases: Thermophysical Properties Data | 44 of 83



Surface Tension of Metallic Liquid Alloys Model

All the surface tension of all elements and binary systems are assessed.

Model Description

The chosen model for the surface tension of metallic liquid alloys is the modified
Guggenheim model [2019, Vermot des Roche]:

RT _ a1(T)S1(T)
o(@),T) = _Wln [wllg exp (‘(1 + By - ay wf,T))T)
+of exp(~(1+ 3225 ap, 1) 22D

where

« =7 is the bulk composition

e 0; is the surface tension

e g and S; are the total and the partial molar surface of species ¢ defined as

o 1/3 1,2/3
S@ =1.901- N,/ - Vm,(i)
e N, being the Avogadro number and Vin,(;) the molar volume of the system or the
species ¢.
. w;g is the composition of 4 in surface, which is a function of bulk composition and T

and defined as follows:

zB

Syid i
z" (22, T) =

S(af D)los (T)—0;5(T)]
m?+:cf exp(#)

e =, and =, are called damping factors and these parameters are fitted for species 1
and 2 of binary systems.

The extrapolation to higher-order systems is straightforward. The ideal surface composition
for a multicomponent system is:

zB

S,id B _B i

;" (T,z8, z2,...) =

i (i) b . 54§(@B ) o3 (T)—a;(T)]
T T |~
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and the surface tension of a multicomponent alloy is obtained from:

_ RT
S(T,z?,2?,...)

i=1 jti

o(T,zP,2},...) =

Reference

[2019, Vermot des Roche] M. Vermot des Roches, A. E. Gheribi, P. Chartrand, "A versatile
multicomponent database for the surface tension of liquid metals," Calphad. 65, 326—339
(2019).

Corresponding Variables

The corresponding variable for surface energy of pure elements is SIGM. For instance, the
surface tension of pure A is written as SIGM(LIQUID,A;0). The corresponding X; and X,
parameters for A-B binary system are respectively written as following:

PARAMETER XI (LIQUID,A,B:0)

PARAMETER XI (LIQUID,B,A:1)

The surface energy of the liquid is accessed via SURF(LIQUID).

Plot Variables

Console Mode

The surface energy can be calculated through step calculations in Console Mode. The plot
variable is SURF (LIQUID).

Graphical Mode

The surface energy is calculated using the One-axis calculation type in Graphical Mode. The
corresponding plot variable is Surface tension.

TC-Python

In TC-Python, it can be plotted using property-diagram calculation() Or with batch
equilibrium calculation (). The plotvariable is SURF (LIQUID).

Graphical Mode and Console Mode Examples
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There are two basic examples included with your software installation and that use
demonstration (DEMO) databases.

Search the help (press F1 when in Thermo-Calc) for brief descriptions of these examples, or

browse to the examples located in your installation. From the main menu, Help-> Examples
Files:

o Graphical Mode T_11_Surface_tension_in_Cu-Zr.tcu

o Console Mode tcex56
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Viscosity of the Metallic Liquids Model

Model Description
The viscosity of metallic liquid alloys is modeled as follows:
RTInn=RTIlnn + E

where

e 1 is the dynamic (or shear) viscosity of the liquid,
e 7 is the viscosity at finite temperatures,

o E is the activation energy in J/mole,

o R s the gas constant, and

e T'is the absolute temperature.

The Sl unit of viscosity is pascal.second (Pa.s). The viscosity parameters are expanded via
Redlich-Kister polynomials.

For example, viscosity of a liquid A-B alloy is:

RTInngyioy = x4(E4 - RTlnn(‘;l)
iBB(EB . RTlnn‘OB)
zazp(Lo + (x4 —xB) - L1)

The two first terms are the contributions for the end-members, A and B elements and the
last term accounts for the excess viscosity. Basically, the activation energies are optimized.
Ly and L, etc. are the parameters that are optimized to fit the viscosity data.

The kinematic viscosity, 7 is the ratio of the dynamic viscosity to the density, p, of the alloy:
v=n/p

The SI unit of kinematic viscosity is square meter per second (m?2/s).

Corresponding Variables

In Console Mode, the viscosity can be plotted via a step calculation vs. temperature or
composition. The calculated property in Thermo-Calc is VISC of the liquid phase. The
calculated VICS property is not the viscosity () but is related to n via RT'In(7), thus in order
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to plot the viscosity or 1 you define a function for 7 as follows:
n =exp(VISC(LIQUID)/RT)
The default unit is Pa.s.

However, it is also possible to directly get the values for dynamic and kinematic viscosity in
Console Mode and using TC-Python. The relevant properties are DVIS (dynamic viscosity)
and KVIS (kinematic viscosity). For example, once the equilibrium is calculated in Console
Mode, one can get the viscosity value by:

show DVIS(liqg) Or show KVIS (liquid).

In Graphical Mode, the viscosity (n) is directly plotted when using the One-axis calculations
available with various calculators.

Graphical Mode and Console Mode Examples

There are two basic examples included with your software installation and that use
demonstration (DEMO) databases.

Search the help (press F1 when in Thermo-Calc) for brief descriptions of these examples, or
browse to the examples located in your installation. From the main menu, Help-> Examples
Files:

o Graphical Mode T_12_Viscosty_in_Cr-Ni.tcu

o Console Mode tcex55
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Viscosity of the Ionic Liquids Model

The model for TCS Metal Oxide Solutions Database (TCOX) viscosity of slag:
RTlnn = RTInny + E

AN,
where 7 is viscosity, 0 = v—: and F is activation energy.

The excess parameters are expanded via R-K. An example of viscosity of A-B liquid oxide:

RTlnny_p = yA(RTlnn()‘1 + Ey) + yp(RTInn? + Ep) + ZyA -yp(ys —yp)* - VISC!

= The parameter of VISC stands for R - T - In(viscosity). In Thermo-Calc software,
VISC is implemented as VISC(ionic). In order to quickly acquire the actual
viscosity, the parameter of DVIS(ionic) should be used. By coupling to the
database, it makes use of the site fractions of each species, which reflects the
structural change in the oxide melt.

Units for the viscosity of oxide slag:

o Pa-s (pascal-second) is the Sl unit, mostly used for oxide slag
o CGS unit is poise (P), 1 poise=0.1 Pa-s

« Centipoise is also common (cP) because it is equivalent to mPa-s.
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Molar Volume Model

Molar volume can be used to establish a connection with some significant physical
properties, for example, viscosity, electrical conductivity and surface tension. It is the
reciprocal of density multiplied by molar mass.

Model Description

The model used to describe the molar volume at ambient pressures is:

T
Vi (T) = Voezp( [ 3adT)
Ty

A simple polynomial is used to model non-magnetic volumetric expansivity above 298K:
3a=a+bT+cT?4dT3 +eT2

The model described above is implemented in Thermo-Calc software with two parameters,
VO and VA, and a is the linear thermal expansivity at 1 bar and 3a is the volumetric thermal
expansivity.

Molar Volume Descriptions

Parameter Unit Description

VO (phase, constituent array) m3/mol Volume at 1 bar and reference temperature TO
T

VA (phase, constituentarray) ~ None 1!30“111
(1]
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Database Files

In this section:

About the Database Files ... ... . 53
Database Installation Folder ... ... .. 55
About Cached Database Files ... ... . . 56
Editing the Database Initialization File or Unencrypted Database File ........................ 57
Database Checker ... . 58
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About the Database Files

p Database Manager User Guide

P Gotothe Thermo-Calc website for links to all the current database information
sheets.

| Encrypted vs Unencrypted Database Files

Any licensed databases purchased from Thermo-Calc Software are encrypted in files with
the extension . Tpc; these files cannot be edited. These are referred to as encrypted
databases.

Unencrypted databases have the file extension . TpB and can be edited. For example, PURES
or PG35 (the free databases) or a user-defined database file. If you plan to edit any of these
files.

b Editing the Database Initialization File or Unencrypted Database File

| Database Initialization File

The database initialization file is called tc_initd.tdb. Individual licenses are still required
to use each database.

The file is used differently by the program depending on whether you are working with
databases in Console Mode or Graphical Mode. For this reason, editing the file can be
problematic if you don’t understand the differences.

b About Cached Database Files and Editing the Database Initialization File or
Unencrypted Database File

| User Database Files

A user-defined database is considered to be an unencrypted database because you can make
changes to it.

In Graphical Mode you can add user databases via the Options - Graphical Mode =
System definer window. Once you have added the user database it is available from the
database list in the System Definer Configuration window.

b Global Settings: System Definer to add a user database.
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In Console Mode, users may decide to add their own user-defined database to the database
initiation file, which then makes it available in the Console window. If you plan to edit this
file.

b Editing the Database Initialization File or Unencrypted Database File

Custom Databases: GES5 and GES6 Calculation Engine Version

As of Thermo-Calc version 2019b, the default calculation engine is set to GES6. For custom
database users, you may sometimes see messages in the log indicating that additional
preparation is being done by Thermo-Calc prior to a calculation. The preparation is carried
out automatically; it is usually fast and only needed the first time a custom database is used
after a modification. While databases with warnings are tolerated, databases that contain
errors can only be loaded by GES6 after the errors are corrected.

The Database Checker tool uses the same parser as GES6 and can be used to verify the
consistency and correctness of databases during development, before the databases are
actually used.

p  Database Checker

@ To globally set the default from GES6 back to GES5, go to the Tools - Options
-» General tab and click Version 5 for the Preferred Gibbs Energy System
setting. The SET_GES VERSION Console Mode command is used to change GES
versions for a single Thermo-Calc session.

=» Contact Thermo-Calc Software AB at info@thermocalc.com for more
information about the changes or if you encounter any issues you think are
related to the new version of the calculation engine.
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Database Installation Folder

The standard Thermo-Calc databases and the database initialization file tc_initd.tdb are
located in a subfolder to the Thermo-Calc installation. For example, in a Windows
Standalone installation, you can find these in a folder called data where the file path is
C:\Program Files\Thermo-Calc\<version>\data.

» ThisPC » 0O5(C) » Program Files » Thermo-Calc » swersion= »  data

)

Mame Type
A4 te_initd Thermo-Calc TDE file
| | STANDARD_DB_CLASSES.BIN BIM File

TCTI2 File folder

TCTN File folder

TCSLD3 File folder
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About Cached Database Files

|;| This is applicable to Graphical Mode.

D Also see Global Settings General where you can set the default database
0 directory path. There is also an option to clear the database cache, which may
be helpful if you are having issues.

The first time you open a database in Graphical Mode it can take a little while for it to load,
especially if it is one of the large databases such as TCFE or TCNI. However, the next time
the database opens quickly because now the databases are cached, or stored, in Graphical
Mode.

Think of a cache as an intermediate storage area. Once a database cache is established the
file made easily accessible, even if you close the software program. It is the same concept as
when you load a web page for the first time. The next time the page opens faster. This is
also how it works for the databases in Thermo-Calc Graphical Mode.

Thermo-Calc caches the database files, both encrypted and unencrypted types, at two points
—when you first open a database, sometimes called an in-memory cache, and then later as a
disk-based cache.. The disk-based cache is what speeds up database loading and it is at this
point that Thermo-Calc refers to the database initialization file for information. The disk-
based cache uses a lookup key to find the abbreviated database name (e.g. TCFE or TCNI)
contained in this initialization file.

e B

@ It is important to understand the way databases are cached in Graphical Mode
to ensure best practices for those who also use Console Mode, especially if the
database initialization file is edited. If you plan to edit this file, see Editing a
Database Initialization File or Unencrypted Database File for important
information.
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Editing the Database Initialization File or
Unencrypted Database File

Some advanced users may decide to edit the database initialization file, for example to
reorder the list of encrypted databases displaying in the Console window or to add their own
user-defined database for use in Console Mode. It is important to understand that changes
to this file impact the database caching process used in Graphical Mode.

B About the Database Files

»  About Cached Database Files

The following recommendations are also applicable if you edit an unencrypted database file,
which includes user databases and free databases such as PURES or PG35.

| Best Practice Recommendations

b Database Installation Folder

If you edit the database initialization file (tc.initd.tdb in Windows or initd.tdb in Mac and
Linux), then:

« If a user database is added to the file, it is subject to the same caching as the
encrypted databases. This means that further changes (to the user database) will not
be detected when you are working with databases in the System Definer in Graphical
Mode.

If you have a user database, which is subject to regular updates, then:

« If you make changes to a user database, you then need to clear the cache.

« It is recommended that you create a separate directory to store unencrypted
database files.

If you edit an unencrypted database file included with the installation (such as the PURE5S
and PG35 files):

« Do not edit the file in the installation folder. Instead make a local copy and load it
into the application as a user database.
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Database Checker

The Thermo-Calc software package includes a program to check that the syntax of
unencrypted database files is correct. The program applies the syntax rules set out in the
Database Manager User Guide and reports errors and issues warnings. This program is
intended for advanced users who develop and manage databases.

=1  Thermo-Calc accepts deviations from these syntax rules. This means that a
7 database can work even if the Database Checker reports errors and warnings.
For example, an error is reported if an abbreviated phase name is found, but
phase name abbreviations are accepted by Thermo-Calc and its Add-on
Modules.

The executable DatabaseChecker file is found in the Thermo-Calc home directory. The
program can also be launched by selecting Tools-> Database Checker from the main menu.

b Database Manager User Guide
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Changing Global Settings

In the Options window (select Tools = Options) you can globally set general settings for
Graphical Mode as well as default settings for any new activities for both Graphical Mode
and Console Mode.

In this section:

GeNe Al 60
Graphical Mode - Default Units ... .. 63
Graphical Mode: ActiVities ...l 65
Global Settings: System Definer .. ... 66
Global Settings: Equilibrium Calculator ... . L 68
Global Settings: Diffusion Calculator ... ... . . 69
Global Settings: Precipitation Calculator ... ... . . 70
Global Settings: Scheil Calculator .. .. 71
Global Settings: Process Metallurgy ... oo 72
Global Settings: Tables ..l 73
Global Settings: Graphical and Console Mode Plotting ... ... ... ... 74
Global Settings: Console Mode Default Appearance ... ... ... . ... 82
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General

A Options

General Graphical Mode  Console Mode

These settings are for both Graphical Mode and Console Mode. To open this window, from
the main menu select Tools < Options.

Tooltips enabled

Select whether to turn on tooltips information. By default the Tooltips enabled check box is
selected. This displays a small text box when you hover the cursor above some buttons or
other items.

Localization

To change the GUI language from the Localization list choose English (the default),
Swedish, Spanish, German, Russian, Chinese, Japanese or French.

Look and feel

To change the Look and feel of the GUI layout, choose Windows (the default), Metal,
Nimbus, CDE/Motif or Windows Classic.

Log level

Select the level and type of information to display in the Event Log window using the Log
level slide bar. Choose from a Debug, Info, Warning or Error level of detail.

Database directory

In the Database directory field, specify the path to the directory that contains the data
directory. This is where the Thermo-Calc database directory called data is located. Do not
specify the path to where the database files are found (that is, in the data directory).

Modifying the Database Directory Path (Graphical Mode Only)

@ Important Note: Database Directory Path (Graphical Mode only)
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When you open a database for the first time, it is stored in a cache (an intermediate storage
area), that is maintained even if you close the program. This improves the speed of loading
the next time you open that database. The cache is used for all databases that are listed in
the database initialization file, typically all the standard databases that are included with
Thermo-Calc.

If you modify your own user-defined database, or if you choose to edit an unencrypted
database, it is recommended that you create a separate directory to store these database
files. This way the most recent version of the user-defined or edited databases are loaded
into the program when the System Definer is performed.

»  About the Database Files

Model directory

This is where the predefined and custom Property Models are saved and stored by default.
Click Modify to open the default folder or to create a custom folder for your own models.

@ All Property Models (whether these are predefined or custom models) must be
located in a subdirectory of the Property Model directory. For that reason it is
recommended that you do not change the directory location.

D See Property Model Calculator for information about using the predefined
O, models. Also see "Creating a New Property Model" in the Property Model
Development Framework Guide for details about creating a custom model.

Check update interval

From the Check update interval list, choose not to check (Do not check, the default) or On
startup. You can also manually check for updates — choose Help—>Check for Updates.

Preferred Gibbs Energy System

b About the Gibbs Energy System (GES) Module.

Use this setting to globally set the default GES version to be either GES6 (the default) or
GESS.
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This setting is useful if you are using the POURBAIX module (aqueous solutions) or if you
have a custom database that is not compatible with GES6. The SET_GES VERSION Console
Mode command can also be used to change GES versions for a single Thermo-Calc session.

=2 Contact Thermo-Calc Software AB at info@thermocalc.com for more
information about the changes or if you encounter any issues you think are
related to the new version of the calculation engine.

Reset all settings and the database cache to defaults

Click Factory reset to reset all the settings to the original defaults, including clearing the
database cache. The changes are applied when Thermo-Calc is restarted. This may be useful
when there are several versions of Thermo-Calc installed and there are conflicts between
settings or loading databases becomes problematic. See About Cached Database Files.

Reset to original settings

L% Reset to original settings: In the lower corner of the window, click the Reset to
original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.
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Graphical Mode - Default Units

A4 Options

General

Activitie

Console Mode

To open this window, from the main menu select Tools = Options and click the Default

Units tab.

Reset to original settings

L% Reset to original settings: In the lower corner of the window, click the Reset to
original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.

Setting Options

Temperature

Pressure

Amount

Composition

Energy

Volume

Density

Entropy

Dynamic viscosity

Kinematic
viscosity

Length

Kelvin (the default), Celsius or Fahrenheit

Pascal (the default), Atmospheres or Bar

Mole (the default), Gram, Kilogram, Tonne or Pound

Mass percent (the default), Mole percent, Mass fraction or Mole fraction

Joule (the default), Calorie , Electron volt, Gigajoule, Watt hour or Kilowatt hour

Cubic meter (the default), Cubic decimeter, Cubic centimeter or Normal cubic
meter

Kilogram per cubic meter (the default) or Gram per cubic meter

Joule per Kelvin (the default), Calorie per Kelvin or Electron volt per Kelvin

Pascal-second (the default), milliPascal-second, Poise or centiPoise

Square meter per second (the default), Stokes or Centistokes

Meter (the default), Micrometer or Nanometer
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Setting Options

Time Seconds (the default), Minutes, Hours or Days
Velocity m/s (the default), um/s or nm/s
Surface tension Joule per m?2 (the default) or Millijoule per m2
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Graphical Mode: Activities

—_—

iDefault Configurations
..;..1 System FIEﬁnitin:nn
- [ Caloulation

- 7| Predipitation

ﬁ Diffusion

g_, Scheil

- = Process Metallurgy
@ Platting

- || Tabulation

To open this window, from the main menu select Tools < Options and click the Activities
tab.

There are System definition, Calculation, Precipitation, Diffusion, Scheil, Process

Metallurgy, Plotting and Tabulation settings windows.

EJ;- For Plotting, the default settings are shared with the Graphical and Console
Modes. Any changes you make also apply to the default settings on the Console
Mode - Plotting tab in the Options window (and vice versa).

3 Global Settings: Graphical and Console Mode Plotting
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Global Settings: System Definer

When you create a new System Definer, the default databases are taken from these
defaults. The database selections for each System Definer can then be configured
individually. Once created, the specific (local) settings for a System Definer are not affected
if you later make changes to the global defaults.

To open this window, from the main menu select Tools < Options and click the Activities
tab. Then click System definition.

A Options

General Graphical Mode  Console Mode

Activities  Default Units

I Default Configurations )
' - Default database selection: |Database | | FEDEMQ: Iron Demo Database v3.0 w
Asystem definition

Calculation User Databases
Predipitation
-1 Diffusion
Scheil
Process Metallurgy Database Packages
Plotting
| Tabulation

Database name: w Add Remove

&) @ |Steels and Fe-alloys » Show details

&3 @ |Nickel-based superalloys v Show details

p  System Definer

b Creating a Database Package and Clearing a Database Package Message

1% Reset to original settings: In the lower corner of the window, click the Reset to
original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.

Default database selection

The Default database selection can be either for a Database or a Database Package.

« If you choose Database, then select the default installed database to use globally for
all System Definer nodes. For example, choose the latest version of the TCS Steel and
Fe-alloys Database (TCFE) from the list if you have a license.

« If you choose Database Package, select an option from the list. These Database
Packages are defined in the Database Packages section described below.

User Databases
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Under User Databases, define the Database name after adding a custom database.

Click Add to navigate to a custom database on your computer. After you have added the
user database it is available from the list to choose as the default.

Once a user database is added to the Database name list, you can also click the Remove
button to delete it from your project.

Database Packages

Based on the installed databases, there are also default Database Packages available. Use
this section to organize your own sets of databases that you use together often.

Create and remove Database Packages by clicking the Add a database package® button or
Remove this database package®@ button.

@ The addition or removal of a database package does not take effect until a new
System Definer node is defined.

Click Show details to display the list of databases included with the package. Click Hide
details to only display the name of the package.

p Creating a Database Package
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Global Settings: Equilibrium Calculator

When you create a new Equilibrium Calculator, its initial settings are taken from these
defaults. The settings of each Equilibrium Calculator can then be configured individually.
Once created, the specific (local) settings for an Equilibrium Calculator are not affected if
you later make changes to the global defaults.

To open this window, from the main menu select Tools < Options and click the Activities
tab. Then click Calculation.

b Options Tab Settings

L% Reset to original settings: In the lower corner of the window, click the Reset to
original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.
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Global Settings: Diffusion Calculator

When you create a new Diffusion Calculator, its initial settings are taken from these
defaults. The settings for each Diffusion Calculator can then be configured individually. Once
created, the specific (local) settings are not affected if you later make changes to the global
defaults.

To open this window, from the main menu select Tools < Options and click the Activities
tab. Then click Diffusion.

b Options Tab Settings

L% Reset to original settings: In the lower corner of the window, click the Reset to
original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.
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Global Settings: Precipitation Calculator

When you create a new Precipitation Calculator, some of its initial settings are taken from
these defaults. The settings for each Precipitation Calculator can then be configured
individually. Once created, the specific (local) settings for a Precipitation Calculator are not
affected if you later make changes to the global defaults.

To open this window, from the main menu select Tools < Options and click the Activities
tab. Then click Precipitation.

p  Conditions Tab Settings

L% Reset to original settings: In the lower corner of the window, click the Reset to
original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.
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Global Settings: Scheil Calculator

When you create a new Scheil Calculator, its initial settings are taken from these defaults.
The settings of each Scheil Calculator can then be configured individually. Once created, the
specific (local) settings for a Scheil Calculator are not affected if you later make changes to
the global defaults.

To open this window, from the main menu select Tools < Options and click the Activities
tab. Then click Scheil.

p  Configuration Window Settings

L% Reset to original settings: In the lower corner of the window, click the Reset to
original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.
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Global Settings: Process Metallurgy

The Material Manager is only available from this window. Use it to create
material groups, as described below.

When you create a new Process Metallurgy Calculator, its initial settings are taken from
these defaults. The settings for each Process Metallurgy Calculator can then be configured
individually. Once created, the specific (local) settings are not affected if you later make
changes to the global defaults.

To open this window, from the main menu select Tools - Options - Graphical Mode and
click the Activities tab. Then click Process Metallurgy.

=2  Except for the Material Manager (described below), you can globally adjust the
other settings on the Options Tab.

L% Reset to original settings: In the lower corner of the window, click the Reset to
original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.

Material Manager

P For more information see Working with the Material Manager.

Use the Material group and Material lists to create and delete material groups, as well as
delete material compositions that are saved from the Process Metallurgy Calculator.

« Material group: To create or delete a group, choose it from this list, e.g. Steel, Slag
or Gas. The Steel group is simply a generic Metal group. You can create other user-
defined metal groups and then these would also be listed here. Click Create group or
Delete group as required to manage the list.

o Material: To delete a material, choose the group type then select the material
composition to delete. For example, select the Slag material group, then choose the
Example Slag material and click Delete material to remove it from all lists.
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Global Settings: Tables

When you create a new Table Renderer, its initial settings are taken from these default
settings. The settings of each Table Renderer can then be configured individually. Once
created, the settings of a Table Renderer are not affected by changes in the default settings.

To open this window, from the main menu select Tools = Options and click the Activities
tab. Then click Tabulation.

b Configuration Settings

L% Reset to original settings: In the lower corner of the window, click the Reset to
original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.
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Global Settings: Graphical and Console Mode Plotting

=2 The default settings are shared with both modes. Any changes you make also
apply to the default settings on the Console Mode -» Plotting tab in the
Options window (and vice versa).

ry -
A& Options Ay Options

GEnErall Graphical Mode I Console Mode General Graphical Mode I Console Mode I
Activities  Defzult Units Default Appearance | Plotting :

[T Default Configurations | General ¥-axis Y-axis Image Quality General | X-axis Y-axis Image Quality

[ System definition
Calculation
(-2 Predpitation [ Show grid

E :;ﬁ;:mn Show every Nth tieline: 1
Process Metallurgy Tielines are only relevant for phase diagrams
Title format: Plain text w
Tite font AaBbCc123 AaBBTy
[A Show lecend
-
1% Reset to original settings: In the lower corner of the window, click the Reset to

original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.

Local Plot Property Settings

To make local changes to the appearance of a specific plot, in the Results window right-click
a plot and select Properties. In the Plot Properties window a variety of settings can be
made. These are the same settings as in the Options window.

You can also edit some properties for individual plot lines (the color, the line width and type,
and whether data points are included). In the Results window, hover the mouse over a plot
line. The crosshair cursor turns into a cursor resembling a pointing hand when it is over a
line that can clicked. Alternatively, hold down the <Ctrl> key while you move the cursor
around the plot to only display it as a crosshair and prevent unintended edits.

Global Configuration (Options)

To globally configure the default settings for plotting, from the main menu select Tools =
Options. You access the same settings either from the Graphical Mode or Console Mode
tabs.

« Click the Graphical Mode - Activities tabs and then click the Plotting node in the
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tree, or

« Click the Console Mode - Plotting tabs.

G When you create a new Plot Renderer, its initial settings are taken from these
default settings. The settings can then be configured individually. Once created,
the settings of a Plot Renderer are not affected by changes to the default global
settings.

- J

To configure the settings of an individual Plot Renderer rather than the default settings,
right-click a plot in the Results window and select Properties from the menu.

The following global settings are available for both Console Mode and Graphical Mode.
Most of the settings are found on the General tab. Additional settings below for the X-axis,
Y-axis or Image Quality tabs are indicated.

Graphical Mode  Console Mode

Default Units

it Cn:nnﬁguratin:nnsl General X-axis Y-axis Image Quality

| Titles, Legends and Labels

Title format and Label format

For the Title format or Label format, select Plain text (the default) or LaTeX formatted
text.

D For LaTeX formatted text you can use the LaTeX math text to enter text. See
ADD _LABEL_TEXT and Plot Labels for more details.

Show legend

Select the Show legend check box to include a legend on the plot. By default no legend is
displayed.

Legend phase caption style

For the Legend phase caption style, choose None, All, Constitution description or
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Ordering description.

b About Legend Styles
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Retain labels
g Graphical Mode only.

By default the Retain labels check box is selected. Plot labels are kept (retained) when plots
are updated. It can be applied globally or locally to individual plots.

Show header
E Console Mode only.

Click to select the Show header check box to display the basic details about the plot along
the top. This includes the date and time the plot is generated, the database used and the
properties.

Axis label format

Click the X-axis and Y-axis tabs to edit these settings.

Choose either Plain text or LaTeX-formatted text.

Axis label font
Click the X-axis and Y-axis tabs to edit these settings.

Click the Modify button to the right of the window to select a Font name, Style, Size and
color.

Choose or enter a Tick mark length (3 is the default). The defaults are to have the Tick
marks outside the chart and to Show tick labels. Click to clear the check boxes as required.

Tick label font
Click the X-axis and Y-axis tabs to edit these settings.

Click the Modify button to the right of the window to select a Font name, Style, Size and
color

| Fonts and Background Colors

Title font, Legend font, Label font, Header font
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To change various attributes for the Title, Legend, Label and Header , click Modify to edit
the Font Name, Style, Size and Color.

Legend background color, Background color, Canvas color, Border color

To change various background color attributes, click Modify to choose a color or enter a
specific color.

| Lines and Grids

Show grid
Click to select the Show grid check box to include a grid on the plot. By default no grid is
displayed.

Show every Nth tieline

E'? Tielines are only applicable to phase diagrams.

Choose an integer value ranging from 0 to 99.

Color option (plot lines)

For the for plot line colors, choose a Color option from the list: Legacy, Printer friendly,
JFree chart, Pastel, Medium dark, Bright dark, Vivid or Earth.

This option is also available for specific plot lines. To change the color of an individual plot
line double-click it in the Results window and use the color palette to define it or enter a
specific color.

Border width

Choose a plot Border width between 1 (thin, the default) and 10 (thick).
Line width
For the plot line width, choose a Line width from the list. These options are also available

for specific plot lines. To change an individual plot line width double-click it in the Results
window.

Line type

Changing Global Settings | 78 of 83



Diffusion Module (DICTRA) Documentation Set

This option is only available for individual plot lines. To change an individual plot line type
double-click it in the Results window and choose a Line type from the list.

Line type: |
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| Data Points, Anchors and Numbers

Show anchor

Click to select the Show anchor check box. By default, an anchor between the label and the
plot point is displayed.

Show data points

Click to select the Show data points check box to display the data points on the plot lines.
This option is also available for specific plot lines. To show data points on an individual plot
line double-click it in the Results window and select the check box.

Data points marker size

Choose the Data points marker size between 1 (small) and 10 (large). The default is 3.

Number of decimals

Choose the Number of decimals to display in the plot. The default is 2.

Numeric format

Choose the Numeric format to display in the plot Auto, Decimal or Scientific.

| Plot Area Size

Plot area size

The Fit the plot area size to the enclosing window option is selected by default.

Click Define the plot area size to enter a Plot area height and Plot area width (not
applicable to triangular plots. The units are pixels and the size is kept as the size on the
screen (96 dpi).

| Image Quality

Click the Image Quality tab to access the settings below.
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General X-axis Y-axis Image Quality

Default file format: | Portable Metwork Graphics [*.png] v
Graphical Interchange Format [*. gif]
Enhanced Windows Metafile [*.emf]
Portable Document Format [*.pdf]
IPG quality: PostScript [*.ps]

Scalable Vector Graphics [*.svg]

Dots per inch (DPI):

Portable Metwork Graphics [*.png]
Joint Photographic Experts Group [*.jpg]

Choose a Default file format: Portable Network Graphics .png (the default),Graphical
Interchange Format .gif, Enhanced Windows Metafile .emf, Portable Document Format
.pdf, PostScript .ps, Scalable Vector Graphics .svg, or Joint Photographic Experts Group

Jrg.

=7  The following settings are only available for .png and .jpg file formats.

To change the resolution of a *.png or *.jpg image, click to clear the Use default
resolution check box. Then enter a numerical value in the Dots per inch (DPI) field.

For .*jpg files, you can also use the slider to choose a number between 0 and 1 for the JPG
quality. The default is 0.9. The lower the number, the smaller the file.
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Global Settings: Console Mode Default Appearance

To open this window, from the main menu select Tools = Options. To change the name,
buffer size, fonts and colours for a specific Console window, right-click the label for that
particular Console and select Properties.

A Options

General _Graphical MDdelCUﬂSD|E Made I

;:9 Plotting

Console name: Console

Buffer size: 40,000 %

System output font:  RaBbCcl23 RoBBTY Modify...

Command prompt font: AaBhCcl123 AoBRTY Modify...

User input font: RaBbCcl23 RAouBpTy Modify...

Background color: Modify...

Default directory: C:\Users\amanda\Documents Modify...

L% Reset to original settings: In the lower corner of the window, click the Reset to

original settings button to restore the original settings. You may have to scroll
or expand the window to see the button.

Console name

The default is console or enter another name to display.

Buffer size
The default buffer size is 40,000.

In Console Mode, sometimes the output overflows the window text buffer. This is how to
increase the buffer size.

1. Right-click the Console tab header in the Console window (if this is the first Console tab,
itis labeled Console 1).

2. Click Properties, and increase the Buffer size in the Console Properties window.
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|

Console name: Console 1

Buffer size: 40,000

Systemn output font: RaBbCcl23 RAoBRTY
Command prompt font: RaBbCcl23 RoBpTy
User input font: RaBbCcl23 RoBpTY
Background color:

Default directory: C:\Users\amanda\Documents

System output font

Click Modify to open the Select Font window and makes changes to the font type, style, size
or color as required.

User input font

Click Modify to open the Select Font window and makes changes to the font type, style, size
or color as required.

Command prompt font

Click Modify to open the Select Font window and makes changes to the font type, style, size
or color as required.

Background color
Click Modify to open the Select Color window to choose a background color for the Console

Mode window where you enter commands.

Default directory

Set the default directory file path to where the various file types are saved.
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Working in Graphical Mode

In this section:

The Graphical Mode Desktop Layout ... ... o 3
Menu, Toolbar and Keyboard Shortcuts .. ... .. ... ., 4
Organizing the Windows on the Desktop . ... .. ... . 7
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The Graphical Mode Desktop Layout

Open Thermo-Calc to view the default graphical user interface (GUI) layout for Graphical
Mode.

The windows are:

1. Project: Create, manipulate and navigate between the activities that make up a
project. Click the My Project node to access the Quick Start wizard and a variety of
templates.

2. Configuration: Shows the settings that can be configured for the currently selected
activity.

3. Results: Shows the results of a calculation, either plotted as a diagram or displayed
in table format. In this example, there is a Plot Renderer tab in the Results window.

4. Scheduler: Displays information about jobs, such as calculations, that are being
performed or are scheduled to be performed. You can cancel scheduled jobs and if a
job has failed, then you can view information about the error.

5. Event Log: By default this window is closed but it displays during calculation
processes. You can always open it to view progress of calculations and to
troubleshoot.

In this example, the Results window also has a Plot Renderer tab. You can also have
a Table Renderer tab.

File Tools Window Help

m = A
New Open Save | Switch to Console Mode
Project & 1 || Configuration @ 8 % |[ Results
-~ 53 Plot Renderer 1 Plot Renderer 1 |
Step in termperature FE-C O 5 e
Save Diagram Show Triangular Show Grid Switch Axes |Retain Labels @ 1.2
L/ 22 Equilibrium Calculator 1

E:]
System Dfiner 1 @ Tie lines: | 0 Legend option: | Axis quantity v
1.0
|

4 X Axis |
Equiliorium Calculator 1 #ods variable: | Temperature v |Kelvin ‘
|

08

|

04 Il

| Axistype: | Linear -
'

%] 5
Limits: 500.00 to|3000.0 step 250.0 V| Automati
Plot Renderer 1 g
Scheduler EEE
 Scheduled Jobs #odis variable: | Amount of phase v| [No normaliza

Axis type: | Linear -

Amount of all phases [mol]

Limits: 0.0 to 1.0 step|0.1 [7] Automati

U Fhase Region Lrom  LOOU.000
0 BCC_A2§1 GRAPHITE#1

Global check of adding phase at 1.01117E+03
se Region from  1011.17

CC_A2#1 FCC_AL#l GRAPHITE#L
calculated 2 equilibria
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Menu, Toolbar and Keyboard Shortcuts

File Tools Window Help

0@ B8 V- X0

New Open Save | Switch to Console Mode

The File menu and toolbar are reserved for Graphical Mode but in Console Mode the Tools,
Window and Help menus have the same options.

E In Console Mode you use commands to access the other options, for example
see Main Menu Commands.

Graphical Mode Menu and Toolbar Options
Option Description Action (s)

Click New on the toolbar

Select File > New Project
New Create a new project.

Windows: Press <Ctrl+N>

Mac: Press < 3EN>

Click Open on the toolbar

Open an existing project. See Saving and Opening Project Select File -> Open Project
Files. Windows: Press <Ctrl+0>.

Mac: Press < 350>

Open

Click Save on the toolbar

Select File - Save Project
Save Save a project. See Saving and Opening Project Files.

Windows: Press <Ctrl+S>.

Mac: Press < 355>

Select File - Save Project

As
Save

Project Save an existing project with a new name. Windows: Press
As <Ctrl+Shift+S>

Mac: Press < 1 385>
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Option Description Action (s)

Switch to Click the button to exit
Console Launch Console Mode and the command prompt. Graphical Mode and open
Mode Console Mode.

Switch to Click the button to exit
Graphical Launch Graphical Mode to work with the GUI version. Console Mode and open
Mode Graphical Mode.

Select File - Append
Project
Append Combine two projects into one project file. See Saving and

Project Opening Project Files. Windows: Press

<Ctrl+Shift+0>

Mac: < 1 360>

In the upper right-corner
of the program, click the X.

Exit Exit the program. Select File - Exit
Windows: Press <Ctrl+Q>.

Mac: < Q>

Change the global defaults for a variety of settings. See

Opti . A Select Tool Opti
ptions Changing Global Settings. elect Tools > Options
Database Open the Database Checker, a pr.ografm to check t'ha.t the Select Tools > Database

syntax of Thermo-Calc database files is correct. This is for
Checker Checker
advanced users who develop and manage databases.
. From the Window menu,
Window s e .
menu Highlight a specific window on the GUI select an option to refocus
on that specific window.
Open the online help system where you can browse or
search all the Thermo-Calc documentation.
Press <F1>
Help
E‘: This does not require an Internet connection. Select Help -> Online Help
The content is stored locally.
Video Open a link to the Thermo-Calc website where a variety of video Select Help - Video
Tutorials tutorials are available. Tutorials

Working in Graphical Mode | 5 of 532



Diffusion Module (DICTRA) Documentation Set

Option Description Action (s)

Examples Open the examples folder based on whether you are in Select File - or Help -
Files Console Mode or Graphical Mode. Examples Files
Manuals Open the folder on your computer that has the PDF Select Help - Manuals
Folder documentation and guides. Folder

Open the License Information window.

Show
License D Also see Displaying Thermo-Calc License Select Help -> Show
Info (o} Information and the Thermo-Calc Installation License Info
Guide
Check for Check the Thermo-Calc Software website for updates to the Select Help - Check for
update software. Updates
Request Opena I|nl'< to the'Support page on the Tht.ermo-CaIc w<'eb5|te. Select Help - Request
There are instructions about how to submit your question to
Support Support

the Support email: support@thermocalc.com

Includes the version number of the installed software and
About . . . . Select Help ->About
information about third party software licenses.
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Organizing the Windows on the Desktop

The windows on the Thermo-Calc desktop can be fixed or free-floating. By default, most
windows are fixed and open.
Auto-Hiding a Window

When a window is fixed it can also be set to auto-hide. Auto-hiding means that the window is
minimized when you select another window. The minimized window is then shown either
along the bottom or side of Thermo-Calc. A free-floating window is shown on top of the
other windows and can be moved outside the frame of Thermo-Calc.

Q The Event Log window is set by default to auto-hide.

Resetting the Desktop Layout

To return to the standard desktop layout, from the main menu, select Windows -> Reset
Windows.

Floating, Hiding and Minimizing Windows in the GUI

For each window you can rearrange, resize, minimize and close it. At the top right corner
are the buttons listed in the table.

Button(s) Description

o Click to toggle on/off free-floating

2 Click to toggle on/off auto-hide.

Click to minimize an open window that has auto-hide turned on.

The window automatically minimizes if another window is selected.

Click to close the window. You can open the window again from the
Window main menu.
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Projects and Activities

In this section:

About the Activity NOOesS .o L 9
Graphical Mode Activity Node Workflow ...l 13
Creating Activities and SUCCESSOIS .. ... . 14
Cloning Activities and Trees ... e 16
Moving Nodes in the Tree and Using the Grid ... . . . . ... 18
Node or Window Status Markers ... . ... 20
My Project and Activity Menus .l 22
Saving and Opening Project Files ... L 26
The Calculation Types in Graphical Mode ... .. . 29
The Quick Start Wizard and Templates ... ... 32
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About the Activity Nodes

P Graphical Mode Activities vs Console Mode Modules

In a project, a set of linked activities is called a tree. A result calculated within a tree is fed
as input into the next activity in the tree. Consequently, if you have an Equilibrium Calculator
with another Equilibrium Calculator as its successor, the successor takes the calculation
results of the predecessor as the starting values for its calculation. When working with
activities in the Project window these are also referred to as nodes (or activity nodes) in the
tree structure.

The example below shows a My Project node with two trees. In each tree, settings and
calculation results are propagated downward until the calculation and the visualization of
the results are completed in the Plot Renderer nodes.

The system definitions, settings and calculation results of the two trees are independent of
each other.

Project *
My Project i :! )
Systemn Defirier 2
Systern Definer 1 =l
Equilitariumm palculatnr 2
/
= #

=l

Equilibrium Calculator 1
A § Equilibrium/ Calculator 3

y »

Flot Renderer 1 Plot Renderer 2

| Activity Successor and Predecessor Nodes

An activity node located below another activity node in a tree is referred to as that activity’s
successor. An activity located above another activity is called that activity’s predecessor. A
predecessor is performed before the predecessor’s successors and its result is fed forward to
any successor activities.
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My F'r&uliect
’
]
=
Systern Definer 1 ——  predecessor
r

=8
Equilibrium Oglculatum — successor and
P predecessor

[z

Flot Renderer 1 ———  suyccessor

For example, to calculate and display a phase diagram, create a branch with three linked
activities: A System Definer activity linked to an Equilibrium Calculator activity, which in
turn is connected to a Plot Renderer activity.

You can determine the available successors by right-clicking a node in the Project window
and choosing Options from the menus. The example below shows that Binary Calculator 1
is a predecessor to the successors, Plot Renderer 2 and Table Render 1.

Project S

—

Fe-C phae diagram,

/ Y
Systern Dafiner 1 Binary Cafi;ulatnr'i__\
) 5
&l ¢ l
o Tahle Renderer 1

Equiliriurn Calculator 1
|
';
R

Flat Renderer 1

Plot Renderer 2

p  Creating Activities and Successors and Cloning Activities and Trees

Activity Node Descriptions

The table below is a brief description of the activity types you work with in the Project
window. When working with activities these are referred to as nodes in this documentation.

These are the project activity nodes available in Graphical Mode.
Activity type | Description

System Definer Define a certain thermodynamic system and read it from file into memory.
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Activity type Description

Choose one or more General models and Steel models to predict and
optimize material properties. You can evaluate models simultaneously

Property Model Calculator over a range of compositions and cross plot the results. You can then
conduct an uncertainty analysis and plot the results as either a histogram
or as a probability plot.

Set thermodynamic conditions and define axis variables when a series of

Equilibrium Calculator I . . . .
equilibrium calculations are to be performed in one or more dimensions.

Set the conditions for, and perform, a precipitation calculation using the
Precipitation Calculator Precipitation Module (TC-PRISMA). You can also use this in DEMO mode
with up to three components.

Using the Diffusion Module (DICTRA), this activity is where you set the
geometry, add one or more regions, enter grids and phases in the regions,
and then enter compositions of phases. You can also use this in DEMO
mode with up to three components.

Diffusion Calculator

This calculator allows for efficient setup of advanced calculations involving

Process Metallur 5 - .
&Y slag, metal and gas. Define the composition of a steel and slag system using

Calculator .

—_— material groups: one each for steel, slag and gas.
Plot Renderer Determine the layout of non-text based output.
Table Renderer Use it for text-based output.

Use it for some calculations involving two components only. It is like a

combination of System Definer and Equilibrium Calculator activities with

adaptations to simplify the configuration of calculations on binary systems.
Binary Calculator

E‘; To perform this activity, you need a database designed for
the Binary Calculator, such as the TCBIN database.

Use it for some calculations involving three components. It is like a
combination of System Definer and Equilibrium Calculator activities with
adaptations to simplify the configuration of calculations on ternary

systems.
Ternary Calculator

%; To get a reliable result you need a database that fully
assesses binary and ternary systems.
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Activity type Description

Perform Scheil-Gulliver calculations (also known as Scheil calculations). A
default Scheil calculation is used to estimate the solidification range of an

Scheil Calculator alloy assuming that i) the liquid phase is homogeneous at all times and ii)
the diffusivity is zero in the solid. However, it is possible to disregard the
second assumption for selected components.

Read experimental data files (*.EXP). This type of file contains information

xperimental File Reader specifying a plotted diagram, written in the DATAPLOT graphical language.
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Graphical Mode Activity Node Workflow

You can set up a tree in the Project window (starting with the My Project node) and then
perform all the activities at once, or create and perform one activity at a time.

You can also use the templates to add all the necessary activity nodes based on
your simulation needs. See Creating a Project from a Template.

The typical workflow is to:

1. Define a System: Add a System Definer activity (in the Project window) where you
select a database and the elements to have as system components (in the
Configuration window).

« To the My Project node, you can alternatively add and define a Binary
Calculator, Ternary Calculator, or Experimental File Reader or Process
Metallurgy Calculator activity node.

2. Set up and run a calculation: Add an Equilibrium Calculator activity (a successor to
the System Definer), where calculation conditions are set (temperature, pressure,
etc.). This is where axis variables are set to create a property or phase diagram.
These settings are also made in the Configuration window. You can also add a
Property Model Calculator, Precipitation Calculator, Diffusion Calculator or Scheil
Calculator to the System Definer.

»  Property Model Calculator Workflow

3. Visualize the results: Add either a Plot Renderer or a Table Renderer activity in the
Project window. When calculated, this creates a plot or table in the Results window.
The results are shown in a Plot Renderer or a Table Renderer tab.

E‘? You need to Perform a Plot Renderer or a Table Renderer activity to
visualize the calculation results from an Equilibrium Calculator.

»  The Quick Start Wizard and Templates

b About the Activity Nodes
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Creating Activities and Successors

You can create a new activity in these ways:
« In the Project window, right-click an activity and choose Create New Activity (My
Project node only) or Create New Successor (all other nodes).
« Select the activity you want to create from the submenu.

o At the bottom of the Configuration window, click Create New Activity or Create
New Successor and select the activity to create.

o Use the Templates or the Quick Start Wizard (click the My Project node and select
templates from the Configuration window) to quickly add a set of activity nodes to

the tree.

Activity Possible Predecessors Possible Successors
None; this is the first node of the tree System Definer, Binary
structure. You can add activities using Calculator, Ternary Calculator,

My Project the Quick Start wizard or templates. Proce§s Metallqrgv Calculator,

. . Experimental File Reader. Also
p  The Quick Start Wizard and choose templates from this
Templates level.
Property Model Calculator,
) . ) Equilibrium Calculator,
System Definer My Project, System Definer Precipitation Calculator, Scheil
Calculator

Experimental File Reader My Project Plot Renderer

Binary Calculator My Project Plot Renderer, Table Renderer

Ternary Calculator My Project Plot Renderer

Process Metallurgy My Project Plot Renderer, Table Renderer

Calculator

rroperty iodel :

Property Model System Definer Plot Renderer, Table Renderer

Calculator

Equilibrium Calculator System Definer, Equilibrium Calculator Equilibrium Calculator, Plot

Renderer, Table Renderer
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Activity Possible Predecessors Possible Successors

Precipitation Calculator System Definer Plot Renderer, Table Renderer
Diffusion Calculator System Definer Plot Renderer, Table Renderer
Scheil Calculator System Definer Plot Renderer, Table Renderer

Equilibrium Calculator, Property Model
Calculator, Binary Calculator, Ternary
Calculator, Scheil Calculator, Process
Metallurgy Calculator, Diffusion
Calculator, Precipitation Calculator,
Experimental File Reader

Plot Renderer None

Equilibrium Calculator, Property Model
Calculator, Binary Calculator, Scheil

Table Renderer Calculator, Process Metallurgy None
Calculator, Diffusion Calculator,
Precipitation Calculator
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Cloning Activities and Trees

As described in Creating Activities and Successors, you can clone a single activity or the
selected activity and all the activities that come after it (successors). The predecessor of the
selected activity also is the predecessor of the clone.

Cloned activities are configured exactly like the activities that they were cloned from, and
any results of calculations or plots are also cloned. To clone a selected activity, right-click
the activity and select Clone.

For example, if you clone the Equilibrium Calculator in this project the result is an
Equilibrium Calculator 2 created as a successor to System Definer 1.

The following applies to clones.

o The new Equilibrium Calculator has the same settings for conditions, functions and
options as its Equilibrium Calculator 1 clone.

« If the Equilibrium Calculator is already performed, then the calculation results are
cloned.

o If the activity is a Plot Renderer or a Table Renderer, then the plot or table is cloned.

« If you want to clone all the successor activities that follow a selected activity, then
right-click and select Clone Tree instead.

Wy Praject
P My Project
System Diefiner 1 i,
’ Systern Definer
Z ..-.’I ——
Equilibrium Calculator 1 Tz e Sreresmr b (e 1
» Equilibriurm Calculator 1 Equilibrium Calculator 2
Lo Perform Now y
Plot Renderer 1 Perform Later.. &
Perform Tree Now Plot Renderer 1

Perform Tree Later...

Rename..
Remove

Clone
Clone Tree

Cloning an Equilibrium Calculator activity node

About Equilibrium Calculator Clones and Successors

If you create an Equilibrium Calculator as a successor to another Equilibrium Calculator,
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then the successor inherits all the settings for conditions, functions and options from its
predecessor. In this respect, it is similar to a clone.

@ The Equilibrium Calculator successor is different from a clone in that it does not
inherit any calculated results and it is a successor to the Equilibrium Calculator
instead of a successor to its predecessor.

The calculated result from an Equilibrium Calculator that is the predecessor to another
Equilibrium Calculator is the starting value for the latter’s calculation. The clone of an
Equilibrium Calculator on the other hand, does not receive any data as input from the
Equilibrium Calculator that it is cloned from.
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Moving Nodes in the Tree and Using the Grid

In the Project window, you can work with the activity nodes in these ways.

Select and Move Individual Nodes

o Click an activity node to select it.

o To move activities, click and hold the activity node and move the cursor.

Select Several Nodes at a Time

o To select several activity nodes, hold down <Ctrl> while clicking on each node you
want to select.

o Click and hold the mouse button and draw a square around the activity nodes to
select. Both the name and the icon that represents an activity must be within the
square.

Wy Project
g ‘ s
S\,rstemLD'ml_aﬂneF'1""""--5.,_.
'. T

Expuilibrium ¢
r ;

Property Modél Calculator 1

- . :
= %
Plot Renderer 1

Apply Auto Layout

In the Project window, right-click anywhere and choose Apply Auto Layout from the menu.
The nodes and the tree default to the center of the Project window.

Show Grid and Snap to Grid
To show a grid of light-grey cross-hairs overlaid on a project, click Show Grid in the toolbar.

Click the button again to turn the grid off. Or right-click in the Project window and select
Show Grid.
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