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Abstract

A new software package, Thermite, for thermodynamic calculations and process
simulation is developed around the Thermo-Calc databank. Thermite is a
computational toolbox for equilibrium calculations and simulation of phase
transformations. It provides graphic visualisation and allows manipulation of the
presented data.

Two types of phase transformations have been implemented in the software. First, it
was used to simulate solidification of alloys using the Gulliver-Scheil model.
Simulations were made with both Gulliver-Scheil model and with the DICTRA
software and the predictions were compared with experimental information. The
interpretation of experimental cooling curves was examined in detail and the role of
back diffusion in the solidified material has been considered. It was shown that
cooling curves with respect to time could be calculated from enthalpy by integrating
over the solidified layers.

Secondly, it was used to study the role of phase interfaces for solid-solid
transformations. The Hillert-Sundman treatment of solute drag has been extended to
multi-component systems. Using this extended treatment, the influences of the
different model parameters for partitionless transformation were investigated and a
comparison was made with earlier work. The effect of solute drag on the movement of
grain boundaries was studied.

A technique was also developed to interface Thermo-Calc with other programs. This
technique was used to link the DICTRA software to the Thermite software package.
The whole Thermite package is strictly organised in independent libraries to enable
the substitution of each library. In particular, a library called Thermo-Calc C library
has been designed to supply thermodynamic calculations to many different
applications.
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1. Introduction

The aim of this thesis is to contribute to the development of a general tool in the field
of computational thermodynamics. The work is focused on the simulation of phase
transformations and equilibrium calculations in multi-component alloys and on
applications to solidification and massive transformations.

1.1 Materials Design

In the design of materials, the key issue is to enhance the performance, which depend
on the material properties and microstructure. These properties will depend on the
arrangement and compositions of the phases that form the microstructure.
Consequently, it is very important for a materials engineer to be in control of these
properties.

The microstructure is formed during the different phase transformations occurring
during the production of a material, i.e., solidification, homogenisation and other heat
treatment processes. A better understanding of the processes used to produce a certain
material will make it possible to modify the composition or process parameters to
enhance a particular property, such as hardness or corrosion resistance of the material.

The knowledge necessary to make such modifications can usually be gained through a
large amount of experimental work only. However, the amount of experimental work
can be reduced if the equilibrium state of the system can be predicted and various
transformations can be simulated.

1.2 Thermite

A thermodynamic software package makes use of models and databases to calculate
phase equilibria and phase diagrams. Although the equilibrium state of a material is
useful information by itself, the most important feature of a thermodynamic package
is the possibility to extrapolate to metastable states. Many important quantities for the
simulation of phase transformations, like driving forces for precipitation and
diffusion, the thermodynamic factor for diffusion etc can be calculated from the
thermodynamic model.

A software package for phase transformation simulation must be coupled to a
thermodynamic package, most simply by making the thermodynamic package into a
callable library. As a part of the present work a library for linking the thermodynamic
databank Thermo-Calc, TC (1), to application software packages was created. This
library was then used in the development of a program for simulations of phase
transformations and equilibrium calculations. This new software is called Thermite
and is described in its manual (2).

TC was developed in the early 1980’s using current state of the art technologies for
memory management and object orientation, and was written in Fortran. However,
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Fortran at that stage did not provide any support for object orientation and,
consequently, the code for object orientation had to be developed by the inventors (3).
The user interface was copied from the operating system Sintran used on the
departments microcomputers. Using the technique from the Sintran operating system
a command can be a whole sentence and can be entered as a one-line statement with
both the command and the arguments to the command on the same line. Alternatively,
the command can be entered without its arguments and the program will then ask for
the arguments one after the other. When the number of commands is large, (TC has
more than 300 commands) organisation of the commands into modules was
necessary.

The command line based user interface requires frequent use otherwise the user does
not remember the way to perform a calculation. The aim with the design of the
graphical user interface of the Thermite program was to overcome this difficulty by
creating an application oriented, windows based interface that should be intuitive and
easy to use.

Fig. 1. Thermite main window together with the window for editing conditions for
equilibrium calculation.

The sound basic organisation of TC into modules is retained in Thermite. One
window is designed around the periodic table of elements for the thermodynamic
database module. Another window is developed for the equilibrium calculations with
a specific window for controlling the equilibrium conditions. The reason for using this
technique is the natural flow of action. The user first selects the elements for a
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calculation from the periodic table of elements, then specifies the amounts and other
conditions. With the command line interface, the user has to search through a list of
commands to find a command that seems suitable. A graphical presentation can group
related commands more strongly together. For example, a periodic table with one
button for each element makes it easy to select or reject elements by just clicking on
them. Problems, such as in what order commands have to be entered can be avoided
by guiding the user through the different tasks systematically.

Thermite can be seen as a toolbox with a set of tools, where the user interface
represents the toolbox and the different applications the tools. Thermite is divided into
modules and this simplifies the development of new applications to the software.
Many of the building blocks, such as the periodic table of elements and the materials
database, can also be used for entering materials data to the simulation in different
applications. The applications cover a wide range from pure thermodynamic
calculations, such as calculations of single equilibria and phase diagrams, to modules
for simulations of phase transformations like solidification. The graphical user-
interface is developed following the normal standards with one main window where
results are presented and several side windows for entering input parameters. Fig. 1
shows the main window of Thermite where the equilibrium point application is shown
together with one of the input windows, the window for editing equilibrium
conditions. In the main window, one can see a calculated equilibrium for an 18/8
stainless steel at a temperature of 1000 K.

Thermite can, as seen in Fig. 1, present data as text and has a powerful graphical
output module where data can be presented and treated in many ways including
comparison with imported data from files or other software. This enables data from
different calculations to be viewed together. As an example one can first calculate a
T0-line, a line along which the Gibbs energy of two phases are equal, and then
calculate the phase diagram and import the T0-line into the phase diagram. One of the
first versions of Thermite is described in Paper 1, entitled “Thermodynamic
calculations made easy”, but a full description is given in the manual (2). The TC
software performs all the equilibrium calculations requested by Thermite. The
connection between the two packages has been made using a feature of the UNIX
operating system called pipes. Two pipes connect the input and output of TC to
Thermite. In this way, very small changes were needed in TC to allow for the
connection to Thermite. However, for extensive use a more direct connection between
the application program and the thermodynamic software package is needed. For this
reason a thermodynamic library has been designed and is used to equip Thermite with
the requested capabilities. How the different program packages are linked together is
described in the block diagram in Fig. 2.

1.3 Thermo-Calc C library

The use of thermodynamic properties in simulation software in materials science is
essential when trying to develop models for phase transformations. Consequently, it
would be productive to couple an existing thermodynamic software package to the
simulation. The problem is that most software packages today are designed for
interactive use. Several attempts have been made by the group developing TC to
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provide a solution to this problem. One solution was that the user could add his own
module to the TC program. This solution is powerful but demands that the user is a
skilled programmer and can understand the methods and data structures used in the
design of TC. It was the technique used when the DICTRA (4) program was
developed, which can actually be seen as a huge module inside the TC program.
Another solution was presented by Sundman et al. in the development of the TQ
interface (5). The TQ interface provides almost the opposite solution and is a limited
interface consisting of a few subroutines capable of performing one specific task each.
Together they provide the facility to set conditions and calculate a single equilibrium.
By calculating sequences of single equilibria, the user can perform arbitrary complex
simulations.

Fig. 2. Block diagram showing possible interactions between user, Thermite, optional
application software, TClib and Thermo-Calc.

In the development of the Thermite program, the communication with the underlying
thermodynamic software, TC, was an important issue. Thus, in Paper 4, entitled
“Method of coupling application programs to thermodynamic data bank”, the design
of the communication between the different programs is described. The aim was to
fulfil not only the needs of the Thermite application but to be useful in other situations
as well.

The technique was to create a thermodynamic library that could be linked to any other
program requiring thermodynamic calculations. The library is formed around the TC
program and consequently called Thermo-Calc C library (6). It is organised in the
same manner as the underlying software and most of the TC commands are
implemented as callable subroutines. Since subroutines are more or less identical to
the commands of the TC program the use of this library is quite straightforward and
the developer of an application program can test all the intended calls using the
interactive user interface of TC itself.

With the TC library linked to the Thermite software a number of property diagrams,
binary phase diagrams as well as isopleths can be calculated using the diagram set-up
window. The quantity along an axes is selected from one menu and if the quantity is
related to a certain component or phase it can be selected from a menu allowing sub-

user

Applica-
tion
program

Thermo-
dynamic
databank

Graphical
user
interface

library

Thermite TClib Thermo-Calc



Computational Tools for Simulation of Phase Transformations

5

and superscripts. For example, the menu set to display the mole fraction of chromium
in the fcc phase as an axis property would look like: X Cr

fcc . Useful diagrams are
isotherms, ternary liquidus surface diagrams and T0-digrams (2). The generated
diagrams can be examined in several ways and the underlying equilibrium calculation
represented by a certain point in a diagram can be displayed. For phase diagrams the
different phase fields can also be identified and labelled.

1.4 Solidification

The solidification of a material is a process that is of major importance for the
properties and there is a great interest in understanding the different mechanisms
controlling solidification.

Materials may solidify into different phases, depending on composition and
solidification rate. The order in which the phases will precipitate during solidification
will determine the microstructure and thus have an effect on the mechanical properties
of the material. Solidification requires modelling of the flow of mass and heat inside
the material and the surroundings in particular the segregation of alloying elements
and which solid phases that appears. A complete understanding of all the mechanisms
is still not available although several attempts to model the solidification have been
made over the years with emphasis on different controlling parameters.

Segregation of the alloying elements is an important factor when modelling
solidification. One can distinguish between macro and micro segregation, where
macro segregations are the segregations occurring over long distances and micro
segregations are, in the simplest case, occurring in the interdendritic region. A simple
but useful method of estimating micro segregation was proposed already by Gulliver
in 1913 (7) and was again applied by Scheil in 1942 (8). The main approximations are
that during solidification the rate of diffusion in the liquid phase is infinitely fast and
that the rate of diffusion in the solid phases formed is negligible. No geometric effects
are taken into account.

Calculations using the Gulliver-Scheil model, GS, are easy to perform on binary
systems and are standard exercises for students studying materials science, where the
input parameters can be taken from phase diagrams, from the literature (9). When the
technique is applied to actual alloys, the published phase diagrams are no longer
sufficient. With the development of Computational Thermodynamics, CT, the GS
model became very interesting because CT can provide information about the stable
phases and their compositions at the liquid/solid interface for multi-component
systems. Today the GS model is widely used to simulate solidification. Simulations
can be performed with several different thermodynamic software, e.g. the Lukas
program (10), modified by Kattner (11) or the MTDATA software (12) as well as TC.

In Paper 5, entitled ”Program for Simulating the Solidification Path”, the
solidification of a stainless steel with 18 mass % Cr and 8 mass % Ni is simulated,
using the GS model inside Thermite software.
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The simulation is started at the liquidus temperature of the alloy. The temperature is
decreased one step and the new equilibrium state is calculated. This new equilibrium
contains a small amount of solid and the liquid has a new composition. Then the
overall composition is shifted to the composition of the liquid phase, the temperature
is again decreased one step and the procedure is repeated until the liquid phase is no
longer stable. The total amount of liquid phase is calculated by multiplying the mole
fraction of liquid calculated at each step with the mole fraction liquid at the previous
step (being one at the liquidus temperature).

One of the useful features of taking the thermodynamic data from a thermodynamic
databank instead of from a phase diagram is that information regarding the enthalpy
or the different phases is available from the simulation. Using TC, Jansson and
Sundman (13) were able to evaluate the heat of solidification corresponding to the
amount of solidified material but, in order to simplify the calculations, they assumed
that the heat capacities of the liquid and solid phases were the same. The difference in
heat capacity has been considered by Kattner, Boettinger and Coriell (11). However,
they evaluated the enthalpy of the solid from its average composition only. This
approximation may become severe if more than one solid phase forms. Later, they
extended the calculation to include more than one solid phase (14) and they
mentioned that "in principle the concentration profiles could be stored and a more
exact computation of the solid phase enthalpies performed". In the present paper, such
an evaluation by integrating over the various zones of solid material is presented. The
solidification time is estimated from the change in enthalpy of the system during the
simulation and on an assumption on the rate of heat extraction. With this method
cooling curves, e.g. mole fraction solid phase versus time can be calculated.

The process of solidification is further investigated in Paper 6 entitled “Computer
simulation of cooling curves for solidification”. In this work, the GS model, combined
with an evaluation of the change in enthalpy at each step in temperature, is applied to
study the solidification of an aluminium alloy. The cooling of an alloy depends on the
heat evolution due to solidification and due to the difference in heat capacity for the
liquid and the solid phases. In order to calculate the cooling rate of the alloy from
information on the heat extraction from the alloy, it is thus necessary to calculate the
change of the enthalpy with the progress of solidification. The calculations are
extended to take also diffusion in the solid into account.

In Paper 6, the relation between the cooling rate and the diffusion is treated by a
combination of simulations including both GS-simulations, providing enthalpy
information, and simulations using DICTRA, a general diffusion program for
simulation of diffusional phase transformations. It was found that the cooling curve of
an alloy solidifying in a crucible could be predicted using the simulation software. It
was also found that it was necessary to take into account the heat capacity of the
crucible.

The differences between simulations performed using the GS-model and calculations
performed with DICTRA are further investigated in Paper 7, entitled “Role of back
diffusion studied by computer simulation”. It was found that the GS-simulation gives
reasonable results when applied to aluminium alloys (paper 6). This is further
confirmed by Saunders extensive study of aluminium alloys (15) comparing GS
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simulations with experiments by Bäckerud (16). Saunders comparison does not only
give good agreement between experimental fraction solid versus temperature curves
but also the order of the phases that will precipitate. When the GS model is applied to
ordinary steels, the results are less satisfactory, as described in Paper 7.

One of the reasons why the GS-simulation does not operate well on steels can be
found in the assumptions regarding the rate of diffusion of the solutes in the alloy. It is
shown in Paper 7 that the first assumption regarding the liquid phase can be valid, but
for solid phases, the rate of diffusion of carbon must not be neglected.

The reason the GS-model can be applied to describe the solidification of aluminium
alloys is that the usual alloying elements in aluminium alloys diffuse with
approximately the same speed because they all dissolve substitutionally. In steels,
elements such as carbon or nitrogen may diffuse much faster than the other elements
because they are dissolved interstitially and this difference may have a strong
influence on the stability of the solid phases.

A step towards the simulation of whole processes from liquid steel to final material
was taken in the paper entitled “Towards virtual heat treatment of alloys”, Paper 2. In
this paper, an attempt is made to link Thermite with the DICTRA program to include
treatment of the kinetics of a transformation. Several applications are presented for
example the soft annealing and subsequent austenitising of a Fe-C-Cr alloy. With the
coupling of equilibrium calculations to diffusional calculations in the Thermite
software package, it is possible with a small amount of further work to combine these
separate simulations to describe sequences of heat treatments. One such simulation
sequence could be to first solidify an alloy, followed by a homogenisation and finally
subjecting the cast to an isothermal transformation to create a certain microstructure.

1.5 Solid-solid transformations

Phase transformations in alloys usually require redistribution of the components of the
material between two growing phases or between a growing phase and the matrix,
because the solubility of the alloying elements usually differs in the two phases. The
main mechanism to redistribute the elements in the solid state is diffusion. Diffusion
can take place inside the phases or in the actual interface between the phases. Both
processes require a driving force, which is provided by the difference in Gibbs energy
between the initial and the final state. The DICTRA software has been developed to
treat the long-range diffusion inside a phase and in this software one assumes that the
compositions at the phase interface is given by the “local equilibrium” assumption.

Assuming that the growing phase dissolves less of the alloying element than the
matrix phase and that the transformation rate is low, there will be a jump in
composition in the matrix phase in front of the growing phase. The magnitude of this
jump is given by the local equilibrium assumption. In the surrounding phases there
will be long-range diffusion, which will determine the rate of growth of the new
phase. At higher growth rates, the distance over which the diffusion takes place inside
the phase will decrease and the state at the phase interface cannot anymore be
described by equilibrium thermodynamics. At even higher speeds there may even
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occur partitionless transformations where the growing phase inherits its composition
from the matrix phase.

The interest in massive transformations and partitionless transformations in the solid
state goes long back into the history of phase transformations. Cahn presented a set of
equations that describes the force exerted on a grain boundary by the impurity atoms
in a paper entitled “The impurity-drag effect in grain boundary motion” (17). Lücke
and Stüwe (18) also studied this phenomenon and they invented the term “solute
drag”.

In 1976 Hillert and Sundman (19) presented a paper in which they developed the
treatment further by presenting a model not limited to low solute contents, ideal
solutions or to single-phase systems. In the present work, Paper 8, entitled “Solute
Drag in Multi-component Systems” and Paper 9, entitled “Application of a solute
drag model to massive transformations”, their treatment is generalised further. The
solute drag model has been made independent of the thermodynamic models and
extended to multi-component systems and to multi-component flux equations. These
contributions have been formalised, programmed and incorporated into the Thermite
package.

1.6 Future of the CALPHAD technique

A necessary prerequisite for the present work is the availability of assessed
thermodynamic information on alloy systems. The field of assessing experimental
thermodynamic data and the amalgamation of such information into self-consistent
data-sets and the storage of such sets in databases for future use by thermodynamic
programs is called the CALPHAD technique (20), where CALPHAD is short for
CALculation of PHAse Diagram. The previous description about simulation of phase
transformation indicates that the use of thermodynamic databases is much broader
than suggested by the name CALPHAD. The future of this kind of research described
in the present work depends critically upon the success to get self-consistent
thermodynamic databases for all important fields in material science. So far, we have
only seen the beginning of this work and many severe problems remain to be solved,
however. Those problems are discussed in Paper 3, entitled “How Can CALPHAD
Develop Further as a Science?” where the importance of an extensive collaboration
worldwide is emphasised. As a small beginning of an intensified international
collaboration, a bulletin board on Internet was developed.

This bulletin board is intended as a focus point for information about different
thermodynamic assessments. Since different teams of scientists all over the world are
performing CALPHAD work, Internet is the natural media for such information. With
the development of the World Wide Web, www, this has been used to create an
archive where information about CALPHAD type work can be stored and distributed.
It is named “Bulletin board for thermodynamic assessments” and is situated at
http://www.met.kth.se/assessments. Here CALPHAD assessors can search for old
assessments and most important, provide information on new systems that have been
assessed or inform/get information about ongoing work. The site consists of a
searchable database of assessed binary and multi-component systems. This site also
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provides a form for submitting new data on assessments to the database. With the
different entries, for requested information, in the form the assessors can create links
to information on the assessor’s own server where s/he can present more information.

Many alloy systems remains to be assessed and sometimes an assessment is
confidential because it was done for a commercial purpose. The bulletin board is not
designed to contain detailed thermodynamic information, only the ranges of
temperature, pressure and composition for which the assessment is valid.

This bulletin board can be used to provide the assessor with a possibility to compare
the different available versions of a specific system, because many of the systems
have been assessed several times by different groups. The bulletin board can be used
for sharing information on work done on complicated systems, where perhaps
evaluations have not been published, but still may give a workable solution to a
certain problem. Hopefully, the use of the bulletin board will be a less demanding and
much faster method to inform about assessment work than publication in scientific
journals.

1.7 Looking Ahead

With Thermite as a basis, the development of a system for managing the large number
of assessment now available would be possible. Here its capabilities of handling
thermodynamic data and the powers of object orientation and graphical presentation
should be very useful. Another interesting application would be to use Thermite to
develop a new method for assessing thermodynamic data, a system where it would be
possible to run several assessments at the same time. The present system for
assessments was designed to optimise one system at the time and as the demands has
become larger so has the systems. In such a new program, it might be easy to see how
changes done in one alloy system might change other related systems.

2. The papers in this work

Here a short summary of the papers included in the thesis will be given. The papers
will be presented in chronological order.

2.1 Thermodynamic Calculations made Easy, Paper 1

Calculations based on thermodynamic data are interesting not only to scientists but
also to students and engineers in the industry. Today several program packages for
thermodynamic calculations exists but they are designed by scientists for use by
themselves or by other scientists and usually rather complicated to master. In order to
provide a tool for performing equilibrium calculations, phase diagrams and
simulations of phase transformations in a simplified and generalised way, a graphical
user interface has been developed. It makes use of one of the most powerful software
for thermodynamic calculations, Thermo-Calc, as “calculating engine”.
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Paper 1 describes a number of simple and useful applications of equilibrium
calculations, such as the calculation of the maximum heat treatment temperature and
its relation to the alloying content, as well as functions for calculating the liquidus and
solidus temperature for an alloy, performed by pushing a button. It also includes an
application visualising the ideal gas law where one can change for instance the
temperature and see how the pressure changes. A first version of the Gulliver-Scheil
model is implemented and the solidification of an Al-Cu-Mg-Si alloy is simulated.

The paper presents a first attempt to formalise a windows based, menu driven
interface to a thermodynamic software package. It is developed for the UNIX1

operating system because that was regarded as most suitable for development of a
package of the expected size. For the UNIX operating system the standard window
system is called X Window System2 and is developed at the Massachusetts Institute of
Technology. The X Window System, or simply X, is a hardware independent and
network-transparent window system and a user interface standard. One of the most
useful features of X is that it takes advantage of the network and one may run CPU-
intensive programs, such as TC or DICTRA on high powered workstations and
display the user interface (the windows) on inexpensive desktop machines.

The thermodynamic software is developed as a part of the CAMPADA project,
“computer assisted materials and process development”. It is designed to work as a
platform and to interface the software packages designed by different groups in the
project as well as the Thermo-Calc package.

2.2 Towards virtual heat treatment of alloys, Paper 2

With Paper 2 an attempt was made to extend the work done on a user interface for the
Thermo-Calc program, called Thermite, to include also kinetic modelling. This was
performed by extending the interface to include a software for simulation of diffusion
controlled transformations, DICTRA (4), DICTRA is developed at the division of
Physical Metallurgy at the department of Materials Science and Engineering at KTH
in Stockholm. The DICTRA software is constructed within the same framework as the
TC program, using the same type of command line based user interface. DICTRA is
designed to simulate diffusion controlled phase transformations for multi-component
systems in a one-dimensional geometry. It uses TC to calculate driving forces and the
thermodynamic factor for diffusion and the local equilibrium at phase interfaces. In
the Thermite user interface there is a main menu from which the applications are
chosen and the user can choose between different applications for non-equilibrium or
diffusion controlled transformations. The set-up for the simulations is divided into a
number of steps with one window for each step. The user is asked to provide general
information starting with the retrieval of thermodynamic and kinetic data followed by
system general data such as temperature, pressure and simulation time. This will then
be followed by more specific questions regarding the application. The software was
tried out on a set of heat treatment operations, e.g. the dissolution of cementite at
910°C in a Fe-Cr-C system.
                                                       
1 UNIX is a trademark of Novell inc.
2 X Window System is a trademark of The Open Group.
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2.3 How Can CALPHAD Develop Further as a Science?, Paper 3

Databases with assessed thermodynamic data are necessary for the use of
thermodynamic calculations. The SGTE database SSOL (21) has been used in most of
the calculations in the present work. The aluminium database (13) developed by
Jansson was applied to the solidification simulation in Paper 6, entitled “Computer
Simulation of Cooling Curves for Solidification”.

Paper 3 reflects on the development of the CALPHAD method, its history and its
future. In the development of thermodynamic databases, many sets of experimental
data must be forged into a self-consistent set. One problem is how to perform this. It
can either be performed sequentially, one binary at a time and one after the other, or
instead simultaneously by solving all systems together. The first technique is natural
but it has been shown that the assessment of higher order system often require
revisions of binary systems already done.

When working with larger systems all binary systems must be based on the same data
for pure elements and the same models for phases with the same structure. The
binaries must also be tested on higher-order systems before they can be accepted, and
this continues when combining ternary systems. This repeated revision of lower order
systems due to information from higher order systems is difficult to achieve. In all
commercial databases today some discrepancies with reality have been accepted. If
the method of solving all systems together could be used, many problems in higher
order systems might be avoided.

The compilation of a thermodynamic database becomes rapidly more complicated as
the number of components and phases stored in the database increases. It is a time-
consuming work to maintain large databases containing many subsystems. The
relations between the different subsystems has led to a situation with several
assessments of each binary system, each one suitable only for a certain multi-
component database. If the intention with an assessment is to be a part of a global
collaboration, then it is important to follow some standards, e.g. to use generally
accepted values for the pure components and even agree on phase names. The paper
stresses the importance of storing reliable experimental data to speed up future re-
assessments and to develop methods for automatic re-assessments and methods for
sharing experimental data files.

2.4 Method of coupling application programs to thermodynamic data
bank, Paper 4

Paper 4 presents a method for coupling thermodynamic data to application software
packages. The different thermodynamic software packages existing today are not
designed for coupling to other software, but mainly developed to provide
thermodynamic calculations to users in a interactive manner.

With the development of software for simulating processing of material, it has
become necessary to access thermodynamic data as process parameters. This can be
performed either by supplying the software with pre-calculated thermodynamic data
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entered to the program by a file or by coupling thermodynamic software to the
application software. The latter method has several advantages. Data calculated
directly by a thermodynamic software can be assumed to be more accurate than pre-
calculated averages that have to be interpolated or extrapolated.

The work presented in this paper is a technique to provide thermodynamic
calculations to other software requiring thermodynamic calculations to simulate some
process. The technique used is to create a layer around the TC program and to convert
the commands of the program to callable routines and format this as a library for
thermodynamic calculations, see Fig. 2. The library is called Thermo-Calc C library
and it provides the full power of the TC program to a simulation software package,
such that, equilibrium calculations can be performed with the same commands as used
interactively. Some examples of applications are presented in the paper.

2.5 Program for Simulating the Solidification Path, Paper 5

Many programs have been developed to simulate the solidification of alloys. With
Paper 5 an attempt is made to expand the Gulliver-Scheil simulations that already
could be performed with the TC program itself.

The Thermo-Calc C library, presented in the previous paper, was first tested by
performing solidification simulations with the Gulliver-Scheil (GS) model (7)). This
model is based on the simple but useful assumption that the diffusion in the liquid
phase is infinitely fast and that there is no diffusion at all in the solid phase. The
simulation is separated into several steps. First an alloy system is selected and then the
equilibrium solidification curve is calculated. When these two steps have been
performed the GS model is used to simulate the solidification. The GS simulation is a
step process where the temperature is decreased one step and the new equilibrium
state is calculated. The composition of the remaining liquid phase is set as the new
overall composition and the temperature is lowered one step further.

With this new program the simulation can be viewed from several new aspects. By
storing the composition of all the solidified layers the change in enthalpy due to both
cooling and to eventual phase transformations in the already solidified material can be
calculated accurately. By following the change in enthalpy of the system one
immediately obtains the heat extraction from the alloy. Combining this with the rate
of heat extraction one can transform the calculated curves for the amounts of the
various solid phases as function of temperature into a curve for temperature as
function of time, i.e. a cooling curve. Using that function one can then replace
temperature with time for plotting various quantities. The program can calculate
curves for different assumptions about the rate of heat extraction, “constant rate”,
“Newton”, “radiation” and a “user defined equation”.

Another interesting aspect is that this method of storing the composition of the
solidified layers makes it possible to study the phase distribution over the solidified
sections. In the paper several examples are given of how results from a simulation can
be presented. All diagrams in the paper represents different aspects of a solidification
simulation of a stainless steel with an alloy composition of 18 mass % Cr and 8 % Ni.
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2.6 Computer Simulation of Cooling Curves for Solidification, Paper 6

In Paper 6 simulations on the solidification of an AA3003 aluminium alloy has been
performed. These simulations have been compared with experiments on the same
alloy reported by Bäckerud et al. (16). The solidification simulations were performed
using both the GS model presented in Paper 5 and with the DICTRA software.
Bäckerud et al. made an extensive study where they solidified small samples of
different aluminium alloys and measured the temperature in the centre of the crucible
and close to the crucible wall. From the results of these experiments they evaluated
the cooling curves. These cooling curves have now been compared to similar curves
produced by the simulation software. However, a few interesting questions about their
results came up during this study, such as, whether the heat capacity of the crucible
can be ignored or not. The normal solidification curves with mole fraction solidified
material as a function of temperature presented by Bäckerud were compared to the
calculated ones. Curves for the mole fraction of solidified material versus time were
also compared. For the latter curves the model developed for evaluating the change of
enthalpy and the calculation of simulation time was used. The simulation of cooling
curves were then also performed taking back diffusion into account using the
DICTRA software. Here the evaluated data about heat extraction were taken from the
previous GS predictions. The results show that it is possible to use the developed
technique to calculate cooling curves.

2.7 Role of Back Diffusion Studied by Computer Simulation, Paper 7

Paper 7 presents a study of the solidification of Fe-Cr-C. In the paper the role of back
diffusion in the solid phases, precipitated during solidification has been studied. The
effect of diffusion is examined by performing simulations under different conditions.
The simulations where performed using both the programmed GS model and with
DICTRA. The back diffusion of chromium in fcc was examined in detail.

When simulating solidification, taking diffusion into account, a geometrical model
has to be chosen for the diffusional calculations. In the paper different models are
discussed and tested, the planar and cylindrical cases and a new model based on two
coupled cylinders.

The simulations were also carried out for different C compositions. The results were
compared with previous experimental results by Zhurenkov and Golikov (23), Dohery
and Melford (24) and Fredriksson and Hellner (25). It was found that the assumption
of infinitely fast diffusion of C and Cr in the liquid phase and for C in fcc gave good
results and could be accepted. The back diffusion of Cr in fcc was also found to play
an important role in the simulation of solidification.

2.8 Solute Drag in Multi-component Systems, Paper 8

Paper 8 describes a new model developed for calculating the multi-component solute
drag based on the work by Hillert and Sundman (19). Their treatment has been
generalised and is applied to a ternary system. This new model can treat not only
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substitutional but also interstitially dissolved elements. The interface is, as in the
previous work, divided into three zones. One middle zone with constant thermo-
dynamic and kinetic properties and two side zones where these properties vary
between the values of the middle zone and the values of the growing and matrix phase
respectively. The thermodynamic properties are assumed to vary linearly and the
kinetic properties logarithmically.

In the solute drag model presented the entropy production (or the Gibbs energy
dissipation) due to diffusion inside and in front of a growing phase can be described
as:
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where Vm is the molar volume, v is the velocity of the interface, Ji is the flux of
element i and ξ is a normalised distance. n is the solvent and there are n-1 number of
solutes. The driving force for diffusion of solute element i is d∆Gin/dξ.

In a steady state situation the flux equation for element k, in volume fixed frame of
reference, combined with the difference in composition between a certain point inside
the interface and the unaffected bulk phase, β, is given by
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where δ is the width of the interface and Lkj
''  is a diffusion matrix element. v is the

velocity of the migrating interface and y yk k− β 0 is the difference in composition for
the solute k between a certain point inside the interface and the bulk composition. This
equation must be valid for each solute and a set of differential equations has to be
solved in order to obtain the composition profile across the interface. From this profile
the Gibbs energy dissipation due to diffusion in the interface can be calculated.

The solute drag model is programmed into a subroutine package and incorporated into
the Thermite program. It was then applied to study the transition from γ to α in the
ternary system, Fe-Cr-Ni, 5 mol% Ni and 18 mol% Cr in Fe at 900 K. A variable
diffusivity was chosen using experimental information for grain boundary diffusion in
the middle of the interface. In the two side zones this diffusivity was combined with
the experimental diffusivities for the two bulk phases, α and γ, evaluated by Jönsson
(26).

2.9 Application of a Solute Drag Model to Massive Transformations,
Paper 9

Paper 9 presents a general study of the solute drag treatment from paper 8 on two
different scenarios. First, Cahn’s classical results on the movement of grain
boundaries in binary alloys (17) were reproduced and extended. The distribution of
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the local solute drag over the interface with the variation of the migration rate was
studied. Secondly, the present solute drag treatment was applied to study massive
transformations in an actual system. The binary system chosen was Fe-Ni with 6
mol% Ni at a temperature of 900 K. It was investigated how the results are affected by
different model parameters, such as widths of the zones of the interface and the
tendency of a solute element to segregate to the interface. Furthermore, it was studied
how the model behaves when the diffusivity was changed from the low value of the
bulk phase to a high value inside the interface and finally when it was set to vary over
the interface.

3. Concluding Remarks

The Thermite software is now a working computational tool. It has been used as the
tool it was intended to be when aiding the authors in the different works presented in
this thesis. A set of cases involving phase transformations have been studied and a
number of methods and models have formalised and implemented as applications in
Thermite. The cases have been compared to experimental results and to other models.

Several aspects of solidification have been studied by simulations and it has been
shown that that it is possible to predict different types of cooling curves by calculating
the change in enthalpy. The effects of back diffusion in the solid phases during
solidification were also investigated.

Solid state transformations have been studied for cases where the interactions between
solute atoms and the interface, the so-called solute drag, have an important influence.
The Hillert-Sundman model for solute drag has been successfully extended to multi-
component systems and applied to a ternary system. With this work some of the
mechanisms of the solute drag have been clarified and the different parameters
controlling partitionless transformation in binary alloys have been investigated.

Now that Thermite, with its graphical user interface to TC has been developed and a
technique for linking thermodynamic calculations to application software has been
developed, equilibrium calculations can easily be performed and coupled to
simulations. Hopefully, this will lower the activation barrier that must be overcome to
utilise thermodynamic calculations and spread the use of them within other fields of
materials science.
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