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INSTRUCTIONS FOR STUDENTS 

 

The educational packet including the integrated lecture notes for the Master study, comprising also 

study regulations, is intended for the subject of the 2nd semester of the branch Advanced Engineering 

Materials. 

Prerequisites:  

Graduation from the subject Phase Transformations is a prerequisite for the study of this 

subject.  

The objectives of the subject:  

The aim of the subject is to introduce students to modern methods of simulation and modelling of  

microstructure and properties of metallic materials.  

To demonstrate application of basic thermodynamic laws for prediction of thermodynamic equilibrium 

and multicomponent diffusion theory for a simulation of microstructural evolution in diffusion 

controlled processes.  

To introduce students to tools allowing prediction of properties of metals and alloys, depending on 

parameters of their technological processing.  

The obtained knowledge: 

 A student obtains findings on various approaches to modelling and prediction of microstruture 

and properties of metallic materials, which have been finding ever increasing applications in 

materials engineering. 

 A student obtains knowledge needed for a selection of the optimal computer software for              

solving problems investigated. 

 A student obtains findings on database systems in the field of materials engineering. 

The obtained abilities: 

 A student will know how to use the most widely used software for prediction of 

microstructure and properties of metallic materials (THERMOCALC, DICTRA, DIGIMAT, 

MAT.DB, SYSWELD, etc.). 

 A student will be able to predict microstructure and properties of metals and alloys depending 

on parameters of their technological processing.   

For whom the subject is intended: 

The subject falls within the master’s study of the branch Advanced Engineeering Materials, 

the study programme Materials Engineering, but it can also be studied by applicants from any 

other branch, on condition of having met the demanded prerequisites. 
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Recommended procedure for studying each chapter: 

Step by step, read over the text and the solved examples. Try to answer the questions at the 

end of each chapter.  

A way to communicate with lecturers: 

Any problems may be solved through personal consultancies based on individual agreements 

with a lecturer. The study of the subject includes an elaboration of a semester project and 

passing a credit test. Topics for the projects and detailed instructions for their elaboration will 

be discussed with students at the beginning of the course in which students will be present. 

The semester project will be evaluated by the lecturer within 14 days from the submission.  
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1. MODELLING AND SIMULATION OF PHASE EQUILIBRIA 

 
Objective: After studying this chapter a student will be able to: 

 - Define basic principles of the Calphad program  

- Describe basic modules of the ThermoCalc software  

- Explain objectives of “assessment“ of thermodynamic data and functions  

- Define basic requirements imposed on thermodynamic databases 

- Describe basic contributions to the Gibbs energy of phases 

- Define sublattice model 

- Explain a principle of the global minimization of the Gibbs energy 

- Define diagrams of properties 

- Describe principles of a calculation of phase diagrams  

 

 
LECTURE 

1.1 The Calphad Method  

Computational thermodynamics, which uses software and consistent thermodynamic databases to 

obtain realistic information on the equilibrium state of components or phases in a heterogenous 

interaction system and on kinetics of phase transformations or chemical reactions during materials 

processing, nowadays represents an important tool for solving problems related to a design of 

materials and processes of their processing 1,2. In contrast to experimental studies, an important 

feature of thermodynamic and kinetic databases is a possibility for easy observation of influences of 

various external and internal factors on equilibrium, or para-equilibrium, states and dynamic 

processes.  

Commercially available types of software (ThermoCalc, MTData, FactSage, PANDAT, MatCalc, 

JMatPro) use the semi-empirical method Calphad (Calculation of Phase Diagrams) for obtaining data 

on the phase equilibrium in multicomponent systems 2. The phase diagram graphically depicts the 

system thermodynamic properties, which are a sum of properties of individual phases. This enables to 

calculate the phase diagram on the basis of thermodynamic properties of all phases in a system. The 

Calphad method uses experimental information on phase equilibria in different systems and 

thermodynamic information obtained during physical and thermochemical observations. 

 
Study Time: 6 hours 
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Thermodynamic properties of each phase are described using mathematical models with adjustable 

parameters. These parameters are set so that a model is in accordance with credible experimental data. 

This allows a back-calculation of thermodynamic properties of all phases and phase diagrams. The 

Calphad method philosophy is to obtain a consistent description of phase diagrams and 

thermodynamic properties in order to predict credibly the stable phases and their thermodynamic 

properties in fields, where experimental findings and also metastable states during phase 

transformations are not available.   

A general block diagram of a procedure for a calculation of parameters of phase equilibrium and 

thermodynamic properties of multicomponent systems using the Calphad method is shown in Fig. 1.1.  

 

Fig. 1.1 Block diagram of Calphad 

   1.2 ThermoCalc Software 

ThermoCalc 3 is flexible software for all types of calculations of thermodynamic properties, 

equilibrium and partially equilibrium states, chemical driving forces of processes and for calculations 

of stable and metastable phase diagrams and diagrams of properties of multicomponent systems for 

many types of materials (metal alloys, slag, ceramics, etc.). The software includes also special 

modules, e.g. for a simulation of non-equilibrium solidification of alloys according to Scheil – 

Gulliver model, Pourbaix diagrams, coefficients of distribution, etc. At present the software allows a 

calculation of a random cut through a phase diagram with up to five independent variables in the 

considered system and a calculation of a chemical driving force, which represents fundamental 

information for a calculation of kinetics of diffusion-controlled phase transformations. In a case of 
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diagrams of properties, in an entered value interval we change one selected thermodynamic state 

variable (e.g. temperature) and the calculated changes of the dependent variable – a property (e.g. an 

equilibrium fraction of phases, equilibrium composition of phases, thermodynamic properties) are 

graphically plotted as a function of the selected independent variable.   

The ThermoCalc software is based on the Gibbs energy minimization. The software can work with 

many thermodynamic databases. Databases developed by the SGTE (Scientific Group Thermodata 

Europe) are particularly of high quality; the organization is focused on European cooperation for 

development of thermodynamic databases. A very important result of the calculations is a fact that the 

solution of phase equilibrium in multicomponent systems includes also a value of a chemical potential 

of all components, or their activities. Considering applicability of the principle of local equilibrium, it 

is possible to use these parameters for modelling of kinetic parameters of diffusion-controlled phase 

transformations – an application of the Dictra software. Simultaneously performed calculations and 

experiments allow much faster progress in the development of materials and technological processes 

than a merely experimental approach “experiment – error”. Experimental results can be now predicted 

using calculations, thus creating preconditions for limiting the total number of performed experiments, 

which are financially demanding and many times also time-consuming. In some cases it can be found 

out that the calculation results are credible enough for the direct use. The ThermoCalc software has 

been finding ever increasing use as an applicable tool for development of materials and process 

technologies not only in research laboratories, but also in manufacturing and educational 

organisations. This tool brings-along a new view on solved real problems thanks to interconnection of 

fundamental models and critically assessed thermodynamic and kinetic data.  

The ThermoCalc software comes with two modes of operation: Graphical Mode and Console 

Mode. The Graphical Mode offers an activity-based interaction, where a user by means of answers to 

simple questions generated for the given application defines the studied system, the software performs 

calculations automatically and the calculation results are graphically plotted. The Console Mode is the 

command line input option, where a user creates .log files to solve the specified problem. These files 

can be modified continuously and saved as macro files for repeated calculations (.tcm).  

The TCC software (ThermoCalc Classic) comprises seven basic modules, which are all necessary 

for performing thermodynamic calculations or simulations in the Console Mode. These modules are 

interconnected, Fig. 1.2.  



 
 

 
 

10

 

                                              Fig. 1.2 Thermocalc modules 

The particular modules can be briefly characterized as follows:  

TDB – a module for searching databases 

GES – a module for working with thermodynamic models and processing data for various phases 

TAB – a module for creating tables of thermodynamic data of phases and reactions 

POLY – a module for calculations of heterogenous equilibria in multicomponent systems and 

calculations of phase diagrams („mapping“) 

POST – a module for graphical plotting of phase diagrams and diagrams of properties 

PARROT – a module for optimization of parameters for critical evaluation of thermodynamic data 

(„assessment“) 

ED_EXP – for editing experimental points and equilibrium calculations 

A general procedure of thermodynamic calculations in the Console Mode can be described as 

follows: 

 1. Going into the database module (TDB). 

 2. An analysis of the thermodynamic description of phases (GES5). 

 3. Going into the POLY 3 module, which represents a calculation tool.  

 4. A definition of the equilibrium state in the POLY 3 module. 

 5. A calculation of the equilibrium state. 

 6. A definition of output parameters (e.g. entering two axes for the phase diagram). 

 7. A calculation and saving the obtained results. 

 8. Going into the POST module, which enables graphical processing of the obtained results.  
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User programming interfaces allowing applications of thermodynamic calculations and simulations 

in various fields are available for users, who intend to deal with application-oriented programming 

using either own programs or software developed for other types of calculations of material properties 

(e.g. Matlab).     

1.3 Thermodynamics of Phase Equilibria 

In accordance with thermodynamics laws, the equilibrium state in a closed system is determined by 

a complex composition of a system and a pair of state variables of the following options: temperature, 

pressure and volume. If one or more of these variables changed, origination of a new equilibrium state 

is accompanied by redistribution of components in a system related to changes of a chemical 

composition of phases, their fractions, possibly even a number of coexisting phases 2.    

Indivisible members of a thermodynamic system are designated as components. Commonly these 

are chemical elements or chemical compounds. Components will be designated in the text below by an 

index i, where i = 1, 2...s.  A composition of a closed system can be expressed by a mole fraction of 

the complex composition.
                                                                                                     

 

A composition of j phase of the system can be expressed by a phase composition mole fraction: 
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where  ni 
j  is amount of substance of i component in j phase. 

For an electroneutral thermodynamically closed system (i.e. without a change of mass and charge 

with the surrounding environment), the following three boundary conditions apply: 

The Law of Conservation of Mass, which has the following shape for the particular components:  
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where pj 
represents the phase proportion of j phase. 

If the components have a charge, then the following applies at the same time: 
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where qij is a charge of i component in j phase. 

For a closed system comprising a stoichiometric phase, additional conditions conditioned by the 
phase stoichiometry apply. If j phase is considered a stoichiometric compound without vacancies, for 
this phase mathematical conditions in a form of equations apply, which are specified by the 
stoichiometric coefficients of the components.  The following equations can be derived for a phase 
with a general      
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where n j
ik is the amount of substance of i component in the stoichiometric j phase related to the 

stoichiometric coefficient  ak . To set up (k – 1) equations, n j
i1  was selected as the reference amount of 

substance with the first stoichiometric coefficient a1. However, substantial failure of stoichiometry of 

phases, occurring as a result of a high concentration of Va vacancies, was observed in many cases. 

Under these conditions, the concentration of vacancies needs to be considered and included into the 

phase description (for example for vanadium-rich FCC carbonitride): (V,Fe,Cr)(C,N,Va), for HCP 

molybdenum-rich carbide: (Mo,Fe,V)2(C,Va), etc.). Under these conditions, the above mentioned 

equalities change to inequalities. 

Equilibrium thermodynamics defines important thermodynamic properties and state functions, 

including relations between them. In the case of a closed system at constant pressure and temperature, 

the Gibbs free energy is a thermodynamic function determining the system stability. In one-

component (unary) system, the molar Gibbs energy of possible states at the given temperature T and 

pressure p is a value, which controls phase transformations of a pure substance:  Gm (p,T). The molar 

Gibbs energy is a function of molar enthalpy (Hm) and molar entropy (Sm) in accordance with a 

definition relation: 

Gm = Hm – T Sm .     (1.5)  

Molar enthalpy cannot be determined absolutely; at standard conditions (SER: T = 298 K and p = 

101325 Pa), in the case of elements in the stable phase state, it is assigned zero value. Molar enthalpy 

of compounds is equal to the combined enthalpy of the comprised elements. A molar entropy value 

can be calculated on condition  Sm (T = 0 K) = 0, using thermal capacities of phase modifications of a 

pure substance under isobaric conditions and entropy changes during phase transformations. Values 

for molar enthalpy and entropy of pure substances at standard conditions (SER) can be found in 

thermodynamic tables. The Gibbs free energy can be calculated using the above mentioned definition 

relation for standard conditions. For a temperature different from standard, the Gibbs energy value of a 

pure component can be calculated according to the following relation: 

                    Gm(T) = a + b T + c T ln T + d T 2 + e T 3 + f T –1 + g T –9 + h T 7,      (1.6) 

where a, b, c, … h are constants characteristic for the given pure substance in the considered phase 

state, which are valid for the observed temperature interval. The dependence of the molar Gibbs free 

energy of a pure substance to temperature can be also extended by a pressure contribution. 

Nevertheless, in the case of solid matters this contribution is neglected within a range of low and 

medium pressures.    
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Partial derivative of the molar Gibbs energy relates to the following thermodynamic functions: 
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When describing the Gibbs energy of Gj
m phase, nowadays thermodynamics assumes additivity of 

partial contributions, which participate in the molar Gibbs energy of the phase:   

Gm
 j = Gref

 j + Gid
 j  + GE

 j  + Gmg
 j  + Gp

 j  + …,      (1.10) 

 where Gj
ref 

 is a reference level of the molar Gibbs energy of the phase (a sum of the Gibbs energies 

of the components with a structure of j phase before mixing), Gj
id  is a contribution of ideal mixing, Gj

E  

is an additional (excess) Gibbs energy expressing thermodynamic non-ideality (originating in the 

thermodynamic interaction of components of the phase), Gj
mag is a contribution of magnetic properties 

of the phase and Gj
p is an additional pressure member. The values of the molar additional Gibbs 

energy Gj
E have a decisive significance for solving the phase equilibrium.  

Thermodynamic models of binary solid solutions have a following shape: 

Binary ideal (Hmix. = 0) solid solution A-B: 

 Gm = Gref  + ΔGid, 

Gref = xA GA + xB GB,      (1.11) 

     ΔGid = RT (xA ln xA + xB ln xB). 

Binary regular solid solution A-B: 

Gm = Gref  + ΔGid + ΔGE, 

Gref = xA GA + xB GB,     (1.12) 

ΔGid = RT (xA ln xA + xB ln xB), 

GE = xA xB LA,B. 
where  LA,B = a + b T. This is a temperature dependant interaction coefficient describing the mutual 

interaction of components A and B (Redlich – Kister expansion). 

Binary real solid solution A-B: 

Gm = Gref  + ΔGid + ΔGE, 

Gref = xA GA + xB GB,      (1.13) 

ΔGid = R T (xA ln xA + xB ln xB), 
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A magnetic contribution is significant, if the considered phase features magnetic properties. To 

describe the Gibbs energy of the phase exactly, we should consider also other members, for example 

the interphase interface energy, the plastic deformation energy, the energy of defects of a crystal 

lattice, differences in atom sizes, phenomena of short-range order, etc. However, these contributions 

are of an order-of-magnitude lower energetic significance. 
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There are also models for a calculation of the Gibbs energy of phases based on more and more 

significant contribution of quantum chemistry (ab–initio calculations). Just the interconnection of 

quantum chemistry with thermodynamics of phase equilibria is expected to increase efficiency of 

nowadays methods.  

1.4 Sublattice Model 

In term of modelling the Gibbs energy of phases using the statistical thermodynamics, a description 

of their crystal structure is very important. All atoms in the crystallographically equivalent positions 

have the same distribution of neighbouring atoms (coordination number). Therefore, a set of 

equivalent positions can be defined as “sublattice”, Fig. 1.3. If one of the sublattice atoms can be 

substituted by another atom, the entire set of equivalent positions can be substituted randomly. The 

chemical arrangement of compounds is not in the contradiction with this rule, because in an ordered 

structure a decrease in the crystal symmetry occurs, leading to dividing the set of equivalent positions 

to different sets. In term of a composition, occupation of sublattices of a phase is expressed by a 

notation analogical to a chemical formula of a stoichiometric compound, e.g. (Fe,Cr)3(N,C,Va), where 

Va represents vacancies. Stoichiometric coefficients define the ratio of the number of site occupations 

in particular sublattices. Vacancies represent real components with zero chemical potential, which are 

not considered for calculations of mole fractions.  

 

 

 

 

 

 

                                  

                                Fig. 1.3 A general scheme of sublattice model 

Many phases containing metal and non-metal atoms (N, C) are modelled using two sublattices, 

where one is occupied by metal atoms only and the second by non-metal atoms. Typical examples are 

carbides or carbonitrides of MX type in multicomponent steels, for which the following model is used: 

                                       (Fe,Cr,Ti,..)1(Va,C,N)1  or  (A)a(Va,B)b                           (1.14) 

In some phases there are several sublattices for substitution atoms. Such a phase with two 

sublattices for metal atoms is represented by M23C6 type carbide: 

                                                 (Cr,Fe,..)20(Cr,Fe,Mo,W,..)3(C)6                                 (1.15) 
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This model is based on the experimental finding that some atoms do not occupy all sublattices – in 

this case Mo and W. In spite of carbon being in the third sublattice, principially this is a model with 

two sublattices, because mixing of atoms occurs in two sublattices only. 

The content of the components including vacancies in a sublattice can be expressed by a mole 

fraction, which is called a molar sublattice ratio: 
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where nk
i
 
 is a number of moles of i component in k sublattice.  

For sublattice molar ratios the following equation applies:  

1
1
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Employment of molar lattice ratios serves for expression of individual contributions for the molar 

Gibbs energy of the phase in the relation (1.10) in the sublattice model. The first member in equation 

(1.10) is called the reference level of the Gibbs energy of the phase and its value equals the hypothetic 

molar Gibbs energy of the phase before mixing components in sublattices:  

  0
I

i
iref GYPG  ,     (1.18) 

where G0
I is the molar Gibbs energy of I matter (lattice stability), which has a crystallographic 

structure spatially identical with the described phase, however, occupation of sublattices is that in each 

sublattice there is only one component from the selection of those components, which occupy this 

sublattice. The expression PI(Y) is a product of sublattice ratios of the components specified by I 

index. Then, this represents the weight of the lattice stability and by this specifies a normalized 

contribution of I matter to the reference level of the Gibbs energy of the phase.  

The lattice stability is dependent on pressure and particularly on temperature. The description of 

this dependence uses thermodynamic polynoms of a congruent shape, such as in the case of the 

description of the Gibbs energy of pure components – see equation (1.6). The second member in 

relation (1.10) expresses a contribution of ideal mixing to the Gibbs energy of the phase. In the case of 

a multi-lattice model, ideal mixing in sublattices according to the following relation is assumed:  
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where R is a universal gas constant, T is phase temperature in Kelvin degrees and ak is a stoichiometric 

coefficient of k sublattice.  

The third member of expression (1.10) represents the additional Gibbs energy originating in a 

mutual thermodynamic interaction of components of the phase. This contribution can be divided 
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according to the number of interacting components to contributions binary (Z=1), ternary (Z=2) and 

higher (Z>2). For the contribution of the additional interaction energy applies:    

 



1z iZ

iZiZE LYPG ,      (1.20) 

where IZ is an interaction identifier. PIZ expression is a product of lattice molar ratios specified by IZ 

identifier (e.g. if IZ ≡ Fe,Cr:Va, then   211 .. VaCrFeiZ yyyYP  , LIZ is the so-called thermodynamic 

parameter of IZ interaction. To describe a dependence of an interaction parameter of the first order to a 

composition, the Redlich-Kister expansion is usually used:          

 vk
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k

v

v
iZiZ yyLL 

0

,      (1.21)�

where  Lv
iZ  is a coefficient of the Redlich-Kister expansion and yk

m and yk
n are sublattice proportions 

of m and n component in the sublattice.  

1.5 Chemical Ordering 

When modelling the Gibbs energy of compounds, it is important to consider a transition between a 

disordered and ordered state, i.e. formation of a superstructure. Long-range order means that a set of 

equivalent positions occupied in a disordered state randomly by various atoms is divided to two or 

more different sets of positions, which are preferentially occupied by one type of atoms. This is 

accompanied by a loss of some symmetry elements in a space group, which in the case of a disordered 

phase ensure the crystallographic equivalence of positions. This loss of symmetry elements can occur 

in the following ways: 

- Without a change of a unit cell, where mirror planes or slip planes disappear. 

- Decrease in symmetry can be accompanied by transition to a crystal system with a lower symmetry: 

cubic  tetragonal, hexagonal  orthorhombic, etc. 

- A primitive unit cell of an ordered phase consists of several primitive cells of a disordered phase.  

The configuration entropy in the phase with the ordered – disordered state transition may differ 

dramatically from the ideal entropy used in the sublattice model. From the practical point of view, 

these differences can be modelled using the additional Gibbs energy without the loss of agreement 

with experimental data. 

For the phases with the ordered – disordered state transition, the expression for the Gibbs energy is 

divided to two parts: 

- a general part, which only depends on the phase composition expressed by the mole fraction x,  

- an additional part, which includes a contribution related with a long-range order depending on y 

fraction. 

   yGxGG ord
m
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mm  .      (1.22) 
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The first member is independent of the ordered state of the phase.  The second member relates to 

the long-range order of the phase, therefore it must be zero in the case of a disordered phase. The 

easiest way to find-out the ΔGm
ord contribution is zero in the disordered state is to express this 

contribution as follows: 

    ord
m

ord
m

ord
m GyGyG  ,           (1.23) 

where y is substituted with x. 

In equation (1.23), the parameter describing the order Gm
ord is at first calculated with the original 

position fractions y, which describe ordering. The position fractions are then identified with mole 

fractions x, which means that each component has the same position fraction in each sublattice and 

again the expression value is calculated. A difference between the calculated values is an ordering-

induced contribution to the Gibbs energy. If the phase was originally in a disordered state, both the 

calculated values are of the same value.  

Long-range ordered phases lose the ordering gradually, while temperature increases. Above a 

certain temperature, a long-range order can disappear completely, but a certain contribution of a short-

range order can remain even in a disordered state. If there is no ordered - disordered state transition for 

an ordered phase in the observed temperature interval, then there is a certain randomness in a 

distribution of the Gibbs energy between ΔGm
ord(x) and ΔGm

dis(x). This can be solved using ab-initio 

calculations. 

An important advantage of this distribution is that it is much easier to combine "assessments“ both 

for an ordered and for a disordered phase description.  

1.6 Magnetic Contribution 

In some elements and compounds a second-order phase transformation occurs, which can be 

caused by a magnetic arrangement without a change in chemical composition. In a case that a phase 

exhibits magnetic properties, a contribution of magnetic properties needs to be included into equation 

(1.10). Especially in the case of ferromagnetic phases, this contribution affects the Gibbs energy level 

noticeably. A magnetic contribution can be expressed as follows: 

   1ln  fTRGmg ,      (1.24) 

where τ = T / Tc. Tc is the critical absolute temperature of a change of magnetic properties (i.e. the 

Curie temperature for ferromagnetic phases), f(τ) is a function of a structure,  is an average atomic 

magnetic moment. In solid solutions the parameters Tc and   change along with the composition. 

1.7 Gibbs Energy Minimization 

Under the conditions of constant temperature and pressure, a state of a multicomponent system is 

assessed according to the Gibbs free energy value. The equilibrium state corresponds to the minimum 

of the Gibbs energy. As you know from the subject “Phase Transformations”, there can be several 
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minimums on the Gibbs energy dependence. The minimum with the lowest Gibbs energy value 

represents the so-called “global minimum” corresponding to the stable equilibrium, while other local 

minimums characterize the metastable equilibrium.  

The above mentioned conditions do not specify what phases and how many phases are present in 

the equilibrium state. Analytical expressions for the Gibbs energy can be expressed only for individual 

phases therefore equilibrium calculations must be performed for sets of selected phases. ThermoCalc 

uses a calculation of driving force for searching phases, which exhibit a minimum with a lower Gibbs 

energy value for the observed conditions.  

The total value of the Gibbs energy can be calculated as a sum of energies of individual coexisting 

phases multiplied by fractions of these phases: 




 
mGmG .      (1.25) 

The equilibrium condition can be expressed using the relation: 

   







 



 ,,,minmin i
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The variables mα, xi
∞ and  yk

i,∞  are usually unknown values, which have to be calculated from the 

minimum energy conditions.  

The conditional conditions are relations of laws of conservation of mass, charge and stoichiometry. 

From the mathematical point of view, this is a conditional minimization of an objective function.  

 

1.8 Test of Consistency of Thermodynamic Data and Functions – „Assessment“ 

Requirements imposed on accuracy and exactness of thermodynamic functions of pure components 

and phases are so high that they often exceed even possibilities of some experimental methods used 

for obtaining them. In this regard the assessment of consistency of thermodynamic data and functions 

is important. A selection of a proper mathematical form for a description of the dependence of the 

Gibbs energy of a phase to its composition, temperature and pressure, which would describe the 

observed experimental dependence accurately, represents a crucial problem for solving issues of phase 

equilibrium. The applied model must be able to describe phases with a specific behaviour: solid phases 

with various crystal lattices, a regular solution with a random arrangement of components in the 

crystal lattice, interstitial double-lattice solid solutions, stoichiometric phases of two or more crystal 

sublattices, phase transitions between an ordered and disordered form, phases with a congruent crystal 

lattice, phases with vacancies in a crystal lattice, spinodal decomposition and unmixing of solids and 

liquids, etc. 

The aim of the critical assessment is to generate a set of credible data or phase diagrams, which are 

consistent and represent all available experimental data for the given system. This includes a critical 
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analysis of experimental data followed by a computer optimization process allowing a reduction of 

experimental data to a low number of model parameters using rigid rules of the computational 

thermodynamics.    

The assessment includes collection and categorization of measured data from various sources, a 

check-up of the data from the point of view of compatibility and credibility, evaluation, whether there 

are enough data to enable elimination of wrong data (using thermodynamic arguments). The aim is to 

test the compatibility of thermodynamic information and phase diagrams. When searching for 

experimental data, existing databases of literature references need to be used, literary researches of 

information on phase diagrams (liquidus and solidus temperatures, solubility, …) and thermodynamic 

data (enthalpy of mixing, heat capacity, …) need to be performed.  The aim of the critical assessment 

is to reduce the data into a consistent set of thermodynamic descriptions of individual phases using a 

small number of coefficients, which would represent all experimental information through which 

phase diagrams could be calculated. During the assessment of the experimental data the interpolation 

and extrapolation processes are applied. Parameterized descriptions of phases can be used for a 

simulation of phase transformations.  The generated parameters can be combined with other data sets 

for prediction of thermodynamic data and phase equilibria of more complicated systems – creating 

blocks of thermodynamic databases. The aim is to create a set of coefficients providing the highest 

conformity with experimental data using fitting the experimental data set to thermodynamic functions. 

In the ThermoCalc program the assessment is performed using the PARROT module.    

The critical assessment of thermodynamic data represents a process, which transforms raw 

experimental data using rigid thermodynamic laws into a data set, which can be used for modelling 

complex material characteristics. 

Below is a list of various types of experimental results and other information, which are suitable for 

critical assessment using the PARROT module: 

- Experimental techniques allowing determination of a crystal structure, lattice parameters, atomic 

arrangement, distribution of defects in a crystal lattice (X-ray and neutron diffraction, Mössbauer 

spectroscopy, etc.). 

- Calorimetric data for phase transformations. 

- Heat capacities, enthalpy, entropy and the Gibbs free energies of phase formation. 

- Changes of enthalpy, entropy and the Gibbs free energy during chemical reactions.  

- Chemical potentials and activity coefficients. 

- Phase data for binary, ternary and multicomponent subsystems (in space p-T-X), including DTA 

measurement, temperature and concentration dependence of enthalpy and other properties, types of 

reactions and phases (light and electron microscopy), tie-lines for two phases and three-phase 

equilibrium in ternary systems.   

- Atomic properties ((Debye and Curie temperatures, magnetism). 
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- Changes in a volume and density, segregation behaviour during solidification of alloys. 

- Distribution coefficients between two equilibrium phases. 

- Products of solubility, limits of solubility, relations Eh – pH in water electrolyte solutions. 

- Profiles of a composition related to diffusion controlled processes, determined by various 

experimental methods. 

- Driving forces for metastable phases. 

- Information from theoretical thermochemical calculations (ab-initio). 

- Consistent empirical or semi-empirical relations. 

- Statistical uncertainties of various experimental data.     

The basic steps for critical assessment of data can be described as follows: 

 1. Collection of available experimental data for the observed system. 

 2. Definition of thermodynamic models. 

 3. Creation of experimental data set. 

 4. Evaluation of the thermodynamic model parameters (PARROT module). 

 5. Comparison of experimental and calculated results (POLY 3 module). 

 6. Adding the critically assessed data into the existing database.  

 

1.9 Thermodynamic Databases 

The critical assessment of thermodynamic model parameters for descriptions of real systems has 

proved successful in a study of material properties, structures and processes. This is connected with a 

great endeavour, which has been devoted to determination of thermodynamic parameters in all binary, 

many ternary and some multicomponent systems using various models. On the basis of these models 

and parameters we can predict equilibrium states for multicomponent systems, predict characteristics 

of solidification and physical properties. Thermodynamic databases with 15 to 25 elements can 

adequately predict stable states in commercial alloys, e.g. in steels, nickel superalloys, aluminum, 

titanium, copper and magnesium alloys. Besides, the critical assessment of data within the framework 

of a long-term international cooperation enabled to create consistent thermodynamic databases for 

many application types, e.g. SGTE database of pure components (SSUB) and SGTE database of solid 

solutions (SSOL), which nowadays include 83 elements. Advantages of the critical assessment of 

thermodynamic databases in comparison with a separate fitting of various values (parameters) can be 

summarized as follows: 

- A unique way to reduce a large amount of experimental data to several parameters of a model. 

- Consistent evaluation of experimental thermodynamic data and phase diagrams. 

- Reliable interpolation and extrapolation of thermodynamic data. 

- A useful tool for planning new experiments. 

- A base for modelling and simulations of phase transformations. 
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Thermodynamics provides not only information on equilibrium state trying to be reached by a 

system, but also on chemical potentials and driving forces for metastable states. This is essential for 

kinetic modelling and simulations of complex material processes.  

Creation of a consistent thermodynamic database is conditioned by the fact that descriptions of the 

Gibbs energy included in the database are based on the same assumptions, conditions and models. A 

credible thermodynamic database must be in accordance with: 

1. Models used for describing the functions of the Gibbs energy of phases in a system, 

2. Models and names used for describing phases included in a system, 

3. Thermodynamic data used for the same elements and compounds in various systems, from unary 

data for stable and metastable crystal structures, for all elements included in the database. If the same 

element or compound exists in various binary and ternary systems, it is necessary to perform a 

careful inspection of compatibility of all data sets. The actual value of the Gibbs energy can vary 

even in various versions of the same database as a result of gradual “attunement” of these basic data 

in time. This applies especially for hypothetical “end members” (estimates, ab-initio calculations).   

Nowadays, the best results of Calphad calculations, predictions and extrapolations of phase 

diagrams for systems with phases comprising low-molecular components are provided by a multi-

lattice model of a phase extended by a magnetic contribution.  This fruitfulness can be related to the 

following properties:  

- Commonness and reducibility: A multi-lattice model of phases is applicable for a very broad 

spectrum of phases with a strongly non-ideal behaviour and comprising high amount of 

components.  

- Possibility of prediction: This method allows obtaining a phase diagram of a system from a 

thermodynamic description of subsystems in a quality, which depends on a number of components 

by which the particular subsystems are simpler than the predicted system. The prediction can be 

confirmed or specified in more details by a targeted experiment, which is substantially easier than 

the experimental study of the system within a wide range of the overall chemical composition of 

the system, temperature or pressure. The prediction principle is allowed by additivity of a mutual 

interaction of components on a level of systems and subsystems. The prediction fruitfulness can be 

increased, if some component in the system is major and mutual interactions between minor 

components can be neglected. 

- Convergency of contributions of thermodynamic interactions: For a calculation of the total Gibbs 

energy of a phase, a contribution of thermodynamic interactions of higher orders can usually be 

neglected. If not so, it can be included into the mathematical description of the Gibbs energy of a 

phase, thus performing also more detailed specifications of boundaries of phase fields in the phase 

diagram.  

Figs. 1.4a – f document the critical assessment method on an example of Fe – Cu binary system.  
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                                     a)                                                                           b) 

    

                                c)                                                             d) 
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                                        e)                                                                                 f) 

Fig. 1.4 An example of critical „assessment“ of the binary Cu – Fe system, a) experimental data for 

enthalpy of mixing in the liquid state, b) binary diagram of Cu – Fe system based on experimental 

data, c) a d) experimentally determined activity values of copper and  iron at 1873 K (liquid state), e) 

results of fitting of experimental data for enthalpy of mixing in liquid, f) calculated binary diagram of 

Cu – Fe system. 

 

Fig. 1.4a shows the results of enthalpy of mixing in the liquid state. A high variance of values 

measured by various authors is evident. As mentioned above, the aim of the critical assessment of data 

is to decide which data represent the reality best, whether the data are consistent with the 

experimentally determined phase diagram (Fig. 1.4b) and other experimental data, e.g. with the 

measured values of activity in liquid metal (Fig. 1.4c and 1.4d). For fitting the thermodynamic 

functions and the experimental data set by the method of least squares in the ThermoCalc software the 

PARROT module is used.  The thermodynamic description of each phase using a small number of 

coefficients, which represents the experimental data adequately (Fig. 1.4e), is enabled by interpolation 

and extrapolation. On the basis of these information the phase diagram can be calculated (Fig. 1.4f).      

1.10 Phase Diagrams 

Phase diagrams represent graphical plotting of a state of a system in thermodynamic equilibrium 

depending on the selected state variables. This is an important tool for solving problems of phase 

equilibrium in various systems.  

By using ThermoCalc not only phase diagrams corresponding to a thermodynamically equilibrium 

state can be constructed, but also diagrams characterizing a metastable state, where formation of an 

equilibrium phase is suppressed by some reason. In metal alloys, this usually relates to low diffusivity 

of components at temperatures below c. 500 °C or to a large energy barrier in nucleation of a 
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thermodynamically stable phase. A technically extraordinarily important case of metastable 

equilibrium is represented by Fe – Fe3C binary system. In metastable diagrams, boundaries of phase 

fields occur, not corresponding to the system equilibrium state. For calculations of metastable 

diagrams, the same rules as for calculations of stable diagrams are applied. The total Gibbs energy for 

the metastable diagram is, of course, higher than for a stable diagram. This is a minimum of the Gibbs 

energy for the phases, which were considered in the calculation (some stable phases must be 

excluded). Also, the chemical potential equality rule is applied here for all coexisting phases. 

The phase diagram of a system containing s components is consisting of (s + 1) coordinate axes 

(temperature, pressure and (s-1) coordinate axes for a composition). This means that if we want to plot 

a phase diagram in plane coordinates, we can use only two of the total number (s + 1) of variables. In 

the case of one-component system we can plot the complex phase diagram, in the case of multi-

component systems we only work with cuts through the phase diagram defined by involving additional 

conditions. Depending on a chosen type of a condition, we can talk about: 

- Isobaric cut through the phase diagram (p = const.). 

- Isothermal (horizontal) cut through the phase diagram (T = const.). 

- Vertical cut through the phase diagram (isopleth), which corresponds to the case, where in a 

multicomponent system a constant content of a component or an exactly defined relation between 

concentrations of components are considered.    

Thermodynamic data, e.g. isopotential and isoactivity lines of selected components, are often 

plotted in phase diagrams.    

 

The basic types of phase diagrams from the point of view of variables on axes can be defined as 

follows: 

A. two intensive thermodynamic values (not depending on the system size, they have the same value 

in all parts of the system in the equilibrium state), Fig. 1.5a, 

B. two extensive (molar) thermodynamic values (they can have different values in different parts of 

the system in the equilibrium state), Fig. 1. 5b, 

C. one intensive and one extensive thermodynamic value, Fig. 1.5c. 
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                                      a)                                                                                  b) 

 

                                          c) 

Fig. 1.5 Three types of phase diagrams for Cu – Mg system, see text above 

  

The ThermoCalc software uses “mapping” for calculations of phase diagrams. Two or three 

parameters are selected as variables on the axes. A minimum value, maximum value and maximum 

increment are entered for each variable. All other conditions are fixed in the entire diagram. When 

calculating phase diagrams (except from isopleths), monovariant equilibrium is observed (the number 

of degrees of freedom:  v = 1) and gradual stepping of one variable (others are constant) is performed 

as long as invariant equilibrium is reached (v = 0) or a specified limit of the axis is reached. This 

procedure is repeated for all monovariant equilibria. During calculations all partial results are saved, 

enabling to construct a random type of a diagram after the calculations have been finished.  

In spite of the fact that the most frequently presented types of diagrams are binary and ternary 

phase diagrams, defined cuts through diagrams of multicomponent systems are more interesting in 
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term of real alloys nowadays. Fig. 1.6 documents an influence of a change in carbon content in steel 

P23 (2.25 % Cr, 1.7 % W, 0.22 % V, 0.1 % Ti) on changes of the equilibrium phase composition in 

the temperature interval of 500 – 1200 °C.    

 

Fig. 1.6 The effect of carbon content on equilibrium phase composition of P23 steel, M7 = M7C3,  

M6 = M6X, A = austenite, F = ferrite. 

   

 
Solved tasks 

 

Task 1.1: Calculation of phase equilibrium 

Calculate equilibrium phases in Fe – Cr binary system for X(Cr) = 0.4, at temperature of 750 K and 

atmospheric pressure. The results of calculations of the Gibbs energy using the ThermoCalc software 

are shown in Table 1.1.  

Table 1.1 The results of the phase equilibrium calculation in Fe – Cr system for the specified 

conditions 
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The equilibrium phases for the specified conditions of the calculation represent two BCC phases 

(BCC_A2 and BCC_A2#2), which originated by spinodal disintegration of BCC_A2 phase ( phase) - 

see the binary diagram in Fig. 1.7a. The other considered phases feature deviations from zero value of 

the Gibbs energy, they are not stable then. The distance from the equilibrium state is characterized by 

the product of RT and the thermodynamic driving force (Gibbs energy). 

Fig. 1.7b shows a graphical depiction of a position of the Gibbs curves for the particular phases in Fe – 

Cr system at temperature of 750 K and the distance of non-equilibrium phases from the equilibrium 

state. 
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                                 a)                                                                                   b)  

Fig. 1.7 a) Binary diagram of Fe – Cr system, b) mutual position of the Gibbs energy curves in Fe – 

Cr system at 750 K and evaluation of distance of unstable phases from equilibrium state 

 

Task 1.2: Calculation of the iron – carbon phase diagram   

Calculate phase diagrams in Fe – C system for:  

a) stable systems (Fe – C),  

b) metastable systems (Fe – Fe3C). Use SSOL database, the axes of the graphs: axis X – wt. % of 

carbon, axis Y – temperature, temperature interval 500 – 1600 °C.  

The calculation procedure for these diagrams in the Graphical Mode is shown in Fig. 1.8. For the 

calculation of a stable system diagram, all crystallographic modifications of carbons and phases 

consisting of iron and carbon included in the SSOL database are considered. For metastable diagrams 

all modifications of carbon need to be excluded from the calculation (they are thermodynamically 

more stable than iron carbides). Technically important parts of the calculated phase diagrams are 

shown in Fig. 1.9a, b. The thermodynamically most stable modification of carbon is graphite therefore 

it is present in the stable diagram. In the metastable diagram, carbon is present in a form of Fe3C 

carbidic phase (cementite).  
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Fig. 1.8 Calculation of stable and metastable phase diagrams in Fe – C system 

 

   

                                       a)                                                                               b)         

Fig. 1.9 Technically important parts of equilibrium and metastable phase diagrams of Fe – C system, 

a) equilibrium phase diagram, b) metastable phase diagram (Fe – Fe3C). 
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Task 1.3: Prediction of an influence of changes in steel chemical composition on phase 

equilibrium  

Use the ThermoCalc software for prediction of an influence of nitrogen on phase equilibrium in 

low-carbon steel Fe – 1.5 wt.% Mn – 0.3 wt.% Si – 0.1 wt.% V. Compare cuts through the phase 

diagrams in the coordinate system temperature – carbon content for the following nitrogen contents in 

steel: 

a) 0 wt.% of nitrogen, 

b) 0.003 wt.% of nitrogen. 

Nitrogen, as well as carbon, has high affinity for vanadium. In vanadium micro-alloyed steels, MX 

phase precipitates, where X may be carbon or nitrogen. Both of these interstitial elements are 

interchangeable – VC and VN phases create a continuous solid solution V(C,N). Cuts through the 

phase diagrams are shown in Figs. 1.10a and 1.10b.  

 

Fig. 1.10 Phase diagram sections in the coordinate system  T – wt.% C for system: a) Fe – 1.5 wt.% 

Mn – 0.3 wt.% Si – 0.1 wt.% V, b) Fe – 1.5 wt.% Mn – 0.3 wt.% Si – 0.1 wt.% V – 0.003 wt.% N 

 

From comparing both these diagrams it is evident that dissolving nitrogen in VX phase, where X = 

C, N, significantly extends the field of existence of this phase to higher temperatures. For 

microalloyed steels containing c. 0.1 wt.% C, without nitrogen content, heating to temperatures above 

850 – 900 °C can lead to austenitic grain growth. Addition of 0.003 wt.% N results in extending two-

phase areas austenite + V(C,N), i.e. the positive effect of V(C,N) particles on austenitic grain growth 

can be expected up to 1000 °C temperature. In the temperature area below 700 °C, changes in nitrogen 

content in the observed steel have no significant influence on the diagrams.     
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Task 1.4: Prediction of the equilibrium state of supermartensitic steel and validation of 

results  

The ThermoCalc software can be used for prediction of a phase composition in multicomponent 

alloys. Quality heat treatment of a supermartensitic steel of 13Cr6Ni2.5MoTi type usually lies in a 

combination of quenching and intercritical annealing. Ac1 temperature for this steel is noticeably 

decreased as a result of the presence of a high amount of nickel.  

         Table 1.2 Chemical composition of a supermartensitic 13Cr6Ni2.5Mo steel, wt.% 

C Mn Si P S Cu Ni Cr Mo V Ti 

0.02 0.57 0.31 0.027 0.002 0.12 6.15 13.20 2.28 0.03 0.10 

 

The chemical composition of the steel investigated is shown in Table 1.2. Regarding the high 

content of alloying elements, many interstitial and intermetallic phases may precipitate during heat 

treatment in the given steel grade. Modelling of thermodynamically equilibrium states of the steel 

investigated in a temperature interval of 400 up to 1200 °C was performed with the aid of the 

ThermoCalc software using TCFE 7 database.  Mole fractions of equilibrium phases in the given steel 

as a function of temperature are shown in Fig. 1.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.11 Dependence of mole fractions of equilibrium phases in a 13Cr6Ni2,5MoTi steel on 

temperature, database TCFE 7, FCC_A1: austenite, BCC_A2: ferrite, FCC_A1#2: MX phase. 
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Results of thermodynamic modelling were used for prediction of microstructure of the steel 

investigated after the following heat treatment: 

970 °C/ 1 hour/ air + 690 °C/ 6 hours/ air. 

The annealing of martensite at 690 °C should be accompanied by the formation of reverted 

austenite and precipitation processes. Calculated equilibrium phases at 690 °C include, except for 

small amounts of MX and M23C6 carbides, also intermetallic χ - phase.   

For confirmation of usability of thermodynamic modelling results for prediction of microstructure 

of alloyed steels after quality heat treatment microstructural characterization of the steel investigated 

was carried out. Intercritical annealing of martensite at 690 °C was accompanied by the formation of a 

pronounced volume fraction of austenite.  Nevertheless, during subsequent cooling to room 

temperature most austenitic islands is decomposed to „fresh“ martensite. The volume fraction of the 

stable reversed austenite after annealing at 690 °C was less than 5%.  Of course, this phenomenon 

cannot be predicted by thermodynamic modelling. Furthermore, annealing at 690 °C was accompanied 

by intensive precipitation processes. Distribution of particles of minor phases was investigated using 

carbon extraction replicas, Figs. 1.12a and 1.12b. Identification of minor phases was carried out using 

electron diffraction. Precipitates in the steel investigated were identified as MX, M23C6 and Laves 

phase (Fe2Mo). Spot diffraction patterns of M23C6 and Laves phase are shown in Fig. 1.13a and 1.13b. 

Chemical composition of minor phases was determined by EDX microanalysis, Table 1.3.  

                             a)                                                                                b)                                                                      

Fig. 1.12 Precipitation in the specimen after quality heat treatment, a) network of particles along 

prior austenite grain boundary, b) precipitates along „fresh“ martensite / „annealed“ martensite 

boundaries 

Volume fractions of MX and M23C6 phases were due to low contents of both carbon and nitrogen 

low. Most particles corresponded to Laves phase which formed the coarsest particles.  Intensive 
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precipitation of Laves phase is in contradiction with results obtained using ThermoCalc and database 

TCFE7, where this phase was reported as metastable. 

Table 1.3 Chemical composition of minor phases, wt. % 

Phase Si Ti Cr Fe Ni Mo 

M23C6 0.4 ± 0.2 - 56.5 ± 0.9 20.7 ± 1.5 1.4 ± 0.3 21.1 ± 1.2 

Laves 2.3  0.1 - 9.9 ± 0.5 32.2 ± 0.9 0.8 ± 0.1 54.6 ± 1.1 

MX - 55.9  6.4 4.7 ± 1.2 0.9 ± 0.6 - 38.4 ± 6.9 

             Note: results are normalized to 100 %, carbon was not included in quantification 

 

                                      a)                                                                        b) 

Fig. 1.13 Spot diffraction patterns, a) phase M23C6, zone axis 112, b) Laves phase Fe2Mo, zone axis  

 232  

 

Two possibilities can be considered as a possible explanation of an inconsistency between the 

thermodynamic calculations and the experimental results: 

a) during short-term annealing (6 hours) at 690 °C temperature, establishment of the equilibrium 

structure state has not occurred for kinetic reasons,  

b) the thermodynamic data for the Laves phase in the used database are not accurate enough.     
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Tasks to solve 

 

Task 1.5: 

At temperature of 1423 K the allotropic modification of  iron (FCC) is more stable than the 

allotropic modification  (BCC) by a value G = 71 J mol-1.  Nevertheless,  modification can be 

stabilized at this temperature by alloying of iron with 5 at.% of silicon. Calculate the required amount 

of silicon, if the alloy contains also 0.5 at.% of nickel, which has a distribution coefficient between 

phases  and  1.3.  

Solution: 

  .006.01423
314.8

71
 TRGGxx FeFejj

  

In binary system Fe - Si: 

  .88.012.01;1006.0 //  
SiSiSiSiSi KKxxx  

In ternary system Fe – Si – Ni: 

        ;015.012.013.1005.0188.011006.0 //  
SiSiNiNiSiSi xxKxKx  

.0625.0
12.0

0075.0


Six  

 
Summary of terms of this chapter  

Computational thermodynamics - uses software and consistent thermodynamic databases for 

obtaining realistic information on the equilibrium state of components or phases in a heterogenous 

system, or on kinetics of phase transformations or chemical reactions  

Calphad – a semiempirical method for calculations of phase equilibria using consistent 

thermodynamic databases. On the basis of validated experimental data for unary, binary and 

ternary systems it is possible to predict credibly stable phases and their thermodynamic properties 

in multicomponent systems and also metastable states during phase transformations.   

ThermoCalc – software for all types of calculations of thermodynamic properties, equilibrium and 

partially equilibrium states, chemical driving force of processes and for calculations of stable and 

metastable phase diagrams and diagrams of properties of multicomponent systems. 

Graphical Mode – a working mode of ThermoCalc. A user by means of answers to simple questions 

generated for the given application defines the studied system, the software performs calculations 

automatically and the results are graphically plotted. 
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Console Mode – a working mode of ThermoCalc. A user creates .log files with the aid of defined 

commands to solve the specified problem.  These files can be modified continuously and saved as 

macro files for repeated calculations (.tcm).  

Gibbs free energy - the thermodynamic function determining the system stability in a closed system at 

constant pressure and temperature. A minimum value of this thermodynamic function corresponds 

to the equilibrium state.   

Sublattice model - in unit cells of multicomponent phases, various sites can be occupied by various 

types of components. A set of crystallographically equivalent sites is designated as a “sublattice” in 

the computational thermodynamics. 

 Thermodynamic data „assessment“ - a critical analysis of experimental data followed by a computer 

optimizing process allows a reduction of experimental data into a small number of parameters of a 

model using rigid rules of computational thermodynamics    

Thermodynamic database - includes critically validated experimental data for unary, binary and 

ternary systems, models for expressing functions of the Gibbs energy for each phase.   

Phase diagrams - represent graphical depiction of a system state in thermodynamic equilibrium 

depending on selected state variables. 

Diagrams of properties - a graphical depiction of changes of a dependent variable (property) on an 

independent variable (state function), e.g. the enthalpy - temperature graph.  

 
Questions to the topic 

1. What is the global minimization of the Gibbs energy?  

2. How can thermodynamic data assessment be performed? 

3. Describe a general procedure for a phase diagram calculation using the Console Mode. 

4. What is SGTE? 

5. What is a definition of equilibrium state in a closed system? 

6. What is monovariant equilibrium? 

7. Results of what experimental methods are demanded for a description of thermochemical properties 

of a system? 

8. When a chemical structure contribution is used for a calculation of the Gibbs energy? 

9. What data do thermodynamic databases include? 

10. What can causes of deviations from a system equilibrium state be? 
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2. THERMOCALC SOFTWARE SPECIAL MODULES    

 

 
Objective: After studying this chapter a student will be able to: 

 - Describe special modules in the ThermoCalc software. 

- Explain a calculation principle for non-equilibrium solidification using the Scheil – 

Gulliver model.  

- Explain a modification of the classic Scheil – Gulliver model enabling to involve 

diffusion of interstitial elements in the solid phase (the para-equilibrium state) into the 

calculation. 

- Define possibilities of the use of the Pourbaix module for prediction of a corrosion 

behaviour of metals and their alloys in water environment. 

-  Describe the use of the Pourbaix module for study of corrosion of metals and their alloys 

at higher temperatures.  

 

 

 

LECTURE 

Aside from the basic modules, the TCC software includes also several special modules for specific 

calculations and simulations:  

 BIN – for calculations of binary phase diagrams, 

 TERN – for calculations of ternary phase diagrams,  

 POT – for calculations of potential diagrams, 

 POURBAIX – for calculations of Pourbaix diagrams and diagrams of properties, 

 SCHEIL – for simulations of solidification using the Scheil - Gulliver model, 

 REACTOR - for simulations of reactions in the stationary state. 

These special modules have been designed so that users do not need to use basic modules directly 

(except for the REACTOR module). The system (software/database) automatically performs 

calculations and simulations on the basis of answers to simple questions, the obtained results are then 

displayed in a form of graphical outputs.   

Students get introduced to applications of some of these modules in lessons. Within the framework 

of these lecture notes, close attention will be only paid to two modules, which focus on very important 
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processes in a field of materials making (solidification) and interaction of materials with the outer 

environment (corrosion).         

 

2.1 Solidification 

Solidification of multicomponent steels or alloys often includes various types of non-equilibrium or 

partially equilibrium interactions, linear or non-linear dynamic processes and random fluctuations in a 

system. It would be too complicated to include all important phenomena (mass and energy transport, 

transfer of moments) into solidification models, therefore various approximations and simplifications 

are needed.  

Fig. 2.1 shows the Scheil – Gulliver solidification model, which assumes that diffusion easily 

occurs in the liquid phase, but in the solid phase diffusion processes do not occur. During each 

solidification step, reaching the local equilibrium on the liquid/solid phase interface is assumed, where 

the composition of the liquid and solid phase is defined by the system phase diagram. In the solid 

phase the chemical composition gradient occurs during solidification, while the liquid phase 

composition is always homogenous.          

 

Fig. 2.1 Scheme of Scheil – Gulliver model for non-equilibrium solidification of alloys: in solid phase 

there is a gradient of chemical composition (iso-concentration lines in a crystal), curve characterizing 

the average composition of solid phase (dashed line in binary diagram) is shifted from equilibrium 

curve of solidus. 
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The Scheil module in the ThermoCalc software is based on the Scheil - Gulliver model 3. This 

module can be applied on any multicomponent system. The solidification simulation is performed step 

by step. After each step the new composition of the liquid phase is used as a “local complex” 

composition for the following step. A general procedure of the Scheil – Gulliver simulation can be 

described in brief as follows, Fig. 2.2: 

1. A beginning of the solidification process in the system occurring on the liquidus curve at T1 

temperature and the complex composition x1. 

2. The temperature is decreased to T2 value and equilibrium is calculated. This leads to formation of a 

specific amount of the solid phase and the new composition of the liquid phase is x2. At this 

temperature the system with the complex composition x2 is completely in the liquid state.  

3. The complex composition is set to x2 value. This means that the program “forgets” the solid phase 

proportion formed in the previous step and the solid phase composition remains the same as at the 

moment of origination (in the previous step).   

4. The simulation goes on from step 2) and it is repeated until the lowest temperature at which the melt 

can exist (either the entire liquid phase disappears or a certain proportion of the melt remains 

maintained in the system) is found. 

 

Fig. 2.2 Scheme of traditional Scheil - Gulliver model for simulation of solidification process 

 

During the simulation two or more solid phases can originate from the liquid phase at the same 

time. If, for example, there is a eutectic reaction, in each step two solid phases will form and the liquid 

phase composition will gradually change towards the eutectic point.  

The Scheil module has been developed to perform the Scheil – Gulliver simulations and to 

generate various diagrams of properties during the process of solidification of alloys. The module is 
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user friendly. The user has to enter a database name, a main element, alloying elements and their 

amount. The module calculates the exact liquidus point, starts the simulation procedure (temperature is 

a variable) and a result is the temperature vs. solid phase fraction graph. Then the user can select other 

variables and display them graphically, e.g. development of latent heat depending on temperature.      

The Scheil module offers to users a possibility to define one or several diffusing interstitial 

elements, diffusion of which in solidified phases can be included into the Scheil – Gulliver simulation. 

Using the so-called extended Scheil module, the solidification process can be simulated either using 

the classic Scheil – Gulliver model, ignoring diffusion phenomena in the solid phase, or a modified 

model, enabling equilibrium diffusion of interstitial elements in solid phases (chemical potential of 

interstitial elements in the liquid as well as in solid phases is the same). This modification of the 

classic model is very important for steels, because interstitial elements diffuse very easily and the 

classic Scheil - Gulliver model is not very successful for the simulations.  Besides, for steels with 

primary -ferrite the phase transformation BCC  FCC can be considered during the solidification 

process in the extended module. This transformation changes chemical potentials of interstitial 

elements, affecting their diffusivity in solid phases. This can more or less simulate an influence of a 

peritectic reaction. 

 

2.2 Pourbaix diagrams 

Corrosion behaviour of various metals in the given environment of the defined pH differs. Marcel 

Pourbaix dealt with this phenomenon; he also gave rise to E – pH diagrams (potential/pH diagrams). 

In his honour, these diagrams were named the Pourbaix diagrams. These diagrams map out behaviour 

of both metals and alloys in the environment of various concentrations of hydrogen cations and 

depending on electrochemical potential, which defines the environment character (positive potential 

refers to a reduction environment and an oxidation environment exhibits a negative potential). 

Depending on the corrosion behaviour of the given metal (alloy), three basic corrosion states can be 

defined: a region of immunity, passivity and activity (active corrosion). 

The Pourbaix diagrams are always drawn for metal (alloy) in an aqueous system. However, water 

is not stable in the whole range of the environment and decomposes. The diagram itself is divided into 

three basic parts, i.e. the stability region of water (the “middle” part), the region of water reduced to 

hydrogen (below the stability region of water) and the region of water oxidized to form oxygen (above 

the stability region of water). The water behaviour depending on a potential and acidity/basicity of the 

environment is shown in Fig. 2.3.  
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Fig. 2.3 The effects of H2O
+ ions and of potential on water 

    The Pourbaix diagrams have the basic use in corrosion modelling and anticorrosion protection, 

where they are used for a simulation of corrosion behaviour of metals in an actual corrosion 

environment. Further, they can serve for evaluation of applicability of some types of anticorrosion 

treatment and a possibility for their combination in order to minimize an effect of a corrosive attack on 

properties of observed materials. If these diagrams are used properly, their benefit consists also in a 

possibility of maintaining technological properties of observed materials, positively influencing also 

the financial aspect of operation of components manufactured of these materials.  

The very Pourbaix diagrams are standardly set for a mixture of 1 kg of water and 1 mol of metal 

(alloy) at room temperature (25 °C) and pressure of 101325 Pa. Such diagrams for standard metals and 

alloys can be found in tables. The Pourbaix diagrams for multicomponent alloys, as well as for 

specific conditions, need to be modelled. Programs allowing such modelling cover also ThermoCalc, 

or more precisely the “Pourbaix diagram” module. This enables to set both the system state conditions 

(temperature, pressure), and substances and gases dissolved in water. Further, it is possible to set 

molar amount of metals (but also non-metals), which form the resulting mixture for which the 

Pourbaix diagram is drawn. This means in practice, that a process of some corrosion tests can be 

simulated on the basis of defined parameters. This is, for example, linear polarization resistance 

corrosion testing, where the aim is to test a corrosion potential, or more precisely a potential of a 

breakdown of a passive layer of corrosion-resistant materials. If we know the environment state 
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conditions, the testing solution composition and also other parameters of the test (saturation of the 

solution by gas, a volume of a tested sample …), we are able to enter these properties into the program 

and thus define the basic testing parameters. After defining the tested sample chemical composition, 

the ThermoCalc program is able to calculate regions of occurrence of particular corrosion products 

(phases) on a sample surface. The resulting diagram is the more complicated the more complicated the 

observed system chemical composition is. In some cases, it is necessary to take out from the 

calculations some phases that are not important, and also phases, which are sure not to occur in the 

given situation. 

On the basis of the practical linear polarization testing we are able to tell the composition of 

corrosion products (phases) occurring on the sample surface at the given potential, and comparing to 

the corrosion current values at the given potential we are able to estimate, if a phase on the sample 

surface has rather a passive character or whether it is already a material active corrosion leading to 

origination of water-soluble corrosion products (phases). 

The ThermoCalc output is a diagram determining the conditions of occurrence of the particular 

phases. A decision, whether phases are of a passive character or whether they are active corrosion 

products, needs to be verified either by literature or by experiments. Further to these findings, a 

passivity region or an active corrosion region can be drawn in the diagram. 

Further, ThermoCalc is applicable in a field of high temperature corrosion. This corrosion type is 

characterized by the absence of electrolyte and occurs as a result of direct acting of a corrosion 

atmosphere on a material surface. The very principle of the high temperature corrosion is an 

interaction of surface layers of metal and a surrounding atmosphere, leading to origination of 

corrosion products. The most frequent corrosion products are oxides of various types (depending on 

temperature at which the corrosion occurs). The driving mechanism is a reduction of the total Gibbs 

free energy of a system by transition of pure metal into a form of more complicated compounds (the 

most frequently oxides), which are thermodynamically more stable. 

This region is further divided to low-temperature and high-temperature oxidation according to 

temperature. The low-temperature corrosion (oxidation) proceeds to temperature of c. 300 °C, the 

high-temperature corrosion (oxidation) occurs above this temperature. The basic difference between 

these two types of oxidation is that in the case of the low-temperature oxidation the phenomena related 

to possible diffusion of an oxidation atmosphere into the solid phase volume are almost completely 

suppressed due to low temperature, while in the case of the high-temperature oxidation this diffusion 

is possible. This corrosion type relates also to adsorption of atmosphere molecules on a material 

surface and their subsequent reaction.   

The low-temperature corrosion is characterized by a minimum metal loss on the exposed surface; 

however, the surface properties become affected considerably. The oxide layer thickness ranges within 
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several micrometers and the very oxidation rate decreases exponentially along with this layer 

thickness (atomic diffusion through the oxide layer as a result of low temperature does not occur). 

At the high temperature corrosion the originating corrosion layer has a different chemical 

composition in different locations. Generally, the layer part near the base material surface comprises 

mainly corrosion products particularly rich in metal ions, while the layer part located near the 

corrosion atmosphere is rich in atoms present in the corrosion atmosphere.  

 

Fig. 2.4 Components in an oxide layer with the spinel lattice in dependence on oxygen activity in 

atmosphere, steel Fe18Mn10CrNi 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5 Components in the oxide layer with the halite lattice in dependence on oxygen activity in 

atmosphere, steel Fe18Mn10CrNi 

ThermoCalc has a concrete use for a simulation of the equilibrium chemical composition of an 

oxide layer depending on partial pressure of individual components of the corrosion atmosphere. 

Thanks to this we are able to define the elements that the material under the oxide layer is depleted 
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and the ensuing changes in material properties. Figs. 2.4 and 2.5 show partitioning of elements in the 

complex oxides of a type of spinel [Me(1)Me(2)]2Me(3)O4, or halite (MeO type oxide), which can be a 

part of scale occurring at the high-temperature corrosion of Fe18Mn10CrNi steel depending on the 

oxygen activity in the surrounding atmosphere.  

       

 
Summary of terms of this chapter  

 

Scheil – Gulliver model of solidification – a solidification model assuming complete mixing of atoms 

in the melt and no diffusion in the solid phase.  

Modified Scheil – Gulliver model – allows equilibrium diffusion of interstitial atoms in the solid 

phase (chemical potentials of these elements in the interface between the liquid and solid phase are 

the same). 

The Pourbaix diagram - characterizes behaviour of both metals and alloys in the environment of 

various concentrations of hydrogen cations and depending on the electrochemical potential, which 

defines the environment character. 

    

 
Questions to the topic 

1. Describe differences between the equilibrium solidification and non-equilibrium solidification 

model, when diffusion in the solid phase does not occur, but mixing of atoms in the liquid phase is 

ideal. 

2. Explain the term “para-equilibrium state”. 

3. Describe a calculation of non-equilibrium solidification using the classic Scheil – Gulliver model. 

4. What do the Pourbaix diagrams serve for? 

5.  Define three basic corrosion states of metals and their alloys. 

6. What information can be obtained using ThermoCalc for study of the high-temperature corrosion?  

 

Solved tasks 

 

Task 2.1: Solidification process simulation 

Perform a simulation of the solidification process for steel of the composition shown in Table 2.1 

using the extended Scheil module. Perform the simulation using the classic Scheil – Gulliver model as 
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well as using the model allowing diffusion of interstitial elements in the solid phase (partial 

equilibrium). 

Fig. 2.6 shows the results of the calculations of the solid phase proportions depending on 

temperature for both of the models. The significant differences during the solidification process can be 

observed in the region of the peritectic reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 Dependence of volume fraction of solid phases on temperature during solidification 

of steel with chemical composition close to peritectic composition (Table 2.1) 

Table 2.1 Chemical composition of the steel, wt.% 

C Si Mn P S Cr Ni Mo Cu Al N 

0.19 0.40 1.42 0.012 0.007 0.07 0.13 0.02 0.08 0.006 0.005 
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3.  SIMULATION OF KINETICS OF PROCESSES USING THE DICTRA 

SOFTWARE 

 

 

 

OBJECTIVE:  

After studying this paragraph a student will be able to: 

  Define the purpose of the DICTRA software. 

 Describe the simulation process in the DICTRA software. 

 Solve simple problems using the DICTRA software. 

 

 
	LECTURE 

3.1	Diffusion‐controlled	transformations	in	alloys	–	the	DICTRA	software	

DICTRA (DIffusion Controlled TRAnsformations) is a software package for simulations of 

diffusion-controlled transformations in multicomponent systems. It is based on the Thermo-Calc 

software package but the simulation calculations in DICTRA are both time- and space-dependent. 

The DICTRA software is particularly suitable for solving diffusion problems that include moving 

boundaries. The multicomponent diffusion equations in the various material regions are solved under 

the assumption that thermodynamic equilibrium holds locally at all phase interfaces. Simulations can 

be one-dimensional or three-dimensional: planar, cylindrical and spherical. 

The boundary conditions can be set in many different ways. This enables to solve many types of 

problems: 

One-phase problems: 

 Homogenization of alloys.  

 Carburizing and decarburizing. 

Moving boundary problems: 

 Growth or dissolution of precipitates.  

 Coarsening of precipitates.  

 Microsegregation during solidification.  

 Austenite to ferrite transformations.  

 
Study time: 6 hours 
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 Growth of intermediate phases in compounds.  

 Nitriding and nitrocarburization. 

Long-range diffusion in multi-phase systems:  

 Carburizing of high-temperature alloys.  

 Interdiffusion in compounds, e.g. coating systems.  

Cooperative growth: 

 Growth of pearlite in alloyed steels 

Deviation from local equilibrium: 

 Calculations under para-equilibrium conditions. 

 

3.2 DICTRA Interface 

There are two types of windows in the DICTRA software: the "DICTRA - Console" window and the 

"DICTRA - graph" window. 

You set up the problem and run the simulation from the "DICTRA - Console" window (Fig. 3.1). 

The command line interface in DICTRA works exactly like the command line interface in the 

“Console” window when you run ThermoCalc in the “Console” mode. 

Fig. 3.1 Window "DICTRA - Console 

Results of simulation will be drawn in window  "DICTRA - graf" (Fig. 3.2). 
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Fig. 3.2 Window “DICTRA graph” 

The "DICTRA - Console" includes an additional module DICTRA_MONITOR, which can be open 

using GOTO_MODULE DICTRA command. In addition, the DICTRA macro files have the suffix 

"DCM" instead of "TCM", but these macro files work exactly like the ThermoCalc macro files. 

When plotting the simulation results, a "DICTRA - graph" window will be opened (Fig. 3.2). 

 

3.3 Typical workflow 

The following Figure 3.3 represents the typical workflow for setting up a problem and running a 

simulation in the DICTRA software. The solid arrows represent your typical movements between the 

modules. The dashed arrows represent movement of data within DICTRA. 
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                           Fig. 3.3 Typical workflow in software DICTRA 

 

The basic workflow is the following: 

1. When you start DICTRA, you find yourself in the SYS module. 

2. Define your system in the data module: Before performing your calculation, you must define your 

system and retrieve thermodynamic data as well as kinetic data. The data are retrieved from 

database files and the data needed for describing your system are sent to the GIBBS module. 

3. When you have done steps in points 1 and 2, DICTRA will be able to access the retrieved data. The 

retrieved data will also be accessible to the POLY module, which will be involved in simulations 

that require equilibrium calculations to be performed. 

4. Set the initial state of the system: Define its geometry and boundary conditions in the DICTRA 

module. 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. In the DICTRA module, you can set 

various parameters for the numerical calculations, as well as grid points in the system where you 

want to perform calculations. 

5. Run the simulation from within the DICTRA module.  

6. Plot and visualize your data in the POST module: You can choose which data to plot and modify 

the appearance of the diagram in many various ways. You can save the diagram as an image file (in 

many different formats). 
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3.4 Basic concepts 

The basic concepts used when defining problems in DICTRA are presented in the text below. 

System, cells and regions 

In DICTRA, your system will normally consist of one cell. This cell contains one or more regions 

in which the diffusion problem is to be solved. A system of diffusion equations will be solved for each 

region. The size of the system is simply the sum of sizes of all the regions in all the system’s cells. 

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

regions will 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 user’s 

choice of boundary conditions. 

For some simulations, it will be useful to have several cells in the system. Matter can move 

between cells. However, it is assumed that there is diffusion 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. 

The system is by default 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. 

Global conditions 

There are a number of global parameters that will influence the rate of the diffusion in your 

simulation: temperature, pressure and heat content removal. All these parameters are defined as 

functions of time. It is also possible to let the temperature be a function of the spatial position and heat 

content removal as a function of temperature or pressure. 

Geometry and coordinates 

DICTRA can only handle diffusion problems where composition varies along one spatial 

coordinate. The geometry of the system can be planar, cylindrical or spherical. A planar geometry 

corresponds to an infinitely wide plate of a certain thickness. A cylindrical geometry corresponds to an 

infinitely long cylinder of a certain radius. Finally, a spherical geometry corresponds to a sphere with a 

certain radius. 

If your 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. If the system has a cylindrical or spherical geometry, then the lower boundary (the zero 

coordinate) is by default at the centre of the cylinder/sphere. The upper boundary (the coordinate with 

the highest value) is on the “surface” of the cylinder/sphere. 
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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 type “spheroid”. 

A region must also contain a number of grid points. The composition is only known at these grid 

points and DICTRA 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. 

Phases  

Each region contains one or more phases. Phases may be of three different morphological types: 

matrix, spheroid or lamellar. 

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

phase is automatically of the matrix phase. 

The spheroid type is used to treat one or several dispersed phases in a matrix.  

The lamellar type is used to simulate the growth of a eutectic or eutectoid reaction. The program 

can only treat the growth, but not the dissolution, of such a region.  

Phases can be introduced with the status “active” or “inactive”, where active phase is a default 

phase. An inactive phase is a phase which will not participate in the calculations until it has become 

stable. 

If a phase is inactive, the driving force for precipitation of the phase is continuously monitored. 

When the driving force exceeds a predefined positive value, the phase automatically becomes active 

and will take part in the simulation. 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. 

 

3.5 Various cases and methods for solutions of diffusion processes 

DICTRA is used to simulate diffusion-controlled transformations in multicomponent alloys. The 

following subsections briefly characterize some of the types of problems that DICTRA can handle. 

3.5.1 Diffusion in a single-phase system 

The simplest type of simulation you can perform in DICTRA is a simulation of how certain 

components in one phase diffuse over time in that single phase. To simulate this kind of problem, you 

just need to create one region and enter one phase into that region (Fig. 3.4). You can set up the 

system under various conditions by defining profiles for how temperature and pressure will change 

over time, or for how the boundary conditions of the region 

will change over time. 

Fig. 3.4 Single – phase system 
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Single-phase model is the most basic model. The multicomponent diffusion equation for n-

component system 
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  (4.1) 

is solved in one-phase using numeric procedure for a system of connected parabolic partial differential 

equations. Jk is the diffusion flow of k element, Dkj
n is (n-l) x (n-1) matrix of diffusivities and cj/dz is 

a gradient of j element concentration. The numerical procedure for equation solutions can process 

nonlinearities caused by a different diffusion coefficient of a matrix or nonlinear boundary conditions. 

Boundary conditions for many various values can be entered, such as composition, activity, chemical 

potential or element flows. These quantities may be also entered as functions of time, temperature and 

pressure. Some examples of applications of this model are: 

- homogenization of single-phase alloys, 

- carburization or decarburization of steels. 

3.5.2 Moving boundary in a multi-phase system 

With two regions in a single cell you can simulate how diffusion causes phase transformations (Fig. 

3.5). For example, you can simulate how individual particles grow or dissolve as a function of time. 

The result is a simulation of how the boundary between the regions migrates 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 will change over time, or for how the boundary conditions will change over time. 

The moving boundary model processes problems, where diffusion causes phase transformations, 

e.g. the growth or dissolution of individual particles in the matrix phase. In the model, two one-phase 

regions are separated by a phase interface and the interface movement is specified by the rate of the 

diffusion to and from the interface. 

 

 

Fig. 3.5 Shift of interface in a multi – phase system 

 

Let us assume the phase transformation between  phase and its adjoining  phase, as shown in 

Figure 3.6. The  phase grows to the  phase in the binary system under isothermal conditions. The 

corresponding profile of the concentration is shown in the left bottom part of the Fig. 3.6 and the phase 

diagram in the bottom right part of the Figure. In order to keep the number of moles of k component 

and equilibrium of atomic flux, the equation can be formulated as follows: 

                        

kkkk JJcvcv     k = 1, 2….n                                                          (3.2) 



 
 

 
 

52

where v and v stands for interface movement rate in  and  phase, ck
 and ck

 are concentrations of 

k component in  and  near the phase interface and Jk
 and Jk

 are corresponding diffusion flows. 

Integration in time is first performed by a calculation of the boundary condition at the phase 

interface. Thermodynamic equilibrium is assumed to be held locally at the interface. This assumption, 

usually called a hypothesis of the local equilibrium, is normally used and enables to determine 

boundary conditions. Then this diffusion case can be solved in each one-phase region. And finally, 

phase interface moving rate is determined by solution of the balance equation of atomic flux – see 

equation (3.2).  

 

 

Fig. 3.6 Phase  grows into  phase in binary 

system at isothermal conditions. Concentration 

profile is shown on the left side and phase 

diagram on the right side. 

   

In the multicomponent case the system of nonlinear equations is created, which can be solved by an 

iterative method. 

Examples of problems which can be solved by this model are as follows: 

- Transformation    in steels. 

- Dissolution of carbides during steel austenitization. 

- Certain aspects of solidification. 

3.5.3 Particle coarsening processes 

A simulation of a particle coarsening process is performed by assuming that the coarsening can be 

simulated by calculating the growth of a single particle of the maximum size. 

This model has been developed in order to process coarsening of particles. There is an assumption 

that particle coarsening in the system can be described by calculating a single particle of the maximum 

size in the centre of a spherical cell. It is assumed that the particle size distribution is in accordance 

with Lifshitz-Slyozov-Wagner theory, which means that the maximum particle size is 1.5fold of an 

average size. In this model the surface energy contribution is added to the Gibbs energy function for 

particles (Fig. 3.3). 

                                                              
r

V
G m

m

2
                                                            (3.3)                               

where  is the surface energy, r is a particle radius and Vm is a molar volume. There is an assumption 

that equilibrium between particles of the average size and the matrix holds locally at the cell boundary, 

considering the proportion of the surface energy and the Gibbs energy. Particles of the maximum size 
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have a smaller contribution of the Gibbs energy than particles of the average size with a difference in 

composition near the interface between the maximum particle and the matrix and the cell’s outer 

boundary. This difference enables the maximum growth of the particle. In order to maintain the 

complex composition in the cell, its size will increase adequately. 

Examples where to use this model: 

- Coarsening of ' particles. 

- Coarsening of carbides in austenite. 

- Coarsening of carbonitrides in ferrite. 

3.5.4 Diffusion in disperse systems 

A model of diffusion in disperse systems has been developed to solve problems of diffusion in a 

microstructure, which contain dispersed precipitates of secondary phases, Figs. 3.7 and 3.8. For 

example, carburization of heat-resistant alloys, where long-range carbon diffusion occurs in the 

austenitic matrix with dispersive segregated carbides. 

In this model it is assumed that there is a continuous phase, the matrix phase, in which one or more 

phases are dispersed. It is assumed that diffusion only occurs in the matrix phase. The dispersed 

phases act as point sinks or sources of solute atoms in the simulation and their fraction and 

composition is calculated from the average composition in each node, assuming that equilibrium holds 

locally in each volume element. 

 

Fig. 3.7 Diffusion in dispersive systems – one dispersed  

phase  

 

The calculation is performed in two steps. The first step is the so-called diffusion step, which 

solves a simple one-phase problem, assuming that all the diffusion occurs in the matrix. However, as a 

result of a change in the composition in the matrix during the diffusion step, the average composition 

changes in each node. The new equilibrium is calculated from the average composition using 

ThermoCalc and the diffusion step is then repeated with the new matrix profile composition. 

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 so-called homogenization model. 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 

was entered as type matrix and which phases were 

entered as type spheroid. 

Fig. 3.8 Diffusion in dispersive systems – more phases 
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This model is suitable for any applications where long-range diffusion occurs in one continuous 

phase containing dispersed particles. Long-range is meant the distances which are long compared to 

spacing between particles. Some examples of applications of this model are: 

- Carburizing of high-temperature alloys. 

- Interdiffusion in composite materials. 

- Gradient of sintering of tools from sintered carbides. 

3.5.5  Cooperative growth 

The cooperative growth model has been developed for a simulation of the eutectoid reaction γ → α 

+ β, where α and  grow cooperatively as a lamellar aggregate into the  matrix in two-component or 

multicomponent alloys. 

A theory of the lamellar growth of eutectic and eutectoid, which is controlled by grain boundary 

diffusion and volume diffusion, was modified to solve the case of simultaneous grain boundary 

diffusion and volume diffusion, which controls the growth of the lamellar phase, e.g. during the 

pearlite growth in steels. This has been achieved by involving the so-called effective diffusion 

coefficients. It is assumed that substitution alloying elements are redistributed by means of grain 

boundary diffusion. 

Several conditions apply: It is assumed that the growth rate in the steady state is controlled by 

diffusion on the front of the aggregate. All diffusivities are independent of alloying effect and 

diffusion inside a lamella is neglectable. Further it is assumed that the front of the transformation is 

approximately planar and that the local equilibrium is stable on /α and / interfaces. 

This model has been used for modelling the pearlite growth in binary and multicomponent systems. 

 

3.6 DICTRA software applications 

3.6.1 Diffusion couple  

The DICTRA software application is shown in the following example by H. Larsson and A. 

Engström [3]. Various multi-phase diffusion couples were created from Fe-Cr-Ni alloy. One of the 

diffusion couples was created by combining of alloys k3 (Fe – 16.2 wt.% Cr – 10 wt.% Ni) and k7 (Fe 

– 40.0 wt.% Cr – 29.4 wt.% Ni). Annealing at 1200 °C temperature for a period of 200 h was 

performed. The diffusion couple consisted of / + α phases. The simulation results are shown in Figs. 

3.9 – 3.11. After diffusion annealing, the diffusion couple did not exhibited changes in the number of 

phase regions. It has been found out experimentally, that the two-phase region retreated approximately 

by 90 m, whereas the simulation using the lower Hashin-Shtrikman bound has shown a shift by c. 50 

m. When using the upper Hashin-Shtrikman bound, the results of the shift of the two-phase region 

were not correct. With regard to the composition of Cr and Ni profiles in Figs. 3.10 and 3.11, a better 

prediction of the shift of the two-phase interface can be obtained by using the lower bound of the 
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model. The microscope image also shows porosity (the Kirkendall effect) formed on k3 side, which 

originated during annealing. 

 

Fig. 3.9 Microstructure of a difusion cell k3 – k7 after annealing 3 

  

Fig. 3.10 Profile of molar fraction of chromium Fig. 3.11 Profile of molar fraction of nickel 

               for the cell k3 – k7 3                                                  for the cell k3 – k7 3 

3.6.2 Microsegregation behaviour during solidification and homogenization of high alloyed 

multicomponent steel 

Lippard et al. [5] used the DICTRA software to simulate microsegregation behaviour in Fe-

13.4Co-11.1Ni-3.1Cr-1.2Mo-0.23C alloy. Solidification was simulated using a computational cell 

defined as a half of interdendritic distance between secondary dendrites. 

The simulations were performed using the moving boundary model regarding to the austenite 

growth into the melt. A complete six-component system was solved. The entry data for the simulation 

included the complex composition, cooling rate and interdendritic distance between secondary 

dendrites. 

On this basis a simulation of the growth of the solid FCC phase into the melt could be performed. 

The respective tie-line for the austenite/melt interface was calculated in ThermoCalc. This tie-line was 

shifted during the simulation. The multicomponent diffusion equation was solved both in the melt and 

in austenite, taking the diffusion in the solid phase into account again. Then the simulation was 
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performed and the output data served as a base for creating dependences of the solid phase fraction as 

a temperature function and profiles of contents of individual elements (see Fig. 3.12). 

 

Fig. 3.12 Concentration profile of chromium and molybdenum across the interdendritic space of 

secondary arms of dendrites. Full curves represent results of DICTRA calculations and points 

correspond to results of experiments using the SEM/EDX analysis [5] 

 

Thus Lippard et al. [5] succeeded in obtaining a very good agreement between the simulation 

results and experimentally measured data for these multicomponent steels. 

3.6.3 Complex growth of carbides, dissolving and coarsening in modified 12% chromium steel 

Bjärbo and Hättestrand (Metall. Mater. Trans A, 2001, 32A, p. 19) used the DICTRA software for 

modelling the growth, dissolution and coarsening of carbides in Fe-10.5Cr-1Mo-1W-0.14C steel. The 

experimental studies proved formation of two carbides, M7C3 and M23C6. At first, M7C3 carbide was 

formed, but it was dissolved later and replaced by M23C6 carbide. This is in accordance with 

ThermoCalc calculations, which document that M23C6 carbide is the only one stable carbide. The 

process was modelled by Bjärbo and Hättestrand using the cell calculation as depicted in Fig. 3.13. 

 

 

Fig. 3.13 Cells defined by Bjärbem and 
Hättestrand  for calculations of precipitation 

 

 

During modelling, Bjärbo and Hättestrand created precipitation reactions comprising the initial 

growth of both M7C3 and M23C6 carbides and the following dissolution of M7C3 carbide when the 

diffusion fields of two particles overlaid. Fig. 3.13 shows the result of the simulation and experiments. 



 
 

 
 

57

Bjärbo and Hättestrand also performed calculations of final coarsening of M23C6 carbide after the 

growth and modelling was finished by the dissolution step. These results of the calculation are shown 

in Fig. 3.14. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.14 Coarsening of M23C6  particles. Full curve represents results of DICTRA simulation, symbols 
correspond to experimental measurement 

 

 
Summary of terms 

 

DICTRA is a software package for simulation of diffusion-controlled transformations in 

multicomponent systems. 

DICTRA - Console is a window in which the problem is set up and the simulation is run. 

Region is the region in the DICTRA system in which the diffusion problem is solved. Each region 

contains one or more phases.  A region must also contain a number of grid points. 

 

 
Questions to the Topic 

 

1. For what types of problems the DICTRA software has been developed? 

2. What interfaces does the DICTRA software use?   

3. Describe schematically a typical workflow in the DICTRA software. 

4. With what system geometries can the DICTRA software work?  

5. What phase morphology can solve the DICTRA system?  

6. What problems can the “diffusion in one-phase system” model solve?  
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7. What problems can the “moving boundary in multiphase system” model solve? 

8. Name the examples when the “particle coarsening” model can be used.   

9. For what problems the “diffusion in disperse systems” model has been developed? 

10. What model has been developed for a simulation of the eutectoid reaction, i.e. the pearlite growth 

in binary systems?  

 

 
Tasks to solve 

Homogenization of Fe-Ni binary alloy. 

Carburization of Fe-C binary alloy. 

Transformation of  to α in Fe-C binary alloy. 

The pearlite growth in Fe-Mn-C alloy. 

 

 

[1] DICTRA User Guide, Version 27 

[2] DICTRA Examples Thermo-Calc Software AB, http://www.thermocalc.se. Version 27 

[3] LARSSON, H., ENGSTRÖM, A. A homogenization approach to diffusion simulations applied to 

α +  Fe–Cr–Ni diffusion couples. Acta Materialia,  2006, 54, pp. 2431–2439. 

[4] ANDERSSON, J.-O., HELANDER, T., HÖGLUND, L., PINGFANG SHI, SUNDMAN, B. 

THERMO-CALC & DICTRA, Computational Tools For Materials Science, Calphad, 2002, Vol. 

26, No. 2,  pp. 273-312. 

[5] LIPPARD et al. Metall. Mater. Trans. B, 1998, 29B, pp. 205-210. 
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4. UTILIZATION OF DATABASES IN MATERIALS 
ENGINEERING 

 

 
Time needed for the studying: 180 minutes 

 

 
Aim: After studying this chapter you will 

  Acquaint with significant databases of materials. 
 Search materials according to norms, type of alloys, properties and application. 
 Optimise selection of materials according to application requirements. 
 Actively be working with selected databases of metallic materials 

 

 
 Explication  

 

4.1  Database system „The Materials Selector“ 

 
The database "The Materials Selector" on CD-ROM contains all of the information found in the 

three volumes of the printed book The Materials Selector – Authors: Norman A. Waterman and 
Michael F. Ashby (Editor CHAPMAN&HALL-CRCnetBASE). It includes the tables, figures, Ashby 
charts and text, all conveniently hot-linked for quick and easy access. In addition, there is a search 
engine that allows you to locate materials based on criteria you have defined. 

 
Installation  

To setup the installation, put the CD in your CD-ROM drive.  It should automatically setup and 
start the program. Every time you put the CD in your drive, Materials Selector will automatically 
launch.  

Put the CD-ROM in your CD-ROM drive The Materials Selector on CD-ROM has an auto-play 
feature and will launch the program automatically when the CD is placed in the drive. 

First you can see the opening screen. You can close it by clicking anywhere on the screen or 
clicking an icon. 

All functionalities are accessible via the menu on top of the screen. You can select a topic by 
clicking on it or by using its shortcut key (pressing ALT + underlined character). 

 
The main Materials Selector on CD-ROM window appears: 

Running Materials Selector on CD-ROM 
Starting Materials Selector on CD-ROM 

Some of the most important functionalities are accessible via the buttons on the toolbar (Figure 4.1) 
as well. Sliding the mouse slowly over the buttons makes the tooltips appear, indicating the function of 
the corresponding button. 

 
Icon No:             1     2    3    4    5      6    7    8    9   10  11  12  13    14  

Figure 4.1 The Materials Selector on CD-ROM toolbar 
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From the Selector menu you can access the following options: 
 New consultation 
 Load consultation 
 Review consultation 
 Save consultation 
 Print 
 Exit 
From the Tools menu you can access the following options: 
 Electronic Book 
 Index 
 Table viewer 
 Figure viewer 
 Characteristics tables 
 Ashby chart viewer 
 Unit converter 
From the View menu you may select the following options: 
 Current Consultation 
 Search Results 
From the Help menu you may select the following options: 
 On line manual 
 Acknowledgements 
 Contributors 
 About Materials Selector 

 
Materials selection: 

To start a new consultation either select New Consultation from the Selector menu or click the 
New Consultation icon No. 2 (Fig. 4.1) on the toolbar. A window will appear in which you can 
choose how to consult the information in the Materials Selector on CD-ROM tables – see Fig. 4.2. 

You may choose: 
 One or more material classes. 

 One or more properties for each material you selected. 
If you can’t find a property, this is because there is no data available for that material.  To have 

access to all properties, do a Lookup by Property consultation. 

A Materials Selection allows you to select materials and properties of general interest, whereas 
Lookup by Property allows you to search for any material, with those properties in mind; it lets you 
select properties to great detail and with numerical ranges associated to them if desired. Click the radio 
button next to whichever type of consultation you want to use and then click the Next button. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2 Starting a New Consultation  Fig. 4.3 New Consultation with Current Selection window 
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During the selection procedure (i.e. constructing the consultation), the progress of the consultation 
selection so far is shown in a separate window by default (Fig. 4.3). You may close that window by 
clicking on the Close button. At any time, the current consultation can be viewed by selecting 
Current Consultation from the View menu or by clicking the Current Consultation icon on the 
toolbar icon No. 5. 

Highlight the material or property you are interested in and click the arrow button pointing to the 
right to move it into the selection column – see Fig. 4.4. You may select as many items as you wish 
using this method. You may deselect items by highlighting them and clicking the arrow button 
pointing to the left. Double-clicking any item will also move it from one list to the other. When you 
have finished specifying the materials and properties offered, click the Next button in the bottom right 
corner. At this point you may either start the search procedure or continue specifying the consultation 
by selecting the Type(s) of material(s) of interest. 

A similar procedure will guide you through the properties selection. You may specify the 
properties of the material in detail and for some properties you can also specify numerical ranges 
which you would like the property to fall into. Highlight each property and specify a range for each in 
turn. If you do not want to specify a value for the property, click the No Value button. 

By selecting Search, the system searches for the tables that fulfill the requirements defined in the 
consultation. When it finishes searching, a list of tables which contain information about at least one 
combination of the material and property occurring in the consultation will be displayed – Fig. 4.4. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4 "Search Results" window 

Information about the tables found is displayed in the Information about the selected table box 
when you highlight a table by clicking once on it. If you want to see the table press the Show selected 
table button. If you would rather see information about the table, choose the Show Electronic Book 
Info button. You may also choose to review your consultation by pressing the Review Consultation 
icon. From here you may alter your search criteria and perform a new search. 

At any time, the search results can be displayed again by selecting Search Results from the View 
menu. Alternatively, you may press the Done button to return to the search results. 

You may search by only properties in a Lookup by Property search. The properties should be 
specified in the highest possible detail to find the tables containing the information you require. To 
help you do this, you may specify numerical ranges for the properties selected. 

Press Search when you have defined the properties you require. A list of tables containing 
information about at least one property occurring in the consultation will be displayed. 

You may search by only properties in a Lookup by Property search. The properties should be 
specified in the highest possible detail to find the tables containing the information you require. To 
help you do this, you may specify numerical ranges for the properties selected. 

Press Search when you have defined the properties you require. A list of tables containing 
information about at least one property occurring in the consultation will be displayed. 
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Bellow are presented the selected tables of properties of melallic alloys – see Figs. 4.5 to 4.8. 

Fig. 4.5 Typical mechanical properties of silicon cast irons (database „The Materials Selector") 
 

Fig. 4.6 The properties of some typical alloys of cobalt (database „The Materials Selector") 

 
Fig. 4.7 Mechanical properties of aluminum alloys reinforced with ceramic particles („Materials Selector") 
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Fig. 4.8 Comparison of properties of some new aluminum alloys (database „The Materials Selector") 

The database „The Materials Selector" includes not only information about steels, different non-ferrous 
metals (Al, Co, Cu, Pb, Mg, Ni, noble metals, refractory metals, Sn, Ti, Zn and their alloies, but also 
about polymers (composites and laminated plastics, elastomers, foams, thermoplastics, thermosets), 
about powder metallurgy and so on. 
 
 
4.2  Database „CASTI“ 

 
We have purchased the licences from firm CASTI Publishing Inc., Edmonton, Alberta, Canada:   
a) Database "CASTI" on CD – ROM: CASTI METALS BLACK BOOK™, Ferrous Metals, 3rd 

Edition, Volume 1), 
b) Database "CASTI" on CD – ROM: „CASTI METALS RED BOOK“, Nonferrous Metals, 2nd 

Edition. 
The databases are at disposal in the book format and on the CD ROM too. Bellow we presented the 

contents of both databases and few views in the Figures 4.9 and 4.10.  
 
Database: CASTI METALS BLACK BOOK™, Ferrous Metals 
 
Contents 
SECTION I METALLURGY (pp. 1 – 235) 
1. Introduction to the Metallurgy of Ferrous Materials 
2. Wrought Carbon & Alloy Steel Metallurgy 
3. Cast Steel Metallurgy 
4. Cast Iron Metallurgy  
5. Tool Steel Metallurgy  
6. Stainless Steel Metallurgy 
7. North American Metal Standard Designation Systems 
8. European (CEN) Metal Standard Designation Systems 
9. Metallurgical Terms: Definitions in English & French, Glossary arranged by English, Spanish, German & 

French. 
SECTION II METALS DATA (pp. 236 – 699)  

U všech sekcí je vždy uvedeno: American Specification Titles & Designations, Chemical Compositions, 
Mechanical Properties 

10. Cast Iron Data 
11. Castings - Carbon & Alloy Steels 
12. Wrought Carbon & Alloy Steels 
13. Forgings - Carbon, Alloy & Stainless Steels 
14. Tubular Products - Carbon, Alloy & Stainless Steels 
15 Boilers & Pressure Vessels - Carbon, Alloy & Stainless Steels 
16. Fasteners - Carbon, Alloy & Stainless Steels: 
17. Tools Steels: Heat Treatment Data, Hardness Requirements, Selected properties 
18. Wrought Stainless Steels 
19. Cast Stainless Steels 
20. Machining Data: Turning Data - Carbon & Alloy Steels, Face Milling Data - Carbon & Alloy Steels, Turning 

Data - Stainless Steels, Face Milling Data - Stainless Steels. 
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21. Physical Properties: The Elements, Carbon & Alloy Steels, Stainless Steels. 
22. American Standards Cross References: Carbon Steels, Alloy Steels, Stainless Steels, Tool Steels, Cast Steels. 
23. International Standards Designations & Titles: Cast Irons, Steel Bars, Forgings, Fasteners, Piping, Tubing, 

Fittings & Testing, Stainless Steel Products. 
24. European Standards Data: Carbon & Alloy Steels, Stainless Steels. 
25. International Standards Cross References: Carbon & Alloy Steels. 
26. International Standards Cross References: Cast Irons, 
27. International Standards Cross References: Tool Steels. 
28. International Standards Cross References: Stainless Steels. 
SECTION III APPENDICES & INDEX (pp. 700 – 740) 
Appendix 1: Hardness Conversion Tables  
Appendix 2: SI Unit Conversions 
Appendix 3: Imperial Unit Data 
Appendix 4: American Pipe Dimensions 
Appendix 5: Delta Ferrite (FN) Diagram 
Appendix 6: Periodic Table 
Appendix 7: International Standards Organizations 
Technical Associations & Societies 
Index  
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Fig. 4.9 Views of tables from the database „Black book“  
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DATABASE „THE METALS RED BOOK“, Nonferrous Metals, 2nd Edition 
 
CONTENT – 8 CHAPTERS (612 p.) 
1. Aluminum & Aluminum Alloys: Metallurgy, Data. 
2. Nickel & Nickel Alloys: Metallurgy, Data 
3. Titanium & Titanium Alloys: Metallurgy, Data 
4. Reactive & Refractory Metals: Nb (Cb), Ta,Mo, W, Re, Zr, Co, Metallurgy, Data 
5. Cemented Carbides (WC): Metallurgy, Data 
6. Lead, Tin, & Zinc Alloys: Metallurgy, Data 
7. Precious Metals: Au, Ag, Pt, Pd, Ru, Rh, Os, Ir, Metallurgy, Data 
8. Copper & Copper Alloys: Metallurgy, Data 

Fig. 4.10 Views of tables from the database „Red book“ 



 
 

 
 

67

4.3  Database „JMatPro“ 
 

Software JMatPro - the Materials Property Simulation Package, Public Release Version 5.0, 
supplier: Sente Software Ltd., Surrey Technology Center, Guildford, Great Britain. This is an 
extensive database from the material engineering field, containing data for a lot of elementary metals, 
alloys, intermetallic compounds, carbon and stainless steels, cast irons and alloys of many non-ferrous 
metals. Particularly the JMatPro software includes the following databases: the basic steel types, 
stainless steels, cast irons, Al, Mg, Co, Ni, Ti, Zr alloys, Ni and NiFe based super-alloys, single 
crystals and solders. For the VŠB - Technical University of Ostrava only the „Solders“ database has 
been purchased. The complete software features the following possibilities – see the content below:  
 
Table of Contents: 
1. Installation - System requirements 
2. User Interface 

2.1 The main window. 
2.2 The material browser. 
2.3 Common features - common features of graphs, saving data to material files, creating plot or tables snapshots, data 

selection. 
2.4 Thermodynamic calculations - single calculation, temperature stepping, concentration stepping, profile, metastable 

phases calculation, thermodynamic calculation graphs. 
2.5 TTT/CCT calculations - general TTT/CCT calculation, graphs. 
2.6 Mechanical properties - general room temperature strength and hardness calculation, high temperature strength 

calculation, stress and hardness graphs, creep calculations and graphs, stress-strain curves, room temperature stress-
strain utility,  Jominy hardenability and graphs, cast iron strength calculation and graphs. 

2.7 Thermo-physical and physical properties - Which calculation to use?, extended general calculation, dynamic physical 
properties calculation, physical properties graphs, gamma/gamma' mismatch calculation in Ni alloys, gamma/gamma' 
mismatch plots, stacking fault calculation and plots.  

2.8 Solidification phases and properties - calculation window, solidification graphs, solidification calculation for general 
steels, solidification graphs for general steels.  

2.9 Chemical properties, pitting corrosion calculation and graphs. 
2.10 Coarsening - coarsening calculation and graphs. 
2.11 Martensite transitions - martensite transition calculation, martensite transition graphs. 
2.12 Quench properties for general steels - quench properties calculation, quench properties and welding graphs, cooling 

profile creation wizard. 
2.13 Welding cycle for general steels - welding cycle calculation, quench properties and welding cycle graphs. 
2.14 Isothermal transformation - calculation and graphs. 
2.15 Phase formation on cooling - calculation and graphs, physical properties on cooling calculation and graphs 
2.16 Energy changes - calculation (general material type and cast iron), graphs. 
2.17 Simultaneous precipitation - calculation and graphs. 
2.18 Data export - heat treatment export, export to forge by Transvalor. 
2.19 Carburisation – calculation and graphs. 
2.20 Ni alloys heat treatment – calculation. 

3. Material specific information 
3.1 General steels calculations. 
3.2 Cast-Iron austenitization temperature choice. 
3.3 Note on Al-Li alloys. 

4. Utilities 
4.1 Conversions. 
4.2 Martensite transition and hardness calculator. 
4.3 Estimation of the Austenite grain size. 

5. Frequently Asked Questions 
5.1 Summary. 
5.2 User interface FAQs. 
5.3 General Steels FAQs. 
5.4 Solidification FAQs. 
5.5 Creep FAQs. 
5.6 Lattice mismatch FAQs. 
5.7 TTT/CCT FAQs. 
5.8 High temperature strength FAQs. 
5.9 Aluminium alloys FAQs. 
5.10 Physical properties FAQs. 

6. On-site upgrade of the Sentinel key 
6.1 The Secure Update utility. 
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A basic procedure for using the JMatPro product is shown below. 
A. The main input window 

This browser allows easy navigation through collections of material files. Each material file has a 
unique signature which is the elemental composition identifying a material. Material files are meant to 
hold all the property calculations made for a material. The format of these files is designed in order for 
the browser to classify in a tree form all the saved datasets for different properties. The browser can be 
used to retrieve datasets in an easy way. 

In Fig. 4.11 the input table for a selection of a material in the JMatPro database is shown. Either the 
offered material composition may be used, or concentrations of the present elements can be varied by 
a user according to the particular alloy composition.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.11 The main 
input window for the 
material browser 

 
 
 
 
 
 

B. The material browser 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.12 The material 
browser 
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Left panel allows easy navigation through the material files via a tree-like representation. Left click on 
a material file will display the saved properties in this file. Right click on a material file will display a 
pop-up menu which allows to delete this file or to rename it. 
Top Right Panel gives valuable information about the material file: composition and user comment. 
The Datasets Tree: The top of the tree is the path to the file we are exploring. The tree has 
ramifications corresponding to properties, sub-properties and datasets. To rename a dataset, right click 
on it. To load or remove a dataset check the box corresponding to the dataset of interest and click the 
„Load data“ or „Delete data“ button.   
 
The Buttons: 
Load data: Load the data associated to the selected datasets.   
Load compo: Transfer the current material file composition to the main window to be used as the 
current composition.   
Delete data: Delete from the material file the data associated to the selected datasets.   
Change comment: Modify the user comment associated to the current material file.   
Move up: Move a dataset or a property/sub-property up the tree.   
Move down: Move a dataset or a property/sub-property up down the tree.   
Help: Bring up this help window.   
Exit: Close the browser. 
 

It is possible for users to save their own data and comments alongside the data saved by JMatPro. 
To start the input of text, just press the Edit button to make the text panel editable and press the Save 
button to save your additions. By pressing the Append from file button a file selection dialog will 
appear and the content selected file will be pasted at the end of the current text. 

Users with knowledge of html can use html to provide basic formatting and styling of the text as 
well as links to pictures or files. However please be aware that the validity of the html text cannot be 
tested and we cannot help with html related issues. 

 
C. Single temperature thermodynamic calculation 
	 
- Choose the temperature  
- By default all available phases will be included in the calculation, should you want to suspend any 

phases, unselect the Take all phases into account checkbox and a phase selection dialog will 
appear.  

- The Start Calculation button will launch the thermodynamic solver – see Fig. 4.13.  
 
 
 
 
 

Fig. 4.13 Thermodynamic calculation for the 
individually selected temperature 
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D. Temperature stepping thermodynamic 
calculations. 

 Input start, end and step temperatures.  
 By default all available phases will be 

included in the calculation, should you want to 
suspend any phases, unselect the Take all 
phases into account checkbox and a phase 
selection dialog will appear.  

 The Start Calculation button will launch the 
calculation – see Fig. 4.14.  
 

Fig. 4.14 Thermodynamic calculations for 
selected temperature interval 

Notes: 

 The default temperatures and the direction 
(start at high or low temperature) are chosen 
in order to ensure the most efficient 
calculation in the majority of cases. Although the thermodynamic solver is very robust, it may be 
affected by the equilibrium at the starting point, the direction of the calculation or the step size. For 
complex calculations the user may wish to reverse the direction or change the temperature range 
and/or step size. Another possibility is to remove some phases from the calculation.  

 If the thermodynamic solver finds a calculation difficult, in many cases it is because the exact 
location of a phase boundary is difficult. If this is not vital, it is possible to disable the phase 
boundary search. This can be done by going to the Options-Show phase boundaries search control 
menu item and checking it.  

	E. Phase equilibrium graphs 

Fig. 4.15 A display of a computation of a proportion of particular phases in an aluminum alloy 
depending on temperature  

       1     2   3    4   5   6   7     8   9  10                               11 12 13  14  15 16  17   18  19 20 21 22 23 
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Fig. 4.15 shows a graphical output of a solution of phase transformations and formation of 
particular phases in a selected temperature interval of an aluminum multicomponent alloy. The 
meaning of operating buttons on the bottom taskbar is listed below (designated with numbers 1 
through 23): 

1 – Plot phase distribution vs. temperature. This is the default display when the displayer is started in 
step mode – see Fig. 4.14. 

2 – Plot phase composition for a single phase. 
3 – Plot single element distribution among phases. 
4 – Plot single temperature analysis. 
5 – Plot partial Gibbs energies. 
6 – Plot activities of the elements. 
7 – Plot heat capacity vs. temperature. 
8 – Plot enthalpy vs. temperature. 
9 – Plot Gibb's energy vs. temperature. 

10 – Plot entropy vs. temperature. 
When the display of H, G or S is selected, the values of these quantities per phase can be displayed 

by selecting the Phase details option. 
 
The Options Buttons:  
11 – Set plotting preferences for title and sizes/colors of lines and symbols. For changes must be used 

buttons: Save changes or Save changes and update graph. 
12 – Set atomic or weight percentage for the composition. 
13 – Set the temperature unit in °C, K or F. 
14 – Zobrazení nebo potlačení rastru (mřížky) v grafu. 
15 – Bring up the zoom box. 
16 – Invert the axis orientation  
17 – Toggle the visibility of the side selector for phases/elements to be displayed.  
18 – Help. 
19 – Print actuallll graph. 
20 – Save the current graph's data in a tab-delineated file for export to third party software. 
21 – Save the current graph as a picture in a graphics file. By default data will be saved in the 

JMatPro/export/pictures folder. At this time, snapshots can be exported to PNG, GIF, PS, EPS , 
PDF , JPEG and BMP file formats. The default is PNG (Portable Network Graphics) which  can 
be imported to documents in most common office applications and text processors. PC. 

22 – Uložení nově vložených dat do materiálového souboru. 
23 – Close the current window. 
 
Elements/phases of the right-hand side selector:  

This selector gives you a possibility to select elements or phases you wish to display in actual 
graphs. Phases you are not interested in can be cancelled by clicking on the icon . The Clear all 
button deletes all components or phases. The Select all button selects all possible phases in the given 
system, which is listed for the given alloy.  

The software also allows displaying of graphical outputs for the following physical properties 
depending on temperature: 

- fractions solids, 
- fraction liquid, 
- density [g/cm3], 
- molar volume [cm3], 
- volume change [%], 
- average  expansion coeffitient [10e-6 1/K], 
- thermal conductivity [W/(m·K) , 
- electrical resistivity [10e-6 Ohm·m], 
- electrical conductivity [10e-6 1/(Ohm·m)], 
- Young’s modulus [GPa], 
- Bulk modulus [GPa], 
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- Shear modulus [GPa], 
- Poisson’s ratio [-], 
- liquid viscosity and total viscosity [mPa·s], 
- liquid difusivity and total difusivity [10e-9 m2/s)], 
- surface tension [mN/m], 
- enthalpy [J/g], 
- specific heat [J/(g·K)], 
- latent heat [J/g]. 

Other types of outputs are as follows: 
- Percentual fractions (at. %) of elements during solidification, 
- Cooling curve T = f (t).   

Behavior of a single phase or of all of them can be displayed – Phase details need to be ticked using 
. Examples of graphical outputs of some types of low melting point alloys - solders are shown in the 
Figures below. 

Fig. 4.16 Dependence of density and electrical resistivity on temperature for alloy: Sn 48 %, Bi 46 %, Ag 2 %, 
Cu 4 % 

Fig. 4.17 Temperature dependence of the partial Gibbs energy and  fractions of elements in liquid for 
polycomponent tin alloy 

 
4.4  Program „Digimat“ 

MSC Software Corp. and e-Xstream have developed the Digimat software for 
modelling of plastic and composite materials, now in 5.1.1 version. This product 
offers Finite Element Analyses (FEA), Finite Elements mesh technology and a 
complex tool for an analysis of composite materials by means of Representative Volume 
Elements (RVE). Meshing (conforming and voxel), FE meshing, solution and “post 
processing” can be integrated, too. Marc Nonlinear FEA software for thermal, 
mechanical and electrical analysis was added to the external interface. 

Digimat is an unique software for advanced modelling of material properties and structures. It 
generates exactly complicated structures of metals, ceramics, reinforced plastic materials, composites, 
nanostructures etc. It describes real anisotropic, nonlinear, temperature and rate dependent behavior of 
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materials – mechanical, electrical as well as thermal.  
Digimat characterizes materials both from the micro-view 

by generating exact representative volumes and from the 
macro-view by using homogenization methods. The obtained 
nonlinear physical properties are used as an input for 
subsequent analyses. Digimat serves for development of new 
materials, where it allows a simulation of a future mechanical-
physical characteristic of the resulting material on the basis of 
knowledge of the behavior of individual components. It enables 
a virtual creation of formulae and technological processes. 
Using reverse engineering, Digimat enables to obtain 
nonlinear, temperature and rate dependent anisotropic 
characteristics of the existing material, which serve as a basis 
for further accurate strength computations. Digimat combines 
results of analyses of plastic materials creep with inputs for 
strength, thermal and electrical analyses. It enables to penetrate 
the material inner structure to perform its analysis through 
simulations and to display the results graphically.  

 

 

 

 

 

 

 

Fig.  4.18 Examples of 3D models of various composite materials 

 

 

 

 

 

The Digimat software uses seven modules in total: 

Digimat-MF is the Mean-Field homogenization module 
(homogenization based on averaging-out a field). This module offers the 
capability to define the local material properties as a function of the material 
behaviour (matrix and inclusion phases), the composite microstructure 
morphology (inclusions weight, shape and size). Digimat-MF is a user-
friendly tool for modelling of micromechanical properties of materials, where 
a user inputs the material properties of the particular phases, the 
microstructure description and the loading applied to the resulting multi-phase 
material into the programme. A tree-structure of the Digimat program is used 
in this procedure. 

Digimat-FE (Finite Element technology) is the tool used on the 
microscopic level to obtain an in-depth view into the composite material by 
the direct investigation of Representative Volume Elements (RVEs). It acts as 
a stochastic generator of highly realistic RVEs covering a large variety of 
materials: plastics, rubbers, metals, ceramics and nano-filled materials. Based 
on material input and the microstructure definition, a finite element model is 
built and run. The results of the FE analysis is post-processed in the sense of 

Porous ceramics 
3D model Digimat – real material 

Plastic materia reinforced with fibers and 
spheres:  Fracture area and 3D model of 

local stresses 

Electrical conductivity of nanocomposite: 3D 
model Digimat – a conductivity curve 

depending on filler concentration 

Hardmetal – temperature-induced tensions. 
Distribution of stress between phases in 3D 
model and metallographic scratch pattern. 
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probabilistic distribution functions that give detailed insight into the RVE. Mean homogenized values 
are computed and can be used in subsequent FE analysis on the structural part level. Digimat FE 
makes it possible to describe the microstructure of the composite as well as material characteristics of 
particular components. The aim is generation of the FE model through the representative volume 
elements. Digimat FE uses Abaqus/CAE to generation of the microstructure net and finally is the 
actual FE model computed in the standard environment. 

Digimat-MX is a composite materials database giving access to 
experimental data at different strain rates, temperatures etc. Material files 
contained in the Digimat program contain reversed engineered results based 
on experimentally measured data. This software helps sharing data between 
individual researchers in the same institution or between various institutions. 
Digimat-MX offers optimization tools to perform parameters optimization 
and identification and to reverse engineer easily and efficiently. 

Digimat-CAE enables to integrate Digimat and the following 
manufacturing tools: 3D Timon, Autodesk Moldflow Insight, Moldex3D, 
REM3D, SigmaSoft, Simulayt. Digimat-CAE rovněž umožňuje integrovat 
následující simulační nástroje do prostředí programu Digimat: Abaqus/CAE, 
Standard & Explicit, ANSYS Mechanical, LS-DYNA, Implicit & Explicit, 
Marc, MSC Nastran SOL400, Optistruct, PAM-CRASH, RADIOSS, 
SAMCEF-Mecano. 

Digimat-MAP is a 3D mapping software used to transfer real fiber 
orientation, residual stresses and temperature from the injection moulding of 
plastics to the FEA mesh, which is optimal for solving these tasks. Digimat-
MAP is fully integrated for purposes of Digimat’s multi-scale modelling 
process. Digimat-MAP is an accurate, efficient, robust and flexible software 
tool used to transfer the real fiber orientation, residual stresses and 
temperature from the injection moulding of plastics to the FEA interface. 
(ANSYS, LS-DYNA, Abaqus, PAM-CRASH, SAMCEF...). Afterwards, 
state-of-the-art multi-scale nonlinear analyses are performed.   

Digimat-HC. Micross is a multi-scale tool for modelling of bending and 
twisting of planar structures arranged to a so-called sandwich panel. This is a 
complex, simple, accurate and flexible software tool. Micross takes into 
account the effect of the microstructure for both the core and the skins of the 
sandwich. For the material core with a honeycomb-like structure the 
particular properties are homogenized (averaged-out) and computed through 
the geometry defined by the Micross module. This geometry uses unit 
elements (cells) in a shape of a honeycomb segment. For the skins the same 
procedure is available. A skin structure is made of several layers piled up in a 
given order, with a given orientation and thickness. Each layer can be defined 
at the macro or micro level. In this case, Digimat-HC is used to compute the 
macroscopic stiffness of the individual layers on the basis of the pre-defined 
microstructure.   

Digimat-RP (“Reinforced plastics”) is a process-centric solution that 
provides a tool for performing computations in order to obtain materials with 

applicable parameters, linking particular parts and subsequent finalization of a product. Digimat-RP 
brings over 10 years of experience in expertise and simulation of reinforced plastics. This is all presented in a form 
of a program module.  

Key benefits of Digimat:   
• High accuracy and ease of use. 
• Multiple computations (linear and nonlinear, implicit and explicit). 
• Integrated within CAE landscape (interfaces with major CAE injection/structural codes). 
• An extensive database of reinforced polymer materials (Solvay/Rhodia, Sabic, Dupont, Ticona, EMS, …). 
• Industry standard: used and supported by major material suppliers, Tier1 and OMEs. 


