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Some Applications of CALPHAD Techniques to

Diffusion Reactions in Gradient Materials

Abstract
In gradient materials, i.e. materials that have varying properties due to an
inhomogeneous chemical composition, there is usually a strong driving force for
diffusion reactions in the gradient zone. Such reactions may have a strong influence on
the properties of the material. In this doctoral thesis CALPHAD techniques are applied
to some problems which are relevant for diffusion reactions in gradient materials. It is
shown that these techniques can give information which is industrially highly relevant
as well as scientifically very interesting.

Part of this work consists of diffusion simulations which are based on thermodynamic
and diffusion data that have been assessed by means of CALPHAD techniques.
Experimental work on diffusion couples between stainless steels and low alloy steels
have been carried out for comparison with the simulations and a satisfactory
agreement is found between simulations and experiments.

In order to make diffusion simulations for problems involving the ordered B2-BCC
phase possible, a phenomenological model for diffusivities in this phase has been
developed. The model is suitable for implementation in the DICTRA software for
diffusion simulations and can be used for multicomponent systems. In order to test the
model it has been applied to the Al-Fe and Al-Ni binary systems and the ternary Al-
Fe-Ni system and it is found that the model can represent the experimental
observations in these systems.

An experimental investigation in the Al-Cr system has also been performed. A
previously unreported A2→B2-BCC ordering reaction has  been found. This
experimental information is of interest in order to accurately establish the phase
diagram.

Keywords: Diffusion, gradient materials, CALPHAD, multicomponent alloys,
multiphase alloys, B2-ordering, simulations, experiments, modeling, Al-Ni, Al-Cr, Al-
Fe, Al-Fe-Ni, steel joints, assessment



”For there is a way, by which, without the help of salts sulphur or arsenic, one may
make a solid and heavy body soak into the pores of that metal and give it a durable
colour. I shall not mention the way, because of the bad use that may be made of it. But
having had the curiosity more than once to try it upon a new copper farthing, the event
was, that one part of it, which I purposely forbore to tinge, remained common copper
still: but the other part acquired a yellow, that differed very little, if at all, from a
golden colour, the former stamp, that was impressed upon the coin continuing visible.
And to convince the scrupulous, that the pigment really did sink, and, as it were soak
into the body of the metal, and did not merely colour the superfices, I made them take
notice, that the farthing was not melted, and yet, by filing off a wide gap from the edge
of the coin inwards, it plainly appeared, that the golden colour had penetrated a pretty
way beneath the surface of the farthing”

“of the Porousness of Solid Bodies”

R. Boyle (1684)
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1. Introduction
The development of improved metallic alloys is one of the key interests for
physical metallurgists. It is easy to understand that society as a whole has a lot to
benefit from this. Stronger metals could allow us to, for instance, build lighter
and more fuel efficient vehicles. More heat resistant alloys could give us lighter
and more fuel efficient airplane engines. In order to develop better alloys, an
understanding of the origin of the properties of an alloy is vital. Mostly,
mechanical properties such as strength, toughness and hardness are of interest
and these properties are intimately linked to the microstructure of a material. The
physical metallurgist is then faced with the task of understanding how the
microstructure evolves and what the mechanical properties of a given
microstructure will be.

The present thesis will mainly deal with issues in the first category. Since the
microstructure is a function of temperature, pressure, chemical composition, and
thermal history it is not an easy task to understand the origin and evolution of the
microstructure. Luckily a number of tools are available. Probably the most
important tools are phase diagrams which describe the equilibrium state i.e. the
state of the lowest Gibbs energy as a function of temperature, pressure and
chemical composition. For a given initial microstructure, phase diagrams can
many times be used to determine which phases will be present  in the final
microstructure and what transformations that will occur.

Computer calculation of phase diagrams is the main research interest of the
CALPHAD scientific community. CALPHAD, an acronym for CALculation of
PHase Diagrams, has been an active field of research since the seventies.
Experimental information on thermochemistry and phase diagrams are
represented by means of thermodynamic models for the individual phases. From
such models it is possible to calculate reliable phase diagrams for
multicomponent systems which are very useful since most alloys in practical use
are multicomponent. However, phase diagrams in themselves cannot give
information about the rate of the phase transformations. Since this is very
important from a practical point of view much research has been devoted to
understand the rate-controlling mechanisms of phase transformations. Christian(1)

classified different phase transformations according to their growth processes.
An important class of phase transformations are diffusion controlled, i.e. long-
range atomic movements control the rate of the phase transformations. From a
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combination of phase diagram data and information about the atomic mobility
the rate of such transformations can be calculated. In the present thesis it will be
demonstrated that this type of calculations can give useful information about
alloys which are used in practice today.

This thesis will mainly deal with gradient materials used in high-temperature
applications. In gradient materials the properties vary in a controlled way within
the material. A common example can be found in cog-wheels which have a hard
and wear resistant surface and a tough center. This is achieved by letting carbon
diffuse inwards from the surface of the cog-wheel at high temperature. When the
cog-wheel later is quenched, the carbon produces a hardening effect of the
material. The hardness becomes highest at the surface and decreases with the
distance from the surface. In many applications the demands on the material are
different at different positions in a detail. There could be a demand for properties
like hardness, wear resistance or corrosion resistance at the surface and strength
and toughness inside. In such applications a gradient material might be the
optimum choice.

Gradient materials can be divided into different types. Using the terminology
from the review by Neubrand and Rödel(2) the cog-wheel mentioned earlier
would be called a surface modified material since the property gradient is
achieved by carbon diffusion from the surface. Other types of gradient materials
in this terminology are bimaterials and functionally gradient materials which
both are produced by joining different materials. The difference between the
latter two types of materials is that functionally gradient materials has a gradual
transition from one material to another, which is vital for the performance,
whereas the bimaterial has a more or less discontinuous transition between the
materials. In the present thesis we will not distinguish between different types of
gradient materials but just consider a gradient material to be a material with
properties that vary with position due to an inhomogeneous chemical
composition.

As in the example with the cog-wheel, diffusion will always be an important
process in the production and usage of gradient material. Since they have an
inhomogeneous chemical composition diffusion will occur at high temperatures
and the final microstructure in the gradient zone may be quite different from the
initial one. This diffusion can cause microstructural changes that are detrimental
to the joint such as e.g. precipitation of brittle phases or local melting at the joint.
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There are thus a number of important issues related to the processing and usage
of gradient materials. For example;

- What is the rate of atomic transfer over the gradient?
- How does the gradient between the materials vary in time?
- How do the local structure and properties vary in time?
- Will new phases form as a result of the interdiffusion?

Answers to the questions above would be very valuable for the producers and
users of gradient materials. In the present thesis these issues will be addressed by
a combination of experimental work and computer simulations. A suitable
software for computer simulations of multicomponent diffusion, DICTRA(3)

(Diffusion Controlled TRAnsformation), was recently developed and has been
used in this work. The software is based on thermodynamic and kinetic data
which have been assessed by CALPHAD techniques.

In the CALPHAD assessment procedure for thermodynamics, model parameters
for the Gibbs energy of different phases are determined from experimental
information. The models can then be used for calculation of phase diagrams and
thermochemical properties and it is possible to make extrapolations into
composition and temperature regions where there are no experimental
information. The kinetic data used in DICTRA are assessed in a very similar way
as the thermodynamic parameters, but instead the atomic mobility is assessed.
From these mobilities it is possible to calculate diffusivities. Historically the
word CALPHAD has been used in connection with thermodynamic assessments
but since the ideas and methods for assessing kinetic data are so similar it seems
justified to include these too among the CALPHAD techniques.

In the present thesis, work has been performed in several fields that are relevant
to gradient materials. An experimental study in the Al-Cr system has been
performed and the results are useful for thermodynamic assessments. A model
for including the effect of chemical ordering on the atomic mobility has been
developed and can be used in kinetic assessments. Both these works have
practical applications in alloys systems that are used in gradient materials such as
e.g. the Al-Cr-Ni system which is the basis for protective coatings on Ni-base
alloys in aircraft gas turbines. Furthermore, diffusion simulations with the
DICTRA software were performed for steel joints and welds. The joints between
stainless steels and low alloys steel can be found in composite steel tubes used in



4

heat exchanger applications. The welds between two dissimilar heat resistant
steels can be found in the piping of conventional power plants. In the works on
steel joints the diffusion simulations are compared with experimental work in
order too see if the diffusion reactions can be predicted by computer simulations.

2. Diffusion
Diffusion, as a scientific term, is related to transport phenomenon in a very broad
way. It is used in connection with transport of such varying things as culture and
languages to the transport of matter. For the physical metallurgist diffusion refers
to the transport of matter by atomic motion and it is in this meaning it is used
here. In the present thesis we are only concerned with diffusion in the solid state.

2.1 Diffusion theory for binary systems

The foundation of diffusion theory was laid by Fick(4) who stated that the flux of
an element k, Jk, is proportional to the concentration gradient of the element i.e.

z
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The factor of proportionality D
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is called chemical diffusivity or interdiffusion
coefficient. The first quantitative measurements on diffusion in the solid state
were made by Roberts-Austen(5) who measured diffusion of gold in lead and gold
in silver in 1896. By very careful experiments he measured the diffusion
coefficient of gold in lead as 11101 −⋅ m2/s at 200°C. The measured diffusion
coefficient is surprisingly accurate and can be compared with the 11103 −⋅  m2/s
that can be calculated from the parameters given in the Landolt-Börnstein tables
of 1990(6).

If equation 1 is combined with the continuity equation one can obtain the time
dependent diffusion equation which is sometimes called Fick’s second law
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In some cases it is possible to find analytical solution to equation 2 and an
extensive compilation of such solutions can be found in the book by Crank(7).
The chemical diffusivity will in general depend on composition and although this
does not exclude analytical solutions they are difficult to find and it is often more
convenient to solve equation 3 numerically.

An important concept in diffusion theory are frames of reference and there are
three different commonly used frames of reference, namely:

• The number-fixed frame of reference or the Matano frame of reference
• The volume-fixed frame of reference or the laboratory frame of reference
• The lattice-fixed frame of reference or the Kirkendall frame of reference

In diffusion experiments these frames of reference will normally move with

respect to each other and the diffusion fluxes will be different in the different

frames of reference. The number fixed frame of reference is defined so that there

is no net flow of atoms ( 0
1

=∑
=

n

k
kJ ) at a position in this frame of reference. If we

consider a position in this frame of reference before and after a diffusion

experiment, the number of atoms on both sides of the position is the same before

and after the experiment. In the volume fixed frame of reference this holds for

the volume and in the lattice fixed frame of reference there is no net-flow of

lattice sites. Several types of diffusion coefficients may be introduced for

different experimental conditions and different frames of reference. If we use an

A-B binary system as an example we may introduce:

• Tracer diffusion coefficients, usually denoted *
AD  and *

BD

• Individual diffusion coefficients, usually denoted AD  and  BD

• Interdiffusion coefficient or chemical diffusion coefficient, usually denoted
D
~

The two first types are measured in the lattice-fixed frame of reference, whereas
the last type is measured in the number-fixed frame of reference. The tracer
diffusion coefficient is measured in absence of a chemical composition gradient.
This can be achieved by adding a small amount of a radioactive isotope of A to
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an otherwise homogenous alloy. Diffusion of the radioactive A can then be
traced by detecting the radioactivity and a tracer diffusion coefficient can be
evaluated. The individual diffusion coefficients and the chemical diffusion
coefficient are usually measured in so called diffusion couple experiments. In
these experiments two pieces of different chemical composition are joined and
thereafter heat treated. A concentration profile is evaluated using some suitable
analytical technique and the chemical diffusion coefficient is evaluated from the
concentration profile using Boltzmann-Matano analysis, see e.g. Kirkaldy and
Young(8). In order to evaluate individual diffusion coefficients it is necessary to
have information on how the lattice-fixed frame of reference moves relative to
the number-fixed frame of reference. This is usually achieved by using inert
markers in the diffusion couples. These markers should not participate in the
diffusion reaction and they should be immobile in the lattice-fixed frame of
reference. As an example, molybdenum wires have been used as markers in
diffusion couples between Cu and Cu-Zn alloys.

There are several relationships between the different types of diffusion
coefficients mentioned earlier. The individual diffusion coefficients are related
to the tracer diffusion coefficients through Darken’s equations(9,10)

φ*
AA DD =  ,  φ*

BB DD = (4)

where φ  is the thermodynamic factor given by,

B

B

A

A
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Aγ being the activity coefficient of element A and xA the ordinary mole fraction
of A. Bγ is the activity coefficient of B and xB the ordinary mole fraction of B.
The chemical diffusivity is related to the tracer diffusion coefficients through

φ)(
~ **

BAAB DxDxD += (6)

However both equations 3 and 5 are approximate since so called correlation
effects are neglected. As an example, equation 6 is frequently written as

SDxDxD BAAB φ)(
~ ** += (7)
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where S is the so-called vacancy wind factor that accounts for the net flux of
vacancies compensating unequal diffusion fluxes in a substitutional alloy. The
vacancy wind factor can be calculated from atomistic models and the result from
such a calculation was given by Mehrer(11) as

0

01
11

f

f
S

−+≤≤ (8)

where f0 is a structure factor which is 0.781 or 0.727 for fcc or bcc structure,
respectively. The limits for S would then be 28.11 ≤≤ S for fcc and 38.11 ≤≤ S for
bcc. The deviation from unity is thus not that large considering the normal
scatter in experimental diffusion data from different sources. In the present work
the approximation S=1 has been used.

2.2 The extension to multicomponent systems

When considering alloy systems with more than two elements it is found that
equation 1 is no longer a sufficient description of the diffusion. The flux of
element k does not only depend on the concentration gradient of k but also on the
concentration gradients of all elements. The multicomponent extension of Fick’s
laws is based on the postulate by Onsager(12,13) that the flux of element k , Jk,
depends on all thermodynamic driving forces, thus

∑= jkjk XLJ (9)

where Lkj are so called phenomenological parameters and Xj the driving forces,
such as gradients in chemical potential, pressure or temperature. Applying this to
multicomponent diffusion in a sample that is kept at constant pressure and
temperature the thermodynamic driving forces would be the gradients in
chemical potential and the flux of element k would be

∑
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By using the chain rule of derivation we can express the flux as a function of
concentration gradients as
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or if the chemical diffusivity matrix n
kjD

~
is introduced
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where n is an arbitrarily chosen reference component. In order to solve the
multicomponent diffusion problem the expression for Jk in equation 12 can be
inserted into equation 2. It is sometimes possible to find analytical solutions for
the multicomponent cases, see e.g. Kirkaldy and Young(8), but in general
numerical solutions are required. In the DICTRA software, used in the present
work, a numerical procedure by Ågren(14) is used for solving the multicomponent
diffusion equation.

2.3 Thermodynamic basis

2.3.1 Background

The chemical diffusivity matrix, n
kjD

~
,contains derivatives of the chemical

potentials with respect to composition. In order to calculated these a knowledge
of the thermodynamic properties of the system is required. The great pioneer of
thermodynamics was Gibbs, see e.g. Hertz(15), who established the fundamentals
of chemical thermodynamics. From thermodynamics the equilibrium state of a
system, in our case an alloy, can be calculated. The equilibrium state is the state a
system will approach when left alone and it may be calculated by minimizing the
appropriate thermodynamic state function. In the case of physical metallurgy it is
convenient to model the Gibbs energy since an equilibrium state under constant
pressure and temperature, which are the most common conditions, can be found
by minimizing the Gibbs energy. The equilibrium state of an alloy can then be
represented in a phase diagram. The traditional way to establish a phase diagram
for an alloy system is to heat treat a number of alloys of different chemical
composition at different temperatures. After examining the state of the alloys
tentative phase diagrams is drawn by hand.  It is easy to understand that it is an
enormous task to produce a phase diagram this way, even for a binary or ternary
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system. If the phase diagram instead is calculated, from reliable physical models
for Gibbs energy, extrapolation between experiments will be more reliable and
more accurate information can be extracted from fewer experiments. Another
great advantage is that when such models are used they can be applied to analyze
a greater variety of experiments since also thermochemical measurements (e.g.
heat-capacity measurements) can be included. This semi-empirical approach, i.e.
the use of physical models for the Gibbs energy and the subsequent evaluation of
model parameters from experimental information, is the heart of the CALPHAD
method.

2.3.2 The CALPHAD method

The CALPHAD method was  born in the seventies with pioneering works of
Kaufman and Bernstein (16)  and Hillert (17) among others. The method will only
be shortly reviewed here and for a more extensive discussion the reader is
referred to the excellent book of  Saunders and Miodownik (18). As mentioned
above, the idea of the CALPHAD method is to represent the Gibbs energy as a
function of pressure, temperature and composition with some physical model.
The model parameters can then be adjusted in order to represent a selected set of
experimental information, which can be both thermochemical and phase diagram
data.

The procedure of selecting experimental data, choosing the model and
performing a fit to the experimental data is often called assessment. It is a task
that requires great skill since the experimental information many times is
contradictory and choices have to be made on which sources to trust. From the
assessed data it is then possible to calculate both phase diagrams and
thermochemical properties. An attractive feature of data that have been assessed
this way is that it is possible to combine data for different binary and ternary
systems and make calculations for multicomponent alloys. The predictive
potential of the CALPHAD method has been demonstrated by Guillermet (19-21),
who showed that the thermodynamic data of lower order systems could be
combined to yield an accurate description of a higher order system. This seems to
be the case also for complex commercial alloys such as stainless steels and Ni-
based superalloys, as shown nicely by Saunders and Miodownik (18).

By now, there are databases available for several important classes of materials
as well as several  software that can be used to calculate phase diagrams and
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thermochemical properties. Some of the more well-known softwares are
THERMO-CALC (22), MTDATA (23) and ChemSage(24).

THERMO-CALC is used as a subroutine for thermodynamic calculations by the
DICTRA software. The thermodynamic calculations are an essential part of the
diffusion simulations, one example being the derivatives of chemical potential in
equation 13 needed to evaluate the diffusivity matrix.

2.4 Assessments and databases for diffusivities

At present the techniques for producing thermodynamic databases seem well
established and a number of such databases are available on a commercial basis.
There are general databases, such as the SGTE solution database(25), which are
intended to hold for the entire concentration range of a large number of alloy
elements. However, at present, the trend seems to be to develop specialized
databases that should be used for a specific material e.g. Ni-based superalloys,
the idea being that by focusing on one type of material one can make a more
accurate database.

The development of databases for carefully assessed diffusivities in
multicomponent alloys is a new research field. The most common source of
diffusion data are compilations of experimental diffusion data from the literature
such as the one in the Landolt-Börnstein tables(6). However, reliable diffusion
data is rather scarce and these compilations normally only contain data for binary
or at most ternary systems. It should be kept in mind that experimental
measurements of interdiffusion becomes very tedious in systems with more than
two components. In order to evaluate a full 2x2 chemical diffusivity matrix, n

kjD
~

,
in a ternary system two diffusion couples with intersecting diffusion paths are
needed, i.e. two diffusion couples with a common composition somewhere in the
diffusion zone. For a quaternary system three diffusion couples with a common
composition are needed. Thus, it is easy to understand that models for
extrapolating and interpolating diffusivities from experimental data would be
very valuable.

In several of the reports in the present thesis general databases such as the
MOB(26) and MOB2(27) database have been used for simulations. Furthermore,
some data have been assessed in such a way that they are suitable to add to these
databases. A model for including the effect of chemical ordering in B2-BCC
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phases has been developed and this model is also suitable to implement in the
databases mentioned above.

The development of methods and models for diffusivities used in the DICTRA
software started with the suggestion of Andersson and Ågren(28) that atomic
mobilities should be assessed and stored in databases. From absolute reaction
rate theory they wrote the atomic mobility, MB as
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Q
MM B

BB

1
exp0 
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=  (14)

Where BQ is the activation energy and 0
BM  the frequency factor. From the atomic

mobility one can then calculate the tracer diffusion coefficient as

kk RTMD =* (15)

where R is the gas constant and T the temperature. The chemical diffusivity
matrix can also be calculated from the mobilities through
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where the Kronecker delta δik=1 when i=k and 0 otherwise. This, however,
requires access to thermodynamic data in order to calculate the derivatives of
chemical potentials  with respect to composition. The activation energy BQ and
the frequency factor 0

BM  of the mobility will in general depend on composition.
Andersson and Ågren(28) suggested that both properties should be expressed as
Redlich-Kister polynomials in composition i.e.
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This is convenient since the same expressions are used for representing many
thermodynamic quantities and much of the code in the THERMO-CALC
software could be used also for handling mobilities. Jönsson(29) suggested that
instead of expanding the frequency factor as a polynomial ( 0

BB M=Φ ) its
logarithm should be expanded ( )ln( 0

BB M=Φ ). Jönsson found that this was a
better way of representing the composition dependence and noted that some
justification could be found in the empirical findings of Kucera and Million(30).

It should be noted from equation 15 and 17, that the i
BΦ parameters in equation

17 are sometimes directly available from data on self-diffusion and impurity
diffusion, i.e. diffusion at infinite dilution. However, a problem is that the

i
BΦ parameters sometimes represent data in hypothetical states e.g. the mobility

of Ni in pure BCC-Ni. Since pure BCC-Ni does not exist as a stable phase there
is no experimental data for self-diffusivity of Ni in BCC-Ni. This is also a
problem in thermodynamic assessment work when equation 17 is used for
representing the thermodynamic properties of a solution phase. As an example, it
is necessary to assess the thermodynamic properties of BCC-Al in order to use
equation 17 for the BCC-phase of e.g. the Fe-Al system. The choice of these
hypothetical properties is far from trivial and has caused many controversies. An
additional complication is that, if one wants to combine a number of
thermodynamic assessments for binary and ternary systems, in order to perform a
calculation for a multicomponent system, all binary and ternary assessments must
be based on the same descriptions of the hypothetical states. In the case of
thermodynamic properties the hypothetical properties are most often determined
from extrapolations, preferably in systems with large solubility ranges. For BCC-
Al one could thus determine the properties of pure BCC-Al in systems where a
BCC-phase exists up to high Al-contents.

How should we then choose the mobilities for hypothetical states? This question
is not easily answered. In his assessment of the mobilities in the BCC-phase of
the Fe-Cr-Ni system, Jönsson(31) suggested that one should use the same
mobilities for Fe,Cr and Ni in the hypothetical BCC-Ni as in paramagnetic BCC-
Fe. An advantage with this suggestion is that it should give physically reasonable
values for the mobilities in the hypothetical state and it is probably convenient
for constructing specialized databases e.g. for Fe-base alloys (steels). Choosing
the properties in the hypothetical states to be the same as in Fe is convenient
since it gives a concentration independent mobility for systems where no extra
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information is added. This could be systems where there are no data available or
the phase of interest only exists in a narrow concentration range.

However, if a general multicomponent database was to be constructed this
suggestion could be questioned. For example, if the above assumptions are used
and one wanted to do a calculation or assessment of the Cr-Ni-W system it could
be questioned what the diffusion of Cr and Ni in paramagnetic BCC-Fe has to do
with the diffusion of these elements in alloys which contain no Fe at all. An
alternative way could be to determine some of the hypothetical mobilities from
extrapolations in systems with large solubility ranges but more research on how
the hypothetical mobilities should be chosen in general would certainly be
valuable.

When mobilities are assessed the mobility parameters are fitted to experimental
data on diffusion coefficients. Experimental data on chemical diffusivities are
often included in these assessments since the mobilities can be determined from
equation 15 if the thermodynamic properties of the phase is known. In the
present work this has been done by using thermodynamic data assessed by the
CALPHAD technique. It should then be observed that the mobilities that are
determined, to some extent depend on the thermodynamic data that have been
used. If the mobilities are used with thermodynamic data from different
assessments the calculated chemical diffusivities will in general be different.
However, if there are enough experimental thermodynamic data the
thermodynamic properties are well determined and different thermodynamic
assessment should give results that are fairly similar.

2.5 Diffusion in the ordered B2-BCC phase

In order to produce general databases for diffusivities, like the ones for
thermodynamic properties, it is necessary to have models from which the
diffusivities can be calculated. It would be very attractive if such models would
enable extrapolations in temperature and composition for a given alloy system as
well as extrapolations from binary and ternary systems into higher order systems.
It is probably more likely that this can be achieved  if the models have a physical
basis rather than some arbitrarily chosen mathematical expression. Part of the
present work has been the development of a model for including the effect of
chemical ordering on the diffusivities in the ordered B2-BCC phase. Alloys
containing this phase are frequently used in gradient material at high temperature
and such a diffusivity model should thus be of practical use.
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Figure 1: Crystal structure of the B2-BCC phase

The B2-BCC phase has an ordered structure and in a binary system one type of
atoms prefer the center sites of a unit cell and the other type of atoms the corner
positions, as shown above. Examples of alloy systems where this type of
ordering occurs are the Al-Fe, Fe-Si and Co-Fe systems. In an A-B binary system
the perfectly ordered B2-BCC phase has a composition of xA=0.5 and contains
only A-B pairs of atoms as nearest neighbors. Since diffusion in metals normally
occurs by jumps between nearest neighbor positions it can easily be understood
that the diffusion in the B2-BCC structure is affected by the chemical ordering
since such a jump would place an atom in the “wrong” position in a perfectly
ordered B2-BCC. The influence of chemical ordering on diffusion can also be
experimentally observed in alloys that have an order-disorder transformation as
is shown below.
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Figure 2: Tracer diffusion coefficients for Cu and Zn  in the B2-BCC phase of
the Cu-Zn system from the measurements of Kuper et al.(32).  The phase has a
disorder-order transformation  which is the cause of the breakpoints in the
curves. The figure is taken from the review by Nakajima et al. (33).

Above the critical temperature the alloy is disordered and the probability of
finding an A atom in the center position of the unit cell in figure 1 is the same as
for finding it in the corner positions. Below the critical temperature the phase is
partially ordered and, as can be seen in figure 2, this causes an increase in the
activation energy for diffusion and subsequently the diffusion coefficient
decreases due to the chemical ordering. Atomistic mechanisms for diffusion with
jump-cycles that cause a displacement of the atoms without disturbing the
chemical order after a completed cycle, such as the six-jump vacancy cycle, have
been suggested, see e.g. reference 11. However, models suitable for including in
a CALPHAD type assessments of diffusivities have not been available and part
of this work has been devoted to this, (report IV and V). In this work the
approximation S=1 in equation 7 was also used. The limits in equation 8 are
calculated for disordered phases and for ordered phase such limits have not been
derived (Mehrer(11)). However, Shimozaki et al. (34) found S values close to unity
for the B2-BCC phase of the Au-Zn system which supports the approximation
made here.
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3. Applying CALPHAD techniques to diffusion reactions

3.1 Background

An ability to do computer simulations of how the microstructure in an alloy
changes during heat treatments would certainly be very useful. The ultimate goal
for such simulations would then be prediction of material properties. Such
simulations should e.g. accelerate alloy development and reduce the experimental
work needed. Since many phase transformations in the microstructure are
diffusion controlled, the ability to simulate diffusion reactions in multicomponent
alloys is one important part when predicting the microstructure. One way of
simulating diffusion reactions in multicomponent alloys is by the use of
CALPHAD techniques as in the present work. A big advantage is that the
thermodynamic properties of multicomponent alloys in many cases are readily
available from databases assessed by CALPHAD techniques. Below a schematic
overview of how the CALPHAD techniques at present are applied to make
microstructural predictions is given.
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Figure 3: Schematic diagram showing how CALPHAD techniques are applied to
make microstructural predictions. The shaded parts are areas where no, or only
preliminary work, has been performed at present.

The basis for all simulations are the databases for thermodynamics and kinetics
that are produced by assessments, i.e. model parameters are fitted to a selected
set of experimental data by an optimization. An important, but often overlooked,
scientific contribution from such assessment work is that it can indicate where
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there is a lack of experimental information or if it is inconsistent. Some
information about the microstructure can be obtained by using a thermodynamic
software such as THERMO-CALC, both by equilibrium calculations or by
coupling equilibrium calculation with some process model such as the Scheil
model, see e.g. reference 18. The rate of diffusion reactions can be simulated if
the thermodynamic data are combined with kinetic data from which the
diffusivity matrix can be calculated. The thermodynamic databases then provide
the thermodynamic factors in the diffusivity matrix and phase equilibrium
calculations are an important part of many types of diffusion simulations in the
DICTRA software, e.g. for providing boundary conditions when the diffusion
equation is solved. Such simulations can thus, to some extent, provide
predictions of how the microstructure evolves and some examples of common
simulations by application of CALPHAD techniques are given in figure 3.
Simulations of growth and dissolution of individual precipitates, so-called
moving phase boundary simulations is one common type of simulation where
precipitate size as a function of time is simulated. The simulation of phase
formation or dissolution as a result of long-range interdiffusion, so called
dispersed system simulation, is another frequent type of simulation which is
mainly used to predict phase formation and concentration profiles.

It is within the framework of figure 3 that the present work belongs. The
experimental work on ordering in the Al-Cr system is suitable to include as
experimental data when producing thermodynamic databases. The model, that
has been developed for including the effect of chemical ordering on the
mobilities in B2-BCC ordered phases, is suitable for implementation in the
kinetic databases. In the work on steel joints,  microstructural predictions in
joints between commercial alloys were made and verified experimentally.

When the simulation techniques in the DICTRA software was developed,
emphasis was placed on using accurate thermodynamic and kinetic data for
multicomponent alloys. Computational limitations has thus made it necessary to
make the simulations reasonably simple in other areas. One such limitation is that
the simulations are one-dimensional and thus only simple geometries are treated.
Many interesting issues containing geometrical aspects are thus hard to treat at
present. Examples of such issues are simulations of precipitate shape including
the effect of coherency strains. Other simulation techniques, such as the well-
known phase-field method, have placed more emphasis on including geometrical
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effects with nice results, see e.g. Chen and Wang(35).  However, these simulations
generally only treat unary or binary systems.

3.2 Diffusion simulations

A large part of the work in the present thesis consists of diffusion simulations
using the DICTRA software. A brief overview of the different types of
simulations will be given in this section. There are in principal three different
types of simulations, one-phase simulations, moving phase boundary simulations
and dispersed systems simulations. All simulations are one-dimensional and
three different types of geometries, planar, spherical and cylindrical can be used.

3.2.1. One-phase simulations

In the one-phase diffusion simulations the multicomponent diffusion equations
are solved by a numerical procedure developed by Ågren(14) and the evolution of
the concentration profiles in time is calculated. Some technical applications of
such simulations are homogenization and the interdiffusion between a coating
and a substrate if they are both one-phase materials containing the same phase.

3.2.2. Moving phase boundary simulations

In the moving phase boundary simulations, the movement of a phase boundary
due to diffusion is simulated. The necessary boundary conditions at the phase
boundary are calculated in THERMO-CALC assuming that local equilibrium
holds at the phase boundary. The diffusion equations in each phase are solved
and the displacement of the phase boundary due to the diffusion flux is
calculated. For a more extensive description of moving phase boundary
simulations see references (3,36-37).  These simulations have mostly been used
to simulate the precipitation and dissolution of phases as in the studies by Crusius
et al.(37)and Liu et al.(38) It is then assumed that the precipitates can be represented
by some simplified geometry such as a sphere or a plate and some initial
knowledge of the microstructure is needed in order to make realistic simulations.

3.2.3 Dispersed system simulations

In dispersed system simulations, long-range diffusion through multiphase
structures is simulated, long-range meaning that the diffusion distances in the
multiphase structure are long compared to the distances between the precipitates.
A model for this was developed by Engström et al.(39) and it is based on the
assumptions that local equilibrium is established in each volume element at each
timestep in the calculation and that the diffusion occurs in a continuous matrix
phase. This resulted in a two-step algorithm for each timestep. First the diffusion
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equation is solved in the same way as for the one-phase simulations and then the
fractions of various phases are calculated by an equilibrium calculation in
THERMO-CALC. The model has been successfully used to simulate processes
such as carburization of Ni-Cr alloys(39), carbon diffusion in welds between
dissimilar steels(39) and gradient sintering of cemented carbide cutting tools(40).
There are, however, some drawbacks with the model. The microstructure of the
problem should be such that the assumption that the diffusion occurs in a
continuous matrix phase is reasonable. Thus one continuous phase should be
present in the diffusion zone. Another drawback is the assumption that local
equilibria is established in each volume element at each timestep, which neglects
the effect of a finite rate of the growth and dissolution of individual precipitates.
This might be important e.g. when considering non-isothermal conditions. Then
the fraction of precipitates in a volume element might change more rapidly in the
calculation than the rate of growth or dissolution of precipitates might allow for
in reality.

4.Applications to gradient materials

4.3 The present reports

In this section a short comment on the reports in this thesis will be given. Their
relevance to common problems within the field of gradient materials will be
discussed and the contributions to the reports from the present author is given.

4.3.1 Computer Simulation of Multicomponent Diffusion in Joints of
Dissimilar Steels

In this report DICTRA simulations of carbon diffusion across a joint of stainless
steel and a low alloy steel have been performed. This type of joint can be found
in composite tubes i.e. tubes which consists of a layer of stainless steel and a
layer of low alloy steel. The composite tubes are used in heat exchanger
applications in corrosive environments with steam on one side of the tube and
combustion gases on the other side. The stainless steel can withstand the
corrosive combustion gases better than the low alloy steel but is susceptible to
stress corrosion cracking in the steam. Thus a gradient material produced by
joining these steels performs better than any of the steels alone.

In the report simulations of carbon diffusion at various temperatures have been
performed and the variation of the carbon flux with temperature was evaluated.
Both carbon content and the fraction of various carbides were plotted as a
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function of the distance from the weld. This information is useful e.g. when
choosing heat treatment temperatures for this joint.

An experiment was also performed in order to verify the simulated results and a
reasonable agreement between experiments and calculations was found.

The simulations and the experimental work was performed by the present author
who also wrote the report. The work was supervised by Ågren.

4.3.2 An Experimental and Theoretical Investigation of Diffusion across a
Joint of Two Multicomponent Steels

This report deals with joints between the same low alloy steel as in 4.3.1 and a
different stainless steel. The joints can also be found in composite tubes.
Diffusion simulations were performed for two different temperatures and
diffusion couples were produced in order to verify the simulations. In the
diffusion couples concentration profiles were measured by electron probe
microanalysis and the joint was examined by transmission electron microscopy.
The carbides that precipitated at the joint were identified. The volume fraction of
carbides as a function of the distance from the joint was measured by image
analysis. A good agreement between the simulations and the experiments was
found.

In this report the diffusion simulations were performed by the present author who
also wrote the major part of the report, did the image analysis  and produced the
diffusion couples.

4.3.3 An Experimental Investigation of Possible B2-Ordering in the Al-Cr
System

This investigation was initiated when work on a thermodynamic assessment of
the Al-Cr-Fe system indicated that there should be a ordering reaction A2->B2 in
the BCC phase of the Al-Cr system. Since this had not previously been observed
it was interesting to investigate this prediction experimentally. The Al-Cr system
is part of several higher order system that are interesting for gradient material
applications. the B2-BCC phase is often used in protective coatings for turbine
blades and a system of interest for this application is the Al-Cr-Ni system. The
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experimental data in this report is thus useful for thermodynamic assessments of
e.g. the Al-Cr-Ni system.

In this report the work was initiated by the present author who performed the
thermodynamic assessment. Some preliminary experimental work was done by
the present author who also wrote the major part of the report.

4.3.4 A Phenomenological Treatment of Diffusion in Al-Fe and Al-Ni Alloys
having B2-BCC Ordered Structure

The B2-BCC phase is, as mentioned above, used in gradient materials such as
protective coatings for turbine blades operating at high temperatures. In these
applications diffusion is often an important factor to consider. The chemical
ordering in the B2-BCC phase has a significant influence on the diffusion
coefficients and in order to do diffusion simulations which include the B2-BCC
phase it was necessary to develop a model for the effect of chemical ordering on
the diffusion coefficients. In order to be useful in practical diffusion simulations
the model had to be reasonably simple and capable of handling multicomponent
systems. In this work a model was developed and applied to two binary systems
of interest, Al-Ni and Al-Fe.

In this work the present author took part in the model development together with
Ågren, applied the model to experimental data and wrote the report.

4.3.5 Diffusion in the B2-BCC Phase of the Al-Fe-Ni System

-Application of a Phenomenological Model

This work is an extension of the previous report. The same model was applied to
the  ternary Al-Fe-Ni system in order to examine if it could represent the
experimental data in the ternary system. It was found that the model could
represent the experimental data on chemical diffusivities well and there is a
satisfactory agreement between experimental and simulated concentration
profiles.

In this work the present author applied the model to the ternary system and wrote
the report under the supervision of Ågren.
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4.3.6 Structural Changes in 12-2.25% Cr Weldments

-An Experimental and Theoretical Approach

This work deals with a type of welds which are common in power plants. After
the welding, the welds are heat treated for annealing and stress relieving
purposes. During this anneal, considerable carbon diffusion occurs which leads
to precipitation of carbides in the 12%Cr-steel. The effect of this carbon diffusion
on the properties of the weld is not well known but there are indications that it
might be detrimental for the properties of the weld. In the work the results of
experimental investigations on this weld are compared with the results of
computer simulations. It is found that the results of these simulations agree with
the experimental findings.

The present author performed the computer simulations and wrote part of the
report.

5. Some words about the future
The CALPHAD technique to calculate phase equilibria in multicomponent
systems is by now well established and can be used to make accurate predictions
for real alloys in practical use. The thermodynamic data are not only useful for
calculating phase diagrams, but they can also be linked to some process model
for simulation purposes. The use of such process simulations is likely to increase
in the future. One type of such process simulations is to couple the
thermodynamic data to kinetic data in order to simulate diffusion and diffusion
controlled phase transformations as in the present thesis. Within this field there
are areas where future work would be valuable.

• The techniques used for assessing kinetic data and simulating diffusion are
new compared to the ones used in thermodynamic assessments and more
work on the methods and models used in assessments of diffusivities in order
to increase the accuracy of the kinetic data should be valuable.

• There are only assessed diffusion data for a limited number of alloy systems
and more such data would be very useful.

• Development of models for treating more diffusion reactions that are
important for materials properties. An example is Ostwald ripening where
exciting work is being performed at present, see eg. Gustafsson et al.(41)
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• For high temperature applications another area of interest is oxidation. The
development of models for treating diffusion in oxides would be of both
practical use and scientific interest.

6. Conclusion
In the present thesis it is shown how CALPHAD techniques can be successfully
applied to gradient materials yielding information of both practical use and
scientific interest.

It is shown how diffusion simulations, using the DICTRA software, can be used
to make important predictions of  diffusion reactions in gradient materials such
as the steel joints considered in part of this thesis. By comparison with
experiments it is shown that concentration profiles and phase formation due to
diffusion can be predicted by the simulations even for multicomponent alloys
without the use of any adjustable parameters.

A phenomenological model for including the effect of chemical ordering on the
diffusivities in the B2-BCC phase has been developed.  The model is suitable for
implementation in the DICTRA software and has been applied to the Al-Fe, Al-
Ni and Al-Fe-Ni systems. It was found that the experimentally measured
diffusivities can be represented quite well by the model.

An experimental study of a, previously unreported, A2→B2-BCC ordering
reaction the Al-Cr system has also been performed. The experimental
information is also useful for establishing accurate phase boundaries in higher
order system such as e.g. the Al-Cr-Ni system. The experimental data is suitable
input in a CALPHAD assessment of thermodynamics.



25

Acknowledgement

During the five years that I have spent as a graduate student there are a number
of people that have helped and encouraged me. I would like to take this
opportunity to thank some of them.

Professor John Ågren, my adviser, for the support, guidance, discussions and his
never ending positive attitude. He has always found the time to help me and I
have learnt a lot from him.

Dr. Lars Höglund who is managing the computers and network at the department
and providing us with flexible and reliable computers. Most of what I know
about computers today, I have learnt from him. He has always let me interrupt
him with questions and most of the times provided excellent answers. I admire
his calm and patience.

Dr. Anders Engström who provided much help during the first years of this work
and whom I have had many interesting discussions with on topics from science to
sports.

Dr. Annika Borgenstam who has been a source of  inspiration during the last
years of this work. I have received many valuable comments on my manuscripts
from her.

My fellow students at the department for providing such a helpful and friendly
atmosphere to work in.

Mr. Anders Wilson and Dr. Jan-Olof Nilsson who have helped me a lot during
the time I have spent at Sandvik Steel in Sandviken.

My parents Stig and Benny Helander and my sister Anki Helander for their love
and support.

Finally, my fiancée Malin Broden for the love, emotional support and making
science and work seem less important.



26

References
1. Christian J. W.: The theory of Transformations in Metals and Alloys,

Pergamon Press , Oxford, 1965
2. Neubrand A. and Rödel J.: Z. Metallkd., vol. 88, 1997, pp. 358-371
3. Andersson J.O., Höglund L., Jönsson B. and Ågren J.: Fundamentals and

Applications of Ternary Diffusion, ed. G.R. Purdy, Pergamon Press, New
York, NY, 1990, pp. 153

4. Fick A.: Annalen der Physik und Chemie, vol. 94, 1855, pp. 59-86
5. Roberts-Austen W.C.: Phil. Trans. Roy. Soc. (London), vol. 187 A, 1896, pp.

404
6. Landolt-Börnstein, Vol. 26, Diffusion in Solid Metals and Alloys, ed. H.

Mehrer, Springer-Verlag, Berlin, Germany
7. Crank J.: The Mathematics of Diffusion, Oxford University Press, Oxford,

UK, 1956
8. Kirkaldy J.S. and Young D.J.: Diffusion in the Condensed State, The Institute

of Metals, London, UK, 1987
9. Darken, L.S.: Trans. Metall. Soc. AIME, vol. 175, 1948 pp. 184
10. Darken, L.S.: Trans. Metall. Soc. AIME, vol. 180, 1949 pp. 430
11. Mehrer H.: Materials Trans. JIM., vol 37, 1996, pp. 1259-1280
12. Onsager L.: Phys. Rev., vol. 37, 1931, pp.405-426
13. Onsager L.: Phys. Rev., vol. 38, 1931, pp.2265-2279
14. Ågren J.: J. Phys. Chem. Solids, vol. 43, 1982, pp. 385-391
15. Hertz J.: J. Phase Equilibria, vol. 13, 1992, pp.450-458
16. Kaufman L. and Bernstein H.: Computer Calculation of Phase Diagrams,

Academic Press, New-York, NY, 1970
17. Hillert M.: ASM Seminar on Phase Transformations 1968, ASM, Metals

Park, OH, 1970
18. Saunders N. and Miodownik A.P.:CALPHAD (Calculation of Phase

Diagrams): A Comprehensive Guide, (Pergamon materials series: v.1),
Elsevier Science Ltd., Oxford, UK

19. Fernández Guillermet A.: High Temperature Science, 22, 1986, pp.161 –177
20. Fernández Guillermet A.: CALPHAD, 13, 1989, pp. 1-22
21. Fernández Guillermet A: Z. Metallkd.,vol. 79, 1988, pp. 633-642
22. Sundman B., Jansson B. and Andersson J.O.: CALPHAD, vol. 9 1985, pp.

153



27

23. Davies R.H., Dinsdale A.T., Hodson S.M., Gisby J.A., Pugh N.J., Barry T.I.
and Chart T.G.: User Aspects of Phase Diagrams, ed. Hayes F.H., Inst of
Metals, London, UK, pp. 140

24. Eriksson G. and Hack K.: Metall. Trans. B, vol. 21 B, 1990, pp.1013
25. SGTE(Scientific Group Thermodata Europé) solution database of Jan. 1994,

Ed. B. Sundman Division of Computational Thermodynamics, Royal Institute
of Technology, S-100 44 Stockholm, Sweden, e-mail: bosse@met.kth.se

26. MOB solution database of Jan. 1995. Editor T. Helander, Division of Physical
Metallurgy, Royal Institute of Technology, S-100 44 Stockholm, Sweden, E-
mail: thomas@met.kth.se

27. MOB2 solution database , 1998, Thermo-Calc AB, Stockholm, Sweden
28. Andersson J.O. and Ågren J.: J. Appl. Phys., vol 72, 1992, pp.1350-1355
29. Jönsson B.:Z. Metallkd., vol 85, 1994, pp. 502-509
30. Kucera J., Million B.: Metall. Trans. A, vol.1, 1970, pp. 2603-2606
31. Jönsson B.:ISIJ Int., vol. 35, 1995, pp.1415-1421
32. Kuper A.B., Lazarus D., Manning J. R. and Tomizuka C. T.: Phys. Rev., vol.

104, 1956, pp. 1536-1541
33. Nakajima H., Sprengel W. and Nonaka K.: Intermetallics, vol.4, 1996, pp.17-

28
34. Shimozaki T., Goda Y., Wakamatsu Y. and Onishi M.: Defect and Diffusion

Forum, vol. 95-98, 1993, pp. 629
35. Chen L-Q. and Yunzhui Wang: JOM-JOURNAL OF THE MINERALS

METALS & MATERIALS SOCIETY vol. 48, nr 12, dec. 1996, pp. 13-18
36. Crusius S., Inden G., Knoop U, Höglund L. and Ågren J.: Z. Metallkd., vol.

83, 1992, pp. 673-678
37. Crusius S., Inden G., Knoop U, Höglund L. and Ågren J.: Z. Metallkd., vol.

83, 1992, pp. 729-738
38. Liu, Z-K, Höglund L., Jönsson B. and Ågren J.: Metall. Trans. A, vol. 22A,

1991, pp. 1745-1752
39. Engström A., Höglund L. and Ågren  J.: Metall. Trans. A, vol. 25A, 1994,

pp.1127
40. Engström, A. and Ågren J.: Defect and Diffusion Forum, vol. 143-147, 1997,

pp. 677-682
41. Gustafsson Å, Höglund L. and Ågren J: To be published in the proceedings of

“Advanced Heat Resistant Steels for Power Generation”, 1998, San
Sebastian, Spain



28

Reports (Paper I-VI)



1

Paper I
Thomas Helander and John Ågren
Computer Simulation of Multicomponent
Diffusion in Joints of Dissimilar Steels
Metallurgical and Materials Transactions A
vol.28A,1997,pp.303-308



Paper II
Thomas Helander, John Ågren and
Jan-Olof Nilsson
An Experimental and Theoretical Investigation
of Diffusion across a Joint of Two
Multicomponent Steels
ISIJ International, vol. 37, 1997, pp. 1139-1145



Paper III
Thomas Helander and Oleg Tolochko
An Experimental Investigation of Possible B2-
Ordering in the Al-Cr System
Journal of Phase Equilibria, vol.20, 1999,
pp. 57-60



Paper IV
Thomas Helander and John Ågren
A Phenomenological Treatment of Diffusion in
Al-Fe and Al-Ni Alloys having B2-BCC
Ordered Structure
Acta Materialia, vol. 47, 1999, pp. 1141-1152



Paper V
Thomas Helander and John Ågren
Diffusion in the B2-BCC Phase of the Al-Fe-Ni
System
-Application of a Phenomenological Model
Submitted for publication in Acta Materialia



Paper VI
Thomas Helander, Henrik C. M. Andersson
and Magnus Oskarsson
Structural Changes in 12-2.25% Cr Weldments
-An Experimental and Theoretical Approach
Submitted for publication in Materials at High
Temperatures


	Cover
	Abstract
	Contents
	1
	2
	3
	4
	5
	6
	References

