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The gods frowned upon wastrels.[. . . ]
Those gods might not punish at once,

but sooner or later the penance would have to be paid...
and the longer the wait, the greater the weight.

‘The waste lands’
Stephen King, 1991
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Abstract

In the present nuclear power plants the thermal ageing of steels represents
an important safety issue, especially for the reactors towards the end of their
life. Particular attention must be paid to welding steels, used in junctions
and elbows of the primary loops, because of their higher chromium content
and ferrite percentage. In supersaturated binary Fe-Cr solid solutions, after
long times at high temperatures, a segregation of two different phases occurs,
an Fe-rich α phase and a Cr-rich α′ one. The presence of additional elements
inside the alloy may involve further precipitation or the formation of different
structures. A typical example is the carbide formation due to the presence
of carbon as foreign interstitial atoms. These microscopic phenomena affect
the properties of the steel causing hardening and subsequent embrittlement.

An atomistic analysis on thermal ageing of welding steels has been here
performed, with the aid of LAKIMOCA kinetic Monte Carlo simulation code.
The phase separation in a binary alloy during the life of the reactor has firstly
been observed and then compared with the same phenomenon at higher tem-
peratures. The aim is to reproduce the evolution of the microstructure at
the operational temperature while accelerating the ageing process through
an increase of the equilibrium temperature. A second part of the work is
instead focused on the modeling of carbon in LAKIMOCA. A better un-
derstanding of the limitations and the potential of the code for the ternary
system FeCrC is attempted. The major issues concern the conversion from
the simulated time to the physical time and the possibility to perform ther-
mal ageing simulations in acceptable simulation times. Finally, a simulation
of an isochronal annealing experiment for an electron-irradiated steel has
been performed, focusing on the effect of carbon.

The results for the binary system show that is possible to attain a refer-
ence state of ageing in a shorter time and with good agreement of the phase
distribution in the lattice. An estimation of the hardening effect during the
operational time could also be made. Concerning the FeCrC system, an ad-
equate time conversion method is here presented. It was also observed that
in the model the carbon does not cluster, in disagreement with experiments,
because of the repulsive self-interaction. The thermal ageing simulation time
is affected by a sensible variance due to the vacancy trapping occurrence and
is therefore hard to predict the increase in computational time. Some sug-
gestions to perform thermal ageing simulations are also presented, even if
further analysis are required in order to achieve a better effectiveness.
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Part I

Introduction

In the present nuclear power plants (NPPs) the safety issue has recalled
widespread attention over all the parts of the population. The main concerns
about a hypothetical failure of any component of the reactor grew exponen-
tially after the last accident in Fukushima-Daiichi NPP on March 11th 2011,
where three core meltdowns occurred. It became more important than ever
to foresee and avoid any kind of accident also to restore among the public
opinion a feeling of safety and to strengthen the confidence in the nuclear
industry.

In Sweden nuclear power produced a share as big as 38.1 % of the total
domestic electricity generation in 2010 [2] and the ten operating reactors
are active since a period between 26 and 39 years. Following the universal
trend, the Swedish Radiation Safety Authority (Strålsäkerhetsmyndigheten
or SSM) decided to increase the safety and the surveillance over the Swedish
reactors. It is all the same true that also Sweden experienced some nuclear
incidents in its 40-years history, from Ågesta NPP flooding in 1959 to the
Forsmark power generators’ failure in 2006, even though none of them were
rated above the 2nd grade of the International Nuclear Event Scale (INES)
scale. Furthermore the current Swedish energy strategy, despite the phase-
out policy adopted in the 80’s as a consequence of a popular referendum,
does not plan any alternative to supply the electricity share that belongs
to nuclear power nowadays. On the contrary, since February 5th 2009 the
government strategy turned back to be supportive of nuclear power with
the resolution to replace the old power plants with new ones after their
decommissioning. Plus, Fukushima accident seemed to have had a smaller
effect on the Swedish public opinion, in confirmation of the relevance of the
culture.



Hence, before the construction of new, safer power plants, the date of
which has not yet been defined, Sweden is forced to carry on with the present
reactors. A likely and reasonable prediction sees the reactor life increase
over the 40 years for which they have originally been designed. This delay
is compelled by the time needed for planning the new plants construction
together with the impossibility of reducing the energy production of a big
share, as far as the reactors are safe.

Finally, this work was started as a result of this situation, with the final
aim to foresee a possible lowering of the performances in the welding steels of
the reactor, which could occur for thermal ageing after many years of opera-
tion at high temperature. The project was commissioned by both SSM and
Vattenfall, the former already introduced and the latter a Swedish utility for
electricity production that runs seven reactors in Sweden and operates also
in Germany and the Netherlands [29]. Further information on the Master
Thesis project follow in the next chapters.

1 Importance of studying welding steels

The pipes and the elbows of the primary loops in the present reactors are
built mainly with cast austenitic steels with a low percentage of ferrite. The
ferrite is a phase of the iron in a body-centered cubic (bcc) crystal structure,
less densely packed than the austenite, the phase which has a face-centered
cubic (fcc) structure. The atomic density of the fcc structure is twice the bcc
one and thermal ageing has no sensible effects on it. The coupling of different
components is usually performed with welding techniques using an external
material slightly dissimilar from the steel of the pipes. In fact, because
of the occurrence of microfissures at the weld centerline in fully austenitic
stainless steels deposits, the ferrite component has to be larger than in the
rest of the reactor. Hot cracking in austenitic stainless steel welds has been
extensively discussed in the literature and the presence of a small fraction of
the ferrite phase prevents both cracking and fissuring in the weld centerline
[14]. The ferrite phase in welds contains a high percentage of chromium,
for the reason that this element, together with silicon and molybdenum,
promotes the formation of the phase. Overbalancing its concentration can
prevent to have fully austenitic deposits in the welds.

As it will be shown in section 7, the solute element in the ferrite (mainly
the Cr) tends to precipitate and segregate after long periods at high temper-
atures, accordingly to its own concentration. At the same time, other atoms
present in smaller percentages can form precipitates, as carbon form carbides
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1 IMPORTANCE OF STUDYING WELDING STEELS

for example. This phenomenon is macroscopically translated in hardening
of the steel and in a consequent embrittlement which raises the likelihood of
failure.

Figure 1: Loop of a swedish PWR.

The figure 1 illustrates all the points in which the components are welded
in the primary loop of the Ringhals 2 pressurized water reactor (PWR). The
primary loop suffer a continuous stress for the high operational pressure and
a thermal ageing due to temperatures around 300 ◦C (precisely 275 - 315 ◦C
in a PWR and 280 - 323 ◦C in a boiling water reactor (BWR)). Besides, no
neutron irradiation affects those zones. There are typically about one hun-
dred welds in a reactor, located in as many delicate points. The failure of one
of those would directly lead to a loss of coolant accident (LOCA), consid-
ered a severe accident in nuclear industry. It becomes clear the importance
of analyzing this process and to understand in time how long the material
can be considered "safe". An experiment reproducing the same exact condi-
tions is therefore to exclude, because the time requested would be too long
to obtain the results. A common solution to reduce the time of the experi-
ment is to perform an acceleration by increasing the temperature of several
degrees. Unfortunately, this method can distort the ageing process in an
unknown fashion and give therefore erroneous results if executed in absence
of a former investigation. This investigation can be done by simulations of
simplified systems which can approximate the principal behavior of the real
system. With the aid of a simulation code that has been tested and com-
pared with experiments it is possible to analyze different time-temperature
combinations and assess in a very short time the validity of the acceleration
process.

3



2 Present study introduction

The case studied in the present master thesis work concerns welding
steels applied to the conditions of a BWR’s hot leg. It is then assumed a
constant operational temperature Top = 323 ◦C = 596K used as a reference
value. The period of operation simulated starts from the beginning of cycle
and ends up to around 60 years, corresponding to the possible extended
operational life of a modern NPP. The data provided about the steel are
summarized in the table 1 in which an average value between five different
samples is reported.

Fe C Mn Si P S Cr Ni Mo
wt. % 65.5 0.044 0.89 1.05 0.022 0.014 19.45 10.85 2.15
at. % 65.6 0.205 0.90 2.10 0.040 0.022 20.91 10.34 1.25

Table 1: Chemical composition of a welding steel.

The studied system is a drastic simplification of this ten-element steel.
In the first part of this study, a binary system which includes iron as a
matrix and chromium as a solute is considered, while in the second part the
carbon is added to the system. These approximations have been adopted
in many past works synthetically summarized in part II of this thesis. The
first purpose of the study is to find a proper way to accelerate a thermal
ageing experiment in order to obtain a corresponding configuration of the
atomic distribution in the lattice as if run in operating conditions. To achieve
this aim a thermal ageing simulation of the simplified binary system under
reference conditions has been performed and its evolution taken as starting
point. All simulations were run on LAKIMOCA kinetic Monte Carlo code,
introduced in section 5. Other different tools (listed in section 6) have been
utilized in parallel to describe quantitatively each configuration. Similarities
and disparities of their evolution at different temperatures are then reported
and analyzed, trying to attribute a physical meaning to each feature. The
aim of reproducing the reference configuration is then attempted indicating
the adequate temperature and time of the experiment. Through the aid of
some past experiments completed with similar conditions it could become
reasonable to associate a certain atomic configuration to its macroscopic
characteristics. Although the foresight is referred to a binary system, the
precipitation of chromium plays a central role in the hardening of the steel,
so that a prevision of failure with this approximation can definitely state the
unreliability of the material.

4



2 PRESENT STUDY INTRODUCTION

A second, more ambitious, purpose concerns the insertion of carbon in-
side the lattice as interstitial impurities. The carbon plays an important
role through the formation of both iron and chromium carbides and for its
ability to trap the vacancies. The ternary system Fe-Cr-C have character-
istics which still must be understood completely because of those combined
interactions and the carbide formation. Further explanations are reported
in section 4.3. Although LAKIMOCA is able to deal with carbon inserted
in a complementary lattice designed for interstitials, unfortunately it fails to
give the important information about time. The carbon diffusion behavior
is then studied in absence of vacancies, while later some speculations on the
thermal ageing process of the ternary system are built. A last part stud-
ies the isochronal annealing of electron-irradiated Fe-C alloys focusing on
carbon role.

Eventually this work could be the start for a PhD work to ameliorate C
modeling by means of LAKIMOCA code and finally give a better approxi-
mation between precipitation simulations and embrittlement of the steels.
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Part II

Current understanding on the

mechanism of thermal ageing

This part of the thesis aims to provide to the reader a background on
the mechanism of thermal ageing in steels, followed by an overview on the
previous studies. A lot of works have been performed on the simple binary
alloy Fe-Cr and the models about basic properties reported in section 7 have
been largely accepted. In particular, the Lifshitz-Slyozov-Wagner theory and
the Cahn-Hilliard equation to describe the kinetics of the α′ precipitation in
solid solutions are still undisputed since more than 50 years (see sections
3.3 and 3.2). Orowan’s mechanism will be also presented in section 3.4.1 in
order to introduce the hardening effect of precipitates.

Some international projects involving several research organization and
financed by the European Commission, e.g. FP6 PERFECT and FP7 PER-
FORM60 projects, have been started and conducted during these last years.
The guideline of the projects follows a multi-scale approach relying on differ-
ent methods to guarantee a task division between the co-workers. The meth-
ods usually adopted are ab initio calculations, classical molecular dynamics
(MD), kinetic Monte Carlo (KMC), mean field rate theory (MFRT), and dis-
location dynamics (DD). One can find a description of the used methods in
[6], while a summary of the achievements within the PERFECT project (con-
cluded in 2010) is available in [45]. Many features of the phenomenon have
still to be understood though because of the unknown influence of elements
found in smaller percentages in the iron matrix, like carbon, manganese,
nickel and silicon. These elements can in fact harshly increase the hardening
of the steel through the formation of other kind of precipitates, e.g. differ-
ent types of iron and chromium carbides (mono-carbides, cementite, Hägg,



M23C6, etc.). The studies on carbon will be specifically discussed in section
4.3.

3 Kinetics of precipitation in two-element solutions

In this section, the main theories about the kinetics of precipitation in
a binary system are illustrated. The phase diagram will first be introduced,
followed by a short explanation of the mechanisms that lead to precipitation
of a Cr-rich phase and the classic laws that rule this phenomenon, of which
only the spinodal decomposition will be explained in more details. The
exposition will then be directed to the late stage of the segregation of two
different phases and the LSW theory will be introduced. At last, the effects
of precipitation on material properties will be explicated, with a focus on
the Orowan mechanism.

3.1 The phase diagram for the Fe-Cr solid solution

A first important aspect to study about a solid solution is the definition of
the equilibrium state between the two phases. The precipitation and separa-
tion of the two phases occurs in fact when the solid solution is supersaturated.
The condition of supersaturation corresponds to a solute concentration value
that depends on the temperature and is usually reported on phase diagrams,
where the diagram area is divided in different regions according to which
solution phases are present.

In the interval of temperatures below 773K only three zones can be
indicated on the diagram: a phase called α, in which a small amount of
chromium is solved in iron, the opposite phase in which iron is dissolved in
chromium, called α′, and a central region, so-called miscibility gap, where
the phases α and α′ are in thermal equilibrium with each other. The classic
phase diagram was built using the THERMO-CALC program in past works
and reported in figure 2. The approach involves the use of a database as
the one reported by A.T. Dinsdale [16] on pure elements transition energy
and on Gibbs energies relative to their reference phase at room temperature
(25 ◦C). The diagram proposed by Andersson and Sundman [3], was for a
range of temperatures between 700 and 2200K, while Chuang [12] extended
the interval down to 500K.

These diagrams have been recently criticized for low temperatures. It is
argued by G. Bonny et al. [7], that for temperatures below 700K the data
were extrapolated rather than based on experimental values. A correction of

8



3 KINETICS OF PRECIPITATION IN TWO-ELEMENT SOLUTIONS
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Figure 2: The Fe-Cr phase diagram from CALPHAD calculations.

the diagram on the α-miscibility gap border was then proposed for temper-
atures between 300 and 800K, as reported in figure 3, still from Bonny. The
solid line represents the proposed correction to the dashed line, extracted
from the classical CALPHAD reports. The letters symbolize experimental
observations, where the green color stands for absence of Cr precipitation,
black for observed α′ separation while the red points are the suggested values
of the miscibility gap boundary, by the same authors of the experiments (see
[7] for more details).

3.2 Early precipitation stages: the spinodal decomposition

The movement of the atoms inside the lattice is allowed by the presence of
structural point defects called vacancies. The term vacancy is the proper ex-
pression for missing atoms, whose concentration increases with temperature.
When the energetic configuration allows it, one of the atoms surrounding the
vacancy may migrate at the center of it, leaving a new vacancy behind. The
perceived phenomenon is a vacancy diffusion around the lattice, which is also
strongly related to the temperature, as it will be explained by equation 13.
The phenomenon is faster at high temperatures, while at room temperature
a vacancy jump can be considered a rare event; e.g. from 100 jumps/h around
the temperature of 100 ◦C to above 106 jumps/s at 900 ◦C. The vacancy diffu-
sion determines the redistribution of the species inside the lattice.

Just after the production, an Fe-Cr solid solution is supposed to have a
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3.2 Early precipitation stages: the spinodal decomposition
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Figure 3: The phase diagram proposed by Bonny [7].

homogeneous initial Cr concentration C0. The local concentration C can be
slightly different from this average value. These fluctuations of the concen-
tration start the decomposition process, which can occur either for spinodal
decomposition or nucleation-growth, according to the value of C0. The ana-
lytical way to describe this occurrence is to study the Gibbs free energy curve
evolution as a function of the Cr concentration (fig. 4). The decomposition
of the two phases occurs only if the Cr concentration is between the values
C1 and C2 which correspond to the intersection between the curve and its
common tangent. This concentration range is the same of the miscibility
gap of the phase diagram at a fixed temperature. To understand which kind
of decomposition the solution undergoes, one has to observe the sign of the
second partial derivative ∂2G

∂C2 , or concavity. If the system has a concentra-
tion corresponding to the instability zone, in which every fluctuation of C0

brings a decrease in the Gibbs free energy, the process is likely to be spin-
odal decomposition. Nucleation-growth occurs instead for low oversaturated
systems, i.e. in the metastable zone. The limit between the two processes
corresponds to the two inflection points (∂

2G
∂C2 = 0), also called spinodes. In

reality there is no sharp limit between spinodal decomposition and nucleation
process and the spinodes are only mathematical limits.

The spinodal decomposition is the more interesting phenomenon for
the concentration values in this thesis. The process consists in a continuous
mixing of the two phases in the system, which leads to the formation and
growth of separate domains, due to the fact that every fluctuation in the
concentration allows to diminish G free energy. The models developed come
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Figure 4: Qualitative diagram for free enthalpy evolution in a binary system.

from the resolution of the diffusion equation by Cahn and Hilliard [10], who
took into account three components of Gibbs’ free energy: the chemical
component ∆GC, the variation at the interfaces ∆Gγ and the variation due
to the lattice coherent deformation ∆Gs due to the concentration gradients
between the phases. Their expressions are the following:

∆GC =
1

2

d2G

dC2
(∆C)2, ∆Gγ = K

(

∆C

λ

)2

, ∆Gs = η2 (∆C)2E′Vm

where ∆C is the maximum concentration difference, λ is a wavelength corre-
sponding to the domain average dimension, K is a proportionality constant
related to the binding energies, η represents the deformation of the lattice
with the concentration as η = 1

a0
da0
dC (with a0 lattice parameter), E′ = E

1−ν is
Young’s modulus reduced by Poisson’s coefficient and finally Vm is the molar
volume. The resulting expression of Gibbs free energy is:

∆G =

(

d2G

dC2
+

2K

λ2
+ 2η2E′Vm

)

(∆C)2

2
(1)

One can finally identify a critical wavelength, that imposes the limit
above which a fluctuation can develop and contribute to spinodal decom-
position. This value corresponds to the zero of the equation 1. Larger

11



3.2 Early precipitation stages: the spinodal decomposition

wavelengths lead in fact to a decrease in Gibbs free energy.

λcr =

√

− 2K
d2G
dC2 + 2η2E′Vm

(2)

The classic theory on nucleation-growth of the Cr-rich phases relied
on two substantial approximations: the first about a fixed composition of
the precipitate and the other about a defined boundary with the solution.
The theory has been ameliorated by Cahn and Hilliard [10] who included
energy exchange through grain interfaces and the discrepancy with the equi-
librium concentration. The expression of Gibbs free energy variation was
then definite with the integral on the system volume:

∆G =

∫

V
dV
[

g(C)− g(C0) +K(∇C)2 + η2E′(C − C0)
2
]

(3)

where the function g, depending on the concentration C, is the Gibbs free
energy per unit volume, the term K(∇C)2 takes into account the energy of
the concentration gradient and the last term considers the different elastic
energy between the phase formed and the surrounding solution. The other
formalisms are the same used for the spinodal decomposition.
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3 KINETICS OF PRECIPITATION IN TWO-ELEMENT SOLUTIONS

3.3 Late separation stage: the LSW theory

In 1961, two different works from the researchers I.M. Lifshitz and V.V.
Slyozov [28] on one side and C. Wagner [47] on the other, proposed the
same theory about the kinetics of precipitation for supersaturated solid so-
lutions. The approach taken was completely mathematical, starting from the
assumptions to have an isotropic system and grains with a spherical shape.
The authors first confirmed that the formation of small precipitated domains
is due to the fluctuation of the solute concentration, generated directly from
the supersaturated solution. Their study was then focused on a later stage
of the domains growth, after the precipitates have reached an appreciable
size. This process, known under the name of coalescence, leads to a further
spinodal decomposition due to the evaporation-condensation of the domains.

The main points which constitutes the LSW theory are the following.

1. A critical radius Rc was indicated as a reference for the growth of the
grains. The ones with a radius R > Rc will increase their dimension,
while the small grains with Rc < R are going to disappear.

2. The critical dimension tends to grow asymptotically with the function
R(t) ∼ t

1

3 while the degree of supersaturation ∆ = C − C0 of the
matrix decrease as ∆(t) ∼ t−

1

3 .

3. The distribution function of grain dimensions may describe the growth
evolution in the first phase and at a certain time it reaches a function
independent from initial distribution.

4. The theory is unaffected by the assumptions made, whose effect can
be separately accounted by means of "effective" parameters.

The coalescence was described in function of time and connected to the
decrease of supersaturation of the matrix, as explained in point 2. The first
stage of the process instead, regarding the nucleation and growth of the
grains, lasts a time

t1 ∼
R̄1

D∆0
(4)

where R̄1is the mean grain size, D is the Fick’s Law diffusion coefficient and
∆0 is the initial supersaturation. During this time the development follows
a behavior given by the implicit equation

dR̄2

dt
= 2D∆0

[

1−
(

R̄

Rc1

)2
]

(5)
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3.3 Late separation stage: the LSW theory

with Rc1 critical radius of the grain at the time t1. A final expression of the
LSW law can be written by means of a parameter including diffusion coef-
ficient, inter-phase surface tension, temperature, atomic volume and initial
concentration of the solute, here called KLSW:

R(t) = 3

√

R3
0 +KLSWt (6)

The time exponent of LSW law R(t) ∼ t
1

3 evolves in the first time ac-
cording to:

nLSW
eff =

1

3

[

1−
(

R0

R(t)

)]

(7)

tending to 1/3 for longer t.
Other later studies (see [26]) mistook the analysis by considering a too

short time range, during which the coarsening stage was not yet established.
These different suggestions were already criticized in 1986 by the professor
D.A. Huse [24], who confirmed the growth behavior from LSW law even for
a critical quench independently from the volume fraction of the two phases.
Huse agreed on the expression of the effective exponent neff giving his own
expression as:

nH
eff =

1

3
− A

R(t)
+O(R−2) (8)

where A is a coefficient taking into account the diffusion along the interface
of the domain and the diffusion through the bulk as well. Huse showed also
a first agreement from Monte Carlo simulations, although the scarcity of
computational capacity prevented him to reach an acceptable uncertainty in
the numerically measured exponent.

A recent study [42] confirmed the LSW law for long ageing times from
Monte Carlo simulations, showing the asymptotic approach to t

1

3 of the char-
acteristic length which occurs around 50 h for a thermal ageing at 500 ◦C.
The study of the characteristic length R, which identifies the size of the do-
mains, have been performed with the aid of the 3-D autocorrelation function,
which will be used also in the present work. However, the ageing times con-
sidered here are restricted to the first stage of the domains growth because
of the lower operation temperature and consequently the spinodal decompo-
sition is not observed.
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3 KINETICS OF PRECIPITATION IN TWO-ELEMENT SOLUTIONS

3.4 Hardening and embrittlement

As already mentioned, the importance of studying the precipitation phe-
nomenon in solid solutions is related to its macroscopic consequences, the
hardening and embrittlement of the steel. The first of the two phenomena
is related to the resistance to plastic deformation of the steel and it can be
simply illustrated with a graph as in figure 5, where the stress-strain curves
of materials with different hardness are reported. For hard materials, to an
imposed stress it corresponds a smaller strain. Unfortunately an undesired
hardening is often accompanied by the embrittlement of the material, i.e. an
easier predisposition to fracture, identified by the shorter curve in the same
graph. A brittle material in fact suffers no plastic deformation and when it
reaches the yield stress, the point at the end of the elastic behavior, it simply
breaks.

0
strain

0

st
re

ss

x

x

x

pure iron

steelbrittle material

yield
 stress

rupture
strength

    ultimate
tensile strength

Figure 5: Example of stress-strain curves.

3.4.1 The Orowan mechanism

Among the many ways to harden a steel, we are interested in precipitation
hardening. A precipitate is a small cluster of solute atoms, in our case
chromium, inside the matrix formed by the solvent, the iron. In order for this
circumstance to occur, the prerequisite of having a supersaturated solution is
necessary, which implies an equilibrium of the two phases, matrix and solute.
Its location in the two-phase diagram is called miscibility gap, the definition
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3.4 Hardening and embrittlement

of whose boundaries is a matter of big importance as it was discussed in
section 3.1.

(a) Edge dislocation. (b) Screw dislocation.

Figure 6: The Burgers vector. With kind permission of Springer Science and Business
Media, fig. 6.2, p. 167 in [36].

The role of the precipitates in the hardening process is interrelated to the
motion of the dislocations. Dislocations are line-shaped lattice defects which
derive from a heterogeneity of the lattice structure. They can be imagined as
if an additional plane was inserted in the lattice. When a stress is applied to
the steel, the dislocations tend to move inside the lattice until they reach the
surface of the material. If we assume a shear stress τ applied perpendicularly
to a straight dislocation of length L in order to move it by one step in the
lattice, the force on the dislocation is equal to:

Fd = τLb (9)

where b identifies the Burgers vector. This vector takes into account the
magnitude and direction of the lattice distortion created by the dislocation.
The figures 6 illustrate clearly how the Burgers vector can be associated to a
final step necessary to close a circuit around the dislocation vector t, in the
direction following the right-hand law.

If in its path the dislocation encounters an obstacle, e.g. a precipitate,
it tries to pass through it, slowing down its motion. Let us assume to have
several precipitates spaced a distance equal to 2λ. The corresponding force
that comes from equation 9 is F = τ2λb, which is oriented towards the
motion direction. Let us now express the dislocation line tension as T ≈ Gb2

2
[36], where G is the shear modulus; then it is possible to define the force of
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3 KINETICS OF PRECIPITATION IN TWO-ELEMENT SOLUTIONS

(a) Precipitate-dislocation interaction. (b) Equilibrium of forces on the disloca-
tion line.

Figure 7: The Orowan mechanism. With kind permission of Springer Science and Busi-
ness Media, fig. 6.23, p. 190 in [36].

retention of the precipitate as:

FR = 2T sinϑ = 2T
λ

R
= Gb2

λ

R
(10)

where ϑ is the complementary angle of the directions of the force and the
tension while R the radius of curvature of the dislocation as shown in figure
7(a).

It results that the dislocation can either cut the obstacle or break itself
and leave back a small dislocation loop around the obstacle, all depending
on the maximum force bearable by the obstacle, the stress applied and the
distance between the obstacles. In general, the stress needed for the over-
coming to occur is found through equaling the retention force FR and the
dislocation force F , when the angle ϑ in figure 7(b) reaches π/2:

τ =
Gb

2λ
sinϑ

ϑ=90◦−−−−→ Gb

2λ
(11)

This important process called Orowan mechanism causes the formation of
dislocation loops which increase the hardness of the steel. An optimum
radius can be found between cutting and Orowan mechanisms, to which a
bigger strength is associated. At this value the precipitates are not small
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3.4 Hardening and embrittlement

enough to get cut while the retention force on the dislocations is bigger,
according to eq. 10.

The hardening process is an improvement of material’s quality if consid-
ered alone, but it reduces at the same time its ductility so that any stress
beyond the elasticity zone becomes very dangerous. The effect of decreasing
temperature is also relevant, because of the existence of a ductile-to-brittle
transition temperature (abbreviated in DBTT) which characterizes an im-
portant limit for ferritic steels.
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4 PREVIOUS STUDIES

4 Previous studies

This section aims to report the significant studies carried on until now
on thermal ageing, steels embrittlement and their modeling.

4.1 Embrittlement

The microscopic analysis of solute precipitation has to be related to the
macroscopic issues of hardening and embrittlement in order to be truly use-
ful. Unfortunately this connection is not immediate because of the other
elements contained in the alloy that lead to other precipitates formation.

The PhD thesis of S. Novy [31] pinpointed the irrelevant and the impor-
tant features for the material behavior. Among the negligible characteris-
tics there are the foundry of provenience of the metal and subsequently the
production technique, the volumetric fraction of the ferrite, the "G" phase
precipitation (i.e. a particular fcc phase rich in Ni and Si and poor in Cr
and Fe) and the sum of the concentrations of chromium, silicon and molyb-
denum, called "chromium equivalent" for the chemical affinity of the three
species. What appeared instead to be the driving forces for the steel prop-
erties during thermal ageing were the spinodal decomposition stage and the
initial concentrations of Si and Ni. Novy concludes that the hypothesis need
a more spread support from a larger amount of data. It is as well important
to highlight that the carbide formation was not cited in his discussion.

The work from Shim et al. [44] confirmed dispersed barrier hardening
theory such as the Orowan mechanism with molecular dynamics (MD) sim-
ulations. The critical resolved shear stress (CRSS) needed to overcome the
precipitate was higher with respect to the surroundings and increased with
the particle size. In agreement with equation 11, the inverse proportionality
dependence on the inter-particle spacing was confirmed. The study reveals
a stronger influence on the CRSS from the inter-spacing than from the di-
ameter, for a range of values between 4.7 nm and 28.1 nm for the former and
between 3.3 nm and 6.0 nm for the latter.

Russell-Brown model predicts the increase of hardening due to solute
precipitation. According to this model the presence of attractive obstacles
can raise the strength of the alloy without an increase in work-hardening.
The model is applicable also to repulsive precipitates as in the case of Fe-
Cr alloys. This model is used in the present work and described further in
section 7.3.

A significant picture that shows the time evolution of the material tough-
ness for temperatures similar to the ones of this study was given by Auger
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4.1 Embrittlement

et al. [46], who reported the kinetics of evolution of Charpy U-notch impact
toughness at room temperature. The authors suggest that at those temper-
atures the embrittlement takes place because of spinodal decomposition of
the ferrite. The figure 2 presents the results of this study, with a distinction

A10 A’2
time [h] 325 ◦C 350 ◦C 400 ◦C 350 ◦C 400 ◦C

0 17.5 17.5 17.5 18.5 18.5
103 - 7 - - -
2.5 · 103 9 4 2.4 - -
104 3.1 2.9 2 17 14
3 · 104 - 2.5 2 10 4.2

Table 2: Charpy test performed by Auger et al. The results are in daJ · cm
−2

between the sample A10, bearing molybdenum, and the molybdenum free
A’2. The two behaviors are sensibly different which denotes the importance
of having a Mo-free steel to avoid brittle characteristics already at early
times. Nonetheless a toughness reduction is observed for all the steels as a
consequence of thermal ageing, also for the lower temperature, close to the
Top here considered.

The ageing stage can be determined by means of a parameter Q, called
activation energy of ageing [13], and two ageing processes at two different
temperatures can be compared with an Arrhenius-type expression:

t2
t1

= exp

[

Q

R(1/T2 − 1/T1)

]

(12)

where R is the gas constant while t1 and t2 are two ageing times, corre-
sponding to the equilibrium temperatures T1 and T2, at which the toughness
of the material is the same. In the work of H.M. Chung (see [13] and ref-
erences therein), several methods to calculate the activation energy Q are
listed. The usual experimental technique for the determination of Q is the
destructive test of Charpy pendulum, which aims to calculate the energy ab-
sorption of the sample during an impact and therefore estimate its toughness.
Other correlations are empirical and based on the chemical composition in
wt. %, e.g. the correlations developed by O.K. Chopra [11] or by Slama et
al. [39]. According to Chung the methods could be used in a complementary
way to find agreement between different expressions for estimation and ver-
ification of the activation energy of aging and the micro-structural analysis
at a certain time. External factors such as availability of equivalent archives
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4 PREVIOUS STUDIES

or materials or the use of accelerated aging, may influence the results.
The embrittlement of the ferritic stainless steels was investigated by

Grobner [21] for temperatures between 371 ◦C and 482 ◦C and the cause was
imputed to the precipitation of the α′ phase on dislocations. At 538 ◦C after
about 1000 h, some embrittlement is observed in all steels investigated, while
a 18 % Cr steel aged at a temperature of 371 ◦C suffers the embrittlement
in times as long as several thousand hours and is accelerated by addition of
interstitial elements, like carbon. It was also concluded that steels with 14
% Cr show embrittlement after much longer exposure times in the range of
temperatures considered if compared with the 18 % Cr steels .

In Grobner’s work, as well as in Auger’s [46] and many others, the pre-
cipitation of carbides was observed and considered as an important event in
thermal ageing processes. The section 4.3 will focus on explaining carbon
role as understood from the studies already performed.
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4.2 Thermal ageing modeling

4.2 Thermal ageing modeling

As it was partially explained in the previous chapters, computational
methods of thermal ageing in steels are developed in multi-scale modeling
to solve problems starting from a microscopical scale to provide data for
macroscopic scales. The FP6 PERFECT project collected and convened
all the modeling works in a framework that involved around 30 different
institutions [6].

When it comes to thermal ageing simulations, the ground level is com-
posed by the ab initio calculation energies of atomic structures, using only
the principles of quantum mechanics and pseudopotentials, so without re-
lying on experimental values. The calculations are performed for small su-
percells, because of a fast increase in the computational cost. In material
science the density functional theory (DFT) is adopted, which build the
correlations as a function of the electron density. DFT gives the basis to
develop methods to calculate potentials, such as embedded atom method
(EAM). In Wallenius’ study [43], losses of energy of Fe-Cr configurations
during thermal ageing were observed, because they symbolize segregation.
It is reported that for infinite segregation, the energy loss would equal the
formation energy ∆H f

Fe-20Cr = 45meV.
Later, a two-band model (2BM) was developed by Ackland and Reed [1]

and adapted by Olsson et al. [33] for Fe-Cr systems as an improvement of
EAM. The reproduction of Fe-Cr solution thermodynamic properties and of
the consequent spinodal decomposition or nucleation process under thermal
ageing demonstrated the validity of this method for potential calculations.
The validity was proved over the whole range of Cr concentration in Fe.

Lattice parameters, magnetic moments, mixing energy, migration ener-
gies for both bcc Fe and Cr, as well as point defect, vacancy-chromium pairs
and Cr clusters formation energies and binding energies have been computed
by P. Olsson [32] using ab initio calculations, who showed that potentials
obtained with projector augmented wave (PAW) method agree well with
experiments.

The main code developed to simulate thermal ageing process is called
LAKIMOCA and will be introduced in section 5 together with kinetic Monte
Carlo technique. The program was already used to prove the 2BM in [33]
and in several later works. It was shown by Pareige et al. [42] the possibility
to associate Monte Carlo time with the real time. A major problem consists
on dealing with the miscibility gap boundary with α phase, which increases
linearly with temperature. The miscibility gap obtained in 2BM approx-
imations results broader than the experimental one at high temperatures
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4 PREVIOUS STUDIES

because of the oversimplification of using a rigid lattice: the contributions
of vibrational entropy are neglected, which changes the Cr solubility signifi-
cantly. The problem was identified and solved in the same work with the aid
of experimental values, through the creation of a conversion parameter given
by the ratio between the two values from experiments and 2BM approxi-
mations. As Bonny pointed out in [8], the lack of adequate experimental
data raises further doubts about the reliability of results. Nevertheless his
results identified the three precipitation regimes, namely nucleation, growth
and coalescence, concluding that the oversimplification does not prevent to
describe quantitatively the α-α′ separation process.
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4.3 The effect of carbon

4.3 The effect of carbon

Since this thesis aims to simulate carbon behavior by means of the code
LAKIMOCA, an introduction on the argument as well as an overview of the
previous studies is here reported.

Carbon presence in the steel is a prerequisite for the alloying process.
Its concentration is nevertheless limited to few atoms percent, especially in
nuclear power plants where the concentration is kept around 0.1 at.%, ex-
cept in the welds, where it can reach more than 0.2 at.%. Because of its
smaller size, the carbon occupies interstitial places in the bcc lattice so that
it is sometimes referred to as foreign interstitial atom (FIA). Its preferred
site is the center of an octahedron which can be vertical or horizontal, as
illustrated by the picture 8. The maximum number of FIA in a fundamental
cell is 6, 3 on the faces and 3 on the edges. A second possibility is to occupy
a metastable tetrahedral site, half way between two octahedra, but only as
transition states [38]. Carbon atoms plays a very important role in thermal

Figure 8: The octahedral sites of a carbon FIA.

ageing because of its strong attractive interaction with vacancies. This fac-
tor modifies the vacancy behavior around carbon atoms, to which it remains
trapped, slowing down its own motion. This vacancy trapping phenomenon
was already studied by Takaki et al. in 1983 [40] with a resistivity recovery
method in stages. Carbon-doped materials as well as high purity iron were
brought to 4K and their resistivity measured while increasing the tempera-
ture. Their results showed peaks in differential resistivity recovery in relation
to the migration of the different species at certain temperatures. The peak
that was assumed to correspond to the vacancy migration is present around
220K, slightly anticipated for carbon-doped specimens. The authors suggest
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4 PREVIOUS STUDIES

the fact that a single vacancy can attract more than one carbon atom, but
will be saturated with a distinct small number. In fact for carbon-doped iron
a second peak is observed around 350K, suggesting a migration of the carbon
atoms towards a vacancy. The same phenomenon approached with LAKI-
MOCA simulations has been observed by R. Ngayam-Happy in his thesis
[22], obtaining similar conclusions except for one point. Ngayam-Happy sug-
gests that the second peak is given by the migration of vacancies previously
trapped by C atoms, rather than the migration of the latter. This assertion
is allowed by the observation of the derivative of point defects population,
which has a peak in correspondence of the resistivity peak considered by
Takaki et al.. This argument will be discussed also in this thesis in section
8.4.

Other studies showed the formation and the effect of carbon-vacancy
pairs and complexes, as by Vehanen et al. [41]. Studies with positron irra-
diation reported strong positron trapping into the V-C pairs. This implies
that the pairs do not recombine into a substitutional carbon atom, which
instead locates itself by the side of the center of the vacancy [35]. Moreover
chromium in iron decreases the diffusion mobility of carbon. Therefore, the
structure of vacancy-carbon complexes and the kinetics of their annealing in
Fe-Cr alloys differ from those in the binary Fe-C system [18].

Besides the experiments, also first principle density functional theory
(DFT) calculations confirmed the same hypothesis on vacancy-carbon pair
formation as well as the impossibility of a substitutional-carbon configura-
tion. The results on carbon binding energies with Cr in Fe (and with Fe
in Cr) are instead in disagreement between DFT calculation [38] and inter-
nal friction (IF) [20], in which the DFT calculations found a repulsive force
between C and Cr in iron matrix while the opposite is claimed by the IF
spectra observations. This work will rely in the more recent DFT values.

The FIA-FIA interaction values are affected by big deviations among the
different studies, although it is overall agreed that between the first four
nearest neighbors repulsive forces exist [17]. The farther nearest neighbors
appear instead to be more stable configurations, in agreement with experi-
mental results. For Johnson et al. the configurations 2, 4 and 5 were instead
considered to be stable [25]. Their results are in good agreement with the
elastic model, which does not take into account the FIA-FIA interactions,
with a consequent underestimation.

Another aspect to be considered is carbon’s low solubility in α-Fe, so that
despite its low concentration in steels, C is in equilibrium with Fe already at
very low concentrations (inside the miscibility gap) and consequently it has
good chances to precipitate. To better illustrate this assertion it is suggested
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4.3 The effect of carbon

to compare the phase diagram in figure 9 from with the one of Fe-Cr (fig. 3).
The diagram shows a very thin area that corresponds to the α phase, with
a boundary well below a carbon concentration of 0.1 at.%. Consequently it
can be assumed that no carbon can be solved in pure iron.
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Figure 9: The phase diagram of a solid solution Fe-C. Data taken from [49]

The precipitation of carbides at the boundaries between austenite and
ferrite was studied by Henriksson et al. [23] using ab initio investigations,
with some results in disagreement with experiments. The Cr23C6 seems to
be less stable than other Cr carbides (as Cr3C2 and Cr7C3) but its for-
mation energy is more negative. Carbides of the same shape including Fe
atoms in substitution of Cr are also more stable, this time in agreement
with experiments. The negative formation energies for Cr-carbides are in-
deed in contradiction with Cr-C repulsive values [38] which are inserted in
LAKIMOCA, which determines an additional limit of the approximations
for carbon diffusion simulations. Moreover, a code like LAKIMOCA which
uses a rigid lattice can unfortunately not deal with carbides structure. Their
shape distort the bcc structure of the ferrite and consequently the binding
energies. An investigation limited to the carbon diffusion until cluster forma-
tion is possible all the same. A further discussion about modeling problems
for carbon is in section 5.3.
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Part III

Simulation methods

Nowadays computational simulations are very important in order to spare
time, materials and money from experiments and even necessary where those
resources are scarce. In particular thermal ageing experiments are very time
consuming, therefore accelerated ones are required. On one hand it is un-
reasonable to perform real time tests and on the other hand the results for
an increase in temperature could involve, besides the acceleration, even a
modification in the processes of nucleation, growth and coarsening described
before. Also the fatigue damage is uneven during an acceleration test. As a
consequence those results could be simply unreliable then useless. A simu-
lation code which agrees with experiments is therefore desired to foresee as
accurately as possible the results of such tests. This part aims to describe the
tools used to extract quantitative results from the simulations. After an in-
troduction on the Monte Carlo method used, the Averaged Compared Radial
Distribution Function together with other less used tools will be introduced
and their validity discussed.

5 Atomistic Kinetic Monte Carlo

Monte Carlo methods are used in a widespread area in physics to de-
scribe complex systems with many variables, especially when they cannot be
described by a deterministic algorithm. The methods are based on the gen-
eration of random numbers associated to the probability of a phenomenon
to occur. The correlation can be done by means of a physical law, e.g. time
decay, or a description model, e.g. in risk assessments. The simulation re-



quires a very high number of cases, after which the system converges to the
state with higher probability.

In thermal ageing the phenomenon to describe is the diffusion of point
defects that is simulated with random paths. A rigid lattice, called supercell,
is built to simulate the configuration of the steel. The shape of the supercells
is usually cubical with a side composed by a number S of fundamental cells.
In a bcc (body-centered cubic) lattice the number of atoms per fundamental
cell is 2, so that the total number of atoms in the supercell can be associated
to the side with 2 · S3. The figure 10 illustrates two adjacent bcc cubic cells
to introduce the concept of nearest neighbors (abbr. nn). Taking the atom
marked with O as a reference point, one can identify groups of atoms with
the same distance in common from the reference. These groups of atoms
are situated on shells and they are named n-th nearest neighbors according
to which shell they belong to. The first shell contains 8 nearest neighbors
while the 2nd nns are 6, the third ones are 12 and so on. The number of nns
per shell is usually called correlation number, CN = CN(rs), with rs shell
radius.
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Figure 10: Two adjacent fundamental bcc cells. The numbers indicate the order of the
nearest neighbors.

In the presence of a vacancy in the lattice, the random number is gener-
ated at each single vacancy movement, which can be towards one of its eight
1st nns. According to the atomic configuration around the vacancy, the eight
probabilities can vary and the random number generation will have a dis-
tribution biased on the most probable "jump". The method just described

28



5 ATOMISTIC KINETIC MONTE CARLO

is called Atomistic Kinetic Monte Carlo (AKMC) and is specifically used
for thermal ageing because it is based on a random path with a physical
meaning, unlike its predecessor Metropolis Monte Carlo [30]. The last men-
tioned is a method which transmutes the position of two randomly chosen
adjacent atoms if the final configuration energy is lower than the initial one.
The convergence time is faster but the events are not properly physical. In-
stead, with AKMC, the user is able to trace the information on the real
time corresponding to the simulated time, because the vacancy migration
is a real event. The fundamental requirement is to have a complete rate
catalogue with reasonable rate probabilities assigned. A further discussion
will be carried on with the introduction of the residence time algorithm.

vac

CrFe

Figure 11: The jump of a vacancy in the supercell.

The AKMC method was applied thanks to LAKIMOCA (LAttice KInetic
MOnte CArlo) code, written in standard C by Christophe Domain from EDF
(Électricité de France) in 1998 and in continuous development. This code can
perform defect kinetics for vacancies, self-interstitials, foreign interstitials,
etc. as well as object kinetics in rigid lattices in both Kinetic and Metropolis
Monte Carlo modes (KMC and MMC). LAKIMOCA was already proved in
recent works by C. Pareige et al. [42] and S. Novy [31] to be reliable and to
agree with the results of experiments performed at the same conditions. In
the work of Pareige et al. the samples were aged at a temperature of 500◦C
for 50h and 240h, therefore at late stages of thermal ageing. The match
between simulations and experiments was done comparing the precipitate
dimension, which agreed at every computation time.

29



5.1 The residence time algorithm

5.1 The residence time algorithm

After an introduction on basic concepts like nearest neighbors and corre-
lation numbers, let us now focus on the equations which rule the simulations.
The first factor to consider is the use of potentials, which are needed in order
to determine the most stable configurations. The local lattice energy depends
on the elements disposed around the vacancy and it is used to determine the
jump probability of the latter.

The jump probability was already analyzed by Young and Elcock in 1966
[48] who assumed a probability for the vacancy V jumping in the X position
equal to the following equation, called residence time algorithm:

ΓX,V = ν exp

(

− Ea

kBT

)

(13)

where ν is the jump attempt frequency, kB is the Boltzmann constant,
T is the lattice temperature and Ea is the activation energy. The energy
barrier Ea was expressed as a mere U when the change in local configuration
energy ∆E is negative whilst, if ∆E > 0, then Ea = U +∆E. The factor U
was used to identify the maximum point in the energy level during the jump
process of the diffusing atom (the peak in figure 12).

Figure 12: Activation energy from the FISE model.

Another way to identify the activation energy is called Final Initial Sys-
tem Energy (FISE), where a migration energy EX

mig for the atom in the
position X is defined as in figure 12. The model was considered by P. Olsson
et al. and the migration energies were calculated by means of the two band
model (2BM) potentials [33]. ∆E are instead computed from ab initio cal-
culations in a non relaxed lattice in [32], up to the fourth nearest neighbors
using the 2BM potentials based on projector augmented wave (PAW). The
equation corresponding to the previous one is:
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5 ATOMISTIC KINETIC MONTE CARLO

ΓX,V = ν exp

(

−
EX

mig +∆E/2

kBT

)

(14)

In a bcc lattice, the Γ represents the probability of the vacancy to jump
towards one of the 8 1st nns surrounding it. The figure 13 shows how the
number c, generated randomly between 0 and 1, allows to choose the event
according to its probability. The multiplication crtot gives a number between
zero and the total probability rtot =

∑

i Γi; the occurring event i is the one
that satisfies the condition:

i−1
∑

0

Γi < crtot ≤
i
∑

0

Γi

Another assumption is that the time during which the vacancy migration
event occurs is extremely short with respect to the time that a configuration
lasts.

tresidence ≫ ttransition

This difference, which is orders of magnitude in time, allows to consider the
process in simple steps from one state to the other. Consequently, after each
step the system loses information on the previous configurations so that each
new event is independent from the history of the system. Such a memoryless
process is known as a Markov chain.

}ΣiΓi=rtot

crtot

Figure 13: The choice of the event from the number c, randomly generated.
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5.2 Time derivation

5.2 Time derivation

A major advantage of using an AKMC method is the ability to associate
Monte Carlo steps with real time, which allows one to compare simulations
at different temperatures. This issue was already studied by both Young
and Elcock [48], who defined the lifetime of the initial configuration with the
equation 17, and Bortz, Kalos and Lebowitz [9], who derived the stochastic
time interval as it will be reported by equation 16. In order to be able to
perform this association, the random number c ∈ (0, 1] have to be related
to the distribution describing the probability of staying in a configuration,
which can be expressed as a time decay:

Pstay = e−rtott ⇒ c = e−rtott (15)

In the equation 15 the total rate constant rtot is represented by the sum
of all the vacancy jump probabilities

∑

X ΓX,V . This leads to the definition
of a single time step with the following expression:

∆tMC =
− ln(c)

rtot
(16)

In long runs an approximation with the average time expression is pos-
sible. The probability to stay in a configuration can be expressed again as a
time decay process, but this time in a more general way in which the expo-
nential coefficient is the inverse of a time constant. This leads to define the
average time step as following:

τ(C) =
(

∑

Γi(C)
)

−1
∼ ∆tMC (17)

It is thus easy to calculate an average time if all the event probabilities
in all the configurations are known. For a vacancy jump in a binary system
the combinations are 28 = 256. It is clear that an accurate and complete list
of configuration energies is necessary. For a more complex system, e.g. in
presence of free surfaces or other elements, the database must be expanded.

It is important to notice that those probabilities are in turn dependent
on the equilibrium temperature Te, with higher likelihood for higher tem-
peratures. Consequently, to high temperatures correspond slower simulation
times. Furthermore, the simulated time is corrupted by the size of the boxes
used. For instance, a system composed by a cubic box of side 32a0 (corre-
sponding to 65,536 sites) including a single vacancy has a vacancy concen-
tration of 1.526 · 10−3 at.%, which is many orders of magnitude bigger than
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5 ATOMISTIC KINETIC MONTE CARLO

the thermal equilibrium concentration at the temperatures of interest, given
by

Ceq
v (T ) = exp

(

− Gf

kBT

)

T=596K−−−−−→ Ceq
v = 3.35 · 10−16 at.%

where Gf represents the Gibbs energy formation of a vacancy, equal to Gf =
1.83 eV for the chromium concentration considered in this thesis (see table
3), according to [42] and [15]. A scaling factor equal to C0

v/C
eq
v (T ) has been

used, where C0
v is the vacancy concentration in the simulating box. This

time conversion is correct because of the presence of one vacancy alone and
the time expression given by equation 17 is related only to the probabilities
of the vacancy itself. The main assumption is that the MC steps-MC time
evolution follows a linear trend (or equation 17 is constant). Consequently, if
equation 17 is true for 1 vacancy per unit volume, then the following equation
is true for x vacancies per unit volume:

τxv =
1

x
∑

Γi
(18)

leading to the correlation τ1v = xτxv. Here the number of vacancies x can
also be expressed with the ratio between the concentrations Cxv and C1v.
For induction it can be asserted the general conversion from MC time to real
time:

treal =
C0

v

Ceq
v

tMC (19)

where

C0
v

Ceq
v (T )

=

(

1
2·S3

)

exp
(

− Gf

kBT

) =
exp

(

Gf

kBT

)

2 · S3
(20)

As before, for higher temperatures the scaling factor is smaller which
results in a shorter time in reality, e.g. 1 · 107 MC steps correspond to 43.7
years at 596K and to 14.8 days at 696K.

Because of the uncertainty of the expression on the thermal equilibrium
concentration of vacancies for high solute concentrations, a better conversion
can be made adapting the MC time on a corresponding experimental time
(see Pareige [42]). The difference between this work and the ones of Pareige
and Novy [31] is about the operating temperature, here around 180 degrees
lower. It is therefore reasonable to expect a less evident spinodal decompo-
sition. At the same time it can be assumed that the higher temperature of
thermal ageing could lead to more uncertainties due to the proximity of the
miscibility gap boundary. The model is probably more correct for shorter
simulation times and lower temperatures, as in this study.
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5.3 Problems in dealing with carbon

In a simple binary alloy, the probabilities ΓX,V include only eight possible
events, i.e. the migration of one of the first-nearest neighbors into the va-
cancy site. When foreign interstitial atoms (FIA) such as carbon are added,
the number of possible events increases proportionally with their number,
adding 4 jump probabilities per FIA, as much as the number of their 1st nn.
The reason for which the FIA mobility occurs in parallel with the one of the
vacancy is because the phenomenon is not dependent on point defects and
the atoms diffuse directly towards one of the four 1st nns. Therefore, the
total probability rtot is dependent on the total number of defects, increasing
with it. It is suggested to keep the supercell size S constant, because of its
role in the time conversion ratio of binary systems. Then the choice of FIA
concentration has a direct impact on the total probability, whose expression
is the following:

rtot =
∑

i

Γi =

8
∑

i=1

ΓV
i +

NC
∑

j=1

4
∑

i=1

ΓC
i,j

A high number of carbon atoms makes a higher relative probability for
a C to jump with respect to a vacancy, whose probability remains the same.
Consequently the vacancy will have a small probability to jump in the pres-
ence of many other defects (see figure 35), which increases the thermal ageing
simulated time. The spinodal decomposition depends only on the vacancy
migration, therefore the addition of other events slows down the process.
Furthermore the vacancy trapping event leads to significant alteration in the
total jump probability, with consequences that will be discussed in section
8.1. It must be added that the curve is obtained without taking into account
the term (Ef −Ei)/2 which is here assumed to have a marginal effect on the
probability ratios.

To deal contemporaneously with a vacancy supersaturation and a real
carbon concentration has repercussions also on the time estimation, because
the FIA concentration is realistic. Therefore it is not anymore possible to
perform the conversion explained in section 5.2. A suggested solution could
be to supersaturate the carbon with the same conversion ratio of the va-
cancy. With this technique probably the rate jump will approach the reality,
but one has to face a extremely high density of the carbon atoms, which
will interact with each other, bringing the system to segregated (unrealistic)
configurations in short times, before the vacancy could have the possibility
to move.
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5 ATOMISTIC KINETIC MONTE CARLO

A necessary future step for the carbon parametrization in LAKIMOCA
will be to expand the interaction data of FIA. The possibility of interaction
only with a 1st nn vacancy is in fact a strong approximation of the trap-
ping process. The interaction FIA-solute as well could be improved, as the
repulsion was calculated to occur up to the 4th nns [38], even though this
repulsion is in disagreement with the experimental formation of Cr carbides
[27]. Moreover, the FIA-FIA interaction was strongly approximated in the
code, mainly because of the lack of a distinction between nns at the same
distance but with configurational asymmetry. These asymmetries are re-
ported on figure 14 and all their values have been computed for this thesis
and reported in the table 4. The presence of an atom of Fe or Cr half way
between two FIA distorts the electronic field and changes the binding en-
ergies [17]. Moreover, the presence of two FIA around a vacancy increases
further or diminish the attraction according to the configuration.

7b
11

1

3

5b

6

10a

8a

REF

10b

2

4a

4b

5a 9a

8b

7a

9b

Figure 14: Carbon locations in a bcc lattice. The numbers indicate the nn position.

The FIA-FIA interaction is though even more complicated, because of
the formation of carbides already with few atoms, e.g. cementite formation
(Fe3C) needs only one carbon atom (see fig. 9). The carbides do not have a
bcc structure, so that LAKIMOCA is not able to simulate the field distortion
given by the different crystalline structure. For this reason the present work
focuses on other problems than carbon clustering during thermal ageing.
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6 Tools and methodology

The present section aims to clarify how the results are obtained starting
from the LAKIMOCA code runs and to explain the features of the graphs
presented in the result section, i.e. part IV.

6.1 The Averaged Compared Radial Distribution Function

LAKIMOCA runs produce configuration files that can be used to have a
qualitative visualization of the lattice structure (see figure 15) together with
other output files which give various information. In order to describe quan-
titatively the configuration, it is necessary to extract useful values starting
from LAKIMOCA’s output.xyz file, which supplies the coordinates of the
chromium atoms in the lattice.

Figure 15: Configuration resulting after a thermal ageing of 6 · 108 MC steps at 596 K.
This configuration is filtered to help a better visualization and only the zones with local
Cr concentration >20% are shown.

Therefore a radial distribution function (RDF) averaged over all the
chromium atoms has been computed. A RDF describes how the atomic
density varies as a function of the distance from a single atom. In this case
only the Cr atoms were considered to calculate the density. Knowing that
LAKIMOCA considers rigid lattices, every single distance represents a shell
to which the correlation number CN is assigned, i.e. the number of atoms
(both Fe and Cr) that are situated on that shell (see also section 5). These
numbers were calculated a priori and grouped in a file used as input. The
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6 TOOLS AND METHODOLOGY

RDF is built on average over all the chromium atoms in the lattice. For
each of them, the number of chromium atoms found in each of its shells was
summed. This averaged function was then compared to the RDF of an ideal
random configuration. This ideal function is given by the CNs multiplied
by the total chromium concentration, C0, and the comparison is performed
by a simple subtraction. The shells were finally grouped in bins representing
fixed intervals of distances in order to smooth the function. The CN of ref-
erence for a bin (CNbin) becomes thus the sum of all the CNs of the shells
included in the bin. At this present step the function is characterized by an
intrinsic roughness, given by the discrete nature of the system. To achieve
further smoothness is possible to divide the function by the CNbin curve and
multiply it by the average trend of this same curve.

The resulting function will be called Averaged Compared RDF (ACRDF)
and its properties will be later explained. The Y-value varies at each bin and
it describes some average counts smoothened and on the following graphs it
will be referred to as specific counts.

specific counts (bin) =
(

NCr,bin

NCr,tot

− CNbin · C0

)

· 〈CNbin〉
CNbin

(21)

The specific counts are close to zero for a random concentration, positive
for Cr-rich shells and negative where the density of Cr atoms is below the
average concentration. In figure 16(a) an example of an ACRDF for a ther-
mally aged lattice is shown. The sinusoidal-like behavior indicates a certain
regularity in the precipitates’ formation and disposition.
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(a) ACRDF resulting after a ther-
mal ageing of 6 · 10

8 MC steps at
596 K.
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(b) ACRDF resulting after a ther-
mal ageing of 6 · 10

8 MC steps at
596 K. This is the result of an av-
erage between 10 simulations with
different random number seed.

Figure 16: Example of ACRDF

37



6.2 ACRDF adapted to carbon study

However, after the first two peaks, no useful information can be extracted.
In fact, averaging the functions obtained with different random number seeds
demonstrates that for further distances the ACRDF tends to go to zero, as
shown in figure 16(b). All thermal ageing simulations are averaged over
10 samples to get better statistics and define the standard deviation of the
results.

6.2 ACRDF adapted to carbon study

In order to analyze LAKIMOCA output files in presence of carbon FIA,
the ACRDF has been adapted for the eventuality. Two distribution functions
have been considered, one concerning carbon-chromium distances and the
other the distances between the carbon atoms. The definition of the specific
counts according to equation 21 varies slightly:

C-C: specific counts (bin) =
(

NC,bin

NC,tot

− CNC
bin · CC

0

)

· 〈CNC
bin〉

CNC
bin

(22)

C-Cr: specific counts (bin) =
(

NCr,bin

NC,tot

− CNCr
bin · CCr

0

)

· 〈CNCr
bin〉

CNCr
bin

(23)

These two functions are also smoothened with the same technique, nonethe-
less their roughness is particularly marked. The reason is the smaller number
of carbon atoms inside the supercell, for which the statistics is poorer. Con-
sequently also their usefulness is reduced.
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6.3 Examples of configuration

Some ideal configurations have been built in order to better understand
the information given by the ACRDF and their analysis will be here reported
to explain simple cases and to prove the validity of the function itself. Mainly,
there will be an attempt of understanding the physical meaning of the specific
counts. A big Cr precipitate in a sphere shape was first generated. It follows
an example with 27 equally-big spheres set out in a 3x3 matrix and spaced
homogeneously.

6.3.1 Single sphere
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Figure 17: ACRDF of a single sphere of radius around 29 Å.

This made-up configuration is useful to show how the ACRDF has a peak
at the radius of the sphere, that is the distance at which the specific count
is higher. The discrete number of points that defines the sphere makes the
curve rough and is consequently difficult to discern the exact radius of the
sphere. In addition, because the sphere is not smooth, the radius itself is
not well-defined. In fact, despite the majority of the atoms are enclosed in
a radius of 28.5 Å, few of them are distant 30 Å from the center. However,
despite this small inaccuracy, the ACRDF defines the radius of a sphere of
chromium atoms.

6.3.2 Group of equally-spaced spheres

The next step, closer to a real configuration, concerns a group of spheres
with the same radius and equally spaced inside the lattice. The radius and
the main distance between the spheres is known and fixed. A similar con-
figuration was also built, using the same spheres but removing half of the
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(a)
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Figure 18: ACRDF of a group of equally-spaced spheres

chromium atoms. There are three important features in these examples
which can be observed in the ACRDFs to obtain important information
about the configuration:

1. The first peak location

2. The second peak location

3. The first peak height

In particular, the two ACRDFs were compared to explain the interpretation
of the first peak height.

The functions in figure 18(b) indicate in a precise way both the radius
of the spheres and their distance, respectively identified by the first and the
second peak location. It’s also useful to point out that in the case the spheres
are "riddled" (red line) the information on radius and distance don’t change.
The height of the peaks decreases instead. Therefore it can be qualitatively
assumed that for the first peak a lower value corresponds to a smaller density
in Cr of the sphere. However a similar conjecture cannot regard the second
peak height. In fact, the spheres’ chromium density and the sphere number
density influence together this feature. As it will be shown in section 7.1.1,
a bigger standard deviation on the simulations is associated to the second
peak. The variation of the depth of the valley between the two peaks is
meaningless in this particular case, because the total number of chromium
atoms is different in the two cases. In general it can be assumed that a
deeper valley corresponds to an α phase with a lower Cr density.

After a certain distance the function fails to give useful information,
which is anyway irrelevant. For the purpose of this thesis, the ACRDF offers
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6 TOOLS AND METHODOLOGY

a good tool to quantify the average radius and the average distance of the
α′ phase precipitates created during the thermal ageing and to check quali-
tatively their density in chromium.

6.3.3 Random configuration

The last feature that is useful to consider is the sign of the function. The
figure 19 shows an ACRDF representing a random configuration and the
average of ten different random samples. It can be noticed that the values
are small and oscillating around zero and the averaged curve has a smaller
oscillation amplitude. Statistically it can be assumed that zero identifies a
perfectly random configuration.
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Figure 19: ACRDF for a random configuration
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6.4 Other tools

Additional functions or tools already used in past works (see [46]) can
help to better understand the configurations and therefore they were ob-
served beside the Averaged Compared Radial Distribution Function.

A first example is a profile curve of the local chromium concentration
mapped by a small sphere counting up to the 5th nns around a chosen atom.
This central atom together with the sphere move along a straight line inside
the lattice to determine the local concentration profile. When the side of the
supercell is reached, the sphere moves to a parallel straight line situated at a
distance slightly bigger than the sphere diameter. The path continues until
the whole supercell is explored, without overlapping the considered volumes.
The curve reaches high values, i.e. above C0, where there are Cr atoms
precipitates and lower values in the background zones.

It is also useful to group the volumes with similar Cr concentrations and
build a profile frequency curve. The result is a gaussian-like function
with a peak in C0 and flattened in proportion to the segregation of the
configuration. This frequency curve can help to quantify the segregation
stage.

The autocorrelation function has also been used following the ap-
proach in [42]. Its expression is reported by the equation 24, averaged over
all the chromium atoms i. The summation is performed over all the atoms
on a certain shell at a distance r from the occupancy site ri, CN being the
correlation number and j the atom at the site ri − rj , while σ is a switch
parameter to represent the element occupying the site. Its value is equal to
1 for Cr atoms and to -1 for Fe atoms while σ denotes the average value of
the site occupancy on the whole lattice. The function is finally normalized
in order to have always g(0) = 1.

g(r) =

〈

1

CN(r)

CN(r)
∑

j=1

[σ(ri)− σ] [σ(ri − rj)− σ]

〉

(24)

Limiting the counting of the atoms on the shells to the chromium is pos-
sible to simplify the previous expression with the equation 25 and accelerate
the computational time, which depends on the number of distances to con-
sider. σ is given by C0 − (1 − C0) where C0 is the overall Cr concentration
while NCr(r) is the number of chromium atoms on the shell of radius r.

g(r) =

〈

NCr(r) [σ(ri)− σ] [1− σ]− [CN(r)−NCr(r)] [σ(ri)− σ] [1 + σ]

CN(r)

〉

(25)
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This function permits to determine a characteristic length of the precip-
itates, i.e. their diameter, indicated by the first zero of the function. This
task is also accomplished by the ACRDF, but such integration can help to
verify both the results and the validity of the functions, especially if one
considers the roughness of the first peak of the ACRDF.
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6.5 Configuration reproduction methodology

The ACRDF is used in the next discussion as a tool for identify the
precipitation stage and it is assumed that a similar curve shape is a synonym
of microstructural configuration similarity. First of all, it is useful to plot the
function at different times in order to understand the evolution during the
thermal ageing process and to look for a correspondence with the nucleation-
growth-coarsening stages of the precipitates. It appears clear already from
the previous pictures (see fig. 15 for example) that the precipitates are in
their early stages of development at these time-temperature combinations
analyzed. The evolution of the ACRDF at 596 K was analyzed through
plots at different times. The time step between each plot is not fixed and
is mainly chosen to better discern each curve. It is constructive to build
a curve reporting the time evolution of the three features of the ACRDF:
the location of the two peaks and the height of the first peak. Because of
the roughness of the function a running average was used to fit the points
of the curve and consequently identify a clearer location for the first peak.
The exactness of this value is actually of marginal importance, because the
shape of those small clusters is far from an ideal sphere. The analysis of the
size of the precipitates has been in fact integrated with the observation of
the characteristic length L, determined with the aid of the autocorrelation
function, whose first zero determines the precipitate size. The evolution
curves of the peak features are particularly helpful for interpolations and
even short extrapolations.

The ultimate aim of the thesis is to reproduce a configuration at whichever
time of the reference temperature evolution. The boundary conditions to
achieve an optimum include time, temperature and curve shape.

A reasonable time limit of an accelerated experiment is around five years
[34], even if a shorter time is preferred for obvious reasons.

The condition regarding the temperature is mostly precautionary for the
simulation results. Increasing the temperature, in fact, one must take into
account the divergence between the real miscibility gap and the one predicted
by the 2BM in the rigid lattice approximation, which starts around 700K
and increases more than linearly beyond that temperature [7] (see fig. 20).
696 K (corresponding to Top + 100K) is then chosen as upper limit for
the acceleration attempts. Although in a first time this choice appears to
be strict, the significant accelerating effect of the temperature renders this
restriction a far horizon, as it will be clear later.

The most important objective is to reproduce the microstructural con-
figuration in the most precise way, i.e. the curve shape. It will be shown

44



6 TOOLS AND METHODOLOGY

0 5 10 15 20
Cr concentration [%]

300

400

500

600

700

800

900

1000

T
 [K

]

phase diag from Bonny
phase diag in LAKIMOCA

Figure 20: The approximation of the phase diagram in LAKIMOCA.

in section 7.2 that changing temperature modifies slightly the features of
the peaks, with a major divergence between the density and the distance of
the precipitates. It has been resolved to focus on the first peak in the first
instance, for its higher order of importance.

Subsequently, several simulations at different temperatures have been
attempted in order to match the reference curve in a good fashion in the
smallest time. Further explanations will be given in the next section.
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Part IV

Presentation of results

Here the analysis of LAKIMOCA simulations are reported, using the
tools described in part III.

The thermal ageing of the binary system iron-chromium is first presented
in order to focus on the evolution of the microstructure. Afterwards the
attention moves to the temperature effect on the configuration and the aim
becomes to assess the acceleration effect and validity. The section 8 considers
instead the insertion of carbon in the simulations, with three main points
of discussion. First the time conversion issue is explained and discussed.
Then some features of the carbon diffusion behavior in absence of vacancies
are presented. In section 8.3 the thermal ageing of the Fe-Cr-C system is
discussed, focusing on the increase in simulation time. A last section revisits
the isochronal annealing process for an electron-irradiated Fe-C alloy, using
the new values for carbon self-interaction.

7 Binary system

The thermal ageing for the binary solid solution iron-chromium is here
studied for the conditions of a BWR, 596K. In figure 21 the atomic configu-
ration at the end of life is shown. The iron atoms form the matrix and they
are not reported on the picture. Moreover, to simplify the visualization, only
the chromium atoms belonging to spheres with CCr > 30% are represented.
It can be seen that the precipitate size is small, containing few tens of atoms,
therefore their dimension is few times the fundamental cubic cell dimension
(2.8553 Å) while their shape is random, not close to a spherical one. This
picture suggests already that the precipitation stage is very early, around



the nucleation stage and early growth.

Figure 21: Configuration after 60 years @ 596 K.

A LAKIMOCA input file allows to choose some important parameters
of the system, such as dimensions of the lattice, temperature and steps run.
The value used for the reference configuration are reported in table 3, where
the parameters usually modified are highlighted with bold font.

Ncell 42
a0 2.8553 Å
Te 596 K

ν 6.0 · 1012
N loops 10

N run 100000

N vacancies 1
Solute C0 Cr 20.9%
EFe

mig,0 0.65eV

ECr
mig,0 0.52eV

Table 3: LAKIMOCA input file parameters

For the number of sites at the edge of the box (Ncell) a high value was cho-
sen taking into account the available computational memory. The total num-
ber of sites composing the box can be obtained from Ncell by 2 ·N3

cell = Ntot.
The size S of the lattice is given by means of the parameter a0, from which
S = Ncell · a0. Te is instead the equilibrium temperature of the system, in-
creased for acceleration attempts, while ν is the constant attempt frequency
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7 BINARY SYSTEM

from the residence time algorithm (equation 14). The output files are usually
printed at every "N run" MC steps for a number of times equal to "N loops".
The vacancy number in the lattice is fixed to one provided that a conver-
sion for the different concentration is done accordingly to how explained in
section 5.2. The solute chosen is always chromium and its concentration
has been set to 20.9 at.% in agreement with the values provided in table 1.
Finally, the values for the migration energies of iron and chromium are set
according to the 2BM potentials [32].

All the analysis carried out in this part make reference to the values
offered by the ACRDF peaks or to the characteristic length calculated with
the autocorrelation function. The interpretation of these values is explained
in section 6.1.

7.1 Evolution at operating conditions

The evolution of the ACRDF observed at the operational temperature is
represented in figure 22(a). The two peaks arise already at small time scales,
around 5 days of thermal ageing at 596 K. Waiting more time one can see
a shift of their location towards bigger values, slower for the first peak and
faster for the second. In particular, the first peak tends to develop its height
rather than to shift rightwards in the time considered. This indicates qual-
itatively an increase of the precipitate density before they start growing, as
proved in section 6.3.2. The depth of the valley between the two peaks seems
to confirm this trend, showing a decrease of counts between the precipitates,
i.e. in the α phase, that means the chromium atoms are migrating towards
the nuclei formed.

The roughness of the first peak, which prevents to identify a clear max-
imum value of the ACRDF, is intrinsic in the discrete nature of the lattice.
The first nearest neighbors occupy shells spaced unevenly from each other
(e.g. between 3 and 4 Å there are no counts at all) and even to group those
shells in bins is not fully efficient, therefore one has to deal with a broken
line. It is possible to face this problem using a running average, as reported
in figure 22(b), in order to find a peak location value approximately correct.

In figures 23, the evolutions of the peak features have been reported as a
function of time1. The location of the first peak on the X-axis, i.e. the radius
of the precipitates, is unfortunately useless at these early stages of the ageing
process because of the small size of the precipitates, badly approximated
by a spherical shape. Its value could be meaningful only at later stages

1The standard deviations in all the graphs are smaller than the size of the symbols, for
this reason they are not reported
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Figure 22: Evolution of ACRDF @ 596 K up to 70 years.
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7 BINARY SYSTEM

and, consequently, its evolution as function of time is here substituted by
the characteristic length, indicated by the first zero of the autocorrelation
function. The characteristic length identifies the diameter of the precipitates
and its values have a lower uncertainty. The shape of the ACRDF can be
also used to compare qualitatively two similar configurations.

As it can be extracted from figures 23(a), 23(c) and 23(e), the important
features of the Fe-Cr configurations obey to a law that appears logarithmic
at a first sight, for the time interval considered. The figure 23(b) shows
instead a behavior of the type L3 ∼ t for longer times, following the LSW
law (see eq. 6) [28], in agreement with the simulations performed by Pareige
[42], even if run at different temperatures. It can be subsequently asserted
that the precipitation stage considered is earlier than LSW regime. The
precipitate density seems to fit even better a logarithmic law in a first time
(fig. 23(c)), but figure 23(d) demonstrates instead the affinity with the other
features. At last, the mean distance between precipitates (fig. 23(e)) has a
behavior similar to the characteristic length, for which it can be assumed
that it is related to LSW law as well.

The usefulness of these curves includes a possible interpolation and po-
tentially even a small extrapolation of the configuration values at a certain
desired time. The comparison of these values permits to assess the times at
which two configurations are similar, as it will be shown by figure 29.
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0 20 40 60 80
time [years]

3

3.5

4

4.5

5

L 
[Å

]

(a) Characteristic length (precipitate di-
mension).

0 2e+10 4e+10 6e+10 8e+10 1e+11
time [s]

0

100

200

300

400

500

L
3  [Å

3 ]

∼ t
1/3

(b) Characteristic length up to coales-
cence stage.

0 20 40 60 80
time [years]

0

1

2

3

4

sp
ec

ifi
c 

co
un

ts

(c) 1
st peak’s height (precipitate den-

sity).

0 500 1000 1500 2000 2500 3000
time [years]

0

2

4

6

8
sp

ec
ifi

c 
co

un
ts

(d) 1
st peak’s height for longer times.

0 20 40 60 80
time [years]

8

10

12

14

[Å
]

(e) 2
nd peak’s location (mean distance).

Figure 23: Evolution of precipitates features @ 596 K.
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7 BINARY SYSTEM

7.1.1 Standard deviation

The results come from an arithmetic average over 10 different simulations
which used a different random seed. The standard deviation is depending
on the distance and on the MC steps, basically increasing with both. No
dependence on the temperature has been observed. It appears also that the
standard deviation increases following a sinusoidal-like pattern, unrelated
though to the oscillation of the ACRDF. Anyway, for the values in which we
are interested in, before 15 Å, the deviation remains under 0.2 specific counts,
which is acceptable. Moreover, looking at the 2nd peak location rather than
its height, the standard deviation is close to zero, because of its sharpness. It
is also worth to note that only an increment in the cell size makes possible to
reduce the deviation. The option had to be discarded in this work because of
the limit in computational memory, determined by the number of distances
between Cr atoms to compute, given by (NCr,tot (NCr,tot + 1)) /2.
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Figure 24: Standard deviation @ 596 K.
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Figure 25: Standard deviation compared to the ACRDF.
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7 BINARY SYSTEM

7.2 Acceleration attempts

The procedure to copy the presented pattern at 596 K has been performed
by attempts, observing the behavior of the ACRDF at different higher tem-
peratures and times. The first attempt has been performed at the tempera-
ture assumed as limit (696 K, see section 6.5) and the comparison is reported
in figure 26. In the graph it has been tried to superpose the curves from the
two temperatures, with good precision in the first times (magenta-violet and
light-dark green curves). It can be seen though that the two final ACRDFs
are not identical. The location of the two peaks are the same, but the second
peak height is slightly different, bigger for the 596 K case. The similarity
of the three features discussed before suggests anyway that the configura-
tions are analogous. Nevertheless, one can assume that a lower value of the
specific counts on the second peak, together with a higher value in the val-
ley, corresponds again to a lower density in Cr of the α′ phase and an α
phase poorer of Cr atoms. Because the feature is not well-defined, another
hypothesis could also be accepted. It can still be suggested that a lower
second peak represents less packed precipitates i.e. a higher randomness in
the distribution.
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Figure 26: Comparison of ACRDF between 596 K and 696 K.

Is then possible to follow the same patterns of ageing process at 596K,
adopting a temperature 100K higher instead, with this grade of approxima-
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7.2 Acceleration attempts

tion. The great advantage is the reduction of the needed time of around
three orders of magnitude, from 70 years down to only few days.

Even if the similarity between the curves looks satisfying, the macro-
scopic difference on the steel properties is unknown, especially on the second
peak where the disagreement is evident. The way to compensate for the
discrepancy with the reference curve is of course to act on the temperature,
reducing it in order to stay closer to the wanted behavior. The figures 27 and
28 show how is possible to stay closer to the configuration at 596 K through
a slighter temperature gap. A ∆T = 50K allows to reduce the gap on the
specific counts at the second peak from about 0.64 to 0.44. At the same time
the duration of the ageing experiment is increased by a factor of ≈ 30. Still,
the time requested for the experiment would be acceptable, i.e. smaller than
5 years [34]. Using all the time available may lead to a small improvement,
represented by the red and orange curves with a ∆T respectively of 37K and
32K.

Therefore a thermal ageing experiment can be carried out at the temper-
ature of 628K during a period of 5 years to reproduce the microstructure of
a weld aged at 596K for 70 years.
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Figure 27: The ACRDF at different temperatures and corresponding ageing stage.
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Figure 29: The characteristic length evolution at two different temperatures.
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7.2.1 Concentration profile

The similarity of the configurations can be demonstrated also from the
profile curve, presented in figure 30 and described in section 6.4. Unfor-
tunately, the simple profile is not able to illustrate an equivalence, so the
frequency curve has been adopted to compare the configurations. The figure
31 illustrates the evolution for the curve in the reference case, showing its
flattening as the time passes, which indicates the formation of the two phases
while the domains with the average concentration C0 = 20.9% are decreas-
ing. The comparison of the two curves in figure 32 reports a reasonable
match between the two distributions of the concentration frequency.
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Figure 30: Profile of Cr concentration along a straight line for 70 y at 596K.
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7.3 Hardening effect

To associate the results obtained with the macroscopic effects, the model
of dispersion strengthening developed by Russell and Brown [37] is here
adopted. A comparison with previous works carried out at similar temper-
atures can be affected by many different factors. The experiments made by
Auger et al. [46] reported brittle behavior of a sample aged at 598K already
after 104 h ∼ 1 y. The sample had a concentration of molybdenum twice
higher than the one considered in this thesis, which affects in a relevant way
the result of the Charpy test, always according to Auger. The two degrees
of difference in temperature have also a significant effect on the ageing time.

In the thesis of S. Novy [31] a sample aged on-site at approximately
similar conditions was analyzed. In particular, one of the samples was aged
at the temperature of 596K for 163219 h ≈ 18.6 y and with a nominal Mo
concentration close to the one used in swedish reactor welds. The values
extracted from the autocorrelation function are sensibly higher than the
results here presented. In fact it was already observed from Pareige [42]
that the simulated precipitate size tends to be smaller by a factor of 3 or 4
with respect to the experimental values. Nevertheless the size evolution was
proved to be in agreement with the experiments, which is the goal of this
thesis.

Taking into account the discrepancy between experimental and simula-
tion size of the precipitates, the Russell-Brown model can allow to predict
the strength increase and the consequent hardening. A factor of 3.5 is here
assumed in order to approximate the real size of the α′ precipitates. Ac-
cording to the model the work-hardening should not occur for attractive
precipitates, which means when the dislocation energy is lower in the pre-
cipitate than in the matrix. When the energy inside the precipitate (E1)
is lower than outside (E2) then the Orowan mechanism does not take place
and the result is a strengthening without hardening. The ratio between the
two energies can be calculated by the following expression, as a function of
the precipitate radius:

E1

E2
=

G1 ln
(

r
r0

)

G2 ln
(

R
r0

) +
ln
(

R
r

)

ln
(

R
r0

) (26)

where the G are the shear modulus of the two elements, r0 is the inner cut-
off dislocation radius (assumed equal to 2.5 · b, with b Burgers vector), R is
the outer cut-off radius (assumed equal to 103 · r0) and r is the precipitate
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Figure 33: The precipitation strengthening according to Russell-Brown model.

radius. The additional strength due to the precipitation is then given by:

τ =
Gb

L

[

1−
(

E1

E2

)2
]3/4

(27)

Here L is the distance between the precipitates. In figures 33 and 34 the
progression of the strengthening is shown as a function of the precipitate
radius and of the ageing time. It must be reported that the plots correspond
to E1 > E2 and therefore, according to Russell-Brown model, the strength-
ening is accompanied by hardening. The model does not allow to predict
the occurrence of the Orowan mechanism, to which a strengthening equal to
Gb/(2L) is associated. The following step would be to compare these values
with a corresponding experiment in order to confirm or deny their reliability.
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Figure 34: The strengthening during thermal ageing.
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8 Carbon study

The list of problems presented in section 5.3 clarifies the difficulty and
the huge limits to simulate the thermal ageing of a system including car-
bon. Nonetheless several analysis have been done and the most significant
results and observations have been here reported. For the modeling of the
carbon as Foreign Interstitial Atom (FIA) a sublattice have been inserted in
LAKIMOCA code. The positions of the FIA as well as their reciprocal re-
lations as nns are illustrated in figure 14. Some adaptation to LAKIMOCA
has been done in order to expand the C-C interaction catalogue. The table
4 lists in detail the interaction energies between carbons used in the code,
up to the 11th nn, considering the asymmetries as in figure 14, for a total
amount of 17 cases. The ab initio calculations come from A. Claisse’s work
[4] which were performed on supercells containing 256 atoms and 3 k points.
The insertion of these additional calculations in the code implies a major
computational cost, which corresponds to an increase in simulation time by
a factor of ≈ 1.29 for C-only simulations. The total time remains anyway
low: on the order of few thousands of seconds per 108 MC steps with 300
FIA (specifically 1280 s for the old approximation and 1650 s to consider up
to the 11th nn). With a higher number of FIA the simulation time increases
linearly, of course, but the difference between the old and the new approx-
imation decreases slightly (108 MC steps with 1000 FIA has an increment
factor of ≈ 1.21).

The new values calculated exclude the possibility of dense packing of
carbon precipitates and suggests that the C atoms will find a stable position
at a considerable distance from each other. Consequently they will not be
able to get close because of the repulsion field, in disagreement with the
negative formation energy for carbides like Cr3C2 and Cr7C3 [23]. For this
reason some results will be presented using the approximation adopted by
D. Gendt [19] and R. Ngayam-Happy [22], which lead to carbon clusters in
order to simulate carbide formation. In the following sections the new values
are used except where explicitly remarked.

In table 5 some more parameters to add in LAKIMOCA input file for
the simulations including carbon as FIA in the lattice are reported, besides
the ones already listed in table 3. The migration energy Em,FIA is sensibly
higher than the one for the vacancy, leading to a smaller probability per atom
to jump. The values Eb,FIA-FIA [1. . . n] include the list of carbon-carbon
interactions considered by the code and reported in table 4. In there, the
negative values describe an repulsive force. At last, the quantities Eb,FIA-vac

and Eb,FIA-slt concern the carbon interaction respectively with the vacancy
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8 CARBON STUDY

C-C interaction [eV]
Location [nn] New values Gendt Approximation

1 -2.350 -0.1
2 -0.829 -0.1
3 -0.395 0.1
4a -1.761 0.1
4b 0.007 0.1
5a -0.034 -
5b -0.006 -
6 -0.072 -
7a -0.101 -
7b -0.025 -
8a -0.119 -
8b -0.114 -
9a -0.093 -
9b -0.055 -
10a -0.306 -
10b 0.022 -
11 0.028 -
Table 4: Ab initio results for C-C interactions.

and with the solute as first nearest neighbors. To the former a lot of different
values were attributed in the literature, from the experimental value 0.41 eV
of Arndt and Damask [5] to 1.1 eV from Takaki et al. [40]. The ab initio
calculation result from Domain [17] has been chosen. The interaction with
the solute was instead calculated in [38] by N. Sandberg et al.

Em,FIA 0.83 eV
Eb,FIA-FIA [1. . . n] see tab. 4
Eb,FIA-vac 0.45 eV
Eb,FIA-slt −0.28 eV
νFIA 6.0 · 1012

Table 5: LAKIMOCA input file parameters in simulations with carbon.
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8.1 Time issue

8.1 Time issue

In thermal ageing simulations, it is important to find a way to associate
the simulated time with the real time, even in the ternary system Fe-Cr-
C. The several problems presented in section 5.3 have no trivial solution.
Because of different issues like the vacancy trapping occurrence and the
difference of supersaturation, some observations on the time evolution in
LAKIMOCA have first been performed.
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Figure 35: The vacancy jump probability as a function of the FIA population.

The figure 35 describing the vacancy jump probability as a function of
the number of FIA can change during the simulation. The main argument of
support is related to the carbon-vacancy interaction and it can be deduced
observing the following MC time versus MC step plots. In fact, for the
ordinary simulations analyzed in section 7 the time evolution is linear. Also
when the vacancy is removed from the lattice and only the FIA can move,
the time evolution can be approximated by a linear function. Thanks to
equation 18 (τxv = (x

∑

Γi)
−1) and as shown by the plot 36, it can also be

assumed that the slope is inversely proportional to the number of defects.
Furthermore, the time associated to FIA jumps is approximately the real
one and it does not need time conversion, unlike for the vacancy. As a result
high number of FIA will lead to very slow simulations.

Without counting the FIA-vacancy interactions one may assert that, dur-
ing the simulation, the number of vacancy jumps over the number of FIA
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Figure 36: Comparison between the time steps for different quantities of FIA.

jumps would depend on their total probability ratio:
∑8

i=1 Γ
V
i

∑NC

j=1

∑4
i=1 Γ

C
i,j

which can lead to define a weighting factor to indicate the fraction of vacancy
jumps over the total number of MC steps:

Wv =

∑8
i=1 Γ

V
i

∑8
i=1 Γ

V
i +

∑NC

j=1

∑4
i=1 Γ

C
i,j

(28)

where NC is the number of Cr atoms and the numbers 4 and 8 are the 1st nns
for the carbons and the vacancy, respectively. This weighting factor can be
used for the time conversion in a ternary system FeCrC with no interaction
between vacancy and carbon:

∆treal = ∆tMC (1−Wv) + ∆tMCWv
C0

v

Ceq
v (T )

(29)

where the first addendum is related to the carbon jumps while the second
refers to the vacancy jumps, whose time steps have to be converted. The
last ratio identifies the time conversion ratio introduced in equation 20.

Unfortunately this simplistic approximation is not valid because of the
vacancy trapping by one or more carbon atoms, because of their attractive
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8.1 Time issue

interaction. The black line in figure 37 shows the simulated time progression
in the presence of both vacancy and carbon FIA. Different intervals related
to different ∆tMC can be distinguished, according to two vacancy states:

• free vacancy;

• trapped vacancy.

The general expression of the average step can be taken from the time con-
stant already seen in section 5.2:

∆tMC =
1

∑8
i=1 Γ

V
i +

∑NC

j=1

∑4
i=1 Γ

C
i,j

(30)

When the vacancy is free to move, the jump probabilities follow the relation
given by the curve in figure 35. Therefore the equation 30 can be assumed
whenever the vacancy is not close to a C atom. In these cases the time step
will be called ∆t

nt

MC, where the superscript stands for "non trapped".
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Figure 37: The time steps in presence of one vacancy and 50 carbons.

When the vacancy get trapped, its probability to jump becomes almost
negligible and the FIA jumps dominate the simulation process. Hence the
average time step changes, creating those differences of slope. What can be
found interesting is the agreement with the slope corresponding to the binary
system Fe-FIA. This means that the "trapped" time step can be calculated
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Figure 38: The time steps in presence of one vacancy and 1000 carbons.

with the following expression:

∆t
t

MC ≃ 1
∑NC

j=1

∑4
i=1 Γ

C
i,j

(31)

as if there were only FIA in the system. Figure 38 shows the validity of
the assumption for a high trapping probability. This regime lasts until the
vacancy manages to escape from its condition. It worth to notice that this
time step corresponds to a real time and does not need a conversion.

It is generally true that:

∆t
t

MC > ∆t
nt

MC

because the total C jump probability remains the same. At the same time it
is during the non-trapped regime that the conversion is done. Consequently:

∆t
t

real ≪ ∆t
nt

real

The reason for which the black line in the plot 39 looks almost parallel to
the vacancy-alone case is the low number of carbons. From the graph 35 it
can be deduced that for 22 FIA the carbon jump probability is lower than
10 % so that the main contribution comes from the vacancy.

It can be concluded that the time association can be made step by step
directly in the code in two different ways according to the occurring regime.
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Figure 39: The time steps in presence of one vacancy and 22 carbons.

For vacancy-free periods the conversion must be performed (from eq. 29),
while when the vacancy is trapped the real time can be associated directly
to the Monte Carlo time, calculated as eq. 31.
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8 CARBON STUDY

8.2 Carbon diffusion

In order to observe the carbon diffusion alone, the vacancy has been
removed. The tools used are the ACRDF adapted to carbon-carbon dis-
tances and to chromium-carbon distances, which give information about the
formation of carbon clusters and their distance with respect to chromium
precipitates.
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Figure 40: The ACRDF for C-C.

The figure 40, illustrating the ACRDF for C-C distances, demonstrates
how difficult is in this case to extract the same features from the curve as
in section 7, because of the smaller number of carbon atoms. In general
the absence of precipitates can be deduced in this case, also because of the
short range order repulsion that prevents the atoms to be packed in a dense
cluster. One can find an increase in specific counts at the stable distances
reported in table 4 (e.g. 4.94 Å), but only for the first steps. In the long
time, the trend is to get farther away from each other. Hence, no segregation
at all can be observed.

The figure 41 compares instead the distribution function after the same
number of steps (106) but starting from different Fe-Cr configurations. The
simulations have been performed starting from different stages of thermal
ageing in order to analyze the carbon diffusion through the phases formed.
To appreciate the trend the approximation assumed by Gendt has been used.
Thanks to this approximation one is able to see a cluster formation already
at short simulation times, indicated by the peak in figure. The results show
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8.2 Carbon diffusion

that the diffusion ability of carbon is improved if it finds a segregated con-
figuration. This is likely due to the repulsive interaction between carbon
and chromium, so that when the chromium is segregated the carbon is free
to diffuse in the α phase, where is more likely to find stable sites. The
same graph with the new values for carbon-carbon interaction may suggest
a similar conclusion, but the lack of carbon clustering renders the plot not
appreciable and is therefore not presented.
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Figure 41: The ACRDF for C-C after 10
6 steps using Gendt’s values.

At the same time the repulsion with chromium can be seen. The figure
42 shows the gradual escape of the carbon atoms from the Cr-rich zones. The
simulation started from a configuration with chromium precipitates already
formed and carbon FIA randomly distributed. The ACRDF shows well in
this case how the carbon tends to have few chromium counts within a 4
radius already after few thousands of MC steps. This conclusion, as already
underlined by N. Sandberg’s work [38], is in disagreement with the experi-
ments showing Cr carbides formation. However, this 1st nn repulsion does
not prevent a posterior formation of Cr carbides. One suggestion involves
the tendency of both carbon and chromium to bind with vacancies and the
occurrence of this triplet may be the cause of the event. Further studies on
this ternary interaction may lead to interesting conclusions.
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Figure 42: The ACRDF for Cr-C starting from a segregated configuration.
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8.3 Thermal ageing simulation in carbon presence

The problems in treating carbon have already been discussed and in
particular the time conversion issue has been addressed in section 8.1. It is
then important to assess the feasibility of a thermal ageing analysis of ternary
systems. The limit is in terms of computation time that has to be associated
to the total number of carbons. The biggest problem is constituted by the
frequency and the duration of the vacancy trapping phenomenon, which do
not follow any foreseeable regime.

First of all, it is important to estimate the moment at which the vacancy
is trapped for the first time. This interval, measured on the number of MC
steps, depends on the density of C atoms, the vacancy diffusivity and it can
be described with an exponential law. Here a simple model to estimate the
probability of the first trapping as a function of the MC steps is presented.
If each carbon atom is assumed to be a sink for a concentration of vacancies
C then the absorption rate of the vacancies by one carbon is given by Fick’s
law:

−(4πR2)J = 4πRD[C − CR] (32)

This equation for the current J relies on the assumption that the sink
has a radius R at which the vacancy concentration is CR and that they are
not moving. D is the diffusivity of the vacancies, given by Einstein’s law
D = 1

6λ
2γ, where λ is the vacancy jump length, i.e. the first shell radius√

3/2 · a0, and γ is the frequency in jumps per second. In the present model
the objective is to associate the probability to the MC steps, therefore γ will
be fixed equal to one. The concentration of vacancies is C = 1/(a0Ncell)

3

while CR can be assumed to be negligible. At last, R must include the 1st nns
of the carbon, where the vacancy can get trapped, which sit at a distance
equal to a0/2. The expression of the absorption rate for NC carbon atoms
becomes the following:

J = 4π
a0
2
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(33)

Finally, the probability of the vacancy to be trapped at the jump nf is:

Ptrap =

∫ nf

0
Je−Jndn = 1− e−Jnf (34)

This curve is plotted in figure 43 for different values of carbon content and
compared with the trapping probability observed on a sample of 100 simula-
tions. It can be noticed an overestimation of the model with respect to the
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observed values, for the reasons that follow. The trapping occurrence was
identified by means of the MC step-time curves of section 8.1: this choice
limits the observation to long trapping periods, when the slope becomes
evidently different. Consequently the short trapping periods are neglected,
which lowers the number of counts of trapped vacancies below the predicted
ones. Other reasons which might lead to this discrepancy can be the approx-
imations on the sink radius R, that is not exactly a0/2, and on the diffusivity
D, which is slightly different for a bcc lattice, where the vacancy is forced
to jump in 8 fixed directions. So it might be that the exponent coefficient J
does not overestimate the vacancy trapping but rather a more deterministic
observation tool is needed to bring better agreement with the model.
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Figure 43: The vacancy trapping probability as a function of the carbon population.

However the assessment on the simulation feasibility is dependent on the
duration of the intervals during which the vacancy is trapped. A ratio be-
tween this value and the total number of steps could be calculated. It can be
assumed that the computation time increases in proportion to this ratio. The
limit may be fixed to one month of computation, which is approximately 100
times the longest computation times performed for the simulations in section
7. An easy estimation of the trapping duration may be predicted with a ratio
of jump probabilities from the residence time algorithm, considering that the
difference Ef − Ei plays the most important role. Unfortunately the model
cannot be too simple. Another complication arises in fact when a second
carbon atom approaches a carbon-vacancy pair, because the configuration
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becomes even more stable. From the ab initio calculations of Domain [17],
it appears that some vacancy-2C configurations leads to an increase in sta-
bility from 0.45 eV to 1.50 eV and even to 1.84 eV with three carbon atoms
surrounding the vacancy. Consequently the vacancy has a tiny probability to
escape from trapping, which raises even more the simulated time. Therefore
the trapping time prediction becomes more complicated and the longer is the
simulation, the higher is the probability for the vacancy to remain trapped
for longer times. It is then more difficult to establish the limits on the carbon
content for thermal ageing simulations and an illustrative example is here
reported.

The example involves 150 carbon atoms in a 42a0 supercell, correspond-
ing to a carbon concentration of 0.1 %. The values are referred to a sample
of 100 simulations long 6 ·103 MC steps. After this period the trapping time
over total time ratios were found and the results are reported in table 6.

ttrap/ttot frequency [%]

<10 % 7
10<. . . <30 % 7
30<. . . <50 % 13
50<. . . <70 % 17
70<. . . <90 % 37

>90 % 19
Table 6: Frequency of trapping ratios.

The values highlight a very high variance between simulations with dif-
ferent random seeds. The majority part (37 %) of the simulations with 150
carbons will increase the simulation time by a factor between 7 and 8 times,
without taking into account double or triple trapping. Nevertheless there is
a non negligible probability (7 %) that the trapping time will be small and,
on the other hand, a good chance (19 %) that the simulation time will be
too long. It is likely that a similar example for a longer simulation time will
increase the frequency to higher ratios. However, in order to perform simu-
lations for welding steels reported in table 1, a carbon content of 304 atoms
is required in a 42a0 supercell. Despite the variance, it is really likely that
the ttrap/ttot ratio would be unacceptable, unless the size of the supercell is
increased. Further analysis is needed in order to understand better how to
deal with the phenomenon.

A suggestion for thermal ageing of the ternary system Fe-Cr-C, is to
analyze separately the features, as it was attempted in the present work. A
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more complete interaction database has to be implemented in order to take
into account the energy of more complex configurations, when relevant (e.g.
two FIA with one vacancy). Subsequently separate systems describing one
selected feature in detail can be analyzed. Among the examples the vacancy
trapping can be neglected, in order to focus on chromium segregation; the
evolution of configuration when the vacancy is trapped or a single carbide
diffusion.
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8.4 Isochronal annealing simulations

In the present section, part of the experiment performed by Takaki et
al. in [40] is simulated in LAKIMOCA with the new carbon self-interaction
values (see table 4) and the results are discussed.

The experiment concerned the isochronal annealing of pure iron and Fe-C
alloy samples irradiated with electrons. The electron flux creates Frenkel-
pairs (FP) in the sample, i.e. pairs of vacancy and self-interstitial atoms
(SIA), knocking off-site the atoms in the lattice. The resistivity recovery
was measured in order to estimate the activation energies of the point de-
fect migrations. Four different irradiation doses have been used as well as
three different carbon concentrations. The temperature was increased het-
erogeneously every 300 s (here fixed steps of 3K were chosen), starting from
100K, at which the sample was irradiated, up to the temperature of 400K.

The irradiation doses investigated here are the very low and low ones
considered by Takaki, corresponding to (1−2)·10−6 dpa and (8−9)·10−6 dpa,
respectively. The carbon concentrations have been fixed to 0 ppm, 15 ppm
and 67 ppm. A supercell with a size equal to 150a0 was chosen (6,750,000
sites). The defect concentrations are translated in numbers of FIA and FP
in the supercell as following:

• very low dose: 13 FP;

• low dose: 60 FP;

• 15 ppm → 101 FIA;

• 67 ppm → 452 FIA.

The experiment allowed to draw some significant conclusions already
reported in section 4.3.

The critic presented by R. Ngayam-Happy in his thesis [22] was about
the meaning of the resistivity derivative peak around 350K. In this sec-
tion the same results are reported and obtained using the new values for
carbon-carbon interactions. From the results here reported, although the
poor statistics for the low number of FP inserted, the features of the deriva-
tive peaks can already be discerned. In figures 44 and 46 the evolution of
the FP population is shown, decreasing as the SIA annihilate with vacancies.
The derivative of these curves, reported in figures 45 and 47, gives informa-
tion on the energy activation of the different species, as they migrate towards
their annihilation. The interpretation is helped by observing the .xyz files,
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in which is clear which defects are moving. The first peak indicates the dif-
fusion of SIA, which is located at the same temperature independently from
the carbon content. In absence of carbon, a second major peak, representing
the vacancy diffusion, occurs before 300K, while a third peak arises because
of the vacancy cluster motion. This last event involves the annihilation of
a small vacancy cluster with a SIA cluster, while the bigger clusters (i.e.
around 5 vacancies or more) migrate very slowly and usually survive. In fact
the FP population does not reach zero for the carbon free case in figure 46.

Adding carbon to the lattice, both the SIA and the vacancies get trapped
at low temperatures, which prevents the formation of very big vacancy clus-
ters unable to move. The trapped SIA will eventually escape and diffuse to-
wards an annihilation point, forming that second smaller peak around 190K,
or towards other SIA to form bigger clusters. The vacancy-carbon pairs start
moving together around 250K, as well as some small SIA clusters. The pro-
cess is very slow and some annihilations may occur between 250 and 350K.
Taller peaks arise between 350 and 400K, which indicates a higher annihi-
lation rate due to the faster diffusion of all the following species: small SIA
clusters, vacancy-carbon pairs or vacancies escaped from the trapping. Fi-
nally, figure 46 shows a lower population at 400K in carbon presence: this is
due to a smaller concentration of big clusters unable to move, which survive
in the pure iron simulations.

The main points claimed in Ngayam-Happy thesis are then confirmed,
although the carbon-carbon repulsion could affect some features of the sim-
ulations. The carbon atoms are in fact always spread inside all the lattice,
which increases the trapping probabilities and prevents some annihilations
after 300K. A more detailed carbon interaction description in the code will
help a better understanding also in this kind of simulation.
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Figure 44: The Frenkel-pairs population during isochronal annealing. Initial population:
13 FP.
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Figure 45: The derivative of the Frenkel-pair population during isochronal annealing.
Initial population: 13 FP.
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Figure 46: The Frenkel-pairs population during isochronal annealing. Intial population:
60 FP.

100 150 200 250 300 350 400
T [K]

0

0.5

1

1.5

dN
dT

pure Fe
Fe - 15 ppm C
Fe - 67 ppm C

Figure 47: The derivative of the Frenkel-pair population during isochronal annealing.
Initial population: 60 FP.
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Part V

Conclusions

The present work can be divided in two main parts with different ob-
jectives. In the first part the goal was to investigate the conditions for an
acceleration experiment of thermal ageing process in swedish BWR. The
analysis was performed by means of LAKIMOCA Monte Carlo simulations
and limited to binary iron-chromium alloys. In the second part, the effects
of the carbon presence into the model was investigated and the focus was di-
rected to identify the limitations on thermal ageing simulations for a ternary
system.

It has been shown for a binary Fe-Cr system that a radial distribution
function, averaged on the total number of chromium atoms and compared
with a random configuration (ACRDF), allows to identify some important
features of the α′ precipitates. These features are the precipitate radius, the
precipitate Cr density and the average distance between precipitates. The
ACRDF was then used as principal tool to assess the ageing stage ongoing
and to compare similar microstructural configurations, i.e. the Cr atoms
distribution around the lattice. The evolution at 596 K (323 ◦C) during a 70-
years period describes a slight increase of the precipitate radius, confirmed
by another tool, the autocorrelation function. The increase in Cr density and
in spacing are instead more significant. The time evolution of these features
follows the LSW law (x3 ∼ t, see eq. 6) for longer simulation times. The
standard deviation of the results is acceptable, especially at the distances of
interest.

An acceleration experiment, referred to 70 years of ageing at 596 K, im-
plies a slight difference in the configurations which can probably be neglected,
even for a temperature heighten equal to ∆T = 100K (see Fig. 26). However



the configurations are more similar for smaller ∆T , as shown in figure 27.
The better reproduction requires though a significantly longer experimental
time: ∆T = 100K brings the time down to few days, while a ∆T = 50K
(646K) corresponds to an ageing time longer than 1 year. For a 5-years
experiment a temperature of 628 K is suggested. The plots with the time
evolutions of the precipitate features (see figs. 23 and 29) can help to predict
the ageing stage at a certain temperature.

The Russell-Brown model was used to predict the strengthening and the
estimation gives a strength increase of 80MPa after 60 years. According to
the model a work-hardening process should also occur, but a comparison
with available experiments is needed, in order to confirm its validity. It is in
fact not clear if the Orowan mechanism occurs for this size of precipitates.

Thermal ageing in presence of foreign interstitial atoms (FIA, i.e. carbon
in the present study) is hard to simulate for two main reasons: the forma-
tion of carbides and the issue of time conversion. The former precludes the
possibility to run long ageing times in a rigid lattice simulation code, at
least not longer than the carbon clustering time. The carbides have in fact
a different crystalline structure which modifies the strain field around them
and consequently also the interactive forces with the solutes and the other
defects.

The analysis of carbon diffusion shows a preferred migration in α-Fe do-
mains. This is probably due to the Cr-C repulsion, which hinders carbon
FIA to find stable sites in α′-Fe domains. In addition, the new C-C interac-
tion values lead to no carbon clusters at all. In this case, the ACRDF has
a slightly bigger standard deviation because of the relatively small number
of carbon atoms. However the same trend with different random seeds is
followed in a satisfying way. Nevertheless, these trends are in disagreement
with carbide formation observed in experiments, especially for Cr carbides.
The calculated repulsive interactions may still be correct after all, but other
complex interactions could intervene instead. The attractive energy that
binds both carbon and chromium to the vacancies could be the cause of Cr
carbide formation. Further studies are needed in order to better understand
this phenomenon and subsequently perform acceptable simulations.

The time issue arises in the first place because of the different simulated
concentration values between carbon and vacancies. The conversion ratio
adopted for the binary system (eq. 19) must be adapted to the situation of
both carbon and vacancy jumps. A weighting factor based on the relative
jump probability can be used to render the conversion possible also in this
case. Moreover, the occurrence of vacancy trapping leads to the coexistence
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of two different regimes during the simulations: one with vacancy and car-
bon jumps in parallel and the other with the vacancy trapped by one or
more carbon atoms and unable to jump. In the former case the weighted
conversion can be used, while in the latter the Monte Carlo time is equal to
the real time. A high number of carbon atoms increases the probability of
vacancy trapping and consequently the simulation time, that would become
too long for thermal ageing simulations. A simple model to predict the first
trapping occurrence as a function of the number of MC steps is presented
for different carbon contents. The ratio of the global trapping time over sim-
ulated time, which is related to the increase in simulation time, has a high
deviation on short simulations. Longer simulation analysis could report a
more regular trend, even if it appears to be unpredictable. The main prob-
lem is constituted by the multiple trapping, which prevents the vacancy to
escape.

The isochronal annealing experiment of Takaki [40] was also simulated
using the new values of carbon-carbon interactions. The results show that
the carbon constitutes a trapping point for both vacancies and self-interstitial
atoms (SIA) and confirms the thesis of Ngayam-Happy [22] despite different
C-C values used. However, this C-C repulsion could have again affected the
simulation by preventing carbide clustering and a different SIA-vacancy an-
nihilation behavior over 300 K.

An extensive use of LAKIMOCA results together with the other tools
allowed to understand well the behavior of the simulated thermal ageing
process. The model for Fe-Cr binary systems is well developed for the aim
to describe the phases segregation evolution. Anyway a real system is yet
different and more complex, but one can see the progress towards a better
understanding and a more accurate description, which can be achieved step
by step. In particular, for a ternary system many more complex configu-
rations have to be investigated and their energies calculated. For example
ternary potentials for the triplet Cr-C-vacancy may bring interesting values.
But to perform too many interaction computations in the code may lead to
unacceptably longer simulation times, if the aim is to reproduce thermal age-
ing processes. Then, although a widespread investigation of the potentials is
needed, only the more relevant interactions should be chosen to be inserted
into the code. At last, it is suggested to treat the role of carbides separately,
starting from the investigations on migration energies in pure iron and pure
chromium. Their interactions with point defects are also needed, together
with their role in work-hardening.
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