


7. The phase separation in Ni-Cr-Al alloy

Figure 7.7: Snapshots of obtained +’ precipitates using threshold concentration around
Ni atoms in isothermally treated Ni-Cr-Al alloy with 15.2 at% Cr, 5.2 at% Al, at 873
K. Cr atoms are blue, Al atoms are red and Ni atoms are silver; a) at 0.18 s, b) at 0.28
s, ¢) at 0.39 s, d) at 0.49 s.

parameters azAlNi and a%rNi should decrease.

Parts made from nickel superalloys are often used in very demanding environment
and exposed to high thermal loadings. The strength of nickel superalloys is derived from
the presence on ~/ precipitates, which then in the presence of thermal loads grow and
coarsen. This can have undesired effects, therefore simulations to predict life span of
Ni-superalloys are welcomed. Simulations performed here on the highly supersaturated

Ni-Cr-Al alloy, nucleation of ordered ' precipitates was observed from the beginning.
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Figure 7.8: Evolution of the short range order parameter in Ni-Cr-Al alloy at 873 K

for homoatomic combinations.
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7. The phase separation in Ni-Cr-Al alloy

At the early stages of phase separation by kMC simulations, two types of ordered ~'
precipitates (NigAl and Ni;Cr) were detected and their time evolution was analysed.
Detection of both variants of the 7/ precipitates is in agreement with previous experi-
mental and modeling studies, [16] 31 35, B8] 180 183HIVE, 186, 188]. Comparison of
matrix and 7/ precipitates with 3D atom probe (3D APT) confirms very small mismatch
between their lattice parameters and confirms justification to perform simulations with
the use of rigid lattice diffusion model. Furthermore, similar kinetic pathways were also

observed with 3D APT studies, which confirms used simulation parameters.
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The scientist is not a person
who gives the right answers,
he's one who asks the right

questions.

Claude Lévi-Strauss
(1908-2009)

The simulation of coupled

interstitial /substitutional diffusion in
Fe-C alloy

The precipitation of carbides is very important and helps to control physical properties
of the steels. Other chemical elements (e.g. Nb, Ti, V, ...) which enhances carbide
precipitation are often added to steels. In order to obtain given microstructure ad-
equate processing is needed. To better choose thermal treatments for desired phase
composition it is important to predict the precipitation kinetics. The Fe-C phase dia-
gram, shown in figure provides valuable foundation on which to build knowledge of
steels in their immense variety, [191].

This chapter focuses on the homogeneous precipitation in a-iron. The simulations
model used in previous chapters was made even more complicated with addition of
simultaneous diffusion of the interstitial atoms. Therefore, the simulations model com-
bines vacancy diffusion of the substitutional elements (Fe) and interstitial diffusion of
C atoms. If plain carbon steel is aged at 473 K or above, the orthorhombic cementite
Fe,C is formed, [I91]. This is also evident from the Fe-C phase diagram, where phase

composition below 1000 K is made from ferrite and cementite.

8.1 Model parametrization

Rigid lattice used for simulations in previous chapters needs to be changed to account
interstitials. Since carbon atoms diffuse on different lattice sites than substitutional

elements, it is logical to define two separate sublattices. First sublattice accommodates
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Figure 8.1: The Fe-C phase diagram, [191].

Fe atoms and substitutional vacancy, while other sublattice responsible for diffusion
of C atoms is almost empty and represents 3/4 of all sites. Nearest neighbours in the
coupled substitutional and interstitial kinetic Monte Carlo simulations are defined on

a simple cubic lattice as follows

e First nearest neighbours are between two sites on interstitial sublattice with dis-
tance between them one half of base BCC lattice, r; = 0.1435 nm

e Second nearest neighbours are also between two interstitial sites on the diagonal

of simple cubic cube with distance, ro = 0.20294 nm

e Third nearest neighbours are first nearest neighbours on substitutional sublattice,

defined same as in previous simulations, r3 = 0.2486 nm

e Fourth nearest neighbours are second nearest neighbours on substitutional sub-

lattice, already defined in previous simulations, r4 = 0.287 nm

Simulations of cementite precipitation from supersaturated ferrite with carbon rep-

resents several difficulties if rigid lattices are used. The cementite has orthorhombic,

150



8.1 Model parametrization

D011 crystal structure with lattice parameters ¢ = 0.4525 nm, b = 0.5087 nm and
¢ = 0.6743 nm, [192] and ferrite has body centred cubic, A2 crystal structure with
lattice parameter ¢ = 0.287 nm. This mismatch of lattice parameters makes impossible
to accurately reproduce the Fe-C phase diagram with rigid lattice approximation. The
Fe;C phase is thus replaced by approaching FeC phase and interaction parameters are
fitted to the real Fe-C system. In the cubic stoichiometric FeC phase, C atoms occupy
1/3 of the interstitial sites and can be build in several variants, shown in figure

Figure 8.2: Schematic presentation of Fe;C structure on the simple cubic lattice. Three
variants, a), b), and c) are possible, with C atoms occupying various interstitial posi-
tions.

Table 8.1: Interaction energies and kinetic parameters used for the kMC simulations of
Fe-C alloy.

el = 0.10 eV &l =0.10 eV

& = —0.09 eV
e = 06116V
e%le)c =0eV

el = —0.30 eV
e, = —0.34 eV
Espre = —9.31 ¢V
Vpe = 1016 71

e% = —0.09 eV
e%)Fe = —0.611 eV
e(Ff)C =0eV

e&\), =0eV

€roy = 0 eV

ESpC =0.88 eV

vo = 1.46 x 101 g1

Simulation parameters used for coupled substitutional and interstitial diffusion are

presented in Table It can be seen that interactions are not possible on first and

second nearest positions for substitutional atoms. The carbon solubility depends only

on eg% and eg% and was fitted to correspond to the Fe-C phase diagram. Slightly

repulsive interactions egé and 6(02()3 do not effect carbon solubility and were fitted to
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8. The simulation of coupled interstitial /substitutional diffusion in Fe-C alloy

the simple pair potential, [I93]. Fe interaction energies were fitted to the cohesive
energy of iron as was also the case in previous chapters. Similar parametrization for
homogeneous precipitation model was used in previous work by Dominique Gendt, [28]
for Fe-Nb-C alloy. The kinetic parameters, jump frequencies and saddle point energies
were based on the values from previous work by D. Gendt, [28]. The pair interaction
energies e%wl- and egﬁ, are parameters for reactions with 1st and 2nd nearest neighbours

on interstitial part of rigid lattice.

8.2 Results

In this section results obtained with kinetic Monte Carlo simulations are presented.
Simulations, performed on 323 BCC lattice sites (9.18% nm) in Fe-C alloy with 1 at.%

C atoms and single vacancy. In figure [8:3] snapshots of initial disordered configuration

b) c)

Figure 8.3: Snapshots of Fe-C alloy with 1 at.% C, obtained from kMC simulations
during annealing at 873 K. Size of the simulation box is 323 BCC lattices (9.23 nm),
only C atoms are displayed due to visibility reasons; a) initial disordered configuration,
b) at 0.9 s, ¢) at 2 s.

and obtained microstructures at two times are depicted. Only C atoms are depicted
for visibility reasons. Quick ordering of C atoms can be observed and in figure 8.3
almost all C atoms are in FeC clusters.

The C-C pair correlation function of the initial disordered state in shown in fig-
ure Initial configuration is sufficiently disordered although slight correlations can
be observed at short distances, at around r ~ 0.25 nm with value g(r) ~ 5, which
corresponds to third nearest neighbours.

The carbon clusters are formed very quickly due to fast diffusion of interstitial
carbon and driving force for iron carbide precipitation (activity of carbon in iron).

The composition and crystal structure of obtained precipitates are cubic FeC crystal
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Figure 8.4: Carbon-carbon pair correlation function of initial disordered state.

Figure 8.5: Snapshots of FeC precipitates in Fe-C alloy with 1 at.% C, obtained from
kMC simulations during annealing at 873 K; a) at 0.9 s, b) at 2 s.
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8. The simulation of coupled interstitial /substitutional diffusion in Fe-C alloy

structure and not expected Fe;C cementite phase, due to use of the rigid lattice approx-

imation. Also associated lattice mismatches are not accounted for. However, obtained
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Figure 8.6: Carbon-carbon pair correlation function at 0.9 s.
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Figure 8.7: Carbon-carbon pair correlation function at 2 s.

precipitation kinetics should qualitatively describe diffusion of carbon in iron and its
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8.2 Results

rapid clustering. Extracted clusters with cubic FeC structure are depicted in figure
When both both snapshots are compared, coarsening of obtained FeC clusters is
revealed. In figure very small amount of C atoms is seen in the matrix, while in
figure[8.5p all C atoms are bind into clusters. This can be studied with pair correlation
function of both states. In figures and pair correlation function corresponding
to snapshots in figures and are shown, respectively. Strong correlation are ob-
served at distance r &~ 0.25 nm which relates to third nearest neighbours and is correct
according to the chosen simulation parameters. Value of the pair correlation function
increases even more at distance r & 0.25 for snapshot in figure [8.5b, confirming that C
atoms started to form larger clusters.

Rigid lattice model used in this chapter for simulation of cementite precipitation
offers some insight into precipitation kinetics. Model reproduces naturally much faster
occurring diffusion of carbon atoms and slower diffusion of iron. As explained, expected
orthorhombic Fe,;C phase was replaced by cubic FeC phase and solubility limit of carbon
was fitted to follow Fe-C phase diagram.
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No amount of experimentation
can ever prove me right; a sin-
gle experiment can prove me

wrong.

Albert Einstein (1879-1955)

Conclusions

Alloys used in everyday life are mainly used in nonequilibrium states where certain
physical properties of such states are exploited. The processing path to desired prop-
erties often leads through precipitation of the new phases. The kinetic pathways to
optimal processing route, require a huge amount of expensive experimental work and
are not straightforward. Precipitation and its kinetics is classically divided into nucle-
ation, growth and coarsening, which are then studied as separate processes. Classical
theories for these three idealized stages are based on minimization of the free energy
potential and solving diffusion equation, where several assumptions are needed for ana-
lytical solutions. In the real alloys those idealized stages overlap and assumptions used
causes problems in prediction of the kinetic pathways leading to the desired physical
properties with classical theories. Fore mentioned assumptions are not needed, if diffu-
sion processes leading to precipitation are treated explicitly on the atomistic level. The
main purpose of the presented thesis was to use atomistic simulations, which explicitly
treat diffusion of the atoms, to simulate phase transformations in supersaturated solid
solutions. Simulations were performed with a kinetic Monte Carlo method on several
alloy compositions, where various processes were studied.

In the scope of this thesis a diffusion model, based on the rigid lattice approxi-
mation for kinetic Monte Carlo simulations was developed. Its validity was tested and
confirmed on the simple binary alloy system. The developed simple binary model offers
very good description of the diffusion processes and accurate description of nucleation,
growth and coarsening stages. Although a lot of kinetic Monte Carlo simulations can be
found in literature, the simulation box size effects were not addressed before. Majority
of simulations were performed on the binary Fe-Cu alloy where influence of the box
size, temperature, chemical compositions, mixing energy and asymmetry were tested.
Influence of the model asymmetry on the vacancy trapping was also investigated. Neg-

ative values of the asymmetry parameter change kinetic pathways at late stages, where
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9. Conclusions

coarsening was not observed. Negative asymmetry parameter causes agglomeration or
direct coagulation of formed clusters and has influence on their mobility, even when
they are large. Increased mobility of subcritical clusters have influences on incubation
time, nucleation and growth rates and also growth mechanism. Controlled study of
the cluster evolution was performed with computer experiments where various initial
cluster sizes were seeded in slightly supersaturated medium. The moment of inertia
tensors were calculated for several obtained cluster shapes which revealed, that initial
spherical shape can deviate a lot. Also displacement of the clusters centre of mass in
time and concentration profiles at various times were addressed and discussed. Influ-
ence of subcritical clusters was assessed using at high temperature previously annealed
microstructure as initial conditions. Here number of subcritical clusters with more than
five atoms were detected and their influence is in shorter incubation time and dimin-
ished growth rate. However, after some time growth rate and mean cluster size start
to behave as in the case with initial random solid solution. The simple binary BCC
model served as a starting point, and was made more complex by introduction of other
substitutional elements. First ternary Fe-Cu-Mn and Fe-Cu-Ni alloys and then also
quaternary Fe-Cu-Ni-Mn alloy were simulated. Effects of additional impurities on the
nucleation, growth and coarsening stages were studied. The rigid lattice approximation
accurately described clustering, even after introduction of other chemical elements, and
obtained results were discussed and compared to the binary Fe-Cu alloy system. This
diffusion model was then adjusted for simulations of the phase separation in ternary
Ni-Cr-Al alloys with FCC crystal structure. Obtained results are in agreement with
3D atom probe and high resolution microscope experimental studies and with other
kinetic Monte Carlo studies. Two variants of 4/ precipitates, Ni;Al and Ni;Cr were ob-
served and their time evolutions analysed and discussed. After substitutional diffusion
processes were examined in detail on several alloy systems, focus was turned to de-
velop kinetic Monte Carlo diffusion model, where substitutional diffusion is competing
with interstitial diffusion. Kinetic Monte Carlo simulations with the rigid lattice ap-
proximation were then performed on the binary Fe-C alloy, where interstitial positions
were populated with carbon atoms. The competing substitutional and interstitial diffu-
sion processes are operating at very different speeds which further complicates model.
Furthermore, realistic orthorhombic Fe;C cementite phase can not be accurately repro-
duced with rigid lattice approximations and was replaced by approaching cubic FeC
crystal structure. Pair correlations of obtained results reveal very quick clustering of

carbon on third nearest neighbour positions.

From the presented results, we can conclude that the main goal of this work, which
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was to develop and implement an atomistic simulation package based on the kinetic
Monte Carlo method, that is able to study at a detailed atomistic, spatial scale the
diffusion processes, leading to the nucleation, growth, ripening and coalescence of pre-
cipitates, was successfully achieved. Furthermore, influence of the subcritical clusters
on the incubation time, nucleation rate and growth was also studied. The developed
kinetic Monte Carlo simulations package and used atomic potential models enables
accurate forecasting of the clustering kinetics from nucleation, growth and coarsening
stages.

The developed rigid lattice kinetic Monte Carlo model can be used for fundamental
study of diffusion processes and with some further development also for determination
of adequate processing routes in industry. There are still points for improvements which
could not be implemented due to the limited resources and given time-frame.

Various processes and physical properties could be studied with the developed com-
puter experiment code and underlying model with some improvements and adaptations.
However, they were not considered as their treatment would exceed the scope of the

thesis. They are as follows

e During material processing, cooling rates can have large effects on the obtained
microstructures and consequently mechanical properties of alloys. Developed
model was used only for isothermal simulations and could be adjusted also for

anisothermal simulations.

e The kinetic Monte Carlo of diffusion model presented in this thesis avoids assump-
tions common to the phenomenological models. Especially in the multicomponent
alloys, it is assumed that the off-diagonal terms of the Onsager matrix can be ne-
glected. However, the diffusion matrix is in general nondiagonal and off-diagonal
terms can effect the kinetic pathways. Full diffusion matrix could be calculated

from results of kMC simulations with some effort.

In order to obtain an even more realistic description of the kinetic pathways, the

following improvements can be made in future

e Simulations in this thesis were performed with simple potentials. Interatomic
potentials calculated with ab-initio methods would be an improvement. In order
to obtain even more realistic kinetic pathways full atomic relaxations should be
taken into account. However, this dramatically increases computational time and

some trade off between atomic relaxations and simplicity is needed.

e Calculation of the position dependant interatomic energies, using density func-

tional theory (DFT) methods requires enormous computing power. A possible
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9. Conclusions

improvement is the use of optimized interaction energies obtained by using neural

networks from a pool of large number of cases previously calculated.

e It was assumed that formed clusters keep coherency with matrix. However, es-
pecially in the case of Fe-C and precipitation of Fe;C cementite phase this is not
true. Furthermore, loss of coherency is associated with elastic energies due to
lattice mismatches which can have large effect of precipitation. Semi rigid lattice

model could be build which would improve lattice mismatch effects.

e Time needed for typical simulations is very long. Although some efforts were
put into parallelization of the developed model, better parallelization techniques

would greatly improve computing time efficiency.
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The problems of language here
are really serious. We wish to
speak in some way about the
structure of the atoms. But we
cannot speak about atoms in
ordinary language.

Werner Heisenberg
(1901-1976)

Description of the developed kMC code

To perform atomic kinetic Monte Carlo simulations on crystal lattice simulations pack-
age is needed. During the course of doctoral study simulations package in C+4 pro-
gramming language was developed, tested and evaluated. Simulation package was made
from several object which were then put together into bigger building blocks used in
the main function. In the main function chemical concentration and atoms names are
selected first. Next very important parameter is the size and type of the simulation box.
At the moment two crystal lattice types with or without interstitials are available, BCC
and FCC. The chosen lattice structure is then populated with desired concentrations of
atoms. After lattices are populated initialization function is called, which calculate ini-
tial transition probabilities from simulation parameters. One Monte Carlo step (MSC)
is completed after same number of exchanges are performed as there is number of all
atoms in the simulation box using residence time algorithm described previously. In-
termediate results are recorded after several hundred MCS and simulation is run until
desired number of MCS is reached, usually around one hundred thousand, depending
on the size of simulation box, asymmetry and temperature.

Higher the simulations temperature, more MCS steps is needed to reach reasonable
scaled real time relevant for diffusion processes. The simulations software itself consists

from following files:
kMCmain.cpp - function main

kMCsim.h and kMCsim.cpp - calculation of transition probabilities and residence time

algorithm
kMCgrid.h and kMCgrid.cpp - building of grids and recording of results

kMCsosedi.h and kMCsosedi.cpp - positions of neighbours and simulation parameters

161



A. Description of the developed kMC code

INPUT

Temperature,
Chemical composition,
Interatomic and ghost energies,
Saddle point energies,
Simulation box size and type,
Desired number K of MCS

'

Initialization
(AEXVsub: AE(Jint)

'

Residence time algoritm

A

Transition probabilities T';
N n
ervi +z L
i=1 i=1

Choose event with
random number

Pl
Calculate time

1

cT N  n
erw +ZFCi
i=1 i1

ty

N
k < maroms
Y
1 MCS
/
cm
treal = C\e/q tMC
Write
intermediate
results
Y
END
N Y
MCS <K >

Write results

Figure A.1: Flowchart of the developed kMC simulation software
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Rand.h and Rand.cpp - random number generation
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Pri vseh zadevah je zdravo tu
pa tam obesiti vprasaj na vse,
kar imas Ze dolgo za samou-
mevno.

Bertrand Russell (1872-1970)

Extended summary in Slovene
(Povzetek v slovenskem jeziku)

Lastnosti mnogih industrijsko pomembnih zlitin so mo¢no odvisne od izlo¢anja delcev
drugih faz. Mehanske lastnosti mnogih jekel so odvisne od mikrostrukture karbidov,
ki se pri visokih temperaturah izloc¢ajo iz avstenitne faze, pri nizkih pa iz feritne faze.
Maloogljiénim jeklom, kot so na primer visokotrdna malo legirana (HSLA) jekla, se
z dodatkom Nb, V ali Ti zviSa napetost tecenja, z izlocanjem karbidov teh elemen-
tov pa lahko vplivamo tudi na kinetiko rekristalizacije. Med zlitine, pri katerih igra
izlo¢evanje zelo pomembno vlogo, spada tudi skupina tehnolosko zelo pomembnih Al
zlitin z dodatkom Mg in Si (6xxx) in druge Al zlitine z dodatkom Cu, za katere je
znacilno kompleksno zaporedje tvorbe in razpada metastabilnih faz v odvisnosti od
temperature, ¢asa in kemicne sestave zlitine. Za te zlitinske sisteme je bilo v preteklo-
sti opravljenih veliko eksperimentalnih in teoretiénih studij. Se posebej velik napredek
pri razumevanju izlo¢evalnih mehanizmov je prinesel razvoj modernih preiskovalnih me-
tod, kot so vrsti¢na elektronska mikroskopija (SEM), presevna elektronska mikroskopija
(TEM), rentgenska difrakcija (XRD), 3D tomografija z atomsko konico (3DAP), itn.
Pri studiju izloCanja v prenasi¢enih metastabilnih trdnih raztopinah ponavadi lo¢imo
tri razlicne faze: (i) nukleacijo stabilnih gru¢ atomov izlocene faze, (4i) difuzijsko rast
nastalih grué¢ in (77) nato Se njihovo ogrobitev (Ostwaldovo zorenje) in koalescenco, ki
vkljucuje rast vec¢jih izlockov na ra¢un manjsih zaradi zmanjSanja povrsinske energije
sistema. V realnih sistemih se ti trije idealizirani kineti¢ni rezimi najveckrat prekri-
vajo, kar posledi¢no zelo otezi interpretacijo rezultatov. Znano je, da je z ustrezno izbiro
parametrov v okviru modelov, ki temeljijo na klasi¢ni teoriji nukleacije, mogoce zado-
voljivo opisati Casovni potek Stevila in velikosti izlockov v fazi njihove rasti in ogrobitve.
Vendar ti modeli temeljijo na mnogih poenostavitvah in vprasljivih privzetkih kot na

primer o sferi¢nosti in stehiometri¢nosti izlockov, da so povrsSinske energije neodvisne
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od temperature in velikosti izloc¢kov, itn. V obstoje¢ih modelih je povrSinska ener-
gija ponavadi uporabljena kot prilagoditveni parameter. Poleg tega obstoje¢i modeli
upostevajo le rast izlockov nadkritiéne velikosti (veéji od kali), medtem ko popolnoma
zanemarijo vlogo velikega Stevila nestabilnih podkritiénih gru¢ (embriji). Le te zaradi
nenehnega nastajanja in razpada celo v nenasi¢enih trdnih raztopinah tvorijo staci-
onarno porazdelitev, kar vpliva na kinetiko izlocanja. Pri vigjih temperaturah in/ali
pri nizkih povrsinskih energijah lahko te gruce znatno vplivajo na koncentracijo raz-
topljenih atomov v zlitini, kar posledicno vpliva tako na nukleacijo, kot tudi na rast
in ogrobitev izlockov. Nasprotno pri atomisti¢nih simulacijah, temeljec¢ih na ekspli-
citni obravnavi difuzije posameznih atomov, niso potrebne omenjene poenostavitve in
predpostavke. Zato lahko atomisti¢ne simulacije kinetike izlo¢anja v odvisnosti od tem-
perature, ¢asa in od kemicCne sestave pomembno prispevajo k globljemu razumevanju
nastanka kali in nadaljne rasti. Simulacije izlocanja na atomisti¢cnem nivoju so zato
orodje z odliéno sposobnostjo napovedovanja in v pomo¢ pri nacrtovanju modernih zli-
tin z boljsimi lastnostmi, Se posebej za sisteme pri ekstremnih pogojih (npr. ekstremni
tlaki, temperature, radioaktivni elementi, itn), kjer je eksperimentalno delo zahtevno,

tezavno ali celo nemogoce.

V okviru naloge je poudarek na simulacijah dinami¢nega razvoja sistema atomov.
Razvoj atomisti¢nih simulacij se je pricel v petdesetih in Sestdesetih letih dvajsetega
stoletja z molekularno dinamiko (MD), pri kateri integriramo Newtonove enacbe giba-
nja atomov po ¢asu. Zaradi upostevanja termic¢nih nihanj atomov morajo biti pri MD
integracijski koraki dovolj majhni, priblizno 10~® s. Naslednja stopnja razvoja so bile
metode izracuna elektronske strukture, z namenom dosega Se bolj natan¢nih rezultatov,
ki temeljijo na resevanju Schrodingerjeve enacbe, [4] in so dandanes znane kot ab-initio.
Najveckrat uporabljena metoda v znanosti o materialih je teorija gostotnih funkciona-
lov (DFT). Korenine DFT izhajajo iz Thomas-Fermijevega modela [3], [6], vendar so
temelji postali trdni Sele z Hohenberg-Kohnovimi izreki, [7]. Navkljub povecani na-
tan¢nosti zaradi upostevanja elektronske strukture, je slabost ab-initio metod potreba
po izredno visoki racunalniski moci. Za dosego Se daljSih ¢asov, potrebnih za Studij
difuzijsko pogojenih procesov, so potrebne metode, ki omogoc¢ijo veCje povprecenje.
Atomisti¢ne simulacije, pri kateri je mozno razsiriti velikost in ¢asovno skalo, so sku-
pina Monte Carlo (MC) metod, ki so v uporabi od poznih stiridesetih let dvajsetega
stoletja [I0) [11]. Njihova uporaba se je zacela v petdesith letih dvajsetega stoletja kot
Metropolis Monte Carlo, kjer je ¢asovni razvoj sistema pogojen z izracunom verjetnosti
posameznega dogodka. MC metoda uporabljena v okviru te naloge je kineti¢na Monte

Carlo (kMC) metoda, ki omogo¢a simulacije v realnem ¢asu. Metoda je primerna za
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Studij kinetike nukleacije, saj ne zasleduje natan¢nih termi¢nih nihanj atomov, ampak
difuzijske preskoke med stanji. To omogoca vecje velikosti in ¢asovne skale, pomembne
pri Studiju nukleacije in rasti izlockov v realnih zlitinah [12H38]. Naloga se osredotoca
na uporabo kMC metode za podrobno proucevanje nukleacije, rasti, ogrobitve in koale-
scence izlo¢kov, s posebnim poudarkom na kinetiki tvorbe in razpada nestabilnih gruc¢
podkritiénih velikosti ter njihov vpliv na kinetiko izloc¢anja, ki jih obstojeci modelu ne

upostevajo.

Delo je mogoce v grobem razdeliti na tri dele; in sicer na splosni uvod, teoreti¢ni del
in modeliranje. Splosnemu uvodu, v katerem so zastavljeni cilji in metode, sledi teo-
reti¢ni pregled, v katerem so prestavljene klasi¢na teorija nukleacije, osnove statisticne
mehanike s poudarkom na MC metodah in difuzijski model za simulacije izlo¢anja z
metodo kKMC. V delu kjer je predstavljeno modeliranje so opisani posameznih zlitin-
ski sistemi in njihova parametrizacija ter detajlno obdelani dobljeni rezultati simulacij.
Zakljuckom sledi dodatek v katerem je predstavljena shema izdelanega programa za
simulacije. Razvit in izdelan program za simulacije omogoc¢a §tudij difuzijskih faznih
transformacij na atomisti¢ni skali. V okviru doktorske naloge so bile izvedene razli¢ne
simulacije, s katerimi je bil ugotovljen vpliv temperature, kemiéne sestave, asimetrije
medatomskih potencialov, meSalne energije in zacetne mikrostrukture na kineti¢ni ra-
zvoj izlo¢kov in njihovo gostoto, volumski delez elementov, velikost in obliko izloc¢kov,
koncentracijske profile, parameter reda kratkega dosega in parsko korelacijsko funkcijo.
Detajlna studija je bila najprej narejena na enostavnem binarnem modelu z telesno cen-
trirano kristalno (t.c.k.) strukturo na Fe-Cu zlitinskem sistemu. Dobljene mikrostruk-
ture so zelo podobne tipi¢nim mikrostrukturam pridobljenimi z 3D APT ali HRTEM.
Ugotovljeno je bilo, da je vpliv mesalne energije na razvoj parametra reda kratkega do-
sega in Stevila izlockov podoben vplivu temperature. ZviSana meSalna energija pospesi
izlo¢anje in posledi¢no zvisa vrednosti parametra reda kratkega dosega. Nadalje, pri
zvisani mesalni energiji je opaziti jasni obmo¢ji rasti in ogrobljenja izlockov. Simulacije
so pokazale, da sta izloCanje in kineti¢ne poti obcutljivi na asimetri¢nost medatom-
skih potencialov, kar je bilo Studirano z definicijo parametrov asimetrije. V doktorski
nalogi je predlagan nov model za asimetrijo, ki poleg medatomskih energij uposteva
tudi navidezne (ghost) energije med praznino in atomi. Pri negativhem parametru
asimetrije prevladuje direktna koagulacija izlockov, medtem ko v primeru simetri¢nega
modela in modela s pozitivnim parametrom asimetrije prevladuje Ostwaldovo zorenje.
Casovni eksponenti za razvoj povpreénega radija izlockov, dobljeni iz simulacij, so bili
za dolge ¢ase primerjani z napovedmi LSW teorije. Razlike med LSW teorijo in do-

bljenimi rezultati so pripisane vplivom mobilnosti gru¢. Nadalje je bilo ugotovljeno, da
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negativni parameter asimetrije povzro¢i povecanje casa simulacije za dosego enakega
realnega casa. To je povezano z preferenénim okoljem, kjer se zadrzuje praznina ali
tako imenovanemu efektu ujetja lete v bakrovih izloc¢kih. Za podrobnejSo pojasnitev
kinetike izlo¢anja so bile izvedene racunalniske simulacije, pri katerih so bili izlocki
predhodno zasejani v rahlo prenasi¢eno trdno raztopino. Namen §tudija je bil pojasni-
tev vpliva izlockov z razlicnimi zacetnimi oblikami na obliko in velikost izlockov med
njihovo rastjo. Vizualno opazene velike razlike med zacetno sfericno obliko in doblje-
nimi konénimi oblikami in velikostmi izlockov so bile dodatno preverjene Se s pomocjo
tenzorjev vztrajnostnih momentov izlockov. Mikrostrukture dobljene iz ra¢unalniskih
eksperimentov, izvedenih nad temperaturo topnosti Cu v Zelezu pri kateri so bili v
vecjem Stevilu prisotne gruce atomov podkritiénih velikosti (dvojckov, trojckov, ...) so
bile uporabljene za dolocitev vpliva podkritiénih gru¢ na inkubacijski ¢as in hitrost
nukleacije in rasti izlo¢kov. V primeru prisotnosti vecjih podkritiénih gru¢ (ve¢ kot pet
atomov v gruci) je inkubacijski ¢as krajsi in hitrost nukleacije in rasti manjsa. Vpliv teh
podkritiénih gruc¢ se s ¢asom izniéi in tudi povprec¢na velikost izlockov je enaka, kot v
primeru brez prisotnih ve¢jih gru¢. Dodatno je bil preverjen vpliv moznih periodi¢nosti
na dobljene rezultate, saj so bili v vseh simulacijah uporabljeni popolni periodiéni robni
pogoji. Ugotovljeno je bilo, da so rezultati pridobljeni s simulacijsko skatlo velikosti
402 t.c.k resetk zadovoljivi in omogocajo ponovljivost. Vendar so bile uporabljene vecje
simulacijske Skatle, da je bilo dobljeno vecje Stevilo izlockov, kar omogoc¢a natancénejso

statisti¢no analizo dobljenih rezultatov.

Razviti paket za racunalniske eksperimente je bil zastavljen tako, da omogoca doda-
janje poljubnega Stevila kemijskih elementov in uporabo razli¢ne globine simulacijskih
modelov (Stevila najblizjih sosedov). Sam model je bil preverjen na dveh ternarnih
in eni kvaternarni zlitini z t.c.k kristalno strukturo. Kinetika izlo¢anja v ternarnih
Fe-Cu-Mn in Fe-Cu-Ni zlitinah ter kvaternarni Fe-Cu-Ni-Mn zlitini, je bila primerjana
z rezultati predhodno simulirane binarne Fe-Cu zlitine. Pri temperaturi 873 K je bil
spremljan razvoj parametra reda kratkega dosega in povpreéna velikost izlockov. Ugo-
tovljeno je bilo, da dodatek Ni in Mn atomov v zlitino, poveca inkubacijski ¢as za
nukleacijo in ima vpliv na hitrost rasti izlockov. Najvisja hitrost rasti je bila opazena,
v primeru ko je bil dodan samo Ni. Najnizja hitrost rasti je bila opazena v primeru, ko
je bil dodan samo Mn, medtem ko je hitrost rasti izlockov je za kvaternarno zlitino lezi
med obema skrajnima vrednostma ternatnih zlitin med obema do sedaj omenjenima v

primeru kvaternarnega sistema.

Za simulacije razmesanja je bil razvit simulacijski paket nadgrajen tako, da omogoca

simulacije tudi za zlitine s ploskovno centrirano kristalno strukturo. Z njim so bili nare-
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jeni racunalnigki eksperimenti na zlitini Ni-Cr-Al pri 873 K. Pri tej temperaturi sta bila
zaznana dva tipa 7/ faze, in sicer NizAl in NiyCr, kar je v skladu s 3D APT eksperimenti
iz literature. Simulacije so pokazale, da se delez Niz Al vseskozi povecuje s casom, med-
tem ko delez Ni;Cr najprej narasca in nato po dosegu najvecje vrednosti zacne padati.
Za detekcijo teh dveh faz sta bili razviti in testirani dve metodi. Pri prvi so bile faze
dolocene na podlagi izracuna povprecnih koncentracij okoli iskanih elementov, druga
pa temelji na natanéni dolocitvi toéno dolo¢ene kristalne strukture. Dobljeni delez in
polozaj faz se za obe metodi razlikuje, zaradi Cesar je potrebna posebna previdnost
pri analizi podatkov tako ra¢unalniskih simulacij, kot tudi rezultatov eksperimentov z
atomsko konico. Namre¢, pri eksperimentih z atomsko konico se delez posameznih faz

dolo¢a na osnovi povprecnih koncentracij.

Zmoznosti razvitega simulacijskega paketa so bile preverjene tudi s simulacijami
kinetike izlocanja v zlitinah, z atomi legirnih elementov na intersticijskih in substi-
tucijskih mestih kristalne mreze in sicer z uporabo Fe-C zlitinskega sistema. Ceprav
kot pricakovano Fe;C faze in mogoce reproducirati s priblizkom toge mreZze, sta bili
reproducirani mnogo hitrejsa difuzija intersticijskih elementov in pocasnejsa difuzija
substitucijskih elementov. Za ta primer so bile izra¢unane parske korelacijske funkcije
za zacetno neurejeno stanje in dve poznejsi stanji. Ugotovljeno je bilo, da ogljikovi
pari tvorijo vezi na mestu tretjih najblizjih sosedov, kar je pricakovano in v skladu z
izbranimi interakcijskimi energijami.

V okviru doktorske naloge razviti model temelji na upostevanju navideznih (ghost)
energij med praznino in atomi, in sicer preko definicije asimetrije medatomskih poten-
cialov. Kohezivna enegija topljneca je bila uporabljena kot prilagoditveni parameter,
pri ¢emer smo v modelu zahtevali ohranitev energije meSanja, saj slednja dolo¢a obliko
faznega diagrama. Na podlagi tega modela je bila za dano asimetrijo medatomskih po-
tencialov doloCena celotna energetika. V pricujoc¢em delu smo upostevali prve in druge
najblizje sosede danega atoma, sam model pa omogoca dolocitev celotne energetike do
n-tih sosedov, kjer je n poljubno naravno stevilo. V primeru izbire simetri¢énih meda-
tomskih potencialov, nam model da podobne vrednosti energetike, kot jih najdemo v

literaturi.

Iz predstavljenih rezultatov je mogoce ugotoviti, da je glavni cilj te naloge, ki je bil
uporabiti difuzijski model za simulacije s kineti¢no Monte Carlo metodo, ki temelji na
eksplicitni obravnavi difuzije posameznih atomov brez dodatnih poenostavitev in pred-
postavk, znacilnih za klasi¢ne teorije nukleacije, rasti in ogrobitve, uspesno dosezen.
Razviti model je mogoce uporabiti kot napovedno orodje in omogoca natan¢no napo-

vedovanje kinetike izlo¢anja v odvisnosti od temperature, kemiéne sestave in zacetne
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mikrostrukture. Nadalje je bil s predlaganim pristopom Studiran vpliv grué¢ atomov
podkriticne velikosti na inkubacijski ¢as ter hitrost nukleacije in rasti izlockov. Ugoto-
vljeno je bilo, da je mobilnost gru¢ atomov moc¢no odvisna od asimetrije medatomskih
potencialov. Negativna asimetrija vpliva na povecanje mobilnosti gru¢ atomov, pri
¢emer lahko njihova mobilnost preseze mobilnost monomerov, kar smo pripisali uje-
tju vakance v gruco. Povecana mobilnost teh podkritiénih gru¢ atomov, vpliva na
skrajSanje inkubacijskega Casa za nukleacijo, zmanjSanje hitrosti nukleacije, vpliva pa
tudi na mehanizem rasti izlockov. Slednji zaradi pove¢anja mobilnosti gru¢ poteka manj
z kondenzacijo posameznih atomov in v vse vec¢ji meri z zdruzevanjem posameznih gruc.

Seznam koli¢in in procesov, ki jih je mogoce z razvitim atomisti¢énim modelom
simulirati brez bistvenih izboljsav ali prilagoditev, pa ni bil obravnavan, ker bi taksna

obravnava presegla zastavljene naloge, je naslednji:

e Hitrost ohlajanja ima velik vpliv na mikrostrukturo in posledi¢no na mehanske
lastnosti. Razviti model je bil uporabljen za izotermne simulacije. Z nekaterimi

prilagoditvami bi ga bilo mogoce nadgraditi za neizotermne simulacije.

e Predstavljen in uporabljen difuzijski model ne potrebuje posebnih predpostavk
znacilnih za fenomenoloSke modele. Pri vecCkomponentnih zlitinah ostali klasi¢ni
modeli ponavadi zanemarijo nediagonalne komponente Onsagerjeve matrike. Di-
fuzijska matrika je v splosnem nediagonalna in zanemarjeni ¢leni lahko vplivajo
na kineti¢ne poti posameznih elementov. Z dodatnimi nadgradnjami simulacij-
skega programa in programov za analizo rezultatov, bi bil omogocen izra¢un vseh

komponent difuzijske matrike iz rezultatov kMC simulacij.

7 nekaterimi izboljSavami, bi bilo mogoce v prihodnosti izdelati Se bolj realisticen

model, za kar je potrebno sledece:

e Uporabljeni potenciali so bili enostavni. Nadaljnja izboljSava bi bila izra¢un po-
tencialov z metodami za funkcionale elektonske gostote. Za Se bolj natancéne
kineti¢ne poti, pa bi bile potrebne celovite atomske relaksacije odvisne od meda-

tomskih razdalj.

e Izracun medatomskih energij v odvisnosti od polozaja atomov z metodami za
funkcionale elektonske gostote zahteva ogromno rac¢unalnisko mo¢. Mozna iz-
boljsava je uporaba optimiziranih energij, pridobljenih z uporabo nevronskih mrez

na bazenu velikega Stevila predhodno izracunanih primerov.

e V doktorskem delu je bila predpostavljena popolna koherentnost izlockov z ma-

trico, kar v primeru izlo¢anja cementita ne drzi. Elasti¢ne napetosti, ki nasta-
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nejo pri izgubi koherentnosti lahko vplivajo na dobljene rezultate, zato bi bilo
potrebno izboljsati neskladja kristalnih struktur, ki nastanejo pri izgubi koheren-

tnosti izlockov.

e Cas tipi¢ne simulacije je precej dolg. Nekaj korakov je bilo narejenih v smeri para-

lelizacije, vendar so na temu podrocju ostale Se precejSne moznosti za izboljSave.
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