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Samenvatting

-Dutch Summary-

De veilige uitbating van huidige en toekomstige nucleaire fissie- en fusiere-
actoren zijn onmogelijk zonder een gedetailleerde kennis van de processen die
leiden tot de veroudering van structuur- en reactorkuipstalen onder bestraling.
In deze doctoraatsthesis onderzoeken we de effecten van stralingsschade in
drie materiaalgroepen: austenitische roestvaste stalen die gebruikt worden
voor de interne onderdelen in druk water reactoren (DWR); laag activerende
ferritisch-martenitische (LFM) stalen dat als structuurmateriaal voor de vol-
gende generatie fissie- en toekomstige fusiereactoren gebruikt zal worden; en
reactorkuipstalen die momenteel gebruikt worden in DWR.

De degradatie van al deze materialen door bestraling start op een gelijkaardige
manier. In eerste instantie veroorzaakt de neutronenstraling atomaire botsings-
cascades, die tot de creatie van puntdefecten zoals vacatures en interstitiële
atomen leiden. Uiteindelijk vormen deze defecten holtes en dislocatielussen,
die beide obstakels zijn voor de mobiliteit van dislocaties tijdens plastische
vervorming. Het is dit effect dat de verharding veroorzaakt, wat betekent dat
de vloeigrens van het materiaal toeneemt die afgeleid wordt uit trekproeven.
Daarenboven kunnen dislocaties deze stralingsdefecten ook absorberen wat
kan leiden tot de vorming van zogenaamde ‘vrije kanalen’ — zones die vrij
zijn van stralingsschade. Onder externe spanning kunnen deze leiden tot
plaatselijke plastische vervorming, die vervolgens tot spanningsconcentraties
leidt en uiteindelijk de start van een scheur. Ten tweede zorgen de gege-
nereerde puntdefecten voor een verhoogde massaflux in het materiaal die
legeringselementen naar vallen (bv. dislocaties en korrelgrenzen) kunnen
transporteren. De segregatie van die elementen naar dislocatieslussen kan
leiden tot precipitatie, wat de dislocatielussen sterkere obstakels maakt en leidt
tot snellere verharding.

Deze thesis is gewijd aan de studie van de interactie tussen dislocaties en stra-
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lingsdefecten op de nanoschaal. Deze interacties zijn verantwoordelijk voor
de verharding op atomaire schaal en kunnen mogelijks een verklaring geven
voor de vorming van vrije kanalen. De atomaire berekeningen worden ook
gebruikt om de vorming van nanometrische clusters van legeringselementen
onder bestraling te onderzoeken en hun bijdrage tot de verharding van de
materialen.

Deze thesis bestaat uit vijf hoofdstukken. Het eerste hoofdstuk geeft een
algemeen overzicht over de toepassing van nucleaire fissie en fusie in de
elektriciteitsproductie, een inleiding tot de theorie van stralingsschade in vaste
stoffen en een inleiding tot experimentele technieken voor de karakterisering
en kwantificering van stralingsschade. De motivering voor de geselecteerde
materialen en toegepaste methodes wordt ook besproken.

In hoofdstuk 2 wordt een overzicht gegeven van de recente data met be-
trekking tot de veroudering van stalen door bestraling. Hierbij ligt het
zwaartepunt bij austenitische stalen, welke een kubisch vlakken gecentreerde
(kvc) kristalstructuur hebben. Het toepassingsgebied en chemische samen-
stelling van de stalen worden in detail beschreven. Voor de austenitische
stalen wordt een overzicht van de data over de microstructuur na bestraling
gegeven voor verschillende temperaturen. De macroscopische effecten in
de vorm van verharding en verbrossing door de vorming van vrije kanalen
wordt besproken. Verklaringen naar de oorsprong van deze effecten in kvc
materialen uit de literatuur en gebaseerd op moleculaire dynamica (MD)
simulaties worden besproken. Met betrekking tot LFM en kuipstalen, welke de
kubisch ruimtelijk gecentreerd (krc) structuur hebben, kan de stralingsschade
opgesplitst worden in matrix schade (vorming van dislocatielussen) en de vor-
ming van precipitaten van de legeringselementen. Er wordt ook een overzicht
gegeven van de huidige verklaringen van de evolutie van de nanostructuur en
resultaten uit de literatuur over de dislocatie-defect interacties in krc metalen.

Hoofdstuk 3 is gewijd aan de beschrijving van de twee simulatiemethodes
toegepast in deze thesis, namelijk: ab initio berekeningen door middel van
dichtheidsfunctionaal theorie (DFT) en klassieke MD simulaties. Voor de
eerstgenoemde wordt de DFT code VASP gebruikt om de stabiliteit en de
energieën van verschillende legeringselement-defect configuraties in krc Fe te
berekenen. Deze informatie laat toe om de nucleatiemechanismen van precipi-
taten te identificeren. De MD methode wordt toegepast om de dislocatie-defect
interactie te simuleren, de onderliggende reacties te analyseren en de sterkte
van de obstakels voor de dislocatiemobiliteit te bepalen. De parameterizaties
van de toegepaste methodes in dit werk en het algemene algoritme van de
berekeningen worden besproken.

De belangrijkste resultaten van dit doctoraat worden samengevat in hoofdstuk

viii
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4. De plastische vervorming door dislocaties van austenitische roestvaste
stalen werd gemodelleerd met behulp van de binaire FeNi en recent ont-
wikkelde ternaire FeNiCr modellegeringen. Deze werden geïmplementeerd
in een multiprocessor klassieke MD code om de interactie tussen dislocaties
en typisch experimenteel geobserveerde stralingsdefecten — Frank lussen —
te bestuderen. De simulaties hebben aangetoond dat een afname van de
stacking fault energie (SFE) leidt tot een onderdrukking van de absorptie van
de lus door een schroefdislocatie en dus kan dit de kans op kanaalvorming
verminderen. Wetende dat de absorptie van een lus door een schroefdislocatie
leidt tot het sterkste obstakel, leidt een afname in SFE ook tot een afname in
de door lussen geïnduceerde verharding. Het verharden door het vormen
van een vaste oplossing van de legeringselementen leidt tot de onderdrukking
van lus absorptie door de verhoging van de frictie spanning in de secundaire
glijdvlakken. De verkregen inzichten met betrekking tot de lusverharding en
lusabsorptie als een functie van de temperatuur en SFE geven een richtlijn voor
het rationaliseren van de stralingsgeïnduceerde verharding bij kamertempera-
tuur en reactor bedrijfstemperatuur.

De stralingsgeïnduceerde degradatie van LFM stalen werd bestudeerd door
middel van DFT en MD. De ab initio berekeningen werden uitgevoerd om de
thermodynamische mechanismen te bestuderen die leiden tot de nucleatie en
precipitatie van legeringselementen, die experimenteel geobserveerd worden
in bestraalde hooggelegeerde Cr stalen. De mogelijke mechanismen voor de
vorming van MnSi (ook rijk aan Ni) clusters zijn mogelijk veroorzaakt door
de binding van een interstitieel Mn atoom met een nabijgelegen Si atoom. Dit
complex wordt gekarakteriseerd door een hoge totale bindingsenergie en kan
gebruikt worden als een nucleus voor de groei van MnSiNi rijke clusters. De
MD methode werd toegepast om de oorzaak van de verharding van hooggele-
geerde Cr stalen te achterhalen, die al numeriek bepaald is uit experimenten.
We vonden dat kleine ongedecoreerde dislocatielussen zwakke obstakels voor
geïsoleerde dislocaties zijn, terwijl gedecoreerde lussen sterke obstakels zijn.
Dus het effect van Cr op de sterkte van de lus is een mogelijke verklaring
voor de experimenteel geobserveerde grote verharding in hooggelegeerde Cr
legeringen in vergelijking met laaggelegeerde Cr legeringen en puur ijzer. De
fysische oorsprong van dit effect is gerelateerd aan de verandering van de
dislocatie-defect interactie die de sterkte van het obstakel beïnvloedt.

De eigenschappen van de stralingsdefecten reactorkuipstalen werden bestu-
deerd door middel van ab initio en MD methodes. We hebben een nieuw
mechanisme voorgesteld dat de nucleatie van MnNi rijke clusters in bestraalde
kuipstalen kan verklaren. De vorming van zulke clusters, die altijd gevonden
worden bij atom-probe studies op reactor kuipstalen, kan geïnitieerd worden
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door de nucleatie van Mn en Ni clusters bij vacature-koolstof complexen. De
vele en thermodynamisch stabiele MnNi-koolstof-vacature complexen zullen
frequent interageren met glijdende lussen die onmiddellijk uit botsingscas-
cades kunnen ontstaan. Zulke reacties resulteren in de decoratie van de
lussen door koolstof en Mn/Ni atomen. Door middel van MD simulaties
konden we vaststellen dat de decoratie van de lussen door Mn/Ni/C atomen
leidt tot een uitgesproken toename van de obstakelsterkte in vergelijking
met ongedecoreerde lussen. Bovendien leiden de C-gedecoreerde lussen tot
een verandering van het interactiemechanisme van de absorptie van <100>
lussen tot hun transformatie naar 1/2<111> lussen. Dus, de koolstof segregatie
op dislocatielussen resulteert niet enkel in de verharding maar ook in de
verandering van de microstructuur onder langdurige plastische vervorming.

Een overzicht van de verkregen resultaten en een blik naar de toekomst
worden gepresenteerd in hoofdstuk 5. Dit werk verduidelijkt de nucleatie
mechanismen bij de precipitatie van legeringselementen in LFM en kuip-
stalen en draagt bij tot de numerieke evaluatie van de verharding door de
aanwezigheid van een combinatie van precipitatie en dislocatielussen. De
dislocatie-defect interactie mechanismen leiden tot de verharding en creatie
van vrije kanalen, gerelateerd met de verbrossing van austenitische stalen.
De verkregen resultaten zullen gebruikt worden in simulaties op een hogere
schaal, zoals dislocatiedynamica, om spannings-rek relaties te berekenen die
verder vergeleken kunnen worden met experimenten en voor de studie en
vorming van vrije kanalen in austenitische stalen met verschillende SFE. De
nucleatie mechanismen voor clusters van legeringselementen samen met de
data base van de corresponderende bindingsenergieën kunnen gebruikt wor-
den als input voor kinetische Monte Carlo of ‘mean field theorie’ methoden om
de evolutie van legeringselementen en stralingsdefecten in LFM en kuipstalen
onder bestraling te bestuderen.

x



Summary

The safe exploitation of current and future fission nuclear reactors and con-
struction of future thermonuclear fusion reactors requires a deep understand-
ing of the processes leading to the radiation-induced degradation of the
structural reactor materials. In this PhD thesis we consider radiation damage
in three groups of materials: austenitic stainless steels used in pressurized
water reactor (PWR) internals, ferritic-martensitic (FM) steels to be used in next
generation fission and in future fusion reactors, and reactor pressure vessel
(RPV) steels currently used in PWRs.

The radiation-induced degradation of these materials initiates in a similar way.
Firstly, the neutron radiation causes the generation of atomic displacement
cascades, which lead to the creation of lattice point defects such as vacancies
and interstitials. Eventually, these defects agglomerate in the form of disloca-
tion loops and voids which act as obstacles for dislocation movement during
plastic deformation. This effect causes hardening, which is the increase of the
yield stress usually measured experimentally in the mechanical tests. Also, the
dislocations can absorb the radiation defects and this process can lead to the
formation of the so called ‘dislocation channels’ — zones free from radiation
defects, which under stress can lead to localized plastic deformation and,
consequently, to stress concentration and initiation of a crack. Secondly, the
point defects created due to neutron radiation are responsible for the increased
mass transport of the solute atoms which start diffusing faster and migrate
to sinks, namely the grain boundaries and dislocations. The segregation of
the solute atoms to the dislocation lines in the form of loops may lead to the
formation of solute clusters, possibly making the loops stronger obstacles for
the dislocation motion, leading to enhanced hardening.

This PhD thesis is devoted to the study of the nano-scale dislocation-defect
interaction mechanisms, at the origin of the hardening at the atomic scale,
which may also provide an explanation for the formation of dislocation chan-
nels. The atomistic calculations are also applied to identify the mechanisms
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of nucleation of nanometer-scale solute-rich clusters under irradiation in the
above mentioned structural and RPV steels, and to explore their contribution
to hardening.

The thesis consists of five chapters. Chapter 1 provides a general overview of
the application of nuclear and fusion energy for electricity production, and an
introduction to the theory of radiation damage in solids and the experimental
practice of its characterization and measurement. The motivation for the
selection of the materials to study and the applied methods is also discussed.

In chapter 2, a summary of the currently available results on radiation-induced
degradation of the steels is presented. The main focus is on austenitic steels
which have a face-centered cubic (fcc) crystallographic structure. Detailed
information about the application and chemical composition of the steels is
provided. For the austenitic steels the available data about the radiation-
induced microstructure at different temperatures are summarized. The data
about the macroscopic effect of the presence of radiation-induced defects in
the form of hardening and embrittlement due to the formation of dislocation
channels is also discussed. To this regard, the previously published nanoscale
explanations of the origin of these effects in fcc materials, obtained with the
molecular dynamics (MD) method using the dislocation-defect interaction
modelling, are reviewed. Concerning the FM and RPV steels, that have a
body-centered cubic (bcc) lattice, radiation damage can be decomposed into
a matrix damage (formation of dislocation loops) and nucleation of solute-
rich precipitates. The current explanations of the nanostructural evolution in
both steels leading to hardening, and previous results on the dislocation-defect
interaction in bcc metals, are summarized.

Chapter 3 is devoted to the description of the two main methods applied in
this thesis, namely: electronic structure calculations using density functional
theory (DFT) and classical MD simulations. The DFT calculations are per-
formed using the code VASP, in order to determine the stability and energetics
of different solute-defect configurations in bcc Fe. This information allows
one to identify the nucleation mechanisms of the solute-rich clusters. The MD
method is applied to simulate the dislocation-defect interaction, to analyze the
undergoing reactions and calculate the strength of the defects hindering the
movement of dislocations. The parameterization of the methods applied in
this work and the general algorithm for the calculations are provided.

The main results obtained during the work on this PhD thesis are summarized
in chapter 4. Dislocation-mediated plastic flow in austenitic stainless steels was
simulated using interatomic potentials for binary FeNi and (newly developed)
ternary FeNiCr model alloys. They were incorporated into the multiprocessor

xii
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classical molecular dynamics code in order to study the interaction of dislo-
cations with the typical experimentally observed radiation defects — Frank
loops. The simulations have shown that the decrease of the stacking fault
energy (SFE) leads to the suppression of loop absorption and thus reduces
the probability for channeling initiation by dislocation glide. Given that the
reaction of the loop absorption on a screw dislocation results in the highest
unpinning stress, in general the decrease of SFE also leads to a reduction
of the loop-induced hardening. Solute alloying leads to the suppression of
loop absorption due to the increase of the friction stress in the secondary
glide planes. The obtained information on the loop hardening and loop
absorption as a function of temperature and SFE provides a guidance for
the rationalization of the radiation-induced hardening at room and at reactor
operational temperature, as observed in experiments.

The radiation-induced degradation of the FM steels was studied using both
DFT and MD methods. Electronic structure calculations using DFT were
performed to study the thermodynamic mechanisms leading to the nucleation
of solute-rich clusters, observed experimentally in irradiated high-Cr steels.
The possible formation mechanisms for Mn-Si (also rich in Ni) clusters in high-
Cr alloys may be attributed to the configuration of Fe-Mn mixed dumbbells
and a Si atom in the compression site next to the Fe atom in the dumbbell.
This atomic system is characterized by a high total binding energy and can
serve as a nucleus for the growth of Mn-Si-Ni-rich complexes. The MD
modelling method was applied to identify the source of hardening in high-Cr
steels, which has already been numerically evaluated experimentally. We have
established that small dislocation loops in the undecorated state are essentially
weak obstacles for the dislocation motion, whereas the decoration by Cr
increases their strength significantly. Thus, the effect of Cr-loop decoration
is one of the possible explanations of the enhanced hardening in high-Cr
alloys as compared to the low-Cr alloys and pure Fe that is observed in
experiments. The physical origin of this effect of loop solute enrichment is
related to the change of the dislocation-defect interaction mechanism which
affects the unpinning stress.

The properties of radiation defects in RPV steels were also investigated by
means of both electronic structure calculations using DFT and MD method.
We have proposed a new mechanism explaining the nucleation of Mn-Ni-rich
clusters observed in the irradiated RPV steels. The formation of such clusters
always observed in atom-probe studies of RPV steels may be initiated by the
nucleation of Mn and Ni clusters at vacancy-carbon pairs. The numerous
and thermally stable solute-carbon-vacancy complexes will frequently interact
with glissile dislocation loops, directly produced in the collision cascades.
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0. Summary

Such interaction should result in the subsequent decoration of the loops by
carbon and Mn-Ni solutes. By performing dedicated MD simulations, we have
established that decoration of dislocation loops by Mn-Ni or carbon atoms
leads to a pronounced increase of the unpinning stress as compared to the
results obtained for undecorated loops. In addition, the decoration by carbon
leads to the modification of the interaction mechanism from the absorption of
<100> loops to their transformation into 1/2<111> loops. Hence, the carbon
segregation at dislocation loops changes not only the resulting hardening but
also the microstructural evolution under prolonged plastic deformation.

A summary of the results obtained and an outlook are presented in chapter
5. The performed work clarifies the nucleation mechanisms of solute-rich
clusters in the FM and RPV steels, and contributes to the numerical evaluation
of the hardening due to their presence in association with the agglomeration
of self-interstitial atom (SIA)-clusters — dislocation loops. The dislocation-
defect interaction mechanisms leading to hardening and dislocation channel
- related embrittlement in austenitic steels have been also investigated. The
results obtained are planned to be incorporated in upper scale models, such
as dislocation dynamics, in order to obtain the stress-strain relationships for
a further comparison with the experimental data and to study the formation
and the pattern of dislocation channels in the austenitic steels with different
stacking fault energy. The nucleation mechanisms of the solute-rich clusters
together with the database of the corresponding binding energies can be used
as input for kinetic Monte Carlo or mean field rate theory methods, in order
to model the evolution of the solute-rich defects in FM and RPV steels under
irradiation.
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1 Introduction

1.1 History of application of nuclear energy for
electricity production

All of us cannot imagine the contemporary world without electricity, but
only a few people consider the safety of the production technology and its
impact on the environment. Nuclear energy is considered to be one of the
best sources of electric power due to such advantages as the price of energy,
absence of harmful emissions (the emission of isotopes from the nuclear
power plant is much below the one of a coal power plant), high ratio of
kW·h/(exploitation+fuel expenses) (see Fig. 1.1), possibility of the reusage of
fuel, and the high power capacity of a reactor unit (up to 1650 MW).

The history of the nuclear power plants (NPP) goes back to the year 1951 when
in the experimental breeder reactor (EBR-1) in Arco (USA) a nuclear fission
process gave enough electricity to illuminate four 200-Watt light bulbs and
gradually reached an electric power of 0.2 MW. The first commercial nuclear
power plant has been built in Obninsk (USSR), producing as much as 6 MW of
electricity.

The successive development of nuclear reactors is often conventionally de-
scribed with generations.

Generation I. These are the first prototype reactors built in the world up to
the mid-1960s. The first Belgian reactor (BR1), shown in Fig. 1.2, had been
constructed by 1956 and after reaching the criticality level, the output electrical
power was 4 MW. It used natural uranium as fuel, graphite as moderator
and air as coolant. The chain reaction was maintained via the interaction



1.1. History of application of nuclear energy for electricity production

Figure 1.1: U.S. production costs for electricity generated by coal, gas, oil and nuclear.
From [1]

Figure 1.2: The first Belgian Reactor BR1 as of December 1956. The sides A and B with
lifting platform for charging the reactor. From [2].
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1.1. History of application of nuclear energy for electricity production

of the neutron flux, thermalized by the moderator, with the nuclear fuel.
The relatively low neutron fluence in this reactor does not pose very specific
requirements for the materials used and no operational lifetime limitation
based on the degradation of the structural materials was considered.

Generation II. The reactors built in 1965–1995 are considered to be in this
group. As this time in history is famous for the Cold War, competition between
the countries and social-political systems led to differences in the types of
reactors constructed. The United States and many other Western countries
were building two types of reactors which belong to the class of light water
reactors (LWR): pressurized water reactors (PWR) and boiling water reactors
(BWR). The enrichment of uranium fuel up to about 3% is necessary for their
operation.

The PWR is the prevalent type (more than 60% of commonly used nuclear
reactors) for power production in the world and, in particular, in Belgium.
In a PWR (see Fig. 1.3a) ordinary water is used as coolant and moderator.
This water in the primary loop is kept under a high pressure of about 160 bar
to prevent it from boiling. The operational temperature is about 300 °C. Such
reactors are generally considered very safe although in March 1979 it happened
the Three Mile Island accident with a partial nuclear meltdown of the reactor.

BWRs (see Fig. 1.3b) also use, as coolant and moderator, water under a pressure
of about 75 bar, which exists in the form of water and steam at a temperature
of about 300 °C. The advantage of lower pressure is that it allows one to use
a single loop system (in contrast to the higher pressure and two-loop design
of PWRs), but this is counterbalanced by worse moderation, lower neutron
efficiency and consequently lower power density. Reactors of this type were
involved in the accident at the NPP in Fukushima, Japan, in March 2011
following the earthquake and tsunami. At present 20% of working NPPs are
using this type of reactors.

The former Soviet Union was building two main types of reactors: high power
channel type reactors (RMBK as they are abbreviated in Russian translation)
and water-water energetic reactors (VVER in Russian). In RMBKs light water
is used as a coolant and graphite for moderation so natural uranium in
metallic form can be used as nuclear fuel, thereby lowering the price of the
kW·h. Unfortunately, the safety of such reactors was disproven in the severe
Chernobyl accident in April 1986. As of 2014 only 11 RBMK-type reactors
remain in operation in Russia. The construction of new reactors of this type
was suspended in 2012. VVER reactors are of the same type as PWR reactors,
are widely in operation and are currently planned or being built in China,
Hungary, Turkey, Slovakia, India, Finland and Russia.
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(a) PWR

(b) BWR

Figure 1.3: The light water reactors: BWR and PWR. From [3].
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CANDU stands for ‘CANada Deuterium Uranium’ reactor. It utilizes pres-
surized heavy water as coolant and moderator, and runs on natural uranium
fuel. Unlike PWRs, a CANDU reactor is of the channel type setup, with the
possibility of online-refuelling. At present 19 CANDU reactors are in use in
Canada and 12 in the rest of the world.

AGR is an acronym for advanced gas-cooled reactors developed in Great
Britain. Here, the graphite is used as moderator for the neutrons, and
carbon dioxide serves as coolant. An improved thermal efficiency is ensured
by the elevated gas temperature (up to 640 °C at a pressure of ~40 bars)
which in turn requires the ability of stainless-steel cladding to withstand the
higher temperature. This cladding is characterized by a high neutron capture
cross section, thereby causing the necessity of using enriched uranium fuel.
Currently, the United Kingdom possesses seven nuclear power plants of this
type. All of them are in operation with two reactor units per power plant.

There are much higher neutron fluences and an elevated temperature regime
in such reactors, compared with the GEN I reactors. These issues lead to
special requirements for the construction materials in terms of improved
mechanical properties and susceptibility to the harsh radiation, while keeping
reasonable and affordable price. Nevertheless, the inevitable degradation of
such materials under exploitation limits the operational lifespan of a reactor in
NPPs. Special surveillance procedures using capsules inserted in the reactor
pressure vessel are applied, in order to study the impact of the radiation on
the degradation of material’s properties. The results of these evaluations are
accounted for in the NPP licensing inspections. The US originally licensed the
nuclear reactors for 40 years, whereas in 2001, 8 units renewed the license (i.e.
the allowance to be in operational use) up to 60 years. In Belgium the planned
lifetime is 40 years with an inspection every 10 years.

Generation III. The first reactor of this generation has been built in 1996 in
Kashiwazaki, Japan. Within this generation the reactors of the types PWR,
BWR and CANDU undergo improvements in terms of advanced fuel tech-
nology, superior thermal efficiency, passive safety systems and standardized
design for reduced maintenance and capital costs. Such reactors are planned
to be in operation for a longer time than the ones of the previous generation (60
years of operation, with a possible extension up to 120+ years prior to complete
overhaul and reactor pressure vessel replacement). Generation III reactors are
being planned or are under construction in France, United Kingdom, Finland,
USA, India and Russia. The EPR — European Pressurized Reactor is a follow-
up of the third generation kind akin to the pressurized water reactor (PWR)
design with an electrical power output of 1650 MW (net). It is often denoted as
GenIII+.
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The longer operational period imposed in the generation III creates a challenge
in the selection procedure of appropriate structural materials. No specimens
have been irradiated for a duration approaching that of the operational lifetime
of generation III reactors, so we have no experimental proof that the currently
considered materials can preserve acceptable properties over the planned
operational period. The irradiation conditions in the material test reactors
(MTRs) in principle can imitate the radiation dose accumulated up to long
terms [4], although the effect of the increased dose rate on the radiation-
induced microstructure of new materials should be studied. Also deeper,
more intensive surveillance studies should be performed during the second
(i.e. prolonged) part of the planned operational lifetime.

Generation IV. The reactors of this generation are still at the stage of concept
and design development, and are not expected to be available for commercial
use before 2030. The planned advantages of the GEN IV reactors are the
following: reduced period of the highly radioactive stage of nuclear waste, a
superior energy yield for the same amount of nuclear fuel, and the possibility
to use existing nuclear waste to produce electricity as well as to produce more
fuel than the amount used, in a closed fuel cycle perspective. Nevertheless
such new technology, along with bringing improvements in safety, will initially
pose new risks as reactor operators will have little experience with the new
design. Within this generation six main concepts are proposed. Three of them
are thermal reactors (where in the reactor core almost all neutrons have low
energy) and the other three are fast reactors (where the neutron energy is
higher, enabling to burn actinides to reduce the long-life waste and to breed
more fuel).

The group of thermal reactors consists of the following concepts:

1. The VHTR, very high temperature reactor, uses graphite as moderator with
helium or molten salt as coolant. The outlet temperature of 1000 °C
increases the thermal efficiency and can be used for hydrogen production
or co-generation.

2. The MSR, molten salt reactor, operates on either (a) nuclear fuel which
is dissolved as uranium tetrafluoride (UF4) in the molten fluoride salt
coolant, the fluid reaching criticality in a graphite core which serves as
moderator, or (b) nuclear fuel dispersed in the graphite matrix, with the
salts efficiently removing heat from the core. The low operation pressure
reduces the reactor size.

3. The SCWR, super critical water reactor (see Fig, 1.4a), uses supercritical
water (at temperature and pressure above the critical point, where it
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has both gas and liquid properties) as moderator and coolant. It is
essentially a light water reactor (as PWR and BWR) working at a high
temperature and pressure. The reactor has high thermal efficiency and
ensures considerable plant simplification.

The fast reactor concepts which do not use a moderator are:

1. The GFR, gas-cooled fast reactor (see Fig. 1.4b), uses helium as coolant:
being an inert gas, it rarely reacts with any material and does not become
radioactive while being exposed to radiation. The outlet temperature
of 850 °C ensures very high thermal efficiency. The closed fuel cycle is
established via the ability to breed new nuclear fuel by transmutation of
fertile nuclides to fissile ones (for example, U238 to Pu239). The reactor
can operate on other types of nuclear fuels such as thorium or minor
actinides.

2. The SFR, sodium-cooled fast reactor, follows the closed fuel cycle concept
with good efficiency due to the high outlet temperature (> 500 °C).
Passive safety is ensured, for if the reactor overheats the fuel expands,
stopping the chain reaction. Sodium, being heavier than oxygen and
hydrogen atoms, is better than water, when a moderator is not needed,
since neutrons loose less energy in collisions with sodium atoms. There is
no need for high pressure, as the boiling point of sodium is much higher
than the operational temperature. Sodium also does not corrode steel
reactor parts. A disadvantage of sodium is its chemical reactivity, which
requires special measures to prevent and suppress fires. In contact with
water and air, sodium explodes and burns, respectively.

3. The LFR, lead-cooled reactor, operates with lead or lead/bismuth eutectic
liquid metal as a coolant. Unlike sodium, lead does not react signifi-
cantly with water or air. While lead is cheap and abundant, bismuth,
unfortunately, is expensive and quite rare. The LFR has a closed fuel
cycle. The reactor is cooled by natural convection with a reactor outlet
temperature of 550 °C, possibly ranging up to 800 °C with advanced
materials. The reactor follows a turnkey design: the small power plant
uses cassette cores running on a close fuel cycle with a 15 to 20 years’
refuelling interval, or entirely replaceable reactor modules.

The structural materials for GEN IV type reactors are required to sustain an
elevated temperature (up to 600–1000 °C), at which corrosion and diffusion-
controlled processes are enhanced as compared to those expected under GEN
II and GEN III conditions. The challenge to reduce nuclear waste can be
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(a) The super critical water reactor (SCWR)

(b) The gas cooled fast reactor (GFR)

Figure 1.4: The examples of generation IV concepts. From [5, 6].
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Figure 1.5: Cross-section of the ITER tokamak. From [7].

solved by a substitution of highly activated solute inclusions (minor alloying
elements) with less activated equivalents. For instance, molybdenum can be
replaced by tungsten and niobium by tantalum in the composition of typical
high-Cr ferritic-martensitic steels. The further development and testing of new
so-called reduced activation steels is necessary to ensure the exploitation safety
by considering the introduction of the low activated substitutes.

Fusion reactors are based on a controlled nuclear fusion process and so far no
reactor of this kind has been built for commercial operation. The advantages
of such reactors will be the availability of fuel, financial profitability, security,
reliability and the relief of the environment. The major problems in this
technology are the confinement and the self-sustainment of the reaction.
Currently, magnetic confinement is considered to be the most likely approach.
The common fusion reaction is when light atoms like deuterium and tritium
interact, producing a helium nucleus (an alpha particle) and a high-energy
neutron.

The main facilities built or planned for the observable future are:

1. JET, which was constructed in 1984 in Oxfordshire (UK). It is the first
tokamak in the world and still the world’s largest. In 1997 it achieved
16 MW of power production, consuming 25 MW. It is worth noting that
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the self-sustaining burning plasma requires at least 5 times more energy
release over the input heating power, since the alpha particles carry one
fifth of the fusion energy. A fusion power plant requires an excess of at
least 10 times;

2. ITER, which is the large scale international fusion experiment (see Fig.
1.5) to be based in Cadarache (France), exploring the possibility of 10
times energy out-to-in excess while producing 500 MW of fusion power.
The initial plasma experiments are planned to start in 2020, but it is not
expected to begin with full deuterium-tritium fusion until 2027;

3. DEMO is the first commercial DEMOnstration fusion power plant, where
it is planned to produce at least four times the fusion power of ITER, on
a continual basis. The energy excess out-to-in is expected to be 25 times.
The first construction phase is to last from 2024 to 2033.

1.2 Current nuclear power installations

As of mid-2013, a total of 31 countries were operating nuclear fission reactors
for energy purposes. Nuclear power plants generated 2,346 terawatt-hours
(TWh or billion kilowatt-hours) of electricity in 2012, less than in 1999 and a 172
TWh or 6.8 percent decrease compared to 2011, as well as 11.8 percent below
the historic maximum of nuclear power generation in 2006 [8]. The maximum
relative contribution of nuclear power to commercial electricity generation
worldwide was reached in 1993, with 17 percent (see Fig. 1.6). It has dropped
to 10.4 percent in 2012, a level last seen in the 1980s [8].

Figures for 2013 show that in France (73.28%), Slovak Republic (48.32%) and
Belgium (47.92%) [10] a large part of the total energy supply is obtained with
nuclear reactors The most popular types (>30 power plants) of nuclear reactors
currently working in commercial NPPs are PWR (271), BWR (84) and CANDU
(48) out of 436 in total as of 2012 [11]. At the moment seven PWR nuclear
reactors allocated in two nuclear power plants are working in Belgium with a
total power capacity of 5927 MW [12].

1.3 Materials issues in nuclear reactors

The exploitation of a nuclear reactor is a very challenging and difficult
problem. Many thousands of quality assurance procedures must be followed
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Figure 1.6: Nuclear electricity generation in the world. From [8].

Figure 1.7: Irradiation-assisted stress corrosion cracking has resulted in cracking at the
head of a baffle bolt. From [9].
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to ensure the safe operation of a nuclear reactor, starting from the high
reliability of construction materials up to waste management. One of the main
concerns in nuclear energy is the selection of proper materials for a nuclear
reactor. At present steels of different brands are used in the reactor and all
of them undergo degradation (in terms of mechanical, or chemical or physical
properties) being exposed to harsh radiation while in operation. Some of the
reactor components can be replaced, for instance, compact elements such as
bolts made of austenitic stainless steels, whereas others, like the large reactor
pressure vessel, are almost impossible to replace due to the complexity of this
procedure and the enormous cost. To get an idea of how the failure of the
components takes place, one can consider (see Fig. 1.7) the cracked bolt made
of austenitic stainless steel where degradation has happened due to exposure
to radiation, accompanied by an applied stress and corrosion, originating from
the contact with water.

To rationalize the global impact of irradiation on nuclear steels we have to
scale-down and consider the processes occurring at the femto-second time and
nano-meter space scales (see Fig. 1.8). High kinetic energy neutrons bump
into the atoms of the material, causing their displacement from equilibrium
sites. Such atoms are called primary knock-on atoms (PKA). PKAs generate
consequently displacements of neighbour atoms resulting in a process called
‘displacement cascade’ or ‘collision cascade’. After the spontaneous recombi-
nation a fraction of the cascade-affected volume does not return to its perfect
crystallographic structure, which results in the appearance of lattice defects.
The most typical point defects (PDs) are self-interstitial atoms (atoms located
between the equilibrium sites, expanding the lattice) and a vacancy (absence
of an atom in the equilibrium position). For a group of multiple vacancies
or self-interstitials it is energetically favourable to gather, forming spherical
clusters of vacancies and platelets of self-interstitials (see Fig. 1.9a), which
are referred to as voids and dislocation loops, respectively. Dislocation loops
of vacancy nature (see Fig. 1.9b) are also observed in different metals under
irradiation. A fraction of the in-cascade generated defects recombines, but a
certain part contributes to the growth of the already existing clusters, whereas
the remaining PDs diffuse and incorporate (i.e. disappear) at extended lattice
defects such as dislocations and grain boundaries. As a consequence of point
defect diffusion, the mass transfer may result in a significant rearrangement
of solutes and interstitial impurities, naturally present in commercial steels,
leading to the formation of precipitates and zones with local enrichment
or depletion. Correspondingly, the usual sinks for point defects, such as
dislocations and grain boundaries, are the most segregation susceptible zones.

The presence of radiation defects causes a directly observable modification of
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Figure 1.8: The scheme of the primary neutron damage.

(a) (b)

(c)

Figure 1.9: The radiation effects in the material: a) dislocation loop of interstitial nature,
from [13]; b) dislocation loop of vacancy nature, from [13]; c) transmission electron
microscopy (TEM) micrograph of the clear bands appeared after the plastic deformation
of the irradiated austenitic stainless steel, from [14].
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Figure 1.10: The determination of the yield stress. From [16].

the material, for instance the intensive growth of voids, called swelling, is
seen as an increase of specimen dimension. The actual voids, however, can
not be seen without special equipment for microstructural characterization.
Swelling, however, does occur at the high irradiation doses expected for GEN
IV and fusion structural materials. In the case of moderate doses (i.e. 0.1
displacements per atom (dpa) for the vessel of PWR [15]), the irradiation-
induced microstructure consists of nano-metric radiation-induced precipitates
and dislocation loops. Accumulation and growth of the latter defects has a
far more complicated effect on the mechanical properties of structural steels.
Generally, the presence of numerous nano-sized lattice imperfections leads
to an increase of the yield stress (this effect is called hardening (see Fig.
1.11b)), but at the same time is expressed in the reduction of ductility (or
total elongation before fracture, see Fig. 1.11b) and shift of ductile-to-brittle
transition temperature (i.e. embrittlement, see Fig. 1.11c). The hardening is
generally measured as the difference of yield stress at 0.2% plastic strain (see
Fig. 1.10) of irradiated and unirradiated materials.

The origin of these changes is rationalized as the suppression of plastic defor-
mation caused by radiation damage. Plastic deformation in structural steels is
ensured by dislocation movement, and the radiation-induced defects (RID) act
as obstacles for mobile dislocations. Hence, dislocation-RID interaction causes
hardening, which is usually quantified by mechanical tensile tests reporting
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the stress-strain response under uni-axial loading. Such tests provide both
the yield stress and total uniform elongation – one of the most important
parameters for the engineering design codes. The measurement of the ductile
to brittle transition temperature (DBTT), which is another measure of post-
irradiation embrittlement, is realized by the impact Charpy method (see Fig.
1.11a), at which the deformation loading rate is much faster than in the
standard tensile tests.

Since the principal mechanisms of embrittlement are the same in both exper-
imental conditions (i.e. Charpy and tensile tests), the hardening is linearly
related to DBTT shift. However, the concept of the DBTT is strictly applicable
to steels with body centered cubic (bcc) structure such as ferritic, martensitic,
bainitic ones. The sharp transition from ductile to brittle behaviour in bcc
metals and alloys originates from the relatively high activation energy for
dislocations (~1–2 eV [13]). In austenitic steels, which have face-centered
cubic (fcc) lattices, the activation of dislocation movement requires much lower
energy (≤ 0.2 eV [13]) because of the splitting of dislocations (as will be
described later). The embrittlement in austenitic steels is therefore measured
by the reduction of the total elongation to fracture. A limiting case for the
latter is its absence i.e. as soon as the yield point is reached the specimen
reveals a catastrophic failure. This phenomenon is called plastic instability and
its occurrence is observed after irradiation below a temperature of 0.2·Tm in
both ferritic-martensitic and austenitic steels. The physical understanding of
the plastic instability is attributed to the ability of dislocations to remove the
RIDs, so that once the yield point is reached the activated dislocations form
‘dislocation channels’ (or often called ‘clear bands’), thereby making the mate-
rial inhomogeneous. The ‘dislocation channels’ (see Fig. 1.9c) correspondingly
act as ‘fast tracks’ for the dislocation movement, which results in the formation
of dislocation pile-ups at the end of channels (grain boundary). The stress
concentration near the zones with highly localized plastic deformation is likely
to cause crack nucleation and therefore the initiation of a brittle failure. We are
not aware of a direct experimental observation of the formation of dislocation
channels in commercial steels, as the process of in-situ TEM deformation is
extremely complicated and so far has been performed only for soft materials
(i.e. fcc metals and pure bcc iron). The proper quantitative explanation of the
hardening, related embrittlement and plastic instability phenomena therefore
requires an alternative way to obtain detailed information on the interaction of
dislocations with the microstructural features induced by irradiation. Since the
RIDs observed in technologically important irradiation conditions are typically
of nano-meter size, the consideration of their interaction with dislocations
cannot be completely accounted for by classical elasticity theory and requires
a fine-scale atomistic approach. The application of the latter to the problem of
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(a)

(b) (c)

Figure 1.11: Macroscopic effects of radiation in stainless steels. a). Charpy impact test
device. From [17], b). The stress-curve showing hardening effect. From [4], c). The
DBTT shift as illustration of radiation-induced embrittlement. From [4].

hardening and plastic instability in commercial steels for nuclear applications
is the subject of the present thesis.

1.4 Objectives of the thesis

The aim of this thesis is to study the radiation-induced degradation of mechan-
ical properties by means of modelling of the interaction of relevant RIDs with
dislocations at the atomic level, taking into consideration the following types
of commercial steels:

1. the austenitic stainless steels of the 316 and 304 series used for internal
structural components such as formers, baffle plates, bolts;

2. the reduced activation ferritic-martensitic steels of 9Cr type which are the
primary candidates for the GEN IV and fusion reactors;

3. the RPV bainitic low copper steels which are used for the reactor pressure
vessel in GEN II reactors.

The motivation of the present work comes from the fact that experimental
studies of the deformation mechanisms in neutron irradiated samples are
either very expensive (as the investigation of the activated materials requires
hot-cell protection and remote handling) or even technically impossible. The
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computational materials science methods offer a cheaper and elegant way to
address the problem at its origin — an atomistic description of the dislocation-
RID interaction. The information obtained through atomistic simulations
should then be properly used in the up-scale coarse-grain models to derive
the properties of materials at the macro-scale.

As mentioned earlier, the change of macroscopic mechanical properties is
attributed to the presence of the RIDs which may be irresolvable to TEM tech-
niques. The computer simulation approach does not have such a limitation,
and allows one to obtain information on the contribution to plastic deformation
defined by ‘invisible’ damage.

The accumulation of the dose relevant for the future nuclear setups (e.g. GEN
IV) in the currently operating research reactors can take a very long time.
For example, the Belgian material test reactor BR2 can deliver a dose of up
to 0.5 dpa per cycle. While one cycle is 21 days [18], the accumulation of
several tens of dpa would take several years making the cost of such irradiation
experiments enormously high.

Using a combination of several computational techniques forming the multi-
scale chain one solves the problem of time, dose rate, temperature and others,
by the application of thoroughly validated tools. Real commercial steels are
metallic alloys with rich chemical composition and complex microstructure,
hence the explicit treatment of such materials at atomic level is impossible.
By considering model alloys, i.e. Fe-based alloys including the key chemical
elements, appropriate lattice structure and properties mimicking that of the
real steel, a clear advantage of the computer simulation is its ability to identify
prevailing factors controlling the processes/mechanisms of radiation-induced
embrittlement.

The general structure of the thesis is the following: in this introduction (chapter
1) a general overview of the application of nuclear and fusion energy for
electricity production has been given, together with an introduction to the
theory of radiation damage in solids, as well as the experimental practice
of its characterization and measurement. The motivation for the selection of
materials to study and the applied methods are also discussed.

In chapter 2 a summary of the currently available results on the radiation-
induced degradation of steels is presented. The main focus is on the austenitic
stainless steels which have a face-centered cubic (fcc) crystallographic struc-
ture. Detailed information about the application and chemical composition
of the steels is also provided. The available data about the radiation-induced
microstructure in austenitic steels at different temperatures are summarized.
The results of the studies on the macroscopic effects of the presence of
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radiation-induced defects in the form of hardening and embrittlement due
to the formation of dislocation channels, are also discussed. To this regard
previously published nanoscale explanations of the origin of these effects in
fcc materials, obtained with the molecular dynamics (MD) method using the
dislocation-defect interaction modelling, are reviewed. Concerning the FM and
RPV steels, that have a body-centered cubic (bcc) lattice, radiation damage
can be decomposed into a matrix damage (formation of dislocation loops)
and the nucleation of solute-rich precipitates. The current explanations of
the nanostructural evolution in both steels leading to hardening and previous
results on the dislocation-defect interaction in bcc metals are summarized.

The main methods applied in this thesis are the electronic structure calcula-
tions using density functional theory (DFT) and classical molecular dynamics
simulations, whose basics are described in chapter 3. The general scheme of
application of each of the methods is given as well.

Chapter 4 provides a short summary of the results obtained, and is subdivided
according to the types of steels considered. In the austenitic stainless steels
the radiation-induced degradation is addressed by modelling the dislocation-
defect interactions in the Fe-Ni and Fe-Ni-Cr model alloys. The effect of
temperature, SFE, defect size and interaction geometry on the hardening and
absorption of the defects (leading to the formation of dislocation channels) is
studied. In the case of FM and RPV steels we address the thermodynamic
mechanisms leading to the formation of nanometric solute-rich clusters invisi-
ble to TEM observations, and estimate their contribution to radiation-induced
hardening.

In chapter 5 we present conclusions and an outlook to future developments in
the modelling of the impact of radiation damage on plasticity mechanisms.

The papers I–XII, on which this thesis is largely based, are added as appen-
dices.
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2 Radiation damage in

nuclear steels

Radiation damage in structural steels is a very complex problem (as shown
in the Introduction section 1.3), which differs significantly depending on the
crystallographic structure of the material considered. In this thesis three grades
of structural steels are addressed, where radiation-induced hardening has been
observed experimentally. They will be grouped according to the lattice type:
fcc-structured austenitic stainless steels, which are the main focus of this work,
and the bcc-based FM and RPV steels.

The structure of this chapter is the following: firstly, for each group of
steels general information about their application and main properties is
summarized. Then the chemical composition and the role of alloying elements
are considered. Next, the irradiation-induced microstructure is described:
the formation of precipitates and matrix damage. Neutron irradiation affects
the mechanical properties of steels leading to hardening, plastic instability
(in austenitic steels), swelling, creep, and enhanced corrosion. In this thesis
the focus is on radiation-induced hardening and plastic instability due to
dislocation channeling. The effects of ambient factors (temperature, dose)
are discussed regarding both the microstructure damage and the mechanical
properties.



2.1. Fcc materials: austenitic stainless steels

2.1 Fcc materials: austenitic stainless steels

2.1.1 Application and properties

Austenitic stainless steels are used as a material for the internal structures
of pressurized water reactors, which are located close to the reactor core.
They are also considered as cladding and core reactor materials in GEN IV
systems. Such steels are applied to support the fuel assemblies, to maintain the
alignment between assemblies and the control bars and to canalize the primary
water. In general these internal structures consist of baffle plates made of
solution annealed (SA) 304 stainless steel and baffle bolts made of cold worked
(CW) 316 stainless steel [19].

In a nuclear reactor these steels experience a large neutron flux at temperatures
between 280 °C and 380 °C. They are exposed to a radiation dose up to 80 dpa
assuming a 40-year life cycle and depending on fuel management [20].

The main advantages of this class of steels are [14]:

• superior corrosion resistance in comparison to ferritic and martensitic steels:
corrosion performance may be varied to suit a wide range of service
environments by careful alloy composition adjustment, for example, by
varying the carbon or molybdenum content;

• excellent formability: the response of austenitic steels to deformation can
be controlled by chemical composition;

• no impact property/response transition at low temperatures and high tough-
ness up to cryogenic temperatures;

• weldability.

Unfortunately, such steels are characterized by a greater thermal expansion
and heat capacity, with lower thermal conductivity than other stainless or
conventional steels. Also note that austenitic stainless steels can not be
hardened by heat treatment and are therefore strengthened by cold working.

2.1.2 Chemical composition and its metallurgical effects

The chemical composition of the austenitic stainless steels of 304 and 316 type
according to AISI standard [21] and the one of SA304 and CW316 from [19]
are shown in Table 2.1. According to the AISI classification, the stainless steels
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2.1. Fcc materials: austenitic stainless steels

Table 2.1: The chemical composition (in wt%) of the 304 and 316 austenitic steels.

Steel C S P Si Mn Ni
304 [21] 0.08 0.030 0.045 1.00 2.00 8.00–10.50
304L [21] 0.03 0.030 0.045 1.00 2.00 8.00–12.00
SA304 [19] 0.022 0.0007 0.032 0.36 1.79 9.86
316 [19] 0.054 0.0220 0.027 0.68 1.12 10.60
316 [21] 0.08 0.030 0.045 1.00 2.00 10.00–14.00
316L [21] 0.03 0.030 0.045 1.00 2.00 10.00–14.00

Cr N Mo Cu Co B
304 [21] 18.00–20.00 – – – – –
304L [21] 18.00–20.00 – – – – –
SA304 [19] 18.61 0.061 – 0.25 0.064 0.0005
316 [19] 16.60 0.023 2.25 0.24 0.120 0.0005
316 [21] 16.00–18.00 – 2.00–3.00 – – –
316L [21] 16.00–18.00 – 2.00–3.00 – – –

of a 3XX type are the austenitic ones with, as major alloying elements, nickel
(6–12%) and chromium (16–26%). Among them, the steels of 304 type have a
lower carbon content to avoid its precipitation. In the 316 steel molybdenum
is added for better corrosion resistance. The steels 304L and 316L have a lower
carbon content for welding applications. The standard 304L steel is solution
annealed. Its microstructure consists of recrystallized grains (~40 µm) which
contain few dislocations and a small amount of ferrite (< 1%) [19]. The standard
316 steel is 15% cold worked. It is fully austenitic containing more Ni and Mo
and less Cr than the SA 304L steel [19]. The grain size is also about 40 µm.

Chromium forms [14] a protective oxide layer on the steel surface starting
from the concentration of 10.5%. The strength of this protective (passive) layer
increases with further addition of chromium. It prompts the formation of
ferrite within the alloy structure and is described as ferrite stabiliser. Nickel
improves [14] general corrosion resistance and prompts the formation of
austenite (i.e. it is an austenite stabiliser). Stainless steels with 8–9% nickel
have a fully austenitic structure and exhibit superior welding and working
characteristic compared to ferritic stainless steels. Increasing nickel content
beyond 8–9% further improves both corrosion resistance (especially in acid
environments) and workability.

Minor alloying elements (MAE) can be added to improve the properties of the
fabricated steels. Among them the most important are the following [14, 22]:
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1. carbon enhances the strength of the steel but it may have an adverse affect
on corrosion resistance by the formation of chromium carbides on grain
boundaries;

2. molybdenum increases resistance to both local (pitting, crevice corrosion,
etc.) and general corrosion, while improving strength and hardenability;

3. silicon improves resistance to oxidation, strength;

4. manganese increases the solubility of nitrogen in the steel and may be used
to replace nickel in nitrogen-bearing grades;

5. nitrogen increases strength and enhances resistance to localized corrosion;

6. sulfur is an impurity, which is added to improve the machinability of
stainless steels;

7. phosphorus is an unwanted impurity which increases hardness and strength,
but decreases ductility.

Among the listed MAE the austenite former elements are Mn, C and N, whilst
the ferrite-stabilizing elements are Si and Mo.

2.1.3 Radiation-induced microstructure

An extensive summary of the effects of neutron irradiation on the microstuc-
ture of austenitic stainless steels at different temperatures and accumulated
doses has been written by Zinkle et al. [23]. The lack of systematic data at low
temperatures (< 350 °C) and low doses (< 10 dpa) in this work was filled by the
studies of Pokor et al. [19, 24] where radiation damage in austenitic stainless
steels including SA 304L and CW316 was investigated both experimentally
and theoretically. In the latter work, the density and sizes of Frank loops after
irradiation at 320 °C and 375 °C in material test reactors EBR II, BOR-60 and
OSIRIS to doses up to 40 dpa are characterized using the TEM techniques.

2.1.3.1 Precipitates

According to Zinkle et al. [23] several different precipitate phases (like carbides
and intermetallics) are normally formed in 316-type austenitic steels during
thermal aging at 550 °C to 900 °C even in the absence of irradiation. Neutron
irradiation causes the formation of new or composition-modified phases which
are not observed during thermal aging. Fig. 2.1 shows the experimental dose
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2.1. Fcc materials: austenitic stainless steels

Figure 2.1: Temperature and dose regimes where the precipitation is observed in SA
316 stainless steel irradiated in fast neutron fission reactors. From [23].

and temperature regimes in which precipitation has been observed in SA 316
austenitic steel following the fast reactor irradiation.

In general precipitation occurs only in the temperature range of about 400–800
°C for both mixed-spectrum and fast reactor irradiations [25, 26]. Pronounced
precipitation typically does not occur below 1–10 dpa. The ‘steady-state’
precipitate microstructure is reached starting from the dose of 50 dpa. No
precipitation at low doses and temperature below 375 °C has been reported
in [19]. Hence, at moderate doses and temperature below ~375 °C the
degradation of mechanical properties of austenitic steels is mainly driven by
the accumulation of radiation-induced lattice defects.
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2.1.3.2 Matrix damage

The typical radiation-induced defects in fcc materials are: Frank dislocation
loops with Burgers vector b=1/3<111> (with stacking fault inside the loop),
perfect dislocation loops with b=1/2<110> (without stacking fault), stacking
fault tetrahedra (SFT), which are tetrahedron-shaped defects with the sides in
the 111 planes, and voids. The computer modelling visualizations of these
objects are shown in Fig. 2.2 (see figure caption for explanation).

According to [22, 23] the microstructural damage can be conventionally di-
vided into the three temperature regimes (see Fig. 2.3).

Low temperature regime (below about 300 °C). The typical microstructural
features observed in this regime are small defect clusters (so called ‘black
spots’), faulted Frank dislocation loops, and network dislocations [25, 29].
Their observable densities are nearly independent of irradiation temperature
in this low-temperature regime (see Fig. 2.3). The ‘black spot’ density starts to
decrease above ~250 °C. The saturation density of the loop and defect clusters
is generally achieved at doses of the order of 1 dpa in this regime.

In the low temperature regime the dominant microstructural feature is a high
density of small ‘black spot’ defect clusters. The average size of the small defect
clusters is about 2 nm [29–33]. Numerous studies performed on Fe-Ni-Cr
alloys and pure fcc metals indicate that much of the ‘black spot’ cluster density
is created directly in the displacement cascades [33, 34]. The total density
of the small defect clusters in austenitic steel is comparable to the densities
observed in pure fcc metals of similar mass, such as Ni or Cu. However, it
is interesting to note that the fraction of defect clusters that are resolvable as
stacking fault tetrahedra in stainless steel is < 1% [31–33], which is much less
than the corresponding fraction of 2.5 to 50% observed in Ni or Cu following
irradiation at comparable conditions [35]. This points to the fact that the
solutes in stainless steels somehow modify the displacement cascade evolution
behavior and inhibit SFT formation in it. As a result, the primary defects seen
in the austenitic steels are Frank loops, unlike in the pure fcc metals.

High temperature regime (~300 °C to 700 °C). The effect of irradiation consists
in the formation of cavities (helium bubbles and/or voids), precipitates, loops
and network dislocations. The steady-state microstructure is approached at
doses in excess of 10 dpa. Due to complex interactions between the various
microstructural components that form during irradiation, a transient regime is
typically observed in commercial stainless steels during irradiation at elevated
temperatures. This slowly evolving transient may extend to damage levels
in excess of 50 dpa in typical 300-series stainless steels, and to > 100 dpa
in radiation-resistant developmental steels. The detailed evolution of any
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 2.2: The atomistic visualizations of the typical radiation defects in fcc materials
a). Frank loop; c). perfect loop; e). SFT; g). void. The orientation of the crystal is
the same in all figures (a,c,e,g). The showed atoms were selected using the coordinate
number and local neighbourhood analysis (see section 3.2.1 for details). Figures b),d),f)
and h) are the TEM micrographs of Frank loops (marked with A) in fcc aluminium 3.5%
magnesium alloy, perfect loops (marked with A) in fcc aluminium 3.5% magnesium
alloy, SFT and voids in austenitic steels, respectively. The images are from [14, 27, 28].
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Figure 2.3: Temperature dependence of the experimentally observed ‘saturation’
densities of the various components in neutron-irradiated austenitic stainless steel. The
explanation of the low/high/very high temperature regimes is given in the text. From
[23].

given microstructural component in the high-temperature regime is sensitive
to slight variations in numerous experimental variables, including the neutron
spectrum.

In the study of Pokor et al. [19] two different austenitic alloys (SA 304 and
CW 316) irradiated at 330 °C were found to have a similar microstructure. For
doses up to 3.4 dpa, it consisted of interstitial Frank loops located in the 111
planes with Burgers vector 1/3<111> and of black dots. In the Fig. 2.4a and
2.4c one can see the TEM micrographs of Frank loops and black dots in SA 304
irradiated up to a dose of 0.8 dpa. Neither irradiation-induced precipitation
nor cavity formation were observed.

In the same paper [19] an attempt to explain the nature of black dots has been
made. At low dose (0.8 dpa), when both Frank loops and black dots can be
observed simultaneously, it was possible to obtain the size distribution of the
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Table 2.2: Quantitative analysis of Frank loops at 330 °C for the two alloys indicated.
From [19].

Alloy Dose (dpa) Frank loop diameter (nm) Frank loop density
±2 nm (m−3)

SA 304

0.8 4.7 45 · 1021

2 5.9 74 · 1021

3.4 7.4 63 · 1021

20 7.3 62 · 1021

40 7.0 77 · 1021

CW 316

0.8 9.3 28 · 1021

2 7.7 28.8 · 1021

3.4 10 31 · 1021

10 7.5 60 · 1021

20 7.4 44 · 1021

40 7.3 62 · 1021

two types of defects. The black dots were imaged in the so-called ‘bright field’
mode and the Frank loops in the ‘dark field’ mode. As the average size, the
density and the size distributions of the two families were identical (see Fig.
2.4b), Pokor et al. [19] claimed that black dots and small Frank loops are one
single defect seen under different contrast conditions. When the dose increases
(up to 40 dpa, accumulated by irradiation in BOR-60 reactor), the size and
density of Frank loops increase too. The quantitative results for the average
loop size and the loop density for the two steels considered and the various
doses are summarized in Table 2.2.

As can be deduced from Table 2.2, the microstructure evolution [19] is rapid
for doses under 10 dpa, and tends to saturate for larger doses. The loop sizes
in the SA 304 and CW 316 steels are similar. The loop density is higher in the
304 steel than in the 316 one.

In a recent study performed at SCK-CEN [14] three austenitic alloys were
considered: a reference austenitic steel (below referred to as Ref SFE) and
two austenitic alloys with lower and higher SFE (below referred to as LSFE
and HSFE alloys, respectively), both with chemical composition based on the
reference alloy of the 304 type. These steels were irradiated at T=300 °C in
the reactor BR2 (Belgium) up to the dose of 0.9 dpa. The SFE values of the
materials were 11, 30 and 45 mJ/m2 for the LSFE, reference and HSFE alloys,
respectively.

The study pointed to a strong effect of the SFE on the radiation-induced defect
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(a) (b) (c)

Figure 2.4: a) Imaging of Frank loops, b) size histogram and (c) black dots in SA 304
irradiated at 330 °C to a dose of 0.8 dpa. From [19].

(a) (b) (c)

Figure 2.5: Size distribution of small defect clusters observed in three investigated alloys
with different SFE in [14]. The lines represent the fitted Gaussian distributions for each
alloy.

accumulation behavior. While a high density of Frank dislocation loops and
black dots were observed in all three alloys (similar to what was observed
earlier by Pokor et al. [19]) a low density of SFTs was found in LSFE and Ref
SFE alloys. The mean size of the SFTs and Frank loops was almost the same, but
the Frank loop density decreases in the alloys with a higher SFE. In the LSFE
alloy, about 17% of the observed defect clusters were SFTs, while they were
only about 8% in the reference austenitic steel. Loops of both interstitial and
vacancy nature were observed in all three alloys: however, the density of the
vacancy loops decreases as the SFE raises. In addition, the total density of the
small defect clusters increases when the SFE increases: however, the average
size of the clusters was almost the same (see Fig. 2.5 and 2.6).

Very high-temperature regime (above 700 °C). In this regime all radiation-
induced defect clusters except for gas-pressurized bubbles are thermally un-
stable. Thus, the microstructure in this regime is identical to the one found in
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Figure 2.6: Density and size distribution of the three alloys with different SFEs [14]
compared with the results on 300-series stainless steels irradiated at 270–290 °C [36].
From [14].

unirradiated steels aged at the same temperature. No significant concentra-
tions of dislocation loops or radiation-produced voids are observed, and the
precipitate and network dislocation behavior is equivalent to that observed
under thermal annealing. Helium bubble formation can still happen in this
temperature regime, but its behavior is determined primarily by the thermal
equilibrium vacancy concentration and He concentration.

2.1.4 Macroscopic effects of radiation damage

2.1.4.1 Radiation-induced hardening

The studies of the hardening of austenitic stainless steels completed the
investigation of the microstructure in the above mentioned works of Pokor et
al. [19, 37] and Li [14]. It was established that hardening is a complex problem
which depends on different factors, as is summarized below:

• Damage dose. The hardening increases rapidly at low doses saturating
above 5 dpa independently of the materials (SA304L or CW316) and the
irradiation conditions [37]. The value of saturation of hardening depends
on chemical composition and initial metallurgical state.
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(a) (b)

Figure 2.7: Hardening in different materials as a function of radiation damage dose: a)
SA 304, b) CW 316. From [37].

• Neutron irradiation parameters (flux, spectrum, temperature). No obvious
effect of the neutron spectrum and dose rate on the hardening of
austenitic steels irradiated in different fission test reactors was found [37].
As shown in Fig. 2.7, for equivalent doses, the hardening is similar in
materials irradiated in a reactor with fast spectrum (BOR-60) and in a
reactor with mixed spectrum (OSIRIS). For all materials, the hardening is
significantly higher after irradiation at 330 °C than after irradiation at 375
°C (BOR-60 and OSIRIS compared to EBR II).

• Metallurgical state. It was established [37] that the saturated value of
hardening is higher for the solution annealed 304 material (about 620
MPa) than for the CW 316 (about 500 MPa) meaning that the composition
may play an effect contributing to hardening. Pokor et al. [37] suggest
that the irradiation defect accumulation is mainly dependent on the
initial dislocation density [19] and that a cold worked material will
harden less than a solution annealed material because a well developed
dislocation network acts as absorber for radiation defects.

• Minor alloying elements. In the work of Li [14] an attempt has been
made to understand the effect of minor alloying elements on hardening.
It was however difficult to distinguish the effect related exclusively to
solutes and impurities from other consequent effects such as variation
of SFE or grain size (inevitably taking place as a result of composition
modification). It was found that carbon significantly promoted radiation
hardening due to the high density of Frank loops. Carbon atoms might
affect the nucleation of the clusters by binding strongly with the radiation
defects. The addition of silicon in stainless steels was shown to suppress
the radiation hardening because the number of the observed Frank loops
was apparently declining with increasing amount of Si.
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• Stacking fault energy. According to the study of Li [14], the hardening as
well as the flow behavior of the investigated steels (with low, reference
austenitic steel and high SFE) have been also found to be strongly
influenced by the SFE even before irradiation. The SFE value was
found to control the main deformation mechanisms of the steels: at
room temperature the LSFE alloys deform via twinning and the HSFE
alloys via dislocation glide. At T=300 °C the twinning was observed in
LSFE alloys. No simple relationship was found between the SFE and
the tensile properties of the investigated alloys. Hence, the SFE affects
both the mechanism of plastic deformation in un-irradiated materials and
dislocation-defect interaction in the irradiated materials.

The classical model for hardening [38] is based on the following dependency:

∆σ = MαLµb
√

ρLψL. (2.1)

Here M is the Taylor factor, αL the obstacle strength of the Frank loop, µ the
shear modulus and b the Burgers vector; ρL is the density of dislocation loops
and ψL the average diameter of the loops.

Pokor et al. [37] have modified the model accounting for the fact that Frank
loops unfault after reaching a certain size. From elasticity theory considera-
tions, it is known that in materials with a low SFE such as austenitic stainless
steels, small faulted Frank loops are more stable than perfect dislocation loops
of equivalent size. The reason for this situation is that a partial dislocation has
a line energy smaller than that of the perfect dislocation with Burgers vector
BV=1/2<110>. For small radii, this difference in line energy can pay for the
cost associated with the stacking fault present in the Frank loop. For large
radii however, the energy of a faulted loop is higher than the one of a perfect
loop, meaning that above a critical radius the faulted loops will tend to unfault
forming perfect loops. Under an applied stress, the situation changes. The
Peach–Koehler force does work on the partial dislocation required to unfault
the Frank loop thus changing the energy balance and reducing the critical
radius for Frank loop stability.

The modified model for radiation-induced hardening is expressed by the
following equation [37]:

∆σ∗ = M
ψ∗ − ψL

ψL

 γ

n
√

b2
p − b2

F

 where ψ∗ = 2
µ(b2

p − b2
F)

γ
(2.2)

Here γ is the stacking fault energy, bp and bF are the Burgers vectors of the
perfect loop and Frank loop, respectively, and n is the number of dislocations in
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the pile-up, that is the only adjustable parameter not experimentally measured
which in principle may be evaluated by measuring the steps size on grain
boundaries during in situ deformation [24].

The hardening observed in the work of Pokor et al. [37] is well reproduced by
this improved model: when irradiation dose increases, hardening increases,
then when mean loop size and density are large enough for the loops to
be unfaulted, a saturation of hardening occurs. A criterion for the critical
density of the loops (as a function of their size) above which the stress-induced
unfaulting will occur has been proposed in [37].

According to this model, the dose from which the hardening starts to saturate
(but not the saturated level of hardening itself) depends on the irradiation
temperature only. The absolute value of the saturated hardening is mainly
determined by the initial dislocation network and possibly by the SFE and loop
obstacle strength of the material [37].

2.1.4.2 Radiation-induced dislocation channeling

The formation of dislocation channels (or clear bands) — zones free of radiation
defects created as a result of plastic deformation — has been studied in the
above mentioned work by Li [14] in the three irradiated austenitic stainless
steels with different SFE. The three irradiated alloys were deformed at 300
°C to about 8% with a strain rate ε̇ = 5·10-7 s-1. In the austenitic steel the
primary deformation mechanisms are dislocation slip and twinning. The latter
is the predominant mechanism at room temperature and at reactor operational
temperature in low SFE alloys [39].

Dislocation channels were observed in all three austenitic stainless steels (see
Fig 2.8), although their width, spacing, height and density were different in
each alloy. The measured average width of dislocation channels observed in
the LSFE alloy was about 64.9 nm, in the Ref SFE alloy about 62 nm, in the
HSFE alloy 21 nm. The measured average spacing between the dislocation
channels observed in LSFE and Ref SFE alloys was about 0.9 µm; in the HSFE
alloy about 0.64 µm. In LSFE and Ref SFE alloys dislocation channels heavily
intersect with each other, while in the HSFE alloys channels are parallel. In
a given area, more dislocation channels were observed in LSFE alloy than in
HSFE alloy, so the density of dislocation channels is higher in LSFE than in
HSFE alloy.

As was established in [14], at relatively low dose level (0.9 dpa) the irradiation
defects are small enough to be cleared out easily by the dislocations (which
causes the formation of the channels). Once the clearing process has begun in
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(a) (b) (c)

Figure 2.8: a). TEM images of deformed LSFE, Ref SFE and HSFE austenitic alloys,
deformed to about 8 % at 300 °C. From [14].

a particular location (dislocation glide plane), further dislocations move more
easily in this region. Their faster movement leads to the accumulation of the
deformation in the channel.

Although patterns of dislocation debris were observed within channels, the
latter were clear of almost all defects of a visible size and no piling up of defects
at the side of the channel was found. When the channels intersect one another,
dislocation pile-ups occur, causing work hardening. The work hardening
process allows higher stress levels, which in turn encourages the clearing of
larger radiation defects. As the stress level continues to rise, more clearing of
radiation defects in general is promoted, and thus more general dislocation
activity in the matrix is possible. The results show that at low dose and low
strain the degree of localized deformation in channels follows the order: LSFE
alloy > Ref SFE alloy > HSFE alloy. Note that the irradiated LSFE alloy in
the experiments of Li [14] was deformed at the reactor relevant temperature
of 300 °C not only via dislocation channeling but also via the mechanical
twinning, unlike Ref SFE and HSFE alloys, where the deformation was mainly
accommodated by the dislocation slip. Thus, the effect of SFE on the initiation
of dislocation channels exclusively via the dislocation glide should be explored
further. Up to now, the dislocation-defects interaction mechanisms leading
to formation of dislocation channels are not fully understood and will be
considered in this thesis.

2.1.4.3 Nanoscale explanation of the origin of hardening and dislocation
channeling

The origin of radiation-induced hardening and channeling is intimately re-
lated to interaction mechanisms of dislocations with the defects. Given the
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complexity of in situ TEM straining experiments (see e.g. [40, 41]), molecular
dynamics (MD) atomistic simulations offer an efficient complementary tool to
investigate the details of dislocation-loop interaction and calculate the stress
which an obstacle opposes to the dislocation motion. The key process to be
studied by MD is the absorption of defects by dislocations.

The details of the algorithms to simulate the dislocation and dislocation-defect
interaction using the MD method are summarized in the chapter 3.2.

It is important to note that the dislocation-defect interaction in bcc and fcc
materials differs significantly as the perfect dislocation dissociates into two
partials in the fcc material as it is an energetically favorable process. The
interaction of an edge dislocation with voids in fcc Cu was considered in [52].
The interaction of dislocations with dislocation-structured obstacles such as
SFTs was considered in [53–60].

The application of the model [51] to study the hardening and formation of
dislocation channels was done in [55], where the interaction of edge and screw
dislocations with SFTs of different sizes at different temperatures and strain
rates was studied in pure Cu and Ni. Five possible interaction outcomes were
identified, involving either partial absorption, or shearing or restoration of
SFTs. The mechanisms that give rise to these processes were described and
their dependence on interaction parameters, such as SFT size, dislocation-SFT
geometry, temperature and strain rate were determined. Mechanisms that help
to explain the formation of defect-free channels cleared by gliding dislocations,
as observed experimentally, were summarized.

The reactions with perfect dislocation loops were considered in [61], where the
ability of perfect dislocation loops in pure Cu to glide under the influence of the
stress of a gliding dislocation were studied. It was shown that a row of loops
lying within a few nanometers from the dislocation slip plane can be dragged
at a very high speed.

Frank loop (being the dominant radiation defect type of austenitic steels, as
discussed above) interaction with dislocation in pure fcc metals (in Cu and
Ni) has already been studied by MD simulations in [39, 62, 63]. Rodney [62]
performed molecular dynamics simulations of screw dislocations interacting
with interstitial Frank loops in pure Ni studying a geometrical configuration
favorable to the formation of a helical turn on the dislocation (see Fig. 2.9). Both
the interaction mechanism and the pinning stress caused by the defects were
analyzed. It was established that the interactions involve athermal cross-slip
events and that the Frank loops are strong obstacles with unpinning reactions
involving Orowan processes.

Shin et al. [63] applied the molecular dynamics method to simulate in pure
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(a) (b)

(c) (d)

Figure 2.9: The visualization of the unpinning of a screw dislocation from a helical turn
at different times (in ps): a) 18, b) 24, c) 25.2 and d) 27 in pure Ni after application of
stress τ=600 MPa at T=100 K. From [62].

Cu and pure Ni at T=100 K the interaction between an interstitial Frank loop
and gliding dislocations to investigate the mechanism of defect elimination.
The interaction with both screw and edge dislocations was considered. It
was found that two dislocations in two different parallel slip planes played
cooperatively to remove the defect. This finding implies that a group of
dislocations might be responsible for a dislocation channel formation, by
moving in a group and eliminating the defects.

In the systematic study performed by Nogaret et al. [39], the interaction
between edge/screw dislocations with Frank loops in pure Cu was considered.
Several interaction mechanisms were revealed depending on the interaction
geometry and the impinging dislocation character, namely: (i) loop shear
(see Fig. 2.10a); (ii) unfault into glissile configuration (see Fig. 2.10b); (iii)
absorption into a glissile superjog (on edge dislocation) (see Fig. 2.10c) or into
a sessile helical turn (on a screw dislocation) (see Fig. 2.9a).

Absorption into a helical turn results in especially high unpinning stress and
thus is expected to be the main source of hardening. For both screw and edge
dislocations the unfaulting mechanism is controlled by the cross-slip process
[39, 63]. In general, the number of geometrical configurations leading to loop
unfaulting is higher for a screw dislocation [39].

Hence, the interaction with screw dislocations most likely determines both the
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(a) (b)

(c)

Figure 2.10: The visualization: of a) shear of a Frank loop by an edge dislocation at the
stress of 95 MPa; b) glissile configuration after the absorption of the Frank loop by the
screw dislocation; c) absorption of half of the Frank loop into the glissile configuration
by an edge dislocation. The simulations are done using the pure Cu potential at T=600
K. From [39].

hardening and the formation of free channels.

The main drawback of the simulations made by Nogaret et al. is the use of
pure Cu as a model material for austenitic stainless steel. Pure Cu does not
reproduce an adequate value of shear modulus (e.g. shear modulus in 111
plane is 41 MPa instead of 75 MPa [39]) while the value of SFE (44 mJ/m2

at 600 K) is correct. Both SFE and shear modulus values are important for
the definition of the interaction mechanism and strength of Frank loops upon
plastic deformation mediated by dislocations in fcc metals [13]. It is therefore
necessary to investigate the dislocation-defect interaction in the model alloys
with the properties mimicking better those of the austenitic stainless steels.
In this thesis the new models based on Fe-Ni and Fe-Ni-Cr model alloys will
be developed to study the effect of SFE, loop size, ambient temperature on
dislocation-defect reaction mechanisms leading to hardening and removal of
radiation-induced Frank loops by dislocations.

2.2 Bcc materials

2.2.1 Ferritic-martensitic (FM) steels

2.2.1.1 Application and properties

High-chromium (9–12 wt%) FM (ferritic-martensitic) steels are candidate core
reactor materials for GEN IV nuclear systems (e.g. for fuel cladding and
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the spallation target in the accelerator driven systems [65]). 9% Cr reduced
activation ferritic-martensitic (RAFM) steels are the only possible structural
materals suitable for fusion installations (as potential first-wall and breeding
blanket structural materials) [66–69]. These steels are expected to operate at
high temperature (up to 550 °C, or higher if the steels are strengthened by
oxide dispersion) and high neutron flux, consequently high dose rate and
accumulated dose (up to 10 dpa per full power year [70]). These experiencing
materials should also respect safety standards, being compatible with the
coolant used [71], even after the degradation under neutron irradiation or
exposure to plasma.

RAFM steels such as EUROFER, F82H and 9Cr-2WVTa were selected for
structural applications in fusion systems in Europe, Japan and USA, respec-
tively, using the codes and cross-section libraries for predicting radionuclide
inventories of materials exposed to fusion reactor systems. These steels which
benefit from favourable cost, availability, exhibit suitable strength, toughness
and resistance to radiation damage, especially swelling. They can sustain
high temperature, fast change of it (having higher coefficient of thermal
conductivity than austenitic steels [72]) and corrosion resistance (in the case
of high-chromium FM steels).

The limitation for the use of FM steels are [72–74]:

1. a pronounced tensile strength drop at about 500 °C;

2. a strong reduction in creep strength at T > 600 °C;

3. significant stress softening in low fatigue tests;

4. existance of a DBTT which is between −80 °C and −90 C in the
unirradiated state.

2.2.1.2 Chemical composition: reduced activation and effect of chromium
concentration

The chemical composition of RAFM steels such as EUROFER, F82H and 9Cr-
2WVTa in comparison with the high-chromium steel T91 is given in Table 2.3.

The fabrication of the RAFM steels requires that the radiologically undesirable
elements are replaced by other ones which possess similar or equivalent
metallurgical functions, but are less activated [75]: Mo is substituted by W
which are ferrite formers, increasing tempering temperature, and ensuring
a good compromise between DBTT, mechanical strength, ductility and creep
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Table 2.3: The composition (wt%) of RAFM steels with favourable combination of
properties and of T91 steel.

Country Alloy C Si Mn Cr W V
Worldwide [76] T91 0.1 0.32 0.43 8.32 – 0.2
Europe [77] EUROFER 0.1 0.05 0.5 8–9 1 0.24
Japan [78] F82H 0.1 0.2 0.5 8 2 0.2
USA [79] 9Cr-2WVTa 0.1 0.3 0.4 9 2 0.25

Country Alloy Ta N B Mo Nb
Worldwide [76] T91 – 0.03 – 0.96 0.08
Europe [77] EUROFER 0.06 0.02 0.004 – –
Japan [78] F82H 0.04 <0.01 0.003 – –
USA [79] 9Cr-2WVTa 0.07 – – – –

resistance. Nb is replaced by Ta which are both high temperature carbide
formers, stabilizing grain size, increasing resistance to tempering, improving
DBTT and strength. Nevertheless, the hands-on levels of post-irradiation
activity are not expected, that is why these steels are called only ‘reduced
activation’, and not ‘low activation’.

The main alloying element of the FM steels is chromium, in the range 2.5%–
18%. The addition of Cr ensures protection from corrosion in the temperature
range 300–500 °C [80]. However, the addition of Cr in concentration exceeding
10 wt. % leads to the phase separation resulting in the formation of numerous
Cr-rich precipitates (so called α’-phase) [81], which is accelerated under irradi-
ation [82, 83]. This precipitation makes the material brittle (the well-known
phenomenon of ‘475 °C embrittlement’ observed in FeCr steels containing
more than 13 %Cr is caused by the above mentioned phase separation [84]),
consequently an optimum Cr content is defined by the compromise between
corrosion resistance and mechanical properties. Cr improves also creep
resitance.

In order to understand the effect of alloying with chromium especially on radi-
ation damage, a set of model FeCr alloys has been irradiated and investigated
after irradiation by both microstructural examination and mechanical tests in
a recent work of Matijasevic et al. [65]. The macroscopic effect of the addition
of chromium on the mechanical properties of the unirradiated FeCr alloys is
shown in Fig. 2.11. One can see that both the yield stress and the ultimate
tensile stress for the model alloys increase linearly with Cr content. Addition
of chromium, however, led to a certain reduction of the total elongation. In
terms of ductility, low Cr alloys are more ductile than high Cr alloys. Thus,
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Figure 2.11: Engineering stress and strain curves at room temperature of the model
alloys before irradiation. From [65].

low Cr alloys that have larger grain sizes tend to have a lower toughness and
larger elongation than high Cr alloys with smaller grains.

One of the most important advantages of the presence of chromium in the iron
matrix is the suppression of irradiation swelling [85, 86]. In bcc Fe-based alloys
swelling becomes an important problem at relatively high temperature, where
hardening due to dislocation loops is no longer playing any important role.
The addition of Cr to Fe leads to the decrease of swelling dramatically and this
decrease depends on the content of Cr being typically an order of magnitude
lower in FeCr alloys compared to pure Fe [87, 88] and stainless steels (1 vol.%
per 100 dpa as compared with 1 vol.% per 10 dpa in stainless steels at T>300
°C [74]). Even small quantities of Cr strongly decrease the swelling, which
remains low between 1 and 10%Cr and then starts to rise again [88]. At
Cr concentration above 10% and high irradiation doses, the swelling has a
local maximum and then decreases towards a quasi-asymptotical minimum,
in the range of concentration where the precipitation of the Cr-rich α′ phase is
expected [89, 90]. The lowest irradiation-induced swelling occurs for materials
with a Cr content between 5% and 10%. These findings together with the
9%Cr minimum DBTT shift [91] explain the selection of the 9 wt% Cr materials
as candidates for the regions of fusion applications which undergo high
irradiation doses.

Also it was established that the alloying with chromium increases resistance
against thermal creep [92] and influences the extent of radiation-induced
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embrittlement [91]. Within this work the latter problem will be addressed
by studying the mechanisms leading to hardening due to the interaction of
dislocations with radiation-induced defects.

2.2.1.3 Radiation-induced microstructure

The typical radiation defects observed in bcc materials are dislocation loops
with Burgers vectors 1/2<111> and <100> and voids. The FM steels are not an
exception and also develop this type of nanofeatures. The incubation dose for
the appearance of voids is rather large — 10 dpa [93], larger than in austenitic
steels. Hence the primary defects seen upon neutron irradiation exposure are
dislocation loops [65, 94, 95]. Moreover, solute clusters and precipitates of
different kinds are often observed.

Low temperature irradiation regime (T < 350 °C). The formation of dislocation
loops is typical for this regime. Under equivalent irradiation conditions, the
concentration of loops is generally higher in FeCr alloys than in pure bcc Fe
at sufficiently high dose, see for example the results for the Fe-10Cr alloy in
Fig. 2.12. The proportion of <100> and 1/2<111> loops also depends on Cr
concentration [96, 97]. The mobility of large dislocation loops is decreased in
FeCr alloys as compared to pure Fe [95] which leads to the assumption that Cr
atoms suppress loop migration, stabilize dislocation loop population in bulk
and possibly make them stronger obstacles for dislocation movement [98–100].
This trapping effect of Cr was thus proposed to be responsible for the enhanced
hardening induced in the FeCr alloys as compared to pure Fe [98–101].

According to the results of Matijasevic et al. [65] of irradiation of FeCr alloys
up to 1.5 dpa at 300 °C in the BR2 reactor (Mol, Belgium), the defect density
decreases with increasing Cr concentration as shown in Fig. 2.13. The average
size of defects also decreases with alloying by chromium, falling to 6 nm in
Fe-12Cr alloy from 13 nm in Fe2.5Cr alloy.

In the recent study of Kuksenko [102] the irradiation-induced formation of α’
(enriched up to 55% of Cr) and NiSiCr-enriched (also containing phosphorus)
clusters was revealed in Fe-9Cr and Fe-12Cr alloys irradiated up to 0.6 dpa
at T=300 °C in BR2. NiSiCr clusters were observed to form also for lower Cr
content. Due to their small size these clusters might be associated to defect
clusters (small dislocation loops) invisible by TEM. The density of such clusters
was about (2.1±0.2)·1023 m-3, (2.4±0.5)·1023 m-3, and mean radius (1.1±0.20)
nm, (1.65±0.20) nm, respectively.

High temperature irradiation regime (T > 350 °C). While dislocation loops
are still produced in this regime (they are stable in Fe-9Cr alloys up to 820 K,
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Figure 2.12: Irradiation (by 1 MeV electrons) time dependence of loop density in Fe-
10%Cr alloy and in Fe at several temperatures. From [94].

Figure 2.13: Dose dependence of the defect density (open symbols) and size distribution
(closed symbols) in Fe and Fe–Cr alloys. From [65].
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contrary to pure Fe, where they disappear already at about 620 K [95]), the FM
steels are mainly subjected to swelling at this temperature if the dose is high
enough to determine the appearance of voids. Two types of swelling exist:

1. gas bubble swelling. It is associated with the nucleation of bubbles of gas
atoms formed due to transmutation reactions. Bubble swelling is known
to occur at relatively high doses (>30 dpa), when sufficient concentration
of gaseous atoms is accumulated (this also depends on the irradiation
conditions, i.e. for fusion such dose can be significantly lower);

2. void swelling. It occurs due to the presence of voids and pores in materials,
which are produced by the excess of vacancies in the bulk, forming
vacancy clusters. Void swelling occurs faster and in principle can be
detected already at 10 dpa.

In the work of Jiao [103] the ferritic–martensitic steels T91, HCM12A, HT-9 and
a 9Cr model alloy were irradiated by protons up to 10 dpa at 400 °C and 500
°C and by heavy ions up to 100 dpa at 500 °C. After that the materials were
examined using TEM and atom probe tomography (APT) methods. Mn-Si-Ni-
rich and Cr-rich precipitates were formed in T91, HCM12A and HT-9 at 400
°C. At higher irradiation temperature of 500 °C the production of Mn-Si-Ni-
rich precipitates was substantially larger but in much lower number density
compared to irradiation at 400 °C. The Cr-rich precipitates were observed in
HCM12A and HT-9 alloys with higher bulk Cr content than the solubility limit
of Cr at the irradiation temperature. No difference in size and composition
of defects at the same temperature was found between the heavy ion and
proton irradiation, except for the lower number density in the case of heavy
ion irradiation.

In this thesis the problem of low-temperature (T < 350 °C) embrittlement at
the intermediate irradiation dose (up to 30 dpa [104]) will be addressed by
means of studying hardening which at these conditions is mainly related to
the formation of dislocation loops (possibly decorated by solute atoms) and
their interaction with moving dislocations. Also the mechanisms leading to
the nucleation of Mn-Si-Ni-rich clusters will be addressed, which may also
contribute to the precipitation hardening.

2.2.1.4 Macroscopic effects of radiation damage

2.2.1.4.1 Radiation-induced hardening
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As shown in [65], the addition of Cr to Fe strongly influences the radiation
hardening with a minimum at 9%Cr. The hardening measured in Fe–Cr
alloys irradiated by fast neutrons at T=180 °C is much higher than in pure
Fe [100, 105]. After high temperature annealing (at about 500–600 °C) the
hardness of un-irradiated materials is almost fully recovered [100]. This means
that radiation-produced defects, responsible for strengthening and loss of
ductility, are removed by annealing. Also, as during annealing experiments
the hardening disappears at lower temperature in Fe than in FeCr alloys, one
should assume that the defects, responsible for hardening, are either different
in FeCr compared to Fe, or more stable in FeCr than in Fe due to the presence
of Cr.

In the computer simulations of dislocation-defect interaction in the FeCr alloys
performed in this work the important parameters to vary will be the ambient
temperature and dislocation loop size. Here the effects of the former and of the
latter in terms of the accumulated dose (which is directly interconnected with
the loop size) on the radiation-induced hardening are described:

Effects of dose. Recently, an overview of mechanical properties of 9Cr steels
(including EUROFER97), irradiated up to 80 dpa, has been made by Gaganidze
[106]. It was shown that the increase of the yield stress is rather steep at doses
below 10 dpa at irradiation temperature Tirr ≤ 335 °C which correlates with
the rapid increase of the dislocation loop size and density observed in the
experiments [65]. The saturation of hardening takes place at about 70 dpa at
Tirr in the range 300–335 °C (see Fig. 2.14).

Effects of temperature. On the example of the EUROFER97 steel a number
of effects attributed to the irradiation temperature was demonstrated in [106].
Overall it was possible to distinguish three temperature regimes, namely:

1. Low temperature neutron irradiation. (Tirr ≤ 335 °C) leads to strong harden-
ing and embrittlement of EUROFER97 and other 9Cr RAFM steels. Post
irradiation annealing at 550 °C for 3 h leads to a nearly complete recovery
of the impact and tensile properties of low temperature (Tirr < 350
°C) irradiated EUROFER97 indicating substantial healing of radiation
defects.

2. Middle temperature neutron irradiation. Minor hardening and embrittle-
ment observed at Tirr = 350 °C indicate considerable healing of radiation
damage.

3. High temperature neutron irradiation. Neutron irradiation at Tirr≥400 °C
has nearly no impact on the post-irradiation mechanical properties.
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Figure 2.14: Irradiation hardening vs. irradiation dose for EUROFER97 and other
RAFM steels for Tirr = 300–335 °C and test temperature Ttest = 300–350 °C from [106].
The hatched area marks the scattering band for high dose results and is guide for the
eye.

Given that for GEN IV and fusion applications structural steels are expected
to operate in some cases, depending on design, at temperature as low as 250–
300 °C, the so-called ‘low temperature embrittlement’ is one of the key issues
in the development of new and assessment of already existing FM steels and,
therefore, will be within the focus of this work.

2.2.1.4.2 Nanoscale explanation of the origin of hardening

In the work of Matijasevic et al. [65] an attempt has been made to estimate and
compare with the experimental data the hardening mechanisms by correlating
microstructural observations from TEM to mechanical property measurements
using an Orowan-type mechanism (see formula (2.1) and the corresponding
description in the section 2.1.4.1). It was concluded that this mechanism
appears to be not appropriate to estimate the hardening from the TEM
observed microstructure. This issue was explained [65] by the fact that
the important increase of hardening with dose may either be related to the
presence of invisible defects or to the modification of loop’s strength in synergy
with the Cr solution. The former effect can be explained by the existence of a
large number of small clusters stabilized by Cr and invisible to TEM, which
cannot be present in pure Fe. The latter effect can be the consequence of
segregation of Cr at dislocation loops, which modifies the mechanism of loop-
dislocation interaction, making loops stronger obstacles.
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(a)
(b)

Figure 2.15: Radiation-induced segregation at dislocation lines in T91 steel following
irradiation to 7 dpa at 400 °C. The composition profile (b) is along the rectangle in (a).
From [107].

Recently, an indisputable proof of the segregation of Cr to dislocation lines and
dislocation loops was obtained using the APT technique applied to examine
several irradiated FM steels [107] (see Fig. 2.15). Moreover, experimental
data from small angle neutron scattering (SANS) technique also point to the
existence of numerous population of invisible dislocation loops possibly deco-
rated by Cr [108]. Finally, recent experiments, based on further microstructural
analysis of the alloys studied in [65], showed clearly that the solute clusters
observed by Kuksenko [102], probably associated with small dislocation loops,
may explain the increased hardening [109].

The computer modelling of the microstructure of FeCr alloys under the
irradiation was performed using MD and Metropolis Monte Carlo (MMC)
methods in the recent study of Malerba et al. [110], where it was summarized
that:

1. the stability of point defects is weakly dependent on the presence of
Cr in the case of vacancies, but strongly dependent in the case of self-
interstitials. Chromium was found to increase the stability of self-
interstitial atom (SIA) clusters, especially the small ones, invisible in the
electron microscope.

2. the diffusivity of self-interstitials and their clusters is significantly re-
duced in the presence of Cr and depends non-monotonically on Cr
content, as well as on cluster size and temperature. However, this effect
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is negligible on the mobility of self-interstitial clusters large enough to
become visible dislocation loops.

3. Cr-rich precipitation occurs in the tensile region of edge dislocations,
while it appears not to happen at screw dislocations. Prismatic disloca-
tion loops (typically produced under irradiation) tend to be decorated by
Cr. Here the term ‘decoration’ means the presence of high concentrations
of interstitial impurities or substitutional solute atoms in the strained
region around the loop. Cr accumulates at grain boundaries, while it
tends to deplete in the proximity of free surfaces (at least in the absence
of oxygen) and voids.

Taking into account the model of the evolution of the microstructure described
above and given that standard models of hardening accounting for the pinning
of dislocation on the dislocation loops, acting as dispersed barriers, underesti-
mate the hardening measured in the FeCr model alloys [65], the investigation
of the effect of Cr decoration at the loops on the hardening mediated by
dislocation loops should be elaborated further.

The dislocation-defect interactions, which are directly related to radiation-
induced hardening, in bcc materials (mainly α-iron) were extensively inves-
tigated using the MD method. The interaction of edge dislocations with
BV=1/2<111> with dislocation loops with BV=1/2<111> was studied in [111–
114]. The interaction of the same BV loops with screw dislocations was
considered in [115]. The interaction mechanisms between <100> loops and
edge/screw dislocations were studied in [116–119] and in [120], respectively.

The main reaction mechanisms identified were the following:

1. the obstacle is crossed by the dislocation and both are unchanged (see
Fig. 2.16). This reaction was observed in the case of edge dislocations
interacting with large 1/2<111> loops that have BV inclined with respect
to the glide plane;

2. the obstacle is crossed and modified and the dislocation in unchanged
(see Fig. 2.17). Some <100> loops are transformed by edge dislocation
into mixed <100> and 1/2<111> loops;

3. the partial absorption of the obstacle by an edge dislocation, that acquires
a double superjog, occurs (see Fig. 2.18). This reaction can happen
independently on the loop BV (<100> or 1/2<111>).

4. the temporary absorption of the entire obstacle into a helical turn on a
screw dislocation occurs (see Fig. 2.19). This reaction was observed in
the case of screw dislocations interacting with 1/2<111> loops.
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(a) t=1.4 ns. τ=95 MPa (b) t=3.7 ns. τ=240 MPa

Figure 2.16: Visualizations of the interaction process for a 331-SIA loop in Fe at T = 100
K and strain rate ε̇ = 5·106 s-1. From [112].

(a) (b) (c) (d)

Figure 2.17: Visualizations of the interaction between 1/2[111] edge dislocation and a
[100] loop in Fe at 300 K. From [116].

(a) t = 50 ps (b) t = 55 ps (c) t = 655 ps

(d) t = 655 ps (e) t = 765 ps

Figure 2.18: Visualization of the spontaneous glide and transformation process of a
331-SIA loop in Fe at T = 300 K and strain rate ε̇ = 20·106 s-1. From [112].
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(a) t = 980 ps (b) t = 1861 ps (c) t = 1880 ps

Figure 2.19: Snapshots from two perspectives of the interaction of a screw dislocation
with a 127-SIA loop in Fe at 100 K at the times indicated. From [115].

5. the obstacle is dragged by the dislocation and both remain unchanged.
This reaction [121] occurs when a glissile loop has BV parallel to the slip
plane of an edge dislocation, but does not intersect it. This process leads
to the decrease of the velocity of dislocation.

Thus, the MD studies performed in bcc materials revealed a number of
interaction mechanisms resulting in either complete or partial absorption
and transformation of dislocation loops — see the reactions 3 and 4 above.
The properties of junctions, or reaction segments, that are formed in the
direct dislocation–loop interaction, are very important, because they determine
the reaction pathway, the unpinning stress and the outcome product [116,
122]. In turn, such environmental variables as temperature and the loading
conditions determining the dislocation velocity affect the mobility of the
reaction segments and thus indirectly control the interaction mechanism [114,
123]. As summarized in [46], the hardening value, which is given by the
difference between the maximum stress realized in the dislocation-defect
reaction and the yield stress in the absence of obstacles, strongly depends on
the interaction mechanism, usually increases with loop size and decreases with
temperature.

Also the Burgers vector of the dislocation loop plays an important role. There
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are two populations of the dislocation loops: 1/2<111> and <100> loops.
The 1/2<111> interstitial dislocation loops are observed under irradiation at
low temperature, while <100> loops are predominantly observed at high
temperature [124]. The 1/2<111> loops are known to glide easily and thus
under the action of a stress field of moving dislocations they enter direct
dislocation reactions [124].

While the interaction of undecorated dislocation loops with dislocation was
widely studied, as shown above, the investigation of the influence of loop
decoration by chromium on the dislocation-defect interaction and therefore
on unpinning stress has not been performed so far. In this work, the two
hypothesis about the presence of invisible loops and Cr-segregation on visible
loops will be validated by means of atomistic simulations. The obtained
parameters of the dislocation- Cr-decorated loops interaction will contribute to
the physical understanding of the effect of Cr on radiation-induced hardening.
Part of the thesis will also be dedicated to the study of nucleation mechanisms
of the other possible source of hardening in FeCr steels, namely the Mn-Si-Ni-
rich clusters, whose nucleation at the atomic scale level can not be established
experimentally due to their small size.

2.2.2 Reactor pressure vessel (RPV) steels

2.2.2.1 Application and properties

The reactor pressure vessel hosts the reactor core and is one of the principal
barriers separating the core from the outside to prevent the release of radioac-
tive substances. The large volume size of this component explains the difficulty
of its replacement, which requires a full decommissioning of the reactor. Thus,
it is desirable to perform preventive actions to ensure its integrity and to avoid
the early closure of the reactor.

The typical operational temperature of light water reactors is in the range
270–330 °C, while the pressure is about 150 bar in a PWR and 70 bar in a
BWR. The neutron flux from the reactor core can be estimated between 0.8 to
7·1011 neutrons·cm-2·s-1 [4] which corresponds to a dose less than 10-10 dpa/s
according to [125]. Considering the 40-years operational lifetime, the neutron
fluence can reach 7·1019 n·cm-2 [4] and the total accumulated dose is about 0.1
dpa [15].

In general, the RPV steels are made of high toughness, quenched and tem-
pered, low-alloyed ferritic steels.
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Table 2.4: The composition (wt%) of the typical RPV steels and ASTM norm for RPV
steel.

Material C N Si P S
ASTM A533-B [129] ≤0.25 – 0.15–0.40 ≤0.035 ≤0.035
French RPV steel [126] 0.14 0.07 0.195 0.007 0.006
Russian RPV steel [127] 0.16 – 0.30 0.014 0.011

Material V Cr Mn Ni Cu
ASTM A533-B [129] – – 1.15–1.50 0.40–0.70 –
French RPV steel [126] – – 1.30 0.75 0.064
Russian RPV steel [127] 0.26 2.75 0.43 0.16 0.11

Material Mo
ASTM A533-B [129] 0.45–0.60
French RPV steel [126] –
Russian RPV steel [127] 0.67

2.2.2.2 Chemical composition

The chemical composition of the RPV steel according to ‘ASTM A553-B Class 1’
in ASTM norm and 16MND5 in the French AGNOR standard, is given in Table
2.4. The compositions of two RPV steels used in French [126] and Russian [127]
GEN II and GEN III reactors are also provided. The dislocation density of the
RPV steels is of the order of 1014 m-2 [128].

While manufacturing several alloying elements are added or purposely kept
in the steel to ensure specific qualities, like manganese, which is a powerful
solution strengthening element that provides a cheap increase of hardenability.
While irradiating the increased solute rearrangement processes driven by
diffusion of radiation defects may lead to the formation of precipitates acting
as obstacles for dislocation motion. The summary [4] of solubility limits at the
operational (300 °C) and tempering (600 °C) temperatures of the minor alloying
elements of pure Fe (which serves as a first approximation of the RPV steel) is
presented in Table 2.5.

The addition of carbon to iron is the basic feature of a steel. As is known
experimentally [135] and from electronic structure calculations using DFT
[136], the carbon atom tends to occupy octahedral positions (see Fig. 2.20) in
the bcc lattice of α-iron (ferrite).

The content of C (see Table 2.5) exceeds its solubility limit in α-iron at the room
and reactor operational temperature (300 °C) thus it tends thermodynamically
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Table 2.5: The solubility limits (wt%) of the typical minor alloying elements in α-iron
at T=300; 600 °C. From [4].

Temperature C N Si P Mn
300 °C 0.001 [130] 0.015 [130] 10 [130] 0.04 [131] 5 [132]
600 °C 0.011 [130] 0.1 [130] 12 [130] 0.48 [131] 3 [130]

Temperature Ni Cu
300 °C 4.2 [131] 0.003 [133]
600 °C 5.4 [131] 0.17 [134]

Figure 2.20: The bcc crystallographic structure (black circles) and octahedral positions
(white circles). From [137].

to precipitate, forming the additional phase of pearlite, which is a fine
two-phased, lamellar structure composed of alternating layers of ferrite and
cementite (Fe3C) [4].

The concentration of copper is also above the solubility limit in many RPV
steels. This fact was found after the manufacturing of early pressure vessel as
the diffusivity of Cu is very slow and a wrong extrapolation of lower temper-
ature experiments to the high temperatures was used [4]. The concentrations
of P, Ni, N, Si and Mn in the RPV steel are below the solubility limit. In the
case of P, its content is purposely limited as its intergranular segregation leads
to embrittlement under thermal ageing and irradiation [138–140]. N has a low
effect on irradiation sensitivity of RPV steels at the temperatures above 250 °C
[4]. The effects of Mn, Ni and Si, whose influence on the evolution of radiation
damage and its macroscopic effects is predominant, will be discussed below.
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2.2.2.3 Radiation-induced microstructure

2.2.2.3.1 Matrix damage

During 40 years of PWR operation (the accumulated dose being about 0.1 dpa
[15]) irradiation produces small defects which are very hard to be identified
and distinguished. At the moment, there is emerging consensus that matrix
damage is roughly associated with point defect clusters [141–143].

The study in [125] reports formation of vacancy cluster-solute complexes
(vacancy-Cu /Mn/Ni/Si/... with a size < 1 nm and density < 1024 m-3)
and nanovoid complexes (vacancy-Cu /Mn/Ni/Si/... with a size < 2 nm
and density < 1024 m-3). The former are thermally unstable (dissolve) in
typical irradiations but would reach a steady state concentration depending on
irradiation temperature and flux. The latter are stable (grow) under irradiation
and would increase with the square root of fluence, and by lowering irradiation
temperature, but would be independent of flux.

2.2.2.3.2 Precipitates

APT studies have revealed the formation of two groups of precipitates in RPV
steels (see Fig. 2.21):

1. Copper-rich precipitates. Radiation-induced precipitation causes the for-
mation of small Cu precipitates having bcc structure with an average
size of 0.5–1.5 nm and typical densities in excess of (0.1–2)·1024 m-3 [125].
Also, it was established [144] that the rate of copper precipitation is very
fast in the early stage of irradiation and is quite independent of copper
content. Some experiments suggest that these precipitates can also be
decorated by Mn (which delays the copper precipitation [145]), Ni, Si and
P [145–149], depending on the initial steel composition and irradiation
temperature [150];

2. Mn/Ni-rich precipitates. The studies in [125, 145] reveal the formation of
Ni-Mn-rich clusters, which also contain limited amount of Si and little or
no Cu. The average size and densities are similar to the ones of Cu-rich
precipitates. Their formation is favored by high Mn, Ni content and low
irradiation temperature. Since they appear mainly at high fluence, they
are often denoted as ‘late blooming phases’.
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Figure 2.21: Atom maps of submerged arc weld (73 W) revealed the formation of Cu-,
Ni-, Mn-, Si-enriched precipitates during irradiation to a fluence of 1.8·1023 m-2 (E > 1
MeV), The distribution of the solutes in the matrix is shown in the second row. From
[148].

2.2.2.4 Macroscopic effects of radiation damage

2.2.2.4.1 Radiation-induced hardening

The mechanical testing of RPV steels after irradiation in material test reactors
shows that at the neutron fluence of 1·1019 n·cm-2 there is already considerable
hardening [128] (see Fig. 2.22). As the hardening is related to DBTT, the
investigation of the former is key to understand embrittlement in RPV steels.
There are two major components contributing to radiation-induced hardening:
matrix damage and precipitates.

• Hardening due to matrix damage The three main characteristics that change
the effect of matrix damage on radiation-induced hardening are em-
pirically found to be [128]: the irradiation temperature, the neutron
fluence and the Ni-content. The hardening contribution from matrix
damage increases when reducing irradiation temperature and increasing
the nickel concentration. The matrix damage is raising proportionally
to the square root of the neutron fluence (while the one due to Cu-rich
precipitates saturates quite rapidly) and therefore is dominating at high
neutron exposures. Thus, the consideration of the matrix damage in RPV
steels contributes essentially to the understanding of hardening in the
long term operation perspective;
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Figure 2.22: The hardening of the irradiated 73W steel depending on the accumulated
dose (in terms of neutron fluence). Note that dose rate effects, if any, are small and
within the experimental uncertainties. From [128].

• Hardening due to precipitates

– due to Cu-rich precipitates. The hardening of RPV steels increases
with Cu content up to the maximum at about 1·1019 n·cm-2 (E
> 1 MeV), in high copper materials [4, 151]. Above this fluence,
the hardening does not depend on copper content and is constant:
about 10 MPa per 1019 n·cm-2. As summarized in [4], the Cu
strengthening effect plays a role starting from Cu content of about
0.04% [144] and becomes very strong above 0.1% (i.e. about 50 MPa
in comparison to other hardening mechanisms of about 100 MPa
at a neutron fluence of about 1·1020 n·cm-2). It was also noted that
copper precipitation plays an important, possibly a dominant role
in irradiation hardening in steels with Cu content more than 0.1%.

– due to Mn-Ni-rich clusters. The radiation-induced hardening (and
consequently the embrittlement) due to the presence of precipitates
is expected to saturate at a certain dose. However, the radiation-
induced embrittlement increases with the dose: the experiments
reporting data for irradiation dose up to 0.1 dpa suggest the onset
of the formation of Mn-Ni-rich clusters [150] which would lead
to a further progress of embrittlement with irradiation dose. It is
possible that their formation contributes to the stability of invisible
damage consisting of small dislocation loops as was already dis-
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cussed for the of FeCr alloys (see section 2.2.1.4.2).

2.2.2.4.2 Nanoscale explanation of the origin of hardening

No TEM-visible microstructure develops in RPV steels within the technolog-
ically relevant range of irradiation doses and temperatures. However, the
effects of hardening and loss of ductility are clearly observable and both
terms ‘matrix damage’ and ‘precipitate hardening’ were found to be important
in the construction of the computational models of hardening such as the
ones described in [4, 128]. The identification and analysis of the nano-
metric lattice defects in irradiated RPV steels and their model alloys (such
as pure Fe, FeCu, FeMnNi and FeCuMnNi) using methods alternative and
complementary to TEM, such as positron annihilation spectroscopy, small
angle neutron scattering, internal friction, magnetic after effect and atom probe
tomography, are therefore now routinely applied [126, 132, 152, 153]. In the
considered materials the radiation-induced defect pattern was different while
the initial microstructure (i.e. grain size, density of carbon and of dislocations)
was also discrepant. One could have expected that the matrix damage should
increase with the reduction of the amount of sinks which happens, for example,
if grains become larger and consequently lower density of grain boundaries
is present. However, it was established [128] that initial dislocation density
and grain size (together with initial microstructure and initial yield strength)
have no or negligible effect on radiation-induced hardening. The increase
of temperature leads to increased mobility of the radiation defects, such as
vacancies and interstitials, leading to the higher probability of their annealing
at internal sinks [154, 155], thus reducing the matrix damage and, consequently
hardening, as was observed experimentally as reported in [128].

The influence of the Cu-containing precipitates on the hardening is remarkable,
especially at low irradiation doses. While the hardening due to their presence
saturates with dose, the effect of Mn-Ni-rich clusters, presumably associated
with radiation defects of vacancy or self-interstitial type, emerges at higher
doses. Currently, it is not clear whether the hardening due to Mn-Ni-rich
clusters saturates or not. Understanding the physical origin of these clusters
and mechanisms through which they may cause hardening is currently one of
the most important issues to be resolved to allow long term operation of GEN
II and GEN III reactors.

From the view point of fine-scale atomistic simulations, the thermal stability of
the clusters rich in Mn, Ni and Si [156] can not be easily explained as the solute-
vacancy interaction is too weak to glue the clusters at the reactor operational
temperature. Association of a solute atom with in-cascade created dislocation
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loops is possible as it was established in the case of Mn [156]. The simulation
of the dislocation-defect interaction performed in pure bcc Fe has shown [112]
that ‘invisible’ dislocation loops (i.e. with size below 2 nm) are weak obstacles
and, therefore, do not play any role in hardening. The details of results of
the modelling of dislocation-defect interaction in bcc materials can be found in
the FM steels section 2.2.1.4.2. Moreover, as the small dislocation loops are
known to be extremely mobile, normally they should disappear at internal
sinks (i.e. dislocations and grain boundaries) in the course of irradiation [157].
Thus something must be preventing this.

The possible effect of the RPV solutes (i.e. Cu, Mn, Ni) or carbon on the
mobility of loops and their interaction with dislocations has so far been
unexplored. However, a number of theoretical works suggest that carbon-
and/or carbon-vacancy clusters may act as efficient traps especially for the
smallest dislocation loops [158–161]. On the other hand, Mn, Cu and Ni atoms
have a strong affinity to point defects [156], and therefore potentially can be
efficiently transferred by point defects to sinks [162, 163]. If carbon-vacancy
defects can indeed significantly suppress the movement of in-cascade created
dislocation loops, it is natural to expect enrichment of these loops by Mn, Ni
and Cu. Consequently, the enrichment should stabilize the loops and this
would enhance the resistance of loops against dislocation glide. The above
given scenario, which may potentially explain the mechanisms by which the
‘invisible’ defects harden RPV steels, will be explored in this work by dedicated
atomistic simulations involving both DFT and MD calculations.

2.3 Summary of problems to solve

1. Austenitic stainless steels.

The existing models of dislocation-defect interaction must be refined in
a more physically-appropriate way, in terms of correct reproduction of
both shear modulus and SFE. Fe-Ni and Fe-Ni-Cr models for fcc solid
solution will be developed, verified and applied to study the interaction
of dislocations with the radiation-induced defects — Frank loops. The
dependency of hardening and absorption of defects (which leads to
the formation of dislocation channels) on SFE, defect size, ambient
temperature and interaction geometry is to be investigated as well.

2. FM steels.

The possible effect of solute segregation at dislocation loops in FeCr-
based alloys on the loop absorption mechanism and related loop pinning
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strength should be investigated. The level of Cr segregation, loop size
and ambient temperature are the most critical parameters whose effect
on the hardening should be studied.

Part of the thesis will also be dedicated to the study of nucleation
mechanisms of the other possible sources of hardening in FeCr steels:
the Mn-Si-Ni -rich complexes, whose nucleation at the atomic scale level
cannot be revealed experimentally due to the small size.

3. RPV steels.

The mechanisms leading to radiation-induced hardening due to ‘invis-
ible’ damage, presumably originating from the solute-defect clusters of
nano-metric size, should be studied. This includes:

(a) clarification of the mechanisms leading to the formation of solute-
defect clusters and their thermal stability, possibly enhanced by
carbon atoms;

(b) calculation of resistance of thermally stable solute-defect clusters
(the undecorated dislocation loops invisible to TEM and decorated
by Cu/Mn/Ni or C) to dislocation slip.

The output (i.e. critical resolved shear stress, CRSS, i.e. the maximum stress
during the dislocation-defect interaction, and reaction mechanisms) obtained
for each of the model alloys will serve as means for the development of upper-
scale models dealing with an array of obstacles and dislocation networks,
such as e.g. dislocation dynamics, thus becoming capable of predicting the
mechanical response at the grain-scale. The nucleation mechanisms of the
solute-rich clusters together with the database of the corresponding binding
energies can be used as input for kinetic Monte Carlo or mean field rate theory
methods to model the evolution of the solute-rich defects in FM and RPV steels
under irradiation.
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3 Computational

background

In this chapter we provide the main computational details of the methods used
to achieve the goals of this thesis. Electronic structure calculations using DFT
are performed to compute the binding and formation energy of the different
point defects and solute configurations in bcc iron. Such calculations will
complement the fitting database, which, together with experimental data, will
allow the development of the interatomic potentials for FM and RPV steels.
Secondly, the energetics of the solute-defect interaction allows us to clarify
the mechanisms of evolution of the nanostructure, giving for example, an
idea about the nucleation of Mn-Ni-rich clusters in RPV steels. The molecular
dynamics simulations of dislocation-defect interaction in FeNi, FeNiCr, FeCr,
FeC and FeCuNiMn systems are executed to study the increase of the yield
stress while the dislocation movement is hindered by the radiation-induced
defects, such as, for instance, Frank loops in the austenitic stainless steels. The
application of the MD method clarifies the effect of decoration of dislocation
loops by Cr, Mn, Ni, Cu, C in the cases of FM and RPV steels, on the hardening.
Also the influence of SFE (in the case of austenitic alloys), dislocation loop size,
temperature, interaction geometry on the latter is studied.

3.1 Electronic structure calculations (based on the
density functional theory)

The method aims at providing the most accurate possible prediction of the
basic properties of different materials and energetics of interaction of the crys-
tallographic defects (vacancies, interstitials, solute atoms, grain boundaries,
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dislocations) with each other and with chemical elements contained in the
alloy.

An electronic structure calculation using DFT is a quantum mechanical ap-
proximation to obtain the relaxed atomic and electronic configurations. It is
based on two Hohenberg-Kohn theorems. The first one postulates that the
ground state properties of a many-electron system are uniquely determined
by an electron density that depends on three spatial coordinates only. Thus
the many-body problem of N electrons with 3N spatial coordinates is reduced
to the three spatial coordinates using the functional of the electron density.
In the second Hohenberg-Kohn theorem an energy functional for the system
is introduced and it is proven that the correct ground state electron density
minimizes this energy functional.

In this method the Born-Oppenheimer approximation [164] is applied, where
it is assumed that the speed of electrons is much higher compared to the one of
the atoms, so the former always reach their equilibrium structure, no matter
how fast the nuclei move with respect to each other. In the framework of
Kohn–Sham DFT, the intractable many-body problem of interacting electrons
in a static external potential is thus reduced to a tractable problem of non-
interacting electrons moving in an effective potential which is applied to solve
the Kohn-Sham equation in a self-consistent way [165]. The effective potential
takes into account the external potential and the effects of the Coulomb
interactions between the electrons: the exchange and correlation interactions.
While the kinetic energy functional of such a system is known exactly, the
exchange-correlation part of the total-energy functional remains unknown
and, thus, is approximated. The simplest approximation is the local-density
approximation (LDA), where the functional depends only on the density at the
coordinate where the functional is evaluated. A more complex approach is the
generalized gradient approximation (GGA) which is still local but also takes
into account the gradient of the density at the same coordinate.

3.1.1 General scheme of calculations

In this thesis the DFT calculations were performed using the software and
parameterization applied in previous work [166, 167] where the bcc Fe sys-
tem has been extensively studied. The code named the Vienna Ab Initio
Simulation Package, VASP [168, 169] with the projector-augmented wave
(PAW) potentials [170, 171] has been used. The electron exchange–correlation
functional was described within the GGA using PW91 functionals [172], with a
Vosko–Wilk–Nusair interpolation [173]. Such parameterization was proven to
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accurately describe the properties of transition metals including the magnetic
properties.

The ionic relaxation was performed using the conjugate gradient algorithm
with a force convergence criterion of 0.03 eV/Å. All the calculations were done
keeping the cell shape and volume (equal to the equilibrium volume of bulk
iron) constant. Several tests without setting the cell volume/shape constant
were done in the case of Mn-Si-rich clusters, thereby proving that the effect on
the binding energy was negligible.

The plane-wave cut-off energy was 300 eV which was verified to be large
enough to provide converged results. An increased cut-off of 450 eV was
used while studying the configurations with carbon atoms. In the bulk iron
calculations a 3x3x3 k-point mesh was applied and was sampled by the
Monkhorst and Pack scheme for systems with 128 atoms. The lattice parameter
of pure ferromagnetic Fe is taken to be 2.831 Å, following previous studies
[166, 167].

The general scheme of calculations consisted of the following steps:

1. verification of the convergence. Test calculations varying the k-point
number and cut-off energy are performed to ensure the convergence of
the total energy;

2. creation of the atomic configurations of the studied systems. It was important
to select carefully the initial magnetic moments for iron and solute atoms.
While performing the spin-polarized calculations with Mn, we did a set
of calculations varying the initial magnetic moment for Mn within the
range (0–4)·µB. While in most of the calculations the initial magnetic
moment for Mn, which ensures the relaxation to the lowest energy
configuration, was −2·µB (the spin is anti-aligned to the spin of the
matrix iron atoms), in some of the calculations, like pair interaction Mn-
Mn, the initial spin for Mn should have been set to −4·µB;

3. calculation of the total energy. The comparison of it throughout the
configurations with similar amount and types of atoms gives an idea of
the thermal stability of the considered system.

To assess the binding energy between the entities in the defect we apply the
standard definition conventionally used in many similar DFT works [156]. The
binding energy of n defects Ai is defined as [156]:

EB({Ai}) =
n

∑
i=1

E(Ai)− [E({Ai})− (n− 1)E0]. (3.1)
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Here E(Ai) is the energy of the configuration containing Ai only, E({Ai}) is
the energy of the configuration with all the n defects and E0 refers to a
configuration containing no defects or impurities, i.e. bulk bcc iron. Following
this notation, a positive value implies an attractive interaction and vice versa.

Considering the defect clusters the term ‘total binding energy’ refers to the
energy which is necessary to separate all the defects away from a cluster.
In practice, the dissolution of a complex cluster takes place by consecutive
emission of its constitutes and the characterization of the energy barrier for
that process requires the introduction of another term. The energy to remove
one entity forming a cluster consisting of N objects will be called the incremental
binding energy of an object #1 to N-1 cluster and will be referred to as EB

I. If the
removal of a single entity (e.g. object #1) from a cluster (containing e.g. three
objects) results in the formation of a repulsive configuration (e.g. object #2
repels object #3), the incremental binding energy for object #1 is considered to
be equal to the total binding energy of the cluster 1-2-3.

3.2 Molecular dynamics simulations

The classical molecular dynamics method is applied within this work. It is
based on the analysis of the evolution of the system of interacting atoms
by numerical integration of the Newton equations of motion using finite
difference solvers. The general details of the method are fully described in
[174]. The difficulty of the model is related to the correct reproduction of
interatomic forces which are calculated using a mathematical fitted function
— the so called ‘interatomic potential’. Within this work we used either
previously developed potentials or new potentials are developed.

The simplest model for the atomistic simulation of dislocation is the rigid
boundary model [42–46] (see Fig. 3.1a) where the dislocation was inserted in
the perfect lattice according to the displacements calculated using elasticity
theory. To prevent the relaxation to the perfect crystal state, the atoms located
far enough from the dislocation core were fixed. Using this method it is
possible to study such dislocation properties as core energy and structure.
Although the model allows the simulation of the movement of the dislocation
by applying an homogenous shear strain in small increments and relaxation
of the positions of the mobile atoms at each increment, the rigid boundaries
oppose this movement as their atom positions correspond to the initial position
of the dislocation. Thus a configuration force is created on the dislocation,
which increases as the dislocation moves closer to the boundary. This causes
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the overestimation of the Peierls stress, which is the minimum stress required
to displace a dislocation from its equilibrium position.

The flexible boundary model [47–49] (see Fig. 3.1b) is a more sophisticated
technique for simulation of dislocations and cracks, which allows the mod-
elling of flexible boundaries according to the elastic and/or lattice properties
of the crystal, thus enabling the distortion of the boundaries in response to
the dislocation. Within this method the displacement of the dislocation is
applied to the whole system; after that the atoms located in the region near
to dislocation core are relaxed using the interatomic potentials while the first
outer region is the Green’s function region and the second outer region is
the continuum region. In the latter two regions atoms are fixed during the
relaxation of the near-to-core region. This relaxation causes the non-zero forces
on the atoms in the first outer region, which are relaxed by displacing the atoms
in the first region following the lattice Green’s function and via the elastic
Green’s function in the second region. The displacement at point x due to an
infinitesimal force F at point x’ is u=G(x–x’)F, where G is the Green’s function.
These iterations are repeated until the forces in the first region reduce below a
specific value. In general, this method is a step forward over the simple rigid
boundary model as it allows to reduce significantly the minimum size of the
inner region keeping the correct core structure and Peierls stress. In addition
for the same number of atoms in the inner region the dislocation can move
further without interfering with the boundaries. However, the computational
efficiency of this method is lower than the one of rigid boundary model, due to
complexity of self-consistent convergence with the Green’s function boundary
conditions.

The above mentioned models are not suitable for dislocation-defect interaction
modelling. The flexible boundary model can not be used for modelling dy-
namic conditions (at non-zero temperature) and in both models the boundaries
are not transparent and thus the dislocation can not travel over long distances,
which is a requirement in the simulations of the dislocation-defect interaction.
These limitations can be overcome using the periodic array model originally
proposed by Daw et al. [50]. Within this model the dislocation glide plane
is replicated by periodic boundary conditions, thus an indefinite array of
infinitely long, parallel dislocation is created. The movement of the dislocation
is caused by application of the strain over the block of atoms located above (or
below) the glide plane.

Initially, the model for the simulation of the movement (the dynamic be-
haviour) of edge dislocations in metals having the bcc crystallographic struc-
ture was proposed by Osetsky and Bacon in [51]. This model extends an earlier
approach of periodic array of dislocations — on an array of edge dislocations
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(a) (b)

Figure 3.1: (a) Representation of the rigid boundary model, showing regions of fixed
(FR) and mobile (MR) atoms. (b) Representation of flexible boundary models showing
the continuum (CR), Green’s function (GFR) and mobile (MR) atom regions. From [46].

periodic in the Burgers vector direction and allows the external action (either
shear strain or resolved shear stress), crystal energy, plastic displacement
and dislocation position and velocity to be determined unambiguously. Two
versions of the model for either static or dynamic conditions, i.e. zero or non-
zero temperature, were described.

To study the dislocation-defect interaction by classical MD we apply the
Osetsky and Bacon periodic dislocation model. In this model (see Fig. 3.2)
the X and Z axes of the simulated box were oriented along the dislocation
line and the direction of the dislocation movement while the slip plane was
perpendicular to the Y axis. Periodic boundary conditions were applied along
the X and Z axes. The top and bottom planes along the Y axis of the box
were free surfaces. The model crystal dimensions were selected in order to
reproduce the experimentally observed values of density of dislocations and
of the studied defects. The time step of integration of the equations of atomic
motion was 2–5 fs.

The external load was applied by the stepwise shift of a few upper atomic
planes of the model crystal along the slip direction. In these layers the atoms
are rigidly fixed in their positions, and the integration of Newton equations
is not performed for them. The external loading rate (applied by shearing)
was selected so that the yield stress calculated in the model corresponds to the
yield stress of the studied material in the real experiments. Atoms in the lower
layers of the crystal were also rigidly fixed in their initial positions, and the
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Figure 3.2: The structure of the modelled box in the model of Osetsky and Bacon [51].
From [51].

resulting shear stress caused by the shift of the upper layers of the crystal was
determined based on calculation of the force acting on the lower fixed layer of
atoms in the direction of the applied load.

For the atomic configurations containing a dislocation and a dislocation loop
we carried out a relaxation procedure (crystal energy minimization) at zero
temperature, and then the configuration obtained was used as the initial
configuration for the MD simulation at the final temperature. The latter
was initialized by assigning a velocity to each of the atoms, according to the
following procedure. Firstly, momenta were given to all atoms of the system
in accordance with the Maxwell distribution for the temperature 2·T (where
T is the target temperature), and then the total momentum of the system
was calculated, after which all velocities were simultaneously recalculated so
that the total momentum of the system was zero. In order to establish the
dynamic equilibrium we used the following procedure: during 10000 time
steps the equations of motion were integrated and for every 100 steps the
momenta of all atoms were recalculated so that the total kinetic energy of the
system corresponded to the desired temperature. After this the procedure of
external load application was implemented according to the above mentioned
algorithm.
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3.2.1 General scheme of dislocation-defect interaction mod-
elling

1. Selection of interatomic potential. Besides the correct reproduction of
the parameters of the modelled steel, it should ensure computational
efficiency, so as to be able to model systems of up to 2 mln atoms during
a time of several nanoseconds. In this work we will use embedded atom
method (EAM)-type [175] interatomic potentials, which are widely used
to describe metals and their alloys, except for the Fe-C system where a
recently developed covalent bond many-body interatomic potential [176]
will be applied. The details of EAM are given in Paper II.

2. Introduction of the crystallographic defects and decoration of the loop.
While the insertion of the edge/screw dislocation and dislocation loop is
described in [51], the decoration of the loop by the solutes requires the
application of the Metropolis Monte Carlo method [177] to obtain of the
exact atomic configurations.

3. Performing the simulation of dislocation-defect interaction. This mod-
elling is executed using the in-house molecular dynamics code based on
the model of Osetsky and Bacon [51]. There are two versions of the code:
for single and parallel-cpu execution. Within this PhD project the author
took part in the parallelization of the code applying it to model the binary
and ternary systems.

4. Analysis of dislocation-defect interaction. The numerical analysis of
the strength of defects was done using the stress-strain curves. The max-
imum values of the applied stress required for the moving dislocation
to overcome the defect were obtained from an analysis of the averaged
values of the instantaneous stress. The time interval for averaging of
the latter was 200–500 fs. To visualize the dislocation defect interaction,
we employed the numerical procedure of the linked-cell method, which
provides the most effective search for the nearest neighbors of each atom
in the model crystal [174]. The atoms of the dislocation core and the
stacking fault were analyzed according to several criteria: coordination
number, number of nearest neighbors of the atom corresponding to
the fcc (in bcc system the analysis is done in a similar way) structure,
and the potential energy of each atom. The configuration of the local
environment of each atom was compared with the ideal fcc lattice based
on the number of neighbors corresponding to the fcc structure. The atoms
shown in the figures presented below have less than 12 neighboring
atoms whose configuration corresponds to the fcc structure. The atoms of
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the dislocation core were identified by the presence of 10 or 11 neighbors;
the stacking fault was shown as a double layer of atoms having 9
neighbors.
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4 Results of computer

simulations

In this section we summarize the main results obtained while working on this
PhD thesis. The chapter is subdivided by the three materials studied: austenitic
stainless, FM and RPV steels.

4.1 Austenitic stainless steels

The MD modelling of the interaction of a dislocation with typical radiation
defects in fcc materials, i.e. Frank loops has already been performed by
Nogaret et al. [39] and Rodney [62] using pure Cu and pure Ni interatomic
potentials, which were, however, unable to catch the correct combination
of SFE and shear modulus relevant for austenitic steels. In this work, we
apply the Fe-Ni and the newly developed Fe-Ni-Cr EAM-type interatomic
potentials. They are used to investigate the effect of SFE and solid solution on
the dislocation-loop interaction, namely corresponding critical resolved shear
stress (CRSS) and loop absorption probability. The effect of loop size and
temperature on these parameters is also considered.

4.1.1 Dislocation-defect interactions in Fe-Ni model alloys

The Fe-Ni interatomic potential [178] and two pure Ni potentials with low [179]
and high SFE [180] have been applied to study the interaction of Frank loops of
diameter 4 nm with dislocations. The Fe-50Ni and Fe-70Ni alloys represent the
lower and upper bounds of the SFE value for the austenitic steels of 15 and 50
mJ/m2, while the shear modulus for <110>{111} deformation, which is equal
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(a) (b) (c)

Figure 4.1: Interaction of a 1/2[110] screw dislocation with a 1/3[111] Frank loop in
Fe–50Ni at T=300 K. a) Initially, the dislocation is attracted to the loop and moves to
interact with the nearest side. b) However, due to the large spacing between the partials,
loop shear by the leading partial starts before a constriction can form. c) The two partials
consequently shear the loop sequentially, leaving a 1/2[110] step on its surface.

to 75 GPa in austenitic steel [39], was 81 and 94 GPa, respectively. The details
of the simulations are fully described in Paper I.

We have observed reactions leading to the shear of the loop (see Fig. 4.1),
unfaulting prior to interaction, and absorption of the loop in the form of helical
turn. While the shear mechanism requires the lowest stress for the dislocation
to pass through the obstacle, the formation of the helical turn requires the
highest values, which are comparable with the Orowan stress — maximum
stress for a dislocation to pass through the unpenetrable obstacle.

We have identified the effect of the loop size: the CRSS is either kept constant
or increases up to two times with the increase of the loop size from 4 to 7 nm, if
the initial interaction between the leading partial and closest loop segments
was repulsive, which is controlled by the BV of the loop and the sense of
the dislocation line. No change in dislocation-defect interaction mechanism
has been seen, so the increase of loop size does not enhance the absorption
probability. The raise of temperature from 300 K to 900 K has no influence
on CRSS or leads to its increase in the initially repulsive dislocation-loop
configurations. In the low SFE alloy Fe-50Ni the interaction mechanism was
unaffected by the temperature, whereas high temperature (900 K) enhanced
the complete absorption in the high SFE alloy Fe-70Ni. We have evaluated the
effect of SFE: the low SFE alloys are characterized by the large distance between
the partial dislocations, while the formation of constrictions on the dislocation
is required for the cross-slip mechanism in the case of screw dislocations. The
latter process is required for the loop absorption in some of the reactions,
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thus the decrease of SFE leads to suppression of this mechanism. The effect
of friction stress was remarkable: at low temperature the alloying of the
metal leads to suppression of absorption in the case of both edge and screw
dislocations due to unfavouring the cross-slip process in the secondary glide
planes. This effect disappears with the raise of the temperature up to 900 K.

Thus, beside the loop size and temperature, whose effect on dislocation-defect
reaction (and, consequently, on the hardening and formation of clear channels)
was known before, we have established the importance of the effect of SFE and
alloy composition on both the CRSS and interaction mechanisms leading to
absorption of the loops.

4.1.2 Dislocation-defect interactions in Fe-Ni-Cr model alloy

Development of FeNiCr interatomic potential. The importance of taking into
account the effect of alloying elements on the dislocation-defect interaction
has been proven with the Fe-Ni alloy. While the Fe-50Ni alloy has similar
SFE and shear modulus as austenitic stainless steels, the total concentration of
alloying elements in the later is about 30%. Moreover, within these 30% among
the major alloying elements there is not only nickel (10%) but also chromium
(20%). In addition, in the Fe-50Ni alloy there is a large spread (up to 50 mJ/m2)
of the value of SFE around the average of 19 mJ/m2. This issue may hinder the
formation of extended constrictions even at relatively high applied shear stress
at the moment when the Frank loop is in contact with the dislocation while the
interaction.

Thus, there is a need to refine the current models of interaction of dislocation
with radiation defects using better approximation for the austenitic steel, i.e.
in the Fe-10Ni-20Cr alloy. Up to now, the main obstacle was the absence of
FeNiCr potentials available, which guarantee the austenitic structure of the
steel and are suitable to model the plastic behaviour using the Osetsky and
Bacon model [51]. During the work on this thesis an Fe-Ni-Cr interatomic
potential of the EAM type was developed and validated, which ensures the
stability of the fcc phase in the whole range of compositions. The details of
the development of the potential and its validation are provided in Paper II.
In the development of this potential the pure elements (Fe, Ni, Cr) were fitted
to reproduce such parameters as the lattice constant, elastic constants, SFE,
formation and migration energy of a vacancy, formation energy of different
interstitial configurations. The potential was also fitted to reproduce correctly
(see Fig. 4.2) the SFE in the whole range of compositions of Ni and Cr while the
target value for the elastic constants was optimized for the Fe-10Ni-20Cr alloy.
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(a) (b)

Figure 4.2: The stable SFE (mJ/m2) as function of composition obtained from
thermodynamic calculations [181] (a) and the potential (b).

The properties of the latter were ensured to be close to those of 316L austenitic
stainless steel, having a similar composition of alloying elements.

The potential was implemented in the in-house MD code which implements
the Osetsky and Bacon model of dislocation-defect interaction. During the
work on this thesis the code was parallelized to be able to perform the
calculations on the multiprocessor clusters. Interatomic potentials need to be
validated against known results to be trusted. In this case we have established
that this potential can be applied to model the dislocation movement and
verified the thermal stability of the dislocation loops in the temperature range
300–900 K.

The energetics of radiation defects in FeNiCr alloy. Using the Fe-Ni-Cr
interatomic potential we have calculated the energetics of the typical defects
in the Fe-10Ni-20Cr fcc alloy, such as voids, stacking fault tetrahedra, perfect
loops and Frank loops. This was part of the validation of the potential. The
results are summarized in Paper III. It was verified that the Frank loop has
the lowest energy among the defects in the case of interstitial type, while the
SFTs are energetically favourable as agglomeration of vacancy type defects,
which fits well the experimental observations [19, 23]. The calculation of
the formation energy of the defects was found to correspond well with the
theoretical predictions based on the elasticity theory [13]. The only discrepancy
was identified in the case of hexagonal loops with the sides along <110> and
was attributed to the splitting of the sides of the loop into two partials, which
is not accounted for in the analytical models.
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(a) (b) (c) (d)

Figure 4.3: Modelling of the interstitial Frank loop of diameter d = 12.1 nm with the
sides oriented along <112> directions at T = 300 K at the times (a) 1 ps, (b) 9 ps, (c) 12
ps and (d) 15 ps. The orientation of the crystal is the same in all figures.

The thermal stability of all the defects (see Fig. 4.3) was analyzed in the
temperature range 300–1200 K. It was established that all the defects are stable
except for the Frank loop with the sides along the <112> directions, which was
transformed into a perfect loop at T=300 K and above.

Dislocation-Frank loop interaction modelling. The Fe-10Ni-20Cr alloy was
used to model dislocation-defect interaction in austenitic steels in the tem-
perature range T=300–900 K, for loop sizes 2–5 nm and varying interaction
geometry. The results were published in Paper IV.

We have found that the loop size affects the interaction mechanism. While both
small and large loops can follow the ‘shear’ or ‘absorption into a helical turn’
(see Fig. 4.4) interaction mechanisms, only the small loops can be absorbed
into two glissile superjogs or follow a newly observed mechanism, i.e. the
‘absorption and reemission in the other 111 plane’. The temperature effect
was also remarkable: the unfaulting reactions were seen more often with the
increase of the temperature which is consistent with the thermally-activated
mechanism of dislocation movement. The interaction mechanism of the large
loops is not affected by the rise of temperature, while in the case of small loops
the temperature does have an effect on the process.

We have also evaluated the effect of width of distribution of SFE. The current
calculations were done in the Fe-10Ni-20Cr alloy, which is characterized by
the lower bound of SFE energy of the austenitic steels, i.e. 20 mJ/m2.
The comparison of the reactions in Fe-10Ni-20Cr and Fe-50Ni (described
in the section 4.1.1), having almost equal SFE value but a different width
of its distribution, has shown a significantly more frequent formation of
constrictions and, consequently, more absorption reactions in the case of Fe-
10Ni-20Cr alloy. The average CRSS was also higher in the case of this alloy.
Thus, besides the importance of the SFE value itself, as established in section
4.1.1, the width of the distribution of SFE is also an important factor to be
accounted for when studying the dislocation-Frank loop interaction.
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Figure 4.4: Visualizations of the dislocation reaction with the absorption of the loop in
the form of helical turn (loop size = 5 nm; BV = 1/3[111]; T = 300 K): snapshots taken at
times: (a) 200 ps, (b) 205 ps, (c) 210 ps, (d) 265 ps, (e) 450 ps, (f) 555 ps and (g) 575 ps.
The corresponding stress-strain curve is shown in h). The arrows point to the moments
shown in a)-g).
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4.1.3 Conclusions

We have identified the dislocation-Frank loop interaction mechanisms in
austenitic stainless steels using the MD method employed in the Fe-Ni and Fe-
Ni-Cr model alloys. The effect of temperature, SFE and alloy composition on
the CRSS and absorption of defects, responsible for hardening and formation
of the dislocation channels, was also studied. In the preceding experimental
work of Li, performed at SCK-CEN, [14] it was established that the increase of
SFE decreases the localized deformation level. In that work two deformation
modes in the irradiated alloys with different SFE were observed, namely:
twinning (in low SFE alloys) and dislocation glide. It was established that
the lower SFE enhances channel formation. However, the effect of SFE on the
formation of dislocation channels via twinning and via dislocation glide could
not be separated. Within the work on this PhD thesis we have investigated the
pure effect of SFE on channeling via dislocation glide mechanism. It is found
that when this is the only acting mechanism, the lower the SFE, the lower the
probability of the formation of constrictions and consequently less frequent
absorption of the loops which leads to the formation of dislocation channels
and localized plastic deformation. On the basis of this results, we suggest
that in low SFE alloys, subject to radiation, twinning deformation mode is the
predominant mechanism responsible for channeling. Also, in the work of Li
the relationship between SFE and hardening was not established, while here
we state that the increase of SFE leads to the increase of loop absorption and
consequently to the increase of resulting hardening, because the helical turns
on screw dislocations, formed more often in high SFE alloys, are the strongest
obstacles.

4.2 FM steels

Within this PhD thesis we have studied the thermodynamic mechanisms
leading to the nucleation of solute-rich clusters in FM steels and have verified
the hypothesis of enhanced strengthening due to the solutes decorating the
dislocation loops, which was proposed in the past by several experimentalists
[65]. While the nucleation mechanisms were studied using the electronic struc-
ture calculations (based on DFT), the hardening due to the solute-decorated
loops was studied by MD simulations applying the so called two-band EAM
potential for Fe-Cr [182].
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4.2.1 Identification of the nucleation mechanisms of solute-
rich clusters

Interaction of minor alloying elements (single solute atom) with lattice
defects. In Paper V we apply the DFT calculations to study the interaction
of minor alloying elements of high-Cr ferritic steels, such as Mo, W, Nb, Ta,
V, Mn and Si, with the typical lattice defects, namely: vacancies, interstitials,
grain boundaries and free surfaces. Also the effect of solute atoms on the drag
of atoms along the close-packed <111> direction and on the modification of the
screw dislocation core is considered. It is established that the refractory metals
(Mo, W, Nb, Ta) and V — group #1 — all follow the same trend interacting with
lattice defects, while the anti-ferromagnetic Mn and diamagnetic Si (group #2)
stand out from the trend. It was seen that Mn and Si attract the vacancy in both
1nn (nearest neighbour) and 2nn positions, while the group #1 only in 1nn.
Mn is the only element which forms the <110> Fe-Mn dumbbell (see Fig. 4.5)
with a very high interaction energy of −0.59 eV and is weakly attracted to an
interstitial carbon. Mn, Si and Nb were found to exhibit a considerable affinity
to a free surface and, excluding Nb, facilitate the <111> row movement. Only
Si was found to cause strong distortion of the screw dislocation core.

Synergy of Mn and Si interacting with the lattice defects. As Mn and Si atoms
exhibit peculiar behaviour interacting with lattice defects unlike other solute
atoms, we have investigated if there is a synergy between the Mn, Si and Cr
(as major alloying element) interacting simultaneously with a vacancy, Fe-Fe,
Fe-Cr and mixed solute-Cr <110> dumbbells. The results are summarized in
Paper VI. In this work we focus on cross-pair solute interaction and among
Mn, Si and Cr atoms only the Mn and Si atoms attract each other at 1nn with
the energy about 0.09 eV.

We have calculated all the non-equivalent atomic configurations for Mn and
Si atoms next to the point defects and found out the lowest energy ones. The
interaction energy between Mn-Si pair and a point defect laid in the range 0.1–
0.8 eV. The highest attraction between Mn-Si pair and a Fe-Fe dumbbell (Fe-
Mn dumbbell and a Si atom nearby) was found to be 0.78 eV. Values of 0.40 eV
were found between Mn-Si and Fe-Cr dumbbell and ~0.30 eV between Mn-Si
and a vacancy. The pronounced increase of total binding energy (0.2 eV) while
inserting the Si atom next to the Fe-Mn dumbbell was rationalized on the basis
of change of magnetic moments distribution of neighbour Fe atoms (see Fig.
4.6).

Thus, the enhanced binding energy between Mn and Si next to the point defects
in bcc Fe may lead to nucleation of radiation-induced Mn-Si-Ni-rich clusters
possibly associated with growing clusters of point defects. As the Cr atoms do
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Figure 4.5: (a) SIA-solute interaction energy as a function of local arrangement.
(b) Schematic figure explaining the considered configurations. M: Fe-solute mixed
dumbbell; C1 and C2 are the sites located in the compressive region of the dumbbell
strain field; T is the site located in the tensile region of the dumbbell strain field.
Configurations denoted on the figure as Fe–Cr_C/T correspond to the interaction of the
mixed Fe–Cr dumbbell with another solute atom placed in either tensile or compressive
site. Note that there are two non-equivalent compressive sites. M–Cr configuration
corresponds to the case when the dumbbell is formed by Cr and another solute atom.
In the case of the configurations involving Cr atom in the dumbbell, the interaction
energy between the Fe–Cr dumbbell and another solute atom is calculated.

not play any significant role in this effect, this study is also applicable for RPV
steels.

4.2.2 Effect of decoration of dislocation loops by Cr on CRSS
and loop absorption

We compared the interaction of undecorated and Cr-enriched dislocation loops
with Burgers vectors 1/2<111> and <100> with an edge dislocation at T=(150–
800) K. The results are presented in Paper VII. The edge dislocation was
selected as it is known to be more efficient in terms of loop absorption and
its removal compared to screw dislocation. Moreover, the contribution to the
plastic flow is comparable for edge and screw dislocations at room temperature
and above.

The chromium atoms being oversized in the iron lattice are occupying the
tensile positions nearby the dislocation loop line — the outer edges of the loop.
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(a) (b)

Figure 4.6: Distribution of charge density around a <110> split dumbbell in a eight
atom bcc cell. Isosurfaces of 0.55 e-/Å3 are shown. The numbers denote the magnetic
moment on each atom (in units of the Bohr magneton µB). The color of the atom refers
to its type: red — Fe, black — Mn, white — Si. (a) and (b) figures correspond to FeMn
(<110> dumbbell) and FeMn (<110> dumbbell) + Si(C2) complexes, respectively.

The atomic configurations with the decorated loops were obtained using the
MMC method [183, 184].

We have found that the Cr enrichment affects the CRSS especially in the case of
small loops with BV=1/2<111> with the size 2 nm and less which are invisible to
TEM, while the same loops make almost no resistance to dislocation movement
in pure Fe. The impact of Cr enrichment diminishes with increasing test
temperature, which points to the thermally activated nature of this effect.

The additional CRSS increases with the increase of strain rate (which is
interconnected with the dislocation velocity). This issue originates from the
fact, that similarly to the suppression of propagation of the reaction segment
(which leads to loop absorption and, consequently, to enhancement of CRSS),
the latter will not move or move slower as the screw arms will develop more
efficiently so no absorption occurs.

Thus, the Cr enrichment of the dislocation loop (see Fig. 4.7) may lead
to substantial modifications of the dislocation-defect interaction mechanism
depending on loading conditions: suppression of cross-slip, propagation of
the reaction segment on the loop surface and dynamic drag. In general, this
process unfavours the absorption of the radiation-induced dislocation loops
and, consequently, increases the CRSS.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.7: The atom-core visualization of the interaction of the enriched 1/2<111> loop
with the dislocation at 150 K and dislocation velocity vD = 10 m·s-1. Blue balls show
Cr atoms which are located in the loop core. (a) The model before load is applied;
(b) the dislocation approaches the immobilized loop; (c) the segment substitution has
occurred; (d) view of the dislocation-core atoms, showing the half-absorbed loop. The
examples of the stress-strain curve in the case of 1/2<111> loops at T=150 K and the
average unpinning stress calculated in the reactions with 1/2<111> loops of diameter
3.5 nm depending on ambient temperature are shown in e) and f), respectively.

4.2.3 Conclusions

Following the analysis sketched above, the nucleation of Mn-Si-Ni clusters,
experimentally found by the APT method in high-Cr steels, may be attributed
to the association of Fe-Mn mixed dumbbells with substitutional Si atoms.
Such a configuration is characterized by high binding energy and can grow
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further by adding Si and Mn atoms dragged by vacancies and self-interstitials.

The effect of Cr enrichment in the core of the dislocation loops consists
in a significant increase of their resistance to dislocation movement. The
enhanced hardening, attributed to Cr segregation, can explain the discrepancy
of the hardening measured in the experiments of Matijasevic et al. [65] and
the predictions according to the dispersed barrier model [185] based on the
observed microstructure of the irradiated Fe-Cr samples. The physical origin
of this effect is related to the change of the interaction mechanism, namely:
the segregation suppresses the propagation of the reaction segment preventing
the loops absorption and dynamic loop drag. Consequently, the resulting
unpinning stress increases.

4.3 RPV steels

Within this PhD thesis we have investigated the thermodynamic mechanisms
leading to the nucleation of Mn-Ni-rich clusters, experimentally found in RPV
steels by APT [148]. Using the DFT method we have studied the stability
of a vacancy-carbon pair and the possibility of its association with solute
atoms (typical minor alloying elements, including Mn and Ni). If such solute-
vacancy-carbon complexes are stable, they can serve as traps for nanometric
interstitial dislocation loops, directly produced in displacement cascades. This
interaction can lead to the formation of solute/carbon-enriched dislocation
loops. Here, the effect of the solute/carbon segregation on the strengthening
of invisible and visible in TEM dislocation loops is verified by MD simulations.
Trapped loops become sinks for solute atoms (Ni, Mn, Si, Cu) transported by
point defects, thereby getting decorated by them. This might be the mechanism
of nucleation of Mn-Ni clusters, observed by APT. Here, therefore, we also
study the interaction of dislocations with Mn-Ni-Cu-enriched loops, using a
suitable potential, expressly developed for this purpose.

4.3.1 Identification of the nucleation mechanisms of solute-
rich clusters

Thermal stability of vacancy-carbon pairs. We have compiled the published
DFT data on the vacancy–carbon interaction in bcc iron and performed
additional calculations to fill up some gaps. The results are summarized
in Paper VIII. According to the published results of the electronic structure
calculations [136, 186–188] and our calculations, the vacancy-carbon (V-C)
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Figure 4.8: a). The incremental binding energy of the nth solute to S(n−1)–C–V cluster.
b). The schematic picture of larger solute–vacancy–clusters considered.

attraction is within the range 0.47–0.74 eV. Using the available DFT database,
object kinetic Monte Carlo (OKMC) modelling was performed to simulate the
isochronal annealing experiments in Fe-based alloys where the evolution of V-
C complexes has been studied. The best explanation of the experiments was
provided using the V-C binding energy of 0.65 eV. The stable configurations of
the V-C complexes that remain stable up to 650 K were identified. Thus, the
mobility of carbon and vacancy is mutually mitigated.

Interaction of vacancy-carbon pair with minor alloying elements of ferritic
steels. As the V-C pair is a stable defect in the iron matrix, we have investigated
whether solute atoms can gather at this complex. For this we have identified
the stability of clusters consisting of one or several solute atoms of one kind,
namely Mn, Ni, Cu, Si, Cr and P, and a vacancy-carbon pair. The summary of
results is published in paper IX. We have established that all the considered
solutes may form stable S-V-C (solute-vacancy-carbon) clusters having the
same structure irrespective of the solute type. Also we have estimated
the thermal stability of these defects by analyzing the sum of binding and
migration energy, i.e. the dissociation energy.

We have found (see Fig. 4.8) that the S-C-V complexes can grow up to S4-C-V
clusters in the case of Ni, Cu and P-containing clusters. Further addition of
Mn-, Cr- and Si-rich atoms to S2-C-V is not energetically favourable due to the
repulsive interaction between solutes or solute-carbon. The dissociation barrier
for S-C-V clusters is by about 0.2–0.3 eV higher than the one of V-C pair which
points to the fact that the association of vacancies with any kind of the studied

81



4.3. RPV steels

Figure 4.9: The ternary CuMnNi-rich precipitate. It has a nearly spherical shape and
consists of a mixture of ~20% Cu, ~40% Ni and ~40% Mn. The red (dark) atoms denote
Ni, the purple (light) atoms denote Mn and the green (grey) atoms denote Cu.

solutes leads to a stronger pinning of both freely migrating interstitial carbon
and vacancies. It is worth to note that the enhanced binding of a Mn-Si pair in
presence of points defects (for instance, vacancies) may be also responsible for
the nucleation of Mn-Ni-rich solute clusters at a vacancy-carbon pair.

4.3.2 Interatomic potential for the FeCuNiMn system

In order to be able to study the effect of Cu, Ni, Mn on hardening, an EAM-
type potential for the FeCuNiMn alloy was fitted on the basis of the available
experimental and newly calculated DFT data. The details of the fitting process
are presented in Paper X. The FeCuNi potential was developed in [189], while
part of the work of this thesis was devoted to contribute to the fitting of the Fe-
Mn, Fe-Mn-Cu and Fe-Mn-Ni potentials. The developed potential was applied
to model the atomic structure of the CuMnNi precipitates using the MMC
method (see Fig. 4.9).

4.3.3 Radiation-induced hardening due to solute-enriched dis-
location loops

In this PhD we studied whether there is any contribution to hardening from
the dislocation loops enriched by carbon or manganese-nickel-copper solutes.

Effect of C decoration on loop absorption and CRSS. In Paper XI we
have applied the molecular dynamics method to study the effect of carbon
decoration on the absorption of <100> dislocation loops by dislocations in iron.

82



4.3. RPV steels

This article complements the study of interaction of dislocation with 1/2<111>
dislocation loops where strong suppression of the drag of carbon-decorated
loops by dislocations was found [190]. Also in the case of direct interaction
between dislocation and carbon-decorated loops, invisible loops are found to
act as obstacles whose strength is at least twice as high as compared to that of
undecorated ones. Additional strengthening due to the carbon decoration on
the visible loops was also regularly observed.

The atomic configurations of the solute enriched loops were obtained using
the MMC method. Later on the interaction between the edge dislocation
and the undecorated and solute-enriched dislocation loop with BV <100>
in the temperature range T=(150–800) K (see Fig. 4.10) was studied. We
have determined that carbon decoration leads to the modification of the
interaction mechanism in the intermediate temperature range (T=300–600 K)
which consists in suppression of complete absorption of <100> loops in favour
of transformation into 1/2<111> loops. This process is accompanied by the
increase of CRSS. The strongest effect of carbon decoration on CRSS was
observed in the case of loops which are athermally absorbed on dislocation
lines at T=300 K and above.

Effect of Mn segregation on loop absorption and CRSS. In Paper XII we have
considered the effect of Mn segregation on the strength of dislocation loops
during the passage of a dislocation. In the Fe-Mn binary, Fe-Mn-Ni ternary and
Fe-Mn-Ni-Cu quaternary alloys the segregation of Mn to the core of 1/2<111>
dislocation loops occurs at equilibrium at 600 K.

When analyzing the regions close to the dislocation loop core, Mn appears to
be the most strongly segregating element, while Cu is the weakest one. Mn
and Ni occupy competing positions in the loop core, so the segregation level
of Mn in the ternary alloy is lower than in the binary. At the same time, the
addition of Cu suppresses the segregation of Ni, so that Mn concentration in
the loop core recovers back, as a result. Hence, the interplay between all three
chemical elements may contribute to the final chemical arrangement (without
accounting for kinetic effects). In any case, Mn seems to always prevail, its
content being about 2–3 and 5 times higher than that of Ni and Cu, respectively.
Mn is therefore expected to play the major role on the properties of loops upon
plastic deformation in the quaternary Fe-Mn-Ni-Cu alloys. The separate effect
of the other elements, however, still needs to be assessed.

The study of the interaction with edge dislocations of small, 1.5 nm diameter
1/2<111> dislocation loops (see Fig. 4.11a) enriched with Mn, Mn-Ni and
Mn-Ni-Cu reveals that the main effect of the enrichment is the significant
increase of the unpinning stress. By increasing Mn content in the core of
the loops, the unpinning stress increases too. This effect has obviously direct
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(a)
(b)

(c) (d)

Figure 4.10: Visualization of different stages of the reaction involving a [100] loop
decorated by four C atoms (blue spheres) at T=300 K. A black arrow shows the direction
of dislocation movement. On (d), the dislocation got unpinned and transmitted to the
left part of simulation box via periodic boundary conditions. A red dashed line shows
the position of the 1/2[111] segment formed after the flip of the upper part of the pre-
existing [100] loop.

consequences on increasing the radiation hardening attributed to the so-called
matrix damage. The study of the interaction with edge dislocation of larger
(3.5 and 5 nm diameter) 1/2<111> loops (see Fig. 4.11b) reveals that the
enrichment suppresses mainly the absorption and dynamic drag of loops i.e.
reactions involving instantaneous removal of loops by the dislocation front.
Instead of being absorbed, the loops remain essentially intact after interaction
with the dislocation, except being partially absorbed and sheared. This effect,
too, may have consequences regarding the strain hardening evolution and in
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Figure 4.11: Stress-strain relationship corresponding to the interaction of (a) 1/2[1̄11]
dislocation loops of size 1.5 nm and (b) [010] dislocation loops of size 3.5 nm, whose
configurations were obtained by MMC simulations in several alloys. The composition
of the alloys is reported in the figure inset, as well the concentration of Mn in the loop
core.

particular, the formation of defect-free channels, expected to be prevented or
at least delayed. Note, however, that at the doses relevant for RPV steels
no TEM-visible defects were observed and, consequently, no channels can be
distinguished after deformation.

4.3.4 Conclusions

The nucleation of the Mn-Ni rich clusters in RPV steels may be caused by
the association of Mn and Ni solutes with vacancy-carbon pairs (available
in the matrix upon irradiation). The numerous formation of Mn-vacancy-
carbon- and Ni-vacancy-carbon-rich clusters will produce ‘traps’ for glissile
dislocation loops, directly produced in cascades. The interaction of the loops
with the solute-rich clusters may result in the annihilation of vacancies and
accommodation of solutes and carbon in the core of the dislocation loops.

In order to evaluate the effect of dislocation loops enriched by carbon or
substitutional solutes on the dislocation-defect interaction process we have
performed MD simulations. Carbon decoration leads to the modification of
the interaction mechanism in the intermediate temperature range (T=300–600
K) which consists in suppression of complete absorption of <100> loops in
favour of transformation into 1/2<111> loops. This process is accompanied by
the increase of CRSS. The strongest effect of carbon decoration on CRSS was
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observed in the case of loops which are athermally absorbed on dislocation
lines at T=300 K and above. The main effect of the Mn enrichment is the
significant increase of the unpinning stress. By increasing Mn content in the
core of the loops, the unpinning stress increases too.

The above mentioned effects of C and Mn may explain the contribution of
invisible matrix damage (i.e. small dislocation loops non-resolvable by TEM)
to the net hardening.

86



5 Conclusions and

outlook

5.1 Conclusions

The main objectives of this thesis were to study the nanoscale dislocation-
defect interaction mechanisms leading to hardening and the formation of dis-
location channels in austenitic steels, to find out the nucleation mechanisms of
solute-rich clusters in the FM and RPV steels, and to estimate their contribution
(in association with dislocation loops) to the radiation-induced hardening.

We have used binary FeNi and ternary FeNiCr interatomic potentials to model
austenitic stainless steels, by simulating the interaction of dislocations with
typical radiation defects, i.e. Frank loops, by means of classical molecular
dynamics. It was found that:

1. a decrease of SFE leads to suppression of loop absorption and thus
reduces the probability for channel initiation by dislocation glide. Given
that the reaction of the loop absorption on a screw dislocation results in
the highest unpinning stress, in general a decrease of SFE also leads to a
reduction of the loop-induced hardening;

2. solute alloying leads to further suppression of loop absorption due to the
increase of the friction stress in the secondary glide planes.

The obtained information on the loop hardening and loop absorption as a
function of temperature and SFE provides a guidance for the rationalization
of the radiation-induced hardening and plastic instability at room and reactor
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operational temperature reported in [14], where the highest localized deforma-
tion was observed in the austenitic alloys with low SFE. While two deformation
modes, namely dislocation glide and twinning, were observed in the consid-
ered alloys, by our work we clarify the specific effect of the deformation via
the dislocation glide to the formation of the dislocation channels. Confronting
our results (i.e. that higher SFE enhances channeling) with experimental
observations in [14], we suggest that in low SFE alloys, subject to radiation,
twinning deformation mode is the predominant mechanism responsible for
channeling. Also, the above mentioned results of this work propose the trend
for the hardening depending on the SFE which was not clearly established in
the experimental work [14].

We have applied the DFT method to study the thermodynamic mechanisms
leading to the nucleation of solute-rich clusters, observed experimentally
in irradiated high-Cr steels [102, 107, 191, 192]. The possible formation
mechanism for Mn-Si-Ni-rich clusters in high-Cr alloys may be attributed to
the formation of Fe-Mn mixed dumbbells and a Si atom in the compression site
next to the Fe atom. This configuration is characterized by a high total binding
energy and may serve as a nucleus for growing Mn-Si-Ni-rich complexes.

The molecular dynamics modelling method was applied to identify the source
of hardening in the FeCr alloys experimentally studied in [65]. We have
established that small dislocation loops in the undecorated state are essentially
weak obstacles for the dislocation motion, while the decoration of loops by
Cr atoms increases their strength significantly. Thus, the effect of Cr-loop
decoration is one of the possible explanations of the enhanced hardening in
high-Cr alloys, as compared to low-Cr alloys and pure Fe, studied in [65]. The
physical origin of this effect is related to a change of the interaction mechanism
which influenced the unpinning stress.

We have also proposed a new mechanism explaining the nucleation of nano-
sized Mn-Ni-rich clusters observed in irradiated RPV steels. The formation
of such clusters can be initiated by the nucleation of Mn and Ni clusters at
vacancy-carbon pairs.

Numerous and thermally stable solute-carbon-vacancy complexes will fre-
quently interact with glissile dislocation loops, directly produced in collision
cascades. Such interactions should result in the subsequent decoration of
the loops by carbon and Mn-Ni solutes. By performing dedicated MD
simulations, we have established that the Mn-Ni and carbon decoration leads
to a pronounced increase of the unpinning stress attributed to the decorated
loops, as compared to the undecorated ones. In addition, the carbon decoration
leads to a modification of the interaction mechanism in the intermediate
temperature range (T=300–600 K) which consists in a suppression of the
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absorption of <100> loops in favour of transformation into 1/2<111> loops.
Hence, carbon segregation at dislocation loops changes not only the resulting
hardening (in terms of raise of the CRSS) but also the microstructural evolution
under prolonged plastic deformation.

5.2 Outlook

In the future we foresee to further improve the models of nucleation of the
solute-rich clusters and dislocation-defect interaction in austenitic stainless,
FM and RPV steels.

We plan to study the interaction of edge dislocations with Frank loops and
screw/edge dislocation with SFTs and perfect dislocation loops. The latter
were found to be created as an outcome of several reactions with Frank loops
at different temperatures.

Dislocation pile-up was not considered within this work, while this effect
might have an influence on dislocation-defect interaction mechanisms accord-
ing to [39] and may possibly affect the increase of unpinning stress, enhancing
the reactions with formation of a helical turn and, consequently, hardening.

Twinning deformation is another important mode of slip in austenitic alloys.
The effect of SFE and temperature on the interaction of a twin band with the
Frank loops should be investigated.

While only the basic interactions of dislocations and dislocation loops were
considered within this PhD thesis, this data can be crucially useful for the
parameterization of dislocation dynamics methods, which allow the evolution
of the crystal to be studied at a significantly higher scale (about micrometer
scale). This method is foreseen to be applied to obtain the stress-strain curves
that can then be compared with experimental data. Also, such modelling
may reveal the formation of dislocation channels and explain the pattern of
dislocation channels which are parallel or intersect depending on SFE [14].

While the basic atomic configurations of Mn-Si-rich clusters were considered,
the mechanisms of growth of such complexes to Mn-Si-Ni-rich clusters, ob-
served by APT, are still to be elucidated. The analysis of the lifetime of stable
Mn-Si(-Ni)-rich clusters with and without carbon atoms is also an important
aspect in view of the validation of the DFT data by experiments.

The interaction of a screw dislocation with <100> and 1/2<111> loops, being
enriched with either Cr or Mn-Ni solutes, is still to be done in order to complete
models for binary interactions between dislocations and dislocation loops in
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Fe-Cr and Fe-Mn-Ni alloys, which are the model systems to study the plasticity
in FM and low-Cu RPV steels, respectively.
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