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Preface

"True metal people wanna rock

not pose"

MANOWAR

The Socratic paradox "I know that I know nothing" is the best way to

summarize this thesis project. I understand now more about plastic de-

formation of crystals than I did four and a half years ago but on the other

hand I have also realized the fractal nature of science. Every detail has

hidden depths and every bit of gained knowledge links to new, unknown

things. This journey into a sort of positive ignorance has been facilitated

by many talented people to whom I offer my thanks in the following.

I started in the Complex Systems and Materials (CSM) group as a sum-

mer student in 2011. The group is captained by professor Mikko Alava

who is exemplary physicist and a great boss. His style of leadership is

best described by the line of ensign Koskela in the novel Unknown Sol-

dier: relevant matters should be done well, otherwise one should behave

like Ellu’s chicken. This philosophy made CSM a great place to work.

The summer job lead to finishing my master’s thesis at 2012 under the

supervision of Antti Puisto and Xavier Illa. Our collaboration went well

and Antti remained a partner in discussion relating to sports and other

random but interesting topics. After my masters I started doctoral studies

under Lasse Laurson. Lasse has great grasp of physics and most impor-

tantly an ability to convey his understanding to others. This skill as well

as his attention to details makes him an excellent thesis supervisor. For

other colleagues in CSM I am grateful for providing lunch company, coffee

break discussions, company for conference trips and CSM social events.

With you I learned the rules to at least one card game. I would also like to

thank our collaborators from the University of Helsinki who worked with

me in the SIRDAME project.
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Outside work, my friends have been supportive in a multiple and unique

ways. Guys at Goat Hill Nation have participated in intelligent discus-

sions and provided stimulating ideas. People with whom I do cabin trips

have become a second family. Friends from physics community and Kel-

larikalja offered peer support and relaxing moments.

Then I would like to thank my family Leena, Antti and Aki. With you I

had a childhood surroundings where knowledge and reading was valued

and you have always supported me in my choices. I can count on you in

all situations. Finally I would like express sincere gratitude to my spouse

Mirva for being my partner in life and for allowing me to use our sofa as

an office space.

Same in finnish

Sokrates sanoi "tetävänsä vain sen ettei tiedä". Tämä on ehkä oleellisin

viisaus, jonka olen oppinut suorittaessani omia väitöskirjaan johtaneita

jatko-opintojani. Ymmärrän nyt enemmän plastisten aineiden deformaa-

tioista kuin neljä ja puoli vuotta sitten mutta samalla minulle on paljas-

tunut kuinka tieteellinen tieto on luonteeltaan fraktaalista. Jokainen yk-

sityiskohta on ensinäkemää syvällisempi ja saatu tieto johtaa uusiin vas-

taamattomiin kysymyksiin. Tämä matka hyvälaatuiseen tietämättömyy-

teen on kuitenkin ollut antoisa ja olen saanut apua monilta ihmisiltä,

joille haluan antaa tunnustusta.

Aloitin professori Mikko Alavan luotsaamassa Complex Systems and

Materials (CSM) ryhmässä kesätyöntekijänä 2011. Mikko on erinomainen

esimies ja fyysikko. Hänen johtamistapaansa voisi kuvata Vänrikki Koske-

lan sanoin "asialliset asiat hoidetaan, muuten ollaan kuin Ellun kanat".

Tämä johtamistyyli sopii minulle erinomaisesti ja on mielestäni CSM:n

hyvän ryhmähengen salaisuus.

Kesätyön jälkeen aloitin gradun tekemisen Antti Puiston ja Xavier Il-

lan ohjaamana. Yhteistyö sujui heidän kanssaan hyvin ja mielenkiin-

toiset keskustelut Antin kanssa urheilusta ja muista satunnaisemmista

aiheista ovat pysyneet vakioharrastuksena myöhemminkin. Gradun jäl-

keen aloitin jatko-opinnot dislokaatioiden parissa Lasse Laursonin oh-

jauksessa. Lassen silmä yksityiskohdille, fysikaalinen hahmotuskyky ja

taito välittää tietoa muille ovat ominaisuuksia, joiden vuoksi arvostan

häntä huippuluokan ohjaajana. Lassen panos on ollut olleellinen väitöskir-

jan kannalta ja siitä hänelle isot kiitokset.

Haluan kiittää kaikkia CSM kollegoita vuosien varrella miellyttävästä

työympäristöstä, lounaskeskusteluista, kahvihetkista, konferenssimatkoista
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ja ryhmämme sosiaalisista tapahtumista. Nyt osaan jopa yhden kort-

tipelin säännöt ulkoa! Kiitokset myös yhteistyökumppaneillemme Helsin-

gin Yliopistosta SIRDAME projektin puitteissa.

Työyhteisön ulkopuolelta haluan antaa tunnustusta Goat Hill Nation:in

jätkille älykkäistä keskusteluista ja hienoista ideoista. Mökkeilyryhmälle

seurasta, teistä on tullut melkein toinen perheeni. Kiitokset myös ys-

tävilleni opiskelijapiireistä ja Kellarikalja-yhteisöstä. Vertaistukenne oli

tärkeää.

Erityisesti haluan kiittää perhettäni: äitiäni Leenaa, isääni Anttia ja

veljeäni Akia. Te olette tukeneet minua ehdoitta kaikissa valinnoissani

ja elämäni käänteissä. Perheemme ilmapiiri on aina ollut tietoa ja sen

hankkimmista arvostava, minkä uskon vaikuttaneen tämän työn syn-

tymiseen merkittävästi. Lopuksi haluaisin kiittää avopuolisoani Mirvaa

elämänkumppanuudesta ja mahdollisuudesta käyttää sohvaamme koti-

toimistona.

Kauniainen (if not defined, Helsinki), January 23, 2017,

Arttu Lehtinen
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1. Introduction

A crystal is a form of matter where the constituent building blocks are

positioned in a periodic structure which repeats itself ad infinitum. Many

everyday materials have this kind of structure. To offer a few examples

salt, silicon, ice and most metals are crystals. For practical purposes it is

usually necessary to deform these materials to a given shape and in fact

the ability to manipulate metals into tools and utilities has been the key

factor in the rise of modern industrial civilization.

In mechanics permanent deformation is called plastic deformation and

in crystals it is generated by the motion of line defects called dislocations.

Dislocations were first studied theoretically as defects in the homoge-

neous isotropic elastic media by Volterra [1, 2]. At the time the impor-

tant role dislocations have in crystal plasticity was not yet realized. This

happened in the 1930’s when it was found that the experimental values

for yield strengths of perfect crystals differed from the theoretical predic-

tions by a factor of 10−4 [2]. This difference baffled scientist until it was

suggested (independently from each other) by Taylor, Orowan and Polanyi

that the explanation lies in the fact that real crystals always contain dis-

locations [3, 4, 5, 6, 7].

In order to understand this idea we start first by looking at the most ba-

sic example - a single edge dislocation in a simple cubic lattice, Fig. 1.1(a).

Edge dislocation is the distortion of the lattice generated by the extra half

layer of atoms marked with ⊥. We can imagine it continuing perpendicu-

larly through to the figure. When shear stress σ is applied to the lattice,

the atomic bonds in the middle start to break. In the case of perfect crys-

tal, all bonds must be broken simultaneously in order to achieve plastic

deformation, Fig. 1.1(f). However when there is a dislocation in the crys-

tal, only one bond at a time needs to be broken to move the dislocation one

lattice spacing to the right, Figs. 1.1(b) and (c). When the dislocation has
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Figure 1.1. Top row: Plastic deformation in simple cubic crystal that contains an edge
dislocation ⊥. Bottom row: Plastic deformation in a perfect simple cubic
crystal

moved all the way to the edge of the crystal, it has generated the same

amount of plastic strain as in the deformation of the perfect crystal but

with a stress that is required to break only one bond.

The simple picture of plasticity presented above is more complex in real

materials as they contain multiple dislocations whose cumulative motion

generates the plastic strain at macroscopic scale. Dislocations interact

with each other with the long range elastic stresses created by the distor-

tion of the lattice around them and form a topologically complicated net-

works which changes dynamically when stress is applied to the crystal. To

capture the essential features of crystal plasticity we must model disloca-

tions at the scale of the atoms and also at the larger scales where the long

range stresses and collective dislocation motion are important. This idea

is related to a recent trend in materials modelling which is the combina-

tion of simulation methods that operate at different length and time scales

into so called multiscale frameworks [8]. In the case of crystal plasticity

this means that the simulation techniques that work on atomic level like

density functional theory and molecular dynamics (MD) are used to gen-

erate physically justifiable input parameters for microscale methods like

discrete dislocation dynamics (DDD). Microscale methods then provide in-

put for dislocation density based continuum models for crystal plasticity

at macroscopic scales [9, 10].

An important field of application for multiscale plasticity modelling is

in the study of the physics of metallurgy. For example the metallurgi-

cal strengthening method of ageing is based on the addition of solution

of impurity atoms into the metal matrix. The impurities can grow to
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larger precipitates which then serve as obstacles for dislocation motion

thus increasing the yield stress of the metal [11]. Dislocations interact

with the precipitates at the atomic level but the mechanical properties

of the macroscopic samples are related to collective dislocation motion.

More accurate models of the dislocation-precipitate system at all scales

can thus lead to the development of new metal alloys with better mechan-

ical properties [12].

Nowadays steels are used for structures in highly irradiated environ-

ments like the pressure vessels of nuclear reactors [13] and they are con-

sidered as a possible material for fusion power plants in the future [14].

Mechanical tests on steel have shown that radiation will increase the

yield strength, but also the yield drop is higher for the irradiated samples

[15, 16]. The Ductile-brittle transition temperature (DBTT) has also been

showed to increase with radiation dose, which in some cases can come

close the operational temperature of nuclear power plants [17, 18, 19]. In

order to use steels efficiently in engineering applications it is helpful to

understand the physics of irradiation damage at the microscale.

Irradiation damages metals by knocking lattice atoms out of their places

thus generating many different defects in the crystal structure. These in-

clude voids [20, 21, 22], bubbles [23], interstitial clusters [15, 22], precip-

itates [24, 25, 26, 27, 23] and dislocation loops [28, 29, 30, 23, 20, 31, 21].

The effect of these defects on dislocation motion and thus on the mechan-

ical properties of the metal is a complex problem for which the multiscale

approach is well suited [32, 33, 34].

Acoustic emission measurements of stressed single crystal ice as well as

micropillar compression experiments of metals show that at small scales

plastic deformation in pure crystals is an inherently intermittent process.

[35, 36, 37, 38, 39, 40, 41, 42]. This means that the deformation does not

happen smoothly as the stress is increased but instead in quick bursts of

activity alternating with slower periods [36]. In the stress-strain curves

this is seen as a characteristic stair-like-structure when the load is stress-

controlled.

Analogous crackling behaviour is observed in different driven systems

over large time and size scales from earthquakes to magnetic systems

where the phenomenon is known as Barkhausen noise [43]. The common

feature of these systems is that their dynamics respond to the driving

forces by exhibiting scale free avalanches. These avalanches are seen as

pulses in signals V (t) related to the activity in the system. V (t) can be for
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example the average velocity of the systems particles or change in its mag-

netization. Avalanches are typically quantified by their size s =
∫ T
0 V (t)dt

which is the area under each pulse of duration T . The avalanche size dis-

tribution P (s) is found to follow a power law P (s) ∼ s−τf(s/s0) where τ

is the size exponent, f a scaling function and s0 the cut-off size. Similar

scaling is obtained for duration distribution P (T ) ∼ T−τT f(T/T0) where

τT is the duration exponent and T0 the cut-off duration. The average

avalanche size 〈s〉 is related to the duration by 〈s(T )〉 ∼ T γ where γ is

another scaling exponent. These different exponents depend from each

other τT = 1 + γ(τs − 1) [44].

In the case of crystals the movement of dislocations is the mechanism of

plastic deformation and so the observed plastic intermittency must be a

property of the collective dislocation motion, i.e., each deformation burst

corresponds to a dislocation avalanche [44]. Accumulated strain Δε in

strain steps of stress-strain curves is commonly defined as the avalanche

size s = Δε in plasticity experiments. The size distribution P (s) of the

strain avalanches is found to follow a the power law scaling form and

the experimental measurements give τ = 1.34 · · · 1.76 with an average of

τ = 1.55 [44].

Scale-free phenomena and power laws are usually taken as signs of crit-

icality near a phase transitions in statistical physics so the observed form

of avalanche distributions in the case of plastic deformation are commonly

explained by assuming that the yielding of crystals follows from a non-

equilibrium pinning/depinning phase transition [45, 39, 38]. This phase

transition emerges in situation where an elastic manifold is driven with

an external force in a field of immovable quenched pinning obstacles [46].

The mean field limit of the pinning/depinning theory yields similar scal-

ing as seen in some deformation experiments. However reasonable avalanche

statistics are difficult to collect experimentally so the quality in the fitting

of mean field depinning (MFD) scaling functions can be debatable. Sub-

sequently the validity of MFD framework has been challenged by results

from 2D DDD simulations indicating that in the case of pure crystals the

collective dynamics of dislocations resemble those found in jammed sys-

tems [47, 48, 49, 50, 51]. 2D DDD simulations give good statistics but they

have been criticized for the lack of several important features of realistic

3D dislocation systems like dislocation multiplication and curving of dis-

location lines. Some 3D DDD simulations have been performed on the

subject and their results point towards the MFD framework [45]. How-
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ever the statistics in these simulations have not been good enough to allow

a detailed analysis.

The topic of this thesis is the numerical modelling of dislocation me-

diated plasticity at microscale with 3D DDD. Previous DDD studies ad-

dressing the effect of strong immobile obstacles on dislocation motion, and

thus on the deformation process, have focused on the interaction of dislo-

cations with different precipitates in single slip [52, 53, 54] and multiple

slip systems [55]. These simulations modelled dislocations bypassing the

strong obstacles with the standard Orowan looping mechanism. We use

MD and 3D DDD in a multiscale framework to study similar dislocation-

precipitate interactions with physically justifiable input parameters. As a

part of the multiscale framework we developed a new defect datastructure

into the open source DDD code paraller dislocation simulator (ParaDiS)

[56]. We use the defect model to simulate yielding of irradiated BCC iron

at elevated temperatures. In addition to line dislocations and strong pre-

cipitates we include dislocation loops to the system. We show that the pre-

cipitates and dislocation loops contribute equally to the yield stress when

present at equal densities. Finally we look at the properties of dislocation

avalanches in pure aluminium with extensive 3D DDD simulations. Our

results support the picture of crystals as jammed dislocation systems with

glassy features.

This thesis is organized as follows: The first two chapters give back-

ground to the physics of dislocations and the numerical methods used to

model them in the mesoscale. The third chapter presents our multiscale

framework of dislocation-precipitate interactions. This model is then used

in the fourth chapter to perform large scale simulations of irradiated iron.

The fifth chapter presents the work related to the statistical properties

dislocation avalanches.
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2. Properties of dislocations and their
dynamics

In this chapter the basic properties of dislocations, their dynamics and

dislocation motion are introduced.

2.1 Dislocation types

The basic types of dislocations are edge, screw and mixed dislocation. An

example of an edge dislocation in a simple cubic lattice is presented in Fig.

2.1(a). It is generated by an extra half layer of atoms B that distorts the

otherwise perfect lattice. The region where B ends and where the atomic

bonds are distorted is called the dislocations core. The measure of the

lattice distortion around the core is defined by the dislocations Burgers

vector b, which in the case of edge dislocations is perpendicular to the dis-

location line direction. When enough shear stress is applied to the crystal

the atomic bonds near the core are broken and the dislocation starts to

move. This type of motion is called dislocation glide, and the direction

and Burgers vector define the dislocations glide plane (also know as slip

plane) marked with a dashed line in Fig. 2.1(a).

The motion of an edge dislocation is constrained to this plane if disloca-

tion climb is not considered. In climb an extra interstitial atoms moves

to the dislocation core, effectively shifting the extra half layer one row

Figure 2.1. a) edge dislocation b) screw dislocation c) mixed dislocation
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downwards. Vacancy sites can similarly move towards the dislocation, re-

sulting in the dislocation moving one row upwards. Climb happens slowly

in normal conditions and is important only at high temperatures where

the diffusion of vacancies and interstitial atoms is fast.

The stress field σ of an edge dislocation in a linear elastic medium can

be calculated from linear elasticity theory. In general σ is a tensor. In

polar coordinates where the z axis is oriented along the dislocation line

the components of the stress tensor are

σrr = σθθ = − Gb sin θ

2π(1− ν)r

σrθ =
Gb cos θ

2π(1− ν)r

σzz = − Gbν sin θ

π(1− ν)r

σrz = σθz = 0 ,

(2.1)

where G is the shear modulus and ν is the Poisson’s ratio [2]. According

to Eq. (2.1) stress field of an edge dislocation is anisotropic and has a

long-range as it dies off slowly as a function of distance,σ ∝ 1/r. These

two properties are behind many of the complex phenomena in dislocation

systems [57].

An example of a screw dislocation is presented in Fig. 2.1(b). As can

be observed from the figure, screw dislocation’s Burgers vector is parallel

to the dislocation line. Thus screw dislocations usually do not have a

well defined glide plane and they can move up and down to parallel glide

planes by a mechanism called cross-slipping. Analogously to the edge

dislocation, the stress field of a screw dislocation in linear elastic medium

can be calculated from linear elasticity theory. In polar coordinates the

components of the stress tensor are

σθz =
Gb

2πr

σrz = σrθ = σrr = σθθ = σzz = 0.

(2.2)

Accoding to Eq. (2.2) the stress field of a screw dislocation is isotropic

with respect to the dislocation line and dies of slowly as in the case of the

edge dislocation.

Mixed dislocations have a Burgers vector which contains both screw and

edge components. An example is seen in Fig 2.1c). The right part of the
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dislocation is edge, the middle part of the bent dislocation has a mixed

character, and the left part is screw. The stress field of a mixed dislocation

is the superposition of the stress fields of the screw and edge components.

2.2 Dynamics of dislocations

Near the dislocation core linear elasticity does not work without some reg-

ularization of the stress field. Outside the dislocation core linear elasticity

can be used to obtain the Peach-Koehler (P-K) formula which relates the

force per unit length f the dislocation experiences to the local stress,

f = (σ · b)× ξ

(2.3)

where ξ is direction vector of the dislocation line [58]. The stress σ can be

external - from the loading of the whole crystal - or from internal sources

like other dislocations, defects with other shapes or cracks in the material.

The way how dislocations respond to the P-K force depends on the prop-

erties of the dislocation core which is material specific. Energetically the

dislocation core resides in a periodic potential of valleys and hills gener-

ated by the lattice structure. When stress is applied the core moves from

one valley to the next (the atomic bonds break). Above a certain limit

stress the core starts to move freely, i.e., the dislocation glides. The poten-

tial is called the Peierls potential, and the limit stress at 0K the Peierls

stress. Mathematically this fact can be expressed as

v = M(f) ,

(2.4)

where the tensorial mobility function M contains all the information on

how dislocations respond to the forces. The crux of dislocation modelling

of realistic materials is the finding out of the detailed form of M.

Metals are the most studied dislocation systems and also the main sub-

ject of this thesis so it is pertinent to shortly review the mobility proper-

ties of most common metals. Metals with face centered cubic (FCC) crystal

structure at room temperature include aluminium, copper and nickel to

name a few. They usually have a small core which in the case of screw

dislocations dissociates to partial dislocations. This means that the dislo-

cation core basically splits to a two trailing stacking faults that move to-
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gether in the same glide plane. For this reason the glide motion of screws

in FCC is constrained to the glide planes similarly to edge dislocations.

Screw dislocations can change their glide planes by cross-slipping but this

is a relatively rare occasion. A good approximation for dislocation motion

in FCC crystals is to assume a linear overdamped mobility relation

v = mf

(2.5)

Where m is a mobility constant. This approximation is valid when inertia

can be ignored.

Metals with body centered cubic (BCC) crystal structure at room tem-

perature include molybdenum, tungsten and most importantly iron. For

these metals the Peierls valley is deep, and thus the mobility depends

strongly on temperature. At low temperatures dislocations propagate by

moving from one Peierls valley to the next via a stochastic process lead-

ing to a non-linear M(f) [59]. In terms of a simple cubic crystal picture,

some of the bonds break at random times so that a part of the dislocation

line moves forward, while the rest stays put. For higher temperatures

the Peierls stress is low so that the glide motion of dislocations is over-

damped and the mobility function is simplified to the linear form of Eq.

(2.5) [60, 61].

The motion of edge dislocations is glide constrained in BCC, but it has

been observed that the motion of screw dislocations is not. Instead screw

segments can move in non-crystallographic directions via the so-called

pencil-glide motion [62]. Pencil-glide has been shown to be a result of a

screw cores nonplanar core structure that allows it to move in the direc-

tion of maximum resolved shear stress in a zig-zaggy manner [64, 59].

For this reason dislocation motion is less frustrated in BCC metals than

in FCC metals, something that can lead to differences in the collective

dynamics.

2.3 Collective dislocation motion

Real crystals usually contain multiple dislocations that have different

glide planes and Burgers vectors. Under external stress and due to their

mutual interactions dislocations move until they collide forming in the

process tangled networks that in some cases can have a fractal nature
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[65]. A relevant quantity for the characterization of multi-slip dislocation

structures is the dislocation density ρ which is defined as the amount of

dislocation lines per unit area. During plastic deformation the total dislo-

cation density does not stay constant. For example if a segment of a whole

dislocation is pinned from it’s ends to other dislocations, it starts to bow

out increasing the total length of the dislocation, and subsequently the to-

tal dislocation density. The yield stress is proportional to the square root

of the dislocation density, σy ∝ √
ρ, so the dislocation multiplication leads

to strengthening of the crystal - a phenomenon known as work hardening.

At the quasistatic limit, the evolution of the dislocation network is an

intermittent process where dislocations move collectively in avalanches.

The size distribution of the avalanches P (s) is found to follow a power law

P (s) = s−τf(s/s0) where τ is the size exponent and the shape of the cut-off

is usually assumed to be exponential, f(s/s0) = exp(s/s0). The duration

distributions P (T ) of the avalanches follows a similar type of scaling.

In order to explain this scaling form it has been suggested that plastic

yielding is an non-equilibrium, pinning/depinning phase transition [46].

This phase transition is related to a scenario where an elastic line is

driven with external force in a field of immobile obstacles. The obstacles

pin the line until the external force is increased such that some section of

it overcomes an obstacle and moves rapidly until it is pinned again. This

process repeats itself across the whole line which moves collectively in a

intermittent fashion. When the external force reaches a critical value fc

the size of the unpinning segments or avalanches can be arbitrary large,

i.e., the system is in a critical state. When the external force is higher

than fc the line starts to move continuously over all obstacles which cor-

responds to steady plastic flow. The mean field limit of depinning phase

transitions is obtained when the elastic interaction has an infinite range.

It is tempting to assume that dislocation avalanches could be described

by this theory as dislocations are elastic lines that interact via long range-

stress fields. The prediction for the size exponent from the MFD, i.e.

τs = 1.5, is close to some experimental values around τ = 1.55 [44]. It

has been proposed that in multi-slip conditions the dislocations in the

slip planes intersecting the active slip plane (forest dislocations) serve as

pinning points for the active slip plane [66]. There are however concep-

tual problem in the MFD picture. In a pure dislocation system, devoid

of other defects, there is no static pinning field as the forest dislocations

population can evolve during the deformation. The usual MFD models
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also assume positive-definitive elastic interactions which is not the case

for dislocation systems as dislocations have anisotropic stress fields with

positive and negative parts.

Lastly, lots of results from 2D DDD models don’t support the MFD pic-

ture. The 2D DDD model is a simplification were straight parallel dislo-

cations are modelled as point-like objects in a plane [67, 68]. They cap-

ture many features of real dislocations like long-range anisotropic stress

fields, generation of dislocation walls and dipoles, etc. They are numeri-

cally cheap compared to full 3D DDD simulations so large statistics can be

obtained which allow nice fitting of scaling functions. The avalanche size

and duration exponents from these simulations are different from the pre-

diction of MFD. The MFD theory also predicts that the average avalanche

size diverges near the critical point, 〈s〉 ∝ [fc(L) − f ]−1, but in 2D DDD

there is instead a size effect at every stress level and no clear critical point

[49].

These simulation results are hinting that yielding in crystals could ac-

tually be a jamming phase transition [69, 70]. Jammed systems are char-

acterized by caged dynamics where the constituent particles themselves

impose self-induced constraints to their motion, similarly to cars in a traf-

fic jam, or indeed dislocations in a multi slip system. Jamming transition

happens when the external stress is high enough such that the systems

changes its state from the jammed to a flowing state. Near the jamming

threshold dynamics are very slow and in some aspects similar to those

found in certain glasses [70].

Evidence of glassy behaviour of dislocations has also been observed in

2D DDD simulations where a system of randomly positioned edge disloca-

tions was relaxed with and without climb [71]. In these simulations dislo-

cations slowly formed cell-like structures and the waiting time correlation

functions showed ageing. The glassiness of the system was explained by

long range interactions of the dislocations and the frustrations that are

generated by the lattice constraints. The random initial positions of the

constrained dislocations creates disorder in the system. This results in a

complex energy landscape that slows the dynamics down[71].
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3. Numerical modelling of dislocations
at mesoscale

In this chapter we describe the numerical method of 3D discrete disloca-

tion dynamics simulations which is the main method used in this thesis.

3.1 Discrete dislocation dynamics

3D discrete dislocation dynamics is a mesoscale simulation technique were

curved dislocations are coarse-grained into a simpler geometrical form.

Number of different DDD code exist that use varying discretization schemes

for achieving this.

In lattice based codes the dislocation lines are represented as alternat-

ing edge and screw segments that move in discrete directions imposed by

an underlying cubic lattice. Forces between segments are calculated for

their middle points. Codes based on this principle include microMegas,

Tridis and MobiDiC [72].

In nodal codes dislocation lines are represented by discretization nodes

(points) connected to each other with straight segments [73, 72]. Codes us-

ing this technique include MDDP (multiscale dislocation dynamics plas-

ticity), PARANOID (paranoid nodal IBM dislocation code), PDD (para-

metric dislocation dynamics) and ParaDiS (paraller dislocation simula-

tor). ParaDiS was the main tool used in this thesis so in the following we

go more in depth on the details of the nodal scheme.

In nodal DDD the dislocation motion is reduced to the continuous mo-

tion of the nodes and changes in dislocation geometry like bowing and

straightening of the dislocation line are made possible by adding and re-

moving the nodes when needed. The basic principle of nodal DDD is pre-

sented schematically in Fig. 3.1. The dynamics of dislocations are ob-

tained by applying the Peach-Koehler force due to the local stress field

to the segments connecting the nodes and transforming it into the corre-
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Figure 3.1. Schematic representation of the basic principle of nodal discrete dislocation
dynamics. Continuous dislocation line is discretized into nodes that connect
to each other with straight segments.

sponding nodal force. The nodal force is then used to solve the equation

of motion for the nodes. In a sense nodal DDD is very similar to MD

simulations but instead of atoms or molecules the equation of motion is

solved for the discretisation points and instead of interatomic potential

there are the elastic interactions. However there are additional complica-

tions that arise from the specific nature of dislocations as crystal defects.

The motion of the nodes must follow constraints that dislocations have in

different crystal structures. For example edge dislocations must move on

their glide planes. These constraints must be added to the mobility law

that relates the velocities of the nodes to the forces they experience. Also

the movement of a discretization node in the direction of the dislocation

line does not have any physical meaning in comparison to MD, where all

the movement of the atoms is controlled by the potential.

During a DDD simulation dislocation lines usually bow and bend which

leads to an increase of the total dislocation length. This means that more

discretization points must be generated to model the dislocation line. This

and the long-range force field between dislocations make the simulations

numerically expensive. For these reasons nodal DDD codes are usually

parallelized to use multiple processors.
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3.2 ParaDiS

ParaDiS is an open source 3D DDD code which was developed in Lawrence

Livermore National Laboratory [56]. It is written mainly in C and is par-

allelized with the MPI protocol. Forces between segments of nearby nodes

and self-interaction of dislocations are calculated with explicit line inte-

gration of the Peach-Koehler force along the dislocation segments. Far-

field forces are calculated from the coarse-grained dislocation structure

using a multipole expansion. Near the dislocation core, local interactions,

such as junction formation, annihilation, etc., are introduced phenomeno-

logically with input from smaller scale simulation methods (e.g. MD) and

experimental results. Once the forces are known, a trapezoidal integra-

tor with adjustable time step is used to solve the equations of motions for

the nodes. The lattice-specific motion constrains for glide are encoded in

the mobility functions which relate the total forces experienced by dislo-

cations to their velocities. Linear mobility functions for FCC and BCC

metals are provided with the the default version.

Periodic boundary conditions (PBC) are implemented by using an Ewalds

sum procedure similar to those used in atomistic simulations with peri-

odic structures and long range-interactions. The main simulation cell is

surrounded by periodic image cells which contain the images of the seg-

ments in the main cell. Interaction stresses between a given segment and

its images is obtained from precomputed tables which contain the possi-

ble image stresses from differential segments as a function of dislocation

orientation and Burgers vector [74]. As annealed dislocation structures

are usually very heterogeneous in space, a load balancing scheme is used

to distribute the computational load between processors. It scales well

and has been used to run massive simulations containing thousands of

processors.

The default version of the code has two different fully supported load-

ing modes: creep and strain rate controlled loads. Scripts for generat-

ing initial dislocation configurations for FCC and BCC crystals also are

provided. The code however does not model other defects than straight

dislocations and dislocation loops. It also does not include quasistatic

stress loading which is needed for avalanches simulations. Large part

of the work in this thesis has been the modification of ParaDiS to in-

clude necessary features for modelling strong precipitates and dislocation

avalanches.
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4. Multiscale modelling of
precipitate-dislocation interactions

In this chapter we describe how to model dislocation-precipitate interac-

tions in iron by combining input from molecular dynamics simulations

into DDD. We also introduce the new obstacle implementation features

we added into ParaDiS. The emphasis is in the necessary approximations

and how to overcome problems that arise when connecting two methods

operating in different time and length scales. Further details can be found

in Publication I.

4.1 Background

Steels are some of the most widely used structural materials in various

fields of engineering, due to their good mechanical properties and ver-

satility. They tend to have a very complex nanostructure, affecting the

movement of dislocations, and therefore the plastic response of the mate-

rial. A key feature in the nanostructure is the presence of precipitates.

These can be either naturally occurring solutes, for instance, carbides, or

artificially introduced particles as in oxide dispersion-strengthened (ODS)

alloys [14, 75]. To predict the effects of these precipitates on the mechan-

ical properties of steel samples it is important to understand the relevant

physics on the scale where a single dislocation interacts with a single pre-

cipitate but, also at larger scale where dislocations move collectively in a

multi-slip system.

4.2 Multiscale framework

At small scales precipitate-dislocation interaction is an atomistic process,

so it natural to use molecular dynamic method to simulate it. Due to

the computational limitations of MD it is possible to simulate only sys-
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tems that contain a single dislocation and a few precipitates. To capture

the collective features of dislocation plasticity a larger scale method like

3D DDD is necessary. With this in mind we build a multiscale frame-

work where a single edge dislocation interacts with a precipitate in BCC

iron. Similar type of approach was used recently by Monnet et al. [76] to

simulate precipitate hardening in FeCr alloys. In our framework elastic

constants, dislocation mobilities and precipitate strengths obtained from

MD were used as inputs for DDD code the ParaDiS. As there is no pre-

cipitate model in the default version of the code we added a new obstacle

data structure into it. The obstacles are spherical, immobile and interact

with dislocation segments via a Gaussian potential.

4.3 Connecting the scales

The connection between MD and DDD obstacle models was achieved by

using a simple scenario: a single dislocation is driven with constant strain

rate towards a row of spherical precipitates which lie in the middle of the

dislocation’s glide plane. When cross-slip is not taken into account, the

dislocation has two possibilities to overcome the obstacles. It can simply

shear trough them if they are weak or when they are strong enough by-

pass them by bowing out into the space between them until the trailing

segments annihilate and leave a dislocation loop around the obstacles as

seen in Fig. 4.1. The latter method is called the Orowan mechanism and

the stress needed to achieve this the Orowan stress [77]. When multiple

dislocations are driven through the system, they form layers of Orowan

loops around the obstacle which increases its effective size. This leads to

strain hardening of the material as more stress is needed to overcome the

larger obstacles. We simulated this scenario with MD and recorded the

Orowan stress σc needed to overcome the precipitates. Then we replicated

the MD simulation setup in ParaDiS and used σc from MD to calibrate the

strength of the DDD obstacles.

4.3.1 MD setup

Molecular dynamics part of the multiscale framework was performed by

Fredric Granberg from University of Helsinki with the classical molecu-

lar dynamics code PARCAS. This code used Tersoff-like bond order inter-

atomic potential suited for simulating FeCrC [78, 79, 80]. The setup for
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Figure 4.1. Dislocation bypassing a spherical obstacle via the Orowan mechanism. The
interaction is simulated with MD (top) and DDD (bottom)

dislocation-specific simulations was similar to that used by Osetsky and

Bacon [81]. Simulation box of 101 × 3, 30 × 6 and 30 × 2 atomic planes,

resulting in a cell with the volume 25×21×12 nm3 was used. The box was

oriented so that x, y and z axes are oriented along the [111], [1̄1̄2] and [11̄0]

directions, respectively. Periodic boundary conditions were used in the x

and y directions. A single 1
2〈111〉 edge dislocation, oriented in the x direc-

tion, is then introduced to the simulation space. Two different spherical

obstacle types (cementite and fixed atoms) were introduced to the left side

of the simulation box so that their equator was in the dislocation’s glide

plane. The atoms at the top and bottom layers of the simulation box are

fixed but the second layer from the top is displaced with a constant rate

which generates a shear stress for free atoms in the middle. This stress

forces the dislocation to move across the box pinning to the obstacles and

generating plastic strain at a constant rate. Additional simulations with

a smaller simulation cell of a perfect lattice were made to measure the

elastic constants shear modulus G and Poisson ratio ν. The temperature

in the MD simulations was set to 750K which is a typical operational tem-

perature of steel structures in nuclear reactors [13].

4.3.2 Gaussian obstacles in ParaDiS

We implemented a new defect data structure into the ParaDiS code. The

defects interact with dislocation segments via a Gaussian potential U(r) =
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Ae−
r2

R2 . Thus, the interaction force between dislocation and a defect is

F (r) = −∇U(r) =
2Are

− r2

R2
p

R2
p

,

(4.1)

where the force field is continuous which is numerically sensible as dislo-

cations do not experience sudden forces which would shrink the adaptive

time step to impractically small values. The Gaussian force field was cho-

sen for its simplicity as it contains only two parameters: size parameter

Rp and strength parameter A. This way it is convenient to model strong

and weak local pinning obstacles by tuning the strength parameter. A

similar approach was used by Bako et al. [53].

Our pinning model does not take into account the stress field that is

generated by the possible misfit volume of the defect and the difference of

shear moduli between it and the surrounding metal matrix. This stress

field can be obtained analytically from the Eshelby solution for spherical

inclusions [82]. It has an angular as well as a radial dependence with

attractive and repulsive components. Generally including it would lead

to a more complex interaction between the defect and the dislocation as

it would also depend on their respective spatial orientations. However in

our multiscale framework dislocation cuts the precipitate always at the

equator where the misfit stress field is zero so in this case the simple r

dependence of the Gaussian potential is sufficient to capture the essential

physics.

On the code level the defect implementation was constructed so that

it is easy to change the interaction potential if necessary. It was also

parallelized in order to simulate large systems and a neighbour list prop-

erty was added to the discretization nodes so that they interact only with

nearby defects, reducing the numerical cost further.

4.4 Simulation results

Necessary input parameters for DDD are the dislocation mobility con-

stants, elastic constants, the core size of dislocation and the core energy.

These were obtained from MD simulations which did not contain any ob-

stacles. According to the MD simulations, the glide velocity of an edge

dislocation depends linearly on the stress, v = Mebσ, so the use of a lin-
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ear mobility function was justified in DDD. We performed MD simulations

only for edge dislocations; thus, the screw mobility remains a free param-

eter. Previous investigations have shown that screw mobility is about one

third of the edge mobility at temperatures around T = 750K, which we

consider here [60, 61]. As a first order approximation, we assume that

screw mobility is the same as the edge mobility, Ms = Me. For DDD mo-

bility function we chose the ParaDiS default mobility BCCglide. In this mo-

bility both screw and edge dislocation segments are constrained to move

on their glide planes.

The simulation configuration in DDD was set to correspond to the MD

configuration as close as possible. However due to details in the multipole

implementation of the far-field forces in ParaDiS, the simulation box was

chosen to be a cube instead of a rectangular cuboid. We also had to use

a smaller value for the dislocation core size, rc = 0.5b, due to numerical

problems when simulating small and strong obstacles. These numerical

problems arise when the distance between dislocation segments of the

same Burgers vector equals or is smaller than the size of their core. For

real dislocations the linear elasticity is no longer valid in this region, and

this is modelled in ParaDiS by introducing a cut-off radius in the force

calculation. This cut-off equals the size of the core radius rc. Because of

this cut-off, the force between dislocation segments is not strong enough

to generate a stable configuration of layered Orowan loops. Dislocation

segments start to partially merge, discretization nodes move in a random

manner, and the time step shrinks by orders of magnitude.

In both simulation configurations a single dislocation is positioned on

the left side of the box and a precipitate on the right side. A strain rate of

γ̇ = 5×107 s−1 is imposed on the system and the dislocation starts to move

towards the precipitate until it is pinned by it. Due to the imposed strain

rate, the stress is increased until the dislocation bypasses the precipitate

with the Orowan mechanism or shears trough it depending on the size

and strength of the precipitate. We denote the first case a strong obstacle

and the latter a weak one. After the unpinning, dislocation moves over

the periodic boundary and the whole process repeats itself. In the weak

case the dislocation just shears trough the precipitate again but in the

strong case an Orowan loop was generated around the precipitate so the

effective diameter of the obstacle increases and more stress is needed for

dislocation to move over the obstacle. This generates the characteristic

serrated stress strain curves which are presented in Fig. 4.2. On the left
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Figure 4.2. (Color online). Left panel: Stress-strain curves from MD unpinning simula-
tions. Right panel: Stress-strain curves from DDD unpinning simulations.

panel we have the results from the MD simulations and on the right panel

from the DDD simulations. In both instances the stress peaks correspond

to an unpinning of a dislocation from the precipitate. For the largest pre-

cipitates in MD and for the strong case in DDD, the magnitude of the

stress peaks first increases and then saturates to a constant value. This

is a result of Orowan hardening. Precipitates gather loops around them

which then increase the effective diameter of the obstacle until the stress

from the loops is so high that the inner one shears trough the precipitate.

In order to match the strengths of MD and DDD precipitates we com-

pared the unpinning stresses σprecip
r from both simulations. σprecip

r is de-

fined as the maximum stress preceding the first stress drop of the respec-

tive stress-strain curve. We also compared both cases to the analytical

expression for σprecip
r by Bacon et al. [83, 54]. They considered a case of

a single dislocation driven quasistatically towards a row of impenetrable

obstacles with a uniform size and by including dislocation self-interaction

and effects from the defect size, and obtained

σc = C
Gb

L−D

[
ln

(
D̄

b

)
+ 0.7

]
,

(4.2)

where for edge dislocations C = 1
2π , L is the distance between obstacles, D

is the diameter of the obstacles, and D̄ =
DL

D + L
is the harmonic average

of L and D. We denote Eq. (4.2) as the BKS equation.
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Figure 4.3. (Color online). Critical stress σc as a function of the distance between precip-
itates L for different precipitate strengths A. Continuous curve with square
symbols denotes results from MD simulations and the dashed curve from the
BKS equation. The rest are results from DDD simulations. DDD simulation
parameters are Rp = 1.0nm and γ̇ = 5× 107 s−1.

The critical stress as a function of the precipitate strength for a single

precipitate size is presented in Fig. 4.3. Strong precipitates are repre-

sented by the dotted and dashed lines, and weak precipitates by the con-

tinuous line. Precipitate unpinning stress increases when the distance

between precipitates decreases. By setting the strength parameter to

A = 8.7 × 1020 Pam3 we match the MD and DD results. This indicates

that the fixed atom precipitates simulated with MD are weak obstacles

which don’t gather multiple Orowan loops.

4.5 Discussion

Our fitting of MD input parameters into DDD was successful as we could

match the Orowan stresses obtained from both techniques. The results

suggest that Gaussian obstacles are good approximation for strong inco-

herent precipitates and they can be used to model Orowan hardening in

a multiscale framework. However some features of real systems were

omitted from our simulations. The moving dislocation cut the precipitate

exactly at the equator so the effect of possible misfit stress field was not

explored and we did not consider the effect of cross-slip on the dislocation-

precipitate interaction. Cross-slip allows the motion of screw segments

into parallel glide planes above or below the precipitate which would con-

sequently decrease the effective pinning strength. At high temperatures

dislocation climb could have a similar effect.
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5. Dislocation loops and strong
precipitates

In this chapter we apply the multiscale pinning model introduced in the

previous chapter to simulate yielding of irradiated iron which contain im-

movable precipitates and prismatic dislocation loops. Further details can

be found in Publication II.

5.1 Irradiation generated dislocation loops in iron

Strong radiation damages crystalline materials by knocking lattice atoms

out of their places which results in a distribution vacancies and inter-

stitial atoms that cluster together forming larger defects like dislocation

loops. In BCC iron the loop population is a mix of self-interstitial atom

(SIA) dislocation loops consisting of dislocation segments with 〈100〉 and
1
2〈111〉 Burgers vectors [28, 29, 28, 30]. Because of their dislocation na-

ture, SIA loops generate a complex anisotropic stress field in the sur-

rounding metal matrix [84]. They can glide in the direction of their plane

vector in the so-called glide prism and thus they are sometimes called

prismatic loops. Because of their internal structure and mobile nature

they interact with line dislocations in a complicated manner. Previous

DDD simulations of BCC iron containing loops and line dislocations have

been able to capture the increase in the yield stress and the generation

of loop-free channels [85]. These channels form when dislocations anni-

hilate loops at certain parts of the crystal, while in other parts the loop

population remains unaffected. The plastic deformation then localizes to

these channels as the dislocation motion is not hindered by the defects.

To cope with this type of damage, new materials are suggested for struc-

tures in irradiated environments. One example of these are ODS steels

which contain high densities of nanoscale oxide precipitates. They have

increased yield stress over a wide temperature range which makes them
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suitable building materials for structural parts of nuclear reactors. For

practical purposes it is important to understand how the collective inter-

actions of line dislocations, strong precipitates and irradiation-generated

dislocation loops change the mechanical properties of these steels under

stress.

The precipitates are immobile pinning obstacles for dislocation motion

and a source of static disorder in the crystal. The dislocation loops on the

other hand can be annihilated or pushed away by the line dislocations.

In a system where both defects are present, the precipitates could block

the loop movement which could lead to the suppression of plastic localiza-

tion described earlier. Our goal in this section is to compare the relative

contribution of both defect types to the yield stress of the metal. To this

end we use our Gaussian pinning model to simulate yielding at elevated

temperatures of irradiated BCC iron containing large amount of strong

precipitates as well as hexagonal 1
2〈111〉 dislocation loops.

5.2 Simulation setup

We used the same input parameters for DDD as in our multiscale frame-

work in the previous chapter. The multi-scale fitting was then done by

assuming that all dislocation segments are constrained to move on their

glide planes. In a single-slip system this assumption was justified as we

could orient our system so that we could apply directly the resolved stress

component and we didn’t want to take into account cross-slip or climb.

At elevated temperatures BCC crystals exhibit pencil glide [62, 63, 64]

which means that the glide of screw dislocations is not constrained to the

crystal directions. In a tensile test with multiple dislocations the glide

constrained mobility would then not give complete picture of the plastic

deformation.

In order to add realism in our simulations we change the mobility func-

tion to BCC_0 which includes the pencil glide feature and is distributed

with the open source version of the ParaDiS code. The chosen mobility

function models pencil glide by assuming glide-constrained linear mobil-

ity for dislocation segments with edge character and isotropic linear mo-

bility for dislocation segments with screw character [56, 86].

The simulation box was chosen to be a cube with the dimensions of

0.75μm × 0.75μm × 0.75μm with PBC in all directions in order to model

bulk properties of the crystal. The initial configuration of dislocations con-
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sisted of 24 straight screw dislocations of 1
2〈111〉{110} slip system, which

corresponds to an initial dislocation density of ρ = 7.38 × 1013m−2. In

addition to straight dislocations, varied amounts of precipitates and pris-

matic dislocation loops were randomly positioned within the simulation

box. To prevent overlapping, a minimum distance between precipitates

was set to match their size parameter. The precipitate strength param-

eter was chosen to be A = 1.56 × 10−18 Pa m3, which, when considering

size parameters Rp = 5nm and Rp = 10nm, is large enough to make

the precipitates strong (Orowan loop generating) obstacles for disloca-

tions moving within a plane spanned by the dislocation line and the pre-

cipitate center. The precipitate number density varied in the range ρp =

1.0×1021 · · · 2.0×1022 m−3, which is within the range of typical experimen-

tal values for ODS steels [87]. Dislocation loops were perfect interstitial

hexagonal loops of 1
2〈111〉 nature.

5.3 Results

5.3.1 Strong precipitates

When the simulation is started, a strain rate of ε̇ = 1× 106 s−1 is imposed

in the crystal in the [001] direction. This generates a uniform stress field

to the crystal and dislocations begin to move around until they collide,

forming dislocation junctions. The junctions pin the dislocation segments

which then start to bow out generating more dislocation line length and

thus increasing the total dislocation density. When there are spherical

obstacles in the simulation box they act as pinning points that disloca-

tions must overcome with the Orowan mechanism before they can move.

Stress-strain curves of the dislocation-precipitate system are shown in

Fig. 5.1. In Figs. 5.2(a) and 5.2(b), the dislocation density is plotted as

a function of the strain for two precipitate sizes. The rate at which dislo-

cation density increases is proportional to the number of precipitates in

both cases.

A close-up of the microstructure is presented in Fig. 5.3. Inital disloca-

tion structure has formed a complex network of continuous dislocations,

and dislocations that have moved over precipitates have left Orowan loops

in their wake. Sometimes when a screw dislocation overcomes a precipi-

tate, the trailing edge segments that it leaves around the precipitate can
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Figure 5.1. Stress-strain curves of systems with different precipitate densities and pre-
cipitate size parameters. a) Rp = 5nm b) Rp = 10nm.
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Figure 5.2. Dislocation density as a function of strain for systems with different precip-
itate densities and precipitate size parameters. a) Rp = 5nm b) Rp = 10nm
.

be on different parallel glide planes and thus do not annihilate each other

easily. Instead of a classical Orowan loop which lies in a plane, this gener-

ates a twisted noose around the precipitate which stays connected to the

line dislocation. An example can be seen in the upper right corner of Fig.

5.3.

In order to quantify the strengthening effect of the precipitates, we de-

fined the tensile yield stress σy as the local maximum stress in the stress-

strain curves. We then compared it to an analytical expression similarly

as in the previous chapter but we must now take into consideration the

fact that we have multiple dislocations in different slip planes and the

loading happens in a uniaxial direction. This type of loading generates a

resolved shear stress σr on the glide planes of the dislocations. σr is the

stress that the dislocations "feel" when overcoming obstacles. It is related

to the tensile stress by a Schmidt factor α, σr = ασy. Straight disloca-

tions in our simulations were on the 1
2〈111〉{110} slip system for which the
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Figure 5.3. Close-up look at the 3D structure of a dislocation system with strong pre-
cipitates at a strain of ε = 0.63%. Dislocations (green lines) evolve into a
complex network where they pin to each other forming junctions. Disloca-
tions that have bypassed precipitates (red spheres) have left Orowan loops
around some of the obstacles. In the inset is shown an example of a twisted
noose where the edge arms of the loops are on different planes and thus can-
not annihilate each other.

Schmidt factor is α = 0.4082. In a precipitated system both forest disloca-

tions and precipitates act as obstacles for the dislocation motion and their

contributions to the yield stress can be acquired by assuming a linear rule

of mixture

σy =
1

α
(σpure

r + σprecip
r ) = σpure

y +
1

α
σprecip
r .

(5.1)

For randomly positioned obstacles in plane, Bacon et al. [83] suggested

the expression

σprecip
r = C

Gb

L−D

[
ln

(
L

rcore

)]− 1
2
[
ln

(
D̄

rcore

)
+ 0.7

] 2
3

.

(5.2)

We must do some modifications to Eq. (5.2) because in our simulations

precipitates are distributed in a volume so we must relate the inter-precipitate

distance L in the glide plane to the number density in three dimensions.
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Figure 5.4. Yield stresses as a function of precipitate density from simulations (symbols)
and from the modified Bacon-Kocks-Scattergood equation (lines), Eq (5.3).

For spherical obstacles the distance between them as a function of their

number density is L = (2Dρp)
−0.5 [88, 89]. Thus we modify Eq. (5.2) by

adding the inter-particle distance for 3D distributed obstacles, and obtain

for the yield stress

σy = σpure
y +

Gb

α[(2Dρp)−0.5 −D]

[
ln

(
(2Dρp)

−0.5

rcore

)]− 1
2
[
ln

(
D̄

rcore

)
+ 0.7

] 2
3

.

(5.3)

Examples of yield stresses calculated from Eq. (5.3) are plotted in Fig. 5.4

together with yield stresses obtained from the simulations for two precip-

itate sizes.

For the smaller precipitate size we can observe that when ρp < 1× 1022,

the yield stress from Eq. (5.3) (blue line) is larger than the simulated

one (blue circles). There are a number of reasons that can be behind this

difference. The glide planes of dislocations cut the precipitates randomly

in 3D, so the dislocations do not see a uniformly sized precipitate pop-

ulation but a distribution of precipitates with different diameters. The

maximum diameter in this distribution is the equator diameter and min-

imum is arbitrarily small. When applying Eq. (5.3), we assumed that all

obstacles have the same diameter, the equator one. It is easier for dislo-

cations to bypass arbitrarily small obstacles so this could be one reason
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why the simulations with smaller precipitate densities give smaller yield

stress values than those obtained from BKS. The effective size of the par-

ticles could also be larger than the size parameter would suggest because

the edge the of Gaussian obstacles is not exactly defined. This could ex-

plain why the yield stress for larger precipitates (red squares) is higher

than modified BKS equation (red dotted line). Relatively small changes in

obstacle size from D = 20nm to D = 30nm will increase the yield stress

significantly especially at higher obstacle densities. This can be seen from

the green segmented curve plotted in Fig. 5.4. When the precipitate den-

sity is large, i.e ρp > 1× 1022, the dislocation density also increases which

leads to stronger forest hardening. In addition the screw dislocations can

move in non-crystallocraphic directions which is not taken into account in

the BKS equation.

5.3.2 Dislocation loops and precipitates

Arsenlis et al. used DDD to simulate iron that contained similar SIA dislo-

cation loops as in our simulations [85]. They observed several elementary

reactions between straight dislocations and prismatic loops. According to

their results loops can be repelled by line dislocations but also attracted

to them depending on the Burgers vectors and orientations of the loops

and line dislocations. We observed qualitatively similar loop-dislocation

interactions in our simulations. Dislocation loops tend to move on their

glide prism and form larger structures because of the mutual attraction

of segments with different signs. This mechanism tends also to move the

loops towards the continuous dislocations so that the loops decorate them.

When strong precipitates are added to the system they tend to pin both

line dislocations and loops as can be observed from Fig. 5.5. Straight dis-

locations bypass them with the Orowan mechanism and Orowan loops are

generated similarly to the case of a pure precipitate system.

The yield stress of systems with both loops and precipitates are plotted

as a function of their densities in Fig. 5.6.

5.4 Discussion

The mobility parameters taken from MD lead a to small timestep Δt <

10−14 in these large scale simulations which forced us to use a high strain

rate ε̇ = 106 s−1 to reach reasonable strains. This high strain rate intro-
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Figure 5.5. Close-up look at the 3D structure of a dislocation system with glissile dislo-
cation loops and strong precipitates at a strain of ε = 0.74%. Dislocations
(green lines) evolve into a complex network where they pin to each other.
Overcoming the precipitates (red spheres) has left Orowan loops around some
of the obstacles. Both loops and precipitates pin the dislocations down. Pre-
cipitate size parameter is Rp = 5nm and the loop radius is rl = 5nm.

duces rate effects. The yield stress we found for a pure system is some-

what higher than has been experimentally observed for iron in the qua-

sistatic limit. The pencil glide has an interesting effect on the dislocation-

precipitate interactions. Instead of classical planar Orowan loops, a line

dislocation overcoming a precipitate can generate a twisted noose around

the precipitate which stays connected to the parent dislocation. This is

a demonstration that the dislocations motion in real materials in 3D is

more complicated than one would guess.

Addition of Eshelby misfit stresses to the Gaussian potential would in-

crease the realism of our precipitate implementation. Some small scale

dislocation dynamics simulations have shown that dislocations can over-

come misfit obstacles with several different mechanism depending on the

position where the dislocation cuts into the obstacle [90]. Addressing the

effect of these mechanisms on the yield stress of large scale multi-slip

systems provides straightforward venues for future research.
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Figure 5.6. a) Yield stress as a function of precipitate density for different loop densities.
b) Yield stress as a function of loop density for different precipitate densities.
c) A 3D surface plot of yield stress as a function of both loop and precipitate
densities. Linear interpolation was used between the datapoints. Precipitate
size parameter is Rp = 5nm and the loop radius is rl = 5nm.

The main result concerning the dislocation loops is that despite the

complex interaction mechanisms with line dislocations, they are equally

strong obstacles when compared to the precipitates when their respective

densities and sizes are equal. According to our simulations both defect

types thus contribute equally to the yield stress of bulk metal when both

are present. We did not observe the generation of loop-free channels and

strain localization. It is difficult to say if this results from the presence of

immobile precipitates as we did not capture the channel formation even

in the system that contains only loops. The highest loop density used in

this study, ρl = 4× 1021, is just above the limit where the channels should

emerge according to the results of Arsenlis et al. [?]. However due to

numerical constraints our simulation box dimensions were roughly half

of the ones used in their simulations and our dislocation loops were also

smaller (rl = 5nm vs rl = 12.5nm). These differences may lead to higher

onset density for the channel formation. Simulations should be made with

larger loop densities and larger system sizes in order to further investi-
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gate the effect of precipitates on the formation of loop-free channels.
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6. Dislocation velocity avalanches in
aluminium

In this chapter we discuss statistical properties of dislocation avalanches

in aluminium. We go trough the main results of Publication I.

6.1 Background

6.1.1 Review

As a short recap we go trough the main points concerning plasticity at

small scales. Plastic deformation is an intermittent process even in pure

crystals as dislocations move collectively in avalanches. Avalanches are

characterised by their sizes s′ = Δε (measured from the stress-strain

curves). The size distribution P (s′) of the avalanches follow a power law

P (s′) = s′−τs′f(s′/s′0) where τs′ is the size exponent, f a scaling function

and s′0 the cut-off avalanche size. MFD theory predicts a size exponent

of τs,mf = 1.5 which is close to some experimental values and previous

3D DDD simulations. The MFD prediction is at odds with results from

2D DDD simulations which is a simplification where dislocations are as-

sumed to be always straight and parallel to each other so their motion can

be reduced to the motion of points in a plane. However 2D DDD method

has been criticized for not including dislocation multiplication, junction

formation, bowing of dislocations or other phenomena that are present in

realistic multi-slip systems.

6.1.2 Correct analysis of avalanche statistics

There are subtleties in the way how the the avalanche statistics are ob-

tained that must be taken into consideration. The usual avalanche size

distributions measured in experiments and 3D simulations contains all
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avalanches irrespective of the σ-level at which they occur which can lead

to overestimation of the critical exponents [91, 92]. The overestimation re-

sults from integration of the non-stationary avalanche distributions with

different cut-off ’s over the control parameter which in the case of plas-

tic deformation is the stress. We denote this distribution as the stress-

integrated avalanche size distribution PINT(s). To get a measure of the

true exponents one should check the avalanche size distribution at differ-

ent levels of the stress which we denote here as the stress-resolved size

distribution P (s, σ). This size distribution is related to the integrated one

by PINT(s) =
∫
P (s, σ)dσ.

MFD theory gives an integrated size exponent of τs,INT,mf = 2.0. The

fact that the integrated size exponent observed in experiments is often

close to τs = 1.5 and not τs = 2.0 is sometimes explained by assuming

that strain hardening, resulting from dislocation multiplication, gener-

ates a back stress that keeps the system in the depinning critical point in

the spirit of self-organized criticality (SOC) [93]. Because of the limited

statistics of avalanches in the experiments and previous 3D DDD simula-

tions these conclusions are not very convincing.

Dislocation motion in metals with FCC structure like aluminium, is

close to the approximations of 2D DDD simulations as both the edge and

screw dislocation motion is glide-constrained in them. Micropillar com-

pression experiments of aluminium yield integrated size exponents in the

range of τs,INT = 1.47 − 1.67 [37]. This could be explained by the mean

field scaling if SOC mechanism is included. Limited avalanche statistics

of the experiments don’t allow a detailed analysis of the stress-resolved

size distribution so there is still some room for doubt.

To clarify this rather murky situation we performed extensive 3D DDD

simulations of dislocation velocity avalanches in bulk aluminium. Our

goal was to obtain enough statistics to be able to evaluate the validity of

the MFD theory on one hand and the results from 2D DDD simulations

on the other hand.

6.2 Modifying ParaDiS to enable avalanche simulations

We used the ParaDiS code to perform 3D DDD simulations. Two new fea-

tures were added to the default version in order to enable the study of dis-

location avalanches and their statistics. These were outputting of mean

dislocation velocity and implementing a quasistatic stress ramp where
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the stress is controlled by the mean velocity. These modifications are de-

scribed below.

6.2.1 Collective dislocation velocity

When avalanche statistics are investigated in micropillar compression

experiments, the size of the avalanche is usually taken to be the accu-

mulated strain in a strain step s′ = Δε [36, 94, 95]. But this may not

necessarily be the best measure of dislocation activity; for example two

dislocations with opposite Burgers vectors moving in the same direction

do not contribute anything to the strain. Thus by looking just the strain

avalanches some information is lost from the avalanche dynamics. The

average absolute dislocation velocity 〈V (t)〉 ,where 〈〉 denotes the average

over dislocation segments, would be a better measure of activity in the

system as it also contains the dislocation motion that do not contribute

to the total strain. We modified ParaDiS so that it outputs the average

velocity of the dislocation segments. The average velocity is calculated

by considering a segment-length weighed, perpendicular to the segment

components of the velocities of the discretisation nodes forming each seg-

ment,

〈V (t)〉 = (
∑
i

liv⊥,i)/(
∑
i

li), (6.1)

where li and v⊥,i are the length and velocity perpendicular to the line

direction of the ith dislocation segment, respectively.

The DDD code has inherently some numerical noise at the scale of sin-

gle simulation time step. The noise serves as a source of error in the

avalanche statistics as it can be misinterpreted as short avalanches. To

remedy this problem a time integration window was implemented on the

velocity calculation. This means that the velocity is averaged over fixed

time interval that spans multiple time steps but is short enough that it

does not include multiple real avalanches. By using this method we can

reduce the numerical noise and measure the true dislocation activity.

6.2.2 Quasistatic stress ramp

To reach the quasistatic limit of the avalanche dynamics where avalanches

happen individually, the external loading rate should be in the ideal case

infinitely slow. In practice this is realized in experiments and simula-

tions by using loading modes where the loading depends on the disloca-
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tion activity in the sample: load is increased when there is no activity

but kept constant when something is happening [44]. We implemented a

quasistatic stress ramp into ParaDiS: the stress is increased only when

the dislocation activity which is measured in our case from the velocity, is

below a small threshold value. When there is an avalanche, i.e., velocity

signal is above the threshold, stress is kept constant.

6.3 Results of the simulations

To study the effect of the system size, we consider different linear sizes

L = 0.715, 1.001, 1.2298, and 1.43 μm of the cubic simulation box (i.e.,

within the range of those of typical microcrystal compression experiments

[41, 36, 37, 96, 42, 39, 38]), keeping the initial dislocation density roughly

constant at ρ0 ≈ 3.0 · 1013 1/m2; this leads to initial numbers N0 = 10,

20, 30, and 40 of straight mixed dislocations placed randomly on the glide

planes of the FCC lattice. Results are shown in scaled units, by measuring

lengths, stresses, strains and times in units of ρ
−1/2
0 , Gbρ

1/2
0 , bρ

1/2
0 , and

(Gb2Mρ0)
−1, respectively. Cross-slip of screw segments was not activated

in the simulations.

In each simulation, straight dislocations were randomly positioned into

the simulation box and then relaxed in a zero stress. They formed into

a tangled, metastable initial configuration which was then loaded with

the quasistatic stress ramp. During the loading dislocations moved in

a bursty fashion and junction formation and dislocation multiplication

increased the dislocation density as seen in Fig. 6.1. There were lots

of fluctuations in the stress-strain curves of individual initial configura-

tions. Stress-strain curves averaged over all initial configurations show

the typical size effect - smaller is stronger (Fig. 6.1).

During the loading avalanche statistics were collected from the average

dislocation velocity signal. Avalanches are defined by thresholding the

〈V (t)〉 signal, with the avalanche size defined as s =
∫ T
0 [〈V (t)〉−〈V (t)〉th]dt

(T is the duration of the avalanche such that 〈V (t)〉 continuously exceeds

〈V (t)〉th) [97]. An example velocity signal and the definition of avalanches

is presented in the bottom panel of Fig. 6.1. Avalanche size is the area

under the velocity peaks shaded with red color.

The stress-integrated avalanche size distributions PINT(s) of different

sized systems exhibits two power law regimes with different exponents

and a cut-off as seen in the main panel of Fig. 6.2. To capture these
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Figure 6.1. (a) Main panel Average stress strain curves. Top inset stress strain curves of
different initial states. Bottom inset dislocation density as function of strain.
Bottom panel Average dislocation velocity signal. Dislocation avalanches are
defined as the areas under the peaks in average Dislocation velocity signal.

features we use a crossover scaling function which has the following form

PINT(s) =
As−τs,INT

e

(
s
s0

)b

[
1 +

( s

s∗
)(τs,INT−τ eff

s,INT)κ
] 1

κ

, (6.2)

where τ eff
s,INT is the size exponent for small avalanches, τs,INT is the size

exponent for the large avalanches, and κ controls the sharpness of the

crossover. The cross-over scaling function is numerically fitted to the sim-

ulation results with least-squares minimization. The exponents obtained

from the fit have the values of τ eff
s,INT = 1.75± 0.03 and τs,INT = 1.52± 0.04

respectively.

This division into two power law regimes is again found when we look at

the average size of the avalanches as a function of their duration T which

is plotted in the inset of Fig. 6.2. We use a crossover scaling function

〈s(T )〉 = BT γ [1 + (T/T ∗)(γeff−γ)κ]1/κ to describe this data and use simi-

lar least squares fitting as before. For small avalanches the average size

follows a power-law with an exponent γeff = 1.11 ± 0.02, and for large

avalanches with an exponent γ = 1.5± 0.02. MFD predicts an exponent of

γmf = 2.0 so our results differ form MFD in this respect too.

The shape of the avalanches is different in the two regimes. For small

avalanches the shape of the velocity peaks are asymmetric with fast ini-

tial rise and then a slow decay (Fig. 6.2 (b)). For large avalanches the

shape is more symmetric and can consist of multiple peaks (Fig. 6.2 (b)).
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Figure 6.2. (a) Main panel: stress-integrated avalanche size distributions PINT(s) for dif-
ferent N0. The data is fitted with the crossover scaling form [Eq. (6.2), solid
lines], revealing two power law regimes, with small avalanches [an example
V (t) signal shown in (b)] characterized by τ eff

s,INT = 1.75 ± 0.03, while larger
avalanches [an example V (t) signal shown in (c)] have τs,INT = 1.52 ± 0.04.
For comparison, the dash-dotted line corresponds to the mean field result
τs,INT,MF = 2. The inset of (a) displays the 〈s(T )〉 relation, with γ = 1.50±0.02

and γeff = 1.11± 0.02 for T � T ∗ and T � T ∗, respectively.

In the main panel of Fig. 6.3, the stress-resolved avalanche size distri-

bution P (s, σ) also exhibits two power law regimes with an exponential

cut-off so we use the same cross-over scaling function to describe it as

with the stress-integrated case. Now we obtain for small avalanches the

size exponent τ eff
s = 1.77 ± 0.06 and for large avalanches τs = 1.15 ± 0.13

which is clearly smaller than the value predicted by MFD and closer to

the 2D DDD result of τs = 1.0 [49].

The average avalanche size multiplied with the total dislocation length

〈s〉Ḋtot is plotted in the inset of Fig. 6.3. The axis in the figure are in

semilogarithmic scale so the linear shape of data indicates that 〈s〉Ḋtot

increases exponentially as a function of stress at small stresses. There is

a size-effect at every stress-level when the system size is increased.

6.4 Discussion

For the large avalanche regime we obtained a similar integrated size ex-

ponent τs,INT = 1.5 as is seen IN the experiments for aluminium by Ng et

al. [37]. The stress-resolved size exponent differed from the MFD predic-

tion τs = 1.15 vs τs,mf = 1.5. The scaling exponent γ = 1.5 was also not

consistent with MFD. Our results were robust against the details initial
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Figure 6.3. Stress-resolved avalanche size distributions P (s, σ) for different stress levels
σ (main figure; open and filled symbols correspond to N0 = 30 and 40, re-
spectively). The N0 = 40 data is fitted with the crossover scaling form of Eq.
(6.2) (solid lines), revealing τs = 1.15± 0.13 for s � s∗, and a larger effective
τ eff
s = 1.77 ± 0.06 for s � s∗. The inset shows the average avalanche size
〈s〉Dtot as a function of σ for various N0.

configurations, use of different stress rates, definition of the avalanche

size and the activation of cross-slip.

The shape of avalanches in the small size regime is similar to the one

found in 2D simulations where the stress was applied locally to a ran-

domly chosen dislocation in order to excitate avalanches [50]. They cor-

responds to slip of single dislocation, followed by the relaxation of the

system. A more systematic study of avalanche shapes would be needed,

but as always this can prove difficult because of the amount of statistics

required.

An important result was that the cut-off scale s0 of the stress-resolved

size distribution seems to develop with the stress. This is clear evidence

against the hypothesis that the system stays in the MFD critical point

with a stationary avalanche process. Further departure from MFD frame-

work is found when we look at the 〈s〉 as a function of σ for different

system sizes. According to MFD the average size should scale as 〈s〉 ∝
[fc(L) − f ]−1 with a size effect for the critical point fc(L) = fc(∞) + aL−1

(f being analogous to σ) [49]. Our simulations on the other hand show 〈s〉
increasing more or less exponentially at small stresses and having a size

effect at every value of σ . The exponential form has also been observed

experimentally for Al by Ng et al. [37].

So instead of having a well-defined critical point (depinning stress), our
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results suggest that the 3D dislocation system is in an extended critical

phase like those found in some glasses [98]. Extended criticality was pre-

viously found in 2D DDD avalanche simulations which showed the same

exponential scaling of 〈s〉 and a size effect at all σ as in our 3D DDD sys-

tem [49]. Extended criticality has been found also in 2D DDD simulations

of dislocation velocity relaxation below the yield stress [99]. Velocity re-

laxation was critical at all system sizes without any stress threshold.

The 2D DDD picture of crystals as glassy systems can be reasonably

applied to our results as we simulated FCC aluminium in which the edge

and screw dislocations can move only in clearly defined glide planes. In

BCC metals like iron, the screw dislocations can cross-slip to parallel glide

planes easily and in high temperatures they can move via pencil-glide in

non-crystallographic directions which can reduce the frustrations in the

system. Further studies should be made in regards to the role of different

crystal structures in avalanche dynamics.

As we have seen, metals can also contain other defects like precipitates

in addition to dislocations which can act as immovable pinning points in

the system and change the nature of avalanche dynamics towards the de-

pinning framework. This kind of cross-over from jamming to pinning has

been seen in 2D DDD simulations [51]. With our Gaussian obstacle model

for ParaDiS it is now possible to perform large-scale 3D DDD simulations

in order to capture a similar cross-over in 3D, but this is left for future

work outside the scope of this thesis.
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7. Summary and outline

In this thesis the plastic deformation of crystalline materials was studied

with the help of 3D discrete dislocation dynamics simulations.

In Publication I we studied a dislocation interacting with hard spherical

defects. We developed a multiscale framework were dislocation-precipitate

interactions were simulated first with MD and then the results were used

as inputs for the new Gaussian obstacle model in the DDD code ParaDiS.

We were able to match the two methods reasonably well. This work has

methodological impact as the precipitates have not been previously in-

cluded in ParaDiS. Addition of an Eshelby misfit stress field to the obsta-

cle implementation is left for future work.

In Publication II the Gaussian obstacle model was used to perform large-

scale simulations of yielding of irradiated iron that contains both small

but strong precipitates and dislocation loops. Our results would indicate

that loops and precipitates of similar size and density contribute equally

to the yield stress. It was also to our knowledge the first multi-slip simu-

lations which contained both dislocation loops and precipitates. This work

can be extended by looking at the effect of non-uniform obstacle distribu-

tions on the yield stress.

In Publication III, we showed with extensive numerical simulations that

dislocation avalanches in pure FCC aluminium are not consistent with

the mean field depinning framework or self-organized criticality. Instead,

the avalanche statistics showed features typical to jammed glassy sys-

tems - an extensive critical phase, stress dependent cut-off of the size

distribution, etc. These results have relevance in understanding the fun-

damental nature of crystalline plasticity at small scales. In the future

avalanche processes should be studied in other lattice structures like BCC

and the effect of other defects, such as dislocation loops and precipitates,

should be addressed.
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