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1. Introduction

Instead of responding smoothly to external stimuli, many systems react in

a bursty, intermittent manner. For instance, tectonic plates slowly driven

by energy from the Earth’s mantle do not move at a constant pace. In-

stead, they get stuck against each other and advance in sudden jerks,

causing earthquakes as the stored energy is abruptly released. Earth-

quakes come in a wide variety of sizes, ranging from barely detectable

tremors to catastrophic events.

Crackling noise [1] is a term coined to describe systems that respond

to external driving through discrete avalanches of broadly varying sizes

(more specifically, the size distribution follows a power law). It is observed

in such different contexts as martensitic transformations [2, 3], magneti-

zation [4], solar flares [5] and economics [6], and is also commonly encoun-

tered in the plastic deformation and fracture of materials [7, 8, 9].

Figure 1.1. Example of a crackling signal V (t), with individual avalanches separated by
quiescent periods. Some quantities typically characterizing avalanches are
shown: avalanche size s (the shaded area), duration T and waiting time τ .
The signal is from the model described in Publication I.
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Although crackling noise might seem random at a first glance (see Fig-

ure 1.1 for an example of a signal), some regularities become apparent

when the statistical properties of a large number of avalanches are stud-

ied. The probabilities of avalanche size and duration follow power law

distributions and often it can be shown that spatial and temporal corre-

lations between different avalanches exist. Earthquakes serve again as a

well established example: according to the frequency-magnitude relation-

ship named after Gutenberg and Richter, large quakes are less frequent

than small ones, the frequency decreasing with size as a power law over

several orders of magnitude [10]. Omori discovered already in the late

1800’s that large earthquakes are followed by aftershocks [11].

The statistical properties of avalanches can be characterized by the

probability distributions of various quantities (size, duration, waiting

time between avalanches etc.), and these are generally found to follow

the form of a power law with a cutoff:

P (x) = x−af(x/x0) (1.1)

where a > 0 is a scaling exponent and f(x/x0) is a function which goes

rapidly to zero when x becomes larger than the cutoff scale x0. The set

of scaling exponents ai obtained e.g. from numerical simulations can be

compared to experiments and theory to see whether they match. How

the cutoff scale changes with system size or other variables such as the

driving field is another important indicator of the dynamics of a system.

This is often difficult to study in sufficient detail due to the rarity of very

large events, requiring large statistical samples.

When interpreting numerical or experimental results, it is important

to keep in mind that the exponents ai are not independent, but various

scaling relations can be derived between them [12]. As a concrete exam-

ple, let us consider the relation between avalanche size s and duration

T . The average avalanche size is typically found to scale with duration

as 〈s(T )〉 ∼ T γ . Inserting the expected value s ∼ T γ into the equation

for conservation of probability (P (s)ds = P (T )dT , with P (s) ∼ s−τs and

P (T ) ∼ T−τT ), it is simple to derive a scaling relation between the three

exponents: γ = (τT − 1)/(τs − 1). Whenever possible, one should check

whether the fitted exponents fulfil the expected scaling relations between

them. A single measured scaling exponent is not strong evidence that a

2
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system adheres to a certain theory; this is especially true when the scal-

ing region is relatively short, and if limited statistics or noise result in

large statistical uncertainties for the fitting parameters.

Broad power law distributions over several length scales imply that mi-

croscopic details are not important in describing large scale behaviour.

This motivates the use of generalized models with many simplifying as-

sumptions to describe real systems. A further implication is the possi-

bility that two very different phenomena could be described by the same

model: in the context of critical phenomena, two systems with the same

scaling exponents and functions belong to the same universality class [12].

In fact, the numerical model with which we study deformation of crystals

in Publication I resembles a model describing the motion of vortices in

superconductors [13], although there are important distinctions between

the two.

After this brief introduction to avalanches in general, we move on to

study avalanches in the plastic deformation of materials. Chapter 2 dis-

cusses Publications I-III, which concern numerical simulations of plastic

deformation in crystalline materials. We study extensions of a simplified

numerical model and examine the avalanche dynamics as well as other

collective phenomena encountered in crystal plasticity. In Chapter 3 we

look at avalanche statistics and correlations in compression experiments,

related to Publication IV. Finally in Chapter 4 we conclude what we have

learned, and discuss some ideas for future studies.
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2. Avalanches in discrete dislocation
dynamics

2.1 Plastic deformation in crystals

2.1.1 Dislocations

Crystalline materials deform under stress due to the motion of disloca-

tions, line-like defects which also interact with each other through their

long-range stress fields [14]. Two fundamental types exist, called screw

and edge dislocations, although in general dislocations are curved lines

which have a mixed nature with both edge and screw components. Within

this work, we will concentrate on edge dislocations, which can be visual-

ized as extra half-planes embedded within the crystal.

An edge dislocation is generally restricted to gliding along a slip plane

defined by its Burgers vector and dislocation line (although dislocation

climb to other slip planes becomes important in high temperatures). Fig-

ure 2.1 shows a schematic representation of strain produced by an edge

dislocation moving due to an applied shear stress.

Figure 2.1. Schematic representation of an edge dislocation with Burgers vector b gliding
along its slip plane to the right. Adapted from [15].

Typically plastic deformation results from the collective motion of a

5



Avalanches in discrete dislocation dynamics

large number of dislocations. A general relationship between plastic de-

formation and dislocation motion can be stated as the Orowan equation

[16]: Strain rate produced by dislocations moving at average velocity v

is εt = ρmbv, where ρm is the density of mobile dislocations and b is the

Burgers vector.

Although stress-strain curves measured from large crystalline samples

generally appear smooth, compression experiments on single crystal mi-

cropillars have shown their plastic deformation to be highly intermittent,

with scale-free strain bursts, or avalanches [17, 18, 19, 20, 21]. Broad

power-law distributions and spatial clustering of avalanches in acoustic

emission measurements of large-scale samples show further evidence of

intermittent avalanche dynamics caused by collective dislocation motion

[22, 23, 24, 25, 26].

2.1.2 Yielding transition

Due to the interactions between dislocations and other constraints on

their motion, dislocations form metastable structures within crystals, de-

scribed as dislocation jamming [27, 28]. This results in a yield stress

which has to be overcome for continuous plastic flow to occur. The nature

of the yielding transition has long been debated. It has been proposed

that yielding in crystals can be described as a continuous non-equilibrium

phase transition occurring at a critical point, similar to a depinning tran-

sition [29] seen e.g. in the dynamics of magnetic domain walls [30]. Due to

long-range interactions between dislocations, it has been suggested that

the dynamics would fall specifically into the category of mean-field depin-

ning (MFD) [31]. However, many simulation studies of collective dislo-

cation dynamics are inconsistent with MFD. Critical exponents are often

found to differ from mean-field values [27, 32, 33, 34]. Furthermore, prop-

erties such as aging, slow relaxation and an extended critical phase below

the yield stress [35, 36, 37] suggest that dislocation assemblies would be-

long to a class of glassy systems [38], rather than be described by depin-

ning.

In the standard depinning description, an elastic manifold (be it a mag-

netic domain wall or a dislocation line) is pinned by the influence of

quenched disorder [39], which is absent in many numerical studies of dis-
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location dynamics. This is the issue we will address in Publication I by

adding quenched pinning centers to a numerical model described below.

We will modify this model to include mobile solute atoms instead of im-

mobile pinning points in Publication II. In Publication III we will return

to a "pure" dislocation system and study its behaviour when avalanches

are triggered locally instead of using a global loading protocol.

2.2 Numerical models

Capturing the full complexity of plastic deformation of crystals in any sin-

gle numerical model is practically impossible due to constraints in com-

putation time, and thus the level of detail must be chosen to fit the phe-

nomena one wishes to study. For instance, detailed studies of specific

deformation processes on the nanometer scale, such as the interaction of

a dislocation and a point defect, call for atomistic simulations [40, 41].

Phenomena on larger scales, e.g. dislocation patterning, have been stud-

ied with continuum models where dislocation densities are considered in-

stead of individual dislocations [42, 43, 44].

2.2.1 Discrete dislocation dynamics models

Between the atomistic and continuum descriptions lies a class of mod-

els known as discrete dislocation dynamics (DDD), in which the funda-

mental constituents of crystals are taken to be dislocations themselves.

The dislocations move in an elastic medium, and interact through their

long-range stress fields calculated from linear elastic theory. DDD mod-

els have been widely used to study collective phenomena of interacting

dislocations, since their simplicity (compared to atomistic simulations) al-

lows one to include a substantial number of interacting dislocations into

a simulation system and still gather sufficient statistics.

DDD models can be separated into two distinct categories according to

their dimensionality. In three-dimensional models, each dislocation con-

sists of several discrete segments. Such models have been used to study

avalanches in crystal plasticity [18, 34], although the high computational

cost makes collecting statistics demanding. A further simplification to the

3d DDD models are two-dimensional ones, where only parallel edge dis-
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locations are considered. This essentially reduces the system of curved,

three-dimensional dislocation lines into a much simpler array of point-

like dislocations: taking the two-dimensional cross-section parallel to the

dislocation lines, each dislocation can be modelled as a point in this plane

[45]. Though this is certainly a drastic simplification, the 2d DDD model

has been successfully used to shed light on several aspects of crystalline

plasticity, such as the Andrade creep law [27, 46, 47], and avalanche dy-

namics [33].

As in experiments, plastic deformation in DDD models can be driven

by many different loading protocols. Controlling the external stress is

straightforward, as the external stress at each time step is directly im-

posed on each dislocation. Strain-controlled simulations can be performed

by adjusting the external stress with a feedback loop in order to get an

approximately constant strain rate. In this thesis, we always study ava-

lanches in stress-controlled simulations by using a quasistatic stress ramp.

Other collective phenomena are studied by using a constant or cyclic ex-

ternal stress, as well as performing some strain-controlled simulations.

More details on the loading protocols are presented later in this chapter.

2.2.2 Pure 2d model

Here we outline a pure 2d DDD model found in numerous previous studies

(with some variation in the details). "Pure" refers here to a model which

includes only dislocations. The model described here is used in Publica-

tion III as such, and with the addition of point defects in Publication I and

Publication II. The simulated system consists of Nd edge dislocations ori-

ented along the z-axis with Burgers vectors b = snbux with sn ± 1, inside

a square box with linear size L. An equal number of dislocations with

positive and negative Burgers vectors is assumed. A single-slip geome-

try is assumed: the dislocations are restricted to glide along the x-axis.

Dislocation climb is not included, which is a reasonable approximation at

temperatures well below the melting point [48, 35].

Dislocations interact through their long-range stress fields, where the

shear stress of a dislocation at position r = (x, y) relative to it is

σxy(r) = Dsnb
x(x2 − y2)

(x2 + y2)2
(2.1)

according to linear elasticity [49]. Here D = μ/2π(1 − ν), where μ is
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the shear modulus and ν is the Poisson ratio of the material. Periodic

boundary conditions are assumed in the x-direction. In order to prop-

erly handle the long-range (i.e. 1/r-dependence) interactions with periodic

boundaries, the stress fields in Equation 2.1 are summed over an infinite

number of periodic images in the x-direction. Thus the stress-field of a

dislocation becomes

σd(r) = Dsnb
∞∑

n=−∞

(x+ nL)[(x+ nL)2 − y2]

[(x+ nL)2 + y2]2
, (2.2)

where L is the linear system size. The sum can be calculated exactly (see

e.g. appendix C in [45]), and the result is

σd(r) =
Dπsnb

L

sin(2πX)[cosh(2πY )− cos(2πX)− 2πY sinh(2πY )]

[cosh(2πY )− cos(2πX)]2
, (2.3)

where X = x/L and Y = y/L.

Assuming overdamped dynamics and a linear relation between velocity

and stress, the velocities of dislocations are

vn
χdb

= snb

⎡
⎣ Nd∑
m �=n

σd(rnm) + σext

⎤
⎦ (2.4)

where χd is the dislocation mobility and σext is the external shear stress.

Linear elasticity is not applicable near the dislocation core, as is evident

from the divergence in Equation 2.1 at r = 0. This problem is overcome

in the model by implementing the annihilation of two dislocations with

opposite sign whenever their distance is small enough. We set the anni-

hilation radius to b in our simulations. In some studies [23, 47], a dis-

location multiplication mechanism emulating Frank-Reed sources [50] is

implemented, but we omit it here due to the discontinuities in the stress

fields it introduces to the system. The initial configuration for a simula-

tion is obtained by first placing Nd dislocations at random positions, and

then letting the system relax at zero external stress until it reaches a

metastable configuration.

2.3 Quenched disorder

In Publication I we extend the standard 2d DDD model to include quench-

ed disorder in the form of a random spatial distribution of fixed pinning

centers. In real crystalline materials, such point defects can be present
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e.g. as solute atoms or precipitates, which generally strengthen the mate-

rials by inhibiting dislocation movement [14, 51]. The purpose is to study

how the collective properties of the pure dislocation system change, when

long-range dislocation-dislocation interactions compete with short-range

dislocation-solute interactions. In particular, we wish to see whether a de-

pinning description of the yielding transition can be recovered, and how

various critical exponents relate to their mean-field values.

2.3.1 Implementation of pinning centers

Figure 2.2. Snapshot of a part of a simulation box with total size L = 200b containing
Nd ≈ 900 dislocations and Ns = 32000 pinning centers. Dislocations with
positive Burgers vector are shown in blue, negative ones in red. Black points
depict the pinning centers.

We add Ns immobile solute atoms at random positions to the system

(see Figure 2.2 for a snapshot), which interact with dislocations through

an interaction energy derived from non-local elasticity [52]. This can be

expressed in polar coordinates for the nth dislocation as

Un
NL = −(1 + ν)μsnbΔV

3π(1− ν)

sin θ

r

[
1− exp

(
−k2

a2
r2
)]

, (2.5)

where ΔV is the misfit area, k = 1.65, and a is the atomic distance. This

regularised form of the interaction energy is used to remove the singular-
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ity at r = 0. We set the factor k/a in the exponential term to unity, and

denote the pinning strength as A = [(1 + ν)μΔV )]/[3π(1 − ν)] from here

on. The corresponding interaction force acting on the dislocations due to

a solute atom is given by Fds = −∇UNL and thus the equations of motion

for dislocations are

vn
χdb

= snb

⎡
⎣ Nd∑
m �=n

σm
d (rnm) + σext

⎤
⎦− 1

b

Ns∑
i

(∇Un
NL) · ux. (2.6)

Since the dislocation-solute interaction decays rapidly with distance

(1/r2-dependence), we can significantly reduce the computational cost of

simulations by cutting it off at a certain distance rcutoff . This is imple-

mented through a neighbour list, as is standard practice in molecular

dynamics [53]. In Publication I, we use rcutoff = 15 b which typically

corresponds to two times the average dislocation-dislocation distance.

As a caveat, implementing point defects into a 2d geometry necessarily

excludes many processes which are relevant from a general materials sci-

ence perspective. A real dislocation line can be pinned at several position

along its length. Depending on parameters such as the size of precipitate

particles, a dislocation can either cut through them or bow around them,

leaving Orowan loops around the particles [14]. Such microscopic details

are important for e.g. determining the strength of a material but are not

expected to change the critical properties of the system. One should also

note that the pinning potential in Equation 2.5 is actually derived from

a 3d calculation, and using it in our 2d setting is of course artificial: the

force on dislocations is calculated only at a point in the 2d plane instead

of integrating it along the dislocation line. However, as we discuss below,

changing the form of the pinning potential does not affect our results.

2.3.2 Constant external stress

First we consider how quenched disorder affects the dynamics of the sys-

tem in simulations where a constant external stress σext is applied. In a

previous study of the pure 2d DDD system [27], the strain rate εt of the

system was found to display a time-dependence similar to Andrade’s creep

law [46], εt ∼ t−θ, with θ = 2/3. It was later shown that the power law

creep persists in a wide range of external stress below a limiting value

[37].
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Figure 2.3. The main panel shows the strain rate εt as a function of time in simulations
at a constant external stress σext in a system containing Ns = 8000 pinning
centers, with pinning strength A = 0.05. At a critical value σc ≈ 0.0275 we
find εt ∼ t−θ, with θ ≈ 1. The insets show the dependence of transient time
tc until power law decay sets in, and of critical stress σc on the number of
solutes Ns.

With quenched disorder included, we now find a power law εt ∼ t−θ with

θ ≈ 1 at a critical value of the external stress σc, as seen in Figure 2.3.

This new power law sets in after a transient time tc up to which the strain

rate behaves as in a pure system. For small values of σext, the strain

rate decays exponentially to zero, while at large values it approaches a

constant non-zero value. Keeping the pinning strength fixed to A = 0.05

but varying the number of pinning centers Ns in the range 500-32000,

we both verify the robustness of the power law, as well as study how Ns

affects σc and the transient time tc. Both quantities scale as power laws:

σc ∼ N0.33
s and tc ∼ N−0.72

s . The results for constant external stress show

two important differences with respect to the pure case: Power law creep

occurs only in the vicinity of a critical point instead of an extended critical

phase, and the exponent changes.

2.3.3 Avalanches in quasistatic loading

We study the avalanche dynamics using a similar loading protocol as for

the pure system [33]. Starting from a relaxed configuration, the external

stress σext(t) is slowly ramped up until the collective velocity of disloca-

tions V (t) =
∑

n |vn(t)| exceeds a small threshold Vth at a time t1. The
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external stress is kept constant until the collective velocity again falls

below the threshold at a later time t2. This constitutes one avalanche:

an event of duration T = t2 − t1, during which the strain increases by

s = b/L2 ∑ snΔxn which defines the avalanche size. The stress ramping

process is then repeated until at some high value of σext(t) sustained plas-

tic flow occurs.

Choosing one set of parameters (L = 200 b, Nd = 1600, Ns = 32000, A =

0.1) we simulate 6000 individual realisations of the system, and gather

statistics on the avalanche sizes and durations. The results are shown in

Figure 2.4. The stress-resolved size distributions are of the form

P (s, σext) ∼ s−τsf(s/s0) (2.7)

where τs = 1.30 ± 0.03 and the cutoff diverges near a critical stress σc ≈
0.09 as

s0 ∼ (σc − σext)
−1/σ (2.8)

with 1/σ = 1.90 ± 0.04. Unlike in the pure system where the cutoff in-

creases exponentially with external stress [33], the cutoff scaling here

corresponds to a depinning scenario. The exponent τs ≈ 1.3 is also larger

than the one for a pure system (≈ 1.0). The values we obtain for τs and

1/σ are also somewhat smaller than their values in mean field depinning

(1.5 and 2.0, respectively). The stress-integrated size distribution

Pint(s) =

∫ σc

0
P (s, σext)dσext (2.9)

yields Pint(s) ∼ s−τs,int with τs,int = 1.85 ± 0.10, and thus fulfils the scal-

ing relation τs,int = τs + σ [54]. The corresponding MFD exponent is 2.

We checked the robustness of the results for size distributions in several

ways: changing the pinning strength in the range A = 0.05 − 0.15, or

varying the system size does not affect τs. Furthermore, we were able to

reproduce the size distributions using Gaussian pinning centres (interac-

tion energy U(r) = −Ae−r2/R2), which shows that the specific form of the

pinning potential is not important. Varying the system size also shows

that the cutoffs of the distributions of slip sL2 are not affected by size.

This is in accordance with the depinning scaling, and different from the

pure system [33] where the cutoff increases with the number of disloca-

tions.
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Figure 2.4. Avalanche size and duration distributions for 2d DDD model with quenched
pinning, with intermediate pinning strength A = 0.1 and Ns = 32000 pinning
centers present. a) Stress-resolved size distributions are in the main panel
and the inset shows the stress-integrated distribution. b) Data collapse of
size distributions in the main panel, with scaling of the cutoff in the inset. c)
Main panel shows the duration distributions, while average size as a function
of duration is in the inset.
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Figure 2.5. Avalanche size distributions for very strong pinning (A = 1.0 and Ns =

32000) do not display power laws, but are exponential. The inset shows the
data on a semi-logarithmic scale.

The stress-resolved duration distributions follow a scaling

P (T, σext) ∼ s−τT g(T/T0) (2.10)

with τT = 1.40 ± 0.05. The average avalanche size scales with duration

for approximately two decades as 〈s(T )〉 ∼ T γ , with γ = 1.54 ± 0.05. The

scaling relation γ = (τT − 1)/(τS − 1) is fulfilled within errorbars. Both τT

and γ are significantly lower than the corresponding mean-field values,

which are both 2.

To summarize the results so far, competition between pinning and dis-

location jamming has given rise to a new phase with critical dynamics

corresponding to depinning transitions, with a set of critical exponents

which as a whole are different from their mean-field values. Finally,

we take a look at what happens when the pinning dominates over the

dislocation-dislocation interactions. Figure 2.5 shows the resulting stress-

resolved size distributions, when pinning strength is increased tenfold to

A = 1.0. The distributions are now exponential, P (s, σext) ∼ exp(−s/s0),
with the cutoff showing an exponential dependence on external stress:

s0 ∼ exp(σext/0.28). The absence of power law scaling indicates that criti-

cal dynamics has ceased. Additionally, the avalanches are typically much

smaller than in the previous case.
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2.4 Mobile solute atoms

Crystalline materials also often contain mobile point defects, such as so-

lute atoms in metal alloys. They diffuse around in the crystal lattice,

and are drawn towards nearby dislocations. "Cottrell clouds" that form

around dislocations inhibit their motion by inducing a drag on the mov-

ing dislocations [55, 56]. An intriguing example of the interplay between

mobile solutes and dislocations is seen as a macroscopic instability called

the Portevin-Le Chatelier (PLC) effect [57], which is believed to be caused

by dislocations repeatedly escaping their solute clouds, and then getting

pinned by them again [58]. Having established a 2d DDD model with im-

mobile point defects, it is then a natural extension to allow them to move,

and study the resulting dynamics. This is what we do in Publication II.

2.4.1 Model

The dislocation-solute interaction we use is the same as for quenched dis-

order (Equation 2.5) and the equations of motion for dislocations (Equa-

tion 2.6) remain unchanged. The solutes now move under the influence

of dislocations, with mobility χs. In addition, we include a mechanism for

mimicking thermal fluctuations. Solute atoms do not interact with each

other, and we do not impose any limit for how many solute atoms can be

present within an area. The equations of motion for solutes are then

vs
i

χs
=

Nd∑
n

∇Un
NL(rin) + η(t, x, y). (2.11)

Here η(t, x, y) is a Gaussian white noise term with correlations

〈η(t, x, y)η(t′, x′, y′)〉 = 2Dδ(t − t′)δ(x − x′)δ(y − y′), where D is the effec-

tive solute temperature. While we treat the solute mobility χs and tem-

perature D as independent model parameters, in reality they are linked

through the fluctuation-dissipation theorem. In order to properly inte-

grate the equations of motion with random terms included, we use a

stochastic second-order Runge-Kutta integrator [59]. Periodic boundary

conditions are implemented in both x- and y-directions.

When relaxing the system, we take care to allow solute atoms to gather

around dislocations. The typical system size we use is L = 200 b with Nd ≈
800 − 900 dislocations out of the initial 1600 remaining after relaxation.

The number of solute atoms is Ns = 8000, hence there are roughly ten
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solute atoms for every dislocation.

2.4.2 Andrade creep in constant stress simulations

We investigate the effect of mobile solutes on the strain rate relaxation in

simulations with a constant stress σ. For simulation parameters where

the solute atoms are able to form clouds near dislocations (i.e. low enough

temperature D, here we concentrate on the case D = 0) and follow them

around (high enough solute interaction strength A and mobility χs), we

find that the Andrade creep law persists for much higher values of exter-

nal stress as for a pure system [27]. As seen in Figure 2.6a, the average

strain rate follows 〈εt(t)〉 ∼ t−θ with θ ≈ 2/3 for roughly two decades for a

stress range σ = 0.035− 0.350. For a corresponding system without solute

atoms, we see a transition to steady-state flow already at σ = 0.045.

Fixing external stress at σ = 0.105 but varying χs reveals some inter-

esting aspects about the dynamics (see Figure 2.6b): First, the transient

time until Andrade-like power law decay begins is inversely proportional

to mobility: tA = aχ−1s + t0. Second, at very high mobility, increasing it

further has no effect on either tA or the amplitude of strain rate. Simula-

tions on a single dislocation and its solute cloud offer a simple explanation

for the latter observation: at very high χs, solute atoms are able to stay

so close to their potential minima near the dislocation, that the drag they

induce becomes negligible.

2.4.3 Dislocation structures and spatial correlations

Understanding why Andrade-like power law creep occurs for such a wide

stress range requires us to take at closer look at the evolution of the sys-

tem. Animations reveal that dislocations and solute clouds form growing

structures as they move: an example for σ = 0.14 (which would result in

steady state flow in a pure system) is shown in Figure 2.7. The structure

formation decreases strain rate, since a single structure which includes

dislocations of both signs (bi = ±b) contributes less to the total strain rate

εt(t) = L−2
∑

n bivi than if all dislocations were gliding on their own in

their positive slip direction. Also, the solute-induced drag increases, as

the structures accumulate more solute atoms: As we show in more detail

in the article, solute clouds also grow in size with time.
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Figure 2.6. Strain rate as a function of time 〈εt(t)〉, averaged over 50 individual simula-
tions. The solute strength is A = 0.1 and Ns = 8000 solutes included. Solute
temperature is D = 0. a) Constant solute mobility χs = 1. The legend shows
the values of constant external stress σ, and values of the exponents θ of
power law fits 〈εt(t)〉 ∼ t−θ. b) Constant external stress σ = 0.105 and vary-
ing solute mobility χs. The inset shows the initial transient time tA(χs) until
Andrade creep begins. The solid line corresponds to a fit tA = aχ−1

s + t0 with
a = 1200 and t0 = 160.

A more informative, and perhaps more convincing description of the

growth of structures can be obtained by studying the spatial correlations

between dislocations [60]. Here we consider the pair correlation function

d(x, y) = 〈
Nd∑
i=1

ρi(x, y)/ρ0〉 − 1, (2.12)

where ρi(x, y) is the dislocation density in a position (x, y) relative to dis-

location i, and ρ0 = Nd/L
2 is the average dislocation density of the whole

system. We proceed by performing 100 simulations for statistically sim-

ilar realisations of the system, computing the correlation function at dif-
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Figure 2.7. Snapshots at different times t of a small part of a system show how dislo-
cation structures grow. At t = 500, two separate dislocation groups with
their own solute clouds are seen, with net Burgers vectors

∑
i
bi = +3ux and∑

i
bi = −ux. The two groups combine at t ≈ 1050, forming a larger one with

a joint solute cloud, and a net Burgers vector
∑

i
bi = +2ux. Simulation

parameters are σ = 0.14, A = 0.1, D = 10−4 and χs = 1.0.

ferent points of time, and averaging over the different simulations. As a

reference case, we also repeat the process in the soluteless system for an

external stress which results in Andrade creep.

The results are shown in the Figure 2.8. At time t = 0, positive correla-

tions are seen most strongly along the y-axis, and at a 45◦ angle, indicat-

ing the presence of dislocation walls and dipoles in both types of systems

(although the walls appear shorter when solutes are present). However,

the time evolution is clearly different for the two cases. For the system

with solutes, positive correlations strongly increase in a direction approx-

imately 22◦ clockwise from the y-axis.

We quantify the correlations by studying the decay of the correlation

function along the 22◦ direction. As shown in Figure 2.9, the decay is

exponential, d(r) ∼ exp(−r/r0), the correlation length r0 growing with

time. The correlation length increases slowly with time until t ≈ 2000,

after which a faster increase begins. This approximately matches the time
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tA at which Andrade creep begins for the same simulation parameters.

Another interesting point is that the r0(tA) ≈ 1/
√
ρ, i.e. Andrade creep

begins when the correlation length has reached a value similar to the

average dislocation spacing.

Figure 2.8. Correlation function d(x, y) at different times t with and without solute
atoms. Both cases correspond to a situation where Andrade’s law is seen.
Left column: Pure dislocation system with external stress σ = 0.035. Right
column: Solute atoms present, simulation parameters σ = 0.105, A = 0.1,
D = 0, χs = 1.0.

To summarize, the persistence of Andrade creep for large values of ex-
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Figure 2.9. Decay of correlation function d(x, y) with distance r at different times t,
when solute atoms are present. The direction is chosen as 22◦ clockwise
from the y-axis. The curves are obtained from the correlation functions
shown in the right column of Figure 2.8. Solid lines show exponential fits
d(r) ∝ exp(−r/r0). The correlation length r0 increases with time, as is seen
in the inset.

ternal stress is caused by dislocation structures, which are held together

by the influence of solute atoms, growing with time.

The effect of a nonzero solute temperature D for simulation with a con-

stant stress is explored in detail in the article. In short, we find two ba-

sic scenarios. When D is low enough for Cottrell clouds to form (they are

simply more diffuse than the point-like clouds at D = 0), similar structure

formation and Andrade creep are still observed. For higher solute temper-

atures the clouds dissolve, and the solute atoms essentially have no effect

at all. We also show how the solute mobility, temperature and interaction

strength control the existence of a solute-free and solute-influenced phase

in cyclic loading [61, 32].

2.4.4 Avalanches

Next we study the avalanches with a similar procedure (quasistatic stress

ramp) as for the model with quenched disorder. We only consider the

zero-temperature case, since thermal fluctuations in the collective velocity

V (t) =
∑Nd

n |vn(t)|make thresholding the signal difficult. We use the same

interaction strength A = 0.1 as before, and two different solute mobilities,

χs = 1 and χs = 10−2.

The results for χs = 10−2 are shown in Figure 2.10. Both the stress-
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Figure 2.10. a) Stress-resolved size distributions P (S) of avalanches for solute mobil-
ity χs = 10−2. The inset shows the average stress-strain curve. (b) Cor-
responding avalanche duration distributions P (T ). The inset shows that
the average avalanche size scales with the duration as 〈S(T )〉 ∼ T 1.00.
The solid lines in the main figures represent fits to equation P (S) ∼
S−τS exp[−(S/S0)

2] for sizes, and a corresponding equation for durations.
The scaling exponents τS and τT are close to 1.4 for both distributions.

resolved size and duration distributions show a power law scaling with

exponents τS = 1.4 ± 0.1 and τT = 1.4 ± 0.1, i.e. quite close to what is

seen with quenched disorder (χs = 0). However, the cutoffs evolve with

external stress in a very different manner: After σ ≈ 0.1, the cutoff re-

mains virtually unchanged. Looking at the average stress-strain curve,

this corresponds roughly to the stress at which yielding occurs and "hard-

ening" begins. In a soluteless system, the stress-strain curve becomes

flat due to the absence of any hardening mechanism, but here the solute-

induced drag and structure formation discussed earlier strengthen the
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system. This balances the increasing external stress, leading to a station-

ary regime with a constant cutoff.

Another obvious difference with respect to quenched order is the scaling

of average avalanche size with duration, 〈S(T )〉 ∼ T γ , where we now find

γ ≈ 1. The approximately linear correspondence between size and dura-

tion would suggest that the strain rate during an avalanche would have

some typical, nearly constant value (since S =
∫ T
0 εtdt ∼ T for a constant

εt). Inspecting the εt(t)-data for avalanches in the scaling regime seems to

support this: A typical avalanche consists of relatively short bursts with

a high strain rate, separated by long periods of slow relaxation at a small,

nearly constant εt.

A higher mobility χs = 1 leads to similar results, with slightly different

exponents: τS = 1.3±0.1, τT = 1.3±0.1, and γ = 1.07±0.04. We note that in

both cases, the scaling relation γ = (τT−1)/(τS−1) is fulfilled. To conclude

the study on avalanches, the τS- and τT -exponents are similar to what we

see with quenched disorder, but the effect of Cottrell cloud formation and

solute drag on dislocation dynamics is evident in the distribution cutoffs,

and the γ-exponent.

2.4.5 Concerning the Portevin-Le Chatelier effect

The PLC effect is a strain rate instability, which is typically observed in

strain-controlled tensile experiments on metal alloys as serrations in the

stress-strain curve [62, 63]. As the effect is believed to originate from

dislocations subsequently escaping from their solute clouds (stress de-

creases) and then getting pinned again (stress increases), it should in

principle be observable in our model.

We have performed spring-driven strain-controlled simulations by im-

plementing an external stress σ(t) = K(εtt − ε), where K is a spring

constant, εt is the imposed constant strain rate and ε the actual strain

at time t. By varying the relevant parameters (strain rate, interaction

strength, mobility, temperature), we looked for a region of the parameter

space where dislocations occasionally break free from their solute clouds,

but free solute atoms can still relatively quickly move towards nearby

dislocations. It turns out that even when dislocation trapping/escaping is

observed in simulations, it is not possible in practice to discern their effect
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on the stress-strain curves: large irregular serrations are seen even in the

absence of solute atoms. This is due to the inherently heterogeneous na-

ture of plasticity in the small systems we are able to simulate. Being able

to conclusively show any solute-induced instability would require us to

study larger systems.

2.5 Triggering avalanches with local perturbations

In Publication III we revisit the pure 2d DDD system with a new type of

mechanism for triggering avalanches. After relaxing the system at a low

external stress, we then apply small "kicks" to randomly selected dislo-

cations, emulating the effect of thermal fluctuations. The main reasons

behind this study were to see whether the avalanche triggering mecha-

nism affects the avalanche properties (local excitations instead of global

stress ramp) and to extend the investigation of avalanche dynamics all

the way down to zero external stress.

2.5.1 Simulation method

We use the pure 2d DDD model described in Subsection 2.2.2, with four

different system sizes (but keeping the dislocation density constant), the

largest being L = 300 with an initial number of N0 = 3600 dislocations.

The system is relaxed at a constant external stress σext until the collec-

tive velocity V (t) =
∑

n |vn(t)| of dislocations falls below a small threshold

value Vth. When this happens, one randomly picked dislocation is dis-

placed by a small distance δx in the direction of positive slip. This marks

the beginning of an avalanche, which ends once the collective velocity is

again below Vth. The initial displacements we apply (typically δx = 1.25)

are significantly smaller than the average dislocation spacing 1/
√
ρ ≈ 7.0.

Avalanche statistics are gathered by generating a large number (≈ 1000)

of statistically equivalent systems, and each system is repeatedly trig-

gered until a maximum simulation time has elapsed.

2.5.2 Avalanche distributions

We consider three different measures of avalanche size: The integrated

collective velocity s1 =
∫ T
0 [V (t) − Vth]dt, the total displacement of dis-
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Figure 2.11. Size distributions of avalanches. a) Zero external stress: filled and empty
symbols correspond to avalanche size measures s1 and s2, respectively. The
inset shows the distribution of number of dislocations participating in an
avalanche. b) Creep mode with σext = 0.005: the main panel shows s1 and
s2, while the inset shows s3, i.e. the slip distributions. c) Psi(si) for i = 1

with system size L = 200 for different values of initial displacement δx. The
inset shows that the probability to trigger an avalanche larger than s1 = 25

scales as P (δx) ∼ (δx)2.78. All straight lines drawn above distributions
correspond to power laws with exponent 1.7.
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Figure 2.12. Avalanche duration distributions P (T ) at σext = 0 for different system
sizes L. The solid line above the distributions corresponds to a power
law PT (T ) ∼ T−τT with τT ≈ 1.9 .The inset shows the scaling of the av-
erage avalanche size with duration. The dashed line corresponds to a fit
〈s1(T )〉 ∼ T γ with γ = 1.23± 0.02.

locations during an avalanche s2 =
∑N

n |Δxn|, and the total slip s3 =∑N
n snΔxn. The quantity s3 corresponds to what is usually measured in

DDD simulations and micropillar experiments i.e. how much deforma-

tion occurs during an avalanche. However, in the absence of an external

stress, dislocations are just as likely to produce negative or positive slip,

and the total slip is not a meaningful quantity. Thus for σext = 0, we only

consider s1 and s2, which measure dislocation activity.

The size distributions of avalanches for the different measures si (i =

1, 2, 3) follow the scaling form

Psi(si) = s
−τsi
i exp

[
−

(
si

Nβsf(σext)

)a]
, (2.13)

both at zero and small finite values of σext. The fitting parameters for all

cases studied are τsi = 1.7 ± 0.2, βs = 0.8 ± 0.1, a = 1.2 ± 0.2. The results

for size distributions are shown in Figure 2.11. In order to confirm that

avalanches are truly collective events, we also look at the distributions of

the number of dislocation participating in an avalanche PNav(Nav). This

is defined as the number of dislocations with displacements larger than

some threshold value Δxth. For various thresholds (see inset of Figure

2.11a for an example with Δxth = 4) we find PNav(Nav) ∼ N−τav
av , with

τav ≈ τsi .
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Figure 2.13. a) Scaling collapse for distibutions of size s1 (main panel) and duration T

(inset) for different system sizes L. Empty symbols are for σext = 0, while
filled symbols show σext = 0.005. The solid lines show exponential scaling
functions. The values used in the collapse are τs = 1.6, τT = 1.7 and βs =

βT = 0.8. b) The main panel shows that the cutoff of size distributions
si,0 for i = 1 increases exponentially with external stress σext. The top left
inset shows the average size as a function of σext. In the bottom right inset,
the average size is shown to have a power law dependence on system size
(number of dislocations N ∼ L2).
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Finally we consider the effect of the magnitude of the initial displace-

ment δx triggering the avalanches. Varying it in the range δx = 0.25− 2.5

does not affect size distributions, but it has a significant effect on the prob-

ability P (δx) of triggering a large avalanche (i.e. larger than the lower

limit of the scaling region). For i = 1, σext = 0, we find P (δx) ∼ (δx)2.78.

The avalanche durations follow a similar scaling as the sizes:

PT (T ) = T−τT exp

[
−

(
T

NβT g(σext)

)a]
, (2.14)

with exponents τT = 1.9±0.3, βT = 0.8±0.1, a = 1.1±0.1. The average size

versus duration scales as 〈s1(T )〉 ∼ T γ with γ = 1.23 ± 0.02 and similarly

for s2 and s3.

We should now see how the scaling exponents relate to those of previous

studies. The exponents τsi = 1.7 ± 0.2 are far above the value τs ≈ 1.0

for the same model with a quasistatic stress ramp [33], indicating that

the critical properties depend on the driving mode. Our τsi match rea-

sonably well the acoustic emission energy scaling in creep experiments

of ice (P (E) ∼ E−1.6) [22, 23], as well as the 2d DDD simulation results

(P (E) ∼ E−1.8) in [23]. Our γ = 1.23 ± 0.02 is somewhat smaller than in

the quasistatic case (γ ≈ 1.32). We cannot with certainty distinguish the

values of τsi and τT from those corresponding to mean-field depinning, but

γ is definitely smaller than 2. We also note that all the exponents are dif-

ferent from what we found in a model with solutes present, be they mobile

or not.

The cutoffs of the avalanche size distributions are found to be si,0 ∼
Nβs exp(σext/σ0) and a similar cutoff is found for durations (see Figure

2.13). The exponential stress-dependence is compatible with the qua-

sistatic loading of the pure system, but not with the depinning scenario

seen with quenched disorder. The same is true for the size dependence

of cutoff: a similar power law was observed in [33], but the slip distri-

butions in Publication I are independent of system size. The average

avalanche size also diverges with system size, even at zero external stress:

〈si〉 ∼ Nβave
s , with βave

s = 0.29± 0.02.
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3. Avalanches in wood compression
experiments

3.1 Introduction

We now leave numerical simulations of the microscale behind, and study

the crackling noise of macroscopic samples experimentally. The range of

materials and conditions where avalanche dynamics occurs is vast [64],

but here we focus on one specific case, namely compression experiments

on porous solids.

The study of material behaviour under compression is naturally impor-

tant for determining the strength of man-made structures such as bridges

or buildings, but a further inspiration comes from the desire to under-

stand and possibly even predict catastrophic natural events such as earth-

quakes. Since earthquakes measured over different areas of the Earth

display universal scale-free features, one would expect similar features

also in smaller, laboratory scale samples. Compression experiments on

rocks have shown this to be the case, and have allowed researchers to

study the statistical laws of seismicity on much shorter time and length

scales [65, 66, 67]. Recent studies have been performed on specific min-

erals of varying porosities [68, 69, 70], as well as Vycor and other silica-

based materials [71, 72].

In Publication IV we study the compression of wood, which differs struc-

turally from the materials mentioned above. Wood has a cellular struc-

ture, and the annular growth cycle leads to alternating layers of soft-

wood and hardwood layers [73]. The mechanical properties are also highly

anisotropic and depend on ambient conditions such as humidity [74, 75].

Acoustic emission has been used to evaluate damage accumulation in
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wood [76, 77], but the statistical properties of AE have not been studied

in detail. We thus examine the avalanche dynamics in wood compression

by AE, complemented by optical measurements to probe the local defor-

mations during compression.

3.2 Experimental methods

Our samples are pieces of pine with length 45.6± 1.2 mm, width 10.1± 0.6

mm and height 9.5 ± 0.7 mm, which are cut from a larger plank. The

samples are compressed from one end in the radial direction (i.e. perpen-

dicular to the grain) between a stationary metal plate and a moving metal

piston (see Figure 3.1a for a picture of the setup). The compression is ap-

plied with an Instron ElectroPuls E1000 tensile testing device. We use

two loading protocols: one with a constant strain rate εt = 0.10± 0.01 %/s,

and another with a constant stress rate σt = 9±1 kPa/s. The variations in

the rates come from the sample dimensions: displacement and load rates

of 0.01 mm/s and 1 N/s, respectively, were imposed. The experiments in

both loading modes continued until load reached the maximum of 1 kN;

the compressive strain thus reached a value of 40-50 %.

A piezo-acoustic sensor directly attached to one end of the sample

records the acoustic emission generated during compression. The signal

passes through a preamplifier to a data acquisition card connected to a

computer. The data is filtered by setting a small threshold amplitude

slightly above the noise level, and only data points above the threshold

(|V (t)| > Vth) are included in the analysis. Discrete events are formed by

taking a silent time longer than 35 μs as an indication that the previous

event has ended. Event occurrence time ti is defined as the time of maxi-

mum amplitude during an event, and event energy (in arbitrary units) is

proportional to the time integral over squared amplitude: Ei ∼
∫
V (t)2dt.

As a result, we obtain a time series of event times ti, energies Ei and

waiting times τi = ti − ti−1.

We also image the sample surface from one side with a Dalse Genie

HM1024 grayscale camera. This allows us to study the local deformation

on the sample surface using digital image correlation (DIC) [78, 79]. Two

images taken at different times are compared, and a deformation function
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Figure 3.1. a) The measurement setup: a piece of wood is compressed between a fixed
metal plate and moving piston from one end. An acoustic emission sensor it
attached to the other end, and a gray-scale digital camera images the com-
pressed region from the side. b) An example of a stress-strain curve with
constant strain rate and constant stress rate, with energies of AE events su-
perposed on the curves. c) Black lines show the AE event time series for one
strain-controlled experiment, and the red curve shows the integrated total
AE energy from the events, normalized to unity. d) Event rate defined as
the number of events in one second long time windows (black curve), and the
cumulative event count (red curve).
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Figure 3.2. Correlation between AE events and local deformation. a) Strain rate εt as a
function of time, based on the position data given by the tensile testing ma-
chine. b) Corresponding AE event rate second time windows. c) Local strains
in the compression direction, obtained with digital image correlation by com-
paring image pairs corresponding to the 10 second time intervals marked in
the top panels. Large local deformations (dark red stripes) indicate the col-
lapse of soft layers, during which the AE rate increases. The leftmost picture
shows an image taken at the beginning of the first interval: softwood layers
are light gray.

mapping the coordinates from the first to the second is solved [79]. From

this we can solve the local displacements and local strains parallel to the

compression axis [80, 81].

3.3 Correlation between local deformation and acoustic emission

After the initial elastic deformation, acoustic events of varying energies

are detected at all times during the experiments (see Figure 3.1 for ex-

amples of time series). The stress drops in strain-controlled tests, and

plateaus in stress-controlled ones, indicate sudden collapses, which we

study in more detail with DIC.

Figure 3.2 shows a comparison of the global strain rate εt(t), AE event

rate r(t), and the local strains along the compression axis εy calculated

with DIC between different intervals. Large local deformations seen in

the first three intervals indicate the collapse of softwood layers. These
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collapses match the peaks in the event rate, confirming that periods of

high acoustic activity are linked to strain localization. Looking at acoustic

energy rate instead of event rate leads to similar conclusions.

3.4 Energy and waiting time distributions

As shown in Figure 3.3, the AE event energies are power law distributed

P (E) ∼ E−β , with β ≈ 1.4 for both strain-controlled and stress-controlled

experiments. The large variations in the AE event rate r show that the

signal is clearly non-stationary, and we check whether this affects the

results. The distributions remain virtually unchanged when we threshold

the data with the AE event rate r, i.e. consider only events within time

windows where acoustic activity is high. The β-exponent is very similar

to what is seen in many brittle porous materials, such as Vycor and other

silica-based materials [71, 72], while being somewhat smaller than the

often cited value β ≈ 1.7 for earthquakes [82].

The waiting time distributions (Figure 3.3) for the full data displays two

separate power laws P (τ) ∼ τ−γ : one for short waiting times with γ ≈ 1

and one for long waiting times with γ ≥ 2. Applying the same thresh-

olds to the data as before shows that the first part remains intact, while

the second part is replaced by a rate-dependent cutoff. The existence of

two scaling regimes for waiting times matches previous experiments in

silica-based materials [71, 72], and berlinite [70] with similar exponents.

The second power law for long waiting time is expected to rise from large

temporal variations of event rate [71, 83], and it indeed vanishes when

periods of low activity are filtered out.

3.5 Event correlations

Next we consider the correlations between acoustic events. The famous

Omori law [11] for earthquakes states that a mainshock is followed by

smaller, less energetic aftershocks at a rate decaying with time from the

mainshock as r(t) ∼ (t − tMS)
−1. In the modified version of the Omori

law the exponent differs from unity [84, 85]. The aftershock rates are also

known to be higher for larger foreshocks, as stipulated in a productivity
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Figure 3.3. Size and duration distributions. Top: Event energies display a scaling region
P (E) ∼ E−β with β ≈ 1.4. The distributions are very similar for both loading
protocols (strain-controlled or stress-controlled), and do not change if only
events within high AE activity windows are considered: r denotes the event
rate. Bottom: Waiting time distributions P (τ) for the full data show two
separate scaling scaling regions: γ ≈ 1 for short waiting times, and γ ≥ 2 for
long waiting times. Thresholding the data with the event rate preserves the
first part, but introduces a rate-dependent cutoff.
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law [86]. Thus, for a mainshock with energy EMS , we would expect the

aftershock rate to follow the relation

rAS(t) ∼ E
2α/3
MS (t− tMS)

−p (3.1)

with α > 0 and p > 0. We consider different mainshock energies and de-

fine aftershock sequences as all events between them with lower energies,

and average the rates over all mainshock energies within different inter-

vals. As shown in Figure 3.4a, the aftershock rate agrees with Equation

3.1, with p ≈ 0.75 and α ≈ 0.4. Similar values for p are seen in many

silica-based materials, and α is quite close to that of Vycor [71, 72].

We also study how the energy of an event relates to the waiting times

before and after it. A histogram of the number of events A with a certain

energy E and subsequent waiting time τAfter shown in Figure 3.4b demon-

strates that events with a relatively low energy (E < 10−5) have a wide

range of waiting times until the next event. However, for large events the

waiting times seem to be concentrated on the low end of the scale. In order

to see this more clearly, we extract correlations from the data following a

similar procedure as used in [87]. We form a decorrelated histogram D by

shuffling the (τ, E)-pairs, and taking the average of 100 such randomized

data sets. The difference A − D then gives the correlations, which are

normalized by the sum A+D in each bin. The strong positive correlations

for short waiting times and negative correlations for long waiting times

after large events are clear. A similar analysis for foreshock correlations

(B − D)/(B + D) shown in Figure 3.4e is less conclusive. Repeating the

analyses for stress-controlled experiments shows that the loading mode is

again inconsequential.
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Figure 3.4. Aftershock and foreshock correlations. a) Productivity law for mainshocks
within different intervals of mainshock energy EMS . Filled symbols show
data for stress-controlled, and empty symbols for strain-controlled experi-
ments. The average aftershock event rates decay as rAS ∼ (t− tMS)

−p, with
p ≈ 0.75. Scaling the rates with E

−2α/3
MS with α = 0.4 collapses the different

curves reasonably well. b) Number of events A with energy E and waiting
time after them τAfter, for strain-controlled experiments. c) Decorrelated
data D obtained by randomizing the (τ, E)-pairs. d) Aftershock correlations
A − D. e) Foreshock correlations B − D resulting from a similar procedure
for (τBefore, E)-pairs.
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4. Summary and outlook

We have studied two instances of material deformation where avalanches

are observed. Publications I-III concern numerical simulations of a 2d

discrete dislocation dynamics model used to address fundamental proper-

ties of crystal plasticity. In Publication IV we studied the experimental

evidence of avalanches in wood compression experiments. The existence

of scale-free avalanches in both cases underlines the ubiquitous nature of

crackling noise in plasticity.

In Publication III we used a pure 2d DDD model, and studied the

avalanche dynamics by implementing a local avalanche triggering pro-

tocol instead of a global one. This showed that the avalanche dynam-

ics of the system display critical properties even at zero external stress.

Here we also demonstrated that the critical exponents depend on the spe-

cific avalanche triggering mechanism. These findings are further evidence

that the dynamics of the pure 2d system is not compatible with a depin-

ning scenario.

The dynamics described as dislocation jamming changes with the addi-

tion of quenched pinning centers, as we showed in Publication I. With

an intermediate pinning strength, we saw the emergence of a new phase,

where the critical properties now match those seen in depinning. The full

set of critical exponents does not correspond to those of mean-field depin-

ning. Increasing the disorder strength further leads to another phase,

where the critical dynamics ceases, as quenched disorder dominates the

dynamics. A qualitative phase diagram is presented in Figure 4.1. Cross-

overs from one phase to another remain to be studied.

In Publication II we modified the model with quenched disorder to give

pinning centers a mobility as well, and studied how the dynamics changes
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Figure 4.1. A qualitative phase diagram of 2d dislocation dynamics with quenched dis-
order. For an external stress below yielding in a pure system, dislocations
form jammed configurations. At sufficiently strong quenched disorder, a new
phase described by pinning emerges. At very high pinning strength, critical
dynamics ceases.

due to solute-induced drag. Simulations with a constant external stress

showed how the growth of structures formed by dislocations and solute

clouds extends the region of external stress where power law creep is ob-

served. Critical exponents of avalanche size and duration distributions in

quasistatic loading are similar to those with quenched disorder, but the

effect of mobile solutes is seen in the linear size vs. duration relationship,

as well as a stationary cutoff regime in avalanche distributions.

Repeating the 2d simulations in three dimensions would be a challeng-

ing, but very interesting endeavour. Avalanches in the pure 3d DDD sys-

tems were recently studied in detail [34], and glassy dynamics related to

dislocation jamming was observed. Immobile precipitates have already

been implemented in the same model within a more applied multiscale

modelling context [88]. It then remains an open question whether the

pinning phases can be realized in 3d with quenched disorder, and how

mobile solute atoms affect the dynamics in this case.

The avalanches during wood compression experiments, or "woodquakes",

studied in Publication IV revealed several similarities to earthquakes and

compression experiments on brittle porous materials, such as the energy

and waiting time distributions, and Omori’s law for aftershock rates. The

acoustic activity varied during the experiments, and the bursts of high ac-

tivity were shown to be connected with strain localization in the collapse

of softwood layers.

As the mechanical properties of wood are known to depend on ambient
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conditions, specifically temperature and humidity, we can ask whether the

avalanche properties change as well. Here we compressed relatively dry

wood at room temperature, but samples with higher water contents, or

at a higher temperature, could be studied. The effect of orientation could

also be explored by compressing along the longitudinal direction (parallel

to fibers) instead of the radial direction.
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