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ABSTRACT

The work presented in this thesis is related to the design of the future electron-positron collider, called

the Compact Linear Collider (CLIC), which is currently under development at CERN. The designed

operation of the collider requires accelerating electric field strengths of ∼ 100 MV/m range to reach

the target energy range of 0.5 to 5 TeV for the collisions in a realistic and cost efficient way. An

important limiting factor of the application of the very high electric fields is the electrical breakdown

rate, which has drastic dependence on the accelerating electric field strength E (approximately pro-

portional to E30). In order to achieve material properties capable of tolerating higher electric fields,

research on the materials related physical origin of the fundamental cause of electrical breakdown

onset needs to be undertaken.

The onset stage of the electrical breakdown on a broad area metal surfaces under electric field is still

unknown, although many theories have been proposed earlier. In many of the theories, it has been

common to postulate the existence of a geometric protrusion on the surface that is capable of causing

high field enhancement and pre-breakdown electric currents in the vacuum over metal surfaces under

electric field. However, such protrusions have never been seen on the metal surface prior to the

breakdown.

It has been recently experimentally observed that the average field that the material can tolerate with-

out breakdown is correlated with the crystal structure of the material. This observation hints that

some dislocation mechanism could be possibly related to the onset stage of the breakdown event. In

this thesis, the following mechanism that can be responsible for the breakdown onset is analyzed.

Application of the electric field exerts stress on a metal surface, which can cause the nucleation and

mobility of the dislocations, i.e. plasticity. The localized plastic deformation can eventually lead to

protrusion growth on the metal surface. Once a protrusion is formed on the surface, the electric field is

enhanced on the protrusion site, further enhancing the protrusion growth. A defect such as a void can

act as a stress concentrator which changes the otherwise uniform stress field and acts as an initiation

site for plastic deformation caused by dislocations.



2

In this thesis, we have examined the effect of an external stress on a near surface void in conditions

which are relevant for the research and design of the accelerating structures of the CLIC collider.

A void present at a near surface region of the accelerating structure causes local concentration of

the stress induced by the external electric field on the conducting metal surface. The presence of

such near surface void was experimentally observed in a metal sample prepared for experimental

spark setup. By means of molecular dynamics simulation method we have shown that the stress

can cause nucleation and/or movement of dislocations near the void. The mobility of dislocations

then leads to formation of a protrusion on the material surface. We analyzed the nucleation of the

dislocations in detail and constructed a simplified analytical model that describes the relevant physical

factors affecting the nucleation event. Since the shear stress on the slip plane causes the mobility and

nucleation of the dislocations, we analyzed the stress distribution on the slip plane between the void

and surface by using finite element method and by calculating the atomic level stress with molecular

dynamics method. The results were compared also to an analytic solution for a void located deep in

the bulk under similar stress. It was found that the nearby surface had significant effect on the stress

distribution only when the void depth was less than its diameter. Below this the maximum stress is

equal to that for a void located deep in the bulk under similar external stress. The comparison of the

finite element results to the atomic level stress revealed that the pre-existing surface stress near the

void surface had significant effect on the stress distribution.

In addition to the tensile stress caused by the electric field on the charged metal surface, pulsed surface

heating also induces stress in the material surface region under alternating electric field. This cyclic

thermal stress is known to cause fatigue and severe deformation of the metal surface. We investigated

the condition relevant for yield by calculating atomic level von Mises strain which has been earlier

related to dislocation nucleation. The strain concentration caused by the void was 1.9 times the bulk

value. In order to see activated slip planes, we exaggerated the compressive stress to the extent that

dislocation nucleation could be observed within the timespan allowed by the molecular dynamics

simulation method. Dislocations were observed to nucleate at the sites of maximum von Mises strain.

Taken together, the results presented in thesis contribute to the understanding of the stress distributions

and possible dislocation related mechanisms under different stressing conditions assuming existence

of a stress concentrator, such as a near surface void.
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1 INTRODUCTION

Experimental particle physics research requires controlled acceleration of particles to high kinetic

energies. This requires the development of equipment to create beams of particles with energy in

the multi TeV range. For the acceleration of charged particles, a high electric field is required. One

specific project in the ongoing research at CERN to achieve even higher acceleration gradients than is

currently possible is the Compact Linear Collider (CLIC) [1]. In CLIC, a high electric field and field

frequency would be achieved by decreasing the size of the accelerating structure. Although during

the operation these structures are held in ultra high vacuum, high electric fields cause regular sparking

near the metal surface associated with the electric breakdowns [2]. Thus the magnitude of the applied

electric field is limited by the increase of electrical breakdown rate in the accelerating structures.

Sparks and arcs in vacuum due to high electric field appear due to local plasma discharge and are

referred to as electrical breakdowns [3]. The accelerating structure can tolerate thousands of break-

downs before an expensive replacement is required. The breakdown event is accompanied by bom-

bardment of enormous amount of atoms causing cratering of the surface material [4]. Understanding

the onset of the breakdown is of great importance for enhancing the performance of the accelerat-

ing structure. In addition to CLIC accelerating structures, sparking and arcing also occur in the first

wall of fusion reactor [5] and the phenomenon also has important role in a broad range of industrial

applications.

It has been recently understood that the average electric field strength which the material can tolerate

without breakdown seems to be related to the material structure, as shown in Fig. 1. Although copper

does not perform very well with respect to breakdown, its many other good features such as good

conductivity, machinability, ductility and tolerance for thermal cycling makes it the leading candidate

for construction of the CLIC accelerating structures.

Although many theories have been proposed to explain the electrical breakdown phenomenon, the

very initiation mechanism of a vacuum spark on flat metal electrodes is still unknown. Experimen-

tal observations showed that even prior to the breakdown, electron currents are emitted from ran-

dom spots on a cathode. To explain this pre-breakdown phenomenon and the onset of breakdown,

many theories have been earlier proposed. For example, local reduction in work function of the

cathode material could give a rise to field emission current. According to a different theory, loosely

adhered charged particles could be lifted from the electrode by the electric field. The particle is

then accelerated by the electric field and an impact on the other electrode can trigger the electrical

breakdown.[6, 3]
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Figure 1: Average breakdown field after conditioning of the materials. In conditioning, the electrical
breakdown is caused several times to achieve saturated enhanced average breakdown durability. For
pure metals, the crystal structure is indicated (fcc = face-centered cubic, bcc = body-centered cubic,
hcp = hexagonal closed packed). Gdcp = GlidCop, htd Cu = heat treated Cu, SS = stainless steel.

More recently, through the development of experimental techniques, it was observed that the emission

sites are associated with contaminant particulates which are often carbon [7]. Subsequently, more

consideration was given to the cleanliness during the electrode preparation which led to enhancement

of the breakdown strength. Although the materials are able to withstand higher electric fields by

improvement of cleanliness, the pre-breakdown currents and electrical breakdown still occur when

the electric field strength is higher. According to Latham, this implies that "there must be another

emission mechanism operating on the nano-, rather than micro-scale, and that in order to suppress

it, one must first understand its physical origin."[7] If the origin of the pre-breakdown currents at

the higher fields would still be contaminant particulates, it would be difficult to understand why the

electrical breakdown field would depend on the material structure, as shown in Fig. 1.

To explain the pre-breakdown electric currents, it has been common to postulate the existence of a

geometrical protrusion on the cathode surface that can locally enhance the electric field. The field

enhancement leads to a high electron current originating from the protrusion, which then causes the

protrusion to become thermally unstable due to Joule heating. The process leads to formation of

plasma in the vacuum gap. The bombardment of the surface by the ions of plasma then produces

damage (craters) on the surface [8]. Although the electron emission is observed at random cathode

sites, protrusions that would be capable of producing the emission current have not been observed
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experimentally prior to the breakdown, and it is not known how they would form. It has been sug-

gested that surface asperities such as Taylor cones could be formed on the surface by the electric

field induced stress [9]. Taylor cones have been observed on electrodes that have suffered several

breakdowns and the material has been severely molten. However, without melting of the surface, the

operation of such mechanism would be much more difficult, since it requires the material to have low

viscosity.

Engineering techniques have been successful in reducing the electrical breakdown rate. Such tech-

niques include clean-room techniques, polishing and annealing of the metal surfaces and conditioning

with many breakdowns in order to achieve a higher durability than for an untreated electrode. How-

ever, if the most important mechanisms leading to the onset of the breakdown would be understood,

it could be possible to suppress the breakdown rate more efficiently and in a controllable manner.

A near surface void was observed on the copper sample, Fig. 2 (from publication V) prepared for the

static electric field setup at CERN. Since the void can concentrate stress, we formulated a hypothesis

that void causes activation (nucleation and mobility) of dislocations which leads to formation of a

protrusion

2 PURPOSE AND STRUCTURE OF THIS STUDY

Our goal is to find a plausible mechanism that can be responsible for the onset of the pre-breakdown

currents and the electrical breakdown and has dependence on the material structure. We initiated

the research by formulating a hypothesis and tested it by using molecular dynamics simulations.

Further analysis was then made by using analytic and finite element methods. Our hypothesis is

formulated as follows. While a perfect crystal structure can withstand enormously high stress, defects

such as voids can concentrate the stress causing local rearrangement of the stress distribution. Due

to the shear stress caused by the stress concentration, dislocations can be activated (nucleated and

mobilized). Under tensile stress exerted on a metal surface by very high electric fields, the nucleation

and mobility of dislocations can lead to the formation of a protrusion on the surface which then causes

further enhancement of the local electric field or even detachment of the material from the surface.

In addition to the static tensile stress caused by static electric field, we also examined the effect

of compressive stress due to thermal expansion which leads to irreversible deformation in copper

surfaces under cyclic stresses caused by pulsed surface heating. The thesis is focused on copper as

the most promising constructing material for the CLIC accelerating structures.
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Figure 2: A near surface void was observed in the copper sample prepared for the static electric field
setup at CERN. The sample was cut by using focused ion beam technique. From publication V.
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2.1 Summaries of the original publications

Publication I: Breakdown Studies for the CLIC Accelerating Structures, S. Calatroni, A. De-

scoeudres, A. Hansen, J.W. Kovermann, M. Taborelli, H. Timko, W. Wuensch, F. Djurabekova, K.

Nordlund, A. Pohjonen, and A. Kuronen

Proceedings of Linear Accelerator Conference LINAC2010, Tsukuba, Japan

http://accelconf.web.cern.ch/AccelConf/LINAC2010/papers/mop070.pdf

In this article, an extended view is given of the project to which the current work is connected.

The study describes the experimental observations and initial ideas related to the possible dislo-

cation mechanism in the ignition stage of the electrical breakdown which involves the creation

of a site where electric field is locally enhanced. The experimental observation and evidence

of the effect of the material structure on the breakdown strength are presented. It is also seen

that stainless steel has the highest breakdown durability, which is consistent with the dislocation

hypothesis. The initial observation of dislocation nucleation in copper and cobalt are presented.

Publication II: Dislocation nucleation from near surface void under static tensile stress in Cu,

A. S. Pohjonen, F. Djurabekova, K. Nordlund, A. Kuronen, and S. P. Fitzgerald, J. Appl. Phys. 110,

023509 (2011).

In this study we tested our hypothesis with the molecular dynamics simulations. We showed

that the high tensile stress exerted on a Cu {110} surface with a near-surface void could promote

the nucleation of dislocations on the void surface. These dislocations caused slip along {111}
crystallographic planes leading to shifting of the material above of the void. We found a linear

correlation between the radius of the void and the maximum depth for the growth to occur.

Publication III: Analytical model of dislocation nucleation on a near-surface void under ten-
sile surface stress, A. S. Pohjonen, F. Djurabekova, A. Kuronen, S. P. Fitzgerald and K. Nordlund,

Philosophical Magazine 92, 3994-4010 (2012).

In this study, we analyzed in detail the mechanism leading to protrusion growth on a surface

which operates via nucleation of dislocations on a near-surface void under tensile surface stress.

We derived a simplified analytical model describing the relevant physical factors related to the

observed linearity between the void radius and the maximum depth of the void for the growth

to occur. The model was based on the direct numerical calculation of atomic level stress in the

simulated system. Based on the model it is possible to estimate this maximum depth for a void

of certain size under given stress in the size range which is beyond the feasibility of molecular

dynamics simulations.
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Publication IV: Interaction of a screw dislocation with a near-surface void under tensile surface

stress, Aarne S. Pohjonen, Flyura Djurabekova, Antti Kuronen, Steven P. Fitzgerald, Dislocations

2012 Conference proceedings Accepted for publication, (2012).

In this study we examined the effect of pre-existing screw dislocation interacting with a near

surface void under the application of tensile stress due to the electric field. It was shown that a

screw dislocation which connects the void and the surface with a {110} face, where the tensile

stress is applied, can perform a cross-slip. Such behavior can eventually lead to the helical

motion of the dislocation, shifting material towards the surface and forming a protrusion.

Publication V: Dislocation nucleation on a near surface void leading to surface protrusion

growth under an external electric field, Journal of Applied Physics, Pohjonen, A. S., Parviainen,

S., Muranaka, T., Djurabekova, F., (2013), Submitted for publication.

In this study we employed combined electrodynamics-molecular dynamics method to simulate

evolution of the surface under electric field when a near surface void is present. We analyzed

the distribution of stress near the void by using both the molecular dynamics and finite element

method, and compared the result to the analytical expression for a void located deep in the

bulk. By applying an electric field of exaggerated strength we were able to simulate the plastic

deformation process within the timespan allowed by molecular dynamics simulations. In real-

ity, longer timespans could allow for the initiation of the proposed mechanism at electric field

strengths much lower than the values that were assumed for the simulations in this study.

Publication VI: MD simulations of near surface void in copper under thermal compression,

MRS Proceedings, Aarne S. Pohjonen, Flyura Djurabekova and Antti Kuronen, 1411, mrsf11-1411-

ee09-16, (2012).

In this study we performed molecular dynamics simulations of a near surface void in copper

under thermal stressing conditions which will be present in the rf cavities of the designed accel-

erating structures. The von Mises strain was observed to be concentrated near the void surface

with the maximum strain concentration factor of 1.9. To observe the activated slip-planes, we

exaggerated the compressive stress to the extent that the dislocations were nucleated on the void

surface at sites where von Mises strain was largest. Void depth and size were found to affect

the dislocation nucleation. The nucleation was easier for larger voids and for voids which were

closer to the surface.
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2.2 Author’s contribution

The molecular dynamics simulations and the analysis of the results of those simulations in publica-

tion I were performed by the author. The idea that a dislocation mechanism could be related to the

breakdown strength was first proposed by F. Djurabekova and K. Nordlund.

The author set up the simulation and analyzed the results in publication II. The description of atomic

level strain and the observed dislocation nucleation is given by the author, but the initial hypothesis

of dislocation nucleation on a near surface void was made by S. Fitzgerald. Derivation of the ten-

sile stress on the surface caused by the effect of the electric field was given by K. Nordlund and F.

Djurabekova. The code used to calculate the centrosymmetry parameter was made by A. Kuronen.

The author of this thesis wrote the major part of the text.

The author set up the simulations, performed analysis and developed the analytical model described

in publication III. The author also wrote the first draft of the text.

The author set up the simulations, performed analysis and described the cross-slip as well as formation

of the Lomer-Cottrell lock in publication IV. The initial hypothesis that dislocation interaction with

the void can cause localized plastic deformation was made by S. Fitzgerald.

In the studies described in publication V, the author performed the finite element and molecular dy-

namics simulations for the calculation of stress distribution in the system. The author wrote the parts

concerning these simulations as well as the part concerning the analytical solution. The comparison

of stress distribution obtained by molecular dynamics and finite element methods was done by the au-

thor as well as the comparison of the simulation results to the analytical solution of stress distribution

for the bulk void.

The author performed the simulations, analysis of the results and wrote the major part of the text in

publication VI.

In addition to the publications included in this thesis, the author has contributed to the following

articles:

In connection to the publication [10], the author performed some of the initial electrodynamics-

molecular dynamics simulations, which resulted in the figure included in publication, illustrating

the feasibility of the method. While the code was under development, the author of this thesis made

scripts that were later used by others in running the simulations.
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In publication [11], the author performed simulations with copper surface containing a near surface

void under constant tensile stress leading to surface deformation and analyzed the potential energy

distribution.

2.3 Original features

The research work was started with a hypothesis that a void located near the metal surface can con-

centrate the stress exerted on the surface by external electric field and this stress concentration could

cause formation of prismatic loops. These prismatic loops could then transport the material from the

void to the surface. Starting point for the research was the article published by Ahn et al. [12] who

had investigated the energetics of prismatic dislocation loop formation on void. Since a surface in-

duces image forces on the dislocations, it was thought that dislocation loops could form at even lower

stress, when the void is located near a surface.

Our simulations showed that dislocations could nucleate on a void under tensile stress and cause

formation of a protrusion on the surface by a mechanism which is described in detail in this thesis.

However, instead of forming prismatic loops, the protrusion was formed by the dislocations moving

on intersecting slip planes. In order to understand the effect of void depth, the nucleation event was

carefully analyzed and simplified analytical model capable of explaining the relevant factors was

constructed. With the model, we could link activation volume of the nucleation event to the scale

dependence observed in the simulations.

In addition to the nucleation of dislocations, we investigated similar conditions with a pre-existing

screw dislocation existing between the void and the surface. The dislocation cross-slip was found to

occur under the resulting stress field caused by the near surface void under tensile stress. Formation

of Lomer-Cottrell lock was found to inhibit the cross-slip under this stress condition.

The stress distribution, relevant for the protrusion formation mechanisms observed in the simula-

tions, was analyzed in detail. The effect of void depth and atomic level surface stress on the stress

distribution was quantitatively described.

The effect of near surface void on the loading of material under compressive stress caused by pulsed

surface heating in copper was found to increase the likelihood of plasticity near the void by approxi-

mately doubling the von Mises strain near the void.
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3 STATIC ELECTRIC FIELD INDUCED STRESS ON CON-
DUCTING SURFACE

Large portion of the work presented in this thesis is aimed at understanding possible mechanisms for

formation of protrusions under static electric field induced stress, which are able to cause the observed

high local field enhancement that finally leads to the electric discharge in vacuum. The relevant details

on the experimental work conducted at CERN is presented in [13].

The electric field induced stress on a macroscopic conducting surface can be obtained from the elec-

trostatic Maxwell stress tensor σel [14, 15, 16, 17]

σ
el
i j = ε0EiE j−

ε0

2
E2

δi j (1)

where ε0 is permittivity of vacuum, Ei j are the components of the local electric field and δi j is the

Kroenecker delta. If a conductor surface plane normal is oriented in the z direction, the tensile stress

exerted on the surface is then

σ
el
zz =

1
2

ε0E2 (2)

The stress given by Eq. (2) corresponds to a macroscopic (averaged) value, ignoring microscopic

variations [15]. On atomic scale, adatoms and atoms at sharp features can be subject to even higher

stress, since a particle with charge q experiences the Lorentz force F = Eq, while the force per area

segment on a macroscopic flat conductor with surface charge density Q/A is F/A = EQ
2A [15]. From

the point of view of this thesis, the most important feature of the expression (2) is in the fact that

the exerted stress is proportional to the square of the electric field. It is clear, that for low values of

the electric field, the stress exerted is too low to cause any noticeable effect on a surface. However,

when the electric field magnitude approaches the high values shown in Fig. 1, the magnitude of the

stress increases significantly. The electric field is locally further enhanced by an enhancement factor

β such that the magnitude of the local electric field is Eloc = βE0. It is also known that if there is

further a smaller feature with enhancement factor β1 on top of a larger one with β2 (a microfeature

on top of a macrofeature), the corresponding total enhancement factor is the product of the two,

β = β1β2 [18]. The average overall breakdown field strength for copper is E0 = 170 MV/m (from

Fig. 1). Let us assume initially a total local enhancement factor of 4...15 due to surface roughness

(experimentally the enhancement factor measured from the field emission current has never been

below 15). For comparison, a single half sphere on a flat surface produces enhancement factor of

2, [3]. The corresponding stress exerted on the surface would become σel
zz = 2...29 MPa, calculated

from Eq. (2), which is comparable to the macroscopic yield strength of copper, 69 MPa [19]. If a
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void is located below the surface it causes concentration of the stress field. The maximum value of

the resolved shear stress σRSS at the void, on the slip plane which is perpendicular to the material

surface, is higher1 than 0.62 times the external tensile stress (see Fig. 21, [20]), which gives values

σRSS ≥ 0.62σel
zz = 1.2...18 MPa. These values exceed the critical resolved shear stress of copper

σCRSS = 0.63 MPa [21], required to move dislocations. In experiments, the measured enhancement

factor from the field emission current regularly indicates rising from β≈ 40 to 50 [9] under repeatedly

applied electric field (the field is repeatedly turned on and off). This indicates that a protrusion leading

to the field emission is forming, and the formation of such protrusions is exactly what we want to

explain. The process results in to a breakdown, when the enhancement factor reaches, on average, the

value of β = 48 [9]. The corresponding stress at this enhancement reaches the value of 295 MPa, a

value that can cause significant yielding of the material. In addition to the mechanism initiating on

a void, investigated in this thesis, it could start also on a precipitate, where the lattice mismatch can

cause additional stress at the onset of the plastic deformation.

To explain the experimentally observed high enhancement factor, we focus on the dislocation-

mediated mechanism as a candidate explanation for the onset of protrusion growth. Once a protrusion

starts to form on the surface it further enhances the field and causes higher stress on the protrusion.

4 THERMAL STRESS INDUCED ON COPPER SURFACE
UNDER PULSED SURFACE HEATING

In addition to the studies connected to the possible dislocation mechanisms occurring under static

electric field, we wanted also to connect our work to the fatigue studies of the accelerating structures

in CLIC, which were made by others working on the development of the collider. A more detailed

description of the relevant physical phenomena as well as the experimental and simulation results on

which the current work is based, is given in [22].

RF electromagnetic waves are used in the acceleration of the particles in the collider. When the RF

wave interacts with the conducting material, it causes the mobile electrons to oscillate, which leads

to an alternating current that causes the material to locally heat up in heat pulses. Since the pulse

rise time (30 ns) is short compared to the time needed to heat the bulk uniformly, this results in to

pulsed surface stresses which are expected to lead to breaking of the surface by ultra high cycle fatigue

(108−1010 loadings).[22]

1If the void is close to the surface the resolved shear stress is higher, as shown in Fig. 21
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The local heating of the metal causes expansion of a surface plane which is hindered by the surround-

ing material. An estimate for the arising stress can be obtained as

σ =
∆T αE
1−ν

(3)

where ∆T is the change in temperature, α is the coefficient of thermal expansion, E is the elastic

modulus and ν is the Poisson ratio [22, 23]. In the accelerating structures, the temperature rises from

300 K to 356 K [22]. Applying the thermal expansion coefficient for Cu α = 16.9 ·10−6 1/K, ν = 0.34

and E = 110 GPa, we obtain the resulting stress σ = 157 MPa.

5 STRAIN AND STRESS

The analysis of strain and stress is necessary for understanding deformation of materials. If the

deformation is reversible, it is called elastic deformation and if it is irreversible, it is called plastic

deformation. In this section we consider elastic deformation, and the term strain refers to elastic

strain. External stress causes straining of the material. Stress is caused inside the material, when the

material is strained from the initial equilibrium position. The local internal stress is the cause for the

activation and mobility of dislocations, which cause plastic deformation in crystalline materials.

Under elastic deformation caused by external stress, the material is locally displaced from it’s original

position. If r is the original position of a point in material and r′ is the position of the same point under

the application of the external stress, the deformation is described by the displacement vector field

u = (u1,u2,u3) = r′− r. The strain tensor components uik are then defined by differentiating the

components of the displacement with respect to different coordinates

uik =
1
2

(
∂ui

∂xk
+

∂uk

∂xi

)
(4)

If the deformation is elastic, the components of the stress tensor σik can be understood as the derivative

of the Helmholtz free energy density (i.e. the energy per unit volume) F with respect to strain uik at

constant temperature T [20].

σik =

(
∂F
∂uik

)
T

(5)

In continuum mechanics, a stress vector T v and the stress tensor can be defined by the force F ex-

erted on an infinitesimal surface element. Consider a surface element that has the surface normal in
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direction v and an area ∆A. The stress vector T v = (T v
1 ,T

v
2 ,T

v
3 ) is defined as T v = lim∆A→0

F
∆A . If T i

j

is used to denote the stress vector where vector v is directed in the xi direction, the stress tensor can

be written as σi j = T i
j . When i 6= j the stress is called shear stress. [24]

When the system is in equilibrium, the equations of equilibrium are satisfied everywhere

j=3

∑
j=1

∂σi j

∂x j
+Fi = 0 (6)

where i∈ {1,2,3} and Fi is the component of the body force directed in direction i. In this study, only

the effect of external stress was required, hence Fi = 0.

6 DISLOCATIONS

When a material is deformed under external stress in such a way that some deformation remains

even when the external stress is removed, the remaining deformation is called plastic deformation.

The plastic deformation of crystalline materials is mediated by linear defects called dislocations.

Following the pioneering work of Frenkel, Masing, Polanyi, Prandtl and Dehlinger during the early

20th century, the concept of edge dislocation (Fig. 3 a) was first proposed by Orowan, Polanyi and

Taylor in 1934 to explain plastic deformation. The dislocation explanation of plasticity was further

extended with a concept of screw dislocation (Fig. 3 b) by Burgers in 1939. [25]

While the dislocation line segment can be purely of edge or screw type, in general the dislocation

line contains both characters. In this case it is called mixed type. In Fig. 3 c) the dislocation line

orientation turns 90o and changes from purely edge type to purely screw type. Between these points,

the dislocation line is of mixed type. The displacement caused by the dislocation line in the crystal is

described by the Burgers vector, b, as illustrated in Fig. 3. The Burgers vector can also be understood

as the measure of deformation caused by the dislocation line while moving inside the crystal.

The dislocations are able to move easily under shear stress on certain crystal planes which are called

the slip planes. If the shear stress on another intersecting slip plane is higher than on the original

slip plane, it is possible for the screw type dislocation to move from the original slip plane to the

intersecting slip plane. This process is called cross-slip.

There are three important factors affecting the material ductility: the number of slip systems, the

stress required to activate dislocations and the possibility of the dislocations to cross-slip. Small slip

plane spacing results in low stress required for the mobility of the dislocation (the Peierls stress), and
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Figure 3: a) edge type dislocation can can be understood as an edge of an "extra" crystal half plane
B ending inside the crystal. The slip plane of the edge dislocation is denoted by A. b) Screw type
dislocation can be understood as a "twist" of the atomic planes with respect to each other. The slip
plane of the screw dislocation is colored gray. In general the dislocation line is of mixed type, as shown
in figure c) where the dislocation line changes from pure edge character to pure screw character and is
of mixed type in between. The dislocation line character changes as the line orientation changes. The
common slip plane of the mixed type dislocation line is colored in gray. The displacement caused by
the dislocation line in the crystal is described by the Burgers vector b. [26]

Factor FCC BCC HCP
Critical resolved shear stress 0.1 ... 1 MPa 1 ... 10 MPa 0.1 ... 1 MPa

Number of slip systems 12 48 3
Cross-slip Can occur Can occur Cannot occur

Table 1: Factors affecting slip in different crystal structures [27, 28, 21]. The values for critical
resolved shear stress give order of magnitude indication. The factors enhancing the slip are colored
in green and the ones prohibiting the slip are colored in red

the cross-slip allows the dislocation to move from one slip plane to another and produce deformation

in the both slip planes. Materials with the FCC structure tend to be more ductile than the ones with

BCC or HCP, since in FCC the slip plane spacing is small and cross-slip of dislocation line between

different slip planes is allowed while in BCC structure the slip plane spacing is large; in HCP the

number of slip systems is small and cross-slip is not allowed. These factors are shown in table 1 [27].

6.1 Dislocations in copper

In our studies we have analyzed the plastic deformation of copper, which has face centered cubic

(FCC) structure. The FCC structure contains four slip planes, which are the dense packed {111}

planes. Each slip plane contains three distinct <110> directions, which results in total 12 slip systems.

Since the energy of the dislocation line is proportional to the square of the Burgers vector, it is easy to
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understand that the most common perfect dislocation Burgers vector in FCC structures is the shortest

lattice vector 1/2<110>. The <110> direction has ABAB... stacking sequence which means that in

order to produce an edge dislocation, two "extra" atomic half planes with this plane normal, must

be added (or removed). However, the extra half planes need not stay right next to each other, and in

metals it actually is energetically more favorable for them to further split apart in to partial dislocations

with 1/6<112> Burgers’ vectors according to the reaction formula

a
2
< 110 >→ a

6
< 211 >+

a
6
< 121̄ > (7)

Between the partial dislocations, a stacking fault is formed. If the partial dislocations are moving, it

is common to call the other partial dislocation as the leading partial and the other one as the trailing

partial dislocation.[19, 25]

The atoms belonging to a stacking fault can be identified by calculating the centrosymmetry parameter

P for the atoms

P =
i=6

∑
i=1
|Ri +R−i|2 (8)

where Ri and R−i are the vectors corresponding to the six pairs of the opposite nearest neighbors in

the FCC lattice [29, 30].

In our simulation results presented in the publications I, II, III, V and VI, we observed nucleation of

the Shockley partial dislocations (dislocations with the Burgers vector b = a/6 < 211 > in Eq. (7))

and their subsequent movement to the surface, which was responsible for the formation of a protrusion

in publications I, II, III and V. In publication IV we observed screw dislocation movement on a slip

plane and a cross-slip to the intersecting slip plane. These processes involve only dislocation slip (not

climb), hence only slip is considered in the following subsections.

6.2 Dislocation mobility on a slip plane

In order to move a dislocation in the direction of slip, a force must be exerted on the atoms on the

vicinity of the dislocation to shift the material above of the slip plane relative to the material below.

This force f is provided by the stress and it is called force acting on a dislocation. In the process the

material is shifted by the distance that is equal to the Burgers vector b of the dislocation. If the slip
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plane normal is in the direction of a vector v, 2 the force acting on the dislocation is

f =
l=3

∑
l=1

m=3

∑
m=1

vlσmlbm (9)

In dislocation slip, b is contained in the slip plane. From Eq. (9) it can be directly seen by selecting

two of the coordinate axes such that the x1 direction is parallel to v and x3 is parallel to b that only

the term containing σ31 component remains in the sum (9). This component corresponds to the shear

stress on the slip plane in the direction of the slip, which defines the dislocation mobility.[20] For this

reason we analyzed in publications III, IV, and V the shear stress σzx on the slip plane with the surface

normal in the x direction, causing the slip in the z direction.

If a perfect crystal is under stress in the z direction, it follows directly from symmetry that σzx =

0 = σzy, hence there could be no dislocation mobility on the slip planes which have plane normal

perpendicular to the z direction. However, if a defect such as a void exists in the material, it causes

deviation from the homogenous stress and the resulting stress field can cause mobility of dislocations

on those slip planes.

6.3 Dislocation nucleation

Nucleation of a dislocation is driven by stress and, below the athermal nucleation stress, the nucleation

is activated by the thermal motion of atoms. Under shear stress on a slip plane, small instantaneous

dislocation loops form and disappear under thermal vibrations of atoms. If the formed loop is smaller

than certain critical size, it collapses without further contribution from the thermal motion of the

atoms. If the loop grows larger than the critical size, it will expand even without contribution of ther-

mal vibrations and the dislocation is said to be nucleated. Both continuum and atomistic simulation

studies have been applied to describe the nucleation event [31, 32]. Here the weakness of the con-

tinuum models relying on the linear elasticity theory is that the length scales involved in the creation

of the critical sized loops are so small, that the assumptions of the theory do not hold anymore and

obtained results can be physically unrealistic [32]. Thus an atomic level description of the process is

required.3

The nucleation can be described by the transition state theory, which predicts that under stress σ

the nucleation rate is I(σ,T ) = Nsν0exp[−Gc(σ,T )
kBT ], where Gc is the Gibbs free energy of dislocation

nucleation, kB is the Boltzmann constant, Ns is the number of equivalent nucleation sites and ν0 is the

2v = κ× τ, where κ is vector perpendicular to the dislocation line contained on the slip plane and τ is vector parallel
to the dislocation line.

3Also atomic scale surface effects, such as the inherent surface stress, can affect the dislocation nucleation.
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frequency prefactor, often approximated as the Debye frequency. The activation volume Ωc is defined

as Ωc = −
(

∂Gc
∂σ

)
T

and it is also function of σ and T . An important interpretation of the activation

volume is that it can be written as the product of the area enclosed by the critical sized loop, Ac, and

the magnitude of the Burgers vector of the nucleating dislocation, b [31],

Ωc = Acb (10)

Assume shear stress σzx which causes the dislocation nucleation in the slip direction z on slip plane

with surface normal in x direction. If the total potential energy required to create the critical sized

dislocation loop under the shear stress is denoted as E, the Gibbs free energy under shear stress σzx

and temperature T becomes

Gc = E−Ωcσzx = E−Acbσzx (11)

Where the latter term is the work done by the shear stress in creating the critical sized loop [25].

The difference E −Acbσzx is provided by the kinetic energy of thermally vibrating atoms. If the

nucleation occurs at a free surface under shear stress σzx the work done by the stress to create semi-

circular dislocation loop of radius r is 1
2πr2bσzx [32].

6.4 Cross-slip in FCC crystals through the Fleischer mechanism

Under a suitable stress field, a dislocation can move from one slip plane to an intersecting slip plane

through a cross-slip process. While on the macroscopic scale the contribution of cross-slip to the

deformation can include a large number of different complicated processes, the most elementary

ones can be described theoretically elegantly and accurately [25, 33], and they serve as ingredients

in understanding the large scale deformation. Also it is apparent that in atomistic simulations these

elementary processes and their role in plastic deformation at nanoscale can be directly seen.

An elementary cross-slip mechanism commonly observed in FCC structures is the so-called Friedel-

Escaig mechanism[33]. In this mechanism, the partial dislocations first contract at some part of the

original slip plane and then expand on the intersecting slip plane, as illustrated in Fig. 4 a). Another

proposed cross-slip mechanism is the Fleischer mechanism, where this constriction does not occur.

Instead an additional dislocation segment with Burgers vector b = a/3 < 010 > is created at the

intersection of the original slip plane and the intersecting cross-slip plane, as shown in Fig. 4 b) [33].

The Friedel-Escaig mechanism is generally considered to be more energetically favorable, since the

energy required to create the additional dislocation segment is larger than the energy required for the
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Figure 4: a) Cross-slip occurring through the Friedel-Escaig mechanism. The partial dislocations
have first contracted on the original slip plane and then expanded on the intersecting slip plane. b)
Cross-slip through the Fleischer mechanism. Other one of the partials has moved on the intersecting
slip plane while the other partial is still on the original slip plane forming a so-called stair-rod con-
figuration. Intermediate dislocation with Burgers vector a/3[01̄0] is created at the intersection of the
slip planes. [33]

constriction process [33]. However, if the length of the additional dislocation segment is small, the

Fleischer mechanism can become more favorable, as was seen in our simulations results presented in

publication IV.

6.5 Dislocation locking in to Lomer-Cottrell sessile dislocation

Dislocation interactions can form configurations, where the dislocations are not able to move unless

the stress becomes sufficiently high to overcome a certain barrier. One such configuration is the

so-called Lomer-Cottrell lock. The Lomer-Cottrell lock involves partial dislocations on intersecting

slip planes and on the intersection of the slip planes, there exists an additional dislocation line with

Burgers vector b = 1/6 < 110 >, as illustrated in Figure 5. [34] We observed the formation of the

Lomer-Cottrell lock in the simulations presented in our publication IV.

6.6 On the cross-slip and formation of Lomer-Cottrell lock under low external
stress

Both cross-slip and formation of the Lomer-Cottrell lock involve the splitting of the dislocation line

to partial dislocations bounding a stacking fault area. If the separation distance between the partial

dislocations would be negligibly small (less than the interatomic distance), the constriction would be
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Figure 5: The sessile Lomer-Cottrell lock consists of two partial dislocations at intersecting slip planes
and a dislocation with Burgers vector b = 1/6 < 011 > located at the intersection of the slip planes.
[34]

much easier and the operation of the Friedel-Escaig mechanism would become much more probable.

Also the formation of a Lomer-Cottrell lock would be less probable. Since the separation distance in-

fluences the constriction of dislocations, it is beneficial to consider what values this quantity can have

under a lower applied external stress than the value used in our simulations. As a first approximation,

consider the equilibrium distance re without external stress, which can be obtained from the isotropic

continuum approximation when the stacking fault energy is known by Eq. 12.[25]

re =
µb2

8πγI

2−ν

1−ν

(
1− 2νcos(2β)

2−ν

)
(12)

where γI is the stacking fault energy, µ is the shear modulus, β = 0 is the angle between Burgers

vector and the dislocation line and ν is the Poisson ratio of copper. Using the value for isotropic

(macroscopic) shear modulus and different values reported in the literature for γI , 78 mJ/m2 [35] or

90 mJ/m2 [36] we obtain re = 7.3 Å = 2.0 a0 or re = 6.3 Å = 1.7 a0 respectively, where a0 is the lattice

constant of the conventional unit cell of copper. On the other hand, atomistic simulations, which in-

herently include the anisotropy and atomistic detail through the interatomic potential function, have

been reported to give an even larger value for the separation distance, 12a0 [37]. It can be concluded

that there exists a non-negligible separation distance between the partial dislocations even in the ab-

sence of external stress, hence the consideration of the cross-slip through the Fleischer mechanism

and the formation of the Lomer-Cottrell lock are plausible mechanisms even under lower external

stress than the exaggerated 1.0 GPa stress used in our molecular dynamics simulations. On the other

hand, the nucleation of dislocation that occurred in the creation of Lomer-Cottrell lock is more diffi-

cult under lower stress, hence the possibility that this obstacle would not form under realistic stress

and experimental time scale can not be excluded.
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7 ISOTROPIC LINEAR ELASTICITY THEORY

Isotropic linear elasticity theory allows simplified analysis of the stress and strain distribution in a

material under external stress. Although the simplification does not allow for a complete description

of the material response to stress (anisotropy and anharmonic effects are neglected), we found in

publication V, that the theory is capable of giving the reasonably accurate stress distribution in a

stressed atomistic system containing a void, if the effect of pre-existing stress near the surfaces is taken

in to account (stress present near the surfaces in the absence of external stress). This effect is related

to the atomic level surface stress σi j−σbulk
i j . 4 The obtained solutions are useful for understanding of

the effect of the void depth on the stress distribution.

The fundamental approximations in the theory are that a) material is isotropic i.e. it responds to the

stress equally in all directions and b) the Helmholtz free energy of the deformed body is approximated

by a second order Taylor’s expansion of strain. From a) it follows that only two independent elastic

constants are required to describe the deformation and from b) it follows that the components of the

stress tensor, σik, depend linearly on the strain uik. [39]

7.1 Stress-strain relation in isotropic linear elasticity

With the approximations of the isotropic linear elasticity theory the stress tensor components, Eq. (5),

can be related to the strain components and vice versa as

σik =
E

1+ν

(
uik +

ν

1−2ν
δik

l=3

∑
l=1

ull

)
(13)

uik =
1
E

(
(1+ν)σik−νδik

l=3

∑
l=1

σll

)
(14)

where E is the Young’s modulus, ν is the Poisson ratio, δik is the Kroenecker delta and i,k ∈ {1,2,3}.

[20]

4The macroscopic surface stress is defined as
∫

∞

−∞
σi j(z)−σi j(z)bulkdz where z is the direction inside to the material,

and, consequently, the macroscopic surface stress has the units of N/m [38]
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7.2 Compatibility equations in the absence of body forces

Stress and/or strain in a system can be determined by solving a set of partial differential equations,

when suitable boundary conditions are specified. The equations can be formulated to contain only

terms of stress or strain. For the case of stress and in the absence of body forces, the following partial

differential equations together with the equations of equilibrium (6) need to be solved in order to

determine the stress everywhere in the system

∇
2
σik +

1
1+ν

∂2θ

∂xi∂xk
= 0 (15)

where i,k ∈ {1,2,3} and θ = ∑
l=3
l=1 σll . The equations (15) were originally formulated by Beltrami

in 1892 [24]. The compatibility equations can also be formulated to contain only terms of strain

(Saint-Venant equations) or only terms of displacement (Navier equations).

The solutions to equations (15) are scale invariant with respect to scaling of a) stress or b) space

and thus they can be expressed in dimensionless units. These facts can be seen as follows: as-

sume that σik(x1,x2,x3) is a known solution to the equations (15) with stress specified at bound-

aries γ = {(x1,γ,x2,γ,x3,γ)}. Then, a) it can be seen by direct substitution that if the stress on the

boundary is scaled by factor C, the solution which satisfies the scaled boundary condition and equa-

tions (15), is Cσik(x1,x2,x3); b) if the spatial coordinates are scaled by factor D, the scaled function

σ̃ik(Dx1,Dx2,Dx3) = σik(x1,x2,x3) satisfies the original boundary conditions at the scaled boundary

Dγ = {(Dx1,γ,Dx2,γ,Dx3,γ)} and the equations (15) in the scaled coordinates. This can be seen by

substituting σ̃ik(Dx1,Dx2,Dx3) in the equations (15) and applying the chain rule.

8 METHODS

8.1 Molecular dynamics simulation method

In the molecular dynamics simulation method the interactions between atoms are described by po-

tential function, and approximate trajectories of atoms are numerically calculated for successive

timesteps. While the total simulation time which is accessible by the method is currently limited

to ∼ nanosecond range by processor frequency, the method is well suited for simulating dynamical

processes involving atomic level interactions, and commonly used to simulate dislocation nucleation

and mobility [40].
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8.1.1 Potential function in embedded atom method

The general expression for a many-body potential is

V = ∑
i

V1(ri)+∑
i, j

V2(ri,rj)+ ∑
i, j,k

V3(ri,rj,rk)+ . . . (16)

where V1(ri) corresponds to the effect of external field to the atom i, V2 is the pair potential and Vn

(n>2) are the corresponding potentials for triplets, quadruplets etc.

In the embedded atom method (EAM) formalism the total energy is acquired as

Etot = ∑
i

Fi(ρi(ri))+
1
2 ∑

i, j
Vi j(ri j) (17)

where ρi(ri) is the electron density at atom i, Fi is the embedding function and ri j is the distance

between atoms i and j.

The first term of equation (17) (the embedding term) can be interpreted as a potential whose strength

is affected by the local environment of an atom. The second term in equation (17) corresponds to the

pair potential of the equation (16). The pair potential term is

Vij(ri j) =
1

4πε0

Za
i (r)Z

a
j (r)

ri j
(18)

where Za
i (r) are effective screened charges of the nuclei.

The total force is obtained from the potential function V (r) by taking gradient, which yields the forces

due to other atoms Fat and due to the external electric field Fel, through

F =−∇V (r) = Fat +Fel (19)

In this work we have applied the Sabochick-Lam interatomic potential [41] and the Mishin potential

[42], since both potentials have certain strengths in describing the physical phenomenon studied with

the simulations. The surface energy calculated by the Sabochick-Lam potential has been found to be

in reasonable agreement with experimental values, and it has been used earlier in a study involving

surface properties (sintering) and dislocations [43]. The deformation caused by dislocation nucleation

and dislocation mobility on a free surface in our simulations created surface steps by shifting the

atoms on the surface. When the mechanism proceeds and number of dislocations arrive at the same
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site, a ledge is created. This is why it is important to use the potential, such as the Sabochick-Lam

potential, which describes the energetics of this process reasonably well. On the other hand the Mishin

potential has been widely used to describe the plastic properties of copper [44, 45]. Both potentials

yielded qualitatively similar results.

8.1.2 Equations of motion

At the very heart of the molecular dynamics simulation method is the way how the positions of

atoms are approximated to evolve under the forces mediated by the interatomic potential. During the

simulation, new positions of atoms are repeatedly calculated based on the previous position, velocity

and forces exerted on the atoms by solving the equations of motion. We used PARCAS [46] and

LAMMPS [47] simulation programs. In PARCAS, the fifth order Gear predictor-corrector algorithm

was used while LAMMPS employs velocity Verlet algorithm, as explained below.

In the five value Gear algorithm, the predicted position rp of an atom is estimated as a truncated

Taylor’s expansion as function of time t

rp(t +δt) = r(0)(t)+ r(1)(t)δt +
r(2)(t)

2
δt2 +

r(3)(t)
6

δt3 +
r(4)(t)

24
δt4 (20)

The predicted values r(n)p for velocity, acceleration and higher order derivatives are then obtained

by differentiating equation (20) with respect to δt. Corrected acceleration vectors r(2)c are obtained

from Newton’s second law r(2)c = F/m, when the forces are known from Eq. (19). The error in the

acceleration ∆r(2) can then be estimated as ∆r(2) = r(2)p −r(2)c . The error in the predicted values of r(n)p

are approximated with suitably chosen coefficients cn as ∆r(n) = cn∆r(2) . The corrected values then

become r(n)c = r(n)p + cn∆r(2). [48]

In the velocity-Verlet algorithm, the positions r(0) and velocities r(1) after timestep δt are obtained by

the equations (21,22) when the accelerations r(2) are obtained from Newton’s second law when the

forces are known from Eq. (19) [48].

r(0)(t +δt) = r(0)(t)+ r(1)δt +
r(2)(t)

2
δt2 (21)

r(1)(t +δt) = r(1)(t)+
1
2

δt[r(2)(t)+ r(2)(t +δt)] (22)
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8.1.3 Temperature control

In the simulations the temperature was kept constant by using the Berendsen temperature control.

The temperature T of the system is calculated from the velocities vi and masses mi of the atoms

T =
1

3NkB

i=N

∑
i=1
|pi|2/mi (23)

where pi =mivi is the momentum vector of an atom, N is the number of atoms and kB is the Boltzmann

constant [48].

In the Berendsen temperature control all atom velocities are scaled at every time step with factor λ

λ =

√
1+

2δt
τT

(
T0

T
−1
)

(24)

where δt is the length of the timestep, T0 is the desired temperature, T is current temperature and τT

is the temperature control parameter which sets the rate of the temperature change.

8.1.4 Simulation geometry and boundary conditions

In publications I, II, III, IV and V, we have investigated the effect of electric field induced tensile

stress on a copper metal surface in the presence of a near surface void as illustrated in Fig. 6. The

surface with plane normal in z direction was chosen as <110> crystal orientation since <110> is the

direction of the total slip produced by the Shockley partial dislocation pair. The x axis was directed

along a <111> crystal orientation, i.e. the x axis was oriented along a slip plane normal. The y axis

was directed along the <112> crystal orientation. The geometry used in the simulations is illustrated

in Fig. 6

The atoms contained within three atomic layers from the bottom of the simulation cell were not

allowed to move. The atoms contained within three atomic layers from the lateral x and y boundaries

were only allowed to move in the z direction. These boundary conditions correspond to the unilateral

stress described in section 8.2.1. They were chosen instead of the periodic boundary conditions

in x and y directions, since the periodic boundary conditions allowed the dislocations to cross the

boundaries multiple times and hence they could cause artificial deformation of the system.

In publication VI a different setting was considered. We investigated the effect of a compressive stress

caused by pulsed surface heating in a system containing a near surface void. The simulation geometry
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Figure 6: The crystal directions and geometry that was used in simulations described in articles II, III,
IV, and V. A force was applied to atoms on top of the simulation cell to mimic the effect of the electric
field on the charged atoms. The three bottom layers of atoms were not allowed to move within the
simulation time. The atoms located at the lateral boundaries were only allowed to move in vertical z
direction.

Figure 7: Schematic of the boundary conditions used in simulations described in article VI. a) The
atoms at the bottom were not allowed to move in vertical z direction and the atoms at the lateral x
and y boundaries were only allowed to move in the vertical z direction when the temperature of the
system was rised 60K. b) An exaggerated compressive force was applied to atoms on the lateral x and
y boundaries to observe dislocation nucleation within timespan allowed by the molecular dynamics
method. The atoms located within three bottom layers were only allowed to move in the horizontal x
and y directions.
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was the same as described earlier, but the boundary conditions were different. We calculated the effect

of 60 K temperature rise to the stress distribution by using the the boundary conditions described in

Fig. 7 a). To observe the dislocation nucleation within timespan allowed with the molecular dynamics

simulation method, we exaggerated the stress at the lateral boundaries, as described in Fig. 7 b)

8.1.5 Stress in MD simulations using EAM potential

The total virial stress of an atomic system is calculated as

σ
v
i j =

1
V ∑

α

[
1
2

N

∑
β=1

(Rβ

i −Rα
i )F

αβ

j −mαvα
i vα

j )

]
(25)

where β takes values 1 to N neighbouring atoms of atom α. Rα
i is the position of atom α along

direction i, Fαβ

j is the force (along direction j) on atom α due to atom β, V is the total volume and vα

is the thermal excitation velocity of atom α. The force F is uniquely defined for EAM potentials. [49]

An atomic level virial stress [50] can be calculated, for example, by using the molecular dynamics

code LAMMPS [47].

8.2 Finite element method

An approximate solution to partial differential equations, such as the equations of equilibrium (6)

and the compatibility equations (15), can be obtained by using the so called finite element method,

which is widely used method in many areas of physics. This method is particularly useful in handling

complicated geometries. The basic idea is that the space which is analyzed is divided into small

elements and in every element an approximate solution is found when suitable boundary conditions

are defined.

The space Ω, where the solution is sought, is divided into elements, i.e. a mesh is generated. The

basis functions Ψi, which are used to describe the solution, are defined at elements i such that they

approach zero outside of the elements connected to a common node. Suppose that L is the differential

operator of the partial differential equation L(u) = f . In the method of weighted residuals the goal is

to find the approximating function ũ = ∑
N
i uiΨi, which is a linear combination of the basis functions

by requiring that ∫
Ω

R(x,u)Wi(x)dΩ = 0,(i = 1, ...,N) (26)
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where R is the remainder of the function R = L(ũ)− f , and Wi are certain test functions. The test

functions can be chosen, for example, to be the same as the basis functions Ψi (this is called the

Galerkin method). The order of the differential equation can be reduced by integrating by parts.

Substituting ũ = ∑
N
i uiΨi and Wi to the resulting equation, a linear system of equations is obtained.

Finally, to obtain the solution, there are several different ways of numerically solving for the unknown

coefficients ui in the linear system. [51]

8.2.1 Unilateral tension

In the finite element simulations, the boundary conditions were chosen similar to the those in molec-

ular dynamics simulations. The material at the lateral x1 and x2 boundaries were allowed to deform

only in direction of tension, x3, as shown in Fig. 6. In order to compare the simulation results to

the analytical solution for a void located deep inside of the material under similar stress [20], we

needed to define the boundary conditions very far away from the void in terms of stress in the analyt-

ical formula. This analysis was done in publication V. Far away from the void the material deforms

in the same way as in the absence of the void and hence the stress far away from the void can be

deduced by considering simple deformation of homogeneous material only in x3 direction under ten-

sion. This type of homogeneous stress is called unilateral tension. Since the material deforms only in

x3 direction, u11 = u22 = 0 and it can be seen by applying equations (14) that the lateral stresses are

σ11 = σ22 =
ν

1−ν
σ33.

9 RESULTS

9.1 Dislocation nucleation on a near surface void under electric field induced
tensile stress

In publication I, we presented the first simulation results which show that the dislocations can initiate

protrusion growth on the surface if tensile stress is applied to the material surface by an external

electric field. Since the atoms belonging to the dislocation core have higher potential energy than the

atoms in the perfect crystal, the dislocation line could be identified by rapid cooling of the system to

0 K after the dislocation had been nucleated on the void surface and filtering atoms by the potential

energy. The dislocation cores identified in the simulation cell as well as the surfaces are shown in

Fig. 8. When we simulated copper and cobalt materials under similar conditions, it was found that

dislocation nucleation and protrusion formation required more stress for cobalt than for copper.
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Figure 8: The initial observation of dislocations in copper causing initiation of protrusion growth on
surface under tensile stress exerted on surface atoms. The atoms belonging to surfaces and dislocation
cores could be observed by rapid cooling of the system to 0 K and filtering the atoms by the potential
energy (inset). ~F shows the direction of the force, which was applied on the atoms contained in the
two top atomic layers. From publication I.

To gain understanding of the nucleation, we analyzed in our publication [11], the distribution of

potential energy under tensile stress, Fig. 9. The void causes deviation from a homogenous strain

field and concentrates the stress.

In publication II, we analyzed the dislocation nucleation and the formation of the protrusion on the

surface. The process of formation of the protrusion on the surface by the dislocations, which move

from the void to the surface, is schematically illustrated in Fig. 10 (top view)

The dislocations could be indirectly observed by calculating the centrosymmetry parameter for the

atoms. In this way we could observe the stacking faults which are first created by the nucleated

leading partial dislocation (cf. section 6.1). The stacking fault is later removed by a trailing partial

dislocation which has also nucleated on the void surface. This result is shown in Fig. 11.

We examined those factors affecting the dislocation nucleation, which were easily accessible with

the molecular dynamics simulation method. For this purpose we varied the simulation geometry by

inserting voids of different size to different depths below the surface. We also varied the magnitude of

the applied stress and the temperature of the system. These factors were observed to have strong effect

on the dislocation nucleation. The results indicated that the maximum depth of the void for dislocation

nucleation Hmax depended linearly on the void radius r. The temperature dependence of the nucleation

is consistent with the fact that the nucleation is thermally activated process, as described in section

6.3. These results are shown in Fig. 12. Due to limitation of the timescale, which is accessible by the
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Figure 9: The distribution of potential energy in a system containing a near surface void under tensile
stress in 0 K temperature. Force was applied to the atoms contained in the two top atomic layers. The
color scale indicates the potential energy of an atom in electron volts. From our publication [11].

Figure 10: Schematic of the process which leads to formation of a protrusion on the surface (top
view). Step edges are created on the surface by dislocations. The dislocations have nucleated on
the void and on the slip planes which are oriented perpendicular to the surface plane. Protrusion is
formed in the middle of the intersecting slip planes. Plus sign is used to indicate the higher side of
the material near the step edge. The Burgers vector of the dislocations, which create the protrusion, is
parallel to the surface plane normal vector. Repeated operation of the mechanism can cause formation
of high protrusion.
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Figure 11: Snapshots of the simulation of the void with radius r = 28 Å under 4.58 GPa applied tensile
stress: temperature of the cell was 600 K. The forces were exerted on atoms on the two top layers.
Atoms on the stacking faults (green) and surfaces (blue) are shown in a slice of the simulation cell.
The stacking faults were first created by leading partial dislocation and removed by trailing partial
dislocation, as described in section 6.1. From publication II.
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Figure 12: The dependence of the maximum depth for dislocation nucleation Hmax on void radius r,
and on temperature T for void of radius 18 Å. From publication II.

molecular dynamics method (∼ nanoseconds), it was necessary to exaggerate the magnitude of the

external stress. Under longer timescale the same process could occur under lower applied stress.

Since the shear stress and strain on the slip plane are the driving factors for the dislocation nucleation

and mobility as explained in the section 6.2, the atomic level shear strain on the slip plane perpendic-

ular to the surface was calculated, as shown in Fig. 13a. The shear strain was further analyzed along

a line on the slip plane starting from the point of maximum shear strain on the void, and ending to the

material surface. The result is shown in Fig. 13b.

The surface deformation affects the distribution of the electric field, which in turn affects the forces

exerted on the surface atoms. It is necessary to couple the molecular dynamics simulations to elec-

tric field calculation in order to simulate surface deformation once an asperity has appeared on the

surface. We implemented the coupling of the electrostatic interaction to the molecular dynamics in

[10]. In publication V we presented the results of the coupled electrodynamics-molecular dynamics

simulations where the simulation can be continued further on from the stage where the mass transport

by the dislocations brings growth on the surface. The result of this dynamic simulation is presented

in Fig. 14.

The details of the method which was used to couple the electric field calculation to the molecular

dynamics simulation are given in our publication [10].
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(a) (b)

Figure 13: a) The absolute value of the strain component εzx which is related to the dislocation
mobility on the slip plane with plane surface normal in x direction. The strain was further analyzed
along the dotted line starting from the most strained point on void surface (shown with the arrow) and
ending to the flat surface of the material, the result is shown in b) for two voids of different size. The
void surface is at the lower end of the z-coordinate. From publication II.

9.1.1 Analytical model of dislocation nucleation

In publication III, we analyzed in detail the nucleation event and the observed linear dependence of

the maximum depth on void radius. The nucleation event of a dislocation is shown in Fig. 15.

Based on the existing theory of the dislocation nucleation described in section 6.3, we constructed an

analytical model which quantitatively describes the relevant factors affecting the dislocation nucle-

ation. We were interested in mechanism that causes the formation of localized protrusion right above

of the void. This mechanism operates by nucleation of dislocations on the slip planes perpendicular

to the surface. The dislocations nucleate on the site of maximum shear. The parameters of the model

are shown in Fig. 16. The maximum distance hmax
cyl between the point of maximum shear and material

surface to nucleate such dislocation was examined, and it was observed to depend linearly on the

parameter rcyl illustrated in Fig. 16.

hmax
cyl (rcyl) = arcyl + c (27)

The linear dependence is shown in Fig 17.

The analytical model presented in publication III gives physical explanation for the constants a and c
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(a) (b)

(c) (d)

Figure 14: (a) and (b) show the top view and a slice of the system at time t = 114.0 ps when stacking
faults have formed. (c) and (d) show the same, at time t = 130.1 ps when stacking faults are clearly
visible. Evaporated atoms are not shown in (a) and (c) for clarity.
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Figure 15: Nucleation of dislocation on the slip plane which is perpendicular to the surface. The
mechanism proceeds when dislocation loop grows larger than a critical size [52, 53, 25], as described
also in section 6.3. The distance d shows the critical size of the loop. Atoms belonging to a stacking
fault, which is formed behind the leading partial dislocation, are colored in black and atoms belonging
to a surface are colored in gray. Only a 5 Å thick slice of the simulation snapshot is shown. From
publication III.
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Figure 16: a) Stacking faults (black) created by dislocations which have nucleated on the void sur-
face. The dislocations which move perpendicular to the surface are the main reason for the eventual
formation of the protrusion on the surface. b) Simple analytical model was created which describes
the relevant factors affecting the nucleation of those dislocations. c) Illustration of the parameters
used in the model, which affect the dislocation nucleation (see text). From publication III.

Figure 17: The least squares fit to (rcyl, hmax
cyl ) data shows that the dependence is approximately linear

for the simulated nanoscale voids. The corresponding void radii were r = 20..40 Å for 4.58 GPa
surface stress and r = 35..55 Å for 3.05 GPa surface stress. From publication III.
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and provides understanding of the relevant physical parameters affecting the nucleation event.

a =
−T ext

2B2
(28)

and

c = d(1− B3

B2
) (29)

where d is atomic scale distance from the void surface, where the stress must be high enough to create

the critical sized dislocation loop, as described in section 6.3. T ext is the stress exerted on the surface

by the external electric field, B3 is the average shear stress within the distance d from the void surface

needed to nucleate the dislocation and B2 is the average shear stress further than d from the void

to the material surface. The distance d is connected to the activation volume Ω for the dislocation

nucleation by

Ω =
πd2

2
b (30)

where b is the Burgers vector, as described in section 6.3 (now seen retrospectively, the original choice

of symbol for distance, d, was rather unfortunate since it actually represents the radius of the critical

sized semi-circular dislocation loop).

Since the stress distribution on large scale is scale invariant in the absence of body forces (cf. section

7.2) the geometry for the maximum void depth for dislocation nucleation becomes invariant when the

length scale is much larger than the distance d, as shown in Fig. 18.

9.2 Cross-slip of a screw dislocation on a near surface void under electric field
induced tensile stress

Since dislocations are normally present in metals and can cause the plastic deformation even without

nucleating new ones, we examined in publication IV the similar case as in publications I,II and III, but

now with a pre-existing screw type dislocation line which connects the void and the surface. When

the system size was large enough, it was observed that the pre-existing screw dislocation could cross-

slip from the initial slip plane to another intersecting slip plane via Fleischer mechanism, as described

in section 6.4. However, later in the simulation, a dislocation nucleation on one of the intersecting

slip planes caused the formation of Lomer-Cottrell lock (cf. section 6.5), halting further dislocation

mobility. The observed process is shown in Fig. 19.
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Figure 18: Maximum aspect ratio for dislocation nucleation γ =
hmax

cyl
r , where hcyl is the distance be-

tween the point of maximum shear stress and the material surface, as described in Fig. 16 and r is the
void radius. The saturated values are obtained as a/

√
2, cf. Eq. (27) and Eq. (28). From publication

III.
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Figure 19: Evolution of the screw dislocation movement on a void under the applied tensile surface
stress (top view). The partials of the extended dislocation are moving along the void surface lifting
the material above the void. Only the atoms belonging to void surface and stacking faults are shown.
The left top inset shows the initial dislocation position. The dislocation cross-slips via the Fleischer
mechanism (cf. section 6.4). The rightmost image shows the stable configuration where the dislo-
cation is locked from 200 ps to the end of the simulations. The locking is caused by formation of
Lomer-Cottrell lock (cf. section 6.5) due to nucleation of partial dislocation on void surface. From
publication IV.

If the dislocation could cross-slip repeatedly around the void, the protrusion could form in the middle

of the cross-slip planes. However, the formation of Lomer-Cottrell lock inhibited further movement

of the dislocation line and only one cross-slip could be observed in the simulations. The hypothetical

process of formation of protrusion is shown in Fig. 20 (top view). The lines indicate the step edges.

However, the formation of Lomer-Cottrell lock hindered the process and only the step edges indicated

with black solid lines were formed in the simulation.

9.3 Analysis of stress distribution and the effect of surface stress

Since the shear stress on the slip plane provides the driving force for dislocation nucleation and

mobility, as described in sections 6.2 and 6.3, we analyzed the effect of void depth to the stress

distribution in publication V by using an isotropic approximation described in section 7. Using finite

element method (cf. section 8.2) we calculated the shear stress along a line starting from the point of

maximum shear to the material surface for voids located at different depths. The stress distribution

was compared to an analytic solution for a void located deep in bulk under similar stress. This result

is shown in Fig. 21. The result shows that the presence of nearby free surface affects the stress

distribution significantly only when the void depth is less than its diameter. When the void is located

deeper, the maximum shear stress obtained by the finite element calculations is converged very close
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Figure 20: Schematic of the process of cross-slip of a screw dislocation located between void and
the surface (top view). The lines indicate step edges created on the surface by the screw dislocation.
Only one cross-slip was observed (2nd image). The blue rounded triangle in 3rd image indicates the
formation of Lomer-Cottrell lock. If the cross-slip would occur repeatedly, it could lead to formation
of a protrusion inside of the slip planes (4th image), however, this was not observed in the simulations
since the dislocation motion was halted by the formation of Lomer-Cottrell lock.

to the value which we obtained from the analytical solution for bulk void, σzx = 0.6246σext , where

σext is the external applied stress.

Since the stress at the atomic scale affects dislocation nucleation, mobility and cross-slip, the atomic

level stress calculated by the molecular dynamics (cf. section 8.1.5) can provide invaluable infor-

mation of these processes. The atomic level stress was calculated when external stress was applied

and also without external stress to see the effect of inherent surface stress σsur f (the stress present

near the surfaces even in the absence of external stress). The results were then compared to the stress

obtained by using the finite element method, σFEM. These results are shown in Fig. 22. It was seen

that the total atomic level stress σtot is the superposition of the inherent surface stress and the internal

stress caused by the application of the external stress, where the latter can be obtained from the FEM

calculations.

σtot = σFEM +σsur f (31)

9.4 Near surface void under compressive thermal stress

In addition to the tensile stress exerted on the metal surface by the electric field, high cycle com-

pressive thermal stress is known to be caused by the pulsed surface heating under alternating electric

field in CLIC structures [22]. We investigated how a near surface void affects the strain inside of the
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Figure 21: a) The decay of the shear stress σzx obtained in FEM calculations for the void of radius
R located at the different depths H. Isotropic approximation was used. The result is given along the
line in the z direction between the void surface (at the point of the maximum shear stress) and the
surface. H/R = ∞ shows the analytical solution for the void located deep in the bulk. Inset shows
the maximum shear only at the void surface as a function of the H/R ratio. The maximum shear
stress obtained by the finite element calculations converged to the value which we obtained from the
analytical solution for bulk void, σzx = 0.6246σext . From publication V
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(a)

(b)

Figure 22: The decay of the shear stress σzx obtained in MD simulations for the void located at the
depth H = 2R. Isotropic approximation was used. The data is collected along the line in the z direction
between the void surface (at the point of the maximum shear stress) and the surface. (a) shows the
comparison of the shear stress distributions obtained with the external tensile stress and without it to
the FEM calculation result obtained for the same external stress; (b) shows the good agreement of the
MD results with the subtracted values of the surface stress on the void surface with FEM results.
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Figure 23: a) von Mises strain concentration ε/εbulk due to thermal stress caused by a 60 K tempera-
ture rise. b) Averaged von Mises strain concentration on horizontally aligned rings formed by the two
layers of the void surface atoms, and two atomic layers thick. Solid line is a third order polynomial
fitted to the data. From publication VI.

material in this case. Since we are interested in the plastic deformation, we calculated the so called

von Mises strain uvm caused by the 60 K temperature rise.

uvm =

√
(uxx−uyy)2 +(uyy−uzz)2 +(uzz−uxx)2 +6(u2

xy +u2
yz +u2

xz)

2
(32)

The 60 K temperature rise is known to occur in the CLIC accelerating structure surface due to an

electric field pulse [22]. The von Mises strain has been linked to the dislocation nucleation [54]. We

further analyzed the von Mises strain on the void surface. The results are shown in Fig. 23.

To observe the activated slip planes and the dislocation nucleation within the simulation time, we

exaggerated compressive stress on the lateral boundaries to the extent that dislocations could be ob-

served to nucleate within timespan accessible with the molecular dynamics simulation method. The

dislocations were observed to nucleate at the sites of highest von Mises strain, consistent with [54].

The nucleated dislocations are shown in Fig. 24.
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Figure 24: Dislocations were nucleated on the top of the void and on the bottom of the void on
the {111} slip planes oriented diagonally to the (110) surface plane under exaggerated compressive
stress at the sites of maximum von Mises strain. Only part of the simulation cell is shown. a) and b)
correspond to the same simulation snapshot viewed in different angles. From publication VI.

10 COMPARISON OF THE SIMULATION RESULTS AND
REALISTIC CONDITIONS

10.1 Applications vs. Laboratory experiments vs. Computer simulations vs. The-
ory

In biological research, there has traditionally existed terminology to distinguish between the exper-

iments made by using complete living organisms, in vivo, and the experiments conducted by using

partial or dead organism, in vitro, to obtain controlled information on certain detailed process. In the

context of microbiology, an additional term to describe the results obtained by computer simulations

has been introduced: in silico (in silicon). Similarly, the design and realization of an application

(machine, scientific instrument etc.) can be distinguished from a controlled laboratory experiment

dedicated to understanding exactly how different physical quantities affect the physical phenomenon

at hand. When there exists knowledge on the physical processes involved in the phenomena, computer

simulations can be applied to obtain estimates, which can then be compared to the experimental re-

sults. Finally, the information obtained by different methods is organized as theory which can then be

used to produce applications, interpret results and create computer simulation programs. In the mod-

ern science and engineering practice all these methods are intertwined in such a way that it would

be impossible to understand the development of one field independent of the others. The different

fields offer different complementing viewpoints and tools for understanding. The development in



48

science and engineering in total is more than the sum of the development of these different compo-

nents. In other words, the science benefits from the synergy of engineering, experimental research,

computational modeling and theory.

The work presented in this thesis belongs to the field of computer modeling, in silico, thus it is

beneficial to consider the relevance of these results to the conditions present in the materials used in

the experimental setup for studying dc sparks at CERN [13, 55, 9] and in the materials to be used for

building the CLIC accelerating structures [22].

10.2 Industrial copper used at CERN for electrical breakdown experiments

Details on the experimental DC setup preparation can be found in [13, 55, 9]. The copper samples

were oxygen free electronic copper (OFE, UNS C10100). The samples were 99,99 weight % Cu.

Details on the copper accelerating structures, relevant for the pulsed surface heating, can be found in

[22].

10.2.1 Dislocation network and dislocation sources

In the simulations, a single crystal copper free of dislocations or containing a single dislocation was

used. The nominal dislocation density in real copper can range from 102 to 106 1/cm2 where the

smaller value is for well annealed sample [56, 57]. We must also take in to account that under

particle impacts in sparking, the dislocation density can increase significantly [58]. Under stress the

dislocations can move. The mobility of the dislocations is caused by the shear stress on the slip plane,

as described in section 6.2. In addition to mobility of the existing dislocations, additional dislocations

can be generated by dislocation multiplication for example by the operation of the so-called Frank-

Read source [21]. Vacancies which are created upon melting due to spark and rapid solidification

of the material, can diffuse to the dislocation line causing climb. This could affect other dislocation

mechanisms, for example leading to the activation of Bardeen-Herring source [25]. However, the

effect of such source is out of scope of the current thesis, as the study would require employing

additional simulation techniques. Similarly to voids, precipitates or inclusions can also act as stress

concentrators, and cause punching of dislocations [34, 28]. Such mechanism could lead to formation

of a protrusion in a similar way as observed for voids in the work presented in this study. A precipitate

could be even more efficient in generating the first dislocations due to lattice mismatch, but it must

be noted that when the dislocations move material away from the precipitate under external tensile

stress, the site becomes a void. [28]
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10.2.2 Grain orientations on a copper surface

Copper consists of many differently oriented grains. These grains respond to stress in different ways,

due to different elastic constants. This can induce stress on the grain boundaries and cause dislocation

mobility, nucleation and generation. In this thesis, the <110> surface orientation was chosen, since it

is the orientation of the Burgers vector, and is the relevant direction for the mechanism of protrusion

formation right above of the void under tensile stress caused by the external electric field. Certainly

the dislocations can be mobilized, nucleated and generated under other loading orientations as well,

which is interesting subject of study, but is out of scope of the current thesis.

10.2.3 Surface oxidation

Copper samples that were used in the DC setup (static electric field) at CERN are covered by thin

oxide layer, which is quickly removed after few initial sparks. However, when the surface was artifi-

cially further oxidized, it was found that the breakdown strength of copper was temporarily increased

until the oxide layer was eroded during several sparks (de-conditioning).[13] The fact that there exists

at least a thin oxide layer on the prepared copper sample could have some relevant implications. For

example, near surface voids could form due to Kirkendall effect, by diffusion of copper atoms to the

copper-oxide layer [59, 60]. Also the CuO and Cu2O structures have lattice constants different from

Cu [61]. This can induce stress on the copper-oxide interface [28], leading to a formation of dislo-

cation network at the very surface. The dislocation mobility hindered in the copper-oxide layer, for

instance, might explain the temporary increase of electrical breakdown resistance of Cu surface with

the increased oxide layer. Also oxide precipitates could form in the copper due to the initial oxidation.

The possible role of the thin oxide layer present in the prepared sample in generating additional near

surface dislocation network is an interesting subject for future and is currently out of scope of the

present thesis.

10.3 Relevance of current simulation studies to realistic conditions

Most importantly the simulation results demonstrate how a stress concentrator can cause lo-
calized plastic deformation under external stress. The simulation results presented in this thesis

mainly provide information on three main objects concerning a near surface void acting as a stress

concentrator: 1. dislocation nucleation at a stress concentrator, 2. Stress and elastic strain distribu-

tion near a stress concentrator, and 3. Dislocation mobility and cross-slip on a stress concentrator.

The relevance and limitations of these points to realistic conditions is discussed below.
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1. It was necessary to exaggerate the external stress or electric field in the simulations since the

timescale, which can be simulated with the molecular dynamics simulation method is limited to the

nanosecond scale. During a longer timespan a dislocation nucleation can occur under lower stress, as

described by the transition state theory (cf. section 6.3). A more detailed investigation with additional

simulation tools, such as the nudged elastic band method [62] could provide further information on

the required stress for the nucleation during longer time scale. Also other kind of discontinuities in

the material, such as precipitates or grain boundaries can act as stress concentrators and could cause

dislocation nucleation. However, if a precipitate would cause plastic deformation by dislocation loop

punching under external stress in a similar way as it was observed for the void, the precipitate site

would eventually turn in to a void.

2. The dislocation network which exists in real copper was not directly simulated except for the case

of single screw dislocation connecting the void and the surface. However, the dislocation mobility is

caused by the shear stress on a slip plane, as described in section 6.2. The analysis of the stress dis-

tribution near the void given in publication V therefore provides information on how the dislocations

contained on the slip plane perpendicular to the surface will move under the external stress. Collective

motion of dislocations above the void in this slip plane can also lead to formation of a protrusion in a

similar way as observed in the simulations. Also the operation of Frank-Read source is activated by

the shear stress on the slip plane. The analysis of the elastic strain distribution in publication VI pro-

vides information on how the stress concentration caused by the void increases plasticity in context

of the pulsed surface heating in CLIC components. More detailed information on the dislocation pro-

cesses involving the pre-existing dislocations could be provided by the so called dislocation dynamics

simulation method [26].

3. Pre-existing screw dislocation with burgers vector in the direction of the surface plane normal

could in principle cause localized plastic deformation leading to a formation of a protrusion above

the void, if the dislocation can repeatedly cross-slip as shown in Fig. 20. Our results showed that the

stress concentration caused by the void resulted in such a stress field that the cross-slip can occur, but

also that it can be hindered by formation of Lomer-Cottrell lock. These mechanisms are described

in sections 6.4 and 6.5. In reality there could be more than a single dislocation involved in similar

process but the elementary mechanisms (cross-slip and dislocation locking) can be the same. Also in

this case the external stress was exaggerated and further studies employing for example the nudged

elastic band method, could provide additional insight on the required stress for this mechanism to

operate.
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11 SUMMARY

We have examined in detail possible dislocation related mechanisms that can cause deformation of

copper surface under following conditions when a near surface void is present.

Effect of electric field induced tensile stress exerted on a copper surface containing a near surface

void has been examined in detail. By applying exaggerated stress we observed dislocation nucleation

on a void. The dislocations nucleated on the slip plane perpendicular to the material surface and

their movement caused formation of a protrusion on the surface. The maximum depth of the void

for the dislocation nucleation was investigated in detail. It was found that temperature, inherent

surface stress, void size and depth affect the nucleation and subsequent growth of a protrusion on the

surface due localized plastic deformation caused by the movement of the nucleated dislocations. A

simplified analytical model was constructed, which is capable of describing the relevant parameters

affecting the protrusion growth caused by the nucleated dislocations. The model also explains the

scale dependence of dislocation nucleation observed in the simulations through an intrinsic length

scale parameter, which is related to activation volume for the dislocation nucleation.

We also examined pre-existing screw type dislocation connecting the void and the surface under ten-

sile stress. It was found that the dislocation can cross-slip to an intersecting slip plane and cause

formation of a surface step with a corner. In the atomistic simulation scale the cross-slip occurred

through Fleischer mechanism. The Fleischer mechanism operated instead of the more commonly as-

sumed Friedel-Escaig mechanism since the energy required to create the additional dislocation line

segment was small due to the small length scale of the system. Later in the simulation, nucleation of

a dislocation on another intersecting slip plane formed Lomer-Cottrell lock, which halted the disloca-

tion mobility and subsequently no significant protrusion growth could be observed in the simulations.

However, the operation of the mechanism can not be excluded, since the cross-slip could occur under

lower stress over longer time periods and if lower stress would be applied, the dislocation nucleation

causing the formation of Lomer-Cottrell lock would be less probable.

The shear stress on the slip plane which is perpendicular to the surface is the cause for the formation

of the protrusion due to dislocation nucleation and/or mobility. For this reason we analyzed the effect

of void depth on the distribution of the shear stress by using the finite element method. We compared

these results to an analytic expression for the stress distribution for a void located deep in the bulk

under similarly applied stress. The nearby surface had significant effect on the stress distribution

only when the void depth was less than its diameter. Below this the stress distribution has converged

very near to the one given by the analytic solution. We also compared the stress distribution to atomic

level stress calculated by the virial stress formulation in molecular dynamics method. The atomic level
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stress includes the significant contribution of the surface stress present near the void surface even in

the absence of external applied stress. The comparison of the results showed that the total atomic

level stress is superposition of this surface stress and the contribution from the applied external stress.

The surface stress present near the void surface in the absence of the external stress causes very high

shear stress right at the void surface enhancing the dislocation nucleation and mobility outwards from

the void, but the value diminishes drastically when moving outwards and receives opposite sign for a

certain length. The effect of the sign change can provide energy barrier for the dislocation emission

from the void.

The pulsed surface heating caused by an alternating electric field induces cyclic stress in the metal

which is capable of causing severe plastic deformation of copper surface. The design of the CLIC

accelerating structures is known to experience 60 K temperature rise on the structure surfaces under

electric field pulse. We examined the conditions relevant for yield caused by the 60 K temperature

rise in copper containing a near surface void by calculating the atomic level von Mises strain and

comparing it to the same quantity in absence of the void. We found that the maximum value of

the von Mises strain, when the void is present is 1.9 times the von Mises strain in the absence of

the void. By exaggerating compressive stress on the lateral boundaries, we were able to observe

dislocation nucleation on the void. The nucleation occurred at the sites of maximum von Mises

strain, as expected.

Once a protrusion has formed on the surface, the effect of the change of the electric field needs to

be taken in the account to dynamically simulate the evolution of the system. This was achieved by

coupling the molecular dynamics simulation method to the electric field calculation. We observed

that the dislocation mechanism caused the protrusion growth also in the coupled simulations.
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