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Executive Summary

The performance of accelerating structures (AS) in the Compact LInear Collider

(CLIC) is sensitive to a variety of parameters, including the surface quality of

key elements of the AS. Processes which affect the surface quality are therefore

of particular concern. The present work addresses surface modifications associ-

ated with thermal cycling during operation. This type of operating condition

represents a specific type of fatigue loading.

Four fatigue test procedures were used in the present study in order to inves-

tigate the fatigue behaviour of oxygen–free–electronic (OFE) copper, the candi-

date material of the CLIC–AS: conventional fatigue (CVF), ultrasonic swinger

(USS), laser fatigue (LAF) and radio–frequency fatigue (RFF). During operation

of the accelerator the material of the AS will be subjected to cyclic temperature

changes of approx. ∆ T = 56 K, from about 40◦ C to about 100◦ C. These

temperature changes will result in cyclic biaxial strains in the surface of the

order of ∆εbiax = 9.2 x 10−4 at a macro equivalent stress of 110 MPa.

Characterisation and quantification of roughening and hardening phenomena

on cycled samples revealed a strong dependence on the orientation of individual

grains of the polycrystalline material. Orientation imaging with a scanning

electron microscope showed that roughness and hardness increased less in grains

oriented in [1 0 0] direction than grains oriented in the [1 1 0] direction, with

the [1 1 1] grains falling in between. A detailed analysis of the slip systems of

the different orientations clarified the origin of the roughening phenomena and

their dependence on crystallographic orientation. This dependence arises from

the different number of active slip systems. Additionally, grain boundaries need

to be considered in fine structures (grain sizes as fine as 1 µm – 5 µm). High

local stresses related to elastic anisotropy in the polycrystal average out on the

macroscopic scale.

Analysis of the results obtained by different fatigue test techniques indicates



that similar elementary processes govern the material response in all cases. The

two mechanical loading methods CVF and USS have experimental advantages

in terms of standardisation and in terms of the capability of addressing high

cycle numbers. Unfortunately, the results obtained cannot be directly related

to thermal fatigue data obtained by LAF and RFF.

Given the importance of electrical conductivity for the CLIC AS material,

copper is the only material that comes in to consideration. On the basis of

the results obtained in the present study, the two possible candidates for the

material are:

1) A strongly textured and fine grained OFE copper, e.g. equal–channel–

angular–pressed (ECAPed) OFE copper.

2) A strongly [1 0 0] orientation textured pure copper thin film.

Either material would offer fatigue characteristics that should be compatible

with the demanding requirements of the CLIC–AS.

The results obtained in the present study provide a framework for discussing

material selection and material pretreatments, developing alternative engineer-

ing designs and working out monitoring strategies for long–term operation of

the CLIC–AS.
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1. Introduction

The Compact Linear Collider (CLIC) is an electron–positron collider for ener-

gies of 1.5 TeV – 3 TeV, currently under study at the European Organization

for Nuclear Research (CERN) in Geneva [2, 3]. It is considered as a possible

successor for the Large Hadron Collider (LHC) [4]. Its task will be to conduct

experiments to validate and improve precision of LHC data by colliding elemen-

tary electrons and positrons. The planned accelerating gradient of 100 MV/m

will be the highest ever achieved in non–superconducting accelerating cavities

[5]. This extremely high gradient is required to minimise the costs for expensive

underground civil engineering for the accelerator construction [6]. The acceler-

ating fields for the particles are induced in the Accelerating Structures (AS) by

high–intensity pulsed Radio Frequency (RF) waves. Materials used for the AS

are subject to pulsed surface heating arising from the electrical currents induced

by the RF fields. Since CLIC will operate at room temperature, good electrical

conductivity of the AS material is of paramount importance [5]. Pure electrical

copper, an excellent, commercial electrical conductor has therefore been chosen

as the baseline material for the AS. The drawback of this type of pure cop-

per, however, is its low mechanical strength. For CLIC, a specific high fatigue

strength is needed to prevent surface degradation arising from pulsed surface

heating. A technical solution is needed for CLIC which takes these two demands

into account [7].

For the electrical and mechanical properties of pure copper, the maximum

pulsed temperature rise expected is calculated as ∆T = 56 K and the resulting

thermal strain ∆εth = 9.2 x 10−4 [5]. CLIC is designed to operate for 20 years, 9

months a year, 7 days a week and 24 hours a day. At a frequency of 50 Hz, the

total amount of pulses will exceed 2.3 x 1010 [8]. This cycle number is at the limit

of classical engineering fatigue studies, which extend normally up to a number

of cycles of 107 [9]. Very little data for higher cycle numbers (Ultra-High-Cycle-

1



1. Introduction

Fatigue (UHCF) for copper can be found in the literature. Only in the past

few years has the UHCF regime become a topic of scientific and engineering

interest [10]. It is believed that fatigue mechanisms known in classic regimes

(Low-Cycle-Fatigue (LCF) and High-Cycle-Fatigue (HCF)) change if loads are

further decreased and cycle numbers increased. Since it is known that in HCF

and UHCF the limiting factor for fatigue life is crack initiation rather than crack

propagation [11], microstructural and morphological surface processes play a

major role for the fatigue performance of the CLIC AS.

In the present work the term fatigue is used in a broad sense. We consider

not only mechanical failure due to the initiation and growth of cracks, leading

to rupture, but rather all elementary processes which degrade the performance

of the CLIC AS as a result of cyclic loading. When thermomechanical cycling

affects the functionality of an electromagnetic device we may also use the term

functional fatigue. This is analogous to functional fatigue in shape memory

alloys [12].

Current CLIC operating parameters envisage a RF frequency of 12 GHz [5, 8].

In copper, the resulting skin depth [13], a measure of the penetration depth of the

electromagnetic field into the material, is 0.6 µm. Since the associated surface

currents are sensitive to surface defects and roughness, the initial general surface

quality requirements are set at Ra = 0.02 µm [5]. As the probability of electrical

breakdown in the high fields of the AS is sensitive to the presence of surface

features, which may evolve over time, serious performance limiting issues can

arise from any deterioration in surface quality. Surface fatigue, hence evolution

of roughness during thermal cycling, is therefore considered as a critical long–

term issue for the AS of CLIC. Thus it is important to understand the behaviour

of pure copper surfaces under these specific operating conditions.

In this study, copper will be tested using four different fatigue methods.The

aim of the present work is to use the understanding obtained from the me-

chanical and microstructural fatigue test program for improvements in three

areas: materials selection and material pretreatments, design procedures and

surveillance methodologies.

2



2. State of the Art

This chapter introduces the present knowledge and understanding on which the

current study is based on. It starts with an overview of CLIC and its AS. Next,

it provides a brief historical introduction on the use of pure copper for particle

accelerators as an introduction to challenges and restrictions that apply to the

material selection for the CLIC AS. A review of fatigue research in general is

specifically followed by an introduction to thermal fatigue.

2.1. A Brief Description of the Compact Linear

Collider (CLIC)

CLIC is a planned high-energy (0.5 TeV – 3 TeV center–of–mass (c.m.)) and

high-luminosity (1034 – 1035 cm−2s−1) positron–electron collider [3, 6]. It is in-

tended as a possible successor to the Large Hadron Collider (LHC) [4], which is

currently pushing the energy limit with proton collisions at 7 TeV c.m., heralding

a new area of High-Energy-Physics (HEP). Experiments performed by collid-

ing elementary particles, such as electrons and positrons, allow much higher

precision to be obtained in describing the energy and position of the collid-

ing particles and collision products, compared to non–elementary particles like

protons in the LHC [14]. For the field of HEP, hadron colliders therefore tra-

ditionally alternate with lepton colliders: the hadron machines open up new

energy regimes, while lepton machines are used to confirm results and make

more precise measurements. Since the events being studied are extremely rare,

a very high integrated luminosity is needed [15]. The physics experiments in

CLIC (multi–layer particle detectors similar to “A Toroidal LHC ApparatuS”

(ATLAS) [16] or the “Compact Muon Solenoid” (CMS) [17] in LHC) thus re-

quire a luminosity of at least 1034 cm−2s−1 at 1 TeV c.m., which CLIC must

3



2. State of the Art

deliver.

CLIC is based on the Two–Beam Acceleration (TBA) method [6]. Energy

from the drive beam, a low-energy, high-intensity electron beam, is extracted

and converted to RF power with the help of Power Extraction and Transfer

Structures (PETS) and fed to active sections of the main linear accelerator,

where it imparts a high energy to a passing bunch of accelerated particles [18].

The overall layout of CLIC is shown in Fig. 2.1. At the Interaction Point

Figure 2.1.: Overall layout CLIC 3 TeV. Generation, acceleration and delivery

of the main beams in the lower half. The drive-beam complex and

the production of 12 GHz RF–power are situated in the upper half

[3].

(IP), the beams collide in the center of a particle detector. Given a c.m. en-

ergy of 3 TeV, an accelerating gradient of 100 MV/m and a length of 5.5 km

for the Beam Delivery System (BDS), CLIC would cover a total length of ap-

prox. 48.3 km [8, 18]. The big advantage of the TBA scheme is its relative

compactness: since no active components such as modulators or klystrons are

necessary along the machine, both linear accelerators can be housed in a single

small–diameter tunnel as shown in Fig. 2.2, significantly reducing the need for

underground civil engineering.

Among the different technological solutions for building a linear collider, the

4



2.1. A Brief Description of the Compact Linear Collider (CLIC)

Figure 2.2.: Proposed CLIC tunnel cross section. The main beam linac and

the drive beam are installed on individual girders on a common

concrete base. Transfer lines carry the main- and drive-beams from

the generation complexes to their respective injection points and

connect cooling and ventilation facilities [19].

CLIC study explores the technical feasibility of TBA using high–frequency,

room–temperature, traveling–wave accelerating structures. In contrast, the In-

ternational Linear Collider (ILC) study uses the known Tesla–Technique [20],

based on klystron–fed superconducting niobium cavities operating at cryogenic

temperatures [21]. This technique is currently limited to c.m. energies of

500 GeV due to the complexity of the power delivery system, while CLIC is

not subject to those limitations and currently designed for 3 TeV. The two

communities are collaborating closely to find the most suitable solution for the

HEP community. Depending on the physics discoveries from the LHC, a choice

will have to be made as to which of the accelerators will be built.

The CLIC AS must meet a complex set of demanding interrelated criteria as

a high–performance, cost–effective linear collider design. Fig. 2.3 shows a sketch

5
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of a part of an AS consisting of joint discs, machined to 2 µm – 4 µm dimensional

tolerance and with a surface roughness of Ra = 0.002 µm. The irises where the

Iris

Particle
beam

Cooling
channel

Silicon carbide
load

Damping
waveguide

Figure 2.3.: Scheme of AS consisting of brazed discs. Bunches of particles are

accelerated by the RF fields and pass in center of irises. The particle

beam induces wake fields, which are transported away from the

center by the damping wave guides and are damped in the silicon

carbide loads [3].

highest electric fields accelerate the passing particle beam are visible in the cut–

out. The present CLIC parameter set [5, 8] specifies that accelerating structures

operate at 100 MV/m accelerating gradient in the presence of the particle beam

(called loaded gradient) with a maximum allowed electrical breakdown rate in

the order of 10−7 (per structure) at a pulse length of 240 ns. The performance

limiting factor is the breakdown rate. Raising either the accelerating gradient or

the pulse length would make the machine more compact and increase luminosity,

but it would also increase the breakdown rate. When a breakdown occurs, the

beam is lost and the AS suffers damage, both from particle impacts and from

the breakdown itself. This risk must minimised to avoid critical damage to

the accelerator and to ensure the specified luminosity of 1035 cm−2s−1 to be

maintained. However, the main effect that limits the lifetime of the AS is

fatigue damage caused by pulsed surface heating. The severity of damage is

determined by the surface magnetic field, pulse length and material properties.

6



2.2. Copper: Facts and Figures

This effect is addressed in the current study.

Past experience and understanding do not provide a satisfactory explana-

tion of how the evolving surface roughness caused by thermal cycling degrades

the Quality Factor (Q-factor) of the AS. In general, the Q-factor describes the

damping characteristics of a resonator [22]. A high Q-factor means that the

waveform decay in a resonator is small (low damping) and it can therefore oscil-

late longer. For the CLIC AS, a high Q-factor is a requirement based on beam

dynamics simulations.

Surfaces exposed to thermal cycling caused by RF–fields can develop increas-

ing roughness which may contribute to electrical breakdown [23]. This phe-

nomenon is a key point of interest of other CLIC–related studies [24, 25, 26].

Also here, past experience and understanding do not provide a satisfactory ex-

planation to which extent the developing surface roughness decreases breakdown

resistance of a material. Both effects, Q-factor sensitivity and breakdown resis-

tance, as the result of fatigue induced by pulsed surface heating, are considered

as a critical long–term performance limiting issue and are currently being stud-

ied.

2.2. Copper: Facts and Figures

Pure copper is one of the oldest materials used by mankind [27], with the earliest

estimates of its use going back to 9000 B.C. in the Middle East [27]. It was the

first metal to be smelted from ore, and was later alloyed with zinc and tin. Its

excellent electrical and thermal conductivity and extremely high ductility are

the main reasons for its extensive use in modern society [28].

In particle accelerator development at CERN, copper has always been a main-

stay of accelerator construction. In the late 1950’s, the first Linear Proton Ac-

celerator (LINAC1), sending protons of the energy of 50 MeV to the Proton

Synchrotron (PS), was based on accelerating structures (drift tubes) made of

copper. In the 1970’s, LINAC2 provided protons to the PS Booster (PS-B) at

800 MeV with an acceleration gradient of 2.5 MV/m. The accelerating com-

ponents of LINAC2 were made of copper, whereas those of PS were made of

copper–plated stainless steel. The steel substrate was necessary because of the

forces arising from large–diameter accelerating cavities under vacuum, while the

7



2. State of the Art

copper was used for its superior electrical conductivity. During the same time

the Super Proton Synchrotron (SPS) was opening a new field of physics, reach-

ing a particle energy of 450 GeV. Its copper accelerating cavities accelerated

the protons by 3 MeV at each turn. In the 1980’s, superconducting accelerating

cavities made of niobium–coated copper were developed specially for the Large

Electron–Positron Collider (LEP) [29]. The big advantage of this technology

compared to bulk niobium structures was its significantly higher thermal stabil-

ity, due to the higher thermal conductivity of the copper substrate compared to

niobium [30]. The same technology is also used in the LHC accelerating cavities

[31]. Of the projects currently under way at CERN, LINAC4 [32] and the med-

ical accelerator project of “Fondazione per Adroterapia Oncologica” (TERA)

[33] are technologically closest to the CLIC concept. The accelerating cavities

of LINAC4 are currently in the prototype phase and will be made of bulk OFE

copper, with a comparatively low accelerating gradient of 4 MV/m. The bulk

copper cavities used in the TERA’s project will have a much higher accelerating

gradient (40 MV/m). Though it is still far below that planned for CLIC, it will

nonetheless possess a significant challenge in terms of breakdown risk due to it

extremely hight surface electric fields.

Table 2.1 shows the electrical conductivities in %IACS (Inernational Annealed

Copper Standard) and thermal conductivitys for different pure metals and al-

loys. Since pure copper possesses an extremely high electrical conductivity, it

is used as the reference and is the most common material in numerous applica-

tions, including electrical applications like cables or integrated circuits [35, 36].

Furthermore, it is classically used in non–cryogenic RF applications, where elec-

trical losses play a major role [7]. Its low yield strength and ductile behaviour

are also useful for the manufacturing of numerous components of particle accel-

erators.

The mechanical properties of high–purity copper can be enhanced by work

hardening and alloying. The increase in dislocation density through work hard-

ening only marginally influences its electrical and thermal conductivity at room

temperature [34, 37]. The electrical conductivity of copper is also independent

of the crystallographic orientation and does not vary significantly with grain

size [34, 38]. Applications which, in addition to the high electrical conductivity

of pure copper, also demand enhanced mechanical properties are based on cold
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2.2. Copper: Facts and Figures

Material El. cond. Th. cond.

/ %IACS / W/m·K
Pure silver 106 428

Pure copper (99.999 w% Cu) 103 398

C10100 (oxygen-free electronic, OFE) 101 391

C15000 (Cu with 0.10 w%–0.20 w%Zr) 93 367

C15700 (dispers.–strength. with 0.15 w% Al2O3) 93 360

Coin silver (90 w% Ag + 10 w% Cu) 85

Pure gold 73.4 318

Pure aluminum 65 247

Pure nickel 25.2 83

Pure iron 17.6 80

Table 2.1.: Electrical and thermal conductivity values for various metals and

alloys (from [34]).

rolled or cold forged pure copper. Any heating cycle suffered during manufac-

turing (e.g. brazing) would degrade these properties, making other hardening

methods necessary. For example, alloying pure copper with a limited amount

of zirconium (0.05 w% – 0.15 w%) enhances its mechanical properties through

solid solution hardening and precipitation hardening. The enhanced mechanical

properties, along with a possible coldworking step, can then resist exposure to

medium temperatures (e.g. 450 ◦C in low–temperature brazing) for short times

(up to several hours) through dislocation pinning at the precipitates [39]. Higher

temperatures (e.g. 825 ◦C in high–temperature brazing) make it necessary to

use thermo–mechanical stable phases (e.g. dispersoids in alumina strengthened

copper [39]) to enhance the mechanical properties of pure copper. Fig. 2.4 shows

the yield strength at room temperature (RT) of pure copper and two high elec-

trical conductivity copper alloys, exposed to various temperatures for one hour.

It can be seen that cold–worked copper softens significantly already at tem-

peratures as low as 300 ◦C, whereas cold–worked copper zirconium alloy keeps

its strength up to 550 ◦C. Most notably, the dispersion strengthened copper

GlidCop c© softens only slowly at temperatures higher than 700-800 ◦C.

The major drawback to the use of alloyed copper is the dramatic deterioration

9
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Figure 2.4.: Softening resistance of GlidCop Al-15 c© (C15700) versus cold-

worked OF copper and cold–worked Zirconium Copper. Properties

measured at RT, after exposure to elevated temperatures for one

hour. From [39]

of electrical conductivity [34]. Fig. 2.5 shows how electrical conductivity falls

off for various alloy elements and proportions at room temperature. While the

effect varies widely from element to element, even silver, with its higher electrical

conductivity, has a negative effect.

Copper is a Face-Centered-Cubic (FCC) metal. As with all cubic materials,

the symmetries of the elementary cell mean that all properties which can be

described with a second rank tensor are isotropic [38]. Accordingly, the electrical

conductivity, the thermal conductivity and the thermal expansion coefficient are

independent of crystallographic orientation [38].

2.3. Fatigue

Fatigue is generally referred to as material degradation related to cyclic loading.

Irreversible processes inside the material, particularly at the microstructural

level, cause “fatigue damage”. ASTM Standard E1823 defines fatigue of mate-

rials as follows [40]: “Fatigue – the process of progressive localized permanent

structural change occurring in a material subjected to conditions that produce

fluctuating stresses and strains at some point or points and that may culminate

10
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Figure 2.5.: Influence of alloying element and content on electrical conductivity

of pure copper. From [34]

in cracks or complete fracture after a sufficient number of fluctuations.”

When a material is loaded beyond the elastic limit, plastic deformation occurs

through the creation and motion of dislocations. Dislocations are 1–dimensional

crystal lattice line–defects and represent carriers of plastic deformation in crys-

talline materials. Under cyclic loading, the dislocations in the crystal move.

Further plastic deformation then requires that either formerly pinned disloca-

tions be freed or new dislocations be produced, whereby in the second process

the dislocation density increases. Classically, the deformed material increases

in hardness during loading, while ductility decreases. At the end of fatigue life,

the dislocation density in the cycled material becomes so high that dislocations

strongly hinder each other and therefore dislocation motion is almost impossible

[41].

This simplified approach does not explain all phenomena observed in relation

with cyclic loading. For example when cyclic loads remain below the elastic

limit, the macro deformation remains elastic. Nevertheless it is believed that

irreversible processes take place at regions of local stress/strain concentrations,

in the form of microplasticity at a very local scale (≤ 1 µm). These regions

are prone to initiate failure and are normally located around inhomogeneities,

either withing in the lattice (inclusions or accumulation of dislocations) or at

the surface (geometrical stress enhancement factor) [41].

11
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2.3.1. Fatigue in Single Crystals by Single Slip

When observing the fatigue behaviour of single crystals, the above mentioned

processes can be shown experimentally very clearly with the help of Transmission–

Electron–Microscopy (TEM) and Scanning–Electron–Microscopy (SEM) with

Electron–Channeling–Contrast (ECC) [42].

For pure copper single crystals, Zhang et al. [43] and Hirao et al. [44] showed

that cyclic stress far below the elastic limit can cause microplasticity due to

local dislocation activity, while the signs of accumulated damage are hardly vis-

ible on the surface. After a certain incubation time, the dislocations create so

much internal stress through pile–up, that small intrusions and extrusions evolve

on an initially smooth surface [41]. These intrusions and extrusions represent

locations where stresses are concentrated, and therefore dislocation motion is

favored. The sites where this self–enhancement of microplasticity takes place are

therefore preferred locations for crack initiation [45]. The deformation through

dislocation motion is generally possible only on the easy slip planes (e.g. for

copper, the four (1 1 1)–type planes) in three different directions of the [1 1 0]–

type [46]. The 12 possible combinations of slip planes and slip directions are

called slip systems. Depending on how samples are oriented with respect to the

loading axis, different fatigue behaviour can be expected. When single crystals

are oriented for single slip (meaning, only one slip system will be active in the

crystal), fully reversed cyclic loading produces approximately equal numbers

of positive and negative edge dislocations [47, 48]. As these dislocations are

able to move only on one active slip system, positive and negative dislocations

can attract one another and form dislocation dipoles [41]. This process can

be observed externally by examining the stress–strain curves, where hystere-

sis indicates cyclic hardening. The networks of these edge dislocation dipole

arrangements are called veins, while the low–dislocation regions between the

veins are called channels [49]. Through further cycling, the strain accommoda-

tion capacity of the vein structure becomes saturated and a structural change

has to take place in the matrix. The vein structure transforms into a wall struc-

ture of a Persistent Slip Band (PSB), which may propagate through an entire

crystal [41].

12
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2.3.2. Fatigue in Single Crystals by Multiple Slip

If a single crystal is oriented for multiple slip, the developing dislocation sub-

structure changes [50]. The same effect is observable for single slip orientation

when the plastic strains get large and secondary slip plays a more pronounced

role. More complex arrangements of the edge dislocation dipoles develop due to

their accumulation, which is now possible on more than one slip system. The

resulting networks are generally referred to as labyrinth and cell structures [51].

In particular, the labyrinth structure is known to harden cyclically faster, to be

more stable on a larger number of cycles and to be able to accommodate higher

imposed plastic strains with reversible dislocation motion when compared to

the vein structure [41].

However, the reported experimental results are contradictory. Thus, Hoepp-

ner and Salviar [52] performed fatigue tests with uniaxial loading of copper

single crystals. They varied the angle between the primary slip system ((1 1 1)

plane, [-1 1 0] direction) and the principal loading axis. Different samples were

tested under the same uniaxial stress. Due to different Schmid Factors (SF),

different shear stresses acted on the primary slip systems. They found that the

samples with lower shear stress had a much longer fatigue life than those under

higher shear stresses. Some years later, Cheng and Liard [53, 54] stated that

uniaxial fatigue tests performed under plastic strain control on copper single

crystals cycled under different Q–factors (defined as the ratio of the SF of the

secondary slip system to that of the primary one) did not show any difference

in fatigue life within the experimental error margin. Results on polycrystalline

copper obtained in the current study and presented in Chap. 5.1.4 show that

grains of particular grain orientations behave differently when subjected to the

same loading cycles.

2.3.3. Fatigue in Polycrystals

Far from being single crystals, ordinary technical materials are polycrystalline,

so a huge variety of slip orientations is present in the material. Grain Boundaries

(GB) represent defects in the crystal lattice and therefore strongly influence the

dislocation motion in their direct vicinity, depending on the crystallographic

orientation of the adjacent grains. Two studies experimentally showed this

13
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role of GB in polycrystalline copper submitted to fatigue [45, 50]. Large–angle

GB are known to be obstacles to dislocation motion. During cycling, a pileup

of dislocations at these GB can induce high local stress concentrations and

therefore promote crack initiation. In contrast, low–angle GB represent less

severe obstacles for dislocations, and are therefore considered less critical [41,

45, 50].

Although the presence of GB and other lattice defects, such as precipitates or

impurities, can significantly change the mechanisms of the material’s response to

cyclic deformation, the considerations noted for the fatigue behaviour of single

crystals can generally be applied to cyclic deformation of near–surface grains of

metals of high purity [41]. The formation of PSB can be observed, as in single

crystals, but with the significant difference that PSB can cross low–angle GBs

whereas large–angle GBs are impervious to them. Under certain conditions, dis-

location substructures, such as labyrinth and cell structures, can be observed,

as with single crystals [41]. Additionally, the deformation continuity condition

at GBs can create locally multi–axial loading with different stress levels. Thus,

multiple slip can arise due to different deformation responses between adjacent

grains. For materials with fine grain structure, this behaviour can be predomi-

nant. For materials with coarse grain structure, where the majority of the grains

is not perfectly oriented for multiple slip, a single crystal behaviour, oriented

for single slip, can be assumed [41].

In contrast to single crystals, in polycrystalline metals the Bauschinger effect

can be observed. In 1886, Bauschinger found experimentally that in polycrys-

talline material, submitted to a certain amount of forward plastic deformation

(in tension or compression), the yielding of the material takes place earlier when

the loading direction is reversed than for continued forward deformation [55].

Grains oriented with a high SF deform plastically first and therefore harden

through production and arrangement of dislocations. Other grains with lower

SF follow later and undergo therefore a lower plastic deformation. When the

load is reversed, the grains which deformed first are already stress free before

traversing the macro zero strain level because of residual plastic deformation.

The yielding of these grains will then occur at a lower macroscopic stress level

than in the forward deformation direction. The macro behaviour of the poly-

crystal shows therefore a higher yield strength in tension as compared to com-
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pression if the first loading direction was tension. The Bauschinger effect will

be discussed further with respect to the results of the current study on pure

polycristalline copper in Chap. 6.1.1.

2.3.4. Different Fatigue Regimes and the Fatigue Limit

Woehler, in 1860, was the first to systematically acquire and analyse fatigue

data. He performed rotation–bending tests and plotted the points of rupture

in a diagram of stress–amplitude versus the number of cycles to failure, which

he used to predict the fatigue behaviour of different steels for railroad wheel

applications. This way of illustrating fatigue data is the basis of most of the

fatigue considerations today. The diagram is named after its inventor and often

also referred to as Stress–Number of cycles (S–N) plot.

Depending on the stress/strain level and the resulting fatigue cycle numbers,

a general distinction between different regimes of fatigue mechanisms is made.

Fig. 2.6 shows a generalised S-N plot. High loads with severe plastic deformation

s

N104 108

LCF HCF UHCF

PSB-threshold

irreversibility 
threshold

1010106102

I

II III

Figure 2.6.: Determination of the different fatigue regimes in S-N Woehler plot

according to [11]. Material with or without a plastic strain fatigue

limit in the HCF regime (range II), terminated by a further de-

crease of fatigue life with decreasing strain amplitude below the

PSB-threshold in the UHCF regime (range III).

result in low cycle number to failure. This regime is called Low–Cycle–Fatigue

(LCF). High–Cycle–Fatigue (HCF) is the regime characterised by cycle num-
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bers above 104 under predominantly elastic strains. This regime ends at 107

cycles under classical engineering approaches. Toward the end of this regime, a

continuously decreasing trend can be observed. This gives rise to the idea that

even if the stress is reduced further, the material will undergo failure at a certain

number of cycles. The stress corresponding to a cycle number of 107 is therefore

commonly referred to as the fatigue strength of a material. In contrast, it was

found that some materials show a flat behaviour rather than this continuous

decrease toward 107 cycles. The corresponding stresses are called fatigue limits.

It was expected that cycling these materials at stresses below the fatigue limit

would not accumulate damage. Generally, it is observed that Body–Centered–

Cubic (BCC) materials show fatigue limits, whereas FCC (including copper)

materials do not. More recent observations using high–speed fatigue testing

devices extend the experimentally exploitable regimes to cycle–numbers beyond

1010 [56]. This cycle regime is commonly referred to as Ultra–High–Cycle–

Fatigue (UHCF), and has become the object of studies [11, 57], motivated by

industrial demands e.g. springs in automotive or industrial suspensions [58].

Despite the increasing use of high–speed testing techniques are more and more

applied [59, 60, 61, 62], a lack of available fatigue data to date has made it im-

possible conclusively to verify the extrapolated trend from former HCF fatigue

data. However, it is believed that materials offer a wider variety of possible be-

haviours than originally suspected (see dashed lines in Fig. 2.6). For pure soft

copper (99.88%, 750 ◦C for 75 minutes in vacuum), a “fatigue life threshold” was

defined and measured by Stanzel-Tschegg et al. [63] in 2007. By taking replicas

of sample surfaces of interrupted ultrasonic–swinger fatigue tests they defined

the thresholds for the appearance of Persistent Slip Bands (PSB) (62.6 MPa)

and Slip Bands (SB) (34 MPa). They stated that while cycling the samples with

stress amplitudes as low as the SB-threshold, irreversible cyclic slip still occurs

and, as a result, SB features can be observed. The plastic strain amplitude

was calculated to be approximately 4 x 10−6, corresponding to approximately

1 % of the total strain amplitude only. Nevertheless, they observed that, even

under stress levels 50 % higher than the PSB-limit, no fracture occured after

1010 cycles. They therefore defined this point as the “fatigue life threshold”,

eventhought the sample surface at these stress levels is almost completely cov-

ered with PSBs. It is generally recognized that PSBs are a pre–requirement for
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the formation of fatigue cracks in pure crystals [41]. Observations of threshold

stress for PSB formation hence automatically imply the existence of a fatigue

(stress or strain) limit, below which no failure occurs [64, 65].

2.3.5. Role of Surfaces for Crack Initiation

In 1958, Wood proposed a mechanism which explains how fatigue cracks in

metals and alloys of high purity occur [66]. Repeated cyclic straining of the

material produces different amounts of slip on the individual slip systems. The

shear deformation along slip bands is irreversible and results in roughening of

the surface: microscopic “hills and valleys” form in those places where the

slip bands reach the free surface. These features are referred to as extrusions

and intrusions, and represent micronotches, where stresses concentrate. Fatigue

processes are aggravated in these regions, which are prone to be sites for fatigue

crack nucleation.

A more recent model of Essman et al. from 1981 [67] pointed out another

important aspect in the role of PSB in fatigue crack formation. The interface

between a PSB and the matrix can be seen as a plane of discontinuity with very

abrupt gradients in density and distributions of dislocations. Indeed, it was

observed by Hunsch et al. in 1986 [68] that the strain within a PSB is highly

non–homogeneous and very localized at the PSB–matrix interface.

Based on Wood’s model and Essman’s models, it is thought that fatigue crack

initiation is strongly biased by the roughening of the surface. Experiments on

polycrystalline copper performed by Thompson et al. in 1956 [69] showed that

at a certain point of fatigue life removing surface roughness by electro polishing

leads to a significant enhancement in total fatigue life. This was experimentally

shown by Basinski et al. in 1983 [70] even for copper single crystals with PSBs

traversing the whole bulk.

In both HCF and UHCF, it is known that the material may spend more

than 90 % of its lifetime with crack initiation processes, which are therefore the

limiting factor for fatigue life [41]. In contrast, in LCF, crack propagation plays

the major role [41]. For this reason, in the HCF adn UHCF regimes, particular

attention must be paid to the evolution of the surface at cycle numbers above

104 [63, 71].

17



2. State of the Art

2.4. Thermal Fatigue

The classical example for thermal fatigue was already observed in the early

1960s. During the starting and stopping processes of gas turbines, temperature

gradients in the turbine blades, particularly between the blade surface and the

bulk, cause thermal stresses [72, 73]. The more abrupt these starting and stop-

ping processes are, the higher is the temperature gradient and hence the higher

are the thermal stresses.

Generally, thermal stresses arise wherever different thermal expansions have

to be accommodated. This can be the case of the mentioned turbine blades

where surface and bulk material are similar and the temperature gradient causes

differences in thermal strain. When temperature gradients become very large,

the thermal stress can exceed the tensile strength of the material. In brittle

materials, fracture can occur in a single thermal cycle. This is referred to

as thermal shock. Materials which exhibit a good thermal shock resistance,

generally have high thermal conductivity, high toughness, high yield strength,

a low thermal expansion coefficient and low Young’s modulus in the range of

temperatures applied. These characteristics are also beneficial for withstanding

repeated temperature cycles hence for thermal fatigue resistance.

However, thermal stresses can also arise where materials with different ther-

mal expansion coefficients are joined together. At high temperatures, a result-

ing mismatch of thermal expansion has to be compensated at the joint and its

surrounding area. Ceramic thermal barrier coatings, developed for increasing

combustion temperatures in gas turbines, have to cope with this difficulty [74].

In general, they are very thin and have very high melting points. Unfortunately,

the thermal expansion coefficient of the coatings are is generally very different

from that of the bulk substrate material. A multi–layer approach was developed

in order to ensure the adhesion of these ceramic coatings to the substrate over

a very wide temperature range.

In general, it can be said that thermal fatigue represents a multi–axial load

case. In very specialized tests, biaxial loading can be assumed; for example

thermal cycling of thin films in [75] or in laser fatigue tests, as will be shown

in Chap. 4.4.3. In most cases, due to the three dimensional–shape of samples

and the presence of thermal gradients, triaxial stess/strain models have to be

18



2.4. Thermal Fatigue

considered. For highly anisotropic materials, such as copper, the stresses have

to be broken down into different, strongly orientation–dependent components

in order to provide an analytical description of a thermal fatigue problem.

Fissolo et al. in 2009 published results of thermal fatigue experiments where

tubes made of 316L steel and 304L steel in a furnace were cyclically quenched

with water injections on the inner surface [76, 77]. With the help of numerical

models they calculated the resulting cyclic equivalent strains and compared the

resulting lifetimes to uniaxial mechanical fatigue data. They clearly showed

that thermal fatigue is more damaging than uniaxial isothermal fatigue, and

explained this by its multi–axial character.
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The need for high accelerating gradients for CLIC imposes considerable con-

straints on the materials of the AS. The design accelerating fields (100 MV/m

[5, 8]) will be the highest ever achieved in room temperature accelerating cav-

ities. It is clear that this complex technology requires careful monitoring and

verification by tests and experiments.

The object of the present study is to perform a systematic investigation of the

thermo-mechanical surface fatigue phenomena occurring in copper and copper–

based alloys under the severe operating conditions anticipated for the CLIC–AS.

For the first time, the combination of the complex loading conditions and the

very high cycle numbers is considered from a materials engineering point of

view. The objective is to predict material fatigue behaviour and select the most

suitable material for use in the CLIC–AS.

The surfaces of the AS exposed to high levels of RF–induced currents are

subject to cyclic thermal stresses, which could induce surface breakup by fatigue

within the 2.3 x 1010 cycles foreseen for 20 years of operation [5, 8]. Fatigue

failure is therefore a significant risk to the operation of CLIC. Interpolating the

available fatigue data for uniaxial fatigue testing to the foreseen cycle numbers

and comparing this data to the complex loading conditions in the AS is far from

trivial. In order to cope with this lack, this study considers four different fatigue

techniques applied to pure copper, as described in detail in Chap. 4.4:

1) conventional fatigue using a mechanical universal testing machine (low

repetition rate, uiniaxial loading)

2) ultrasound swinger fatigue device (very high repetition rate, uniaxial load-

ing)

3) laser fatigue, where an area on a sample surface is repeatedly heated

through irradiation (low repetition rate, thermal fatigue close to CLIC param-

eters)
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4) RF–fatigue device, where alternating electromagnetic fields are used to

repeatedly heat the surface (low repetition rate, thermal fatigue induced by the

same mechanisms as in CLIC)

The main topics handled by the current work are:

(1) understanding the basic mechanism of fatigue observed when low loads

induced by cyclic shallow–surface heating are applied to copper alloys

(2) relating those fatigue mechanisms to conventional fatigue induced by bulk

cyclic loads

(3) determining if pulsed laser, RF-fatigue and bulk ultrasonic fatigue tests

can provide a basis for extrapolations for the choice of a suitable material for

he fabrication of the CLIC ASs
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This chapter gives details about the experiments conducted for the purposes of

the present study. In the first part, the sample material in its different tempers

is described and the necessary characterization methods are introduced. Since

the surface state is of paramount importance the second part describes the

surface analysis methods in detail. Copper thin films and their fabrication and

characterisation methods are treated in the third part. The chapter close with

a detailed description and analysis of the four fatigue techniques used.

4.1. Material and Characterisation

4.1.1. Heat Treatments of Oxygen–Free–Electric Copper

The baseline material used for the experiments is high conductivity–oxygen free–

copper min 99.99 % (Cu–OFE REF. UNS C10100 Grade 1) complying with

different international standards [78, 79, 80, 81] and CERN specifications [82].

Reception form is a cold drawn rod of diameter 40 mm. Table 4.1 summarises

the properties measured for the tempers considered here.

Temper Rp0.2 Rm Grain Hardness A

/MPa /MPa size /µm /HV10 /%

“half–hard” (H02) 315 325 110 110 18

“brazing annealed” 72 270 400 41 37

“dead soft annealed” 70 255 1400 35 28

Table 4.1.: Comparison of measured mechanical properties of copper tempers

used for the experiments.

1) The “half-hard” temper (H02 according to ASTM B601 [1]) is obtained by
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cold drawing and shows a yield strength of approx. Rp0.2 = 316 MPa (compared

with 200 - 240 MPa specified in [82]). Fig. 4.1 shows the micro structure of the

H02 temper, with an average grain size of 110 µm (rougher than the 90 µm spec-

ified in [82]). This state represents the reference for the CLIC AS as machined

Figure 4.1.: Microstructure of cold drawn OFE copper in temper state H02

from bulk material, prior to brazing.

2) The “brazing annealed” temper reproduces the standard vacuum brazing

cycle routinely used for copper joining at CERN. The treatment parameters for

the brazing cycle are: heat to 795 ◦C at a rate of 300 K/h and hold at that

temperature for 60 min, then heat to 825 ◦C at a rate of 100 K/h and hold for

6 min, followed by natural cooling in vacuum. The resulting microstructure is

presented in Fig. 4.2. As expected the yield strength Rp0.2 decreased significantly

after the treatment, from 316 MPa (H02 temper) to 72 MPa, while the average

grain size increased from 110 µm (H02 temper) to 400 µm. The microstructure

shows numerous annealing twins. This state represents the material state of a

CLIC AS after a 825 ◦C brazing cycle.

3) The “dead soft annealed” temper is achieved by applying the following

annealing cycle in vacuum: heat to 1000 ◦C at a rate of 300 K/h and hold

for 2 h followed by natural cooling in vacuum. The resulting yield strength

Rp0.2 of 70 MPa corresponds to a fully annealed product and is as low as for

“brazing annealing” (72 MPa). This treatment resulted in the microstructure

shown in Fig. 4.3. The average grain size increased significantly from 110 µm
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Figure 4.2.: Microstructure of “brazing annealed” OFE copper obtained by stan-

dard (825 ◦C) vacuum brazing cycle.

(H02 temper) to 1400 µm. It contains a significant amount of larger annealing

twins as compared to Fig. 4.2. This temper state is used to quantify fatigue

damage through roughness measurements on different crystallographic orienta-

tions. For this, grains of a minimum size of 1 mm are needed to perform surface

characterisation following fatigue experiments.

4.1.2. Surface Finishing

As mentioned in Chap. 2.3, in HCF and UHCF, special attention is paid to the

evolution of the surface state during fatigue lifetime. Features developing are of

microscopical size. In Fig. 4.4a the SEM picture of Cretegny et al. [45] shows

the size of surface features developing on polycrystalline copper submitted to

a cyclic strain of ∆εtot/2 = 2.5 x 10−3. Fig. 4.4b shows the SEM picture of

Stanzel et al. [63] of the smaller developed surface features when compared to

Fig. 4.4a for a lower cyclic strain of ∆εtot/2 = 4.8 x 10−4 . Since in the present

study the applied strain loads in the fatigue test bench (see Chap. 4.4) are

comparable to those of these two studies, the expected sizes of surface features

developing during cycling are 0.2 µm - 1 µm in height and 0.5 µm - 10 µm in

width. Therefore, the initial surface before fatigue testing needs to be extremely

smooth. Two methods of surface finishing were used:

1) Diamond fly–cut is an advanced machining technique performed with ultra
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Figure 4.3.: Microstructure of “dead soft annealed” OFE copper obtained by

annealing at 1000 ◦C for 2 h in vacuum.

precise machine tools equipped with single crystal diamond tools. It is suitable

for flat surfaces only. Layers of decreasing thickness are removed, with only a few

microns being removed in the the final cut. The resulting roughness value Ra

of as–machined samples is between 1 nm and 4 nm and also satisfies the current

specified roughness for the machining of the CLIC AS, at Ra = 0.02 µm.

2) Electro–polishing, applicable also to curved surfaces, induces no surface

deformation at all. By removing a layer of 80 µm – 100 µm, it is ensured

that the deformed surface layer created by machining is entirely removed and

the new surface is completely undeformed. The resulting roughness values are

comparable to those obtained with the diamond fly–cut finishing method.

4.1.3. Cleaning Procedure for Vacuum Heat Treatments

All parts which undergo a treatment in a vacuum furnace were thoroughly

cleaned. For copper parts, this cleaning procedure consisted of two steps:

1) chemical degreasing with the alkaline detergent NGL 17.40 Alu (10 g/l)

from NGL Cleaning Technologies (Switzerland) at 50 - 60 ◦C for 30 - 60 minutes

in an ultrasonic bath followed by water rinsing and

2) pickling with 50 % hydrochloric acid at 20 ◦C for 10 -30 seconds followed

by water rinsing.
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a) b)

Figure 4.4.: a) from [45] fatigued polycrystalline copper for 6900 cycles at

∆εtot/2 = 2.5 x 10−3. Individual feature size in the order of 1 µm

in height and 10 µm width. b) from [63] fatigued polycrystalline

copper for 1.3 x 1010 cycles at ∆εtot/2 = 4.8 x 10−4. Individual

feature size in the order of 0.2 µm in height and 0.5 µm width.

4.1.4. Tensile and Compression Testing

For the tensile and compression tests, a UTS 200 universal testing machine from

UTS Testsysteme GmbH was used. Tests were conducted in accordance with

ASTM E8 / E8M–09 [83] and ASTM E9–09 [84], respectively. Samples were

machined by turning from the rods so that the drawing axis is parallel to the

sample axis. The geometry and dimensions are shown in Fig. 4.5.

4.1.5. Macrohardness

For the macrohardness test, a Dia Testor 2Rc from Otto Wolpert–Werke with a

Vickers diamond pyramid was used. Tests were conducted in accordance with

to ISO 409–1 and ISO 409–2 [85, 86]. All values given are averages of five valid

measurements in either HV10 (e.g. annealed copper) or HV30 (e.g. copper in

H02 temper).
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Figure 4.5.: Sample geometry and dimensions of standard tensile test sample

complying [83, 84]

4.1.6. Electrical Conductivity

For characterizing the materials in terms of electrical conductivity, a Sigmatest

2.069 from Foerster was used. This portable device is an eddy–current based

instrument suitable for non-ferromagnetic metals. It measures the electrical

conductivity based on the complex impedance of its measuring probe. The

values are generally given in % IACS (International Annealed Copper Standard).

The testing frequency can be varied between 60 kHz and 960 kHz. The higher

the frequency is, the smaller becomes the penetration depth of the eddy currents

in the material due to the skin effect. All electrical conductivity measurements

are performed at the lowest testing frequency of 60 kHz, in order to average the

measurement over a great depth. The effective penetration depth deff (in mm)

is calculated from this frequency f (in Hz) and the electrical conductivity κ (in

MS/m) of copper using the empirical formula from [87]

deff =
503√
κ · f

(4.1)

The value obtained is 270 µm, which essentially rules out effects such as influ-

ences on the measurement from surface oxide layer.
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4.2. Surface Analysis

4.2.1. Metallography and Optical Microscopy

For the light microscopy observations, a Leica DMRME reflected-light micro-

scope was used. The sample preparation for optical observations consisted of

conventional grinding (SiC paper) followed by polishing with diamond emul-

sion, ending, for optical microscopy observations, with a 1 µm diamond di-

ameter emulsion. To reveal grain structure, macro etching with ammonium

peroxodisulfate was performed, in accordance with ASTM standard E407–07

[88]. For determining the average grain size, measurements in accordance with

ASTM standard E112–96(2004) [89], using the Lineal Intercept Procedure, were

performed.

4.2.2. Roughness Analysis

Roughness measurements were performed with the help of a 3D VeecoNT3300

in Vertical Scanning Interferometry (VSI) mode, as described in detail in [90].

For the characterization of the surface roughening during cycling, several rough-

ness parameters were used. In order to keep the results comparable to those of

previous studies [91], the standard parameter Ra [92] was chosen for the rough-

ness threshold in the laser fatigue test bench (described in Chap. 4.4.3). Ra is

an average over integrated roughness values and therefore is not very sensitive

to isolated features. As a parameter more sensitive to single local features, the

standard parameter Rz [92] was also used. It represents an average of peak–to–

valley values, taking extreme local effects into account better. Ra and Rz are

direction–dependent parameters defined originally for regular machining traces.

Since the surface profile depends on the orientation of the measuring plane with

respect to machining traces or fatigue features, very different roughness results

are obtained [92]. An additional, direction independent parameter, Surface In-

dex (SI), is introduced [90]. The SI value is defined as the ratio between true

surface and projected surface. Its value is 1 on an ideally smooth surface. the

parameter SI − 1 is used here for reasons of easier illustration (for a perfectly

smooth surface, SI − 1 = 0).
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4.2.3. Orientation Imaging in Scanning Electron Microscopy

Specimens were examined ex–situ with a Scanning–Electron–Microscope (SEM)

using Electron–Back–Scattered–Diffraction (EBSD) to observe surface features

resulting from fatigue. Two different microscopes were used:

1) For the determination of the grain orientations on the bulk samples, a Leo

1530 VP SEM with an EBSD unit from EDAX TSL was used, equipped with

TSL OIM Data Collection c© software.

2) For thin film characterization, a Sigma SEM from Zeiss equipped with

a Oxford Instruments HKL Technology EBSD unit was used. Since expected

minimum grain sizes were below 10 µm, a step size of 0.1 µm was used for

the observations. Acquisition and analysis of EBSD data was performed using

Channel 5 c©.

For a detailed description of the EBSD technique, see [93, 94, 95]. Essen-

tially, the back–scattered electrons create a Kikuchi pattern on a phosphoric

screen, which is recorded by means of a digital camera. For the analysis, a

computational algorithm is used. With the help of the so called Hough Trans-

formation, the Kikuchi lines can be transformed into points of high intensity in

Hough Space. These maxima of intensity are easier to detect by mathematical

algorithms. After a back transformation, the recreated Kikuchi pattern can be

illustrated. With the help of several material parameters, automatic indexing

can be performed. In this way areas can be scanned, giving orientation maps of

crystalline surfaces. This data can be analysed for grain size measurements, tex-

ture analysis, misorientation measurements between adjacent grains, etc. The

orientation data identified by EBSD is expressed using either the common [h k l]

notation or the more complete Euler Angles notation (see [96]). The Euler no-

tation represents a sequence of three rotations of the elementary cell described

by the Euler angles. The common “zXZ” convention used in this study signi-

fies the sequence for the rotation axis: original z-axis → new x-axis → new

z-axis. Tab. 4.2 shows the correspondence of the two notations for the main

crystallographic orientations.

For texture analysis with EBSD the Multiples of Uniform Distribution factor

(MUD–factor) is used. The principle of the MUD factor is the same as that of the

Thkl used for the XRD technique. It is a measure of the frequency of occurrence

30



4.2. Surface Analysis

hkl notation Euler notation

Eu1 Eu2 Eu3

1 0 0 x 0 ◦ x

1 1 0 x 45 ◦ 0 ◦

1 1 1 x 54.7 ◦ 45 ◦

Table 4.2.: Correspondence between hkl notation and Euler notation for main

orientations. “x” means arbitrary value possible.

of an orientation, but, unlike Thkl, takes into account all grain orientations.

Since Thkl is limited to orientations possessing a Bragg angle in the measuring

range, a high fraction of grain orientations is therefore neglected in Thkl. This

is not the case for the MUD–factor. Like Thkl, the MUD–factor equals 1 for a

homogeneous orientation distribution. Values smaller than 1 indicate a lower

frequency of occurrence, values greater than 1 indicate a higher frequency of

occurrence [97].

In the present study, EBSD scans performed in fatigued areas made it possible

to assign grain orientations to regions with fatigue–induced surface features and

to assess their shape, size and orientation with respect to the grain lattice.

EBSD maps were produced with step sizes of 10 µm on the dead soft annealed

samples (average grain size 1400 µm) and 2 µm on the as–received samples

(average grain size 110 µm). Analysis of EBSD data was conducted using TSL

OIM Data Analysis c©. Only values for grain orientations with a confidence

index higher than 0.1 (i.e. 95 % probability) were considered.

4.2.4. Local Hardness

Classically, fatigue alters the mechanical properties of a material. Hardness was

measured in order to characterize the influence of the applied thermal/mechanical

cycling on the mechanical properties. The local hardness observations were per-

formed in two different regimes. The nano–indentation measurement, performed

with the help of a MTS NanoIndenter XP, detects extremely small indentation

depths, hence indentation diameters, which results in high lateral accuracy and

resolution. It was therefore possible to monitor surface hardness at different
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stages of fatigue on thermally cycled samples of the LA-fatigue test bench.

Tests were performed with a 200 mN load on the fatigued and hence rough sur-

face. No supplementary preparation was applied before hardness testing. This

technique also made it possible to record the distribution of hardness in depth

on a cross section of a fatigued surface. The cross section was cut from the

sample with a water cooled abrasive cutting machine. It was then embedded in

an epoxy resin, followed by a metallographical polishing down to 1 µm diamond

suspension.

The micro hardness observations were performed with the help of a micro

hardness tester MHT-4 from PAAR, mounted to an optical microscope Aris-

tomet from Leitz. Measurements were conducted in accordance with ASTM

standard E384 [98]. This method was used to determine the hardness distribu-

tion on RF fatigued samples, for example.

4.3. Copper Coatings

Coatings or thin films sometimes exhibit unusual properties compared to their

bulk counterparts: for example, superior mechanical strength. Pure copper

coatings are considered in this study for three reasons:

(1) The results of observations on the dependence of the surface degradation

during thermal cycling on grain orientation of pure copper made it desirable to

test highly textured copper. Depending on the coating method and parameters,

it is possible to produce a strong textured coating. The available techniques in

house allow the fabrication of highly textured pure copper films as an alternative

to strongly textured bulk material.

(2) Theoretical and experimental results from other researchers provide con-

tradictory findings as to whether the fatigue life can be enhanced through sub-

micrometric grain structures or not [99, 100, 101, 102]. Depending on process

parameters, thin films with very fine grain sizes and even nanocrystalline and

amorphous structures can be produced.

(3) Among all the materials that are potential candidates for use in the ASs,

attention has to be paid to materials and techniques which may be applicable

in the production process of CLIC–AS. Coating relevant surfaces of the AS

with a thin film is considered as a possible procedure for enhancing properties,
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4.3. Copper Coatings

particularly as regards resistance to electrical breakdown and pulsed surface

heating.

4.3.1. Fabrication

For the production of the copper thin films, the principle of plasma enhanced

Physical Vapor Deposition (PVD) is used. The process is explained in detail

elsewhere [103, 104]; only a short introduction will be given here. As PVD

is a line of sight process, careful arrangement of the samples with respect to

the target has to be assured [103]. We used a custom made CERN device

with a GENCOA [105] magnetron sputtering unit. Discs from round bars of

diameter 40 mm in OFE copper in H02 temper were used as substrates. In

order to observe the influence of the substrate morphology on the resulting

film properties, stainless steel 304L discs were selected as additional substrates.

Before coating the samples were metallographically polished and underwent the

standard cleaning procedure as described in Chap. 4.1.3. Since PVD coatings

tend to grow epitaxially the continuity of a copper coating on copper has to

be broken. For this purpose a 250 nm titanium film was deposited before the

copper coating. In order to guarantee the same initial coating conditions for

both substrates, the stainless steel samples were also precoated with a titanium

film of the same thickness. Every coating process thus involved a twin pair of

samples of both substrates, coated at the same time and with the same process

parameters. Fig. 4.6 shows a sketch of the setup used for coating.

The chamber was evacuated to 10−8 mbar and then filled with argon gas to

working pressure (approx. 10−3 mbar). Since the copper target is connected

to a negative voltage of 380 V, argon ions are attracted and hit the surface.

The sputter current was 400 mA in all coating processes. During the argon ion

bombardment numerous processes occur in parallel, as summarised in [103, 104].

Two important processes should be mentioned here:

1) Extraction (sputtering) of a surface atom when the energy transmitted from

the argon ion to the surface atom is high enough (called sputtering threshold

[103, 106]).

2) Emission of secondary electrons from the surface.

The emitted electrons are trapped close to the target surface by the magnetic
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Figure 4.6.: Plasma enhanced PVD setup applied.

field and therefore increase the ionization rate of the neutral argon atoms, which

directly increases the sputtering rate [107]. A plasma builds up near the target

surface, with the characteristic glow caused by argon ions falling back on lower

energy levels and emitting photons. Since the sputtered copper atoms are mainly

neutral they are not influenced by the magnetic field. The energy needed for

the sputtered copper atoms to be ionized is significantly higher than for the

argon atoms. The sputtered copper atoms are deposited atom by atom on

the sample surface and on the inner surface of the vacuum chamber. When the

atom reaches the surface of deposition, it does not necessarily adhere the point of

impact [108]. The possibility of the atom to migrate to a place of lower potential

energy is governed by the development of interatomic attractive forces, kinetic

energy, surface defects and substrate temperature (thermal mobility) [109]. For

example, when the atom is deposited on a substrate at low temperature, the

migration distance is shorter because of the lower thermal mobility [109]. A

similar effect can be observed when high deposition rates are used and atoms

do not have enough time to migrate before being covered by other atoms [109].

Table 4.3 summarizes the process parameters for the different samples.
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Sample Film Argon Sputtering Ti film Sputter

pair thickness pressure time thickness power

/µm /10−4 mbar /min /nm /W

Cu2+SS2 9 11 135 250 150

Cu3+SS3 20 11 310 250 150

Cu4+SS4 9 50 135 250 150

Cu5+SS5 9 11 100 250 200

Cu6+SS6 9 5.2 145 250 200

Table 4.3.: Process parameters for plasma sputtering of copper thin films on twin

sample pairs (copper substrate “Cux” and stainless steel substrate

“SSx”, coated at the same time). Film thicknesses are derived from

process parameters.

4.3.2. X-Ray Diffraction

For the X–Ray Diffraction (XRD) observations, a Cristalloflex D5000 from

Siemens was used in the Bragg-Brentano configuration, sketched in Fig. 4.7.

The X–Ray tube and the detector aperture are on the common measuring cir-

cle, withthe X–Ray tube mounted on the device. As the sample is tilted around

θ, a precise movement of the detector lever ensures the corresponding 2θ posi-

tion. In oder to narrow the divergence of the X–Ray beam, the aperture slits

can be closed. The Soller slits consist of a stack of radiation–absorbing metal

sheets that reduce axial divergence of the secondary X-Ray beam. Before en-

tering in the detector, the secondary X-Ray beam passes a monochromator to

ensure the detector only counts signals diffracted from the sample, excluding

noise of other wave lengths. The diffraction intensity as a function of 2θ can be

illustrated as shown in Fig. 4.8, where diffraction data from pure copper powder

is shown. The intensity maxima at the so called “Bragg angles” indicate that

Bragg’s conditions are met. According to Bragg’s law

nλ = 2a sin θ (4.2)

each Bragg angle θ corresponds to a certain distance between the lattice planes

(lattice parameter a) linked through the wavelength λ of the X-Rays. When

Bragg conditions are met, constructive interference occurs and a strong signal is
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Figure 4.7.: X-Ray diffractometer in Bragg-Brentano configuration

diffracted. Through the measurement of the lattice parameter a and a catalog of

Powder Diffraction Files (PDF) [110], it is possible to identify different chemical

and crystallographical phases.

In the present study, the X–Ray diffraction technique is used for describing

preferred orientations in the copper thin films. For bulk material, this was done

first by Harris in 1951 [111], using rolled uranium bars. Here, a slightly modified

form was use in order to characterise the degree of preferred orientation of a

thin film [112]. This method was successfully applied by Peck [113] for PVD

deposited niobium thin films: the texture index Thkl for a given reflection is

defined by the ratio [112]

Thkl =
Ihkl/I

′
hkl

1
n

∑
Ihkl/I ′hkl

(4.3)

where I’ is the integrated intensities of randomly oriented samples (ideal powder)

and I is the integrated intensities of samples with preferential orientations.

The calculation is done for n reflections. Higher order reflections need not be

considered, if the first order reflection is counted. The value for Thkl is therefore

a measure of the frequency of occurrence of a certain crystallographic orientation

with respect to a random distribution [112]. Where all values of Thkl equal 1,

the distribution of orientations is uniform (powder spectrum). Values of Thkl
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Figure 4.8.: Example of data of diffraction pattern from copper powder.

greater than 1 indicate that the crystals with the corresponding orientation

occur more often; values smaller than 1, that the corresponding orientation

occur more seldom. If the texture index of a grain orientation is 0, crystals with

this orientation are not present in the diffracting volume.

For this study, all measurements were performed with the same copper tube

(λ = 0.154 nm) and a constant accelerating potential of 40 kV. The penetration

depth τ of the incident beam is depending on the diffraction angle θ, the X–Ray

tube target material and the acceleration potential of the electrons hitting the

target [114]. Its dependence on the diffraction angle is shown in Fig. 4.9. For the

θ–2θ configuration, the higher the incident beam angle θ (i.e. the closer to 90◦)

is, the deeper the beam penetrates into the material. The values are calculated

for the Kα1 of a copper tube. The experimentally measured intensities from

samples with 9 µm and 20 µm films are therefore contributed by diffracted

signals coming from the film and from the substrate. In order to evaluate the

fraction delivered by the film, the fraction of signal arising from the first 9 µm

and 20 µm respectively was calculated for each Bragg angle. Fig. 4.10 shows the

result of the calculations. It can be seen that even the reflection at the lowest

Bragg angle [1 1 1] is not diffracted entirely within the 9 µm thick film, whereas

this is the case in the 20 µm thick film. Starting from the second Bragg angle,
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Figure 4.9.: Calculated penetration depth τ of CuKα radiation in copper as a

function of diffraction angle. τ is defined as the thickness of the

material that contributes to 99% of the diffracted intensity.

the substrate in both cases partially contributes to the measured intensities. On

this basis it can be concluded that:

1) for the copper substrate samples, the substrate will contribute with its own

texture to the measured intensities, affecting the estimation of the distribution

of the integrated intensities of the films.

2) for increasing Bragg angles, hence higher penetration depths, the contri-

butions of the substrates increase hence the contributions of the films decrease.

The measured intensities of the powder do not need to be cleaned from the

substrate contributions. The cleaning of the measured intensities of the coating

decrease the integrated intensities of the film contributions which affects the

comparison to the powder data and the calculation of Thkl.

The contribution of the substrate texture of the copper substrate samples

needs to be quantified. For this purpose a simple subtraction of intensities is

conducted. For each Bragg angle (and hence penetration depth), the corrected

integrated intensity IhklFCcorr
contributed by the film is calculated as

IhklFCcorr
= Ihkl − Ihklbulk(1− fhklfilm) (4.4)

where Ihklbulk is the integrated intensity measured in the bulk and fhklfilm is the
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Figure 4.10.: Fraction f of diffracted signal coming from film of 9 µm thickness

(solid line) and of 20 µm thickness (dashed line)

fraction diffracted by the film (see Fig. 4.10). Therefore, only intensities con-

tributed by the film are taken into account for the texture index.

For the compensation of the second effect, another intensity correction is

used here. Similarly to the substrate texture correction, for each Bragg angle

(and hence penetration depth), the corrected integrated intensity IhklMIcorr
is

calculated by dividing Ihkl by the corresponding fhklfilm

IhklMIcorr
=

Ihkl
fhklfilm

(4.5)

IhklMIcorr
is therefore corrected for by the “missing” amount of insufficient film

thickness.

In addition to the Kα1 peaks, Kα2 peaks are also present in the spectrum,

separated by

∆2θ = 2 tan θ

(
∆λ

λ

)
(4.6)

with respect to Kα1 peaks, where ∆λ is 3.83 x 10−13 m [115]. A simple correction

of the intensities was performed using Rachinger’s 1948 method [115]. The

method is based on the assumption that the Kα1 and Kα2 profiles are identical

in shape, but the intensity of Kα2 is half of that of Kα1.
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4.4. Fatigue Test Benches

For the CLIC study, four fatigue test benches are currently available: the Con-

ventional Fatigue test bench (CVF), the Ultrasonic Swinger test bench (USS),

the Laser Fatigue test bench (LAF) and the Radio Frequency Fatigue test bench

(RFF). The first three test benches are situated at CERN in Geneva. The fourth

test bench was developed by the Stanford Linear Accelerator Center (SLAC),

and is operated at Stanford, USA. A significant contribution of sample mate-

rial for the test benches is provided by the High Energy Research Organization

Japan (KEK).

4.4.1. Conventional Fatigue (CVF)

With the help of a UTS 200 mechanical universal testing machine from UTS

Testsysteme GmbH, already used for the tensile and compression tests, fatigue

tests were performed in accordance with standard ISO 1099 [116]. Tests were

stress controlled, with a load ratio of R = -1. The sample geometry is shown

in Fig. 4.11. Since the machine stroke is driven mechanically by ball bearing

Figure 4.11.: Geometry of sample for conventional fatigue testing

spindles, speed and accelerations are quite limited, allowing a maximum cy-

cling repetition rate of 0.5 Hz. Achievable cycle numbers were limited by the

long testing time and machine availability. Tests with maximum cycle numbers

of about 1 x 106 were performed and were automatically stopped at rupture.
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Conventional fatigue testing is well understood and has the advantage of stan-

dardised, well controlled testing parameters [116].

4.4.2. Ultrasonic Swinger (USS)

In the USS test bench, an hour glass shaped sample was mounted on one end

to a piezo–electric resonator. The experimental setup is described in detail else-

where [117]. Fig. 4.12 represents a USS sample developed to feature first axial

resonant frequency at 24 kHz which is the working frequency of the resonator.

The sample design and optimisation to the correct resonant frequency were per-

formed with the help of numerical simulations based on ANSYS Workbench c©.

During testing, the sample underwent cyclic uniaxial tension and compression

Figure 4.12.: Hourglass–shaped USS test sample bolted to the resonator. Sam-

ple is designed to feature first resonant frequency at 24 kHz. Sam-

ple head in cone shape reduces cavitation pitting from cooling

water

loads with a load ratio of R = -1. The test bench is displacement controlled

with an infrared sensor. The resonator can be operated at various amplitudes.
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A LabView program was developed in order to record amplitude data over time

and to maintain the amplitude at a pre-defined level. With the sample design

shown, stress amplitudes in the range of 50 MPa - 90 MPa, corresponding to

hence strain amplitudes between 4 x 10−4 and 8.5 x 10−4, were obtained.

Fig. 4.13 shows a Finite Element Method (FEM) modal analysis simulation

of the equivalent strain and stress distribution in a USS sample vibrating at

the first resonant frequency. The time step was chosen to be in the maximum

compressive amplitude. Stresses were relatively superficial whereas the region

of highest strain extends deep in material [118].

a) b)

Figure 4.13.: Equivalent (von-Mises) a) strain and b) stress distribution in a

cross section of an USS sample. Stresses are very concentrated in

the surface regions whereas the high strain region covers almost

all the cross section.

Fig. 4.14 shows the stress component analysis for the USS sample for the

same conditions as in Fig. 4.13. The longitudinal component (here z-axis) was

significantly larger (by a factor of 10) than the circumference component (here

y-axis). For the experiments performed in this study, the surface stress state

was therefore assumed to be uniaxial.
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a) b)

Figure 4.14.: Distribution of normal stresses in a) circumference and b) lon-

gitudinal direction. Longitudinal component in gage length very

large (84 MPa compressive) compared to circumference component

(8 MPa compressive)

In order to ensure the absence of flaws of the surface in the highest stressed

regions, a final electropolishing of the gauge length was applied. To dissipate

the heat induced in the sample during high frequency cycling, the sample head

was immersed in a circulating water bath. On the resonator site, the mecha-

nism was cooled through forced air convection, provided by a high power fan.

The resulting steady state sample temperature as verified by infrared camera

observations was below 50 ◦C. To minimise cavitation pitting, the sample head

was cone shaped with an angle of 60◦. The test end was characterised by the

initiation of a crack inducing a change of the resonance frequency to a value out

of the range of the resonator controlling system (23.5 kHz - 24.5 kHz).

Thanks to the high repetition rate of the test bench, the total cycle number

of 2.3 x 1010, corresponding to the estimated 20 years of CLIC lifetime, was

achieved within 11 days of non-stop testing time.
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4.4.3. Laser Fatigue (LAF)

The laser fatigue test bench used a pulsed ultraviolet excimer–laser (λ= 248 nm)

to repeatedly irradiate a disc–shaped specimen under vacuum. The experimen-

tal setup is described in detail in [91]. The irradiated sample spot was a rectan-

gle of 1 mm x 0.6 mm. Fig. 4.15 shows a fatigued laser sample where the dark

spots correspond to the irradiated areas. Within each spot, uniform energy dis-

Figure 4.15.: Sample after laser irradiation. 25 dark spots each with 5 x 104

shots with an energy density of 0.3 J/cm2

tribution was obtained through an energy homogenizer. Energy was therefore

homogeneously distributed over the whole irradiated area within +/- 8 %. The

absorption of ultraviolet light is known to be a thermal process in metals (excita-

tion of electrons and phonons) and therefore independent of the crystallographic

orientation of the grains [119]. Constant pulse energy was guaranteed through

regular offline measurements provided by an energy monitor. A repetition fre-

quency of 200 Hz, a pulse length of 40 ns and an energy density of 0.3 J/cm2

(calculated to induce a temperature rise of ∆T = 180 K [91]) ensured that in

between cycles, the irradiated area cooled down to room temperature. The es-

timated heated layer thickness was approximately 10 µm. In this way, there

was no steady temperature rise in the specimen. Lateral thermal expansion due

to heating from irradiation was constrained by the surrounding material. The

thermally–induced cyclic equivalent compressive strain load εequiv is estimated

at between 0 (no irradiation) and 5.1 x 10−3 (maximum of ∆T). Fig. 4.16 shows

a simple ABAQUS c© simulation example for a laser pulse irradiating a copper
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surface (neglecting mechanical anisotropy) [120].
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Figure 4.16.: Simulated temperature and stress component evolution in time

during laser irradiation, assuming fully elastic isotropic material

behaviour. Laser pulse length is 30 ns and energy density is

0.3 J/cm2. In–Plane components (x = y) are similar compressive

stresses whereas the out–of–plane component (z) remains zero

A surface point in the middle of the laser spot was considered, in order to

exclude transient effects at the edges of the irradiated area. The laser pulse

caused a temperature rise of about 53 K (pulse length only 30 ns). The in–

plane components exhibited compressive stresses up to 157 MPa, whereas the

out–of–plane component remained zero. Fig. 4.17 shows the stress component

evolution as a function of distance to the surface. It can be seen that at the

surface the in–plane components show high compressive stresses, with values

similar to those at the temperature maximum in Fig. 4.16. The stresses decay to

zero within a layer of 8 µm. In contrast, the out–of–plane component remained

at zero through the entire layer.

This simulation shows that a perfect biaxial loading state can be assumed for

all thermal fatigue experiments, as well as for the final application in the CLIC

AS.

Due to the limited lifetime of the laser tube and despite the relatively high
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Figure 4.17.: Simulated temperature and stress component evolution in depth,

same conditions as in Fig. 4.16. In–Plane components (x = y)

decay in similar manners and become zero at a depth of 7 µm.

Out–of–Plane component (z) stays zero.

repetition rate, this technique only allowed testing up to 107 cycles within a

practical period of time, so the study was limited to the damage that might

occur in the early stages of the CLIC AS. For the grain orientation dependence

observation, each sample spot on the specimen was irradiated repetitively 5 x 104

times with 0.3 J/cm2. The influence of individual grain orientations was deter-

mined on a statistical basis by observing 100 laser spots on 5 sample discs by

SEM and EBSD.

In the past, laser fatigue tests have usually been performed on electro–polished

half–hard (= fine grain) samples. As described in Chap. 4.1.1, the need for local

roughness measurements in order to quantify the effect of grain orientation on

the surface damage caused by fatigue made it necessary to use large grained

samples. For this reason, complementary tests on annealed samples (= coarse

grain) were performed. Indeed, due to their large grains, it was possible to

inscribe a laser spot entirely within one grain.

We used the damage criterion proposed in [91] for quantitative LAF tests
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aimed at obtaining fatigue data in a form of a Woehler plot. Essentially, dif-

ferent areas were irradiated with different numbers of laser shots. Roughness

measurements were performed ex–situ after the laser treatment. When the

surface roughness exceeded a predefined threshold, the damage criterion was

considered to have been fulfilled. Former CLIC related LAF studies [91] pro-

posed a Ra value of 20 nm as the damage threshold, in view of the surface

roughness requirements of CLIC AS discussed in Chap. 2.1, relating breakdown

probability and Q-factor degradation. This threshold was used in this study.

4.4.4. Radio Frequency Fatigue (RFF)

To study RF fatigue, a mushroom–shaped RF cavity was used to produce a

well–defined pattern of RF magnetic fields near the surface of an associated flat

disc sample. A detailed description of the test bench can be found elsewhere

[121, 122]. Fig. 4.18 shows a sample disc after fatigue testing. Pulsed RF

magnetic fields (11,4 GHz; X–Band) were used to cyclically induce eddy currents

with a repetition rate of 60 Hz. During one pulse (1.5 µs), such eddy currents

cause Joule heating up to a calculated temperature rise of ∆Tmax = 110 K

for the current test setup, which corresponds to a maximum thermal strain of

εth = 1.8 x 10−3. The heat load is equal for every grain oriented in a different

crystallographic direction due to the isotropy of the electrical resistance in cubic

materials [119, 38, 34]. The estimated thickness of the heated layer is approx.

30 µm [117]. This setup allows simulation of cyclic superficial heating, occurring

in the real CLIC-AS due to RF at the nominal frequency of 12 GHz currently

specified for CLIC [5]. This cyclic heating generates cyclic compressive biaxial

stress, which results in fatigue damage. The magnetic field intensity and the

cooling system were selected so as to ensure sufficient cooling between pulses in

order to reach a steady state minimum temperature of approx. 60 ◦C. The effect

of the inhomogeneous magnetic field distribution can be observed as a bright

ring on the sample surface (Fig. 4.18), which corresponds to different fatigue

damage, resulting from the variation of ∆T along the radius. The temperature

variation, indicative of the strain/stress variation, can be calculated as a function

of distance from the center through the field distribution function [121, 122].

The samples used for RF testing are in half–hard temper and are finished by
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Figure 4.18.: RF fatigue test sample. The graph depicts the magnetic field in-

tensity distribution along the radius: low intensity at R = 0,

maximum intensity at R = RImax. > 0 and again low in-

tensity at R > RImax.. The lighter shading in the inner ring

marks the damaged area, where the maximum temperature rise of

∆Tmax = 110 K took place. The damage caused to the outer re-

gion, the result of sample clamping, is of no interest for the current

purpose.

diamond fly–cut. Due to their fine grain size, a large number of grains with

various orientations are situated in the area of maximum cyclic stress ampli-

tude, making it possible to observe different grain orientations with different

temperature loads using a single tested specimen.

In the absence of a damage criterion for this type of fatigue test, a new

method for quantification of the fatigue–induced damage is proposed here. In

the setup used, the cycle number was fixed at 107. The only free parameter

on the sample was the radial position, hence the temperature amplitude. A

threshold temperature amplitude can be defined as the temperature above which

fatigue–induced damage can be microscopically observed on the sample surface.

SEM inspections are performed along predefined radial lines of the sample,

revealing the ring–shaped damaged area as in Fig. 4.18. The radial positions

of the Starting and Ending Point (SP and EP) of the damaged area can be
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4.4. Fatigue Test Benches

measured. The criterion for the SP/EP is considered to have been fulfilled

if three areas covered with fatigue–related features (e.g. extrusions, SB, etc.)

larger then 10 µm can be observed within on screen at 600 x magnification.

The two radial positions for which SP and EP are in the center of the screen

are then recorded. The procedure is repeated for three different radii. The SP

and EP measurements can then be translated to local ∆T’s via the known field

distribution function defined by the RF cavity design [121, 122]. The damage

criterion at 107 cycles is taken as the average of the temperatures corresponding

to starting/ending of the damaged region.

Table 4.4 shows a summary of the applied testing parameters and compares

the four test benches.

Features CVF USS LAF RFF

test bench UTS 200 Ultrasonic Excimer Laser Stnd. wave RF-

mech. testing swinger λ = 248 nm cavity 11.4 GHz

Rep. rate 0.5 Hz 24 kHz 200 Hz 60 Hz

Cycles 0 - 106 106 - 1010 0 - 107 107

Load 0 - 350 MPa 50 - 90 MPa ∆T = 280 ◦C ∆Tmax = 110 ◦C

Load Ratio R = -1 R = -1 R = 0 R = 0

Sample type Hour glass Hour glass Disc �40 mm Disc �100 mm

Steady temp 25 ◦C 60 ◦C 25 ◦C 60 ◦C

Load distrib. homog. on stress peak superficial in superficial

cross section on surface limited area radial distrib

Damage crit. rupture crack ≈ 1 mm Ra ≤ 20 nm ∆T of SP&EP

Table 4.4.: Comparison of the four fatigue test benches and commonly used test

parameters
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This chapter presents the results obtained in the experiments described above,

which form the basis for the discussion in Chap. 6. The first part of the chapter

describes the general morphology of surface features and roughness developing

during cycling with the different techniques, as described in Chap. 4.4. Special

attention is paid to the different development of grains with particular orien-

tations and GB surrounding areas. The second part presents the results for

the evolution of hardness during cycling. The combination of roughening and

hardening during cycling will be presented in the third part. The thin film

characterisation and selected fatigue data will be presented at the end of the

chapter.

5.1. Morphology of Fatigue Modified Surfaces

5.1.1. Morphology after Laser Fatigue

Fig. 5.1 shows the surface of an electropolished and laser fatigued H02 copper

sample at different magnifications. The sample was subjected to 5 x 104 cycles

at an equivalent Von Mises strain of εeq = 5.1 x 10−3. In Fig. 5.1a the contrast

between different areas is clearly visible. It will be shown in Chap. 5.1.4 that

the contrast arises from different surface topographies, the result of different

grain orientations. In Fig. 5.1b severe roughening is visible in several areas,

in the form of regular and parallel–oriented lamellae, arranged in networks or

cells. Spacing between lamellae is approx. 3 µm – 5 µm, and their height is

approx. 1 µm. Higher magnification reveals an additional topography, the result

of roughening, in Fig. 5.1c: densely packed regular, parallel–oriented lamellae,

whose size and spacing are an order of magnitude smaller than those visible

in Fig. 5.1b. These features correspond to the light areas in Fig. 5.1a. The
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Figure 5.1.: SEM pictures of surface fatigued by laser with 0.3 J/cm2

(⇒ ∆T = 180 K and εeq = 5.1 x 10−3) after 5 x 104 cycles.

dark regions from Fig. 5.1a are shown at higher magnification (Fig. 5.1b and

Fig. 5.1c) to have relatively smooth surfaces. Nevertheless they exhibit several

surface scales oriented coherently.

Roughness Evolution versus Cycle Numbers in Laser Fatigue

As an example of the changes in surface topography during fatigue life, Fig. 5.2

shows a sequence of lower and higher magnification SEM pictures taken from

an electro–polished H02 copper sample fatigued by laser at εeq = 3.4 x 10−3 for

various numbers of cycles. In Fig. 5.2a (1.2 x 104 cycles), nucleation sites with

surface features of 2 µm – 3 µm size appear sporadically while the surrounding

areas appear smooth. In Fig. 5.2b (6 x 104 cycles), the density of the nucleation

sites increases, and islands of the features develop around these sites and start
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Figure 5.2.: SEM pictures of Cu H02 sample fatigued by laser with 0.2 J/cm2

(⇒ ∆T = 120 K and εeq = 3.4 x 10−3) after a) 1.2 x 104 b) 6 x 104

and c) 2.4 x 105 cycles.

to coalesce. In Fig. 5.2c (2.4 x 105 cycles), the islands have grown and formed

continuous networks. The observed feature morphology is randomly oriented

flakes.

Fig. 5.3 shows the roughness Ra as a function of cycle numbers for the sample

observed in Fig. 5.2. The initial nucleation sites do not contribute much to the

overall measured roughness. At 6 x 104 cycles, features start developing around

the nucleation sites to form islands and roughening a significant portion of the
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Figure 5.3.: Roughness evolution over cycle numbers from Fig. 5.2

surface, and the average roughness increases. Although Ra is a heavily averaged

parameter, its value clearly increases when general roughening occurs at the

higher cycle numbers. The measurements due to local roughness variations

become more dispersed. The damage criterion threshold of Ra = 0.02 µm is

exceeded just above 6 x 104 cycles.

Evolution of Roughness as a Function of Strain in Laser Fatigue

Fig. 5.4 shows the surface of an electro–polished H02 copper sample fatigued

by laser to the same number of cycles (1.2 x 104), but with two different strain

levels. The difference in surface morphology is clearly visible. The surface

in Fig. 5.4a (εeq = 3.4 x 10−3) appears mainly smooth apart from sporadic

roughness nucleation sites several µm in size, indicated by arrows. In Fig. 5.4b

(εeq = 8.5 x 10−3), the surface shows clearly developed roughening in the form of

networks of islands covering more than 50 % of the surface area. The morphology

of early features close to the nucleation sites and those already well developed

do not differ significantly.
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Figure 5.4.: SEM pictures of surface fatigued by laser after 1.2 x 104 cycles for a)

0.2 J/cm2 (⇒ ∆T = 120 K and εeq = 3.4 x 10−3) and b) 0.5 J/cm2

(⇒ ∆T = 300 K and εeq = 8.5 x 10−3).

5.1.2. Morphology after Radio Frequency Fatigue

Fig. 5.5 shows the surface of a RF fatigued H02 copper sample in the highest

∆T region. The sample was diamond fly–cut and then thermally cycled 107

100 um

100 um

crack

dark

light

groups of
lamellae

Figure 5.5.: SEM picture of Cu H02 sample fatigued by RF after 107 cycles in

highest ∆T = 110 K (⇒ εeq = 3.1 x 10−3) region. Dark and light

regions correspond to smooth and rough surfaces. Surface cracks

can be observed in areas of extreme contrast.

times with εeq = 3.1 x 10−3 in the considered area. As with the laser fatigued
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sample in Fig. 5.1, lighter and darker areas, corresponding to different degrees of

roughening, are present. Light regions have developed regular roughening, while

elsewhere, randomly shaped features are observed. Dark regions appear to be

mainly smooth, apart from rare groups of lamellae, very regularly oriented. The

spacing between these lamellae is several µm and their height approx. 1 µm. At

the boundary between light and dark regions, early stages of surface cracking is

visible in some cases.

Evolution of Roughness as a Function of Strain in Radio Frequency

Fatigue

Fig. 5.6 shows the surface of a diamond fly cut H02 copper sample fatigued by

RF. Pictures are taken on the same sample in regions of different ∆T. The area

100 um 100 um

a) b)

Figure 5.6.: SEM pictures of Cu H02 sample fatigued by RF after 107 cycles

for a) ∆T ≈ 80 K (⇒ εeq ≈ 2.3 x 10−3) and b) ∆T = 110 K

(⇒ εeq = 3.1 x 10−3).

in Fig. 5.6a was cycled with εeq ≈ 2.3 x 10−3. Most of the surface is smooth with

limited roughening of the size of the average grain size (110 µm). In Fig. 5.6b

the contrast between the roughened areas and the smooth appearing areas is

more pronounced. The area was cycled with εeq ≈ 3.1 x 10−3. The density

of the developed features is much higher. Smooth regions show development

of isolated features. As will be shown in Chap. 5.1.4, the shape and size of
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5.1. Morphology of Fatigue Modified Surfaces

the observed areas suggest that smooth and rough regions can be attributed to

individual grains, and develop from different crystallographic orientations.

5.1.3. Morphology after Ultrasonic Cycling

Fig. 5.7 is showing the surface of a USS fatigued sample in the region of highest

local strain. The sample was electropolished and uniaxially mechanically loaded

10 um

Figure 5.7.: SEM picture of USS fatigued copper H02 sample in highest load

region (εeq = 8.0 x 10−4) showing individual lamellae.

for 6 x 109 cycles at a maximum equivalent strain of εeq = 8.0 x 10−4. The sam-

ple surface shows a small number of areas with developed surface features. Very

sharp, regularly oriented lamellae, that develop in groups of common orienta-

tion, form intermittent areas of damage. Typically, the lamella consists of an

extrusion accompanied by an intrusion. The intruded parts develop small local

cracks. The spacing between individual lamellae is approx. 2 µm – 5 µm and

their height approx. 1 µm.

Fig. 5.8 relates to an area lying on the same circumference as the area observed

in Fig. 5.7. A significant crack, in length approx. 500 µm, is visible. Several

secondary cracks branch off along the lamellae. Features on the right side of the

crack show a very different morphology from the lamellae on the left, suggesting

the crack follows a GB between grains of high misorientation. Features on the
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10 um

Figure 5.8.: SEM picture of USS fatigued sample in crack region. Higher mag-

nification shows extrusions at main crack and secondary cracks.

right appear to be look like small irregular surface scales pointing in a common

direction.

Evolution of Roughness as a Function of Strain in Ultrasonic Cycling

Fig. 5.9 shows the surface of an electropolished H02 copper sample fatigued by

USS. The two pictures refer to areas where different levels of cyclic strain are ap-

plied due to the geometry of the sample. The region strained at a moderate level

in Fig. 5.9a (εeq ≈ 6.0 x 10−4) shows the nucleation of single lamellae developing

in sporadic places, indicated by arrows. The length of these early lamellae is ap-

prox. 10 µm whereas the surrounding area appears smooth. Fig. 5.9b shows the

surface of the region where the highest cyclic strain is applied (εeq = 8.0 x 10−4).

Individual lamellae group in form of islands surrounding a visible crack. The

lamellae are longer and more pronounced compared to the ones of Fig. 5.9a,

suggesting a more advanced state. Large parts of the surrounding area appear

smooth.
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50 um 50 um

a) b)

Figure 5.9.: SEM images of electropolished Cu H02 sample fatigued by USS with

6 x 109 cycles a) in a medium strain region (εeq ≈ 6.0 x 10−4) and

b) at the center of gage length (εeq = 8.0 x 10−4)

5.1.4. Fatigue Induced Roughness versus Grain Orientation

Grain–Orientation Related Roughening after Laser Fatigue

Fig. 5.10 shows the surfaces of three different areas of an annealed and electropol-

ished copper sample repeatedly irradiated in the LAF device, corresponding to

grains oriented in the three main directions: [1 0 0], [1 1 1] and [1 1 0]. Fig. 5.11

shows the roughness values of those areas. Very different topographies and

[1 0 0]

[1 1 0]

5 um5 um5 um

a) b) c)

10 um

[1 1 1]

[1 0 0]

B

Figure 5.10.: SEM images of surfaces for grain orientation of a) [1 0 0], b)[1 1 1]

and c)[1 1 0] following 5 x 104 laser cycles at 0.3 J/cm2 (⇒
∆T = 180 K and εeq = 5.1 x 10−3)

roughness values are observed at 5 x 104 cycles with the same applied cyclic

strain of εeq = 5.1 x 10−3. The initial surface roughness, measured in a non irra-
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Figure 5.11.: Comparison of roughness measured in non–irradiated area (refer-

ence) and the grains in Fig. 5.10. For the definition of SI − 1 see

Chap. 4.2.2. The [1 0 0] grain shows almost no difference with

respect to the reference whereas the roughness in the [1 1 0] grain

increased significantly during the cycling. The roughness values of

the [1 1 1] grain are between [1 0 0] and [1 1 0].

diated area for reference, is very low (Rz = 207 ± 67 nm; SI − 1 = 2.35 x 10−5

± 1.29 x 10−5). The [1 0 0] grain remains very smooth after cycling with Rz and

SI−1 comparable to the reference value (Rz = 238± 83 nm; SI−1 = 1.13 x 10−4

± 0.3 x 10−4). The [1 1 1] grain after cycling shows regular protrusions spaced

less than 1 µm apart. Both roughness values, Rz and SI − 1, are significantly

larger than the reference values (Rz = 1.2 ± 0.4 µm; SI − 1 = 7.7 x 10−2

± 6.2 x 10−2). The [1 1 0] grain after cycling shows even larger regular protru-

sions, with wider spacing (4 – 5 µm), and roughness values that are the highest

observed among the three main directions (Rz = 2.0 ± 0.25 µm; SI − 1 = 0.5

± 2.8 x 10−2).

SF calculations for the thermal (biaxial) load case are performed for each

of the three main orientations. The results are presented in the Appendix

(Fig. A.1).
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Grain–Orientation Related Roughening after Radio Frequency Fatigue

Fig. 5.12 shows the surface of a diamond fly cut H02 copper sample subjected

to RF fatigue at εeq = 3.1 x 10−3 for 107 cycles. EBSD was used to identify

Figure 5.12.: SEM pictures of Cu H02 sample fatigued by RF after 107 cycles

in ∆T = 110 K region (⇒ εeq = 3.1 x 10−3). Only main grain

orientations are highlighted as identified by EBSD.

local grain orientations. GBs are highlighted by contrast, and are consistent

with GBs identified by EBSD. Roughness can be associated with corresponding

grain orientations: [1 0 0] grains appear dark, hence smooth, and show several

individual groups of lamellae. Grains of [1 1 1] orientation show severe roughen-

ing. [1 1 0] oriented grains are not present within the observed area. Cracks did

not initiate along GBs between [1 0 0] and [1 1 1] grains, whereas they initiated

at GBs elsewhere.

Grain–Orientation Related Roughening after Ultrasonic Cycling

Fig. 5.13 shows the surface of an electropolished and annealed copper sample

fatigued in the USS device with 2.2 x 1010 cycles and a strain amplitude of

εeq = 8.0 x 10−4. Several grains with an orientation close to [1 1 1], such
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Figure 5.13.: SEM picture of USS sample in center of gage length

(εeq = 8.0 x 10−4). Grain orientations and boundaries high lighted

as identified by EBSD. Grains are numbered G1 to G6. Central

[1 0 0] grain shows no roughening; [1 1 1] grains show severe, mod-

erate or no roughening. Dark spots are electro polishing artifacts.

as grains G2 to G6, are located around a central grain close to the [1 0 0]

orientation (G1). Individual surface roughening can be qualitatively classified

into three categories:

1) severe roughening

2) moderate roughening

3) no roughening.

Grains G2 and G5 show severe roughening, with a high density of overlapping

lamellae covering nearly the entire grain area. Grains G3 and G4 show moderate

roughening with apparently the same size of lamellae but at a lower density,

hence larger spacing (2 – 5 µm). Groups of these lamellae are found on parts of

the grains. Grains G1 ([1 0 0] orientation) and G6 ([1 1 1] orientation) appear

dark and do not show roughening at all.

Tab. 5.1 lists the EBSD data collected for each grain. The deviation of the

grains from the main orientations is as high as 10◦ in some cases (Euler angles

for ideal orientation are listed in Tab. 4.2). For G1 the deviation is even larger

(17.8◦). The cube icon shows the orientation of the corresponding elementary

62



5.1. Morphology of Fatigue Modified Surfaces

Grain No Euler 1 Euler 2 Euler 3 Illustr. SF 1 SF2 Roughen.

G1 143◦ 17.8◦ 68.0◦
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G2 350◦ 45.2◦ 34.7◦
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x

y

z

x
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z

x
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x
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x
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G3 212◦ 46.4◦ 53.4◦
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G4 222◦ 48.8◦ 49.8◦
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0.49 0.44 moderate

G5 350◦ 45.5◦ 34.2◦
x
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G6 278◦ 43.3◦ 51.6◦
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Table 5.1.: Euler angles of grains in Fig. 5.13 and illustration of orientation of

elementary cell with respecto to the surface. SF on primary and sec-

ondary slip system SF1 and SF2. Qualitative roughening category.

cell with respect to the surface. Finally the SF values on the primary and on

the secondary slip system are listed together with the severity of roughening.

SF calculations are performed with precise Euler angles and presented in the

Appendix (Fig. A.5).

Additionally, SF calculations were performed for each ideal out–of–plane main

orientation with different in–plane rotations. The results are also presented in

the Appendix (Fig. A.2 to A.4).

5.1.5. Morphology of Surface Features near Grain Boundary

Morphology of Surface Features Near Grain Boundary after Laser Fatigue

Fig. 5.14 shows the GB zone on an electro polished annealed copper sample

fatigued by LAF at εeq = 5.1 x 10−3 for 5 x 104 cycles. The orientations are

highlighted as identified by EBSD, whereas the GB mark precisely the bound-

aries of the topography contrast. In the vicinity of the [1 0 0] – [1 1 1] GB,

the surface shows peculiar aspects. The smooth [1 0 0] grain exhibits a band of

approx. 10 µm in width, showing a low density of surface scales. On the oppo-

site side of the GB, within the [1 1 1] grain, a different orientation of lamellae

is observed with respect to the interior of the grain: within a band of approx.
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10 um

[1 1 1]

[1 0 0]

Figure 5.14.: SEM image of annealed copper surface fatigued by laser with

0.3 J/cm2 (⇒ ∆T = 180 K and εeq = 5.1 x 10−3) after 5 x 104

cycles. GB between [1 0 0] and [1 1 1] grain. Surface modification

bands are visible in GB vicinity.

7 µm in width, the lamellae tend to be parallel to the GB. In the interior of

the grain they are observed to be along a (2 1 1)–type axis as identified by

EBSD. The width of both bands coincides approximately with the thickness of

the heated layer in the LAF (≈ 10µm). These bands near the GB are referred

to here as “modification bands”.

Fig. 5.15 shows two different areas close to a GB on a sample treated with the

same parameters as the sample in Fig. 5.14. the two GBs are of the same type,

[1 0 0] – [1 1 0], but oriented differently with respect to the surface features in the

[1 1 0] grain. In Fig. 5.15a the [1 0 0] grain clearly shows a 10 µm modification

band along the GB where surface scales appear. The height of the lamellae in

the [1 1 0] grain decreases towards the GB within a band of a width of approx.

5 µm. The lamellae network of the [1 1 0] grain is nearly perpendicular to the

GB. On the other hand in Fig. 5.15b the lamellae network of the [1 1 0] grain is

nearly parallel to the GB, and there is no sign of a modification band in either

of the two grains.
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Figure 5.15.: SEM image of annealed copper surface fatigued by laser with

0.3 J/cm2 (⇒ ∆T = 180 K hence εeq = 5.1 x 10−3) after 5 x 104

cycles. GB’s of type: [1 0 0] – [1 1 0]. Plot a) large modification

zone visible. Plot b) no modification zone visible.

Morphology of Surface Features Near Grain Boundary after Radio

Frequency Fatigue

Fig. 5.16 shows a GB region on a diamond fly cut H02 copper sample fatigued

by RF after 107 cycles with εeq = 3.1 x 10−3. The otherwise smooth appearance

of the [1 0 0] grain is disturbed in the GB vicinity. Irregular features extend

approx. 30 µm into the interior of the grain. Since the grain size is 110 µm,

the effect of the GB affects most of the grain interior. On the [1 1 1] grain the

height of the parallel overlapping lamellae decreases towards the GB within a

band approx. 15 µm in width. No severe intrusion or crack initiation is visible at

the boundary between these two grains. The width of both modification bands

coincides approximately with the heated layer thickness in the RFF (≈ 30µm).

5.2. Fatigue–Induced Hardening

Most of the hardness measurements in this study were performed by using a

Vickers diamond pyramid to indent the fatigued surface under very low weight,

at the lower end of the load range of the microhardness technique. Indenting

with a selected load of 10 g resulted in indent sizes between 18 µm and 23 µm and

indentation depths between 3 µm and 4µm. As the maximum average roughness

65



5. Results

[1 1 1]

[1 0 0]

50 um

Figure 5.16.: SEM pictures of Cu H02 sample fatigued by RF after 107 cycles

in highest ∆T = 110 K region (⇒ εeq = 3.1 x 10−3). GB between

[1 0 0] and [1 1 1] grain. Large modification zone visible in GB

vicinity.

(Ra = 250 nm) is approx. 6% – 9% of the indentation depth, the validity of

the obtained hardness results could be challanged. ASTM standard 348-09 [98],

covering the microhardness technique used here, specifies only the clear visibility

(definition) of the perimeter of the indentation. Since this condition was met

in the current measurement campaign, the hardness results are considered as

valid.

5.2.1. Hardness as a Function of Cycle Number

Fig. 5.17 shows the hardness changing as a function of cycle numbers for an

annealed copper sample fatigued by laser at εeq = 5.1 x 10−3. Each data point

averages the hardness resulting from 10 hardness imprints which were randomly

distributed within the laser spots. The hardness increases continuously with

increasing cycle number, from initially 47 HV to 69 HV.
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Figure 5.17.: Hardness (HV) as a function of cycle numbers on annealed cop-

per sample, fatigued by laser at 0.3 J/cm2 (⇒ ∆T = 180 K and

εeq = 5.1 x 10−3).

5.2.2. Hardness as a Function of Max. Equivalent Strain

Fig. 5.18 shows the microhardness of RFF fatigued samples after 107 cycles at

maximum εeq = 3.1 x 10−3 as a function of radial position, hence εeq. It can
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Figure 5.18.: Plot of microhardness as a function of radial position on RFF

fatigued samples after 107 cycles at maximum ∆T = 110 K (⇒
εeq = 3.1 x 10−3). Plot a) H02-Cu and dead–soft annealed Cu. Plot

b) single crystal oriented in [1 0 0] direction (courtesy of KEK and

SLAC). T110 represents the calculated radial distribution of ∆T.
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be seen from Fig. 5.18a that a correlation exists between the ∆T curve and

the hardness increase observed on the dead soft annealed sample. The highest

hardness values occur in the region of highest cyclic temperature load, hence

highest εeq. On the other hand, on the H02 temper sample the hardness does

not increase with thermal cycling. Fig. 5.18b illustrates the aforementioned

correlation on a single crystal sample, oriented in [1 0 0] direction: the hardness

follows nicely the shape of the cyclic temperature profile with an offset. In

Fig. 5.18a and Fig. 5.18b the hardness increase is only observed when ∆T is

above 60 K (⇒ εeq = 1.7 x 10−3). Below this strain load no hardness increase

is detectable. Fig. 5.19 shows the hardness versus cyclic strain plot for the

data presented in Fig. 5.18b for the [1 0 0] single crystal. Below the threshold
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Figure 5.19.: Micro hardness as a function of equivalent strain on RFF fatigued

[1 0 0] single crystal after 107 cycles at maximum ∆T = 110 K (⇒
εeq = 3.1 x 10−3).

strain of 1.7 x 10−3, corresponding to 60 K, the hardness does not respond to

cycling. Above this threshold, a linear increase of hardness with cyclic strain

can be observed up to the highest strain applied, 3.1 x 10−3, corresponding to

the maximum temperature load of ∆T = 110 K. The slope of the hardness

increase is 1.7 x 104 HVm/m.
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5.2.3. Hardness as a Function of Grain Orientation

Fig. 5.20 shows a plot of hardness increase after LAF cycling applied to grains of

different crystallographic orientations. Two dead–soft annealed and electropol-
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Figure 5.20.: Hardness increase of main orientations after 5 x 104 cycles with

0.3 J/cm2 (⇒ ∆T = 180 K and εeq = 5.1 x 10−3)

ished copper samples were fatigued with the LAF device during 5 x 104 cycles

with εeq = 5.1 x 10−3. Hardness values were measured for non–fatigued and

fatigued areas within the same grain directions. Coherence of orientation was

verified by EBSD. The minimum distance to the visible border of the laser spot

for the non–fatigued measurements was 100 µm. Beyond this distance, it is as-

sumed that irradiation, hence surface heating, is negligible (compare thickness

of heated layer in LAF, approx. 10 µm). The hardness of the [1 0 0] orientation

was measured twice independently in two similar laser spots to verify the repro-

ducibility of fatigue cycling and hardness measurements. Since the difference

between the two corresponding values is lower than 3 % despite the scatter of

the hardness measurement, the hardness values are considered as consistent.

All orientations show some degree of hardness increase after cycling. The

hardness increase of the [1 0 0] grain (49 HV→ 58 HV ∼= +17 %) is the smallest,

followed by that of the [1 1 1] grain (49 HV → 65 HV ∼= +32 %). The highest

was in the [1 1 0] orientation (47 HV → 68 HV ∼= +44 %).
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5.3. Combined Roughening and Hardening

The results presented so far concerning the fatigue–induced roughening and the

hardening suggest that the two mechanisms may be linked. This section will

now combine the presented data in order to highlight this link in a direct way.

5.3.1. Roughening and Hardening as a Function of Cycle

Number

Fig. 5.21 juxtaposes the increases in roughness and hardness with cycle number,

measured on an annealed sample and fatigued by LAF with εeq = 5.1 x 10−3. The
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Figure 5.21.: Comparison of Hardness (HV) with surface roughness (Ra) over

cycle numbers on annealed copper sample, fatigued by laser at

0.3 J/cm2 (⇒ ∆T = 180 K and εeq = 5.1 x 10−3).

measurement averages the hardness resulting from 10 hardness imprints, which

were randomly distributed within the laser spots. The roughness value is an

average of 3 independent measurements performed on three different laser spots

cycled with the same parameters. The roughness measurement suffered from the

inhomogeneously distributed fatigue–induced roughness and therefore exhibits

considerable scatter. Hardness increases continuously with cycle number from

initially 47 HV to 69 HV. Similarly, Ra shows a constant increase from initially

50 nm to approx. 200 nm. This trend is even more evident in Fig. 5.22, where
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roughness over hardness is plotted directly. It can be seen that during fatigue
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Figure 5.22.: Surface roughness (Ra) over Hardness (HV) for lower (filled sym-

bols) and higher (hollow symbols) cycle numbers on annealed cop-

per sample. Same data as in Fig. 5.21.

life, surfaces become harder and more rough, especially for high numbers of

cycles (hollow symbols).

5.3.2. Roughening and Hardening as a Function of Grain

Orientation

For the three main grain orientations of a dead soft annealed sample, Fig. 5.23

shows a graph plotting (Rz) versus HV (plot a) and another plotting the in-

creases in (Rz) versus the increase in HV (plot b). Starting from initially equally

smooth surface with slightly different hardness values, the [1 1 0] direction shows

the highest roughening/hardening combination (87 nm/HV), followed by the

[1 1 1] direction (63 nm/HV) and the [1 0 0] direction (4 nm/HV). Fig. 5.23b

shows that the roughness increase versus hardness increase data points for all

three main orientations lie on a common straight line with a slope of approx.

154 nm/HV.

Fig. 5.24 plots the measured hardness and strain data for the [1 0 0] single

crystal fatigued by RFF (see Fig. 5.18b and Fig. 5.19) together with the data
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Figure 5.23.: a) Roughness and hardness of the main orientations in the initial

state and after 5 x 104 cycles with 0.3 J/cm2 (⇒ ∆T = 180 K and

εeq = 5.1 x 10−3). b) Same data as in a) but with the roughness

increase plotted directly versus the hardness increase.

obtained from the areas within a [1 0 0] grain fatigued by LAF. The initial hard-

ness of the [1 0 0] single crystal fatigued by RFF and the area in a [1 0 0] grain

fatigued by LAF are equal, wherefore here the same strain threshold point of the

RFF sample is assumed also for the LAF sample (1.7 x 10−3). The LAF sample

shows a significantly lower slope in hardening due to cyclic straining compared

to the RFF sample (2.8 x 103 HVm/m in LAF compared to 1.7 x 104 HVm/m

in RFF). This may be due to two reasons:

1) The penetration depth of the microhardness measurements on this soft

copper is between 3 µm and 5 µm. The heated layer in the RFF experiments

is approx. 30 µm, whereas in LAF it is only approx. 10 µm. The influence of

the soft underlying copper substrate is therefore more pronounced in LAF and

decreases the hardness values measured.

2) The shown RFF sample underwent 107 thermal cycles whereas the LAF

samples underwent only 5 x 104 cycles. Hence the RFF sample had more time to

create, move and accumulate dislocations and therefore exhibits higher hardness.
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Figure 5.24.: Microhardness as a function of equivalent strain on RFF fa-

tigued [1 0 0] copper single crystal after 107 cycles at maximum

∆T = 110 K (⇒ εeq = 3.1 x 10−3) compared to dead–soft an-

nealed copper LAF fatigued after 5 x 104 cycles with 0.3 J/cm2

(⇒ ∆T = 180 K and εeq = 5.1 x 10−3)

5.4. Thin Film Characterisation

5.4.1. Grain Size Measurements

Since grain size is an important parameter influencing the fatigue behaviour of

a material, the grain size of each observed thin film was measured with EBSD.

As the expected grain size of the thin films was inferior to 1 µm, the EBSD

scans were performed with step sizes of 0.1 µm. After a parameter optimisation

it was possible to perform scans of the dimension of 140 µm x 80 µm over night

(12 h). In the EBSD data analysis, grains having an area inferior to 0.05 µm2

were discarded because of the low number of acquisitions within a single grain.

Fig. 5.25 shows the results of the sample twin pair SS3 and Cu3, coated at the

same time with the same coating parameters. The grain size and morphology

are visible in Fig. 5.25a and Fig. 5.25b respectively. SS3 shows a large number of
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Figure 5.25.: a) and b) grain maps of SS3 and Cu3 as obtained by EBSD as

basis for grain size calculations. c) and d) logarithmic grain area

distribution of SS3 and Cu3.

grains in the submicrometer regime, and with randomly distributed grains in the

order of 10 µm in diameter. Cu3 on the other hand features a high area fraction,

with very large grains in the order of 100 µm in diameter embedded in numerous

grains of 1 µm – 5 µm. Since the grain size distribution ranges over several orders

of magnitude to in all thin films observed, a logarithmic classification of grain

areas was chosen. Fig. 5.25c and Fig. 5.25d show the grain area distribution

of the thin films of Fig. 5.25a and Fig. 5.25b respectively. The width of the

distribution is a major criterion for the homogeneity of the micro structure in

terms of grain size: 90 % of all grains in Fig. 5.25a and c (SS3) are smaller

than 0.5 µm2 whereas in Fig. 5.25b and d (Cu3) 90 % of all grains are smaller

than 2 µm2. Cu3 is thus less homogeneous in terms of grain area distribution,
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than SS3. The 90 % value and the 99 % value are used to characterise the

grain size of the thin films. Tab. 5.2 summarizes the grain area distributions of

all thin films observed. Basically all thin films feature grain sizes with highest

Grain area µm2 SS2 Cu2 SS3 Cu3 SS4 Cu4 SS5 Cu5 SS6 Cu6

90% ≤ than 5 5 0.5 2 1 1 1 1 1 1

99% ≤ than 50 100 2 20 5 5 5 10 5 10

Table 5.2.: Average grain areas of the thin films measured with EBSD

occurrence at the lower end of the explored grain size range. The EBSD scans

and the corresponding grain area distribution for the different thin films can be

found in the Appendix (Fig. A.6 to Fig. A.15).

5.4.2. Texture Analysis

Tab. 5.3 lists the measured diffraction data of copper powder together with the

data obtained from the PDF file. The data measured with XRD shows good

Reflection I (PDF) I (Meas.) Error 2θ (PDF ) 2θ (Meas.) Error

% % % ◦ ◦ ◦

1 1 1 100 100 0.0 43.298 43.215 0.083

2 0 0 46 43 3.0 50.434 50.290 0.144

2 2 0 20 20 0.1 74.133 73.968 0.165

3 1 1 17 19 1.8 89.934 89.747 0.187

2 2 2 5 6 1.0 95.143 95.006 0.137

4 0 0 3 2 0.8 116.923 116.764 0.159

3 3 1 9 9 0.0 136.514 136.309 0.205

4 2 0 8 7 1.1 144.723 144.500 0.223

Table 5.3.: Diffraction data from PDF file and measured with XRD on pure

copper powder. Relative intensities and angular position of intensity

maxima.

correspondence to the reference data from the PDF file in terms of relative in-

tensity and angular position of the intensity maximum. This measurement is
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therefore the reference measurement for a copper sample with randomly dis-

tributed grains. Texture index calculations, as described in Chap. 4.3.2, are

performed on the basis of this data.

Fig. 5.26 shows an example of the results of the texture analysis of the

Cu2 sample performed with the help of EBSD. The grain orientation map

1.06

0.08

0.31

2.43

2.25
50 µm

c)a)

b)

Figure 5.26.: EBSD results of Cu2 sample. a) grain orientation map b) inverse

pole figure color–orientation code c) inverse pole figure density

distribution (MUD factor)

in Fig. 5.26a is the basis for the calculation of the MUD–factor (defined in

Chap. 4.2.3), see Fig. 5.26c. Large grains clearly dominate the MUD–factor dis-

tribution thanks to their large area. Apart from the [1 1 1] direction no ideal or

near–ideal main direction is present. The maxima are occupied by higher–order

orientations whereas the maximum MUD–factor of 2.43 indicates the presence

of a strong texture.

Tab. 5.4 allows a direct comparison of the values obtained by the two tech-

niques, XRD and EBSD, for each thin film sample showing the Thkl value and

the corresponding MUD–factor. As a measure of the degree of texture, the max-

imum value of both parameters is listed in the last two columns. As expected
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Sample T111 MUD111 T200 MUD100 T220 MUD110 Tmax MUDmax

SS2 0.62 0.07 5.31 2.23 0.01 0.66 5.31 3.02

Cu2 3.77 1.06 2.18 0.08 0.00 0.31 3.77 2.43

SS3 2.68 0.60 2.59 0.52 0.05 1.99 2.68 1.99

Cu3 4.66 0.18 1.14 2.15 0.01 0.17 4.66 2.48

SS4 1.84 0.48 3.00 1.02 0.14 1.23 3.00 1.32

Cu4 3.41 0.63 2.00 0.80 0.07 0.95 3.41 1.57

SS5 0.49 0.62 2.11 0.72 0.04 1.41 5.11 1.41

Cu5 1.49 0.54 4.15 0.84 0.02 1.69 4.15 1.85

SS6 2.92 0.54 2.18 0.64 0.05 1.66 2.92 1.66

Cu6 1.19 0.43 4.39 1.12 0.02 1.32 4.39 1.45

Table 5.4.: Thkl values and corresponding MUD–factors for each thin film. Ad-

ditionally maxima values of both as measure of degree of texture.

for a preferentially textured microstructure, a direct correlation between the

parameters of the two techniques is not straightforward (see also [123, 124]):

1) The area considered in the XRD is in the order of 10 mm2, whereas in

the EBSD the area covered is about 0.01 mm2. XRD averages therefore over

a 1000 times larger area. EBSD on the other hand may be influenced by local

inhomogeneities and insufficient statistics (even with large area scans).

2) As mentioned in Chap. 4.2.3, Thkl only takes into account a limited number

of reflections and hence orientations. The MUD-factor considers every orienta-

tion and results in a contour plot in the inverse pole figure. Due to the large

number of neglected orientations, Thkl is far less representative as compared to

the MUD-factor.

A complete data set itemized for each thin film can be found in the Appendix

(Fig. A.6 to Fig. A.15).

77



5. Results

5.5. Fatigue Data

5.5.1. Thin Films

The fatigue data of the thin films fatigued by LAF are shown in Fig. 5.27,

plotting Ra roughness as a function of cycle number. Only the best and worst
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Figure 5.27.: Comparison of roughness evolution on annealed bulk copper with

best (SS3) and worst (Cu2) performing copper thin film after LAF

with 0.3 J/cm2 (⇒ ∆T = 180 K and εeq = 5.1 x 10−3).

performing thin film are shown for easier illustration. The same evolution was

measured for annealed bulk copper in order to do a comparison with results

obtained from the thin films. The roughness measurement of the bulk specimen

suffered from very inhomogeneously distributed surface damage. Every data

point is an average of five measurements. The best performing thin film crosses

the threshold of 20 nm (as described in Chap. 4.4.3 and specified for the CLIC

AS) at 2.0 x 104 cycles whereas the worst performing one crosses the threshold

already at 2.0 x 103 cycles. The annealed bulk material crossed the threshold

already within the first 1000 cycles.
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5.5.2. Bulk Material

An excerpt of the fatigue data obtained with the help of the different fatigue

techniques is presented as S–N plot in Fig. 5.28. Since the aim of this test
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Figure 5.28.: S–N plot of fatigue data obtained with LAF, USS and CVF on H02

temper (solid symbols) and on brazing annealed copper (hollow

symbols). For comparison, the literature value for H02 copper [34]

and the CLIC target [117] is plotted. USS data partly from [117].

campaign was to compare the different fatigue test benches and since most of

the data in [117] and other literature are based on cold worked copper, the main

part of the tests were performed on the H02 temper. The single data point of

the LAF on H02 copper (solid black circle), where fatigue life is defined with

the help of the roughness criterion threshold Ra = 20 nm, is well above the

data obtained from CVF (at 6.0 x 104 cycles: 1.9 x 10−3 for LAF compared to

1.5 x 10−3 for CVF). As expected the brazing annealed temper is situated well

below the H02 temper in CVF. The data points of the thin films fatigued by

LAF show superior fatigue behaviour when compared to H02 temper fatigued

by LAF and CVF. The H02 temper exhibits in USS an evolution well above the

expected literature value of 5.0 x 10−4 (⇒ 90 MPa) at 1.0 x 108 cycles.
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6. Discussion

The results of the four different fatigue experiments are compared and conclu-

sions drawn about the commonality of phenomena. Fatigue–induced hardening,

microstructure and orientation–induced effects are discussed on the basis of the

results of the current study and compared with findings reported in the litera-

ture.

6.1. Comparison of Different Fatigue Test

Procedures

The four fatigue devices used in this study (see Chap. 4.4) induced cyclic loading

by four different methods. Their different effects on the materials is studied and

commonality of phenomena are discussed as well as the consistency of results

obtained by the fatigue test benches.

6.1.1. Load Ratio Dependency

Most of the results obtained through the mechanical devices, CVF and USS,

involve a load ratio of R = -1, which means a fully reversed tension–compression

load [41]. In the thermal cycling methods, LAF and RFF, the load ratio is

assumed to be R = 0, representing a fully compressive loading with nil minimum

stress was assumed (”zero–tension fatigue“ [41]).

In LCF the load ratio influences lifetime significantly. Assuming on the one

hand cycling with a load ratio of R = -1, where the stress amplitude ∆σ = σmax -

σmin, where σmax is just under the elastic limit, the material will (ideally) exhibit

fully elastic behaviour. On the other hand, when cycling with a load ratio of

R = 0 and the same ∆σ, the maximum stress σmax may exceed the elastic limit,

taking the material into its plastic regime, where fatigue mechanisms are known

81



6. Discussion

to be different [41]. This non–symmetric loading can become even more signifi-

cant because the yield strengths in compression and tension are not necessarily

the same or because of the known Bauschinger effect (see Chap. 2.3.3).

In UHCF the fatigue lifetime tends to become independent of the load ratio

when the load amplitude is very low (e.g. ε = 5 x 10−4. Results obtained by

Heikkinen [117] from USS tests with pre–compressed copper and copper alloy

samples (R = 0 ⇒ fully compressive loading) showed no difference in lifetime

compared to samples cycled in tension and compression (R = -1). However,

from their ultrasonic–frequency tests on aluminum alloys Stanzel-Tschegg et al.

[125, 61, 126] reported that fatigue crack growth rates decrease with increasing

R. The observations of Heikkinen [117] and Stanzel-Tschegg et al. are not

necessarily in contradiction, however. It is known that at very low cyclic loads

in strain–controlled fatigue testing (UHCF) the material spends more than 90%

of its fatigue life for the crack initating. The dependency of fatigue crack growth

on R observed by Stanzel-Tschegg et al. could therefore play only a minor role

under UHCF loading conditions, simply because of the short time spent for the

crack propagation.

To sum up the discussion about the influence of the load ratio in the four

different applied fatigue tests, the following two conclusions can be drawn:

1) Load ratio does play a role in LCF and HCF. The results obtained with

the help of CVF should therefore be treated with caution when comparing with

results obtained with LCF. Additional CVF testing with R = 0 must be per-

formed in order to quantify the influence of R on fatigue life time for this specific

test.

2) Since the fatigue devices operate in different fatigue regimes (LAF, CVF

and RFF in LCF and HCF, but USS in UHCF) it should be mentioned which R

has been applied in order to ensure the consistency of results. Notwithstanding

the above, R has limited influence under UHCF loading conditions, which are

representative for the intended use in the CLIC–AS.

6.1.2. Type of Loading

In the mechanical loading methods, CVF and USS, the material is loaded

through an external force. The setup is ideally isothermal, which means through-
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out the whole testing time the sample is kept at a constant temperature [117].

This means that whether the material is under maximal load or unloaded the

temperature is the same.

Cycling of the material in the LAF and in RFF is performed by applying

cyclically pulsed heat to a fraction of the material surface. The heated part

of the material tries to expand but is restricted by the surrounding material.

The temperature of the material under maximum stress is therefore higher than

in the unloaded state, where the temperature equals the ambient temperature.

Although pulses in the thermal cycling methods, LAF and RFF, are very short

(60 ns for LAF [91] and 1.5 µs for RFF [127, 128]), the microstructural impact

of maximum stress combined with elevated temperatures have to be discussed.

Four microstructural processes are considered:

1) self–diffusion as a measure of the migration length of vacancies to possible

stress releasing sites.

2) dislocation climb (non–conservative dislocation motion) as a possibility for

enhancing dislocation annihilation.

3) enhanced dislocation slip (conservative dislocation motion).

4) release of dislocations in the Frank-Read source and its temperature de-

pendency.

The influence of self–diffusion can be assessed by a simple calculation of the

diffusion coefficient D using Fick’s law at RT and the highest achieved temper-

atures in the different tests

D = D0exp(−Q/RgT ) (6.1)

where D0 is a temperature independent constant, Q is the activation energy,

Rg is the ideal gas constant and T is the absolute temperature of the mate-

rial. For the parameters of copper (Q = 47100 cal/mol and D0 = 0.2 cm2/s

[129, 130]; values extrapolated to lower temperatures), at the highest tem-

perature achieved in the fatigue tests, 325◦C (LAF at 0.5 J/cm2), the diffu-

sion coefficient is D325 = 1.4 x 10−4 nm2/s. Assuming a laser pulse with a

length of 60 ns the effective diffusion area Adeff at the maximum temperature

Adeff−325 = 8.5 x 10−12 nm2 (for RFF: for max ∆T = 110 K and a pulse length

of 1.5 µs it is Adeff−135 = 2.4 x 10−17 nm2). Since all values even at the highest

achieved temperatures correspond to diffusion distances far below the inter–
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atomic distance, self–diffusion during one pulse is not significant in either of the

fatigue methods.

The mechanism of dislocation climb is directly linked to the self–diffusion

mechanism: dislocation climb is driven by diffusion of atoms and vacancies [46].

It is therefore not relevant for the assessment of differences in kinds of cycling.

Enhanced dislocation slip, and hence movability, is related to the velocity of

a dislocation in a crystal. By describing the dislocation motion analytically as

in [46], it can be shown that the velocity is proportional to (1/G)Ngl , where

G is the shear modulus and Ngl is the stress exponent for slip. Since G is

temperature dependent and falls with rising temperature [131], the velocity,

and hence mobility of dislocations, rises with temperature.

The critical shear stress of a Frank-Read source, above which a dislocation

is released, can be described analytically [46]. In the critical position, the force

due to the applied stress is balanced by the line tension of the expanding loop

of dislocation. The critical force is found to be proportional to G and therefore

with increasing temperature the critical force decreases and Frank-Read sources

tend to release more dislocations.

To sum up the possible differences of the mentioned cycling methods, it can

be said that diffusion driven processes (diffusion of vacancies and dislocation

climb) are not relevant, whereas the influence of the shear modulus dependent

processes (dislocation velocity and critical shear stress of Frank-Read sources)

cannot be assessed trivially.

6.1.3. Stress States

The mechanical testing methods CVF and USS submit the samples to a well

defined uniaxial loading, as shown for the USS in Chap. 4.4.2. The loading axis

is longitudinal to the sample axis and the stress is homogeneous on the cross

section of the sample for the CVF case, whereas in the USS samples it is a

function of the radius, as seen in Fig. 4.13.

The thermal loading methods result in a very different stress state. As the

heating pulses of the concerned surface areas are very short (60 ns for LAF [91]

and 1.5 µs for RFF [127, 128]) the penetration depth of the heat is rather small.

At the time step of the highest surface temperature load the material at 10 µm
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depth for the LAF and at 45 µm for the RFF is still at room temperature.

Compared to the heated layer thickness the lateral extension of the heated

region is rather big. It is shown in Chap. 4.4.3 by simulation that the resulting

strain state is perfectly biaxial within the laser spot, apart from the border effect

arising from the transient region.

It is reported that when a biaxial state is used for cyclic loading, the fatigue

lifetime shortens for all equivalent criteria presented in [76, 77]. Several simu-

lation models to predict fatigue life in multi–axial fatigue have been introduced

[132, 133, 134], but a conclusive microstructural explanation remains elusive.

One reason for differences in fatigue life for uniaxially and biaxially loaded

samples arises from the different Schmid factor configuration present in the

crystal (see Chap. 2.3.2). Schmid factor calculations performed for the biax-

ial and uniaxial loading case (Appendix Fig. A.1 - A.2) show that not only

the maximum Schmid factor but also the number of active slip systems differs

in the two cases. For the [1 1 1] out–of–plane orientation and the similar in–

plane–orientation, the biaxial case shows SFmax−bi = 0.27, whereas in uniaxial

loading SFmax−uni = 0.41. The number of active slip systems in biaxial load-

ing is 6 whereas in uniaxial there are only 4 slip systems active. A significant

difference in strain and stress distribution on the slip systems is therefore cal-

culated (see Appendix Fig. A.1 - A.2). Additionally, calculations with variable

in–plane orientations (Appendix Fig. A.2 - A.4) showed that the SF distribution

in the biaxial state is independent of in–plane orientation, whereas in the uni-

axial loading case the SF distribution strongly depends on in–plane orientation.

The evidence of this in–plane orientation dependence is observed in the samples

fatigued by USS (see Fig. 5.13), where grains with similar out–of–plane orienta-

tion but different in–plane orientation show different surface roughening due to

cycling. It must be pointed out that simulations performed with FEM, taking

into account the elastic anisotropy of the copper lattice [135, 136], showed that

the real SF distribution differs slightly from the distribution in the classical ap-

proach used here. SF’s differ in the order of of 15% which results also in some

modification of the slip activation order. Due to computational limitations this

effect cannot be taken into account here and the phenomenon will be explained

on the basis of anisotropy, neglecting SF–FEM simulations. The influence of SF

distribution on the fatigue behaviour of surface grains will be discussed in more
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detail in Chap. 6.2.1.

In summary it can be said that from the microstructural point of view, the

difference in load case is significant, although no conclusive model based on

dislocation interaction or multiple slip has been proposed. Empirical models

and experiments [76, 77] predict fatigue life under multi–axial loading to be

significantly shorter. For the current study, a suitable criterion was therefore

needed in order to compare results obtained with mechanical fatigue (CVF and

USS) with those obtained with thermal cycling methods (LAF and RFF) in a

quantitative way.

6.1.4. Cycling Frequencies: Low versus High

Cycling frequency is one of the major issues for fatigue testing with high cycle

numbers. CVF and the thermal cycling methods LAF and RFF used in this

study have a low cycling frequency. Of these three, LAF has the highest fre-

quency at 200 Hz (as described in Chap. 4.4). In contrast, USS has an extremely

high frequency of 24 kHz. The comparability of the results obtained by appli-

cation of such a wide range of cycling frequencies must therefore be discussed

here.

The devices used in the present study do have a common non–achievable cycle

number region from roughly 106 to 107 cycles (compare Tab. 4.4 and Fig. 5.28)

which makes it experimentally very difficult to cross check fatigue results in

the HCF and the UHCF regime obtained with different devices. The overlap

between HCF and UHCF is often studied with the help of rotation bending

methods and devices similar to the USS device used in the present study. Thus

Papakyriacou et al. [137] compare results of 100 Hz rotation bending tests

with results obtained at 20 kHz with the help of an ultrasound resonator. For

samples made of Nb they report that no influence of the loading frequency was

observed, whereas samples made of Ta showed significantly longer lifetime when

cycle frequency was high. During those tests the temperature of the sample was

kept a few degrees above RT (see also [63]). Park et al. [138] observed the

frequency effect in thermal fatigue of copper interconnects by cycling 300 nm

thin sputtered copper lines with alternating currents at frequencies of 200 Hz

and 20 kHz. They report significantly faster damage development when the
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frequency was increased to 20 kHz. Generally it is believed that increasing the

loading frequency from 60 Hz to 20 kHz does not affect fatigue life in bulk

FCC metals such as Cu, but that it does prolong the fatigue life of BCC metals

[138, 137]. Very often the reason for the frequency dependence in BCC metals is

believed to be the strong strain rate dependence of deformation, which originates

from the high lattice friction and the necessity of thermally activated glide of

screw dislocations [138].

For the present study, the discussion concerning the effect of the different load

frequencies can used to draw an important conclusion: as long as the copper

samples cycled at high frequencies with the USS device are suitably cooled

to near RT, the influence of the loading frequency on the fatigue life can be

neglected.

6.1.5. Surface Degradation as a Function of Grain

Orientation and Effects of Grain Boundaries

It was shown in the previous discussions that the loading conditions in all fatigue

test benches used in the present study and in the AS of CLIC are quite different.

Therefore an approach based on observable phenomena in order to assess the

comparability of results and the commonality of phenomena should be presented

here. Two particularly observed phenomena will be used as comparison criterion

for the different techniques:

1) the different degree of surface roughness developing on grains of different

crystallographic orientation.

2) the correlation between the width of the modification zone of surface fea-

tures in the vicinity of certain GB.

On samples fatigued by LAF a clear correlation between the developing degree

of surface roughness and the crystallographic orientation was found: Surface

roughness on [1 0 0] grains is less than on [1 1 1] grains, and both are less

than on [1 1 0] grains, as shown in Fig. 5.10 and Fig. 5.11. The reasons for

this difference in fatigue behaviour will be discussed in Chap. 6.2.1. To some

extend the same correlation was found on samples fatigued by RFF, as shown

in Fig. 5.12. Grains of [1 0 0] direction stayed mostly smooth, showing therefore

much less surfaces roughening as compared to grains of the [1 1 1] orientation.

87



6. Discussion

Grains of the direction [1 1 0] were not present within the observed areas.

The situation for samples fatigued by USS is much more complex. On the

one hand, as with the LAF and RFF fatigue samples, grains of [1 0 0] out–

of–plane orientation were found to stay smooth. On the other hand, [1 1 1]

grains were found to exhibit either severe roughening, moderate roughening

or no roughening at all, depending on their in–plane orientation, as shown in

Fig. 5.13 and Tab. 5.1. The consistency of phenomena between LAF and RFF

was shown for two of the three main orientation candidates. The additional

degree of freedom of crystallographic orientation in USS makes the correlation of

the roughness to grain orientation more demanding when compared to LAF and

RFF. The second phenomenon concerns the modification of developing surface

features in the vicinity of GB, here called the GB vicinity effect. A correlation

between the width of the modification zone and the thickness of the heated

layer was found in samples fatigued with LAF. The width of the modification

zone between a [1 0 0] and a [1 1 1] grain, shown in Fig. 5.14, was found to

extend approx. 7 µm – 10 µm to either side of the GB, corresponding to the

thickness of the heated layer for the experiment. For the LAF technique this

ratio of width of modification zone to heated layer thickness = 1 was confirmed

for a different type of GB ([1 0 0] – [1 1 0]), shown in Fig. 5.15b. Nevertheless,

the orientation of the GB with respect to the developing surface features has an

influence on the width of the modification zone, as shown in Fig. 5.15a where

no modification zone is visible in either of both adjacent grains. For samples

fatigued with RFF a similar GB vicinity effect has been observed, as shown in

Fig. 5.16. The width of the modification zone was found to be between 17 µm

and 30 µm, which corresponds to the heated layer thickness for the experiment.

A GB vicinity effect in samples cycled by USS was not discovered. The origin of

the GB vicinity effect and the differences for the USS technique will be discussed

in Chap. 6.2.2

The results of the phenomenological comparison approach can be summarised

as follows:

1) The same correlation between the developing degree of surface roughness

and the grain orientation was found for both thermal cycling methods for two of

the orientation candidates([1 0 0] and [1 1 1]). More statistics would be needed

in order to establish the correlation for the third orientation candidate. On the

88



6.2. Fatigue Effects

other hand, the same correlation cannot be observed conclusively on the samples

cycled with the USS device.

2) The ratio between the width of the surface feature modification zone and

the heated layer thickness was found in both thermal cycling methods to be

approx. equal to 1, underlining the similarity of phenomenon observed in the

two fatigue techniques. The GB vicinity effect was not observed on samples

cycled with the USS technique.

6.2. Fatigue Effects

Here the mechanisms ongoing in polycrystalline copper of different temper states

during cycling will be discussed in more detail on the basis of results obtained

within the current study. Explanations will be given concerning different effects

on fatigue behaviour such as grain orientation and GB vicinity, followed by

considerations about the relation between hardness and fatigue.

6.2.1. Fatigue Induced Roughness and Crystallographic

Orientation

Observations of the surface topography and roughness measurements following

different fatigue tests, show that the increase of surface roughness in fatigued

high purity copper depends strongly on individual grain orientation, as shown in

Fig. 5.11. The observed tendencies are similar, independent of the temper state

or the fatigue testing method applied. Grains oriented in the [1 1 1] direction

show much greater increases as those oriented in [1 0 0] whereas [1 1 0] grains

show the biggest increases of all. These observations are consistent with the

findings of researchers [43, 75, 139, 140] who have studied mainly thin films and

single crystals. This difference in surface roughening due to fatigue has several

causes:

(1) Elastic anisotropy approach: the [1 1 0] grains experience the highest shear

stress, followed by those in [1 1 1] and then those in [1 0 0] direction. In both

thermal cycling methods the biaxial load is thermal strain due to thermal ex-

pansion, which produces thermal stress. The isotropy of the thermal expansion

coefficient [38] causes uniform strain in all grains, while the Young’s modulus
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and shear modulus is anisotropic. Due to this anisotropy, different levels of

stress arise during the load cycle in grains with different orientation [139]. The

order of this inhomogeneity was calculated by Wikstroem et al. [140] and Baker

et al. [139], which were focusing on [1 1 1] and [1 0 0] grains in thin copper

films. They found that the ratio between the evolving in–plane stresses in [1 1 1]

and [1 0 0] oriented grains can become as high as σ111/σ100 = 2.3, equal to the

ratio of the corresponding moduli. Moenig [141] confirmed this for copper thin

films by calculating the in–plane stress arising from an equi–biaxial in–plane

strain as a function of the orientation of the crystal. Like Wikstroem et al. he

calculated a ratio σ111/σ100 = 2.26. These two orientations are associated with

the maximum and the minimum stress values, found in the orientation trian-

gle. Moenig [141] calculated the resolved shear stress under the same in–plane

strain and found a ratio of τ111/τ100 = 1.51. A calculation for the whole triangle

allowed orientations to be identified where shear stresses even higher than τ111

develop. As an example, [1 1 0] grains undergo a higher shear stress due to a

ratio τ110/τ100 = 1.60. Therefore, the [1 1 0] grains are submitted during cycling

to the highest maximum shear stresses followed by the [1 1 1] grains and the

[1 0 0] grains. This means that the order of effective shear stress of the three

main crystallographic orientations (τ100 ≤ τ111 ≤ τ110) is the same as the trend

in the amount of surface roughening observed here experimentally, as seen in

Fig. 5.10 and Fig. 5.11.

(2) Schmid factor distribution approach: in [1 0 0] grains there are 8 equally

active slip systems. Global strain is distributed equally on the 8 systems. In

[1 1 1] grains only 6 systems are active and in the [1 1 0] grains only 4 (see Ap-

pendix Fig. A.1). The fraction of the global strain applied on a single slip system

is therefore the lowest in the [1 0 0] grains. A lower fraction of strain implies

lower local deformation hence dislocation motion. Additionally, the Schmid fac-

tor values of the orientations are different. Fig. 6.1 illustrates schematically the

influence of different Schmid factors on local strain. By imposing an elongation

of ∆L on a sample in Fig. 6.1a, different shear strains are induced due to dif-

ferent Schmid factors. In the case in Fig. 6.1b a low Schmid factor forces the

slip system to compensate for the imposed sample elongation with more local

shear strain. Therefore high dislocation motion, and hence micro plasticity, is

required. A high Schmid factor in the case shown in Fig. 6.1c allows the sample

90



6.2. Fatigue Effects

Figure 6.1.: Schematic of influence of Schmid factor on local shear strain in

uniaxial single crystal under tensile strain oriented for single slip:

(a) An elongation ∆L is imposed on a sample of the length L. When

slip system has low Schmid factor (b) local high shear strain is

needed to accommodate ∆L, whereas in (c) a higher Schmid factor

results in lower local strain.

elongation to be compensated with comparatively smaller local shear strain. For

this reason, grains with Schmid factors as low as 0.27, as found in the slip sys-

tems in the [1 1 1] grains, show high microplasticity. On the other hand, grains

with Schmid factors as high as 0.41, found in the orientations [1 0 0] and [1 1 0],

show lower microplasticity. Together with the higher fraction of total amount of

strain on each individual slip system, due to the lower number of active systems

in the [1 1 1] grains, and the higher micro–plasticity, due to lower Schmid factor,

in the those grains result in a higher surface roughness for those, compared to

the [1 0 0] grains. Although the [1 1 0] grains feature Schmid factors as high as

those found in the [1 0 0] grains, the small number of active slip systems (only

half those in [1 0 0])results in the highest local strain, and therefore the highest

surface roughness, of the observed crystallographic orientations.

(3) Dislocation substructure approach: depending on the crystallographic

orientation, hence the orientation of the slip system with respect to the loading

plane, different dislocation substructures can be formed. Zhang et al. [43] and

Wang et al. [50] have given indications on the dislocation substructure that

91



6. Discussion

will develop in the copper grains/crystals during cycling, depending on their

position in the standard orientation triangle. Grains of the [1 1 1] direction will

develop dislocation walls and ladder–like cell structures, those oriented in [1 0 0]

mainly show labyrinth structures occur, while those in [1 1 0] direction show

PSB ladders. The orientations, which create a three–dimensional arrangement

of dislocations (e.g. cellular or labyrinth structure found in [1 0 0] grains),

inhibit surface upsets and therefore preserve smooth surfaces [45].

It is possible to explain the observed phenomenon of orientation dependent

surface roughening during cycling on the basis of the three approaches presented

here. Further microstructural observations (e.g. TEM) need to be performed in

order to assess which one of these three complementary approaches is predomi-

nant.

6.2.2. Grain Size and the Effect of Grain Boundaries

Grain boundaries represent special regions, where two lattices of different orien-

tation meet. The crystal is locally heavily disturbed. The grains are submitted

to different stress levels during cycling, as discussed above. Therefore adapta-

tion has to take place at the GB. Fig. 5.14 shows a transition region straddling

the GB. On both sides the surface near the GB is changed. Since these ob-

served large–angle boundaries are obstacles for dislocation motion, SB and PSB

[43, 50], dislocations pile up in the vicinity of the grain boundary [43, 50]. Fea-

tures observed in the modification zone of the [1 0 0] grain, which elsewhere

appears smooth, are evidence for this accumulation. A model for accommoda-

tion bands in the GB vicinity due to stress accommodation in copper thin films

was developed by Baker et al. [139]. A schematic of this model is presented in

Fig. 6.2. The authors claime that in a GB between a [1 1 1] and a [1 0 0] grain,

stress continuity requires σ111=σ100. Furthermore, the authors distinguish two

extreme cases: in one case a) large grains (>> film thickness) cause constant

strain (isostrain) while in the other b) small grains (<< film thickness) cause

constant stress (isostress) around the grain boundary. They assume that stress

accommodation takes place within a region of having a width corresponding to

the thickness of the considered film, on each side of the boundary. Therefore

when grains are small (case b), this accommodation zone covers most of the
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a) b)

Figure 6.2.: Schematic showing the form of strain and stress distributions during

elastic deformation in thin film after Baker et al. [139]. Grains

oriented [1 1 1] and [1 0 0] out of surface accommodate stress within

one film thickness to either side of the GB: case a) large grain size

results in same average strain in both grains (isostrain case); case

b) small grain size results in same stress in adjacent grains (isostress

case)

space, and the stress distribution is uniform. However, three points in connec-

tion with the mentioned study should be born in mind:

(1) The time–temperature profile provided by the two thermal cycling meth-

ods used in this study and described in Chap. 4.4 results in a very high tem-

perature gradient normal to the surface [91, 121]. The high–intensity energy

deposition heats the surface layer to the maximum temperature in a very short

period of time (LAF 60 ns, RFF 1.5 µs). Although the thermal conductivity of

copper at room temperature is very high (401 W/m·K [34]), the heated volume

is very small (for LAF 10 µm in depth and for RFF 30 µm; see Chap. 4.4) due to

the very short heating time. The current test situation may thus be conceived

in terms of a film several µm thick, with constrained lateral expansion due to

a rigid substrate, subjected to thermal cycles. Assuming this similarity, it is

important to point out that in LAF, as in RFF, the thickness of the heated

layer is similar to the width of the accommodation band observed in Fig. 5.14

and Fig. 5.16 respectively. This result is in good agreement with the model

developed by Baker et al. [139] where this correlation is predicted for thin films.
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(2) The sample in half–hard temper cycled with RFF (shown in Fig. 5.16)

has grains of equivalent diameter of a few tens of microns. Surface features are

visible not only in the [1 1 1] grains but also in the [1 0 0] grains. Here accom-

modation appears again at the grain boundaries, but also extends within the

grain. Completely smooth areas within [1 0 0] grains are rarely observed. They

are mainly found in the center of large grains at sufficiently large distances from

the grain boundaries. The same trend is observed on half–hard samples cycled

with LAF. Conversely this means that, in sufficiently small grains, the accom-

modation area covers the entire grain. With decreasing grain size, all grains

suffer from accommodation throughout, regardless of their crystallographic ori-

entation, at the same stress level. This case would correspond to the predictions

by the model of Baker et al. [139] about the so–called isostress state (case (b)

where the common stress level lies in between the stress of the [1 0 0] grains

and that of the [1 1 1] grains).

3) The GB between a [1 0 0] and a [1 1 0] grain in Fig. 5.15 shows ambiva-

lent behaviour. When surface features in the [1 1 0] grain, which are aligned

to a (1 1 0)–type axis as identified by EBSD, are parallel to the GB (a), no

accommodation zone is observed, whereas in (b), where the features are nearly

perpendicular to the GB, an accommodation zone with the width of one heated

layer thickness on each side is visible. The results predicted by the Baker model

[139] can be observed only partly in this GB configuration. Since in Fig. 5.15

exactly the same grains are involved and a different behaviour is observed, the

orientation of the GB with respect to the lattice orientations of the adjacent

grains plays a role. This gives rise to the question of the dependency of the GB

vicinity effect not only on the GB–type but also on the GB-misorientation.

However, accommodation zones in the GB vicinity were not observed on sam-

ples cycled using USS. This may have several reasons:

1) In the uniaxial stress state not only the type and the orientation of the

GB with respect to the lattice of the adjacent grains are important but also

the orientation of the GB with respect to the loading axis, the USS therefore

offers an additional degree of freedom for GB description. Additionally, since

some [1 1 1] grains show partly damage (see Fig. 5.13), accommodation does

not necessarily have to occur at all GB surrounding a [1 1 1] grain. Therefore

many more grains and GBs have to be observed in order to ensure a quantitative
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statement on a solid statistical basis.

2) As simulated and shown in Fig. 4.13, the strain region in the USS sample

reaches deep into the interior. Since the thickness of the corresponding “heated”

layer in the USS method, here called “stressed” layer, is in the order of several

mm, it is questionable if the model of Baker et al. [139], developed for copper

thin films of certain texture, is still applicable. The assumption of stress accom-

modation within one layer thickness in depth and to each side of the GB may

not be valid anymore and hence a distinction between the earlier mentioned

isostress and isostrain state is not possible.

6.2.3. Fatigue Induced Hardening

Two of the main micro structural processes occurring during cyclic mechanical

loading are the creation and the rearrangement of dislocations, as described in

Chap. 2.3. Since these processes are classically responsible for hardening of the

material [41] and since it is believed that theses processes also occur during

thermal cycling, a macroscopic hardness increase should be observable during

cycling.

The microhardness results obtained at different cycle numbers of OFE copper

samples cycled with the help of LAF (Fig. 5.21) show a continuous increase in

hardness with increasing cycle numbers. Moreover, hardness observations on a

copper single crystal submitted to RFF shows an increase in hardness propor-

tional to the maximum thermal load, once a temperature threshold is exceeded

(Fig. 5.18). It can therefore be said that the process of dislocation creation due

to thermal cycling, within the experimental frame of this study, is indirectly

confirmed. Since the H02 temper did not show hardening after RFF cycling

(Fig. 5.18) it can be said that, for the given testing parameters, a previously

work–hardened material responds differently to the cycling, compared to a soft

state, and does not show additional hardening through cycling (for sample ma-

terial description see Chap. 4.1.1). Regarding the arrangement of dislocations

due to fatigue, no statements can be made without additional microstructural

observations with the help of TEM or SEM with ECC.

Furthermore, there is experimental evidence that different crystallographic

orientation harden differently during cycling. In Fig. 5.20 it is shown that hard-
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ness increase of differently oriented grains in LAF fatigued samples follows the

same order as the roughness increase of corresponding orientations after cycling

in Fig. 5.11. Grains in [1 1 1] direction show a higher amount of hardening as

compared to [1 0 0] grains, whereas the [1 1 0] grains show the highest harden-

ing. This result could also be explained by the first two of the three approaches

to explain roughening discussed above:

1) Elastic anisotropy approach: highest shear stress due to elastic anisotropy

in [1 1 0] grains produces the most dislocations, resulting in the highest hard-

ening.

2) Schmid factor distribution approach: highest local strain on individual slip

systems in [1 1 0] grains due to most disadvantageous Schmid factor configura-

tion produces most dislocations, resulting therefore in the highest hardening.

The third explanation, the dislocation substructure approach, dealing with

cyclically more and less stable dislocation substructures developing in the ma-

terial, cannot be assigned directly since no statements can be made about the

dimensions of any developing dislocation substructures or dislocation density

distribution. Further microstructural analysis is needed here.
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In the present study four fatigue test benches were use and compared in order

to investigate the fatigue behaviour of oxygen–free electronic (OFE) copper

as a candidate material for the accelerating structures (AS) of the compact

linear collider (CLIC). In operation the material will undergo cyclic temperature

change in the order of ∆T = 56 K, from about 40◦ C to about 100◦ C. This

temperature change results in a cyclic biaxial strain in the surface in the order

of ∆εbiax = 9.2 x 10−4 at a macro equivalent stress of 110 MPa. From the results

obtained in the present study the following conclusions can be drawn:

(1) Structural fatigue failure is not a concern for an AS made of copper or a

copper–based alloy.

(2) However, surface roughening due to thermal cycling will eventually occur

in the AS. Roughness values have been measured after different cycle numbers.

After a certain incubation time, there is a significant increase in roughness. This

incubation period is shorter than the designed service life of CLIC. Therefore,

the effect of surface roughening on the physical performance of the AS needs to

be closely monitored.

(3) Characterisation and quantification of cyclic roughening and hardening

phenomena on tested samples revealed a strong dependence on grain orienta-

tions. With the help of EBSD observations it was found that grains oriented in

[1 0 0] direction show significantly lower roughness and hardness increase than

grains oriented in [1 1 0]. The [1 1 1] orientations show intermediate values.

(4) A detailed analysis of the slip systems of the different orientations made

it possible to understand the origin of the roughening phenomena and their

dependence on crystallographic orientation. This dependence arises from the

different number of active slip systems.

Analysis of the results obtained by different fatigue test techniques indicates

the presence of the same elementary processes. The two mechanical loading
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7. Summary and Conclusions

methods, conventional fatigue (CVF) and ultrasonic swinger (USS), have exper-

imental advantages in terms of standardisation and in terms of the capability of

addressing high cycle numbers. Unfortunately, the results obtained cannot be

directly related to thermal fatigue data.

It is not clear whether surface roughening arising from thermal cycling is the

limiting factor for operating AS. The present study has shed light on the origin of

fatigue–induced surface roughening and helped identify three micro–structural

elements which are important in this respect:

– The [1 0 0] crystallographic orientation of surface grains shows the smallest

amount of surface roughening and sub–surface hardening.

– Copper materials with high initial hardness show no further cyclic strength-

ening, while significant cyclic hardening accompanied cycling of soft material

states.

– Grain boundaries need to be considered in fine structures (grain sizes as

fine as 1 µm – 5 µm). High local stresses arising from the effect of anisotropy

of moduli are therefore averaged out.

Since electrical conductivity is important for the CLIC AS application (see

Chap. 2.1) the choice of material is restricted to copper–based materials. Follow-

ing the three aforementioned favorable characteristics, two possible candidates

for the application in CLIC–AS are:

1) A strongly textured and fine–grained OFE copper, e.g. equal–angular–

channel–pressed (ECAP) OFE copper

2) A strongly [1 0 0] orientation textured pure copper thin film.

Either options could provide the fatigue performance needed to meet the high

demands of the CLIC-AS, and deserve closer consideration in the context of the

AS machining strategy.
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A. Appendix

A.1. Schmid Factors

Bi-Axial load x-y
Plane Direction (100) (110) (111)

1 {1 1 1} (1 -1 0) 0 0 -0.27

2 {1 1 1} (1 0 -1) 0.41 0 0

3 {1 1 1} (0 1 -1) 0.41 0 0.27

4 {1 -1 1} (1 1 0) 0 0.41 0

5 {1 -1 1} (1 0 -1) 0.41 0.41 0

6 {1 -1 1} (0 1 1) -0.41 0 0

7 {1 1 -1} (1 -1 0) 0 0.41 0.27

8 {1 1 -1} (1 0 1) 0.41 0.41 0.27

9 {1 1 -1} (0 1 1) 0.41 0 0

10 {-1 1 1} (1 1 0) 0 0 0

11 {-1 1 1} (1 0 1) -0.41 0 0.27

12 {-1 1 1} (0 1 -1) 0.41 0 -0.27

Max: 0.41 0.41 0.27

Sum: 1.63 1.63 0.54

Sum Absolute: 3.27 1.63 1.63
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Figure A.1.: Detailed Schmid factor analysis with orientation illustration for

biaxial stress state
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A.1. Schmid Factors

Uni-Axial load in x-direction; In-Plane rotation 0°
Plane Direction (100) (110) (111)

1 {1 1 1} (1 -1 0) 0.41 0.41 0

2 {1 1 1} (1 0 -1) 0.41 0.41 0.41

3 {1 1 1} (0 1 -1) 0 0 0.41

4 {1 -1 1} (1 1 0) 0.41 0.41 0

5 {1 -1 1} (1 0 -1) 0.41 0.41 0

6 {1 -1 1} (0 1 1) 0 0 0

7 {1 1 -1} (1 -1 0) 0.41 0.41 0

8 {1 1 -1} (1 0 1) 0.41 0.41 0.41

9 {1 1 -1} (0 1 1) 0 0 0.41

10 {-1 1 1} (1 1 0) -0.41 -0.41 0

11 {-1 1 1} (1 0 1) -0.41 -0.41 0

12 {-1 1 1} (0 1 -1) 0 0 0

Max: 0.41 0.41 0.41

Sum: 1.63 1.63 1.63

Sum Absolute: 3.27 3.27 1.63
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Figure A.2.: Detailed Schmid factor analysis with orientation illustration for

uniaxial stress state: in–plane rotation 0◦
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A. Appendix

Uni-Axial load in x-direction; In-Plane rotation 30°
Plane Direction (100) (110) (111)

1 {1 1 1} (1 -1 0) 0.20 0.33 -0.27

2 {1 1 1} (1 0 -1) 0.48 0.33 0

3 {1 1 1} (0 1 -1) 0.28 0 0.27

4 {1 -1 1} (1 1 0) 0.20 0.43 0

5 {1 -1 1} (1 0 -1) 0.13 0.18 0

6 {1 -1 1} (0 1 1) 0.07 0.25 0

7 {1 1 -1} (1 -1 0) 0.20 0.18 -0.14

8 {1 1 -1} (1 0 1) 0.48 0.43 0.27

9 {1 1 -1} (0 1 1) 0.28 0.25 0.41

10 {-1 1 1} (1 1 0) -0.20 -0.08 0.41

11 {-1 1 1} (1 0 1) -0.13 -0.08 0.27

12 {-1 1 1} (0 1 -1) -0.07 0 0.14

Max: 0.48 0.43 0.41

Sum: 1.93 2.22 1.36

Sum Absolute: 2.75 2.54 2.18
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Figure A.3.: Detailed Schmid factor analysis with orientation illustration for

uniaxial stress state: in–plane rotation 30◦
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A.1. Schmid Factors

Uni-Axial load in x-direction; In-Plane rotation 45°
Plane Direction (100) (110) (111)

1 {1 1 1} (1 -1 0) 0 0.14 -0.37

2 {1 1 1} (1 0 -1) 0.41 0.14 -0.24

3 {1 1 1} (0 1 -1) 0.41 0 0.14

4 {1 -1 1} (1 1 0) 0 0.35 0

5 {1 -1 1} (1 0 -1) 0 0.06 0

6 {1 -1 1} (0 1 1) 0 0.29 0

7 {1 1 -1} (1 -1 0) 0 0.06 -0.10

8 {1 1 -1} (1 0 1) 0.41 0.35 0.14
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Figure A.4.: Detailed Schmid factor analysis with orientation illustration for

uniaxial stress state: in–plane rotation 45◦
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Figure A.5.: Detailed Schmid factor analysis with orientation illustration for the

sample shown in Fig. 5.13. The two maximum SF for each grain

are highlighted in gray
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A.2. Thin Film Characterisation

EBSD XRD

MUD(1 1 1) 0.07 0.62 T(1 1 1)

MUD(1 0 0) 2.23 5.31 T(2 0 0)

MUD(1 1 0) 0.66 0.01 T(2 2 0)
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2.31

3.02

50 µm 50 µm

Thin film sample: SS2

20 µm

a) b)

c) d)

e)

Figure A.6.: Combination of results of thin film characterisation. Sample SS2:

a) logarithmic grain area distribution. b) inverse pole figure (color–

orientation code) and texture results: inverse pole figure density

distribution (MUD factor) and XRD data. c) image–quality map.

d) grain map. e) SEM picture
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a) b)

c) d)

e)

Figure A.7.: Combination of results of thin film characterisation. Sample Cu2:

a) logarithmic grain area distribution. b) inverse pole figure (color–

orientation code) and texture results: inverse pole figure density

distribution (MUD factor) and XRD data. c) image–quality map.

d) grain map. e) SEM picture
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Figure A.8.: Combination of results of thin film characterisation. Sample SS3:

a) logarithmic grain area distribution. b) inverse pole figure (color–

orientation code) and texture results: inverse pole figure density

distribution (MUD factor) and XRD data. c) image–quality map.

d) grain map. e) SEM picture
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Figure A.9.: Combination of results of thin film characterisation. Sample Cu3:

a) logarithmic grain area distribution. b) inverse pole figure (color–

orientation code) and texture results: inverse pole figure density

distribution (MUD factor) and XRD data. c) image–quality map.

d) grain map. e) SEM picture
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Figure A.10.: Combination of results of thin film characterisation. Sample SS4:

a) logarithmic grain area distribution. b) inverse pole figure

(color–orientation code) and texture results: inverse pole figure

density distribution (MUD factor) and XRD data. c) image–

quality map. d) grain map. e) SEM picture

133



A. Appendix

0.63

0.80

0.95

1.57

EBSD XRD

MUD(1 1 1) 0.63 3.41 T(1 1 1)

MUD(1 0 0) 0.80 2.00 T(2 0 0)

MUD(1 1 0) 0.95 0.07 T(2 2 0)

50 µm 50 µm

Thin film sample: Cu4

20 µm

a) b)

c) d)

e)

Figure A.11.: Combination of results of thin film characterisation. Sample Cu4:

a) logarithmic grain area distribution. b) inverse pole figure

(color–orientation code) and texture results: inverse pole figure

density distribution (MUD factor) and XRD data. c) image–

quality map. d) grain map. e) SEM picture
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Figure A.12.: Combination of results of thin film characterisation. Sample SS5:

a) logarithmic grain area distribution. b) inverse pole figure

(color–orientation code) and texture results: inverse pole figure

density distribution (MUD factor) and XRD data. c) image–

quality map. d) grain map. e) SEM picture
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Figure A.13.: Combination of results of thin film characterisation. Sample Cu5:

a) logarithmic grain area distribution. b) inverse pole figure

(color–orientation code) and texture results: inverse pole figure

density distribution (MUD factor) and XRD data. c) image–

quality map. d) grain map. e) SEM picture
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Figure A.14.: Combination of results of thin film characterisation. Sample SS6:

a) logarithmic grain area distribution. b) inverse pole figure

(color–orientation code) and texture results: inverse pole figure

density distribution (MUD factor) and XRD data. c) image–

quality map. d) grain map. e) SEM picture
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Figure A.15.: Combination of results of thin film characterisation. Sample Cu6:

a) logarithmic grain area distribution. b) inverse pole figure

(color–orientation code) and texture results: inverse pole figure

density distribution (MUD factor) and XRD data. c) image–

quality map. d) grain map. e) SEM picture
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