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Abstract
Nuclear power is one of the largest forms of energy production in Finland. The main chal-
lenges of nuclear power relate to the final disposal of spent nuclear fuel. In Finland, the
spent fuel will be stored in final disposal canisters, which will then be buried approximately
430 meters deep into the bedrock, later filling the tunnels with bentonite clay. The final
disposal canister consists of a nodular graphite cast iron insert and a phosphorus alloyed
oxygen-free copper (Cu-OFP) overpack. The lid of the Cu-OFP overpack will be welded shut
with friction stir welding (FSW). Careful study of the canister, as well as the whole disposal
system, is extremely important for ensuring the safety of humans and the environment. The
final disposal canister has been studied intensively during the final disposal project. How-
ever, additional studies with different test parameters are still required for ensuring the
safety of final disposal. Therefore, this thesis assesses the damage of creep tested, friction
stir welded Cu-OFP cross-weld specimens. The damage is assessed by calculating the cavity
density and grain size of the specimens, as well as studying the distribution of the damage
throughout the samples. Calculating the cavity density of the entire surface area of multiple
samples manually is extremely tedious and time consuming. For these purposes, this thesis
develops methods for utilizing image processing software to automate the process. An
open-source image processing software called ImageJ is used for the analysis. Different
processing tools were tested, and a macro code for ImageJ was written based on the test
results. In order to gain as accurate results as possible, different sample preparation meth-
ods and programs were also tested for use with Cu-OFP. Based on the results, an optimized
sample preparation program was created. Finally, the grain size of the samples was esti-
mated by using the intercept method in standard SFS-EN ISO 2624. The images used in
the analysis were obtained using a light optical microscope (LOM). In total, over 2300 LOM
images were taken and analyzed. The results of the analysis in this thesis show that ImageJ
is a viable tool for use in damage assessment due its efficiency and accuracy. In the future,
different tools and macros can be developed for improved function as well as different or
more specific applications.

Keywords Copper, Cu-OFP, Creep, Metallurgy, Image processing, Friction Stir
Welding, Final disposal.
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Tiivistelmä
Ydinvoima on yksi suurimmista energiantuotannon muodoista Suomessa. Sen suurimmat
haasteet liittyvät käytettyyn ydinpolttoaineeseen ja etenkin sen loppusijoitukseen. Suo-
messa käytetty ydinpolttoaine tullaan säilömään valurautaisesta sisäosasta ja kuparisesta
(Cu-OFP) ulkokuoresta koostuvissa loppusijoituskapseleissa noin 430 metrin syvyyteen
peruskallioon. Cu-OFP:stä koostuvan ulkokuoren kansi hitsataan paikoilleen käyttämällä
kitkatappihitsausta. Loppusijoituskapselin, kuten myös koko loppusijoitusjärjestelmän
huolellinen tutkimus on erittäin tärkeää ihmisten ja ympäristön turvallisuuden takaa-
miseksi. Loppusijoituskapselia on tutkittu intensiivisesti loppusijoitusprojektin aikana. Li-
sätutkimusta kuitenkin vaaditaan uusilla koeparametreillä loppusijoituksen turvallisuuden
takaamiseksi. Tästä syystä tässä diplomityössä suoritetaan virumistestattujen, kitkatappi-
hitsattujen poikkihitsi-kuparisauvojen (Cu-OFP) vauriotutkimusta. Vauriota analysoidaan
laskemalla näytteiden kolotiheyttä ja raekokoa, sekä vaurion jakautumista näytteen eri
osissa. Kolotiheyden laskeminen manuaalisesti usean näytteen koko pinta-alalta on erit-
täin hidasta ja monissa tapauksissa epätarkkaa. Tästä syystä tämä diplomityö kehittää tar-
vittavat metodit kuvankäsittelyohjelman (tässä tapauksessa avoimen lähdekoodin ohjelma
ImageJ) hyödyntämiseksi ja prosessin automatisoimiseksi. Työssä testattiin erilaisia pro-
sessointityökaluja ja testien perusteella luotiin makrokoodi ImageJ:lle. Mahdollisimman
tarkkojen tulosten mahdollistamiseksi myös erilaisia näytteenvalmistusmetodeja ja -ohjel-
mia testattiin. Tulosten perusteella luotiin optimoitu näytteenvalmistusohjelma Cu-
OFP:lle. Lopuksi myös näytteiden raekokoa arvioitiin seuraamalla standardia SFS-EN ISO
2624. Analyysissä käytetyt valokuvat kaapattiin optisella valomikroskoopilla. Analyysissä
käytettiin kokonaisuudessaan yli 2300:aa valokuvaa. Analyysin lopulliset tulokset osoitta-
vat, että ImageJ on toimiva työkalu vauriotutkimukseen tehokkuutensa ja tarkkuutensa
ansiosta. Uusia tai erilaisia työkaluja on myös tulevaisuudessa mahdollista kehittää yksi-
tyiskohtaisempiin tai muun tyyppisiin sovelluskohteisiin, sekä entistä paremman toimi-
vuuden takaamiseksi.

Avainsanat Kupari, Cu-OFP, Viruminen, Metallurgia, Kuvankäsittely, Kitkatappihit-
saus, Loppusijoitus
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Symbols and abbreviations
AS Advancing side in friction stir welding
BWR
Cu-OFP
EPR/PWR
FSW
HAZ
IAEA
KBS-3V
LOM
MPa
RS
t HM
TMAZ
trup
VTT
VVER-440

Nuclear fuel type used in the reactors at Olkiluoto 1 and 2
Phosphorus alloyed oxygen-free copper
Nuclear fuel type used in the reactor at Olkiluoto 3
Friction Stir Welding
Heat affected zone in friction stir welding
International Atomic Energy Agency
Swedish concept for geological nuclear waste disposal
Light Optical Microscopy
Megapascal (metric unit)
Retreating side in friction stir welding
Tonnes of heavy metal
Thermomechanically affected zone in friction stir welding
Time of rupture
Technical Research Centre of Finland
Nuclear fuel type used in the reactors at Loviisa 1 and 2
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1 Introduction

Nuclear power has become one of the most common forms of energy production, with up to
10.1% of the world’s electricity being produced by nuclear power in 2018 [1]. In Finland,
nuclear power accounts for approximately 28% of the total electricity production for 2020,
and the number is predicted to rise to 40% after the completion of Olkiluoto 3 [2]. However,
the use of nuclear power faces a significant challenge: nuclear waste. The first commercial
nuclear reactors began operation in the 1960s and, apart from fuel that has been repro-
cessed, spent nuclear fuel has since mostly been stored in water-filled interim storage pools
[3] [4]. However, not a single fuel rod has yet been placed in final disposal. According to the
International Atomic Energy Agency (IAEA), an estimated 250,000 t HM (tonnes of heavy
metal) of spent nuclear fuel discharged from nuclear reactors is awaiting final disposal. [5]
Of this spent fuel, 1750 tons is in Finland, and an estimated total of 5600 tons will be pro-
duced during the lifetime of the current power plants (including Olkiluoto 3) [6]. This waste
needs to be disposed of in a manner that ensures the safety of humans and the environment.

The main challenge of final disposal is the timescale: spent nuclear fuel will remain harm-
ful for 100,000 years, and the disposal site must keep the fuel isolated from the environment
for that time period [7]. Predicting and designing anything to last for such a long time is
difficult and requires extensive planning and testing of all the components. For comparison,
the oldest known human-made structure, the stone wall of the Theopetra cave in Greece,
was built approximately 23,000 years ago [8].

The final disposal of nuclear fuel is set to begin in Finland during the 2020s. Government-
owned company Posiva Oy is responsible for the project, and Finland is set to be the first
country in the world to begin final disposal. The disposal facility, called ONKALO, is located
in Olkiluoto, Finland. [9]

In Finland, the plan is to store spent nuclear fuel in final disposal canisters and bury them
approximately 430 meters deep into the bedrock, later filling the tunnels with bentonite clay.
The final disposal canister consists of two separate parts: a nodular graphite cast iron insert
and a copper overpack composed of phosphorus alloyed oxygen-free copper (Cu-OFP). The
cast iron insert is placed inside the cylindrical part of the copper overpack and closed with a
lid. The lid is sealed by friction stir welding (FSW). [9] This thesis focuses on the copper
overpack of the canister, specifically the FSW area between the lid and cylindrical part of the
overpack.

Due to an initial temperature of approximately 100 °C and the external hydrostatic pres-
sure in repository conditions, creep is predicted to be the main deformation mechanism in
the copper overpack. [10] The overpack has been extensively creep tested at different tem-
perature and stress levels by e.g. [10]. However, before the tests performed in [11], no public
creep data was available at low stress levels. Although different creep test data, such as elon-
gation, strain rate and reduction of area have been analyzed in [11], no studies have yet at-
tempted to calculate the cavity density and average grain size of the samples.

Calculating the cavity density of metallurgical samples manually by hand can be ex-
tremely tedious and time-consuming, especially if the number of samples is large or there
are extensive amounts of cavities in the samples. The process can be made more efficient
and possibly more reliable by using image processing software. However, little research is
available related to the subject despite its apparent benefits.
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Copper is a soft and ductile metal, making it prone to mechanical deformation and scratches
during sample preparation [12]. Both at VTT Oy and Aalto University, copper samples are
often grinded and polished manually by hand. However, this requires experience and can
result in dissimilarities between samples. Automatic grinding and polishing machines are
also available and manufacturers offer their own programs for copper, some examples in-
clude [12] and [13]. However, these programs were created for general material types and
may not yield the desired results for specific materials such as Cu-OFP. Thus, it is necessary
to test different sample preparation programs and methods to determine the most suitable
program for the canister material and for calculating cavity density using image processing
software.

The aim of this thesis is to calculate and assess the cavity density and average grain size
of creep tested, friction stir welded Cu-OFP cross-weld specimens extracted from spent nu-
clear fuel canisters. For this purpose, the thesis will experimentally evaluate the feasibility
of applying the ImageJ open-source image processing software for determining the cavity
density. The average grain size of the specimens is estimated using the intercept method in
the SFS-EN ISO 2624 standard. Another aim is to optimize the sample preparation process
by testing different sample preparation methods and evaluating their feasibility for use with
image processing software.

The rest of this thesis is divided into seven chapters. Chapter 2 reviews the Finnish final
disposal concept, final disposal facility and final disposal canister. Chapter 3 overviews the
principle, equipment and welding parameters of friction stir welding (FSW), as well as pre-
vious reports on the FSW of copper. Chapter 4 describes the cavity nucleation and defor-
mation mechanisms of creep, as well as how creep behaves in copper. Chapter 5 introduces
the equipment and operating principles of light optical microscopy (LOM), which is used
extensively in the experimental part of this thesis. Chapter 6 describes the research material
and methods used in this thesis. Chapter 7 presents and discusses the experimental results
of this thesis, including micrographs, cavity density analysis and grain size. Finally, Chapter
8 concludes the thesis by discussing the results of the experiments and suggesting future
research.
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2 Final disposal of spent nuclear fuel

In order to understand the environmental conditions that the studied samples will be sub-
jected to in repository conditions, it is important to know the basics of the final disposal of
nuclear fuel. Knowledge of the material properties of the samples is also important consid-
ering the experimental part of the thesis. Therefore, this chapter reviews the final disposal
concept, final disposal facility and final disposal canister. The covered subjects also give rea-
soning as to why extensive damage assessment of the samples is necessary. This chapter is
structured as follows. Section 2.1 presents the concept of final disposal. Section 2.2 discusses
the final disposal facility. Finally, section 2.3 describes the final disposal canister design and
materials.

2.1 Final disposal concept

According to Section 7 h of the Finnish Nuclear Energy Act, “nuclear waste shall be managed
so that after disposal of the waste no radiation exposure is caused, which would exceed the
level considered acceptable at the time the final disposal is implemented. The disposal of
nuclear waste in a manner intended as permanent shall be planned giving priority to safety
and so that ensuring long-term safety does not require the surveillance of the final disposal
site.” [14] In other words, the basic principle of nuclear safety is to prevent radioactive ma-
terials from contaminating the environment [9].

The Finnish spent nuclear fuel disposal system is designed and constructed by Posiva Oy.
It is based on the Swedish KBS-3V geological final disposal concept and on the characteris-
tics of the disposal site in Olkiluoto, Finland. The safety and performance requirements of
the system have been determined considering regulatory requirements, operational safety
and efficiency, environmental aspects, as well as quality assurance. [15]

Geological final disposal is based on the principle of isolating the nuclear waste from the
biosphere for the maximum amount of time, as well as preventing humans intentionally or
unintentionally accessing it. These principles can be addressed by a sufficient final disposal
depth and multiple technical release barriers. Together, they can offer isolation from dis-
turbances on the surface environment and ensure that radioactive substances have a longer
or slower route to the surface should the technical release barriers fail. By placing the waste
deep underground, the possibility of unauthorized access is also smaller compared to surface
or near-surface final disposal.

The reason for isolating nuclear waste is to ensure that during final disposal, the radioac-
tivity decreases to an insignificant level regarding the safety of the biosphere. The required
time varies depending on the type and characteristics of the waste, from several hundred
years (low-level nuclear waste) to hundreds of thousands of years (spent nuclear fuel). [16]

For final disposal, spent nuclear fuel will be placed inside special canisters and buried in
bedrock at a depth of approximately 430 meters. Long-term safety is based on the multi-
barrier principle. These release barriers include fuel rods and fuel elements, the final dis-
posal canister, buffer bentonite, tunnel backfill and the bedrock. The barriers are mutually
supportive and designed to be as independent as possible. This ensures that failure of one
release barrier does not threaten the functioning of the whole system. [9]
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Figure 1. Illustration of the final disposal concept and release barriers. [9]

The final disposal concept is illustrated in Figure 1. The uranium dioxide ceramic fuel pellets
are placed inside zirconium rods, which in turn are placed in a fuel assembly. One assembly
typically contains 250 rods. These assemblies are utilized inside the nuclear reactor at the
power plant. [17]

Inside the gas-tight rods, uranium is solid and poorly water-soluble, which limits the re-
lease of radioactive substances. This acts as the first release barrier. The second release bar-
rier is the final disposal canister, consisting of an inner and outer part, which are the cast
iron insert and the copper overpack. The canister is further discussed in section 2.3. The
third release barrier is the bentonite buffer, depicted as yellow blocks in Figure 1. The com-
pressed bentonite blocks are placed in the deposition hole around the canister, filling the
empty space between rock and canister. The buffer offers protection against minor rock
movements and the release of radiation in case the canister fails.

After the canister and buffer have been installed, a granule mixture consisting of crushed
bentonite pellets is used to fill the deposition tunnel. Bentonite clay is used because of its
low hydraulic conductivity and long-term mechanical and chemical stability. Backfilling the
tunnels holds the bentonite buffer in place and helps maintain the mechanical stability of
the tunnels, but also prevents the tunnels from becoming groundwater flow channels. Fur-
thermore, it prevents all access to the tunnels and spent fuel, meaning there is no need to
guard the final disposal facility after its operational phase.

The final release barrier is the bedrock surrounding the deposition tunnels. It physically
separates the spent fuel from the biosphere, providing predictable mechanical, geochemical,
and hydrogeological conditions for the man-made release barriers. It also makes it ex-
tremely difficult for humans to access the facility or spent fuel. The bedrock in the Olkiluoto
final disposal area has been thoroughly studied, ensuring that potentially problematic or
unsuitable areas can be avoided during final disposal. [9]

2.2 Final disposal facility

The final disposal facility for spent nuclear fuel is located in Olkiluoto, Finland. Construction
of the facility began in June 2004, and final disposal is set to begin in the 2020s. The repos-
itory has been dubbed ONKALO, and it was initially used as an underground research facility
to study the suitability of the local bedrock for final disposal. However, the concept was later



12

expanded to include the full disposal facility, with the construction license approved in 2015
by the Finnish government. [9]

Figure 2. Illustration of ONKALO in its initial stage. [18]

The final disposal facility consists of an above-ground encapsulation facility, as well as the
underground facilities of ONKALO. ONKALO consists of a spiral-shaped access tunnel and
four vertical shafts (personnel shaft, canister shaft and two ventilation holes), which connect
the above-ground and underground facilities, as well as additional tunnels and technical
rooms. The facility in its initial stage is illustrated in Figure 2. The encapsulation facility is
used to receive, dry and pack the spent nuclear fuel into the final disposal canisters. Before
spent fuel is transported to the encapsulation facility, it is stored temporarily in water basins
at the power plant sites for 30-50 years. [9] [19]

The deepest parts of ONKALO reach depths of 455 meters, while the repository for spent
nuclear fuel will be constructed at a depth of around 430 meters. In 2020, around 10 km of
tunnels had been excavated. During the different phases of final disposal, an estimated 40
km of new tunnels are planned to be constructed. [9] Figure 3 shows ONKALO after the
expansion.
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Figure 3. ONKALO after the expansion. [20]

The final disposal facility in Finland is based on the Swedish KBS-3V concept, where the
letter V stands for vertical placement of the final disposal canisters. By placing the canisters
vertically, each canister is separated by both bentonite and bedrock. Each deposition hole is
approximately 8 m deep and 1.75 m in diameter. [9] The deposition hole and tunnel are
shown in Figure 4.

Figure 4. Final disposal canister deposition hole and tunnel. [9]

2.3 Final disposal canister

The final disposal canister is designed and built to isolate the spent nuclear fuel from the
surrounding environment for a minimum of 100,000 years [7]. It consists of a nodular
graphite cast iron insert and a phosphorus alloyed oxygen-free copper (Cu-OFP) overpack.
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Both materials have been selected for specific reasons: cast iron provides mechanical
strength and radiation shielding, as well as maintains the fuel assemblies in the required
position. Copper has good thermal and mechanical properties along with excellent corrosion
resistance. The lid of the copper overpack is welded in place using friction stir welding
(FSW). [15] A full-scale model of the canister is displayed in Figure 5.

Figure 5. Full-scale model of the final disposal canister. The canister consists of the copper
overpack (left) and the cast iron insert. The object inside the insert is a model of the fuel
assembly. [15]

2.3.1 Canister design

In Finland, there are three different types of fuel used in the different reactors: VVER-440
(Loviisa 1-2), BWR (Olkiluoto 1-2) and EPR/PWR (Olkiluoto 3). This means that there are
also three variants of the final disposal canister, one for each fuel type. The cast iron inserts
have different shapes and size openings, as well as lengths depending on the spent fuel type,
while the copper overpack is identical for all three variants, except regarding length. The
total mass of the canister filled with spent fuel is either 18.8 tons (VVER-440), 24.5 tons
(BWR) or 29.0 tons (EPR/PWR). [15] The design and dimensions of the copper overpack
are shown in Figure 6.
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Figure 6. Canister design and dimensions. The dimensions are given for BWR, VVER-440
and EPR/PWR variants, respectively. [15]

2.3.2 Canister materials

The materials chosen for the canister need to be substantially characterized, easy to manu-
facture and available in sufficient quantities. Both materials need to fulfill certain require-
ments in order to withstand the final disposal environment. The insert must be strong
enough to endure both external pressure and bending loads, as well as ductile enough to
tolerate imposed strains. Possible material defects, such as geometric stress concentrations
and material imperfections must not lead to failure. On the other hand, the overpack must
isolate and contain the radioactive spent fuel for the required 100,000 years. This implies
that both the corrosion resistance and the mechanical durability of the material must be
especially high. [7]

The insert of the canister is manufactured from a single piece of nodular graphite cast
iron, while the overpack is manufactured from phosphorus alloyed oxygen-free copper (Cu-
OFP) [15]. As the experimental part of this thesis focuses on the copper overpack, the rest of
this section will concentrate exclusively on Cu-OFP.

In its pure form, copper has shown in nature that it can survive for millions of years in
conditions similar to final disposal. Copper also has excellent capacity for deformation and
strain. Phosphorus is alloyed to the copper to improve creep properties. The copper used in
the canister must fulfill the specifications in standard EN 1976:1998. In addition, specific
requirements regarding the chemical composition of the material must be fulfilled. [7] The
additional requirements and the effects of each element are listed in Table 1.
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Table 1. Requirements and reasons for chemical composition of Cu-OFP. [15] [21]
Element Parts per million (PPM) Notes
Oxygen (O) < 5 Higher levels reduce weldability.
Phosphorus (P) 30-100 An appropriate amount of phosphorus reduces

influence of sulfur impurities and increases both
creep ductility and recrystallisation temperature.

Hydrogen (H) < 0.6 Higher levels can cause hydrogen embrittlement.
Sulfur (S) < 8 Higher levels can result in non-dissolved sulfur

concentrating on grain boundaries, reducing me-
chanical properties.

In order to withstand the mechanical loads in the final repository, the copper overpack
should also have the material properties listed in Table 2. The listed average grain size is the
maximum value that still results in sufficient creep ductility. [15]

Table 2. Material properties of copper overpack. [15]
Property Copper overpack Cu-OFP
Elongation [%] > 40
Creep ductility [%] > 15
Average grain size [µm] < 800
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3 Friction stir welding (FSW)

During creep testing, most of the cross-weld specimens failed along the weld joint. In order
to sufficiently study the failure mechanics of the cross-weld specimens, it is important to
understand the basics of friction stir welding (FSW) and how it affects the base material and
its microstructure. This chapter contains the following sections. Section 3.1 presents the op-
erating principles of friction stir welding. Section 3.2 discusses FSW equipment and machin-
ery. Section 3.3 explains the essential welding parameters. Finally, section 3.4 describes the
friction stir welding of copper.

3.1 Principle

Friction stir welding (FSW) is a solid-state welding process developed in 1991 by Thomas et
al. and patented in the same year by the Welding Institute (TWI) [22]. Compared to conven-
tional welding techniques, FSW has many benefits. The process consumes less energy and
typically does not require filler material, gas or other consumables. FSW does not generate
harmful gases, slag, or spatter. In addition, it enables high strength and high-quality welds,
also on softer materials including aluminium alloys and magnesium. [23] Other eligible ma-
terials include copper, steel, titanium, thermoplastics, metal matrix composites and dissim-
ilar alloys, although suitable tooling for high temperature alloys (e.g. titanium and steel) can
be difficult to find [24]. FSW is typically utilized in aerospace, automotive, railway, trans-
portation, marine, heat transfer and nuclear applications [23].

Despite having many benefits compared to conventional welding methods, FSW does
have some drawbacks. One of the disadvantages is the exit hole left in the workpiece after
the tool is withdrawn. The need for high forces and large machinery also make the method
less flexible compared to manual processes. Finally, incorrect process parameters or lack of
knowledge regarding the process can lead to weld defects. [24]

Friction stir welding is a solid-state process, meaning that the work pieces are joined
without melting the material. A sub-melting point welding temperature means that solidifi-
cation defects can be avoided. In addition, distortion and residual stresses are reduced when
compared to conventional fusion welding processes. [25]

The FS weld is produced by using a rotating, non-consumable welding tool. The rotating
tool is plunged between two rigidly clamped work pieces, producing heat through friction,
as well as plastic deformation on the workpiece. As a result, the workpiece is locally softened,
“stirring” the joint surfaces. As the tool progresses along the seam of the two workpieces, the
heated and softened material flows around the tool. This creates a mixed zone, known as the
weld nugget or stir zone. This process is illustrated in Figure 7. Tool rotation and advance-
ment cause a distinct material flow on the two sides of the weld: the tool moves plasticized
base material from the leading side of the tool to the trailing side. As a result, the two sides
have different characteristics and are called the advancing side (AS) and retreating side (RS).
[25] [26] [27]
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Figure 7. Illustration of the friction stir welding process. [28]

Generally, friction stir welding results in four different zones in the weld region: weld nugget
or stir zone, thermomechanically affected zone (TMAZ), heat affected zone (HAZ) and unaf-
fected material. The weld zones are illustrated in Figure 8. The weld nugget has fine equiax-
ial grains and, as a result of extensive deformation and high temperature, it has undergone
recrystallization. The grain size in this area is marginally smaller than in the base material.
The weld nugget is characterized by the so called “onion ring” flow pattern, the formation of
which is currently not fully understood. Next to both sides of the nugget is the thermome-
chanically affected zone. Compared to the nugget, temperature and strain are lower. This
results in only partial recrystallization and a mixture of fine and larger grains. The next weld
area is the heat affected zone. The grain size is larger, as the HAZ is not affected by defor-
mation, but only by the high temperature during welding. Depending on the base material,
this is often the area with the poorest mechanical properties. Finally, further away from the
nugget is the unaffected base material. [24]
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Figure 8. Illustration of the FSW weld zones. [24]

3.2 Equipment

In FSW, the welding tool design is critical. By optimizing the tool geometry, more heat or
more efficient stirring can be produced. These factors improve the breaking and mixing of
the oxide layers of the material, yielding higher welding speed and enhanced weld quality.
The tool materials should be chosen based on the base material and should feature high
hardness even at elevated temperatures for extended periods of time. [23] FSW tools gener-
ally consist of two generic features: a rotating round shoulder and a threaded probe (or pin).
The shoulder produces most of the frictional and deformational heating in the surface and
near-surface regions, as well as downward forging action needed for weld consolidation,
while the probe heats and stirs the deeper regions of the work piece material. [25] Different
types of welding tool designs are illustrated in Figure 9.

Figure 9. Examples of different FSW tools. [23]
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The welding tool used in the production of final disposal canisters, shown in Figure 10, is a
water-cooled welding head consisting of a conical probe and a cylindrical shoulder. The FSW
process generates high temperatures and thermomechanical loads on the tool. Therefore, a
nickel-based superalloy (Nimonic 105) is used as the probe material, whereas the shoulder
is manufactured from a tungsten alloy (Densimet). While the welding tool in FSW is typically
non-consumable, it will be replaced after each weld during canister production to avoid
damage and ensure repeatability. [15]

Figure 10. FSW welding tool used in final disposal canister production. [15]

Another critical aspect to consider in FSW is the welding machine itself. There are several
different types of welding machines used in FSW. When selecting equipment for a specific
application, there are generally three types of machines to choose from: modified machining
centers, custom-built machines and FSW robots. Manual welding is not an option because
of the nature of the process and the high forces involved. Each type of FSW machine has
different capabilities and technical specifications, including structure stiffness, flexibility,
and force capabilities. The machine and welding head must be stiff enough to tolerate high
loads and torques caused by the specific welding application. The number of axis and overall
configuration of the FSW machine are determined by part geometries and sizes, as well as
weld types used. Typical FSW machines are shown in Figure 11. [25]



21

Figure 11. Typical FSW machines. Top left and right: [23], bottom: [25]

The FSW machine used in final disposal canister production will be custom made for the
specific purpose of welding the canister lids in place. The main design requirement for the
machine is that it must be able to weld the lid in a way that fulfills requirements regarding
intact wall material and other long-term properties. The weld quality must also fulfill the
acceptance criteria and the reliability of the whole system must be acceptable, with a suffi-
cient production yield to minimize quality costs. The annual welding capacity should be ap-
proximately 40-60 canisters. An adequate quality control system is also required to ensure
a repeatable and stable process. In addition, the spent nuclear fuel generates high levels of
radiation around the canisters, meaning that the welding machine must be operated re-
motely. The components of the welding machine should also be able to withstand the radia-
tion.

The current prototype of the FSW welding machine to be used during final disposal is
being tested in Sweden by SKB. The machine is called SuperStir™ and it is manufactured by
ESAB. In this concept, the canister is clamped in place and the welding tool rotates around
the canister. The SuperStir™ machine is shown in Figure 12. [25]
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Figure 12. SuperStir™ FSW machine used in canister production. [15]

3.3 Welding parameters

There are several welding parameters that need to be considered in the FSW process. The
parameters can be divided into two groups: input parameters and resulting parameters. The
input parameters include spindle rotation speed (SS), welding speed (WS) and welding force
(FZ). The welding tool is set to rotate at a specific number of revolutions per minute (SS) as
it moves along the weld at a constant speed (WS). The position of the tool shoulder in rela-
tion to the welded surface (in this case, the canister surface) is controlled by the specific
welding force (FZ). This is illustrated in Figure 13. The resulting parameters are registered
by the FSW machine during welding and include the depth of the shoulder into the weld
metal, tool temperature, spindle engine torque and force on the tool in the direction of travel.

It is possible to establish a clear connection between the input parameters and the result-
ing parameters. For example, the power input of the machine is affected by the spindle ro-
tation speed and spindle engine torque. In turn, the power input has a significant influence
on the tool temperature. By establishing and calculating these relationships, the FSW pro-
cess can be interpreted, developed, and controlled with relative ease. [15]

Figure 13. FSW welding parameters. Spindle rotation speed (SS), welding speed (WS) and
welding force (FZ). [15]
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The welding cycle is another important aspect of friction stir welding. The cycle used in final
disposal canister production can be divided into five different sequences:

1. Acceleration sequence
2. Downward sequence
3. Joint line welding
4. Overlap sequence
5. Parking sequence

Before the welding cycle begins, a hole is drilled 75 mm above the weld line. The FSW tool
is then plunged into the hole, which heats up the copper. After the tool temperature has
reached a specific level, the welding speed is accelerated to a constant value. After the accel-
eration sequence has been completed, the tool temperature has reached the required equi-
librium temperature and the tool has become stable. Now, it can be moved down to the joint
line. The joint line welding will be carried around the whole canister lid. After a full rotation,
the tool is moved up 75 mm from the weld line and the welding cycle is completed. As the
tool is extracted from the canister, it leaves an unavoidable exit hole, which will later be
machined away along with the marks left by the acceleration sequence. [15] Figure 14 shows
the different welding sequences performed on a final disposal copper canister.

Figure 14. Sequences in the FSW cycle: 1) acceleration sequence, 2) downward
sequence, 3) joint line welding, 4) overlap sequence, and 5) parking sequence. [15]

3.4 Friction stir welding of copper

When welding together thicker sections of copper or copper alloys, conventional fusion tech-
niques can prove problematic to use. This is because of the high thermal diffusivity of cop-
per, which can be up to 100 times higher compared to steel alloys. High thermal diffusivity
also leads to higher heat input requirements in the FSW process. As a result, a lower weld
speed, compared to for example aluminium alloys, is required. By using a lower rotation
speed with a constant traverse speed, less heat is produced in the weld zone. This results in
a decrease in the recrystallized grain size, as well as significant “onion rings” in the weld.
Modern FSW machines can weld pure copper (or oxygen-free copper) plates with a thickness
of 1.5 – 50 mm. [24]
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When investigating the FSW welds in 4 mm thick copper plates, Lee et al. found that the
grain size in the weld nugget/stir zone was smaller than in the base material due to recrys-
tallization. On the other hand, the grain size in the HAZ was larger because of the annealing
effect. Despite the finer grain size, the weld nugget showed signs of softening due to a lower
dislocation density. This indicates that the hardness is mainly dependent on the dislocation
density rather than the grain size. The transverse tensile strength of the FSW weld was found
to be 87% of the base materials. It is also worth noting that no signs of the characteristic
TMAZ was found in the study. [29] However, when friction stir welding thicker 50 mm cop-
per (Cu-OFP) plates, Källgren found similar results as Lee et al. with the addition of a ther-
momechanically affected zone (TMAZ). The resulting FSW weld with the different weld
zones and differences in grain size is shown in Figure 15. [24]

Although a shielding gas is not generally required for FSW, it can still be used if needed.
In the case of the final disposal canister, argon or nitrogen is used as a shielding gas both
inside and outside the canister. By using a shielding gas, the amount of harmful oxide parti-
cles in the weld can be reduced. [30]

Figure 15. Different microstructural zones in a 50 mm thick copper (Cu-OFP) FSW weld.
The change in grain size between the TMAZ and HAZ can be clearly seen and is indicated
by the black line. The boundary between the two zones is modelled as black dots. [24]
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4 Creep

Creep is predicted to be the primary deformation mechanism in the copper components of
the final disposal canister. The cross-weld specimens used in the experimental part of this
thesis were creep tested in [11] at different temperatures and stress levels. To properly un-
derstand and interpret the micrographs and other experimental results, it is necessary to
recognize and understand the mechanics of creep. Therefore, section 4.1 reviews the funda-
mentals of creep. Section 4.2 explains the creep cavity nucleation and deformation mecha-
nisms. Section 4.3 reviews the effects of creep on the copper overpack.

4.1 Fundamentals of creep

Creep is classified as the time-dependent deformation of a material under constant mechan-
ical loading at elevated temperatures [31]. For crystalline metals, including copper, creep
does not typically occur until the operating temperature reaches approximately 0.3Tm or
higher (Tm is the melting temperature of the material in Kelvin) [32]. The melting tempera-
ture of pure copper is 1085 °C (1358 K), indicating that creep would typically start to occur
at around 134 °C (407 K) [31]. However, copper is also known to creep at temperatures as
low as room temperature [10].

The most notable characteristic of creep is the slow flow of the deforming material, re-
sulting in viscous behavior. As a mechanical component is subjected to a constant tensile
load, the decrease in cross-sectional area results in an increased stress. When the stress
reaches the tensile strength of the component, it results in failure. [31] Figure 16 shows a
micrograph of creep cavities in a copper specimen. Note the direction of the applied stress σ
in relation to the cavities.

Figure 16. Micrograph of creep cavities in copper, deformed at 20 MPa and 550 °C. The
resulting strain is approximately 0.04, which is within creep stage II. [33]
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The creep test is conducted by placing a specimen under a constant load (or stress) and tem-
perature, while simultaneously measuring its length as a function of time. Figure 17 a) shows
typical creep test curves with constant temperature and three different constant loads, which
correspond to the three engineering stresses σa, σb and σc. Figure 17 b) on the other hand
shows creep test curves with a constant engineering stress (constant load) and three differ-
ent constant temperatures Ta, Tb and Tc. [31] Generally, the creep of crystalline solids occurs
in three stages: primary creep (stage I), steady-state creep (stage II) and tertiary creep (stage
III) [32]. In primary creep, the creep rate (or plastic strain rate) έ = dε/dt is affected by
increasing plastic strain or time. In the examples in Figure 17, the creep rate during stage I
decreases with increasing strain. [33] During stage II, the creep rate έ is constant. At this
point, the creep rate is known as the minimum creep rate, as it corresponds to the inflection
point of the curve. In stage III the creep rate increases, ultimately leading to failure. This is
a result of the decrease in the specimen’s cross-sectional area caused by necking or other
internal damage such as cavities, the formation of which is known as creep cavitation. [31]

The strains 𝜀𝑎0, 𝜀𝑏0 and 𝜀𝑐0 in Figure 17 are called instantaneous strains and correspond to
the strains caused instantly when applying the load. Rupture times 𝑡𝑟𝑎, 𝑡𝑟𝑏 and 𝑡𝑟𝑐 increase as
the engineering stresses (Figure 17 a) or temperatures (Figure 17 b) decrease. On the other
hand, a constant load (or engineering stress) means that the true stress rises as the length of
the specimen increases (because of the reduction in cross-sectional area). The dashed lines
in Figure 17 each show how the curves would look if the specimens were subjected to a con-
stant true stress instead of a constant load. Initially, they are identical with the creep test
curves because the elastic strain εe = 0. Eventually though, a constant load results in the
specimen increasing in length and the creep stage changing from steady-state to tertiary.
Simultaneously the true stress and creep rate increase because of the decrease in cross-sec-
tional area. [31]

The failure times in creep testing under constant load and constant true stress can differ
drastically. Both tests also have significant fundamental differences and different testing
equipment. Another important difference in results is that the onset of tertiary creep is sig-
nificantly different under constant true stress, which is shown by the dashed lines in Figure
17. In engineering applications, the creep test with a constant load is more important than
the one with constant stress. This is because the load is typically constant in the environ-
ments and applications that are simulated with the creep test. However, a constant true
stress should be used when conducting fundamental studies related to the underlying mech-
anisms of creep. This is because studying the change in micro/substructure of the material
is extremely complicated under increasing stress. [31]
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Figure 17. Stages of creep. The curves in a) represent three tests with different constant
loads, corresponding to three engineering stresses σa, σb and σc. On the other hand, b)
shows creep test curves with constant engineering stress and three different constant tem-
peratures Ta, Tb and Tc. [31]

4.2 Cavity nucleation and deformation mechanisms

At low temperatures (relative to the melting point), the most common deformation mecha-
nisms for crystalline solids are slip and twinning. However, as temperatures rise to interme-
diate and high levels, other mechanisms become increasingly important and dominate ma-
terial behavior under certain conditions. [32] The cavity nucleation and deformations mech-
anisms of creep are further discussed in this section.

Currently, the mechanism by which creep cavities nucleate is not well established. Gen-
erally, it has been observed that cavities frequently nucleate on grain boundaries, especially
on boundaries transverse to a tensile stress. In commercial alloys, cavities are often associ-
ated with second phase particles. Cavity nucleation theories can be divided into three differ-
ent categories: vacancy accumulation, grain boundary sliding and dislocation pileups. [33]
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Throughout the years, there have been many different theories explaining creep mecha-
nisms in different conditions. At low stresses and high temperatures, where the creep rate
varies according to the applied stress, the creep process is controlled by stress-directed
atomic diffusion. This is known as diffusional creep, where vacancies migrate along a gradi-
ent from grain boundaries experiencing tensile stresses, to grain boundaries under compres-
sion. Simultaneously, atoms move to the opposite direction resulting in elongation of the
grains and test piece. The gradient is produced when a stress-induced decrease in energy
creates vacancies in areas where tensile stresses are present, while a corresponding increase
in energy forms vacancies along compressed grain boundaries.

There are two types of diffusional creep: Nabarro-Herring creep, where atoms diffuse
through the crystals, and Coble creep, where the diffusion occurs along grain boundaries. In
both cases, the creep rate increases with smaller grain size. For Nabarro-Herring creep, the
creep rate varies inversely with the square of the grain size, while Coble creep varies in-
versely with the cube of the grain size. This means that Coble creep is even more sensitive to
grain size compared to Nabarro-Herring creep. [32] As a result, one efficient way to increase
the Nabarro-herring or Coble creep resistance of the material is to increase its grain size [31].

Figure 18 shows the flow of vacancies in Nabarro-Herring and Coble creep. In Figure 18
a), the flux of vacancies occurs inside the grain. The movement happens in a way that the
grain increases in length parallel to the applied stress. This means that, in the figure, vacan-
cies move from the top and bottom regions of the grain to the lateral regions. Boundaries
perpendicular or close to perpendicular to the direction of the applied stress are distended
and act as vacancy sources, while the parallel or close to parallel boundaries act as vacancy
sinks. Figure 18 b) on the other hand depicts how the flow of vacancies along the grain
boundaries generates shear. This type of diffusion results in grain boundary sliding, which
is further explained later in this section. [31]

Figure 18. The vacancy flow of a) Nabarro-Herring creep and b) Coble creep, both resulting
in an increase in specimen length. [31]
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At intermediate to high stress levels, as well as test temperatures above 0.5Tm, the creep
process is controlled by diffusion-controlled movement of dislocations. This creep defor-
mation mechanism is called dislocation creep. [32]

Another deformation mechanism occurring at elevated temperatures is related to grain-
boundary sliding, where deformation is caused by the grains sliding against each other.
However, grain-boundary sliding is not an independent deformation mechanism, as it only
occurs when accommodated by other mechanisms. The rate of sliding depends heavily on
the shape of the grain boundary. [32] Grain-boundary sliding is typically not an important
mechanism in primary or secondary creep, but in tertiary creep it contributes to both the
initiation and propagation of intercrystalline cracks [31].

All the discussed deformation mechanisms depend on atom or ion diffusion, while differ-
ing in their sensitivity to other variables such as grain size, shear modulus and applied stress.
As a result, the strengthening of a material regarding only one deformation mechanism
might help against the particular mechanism in question, but not the others. For example,
increasing the grain size of a material will suppress Nabarro-Herring and Coble creep, as
well as grain boundary sliding. Nevertheless, it will not significantly change the dislocation
creep process. As a result, the deformation process controlling creep rate would only shift
from one mechanism to another. To achieve significant improvement in performance
against creep, multiple deformation mechanisms must be simultaneously suppressed. [32]

4.3 Creep of the copper overpack

Due to external pressure caused by hydrostatic loads and the swelling of the bentonite
buffer, the copper overpack will slowly deform until it is in contact with the canister insert.
Strain rates will be extremely low and the temperature of the overpack will be approximately
100 °C at the first stage of final disposal, slowly decreasing to room temperature during the
following several hundred years. [10] [34] The overpack will be pressed against the insert,
limiting deformation of the cylindrical part. This will result in a relaxation of the stress state,
while in the lid and friction stir welded areas the tensile stresses will continue to rise. [7]

Oxygen-free high purity copper (Cu-OF) was originally intended as the overpack material,
but its creep ductility was found to be inadequate. Eventually, studies found that alloying
phosphorus to the Cu-OF improves creep strength and creep ductility significantly. Thus,
Cu-OFP was chosen as the canister material. The enhanced creep properties can be ex-
plained by the locking of dislocations, which increases creep strength, as well as reduced
creep cavity formation at the grain boundaries, which in turn increases creep ductility.

In copper, creep ductility is even more important to material durability than creep
strength. In creep tests conducted to Cu-OF, creep ductility was heavily affected by creep
cavity formation at grain boundaries, resulting in brittle-like intergranular fracture and
creep elongations of under 1%. Creep cavity formation can be significantly reduced by the
alloying of phosphorus to Cu-OF. The exact mechanisms related to the increased creep duc-
tility are not yet fully understood. However, one possible explanation is the fast diffusion of
phosphorus atoms at grain boundaries, which raises the minimum cavitation stress in Cu-
OFP. As a result, it is energetically more favorable for cavities to form in Cu-OF than in Cu-
OFP. [34]
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5 Microscopy

In order to obtain desired results from the experimental process and to interpret them ap-
propriately, it is necessary to know the basic principles and equipment of optical microscopy.
Knowledge of these concepts is also necessary for optimizing the experimental process, and
in the case that the experiments are to be replicated in future research. Therefore, section
5.1 introduces the equipment and operation principles of light optical microscopy (LOM),
which is used extensively in the experimental section of this thesis.

5.1 Light optical microscopy (LOM)

Light optical microscopy (LOM) uses visible light to produce a magnified image of an object,
which is projected onto the retina of the eye or into an imaging device. A common type of
optical microscope used in metallography is called a compound light microscope, where the
magnification is produced by two lenses: the objective and the eyepiece (or ocular). [35] The
objective is used for primary image formation at different magnifications, while the eyepiece
is used to observe the image created by the objective [36]. The final magnification can be
calculated with the following equation:

Mfinal = Mobj x Moc,

where Mobj is the objective magnification and Moc is the eyepiece magnification [35]. Stand-
ard eyepieces usually have a 10x magnification, while most modern microscopes have a re-
volving nosepiece that can hold several objectives with different magnifications.

When imaging specimens that are opaque, for example metals or ceramics, the LOM
method commonly used is called reflected light microscopy. As light is unable to pass
through the specimen, it is directed onto the sample surface and eventually returned to the
microscope objective by either specular or diffused reflection. This type of illumination is
referred to as epi-illumination or vertical illumination.

In vertical illumination, the optical path of reflected light begins from illuminating rays
originating from the lamp housing. The light then passes through a collector lens and the
multiple diaphragms in the vertical illuminator. The light is then reflected through the ob-
jective by a beam splitter, illuminating the specimen. Light then reflects from the sample
surface back to the objective and passes to the binocular head, where it is directed to the
eyepieces or to a camera. [37]

Figure 19 shows the components of an inverted reflected light microscope. The main dif-
ference between an inverted and conventional reflected light microscope is that the light
source and objectives are located beneath the specimen stage, as opposed to above. This
configuration allows more space for the sample and only one side of the specimen needs to
be perfectly flat. [38]
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Figure 19. Inverted reflected light microscope. The objectives are stationed in the revolving
nosepiece. The studied sample is placed on the stage above the objectives. [38]
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6 Research material and methods

This chapter presents the Posiva cross-weld test series samples and describes the different
sample preparation methods. It also introduces the equipment and software used in the ex-
perimental part of this thesis.

6.1 Posiva cross-weld test series

The samples analyzed in this thesis are part of a cross-weld creep test series of friction stir
welded Cu-OFP specimens. The creep testing was performed previously at VTT. Posiva pro-
vided the blanks from a final disposal canister copper overpack with a friction stir welded
lid. The blanks were machined from the overpack as illustrated by the red rectangle in Figure
20. From the blanks, the test pieces were wire-eroded in a way that the weld metal is located
approximately in the middle of the test piece. A technical drawing of the test piece can be
found in appendix A. [11]

Figure 20. Extraction of specimen blanks from the friction stir welded lid. [11]
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Table 3. Creep test parameters and results. Samples chosen for the analysis are high-
lighted. [11]

Temp [°C] Stress [MPa] MH pred. trup
[h]

Test nr. Status trup [h]

215 110 2734 y530 Completed 3806.3
250 100 1164 y501 Completed 747.6
250 85 3497 y514 Completed 2538.0
275 100 394 y506 Completed 203.6
275 90 847 y513 Completed 623.6
250 75 7409 y522 Completed 4583.3
175 120 9055 y502 Interrupted (36666.3)
200 120 2865 y503 Completed 6054.7
200 95 14074 y542 Interrupted (26872.3)
300 50 7824 y504 Completed 2225.0
300 80 673 y520 Completed 185.5
300 60 3523 y523 Completed 876.1
300 40 15941 y524 Completed 6111.4
300 40 15941 y544 Completed 6242.2
350 55 840 y527 Completed 109.7
350 30 4753 y528 Completed 1560.6
400 30 871 y536 Completed 202.1

Total: 92406 Total: 99608

From the samples listed in Table 3, numbers y501, y502, y524 and y536 were chosen for the
analysis in this thesis. They were chosen to represent different temperatures and stresses,
as well different rupture times. Y502 was chosen, as it is clearly the longest experiment.
Similarly, two short tests (y501 and y536) with different temperatures and stresses were
chosen. Sample y536 also showed signs of intermediate temperature embrittlement. Finally,
another sample with a longer test time and differing parameters was chosen (y524). Simi-
larly to sample y536, sample y524 also displayed signs of intermediate temperature embrit-
tlement. Some of the samples before mounting are shown in Figure 21 and Figure 22.

Figure 21. Sample number y501. The smaller pieces were wire-eroded from the sample and
later mounted in resin for microscopic investigation. The fracture surface is between the two
smaller pieces. The sample surface is heavily oxidized.
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Figure 22. Sample number y524. The fracture surface can be seen approximately in the
middle of the rod, along with oxidation on the sample surface.

6.2 Sample preparation methods

The samples from the Posiva cross-weld test series were ground and polished during the
tests performed in [11]. However, after being stored for an extended period of time, the sam-
ples suffered from various levels of oxidation and scratching. Thus, the samples required
additional sample preparation before they could be studied with a microscope.

Figure 23. Struers Tegramin-30 grinding machine. [39]

For grinding and polishing, an automatic Struers Tegramin-30 machine was used. The ma-
chine is pictured in Figure 23. To avoid damaging the cross-weld samples, different methods
and grinding/polishing parameters were tested on three Cu-OFP dummy samples. First, the
grinding and polishing program for copper suggested by the manufacturer (Struers) was
used. The program consisted of the steps listen in Table 4.
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Table 4. Struers sample preparation program for copper. [12]
Phase (#) Surface Abrasive Grit/Grain

size
Lubricant Rotational

speed
[rpm]

Force [N]/
per specimen

Time
[min]

Grinding
(1)

SiC-foil SiC #220 Water 300/150 25 0:30

Grinding
(2)

SiC-foil SiC #500 Water 300/150 25 0:30

Grinding
(3)

SiC-foil SiC #1200 Water 300/150 25 0:30

Polishing
(4)

MD-Dur DiaPro
Allegro/
Largo

9 µm - 150/150 25 5:00

Polishing
(5)

MD-Mol DiaPro Mol 3 µm - 150/150 25 5:00

Polishing
(6)

MD-Dac DiaPro
Nap-B

 µm - 150/150 25 5:00

Polishing
(7)

MD-Dac DiaPro
Nap-R

1 µm - 150/150 20 5:00

Polishing
(8)

MD-Nap Nap 1/4 1/4 µm - 150/150 15 3:00

Polishing
(9)

MD-Nap OP-S 0.25 µm - 150/150 15 5:00

Between each phase, the samples, grinding/polishing disc surface and specimen holder were
washed with water and mild liquid soap. Nevertheless, the Struers program yielded un-
wanted results when examined with an optical microscope. The sample surfaces were
scratched even after multiple polishing phases, as can be seen in Figure 24. The predicted
reason for this is phase #8, although human error cannot be fully ruled out.

Figure 24. Sample prepared with the Struers sample preparation program for copper, 200x
magnification.
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After the Struers program, VTT’s own sample preparation program for copper was used. As
the samples had already been ground, they only required 30 seconds of grinding with #1200
SiC paper before polishing. This was done to remove the scratches and other defects possibly
caused by the Struers program. The phases were performed as shown in Table 5 (excluding
the grinding phases #1 and #2).

Table 5. VTT’s sample preparation program for copper.
Phase (#) Surface Abrasive Grit/Grain

size
Lubricant Rotational

speed
[rpm]

Force [N]/
per specimen

Time
[min]

Grinding
(1)

SiC-foil SiC #220 Water 300/150 30 0:30

Grinding
(2)

SiC-foil SiC #500 Water 300/150 30 0:30

Grinding
(3)

SiC-foil SiC #1200 Water 300/150 30 0:30

Polishing
(4)

MD-Largo DiaPro
Allegro/
Largo

9 µm - 150/150 20 5:00

Polishing
(5)

MD-Dac DiaPro Dur 3 µm - 150/150 20 10:00

Polishing
(6)

MD-Mol DiaPro Mol 3 µm - 150/150 15 5:00

Polishing
(7)

MD-Nap DiaPro
Nap-R

1 µm - 150/150 15 3:00

Polishing
(8)

MD-Chem OP-S 0.25 µm - 150/150 10 5:00

Once again, the samples, grinding/polishing disc surface and specimen holder were washed
with water and mild liquid soap between each phase. Phases #6, #7 and #8 were repeated
once (phases #6 and #7 were also lengthened on the second round to 10 minutes and 6
minutes, respectively) in order to ensure the best possible surface quality. Overall, VTT’s
program yielded better results compared to Struers’ program. Scratching is still present in
the samples, but in a smaller scale. An example of the result can be seen in Figure 25.
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Figure 25. Sample prepared with VTT’s sample preparation program for copper, 200x mag-
nification.

After determining that the VTT program was better for Cu-OFP, it was slightly modified and
tested for optimal results. First, two fine-grinding phases with #2400 and #4000 grit SiC
paper were added to ensure the finest possible grind. The samples, polishing disc surface
and specimen holder were still cleaned with water and mild liquid soap between each phase,
but this time the samples were also rinsed with ethanol and dried with a hair dryer. Before
phases #6 and #7 (in VTT’s program), extra diamond paste was added to the polishing disc
before starting the phase. Both phases were also lengthened. The silica oxide (OP-S) phase
was removed. OP-S highlights the microstructure of the sample, which might result in diffi-
culties when trying to separate the cavities from the base material during the image pro-
cessing software analysis. In addition, there is no genuine need for highlighting the micro-
structure during the damage assessment section of this thesis. OP-S also provided little to
no improvement on the surface quality, in some cases even decreasing it.

The modified program provided minor, yet noticeable improvements in the final surface
quality. Examples of the results can be seen in Figures 26 and 27. The samples consist of the
same material as the actual test series samples, but they have not been creep tested. There-
fore, there is little to no observable damage in the micrographs. Small scratching is still pre-
sent in some limited areas of the sample, though this is acceptable for the purposes of this
thesis as they will not affect the results of the analysis. In addition, copper is a soft material:
avoiding scratching completely is extremely difficult. The resulting final sample preparation
program chosen for the cross-weld samples is shown in Table 6.
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Table 6. Final sample preparation program for Cu-OFP.
Phase (#) Surface Abrasive Grit/Grain

size
Lubricant Rotational

speed
[rpm]

Force [N]/
per specimen

Time
[min]

Grinding
(1) *

SiC-foil SiC #220 Water 300/150 30 0:20-0:30

Grinding
(2)*

SiC-foil SiC #500 Water 250/150 30 0:20-0:30

Grinding
(3) *

SiC-foil SiC #1200 Water 300/150 30 0:20-0:30

Grinding
(4) *

SiC-foil SiC #2400 Water 300/150 30 0:20-0:30

Grinding
(5) *

SiC-foil SiC #4000 Water 300/150 30 0:20-0:30

Polishing
(6)

MD-Largo DiaPro
Allegro/
Largo

9 µm - 150/150 20 5:00

Polishing
(7)

MD-Dac DiaPro Dur 3 µm - 150/150 20 10:00

Polishing
(8) **

MD-Mol DiaPro Mol 3 µm - 150/150 15 10:00

Polishing
(9) **

MD-Nap DiaPro
Nap-R

1 µm - 150/150 15 6:00

* Grind for 20-30 seconds at a time, until sample surfaces look similar and marks from previous phase are removed.
** Add additional diamond paste (with appropriate grain size) to polishing disc before starting. If surface quality is not
sufficient after program ends, repeat phases 8 and 9.

Figure 26. Sample prepared with the final sample preparation program, 200x magnification.
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Figure 27. Sample prepared with the final sample preparation program, 500x magnification.

Multiple other methods were also tested on the dummy samples, but they did not have a
noticeable effect on the surface quality. The first of such methods was the addition of lubri-
cating agent on the polishing disc during steps 8 and 9 (MOL and NAP). Another method
used was the etching of the sample before step 8 (MOL). This was done to remove impurities
or particles that could cause scratching during the following steps. However, proper washing
with water, mild liquid soap and ethanol was found to be sufficient and produced similar
results. Finally, a different grinding/polishing machine, Struers AbraPol was used. The main
difference is that the AbraPol has a different type of sample holder. The used sample prepa-
ration program was shorter, but otherwise similar to VTT’s program for copper. The result-
ing micrographs showed small, but clearly noticeable scratching on the sample surface. At-
taching the samples to the sample holder also proved challenging, as all samples had to be
precisely aligned to avoid uneven contact between the samples and the grinding or polishing
disc. Equivalent surface quality compared to Tegramin-30 is most likely achievable, but the
repeatability and reliability of the process are lower.

The sample preparation process for y502 was similar to the other samples, except that it
was performed manually by the laboratory staff as it was not possible to use the automatic
grinding/polishing machine. The sample preparation steps also differed slightly. Nonethe-
less, this should not affect the results significantly, as the sample was prepared by an expe-
rienced professional.
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The sample preparation was performed as follows:

1. Grinding: #1200 grit SiC foil
2. Grinding: #4000 grit SiC foil
3. Polishing: MD-SAT, abrasive grain size 9µ
4. Polishing: MD-MOL, abrasive grain size 3µ
5. Polishing: MD-NAP, abrasive grain size 1µ
6. Polishing: OP-S, abrasive grain size 0.25µ
7. Polishing: OP-U, abrasive grain size 0.4µ

6.3 Microscopy

For light optical microscopy and for photographing the samples, the Zeiss Axio Observer 7
microscope was used. It is an inverted reflected light microscope specifically designed for
metallography. The microscope has a revolving nosepiece with different objectives and a 10x
eyepiece. In this thesis, 1,25x, 5x, 20x and 50x objectives were used, which have final mag-
nifications of 12,5x, 50x, 200x and 500x. The images used for damage assessment were
taken mostly with the 20x objective.

6.4 Image processing software (ImageJ)

To calculate the cavity density of the samples as efficiently and accurately as possible, image
processing software was used to identify and calculate the cavities from each micrograph.
The software used for image processing in this thesis is called ImageJ, which was chosen
based on its availability, comprehensive list of features, as well as recommendations and
prior experience from colleagues.

ImageJ is an open-source image processing software based on the Java programming
language. It includes thousands of plugins and macros for performing a wide range of tasks.
The software is freely downloadable for Windows, Mac OS X and Linux operating systems,
but also works through many internet browsers. [40]

ImageJ has been used in a number of scientific applications across several fields, for ex-
ample confocal microscopy and X-ray analysis, vehicle license plate detection, ultrasound
diagnosis, development of automatic 4D segmentation algorithms and tomographic image
reconstruction. Unlike other common image processing software, which often focus on lay-
ers, transparencies, cloning and blurring, ImageJ focuses more on quantification, filtering,
measuring and mathematical processing. [41]

After testing several tools and processes, the following three steps were used to identify
and calculate the cavities from each image. Variables in steps 1 and 2 were kept as consistent
as possible throughout the analysis and the results from each set of images was inspected
for possible errors or miscalculations.
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1. Subtract Background command, which removes all the background elements and sets
the background pixels to a value as close to 255 (white) as possible, while leaving the
darkest particles (or in this case, cavities) intact.

2. Threshold method using Otsu threshold. The thresholding method further separates
the cavities from the base material. The cavities are now black (0) and the base mate-
rial is white (255).

3. The Analyze Particles tool is used to find and calculate the number of cavities. The
minimum particle size was set to 1 µm2.

In ImageJ, the intensity thresholding method converts pixels within a specified intensity
range to black (or other specified color) and the remaining pixels white [41]. For example, if
pixels with an intensity value of zero are black and ones with an intensity value of 255 are
white, a threshold range of 0-150 can be chosen. As a result, the pixels that are between black
and light grey become black and the remaining pixels become white. For the analysis in this
thesis, several automatic thresholding methods were tested and the most accurate one, in
this case the threshold Otsu, was chosen.

Instead of applying each step and saving all the acquired data individually for each image,
a macro code was constructed to automate the processing. The macro code can be found in
appendix B.

By using the Batch Process tool, the macro can be run on all images in a single folder. The
macro runs the Subtract Background command and Otsu threshold, after which it runs the
Analyze Particles command. After applying the threshold, the macro saves the acquired im-
age. The final image after the particle analysis (with outlines and count of particles) is saved
automatically by Batch Process. For the purposes of this thesis, the most convenient method
for saving the acquired results table was found to be manually copying and pasting the re-
sults to a Microsoft Excel (or similar) worksheet, though automatically saving the results is
also possible in multiple different file formats.

ImageJ has also been used for cavity density calculations by for example [42]. The article
used the following process:

1. FFT bandpass filter
2. Gaussian blur
3. Normalize Local Contrast integral image filter
4. Inverting the image
5. Cropping the image to a region with uniform contrast
6. Thresholding the image
7. Analyzing the particles

Several images were tested with the three-step method described earlier as well as this
seven-step process described in [42]. For many images, both methods provided similar re-
sults, with under 0.1% difference in the number of cavities counted. However, with images
containing extensive amounts of smaller cavities and other particles, the difference between
the methods can be significant. The seven-step process cavity count was, in some cases, up
to 1.5 times higher than the count of the three-step process. The results of the seven-step
process were also considerably affected by the parameters chosen during steps 1 and 2. It is
possible to reduce the difference between the two methods by changing these values, yet the
difference still remained significant through testing.
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After inspecting and comparing the results, the three-step process was found to be more
reliable and efficient for the purposes of this thesis, as it leaves the cavities closer to their
original shape and size after thresholding. It also requires less input and optimization from
the user. The main reason for the differences in cavity count was that the seven-step process
often slightly enlarged or excessively highlighted the smallest cavities and particles, which
were then large enough to be included in the count despite the 1 µm2 limit. These particles
are visible in the micrographs but identifying them as damage is difficult because of their
size. The seven-step process could prove useful in various other applications and if there
were no limitations to the countable cavity size, in this thesis as well.

6.5 Estimation of average grain size

The average grain size of the samples was estimated following the intercept method in stand-
ard SFS-EN ISO 2624: “Copper and copper alloys. Estimation of average grain size”. To
measure the grain size of the samples, the grain boundaries need to be visible. This is
achieved by etching. An etchant consisting of 5g FeCl3, 2ml HCL (37%) and 99ml ethanol
was used. The etchant was further diluted with ethanol (1 part etchant 9 parts ethanol) to
make it suitable for use with Cu-OFP. After etching, the samples were photographed with an
optical microscope (Zeiss Axio Observer 7) at 100x magnification. From the acquired micro-
graphs, the average grain size was determined according to the standard as follows.

“The grain size is estimated by counting the number of grains intercepted by one or more
straight lines sufficiently long to yield at least 10 intercepts per line and at least 50 intercepts
for all lines for normal purposes. Grains touched by the end of the line count only as half
grains. The length of the line or lines in millimeters at the surface of the section, divided by
the number of grains intersected by it, gives the average intercept length l. For practical pur-
poses, the average intercept length, l, may be regarded as equal to the average grain diameter
d.”

An example of applying the intercept method to a micrograph is shown in Figure 28. The
average grain size estimations and results are presented in section 7.3.

Figure 28. Estimating the grain size by using the intercept method. Grains touched only by
the end of the line are counted as half grains.
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7 Results

This chapter presents the results of the damage assessment and the average grain size esti-
mation, as well as the relevant micrographs. The chapter also evaluates the reliability of the
experimental methods.

7.1 Micrographs

Figures 29-33 show the cross-weld samples photographed with a light optical microscope.
Each figure was compiled from multiple micrographs with a magnification of 50x. As a result
of compiling multiple images, some compilations show darker “shadows” at the borders of
each individual micrograph. Also, the edges of some samples are not be perfectly aligned.
Regardless, the figures fulfill their purpose: they show the rough damage distribution, as
well as the fracture appearance of each sample. After analyzing the images, it is also possible
to determine which side consists of base material and which of weld mateial. Therefore, the
two sides of the fractured samples y501, y524 and y536 are referred to as the base material
side and the weld material side.

Figure 29 shows sample y501, tested at 250 °C and 100 MPa. The time of rupture is 747.6
hours. The fracture surface is quite rugged in shape and the right side (weld material) of the
sample is clearly more damaged. There are also clear signs of necking, which is to be
expected as the measured reduction of area in [11] is 27.9%. The amount of damage on the
weld material side seems to decrease fairly steadily, though the larger cracks are
concentrated within the first few millimeters from the fracture surface. On the other hand,
the left side (base material) of the sample is severely damaged near the fracture surface, but
the amount of damage drops drastically at only around one to two millimeters away from
the fracture surface. However, after this the cavities seem to be more or less evenly
distributed throughout the base material, though their numbers are low.

Figure 29. Sample y501 photographed with a light optical microscope.

Figure 30 shows sample y502 with 50x magnification. The sample was the longest running
test of the series and was interrupted at 36666.3 hours. The test was performed at 175 °C at
a stress of 175 MPa. Sample y502 differs from the other samples examined in this thesis, as
it did not fracture before the test was interrupted.
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Sample y502 is also considerably larger in size compared to the other samples. Therefore, a
specified area of interest near a region that showed signs of necking was photographed for
the analysis.

As can be seen in Figure 30, the edges of the sample are slightly curved, which is due to
necking. Upon first inspection, there also seems to be substantial amounts of large circular
cavities, particularly on the middle and upper vertical regions of the sample. However, closer
microscopical inspection shows that most of these are likely traces of oxidation found on the
surfaces of all the samples after creep testing. The impurities were likely left on the surface
by insufficient grinding or polishing. An image of the impurities with larger magnification is
shown in Figure 31. Most of the actual damage is smaller and not clearly visible in Figure 30.
Also, unlike the other samples, there are few visible cracks in the material. To avoid impre-
cise analysis results, the impurities and other particles that were clearly not damage were
removed with image processing software before the analysis.

Figure 30. Sample y502 photographed with a light optical microscope.

Figure 31. Possible oxidation and smaller cavities in sample y502.
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Figure 32 shows sample y524, tested at 300 °C and 40 MPa. The time of rupture is 6111.4
hours. The fracture surface is straighter than in y501, apart from the small “island” in the
upper area of the fracture surface. In this case, the damage is more heavily concentrated on
the left side (weld material) of the sample, while both sides seem to represent a gradual
decrease in cavity density throughout the length of the sample. The weld material side in
particular also has considerable amounts of larger cracks near the fracture surface. There is
little to no visible necking present, which is in accordance with the 3,6% reduction of area
reported in [11]. Copper samples creep tested in the temperature range of 300-400 °C
generally show signs of intermediate temperature embrittlement. The embrittlement of the
material causes the low reduction of area measurement values.

Figure 32. Sample y524 photographed with a light optical microscope.

Figure 33 shows the combined 50x images of sample y536 (400 °C, 30 MPa, time of rupture
202.1 h). Again, the damage is more concentrated on the weld material side, which in this
case is on the left. The fracture surface is relatively vertical, with little signs of necking. In
[11], the reduction of area was measured to be 2,7%. As with sample y524, the low reduction
of area is caused by the intermediate temperature embrittlement. Relative to the weld
material side, as well as the other fractured samples, the base material side of y536 seems to
have very little damage near the fracture surface.

Figure 33. Sample y536 photographed with a light optical microscope.
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Due to the extensive amount of damage in the samples, as well as the relatively large area of
interest, the images used in the cavity/damage density analysis were obtained using a 200x
magnification. This magnification was also found to be sufficient for the purpose of studying
the distribution of damage throughout the length of the sample.

Eventually, over 2300 images (excluding the images used in the grain size analysis and
50x image compilations) were taken with LOM. With e.g. 500x magnification, this number
would have been multiple times higher.

By examining the acquired micrographs, the observed damage could be roughly catego-
rized into one of three types:

1. Small, individual cavities
2. Intermediate sized cavities, which have begun to combine into cracks
3. Large cracks

Typically, especially in areas with extensive amounts of damage, the micrographs displayed
a mixture of these features. On the other hand, areas with less damage (commonly further
away from the fracture surface) mainly showcased small, individual cavities. Examples of
the different types of damage are presented in Figure 34.

Figure 34. Different types of damage in the samples: small circular cavities (upper left, sam-
ple y501), intermediate sized circular cavities, which have begun to combine (upper right,
sample y524) and larger cracks mixed with smaller defects (below, samples y501 and y524).
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The difference between individual samples was distinguishable, which was to be expected
due to the different testing conditions in [11]. Y501 has large cracks on both sides near the
fracture surface, after which the damage consists primarily of smaller individual cavities.
Type 2 cavities are mostly absent. This is most likely due to the short test duration, as the
creep cavities have not had time to grow. The larger cracks are presumably caused by plastic
deformation taken place just before the rupture of the test specimen. Y524 on the other hand
mostly contains type 2 intermediate sized cavities, which have started to or have already
formed cracks. There are also larger cracks near the fracture surface as well as occasional
smaller individual cavities. The test time of y524 was relatively long, meaning that the cavi-
ties have had sufficient time to grow into their current size. As with sample y501, some of
the larger cracks near the fracture surface are possibly caused by plastic deformation taken
place just before rupture. The final fractured sample, y536, had the shortest test time of the
specimens. The type of damage is similar to y524, with the exception that the number of
small cavities is considerably higher. There are also significantly fewer large cracks near the
fracture surface. The short test time explains the high number of small cavities and the low
stress during testing explains the lack of extensive cracking. The presence of type 2 cavities,
despite the short test duration, can be explained by the high test temperature and the inter-
mediate temperature embrittlement observed in the sample. Type 2 cavities were mostly
observed on the weld material side, while the cavities on the base material side are primarily
small.

During creep testing, the applied stress was horizontal in relation to the micrographs in
Figure 34. On the other hand, the cracks are mostly vertical. This is common for cracks in
the other studied micrographs as well. Although the grain boundaries are not visible, it is
typical for the cracks in creep tested samples to form along grain boundaries that are per-
pendicular (or close to perpendicular) to the applied stress.

7.2 Damage assessment

The creep damage in the samples was studied using two different metrics: cavity density
(1/mm2) and percentage area coverage (%Area), which measures the percentage of surface
area covered with cavities. Cavity density is commonly used for damage assessment, and it
was calculated by dividing the number of cavities per micrograph with the surface area of
the micrograph (in mm2). However, as the fractured samples contain extensive amounts of
damage, especially near the fracture surfaces, the metric may not be completely reliable.
This is because larger cracks are counted as single cavities, although they can cover a large
surface area. For this reason, the %Area metric was used for comparison. By setting the scale
in ImageJ to micrometres, cavities or other particles with a surface area of under 1 µm2 were
excluded from the count. This was done to avoid counting particles that cannot be reliably
identified as cavities.

The reliability of ImageJ in damage assessment was verified by calculating the cavity den-
sity of several micrographs by hand and comparing the results to those gained from ImageJ.
The calculations showed an average difference of approximately 1.5%. This percentage is
mostly dependent on the number of cavities and the quality of the micrograph. Obviously,
calculating by hand is not 100% accurate either and ImageJ has the advantage of being con-
sistent and unbiased, which may not always be the case when calculating manually.
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Nonetheless, these factors suggest that ImageJ can be considered reliable for the purposes
of this thesis.

Figure 35 shows a LOM micrograph with damage typical to the samples, as well as a
threshold image and the result of the particle analysis in ImageJ. Each cavity in the particle
analysis is outlined and numbered in red, though most of the numbers are very small and
not clearly visible in this smaller version of the image.

Figure 35. LOM micrograph of cavities in sample y524 (upper left), the same image with a
threshold (upper right) and the particle analysis results (below). Each individual cavity is
numbered in red.

Figures 36, 38, 40 and 42 present damage charts showing the number of cavities in each
200x image, along with cavity density graphs showing the development of cavity density
throughout the sample. The average number of cavities (avg.), as well as the average cavity
density (den., 1/mm2) of each column is also presented. The two sides of the charts are sep-
arated by the fracture surface (except for sample y502 in Figure 38). Due to the varying
shapes of the samples, some cells are empty. For sample y502, which did not fracture, the
chart represents an area that was predicted to have the most necking based on visual inspec-
tion, thus also assumed to contain the most damage.
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The cavity density graphs in the aforementioned figures represent the average cavity density
of each sample on the y-axis, while the x-axis shows the distance from the fracture surface
(or the distance from the beginning of the studied area for sample y502). One unit on the x-
axis corresponds to the width of one micrograph, which is approximately 660 µm at 200x
magnification. It should be noted that the scale of the y-axis is different on each graph de-
pending on the amount of observed damage. In addition to the cavity density damage charts
and the cavity density graphs, Figures 37, 39, 41 and 43 present damage charts utilizing the
percentage area coverage in each micrograph (%Area), the average %Area (avg.) for each
column, as well as the %Area graphs.

First, Figure 36 shows the cavity density damage charts of sample y501 (250 °C, 100
MPa). Of the samples analyzed in this thesis, it had the second-shortest time of rupture
(747.6 h). Overall, the damage is clearly more concentrated on the weld material side (b) of
the sample, while the base material side (a) contains only a small portion of the damage.
Both sides show significant amounts of larger cracks in the first two to three columns, after
which the cavities are mostly small and circular. The decrease in the amount of damage after
the first few columns is drastic on the base material side of the sample, dropping to near zero
in some areas. On the other hand, the decrease is more gradual on the weld material side. It
should be noted that due to the shape of the sample, the first column on the base material
side only consists of one micrograph.

Sample y501 is a good example of how cavity density (1/mm2) is not always an accurate
metric for representing the amount of total damage or how the damage is distributed, espe-
cially considering the weld material side of the sample. As the individual cavities and cracks
get smaller in size, their numbers remain high even though the actual amount of damage
decreases. Furthermore, the first few columns alongside the fracture surface contain larger
cracks, which are counted as singe cavities. These factors explain the irregular shape of the
cavity density graph in Figure 36 b).

Figure 37 presents the damage chart and graph for the percentage area coverage (%Area)
in sample y501. The chart and graph of the base material side (a) are similar to the corre-
sponding ones for cavity density in Figure 36 a). On the other hand, the weld material side
(b) is largely different to that of Figure 36 b). The graph in Figure 37 b) decreases steadily
when moving further from the fracture surface. At first, the decrease is steeper and becomes
more gradual after the first five columns.

The damage chart in Figure 37 b) shows that the largest percentages of damage are lo-
cated near the fracture surface, in the middle vertical regions of the sample. This is similar
to the damage chart in Figure 36 b). However, there are two main differences between the
%Area chart and the cavity density chart. First, the absence of large values in the upper-right
regions and second, the more uniform distribution of damage near the fracture surface. Con-
sidering the actual distribution of damage, the %Area damage chart offers a more realistic
depiction.
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a)                   b)

Figure 36. Sample y501 cavity density damage charts and graphs. The base material side
(a) is on the left and the weld material side (b) on the right.

a)                                                                                  b)

Figure 37. Sample y501 %Area damage charts and graphs. The base material side (a) is on
the left and the weld material side (b) on the right.
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Figure 38 presents the cavity density results for sample y502 (175 °C, 120 MPa and a testing
time of 36666.3 h), which had by far the longest test time of the studied samples. According
to [11], the elongation (>38,5 %) and reduction of area (>33%) are high. Considering these
values, the amount of damage (according to both metrics in Figure 38 and Figure 39) and
necking (upon visual inspection), as well as the size of the cavities, seem to be relatively
small. On the other hand, the analysis is only conducted on a partial section of the sample.
Naturally, the amount of damage and the size of individual cavities, especially cracks, is also
affected by the fact that the sample did not fracture during testing. Still, the size of circular
cavities is smaller than in for example y524, despite it having a significantly shorter test time.

Apart from the beginning of row 12 of the damage chart in Figure 38, the number of cav-
ities is the highest approximately in the middle of the studied area. The increase in cavity
density is steep after column 13 of the damage chart. After this, the number of cavities drops,
yet remains relatively high through the rest of the sample. The cavity density is highest in
approximately the same area where most necking had occurred. This means that the weld
material is approximately on the right side of the highest cavity density and %Area values,
while the base material is on the left. The beginning of row 12 has significant numbers of
small cavities and other damage, some of which is likely caused by the sample preparation
process. This is what causes the first, smaller spike in the cavity density curve.

Figure 39 shows the %Area damage chart and %Area graph for sample y502. Both are
similar to the cavity density results, with the exception that the first spike in the %Area graph
is steeper and more irregular. The larger percentage values in rows 10 and 11 (column 3) of
the damage chart contain one of the few larger cracks in the sample. Therefore, their %Area
values are larger. The spike in the beginning of the sample is caused mostly by this crack and
the large number of smaller cavities in row 12 which, as mentioned, were likely primarily
caused by the sample reparation process.

Excluding the spikes in the graphs, the results from both methods are highly similar. This
is explained by the uniform distribution of small, relatively similar-sized cavities throughout
the sample. Any larger cracks or other defects are mainly absent which, when compared to
most of the other samples, make the cavity density values more representative considering
the actual amount of damage.
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Figure 38. Sample y502 cavity density damage chart and graph.

Figure 39. Sample y502 %Area damage chart and graph.
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Figure 40 shows the cavity density results for sample y524 (300 °C, 40 MPa and trup 6111.4
h), which had one of the longest test times and showed signs of intermediate temperature
embrittlement. The elongation measured in [11] is 4,4% and the reduction of area was meas-
ured to be 3,6%. Both values are relatively low, which is presumably due to the embrittle-
ment. As can be seen in the combined graphs in Figure 44 and Figure 45, the total amount
of damage in sample y524 is similar to that of sample y536 in terms of cavities per square
millimeter. Simultaneously, the %Area graphs show that in many regions of the sample,
y524 has some of the highest amounts of damage of all the studied specimens.

In Figure 40 a), the total number of cavities is significantly higher than in Figure 40 b),
indicating that the weld material side is on the left and the base material side on the right.
The damage chart shows that apart from the columns near the fracture surface, the cavities
on the weld material side are concentrated in the middle and lower vertical regions of the
chart and remain high in these areas through the length of the whole sample. The last col-
umns of rows 8-16 of the weld material side contain cavity numbers as high as the areas near
the fracture surface of the base material side. On the base material side, the cavities are more
concentrated in the middle section, apart from the first column. The amount of damage also
decreases uniformly when nearing the end of the sample.

The graphs in Figure 40 also demonstrate a clear decrease in cavity density through the
length of the sample. The cavity density is significantly higher on the weld material side and
the decrease is relatively linear, while on the base material side the line is more irregular yet
follows the same decreasing trend.

Figure 41 shows the %Area results for sample y524. The damage charts and graphs are
similar to the corresponding ones for cavity density, except that the decline is significantly
steeper during the first few columns. This can be explained by the extensive cracking cover-
ing large surface areas near the fracture surface. The cracking can be confirmed by visually
examining the micrographs of the area. For sample y524, the %Area data offers a more re-
alistic representation of the damage distribution and total amount of damage in the sample,
though this is primarily because of the first few columns. In the other parts of the sample,
the graphs are relatively similar as there are few larger cracks.
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a)                                                                                  b)

Figure 40. Sample y524 cavity density damage charts and graphs. The weld material side
(a) is on the left and the base material side (b) on the right.

a)                                                                                  b)

Figure 41. Sample y524 %Area. The weld material side (a) is on the left and the base ma-
terial side (b) on the right.
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The cavity density and %Area results for sample y536 (400 °C, 30 MPa and trup 202.1 h)
can be seen in Figure 42 and Figure 43. This was the shortest test of the entire cross-weld
creep test series. Again, the damage is clearly more concentrated on one side of the sample,
in this case side a) in the figures, indicating that this area of the sample consists primarily of
weld material. Therefore, side b) of the sample consists primarily of base material. According
to [11], the elongation of the sample is 3,1%, while the reduction of area is 2,7%. These values
are in the same range as those of y524, though slightly lower. The total amount of damage,
as well as the shape of the cavity density and %Area graphs are also similar, as can be seen
in the combined results in Figure 44 and Figure 45. Despite the short test duration, much of
the damage consists of intermediate sized cavities, which have frequently begun to combine
into cracks. Generally, the nucleation and development of such cavities requires time, which
is why they were absent in for example sample y501. In the case of y536, this can be ex-
plained by the high test temperature (400 °C, highest of the entire creep test series), as well
as the intermediate temperature embrittlement. In addition to the intermediate sized cavi-
ties, there is a high number of small cavities, as well as larger cracks near the fracture sur-
face.

Both the cavity density and %Area damage charts show a declining overall trend when
moving further away from the fracture surface. However, both metrics give somewhat dif-
fering results regarding the location of the largest concentrations of damage. On the weld
material side, the cavity density damage chart in Figure 42 a) shows that the highest densi-
ties of damage are somewhat scattered and concentrated on the second column. The number
of cavities is relatively low in the upper areas of the first column. However, the %Area results
in Figure 43 a) show contrary results. The amount of damage is clearly the highest in the
upper areas of column 1, and for 12 out of 16 rows the damage is highest in the first column.
This can be explained by the presence of larger cracks particularly in the first column. The
relatively low number of individual cavities in Figure 42 a) is also affected by the size of some
of the micrographs in the first column. Due to the shape of the sample, some of the micro-
graphs cover a smaller surface area than the rest of the images. Although this was considered
when calculating the average cavity density for the entire column, the smaller surface area
does affect the number of cavities in each individual cell of the damage chart.

According to the cavity density damage chart of the base material side in Figure 42 b), the
damage is quite scattered and even concentrated on the upper and lower vertical regions in
some parts of the sample. On the other hand, the %Area damage chart in Figure 43 b) shows
that the damage is more concentrated on the middle vertical section. Again, the size of the
cavities affects the results. In the upper and lower areas, cavity size is generally smaller than
in the middle, but the number of individual cavities is higher. Interestingly, this is also the
case for the first columns of the base material side, especially column 1. For all the other
fractured samples, the %Area damage charts show that the highest percentage of damage is
in the column or columns nearest to the fracture surface. For the base material side of y536,
the highest percentages are in column 4. Uncharacteristically, the cavity size increases after
the first column or columns.
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a)                                                                                  b)

Figure 42. Sample y536 cavity density damage charts and graphs. The weld material side
(a) is on the left and the base material side (b) on the right.

a)                                                                                 b)

Figure 43. Sample y536 %Area damage charts and graphs. The weld material side (a) is on
the left and the base material side (b) on the right.
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Figure 44 and Figure 45 combine the cavity density and %Area graphs from all the samples.
The values from sample y501 have been reversed for illustrative purposes. All of the samples
now have the sides consisting primarily of weld material on the left and the sides consisting
primarily of base material on the right (i.e. the sides with higher amounts of damage on the
left and the ones with lower amounts on the right). Sample y502 does not have a fracture
surface but has been split between the two graphs for comparison.

Figure 44. Combined cavity density graphs from all samples. The values from sample y501
have been reversed for more illustrative results (now all the fractured samples have their
weld material sides on the left and base material sides on the right). Sample y502 has been
split between the two graphs.

Figure 45. Combined %Area graphs from all samples. As with Figure 44, the values from
sample y501 have been reversed and sample y502 has been split between the two graphs.
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7.3 Average grain size

The results from the average grain size estimations are presented in Table 7 and Table 8. As
was already acknowledged in the previous section (7.2 Damage assessment), there is a clear
distinction between the two sides of the fractured samples based on the amount of damage:
one side consists primarily of weld material and the other primarily of base material. This is
further supported by the results of the average grain size estimations: each sample has one
side with an average grain size of approximately 109-114 µm and one side with an estimated
grain size of around 60-66 µm. The former consist of base material and the latter of weld
material. The difference in the amount of damage between the two sides of each sample can
be partially explained by grain size: as the grains get smaller, there are more and more grain
boundaries where cavities can (and usually do) nucleate. Naturally, the mechanical proper-
ties of the two materials also differ, which affects the amount of damage in the samples.

For the average grain size estimation in this thesis, the intercept procedure in standard
SFS-EN ISO 2624, further explained in section 6.5, was followed. The measurements were
taken from different parts of the samples using LOM images with 100x magnification. Each
measurement represents the estimated grain size of each individual micrograph. Several
lines were drawn, with at least 10 intercepts per line and 50 intercepts overall. The lines for
the estimations were drawn with ImageJ. An approximately 1000 µm (1 mm) line was used
for each measurement, slightly depending on the grain size.

Table 7. Average grain size estimations, left side of fractured samples.
Sample Measure-

ment 1 (µm)
Measure-
ment 2 (µm)

Measure-
ment 3 (µm)

Measure-
ment 4 (µm)

Measure-
ment 5 (µm)

Average
(µm)

Y501 111,11 100 111,11 111,11 111,11 109
Y524 66,67 66,67 62,5 62,5 71,42 66
Y536 62,5 58,82 58,82 58,82 58,82 60

Table 8. Average grain size estimations, right side of fractured samples.
Sample Measure-

ment 1 (µm)
Measure-
ment 2 (µm)

Measure-
ment 3 (µm)

Measure-
ment 4 (µm)

Measure-
ment 5 (µm)

Average
(µm)

Y501 62,5 62,5 58,82 71,42 66,67 64
Y524 100 100 111,11 111,11 125 109
Y536 111,11 111,11 111,11 111,11 125 114

The average grain size is relatively consistent between the three samples. Individual samples
also show consistent results across each measurement. However, there is slight variation
depending on the location of the measurement: generally, the measurements taken closer to
the end of the sample are slightly larger than those close to the fracture surface. This could
be due to the damage near the fracture surface. Also, the areas near the fracture surface
could include a mixture of both the weld material and the base material, i.e. the transition
from weld material to base material is gradual.
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The grain size in the studied samples is significantly smaller than the maximum limits set
for testing in [21] and for the final canister in [15]. Posiva have tested Cu-OFP with multiple
different grain sizes during different projects, which explains the significantly lower grain
sizes of the samples. The samples in this thesis should have a grain size of approximately
120-200 µm for the base material and 50 µm for the weld. The results are in the same range,
though differ somewhat. In addition to the possible effects caused by the creep testing and
the possible mixture of the two materials near the fracture surfaces, there are other factors
that could affect the difference in results. First, the FSW could cause minor changes in grain
size, especially near the weld. There is also the possibility of human error. It is occasionally
difficult to estimate the location of the grain boundaries, because of twinning or insufficient
etching. The intercept method, and grain size estimation in general, are also somewhat bi-
ased and dependent on the person calculating the grain size.
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8 Conclusions

This thesis has developed a method for calculating the cavity density of creep tested, friction
stir welded Cu-OFP cross-weld specimens extracted from a spent nuclear fuel canister. The
cavity density calculations were performed in order to assess damage caused by the creep
testing. The average grain size of the samples was also estimated as part of the analysis. The
cavity density calculation method used ImageJ open-source image processing software to
automate the process, while the average grain size was determined using the intercept
method in standard SFS-EN ISO 2624. The sample preparation process was also optimized
for use with the software. The images used for analysis were recorded using a light optical
microscope (LOM). Four different samples and over 2300 images were analyzed for damage
assessment.

Cavity density was calculated in ImageJ by writing a macro code utilizing several built-in
tools, including Subtract Background, Threshold and Analyze particles. The macro enabled
automated analysis of any specified number of images. Alternative calculation methods in
ImageJ were tested, though the combination of the three tools was found to provide the most
accurate results with the least amount of input from the user. The analysis results are pre-
sented using two different metrics: cavity density (1/mm2) and percentage area coverage
(%Area), which measures the percentage of surface area covered with cavities. Cavity density
(1/mm2) is a commonly used metric, while the percentage area coverage (%Area) was in-
cluded due to the extensive number of larger cracks and cavities observed in some samples.

Copper is a soft and ductile metal, which makes it prone to scratching and other surface
defects. However, such defects can be incorrectly calculated as damage by ImageJ. In order
to avoid these defects, it is important to have a reliable sample preparation program. There-
fore, different sample preparation programs and methods were tested on Cu-OFP dummy
samples to reliably provide sufficient surface quality for the samples used in the analysis.
Based on the dummy tests, a sample preparation program (Table 6) was compiled for Cu-
OFP. Although electron microscopes can provide higher levels of magnification, the use of a
light optical microscope (LOM) improved the accuracy of ImageJ by minimizing the amount
of background noise in the images, thus increasing the contrast between the defects and base
material. Therefore, LOM was used for attaining the micrographs used in this thesis.

The results reveal that although both sides of the specimens showed some damage, more
damage was clearly concentrated on the weld material side of the sample in all the fractured
specimens. These findings were supported by the results of the grain size assessment: the
side with the smaller grain size exhibited more damage in all the fractured samples. Each
assessed sample had one side (base material) with an average grain size in the range of 109-
114 µm and the other side (weld material) with an average grain size of 60-66 µm.  The esti-
mated average grain sizes were relatively similar to the values specified by Posiva. According
to Posiva, the weld material should have a grain size of approximately 50 µm and the base
material that of 120-200 µm. The differences in average grain size between the samples and
the values given by Posiva can most likely be explained by the factors described in Section
7.3.
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As expected, the weld material tended to be more susceptible to creep and other damage.
This agrees with the results observed in [24] and [29]. The smaller grain size of the weld
material, as well as the welding process itself, also have some effect on the cavity density of
the material. In the unfractured sample y502, most damage was observed in the area where
most necking had occurred, which was also predicted to be the area where the weld would
be located.

Generally, the observed cavities are spread relatively uniformly throughout each sample,
with the total amount of damage decreasing gradually when moving away from the fracture
surface (or the area with the highest amount of damage in sample y502), as shown in Figure
45. However, this is not the case near the fracture surfaces. As the cavities in the samples
become larger and start to form cracks, the damage becomes more localized and covers
larger surface areas. This can be seen from the aforementioned figure as a steep decline in
%Area values after the first few columns, and was evident in all of the fractured samples
(except the base material side of y536, which showed little to no cracking near the fracture
surface).

The largest cracks, as well as %Area values, can be found in sample y501. However, y501
also had the areas with the lowest amount of damage. The small number of cavities on the
base material side could be attributed to the short test time, as the formation of cavities
typically requires time. The relatively early fracture of the sample, as well as considerable
amounts of cracking near the fracture surface, could be explained by the relatively high test
parameters of 250 °C and 100 MPa applied to the sample during creep testing. Although the
formation and growth of cavities generally requires time, sample y536 had cavities in all
areas of the sample, many of which had developed into intermediate size despite the short
creep test time of only around 200 hours. This can be explained by the high test temperature
of 400 °C and the intermediate temperature embrittlement. The amount and type of damage
in y536 are similar to those of y524, with the main difference being that y524 lacks the small
cavities that appear in y536, as the cavities have all grown into an intermediate or larger size.
Nonetheless, the damage profile of the samples is similar despite a difference of 5900 hours
in test time. However, the test temperature applied to y524 was significantly lower at 300
°C, while the applied stresses were relatively similar at 30 MPa for y536 and 40 MPa for
y524. The similarities, despite the difference in testing parameters, can be explained by the
intermediate temperature embrittlement observed in both samples. Finally, despite its sig-
nificantly longer test time compared to any of the other samples (36 666 hours), the damage
observed in sample y502 consisted almost entirely of small cavities. This, again, could be
explained by the lowest creep test temperature of the whole test series (175 °C).  This high-
lights the effect of temperature on both the test time and the amount of damage, as the stress
applied to y502 was the highest of the whole test series at 120 MPa. Naturally, the interrup-
tion of the test before fracturing also decreased the amount of cracking and other plastic
deformation, as well as limited the growth of the smaller cavities. Overall, these results show
that creep is a complex deformation mechanism affected by a multitude of variables.

The absolute values of the damage assessment may not be completely accurate, as it is
difficult to distinguish whether the smaller particles in the samples are actual cavities/dam-
age. In addition, it is possible that the sample preparation program could have introduced
cavities or other particles that were not previously present in the sample, especially in areas
with larger cracks and cavities. One explanation for this could be that the sample preparation
methods may have damaged the material more easily in these areas.
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The material itself could also have included some impurities or inclusions that are not cavi-
ties or other damage, though this should not pose a significant problem in Cu-OFP as it is a
high-purity material. However, all the samples (apart from sample y502) were prepared
simultaneously with the same equipment and process parameters. Sample y502 was pre-
pared manually by professional laboratory staff. Thus, it is fair to assume that any possible
unwanted cavities or particles introduced by sample preparation would be relatively uniform
throughout the samples, making the results reliable. Extremely small cavities or other par-
ticles (relative to the magnification of the images) were also excluded from the cavity count
by the image processing software. Overall, it can be concluded that ImageJ is a viable tool
for use in damage assessment because of its efficiency and accuracy. Furthermore, because
it is open-source, ImageJ does not require a licence and is thus not limited by corporate or
legal restrictions on future development of tools and macros for improved function or other
applications.

The results in this thesis show that cavity density (1/mm2) is not always a reliable metric
for representing the distribution or total amount of damage, as relatively low cavity density
areas had some of the highest %Area values in the analyzed samples. Thus, the larger the
cavities (or cracks), the less reliable the cavity density (1/mm2) metric. One reason for this
result could be that although the amount of damage is significant, larger cracks and cavities
are only counted as a single cavity by ImageJ, while in actuality they are a combination of
multiple merged cavities (or plastic deformation caused by the fracture of the sample). Con-
versely, in areas where the cavities are smaller, the cavities have not yet merged and are thus
counted as multiple cavities. In other words, ImageJ does not consider the size of the cavities
or cracks while calculating cavity density, thus producing somewhat inaccurate results in
areas containing cracks or cavities that cover large surface areas. The effect of this on the
results can be analyzed by comparing the cavity density (1/mm2) graphs to the percentage
area coverage (%Area) graphs, as %Area gives a more accurate estimation of the amount of
total damage. Therefore, when assessing the amount of damage in samples that show crack-
ing or otherwise large cavities, %Area offers a more reliable alternative for assessing damage.
However, calculating %Area requires the use of specific image processing software.

Although the absolute values obtained from the damage assessment may not be com-
pletely accurate, certain conclusions can be drawn based on the results. The damage charts
assess the distribution of the damage in the sample, while the graphs show how the amount
of damage develops while moving further away from the fracture surface (or throughout the
sample in y502, which has not fractured). The methods developed in this thesis also provide
a means for comparing the effect of different creep testing conditions on the samples and
can help distinguish between those parts of the fractured samples consisting primarily of
base material and those of weld material.

The tools and methods used or developed in this thesis offer an efficient and reliable ap-
proach for assessing the damage in metallurgical samples. However, these methods do not
provide a means to reliably detect and analyze specific types of damage, i.e. they do not sep-
arate creep damage from possible unwanted particles or plastic deformation caused by
forces not directly related to creep. The inclusion of unwanted particles or damage can be
reduced by proper sample preparation and by adjusting the parameters in ImageJ. However,
they cannot be fully eliminated. For this purpose, future work should focus on developing a
machine learning algorithm to detect specific types of damage (e.g. creep).
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However, this would require images with a significantly higher magnification, i.e. the use of
an electron microscope (or other high magnification microscope) to reliably verify the type
of damage, though even with higher magnification, the separation of creep cavities from
other damage or impurities can be difficult.

With proper sample preparation and processing tools, ImageJ or other image processing
software can be reliably used to assess the amount and distribution of damage in Cu-OFP
cross-weld specimens. Despite copper being a difficult material to prepare for microscopy,
the methods used in this thesis provided the desirable results, suggesting that other materi-
als, such as steels, could also be studied in the future using similar methods and tools.
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Technical drawing of the test piece
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Macro code for ImageJ
name = getTitle;
run("8-bit");
run("Set Scale...", "distance=187 known=50 pixel=1 unit=um
global");
run("Subtract Background...", "rolling=100 light");
setAutoThreshold("Otsu");
//run("Threshold...");
call("ij.plugin.frame.ThresholdAdjuster.setMode", "B&W");
setOption("BlackBackground", false);
run("Convert to Mask");
saveAs("jpeg", name + "threshold");
run("Analyze Particles...", " size=1-Infinity show=Outlines summa-
rize");


