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Original features 

 Patterning of copper tensile specimens for DIC use by oxidizing the copper 
surface and by transferring the pattern on the oxidized surface by a photo-
lithographic method. 

 The patterning enables the measurement of large deformations in copper, 
as well as improves the detectability of small deformations through im-
proved DIC data quality and precision. 

 The spatial resolution and precision of the DIC measurements was quanti-
fied by extracting the autocorrelation length of the noise field (as a proxy for 
spatial resolution) and standard deviation of the amplitude of the noise in 
the measurement (as a measure of precision). 

 The strain localization behavior in a tensile test, monitored by DIC, was 
characterized by the use of local strain rates and Gini coefficients, enabling 
the detection of variations in strain or displacement within the gauge section 
of the tensile specimen. 

 Tensile testing of copper canister FSW and EBW welds confirms the supe-
rior mechanical properties of the FSW welds. 

 Two different copper canister FSW welds were tested, one welded without 
shielding gas and one with shielding gas. DIC monitoring during tensile test-
ing revealed a tendency of considerably earlier strain localization in the new 
weld, welded with shielding gas. 

 The worse performance of the new FSW canister weld in comparison to the 
old weld is attributed to microstructural differences in the canister lid ma-
terials, the lid of the new weld being softer, and stronger weld metal itself, 
which results in enhanced strain localization at the weld boundary. 

 The FSW canister welds were thermally hydrogen charged to study hydro-
gen trapping in the weld metal and the effect of the trapped hydrogen on 
strain localization. The oxide particles in an FSW weld welded in air, trap 
considerable amounts of hydrogen most likely at the oxide particle inter-
faces, but it did not compromise the ductility of the copper welds in these 
tests. 

 Only very small hydrogen uptake occurred in the FSW weld welded with 
shielding gas, indicating that there were very few oxide particles in the weld. 

 The nodular cast iron of the canister insert was electrolytically hydrogen 
charged and tensile tested, which results in considerable hydrogen uptake, 
increasing with mechanical loading, and consequent hydrogen embrittle-
ment of the insert material. 
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1. Introduction 

 
Spent nuclear fuel encapsulation into 50 mm thick copper canisters and depo-
sition deep underground in a geologic repository will be the main disposal 
method of spent nuclear fuel in Finland and Sweden [1]–[3]. Research on spent 
nuclear fuel disposal started in Finland and Sweden in the beginning of the 
1970’s and the coordinated national research projects in Finland began in 1989. 
The disposal itself will be handled by two companies; in Finland by Posiva Oy 
and in Sweden by Svensk Kärnbränslehantering Ab (SKB). Figure 1 shows a 
schematic representation of the disposal concept. A multi-barrier system is de-
signed to prevent the escape of radioactive substances even if some of the barri-
ers would fail. The primary barrier is the copper shell. The main properties re-
quired of the copper shell are ductility and corrosion resistance. A cast iron in-
sert inside the copper canisters, with channels into which the spent nuclear fuel 
elements are placed, is designed to provide the required mechanical strength 
against external loads. The canisters are placed upright into holes drilled in the 
bedrock and surrounded by bentonite clay, which performs as a buffer against, 
for example, rock displacement and diffusion of corrosion reagents. The final 
barrier is the bedrock, which insulates the spent fuel from the biosphere for 
thousands of years. 

 

 
Figure 1. Geologic disposal of spent nuclear fuel. [1] 

Sealing of the copper canisters is performed by welding a lid onto the tubular 
body of the canisters. Two welding methods have been considered; friction stir 
welding (FSW) and electron beam welding (EBW). FSW was selected in Sweden 
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as the main welding method in year 2005 and in Finland in year 2014. The ad-
vantage of FSW is that it is a solid-state welding method, meaning that the 
welded material is only plasticized during welding instead of melting. This leads 
to dynamically recrystallized equiaxed microstructure (approximately the same 
size of grains in all directions) with nearly random texture. The grain size in the 
weld is small in comparison to the base materials, which leads to mechanical 
properties similar to those of the base materials [4], [5]. In EBW the material is 
melted by a high-energy electron beam and the melt solidifies epitaxially into 
long columnar grains. The resulting large grain size leads to much lower 
strength of the EBW welds and early strain localization. When comparing the 
two, friction stir welds have been shown to exhibit superior mechanical proper-
ties [4], [5] [I]. 

The disposal canisters will be subjected to varying loads and degradation 
mechanisms in the repository conditions. In the beginning of the disposal pe-
riod, majority of the loads are caused by bentonite swelling due to absorption of 
ground water by the bentonite. This will cause slow creep deformation of the 
copper shell until it is in contact with the cast iron insert.  Some deformations 
will be introduced in the canister structure, but the deformations will stop once 
the copper shell is in contact with the cast iron insert. Tensile stresses may be 
involved due to uneven bentonite swelling and geometric effects from the can-
ister structure. The repository will slowly fill with water after it is closed. The 
water build-up will add up as hydrostatic compressive pressure on the canisters. 
In several tens of thousands of years from now, an additional compressive load 
may be introduced by a glaciation period. Thereby, the total isostatic pressure 
is expected to be 44 MPa at maximum [3]. In addition to isostatic pressure, a 
shear load may occur by shift of the bedrock. An arbitrary 5 cm rock shear is 
taken into consideration in the design case. The shift may affect several canis-
ters at the same time and cause bending loads in the canister structure. This is 
the most severe scenario, which may occur for example as a result of post-glacial 
rebound. 

The loads may cause stress concentrations in some parts of the canister 
around microstructural defects, microstructural heterogeneity, or geometrical 
discontinuities. Taking into consideration the long time span of disposal in com-
bination with environmental factors, such microstructural features may induce 
localized damage in the canister structure. A hypothetic failure scenario may 
involve several degradation mechanisms, for example, sulfide-induced stress 
corrosion cracking (SCC) [6] and simultaneous hydrogen uptake [7]. As a matter 
of fact, hydrogen uptake is currently one of the uncertainties mentioned by the 
Swedish Nuclear Safety Authority (SSM) [8], which has not been studied exten-
sively enough to rule it out as a possible threat to canister integrity. Some hy-
drogen generation will occur in corrosion reactions outside of the canisters [9] 
and in hydrolysis of remnant water from the fuel elements [10] inside the can-
isters. In addition, hydrogen absorption may result from neutron radiation, 
since neutron radiation decays into protons (p+=H+) and electrons (e-). The ra-
diation will cause damage in the metal lattice as vacancies, interstitials and 
voids, and the decay products may be absorbed especially in the cast iron insert. 
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Sustained corrosion of copper in O2-free water has also been speculated, but it 
seems unlikely that such a corrosion mechanism exists [11]. 

As described above, there are several factors affecting the long-term integrity 
of the spent nuclear fuel disposal canisters. Thus, when ascertaining and evalu-
ating the risks related to geologic disposal of spent nuclear fuel, it is important 
to know the degradation mechanisms and possible failure locations of the can-
isters in the repository conditions. Due to the very long time span of disposal it 
is difficult to make exact predictions, but it is possible to evaluate the probability 
of certain occurrences or even rule out some scenarios. 

1.1 Canister design and sealing 

The canisters for spent nuclear fuel disposal consist of a ductile cast iron insert 
and a shell made of oxygen-free phosphorous alloyed copper (Cu-OFP). Several 
canister sizes and internal structures are manufactured for different sized fuel 
elements, as shown in Figure 2. The channels in the cast iron insert, into which 
the spent fuel elements are placed, are formed by placing S355 structural steel 
tubes in place before casting of the insert [12].  

 

 
Figure 2. Three different canister designs for different sized fuel elements. The in-
ternal structures are shown at the top left corner of each canister. [12] 

The copper shell is sealed by friction stir welding (FSW) after placing the cast 
iron insert and the spent nuclear fuel elements inside. Electron beam welding 
(EBW) has also been considered for sealing of the canisters. The joint geometry 
of both weld types is shown in Figure 3. FSW is performed circularly around the 
canister from the side, whereas EBW is performed circularly from the top of the 
canister. The welding direction is clockwise when looking at the canister from 
the top. 
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Figure 3. Location of the welds in the canister structure, marked with densely 
spaced lines: a) FSW, b) EBW. 

FSW is performed by plunging a rotating tool in the material to plasticize it by 
means of frictional heat, see Figure 4. Most of the heat comes from internal fric-
tion of the plasticized material due to high strain rates enforced by the rotating 
tool. The plasticized material is mixed to form a dynamically recrystallized fine-
grained weld. Most of the material is drawn around the tool probe through the 
retreating side of the weld (RS) and then joined mostly on the advancing side of 
the weld (AS). Thus, location of the tool in relation to the original joint line may 
have an effect on the weld formation. The tool for FSW of spent nuclear fuel 
copper canisters is shown in Figure 5. It consists of a tapered probe with spiral 
flutes and a convex shoulder. The purpose of the probe is to mix the material, 
whereas the shoulder prevents the material escaping from the top, and provides 
a forging force to the welded area. This makes the process less sensitive to defect 
formation. A convex shoulder shape also helps in preventing sudden plunging. 

Sound weld formation is dependent on the flow of material during welding, 
which is highly dependent on the tool geometry, as well as the welding parame-
ters. The welding parameters are shown in Figure 4a; (1) tool rotation, (2) travel 
speed, and (3) downward force. The plasticity of the material is directly related 
to the welding temperature. Thus, the welding process of the copper canisters is 
controlled by maintaining the welding temperature at 850°C by adjusting the 
tool rotation, since the rotation has the most effect on the welding temperature 
[13]. A stable welding process and good tool design are essential for achieving 
optimal microstructure, as well as dispersion of oxide particles if welding is per-
formed without shielding gas [5]. 



 

14 

 
Figure 4. FSW of a) copper canister and b) plate. [13] 

Due to the complex nature of the welding process, the current tool design 
(shown in Figure 5) is mostly based on empirical experience rather than funda-
mental understanding of the welding process [5]. While it is adequate for pro-
ducing acceptable welds, there is still room for improvement. A recent model-
ling study on flow of material around the probe shows that especially the scroll 
angle at the tip of the probe may be improved [14]. The low scroll angle results 
in poor flow of material near the tip of the probe and the material is mostly 
sheared instead of mixed properly, which may lead to poor weld quality near the 
tip of the weld. 

 

 
Figure 5. The current tool design for FSW of 50 mm thick copper canisters. 
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2. Deformation of crystalline materials 

2.1 Deformation of single- and polycrystals 

A material deforms plastically when the yield strength is exceeded after which 
the deformation is permanent. Dislocations in the lattice structure of the crys-
talline material accommodate the change in shape of the crystal or the grains, 
which results in plastic deformation. Copper has a face-centered cubic (FCC) 
lattice structure and low stacking fault energy. Slip of dislocations occurs on 
close-packed {111} planes in three close-packed [11 apart (see 
Figure 6a). Four {111} planes and three [110] slip directions in each plane result 
in 12 slip systems. Dislocations in [001] directions are also possible, but they are 
energetically less favorable and therefore rarely encountered [15].  The slip of 
dislocations occurs in a zigzag motion due to location of the atoms on the three 
{111} atomic layers (ABC layers). Partial dislocations may also occur in FCC, 
separating an area of stacking fault in between the dislocations. Slip in FCC crys-
tals is relatively easy when compared to body-centered cubic (BCC) materials. 

The ferrite matrix of the cast iron insert has a BCC lattice structure. The close 
packed plane in BCC lattice is the {110} plane and slip occurs in [111] directions 
(see Figure 6b). Six {110} planes and two [111] directions in each plane result in 
12 slip systems. However, slip may also occur on {112} and {123} planes, which 
share the [111] slip direction [15]. A total of 48 slip systems may be found but 
not all of them are active. In addition, in low temperatures and low strain rates 
screw dislocations accommodate the deformation in BCC crystals and screw dis-
locations do not have an inherent slip plane [16]. Since many of the slip planes 
intersect along the same [111] slip direction, it is possible for screw dislocations 
to move in different combinations of {110} and {112} planes according to the 
applied stress, which often results in wavy ill-defined slip lines [15]. Thus, slip 
in BCC crystals is more complex than in FCC crystals and it is not as clear which 
slip planes are active in different conditions.  Stacking faults are not encoun-
tered in BCC metals due to the high energy required to form them.  
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Figure 6.  a) The close-packed {111} plane and [110] slip directions in FCC lattice. b) 
The close-packed {110} plane and [111] slip directions in BCC lattice. 

Edge dislocations are the foundation of deformation in FCC materials. Disloca-
tions move by glide on the slip planes or they may climb or cross-slip on other 
slip planes. Glide of multiple dislocations on slip planes is the main mechanism 
of deformation of crystalline materials, which results in shape change of the 
crystal. Several dislocations move on the same plane and they may form visible 
slip lines when they encounter the surface of the material. Climb of dislocations 
is more easily operational in elevated temperatures. Shear stress on the slip 
plane is required for slip to occur. The shear stress ( ) resolved on each slip 
plane (in each individual grain) for each slip direction is given by the following 
equation [17]: 
 =     (1) 

 
, where  F = force 
 A = area of the slip plane 
 ø = angle between force and normal of slip plane 

 = angle between force and slip direction 
 

The . It experiences the 
maximum when both ø and  are 45° in relation to the loading direction. Some-
times grains which experience the highest Schmid factors experience the most 
deformation, but due to the great number of slip systems in cubic crystals, there 
are always slip systems with high Schmid factors, and thus differences between 
deformations of different grains are usually not that large. On the other hand, 
fatigue crack retardation by grains with low Schmid factors has been shown to 
result in high strain localization in those grains (with low Schmid factors) prior 
to crack advance (studied in BCC ferritic stainless steel) [18]. Thus, the Schmid 
factor is more relevant when observing deformations in the microscopic scale, 
for example, at the crack tip, than when observing deformations in the macro-
scopic scale. 

Even with equiaxed grain structures without crystallographic texture, so that 
the behavior is isotropic, deformation of polycrystals is more complex than de-
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formation of single crystals due to interaction of many grains, which have dif-
ferent lattice orientations, size of grains, shape of grains, and grain boundaries 
between them. Grain boundaries form obstacles for dislocation movement, 
which causes dislocation pile-ups, therefore affecting the energy required to 
move the dislocations. This results in work hardening. Thus, the strength and 
deformation of pure metallic materials, such as the copper studied in this thesis, 
is mainly affected by the grain size and dislocation density.  

Each grain experiences the stress state differently depending on the orienta-
tion of the lattice, size and shape of the grain, and the combined effect of the 
surrounding grains on the load distribution. In general, smaller grain size 
strengthens the material due to increased number of obstacles for dislocation 
movement. However, there is a lower limit in the nanometer scale bellow which 
the deformation mechanism changes and the strengthening mechanisms do not 
apply anymore. For example, for nano-twinned copper the lower boundary has 
been approximated to be about 10 nm [19]. However, for the vast majority of 
polycrystalline materials the yield strength may be approximated by the well-
known Hall-Petch relation [17]: 

 = +     (2) 
 

, where  n = ~0.5 
0 = material constant for resistance of dislocation movement 

ky = material specific strengthening coefficient 
d = average grain size 

 
Due to restrictions on dislocation movement by the surrounding grains, poly-
crystalline materials require higher stress for plastic deformation to occur than 
single crystal materials. Even if a single grain is favorably oriented in a polycrys-
talline material, it cannot deform unless other grains around it also deform [20]. 
Therefore, due to more constraints at least five independent slip systems are 
required to accommodate the shape change. This is known as the von Mises 
condition. A failure to accommodate the shape change results in fracture.  

2.2 Temperature and strain rate dependence of deformation 

Reduction in flow stress due to increased temperature or decreased strain rate 
is a well-known phenomenon in crystalline materials. It is caused by increased 
probability of thermal activation of dislocation movement, when the thermal 
energy is significant in relation to the energy barriers for the dislocations to 
move. The movement of dislocations is generally blocked by short-rage barriers, 
such as the Peierls stress of the crystal lattice, self-interstitials, substitutional 
atoms, and interstitial atoms, which can be overcome by thermal activation (or 
in other words the thermal vibration of the atoms). Long-range barriers from, 
for example, other dislocations are too large to be overcome by thermal activa-
tion. Therefore, the flow stress consists of two independent contributions from 
thermal ( ) and athermal ( G) components. The thermal component decreases 
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as the temperature increases or strain rate reduces due to higher probability of 
thermal activation [15]: 

 = +      (3) 
 

Temperature compensated strain rate may be expressed by the Zener-Hollomon 
parameter [21]. The parameter forms a connection between the strain rate and 
temperature and thus indicates that an increase in temperature may be used to 
simulate the effect of decreasing the strain rate, and vice versa, on the stress-
strain relation of the material. The Zener-Hollomon parameter is expressed as 
shown bellow: 

 =   exp ( )    (4) 

 
, where   = strain rate 
 R = gas constant 
 Q = activation energy for deformation 
 T = temperature 
 
At very low strain rates or high temperatures creep becomes a significant factor. 
A general guideline for metals is that in temperatures of above approximately 
0.4Tm (Tm being the absolute melting temperature) creep becomes a significant 
factor affecting the lifetime of a component [20]. This is due to diffusion being 
exponentially dependent on the temperature [22]. Temperatures in the reposi-
tory conditions do not exceed this threshold, but due to the extremely low strain 
rates creep is a viable deformation mechanism. The creep mechanisms may in-
volve grain boundary related phenomena, such as grain boundary diffusion and 
grain boundary sliding, as well as lattice related phenomena, such as stress-in-
duced vacancy diffusion and dislocation motion [20], [22]. 

2.3 Localization of deformation 

Localization of deformation may occur in different length scales from the atomic 
and microscopic length scales to macroscopic length scale. In the microscopic 
length scale, certain grains may experience in some conditions more defor-
mation than others [18]. However, when performing measurements in the mac-
roscopic length scale, it may be assumed that all the grains experience on aver-
age a similar level of deformation, which results in uniform deformation overall. 
Localization of plastic deformation occurs after the uniform deformation capa-
bility of the material has been exceeded. The strain localization site is deter-
mined by geometrical and/or microstructural factors in relation to the stress 
state and environmental conditions that the material experiences. The geometry 
of the object affects the local stress state in relation to loading, and the micro-
structural features affect the local material properties together with the envi-
ronmental conditions. Thus, the combination of these factors determines 
whether or not localization of deformation occurs. 
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In a tensile test, localization of plastic deformation ultimately manifests as 
necking of the tensile specimen. According to the Considère’s criterion, necking 
occurs when the increase in stress due to reduction in cross-sectional area ex-
ceeds the work hardening capability of the material [22]. A triaxial tensile stress 
state forms in the necking region due to geometrical effects. This further en-
hances strain localization and other deformations in the tensile specimen grad-
ually cease. Necking is characteristic to tensile loading, whereas it does not oc-
cur in compressive loading. In compressive loading the material can usually 
withstand considerably more stress than in tensile loading since the stress state 
inhibits necking and consequent fracture [22]. Instead, a barreling effect may 
occur if deformation in the transverse direction is restricted at the ends of the 
specimen. An example of necking of a tensile specimen and barreling in com-
pressive loading is shown in Figure 7. 

 

 
Figure 7. a) Necking of a tensile specimen and b) barreling in compressive loading. 
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3. Degradation mechanisms in the re-
pository conditions 

3.1 Creep of copper 

The copper shell will slowly deform until it is in contact with the cast iron insert 
due to external pressure from bentonite swelling and hydrostatic loads. The 
strain rates will be extremely low and the temperature of the shell in the first 
stage of disposal will be close to 100°C. Later in the disposal period, a rock shear 
may also cause conditions that are favorable for creep, although the temperature 
of the copper shell at that time is expected to be close to ambient temperatures. 
Nevertheless, it is essential to ensure satisfactory creep ductility of copper. 

Originally oxygen-free high-purity copper (Cu-OF) was intended for the can-
isters, but it was found that the creep ductility of Cu-OF was not satisfactory 
[23]. An improvement was found from phosphorous alloying, which improves 
the creep ductility of copper significantly [24].  An explanation for the enhanced 
creep strength and ductility by phosphorous alloying has been given by locking 
of dislocations by so-called Cottrell atmospheres of phosphorous atoms around 
the dislocation cores [25] and by reduced creep cavity formation at the grain 
boundaries [26]–[28]. The former explains the increased strength and the later 
explains the increased ductility. 

Phosphorous is in solid solution of copper, the phosphorous atoms being 16.5 % 
larger than copper atoms, which creates a strain field around the atoms. How-
ever, solid solution hardening is insignificant due to this effect and tensile prop-
erties without the phosphorous alloying are virtually the same. Yet, small alloy-
ing of phosphorous improves the creep strength and ductility of copper signifi-
cantly. A modeling study [25] indicates that there is an enhancement of phos-
phorous atoms at the dislocation cores due to strong interaction between the 
atoms and the dislocation cores. This gives a rise of break-away stress in the 
range of 15-50 MPa for dislocations to escape from the Cottrell atmospheres. 
The drag force of a moving dislocation, on the other hand, was estimated to be 
negligible at 1 MPa. Therefore, the effect of phosphorous is negligible at higher 
strain rates, but at lower strain rates diffusion of phosphorous atoms may result 
in continuous locking of the dislocations. Due to the nature of the binding en-
ergy, these effects are stronger in hindering the glide of dislocations than climb 
of dislocations. Since glide of dislocations is the main deformation mechanism 
in the temperatures relevant for the repository conditions, the enhanced creep 
strength may be explained by the enhanced concentration of phosphorous at-
oms at the dislocation cores. 
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Creep ductility of copper is even more important than the creep strength. 
Creep elongations of <1% were observed for Cu-OF [23], which was deemed un-
satisfactory. The creep ductility was heavily affected by creep cavity formation 
at the grain boundaries, which resulted in brittle-like intergranular fracture. In 
Cu-OFP, the creep cavity formation is significantly reduced [26]. Initially, an 
explanation for this was given as enrichment of phosphorous atoms at the grain 
boundaries and subsequent prevention of grain boundary sliding [26]. However, 
grain boundary sliding in Cu-OF and Cu-OFP was measured to be similar [29], 
[30]. Thus, similar creep cavity formation would be expected, but it is not the 
case. An alternative explanation was given by fast diffusion of phosphorous at-
oms at the grain boundaries [27]. This gives a rise to minimum cavitation stress 
in Cu-OFP, whereas it is more energetically favorable for cavities to form in Cu-
OF. However, the exact mechanisms related to the enhanced creep ductility of 
copper due to phosphorous alloying are still under investigation. 

3.2 Corrosion of copper 

The uniform corrosion of copper in the repository conditions is expected to be 
negligible. However, localized corrosion in the form of pitting or stress corro-
sion cracking (SCC) may occur in some conditions. The conditions will initially 
be oxidizing due to the presence of O2 and the presence of oxidants produced by 
radiolysis of groundwater. The extent of general corrosion due to this oxygen 
and due to radiolytic corrosion is expected to be small at 80-90 μm [31]. A re-
quirement for pitting to occur is that the copper surface must be passive, and 
the conditions are required to support the separation of anodes and cathodes 
[32], [33]. Whether or not pitting occurs is a balance between factors that pro-
mote passivation and factors that lead to film breakdown. Based on thermody-
namic data copper sulfide is more stable in sulfide solutions than copper oxide 
and therefore conversion of the pre-existing copper oxide film on the copper 
canister to Cu2S occurs in sulfide solutions [34]: 
 
Cu2O(s) + SH-(aq)  Cu2S(s) + OH-(aq)  
 
Once oxygen in the repository is consumed by general corrosion and anaerobic 
conditions are established, the major concern to the long-term durability of the 
copper canisters is, thus, corrosion by sulfide induced reactions. Corrosion stud-
ies in aqueous solutions containing sulfide ions (SH-) have shown that sulfide 
corrosion is a two-step process where adsorption on copper surface occurs first 
to form the chemisorbed species Cu(SH)ads, which leads to deposition of Cu2S 
on the Cu surface by reaction of the chemisorbed species with Cu and SH- [34]–
[37]: 
 
Cu + SH-  Cu(SH)ads + e- 
 
Cu + Cu(SH)ads + SH-  Cu2S +H2S + e- 
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Hydrogen evolution under anoxic conditions is the viable cathodic reaction: 
 
2SH- + 2e-  H2 + 2S2- 
 
This leads to H2 formation at the Cu2S-electrolyte interface on the conducting 
Cu2S film [34]. Whether or not this reaction can partially shift to copper surface 
at the base of the pores, when porous films are present, is not known, but if so 
the cathodic reaction may lead to hydrogen uptake in the copper metal itself. 

The Cu2S film growth occurs as two distinct layers, with the initially grown 
porous base layer achieving only limited thickness of about 200 nm, while most 
of the film growth occurs as a much thicker, more compact but still porous, outer 
chalcocite (Cu2S) deposit layer [37]. Passivation of the surface does not occur 
due to the porosity of the film. Under stagnant conditions at high SH- contents 
a parabolic growth law is observed with growth controlled mainly by Cu+ 
transport in the film. The high porosity facilitates the transport of Cu+ to the 
film-electrolyte interface. At lower SH- contents a linear growth law is observed 
leading to development of a Cu2S film with a cellular structure. In this case, the 
growth is controlled predominantly by SH- diffusion in the solution in transport 
limited conditions. Thus, at low SH- content, a thin, single-layer, porous, non-
protective film is formed. A dual-layer film forms when the SH- content in-
creases above 5×10-4 M and the SH- flux is high. Thus, a number of electrochem-
ical measurements indicate that formation of a passive barrier layer does not 
occur on the copper surface [34]–[37].  

The unlimited supply of SH- at higher electrode potentials leads to enhanced 
film growth in the form of a thick outer deposit layer, not the re-enforcement of 
the thin base layer. The interfacial reaction between copper and SH- is very fast 
and therefore film thickening leads to SH- depletion at the copper surface. When 
a compacted bentonite buffer is present on the surface of a copper canister in a 
geologic repository, unlimited supply of SH- is unachievable, and passivation of 
the copper canister surface does not occur. Therefore, the probability of pitting 
corrosion is most likely low. Separation of the sulfide layer from the Cu substrate 
confirms that the corroded copper surface is roughened, but not pitted [37]. 
However, the potentiodynamic polarization curves for copper in deaerated sul-
fide and chloride containing solutions indicate that copper is passive in a wide 
potential range and shows passivity breakdown and hysteresis in the current 
upon reversing the potential sweep after breakdown has occurred. Although, 
this is not typical to anaerobic repository conditions, it indicates a clear evidence 
of pitting attack [32]. The reason for these different results on copper passivity 
in deaerated sulfide and chloride containing solutions obtained with different 
types of experiments has to be resolved to make the final judgement of this issue. 

3.3 Sulfide-induced SCC of copper 

Stress corrosion cracking (SCC) of copper in conditions relevant to final reposi-
tory of spent nuclear fuel is considered possible, but not likely to occur [38]. The 
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key agents known to induce SCC of copper (ammonia, acetate, nitrite) are ex-
pected to be present during the aerobic phase, but not in sufficient amounts to 
induce SCC. During the long anaerobic phase, sulfide containing groundwater 
will be transported to the canister surface by diffusion through the saturated 
bentonite, but the corrosion rate will be limited by the mass transportation of 
sulfide ions through the buffer [38].  However, before full saturation of the ben-
tonite buffer, mass transportation of sulfide is less limited, and conditions for 
sulfide producing microbial activity in the buffer material are more favorable.  

Indications of sulfide-induced SCC of copper have been reported at sulfide 
concentration of 0.01M [6], which is higher than typically expected in the re-
pository conditions. However, recent studies of Studsvik [39] have shown that 
cracking can occur at sulfide concentration of 0.001 M, which is one tenth lower 
than the value reported before, but still higher than the highest measured sul-
fide concentration in the Swedish planned site for final repository in Forsmark 
(0.00012 M) [40]. The fact that SCC occurred at sulfide concentrations close to 
the expected Forsmark-values makes studying sulfide-induced SCC of copper in 
reducing, anoxic repository conditions important.  

The mechanism of sulfide-induced SCC of copper in the above-mentioned 
conditions is still unknown. Studies should thus tentatively be directed to mech-
anisms of sulfide film formation in both oxidizing and reducing environments. 
In addition, hydrogen may play a role in sulfide-induced SCC of copper since 
hydrogen is generated in the corrosion reactions and hydrogen absorption in 
copper was observed in several slow strain rate tests (SSRT) in sulfide contain-
ing solution [7]. The SSRT of Cu-OFP in 0.1 M NaCl containing solution with 
varying content of S2- from 0.001 M to 0.00001 M show that SCC can occur at 
sulfide concentration of 0.001 M [7]. The SCC crack is shown in Figure 8. In all 
studied conditions, surface defects, not positively attributed to SCC, were also 
present.  

 

 
Figure 8. Cross-section images of an SCC crack in Cu-OFP. a) SEM image after etch-
ing. b) EBSD image showing the crack propagation along a random grain boundary. 
Twin boundaries are marked in red and local misorientations in shades of green. 
[7] 

Hydrogen content of copper increased from 0.5 wt.ppm to 1.2 wt.ppm during 
the short time SSRT testing of two weeks [7]. This can be compared to the max-
imum allowed hydrogen content of copper in the KBS-3 concept of 0.6 wt.ppm. 
The SCC cracking mechanism of copper in reducing anoxic sulfide environment 
may be related to the hydrogen uptake since no hydrogen uptake occurred in 
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unloaded specimens (results to be published). The implications of SCC occur-
ring in the repository conditions could be severe, so studying sulfide-induced 
SCC of copper in reducing, anoxic repository conditions is of great importance. 

3.4 Hydrogen uptake in copper 

Copper is known to be sensitive to hydrogen when oxide particles are present in 
the material [41]. Hydrogen reacts in high temperatures with the oxide particles 
by forming water vapor, which in turn induces micro-void generation. To avoid 
this kind of hydrogen embrittlement, oxygen-free phosphorous-alloyed copper 
(Cu-OFP) is used for the canisters. However, oxide particles may be present in 
the welds if FSW is performed without shielding gas [5]. This may as well locally 
increase the hydrogen uptake. 

By nature, solubility of hydrogen in the copper lattice is rather low. The solu-
bility increases by temperature and pressure. Thermal hydrogen charging in 

°C) results in oversaturation of the copper lattice by 
hydrogen once the material is rapidly cooled down [42]. After cooling, hydrogen 
does not fit in the lattice anymore and it is not mobile enough to escape from 
the lattice either. Thus, it forms bubbles in the material with tangled disloca-
tions forming around the bubbles as shown in Figure 9, which accommodate the 
deformation [42]. Most of the bubbles are formed on grain boundaries and dis-
locations. 

 

 
Figure 9. Transmission electron microscopy (TEM) image of hydrogen bubbles in 
copper. Tangled dislocations, which accommodate the deformation in the lattice, 
are visible around the bubbles. The bubbles are numbered from 1 to 5. [42] 

For testing purposes, hydrogen may also be introduced in the material by elec-
trolytic hydrogen charging. The absorption depth in Cu-OFP in electrolytic hy-
drogen charging was assessed numerically and experimentally in ref. [43]. Nu-
merically the absorption depth was calculated as 280 μm, but experimentally it 
was measured to be only 50 μm. Bubble formation due to electrolytic hydrogen 
charging was observed near the surface even in the absence of particles; see Fig-
ure 10. This suggests that in electrolytic hydrogen charging the bubbles function 
as hydrogen obstacles, which trap hydrogen in the surface in the molecular 
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form, preventing diffusion deeper into the material [43]. Hydrogen (H+) is re-
combined into hydrogen gas (H2) in the relatively large bubbles in the surface 
layer. Tensile loading during electrolytic hydrogen charging may enable crack-
ing of the grain boundaries [44], which in turn may enable further absorption 
of hydrogen in the material and consecutive fracture. 

 

 

Figure 10. Hydrogen bubbles on the surface of copper after electrolytic hydrogen 
charging. Most bubbles are situated within 50 μm from the surface. [43] 

Hydrogen of high fugacity has been shown to affect the deformation and crack-
ing of copper by lowering the tensile strength, by increasing the creep rate, and 
by enabling cracking of the grain boundaries [44]. Under tensile loading in con-
tinuous electrolytic hydrogen charging voids form preferably along high-angle 
grain boundaries. The enhanced deformation of copper in continuous hydrogen 
charging may be due to hydrogen interactions with dislocations and vacancies 
[45], as is often explained with atomic hydrogen absorbed in a metal lattice [20]. 
By nature, vacancies in copper do not combine into di-vacancies, preventing the 
formation of vacancy clusters and voids. However, according to a recent simu-
lation study, hydrogen lowers di-vacancy formation energy and stabilizes the 
neighboring vacancies [46] and multi-hydrogen trapping over the available oc-
tahedral sites around the vacancy may enable vacancy cluster formation (see 
Figure 11). 

 
Figure 11. Hydrogen (H) in copper lattice prefers the octahedral site (O) and binds 
vacancies (V). [46] 
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Hydrogen effects on deformation of single crystal copper was further studied in 
ref. [45]. Single crystal copper was tensile tested after electrolytic hydrogen 
charging and the formation of slip bands was observed. Observations were made 
by optical microscopy, atomic force microscopy (AFM), and positron annihila-
tion spectroscopy (PAS). Diffused hydrogen in copper was found to activate 
more slip planes in comparison to hydrogen-free material, which results in 
denser spacing of slip lines as shown in Figure 12. At the same time, flow stress 
in the initial stage of plastic deformation was increased, most likely due to in-
creased dislocation interactions with hydrogen. PAS measurements of free-vol-
ume generation showed that vacancy complex formation during deformation is 
indeed enhanced by hydrogen. Finally, a hydrogen enhanced deformation 
mechanism, which includes vacancy cluster formation due to dislocation dipole 
interactions, was proposed [45]. The enhanced slip plane activation by hydro-
gen may as well play a role in deformation of polycrystalline copper. 

 

 
Figure 12. AFM images of dislocation slip bands on the surface of a) hydrogen-free 
and b) hydrogen-charged single crystal copper. The total elevation caused by the slip 
offsets is larger in H-charged copper than in H-free copper (0.32 μm vs 0.54 μm). 
[45] 

3.5 Hydrogen uptake and embrittlement of cast iron 

While the mechanical properties of ductile cast iron are adequate for the design 
case, some questions remain in hydrogen effects on the mechanical properties 
of the cast iron insert. Up to this date, only a few studies exist on hydrogen ef-
fects on mechanical properties of ductile cast iron. Ductility loss of ferritic-
pearlitic nodular cast iron has been reported in refs. [47], [48]. Hydrogen was 
found to enhance brittle fracture of pearlite and the graphite interfaces, there-
fore lowering the fraction of ductile fracture. It has been suggested that graphite 
nodules may function as local hydrogen providers in the fracture process, sup-
plying hydrogen to the crack tip [48].  

A study on hydrogen distribution in ferritic-pearlitic nodular cast iron sug-
gests that hydrogen is more tightly bound to the graphite nodules than to the 
graphite-ferrite interfaces and pearlite [49]. According to the study, most of the 
hydrogen is located on the graphite and pearlite interfaces, but the graphite 
nodules also contain significantly diffused hydrogen. The release of hydrogen in 
thermal desorption was studied by secondary ion mass spectrometry (SIMS) 
[49]. It suggests that the hydrogen in ferrite, on the graphite and pearlite inter-
faces, and pearlite is released at temperatures below 300°C (573 K), whereas 
hydrogen in the graphite nodules is released at 300-500°C (573-773 K). A large 
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peak is observed at about 200°C (473 K) and a smaller one at about 430°C (703 
K) as shown in Figure 13.  

It is worth to note that the mechanical behavior of cast iron is different under 
tensile and compressive loading, the yield stress in compressive loading being 
up to 7 % larger than in tension [50]. Thus, studies should be conducted on me-
chanical properties and fracture of ductile nodular cast iron in tension, as well 
as in compression in the presence of hydrogen. 

 

 
Figure 13. Schematic diagram of hydrogen thermal desorption peaks of nodular cast 
iron and the corresponding desorption sites. [49] 

3.6 Radiation-induced embrittlement of cast iron 

Radiation-induced embrittlement of nuclear reactor vessel steels due to copper 
precipitation is a well-known phenomenon. Similar embrittlement may also oc-
cur in the cast iron insert of the spent nuclear fuel disposal canisters depending 
on the copper content, temperature, and irradiation dose [51]. The hardening of 
the material and consequent embrittlement is caused by copper precipitation in 
the ferritic matrix due to radiation-induced vacancy formation, which in turn 
increases diffusion of copper in the ferrite lattice. As a result the yield strength 
and ductile-to-brittle transition temperature are increased.  

The possibility of radiation-induced embrittlement of cast iron is mostly de-
pendent on the copper content of the cast iron and diffusion of copper in the 
conditions relevant for the disposal of spent nuclear fuel. Calculations for 0.12 % 
copper containing ferritic steel at 150°C predict that a dense copper cluster dis-
tribution is formed within the first 300 years of disposal [52]. This results in 40 
MPa increase in shear stress required to move dislocations. The maximum in-
crease occurs during the first 50 years of disposal and then gradually decreases 
as the precipitates grow in size and the density of the precipitates decreases. 
However, there are large uncertainties in the predictions due to uncertainties in 
predicting the diffusion coefficient of copper in the relevant conditions. Accord-
ing to the same study, phosphorous segregation to grain boundaries may also 
form a risk of embrittlement [52]. To avoid radiation embrittlement, a require-
ment of <0.05 wt.-% of copper in the cast iron insert has been imposed [12].  
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3.7 Dynamic and static strain aging of cast iron 

During the first 1000 years of disposal, the decay heat of the spent nuclear fuel 
may enable both static and dynamic strain aging (so-called blue brittleness) of 
the cast iron insert. If the embrittlement occurs after deformation, it is called 
static strain aging and if it occurs at the same time as deformation, it is called 
dynamic strain aging. Strain aging is a hardening and embrittlement mecha-
nism that takes place in carbon steels and cast iron under specific combinations 
of plastic strain and temperature conditions within roughly the temperature 
range of 50–250°C. The specific free-carbon and nitrogen content is decisive for 
the embrittlement mechanism to occur. It is thought, that carbon and nitrogen 
atoms diffuse and collect around dislocations as so called Cottrell atmospheres 
and at the grain boundaries, causing the phenomenon [53].  

The matrix in ductile cast iron, where plasticity takes place, is ferritic. How-
ever, ductile cast iron has no sharp yield point [50], [54] as low-carbon steels 
have. The reason for this may be that plastic flow of the graphite nodules begins 
on a continuous basis under the proof stress, even if dynamic strain aging of cast 
iron is qualitatively similar to that of standard structural steel. Strain aging has 
not been studied extensively enough to understand how strain aging may influ-
ence the ductility and toughness of the cast iron insert in the repository condi-
tions.  
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4. Scope of the thesis 

The scope of this thesis is to: 
 Improve the understanding of DIC data precision and accuracy in the 

context of detecting localized deformations in copper canister welds. 
 Develop methods for patterning the copper specimens to improve the 

DIC data and to enable measurement of large deformations in copper. 
 Develop methods for characterizing localized deformations. 
 Perform a comparative study of localization of plastic deformation in 

copper canister welds. 
 Study the effects of hydrogen on deformation of the copper canister 

welds. 
 Study the effects of hydrogen on deformation of the cast iron insert. 
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5. Experimental 

5.1 Materials 

5.1.1 Copper shell [papers I,II, III] 

The primary purpose of the copper shell is to perform as a ductile corrosion bar-
rier to prevent the escape of radioactive substances from the canister. The re-
quirement for elongation to fracture is at least 40 % nominal strain [3]. The ma-
terial is electrolytically refined oxygen-free phosphorous-alloyed copper (Cu-
OFP). Table 1 shows the specification and two composition measurements from 
ref. [5]. The same material was studied in this thesis, and it is expected that the 
compositions are within the specifications as the manufacturer performs com-
position measurements before welding of the canisters. Two FSW welds, one 
welded without shielding gas and one with shielding gas, were studied. The 
welds are referred to as FSWL69 (old weld without shielding gas) and FSWL109 
(new weld with shielding gas) according to the SKB designation of the welds. In 
addition, paper [I] contains results for electron beam welded (EBW) copper. 

 
Table 1. Specification and measured chemical composition of Cu-OFP in wt.ppm. 
The bulk of Cu is expressed in wt.-%. [5] 

 
Cu Ag As Bi Cd Fe H Hg Mn Ni O P Pb 

Spec. 

min. 
99.99 <25 <5 <1 <1 < 

10 
< 

0.6 <1 < 
0.5 

< 
10 <5 

30-70 
<5 

wt.-% ppm 

Mea-
sured 

min. 
99.992 
wt.-% 

13.9 0.92 0.13 <0.003 0.6 0.5 <0.5 <0.1 0.6 1.8 
51 

0.26 
ppm 

min. 
99.992 
wt.-% 

14.1 0.98 0.14 <0.003 0.7 0.3 <0.5 <0.1 0.8 1.5 
49 

0.27 
ppm 

 S Sb Se Sn Te Zn 

Spec. <8 <4 <3 <2 <2 <1 

Mea-
sured 

5.0 0.06 0.1 0.06 0.08 < 
0.1 

5.2 0.07 <0.1 0.06 0.07 < 
0.1 
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5.1.2 Cast iron insert [paper IV] 

The primary purpose of the cast iron insert is to provide the principal mechani-
cal strength against external loads. The loads are mostly compressive, but ten-
sile stresses may be introduced by uneven bentonite swelling or rock displace-
ment. The requirement for nominal yield strength and tensile strength are >240 
MPa and >370 MPa, respectively. The insert material is similar to grade EN-
GJS-400-15U nodular cast iron with additional requirement on copper content 
to avoid radiation embrittlement [12]. The openings in the insert for fuel ele-
ments are formed by placing S355 square-section tubes in place before casting. 
The specification and measured composition of insert I73, which was used as 
the material for the specimens in this thesis, is shown in Table 2. Test material 
was cut near a channel tube, indicated by A, and near the outside surface of the 
casting, indicated by B, when discussing the results. 
 
Table 2. Specification and measured chemical composition of cast iron insert I73 
in wt.-%. 

  Fe C Si Mn S P Ni Cu Mg 

Spec. bulk <4.5 <6 - - - - <0.05 - 

I73 bulk 3.48 2.48 0.22 0.004 0.01 0.04 0.02 0.04 

5.2 Methods 

5.2.1 Optical microscopy [paper II] 

The copper FSW welds were studied with optical microscopy. Prior to the optical 
observations, the cross-sections were wet ground and polished with diamond 
pastes down to 1 μm, and followed by etching in FeCl3+HCl solution to reveal 
the microstructure. Several optical macrographs were taken to cover the whole 
area of the welds. The images were then combined in Photoshop by the pho-
tomerge tool to create a single image. This introduces some distortions in the 
dimensions of the weld macrograph, but it is assumed that these errors are neg-
ligible.  

5.2.2 Scanning electron microscopy [papers II,IV] 

Scanning electron microscopy (SEM) was performed with two different SEMs, 
the first one being a Zeiss Ultra 55 field emission gun SEM (FEG SEM), 
equipped with a Bruker axs xFlash 1106 EDS (energy-dispersive spectrometry) 
detector and an HKL Nordlys II EBSD (electron backscatter diffraction) detec-
tor, and the second one being a Zeiss Merlin VP Compact FEG SEM, equipped 
with a Bruker xFlash 6|30 EDS detector and a Bruker e-Flash EBSD detector. 
Fracture surface imaging and microstructural observations were performed us-
ing both the SEMs for the cast iron in paper [IV], and EBSD analysis was per-
formed using only the firstly mentioned SEM for the copper welds in paper [II]. 
Only a minor fraction of the studies conducted with SEM analysis in the project 
are presented in the papers (and this thesis). 
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Sample preparation for EBSD of copper specimens included wet grinding with 
800, 1200, 2500 and 4000 grit silicon carbide (SiC) papers, polishing with 3 
μm, 1 μm, and ¼ μm diamond pastes, and finishing the surface with vibratory 
polishing in colloidal silica with a Bruker VibroMet II vibratory polisher  for 
usually at least 48 h. This ensured sufficiently little deformation on the speci-
men surface.  

The EBSD maps were measured from the FSW welds utilizing a 1 μm step size 
and 200× magnification. The size of the maps was then 1.856×1.367 mm. The 
grain size in each EBSD map was calculated as weighted average according to 
area of each grain. In addition, the geometrically necessary dislocation density 
was evaluated from the EBSD data in MTEX version 5.1.1 by the method of ref. 
[55]. The evaluation gives a lower bound on the energy weighted dislocation 
density. The actual dislocation density is most likely higher since z-direction of 
the geometry is not included in the EBSD data (it is only approximated by the 
method), and some dislocations may form dipoles, which do not affect the ge-
ometry of the crystal significantly. 

5.2.3 Hardness measurements of copper FSW welds [paper II] 

Microhardness of the copper FSW welds was characterized with an automated 
CSM Instruments microhardness tester by using 4.903 N load (HV 0.5/500 gf), 
9.807 N/min loading rate, and 10 s dwell time. The samples were cut with EDM 
and prepared with conventional wet grinding down to 4000 grit SiC paper and 
diamond paste polishing down to 1 μm to remove deformation from the surface. 
Arrays of 33×24 measurement points were taken over the welds with spacing of 
2 mm, which equals to an area of 64×46 mm. The instrumented Vickers hard-
ness (HVIT) was determined automatically from the load-displacement curves 
by using the Oliver-Pharr method [56]. The HVIT values and location of the 
measurement points were then imported to Matlab for data visualization. The 
hardness maps were smoothed by median filtering over 3×3 measurement 
points and by interpolating between the median-filtered data points. 

5.2.4 Hydrogen charging and TDS [paper II] 

The two studied copper canister FSW welds were thermally hydrogen charged 
at 250°C, 100 MPa, for 10 days at Kyushu University. After charging they were 
stored in liquid nitrogen. The main difference between the two welds is the uti-
lization of shielding gas during welding, which results in different level of oxi-
dation and oxide particles in the welds, as well as differences in hydrogen uptake 
of the welds. The specimens for thermal desorption spectroscopy (TDS) were 
cut near the outside surface of the canister to study hydrogen trapping in differ-
ent weld zones. In addition, the hydrogen charged FSW welds were tensile 
tested in combination with DIC to study the effect of trapped hydrogen on strain 
localization.  

Hydrogen content measurements were performed by thermal desorption 
spectroscopy (TDS). A typical size of the TDS specimens was 0.9×3.8×10-15 
mm. Before measurements, the TDS specimens were mechanically polished 
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down to 1200 grit SiC paper, weighed, washed in acetone in an ultrasonic bath, 
and dried under flow of pure helium gas. Similar TDS measurements were per-
formed for the cast iron after electrolytic hydrogen charging in paper [IV]. 

The TDS apparatus, designed at Aalto University, is based on the mass-spec-
trometry measurement of hydrogen desorption from the specimen in ultra-high 
vacuum (UHV) chamber under constant heating rate. With vacuum better than 
5×10-9 mbar, the apparatus allows the measurement of small quantities of hy-
drogen in metals down to 0.1 at.ppm. In addition, by changing the heating rate 
in the range of 1-10 K/min, the TDS apparatus allows an activation analysis of 
hydrogen thermal desorption, providing the activation energy of the different 
trapping sites of hydrogen in the studied material. The temperature range of the 
TDS measurement covers room temperature to 1200°C. 

5.2.5 Tensile testing with electrolytic H-charging [paper IV] 

Hydrogen embrittlement of cast iron was studied with a controlled environmen-
tal cell which enables tensile testing during in-situ electrolytic hydrogen charg-
ing. The tests were performed at room temperature in 1M H2SO4 solution under 
controlled cathodic potential. Thiourea (CH4SN2) was added in the solution to 
reduce hydrogen molecule (H2) formation and to enhance atomic hydrogen (H+) 
entering the metal. The voltage between the reference electrode and the sample 
was controlled with a potentiostat at -950 mV. This results in hydrogen genera-
tion at the specimen surface. Some of the hydrogen enters the material (H+) 
while some of it is combined into hydrogen gas (H2).  

Two different types of tensile tests were performed; constant extension rate 
tests (CERT) and constant load tests (CLT). Strain rate for the CERT was 10-4 
1/s. The CLTs were performed with 800 N load, which corresponds to 160 MPa 
nominal stress with the specimen cross-section of 1.0×5.0 mm. The gauge 
length of the specimens was 20 mm. The tests were performed in air, distilled 
water, and under continuous hydrogen charging. Number of specimens tested 
in each condition is shown in Table 3. 

 
Table 3. Number of cast iron tensile specimens tested in different conditions. 

Test type:  CERT CLT  
Cast iron: A B A B 

Air 2 1 2 1 

Water 5 - 3 - 

Hydrogen 3 1 2 5 

 
An immersed strain measurement device was designed to enable measurement 
of displacements from inside the cell. Figure 14 shows the design of the device 
and a picture of the charging cell in operation. The displacement measurement 
device consists of two clamps, which clamp over the narrow section of the tensile 
specimen (with gauge length of 38 mm) and a rod-tube mechanism to transfer 
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the displacement of the clamps to bars located outside of the cell. The displace-
ment is measured with two Heidenhain ST1288 sensors attached on the bars on 
both sides of the cell with 1 μm accuracy. The aggressive corrosive environment 
in the cell had to be taken into consideration in the material selection. A suitable 
material for the clamps and clamp screws was found to be nylon. The rods and 
lower part of the tubes were made of alumina and the upper tubes, which are 
not in contact with the solution, from austenitic stainless steel. Maritime alumi-
num alloy was found adequate for the bars located outside the cell. 

 

 
Figure 14. a) Displacement measurement device for measuring displacements from 
inside the hydrogen charging cell. b) The cell in operation. [adapted from IV] 

5.2.6 Tensile testing of copper welds  with DIC [papers I,II,III] 

Localization of plastic deformation in the copper welds was studied in the mac-
roscopic scale by tensile testing combined with optical displacement measure-
ment through digital image correlation (DIC). Specimens were cut from full-size 
welding trial canisters and additionally prepared defective electron beam welds. 
Two tensile specimen geometries were used during the course of the studies 
with gauge section dimensions of 25×3.5×40 mm for the first set of tests and 
30×3.0×53.6 mm for the second set of tests. The tensile specimens were cut with 
electro-discharge machining (EDM) to minimize unwanted deformation on the 
specimen surfaces. 

Tensile testing was performed at room temperature with a Zwick/Roell Z020 
screw driven tensile testing machine, which has a maximum load capacity of 20 
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kN. The selected cross-section sizes resulted in maximum force close to the max-
imum load capacity of the tensile testing machine. Several constant extension 
rates were used: 0.024 mm/min and 0.001 mm/min for the gauge length of 40 
mm, which corresponds to strain rates of 10-5 1/s and 4.17×10-7 1/s, and 0.001 
mm/min and 1 mm/min for the gauge length of 53.6 mm, which corresponds to 
strain rates of 3.1×10-7 1/s and 3.1×10-4 1/s. The tensile tests for the copper welds 
lasted from half an hour to up-to three weeks depending on the extension rate, 
weld type, and specimen size. The strain rates in real repository conditions are 
expected to be much lower than this, still. 

The test set-up is shown in Figure 15. Lighting conditions were improved by 
utilizing indirect diffuse lighting [III], which minimized reflections from the 
copper surface. A spot light was placed behind the specimen and the light was 
reflected from two curved curtains made of projector screen canvas, located in 
front of the specimen. Observations were done from an opening between the 
curtains.  

 

 
Figure 15. Test set-up with indirect diffuse lighting. 

5.2.7 Digital image correlation (DIC) [papers I,II,III] 

Techniques using pattern matching in digital images, commonly referred to as 
digital image correlation (DIC), are widely used for measuring shape, motion 
and deformation of objects [57]. The major benefit of DIC is that it is not limited 
to point measurements like strain gauges are, or average measurements like ex-
tensometers are, but it enables full-field measurements from the whole surface 
of interest. Therefore, DIC is suitable for measuring localized deformations, 
whereas a standard tensile test does not give accurate information on localized 
deformations, unless measurements of the dimensions of the strain localization 
zone are repeatedly conducted.  

The local strains are calculated from the full-field displacement data given by 
the DIC process. The DIC process tracks the displacement of features in a series 
of digital images by forming a vector grid “  the initial image and by 
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taking a small section of the image at each grid point. This section is often called 
a subset and the grid spacing is often called the step size. A rough guide line for 
speckle patterns is that a subset should contain 3-5 features of the pattern (in x- 
and y-directions) and the diameter of each feature should be 3-5 pixels in the 
image [58].  

Figure 16 illustrates a typical speckle pattern and the overlap of subsets in a 
vector grid. Only four subsets are shown, but in reality each grid point contains 
a subset. The spacing between the grid points is defined by the step size. The 
subsets should always overlap so that all the image information is used. On the 
other hand, if the subsets overlap by most of their area, the same image content 
is used for several measurement points. Typically this does not improve the spa-
tial resolution of the measurement, but it does provide a smoother representa-
tion of the local displacement gradient. The displacement precision and spatial 
resolution of the measurement are affected by the measurement conditions, as 
well as by computational factors. Optimizing the measurement conditions is 
more important since the computations can be performed as many times as 
wanted. Thus, care should be taken when selecting the surface pattern, pattern-
ing method, and when setting up the measurement (for example the lighting 
conditions and camera locations). Detailed guidelines may be found in ref. [58]. 

 

 
Figure 16. Overlap of subsets in a grid. The pattern is a good quality random speckle 
pattern, but still there is great variation in speckle size.  

A commercial LaVision DaVis DIC software was used for the digital image cor-
relation in this thesis. The displacement data given by the software was im-
ported into Matlab for further analysis and visualization. The local engineering 
strains were calculated in Matlab by using central finite differences. The magni-
tude of the local strains depends on the grid spacing, but the strains converge 
into a maxima when the spacing is small enough in comparison to the extent of 
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real deformations. This should be taken into consideration when comparing dif-
ferent measurements, since different calculation settings may give different 
peak strains in the final strain localization zone.  

The displacement data from near the edges of the specimen were omitted to 
avoid erroneous strains from edge effects. No out-of-plane compensation was 
performed, which results in small errors when necking of the specimen occurs. 
Since the plastic strains in these experiments are on the order of 50%, this error 
is acceptable. The estimated error in these tests is 0.05 % maximum apparent 
strain from out-of-plane component of the displacement field at final fracture 
zone. 

Since the trade-off between displacement precision and spatial resolution in 
DIC measurements is especially relevant when studying localized deformations, 
the subset size was systematically varied from 13 to 55 pixels in a logarithmic 
series [in paper III], roughly doubling the number of pixels per subset at each 
step in the series. This was for the purpose of quantifying the trade-off and for 
testing the method for extraction of spatial resolution of the measurement. 
Gaussian weighted round subsets were used instead of square subsets, which 
affects the characteristics of the spatial resolution of the measurement. The cal-
culation settings are shown in Table 4.  
 

Table 4. Calculation settings in LaVision DaVis. 

Subset size 13, 19, 27, 37, 55 pixels 

Step size 5 pixels 

Correlation method 
Sum-of-differential (except when otherwise stated in 

[III]) 

Minimum number of valid pixels 50 % 

Pyramid levels 1 

Maximum iterations 20 

Epsilon 0.001 

Threshold for correlation value 0.1 

Threshold for confidence margin 0.1 pixel 

Subset shape Gaussian weighted round subsets 

High accuracy interpolation on 

Outlier and smoothing filters off (except when otherwise stated in [III]) 

Fit function affine [I,III] or 2nd order [II] 
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5.2.8 Patterning of copper for DIC [paper III] 

Quantitative error analysis shows that the measurement error of DIC depends 
critically on the intensity gradients in the image [59]–[62]. Therefore, obtaining 
satisfactory results with DIC often requires a sample preparation procedure to 
enhance the image texture of the sample. Various methods for generating suit-
able textures have been reported in detail [63]–[65]. At macroscopic length 
scales, a suitable texture can often be achieved by spraying paint speckles onto 
the object or by applying a given reproducible pattern with a suitable method, 
such as adhesive foils. When deformation is measured, the pattern has to de-
form with the surface of the object in order to give reliable information from the 
real deformations. Therefore, the pattern has to be well attached to the surface 
of the specimen. With large strains paint or adhesive foil can detach from the 
surface or deform differently from the underlying material resulting in unrelia-
ble DIC data.  

Copper is a ductile material which leads to large strains in tensile testing.  
Therefore, using paint or adhesive foils was found problematic since the foil 
would often detach and deform differently from the underlying material. To 
overcome this problem, a new patterning method was developed by using black 
copper oxide as the patterning medium [III]. The copper oxide adheres to the 
surface well and deforms reliably with the specimen surface. This enables meas-
urement of large scale deformations in copper specimens.  

The pattern bitmap was generated by specifying the spatial frequency content, 
with randomized phase, and by calculating the inverse Fourier transformation 
as described in ref. [66]. The specified frequency content is directly related to 
the desired size of the pattern features, which was optimized by taking into con-
sideration the imaging area of the specimen throughout the deformation. In 
other words, the camera had to be at a right distance from the specimen in order 
to see the whole specimen after deformation with the lens that was used. The 
resolution of the camera and lens system was evaluated at this set distance and 
taken into consideration during pattern generation so that the physical feature 
size of the pattern appeared as roughly 3 pixels in diameter in the image. Ac-
cording to iDICs’s Good Practice guide for DIC, a speckle pattern feature should 
appear as 3-5 pixels in diameter on the CCD of the camera [58]. This is to min-
imize aliasing from smaller features (<3 pixels), adding up as noise, and local 
loss of spatial resolution from larger features (>5 pixels). The speckle pattern 
shown in Figure 16 is of good quality, but still there is a great variation in speckle 
size. The optimized pattern [66] solves the problem of aliasing and loss of spatial 
resolution by introducing evenly spaced features with varying shape that are all 
within the desired size range. 

Before patterning, the EDM cut surface of the tensile specimens was polished 
with wet grinding and diamond paste polishing down to 1 μm to allow an evenly 
thick copper oxide layer to be formed. An opaque layer of black copper(II)oxide 
(CuO) was formed by treatment in 100 g/l, 50/50 mixture of sodium hydroxide 
(NaOH) and sodium chlorite (NaClO2) at 85oC for about 10 min. AZ5214E pho-
toresist was then spin-coated on top of the copper oxide layer. The specimen 
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was heavy and had an elongated shape, so it had to be well attached to the spin-
ner. Maximum spin rate was close to 800 RPM and the resist thickness was 
about 4 μm. 

The photomask for pattern exposure was created with a Microtech LW405 la-
ser writer using bitmap-patterning mode. The pattern was inscribed with the 
laser writer on a soda-lime glass plate with a thin chromium layer. The pattern 
of the photomask was transferred to the photoresist by placing the photomask 
directly on top of the copper specimen, onto which the photoresist was previ-
ously spin-coated. The pattern was exposed with UV light from a mercury lamp 
in a mask aligner. Since the glass mask was considerably wider than the copper 
specimen, the pressure of the mask aligner could not be used, because it would 
have risked cracking the glass mask. This method introduces a slight loss in op-
tical resolution, but given the size of the features (>150 μm), the loss is irrele-
vant. After exposure, the photoresist was developed in AZ351B solution; a 
NaOH-based developer, and finally the cupric oxide was patterned by etching 
in 2% HCl solution for a couple of minutes. The remaining photomask was 
rinsed away with acetone. 

The simplest pattering solution, on the other hand, is to use electro-discharge 
machined (EDM) surface directly as a natural pattern. Reflections from the 
roughness of the surface provide somewhat consistent features so that the sum-
of-differential correlation method works, but the noise level of the data becomes 
rather high. In comparison to that, an optimized pattern improves the precision 
of the measurements considerably by providing easily trackable features with 
consistent size and spacing. The copper oxide pattern is shown in Figure 17 to-
gether with a comparison to the EDM cut surface. 

5.2.9 Simplified method for patterning of copper [paper II] 

The copper oxide patterning method was further developed and simplified by 
removing the initial oxidation step, which also made the final etching step re-
dundant. In the simplified method, the photoresist was directly applied on the 
wet ground copper surface. After that, the photoresist was exposed by using the 
glass mask and UV light, similar to the first method. At this stage, it was found 
beneficial to apply water between the specimen surface and the glass mask to 
fill in any air gaps. This improves the exposure of the photoresist considerably. 
The oxidation of the pattern was performed with the aid of the photoresist mask 
instead of etching a pre-oxidized surface. In this instance, the oxidation of the 
copper surface was done in liver-of-sulfur (K2SO4) solution, which does not re-
quire heating of the solution as the first method does. However, the oxidation 
reaction is not as strong as with the sodium hydroxide-sodium chlorite solution, 
and thus agitation of the solution near the specimen surface with a pipette is 
recommended. The simplified process eliminates several steps of the first 
method, thereby making the process faster and possible to perform in a stand-
ard laboratory environment. However, the first method provides sharper fea-
tures of the copper oxide pattern because of the better oxidation of the copper 
surface and etching of the pattern on the pre-oxidized surface. 
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The simplified recipe for patterning of copper specimens for DIC purposes is 
described as follows: 

 Wet grind the EDM cut surface with SiC papers down to at least 2000 
grit. 

 Apply the photoresist (in this instance MicroSpray Positive [67] was 
used). 

 Spin the specimen for about 4 min to provide an evenly thick layer of 
photoresist (in this instance 500 rpm was used). 

 Cure the photoresist with hair dryer for about 2 min. 
 (Optional: remove any high spots of the photoresist on the edges of the 

specimen with a soft cotton rag and acetone). 
 Place the glass mask directly on top of the specimen, apply water be-

tween the glass mask and the specimen surface to fill in any air gaps. 
 Expose the photoresist by UV light for 7-8 min. 
 Develop the photoresist for about 1-2 min. 
 Oxidize the pattern for about 1-2 min. Agitate the solution near the 

surface of the specimen with a pipette to improve the oxidation. 
 Remove the remaining photoresist by acetone. 

 

 
Figure 17. a) EDM cut surface. b and c) The copper oxide pattern. 
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6. DIC data analysis and visualization 

6.1 Visualization of the DIC data [papers I,II] 

6.1.1 Strain maps and profiles  

Strain maps and profiles were created in Matlab based on the calculated local 
strain data. The color scheme of the strain maps [68] maintains a monotonically 
increasing perception of intensity, and when converted to black and white, 
maintains greyscale values with monotonically increasing brightness, whereas 
the hue variations visualize small differences in the strain field. The strain pro-
files show the accumulation of strain in time or at specific point in time. Figure 
18 shows an example of both the strain maps and strain profiles. In the strain 
profiles, cumulative strains are plotted on the vertical axis and test time and 
position along the gauge length of the tensile specimen (y-position in the strain 
maps) are plotted on the horizontal axes. Additional information is provided 
with the use of color to indicate the position across the width of the specimen 
(x-position in the strain maps), while overlaying multiple plots of vertical strain 
profiles for each point in time. Thus, if strain localizes along a slanted band in 
the specimen, the differently colored plots will exhibit maxima at different y-
coordinates as shown in Figure 18b. Each strain profile remains flat as long as 
strain is distributed evenly along the whole gauge length and a bump appears 
when strains begin to localize. Note: both the x- and y-positions in the profiles 
refer to initial positions of the grid points in the first image and therefore the 
positions in the maps and profiles do not match after deformation has occurred. 
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Figure 18. Compilation of strain profiles and a strain map for Cu specimen FSW-P-
D from paper [III]. a) Strain profile for point of time 20h 25min without strain lo-
calization. b) Strain profile before the final fracture. c) Cumulative strains for the 
whole duration of the test. d) Strain map before the final fracture. 

6.1.2 Local strain rates and Gini coefficients [papers I,II] 

Local strain rates and Gini coefficients were calculated to characterize the onset 
and rate of strain localization. Local strain rates were used instead of cumulative 
strains or incremental displacements for detection of strain localization, since 
strain rate is by definition a measure of rate of change, and assuming that the 
time step between the images is sufficiently small, the strain rate values are not 
affected by the increment of the images.  Local strain rates were calculated from 
the displacement data in vertical direction at each grid point. The strain rate 
data was then further refined by calculating Gini coefficients to extract a single 
value for the extent of strain localization along a line extending from top to bot-
tom of the gauge length in different x-coordinates across the tensile specimen 
at each point in time. The Gini coefficient indicates the mean of difference be-
tween every possible pair of data points at a given time, divided by the mean size 
[69]: 
 =     (5) 

, where xi and xj = data points 
n = number of data points  

 
Examples of the local strain rates and Gini coefficients are shown in Figure 19. 
The Gini coefficient is plotted versus the engineering strain of the whole gauge 
length of the tensile specimen to show distribution of strain for the duration of 
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the tensile test. Measuring the slope and onset of the Gini coefficient may be 
used to quantify the beginning and rate of strain localization.  

Gini coefficient is commonly used as a measure of inequality within a nation’s 
income distribution [70]. While it is not an established method for evaluation 
of strain localization, it was found to reliably react to variations in strain, and as 
a global measure of the whole distribution, it is not susceptible to outliers in the 
data. It can be interpreted as an indication of how evenly strain is distributed on 
the gauge section of a tensile specimen. The Gini coefficient becomes zero when 
incremental deformation is perfectly evenly distributed over the whole gauge 
length and theoretically it should reach the value of one, when deformation is 
entirely localized between two grid points and no further deformation occurs 
outside of this section. In practice, the value of one is never reached because the 
grid spacing is smaller than the spatial resolution of the displacement measure-
ment and the value of zero is never reached because of noise in the data.  

 

 
Figure 19. a) Strain rate profiles. b) Gini coefficients calculated from the local strain 
rate data. 

6.1.3 Local stress-strain curves [papers I,II] 

-strain curves were calculated by combining the force data of 
the tensile testing machine and the DIC data under the assumption that stress 
remains uniform across each cross-section of the specimen. The stress state was 
calculated according to equation (6) with area reduction of each cross-section 
calculated from the y-component of local strain measured by DIC by assuming 
that the volume of each section remains constant. Simultaneously, the local 
strains were converted from engineering strains to true strains. The mean strain 
across each cross-section was then taken as the local value for strain. An exam-

-strain curves is shown in Figure 20. Note that the 
assumption of uniform stress across each cross-section is only an approxima-
tion, and not even a very good approximation in some parts of the specimen, 
especially when strain localization occurs. Better estimates of the local stress 
state may be obtained by a data-driven method such as presented in ref. [71], 
but the application of such method is not currently viable for large plastic strains 
such as in these tests. 
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=  ( )    (6) 

 
, where Ft = force (at specific point in time) 

A0 = original cross-sectional area 
t = local average strain in vertical direction (at specific point in 

time) 

 
Figure 20. Local “true” stress-strain curves for copper canister FSW weld. Y indi-
cates the position along the gauge length of the tensile specimen. 

6.2 Subset tracking of a DIC measurement 

In addition to quantifying the trade-off between spatial resolution and noise in 
the measurement, subset tracking of a given subset was performed to visually 
check the DIC process in selected images, including effects of sample roughness 
and lighting conditions. The tracking utilizes the displacement field data to de-
form an outline of the chosen subset and displays the deformed outline overlaid 
on the corresponding original images. 

6.3 Quantifying the DIC precision and accuracy [paper III] 

In addition to methods for patterning objects for the purpose of DIC measure-
ments, methods for characterizing the resulting patterns [72]–[75], and for 
choosing the analysis parameters in function of the characteristics of the pattern 
[76], [77] or in function of the strain field [78] have been proposed. However, 
some questions remain in guaranteeing the precision of DIC measurements in 
terms of spatial resolution, accuracy, precision, sensitivity, and robustness of 
the measurement. It is well established, that there is a trade-off between spatial 
resolution and precision, which governs the choice of subset size when analyzing 
DIC measurements and which is affected by the quality of the pattern [72], [73]. 

Data quality was assessed by calculating statistics for a part of the displace-
ment field data that could be reasonably approximated as having uniform strain. 
Since the strain field was not perfectly uniform, the underlying trend was ap-
proximated by local regression smoothing (Lowess smoothing) over an area 
much larger than the subset size (>10×), and subtracted from the calculated 
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strain field. A typical result of this procedure is shown in Figure 21a. The re-
maining strain field thus can be considered as the noise in the DIC strain meas-
urement and its standard deviation quantifies the strain noise level, or in other 
words the strain detection limit for the given experiment conditions and DIC 
calculation settings. Quantifying the spatial resolution is not as straightforward. 

There is clearly an intrinsic length scale to the noise in the DIC strain meas-
urement obtained by the above procedure. The length scale varies with the sub-
set size in the calculations, which is an indication of the length scale being de-
pendent on the spatial resolution of the measurement. Thus, in the absence of 
an imposed displacement field with known variations in strain or displacement, 
the inverse autocorrelation length of the noise in the measurement was calcu-
lated to obtain a length scale characterizing the spatial resolution of the meas-
urement. If the point spread function for the displacement field is a two-dimen-
sional Gaussian function, with characteristic width a horizontally and b verti-
cally, the expected point spread function for the vertical component of the strain 
field calculated from this displacement field is: 

 = 1 ( )
   (7) 

 
, where z = autocorrelation value 
 x = horizontal point shift  
 y = vertical point shift 

a = horizontal point spread coefficient 
 b = vertical point spread coefficient 

 
with z being a dimensionless number between -1 and +1, and grid points as the 
unit of measurement for x, y, a, and b in Lagrangian coordinates. 

 
This theoretical function shape corresponds well to what is observed for the au-
tocorrelation calculated from the noise in the DIC strain measurement, as 
shown in Figure 21b. The two-parameter fit using equation (7) gives the least-
squares fit coefficient b for vertical point spread. This value was multiplied by 
the grid spacing (in pixels) and corrected for the average strain at the specific 
point in time, to obtain a length characterizing the spatial resolution of the DIC 
measurement in the vertical direction. 
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Figure 21.a) Filtered noise in a section of the strain map. b) Autocorrelation peak of 
the noise field. The colored surface is the fitted two-dimensional Gaussian function 
and the points are the autocorrelation data. [III] 

The trade-off between precision and spatial resolution of a DIC measurement 
may be quantified by the combination of strain noise amplitude and autocorre-
lation length of the noise, extracted by the above method. The method may be 
used to evaluate and compare quantitatively the effect of different test condi-
tions and computational parameters on the DIC data without knowing anything 
at all about the test conditions in advance. Thus, the DIC data quality given by 
the natural pattern of the EDM cut surface was compared to the optimized cop-
per oxide pattern when utilizing constant incident lighting, as well as when uti-
lizing indirect diffuse lighting. Figure 22 shows the initial condition of the ten-
sile specimens used for evaluation of the DIC data precision and accuracy in 
paper [III]. 

 

 
Figure 22. Initial images and location of the welds marked with orange lines. a) EBW 
with EDM cut surface used as the pattern and spot lighting, b) EBW with patterned 
surface and spot lighting, and c) FSW with patterned surface and diffuse lighting. 
[III] 
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6.4 Comparison to Sample 14 of the DIC Challenge [paper III] 

The DIC Challenge [79] provides test images for comparing the spatial resolu-
tion of different DIC codes. In particular, for Sample 14, sinusoidally varying 

wavelength in horizontal direction (which results in increasing strain as the 
wavelength decreases) are imposed on the images. In the DIC Challenge paper, 
a relatively small attenuation of the measured strain variation amplitude is used 
as the threshold for considering the strain variations below the spatial resolu-
tion of the DIC measurement. Thus the DIC Challenge paper approached the 
concept of spatial resolution as answering the question “Does this DIC meas-
urement accurately measure the strain amplitude for strain variations at this 
wavelength?” This is not quite the same as answering the question “Are strain 
variations of this wavelength and amplitude detectable with this DIC meas-
urement?” The combination of noise amplitude and autocorrelation length is 
directly suitable for answering the latter question, but not the first one.  

However, for a rough comparison, the attenuation of the commanded dis-
placement variations may be compared with the effect of filtering the com-
manded displacements by convolution with a Gaussian kernel of the appropri-
ate width to result in the same autocorrelation length for originally uncorrelated 
noise. Thus, DIC was repeatedly performed on Sample 14 L5 of the DIC Chal-
lenge, with the same settings as for the experimental images, varying the subset 
size from 13 to 55 pixels. The larger the subset size and the smaller the wave-
length of the imposed displacements, the more the measured displacements or 
strains will be attenuated from the imposed ones due to spatial filtering. For 
each of the DIC measurements with different subset sizes, the noise amplitude 
and autocorrelation length were extracted in horizontal direction from the hor-
izontal component of the measured strain field, from the left-hand side of Sam-
ple 14 L5 (x-position 50-550 pixels), which contains no or very small strains. 
The small strains were compensated by local regression smoothing. The com-
manded displacements were then convolved with a Gaussian kernel shown in 
equation (8), where the kernel width is defined by the autocorrelation length. 
The simultaneous attenuation of the commanded displacements by the DIC 
measurement and by convolution with the autocorrelation length were plotted 
with the Matlab script of the DIC Challenge [80]. 

 ( , ) =     (8) 

 
, where x = horizontal coordinate 

w = kernel width defined by the autocorrelation length of the DIC 
measurement 

 
For the case of convolving sinusoidally varying commanded displacements with 
a Gaussian kernel, when the sine wavelength  and amplitude  are con-
stant, 
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( , ) =  sin( )    (9) 
 

the attenuation may be calculated analytically: 
 ( , , ) = sin ( )   (10) 
 

In the DIC Challenge paper, the spatial resolution is characterized by the wave-
length of the sinusoidally varying displacement field for which the measured 
displacement variation amplitude or strain variation amplitude reaches an ar-
bitrarily chosen attenuation threshold. The attenuation ratio R for both dis-
placements and strains equals to the exponential in equation (10):  

 ( , ) = =    (11) 
 

Thus, for this specific case there is an exact relationship between the metric of 
spatial resolution of the DIC Challenge paper and the autocorrelation length. 
Although this relationship does not necessarily hold for DIC measurements in 
general, solving equation (11) for the wavelength results in a conversion factor 
that can be used to estimate the spatial resolution obtained using the procedure 
of the DIC Challenge from the autocorrelation length, or vice versa:  

 ( , ) =  ( )     (12) 

 
For the threshold of R=0.95 proposed in the DIC challenge paper for displace-
ments, this results in an estimation of est=9.809w, and for the value of R=0.90 
proposed for strains, this results in est=6.844w.  
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7. Results and discussion 

7.1 Microstructure 

7.1.1 Copper FSW welds [paper II] 

Microstructural analysis of the base materials and FSW welds was previously 
performed in ref. [5]. The microstructure of friction stir welded copper is dy-
namically recrystallized. Therefore, the grain size of the weld (15-20 μm) is small 
in comparison to the base materials [5]. Grain size of the base materials may 
also vary depending on the manufacturing method (60-75 μm) [5]. Banding of 
the microstructure may occur due to cold welding conditions, in which the 
bands consist of alternating sections of smaller and larger grains [81], but it was 
not observed in the canister welds. One of the core findings of ref. [5] was that 
the FSW welds contain a dispersed oxide line when FSW is performed without 
shielding gas. The oxide particles may be detrimental, for example, in the pres-
ence of hydrogen. Therefore, the welding process of the canisters has recently 
been modified by argon shielding gas to reduce oxidation during welding. It also 
improves the stability of the welding process [13]. During the course of this the-
sis, two different canister welds were studied, referred to as FSWL69 (old weld 
without shielding gas) and FSWL109 (new weld with shielding gas) according 
to the SKB designation of the welds.  

Figure 23 shows both the weld microstructures examined with an optical mac-
roscope after polishing and etching. Different zones of the welds are highlighted 
with dashed lines. The zones become less apparent towards the surface of the 
welds. The grain size varies in different weld zones depending on the heat input 
and strain rate during welding. The surface of the weld exhibits significantly 
larger grains than the root of the weld due to higher heat input from the larger 
diameter of the tapered welding probe near the surface, and due to the proxim-
ity of the rotating shoulder. The root of the weld, on the other hand, experiences 
less heat, which results in less grain growth. There is a difference between the 
retreating side (RS) and advancing side (AS) of the welds, as well. Especially in 
FSWL109, the grain size gradient is more pronounced on the retreating side of 
the weld. The advancing side, on the other hand, contains a fairly visible shear 
line, where the flow of material originally split during welding. This line is not 
as visible in FSWL109. The most significant difference between the two welds is 
the lack of a clearly visible oxide zone within the stir zone (SZ) of FSWL109. 
Only a faint meandering line, originating most likely from the original butting 
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surfaces, may be observed. The oxide zone is formed during welding due to ox-
idation of the copper surfaces experiencing temperatures of up to 850°C and 
mixing of the oxidized surface in the weld metal by the tool rotation.  

 

 
Figure 23. Optical cross-section images of a) FSWL69 and b) FSWL109 canister 
welds. c) Tip of FSWL69 and d) tip of FSWL109. Location of EBSD maps, measured 
across the weld boundary and at the oxide zone, are marked with red dashed lines. 
RS stands for retreating side, AS for advancing side, SZ for stir zone, TMAZ for 
thermo-mechanically affected zone, and HAZ for heat affected zone.  [adapted from 
II] 

Hardness over the welds was measured to study possible strength mismatch be-
tween different weld zones. The hardness maps, shown in Figure 24 for both 
welds, are similar in their general appearance. Hardness increases towards the 
tip of the weld and higher hardness values are observed on the advancing side 
of the weld than on the retreating side of the weld. This may be explained by 
lower heat input during welding in the corresponding weld zones. Lower heat 
input will lead to smaller grain size in the dynamically recrystallized stir zone 
towards the tip of the weld and less recovery of residual stresses and strains 
outside of the stir zone. The surface of the weld experiences the highest heat 
input, which is also visible as lower hardness. However, the lid material of 
FSWL109 exhibits the lowest hardness values down to 46 HVIT at the bottom 
right corner of the map and 50 HVIT at the top left corner of the map. Hardness 
of the lid material of FSWL69 in the same locations is considerably higher at 58 
HVIT. The average hardness on a line extending from top to bottom of the left-
hand side of both maps is 58 HVIT and 54 HVIT for FSWL69 and FSWL 109, 
respectively. These observations indicate a softer lid material of FSWL109. 

Hardness may be taken as a measure of resistance to dislocation movement. 
Since the studied material is almost pure copper, resistance to dislocation move-
ment results mostly from grain boundaries and dislocation density. The oxide 
particles in FSWL69 may also play a minor role. When taking this into account, 
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it is interesting that similar or even lower hardness values are observed for some 
parts of the welds, when compared to the base materials, even if the grain size 
in the welds is considerably smaller. This means that a drop in dislocation den-
sity must occur in the recrystallized weld zone, which is in line with common 
understanding of dynamic recrystallization. This phenomenon may be observed 
from the EBSD data by the evaluation of geometrically necessary dislocation 
density and measurement of the grain size. When looking at the location of the 
EBSD maps, marked in Figure 24 by red dashed lines, a hardness drop is ob-
served over the weld boundary on the retreating side of FSWL69 coming from 
the lid material towards the weld metal, even if the grain size decreases over that 
boundary. The hardness drops from about 59 HVIT to 55 HVIT over the boundary 
in that location. This means that a simultaneous drop in dislocation density 
must occur. In FSWL109, a slight hardness increase from 57 HVIT to 60 HVIT is 
observed in the same location coming from the lid material towards the weld 
metal. Due to the limited spatial resolution of the hardness measurements (as 
data points were taken every 2 mm and smoothing was applied), the hardness 
transition is blurred in the maps. In reality a sharper transition in grain size and 
dislocation density occurs, especially in FSWL109, as indicated later by the 
EBSD measurements. 

 

 
Figure 24. Hardness maps overlaid on the macrographs of a) FSWL69 and b) 
FSWL109, plotted with the same hardness scale. [II] 

The microstructural observations in Figure 23 show a sharper grain size gradi-
ent in FSWL109 on the retreating side of the weld when compared to FSWL69. 
Therefore, EBSD was performed across the weld boundary about 27.5 mm in-
wards from the surface of the welds from locations indicated in Figure 23 and 
Figure 24. The five consecutive EBSD maps shown in Figure 25 cover an area of 
about 9.3×1.4 mm in total. The grain size, measured from the weighted average 
according to area of each grain, changes in FSWL109 from more than 200 μm 
in the lid to about 60 μm in the weld within one EBSD map, which covers a 
width of 1.8 mm. In FSWL69 grain size changes from about 150 μm in the lid to 
about 80 μm in the weld much more gradually over several EBSD maps. As a 
result, the grain size gradient in FSWL109 is considerably sharper than that of 
FSWL69. The grain size in the stir zone of the two welds at the same depth from 
the surface was also measured from locations shown in Figure 23. These EBSD 
maps are shown in Figure 26. In FSWL69, the average grain size across the ox-
ide zone is 78 μm 6 μm. In FSWL109, the average grain size in similar location 
is 71 μm 1.5 μm. These grain size values differ from the ones reported in [5], 
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the most likely explanation for this being a different calculation method of the 
grain size.  

In addition to grain size, the geometrically necessary dislocation density was 
calculated from the EBSD data according to ref. [55]. This method provides a 
quick and easy estimation of the dislocation density. A more detailed analysis 
would require the use of transmission electron microscopy (TEM). As shown in 
Figure 25, the dislocation density in FSWL69 decreases towards the weld metal, 
as expected from the hardness drop at the weld boundary. An opposite behavior 
is observed in FSWL109 as the dislocation density increases towards the weld 
metal. This also seems to match with the hardness increase on the retreating 
side of FSWL109, although grain size also decreases at that location. It should 
be noted, that the absolute values of dislocation densities measured from the 
EBSD data may be affected, for example, by the quality of the polishing of the 
samples. Thus, comparison of absolute values measured from different EBSD 
samples may be problematic, but the trend in change of dislocation density 
measured from one EBSD sample is still a reliable indication of differences in 
the microstructure. Therefore, the smaller grain size and higher dislocation den-
sity of FSWL109 may suggest that it was a slightly colder weld, even if the tem-
perature control should maintain the welding temperature at 850°C. This may 
be due to, for example, cooling effect of the argon shielding gas. 

 

 
Figure 25. Grain size and estimated average dislocation density across the weld 
boundary on the retreating side of the two welds (lid side of the canister). [II] 
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Figure 26. EBSD maps and grain size measured across the oxide zone in FSWL69 
and in a similar location in FSWL109. 

7.1.2 Cast iron insert [paper IV] 

Typical microstructures of the cast iron insert after polishing and etching are 
shown in Figure 27. The nodule size varies depending on the location in the 
casting due to different cooling rates at different locations. The two microstruc-
tures shown in Figure 27 represent material inside the casting near a channel 
tube, indicated by A, and near the outside surface of the casting, indicated by B. 
The cast iron B cut close to the outside surface of the insert manifests a markedly 
coarser microstructure, whereas cast iron A contains considerably smaller 
graphite nodules. This is explained by faster cooling rate of the A-type material 
because of the close proximity of the channel tube inside the casting. 

 

 

Figure 27. Microstructure of nodular cast iron a) near a channel tube and b) near 
the outside surface of the casting indicated by A and B, respectively. The surface of 
the specimens was etched with 2% nital solution to reveal the grain structure. 
[adapted from IV] 

Size distribution of the graphite nodules was evaluated from additional SEM 
images by converting the image into binary black and white, and by calculating 
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the approximate diameter of the nodules in the binary image. Single pixels were 
omitted, which results in lower threshold for nodule detection of 3 μm in these 
images. The size distributions are shown in Figure 28. Inside the casting, the 
largest nodules are about 45 μm in diameter, while the largest nodules near the 
outside surface of the casting are about 140 μm in diameter. There are consid-
erably more of the smaller nodules in both materials down to the detection 
threshold of 3 μm in diameter. The average nodule size in the inner part of the 
cast iron insert is 20.4 μm (A-type) and close to the outside surface of the casting 
44.5 μm (B-type), while the approximate volume densities of the graphite nod-
ules are 6.96×1012 m-3 and 6.31×1012 m-3, respectively. Grain size of the ferrite 
matrix of A-type cast iron is about 70 μm and very little pearlite phase is present. 
The ferrite grain size in B-type cast iron is about 78 μm and a small amount of 
pearlite was found in some locations. 

 
Figure 28. Cumulative size distribution of graphite nodules in A-type material cut 
from inside the casting and B-type material cut near the outside surface of the cast-
ing. 

7.2 Hydrogen uptake of copper canister FSW welds [paper II] 

Hydrogen trapping and uptake was measured by TDS from samples named S1-
S5 cut across both FSW welds from locations shown in Figure 29b. The left-over 
piece shown in Figure 29b (from cutting of the tensile specimens), corresponds 
to a section of the canister surface. The samples S1-S5 were cut from different 
weld zones to study trapping of hydrogen in the different zones. The location 
and size of samples S1-S5 is the same for both welds, even if FSWL109 does not 
contain an oxide zone. Figure 29a shows the average hydrogen content in 
wt.ppm in each TDS sample cut across the two welds. The TDS specimens rep-
resent weld metal near the outside surface of the canister, which may experience 
some hydrogen uptake due to, for example, corrosion reactions on the canister 
surface.  

Thermal hydrogen charging at 250°C results in a significant increase of hy-
drogen content in the oxide zone of FSWL69, but it has little effect on the base 
materials and FSWL109 as a whole. Hydrogen is most likely trapped at the oxide 
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particles or more precisely at the particle interfaces, since hydrogen uptake out-
side the oxide zone was negligible. The solubility of hydrogen in the copper lat-
tice is low and the temperature in thermal hydrogen charging was not high 
enough to increase the solubility of hydrogen considerably, which would have 
resulted in hydrogen bubble formation during cooling of the material [42]. 
Therefore, the lack of hydrogen uptake in the base materials and FSWL109 as a 
whole indicates that there was no hydrogen bubble formation and that there 
were very few oxide particles in the new weld. 

 

 
Figure 29. a) Hydrogen uptake of FSWL69 and FSWL109 measured by TDS. b) Lo-
cation of the TDS specimens S1-S5, cut across the welds. Advancing side of the weld 
marked with AS and retreating side marked with RS. [II] 

Most of the hydrogen in FSWL69 was trapped in the oxide zone (hydrogen sam-
ple S3). Some hydrogen was also trapped in the thermo-mechanically affected 
zone (TMAZ) on the advancing side of the weld (hydrogen sample S2) and weld 
metal on the retreating side of the weld (hydrogen sample S4). These results 
indicate that most of the oxide particles, which originate from the original butt-
ing surfaces and oxidation during welding, stay in the oxide zone and only some 
oxide particles are dispersed in the rest of the stir zone.  

The hydrogen desorption curves of specimens S1-S5 for both welds are shown 
in Figure 30. Hydrogen samples S3 and S2 of FSWL69 exhibit several sudden 
spikes on the low temperature side of the profiles. The spikes originate from 
molecular hydrogen trapped on the oxide particles near the surface of the sam-
ple, which burst due to increasing internal pressure. There are a couple of simi-
lar spikes in hydrogen sample S3 of FSWL109, but the number and magnitude 
of these spikes is significantly lower. The hydrogen desorption profiles of hydro-
gen charged FSWL109 are similar to the as-supplied weld metal, which indi-
cates very little hydrogen absorption. 
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Figure 30. TDS profiles of a) FSWL69 and b) FSWL109, as well as a profile for the 
as-supplied FSWL69 weld metal (shown in magenta). [II] 

7.3 Hydrogen embrittlement of cast iron [paper IV] 
7.3.1 Constant extension rate tests and constant load tests [IV] 

Tensile constant extension rate testing (CERT) and constant load testing (CLT) 
was performed for both A- and B-type cast iron in air, distilled water, and under 
continuous hydrogen charging. Several tensile tests were performed in each 
condition. Both A- and B-type cast iron manifest rather similar behavior in both 
testing modes, with large scatter of elongation to fracture in CERT shown in 
Figure 31, and large scatter of time to fracture in CLT shown in Figure 32. The 
scatter originates from the non-homogeneous distribution and size of the 
graphite nodules in the studied cast iron. The stress-strain behavior of A-type 
cast iron, shown in Figure 31, indicates a significant sensitivity to hydrogen. The 
yield stress decreases from >240 MPa to about 200 MPa due to hydrogen charg-
ing. The ultimate tensile strength is also drastically reduced from >300 MPa to 
<270 MPa. In addition to reduction in strength, CERT under continuous hydro-
gen charging shows a remarkable reduction of elongation to fracture from 9-13 

 These values may be compared to the requirement of 
240 MPa for yield strength, 370 MPa for ultimate tensile strength, and 12 % for 
elongation to fracture of the cast iron [3]. The ultimate tensile strength of the 
studied cast iron tested in air and distilled water does not meet the requirement 
most likely due to the thin plate shape of the tensile specimens. Hydrogen charg-
ing reduces all the mechanical properties bellow the requirements.  
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Figure 31. CERT of A-type cast iron tested in air (blue curve), distilled water (green 
curves), and under continuous hydrogen charging (red and orange curves). 
[adapted from IV] 

 

Figure 32. CLT applied at stress of 160 MPa in air (blue curves), distilled water 
(green curve), and under continuous hydrogen charging (red, orange, brown and 
yellow curves). [adapted from IV] 
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The CLTs were performed with the immersed extensometer at applied stress of 
160 MPa in air, distilled water, and under continuous hydrogen charging. Al-
most no creep was observed in either A- or B-type material in air or distilled 
water. However, hydrogen charging increased the creep rate considerably and 
some of the specimens fractured before the planned loading time of 24 h, which 
can be seen in Figure 32 as a dramatic increase of strain at the event of fracture. 
The creep rate at each point in time was calculated from the extensometer data, 
corresponding to the linear Stage II of creep, and it is shown in Figure 33. The 
red curve in Figure 33 corresponds to the red curve in Figure 32 (A-type cast 
iron under hydrogen charging) and the yellow curve in Figure 33 corresponds 
to the yellow curve in Figure 32 (B-type cast iron under hydrogen charging). 
Both types of cast iron manifest a considerable increase of creep rate, when com-
pared to testing in air or water, which varies in time. An important finding of 
the CLTs is that in the presence of electrochemically introduced hydrogen, the 
specimens cut near the outside surface of the cast iron insert (B-type, yellow 
marks), show in general higher creep rates than the specimens cut from the in-
side of the casting (A-type, red marks). This may be attributed to differences in 
the microstructure of the two cast irons, as B-type contains much larger graphite 
nodules than A-type. 

Figure 33. Creep rate of cast iron under continuous hydrogen charging, in air, 
and in distilled water. The creep rate of both types of cast iron (A and B) is about 
two orders of magnitude higher in hydrogen charging than that for the speci-
mens tested in air or distilled water. [adapted from IV] 

 
Fracture surfaces of both types of cast iron tested in CERT and CLT manifest, in 
general, a rough appearance with large cavities forming around the graphite 
nodules. Fracture in air and distilled water results in the ligaments between the 
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graphite nodules showing ductile shear and small closely spaced dimples (see 
Figure 34), which nucleate from small non-metallic particles in the ferrite ma-
trix, similar to those forming in ductile fracture of ferritic steel. However, in the 
presence of hydrogen, brittle cleavage facets appear, interconnecting the graph-
ite nodules. The brittle cleavage fracture of B-type cast iron tested under hydro-
gen charging is shown in Figure 35. Fracture initiates at the interfaces between 
the ferrite matrix and the graphite nodules. 

 

 
Figure 34. Ductile fracture of A-type cast iron tested in CERT in air. 

 
Figure 35. Brittle cleavage fracture of B-type cast iron tested in CLT under continu-
ous hydrogen charging. [IV] 

Some of the tests were interrupted to study the appearance of fracture from the 
side surfaces of the specimen. The appearance of cracking is shown in Figure 36 
for the A-type cast iron tested in distilled water and under continuous hydrogen 
charging. In distilled water, the crack advances in a ductile manner by linking 
of the large cavities forming around the graphite nodules and by shear and de-
velopment of small microvoids in the ferrite ligaments (Figure 36a and c).  The 
appearance of fracture is markedly different in the presence of hydrogen. A large 
number of brittle cracks form around and ahead of the main crack, linking the 
ligaments between the graphite nodules in a brittle manner (Figure 36b and d). 
Many hydrogen-induced cracks initiate from the graphite nodules perpendicu-
lar to the loading direction as shown in greater detail in Figure 37. It is im-
portant to notice that in the presence of hydrogen many small cracks initiate at 
the graphite nodules around of the main crack path, indicating that the graphite 
nodules function as stress concentration sites and play an important role in the 
hydrogen-induced cracking of nodular cast iron.  
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Figure 36. Appearance of cracking in A-type cast iron observed after interrupted 
CERT in a) distilled water, and b) under continuous hydrogen charging. c) Higher 
magnification of the specimen tested in distilled water showing the crack tip (the 
crack is partly filled by the mold material). d) Higher magnification of the speci-
men tested under hydrogen charging showing the crack tip and several secondary 
cracks. [adapted from IV] 

 
Figure 37. Many brittle cracks form ahead and around of the main crack in the fer-
rite matrix under continuous hydrogen charging, initiating from the graphite nod-
ules. [IV]

7.3.2 Hydrogen uptake and trapping in cast iron [IV] 

Electrolytic hydrogen charging of the studied cast iron results in several TDS 
peaks and the temperature range and magnitude of the peaks depends on the 
state of the material. Figure 38a compares hydrogen desorption peaks of the as-
supplied material, hydrogen charged material without loading, and hydrogen 
charged material after constant extension rate tests (CERT). In the as-supplied 
state of both A- and B-type cast iron, two small TDS peaks appear just above 
500 K and at 700 K (blue curve in Figure 38a). The peaks correspond to thermal 
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desorption of a small quantity of so-called metallurgical or internal hydrogen, 
which was found to be about 2 wt.ppm in the studied cast iron.  

Electrochemical pre-charging of the cast iron for about 1 h results in a remark-
able increase of the 500 K peak and shift of the peak towards 560 K. In addition, 
a new peak arises at around 400 K (red curves in Figure 38a). CERT during 
continuous hydrogen charging results in turn, in a dramatic increase of the 400 
K peak and shift of the peak towards 450 K, while the 560 K peak increases only 
slightly during CERT (green curves in Figure 38a). Neither the hydrogen pre-
charging nor CERT in continuous hydrogen charging affect markedly the high-
temperature peak at around 700 K, observed already in the as-supplied state. It 
is worth to note, that in spite of the same conditions of the hydrogen pre-charg-
ing and CERT, the obtained TDS results manifest a rather high scatter of the 
hydrogen concentration, especially in the CERT specimens. The specimens after 
pre-charging for 1 h contained about 8 wt.ppm of hydrogen, whereas the hydro-
gen content varied from 10 to 20 wt.ppm after CERT.   

 

 
Figure 38. a) Complex TDS peaks appear after pre-charging (red curves) and CERT 
under hydrogen charging (green curves), when compared to the as-supplied state 
(blue curve). b) TDS after CLT shows a dramatic increase of the 400 K peak. [IV] 

TDS of the A- and B-type cast iron after CLT in continuous hydrogen charging 
shows a dramatic increase of the peak initially located at 400 K, as shown in 
Figure 38b. The hydrogen content increases with increasing time in CLT. The 
hydrogen content in A-type material increased from 111.2 wt.ppm after 11.2 h, 
to up to 279.7 wt.ppm after 22.4 h in CLT (red curves in Figure 38b). A similar 
hydrogen uptake takes place in B-type material (yellow curves), but the hydro-
gen content increased even faster: the hydrogen content after testing time of 8.5 
h was 134.7 wt.ppm and increased to 260.2 wt.ppm after only 14.2 h in CLT. It 
is interesting to notice that in this case a number of spikes appear on the low-
temperature side of the TDS peak (green-yellow curve in Figure 38b), which ev-
idences the opening of hydrogen filled cavities most likely located around graph-
ite nodules near the specimen surface, which open due to increasing hydrogen 
pressure. Similar to the specimens after CERT in hydrogen charging, the CLT 
specimens manifest only a minor effect of the mechanical loading on the 560 K 
peak. 

A set of as-supplied A-type specimens was measured with different constant 
heating rates in the range of 1-10 K/min according to the method of [82] in order 
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to estimate the activation energies of hydrogen desorption of the 500 K and 700 
K peaks. Systematic shift of the 500 K and 700 K peaks due to different heating 
rates is shown in Figure 39a. The temperature maximum of both peaks was de-
termined assuming that the peaks are well approximated by a Gaussian func-
tion, even if the 700 K peak seems to manifest a multi-component structure. The 
result of the analysis is shown in Figure 39b. Activation energies of hydrogen 
desorption from trapping sites are 0.38 0.08 eV and 1.19 0.06 eV for the 500 
K and 700 K peaks, respectively. It is necessary to notice, that the obtained val-
ues of the activation energy are apparent in their nature, because hydrogen re-
trapping at the graphite nodules cannot be excluded.  

 

 

Figure 39 a) Shift of the 500 K and 700 K peaks with varying heating rate. b) The 
activation energies of hydrogen desorption from trapping sites are 0.38 0.08 eV 
and 1.19 0.06 eV for the 500 K and 700 K peaks, respectively. [IV] 

The TDS results may be compared to ref. [49], where two distinct TDS peaks 
were observed between 470-520 K, and between 670-720 K after immersion of 
the nodular cast iron in 20 % solution of NH4SCN at 50°C for 24 h. It seems that 
the TDS peaks observed in [49] may correspond with the 500 K and 700 K peaks 
in this study. The activation energies of the desorption peaks observed in [49] 
were 0.22 eV and 1.09 eV, which are close to the activation energies of the 500 
K and 700 K peaks of the present study (0.38 eV and 1.19 eV). It is necessary to 
notice that the difference in the activation energies may originate from differ-
ences in the microstructure of the studied cast irons: the cast iron of the present 
study is almost free of pearlite phase, while the cast iron in [49] consisted of 
almost fully pearlitic matrix.  

The TDS peak observed in the present study initially at 400 K (which shifts to 
450 K when mechanical loading is applied) manifests a specific behavior: the 
peak amplitude increases by two orders of magnitude as a function of time dur-
ing continuous hydrogen charging in CLT when compared to pre-charging with-
out mechanical loading. The observed behavior of the 400 K peak can be ex-
plained by a massive generation of hydrogen trapping sites, such as vacancies 
and vacancy complexes, or other form of free volume under the applied mechan-
ical loading in continuous hydrogen charging. An alternative explanation is an 
increase of hydrogen trapping sites at the graphite nodules. 

Taking into account that the 500 K TDS peak (which shifts to 560 K in hydro-
gen charging) does not change markedly after loading in CERT and CLT, it can 
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be assumed that the peak originates from hydrogen trapped at the interfaces 
between graphite nodules and ferrite matrix. The microstructural observations 
show that in the presence of hydrogen, graphite nodules detach from the matrix 
under applied load, but only after microcracks initiate at the interfaces perpen-
dicular to the loading direction.  

7.4 Strain localization in copper welds [papers I,II] 

7.4.1 Strain localization in EBW and FSW welds [paper I] 

Strain localization in tube material, lid material, FSW canister welds, and EBW 
canister welds of Cu-OFP were studied with a set of tensile tests combined with 
DIC. In addition, several defective EBW welds were tested, which suffered from 
poor mechanical strength due to the defects and due to the large grain size of 
the welds. The results for the defective EBW welds are not repeated here. The 
tensile properties for the canister welds and the base materials are presented in 
engineering units in Table 4. The base materials and the FSW welds exceed the 
requirement for elongation to fracture of 40 % [3] easily, whereas the EBW 
welds do not. The two different welding methods result in markedly different 
weld microstructures. The large variation in cross-weld microstructure causes 
the early fracture of the EBW welds.  

The FSW specimens in [I] were cut from the old weld (FSWL69), which was 
welded without shielding gas. Fracture occurred in the oxide zone extending 
through the weld. Fracture may also occur in the transition zone between the lid 
and the weld metal [4]. This is also stated in [I], but due to the short gauge 
length (40 mm) of the tensile specimens in these tests, the only viable fracture 
location is in the oxide zone. The EBW welds fractured in the weld metal or at 
the fusion boundary between the weld and the lid material due to the large grain 
size in the weld and steep grain size gradient. 
 

Table 5. Engineering tensile properties of the base materials, as well as EBW and 
FSW canister welds. [I] 

Specimen Strain 
rate [1/s] 

Yield 
strength 

Rp0.2 

[MPa] 

Ulti-
mate 

tensile 
strength 

Rm 
[MPa] 

Uni-
form 
elon-

gation  

Total 
elonga-
tion to 

fracture  

Gini  
onset 

Gini 
slope 

Canister 
tube 10-5 58 204 35 % 50 % 25 % 0.036 

Canister 
lid 10-5 80 192 40 % 55 % 30 % 0.037 

EBW-1 10-5 48 161 23 % 26 % 10 % 0.080 
EBW-2 4.17×10-7 48 156 22 % 24 % 8 % 0.088 
FSW-1 10-5 82 195 37 % 54 % 30 % 0.055 
FSW-2 4.17×10-7 78 193 40 % 52 % 35 % 0.063 

 
Strain maps of the base materials and FSW and EBW welds are shown in Figure 
40. Surface of the canister is towards left-hand side in the FSW maps and lid 
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material is on the top. The FSW welds exhibit superior mechanical strength in 
comparison to the EBW welds. In EBW welds, strains outside of the weld zone 
remain low due to the early localization of plastic deformation in the weld metal. 
This leads to low strains across the whole gauge length of the tensile specimen. 
FSW welds are much stronger, thereby distributing strain more evenly across 
the whole gauge length of the tensile specimen. Strains in the FSW weld are 
similar to those of the base materials. 

Low creep ductility under slow loading has been mentioned as one of the un-
certainties regarding the long-term integrity of the canisters [8]. Therefore, the 
strain rate was varied to study this effect on the strain localization behavior. 
Lower strain rate may enhance strain localization into a narrower zone as ob-
served for FSW-2 in comparison to FSW-1. The tensile properties are also 
slightly lower for the specimens tested with the lower strain rate, and the rate of 
strain localization is higher as indicated by the Gini coefficient slope values in 
Table 4. However, the differences are small in these tests. A larger difference in 
strain rates may bring out more significant differences in the strain localization 
behavior. 

Figure 41 shows the strain localization behavior of the base materials, and 
FSW and EBW canister welds as characterized with Gini coefficients. The Gini 
coefficient is plotted against the engineering strain of the whole gauge length of 
the tensile specimen, showing the distribution of strain along a line extending 
from top to bottom of the gauge length in different positions across the width of 
the tensile specimen. The strain localization behavior of FSW welds is similar to 
the base materials, whereas EBW welds exhibit almost immediate strain locali-
zation in the welds. The onset and slope values of Gini coefficients, shown in 
Table 4, also indicate the same. It should be noted, that the slope values pre-
sented in paper [I] were multiplied by 100 to express them per unit strain in-
stead of per %-strain, to make them comparable to the slope values presented 
in paper [II]. The onset values presented here also differ from the values pre-
sented in paper [I], because initially they were determined from the point where 
the base and slope lines cross, instead of from the point where a rise in Gini 
coefficient is observed as in paper [II] and here for results of paper [I].  
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Figure 40. Strain maps of the base materials, and FSW and EBW canister welds be-
fore the final fracture tested with different strain rates. [adapted from I] 
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Figure 41. Gini coefficients show the distribution of deformation along the tensile 
specimen gauge length. EBW canister welds suffer from almost immediate strain 
localization, whereas FSW canister welds show similar behavior as the base mate-
rials. [adapted from I] 

7.4.2 Strain localization in FSW canister welds [paper II] 

A second set of DIC tests was run for comparison purposes of the old and new 
FSW canister welds, designated as FSWL69 and FSWL109, respectively. The 
new weld was welded with shielding gas, while the old weld was welded without 
shielding gas. In addition, the two welds were thermally hydrogen charged to 
study the effect of hydrogen on the mechanical performance of the welds, espe-
cially in the presence of oxide particles. The DIC strain maps are shown in Fig-
ure 42. In each of the maps, lid material is located on the top and surface of the 
canister is towards the right-hand side. The corresponding tensile properties 
and Gini coefficient onset and slope values are presented in Table 6.  

The mechanical properties in Table 6 for the old FSWL69 weld may be com-
pared to the corresponding properties in Table 4 for the same weld tested in the 
first set of tests. The ultimate tensile strength and elongation to fracture values 
are slightly lower for the second set of tests. The ultimate tensile strength is 
clearly affected by the strain rate, since for the higher strain rate in Table 6 the 
ultimate tensile strength is similar to results in Table 4. The lower elongations 
to fracture in Table 6 are probably explained by the different size of the tensile 
specimens in the second set of tests, the gauge section being longer and wider 
for the second set of tests. Therefore, more of the base materials was contained 
in the tensile specimens instead of mostly containing the weld metal as for the 
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tensile specimens of the first set of tests. However, even lower mechanical prop-
erties are observed for the newer FSWL109 weld, not meeting the requirement 
of elongation to fracture of 40 % [3]. 

 
Table 6. Naming of the tensile specimens, fracture location, strain rate, engineer-
ing tensile properties, and Gini coefficient onset and slope values for the old 
(FSWL69) and new (FSWL109) canister welds. Specimens -3H were thermally hy-
drogen charged. [II] 

Specimen Fracture 
location 

Strain 
rate 
(1/s) 

Yield 
strength  

Rp0.2 

(MPa) 

Ultimate 
tensile 

strength 
Rm 

(MPa) 

Uni-
form 
elon-

gation 

Total 
elon-

gation 
to 

frac-
ture 

Gini 
onset 

Gini 
slope 

FSWL69-1 Oxide 
zone 

3.1 
×10-7 80 184 39 % 49 % 30 % 0.064 

FSWL69-2 Weld 
boundary 

3.1 
×10-7 83 182 39 % 45 % 30 % 0.195 

FSWL69-
3H 

Weld 
boundary 

3.1 
×10-7 80 182 39 % 46 % 25 % 0.109 

FSWL69-4 Oxide 
zone 

3.1 
×10-4 87 200 39 % 49 % 28 % 0.058 

FSWL109-
1 

Weld 
boundary 

3.1 
×10-7 80 175 31 % 35 % 20 % 0.158 

FSWL109-
2 

Weld 
boundary 

3.1 
×10-7 80 178 32 % 36 % 20 % 0.136 

FSWL109-
3H 

Weld 
boundary 

3.1 
×10-7 81 180 32 % 35 % 18 % 0.106 

FSWL109-
4 

Weld 
boundary 

3.1 
×10-4 93 200 33 % 38 % 18 % 0.100 

 
In FSWL69 fracture occurred either in the oxide zone or at the weld boundary 
on the retreating side of the weld on the lid side of the canister. FSWL109 frac-
tured always on the base material side of the weld boundary on the retreating 
side, just outside the weld. An important finding is that the new FSWL109 weld 
deformed considerably less than the old FSWL69 weld. The difference in total 
elongation to fracture between FSWL109 and FSWL69 may be explained by 
looking at local strains outside of the final fracture zone in Figure 42. In 
FSWL109, they are about 25-30 %, whereas in FSWL69 they are almost 50 % 
local engineering strain. The peak strains, on the other hand, are similar in each 
of the tensile specimens, although care should be taken when comparing peak 
strains obtained by DIC, because they are affected by the spatial resolution of 
the DIC measurement and timing of the final image in relation to the fracture 
event. In this instance the same settings and measurement conditions were used 
to minimize this effect. Nevertheless, the lower local strains outside of the final 
fracture zone result from earlier strain localization in FSWL109.  

Specimens FSWL69-3H and FSWL109-3H were thermally hydrogen charged 
and the TDS measurements confirmed that significant hydrogen uptake occurs 
in the oxide zone of FSWL69. However, this hydrogen uptake had no measura-
ble effect on the macroscopic ductility of the copper welds in these tests. This is 
most likely due to the fact that no hydrogen uptake occurred in the copper lat-
tice, and thus the hydrogen was located only at the oxide particle interfaces and 
had no effect on the deformation mechanisms. 
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Figure 42. Strain maps for a-c) FSWL69 and d-f) FSWL109. FSWL69-1 and FSWL69-
4 fractured at the oxide zone, whereas rest of the specimens fractured at the base 
material side of the weld boundary on the retreating side of the weld (lid side of the 
canister). All the FSWL109 specimens deformed less than the FSWL69 specimens, 
even if end-effects from the specimen geometry affected fracture of both weld types. 
Approximate location of the welds is marked with white dashed lines. [II] 

The strain localization behavior over the duration of the tensile tests was char-
acterized with the aid of Gini coefficients calculated for the spatial variation of 
local strain rates. These are plotted in Figure 43, using the engineering strain 
calculated from the elongation of the whole gauge section as the index for time, 
while overlaying several Gini coefficients for each point in time, corresponding 
to different x-coordinates across the gauge section. The obtained onset and 
slope values are presented in Table 6 for each of the tests. The low local strains 
in FSWL109 in comparison to FSWL69 are clearly the result of earlier onset of 
strain localization as indicated by the Gini coefficients. In FSWL109, onset of 
strain localization occurs at about 20 % elongation of the gauge length, whereas 
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in FSWL69 strains start to localize considerably later at around 30 % elongation 
of the gauge length. These values are roughly 10 %-points earlier than the uni-
form elongations of both welds, which usually coincides with the onset of neck-
ing in the tensile specimen. As the strains start to localize, deformations outside 
of the strain localization zone gradually cease. Thus, earlier strain localization 
results in less deformation overall. These observations clearly indicate a ten-
dency of earlier strain localization on the lid-side weld boundary of the new 
FSWL109 weld, which leads to worse performance in terms of mechanical prop-
erties when compared to the old FSWL69 weld. The microstructural observa-
tions and hardness measurements also confirm that the lid material has a larger 
grain size and that it is softer when compared to the old weld. Thus, the forging 
of the new lid was most likely done in a higher temperature than the forging of 
the old lid. 

An interesting observation is that all the specimens, which fractured at the 
weld boundary show higher Gini slope values. This may be explained by the lo-
cation of fracture near the end of the tensile specimen. The tri-axial stress state 
at the strain localization zone is further enhanced by the specimen geometry 
near the end of the gauge section, which causes the faster rate of strain localiza-
tion. It may be also observed that the specimens tested with the higher strain 
rate indicate lower Gini slope values when compared to similar specimens 
tested with the lower strain rate. This supports the earlier conclusion that low-
ering strain rate may induce faster, more localized deformation. 
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Figure 43. Gini coefficients for a-c) FSWL69 and d-f) FSWL109 for the whole dura-
tion of the test. The onset and slope of the Gini coefficients were determined to 
quantify the beginning and rate of strain localization. [II] 

7.5 Effect of sample roughness on DIC (Subset tracking) 

Subset tracking of a given subset was performed to visually check the DIC pro-
cess in selected images. Figure 44 shows the movement and deformation of the 
subset overlaid on the original images. Time increases in each image series from 
left to right. Figure 44a shows the EDM cut surface used as a natural pattern. 
The roughness of the EDM cut surface provides somewhat consistent patterns 
in the intensity of light reflected in a particular direction, for constant incident 
lighting, when the deformations are small enough to not change the orientations 
of facets of the rough surface significantly. This enables the correlation of sub-
sets when using sum-of-differential correlation method and the increment be-
tween the consecutive images is not too large. However, there are substantial 
changes in the appearance of the pattern of specular reflections throughout the 
experiment, and the patterns are not at all comparable to those in a different 
direction, so they cannot be used for stereo DIC measurements. 

Figures 44b and c show the copper oxide patterned surface with different 
lighting conditions; b shows the effect of direct spot lighting and c shows the 
improved contrast given by indirect diffuse lighting. Direct spot lighting results 
in specular reflections (bright spots) from the etched copper surface. Some spots 
appear and disappear during tensile testing due to deformation of the surface. 
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This is problematic in sense of DIC data quality, and because of that some areas 
on the specimen surface experience more noise than others. This may be ob-
served in Figure 45, which shows local strain rates calculated for the specimens 
tested with the two different lighting conditions. Thus, the test set-up was im-
proved with the indirect diffuse lighting, which results in minimal reflections 
from the etched copper surface and more consistent pattern contrast. 

 

 
Figure 44. Subset tracking overlaid on the original images: a) EDM cut surface and 
constant incident lighting, b) copper oxide pattern and constant incident lighting, 
and c) copper oxide pattern and diffuse lighting. Subset size 19. 
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Figure 45. a) Some areas on the specimen surface experience more noise than oth-
ers when using constant incident lighting. b) Diffuse lighting provides improved 
contrast on the specimen surface and therefore improved data quality throughout 
the whole specimen surface. 

7.6 DIC noise level and spatial resolution [paper III] 

It is well established that in a DIC measurement there is a trade-off between the 
spatial resolution and precision of the measurement, and that the trade-off gov-
erns the choice of subset sizes in relation to quality of the pattern when analyz-
ing the DIC measurements. Methods for determining the spatial resolution with 
the aid of an imposed displacement field with known variations in displacement 
have been proposed [79]. However, in the absence of an imposed displacement 
field, quantifying the spatial resolution of a specific measurement, including the 
combined effects of subset size, calculation methods, aspects of the pattern, and 
of imaging conditions, is not that straightforward.  

The main DIC calculation parameters are the subset size and step size (grid 
spacing) from which the subset size mainly affects the noise level and spatial 
resolution of the measurement. The noise level corresponds with the minimum 
magnitude of localized strain that can be detected and the spatial resolution cor-
responds with the minimum separation between points for displacement meas-
urements, for these points to be independent of each other. When the step size 
is small enough, reducing it does not improve the spatial resolution: it increases 
the number of displacement measurement points, providing a smoother repre-
sentation of the same information, but the spatial resolution is not improved, 
because the measurements are dependent of each other due to overlapping sub-
sets. By increasing the subset size, or by applying a smoothing filter to the meas-
ured displacement fields, the noise level can be improved at the expense of wors-
ening the spatial resolution.  

In addition to the amplitude of the noise, the wavelength of the noise is af-
fected by the measurement conditions and the subset size. This is an indication 
that the wavelength is dependent on the spatial resolution of the measurement. 
Therefore, the length scale of the noise in the measurement was extracted by 
autocorrelation. Figure 46 plots the autocorrelation length, which is here used 
as a proxy for the spatial resolution, versus the noise level for the three different 
tensile specimens, with two different surface preparations and two different 
lighting conditions corresponding to the patterns shown in Figure 44. The au-
tocorrelation length and noise level show a logarithmic increase in noise when 
the subset size is reduced. The entire trade-off curves are shifted towards less 
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noise by patterning and diffuse lighting. Larger subsets reduce the noise but in-
crease the autocorrelation length, worsening the spatial resolution, as expected. 
The most suitable subset size depends on the quality of the pattern and meas-
urement. Better patterning and test conditions enable the use of smaller sub-
sets, therefore enabling detection of smaller variations in strain. 

 

 
Figure 46. Trade-off curves of strain noise and noise autocorrelation length for 
frame 100. Patterning (EBW-P-S, FSW-P-D) and diffuse lighting (FSW-P-D) shift 
the entire trade-off curves towards less noise. The subset size varies from 13 to 37 
pixels, except for EBW-EDM-S, with which DIC failed to correlate with subset size 
13. [III] 

A comparison of sum-of-differential and relative-to-first correlation methods is 
presented in Figure 47. The advantage of the relative-to-first method is lower 
noise accumulation due to direct comparison of first and each image in the se-
ries. On the other hand, if the features in the image change significantly, for 
example, due to large deformations or the appearance or disappearance of spec-
ular reflections, subsets may fail to correlate, which results in missing data in 
the vector grid. Sum-of-differential does not suffer as easily from that problem, 
but it accumulates more noise in the data due to summation of small displace-
ments. The noise level increases similarly with added images in the series re-
gardless of the correlation method, as shown with data for frames 100, 200, and 
300. The respective points in time are 134.5 h, 270.3 h, and 406.2 h, and the 
corresponding mean strain over the gauge length is 6 %, 15 %, and 26 % without 
significant strain localization. Signal to noise ratios for the mean strain, when 
using sum-of-differential and subset size 27, are 49.5, 60.5, and 61.5, respec-
tively. It is worth pointing out that if the signal of interest is the localization of 
deformation, with onset after some time and increasing amplitude, the signal to 
noise ratio improves even though the noise level increases. 

It would be interesting to confirm that other measures of spatial resolution 
also indicate a deterioration of the spatial resolution along with the increase in 
the noise level as the experiment progresses. The increase in noise level is prob-
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ably explained by increasing residual differences between the deformed and in-
itial images after the deformation is accounted for by the subset shape function, 
and how those affect the numerical minimization of the residual by varying the 
deformation within the DIC algorithm. The deterioration of the spatial resolu-
tion as the experiment progresses is a result of elongation of the grid spacing, 
since the vertical point spread coefficient of the autocorrelation peak was mul-
tiplied by the elongated grid spacing. 

 
Figure 47. Comparison of relative-to-first and sum-of-differential correlation meth-
ods with data for frames 100, 200, and 300 for the specimen FSW-P-D. The strain 
noise and autocorrelation length deteriorate with added images in the series. The 
subset size varies from 13 to 37 pixels. [III] 

7.7 Comparison to Sample 14 of the DIC Challenge [paper III] 

Since the metric of spatial resolution in the DIC Challenge paper [79] is different 
than the metric proposed in this study, a direct comparison of the obtained spa-
tial resolution values is not generally valid. In addition, the images provided in 
the DIC Challenge did not include strain variations with sufficiently short wave-
lengths to really challenge the DIC codes with respect to the detectability of the 
commanded strain variations. However, for the special case of spatial filtering 
by convolution with a Gaussian function, the relationship between the two met-
rics is well-defined by the shape of the Gaussian function, and each of the meth-
odologies can be compared with that common reference. Therefore, we com-
pared the measured strains with both the commanded strains and the com-
manded strains smoothed by a convolution that for random noise results in the 
same autocorrelation length as the noise autocorrelation length of the measured 
strains. The obtained curves are shown in Figure 48. DIC measurement with 
increasing subset size results in increasing autocorrelation length of the meas-
ured strains, as well as increasing attenuation of the measurement from the 
commanded strains at shorter wavelengths. Convolution of the commanded 
strains in Figure 48b-f, with increasingly broad point spread functions, corre-
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sponding to the same strain noise autocorrelation lengths from Figure 48a, re-
sults in good agreement for the attenuation of the strain variations. Thus it 
seems that for this DIC code with these patterns and these parameters, the re-
lationship that holds between these two metrics of spatial resolution that holds 
for convolution with a Gaussian point spread function, approximately holds for 
the spatial filtering that happens in the DIC measurement, as well. Table 7 com-
pares these two metrics, with numerical values for the autocorrelation length 
(w), the corresponding estimated attenuation threshold wavelength 

est=6.844w from equation (12), and the spatial resolution that the Matlab script 
of the DIC Challenge returns for the strains. 

 

 
Figure 48. a) Measured strain noise and noise autocorrelation length of Sample 14 
L5 [79], as well as, random noise convolved in two dimensions with increasingly 
broad point spread functions corresponding to the noise autocorrelation lengths. b-
f) Attenuation of strains in Sample 14 L5 due to the DIC measurement and due to 
convolution of the commanded strains with kernel widths corresponding to the au-
tocorrelation lengths for the different subset sizes. [III] 
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Table 7. Autocorrelation lengths (w) of the DIC measurement as a function of the 
subset size, converted to estimated attenuation threshold wavelength est) for 

thr). 
[III] 

Subset size w 
est  

(at R=0.90) 

thr  

(at R=0.90) 

13 11.0 76 n/a 

19 13.3 91 105 

27 16.7 114 126 

37 23.5 161 166 

55 38.8 265 252 
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8. Summary and conclusions 

FSW and EBW of copper results in markedly different weld microstructures. 
The microstructures of the forged lid and extruded tubular body also slightly 
differ from each other. The variation in cross-weld microstructure may cause 
strain localization during the long disposal period of the canisters, so it is im-
portant to know the cross-weld mechanical properties and most likely strain lo-
calization sites. The EBW suffers from poor cross-weld mechanical properties 
due to large grain size of the weld in comparison to the base materials [4][I]. 
Fracture occurs in the middle of the weld or at the fusion boundary between the 
weld and the lid material. The FSW welds fracture most likely at the oxide line 
extending through the weld, if welding is performed without shielding gas, or at 
the weld boundary on the retreating side of the weld on the lid side of the can-
ister. The cross-weld mechanical properties in this case were similar to those of 
the base materials [4][I]. In the new weld welded with shielding gas, fracture 
occurred always outside the weld on the weld boundary of the retreating side of 
the weld on the lid side of the canister [II]. However, the cross-weld mechanical 
properties of the new canister weld were worse, not meeting the requirement 
for elongation to fracture of 40 % nominal strain [3]. The DIC measurements 
indicate considerably earlier beginning of strain localization in the new weld, 
which is most likely caused by increased strength mismatch between the lid ma-
terial and the weld metal.  

It seems that forging of the old lid was done in a lower temperature than forg-
ing of the new lid, which is supported by the hardness measurements and mi-
crostructural observations. The actual forging temperatures of the studied lids 
are not known, but it is known that the forging process has changed over the 
years and different manufactures have been used. Nevertheless, the lid material 
of the old canister weld is similar in mechanical properties as the weld metal 
itself, which is good in terms of minimizing strain localization. The new weld, 
on the other hand, suffers from earlier strain localization due to larger grain size 
in the lid material and smaller grain size in the weld metal. It is likely, that the 
lack of oxide particles in the new weld also improves the strength, making the 
situation worse in terms of strain localization as the strength mismatch is in-
creased. This should be taken into consideration when manufacturing the real 
canisters for spent nuclear fuel disposal. The mechanical properties of the base 
materials and the welds should be as similar as possible to minimize the risk of 
strain localization.  

It is expected that creep will occur in the copper shell in the repository condi-
tions. This may change the strain localization behavior since the grain size in 
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the FSW welds is considerably smaller than the grain size of the base materials. 
Smaller grain size means more grain boundaries and therefore more creep de-
formation, since grain boundaries accommodate the deformation by grain 
boundary sliding and possibly by creep cavity nucleation [27], [29], [30]. There-
fore, fracture is expected to occur in the weld metal rather than in the base ma-
terial side of the weld boundary. The elongation to fracture may also be signifi-
cantly lower due to the extremely low strain rates. Long-term creep testing of 
cross-weld specimens would be needed to ensure adequate creep ductility of the 
welds. 

In addition to studying the strain localization behavior of the copper canister 
welds by DIC, efforts were made to quantify and improve the DIC data quality 
and precision [III]. It is still somewhat of an open question, how to reliably eval-
uate the spatial resolution of a DIC measurement. Usually it involves measure-
ment of known imposed displacements and determining the deviation from 
those known displacements. However, in the absence of such known displace-
ments the quantification of the spatial resolution by such method is not possi-
ble. It was noticed that by varying the subset size of the measurement, the wave-
length of the noise in the measurement also changes in addition to the noise 
amplitude of the measurement. This is an indication that the wavelength of the 
noise correlates with the spatial resolution of the measurement, since it is know 
that the subset size affects the spatial resolution. Thus, the autocorrelation 
length of the noise in the measurement was extracted and used as a proxy for 
the spatial resolution. The results obtained by the method quantify the trade-off 
between the minimum magnitude of localized strain (noise) and minimum ex-
tent of localized deformation (spatial resolution) that can be detected when var-
ying the calculation parameters and test conditions. The method may be used 
to estimate the spatial resolution of a displacement field, based only on the dis-
placement data set itself, without any knowledge at all about how it was meas-
ured. This spatial resolution value includes the combined effects of the pattern, 
tests conditions, and computational parameters. Thus the method may be used 
for assessment of improvements in a DIC measurement when looking for opti-
mum test conditions and parameters, or for comparing DIC measurements with 
other full-field measurement methods. Comparison to the spatial resolution 
metric of the DIC Challenge paper [79] shows a good agreement of attenuation 
of known imposed displacements by the DIC measurement and by convolution 
with a Gaussian point spread function with kernel size corresponding to the au-
tocorrelation length. 

The precision of the DIC measurements was considerably improved by opti-
mized patterning of the copper surface by copper oxide with the aid of a photo-
lithographic method [III]. The copper oxide pattern enables the measurement 
of large strains in copper, as well as improves the detectability of small strains. 
The best data quality was achieved by using the optimized DIC pattern and in-
direct diffuse lighting, which minimized specular reflections from the specimen 
surface. Alternatively, a white pattern background would have eliminated point-
like specular reflections from facets on the grains of copper or the EDM-rough-
ened surface, but possibly not a glare from the spotlight. Thus, using diffuse 
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lighting or a white coating would nearly eliminate contrast from the specimens 
with the as-cut EDM surface. However, copper oxide was used for patterning 
because it adheres to the copper surface better than a paint or foil would have, 
and this process is incompatible with applying a white background. 

The cast iron insert forms the main structural component of the canister 
against external loads, whereas the copper shell performs as a ductile corrosion 
barrier. The damage tolerance analyses of the cast iron insert in the KBS-3 
method for disposal of spent nuclear fuel should be based on the allowed defect 
size and actual mechanical properties in the operation conditions taking into 
account, e.g., irradiation embrittlement, hydrogen embrittlement, creep, and 
blue brittleness of cast iron. These phenomena may make the cast iron insert 
brittle and if it fractures, it is possible that the copper liner will also break. Ex-
perimental studies were performed in continuous hydrogen charging on creep 
and embrittlement of ductile nodular cast iron [IV]. It was observed that the 
absorbed hydrogen content increases markedly when load is applied and that 
the fracture manifests a brittle cleavage appearance. Constant load testing un-
der continuous hydrogen charging results in an increase of strain rate up to 
2×10-7 s-1 when compared to testing in air or distilled water, where the strain 
rate was about 2×10-9 s-1. Ligaments between the graphite nodules exhibit brittle 
cleavage facets in the presence of hydrogen, while the ligaments show a charac-
teristic ductile appearance of shear and small dimples when testing in air or dis-
tilled water. Under continuous hydrogen charging a large number of small brit-
tle cleavage cracks initiate at the graphite nodules perpendicular to the loading 
direction and their coalescence ahead of the main crack tip causes the crack ad-
vance. Thus, ductile cast iron manifests a great sensitivity to hydrogen, and 
therefore it is more likely that the cast iron insert may suffer from hydrogen 
embrittlement than the copper shell.  

It is worth to note that the mechanical behavior of cast iron is different under 
tension and compressive loading, the yield stress in compression being up to 7 
% larger than in tension [50]. The results obtained in the present study on the 
hydrogen-enhanced creep of cast iron under tensile loading may not directly 
apply to compressive loading caused by the canisters own weight and hydro-
static pressure in the long-term disposal conditions. However, the obtained re-
sults clearly indicate that the studied cast iron exhibits a remarkable sensitivity 
to hydrogen, which may play a significant role in affecting the mechanical integ-
rity of the cast iron insert also under compressive loading, but certainly under 
asymmetric loading due to uneven bentonite swelling and arbitrary rock shear. 
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Errata 

Publication 1 

 The FSW specimens fractured at the oxide line, not at the weld bound-
ary. 

 The EBW specimens fractured at the weld boundary on the lid side of 
the canister (or at the soft weld metal), not at the weld boundary on the 
tube side of the canister. 

 It should be noted that the different surface preparations of the defective 
EBW specimens may affect the absolute values of the Gini coefficient. 
Thus, comparison of the Gini coefficient values of specimens with differ-
ent surface preparations is not optimal. 

Publication 4 

 The nominal strains in Figure 7b of publication 4 should be an order of 
magnitude lower. 

 The creep rates in Figure 8 should also be an order of magnitude lower. 
 Naming of two specimens in Figure 8 is wrong. CIK_B_CLT_Water_02 

should be CIK_A_CLT_Water_02, and CIK_A_CLT_Air_01 should be 
CIK_B_CLT_Air_01. 
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