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Tiivistelmä
KBS-3 loppusijoituskonseptissa käytetty ydinpolttoaine on tarkoitus sijoittaa suuriin
kuparikapseleihin, jotka haudataan syvälle peruskallioon. Kapselin pääasiallinen kuromaa
kantava elementti on tarkoitus valmistaa EN-GJS-400-15U ferriittis estä pallografi itti -
valuraudasta (PGR). Loppusijoitusolosuhteiden takia herää kysymys myötövanhenemisen
mahdollisi sta vaikutuksista sisäosan kestävyyteen, joita ei ole tutkittu nykyisellään
riittävästi . Tässä diplomityössä käsitellään staattisen myötövanhenemisen vaikutuksia
sisäosassakäytettävänPGR:n mekanisiin ominaisuuksiin ja sisäosan kestävyyteen.

Staattista myötövanhenemista tutkittiin esivenyttämällä materiaalista valmistettuja
vetosauvoja 1%, 2% ja 3% nimellisiin venymiin. Esivenytettyjä näytteitä ikäännytettiin eri
lämpötiloissa, jotka vaihtelivat huoneenlämpötilasta 400 -asteeseen. Staattinen
myötövanheneminen (SSA) toi korostuneen myötörajan esiin materiaalin jännitys -
venymäkäyrissä kaikilla tutkituilla esivenymillä, kaikissa tutkituissa lämpötiloissa ja
kaikilla tutkituilla ikäännytysajoilla , vaikka vastaanotetussa tilassaan tutkittu materiaali
myöti tasaisesti ilman korostunutta myötörajaa. Esivenymän suurentaminen nosti
materiaalin myötörajaa enemmän verrattuna matalampiin esivenymiin. Maksimaalinen
myötölujuus saavutettiin jo yhden päivän i käännytyksellä 100 -asteen lämpötilassa ja
tätä pidempi 11 päivän ikäännytys ja/tai ikäännytyslämpötilan nostaminen 200 -
asteeseen ei vaikuttanut myötölujuuteen merkittävästi. Korkeammissa 300 ja 400
lämpötiloissa myötölujuus nousi vähemmän ja myötörajasta tuli selvästi vähemmän
korostunut kuin matalammi ssa lämpötiloissa. Esivenyttämättömien testisauvojen
ikäännytyksellä ei ollut vaikutusta materiaalin käyttäytymiseen.

Digitaalista kuvakorrelaatiota käytettiin venymien paikal listumisen tutkimiseen
vanhennetuilla testisauvoilla. SSA ilmeni testisauvoissa venymien Lüders-nauha-
tyyppisenä paikallistumisena myötörajan ympärillä. Tyypillisistä Lüders -nauhoista
poiketen useiden deformaationauhojen samanaikainen muodostuminen esti nauhojen
liikkeen mittapituuden läpi johtaen ennenaikaisiin jännityskeskittymiin ja lopulta
murtumaan
Avainsanat Käytetty ydinpolttoaine; pallografiittivalurauta ; staattinen
myötövanheneminen
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Abstract
Finland and Sweden are amongst the first countries moving forward with the plans
regarding geological disposal of spent nuclear fuel.Spent nuclear fuel is intended to be
placed in long-term geological repositories in accordance with the KBS-3 method where
the spent nuclear fuel is placed in large copper canisters that are sealed and buried deep
in the bed rock. The load-bearing element in these canisters is an insert made of nodular
cast iron of grade EN-GJS-400-15U. Questionsregarding the possible role of strain aging
in the material properties of the cast iron insert in the repository conditions have been
largely overlooked and have not beenthoroughly studied yet. This thesis explores the
phenomenon of static strain aging in the nodular cast iron to be used for this application,
and its effects on themechanical performance of the material.

Static strain aging was studied by pre-straining tensile specimens made from the given
material to 1 %, 2 % and 3% nominal strains. The pre-strained specimens were agedat
various temperatures ranging from room temperature (RT) to 400 for varying times.
The static strain aging brought pronounced yield point to the material for all studied pre -
strain levels, temperatures, and aging times despite the as received material behaving
smoothly with no pronounced yield point. Increasing the pre-strain raised the yield
strength of the material more compared to lower pre -strain. The maximum yield strength
levels were already achieved with aging in 100 for 1 day and aging at higher
temperature of 200 and/or increasing aging time to 11 days had nosignificant effect
on the yield strength. Aging at higher temperatures of 300 and 400 resulted in
lower increase in yield strength and the yield point becameless pronounced as the aging
temperature was raised over 200 . Aging non-pre-strained specimens had no effect on
the yielding behavior compared to as received material.

Digital imag e correlation was used to study how the static strain aging affect the strain
localization in the material. Strain aging was found to manifest as formation of complex
Lüders bands at the onset of yielding. Formation of multiple bands inhibited the band
propagation and lead to premature localization of strain in these areas, which lead to
earlier fracture.
Keywords Spent nuclear fuel; ductile cast iron; static strain aging
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Symbols and abbreviations

Symbols

ὃ total cross-sectional area of the dislocations per unit area of matrix
ὃ Elongation at maximum force

ὃ Elongation at fracture
ὧ Concentration
ὧ Defect concentration a long way from dislocation
‏ Thickness of grain boundary
Ὠ grain size
Ὀ Maximal diffusion coefficient
Ὀ Apparent diffusivity trough crystal

Ὀ Diffusion coefficient trough grain boundary

Ὀ Diffusion coefficient trough lattice
Ὀ Diffusion coefficient trough dislocation

Ὁ Interaction energy
ὐ Diffusion flux (chapter 2.2.2)/ J-integral (chapter 2.1.10)
ὐ ὥ J-integral value for postulated crack
ὐ J-integral value corresponding to 2 mm stable crack growth
ὑ Fracture toughness in mode I loading
ὗ Activation energy
Ὑ Universal gasconstant
Ὓ Safety factor in ASME code used for J-integral analysis

Ὓ Safety factor in ASME code (value changes depending on application)
Ὕ Temperature
Ὕ Melting temperature

Abbreviations

ASME The American Society ofMechanical Engineering
BCC Body-centered cubic
BWR Boiling water reactor
CERT Constant extension rate tensile testing
DCI Ductile cast iron
DHD Deep hole drilling
DIC Digital image correlation
DSA Dynamic strain aging
EBS Engineeredbarrier system



ii

EDZ Excavation damage zone
ὉὈὤ Construction induced excavation damage zone
ὉὈὤ Stress induced excavation damage zone
EDS Energy-dispersive X-ray spectroscopy
EPR European Pressurised Water Reactor
FCC Face-centered cubic
FE Finite element
ICHD Incremental Center-Hole Drilling
KBS-3 Kärnbränslesäkerhet-3
NDT Non-destructive testing
PWR Pressurised water reactor
SEM Scanning electron microscope/microscopy
SKB Svensk kärnbränslehantering AB
SSA Staticstrain aging
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1 Introduction

The spent nuclear fuelfrom nuclear power plants in Finland and Swedenis planned to be
disposed usingthe method calledKBS-3 (kärnbränslesäkerhet 3). In this method large
copper canisters are used to seal the spent nuclear fuel after which the canisters are buried
in crystallinebedrockand surrounded with layer of bentonite clay.The method is based on
the general theorythat radioactivedepositin thebedrockcanbe present fortens ofthousands
of years without harming the health of human populations. Therepositoryis designed to last
at least100000 years to ensure safe nuclear decay of the spent fuel withoutcausing
environmental harm.

The copper canisters arecomprised of the outer copper shellwith welded copper lid,inner
cast iron insertwith steel tubecassetteinsideand steel lid. The copper shell is used mainly
for its corrosion resistance and high ductility which ensures the integrity of the shell inthe
repository conditions.The cast iron insert is the main load bearing structure in thecanister,
and it should withstand the environmentalmechanicalloads that it is subjected to.The
canister insert can experience yielding due to rock shear movementsalong fractures in the
bedrockthat cross the canisterhole.

The nuclear decay of the fuel rods causes the temperature to rise inside the insert. The
estimated maximum temperature in the middle of the fuel rod bundle inside the cast iron
insert is about 230 according to worst case calculationsand the temperature at the edge
of the bundle is around 30  lower [1]. In theory this heating of the insert enables the
possibility for dynamic and static strain aging in the cast iron insertif the canister insert is
subjected to yielding in the repository. The phenomena of strain agingareknown for long
time, but they arestill not thoroughly understood. Strain aging has been studied more in
steels than cast irons.The same principles should, apply for cast irons and steelsbut some
differences are still to be expected. For example, the different silicon contents in the
materials change the activation energy ofthe carbon diffusion[2]. This can affect the
temperature ranges and strain conditions wherethe aging can occur.Some studies on the
dynamic strain aging effects on theductile cast iron grade planned to be used in the insert
havealreadybeen conducted[3]. However, studies regarding of the static strain aging of the
specific cast iron grade in therepositoryconditions have not been conducted and the
phenomenon should be studied further.In this studythe static strain aging of the cast iron
insertover a range of conditions spanning those predicted for the repository isexamined.



2

2 Literature review

2.1 Nuclear waste program and KBS -3
The KBS-3 method is developed by Swedish Nuclear Fuel and Waste Management
Company SKB.The Finnish nuclear waste management company Posiva and Swedish SKB
intend to use this method for long term nuclear waste disposal in Finland and Sweden.The
KBS-3 method consists ofthree main protectivebarriers: thecopper canister, bentonite clay
buffer and crystalline bedrock(figure 1). The copper canisters containing the spent nuclear
fuel areburiedapproximately500 meters deep to the bedrockand the empty space in the
deposition holes is filled with bentonite clay. Finally, the tunnel leading to the deposition
hole is backfilled with bentonite clay.[4][5]

Figure1 Illustration of the KSB-3 method[5]

Each of thebarriers have their own safety functions.The safety functions of the different
parts in the engineered barrier system (EBS) in Posivaís repository concept are as follows[6]:

1) Themain safety function of the canister is to ensure the prolonged containment of
the spent nuclear fuel. This function is mainly dependent on the mechanical strength
and load bearing capabilities of the canister as well as the corrosion resistance.

2) The safety functions of the bentonite buffer are:
a. Provide favorable and predictable conditionsregarding the mechanical,

geochemical and hydrogeological conditionsfor the canisterand protect the
canister from external processes that couldcompromise its safety functions
and the containment of the spent nuclear fuel.

b. Limit the release of theradionuclides if the canister fails.
3) The safety functions of the deposition tunnel back fill and plug are to:

a. Contribute to favorable and predictable mechanical, geochemical and
hydrogeological conditions for the buffer and the canister.

b. Limit the releaseof radionuclides if the canister fails.
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c. Contribute to the mechanical stability of the host rock in the vicinity of the
deposition tunnels.

4) The safety functions of the backfill of underground openings are to:
a. Assure that the long-term isolation of the repository from the surface

environment and normal habitats for humans and other biotais not
compromised.

b. Limit the inflow to and release of harmful substances from the repository.

2.1.1 Excavation damage zones and fracture growth in bedrock
When considering the possibility of strain aging in thecast ironcanister insert it is important
to understand theenvironmental causes for the possible loading scenarios that are imposed
on the canister.The different loading scenarios affecting the canister and thepossible
occasions where actual plastic straining of thecast ironinsert can occurare reviewed in
section: 2.1.7ìLoads affecting the insertî.

When the repositories are designed thedeposition,holes are located sothat they do not
intersect natural fractures of the rock mass. This is essential toavoidthe possibility of rock
shear movements larger than 50 mm across the canister. However, therock mass around the
deposition hole and the tunnel is affected by the excavation damage that is caused by the
construction.In the area affected by the excavation damage the rock strength is significantly
reduced and the hydraulic conductivity is increased.This zone is called excavation damage
zone (EDZ) which canbe furtherdivided into two different zones:construction induced
ὉὈὤ and stress inducedὉὈὤ zone. The EDZ increases the risk for different types of rock
damage mechanismssuch as rock shear and spalling which in turn can affect the integrity of
the disposal canister.[7]

In-situ experiments in Olkiluotosite have shown that the anisotropic rock masses can
experience structurally controlled failure at the lithological borders.In this failure mode the
weakest plane fails causing stress relaxation and preventing furtherprogressive failure.In
all experiments sub critical fracture growth was observed after boring the test holes. The
fracture propagation was observedin two weeksto 18-monthperiod after the boring. The
KBS-3V method was found to be prone to initiation of new fractures sometime after the
excavation, whereasthe KBS-3H method was not.However, after 60 yearsof disposal,
fracture initiation can be expected inboth vertical and horizontal repositories. Based on the
experimentstwo-fold failure criterion consisting of 40 MPa forrock massdamage onset and
90 MPa for rock mass strengthhave beenproposed.[7]

The probabilityfor critical rock shear movements in the repository sites during deposition is
very low. It is estimated that out of 6000 canisters approximately4 canisters would bein
unsuitable locations where the rock shear amplitude couldreach5 cm.Possibility for even
higher rock shears has also been studied. Out of 6000 canisters approximately 0.5 canisters
would be subjected to rock shear of 10 cmwhich would correspond to about 0.12 failed
canisters over 1 000000 year period due to the low probability of earthquakes.The risk for
the rock shear is directly proportional to the number of unsuitable canister positions and is
thus 8 times higher forthe 5 cm criterion[8]. In later studies the probability for 5 cmor
largershear occurring has been even lower and the mean number of canisters expected to be
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in critical positionsout of 6000 canisters was less than 0.11 inForsmarksite for 5 cm shear
criterion[9].

2.1.2 Canister design
The canister isthe primary and most important barrier betweenthe environment and the
spent nuclear fuel.The canister is expected to effectively limit the release ofthe radioactive
substances to the environment for minimum of 100000 years.To ensure that this comes
true, the canister should remain sealed and intact with very good reliability in the repository
conditions.

The canister consists of the outer copper shell and massive cast iron insert. The outer shell
of the canister is made of copper because copper has some important properties that make it
suitable for the outer layer.The material chosen for the outer shellis Cu-OFP (oxygen free
copper alloyed with 30-100 ppm phosphorus). This type of copper has very high ductility
and good corrosion resistance, which are critical in order the ensure that thecanisterremains
sealed and intactin the repository. However, theouter shell does not have good load bearing
capabilities. The main function of the cast iron insert is to be the load bearing element in the
canister design. Additionally, the cast iron insert helps to shield the radiation inside.

Figure2. Exploded view of the canistercomponents. The components from left to right are:copper overpack, cast
iron insert, steel lid, screw for the lid, copper lid.[10]

There are three different types of canisters for different reactor types since the fuel elements
in the reactors have different geometry. The BWR, PWR and VVER-440 canisters are
presented in figure3. The canister dimensions vary depending on the type.The outer
diameter of the canister is the same 1.05m for all canister types, but the total length varies.
The lengths of the VVER-440, BWR and PWR canisters are 3.552 m, 4.75 m and 5.223 m
respectively.[6]
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Figure3 Three different canister types from left to right:VVER-440, BWRandEPR/PWR[6]

2.1.3 Insert manufacturing
The cast iron insert is manufactured by casting. The channels inthe cast iron insert are
formed when the ironis cast around steel tube cassettein a mold.

The steel tubes are manufactured from cold formed steel plates with welding oraredirectly
hot formed.Thehot formedsteel tubematerialshouldfulfil the requirements in EN 10210-
1 S355J2H and the cold formed steel plates should fulfil the requirementsin EN 10219-1
S355J2H.The steel tube cassette is manufactured by welding the steel tubes together with
support plates.The support plates and flat bars that are used to manufacture the cassette are
made of EN 100250 S235JRG2 steel.The steel cassette structurefor BWR insertis presented
in figure 4.[10][11]

Figure4 The steelcassette constructionfor BWR insert.[11]
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Theinsert is manufactured from EN-GJS-400-15U nodular cast iron by casting.Before the
casting process, the steel channels are filled withsand to avoid deformation of the steel tubes
due to the melt pressure of the cast.The casting method may vary betweenfoundries, but
the casting moldsusedaremade ofeither sand or steel. The moldscan befilled from the top
of the insert or from the bottom of the insertby leading the molten metalthrougha channel
down to the bottom of the canister. Thesemethodsare referred as top pouring and bottom
pouring,respectively.During thecasting,the temperature of the melt is monitoredclosely,
and the acceptable melt temperature is between 1310  and 1370 . The filling of the
casting mold takes approximately 1 minute. After the casting process theinsert is cooled
down inthecasting mold for few days after which the steel channels are emptiedand sand
blasted. The excess material from the top of the canister is cut off and the channels of the
insert areinspectedby moving specific gauge along the length of the channels. Theinsert is
then pre-machined and machined to its final dimensions.[11][12]

2.1.4 Insert microstructure and possible defects
The material properties are tested after the manufacturing bytensile testing. Tensile testing
is done fortest samplescut from the top of the insert as well asfor cast-on samples.The
samples cut from top of the insert are usually tested bya third party. The samples cut from
the top represent the worst material properties of the insert rather reliably, since all the slag
in the cast tends to float upwards. For this reason,the top samples are used to verify the
conformity of the insert. The cast-on samples arenot representative of the real cast andonly
work as indication of the result due to the much faster coolingrate in the samples.[12][13]

The samplesthat showed the lowest and largest elongations in the tensile testsare inspected
with optical microscopy to ensure that the microstructure istypicalfor nodular cast iron. The
microstructure should in all positions be minimum of 80% ofgraphiteforms V and VI as
specified in standard EN ISO 945 and should not include anygraphite offorms I and II.
Typical microstructure of the insert is shown in figure 5.[12][13]

Figure5 Micrograph from the insert. Ferritic matrix with graphite nodules of form V and IV.[12]
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In large casts like the cast iron insert it should be considered that the microstructure in the
whole cast is likely not entirely homogeneous. Dahlberg et al. found there to beasystematic
variation inthemechanical properties betweenthedifferent sample positions ofthe cast iron
insert and between separate inserts[14]. While the effect on elastic and initial plastic
properties was found to be minimal, theeffect on theelongation tofracture was significant.
The differences can be explained by the local variations in graphite nodule sizes and the
nodule density. Samples containing higher than average concentration of graphite nodules
generally tend to fracture at lower strain. Additionally, possible local defects in the cast can
have impact on the mechanical properties.

There are several different types of defects that can be present in the cast iron insert. The
different defect types and their detectionin non-destructive testing (NDT)areexplained in
the research of Pitkänen[11].

Shrinkage cavities arecavities inside the castwith dendritic wallsthat is caused bylocal
temperature centrum in the cast. The shrinkage cavityusuallyoccurs in areas where the cast
solidifiesthe last.

Shrinkage poresare small defects that are formed in similar manner to shrinkage cavities,
but instead of one big void smaller pores are formed inside the cast.The pores affect the
mechanical properties of the material. At the porousarea,the ductility and strength of the
castarenegatively affected.

Blowholesare essentiallyvoids or bubbles in the cast caused by gas in the liquid of cast.
The blowholes can vary in size but are usually between 2-20 mm in diameter.Similarly to
pores, blowholesaffect the strength of the material negatively

Pinholesare also cavities caused by gas inside the castbut are mainly located at the surface
of the cast. The pin holes can be open or closed and are usually 1-100 mm in size.

Shrinkage cavities, shrinkagepores, blowholes and pinholes can all be detected with
ultrasonicinspection.

Slag, oxide, and sand inclusionsare defects that are caused by impurities that end up in the
cast. Slag inclusion is formed usually from magnesium oxide,magnesiumsulfideor enriched
magnesium slag that is present in the molten metal.In sand inclusion the sand particles are
usually from the sand mold. These defects cannot usually be detected with ultrasonic
inspectionand are instead usually detected in metallographic samples.

Elephant skin is round stretched cavity along the surface of the cast which look like
wrinkled elephant skin.

Cracks can form in the insert due to the loads that it is subjected to. In mechanical testing
the cracks usually initiate near thesteel tubes in the cast.

Low nodularity is specified asa defect type because it can substantially decrease the
ductility toughness of the cast. If the cast iron insert has graphite nodules of forms V an IV
less than 80 % or has any graphite of forms I andII according to standard EN ISO 945, it is
considered to have low nodularity.The low nodularity is possible to detect with ultrasonic
testing. However, the ultrasonic detection of low nodularity is challenging because low
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nodularity increases the ferritecontent in the microstructure and the low nodularity and
increasing ferrite content have opposite effects on the sound velocity in the structure.

The acceptable defect size depends on the area the defect is located in the insert. For BWR
and PWR inserts different zones used for damage tolerance analysis aredeterminedin SKB
design report from 2010(figure 6). In the report the maximum allowable defect sizes for
these zones in isostatic loading are determined for both crack-like defects and hole defects.
The maximum defect sizes are listed in tables 1 and 2.[13]

Figure6 Different zones in BWR and PWR inserts used for damage tolerance analysis and determining maximum
defect sizes

Table1. Maximum acceptable defect size for crack like defects (cracks, slag inclusion etc.) [13].

Zone Defect size a (mm)
BWR PWR

A 37 53
B /(B1) 65 112
(B2) 50
C 24 104
D 32 31

Table2. Maximum acceptable defect size for hole defects (shrinkage cavities, shrinkage pores, blowholes, pinholes
etc.) [13].

Zone Defect size D (mm)
BWR PWR

A 40 80
B /(B1) 60 100
(B2) 20
C 20 100
D 20 20
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2.1.5 Non-destructive testing of the cast iron insert
The NDT testing of the insert is carried out in multiple steps. The first inspections aredone
by the supplier. Ultrasonic testing andmagnetic particletesting are used in the first step.
These inspections are mainly done to get the permission to deliver the partsto minimize the
risk that the parts are rejected inthelater manufacturing steps.[15]

The final inspections are done in the canister factory and are carried out in two steps. The
ultrasonic testing is done after the pre-machining step when there is still excess material on
the insert surface. This methodology ensures that the whole final volume of the insert will
be inspected as the sensitivity of ultrasonic testing near the surface is not good.After
machining the insert to its final size specificsurface inspection techniques are used. The
surface inspection consists of eddy current inspection and magnetic particle inspection.[15]

The ultrasonic testing is the main technique for testing the insert and detecting volumetric
defects.Three different ultrasonic techniques are used to inspect different parts of the insert.
The ultrasonic methods are normal inspection,angle inspection and transmission inspection.
The normalincidenceinspection is the primary testing method of the cast iron insert and it
covers the volume from the surface to the depth of around 200 mm. The angular wave
technique is used as complementary technique to inspect defects the main axisof which is
in the radial-circumferential plane. The covered volume is from the surface of the insert to
thedepth of 50 mm. The transmission inspection method is used to inspect the strips between
the channel tubes in the insert. The differentvolumes inspectedwith the ultrasonic testing
methods are shown in figure 7.[15]

Figure7 Different inspection techniquesfor BWR insertdepending on the volume that is being inspected. Angle
inspection (violet), normal inspection (green) and transmission inspection (yellow).

2.1.6 Residual stresses in the insert
There will be some residual stresses present in the insert after the casting process. The
residual stresses form when the cast cools down unevenly. The cast iron insert cools down
faster at thesurfaceof the insertand near the channel tubesthan in thethicker parts of the
cast. Whenthickerparts of the cast cool down the shrinking of the melt iron causes tension
in the thicker sectionsof the cast,and thus causes compression inthe outer cylindrical
surface of the insert.



10

For measuring the residual stresses mainlythe Deep Hole Drilling (DHD) technique has
been used.The DHD technique issemi-invasive measurement technique that is based on
mechanical strain relief. In the DHD technique reference bushes are attached to the front and
back surfaces of the component at measurement points. Then a reference hole with diameter
1.5 mm or 3 mm is gun drilled trough the component and the reference bushes. The diameter
of the reference hole is then measured along the full thickness of thecomponent using air
probe. The measurements are done in increments of 0.2 mm along the length of the hole and
22.5-degreeincrements along the axis of the hole. After the hole is measured a 5mm or 10
mm diameter core including the reference hole is machined out from the component using
electro discharge machining after which the reference hole is measured again through the
whole depth using the same increments as before.

Bowman et al.measuredthe residual stresses inaBWR insert usingtheDHD technique.For
the measurementsa 980 mm long piece of the BWR insert, cut from 1310 mmñ 2290 mm
section from the bottom was used.The diameter of the insert section was roughly 960 mm.
The test specimen was provided by POSIVA.

The measurement location can be seen infigure 8. It should be noted that unlike the
measurements 1,2 and 3 the measurements 4 and 5 were not drilled radially inwards so the
ëhoopí stress in these measurements refers to the combination of radial and hoop stress.The
measurement results from the report of Bowman[16] are compiled below:

Measurement 1:The axial residual stress started at 10 MPa atthe surface and increased to
58 MPa peak at 2 mm deep. The hoop stress started at 25 MPa and also increased sharply to
tensile peak of 57 MPa at 2 mm deep.From here the values fluctuated and decreased to
compression achieving compressive peaks of-34 MPain axial direction and-60 MPa in
hoop direction at 37.8 mm deep in the cast iron/ steel tube interface.The axial residualstress
in the steel tube part fluctuated between minimum value of 93 MPa and maximum value of
118 MPa.The maximum hoop stress in the steel tube section was 51 MPa and the minimum
was 18 MPa.

Measurement 2:The residual stress was found to start at compressive peak of-62 MPa in
axial direction and-41 MPain hoop direction. The stresses then increased to tensile peaks
of 4 MPa and 11 MPa in axial and hoop direction, respectively, at the depth of 5.4mm. After
the peak at 5.4 mm deep the axial and hoop stresses fluctuated in the error bound withthe
hoop stress averaging 12 MPa higher than axial stress.At the cast iron/steel tube interface
there was axial peak of-5.1 MPa. The hoop stress had tensile peak of 17 MPa at 18.6 mm
deep and it reduced to 2.3 MPa in the cast iron/ steel tube interface.In the steeltubesection,
the axial residual stress fluctuated between minimum of 15 MPa and maximum of 72 MPa.
In the steel tube the hoop stress fluctuated between compressive value of-61 MPa and tensile
value of 16 MPa.

Measurement 3:The axial residual stress started at compressive peak of about-113 MPa
which was the highest measured axial stress in the cast iron. The stress then increased to-14
MPa at 20 mm.The axial stress achieved tensile peak of about 10 MPa at 273.8 mm.The
hoop stress started with compressive peak of about-80 MPa which was also the highest hoop
stress measured in the cast.The hoop stress increased sharply to about 0 MPa at 21.4 mm
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and achieved tensile peak of25 MPa at 277 mm.After the tensile peaks the axial and hoop
stressvalues fluctuated.

Measurement 4: The residual stress was found to start with compressive peak of-38 MPa
and-35 MPa in axial andëhoopí directions, respectively, and thento increase to tensile peaks
of 12 MPa and 6 MPa at the depth of 8.8 mm.The values then lowered again to compression
achieving compressive peak values of-39 MPa in axial direction and-34 MPa inëhoopí
direction at the depth of 84.4 mm. In the steel tube section the maximum axial stress was
found to be 69 MPa and the minimum value 55 MPa.The hoop stress was compressive in
the steel tube section with peak value of-43 MPa and then increased to-11 MPa at the last
measurement point.

Measurement 5: The axial residual stress was66 MPa at thefirst steel tube/cast iron
interface9.2 mm deep. In the cast iron part, the axial stress was in compression and there
was compressive peak of-20 MPa atstart at 11.4mm.The axial stress then increased to-2
MPa at 14.2 mm and then fluctuated around zeroin the remaining of the cast iron section.
Theëhoopí stress was 0MPa at the steel tube/cast iron interface 9.2 mm deep. In the cast
iron part,theëhoopí stress started at 25 MPa11.4 mm deepand then decreased to 16 MPa
at 36.4 mm deep. The value then rose tothe maximumof 34 MPa at 66.4 mm deep. The
axial stresses in the first steel tube section fluctuated between minimum tensile value of 51
MPa and maximum value of 81 MPa.The ëhoopí stress fluctuated between minimum value
of 0 MPa and maximum of 41 MPa. In the second steel tube section the maximum axial
stress was 71 MPa and minimum was 31 MPa. The ëhoopí stress in the second steel tube
section fluctuated between minimum of 4 MPa and maximum of 41 MPa.

Overall, the axial and hoop stresses behaved very similarly in the cast iron.All the
measurement locations showedcompressivepeak stresses close to the surface of the insert
with the exception of measurement location 1. Generally, after the compressive stress peaks
the stresses tended to increase sharply to tension and most of the measurements showed
tensile stress peaks before 20 mm deep.The peak compressive residual stresses were found
to be-113MPa and-80 MPa inthe axial and hoop direction, respectively. These stresses
were found at the surfaceregion of the cast iron insert at the measurement location 3.
Maximum tensile residual stresses were found 2 mm deep from the surface of measurement
location 1. The residual stresses were 58 MPa intheaxialdirection and 57 MPa inthehoop
direction.[16]

Although the stresses in the cast iron arein thefocusit is worth noting that in addition to the
peaks on the surface of the insert therewere high residual stresspeaks in the steel tube
section.Thereareclearlystress concentrationsat the steel tubesectionsand some relatively
high peaks were also measured at the cast iron/steel tube interfaces.The axial stresses in the
steel tubes were higher than hoop or ëhoopí stresses in all measured locations.The maximum
axial stress measure in the steel tubes was 118 MPa near the cast iron/steel tubeinterface
and it was measured fromlocation 1. Maximum tensile hoop stress was 64 MPa in the inner
surface of the steel tube measured from location 1 and compressive hoop stress of-61 MPa
was found in the cast iron/ steel tube interface at measurement location 2.The most notable
peaks measured directly at the cast iron/steel tube interface were-60 MPa hoop stress at
measurement location 1 and 66 MPaaxial tensile stress measured at location 5.[16]
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Figure8 BWR insert cross section showing the measurement locations. Dimensions are in mm.[16]

Shipsha performed assessment on the residual stresses of BWR- and PWR-inserts.The
evaluation is based ontheprevious reports.For the measurementsin the reports, DHD and
Incremental Center-Hole Drilling (ICHD) methodswere used. Based on the evaluation of
Shipsha, a pessimistic maximumtensileresidual stress of 90 MPacan be assumedin the
hoop direction for PWR insert when measured between the steel channels. In BWR insert
pessimistic assumption for maximum hoop stress is 60 MPa along the ligamentfrom steel
tube corner to the outer surface of the insert.[17]

It should be noted that the overall accuracy of the DHD method is +/-30 MPa which means
that many of the characteristic features in the measured residual stresses can be considered
to be measurement fluctuationsrather than actual changes in the stress field. This accuracy
is not valid for the first 1 mm of the surface and the stresses cannot be reliably measured in
that region.[16]

The compressive residual stress in the surface of the insert can be beneficial due tothe
tendency of closing small surface cracks.Thecompressive stressescan also be beneficial in
the case where the canister is subjected to bending as higher applied tensile stresses are
needed to cause yielding.The residual stressesare sometimes considered tohave no
meaningfulimpact on the higher loading cases of the insert since the residual stresses are
thought to disappear as the insert is subjected to yielding.[6][18] However, this is a
misunderstanding and not entirely true, since residual stressesare addedto the external loads
andwill determine the location where the yielding starts and the local ductility determines
if yielding continues so that the whole insert will yieldor if cracking initiates first.



13

Theresidual stresses can cause local yielding in the insert when combined with the possible
compressive loads the insert is subjected to in repository conditions. Additionally, it is
probable thatsome permanent local yielding already occurs during the solidification of the
castdue to the uneven coolingand shrinking. In theory the small local yielding could enable
the strain aging to occur readily without external yielding scenario like rock shear
movements.

2.1.7 Loads affecting the insert
The loads that affect the canister are mainly external loads. There are some possible internal
load cases that can affect the canister, but these are so small that they can be ignored when
examining the mechanical loads. The nuclear fuel rods produce helium gas when decaying,
which can increase the internal pressure inside the canister, but the possible pressure increase
is negligible compared to external loads. The other internal load case is related to the
corrosion of the cast iron insert which can produce hydrogen gas.This process can only take
placeif residual water comes with the fuel elementsand is enhanced whenthe canister is
leaking and filling with water. A maximum amount of cooling water that will come with the
fuel elements is estimated to be0.6 liter per canister. Additional pressure inside the canister
is also caused by thegrowingcorrosion products of ironlike magnetite and other iron oxides.
Residual water trapped inside the canister during the encapsulation may produce nitric acids
in the presence of nitrogen gas which could cause corrosion. However, this effect can be
effectively reduced or avoided by the drying process of the fuel assemblies and using argon
as the gas inside the canister instead of air.[6][19]

The suitable depth for the repository has beendemonstrated to be between 400- 500 m and
the nominal depth of the Olkiluoto repository site is set to be 420m[6][10]. The external
loads affecting the canister in these conditions are due to the environment and the bentonite
layer surrounding the canister in the repository. The design load of the canister is set to 50
MPa isostatic load consisting of groundwater pressure of 40 MPaand swelling pressure of
10 MPa from the bentonite buffer.

As the bentonite buffer starts to wet the bentonite starts swelling. The wetting process can
take up to hundreds of years at dry sites. At the end of the wetting phase when the bentonite
is fully saturated with water the bentonite layer will cause isostatic pressure load on the
canister since further swelling is prevented due tothe confinement. The load from the
bentonite can varyin the range of 3-10 MPa and can be unevenly distributed dueto uneven
wetting and variation in hole dimensions. In the long-term calcium rich ground water can
lead to thesodiumions of the bentonite to change with calcium ions which can increase the
maximum swelling pressure up to 15 MPa. However, this ion changing process can take
thousands of years.[10][6]

The bentonite swelling can cause asymmetrical loading on the canister in different ways.
During the water saturation period the water can saturate the bentonite clay unevenly
depending on where the water will intrude the deposition hole.The water saturationcauses
radial swelling pressure on the canisterand thus the uneven wetting causes uneven load
distribution on the canister. In the uneven loadingscenarios,the canister can be thought to
act as freely supported beamsince the canister is over 5 times longer than its diameter. The
worst-caseloading scenario during the wetting phase is demonstrated in figure 9.This load
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case only occurs during the period the water saturation is incomplete.The load distribution
during the water saturation istriangularwhen thewater is assumed to be from axial crack as
the wetting and the resulting swelling pressure will vary depending on the distance from the
fracture. Most of thedepositionholes will fully saturate in the first 2000 years of the
deposition.Very pessimisticupper limit for the full saturation is 10000 years.[10][20]

Figure9 Worst loading caseof the canisterdue to the temporary uneven swelling. The canister is tilted 90 degrees to
illustrate the case as freely supported beam. [20]

The deposition hole is not necessarily perfect, and it can be asymmetrical. The worst
swelling pressure occurs in case where the deposition hole is banana shaped.After the water
saturation there may still remain uneven loading on the canister.During this phaseonly
factors that affect the bentonite buffer density for horizontal cross section of the canister can
cause uneven loading. The density difference can be due to imperfections in the bore hole
geometry and rock fallout in critical part of the bore hole. In the worst-casescenario both
the banana shaped hole and rock fallout cause uneven load on the canister.This load case is
illustrated in figure10.
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Figure10 The stress distributionvisualized in the combined load case of banana shaped hole and rock fallout in the
middle of the canister. The cross-section of B-B can be seen in the right. The cross-section of A-A is mirrored B-B.[10]

During theglacial period the repository site is covered by thick layer of ice. This thick layer
of ice can increase the basic ground water pressure of 5 MPa by 35 MPa.This pressure along
with the swelling pressure of bentonite will add up to 50 MPa load which is the set design
limit for the canister.The first glacial period is thought to begin after approximately 50000
years. During the glacial period the temperature  inside the canister willbe lower, but stay
between 0  and 20 . [10]

In rare cases the releasing of stresses in the bedrock can cause shear type rock movement in
the bedrock subjecting canister to bending.The shearing can initiate due to earthquakes or
due to glacially inducedfaulting. It has been estimated that the possible earthquakes in the
vicinity of the repository should not affect the canister integrity if the repository is placed
respectdistance away of the deformation zone that could host major earthquakes and the
canister holes are not intersected by large fractures. The glacially inducedfaulting can occur
due to deglaciation that causes crustal de-loading or glacial advancement thatcauses
increased crustal loading.The bentonite bufferís function is to soften the impact of the rock
shear movement and distribute the loading more evenly. The swelling pressure of the
bentonite is directly correlated to the maximum shear loading becausethe pressure affects
the bentonite buffer stiffness.
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Due to the long timespan of the deposition the possible rock shear could occur in multiple
ways. There could be one large rock displacement or there could be several smaller
displacements that cumulate to larger displacementdue to repeated earthquakes. The
frequency of possible smaller slipsis limited to the frequency of earthquakes that could
trigger the event. It is argued that during the period of million years only two earthquakes
with sufficient magnitude to initiate shearing, could occur in the Forsmark site, thus only
two successive rock shear events on one fracture need to be assessed.It is considered
unlikely to have evenone large earthquake at the siteand possibility for two or morelarge
earthquakeshappeningat the same areais evensmaller.[9]

It is estimated that maximum of 5 cm rock shear with velocity of 1 m/s can occur in the
repository.The rock shearing could occur in multiple different planes.The maximum strain
rate in the insert during the rock shear is estimated to be 0.5 1/s. This is based on Raiko et
al. assumption that the maximum strain is 2% and the 5 cm rock shear takes 0.05 s at the
velocity of 1 m/s. The maximum average strain rate is 0.02/0.05s = 0.4 1/s.[6]

In some other studies maximum strain rates for the insert were found to be 0.33 1/s and 0.21
1/s. However, these studies also used 0.5 1/s as the pessimistic upper limit for the strain
rate.[10]

It is worth noting that the 5 cm rock shear criterion is not an absolute maximum rock shear
that could occur at the repository site. The 5 cm is the acceptable upper limit for the rock
shear that the canister is expected to handlewith good probabilitywithout failureand the
repository is designed so that exceeding 5 cm shear is very unlikely. In practice the maximum
of 5 cm rock shear can be ensured by using respect distances to the possible earthquake sites
and by examining the deposition holes and making sure they are not intersected by large
fractures[9].

The rock shear scenario has been studied for largershear displacements as well, but it has
been noticed that larger displacements are not safe.Börgesson et al. studied the rock shear
for 10 cm and 20 cm rock shear movement in different shear directions and with different
bentonite buffer densities as wellas for different bentonite types (Ca-bentonite and Na-
bentonite)[21]. Particularly in the Ca-bentonite case with higherbuffer densities and 20 cm
shear displacement, high deformations up to 13% wereobserved in the simulation results
which is very close to the fracture strains of the material and very excessive compared to the
requiredductility minimum of 3% true plastic strain presented in[10].

A probabilistic approach has been used for analyzing the possible canister failures due to
rock shear movements.The probability of canister failure due to rock shear movements was
studied by Dillströmfor rock shear movements of 1-10 cm [22]. It was found that the
probability of failure in a canister experiencing 5 cm rock shear was betweenᶻ and

ᶻ . The probability of failure quickly raises to unacceptable levels when the rock
shear displacement increases over 5 cm. The probability of failure for different size rock
shear movements is presented in figure11.
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Figure11. Probability of failure for different defect amountsin the insert and probability for 2 mm stable crack
growth against the 5 cm failure criterion[22].

2.1.8 Mechanical testing of the insert
The tensile, compressive and fracture properties of the ductile cast iron was studied by
Minnebo et al.[23] Three different inserts were used forstudying the mechanical properties.
Significant variation between the inserts I24, I25 and I26 was observedin 0.2 % proof stress
and flow stress even thoughsame specifications for the ductile cast ironwere used.However,
the proof stress and flow stressremained at acceptable levels for all the specimens except
for the ones manufactured from the top of the I24 insert. This may be due to the top pouring
method used for casting the I24 insert.The elongation to failure had significant scatter
between samples.The large variation was explained by the presence of casting defects.The
variation in elongation to fracture can be seen in figure 12. It is worth noting that two
opposing size effects were observed in the tensile tests. Higher specimen volume increases
the probability of critical defect being present in the sample but on the other hand the defects
will have higher impact on smaller volume specimens, thus the two effects seem to cancel
each other.In compressive testing no significant differences in 0.2% proof stress were
observed compared to the tensile tests. However, no low ductility behavior was observed in
the compressive tests.Additionally, more significant strain hardening was observed in the
compressive tests than in tensile tests.
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Figure12Engineering stress-srain curve showing thescatterin elongation to fracturefrom I26 insert tests. The stress-
strain behavior is identical between samples until failure occurs at different strains.

Nilsson et al. carried outmechanicalpressure tests for BWR insert [24]. The motivation
behind the tests was to evaluate whether a glacial isostatic pressure load of 44 MPa could
result in mechanical failure of the canister by either global plastic collapse or fracture from
regions that could experience tensile stresses.As the tensile tests of the insert material have
shown rather large variance in results due to different casting defects and inhomogeneous
microstructure it remained unclear whether this kind of mechanical failure could happen.
The large size of the canister insert makes it more prone to these kind of defects since the
probability of critical defects being in the cast goes up us the cast volume increases.

For the pressure teststwo mockup canisterseachwith total length of 1050 mmwere used.
The total weight of the canisterwas 5 tons.The mockups consisted of 700 mm long piece of
the insert with diameter of 948 mm and 948 mm long copper tube with inner diameter of
952 mm and wall thickness of 50 mm.Additionally two 48 mm steel lids and two copper
lids were used for the mockups.The first mockupwascut fromthe insertsection thatshowed
the largest indicationof defects from theultrasonic testing.The first mockup was
manufactured from insert I26. In addition to the casting defect the first mockup had relatively
large offset of the steel tube cassette of 12 mm which reduced the wall thickness in some
partsof the insert. Thesecond mockup was manufactured from insert I24. Unlike the first
mockup the second one did not show any indication of casting defects or did not have steel
tube channel offset. However, a smaller corner radius of 10-15 mminstead of 20-25 mmwas
observedin the steel cassettewhich results in higher stress concentrations in corners.

Four load cycles were performed for the first mockup canister. External pressure loadsof 40
MPa, 70 MPa, 100 MPa and 130 MPa wereused.With each load cycle the pressure was first



19

steadily increased to the final value and then held for 120 seconds after which the canister
wasunloaded rapidly.Radial plastic deformation of 5 mmwas observed after the 100 MPa
loading.After the 130 MPa pressure cycle the first mockup showedsubstantial plastic radial
deformation of 20 mm. During the 130 MPa holding the cold isostatic press pumped more
fluid into the press, indicating that the canister continued to deform during the holding time.
The first mock-up canister remained intact after the four loading scenarios.The highest
deformation occurred at the site of lowest wall thickness. A partial debonding and buckling
of the steel tubes was observed as result of the plastic deformation.The fact that plastic
deformation occurred already at 100 MPa pressure which is lower than the predicted pressure
in FE modelling is probably due to the 12 mm channel offset in the first mockup canisteras
well as due tothehigher yield and tensile stressusedin the FE model.

For the second mockup the same four loading cycles were applied. Additionally, a fifth
loading cycle was applied with the intent to load the canister until failure.The observed
results up to the 130 MPa pressure were similar than in the tests ofthefirst mock-up canister.
Some additionaldeformation compared to the first mockup was seen during the loading
between 40 and 70 MPaand the deformation was more symmetrical than in the first mockup.
The more symmetrical deformation is probablydue to the symmetrical placement of the steel
tube cassette unlike in the first mock-up.At 139 MPa a loud bang was heard in the test after
which the pressure immediately dropped. Thetest was interrupted immediately after this.
The results show that the canisterexperienced a global plastic collapse with large
deformation in the insert and the steel channels.The maximum indentation observed was
almost 200 mmand the insertshowedlarge and very asymmetricdeformationafter the
collapse. Partial debonding of the steel tubes isalso seen in the second mock-up.

The crack growth under isostatic pressure load was also studied by Nilsson et al. as part of
the pressure tests[24]. Dye penetrant testing was used to identify possible cracks in the
surface regions. The dye penetrant testing revealed some surface cracks in the indented parts
of the insert surface.Radiographic inspection showed multiple cracks in the steel tube cast
iron interfacewith maximum length of about 40 mm. To get further information about the
crack depth and propagation mode the part was cut into smallerpiecesand examined with
ultrasonic testing.The crack depth wasestimated to be about 10 mm whichwas confirmed
with metallographic examinations. The crack depth of 10mm is close to the depth of the
region of tensile stresses.Further examination with scanning electron microscope (SEM)
revealed details of the crack tip morphology and the crack propagation method.Stretching
of the material ahead of the crack tip was shown, which led to separation of graphite nodules
from the ferritic matrix, forming voids around the graphite nodules. The crack then
propagated through the voidsby coalescence of the voidsat the crack tip.

As summary it was found that in isostatic pressuretestingthe cracking of the insert mainly
initiates near the steel channels in areas where the insert is subjected to tensionandplastic
deformation. The cracks are mostly initiated at larger subsurfaceinclusionsnear these areas
and the cracks grew by stable tearing. The further crack growth is suppressed due to the
crack growth resistance of the material and/or the fact that only small area near the channel
is in tension, thus the crack arrests when trying to propagate intothe compressive region.
[24]
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In later journal paper of Nilsson et al. the same pressure tests were reported and additionally
the effects of the testnear thesteel channel corners were examined.Based on FE-analysis
the cracking in the insert at the cassette corner area was expected to be very unlikely.
However, inspection of the insert in the corner regions showed that several cracks were
formed during the isostatic loading.Two macro-cracks parallel to the channel corner were
observed. The area where the cacks initiated showed significantly smaller graphite nodule
size than the rest of the wall thickness.The cracks propagated to the area with consistently
larger and more deformed graphite nodules and the crack propagation mechanism showed
formation of microcracks at the matrix grainfacets in front of the crack tip, which then
coalescedtogether.However, the cracks quickly arrested in the compression after growth of
a coupleof millimeters. The morphology of the cracks was different than in the tensile
regions and resembled intergranularbrittle fracture.The authors attributed the crack growth
to be driven bytheshear stress in the corner region.[25]

2.1.9 Finite element analys es of the insert
FE analysis forIsostatic loading

Many different finite element analyses have been conducted for the isostatic loading case.
Ikonenperformeda mechanical analysis for VVER 440,BWR and EPR canisters. Finite
element model with steeltubes described as separate element to the insert with5 mm
eccentric offset of the steel tubecassette was used for the analysis.The copper layer was not
included in the analysis since reliable data for long-term creep of copper under isostatic load
was not available thattime. This means thatin practicethe copper layer shouldprovideextra
margin against failure.The BWR insert was found to collapse at external pressureof 90.2
MPawhich means that the safety margin is around 2.1 if the design load is 44 MPa.[26]

The plastic collapse was studiedwith finite element modellingby Nilson et al.prior to the
mechanical pressure tests of the mock-up canisters.For the FE-analysisa slightly different
geometry was used for the mockup canisters that was based on earlier mockup design. In the
model the canister length was 1400 mm instead of 1050 mm that was used in the final
pressure tests. The longer canister results in slightly higher strains and stresses according to
thepreliminary parameter studies. 1500 mm experienced 14% strain and 519 MPa effective
stress and 1000 mm insert experienced 11% strain and 479 MPa effective stress.In the FE-
analysis the copper canister was found to yield at external pressure of 10 MPa and the insert
was found to yield at external pressure of 110 MPa. According to the simulations some local
yielding already occurs at the corners of theinsertfor external pressure of 44 MPa. However,
a global plastic collapse only occurred at external pressure of 130 MPa.During the plastic
deformation only parts of the steel tubes and the cast iron close to thesteeltubes experiences
tensile stresses.These are the critical areas for crack growth assuming that the cracks could
only propagate in tension. Theresults of the actual mechanical testing of this paper are
reviewed in chapter ìMechanical testing of the insertî.[24]

Martin etal. studied the plastic collapse of the canister under isostatic load.3D and 2D finite
element modelsbuilt based on shorter mockup canisterwere used for analysis. 2D plane
strain model resulted in lower collapse pressures than the 3D model.2D plane strain model
was used as the reference model for the studies.The authors note that the results of the 3D
models approach the 2D model results as the canister length increases.The plane strain
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model was found to experience plastic collapse at 112 MPa external pressure when the steel
tube cassette was offset by 12 mm.In the collapse scenario the steel tube cassette was
modeled as separate element not bonded to thecast iron insert with frictionless contact
assumed between the cassette and insert. The copper shell was also included in this model
with frictionless contact assumedbetween the copper shell and the insert. The steel tube
cassette was debonded due to the tendency of some of the steel tubesto debond in the
mechanical tests that have been conducted.As the debonding will reduce the overall canister
stiffness this modeled case represents the worst case scenario.[27]

In later studies of Hernelindthe plastic collapse was studied with detailed finite element
model. All details are included in the model for the steel tubes and insert for BWR and PWR
canisters. The steel channel tubeswereconnected by welded support plates. In the model the
supportplates, base plate and the base screwswereglued to the cast iron insert. The steel lid
wasfixed to thecentervia screw. The screwsweresimplified as cylindrical shapes and some
small holes in the original drawingwereleft out of the model.Nominal dimensions with the
steel tube cassette in the centerwasused as reference model for both BWR and PWR inserts.
Additionally, case with the steel tube cassette moved 10 mm off-center according to
manufacturing toleranceswasmodeled.The BWR insert was foundto collapse at around 97
MPa of external pressure and the manufacturing tolerances did not have any meaningful
effect on the collapse pressure.Whencylindrical defect was included in the model and yield
surface was reduced the collapse pressure decreasedto around 85 MPa. The same results for
PWR insertwere116 MPa and 104 MPa, respectively.[28]

FE analysis for uneven loadingscenario

Börgesson et al.investigated the uneven swelling scenarios of the canister. The maximum
bending stress in the insert for the wetting phase wascalculatedto be 105 MPa. For
asymmetrical loading after the full saturation of the bentonite buffer the maximum bending
stress in the insert was calculated to be 111.5 MPa.Saturation densitiesof ὯὫ ά and

ὯὫ ά were used forthis load case. These densities corresponded to swelling
pressures of„ Ὧὖὥ and„ Ὧὖὥ (figure9). For the wetting phase bentonite
buffer density of ὯὫ ά was used.[20]

The asymmetric loading case caused by the banana shaped hole and rock fallout have been
simulatedby Börgesson and Hernelind[29]. For the finite element analysissaturation
densities ὯὫ ά and ὯὫ ά were used.These are close to the values derived
earlierby Börgesson[20].The maximum axial tensile stress was found to be about 78 MPa
while the maximum principle stress was about 79 MPa. Thesevaluesare much lower than
the analytically derived resultof 111.5 MPaaxial load. The stresses are well below the yield
stress of the cast iron and any yielding should not occur during this asymmetrical loading.
[29]

FE analysis for rock shear case

Various finite element analyses for the rock shear case have been performed thus far.
Different models that have varying geometries, mesh designs, buffer properties, shear planes
etc. have been used.Damage tolerance analyses for varying bentonite buffer densities have
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been conducted where 0  temperature was assumed for the cast iron insert. For the
bentonite buffer 1950, 2000, 2022, and 2050ὯὫ ά densitieswereevaluated.[10]

Hernelind studied the rock shear caseand its effect on the bentonite buffer and the canister.
The effect of the shear movement on the canister insert was evaluated through finite element
modellingusing somewhat simplified geometry. The shear case was studied for 5 cm and 10
cm rock shear movements. The highest value for the plastic strain intheinsertwas found to
be 1%and the highest stress occurring in the insert was 340MPa in 5 cm rock shear case.
For 10 cm shear case the corresponding numbers were 1.9% and357 MPa, respectively.
These are, however, the cases where the rock shear is affecting the canister simultaneously
with theglacial pressure of 30 MPa. If the glacial pressure is not affecting the canister during
the rock shear, the maximum values for the strain and stress are 0.5% and 321 MPa for 5 cm
rock shear and 1.6% and 351 MPa for 10 cm rock shear.The largest strain is located at the
insert edge close to thecorner of the steel tube cassette. The strain distribution can be seen
in figure 13. [30]

Based on these results Raiko et al. noted that the maximum effective stress of 340 MPa in
the case of 5 cm rock shear corresponds to 2.55% plastic strain onthestatic uniaxial stress-
strain curve for cast iron.Even thoughthehighestamount of plastic strain occurs in the case
where the glacial load is present, it is not the most detrimental loading scenario for the cast
iron insert as the compressive glacial load decreases the maximum axial tensile stress in the
insert. The maximum axial tensile stress is detrimental for the possible crack growth in the
insert,andthus the damage tolerance analyses are calculated without the glacial load.[18]

Figure13Plastic strain distribution inthe insert forthe 5 cm rock shear casewith 2050 kg/m3 bentonite clay
buffer.[30]

Later Hernelindconducted further rock shear analyses for PWR- and BWR-inserts using
models that includeda much more detailed geometry.The model consisted of the cast iron
insert, the steel lid and the copper canister surrounded by the bentonite buffer. Only half of
the canister is modeled due to symmetry and the mesh is generated using mostly 8-noded
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hexahedral shapes and some 6-noded wedge elements. The model size is defined by
approximately 126000 elements and 160000 nodes.For the model that takes manufacturing
tolerances in to account themaximum plastic strain of 2.7 %and maximum Mises stress of
401 MPawereobservedfor theBWR insertin the 5 cm rock shear case at 3/4 canister height.
The maximum axial stress in this case was 395 MPa.For the model that did not account for
the effect of manufacturing tolerances the maximum plastic strain was found to be 1.5 %
and maximum Mises stress was found to be 392 MPa in the same 5 cm rock shear scenario.
The maximum axial stress was 395 MPa also for this model.For the PWR insert considering
the manufacturing tolerances also somewhat increased the strain in the insert. However, for
PWR insert thestrains and stressesare smaller. For the model that takes manufacturing
tolerances in to account the maximum strain was 1.4 % in the 5 cm rock shear case, while it
was0.74% in the case where the tolerances were not accounted for.The maximumMises
stresses were 349 and 329 MPa, respectively.The maximum axial stresses were very similar
between the models like in the BWR insert and they were 330 and 333 MPa.[31]

Dillström studied the effect of the rock shear case onthe cast iron insertand compared the
effect of different meshes betweenHernelinds original and updated models[30][31].
Dillström concludes that similar stresses were found in the original and updated models in
the most important regions.The updated models have higher localised stresses due tothe
mesh design, but they are not entirely accurate,since the mesh grids are not designed to be
used in damage tolerance analysis.Many of the stress consentrationscanbe explained by
the use of wedge elementsand some of the stressconcentrations canbe disregarded as the
neighbouring elements havesubstantiallylower stresses.The maximum stress in the axial
directionfor the original global model presentedin Hernelindís paperwas found to be 333.2
MPa. The maximum axial stress islocated at the outer surface of the canister insert.The
stress distribution can be seen in figure12.[32]

Similar maximum strains have been found inthelater studies and reasonable ductility limit
of 3% true plastic strain for the cast iron insert when safety factor is taken into account is
presented by Jonsson et al.[10].



24

Figure14. Axial stresses in BWR-insert for 5 cm rock shear load at 3/4 of the canister heightfor bentonite buffer
density of 2050 kg/m3. [32]

2.1.10 Mechan ical failure process and failure criteria of the insert
Therearethree different types of failure processes that may occur for the cast iron insert.
The insert may experience plastic collapse, crackinitiation, or exceed the acceptable plastic
strain.

The design target of the insert against isostatic pressure load is 50 MPa.  The criteria for the
design load should not exceed 2/3 of the maximum load of the insert. Themock-upcast iron
insertsof small sizehave been studied and loaded to failure. In the studies the inserts collapse
between 130 and 140 MPa. This is more than double the design target of the insert.[10] The
pressure testsby Nilsson et al.[24] are reviewed more in detail in chapter ìMechanical
testingof the insertî.

In the case of load-controlled load case like the isostatic loadingὑ data, basedon crack
initiation is used for the damage tolerance analysis.A crack initiation in the insert is not
allowedfor load-controlledloading scenarios. The safety factor ofὛ is used which
is the requirement for normal operational load from ASME Code.

For the crack initiation in the case ofdisplacement-controlledload the damage tolerance
analysis is based on J-integral analysis.A crack initiation can be allowed in the case of
displacement-controlled load. The stable crack growth criterion for the cast iron insert is:

ὐ ὥ
ὐ

(1)
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Whereὐ ὥ is the J-integral value forpostulated crack, ὐ is the J-integral value that
correspond to 2 mm stable crack growth in fracture toughness testsand2 is the safetyfactor
that corresponds to safetymarginof Ὓ for emergency load event in ASME code.
The discrepancy in thesafety factorcomes from the relationships betweenὐ andὑ which
follows ὐ Ḑ ὑ . Due to this the safety factor usedin J-integral analysisshould be of form
Ὓ Ὓ . The rock shear case is classified as low probability case due tothe fact that
only 4 canisters out of 6000 are expected to be subjected to shearing of 5 cm (chapter: ì
Excavation damage zone and crack growth in bedrockî). [10][6]

The rock shear case is the only situation where the DCI insert could be subjected to
significant plastic deformation.The worst case for the rock shear case is estimated to occur
when the shear plane is at 75% of canister height perpendicular to the axis of the canister.
The canister is required to withstand 5 cm rock shear with a velocity of 1 m/s[6]. In the case
of this type of rock shear the BWR and PWR inserts are subjected to 0.5% plasticstrain. In
the case of 10 cm rock shear the strain is 1.7%.When taking the safety factor in to account
the acceptable requirement for the ductility of the insert is 3% true plastic strainat distance
of 100 mm or more from the middle of the cast iron insert cross-section. For distances
smaller than 100 mm from the center point ofthe cross-section there are no ductility
requirements.[10]

2.1.11 Temperature inside the canister
The fuel rods are stored in pools at the nuclear power plants before the encapsulation and
disposal process. Appropriate decay heat is usually achieved in between 30 to 50 years after
which the fuelelementsare ready for disposal[6]. The decay heat power of the fuel decreases
rapidly as time passes. It is estimated that the decay heat power halves in the first 50years
[33].

At the actual deposition the maximum surface temperature of the canister is reached about
20 years after the start of deposition. The temperature stays near the maximum value for
another 40 years until it starts to slowly decrease after 60 years of deposition. After 600 years
the outer surface temperature of the canister willbe below 50 [6]. The elevated
temperature and heat generation is estimated to be relevant only during the first 1000 years
of the deposition[6].

Ikonen modeled and studied the temperature inside the disposal canister in his work.The
maximum allowable temperature of external surface of the canisteris limited to 100 . The
initial heat powers of thecanisterswere set to 1700 W, 1830 W and 1370 W for the BWR,
EPR and VVER 440 fuel elements, respectively.In the study it is estimated that in this
reference case the maximum temperature in the middle of fuel rod bundle for BWR, EPR
and VVER 440 fuel are 213 , 229  and 233 , respectively. The maximum temperature
in the cast iron insert in this reference case was 193  for BWR insert and 190  for EPR
insert.Ikonen also modeled theworst-casescenario for the temperatures. In the worst case
the maximum temperature of the outer surface of the canister was set to 120  which is
more than the design specificationand the heat powers of thefuel elements were set to 1.2
times of the values in reference case. Additionally, more pessimistic values for the copper
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emissivity, conductivity of steel, conductivity of cast iron and fuel rod surface emissivity
were used.In theaforementionedcase, thetemperature inside the fuel rods rose to 286  in
BWR canister and to 304  inside the EPR canister. These temperaturescorrespondto
maximumcast ironinsert temperatures of 264 and 261 , respectively.Thetemperatures
in both the reference andworst-casemodelsare rather pessimistic since themodelling was
based on the assumption that the gap between the copper shell and thecast ironinsert isin
vacuum and the only heat transfer mechanisms are thermal radiation and conductionbetween
themetal parts. The reference case temperatures were also modeled in a case where the gap
between the copper shell and the insert is filled with argon, thus allowing convection and
better heat transfer. In this case the maximum temperature reachedinside the fuel rod was
145  in BWR canister and 170  in EPR canister. These fuel rod temperatures correspond
to cast ironinsert temperatures of 115 and 114  in BWR and EPR canisters, respectively.
[1]

Raiko repeated some of the thermal analysesusing different assumptions that more
accurately represent the evolution of the canister temperature. Maximum temperature of 95

for the outer surface of the canister and 1700 W decay power forall the fuelelements
was assumed. Additionally, 36ὡ ά ὑ thermal conductivity was used for the cast iron
insert.For the gap between the insert and copper shell width of 1.5 mm was used with
emissivity of 0.22 and 0.6 for copper and cast iron surfaces respectively.The insert is filled
with argon whose thermal conductivity is 0.018ὡ ά ὑ. The conductivity used for air
was 0.030ὡ ά ὑ. The maximum temperatures of the fuel rods were 193 and 166 ,
when the gap between the copper shell andthe cast ironinsert was vacuum or filled with air.
The corresponding insert temperatures were 139 and 103 . [6]

In a later report maximum fuel temperature for the fuel elements was found to be 147.1-
203.0 , whenthepessimistic temperature of 100  was used for the copper tube and decay
power of the fuel elements was 1700 W. These temperatures corresponded to 112.7-118.1

temperaturefor thecast iron insert. In conclusion, the temperature of the insert should
not raise above 125ᴈ

ᴈ [10]

2.2 Plasticity of crystalline materials

2.2.1 Dislocations
Crystalline materials contain structuralline defects that run throughthe crystals. These line
defectsare called dislocations.Dislocations enable the deformation of the material while
maintaining its basic crystal structure.The movementand multiplicationof dislocations
under external stress usually manifests as plastic deformation of material. There is clear
correlation betweenplastic deformation and dislocation densityand the dislocation density
increases as the plastic deformation increases. The dislocation density of material is usually
expressed as total length of the dislocation line per unit volume. Awell annealedmetal
usually contains about to ά of dislocation lineper cubic meter, whereas heavily
cold rolled metals typically contain somewhere between and ά of dislocation line
per cubic meter.
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A dislocationis defined with the help ofa Burgers circuit.A Burgers circuit is essentially a
path between atoms in the lattice that forms a closedloop. When the circuit around
dislocation is repeated in dislocation free crystal the circuit will not form closedloop. The
vector that is required to close the circuit in perfect crystal is calledBurgersvector.There
are two general types of dislocations,edge dislocations and screw dislocations.When the
dislocation line is normal to the slip direction the dislocation is calledan edge dislocation
and when the dislocation line is parallel to the slip direction the dislocation is calledascrew
dislocation. In other words, in edge dislocations the Burgers vector is normal tothe
dislocation line and in screw dislocations the Burgers vector is parallel to the dislocation
line.

There are two basic types of dislocation movement, glide and climb. Glide occurs when the
dislocation moves in a plane that contains its line andBurgers vector, and climb occurs when
the dislocation moves out of the glide surface. Dislocation that is able to glide is called
glissile, and dislocation that is not able to glide is called sessile.Slip is the most common
manifestation of deformation in crystalline material and it occurs when multiple dislocations
glide.The slip occurs in specific planes inthecrystal lattice and the slip plane is usually the
planewith highest density of atoms.The slip direction corresponds to the shortest lattice
translation vector.For example,in body centered cubic(BCC) material like ferrite the slip
usually occursin theclosed-packedplane of {110} and the slip direction is [111]. However,
the slip is more complexin BCC crystalsthan for example in FCC crystal, sincetheslip has
also been observed in {112} and {123} planes[34].

Due to the different possible slip planes in the same [111] slip direction the slip might occur
in different {110} planes or combination of {110} and {112} planes, depending on the
applied stress,which is why theobservedslip lines oftenappearas wavyand ill-defined.
The active slipplane depends on multiple factors such as crystal orientation, composition,
temperature and strain rate. Forexample, iron alloyed with silicon oriron deformed in low
temperature seems to be restricted to specific {110} slip plane.[35]

2.2.2 Diffusion
It is critical to understand diffusion when dealing with physical metallurgyespeciallyat
elevated temperatures. Diffusion is based onphenomena where atoms move from higher
concentration regions towards lower concentration regions.Even though the individual
atomic movements are random, the atoms continue to redistribute until the material
composition is uniform. This is because therearemore atoms to move down to concentration
gradientthan there is to move up. This is known as Fickísfirst law of diffusion:

ὐ Ὀ
Ὠὧ
Ὠὼ

(2)

Where J is the diffusional flux, D is the diffusion coefficient and c isconcertation, thus is
theconcertationgradient. The diffusional flux represents the number of atoms diffusing in
unit time across unit area.



28

The Fickís first law of diffusiononly applies in steady state conditions where the
concentrationat each point isinvariant,and the concentration gradient does not change with
time. However, in many applications the concentration gradient tends to changeas a function
of time.This is the basis of Fickís second law which can be expressed in one dimension as:

Ὠὧ
Ὠὸ

Ὀ
Ὠ ὧ
Ὠὼ

(3)

The diffusion coefficientis also dependent on temperatureandthe diffusion coefficient D
can be changeddramatically by changing the temperature.The temperature dependence of
the diffusion coefficient can be describedin its simplest form by equation:

Ὀ Ὀ
ὗ

ὙὝ
(4)

whereὈ is temperatureindependentconstant, Q is the activation energy, T is the absolute
temperature and R is the universal gas constant.For example, in ferrite the diffusion of iron
atoms increases by factor of as the temperature increases from 500  to 900  and in
austenite by factor of as the temperature increases from 910  to 1100ᴈ [36]

The diffusion and movement of atoms trough crystal lattice occur in different ways
dependingon the type of atom diffusing. Interstitial atoms are atoms small enough that they
fit between the spaces of thehost atoms present inthe lattice. Forexample,in ferrite,
nitrogen, hydrogenand carboncan be present as interstitial atoms between the iron atoms.
The interstitial atoms need to squeezebetweenthehostatoms when diffusingwhich is why
the thermal energy needed for the activation is higher for larger atoms. The activation energy
for interstitial diffusionof carbon and nitrogen in ferrite is approximately 80 kJ/mol.[36]

The self-diffusion of metal and thediffusion of substitutional atoms occurs through
vacancies in thecrystal lattice. Vacancies are empty spaces in the lattice or in other word
sites that are missing an atom.The probability of atom jumping to the next site depends on
the probability of the site being vacant and the probability that the atom has sufficient
activation energy for the jump.The activation energy for thesubstitutional diffusion has
been found to be lower thanthat for the self-diffusion in pure metalsand it has been
suggested that the vacancies associate with solute atoms. The binding ofthevacancies to the
substitutional atoms increases the effective vacancy concentration in the vicinity of the
solute atomsand thus increase the jump rate of solute atoms.However, the vacancy
migration isslowed sincethe vacancy tends to stay in the vicinity of the soluteatomas it
diffuses through the lattice.[36]

Grain boundaries and dislocations also act asadditional paths for diffusion of large atoms.
The grain boundaries act as channels that areapproximately two atoms wide. The solute
atoms can diffuse trough these channels at faster ratewith coefficientὈ than trough lattice
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with coefficientὈ . If the grain size isὨ and the grain boundarythicknessis ‏ the total
diffusion flux can be described as sum of both contributions:

ὐ Ὀ Ὀ
‏
Ὠ

Ὠὧ
Ὠὼ

(5)

Where the effective diffusion coefficient is:

Ὀ Ὀ Ὀ
‏
Ὠ

(6)

Similarly, the cores of dislocations can act as pipes through which the solute atoms can
diffuse fasterwith coefficient Ὀ . The contribution of the dislocations to the total flux
dependson the relative cross-sectional area of dislocations andmatrix. The apparent
diffusivity trough crystal can be described by equation:

Ὀ Ὀ Ὀ ὃ (7)

Where A is the total cross-sectional areaof the dislocations per unit area of matrix.[36]

2.2.3 Dislocation locking
Different point defects like vacancies and substitutional interstitials interact with
dislocations in the material.The point defect in the crystal causes surrounding stress field
that interacts with the dislocationandincreasesor decreasestheelasticstrain energyof the
crystal. The change in the strainenergy is calledthe interaction energyὉ .[37]

The energy ofpoint defects in crystalline structure changes in the vicinity ofdislocationsby
Ὁ . The equilibrium defect concentrationὧ changes from theconcentrationvalueὧ far from
the dislocation.The defect concentrationὧ at a point ὼ ώ is:

ὧ ὼ ώ ὧ  Ὁ ὼ ώ ὯὝ (8)

The point defects tend to congregate in regions where the interaction energyὉ is largeand
negativewhich leads toareas with higher concentration of soluteatomsforming in the
material. These dense atmospheres of solute atoms are called Cottrell atmospheres.At the
occupied site whereὉ is large, negative extra work will be required to separate the
dislocation from the solutes. This means that extra stressis required to make the crystal slip,
thus making the materials stronger.To form theseatmospheres,the temperature needs to be
sufficient for solute migrationto occur in the material. However, if the temperatureis too
high, the atmospherescanì evaporateî into the solvent matrixdue toentropy contribution to
the free energy.Dense atmospheres ofὧ can be expectedevenin material with dilute
equilibriumdefect concentration ofὧ at temperatures ofὝ Ὕ whereὝ is
the melting temperature, in regions whereὉ ὯὝ . This mechanism of dislocation



30

locking is behind the phenomenon called strain aging,which is discussed more in detail in
the nextsection.[37]

2.3 Strain aging
Strain aging isan embrittlementandhardening mechanism of cast irons and carbon steels
that happens in specific conditions that area combination of plastic strain and temperature.
The strain aging can either occur during the plastic deformation or after the plastic
deformation. If the aging occurs during the plastic deformation it is called dynamic strain
aging (DSA). Strain aging that occurs after the plastic deformation is called static strain
aging (SSA).Cottrell and Bilby proposedin 1949 that strain aging istheresult of diffusion
of carbon or nitrogen atoms that collect around dislocations formed during the plastic
deformation[38]. The carbon and nitrogen atoms around the dislocations increase the stress
needed to move the dislocation, effectively immobilizing the dislocation. Today this
mechanism is generally accepted to be behindthe strain aging.Strain aging increases the
hardness of the material whilesimultaneouslyreducing the ductility. Strain agingusually
manifestsasanincrease of tensile strength of thematerial, negative strain rate sensitivity in
DSA, and reductionin total elongation to fracture.

Static strain aging occurs when the material is strainedbeyondits yield point and then
unloaded.The diffusion of carbon and nitrogen atoms leads to migration to the strain fields
of dislocations since this results in an overall reduction in strain energy.This causesthe
solute atomsto gather around the dislocations forming interstitial concentrations or
atmospherescalled Cottrell atmospheres. Due to the solute atom concentrations, extra stress
is required to move the dislocations and the dislocations arelocked in place.This is usually
seen as sharpening of the yield point and increase in yield strength.If high enough stress is
appliedto the dislocation, it can be separated from solute atoms allowing it to move again
and be unaffected by the solutes. However, if the material is subjected to sufficient heatafter
this and left to age for sufficient amount of time, the solute atoms diffuse back to the
dislocation re-introducing the locking effect.[39][37]

The breakawayof dislocation from the Cottrell atmospheres is somewhat controversial as
the cause of the sharp yield point in strain-aged material. An alternative theoryhasbeen
proposed suggesting that once the atmospheres haveformed they stay locked and the
yielding phenomenon iscaused bynewly formed dislocation and their movement.There is
probably not one correct theory and the precise mechanism behind the yield point
phenomenon depends on the effectiveness of the dislocationpinning. If the dislocation
pinning is weak the yielding can probably occur due to unpinning of the dislocations but if
the dislocations areeffectively locked by interstitial atmospheres or precipitates the yield
point phenomenon is probably the result of  new rapidly formed dislocations.[39]

The amount of carbon and nitrogen needed for severe strain aging to occur is very small at
around 0.002 wt% for carbon and 0.001-0.002 wt% for nitrogen. However, dislocation
pinning and strain aging can occur at even lower solute concentrations. As low aswt%
of carbon is sufficient to introduce one interstitial atom per atomic plane along the
dislocation lines present for dislocation density of ά , which is typicalfor annealed
iron. The static strain aging can readily occur at temperature range of only 20-150  due to
the diffusion of carbon and nitrogen being very rapid in iron compared to other solutes.[39]
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Codd et al. studied the dislocationlocking in ferriticiron and found that nitrogenlocking is
substantially stronger than carbonlocking. The locking was found to affect the ductile-brittle
transition temperature so that stronger locking results ina higher transition
temperature.Elastic and chemical interactions between the solutes and dislocations are
suggested as the reason for the differing locking effects. The elastic interaction is caused by
residual chemical bonding between the dislocation and the impurity atom.[40]

Dynamic strain aging occurs when the material is subjected to yielding at elevated
temperature. The elevated temperature increases the carbonand nitrogendiffusion rate and
enables thelocking to occur during the deformation.When the test specimens are deformed
at aconstant deformation rate, sharp changes in stress can be observed inthestress-strain
curve. These abrupt movements are usually referred as serrations, serratedplasticflow or
jerky flow. The term jerky flow refers to lower temperatureflow that manifests assmall
irregularitiesin the stress-straincurve, while the term serration refers to largerand more
regularstress changes inthestress-strain curve that occur at higher temperatures[41]. The
serrated yielding is also called the Portevin-Le Chatelier effect.The serrations are caused by
the fast dislocation locking. The diffusionof the interstitial or substitutional locking elements
is fast enough that the dislocations lock and release multiple times during the constant
deformationrate. During the serrated yielding the deformation is inhomogeneous in space
as well as time.[37]

Mouri et al.have studied dynamic strain aging in nodular cast iron.The fatigue and tensile
behavior of ductile cast iron varies depending onthe temperature range. The fatigue
behaviors can be divided to three different temperature ranges. In the temperature range of
20 - 127  the dislocation velocities are faster than the diffusion of carbon atoms. In the
range of 127- 300  the dislocation and diffusion speed of the carbon atoms are compatible.
Above 300  the carbon diffusion is faster than therate of thedislocationmovement. The
dynamic strain aging occurs in the temperature range of 127- 300   and already at low
stress levels[3][42]. However, for static strain agingof ductile cast iron specific temperature
rangeis notavailablefrom literature.

Static strain aging has been widely used in automotive industry to strengthen the steel frames
of the cars. Usually in automotive industry this process is called bake hardening, which isa
high temperature static strain aging process usually applied in the temperature range of
around 150-200 . The higher strength of these bake hardening steels allows thecarframes
to be constructed using thinner gauges while maintaining thestrength. This results in weight
saving, thus contributing to fueleconomy. Thebasic concept ofbakehardening,and static
strain aging is illustrated in figure15.
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Figure15Schematic explaining the concept of bake hardeningby stress-strain curve.The solute carbon atoms diffuse
to the regions of dislocations formed during the plastic deformation inducing Cottrell locking.[43]

Although effects ofstatic strain aging (SSA) has beenquite extensivelystudiedon steels
[44][45] it hasnotbeenstudiedon cast irons. Same principles should apply between the cast
irons and steels.However, the different silicon content in the materials changestheactivation
energy of carbon diffusion[2]. Thiscan affect theconditions such astemperature ranges and
pre-strains where SSA can occur.The rest of this chapter deals only with static strain aging.

2.3.1 The role of temperature in strain aging
Increasing aging temperature tends to increase the strain agingeffect.Because increasing
temperature accelerates the diffusionof solutesin the material the strain aging occurs more
rapidly in higher temperatures.However, at higher temperatures it is possible to induce over-
aging in the material. When overaged, thematerialbecomessofter andtheductility of the
material increases rather than decreases. Gündüz studied static strain aging  behavior of dual
phase steel and found that over-aging occurred at 150, 200  and 250  aging
temperatures[46]. Ramazani et al. studied bakehardening effect in FP600 and TRIP700
steels and found no over-aging to occur in the TRIP700 steel when aged in 220 , while
DP600 steel showed evidence of the over-agingphenomenon at 170  temperature[43].
There is not much literature aboutthis over-aging phenomenonin cast irons, but due to the
higher silicon content it is reasonable to assume that this happens at higher temperatures than
with steels. Lui and Chao studied high temperature properties of spheroidal graphite cast
iron and found that it is prone to intermediate temperature embrittlement[47]. The ductility
minimum of the cast iron was found to be around 400  and the embrittlement temperature
was between 300-400  for creep rupture, fatigue- and tensile tests. The sametemperature
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range for carbon steels is between 150-250 [47]. These results indicate that the over-aging
phenomena may occur at 300-400  range in ductile cast irons.

De et al. studied static strain aging behavior of ultra-low carbon bake hardening steels[48].
According to the studythere seems to beanincubation period at the start of the strain aging
where the yield point elongation does not occur.In the paper the incubation period observed
was 30 minutes for all pre-strain levels used.However, the incubation period dependedon
the aging temperature and the periodbecameshorter as the aging temperaturewas increased.
In the study it was found that the yield point elongation (YPE) increased after the incubation
period until approximately 1000 minutes of aging. After this point the YPE saturated and
remained constant or dropped slightly with further aging.With 1% pre-strain small
additional increase in yield stress was observed after the first aging stage withtemperatures
higher than 140 . According to the authors this might be due toa low temperature carbide
formation or solute atom clustering. Similar resultson the strain aginghavebeenobserved
in other studies according to the review paper ofBaker et al.[49].

2.3.2 The effects of aging time
It is important to note that strain aging is not a linear process as a function of time. Usually
as time passes there are several distinct hardening stages where the yield strength increases
at different rates. Thenumberof distinct stages and the natureof the hardening stages can
vary depending on the material and aging methodology used. However, there are usually
some similarities that can be observed between different studies. The first aging stage is
almost always attributed to the formation and saturation of Cottrell atmospheresand the
following stages are usually results of further carbon clustering or low temperature carbide
formation.

In bake hardening steels at least four different stages for the strain aging behavior have been
observedin the study of Vasilyev et al.[50]. In the studyvery sensitiveinternal friction
measurementsand dynamic Youngís modulus measurements were carried out in order to
track the complicated strain aging process in the studied steel. The changes in the Youngís
modulus are very small due to strain aging but allow the quantitative measurement of strain
aging process over time without destructive testing.The first stage where the Youngís
modulus increases rapidlywasobserved in all temperatures.In the second stage the Youngís
modulus increased much slower than inthe first stage anddecreased slightly at the end of
thesecondstage. This effect is probably due to the atmospheres at the dislocations saturating,
thus stopping the further pinning of dislocations. While this happens some desegregation of
carbon atoms from the grain boundaries takes place explaining the decrease in Youngís
modulus. At the third stage at room temperature and at 50  the Youngís modulus increases
again. However, different pattern can be observed in 70  and 100  aging temperatures,
where a more complex pattern of increasing and subsequently decreasing seems to be
happening.The desegregation process contributing to the negative Youngís modulus change
is thermally activated and is seento bemost pronounced at the 100 temperature.At the
start of the fourth stage increase in Youngís modulus can be observed in all aging
temperatures. However, at 100  aging temperature this is followed bya continuous
decreasein Youngís modulusas the aging is continued further.
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In the review paperof Baker et al. several distinct aging stages for bake hardening steels
were also recognized[49]. These stages occurred up to 10000 minutes of aging. The first
aging stage is Cottrell locking state during which the Cottrell atmospheres form and saturate
in the vicinity of dislocations. The second stage is the cluster formation stage, where the
aging is attributed to the formation of fine clusters to the saturated Cottrell atmospheres. In
the last precipitation stage the tensile strength of the material is furtherincreased and the
ductility is decreased with onlyasmall increase in yield strength. This last stage is attributed
to thematrix precipitation hardening.

Separate hardening stages have also been observed in dual-phase ferrite-martensite steel.
Three different strengthening stages were observed in the study of Waterschoot et al. The
first stage similarly totheother studies is the Cottrellís atmosphere forming stage,andthe
second stage is attributed to carbon cluster forming and carbide precipitationdue to further
segregation of remaining carbon to the dislocationcores. The third stage is thought to be due
to tempering of the martensite.The magnitude of hardening in the precipitation stage is
dependent on theinterstitial carbon content in the ferrite matrix.[44]

2.3.3 The role of strain in strain aging
Zhao et al. studied static strain agingin a pipeline steel and found that the amount of pre-
strain applied to the test specimens affected the amount of high-angle grain boundaries in
the samples[45]. The grainboundariesbetween two grains havevarying degree of
misorientation between them. High-angle grain boundariesin this case mean grain
boundaries with greater than15-degreemisorientation. The amount of high-angle grain
boundaries reducednonlinearlywith increasing pre-strain. The 1% and 2% pre-strained
samples showed very similar fraction of high-angle grain boundaries compared tothenon-
pre-strained sample, while 2% pre-strained sample still had slightly lower fraction of them.
The 3% pre-strained sample showed significantly less high-angle grainboundarieshaving
only around 34% fraction ofthemcompared to around 66% and 63% fraction in the 1% and
2% pre-strainedspecimens. The amount of applied pre-strainaffects the dislocation density
of the specimens with dislocation density gradually increasing as higher pre-strains are used
[45][46].

Gündüz studied static strain aging in dual-phase steelsandfound that increasingthe pre-
strain measurably increases the ultimate tensile strength(UTS) of steels. However, in the
study it was found that increasingthe pre-strain negatively affected the increasein stress
produced by aging. This is believed to be dueto the fact that as dislocation density increases,
the amount of dislocations needed to be pinned to achieve similar increase instressthan in
lower pre-strained specimens increases [46]. Similar effect on aging susceptibility is
reported in study conducted bySeraj et al. The aging susceptibility of manganese-silicon
steel was found to decrease as thepre-strain was increased from 5% to 7%[51]. Although
increasingthe pre-strain seems to cause increasein UTS, De et al. did not findclear
correlation between theamount of pre-strain and change in yield stressproduced by aging
when studying ultra low carbon bake hardening steel[48].

In addition to the amount of applied pre-strain the way the pre-strain is induced may affect
the strain aging process.Koyama et al. studied static strain aging of twinning-induced
plasticity steelin room temperatureand found that both strain rate and strain holding time
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had impact on the level of strain aging that occurred.Thechange in truestress was found to
increase linearly as the strain rateor strain holdingtime increased logarithmically.The
authors found that increasing the amount of pre-strain had roughly exponential effect on the
change in true stress. The authors credit these effectsmostly to be caused by dynamic strain
aging during the pre-straining, carbon segregation to dislocations and re-ordering of carbon
under external stress.[52]

2.3.4 Grain size and solute atoms
Baker et al. did literature review on bake hardening steels[49]. The paper examines factors
affecting the high temperature strain aging process called bake hardening. There seems to
be no clear consensus on the effect of grain size inthis process. The effect of ferrite grain
size on the bake hardening properties of steels have been studied. Generally, studies indicate
that finer grain size increases the bake hardening properties of steels. However, multiple
other studies do not find correlation between grain size and bake hardening response.

According to the review ofBaker et al.[49] low solute atom content is essential in order to
keep the bake hardening steel stable at ambient temperatures.The excess carbon levels are
kept between 15-25 wt.-ppm to ensure the stability at ambient temperatures. Higher
concentrations of soluteatoms increasethe level of strain aging response and allow the
process to occur at lower temperatures, thus allowing aging to happen at room temperature.
This is because higher number of solute atoms is available to pin the existing dislocations
and theformation of Cottrell atmospheres is more rapid due tohighersoluteatomcontent.

2.4 Other possible embrittlement mechanisms the insert
In addition to strain aging thereareother embrittlement mechanisms that could affect the
cast iron insert in the repository.Although this thesis focuses on strain aging and more
specifically on static strain aging it is important to be familiar with other notable forms of
embrittlement that could affect the canister insert in the repository especially when the
mechanisms could affect the insert simultaneously and synergistically. The synergistic
effects of these mechanisms are not well known.

2.4.1 Hydrogen embrittlement
It is well known that hydrogen can diffuse into metals and cause embrittlement of the
material. It has been found that the susceptibility for hydrogen embrittlement increases as
the ferrite content of the material increases.[53] For this reasonthe hydrogen embrittlement
is important to consider when studying the ductile cast iron with fully ferritic matrix.

The effects of internal hydrogen in ductile cast iron have been previously studied by
Matsunaga et al. In the study it was found that hydrogen charging resulted in marked
decrease in the percentage reduction of area. Most of the hydrogen was found to be diffusive
and segregate atthegraphite/ferrite matrix interface and in cementite of pearlite. The fracture
mechanism was found to change dueto the hydrogen chargingand there appearedto be
interconnecting cracks betweenneighboringgraphite nodules unlike in the fully ductile
fracture of the as received material. [54]

Hydrogen embrittlement in the canister insert material has been previously studied by
Forsström et al.[55] and Sahiluoma et al.[56]. In both studies the hydrogen charging was
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foundto markedly reduce the total elongation of the material as well as reduce the time to
fracture in constant load testing.In both studies thecomplete change of fracture mechanism
wasobserved,and the matrix of the hydrogen charged specimenswas found to crack by
brittle cleavage fracture mechanism.

In the work of Sahiluoma the hydrogen uptake of the cast iron was found to increase
markedly during plastic deformation. The hydrogen charging reduced the elongation to
fracture and time to fracture in slow strain rate testing and in constant load testing.In thermal
desorption spectroscopy (TDS) two distinct peaks for hydrogen desorption were observed,
one between 400 and 500 K and one at 600 K with heating rate of 10 K/min. The author
attributed the lower temperature peak between 400 and 500 K to correspond to hydrogen
trapped at small voids and cracks in the ferrite matrix and at the interface of graphite nodules.
The Higher temperature peak at 600 K was attributed to the hydrogen trapped in the graphite
nodules.[56] In the study of Forsström et al. the hydrogen desorption was found to manifest
in three different peaks at temperature of 400 K, 500 K and 700 K with heating rate of 6
K/min. The peak at 400 K was found to shift to 450 K under load and when the absorbed
hydrogen content is increased significantly. The peak at 500 K was found to shift towards
560 K with hydrogen charging but had no significant response to increased loading.[55]

2.4.2 Radiation embrittlement
As the nuclear fuel decays, it emits radiation that can have impact on the canister structure.
The ionizing radiation can cause damage in the crystalline structure of the cast iron insert,
possibly contributing to redistribution of atoms and rejection of solute atoms from the
crystal.This could affect the chemical composition of the insert and may increase the risk of
failure.

The effects ofneutron-irradiation havebeen studied extensively on the steel alloys and weld
metals used in the nuclear reactor pressure vessels(RPVs). The growing understanding of
the phenomenon has caused closing of at least one facility.There are several different
mechanisms behind the radiation embrittlement. One of the mechanisms is the generation of
point defects such as interstitials and vacanciesand dislocation loops in the material.It has
beenshownthat these defects aremostly repairedby diffusion but over timethe defects can
accumulateand alter the material properties.Other important hardening mechanism is the
development of Cu-rich nanoclusters orprecipitates in the material, which is accelerated by
the neutron irradiation induced high vacancy concentration. In steels it has been found that
the alloy content is strongly correlated with the level of neutron embrittlement and the
tendencyfor the neutron embrittlement can be reduced or eliminated in certain temperatures
by reductionof the residual element contentin the material.Copper has been foundto be the
single most harmful alloying element regarding the cluster formation, but nickel and
manganese havelater been found toalso exacerbate the formation of the Cu-rich
nanoclusters synergistically. As the diffusion can repairmost of the defects induce by
neutron irradiation, the embrittlement effects are lesser in higher temperatures and get more
severe as the irradiation temperature is lowered.[57]

The hardening and embrittlement which is induced by clustering of Cu particles is well
known in pressurized water reactorsthat are mostly composed of alpha ferrite. [58] The
studies of Brissonneau et al. raised concerns that similar aging process due to radiation
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enhanced solute clustering could occur in the cast iron and lead to degradation of the
mechanical properties of the insert[59]. However, later report by Olsson et al. studying the
irradiation induced Cu clustering in cast iron FeCu alloy found that no hardening due to Cu
precipitationoccurred in the cast ironduring one week of electronirradiation. In the study
the acceleration rate was estimated to be 2750 meaning that the one week irradiation would
correspond to 45 years in the storage conditions.[58] The safety regarding irradiation
induced Cu precipitation was also confirmed in the work of Chang. In the study no Cu
precipitation was found in the cast iron samples after one week of 2 MeV electron
irradiation.[60] In latest report regarding irradiation induced damage in the insert it was
concluded that the irradiation should have no significant impact on the mechanical properties
after 10000 years.[61]
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3 Methods

3.1 Material and s ample prepa ration
The material used for the experiments is spheroidal graphite cast iron of grade EN-GJS-400-
15U. The piece of the cast iron insertwhere the specimens are manufacturedis from the
castingI73 and the piece of the cast iron insertwas provided by Posiva Oy. The chemical
composition of the cast iron insert is presented in table 3.

Table3 Chemical composition of cast iron grade EN-GJS-400-15U from casting 173in wt.%

C Si Mn S P Ni Cu Mg Fe
3.48 2.48 0.22 0.004 0.01 0.04 0.02 0.04 Bulk

Several blocksof material werecut from thecast ironinsert close to the insert surfaceto
manufacture tensile specimensfor the tensile tests.The material is cut from the insert
according to figure 16.The tensilespecimens were cut with electro-discharge machining
(EDM) according to geometry show in figure 17. The EDM affected surface layer of the
tensile specimenswas removed from the gauge section using mechanical grinding.For the
grinding 320 grit emery paper was used first and then the surface was finished with 500 grit
emery paper.For the tensile tests measured with digital image correlation the specimens
were only ground with 320 grit emery paper to ensure good contactbetween the paint and
the specimen.As the grinding removed some material and because the cross-section area
changes during the pre-straining, each specimen wasmeasured before the pre-straining and
before the final tensile test.

Figure16Locationswhere the tensile specimens were cut from the casting I73 marked in red.
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Figure17Tensile specimen geometry

3.2 Experimental methods
Constantextension rate tensile testing(CERT)was used for the tensile specimens in room
temperature.The extension was measured withanextensometer.To observe the reference
behavior of theas-receivedmaterial a basic tensile test was conducted. The other specimens
were first strained to thenominal pre-strainof 1%, 2% or 3%with constant extension rate
of 0.016 mm/sand then the load was removed with constant speed of 0.10 mm/s.The
specimens were straineda little over the nominal strain to achieve plastic strain that is close
to the nominal value. The specimens were strained to total strain of1.15%, 2.15% and
3.15%.The samples were then agedat room temperature, 100 , 200 , 300  and 400

 for different durationsto induce static strain aging. For the 100  and 200  aged
specimens aging times of 1 day and 11 days were used. 300  and 400  specimens were
aged for 1 day.Additionally, two specimens were agedat100  andat200 without pre-
straining them first to study if any aging would occur in the specimens due to possible
residual strains.The room temperature samples were aged for even longer time of84 days.
After the aging treatment the specimens were removed from thefurnaceand cooled down in
room temperature for 30 min to 1 hour. After the specimens werecooled downtensile tests
were conducted with the same constant extension rate of 0.016 mm/s. The tensile tests were
done during the same day after removing the samples from thefurnaceto minimize the
possibility of further agingat room temperature.

It should be noted that during the11-dayaging process for the 100 and 200 specimens
there wasan approximatelytwo-hour power outage that occurred, during which the heat
treatmentfurnaceswere shut down. During thistime, the temperature inside thefurnaces
dropped somewhat significantly,by about 20 in the 100 furnaceandby anunknown
amount in the 200 furnace. However, it is quite safe to assume that the possible effects of
this are minimal and negligible in such prolonged aging.

The microstructural samples for specimens 1 and 11 were cut from the wide ends of the
tensile specimens after the tensile testing was conducted.The other microstructural samples
were cut from the as received materialin locations that correspond to the locations where all
the tensile specimens were cut from(Same distance from the insert surfaceright next to the
specimens). The specimens were hot mounted using Struers multifast resin and prepared
using wet grinding with up to 2400 grit paper and then polished using diamond paste first
with 3-micron particlesize and then 1 micronparticlesize.For the etching of the sample
surfaces 2% Nital solution was used.
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3.3 Digital image correlation (DIC)
Digital image correlation is optical method that is used to measure the full-field coordinates
and displacements from the surface of the test specimenby taking a sequence of images of
apattern on the surface of specimen.For accurate measurement the pattern on the surface of
the specimen, whether it is applied or not, should accurately follow the deformation of the
material. This is the fundamental assumption behind the whole measurement process.The
images taken from the pattern can be used to generate full field coordinates of the shape,
motion and deformation of the test piece and the coordinate fields can in turn be used to
calculate displacements, strains, strain rates, velocities and curvatures.[62]

The main benefit of the full field measurements compared to traditional point measurements
with strain gauges is that the full field measurements enable the measurement of localized
deformation andgives more information of how the strain evolves in the specimen during
testing.

As the whole DIC measurement is based on the assumption that the pattern accurately
follows the deformation of the specimen, the pattern is the most essential part to successful
DIC data. For optimalmeasurements,the pattern feature size should be 3-5 pixels regardless
of whether the pattern is light or dark.In local DIC the coordinate point depends on a small
subset of the image in the vicinity of the given point.Eachmeasurementpoint is centered
inside a subset. Eachsubset shouldcontain enough information so that it canbe distinguished
from all the other subsets in the region-of-interest.  A subset shouldinclude a minimum of
three featuresof the patternin all directions. The spacing between the measurement points
is calledstep size.[62]

DIC was carried outon some samples to obtain full field strain measurements of the strain
aged specimens.A reference tensile test inroom temperature as well as pre-straining and
tensile testing of strain aged specimens were conducted using DIC. The software used for
the DIC measurements was Vic-3D.

For the DIC tests the speckle pattern was applied with spray paint. A white base coat ofpaint
was sprayed to the specimen surfaceto increase contrastand blackspray paint was used to
apply the small speckles to the specimen surface.A laser printed tattoo paper was first used
to apply the pattern for the reference tensile test but, the usage of the tattoo paper was rejected
due toit not following the deformation of the specimens accurately. Excessive stretching of
the tattoo paper was observed at locations where there were no visible signsof localized
yielding. All the DIC experiments that are reported in results were carried out using spray
painted speckle patterns.

A reference tensile test for the as received material was carried out using constant crosshead
speed of 0.016 mm/s. Additionally three specimens were pre-strained to 1%, 2% and 3%
nominal pre-strain while the deformation was measured with DIC.As the strain data from
the DIC measurements is not available live during the tensile testing a predetermined
crosshead displacement was used to induce the specified amount of pre-strain.Crosshead
displacements of 0.95 mm, 1.3mm and 1.7 mm were used to achieve the nominal strains of
1%, 2% and 3%.These crosshead values are approximations based on data from the previous
tests.After this the specimens were aged at 100  for 1 day. Finally, CERTusing DICwas
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conducted for the specimens with same crosshead speed of 0.016 mm/s.The speckle pattern
wasremoved from the specimen surfacewith acetonebeforetheaging. After the aging was
completed the base paint coat and speckle pattern wasreappliedto the specimen surface.

The DIC images were recorded every 500 millisecondsduring the tensile tests. For the DIC
calculations subset size of 23pixelsand step size of 5pixelswas used for all the samples.
The spatial resolution of the images was between 48 and 49 pixels/mm.As the crosshead
speed was quite slow and data acquisition rate was quite hightheDIC calculationsfor the
tensile experimentswere done usingevery 12th imagefrom all the captured imagesto reduce
noise in the data.Additional DIC calculation was made using all the captured images to
examine the strain localization at the start of the yielding (after yield point) since the time
interval of 6 seconds between every 12th image was too long to closely follow how the strains
develop during the onset of yielding. This calculation was also used to plot the stress-strain
and stress-time curves of the experiments.For the pre-straining andunloading the DIC
calculations were done using every 6th image from all the captured imagesbecausethe total
displacements were so much smaller than in the tensile experimentsthat every 12th image
would have included too little data.

In materials with yield point the plastic deformation usually nucleates as a band at certain
location and propagatesuniformly at a front through the specimen during the yield plateau
or Lüders strain. These bands are referred to as Lüders bands. The formation of Lüders bands
occurs at the onset of plastic deformation in the material. Althoughthe band propagating
trough the specimen at front is the typical behavior,the development of Lüders bands can
also be more complex and less uniform in some cases. The complex arrays of Lüders bands
are often referredas stretcher strains but they are still Lüders bands.[39]

In this work all localized bands of deformation in the specimens are referred as Lüders bands.
The digital image correlationallows tracking the nucleation and propagation of possible
Lüders bands in the tensile specimens. The DIC method enables us to see wherethe
deformation starts in the different specimens (i.e.wheretheLüders bands nucleate) and how
the plastic deformation propagates trough the materialand finally how the plastic
deformation localizes beforeleading to fracture.
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4 Results

4.1 CERT
Pre-straining

Thestress-strain curves ofpre-straining andunloading of all the specimenscompared to the
reference tensile testare shown in figures18-21. From the figures it is evident that the
yielding behavior of theas-received material is almost identicalto the pre-strained
specimensin the pre-straining region.The yielding is smooth and typical for ductile cast iron
without aclear yield point.

Figure18Pre-straining and and unloading of specimens 2,3,4,5,6 and 7 presented in stress-strain curves and compared
to the reference tensile test of specimen 1.

Figure19 Pre-straining and and unloading of specimens 8,9,10,12,13 and 15presented in stress-strain curves and
compared to the reference tensile test of specimen 1.
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Figure20Pre-straining and and unloading of specimens 16,17,18,11,14 and 19 presented in stress-strain curves and
compared to the reference tensile test of specimen 1.

Figure21Pre-straining and and unloading of specimens 20,21, and 22 presented in stress-strain curves and compared
to the reference tensile test of specimen 1.

Tensile tests of agedspecimens

Thestress-straincurves of the aged specimenscompared to the reference tensile testcan be
seen in figures22-28. The stress-strain curves comparing the same pre-strain level with 1
day aging timeatdifferent aging temperaturescan be seen infigures 29-31. It can be clearly
observed that the static strain agingof the specimensbrings pronouncedyield point to the
materialbehaviorfor all the observedpre-strain levels,temperatures,and aging times.The
yield stress clearly increases as the amount of pre-strain is increased with the yield point
being very consistent for the same pre-strain level acrossdifferent specimens, which
suggests that the newly formed dislocations are effectively locked during the strain aging.
There seems to be some yield point elongation that increases as the pre-strain is increased
although the lower pre-strain levels do not show clear yield plateau.There is noclearly
observable difference in the yield stress between 100  and 200  aged specimens and
between the 1 day and11-day aging time. This suggests thatthe staticstrain aging effect
observed is due to the formation of Cottrell atmospheresand locking the newly formed
dislocations.The formation of theCottrell atmospheresand the locking saturates already
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during the1-day agingperiodat temperature of 100 . From figures29-31 it seems that
aging in 300  and 400 results in alower increase ofthe yield stresscompared to aging
at 100  and 200 and after agingat 400  the yield point is clearly less pronounced.
The differences in the yield point increase between the 300  aged specimenscompared to
the 100  and 200  aged specimens gets largerwhen the pre-strain is increased.The
specimens aged at room temperature show significantly smallerincreasein the yield stress
than the specimens agedat 100  and 200 . Theincreasein yield stress is similar to the
samples agedat 300 .

The effects of the aging on the total elongation of the specimens cannot be accurately judged,
because the material seems to have a lot of variation between specimens when it comes to
the total elongation. However, by combining the results it is clear thatthe strain aging
reduces the total elongation to some extent even when the pre-straining is taken into account.
During the testing some small pores were visible on the surface of some of the specimens. It
should be noted that some of the specimens fractured outside of the extensometer gauge
length, which can be seen in the stress-strain curves as the elastic stress returns to zero in
straight line after the fracture point.

The specimens aged at room temperature seem to have better total elongations than the
specimens agedat higher temperatures. It should be noted that although the yield strength
levels of the specimens aged at RT and 300  are similar the RT specimens seem to have
better elongation to fracture and slightly lower strain-hardening rate. Thevariation in the
total elongation of the specimens is probably partly due to various casting defects present in
the material as well as the difference in the microstructure in different parts of the cast.

Figure22CERT stress-strain curve for specimens agedat 100ᴈ for 1 day.
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Figure23CERT stress-strain curves for specimens agedat 200ᴈ for 1 day.

Figure24CERT stress-strain curves for specimens agedat 100ᴈ for 11 days.
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Figure25CERT stress-strain curves for specimens agedat 200ᴈ for 11 days.

Figure26CERT stress-strain curves for specimens agedat 300ᴈ for 1 day.
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Figure27 CERT stress-strain curves for specimens agedat 400ᴈ for 1 day.

Figure28CERT stress-strain curves for specimens aged in room temperature for 84 days.
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Figure29CERT stress strain curves for 1% pre-strained samples aged for 1 day in different temperatures.

Figure30CERT stress strain curves for 2% pre-strained samples aged for 1 day in different temperatures.
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Figure31CERT stress strain curves for 3% pre-strained samples aged for 1 dayat different temperatures.

The CERT results of the non-pre-strained and aged samples compared to the as received
material are shown in figure 32. The aged specimensfollow almost identical yielding
behavior compared to eachother andto the reference tensile test doneat room temperature,
until each specimen fractures at differentelongation. There is no clearly observable aging
that occurs without pre-strainingin these specimens.The difference inelongation to fracture
can be explained by thenaturalscatter in the material. The small differencesin the 0.2%
proof stressare probably due to the small differences in themicrostructure ofthe materialor
measurement error rather than the aging. The two aged specimens are located closer to the
surface of the insert than the as-received specimen.



50

Figure32 Stress-strain curvesof non pre-strained samples aged at 100ᴈ and 200ᴈ for 1 daycompared to
asreceived material.

The resultsof the tensile experiments are combined in table4. The yield ratio (YS/UTS)
increases remarkably as the result of static strain aging. The yield ratio seems to increase as
the pre-strain is increasedrising to values of over 0.95 for the 3% pre-strained samples.The
yield ratio changes quite drasticallyeven at the pre-strain levels of 1%, increasing over 20%
compared to the reference sample. The increase in yield ratio seems to be lower for the
specimens that are aged at 400  and 300 . However, the difference between the
specimens aged at 300 , 200  and 100 is small and can be attributed to thevariations
between thespecimens.

The yieldstress increase produced by aging seems to get larger as the pre-strain is increased.
However, when aged in 400  for 1 day the yield stress increase produced by aging gets
smaller as the pre-strain is increased.

Instead of total elongation at fracture the elongation at the highest stress/force is reported
since some of the specimens fractured outside the gauge length of the extensometerandthe
extensometer data after the elongation starts to localize is not available for all the specimens.
However, it isworth noting that by looking at the graphs the uniform elongationὃ
(elongation at maximum force) and the elongation at fractureὃ are in practice very close to
each other forthestudiedmaterial. Theὃ value in this case just makes possible to compare
the data between specimens without approximations.
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Table4 CERT results

Pre-strain Specimen
ID

Aging
temperatu
re (ᴈ)

Aging time
(h)

Yield Stress
(MPa)

Ultimate
tensile
strength
(MPA)

Yield
ratio

Increase
in yield
stress
produced
by aging
(MPa)

Elongatio
n at
maximum
forceὃ
(%)

0 % (as
received)

1 - - 264 373 0.708 12.5

1 %

2 25 2016 311 364 0.854 23 8.4
12 100 24 323 373 0.866 32 8.0

5 262.5 322 322 1 33 0.24

16 200 24 323 367 0.880 31 7.1

8 262.5 321 367 0.875 31 7.1

11 300 24 318 365 0.871 27 6.2

20 400 24 304 370 0.822 15 9.6

2 %

3 25 2016 336 376 0.894 31 10.1
13 100 24 344 364 0.945 36 5.5

6 262.5 344 379 0.908 37 7.4

17 200 24 345 383 0.901 38 9.2

9 262.5 342 374 0.914 38 6.9

14 300 24 337 371 0.908 30 6.3

21 400 24 317 365 0.868 13 6.4

3 %

4 25 2016 353 377 0.936 34 7.6
15 100 24 364 383 0.950 41 7.0

7 262.5 363 376 0.965 39 5.4

18 200 24 363 370 0.981 43 4.5

10 262.5 362 380 0.953 43 5.5

19 300 24 352 374 0.941 34 5.4

22 400 24 331 354 0.935 12 3.8
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4.2 DIC
Pre-straining the samples

The full-field strain measurements from the pre-straining andunloading of the specimens
are shown in figures 33-35. Each of the images show five snapshots of the strain
measurements during the pre-straining. The first four snapshots show the strain
measurements as the specimen is loaded and the final image shows the remaining strains
after the specimen isunloaded.For specimen 29 the time during the last snapshot is not
available since the returning crosshead speed for theunloading was mistakenly set toa
slower value and the DIC measurements were paused during theunloading.  However, the
DIC measurements were continued after theunloading and the final snapshot shows the
remaining strains after the specimens is completelyunloaded.

Figure33Full-field strain measurements of specimen 24 showing the strain in Y-direction (eyy) at different times
during the1%pre-straining process.
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Figure34Full-field strain measurements of specimen 28 showing the strain in Y-direction (eyy) at different times
during the 2%pre-straining process.

Figure35Full-field strain measurements of specimen 29 showing the strain in Y-direction (eyy) at different times
during the 3% pre-straining process.
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Tensiletests

Stress-strain curves from theCERT tests done using DIC are shown in figure 36. The curves
are plotted using analog force data from the force sensor and digital strain data acquired
through the DIC software usingits digital extensometerfunction. Figure 37 shows the stress-
time curveof the tensile tests.The time data in figure 37 is calculated from the DIC image
index with the picture time interval to get the time curve that corresponds to the time stamps
of the DIC images accurately.

Figure36Stress-strain curves of specimens 26, 24, 28 and 29

Figure37Stress-time curves of specimens 26, 24, 28 and 29
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Figures38-41 show the full-field strain measurements after the onset of yielding in each
specimen.Fig. 38 shows the deformation of the as received specimen after the onset of
yielding. Asexpected,there is no Lüders deformation in the specimen 26 as the specimen
yields continuously withoutpronouncedyield point. The deformation in specimen 26 seem
to nucleate from the specimen shoulders but after that the deformation will quickly propagate
through the whole gauge length. The start of the uniform elongation is almost instantaneous.
There is no clear Lüders bands observed in specimen 26 and instead the deformation seems
to appear as large amount of non-defined diffuse bands that randomly develop throughout
the gauge length resulting in uniform elongation shortly after the onset of yielding.

Figure38Full-field strain measurements ofspecimen 26 after the yielding starts. The figure shows fast nucleation of
multiple diffuse deformation bands across the whole gauge length indicating the absence of Lüders effect and
immediate start of uniform elongation.

Fig. 39 shows the full-field strain measurements of the specimen 24 after aging. The
specimen 24 seems to have Lüders deformation to some extent.The deformation is much
more localized than in the as received specimen as multiple distinctLüders bands seem to
nucleate from bothspecimenends. However, the effect is not very typical Lüders
deformation as there is no clear band fronts propagating trough the gauge length, but the
bands seem to get stuck shortly after nucleation causing strain localizations in theseareas.
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Figure39Full-field strain measurements of specimen 24 after the yield point showing complex nucleation of and
propagation of multiple Lüders bands.

Fig. 40 shows the strain measurements of specimen 28 after the yield point.The specimen
28 shows Lüders effect to higher extent as there seems to bedistinctLüders band nucleating
from one end of the gauge length and propagating towards the other end of the specimen.
However, the Lüders band doesnot seem to havedefinite front as there is no clearfront
between unyielded and yielded material. The band front seems to be diffuseas the material
yields more inside the band than at the front. This Lüders band seems to get stuck at around
third of the gauge length not propagating further. The other end of the specimendoesnot
show typical Lüders type deformation and the yielding starts similarly to the as received
material with some diffuse type Lüders bands forming randomly across the specimen until
somewhat uniform strain field across the whole gauge length is achieved.

Figure40Full-strain measurements of specimen 28 after the yield point clearly showing the formation and
propagation ofdiffuse Lüders band. The Lüders band nucleates from the bottom end of the gauge length and quickly
propagatesthrough the entire gauge length after which the uniform deformation in the strain hardening region
across the whole gauge length starts.
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Figure 41 shows the full-field strain measurements of specimen 29 after the yield point.The
specimen 29 does not show typical Lüders band nucleating fromgauge length end and
propagating through the specimen in a front. There seems to be multiple Lüders bands
nucleating along the gauge length immediately after the yield point. The most prominent
band nucleates at the middle part of the specimen at the samelocation where the strains
started tolocalizeat the end of the pre-strainingas shown in fig. 35. This is different from
specimens 24 and 28 as they do not show clear localization of the stains in same locations
as in the end of pre-straining.The Lüders bandsin specimen 29get stuck almost immediately
as formation of other bands near the band front, or casting defectsin the specimenprevent
the band movement and further propagation.The strong correlation between the strain fields
in pre-strainingandfinal tensile testingindicatesthat there is defect at the location orthat
the dislocations that are formed during the pre-straining and locked during the aging are
unpinned from the solute atoms allowing them to move again.

Figure41Full-field strain measurements of specimen 29 after yield point showing immediate localization of strain in
the point where the specimen ultimately fractures. The Lüders bands still propagatethrough the whole specimen and
the specimen deform uniformly despite the immediate strain localization.

Figure42, Figure43, Figure46, Figure47, Figure50, Figure51, Figure54 andFigure55
show the strain measurements ofall the specimensalong the Y-axis of the gauge length
during the whole tensile test.The strain along Y-axis is the computed mean value of strains
along the X-axis of the specimen.In Figure42 the strains develop quite evenly distributed
along the Y-axis until the strain localizes in the middle of the specimen where it finally
ruptures. At the end of the tensile test there seem to be multiple smaller strain localizations
across the gauge length. FromFigure43 it can beobservedthat the strain localizationin the
final fracture area starts already at around approximately 150 seconds. At this point thereare
other smallstrain localizations that develop similarly and the strain localization at the middle
starts to grow more rapidly at approximately 225 seconds.
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Figure42Strain measurement of the reference tensile test conducted for specimen 26 along the gauge length of the
specimen. The strains at each position Y are the calculated mean strains along the X-axis(width) of the specimen. Y-
axis of the figure indicates the position Y along thegaugelength of the specimen. X-axis of the figure indicates the
time during the tensile test.

Figure43Strain measurement of the reference tensile test conducted for specimen 26 along the gauge length of the
specimen. The strains at each position Y are the calculated mean strains along the X-axis (width) of the specimen. Y-
axis of the figure indicates the position Y along the gauge length of the specimen.X-axis of the figure indicates the
time during the tensile test.

Figure44shows the strain rates along the gauge length instead of accumulated strains during
the tensile test. The figure clearly confirms that thereare no Lüders bands forming and
propagating troughthe specimen as they should be seen as diagonal lines of higher strain
rates in the figure.
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Figure44Strainrate measurement of the reference tensile test conducted for specimen 26 along the gauge length of
the specimen. The strainrate at each position Yis the calculated mean strainrate along the X-axis (width) of the
specimen. Y-axis of the figure indicates the position Y along the gauge length of the specimen. X-axis of the figure
indicates the time during the tensile test.

Figure45 shows the full-field strain measurements at the end of the tensile test, visualizing
the nucleation and propagation of the final fracture.The multiple smaller strain localizations
are also clearly visible in the figure.

Figure45Full-field strain measurements of specimen 26 at the time t. Color indicates the level of strain in Y-diretion
(eyy).
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Figure46 clearly shows the more localized nature of the yielding in specimen 24. Two big
strain localizations can be seen during the tensile tests at the bottom end of the gauge length
as in Figure39. They are barely visible even after yield point but start to grow more rapidly
at around 150 secondsas can be seen fromFigure47. The strain localizations seen in the
upper half of the gauge length inFigure39are notvery pronounced in this figure indicating
that the bandsnucleated attheyield point around that regionpropagated more evenly during
the tensile test. However,the two major bands atthe bottom endthat are seen also inFigure
39 got locked in placevery fast and the strain localizes further in these regions during the
test.

Figure46Strain measurement of specimen 24 along the gauge length of the specimen. The strains at each position Y
are the calculated mean strains along the X-axis (width) of the specimen. Y-axis of the figure indicates the position Y
along the gauge length of the specimen. X-axis of the figure indicates the time during the tensile test. Z-axis of the
figure indicates the strain in Y direction.
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Figure47Strain measurement of specimen 24during the tensile test.The strains at each position Y are the calculated
mean strains along the X-axis (width) of the specimen. Y-axis of the figure indicates the position Y along the gauge
length of the specimen. X-axisof the figure indicates the time during the tensile test. The strain in Y-direction (eyy)is
indicated in color.

Figure48 shows the strain rates along the gauge length during the tensile experiment. The
figure confirms that most of the strain localizations do not propagate through the gauge
length.There is one vague Lüders band that nucleates from the upper part of the specimen
and propagates trough the gauge length until it gets stuck to Lüdersband/strain localization
at the bottom part of the gauge length.

Figure48Strain rate measurements of specimen 24 during the tensile test. The strain rateat each position Y is the
calculated mean strain rate along X-axis of the specimen.
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Figure49shows how the final fracture propagates in specimen 24. It can be clearly seen that
the crack nucleates at the site where one of the major Lüders bands first nucleated around
the yield point and got stuck shortly after the nucleation.

Figure49Full field strain measurements of specimen 24 at the time t during the tensile test. Color indicates the level
of strain in Y-diretion (eyy).

The yielding behavior in specimen 28 is much different during the tensile testfrom the
specimen 24. FromFigure50we can see that the yielding behavior is much more even across
the whole gauge length. FromFigure51 it can be vaguely seen that theyielding startsfrom
bottom end of the gauge length at theyield pointand propagates towards the other end of
the specimen as was observed inFigure40. However, after the propagation the yielding is
very uniform across the whole gauge length compared to specimen 24. FromFigure 51
multiple small strain localizations can be observed after around 150 seconds but strangely
the most prominent strain localizations are not the onesleading to the final fracture.
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Figure50Strain measurement of specimen 28 during the tensiletest. The strains at each position Y are the calculated
mean strains along the X-axis (width) of the specimen. Y-axis of the figure indicates the position Y along the gauge
length of the specimen. X-axis of the figure indicates the time during the tensiletest. Z-axis of the figure indicates the
strain in Y-direction (eyy).

Figure51Strain measurement of specimen 28 during the tensile test. The strains at each position Y are the calculated
mean strains along the X-axis (width) of the specimen. Y-axis of the figure indicates the position Y along the gauge
length of the specimen. X-axis of the figure indicates the time during the tensile test. Color indicates the strain in Y-
direction (eyy).
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The strain ratemeasurementsduring thetensile test inFigure52confirm that there isaquite
pronounced Lüders band propagating from the bottom part of the gauge length that nucleates
towards the other endand gets stuck before themiddle point, which canbe seen as diagonal
line of pronounced strain rate.The figure also confirms that the strain in the upper part of
the gauge length does not move asaclear Lüders band.

Figure52Strain rate measurements of specimen 28 during the tensile experiment. The strain rate at each position Y
is the calculated mean strain rate along X-axis of the specimen.

Figure53 shows how the final fracturenucleates and propagates in specimen28. Unlike in
the specimen 24 the specimen 28 seems to not fracture at location where the Lüders band
first nucleated. However, the fracture seems to start around the area where thefirst Lüders
band that nucleated from bottom end of the specimen got stuck(seeFigure40).
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Figure53Full-field strain measurements of specimen 28 at the time t during the tensile test. Color indicates the level
of strain in Y-diretion (eyy).

The yielding behavior of specimen 29 during the tensile testing is shown inFigure54. It can
clearly be seen that the strain localizes at the positionwhere the most prominent Lüders band
first nucleated inFigure41. The localized strain in the middle area of thegauge length is
visible in the strain measurements during the whole tensile test.Figure55 shows that the
strain localization is clearly present during the whole tensiletest,but the strain starts to
localizefaster after around 125 seconds.Despite the strong localization of strain in oneplace
that is present throughout the whole tensile test, the rest of the specimen still yields quite
evenly throughout the test.However, as seen inFigure41, it takes longer for the uniform
elongation to start than in specimens 24, 26 and 28 as the strain is still distributed quite
unevenly at the time of 84.5 seconds.This is expected from the earlier tensile tests as the 3%
pre-strained specimen show yield plateau to some extent unlike specimens that are pre-
strained 1% or 2%.
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Figure54Strain measurement of specimen 29 during the tensile test. The strains at each position Y are the calculated
mean strains along theX-axis (width) of the specimen. Y-axis of the figure indicates the position Y along the gauge
length of the specimen. X-axis of the figure indicates the time during the tensile test. Z-axis of the figure indicates the
strain in Y-direction (eyy).

Figure55Strain measurement of specimen 29 during the tensile test. The strains at each position Y are the calculated
mean strains along the X-axis (width) of the specimen. Y-axis of the figure indicates the position Y along the gauge
length of the specimen. X-axis of the figure indicates the time during the tensile test. Color indicates the strain in Y-
direction (eyy).

Figure56 shows the strain rate measurements of specimen 29 during the tensile test. The
strain rate measurements clearly confirm that there are no clear Lüdersbands that propagate
trough the gauge length in specimen 29.
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Figure56Strain rate measurements of specimen 28 during the tensile experiment. The strain rate at each position Y
is the calculated mean strain rate along X-axis ofthe specimen. Thereareno clear diagonal lines of increased strain
rate which indicate the absence typical Lüders bands that propagate trough the gauge length as front.

Figure57 shows the strain measurements at the end of the tensile test in specimen 29.The
crack nucleates in the site where the most prominent Lüders band nucleated at the start of
yielding. The otherLüders bands in the vicinity of the most prominent one can also be seen
as smaller strain localizations at the time of fracture.

Figure57 Full-field strain measurements of specimen 29 at the time t during the tensile test.Color indicates the level
of strain in Y-diretion (eyy).
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4.3 Microstructure
A samplefrom specimens1and 11was prepared for microstructural analysis.The specimens
1 and 11 are from the opposing extremes of the block from which the specimens were
manufactured regarding radial distance of the specimen from the middle of the cast. The
distance between the specimens in the cast is about 33 mm.The microstructure of the
specimen1 can be seenfrom Figure58. The microstructure is well in line with previous
examinations from literature[12] and fulfills the requirement of graphite nodules beingat
least80% of forms V and VI according tostandardEN ISO 945.However, a more general
look at the microstructure with lower magnification reveals the very inhomogeneous nature
of the material with the graphite nodule density and size varying remarkably within one
small sample.The inhomogeneous microstructure can beseen fromFigure59. Specimen 11
seems to have notably bigger nodule size than specimen 1and has also clearly more
homogeneous graphite noduledistribution and size. Specimen 11microstructurecan be seen
from Figure60 andFigure61. It should be noted that specimen 1 is unaged specimen and
specimen 11 is aged in 300  for 1 day. The more homogeneousgraphite nodule distribution
andlargergraphitenodule size might be partly due to the diffusion ofgraphiteduring the
aging process.However, the temperature of 300  is still relatively lowwhen considering
the microstructureand is expected to have verysmall effect on the graphite nodule
distribution and size.

Figure58Micrograph from specimen 1showing typical microstructure forthe cast ironinsert.
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Figure59Micrograph from specimen 1 showing the inhomogeneous nature of the material.

Figure60Micrograph from specimen 11.
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Figure61Micrograph from specimen 11. The microstructure and graphite nodule distribution is more homogenous
than in specimen 1. Note the amount of porosity in the material.

To exclude thepossible effect of aging on the microstructure and to confirm the results,
additional samples for microscopic examination were prepared from the as-received
material.The microstructure was studiedthroughthe whole depth of the cast where the
specimenswere cut from to identify the possible scatterin the microstructure between
specimens. Figure62 andFigure63 showmicrostructuresclose to the surface of the cast
representing the part of the cast where the outer specimens (specimens 11,22, 33) are cut
from. FromFigure62 andFigure63 we can see that the microstructure closely resembles
the microstructure from the end of specimen 11 as expected which confirms that the aging
temperature should have no effect on the microstructure.

Figure62Micrographclose to the surface of thecast with 100x magnification.
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Figure63Micrograph from close to the surface of the castwith 25x magnification.

Figure64andFigure65show microstructure which correspond to the specimens that are cut
furthest away from the surface (specimens 1, 12, 23). The microstructure inFigure64is very
similar to the microstructure from the specimen 1 seen inFigure58 as expected. However,
the lower magnification image inFigure 65 looks more homogeneous than the
microstructure inFigure59 regarding the size and distribution of the graphite nodules. This
confirms that there is natural scatter in the material.

Figure64Micrograph from part of the cast corresponding to the specimens cut furthest from the surface with 100x
magnification.






















































