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Tiivistelma

Tama tutkimus kisittelee vedyn vaikutusta EN 1563 luokan EN-GJS-400-15U ferriittisen
pallografiittivaluraudan (PGR) mekaanisiin ominaisuuksiin. T4ta materiaalia suunnitel-
laan kaytettavaksi ydinjatteen loppusijoituskapselin sisdosassa. KBS-3-konseptin kapseli
koostuu pallografiittivalurautaisesta sisdosasta, jonka tarkoitus on kestda kapseliin koh-
distuvat mekaaniset rasitukset, ja 50 mm paksusta kuparisesta kuoresta, joka suojaa kap-
selia korroosiolta.

PGR:n vetylataus tehtiin 0.1N H.SO, lioksessa ulkoisen katodisen sahkdkemiallisen po-
tentiaalin vaikutuksessa seka vapaassa korroosiossa ilman ulkoista jannitetta. Vedyn ab-
sorptiotaja loukkuuntumista mitattiin termiselld desorptio spektroskopialla. Kun nay-
tettda lammitettiin nopeudella 10 K/s, todettiin, etta vetylatauksesta seurasi kaksi selvaa
huippua lampétiloissa 400 ja 500 K. Todettiin myd0s, ettd valurautaanabsorboitui merkit-
tavasti enemman vetyd, kun niyte samalla deformoitui plastisesti hidasvetonopeusko-
keessa. Erityista huomiota kiinnitettiin grafiittipallojenmerkitykseen vedyn absorptiossa.

Niytteille tehtiin vetokokeita vakionopeudella ja vakiovoimalla vetylatauksen alaisena.
Todettiin, etta vety alentaa murtovenymaia vakionopeudella ja nopeuttaa murtumisaikaa
vakiovoimalla tehdyissa vetokokeissa. Venymanopeus kasvoi merkittavasti vedyn vaiku-
tuksesta, kun kappaletta kuormitettiin vakiovoimalla, joka oli noin puolet murtolujuu-
desta. Vetokokeiden jalkeen murtopintoja tutkittiin fraktografian avulla. Ferriittisen mat-
riisifaasin todettiin murtuneen haurasmurtumalla, joka ydintyi grafiittipallojen rajapin-
noista. Tuloksia kasitellessa keskitytaan siihen, miten vety ja grafiittipallot vaikuttavat
pallografiittivaluraudan mekaanisiin ominaisuuksiin.

Avainsanat Kaytetty ydinpolttoaine; kuparikapseli; pallografiittivalurauta; vetyhauraus;
vedyn loukkuuntuminen; vedyn terminen desorptio
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Abstract

The ferritic nodular cast iron EN 1563 grade EN-GJS-400-15U, intended for use as the
material for the load-bearing inserts of canisters for long-term geological disposal of spent
nuclear fuel, was studied in order to evaluate its sensitivity to hydrogen-induced effects
on mechanical performance. In the KBS-3 method, the internal structural nodular cast
iron insert provides the mechanical strength against external loads, whereas the copper
shell (50 mm thick) provides a barrier against corrosion.

Hydrogen was charged electrochemically in the nodular cast iron from 0.1N H2S04 solu-
tion both in free corrosion and under controlled cathodic potential. Hydrogen uptake and
trapping were measured using thermal desorption spectroscopy. It was found that the
hydrogen desorption rate after hydrogen charging manifests two distinct peaks located
around 400 K and 500 K when using heating rate of 10 K/min. It was also observed that
plastic deformation of the specimens during continuous hydrogen charging results in a
remarkable increase of hydrogen uptake. Especially the role of the graphite nodules in
hydrogen uptake was examined.

Slow strain rate tests (SSRT) and constant load tests (CLT) performed under continuous
electrochemical hydrogen charging show that hydrogen reduces the elongation to fracture
in SSRT and time to fracture in CLT. It was also observed that hydrogen dramatically
increases the strain rate of the ductile cast iron in CLT at applied load of about 0.5 tensile
strength. The hydrogen-induced cracking appearance in the tensile specimens was char-
acterized with fractography after tensile testing. In the ferrite phase, the fracture mode
was cleavage fracture initiating from the interphases of the graphite nodules. The ob-
tained results are discussed in terms of the role of hydrogen and the graphite nodules in
mechanical performance of ductile cast iron.

Keywords spent nuclear fuel; copper canister; ductile cast iron; hydrogen embrittle-
ment; hydrogen trapping; hydrogen thermal desorption.




Acknowledgements

The author wishes to thank the Finnish KYT2022 project for funding the research, as well
as Posiva Oy, Finland, for providing the representative test material.



Table of Contents

Tiivistelma
Abstract
Acknowledgements
Table Of COMEEILS .....eeuveiieiieieeiie ettt sttt et et sae e eanens i
SYIMIDOLS ..ottt ettt ettt e b e e bt e enbe e bt e snbeeseennaaens i
NOMENCIATUTE ...ttt ettt sbe et st e b e e 1
I INErOAUCTION .ottt ettt sttt sb ettt e b e 1
2 LILETALUIE TEVIEW ...outiiuiiiiieiieieeite sttt ettt et et sttt e e sat e bt et satesbe et seee bt ebeeanesaeenee 2
2.1 KBS 3 ettt ettt beeae s 2
2.1.1  Canister insert design and dimeNSIONS ..........cceevevrerieerieerieeeieerieenre e 5
2.1.2  Temperature inside the CANIStEr ..........cccveeriieeiiierieeieie e 6
2.1.3  Production and inspection of the cast iron inSert ............cceceeveervereereennenne. 8
2.1.4  Defects from canister producCtion .............cccueeeueerieeriienieniieeniieereerieesreeneeans 9
2.1.5  Quality control of the cast iron iNSert...........ccceeveerciierieniiienieeieeiee e 10
2.1.6  Loads imposed on the INSert...........ccceeriiiiiieniieiienie e 14
2.1.7  Mechanical testing of CANISter........cccuierireiieriieeiieie e 18
2.2 Fracture mechanisms of ductile cast irON ..........c.ceecveeviierieeniieniieiiecie e 21
2.2.1  Ductile failure........cooeiieiiiiiiienie e 21
2.2.2  Brittle failure ...c..cooeeiiiiiiiee s 23
2.3 Hydrogen in Metal.........cccocuieiiiiiiieiieeieeeeee et 24
2.3.1  Hydrogen formation and entry to material.........c..ccccevvveveeniniieinenniennene. 25
2.3.2  Hydrogen trapping .......ccceeeueeeieeiiienieeiieniieeieenieeereesieesreeneseessseeseesnseenne 26
2.4  Hydrogen embrittlement and hydrogen effects ........c..cocevvieniiviniinncniencnnns 28
2.4.1  High hydrogen pressure bubble ..........ccccoeoiiiiiiiiiiiiniiiieieeeeee 28
2.4.2  Hydrogen-enhanced decohesion embrittlement (HEDE)............cc........... 29
2.4.3  Hydrogen-enhanced local plasticity (HELP) ........cccccoveviiiiniiniiiiinee, 29
2.4.4  Hydrogen-enhanced strain-induced vacancies (HESIV) .........ccccoceeneeee. 30
2.4.5  Adsorption-induced dislocation emission (AIDE)...........ccccccveviiiniiennnnnne. 30
2.5  Other forms of embrittlement............cccueeeiieriiiiiinieeeece e 30
2.5.1 Radiation-induced embrittlement..............cccoeeuieiiieniinieniieiee e 30
2.5.2  Static and dynamic strain aging, a.k.a. blue brittleness ............c.ccccoc....... 31
3 Materials and experimental methods ............ccceviiiiiieniiiiiiiiiicee e 32
3.1  Material charaCteriZation ...........ceevuierieeiiieriieiie ettt e e 32
3.1.1  Material composition of cast iron INSETt .......c..cevvereereerrerieneeierienieeene 32
3.1.2  Iron phase and @rain SIZ€..........ceeeeereeeriienieeiienieeieeete et eee e 32
3.2 Sample preparation and experimental methods...........ccccevieviiviniinicnencennne 33
4 RESUILS ¢ttt et sh et 35
4.1 Hydrogen effects on SSRT and CLT of cast iron..........cccceevveerieeriienieenieennenns 35
4.2 Hydrogen uptake and trapping ........ccceecveeeveerieeriienieeiieenie e see e sreeseesaeeens 36
4.3 Microstructure and fractography of DCI with hydrogen............cccccccuverirennnnnn. 38
5 DISCUSSION ceutintiiiiiiieteeite ettt ettt ettt sb bt sttt et et sb e et st e saeebeesbesaeenbeeneesaeen 42
6 CONCIUSIONS ..ttt ettt ettt et sb ettt st e bt et sbeenbeenresaeens 43
RETETENCES ...ttt sttt sb et 45

Appendix 1



Symbols

A [-] elongation to fracture

Kic [MPa * m'?] fracture toughness

p [bar] pressure

Pmax [MPa] maximum pressure

Rm [MPa] tensile strength

Rpo2 [MPa] 0,2% proof strength

€ [-] strain
Nomenclature

ASME The American Society of Mechanical Engineers
BCC Body-centered cubic

BWR Boiling water reactor

CLT Constant load testing

DCI Ductile cast iron

DSA Dynamic strain ageing

EBW Electron beam welding

EDS Energy-dispersive X-ray spectroscopy
FE Finite element

FEG-SEM Field emission gun scanning electron microscope
FSW Friction stir welding

HE Hydrogen embrittlement

HEDE Hydrogen-enhanced decohesion embrittlement
HELP Hydrogen-enhanced localized plasticity
KBS-3 Kérnbrinslesdkerhet-3

MOX Mixed oxide fuel

MVC Microvoid coalescence

NDT Non-destructive testing

PWR Pressurised water reactor

SEM Scanning electrode microscope

SCI Spheroidal cast iron

SKB Svensk Kéarnbrinslehantering Aktiebolag
SSM Strélsékerhetsmyndigheten

SSRT Slow strain rate testing

STUK Sateilyturvakeskus

TDS Thermal desorption spectroscopy

UHV Ultra-high vacuum



1 Introduction

The Swedish concept for a nuclear waste containment is called KBS-3 (Kérnbréinslesédker-
het 3). It is the method that the Swedish and Finnish authorities have accepted as the
solution to prevent the radionuclides from harming the atmosphere for the critical period
of 100 000 years. The method is based on multiple-barrier principle and the spent nuclear
fuel container itself consists of a cast iron insert encased in a copper shell (Fig. 1). Aside
the canister, the repository barriers consist of the bentonite clay that will surround the
canister and the bedrock where the final deposition will occur. The purpose of the insert
is to withstand the isostatic underground pressure and carry the loads imposed on the
canister while the copper shell will provide resistance against corrosion. The important
properties in this function for the cast iron insert include yield strength, elongation to
fracture and fracture toughness. While the shell will protect the insert from outside ef-
fects, residual water and other sources of hydrogen inside the canister can impose the
insert to hydrogen embrittlement. Therefore, the effects of hydrogen on the mechanical
properties of the ductile cast iron (DCI) are of interest and will be examined in this thesis.

The effects of hydrogen on carbon steels have been widely examined and researched for
decades. Even though their microstructure is similar to ductile cast irons with a ferritic or
ferritic-pearlitic microstructure, the behavior of DCI is different due to the presence of an
extra phase in the form of spherical graphite nodules.

There have been some studies relating to hydrogen effects in DCI. However, the differ-
ences between various grades of DCI bring their own questions due to the complex nature
of hydrogen embrittlement. Thus, this particular type of DCI planned for KBS-3 needs to
be examined separately.

This work is related to previous research done by Aalto University. This thesis has par-
ticular focus on the effects that hydrogen and the graphite nodules have on the mechanical
performance of DCI.

Surface portion of final repository

/
F|.|¢i peliet of 6nppef canisler Crystaline Underground portion of
uranium diooade with cast iron nsert bedrock final repository

Figure 1 KBS-3 method for used fuel storage (Hedin, Lilja et al. 2019)
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2 Literature review

2.1 KBS-3

The Swedish Nuclear Fuel and Waste Management Company, SKB (Svensk Kérnbréns-
lehantering AB), is the organization tasked with designing the method for storing the
spent nuclear fuel produced by Swedish nuclear reactors. The method is designed to be
passive, meaning no human interaction should be needed during the long period of time
the material needs to be stored safely. The main purpose is to store and contain the spent
nuclear fuel for a period of 100 000 years (Raiko 2005). Posiva has adopted the same
solution to used fuel storage with slight differences to size, shape and dimensions of the
canister due to the different fuel types used in Finland. (Jonsson, Emilsson et al. 2018)

The Swedish Radiation Safety Authority (SSM) has specified that the safety factors
should be derived from American ASME code while the Finnish Guides of Radiation and
Nuclear Safety Authority (STUK) does not specify any exact standard. They, however,
require that there is a defined, justified and documented selection of norms, standards and
codes used in the design. The specified material composition of the cast iron insert is
shown in Table 1. The requirements for the mechanical properties of the ferritic
nodular cast iron at ambient temperature are as follows: elongation to fracture >12%,
tensile yield strength >240 MPa, ultimate tensile strength >370 MPa, and fracture
toughness (in ductile fracture) Ki.>78 MPa*m!? (Strém, Andersson et al. 2016, Raiko,
Sandstrom et al. 2010). These properties follow the standard EN 1563, where it is set that
for samples with wall thickness of 60-200 mm the 0,2% proof strength R0 > 240 MPa,
tensile strength Ry > 370 MPa and elongation to fracture A > 11 %.

Table 1 Technical specifications for material composition of the cast iron insert (Cederqvist, Johansson
et al. 2010)

Mate- Cu C Si Mn P S Ni Mg
rial

Com- <0.05 3.2-4.0 1.5-2.8 0.05- <0.08 <0.02 <20 0.02-
posi- 1.0 0.08
tion

Over the storage time, the radioactive spent fuel decays and the harmful effects including
radiation subside adequately. The method consists of a two-part canister called KBS-3
(Kérnbrinslesdkerhet-3), that is placed deep in the seismically stable bedrock and encased
in bentonite clay. For instance the final depth that is planned for Olkiluoto repository is
defined to be 400-450 m with nominal depth being 420 m (Raiko 2013).The canister itself
consists of a spheroidal cast iron insert with steel channels and a copper shell. The spent
nuclear fuel is placed in steel channel tubes as full fuel assemblies. The steel top of the
insert is closed by bolting a steel lid on it. Then the insert is placed inside the copper tube
that is fitted with the copper lid and welded with friction stir welding (FSW) (Jonsson,
Emilsson et al. 2018). There are three types of fuels used in Finland. VVER, BWR and
EPR all have different geometries and properties and thus each one has its own assembly
in the insert, presented Figure 2. The purpose of the insert is to shield radiation from the
fuel, prevent criticality and provide mechanical support during the transportation of the
canister and against pressure and forces that affect the canister during storage deep un-
derground. The insert is covered by a copper shell, that is tasked with preventing the



corrosion of the canister and leakage of the radioactive species. (Cederqvist, Johansson
et al. 2010)

The spent nuclear fuel is defined as the fuel used in nuclear reactors after it has been
removed and will be disposed without reusing it. It has some common characteristics such
as:
e The fuel has been used in light water rectors
o The fuel pellets are in oxide form, mostly UOz, but SKB has some assemblies of
mixed U- and Pu-oxide referred as MOX (Mixed oxide fuel)
o The fuel pellets are encapsulated in zirconium-alloy cladding and the structural
materials of the assemblies consist of zirconium alloys, high-performance steels
and nickel-base alloys. (Jonsson, Emilsson et al. 2018)

The spent fuel has important characteristics that need closer consideration. The spent fuel
is the source of the dangerous radionuclides which are the reason for the deposition. The
radioactive decay produces decay power and heat that has to be controlled in the final
repository environment. The radioactivity might lead to formation of hydrogen through
(n,p) reactions. It is also worth noting the fact that hydrogen uptake has occurred in the
fuel assembly materials that has not been standardized or limited in the design. Zirconium
alloys have a tendency to form hydrides (Kolesnik, Aliev et al. 2018), and this means that
there will be available hydrogen in the final repository on top of the expected water left
in the final assembly. The amount and effects of this hydrogen are unclear and need to be
defined further.

&

Figure 2 Artist renditions of the three fuel assemblies planned in Finland: (left) VVER, (middle)
BWR, and (right) EPR (Raiko 2013)

It has been set that the temperature of the canister surface may not reach above 100 °C.
Surpassing this limit may weaken the chemical properties of the bentonite surrounding
the canister and cause the formation of salt on the canister surface due to boiling of the
underground water (Raiko 2005). This, however, does not mean that the inside of the
canister has to be kept at temperature this low. It is estimated that the maximum temper-
ature the fuel rods will reach inside the canister is 230 °C (Ikonen 2006). This temperature
will not, however, reach the copper shell surface. The structure of the canister includes a
gap between the insert and shell. Depending on the final assembly method of the canister,
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this gap will act as an isolator. By filling this gap with nonreactive gasses allows the heat
to mainly transport through radiation which can be controlled my limiting the emissivity
of the surfaces. For instance, if Electron Beam Welding (EBW) is used in closing the
canister, the vacuum will hinder the thermal flow. With Friction Stir Welding (FSW) the
gap will consist of argon with normal atmospheric pressure, and the thermal conductivity
over the gap will be significantly lower at the beginning stages of the storage under-
ground. (Raiko 2013)

Subcriticality is deemed as an essential safety function for the canister (Jonsson, Emils-
son et al. 2018). The fuel must not reach criticality since the energy release may affect
the engineered barriers and surrounding rock. Damage to these structures may lead to
release of radionuclides from the repository (Posiva, SKB 2017). The cast iron insert has
an important role in preventing this. By keeping the iron content of the insert above 90%,
the insert will act as a good reflector for neutrons. This property can also be improved by
adding silicon and carbon. The carbon content shall remain under 6% and silicon under
4% (Cederqvist, Johansson et al. 2010). The final way of avoiding criticality is by placing
the canisters far enough from each other underground. (Raiko 2005)

The radiation has been limited to 1 Gy/h in order to avoid an excessive radiolysis of the
groundwater outside of the canister (Grahn, Moren et al. 2010, Raiko 2013). Modeling of
the radiation rates concluded that the dose rates for gamma radiation on the copper over-
pack are a magnitude higher than for the neutron radiation. However, it was concluded
that the total dose rate outside the canister was at least 3 times lower than the highest
allowable dose rate. Inside the canister the ageing effects of radiation were determined to
be insignificant due to the radiation absorbed by the canister being so small when consid-
ering the material composition of the canister insert (Raiko 2013). The effects of gamma
and neutron radiation include irradiation-induced hardening and embrittlement. These ef-
fects can be controlled for instance by material composition. In KBS-3 canister this is
done by keeping the copper content of the metal under 0,05% (Cederqvist, Johansson et
al. 2010, Raiko 2013).

The insert is tasked with withstanding the external loads and strain that affect the canister.
The maximal estimated load caused by isostatic pressure underground is 44 MPa, that is
the sum of the pressures caused by swelling of bentonite, groundwater and glacial com-
pressive loads. The maximum swelling pressure of bentonite varies between 2-15 MPa
and is factored by the density and chemical content of the bentonite. The maximum hy-
drostatic pressure of the groundwater is affected by the final depth of the deposition hole
and is estimated to be 4.1 MPa. Finally, a possible glaciation on the Olkiluoto site may
cause an additional pressure of 25 MPa if a 2.5 km thick ice sheet forms on the site. The
total maximum load also includes an asymmetrical load of 15 MPa that can be caused by
an uneven swelling of the bentonite during the first 1000 years. (Raiko 2013)

The conditions inside the canister have been set limiting the water content inside and
preventing iron corrosion of the insert. The maximum amount of water inside the canister
is set at 600 grams, that is left over from the drying of the fuel assemblies after storage in
water. The spent fuel needs to be sufficiently dried before deposition. Excess water inside
the canister can lead to corrosion of the DCI insert which will produce hydrogen gas as a
by-product. This gas may result in increased internal pressure that may jeopardize the
integrity of the canister. Corrosion may also produce magnetite and siderite which will
lead to higher reactivity inside the canister. (Jonsson, Emilsson et al. 2018, Posiva, SKB
2017)

4



Corrosion depends also on the atmosphere inside the insert. Nitric acid may form as a
reaction product of radiolysis of water and air. Thus, it is stated that the atmosphere inside
the insert shall be inert. This is achieved by argon and it has been set that the atmosphere
of the insert shall consist of over 90% argon. This atmosphere must be preserved until the
copper shell is sealed through FSW. (Posiva, SKB 2017)

The graphite nodule size, count and distribution was studied for two KBS-3 canisters
(Muhmond, Fredriksson 2018). It was found that due to the different cooling rates inside
the structure, the microstructure of the canister varies with different positions. Where the
cooling rate is higher, smaller nodules at much higher count appear in the microstructure.
This effect was more pronounced in BWR canisters where the difference of cooling rate
between the slowest and fastest was significantly bigger compared to the PWR geometry.
This was explained by the overall higher solidification time throughout the cross-section
of the PWR canister. On top of the variation between nodule sizes, the relative distances
between graphite colonies was also found to differ between different locations in the
cross-section. Both the difference in graphite size and the location of graphite colonies
can influence the mechanical properties and fracture toughness of the material. These
effects are, however, hard to control due to the size of the product which will automati-
cally lead to different solidification times in the structure.

2.1.1 Canister insert design and dimensions

The canister insert is manufactured from nodular cast iron with steel channel tubes. The
channel tubes consist of square-profiled steel that are welded together with support plates
to form a steel cassette. This cassette will be used to hold the fuel assemblies.

The size and shape of the canister inserts are derived from the characteristics of the stored
fuel assemblies, the requirements for mechanical strength, radiation shielding and cooling
capability for the insert and economic consideration to maximize the number of stored
fuel units and minimize the material necessary for the production of the canister insert
(Raiko 2013). This means that between the different fuel types, the size and dimensions
are slightly different. All nominal dimensions and their tolerances presented in Figure 3
and Table 2 are for the final canisters used in Finland in room temperature (+20 °C) fol-
lowing the design requirements and reference design.

Figure 3 Geometry and dimensions of the BWR-canister insert used as a reference design for all three
types of inserts. (Raiko, Sandstrom et al. 2010)
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Table 2 Functional dimensions for BWR, VVER 440 and EPR/PWR canister inserts, respectively,
with tolerances. The dimensions refer to the BWR insert presented in Figure 3. (Raiko 2013)

Dimension | Description Nominal value | Tolerance Reason
A total 4565 mm +0/-0.5 mm gap for thermal
length 3365 mm +0/-0.5 mm expansion
with steel lid 5035 mm +0/-0.5 mm
B bottom 60 mm* +10.1/-5.6 mm | strength
thickness 70 mm* +10.1/-5.6 mm
85 mm* +10.1/-5.6 mm
C inside length 4450 mm +5/-10 mm fuel geometry
3245 mm +5/-10 mm
4900 mm +5/-10 mm
D outer diameter | 949 mm +0.5/-0 mm strength, thermal
expansion
H neck thickness | 33.3 mm 10/-10 mm** strength
45.6 mm 10/-10 mm**
50 mm 10/-10 mm**
I outer radius 20 mm +5/-5 mm strength
(D193.7 mm) -
25 mm +5/-5 mm
J calculated 210 mm +1/-4 mm sub-criticality
distance 210 mm +1/-4 mm
360 mm +3.6/-3.6 mm
K thickness 30 mm +2.7/-4.6 mm strength,
16.2 mm +2.7/-4.6 mm sub-criticality
100 mm +5/-5 mm
L inner 160 x 160 mm | +3.8/-3.8 mm fuel geometry
width**** D173.7 mm gauge D168 mm
235x235mm | +5.1/-5.1 mm
M profile 10 mm +1/-1 mm stiffness
thickness 10 mm +1/-1 mm
12.5 mm +1.25/-1.25 mm
N lifting eye hole | M48*** - 2 lifting eyes

*) The total thickness for bottom is the sum of cast iron insert and steel cassette bottom
plate thicknesses.
**) Local tolerance. The eccentricity
**%) Threaded eye hole for lifting (thread with diameter of 48 mm)
*#%+) The width and straightness of the opening are determined, with full length gauge
of @152, @168 and ¥224 mm, respectively.

2.1.2 Temperature inside the canister

The highest temperature in the repository will be caused by the radioactive decay of the
spent fuel. It is very important to control this heat since the rising temperature may cause
degradation of technical barriers. It is mandated that the separate parts of the barrier sys-
tem must function as a whole. Thus, the barriers have their specific safety functions in



order to maintain proper conditions in the final repository. The temperature in the repos-
itory is limited by the bentonite buffer as it must be known and controlled in order to
maintain acceptable safety functions in the long-term perspective. (Posiva, SKB 2017)

Ikonen modeled the evolution of temperatures inside the canister with different fuel as-
semblies in his reports from 2006, 2009 and 2012. The 2006 report was based on 3D
control volume modeling and this numerical analysis was used in the 2009 report that was
based on superposing analytic line heat models restricting the surface temperature with a
10 °C safety margin. The 2012 report with Raiko on the other hand supposed a maximum
outside temperature of 95 °C with respective 5 °C safety margin.

Design specifications limited the outside temperature of the canister to +100 °C. The most
important parameters in this model were the radiation between the copper shell and cast
iron insert, conductivity of gas in the gap between these layers, temperature of the outer
surface of the copper shell and the decay heat power produced by the used fuel inside the
canister. The scattering in material properties of the metals was deemed as an insignificant
factor on the maximum temperatures. (Ikonen 2006, Ikonen 2009)

The model consists of one quarter canister cross-section detailed by tons of control vol-
umes. Each fuel rod inside the canister was modeled separately. Interaction amongst the
radiative surfaces was accounted where each surface was modeled as a gray surface where
emissivity and absorbance were assumed as equals. One quarter canister is deemed suffi-
cient since the canister can be assumed radially symmetrical. The effects of the ends are
minimal on the total heat transfer. The maximum heat should also occur at the middle
height of the canister where vertical heat gradient should be zero due to vertical symmetry
of the canister. (Ikonen 2006)

The conductivity of cast iron is relatively high, so it was assumed that there is minimal
thermal gradient inside the cast iron insert. This also means that thermal stresses are small
in the metal regions of the canister. However, the condition of the gap between the insert
and shell is important. If there are changes in emissivity or gap clearance with regards to
the circumferential direction, temperature differences increase and that may induce a ther-
mal stress on the structure. (Ikonen 2006)

Depending on the conditions of the canister placements, gap properties, metals’ emissiv-
ity and power produced by the fuel rods, the report estimated the original temperature on
the iron insert of the BWR canister to be 213 °C and 193 °C for the inside and outside of
the insert. The worst cases scenario with the most pessimistic values gives respective
maximum temperatures of 286 °C and 264 °C. For PWR canister the temperature ranges
in insert are between 190 °C and 229 °C for reference and between 261 °C and 304 °C for
the worst-case scenarios, respectively. (Ikonen 2006)

These are, however, the absolute maximum temperatures that can be allowed in order to
keep the surface temperature at an acceptable level. In reality, the temperatures inside
should be 139 and 103 °C when the gap between copper and insert is in vacuum or filled
by air, respectively. The difference is explained with the original calculation made with
conservative estimations of the spent fuel. The actual spent fuel is deposited with much
lower thermal power. These lower temperatures for fuel relate to insert temperatures of
139 and 103 °C, respectively. (Raiko 2013)



The latest analyses made by Ikonen (Ikonen 2017) state that the maximum temperature
inside the canister will reach values of 112.7-118.1 °C. These estimations are made with
the conservative estimation of copper shell reaching the maximum allowable temperature.
However, the conclusion can be made that the temperature in the insert will not exceed
125 °C as long as the bentonite buffer and rock have sufficient and expected thermal
conductivity to keep buffer temperature in the design range of below 100 °C. This is
mainly achieved by sufficient spacing between deposition holes which has been a major
part of Ikonen’s study.

Apart from the maximum temperature, also the development of the temperature with re-
gards to time is of interest for the deposition. The decay heat is associated with time and
decreases significantly as it passes. It has been estimated that reasonable decay heat is
reached after 30 to 50 years depending on the burn-up rate of the fuel, at which point the
fuel is ready for disposal underground (Ikonen 2009). Calculations made in 2009 and
2012 reports concluded that the maximum temperature shall be reached at around 15 years
after the beginning of the disposal of the canister underground. The maximum tempera-
ture starts to decrease after 60 years (Ikonen 2009, Ikonen, Raiko 2012). The heat gener-
ation and increased temperature are estimated to only have a significant effect during the
first 1000 years of deposition (Raiko 2013).

2.1.3 Production and inspection of the cast iron insert

The different parts of the canister are produced separately, and each component has its
own separate requirements and inspection protocol. The ductile cast iron insert, made
from ferritic nodular cast iron EN 1563 grade EN-GJS-400-15U, is cast with different
internal designs and methods depending on the fuel type and the foundry where the insert
is manufactured. The insert will have either 12 or 4 steel channels made from EN102101
S355J2H steel for BWR and PWR fuel assemblies, respectively, as is seen in Figure 1.
The channels will exist inside the iron insert, but the cast is designed with the whole
bottom made of iron. The lid for the steel casing will be manufactured from S355J2 steel.
Before casting, the steel tubes are filled with sand as to avoid deformation of the channels
during the casting process. (Cederqvist, Johansson et al. 2010)

The casting method may vary with foundries. The foundries need to have an approved
plan before casting can be started. Both sand and steel molds and bottom and top pouring
have been used to produce inserts thus far. After the casting the mold is left to cool which
will take a few days due to the size of the casting. Then the piece is removed from the
mold, cut to the correct size, cleaned and finished. The cutting has been determined as a
particularly important part of the process since the top that will be cut off will hold the
slag and other impurities that will gather during the casting process. (Cederqvist, Johans-
son et al. 2010)

Some important process parameters that need to be monitored are:
o That the right chemical composition is obtained in the insert
o That the correct treatment is done for nodular cast iron
o That slagging is conducted
o That the pouring is executed in the right temperature

In Sweden SKB monitoring is combined with self-inspection during the various stages in
order to ensure proper results for the insert. For instance, the chemical composition is



checked from the molten metal before casting and the results of this analysis are a required
part of the documentation produced by the foundry. (Cederqvist, Johansson et al. 2010)

The canister will be machined in parts. After casting so called “pre-machining” will be
conducted, where the surface of the cast is accomplished so that the exterior is satisfactory
to ultrasonic non-destructive testing (NDT). At this point the internal steel channels are
also cleaned from the packed sand used to hold the channels at correct shape during the
casting process. A specific technique has been used for the channel cleaning. Some metal
particles are put in and rolled around the channels. This mechanical abrasion will help to
remove burnt sand from the surface (Cederqvist, Johansson et al. 2010). The second ma-
chining is done to ensure the correct dimensions for the final component (Ronneteg,
Grybidck 2014). It is rather critical to make sure the final size and shape are following the
design in order to ensure correct fit for the final assembly.

2.1.4 Defects from canister production

The expected macroscopic defects of the DCI insert were discussed in 2014 (Killbom,
Jonsson et al. 2014). Since the canister insert is a large structure, many factors must be
noted in order to ensure adequate performance for the product. DCI as a material is inho-
mogeneous to start with. It can be considered as a composite of ferrite matrix with graph-
ite nodules. There can also be some other phases in the structure such as pearlite, mi-
croporosity, defective graphite and some carbides as a part of the overall structure. These
components alongside any production defects are generally detrimental to the overall per-
formance of the material and are thus controlled during production. These defects are
impossible to completely avoid, so destructive and non-destructive testing is part of the
manufacturing process in order to verify that the product meets the requirements that have
been set.

One major factor for the quality of canister production is the solidification time of the
casting. Due to the size of the insert, the variation of solidification time inside the struc-
ture introduces the possibility of defects in different areas. The solidification of the dif-
ferent types of insert has been simulated. It was found that the solidification of BWR
insert is uniform in axial direction meaning that the structure and mechanical properties
of bottom, middle and top of the insert can be assumed similar. The PWR canister, how-
ever, solidifies faster at the top and bottom, leaving the middle of the insert more suscep-
tible to several defects. Areas with the longest solidification times indicate higher risk for
certain types of defect formation. In the areas of the slowest solidification, the risk of
inclusions of alloying and trace elements increases. The variation in solidification also
may introduce shrinkage defects if there is a lack of melt to compensate for the solidifi-
cation shrinkage in larger regions. The risk for suctions, suction pores and defective
graphite also increases. It is, however, important to note that while the risk for defects
increases as solidification time increases, the aforementioned defects can develop in any
part of the insert. (Killbom, Jonsson et al. 2014)

The macroscopic defects presented in Kéllbom et al. (Killbom, Jonsson et al. 2014) and
in Figure 4 are:

- Shrinkage where the insufficient compensation for the shrinkage during solidifi-
cation forms a cavity inside the material. The cavity has an irregular shape, is
arbitrarily oriented and its walls are dendritic. Usually it occurs where solidifica-
tion occurs last.



Shrinkage pores are similar to shrinkages, but smaller in size and tend to form in
accumulations. Shrinkage pores have been found in both PWR- and BWR-inserts
when moisture is not adequately controlled during manufacturing.

Gas porosity occurs when gas gets enclosed inside the casting. The gas usually
originates from binder of the sand mold or moisture from the mold. The bubbles
have a round or irregular shape. SKB indentifies two types of porosities in their
canisters: Karnstddsblasor or chaplet blowhole and gasbléasor or blowhole. Chap-
let blowholes are formed when gas precipitates in the melt from some core in the
mold. These cores include the holes for the steel cassette in the insert. These de-
fects range from 2 to 20 mm and have been found in both BWR and PWR inserts.
Blowholes range from 1 to 100 mm, can be open or inside the structure, have
smooth walls and have been found in both types of insert.

Hot tearing can occur during the cooling of the casting. A particularly risky area
is indicated as the outer cassette corner in the BWR insert. Cold cracks could hap-
pen under heavy external impact. Both types of cracks are, however, considered
unlikely in cases such as DCI in KBS-3.

Sand inclusions are formed when sand particles get released from the mold or
casting system and get trapped in the casting. These inclusions have been found
in small quantities in both PWR and BWR inserts, but their effects on the overall
strength of the material are undetermined.

Slag containment in cast iron is called slag inclusions. Slag often affects nearby
graphite causing it to form incorrectly. A particular type of slag inclusion that
affects DCl is called dross inclusion. Dross consists of magnesium-sulfur-silicates
that are formed as a side-product in cast iron when alloying agents are added to
form graphite nodules. Particularly dross inclusions have been shown to act as
crack-like defects during tensile testing. Correlation between fracture extension
and total defect area in the fracture surface is low but still the effect can be con-
sidered significant. Dross, however, tends to float to the top of the casting during
solidification meaning this type of slag defect is less likely to be found inside the
structure.
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Figure 4 SKB drawings for different defects. a) Shrinkage, b) shrinkage pores, c¢) chaplet blowhole,
d) blowhole, e) hot tear, f) sand inclusion, g) slag inclusion. (Kéllbom, Jonsson et al. 2014)

2.1.5 Quality control of the cast iron insert

The canister’s main components, such as the DCI insert, are tested and the different pro-
duction criteria are confirmed in multiple stages of manufacturing using both NDT and
destructive testing methods. The tests are important to ensure that required properties,
material integrity and fitness for service are satisfactory. Each manufacturing step will
have an independent inspection plan since it has been found that only inspecting the final
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product does not result in ideal results. (Cederqvist, Johansson et al. 2010, Ronneteg,
Grybick 2014)

The first inspection is performed by the supplier of the components according to SKB’s
instructions. This is important in order to ensure that the canister is not rejected later in
the process. In order to ensure that no surface damage is made to the end product, the first
tests are conducted in pre-machined state with excess material thickness. The supplier
inspects the canister by ultrasonic and magnetic particle inspections using international
standard specifications. After the transportation of the components to the canister factory,
they are first inspected in the pre-machined state by ultrasonic techniques. This excess
thickness is kept because of the ultrasonic testing is affected by a blind zone near the
surface, the so-called dead zone. Then after machining to the final dimensions, the com-
ponent surfaces are inspected by specific surface inspection techniques. (Ronneteg,
Grybidck 2014)

The destructive testing includes both tensile tests and microscopy to validate the micro-
structure of the material. Two types of tensile specimen are produced: the material is cast
into separate pieces, but some samples are also cut from the top of the actual cast. The
separate pieces are not totally representative of the actual material since the significantly
smaller volume cools and produces significantly different structures from the actual in-
sert. Thus, this type of test is only used to indicate that the correct type of material has
been produced. The samples cut from the insert are tested by third-parties and will verify
the material. These top samples can be considered conservative since the slag and other
impurities will tend to float to the top which makes the top sample represent the worst
material properties. Thus, if the top fills the requirements, it can be concluded that the
whole insert is sound. (Cederqvist, Johansson et al. 2010)

Optical microscopy is used to verify that the microstructure fulfills the requirements. The
sample is prepared and examined at the highest and lowest elongation in each insert. The
requirement that must be filled is related to the morphology of the graphite. The graphite
form should be nodular, i.e. round and fit the Forms V and VI of standard ISO 945.
(Cederqvist, Johansson et al. 2010)

The NDT testing of the canister was examined in detail by SKB (Ronneteg, Grybiack
2014). The methods that are part of the testing protocol for DCI insert in the canister
factory include ultrasonic and eddy current inspection. Also, magnetic particle and mag-
netic penetrant inspections are under review to determine their usability in this process.
The examination in canister factory starts with a pre-machined canister that is inspected
with ultrasonic testing. After confirming the canister volume is approved, the canister is
machined and the surface is examined with dedicated surface inspection techniques. The
methods developed for surface inspection are eddy current inspection and magnetic par-
ticle inspection. Magnetic flux leakage method and conventional manual yoke-based
magnetic particle inspection are currently under closer review in order to determine usa-
bility in this process. (Ronneteg, Grybéck 2014)

In their report, Ronneteg & Grybéck also outlined the defects they expected to find and
the ones they detected in their inserts. The methods they were using and developing for
finding those defects were also discussed further. The defects and their occurrences are
shown in Table 3.
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Table 3 Defects in the cast iron insert (Ronneteg, Grybiack 2014)

Defect Description Occurrence

Shrinkage Volumetric irregular defects | Not found
with dendritic walls

Shrinkage pores Clusters of small volumetric | Identified in several in-
defects with dendritic walls | serts

Chaplet blowhole Irregular volumetric defect | Identified in some inserts
in connection to the cassette

Blowhole Volumetric  defect with | Identified in some inserts
smooth surfaces

Hot tear Axial crack from the outer | Not found
corner of the outer fuel chan-
nels

Sand inclusion Sand particles embedded in | Identified in some early
the cast iron manufactured inserts

Slag inclusion Particles or films with irreg- | Frequently occurring
ular surfaces

These manufacturing defects have maximum allowed sizes depending on their location
in the insert. The locations are shown in Figure 5 and their maximum acceptable sizes for
both assemblies in Tables 4, 5, 6, 7 and 8.

ZoneA ZoneB1 Zone B2

ZoneC ZoneD Zone A

Zone B Zone C Zone D

Figure 5 Zones of interest for defects in the insert (Ronneteg, Grybéck 2014)
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Table 4 Maximum acceptable volumetric defect sizes for BWR! and PWR? inserts (Ronneteg, Grybick

2014)

Defect Diameter [mm]
A B1!, B? B2! C D

Shrinkage 40!, 802 60!, 100? 20! 20", 100? 20', 207
Shrinkage 40!, 802 60!, 100? 20! 20', 1007 20', 207
pores
Chaplet 40!, 802 60!, 1007 20! 20", 1007 20', 207
Blowhole
Blowhole 40', 80° 60', 100° 20! 20", 100? 20', 207

Table 5 Maximum acceptable circumferential defect sizes for BWR insert (Ronneteg, Grybdck 2014)

De-
fect

Slag
n-
clu-
sion
Sand
n-
clu-
sion

Radial depth/height (circumferential length in parenthesis) [mm]

A, 0-2 A,>2mm Bl1,B B2 C D

mm from sur-

from face

sur-

face

4.5 >10(>60) >10(>60) >10(>60) >10(>60) >10(>60)
(27)

8.2

(16.4)

4.5 >10(>60) >10(>60) >10(>60) >10(>60) >10(>60)
(27)

8.2

(16.4)

Table 6 Maximum acceptable circumferential defect sizes for PWR insert (Ronneteg, Grybéack 2014)

Defect

Slag
inclu-
sion
Sand
inclu-
sion

Radial depth/height (circumferential length in parenthesis) [mm]

A, 02 mm A, >2 mm B C D
from surface = from  sur-
face
4.1 (24.6) >10(>60) >10 (>60) | No values >10(>60)
7.5 (15) >20 (>20)"  available

4.1 (24.6) >10(>60) >10 >60) | No values >10(>60)
7.5 (15) >20 (>20)"  available

*This defect size is only acceptable for the inner region of the zone
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Table 7 Maximum acceptable axial defect sizes for BWR! and PWR? inserts (Ronneteg, Grybéck 2014)

Defect Depth/height (axial length in parenthesis), [mm]

A,0-2mm A,>2mm Bl1! B? B2! C D

from sur- from sur-

face face
Slag 37.(222) Y 37(222)'  65(393)! | 50(300)' | 24(144)' 32(196)!
inclusion 53 (318)2 53 (318)% 112 (672)2 104(624)*  31(186) 2
Sand 37.(222) Y 37(222)' 65(393)! | 50(300)! | 24(144)' 32(196)!
inclusion 53 (318)2 53 (318)% 112 (672)2 104(624)*  31(186) 2
Hottear 37(222)! 37(222)' 65@393)! 50(300)! 24(144)' 32(196)!

53(318)% 53(318)2 112(672)? 104(624)*  31(186) 2

Table 8 Acceptance criteria for edge distance in the BWR and PWR inserts (Ronneteg, Grybick 2014)

Insert Edge distance pre-machined [mm] Edge distance machined [mm]
BWR 28.8-48.8 23.3-43.3
PWR 32.8-52.8 27.3-47.3

SKB considers that the acceptance criteria have certain concerns and limitations. The
criteria are based on calculations made with simplified geometries and characteristics that
are clearly different from real casting defects. Such characteristics include the effects of
defect boundaries with the surrounding matrix and the density of clustered defects. Thus,
they conclude that these numbers should be considered to primarily set the main dimen-
sions to defects. (Ronneteg, Grybick 2014)

2.1.6 Loads imposed on the insert

The majority of the expected loads on the canister are related to the conditions in the final
repository. There are some loads that are imposed during the handling, transportation and
deposition of the canister. These loads, however, mostly affect the copper components as
all the gripping and handling will be imposed on the copper tube (Jonsson, Emilsson et
al. 2018). Thus, the operational loads are omitted in this thesis. As the main load-bearing
component of the canister, the cast iron insert is expected to play the more important role
in the repository. As long as the insert holds, the shell cannot collapse inwards and the
canister will remain leak-proof.

The canister will be deposited between 400-500 m underground as this has been demon-
strated as a suitable depth for spent nuclear fuel deposition considering thermal, mechan-
ical, chemical and hydrogeological conditions at the final deposition sites in Olkiluoto,
Finland, and Forsmark, Sweden (Posiva, SKB 2017). This leads to environmental loads
caused by the environment alongside the bentonite buffer. All these loads affect the out-
side of the canister and are generally of the isostatic pressure type. However, there may
exist scenarios of unevenly distributed swelling or rock shear transferred through the ben-
tonite buffer on the canister. (Jonsson, Emilsson et al. 2018)

The design load is set as the load caused by groundwater pressure of about 40 MPa and
swelling of the bentonite buffer of 10 MPa. This arithmetic sum of isostatic pressure of
50 MPa is set as the performance target for the canister. It is higher than the estimated
total pressure but the report from 2017 (Posiva, SKB 2017) verifies that the design should
withstand this upper limit of isostatic pressure.
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The maximal estimated load caused by isostatic pressure underground is 44 MPa, that is
the sum of the pressures caused by swelling of bentonite, groundwater and glacial com-
pressive loads. The maximum swelling pressure of bentonite varies between 2-15 MPa
and is factored by the density and chemical content of the bentonite. The maximum hy-
drostatic pressure of the groundwater is affected by the final depth of the deposition hole
and is estimated to be 4.1 MPa. Finally, a possible glaciation on the Olkiluoto site may
cause an additional pressure of 25 MPa if a 2.5 km thick ice sheet forms on the site. The
total maximum load also includes an asymmetrical load of 15 MPa that can be caused by
an uneven swelling of the bentonite during the first 1000 years. (Raiko 2013)

The maximum swelling pressure of the bentonite also depends on the chemical content
on top of the saturation level. After the installation of the canister, the bentonite is in the
form of sodium bentonite. This form of bentonite has a maximum swelling pressure of 10
MPa when fully saturated. Over the next thousands of years, the ions in the bentonite may
change. If the ground water has a high calcium level, the sodium may get replaced. This
increases the maximum pressure to 15 MPa although the process is expected to last for
tens of thousands of years during which the pressure will vary. (Raiko 2013)

There are several loading scenarios that have been more thoroughly examined (Jonsson,
Emilsson et al. 2018). The exact way the repository will evolve over the whole deposition
time cannot be accurately estimated. Thus, all these load cases have been evaluated and
the design has been confirmed to be functional. These postulated load cases with regards
to the DCI insert are presented in Table 9.
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Table 9 Postulated load scenarios in the repository. Loads 2 and 3 may act simultaneously. (Jonsson,

Emilsson et al. 2018)

Repository evolution phase

Water
saturation

Temperate

Glacial

Subsequent
permafrost
and glacial
periods

itory

Years after closure of repos-

Oy->
10 000 y

10 000 y -
> 50 000 y

50 000y >
60 000 y

60 000y >
1 000 000 y

Insert temperature T (°C)

T <125

20<T<125

0<T<20

0<T<20

Load case #)

Deformation
rate of insert

1)Asymmetric loads
due to uneven water sat-
uration and imperfec-
tions in the deposition
hole geometry. No sim-
ultaneous  hydrostatic
pressure. Uneven water
saturation effects will
decay later and be re-
placed by permanent
loads 2 and 3 acting un-
der saturated conditions

Static

Water saturation
effects are as-
sumed to reach
their maximum.
Load 1) can create
bending loads

2)Permanent asymmet-
ric load due to an une-
ven bentonite density
and imperfections in the
deposition hole geome-

try

Static

Bending loads
from load 2

3)Groundwater hydro-
static pressure + iso-
static swelling pressure
of the bentonite

Static

Isostatic  loads
from load 3)

Loads 2) and 3) are expected to
act throughout the analysis period

4)Glacial isostatic pres-
sure (additional iso-
static pressure only oc-
curs during the glacial
period

Static

Load 4) will cause
additional isostatic
pressure on the in-
sert

5)Shear load due to rock
displacement caused by
e.g. earthquakes

Short-time dis-
placement con-
trolled

Load 5) is primar-
ily expected in
post-glacial peri-
ods

After deposition of the canister, the bentonite starts to slowly saturate due to inflow of
groundwater. Due to local differences in where water will intrude, the wetting of the ben-
tonite occurs unevenly. The swelling of the bentonite causes radial swelling pressure on
the canister. Thus, uneven wetting leads to uneven distribution in the load, indicated in
Table 9 as load scenario 1. The timeframe of this wetting process depends on the geohy-
drology of the rock and is expected to take from hundreds to thousands of years. It is
expected that most of the holes are saturated during the first 2000 years and 10 000 years
used in Table 9 is estimated to be the pessimistic upper limit for this process. The effects
of the swelling were increased if the hole is not straight. This so called “banana shaped”
i.e. curved hole will result in shear stresses on the canister surface. (Jonsson, Emilsson et

al. 2018)

The uneven loading of the canister may continue even after full saturation if the deposi-
tion hole dimensions or bentonite density vary. It has been evaluated that this uneven
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distribution is satisfactory to design when it remains in the range of 3-10 MPa (Jonsson,
Emilsson et al. 2018). Calculations and FE analysis for the asymmetric loading have con-
cluded that the maximum axial stress on the canister equals 79 MPa.

While the uneven wetting of bentonite causes uneven swelling pressure, this load stops
evolving upon full saturation. At this point the water pressure will be isostatic but the
bentonite density variations and imperfections in the geometry of the deposition holes can
lead to permanent asymmetric pressure. The time of full saturation cannot be defined and
so the worst-case scenario for saturation may still involve maximum temperature before
the cooling fully starts. This case is referred as loading scenario 2 and it can occur between
100 and 100 000 years after deposition of the canister. It can be combined with rock shear
case. (Jonsson, Emilsson et al. 2018)

Most significant factors for load case 2 are the non-vertical inclination of the hole, curva-
ture in the hole, rock fallout and change in hole diameter. These changes are, however,
only critical when they change the difference in loading for the same horizontal section
of the canister (Posiva, SKB 2018). This asymmetry introduces a bending load that has
been evaluated in order to guarantee the functionality of the canister. The most critical
scenario is when the curved hole is combined with rock fallout at critical locations, as is
shown in Figure 6. When combined these may cause a rectangular load on the canister.
(Jonsson, Emilsson et al. 2018)
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Figure 6 The load case 2, where rock fallout results in a banana shaped hole. (Jonsson, Emilsson et
al. 2018)

Case 3 considered the isostatic load caused by the maximum load of bentonite and super-
position of hydrostatic pressure and swelling pressure. It is expected to last alongside case
2 and in the range of 100 to 100 000 years. It can also be combined with the shear rock
case. (Jonsson, Emilsson et al. 2018)

During the glacial period the load on canister increases due to the ice sheet. This case is
referred as load case 4. The increase in load can be at least 35 MPa in the groundwater
pressure (Posiva, SKB 2017). Thus, the total load in case 4 can be calculated as 10 MPa
from swelling pressure of buffer, 5 MPa from groundwater pressure at repository depth,
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and the ice load increase resulting in a sum of 50 MPa. The timeframe of this case is
uncertain. Analyses estimate that this scenario can begin after 20 000 years and can last
until 100 000 years. The temperature at repository will decrease but stay above 0 °C.
(Hokmark, Lonnqvist et al. 2010)

The final proposed loading case, case 5, is concerned with rock shear movements. These
may occur when stresses in the bedrock are released and are of significant concern if their
shear plane intersects the deposition hole and thus the canister. The shear movement also
must be of critical magnitude and rate.

While the global loading scenario is compression, tensile stresses can develop inside the
structure. Nilsson et al. present a scenario where the fuel channel surfaces may generate
a tensile force as the load increases during deposition. They, however, found that the
canister can be expected to withstand the design load scenario as long as basic geometrical
requirements are fulfilled (Nilsson, Lofaj et al. 2005).

2.1.7 Mechanical testing of canister

Nilsson et al. tested the mechanical performance of a mock-up BWR KBS-3 canister
manufactured from inserts 124, 125 and 126. The mock-up was smaller than the actual one
with a total length of 1050 mm and weight of 5 tons. A statistical program was developed
to determine the statistical distributions for various material parameters and defects. This
data was then used to determine a probabilistic analysis for local plastic collapse or frac-
ture. Before mechanical testing, finite element (FE) analysis was used on the mock-up
canister. It was found that the canister’s length had an effect on the calculated maximum
strain. The calculations made at p = 130 bar resulted in maximum strains and effective
stresses of 11% and 479 MPa compared to 14% and 519 MPa for 1000 mm and 1500 mm
tall canisters, respectively. Therefore, the results of the FE were conservative compared
to actual mechanical tests. The calculation also made an assumption that cracks would
only grow in tension, which is logical since compression would indeed close any formed
cracks. The calculations indicated that the steel tubes and copper tubing would undergo
comparatively higher strain than the insert. This is, however, not critical due to the DCI
insert still being able to withstand the load. It was found that the insert yields at an applied
pressure of 110 MPa. This then leads to rapid plastic deformation of the insert. Local
yielding can be seen at corners of the insert at 44 MPa, but only the load of 130 MPa
resulted in global failure mechanisms that are expected to be the real reason for failure.
(Nilsson, Lofaj et al. 2005)

Two mock-up canisters were then mechanically tested. The large-scale mock-ups were
loaded in isostatic compression in controlled temperature of not higher than room tem-
perature in order to simulate the load in the repository conditions. The mock-up was
loaded to a pre-determined maximum pressure, pmax, held there for 120 seconds and then
followed a relatively fast unloading. Then the sample was removed from the press and
visually inspected before starting the next cycle. The results from these tests can be con-
sidered conservative since both of the mock-ups had defects and geometric deviations
from the actual canister, both of which can be expected to result in an earlier failure of
the specimen compared to real life application. (Nilsson, Lofaj et al. 2005)

The first sample was tested in four cycles of increasing isostatic pressure. The first cycle
with maximum pressure of 40 MPa only resulted in the copper tube deforming. This
closes the gap between the copper tube and the DCI insert which was also examined in
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the FE analysis. The second cycle reached pmax = 70 MPa. This cycle resulted in residual
deformations comparable to 40 MPa, which is to be expected. At this pressure any defor-
mation should still be globally elastic, thus the canister should return to original form as
load is removed. The third cycle reached pmax of 100 MPa. This load resulted in a residual
deflection in the insert of 5 mm which was not predicted by the FE analysis. This prema-
ture plastic deformation can, however, be explained. There was a geometric off-set found
in the specimen and the resulting stress concentration can lead to deformation at a lower
global stress. Also, the pre-test FE modeling was performed with higher yield and ulti-
mate stress values which naturally leads to different results. The fourth and final cycle
was to pmax of 130 MPa. This resulted in a maximum residual radial deflection of 20 mm
which was similar to values for simulated load of 160 MPa. The overall plastic defor-
mation of the canister was also non-symmetrical. The maximum plastic deformation was
observed where the wall thickness of the specimen was minimum while the thicker sec-
tions deformed only by a few millimeters. However, the mock-up was still overall func-
tional as it remained leak-proof throughout the test. (Nilsson, Lofaj et al. 2005)

The pressure test of the second mock-up canister was performed in a similar fashion to
the first test. While the first test was stopped after the fourth cycle in order to examine
any possible growth of defects, the second test was loaded up to the point of failure. The
results of the first four cycles were similar to the first test. There were some minor differ-
ences: the second mock-up had a small deformation between 40 and 70 MPa cycles and
the overall deformation was more symmetrical. The second mock-up did not have the
same geometrical off-set which could be the reason for the latter difference between these
tests. The fifth and final cycle was stopped after 139 MPa when a loud bang was heard,
and instant pressure loss occurred. The canister was examined to have had significant
deformation and global plastic collapse was determined as the failure mode. (Nilsson,
Lofaj et al. 2005)

One of the objectives of this testing was to demonstrate the safety margins of the canister
against failure by plastic collapse or fracture. Against the design load of 44 MPa, both
capsules performed well. In both of the tests, the design load was exceeded by a factor of
3. These results thus imply that the canister can withstand local yielding that was pre-
dicted by computer analysis. (Nilsson, Lofaj et al. 2005)

The second test failed by global plastic collapse but the first capsule was still intact upon
the termination of the experiment. The result from crack propagation leading to failure
was thus left open. Evidence, however, indicates that this failure mode is not particularly
probable. This failure case needs to have pre-existing crack of sufficient size to start with.
This is most likely produced by a manufacturing defect found in the material. Even when
this type of crack exists, the material properties of DCI tend to promote stable crack
growth. This combined with the fact that the crack starts from tensile stress zone and
would need to propagate through a compressive region leads to low probability of
through-wall crack. Thus, it is reasonable to conclude that the most likely scenario is that
even in the case of a propagating crack, it would terminate at a certain depth. (Nilsson,
Lofaj et al. 2005)

The theory of terminating cracks was supported by microscopic examination of the first
mock-up canister. In the thin-wall section of the sample, where stresses and thus crack
lengths can be expected to be highest, the longest crack was examined to be 10 mm long
or what roughly corresponds to the depth of the tensile region. This crack was examined
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to have grown through stable tearing mechanism, not cleavage. (Nilsson, Lofaj et al.
2005)

A closer metallographic and fractographic examination using SEM revealed the details
of the crack tip morphology. It was determined that the crack grew first by stretching the
material directly ahead of the crack tip. This leads to graphite nodules debonding from
the matrix which in turn creates voids around the nodules that are elongated in the direc-
tion perpendicular to the crack plane. This leads to the other ligaments in the matrix that
are not affected by the debonding to deform and start to neck. This then leads to crack
advancing by coalescence of the voids with the crack tip when internal necks are torn.
(Nilsson, Lofaj et al. 2005)

Additional examination was performed on the same canisters in a follow-up paper. At
this report the effects of the isostatic load were examined at the corners of the canister.
The FE analysis indicated that the corner of the BWR canister where the wall thickness
is smallest also undergoes the highest maximum principal stress. The tangential stress
reaches -800 MPa which implies a shear stress of 400 MPa when other two principal
stresses are considered negligible. Direct visual observation revealed cracks with two
macro-cracks running parallel to the fuel channel corner. The cracks appeared to start in
aregion of the wall where graphite nodules were much smaller compared to the other part
of the structure and one of them propagated a few millimeters deeper through a kink. A
closer examination of the crack tip showed that the crack propagated differently from the
observed cracks in tensile regions of previous study’s areas. Here was no void formation
around the nodules or plastically deformed ligaments in the matrix. Thus, the mechanism
of crack propagation was presented as formation of microcracks at the matrix grain facets
that linked together in front of the crack tip as the crack propagated. Morphologically the
crack’s fracture surface resembled intergranular cleavage. This theory works with the no-
tion of shear stress as the driving force for the crack (Nilsson, Burstrom et al. 2007). This
finding of smaller graphite near fuel channels follows what Muhmond et al. observed
(Muhmond, Fredriksson 2018). The areas where the cooling is expected to be faster also
show smaller graphite nodules. This behavior was also linked with cracking under com-
pressive load which is worth of further discussion in the future.

It is worth noting that the smaller specimens, such as the shorter canisters used in this
test, are expected to withstand larger loads due to the probabilistic nature of defects. A
small specimen is less likely to contain a defect of critical size meaning it is expected to
fail at a relatively higher load. But even while acknowledging this “size effect”, the can-
ister can be expected to withstand the repository conditions with large margins. (Nilsson,
Lofaj et al. 2005)

These results are, however, valid when the canister is loaded in these particular laboratory
conditions. This material remained ductile as could be expected from this scenario. How-
ever, various ageing mechanisms (strain ageing and irradiation embrittlement) and espe-
cially the hydrogen effects (hydrogen embrittlement) are a valid issue that needs to be
examined further due to completely different failure mechanisms they induce.
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2.2 Fracture mechanisms of ductile cast iron

This section discusses the methods how DCI can fail under the tensile load in different
circumstances. These failure mechanisms can be classified in two modes: as brittle and
ductile failures. The general way to classify these failure types is where brittle occurs with
low strain (& < 5%) and ductile with high strain (¢ > 5%) (Hertzberg, Vinci et al. 2012).

2.2.1 Ductile failure

Ductile materials such as ductile cast iron typically fail due to microvoid coalescence
(MVC). Ductile materials deform under load and start to show behavior similar to uniax-
ial tensile tests. The stretching and thinning of material eventually reach a point where
deformation is unstable. There the strain hardening of the material cannot keep up with
the continuous loss of cross-sectional area and the necked region will experience a load
beyond the material’s capabilities. Very pure materials will neck down to a sharp point
and experience large local plastic strains and large, sometimes close to 100%, reductions
in cross-sectional area. Many materials, however, have secondary phase particles and in-
clusions which cause ductile failure to form in a different way at a lower strain. This
mechanism is called MVC. (Anderson 2005)

MVC can be observed to occur in three stages. First, inclusions and other second phase
particles allow the creation of free surface in the matrix due to interface decohesion be-
tween secondary particle and the matrix or by particle cracking. Then the created void
starts to grow by plastic strain and hydrostatic stress. The growing voids coalesce together
forming cracks that lead to material failure. This evolution is seen in Figure 7. When the
volume fraction is low, the voids can be thought to develop independently before they
start to interact in stage 3 of MVC. (Anderson 2005)

The fracture surface typically associated with ductile fracture is called “cup and cone”. It
can be seen in uniaxial tensile test pieces as in Figure 8. The neck produces a triaxial
stress state in the specimen. This leads to nucleation of voids around larger secondary
particles that then start to grow. As strain increases, the voids start to coalesce leading to
failure. The MVC can typically be seen in the center of the specimen due to the higher
hydrostatic stress in the center. This leads to the typical dimpled appearance in the center
and relatively smooth outer region. (Anderson 2005, Bhadeshia, Honeycombe 2006)
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2.2.2 Brittle failure

This subsection shortly discusses the two types of fracture that are generally described as
brittle fracture. The first is transgranular fracture, which is also known as cleavage frac-
ture, where the crack rapidly propagates through grains along certain crystallographic
planes. The second way brittle fracture occurs is called intergranular fracture where the
fracture occurs along the grain boundaries. Although these types of fractures are typically
described as brittle, they can also occur with high plasticity and ductile crack growth.
(Anderson 2005)

2.2.2.1 Transgranular fracture

Transgranular fracture is defined by the rapid propagation of the crack through a particu-
lar crystallographic plane. The preferred planes for cleavage are those with lowest energy,
so typically those planes with the lowest packing density. They have fewer bonds to break
and higher spacing between planes which both help with cleavage. For BCC materials
such as ferrite, the cleavage occurs on {100} planes. The propagating crack will change
direction at each grain boundary always finding the new most favorably oriented cleavage
plane according to that specific grain. (Anderson 2005)

The fracture surface of cleavage fracture is presented in Figure 9. The typical features are
multifaceted surfaces and river patterns. Each facet represents a single grain where the
cleavage occurs at that grain’s preferred plane. The facets include river patterns that start
from the grain boundary and join as crack propagates through the grain. At the grain
boundary, there is a finite twist angle between the adjacent grains. This mismatch leads
to the crack initially starting on several parallel planes. As the cracks on multiple planes
propagate, they join by tearing between planes since multiple planes need more energy to
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propagate compared to a single one. This difference in energies leads to the tendency for
the cracks to converge. (Anderson 2005)

EHT = 20.00 kV Signal A = SE2 Date :8 Oct 2019
WD =10.3 mm Mag= 236KX Time :13:17:58

Figure 9 Typical features of transgranular failure, facets and river patterns seen in DCI.

2.2.2.2 Intergranular fracture

While ductile metals typically fail due to MVC and brittle metals by transgranular cleav-
age, under certain circumstances can cracks form and propagate along grain boundaries.
Intergranular failure is related to decohesion along grain boundaries due to an external
factor (Bhadeshia, Honeycombe 2006). The cases include precipitation of brittle phases
on grain boundaries, hydrogen and liquid metal embrittlement, environmentally assisted
cracking (EAC), intergranular corrosion and grain boundary cavitation at high tempera-
tures (Anderson 2005). Description of all of these cases is unnecessary regarding this
thesis, so only hydrogen effects are presented in detail. Hydrogen severely degrades the
toughness of alloys. Anderson presents the reason due to hydrogen bonding with metal
atoms which reduces the cohesive strength at grain boundaries (Anderson 2005). A more
detailed description of effects of hydrogen is presented in Section 2.4 of this thesis.

2.3 Hydrogen in metal

In order to understand how hydrogen affects the properties of DCI, it is important to un-
derstand how it enters the metal in the first place. Hydrogen gas itself can be formed
inside the canister through radiolysis of water or anaerobic corrosion reactions of the in-
sert (Miller, Marcos 2007). The introduction of hydrogen from the atmosphere to the
metal is affected by multiple factors including pH, temperature, corrosion current and
presence of other molecules. It is also well known that hydrogen is highly diffusible in
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bce-materials such as ferritic DCI meaning an equilibrium will emerge between available
hydrogen in atmosphere and a hydrogen content in the crystal material. (Gibala 1973)

2.3.1 Hydrogen formation and entry to material

The process of introducing hydrogen into a metal can be divided to multiple consecutive
steps shown in Figure 10. Depending on whether the atom is introduced into the metal or
leaves the surface as a gas molecule, the process is respectively called Hydrogen Absorp-
tion Reaction (HAR) or Hydrogen Evolution Reaction (HER). The process starts (1) with
a hydrated proton (H30)" that is transported to the double layer on top of the metal sur-
face. (2) The presence of double layer removes a proton from the water molecule through
desolvation. (3) The proton stays at the electron surface and gets adsorbed. (4) The proton
gets discharged (called electronation) into an adsorbed hydrogen atom. Then a transfor-
mation occurs. (5) Two adjacent hydrogen adatoms or an adatom and a proton form a
hydrogen molecule. (6) This molecule is either desorbed into the metal and the process is
HAR or the hydrogen molecule forms bubbles of H> on the surface that coalesce, evolve
and leave the specimen (HER). (7) The absorbed hydrogen then diffuses deeper in the
material or the hydrogen gas leaves the surface, starting the cycle anew (McCright 1973).
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Figure 10 The hydrogen evolution and absorption reactions. (McCright 1973)

Wu et al. (Wu, Ahlstrom et al. 2015) presented the chemical reactions that occur during
electrochemical hydrogen charging experiments. The charged specimen is immersed in
the selected electrolyte as a cathode with a platinum counter electrode servicing as an
anode. A difference in electrochemical potential is set up between the electrodes so that
reaction (1) occurs at the counter electrode.

2H,0 - 0,(g) +4H" + 4e~ (1)

Here H' and ¢ are formed through decomposition of water. The rate of this process can
be varied with the selection of electrolyte. The released products are then included in the
reactions (2), (3) and (4) happening at the working electrode.
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2H* +2e~ = 2H s 2)

2Hu45 — H2(9) (3)
Hads - Habs (4)

The atomic hydrogen produced at the surface of the working electrode will either form
hydrogen gas, evaporate or will be absorbed into the bulk of the charged object. As the
introduction of hydrogen into the sample is the object of this procedure, the formation of
hydrogen gas should be inhibited. This is accomplished through using so called “hydro-
gen poison” that are typically arsenic compounds or thiourea.

Wau et al. simulated and experimented on the solubility of hydrogen into cast iron. Their
simulations were done with a model that assumed fully ferritic microstructure that ne-
glects any possible trap sites. Their simulations, however, showed that experimentally
determined values for hydrogen transport into the material were slower than in simula-
tions and that in experiments the hydrogen’s diffusion depth was two orders of magnitude
lower. Thus, it is important to assume that hydrogen gets trapped in defects and other trap
sites as it gets transported to the bulk and the supply of hydrogen to these defects will be
made through hydrogen transport in solid solution while transport in ferrite is based on
hydrogen solubility. (Wu, Ahlstrom et al. 2015)

The capacity to trap hydrogen was also discussed by Wu et al.. They found that their
samples’ surfaces became saturated. There was no significant change in surface hydrogen
content between 8-hour and 504-hour tests. Thus, the material will become saturated after
the trapping potential has been filled. However, extended hydrogen charging allowed the
hydrogen to diffuse deeper into the material. This content decreased rapidly with increas-
ing depth and the report equated the drop-offto follow a power law. (Wu, Ahlstrom et al.
2015)

The hydrogen entry in the material can be enhanced by introducing so-called “hydrogen
poisons” into experiments. The mechanism is proposed to be inhibitive to the combina-
tion of elementary entities such as nascent hydrogen into molecular one or breaking down
of large hydrogen molecules. Nevertheless, the extended presence of atomic hydrogen
increases the chances of hydrogen entering the metal lattice. It has been reported that
adding thiourea (CH4N>S) to HCI and H>SO4 solutions causes the thiourea to hydrolyze,
forming H>S, that reduces corrosion while increasing the kinetics of HAR in steels by a
factor of 1-2 (McCright 1973).

2.3.2 Hydrogen trapping

As has been discussed above, it’s well known that hydrogen will diffuse in DCI. This by
itself would not be an issue but the issue at hand is the fact that this hydrogen will get
trapped in the material causing embrittlement. The general behavior of hydrogen in iron-
based alloys was widely discussed by Gibala (Gibala 1973). It was demonstrated that
hydrogen has strong interactions with dislocations, interfaces, grain boundaries, stacking
faults, solute atoms and voids. Particularly to note regarding this thesis is the interaction
between diffused hydrogen and voids in the matrix. It’s reported that the matrix/void in-
terface is an important adsorption-type trapping site for hydrogen and under high equilib-
rium pressure (fugacity) of hydrogen, the voids may get highly populated by molecular
hydrogen.
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Takai et al. studied the hydrogen trapping behavior of a nodular cast iron in their study in
2002. Their material consisted of a pearlitic matrix that contained islands of ferrite sur-
rounding the graphite nodules. This study concluded that hydrogen has a tendency to-
wards getting trapped at graphite/ferrite interface rather than at either phase itself. The
incoherent and flaked nature of the interface had a higher potential for trapping. On the
other hand, it was explained that since ferrite does not have a higher number of micro-
scopic trapping sites for hydrogen, such as vacancies, vacancy clusters, dislocations,
strain fields of dislocation and lack of carbon atoms, the hydrogen gets rapidly diffused
out of it (Takai, Chiba et al. 2002). Matsunaga et al. found similar results in hydrogen
trapping in graphite/ferrite interfaces of their material. Their studied material was mostly
ferrite containing nodular cast iron with some pearlite. They examined the hydrogen trap-
ping behavior of their material with hydrogen microprint technique. They found that hy-
drogen tended to be absorbed at graphite nodules and at the graphite/matrix interfaces
around them. They also observed that the graphite had a high capacity to store hydrogen
in itself which was not seen by Takai. Matsunaga explains this behavior of nodular carbon
with its microstructure. The layered and flaked structure of the graphite means that the
layers are formed of a crystalline structure with strong covalent bonds holding them to-
gether. However, the different flakes have only weak molecular forces between each other
which leads these numerous interlayers to have a large potential to store hydrogen. This
effect can be observed when comparing the hydrogen trapping of DCI with ferritic-pearl-
itic steels (Matsunaga, Usuda et al. 2014). The higher hydrogen content in DCI due to
trap sites at graphite nodules and the graphite/matrix interface was also observed by Mat-
suo et al. (Matsuo 2017).

Takai et al. concluded that the high temperature peak at 400+ °C correlates to the hydro-
gen trapped in graphite nodules as opposed to the other microstructures (Takai, Chiba et
al. 2002). Takai et al. also concluded that holding the ferrite in 100 °C desorbs the hydro-
gen from the microstructure. This is different from the other microstructures such as
graphite and is explained by the annihilation of vacancies and vacancy clusters due to the
raised temperature. In room temperature this effect was not observed over a holding time
of four hours (Takai, Chiba et al. 2002). This is relevant since the KBS-3 canister will be
exposed to temperatures in this range meaning all of the available hydrogen should the
transported to the available sites in the beginning stages of the storage. However, Matsu-
naga et al. found different behavior in their study of a similar material with a ferrite/pearl-
ite matrix with nodular graphite. Holding their hydrogen charged samples in ambient air
reduced the hydrogen content as time passed. Their conclusion for a finite cylinder was
that the hydrogen in this kind of cast iron was diffusive even at ambient temperatures.
(Matsunaga, Usuda et al. 2014)

Wu et al. (Wu, Ahlstrom et al. 2015) also experimented on the degassing of hydrogen
from DCI. They measured the hydrogen contents of their samples after a set period of
time in both room temperature and at an elevated temperature of 100 °C. What they found
was that hydrogen did diffuse out of the cast iron. With increasing time and degassing
temperature, the amount of lost hydrogen increased. The test of 26 days in 100 °C resulted
in bulk hydrogen content just higher than the as-supplied material and there was a sub-
surface layer that held more hydrogen than the immediate surface or deep in the bulk. The
subsurface concentration was explained by the material redistributing the hydrogen due
to diffusing into the atmosphere or deeper into the material. They also proposed that the
hydrogen can get trapped in internal entrapments which hinder degassing. Their work
demonstrated that it is a reasonable assumption that only limited amount of hydrogen
leaves the surface in room temperature samples.
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2.4 Hydrogen embrittlement and hydrogen effects

It has been concluded for high-strength steels that hydrogen embrittlement (HE) suscep-
tibility increases alongside with the amount of ferrite the material possesses (Silva, Salvio
et al. 2012). Thus, studying HE in EN-GJS-400-15U DCI that mostly consists of a ferrite
matrix is of importance.

Over the decades that HE has been studied, multiple mechanisms have been presented as
explanations for the phenomenon. The effects include high hydrogen pressure bubble,
hydrogen-induced reduction in cohesive strength and hydrogen-assisted vacancy produc-
tion just to name a few. The exact operative method of HE, however, depends on the
material, the hydrogen charging conditions and the loading. It is also presented that mul-
tiple mechanisms may work simultaneously and synergistically. For steels the experi-
ments have been very thorough, but in the case of DCI much less information is available.
(Robertson, Sofronis et al. 2015)

The effects of hydrogen in DCI embrittlement especially at slow strain rates were reported
by Matsunaga et al. A non-charged sample showed a typical ductile failure dominated by
dimple fracture. However, as hydrogen was introduced and the cross-head speed of their
tensile equipment was slowed, the fracture surface expressed a much less ductile form.
Especially, the amount of visible graphite nodules, points where voids would start to nu-
cleate, was reduced markedly with slowing the strain rate and introducing hydrogen
(Matsunaga, Usuda et al. 2014). The effect of slow strain rate was also found by Matsuo,
who comments that the accumulated hydrogen in the fracture site is a good hypothesis
for the material’s changed behavior. Especially, since during slow strain rates the hydro-
gen has relatively more time to affect the material (Matsuo 2017). Thus, the effects of
hydrogen are of great interest in KBS-3. The canister is in a triaxial stress state for a long
time. As the loads slowly evolve during the deposition, similar effects akin to slow strain
rate can be expected to affect the insert.

2.4.1 High hydrogen pressure bubble

When there is a high fugacity of hydrogen, there may occur precipitation of hydrogen gas
inside the structure or at the surface (blistering). (Robertson, Sofronis et al. 2015)

Matsunaga et al. presented a form of hydrogen embrittlement for DCI in their report sim-
ilar to the hydrogen gas pressure bubble. They suggested a method for hydrogen effect
related to the fact that available hydrogen forms gaseous hydrogen inside the microstruc-
ture under the certain conditions. Without any hydrogen, the voids formed during tensile
stresses would coalesce in vacuum around the graphite nodules (Fig. 11a). In this case the
surrounding ductile matrix would form dimples in the final fracture surface. By introduc-
ing hydrogen, the available hydrogen from the graphite and graphite/ferrite interface
starts to form hydrogen gas in the formed gap between graphite nodules and ferrite matrix
(Fig 11b). This allows some of the hydrogen to diffuse into the surrounding matrix. This
hydrogen facilitates localization of plasticity. The crack that forms, especially its tip
where stresses are the highest, will be supplied by hydrogen. The stress-induced hydrogen
diffusion can facilitate crack growth leading to ductility loss and eventual brittle fracture.
(Matsunaga, Usuda et al. 2014)
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Figure 11 Ductile a) and hydrogen-induced b) fracture mechanisms of DCI. (Matsunaga, Usuda et al.
2014)

2.4.2 Hydrogen-enhanced decohesion embrittlement (HEDE)

The fundamental principle behind hydrogen-enhanced decohesion embrittlement is the
effect hydrogen has in reducing bond strength and, thus, leading to material rupturing at
lower levels of stress through intergranular fracture. The effect of hydrogen has been both
computed and verified experimentally on ferritic materials. The reduction in bond
strength of lattice and cohesive strength of grain boundaries has been reported but the
exact concentration and amount of hydrogen needed to determine failure is unclear (Rob-
ertson, Sofronis et al. 2015).

2.4.3 Hydrogen-enhanced local plasticity (HELP)

Hydrogen has been observed to affect the behavior of dislocations. Hydrogen enhances
the production and mobility of dislocations in all types of crystal structures and for both
dislocation types. The mechanism behind this effect has to do with how hydrogen segre-
gates to the stress fields of dislocations affecting it. The stress field gets increased in some
directions and decreased in others. Thus, the direction of decrease makes the movement
of dislocations easier allowing them to move at lower stress levels in these directions,
resulting in local softening of the material. The moving dislocations can then pile-up eas-
ier against barriers such as grain boundaries. Thus, this effect is called hydrogen-en-
hanced localized plasticity (HELP). (Robertson, Sofronis et al. 2015, Barrera, Bombac et
al. 2018)
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2.4.4 Hydrogen-enhanced strain-induced vacancies (HESIV)

Hydrogen atoms can also enhance the dynamic creation of vacancies under plastic strain-
ing, lead to vacancy agglomeration and, thus, cause an increase in vacancy density in
highly strained regions (Nagumo, Yoshida et al. 2001, Cuitino, Ortiz 1996). A theoretical
analysis by Cuitino & Ortiz (Cuitino, Ortiz 1996) concluded that vacancy condensation
could lead to formation of microvoids in the material, especially near a crack tip where
strain is localized, and assist in the extension of the crack. Even though HESIV is typi-
cally described as a MVC promoting effect, it can also lead to brittle failure. Then a crit-
ical stress is reached at a cleavage plane before the nucleation of a significant void and
onset of ductile failure (Cuitino, Ortiz 1996).

2.4.5 Adsorption-induced dislocation emission (AIDE)

The final method of HE described in this thesis is called Adsorption-induced dislocation
emission (AIDE). The main part of this phenomenon is the adsorption of hydrogen, that
leads to nucleation of dislocations at crack tips, which combined with an applied stress
state promotes the emission of dislocations away from the crack tip. This leads to coales-
cence of cracks with voids that form ahead of the crack tip. The nucleation and growth
of these microvoids is also an important part of AIDE. The voids are caused by the general
dislocation activity in the plastic zone caused by the stresses that cause the emission of
dislocations in the first place. The void formation aids the crack growth and resharpens
the crack tip, which results in small crack-tip-opening angles and promotes cleavage and
intergranular fracture. (Barrera, Bombac et al. 2018)

2.5 Other forms of embrittlement

While hydrogen embrittlement is the main focus of this thesis, it is also important to note
the other possible issues that are related in this case. Especially the synergistic effect of
different embrittlement types is important to keep in mind since the failure of the DCI
insert of the KBS-3 canister can have many different causes of varying proportions.

2.5.1 Radiation-induced embrittlement

The effects of radiation have been reported in ferrous metals for decades. Especially, the
pressure vessels that hold the radioactive fuel in nuclear reactors have been thoroughly
examined. The main effect is the degradation of mechanical properties under neutron ir-
radiation. The fracture toughness of steel alloys was found to decrease by many-fold be-
cause the material hardened under neutron irradiation. Examined mechanisms of hard-
ening were found to be generation of point defects (interstitials and vacancies) and dis-
location loops plus development of Cu-rich nanoclusters and precipitates. While nor-
mally diffusion would correct the point defects in ferrous materials, the neutron irradia-
tion results in alteration of yield strength over time. The formation of nanoclusters and
precipitates is accelerated by the high concentration of vacancies. Copper was found to
be the single most harmful alloying element in neutron embrittlement, but presence of
Ni and Mn also synergize the formation of Cu-rich nanoclusters. (Hertzberg, Vinci et
al. 2012)

It has been noted that irradiation damage can be reversed by heat treating the embrittled
component. This annealing approach, however, cannot be used to treat KBS-3 canisters
due to their placement in the bedrock.
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2.5.2 Static and dynamic strain aging, a.k.a. blue brittleness

Another form of embrittlement noticed in ferritic materials is strain aging. It’s commonly
associated with the yield-point phenomenon, where the strength of a metal is increased
and ductility reduced when a cold-worked material is heated at a relatively low tempera-
ture or even ambient temperatures. The term “blue brittleness” comes from the fact that
the discontinuous yielding occurs in the temperature region of 500 to 650 K in plain car-
bon steels. This temperature region is associated with reduced tensile ductility and notch-
impact resistance, the materials shows minimum strain-rate sensitivity, maximum in rate
of strain aging and a blue hue in outward appearance due to the oxidization of the steel.
(Dieter 1989)

The physical basis for this phenomenon comes from the interactions between interstitial
atoms like nitrogen and carbon with the dislocations in the matrix. Plastic deformation
(i.e., yielding) is caused by the movements of crystal dislocations through the matrix. If
the movement of dislocations is restricted, the material has a higher strength (Callister
2018). The strengthening effect in this case comes from the interstitial atoms, that restrict
the movement of dislocations by imposing a strain field in the matrix. In BCC materials
like ferrite the interstitial site is located at the irregular octahedron interstice. This site
causes a tetragonal distortion, which interacts strongly with shear, the dominant compo-
nent in dislocation strain field. The interstitial atoms also concentrate around dislocations
and grain boundaries which further reduces their movement and thus, ductility of the ma-
terial. (Bhadeshia, Honeycombe 2006)

When the temperature and strain conditions are correct, the interstitial atoms that diffuse
in ferrite concentrate around the dislocations during the external loading. As the intersti-
tial atoms diffuse alongside glide dislocations, the applied stress will discontinuously
overcome the locking of dislocations. This process is called dynamic strain ageing (DSA)
(Bhadeshia, Honeycombe 2006, Honeycombe 1968).

The second type of strain aging is called static strain ageing and it occurs after the defor-
mation of the material. Typically, when material is loaded above the yield point and then
unloaded, a successive reloading will not result in immediate re-yielding. The capability
of the material to yield is limited. The dislocations at atmospheres of carbon and nitrogen
atoms have formed, and a second and higher yield point appears under successive loading.
During static strain ageing the interstitial atoms diffuse to the newly generated disloca-
tions due to the increased diffusion at elevated temperature and render them immobile.
(Dieter 1989, Honeycombe 1968)

DSA has been examined mainly in carbon steels, but some results regarding nodular cast
iron also exist. Lui & Chao (Lui, Chao 1989) determined that DCI did show tendency for
moderate temperature embrittlement which indicates DSA in this material. However,
while carbon steels underwent embrittlement at 100 to 250 °C, in DCI the temperature
range for all types of loading (tensile, bending, low-cycle fatigue and creep rupture) was
closer to 300 to 400 °C.

DSA is, however, an important phenomenon to keep in mind. It may synergistically in-

teract with other embrittling effects. Especially the effects of DSA and HE are important
to note, since both affect the localization of plastic deformation (Chapter 2.4.2 HELP).
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3 Materials and experimental methods

3.1 Material characterization

Identifying the material is an important part of understanding it. The material is classified
by the authorities to be spheroidal cast iron EN-GJS-400-15U (Raiko 2013). However,
the exact microstructure, grain size and possible inclusions are not clear just from that
specification. Thus, utilizing standards EN ISO 643:2012 Steels - Micrographic determi-
nation of the apparent grain size and EN ISO 945-1 2018 Microstructure of cast irons it
is possible to determine a more detailed characterization of the material of interest.

3.1.1 Material composition of cast iron insert

The DCI examined in this chapter is manufactured from ferritic nodular cast iron EN 1563
grade EN-GJS-400-15U. The samples were cut from insert casting 173 received from
Posiva Oy. Its chemical composition is presented in Table 10.

Table 10 The chemical composition of nodular cast iron EN-GJS-400-15U (insert 173) in 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

One thing to note is that since the material is cast iron, also other elements can be present.
The pig iron used to produce the final canister may include other elements, in very small
quantities. For instance, titanium and vanadium are typical by-products in steel manufac-
turing. Inclusions of both materials were found in one of the samples as can be seen below
in Figure 12. Also casting defects, outlined in Chapter 2.1.5 of this thesis, may be present
in the material.
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Figure 12 An EDS analysis of some inclusions found in the material.

3.1.2 Iron phase and grain size

The micrographs of the material with grain size measurements are shown in Appendix 1.
The grain size is determined using the line intercept method presented in EN ISO 643-
1:2012 Steels - Micrographic determination of the apparent grain size.
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3.2 Sample preparation and experimental methods

A block of material was cut (Figure 13) from the location marked with red square (B) for
manufacturing the specimens for tensile testing and hydrogen charging. The samples were
cut from near the surface of the casting, from the depth of approximately 40 mm, using
electro-discharge machining (EDM). Two types of specimens were made: tensile speci-
mens according to the geometry shown in Fig. 13b and TDS samples shown in Fig. 13c.
Both specimens were mechanically ground in order to remove the EDM affected surface
layer. The gauge section of the tensile specimens was mechanically polished, finishing
with 2500 grit emery paper without lubrication. The TDS samples were polished up to
2500 grit emery paper using common wet grinding and polishing techniques. After CLTs
the TDS samples were cut immediately after terminating the tensile test from the gauge
part of the tensile specimens and polished using the emery papers.
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Figure 13 a) The location of billet from which the samples were cut, marked with B, b) tensile speci-
men geometry and ¢) TDS sample geometry

There are several ways to introduce hydrogen into a metallic material. Two prominent
methods are thermal and electrochemical charging. Of these methods electrochemical
charging is preferred due to the change in microstructure of material during thermal
charging. Electrochemical charging works with the driving force of difference in potential
between cathode and anode. It can be used in ambient temperature and can build high
levels of hydrogen in relatively short period compared to other methods. Also, the correct
potential allows cathodic protection to prevent corrosion attack on the charged object. It’s
also proved to work for DCI (Wu, Ahlstrom et al. 2015).

The tensile specimens were studied with slow strain rate tensile testing (SSRT) and con-
stant load testing (CLT) in air and under continuous hydrogen charging with controlled
electrochemical potential. The testing system consists of a 35 kN MTS desktop tensile
testing machine equipped with a three-electrode electrochemical cell with Hg/Hg>SO4
reference and Pt counter electrodes and a Gamry potentiostat for controlled hydrogen
charging. The test set-up is shown in Figure 14. Electrochemical hydrogen charging was
performed at controlled cathodic potential of -0.85 V from 0.1N H>SOj4 solution with
added 10 mg/l thiourea. Each hydrogen charged tensile test was preceded by 1 h pre-
charging in order to uniformly saturate the specimen with hydrogen before loading. Only
the gauge parts of the tensile specimens were exposed to the environment by insulating
the rest of the immersed specimen with Teflon tape. The total volume of the solution was
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about 1600 cm® and the pumping rate was 2 cm?®/s circulating between the test cell and
the conditioning container, which held the extra solution.

f
Figure 14 The tensile testing system consisting of a 35 kN MTS desktop machine with an electro-
chemical cell and Gamry potentiostat.

The SSRTs were performed with strain rate of 10 s™'. The CLTs were performed in two
stages: pre-loading with 10 s strain rate up to load of 160 MPa (about 0.5 tensile
strength of the studied DCI) as in the previous study (Forsstrom, Yagodzinskyy et al.
2019). After pre-loading the load was kept constant for a pre-determined time or until
fracture. The hydrogen uptake of the material was then immediately measured by using
thermal desorption spectroscopy (TDS). The time between termination of the hydrogen
charging and starting the TDS measurement was kept to minimum and did not exceed 20
min.

The TDS samples were exposed to the environment in two ways. First, they were simply
submerged in 0.1N H>SO4 solution being attached to a Teflon wrapped wire to study
hydrogen absorption in the sample without external electrochemical polarization. Sec-
ondly, the samples were exposed in a similar three-electrode system with electrochemical
potential control at -0.85 V in a similar chamber to the one used for tensile testing, but
without mechanical loading.

Hydrogen uptake and trapping were measured using a custom-made TDS apparatus de-
signed and assembled at Aalto University. The device is based on the mass-spectrometry
of hydrogen desorption in an ultra-high vacuum (UHV) chamber under constant con-
trolled heating rate. With vacuum of 5 x 10 mbar, the hydrogen concentration measure-
ments are accurate down to quantities of about 0.1 at.ppm. The equipment allows the
heating rate to be varied between 1 and 10 K/s allowing the evaluation of the activation
energy of the hydrogen trapping sites in the studied material. The operation temperature
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range is from room temperature (RT) to 1200 °C. Heating rate of 10 K/s was used from
RT to 650 °C to study the release of hydrogen and the behavior of trapping sites in DCIL.
The Kissinger procedure (Choo, Lee 1982, Kissinger 1957) was utilized with different
heating rates to evaluate the hydrogen trapping energies of different sites.

The microstructural analysis and fractography were performed with a Zeiss Ultra 55 field
emission gun scanning electron microscope (FEG-SEM). When applicable, the SEM
specimens were mounted using Struers PolyFast resin and were prepared using conven-
tional wet grinding and polishing techniques down to 0.25 um diamond paste.

4 Results
4.1 Hydrogen effects on SSRT and CLT of cast iron

Typical stress-strain curves obtained in SSRT are shown in Figure 15 and strain vs time
plots obtained in CLT in Fig. 15. As in the previous study (Forsstrom, Yagodzinskyy et
al. 2019), the DCI’s mechanical properties show a remarkable reduction under hydrogen
charging. The ultimate tensile strength of the material was markedly reduced in the SSRT
test under hydrogen charging and the elongation to fracture was halved.

The behavior of the DCI was more closely examined using CLTs (Fig. 16). Most CLT
tests were interrupted before failure in order to study the evolution of the material’s de-
formation and crack initiation in constant loading under hydrogen charging, by examining
the changes in the graphite nodules and ferrite matrix of the material. When the specimen
was kept at constant applied stress of 160 MPa in air, the specimen did not show any
remarkable creep strain during the test period of several days. However, when repeating
the test under continuous hydrogen charging, the specimen elongated at an accelerating
rate leading to eventual fracture. There was a noticeable scatter in the strain rates of dif-
ferent tests. The scatter is, however, understandable due to several factors: the compara-
tively small gauge size of the tensile specimens means that the effects of any discontinu-
ities in the microstructure are enhanced. In other words, the fraction and size of graphite
nodules in relation to the size of the cross-section of the specimen and their location with
respect to the edges of the specimen bring random variations to the experiment. For in-
stance, if a graphite nodule is located at or close to the edge of the specimen, it causes
stress concentration at the edge, leading possibly to cracking in that location.
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Figure 15 SSRT stress-strain curves in air (blue) and under continuous hydrogen charging (red)
tested in RT.

2.0t Cast Iron
CLT with applied stress 160 MPa

— tested in air

tested under continuous
1.5 H-charging from 0.1N H,S0O,

at-0.85V, 20 °C to:
— fracture, 277 ks (77 h)
—— 76 ks (21 h)
54 ks (15 h)
9ks (2.5 h)

, Mm/mm

-4

1.0t

Engineering strain x 10

0.5

0 50 100 150 200 250
Loading time, ks

Figure 16 Strain vs time curves in CLT in air (blue) and under continuous hydrogen charging tested
in RT.

4.2 Hydrogen uptake and trapping

The temperature position of the hydrogen desorption peak depends on the effective trap-
ping site of hydrogen, as well as on the heating rate of the sample. The magnitude and
shape of the peak is related to hydrogen release in each of the trapping sites. Thus, the
area under the peaks corresponds with the amount of hydrogen trapped at these sites.

The as-supplied state of the material was studied previously and it was found that the
studied DCI showed two peaks, one around 500 K and the other one at 700 K (Forsstrom,
Yagodzinskyy et al. 2019). These peaks correspond with the existing metallurgical hy-
drogen of about 2 wt.ppm in the studied DCI. In tensile loading, a peak appeared at about
400 K and the 500 K peak shifted closer to 560 K with large increase in its magnitude
under electrochemical hydrogen charging. The magnitude of the 400 K peak also mark-
edly increased and the location shifted towards 450 K in tensile testing with hydrogen
charging (Forsstrom, Yagodzinskyy et al. 2019).
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In this study, the DCI shows two distinct peaks of hydrogen thermal desorption. Figure
17a shows the hydrogen desorption peaks when the sample is immersed freely in 0.1N
H>SOy4 solution without external mechanical loading or applied electrochemical potential.
The immersion time affects significantly the location and magnitude of the peak correlat-
ing with the amount of trapped hydrogen in the sample. The TDS curve for immersion
time of 2400 s (40 min), for instance, shows how hydrogen absorption mostly manifests
as a 600 K peak. The longer immersion times result in saturation of this high-temperature
peak, the desorption rate being about 0.4 appm/s. As the immersion time is increased, the
magnitude of the low-temperature peak at 450 K keeps increasing. This means that an
increasing amount of hydrogen is being trapped in this trapping site.

Figure 17b shows a similar behavior to the free-immersion tests for the specimens tested
with the external electrochemical potential control for hydrogen charging. The high-tem-
perature peak reaches a similar saturation level of 0.4 appm/s, after which the low-tem-
perature trapping site is gradually activated. The amount of trapped hydrogen increases
with charging time, reaching a similar level as in the free-immersion tests. With the in-
troduction of the external electrochemical potential control, the time necessary to absorb
the same amount of hydrogen is, however, reduced markedly.

Figure 17c shows TDS curves obtained after CLTs under continuous hydrogen charging.
Again, the high-temperature peak is saturated, and the low-temperature peak gradually
increases. However, now under both tensile loading and electrochemical hydrogen charg-
ing, the low-temperature peak increases markedly more as compared to the unloaded con-
ditions. Thus, it can be concluded that an external tensile loading causes the formation of
effective trapping sites which are responsible for the increase of hydrogen uptake.
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Figure 17 The characteristic peaks of hydrogen desorption from DCI in different test conditions. a)
After free immersion in 0.1N H2SOy4 solution for different immersion times. b) After electrochemical
hydrogen charging for different times. ¢) Measured from gauge section of CLT specimens after in-
terrupted testing under electrochemical charging

Assuming that the desorption peaks can be approximated with Gaussian functions, the
measured complex TDS peaks were decomposed into two components as shown in Figure
18a. Applying the decomposition procedure to the TDS peaks measured for the samples
with different electrochemical charging times one can obtain dependencies of the hydro-
gen concentration corresponding to each component vs charging time as shown in Figure
18b. As the charging time increases, the amount of hydrogen corresponding to the high-
temperature peak remains the same, but it increases with time for the low-temperature
peak. Using the Kissinger procedure (Choo, Lee 1982, Kissinger 1957) for activation
analysis of both peak temperature positions vs heating rate of TDS measurement as shown
in Figure 18c the trapping energy for these peaks can be found to be 0.30 + 0.006 eV and
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0.65+0.03 eV, most likely corresponding with the ferrite matrix and the graphite nodules,
respectively.
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Figure 18 The characteristics of TDS curves. a) The decomposition of measured TDS curve into two
peaks, b) the amount of trapped hydrogen as a function of electrochemical charging time and c)
activation analysis for both components of the peak.

4.3 Microstructure and fractography of DCI with hydrogen

Typical microstructures of the studied DCI are shown in Figure 19. The material consists
of ferritic matrix with dispersed graphite nodules. The graphite is mostly nodular with
somewhat uneven distribution of nodules related most likely to segregation of alloying
elements during solidification. All nodules are of Type V (slightly irregular spheroidal
graphite) and VI (spheroidal graphite) according to EN ISO-945-1:2018. Volume fraction
of the graphite nodules is about 0.056. The average nodule size in the studied part of the
cast iron insert is about 44.5 um, and the volume density of the graphite nodules is 6.31
x 10'> m. The spheroidal graphite nodules have a layered flaked structure and incoherent
graphite/ferrite interface (Fig. 19 ¢ and d). Grain size of the ferrite matrix is about 60 pm
and no pearlite was examined in the microstructure.
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Figure 19 a) General view of microstructure of as-received DCI and b) after etching in 2% nital
solution. ¢) A graphite nodule and d) the graphite nodule/ferrite matrix interface before hydrogen
charging.

The graphite nodules are affected by hydrogen charging (Fig. 20a), and especially the
graphite nodule/ferrite matrix interfaces exhibit multiple small cracks formed under hy-
drogen charging (Fig. 20 b-d). Cracking at the interface of the graphite nodules and even-
tual linkage of cracking between the graphite nodules was not observed in the as-supplied
DCI (Fig. 19). Only under hydrogen charging and with increasing charging time or intro-
duction of tensile loading, microcracking at graphite nodule/ferrite matrix interfaces ap-
pears in increasing numbers, and the cracks grow and connect forming a series of larger
step-wise brittle cracks in the material.
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Figure 20 Graphite nodules of CLT tensile specimen testedu_p to fracture (loading time 23_8 i(s/66 ﬁ).
a) General appearance of cracking around a nodule, b) close-up of cracking at nodule/matrix inter-
face, and c-d) linking between adjacent graphite nodules by brittle cleavage cracking.

The fracture surface of a SSRT specimen tested in air is shown in Figure 21. It exhibits
the typical ductile fracture characteristics in the form of large cavities around the graphite
nodules and small dimples in the ligaments, as is expected of the DCI tested in air (elon-
gation to fracture 8 %). With the uptake of hydrogen, however, the ligaments between the
large cavities show brittle cleavage fracture facets as shown in Figure 22 a and b. The
cleavage fracture occurs in the ferrite between the graphite nodules. Large cavities are
also left by the graphite nodules in the ferrite matrix. In the large cavities the interface
between the graphite nodules and the ferrite matrix becomes visible showing a faceted
surface structure (Fig. 22 ¢ and d). Energy-dispersive X-ray spectroscopy (EDS) analysis
of the faceted surfaces (Fig. 23) shows only the presence of iron in the spectrum indicating
an interfacial detachment of the graphite nodules during tensile testing.
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Figure 21 Fracture surface of SSRT specimen loaded in air showing ductile fracture with large cav-
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Figure 22 Hydrogen charged CLT specimens. a) General view of the fracture surface, and b) a close-
up of brittle cleavage fracture facets in ferrite ligaments. c) Side view of polished specimen cross-
section surface showing multiple small brittle cracks around a cavity left by detachment of graphite
nodule, and d) a close-up of the surface of the cavity.
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Figure 23 EDS-analysis of a detached graphite nodule cavity surface showing ferrous interface

5 Discussion

The TDS results show that the hydrogen uptake in free-immersion and electrochemically
charged DCI samples is similar, but the electrochemically charged samples show uptake
of hydrogen at a much higher rate. The behavior of the material in free-immersion tests
shows that the microstructure of DCI affects the uptake of hydrogen autocatalytically
when hydrogen is available. This means that the DCI in free immersion forms micro-
galvanic couples between the iron matrix and the graphite nodules where the graphite
nodules act as the local cathodes and iron matrix is the anode.

By comparing the TDS curves of the different testing conditions, it can be concluded that
the high-temperature peak (600 K) of hydrogen desorption depends only slightly on the
hydrogen charging method and external loading, and it will reach a saturation level of
hydrogen content. This indicates that the high-temperature peak is related to a trapping
site that does not markedly change due to the charging procedure. Assuming that the
graphite nodules have a limited capacity to absorb hydrogen, and that the amount of
graphite nodules in the material is the same in different samples, it may be concluded that
the high-temperature peak is related to hydrogen trapped in the graphite nodules. The
low-temperature peak (450 K), however, is highly dependent on the external loading of
the specimen.

When the graphite morphology and microstructure of the DCI were examined before and
after hydrogen charging, it was observed that the presence of hydrogen causes initiation
of multiple small cracks around some graphite nodules. The number of cracks and sever-
ity of cracking were observed to increase with the increasing charging or immersion time
and especially due to tensile loading. With long enough hydrogen charging time or at high
enough applied stress in CLT, the small cracks link between the graphite nodules leading
to crack growth and consequent hydrogen trapping in the small cracks. The hydrogen-
induced cracks and defects at the graphite nodule interfaces are, thus, assumed to be the
reason for the increasing hydrogen uptake related to the growing low-temperature peak.

The micrographs of CLT specimens revealed that the presence of hydrogen causes mul-
tiple small cracks to initiate from the nodule interfaces around the graphite nodules. In all
conditions where hydrogen was available to the specimens (immersion with or without
electrochemical potential control and during tensile loading), the graphite nodules show
initiating small cracks at their interfaces. With increasing time and the introduction of an
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external tensile load, the small cracks coalesce between graphite nodules causing large
cracks in the microstructure.

The CLT and SSRT tests show that under continuous hydrogen charging the mechanical
properties of DCI are markedly reduced compared to performance in air showing similar
behavior as in the previous study (Forsstrom, Yagodzinskyy et al. 2019). Fractography
after CLT shows separation of graphite nodules from the ferrite matrix with faceted in-
terface of the cavities and cleavage fracture in ferrite between the graphite nodules (Fig.
21 aand b). In air without hydrogen (Fig. 21) ductile fracture occurs forming small dim-
ples in the ferrite ligaments typical for a ductile material such as DCI. It is of great sig-
nificance that the fracture behavior of DCI changes markedly in the presence of hydrogen.
Hydrogen diffuses freely through ferrite, but the graphite nodules can uptake the available
hydrogen and become saturated. The hydrogen build-up and resulting internal gas pres-
sure may eventually cause the graphite nodules to detach from the ferrite matrix. This
introduces cracks in the microstructure and leads to initiation of brittle cleavage fracture.

The graphite nodules show multiple cracking around their interface. These small cracks
increase in number and size as samples are charged for longer periods of time or with
applied external tensile loading. The reason for the initiation of multiple cracks at the
graphite/ferrite matrix interfaces is related to hydrogen behavior in DCI. Metallurgical
hydrogen (about 2 wt.ppm) builds up in austenite during solidification and during decom-
position of austenite upon cooling graphite nodules in the DCI act as trapping sites for
hydrogen. Graphite nodules exhibit decohesion at the interface between the graphite and
ferrite matrix (Fig. 19). Decohesion can have occurred prior to hydrogen charging since
graphite nodules have weak interface with the ferrite matrix. Hydrogen trapping and re-
combination to hydrogen gas at the graphite nodule/ferrite matrix interfaces forms hydro-
gen gas molecules, creating an internal pressure. Hydrogen-induced cracking then results
from the formation of high-pressure gas in the internal cavities and micro-cracks (Zapffe,
Sims 1941). Graphite nodules are the preferable hydrogen-induced crack initiation sites
creating internal cracks. The pressure build-up in the internal cracks due to hydrogen re-
combination results in the crack growth. The critical hydrogen concentration at the graph-
ite nodule interfaces is not known, but the crack initiation took place at graphite nodules
independently of the charging conditions. The faceted interface (Fig. 22 c and d) between
graphite nodules and ferrite matrix with geometrical discontinuities increases the stress
concentration forming around the graphite nodules and can explain the initiation of mul-
tiple small cracks. In addition, the internal pressure build-up causes tensile stresses at the
crack tips, which lead to locally increased hydrogen concentrations promoting the crack
growth.

6 Conclusions

Hydrogen thermal desorption from the DCI manifests two distinct peaks with maxima
located between 400 K and 500 K and close to 600 K at heating rate of 10 K/min. The
trapping energy for these peaks was found to be 0.30 £ 0.006 eV and 0.65 + 0.03 eV,
respectively. The low-temperature peak corresponds to hydrogen trapped at small
cracks/voids forming at the interfaces of graphite nodules and ferrite matrix, while the
high-temperature peak originates from hydrogen trapped in the graphite nodules.
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Micrographs of the cross-sections of the polished DCI specimens after free immersion in
0.IN H2SOs solution, after interrupted CLT under continuous hydrogen charging, and
after hydrogen charging without loading show intensive small crack initiation at inter-
faces between the graphite nodules and the ferrite matrix already at the initial stage of
hydrogen uptake. These results confirm the observations on the presence of hydrogen in
the graphite nodules and at the graphite/ferrite matrix interfaces.

Hydrogen-induced formation of multiple small cracks at the graphite/ferrite matrix inter-

faces and their linkage cause the increased elongation of cast iron in CLT. The ferrite
matrix cracks by brittle cleavage fracture mechanism in the presence of hydrogen.
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Appendix 1. Ferrite grain size
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Line |Inter- | Grain | Grain
length | cepts | size |ave-
(um) rage
g1 |642 10 64,2
g2 | 631 9 70,1
g3 | 543 11 49.4 |60,8
g4 | 554 8 68,9
g5|636 11 57,8
g6 | 588 10 58,8
g7 | 511 9 56,8




