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This report presents the inspection techniques of disposal canister components. Manufacturing methods and a
description of the defects related to different manufacturing methods are described briefly. The defect types form a
basis for the design of non-destructive testing because the defect types, which occur in the inspected components,
affect to choice of inspection methods. The canister components are to nodular cast iron insert, steel lid, lid screw,
metal gasket, copper tube with integrated or separate bottom, and copper lid.
The inspection of copper material is challenging due to the anisotropic properties of the material and local
changes in the grain size of the copper material. The cast iron insert has some acoustical material property variation
(attenuation, velocity changes, scattering properties), which make the ultrasonic inspection demanding from
calibration point of view.
Mainly three different methods are used for inspection. Ultrasonic testing technique is used for inspection of
volume. Eddy current technique, for copper components only, and visual testing technique are used for inspection of
the surface and near surface area. All these methods have some limitations which are related to the physics of the
used method. All applied methods are carried out in mechanized way during inspection of components except
possible visual inspection.
All methods have been described in detail and the use of the chosen inspection techniques has been justified.
Phased array technology has been applied in ultrasonic testing. Ultrasonic phased array technology enables the
electrical modification of the sound field during inspection so that the sound field can be adjusted dynamically for
different situations and detection of different defect types. The frequency of the phased array probe has been chosen
to be 3.5 MHz. It is a compromise between good sizing and defect detectability. It must be taken into account that
ultrasonic testing is not suitable for detection of planar defect types which are in the direction of the beam. The
detectability of defects must be certified by using at least two angles of incidence in ultrasonic testing. Also other
methods are studied to check their applicability for inspection of components.
Defects detected in visual testing will be sized using eddy current testing. Special inspection techniques have been
developed for sizing using low frequency (LF) eddy current testing. High frequency (HF) coils are used to evaluate
the area of the surface defects. In the case of copper inspection, 30 kHz is considered a high frequency and 200 Hz a
low frequency.
The acceptance criteria define the defect detectability requirements of the inspection methods. The defect
detectability of the methods is under further study to ascertain their viability. In the case of a single defect, the
inaccuracy of the sizing method is less important. The significance of the uncertainty in sizing is more pronounced
when there are two or more defects in the corrosion path of the canister. The guiding factor in case of copper
components is the corrosion and in case of nodular cast iron insert plasticity loading capacity against hydrostatic
pressure and fracture toughness against rockshear and generally for all components guidelines for inspection is
fulfillment of functional requirements. The previous mentioned items have a strong impact to acceptance criteria and
through it also requirements set to NDT. The sizing capability will be studied and subsequently inspection techniques
qualified on the basis of the recommendation of ENIQ (European Network for Inspection Qualification). This type of
qualification is applied in Europe. In the USA, the qualification in nuclear applications is based on the performance
demonstration part of ASME XI.
All required information (input information, inspection procedures, technical justifications, etc.) will be gathered
in order to prepare for the qualification. At the moment in the NDT reliability study the defect detectability is in focus
as well the inaccuracy of sizing of indications. The precise sizing is the clearly more safety-based and industrial
acceptance of canisters can be carried out. Sizing will be also verified by a limited metallographic study of detected
indications. The work of technical justifications has been started. By qualifying the inspectors and inspection
methods, the defined quality requirements for manufacturing disposal canisters for spent nuclear fuel will be met.
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Tiivistelmä – Abstract

Tämä raportti esittelee kuparin loppusijoituskapselin komponenttien tarkastuksessa käytetyt NDT-menetelmät.
Valmistusmenetelmät on kuvattu lyhyesti ja vikatyypit, jotka liittyvät valmistusmenetelmiin, on käyty läpi. Vikatyypit
muodostavat rikkomattoman aineenkoetuksen perustan, koska vikatyypit, joita oletettavasti esiintyy tarkastettavissa
komponenteissa vaikuttavat tarkastusmenetelmän valintaan. Kuparikomponentit ovat pallografiittivalurauta, teräskansi, kansiruuvi, metallitiiviste, kupariputki joko integroidun tai erillisen pohjan kanssa ja kuparikansi.
Kuparimateriaali on haastava johtuen materiaalin anisotrooppisista ominaisuuksista ja kuparin raekoon vaihteluista. Valurautaisella sisäosalla on joitakin akustisia materiaaliominaisuus vaihteluita (vaimennus, äänennopeuden
muutokset, sirontaominaisuudet), jotka tekevät ultraäänitarkastuksesta vaativan tarkastuksen säätämistä ajatellen.
Lähinnä kolmea menetelmää on käytetty tarkastuksissa. Ultraäänitarkastusta käytetään tarkastustilavuuden
testaukseen. Pyörrevirtaa käytetään vain kuparikomponenttien tarkastuksessa ja visuaalista tarkastusta käytetään
kaikille komponenteille pinnan ja sen läheisyydessä olevien vikojen tarkastukseen. Kaikilla näillä menetelmillä on
rajoituksensa, jotka liittyvät kunkin menetelmän fysikaalisiin perusteisiin. Kaikki pääkomponttien tarkastukset
suoritetaan mekanisoidusti, paitsi mahdollisesti visuaalinen tarkastus.
Kaikki käytetyt menetelmät on kuvattu yksityiskohtaisesti ja valittujen tarkastustekniikoiden käyttö on perusteltu.
Ultraäänitarkastuksissa on pääosin käytetty vaiheistettua teknologiaa. Ultraäänitarkastuksessa vaiheistettu teknologia
mahdollistaa äänikentän muuntelun, niin että äänikenttä voidaan säätää dynaamisesti eri tilanteille ja eri vikatyyppien
havaitsemiselle. Ultraäänianturin taajuus kuparikomponenteissa on valittu 3,5 MHz:ksi. Kuparikomponenttien
raekoon vaikutusta ultraäänen vaimentumiseen tutkitaan käyttämällä useita taajuuksia tavoitteena selvittää sen
vaikutus kuparin tarkastettavuuteen. Pallografiittivaluraudan tapauksessa käytetään useampia taajuuksia 1MHz:stä 5
MHz:n riippuen ultraäänen kulkemasta matkasta. Taajuuden valinta on kompromissi optimaalisen vikakoon
määrityksen ja vikojen havaittavuuden välillä. Täytyy ottaa huomioon, että ultraäänitestaus ei ole soveltuva
tasomaisten vikojen havaitsemiseen, jotka eivät ole kohtisuorassa äänikeilaa vastaan. Vikojen havaittavuus täytyy
varmistaa vähintään kahdella tarkastuskulmalla ultraääni-tarkastuksessa. Myös muita menetelmien käyttökelpoisuutta
tutkitaan komponenttien tarkastukseen.
Visuaalisessa tarkastuksessa havaittujen pintavikojen koot määritetään pyörrevirtatekniikalla. Koon määritykseen
on kehitetty erikoistekniikka, jossa käytetään matalataajuista signaalia pyörrevirtatarkastuksessa. Korkeataajuus
keloja käytetään arvioimaan havaittujen vikojen pinta-alueen koko. Pyörrevirtatarkastusta, jossa käytetty taajuus on
30 kHz, on tässä tapauksessa luokiteltu korkeataajuiseksi (HF) ja 200 Hz matalataajuiseksi pyörrevirtatekniikaksi
(LF).
Komponenttien hyväksymisrajat määrittävät tarkastustekniikoiden vaatimukset vikojen havaittavuudelle.
Vastaavasti vikojen havaittavuutta eri menetelmillä tutkitaan niiden käyttökelpoisuudesta varmistamiseksi.
Yksittäisen vian tapauksessa vikakoon määrityksen epätarkkuus ei ole niin tärkeä, mutta vian koon määrityksen
epätarkkuus korostuu, kun kyseessä on kyseessä kaksi tai useampia vikoja kuparikapselin korroosiopolussa.
Tarkastuksia ohjaava tekijä kuparikomponenttien tapauksessa on korroosio ja pallografiittivalurauta sisäosan
tapauksessa plastisen kantokyvyn riittävyys painekuormaa vasten ja murtumissitkeys kalliosiirrosta vastaan sekä
yhteisesti kaikille komponenteille tarkastusta ohjaava tekijä on toiminnallisten vaatimusten täyttyminen. Edellä
mainitut asiat vaikuttavat voimakkaasti hyväksymisrajoihin ja sitä kautta NDT:lle asetettuihin vaatimuksiin. Vian
koon määrityskykyä eri menetelmillä tutkitaan ja tarkastustekniikat pätevöidään ENIQ:n suositusten pohjalta. Tämän
tyyppistä pätevöintiä sovelletaan Euroopassa. Yhdysvalloissa ydinvoimalaitosten sovelluksissa pätevöinti perustuu
ASME XI Appendix 8 "Performance demonstration" osaan.
Kaikki pätevöinnissä vaadittu tieto (Lähtöaineisto, tarkastusohjeet, tekniset perustelut jne.) kerätään pätevöintiin
valmistautumista varten. Tällä hetkellä tarkastustekniikoiden luotettavuuden tutkimuksessa keskitytään vian havaittavuuteen sekä vian koon määrityksen epätarkkuuteen. Mitä tarkempi vian koon määritys on, sitä varmemmin
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Avainsanat - Keywords

Kuparihitsin rikkomaton aineenkoetus, pallografiittivaluraudan rikkomaton aineenkoetus, visuaalinen tarkastus, pyörrevirtatarkastus, ultraäänitarkastus, ydinjätekapseli, vikatyypit, kupariputki, kuparikansi, kuparivalanne, pallografiitti-valurauta.
ISBN

ISSN

ISBN 978-951-652-216-9
Sivumäärä – Number of pages

96

ISSN 1239-3096
Kieli – Language

Englanti

1

TABLE OF CONTENTS
ABSTRACT
TIIVISTELMÄ
1

INTRODUCTION ..................................................................................................... 3

2

MANUFACTURING METHODS OF MAIN COMPONENTS OF DISPOSAL
CANISTER .............................................................................................................. 5
2.1

2.1.1

Manufacturing ........................................................................................... 8

2.1.2

Defect types ............................................................................................ 10

2.2

3

4

Nodular cast iron insert .................................................................................... 8

Copper billet ................................................................................................... 14

2.2.1

Manufacturing ......................................................................................... 14

2.2.2

Defect types ............................................................................................ 15

2.3

Copper lid / Copper bottom ............................................................................ 16

2.4

Copper tube.................................................................................................... 17

2.4.1

Pierce and draw ...................................................................................... 19

2.4.2

Extrusion ................................................................................................. 22

2.4.3

Forging .................................................................................................... 23

2.5

Summary of defect types occurring in manufacturing of copper components 25

2.6

Other canister components ............................................................................ 27

REQUIREMENTS FOR INSPECTION OF DISPOSAL CANISTER COMPONENTS
AND REQUIREMENTS SET BY NDT METHODS ................................................ 29
3.1

Acceptance criteria for nodular cast iron insert .............................................. 35

3.2

Acceptance criteria for copper components ................................................... 40

DISPOSAL CANISTER COMPONENT INSPECTIONS ........................................ 45
4.1

Visual testing .................................................................................................. 46

4.2

Eddy current testing ....................................................................................... 47

4.3

Ultrasonic testing ............................................................................................ 47

5

COMBINING INDICATIONS - DEFECTS AND INSPECTION RESULTS ............ 49

6

INSPECTION OF COMPONENTS ........................................................................ 55
6.1

Inspection of nodular cast iron insert.............................................................. 55

6.1.1

Assembly of steel cassette...................................................................... 55

6.1.2

Cast of nodular cast iron insert ............................................................... 56

6.2

Inspection of other components related to insert ........................................... 68

6.2.1

Steel lid ................................................................................................... 68

6.2.2

Steel screw to steel lid ............................................................................ 69

6.3

Inspection of copper components .................................................................. 69

6.3.1

Billet ........................................................................................................ 69

2

7

6.3.2

Copper Tube ........................................................................................... 72

6.3.3

Copper Lid............................................................................................... 77

DEFECT DETECTABILITY STUDY ...................................................................... 83
7.1

POD - Probability of detection ........................................................................ 83

7.2

Human factors in NDT .................................................................................... 83

7.3

Verification of results ...................................................................................... 84

8

REQUIREMENTS FOR QUALIFICATION ............................................................ 85

9

RESULTS AND EXPERIENCES FROM COMPONENT INSPECTIONS ............. 89

10 SUMMARY AND CONCLUSIONS ........................................................................ 91
REFERENCES ............................................................................................................. 93

3

1

INTRODUCTION

The check of the quality of disposal canister components will be carried out using nondestructive testing methods. Three variations of disposal canister construction are used,
which consist of following components (Figure 1):





nodular cast iron insert,
steel lid and other smaller components to insert,
copper tube with bottom lid or copper tube with integrated bottom,
copper lid for sealing weld.

Figure 1. Construction of a disposal canister - nodular cast iron inserted in copper tube
and sealed with a copper lid.
In the case of a bottom weld it must be inspected by applying the same criteria for
acceptance than for sealing weld.
The basis for the inspection methods will be discussed in this report. The basis for the
inspection is derived from the following:






target of inspection,
requirements for inspection,
inspection methods,
reliability of the methods used,
experiences from inspections.

The target is to find possible defects in the components using non-destructive
inspections. Inspections must meet the requirements set to inspection technique and
environment. Inspection methods must be chosen in such a way that the techniques are
optimised for detection of specific and postulated defects (ENIQ definition). The
inspection reliability must be confirmed with several approaches like defect detection
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performance showed by POD (Probability of detection) curves, verification of
indications by metallography and qualification. To be able to carry out inspections with
sufficient quality experience is needed as well as proper inspection equipment and
probes, which mean that the performance of the equipment must be checked regularly
and during inspections. The human factor must be minimised by gathering experience
with the use of qualified inspectors. Human factor can also be regarded extremely
important in inspections studying inspection procedures and decision making in
acceptance/rejection of the components
The inspections of components also include acceptance inspections, in which the
requirements of specifications must be filled as well as also the acceptance criteria of
the results of inspections. This report handles also the acceptance inspections of
components. In all phases it is described where acceptance inspection will be made.
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2

MANUFACTURING METHODS OF MAIN COMPONENTS OF
DISPOSAL CANISTER

The disposal canister consists of two major components: the nodular graphite cast iron
insert and the oxygen-free copper overpack. The requirements specified for component
manufacture are presented in Posiva report 2009-3 (Nolvi 2009). The requirements for
NDT-inspections are presented in the next chapter. The basic concept of the
manufacturing processes of each component is presented in short.
This chapter concentrates on the possible defect types which components may contain
after different manufacturing phases. This is the main base for the inspection strategy.
There are two types of defects which can be considered: specific defects and postulated
defects. Specific defects have been already found from the components and postulated
defects types are estimated to be in the structure.
Cast iron insert and its construction are discussed in short in order to describe the
possible defect types and other possibility to cast iron insert to be outside of the
specification. In similar way are described copper components. The copper billet is used
for manufacturing of copper tube and lid or bottom. The postulated defect types for all
copper components are discussed, but most of them are not yet found at all during test
manufacturing. There are three different copper tube manufacturing processes – pierce
and draw, extrusion and forging (Nolvi 2009). Pierce and draw is at the moment
Posiva's reference method for manufacture of the copper overpack with an integrated
bottom.
The main goal of this report is to describe the defect types in the material and how they
are supposed to be detected using NDT. Other important goal is to control the
requirements for different components and find the acceptance criteria for each
component. Besides there are a lot of different material properties, which are tested in
the inspection of acceptance. Inspection of acceptance that will be carried out for
disposal canister components is described in general in this report. The canister outside
specified properties can be originated from three different reasons (Figure 2):
Macro defects

Macro defects are the main target of NDT. So called postulated defects are described
in the following sections. Some of these defect types have been found in the inspections
of components which make them specific defect types according to ENIQ.
Material properties

Some material properties are related to parameters which can be measured using NDT
like ultrasonic velocity of the material which is typically related to mechanical
properties of the material. The attenuation both in radiography and ultrasonic testing is
related to properties in the basic material. Some specified properties cannot be measured
with NDT and they are determined using destructive testing or chemical analysis.
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Dimensional and/or other deficiencies

Geometrical and other deficiencies are the geometrical properties which do not meet the
specification. The mass can be too low. For instance the distance from the nearest steel
channel to the surface is too small or the steel channels in the cast iron insert are bent
during manufacturing or casting. Also lack of identification is regarded here as a
deficiency, because the properties are not traceable without proper identification.
Cleanness and surface properties are in many manufacturing phases required which
makes them important part of functional factors. Insufficient surface properties are the
main factors for NDT inspections to cause low reliability in the inspection.

Figure 2. Different factors affecting to the acceptance of the disposal canister
components.
All these factors mentioned in Figure 2 affect not only the acceptance of the different
components but also the initial state of the canister.
Figure 3 describes the inspection processes during manufacturing of canister
components. Disposal canister process can be divided in three sections: manufacturing
process, encapsulation process and final disposal process. In the manufacturing process
all the components are manufactured and inspected before arriving at the encapsulation
plant. The manufacturing process of the components contains a lot of inspections. All of
these inspections are described in the process flow chart as a diamond shape. All
components have final acceptance inspection before sending to encapsulation plant.
Inspection can contain checking that the material is within the specification range,
acceptance inspections, where are also done some visual inspections, but not other NDT
inspections if the requirements are met and NDT inspections of important components,
which are the copper components, copper weld and insert. The inspections are divided
to different categories: manufacturer's inspections, licences inspection and possible
authority's inspections.

Figure 3. The inspection processes during the canister manufacture, encapsulation and deposition.
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2.1 Nodular cast iron insert
The insert for the disposal canister will be manufactured by casting nodular graphite
cast iron. There have been casting experiments for three types of inserts. Inserts for
BWR- elements are cast with 12 square channels and inserts for PWR-elements are cast
with four square channels. Inserts for VVER-440 elements have 12 round channels.
Since 2010 three VVER-type inserts have been manufactured. The casting process does
not differ much from the process used for casting a BWR-type insert, which can be seen
from Figure 4. All the inserts have same outer diameter but difference is in internal
geometry, which has effect on evaluation of indications. These geometrical changes
have also impact on structural integrity of the components.

Figure 4. Different insert types: BWR, VVER and EPR (Raiko 2013).
2.1.1

Manufacturing

The parts of cast iron insert are: steel profile cassettes and cast nodular iron base. Steel
profile cassettes will be manufactured of material according to the standards EN 10025
S355J2G3, SS 14 2172 or similar and the cast nodular iron have to fulfill the
requirements of Grade EN-GJS-400-15U according to EN 1563.

Figure 5. Construction of steel cassettes (Nolvi 2009).
During the manufacturing the steel profile cassettes are connected to each other with
support plates in order to hold the structure in specified tolerances during casting
(Figure 5). Several of these support plates are welded symmetrically in circumferential
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direction and with equal-distances in the axial direction. The steel cassettes are filled
firmly with sand in order to keep the steel cassettes straight. The straightness of the steel
cassettes will be also controlled with a gauge after assembly of the mould for the
casting. The corner radius as well as the position of the corners can affect the stress
concentration of the manufactured nodular cast iron insert.

Figure 6. Casting of cast iron insert (left) and final machined insert (right).

Figure 7. Testing of directness of steel cassettes with the help of gauge (Nolvi 2009).
Several measures are gauged according to the manufacturing specification. These are
not relevant for the NDT even though some measures can be statistically determined
from mechanized ultrasonic testing throughout the whole insert component like the
distances and positions of the steel cassettes corners from the surface. These items will
be discussed more thoroughly in publications (SKB 2006a, SKB 2006b, SKB 2006c,
SKB 2006d, Raiko 2003).
During casting the proper melt temperature is monitored and the used temperatures are
between 1310 and 1370 °C. The casting takes about 1 minute to fill the mould (Figure
6) (Raiko 2003). Figure 7 shows the directness testing in different manufacturing phases
of insert. Figure 8 shows schematic construction of the insert containing all small parts
too.
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Figure 8. Schematic presentation from insert including all the small components.

2.1.2

Defect types

Microstructure of nodular cast iron reveals several defect types like blowholes,
pinholes, slag inclusions and their agglomerates, but also oxide filled cracks, variations
in graphite nodularity, areas with clustered graphite and/or with deleted graphite. These
defect types are discussed in publications (SKB 2006b and SKB 2006c).
Shrinkage Cavity

Shrinkage cavity is an irregular cavity inside the cast. The wall of the cavity is often
filled with dendrites. In the cast there has been a local temperature centrum and no
metal has been cast in that area. Shrinkage cavities can be detected in ultrasonic testing
(Figure 9) (SKB 2006a).
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Shrinkage Pores

Shrinkage pores can be detected visually (Figure 9) (SKB, 2006b). The shrinkage pore
occurs in limited areas in castings. Crystal growth is such that it has developed pores
but not cavities. In those areas the ductility and strength of material is lowered.
Shrinkage pores can be detected in ultrasonic testing. Occasionally these pores can
contain moisture which can be originated from the humidity in basic material to be
melted.

Figure 9. Micrograph of shrinkage pore (left) and shrinkage cavity (right).
Blow hole

The gas from the liquid of cast is quite often in connection to some central core in the
cast and forms blowholes. The dimensions of the blowhole vary about from 2 mm to 20
mm. The same situation can be in nodular cast iron inserts, where the gas formation
makes connections to cassettes (Figure 10) (SKB, 2006c). Blowholes lower the strength
of material. Blowholes can be detected by ultrasonic testing.

Figure 10. Blow hole defects in the cast iron insert.
Pin hole

Pinhole forms on the surface of the cast specimen. The dimension of the pinhole is
about from 1 mm to 100 mm and it can be open to the surface or closed. Pinhole is in
general without any coating on the inner surface of the defect. A pin hole can be caused
by gas closed in the cast. Pin hole can be detected by ultrasonic testing.
Slag, oxide or sand grain inclusions

Slag inclusions in nodular cast iron form often from a dark or black slag particle, with
dimensions of about 1 mm. They occur on fracture surfaces or on the machined surface.
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Very often nearest graphite is lamellar. Slag forms often from magnesium oxide, sulphide or only enriched magnesium slag from casing. These defects are normally
detected in metallographic samples but not in ultrasonic testing. Sand grains can be
either on the surface or inside the castings (Figure 11) (SKB 2006b). The sand in the
mould or the parts of mould are not necessarily detected in ultrasonic testing,

Figure 11. Micrograph of slag inclusions is shown on the left and micrograph of sand
grain in casting on the right.
Elephant skin

On the surface of the casting there is detectable round, in one direction stretched cavity,
which looks like wrinkled elephant skin. These stretched cavities have a certain regular
form on the surface.
Cracks

For the cast iron insert pressure test was carried out in the Netherlands (Nilsson et al.
2007). The design pressure that these insert should resist is 44 MPa. In these tests the
insert collapsed at about 3 times higher pressure (139 MPa). So these inserts showed
remarkable toughness against high pressure. During these tests cracks initiated in the
neighbourhood of steel channels into the cast material (Figure 12).

Figure 12. On the left in X-ray image there are clearly detectable several cracks, which
have initiated from the outer surface if the steel channel during the pressure tests. On
the right is shown micrograph of one crack (Nilsson et al. 2007).
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Low Nodularity

The nodularity has been specified because low nodularity can decrease toughness of the
structure. In general it has been shown that by ultrasonic inspection changes in
nodularity can be detected (Wilcox 2003). In this case also the amount of ferrite has an
effect on the sound velocity of the structure. When nodularity is lowered the ferrite
content is increased. Thus they have opposite effects and which makes it more difficult
to distinguish changes in the nodularity. The inspection of nodularity is done according
to ISO 945 (EN-ISO 945: 2006), which means that 80 % of the nodules must be class 5
and 6. Additionally it is not allowed to have at all class 1 and 2 structures. Figure 13
shows the structure of nodular cast iron insert material (Raiko 2003).

Figure 13. Structure of nodular cast iron insert.

There are different defect types shown in Figure 14 which have been found on the
surface in Posiva's insert inspections. Some surface defects will be shown later on as a
visual inspection result. Such defects are found like pores, cavities, dents, oxides, large
oxides, handling defects, shrinkage and blowholes on the surface. None of them are not
directly crack-like defect (planar). Furthermore, the critical defect type should be also in
circumferential direction and the worst location should be at about in the middle of the
insert length. The acceptance of the surface defects has been discussed in the report
(Raiko 2013).

Figure 14. Typical surface defect types found in Posiva's visual inspections: starting
from the left: pores, cavity, handling and shrinkage defects and dent defects.
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2.2 Copper billet
The manufactured copper billet is shown in Figure 15. In this section the manufacturing
process is described briefly, and the occurrence of possible defect types is discussed.

Figure 15. The copper billet for copper tube manufacturing.
2.2.1

Manufacturing

The casting of oxygen-free copper billets will be done by melting preheated cathodes in
a melting furnace. After the metal is melted it will be casted via a launder into a holding
furnace. Then the melt is in reducing atmosphere guided into a mould through a casting
tube. Phosphorus is fed into the melt in the launder. The solidification starts in the
mould, which is a water cooled matrix (Ø = 850 mm). Casting is a semi continuous
process going through an accurate, pre-prepared casting assembly. The billet is cast
downwards into a casting pit.
A visual check and analyses are carried out on the cast product before approval for
further processing. Quality control includes examinations during and after the casting
process. During the casting process, casting parameters (casting speed, amount of
cooling water etc.) are kept constant and the billets' surface quality is followed on-line.
After the casting process, the quality control for the billet is made consisting of analyses
/ inspections for dimension, weight, surface quality and chemical composition. Analyses
for chemical composition are taken from triangular samples from the top and bottom of
the billet. Dye penetrant inspection is carried out after every 50 mm machining.
After rough machining visual and dimensional inspection is done and a full chemical
analysis and dye penetrant inspection are done at both ends of the billet. The top end of
each copper billet will be marked with a cast number and identification number given
by Posiva to ensure traceability.
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2.2.2

Defect types

Following defect types have been observed in the copper billet. Typically they are
machined away before the next step of manufacturing of the lid, bottom or tube.
Axial cracks

Axial cracks can be formed because of irregular heat transfer in combination of friction
on the surface. These types of cracks are typically shallow and easy to grind away
(Figure 16).
Circumferential cracks

During casting circumferential crack can be generated on the outer surface of the billet,
because of the oscillations of the casting technique. When the cast material is moving
forward during the casting and at the same time there is high friction between the thin
solidification layer and the die, which can cause cracking. These types of cracks are also
shallow.

Figure 16. Formation of the oscillation defect type during casting (Joensuu 2001).
Voids and inclusions

The main concern in cast bodies is gas voids or porosity. Shrinkage voids will be closed
in further deformation process. Some inclusions can be formed also from the used
graphite on the mould. The inclusions are formed on the outer surface. They can be
locally very deep.
Spider crack

Spider cracks are formed in the bottom part of the billet. In this area inclusions are
formed, which cause high stresses during casting. The main causes to spider cracks are
tensile stresses which are irregular due to thermal gradients in the heavy section. These
cracks are normally cut away before sending the billet forward. It is under study which
amount of these type of cracks will disappear during further deformation processes
(Figure 17).
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Figure 17. Formation of spider crack during casting (Joensuu 2001).
Functional deficiency:

The size and weight of the billet are examined. The diameter shall be at least 830 mm
and the weight at least 13.4 ton.
2.3 Copper lid / Copper bottom
Manufacturing
Copper lids are machined from hot formed blanks. Hot forming gives the desired
homogeneous and fine-grained structure. The manufacturing process for the hot
pressing of the lids at Luvata Oy starts from a cast cylindrical copper billet with a
diameter of 350 mm and a length of 1200 mm. The quality of the billet has been
controlled at both ends before hot pressing. After the acceptance of hot formed blankets
the blankets are raw machined to a thickness of 140 mm and a diameter of 958 mm. The
final machining of the surfaces is performed without any cutting fluids to ensure that the
lid surface is clean for the welding process.
Functional deficiencies of the lid

Identification from the casting batch may be missing, identification of lid number may
be missing. Diameter of the lid is not acceptable and it is outside of the tolerances in
manufacturing. The wallthickness is not sufficient according to acceptance criteria. The
geometrical properties of the lid do not meet the requirements of the drawing tolerances
as well as the surface cleanness and especially the surface roughness of the welding
surface. The welding surface after machining shall not contain defects.
Material properties outside specification

Grain size distribution is large or grain size is higher than allowed (360 m) or material
properties vary in different areas clearly more than allowed.
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Defect types of the manufacturing
Possible defect types in forging of lid are presented here:
Lap

The most common type of geometrical defect is a lap. There are different reasons for
laps:


A section of the component flowing into itself.



A "flow-by" in which the component surface is in contact with a die and
subsequently pulled away by a tensile stress component and closes on itself.



"Peeling" that can form when the surface of a billet or preform is sheared by a
die, resulting in an area of localized folding. A die corner is frequently involved,
as it forces material ahead of a moving contact region, without significant
subsurface deformation. This defect can be the result of a poor design or
inadequate process control.

Flow localization that can also show up as a forging lap in alloys where flow softening
exists.
Most laps are resolved by changing the forging preform, forged shape or process. The
prevention of laps is primarily a process-design issue due to improper preform geometry
or improper impression geometry. The use of simulation tools is a very effective way to
evaluate several preform shapes and avoid forging laps.
Flash line crack

Flash line crack is formed because of a billet which too large in comparison to the
forming tools.
Incomplete die filling, (uneven deformed final material after forming process)

Incomplete die filling is another geometrical defect commonly caused by inadequate
press force, energy and/or power. These may be symptoms of the use of undersized
equipment. Also, the improper control of lubricant vapours can cause this type of
defect. Incomplete filling is typically a problem when a large part is manufactured on a
small press with a less-than-optimum preform geometry. Smaller equipment does not
provide the option of overpowering a less-than-optimum design or leave much margin
for process variation.
Depending on the equipment, inadequate force, power, speed or energy can be the
reason for an incomplete filling. This can lead to large variation of material properties in
the final product or local variation of property, which is outside of specification.
2.4 Copper tube
Possible copper tube manufacturing methods are: pierce and draw, extrusion or forging.
The methods are discussed briefly and possible defect types are presented.
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Functional deficiencies of the copper tube can be:
Identification

Each component shall be identified. This contains information from the original billet
and tube number which comes after manufacturing. Origin for the coordinate system
must be set, so that all NDT results can be traced combined and positioned as accurately
as possible in order to control the acceptance criteria properly.
Eccentricity of tube or bent tube

Eccentric tube or bent tube is occuring clearly, when tolerances in manufacturing are
not met.
Wallthickness

The wallthickness is not sufficient according to acceptance criteria.
Diameter

Diameter of the tube is not acceptable and it is outside of the tolerances in
manufacturing.
Surface cleanness

Especially the surface cleanness and the surface roughness of the welding surface in
copper tube are one of the main concerns. The cleanness of tube must also be
ascertained at the final state of the product.
Designed weld area of the tube

The surface area in the tube which is in the weld area shall not contain defects.
Handling defects

To minimize handling defects proper handling tools of components must be available
and exact handling procedures throughout the process should be followed.
Material deficiencies are:
Grain size and its distribution

Average grain size is a measure, which is causing general inspection problems by
attenuation of ultrasonic signals. In copper components, it often appears also that the
grain distribution is uneven. That can cause high attenuation in certain areas. The cause
for high attenuation can be only one large grain, which will not be deformed actually at
all. If average grain size is larger than 360 m or it has uneven distribution of grains the
area cannot be inspected satisfactorily. Such areas vary from tube to tube.
Material property deviation from specification

Material properties vary in different areas of the component clearly more than specified.
This can be caused by uneven deformation process, too low deformation, working
temperature or forming process is outside of the specification.
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Tensile test

Tensile test will be carried out to measure the mechanical properties of the copper tube.
There the acceptance parameter for copper tube material is 40 MPa (Raiko 2013, Table
16).
Hardness

Too hard machining can cause hard surface, which is not wanted property of the
surface. This can be avoided by heat treatment or by using gentle machining. Hardness
will be tested from the tube surface.
2.4.1

Pierce and draw

Manufacturing
The pierce and draw process consists of two separate phases: (1) upsetting and piercing
of the block, and (2) expanding and drawing steps. The material used to start the pierce
and draw process is a copper billet with a diameter of approximately 850 mm and a
billet weight of about 13.4 tons.
The heated billet is upset with one stroke to a die and then the billet is pierced using a
mandrel. The mandrel is not punched through the billet but a bottom with a thickness of
200 mm to 300 mm is left. Upsetting, piercing and the first drawing step are performed
continuously in one phase without reheating. After the first drawing pass the billet is
cooled down and the dimensions including straightness, ovality and eccentricity are
controlled and, when needed, machining is performed before further drawing.
The billet, having been drawn once and inspected, will be heated and the expanding and
drawings steps are continued. Intermediate heating is carried out before every drawing
step, except for the first drawing, which is done directly after piercing. The drawing
steps are continued until the desired tube wall thickness is achieved and the bottom is
formed using special tools. The inner diameter will be expanded by using a mandrel
with a diameter larger than the tube's inner diameter and by pressing the tube and the
mandrel against a steel plate after which the tube is then pushed through the drawing
ring (Figure 18). All these phases of manufacturing are handled in Posiva report 2009-3
(Nolvi 2009)
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Figure 18. Copper cylinder with integrated bottom is made by pierce and draw method.

Defect types generated in the pierce and draw manufacturing
During pierce and draw manufacturing several defect types can occur. In test
manufactured copper tubes there have been only few defects found, and they are
normally in those areas which will be machined away. The typical defects for the
manufacturing method are discussed in the following part.
Incomplete die filling

Incomplete die filling is a geometrical defect commonly caused by inadequate press
force, energy and/or power. These may be symptoms of the use of undersized
equipment on jobs that are too big for it. Also the improper control of lubricant vapors
can cause this type of defect. Incomplete filling is a typical problem when a large part is
manufactured on a small press with a less-than-optimum preform geometry. Smaller
equipment does not provide the option of overpowering a less-than-optimum design or
leave much margin for process variation. Depending on the equipment, force, power,
speed or energy can be the culprit for an incomplete filling (open die).
Die misalignment

This is caused by the misalignment of the die halve, making the two halves of the
forging to make improper shape.
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Laps

This defect is similar to defects formed to lid and bottom during manufacturing.
Incomplete forging penetration

If the forge is not sufficient the die press cannot form the forging in to right shape.
Hot tearing (cracks)

During high temperature deformation copper cracking may be caused because of
possible oxidized grain boundaries.
Pitted surface

Oxide scales occurring at high temperature may stick on the dies. This appears as
irregular deputations on the surface of the forging. This is primarily caused because of
improper cleaning of the stock used for forging. The oxide and scale gets embedded into
the finished forging surface. When the forging is cleaned by pickling, these appear as
deputations on the forging surface. These pitted surface areas are not deep.
Buckling

In upsetting forging the material flow is asymmetrical as well as the deformation. This
will cause possible buckling defects. These are caused by high compressive stresses.
Surface cracks

Surface cracking is built up due to temperature difference between surface and centre of
the billet or due to excessive working of the surface at too low temperature.
Micro-cracks

Micro-cracking is built up due to residual stress. The initiation of micro-crack is strain
and temperature dependent. Cracks could exist likely at the position of high stress and
strain, especially at the grain sliding boundaries. Oxidized grain boundaries can also be
connected to build up of micro-cracking.
Surface lines

There may be lines visible on the surface of the extruded profile. This depends heavily
on the quality of the die production and how well the die is maintained, as some
residuals of the material extruded can stick to the die surface and produce the embossed
lines.
Annealing embrittlement

Asymmetric deformation in piercing happens, when centering of the billet fails. It leads
to eccentricity and asymmetric strain distribution in tube bottom. There can locally be
so low deformation, that recrystallization does not happen thoroughly. If remainders of
cast structure appears, it will stay there also in following draw steps, because no
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deformation takes place in bottom area. And when this kind of improper material is
annealed several times, the consequence can be annealing embrittlement.
2.4.2

Extrusion

Manufacturing
The extrusion process for copper tube manufacturing consists of two separate steps: (1)
up-setting and piercing of the block, and (2) extrusion of the tube. The process starts
with a copper billet with a diameter of approximately 850 mm and a weight of 12.4
tons. The first step is to heat the billet in a furnace. The billet is then upset to increase its
diameter as shown in Figure 19. Then the billet in a container is pierced by a mandrel,
which is centrally and vertically pressed through the billet to get the right form for the
extrusion. The pierced billet is machined and the centricity is checked. Machining is
performed to get a totally symmetric tube form for the extrusion. The extrusion is
started with heating the blocker. Then the blocker is placed into an extrusion container
which is pressed down over the blocker. As the container has contact with the blocker,
the copper starts to extrude through the die. The extrusion continues until the full length
of the tube has been extruded.

Figure 19. Extruded copper tube after first step.
Defect types generated in extrusion manufacturing
Following defect types can occur in extrusion:
Incomplete die filling

Incomplete die filling is a geometrical defect commonly caused by inadequate press
force, energy and/or power. These may be symptomatic of the use of undersized
equipment on jobs that are too big for it. Also the improper control of lubricant vapours
can cause this type of defect. Incomplete filling is typically a problem when a large part
is manufactured on a small press with a less-than-optimum preform geometry. Smaller
equipment does not provide the option of overpowering a less-than-optimum design or
leave much margin for process variation. Depending on the equipment, force, power,
speed or energy can be the culprit for an incomplete filling (open die).
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Die misalignment

This is caused by the miss-alignment of the die halves, making the two halve of the
forging to be improper shape.
Variation in grain size

Tube bending can appear in extrusion, if friction locally varies on extrusion die due to
improper lubrication, worn tool surface or oxide which is stuck on die surface. When
the bent tube is straightened with a guiding tool, which has been installed behind the
extrusion die, it can work the hot tube surface leading to variation in grain size.
Surface cracks

Surface cracks are also called speed cracks. The surface splits apart when surface cracks
exist. This is often caused by the extrusion temperature, friction, or speed being too
high. It can also happen at lower temperatures if the extruded product temporarily sticks
to the die. These cracks are inter-granular (along the grain boundaries) and are usually
caused by hot shortness. Hot shortness is the tendency for some alloys to separate along
grain boundaries when stresses deformed at high temperatures due the low melting
point constituents segregated at grain boundaries. High speed or high speed and friction
can cause these types of cracks. This can be eliminated by reducing the billet
temperature and extrusion speed.
Surface lines

There may be lines visible on the surface of the extruded profile. This depends heavily
on the quality of the die production and on how well the die is maintained, as some
residues of the material extruded can stick to the die surface and produce the embossed
lines.
2.4.3

Forging

Manufacturing
The process for the manufacture of copper tubes by forging starts with a copper billet
with a diameter of 850 mm and a weight of about 12 tons. The forging process consists
of several steps. First, the heated copper billet is upset to increase its diameter. Then a
mandrel is vertically pressed down in the centre of the billet to get a hole of 550 mm in
diameter. Then hammer forging begins to increase the diameter of hole until the
diameter is large enough to set a mandrel with a diameter of 930 mm. Hammer forging
is carried out by turning and moving the mandrel axially until a long tube with a
uniform wall thickness is formed.
Defect types generated by forging
The defect types which can be present after forging are following:
Incomplete die filling,

Incomplete die filling is another geometrical defect commonly caused by inadequate
press force, energy and/or power. These may be symptomatic of the use of undersized
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equipment on jobs that are too big for it. Also, the improper control of lubricant vapours
can cause this type of defect. Incomplete filling is typically a problem when a large part
is manufactured on a small press with a less-than-optimum preform geometry. Smaller
equipment does not provide the option of overpowering a less-than-optimum design or
leave much margin for process variation. Depending on the equipment, force, power,
speed or energy can be the culprit for an incomplete filling. This does not suit for the
case where the die is open.
Die misalignment

This is caused by the miss-alignment of the die halve, making the two halves of the
forging to be improper shape. It is not applicable to forging using open die.
Forging laps

This defect is similar to defects occurring during lid and bottom manufacturing.
Incomplete forging penetration

If the forge is not sufficient long the die press cannot form the forging in to right shape.
Pitted surface

Oxide scales occurring at high temperature can stick on the dies. This appears as
irregular deputations on the surface of the forging. This is primarily caused because of
improper cleaning of the stock used for forging. The oxide and scale gets embedded into
the finished forging surface. When the forging is cleaned by pickling, these appear as
deputations on the forging surface. These pitted surface areas are not deep.
Buckling

In upsetting forging the material flow is asymmetrical as well as the deformation. This
will cause possible buckling defects. The cause of buckling is most likely by high
compressive stresses.
Surface cracking

Surface cracking is due to temperature differential between surface and centre of the
billet or due to excessive working of the surface at too low temperature.
Micro-cracking

Micro-cracking is due to residual stress. The initiation of micro-crack is strain and
temperature dependent. Cracks could occur likely at the position with high stress and
strain, especially at the grain sliding boundaries. Oxidized grain boundaries can also be
connected to micro-cracking.
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2.5 Summary of defect types occurring in manufacturing of copper
components
All discussed defect types in copper are summarised in Table 1. The experience of
occurance of these defect types are in Posiva's test manufacturing is included in Table 1.
As a general remark, can be said, that cracks are present typically in billet, but not in the
final products (lid, bottom and tube). Table 1 is the base for the NDT strategy of the
copper components. For instance porosity occurs in copper lid or bottom manufacturing
even though it is not mentioned earlier chapters and it is included in Table 1.
In Table 1 manufacturing method means manufacturing process which is containing
different phases in following way:


cast: casting, machining and final machining,



pierce and draw: phase1/phase 2 (upsetting, piercing, drawing and machining),



extrusion: phase 1/phase 2 (upsetting, piercing, extrusion and machining),



forging: forging and machining.

Defect types in Table 1 means defects, which can be detected from the end product if
they are likely to occur (specific defects) and defect types.

Table 1. Summary for different defect types in copper components. For bottom weld of the copper tube the defect types have already been
described in the report Posiva 2010-04.
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2.6 Other canister components
The inspections of the other components are not so critical except of some special areas,
which are mentioned in this chapter. Steel lid is also an insert load bearing component
and classified into safety class 2. Steel lid is important for keeping the inert gas inside
insert during welding the copper lid. So the sealing surface and the gasket have to keep
the gas inside the insert during the welding. Thus the sealing surface between the insert
and steel lid has higher surface requirement than in other areas of those components.
This means that required surface roughness is 0.8 µm and no inclusions or pores are
allowed on the sealing surface. The sealing surface can be coated and possibly the
gasket will made be from some soft metal like indium. Other possibilities are also
considered. On other areas of the insert the surface roughness of 3.2 µm is sufficient.
This is mainly due to the detectability of the surface and near surface defects.
The requirements of steel channel before assembly are set in the standard SFS-EN10219-1, SFS-EN-10219-2 and in Posiva's specification of manufacturing insert. The
requirements will be changed when the steel channel assembly is manufactured.
This is secured with an inspection by the manufacturer.
The steel screw is important and it must be ensured that it is tough enough to allow the
bending stress during screwing action. Steel screw is size M30. Similarly it must be
ensured also the thread in the steel lid that it is proper and sound. Inspection record will
show the acceptability. The development of the steel screw and gasket is going on, so
no final inspection scheme is available.
The quality of the other screws (fixing screws) and fixing plate steel is based on
declaration of compliances. This specifies some general material properties for those
screws types but no exact specified testing results for a certain screw.
Similarly as the surface between steel lid and insert the surface finish between copper
lid and tube is important for the welding. The requirement is 3.2 µm and no inclusions
or pores are allowed on the sealing surface for the copper weld. For other areas of the
copper lid and tube a surface roughness 6.3 µm requirement is sufficient.
The beveling on the insert outer surface in the bottom corner is important when the
insert and copper canister are assembled together.
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REQUIREMENTS FOR INSPECTION OF DISPOSAL CANISTER
COMPONENTS AND REQUIREMENTS SET BY NDT METHODS

First of all, the surface properties are one of the main parameters in each NDT method.
There are several surface properties which can affect NDT inspections:
-

surface roughness,
profile shape of the surface roughness (geometry of the surface roughness),
different type of layers on the surface,
foreign material particles or small amounts of foreign materials.

Typical physical parameters are the material to be inspected and the geometry, material
properties and defect types. These items will be discussed later in separate sections
where each inspection method is studied more thoroughly. Different types of layers
cause difficulties mainly in visual and eddy current testing but in special cases also in
ultrasonic testing. Surface layers can cause harmful effects in eddy current testing for
two reasons:
-

The lift-off signal increases with the thickness of the layer.
The conductivity and permeability properties of the layer can affect the eddy
current signal.

In copper components the grain size and its distribution sets requirements for the choice
of applied ultrasonic inspection frequency and at the same time also for the detection
and sizing capability. The grain size has no special effect on visual or eddy current
inspections.
In addition, written standards specify how to carry out NDT inspection, calibration, set
up of the equipment and periodic checking of the inspection instrument and sensors.
This is important in order to produce inspection results which can be repeated within the
expected tolerances.
The qualification of the operators and inspection technique sets requirements for the
company to carry out the inspections. This will be discussed in a separate section, which
handles the qualification mainly according to ENIQ procedures. Two main principles
are in use in Finland:
-

EN ISO 9712 type certification of personnel for each NDT methods is
required.

-

Specific types of qualifications, which are directly applicable to the
components to be inspected, are normally used in nuclear power plant
qualifications.

The physical basics of NDT methods may set restrictions for the inspection, for
example, radiation of the equipment in radiographic inspection. This has to be solved by
sufficient thick shielding between the linear accelerator and the personnel carrying out
inspections. In ultrasonic testing, the coupling between material and probe, and the
probe distance from the surface is an important parameter. The environment of the
inspection area sets requirements due to radiation of the nuclear fuel. As a consequence
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all NDT inspections for the canister sealing weld must be carried out by remote control.
Table 2 shows the summary of principal requirements set by different criteria to carry
out the inspection task of disposal canisters.

Description
There have to be methods available to carry out inspections of the components. For the different components there
are different NDT methods available: VT, ET and UT. In some special cases also RT is possible.
The state of the component and all possible damages or variations in material state and surface properties or in
geometry due to manufacturing, handling or transport can have an effect on inspection result
Radiation of nuclear fuel does not interfere to inspection of the components in the manufacturing phase. The
primary component - copper lid, copper tube, bottom weld, insert - inspections are mechanized, which require
qualified and experienced personnel to use all needed equipments. Mechanized inspections require high
repeatability and accurate positioning
All inspection results have to be reliable. This means combination of reliable detection, sizing and accurate
positioning of defects even when it is a question of different NDT methods. This means also reliable material
characterization and wallthickness determination. All required functions shall have sufficiently high accuracy
which is related to the acceptance criteria
Qualified inspection is a demonstrated inspection performance within a certain acceptable range of inaccuracy.
Finnish nuclear qualification guide lines and recommendations according to ENIQ or similar rules will be applied
to qualification of inspection.
All inspections shall be carried out according to valid standards suitable for that purpose
All inspections shall be carried out according to required valid guide lines given by IAEA/ ASME/ YVL-guide
lines or similar
All inspections shall be carried out according to sufficient quality procedures according to quality guide lines of
Posiva Oy. All inspections are based on inspection procedures. All inspections as well inspection objects will be
specified with sufficient accuracy and results will be transparent from acceptance inspections of the components
to the final inspection of the whole canister. Inspection methods as well as inspection personnel and equipment
shall have a valid qualification which is accepted by the authority. The quality of the inspections shall exceed the
required level in all circumstances of production
Inspection personnel, equipment and applied inspection methods as well as reporting of results shall fulfill the
requirement set by the authority. These requirements are mainly described in the YVL-guide lines of STUK
Posiva shall have sufficient capacity to inspect all canisters. Posiva Oy shall be able to inspect the annual designed
production volume which is at maximum 40 canisters. The amount of manufactured canisters can vary yearly.
Inspections are adjusted to the flow of production and inspections shall not interfere the production. The
inspections must be flexible and adjusted to production changes and even in the case of repair or rejection
inspection shall not interfere production. Changes of different canister design in production shall be taken into
account in inspections.
The inspection technology shall be updated during the whole disposal time to sufficient level. If changes in
production methods or in inspection techniques will be required then the inspection of the canisters shall be
modified according to valid needs of owners of Posiva and accepted by the authority

Requirement set by

Inspection technology

Component

Applicability to nuclear fuel disposal components

Reliability

Qualification of inspections

Standards for inspection techniques

Nuclear guide lines for inspections

Quality

Authority

Capacity

Production

Disposal operation period

Table 2. Requirement sets by different items to carry out inspections of disposal canisters for spent nuclear fuel.
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The inspection procedures were drafted for all methods for mechanised inspection
except for visual testing. The inspection procedures will be described in general way in
the following chapters. The inspections to be carried out depend on the safety class as
well as the component itself. The safety class of each component has been discussed in
the design report (Raiko 2013). The manufacturing of the disposal canister is here
divided in eight main sections. Each of the following main sections contains the
inspection of acceptance:


Assembly of steel cassette,



Manufacturing of nodular cast iron insert and components related to insert,



Manufacturing of copper components containing copper tube, bottom and lid,



Welding of bottom weld (in case the tube has no integrated bottom),



Assembly of insert inside the copper canister,



Acceptance of inspection of acceptance of disposal canister components in
encapsulation plant,



Welding of lid weld,



Final acceptance of the disposal canister.

For each of the eight sections a separate dossier will be gathered concerning
manufacturing and inspections of components for final acceptance inspection. In the
assembly of steel cassette all components related to steel cassette are inspected. The
assembled steel cassette as a major part of insert is regarded as safety class 2 component
together with cast material, see Table 3. The manufacturing of insert and component
related to it are mentioned in Table 4. The most important components, in addition to
insert, like steel lid and lid screw are regarded as safety class 2 and 3 components
(Raiko 2013). All copper components (Table 5) have similar requirements for
acceptance and these requirements are described in later sections of this report. The
welding of the copper bottom will be regarded as a separate section. The inspection of
weld and requirements for acceptance has been described in the Posiva report 2010-04
(Pitkänen 2010). Before transport to encapsulation plant the copper canister and insert
will be assembled together. The inspection of acceptance will consists of controlling of
measures described in the design report (Raiko 2013) and visual inspection for handling
defects of the surfaces (copper outer surface and upper surface of the insert). In the
encapsulation plant all components and dossier related to those components will be
checked before seal welding. Also visual testing of the components will be carried out.
After the lid welding the NDT-inspections described in the Posiva report 2010-04
(Pitkänen 2010) will be carried out. The canister will be transported into the canister
storage and after the acceptance criteria has been fulfilled transported to the repository.
The final acceptance of the disposal canister contains transportation into the deposition
hole and final inspection of the canister before disposal and final inspection of
acceptance of the complete dossier containing the documentation of disposal canister. In
this phase all defects detected, mechanical and chemical properties from the
manufactured components are combined and compared to initial state requirements for
disposal canister before authority acceptance and actual disposal.

Table 3. Inspections, requirement and nuclear classification of the steel cassette (safety class abbreviations: CNN: Classified as nonnuclear, SC2 classified as safety class 2 component).
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Table 5. Inspections, requirements and nuclear classification of copper over pack components (safety class abbreviations: CNN: Classified
as non-nuclear, SC 2 and SC 3 classified as safety class 2 and safety class 3 components).

Table 4. Inspections, requirement and nuclear classification of nodular cast iron insert and its subcomponents (safety class abbreviations:
CNN: Classified as non-nuclear, SC 2 and SC 3 classified as safety class 2 and safety class 3 components).
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3.1 Acceptance criteria for nodular cast iron insert
The canister insert has two main tasks, first to hold the mechanical strength of canister
and second to avoid spent fuel criticality. The insert geometry and acceptance criteria
for soundness shall be set so that sub-criticality is guaranteed and in order to give the
required mechanical strength. The canister insert shall be designed to bear the
hydrostatic pressure from groundwater and from swelling of bentonite. The canister
insert is also designed to bear unevenly distributed bentonite swelling loads. And finally
the canister insert is designed to bear the loads from a postulated 5 cm rock shear
displacements through the deposition hole.
Acceptance criteria for nodular cast iron insert are based on the planned disposal depth
that is about 420m below ground surface in the bedrock. The insert is the load carrying
part of the canister structure. The basic dimensioning calculations are performed for
normal operating conditions and for some upset conditions. The basic mechanical
design load for the canister is at Olkiluoto site 44 MPa external pressure. The design
load consists of the hydrostatic pressure of the groundwater, the swelling pressure of the
bentonite buffer around the canister and the additional pressure of glaciation of 2.5 km
(Raiko 2013, Section 4.4). The cast iron insert is checked in design pressure load cases
to have a reasonable margin (safety factor 2) in general membrane stresses when
comparing to the material design strength (yield strength) at the design temperature.
Secondly, the structure is checked in postulated upset load conditions (5 cm rock shear
through the canister position) to have a reasonable margin against failure. The finite
element based stress analysis can take into account the actual geometry of the insert. In
the FEM-model the deformations and von Mises stress distribution from the design
pressure can be achieved. In addition, the effect of the insert eccentricity of 5 mm to 10
mm was analysed. In the model the square steel profiles (channels) with loose contact
against the cast body are included, because they have a strong effect on the collapse
load. The results of the numerical stress analysis show that the stiffening and load
bearing effects of the internal bulkheads in the iron insert are very pronounced. There
are several important aspects in the acceptance of the inspection results of nodular cast
iron insert to use. One aspect among others is the position of the channel edge which is
nearest to the insert outer surface. Eccentricity of the insert has a strong effect on the
collapse load of the canister according to the design analysis (Raiko 2013). Eccentricity,
which means here the averaged inaccuracy in the polar symmetry of the channels of the
inserts, is set to a maximum of 5 mm after machining. Due to stress concentration, the
outer corner radius of the square steel tubes in the BWR insert is specified to be 15 mm
to 25 mm (Raiko 2013).
Fracture mechanical calculations have been made in Sweden using mainly the ASMEcode proposed semi-elliptical surface defects or elliptical buried defects. Dimensioning
calculations have been made for the design pressure and for short time incidental loads
e.g. like the 5 cm rock shear. The applied safety factor in the rock shear case is 2 in the
fracture parameter J2 mm value J-integral corresponding 2 mm stabile crack growth.
The postulated defects are located in the axial and radial directions. The dimension of
the calculated acceptable defect size of semi-elliptical surface defects (ASME reference
defects, semi-elliptical, a/l = 1/6) is 4.5 mm in depth and 27.0 mm in length in
circumferential direction. Non-destructive testing (visual and ultrasonic) is used to
inspect manufacturing, machining and handling related defects, such as pores,
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inclusions, etc. in the insert. The geometrical requirements, minimum edge distance,
allowable eccentricity and allowable defect size, which are related to the strength and
fracture resistance analyses, can also be verified with ultrasonic inspection. The strength
and fracture resistance analyses are the basis of the ultrasonic inspection detection
requirements (see Figure 20).

Figure 20. Connection between NDT inspection requirements and loading conditions of
insert (Pitkänen et al 2010).

In fracture mechanics assessment the insert is divided to different areas in which there
are different acceptance criteria. The preliminary acceptance criteria are based on these
fracture mechanics computations and calculated acceptance criteria for planar and
volumetric defect types. Volumetric defects are not so critical. Pores and group of pores
are typical defect types in nodular cast iron inserts. The division to those parts are
shown in Figure 21 and preliminary results for acceptance criteria are shown for planar
and volumetric defects against hydrostatic load in Tables 6 and 7. The results for
surface breaking and internal defects for shear load are presented in Table 8. The
practical requirements and fracture mechanics computations are defining the combined
acceptance criteria mainly for NDT. These combined acceptance criteria are shown in
Table 9. The main criteria for NDT are straightness of the steel tubes and allowable
defect sizes for volumetric and surface defect detection. The acceptance and rejection
process based on the NDT results for insert is shown in Figure 22.
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Figure 21. Connection between NDT inspection requirements and loading conditions of
insert (Dillström 2005).

Table 6. Acceptance criteria for NDT of nodular cast iron insert based on fracture
mechanics calculations in case of hydrostatic load for crack type of defects.

Table 7. Acceptance criteria for NDT of nodular cast iron insert based on fracture
mechanics calculations in case of hydrostatic load for volumetric type of defects.
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Table 8. Acceptance criteria for NDT of nodular cast iron insert based on fracture
mechanics calculations in case of shear load caused by rock movement for crack type
defects in circumferential direction.
Shear load
Surface crack
Semi‐elliptical crack
Semi‐circular crack
Internal crack
Elliptical crack
Circular crack

Load type
Shear load
Shear load

Loading condition
5 cm shear
5 cm shear

Allowable defect size
4.5 mm x 27 mm
8.2 mm x 16.4 mm

a/l
1/6
1/2

Postulated crack orientation
Circumferential
Circumferential

Shear load
Shear load

5 cm shear
5 cm shear

10 mm x 30 mm
10 mm x 10 mm

1/3
1/1

Circumferential
Circumferential

see table 7

see table 6 and 8

Cracks

Machining

<7%
Cu < 0.05 %

Allowed
5 mm in depth smooth dent or grinding allowable if distance of steel tube corner is in accepted range

Surface roughness
Large internal defective area

Surface roughness

General 3.2 µm
Lid gasket ‐ steel 0.8 µm
see table 7

20 mm ± 5 mm
General 3.2 µm
Lid gasket ‐ steel 0.8 µm
Limited NDT inspection

Corner radius of the steel tube

Scratches
Dent

Handling

Incomplete gauging
±5 mm, incomplete gauging

Acceptance criteria

949 mm +0.5 mm / ‐0 mm
Nominal value ‐ 10 mm
BWR (33.3‐10) = 23.3 mm
EPR (50‐10) = 40 mm
Minimum distance outside tolarance VVER (46 ‐ 10) = 36 mm
Variation of tube distance
± 5 mm

Diameter outside tolarance

Filled steel tube
Bent steel tube

Inadequate function

Uneven surface

The amount of nodularity
decreases or
transformation
occurs in material phases
Change of material state to more fragile properties
Residual stresses

Elongation
Chemical analysis

Tensile test

Rp0.2 > 240 N/mm2
Rm > 370 N/mm2

Material deficiency
Acceptance criteria
Manufacturing
Low nodularity
>80 % forms V and VI

Allowed
see table 6 and 8
General 3.2 µm
Lid gasket ‐ steel 0.8 µm

Scratches
Surface cracks

Machining

General 3.2 µm
Lid gasket ‐ steel 0.8 µm

Elepthant skin

Pin hole
see table 7
Slag, oxide, grain inclusion see table 7

Blow hole

Defect type
Acceptance criteria
Manufacturing
Shrinkage cavity
see table 7
Shrinkage pore
see table 7

Table 9. Combined acceptance criteria for NDT of nodular cast iron insert is based on fracture mechanics, material specification and
functionality requirements of the component.
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Figure 22. Acceptance or rejection process of the canister insert according to
evaluation of NDT indications.

3.2 Acceptance criteria for copper components
Acceptance criteria for copper components can be divided into two groups: acceptance
criteria of semi-products and acceptance criteria of final products. The semi-products
are copper billet and the hot machined product after first and second phases of tube
manufacturing before final machining and bottom/lid-product before final machining.
Acceptance criteria for final copper component products are similar in general to weld
acceptance criteria, but all defect types of course are not same. These defect types have
been discussed in an earlier section.
Acceptance criteria for the copper components are presented in Table 10. Any two
adjacent defects separated by a distance smaller than the major dimension of the smaller
of the defects shall be considered as a single defect. The criterion covering the intact
wall thickness requirement of 35 mm in 100 % and 40 mm in 99 % of the canisters is
the master requirement for acceptance, especially for combined defects (Pitkänen 2010;
Raiko 2013).
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Table 10. Preliminary acceptance criteria for the canister copper components. The
acceptance criteria for different defect types are modified according to remaining wall
thickness criterion and completed defects types in copper component manufacturing
(Pitkänen 2010; Raiko 2013).
Type of defect
Cracks
Gas pore, porosity
Clustered porosity
Linear porosity
Elongated cavity
Lap
Solid inclusions
Scratches
Indentation

Maximum allowable size (l = defect length; w = defect width; h
= defect height
l < 10 mm, h < 3 mm
l < 25 mm, h < 6 mm, w < 8 mm
l < 25 mm, h < 6 mm, w < 8 mm
l < 25 mm, h < 6 mm, w < 8 mm
l < 25 mm, h < 6 mm, w < 8 mm
l < 50 mm, h < 10 mm
l < 10 mm, w < 3 mm, h < 10 mm
Permitted locally
depth of large diameter (d > 10 mm) indentation < 1 mm, small
and sharp indentations (scratch-like) are allowed

The indications detected in inspections are first evaluated in the screening phase
according to acceptance criteria (Table 10) keeping in mind the master requirement of
the intact wall thickness. This acceptance and rejection process is shown in Figure 23.
The evaluation of the indications shall be carried out by qualified personnel (detection
and sizing qualification). If acceptance criteria presented in Table 10 are exceeded but
total defect length is less than 6 % of the total component circumference, the product is
acceptable when taking into account that the component thickness requirement of 35
mm in 100 % length of the component is met. If these first level acceptance criteria (or
screening criteria) are exceeded then an additional evaluation of indications will be
made by more advanced detection and sizing techniques by two persons qualified for
detection and sizing. The main evaluation principle is the master requirement - intact
material thickness shall be at least 35 mm in 100 %. When exceeding this value a new
expert assessment will be carried out. The expert panel will consist of a NDT specialist,
a sizing specialist, a corrosion specialist, a welding specialist and a design specialist.
They will make an expert assessment taking into account all the detailed information of
the defect and actual geometry, location and material condition. The expert panel can
make a proposal to accept or reject the case. If the master requirement is not met and the
assessment proposes the case to be accepted, then a written deviation report shall be
made and the acceptance shall be applied with special justification for the case from the
safety authority. In the case a canister weld is not accepted, the canister shall be opened
and unloaded of the nuclear fuel and rejected.
Preliminarily, a 1 mm deep indentation is assessed to be acceptable as surface handling
defect. Deeper indentations are classified unacceptable, because deep extending
plasticity of copper makes the material cold deformed and thus inhomogeneous
(Unosson 2009). The preliminary acceptance criteria for a copperbillet is shown in
Table 11. The acceptance and rejection process based on NDT results for copper
components is shown in Figure 23.

Table 11. Preliminary acceptance criteria for billet manufacturing. Defects marked with asterisk can be detected after casting or final
machining. The acceptance criteria of these detected defects are for the testing phase of manufacturing. Final acceptance criteria will be
defined in a later phase.
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Figure 23. Acceptance or rejection process of copper components according to
evaluation of NDT indications.
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4

DISPOSAL CANISTER COMPONENT INSPECTIONS

There are two basic inspections which can be done in different phases of canister
component manufacturing: inspection of acceptance and integrity inspections
Acceptance inspection can contain many inspections but mostly it can be divided in:


material properties testing and checking like control of material certificate and
traceability of all the information and control that specifications, manufacturing
routines and standards are followed;



geometrical and other parameter checking of the components;



visual testing for all kind of deviations and from the specifications or specific
irregularities.

Integrity checking will be carried out using also other NDT methods than visual testing
like for example for bottom plate weld inspection of steel channel assembly by
ultrasonic testing. The NDT methods will be gone through separately component by
component. These inspections schemes are preliminary and they will be confirmed in
later phase. The choice and qualification of all manufacturing methods will guide also
final choice of inspection methods.
There are mainly three different NDT methods which are applied for the inspection of
copper canister welds:


visual testing,



eddy current testing,



ultrasonic testing.

In some cases also dye-penetrant testing will be used. For specific areas radiography can
be used for inspection. During development of inspection methods of components other
NDT method or combination of two methods can be one possibility in order to reveal
specific defects.
Visual testing and eddy current testing are mainly surface inspection methods.
Ultrasonic and radiographic testing are volumetric inspection methods. This report
describes in short the principles of visual, eddy current and ultrasonic testing. The
detailed use of these methods will be described in the following chapter where all the
inspections of the components and inspection of acceptance are described and
positioned in the manufacturing process. Defects to be especially sought in those
components are the basis for all NDT. Furthermore, loading concepts as well physical
as phenomena to decrease a component's ability to resist loading should be well known
when planning NDT. Acceptance criteria described in the previous chapter form the
basis for inspections in accordance with possible defect types in these components. The
acceptance criteria should be adjusted to the requirements of NDT.
In mechanized inspections all items affecting inspection repeatability as well NDT
reliability shall be studied carefully. The physical basis of the NDT method is an
important fact by understanding the defect detectability, which typically will be
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verified, evaluated and qualified. These qualifications shall be retained and updated by
continuous training. The inspection procedures are important in order to perform
inspections always in the same manner. The environment can affect the inspection and
therefore it must be considered in case of interference, inspection equipment life time or
lower defect detectability in inspections. The procedure for interpretation of the
inspection results is closely bound to acceptance criteria and also further actions based
on the inspections results. The NDT results of the final products are regarded as a part
of final acceptance of the canister and the data for these components has to be gathered
with specific carefulness. Same case is the handling of canister components. The
handling process must be done according to mutually accepted procedures of the
manufacturer and in this case Posiva.
4.1

Visual testing

Automatic visual testing can be applied to a finished nodular cast iron insert surface as
well as to copper tube and lid/bottom surfaces. The primary purpose of this method is
to detect surface breaking defects and especially handling defects in the surface area.
Visual testing also provides support to other non-destructive testing methods; for
example, in characterization of indications detected for instance in eddy current testing.
Visual testing is the most widely used NDT method; it is one of the basic nondestructive testing methods which is attached to many phases in all industrial
production and in-service inspections. Visual testing of a spent nuclear fuel canister
component will be carried out by an automatic camera system. The camera is able to use
different viewing angles (pan and tilt device) especially due to reflections of the copper
surface and facility lighting. In addition after visual testing it is possible to produce a
surface defect map (visual C-scan) from the saved data. The components can be
inspected also by normal visual testing. Sometimes the lightning is extremely
unfavourable and in normal visual testing it is easier to change observation angle than in
automated testing where you have a fixed observation angle. Remote visual testing is a
visual testing technique where there is an interrupted optical path from the observer's
eye to the test area. The observer in this case is the camera system (SFS-EN 1330-10
2003). The image of the surface under test is captured with a camera, transferred to a
monitor (computer) and analyzed at a remote location. Inspection data (images) are
stored and can be analyzed afterwards. This type of system is suitable for mechanized
and remote inspections, especially in hostile environments (for example, high radiation
level). The ability of a visual inspection system (remote or human eye) to detect and
recognize discontinuities is usually referred as visual acuity. Visual acuity can be
divided into following four important elements, which affect to detectability of defects
(Cumblidge 2004):


visible minimum - the smallest dot the inspection system can detect;



separable minimum (resolution) - the smallest gap between two lines that the
system can resolve;



visual acuity by vernier - the ability of the inspection system to perceive spatial
variation between two objects;



readable minimum (recognition capability) - the ability of the inspection system
to recognize complex shapes.
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4.2

Eddy current testing

The eddy current inspection method is based on generated electromagnetic fields
interacting with metal, in this case with copper material. The defects or material
differences cause changes in eddy current signal which is possible to be measured in a
certain detectability limit. In Posiva report 2010-04 (Pitkänen 2010) the principle of
applied eddy current has been discussed more detailed. The detectability limit is often
described with help of POD-curves. Typically the POD-curves give a bit pessimistic
image from the detectability but they are giving still some limit, which can be
interpreted and approximated to practical use. The development has been focused in the
software items as well as probe construction. Especially the specific library of defect
types has been developed in order to be able to analyse and to size the defects as quickly
as possible. Also development of surface defect detection and sizing of copper cast
billet has been utilised. This developed technique will be applied in 2013 for the
inspection of copper cast billet. All eddy current applications and practical work will be
discussed in each inspection related to that specific component. Data acquisition,
storing, defect detection and sizing are discussed more detailed in Posiva report 2010-04
(Pitkänen 2010).
4.3

Ultrasonic testing

Acoustic waves will be used in ultrasonic testing. These waves penetrate into the tested
material and propagate in them. During propagation the sound waves are spreading and
the material substance functions as a filter depending on the material properties. In
ultrasonic testing information from the inspection target is gathered. The defects are
detectable in ultrasonic testing if they are influenced from mechanical properties of the
material and they are sufficiently large. Typically the ultrasonic frequency used in
inspection is giving a first approximation of detectable defect size which is half of the
wavelength of sound waves. Typical frequency in copper inspection is 5 MHz which
gives detectability limit of about 1 mm. In coarse grained copper material the filter
effect is more pronounced and the sound waves are attenuated strongly. This attenuation
has complicated behaviour in copper. The effect of attenuation on the detectability of
defects has been studied (Pavlovic 2013). The attenuation is also dependent on the
frequency spectra of the applied ultrasonic waves (Pitkänen et al. 2007c). The high
attenuation lowers the defect detectability, so the suitable grain size limit for ultrasonic
testing is difficult to set. In highly attenuating positions one may consider to lower
inspection frequency in order to be able to perform the required inspections.
Material properties in nodular cast iron insert can effect on the acoustic waves. The low
velocity of ultrasonic waves (5300 m/s) is obvious sign of poor nodular cast iron. When
nodular cast iron material is optimal the ultrasonic velocity in cast iron insert is about
5600 m/s, which is normal case in Posiva's test manufacturing, Principles of data
acquisition, storing, defect detection and sizing are discussed more detailed in Posiva
report 2010-04 (Pitkänen 2010). Some tests have been performed using advanced sizing
techniques but mainly the sizing is based on evaluation of raw data.
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5

COMBINING INDICATIONS - DEFECTS AND INSPECTION RESULTS

In NDT inspections situations can often occur, where found indications are near each
other. In this case an inspector must consider if these indications must be combined
together. ASME code gives proximity rules for combining the indications if certain
requirements are met. In case of nuclear fuel disposal components the combining of
indications can be divided in two areas:



Indications in insert,
Indications in copper components.

Indications of the insert are handled according to ASME XI (2013). Indications in
copper components are handled according to the inaccuracy of defect sizing methods.
Defects detected during the insert inspections shall be sized by the bounding rectangle
or square for the purpose of defect description and dimensioning. The dimensions of the
defects shall be determined by the size of a rectangle square that fully contains the area
of the multiple defects. The length l of the rectangle or one side of the square shall be
drawn parallel to the inside pressure retaining surface of the component. The depth of
the rectangle or one side of the square shall be drawn normal to the inside pressure
retaining surface of the component and shall be denoted as "a" for surface defect and as
"2a" for a subsurface defect. A defect will be considered as a surface defect if it fills the
requirement of the article IWA-3300 (ASME XI 2013). Detected area of the defect is
oriented primarily in any single plane other than parallel to the surface of the component
and any portion of the defect penetrates the surface of the component as shown in
Figure 24.
These procedures and figures show how to measure a surface or subsurface defect and
give guidance of how to apply information gained from NDT to acceptance or rejection
of the inspected component. For insert ASME XI (2013) is followed but in copper
components, where the acceptance of the component is based on corrosion resistance
and not on fatigue, the combining rules of defects are based on the inaccuracy of sizing.
A subsurface indication shall be considered a surface defect if any portion of the flaw is
less than 0.4d from the surface of the component nearest to the defect, where d is the
height of the defect. If the nearest surface is clad, s (ligament) shall be measured to the
clad-base metal interface. Figure 25 explains the measurement of s.
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Figure 24. Sizing and proximity principles of detected defects according to IWA-3300
(ASME XI 2013).
Casting defect seen in Figure 25 is sized according to the IWA-3300: Real size of the
defect is (2d x l) = 4.5 mm x 2mm. The ligament is 1.5 mm which is more than 0.4 x
2.25 mm = 0.9 mm, therefore the ligament should not be included in defect depth. The
defect dimensions which should be reported are (a x l) = 2.25 mm x 2 mm, in which the
total depth of the defect is 2a. This near surface defect (porosity) was detected in
Posiva's visual inspections of nodular cast iron component.
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Figure 25. Sizing of a near surface defect according to IWA-3300 (ASME XI 2013).
The evaluation of damage or defects in copper components of a canister is aimed to
detection of corrosion, not of a fatigue cracks. The remaining intact wall thickness is the
main base for acceptance of a canister. For long-term safety there are mainly three
effects which can cause damage to the copper canister: residual stress, creep behaviour
of the material and corrosion or any combination of them. Defects can occur either on
the surface or in the volume of the canister material. Even though the effect of surface
defects for long-term safety and corrosion is more significant than the effect of internal
defects, the effect is still minor compared to fatigue based on cyclic loading. Detected
defects in the same cross section will be summed up in order to calculate the remaining
wall thickness. A reason for combining defects is the inaccuracy (tolerance) of the NDT
method, as shown in Figure 26. As a result of the evaluation of the two indications in
Figure 26, they will be classified as one indication.
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Figure 26. Combining defects using method uncertainty.
In depth direction, which is the most important direction for the remaining wall
thickness, the combining of defects determines the inaccuracy of the used NDT method
in depth sizing. The final result for combining defects can be related to the specific
defect analysis. In length direction the combining distance according to ASME XI
(2013) varies depending on the defect type and position. The rule for combining in
length direction can also be applied similarly.
The evaluation of defect size for each different method will be, as explained already, a
combination of different techniques. All results for each individual NDT method will be
evaluated separately and afterwards positioned in a 3D real location. There will be
acceptance criteria for each single NDT methods and for combined results of several
NDT methods. The individual indication results, such as defect locations, are compared
and the final size of the defect will be determined according to the combined results of
all the NDT methods. The ultrasonic (UT) and radiographic testing (RT) are the main
sizing methods. The visual and eddy current testing methods are mainly used for sizing
of surface area defect and sizing small surface breaking defects. After receiving more
exact surface size of the defect, then it can be applied for more accurate sizing by UT
and RT methods. The evaluation scheme is shown in Figure 27 as well as a preliminary
visualization of defects in 3D space. Also more advanced methods like PA-SAFT
(phased array SAFT) or sampling phased array can be applied for sizing, if it is needed
for acceptance of the component.
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6

INSPECTION OF COMPONENTS

6.1

Inspection of nodular cast iron insert

The manufacturing of insert can be divided in two main phases:


the assembly of steel cassette,



the cast of insert and machining of the surface of it.

During the assembly of the steel cassette several inspections will be carried out. They
will be discussed in detail later in this chapter. As mentioned the steel cassette will be
regarded as a part of safety class 2 component. The manufacturer will perform all other
inspections except the inspection of bottom plate welding of the steel tube which will be
carried out under licensee control as well as the final inspection of acceptance when the
steel cassette assembly is completed. Authority can take part to the inspection of
acceptance if desired.
6.1.1

Assembly of steel cassette

The main part of the steel cassette is made of the steel tubes (round or square). If the
tubes are ordered with the axial weld, the weld must be inspected according to standard
requirements by the manufacturer of steel tubes. The allowable bent and skewness of
the tubes are described in the standards SFS-EN 10219-1 (2006), SFS-EN 10219-2
(2006) as well as the used material. Material certificate, NDT protocol from possible
axial weld inspection and corner bending radius of each channel must fulfil standards
and drawings and licensee specification according to the design report (Raiko 2013).
The process flow of the assembly of steel cassette shows different phases of inspections
and controls as presented in Figure 28. Material control means the check of material
properties and checking of material certificate, functional checks mean inspection of
material dimensions and geometry; integrity checking means inspections by all applied
NDT methods.

Figure 28. Manufacturing process of assembly of steel channel cassette with NDT
inspections and acceptance inspections.
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Some areas of the steel cassette construction will be inspected before casting. The
inspection is focused on the weld between the bottom plate and steel tube. The
inspection is carried out using manual ultrasonic testing (Figure 29, right picture). The
whole weld volume is inspected using 4 MHz angle beam shear wave probes (MWB454 and MWB70-4) and a normal incidence 10 MHz longitudinal wave probes (V110-10).
The inspection will verify that the requirement of 8 mm weld penetration is fulfilled and
the weld is not containing any defects. The ultrasonic inspection should be done when
bottom plates are welded but before assembling the tubes together because the
inspection from the channel tube side cannot cover 100 % of the weld.

Figure 29. Inspection of the weld to the bottom steel plate using different ultrasonic
probes: MWB45-4 (angle probe), MWB70-4(angle probe) and V110 (straight probe).
After the steel cassette has been assembled visual testing and dimensional control of
different measures will be made according to the drawings, standards and design report
(Raiko 2013). From the steel cassette assembly a dossier of manufacturing and
inspection documents will be gathered, which is available also for later authority
inspection.
6.1.2

Cast of nodular cast iron insert

The process flow of cast of insert shows different phases of inspections and controls as
presented in Figure 30. For steel cassette inspection of acceptance will be carried out
before casting. All material certificates and inspection documents will be checked.
According to experience the steel tubes may move during or after casting because of
thermal deformation and strong forces caused by solidification process. For that reason
the steel tubes are filled with moulding sand before casting. Sand must be pressed as
tight as possible in order to make steel tube more rigid. Sand firmness in the steel tubes
must be controlled. Mould and casting construction is according to manufacturer design.

Figure 30. Manufacturing process of nodular cast iron insert with NDT inspections and
acceptance inspections.

Table 12. Inspections to nodular cast iron insert in different manufacturing phases.
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Figure 31. Concept of canister is shown on the left and measures of insert are
visualized in the right of image.

Figure 32. Preliminary construction of steel lid and gasket position between insert and
lid.
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Table 12 summarizes inspections of all manufacturing phases of insert and all parties
are mentioned preliminary, to whom it may concern. The main parameters which should
be checked are mentioned in Table 12. NDT methods applied are LT (leak testing), PT
penetrant testing, MT magnetic particle testing, VT visual testing and UT ultrasonic
testing. Following marking in Table 12 UT(M) means ultrasonic testing made by
manufacturer and UT(L) ultrasonic testing made by licensee. The acceptance and
rejection decision is based on different items, which are mentioned in Table 12. In
Figures 31 and 32 are showing insert and steel lid, lid screw and proposed gasket
between insert and steel lid. Some measures from the insert are shown in Figure 31. In
Table 13 shows functional dimensions of BWR, VVER 440 and EPR/PWR canister
inserts with tolerances (Raiko 2013).
Table 13. Functional dimensions of BWR, VVER 440 and EPR/PWR canister insert with
tolerances. The dimensions refer as for BWR insert to Figure 31 (Raiko 2013).

*) The total bottom thickness is the sum of cast iron thickness and the steel cassette bottom
plate thickness.
**) Local tolerance. The eccentricity (variation between opposite neck average thicknesses) of
the structure may be +5/-5 mm.
***) Threaded lifting eye hole (the size is metric thread with diameter 48 mm).
****) The width and straightness of the openings are gauged, respectively, with Ø = 152 mm,
Ø = 168 mm and Ø = 224 mm full length gauge.
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Visual testing and ultrasonic testing are applied to inspection of pre-machined and final
machined insert as shown in Figure 33.

Figure 33. Main NDT methods for inspection of pre-machined and final machined
insert and objects of the inspection.

Figure 34. Principal presentation of phased array measurement and conventional
ultrasonic probe SEB-2 measurement.

Figure 35. Steel channel directness measurement of insert by applying ultrasonic
method.
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The straightness can be measured quite easily with ultrasonic testing. The difference
between phased array probe and conventional TRL-probe is shown in Figure 34. It can
be clearly seen that phased array gives quite good result from the position of the edge of
the steel channel. By using the conventional probe the position of the edge is much
more difficult to analyze, while the echo can be either from the outer or inner surface of
the steel channel. With phased array visualization this is easier to interpret. It can be
seen in Figure 35 (middle picture) , where one part of the steel channel is not in contact
with the cast iron. In the middle part there is part where the steel channel is in good
contact with the cast iron insert (Figure 35, middle picture). Posiva has estimated the
error of positioning which is about 1 mm based on the ultrasonic testing. The steel
channel distance from the outer surface varies depending on the position in the insert,
this is visualized in Figure 36. This information can be used for measurement of steel
channel straightness and for eccentricity evaluation. The acceptance criteria for
straightness can vary locally ± 10 mm, but for the whole lenght the eccentrity can vary
as a maximum ± 5 mm. The eccentricity is evaluated as average deviation from the two
outer opposite channel straightness measurements.

Figure 36. Straightness of different steel channels measured with ultrasonic testing from a VVER type of insert.
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Visual inspection can be divided into direct and indirect visual inspection. Indirect
visual inspection will be carried out by camera and video recorder (Figure 37). In the
direct visual inspection the outer surface of the insert will be inspected normally as in
human eye visual inspection. Channel surface will be inspected indirectly with video
endoscope in order to check the inner wall quality of the steel channel (Figure 38).

Figure 37. Indirect visual inspection of the steel channel.

Figure 38. Left: Direct view of a steel channel; Middle: Image from a bolt going
through the insert bottom showing a loose contact between cast iron and steel bolt;
Right: Blow hole on the surface of an insert bottom.
In visual testing reference specimens marked with identifiers KLM162 and KLM164,
which contain notches of different lengths are applied as a reference samples as well as
the Jäger-chart. Inspections of insert outer surface are performed with Posiva’s remote
visual inspection system and manipulator. Data acquisition parameters are optimized for
inspection based on previous inspections. Indirect visual surface inspection of the insert
has been performed on inserts with identifiers IPV3 and I69. The image from the
surface will be optimized changing optical parameters like pan and tilt angle and zoom.
The camera has automatic functions such as auto-focus and auto-iris. The CMR camera
module of the Color Megarad S has a resolution up to 720 TV-lines. The zoom lens
provides 10 times optical zoom with additional 10 times digital zoom giving a total
zoom factor of 100. Camera housing is designed for 360º pan and 284º tilt movement.
Normal inspection distances are 500 mm to 1500 mm from the object, but inspection
distances as short as 220 mm are possible with special lenses. In Figure 39 shows the
measurement setup and an image from a reference specimen containing notches of
different lengths and depths. The results from different visual inspections of various
defects on the surface are shown in Figure 40.
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Figure 39. Left: Visual testing set-up with the Colour Megarad S module; Middle:
Surface lightning system; Right: Results from a measurement applying reference
specimen KLM162 which has outer surface notches as reference defects.

Figure 40. Different surface defect types found in Posiva's inspection: from left to right:
dent, porosity, handling defect, cavity.
For the ultrasonic inspection of insert Posiva applies at the moment MultiX, the full
parallel architecture phased array-system (PA-system) of M2M. This equipment
contains 128 parallel channels. This equipment can drive conventional probes, normal
linear or matrix PA-probes. The equipment and different ultrasonic inspection
techniques are shown in Figure 41. The applied defect detection techniques are
preliminary and can be changed before starting the actual final disposal operation.

Figure 41. Left: Equipment and 0°L-linear phased array using 5 MHz and 128
elements; Middle: Four conventional 70° TRL2 inspection in four different inspection
directions 0°, 90°, 180°and 270°; Right: Transmission technique for defect detection
between channels.
The principle of using the 0 °L-linear phased array is shown in Figure 42. Calibration is
carried out using side drilled holes as reference reflectors. In different depths there are
different sizes of SDHs: Ø = 2 mm at the nearest depth starting at depth of 6 mm and Ø
= 4 mm at the deepest position from about 170 mm to 240 mm (Figure 42 on the right).
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Figure 42. Left: Phased array inspection using 0 °L and 5 MH. By changing delay law
the focus depth will be changed; Middle: Cross section visualization from the whole
canister at a fixed axial length; Right: Measurements from side drill holes (Ø = 2 mm, Ø
= 3 mm and Ø = 4 mm) at different depths in the nodular cast iron insert reference
specimen KLM123.
Figure 43 shows an indication (defect), which is located near the surface. As shown this
indication can be presented in different scans (indication marked by a red rectangular):
C-B-and D-scans. The dimensions can be determined in all directions: axial, radial and
circumferential directions. Normally this is also done in the analysing phases for all
defects which exceed analysing level. When defect (indication) is estimated to be a
point-like defect, further analysis is not carried out.

Figure 43. Visualization of a defect near the surface by applying different views. The
outer surface is on the top, except in the image on right where outer surface is on the
left. The defect is marked with a red rectangular in each image.
In TRL-technique the ultrasonic beam is focused for the detection of surface defects and
near surface defects. TRL-technique is obviously gathering quite a lot of indications and
the distinguishing of the relevant indications from bulk data is a demanding task. Also
the technique using conventional TRL-probes is rather time consuming. But as can be
seen from reference notches the good detectability of the defects is starting at about 2
mm depth. This could be verified also as described in the sizing trial. The signal to
noise ratio is about 10 dB when the notches extend in depth direction of 2 mm applying
TRL-technique (4 mm length and 2 mm depth), (Figure 44). This requires, of course,
that the length is at least two times the depth and that it can be detected at least with
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several scans. It is not sufficient for defect detection that indication occurs in C-scan
only one or two times. The principle of TRL-technique is shown in Figure 44. The
sizing is also possible using TRL technique, but this needs more precise analysis. This
will be studied and published later.

Figure 44. For surface and near surface inspection applied TRL-70-2; a) Principle;
This inspection will be carried out in four different directions. b) Indications from 10
surface notches detected with TRL70-2; c) A-scan response from the 4 mm long and 2
mm deep surface notch. Amplitude response is about s/N ~ 10 dB; d) B-scan showing
possible tip signals from notches.
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Figure 45. Visualization of a defect near to surface by applying different views. The
outer surface is on the top except in the image on right where outer surface is on the
left. Defect type is a cluster of pores.
A cluster of pores can be located near the surface but normally not on the surface. The
distance from the surface can be measured and the size of the cluster can be determined.
Such a cluster of pores is shown in Figure 45. Figure 46 shows an ultrasonic inspection
(transmission) of VVER type insert, and in Figure 47 applying TRL inspection
technique to VVER insert is shown. Also corresponding C-scan image from the whole
surface of that insert is shown (Figure 47).

Figure 46. VVER type insert inspected with ultrasonic technique using transmission.

Figure 47. Ultrasonic inspection of insert with TRL technique and corresponding Cscan.

In the C-scan image of Figure 48 several indications can be seen from smaller defects
detected with 0L technique.
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Figure 48. C-scan from an insert ultrasonic testing containing indications detected by
applying 0 L-technique.

6.2

Inspection of other components related to insert

Some of the small parts or components related to insert should also be inspected. The
aimed inspection of the steel lid and steel screw is presented here. Steel lid is regarded
as safety class 2 and the steel screw should stand for the installation forces and moments
during encapsulation. Table 4 shows the inspections scheme for all parts related to
insert.
6.2.1

Steel lid

The steel lid will be inspected with magnetic particle method and with ultrasonic testing
for large defects. The allowable size of the defect will be 20 % of the wall thickness.
The inspection plan is to do inspection by applying a shear wave with 45 angle beam
probe in four directions (Figure 49) and using 0 L for detection of delaminations.
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Figure 49. Ultrasonic inspection of steel lid by applying 45 angle probe inspection.
6.2.2

Steel screw to steel lid

The screw can be inspected with dye penetrant, eddy current or ultrasonic method for
surface cracks coming from the manufacturing. By fixing the screw into the required
pre-stress state of the steel lid, it gives desired pre-stress state also to screw. This stress
should not exceed the allowable stress level in order not to crack the screw during fixing
or right after it. The screws shall be inspected as well as the threaded hole in the steel lid
before taking them into use. The preliminary inspection for defect detection is shown in
Figure 50.

Figure 50. Inspection of steel screw by applying ultrasonic testing and eddy current
testing of thread.
6.3
6.3.1

Inspection of copper components
Copper Billet

In the copper billet manufacturing process the inspection of acceptance and NDT are
carried out after pre-machining and after final machining. The NDT is based either on
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visual testing, dye penetrant testing and/or eddy current testing. The main acceptance
criteria for the billet are the weight, outer diameter, length and of course chemical
composition. The possible surface defects can cause actions for the further
manufacturing. Eddy current inspection is the main technique to detect and size surface
defects. The results are used for evaluation of the billet's further use taking into account
the surface defects. In Figure 51 a final machined billet is shown.
The copper billet is manufactured by casting and therefore the grain size is large in ascast condition. The evaluation of the quality of casting is concentrated on the surface
area. The defect size can be estimated quite well using eddy current method. The main
goal is to detect surface defects and estimate the quality according to the amount and
depths of defects. The deepest defects can be grinded away. Quite often so called spider
cracks can be found on the centre of the other end of the billet (Figure 52). Typically the
spider crack will disappear in the later tube manufacturing phase. In Figure 53 there is
shown deep axial crack originating from the casting. The amplitude of the indication
was large and after 1st and 2nd grinding it was estimated again. The eddy current
amplitude decreased about to one tenth of original indication. The evaluation will be
more difficult when the surface becomes uneven. This means that in the future the
detector coils must be designed flexible.

Figure 51. Copper billet after casting and final machining.
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Figure 52. Spider cracking on the bottom of the billet.

Figure 53. Deep axial crack (shown in top of image) has been grinded several times in
order to get rid of it. The eddy current signals before and after different grindings are
shown in the bottom of the image.
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The manufacturing process flow and inspections related to this are shown in Figure 54.
An eddy current map (C-scan) showing possible defects on the surface will be produced
from the billet. The aim is to replace dye penetrant testing of the billet by eddy current
testing.

Figure 54. Manufacturing process of copper billet with NDT inspections and
acceptance inspections.
6.3.2

Copper Tube

Copper tube is manufactured at Vallourec Mannesmann workshop in Düsseldorf. The
applied manufacturing method is pierce and draw. The first acceptance of inspection is
done by applying visual and dimensional testing (Figure 55). This acceptance of
inspection is concentrated to confirm that all dimensions are in specified tolerances and
to detect possible surface defects. Especially the inspection is concentrated on the
cleanness of the tube and on finding all possible non-copper material on the surface.
Also detection of handling defects is target of this inspection.
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Figure 55. Acceptance inspection of copper tubes by visual testing.

Figures 56, 57, and 58 are showing the process flow of different inspections for both
pierce and draw method and extrusion method. There are three type of inspections:
checking of the material certificates, mechanical and chemical testing results (material
control), dimensional checking of the tubes (functional checking) and integrity
inspections, which means visual testing, ultrasonic testing and eddy current testing.
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Figure 56. Pierce and draw manufacturing process of copper tube with integrated
bottom. Accompanied NDT inspections and acceptance inspections.

Figure 57. Extrusion manufacturing process of copper tube with accompanied NDT
inspections and acceptance inspections.

Figure 58. After extrusion follows welding and NDT inspections and inspection of
acceptance according to flow chart shown above.
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The diameter of the final machined copper tube is 1050 mm and the wall thickness 49
mm. The eddy current method is used to inspect the outer surface of the tube. For
calibration a reference specimen containing about 60 reference defects is applied. For
the calibration the surface breaking reference defects of the reference specimen are
used. They are shown in the upper part of Figure 59 on the left. Additional information
from reference specimen has been given in two publications (Paussu et al. 2009 and
Paussu et al. 2013).
The eddy current indication in the C-scan of tube T53-1 using HF-coil (30 kHz) is
shown in the upper part of Figure 59 in the middle. The real defect is shown in the
upper part of Figure 59 on the right. The tube inspection equipment arrangement is
shown in lower part of Figure 59 on the left. The indications from copper tube T78
using low frequency 90 Hz are shown in the lower part of Figure 59 on the right. The
indications were according to the numbering shown in the lower part of Figure 59:
Impurity on the surface (1), grinded area (2), grinded area with foreign material (3),
grinded area (4), dent with foreign material (5), dent with grinded area (6). A typical
indication is foreign material on the surface. These indications originate normally from
the manufacturing of the copper tube.
In the tubes the inner defects are rare and mostly the indications occur on the outer
surface. These defects in the copper tubes originate typically from handling, machining,
grinding or foreign material, normally not from manufacturing itself.

Figure 59. In the upper part: C-scans from tube reference specimen (left) and tube
measured with high frequency coils (right). In the lower part: Equipment and inspection
arrangement (left) and C-scan from T78 base tube using low frequency (90 Hz)
measurement (right).
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Posiva's inspections have demonstrated that eddy current method has been applied
successfully to inspection of copper components. The copper component inspection
evaluation is based on two techniques: low and high frequency eddy current testing. The
higher frequency, 30 kHz, is used in this case as high frequency technique. The sizing
capability was remarkable increased when using the low frequency probe. The sizing
seems to be reliable up to 10 mm for surface breaking defects and even more in optimal
cases. The defects with 7 mm ligament can be distinguished, but reliable detection limit
at the moment seems to be in the 5 mm ligament. The sizing capability will be estimated
with metallographic comparison to eddy current indications. These investigations are
ongoing.
All studies are based on large scale measurement of reference specimens. A huge
amount of testing has been carried out with real size components similar as those to be
used in encapsulation plant. New low frequency probes have been developed and new
probes will be further optimized in the future for larger depths. The metallographic
verification of the detected indications is going on.
During these inspections preliminary inspection procedures were developed. All work
carried out is aiming at qualification of the inspection method according to the ENIQ
and to Finnish qualification practice. In 2014 the first technical justification for this type
of measurements for copper ingot inspection will be produced.
Eddy current inspection is used mainly for detection of surface and near surface defects.
Ultrasonic testing is aimed at inspection of the volume of the copper tube. The
inspection schemes are shown in Figures 60 and 61. For defect detection a 45 L probe
is applied in four directions and 0L probe as shown in Figures 60 and 61. So far no
defects have been detected in ultrasonic testing.

Figure 60. Copper tube with integrated bottom and accompanied NDT inspections for
axial defect detection.
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Figure 61. Copper tube with integrated bottom and accompanied NDT inspections for
circumferential defect detection.
6.3.3

Copper Lid

Before manufacturing the copper lid the billet shall be inspected and accepted. Billet
goes through hot forging and final machining. Integrity inspection (NDT) can be made
either before or after final machining. After final machining the inspection of
acceptance will be carried out to the lid (/bottom). The inspection process flow is shown
in Figure 62.

Figure 62. Inspection phases of the lid (or bottom) during manufacturing.
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For the NDT of the lid three or four methods can be applied. First applied method is
visual testing. In visual testing of lid proper illumination is required. Typically dye
pentrant testing is made. Dye penetrant testing can be replaced by eddy current
inspection technique, which gives possibility to evaluate and size smaller defects. This
is not possible when using dye penetrant testing.
The volume of the lid will be inspected by ultrasonic method. Different types of
scanning patterns are applied to inspect the lid. Five inspection techniques are applied
on the different lid surfaces to cover the material volume. Each technique includes
several focal laws to direct and focus the sound beam. In many inspection techniques
electronic scanning is applied to move the sound beam along the probe (Figure 63).
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Figure 63. Electronic scanning modes of ultrasonic phased array probe.
Technique for detection of radial defects in top flat volume
Technique for detection of radial defects in top flat volume is shown in the Figure 64.
The probe is mechanically scanned along radial direction using inspection modes shown
in Figure 64. After radial scanning the lid is rotated for a small angle, which
corresponds about 2 mm: move at the most outest position (where R is the highest). The
inspection modes are using two different focus depths and three different inspection
angles: ± 45° and 0°. Wave mode is as in all other cases 3.5 MHz longitudinal wave
created by a linear phased array probe. No electronic scanning is applied. Similar
inspection is carried out for defects in circumferential direction shown in Figure 65.
Figures 66, 67 and 68 show the different ultrasonic inspection techniques used for the
rest volume of the lid.

Figure 64. Inspection of lid from outer top surface for radial defects.
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Technique for detection of circumferential defects in top flat volume

Figure 65. Inspection of lid from outer top surface for circumferential defects.

Figure 66. Inspection from the top surface of the lifting shoulder for detection of
circumferential defects.

Figure 67. Inspection from the side surface of the lifting shoulder for detection of
circumferential and axial defects.
These inspections shown in Figures 64 to 68 can partly be replaced by inspection from
the bottom side of the lid. The inspection can be similar to what is shown in Figures 63
and 64.
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Figure 68. Inspection from the side surface of the lifting shoulder for detection of
radial, circumferential and axial defects.

The copper lid is the upper part of the canister. It will be sealed with EB-weld with the
copper tube. The outer surface is inspected with ET. The coil set-up for inner part of the
lid and for upper part of the lid is presented in Figure 69. A reference specimen for lid
calibration contains about 150 reference defects (Figure 70, lower right part). This
reference specimen will be used also as reference specimen for ultrasonic testing. Cscans from lid reference specimen with different notch series, whose depths are varying
from 1 mm to 20 mm are shown in Figure 70. All eddy current techniques applied to
copper inspection are: high frequency (HF, 30 kHz), low frequency with 0° or 90°
(90 Hz, Figure 69). All reference defects can be found clearly. Typical defects in the lid
are laps or pores. Other defect types are large grains in the slightly hot-deformed area,
which are not detectable using eddy current testing technique.

Figure 69. Coil setups for lid inspection.
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Figure 70. C-scans from lid inspection with high frequency coils - upper area (left) and
with low frequency coils upper area (right) and lower area (left). The reference
specimen is shown in the lower area (right).
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7

DEFECT DETECTABILITY STUDY

Defect detectability studies can be divided into POD studies, study of human factors
concerning practical performance of inspections, and assessment of inspection
procedures. Defect detectability must be confirmed by the help of metallographic
studies of real defects.
7.1

POD - Probability of detection

NDT efforts have been made to determine “the smallest detectable discontinuity” which
is the basic measure to assess the quality of the investigated NDT method. However for
the question of integrity and in this case especially for copper material corrosion
resistance, it is more relevant to determine the risk of missing discontinuities of a
certain size. Both aspects of quality are covered by the methodology to determine the
POD as a function of defect size and other relevant parameters of NDT procedures. The
application of the methodology is to analyze the capability of the NDT systems at
Posiva inspection site. The development of volume multi-parameter POD will provide
higher stability and bring POD-reliability applications for realistic industrial scenarios.
Since several inspection methods are developed for all the canister parts, it is of interest
to determine and optimize the overall behaviour of the NDT. Relevant technical data for
the equipment and data acquired at Posiva, like signal recordings from discontinuities
and corresponding results obtained by reference methods and destructive tests, will be
used in the analysis. The main focus of the POD project is to develop a strategy to deal
with the detection capability of the POSIVA NDT equipment for different types of
defects. For each type of defect the selection of “â” – the signal response of the defect –
for instance in ultrasonic testing maximum amplitude is important as one parameter.
Further more real defects are necessary to extract the main influencing parameters on
the basis of full understanding of the physics of the signal response by investigation of
experiments with artificial defects and modelled experiments. The latter can be used to
set up a helpful “a priory” function, which describe the knowledge about the basic
physics. Within the frame of a “Bayesian Approach” this “a priory” function can be
exploited to construct the final “posterior” POD including sometimes uncompleted
experiments with real data. This BAYES-transfer function approach will help to provide
a reliable and unerring result for real shaped through holes, worm holes and crack like
delaminations where it is otherwise difficult to describe the real trend due to the
complex influencing scenario.
7.2

Human factors in NDT

The study of human factors in the application of NDT methods used is carried out over
the past six years in cooperation with the German BAM Federal Institute for Materials
Research and Testing and SKB.
In that period, expert workshops have been conducted in order to identify potential
human errors during the analysis of data conducted with all four NDT methods,
developed by Posiva (Bertovic 2013a and 2013b). Several issues related to human
factors were discussed: the need for the optimization of the inspection procedures,
software and the training, implementation of human redundancy to prevent errors from
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single operators, design of defect catalogue as a decision aid, as well as issues
concerning human-computer interaction. As a result of this study, interaction of human
operators with automated defect detection software used for the analysis of data
collected with ET was furthermore investigated, raising the question of automation bias,
i.e. over-trusting on an automated system, without questioning of its correct functioning
(Parasuraman and Riley 1997). In case of a malfunctioning of the automated system,
this cognitive bias might lead to missing of critical defects or over- or under-estimating
its size (Bertovic 2013a and 2013b). Introduced human redundancy, in spite of its
benefits, comes not without disadvantages. Therefore, one must consider the influence
of social loafing, i.e. the effect of decreased motivation and effort, when people work on
tasks collectively (Williams and Karau 1991). The emphasis is put on independency the effect can be decreased if the data analysis is conducted by two completely
independent inspectors (Bertovic 2013a) without the awareness of each other.
On-going work for Posiva involves consideration of the decision making process during
the data analysis, with the following objectives:
‐
‐
‐

7.3

learn about the decision making process under difficult data analysis conditions,
i.e. under different levels of signal to noise ratio;
identify whether the current inspection procedure is well structured,
corresponding to the logical flow of the operators, or whether it needs
improvement;
learn how operators reach a decision, in case of contradictory information, about
the acceptance or the rejection of the canister when combining all methods.
Verification of results

To verify the results some of the detected indications will be analysed in the
metallographic studies from the copper lid, copper tube and nodular cast iron insert.
NDT indications and analysed size will be compared with given size from these
verification studies (Figure 71).

Figure 71. Metallographic studies of detected indications in copper EB-weld specimen.
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8

REQUIREMENTS FOR QUALIFICATION

The qualification according to ENIQ recommendations is divided into the following
sub-areas:
-

input information,
inspection procedure,
technical justification based on the study of the inspection procedure,
open and/or blind trials.

The qualification body should accompany the qualification already from the beginning.
The qualification body should comment on and check that the qualification test
specimens for open and blind trials are valid for the qualification purposes. In the
technical justification one important part is to study parameters, which are assumed to
have an effect on the inspection performance. These parameters can be divided into two
groups: essential and influential parameters (Figure 72) (ENIQ 1998).
It is vitally important to define inspection objectives for qualification and the
requirements for NDT techniques to be used. Such requirements are, for example, type
and minimum size of defects to be detected and also the accuracy that is needed in the
defect sizing. During the definition of inspection target values viewpoints of both
structural integrity and inspection shall be taken into account.
The volumes to be covered with inspection shall be defined according to the critical
locations of defects. The defect nature may further steer the choice of areas that shall be
covered by different methods and techniques. The smallest defect size of a certain
defect type that has to be detected is defined using the term “detection target”. Usually
structural analyses are applied to justify the choices made concerning the detection
target. These analyses or other justifications shall be presented as reference material.
The final definition of detection target shall also include the defect orientation (tilt and
skew angles).
Modern NDT methods also aim at sizing the detected defects. Therefore the input
information should define the tolerances of defect length and height sizing techniques.
Usually the defect positioning requirement is also given in the input information. The
sizing possibilities will be reported at the end of 2014.
There are many parameters which can potentially influence the outcome of an
inspection. These are the influential parameters. The list of influential parameters to be
considered will depend upon the specific inspection to be qualified. Influential
parameters qualification, according to ENIQ recommendations for selected inspection
technique, is configured for the verification of the applicability of methods in use. The
influential parameters are an important part of the technical justification. Identifying the
essential parameters for qualification is the main task for technical justification in order
to control that they are included in the inspection procedure.
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Figure 72. Parameters affecting inspection according to ENIQ (ENIQ 1998).

The influential parameters for the NDT inspection system—for example, ultrasonic
equipment, manipulators, equipment for data evaluation etc.—has to be determined in
such a form that it is possible to make a qualified detection of all defects relevant for a
quantitative POD after having changed the testing equipment or having changed
parameters within the allowable range. The changed equipment or variation of
parameters has to fulfil the same essential parameters and conditions as the equipment
used for qualification.
To improve NDT reliability, parameters are to be found, which are essential and study
their effect, for instance, on the POD and to find correspondence between parametric
change within an allowable range. According to the author’s opinion, it is important to
keep in mind two basic points, to find a correlation to the POD of the technique used
and to reveal weak points in the inspection.
The component parameters are as follows: geometry of the component, material of the
component (oxygen-free copper, nodular cast iron insert), surface condition (machined
with given surface roughness in specification, weld type (friction stir welding or
electron beam welding), weld crown configuration (weld surface is machined), wall
thickness (wall thicknesses are given in the drawings), diameter of the component
(diameter and geometry of the component varies in SKB and Posiva depending on the
type of nuclear fuel). These parameters are specified in material specifications.
In qualifications the specific component type and postulated defect types originating
from welding and handling before inspection should be taken into account. It needs to
be shown that they are detectable in the range given in the input data. In the
qualification the inspector learns from the technical justification the reasons for
choosing the technique to be used in the inspection procedure. The inspector’s
experience together with knowledge from the origin of the manufacturing defects will
improve NDT reliability by helping find all essential defects within the tolerance range
of the input data.
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The qualification process of the spent fuel canister inspections has not started, yet. The
development of the inspection techniques includes several tasks and phases. Preparation
for the qualification of different NDT techniques is planned to start in connection with
the qualification of the welding process. The preliminary planning for scheduling
different inspection development phases linked with qualification process is presented
in Figure 73.

Figure 73. Qualification tasks of spent fuel canisters components.
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9

RESULTS AND EXPERIENCES FROM COMPONENT INSPECTIONS

Posiva Oy has developed inspection techniques for an insert based on ultrasonic testing.
Visual testing has been performed by using a camera. Posiva Oy has modelled applied
ultrasonic techniques and compared modelling results to reference reflector
measurements (Pitkänen et al. 2006). Modelling will be used as a tool to optimise and
verify inspections. The experience that Posiva has gained until now is the inspection of
ten real size inserts from which six are OL1 and OL2 types of inserts and three are
VVER440 type of inserts. Additionally Posiva Oy has inspected the directness of the
steel channels from two other full size inserts. Typical problems in inspections have
been poor acoustic contact to the insert surface or electrical interferences from
surroundings. Also the speed of inspections has been increased from the start of two
weeks down to four days. Before industrial inspections will start, the inspection time
should be one day inspection for each insert as a goal. The Posiva's experience from
insert inspections is gathered in Table 14. Insert needs to be inspected applying NDT
for:




defect detection and sizing, which contains inspection of surface and inner
volume of the component,
straightness of the steel channels,
minimum distance of the channels from the surface.

Posiva Oy has inspected all these three tasks and will develope all these tasks to meet
the nuclear safety authority requirement, inspection standards and quality from safety
point of view.
Table 14. Posiva's experience in real size inserts NDT-inspections (visual and
ultrasonic testing).

Posiva has inspected eight real size copper billets. The main issue in copper billet
inspection is the large grain size and thick wall thickness which prohibits to apply most
NDT methods. Normal surface defects types have been found in inspections. The defect
depth concerning the actions to be done is one of the main issues. When using the
Posiva's applied eddy current method only the outer surface of the billet is inspected.
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The method has been developed so that a map of outer surface can be produced after
inspection. The determination of defect depth is sometimes rather demanding task
because outer surface can be grinded and at the same time the billet will become more
difficult to inspect, because of uneven surface. Posiva is gathering now information
from automated eddy current inspection system for quality determination of copper
ingot. Much more inspections is required for the statistical evaluation in order to be able
to estimate the inspection method applicability for the manufacturing process, but the
defect detection and sizing results seem promising.
Copper tubes are manufactured at Vallourec Deutschland GmbH factory in Düsseldorf.
This factory applies pierce and draw method. The manufactured tubes will go through
visual inspection of acceptance and measurement of dimensions before sending for
ultrasonic and eddy current inspection. Typically the outer surface can be dirty from
machining fluid which has not been cleaned away. Also foreign materials on the outer
surface are possible. Foreign material can be either stainless steel or ferritic steel which
are not suitable for copper. The inspection of volumetric part of the copper tubes is
carried out using ultrasonic testing. In this testing no defects has been found. The
copper tubes are inspected according to normal industrial practise - inspection using 0°
longitudinal wave probe and angle beam probe with angle of incidence 45° in four
directions. Reference defects and some artificial defects can be found in inspections.
Specific behaviour in one copper tube in ultrasonic testing was found which was not
clear defect but indicated that material had locally different properties from the other
parts of the tube. The attenuation of the ultrasonic waves can vary from position to
position even 20 dB. This can lower the inspection frequency in order to get inspection
results from high attenuation area. This can decrease of detectability of smaller defects
in those areas. Nevertheless the copper tube seems to be of copper material where defect
occurrence is statistically very low according to our experience. About 120 m2 copper
tube material has been inspected using eddy current and ultrasonic testing, which means
17 tubes varying from 2 m to 5 m in length and having the outer diameter of 1050 mm.
Camera visual testing has been applied only for 2 tubes until now. The total amount of
inspected real size copper lids is 29. Typical defect types in lids are porosities, voids,
which can be open to the surface and also laps. Some delamination type of defect has
been found in one lid used for FS-welding. Large grain size has been found from the
centre of one lid inspected by SKB. About 60 real size copper welds and about 500
copper plate welds been inspected. The best possible actions are to keep all
manufacturing places as clean as possible, to plan carefully all handling actions with
proper equipment and grind quite softly the found surface defects to allowable depth.
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10

SUMMARY AND CONCLUSIONS

This report summarizes the manufacturing of different canister components, possible
defect types in these components and inspection techniques applied until now. The
manufacturing methods have been presented in short. The main interest is in describing
the defect types which might occur in this type of components because it is the basis for
planning inspection methods. Each defect type must be considered from the inspection
point of view. This means consideration of applied technique, defect detectability,
inspection coverage taking into account material effect, surface conditions and all
relevant factors affecting to mechanised NDT-inspections. Preliminary acceptance
criteria have been discussed for each components.
The described inspection techniques are preliminary. Improvements to the inspection
techniques will be made in order to speed up inspection time but not affecting to NDT
reliability. Also preliminary schedule for inspection of acceptance has been chosen for
each manufacturing phase of canister components. The inspection techniques have been
described and the experience in inspecting of different components summarized.
NDT reliability is important for each of these applied testing methods. As a basis for
NDT different inspection procedures have been drafted. In all phases of NDT human
effects may occur, which performance can be improved by right choices of inspection
sequence and simplifying inspection procedures and inspector user interface of applied
software. Important information for inspection technique and qualification purposes is
the POD-curves. These will be studied and produced in the following years. In order to
verify NDT indications, a small study of some indications using metallography will be
performed.
Qualifications of inspections will be based on a typical procedure in the nuclear
industry. The basic qualifications of each inspector are based on SFS EN ISO 9712
(2012) and in the additional YVL-qualifications the inspection target will be based on
the recommendations given by ENIQ. Input information and the needed documents for
qualifications such as inspection procedures and technical justifications and blind/open
trials are important for qualification. This will be carried out according to Finnish
practice for qualifications following the requirement given in the STUK-YVL
guidelines.
All the applied inspection technique must fulfil detectability requirement, also sizing
techniques must be available, and the procedure of combining indications is utterly
important for final acceptance of the component. Nevertheless all procedures will be
improved to keep the quality in all phases of mechanized inspections as reliable as
possible. The applicability of acceptance criteria will be tested in practice in coming
years with help of test manufacturing.

92

93

REFERENCES
ASME XI 2013, Article IWA3300 Standards for examination evaluation, Rules for
inservice inspection of nuclear power plant components, American society of
mechanical engineers, New York, pp. 14-25.
Bertovic, M., Fahlbruch, B., & Müller, C., 2013a, Human factors perspective on the
reliability of NDT in nuclear applications. Materials Testing, 55(4), 243–253.
Bertovic, M., Müller, C., Kanzler, D., & Fahlbruch, B. 2013b, Human Factors in NDT
of the EB-Weld [unpublished project report]. Eurajoki: Posiva Oy.
Cumblidge S.E., Anderson M.T. and Doctor S.R., 2004 An Assessment of Visual
Testing,.Pacific Northwest National Laboratory, USA. NUREG/CR-6860. U.S. Nuclear
Regulatory Commission, Washington, DC, USA, 2004. 59 p.
Dillström, P., 2005, Probabilistic analysis of canister insert for spent nuclear fuel, SKB
TR-05-19, October 2005, 37 p.
EN-ISO 945: 2006, European standard, Cast iron. Designation of microstructure of
graphite (ISO 945), CEN, confirmed 1994-12-05. 12 p.
ENIQ, 1998, Technical Justification, Pre-trials, ENIQ Report 10 EUR 18114 EN,
November 1998, 132 p.
Joensuu, Pasi, 2001 Vikadiagnostiikka sulatuksen laadunohjauksessa: Syherön
syntyminen ja siihen vaikuttavat tekijät; Säätötekniikan laboratorio, Raportti B No:31
Oulun yliopisto Tammikuu 2001, 32 p.
Nilsson, K. -F., Burström, M., Lofaj, F., Andersson, C. -G., 2007 Failure of spent fuel
canister mock-ups at isostatic pressure 14 (2007) pp. 47 – 62.
Nolvi, L. Manufacture of Disposal Canisters. Posiva Oy. Posiva Report 2009- 03.
Parasuraman, R., & Riley, V., 1997 Humans and automation: Use, misuse, disuse,
abuse. Human Factors: The Journal of the Human Factors and Ergonomics Society,
39(2), 230–253.
Paussu, R., Pitkänen, J., 2009, Reference Specimens of Copper Components and EB
Weld for Qualification and Performance Demonstration Purposes, 7th international
conference on NDE in relation to structural integrity for nuclear and pressurized
components, 12th- 14th. May, 2009 Yokohama Japan.
Paussu, R., Pitkänen, J., 2013, Test blocks for Inspection of disposal canister of spent
fuel, 10th international conference on NDE in relation to structural integrity for nuclear
and pressurized components, 1st - 3rd October Cannes France, 8 p.

94

Pavlovic M., 2013, Probability of detection as a function of multiple influencing
parameters, Dissertation Saarland University, 95 p. (to be published)
Pitkänen, J., Leskinen, N., Ryden, H., & Emilsson, G., 2006, Defect types, NDT and
preliminary acceptance criteria approach based on the damage tolerance analysis and
international standards in the manufacturing of nodular cast iron insert, Workshop on
Design and Assessment for Radioactive Waste, 21. – 22. November Bergen JRC, 33 p.
Pitkänen J., Arnold W., Hirsekorn, S.,2007c The Effect of Grain Size on the Defect
Detectability in Copper Components in Ultrasonic Testing, 6th international conference
on NDE in relation to structural integrity for nuclear and pressurised components, 8th 10th October, 2007 Budapest Hungary.
Pitkänen, J., Sarkimo, M. & Lonne, S. 2007. Modelling of Ultrasonic Testing for
Inspection of Nodular Cast Iron Insert. 6th International Conference on NDE in
Relation to Structural integrity for Nuclear and Pressurized Components, Budapest 8th .
- 14th October.12 p.
Pitkänen J., Lipponen A., Lahdenperä K., Kiselmann I., 2009, Eddy current inspection
for detection of surface and near surface defects in copper components and an electron
beam welds 7th international conference on NDE in relation to structural integrity for
nuclear and pressurized components, 12th- 14th. May, 2009 Yokohama Japan.
Pitkänen J: Salonen T., Bertovic M., Müller C., Pavlovic M., 2009, NDT reliability in
risk minimization during manufacturing and welding of spent nuclear fuel disposal
components. 4th European - American Workshop on Reliability of NDE, BAM Berlin
Germany, June 2009, 21 p.
Pitkänen J., 2010 Inspection of Bottom and Lid Welds for Disposal Canister, Posiva
Report 2010-04, 30 November 2010, 98 p.
Pitkänen J., Lipponen A., Sarkimo M., 2010, Ultrasonic inspection of nodular cast iron
insert edge distance using curved linear PA-probe, 6th International Conference on
NDE in Relation to Structural integrity for Nuclear and Pressurized Components, Berlin
Germany 29th September - 1st October 11 p.
Pitkänen J., Lipponen A., Sarkimo M. Virkkunen I., Kemppainen M., 2012, Detection
and sizing surface breaking defects in nodular cast iron insert, , 6th International
Conference on NDE in Relation to Structural integrity for Nuclear and Pressurized
Components, 22nd - 24th May 2012 Seattle USA, 12 p.
Pitkänen J., Lipponen A., Lahdenperä K. Kiselmann I , 2012, Detection and sizing in
copper components using eddy current, 6th International Conference on NDE in
Relation to Structural integrity for Nuclear and Pressurized Components, 22nd - 24th
May 2012 Seattle USA, 12 p.
Raiko, H., 2003, Test Manufacture of a Canister Insert, Posiva Working Report 200359, November 2003 21 p.

95

Raiko, H. 2005. Test Manufacture of the Canister Insert I35. Posiva Oy. Working
Report 2005-53.
Raiko, H, 2013, Canister design 2012, Posiva Report 2012-13, April 2013, 156 p.
Raiko H, Pastina B, Jalonen T., Nolvi L., Pitkänen J., Salonen T., 2012, Canister
production line 2012 - Design, production and initial state of the canister, Posiva report
2012-16, December 2012, 174 p.
SFS-EN 10219-1 2006, Cold formed welded structural hollow sections of non-alloy and
fine grain steel - Part1: Technical delivery conditions. 66 p.
SFS-EN 10219-2 2006, Cold formed welded structural hollow sections of non-alloy and
fine grain steel - Part2: Tolerances, dimensions and sectional properties. 52 p.
SFS EN ISO 9712 2012, Non-destructive - Qualification and certification of NDT
personnel (ISO 9712:2012) 36p.
SFS-EN 1330-10, 2003 Non-destructive testing. Terminology. Part 10: Terms used in
visual testing. Finnish Standards Association SFS, 2+36 p.
SKB, 2006a, Kapsel för använt kärnbränsle, Tillverkning och förslutning, SKB R-0601, September, 79p.
SKB, 2006b, Kapsel för använt kärnbränsle, Tillverkning av kapselkomponenter, SKB
R-06-03, September, 67p.
SKB, 2006c, Kapsel för använt kärnbränsle, Oförstörande provning av kapselkomponenter, SKB R-06-05, September, 51p.
SKB, 2006d, Ansökan för inkapslingsanläggningen och slutförvaret för använt
kärnbränsle, SKB R-06-50, September, 70p.
STUK YVL E.5., 2013 Inservice inspection of nuclear facility pressure equipment with
non-destructive testing methods, STUK, 14.5.2013 Draft 5.
Unosson M., 2009, Intryck i koppar, SKBdoc 1205273 rev 2.0 26 p.
Wilcox, M., 2003, Ultrasonic Velocity Measurements Used to Assess the Quality of
Iron Castings, Web: www.InsightNDT.com, 13 p
Williams, K. D., & Karau, S. J., 1991 Social loafing and social compensation: The
effects of expectations of co-worker performance. Journal of Personality and Social
Psychology, 61(4), 570–581. doi: 10.1037/0022-3514.61.4.570

96

LIST OF REPORTS
POSIVA-REPORTS 2012
_______________________________________________________________________________________

POSIVA 2012-01

Monitoring at Olkiluoto – a Programme for the Period Before
Repository Operation
Posiva Oy
ISBN 978-951-652-182-7

POSIVA 2012-02

Microstructure, Porosity and Mineralogy Around Fractures in Olkiluoto
Bedrock
Jukka Kuva (ed.), Markko Myllys, Jussi Timonen,
University of Jyväskylä
Maarit Kelokaski, Marja Siitari-Kauppi, Jussi Ikonen,
University of Helsinki
Antero Lindberg, Geological Survey of Finland
Ismo Aaltonen, Posiva Oy
ISBN 978-951-652-183-4

POSIVA 2012-03

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Design Basis 2012
Posiva Oy
ISBN 978-951-652-184-1

POSIVA 2012-04

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Performance Assessment 2012
Posiva Oy
ISBN 978-951-652-185-8

POSIVA 2012-05

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Description of the Disposal System 2012
Posiva Oy
ISBN 978-951-652-186-5

POSIVA 2012-06

Olkiluoto Biosphere Description 2012
Posiva Oy
ISBN 978-951-652-187-2

POSIVA 2012-07

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Features, Events and Processes 2012
Posiva Oy
ISBN 978-951-652-188-9

POSIVA 2012-08

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Formulation of Radionuclide Release Scenarios 2012
Posiva Oy
ISBN 978-951-652-189-6

POSIVA 2012-09

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Assessment of Radionuclide Release Scenarios for the Repository
System 2012
Posiva Oy
ISBN 978-951-652-190-2

POSIVA 2012-10

Safety case for the Spent Nuclear Fuel Disposal at Olkiluoto - Biosphere
Assessment BSA-2012
Posiva Oy
ISBN 978-951-652-191-9

POSIVA 2012-11

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Complementary Considerations 2012
Posiva Oy
ISBN 978-951-652-192-6

POSIVA 2012-12

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Synthesis 2012
Posiva Oy
ISBN 978-951-652-193-3

POSIVA 2012-13

Canister Design 2012
Heikki Raiko, VTT
ISBN 978-951-652-194-0

POSIVA 2012-14

Buffer Design 2012
Markku Juvankoski, VTT
ISBN 978-951-652-195-7

POSIVA 2012-15

Backfill Design 2012
Posiva Oy
ISBN 978-951-652-196-4

POSIVA 2012-16

Canister Production Line 2012 – Design, Production and Initial State of
the Canister
Heikki Raiko (ed.), VTT
Barbara Pastina, Saanio & Riekkola Oy
Tiina Jalonen, Leena Nolvi, Jorma Pitkänen & Timo Salonen, Posiva Oy
ISBN 978-951-652-197-1

POSIVA 2012-17

Buffer Production Line 2012 – Design, Production, and Initial State of
the Buffer
Markku Juvankoski, Kari Ikonen, VTT
Tiina Jalonen, Posiva Oy
ISBN 978-951-652-198-8

POSIVA 2012-18

Backfill Production Line 2012 - Design, Production and Initial State of
the Deposition Tunnel Backfill and Plug
Paula Keto (ed.), Md. Mamunul Hassan, Petriikka Karttunen,
Leena Kiviranta, Sirpa Kumpulainen, B+Tech Oy
Leena Korkiala-Tanttu, Aalto University
Ville Koskinen, Fortum Oyj
Tiina Jalonen, Petri Koho, Posiva Oy
Ursula Sievänen, Saanio & Riekkola Oy
ISBN 978-951-652-199-5

POSIVA 2012-19

Closure Production Line 2012 - Design, Production and Initial State of
Underground Disposal Facility Closure
Ursula Sievänen, Taina H. Karvonen, Saanio & Riekkola Oy
David Dixon, AECL
Johanna Hansen, Tiina Jalonen, Posiva Oy
ISBN 978-951-652-200-8

POSIVA 2012-20

Representing Solute Transport Through the Multi-Barrier Disposal
System by Simplified Concepts
Antti Poteri. Henrik Nordman, Veli-Matti Pulkkanen, VTT
Aimo Hautojärvi, Posiva Oy
Pekka Kekäläinen, University of Jyväskylä, Deparment of Physics
ISBN 978-951-652-201-5

POSIVA 2012-21

Layout Determining Features, their Influence Zones and Respect
Distances at the Olkiluoto Site
Tuomas Pere (ed.), Susanna Aro, Jussi Mattila, Posiva Oy
Henry Ahokas & Tiina Vaittinen, Pöyry Finland Oy
Liisa Wikström, Svensk Kärnbränslehantering AB
ISBN 978-951-652-202-2

POSIVA 2012-22

Underground Openings Production Line 2012 – Design, Production and
Initial State of the Underground Openings
Posiva Oy
ISBN 978-951-652-203-9

POSIVA 2012-23

Site Engineering Report
ISBN 978-951-652-204-6

POSIVA 2012-24

Rock Suitability Classification, RSC-2012
Tim McEwen (ed.), McEwen Consulting
Susanna Aro, Paula Kosunen, Jussi Mattila, Tuomas Pere, Posiva Oy
Asko Käpyaho, Geological Survey of Finland
Pirjo Hellä, Saanio & Riekkola Oy
ISBN 978-951-652-205-3

POSIVA 2012-25

2D and 3D Finite Element Analysis of Buffer-Backfill Interaction
Martino Leoni, Wesi Geotecnica Srl
ISBN 978-951-652-206-0

POSIVA 2012-26

Climate and Sea Level Scenarios for Olkiluoto for the Next 10,000
Years
Natalia Pimenoff, Ari Venäläinen & Heikki Järvinen, Ilmatieteen laitos
ISBN 978-951-652-207-7

POSIVA 2012-27

Geological Discrete Fracture Network Model for the Olkiluoto Site,
Eurajoki, Finland: version 2.0
Aaron Fox, Kim Forchhammer, Anders Pettersson,
Golder Associates AB
Paul La Pointe, Doo-Hyun Lim, Golder Associates Inc.
ISBN 978-951-652-208-4

POSIVA 2012-28

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto - Data
Basis for the Biosphere Assessment BSA-2012
Posiva Oy
ISBN 978-951-652-209-1

POSIVA 2012-29

Safety Case For The Disposal of Spent Nuclear Fuel at Olkiluoto Terrain and Ecosystems Development Modelling in the Biosphere
Assessment BSA-2012
Posiva Oy
ISBN 978-951-652-210-7

POSIVA 2012-30

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Surface and Near-surface Hydrological Modelling in the Biosphere
Assessment BSA-2012
Posiva Oy
ISBN 978-951-652-211-4

POSIVA 2012-31

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Radionuclide Transport and Dose Assessment for Humans in the
Biosphere Assessment BSA-2012
Posiva Oy
ISBN 978-951-652-212-1

POSIVA 2012-32

Safety Case for the Disposal of Spent Nuclear Fuel at Olkiluoto Dose Assessment for the Plants and Animals in the Biosphere
Assessment BSA-2012
Posiva Oy
ISBN 978-951-652-213-8

POSIVA 2012-33

Underground Openings Line Demonstrations Stage 1, 2012
ISBN 978-951-652-214-5

POSIVA 2012-34

Seismic Activity Parameters of the Olkiluoto Site
Jouni Saari, ÅF-Consult Oy
ISBN 978-951-652-215-2

POSIVA 2012-35

Inspection of Disposal Canisters Components
Jorma Pitkänen, Posiva Oy
ISBN 978-951-652-216-9

