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Acronyms, abbreviations and designations

AAC:

AAF:

LOCA:

ASG:

ASME:

ASTM:

ASN:

BC.

BF:

CCAP

CIR:

CN:

CPA

CPP:

CT:

DDS:

DEP:

DIDR:

DSR

EDG:

EPR:

ESPN:

FAS:

GMPP:

Hot shutdown

Cold shutdown

Loss of coolant accident

Steam generata@mergencieedwater systefBFWS)
American Society of Mechanical Engineers
American Society for Testing and Material
French nuclear safety regulator

Hot leg

Cold leg

Central comnttieefor pressure equipment
Infrared combustio(iRC)

Natural circulation

Active photothermal camera
MainCoolantSystem (I@S)

oCompact tensiondé test
Inventory of design transients

ASN Nuclear Pressure Equipment Department
Flaw due tantergranular decohesion
Undercladdinglaw

Rod ejection

European pressurized reactor

Nuclear Pressure Equipment

Flamanville NPP reactor N° 3

Reactomaincoolantcirculatiorpump MCCB

speci men

f

o
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GP ESPN: Advisory Committee of Experts for Nuclear Pressure Equipment

SG:

Steam Generator

ICP-AES: Inductively coupled plasma atomic emission spectroscopy

IJPP: Injection at reactanaincoolant pumpNICCP) seals

BNI: Basic Nuclear Installation

Inf/Lwr : Lower dome (vessel bottom head)

IRSN: French Institute for Radiation Protection and Nuclear Safety

IS: Safety injectio(Sl)

ISBP: Low head safety injection (LHSI)

ISMP: Medium head safety injection (MHSI)

NP Resistance to ductile teamngasured for propagation of 0.2 mm (in§i.m

JSW: Japan Steel Works

Ker Stress intensity factor (in MP¥)m

K Toughness (in MPa’H

LSD: Directional solidification ingot

MIS: In-service inspection machine

MWe: Megawatt electrical

N4: 1450MWe EDF French reactors (Civaux 1 and 2, Chooz B1 and B2)

NDT: Nil Ductility Transition

PTAEE: Loss of offsite electrical power supplies (LOOP)

PKL: Experimental installation representing a reduced scale German Konvoi type PWR
reactor

PSC: Upper corelate

PZR: Pressuriser

RRC: Risk Residual Category

RCCGM: Design and construction rules for mechanical equipment on nuclear islands
published by the French association for design, construction -sexvida
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monitoringrules for NSSS equipment (AFCEN)

RCN: Resumption of natural circulation

RCP: MainCoolantSystem (I@S)

RDS: Safety analysis report

PWR: Pressurised Water Reactor

RGE: General operating rules

RISRA: Safety injection and residual heat removal system

RIC: Core internal instrumenta

R, Tensile strength (in MPa)

RRA: Residual heat removal sys(RIHRS)

RRI: Component cooling water system (CCWS)

Ry Yield strength for deformation of O&(in MPa)

RSEM: In-service monitoring rules for mechanical equipment on nucleardsslari
pressurised water reactors published by the French association for design,
construction and igervice monitoring rules for NSSS equipment (AFCEN)

RTyor: Reference Temperature for Nil Ductility Transition, deduced fggymaimd T,
according to section MC1240 of the RCCode (in °C)

RTV: Steam line break (SLB)

SEO: Optical emission spectrometBES)

SPN: CCAP standing nuclear section

STE: Operating Technical Specifications

SugUpr: Upper dome (vessel closure head)

T, Rekrence temperature for indexing the Master Curve, defined according to standard
ASTM E1921 (in °C)

Tess Temperature taken from the bending rupture energy transition curve for which the
average bending rupture energy iJi68C)

Teov: Temperature takefrom the bending rupture energy transition curve for which the
minimum bending rupture energy is 68 J (in °C)

Tern Index temperaturef the toughness curve of appendix ZG of the RICCbde
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providing an optimum conservative value for the toughnessensarsts (iiC)

Twor: Temperature for Nil Ductility Transition, deduced from the -@mght tests
according to section MC1230 of the R€Code (in °C)

TKg; Temperature taken from the bending rupture energy transition curve for which the
averagbending rupture energy is 56 J (in °C)

TOFD: Ul trasounds using the otime of flight
UA: Scaleone replica dome called UA

UK: Scaleone replica dome called UK

UT: Ultrasounds

VDA: Main steam relief tra{fMSRT)valve

VVP: Mainsteam system

ZR: Acceptance zone

ZS: Segregain zone
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1. Introduction

The Flamanville EPRactor pressure vessekure and bottom head domes were manufactured
in 2006 and 2007 kyrgingin the Areva NP Creusot Forge plant.

Thesecomponentsre subject to the technigallificatiorequirement of the ESPN order in
referencé¢3] because they present a risk of heterogeneity in their properties.

For the purposes of thiechnicalqualification, Areva NP measured bending rugioeegy

value$ lower than those mentioned in point 4 of appendix | to the ESPN order in reffléence
which led it in 2015 to propose an approach to ASN to demonstrate the adequate toughness of
the material of themmmponentsbased on a programme of testing on-seca&leeplica domes

and mechanical assessments of the riaktéfcture.

This approach was examined by ASN and-tbech mstitue for radiation protection and

nuclear safefyRSN) and written up in the report in refergbgevas the subject of apinion

in referencd6] of the Advisory Committee of experts for nuclear pressure equipment (GP
ESPN), which met on 30 September 2015, and of ASN requests, more specifically concerning the
in-servicanspectiorprovisions, in its letter in refereficeSubject to these requests being taken

into account, ASNonsideredhat the demonstration approach is appropriate, provided that the
phenomenon in questionidentifiedandexplainedand that the data acquired through the test
programme are sufficientdbaracterise it.

The first test results, April 2016, led Areva NP to changedgmonstratiompproach, notably
thetest programme on scalee replica domes, which gave rise to an information meeting with
the GP ESPNon 24 June 2016, on the basi©iefsummary report drawn up by ASN and IRSN

in referencég].

On the basis of the observations of @& ESPNin referencg9], ASN informed Areva NP of
additional requests in its letter in referg@e

*

The Areva NPtest programmeasconducted fothe most part i2016.0n 16 December 2016,
ArevaNP sent ASN a file in referenf¥l] substantiating the fact that the material of the
Flamanville EPReactor pressure veskeld closure and bottom head domes is ductile and
tough enough to deal with tbperatingconditions of this equipmeitthis file more particularly
draws on the results of threechanicaksts and concludes that the domes are serviceable.

In its letter in referencg], ASN informed Areva NP that ¢onsideredhat thetechnical
qualification requirement of the ESPN order in refef8haas not met for the domes, because

the heterogeneity risk had been poorly assessed and the characteristics of the material were not as
expected.

1 Technicahualifications aregulatory requirement of the ESPN order in referendéd3im of which is to
demonstrate that the risks of heterogeneity in the expected quality of the component are identified and controlled
and to ensure that the component has the required clistiester

2 The bending rupture energy is the ability of a material to absorb energy when it deforms under the effect of an
impact. It is relatively simple to measure. This property is thus commonly used by industry to evaluate the quality
of a material
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Areva NPthus envisages sending ASNtoanmissioimg authorisation application for the
Flamanville EPReactor pressure vesselen though it has not met all the regulatory
requirements, pursuantddicle 9 of the ESPNorder in reference [3[his reportis a part of

the advance technical examinaticthis authorisation application

In its letter in referend@], ASN informed Areva NP that such an application needed to be
substantiated with regard to the advantages and drawbacks of alternative solutions, notably repair
of the reactor presswesseand replacement of the closure head.

Areva NPconsidershat procurement of a new closure head and replacement of the existing one,

an operation that has already been carried out on several reactors, would take at least 75 months.
Areva NP and EDFRlso examined the possibility of repathegeactor pressure vessstom
headandconsidetthat the consequences would be disproportionate in terms of cestdead

and consequences for the EPR reactor model and the resdéasystemRepair wald entail
extractinghe reactor pressure vessah its cavity, replacing its bottom head, reinstalling it and
rebuilding a part of the surrounding civil engineering strudthese operations are estimated

to take 86 month.hese various aspectsjohihare noexaminedvithin the framework of this

report, are detailed in Appendix 7.

ASN decided to convene t&® ESPNon 26 and 27 June 2017 to obtain its techopaaibn
on the consequences of the anomaly on the serviceability of the FlaERRvibactor
pressure vesdetad domes.

This report recalls the approach adopted by Areva NP to demonstrate that the material of the
Flamanville EPReactor pressure vessmlad domes is ductile and tough enough for the
operating conditions of this equipment and evaluates whether or not the anomaly compromises
their serviceabilityt deals in turn with the demonstration approach adopted by Areva NP, the
fast fracture risk saessment (manufacturingpspections material characterisation,
characterisation ahermomechanicdbadings andnechanicabnalysis), the impact of the
irregularities detected in the Areva NP Creusot Forge plant andsénmeice monitoring
provisions.

This report was drawn up jointly by IRSN and the Nuclear Pressure Equipment Department
(DEP) of ASN.-The term oOrapporteur 6 urespeattivelymthet hi s r
specialists of IRSN and of ASN who analysed\téea NPfile for presentain to theGP

ESPNon 26 and27 June2017.It does not represent the final position that will be adopted by

ASN.

3 Atrticle 9of the ESPN order in reference B]JP u r s u a R.t5571-3f thee IEmviroonhert Code, in the event of a
particular difficulty and a duly justified request, more specifically ensuring that the risks argjatbelj@ely prevented ol
may, in a resolution issued on the advice of the central committee for pressure vessels;ugythtlisgtitre installation,
and transfer of a nuclear pressure equipment or nuclear assembly which has not metdll SieAegondements of Article
5575 of the Environment Code, chapter VII of title V of book V of the regulatory part of the Environment Code and t
order
The request must be accompanied by an analysis, conducted jointly with the fiotestésd, cafntbesqaeted sandth
regard to the protection of the interests mentiobe@iroftiiel&nvironment. Coéé
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2. Demonstration approach
2.1. Detection of the deviation and technical origin

The Flamanville EPRactor pressure vessielsure headndbottom head domes (see Figure 1
and the detailed diagrams in Appenphixe?e manufactured #06and2007by forging These
componentare subjedb the technicajualificatiorrequirement ofhe ESPN order in reference
[3] because thegpresend rik of heterogeneity in their characteristics

el Couvercle
i

it Fond de cuve

Figurel: Repesentation ahe Flamanvill&EPRreactor pressure vessel
Closure head
Bottom head

At the end of 2014, Areva NP informed ASN that the results iofplettests weréower than
expectedThe tests were carried out as part of the technical qualification process on specimens
sampled from a dome initially intended for an EPR reactor project in the United Statks, called
UA closure head dome, in princip@resentativef those intended for the Flamanville EPR
reactor pressure vessite valuesmeasured at°G on two series of three specimens gave a
minimumvalue of 3@ and an average value ofl 5¢hich were unable to achieve the quality
then expected by Areva NIfese values are also below the bending rupture ealasgy 60J
mentioned in point 4 of appendix | to the ESPN order in refdi@nce

Areva NP carried out investigations to determine the origin of thesenfiaming value3he

carbon concentratiomeasurements taken at the surface of the UA upper dome by portable
optical spectrometry revealed the presence of a resisitige maciegregation zone over a
diameter of about one metreirthermore, the examinations performed on the material sampled

a depth, in the centre of this dome, show that the segregation extends to a depth exceeding the
halfthickness of the dome.

Areva NP explains that thesiduapositive macrosegregation from the ingot usiedgimgwas
not sufficiently eliminated during ttiecardoperationsThe manufacturing procedures for the
domes is recalled in Appendix 8 and the position of the positive macrosegregationgthuging
is presented iRigure 2.
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INGOT BLOOM BLANK DOME

Segregation zone Top discard

4

Segregation zone

Main part of ingot

Bottom of ingot

\ Bottom discard

Figure2: Position of positive macrosegregation ddorggng

The physical phenomenon of segregatamursat cooling of the ingot, whictoesnot takes
placeuniformly.After pouring and solidification of the steel, the-Eirgel ingots thus comprise
macroscopic heterogeneities in their chemical composition, in particular their carbon
concentrationHigure 3).

Generallyspeaking, in thiypeof ingot, the base is the part whsciidfies first and leads to a
negative macrosegregation zaoadentraon of alloy elements lower than the average heat of
steel value)On the other hand, the top of the ingot solidifies last and is where positive
macrosegregation occurs (higher concentration thavetiag&eat of steel value).

ion du carbone

zone équiaxe
dendritique

zone
colonnaire

zone
dendritique -
onentée

veines
sombres.

NN\\7//77778
& &
R R

zone équiaxe
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Figure3: Structure and carbon segregation in a conventional ingot

Macrographic structure Carbon segregation
Dendritic equiaxed zone
Columnar zone
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Oriented dendritic zone
Ghostlines
Globular equiaxed zone

A positive macrosegregation zone is thus characterised by a local carbahatostbigther
than the target average level at pouring of the liquidireeslegregation ratio is then the ratio

by which the local content exceeds the target CODREIAEQ] cat of stedr

The normal carbon content of a 16MND5 type steel, such as that used in the Flamanville EPR
reactor pressure vesssl 0.16%The RCGM code defines a maximum content of 0.20% at
pouring and a maximum part content of @2J-or the purposes of this file, the volume of
material of interest for assessing the mechanical properties of the positive macrosegregation zone
was defined as that with a carbon content in exd@25%i{5].

An increas@n the carbon concentration letmlgmproved tensile strength properties, but affects
the crack propagation resistance.
2.2. Principles of the Areva NP demonstration approach

2.2.1. Degradation modes selected

As previously mentioned, the assessments carried out on the tbhesceldica showed
material bending rupture energy properties that were lower than expedtex.level of

bending rupture energy is an indicator of the level of toughtiesstoughness of the
segregatiorzone could thus be insufficient to preclude the risk of fasuréraat the

temperatures to which the steel is subjected.

Areva NP considers that the presence of a positive macrosegregatioes not compromise

the preventionof excessive deformation damage, progressive deformatmasticthstability

of thereactor pressure vessemesThe design criteria with respect to these risks are dependent
on the yield strength and the ultimate tensile strength of the material, which increase with the
carbon contenflThe rapporteur adopts a position on this poiséation 4.3.8.

The Areva NP file in referenf¥l] thus focuses on the preclusion of the risk of fast fracture.
This risk exists if there i€@ambinatiorof three phenomena:
- the presence of a harmful technological flaw (defined by its positionntisianmie
and itsdimensiongs
- the presence of an insufficiently tough material;
- the presence of largeale mechanical or thermal loadings.

The toughness of the steel used to manufactueactor pressure vessarieswith the
temperature of the materihe Areva NP approach thus differs depending on whether the
material is used:

- in the temperature domain in which it is brittle and in which its toughness is lowest,

4 For the domes of thelamanvill&EEPR reactor pressure vesseévaNP aimed for a value at pouring0df8%,
in order toguarantee acceptable tensile properties at the base of the ingot

5 Toughness is the ability of a material to withstand pm@akgationThis is the property which intervenes in the
fast fracture phenomenon
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known as thérittle domain

- in the temperature domain corresponding tarémsition letween brittle and ductile
behaviours, known as thmittleductile transition donmainyhich the toughness
increases with temperature;

- in the temperature domain in which itdlustile and where its toughness is highest,
known as theuctile domain

2.2.2 Assessmemf the fracture risk in the brittle and brittlectile transition domains

With regard to the brittle and britlactile transition domains, the demonstration approach
followed by Areva NP, presented in the document in ref¢i@ha@mmprisse three main steps:
- the evaluation (by testing) of the minimum toughness in the positive
macrosegregation zone of the material, after 60 years of operation;
- the determination(by calculation) of the adequate (also known as allowable or
requiredjoughnesto preclude the risk of fast fracture;
- the verification that the minimum toughness of the material is indeed higher than the
determined adequate toughness.

As presented by the rapporteur in 2015 in its report in ref¢sgnéeeva NPadoptsthe
approachof appendix ZG of the RCM code to model the toughness of the material as a
function of temperatur@his single parameter model is based on the ZG 6110 cufiigsee

4) which must be indexe&dth the brittleductile transition temperature (RF) of the material.
In this approach, the toughness of the material is thus characterised,gy. its RT

/ 
EASAERl

w'_—_‘__l_‘,,r

T

200 KIC MPa vm +

2 v
=100 -80 =60 -4 -20 0 20 @ 60 & 100

FigureZG 6110

Courbe de ténacité de référence des aciers faiblement alliés couverts
par les specifications M.2110 et M.2120

I’expression analytique de la courbe est la suivante, dans le domaine T - RTypr < 60°C.
Ky = 4040,09 (T — RTygpyp) + 20 %08 (T~ RTiez)

ot Kyc est exprimé en MPa+vm , et T ainsi que RTnpr sont exprimés en °C.

Figured: ZG 6110curve of th(RCCM code
Reference toughness curve for low alloy steels covered by specifications M.2110 and M.2120
The analytical expression of the curve is as foll ows,
éeé
where KJICisexpress n é . a n gbr afe expressedTC

6 Reference Temperature for Nil Ductilitasitiondeduced from the drepeight and impact tests according to
sectionMC12400f the RCCM code The dropweight test is an impact bending test on a rectangular specimen
with a weld bead pretched with a saw
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According to thispproach, the effect of the positive macrosegregation, which tends to reduce
the toughness at a given temperature, also leads to an increase in the reference temperature
RTyor (Figure $.

In 2015, Areva NP had initially estimated that the shift woulksdehbn 70°C and more
probably about 35°C for the steels used in the Flamanvillee&B&B pressure veskebhd
domes, based on timpacttests performed on the material sampled from the centre of the UA
upper dome.

Ténacité (MPa.m1/2)

180
160 //
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Figure5: Effect of transition temperature shift on toughness

Effect of shift of transition temperature on toughness
Toughness (Mpaé.)

Shift of €.

Toughness reduction

Reference RTNDT Shift of RTNDT by X°C Temperature (°C)

2.2.2.1.Determination of minimum toughnesechamdcal properties in the positive
macrosegregation zone

In the Areva NP demonstration file, the determination of the mechanical properties of the
material in the positive macrosegregation zone and the minimum toughness in particular, is based
on theresults of a test programme run on three-soaleeplica dome¥hese tests, most of

which are destructive, cannot be carried out directly on the domes of the Flamanville EPR
reactor pressure vesseines.

The use of scalme replica domes requirdset Areva NP demonstrate that they are
representative of the domes of the Flamanviller&Rf®or pressure vedsehds.

Experimental programme

The objective of the test programme proposed by Areva NP, presented in the document in
referencg¢l?7] is toevaluate:
- the scope and the level of the carbon in the segregation zone, in order to locate the
material of use for thmechanicagroperties characterisation tests;
- the mechanical properties of the material in these areas of interest, affected by
positivemacrosegregation and mainly its toughness.

Three scatene replica domes were selected:
- an upper dome initially forged for the Hinkley Point EPR reactor project (UK upper
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dome, c apd eidn otUKe rest of the report);
- a lower dome initially forged fan EPR reactor project in the United States (UA
| ower domelwr6 ciah | e oUAsSt of the report);
- an upper dome initially forged for the same repaigct inthe UnitedStategUA
upper dome, réc dlnl etdnh ed U Ae Sespparformerd brea core por t )
sample taken from the centre of this dome, are the origin of the detection of the
anomaly at the end of 2014. This core sample was added to the programme in 2016
by Areva NP following the first results.

The test programme is presentedetail in part 4.1 of this report.
Representativeness ofdhe sepliea domes

The demonstration bfreva NPthat the scalene replica domes are representative of the
domes of the Flamanville EP&actor pressure vessehd domes, presentedeferencgl12]
relies on the analysis of two factors, linked to the manufacturing process and which are
predominant with regard to the risk of fast fracture

- the carbon content;

- the quenching efféctharacterised by the cooling rate during quenching.

Areva NP also compared the mechanical properties in the accaptaoteach of the domes,
including that of the Flamanville ERRctor pressure vessel

The demonstration of the representativeness of the various ddetagedn part 4.2 of this
report.

2.2.2.2.Determination of the adequate toughness to demonstrate the preclusion of the |
fracture

The adequate toughness was defined by Areva NP in 2015 as a minimum material toughness
value capable of meeting the critdrigppendix ZG of the RC® code to preclude the risk of
flaw initiation.This minimum value is calculated by considering:
- the largest technological flaw potentially presémd ireactor pressure vessesure
head and bottom head (see part 3);
- theloadsto which the flaws are subjected in the various operating situations (see part
5);
- the safety coefficients provided for in appendix ZG of theNM€a&de, which are
dependent on the situation category (see part 6).

2.2.2.3Comparison between the minimunandutjersssquate toughness

After determining the minimum toughness of thaterialand the adequate toughness to
demonstrate the preclusion of the fast fracture Arglva NPverifies that the first is indeed
greater than the second (see Figur@h6 comparison can also be used to determine the
margins with respect to the risk of fracture initiation.

7 For a steel such 46MND5,quenchig improves the toughness and impact strength properties
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Sollicitations Propriétés

thermomécaniques Démonstration du matériau
acquise si
Prise en compte des coefficients de securité S Programme expérimental
— Ténacité suffisante — Ténacité minimale du matériau

Figure6: General demonstration approach

Thermomechanical loadBemonstration confirmed if Material properties
Inclusionof safety coefficients Experimental programme
Adequate toughness Material minimum toughness

2.2.3. Fracture risk assessment in the ductile domain

Areva NPverifies thecorrectbehaviour othe reactor pressure vesssd domes in the ductile
domainby evaluating the toughness of the material on the basis of tearing tests on toughness
specimens produced5°Cand330°Cin order to cover all the temperatures encountered in a
reactor operating situation

Areva NP directly compares the toughnesss/aksulting from the tearing tests at these
temperatures:
- with thevaluesodified in appendiZG of the RC@M code;
- if the values codified in appendix ZG of the RCCode are not reached, at the
maximum loading calculated for a crack postulated worleeof interest for all
operating situations.

2.3. Position statements by ASN since 2015

2.3.1 ASN position statement following 8@ ESPNmeeting of 30 June 2015

The approach proposed by Areva NP in 2015 in the documents in reféi@aced18]was
the subject of an initiedviewby the rapporteur presented in the report in refefdhard an
examination by theP ESPNon 30 September 2015 which returnedpamonin referenc¢g]
on the following points:

- the acceptability in principle of approach designed to demonstrate the adequate
toughness of the Flamanville EPR vessel closure head and bottom head domes;

- the notion of adequate material toughness proposed by Areva NP and its method of
determination;

- the method of determination of minimumaterial toughness, which is mainly based
on a test programme, in particular the transposition to the FlamanvilieagEfoR
pressure vesssdmes of the results obtained on other domes;

- the comparison between the minimum toughness of the matetiaé aukquate
toughness, in particular the associated criteria.

On the basis of this review and this opinion, ASN issued a position statement regarding this
approach and presented its observations and its requests in the letter of 14 December 2015 in
refeence7].

Provided that its observations and requests are taken into account, ASN Arforaide that
it would consider the demonstratiapproachto be appropriate, owondition that the
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phenomenon in question is identified and explained and tkabtrledge acquired via the test
programme is sufficient to characterise the material

The ASN requests mompecificallyconcerned the igservice monitoring provisions to be
implemented othe reactor pressure vesmseld domes (see chapter 8).

ASN alsounderlined that this demonstration approach was based on the assumption of
satisfactory mechanical properties aithni@tness notably in terms of toughnesand that if

this hypothesis were not to be confirmed by the results of the tests perforheedoaihetne

replica domes, the demonstration file would need to be adésdofathe beginning of 2016,
Areva NP revealed that the segregation exceed#uiakingss of the domes and thus had to
modify its demonstration approach.

2.3.2 ASN position statement following 8@ ESPNmeeting of 24 June 2016

The changes to the approach proposed by Areva NP and to the test programme, along with the
first results, led to aBP ESPNinformation meeting on 24 June 2016, based on the summary
repat drawn up by the rapporteur in refergBt¢e

On the basis of the observations of @& ESPNin referencg9], ASN informed Areva NP of
additional requests in its letter in referd®¢and indicated to Areva NP that it had no
objection to the additn of a third dome to the test programme and to the changes such as to
substantiatthefile concerning theepresentativenesithe scal®ne replica domes.

In the letter in referenc|l0] ASN also asked Areva NP to extend the fast fracture risk
assessments to the postulated ismgacdlaws, under the cladding.

The table in Appendix 15 gives the requests in the letters in reféjemoe [10] the
undertakings made by Areva NP ml#tter in referen¢26]and the references of its replies
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3. Inspection by non-destructive testing during manufacturingsearch for
flaws potentially present irnthe reactor pressure vesselosure head and
bottom head

3.1.Recapitulation of requests made by ASN following th6&P ESPN sessions of 30
September 2015 and 24 June 2016

In the technical documentation for the domes of the Flamanville EPR reactor pressure vessel,
ArevaNP specifies the unacceptable flasdefined m requirement 3.4 of appendix | of the

ESPN order in referenf®). These flaws are recalled in Table 1.

Characteristics (end of

Quantitative and qualitative definition

Flaws Origin .
9 manufacturing) of unacceptable flaws
10 isolated linear flaws of dimension
. : reater than 2 mm within a 90° sector
Surfacébreaking Linear or rounded surface 2
exogenous flaw which can be isolate .
inclusion or linearly distributed A cluster of 5 or more linear or rounde
y flaws with a dimension greatiegan2 mm
within a surface area of 25(kcm
Steelmakin 10 isolated flaws of dimension greater
g than 10 mm within a 90° sector
Exogenous Plararor volume flaw . .
. L ) . ! A cluster of 5 or more flaws of dimensi
inclusion in the oriented in thdibre :
L greater than 5 mm regardless of its
volume structuredirection o )
position in the part and which cannot b
circumscribed within a surface area of
250cn?
Laps-internal Forain Surface flaw with open | Any visually detectable lindawlonger
cracks ging edges of any orientation | than 3 mm

Hydrogen related
flaw

Steelmaking and
precautionary heg

Planar flavparallel to the
fibre structurelirection

Any flaw identified as being due to
hydrogen, regardless of its dimension

treatment

Table 1Specificationf unacceptable flaws in the Flamanville EPR reactor pressure vessel
domes

Areva NPimplemented the following nalestructive test inspections to detect these flaws
duringmanufacturing

- avisual check on all surfaces during the various manufactunraghimihg phases;

- a dyepenetrant inspection of the inner and outer surfaces of the domes after final
machining;

- a volumeinspectionusing longitudinalultrasound waes (OL 0°) from the inner
surface and shear wa\€¥l 45°) after final machining or atsiage that is as
advanced as possible for the parts that cannot be inspected in the final state
Inspection by longitudinal waves was performed with a gain increaseddBy +12
with respect to the gain required by the RICgode.

The inspection performampresented by Areva NP is as follows:

- for flaws paralleb the surfacs, detected using the Ot probe calibrated on a flat
bottom hole of 3nm, detectability is guaranteed for flaw8 wim x 8 mm for the
lower dome of the Flamanville EPR reactor pressure vesseBama »fLOmm for
the upper dome of the Flamanville EPR reactor pressure vessel
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- for planar flaw perpendicular to the domsarface, Areva NP indicates that the
detection performangcee mai ns hi ghly dependentlf on th
the flaw is rough, detection of a flawdiofiensions 1mx 20mmis guaranteefbr
surfacebreaking orsubsurfacdlaws and for interhdlaws, if they are not too
disorientedIf the flaw is smooth, thespectiongannotguarantedetection for the
dimensions corresponding to the rough surface Tlagv.flaw however remains
correctly detectedthensurfacebreaking ohasa small ligaméhtn relationto the
surface, includingitlv a slight disorientation.

During the course of these inspections, Areva NP detectedicationnot conformingto the
criteria of the RC® code.Notable indications were however detected usirextiess power
ultrasoundsnspection (gain controldreased by12 dB, not required by thRCCGM codg on

the Flamanville EPR reactor pressure vessel lower domengioationsof dimensionless
than2 mm, positioed betwee0 mmand140 mmdepth from the outer wall, concentrated in
the centre of the dome). These inspection reports have been semippdtieur.

In its report in referend&] in preparation for th&P ESPNsession of 38eptember 2015, the
rapporteur did not call into agi®n the definition and substantiation of the unacceptable flaws
selected by Areva NP and shared diweclusions announced by Areva NP regarding the
detectability gblanar flaw. It also considered that the results of the inspections make it possible

to conclude with a reasonable degree of certainty that there are no unacceptable flaws in the
domes.

However, with regard to the surface inspection, the rapporteur considered that the most
pertinent inspection would have been magnetic particle, as regtivedASME code for the
material SA08. This surface inspection was not performed by Areva NP at the manufacturing
stageOnly the visual and dpenetrant inspections were carriedRerforrance ofa magnetic

particle inspection would have been ableinforce the confidence given by the other surface
inspectionsparticularly in the case of small sufaeaking, disoriented flaws, possibly filled

with oxide andhavinga smooth surface.

To make up for the absence of this inspection, Areva NRagkdm 2015 to provide data to
demonstrate the absence of suffmeaking flaws and ASN asked Areva NP to perform non
destructive surface tests on the Flamanville EPR reactor pressure vessel lower dome, other than
dyepenetrant.

Following analysis did initial results from the tggbgrammeAreva NP supplemented its file

with the addition of flaws postulated at thpearters thickness from the outer faider
informingthe GP ESPNof these elements at the session of 24 June 2016, ASN asked Areva NP
in a letter in referend@0]to carry out inspections to search for wotiding flaws on the
innersurfaceof the Flamanville EPR reactor pressure vessel lower dome.

8 Theligamentrefers to theportion of sound metal that exists between the top of a flaw and the surface of the
part inspected. The absencégafmenbr a smalligamenmeans that the flaw isssified as surfabeeaking
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3.2. Elements transmitted by Areva NP

3.2.1 Elements transmitted by Areva NP in response to its undertakings

Areva NP carried out all the ndestructive inspections it had undertaken to perfbine.
purpose of thesmspectionsvas to search for surfameaking flaws not detedtduring dye
penetrant inspections carried out during manufacturing.

On the lower dome of the Flamanville EPR reactor pressure vessel, Areva NP caloieg out
dyepenetraninspection in March 2017, that is with a penetrant impregnation timedtryeas

120 minutes andaevelopmentime of between 10 and @tnutesFor the Flamanville EPR

reactor pressure vessel lower dome, Areva NP also carried epéreettgat inspection in 2015
aftereliminatingmpact points (a few tens of millimetres) tduearbon content measurements

by optical emission spectrometry (see 44artl.4).This dyepenetrant inspection was not
performed on the Flamanville EPR reactor pressure vessel closure head owing to the risk of
introducing dygenetrant products into tigaps between the adapters and the closure head.

On the Flamanville EPR reactor pressure vessel closure head dome, Areva NP was able to carry
out magnetic particle inspection on the peripheral part outside the adaptarsiz®mentral

zone where the adapters are situated, which is also where the positive macrosegregation is to be
found, thisinspectionwas not performed for reasons of accessibility and because of the risk of
introducing the inspection product (magnwit) into the gaps between théapterand the

closure head.

In order to consolidate its file, Areva NP also sent the rapporteur the resulisspfettteons
performed on the UA upper dome by magnetic particle inspection and lpemedsant
inspeadbn and on the UA lower dome by magnetic particle inspection.

All of these inspections detected no indication exceeding the criteria of tiRCC-M code.
The results are presented in Table 2

Component Type of inspection Results

FA3 lower head dome Longduration dygenetrant 23 March 2017Conforming

FA3 lower head dome Dyepenetrant after spectrometry 5 February 201:5Conforming
FA3 upper dome Magnetic particle in peripheral zoy from 22 to 24 January 2018onforming
UA upper dome Longduration dygenetrant 25 March 2016Conforming
UA upper dome Magnetic particle before testing| from 21 April to 3 May 20X@onforming
UA upper dome Magnetic particle after testing from 26 to 30 March 20t&onforming
UA lower dome Magnetigarticle before testing | from 10 to 24 October 202 Tonforming

Table 2Non-destructive inspections performegaA r eva NPO6s undert ak

3.2.2 Elements transmitted by Areva NP in response to the requests made by ASN

3.2.2.1Inspections to search faladdieg flaws on thesumferef the Flamanville EPR
reactor pressure vessel lower and upper domes

In the letter in refereng¢®9] ASN asked Areva NP to justify the steps taken for inspection and
for prevention otindercladding flaws on the clad components of the main primary system.
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In its letter in referend20] Areva NP identified the flaws liable to appear under the cladding of

the innersurfaceafter the welding operatiorhese are flaws linked to coldaing (DSR) and

grain boundary decohesion (reheat cracking) (DIDRse flaws are preferentially situated

under the cladding in the segregation zones of the base metal and oriented perpendicular to the
surface of the cladding.

When the austenitic stetadding is deposited on the lower and upper domes of the Flamanville
EPR reactor pressure vessel, Areva NP followed procedpregent the appearance of such
flaws:

- a minimum preheat temperaturd 59°C;

- a maximum temperature between pas2&083;

- aminimum posteating temperature 250°C for at least four hours;

- cladding performed on the base of the domes ingot in order to be as far as possible

from the carbon positive macrosegregation;
- conditions concerning overlapping of weld passes.

ArevaNP verified the effectiveness of these provisiongdtiasoundnspections on the first
parts manufacturgdame base metal, same cladding welding process and same filldnisnetal).
verification did not however in principle concern parts with segregates.

ASN asked Areva NP to carry out an inspection of the same type on the domes of the
Flamanville EPR reactor pressure vessel.

This inspection carried out in the factory is based ounlt@soundexamination using
longitudinal waves anglatd70°. The procedure for this inspection requires that the indications
with an amplitude of greater than or equal to 50% of the amplitude of the echo from the
reference hole (flat bottom hole with a diameter of 2 mm) be noted and then charhrterised.
the 1980sAreva NP carried out tests to characterise the performance of this ultrasounds
inspectionand concluded that surface cracks larger than?Zannbe detected (value taken
from the report in referen¢®21). The results of these inspections performedemomes of

the Flamanville EPR reactor pressure vessel are presented in Table 3.

Component Type of inspection Results
FA3 lower head dom Ultrasounds 13 t0 15 December
(entire surface) DSR search inspection 2016
P Conforming
Ultrasounds
DSR search inspection 3to8 Februgry 2014
L Conforming
after stresselieving heat treatment
FAS upper dome Ultrasounds
(partiainspection) DSR search inspection 25 to 26 June 2015
after stresgelieving heat treatment and after Conforming

elimination of ridges

Table 3Non-destructive inspections performed in response to ASN requests

With regard to the upper dome, the entire surface could not be insfeetedpected zone
corresponds to 92% of the cladding of the dorhe. remaining 8% correspsni the
inaccessible zones defined in Figuréheé. enire centre of the dome, over a diameter greater
than 1.2 m was thus inspected, which covers the potentially segregated zone.
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Figure7: Areas not inspected on the upper dome of thealflalie EPR reactor pressure vessel

with regard to the search for undixdding flaws
Non-inspectable area

3.2.2.2Performance ofdeetructive testheoneactor pressurédoteselhead, other than
dygenetrant

ASN asked Areva NP to carry out w@structive inspectido make sure that the presence of

oxides which appeared during steelmaking, mainly on rough surfaces, did not mask the presence
of flaws during the dymenetrant surface inspection on the lowertaithe Flamanville EPR

reactor pressure vessel.

In the letter in referend@5] Areva NP specifietthat cracks could fill with oxides during the
heatingoperationgluring forgingHowever, between tleageof possible appearance of these
oxides andhe dyepenetrant inspection stage, Areva NP indicated that a significant thickness of
metal had been eliminated by machining, which renders the presence of these oxides unlikely.

Areva NP however initiated a programme ofdestructive inspections detect such flaws,
adopting a conventional qualification approddhs approach ensures that the active
photothermal camera (CPA) process selected by NReigaable to detect surfdmeaking
flaws 5mm in lengthdisoriented possibly filledvith oxides and possiblhavinga smooth
surfaceThis technique is compared with alternative methods in Table 4.

9 For information, during the examination carried out in 201 pgperteursharedAreva N s f i ndi ngs t h.
surface inspection in addition to those already performed could be envisaged on the outer surface of the upper
dome of the Flamanville EPR reactor pressure vessel, owing to the presence of the adapters
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Sensitivity
recmique | e | celing | JEienensl | anyosze | Ofenatr
. inspection : . : indications at depth
magnetic filled with oxides passes
particle
Laser ° °
thermography Yes Yes Yes 0° and 90
Yes
ult-[ ;)S';Bn ds Yes (managemen Yes 0° and 90°
of couplant)
Creeping wave e
ultrasounds Yes (managemen Yes Every 15
of couplant)
Eddy currents Yes Yes 0° and 90°
ACFM (eddy Yes 0° and 90°
current type)

Table 4Analysi®f performance of nedestructivénspectiormethods

Areva NP opted for a TOFD (time of flight diffraction) ultrasounds techniqseifuythe
indicationgletected with the CPA method.

The CPA method consists in locally heating the surface to be inspected using a focused laser
beam.The infrared emission from the surface doshe heating point is measutggdan
infrared detectoilhe flaws are detecteg the thermal barrier effect created by their presence.

Areva NP conducted a programme to demonstrate the performance of thermographic
inspection, presented in the document in refef@@¢eising mockups with surfacbreaking

type flaws ofl.5 mm x3 mm, Zmmx 5mm and10mmx 30mm, andsubsurfacélaws3, 5

and20 mmlong with ligamentvarying fronD.1 mmto 1 mm. This programmalsosimulated

the responsby a notch filledvith oxide and a notch filled with compacted iron ferrite powder.
Areva NP concludes that all of these flaws are detectable.

During the course of this programme, Areva NP compared the detection performance of
magnetic particle inspection and the CPA mellinadresults are presented in Table 5 and show
that the discontinués detected in magnetic particle inspection but not in CPA are those with
significant ligaments and a length oftlems3 mm.This table alsgives the results that would

have been given by a ghenetrant inspection, with surftceaking notches ofrdensions
greater than the sensitivity of the-plgeetrant method.

' Detection by magnetic Detection by DEEHE 19
Notch ligament Notch length particle inspection thermography dyepene_trant
inspection

0 mm 3 mm Yes Yes Yes

0 mm 5 mm Yes Yes Yes

0 mm 20 mm Yes Yes Yes

0.1 mm 3 mm Yes Yes

0.1 mm 5mm Yes Yes

0.1 mm 20 mm Yes Yes

0.2 mm 3 mm Yes Yes

0.2 mm 5mm Yes Yes

0.2 mm 20 mm Yes Yes

0.3 mm 3 mm Yes Yes

0.3 mm 5mm Yes Yes

0.3 mm 20 mm Yes Yes
Rapport ASNCODEP-DEP-2017019368 Rapport IRSN/ 201700011

31



04 mm 3 mm Yes
04 mm 5mm Yes
04 mm 20 mm Yes
0.5 mm 3mm Yes
0.5 mm 5mm Yes
0.5 mm 20 mm Yes
0.6 mm 3mm Yes
0.6 mm 5mm Yes
0.6 mm 20 mm Yes
0.8 mm 3mm Yes
0.8 mm 5mm Yes
0.8 mm 20 mm Yes
1 mm 3mm Yes
1 mm 5mm Yes
1 mm 20 mm Yes

Table 5Comparison operformance ahe inspection methods

The TOFD ultrasounds method was the subject of a technical demonstration file in reference
[23] The aim ido characterise the flaws described in the CPA method performance programme
This involves demonstrating the ability of the TQMasoundanethod tosizethe flaws
detected with the CPA method.

ArevaNP analysed the impact of the various influgmaigimeters (presence of oxides, flaw
geometry, flaw angle, implementation parameters) on the one hand usups nvidbksurface
breaking electreroded notches, or with variable ligaments and, on the other, by simulating
treatments and using engineezssssents.

Areva NP concludeshat when the CPA method has detected indications, the TOFD
ultrasounds casizethem when they are Trinx 3 mm or larger.

To verify that discontinuities that cannot be detected kpedgaant inspection, because they
are filled with oxides, are detectable with magnetic particle and thermographic inspection, ASN
asked Areva NP to inspect magls oxidsed by heat treatment using three methods (dye
penetrant, magnetic particle and CHAg programme proposed by Areva édRAsised in
producing four mockps, one for eacimspectionmethod (dyepenetrant, magnetic particle,
CPA and ultrasoundg).surfacebreaking flaw is located in each mgeKlength 5 mm, height
2.5 mm).These mockaps are then oxidisedfter several xidation testsusing anoven
oxidationtechnique combined with hot isostatic compre§shmeva NP was able to produce
mockups which demonstrated that flaws filled with oxides and not detecteepbgedsant
inspectionvere detected by magnetic plrticspection and the CPA methdte results are
presented in Table 6.

10 The hot isostaticompression techniggensists in subjecting the parts to simultaneous high pressure and high
temperature, in an ineatmosplere in order toincrease their compactnedsnfeationof internal porosities
which could give rise to indications detected bpeathetrant inspectin
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Technique Number of flaws detected
Dye-penetrant 0/4
Longduration dygenetrant 1/4
Field magnetic particle inspectior 4/4
Current magnetic particle inspecti 4/4
Thermography 4/4

Table 6Results obtained on four surflaceaking flaws mm long and 2.61m high, filled with
oxides

The Flamanville EPR reactor pressure vessel bottom head was inspected with the CPA method
by Areva NP from 16 August to 27 September Ealléwing this inspection, Areva NP noted
six indications with a thermal signature requiring characterisation.

Areva NP characterised these indications by means of a visual inspection, given the fact that
these indications were surfboeaking and noilled with oxideThe visual inspection report
concludes that the six indications a@iformitywi t h ' krigerion @&f ¢he procedure in
referenc¢24]

3.3. Position of the rapporteur

Theinspectiongperformed by Areva NP on the domes of the Flamanville EPR reactor pressure
vessel prior to its commissioning are presented in Table 7 and Table 8.

1 Noncompliant with criterion 0A6 are i mMpmmts, scratch

Rapport ASNCODEP-DEP-2017019368 Rapport IRSN/ 201700011
33



Inspected . . Inspection context and reference
Component P Type of inspection Results pect . X
area requirements
Outer and .
. Conforming
inner faces . o
) Dyepenetrant No linear indication greater than
after final
L 1mm
machining
November 2007 Conforming Inspections performed during
0° longitudinalvave A few point indications below the| manufacturing in accordance wi
Volume ultrasounds improved notation threshold, the RCGM code andnternally(see
from the inner face | equivalent to the flat bottom hole @ §3.1 ad [5)).
diameter 2 mm
45° shear wave .
November 2007 Conforming
Volume ultrasounds N
. No indication
from the inner face
Lonaduration dve 23 March 2017Conforming Inspections performed in
Outer face ¢ 4 No linear indication greater than accordance with the Areva
penetrant . .
1mm undertakings following tl&P
5 February 2015Conforming ESPNof 30 September, as per t
Dyepenetrant after ) R o
Outer face No linear indication greater than| criteriaof the RC@M code (seg
FA3lower spectrometry
d 1mm 3.2.1and[26).
ome
Ultrasounds
Volume DSR search inspectig 13 to 15 December 2016
(entire surface) Conforming Inspections performed at request
(see83.2.2.1 ASN
Active photothermal 16 to 27 August 2016 as per specific critefi0]
Outer face camera Six indicationsonformingafter visual
(see83.2.2.2 characterisation
0° longitudinal wave
ultrasounds 13 June 201-7Conforming
Volume from the outer face e
. No notable indication
over a diameter of .
Inspections performed at request
1600 mm rapporteur during review
45° shear wave i 9
ultrasounds (sees73
Volume from the outer face 14 June 201-7Conforming

over a diameter of
1600 mm

No notable indication

Table 7Summary oihspectionperformed by Areva NP on the Flamanville EPR reactor
pressure vessel lower dome
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Inspected . . Inspection context and reference
Component P Type of inspection Results pecti . X
area requirements
Quter and .
inner faces Conforming
. Dyepenetrant No linear indication greater than ]
after final mm
machining Inspections performed during
0° longitudinal wave ] manufacturing in accordance wi
Volume ultrasounds from the Octob(:,\lrozi(:](();c(;?ig;ormlng the RCGM code andhternallysee
inner face §3.1and[5).
45° shear wave October 2007 Conforming
Volume ultrasounds o
. No indication
from the inner face
Inspections performed in
. d ith the Al
) L 22 to 24January 201&Conforming accor ?‘”Ce w . e Areva
Outer face Magnetic particle in No linear indication areater than undertakings following tie&P
FA3 upper peripheral zone L mm 9 ESPNof 30 September, as per th
dome criteria of the RC® code (seg
3.2.1and[26).
Ultrasounds
DSRsearch inspectiol
| after streseelieving 3 to 8 February 2014
Volume heat treatment Conforming
(partial inspection as ) )
per Figure 7) Inspections performed according
Ultrasounds ASN requests
DSR searctmspection as per specific criteria (8§622.2
after stresgelieving and[10).
heat treatment and 25to 26 June 2015
Volume after elimination of Conforming
ridges
(partial inspection ag
per Figure 7)

Table 8Summary oihspectionperformed by Areva NP on the Flamanville EPR reactor
pressure vessel upper dome

3.3.1Inspections performed during manufacturing

The rapporteur confirms its conclusions of 2015 recalled in sectithre $érformance and
results of theinspectiongperformedduring manufacturing enable one to conclude, with a

reasonable degreeceftaintythat there are no unacceptable flaws (see table 1) in the two domes

of the Flamanville EPR reactor pressure vessel.

It however recallthat the nondestructive tesnspetions performed in the factory during
manufacturing are not subject tqualificatiorrequirement in the same way asptioeesses
used for irservice inspection, as per the order of 10 November 1999 in r¢frence

3.3.2 Additional inspeains of the outesurface of the domes

I n

response

t o

t he

rapporteu

r 0 sinsgectiensrttheo n s

Flamanville EPR reactor pressure vessel domes to ensure that nbreaieceor subsurface

flaw was present.
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The rapporteur considethat the presence of surfaceaking flaws filled with oxides on the

outer surface of the domes remains improbable for the upper and lowerEdemeisough
stresgelieving heat treatment operations were carried out after {pendtrant inspections
performed at procurement of the domes, their surfaces were machined with no areas of
roughness liable to trap oxides.

The rapporteur alsoonsiders that the inspections performed on the outer surface of the
Flamanville EPR reactor pressure vessel lawee dre able to detect these sutbaeaking

flaws. The results obtained demonstrate the absence of harmfulAfiwslso delegated
third-party organisatiolo monitor these additional inspectidngts reports sent to ASKkhe
third-party organisiain found no nonconformity in the application of the Areva NP procedures.

It should be noted that, for the Flamanville EPR reactor pressure vessel upper dome, in its letter
in referencg7], ASN shared the findings of the manufactiirerh e rirsgeEghin adalition to

those already performed, related to the approach to demonstrate the presence of a positive macro
envi saged on t hevepthoagh the risleof theepseserck of suttaeeking e h e a
flaws is low on thé-lamanvilleEPR reactor pressure vessel closure head, the rapporteur
considers that the lack of additional inspection of the outer surface of thisedorhthathe

absence of sudebreaking flae/could not be confirmethore particularly if they are filled with
oxides.The absence of thtgpe of faw in the upper dome of the Flamanville EPR reactor
pressure vessel cannot therefore be guaranteed with as much certaintyasdodtmed.

3.3.3 Additionalinspections$o search for undedadding flaws on the domes

The rapporteur considers that thepectionperformedto detect undecladding flawsn the
Flamanville EPR reactor pressure vessel domes are appropriated&iedti@ of flaws
potentially initiatedby the weldingoperationson the austenitic stainless steel clad@igbl
delegated thirdparty organisatiol® monitor these inspectioms.its reports sent to ASkhe
third-party organisatidiound no nonconformity ithe application of the Areva NP procedures.
The rapporteur considers that the presence of flaws with dimensia@osfaohingto the
criteria of the technicgpecificationsan be ruled out.

The rapporteur notes that in the case of the Flamanville EPR reactor pesssiriesure
head, theinspectioncould not be performed on the entirety of the wall concerned (92%
covered)However, the entire potentially segregated zone was inspected.
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4. Characterisation of the material
4.1. Test programme

The test programme, described in the document in refdf8jcaims to evaluate the
mechanicaproperties of the material necessary for analysing the mechanical strength of the
Flamanville EPR reactor pressure vessel domes.

It consisted primarily in determining the toughness properties in the positive macrosegregation
zone, so that they can be pamed with the properties in the acceptance?ztaléng account

of this in the fast fracture risk assessniéet.positive macrosegregation first had to be located

and its scope and depth determined.

Zone de ségrégatio
majeure positive
_— Zones de recette

Figure8: Crosssection of a domedentification of acceptance and segregation zones

Positive macrosegregation zone
Acceptance zones

Given that the destructive tests cannot be performed on the domeds-EnihavilleEPR
reactor pressure vessel, because they theunlcenderthemunusable, the destructive tests in
the programme were performed on samples taken from threenscadplica domes, the UA
and UK upper domeandthe UA lower dome

4.1.1 Programm@erformed by Areva NP

4.1.1.1Content of the test programme

The Areva NP programme presented aGiRee SPNsession of 30 September 2015 comprised
tests on the UK upper dome and the UA lower dome,spitbimensampled at orguarter
thickness and mithicknessin the positive macrosegregation zone and @fuanter thickness

in the acceptance zoiiée quartethickness is understood to be starting from the outer surface
of the domes, corresponditagthe top of the ingot.

Moreover, the core sample of matesampled from the centre of the UA upper dome, at the
origin of the discovery of the anomaly in 2014 and the demonstration file proposed by Areva
NP, was the subject of additional investigations in early 2016. The material of this core sample
was charaetised over its entire height by means of carbon content measurements through
sampling ometalchips andy impacttests.

Following the initial carbon measurements in the thickness of the first tvomesaalglica
domes, as well as the bending rupgnezgy measurements at-thidkness of the central core
sample from the UA upper dome, Areva NP incorporated the UA upper dome into the test

12 Zonedefina by the manufacturing coordinates system in which the mechanical properties are tested
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programme during the course of 20& mechanicaksts were also extended to tuearters
of the thickness dhe UA lowerandupper dome$

The three scalene replica domes underwent the following tests for each depth of interest in the
positive macrosegregation zone:
- impact tests to establish a transition curve and determind.the and
Tee; " transition temperatures
- dropweight tests to establish@,* transition temperature;
- additional impact tests in addition to the dvemht tests to establish a
RT,or  transition temperature;
- fracture dughness tests in the brithectiletransition domain (CT12,5 specimens) to
characterise toughness versus temperature;
- tensile tests, associated with fracture toughness tests at the temperatures of the
transitiondomain
- fracture toughness tests in the ductile do(@di@5 specimens teste®d@°C, at the
temperature of the periodic requalification tests and at 330°C, a temperature close to
the reactor pressure vessekrating temperature), in order to evaluate the ductile
tearing resistance;
- tensile tests, associated with the ductile getsts, also performed at 50°C and
330°C;
- tensile tests at ambient temperature, to compafethee elongation values with
the 20% valumentionedn point 4of appendix | of the ESPN order in referefi3te

Tests in the acceptance zone of the thrakone replica domes and the two domes intended
for the Flamanville EPRactor pressure vessere carried out:
- impact tests to establish a transitianve
- fracture toughness tests and associated tensile tests, necessary for interpretation of the
fracture toughness tests.

These tests supplement the initial acceptance tests (tensile, impactvesididrogsts at one
quarter thickness from the inrserrface performed amanufacturef these domedetween
2006 and 2013.

Table 9 summarises theture and number of tests in the peegrammeperformed in 2016 per
area of interest in the domes and identifies the laboratories in winathiamicalests and
chemical analyses were performed.

13 The UK upper dome was not selected owing to a carbon content-gutrtees thickness lower than those of
the UA domes
14 See definition of acronyms 3.
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Calotte FA3 inf | FA3 sup UK sup UA inf UA sup
Température Zone | Zone | Zone | Zome | Zome | Zome | Zome | Zome | Zome | Zome | Zone | Zone | Zone | lotalpartipe
Essais de de de | séprépée | séprépée | de | séprépfe | séprépde | séprépée | de | séprépée | séprépée | séprépée d'essa
recette | secette | recette | 1/4ép | 1/2ép |recette| 1/4¢ép | 1/2ép | 3/4ép | recette | 1/4ép | 1/2ép | 3/4¢ép
Résibence (courbe de transition) | varable (dont 0°C) 18 18 18 72 52 18 36 36 36 18 36 36 36 430
Résihence (pour RTwpr) fonction de Trnpr / 2512 2<12 12 12 12 2x12 2x12 12 144
Ténacité (ductle CT 25) 50 et 330°C 6 6 6 12 8 6 9 9 9 6 10 10 10 107
Ténacité (fragile CT 12.3) Vanable 40 40 48 144 34 38 72 T2 48 20 74 T2 43 300
Traction 50 et 330°C 2 2 2 2 2 2 2 2 2 2 2 2 2
Traction Ambiante / ! / 3 3 / 3 3 3 f 3 3 3 136 + 9 en peau
Traction & T° de transition Vanable 6 6 [ 14 [ 6 & [ [ 6 6 [ 6
Pelln: Vaniable 2x8 258 3 3 3 2x8 28 8 96
Analyse chimique 18 18 T4 286 193 19 143 147 122 17 167 169 121 1503
Total par zone (hots analyses chmmuques) 72 72 30 287 195 0 148 148 124 52 171 169 125 1722
Centre technique AREVA GmbH a Erlangen (Allemagne)
SCK_CEN a Mol (Belgique)
AMEC (Royaume-Uni)
AREVA NP a Saint Marcel
FILAB i Dijon
Table 9Summary of test programme per dome andaeivpr
Calotte = dome
Essais = Tests
Zone de recette = Acceptance zone
Zone ségregée = Segregation zone
XXX inf = xxxlwr
XXX SUp = Xxoupr
Tot al par type ddessai = Tot al per type of test

Impact (transition curve)variable (incl. 0°C)
Impact (for RTNDT) function of TNDT
Fracturgoughnesg¢ductile CT 25)50 and 330°C
Fracture toughness (brittle CT 1¥&)iable

Tensile 50 and 330°C
Tensile Ambient
Tensile at transition temp. Variable
Drop-weight Variable

Chemical analysis
Total per zone (excl. chemical analyses)

AREVA GmbH Technical centre in Erlangen (Germany)

SCK CEN in Mol (Belgium)
AMEC (United Kingdom)
AREVA NP in Saint Marcel
FILAB in Dijon

136 + 9 orsurface

4.1.1.2.Preparation and characterisation of the material

Before the test programmvas performed bireva NPthe followingoperationgoncerned the

scaleone replica domes

- the extent of the positive macrosegregation zonedetesminedfrom carbon
contentmeasurementaken on the outer surface by optical emission spectrometry

- thedomes were cut into halbmes along the segregated zone axis;

- the depth of the positive macrosegregation zone was determined by macrographic
examinatiomndmeasurement of the carbon content in the thicknélss sxfaleone
replica domes by optical esios spectrometry;
- the segregation zones in the-tlathes were cut into 400 mm x 428 blocks;
- the blocks werthencut into slices at the various depths of interest (gtraclaress
from the inner surface, midickness and thregiarters thickness);
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- the surface of the slices was characterised by measuring the carbon content using
optical emission spectrometry, confirmogdneasurements obtainednietalchips
sampled at certain points, charactetigedfrared combustiomand confirmed by
macrographiexamination, in order to define the samples sampling plan in each slice.

Figure 9 represents the various steps involved in preparing the material -oha segliea
dome for the tests to characterise its mechanical properties.

|
/,
/

Figure:St eps i n the prepar adonoend osft aag ed othoe tfhreo ns
plan

Figure 10 illustrates the position of the slices at the various depths of interest, with the nature of
the tests associated with eacle sli

N° de la tranche

40 I _"_’__/-—) Tranche peau supérieure : Traction
I — - } — 1

s epaisseur - Pellini + résilience (RTypy)

s épaisseur - ténacité — résilience - traction

|
i | § 2 épaisseur - ténacité — résilience - traction
2 épaisseur - Pellini + résilience (RTypy)

‘ Slices for RTHNDT determination
[] " slices for mechanical tests
s Slices for mechanical tests In the external surface

Figurel( Cutting slices from blocks of segregated material
(exampleUK upper dome)

Slice N°

Uppersurfaceslice: Tensile

V4 thicknes$ drop weight + impact (RTNDT)
Y thickness$ fracture toughnegsimpactd tensile
% thicknes$ fracture toughnegsimpactd tensile
Y thicknes$® drop weight + impact (RTND)
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Figure 11 illustrates how the sampling plans are defined for the test samples using macrographic
examinations and mapping of the carbon content on the stites/atious depths of interest,

taking the example of ecgearter thickness of the UK upper dodygpendix 9, Appendix 10

and Appendix 11 give all the carbon content maps produced during the test pragrdneme:

surface of the five domes, at depth irtlihee scatlene replica domes and on the surface of the

slices at the various depths of interest.

Figurell Sampling plan at omgiarter thickness of the UK upper dome
The values mentioned correspond to the carbon cgintény

Finally, Figure 12 summarises the operations in the test programme pebiprmed
ArevaNP, from characterisation of the positive macrosegregation zone up to storage of the
material remaining after tippogrammeas well as itkcationand the indusal sites and
laboratories which participated in pinegrammeCertainoperationsvere subcontracted by the
entities mentioned, such as cutting and machining, carbon content measurement by optical
emissiorspectrometrand fractographic assessments.
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