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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
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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
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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.

Gz 1 2 3 4 5 & 7 8 5 10 11 121

0230240250250,25025 0,250,250,250,250250,24 M2

A
0,23 0,24 0,25 0,25, 0,25 0,25

0,23 0,24 0,25

B
4

» 023024025025
¢ 023023024025
¢

0,23 0,23 0,23 D,25|

= =

. 025024024025
2ATD2

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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AMEC Usinzge des Essais
ouvettes mécanigues
GB > - ioes ]
SCE Usinage des - Eszais |
Mol éprouvettes mécaniques
. Caracténsation delz
scoupe _— ségrézati susfa
AREVA des trenches maccosegiegation en sudace Al (Usinagedes 3 Essain |
Ex des tranches par mesures de /] = o _
gen teneur en carbone (SEO) epromveties = qaes
et macrographies
Découpe en blocs
400 me X 400 mm Prélévement de
AREVA NP Usinage et |y copeass sue 3 Stockage de la
- Sai;'n T Définition des plans de peéparation des —3 Essais éprouvettes testées matiére restante
. . . prélévement des éprowvettes éprouvettes Pellini (éprouvettes et
Mascel Tiaitement themique dessais mécaniques " Pellic chtes)
54 ‘
Découpe en blocs 4
B00 mm X 400 mm
Camacténsation et localization dela
macroségrégation dans Pépaisseus
- par mesures de teneur en cartbone
SLADIEMRL (par SEQ) et maccogsaphies
Creusot Forge ’
Deécoupe en demi-calottes
Localisation dela
macroséprégation par mesures de
teneur en carbone en peas exteme
Y v
Analyzes chimiques (par Analyzes Anales
FILAR CIE) pour la caractérization  Chimigues (par CIR) poucla dmmi- e "C'D;“ lite chimiones e
- et localisation dela casactésisation dele e o
Dijon eiorémation dans macroséerdoation en surface sur lot d'éprouvettes toutes les
amasEgThon G e : (ICP-AES) éprouvettes (CIR)
Fépaissens des tranches i ! S
Laboratoires 3 - Expemses.
dexpertisas (frctagmphic
P métallographie)

Figurel2 Running the test programme on soakereplica domes

By column

Cutting slices

Cutting into blocks 400 mm x 400 mm

Stress relieving heat treatment

Cutting into blocks 800 mm x 400 mm

Characterisation and locatiomudcrosegregation in the thickness by measuring the carbon content (by OES) and
macrography

Cutting into haltilomes

Location ofmacrosegregatioby measuring carbon content on osteface

Characterisation of the macrosegregation on the surface of thy slieasuring the carbon content (by OES) and
macrography

Definition of mechanical test samples sampling plan

Chemical analyses (BL) for characterisation of the macrosegregatidghe surface of the slices

Machining of specimens
Machining of specimens
Machining of specimens
Machining and preparation of dnwpight specimens

Mechanical tests
Mechanical tests
Mechanical tests
Drop-weight tests

Sampling of metal chips on tegpdcimens
Complete chemical analyses on batch of specimenSHE}P
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Assessments (fractograjphgtallography)

Storage of remaining material (specimens and discards)
Chemical analyses on all specimens

Laboratoires dbéexpertise = assessment | aboratories
4.1.1.3Choice of test and assessment laboratories

Areva NP used three laboratories accredited in accordance with standard NF EN ISO/CEI
17025, two of which were independent of the Areva NP group, for performance of the
mechanicgiroperties characterisation tests:

- the Areva GmbH technical centre in Erlangen, Germany;

- the SCK.CEN in Mol, Belgium;

- the AMECIaboratoryn the United Kingdom.

The dropweight tests were performed by the Areva NP plant ilV&aitelin order to identy
implementation conditions in identical industrial environments and according to the same edition
of the ASTM E208 standard (1975 edition required by thdvR&de and little used in the
laboratory), for all the tests which provided results usedila.the

The metallographic and fractographic assessmenpeviengnedin the three laboratories in
charge of the mechanical tests and seven other laboratories, four of which are independent of the
Areva NPgroup

- ArevaNP in SainMarcel;

- Areva NPtechnical centre in Le Creusot;

- Areva NP technical centre in Siilarcel;

- CRMC Arcelor Mittal in Le Creusot;

- Bureau Veritas Laboratoiresin S@mte n | 8 Aum?! ne;

- Bureau Veritas Laboratoires in Pessac;

- Filab in Dijon

4.1.1.4Carbon content measurement methods

Areva NP utilised two carbon content measurement technigues to characterise the positive
macrosegregation of the domes, for which the uncertainties were estimated using the method
described in the document in referdth2g
- optical emission spectrometry (QESerformed directly on the domésevaNP
evaluates the uncertainty of this portable techniqu&sd6 £or the instruments and
the procedure of the outside contractor selected antidéb for the instrument and
the procedure used by the ArevapgePsmnel;
- infrared combustioRC)"*: for this technique requiring the sampling of material
chipssubsequentlgnalysed by the independent Filab laboratory, the measurement
uncertainty is evaluated a6%.

In addition, the carbon content was measured on each specim&arég combustioon

15 This nornrinvasivetechniqueis based on theublimationof the material producing a light spectrum, the
wavelengths of which are characteristic of the chemical element in question and the light intensity of which is
linked to theconcentratiomf the chenical element contained in the steel

16 This locally invasiveechniqueis based on theombustionof the material and measurement of the gases
produced by infrared absorption
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metalchips by the external Filab laboratory.

The Filab laboratory is accredited in accordance with standard NF EN ISO/CEI 17025 for
chemical analyses by infracedthkustion as well as for complete chemégellyseperformed

on a b&ch of specimens, using the KBES' technique, the reference technique, in order to
verify the correlation between the content of the other alloy elements with that of carbon.

4.1.1.5.Thermal agg

AREVA considers that the pressure vessel upper and lower domes are not subjected to
irradiation ageing.he reactor pressure vessel bottom dome is separated friomwetheore

plate by more than a metre of water and the fast neutron flux i$@méemn?s (as compared

with a flux of10° n/cm?s at the core she)lsThe upper dome is separated from the tapeof

reactor core by mornan 5 metres of water, which reduces the flux by an additional few
decadeds-or such levels of flux and therefoféuence, no irradiation damage is expected.

The potential ageing mechanisms for the steel in the domes are thus strain ageing and thermal
ageing, which lead toraductionin fracture toughness over tinthis reduction can be
expressed byshiftin the RT,; in relation to the initial RJ;.

The thermal ageing phenomenon istduke diffusion of phosphorus at the grain boundaries,
which weakens the grain boundaries and thus increases thiubitiittléransition temperature.
EDF summasedavaildle knowledge on thermal ageing due to diffusiembfittling elements

at the grain boundaries, in referd@2¢

On the basis of this summary, Areva NP and EDF consider that a flat rate shjft iof RT
+15°C covers the thermal ageing and strain ageing effect on the fracture toughness properties of
the steel in the Flamanville ERRctor pressure vessemes for 60 years of operation.

Areva NP and EDF nonetheless proposed carrying out a progamorgtor the behaviour at
temperature of samples taken from the positive macrosegregaticso zbaénitial results
equivalent to 60 years @erationare available on the occasiorthef first teryeary outage
inspection of the Flamanville EPRctea

This test programme, in referef8@] consists in using impact strength specimens taken from
the segregated material of the UA upper and lower domes (@sudatafor upper dome and

at midthickness for lower dome) to establish transitioregurvthe brittkeluctile transition
domain.

Three specimens are tested at each of the six predetermined test temperatures, in a reference
state (not aged) and in the aged state for the two domes tested.

The aged state is obtained by means of accekgatad heat treatment at a temperature of
375°C, higher than the operating temperattimeh does not exceed 330TGe ageing time
equivalent to 60 years of operatiastanatedy EDF at 39,0000urs, or less than 4.5 years.

The impact test specingewill be sampleddm zones containing tmeaximumphosphorus
level recorded in the test programme on the@galeeplica domes, or about 0.008%.

17 Inductively coupled plasma atomic emission spectroscopy.
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4.1.2 Position of the rapporteur

4.1.2.1.Content of the test programme
Characterisation of the pusitivsegregation

The characterisation and the test programme were similar for the thires seqiiica domes,
in accordance with Areva NP undertaking im°the letter in referenf&s]

The rapporteur considers that the characterisation procefsr useddomes by AreWP via

carbon content measurements at different planes, using measurement methods with estimated
measurementincertainties, allowed an adequate and satisfdetamtion of the spatial
distribution (position and scope) of the fpasimacrosegregation and its maximum carbon
content.

Adequacy ofphegramnvéth the material characterisation objective

The scope of the positive macrosegregation zone on the thremescaf@ica domes enabled
Areva NP to take the required numblesamples, with no restrictidviore specifically, despite

the lesser thickness, dnepight test specimens were able to be sampled from the UA lower
dome.

No sample was taken at thoemrters thickness of the UK upper dome owing to the carbon
content(less than 0.20%)at islowerthan those of the UA domes at this depth (about 0.26%).

The rapporteuconsidershat ArevaNP engaged a numberspfecimeng the test programme
that was sufficient to:
- determine th&ransition curve and the Jand Tg,transition temperatures of each of
the scal®ne replica domes;
- determine the (| transition temperature of each of the smadereplica domes;
- determine the RJ; transition temperature of each of the swadereplica domes;
- evaluate the ductilearing strength of each of the soale replica domes;
- determine the transition temperature resulting from the fracture toughness tests on
each of the scate replica domes.

The adequacy of the tgsbgrammaes also analysed in the light of the pnégation of the test
results in sectioh 3.8

Heat treatment

The testcouponsfor the three scalene replica domes received simulated -sélésgng heat
treatment equivalent to that actually undergone by the domed-nthavilleEPR reactor
pressure vessel, in accordance with Areva NP undenta&inghe letter in referen{26]

Positioning of specimens

During the dome preparation steps and untildénition of the sampling plans, specimens
were associated with regular hold points ligg8iSN after analysis of the dansmittecby
Areva NP,in accordance with requests5 and 6 in the ASN letter in referen¢é]. The
rapporteurconsiderghat the speciens were sampled from the cof¢he segregated material
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and allow characterisation of its mechanical properties, as confirmed by theartadysies
performed on each specimen tested.

4.1.2.2.Choice of test laboratories

The rapporteur notes that:

- in accordace with request® 7 in the ASN letter in referenfd, Areva NRcalled on
a laboratoryndependenfrom Areva NPand accredited in accordance with standard
NF EN ISO/CEI 17025to carry out the chemiaatalyseBy infrareccombustioras
well as for the complete chemical analyses usin@Rh&ES technique ometal
chips

- in accordance with request n° 8 of the ASN letter in refdi@ndeeva NP used
three laboratories accredited in accordance with standard NF EN ISO/CEI 17025,
two of whichare independent of the Areva NP group, for performance of the
mechanicaksts.

For the test programme, the Ar&mabH laboratory irErlangercarried out
- tests on the segregation zone of the UK upper dome;
- tests at onquarter thickness of the UA uppleme;
- all the ductile tearing tests in Segeation zone of the three scalae replica
domes.

The rapporteur found no inconsistency in the results of the tests performed by the Areva GmbH
laboratory, by comparison with the results obtained by tHabwvatories independent of the
Areva NP group.

The rapporteur did not question the choice by Areva NP to entrustdaittitetearing tests to
the same laboratory, given the fact that the SCK.CEN and AMEC laboratories were not able to
perform the tds at 330°C.

ASN conducted an unannounced inspection of the Areva GmbH laboratory in Erlangen,
Germany, to examine the technical and organisational conditions implemented for performance
of the mechanical tests entrusted to this laboratory by Areido MRjor point was observed

in the performance of the tests anthe management of the laboratory (A&@ectiorfollow-

up letter in referen¢27).

As for the dropweight tests, the rapporteur does not question the choice by Areva NP to entrust
them tothe Areva NP plant in Saidiiarcel, in order tguarantesimilar testing conditions for

all the results presented in the 8N carried out an inspection on the preparation of the
specimens and performance of the drop weight tests in the Arevathif® pdamiMarcel, and
observed a deviation with no impact on the file (lSpectiorfollow-ups letter in reference

[28).

Moreover, the steps in the process described in Figure 12 were monitorédrdparty
organisatiodelegated by ASNhispoint is detailed in section 4.1.3 of this report.

4.1.2.3.Evaluation of uncertainties in the carbon content measurement

The rapporteur considers that the uncertainty values associated with the carbon content
measurements adopted by Afdiain its file are aeptable.
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The rapporteur states that these uncertainties are specific to the techniques, irssttuments
procedures evaluated by Areva Q@nsequently, these results cannot be applied to any other
configuration not coverdyy the evaluations carried oytAreva NP.

4.1.2.4Thermal ageing

The study of theffectof thermal ageing, using changes in the bending rupture energy properties
is a welkstablished, state of the art pracfidee rapporteur therefore considers that the
transition temperature shift obtnfrom a test programme is a pertinent indicator for
evaluating thermal ageing and thus the minleuaring rupture energy of the material.

For the thermal ageing studies, the transition temperature conventionally usged is TK
(temperature corresponding to a shock bending energy of 56 Eidifef)erefore proposes
utilising the results of thmpacttests of the ageing programme, considering, Tid enable

these results to be compared with the impact tests performedidutasy programme on the
Flamanville EPR reactor pressure vessel domes, EDF agrees to provide,, thaluék
corresponding to the transition curves of the -sca&lereplica dome§9] The rapporteur
considers this undertaking to be satisfactory.

The rapporteur considers the number of specimens and the number of transition curves, at the
ageing temperature chosen by EDF, to be adequate for establishing the shift in fracture
toughness properties linked to thermal agEimegnumber of specimens is nbtadguivalent to

what is used to monitor the behaviour of pressure vessel steel in the irradidtmt emres,

the rapporteur had no particular comments on the choice ebrseakeplica parts for taking
samples, insofar as it is primarily deternfipétte phosphorus content, recognised as being the
main contributor to the phenomenon of thermal ageing.

The rapporteur considers that the accelerated ageing test temperature of 375°C chosen by EDF,
enables the first results to be obtained before theefirgearly outagespectionof the

Flamanville EPR reactor, without moving too far from the actual operating temperature.
However, thermal ageing of a heavily segregated pressure vessel material has never yet beel
studied An extension of the programrteea temperature closer to the operating temperature
would be able to confirm that the metallurgical phenomena taking place during accelerated ageing
are indeedepresentativef the phenomena postulated at the operating temperatures.

The rapporteur congders that the thermalageing programme must be supplemented
with a batch of impact test specimens thermally aged at a temperature as close as
possible to the reactor operatingconditions and in any case below 350°C, with all the
other test conditions (scaleone replica domes concerned and protocol for determining
the transition curves) being equivalent to the programme proposed at 375°C.

To supplement theproposedprogramme at an ageingemperature of375°Cfor about 4.5
years,EDF agreedd at the request of therapporteur d to take 18additional samples from
the outer surface of the scaleone replica UA upper dome, to produce a brittleluctile

domain transition curve from the impact tess. These specimens will undergo ageing
heat treatment at a temperature of 350°C for about 17 yeff8]. The aged material
bending rupture energy transition curve will beestablishedover the same timeframe

[79]. The rapporteur considers this undertakindo be satisfactory.
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4.1.3. Monitoring of the test programmedthirdparty organisatiatelegated by ASN

4.1.3.1Monitoring objectives and methods

The Bureau Veritas Exploitatiborganisation was delegabgdASN to evaluate compliance
with the methods and conditions for performanddefest programme by Areva NP on the
various domes, as well as for the carbon cansagurements the Flamanville EPR reactor
pressure vessel domBareau Veritas Explditan is qualified by ASN to perform this type of
monitoring. This qualificationwas issued following an audit and compliance with the
qualification conditions is regulamspectedby ASN.

The scope of the mandates gitceBureau Veritas Exploitationnsprised documentary reviews
and monitoring in the field.

The documentary reviews concerned:

- analysis of the impact of changes to the test standards utdisexblyiP;

- verificationof the scope of accreditation of the laboratories;

- verification of theconsistency of the technical documents produced by Areva NP
with the basic documents transmitted to ASN (specimens sampling plans in
particular);

- traceability of the results in the documentation (consistency of laboratory reports with
the operationgperfomed and consistency of the test results entered in the Areva NP
files).

Monitoring in the field, presented in detail in section 4.1.3.2, was carried out on all the sites on
which the test programme material was present (shown in Figure 12), in acsibtindidrec
sampling rules validated by ASN.

This monitoring in the field concerned:

- metrological verification of the measuring instruments usegrdgremme

- verificatiornof the qualification of the operators involved in performing the tests;

- verificaion of compliance with the standards invoked by the documentation
applicable to the programme;

- verification of compliance with the conditions and methods for implementation of
the programme, iaccordancwith the documentation applicable to the programme
(sequence obperations material conservation during the programme and final
storage);

- verification of the traceability and conservation of the materials (discards and
specimens).

Furthermore, whenever deviations were identified, Bureau Veritas Expkstatd a decision
on:
- the processing of the detected deviations by Areva NP and its subcontractors;
- the answers provided by Areva NP when processing the deviations detected by
Bureau Veritas Exploitation.

18 The Bureau Vetas Exploitationentity monitoring the test programme is not the sanBur@sau Veritas
Laboratoiregntity mentioned in section 4.1.1.3
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The rapporteur examined the results of thisitoning through the reports issued by Bureau
Veritas Exploitation on the monitoring of therationgperformed by Areva NP on the central
core sample from the UA upper dome in referf88jeand on the scatae replica domes in
referencg31]

4.1.3.2.Quantétivenonitoring report

The monitoring ratios per dome and per operation are shown in Talile ¥Bst majority of
the operations were 100% monitored.

For the chemical analyses carried out in an independent laboratory on the material in the
segregationone, the monitoring ratio was modified at the end of the programme, on the basis of
a substantiated proposal from Bureau Veritas Exploitation and with the consentrair ASN.

part, the appraisal of the specimens was monitored on the basisld&pptvith the consent

of ASN.

Acceptance zone Segregation zone
FA3 FA3 UK UA UA UK UA UA
upper | lower | upper | upper | lower | upper | upper | lower
Characterisation of the segregation zone - - - - - 100% | 100% | 100%
Identification / Traceability of coupons 100% | 100% | 100% | 100% | 100% | 100% | 100% | 100%
Stressgelieving heat treatment of coupons 100% 100% | 100% | 100% 100% 100% | 100% | 100%
Traceability / cutting of specimens At each marking and punching 100% | 100% | 100%
Tensile tests 100% 100% 100% 100% 100% 100% 100% | 100%
0,
Impact tests 100% | 100% | 100% | 100% 1%9)4’ 100% | 100% | 100%
Fracture toughness tests in the builtietile o o o o o 100% of tests
domain (CT 12.5) 100% | 100% | 100% | 100% | 100% + minimum of one pre
Fracturetoughness tests in the ductile dor| o o o o o cracking
(CT25) 100% | 100% | 100% | 100% | 100% per day
Dimensional check on specimens Monitoring of important dimensiodkeport verification
o Not concerned because performed during o o o
Drop-weight tests manufacturing 100% | 100% | 100%
Sampling ofmetalchips 100% 100% 100% 100% 100% 100% 100% | 100%
0,
Chemical analyses 100% | 100% | 100% | 100% | 100% | 100% then unannounced

weeklyinspection

(*) with the exception of 3 specimens
Table 10Test programme monitoring ratios
The quantitative summary of monitoring carried oBubgau Veritas Exploitatigoer type, is

given in Table 1IThe differences between domes are due to the differences between the
guantities of specimens engaged in the test programme.

Dome concernedby monitoring I:égg?gﬁgo(%i%d Maréﬁgg;n et || IHElE (':158)8 ction Total per dome (m.d)
UA upper 250 304 291 845
UA lower 151 307 233 691
UK upper 126 248 185 559
FA3 lower 20 30 23 73
FA3 upper 26 44 40 110

Table 11Estimatedigures for monitoring by Bureau Veritas Exploitation (in man.days)
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4.1.3.3.Processing of deviations

The quantitativesummary of deviations opened by Areva NP and its subcontractors, and the

observation and nonconformity sheets opened by Bureau Veritas Explaitat shown in

Table 12.

Site

Deviations detected by
manufacturersubcontractor
submitted to the third-party

organisation

Observation sheets opened
by Bureau Veritas
Exploitation

Non-conformity sheets
opened by Bureau Veritas
Exploitation

ArevaCreusot Forge

1

1

0

Areva St Marcel

10

12

1

Areva NP laboratory i
Erlangen (Germany) and
subcontractors

15

5

0

SCK laboratory in Mg
(Belgium) and it
subcontractors

13

AMEC GB laboratory and it
subcontractors

23

Filab laboratory iBijon

Areva NP technical cent
laboratory in Le Creusot

Bureau Veritas Laboratoir
(Pessac and  Sawen
LOAumtne) ;

0

1

0

Flamanville

0

1

0

Table 12Summary of deviations processed by Bureau Veritas Exploitation

All the deviationepened by Areva NP and subcontractors were examined by Bureau Veritas
Exploitation and the rapporteur who considered that the processing of each one is appropriate.

All of the observation and naonformitysheets have been closed.
4.1.3.4.0Opinionf Bureau Veritas Exploitation
Bureau Veritas Exploitation issued a satisfaaporipnon all the monitoring points, although it
did express reservatiomBichwere processed and felt to have no impact on the dossier by the

rapporteur.

4.1.4. Position of raporteur regarding implementation of the test programme

Bureau Veritas Exploitation carried out its mission to monitor the test programme run by Areva
NP in accordance with thequirementsf the mandates given it by ASXe rapporteur thus
considergha the confidence acquired in monitoring of the test programme by Bureau Veritas
Exploitationreflects on the results presentedieya NP.

The rapporteur considers that the monitopeidormedoy Bureau Veritas Exploitation and the
inspections carriedubby ASN provide technical and impartiality guarantees with regard to
compliance with the applicable documentation, traceability, the performance of the tests in
accordance with the state of the art and the accuracy of the results of the test pragieshme ca
outby Areva NP on the five reactor pressure vessel domes.
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4.2.Representativeness of the scalene replica domes with respect to those of the
Flamanville EPRreactor pressure vessel

4.2.1 Principles of the Areva NP approach to analysis of the repressegatofehe
scaleone replica domes

The approach to analyse the representativeness of ttenasaaplica domes with respect to
those of the Flamanville EP&actor pressure vessgbresented by Areva NP in the documents
in reference [11] and [12he aim of this approach is to identify the parameters whicgnce

the fast fractureesistancef suchcomponentsand to study the variations between -srede
replica domes and those of the Flamanville EPR reactor pressure vessel.

Among the factorsvhich influence the fast fractuesistancef such components,

Areva NP highlights two principal factors in the brittle and the-Outtide transition

domains:

- the carbon contenthe fracture toughness properties drop as this content rises;

- the quencing effect, characterised by the rate of cobl@tgeer800°C and 600°C
at immersion in the water of theenchindath after austenitisatidrhe higher the
guenching rate, the better the quenching effect and the fracture toughness properties
for thistype of steel.

Although without using them, Areva NP identified other factors affecting the fast fracture
resistance

- the additives othahan carbon, influencing quenchabilfg the content of these
elements changes correspondingly with the carbotent within a positive
macrosegregation zone, Areva NP focused solely on the carbon content;

- the austenitic grain size, which also influences quenci#abiidyNP considers that
the imposed austenitisation temperaturedarationranges are sufficient to prevent
significanvariationbetween domes;

- segregatiomf phosphorus at the grain boundaries, influencisgriice thermal
ageingAreva NP considers that the phosphorus content at pouring reaches very low
values for all theodnes, to the extent that the impact of this element is secondary
with regard to the fracture toughness and thatcdheentrationvariations are
negligible.

The two principal factors having been defined, Areva NP studies the parameters with an
influence a their amplitude, and compatedmin order to evaluate the representativeness of

the scal®ne replica domes with respiecthe domes of the Flamanville EPR reactor pressure
vessel.

These parametersdescribed in the following sections, can be placédree categories,
according to the nature of the guarantees they provide:
- documentary elements, such as records of manufacturing parameters;
- elements evaluated by numerical simulation;
- experimental data, resulting from physical tests performed atmtheofti
manufacturing or during the test programme onacaleeplica domes.
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4.2 .2 Parameters influencing the carbon content

4.2.2.1Documentary elements and numerical simulation evaluation

With regard to the parameters that can influence the carbon content anbroaudly, the
maximumsegregation ratio amlge positioning in the segregation zone, Areva NP studied the
following manufacturingarameterfor the three scalene replica domes and the two domes
of the FlamanvillEPR reactor pressure vessel:

- the ingotpouring and solidification parameters;

- the forging and hot forming parameters and data;

- the machining parameters (removal of material).

Ingot pouring and solidification parameters

These parameters are:
- the mass of the ingot;
- the mass of thieeder anthe feeding ratid)
- the mass of the ladle;
- the pouring rate;
- the duration of application of exotherpowders;
- the ingots cooling time;
- the depth of shrinkafje
- the contents at pouring of the various chemical elements (carbon, masilangse,
molybdenm, sulphur, phosphorus, vanadium, nickel, chromium).

FA3 upper UA upper UK upper

Required Obtained Required Obtained Required Obtained
C 0.20% max 0.18% 0.20% max 0.18% 0.20% max 0.19%
Mn 1.15155% 155% 1.201.50% 1.46% 1.15155% 157%
P 0.008% max 0.003% 0.008% max 0.004% 0.008% max 0.005%
S 0.005% max 0.001% 0.005% max 0.001% 0.005% max 0.001%
Si 0.10-:0.30% 017% 0.150.30% 0.18% 0.10-:0.30% 0.20%
Ni 0.50-0.80% 0.72% 0.50-0.80% 0.71% 0.50-0.80% 0.71%
Cr 0.25% max 0.17% 0.25% max 0.18% 0.25% max 0.16%
Mo 0.45055% 051% 0.45055% 0.49% 0.45055% 052%
\% 0.01% max 0.001% 0.01% max 0.005% 0.01% max 0.001%
Cu 0.10% max 0.04% 0.10% max 0.04% 0.10% max 0.06%
Al 0.04% max 0.02% 0.04% max 0.01% 0.04% max 0.01%
Co 0.03% max 0.01% 0.03% max 0.01% 0.03% max 0.01%

H> 15 ppm max| 095 ppm 15 ppm max| 0.94 ppm 15 ppm max| 1.10 ppm

Table 13Comparison of chemical compositions at pouring of the FA3, UA and UK upper

domes

19 Proportionof the mass of the feeder to the total mass of the ingot
20 Caviyy formed at the top of the ingot, doghecontractiorof the metal aolidification.
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FA3 lower UA lower

Required Obtained Required Obtained
C 0.20% max 0.18% 0.20% max 0.18%
Mn 115155% 155% 1.20150% 158%
P 0.008% max 0.004% 0.008% max 0.005%
S 0.005% max 0.001% 0.005% max 0.001%
Si 0.10-:0.30% 0.18% 0.150.30% 0.18%
Ni 0.50-0.80% 0.75% 0.50-:0.80% 0.71%
Cr 0.25% max 0.14% 0.25% max 0.16%
Mo 0.45055% 051% 0.45055% 051%
\% 0.01% max 0.001% 0.01% max 0.001%
Cu 0.10% max 0.04% 0.10% max 0.06%
Al 0.04% max 0.02% 0.04% max 0.01%
Co 0.03% max 0.01% 0.03% max 0.009%

H, 15 ppm max ((; 2;p7pg1 15 ppm max (jé g;ﬁp)?pran

Table 14Comparison of chemical compositions at pouring of the FA3 and UA lower domes

Upper domes Lower domes
FA3 UA UK FA3 UA
Type of ingot| Conventional Conventional Conventional Conventional Conventional
TypeC 2; tmgot 2550 2550 2550 2550 2550
Wﬁ:ggt of 1569 t 1571t 1586 t 1574 t 1585t

Table 15Essential parameters in pouring and solidificatiBA3)fUA and UK upper domes
and FA3 and UA lower domes

Comparing the pouring and solidification parameters for the various ingotsAeenad IN&to
conclude that there is deviationiable to lead to significant differences in the maximum rate of
segrgationand distribution of the segregation zone in the volume of the poured ingots

The forging and hot forming parameters and data

These parameters are:
- the forging procedure;
- the cumulative duration of those periods in which the part is hot;
- thethickness in the axis of the gross forging blank;
- the lengths and weight of top and bottom discards;
- the forging ratid;
- the hot forming

The comparison of the forgimmd hot forming conditions shows that tbentour shapirfg
phase led for the Flamafe/iEPR reactor pressure vessel upper dome to a lesser thickness on
the gross blank axis, owing to greater depression of the forging tool.

By means of forging simulations, Areva NP shows that the consequences of this operation are
slight both on the depthf segregation (the carbon content chosen as the indicator is reached at
50% of the thickness of the blank in the reference case, as against 56% in the case of the upper

21 Ratio between the lengths of a metal element after and before the forging operation (e.g. initial height / final
height in the event of an upsetting opergtion
22 Contour shaping is an operation tsetghe centre of the part using a forging tool called a contour shaper
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dome of the Flamanville EPR reactor pressure vessel) and on the radial extegssgatdrs
(the estimated diameter of the positive macrosegregation zone is 927 mm for the reference case,
as opposetb 1036 mm in the case of the Flamanville EPR reactor pressure vessel upper dome).

Parameters concerning removal of material

These paraeters are defined according to the thicknesses removed:
- bydiscardat top and bottom of the ingot (Seeble 1§
- by fire losses;
- by machining of the blank before hot forming, before quality heat treatment and for
achieving the final delivery profile.

Upper domes Lower domes

FA3 UA UK FA3 UA
Topdiscard 20% 19,7% 18,2% 20% 19,7%
Bottomdiscard 9% 85% 10% 8% 85%

Table 16Discardrates of FA3, UA and UK upper domes and FA3 and UA lower domes

Areva NPreveals that the removal of material by machining is a parameter infthencing
position of the residual macrosegregations in the doByscomparing the manufacturing
parameters, Areva NP shows that there is a certain vababilégrthe various donsein the
thickness of material removed at the various manufacturing stages.

Areva NP consequently focused on identifying the various thicknesses of material removed from
a reference blodfwhich, in the end, makes it possible to visualise the theoretical location of
the material of the finished parts in this bloArava NP chose to estimate the altitude of the
finished parts at the bloom stage, because this is the first stage in maguieting a simple
geometry and enabling the various parts to be compared.

Estimation of the altitude of the finished parts in a reference bloom

In the reference bloom, Areva NP marked out the region which, stagasf production,

contains the aterial which is to be found in each dome at the final stage of manufacturing (after
forging andmachininy This work aims to compare the altitude of the material of the various
domes on the basis of this reference blodm. useful height of the referenicloom was

defined in accordance with the domes technical manufacturing programme and is identical for all
the domes.

Estimation of the altitude of the finished parts in the bloom takes account of:
- the removal of material biscardand machining at vaus stages
- the loss of material to fire;
- the consideration of uncertainties that Areva NP has evaluated from the
manufacturing documentation.

23 A bloomis an intermediate state of the part, between the ingot (after pouring) and the final forging, obtained
after a forging operation aiming to obtain a constant diametis ewtire height
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Figure 13 represents the various thicknesses considered in order to determine the altitude and
extentof the uger dome of the Flamanville EPR reactor pressure vessel in the reference bloom.
Figure 14 allows a comparison between the r@asi®ningof the various domes in this same
bloom.These figures only show the axial position (altitude) of the centddltparfinal part.

Areva NPdid not represent the part in its entirety because the positioning of the peripheral zone
of a dome is more complicated to recreate owing to the fopgrationsundergone by this

zone Moreover, the lateral part isl@edser interest for the file, as the maximum segregation zone

IS in the centre of the dome.

The greateupsettingcarried out in the centre of the upper dome of the Flamanville EPR reactor
pressure vessel, therefore means that this dome is theyheéhe others. However, the
machining carried out leads to a part position that is lower in the bloom.

Given the greater machining carried out, the lower domes are on the whole in a more favourable
position when it comes to eliminating the positive macrosegreghe top.

Consequently, Areva NP concludes that the positioning of therecaéplica domes would
appear to be more penalising in termbeepresence of residual carbon macrosegregations than
the upper and lower domes for the Flamanville E&&Rar pressure vessel.

. . |épaizzeur| développé
Operaton | “iy | 0 | v bloom FA3 SUP UA SUP UK SUP FA3 INF UA INF
) L Chutage tte — N A N

Chutage pied
,,,,,,,
7 Opérations aprés chutage

Ecart h bloom - ¥ Opérations
aprés chutage

| Terme de comeclion (en mm

sur hauteur de bloom)

Useful height of reference blao#660 mm
Positioning uncertainty 250 mm

ncerfitude sur
ogitionnement

Figurel3 Exampleof recreation ~ Figurel4 Positioing of various domes in the referen
of positioning FA3uppe}) bloom

Operation Thickness (mm) ratio developed on bloom (mm)
Top discard

Fire loss See table
Blank machining

QHT machining

Final machining

Dome

Final machining

QHT machining

Blank machining

Fire loss See table
Base discard
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Operations after cropping

Difference hblooddO Oper ati ons after cropping
Correction term (in mm on height of bloom)

Positioning uncertainty

4.2.2.2.Experimeniddta
Comparison of carbon contents in acceptance zone

The various carbon contentsasred in the acceptance zone (along with the values at pouring
for informatior) are presented in Table Tlese values take account of all the specimens tested
during the test programme.

Areva NP considers that the carbon rates in the acceptance #Homdvwal domes of the
Flamanville EPR reactor pressure vessel do not standttouespect tdhe three scalene
replica domes.

Carbon contents
Dome . Acceptance measurements
Pouring Number of Max. acceptance | Min. acceptance Median
specimens value value acceptance value
UK upper 0.187% 78 0.179% 0.169% 0.175%
UA lower 0.179% 25 0177% 0.172% 0.174%
UA upper 0.182% 17 0.191% 0.175% 0.183%
FA3 upper 0.182% 18 0.179% 0.175% 0.178%
FA3 lower 0.181% 26 0.194% 0177% 0.185%

Table 17Comparison of carbon contents at pouring and on specimens tested in acceptance zone
Comparison of carbon content surface maps

Areva NP compared the carbon contmetasurementsken on the surface of the saale

replica domes and the domes of the Flamanville EPR reactor pressufidhesssedlues were
obtained through several measurement campaigns, involving different techniqgues and several
measuring instruments.

The vamus carbon content surface maps of each dome are presented in Appendix 9.

As the analysis of the measurements requires a robust understanding of the uncertainties linked
to the techniques used, Areva NP adopted:
- a methodology to evaluate the uncertaiimiieghe measurement techniques (see
section 4.1.1.4);
- postprocessing of the carbon content maps on the outer surface, using a
geostatistical approach.

The carbon contents measured on the inner face, during manufacturing and during the
investigations carried ont2016, are presented in Table 18.
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Dome UK upper UA lower UA upper FA3 upper FA3 lower
IRC (*)
measurement
(during
manufacturing]
Maximum
measurement No measurement because o
by OES in 0.18% 0.21% 0.19% presence of cladding
2016

019% 018% 019% 017% 016%

(*) ormetathip sampled from acceptance ring

Table 18Measurement of carbon content on inner surface

The maximum carbooontents measured on the outer surface (using the portable OES
techniqué& on the Flamanville EPR reactor pressure vessel domes) and by OES amul CIR

the scal®ne replica domes), where the positive macrosegregation zone is situated, are given in
Table 19, supplemented by the valuespposessed by two Areva NP contractors.

Dome UK upper | UA lower | UA upper FA3 FA3 Deviation
upper lower

Areva NPinstrument and

procedure 0.294% 0.317% 0.296% 0.314% 0.298% 0.023%

Geostatistical pogtrocessing

0 0 0 0 0 0
n° 1: maximum 0.291% 0.312% 0.296% 0.307% 0.298% 0.021%

Geostatistical pogtrocessing

n° 1: max + 2 standard deviatior 0.301% 0.319% 0.317% 0.321% 0.310% 0.021%

Geostatistical pegtrocessing

iy ; 0.279% 0.286% 0.294% 0.288% 0.297% 0.018%
n° 2: maximum value

Table 19Maximum carbon content measurements on outer surface and statistical estimate of
maximum from surface maps

On the basisf these values, Areva NP concludes that:

- the uncertainty on the maximum value is reduced by the geostatistical approach and
varies between 3% and 5%, or 3% and 7%, depending on the contractor;

- the maximumvalues ar&ithin a variability range of 0.02% (®% in segregation
ratio) for the two contractor&reva NP therefore considers that there is a good level
of consistency between the domes;

- the maximum carbon contevalueson the surface are very close, around 0.32%,
including uncertainties;

- with theapproach used by the first contractor, which takes account of all the extreme
values othe measurementiistributiori®, the surface segregation ratio of the domes
of the Flamanville EPR reactor pressure vessel is covénediddyes obtained on
the scal®ne replica domes, excluding uncertairfiles.value of the Flamanville
EPR reactor pressure vessel upper dome would &ppeathe highest for values
taking account of the uncertainties, owing to two significantly offset measurement
values in the drdbution range;

- with the approach of the second contractor, which eliminates high and isolated
measuremenpoints the maximumsegregation ratio on the surface of the lower
dome of the Flamanville EPR reactor pressure vessel would appear to be the highest.

24 QOptical emission spectrometry, see settioh.4.

25 |Infrared combustion of metal chips, see sectiord4.1.1

26 Considering very high, isolated carbon values more particularly has a significant impact on the surrounding
values
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4.2.3. Parameters influencing the quemgbffect

4.2.3.1.Documentary and analytical elements

With regard to the querinf effect, Areva NP studied the following manufactyrangmeters
for the three scafene replica domes and the two domes of the Flam&®RRleeactor pressure
vessel:
- the part thickness at the quality heat treatment stage, then after machining to the
final profile;
- the quencimg heat treatmendperationperformance conditionthe transfer time
between the oven and the quenching tank, theftgoenching fluid, the quenching
fluid temperature and tank stirring dugognching

Upper domes Lower domes
FA3 UA UK FA3 UA
Austenitisation time
before quendhg 7h36 7h25 7h13 8h17 7h10
Transfer time petween 7 min 5 min 6 min 5 min 5 min
oven and quenaigtank

Table 20Quencling parameters for FA3, UA and UK upper domes and FA3 and UA lower
domes

Thicknesses
For the domes in the test programme, in the central zone cbrifonent Table 21

summarises the thickness atghality heat treatment stage, as well as the inner and outer face
machining to obtain the final profile.

Dome UK upper UA upper | FA3 upper | FA3 lower

Thickness during quality heat
treatment

Machined thickness on inner fac
after quality heat treatment
Machined thickness on outer fac
after quality heat treatment

Along part
axis

Final thickness

Table 21Machined thicknesses after quality heat treatment

Heat treatment operation pertomolziooes

With regardo the conditions for performance of the heat treatment operation, Areva NP states
that:

- all the domes were quenched in water;

- the quencimg fluid temperature has no significant impact, given the considerable
differencebetween thdéluid temperature and the temperature of interest of the part
with regard to quenching performance (about 700°C);

- noimpact is expected on the quality of the pgttee quenching stirring conditipns
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- the transfer tinrebetween the oven and the quenching tank for the five domes are
different (from 5 to 7 minutes) and well below the maximum time defined in the
manufacturing technical programme (20 minutes).

Areva NP then used the manufacturing data (austenitisatioratarepandiuration transfer
time between oven and quenching tank, conditions for performance of theopaeatamand
thicknesses at hot forming stage before heat treatment) as the input ta¢anhaicalculation
of the cooling rate after austesaition.

Cooling rates obtained by numerical simulation

On the basis of the dimensions given in Table 21, Areva NP performed thermal calculations of
the transfer phase from oven to quenching tank and then of the quenching operation; using two
dimensionlamodels.

Figure 15 gives a comparison of the evolution of the cooling rate between the lower domes
(quenching thickness of 250 mm) and the upper domes (290 mm), versus the distance to the
guenching surface, that is before final machining.

16000

BE
=8 olution vitesse d
E"._. 000 . y @ Evolution vitesse de
2 bl refroidisse ment /
] § ‘.. Profondeur - Calottes inf
5 4000
= °
o8 o] o
Be 2000 y @ Evolution vitesse de
g refroidissement /
= ®
=i s * Profondeur - Calottes Sup
1000 ®e
500
D 50 100 150

Profondeur par rapport 3 la peau de trempe (mm)

Figurel5 Results of numerical simulations of quenching operatiohsgion of cooling rate
during quenching versus distance to the surface

Cooling rate between 800 and 600 °C (0C/h)
Evolution cooling rate / Depthlower domes
Evolutioncooling rate / Dept!® upper domes
Depth inrelationto the quenchingurfac€mm)

Despite the difference in quenching thicknesses, Areva NP considers that the quenching rates do
not differ significantly, at the same distance from the quenching surface.

Table 22 presents the cooling rate results obtainsuinblationat each depth of interest,
determined after taking account of the final machining.
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Dome UK upper | UAlower | UA upper | FA3 upper | FA3 lower

Outersurface

Y4 thickness outesurface

Mid-thickness

Y4 thickness innesurface

Cooling rate between
800°C and 600°C on
final profile of part

Innersurface

Table 22Cooling rates between 800°C and 600°C for characteristic depths

Figure 16 presents the cooling raseilts obtained for the different pressure vessel domes, over
the entire thickness of the domes.

Areva NP observes that, whatever the parts, the cooling rates at the centre (between one quarter
thickness from the outsurfaceand one quarter thicknessm the innesurfaceof the parts)

change littleAccording to these results, Areva NP however concludes that the lower dome of
the Flamanville EPR reacpessureesseappears to be in a more favouralileationthan the

other domes, with regard to the quarter thickness from theutdiaee

15000
B000

4000 ——FA3 Sup

—B—FA3 Inf
UASup
UA Inf
UK Sup

2000 |

Vitesse de refroidissement
entra 800 et 500°C [*C/h)

1000

500
o 25% 0% 5% 1008
Position dans 'épaisseur du profil final depuis la peau externe jusqu'a la peau interne

Figurel6 Results of numerical simulations of quenching operatiohgion of cooling rate
during quenching versus thickness of domes

Cooling rate between 800 and 600°C (°C/h)
Position in thickness of final profile from owierfaceo innersurface

4.2.3.2Experimental data
Mechanical characteristics in acceptance zone

Areva NP compared the mechanical characteristics of thenscadplicaomes and the domes

of the Flamanville EPR reactor pressure vessel, determined in the acceptance zone at the time of
manufacturingThen, during the test programme carried out in 2016, Areva NP determined the
bending rupture energy and fracture toughnegsenties of these various domes in the
acceptance zone.
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The tensile and bending rupture energy properties (results of i@ipagyests andR T 1),
determined during the manufacturing acceptance tests, are presented in Table 23.

Dome UK upper UA lower UA upper FA3 upper FA3 lower

.'?pO-E?/"t mean al 475 Mpa 469 MPa 481 MPa 457 MPa 486 MPa
ampien

Rnmean at dmient 613 MPa 608 MPa 626 MPa 600 MPa 622 MPa

A % Min atl ampient 26% 24% 26% 25% 24%

RTnor 45°C 330°C 35°C 30°C 20°C

KV mean ab°C 214 J 246 J 2383 184 J 234 ]

Table 23Mechanical properties in acceptance zone
extract from manufacturing completion report

Areva NP considers that these values correspond to those expected for this type of material.
Although the tensile and bending rupture energy properties of the FA3 upper dome are the
lowest of the five domes in the programme, Areva NP considers that they remain representative
of the expected values and are compauatiie valuebtained duringhe acceptance tests on

the pressure vessel core shells from another supplier for the Finnish, English and French EPR
reactor projects.

The bending rupture energy properties determined in the acceptance zone during the test
programme are presented in T24le

Dome UK upper UA lower UA upper FA3 upper FA3 lower
Tess(*) -55°C -68°C -48°C -40°C -50°C
KV ductileupper 2147 2257 2187 22317 21317
shelf

(*) Teesis the temperature resulting from the Charpy transition curve for which
the averdgmnding rupture energy is 68 J

Table 24Bending rupture energy characteristics in acceptance zone

Figure 17 represents the transition curves in the acceptance zone at one quarter thickness of the
domes from the innesurfaceat the final profile
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Areva NP considers that the bending rupture energy properties determined in the acceptance
zone during the test programme are consistent thethproperties recorded during the
manufacturing acceptance teAteva NP also considers that these values correspond to those
expected for this type of material.

The transition temperatures resulting from the fracture toughness tests in the azoaptance
during the programme on the domes are presented in Table 25

Dome UK upper UA lower UA upper FA3 upper FA3 lower
Tenv(*) -96°C -133°C -132°C -75°C -109°C
To (**) -115°C -134°C -126°C -94°C -126°C

(*) T.nds théndex temperatiitbe cuim@appendiZG of the RCGI@ code conservatively encompassing all the fracture toughnes
test resulsgure 18
(**) T, is the reference temperature defined according to standard ASTM E1921

Table 25Transition temperatures resulting fromftiacture toughness tests in the acceptance

zone

Rapport ASNCODEP-DEP-2017019368

Rapport IRSN/ 201700011

62



[>

Résultats des essais AN
de ténacité AN

,«

en zone ségrégée by

<[BE D [E [ B>

\ Point de tangence
entre la courbe
et les résultats d’essais

T(°C)

T

env

Figurel8 Principle for determining,]
Results of fracture toughness tests in segregation zone
Tangenypoint between the curve and the test results

Areva NPconsiders that theariationin temperatures T is representativeof the variabiliy of
properties linked to the manufacturing process

For all the domes testedthe acceptance zone, the upper dome of the Flamanville EPR reactor
leads to the highest fBmperature, with a value-84°C by comparison with the lowest value of
-134°C (UA lower domeAreva NP considers that this value is indicative of excellent fracture

toughness properties by comparison with the values normally encountered for this type
material.

Areva NP concludes that the comparison of the acceptance mechanical properties does not
reveal any significant difference between the various domes and, accordasfjnatitss

obtained by calculation, confirms the similarity and parioenof quenching for tligferent

domes in the test programme and for the domes Bfalmanville EPR reactor pressure vessel.

4.2.4. Additional studies carried out by Areva NP

4.2.4.1. Uncertainty analyses and statistics

As the use of carbon conteneéasurementsquires a robust understandingh&funcertainties
linked to the measurement technigdesya NPperformed various additional analyses, already
mentioned earlier in section 4.1.1.4

- a methodology to evaluate the uncertainties in the carbon cuoetsurement
techniques;

- geostatisticdl postprocessing (by kigf® of the outer surface carbon content
maps, in order to assess and minimise the uncertainties associated with the

27 Geostatistics is the study of spatial (and temporal) phenomena in a probabilistic mathematicalfhasnework

analysis method allows the estimation of quantities which have not been measured, with a quantification of the
corresponding uncertain€eostastics were originally developed for estimating ore grades for mining and then
to characterise oil fields. It is now applied to all spatialised phenomena

28 Kriging is a geostatistical method for performing a sptiglolatiorof the local carbon comte
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measurements field.

Areva NP also carried out ppsbcessing by krigirgd the carbon contents in the thickness of

the scal®ne replica domes, in order to verify that the maximum contents on the outer surface
aregreateithan the maximum contents in the thicknBased on the values measured, Areva
NP statistically observesat the carbon content increases from the suméaceto the outer
surfaceas expected.

4.2.4.1Comparison of carbon contents in the degtheofeépbcscdtames

Through the test programme, Areva NP carried out carbon measurements:
- at differendepths in the scatme replica domes (see Appendix 10);
- on each of the specimens, sampled from all the domes and tested during the test
programme;
- on the outesurfaceof all the domes.

Areva NP represented the maximum carbon content values obseiffectat depths on the
scaleone replica domes according to their axial positioning in the parts.

These values welteenprojected into the coordinates of the reference bloom of the domes (see
section 4.2.2.1), so that they can be compared in a comntbmatesisystem.

Along the Yaxis, the carbon content is expressed:
- as arabsolutevalue in Figure 19;
- as a valueelativeto the carbon content at pouring (segregation ratio) on Figure 20;
- as a value relative to the median value of the carbon contbet gfecimens
sampled from the acceptance zone in Figure 21.
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Figurel9 Evolution of the maximum carbon content
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Altimétrie bloom calottes = Bloom altimetry of domes

On these figures, Areva NP observes a general appearance that is identical, with a regular fall at
equivalent height§hese trends are identical, whatever the choice of representations, segregation
ratio or absolute carbon content value.

Areva NP also observes a certain dispersion between the threeorscaleplica domes.
ArevaNP carried out variability analyses of the two representation parameters which are the
positioningof the domes in the reference bloorraks on Figure 22) and the segregaditom

(Y-axis on Figure 22), in order to show that the uncertainties of these two parameters
(represented simultaneously in the form of rectangles in Figure 22) explain the differences
observedetween the various domAseva NP also observémsmteven when taking account of

the variability of the two representapamameterghe segregation ratio on theersurfaceof

the upper domes is nominal.
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4.2.4.2Comparison with MOPPEC R&D bloom

In order to obtain additional information, Areva NP made a more detailed analysis of a bloom
already examined in an R&D study (called thePEGP bloom) and compared the carbon
contents measured on this bloom with the carbon contents in the thickness of-time scale
replica domes.

The comparison was made by representing the carbon content profiles (converted into
segregation ratios) in ttiickness of the scadee replica domes as a function of the altitude in

the MOPPEC bloom (Figure 23), after converting the geometrical characteristics of the domes
into the MOPPEC bloom coordinates system.

The representation of the segregation ratiflggroof the MOPPEC bloom, increased and
reduced to take account of uncertainties, on Figurea2Built from the measurements and
studieperformedon this bloom, that is:

- maps of the carbon content osextionplane passing through the bloom diameter,
produced with a variable measurement pitch in order to focus on the positive
macrosegregation zones;

- an estimation of the uncertainties to be taken into account in the study of this bloom
from geostatistical pagtocessing by kriging, in order to buildol@tions
representative of maximum améhimumbounds( ¢ a lupperdourd and lower
bound posprocessingcurvds on Fi gure 23) .

2 MOPPEC: OMod |l e de pr®diction des propri ® ®s des pi
upset parts).
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Areva NP observes:

- a similarity, in the upper part of the bloom, in the evolaiothe positive
macrosegregation, in terms of both content and position, between tomescale
replica domes and the MOPPEC bloom;

- that the segregation ratios of the smadereplica domes encompthesrates in the
MOPPEC bloom.

Areva NP considers ththis additional analysis confirms the assessment of the low variability in
segregatiorabservedetween the various seaie replica domes.

4.2 5Position of the rapporteur on the demonstration of representativeness

The rapporteur considers the choice ofggal factors (carbon content and quiergaffect) to
be acceptable, along with the analysis of the parameters influencing them:
- comparison of the ingots pouring and solidification parameters;
- comparison of the forging and hot forming parameters and data
- analysis of the relative positioning of the various domes in their reference bloom;
- comparison of the queringjand cooling rate parameters.

However, the rapporteur finds that the objective manufacturing data concerning tlmgquench
operation (austenitisation temperature and duration, transfer time between oven ang quench
tank, performance conditions and thicknesses at hot formed stage before heat treatment) are
used as input data for a thermal calculation to estimate the revediiige quencimg effect is

thus estimated bycalculatiorand is not directly measurable.
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The rapporteur considers that the experimental data from physical tests performed at the
moment of manufacturing or during the test programme are of greagst,iim that these data
determine the variabilityetweenparts with regard to the positive macrosegregdtian.
rapporteur considers that the following are acceptable:

- comparison of carbon contents measured at pouring and on specimens in the

acceptanceone;
- comparison of carbon contents measured on thesoutace
- comparison of the mechanical properties in the acceptance zone.

The rapporteur considers that the demonstration of the representativeness of the scale
one replica domes, with respect tone domes of the Flamanville EPR reactor pressure
vessel is based on a large quantity of parameters and dafais quantity of parameters
and data exceeds that which is usually analysed for technicqualification of the
production of materials today usedn accordance with the ESPN order in reference [3].
The rapporteur however considers that this additional volume is necessary, on the one
hand because we are dealing with a nonconformity and, on the other, because the
availableparameters on the parts in Emanville are limited

A technical qualification would rely on a few essential and influential parameters, such as the
weight of the ingot and tliescardratio, andon theresults of characterisation andchanical

tests aiming to intercept the risks of loskomhogeneityn terms of internal soundness and
mechanicgbroperties darbon content profiles, tensile and impact strength testsctaotes

and onehalf the thickne¥s

The demonstration of representtiess proposed by Areva NP is based on a comparison of
numerous other manufacturing parameters (for example the machined thicknesses and quenching
cooling rates) and the test programme performed by Areva NP gives access to a far greater
quantity of experiemtal data (more particularly the fracture toughness values aadotse

index temperatusg

Therapporteurconsiders that th@nclusionsf the additionadnalyseperformed byArevaNP

shed light on certain aspects of the demonstrafins is paicularly the case of the
geostatistical analysis of the carbon comeasurementsn the outer surface, for which the
conclusions regarding the variability of the results between the five domes, of about 0.02%, show
that the carbon contents are comgarathe rapporteur thus finds that, on the whole, the
conclusions of the additional analyses performed by Areva NP confirm that-tme sealéeca

domes are representative of the Flamanville EPR reactor pressure vesSéial capesrteur

does howevearonsider that, because they are new, these additional analyses must be treated with
precaution.

Finally, even if the rapporteur considers that the guarantees provided concerning
representativeness are satisfactory, the work done by Arevan®Relesseveals certain
differences between the domes studied, which are hard to assess quanhi&atiapfyorteur

more particularly identifies certain unfavourable elements:

- the various domes were manufactured at different periods (see Table 26) and for
different customers;

- monitoring of the manufacturing of these domes was not ordered by ASN and, for
the scal®ne replica domes, the monitoring carried out by the customer did not
implement the provisions applicaold-rench BNIsIn addition, the rapportedlid
not have access to the conclusions of this monitoring;

- the carbon contents in the thickness and the mechamipaltiesn the positive
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macrosegregation zone of the Flamanville EPR reactor pressure vessel domes are not
availableThe various domesrmu#ot thereforebe compared for direct parameters of
interest and concentrate on intermediate parameters;

- despite the very similar manufactupagametersthe mechanical characteristics
comprise a natural variability which induces a degree of uncetiahtynust be
taken into account when making comparisons

Dome UK upper UA lower UA upper FA3 upper FA3 lower
Year of
manufacture 2013 2010/2011 2009 2006 2007

Table 26Year of manufacture of the domes

The rapporteur thereforeconsidersthat, through the tests performed on samples taken
from representative domes selected by Areva Nihe assessment of theroperties of the
material used for the domes of the Flamanville EPR reactor pressure vesselst follow

an approach that is conservativenoughto provide guaranteesthat have been proven in
practice. These properties can then be used as input data for the fast fracture analyses,
for which the method is codified and which incorporates its own conservative margins.
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4.3.Results and interpretation of théest programme

The results obtained with the test programme and the corresponding interpretation by Areva NP,
detailed below, are:

- the tensile properties;

- the bending rupture energy;

- the Tyt and RTy temperatures;

- the fractur@oughness the brittle behaviour and britdactile transition domains

- the fractureéoughness the ductile behaviour domain;

- the fracture mechanisms.

4 .3.1 Parameters influencing the mechanical properties

According to Areva NP, the variation in mechanical propsititts a dome can be attributed
to the chemical heterogeneity, via the variation in the carbon content and the varidimy in coo
rate at quenching in the thickness of this d8&je

The pogtive macrosegregation zone is enriched with carbon and with alloy elements (manganese,
molybdenum, silicon) which segregate in proportions approximately comparable to those of
carbon. This zone is also enriched in impurities (sulphur, phosphdnwsgver as the
impuritiesconcentratiorat pouring is very low for the domes of BtemanvillEEPR reactor

pressure vessehlso remains very low in the segregated. Zosght increase in impurities in

the segregated zone cannot contribute to a significant alteration in the méehancair

before inservice ageing of the segregated zone by comparison with that of the acceptance zone.
Consequent)yAreva NP considethat carbon is the alloy element with the gréatasnceon

hardening and quenchability.

Areva NP thus interpreted the mechanical properties measuredusrterethickness (v4T), at
mid-thickness (*2T) and at thrgearters thickness (3T) from tbeter face of the scadee
replica domes with respect to the quenching rate and the carbon content.

Cooling rate during quenching in the domes

As previously mentioned, the quenching rate in the thickness of each dome indhe scale
replica programmwas determined by Areva NP from thermal calculalibasestimation of

the evolutionof the cooling rate in the thickness of the domes following quenching, determined
by Areva NP, is presented in Figure 16 on pag€h60quenching rate is maximal on the
surface and rapidly decreases on moving away frasarfiaes to onequarter thickness behind
thesesurfacs. The variation in quenching rate betweergometer and threguarters thickness

is far less marked.

Carbon content in the thickness$eoinhecgdeca domes and extent of segregation zone

The carbon content in the test specimens sampled from the macrosegregation zones of the scale
one replica domes were measured by chemical akalygiach sampling zone (400 mm x
400mm slice$ in each scalene replica dome, Table 27 summarises the quench rates calculated
and theminimum maximum andverage€arbon contents measured on all the impact strength

and fracture toughness test specimens (Table 27).
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Areva NP considers the averagbara content to be a good indicator for characterising the
behaviour of each sampling zdrar. the zones in which the carbon variation was greater than

*+ 0.01%, the interpretation of the results rests on the utilisation of a population of data reduced
to the data obtained on specimens with the carbon contents that are highest and the most
homogeneous between specimens.

UK upper UA lower UA upper

YT YT v T T %T YT T %T

Quenchngrate (°C/h) | 1318 1010 1386 1302 1414 1354 1058 1388
Average carbon 0254 0221 0.266 0.254 0221 0279 0.268 0227

content ®) (%)

Min. Caft(’g}on) conteri? 0243 0196 0251 0224 0200 0258 0251 0206
Max. Cargz;‘ contefit | ,6g 0241 0276 0267 0246 0296 0282 0247
Standard deviation (% 0005 0011 0005 0009 0013 0009 0007 0011

(*) On the basis of chemical analyses performed on CT12,5fracimentiugipaesstrength specimens.

Table 27Carbon contents and quench rates at different depths in the UK upper, Utbwer
UA upper domes where the samples were taken

The chemical analyses performed show that the carbon content decreases frorautfecauter

to the innesurfacgTable 27, Figure 24he segregation zone, with a maximum carbon content

of 0.25% or max, extends from the outsurfacdo midthickness fothe UK upper dome and
reaches threguarters of the thickness of the upper and lower UA domes, as shown in Figure 24.
For information, the maximum carbon content is %®,3@easured on the ousarfae of the

UA upper dom¢36] This decrease is consistent with the measurements taken on the inner face
of the scal@ne replica domes, which show that segregation does not reach sefauger
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Figure24 Maximum carbon contemteasuredn specimens tested in theeknes®f each

scaleone replica dome
Max. carbon content
Position in thickness from ousrrfaceo innersurface

4.3.2 Tensile properties

The tensile tests were performediamalysed in accordance with two standards:
- standard 1ISO 689P of October 2009 for tests at ambient temperature;
- standard ISO 6822 of April 2011 for hot tests.
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4.3.2.1ln acceptance zone

In the acceptance zone of the five domes which were characteriseld, strength (B,) and

the ultimate tensile strength,XRs a function of temperature change in a similar fashion and
remain consistent with the characteristic data of a 16MND5 steel taken from the literature
(FISTERtestg42) as shown in Figure PB3] The tensile characteristics of the UA upper dome

are slightlyigherat low temperature.

The vyield strength in the acceptance zone of the five domes tested vaFiesdittenple, it is
between 435 and 462 MPa at ambient temperature and I389vaad 430 MPa at 330°C.

The ultimate tensile strength is between 568 and 584 MPa at ambient temperature and decreases
at higher temperature.

For all the domes, the rupture elongation in the acceptance 22%e or higher within the
temperature rang&50°C to 330°C.
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4.3.2.2In segregation zone

Areva NPindicates that the evolution curves for the yield stréRgthand ultimate tensile

strength(R,) versus temperature are deduced from those obtained in the acceptance zone by a
stress shift

The yield strength in the segregation zone is systeyngitezgtbr than or equal to that measured

in the acceptance zores shown in Figure 26, the difference between the yield strength in the
segregation zone and that in the acceptancejipg @ecreases from ogearter to three
quarters the thicknesstbé domes, which is correlated withductionn the carbon content in

the thickness of the domes (Table Pi&g. same findings apply to the shift in the ultimate tensile
strengthj{R.) (Table 28 and Figure 26).

Areva NP finds that the minimum fracture elongation obtained on three tests remains at least
20% at ambient temperatusgardlessf the carbon content of the samplioane (quarter
thickness, mithickness or threguarters thickness) (Table 28).

Theseresults are in line with the specifications of the-lR@Gde with regard to the tensile
properties.
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Figure26 Shift in yield strength and ultimate tensile strength at 330°C in the segregation zone by

comparison with the agtance zone, as a function of position in the thickness
Evolution of yield strength and ultimate tensile strength in the thickness
Paosition in the thickness frdite outersurface
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UK upper UA lower UA upper

Zone VT | %T | YT | %T | %T | Y%T | %T | %T
Quenclingrate

oih [12] 1318 | 1010 | 1386 | 1302 | 1414 | 1354 | 1058 | 1388
%C ave( 0254 | 0221 | 0263 | 0245 | 0205 | 0271 | 0262 | 0219
Sta”dgggev'a“c 0005 | 0006 | 0005 | 0012 | 0008 | 0007 | 0005 | 0003

| Roz2(MPa) 51 30 30 13 0 55 47 21

I R (Mpa) 67 39 56 33 0 74 58 30

S
A % min 20 24 21 20 24 21 20 24
ambient

(*) value taken from measurements on tensile test specimen

Table 28Shift in yield and ultimate tensile strengths at 330°C and minimum el@h@jation

4.3.3Impact strenip properties

The impacstrength, or Charpy tests, were performed in accordance with standard1®® 148
January 20134]

For Areva NP, the appearance oflibading rupture energurves in the segregation zone of

the UK upper, UA lower and UA upper domesdmparableThey are shifted to higher
temperatures by comparison with the curves obtained in the acceptance zone (Higere 27).
Tes,temperature changes as a function of the position in the thickness of the domes (Figure 28)
and therefore as a function of the carboment (Table 29The maximum deviation between

the temperaturegd;measured in the segregation zondlaitneasured in th@cceptanceone

( !¢ is about 60°C, the valdeterminedor the UA upper dome with the highest carbon

content (Table 29 ardgure 29).

Areva NP note that theductileupper shelf is lower than the acceptance zone, as shown in
Figure 27The hotbending rupture enerdguctile upper shelf) in the segregation zone, for all
the domes, is between 170 J and 200 J (Table 29).
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UK upper UA lower UA upper
Zone Yo T BT YaT “BT T YaT BT ST

Q(E,‘g/”hc)"“%lrg;e 1318 | 1010 | 1386 | 1302 | 1414 | 1354 | 1058 | 1388

Cave. (%) (*) | 0252 | 0225 | 0265 | 0258 | 0227 | 0281 | 027 023

Standard deviatio

0.005 0.01 0.006 0.006 0.006 0.008 0.004 0.01

%C (%)

Tev (°C) 20 5 5 5 -20 30 30 0
Te8:(°C) -5 -14 11 -10 -25 10 4 -14
I Fa)(°C) 50 41 57 58 43 58 52 34

Ductile upper she|

J) 185 196 187 181 185 176 172 186

(*) value taken from measurements on impact strength test specimen

Table 29Summary of results taken from the impact strength tests in segregatioR,zoge (T
NTgg,and bending rupture energy level at ductile upper [di831f )

Areva NPremarkghat the carbon content varies little within the impact test specimens sampled
at onequarter thickness of the UK and UA doniée variation is less thar021% (Table 29).

To construct the impact strength curve atthigkness anthreequartes thickness of the UA

lower dome, the variation in carbon content between the test specimens beinthagreater
+0.01%, Areva NP chose a data population reduced to that taken from the tests on specimens
with the highest carbon contents, ineorth reduce the carbon content variafléms enables

Areva NP to consider that the transition temperatures defined framp#wstrength curves

are representative of the behaviour of the material with a carbon content corresponding to the
average vaé in the segregation zone at the depth considered [13].

During a previous test campaign from 2014 to the beginning dBRGL6ore sample taken
from the central part of the UA upper dome was also charactérisatdharacterisation showed
that thebending rupture energy changes little fronsuHfacdo threequarters of the thickness
andthenincreases significantly as of thyearters of the thickneSshis considerable variation
in bending rupture energy according to depth is ascribed tonthetimgp effects of the
guencing rate and the carbon content (Figure BO)y. Areva NP, theffect of the carbon
content, which tends to weaken bending rupture energy, is offset by thiagjefect) which

is increasingly beneficial the closer osa@étesurfacewhich tends to increase it.
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Figure3Q: Evolution of bending rupture energy and carbon content along the axis of the core
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4.3.4 Temperaturesf; and R

The nil ductility transition temperaturg,y;] was determined from the dnmapight tests
performed in accordance with the 1975 ASTM E208, as per thel RQ{&, in order to
maintain the baseline reference used for all the Feawtbr pressure vessel operatiofid4]

Twor IS the temperature @e which brittle fracture cannot be triggered from a small dimension
flaw under a strestoseto the yield strength of the materfdle dropweight test is an impact
bending test of a rectangular specimen with a welchbehed beforehand with a saw.
maximumof eight specimens are generally needed (for four test temperatures) to determine the
Twor- The tests are performed by gradually approaching the temperature at which at least one of
the two specimensested at the same temperatlreaks.T,,; then corresponds to this
temperature.

The RT; transition temperature is obtained by combining the results of theeilybp tests
with the results of thenpactstrength tests performed onndtch impact test specimens, in
accordance with standard 1381 of January 20134] The tests are performed at an initial
temperature of J,; + 33°C.RT, is equal to the test temperature, minus®*33&@ichd for
each of the three specimens tested at this tempéranables the following two criterigbt®
met:

- the bending rupture energy is at least 68 J;

- the lateral expansiaat least 0.9 mm.

30 |f the two criteria are not met at a given temperature, new impact strength tests are performed, with the addition
of 5°Cunti they are
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These two criteria were met for all the @stormedon the samples taken from the soake
replica domes, regardless of the zone in question, whedtiparasee or segregatiéior all the
characterisations performed on the swaereplica domes of the Areva NP test programme, the
RT,or transition temperature is therefore équalT, ;.

4.3.4.1.In acceptance zone

The RT; in the acceptance zone is betw26AC and45°C for all the domes assessed (Table
30).In the acceptance zone, the carbon content is about 0.18%.

Dome

FA3 upper

FA3 lower

UK upper

UA lower

UA upper

-30

-20

-45

-30

-35

Tnor = RTwor (°C)

Table 30Transition temperature in the acceptance zone
4.3.4.2In segregation zone

According to Areva NP, although the carbon content variablyin the segregation zone of

each scalene replica dome, there is very little dispersion of the valuggoffiRasuredithin

each of these domes at different depths in the segregation area (Table 31, Table 32, Table 33)
[13] The variation of RE; within a given dome is 5%&tweenquartetthickness and mid
thicknessHigure31).

Slice Poti'it(':‘f(rr‘]";;he %C avé) | %C min® | %Cmax) | RTaor (°C)
2 U7 T 0257 0251 0266 0
4 13T 0250 0244 0254 5
5 ATT 0239 0231 0244 5
7 58T 0199 0.190 0206 15

Table 31UK upper domé Evolution of RT; as a function of carbon content

(*) measured on-desight specimen

Slice Potshlitgl)(rr\]ér;;he %Cave® | %Cmin® | %C max® R(-E(N:[;T
2 1/4T 0.257 0.251 0.262 -5
3 12T 0.237 0.226 0.259 0
4 34T 0.217 0.199 0.238 -10

(*) measured ormasight specimen

Table 32UA lower domé Evolution of RT; as a function of carbon content

31 Which is generally observed for this type of steel in an acceptance zone
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Slice Poti'it(':‘l’(?"'a’;;he %C ave® | %Cmin® | %C max® | RTwor (°C)
2 V7T 0283 0277 0290 5
4 3T 0278 0269 0287 5
5 37T 0270 0257 0288 5
7 58T 0247 0236 0261 0
9 5/6T 0198 0194 0203 20

(*) measured ormasight specimen

Table 33UA upper domé Evolution of R ,; as a function of carbon content

Taking all the domes together, Bg,; in the segregation zone are betw&8hCand5°C.
The dispersion is thus significantly smaller than the dispersiog,ofrRilie acceptance zone
for all the domes (Table 30).

Areva NP underlines that at 30 mmonf midthickness towards the inrgirrfaceof the UK
upper dome, the RJ; is -15°C (Figure 31)or the UA upper dome, for whisegregation
reaches threguarters of the thickness, the measurements made betwegudtiezs thickness
and the innesuffacelead to an R, of -20°C, equal to the maximum value specified by the
RCCM code (Figure 31).

Finally, Areva NP notekatthe difference between the BTin the segregation zone (between
onequarter and threguarters of the thickness) and thahe acceptance zone is between 20°C
and 45°C (Figure 3Areva NP conclugdrom these measurements that the increase in carbon
content leads tosagnificantncrease in the RJ;.

Evolution de la RJpren zone ségrégée

0 1/4 1/2 3/4 1

—o— UK Sup

RTpr=Thor(°C)

—#— UA Inf

-10
I \ UA Sup

-20

i

-30

Position dans I'épaisseur en partant de la peau externe

Figure31 Evolution of the R[5; in segregatioronein the thickness of the scalee replica
domes
Evolution of RTNDT in segregation zone
Position in the thickness starting from the auteface
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Figure32 Evolution of the RiJ,; shift in segregatia@onein the thickness of the scalee

replica domes
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Areva NP remarks that the carbon content varies little within the dieegkbfand UA upper

domes from which the drop weight specimens were sathpkeies by plus or minus 0.01%

(Table 31, Table 32, Table 38eva NP thereforeonsiderghat the T, measured in each

slice is representative of a material with a carbomtcoateesponding to the average of the

zone from which the drop weight specimens were sampled, presented in Table 31, Table 32 and
Table 33.

For the UA lower dome, Areva NP also notes that there is slight dispersion of the carbon
content in slice Zorrespondingo onequarter thickness, but that the variation in the carbon
content at midhickness is greater.

In short, Areva NP notes that thg,T measured in the segregated zone is greater than the
maximum value anticipated at the design stage, knowdesdhgl;, of -20°C.

For Areva NP, the increase in thg,Tin the segregah zone would appear to be consistent

with the trends observéal the tensile and impact strength tésbsvever, ArevalP does not

only attribute the increase igpdt o0 a | oss of t Wwithstandflatv énitiatiom| 6 s a |
and thepropagatiorof a crack initiated on this flatwreva NP attributes the increas Ty, in

part to the hardening induced by the higher carbon content in the segregation zone than in the
acceptance zongccording to the Areva NP estimates, this hardénirigch leads to a rise in

the yield strength results in a 10% increase iading and irthe energy to be dissipated by
cracking during the drepeight test, this latter beitggtedwith imposed deformatida3] The

flaw loading conditions being harsher in the segregation zone than in the acceptance zone, Areva
NP considerst to be logical that the hardening phenomenon contributes ftacthbat the

Tor IN the segregation zoisdigher than in the acceptance zone.

4 3.5 Fracture toughness in the britdlgctile transition domain

The fracture toughness tests were performedrsalgsed in accordance with standard ASTM
E1921 of 2013. This standard presents the protocol of the Master Curve appisach.
approach, which takes advantage of the knowledge acquired on fracture mechanisms through
cleavage of ferritic steels, is usediébermine the statistical distribution of the toughness of a
ferritic steel as a function of temperature.

Rapport ASNCODEP-DEP-2017019368 Rapport IRSN/ 201700011
80



The Master Curve (MC) is an empirical curve associated with a 50% fracture probability, which
describes the evolution versus temperature of thleness of ferritic steels in the bridiletile

behaviour domaifhis curve is indexed on tedererteenperature ;J which is the temperature

at which the toughness is in theory equal to 100 RMP&his reference temperaturgig
determined by facdure toughness testeVithin a zone which can be considered to be
homogeneous in terms of microstructure and chemical composition, about ten toughness tests
are sufficient to determinggrecisely.

In a manner comparable to the,RT the lower the refence temperaturg df a ferritic steel,

the greater its toughneSamilarly, an increase in it indicates a drop in toughhesgriation

in temperature ,Tis thus a parameter for assessing the toughness of segregation zones by
comparison with the eeptance zone.

Master Curve tolerance bounds were also defined for various fracture probabilities (for example
5% and 95%) (this is illustrated using data from the scientific literature in Figutbe8g)st
programme on the pressure vessel donmegqatitioning of the toughness data in relation to

these bounds is a means of assessing the statistical dispersion of the toughness test results, a
comparedwith what is expected for a ferritic stéghe number of tests performed to
characterise the toughness at different depths in the segregation zones cbiigerepita

domes was notably increased in rel&itime requirementsf standardASTM E1921, in order

to cover the temperature domairnwhich the behaviour is mixed brittlectile.

Application de I'approche Master Curve
sur la base de données HSST02
300 ,
©  HSST02 T0=-27°C o v
250 KJIC(med) \
g | --e- KJC (5%) e
E 200  —.-.- KJC(95%) P
< -
=150 - 3 —
E T o
\u) PR & o -
¥9>100 F =T § T
,,,,, % $ o .-
— -
50 f‘g._._._é ----------
0 |
-50 -30 -10 10 30 50
T-TO (C)

Figure33 Application example given by the rapporteur for the Master Curve approach
Tolerance bounds at 50%, 5% and 95%

Application of the Master Curve approach on the badiS®f02 data

The toughness data were also positioned in relation to the ZG6110 toughness curve prescribed
by the RC&M code (Figure 4), which is the reference curve used in the design and operation of
French nuclear reactoii®is empirical curve gives teolutionof fracture toughness versus
temperature (RTy7). It was established during the 1970s thed revised in 2000, to
constitute a lower bound of a thousand items of toughness data for ferritic steels of a grade
equvalent to or very similar to the grade of steel used in the EPR reactor pressure vessel domes.

The Areva NP interpretation of the fracture toughness test results in the acceptance zone and
segregation zone is detailed below.
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4.3.5.1.In acceptance zone

Areva NP notes that in the acceptance zone of the five domes assessed, the reference
temperatures, are very lowTable 34andcomparable to those taken from the literature for
comparable grades of steel, that is

- -84°C for the American Shoreham v4388|

- -95%C for the EDF base drawn up from tests performed on a sheet of 18MND5

gradestee[39]
- -122°C for ashellslugmade ofL6MND5,assessed IGEA [40}
- -90°C for the European database obtained from tests performed on the steel of a

vessel manufactured in @any[41}

Areva NP determined the optimumadex temperaturg,,, for the RC@M curve M (see Figure
18), which optimally encompasses the fracture toughness AesulisNP finds that this
temperature appears to be closer to heniperatur¢hanthe R, which is far higher (Table

34).

Dome FA3 upper FA3 lower UK upper UA lower UA upper
To -94°C -126°C -115°C -134°C -126°C
Tenv -75°C -109°C -96°C -133°C -132°C

RTnot -30°C -20°C -45°C -30°C -35°C

Table 34Reference temperature and optinmuhex temperatuie the RCEM curve in the
acceptance zone

4.3.5.2In segregation zone

In the segregation zone for all the soatereplica dome&reva NPobserves that the reference
temperaturd, is between70°Cand-50°Cbetween onguarter and mithickness (Table 35
andFigure 35) and reach®&&°Cat threequarters the thickness of the UA damgsva NP
alsonotes that Jvaries very little from ofgiarter to mighickness of the same dome (Table 35

and Figure 35

al so finds that t he,)isldohparabedamticae wi t

0 n GiTableB®).r at ure I T

Ar ev a NP
observed

UK upper UA lower UA upper

Zone YaT BT YaT BT T YaT BT T
Quenclingrate (°C/h)[12] | 1318 1010 1386 1302 1414 1354 1058 1388
%C ave 0.254 0.221 0.267 0.255 0221 0.277 0.268 0.225
Standard deviation (%) 0.005 0.011 0.004 0.007 0.014 0.008 0.008 0.011

To (°C) -63 -64 -71 -66 -85 -54 -50 -85

' 5(°C) 52 51 63 68 49 72 76 41

I' Fa(°C) 50 41 57 58 43 58 52 34

Table 35Reference temperaturgahd shift of Tin the thickness of the scalee replica

domes

Rapport IRSN/ 201700011
82

Rapport ASNCODEP-DEP-2017019368



Evolution de T dans I'épaisseur

-40

0 1/4 1/2 3/4 1

-50

-60 —o— UK Sup

—& —=— UAinf
70
b \ UA Sup
-80

N

T (°C)

-90

Position dans I'épaisseur en partant de la peau externe

Figure34: Evolution of T, in the thickness of the UK, UA domes
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Figure35 Evolution of the T shift between the segregation zone and the acceptance zone in the
thickness of the UK, UA domes

Evolution of Tin the thickness
Position in the thickness starting from the auteface

Areva NPpositioned the fracture toughness data from the samples taken from the acceptance
zone and at omguarter thickness of the segregation zone in theoseateplica domes in

relation to the Master Curve tolerance bound$/%eand 99% Figure 3P [13] Areva NP

observes that the distribution of these fracture toughness data is comparable to that expected for
a ferritic steel described by the Master Curve appitechame applies for the toughness data

from the tests on samples taken attiickness of th&JK and UA domes in the segregation
zone.ArevaNP concludes that the segregation zone has a conventional fracture behaviour and
that the hardening linked to carbon segregation essentially leads to a shift in the reference
temperature ;I
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Figure36 Positioning of the fracture toughness data for the specimens sampleplattene
thickness of the scadae replica dom¢$3]
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The fracture toughness data were also positioned by Areva NP in relation to-Me RCC
toughness curve indexed on various temperfi@ies

Areva NP checked that the R®Ccurve indexed on thiedex temperatur&nown as.DS 9
encompasses the toughnessilts in the segregation zone (Figure 37 and Figuree3BPS 9

index temperaturie equal to the eraf-life RT,,; adopted in the design (30°C) by Areva NP,
minus the shift linked to thermal ageing and stress ageing (15°C) and the maximum difference
between the acceptance R Tor the domes athe Flamanville EPR reactor pressure vessel and

that of each of the three seale replica dome$aking account of the maximum acceptance
RT,or Obtained in the acceptance zonéhefFlamanvillelomesthis leads to abhDS 9index
temperaturgequal to the acceptarRé,,; plus 35°Clt entails a 35°C shift to the right of the

RCCM curve indexed on the acceptancg,RT

Areva NP also observed on Figure 37 and Figure 38 that not all the toughnessaleted
by the RCeM curve indexed on the acceptancg,RThirteen fracture toughness data of the
availablé14 for thesegregationone appedrelowthe RCGEM toughness curve indexed on the
acceptance RJ; (Figure 37).

In addition to determining &hl,,; and the RJ,; in the segregation zoAeeva NPdetermined

the index temperatureptimally encompassing all the fracture toughness measurements in the
segregation zon€he curve encompasses all the fracture toughness data for the segregation zone
if the acceptance R is increased by de 20°C (Figure 37 and Figure 38).
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The RCEM curve indexed on the T in the segregation zone, equal g, Tencompasses all
the toughness data, this being greater than or equal to the acceptanuesRA0° C{R Ty
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Figure37: Positioning of fractur®ughnessdata from the test programme in relation to the
RCCM curve[13]
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Figure38 Positioning in relation to the R@LCcurve of the toughness data from specimens
with carbon contents greatieanor equal to 0.2% [13]
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UKS=UKU,UAI=UAL, UAS=UAU,
recette = acceptance

indexation = indexing

T-RTnor de recette =  acceptanc&RTnor

Areva NP determined the optimundex temperatuseof the RC@V curve to cover the
toughness data specific to each sampling zone@ianter thickness, rridickness and three
quarters thickness, for which the average carbon content is given in TaBle TBese
temperatures are given in Table @6efich zone assessed on each of theosealeplica
domes.The maximum difference between the optinmdax temperaturand the acceptance
RT,p7 IS obtained at orguarter thickness of the UK upper dothes 18°C (Table 36avalue
covered by the 2Q°previously mentioned.

UK upper UA lower UA upper
Zone YaT BT YaT BT T YaT »nT ST
Optimum indexingeny(°C) | 57 -39 32 31 63 -30 21 62
in segregation zone

Acceptanc®Typr (°C) -45 -30 -35
Tev 833(°C) 13 -28 28 -28 53 3 3 33
RTnot (°C) in segregation 0 5 5 0 10 5 5 100

zone

® Interpolated valu€&ipaesS 1)
Table 360ptimumindex temperatuia the RCEM curve

4 3.6 Fracture toughness in the ductile zone

The toughness tests in the ductile domain were carried out and analysed in accordance with
standard ASTNE1820 of 2013.

For Areva NP the testresultsshow that, whatever the sampling zwitkin the segregation
zone and therefore regardlesshefcarbon content, thductiletearing resistance, jJof the
segregation zone 2@°Cand330°Cis highethanthe minimumvalues specified by tREGM
code(Table 37)The minimum values at 50°C and 330°C are obtained-tickigess of the

UA upper domeThey are of 281 kJ/m2 at 50°C and 269 kJ/m2 at 330°C, as opposed to
265kJ/m2 and 190 kJ/m2dir the minimumvalues specified by the R®ICcode at 50°C and
330°C respectiveliihis complies with requestifn the ASN letter in referer{@é

Dome UK upper UA lower UA upper RCC-M
YT “BT YT “BT YT T | %T ¥% T | codified value
‘b'zn("lr("\]a}?g c 495 573 593 615 651 417 | 281 622 0265
‘bzr‘zrij‘/ﬁq?’z? c 325 399 336 447 467 277 | 269 388 0190

Table 37Fracture toughness in the ductile domain measured in the segregation zone of the scale
one replica domes
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The chemical analyspsrformed on the CT25 toughness specimens broken in the ductile
domain show that the carbon content of these specimens is primarily between 0.255% and
0.275% with the distribution presented in Figure 39.
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Figure39 Carboncontent of toughness specimens tested in the ductile domain

Number of specimens

4.3.7 Fracture mechanisms

4.3.7.1.In the brittiuctile transition domain

Areva NPhad an examination carried bytifferent laboratoried the fracture surfaces of 108
impact and toghness specimens sampled atgometer, mighickness and threpiarters
thickness of the UK and UA scalge replica dom¢87] The specimens were selected by Areva
NP on the basis of the toughness level reached by the spétitherransition domain, the
specimens with the lowest toughness values were selected, aldvafetitbfsamples with an
average or high toughness in relation to the values obtaingdraptraturéested13][37]

Areva NPobserves that on thehole, the assessments carried out show that the fracture surface
of the toughness specimens tested in the Joluitketransitiondomain is typical of a cleavage
fracture On a few specimens with low toughness, the isolated presietesy@nulafracture
facetswas observed, although without being necessarily associated with the fracture initiation
zone.The presence dficlusionssuch as manganese sulphides or aluminates, was also reported.
However, these inclusions areaiearlyidentified asding fracture initiation sites.

Areva NP also notes that in the batch of specimens assessed, the fracture surface of a toughness
sample taken at on@arter thickness of the UK upper dome and test@Dd comprises a
particularity at the fracture iatton site.The fatigue preracking zone presents a lacpe
intergranularfracture zone, which Areva NP identifies as being probably the cause of the
initiation of cleavage fracture.

4.3.7.2.In the ductile domain
The fracture surfaces of the CT2 toughngsscimens examined all show the same

characteristicg ductile tearing initiation zone @nena cleavage fracture zonedastifiedin
Figure 40The presence of manganese sulphide was also observed.

Rapport ASNCODEP-DEP-2017019368 Rapport IRSN/ 201700011
87



Zore de pré-
fissuration

Rupture ductile

Rupture fragile

Figure4Q Fracturesurface typical of a CT25 specimen tested at 50°C and 330°C
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4.3.8 Position of the rapporteur concerning the mechanical properties in the
segregation zone

4.3.8.1.Sufficienafythe knowledge provided by the test programme

The rapporteur underlines the scale of the test programme run by Arevehdladteristhe
behaviour othe material in the positive macrosegregation zénexgal of 1722 mechanical
tests were carriedut: 145 tensile tests, 96 dmopight tests, 574 Charpy impact tests,
907toughness testscludingd00 to characterise the britllectile transition domain.

These tests were supplemented by 1503 chemical analyses on broken test specimens taken a
different depths in the segregation zone of the@ualeeplica domes, in order to examine the

extent of the segregation zones in the thickness of the dbmmdsoken specimens were also
subjected to fractography to deterntiedracture mechmsmsin the heavily segregated zone.

For the rapporteur, this programme comprises a volume of tests comparable to that of the large
multipartite international research programmes carried out since 1970 to characterise the
behaviour of the ferritic steels usedhmnhanufacture of reactor pressure vesaéth. this
programme, Areva NP also went beyond what is commonly done to qualify a new manufacturing
procedure.

The rapporteur also notes that the number of fracture toughness tests performed covers the
statisttal distribution domain for toughness, expectéueoryfor a ferritic steel, and that the
toughness data do not significantly deviate from the theoretical distrithgiorumber of
toughness tests performed wothdreforeappear to be sufficient ®valuate the fracture
behavioupf a steel with a highi#ranexpected carbon content.

The rapporteuconsiderghat the knowledge acquired through this test programme is sufficient
to assess the properties of the material in the segregation zoneyahd stedhanical strength
of the Flamanville EPR reactor pressure vessel domes at the temperatures to wiidiethey
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subjected inthe normal andabnormalconditionsand to which theycould potentially be
subjected in accident conditioM®re specifically, the variation in thechanicaproperties

within the positive segregation zones aedsrminedaking account of the variation in the
chemical composition and quanghmate in these zonddinimummechanicglroperties for the
segregain zones of the Flamanville EPR reactor pressure vessel domes can be determined on
the basis ofhe tensile properties, the RF measured in the acceptance zone of these domes
andthe evolution of the material properties with the carbon content.

Finally, this test programme was able to verify that the fracture mechanisms in a heavily
segregated zone do not differ from those expected for a ferriticTlséeehpporteur also
observes thahe presence of a residual carbon segregation is indeegithef the change in

the mechanical properties.

The Areva\P database, consisting of the results of theswmleplica programme, was made
available to the rapporteur so that it could make its own independent interpretation of the test
resultsNo ggnificant deviation was identified between the analysis by Areva NP and the analysis
by the rapporteur of the test programme results.

4.3.8.2lmpact of the carbon content on the mechanical properties of the material

Therapporteur notethat in general, the yield strength and ultimate tensile strength, the different
transition temperaturéRT, 57, Tesy Tcy) @nd the reference temperatligghange in a similar

way all these parameters increase with the carbon cohisrtonfirms thiaa rise in the carbon

content induces a hardening of the steel, which leads to a lowering of the shock resistance (or
impact strength) and flaw initiation resistance (or toughness) by comparison with the acceptance
zone.This lowering of the fracture madiicsparametergss more marked in the brittieictile

transition domain than in the ductile domain.

The yield and ultimate tensile strengths isdbeegationones are high#énanthose measured

in the acceptance zonrhe values measured in the aece@ zone constitute the minimum
values and are greateanthe minimum valuespecifiecdy the RCE&M code to beonsidereth

the mechanical analysélse fracture elongation at 20Crelatively insensitive to the carbon
content and remains greatkan or equal to the value mentioned by the ESPN order in
referencé¢3]which is20%.This is thus considered to be satisfactory.

The rapporteur considers that as the tensile properties (3 and R,) are higher than
those of acceptance the conclusions of the design file are not compromised in the
segregation zone,with regard to the plastic instability, excessivedeformation and
progressive deformation risks.

The Ty is higher in the segregation zone than in the acceptance zqeearslta be higher
than themaximumdesignvalue adopted 620°C.The detection of this difference constitutes
the Areva\P reply to request ¥ in the ASN letter in referenfd. In accordance with this
request, Areva NP also provided explanationth@robserved difference inpJ. These

32 Requesh®’9:0 ASN asks you to ensure:that the approach is a
- the conservative nature of cuZ@6110in the RCCGM indexd on the endf-life RTyor selected at the
design, minus the shift linked to thermal and stress ageing, as well as the maximum difference between the
acceptancBTnpr of the Flamanville 8lomes and that of each of the two soatereplica domes with regard
to the toughness valuesasured
- the consistency of the loGabrwi t h t he design value adopted. o
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explanations tend to demonstrate that the increagg;ims Partly linkedo the nature of the
drop-weight testa dynamic test with imposed deforma#atording to Areva NP, the increase

in the yield strength the segregated zone leads to greater loading on taedédso increases

the energy to be dissipated at propagation of thévitaeover, the hardening of the material is
amplified bythe deformationrate. The rapporteur gives napinion on the argunmés put
forward on thisubject as the substantiation presented during the examination is in fact absent
from the Areva NP file.

These explanation® not however make possibleto ascribe the variation Th,; observed
experimentallpetween the acceptance zone and the segregation zone solely to this hardening
effect, nor to stipulate in whabportionit contributes to it

In this respect, the rapporteur underlines that, from the viewpoint of the behaviour of the
material, the imease in the nil ductility transition temperatyyg, between theneasurement

in the segregation zone and that in the acceptance zone, is consistent with the embrittlement of
the material marked by the increase in the other transition tempergjufgsaid T.

The rapporteur observes that in the acceptance zone and in the segregation z@peishe RT
equal to the J;;. The Ry transition temperature and the shift in this temperature resulting
from the rise in carbon contenR(T,,;) within the same segregated daagedittle between
quartetthickness and mithickness (Figure 31 and Figure 32).

4.3.8.3.Improvement in quenchability linked to the carbon cantefiteatd quench

On the basis of the test programme results, the tappasserveshe conflicting effect of the
carbon content and the queimmghrate on the mechanical properties of the steel and the
improvement in quenchability for high carbon contents.

The rapporteur more specifically notes that for the UA upper asrddomes, the transition
temperature g, and the reference temperatdigchange significantly from thiegearters
thickness to mithickness, but do not change significantly betweethiockdess and one
quarter thickness, despite a rising carbon cant¢he scalene replica domes (Figure 28,
Figure 35), in a manner comparable to {he(Figure 31)-or the reference temperatugethie
change does not exceed 5°C, equivalent to the uncertainty on this pditaentételings are
identical for th@T;andnT, (Figure 29 and Figure 35).

The interpretation of the fracture toughness results made by the rapporteur reaches the same
conclusionAt an identical quenching rate, the referesroperaturd, increasesignificantly

for carbon contents of between 0.18% and 0.Z&&oslope of the cunie then invertd for

carbon concentrations of 0.25% or higher and the valug ftdtt&ns out, reflecting the
improved quenchability at carbon contents of between 0.25% and 0.28% (Figure 41).
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Therefore, themprovedquenchability due to the increase in the carbon content offsets the
embrittlement due to a higher carbon contéhnis is to be taken into consideration when
analysing the impact on toughness of a cadidant which can be between 0.28% and 0.32%,
including uncertainties, between -qoarter thickness and the ouerfacea zonewhich is

better quenched

Finally, the rapporteur also observes that the dognate at mighickness of a lower dome is
higher than that for an upper dorius, the toghness of the material at #thicckness of a
lower dome is appreciably higimanthat at miethickness of an upper dome.

4.3.8.4.Fracture mechanism in segregation zone

On examining the fracture surface of the toughness specimens, the rapporteur considers that the
fracture mechanismstime segregation zone are on the whole those to be expected for a ferritic
steelcleavage fracture in the brittlgctile transition dorraand initiation of fracture by ductile

tearing in the ductile domairhe isolated and marginal presence of intergranular rupture facets
wasalsoreportedon several specimens examined.

Among the specimens examined, specimen CT1UST310 is howeutar pdrécfatigue pre

cracking zone on this specimen shows a significant zone of intergranular fracture, most probably
the origin of the initiation of cleavage fractNeexplanation has been given on the origin of

this fracture zone.

The rapporteur gwiders that Areva NP must carry out the necessary investigations to determine

the origin of the intergranular fracture observed on specimen CT1UST310. The rapporteur

however notes that the toughness of this specimen is 50% greater than the minimum value
determined on the RG@ curve indexed on the acceptancg,RT

In order to more precisely characterise the composition of the zone witintdrgsznular
surfaces, as well as the fracture mode, Areva NP undertook to [8&form
- Observationf the surfaces of specimen CT1UST&LOY a scanning electron
microscope;
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microprobeanalysed¢o chemically characterise the zone containing intergranular
surfaces.

Areva NP undertakes to provide the results of this examination at the end of September 2017.
The rapporteuconsiderghis undertaking to be satisfactdrywill also enable Areva NP to
incorporate the results obtained in its pressure vessel commiasibioingation application.

4.3.8.5Conservatism of the ZG6110 toughnéise &EBE code when defining minimum
toughness in the segregation zone

In accordance with requests9if’and n°10* of the ASN letter in referenfd, the rapporteur
notes thafAreva NP determined:

the temperature defined as the desigroklifi@ RT,,;, minus the shift linked to
thermal ageing and stress ageing, combined with the maximum difference between
the acceptance R for the domes ofhe Flamanville EPR reactor pressure vessel

and that of each of the three saale replica domeShis latter is equab the
acceptance RJ; plus 35°C;

the index temperaturef the RCGM curve optimally encompassing the toughness
measurements in the segteEm zone;

the Typ7 iN the segregation zone;

the temperatures resulting from the Charpy impact tests in the segregafiqg, zone:
and T, -33°C.

BT indexation optimale

0 RTndt recette
(%C~0,18%)
TCV-33°C

Température d'indexation {C)

l’g\ 01«,&\ Of,m\ 166\ \0119\

Q-
) \)m NORND

&> & £
PS\)Q \)\(\509 oR® S \)PSOQ

\Q
ok N)

Zone de prélévement (Teneur moyenne en carbone (%))

Figured2 Comparison of the variouslex temperatuseof the RCE&V curveexamined in the
light of the average carbon content measured on spécatesmparable quencgrate

(~13001400°C/h)

33 Requesh®10:0 ASN asks you to determine
- the index temperature encompassing the toughness measurements in the segregation zone
- the index temperature resulting from the -dvejght tests in the segregation zone

- the index temperature resulting from the Charpy impact tests in the segregation zone RfTilig Isqadt equal to
the locallnpr.

ASN asks you, if necessary, to provide data to help with interpreting thecdiffetween the lodabr and the local
RTNDT.é

34 Figure 42 presents a graphic comparison of the index temperature values obtained lecqaldytat, angl
thickness and threpiarters thickness (Y axis) versus the carbon contents (X axistamaspending quench

rate
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The rapporteur observes that the optinmex temperaturef the RCGM curve is below the
temperaturesJ-33 and J,; whatever the depth of the dome at which the samples are taken,
as shown in Figure 4this complies with request n®1ih the ASN lettein referenc§r].

The rapporteur observes that the RCCurve indexed on the acceptancg,Rdoes not
constitute a lower bound of all the toughness data from the tests on the specimens taken from
the segregatiomone associated with quench rates of less than 1500R€/hositioning with

respect to this curve of 6tbighness data from the tests on samples taken from the segregation
zone show thirteen data below the curve, including seven from tests on spanipledsat
midthicknessA 20°C increase in the acceptancgR$ necessary to cover all of the ddte.
optimumindex temperaturef the RCGM curve, with regard to the segregation zone, is thus
equalo the acceptance R plus 20°C.

Finally, the rapporteur underlines the fact that the indexing of the RG® curve on the
RT,or iN the segregation zone, equal to the (|, enables the conservatism associated
with the RCC-M curve to be preserved, with the shift in RT,; being between 20°C and
45°C inclusive (Figure 32).

The rapporteur considers that the R€Curve indexed on the optimum temperature or the
RTyor IN the segregation zone is able to cover the toughness data of a zone with carbon contents
capable of reaching 0.32% onghdace owing tothe more favourable quench effect between
onequarter thickness and the owerfacgFigure 41).

4.3.8.6Fracture toughness in the ductile domain in the segregation zone

The rapporteur observes that the ductile upper shelf is lower segiegatiorzone by
comparison with the acceptance zotwvever, the rapporteur notes that the ductile tearing
resistance at 50°C and 330°C remains litdrethe values specified by the R@Cwhich is
satisfactory and replies to reque&thin the ASN letter ineferencg7].

4.3.9Transposition of the results obtained on the-ecaleeplica domes to the domes
of the Flamanville 3 ERRRactor pressure vessel

4.3.9.1NP Areva file

Areva NP proposed estimating the toughness of each of the upper and lower domes of the
Flamanville EPR reactor pressure vessel froR@@&M toughness curve indexed on the-end

35 Requestn®11: 0 ASN asks you to verify t hat t he i ndex t
measurements in the segregation zone is lower than the two other index temperatures mentioned in request
n° 106

36 Requesh® 3: 0ASN asks you, through the test results, to demonstrate that in the ductile domain the material has
sufficiently ductile and tough behaviour compatible
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of-life temperatures, defined from the results of the test programme on tbeescajdica
domes, that is:
- atemperature encompassing the toughness tests, refasrdg,transposed to the
FA3 domes and increased by 15°C to take accousrgss¥ice ageing phenomena;
- an RT; defined from the maximum RF measuredransposed to the Flamanville
domes anthcreasefly 15°C to take account ofgarvice ageing planena.

The transposition of the scalee replica domesest resultdo the Flamanville EPR reactor
pressure vessel domes consists in covering a possible difference in behaviour in the segregation
zone between these domes by ntaximumdifference between the RT in the scalene

replica domes acceptance zone and thg; RT the acceptance zone of one or other of the
Flamanville domes, or +15°C for the upper dome and +25°C for the lowerFdomeeva

NP, the transposition factor aefd in this way is penalisidd] For example, on the outer
surfaceof the FA3 upper dome, this leads to the following formuias:

4 &!B65DPAO ﬁiArﬁa 4 OOAT OPEAEOCEORBIEEAAD

CPp PL PL WH
24 &!'65DPPAO ﬁiArﬁa 2 4
UV PL PpL CU #
Table 38 and Table 39 detail the calculation of the index temperature of-thelR@GCto be

used in the fracture risk assessments, for the upper dome and lower dome respectively of the
Flamanville EPR reactor pressure vessel [11]

Maximum index Transposition Thermal and Index temperature
temperature from the factor stress ageing in the RCGM curve
test programme adopted by Areva NP
Outer Tenv -21°C 15°C 15°C 9°C
quAp39 . | surface] RTuor 5°C 15°C 15°C 35°C
dome Inner Tenv -62°C 0 15°C 15°C <-5°C
surface RTnoT -10°C 15°C 15°C 20°C

Table 38Upper dome Indextemperaturef the RC@M curve to be used for fast fracture risk

(*) maximum value at ¥ thickness of UA upper and lower domes
(**) value lower than the desifljifearalue 5 C (obtained by adopting an initial dgsigh2RTC)

assessment
Maximum index Transposition Thermal and Index temperature
temperature from the factor stressageing in the RCG-M curve
test programme adopted by Areva NP
Outer Tenv -21°C 25°C 15°C 19°C
FA3 lower| Surface RTnoT 5°C 25°C 15°C 45°C
dome Inner Tenv -62°C 0 25°C 15°C <-5°C (™)

surface RTnoT -10°C 25°C 15°C 30°C

(*) maximum value at ¥% thickness of UA upper and lower domes
(**) value lower than the desiijfearalue #5/C (obtained by adopting an initial desigfi2RTC)

Table 39Lower dome Indextemperaturef the RCEM curve to be used for fast fracture risk
assessment
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4.3.9.2Position of the rapporteur

With regard to the definition of the index temperature &@@@M curve therapporteunotes
thatAreva NPchooses a factor ftnranspositiorof the scal®ne replica domesst resultto the
Flamanvilledomes This factor is defined as being the maximum differeatecenthe
acceptance RJ; of the scal®ne replica domes and those of the Flamanville dinmes.
+15°C for the upper dome and +25°C for lihvger dome.

In the light of the test programmessultsthe rapporteur considers that an index temperature for

the RCGM curve established assuming the acceptaggef®Teach Flamanville dome plus the
maximunshift observed in the segregation zore negpecto the acceptance RF of the UA

and UK domes, and the shift due to the ageing phenomena, is a pertinent means of defining a
minimumtoughness that is consistent with the conventiasgdtiapproach for taking account

of hardening embrittlement

The traditional decision to index the R@Curve on the acceptanceRTwas because of the

aim of obtaining a single curve for a whole range of ferritic steel grades, intrinsically integrating
the difference in behaviour between parts, throughngdexithe acceptance 3. In other

words, the acceptance BT constitutes the transposition paraméige. transposition of one

dome to another is thus guaranteed if the index temperature is defined from the acceptance
RT,or or from the difference withespect to thiscceptanc®T,,;. For example, for the
Flamanville upper dome, this leads to the following index temperatures.

On the ousarrface
4 &I &5DPDPAO
24 AAAADC&ATBIDK)N~ o o
ﬁiArﬁa 4 24 AAAADOAMICAR EEAAO
omg¢gmpuv vl#
24 &!'85DPDPAO 24 AAAADGAIBADDAO
ﬁiA(hzj 24 5 24 AAAADPOAMICRR IEEAAOD
OMTU PpL O #
On the innsurface
24 &!'65DPDPAO
24 AAAAD@AIGADAO
ﬁiArﬁzJ 24 5 24 AAAADPDOMICAR IEEAAOD
o puL pu#

The rapporteur finally observes that the index temperatures chosen by Areva NP are penalising
by comparison with those defined in the rapp

To conclude, therapporteur considersthat the test programme was able to verify that the
fracture mechanisms in a heavily segregated zone do not differ from those expected for a
ferritic steel. The presence of segregation leads to an increase in the transition
temperature

As the failure of the reactor pressure vessel is not postulatedthe installations safety
analysis report, therapporteur considers that it was necessary for Areva NP to assdss
properties of the material of the Flamanville EPR reactor pressure ges domes on the
basis of the results of its tesprogramme, using a proven approach whose conservative

Rapport ASNCODEP-DEP-2017019368 Rapport IRSN/ 201700011
95



nature is absolutely guaranteedConsequently the fact that Areva NP adopted a
transition temperature rise between the brittle fracture mode and the clile mode equal
to the maximum shift in the nil ductility reference temperature (RJ,r) between the

segregation zone and the tested domes acceptance zone is satisfactory.
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5. Thermomechanical loadings

The pressure, temperature and ftmmditionsin the primary system vary according to the
reactoroperating mode3hese operating modes can be stsi@ty or transient or result from
unexpected events affecting the installaflogy constitute situationencernindhe reactoand

thus the primarysystem These situations are characterised by thermohydraulic conditions
(temperature, flow, pressure) of tb&ctor coolant which vary as a function of time and which
lead tathermomechanickldadings on the structures, including the pressure vessel domes

The diagram in Appendix 3 gives a concise presentation of the primary system and the systems
that can be connected to it, as well agéterinlets and outlets to and from the primariesys
which can create thermohydraulic transients.

The conservative natu@ both in terms of exhaustiveness and descriptiari the
thermohydraulic transients chosen for defininthdrenomechanickdadings used as input data

for the assessment tifie mechanical strength tife domes, more specifically the fast fracture

risk assessment, requires particular attefitisr.chapter thus deals with the selection of the
situation¥ which most severely load the lower (vessel bottom head) and uppersessel cl
head) domes and their thermohydraulic descriptions (evolution of temperature, pressure and flow
versus timecalled characterisations.

The most severe situations for the risk of flaw initiation are those which leaddpethie

These situationare those associatetth the hot thermal shock cases for flaws on the outer
surfaceof the domes and with cold thermal shock cases for potential flaws situated on the inner
surfacgsee Figure 43).

Choc chaud Choc froid
o T
o E— —
— | — , — —
4—| — \\\ / — | +—
= Quverture du défaut = Quverture du défaut
en face externe en face interne

Figure43 Effect of a thermal shoand pressuren a flaw perpendicular to thaface

Hot shock Cold shock
Fluid Fluid
Opening of flaw on outauface Opening of flaw on inneuface

37 The inventories of design transigiBS) identi§ all the normal, upsémcident and accident situations that
can affect the main primary system and thus the pressure vessel. They give the thermomechanical loadings to be
considered to substantiate the mechanical sizing of the reactor compbeesitsationsare classifiedy
category according to their probability of occurrence. There are four situation categérasréspdhd to
the permanent operation situafitime 29 covers normal and upset operation, tdec@vers exceptional
situations and the"4overs highly improbable accidghtations.
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5.1. Pertinent thermohydraulic parameters

A situationis defined by amitiating event and the resulting thermohydraulic trantrest
transient is characterised by pressure, fluid temperature and flow values, which vary over time
and generate loading of the structures:
- the pressurehangereates mechanical stressdsaguipment
- the changes in fluid temperature create heterogeneous ttemgeztals in the
structures i other words temperature gradients), which themselves create additional
stresses as a result of differential thermal expansion;
- the heat exchange coefficient between the fluid and the structure, which depends
primarily on the fluid flow rate, determinesiévelof the heat flux applied to the
structure as a function of the temperature difference between fluid and wall.

A consevative characterisation of the thermohydraulic transient generating loads on the structure
is thus defined by maximised variations in the temperature of thedkidigecmplitude of
the thermal shock) as well as by a maximised pressure and exefieng®.co

For the risk of fracture in the britdectile transition domain, the most penalising case is
generallgpeaking that for which the initial temperature (for hot shocks) or final temperature (for
cold shocks) is as low as possitite. lower lhe temperature, the lower the toughness of the
material.

5.2.Hot shock situations

Areva NP transmitted the note in referdd@gin July to demonstrate the absence of the risk of
fastfracture for potential surfabeeaking flaws on the outer surface of the ddmemg the
examination Areva NP subsequently transmitted the summary note in refgf@hae
December 2016, for which sevesaimptionsvereconsideredy the rapportewas being unable

to cover the full variation range of the thermohydnaaiteometersiith regard to the situations
selectedoy Areva NP.This note was thus revised in referddd¢ This latter presents the
selection approach for the most severe hot simelitions and the thermohydraulic description
of the situations finalelected

5.2.1. Identification oselectedhot shock situations

The identification of the hot shock transients is based on the conventiorthilistventory of
design transien{®DS) for the main primary systgf@@PP[MCS) (documentn referenc¢45]
for category 2 and in referefd8]for categories 3 and. Zhe list of situations taken from the
inventory of design transients was supplemented by additional situations leading to hot shock
transients that are penalising for the potefldiason the outersurfaceof the domesThe
approach tcsearchfor these dditional situations developed by ArevaddBompassdbree
phases:
- phasel:identificatiorof physical phenomena leading to pressure veskeg
- phase 2identificationof physical phenomena leading to heating of the pressure
vesseheatinghroughhot fluidinjection;
- phase 3identificationof corresponding plausible scenarios (cooling followed by
heating of the pressure vessel) in order to select the most penalising situations for
subsequent study.

Depending on the initial status of the reatwar,possibilities were identified for the occurrence
of a hot shock:
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- the first concerns all the situations for which the temperature of the domes is initially
high beforeundergoing a cold shock and then a hot shock in succ&bsi@m is
then to identify thé@eat sinks which could rapidly make contact with the domes and
then identify the heat sourcebese situations are initiated in sAdteor B*® (initial
state orpower removal bsteam generators);

- the second concerns all the situatioitiated in cold state (sta®’ on power
removal bythe residual heat removal systemAXY and for which the domes
undergo a hot shock without prior cold sfock

This approach is applied separately to the lower dome and the upper dopressutrevessel.
For certain initiating events, the loadings may détereen the domesr may only affect one
of thedomes.

Following the application of this approach, Areva NP identified three additional situations with
respect to the inventory ofgiign transients in categories 3 and 4:
- for the lower dome, the connection of the residual heat removal syst&A (RIS
RA mode) following a small break LOCA initiated in state A or B, a situation which is
classified isategory 3;
- for the lower dome, theesumption of natural circulation (RCN) following a small
break LOCA initiated in state A or B, a situation whidhssified icategory 3;
- for the lower and upper domes, the loss of coolant by thRRARISsidual heat
removal system RA reactor shutownmode, initiated in state C, a situation which
isclassified igategory 4.

5.2.2. Characterisation of hot shock situations

The characterisation of hot shock situations taken from the inventory of design transients in
referencepl5]and[46]takes accoumto:

- perfect heat exchange between the fluid and the wall (infinite exchange goefficient
for all thesituations;

- lowest primary loop cold leg temperature for the lower dome;

- hot leg temperature, fluid temperature or temperature of the steampipethkead
(volume undethe reactor pressure vessekure head) according to the situation
being studied (with evithoutformation of steam under thpperdome and with or
without rélooding for the upper dome.

For the upper dome, the most severe transients occur during category 26iAgxehin the
inventory of design transients (unschedilledtuationsbetween hot shutdown and cold
shutdown) and, for the lower dome, during the categtnag8on 3.6.1@mall steam line break
with total loss of offite electrical power

Characterisation of the hot shock transients in addition to the inventory of design transients is
covered by Appendix 5.

38 Reactor at power, at hot shutdown and at intermediate shutdown on steam géheratord30 bar)

39 Intermediate shutdown on steam generé@say < 130 bamndTprimay > 110 °C)

40 Intermediate shutdown on tRISRA system irRA modeand normal cold shutdown. The primary system is
closed or partially op€hbar< Pyrimay < 32 barand15 °C < Tyimay < 120 °C)

41 Safety injection and residual heat removal system

42 |n state C orRIS-RA, the maximum pressure in the hot legRidarthe primary system remapressurisable
and the primary temperature is bel@@°C.
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Hot shock transients selected

Theworstcase situations per category, derived both from the inventory of design transients and
from the additionaransientsesearch, for the postulated outer wall flaws on the ,darmes

summarised in Table 40.

Category | Situation Description Reference
Upper 2 DDS 20A345b | Unscheduled fluctuations between hot shutd [43] [44]
dome (AAC) and cold shutdown (AAB)Low load 20A
case 315
3 DDS 3.6.1.a Small steam line break (RTV [SLB]) without {[43] [44]
loss of offsite electrical power
4 Non-DDS Total loss of cooling by the RRA in RA mode in[43] [44]47]
Loss RRA| state C3 reactor coolant pumps stopped
[RHRS]
Lower 2 DDS 20E1P Unscheduleo! fluctuations between AAC and ([43] [44]
dome 0 Large amplitude 2DP
3 Non-DDS Resumptiorof natural circulation following sm|[43] [44]47]
RCN cat3 break LOCA
Non-DDS Connection of RIRA in RA mode following {[43] [44]47]
RRA  [RHRS] small break (SB) LOCA
connection
4 Non-DDS Resumption of natural circulation following si[43] [44]
RCN cat4 break LOCA without taking account of mixiy
with Sl

Table 40NP Areva fileHot shock transients in the inventory of design transients and atldition
transients to théesign transienitsventory

5.3. Cold shock situations

In the notes in referencg®]and[51] Areva NPpresentshe cold shock situations seledted

the stability analysekpotential flaws at threpiarters thickness, starting from the augace

or surfacébreakinglawson the innesurfaceof the lower and upper domes log Elamanville

EPR reactor pressure vesSaice for the sameading,sincethe potential flaws on the inner
surfaceare subjected targerstressethat any equivalent buried flaws, only the case of flaws on
the innersurfaceas presented below.

Following the technical examination, Arevar@ifsedits file concerning cold shocks, which
finallyconsistsn the note in referen¢@7]

5.3.1. Identification of cold shock situations

The situations considered by Areva NP are taken from the design srangetdries, except
for the control rod ejection situation, which was added duringpothehocktechnical
examination.

5.3.2. Characterisation of cold shock situations

The characterisation of cold shagtuationstakesinto accountan infinite heat transfer
coefficient for the upper dome in @fleratingsituations, as well as for the lower domel
situations, except for those indicated in the note in refdifjcevhich notably include
situations resulting from primary systemkBréenown as loss @bolant accidentsLOCA).
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For thesesituations, theheat transfericoefficient is calculated as a function of the fluid
thermohydraulic conditions, according to the formulations recalled in ré¢f&nce

The temperature application rules are as follows:
- for the lower dome, the cold leg fluid temperature is applied to the inner wall in all
situations;
- for the upper dome, the fluid temperature apptlied is

- the hot leg temperature for all category 2 and hydrotest situations;

- the hot leg temperature for tbategory 3 and 4 ndmbbleforming® situations,
except in the case of regection where the liquid temperature is that at the outlet
from theuppercontrol rod guidéubeassemblies

- the liquid temperature in thpper heador category8 and 4 situationsithout
bubble formationthe steantemperaturen the upper heador category 3 or 4
bubble formatiosituationsvithoutreflooding;

- the steam temperature in thgper headntil the moment of reflooding then the
liquid temperature focategory 3 and 4 bubble formation situations with
reflooding.

The worstcase situations (excluding test situations) for the dundakeng flaw selected for the
innersurfaceare recalled in Table 41 below.

Category | Situation Description Reference
2 20A345b Unscheduled fluctuations between AAC and &/ [50]
Upper low range
dome DDS 3.4.a Rupture of a steam generator tube [50]
4 Non-DDS Rod ejectio Bre& of 45 cm? [50]
Lower 2 DDS 20E83P | Unscheduled fluctuations between AAC and | [50]
dome Singlephase cold overpressoese
3 DDS 3.8.2 Singlephase  cold  overpressure  follow [50]
unscheduled safety injection
4 DDS 4.9.2 Singlephase  cold  overpressure  follow [50]
unscheduled safdtyjectionwith oneminimal high
flow lineof SI pumpclosed

Table 41Areva NP File Hot shock transients in the inventorylesign transients and
additional transients the inventory of design transients

The worstcase situations amenglephase cold overpressure following unscheduled safety
injection in category 3 for the lower dome and rod ejection (45 cmz2 break) in category 4 for the
upper dome.

4 Asituationi s said to be o bithdnhohydrauti conditionsm ghé volunteander theh e
pressure vessel closure head are such that theatifitationtakes place and a steam bubble can potentially
form there
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5.4. Position of the rapporteur

After checking the exhaustiveness ofitiiationstudied byAreva NPto identifywhich arehe
most penalising, thrapporteuranalysed the conservatism of the characterigatadution of
thetemperature pressure and flowersus timeof thesesituationsThis analysis was carried out
for the presservessel upper and lower domes, consideringnthe hot shock and cold shock
situations.

The rapporteur underlines the fact that following taepth examination of this file and the
numerous exchanges which took place during the examinatior\Areaasmitted elements
enabling it to complete its initial file @odsolidatés demonstration.

5.4.1 Commonguestions fohot shock and cold shock situations

The characterisation of certain situations raised questions common to hot shock and cold shock
situations.This concerns on one hand the evaluation ofi¢hé transfecoefficientdetween

fluid and wall when theoefficienis not assumed to be infinite and, on the other, the analysis of
the need to reinforce the operating rules to limdrti@iudeof the thermal shocks for category

2 stuations These two points are detailed in Appendix 4.

With regard to thheat transfecoefficientoetweerfluid and wall, the rapportecwnsidershat
the resultsof the sensitivity studies supplied by Areva NP at the end of the examination ensure
that theheat transfecoefficient is calculated conservatively.

In addition, concerning the category 2 situations, the elements provided during the technical
examinatin indicate that the operating rules are sufficient to limantpktude of the shocks
associated with these situatiding rapporteuconsidershat these elements are satisfactory and

thus considers that it is acceptable not to make provision forodification to the normal
operating rules for the Flamanville EPR reactor.

However, insofar as these rules are able to limit the amplitude of the cold and hot shock
transients on the pressure vessel domes during normal aaldnormal operation (category

2 situations), the rapporteurconsidersthat the correspondingcriteria must appear in the
operating technical specifications (STE) of the general operating rules (RGE).

5.4.2 Hot shock situations

5.4.2.1ldentification of hot shock situations

With regard to hoshock situationghe rapporteur note that the categorystuationsare all

taken from the inventory of design transigfitsvever, for categories 3 and 4, the situations
identifieddo not come from the inventory of design transients, except for thhedoppe in
category 3Areva NP did not identify any hot shock situations to be added to the inventory of
category 8esign transientsr the upper dome.

The rapporteurconsiderghat, in principle, the approach developed by Areva NP to identify
situations leading to hot shock transients on the pressure vessel domes is satisfactory.
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5.4.2.2Pertinence of the characterisation of hot shock situations

With regard to the characterisatidnpenalisinghot shocksituations numerousexchanges
summarised iMppendix5 enabledAreva NPto clarify and, whenecessaryto revise the
characterisation initially proposed in ordgueranteés conservative nature

With regard to the transient corresponding to connection of thRRARI® RA mode, the
characterisation initially proposed by Areva NP in4@jwas not felt to be satisfactory and led
to sensitivity studies concerning the impact of the size of thevbiehinitiatesthis transient.
These additional studies highlighted the existenlkeggefthermomechanical loading when
consideringa smaller break sizAreva NP thus defined a new temperature prfdé
characterisinghe hot shock for this situa. The rapporteur analysed this new profile (see
Appendix % and found it to be acceptable.

With regard to the transiecdrrespondingo the resumption of natural circulation following a

LOCA, its characterisation also chargmtiderablguring the @aminatonThe r apport et
guestions mainly concerned the complex and conflicting physical phenomena which govern this
transient.A hot shock is in fact liable to occur at the moment of resumption of natural
circulation (RCN) which more specifically ddp@n the size of the break, the pressure and the
temperature of the fluid in the primaygtenmand the safety injection flow rafEsese different
pointswere examined-ttepth by ArevalP, which performed additional calculations to define

and justifyacceptableonservative temperature and flow rate prdblesharacterisg this
situation[66] The analysis of these elements is presented in Appendix 5.

The rapporteur considers that the thermomechanical loadings of the hot shock situations
as defined at the end of thexamination are acceptable.

5.4.3. Cold shock situations

5.4.3.1ldentification of cold shock situations

With regard to coldhocksituations, the rapporteur notes thatphealisingituations selected

by Areva NP are taken from the design transients inventories, except for the control rod ejection
situation, which was added during the technical examiBatiimy the examination, AreM®

transmitted elements aimed at confirming the exhaustiveness of the cold shock situations studied,
more specificaliglentificatiorof the physical phenomena leading to rapid cooling of the fluid in

the pressure vessel anttl@verpressui@auses

The rapporteur considetfsat the list of worstase situations thus completed by Areva NP is
exhaustive.

The rapporteur also recalls that the exhaustiveness of the list of situations is reassessed on the
occasion of the perimdsafety reviews of each reactor in operatidhe note in referen¢85]

EDF thus undertook to verify the exhaustiveness of the list of situations for the domes of the
Flamanville EPR reactor pressure vessel on the occhsien updating of the ratatory

reference filesThis verification is based on the search for additional transients used for the
reactors in operation.

5.4.3.2Pertinence of the characterisation of cold shock situations

With regard to the thermomechanical loadings induced by cddishaiions, the rapporteur
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considerethat the characterisation of certain transients needeuiprbeed

Situationgith malfunctioRk&RA [SISRHRS]in RAreactor shutdowde

The installation abnormal operating situations (category 2) correspond to malbficctbias
channel®r certain systemSituations are defined in the inventory of design transients to cover
all these malfunctions on the basihemaximumvariatimsin pressure, temperature and flow
rate that could be envisaged according to the design afthieskechanneland systems.

The rapporteur asked Areva NP to pribnthe situations in the inventory of design transients
do indeed cover the malfuioct of the RISRA in RA mode.

In reply, Areva NP specifi§ab]that the failure of the RISA control channel was analysed in
the DDS in category 2 (situations 20E 2C and 208 B€E€Japporteur found that this transient
is covered bynscheduledpenig of a main steam relief train (VDA [MSKTHowever, the
unscheduledpening of a VDA does not lead to reactor coslstentemperatures of less than
100°C, unlike a malfunction of the fR& in RA modeThe rapporteur concludes that although
the unscheduleapening of a valve of the VDA system covers theRRISh RA mode
malfunction situation, this can only be in terms of thermal shock amplitude ianteérmud of
final temperature.

At the end of the examination, Areva NP transniB@a stidy of the category 2 situation with
unscheduledpening of a temperature control valve of arRRAI$rain in RA modelhis study,
which takes account of a certain numbeoo$ervative assumptipeBows that this situation is
covered by other categorgifuations studied elsewhere in the Axd¥ale: the singlghase

cold overpressure situation and thedawplitude temperature variation between hot and cold
shutdown states.

The rapporteur considers these elements to be satisfactory and has conuotients
concerning the category 2 fRA system malfunction situation.

Cold overpressure situations

The cold overpressure situations, while not strictly speaking thermal shocks, subject the domes to
low-temperature loadings and are among the transientsaisimeredor the fast fracture risk
assessment

The comparison between the reactomparation and the Flamanville EPR reactor shows that
the situations considered are linked to restart of a reactor coolant pumpNIGKIPP for the
reactors iroperation whereador the Flamanville EPR reactor, they are due to unscheduled
startup of thesafety injection systethwould notthereforeappear to be certain that the cold
overpressuresituationselected in the Flamanville EPR reactor inventory of design transients
actuallycover all the conceivable cold overpressure situdiibes questized on this point,
Areva NP sough{53] to identify all the factors which could generate an overpressure
(contribution of mass amshergyn the primary system), taking account of the design differences
betweerthe Flamanville EPR reactor and the reactmperation ArevaNP deduces that the
category 2, 3 and 4 overpressure situations selected in the inventory of design transients are
indeed the most penalising for the fast fracturassgssment

44 Sijtuation correspoimd) tosituation 20-C initiated either in shutdown state or in state A or state B
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Although the approach is based on satisfactory pBjcifhe rapporteurfinds that its
implementation was unable to identify the cold overpressure situation following a break on the
RISRA system connected in RA moBarthermore, this approach was unable to identify the
cold overpressure situatiturther to unscheduled opening of a pressuriser valve followed by
reclosureDuring these transients, thgectionof cold water via the safety injection system
causes a cold shock on the lower désoéation of the break by the operator in one case and
closureof the valve in the other then lead to overpresBohlewingthis finding, Areva NP
supplemented its file with characterisation of these situations, the analysis of which is
summarised in AppendixTe thermohydraulic characterisations selectedresideredy the
rapporteur to be satisfactory.

Finally, the rapporteur completed its analysis with that of the characterisation of-tasevorst
cold shock transients in categories 3 and 4 for the upper and loweMisnesthe situations

in the irventory of design transients do not affect the upper dome insofar as it remains at a
temperature higher than that of the ductile upper shelf of the material (that iFh8GVG)st

case transients for the upper dome are LOCA, cold overpressure ajettian &EDG)
situationsOnly the analysis of the LOCA is presented below, with the analysis of the other
situations being summarised in Appendix 6.

Category 3 LOCA situation

The appearance of a breakthe reactor coolant system causesugiant s&ety injection to
rapidly make up the flow lost at the br&&ks system thus injects cold water into the reactor
coolantsystemwhich, on penetratintpe reactor pressure vessghular downcomer, causes a
thermal shock on its wall and more specifmalliie lower dome.

For category Blassifiedreak sizg the safety injection flow rate is sufficient to completely fill
the reactor coolastystemincluding the vesagbper headdespite the leak from the breHhke
arrival of cold water can then alaose a cold shock on the upper dome.

The assumptions selected for analying situation ainat maximigng the cooling rateéThe
break studied is therefdcatedon the hot leg, the cold water injection flow by the safety
injection system is maxigtdsand the residual power in the core is minimiedvarious
operator actions are also taken into account.

A single small break LOCA configuration (in terms of position, number of safety injection trains
available, residual powec, )gter breaksizeconsideredthat is aliameteof 2.5 cm (section 5

cm?) and diameter 5 cm (section 20 cmipcladedin the inventory of design transients.
Furthermore, thenaximumbreak size studied in category 3 is 20 cm? (equivalent to two inches)
on the EPR reaatpas comparetb 45 cm? (equivalent to three inches) for the reactors in
operation.Sincethe cooling rate is not the only thermohydraulic parametdvedin the
mechanicdbadingstudy, the rapporteur questioned Areva NP as to the adequacy of the case
studied and thefluenceof the size of the break on the thermomechanical loadings.

In this respect, for the lower dome, the rapporteur carried out studies on the sensitivity to the
break size up to 45 cn,hypotheses maximising dewatering (parameter invobaddulating

the fluidtemperaturafter the stoppage of natural circulation)tauize actions of the operator.

It turns out that some cases slightlymore penalisinthan the case presented in the inventory

of design transientslowever, the temperature of the fluid on the wall of the lower dome is
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calculated with the CREAREorrelation, which wastablishetb minimise the temperature at
the pressure vessel inltis choiceéhereforencludes a conservativarginon the temperature

of the fluid arriving @helower dome, takingto account the possible mixing and heating taking
place in the pressure vessmlvncomer above the lower dorii@e rapporteur therefore
considers the characterisation of the smabireak LOCA to be acceptable for the lower

dome.

With regard to the upper dome, the characterisation of this situation was established on the basis

of acalculatiort

arried out with the CATHARE

system

to represent the upper parts of the pressure vessel, in particufgethbead volume upon
which the upper dome is positionest the momentwherethe safety injection cold wate
penetrates through the spray nozzles andppercontrol rod guide outlets (degure 44)
situatedin the upper head volummeomplex thredimensional phenomena may occur (more
specifically fluid recirculation loogd)e rapporteur considers that gunt modellingadopted

by ArevaNP is unable to represent these phenoméEm@. penalising nature of the fluid
temperature calculated in this way in the upper dome is theoetanefirmed.
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Figure44: Main flow and corbypass flow in normal operation
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45 The CREAREcormdationis used to evaluate a minimum water temperature at the reactor pressure vessel wall if natural
circulationis interrupted following partial drainage of the primary system. It is based on the assumption that the fluid
temperature at the innealvof the reactor pressure vessel is that of a volume referred to as a mixing volume, consisting of

S C

the volume of primary fluid contained in the cold legs, the annular downcomer and the lower plenum, assuming perfect
mixing of the water in this volumehndll the injection flows in the primary system evaluated GATHARE software
The CREARE corglationwas established on the basis of experimental tests of the same name
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Bypass flow Lower plenum

On this point, ArevalP considere@65]that the liquid temperature in thgper head volume
estimated using CATHARE modelling remains conservative.

ArevaNP considers that the arrival of cold water inpiper heateads to gradual condensation

of the steam and a slow build of subsaturatedaterin the lower part of thapper head
creating a significant level of stratificasoibsaturated liquid at the bottom, layer of saturated
liquid at the liquidteam intéace and steam above the interfdteen the liquidteam interface
reaches and exceeds the control rod guide assembly outlet, the dirstealimuitteraction
disappears and the exchanges only take place on the layer of saturated liquid atethe interfa
When the liquigteam interface reaches the top of the upper dome, the liquid in contact with the
inner surface of this dome is saturatée. simplified CATHARE modelling leads to a mixing
temperature between that of the cold water and that of tinetesitwater, which is therefore
penalising.

The rapporteumoted theargument@roduced byAreva NPbut considers that they need to be
consolidated with more-depth analyse#/hen cold water penetrates tipper headasudden
condensation phenomenacancoccur, with thepper headhen being filled with superheated
steamThis sudden condensation of the superheated steam can lead to an additionafl draw
cold water into thepper headhrough the control rod guide assembhesansient dynamic
pheromenacomparabléo ad c ond e ns ahtainrome rwat ecroul d | ead t o
the upper head volum&he thermal shock on the upper dome withed be faster and larger

than the thermal shock resulting from the very gradual condensation of a bubble in contact with
a thermally stratified volume of water inupper headthe surface of which would be at the
saturation temperature as presumed by ABvdt is important to note that these physical
phenomena can appear for all situations causing dddittayg@pper headnd then its refilling

by safety injection.

At the end of the examination, Areva NP transniB#jchn evaluation of the effedtglow or
fast filling of theupper headvith safetyinjectionwater mainly from the control rod guide
assemblies and, to a lesser extent, through the spray wozateslensation coefficient
sensitivity study shows that, even assuming fast conderfsdt®steam, the temperature of
the fluid in theupper heademains higher than 100°C during refloodingva NP concludes
that the upper dome is not subject to loading in the -ditttde transition domairlowever,
the rapporteur underlines the fét thiscalculatiorstill keepghe simplified modelling which
is unable to represent the abmantionedphysical phenomenareva NP also supplemented
this evaluation with a penalisimgcoupledapproachcharacterising this transient dystep
temperatre variatiorstarting from an initial temperature of 3206@nto an extended plateau
at low temperature, with taesumptiof perfect heat transfer.

The rapporteur considers that theuncoupled temperature evolution selected by Areva
NP is satisfactorysince it covers the dewatering and rapid filling situations in theupper
headvolume, following start-up of safety injection in the event of a LOCA.

5.5. Conclusions of the rapporteur

The characterisation of a thermohydraulic transient gamnéoatls on the structure is defined
by maximised variations in the temperature as well as by a maximised présatrearsder
coefficientThese element®nstitutanput data for the fast fracture mechanical analyses.
The hot shock and cold shock situations liable to trigger initiation of a potentiatdlad,
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respectivelyn the outersurfaceand innersurface were examined by Areva NP in order to
identifythe situations considered to be the most penalisingcfoca@gory and to define the
associated loadingfter checking the exhaustiveness of the situations studied by Areva NP to
identify the most penalising, the rapporteur analysed the pertinence of the characterisation
(evolution of the temperature, pressand flowversus time of these situations for each
category, in order to ensuhat they are conservativehis analysis was carried out for the
pressure vessel upper and lower domes, considering the hot shocks and the cold shocks.

The rapporteur undares the fact that following thedapth examination of this file and the
numerous exchanges which took place during the examination, Areva NP transmitted elements
enabling it to complete its initial file @odsolidatés demonstration.

The rappateur therefore considers tlihe approachilevelopedoy ArevaNP to identify the
situationscreating thermal shock transients on the pressure vesssligdcsatisfactoryhe
rapporteur recalls that the exhaustiveness of the list of situations seceansb® occasion of

the periodic safety reviews of each reactor in operadn.thus undertook to verify the
exhaustiveness of the list of situations for the domes of the Flamanville EPR reactor pressure
vessel on the occasiditire updating of theegulatoryeference files.

Finally, the rapporteur considers that the numerpdatesmade by Areva NP during the
examination finally led thermomechanicébadings resulting from these situations that are
judged to be conservative.
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6. Analysis of thefast fracture risk

Ferritic steels display purely brittle behaviour at very low temperd&dfg,{T mainly ductile

behaviour at ‘RT,,; temperatures above 60°C and mixed behaviour between theartusi.

be demonstrated that the risk of fracture efRlamanville EPR RPV lower head and closure

head in the event of the segregated material being subject to loading in these three temperature
ranges can be ruled out.

The toughness tests performed for the test programme on the regdiea domes shdat

the increase in the carbon content does not affect the behaviour of the ferritic steel at very low
temperaturelhe toughness curve indexed on the acceptance jgstRd that defined for the

areas with a carbon content higher than 0.25% are fobeddentical at-RT,,; temperatures
below-100°C Figure 3Y. Furthermore, as the lowest temperature that can be applied to the
domes in operation is 15°C [70] and the maximurofédifiel RTy; is 45°C (paragraph 4.3.9.1

and Table 39), loading of thexdosteel in its purely brittle behaviour range is unlikely.

The toughness tests performed for the test programme also show that the segregated areas
display sufficiently ductile behaviour when hot, with the toughness effectively remaining higher
than theminimum values prescribed by the RCEode for ferritic steefhe conclusions of the

fast fracture design file are not called into question for the corresponding temperature range.

Consequently, to prove the absences of a fast facture risk it isllgssentestion of assessing

the risk of fracture in the britiiiictile transition zone atRT,,; temperatures below 60°C.

The assessment, carried out by Areva NP, follows the procedure set out below which was
approved by ASN after ti&P ESPNmeeting oB0th September 2015 [7].

6.1. Fast fracture risk assessment procedure

The risk of fast fracture of the domes is assessed with respect to the risk of fracture initiation
from a flaw potentially present in the most stressed areas of thelthsresk is ansidered to

be ruled out if the toughness of the dome steel is sufficient to prevent the initiation of this flaw
under all the loads to which the dome in question is subjected, increased by a sagty factor (
which depends on the probability of occueesfcthe loading (Table 4Zhis comes down to
verifying that the stress intensity facteg)(Kt the flaw remains lower than the toughnegs (K
whatever the loading, which is written as follows:

I:m = K JC/( a'KCP) lo ﬂ RTNDT O BD;rallowable

The RTyor aowanielS the RTpr for which thereserve factdf,, equals 1.

Probability of occurrence

Situations Classification lyear.reactor Safety factora
Normal and disrupted Category 2 f>102 2
Incident and hydrostatic Category 3 104< f < 102 16
pressuréests
Accident Category 4 106 <f<104 1.2

Table 42: Safety factor from appendix ZG 3230 of theNRGtcle
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The minimum toughness of the Flamanville ERP RPV lower and upper domes is estimated from
the toughness curve of appendix ZG 6116hef RCGM code indexed on the entllife
temperatures, which are themselves defined from the results of the test programme conducted on
the scald replica domes, namely:
- a penalising temperature taken from the toughness tests on theegdede domes
calledT,,,, which differs depending on whether it concerns the inner osoritere
of the scald replica domes, transposed to the Flamanville ERP RPV domes and
increased by 15°C to take account @feimice ageing phenomena (see paragraph
4.1.1.5);
- an RT; defined from the maximula RT,;, which differs depending on whether
it concerns the inner or outairfaceof the scald replica domes, transposed to the
Flamanville ERP RPV domes and increased by 15°C to take accoweinoten
ageing phenomena (see paragraph 4.1.1.5);

The calculation of these indexing temperatures is presented in detail in paragraph 4.3

The stress intensity factors were established using the approach recommended in appendix ZG
of the RCEM code.

In a first stage, the pressure stresses and thermal stress in the structure are evaluated, considerin
elastic behaviour and the absencélaws$.For the Flamanville EPR RPV domes, these stresses

were determined from finite element calculations with adihreesional model for the upper

dome and an axisymmetric {himensional model for the lower dome.

In a second stage, knowing the saégsit the postulated flaw, the stress intensity factgrs (K
are calculated from the influencing functions available in chartM (R®fe or Tad®aris
Handbook [71] or developed specifically by Areva NP [18][68]&8tection is then applied

to talke in account the elagttastic behaviour of the structure, in accordance with the
recommendations of the RGLcode.

Lastly, due to the increase inTkg; in segregated areas, Areva NP analysed the appropriateness
of increasing the conservatism ofrtiechanical analyses for category 4 in accordance with the
position expressed by ASN in poifit & appendix 2 of its letter reference [kOArevaNP's

opinion, the increase in thg,Tin segregated areas does not solely indicate a deterioration in
crack-stopping capacities since this increase is, according to its own interpretations of the tests,
partly linked to the hardening of the matedakvaNP therefore considers that the
conservatism of the categdrgnalyses is sufficient.

6.2. Postulatedflaws

In the mechanical analyses, AMRgostulates the presence of flaws that it considers to be the
most harmful in view of the loads present in each déoneArevaNP, these are flaws
perpendicular to the surface of the domes due to the stressehédd ¢y the pressure and
temperature loadings (see FigureT83. flaw orientation is therefore adopted for alfldnes
postulated in the structure (Figure 48 size of thdlaws was defined consistently with the
detection limits of the ultrasomésting equipment (see partl8)mm x 20 mm.

46 ASN position statemeritt consider that depending oRptheaR€s which will be determined in segregated zones, the
conservatism of the mechanical analys¢sitoatiategdliyhave to be increased."
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6.3. Methods of calculating the stress intensity factor associated with eatpe of flaw

Table 43 presents the method of calculating the stress intgnaggd€iated with each type of
flaw postulated in each dome, and more particularly the influencing functions used and the
plastic correction applied.

Size Determination of the
Tvpe of flaw ax2c Location stress intensity factors
P (o 32 ik Influencing functions Plasti.c
mm) correction
. . Appendix 5.4 of RSH
10 x 60 Sggtlgs%ul% rgﬂ?r (surfaceoreaking flaw
Surfacebreaking flaw in a plate)
on outersurface c fb Specific Areva NP
10 x 20 o(rglelr glz)ore development
’ [18] [68][69]
. . . Appendix 5.4 of RSH
Undercladding law Continuous regior :
10 x 60 (surfacebreaking flaw
(DSR) (D5, D7, D8, D13) in a plate)
: : _ Appendix ZG 5110
Flaw embedded at| 10 % €0 Contl(rél;)gi) region  TadaParis chart [71] of RCGM
threequarters ‘b Specific Areva NP
thickness 10 x 30 Cor(rllaelr 83) ore development
’ [18][68][69]
Continuous regior Appendix 5.4 of RSH
20 x 120 (D6.D9. D10 Dl% (surfacebreaking flaw
Surfacebreaking flaw R in a plate)
on outersurface c fb Specific Areva NP
20 x 120 o(rglelr glz)ore development
’ [18][68[69]

Table 43: Synthesis of independently studied flaws and method of calculating the associated
stressntensity factors
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6.4. Restrictive loadngs considered

Areva NP has examined the hot shock and cold shock situations that lead to the opening of a
localised flaw on the outrrfaceand innesurfaceespectively, which has allowed the adoption

of a number of situations considered to bembrstcase situations felachsituation category

(see chapter 5 and Appendix TRpse are drawn from the sensitivity studies whose results are
summarised in Agmdix 14Ultimately, thevorstcasesituation for each category of situations

has been identified in order to establish the minimum margins for the fast fracture risk of the
Flamanville EPR RPV dom@&sese situations are listed in Table 44 and Table 45.

The heat exchange between the fluid and the internal wall of the domes during thermal transients
is assumed to be perfect (infimeat transfer coefficignexcept for the study of the surface
breaking flaws on the inngurfaceof the lower dome whicis taken as being varialilee

thermal and thermomechanical characteristics are taken from {Wece @

Hot shocks Category 2 Category 3 Category 4
) Primary system
Upper dome 1A1-90 overpressure whel L?ﬁ;ﬁg 25’;?
20A345b cold
20E3P Connection of RIS| Resumption of natural circulation after losg
Lower dome ; .
50E1P RA in RA mode | coolant accident (LOCA)
Table 44Worstcase bt shock transienthosen byreva NP for the Flamanville EPR RPV
domes
Cold shocks Category 2 Category 3 Category 4
Upper dome 20A345b 3.4 (a) Rod ejection 45 cm
Lower dome 20E3P 3.82 Break on RIRA
system in RA mode

Table 45Worstcase ald shock transienthiosen byreva NP
for the Flamanville EPR RPV domes

The hydrostatic pressure tests performed at the end of manufacturig before first confthissioning
and for requalification when in service are situations that place loads on potenfiahfleswvs.

why Areva NP also exarad the risk of fracture initiation during these tdste. test
temperatures and pressures are given in Table 46.

47 The RPV has already been tested in the factory and will be tested again at the same time aisntdrg main p
cooling system before commissioning.
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Hydrostatic pressure test (EH)

End of manufacture (EH2)

Periodic requalification (EH3 an

subsequent)
P=25 MPa P=21 MPa
T=35°C T=60°C

Table 46: Pressure and temperature of hydrostatic pressure test

6.5. Fracture margins in the brittleductile transition zone

6.5.1. 100mm high flaw

During the enébf-manufacturing hydrostatic pressure test performed at a temperature of 35°C,
the risk of a Honm flaw initiating fracture would appear to be ruled out according to Areva NP.
In effect, the minimum reserve factor is greater than 1 for both the lower and upp&helome.
indexing temperatures in segregated arggsn@ RT,;) therefore remain belowetlallowable

RT.or, Which enables request No.12 of the ASN letter reference [7] to be satisfied (Table 47).

Transposed startof-life Tenvin segregated| RTnpr in segregated Allowable
indexing temperature (*) area area RTnot
-6°C 20°C o
Upper dome (Fn=2.2) (Fn=1.2) 32°C
4°C 30°C o
Lower dome (Fn = 1.8) (Fu=1.1) 36°C

(*) Indexing temperature established considering the results efthe2t pRigrama = 5°C) increased by the
transposition factor specific to the FA3 upper and lower domes individually, see 4.3.9..

Table 47Fracture margins in eoffmanufacturing hydrostatic pressure testing situation for an
outersurfacdlaw (theworstcasearea]11][72]

According to Areva NP, throughout reactor operation the risk of fracture initiation starting on a
10 mm flow in the lower dome or the upper dome can also be considered to be riihed out .
effect, the calculations give reserve factors greatelr Wizatever the indexing temperature of

the RCGEM curve considered (Table 48, Table @®phsequently, the allowable RT all

situation categories considered, remains higher that the indexing temperatures of the curve of the
RCCM, in accordance withgeest No.12 of the ASN letter reference [7] (Table 48, Table 49).

For Areva NP, the risk of fracture during the periodic requalification hydrostatic pressure tests at
a temperature of 60°C is also ruled D minimum reserve factor is 1.8 for the udpare

and 1.5 for the lower donleis defined taking into account the minimum toughness obtained

on completion of the test programme (Table 48, Table 49).

Lastly, ArevalP's calculations show that any flaw embedded afjttagers of the thickness
displays higher margins with respect to the fracture initiation risk than sarfiaceitaw of
the same size under the claddihgse margins are given in Table 48 and Table 49.
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Minimum reserve factors for a 1:0nm flaw

. Transposed endof-life i
Location of . ) pressure test
indexing temperature Category 2 | Category 3| Category 4 .
flaw during
(see 4.3.9) :
operation
Design RTipr48 -5°C 4.7 4.7 3.6 >3.5
Outer Tenv(ZS) 49 9°C 3.6 3.6 2.6 3.5
surface RTnot (ZS) 50 35°C 25 2.7 1.6 1.8
RTNDT allowable 74°C - - 1.0 -
Design Riipr*8 -5°C 35 4.3 4.0 > 4.6
Inner Tenv(ZS) 52 <-5°C >3.5 >4.3 >4.0 > 4.6
surface RTnot (ZS) 52 20°C >2.0 >1.8 >1.5 >2.7
RTNDT allowable 49°C - - 1.0 =

Table 48Upper dome Minimumreserve factsi,, and allowable RJ; values on outer
surfaceand innesurfacd11][72]

Minimum reserve factos for a 16mm flaw

Location of Transposed endof-life indexing pl)_lr)égrs?ﬁteaigst
flaw temperature Category 2| Category 3 | Category 4 during
(see 4.3.9) operation
Design Riipr 48 -5°C 5.8 2.3 2.9 >3.5
Outer Tenv(ZS)° 19°C 3.9 15 1.8 2.8
surface RTnot (ZSFO 45°C 3.0 1.1 1.2 15
RTNDT allowable 60°C - 1.0 - -
Design RTipr 48 -5°C 4.2 3.2 3.6 > 3.2
Inner Tenv (ZSPL <-5°C >4.2 >3.2 > 3.6 >3.2
surface RTnot (ZS§?2 30°C 2.1 1.6 1.6 2.0
RTNDT allowable 57°C - - 1.0 =

Table 49Lower dome Minimumreserve facterk, and allowable R, values on outer
surfaceand innesurfacg11][72]

48 RTypr used in the initial design file (before the anomaly was detected)
49 Transposed erof-life Teny 0N outer skin

=Tew(21AC) +

50 Transposed enof-life RTnor 0N outer skin

= RTnor in segregated zones of UK an UA domes (+5°C) + transposition factor (+15°C for the upper dome,
NoTQguhg+l5°GJ 0 me )

+25AC

for t he

transposition

51 Maximum transposed enétife Teny0On inner skin

= Maximum TEn at threequarters thickness of the UA dom&27C) + transposition factor (+15°C for upper
f o r notainy(el5°C)d o me ) +

dome,

+25AC

52 Maximum transposed enélife RTuor on inner skin

= Maximum RTpr at threequaters thickness of the UA domes0(C) + transposition factor (+15°C for
+25AC nbr@ehg(+15Wv e r

upper

dome,

factor

+ I'RT

dome)

(+15AGahdel5°Cupper

I'RT

+ I RT
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6.5.2. Mamins fora conventional 26im high flaw

As a complement to the analysis of the risk represented by a flaw at the detectiemtimit (10

high flaw), ArevBlP studied the risk of fracture initiation from a conventional flaw with a height

of 20 mm and length of 120mrocated in the outsurfaceThe aim of the sensitivity-flaw

size study is to demonstrate the robustness of the domes to a lafde fteserve factors for

this flaw are found to be greater than 1 in all the situation categories, incluelkpfthe
manufacturing hydrostatic pressure tests at a temperature of 35°C (Table 50), considering the
temperature that covers the toughness values.

Minimum reserve factos for a 26mm surfacebreaking flaw on outersurface
. End-of-
e manufactung
temEeratoure Category 2 Category 3 Category 4 hydrostatic pressur
Tenv=19°C
test
Upper dome 1.9 2.4 1.5 1.3
Lower dome 2.4 11 1.3 1.2

Table 50: Fracture margin for an2@ flaw on the outesurfaceof the FA3 RPV domes [11]

6.6. Position of therapporteur concerning the fast fracture risk analysis

6.6.1. Approach

The rapporteur notes that the fast fracture risk assessment is consistent with the approach
prescribed in the RG& code, as much through the choice of flaws analysed as through the
definition of the minimum toughness and the evaluation of the stress intensity factors.

The rapporteur notes that in response to péinbf2appendix 2 of the ASN letter reference
[10], Areva NP does not consider it necessary to increase the conservatismcbatheaime
analyses in categdrgituations.

The rapporteur notes that ArdNB effectively verifies that the fracture reserve factors are
greater than 1, by considering the RC€urve indexed on the RF effectively measured in a
segregated area by means of -dmaght tests (see below. view of the satisfactory
conservatism of this indexing, the rapporteur considers that it is acceptable not to
reinforce the conservatism in category 4.

6.6.2. Toughness

The rapporteur notes that the estimation of toughness in the segregated area is based on the
results of the test programme, and more precisely on the indexing temperatures eithe RCC
curve, defined conservativallge rapporteur considers this approachkfaatory (see paragraph
4.3.9.2).

53 Request N°2:Depending on thg,RJalues that will be determined in segregated zones, | ask you to adopt a position
need to increase the conservatism of the mechanical analyses considered in the currently proposed file, in
uncertainties."
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6.6.3. Method of calculating the stress intensity factor

The rapporteur has no particular reservations with regard to the use of the influencing functions
defined in the RSK code or the plastic correction applied for theystd a surfacbreaking

flaw on the outesurfaceand in the continuous regions of the Flamanville EPR RPV upper and
lower domes.

For the study of the flaws situated in the corner of bores and on theudaisof the upper
dome, the rapporteur notésat Areva NP has developed specific influencing functions which
have been validated internally by Areva NP and published inravigsexd international
scientific reviewln the rapporteur's opinion, the development method for these influencing
functions is consistent with the conventional approach and requires no comments.

The rapporteur does nevertheless note that the methods mentioned above were not developed
specifically for the study of unatadding flaws and that for certain loadings theyoenbgss
penalising than the method dedicated to the study ofaladding flaws which is also available

in the RSEM code.This is primarily related to the plasticity correction applied, which differs
from that prescribed in the R@Ccode.

The rapporur asked Areva NP to evaluate the reserve factors for theladdeg flaws with
the method specific to the study of such flaws codified in thiMR8&e ArevaNP carried out
this evaluation for theorstcasdransients; the results do not call guiestion the established
conclusions [86] and the rapporteur has no particular comments to make in this respect.

6.6.4. Flaw size

The rapporteur notes that no flaw representing a crack that is not in conformity with the
technical specifications has been a=tant the Flamanville EPR RPV upper or lower domes
during the manufacturing inspections (see chaptéhe¥law considered in the mechanical
analyses is a hypothetical flaw, larger in size than the largest flaw detectable by ultrasonic
inspection.The rgporteur considers that the size and orientation of the flaws postulated
individually are conservati#er a same given flaw size, any flaw that is not perpendicular to the
surfaces less penalising than a perpendicular flaw due to the mode of Amélags lying

parallel or virtually parallel to thefaceare not heavily loaded, tolerance to such flaws is better.

The rapporteur has no particular comments to make regarding the size and direction of the flaws
postulated in the fast fracture analystsrespect to the conclusions of the-destructive test
performance analysis presented in chapter 3 of this report.
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6.6.5. Loadings adopted

With regard to the thermal shock situations creating stresses in a hypothetical flaw in the inner or
outersurfaceof the domes, the rapporteur notes firstly that the must penalisation situations have
effectively been adopted in the mechanical analyses for each situation category, and secondly that
the pressure and temperature transients induced by these situaidesiveer conservatively

(see chapter 5).

Furthermore, at the request of the rapporteur, Areva NP has provided proof in the notice
reference [73] that the loads exerted by contact between the adaptor tube and the closure head
introduce negligible stressmsnpared with those induced by the pressure and temperature
transientsThe rapporteur has no particular comments concerning the justification.

6.6.6. Fracture margins

The rapporteur notes that, according to Areva NP's calculations, the toughnesgiaegaed

area is sufficient to ensure the mechanical resistance of the upper and lower domes of the
Flamanville ERP reactor pressure vessel in all situation categories and during the hydrostatic
pressure test¥he margins with respect to the fractusk are reduced with respect to those
calculated with the properties of a-segregated material, but remain greater than 1. Jlie RT

in segregated areas and even more so the optimum indexing temperature in segregated areas ar
lower than the allowable R, which satisfies request No>*1&f the position statement letter
reference [7].

The rapporteur carried out its own analyses to verify Areva NP's calculations.
The rapporteur considers that the risk of fracture initiated from a flaw in thElamanville

EPR RPV domes can be considered to be ruled out in view of the margins determined by
Areva NP.

54 Request No. 12 of ASIdtter reference [7]ASN requests thatwarify that the indexing temperatures determined by the
test programme are lower than the maximum permissible indexing temperature that results front the fracture mecha

Rapport ASNCODEP-DEP-2017019368 Rapport IRSN/ 201700011
117



7. Impact of the irregularities detected within the Areva NP Creusot Forge
plant in the handling of the anomaly in the Flamanville EPR RPV domes

7.1.Detection of deviations

The detection of several technical anomalies in the Areva NP Creusot Forge plant since 2012,
including those affecting the Flamanville EPR RPV domes, led ASN in April 2015 to ask Areva
NP and EDF to analyse all these events andteslessons that can be learned from them.

ASN more particularly urged AréR to start a quality review of the parts manufactured in the
past by it€Creusot Forge plant which produced the two Flamanville EPR RPV domes and the
three scalé replica dmes.This review, conducted by an independent-plairty organisation

which only went back as far 2010 and turned out to be relatively superficial, was considered
insufficient by ASN because it did not allow an overall judgement of the organisation and
practices at Creusot Forge plant or of the quality of the parts produced and the safety culture
prevailing within the plant.

Areva NP therefore initiated new review actions in early 2016 which led to the detection of
irregularities in internal documentstted Creusot Forge plant marked with a sign, usually a
double slasiSome of the information contained in these "barred" files reveals deviations from
applicable requirements or inconsistencies with the content of #fenmedifacturing files
presented tthe customer and the safety authorities.

Investigations carried out as from summer 2016 on files not marked with a specific sign revealed
further deviations which had not been communicated to the customer or the safety authorities
either. Areva NP then ecided to carry outnaexhaustivereview of all the available
documentation for all the parts manufactured in the past by Creusot Forge.

Areva NP set up a dedicated organisation to carry out this exhaustivAmangyection unit
is tasked with reealing and examining all the documents in the archives relating to the parts
produced.These archives comprise -®fiananufacturing reports and internal documents
(forging records, ingot orders placed with steel mills, originals of test repontsatnesat
curves, etc.fhe documents are-read on the basis of a guide which specifies more than one
hundred points to examine, such as:
- verification of compliance with the regulations and manufacturing code applicable at
the time of production of theomponents;
- verification of the correct transcription of values between the reports in the internal
files and the erdf-manufacturing report;
- looking for inconsistencies in the results presented in the various documents;
- looking for any additionalperations not recorded in the @fananufacturing
report.

Following this review, the inspection unit draws up a findings report as soon as an element is
found suspect, then a technical unit coordinated by Areva NP engineering characterises the
findingswhich are subsesquently examined by a technical committee made up of Areva NP and
EDF expertsDepending on the conclusions of this review, the findings are either classified as
compliant or deviation sheets (for deviations from the Creusot Forge iatgrmaiments) or

anomaly sheets (for deviations with respect to the regulations, tve ¢®G€ or customer
requirements) are drawn upstly, the various sheets are processed by the quality unit and then
transmitted to ASN.
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It is important to note thahe anomaly in the carbon composition of the steel of the Flamanville
EPR RPV domes is not the consequence of a concealed deviation but of a poor technical
assessment.

7.2.Deviations detected

The review of the files resulting in Areva NP detecting fowatidasi that concern the two
Flamanville EPR RPV domes and the three kecafdica domes covered by this report:
- the measurement of the hydrogen content during the pouring of the Flamanville
lower dome was defective;
- the reagent used for the metallogmphialyses was not suitable for measuring the
size of the primary austenite grains on the five domes;
- a"barred" file containing a mechanical tests report presenting bending rupture energy
values at20°C (52 J, 96 J, 32 J with the comment "unofficidstessi present in
the Creusot Forge archives for Flamanville EPR RPV upper Hoese. values
differ from those indicated in the esfedmanufacturing reposummary(102 J, 96 J,
92 J).Nevertheless, the individual values in the "barred" file complytheith
requirements specified in the RK@Ccode (minimum individual value of 28 J,
minimum mean value of 4Q J)
- in some cases thereusot Forge plant carried out a preheating treatment when
applying the weld beads to the test specimens for theveigig eésts, which could
affect the J; values.

Areva NP examined each of these deviations and concluded that they have no impact on the
conformity or the representativeness of the parts.

In 2015, Areva NP also detected deviations in the performancel@teéstsin the acceptance
test areag\t the request of the rapporteur, Areva NP repeated:

- the tests concerned performed on the Flamanville EPR RPV domes;

- tests at room temperature and at 350°C for each of the thrderepéitea domes.

Performance dhese tests was monitoredakipirdparty organisatiomandated by ASN.

The results of these repeat tests are in conformity with the criteria of tlecB@CArevaNP
concludes from this that the deviations in the tensile tests have no impacbofothety or

the representativeness of the patis. endof-manufacturing reports shall be updated with the
new values.

7.3. Position of the rapporteur

ASN ascertained, by analysing the methodological guides drawn up by Areva NP, that the
manufacturing fileeview method is appropriate, that is to say that it enables retrospective
guarantees to be obtained regarding compliance with the requirements applicable when each of
the parts was manufacturA&N also verified through inspections that this meth&éativeely

applied.
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ASN carried out one particular inspection with the aim of examining the conditions of Areva
NP's review of the manufacturing files of the two Flamanville EPR RPV domes and of the three
scalel replica domes, and determining whetlesetfiles contain elements that could call into
question the foundations on which the file concerned by this report is hasagl.this
inspection, ASN also verified the findings classified as compliant by Areva NP (ASN inspection
follow-up letter referece [29]).

Further to these inspections and the analysis of the processing of the findings made during Areva
NP's reviews, the rapporteur considers that the methodeafdiag the files, as undertaken by

Areva NP, is appropriate for the objective ofiging guarantees concerning compliance with

the requirements applicable when the parts were manufactured.

The rapporteur does however note that the method has a limit which concerns the number of
documents the Areva NP inspectors have to examine, hdnvakes it impossible to have a
complete guarantee that nothing will be missed in-tk&sdiag process.

Independently of the examination of the files, starting from the principle that the quality of a part
can be verified by inspecting its intesnahdness and by verifying its mechanical properties, the
rapporteur tried to identify the areas of residual uncertainties.

The rapporteur observes in particular that many mechanical tests were carried out again after
2016 and these repeat tests weretaoned bya thirdparty organisatiomandated by ASN.

Surface inspections were also carried out after 2016, such as thermographic inspection, ultrasonic
inspection to search for flaws under the claddamgl longduration dygenetrant inspection of

the Famanville EPR RPV lower headstly, some mechanical tests carried out before 2016
were performed in laboratories outside the Areva NP gitoeipapporteur considers that these

tests and inspections provide guarantees of the quality of the partsa&concerne

Conversely, some tensile tests and thevaeaht tests in the acceptance test areas of the domes
were performed before 2016 in the Creusot Forge plant laboratory, sometimes using
inappropriate procedurdaurthermore, some of the volune inspectins bynon-destructive

testng on the Flamanville EPR RPV domes were carried out before 2016. The rapporteur
considers that performing these tests and inspections again would provide further guarantees
with regard to the quality of the parts concernedhendbsence of deviations that could call

into question the representativeness between the diomesld also consolidate Areva NP's
processing of each of the identified deviations.

At the request of the rapporteur, Areva NP repeated:

- the tensile testi® the acceptance test areas of the Flamanville EPR RPV domes,
previously performed in 2016 in the Creusot Fabgeatory;

- atest at room temperature and at 350°C for each of th& smgliea domes on test
specimens having undergone quality and stitesf heat treatments;

- the dropweight tests in the acceptance test areas of the Flamanville EPR RPV domes
and of the three scdlereplica domes, previously performed in 2016 in the Creusot
Forgelaboratory;

- the volumetric inspections by ndestructie tesing during manufacture on the
Flamanville EPR RPV lower he@lde same inspection can no longer be performed
on the lower head due to the lack of accessibility.

5 The ultrasonic inspeatido look for flaws under the cladding of the Flamanville EPR RPV closure head was
carried out in the Areva NP Sdifdrcel plant and was monitored by an organisation mandated by ASN.
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Performance of these tests was monitoredtfiydparty organisatiomandated by ASN.

The results of these repeat tests and inspections are in conformity with the criteria of the
RCC-M code. Consequently, the rapporteur considers that they provide additional
guarantees with regard to the quality of the parts concerned and the absence of
devations that could call into question the representativeness between the domes.

The rapporteur also notes that the mechanical property values determined during these
tests do not call into question its own conclusions regarding the mechanical strength of

the domes.
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8. In-service inspection
8.1.Areva NP file

8.1.1Summary of ASN requests

In its opinionin reference [6] drafted following the 30 September 2015 dbsdi&in, ESPN
recalled its position on operating measurements-seivice inspection:

0 T Advsorgommitteetes that themonstratigproach proposed by Areva hlfalgsash

the fast fracture mexdbehaviour of the Flamanville 3 reactor pressure vessallbsititem head anc
head domes, based on tests carried out on two repesepliatvpditsiapproach could

show that the manufacturing@néemechanical propertiee materihlat are sufficient to

rule out the feared risks.

However, the Adi Committee considers\hihbthisnable to guarantee restoration of the first
level of defence in depth that would have been prapidéfichyidecuomtzimity with current
standards

The Advisory Committee therefore considsistehtdy witbpitsionf 2011, the file must be
accompanigg proposed operating measts®@vice inspections appropriate to the situation
encountered and, as necessary, these must be incorporatestintdi tmeneapliavishe s

to examine them in the light of the results of the test§ to be performed.

Further to thiopinion in the letter in reference [7], ASN sent Areva NP the following request:
OASN asks you to propose r aeratidna@andmeick inppecios ur e
appropriate to the situation encountered and to incorporate them into the equ@pment instruction mal

8.1.2 Positionof Areva NP

Areva NP considers thtte analysis of the manufacturing conditions, the resutg ndn
destructive tegnspectiongerformed during manufacturing and the results of the additional
nondestructiveaest inspections described in chapter 3 of this report, preclude the prasence
the end of manufacturin@f flaws that are prejudicialterms of the risk of fast fracture.

Areva NP alsconsidershat:

- the only flaws that can be envisaged at thefendnufacturing are flaws parallel to
thesurface which are not prejudicial in terms of the risk of fast fracture;

- understanding of thmaterial, the loadings and the effect of ageing mean that the in
service creation of flaws cannot be envisaged

- the loading levels in the segregation zone do not enable the propagation of a possible
flaw not detected duringanufacturingo be envisagedyen assuming that a flaw
perpendicular to theurface could exist.

Based on these considerations, Areva NP considers that there is no flaw known to date that
could propagate in the segregatmmeand that irservicanspections not necessarevaNP

does not therefore make any provision for carrying-eatvite inspection on the domes of the
Flamanville EPR reactor pressure vessel.

However, in order to satisfy the requests of the rapporteur formulated during the review, Areva
NP did, in the daament in reference [14] examine the feasibility-s¥rice inspection
techniques anthe corresponding prequisites without envisaging that the licensee must
implement them.
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The feasibility study identified the zone to be inspected as thpaoutdrthe domes over a
surface area with a diameter of I660(conservatively including the positive macrosegregation
zone) ovea depth between the outer surface andjoager thickness inclusive.

Areva NP analysed thedervicenspectiorpossibities fordetectiorof a flaw with a height of
10 mm and a length of 30 mm, taking accaumthe one handf the performance of the
inspectionmethod utilised during manufacturing, which detect a rough flaw ram1By
20mm and, on the other, theil consideredn the fast fracture calculations ofnid by
60mm.

8.1.2.1.Inspectability of the Flamanville EPR reactor pressure vessel lower dome

Areva NP examined the possibility of inspection using the tools and procedures avaHable for in
servicaenspectiorof the reactor pressure vess#tom head.

Areva NPconsiders that thesgspectionsare possiblggrovidedthat adaptations are made to
the tool dedicated to inspectihg reactor pressure vessstom head weld on the-gervice
inspection machine (MIS)developed by théntercontrble company (focused immersion
ultrasoundsand transduceien the plateare developedreva NP does not however rule out
limits on the performance of timspectior{zone covered and flaw size).

The feaS|b|I|ty study carried out by Areva NP condhales

the zone targeted by thBS for this examination (in assessment mode as defined in
the order in reference [2] would be a volume extending to a d2ptmfrom the
outer wall othe reactopressure vesdabttom head andmoa surface covering the
centre of the foiggover a diameter G600 mm

- the flaw searched for would be planar, ni@e30 mm long and more than 10 mm
high, perpendicular to the wall, radially oriented (see Figunefakbseaking on
the outer wall or with a maximum ligament of 10 mm, entirely included in the
examination zone

- an examination zone of 36 mm (i.e. up tequaeter thickness) does not give the
same performance and this optiomplies a significant drop in the detection
threshold and the notation of a large numbspwfious signals

onentation
radiale

Figure46 Radially oriented flaw

Cladding
radial orientation

Following therequestdor clarification from the rapporteur, Areva NP also indicated that the
time needed to develop the MIS is estimated at 3.5 months, excluding the inspection qualification
phase.
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8.1.2.2.Inspectability of the Flamanville EPR reactor pressure vessel upper dome

For reasons of accessibility of the zone to be inspected, the Areva NP feasibility study opts for a
multrelement contact ultrasounds pracessh the interior of the closure head.

Areva NP numerically modelled the performance of this examination ftwotHaws
represented in Figure Based on this simulation, Areva éfimateghat the coverage of the
zone to be examined would be:
- about 50% to search for adapter corner flaws radially oriented with respect to the
centre of the adapter and orientedzimuthalongthe shortest ligament (Figure 47,
case A);
- about 85% for flaws on the continuous part oriented #henghortest ligament
between adapters and perpendicular to thesaufacgFigure 47 case B).

o | I NSNS §

A B
Figured47: Flaws simulated for the ultrasounds inspection

Areva NP does not specify the performasfadese inspections and states that, owing to the

geometry and the presence of the adaptesivicanspectiorof the entire closure head is not

possible.

8.2. Position of the rapporteur

8.2.1. Principle of defence in depth and break preclusion

8.2.1.1.Principle of defence in depth

Article 3.1of the BNI order in reference [4] requires thaticensee design and operate its BNI
in accordance with the principle of defence in depth

The design of nuclear installations must thus lead to the implementation of successive defence
levels (intrinsic characteristics, materialoagahisationgbrovisions, procedures), intended to
prevent incidents and accidearidthen, f this were to fail, to mitigate their consequeibes:
design is based primarily on the first four levels of defence it depth
- the purpose of thérst level of deferioepreent incidentdor the equipment, steps
are taken to ensure a high standard of quality in their design and manufacture and to
provide a high level of guarantee of that quality;
- the aim of thesecond level of defemadetect the occurrence of sucldemts and
apply measures that will firstly prevent them from leading to an accident, and

56 The fifth and final level concerns the emergency response plans
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secondly restore a situation of normal operation or, failing this, place and maintain the

reactor in a safe conditidfor items of equipment, this requires veridicaif their

design hypotheses during operation and in particular:

- operating provisiort® ensue that the equipment is used in the operating range
defined by the design hypothesis,

- maintenance and monitoring provisions to ensure that the equipmers ireenain
condition compliant with that considered at the time of design;

- the aim of thehird level of defencecontrol any accidents that could not be avoided
or, failing this, to prevent them from worsening by regaining control of the
installation inorder to return it to and maintain it in a safe condifmnthe
equipment, steps are taken to mitigate the consequences of its failure;

- the aim of thefourth level of defertoemanage accident situations resulting from
failure of the provisions of the first three levels of defence in depth, in order to
mitigate their consequences, especially for persons and the envifidnsninirth
level allows the management of antsl&iations involving fuel melt.

These levels of defences must be sufficiently independent for the failure of one level not to call
into question the effectiveness of the other levels of defence in depth.

8.2.1.2Break preclusion

The Flamanville EPR reactafety case is based on a hypothesis of break pr&cfositre
large equipment items on the primary syJteisiis inparticulathe case for the pressure vessel
domesNo reasonable provision could be defined to mitigate the consequences aifrineis fail
an initiating event.

Precluding the breaking of a component means that its failure is not postulated in the safety case.
Thus, nothing is planned under the third level of defence to mitigate the consequences of its
failure.Consequently, thereakpreclusion hypothesis makes it necessary to reinforce the first
two levels of defence in depth in order to achieve a satisfactory level of safety.

This approach must be based on particularly demanding provisions in terms of design,
manufacture and-servicenspectionsuch as to preclude any bré&alese provisions concern:

- analysis of all damage modes, the use of materials with sufficient ability to withstand
these damage modes, determining the loads to which they are subjected, including in
the event of a hazard, and verifying compliance with the criteria such as to preclude
the break risk;

- the use of manufacturing and inspection processes able to demonstrate that a very
high level of quality is obtained, taking acodumtaccordance with paid of the
preliminary remarks to appendix | of the directive in refereticé ¢ttheo st at e of
the art in techniques and practices at the time of design and manufacturing, as well as 1
economic considerations compatible withpeotégtidevet béalth and safety”

- in-serviceinspection more particularly teerify in good time that there is no
compaent deterioratian

5% The notion of oObreak preclusiond used in this repor:t
draft ASN and I RSN guide entitled O0Recommendati ons
58 The main safety requirements of appendix | to the diractigéerence [1] are made applicable by the ESPN
order in reference [3]
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With this in mind, a conservative definition of the loadings experaraigsisf the behaviour

of thestructuresinder these loadings, the existence of margins, more specifically with respect to
the mechanical criteria, thealificationof manufacturing processes, the choice, scope and
performance of thénspectiontechniques in the light of the manufanty process the
definition of manufacturing flaw acceptance criteriaadhessibilityof the zones to be
monitored irservice and the scope of the associaspectionstheintegrationof experience

gained on the behaviour of similar materialsstallations are all necessary for implementation

of this approach

Asrecalled by the standing nuclear seé&t{&PN) of the central committee for pressaessels

(CCAP), at its meeting of 21 June 2005 devoted to break preclusion on main primary and
seondary system pipes for the EPR project, the demonstration of break priediased on the
following elements which are all ahtpersammesign, design verification, manufacture, manufacturin
inspection;servidaspectimnrAt the same session, it stated thathe ver i fi cati on
inspection of manufacturing aseltiee imspection must be reinforced so that tbetappesirance of

of the equipment compromising the prevention of theede®undahegbsence of timely detection of
theseeterioratitne c ome s. i mpr obabl ebd

8.2.2 Consequences on the serviceability of the Flamanville&®&t pressure vessel
head domes

8.2.2.1Analysis of the first level of defence in depth
Noncompliangigh theechnical qualification requirement

The rapporteur notes that the technical qualification processes for the manufacturing process
carried out by Areva NP in accordance with chapter M140 of thkl R@f&e and point 3.2 of
appendix | of the ESPN order in reference [3], were unablentge ahcontrol the residual

carbon segregation riskhe shortcomings in the analyses performed for these technical
qualifications led to the manufacture of a material which does not meet the level of quality
normally expected for such a component.

They alsded Areva NP to estimate that, during manufacturing, it was not necessary to carry out
appropriate measurements and tests on the pressure vessel domes, when it was still possible to
perform them, to verify the satisfactory control of the risks of heteitgg@nsatisfactory
analysisvould probably have resulted in the manufacturer carrying outledioess profiling

on the surface anmechanicalests on specimens which could have baspledvhen the

pressure vessel bores were made, so that thg gutlie material could have been assessed
directly on the part.

The rapporteur thus observes that the high level of quality is not reached for these
components and that the technical qualification process was unable to detect the
anomaly at anearly stage in manufacturing. A correct system would have enabled the

manufacturer to modify its process in order to eliminate the anomaly.

State of the art and current practice at the time of design and manufacture

The rapporteur also notes that the domesepthssure vessel of another EPR reactor were
manufactured at the same time as those of the Flamanville EPR reactor, using a different

59 The NPE Advisory Committee replacedSkdas 0f2010.
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techniqueThis technique led to the production of components for which the final state did not
comprise the same cherha@ampositioranomaly in the steel.

The rapporteur recalls that Appendix 1 of the directive in reference [1], invoked by the ESPN
order in reference [3] requires that account betakeh ¢fe st at e of the art
time of desigd amanufacture, as well as technical and economic considerations compatible with a
protection of health and safety"

The rapporteur observes hat Areva NP did not take account of the state of the art and
current practice at the time of desigrand manufacture and did not use the best available
technique.

Reduction of fast fracture risk margins

The rapporteur considers ttia¢ demonstration of the mechanical strength of the domes for the
feared risk of fast fracture shows the existencerginsgsee chapte). tn the light of the
results of the test programme, thanufacturingprocess thus gives the material sufficient
mechanicalproperties to preclude this riskne rapporteur however underlines ttie
mechanicalstrength analyses premnted in chapter 6 of this report show that the presence

of a carbon macrosegregation zone significantly reduces the existing margirsy
comparisonvith domes that do not contain the anomaly (see Table 49 and Table 50).

Review of the first level efidlefepih

The rapporteur considers that the shortcomings observed in the technical qualification process,
the use of a manufacturing process which was unable to aodtnohnagine residual carbon
segregations and the reduction of fast fracture auigkns, mean that the first level of defence in
depth is affectedhe Areva NP demonstration approach is unable on its own to restore this first
level of defence in depth.

Thus, insofar as failure thfe reactor pressure veskmhes is not postulatedtire Flamanville

EPR reactor safety case, the rapporteur considers, following on from its report in reference [5],
the opinion of the GP ESPNIn reference [6] and the ASN position statement in reference [7],
that the demonstration approach proposed byrevaNP needs to be supplemented by
measures to reinforce the second level of defence in depth

8.2.2.2.Reinforcement of the second level of defence in depth

In the same way as Areva NP, the rapporteur considers that the manutactditiogsand

the inspection resultsad toa reasonable level of confidence with regard to the absence of
unacceptabléaws following the manufacturing operations and ababrding tahe current

state of knowledge, no flaw propagation mechanism exists.
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Opemating experience feedback has shown the benefits of this second level of defence and its
independencé&om the first.The rapporteur thus recalls that dumpgrationof the French

NPP reactors, numerocase®f unanticipated flaw initiation and propagatnechanisms have

been detected, sometimes shortly after commissidhiags for example the case with the

stress corrosion of the Inconel 80nd on the pressure vessel head adapters, the pressuriser
instrumentatiomozzles andhe reactor pressukessebottom headpenetrations the grain
boundarydecohesion aflissimilar metal joints and thermal fatigue in mixing.z2oredsthese

cases, the anomalies were detecteddviceinspection®r by inservice leak detection, or
duringrequalification hydrotest§hese inspections and teststribute tothe second level of

defence in depth.

The rapporteur recalls that the Flamanville EPR reactor was designed for an operating
life of 60 years andconsiders that the second level of defencén depth needs to be
reinforced, with periodic verification of the absence oprejudicial flaws. The absence of
such flaws is a key element in demonstrating thenechanical strength of the pressure
vessel domes.

At the request of the rapporteur, Areva &daminedhe feasibilityof nondestructive test
inspections during reactor maintenance outages and, at the end of this examination, EDF made
an undertaking, in the notices in references [78] and [81] to carry oigethizenvolume
inspections descrithén Table 51, which will eventually be qualifiaddardanceith the order

in reference [2] Some of the technical inspection solutions, not as yet available, will be the
subject of an international call for proposals to industry and univerbgissultrasound
inspections are designed to search for flaws perpendicular dorffoewith radial and
circumferential orientatiofor the reactor pressure vessettom head, EDF adopted the

search for a flaw of Xdm x 30mm and, fothe reactor pssure vesselosure head, a flaw of

10mm x10 mm at the adapter corner ananh® x 30mm in the continuous part.

60 Until the processes are qualifieDF plans to use them for assessment purposes, as defined in the order in
reference2], in other words they will be used by specialists with officially recognised expertise and the
conclusions of the assessment report will be approved within a framework such as to guarantee their quality
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RPV closure head dome RPV lower head dome

Deadlines Outer part | Inner part (first Entire Outer part | Inner part (first Entire
(first 20 mm) 20 mm) thickness (first 20 mm) 20 mm) thickness
Non-qualified Non-qualified
. manual
Preservice manual . . -
inspection Non-qualified

inspection (before| inspection - - -

o inspection
commissioning) Coverage ratig

Limited sco .
pe to be estimateq

First complete
requalification (no

later than 30 month i i i Qualified Non-qualified | Non-qualified

. . . . . )
after first fuel inspection inspection inspectiof®
loading)
Non-qualified
First complete automated Non-qualified
e . . Process Process
requalification + 2 inspection automated - - e e
. . qualification | qualificatiof®
years inspection
Limited scope
Qualified
At each 1§early inspection Qualified Qualified Qualified Qualified Qualified
outage inspectiof®) inspectiof®) © inspection inspection inspectiof®)
Limited scope

(a) Inspectedonelimitedto the shortest ligament between adapters:
50% at nozzle corner; 80% in continuous(pagure 49, Figure B0
(b) Priortechnicafeasibility study required
(c) International call for proposals envisaged by EDF in the absence of an existing technical solution

Table 51EDF commitments regardingservicednspectiorby nondestructive volume tests
[78] [81]

EDF undertakes to analyse tonclusion®f the technical feasibilgyudiefor new processes

and for thequalificationof the process to inspect the outer first 20 millimetres of the closure
head, at the end of 2026the conclusions were to prove negative, EDF undertakes to replace
the clsure head on thaxcasiorof the first teryearly outage inspection.

Reactor presagsel bottom head

With regard to the pressure vessel bottom head, the rapporteur considers that the EDF
undertakings presented in Table 51 focus primarily on deteetingst prejudicial flaws, which
is satisfactory.

The rapporteur questioned EDF on its ability to detect a flaw that is slightly disoriented with
respect to the radial and circumferential direcAbtisis stage, EDF considers that in the outer
part,given the ultrasound path, only flaws disoriented by less than 3° would be detectable (see
Figure 48)The rapporteur thus notes that the inspections proposed by EDRIybkk able to

detect flaws oriented along two angular beams of 6°, or less thia& @ossible orientations

of flaws perpendicular tthe outer surface which would not constitute a significant
reinforcement in the second level of defence in depth.
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Orientation
radiale

. Orientation
‘® circonférentielle

Centre /

géométrique
de la calotte

Figure48 Orientation of flaws sougé@tdome top view

Raial orientation
Circumferential orientation
Geometrical centre of the dome

The rapporteur considers that, as no degradation mode is identified, the inspections cannot in
principle be defined as a function of a particular flaw orientation.

The rapporteuconsiders that it would be possible to significantly increase inspection coverage,
for example:
- by using a larger number of probes on the plate iofsghectiormachine;
- or by performing several inspection passes with the same probes and offsetting their
orientation between passes.

Finally, the rapporteur notes that these inspections could be carried out as of the first complete
requalification following commissioning, which would thus be performed ahead of the first
tenyearly outage inspectidine rgporteur considers this to be satisfactory.

The rapporteur considersthat the anomaly does not call into question the serviceability
of the reactor pressure vessdiottom head, provided thatthe reactor pressure vessel

bottom head inspections are appropriate and can detect all flaws perpendicular to the
surfaces, regardless of their orientationlt considers that the inspections planned by

EDF, performed ahead of the first teryearly outage inspection and to which these

adaptations would bemade, are such as to significantly reinforce the second level of
defence in depth and make up for the deterioration observed in the first level.

Reactor pressureclkessed head dome

The rapporteur considers that inspections on the pressure losssel leead are essential in
order to reinforce the second level of defence in depth and, throughout the 60 years of operation

61 No later than 30 months after the first foatling
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of the reactorconfirm that no flaw with a height of more than 10mm is present in the
segregation zong&his is reinforced by e¢hpresence of geometrical singularities linked to the
adapters and operating conditions that are different from those of the bottom head

(temperatures, closure head handling, etc.).

The rapporteur notes that the inspections to which EDF is committecaameee restricted

zone for the closure head than for the bottom head, more specifically because of the search zone
limitedto the shortest ligameriistweeradapters (Figure 49) and the impossibility of detecting

all the flaws in the vicinity tfe adapers (50% at nozzle corner, 80% in continuous part, see
Figure 50)The rapporteur also notes that, as with the bottom head, onlyitrientedy

less than 3With respect tthe search direction would be detectablese restrictions imply that

the proportion of flaws perpendicular to therfaceand detectable in the outer first twenty

millimetres is very small.
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Figure49 Central part of the Flamanville EPR reactor pressure vesseirsesol/éd zone to
be examinednd positions of flaws looked for

Limit of zone to be examined: Diameter 1600 mm
Zone free of adapter: flaw of orientation 45° and 135° sought over entire surface

Positions of flaws looked for
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Limite de la zone a examiner :
Diamétre 1600mm

Lacune dans 'agencement
des adaptateurs
permettant un bon
positionnement du
traducteur

Motif élémentaire — Résultats
généralisables 3 'ensemble de V Défaut détectable

la zone par symétrie
x Défaut non détectable

Figure50 Central part of the Ffeanville EPR reactor pressure vessel seen fromé&above
possibility of detecting flaws in the immediate vicinity of the adapters

Limit of zone to be examined: Diameter 1600 mm

Gap in layout of adaptealowinggood positioning of transducer
Basic patterd Results could be applied to entire zone by symmetry
Detectable flaw

Non-detectable flaw

The rapporteur underlines the fact that the technical file transmitted by NP and EDF concerning
the inservice inspections is extremely succinct, despite theatisdusksl with the rapporteur

during thereview It provides no technical data on the feasibility of the inspections, their
performance and the workiognditionsin terms of radiation protectiomhis file does not
thereforepermitthe rapporteur to analy theadequacypf the inspections to which EDF finally
committed itself at the endtbke examination process.

The rapporteur also notes that numerous repcemsurevessel closure headsvédndeen

replaced in the past and that Arevachisidershe time needed to replace the Flamanville EPR
reactor pressure vessel closure teebdless than 80 months (see Appendif Glew closure

head, for which the manufacturing conditions would guarantee the abgeuadioftesidual

carbon segregatis could thus be available before the end of 202grctesementvere to be

launched in 2017. On this subject, the rapporteur recalls that ASN asked Areva NP in December
2015, in the letter in reference [7]ntthatea study of the manufacture aiew pressure vessel

closure headwvithout delay taking account of experience feedback fthe design and
manufacture of the existing one.

The rapporteur considers that the serviceability of the present closure head for the
Flamanville EPR reactor pressie vessel cannot be confirmed on a long term basis,
owing to the absence of sufficient irservice inspections to reinforce the second level of
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defence in depth. The rapporteur notes that EDF is not able to perform hservice
inspections on the closure headn the same scale and with the same deadlines as for the
reactor pressurevessel bottom head.

The rapporteur considers that using the existing closure head on the Flamanville EPR
reactor pressure vessel could not be envisaged beyond a few years of operatinless
the in-service inspections needed to reinforce the second level of defence in depth are
implemented.
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9. General conclusion

At the end of 2014, tests performed for technical qualification of the Flamanville EPR reactor
pressure vessel donmegealed the presence of a positive carbon macrosegregation zone which
had been insufficiently eliminated during the ingot discard opefEt®nsesence of excess
carbon in this zone leads to reduced material toughness, in other words, its athistgrtd wi
crack propagation.

In the light of this deviation, Areva NP in 2015 proposketin@anstratiompproach based on an
assessment of the risk of fast fracture of tbesgonentsThis approach, the principle of

which is relatively conventional, aims to demonstrate that in the segregation zone, this material is
tough enough to preclude the risk of initiation of the largest flaw potentially present in each of
the domes under theffect of thethermomechanic&ads to which they can be exposed during
operation.

Areva NP therefore:

- to determine the toughness of the material, carried out a test programme on three
scaleone replica domes and demonstrated that they were representtiwe of
Flamanville EPR reactor pressure vessel domes

- to determine the largest flaw potentially present in each of the domes, carried out
nondestructive test inspections;

- to determinghe thermomechanical loadings, identified and characterised the NSSS
trarsients liable to load the pressure vessel domes.

This approach was analysed by@GReESPNat its sessions of 30 Septenitsr5and 24 June
2016.1t was considered satisfactory by ASN in its letters in reference [7] and [10], provided that
account is takeof a number of requests, to whiateva NPresponded (see table in Appendix

15).

Areva NPcarried out the various steps of this approach in 2016 and on 16 Decemdned 2016
sent ASN a file demonstrating the serviceability of the Flamanville EPR reactor pressure vessel
domesThis file was examined by the rapporteur, which drew the following conclusions.

*

Flamanville EPRreactor pressure vessélottom head dome

Checks diug manufacturing

At the dome procurement stagegva NPinspected the entik@lumeof the part, including the
segregation zon€he results of these inspections revealed no flaw of dimensions exceeding the
criteria in the technical specificatiortse additional inspections performed at the request of
ASN, also confirmed the absence of unldading flaws.

It was subsequently verified that the size of the flaws postulated in the Areva NP mechanical
analyses was defined consistently with the perferteaats of these inspections.
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Characterisation of the material

In order to characterise the segregated material, Areva NP ran a test programmenen scale
replica domes, the scope of which is underlined by the rapfdréedifferences in steelmaking

for the various domes lead to variations in mechanical properties whichimét@abut the
amplitude of which is hard to evaluate with certdihtg. observation led the rapporteur to
consider that the properties of thaterial must be assessed using an approach that is guaranteed
and proven to be conservative.

The rapporteur observes thtat presence of a residual carbon segregation is indeed the origin of
the change in the mechanical propeHiesever, he behaviauobserved remains that expected

of a ferritic steellhe modificationof the mechanicgbroperties mainly results in an increase in

the transition temperature between the brittle behaviour of the material and its ductile behaviour,
of a few tens of degealepending on the assessment method used.

The rapporteur considers that it was necessary for Areva NP to assess the properties of the
material of the Flamanville EPR reactor pressure vessel domes on the basis of the results of its
testprogrammeusinga proven approach whose conservative nature is absolutely guaranteed.
Consequentythe fact that Areva NP adopted a transition temperature rise between the brittle
fracture mode and the ductile mode equal to the maximum shift in the nil ductilityereferenc
temperature (RjJ;) between the segregation zone and the tested domes acceptance zone is
satisfactory.

Finally, EDF undertook to carry out a test programme to validate the hypotheses considered for
thermalageing of the material, which is satisfactory.

Thermomechanical loadings

The thermomechanical transients examinedAreyaNP to determine the most severe
thermomechaniciadings applying to the pressure vessel bottom head dome, were analysed by
therapporteurconsidering the hot shock and céldck situations each time

The rapporteur underlines the fact that, following tdepth examination of this file and the
numerous exchanges which took place during the examination, Areva NP transmitted elements
enabling it to complete its initial Aledconsolidatés demonstration.

The approach adopted by Areva NP to identify the situations causing the most severe loadings of
the reactorpressure vessel domegassideredo be satisfactory by the rapporteur, as is the
conservative nature of tleadswvhich were deduced from it.

Mechanical analysis of the fast fracture risk

The evaluation of the fast fracture risk carried out by Areva NP is consiistér@ approach
prescribed by the R&@ code, with regard to the choice of flaws analygedefinition of the
minimum toughness and the evaluation of the stress intensity Tdetorenclusions of this
analysis show that theechanicgbroperties of the material in the segregation zone are sufficient
to preclude the risk of fast fracture.
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Irregularities detected in the CrepiswitForge

The reactor pressurgessel head domes were manufactured during a period for which
irregularities have been detewtedin the Creusot Forgplant

At the request of ASN, Areva NP repeated ntteehanicatests and nodestructive test
inspections initially performed by Creusot Forge on the various dbemss.new tests and
inspectionsthe results of which are satisfactory, provide additional guarantees as to the quality of
the parts concerneohd the absence of any devidietrleto compromise the representativeness

of the various domes.

In-service inspection

The rapporteur considers that the shortcomings observed in the technical qualification process,
the use of a manufacturing procesglwtvas unable to rule out risks linked to residual carbon
segregation and the reduction of fast fracture risk margins, reflect the fact that the first level of
defence irdepthis affectedThe Areva NRdemonstratiorapproach is unable on its own to
restore this first level of defence in depth.

Given that failure of theeactorpressure vessel domes is not postulated in the Flamanville EPR
reactor safety case, the rapporteur considers that the demonstration approach proposed by
ArevaNP needs to beompleted by Hservice inspection of the pressure vessel domes.

The rapporteuconsiderghat the anomaly does not call into question the serviceability of the
reactor pressureessel bottom head, provided ttis#¢ reactor pressure vedsettom head
inspectionsplanned by EDF are appropriate and can detect all flaws perpendicular to the
surfacs, regardless of their orientatilhrconsiders that these inspections, performed ahead of
the first teryearly outage inspection and to which these adaptatiddoeanade, are such as

to significantly reinforce the second level of defence in depth and make up for the deterioration
observed in the first level.

Flamanville EPR reactor pressure vessel closure head dome

Checks during manufacturing

At the procurement stage, Areva NP carried out the volume andisgdactonspecified by
the RCGM code.These inspectiord notreveaknyflaw with dimensions not conforming to
the criteria in the technical specifications.

However, unlikehe reactor pressure vesdmttom head, it was nqossibleto carry out
additional nordestructive test inspections on the osiefacein order to detect any surface
breaking flaws filled with oxid&reva NPprovided evidence that the manufacturing presess
are such as tprecludethe presence of flaws perpendicular tosthitaceof dimensionsiot-
conforming to the criteria in the technggekifications

The size of the flaws postulated in the Areva NP mechanical analyses is consistent with the
perfomance levels of these inspections.
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Characterisation of the material

Thecharacterisationf the material of the closure head dome revealed no notable difference with
respect to that of the material of the bottom head.dome

Thermomechanical loadings

The thermohydraulic transients used to define the most severe thermomechanical loadings
applied tahe reactor pressure vestesure head dome, in the various situation categories, were
examined and analysed in the same waytls feactor pressuresgebottom head dome.

In the same way as fibre reactor pressure vedsatom head dome, the rapporteur has no
remarks concerning the definition of the loadings on the closure head dome.

Mechanical analysis of the fast fracture risk

The evaluationfahe fast fracture risk carried out by Areva NRHhermrreactor pressure vessel
closure head follows a process very similar to that udbd feactor pressure vedsattom
head.

The conclusions of this mechanical analysis show tma¢chanicgbroperties of the material
in the segregation zone are sufficient to preclude the risk of fast fracture.

Irregularities detected in the CrepisoitForge

As withthe reactor pressure vedsstom headindat the request of ASN, Areva NP repeated
themechanicatests and nodestructive test inspections initially performed by Creusot Forge on
the various dome$hese new tests amgpectionsthe results of which are satisfactory, provide
additional guarantees as to the quality of the parts concetribd ahsence of any deviation
liableto compromise the representativeness of the various domes.

However, unlike witthe reactor pressure vedsattom head, theapporteur note that these
volume inspections using ro@structivenanufacturing tests ddunot be repeated, owing to
theitems installedn the closure éad

In-service inspection

The rapporteur considers that inspectionsthenreactor pressure vesskgsure head are
essential in order to reinforce the second level of defence in depth and, throughout the reactor
operating period, verify that no flaw with a height of more than 10mm is present in the
segregation zon&hese inspections are all the mogeessary as the closure hmadprises
geometrical singularities owing to the adapterbamuperating conditions that are different

from those of the bottom head (temperatures, closure head handling, etc.).

The rapporteur underlines the fact that the technicahfiemittedoy Areva NP and EDF on
the inservice inspections is extremely succinct and gives no technical data on the feasibility of
the inspections, thggerformancand the working conditionsterms of radiation protection.

The rapporteutherefore considers that the serviceability of the present closure head for the
FlamanvillEEPR reactor pressure vessel cannot be confirmed on a long term basis, owing to the
absence of sufficient nolestretive inspections to reinforce the second level of defence in
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depth The rapporteur notes that EDF is not at present able to perforadestyactive
inspections on the closure head on the same scdig therdsame deadlines astfor reactor
pressure veslbottom head.

The rapporteur therefore considers that using the existing closure head on the Flamanville EPR

reactor pressure vessel could not be envisaged beyond a few years of operation, unless the
inspections needed to reinforce the second lededavice in depth are implemented.

* % %
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Appendix 2: Diagrams and components of the Flamanville EPR reactpressure vessel

—=—4q

Figure Al. : Diagrams and components of the FlamanvillerE&&Ror pressure vessel

The domes are indicated in colour.

Reactor pressure vessélody

The RPV body comprises the following elemg

from bottom to top:
3 bottom section:
- a lower bottom (dome),
- a transition ring,
- 8 radial guides.
& cylindrical shell:
- 2 core shells
- one nozzle shell,
- 4 inlet nozzles,
- 4 outlet nozzles,
- 8 safe ends,
- onereactor pressure vessedl ledge,
- one leak monitoring tube.

Reactor pressure vessdiead
The RPV closure head comprises the following elemen
- one RPV closure head flange;
- an upper dome;
- 89 CRDM adaptor tubes;
- 89 CRDM adaptor flanges;
- 16 instrumentation adaptor tubes, equipped with |
section guiding oes;
- 16 instrumentatioadaptor flanges;
- one vent branch connection;
- one dome temperature measurement nozzle ar
endpiece;
- 4 lifting lugs.
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Appendix 3: Diagram of the primary cooling system and connected systems, particularly
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Figure A2 Diagram of the RIRA systentonnected to the primary cooling

system

Rapport ASNCODEP-DEP-2017019368

Rapport IRSN/ 201700011
141



Appendix 4 Analysis of the thermomechanical loadingsPoints common to the
thermohydraulic situations of hot shock and cold shock

In this annex, the rapporteur analyses the common points between the fatdsholtkshock
situations which constitute:
- the penalising nature of the estimation ofhdet transfer coefficiebetween the
fluid and the structure used to characterise the relevant situations that do not involve
a transfer coefficient of infinitelwe;
- the penalising nature of the themohydraulic parameters of the <atgengting
situations which are defined by the normal operational control rules.

Exchange coefficient

For certain hot shock or cold shock situations, Areva NP uses a eadhhlege coefficient
(according to the flow velocity in particular) drawn from correlations in the litAsathi®is a
dominant parameter, the rapporteur asked Areva NP to adopt an exchange coefficient multiplied
outright by two in order to take thesaciated uncertainties into account.

Furthermore, for the lower dome, the flow velocity (parameter in the calculation of the exchange
coefficient in forced convection) is determined from the flow rate and the flow cross section at
the bottom of thenndar downcomemBut the analysis of a CFD (computational fluid dynamics)
threedimensional local thermohydraulic calculation carried out by Areva NP shows that this
choice can result in a serious wedéimation of the flow velocity along the wall andehehc

the exchange coefficieRurther to this finding, Areva NP revised its file {svaduating, on the

basis of the CFD calculation [61], the velocity for each cold shock situation concerned [62].
However, for all the situations concerned thesegat@tions use the results of a single CFD
calculation simulating the injection of 50 kg/s of cold water at 15 °C into each of the loops
starting from an initial state at 250 PRk velocity adopted is based on the CFD calculation and
corrected with respeitt the injected flow rateéBhe rapporteur estimated that, in the absence of
sensitivity studies, the use of a single CFD was not sufficient to guarantee that its use, for
extremely varied configurations, enables envelope velocities to be obtained.

At the end of the examination, Areva NP transmitted [82] complementary CFD calculations
which show that its extrapolation hypothesis on the sole basis of the calculation at 50 kg/s lead in
all cases to a conservative evaluation of the velocities at the RPéddvaard therefore to a
conservative estimate of the heat transfer coeffiientapporteur has no particular comments

to make on this point.

Characterisation of c&tasgasatioddJpper dome and lower dome

The worstcasecategor? transientsof the domes are the 20xxxx situations. More specifically,
20E33P situations (situations of cold overpressure linked, for exarmadyéstenstarting of

safety injection) induce greater loads on the lower dome, while in 20A345b situations (situations
of temperature fluctuation Binglephasecold shutdown condition) the upper dome is more
heavily loaded hese situations are defined by variations in temperature and pressure which take
account of the operating experience feedback from the reacescemigeva NP considers

that they cover the variations that will effectively be observed on the Flamanville EPR reactor in
normal operatiorAlthough it is impossible to express an opinion on the degree of conservatism
of these characterisations asethemo operating experience feedback for the Flamanville EPR
reactor, the rapporteur considers that the normal operating rules guarantee compliance with the
limits of the characterisation of therstcase categeBtransients.
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In this respect, followgy the discovery of residual positive maegvegations of carbon in a
number of steam generator channel heads, EDF has introduced modifications in the operating
rules for the reactors concerned [6B¢ rapporteur has therefore asked Areva NP to draw up
comparative assessment of the operational control rules for the reactor fleet in operation and for

the Flamanville ERP reactbhis assessment is presented in Table Al and Table A2.

Compensatory measures
for the proof tests of the
fleet's segregated SG
channel heads

Objective of the measure with respect
to the SG channel heads of the 900 an
N4 plant series

Areva NP's analysis of the need to
tighten the operational control
rules with respect to FA3 RPV

domes

Shutdown of the laMCCP
possible if temperature
difference between RRA
discharge at SG outlet is le|
than 30°C

Guarantee limitation of the amplitude of
the hot shocks (plug situated in the SG
tubes) at 30°C, the value adofmedDS
900.

The calculations of mechanical
robustness show that this scenario
entrainmenbf a hot plug (Tmax =
55°C/120°C) formed in the SGs is
not harmful for the RPV domes

¢ No change in operational
control rule necessary.

Reduction in cooling
gradients below 120°C and
heating gradients below 60|
to 14°C/h when primary
system iSinglephase

Optimisation of catego@/situations
(situations 1X and 2X) to restore
mechanical margins.

Compensatory measure necessary to
guararge positive margins.

The profiles of the EPR DDS
(cooling situations) are substantiate
by the mechanical calculations
¢ No change in ¢
control rule necessary.

GuaranteedcprO3 0 AC
AN/RRA (before primary
system depressurisation an
water movements with the
pool)

Optimisation of catego®and-3
situations initiated in AN/RRA to restore
mechanical margins.

Compensatory measure necessary to
guarantee positive margins.

The pofiles of the EPR DDS are
substantiated by the mechanical
calculations

¢ No change in d
control rule necessary.

Request to depressurise
primary system to 7 bars as
soon as possible after
shutting down the lastCCP
and after the periodic tests

Optimisation of categof/situations
(instantaneous cold shocks) to restore
mechanical margins.

Compensatory measure necessary to
guarantee positive margins.

The EPR DDS profiles

(instantaneous cold shock 55°C
15°C at 55 bar) are substantiated b
the mechanical calculations
¢ No change in ¢
control rule necessary.

Limitation of IJPF2
temperature witMCCPsets
shut down: I
between RRA discharge an
IJPP injectiont 15°C max

Optimisation oftategon? situations
(instantaneousold shocks) to restore
mechanical margins.

Compensatory measure necessary to
guarantee positive margins.

The EPR DDS profiles
(instantaneous cold shock 55°C
15°C at 55 bar) are substantiated
the mechanical calculations

¢ No change in g
control rule necessary.

Table Al : Aalysis of the need to tighten the operational control rules

62 |JPP: Injection at reactor coolant puMECCP seals
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Compensatory measures
for the proof tests of the
fleet's segregated SG
channel heads

Objective of the measure with respect
to the SG channel heads of the 900 an
N4 plant series

Areva NP's analysis of the need to
tighten the operational control
rules with respect to FA3 RPV

domes

SG cycling p
between RRA discharge arn
TASG is greater than 15°C

Guarantee a limitation of the amplitude
cold shocks (plug resulting from thermg
balancing between the tube bundle anc
secondary system filleg the ASG,
without considering the gravity flow of tl
cold plug) at 15°C.

Hypothesis necessary to guarantee pos
margins.

The EPR DDS profiles
(instantaneous cold shock 55°C
15°C at 55 bar) are substantiated 4
the mechanical calculations.
Moreove, SG cycling is not include
in EPR operational control

¢ No change in ¢
control rule necessary.

Limitation of pressuriser
heterogeneityiiuid phase pPzr
Tric < 15°C (use of auxiliary
spraying if necessary)

Limit the formation of a hot pluag the
pressuriser to guarantee compliance wi
the 15°C amplitude considered in the
DDS.

The hot plug in the pressuriser can
circulate in the RPV

¢ No change in d
control rule necessary.

Stopping of the ladMCCPat
35°C

Cool down the tube bundle to a
temperature close the minimum
temperature of thRCPto limit the
temperature difference between the bul
and theRCP Although the amplitude of
the thermal shock when these plugs stz
moving is limited by the compensatory
measure on the temperature of the VVF
metal, this compensatory measure has
maintained in order to practically elimin
the hot plugs on shutdovof theMCCP
displaying low margins due to summing
with the seismic loads)

The instantaneous cold shock 55°(
15°C considered in the EPR DDS
does not pose a substantiation
problem, and the start of movemen
of any hot plugs situated in the SG
tubes is noharmful for theRPV
domes

¢ No change in ¢
control rule necessary.

Disconnection oMCCPsets
further to normal or
incidental shutdown

Render thentrainmenof a hot or cold
plug impossible

Disconnection oMCCPsets already
specified in EPR

¢ No change in operational
control rule necessary.

Table A& :Analysis of the need to tighten the operational control rules (cont'd)

Areva NP concludes from this that it is not necessary to provide for changes in the planned

operational control rules fitve Flamanville EPR for the following reasons:

- some of the operating measures added for the reactors in service are already planned
for in the normal operational control rules of the Flamanville EPR reactor, such as
disconnection of theICCPsets after thenormal shutdown;

- certain operations that can create a cold shock are not planned to be implemented on
the FlamanvilliEPR reactor, such as SG cyéiing

- the RPV domes are mechanicallyHeasily loadethat the SG channel head in the
event of arearthquaké

It should be noted that for the reactors in service, it has been requested that during a reactor
outage, the lag¢iCCP only be shut down if the temperature difference between the RRA
discharge and the metallic masses at the SG outlet aotitaseoolingsystem side is below

30°C. This measure guarantees a limitation of the amplitude of the hot shocks to 30°C if a plug
of hotter water formed in the SG tubes should be transferred into the SG channel heads. For the

63 Steam generator cycling is a control operation that speeds up the cooling of the secondary cooling system side in

order to be able to start working on it soolt@onsists in filling theecondary cooling system with cold water

then emtying it, and repeating this several times.

For information, the design basis rules in effect require the loads due to an earthquake to be summed with the
other loads in catege®ysituations.

64



Flamanville EPR reactor, the request of the rapporteur, Areva NP performed robustness
calculations [65] which show that a scenario in which a 120°C hot plug is transferred is not
harmful for the RPV domes. It concludes from this that this compensatory measure is not
necessary fdhe Flamanville EPR reactor.

Likewise, to prove that no change to the normal operational control rules is necessary, Areva NP
indicates that the instantaneous cold shock from 55°C to 15°C at 55 bar considered in the
Flamanville EPR reactor DDS (situa®&3P, including more specificafigdvertenstarting

of safety injection) is not harmful for the RPV domes and covers the feared situations. However,
the rapporteur observes that this shock does not stress the upper dome (as the cold water from
the séety injection does not reach the upper dome). Furthermore, this is a thermal shock
postulating shutdown of the reactaain coolantcirculation pumps (MCQRvhich therefore

does not cover the situations where they are operating. Lastly, for the mezmtoasion, the
rapporteur observes that the instantaneous thermal shocks (hot and cold)M@EGRh@

operation are considered. But the equivalent situations for the Flamanville EPR reactor are based
on less penalising temperature gradients of 80°@h. Consequently, the rapporteur asked
Areva NP to evaluate the effect of instantaneous thermal shocks (hot and coldM@@Phe

sets in operation for both RPV domes.

Areva NP carried out this robustness study even though it considered thquaktde
characterisation does not correspond to any identified initiating event. The study shows that the
desigrbasis modelling of situation 20A345b of catyaymary system fluctuations by a

square waveform effectively more penalisinglioth domes and provides a means of checking

that any foreseeable malfunction in the control systems and the systems is covered with respect
to the fast fracture risk in categdrsituations.

In view of the elements provided during the technical examination, theapporteur
considers that it is acceptable not to plan for changes in the normal operational control
rules for the EPR reactor. However, insofar as these rules limit the amplitude of the cold
shock and hot shock transients on the RPV domes during normainé disrupted
operation (category2 situations), the rapporteur considers that, in respect of this, the
corresponding criteria must figure in the technical operating specifications (STE) of the
general operating rules (RGE).

Rapport ASNCODEP-DEP-2017019368 Rapport IRSN/ 201700011
145



Appendix 5: Thermomechanicalloadings - Characterisation of hot shock
transients

In this appendix the rapporteur presents the characterisation of hot shock transients proposed by
Areva NP and analyses the appropriateness of the characterisation forthsenoasisients.

1) Code overpressure transients (DDS)

During the examination, the rapporteur asked Areva NP to prove the bounding nature, as
regards the loading applied to the upper dome, of the assumptions used in the description of the
singlephaselow-temperatureoverpressureitgation associated with inadvertent activation of
safety injection (ISThis is because in this situation, the initial temperature considered at the
time of the safety injection is 55°C (maximum temperature allowing shutdown of the last reactor
main coolnt pump- MCCB. Although this choice aims at maximising the cold shock in the
annular downcomer and on the lower dome (from 55°C to 15°C), the thermal shock does not
induce loads in the upper dome given thatVitbERs are shut dowidowever, considerinthe

primary fluid temperatute be15°C (the minimum feasible temperature), inadvertent triggering

of fuel injection could inducel@awtemperatureverpressure that is more penalising for the
upper domeAreva NP has reviewed [57] the primary systempressure situations initiated at a
temperature of 15°Q concludes that, with respect to an upper dome sutiacelaw, this

new initial state is more penalising than the state initially adopted, while nevertheless remaining
acceptablel'he rapporteur considers these elements to be satisfactory and has no further
comments on the characterisation method chosen by Areva NP for this situation.

2) Hot shock transients not considered in DDS

Areva NP provided notice [47] presenting an analysis of the hosititacdns not considered

in the DDS which are penalising for the lower and upper dbhgesharacterisation of these
situations gave rise to humerous discussions during which a number of assumptions considered
non-conservative by the rapporteur were ifieatd The summary note relative to hot shock
situations [43] and its revision [44] set out the characterisations chosen for each additional
situation.

The worsfcase transients are induced bgnallbreak LOCA and a total loss of cooling by the

shut dowrcooling system (RISA in RA mode).

a) Hot shock transient No. 1 not considered in DDSConnection of RERA
in RA mode further to smditeak LOCA (categoBy

Further to the appearance of a small break and depressurisation of the primary cooling system,
the four RISRA trains came into service in IS (safety injection) mode to compensate for the loss
of masslnsofar as shutdown of the reactoeain coolantcirculationpumps MCCP occurs

during the accident scenario, entry into service of the trairlg indiades a cold shock on the

lower dome further to the loss of natural circulafioan, under certain conditions, the operator

will be able to stop the RFA trains in IS mode and switch them to RA mode (cooling during
shutdown) one after the othé&fhen RISRA connection takes place in RA mode, the hot water
drawn into the hot legs is reinjected in the cold legs and the RPV, which can cause a hot shock
on the lower dome.

Areva NP considers that the dedigsis hot shock is associated with entryeofitst RISRA

train into RA modeThe bounding thermohydraulic loading adopted [43] corresponds to an
instantaneous hot shock from 15°C to 128°C considering the maximum flow rate delivered by an
RISRA pump in RA mode (i.e. 555/my and a minimum ISlow rate corresponding to a

20cm? break (i.e. 270%m). The maximum hot shock temperature (128°C) corresponds to the
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perfect mixing temperature between theRASlow in RA mode coming from the hot legs
considered at 180°C (maximum-RKs connection taperature in RA mode) and the safety
injection flow rateAreva conservatively considers an infinite exchange coefficient between the
fluid and the wall.

During the examination the rapporteur questioned Areva NP on the conservative nature of the
assumptios usedin effect, choosing a smaller break size could lead to a lower safety injection
flow rate and therefore a higher mixing temperature.

Consequently, Areva NP recalculated the scenario faRAR®nnection in RA mode,
considering a break size ofrb? (the smallest size of break leading to the stopping of natural
circulation in the primary cooling systeHQwever, for the characterisation of this new
transient, Areva NP relaxed the conservative assumption associated with the hot water plug
temperaire (180°C)Areva NP thus studied two configurations that differ in the operational
control actions to take according to the core exit temperature (higher or lower thaRdr35°C).
each case, Areva NP defined a new temperature profile, justified irefeostoee [44] (see

Figure A3 and Figure A4).

Température de Pression primaire | Primary coolant
la cuve (°C) A 36,5 A (bar abs) pressure

RPV temperature (°C)

128

Flow rate:
RRA : 555m%h
RIS : 80 m¥h

| > Temps

Figure A3 : Fluid temperature and primary coolant pressure profiles applicable at RPV
lower head ioase of connection of an RRA train in RA mode with_J, ... 135°C
(case 1)
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RRA : 555m%h
RIS : 80 m%h
15
—t i >  Temps | Time
~T70s ~10mn

Figure A4Fluid temperature and primary coolant pressure profiles applicable at RPV
lower head in case of connection of anFRSrain in RA mode with Tcore exit > 135°C
(case 2)

The worstcase temperature profile is the case wheif@ARt®nnection in RA modekis place

with a core exit temperature below 135°C, the hot leg temperature being below 180°C (condition
for connection of RFRA in RA mode)ln this case the RPV lower head can be subjected to a
hot shock from 15°C to 158°C corresponding to the miximgetature between the flow from

the RISRA in RA mode drawn into the hot leg at 180°C and the RIS flow afTh& @rst

plateau lasts for the time it takes empty the water at 180°C contained in the hot leg of the SG
inlet channel hea@ubsequently, themperature of water drawn into the hot leg by the RRA

will result from the mixing of the water contained in the SG tubes, the channel head-and the U
branch at 180° and the water at the core exit at 135°C, then the mixing of this flow with the
safety injetion water injected into the cold I&ge resulting temperature is 1382@ce the

water contained in the leg is evacuated, the temperature at the RPV lower head (119°C) results
from the mixing of the water injected by the-RASIn RA mode at the corgietemperature

(135°C) and the safety injection flow.

Areva NP considers [44] that applying the mixing temperature betweerRAeflBNGin RA

mode and the IS flow directly to the RPV lower head without taking into account mixing with
the volume of cdl water contained in the annular space and the RPV lower head constitutes a
conservative assumptiéiurthermore, the hot thermal shock is considered to be instantaneous.
Given the low injection flow rate of the FRA system in RA mode (about 150 kgfsg, t
rapporteur agrees that ignoring the volume of cold water contained initially in the RPV and
adopting the instantaneous thermal shock hypothesis leads to a conservative situation.

Furthermore, Areva NiRdicates that the IS flow rate86fni/h used inthe study is determined
considering a penalising assumption for the head losses leading to minimising of the flow rate
lost at the break and the injected IS flow rate, and thereby maximising the calculated mixing
temperatureThe rapporteur considers thiais assumption increases the conservative nature of

the temperature profile adopted for this situation.

Lastly, ignoring the heat exchanger between tHRAR#Bd the RRI (component cooling water
system CCWS) which cools the water drawn into the gdidéore reinjecting it into the cold
leg in order to cool the primary cooling system also adds to the conservatism of the study.

The rapporteur thus considers that, despite the relaxation of the assumptions concerning the
temperature of the hot water gpluhe profiles adopted by Areva NP remain equivalent to or
more penalising than the initially chosen profile.
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To conclude, the rapporteur considers the temperature profiles established for the hot
shock transient induced by connection of the RKRA in RA mode further to a smaH
break LOCA (category 3) to be conservative.

b) Hot shock transient No. 2, not considered in DDS:Resumption of
natural circulation (RCN) further to a sthedbk LOCA initiated in state A
or B (categories 3 and 4)

Further to partiaemptying of the primary cooling system induced by the break, natural
circulation stops and a regime of heat exchange in heat piffewithddéie steam generators

(SG) is establishetihe steam produced in the core condenses in the SGs and this hot water
condensate accumulates in the SG tubes and channeTheddmperature in this zone at the
most equals the saturation temperature of water at the primary coolant ptefsigame

time, the RIS system cools the annular downcomer and the RPV lowsr ingaxding cold
water.After a certain length of time, filling of the primary cooling system begins via the safety
injection systems, then, if the break size is sufficiently small, natural circulation resumes and
entrains the hot water plug accumulatettie loops towards the RPV lower hdéadiew of
shutdown of the primary coolant puffipduring this accident, Areva NP considers that the
induced thermomechanical loadings are only applicable to the lower dome.

The hot shock takes place at the moneénmatural circulation resumption (RCN), which
depends in particular on the size of the break and the safety injection floAvenzeklP
developed a threstage approach to characterise the thermohydraulic parameters associated with
the RCN at any momeof asmalbreakLOCA of 20 cm? or smaller and varying the parameters
relative to the IS and the RCN flow r8tee principle of this approach figures in the notice
reference [43].

The approach is broken down into three stages:

- stage 1: RPV coolingsults from injection of the IS flows, which induce a cold shock
on the lower domeThe initial thermal shock temperature is the minimum
temperature of the meta} bt the outesurfaceof the domes the moment RCN
begins;

- stage 2: the final temperatuiréhe thermal shock corresponds to the maximum fluid
temperature (Tat the RPV lower head further to the RCN and entrainment of the hot
water plug towards the RPYV. corresponds to the perfect mixing temperature
between the "hot" natural circulation flowthe primary cooling system and the
"cold" flows from safety injection ($&@gure A5);

- stage3: the mechanical analysis of the RPV is carried out on the basis of an
instantaneous hot shock from: T..

For the purpose of simplification, stages 1 2amd the process are uncoupled in order to
maximise the initial cold shock and then the hot shock when RCN takes place (Figure A5).

The cold shock is thus characterised by RPV cooling induced by the maximum flows delivered by

65 Unlike namal operation in which the power generated by the core is transferred from the primary cooling
sysém to the secondary cooolingteyn by circulation of water in liquid phasehe primary system side, in
heat pipe modthe primary coolant is vaporisdukew it crosses the core then condensed when it passes through
the steam generatasdfinally returedto liquid form at the core inléh this case the power is evacuated due
to the condensation in the SG tubes.

66 On shutdown of th/CCPs, thedome sweping floncancels itself and the dome is no longer cooled.
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the four IS trains in serei@and a hot leg bredie hot shock is characterised with the minimum
flows from two IS trains, which corresponds to a cold leg break, while considering the third train
to beundergoingnaintenance and the fourth losing its flow at the break.

"Fluid" hot shock definition

Définition choc chaud « fluide »

Instant RCN

1 Température RCN (=Tsat) | RCN temperature (=Tsat) |

z I Instantaneous shock at Tf
Choc instantané a T,

‘ ~ 2 1S - RCN 500 kg/s constant

o ~
-‘;- e — =TRCN (=Tsat)
Temperature (°C) = L
s 3
= G Choc instantané a T;
~
g. et 41S — RCN 150.kg/s constant ~ - =T mélange 500 2 IS
] ’ ~ '
= o
100 =N
Tee @ RCN ——T mélange 150 4 IS
N
N
50 \ =
15°C — ~———Température peau externe
R DDS/DAC/DRB
0 | | Outer skin temperature |
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Figure A5Principle of the Areva NP approach to characterise the cadgarshock
resulting from the RCBituation following a small break

Furthermore, the RCN flow profile adoptedArgva NPis based othe results of the PKL

tests (smaBcale experimental installation of a German pressurised water reactor of the Konvoi
type) transposed to the scale of the Flamanville EPR rétaateo. takes into account the
conclusions of the examination of the iehedilution studies following a srllm#tak LOCA:

the assumption taken is a constant flow rate of 500 kg/s for 100 seconds then a drop in flow rate
to 200 kg/s in 50 seconds (see black curve in Figure AG.).

e D€ bits PKL £2.2 du cas de référence (avec max =341,6ks/s a t=102s)

500 ———Débit PKL avec max =500kg a t=102s

Mass flow
(kgls)

- =Débit enveloppe retenu pour I'analyse choc chaud

400 PKL flow rates E2.2 of reference case ( with
max =341,6 kg/s at t=102s
PKL flow rate with max =500 kg at t=102s

Envelope flow rate chosen for hot shock
analysis

Débit massique (kg/s)

200 || S
100

0

s ’V ) 100 1% 20X 250 300

Instant de reprise de - temps (s) _
circulation naturelle | Moment of resumption Time (s)
of natural circulation

Figure AGRCN flow rate profile used for the Isbiock characterisation

Application of this approach leads Areva NP to use the thermohydraulic loadings (temperature
variation) shown in Figure 7 as a function of the moment RCN takes place.
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Figure A7Characterisation of the hot shock caused by the RCN further to a small break in the
primary cooling system

The characterisation of this transient considers a perfect exchange betweeantthéhibudall
(infinite exchange coefficient H) when the RCN flow rate equatg/§0@llowed by an
exchange that encompasses the exchanges by natural convyggtenmd (fdrced convention
(Hep (with the following relatioft = 2 x max (H,; Hep)) whenthe RCN flow rate stabilises at
200kg/s.

According to Areva NP, the werstse categeB/transient is obtained when natural circulation
resumes in a loop, considering injection by two IS trains in service (with a third IS train
undergoing preventive mienance and the fourth losing its flow directly at the break) with an
initial RPV external wall temperature of 30°C.

To complete this analysis, Areva NP also studied this transient with more conservative
assumptions by considering catedgamteriaThe final thermal shock temperature is thus taken

as being equal to the saturation temper@agumeringthe mixing of the cold water from the 1S

with the hot water of the plug) and the exchange coefficient between the fluid and the wall is
considered todinfinite.Areva NP considers that this complementary study covers the cases
where resumption of natural circulation takes place in several loops simultaneously.

The rapporteur points out that the characterisation initially chosen by Areva NP id#otice [

was an instantaneous thermal shock from 15°C to It@¢@inal thermal shock temperature

was obtained by considering a perfect mix between the hot water plug entrained towards the
RPV and the flow from the four available safety injection {f&i@sapporteur questioned

Areva NP on theenalisinghature of the assumptions used to describe this scenario (moment
and pressure of RCN, final shock temperature, RCN flow rate and number of loops concerned,
number of IS trains available) in view of the anistic effects between some paraméikese

guestions led Areva NP to develop an uncoupled approach, presented earlier, aiming to ensure
the penalisingnature of the thermomechanical loading calculated independently of the moment
RCN occurs and the siakthe break.

First of all, the rapporteur considers this uncoupled approach to be satisfactory inlprinciple.
effectively simplifies the approach by limiting the number of sensitivity studies to perform when
there are numerous parameters with antigoeifects, in order guarantee the conservative
nature of the chosen characterisation.

Rapport ASNCODEP-DEP-2017019368 Rapport IRSN/ 201700011
151



However, the analysis of this approach prompted a number of remarks concerning the following
assumptionghe ignoring of primary cooling system predseirgg mainiaedby the low head

safety injection (LHSI) system, tdeng into accoumf the reduction in RCN flow rate and the
number of loops concerned by RONese points are detailed below.

T Maintaining primary cooling system pressure by LHSI

In case of resuption of natural circulation after reaching the LHSI injection threshold, the
pressure would stabilise at the LHSI delivery preSmirgaining pressure by LHSI can have
several penalising effects with respect to the hot shock, more specificallyaimengainthe

high saturation temperature and a reduction in the safety injection flow rate in the primary
cooling systenmlhese two phenomena have direct effects on the mixing temperature inducing
the hot shockFurthermore, maintaining pressure inghmary cooling system leads to an
increase in mechanical stresses.

Questioned on this point, Areva NP indicated [58] that the primary coolant temperature at the
SG outlet is forcibly equal to (or slight higher than) the temperature of the secondgry cool
system despite the possible maintaining of pressure by thénLiHiSI.case this temperature
would become undsaturatedThe rapporteur considers the argument provided by Areva NP to
be acceptabl&urthermore, maintaining pressure takes plaae thwbipressuriser is filling up.
Resumption of natural circulation will take place once the primary coolant system reaches a
singlephasestate.The natural circulation flow will therefore resume on the readingla
phasestate at about 200 kg/s irestieof the 500 kg/s currently used in the characterisation file.
Resumption of natural circulation with a lower flow rate is beneficial for the mixing temperature
and covers the penalising effect of possiblataming of primary cooling system pressure by

the LHSI.To conclude, this study is not called into question by the fact that maintaining pressure
in the primary cooling system by the LHSI system is not taken into atleeuaipporteur

has no other comments to make on this point.

9 Reduction of the &N flow rate

Questioned on the justification for the chosen RCN flow rate profile (see Figure A6), Areva NP
provided the elements which are detailed in noticét [f&8}. gave a recap of the main physical
phenomena governing resumption of natiratlation (Figure A8Areva NP the used the

results of the PKL Il test as a basis for defining an approach allowing verification of the
conservative nature of the RCN flow rate considered for the hot shock analysis, and in particular
the flow rate peakalue and duratio®@n the basis of thesdbservationsAreva NP modified

the flow rate profile and adopted the following prdéfitri(e AY:

- arapid rise in flow rate to a given value (maximum flow rate of 500 kg/s);

- a constant plateau at this valueafgeriod corresponding to the time it takes for the
water volumes of the core, the upper plenum and the hot leg to be swept by the two
phase flow in question;

- a sudden drop in the flow rate downthe singlgphasenatural circulation value
(200kg/s).
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Figure A9 "Envelope RCN" flow rate profiles for the hot shock calculations[44]

The plateau duration is variable as it depends on the RCN flow rate cosssgeradRCN

flow rate / plateau duration combinations can therefoeewnsaged high flow rate leads to a
reduction in the sweeping time and an increase in the mixing temperature; it is therefore not easy
to define the flow rate/plateau duration combination that penalises the hot shock on the lower
dome.Areva NP theref@ conducted sensitivity studies to evaluate the impact of the chosen
flow rate profileThe worstcase situation is obtained with a maximum flow rate of 300

kg/s and an initial RPV temperature of 30°C.

In its evaluation, Areva NP considered that the sweeping of the core and upper plenum volumes
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by the RCN flow is sufficient to guarantee reduction of the flow rate to a value of 200 kg/s
(singlephase flow rateHot leg sweeping is also taken into coradide in order to have a
conservative evaluatiorhe rapporteur considers this approach acceptable but underlines that
the twoephase plateau duration should also depend on the residuall pisnerbecause if the

flow entering the core at a given terajpee does not enable the residual power to be evacuated
from the core irsinglephase liquid state, the natural circulation flow rate will necessarily be
maintained at a high value corresponding to -phltase flow associated with the formation of
steamat the core outlefThe rapporteur carried out an evaluation which confirmed that the
residual power of the reactor can be evacuated inp$iagéeliquid statand this with several

RCN flow rate values and considering two IS trains injecting watemgieeature of 15°C.
Consequently the rapporteur considers that the flow rate profile chosen by Areva NP is
acceptable.

1 Number of loops concerned by the simultaneous resumption of natural
circulation éntrainmenbf two water plugs)

Areva NP considettat the resumption of natural circulation takes place in a single loop in a
loss of primary coolant accident (LOCA) scenario involving a small break classified in category 3.
Areva NP considers the resumption of natural circulation in two loops (afalethie
entrainment of two hot plugs) unlikely, therefore it considers that this situation should at least be
classified in categoryMoreover, Areva NP points out the fact that, during the PKL tests, it was
never possible to create conditions causmngltaneous entrainment of two plulys.this

respect, the rapporteur points out [63] the very small number of tests available (E1.1, E2.2 and
F1.1) and the strong reservations with regard to the representativeness of the PKL loop (as much
in terms of geomtry as test conditions), particularly with respect to the resumption of natural
circulation.As a consequence, the rapporteur considers that the absence of simultaneous
resumption of natural circulation in two loops in the PKL tests is not sufficiemd graule

out this case on the EPR reactor, nor does it justify classifying this scenario in category 4.

Thus, at the request of the rapporteur, Areva NP provided a characterisation of this
situation corresponding to resumption of natural circulation irtwo loops with two safety
injection chains in service, which it proposes analysing in category Bhe rapporteur
considers this characterisation acceptable.

Conservatism of the approach

Areva NP considered [66] that the thermohydraulic profile askauitttethis scenario is
conservative, given its construction and the associated assunipgorepproach uses
uncoupling by first maximising the cold shock on the RPV, then maximising the hot shock that
follows. Thus, during the phase of loss of naturalilation, RPV cooling is considered to be
maximal (corresponding to a hot leg break with four IS trains in service at the maximum unit
flow rate), and during the resumption of natural circulation, the temperature considered for the
hot shock is maximatdrresponding to a cold leg break with only two IS trains in service
operating at the minimum unit flow ratdjeva NP underlines the fact that the chosen
uncoupling assumes that resumption of natural circulation can occur at any moment during the
transient, independently of the coherence between the IS flow rate, the flow rate at the break and
the residual powelhe rapporteur agrees that this uncoupled transient is of a conservative
nature which allows a large number of configurations to bed¢aecording to the size and
position of the break, the number and characteristics of the systems, the residual @oer, etc.)
the worsicase configuration to be identified.
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To conclude, the rapporteur considers that the characterisation of this situ@t is
acceptable.

c) Hot shock transient No. 3 not considered in the DDSLoss of cooling by
the RISRA in RA mode initiated in C state (category 4)

Loss of cooling by the RFA in RA mode can be initiated when theRASs connected to

the primary cooalg system in RA mode from C state (normal shutdown eRARIS RA
mode).This leads to heating of the primary coolant fluid due to the residual power and the
power transferred to the primary coolant fluid byMGFs in serviceThe coolant fluid
temperture increases until it reaches the saturation temperature of the available SGs.
Furthermore, due to the expansion of the primary coolant, the primary coolant pressure increases
with the potential of reaching the cold pressure setting of the pressetysealsa.

Several variants of this scenario are studied according to the number of reactor coolant pumps in
service and the initial state of the reactor (state C®piT B8 worstcase situation identified by

Areva NP is an initial C3 state withthhw# MCCRPs. This leads to heating from 15°C (minimum
temperature in C3 state) to 155°C (maximum temperature corresponding to the SG saturation
temperature at the opening pressure of the atmospheric steam dump valves) with a gradient of
415 °C/h and a prese of 68.5 bar (pressure setting of the first pressuriser valve increased by its
uncertainty and the weight of the column of watke).exchange coefficient used is a constant
envelope value that encompasses heat exchange by natural convection.

The rapporteur notes thdtreva NP studies two restrictive situations of loss of the four
LHSI/RA chains with respect to the risk of fast fracture of the lower and upper domes in its
initial file [47]These are situations initiated during C2 stateeanstahich the temperature is
reduced from 100°C to 50°C by the entry into service of the four LHSI/RA trains, with one or
two MCCRs in service.

During the examination [48], the rapporteur considered that Areva NP should analyse the case of
total loss othe RISRA in C3 state withoddCCFs in order to verify the appropriateness of the
envelope case considered for this situalibis is because in C3 state the temperature is
maintained below 55°C and MECPs are shut dowmn this respect, Areva NP indtes [47]

that loss of the LHSI/RA trains in C3 sate would be less penalising than in C2 state due to the
lower residual power and shutdown ofMi&CFs. The rapporteur agrees that these favourable
effects exist but underlines that the initial temperiatloe/er, which is penalisifdoreover,

the fluid volume to consider should be lower in C3 state due to the absence of forced circulation
in the RPV, therefore the heating kinetics could be fastddition, the heat exchange with the

walls is reduceshen flow rates are low.

67 Nominal opening pressures of the valves modified (64, 67 and 70 bar absolute) following activaiien of the
temperatureverpressure protection system as soon as the cold leg tempeszatutieais br equal to 120°C.

68 Substates of state C, intermediate shutdown on thBRREKystem in RA modi state C2, the temperature is
reduced from 100°C to 50°C by entry into service of the four ISBP/RA wimene or twoMCCRs in
serviceln state C3, the temperature is maintained below 55°C an@@lis are shutdown.
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In response, Areva NP supplemented its case file with the study of two additional cases in C3
state: one with theICCPs shut down and one with the f0MCCPs in service with a view to
restarting the plant unithe analysis of ¢ise two additional cases revealed a new and more
penalising scenario corresponding to total loss of tHRARIS C3 state without tHdCCFs.

The characterisation of the new penalising caseRARIS C3 state withouMCCRs) is
presented in [49L involves a hot shock from 15°C to 155°C taking a heating rate of 415°C/h
and a constant pressagual tahe conservativepening pressure of the first pressuriser safety
valve.

The chosen heating rate [49] takes into account the residual power eighthoads datip

(entry into C3 state), increased by its uncertainty and limiting the volume of primary coolant to
the volume of water in the core and the upper plenum, insofalMGSGs are shut down

addition, conservatively, neither the metal masstteenmlume of water in the dome are taken

into account in this calculatiavioreover, as thBICCRs are shut down, a constant exchange
coefficient that isonservativavith respect to heat exchange by natural convection isnused.
order to take intaaccount the uncertainties concerning the correlation used, the exchange
coefficient is multiplied by a factor of 2, as requested by the rapporteur.

In addition, Areva NP listed a number of conservatisms in the description of this situation [43].
The inital temperature considered in this study is the minimum temperature attained at the end
of C3 state when the residual power is taken as being maximal, corresponding to the start of C3
state. Areva NP considers that this approach is conservative andhrenablaber of studied
configurations to be limitethe metallic masses of the RPV internals are not taken into account,
which could reduce the calculated heating rates by about 1QGfEWh. the upper dome
temperature is taken as being 15°C over tire #nckness, whereas the last pump stopped
when the temperature reached 588Gl theMCCPs are shut down, cooling of the upper dome

is limited (the density effect opposes cooling of the doheeyalue of the initial upper dome
temperature there®iconstitutes a significant conservative factor.

After analysis, the rapporteur considers that the chosen assumptions are conservative and
enablea conservativecharacterisation to be defined for the catego# transient involving
loss of cooling by the RS-RA in RA mode initiated in state C.
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Appendix 6 Thermomechanical loadings Exhaustiveness and
characterisation of the categon and category4 cold shock thermohydraulic
transients

In this appendix the rapporteur presents the wasgcategor8 and-4 cold shock situations
and their characterisations, followed by an analysis of their exhaustiveness and pertinence.

Exhaustiveness of theagarsibld shock situations

With regard to the categedyandcategonry situations, Areva Nsupplemented the initial list of

cold shock situations of the DDS during the examination by adding the transient involving rod
ejection further to fracture of a casing which would edoss of coolant accidexttthe upper

dome then potentially a coldosk further to activation of safety injection. Following this
addition, the rapporteur asked Areva to substantiate the exhaustiveness of the chosen situations.

Areva NP indicated in [56] that the waeste transients to consider are those involving rapid
and largamplitude cooling of the fluid followed by a holding period at the temperature reached,
combinedwith high pressure.

For the RPV lower dome, the ts@mts used are those presented in the DDS which penalise the
arrival of cold water and maintaining under pressure. This is because the characterisation of these
situationds made more sevdrecheck the mechanical strength of the most sensitive zones of

the primary cooling system (independently of the carbon segregation), that is to say the inlet and
outlet nozzles and the core shells fordlaetor pressure vesgebnsequently, these situations

are alsanore severéor the RPV lower domé&he rapporteur considers that these choices

are effectively penalising for the lower dome and that the situations adopted for the core

zone are also pertinent for the RPV lower head.

Areva NP conducted analysis to identify the cold shock situations thateasegrefor the
RPV upper dome. This analysis comprises two phases:

- the first phase consists in identifying the physical phenomena that lead to a rapid
reduction in the temperature of the fluid in the RPV dome to a temperature below
100°C, associated with ghhpressure;

- the second phase consists in identifying the transients during which the physical
phenomena characterised in the first phase occur.

The rapporteur considers this analysis, which is of the same type as that used to check
the exhaustiveness afhe worstcase hot shocks, is satisfactory.

More generally, the rapporteur asked fmwhe Flamanville EPR reagtAreva NP took into

account the experience feedback from the examinations relative-sethiearbehaviour of the

900 and 1300 MWRPVs with regard to the exhaustiveness of the cold shock transients. For
information, a process for selecting transients in addition to those of the DDS was initiated as
part of the examination of the RPVsarvice behaviour files (focusing on the irradietssel

shell rings of the core zone) on the reactors in operation to verify the exhaustiveness of the DDS
and check the conservative nature of the situations in each of the categories. This process
consists in adding failures that indufesourableold shock situations to the categdrgnd 3
situations, then check whether the characterisation of the transients associated with the current
situations in the DDS effectively cover these new transients. The study of these additional
transients falls withitme scope of the design verification. It therefore complements the design
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basis file itself. Areva NP indicated in [60] that this process, which is currently being applied to
the fleet, has so far identified transients more severe than those in the [H06.the
Flamanville EPR reactor, Areva NP indicated in [60] that from its first analysisoit has
identifiedanysituation whose characterisation is not covered by that of the current situations in
the DDS.

Lastly, the rapporteur observes that thefisttuations in the DDS for the Flamanville EPR
reactor covers the list of operating conditions of the safety analysis report (SAR), and in
particular the operating conditions of the complementary range (situations callEt-"RiBKC

Residual Categoryon the EPR reactor). Thus, the Flamanville EPR reactor DDS integrates
situations with operation under maximum cooling by the secondary cooling system, situations
with implementation of feemhdbleed operatidi) the situation of loss of coolant accident

without safety injection and the situation of fracture of two steam lines assumed to be induced by
an external event (plane crash). The rapporteur considers that these complementary situations
have been taken into account satisfactorily.

Characterisatad categbrgold shock situations

1 Rod ejection (EDG)

This situation corresponds to the fracture of a rod cluster control assembly (RCCA) casing (see
Figure A10), which causes its ejection and creates a primary system laresdxwiiinm cross

sectimal area of 4&m?2 located in the RPV closure head. In the course of this situation, due to
the location of the break, the cold water injected by the safety injection system will be fed rapidly
andconstantlyto the dome, causing a significant cold sipacticularly at the upper dome. This

is the worstase categoe#ycold shock situation for the upper dome, which is not analysed in the
DDS and whose characterisatisrgivenin notice [55]. This characterisation is obtained by
means of the CATHARE softveawhich uses a simplified model to represent the volume under
the RPV closure head. Areva NP adopted a mean temp&altiuiated with this softwaag,

the RCCA guide exit to characterise the temperature of the fluid at the upper dome.

69 "Bleed and feed" operation allows the evacuation of the residual power by opening the pressurise valves and
injecting cold water into the core via the safety injectiemsyst
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The rapporteur does however consider that the opening of a break by fracture of a control rod
drive mechanism housing under pressure can lead to a highly asymmetrical flow field in the upper
part of he RPV and that it is not guaranteed that the mean temperature at the exit from the
RCCA guides constitutes a conservative value of the fluid temperature at the upper dome. This is
because the break may be supplipdeferentially by the cold fluid frahe guide tubes of the
assembly situated directly underneath the fractured housing and by the flow from the spray
nozzles.

In this respect, Areva NP estimated in [65] that the flow entering the dome from the RCCA
guides cannot come directly from the Igeenum (PI), more specifically because there is no
direct fluid path between this plenum and the dome as the guide tubes exit upstream of the upper
core plate (PSC) at the level of the top fuel assembly nozzles. Furthermore, Areva NP pointed
out that theflow in the guide tubes represents just a few percent of the flow circulating in the
core, even when the reactmincoolantcirculatiopumps MCCB are shut down.

The rapporteur observes that Areva NP's arguments do not take into account the reffiects of
ejection on the flow towards the dome. This argument more particularly does not take account of
the large increase in the flow csEsgion in the guide tube of the assembly concerned, which
causes a reduction in the temperature of the water ethterghgme. On the other hand, the
rapporteur conservatively estimates this reduction in temperature at just a few degrees, which it
does not consider significaiihe rapporteur has no other comments to make on the
characterisation of this situation.

1 Catgory4 cold overpressure break on theRASsystem in RA mode

This situation initially causes a cold shock due to the injection of cold water by the safety
injection system, thean overpressure situation when the operator isolates the break. At the

request of the rapporteur, Areva NP characterised this situation which is not identified in the
DDS andassesseits effect on the lower dome in a catedosytuation by using an exchange
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coefficient that varied according to the flow rate [57]. Areva NBersribat the upper dome is

not concerned by this situation due to the stopping of fluid circulation after shutting down the
reactor coolant pumps. The rapporteur considers that the characterisation proposed by Areva
NP, assuming an instantaneous coldksbfot24°C associated with a primary system pressure of
74.5 bars (pressure setting of the pressuriser safety valstedahi€ conservative.

Therapporteuhowever noted that Areva NP considers that, despite a much greater cold shock,
this situationcreates less of a load stress that the categunlgl overpressure situation
associated with theadvertenstarting of safety injection studied in the DDS.

It turned out that thisvas due tohe fact that Areva NP used a variable exchange coefficient for
this situation whereas in the situation studied in the DDS, an infinite exchange coefficient is used
in an uncoupled mannén this respect the rapporteur pointed out that the flow velbtitg o

fluid used to calculate the exchange coefficient in forced convection is underestimated (see
Appendix 4). Areva NP therefore evaluated the consequences with an infinite exchange
coefficient. The rapporteur has no further comments on the thusodified
characterisation of this situation, which becomes the worgtase category?t cold shock

situation for the lower dome.

The rapporteur does however consider that this transient can also cause loading of the upper
dome due to the potential phenomena of emptying and filling the dome with the cold water from
the safety injection. At the end of the examination, Areva NP dreledeents showing that an
instantaneous cold shock from 320°C to 40°C associated with an infinallflaicchange
coefficient is not harmful for the RPV upper dorfhbe rapporteur considers this
characterisation to be sufficient.

1 Categor cold ovasressure froninadvertenopening of an RRA valve with
MCCPshutdown then return to service

Inadvertenbpening of an RRA valve causes a cold shock and shutdown of the reactor coolant
pumps. In the event afiadvertentestarting of one of the pumps, ttedd water will heat up

when it passes through the SG, which will cause overpressure due to expansion. This is the
worstcase categoe#dycold overpressure situation for the reactors in service, but it is not studied
for the Flamanville EPR reactor. ArevR ¢bnsiders in [53] that it is covered by the situation
involving a break in the RF3A system in RA modEffectively on the reactors in service this
situation causes a cold shock of 160°C in 30 minutes at 30 bar to be compared with an
instantaneous cokhock of 124°C with a primary system pressure of 74.5 bar in the case of a
break in the RIRA system of the Flamanville EPR readtioe. rapporteur considers Areva

NP's arguments to be acceptable antasno further commentsto make on this situation.

9 Stuation of inadvertenbpening then closing of a pressuriser safety valve

The situation oinadvertenbpening of a pressuriser safety valve studied in the DDS in category
3 causes a cold shock further to safety injection. Nevertheless, the combahwegopkening

with its inadvertentclosing, which would cause cold overpressure, is not studied. For
information, this situation appears in the list of potentially penalising transients idgntified
international studies [64].

Further to the request tfe rapporteur, Areva NP provided the analysis of this situation in [52]
and arguments substantiating the classifying of this situation in category 4.
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The rapporteur observes that this is not the worstase transient even if this situation was
classified in category 3 andhas no further requestsconcerning this point for the lower
dome.

With regard to the upper dome, this situation causes emptying then filling of the dome
for which the characterisation was consolidated at the end of the examination. The
rapporteur considers that the characterisation of this situation finally adopted by Areva
NP is penalising.
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Appendix 7 RPV dome replacement scenarios

This appendix preserR®Ptheeplacement scenarios studiedNByaficb¥#DF. Thecenariasee not
examinedlthis report.

Reminder of requests made by ASN further to the sessions of tB® ESPNof Experts of
30th September 2015 and 24th June 2016

In its letter reference [ASN informed Areva NP that under article 9 of the NPE order in
reference [3], an NPE commissioning application that does not meet all the regulatory
requirements must be justified with respect to the advantages and drawbacks of the alternative
solutions. Mre specifically, given the safety issues associated with the Flamanville EPR reactor
pressure vessel and without prejudice to the results of the tests performed by Areva NP, ASN
considered it necesstrgtudy technical scenarios for the repair or ezpéat of the RPV.

Requests to this effect were sent to Areva by ASN in letter reference [7]:

"ASN requests, without prejudice to the results of the future mechanical tests campaign, tt
as from now the manufacture of a new RPV closure head taking into account experience fi
the design and manufacture of the current head."

"ASN requests that gmoduct, in relation with the licensee, a technical study of the scenal
extracting theactor pressure hedgedrom the reactor building pit and replacing the RPV lowe
dome. This study must analyse the advantagés antedresviiathe quality of the work done
and the safety of the facility."

Elements provided by Areva NP
Replacement of the RPV closure head

In document reference [15], Areva NP has studied the scenario for replacement of the RPV
closure head inteed for the Flamanville EPR reactor. In this scenario, the manufacturer studied
the design, procurement and manufacturing phases anestteereplacement operations. For

each phase, the manufacture estimated the duration of the operations.

During the eamination of the design phase, the manufacturer questioned itself about the design
of the RPV closure head adaptestallation welds shown in Figure Al1l. With their current
design, these welds are difficult to produce because of the shape and tHehwemearyials

to assemble (Inconel 690 allwgld, and it is impossible to perform an NDT (@@structive

testing) inspection of their entire volume. The initial welds of the RPV closure head for the
Flamanville EPR reactor have thus all been rewhnitkdr to these difficulties. The rework
conditions were presented to the Advisory ComnidteBluclear Pressure Equipment (GP
ESPN)at its session of 148eptember 2011.

Further to its analysis, Areva NP considers that it is impossible to desigredehd in which

the entire volume of the welds can be inspected, but that improvements can be made, as much in
the inspections (improvements based on -elathent ultrasound transducers) as in the
production of the weld itself (machining a recebs abot of the weld).



Figure A1l Current design dhe reactor pressure vessasure head adapters

With regard to the procurement of the closure head component (dome and flange), the
manufacturer is considering consulting the Japzorapany Japabteel WorksJEW. These

two components would be procured complying with the technical qualification requirement of
the NPE order in reference [3] in order to demonstrate control of the risk of heterogeneity and
ensure that the required characteristesatiained. Areva NP considers that the knowledge
acquired by JSW and its ability to control the heterogeneity risks will provide a guarantee that the
part will be free of prejudicial carbon positiaeresegregation

By adopting this design and procwemscenario and integrating the duration of the
manufacturing operations (assembly of the flange on the dome, cladding the components and
weldingthe reactor pressure vesssad adaptors), Areva 'NPstimatd time framefor on-site

delivery of an uneqped closure heasl71 months. The closure head must then be equipped
with the control rod drive mechanisms (CRDM), the core instrumentation and an integrated
lifting assembly for handling.

According to Areva NP, replacement of the closure head duniegctar outage for
maintenance will necessitate the following operations:
- disassembly of the closure head in the reactor building, in parallel with reception and
pre-equipping of the new closure head
- removal of the old closure head from the reactoiiriyild
- introduction of the new prequipped closure head into the reactor building;
- finalising of the equipping of the new closure head and installation on the reactor
pressure vessel

Areva NP estigies the duration of these-site operations to be ¢ ® months depending on

the work organisation hypotheses considered (2x8h or 3x8h, 7 days a week). This time frame can
be reduced if new control rod drive mechanisms (CRDM) are procured and installed on the new
closure cover on site before introducingtd the reactor building. Areva NP does however

point out that the new closure cover thus equipped will have to be introduced into the reactor
building in the vertical position and the feasibility of such an operation still has to be confirmed
by a detaitbanalysis.

To conclude, Areva NP gives a total time frame of 75 to 80 nfonttie procurenent
manufacture and instdibn ofa new closure cover on the Flamanville EPR reactor pressure
vessel. Areva NP considers that this replacement scenawopsbfarablybe implemented
during the first 29early outage of the reactor.

Removal of tbactor pressureb@dgseind replacement of the RPV lower head
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In the document reference [16], Areva NP has examined the stmnaeplaing the

Flamantie EPR RPV lower head. The manufacturer has adopted the principles of using known
tried and tested procedures, and at the end of the operation to return the reactor in a
configuration that is as close as possible to the initial state. Moreover, the manufacturer considers
that the dome replacement operation in itself cannot be catradtbe Flamanville site and

will necessitate transporting the RPV to the manufacturing shops for questions of environment
and availability of tools.

The scenario adopted by Areva NP involves separating the RPV from the primary cooling
system, extractithe RPV to ship it to the manufacturer's shops, replacing the RPV lower head
in the shop, reinstalling the RPV in the reactor pit and welding it to the main primary cooling
system. This scenario ledai examination of the impacts on the civil engimgesf the
buildings and on the nuclear pressure equipment of the main primary cooling-syseem (
Al2).

Figure A12 The reactor pressure vessel (RPV) in the reactor building

In notice reference [77], EDF has summarised the maiengivieering impacts of extracting
and reintroducing the RPV into its initial position. These impacts concern:
- external interfaces between the handling gantry and the boron disposal room;
- the creation of an opening from the gantry situated on the extén®mest wall of
the handling tower. #hould benoted that this opening will be necessary if the steam
generators are replaced in the course of operation;
- verification that the free area of the equipment access hatch is sufficient;
- the removal and stage of walls of the steam generator bunkers and removable slabs
of the pool to allow extraction of tRV;
- reinstallation of the runway track for handling the RPV onlBe+mdeck;
- restoring the reactor cavity and the cavity bottom;
- demolition of théimonite ring, a major and delicate operation.
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Areva NP indicates in reference document [77] that the choices made for the dismantling of civil
engineering structures enable the existing anohme kept and thus rebuild identically to the

initial consruction without having to make structural modifications. Consequently, Areva NP
considers that the quality and safety of the installations are ensured for the civil engineering
sequence.

The envisaged operations on the nuclear pressure equipmerdudtieghef the welds between

the RPV and the primary coolant pipes, the handling and transportation of the RPV to the
manufacturer's shops;shop replacement of the RPV lower head, reintroduction of the RPV
and its assembly to the primary coolant pipes.

The welds will have to be cut beyond the bimetallic joints aresuitlinthe shortening of the

primary coolant pipes (loss of material and machining of chamfers). The replacement of the RPV
lower head dome will lead Areva NP to cut the lower sadtitie RPV in the zone of
connection with the cylindrical core shells (see Figure A13).

Alongside these operations, a new dome and intermediate ring shall be procured and will be
assembled before being welded to the RPV. The components will be proouréVf
complying with the technical qualification requirement of the NPE order reference [3]. More
specifically, Areva NP indicates that JSW will be capable of manufacturing a lower head dome
that will be free of prejudicial carbon positiaeresegred#on.

For these procurement andsimp assembly operations, Areva NP has not identified any
specific risk other than thas@erent taa standard manufaatugy operation

On-site assembly of the RPV to the primary coolant pipes will leadnthi&acturer to effect a

partial replacement of the primary coolant loops (see Figure Al4) to compensate for the loss of
material during the cutting operations and to have the necessary space to implement NDT
inspections. This will therefore lead to thditiadh of four times two additional welds on the

main primary cooling system, which will introduce additional stresses in the loops. These stresses
are caused by the welding when closing the primary cooling system which is done on the RPV
and not on the sam generators as was the case for the initial assembly. This new configuration
will leave the pipes less freedom.
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Figure A%l :Top view of a primary cooling system loop indicating the pipe sections to
replace

In its document reference [16], Areva NP identified the following riskstduamajysis:

- the risk of not being able to keep the RPV internals in the reactor building during the
RPV extraction and reinstallation operations

- the risks associated with the modification of the handling line with requalification of
the polar mneandputting back in place the systems of additional trolleys for tipping
the component;

- the risk of damaging the RPV during the handling and transportation operations;

- the risk of difficulties in recovering the setting of the lower internals on the radial
guices ifthe even to maignment with the new lower sagsembly;

- the risks linked to the large volume of liquid effluents generated by the operations on
the civil engineering;

- the risk of additional delays in the procurement of the partial sectionsriohaing p
coolant pipes;

- the risks associated with the reconstitution of the primary coolant pipes, as this
operation has never been carried out.
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The following consequences have been identified:

- shorter stainless endpieces which bring the pipe weldscclbsebimetallic joints,
which can limit the repair solutions in order to take inspectability requirements into
account;

- the bottom section of the RPV would undergo and addition localreliefskeat
treatment (welded joint between the ring and the)dome

- Areva NP considers that an offset of aboundOof the weld between the lower
core shell and theonectionareawill in principle have no impact on thesémvice
monitoring programme;

- the addition of eight additional welds on the main primary cogieg;

- the addition of additional residual stresses in the primary loops. Mechanical
substantiation work will be necessary.

Areva NP considers as a first estimate that the project duration could be 86 months.
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Appendix 8: Forging processes for the lowemnd upper domes of the

Flamanville EPR reactor

Forging process FA3 RPV lower head dome FA3 RPV closure head dome
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Figure A15 Forging process for the upper and lower domes of the Flamanville A3 reaci
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Appendix 9 Synthesis of themappings of carbon content at the surface of the
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Figure A16 : lllustration of the most segregated zone on external surface of UK upper
dome (OES measurement®ntractor's device)

Measurement pitch 50 mm x 50 mm
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Figure A17 : lllustration of the most segregated zone on external surface of UK upper
dome (OES measurementseva NP's device)
Measurement pitch 50 mm x 50 mm
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Figure A18 : lllustration of the most segregated zone on external surface of UA lower
dome (OES measurement®ntractor's device)
Measurement pitch 50 mm x 50 mm
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Figure A19 : lllustration of the mssgregated zone on external surface of UA lower
dome (OES measurementseva NPs device)
Measurement pitch 50 mm x 50 mm
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Figure A20 : lllustration of the most segregated zone on external surface of UA upper
dome (IRC measurements)
Measurement pitch Bm x 50 mm
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Figure A21. : lllustration of the most segregated zone on external surface of FA3 upper dome
(OESmeasurementAreva NP's device)
Measurement pitch 30 mm x 30 mm
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Figure A22. : lllustration of the most segregated zone on external surface of FA3 lower

dome (OES measurementseva NPs device)
Measurement pitch 30 mm x 30 mm

Rapport ASNCODEP-DEP-2017019368

Rapport IRSN/ 201700011

173



Appendix 10 Synthesis of carbon content mappings in thickness of domes

Centre of most segregated zone at the surface
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Figure A23. : Carbon content in thickness of UK upper dome
(OESmeasuremengscontractor's device)
Measurement pitch 30 mm x 50 mm
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Figure A24. : Carbon content in thickness of UA lower dome
(OESmeasurementscontractor's device)
Measurement pitch 30 mm x 50 mm
Total thickness illustrated
Reference
axis
Figure A25. : Carbon content in thickness of UA upper dome
(OES measuremer@i€ontractor's device)
Measurement pitch 30 mm x 50 mm
Totalthickness illustrated
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