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Acronyms, abbreviations and designations 
 
 
AAC: Hot shutdown 
 
AAF: Cold shutdown 
 
LOCA: Loss of coolant accident 
 
ASG: Steam generators emergency feedwater system (EFWS) 
 
ASME: American Society of Mechanical Engineers  
 
ASTM: American Society for Testing and Material  
 
ASN:  French nuclear safety regulator 
 
BC: Hot leg 
 
BF: Cold leg 
 
CCAP:  Central committee for pressure equipment  
 
CIR: Infrared combustion (IRC) 
 
CN: Natural circulation  
 
CPA: Active photothermal camera 
 
CPP: Main Coolant System (MCS) 
 
CT: òCompact tensionó test specimen for toughness tests 
 
DDS: Inventory of design transients 
 
DEP: ASN Nuclear Pressure Equipment Department 
 
DIDR: Flaw due to intergranular decohesion 
 
DSR: Under cladding flaw 
 
EDG: Rod ejection  
 
EPR: European pressurized reactor 
 
ESPN:  Nuclear Pressure Equipment 
 
FA3: Flamanville NPP reactor N° 3  
 
GMPP: Reactor main coolant circulation pump (MCCP) 
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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 reactor main coolant pump (MCCP) seals 
 
BNI:  Basic Nuclear Installation  
 
Inf/Lwr  : Lower dome (vessel bottom head) 
 
IRSN:  French Institute for Radiation Protection and Nuclear Safety 
 
IS: Safety injection (SI) 
 
ISBP: Low head safety injection (LHSI) 
 
ISMP: Medium head safety injection (MHSI) 
 
J0.2: Resistance to ductile tearing measured for propagation of 0.2 mm (in N.m-2) 
 
JSW: Japan Steel Works 
 
KCP: Stress intensity factor (in MPa.m0,5) 
 
KJC: Toughness (in MPa.m0,5) 
 
LSD:  Directional solidification ingot 
 
MIS: In-service inspection machine 
 
MWe: Megawatt electrical 
 
N4: 1450 MWe EDF French reactors (Civaux 1 and 2, Chooz B1 and B2) 
 
NDT: Nil Ductility Transition 
 
PTAEE: Loss of off-site electrical power supplies (LOOP) 
 
PKL: Experimental installation representing a reduced scale German Konvoi type PWR 

reactor 
 
PSC: Upper core plate 
 
PZR: Pressuriser 
 
RRC: Risk Residual Category 
 
RCC-M: Design and construction rules for mechanical equipment on nuclear islands 

published by the French association for design, construction and in-service 
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monitoring rules for NSSS equipment (AFCEN) 
 
RCN: Resumption of natural circulation  
 
RCP: Main Coolant System (MCS) 
 
RDS: Safety analysis report 
 
PWR: Pressurised Water Reactor  
 
RGE: General operating rules 
 
RIS-RA: Safety injection and residual heat removal system 
 
RIC: Core internal instrumentation  
 
Rm: Tensile strength (in MPa) 
 
RRA: Residual heat removal system (RHRS) 
 
RRI: Component cooling water system (CCWS) 
 
Rp0.2: Yield strength for deformation of 0.2 % (in MPa) 
 
RSE-M: In-service monitoring rules for mechanical equipment on nuclear islands of 

pressurised water reactors published by the French association for design, 
construction and in-service monitoring rules for NSSS equipment (AFCEN) 

 
RTNDT :  Reference Temperature for Nil Ductility Transition, deduced from TNDT and TCV 

according to section MC1240 of the RCC-M code (in °C) 

 
RTV:  Steam line break (SLB) 
 
SEO: Optical emission spectrometry (OES) 
 
SPN:  CCAP standing nuclear section 
 
STE: Operating Technical Specifications 
 
Sup/Upr : Upper dome (vessel closure head) 
 
T0: Reference temperature for indexing the Master Curve, defined according to standard 

ASTM E1921 (in °C) 
 
T68J: Temperature taken from the bending rupture energy transition curve for which the 

average bending rupture energy is 68 J (in °C) 
 
TCV: Temperature taken from the bending rupture energy transition curve for which the 

minimum bending rupture energy is 68 J (in °C) 
 
Tenv:  Index temperature of the toughness curve of appendix ZG of the RCC-M code 
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providing an optimum conservative value for the toughness measurements (in °C)  
 
TNDT : Temperature for Nil Ductility Transition, deduced from the drop-weight tests 

according to section MC1230 of the RCC-M code (in °C) 

 
TK56J: Temperature taken from the bending rupture energy transition curve for which the 

average bending rupture energy is 56 J (in °C) 
 
TOFD: Ultrasounds using the òtime of flight diffractionó technique 
 
UA: Scale-one replica dome called UA 
 
UK:  Scale-one replica dome called UK 
 
UT:  Ultrasounds 
 
VDA: Main steam relief train (MSRT) valve 
 
VVP: Main steam system 
 
ZR: Acceptance zone 
 
ZS: Segregation zone 
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1. Introduction  
 
The Flamanville EPR reactor pressure vessel closure and bottom head domes were manufactured 
in 2006 and 2007 by forging in the Areva NP Creusot Forge plant. 
 
These components are subject to the technical qualification requirement1 of the ESPN order in 
reference [3] because they present a risk of heterogeneity in their properties. 
 
For the purposes of this technical qualification, Areva NP measured bending rupture energy 
values2 lower than those mentioned in point 4 of appendix I to the ESPN order in reference [3], 
which led it in 2015 to propose an approach to ASN to demonstrate the adequate toughness of 
the material of these components, based on a programme of testing on scale-one replica domes 
and mechanical assessments of the risk of fast fracture. 
 
This approach was examined by ASN and the French institute for radiation protection and 
nuclear safety (IRSN) and written up in the report in reference [5], was the subject of an opinion 
in reference [6] 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-service inspection provisions, in its letter in reference [7]. Subject to these requests being taken 
into account, ASN considered that the demonstration approach is appropriate, provided that the 
phenomenon in question is identified and explained and that the data acquired through the test 
programme are sufficient to characterise it. 
 
The first test results, in April 2016, led Areva NP to change its demonstration approach, notably 
the test programme on scale-one replica domes, which gave rise to an information meeting with 
the GP ESPN on 24 June 2016, on the basis of the summary report drawn up by ASN and IRSN 
in reference [8]. 
 
On the basis of the observations of the GP ESPN in reference [9], ASN informed Areva NP of 
additional requests in its letter in reference [10]. 
 

* 
 
The Areva NP test programme was conducted for the most part in 2016. On 16 December 2016, 
Areva NP sent ASN a file in reference [11] substantiating the fact that the material of the 
Flamanville EPR reactor pressure vessel head closure and bottom head domes is ductile and 
tough enough to deal with the operating conditions of this equipment. This file more particularly 
draws on the results of the mechanical tests and concludes that the domes are serviceable. 
 
In its letter in reference [7], ASN informed Areva NP that it considered that the technical 
qualification requirement of the ESPN order in reference [3] was not met for the domes, because 
the heterogeneity risk had been poorly assessed and the characteristics of the material were not as 
expected. 
 

                                                 
1  Technical qualification is a regulatory requirement of the ESPN order in reference [3], the aim 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 characteristics. 

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 NP thus envisages sending ASN a commissioning authorisation application for the 
Flamanville EPR reactor pressure vessel, even though it has not met all the regulatory 
requirements, pursuant to article 93 of the ESPN order in reference [3]. This report is a part of 
the advance technical examination of this authorisation application. 
 
In its letter in reference [7], 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 pressure vessel and replacement of the closure head. 
 
Areva NP considers that 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 EDF also examined the possibility of repairing the reactor pressure vessel bottom 
head and consider that the consequences would be disproportionate in terms of cost, lead-time 
and consequences for the EPR reactor model and the nuclear reactor system. Repair would entail 
extracting the reactor pressure vessel from its cavity, replacing its bottom head, reinstalling it and 
rebuilding a part of the surrounding civil engineering structures. These operations are estimated 
to take 86 months. These various aspects, which are not examined within the framework of this 
report, are detailed in Appendix 7. 
 

* 
 
ASN decided to convene the GP ESPN on 26 and 27 June 2017 to obtain its technical opinion 
on the consequences of the anomaly on the serviceability of the Flamanville EPR reactor 
pressure vessel head domes. 
 

* 
 
This report recalls the approach adopted by Areva NP to demonstrate that the material of the 
Flamanville EPR reactor pressure vessel head domes is ductile and tough enough for the 
operating conditions of this equipment and evaluates whether or not the anomaly compromises 
their serviceability. It deals in turn with the demonstration approach adopted by Areva NP, the 
fast fracture risk assessment (manufacturing inspections, material characterisation, 
characterisation of thermomechanical loadings and mechanical analysis), the impact of the 
irregularities detected in the Areva NP Creusot Forge plant and the in-service monitoring 
provisions. 
 
This report was drawn up jointly by IRSN and the Nuclear Pressure Equipment Department 
(DEP) of ASN. The term òrapporteuró used in this report, thus refers irrespectively to the 
specialists of IRSN and of ASN who analysed the Areva NP file for presentation to the GP 
ESPN on 26 and 27 June 2017. It does not represent the final position that will be adopted by 
ASN. 
 
  

                                                 
3  Article 9 of the ESPN order in reference [3]: òPursuant to article R. 557-1-3 of the Environment Code, in the event of a 

particular difficulty and a duly justified request, more specifically ensuring that the risks are adequately prevented or mitigated, ASN 
may, in a resolution issued on the advice of the central committee for pressure vessels, authorise the installation, start-up, utilisation 
and transfer of a nuclear pressure equipment or nuclear assembly which has not met all the requirements of Articles L. 557-4 and L. 
557-5 of the Environment Code, chapter VII of title V of book V of the regulatory part of the Environment Code and this present 
order. 
The request must be accompanied by an analysis, conducted jointly with the licensee, of the actual and potential consequences with 
regard to the protection of the interests mentioned in article L. 593-1 of the Environment Code. [é]ó 
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2. Demonstration approach 
 

2.1. Detection of the deviation and technical origin 
 
The Flamanville EPR reactor pressure vessel closure head and bottom head domes (see Figure 1 
and the detailed diagrams in Appendix 2) were manufactured in 2006 and 2007 by forging. These 
components are subject to the technical qualification requirement of the ESPN order in reference 
[3] because they represent a risk of heterogeneity in their characteristics. 
 

 
Figure 1: Representation of the Flamanville EPR reactor pressure vessel 

Closure head 
Bottom head 

 
 
At the end of 2014, Areva NP informed ASN that the results of the impact tests were lower than 
expected. The 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 States, called the 
UA closure head dome, in principle representative of those intended for the Flamanville EPR 
reactor pressure vessel. The values measured at 0°C on two series of three specimens gave a 
minimum value of 36 J and an average value of 52 J which were unable to achieve the quality 
then expected by Areva NP. These values are also below the bending rupture energy value of 60 J 
mentioned in point 4 of appendix I to the ESPN order in reference [3]. 
 
Areva NP carried out investigations to determine the origin of these non-conforming values. The 
carbon concentration measurements taken at the surface of the UA upper dome by portable 
optical spectrometry revealed the presence of a residual positive macrosegregation zone over a 
diameter of about one metre. Furthermore, the examinations performed on the material sampled 
at depth, in the centre of this dome, show that the segregation extends to a depth exceeding the 
half-thickness of the dome.  
 
Areva NP explains that the residual positive macrosegregation from the ingot used in forging was 
not sufficiently eliminated during the discard operations. The manufacturing procedures for the 
domes is recalled in Appendix 8 and the position of the positive macrosegregation during forging 
is presented in Figure 2. 
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Figure 2: Position of positive macrosegregation during forging 

 
The physical phenomenon of segregation occurs at cooling of the ingot, which does not takes 
place uniformly. After pouring and solidification of the steel, the large-sized ingots thus comprise 
macroscopic heterogeneities in their chemical composition, in particular their carbon 
concentration (Figure 3). 
 
Generally speaking, in this type of ingot, the base is the part which solidifies first and leads to a 
negative macrosegregation zone (concentration 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 than the average heat of steel value). 
 
 

 

Figure 3: Structure and carbon segregation in a conventional ingot 
 
Macrographic structure  Carbon segregation 
Dendritic equiaxed zone 
Columnar zone 
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Oriented dendritic zone 
Ghost lines 
Globular equiaxed zone 
 
 
A positive macrosegregation zone is thus characterised by a local carbon content that is higher 
than the target average level at pouring of the liquid steel. The segregation ratio is then the ratio 

by which the local content exceeds the target content (D[C]/[C] heat of steel). 
 
The normal carbon content of a 16MND5 type steel, such as that used in the Flamanville EPR 
reactor pressure vessel, is 0.16%. The RCC-M code defines a maximum content of 0.20% at 
pouring and a maximum part content of 0.22 %4. For 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 excess of 0.25% [5]. 
 
An increase in the carbon concentration leads to improved 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 UA scale-one replica showed 
material bending rupture energy properties that were lower than expected. As the level of 
bending rupture energy is an indicator of the level of toughness5, the toughness of the 
segregation zone could thus be insufficient to preclude the risk of fast fracture at the 
temperatures to which the steel is subjected. 
 
Areva NP considers that the presence of a positive macrosegregation zone does not compromise 
the prevention of excessive deformation damage, progressive deformation and plastic instability 
of the reactor pressure vessel domes. The 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 content. The rapporteur adopts a position on this point in section 4.3.8. 
 
The Areva NP file in reference [11], thus focuses on the preclusion of the risk of fast fracture. 
This risk exists if there is a combination of three phenomena: 

- the presence of a harmful technological flaw (defined by its position, its orientation 
and its dimensions); 

- the presence of an insufficiently tough material; 
- the presence of large-scale mechanical or thermal loadings. 

 
The toughness of the steel used to manufacture a reactor pressure vessel varies with the 
temperature of the material. The 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 the Flamanville EPR reactor pressure vessel, Areva NP aimed for a value at pouring of 0.18%, 

in order to guarantee acceptable tensile properties at the base of the ingot. 
5  Toughness is the ability of a material to withstand crack propagation. This is the property which intervenes in the 

fast fracture phenomenon. 
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known as the brittle domain;  
- in the temperature domain corresponding to the transition between brittle and ductile 

behaviours, known as the brittle-ductile transition domain, in which the toughness 
increases with temperature; 

- in the temperature domain in which it is ductile and where its toughness is highest, 
known as the ductile domain. 

 
2.2.2. Assessment of the fracture risk in the brittle and brittle-ductile transition domains 

 
With regard to the brittle and brittle-ductile transition domains, the demonstration approach 
followed by Areva NP, presented in the document in reference [17], comprises 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 
required) toughness to 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 reference [5], Areva NP adopts the 
approach of appendix ZG of the RCC-M code to model the toughness of the material as a 
function of temperature. This single parameter model is based on the ZG 6110 curve (see Figure 
4) which must be indexed with the brittle-ductile transition temperature (RTNDT

6) of the material. 
In this approach, the toughness of the material is thus characterised by its RTNDT. 
 

 

 

Figure 4: ZG 6110 curve of the RCC-M code 
Reference toughness curve for low alloy steels covered by specifications M.2110 and M.2120 
The analytical expression of the curve is as follows, in the domainéé 
éé 
where KJC is expressed in é. and T and RTNDT are expressed in °C  
                                                 
6  Reference Temperature for Nil Ductility Transition, deduced from the drop-weight and impact tests according to 

section MC1240 of the RCC-M code. The drop-weight test is an impact bending test on a rectangular specimen 
with a weld bead pre-notched with a saw. 
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According to this approach, 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 
RTNDT (Figure 5). 
 
In 2015, Areva NP had initially estimated that the shift would be less than 70°C and more 
probably about 35°C for the steels used in the Flamanville EPR reactor pressure vessel head 
domes, based on the impact tests performed on the material sampled from the centre of the UA 
upper dome. 
 

 

Figure 5: Effect of transition temperature shift on toughness 
 
Effect of shift of transition temperature on toughness 
Toughness (Mpaé.) 
Shift of é. 
Toughness reduction 
Reference RTNDT Shift of RTNDT by X°C Temperature (°C) 
 

2.2.2.1. Determination of minimum toughness and mechanical 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 the results of a test programme run on three scale-one replica domes. These tests, most of 
which are destructive, cannot be carried out directly on the domes of the Flamanville EPR 
reactor pressure vessel domes. 
 
The use of scale-one replica domes requires that Areva NP demonstrate that they are 
representative of the domes of the Flamanville EPR reactor pressure vessel heads. 
 
Experimental programme 
 
The objective of the test programme proposed by Areva NP, presented in the document in 
reference [17], is to evaluate: 

- the scope and the level of the carbon in the segregation zone, in order to locate the 
material of use for the mechanical properties characterisation tests; 

- the mechanical properties of the material in these areas of interest, affected by 
positive macrosegregation and mainly its toughness. 

 
Three scale-one replica domes were selected: 

- an upper dome initially forged for the Hinkley Point EPR reactor project (UK upper 
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dome, called òUK upró in the rest of the report); 
- a lower dome initially forged for an EPR reactor project in the United States (UA 
lower dome, called òUA lwró in the rest of the report); 

- an upper dome initially forged for the same reactor project in the United States (UA 
upper dome, called òUA upró in the rest of the report); Tests performed on a core 
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 presented in detail in part 4.1 of this report. 
 
Representativeness of the scale-one replica domes 
 
The demonstration by Areva NP that the scale-one replica domes are representative of the 
domes of the Flamanville EPR reactor pressure vessel head domes, presented in reference [12], 
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 effect7, characterised by the cooling rate during quenching. 

 
Areva NP also compared the mechanical properties in the acceptance zone of each of the domes, 
including that of the Flamanville EPR reactor pressure vessel. 

 
The demonstration of the representativeness of the various domes is detailed in part 4.2 of this 
report. 
 

2.2.2.2. Determination of the adequate toughness to demonstrate the preclusion of the risk of fast 
fracture 

 
The adequate toughness was defined by Areva NP in 2015 as a minimum material toughness 
value capable of meeting the criteria of Appendix ZG of the RCC-M code to preclude the risk of 
flaw initiation. This minimum value is calculated by considering: 

- the largest technological flaw potentially present in the reactor pressure vessel closure 
head and bottom head (see part 3); 

- the loads to which the flaws are subjected in the various operating situations (see part 
5); 

- the safety coefficients provided for in appendix ZG of the RCC-M code, which are 
dependent on the situation category (see part 6). 

 
2.2.2.3. Comparison between the minimum toughness and the adequate toughness 

 
After determining the minimum toughness of the material and the adequate toughness to 
demonstrate the preclusion of the fast fracture risk, Areva NP verifies that the first is indeed 
greater than the second (see Figure 6). This comparison can also be used to determine the 
margins with respect to the risk of fracture initiation. 

 

                                                 
7  For a steel such as 16MND5, quenching improves the toughness and impact strength properties. 
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Figure 6: General demonstration approach 

Thermomechanical loads Demonstration confirmed if  Material properties 
Inclusion of safety coefficients      Experimental programme 
Adequate toughness       Material minimum toughness 
 

2.2.3. Fracture risk assessment in the ductile domain 
 
Areva NP verifies the correct behaviour of the reactor pressure vessel head domes in the ductile 
domain by evaluating the toughness of the material on the basis of tearing tests on toughness 
specimens produced at 50°C and 330°C in order to cover all the temperatures encountered in a 
reactor operating situation. 
 
Areva NP directly compares the toughness values resulting from the tearing tests at these 
temperatures: 

- with the values codified in appendix ZG of the RCC-M code; 
- if the values codified in appendix ZG of the RCC-M code are not reached, at the 

maximum loading calculated for a crack postulated in the zone of interest for all 
operating situations. 

 
 

2.3. Position statements by ASN since 2015 
 

2.3.1. ASN position statement following the GP ESPN meeting of 30 June 2015 
 
The approach proposed by Areva NP in 2015 in the documents in references [17] and [18] was 
the subject of an initial review by the rapporteur presented in the report in reference [5] and an 
examination by the GP ESPN on 30 September 2015 which returned an opinion in reference [6] 
on the following points: 

- the acceptability in principle of an 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 minimum material toughness, which is mainly based 
on a test programme, in particular the transposition to the Flamanville EPR reactor 
pressure vessel domes of the results obtained on other domes; 

- the comparison between the minimum toughness of the material and the adequate 
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 
reference [7]. 
 
Provided that its observations and requests are taken into account, ASN informed Areva NP that 
it would consider the demonstration approach to be appropriate, on condition that the 
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phenomenon in question is identified and explained and that the knowledge acquired via the test 
programme is sufficient to characterise the material. 
 
The ASN requests more specifically concerned the in-service monitoring provisions to be 
implemented on the reactor pressure vessel head domes (see chapter 8). 
 
ASN also underlined that this demonstration approach was based on the assumption of 
satisfactory mechanical properties at mid-thickness - notably in terms of toughness - and that if 
this hypothesis were not to be confirmed by the results of the tests performed on the scale-one 
replica domes, the demonstration file would need to be added to. As of the beginning of 2016, 
Areva NP revealed that the segregation exceeded mid-thickness of the domes and thus had to 
modify its demonstration approach. 
 

2.3.2. ASN position statement following the GP ESPN meeting 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 an GP ESPN information meeting on 24 June 2016, based on the summary 
report drawn up by the rapporteur in reference [8]. 
 
On the basis of the observations of the GP ESPN in reference [9], ASN informed Areva NP of 
additional requests in its letter in reference [10] and indicated to Areva NP that it had no 
objection to the addition of a third dome to the test programme and to the changes such as to 
substantiate the file concerning the representativeness of the scale-one replica domes.  
 
In the letter in reference [10], ASN also asked Areva NP to extend the fast fracture risk 
assessments to the postulated inner surface flaws, under the cladding. 
 
The table in Appendix 15 gives the requests in the letters in reference [7] and [10], the 
undertakings made by Areva NP in the letter in reference [26] and the references of its replies. 
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3. Inspection by non-destructive testing during manufacturing: search for 
flaws potentially present in the reactor pressure vessel closure head and 
bottom head 

 
3.1. Recapitulation of requests made by ASN following the GP ESPN sessions of 30 

September 2015 and 24 June 2016 
 
In the technical documentation for the domes of the Flamanville EPR reactor pressure vessel, 
Areva NP specifies the unacceptable flaws as defined in requirement 3.4 of appendix I of the 
ESPN order in reference [3]. These flaws are recalled in Table 1.  

 

Flaws Origin  
Characteristics (end of 

manufacturing) 

Quantitative and qualitative definition 

of unacceptable flaws 

Surface-breaking 

exogenous 

inclusion  

Steelmaking 

Linear or rounded surface 

flaw which can be isolated 

or linearly distributed 

10 isolated linear flaws of dimension 

greater than 2 mm within a 90° sector 

 

A cluster of 5 or more linear or rounded 

flaws with a dimension greater than 2 mm 

within a surface area of 250 cm2 

Exogenous 

inclusion in the 

volume 

Planar or volume flaw 

oriented in the fibre 

structure direction  

10 isolated flaws of dimension greater 

than 10 mm within a 90° sector 

 

A cluster of 5 or more flaws of dimension 

greater than 5 mm regardless of its 

position in the part and which cannot be 

circumscribed within a surface area of 

250 cm2 

Laps-internal 

cracks 
Forging  

Surface flaw with open 

edges of any orientation  

Any visually detectable linear flaw longer 

than 3 mm 

Hydrogen related 

flaw 

Steelmaking and 

precautionary heat 

treatment 

Planar flaw parallel to the 

fibre structure direction 

Any flaw identified as being due to 

hydrogen, regardless of its dimension  

Table 1: Specification of unacceptable flaws in the Flamanville EPR reactor pressure vessel 
domes 

 
Areva NP implemented the following non-destructive test inspections to detect these flaws 
during manufacturing: 

- a visual check on all surfaces during the various manufacturing and machining phases; 
- a dye-penetrant inspection of the inner and outer surfaces of the domes after final 

machining; 
- a volume inspection using longitudinal ultrasound waves (OL 0°) from the inner 

surface and shear waves (OT 45°) after final machining or at a stage 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 increased by +12 dB 
with respect to the gain required by the RCC-M code.  

 
The inspection performance presented by Areva NP is as follows:  

- for flaws parallel to the surfaces, detected using the OL 0° probe calibrated on a flat 
bottom hole of 3 mm, detectability is guaranteed for flaws of 3 mm x 8 mm for the 
lower dome of the Flamanville EPR reactor pressure vessel and of 3 mm x 10 mm for 
the upper dome of the Flamanville EPR reactor pressure vessel; 
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- for planar flaws perpendicular to the dome surfaces, Areva NP indicates that the 
detection performance remains highly dependent on the òroughness of the flawsó. If 
the flaw is rough, detection of a flaw of dimensions 10 mm x 20 mm is guaranteed for 
surface-breaking or subsurface flaws and for internal flaws, if they are not too 
disoriented. If the flaw is smooth, the inspections cannot guarantee detection for the 
dimensions corresponding to the rough surface flaw. The flaw however remains 
correctly detected when surface-breaking or has a small ligament8 in relation to the 
surface, including with a slight disorientation. 

 
During the course of these inspections, Areva NP detected no indication not conforming to the 
criteria of the RCC-M code. Notable indications were however detected using the excess power 
ultrasounds inspection (gain control increased by +12 dB, not required by the RCC-M code) on 
the Flamanville EPR reactor pressure vessel lower dome (point indications of dimension less 
than 2 mm, positioned between 70 mm and 140 mm depth from the outer wall, concentrated in 
the centre of the dome). These inspection reports have been sent to the rapporteur. 
 
In its report in reference [5] in preparation for the GP ESPN session of 30 September 2015, the 
rapporteur did not call into question the definition and substantiation of the unacceptable flaws 
selected by Areva NP and shared the conclusions announced by Areva NP regarding the 
detectability of planar flaws. 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 required by the ASME code for the 
material SA 508. This surface inspection was not performed by Areva NP at the manufacturing 
stage. Only the visual and dye-penetrant inspections were carried out. Performance of a magnetic 
particle inspection would have been able to reinforce the confidence given by the other surface 
inspections, particularly in the case of small surface-breaking, disoriented flaws, possibly filled 
with oxide and having a smooth surface.  
 
To make up for the absence of this inspection, Areva NP undertook in 2015 to provide data to 
demonstrate the absence of surface-breaking flaws and ASN asked Areva NP to perform non-
destructive surface tests on the Flamanville EPR reactor pressure vessel lower dome, other than 
dye-penetrant. 
 
Following analysis of the initial results from the test programme, Areva NP supplemented its file 
with the addition of flaws postulated at three-quarters thickness from the outer face. After 
informing the GP ESPN of these elements at the session of 24 June 2016, ASN asked Areva NP 
in a letter in reference [10] to carry out inspections to search for under-cladding flaws on the 
inner surface of the Flamanville EPR reactor pressure vessel lower dome. 
 
 

                                                 
8  The ligament refers to the portion of sound metal that exists between the top of a flaw and the surface of the 

part inspected. The absence of ligament or a small ligament means that the flaw is classified as surface-breaking. 
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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 non-destructive inspections it had undertaken to perform. The 
purpose of these inspections was to search for surface-breaking flaws not detected during dye-
penetrant inspections carried out during manufacturing.  
 
On the lower dome of the Flamanville EPR reactor pressure vessel, Areva NP carried out a long 
dye-penetrant inspection in March 2017, that is with a penetrant impregnation time increased to 
120 minutes and a development time of between 10 and 30 minutes. For the Flamanville EPR 
reactor pressure vessel lower dome, Areva NP also carried out a dye-penetrant inspection in 2015 
after eliminating impact points (a few tens of millimetres) due to carbon content measurements 
by optical emission spectrometry (see part 4.1.1.4). This dye-penetrant inspection was not 
performed on the Flamanville EPR reactor pressure vessel closure head owing to the risk of 
introducing dye-penetrant products into the gaps 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 adapters zone. In the central 
zone where the adapters are situated, which is also where the positive macrosegregation is to be 
found, this inspection was not performed for reasons of accessibility and because of the risk of 
introducing the inspection product (magnetic bath) into the gaps between the adapters and the 
closure head. 
 
In order to consolidate its file, Areva NP also sent the rapporteur the results of the inspections 
performed on the UA upper dome by magnetic particle inspection and long dye-penetrant 
inspection and on the UA lower dome by magnetic particle inspection. 
 
All of these inspections detected no indication exceeding the criteria of the RCC-M code. 
The results are presented in Table 2. 
 

Component Type of inspection Results 

FA3 lower head dome  Long-duration dye-penetrant  23 March 2017 - Conforming 

FA3 lower head dome  Dye-penetrant after spectrometry  5 February 2015 - Conforming 

FA3 upper dome  Magnetic particle in peripheral zone from 22 to 24 January 2016 - Conforming 

UA upper dome  Long-duration dye-penetrant  25 March 2016 - Conforming 

UA upper dome  Magnetic particle before testing from 21 April to 3 May 2010 - Conforming 

UA upper dome  Magnetic particle after testing from 26 to 30 March 2016 - Conforming 

UA lower dome  Magnetic particle before testing from 10 to 24 October 2011 - Conforming 

Table 2: Non-destructive inspections performed as per Areva NPõs undertakings 
 
 

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

3.2.2.1. Inspections to search for under-cladding flaws on the inner surface of the Flamanville EPR 
reactor pressure vessel lower and upper domes 

 
In the letter in reference [19], ASN asked Areva NP to justify the steps taken for inspection and 
for prevention of under-cladding flaws on the clad components of the main primary system.  
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In its letter in reference [20], Areva NP identified the flaws liable to appear under the cladding of 
the inner surface after the welding operation. These are flaws linked to cold cracking (DSR) and 
grain boundary decohesion (reheat cracking) (DIDR). These 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 steel cladding is deposited on the lower and upper domes of the Flamanville 
EPR reactor pressure vessel, Areva NP followed procedures to prevent the appearance of such 
flaws:  

- a minimum preheat temperature of 150°C; 
- a maximum temperature between passes of 250°C; 
- a minimum post-heating temperature of 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. 

 
Areva NP verified the effectiveness of these provisions by ultrasound inspections on the first 
parts manufactured (same base metal, same cladding welding process and same filler metal). This 
verification did not however in principle concern parts with segregation zones. 
 
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 on an ultrasound examination using 
longitudinal waves angled at 70°. 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 characterised. In 
the 1980s, Areva NP carried out tests to characterise the performance of this ultrasounds 
inspection and concluded that surface cracks larger than 2 mm2 can be detected (value taken 
from the report in reference [21]). The results of these inspections performed on the domes of 
the Flamanville EPR reactor pressure vessel are presented in Table 3. 

 
Component Type of inspection Results 

FA3 lower head dome  
(entire surface) 

Ultrasounds 
DSR search inspection 

13 to 15 December 
2016 

Conforming 

 
FA3 upper dome  

(partial inspection) 
 

Ultrasounds 
DSR search inspection 

after stress-relieving heat treatment 

3 to 8 February 2014 
Conforming 

Ultrasounds 
DSR search inspection 

after stress-relieving heat treatment and after 
elimination of ridges 

25 to 26 June 2015 
Conforming 

Table 3: Non-destructive inspections performed in response to ASN requests 
 
With regard to the upper dome, the entire surface could not be inspected. The inspected zone 
corresponds to 92% of the cladding of the dome. The remaining 8% corresponds to the 
inaccessible zones defined in Figure 7. The entire 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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Figure 7: Areas not inspected on the upper dome of the Flamanville EPR reactor pressure vessel 
with regard to the search for under-cladding flaws  

Non-inspectable area 

 
3.2.2.2. Performance of non-destructive tests on the reactor pressure vessel bottom head, other than 

dye-penetrant 
 
ASN asked Areva NP to carry out non-destructive inspection to make sure that the presence of 
oxides which appeared during steelmaking, mainly on rough surfaces, did not mask the presence 
of flaws during the dye-penetrant surface inspection on the lower dome9 of the Flamanville EPR 
reactor pressure vessel.  
 
In the letter in reference [25], Areva NP specified that cracks could fill with oxides during the 
heating operations during forging. However, between the stage of possible appearance of these 
oxides and the dye-penetrant 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 of non-destructive inspections to detect such flaws, 
adopting a conventional qualification approach. This approach ensures that the active 
photothermal camera (CPA) process selected by Areva NP is able to detect surface-breaking 
flaws 5 mm in length, disoriented, possibly filled with oxides and possibly having a smooth 
surface. This technique is compared with alternative methods in Table 4. 

                                                 
9  For information, during the examination carried out in 2015, the rapporteur shared Areva NPõs findings that no 

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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Technique 

Sensitivity 
comparable 

to 
magnetic 
particle 

Ceiling 
inspection 

Justification of 
detection of flaws 
filled with oxides 

Ability to size 
indications at depth 

Orientation 
of scan 
passes  

Laser 
thermography 

Yes Yes Yes No 0° and 90° 

TOFD 
ultrasounds 

Yes 
Yes 

(management 
of couplant) 

No Yes 0° and 90° 

Creeping wave 
ultrasounds  

Yes 
Yes 

(management 
of couplant) 

No Yes Every 15° 

Eddy currents Yes Yes No No 0° and 90° 

ACFM (eddy 
current type) 

No Yes No Yes 0° and 90° 

Table 4: Analysis of performance of non-destructive inspection methods 
 
Areva NP opted for a TOFD (time of flight diffraction) ultrasounds technique for sizing the 
indications detected 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 close to the heating point is measured by an 
infrared detector. The flaws are detected by 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 reference [22], using mock-ups with surface-breaking 
type flaws of 1.5 mm x 3 mm, 2.5 mm x 5 mm and 10 mm x 30 mm, and subsurface flaws 3, 5 
and 20 mm long, with ligaments varying from 0.1 mm to 1 mm. This programme also simulated 
the response by a notch filled with 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 method. The results are presented in Table 5 and show 
that the discontinuities detected in magnetic particle inspection but not in CPA are those with 
significant ligaments and a length of less than 3 mm. This table also gives the results that would 
have been given by a dye-penetrant inspection, with surface-breaking notches of dimensions 
greater than the sensitivity of the dye-penetrant method. 
 

Notch ligament  Notch length 
Detection by magnetic 

particle inspection 
Detection by 
thermography 

Detection by 
dye-penetrant 

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 No 

0.1 mm 5 mm Yes Yes No 

0.1 mm 20 mm Yes Yes No 

0.2 mm 3 mm Yes Yes No 

0.2 mm 5 mm Yes Yes No 

0.2 mm 20 mm Yes Yes No 

0.3 mm 3 mm Yes Yes No 

0.3 mm 5 mm Yes Yes No 

0.3 mm 20 mm Yes Yes No 
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0.4 mm 3 mm Yes Yes No 

0.4 mm 5 mm Yes Yes No 

0.4 mm 20 mm Yes Yes No 

0.5 mm 3 mm Yes Yes No 

0.5 mm 5 mm Yes Yes No 

0.5 mm 20 mm Yes Yes No 

0.6 mm 3 mm Yes Yes No 

0.6 mm 5 mm Yes Yes No 

0.6 mm 20 mm Yes Yes No 

0.8 mm 3 mm Yes No No 

0.8 mm 5 mm Yes Yes No 

0.8 mm 20 mm Yes Yes No 

1 mm 3 mm Yes No No 

1 mm 5 mm Yes Yes No 

1 mm 20 mm Yes Yes No 

Table 5: Comparison of performance of the inspection methods 
 
 
The TOFD ultrasounds method was the subject of a technical demonstration file in reference  
[23]. The aim is to characterise the flaws described in the CPA method performance programme. 
This involves demonstrating the ability of the TOFD ultrasounds method to size the flaws 
detected with the CPA method.  
 
Areva NP analysed the impact of the various influential parameters (presence of oxides, flaw 
geometry, flaw angle, implementation parameters) on the one hand using mock-ups with surface-
breaking electro-eroded notches, or with variable ligaments and, on the other, by simulating 
treatments and using engineer assessments. 
 
Areva NP concludes that when the CPA method has detected indications, the TOFD 
ultrasounds can size them when they are 1.5 mm x 3 mm or larger.  
 
To verify that discontinuities that cannot be detected by dye-penetrant inspection, because they 
are filled with oxides, are detectable with magnetic particle and thermographic inspection, ASN 
asked Areva NP to inspect mock-ups oxidised by heat treatment using three methods (dye-
penetrant, magnetic particle and CPA). The programme proposed by Areva NP consisted in 
producing four mock-ups, one for each inspection method (dye-penetrant, magnetic particle, 
CPA and ultrasounds). A surface-breaking flaw is located in each mock-up (length 5 mm, height 
2.5 mm). These mocks-ups are then oxidised. After several oxidation tests, using an oven 
oxidation technique combined with hot isostatic compression10, Areva NP was able to produce 
mock-ups which demonstrated that flaws filled with oxides and not detected by dye-penetrant 
inspection were detected by magnetic particle inspection and the CPA method. The results are 
presented in Table 6. 

 

                                                 
10  The hot isostatic compression technique consists in subjecting the parts to simultaneous high pressure and high 

temperature, in an inert atmosphere, in order to increase their compactness (elimination of internal porosities 
which could give rise to indications detected by dye-penetrant inspection). 
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Technique Number of flaws detected 

Dye-penetrant 0/4 

Long-duration dye-penetrant 1/4 

Field magnetic particle inspection 4/4 

Current magnetic particle inspection 4/4 

Thermography 4/4 

Table 6: Results obtained on four surface-breaking flaws 5 mm long and 2.5 mm 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 2016. Following 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 surface-breaking and not filled with oxide. The visual inspection report 
concludes that the six indications are in conformity with the òAó11 criterion of the procedure in 
reference [24].  
 
 

3.3.  Position of the rapporteur 
 
The inspections performed 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. 
 

                                                 
11  Non-compliant with criterion òAó are impacts, scratches, tool marks and scrapes deeper than 0.5 mm. 
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Component 
Inspected 

area 
Type of inspection Results 

Inspection context and reference 

requirements 

FA3 lower 

dome 

Outer and 

inner faces 

after final 

machining 

Dye-penetrant 

Conforming 

No linear indication greater than 

1 mm 

Inspections performed during 

manufacturing in accordance with 

the RCC-M code and internally (see 

§ 3.1 and [5]). 

Volume 

0° longitudinal wave 

ultrasounds 

from the inner face 

November 2007 - Conforming 

A few point indications below the 

improved notation threshold, 

equivalent to the flat bottom hole of 

diameter 2 mm 

Volume 

45° shear wave 

ultrasounds 

from the inner face 

November 2007 - Conforming 

No indication 

Outer face 
Long-duration dye-

penetrant 

23 March 2017 - Conforming 

No linear indication greater than 

1 mm 

Inspections performed in 

accordance with the Areva 

undertakings following the GP 

ESPN of 30 September, as per the 

criteria of the RCC-M code (see § 

3.2.1 and [26]). 

Outer face 
Dye-penetrant after 

spectrometry 

5 February 2015 - Conforming 

No linear indication greater than 

1 mm 

Volume 

Ultrasounds 
DSR search inspection 

(entire surface) 

(see § 3.2.2.1) 

13 to 15 December 2016 
Conforming Inspections performed at request of 

ASN  

as per specific criteria [10] 

Outer face 

Active photothermal 

camera 

(see § 3.2.2.2) 

16 to 27 August 2016 

Six indications conforming after visual 

characterisation 

Volume 

0° longitudinal wave 

ultrasounds 

from the outer face 

over a diameter of 

1600 mm 

13 June 2017 - Conforming 

No notable indication 

Inspections performed at request of 

rapporteur during review 

(see § 7.3) 

Volume 

45° shear wave 

ultrasounds 

from the outer face 

over a diameter of 

1600 mm 

14 June 2017 - Conforming 

No notable indication 

Table 7: Summary of inspections performed by Areva NP on the Flamanville EPR reactor 
pressure vessel lower dome 
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Component 
Inspected 

area 
Type of inspection Results 

Inspection context and reference 

requirements 

FA3 upper 

dome 

Outer and 

inner faces 

after final 

machining 

Dye-penetrant  

Conforming 

No linear indication greater than 1 

mm 
Inspections performed during 

manufacturing in accordance with 

the RCC-M code and internally (see 

§ 3.1 and [5]). 
Volume 

0° longitudinal wave 

ultrasounds from the 

inner face 

October 2007 - Conforming 

No indication 

Volume 

45° shear wave 

ultrasounds 

from the inner face 

October 2007 - Conforming 

No indication 

Outer face 
Magnetic particle in 

peripheral zone 

22 to 24 January 2016 ð Conforming 

No linear indication greater than 

1 mm 

Inspections performed in 

accordance with the Areva 

undertakings following the GP 

ESPN of 30 September, as per the 

criteria of the RCC-M code (see § 

3.2.1 and [26]). 

Volume 

Ultrasounds 
DSR search inspection 
after stress-relieving 

heat treatment 
(partial inspection as 

per Figure 7) 

3 to 8 February 2014 
Conforming 

Inspections performed according to 

ASN requests 

as per specific criteria (see § 3.2.2 

and [10]). 

Volume 

Ultrasounds 
DSR search inspection 
after stress-relieving 
heat treatment and 
after elimination of 

ridges 
(partial inspection as 

per Figure 7) 

25 to 26 June 2015 
Conforming 

Table 8: Summary of inspections performed by Areva NP on the Flamanville EPR reactor 
pressure vessel upper dome 

 
 

3.3.1. Inspections performed during manufacturing 
 
The rapporteur confirms its conclusions of 2015 recalled in section 3.1: the performance and 
results of the inspections performed during manufacturing enable one to conclude, with a 
reasonable degree of certainty, that there are no unacceptable flaws (see table 1) in the two domes 
of the Flamanville EPR reactor pressure vessel. 
 
It however recalls that the non-destructive test inspections performed in the factory during 
manufacturing are not subject to a qualification requirement in the same way as the processes 
used for in-service inspection, as per the order of 10 November 1999 in reference [2]. 
 

3.3.2. Additional inspections of the outer surface of the domes 
 
In response to the rapporteurõs questions, Areva NP performed outer surface inspections on the 
Flamanville EPR reactor pressure vessel domes to ensure that no surface-breaking or subsurface 
flaw was present.  
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The rapporteur considers that the presence of surface-breaking flaws filled with oxides on the 
outer surface of the domes remains improbable for the upper and lower domes. Even though 
stress-relieving heat treatment operations were carried out after the dye-penetrant inspections 
performed at procurement of the domes, their surfaces were machined with no areas of 
roughness liable to trap oxides. 
 
The rapporteur also considers that the inspections performed on the outer surface of the 
Flamanville EPR reactor pressure vessel lower dome are able to detect these surface-breaking 
flaws. The results obtained demonstrate the absence of harmful flaws. ASN also delegated a 
third-party organisation to monitor these additional inspections. In its reports sent to ASN, the 
third-party organisation 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 reference [7], ASN shared the findings of the manufacturer òwhereby no inspection in addition to 
those already performed, related to the approach to demonstrate the presence of a positive macrosegregation, could be 
envisaged on the pressure vessel closure headó. Even though the risk of the presence of surface-breaking 
flaws is low on the Flamanville EPR reactor pressure vessel closure head, the rapporteur 
considers that the lack of additional inspection of the outer surface of this dome meant that the 
absence of surface-breaking flaws could not be confirmed, more particularly if they are filled with 
oxides. The absence of this type of flaw in the upper dome of the Flamanville EPR reactor 
pressure vessel cannot therefore be guaranteed with as much certainty as for the lower dome. 
 

3.3.3. Additional inspections to search for under-cladding flaws on the domes 
 
The rapporteur considers that the inspections performed to detect under-cladding flaws on the 
Flamanville EPR reactor pressure vessel domes are appropriate for the detection of flaws 
potentially initiated by the welding operations on the austenitic stainless steel cladding. ASN 
delegated a third-party organisation to monitor these inspections. In its reports sent to ASN, the 
third-party organisation found no nonconformity in the application of the Areva NP procedures. 
The rapporteur considers that the presence of flaws with dimensions not conforming to the 
criteria of the technical specifications can be ruled out. 
 
The rapporteur notes that in the case of the Flamanville EPR reactor pressure vessel closure 
head, the inspection could 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 reference [13], aims to evaluate the 
mechanical properties 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 compared with the properties in the acceptance zone12, taking account 
of this in the fast fracture risk assessment. The positive macrosegregation first had to be located 
and its scope and depth determined. 

 
 

 
Figure 8: Cross-section of a dome - identification of acceptance and segregation zones 

Positive macrosegregation zone 
Acceptance zones 

 
Given that the destructive tests cannot be performed on the domes of the Flamanville EPR 
reactor pressure vessel, because they would then render them unusable, the destructive tests in 
the programme were performed on samples taken from three scale-one replica domes, the UA 
and UK upper domes and the UA lower dome. 
 

4.1.1. Programme performed by Areva NP 
 

4.1.1.1. Content of the test programme 
 
The Areva NP programme presented at the GP ESPN session of 30 September 2015 comprised 
tests on the UK upper dome and the UA lower dome, with specimens sampled at one-quarter 
thickness and mid-thickness, in the positive macrosegregation zone and at one-quarter thickness 
in the acceptance zone. The quarter-thickness is understood to be starting from the outer surface 
of the domes, corresponding to the top of the ingot. 
 
Moreover, the core sample of material sampled 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 characterised over its entire height by means of carbon content measurements through 
sampling of metal chips and by impact tests. 
 
Following the initial carbon measurements in the thickness of the first two scale-one replica 
domes, as well as the bending rupture energy measurements at mid-thickness of the central core 
sample from the UA upper dome, Areva NP incorporated the UA upper dome into the test 

                                                 
12  Zone defined by the manufacturing coordinates system in which the mechanical properties are tested. 

Zones de recette  

Zone de ségrégation 
majeure positive 
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programme during the course of 2016. The mechanical tests were also extended to three-quarters 
of the thickness of the UA lower and upper domes13. 
 
The three scale-one replica domes underwent the following tests for each depth of interest in the 
positive macrosegregation zone: 

- impact tests to establish a transition curve and determine the TCV
14  and 

T68J
14 transition temperatures; 

- drop-weight tests to establish a TNDT
14 transition temperature; 

- additional impact tests in addition to the drop-weight tests to establish a 
RTNDT

14 transition temperature; 
- fracture toughness tests in the brittle-ductile transition domain (CT12,5 specimens) to 

characterise toughness versus temperature; 
- tensile tests, associated with fracture toughness tests at the temperatures of the 

transition domain; 
- fracture toughness tests in the ductile domain (CT25 specimens tested at 50°C, at the 

temperature of the periodic requalification tests and at 330°C, a temperature close to 
the reactor pressure vessel operating temperature), in order to evaluate the ductile 
tearing resistance; 

- tensile tests, associated with the ductile tearing tests, also performed at 50°C and 
330°C; 

- tensile tests at ambient temperature, to compare the fracture elongation values with 
the 20% value mentioned in point 4 of appendix I of the ESPN order in reference [3]. 

 
Tests in the acceptance zone of the three scale-one replica domes and the two domes intended 
for the Flamanville EPR reactor pressure vessel were carried out: 

- impact tests to establish a transition curve; 
- fracture toughness tests and associated tensile tests, necessary for interpretation of the 

fracture toughness tests. 
 
These tests supplement the initial acceptance tests (tensile, impact and drop-weight tests at one-
quarter thickness from the inner surface) performed at manufacture of these domes, between 
2006 and 2013. 
 
Table 9 summarises the nature and number of tests in the test programme performed in 2016 per 
area of interest in the domes and identifies the laboratories in which the mechanical tests and 
chemical analyses were performed. 
 

                                                 
13  The UK upper dome was not selected owing to a carbon content at three-quarters thickness lower than those of 

the UA domes. 
14  See definition of acronyms on p.13.  
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Table 9: Summary of test programme per dome and laboratory 
Calotte = dome 
Essais = Tests 
Zone de recette = Acceptance zone 
Zone ségregée = Segregation zone 
xxx inf = xxx lwr 
xxx sup = xxx upr 
Total par type dõessai = Total per type of test 
Impact (transition curve) variable (incl. 0°C) 
Impact (for RTNDT)  function of TNDT 
Fracture toughness (ductile CT 25) 50 and 330°C 
Fracture toughness (brittle CT 12,5) Variable 
Tensile    50 and 330°C 
Tensile    Ambient   136 + 9 on surface 
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 
 

4.1.1.2. Preparation and characterisation of the material 
 
Before the test programme was performed by Areva NP, the following operations concerned the 
scale-one replica domes: 

- the extent of the positive macrosegregation zone was determined from carbon 
content measurements taken on the outer surface by optical emission spectrometry; 

- the domes were cut into half-domes along the segregated zone axis;  
- the depth of the positive macrosegregation zone was determined by macrographic 

examination and measurement of the carbon content in the thickness of the scale-one 
replica domes by optical emission spectrometry; 

- the segregation zones in the half-domes were cut into 400 mm x 400 mm blocks; 
- the blocks were then cut into slices at the various depths of interest (quarter-thickness 

from the inner surface, mid-thickness and three-quarters thickness); 
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- the surface of the slices was characterised by measuring the carbon content using 
optical emission spectrometry, confirmed by measurements obtained in metal chips 
sampled at certain points, characterised by infrared combustion and confirmed by 
macrographic examination, in order to define the samples sampling plan in each slice. 

 
Figure 9 represents the various steps involved in preparing the material of a scale-one replica 
dome for the tests to characterise its mechanical properties.  
 
 

 
 

 

Figure 9: Steps in the preparation of a dome from the òhalf-domeó stage to the slices sampling 
plan 

 
Figure 10 illustrates the position of the slices at the various depths of interest, with the nature of 
the tests associated with each slice. 
 

 

Figure 10: Cutting slices from blocks of segregated material  
(example: UK upper dome) 

 
Slice N° 
Upper surface slice: Tensile 
1/4 thickness ð drop weight + impact (RTNDT) 
¼ thickness ð fracture toughness ð impact ð tensile 
½ thickness ð fracture toughness ð impact ð tensile 
½ thickness ð 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 slices at the various depths of interest, 
taking the example of one-quarter thickness of the UK upper dome. Appendix 9, Appendix 10 
and Appendix 11 give all the carbon content maps produced during the test programme: on the 
surface of the five domes, at depth in the three scale-one replica domes and on the surface of the 
slices at the various depths of interest. 
 

  

Figure 11: Sampling plan at one-quarter thickness of the UK upper dome 
The values mentioned correspond to the carbon content (in %) 

 
Finally, Figure 12 summarises the operations in the test programme performed by 
Areva NP, from characterisation of the positive macrosegregation zone up to storage of the 
material remaining after the programme, as well as its location and the industrial sites and 
laboratories which participated in the programme. Certain operations were subcontracted by the 
entities mentioned, such as cutting and machining, carbon content measurement by optical 
emission spectrometry and fractographic assessments. 
 
























































































































































































































































































