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1. INTRODUCTION

In June 2012, ultrasonic in-service inspections were performed at Doel 3 to check for underclad cracking in
the reactor pressure vessel (RPV). No such defects were detected. However unexpected indications in the
RPV shells were found. Electrabel ordered a full thickness RPV shell inspection (July 2012) which
confirmed high numbers of similar indications. The same type of indications, but to a lesser extent, was also
found in the Tihange 2 RPV shells during the September 2012 inspection.

To justify the restart of the Doel 3 and Tihange 2 Nuclear Power Plants, Electrabel submitted on 5 December
2012 a Safety Case for each unit to the Belgian Safety Authorities. In this context, documents were
submitted related to the following topics:

Inspection
Documentation
Metallurgy
Calculations

VVVY

The MO/AIA report DOEL165 from 28 January 2013 presented the major comments and conclusions of the
MOJ/AIA after review of the documents submitted by the Licensee. These comments were included in the
Short- and Mid Term requirements in the Action Plan agreed between the Licensee and the Belgian Safety
Authorities (FANC, BelV, MO/AIA).
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The Licensee had to meet the Short Term Action requirements before the restart of the D3/T2 Nuclear Power
Plants. The Mid Term Action requirements shall be met before restart after the next planned outage.

The report DOEL176 from 16 May 2013 presented the MO/AIA conclusions and comments after evaluation
of the Licensee replies to the Short Term Action requirements and Structural Integrity Assessment limited to
the case of Doel 3. After advice from the FANC, the operation of Doel 3 was resumed in June 2013.

Tn March 2014, preliminary unexpected results of the tests on irradiated specimens made the Licensee decide
to stop operations at the Doel 3 Nuclear Power Plant. The related Mid Term Actions and the Structural
Integrity Assessment were extended to address the issue in a new Safety Case.

The current report DOEL201 presents the MO/AIA conclusions and comments after evaluation of the
Licensee replies to the Mid Term Action requirements and the updated Structural Integrity Assessment
limited to the case of Doel 3. Our evaluation consisted in the review of documents submitted by the
Licensee, witnessing of material tests, inspection during the UT qualification, inspection of UT examination
of the reactor vessel shells during the ISI 2014, participation to discussion meetings with the Licensee.

Section 4 below presents for each Mid Term Action requirement the key elements of the Licensee reply and
the MO/AIA review result. Section 5 presents the key elements of the Structural Integrity Assessment
submitted by the Licensee. The MO/AIA global conclusions are given in section 6.

The scope of the MO/AIA review concerns the verification of the submitted Safety Cases for their
compliance with the requirements of the ASME XI ed.1992. It shall be noted that the Licensee makes use of
the article IWB-3132.4 : Acceptance by Analytical Evaluation. This report presents the MO/AIA’s findings
and conclusions in this perspective.

2. MAIN DOCUMENTS IN OUR POSSESSION.

- Safety Case Report, Doel 3, Reactor Pressure Vessel Assessment, 28 October 2015 (version 1)

Previously reviewed in the scope of MO/AIA report DOEL176 :
- Safety Case Report Doel 3, Reactor Pressure Vessel Assessment, 5 December 2012
- Safety Case Report Addendum , Doel 3, Reactor Pressure Vessel Assessment, 26 April 2013

3. BASIS OF OUR VERIFICATION

- Royal Decree/Ministerial Decree Steam 1991
- Code : ASME III ed. 1971 add. Winter 73 and ed. 1974 add. Summer 74
- ASME XI ed.1992, IWB-3132.4

4. EVALUATION OF LICENSEE REPLIES TO THE MID TERM ACTION REQUIREMENTS

Mid Term Action 2 requirement : (follow-up of short term action 2)
The Licensee shall demonstrate that no critical hydrogen flake type defects are expected in the non-
inspectable areas.

The Licensee performed a visual examination during the 2014 outage of Doel 3. Particular attention was paid
to detect any possible damage of the austenitic stainless steel cladding around four brackets that are welded
onto the inner surface of the lower core shell of the Doel 3 Reactor Pressure Vessel. No degradation was
reported. The visual examination was carried out in the presence of the MO/AIA.

The MO/AIA considers the Licensee reply to the Action 2 requirement satisfactory and has no more
comments related to Action 2.
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Mid Term Action 3 requirement : (follow-up of short term action 3)

The Licensee shall provide additional validation of the UT simulations to demonstrate that the applied
ultrasonic testing procedure allows the detection of the higher tilt defects in the Doel 3/Tihange 2 data (2012
inspections) with a high level of confidence.

To further demonstrate the reliability of the simulations, a cross-check was requested to be performed
between the reflectivity on real flakes in VB 395/1 and the results obtained with Phased Array laws with
non-perpendicular insonification. Specifically relative amplitude drops with UT disorientations between 15
and 20 degrees were looked for. The results of the cross-check presented by the licensee showed that :
> The values obtained by simulation are conservative compared to the experimental UT measurements
on the cut indications;
> The difference between simulation and experimental measurements is the lowest when the flaw is
inclined along one plane only;
» For flaws having a double inclination along X- and Y-axes, the simulation is shown to be substantially
conservative.
The general conclusion of the Action 3 investigations was that the inspection techniques using a straight UT
beam can result in a correct detection and sizing of hydrogen flake flaws.

The MO/AIA considers the Licensee reply to the Action 3 requirement satisfactory and has no more
comments related to Action 3.

Mid Term Action 7 requirement : .

The Licensee shall achieve a full qualification program to demonstrate the suitability of the in-service
inspection technique for the present case. The qualification shall give sufficient confidence in the accuracy of
the results with respect to the number and features (location, size, orientation,...) of the flaw indications.

Where appropriate, the process shall be substantiated by appropriate experimental data using representative
specimens. The full qualification program shall be achieved before the next planned outage for refueling.

The objective of the qualification extension was to confirm the capability of the applied L0° UT MIS
inspection procedure to correctly detect, locate and characterize laminar and quasi-laminar hydrogen flakes
as detected in the Doel 3 and Tihange 2 reactor pressure vessels.

The extension of qualification addresses the inspection of the base material of the reactor pressure vessel
shells, the transition ring and the flange.

The extension of the qualification presented by the Licensee is based upon the following elements :

* Technical justification files mainly based on simulation results using the CEA CIVA software;

¢ Practical tests on 3 blocks VB 395/2A, VB 395/2B and VB 395/2C, parts of a larger block VB 395/2
extracted from the Areva shell 395 known for containing a large number of hydrogen flakes;

® Destructive examinations on a large number of hydrogen flakes of various characteristics in
dimensions, depth and inclination, and extracted from these 3 blocks;

¢ Correlation between UT and destructive examinations of the flakes.

A qualification synthesis linking all the evaluated parameters enabled the Licensee to establish the level of
performance of the inspection procedures for detection, localization and characterization of hydrogen
flakes.

As 15° is the maximum value expected for the inclination of the flakes in the affected Reactor Pressure
Vessels, inclinations between 0° and 20° were considered for building the sets of curves of UT responses in
the technical justifications.

The practical qualification trials were performed on blocks taken out from an Areva steam generator shell
containing hydrogen flakes. Areva Intercontrdle carried out the tests with the MISB UT inspection procedure
and_equipment used for the RPV weld inspections in Belgium but with thresholds and data analysis

v
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optimized for flake detection and characterization in the base material. The RPV shell wall thickness is
divided into three depth ranges, to be insonified by different ultrasonic transducers. The examination is
performed with immersion pulsed echo technique from the inside of the Reactor Pressure Vessel.

The basic qualification block was VB 395/2 with a size of 1727 mm in the circumferential shell direction and
1400 mm in the shell axis direction. The block was selected in a zone of the VB 395 shell where the density
and the sizes of the flaws are similar to those observed for the block VB 395/1 used for the UT validation
performed under Action 3. The block was machined in order to get a final thickness of 200 mm and to get
the flakes closer to the surface. Its final internal radius after cladding was 1792 mm. This block contained the
side drilled holes whose purpose was to permit the evaluation of the cladding on the ultrasonic signal
attenuation.

The cladded block VB 395/2A was the part of VB 395/2 dedicated for the first step of excavations. Its size
was defined in order to provide a large and representative population of flakes for analysis and cutting.

Additional blocks VB 395/2B and VB 395/2C were cut out from the initial block VB 395/2 and machined in
order to get complementary information about the behavior of the OL 0° EAR transducer working in the
zone directly behind the cladding, in the first 35 mm from the water interface. Due to the machining, both
blocks VB 395/2B and VB 395/2C were no longer cladded:

e The front face of the block VB 395/2B was cylindrically machined with a 15° disorientation of its
vertical axis to increase artificially the inclination of the flakes by 15° and to bring them forward to the
surface.

e The front face of the block VB 395/2C was cylindrically machined in order to bring the flakes forward
to the surface.

The acquisitions realized in the framework of the qualification process were validated by the pre- and post-
calibrations.

The UT acquisitions on the blocks were carried out and analyzed by Areva Intercontrdle according to the
same inspection procedure as applied for the MISB inspections of the reactor vessels of Doel 3 and Tihange
2 in 2012 and 2013 but with an increased dynamic in order to allow the evaluation of indications with very
low amplitude. Additionally an 15° angle beam transducer was added in axial direction in order to better
evaluate the capacity of the straight beam transducers for the detection of the inclined flaws. The acquisitions
were later re-analyzed following the modified UT procedure taking into account the qualification
intermediary results.

The Licensee selected a large number of indications from the blocks VB 395/2A, 2B and 2C to be
destructively examined. Dimensions smaller, equal and larger than the focal size of the transducers were
selected, at different depths in the material and with different inclinations. The cutting and slicing of the
indications enabled to establish a comparison between the:
* UT experimental results with the actual dimensions, location and orientation of the indications,
* UT experimental results with the predicted (by simulation and engineering judgment) amplitudes of the
indications.

The correlation between UT and destructive test results was used by Areva Intercontrdle to validate the
theoretical approach developed in the technical justifications to quantify the detection, localization and sizing
performances of the UT inspection. In addition it was used to quantify the effect of the parameters that
cannot be handled by a theoretical approach, in particular the aspects related to the flake itself.

Main conclusions for Action 7
The main objective of the qualification was to confirm the performances in detection, localization and sizing
of the “historical” inspection procedure. The MO/AIA agrees with the following Licensee conclusions:
e The performance in localization of the indications is confirmed through the different parts of the
qualification process.
* Concerning the sizing performance in X and Y, the qualification showed that 6dB drop sizing technique
as initially performed through the automatic sizing procedure in the analysis software (Civacuve) may
lead to inaccurate dimensions, mainly due to the fact that less reflective parts of a flaw may not be taken
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into account by the software. A modification of the sizing methodology within the analysis software
(Civacuve) was implemented to allow a correct sizing based on the 6 dB amplitude drop using the
echodynamics of the UT response on the secondary maxima of a flaw. The examination procedure was
modified to take this into account and the acquisitions of Doel 3 and Tihange 2 reactor vessels were re-
analyzed.

* During the qualification tests appeared that the application of the historical procedure does not allow the
detection, with the desired confidence level, of indications inclined up to 16° in the shell rings. More
specifically in the deepest working range of each transducer. The consolidated sets of curves for the
detection performance on real flaws showed that lowering the reporting thresholds and changing the
transducer for the first depth range, could be an answer to the lack of sensitivity of the “historical”
procedure. The examination procedure was modified accordingly and its performances were reassessed
in the new revision of the qualification synthesis.

® The detection sensitivity of the “historical” procedure was confirmed to be sufficient for the detection of
the presence of the hydrogen flaking.

* Due to the nature of the applied sizing methodology, the indications are conservatively sized.

When all the aspects are combined, one can reliably state that the detection and sizing performance of the
finally qualified Ultrasonic Examination Procedure has been demonstrated under representative conditions,
and results in a high degree of confidence for all aspects of the inspection performance (detection,
localization and characterization).

The MO/AIA participated to the full qualification activities through:
® Review of documents before start of the qualification process;
® Witnessing the practical UT tests;
® Review of destructive examination results;
® Spot Examination of the UT acquisitions;
® Review of Technical Justification files;
¢ Review of qualification synthesis;
® Participation to technical meetings with the Licensee and his subcontractor.

The MO/AIA considers the Licensee reply to the Action 7 requirement satisfactory and has no more
comments related to Action 7.

Mid Term Action 8 requirement :
The Licensee shall perform follow-up in-service inspections during the next planned outage for refueling to
ensure that no evolution of the flaw indications has occurred during operation.

The core shells of the Doel 3 and the Tihange 2 Reactor Pressure Vessels have been subjected in 2014 to
ultrasonic examination in view of characterizing the population of embedded hydrogen flakes with the
qualified procedure and assessing any flaw evolution. The MO/AIA agrees with the following Licensee
observations that were drawn from the data records :
* As a consequence of the examination procedure evolution, the number of reported indications is higher
than in 2012;
* The shell material volume affected by flaking is essentially unchanged with reference to 2012, but the
associated flaw indication density is increased;
® Amplitude distribution indicates that flaw detection was effective in 2014;
® Most flakes are located in the inner half of the shell thickness;
® Hydrogen flakes feature typical dimensions ranging from 10 to 15 mm;
® The examination conducted with 45° transducers evidenced the absence of radial connections between
hydrogen flakes;
* An expertise conducted by Areva Intercontrdle with a 15° transducer allowed concluding to the absence
of flakes oriented along the ghost lines with inclinations beyond the qualified range (16°).
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To assess the flaw evolution, acquisition data from 2012 and 2014 were compared for flaw detection and
sizing. Therefore 2014 indications were paired with those of 2012 and for the unpaired indications the under-
threshold counterparts were identified.

From the comparison could be concluded that the flaw amplitude and the size variations observed between
2012 and 2014 data remain within the pre-set acceptable tolerances.

The MO/AIA considers the Licensee reply to the Action 8 requirement satisfactory and has no more
comments related to Action 8.

Mid Term Action 9 requirement : (follow-up of Short Term action 9)
The Licensee shall provide data about the tensile properties at ambient temperature of specimens with T
orientation and taken in ghost lines (ghost line along the specimen axis).

Three additional tensile tests at room temperature were performed at SCK.CEN on specimens with ghost
lines along the specimen axis. The test results presented by the licensee were found to be comparable to
those obtained for a specimen taken in the macro-segregation but not specifically in a ghost line. It was
observed that the ductility of the specimens with a ghost line is slightly reduced but the absolute value
remains high.

The MO/AIA considers the Licensee reply to the Action 9 requirement satisfactory and has no more
comments related to Action 9.

Mid Term Action 10 requirement : (follow-up of Short Term action 10)
The Licensee shall inform about the results of the melt extraction tests that are ongoing in order to confirm
the results found with the hot extraction tests at 1100°C.

The Licensee performed melt extraction tests on the samples that already underwent the 1100°C hot
extraction in order to check the amount of hydrogen that is not detected with hot extraction measurements at
1100°C. The additional measurements showed that the amount of hydrogen left inside a material after hot
extraction at 1100°C is very small (0.1 ppm).

The MO/AIA considers the Licensee reply to the Action 10 requirement satisfactory and has no more
comments related to Action 10.

Mid Term Action 11 requirement :
A further experimental study program on the material properties of irradiated specimens containing
hydrogen flakes shall be elaborated by the Licensee.

The objective of action 11 was to confirm the conservatism of the 50°C additional margin on the RTxpr of
the irradiated materials used in the structural analyses of the Safety Case of 2012-2013. The Licensee let
perform four accelerated irradiation campaigns on materials containing hydrogen flakes and reference
materials in the BR2 reactor in SCK.CEN (Belgian Nuclear Research Center). Some additional tests were
also performed on non-irradiated materials to assist in the evaluation of the irradiated specimens results.

Non-irradiated materials.
The properties of the non-irradiated materials are useful for the interpretation of the irradiated results. Major
observations were :

Doel 3 : (non-irradiated)
Results obtained in the framework of the 2012-2013 Safety Case on Doel 3:




DOEL201-7/11

- It was shown on the spare surveillance block from Doel 3 upper core shell that there is little influence of the
specimen orientation on the fracture toughness.

- Tt was shown on the Doel 3 H1 nozzle cut-out that there is little difference in the properties inside and
outside of the macro-segregation zone and also that the ghost lines have practically no effect on the Charpy
properties and on the fracture toughness.

VB 395 materials : (non-irradiated)

VB 395 is a steam generator forged shell in 18MNDS3 steel, rejected during manufacturing in the beginning
of 2012 due to the presence of a large number of flakes. It was partially characterized in non-irradiated
condition in the framework of the first Safety Case addendum (2013), and more extensively in support of the
irradiation program.

The VB 395 was characterized in Charpy, tensile and fracture toughness in three zones :

- Block 5 taken at the top of the shell and far from the zone affected by flakes;

- Block 6 in the zone affected by flakes (specimens with flakes as pre-crack and between flakes);

- Block 6 out of the zone affected by flakes but adjacent to it.

The three zones were found to be characterized by a very low initial T, temperature (-126.5°C to —116.1°C)
and by a high scatter in non-irradiated condition, indicating an inhomogeneous structure.

KS02 materials : (non-irradiated)

The KS02 component is a forging for a vessel flange of a 1300 MW PWR in steel 22NiMoCr37 which was
rejected in fabrication in 1971 due to the presence of numerous indications, identified recently as hydrogen
flakes. The KS02 material was tested in Charpy impact in three zones :

- between the flakes;

- inside the macro-segregation but out of the flaked area;

- in the less segregated area (initially considered as “out of the macro-segregation”).

It was found that there is very little difference between the three curves that are all in good agreement with
the “segregated* curve from the German program carried out on the material in the eighties.

Irradiated Materials

Four irradiation campaigns were performed at SCK.CEN in the BR2 reactor :

Irradiation Campaign Period Specimens

1 Chivas 9 January — February 2014 | AREVA 395 block 6
AREVA 395 block 5 and 6

. . Doel 3 spare surveillance block

2| Chivas 10 April ~May 2014 Doel 3 Irll)l nozzle shell cut-out
JRQ reference material

3 Chivas 11 August 2014 AREVA 395 block 5 and 6

4 Chivas 12 February 2015 German KS02

The main objective of action 11 was to demonstrate the conservatism of the 50°C margin on the RTypr shift
considered in the Safety Case of 2012-2013. This would have been straightforward if the VB 395 material
had shown the behavior that could be expected based on its chemical composition and the absence of an
important effect of flakes in non-irradiated condition.

Out of two materials affected by hydrogen flakes in fabrication that were available for testing, the German
KS02 material behaved normally, while the other material (VB 395) showed an atypical embrittlement.

The first three irradiation campaigns (Chivas 9 to 11) performed in the BR2 reactor succeeded in the
characterization of the VB 395 mechanical properties. The Chivas 10 irradiation also confirmed the expected
behavior of the Doel 3 vessel materials (H1 nozzle cut-out and spare surveillance block) under irradiation,
consistent with the predictions. The fourth irradiation provided confirmatory information on the irradiation
embrittlement of another material affected by flakes, the German KS02 material.

The MO/AIA agrees with the presented results of these irradiation campaigns that were summarized as
follows :

2

Vv
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® The fracture toughness shifts under irradiation (AT,) of all specimens from the VB 395 block 6 affected
by hydrogen flakes are largely above predictions and similar for all materials (specimens with flakes as
pre-crack, specimens in the ligament between flakes, specimens taken out of the zone affected by
flaking but adjacent to it);

® The fracture toughness shifts under irradiation (AT,) of the VB 395 block 5 material fall in the scatter
band of the prediction (RSE-M trend curve multiplied by 1.16), and in this respect could be considered
as in agreement with the prediction. It is however apparent that the evolution with fluence does not seem
to follow the power law with a 0.59 exponent as in the RSE-M trend curve;

* In absolute terms the fracture toughness of the VB 395 material in irradiated condition (T, of the order of
50°C) remains good in spite of the high shift, thanks to the very low T, in non-irradiated condition;

e The fact that the fracture toughness in the ligament between flakes or at the tip of real flakes is
practically identical shows that the flakes themselves are not responsible for the high embrittlement of
the VB 395 material.

e The ductile fracture resistance tests of the VB 395 material also indicate a limited irradiation effect and
are not consistent with the very high T, temperature shift.

® The ASME Code Klc curve indexed on RTypr envelops all fracture toughness results,

® The Doel 3 materials irradiated in Chivas 10 (Doel 3 H1 cut-out and Doel 3 spare surveillance block)
exhibit a normal embrittlement in terms of Charpy shift, yield strength increase and fracture toughness;

® This is also the case for the JRQ reference material;

® The Licensee performed an alternative interpretation of the fracture toughness data using the SINTAP
lower tail approach (more conservative in the case of inhomogeneous material high scatter data sets).
The T, values obtained by this approach for the VB 395 materials are in most cases only slightly higher
than the T, of the standard Master Curve approach, and the effect is more pronounced in non-irradiated
condition than in irradiated condition. In terms of best estimate trend curve of AT, vs. fluence, fitted
on experimental results, the standard Master Curve was found to be more conservative than the SINTAP
approach but the difference is only a few degrees;

® For the Doel 3 materials, being more homogeneous and not exhibiting the high scatter of the VB 395, the
SINTAP results were found to be very close to those of the standard Master Curve;

® The RTypr shift under irradiation of block 6 specimens taken in the ligament between flakes is also
above the trend curve predictions but to a lesser extent than the fracture toughness;

® The yield stress increase of the VB 395 materials under irradiation is consistent with the “normal”
embrittlement expected for these materials based on their chemical composition. The additional
embrittlement of the block 6 material is atypical in the sense that it is not associated to a
proportional hardening. The latter is generally associated with grain boundary segregation of
phosphorus and other species and with a change of fracture mode from transgranular to intergranular,
which is not the case in VB 395;

® The Charpy load diagrams indicate a decrease of the micro-cleavage fracture stress of the VB 395
materials under irradiation, confirming the atypical nature of the embrittlement;

® The German KS02 material affected by hydrogen flakes, irradiated in Chivas 12 as well as in the
German FKS program in the eighties shows a normal embrittlement in terms of Charpy shift and fracture

toughness shift. JV/
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From the presented test results follows that the only material exhibiting an atypical embrittlement is the VB
395 material and that there is no reason to conclude that the material properties in the flaked RPV shell of
Doel 3 are necessarily worse than in a shell without flakes like the Doel 3 H1 cut-out.

In view of ensuring a conservatism of the structural integrity analysis, the Licensee considered a fracture
toughness in the analysis that was based on the assumption that the Doel 3 vessel shells have an additional
sensitivity to irradiation embrittlement of the same magnitude as the VB 395 material.

The MO/AIA spot witnessed the mechanical tests on irradiated and non-irradiated specimens.

The MO/AIA considers the Licensee reply to the Action 11 requirement satisfactory and has no more
comments related to Action 11.

Mid Term Action 12 requirement : .
The Licensee shall further investigate experimentally the local (micro-scale) material properties of
specimens with macro-segregations

The Licensee performed investigations with the main objective to identify the potential correlation between
local material mechanical properties and local structural and chemical material characteristics (local
microstructure, grain sizes, chemical composition of the ghost lines and on grain boundaries, fracture mode
...). A secondary objective was to confirm the representativeness at local scale of the test materials VB 395
and D3H1.

No obvious correlation between local material characteristics and some specific local mechanical properties
could be evidenced so that no quantification (model) could be proposed. :

Small differences were observed in the local characteristics between D3H1 and VB 395 materials but these
were judged being not statistically significant. The materials are considered as globally representative for
flaking and mechanical behavior in the as received condition.

The MO/AIA considers the Licensee reply to the Action 12 requirement satisfactory and has no more
comments related to Action 12.

Mid Term Action 13 requirement :
The Licensee shall further evaluate the effect of thermal ageing in the zone of macro-segregation.

Temper embrittlement can induce deterioration of material properties (fracture toughness, impact resistance).
The question was whether temper embrittlement can be expected in service and what the consequences could
be for the material properties.
The Licensee implemented the following action plan to evaluate the risk of temper embrittlement of the RPV
materials :
o Literature review on long term thermal ageing or accelerated ageing tests;
o Scanning Electronic Microscope (SEM) examination of the fracture surfaces of specimens of the
Doel 3 — Tihange 2 surveillance programs which spent approximately 25 equivalent full power years
in reactor at 285°C;
o Accelerated ageing experiments to evaluate the potential effect of thermal ageing of the zone with
macro-segregations in the Doel 3 H1 nozzle cut-out material;
 Microstructure and local chemical composition investigations.
The MO/AlAagrees with the licensee conclusion that almost no thermal ageing effect on the mechanical
properties is expected for the Doel 3 — Tihange 2 materials (fine grained material, with relatively low P
content).
In addition to the initial action plan, the licensee performed additional thermal ageing experiments on the VB
395 materials in order to identify a possible thermal ageing contribution in the atypical embrittlement of this
material seen in the irradiation campaigns in BR2. The behavior of the VB 395 materials was found to be
comparable to other RPV steels from the point of view of sensitivity to thermal ageing.
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The MO/AIA considers the Licensee reply to the Action 13 requirement satisfactory and has no more
comments related to Action 13.

Mid Term Action 15 requirement : (follow-up of short term action 15)

The licensee shall complete the ongoing test program by testing larger specimens containing hydrogen
flakes.

The Licensee performed an additional tensile test at 100°C on specimens with flakes oriented at 20° with
respect to the specimen axis. The objective was to show a mostly ductile behavior at this temperature.
Additional tests were also performed on specimens with machined notches. Finite element analyses of
specimens with flakes supported the interpretation of the results. The tests confirm the load bearing capacity
of specimens with hydrogen flakes.

The MO/AIA considers the Licensee reply to the Action 15 requirement satisfactory and has no more
comments related to Action 15.

Mid Term Action 16 requirement : (follow-up of short term action 16)
Further evidence of the efficiency of the applied Acoustic Emission Technique shall be provided.

Information was received about an additional detailed analysis of the acoustic activity that was recorded by
the sensors placed in the In-Core Instrumentation room.

The Licensee submitted a supplementary test report to justify the equivalency between the auto-calibration
and the Hsu-Nielsen calibration.

The MO/AIA considers the Licensee reply to the Action 16 requirement satisfactory and has no more
comments related to Action 16.

5. EVALUATION OF THE SUBMITTED STRUCTURAL INTEGRITY ASSESSMENT

Basically the Licensee applied the same methodology as in the anterior Safety Case and its addendum
presented in 2012-2013.

The Licensee established a new Safety Case to take into account the following updated input data:

e The updated fracture toughness curve (RTxpr as a function of fluence);

o The updated RPV fluence distribution after 40 years of operation;

e The increased Safety Injection (SI) temperature implemented in Doel 3 NPP;

o The updated UT indications cartography, obtained by application of the qualified inspection procedure.
Besides it was decided to consider DTR (Défaut(s) Technologique(s) du Revétement) in the structural
integrity assessment as if they were additional hydrogen flakes.

In view of ensuring conservatism of the structural integrity analysis, the fracture toughness used in the
analysis was based on the assumption that the Doel 3 vessel shells have an additional sensitivity to
irradiation embrittlement of the same magnitude as the VB 395 material.

The following describes briefly the main results of the Structural Integrity Assessment presented by the
licensee.
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Flaw Assessment according ASME XI— Appendix A .

Tn order to consider the interactions of the flaws, the licensee applied a grouping process. After that a
screening analysis showed that nearly all flaws indications could be considered as harmless while only a
limited number of flaws required a more in-depth analytical evaluation.

The flaw configurations resulting from the grouping process were compared to the acceptable size calculated
by 3D finite element calculations. The grouped flaws exceeding the acceptable size were reanalyzed using
3D multi-flaws and refined analyses to show their acceptability and to assess the actual margins. It was
found that all flaws fall finally below the screening criterion threshold 2a/2a,..= 0,5 .

Also it was noted that considering the DTR in the flaw acceptability analysis, did not impact the structural
integrity assessment conclusion.

The presented ASME III elastic-plastic analysis showed that the primary stress criteria are met and that no
progressive deformation is expected to occur under cyclic loading. The calculations demonstrated that the
collapse load is only slightly reduced in comparison with a model without flaws.

Fatigue Crack Growth

The fatigue crack growth analysis was performed according to Appendix A of ASME XL

It was shown that the flaw indications will not grow significantly by fatigue for the remaining time of
operation (~10 years). It was also shown that flaw indications at the beginning of lifetime could not have
grown significantly by fatigue during 30 years of operation.

6. CONCLUSIONS.

The MOJ/AIA reviewed the Safety Case submitted by the Licensee to justify the structural integrity of the
Doel 3 Reactor Pressure Vessel. Our review concerned the verification of the submitted analyses for their
compliance with the requirements of the Code ASME XI ed.1992. It shall be noted that the Licensee made
use of the Article IWB-3132.4 : Acceptance by Analytical Evaluation. This report DOEL201 presents the
MOV/AIA findings in this perspective. The advise on a possible restart is not addressed in this report.

After its review, the MO/ATA main conclusions are :

- Taking into account the loading conditions specified by the Licensee and the material properties considered
in the analyses, the presented structural integrity assessment shows that the Doel 3 Reactor Pressure Vessel
core shells with hydrogen flakes meet the ASME XI requirements for ‘Acceptance by Analytical
Evaluation’.

- The MO/AIA considers the Licensee replies to the Mid Term Action requirements satisfactory.

- The MO/AIA requests re-inspection of the Doel 3 Reactor Pressure Vessel core shells during the next
planned outage within maximum 18 months from restart. The conclusions of this report need a re-evaluation
based on the results of each re-inspection.

- The Licensee shall also consider the conclusions and comments of the FANC and BelV.

Yours sincerely,

MO/AIA —NDT Expert ~ MO/AIA — NDT Expert MO/AIA — Chef de Service

!u;\ o
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APPENDIX : REFERENCES RELATED TO THE SAFETY CASE

References related to Mid Term Action 2 (Visual examination of non-inspectable areas)

02-01:

CNT-KCD/4NT/20335/000/00: Visual examination of the cladding surface around the brackets of
the Reactor Pressure Vessel of Doel 3

References related to Mid Term Action 3 (Additional validation of the UT examination)

03-01:

03-02:

03-03:

LBE02706401 v4.0: Validation of the capability of an ultrasonic beam to characterize laminar flaws
in the block VB 395/1

Reply to AIA report DOEL161A

LBE03146032 v.- (7/10/2013): Answers to report AIA DOEL170B

References related to Mid Term Action 7 (Extension of Qualification MISB)

07-01:

07-02:

07-03:

07-04 :

07-05:

07-06:

07-07:

07-08:

07-09:

07-10:

LBE04094710 v4.0: Extension of qualification of the MIS inspection procedure for detection and
sizing of hydrogen flakes — Synthesis

AREVA DTP 30443 Rév.3 : Examens des cuves PWR 900 et 1000 MWe Machine d’inspection en
service MISB 3G — Contrdle du métal de base du corps de cuve pour la détection et la caractérisation
des défauts dus & ’hydrogéne (DDH) — Synthése Technique de la qualification

AREVA DIP-30440 Rév. 2 : Examen des cuves PWR — MISB 3G — Examen Bride & Viroles des
cuves de type 900, 900F & 900W pour la détection de défauts dus & I’hydrogene (DDH) - platines
V12T, V3T, VPM & FSP - JTel : sensibilité de I’examen

AREVA DIP-30441 Rév. 0 : Examen des cuves PWR — MISB 3G — Examen Bride & Viroles des
cuves de type 900, 900F & 900W pour la détection de défauts dus a I’hydrogéne (DDH) — platines
V12T, V3T, VPM & FSP —JTe2 : localisation

AREVA DTP 32709 Rév. 0 : Examen des cuves PWR 350 MWe - Machine d’inspection en service
MISB 3G - Contrble du métal de base du corps de cuve pour la détection et la caractérisation des
défauts dus & P’hydrogéne (DDH) — Analyse d’impact du palier 350 MWe sur la synthese de
qualification

AREVA DI 29886 Rév. 6 : Examen des cuves PWR — Machine d’inspection en service MISB 3G -
Contréle du métal de base du corps de cuve pour la détection des défauts dus a I’hydrogeéne (DDH) —
Procédure d’examen.

AREVA DI 31863 Rév.2 : Réponses au courrier de AIB-VINCOTTE DOEL 193

AREVA DI 32121 Rév.3 : Réponses aux courriers de AIB-VINCOTTE DOEL 193, 1934, 194, 198
CNT-KCD/1E/11580/000/00 : Answer to Report AIA DOEL190

CNT-KCD/1E/11610/000/00 : Answer to Report ATA DOEL193

N
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07-11: CNT-KCD/1E/11680/000/00 : Answer to Report AIA DOEL200
07-12: CNT-KCD/1E/11657/000/00 : Answer to Report AIA DOEL199
07-13: CNT-KCD/1E/11698/000/00 : Answer to Report AIA DOEL199A
07-14: CNT-KCD/4NT/19974/000/00 : MISB Qualification : sensitivity analyses regarding flaw undersizing

07-15: CNT-KCD/4NT/21765/000/00 : Sensitivity of the Structural Integrity Assessment of Doel 3 RPV to
A Z variation

07-16: LBE03217366 v3.0 : Metallurgical characteristics of flakes : inclination and faceting

07-17: LBE03381559 v2.0 : Metallurgical characteristics of flakes : inclination and faceting - Addendum
07-18: LBE0405658 (17/10/2014): Answers to Reports AIA 185B, 189, 192

07-19: LBE04108772 v2.0 : Complementary Information on Ultrasonic Inspection and Qualification
07-20: LBE04109256 v1.0 : UT Qualification — Bel V questions

07-21: LBE04111900 v1.0 : Complementary answers to report AIA 1994, 6.3.7. Question 2

07-22: Laborelec Presentation 26/09/2014 — MISB Qualification — Action Plan — Faxes AIA

07-23: Electrabel DIM27062013 - Answer to Report AIA DOEL178

07-24: Electrabel ZN.10010456814.000.01: RPV D3/T2 — impact of potential flaw undersizing

References related to Mid Term Action 8 (Follow-up inspection)

08-01: CNT-KCD/4NT/20546/000/01: Comparison of 2012 and 2014 ultrasonic examination data of the
RPV core shells of Doel Unit 3

08-02: CNT-KCD/4NT/20547/000/01 : Comparison of 2012 and 2014 ultrasonic examination data of the
RPV core shells of Tihange Unit 2

08-03: CNT-KCD/4NT/20765/000/03 : Ultrasonic examination of Doel 3 Reactor Pressure Vessel core
shells for hydrogen flaking (2014 outage)

08-04: CNT-KCD/4NT/20766/000/03 : Ultrasonic examination of Tihange 2 Reactor Pressure Vessel
core shells for hydrogen flaking (2014 outage)

08-05: CNT-KCD/4NT/21542/000/01 : Description of the updated degraded condition of the D3/T2 Reactor
Pressure Vessels following the 2014 ultrasonic inspection

08-06: CNT-KCD/1E/11680/000/00 : Answer to Report AIA DOEL200

References related to Mid Term Actions 9-11-13-15 (Material test program)

09-11-13-15: CNT-KCD/4NT/19435/000/03 : Specification for the test program to be performed at
SCK.CEN — Mid-term program

'S
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References related to Mid Term Action 9 (Tensile test properties)

09-01: CNT-KCD/4NT/19999/000/00 : Action 9 — Additional tensile tests at room temperature of specimens
with ghost lines

References related to Mid Term Action 10 (Hydrogen content)

10-01: LBE03007505 v1.0 (25/6/2013): Action 10 — Additional investigation on H content — Addendum 1

References related to Action 11 (Material properties of irradiated specimens)

11-01: CNT-KCD/4NT/20728/000/02 : Action 11 — Synthesis of material properties in non-irradiated and
irradiated conditions — Materials containing hydrogen flakes and
reference materials.

11-02: CNT-KCD/4NT/20729/000/03 : Action 11 — Fracture toughness in irradiated condition for structural
integrity assessment.

11-03: CNT-KCD/4NT/20171/000/02 : Action 11 — Material properties of irradiated specimens containing
hydrogen flakes — Results of the first BR2 irradiation (CHIVAS-9)

11-04: CNT-KCD/4NT/20726/000/01 : Action 11 — Material properties of irradiated specimens containing
hydrogen flakes — Results of second BR2 irradiation (CHIVAS-10)

11-05: CNT-KCD/4NT/20727/000/01 : Action 11 — Material properties of irradiated specimens containing
hydrogen flakes — Results of the third BR2 irradiation (CHIVAS-11)

11-06: CNT-KCD/4NT/21697/000/01 : Action 11 — Material properties of irradiated specimens containing
hydrogen flakes -Results of the fourth BR2 irradiation (CHIVAS-12)

11-07: CNT-KCD/4NT/20076/000/01 : Specification for the second irradiation campaign in BR2
11-08: CNT-KCD/4NT/20540/000/01 : Specification for the 3rd irradiation campaign in BR2
11-09: CNT-KCD/4NT/21398/000/00 : Specification for the 4th irradiation campaign in BR2

11-10: CNT-KCD/4NT/20224/000/01 : Specification for the Mechanical tests to be performed on H2 B
nozzle cut out from Tihange 2 Reactor Pressure Vessel nozzle shell

11-11: CNT-KCD/4NT/21136/000/02 : Characteristics of the German KS 02 RPV material
11-12: CNT-KCD/4N/21525/000/00 : Update on KS 02 RPV material

11-13: CNT-KCD/4NT/21150/000/00 : Characteristics of the Doel 3/Tihange 2 RPV forgings and VB 395
SG shell

11-14: CNT-KCD/4NT/21420/000/00 : Use of the SINTAP approach for Master Curve TO evaluation

11-15: CNT-KCD/4NT/22027/000/00 : Action 11 — Sensitivity study on fracture toughness in irradiated
condition for structural integrity assessment — KS02 based approach




11-16:

11-17:

11-18:

11-19:

11-20:

11-21:

11-22:

11-23:
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CNT-KCD/4NT/22404/000/00 : Answers to FANC requests regarding margin on initial RTxpr,
outlier behavior of VB 395 and End-of-Life RTxpr values of
foreign reactors.

CNT-KCD/4NT/17955/000/00 : 3.3.1 — Areva synthesis on German test programs
(PTCM-G/2012/en/0266)

LBE04105542 v1.0 (15/9/2014) : Assessment of the unexpected mechanical behavior of VB 395

after irradiation : status and action plan 09/2014

LBE04109368 v1.0 : Justification of the use of VB 395 in non-irradiated conditions

LBE04104611v2.0 : Action 11 - Assessment of the unexpected mechanical behavior of VB 395 after

irradiation

LBE04105107 v1.0 : Action 11 — Characterization of material : Tihange 2 cutout T2H2

LBE04105607 v1.0 : Action 11 — Additional test program for materials characterization : Summary
of test results

“Influence of Segregations and Hydrogen Flakes on the Mechanical Properties of Forged RPV
Steels”, C.C. Eiselt e.a., 39th MPA-Seminar , October 8 and 9, 2013, Stuttgart, Germany

References related to Mid Term Action 12 (Local material properties)

12-01:

12-02:

LBE03246870 v1.0 (29/7/2014) : Action 12 — Local Properties — structural and chemical aspects

LBE03034682 v1.0 (15/10/2013) : Proposed work program for Action 12 - Local Material
Properties —structural and chemical aspects

References related to Mid Term Action 13 (Thermal ageing)

13-01:

13-02:

CNT-KCD/4NT/20619/000/02 : Action 13 — Evaluation of the potential thermal ageing of the zone
of macro-segregation

Presentation Electrabel, 20 January 2014, Thermal ageing

References related to Mid Term Action 15 (Additional large specimen test)

15-01:

15-02:

15-03:

15-04:

CNT-KCD/4NT/20037/000/00 : Action 15 — Synthesis of the tensile tests on large specimens with
hydrogen flakes

CNT-KCD/4NT/20946/000/00 : Action 15bis — Supporting calculations for the interpretation of the
tensile Tests on the 20° tilted flaw specimens tested at room
temperature '

CNT-KCD/4NT/20949/000/00 : Action 15bis — Answers to comments from BelV letter2014-0367
“Dyctile Crack Growth Analysis within the Ductile-Brittle Transition Regime : Predicting the

permissible extent of ductile crack growth”, Tan Milne and David A. Curry, Elastic-Plastic
Fracture : second symposium, volume II, 1983
ra\vy




