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Abstract. In France, since 1995, 58 pressurized water reactors are operating to
produce electricity. These reactors have been built from 1975 to the beginning of
90’s and are ranked in four standardized series, 900 MWe CP0 types, 900 MWe
CPY types, 1300 MWe types and 1400 MWe types. The plants have undergone
evolutions taking into account the feedback experience for manufacturing and
construction, net power growth but also maintenance operations. In 1977 the first
maintenance programs were based upon the American experience using ASME
section XI code. As and when required, they have been modified with the events
appeared during the operation. First of them concerned the steam generator tubes
with the discover of the first primary water stress corrosion cracking at the end of
the 70’s then the underclad cracking phenomenon in the 900 MWe pressure vessel
nozzles.
At the beginning of years 2000, the new departmental order dedicated to operation
required to check and modify, if necessary, the maintenance policy to better take
into account the possible damages, fast fracture studies for primary and secondary
systems and, last but not least, qualification processes for non destructive
examinations. These new requirements have induced a rewriting of the maintenance
policies and inspection programs in the way to be more consistent with the need of
an improved availability of the plants while keeping a high safety level.
Through few examples, we show how the approaches and the practices have been
modified in terms of NDE, particularly the impact of the NDE qualification results.
In addition, examples of the important choices between in-service inspection and
repair policy are also described.

I

Introduction

In France, since the beginning of operation of the nuclear power plants, the operator and the
safety authority have attached importance to the in-service inspection. The first law, 1974
departmental order dedicated to the primary system, was centered on the conception and the
manufacturing of the components. Particularly, the stress analysis e.g. fast fracture and
fatigue analysis were key points as well as the materials used for fabrication (chemical
composition, mechanical characteristics) in order to predict the good behavior during
fabrication and operation. In addition, in fabrication non destructive tests, criteria for
acceptance and rejection were also key points to accept the main components. Nevertheless,
if the part of this departmental order dedicated to the operation was less important for the
numbers of the articles, the in-service inspection was required in order to be able to know
how the acceptable flaws detected in fabrication and the flaws appearing during the
operation could evolve since the pre-service inspection.
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EDF, as operator with the help of the French constructor Framatome developed a set of
inspection plans and NDE procedures in order to abide by the departmental order
requirement. Of course, the experience was not important at that time most of the content of
the inspection plans were based upon the American point of view expressed in the ASME
code section XI.
For instance, for the primary system, a review of the potential damages had been done by
Framatome in 1976 and most of the non destructive examinations were then programmed to
be achieved at each ten years visit for the main components (RPV and all connected
devices, steam generators, pressuriser, main coolant lines, auxiliary coolant lines, main taps
and valves, …). For the secondary system, a similar approach had been developed.
For the NDE procedures, few criteria came from ASME but developments of new methods
had been initiated even if they led to similar approaches than American ones. For instance,
the French "Commissariat à l'Energie Atomique" proposed a new method using underwater
ultrasonic focusing transducers to inspect the welds of the reactor pressure vessel.
All these works led to obtain a first set of “preventive maintenance programs” based upon
the in-service inspection program as shown on figure 1.

Fig. 1 Input data for the first ISI program
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II

Laboratory Works In Europe and USA

At the end of the seventies and all during the eighties, collaborative researches on NDE
capabilities were put in place in the USA and in Europe in order to compare detection
methods of defects particularly in the thick welded materials). Safety Authorities sponsored
trials for mechanical and also for non-destructive tests and gave international organisms
like OECD / NEA in the USA and CEC / JRC in Europe the organization of such round
robins. On the other hand, countries which were interested to know the best available
techniques for NDE also organized round robins (England). At least three international
interesting programs were initiated in the same period and were based upon
recommendations issued from mechanical studies on the acceptable defect size:
•
•
•

In the USA with the "Heavy Steel Section Tests" (HSST) sponsored by the NRC,
In Europe and Americans with a so called "Programs for Inspection of Steel
Components" (PISC I, II and III) sponsored by the OECD,
In England with the "Defect Detection Trials" (DDT).

The PISC program (Program for the Inspection of Steel Components) had the general
objective of assessing the capability and reliability of inspection techniques and procedures
for Non-Destructive Evaluation of structural components. The objective of the PISC I,
carried out since 1974, was to compare the American ultrasonic testing (UT) procedures for
detection and sizing defects in thick welds developed in accordance with ASME Section
XI, with the European ones. Only ultrasonic procedures were compared; flat mock-ups
were fabricated and artificial defects were introduced in the welds. The results obtained
showed that the criteria introduced in the ASME code were not satisfactory for detection of
flaws [1].
The PISC II program was developed with the goal to be more representative. For instance a
scale 1 mock up of nozzle pressure vessel containing artificial, realistic and real flaws was
fabricated. Only ultrasonic procedures were tested and many countries participated to this
program (USA, Japan, Europe, …). The results published in 1986 showed clearly better
performances of UT in Europe even if few improvements had been introduced in the
procedures since the conclusions of PISC I.
Last but not least the PISC III program was launched in 1986-1987 with the goal to be
more representative and also to be widened and not restricted to thick components. Then
actions on steam generator tubes, dissimilar welds, austenitic welds, modeling, completed
the program. Defects introduced in the mock-ups were more representative as realistic
defects but were rarely real defects. Many data were analyzed to compare the results of the
different teams using different NDE techniques or procedures. The results were really
interesting but generally were published too lately (between 1992 and 1996) meaning seven
or eight years after the beginning of the program definition [2].
In fact, many operators in the world had discovered defects in the structures and had
implemented new procedures to detect and size the indications using for parts the results of
PISC programs. In addition, the demonstration of the capabilities to fulfill these goals, that
had been introduced in the Appendix VIII “Performance Demonstration“ of ASME Section
XI 1992 edition, was considered as a new challenge (see chapter IV).
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III

Significant Events in France

III.1

80’s events on Reactor Pressure Vessel (RPV) and Steam Generators (SG)

The questionings of EDF and manufacturer's engineers occurred at the discovery of the first
unexpected flaws in RPV and in SG tubes. Both types of flaws were issued from fabrication
and operation. In 1979, under-clad cracks were detected on steam generator tube plates
during fabrication and then in RPV nozzles. These defects were cold crack types located in
the HAZ and generated during the cladding operation (insufficient pre-heating and postheating) as shown on figure 2.
Immediately, NDE developments were launched.
• by the manufacturer in order to check the pieces being fabricated:
o to quote and rank the number of defects,
o to achieve destructive examinations to measure the in-depth extension and
compare with the non destructive examinations,
o to prepare new fabrication sketches in order to avoid the flaws.
• by the operator in order to develop ISI methods:
o to detect existing flaws in the components (if accessible) and measure the in
depth extension,
o to make a stress analysis and a fast fracture analysis to demonstrate that the
defects were acceptable for operation.

Fig 2 : Typical underclad crack

In the same way, a lack of bonding due to cold cracking during the cladding deposit,
detected in a RPV dissimilar weld in 1981 by UT and also RT during pre-service inspection
revealed that the ISI is a real safety concern for the operation since the beginning [3]. A
cross section of this defect is shown on figure 3.
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Fig 3 : Lack of bonding in a RPV dissimilar weld cross section after cutting

For SG tubes, circumferential defects due to operation appeared in the alloy 600 as soon as
1981 after 3 to 4 years. Two years after, the first longitudinal defects were discovered. The
identified damage mechanism was different and attributed to stress corrosion cracking of
such material in primary water (PWSCC) confirming the observation obtained in laboratory
conditions [4]. Figure 4 shows few longitudinal aligned inner surface cracks after tube
flattening. Nevertheless, the discovery of these defects was worrying because of the
earliness of the first disease and also the fact that all steam generators were equipped with
thousands of same alloyed tubes [5], [6]. So, like for the underclad cracks, several actions
were launched simultaneously.
• In the manufacturer and EDF metallurgical laboratories in order to:
o study and reproduce the stress corrosion cracking phenomenon,
o share the first experience with other laboratories and nuclear operators,
o develop in service inspection methods to better detect and characterize these
defects and compare NDE capabilities,
o and more important for the experience feedback, to remove cracked tubes to
study the crack morphology and correlate it with the NDE detection level.

Fig. 4 : Inner surface after flattening of a tube; longitudinal cracks

At the beginning of the eighties, many developments of eddy current probes to detect
longitudinal and circumferential cracks, electronic devices, data acquisition soft-wares in
order to perform fast signal acquisitions were initiated and used with success.
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III.2

90’s events : Alloy 600 vessel head penetrations

Probably the most significant event of the nineties in France is the discovery of a leak
between penetration in alloy 600 and vessel head occurred in Bugey 3 nuclear plant on
September 1991 [7]. Figure 5 (left view) shows the crack morphology after removing and
opening and the C-scan view (right view) obtained after a UT inspection of the penetration
from inside.

Fig. 5 : Vessel head penetration crack

This leak was very weak but its consequences were very important in France and after in
the world of PWR nuclear operators. Firstly, even if the identification of the root cause,
primary water stress corrosion, led to the same conclusions than for the steam generator
tubes cracking made from the same material, it could not be possible to repair (significant
financial and dosimetry costs ) or plug the penetrations. Secondly, the choice to have
standardized series, 900 MW, 1300 MW power plants and 1450 MW, is an advantage for
construction and maintenance because basic components are the same. This standardization
may be a disadvantage for operation in a case where a degradation mechanism is not
correctly predicted because it can be easily generic. Then, a maintenance strategy was built
on the ISI examinations in relation to structural integrity and was taking into account safety
criteria for crack propagation based upon destructive examinations and many corrosion
tests performed in laboratories as shown on figure 6.

Safety criteria for 900 MWe
- Envelop kinetics : 3mm/year
- Minimum residual ligament : 4 mm

If safety criteria not met,
a VH replacement can be
decided by anticipation

Examination frequency (ET and UT) 900 MWe
- 3 years if no crack detected or crack < 3 mm
- 2 years if 3 mm < crack < 5mm
- 1 year if crack > 5 mm

Vessel head replacement

Fig 6 : Maintenance strategy for vessel head penetrations
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In the same way, to be able to detect and size correctly the defects in length and depth a set
of few tenths of mock ups were manufactured and contained artificial flaws like EDM
notches but also realistic cracks obtained by corrosion tests. An important development of
NDE methods was launched in 1992 both to detect cracks by ET and to size them by UT.
To perform these examinations in an acceptable duration, “blade” probes inserted between
the sleeve and the outer skin of the penetration were tested successfully and applied
industrially.
Finally, due to the observation of generic characteristic, the best possible decision for EDF
was to replace all vessel heads equipped with alloy 600 penetrations as soon as possible [8].
The Regulators authorized to continue to operate the plants with cracked vessel heads but
with a reinforced frequency of NDE examinations adapted to a maximum crack
propagation observed in the worst case. However, the maintenance practices implemented
on the vessel head penetrations were similar to those already applied on the alloy 600 SG
tubes .
III.3

90’s events : Thermal fatigue in austenitic connected pipes

A second important event occurred in 1998 with the leak in the last generation 1450 MW
NPP in the residual heat removal system (RHR). The basic design of one part of the system
connects two pipes perpendicularly with a elbow very close. These austenitic stainless steel
pipes were for one cold and for the other hot with a 180°C ΔT. Due to non mixing between
hot and cold water, thermal fluctuations caused a degradation mechanism equivalent to
fatigue and produced in a elbow, a longitudinal crack parallel to the weld and
approximately 600 mm in length [9].
Figure 7 shows dye penetrant testing result. Crackling is also observed in the base metal
around the weld. On the same figure the drawing shows the configuration unfavourable to a
good mixing.
The consequence of such leak was to review all RHR configurations on all standardized
series and:
• perform NDE examinations after 450 h operations,
• launch replacements of the affected parts.
localisation de
la fissure
traversante
Injection
fluide
chaud
Arrivée
fluide
froid

Fissuration du té de mélange principal
RRA Civaux 1 – voie A

Fig 7 : RHR crack and crackling in an elbow
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Generally speaking, this degradation mechanism has been studied everywhere mixing zones
could occur in the primary system and other connected branches. NDE developments are in
progress particularly for the chemical and volume control system nozzle on main coolant
line.
To summarize this part, it is important to emphasize that most of the knowledge on
fabrication defect was obtained by the manufacturer during fabrication in the shop. Many
precautions, in relation with the material properties, welding, and safety issues were
introduced in the RCC-M code and particularly severe criteria at the level of NDT to reject
correctly the rejectable defects.
For defects appearing during operation, this knowledge was obtained by making expertises
in laboratory on removed samples from components, generally after the discovery of a
trouble (leak) or after the first NDE examinations. The objective of the NDE methods were
then developed to detect and size defects in order to accept them or to repair as mentioned
in the RSE-M code.

IV

Maintenance Policy: Changes

IV.1

1999 Operation Departmental Order

In 1999, the French Regulatory Authority published a new departmental order dedicated to
operation of primary and secondary systems. Amongst the proposed modifications
compared to the 1974 departmental order, a few of them were significant for the plant life
management and NDE:
•
•
•
•
•

Consider the secondary system like the primary system in terms of safety issues,
Require systematic stress analysis and fast fracture, maintenance policy to be
updated every ten years, aging programs to be developed on materials notably those
that are submitted to irradiation embrittlement,
Require NDE qualifications prior to be used,
Introduce an intermediate inspection after 30 years operating (35 years) and also
after 40 years,
…

The requirements of the French 1999 Departmental Order have introduced important
changes for NDE particularly for what concerns qualification process and R&D programs
[10], [11]. All NDE examinations have to be qualified and the maintenance policy
documents dedicated to each main components, must explain the choices. To perform the
required qualification process and avoid to realise too many mock ups when studying
influent parameters, modelling of NDE methods with sophisticated mathematical codes as
well for UT techniques as for ET or RT is now strongly used [12].
Basically, "why and where" it applies is explained in the maintenance policy, "when" is
developed in the ISI programs and "how" in the NDE procedures.
Figure 8 shows the general frame between regulations on one side, industrial codes on the
other side and the NPP operator field to comply with the requirements.
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Fig 8 : general frame to establish, why, where, when and how to perform ISI

IV.2

Plant Life Management and NDE

Plant life management, for maintenance aspects, can be considered as the addition of three
types of activities during operation and of course safety related for the first objective but
also availability related :
• Preventive maintenance program,
• Aging monitoring programs,
• Complementary investigations program
Figure 9 details the requirements and input data necessary to manage plant life on NPP’s
with the 3 types of programs.
Preventive maintenance program is the most important as it details the zones of the
components and the ISI frequency. Examples are given hereunder:
• Previous ISI results, from pre-service inspection or past ten years visit are input data
and lead to qualify and evaluate NDE methods:
o RPV welds,
o SG welds,
o Pressurizer retaining welds, welds on the surge line,
o Austenitic welds from main coolant lines,
• Rejectable fabrication defects discovered during operation lead to qualify and
demonstrate the performances:
o RPV nozzles,
o RPV core shell,
o RPV , SG, Pressurizer dissimilar metal welds,
• Stress analysis, fast fracture analysis :
o Threads in RPV bolts,
o Primary pumps,
o Underclad area of the RPV core shells.
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Fig 9 : Plant life management general frame for maintenance

•

New degradation mechanism, national and international experience feedback, like
for instance stress corrosion cracking in alloy 182 or thermal fatigue:
o SG partition plate and partition stub,
o RPV Bottom mounted instrument penetration,
o RHR system welds,
o CVCR nozzles on main coolant lines.

Aging monitoring programs puts emphasis on the materials aging like cast duplex
stainless steels or irradiation embrittlement of the RPV core shells. In some case, archived
material samples can be re-introduced in ovens (duplex steels) or in vessel material
surveillance capsule to increase the databases and improve the knowledge. Another
example is given by martensitic stainless steels sensitive to aging and where complete
studies have been performed at the end of the nineties in France in order to appreciate their
field of use.
Complementary investigation programs are more recent and have a general knowledge
purpose; the NDE investigation is achieved in zones where no NDE examinations are
generally performed in order to verify that no unexpected degradation mechanism or new
damage is being happening. For instance, video examination of inside main coolant line
and primary pump has not shown any visual degradation.
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V

Conclusions

In conclusion, the various events that occurred on the French NPP since the beginning of
the operation have led EDF on one side and the French Regulators on the other side to
modify their approach for plant life management. In past, when the plants were young few
events were significant to introduce first changes but not so deep modifications in the
preventive maintenance programs except for SG tubes a cause of the degradation
mechanisms observed (PWSCC, denting, SWSCC, …). For the primary system, the alloys
600 and 182 degradation mechanisms at the beginning of the nineties and the thermal
fatigue at the end of these years were not expected so early or unexpected. Then for the
operator new types of investigations have appeared (random approach) and in the same
time French Regulators have emphasized more rigour in demonstration. Non destructive
methods that were tested in laboratory prior to be used in the field have had to be formally
qualified on the basis of a demonstration of performances or on an evaluation for the more
simple cases. The new French Order, since the end of 1999 has modified the approach of
plant life management giving more importance to mechanical calculations, history of
conception and fabrication, experience feedback at national and international level. These
new requirements have induced a rewriting of the maintenance policies and inspection
programs in the way to be more consistent with the need of an improved availability of the
plants while keeping a high safety level. Nowadays, maintenance policy documents are the
key milestones for NDE qualification as they summarise all the necessary data input to
produce ISI Programs.
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