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Introduction

In 1985, Electricite de France began its Lifetime Programme aimed at assessing
the potential lifetimes of French pressurised water reactors (PWR).

As part of this initiative, an expert appraisal programme was launched in 1993 by EDF,
Framatome, Electrabel and Tracetebel to assess some components of the Chooz A
reactor.

Chooz A was the first 250 MWe (subsequently 300 MWe) french PWR built under the
Westinghouse licence, and was operated by the Franco-Belgian company SENA for
24 years, from commissioning in 1967 to closure at the end of 1991. It is very similar to
the other French PWRs in its design, construction and operation.

The IPSN participated in the programme by implementing some complementary expert
appraisals in order to get a better knowledge of expected ageing effects and also to
detect possible unsuspected anomalies or unexpected phenomena.

Expert appraisal programme carried out by the IPSN on the Chooz A
pressurised water reactor

The closure of the Chooz A PWR provided an opportunity to take samples of items that
had aged in situ in conditions close to those encountered in PWRs in operation over a
period of 140,000 hours, which is far longer than the usual timespans of simulated
laboratory tests.

The aim of expert appraisal was to :

- obtain information that shed light on basic degradation mechanisms,
- assess the physical characteristics of aged equipment and situate them in relation to
forecasts,
- detect any defects and determine their nature, cause and progression,
- reveal any hitherto unsuspected damage.
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Many different forms of expert appraisal were carried out on Chooz A; those for which
the IPSN was responsible involved the following items of equipment and phenomena :

Topic 2 : Effect of radiation on reactor vessel internals
- assessment of fluence, heating and temperature of reactor vessel internals,

- baffle angle bracket screws and core shroud screws,

Topic 3 : Dissimilar metal joints of reactor coolant system : pressurizer surge line,

Topic 4 : Cast parts of austeno-ferritic steel: hot and cold leg primary valves

Topic 10 : Ageing of cables in high temperatures and under irradiation : electric
power or instrumentation and control cables inside the reactor building.

Effect of radiation on reactor vessel internals

Purpose of the examinations

Following failure of the screws of the baffles in the Bugey 900 MWe NPP in the
CPO reactor series, it became apparent that the lower internals, particularly the screws
and baffles, were damaged by normal operating conditions.

Types 304 or 316 austenitic steels of these equipments harden considerably under
irradiation beyond a certain fluence level and at operating temperatures close to 350°C.
As well as hardening, there is a considerable reduction in ductility, which may
compromise the resistance of the internal structures when subjected to accidental
loading ; furthermore, the outbreak conditions of cracking stress corrosion, worsened by
irradiation, must be better understood.

The studies and expert appraisal carried out on the screws from Chooz A were
therefore aimed at :
- determining the environmental conditions during operation (irradiation and

temperature),
- assessing the hardening of the austenitic steels in those conditions and the possible

cracking degree
- obtaining more information on the effects of irradiation within this temperature range.

Preliminary studies to determine fluence and temperature conditions

Two preliminary studies were carried out by the IPSN to estimate, by calculation, the
ambient conditions of the angle brackets and screws examined by EDF and the IPSN.

These fluence and temperature conditions were established by CEA using computer
codes (Apollo, Pepin and Tripoli for fluence and heating, Gibiane for temperature) and
taking into account reactor operating data (reactor vessel inlet and outlet temperatures
and primary flow rate, flux distribution and axial power along the entire length of the core
half-way through an average operating cycle).



a The neutronic studies showed that neutrons whose energy was greater than 1.0 MeV
led, where flux was at a maximum, to flux of 2.0 to 5.5 1013 n/cm2.s and fluence giving
rise to damage values of between 15.0 dpa (side next to the baffle) and 40.3 dpa (side
of angle section inside the core). Maximum heating, on the side of the angle bracket
inside the core, was around 0.9 W/g, 80% of which was due to capture gammas and
prompt gammas ; it was more or less proportional to the power of the adjacent fuel rods;
on the part of the angle bracket parallel to the baffle, it was around 0.5 W/g.

a Thermal hydraulic studies were carried out using reactor operating data and heating
values taken from neutronic studies ;a sensitivity analysis of the uncertainties was
realized relating to these factors. The results were temperatures of between 331 and
336°C for the edge facing into the core and between 324 and 326°C for the edge
adjacent to the baffle.

Screws of internals removed for expert appraisal

The screws to be examined were selected because of their positions making them easy
to remove and giving various values of undergone fluence.
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- small 304 steel angle baffle screws (diameter 6 to 9 mm and length 35 mm) were
exposed to :

a the maximum flux on the power distribution profile, in the case of screws 9 and 10 in
the centre section (21.6 dpa at the head on the assembly side and 15.2 dpa where the
angle section is in contact with the baffle),

a a smaller flux, in the case of screws 21 and 22, in the area where the flux decreases
considerably, at the bottom of the angle section (3.6 dpa at the head on the assembly
side and 2.5 dpa where the angle section is in contact with the baffle),

- the larger 316 steel screws (diameter 30 to 55 mm, length 120 mm) in the core shroud
were subjected to relatively small amounts of irradiation, the dose being taken as less
than 1 dpa.

Expert appraisal of screws in test cells

a) Inspections

Periscopic examination and penetrant tests revealed neither cracks nor deposits on the
screws, whether in the bent head connection or the thread roots ; the usual
metallographic examinations were subsequently carried out.

b) Axial and radial micro-hardness profiles

a Screws 9 and 10 in the internal walls, which were highly irradiated (21.6 dpa at the
head after 140,000 hours of operation) displayed considerable hardening (400 Hv). The
axial and radial hardness profiles show that hardening of the screws is homogeneous.

a Screw 21 has an axial micro-hardness profile that shows a gradient through the entire
thickness of the section (15 mm) that ranges from 400 Hv (at the outer edge of the
screw) to 270 Hv. The lower part of the screw (outside the bracket) displayed no
hardening.

a Screw 2 in the core shroud had a hardness profile that was stable up to the upper part
of the screw (240 Hv) then increased in the screw head.

c) Evolution of microstructure

The microstructural examinations were carried out using an electron microscope:

a Screw 9 : on a thin layer of highly irradiated and hardened material (400 Hv), the initial
array of dislocations was removed by irradiation and replaced by a dense group of
small dislocation loops, known as Frank loops, and black dots (a cluster of defects).
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n Screw 22 : the observations made on three thin slices taken from the body of the
screw in areas displaying different degrees of irradiation and hardening (between 2.5
and 3.2 dpa and between 270 and 330 Hv respectively) showed that irradiation affected
the microstructures of all the screws, including those that were only slightly irradiated,
with the density and diameter of the Frank loops increasing as the dose increased ;
these loops replaced the initial dislocation array (quenching or low strain hardening),
except in the case of the least irradiated sample. It should be noted that there were no
precipitations or cavities.

a Screw 2 : on this very slightly irradiated screw, very different microstructures were
observed on three thin slices taken at increasingly high irradiation levels, with a cellular
dislocation array that was less and less obvious and the appearance of dislocation
loops and black dots which became more and more intense.

Discussion

Despite the fact that only a limited number of lessons were learned from expert
appraisal of the ChoozA screws, they nonetheless seem to confirm the observations
made by EDF [1] on the screws of the Bugey 2 reactor subjected to 10 dpa : hardening
due to high doses of irradiation with a rapidly-reached saturation point and considerable
effect on microstructure.

As far as the kinetics of hardening are concerned, it was noted that maximum hardening
was reached for some parts of screws 21 and 22, which were only slightly exposed,
after 140,000 hours of operation; screws 9 and 10 which were exposed to the maximum
flux must have reached saturation during the first few cycles.

The change in the microstructure of austenitic steel involves disappearance of the initial
dislocation array and the appearance of small dislocation loops with an average
diameter of and a density of , which increase as the dose increases and is probably
the cause of the considerable relative changes in hardening, as per the direct
correlation YS0.2%~ ( )05,where =0.2to0.3.

Lessons learned by the IPSN

Examination of the lower internals of the ChoozA reactor, on some baffle angle bracket
and core shroud screws, subjected to varying amounts of irradiation:

- did not reveal any cracking or corrosion,

- confirmed the saturation effect between 4 and 10 dpa for the hardening of 304
austenitic steel in the low temperature range and illustrates the effect of irradiation on
microstructure,

- did not yield any conclusive information on the cracks observed in the screws of the
internals in the CP0 reactor series; this means that more information has to be obtained
from screws removed during the first ten-yearly inspections of these 900 MWe units.
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Dissimilar metal joints of reactor coolant system

Purpose of the examinations

Dissimilar metal joints are special parts of the main sections of PWR reactor coolant
systems, between the ferritic steel components (reactor vessel, steam generators and
pressurizer) and sections of the austenitic stainless steel piping.

Special attention should be paid to them for nuclear safety reasons, since they are
difficult to manufacture (fabrication faults) and inspect (access, performance levels) and
they are potentially sensitive to ageing phenomena (corrosion and oxidation).

The examinations focused mainly on determining the metallurgical condition of the joints
and the defects on the outer surface revealed by dye penetrant tests.

Sample examined

The sample examined had been taken from the surge line in the lower part of the
pressurizer and cut into a 380 mm length along a half-circumference with an outside
diameter of 235 mm.
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The dissimilar metal joint connects the pressurizer nozzle, which is made of 16MND5
ferritic steel with two inside cladding layers of 309L and 308L steel, to the intermediate
ring made of 316L austenitic stainless steel.

The weld itself was of 308L stainless steel and the buttering layers of 309L stainless
steel for the first one and 308L stainless steel for the second.
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The dye penetrant test and measurement recording were carried out before the outer
surface was polished for replica laboratory tests.

Expert appraisal of dissimilar metal joints of pressurizer surge line

These defects, few in number, revealed by laboratory dye penetrant tests and laboratory
examinations, were similar to discontinuous cracks around 1 mm long, mainly around
the circumference. They were located in the buttering layer, either in the under cladding
or close to the second buttering layer.
They were interdendritic, the direction they followed through the thickness depended on
the solidification structure and they had a depth of 0.5 mm. In all cases, they were
located in areas heated by "build-up" on the outer surface.

All these characteristics led us to believe that they were caused by fabrication cracks
that formed spontaneously when the joint was being made.
Judging by their shape, they did not change when the reactor was in service; the cracks
observed were too small for the fractographic examination which could have confirmed
this to be carried out.

Examination of the joint structure, particularly at the triple point, did not reveal any in-
service cracking on the sample.

Lessons learned by the IPSN

Expert appraisal of the dissimilar metal joints on the pressurizer surge line confirmed the
existence of small fabrication defects due to high temperature cracking. They do not
seem to have propagated during operation.
No surface defects that could have been due to corrosion by the atmosphere were
revealed.

Cast parts of austeno-ferritic steel

Purpose of the examinations

The main sections of the reactor coolant systems of 900 MWe pressurised water
reactors in the CPY series include parts of components (elbows and pump casings)
made of cast austeno-ferritic steel.

To improve their mechanical characteristics, the steels contain molybdenum and when
they are operated at a high service temperature (around 284°C in the cold leg and
321 °C in the hot leg), the microstructure of the ferrite changes due to precipitation of the
a' phase which is rich in chromium. When these thermal ageing mechanisms occur
during operation, the cast parts become brittle; the higher the operating temperature
and ferrite content, the more brittle they become.

In the Chooz A reactor, the primary valves on the cold legs (T=266°C) and hot legs
(T=301 °C) were cast austeno-ferritic steel components.
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They were removed so that destructive tests could be carried out to :
- determine the actual extent to which components that had served for 140,000 hours in
situ had become brittle,
- compare the extent to which they had become brittle with forecasts,
- gain further knowledge of basic thermal ageing mechanisms.
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Samples received and decontamination

EDF sent four pieces of valve bodies : FB1 and FB2 from the cold legs and CB1 and
CB2 from the hot legs; internal surface contamination proved difficult (chemical and
mechanical treatment and surface grinding to a depth of 1 mm) but made it possible to
eliminate the dose rates.

LOCATION OF VALVES

\Q -^1%?, GENERATOR

2 2 COLD LEG

SAMPLES

IT

Expert appraisal of primary valve bodies

The expert appraisal programme focused first of all on samples FB1 and CB2 and is
described below, along with the main results; sample FB2 was subsequently examined.

a/ Characterisation of materials

- general chemical analysis, Castaing microprobe analysis of ferrite and austenite

The materials used were austeno-ferritic steels made by ACEC, of grade CF8M, i.e.
containing molybdenum, and with high carbon contents (0.07 to 0.09%) far in excess of
the 0.04% which has been recommended as the maximum value in the Design and
Construction Rules for Mechanical Components of PWR Nuclear Islands since 1980.

% weight C Mn Si Cr Ni Mo

Hot leg CB2 0.066 0.80 1.32 19.3 9.4 2.8
Cold leg FB1 0.093 1.07 0.92 21.3 11.7 2.5

S P N

0.017 0.023 0.026
0.016 0.020 0.036

- determining the ferrite content of the samples using different methods
(Schaeffler and Schoefer diagrams, EDF formula and Forster permeascope)
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The ferrite content, estimated on the basis of the chemical composition or by direct
measurement using a magnetic method, was around 18% for hot leg valve body CB2
and around 11 % for FB1 taken from the cold leg and 8% for FB2.
It should be noted that the ferrite content of the steels used for cast elbows in 900 MWe
PWRs can be as high as 25 to 30%.

- internal macro- and micrographic examinations

On the samples, basaltiform structures were observed in the hot leg and isoaxial ones in
the cold leg, with an even distribution of ferrite throughout the thickness in the cold leg
and several inclusions and shrinkage-type defects (0.7 mm).

b/ Assessment of mechanical characteristics after ageing in situ for 140,000 hours

- Vickers hardness tests (with 50 g load) of austenite and ferrite phases

The microhardness measurements showed that the ferrite hardened more than the
austenite in the hot leg rather than in the cold leg. The values measured for ferrite were
higher at half-thickness than at the outer surface. They were considerably higher for the
hot leg (600 Hv/470 Hv) and moderately higher for the cold legs (500 Hv/430 Hv).

- tensile strength testing at 20°C and 320°C

The results of tensile strength testing give 0.2% yield elastic limit values (Rpo.2%) and
ultimate tensile strength values (Rm) that are higher for the material of the hot leg 7; in
both legs, the results at 20°C are considerably higher than the minimum values required
in the aged state; on the contrary, as regards ductility, elongation is higher in the cold
leg.

Summary of tensile strength tests on samples with a diameter of 8 mm taken around the
circumference (averages for four samples taken from external surface and half-thickness)

Hot leg CB2
Cold leg FB1

Hot leg CB2
Cold leg FB1

Test
temperature (°C)

20
20

320
320

RpO.2%

(MPa)

338
292

217
191

Rm
(MPa)

671
595

530
475

A,
%

28.2
39.6

27.7
35.2

Examination under an electron microscope of some specimen fracture surfaces tested
at 320°C revealed a rupture mode that was mainly ductile with cupule cups but in places
there were areas of brittle fracture with ferrite shearing, in the hot and cold legs.
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- tearing strength testing at 20°C and 320°C

The tearing strength properties were determined at 20°C and 320°C using Charpy
specimens with a U notched in an axial circumferential direction (average of external
surface and half-thickness):

Test
temperature (°C)

Hot leg CB2
Cold leg FB1
Cold leg FB2

Hot leg CB2
Cold leg FB1

20
20
20

320
320

Break
energy (J)

15.1
28.8
46.0

59
63

Tearing strength
(daJ/cm2)

3.0
5.8
9.2

11.8
12.6

Lateral
expansion (10~2mm)

46
92
109

129
183

Tearing strength KCU at 20°C was 3.0 daJ/cm2 for the hot leg, 5.8 daJ/cm2 for the first
cold leg examined and 9.2 daJ/cm2 for the second.

When some specimens broken at room temperature were observed under an electron
microscope, a mixed surface was observed: rupture by shearing of the ferrite and
ductile rupture (cupule cups with strain stripes) of the austenite for valves CB2 and FB1.

c/ Characterisation by small angle neutron scattering

Small angle neutron scattering gives a fairly accurate picture of the way in which a
precipitation microstructure changes during ageing, leading to a loss of impact strength.

The signals showed that separation of the ferrite into phases a and a' was the
predominant process and that the hot leg sample could be placed fairly easily at 300°C
on the forecast curves.

On the other hand, the sample from the first cold leg (266°C), examined exhibited a far
more advanced state of precipitation than that of the hot leg (301 °C); compared to a 32
% ferrite synthetic steel, it corresponds more to ageing at 325°C.

This finding should be compared with the tearing strength measurements: the KCU
values at 20°C, which were around 5.8 daJ/cm2 for this cold leg sample, were
abnormally low for an austeno-ferritic steel containing 11% ferrite which had undergone
140,000 hours of operation at 266°C.

Lessons learned by the IPSN

Expert appraisal of the three valve body samples from the main section of the ChoozA
reactor coolant system, one taken from the hot leg (T=301°C) and two from the cold leg
(T=266°C), after 140,000 hours of operation made it possible to confirm the following:
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- thermal ageing of the valve body on the hot leg (CB2) was more advanced than that of
cold leg valve FB1; it appeared to comply with the forecast curves established by EDF
and Framatome to predict minimum tearing strength after operating periods of various
lengths.

- the material of the valve housing on the cold leg (FB1) which, in theory, was not
sensitive to ageing phenomena (low ferrite content of 11% and low ageing temperature
of 266°C) exhibited low impact strength values; it has been suggested that there may
have been a thermal problem at the time of manufacturing, not possible to be traced.

This expert raises the problem of local risk of more advanced thermal ageing for
components with high ferrite contents, on cold legs (284°C) of 900 MWe CPY PWR.

Ageing of cables in high temperatures and under irradiation

Purpose of the examinations

The aim of expert appraisal was to:
- determine the properties of various cables taken from the reactor building, which
seemed to be of PVC,
- estimate the extent to which they had aged after 145,000 hours of operation in high
temperatures and under irradiation,
- test how well they operated under normal conditions.

Samples

Eight cables of various compositions that had performed various roles in different
ambient conditions were selected and submitted to the IPSN. Of these, five non-
contaminated ones representative of the batch were cut into lengths of a few metres and
carefully transported for examination :

No. 1: three-phase power cable, 72 A, diameter 4 cm, with an ambient temperature
(when not heated) of 70°C and irradiated at a dose rate of approximately 10"2 Gy/h,
No. 3: same cable as No. 1, same conditions but never energised,
No. 5: control cable with 19 conductors, a cross-section of 2.5 mm2, irradiated at a dose
rate of 10~2 Gy/h,
No. 15: quadri-coaxial measurement cable, kept at 40-45°C, irradiated at a dose rate
estimated at 1.1 Gy/h,
No. 17: control cable, kept at 40°C, irradiated at a dose rate estimated at 10"2 Gy/h.

NB : temperature values and irradiation doses are approximate since no measurements
were available

Programme and results of expert appraisal

There types of measurement were made for expert appraisal purposes :
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- Mechanical measurements: this involved breaking stress and strain for 15 samples
taken from each of the three areas for each cable (comprising H3 dumbells for sheaths
and tube sections for insulating cable).

The results indicated satisfactory, homogeneous characteristics along the entire length
of the cables (between 16 and 22 MPa, and from 130 to 300%); ambient conditions
were not hard and had little effect.

The fact that the values were lower for Cable No. 3 than for Cable No. 1 showed that
under irradiation and in the absence of oxygen, particularly at high temperatures and low
dose rates, the material tended to cross-link rather than become damaged, which is the
case of PVC at temperatures less than 100°C.

- Physical and chemical measurements : the chlorine, phosphorous and ash contents
were calculated with a view to estimating dechlorination, detecting phosphate-based
plastifying compounds and determining the mineral content of various cables suspected
of being of PVC.

All the observations confirmed that the cables were indeed relatively standard PVC
ones.

- Electrical measurements : dielectric strength, insulation resistance, characteristic
impedance.

No electrical flashover was observed during the dielectric strength tests.
The cable insulation resistance values, measured under 500 V for one minute, were
sufficient for correct insulation of the conductors, the values being greater than 7 M .km.
Quadri-axial cable 15 maintained an impedance of between 72 and 73.5 , in each
wire. The variations recorded did not exceed 2 .

Conclusions

The measurements made on five representative cables made it possible to determine
the characteristics of the PVC used for sleeving and insulation and to check that the
mechanical and electrical properties of the cables remained sufficient for them to carry
out their functions in normal conditions after having operated for 24 years in the heat and
irradiation conditions prevailing in the reactor building.

Nonetheless, because there were no new samples or samples which had been kept at
ambient temperature to serve as a reference base, and in the absence of any markings
indicating the manufacturer and the batch numbers, it was not possible to determine
ageing accurately, making extrapolation to similar materials a rather delicate business.
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Lessons learned by the IPSN from the expert appraisals. Conclusions drawn.

IPSN learned the following lessons from the expert appraisals:

.of agemjg.RhenQmena;

- no unexpected phenomena were revealed.
- additional information on the problem in hand was brought to light, in particular about
kinetics of ageing phenomena.

rm^^

- laboratory skills and equipment were used and shown to be of a high level of
excellence; these must be maintained and developed even further.
- the importance of the data required for interpreting expert appraisals was emphasised:
readings by instruments or acquisition systems, validated reconstruction methods
(codes, self-dosimetry etc.), preservation of fabrication reference bases (specifications,
end-of-manufacturing files, standard samples etc.).

?.scop_eqfjhej_ess_o_nsj.eam_ed:

- however, the representativeness of the ChoozA expert appraisals as regards
materials or components in service in 900 MWe PWR reactors should be assessed in
relation to the design and manufacturing specifications, environmental and operating
conditions and the operating mode of these reactors (impact of load following).

- as regards the lessons that can be learned about the service life of French nuclear
units, it should be noted that the 21-year service life of the ChoozA reactor is only half
that postulated at the PWR design stage and which the licensee is looking to prolong
further by.

These IPSN expert appraisals supplement those carried out by EDF at ChoozA
[2] and those focusing on the ageing problems encountered in PWR plants in operation
(Dampierre NPP steam generator, austeno-ferritic casted steel elbows in 900 MWe
plants etc.) and complement the lessons learned from in-service inspections,
experience feedback and R&D.

The IPSN considers that it is necessary to continue this kind of expert appraisals
because:
- they provide an opportunity to diagnose, at an early stage, the warning signs of new
forms of deterioration that have not been revealed by the non-destructive testing
methods currently available, for example new types of corrosion,
- they are a vital part of safe management of the nuclear power plants, not only during
their lifetimes but also during the subsequent interim storage and decommissioning
stages.
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