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SYNTHESE:

Lors de l'épreuve hydraulique effectuée en septembre 1991 dans le cadre de
l'inspection décennale réglementaire en service, une fuite a été détectée sur le
couvercle de la cuve de BUGEY 3, l'un des premiers réacteurs à eau pressurisée (REP)
de 900MWe français.

La fuite était due à la fissuration d'une pénétration servant au mécanisme
d'entraînement des barres de contrôle. L'expertise effectuée a montré que cette
fissuration était due au phénomène de corrosion sous contrainte de l'alliage 600 en
milieu primaire. Un grand nombre de REP de conception identique sont donc
concernés par ce problème générique.

Dans le cas en question, la corrosion était liée à la température élevée du
couvercle, aux fortes contraintes résiduelles résultant des opérations de soudage entre
les pénétrations et le couvercle de la cuve et à la sensibilité de l'alliage 600 forgé
utilisé pour la fabrication de la pénétration.

La note qui suit présente l'analyse de cette fissuration à l'aide des principaux
résultats obtenus en France sur ce sujet. Ces résultats proviennent de l'expérience
accumulée en service, d'expertises et des programmes en cours sur l'analyse des
contraintes et des caractérisations métallurgiques.
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EXECUTIVE SUMMARY :

During a hydrotest in September 1991, part of the statutory decennial in-service
inspection, a leak was detected on the vessel head of Bugey 3, which is one of the first
900 MW 3-loop PWR's in France.

This leak was due to a cracked penetration used for a control rod drive
mechanism. The investigations performed identified Primary Stress Corrosion
Cracking of Alloy 600 as being the origin of this degradation. So a lot of the same
design PWR's are a concern due to this generic problem.

In this case, PWSCC was linked to :

- hot temperature of the vessel head ;
-high residual stresses due to the welding process between peripherical

penetrations and the vessel head ;
- sensitivity of forged Alloy 600 used for penetration manufacturing.

This following paper will present the cracked analysis based, in particular, on
the main results obtained in France on each of these items. These results come from the
operating experience, the destructive examinations and the programs which are
running on stress analysis and metallurgical characterizations.
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STRESS CORROSION CRACKING IN THE VESSEL
CLOSURE HEAD PENETRATIONS OF FRENCH PWR'S

D. BU1SINE / F. CATTANT / J. CHAMPREDONDE / C. PICHON
(ELECTRICITE DE FRANCE)

C. BENHAMOU / A. GELPI / M. VAINDIRLIS
(FRAMATOME)

This document is the first overview, after 18 months work, of
the assessments and investigations undertaken in France on
the stress corrosion cracking phenomenon affecting the
vessel head penetrations in PWR's. It does not report the
issues of non-destructive testing, safety and maintenance
policy implemented at this time.

Background

In September 1991. during the 207 bar. 80°C hydrotest on
the reactor coolant system at unit 3 of the Bugey power
plant, a leak was detected by visual examination and
acoustic monitoring in one of the vessel head penetrations.
This statutory hydrotest is an integral part of the ten year.in-
service inspection of each French NPP. This 900MW 3-loop
reactor, which belongs to the CPO series grouping together
the 6 oldest PWR units, then totalled about 80.000 full power
hours. The additional NDE methods (internal and external
visual examinations, dye pénétrant test, eddy current and
ultrasonic examinations) implemented on this penetration n°
54 located at the vessel head periphery (fig. 1), revealed the
presence of many cracks on the inner surface, which were
the likely origin of the leak. The type of degradation found.
namely primary water cracking of alloy 600, the material from
which the penetration was made, immediately pointed to a
stress corrosion cracking phenomenon in line with the
problems met on steam generator tubes and mechanical
plugs and, in the past, on the pressurizer nozzles.

VESSEL HEAD - VgW FHOM ABOVE

6S Ptfwlutioni

Figure 1: 900MW 3-loop reactor. Vessel closure heac
Outline.

Extension of the examinations to the other units of the sarm
plant series and then to the other PWR plant series (28 CP"
900MW 3-loop units and 20 PQY/DPY 1ÔOOMW 4-loo
units) during the following weeks and months, highlight'e
the generic nature of the degradations revealed i
penetration 54 of Bugey 3. As an indication, the inspectio
results as of April 1st 1993 were as follows:

- CPO series: 5 of the 6 inspected units (80,000 t
96,000 hours on line) exhibit cracked penetrations and. 01
of 304 penetrations examined, 19 are affected;
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- CPY series: 6 of the 8 inspected units (40,000 to
00 hours on line) exhibit cracked penetrations and, out
Q penetrations examined, 20 are affected;

- 1300MW series: 5 of the 10 inspected units (30,000
),000 hours on line) exhibit cracked penetrations and,
>f-469 penetrations examined, 10 are affected.

: that only seven penetrations exhibited cracks with a
h exceeding mid-thickness.

large amount of non-destructive examinations reflects
jnprecedented effort made by EDF to assess with
num p'recision the condition of its PWR capacity with the
of implementing the maintenance policy best suited to
situation.

Presentation

pment description

function of the penetrations is to provide a channel
jgh the vessel closure head, for the control rod cluster
3A) drive shafts and the thermocouple columns (fig. 1).
900MW reactors are equipped with 65 penetrations, the
)MW reactors with 77; in both cases, 4 are used for
Tiocouples. The RCCA penetrations each comprise a
nal sleeve whose main functions are protection of the
stration against cold water downflows caused by raising
jrive shaft, and for drive shaft guidance when the vessel
J is put in place (figure 2).

StaMttt atoel 304

Dfoùnllar watd

PENETRATION —

THERMAL
SLEEVE

ire 2: Vessel head penetration. Outline.

penetration body is made of alloy 600 (AFNOR
ISFe) and its top part is austenitic stainless steel
NOR Z2CN18.10); these two components are joined by a

dissimilar metal weld. The inner and outer diameters of the
body are respectively 70 and 101.6 mm (fig. 2).

Manufacturing

The penetration is shrink-fitted with liquid nitrogen into the
vessel head dome so as to obtain an interference fit with a
diameter between 0.08 and 0.09 mm. This shrink-fit provides
high accuracy for mounting the penetration on the vessel
head while limiting the dimensional impact of the welding
operation.

The penetration is joined to the vessel head on the inner
side of the dome by a non stress-relieved, partial penetration
resistance J-groove weld with alloy 182 coated electrodes as
the filler metal. Prior to the welding operation, buttering is
deposited with the same filler metal in the groove machined
into the ferritic steel of the vessel head; it undergoes the
final stress-relieving heat treatment of the vessel head
before the penetrations are welded in place. Due to the
vessel head shape, the weld seam which is symmetrical for
the penetration located at the center of the dome, becomes
increasingly asymmetrical the further away the penetration
is located from the center; thus, the angle between the
penetration axis and the inner surface of the vessel head
(set-up angle) may reach respectively 42* and 47e for the
peripheral penetrations in the 900MW and 1300MW reactors
(fig. 2).

When the first vessel heads were manufactured, it was
noticed, particularly for the highly asymetrical assemblies,
that welding caused distortion of" the lower part of the
penetration. This distortion could, in some cases, prove
incompatible with passage of the internal geometry gage. It
corresponds to an ovalization of the penetration at the
lowest part of the weld and to lateral deflection of the part
protruding under the head towards the outside of the dome
(fig. 3). The manufacturer therefore decided to machine,
before mounting on the vessel head, a counterbore at the
base of the peripheral penetrations. This counterbore does
not exist in the first three PWR units (CPO series); in these
cases, grinding in the inside of the penetrations may have
been performed after welding when the gage passage
problems arose. The counterbore is cylindrical for the next
four units (CPO series and 1 unit of the CPY series, fig. 4)
and becomes tapered for the rest of the PWR plants. It is
noteworthy that the internal continuous section of the
penetration is honed after machining, which is not the case
for the counterbored zones.

The penetrations are machined from alloy 600 bars
produced by press or hammer forging. These bars are heat-
treated between 710 and 860°C over 1-4 hours when the
post-forging mechanical properties are high (yield strength >
343 MPa), in order to soften the material. This process leads
to a wide scatter of mechanical properties (yield strengths
between 260 and 500 MPa for a specified minimum value of
241 MPa) and of microstructures (partial or full
recrystallization, grain size, intra and/or intergranular carbide
precipitation). The chemical characteristics too are scattered
but remain within the required specifications (ASTM).
However, each set of mechanical properties is only known
for one end of one bar from one lot, so knowledge of the
properties for each penetration is necessarily only partial.
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Service conditions

The penetrations are subjected on their inner surface to the
primary environment and therefore to its chemical conditions
and pressure. Regarding operating temperature, two designs
are encountered. The first, referred to as "hot upper
plenum", corresponds to a mixture of hot reactor coolant
from the center of the core and the cold coolant flowing up
from the inlet nozzles through a bypass in the upper
internals; this design leads to an average temperature on the
order of 310-315°C and also, probably, to variations
between the central and peripheral penetrations. The
second, referred to as "cold upper plenum", corresponds
only to upflow of the reactor coolant from the inlet nozzles
due to a large bypass flow, it therefore induces the cold leg
temperature. Originally, the CPO and 1300MW reactors
operated on a hot upper plenum basis, the CPY reactors on
a cold upper plenum basis.

CROSS SECTIONS

LONGITUDINAL SECTION

| LATERAL OERECTIOK|

Figure 3: Peripheral vessel head penetration. Welding-
induced deformations.

Field and laboratory investigations

Non-destructive examinations

The non-destructive examinations (eddy current and
ultrasonic) performed on more than 1200 penetrations
yielded the following information:

- with a few exceptions, all the affected penetrations
are located in the vessel head periphery (set-up angle
greater than 32"),

- all cracks are longitudinal,

- they are located in two angular sectors centered at 0°,
downhill, or at 180°, uphill (fig. 4),

- they are located at an elevation corresponding to the
lowest part of the weld, i.e. in front of the weld at the

downhill position and below the weld, in the part protruding
under the vessel head, at the uphill position (fig. 4).

Note that these locations coincide with the zones distorted
by welding and, in particular, with the observed ovalization.

CROSS SECTION

Up NB

Counterboro 0t74mn
(nominal dlonwler TOmn)

Figure 4: Vessel head penetration. Location of cracks.

A variety of techniques were applied for examining the
internal profilometries of the penetrations: laser metrology on
silastic molds performed on site and mechanical metrology
in the factory and on site (with the reactor not yet critical).
The results show that, on the cracked and inspected
penetrations, the ovalization values range between 1.2 and
2.8 mm and that a high ovalization value is a necessary
condition for initiating the phenomenon, but not sufficient in
itself. Moreover, ovalization appears to increase as a
function of the set-up angle; the wide scatter of values is
also noteworthy (fig. 5). This demonstrates the influence of
assembly as/Symmetry on the deformation level and
emphasizes the scatter specific to the welding technology
and that of the mechanical properties. However, in view of
the lack of knowledge "of the mechanical and geometrical
properties before welding for each penetration, the residual
stresses cannot be traced back by acquisition of the
profilometry. Thus the latter can only represent an indication
of the tendency to cracking but is not necessarily decisive.

e
£ 3.0

-,
5 1.0'
o

SET-UP ANCLE {•>

Laaer pro(Somotr)* mooauememai • 1450 MWe • 1300 MWe • fioo Mw«
Mftcnanlcal loot meoiurmortt: • 1450 MWe • 1300 MWe

Figure 5: Vessel head penetrations. Measured ovalization
versus set-up angle.
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istructive examinations

is destructive examinations undertaken within the scope of
s assessment proceeded in three successive steps:

- step 1: the sampling of small pellets (diameter : 20
n, tnickness : 2 mm) containing cracks, in order to confirm
3 cause of the degradation,

- step 2: removal of the Bugey 3 leaking penetration in
der to carry out a full metallographic assessment and also
repair the vessel head,

- step 3: a sampling campaign (about twenty pellets) in
der to analyze the microstructures and if possible to find a
lationship between them and in-service behavior, on the
is hand, and their as-manufactured properties, on the
her.

3sed on the tests performed at the EDF Hot Laboratory at
linon, the findings of these assessments are as follows:

- longitudinal, intergranular cracking is characteristic of
loy 600 primary water stress corrosior. cracking (fig. S).
IB crack initiation zones are located at the I.D. in the
:ction machined into the penetration for the counterbore; in
articular, when the counterbore is cylindrical, the top-angle
presents a preferential location for crack initiation (fig. 7),

400 y m 20pm

gure 6: Penetration 54 of Bugey 3. Micrographie and SEM
laminations of cracking.

- these examinations confirm the NDE results (flaw
rations, shapes, numbers, depths), thus validating the
chniques used,

- regarding the leaking penetration at Bugey 3, two
iws which initiated at the top-angle of the counterbore are
•ough-wall, one at the uphill position in the part protruding
ider the vessel head and the other at the downhill position
iove the weld. The second defect is therefore the cause of
B leak during the hydrotest (fig. 7). This 50 mm long crack
nerges at the 0.0. over 2 mm in length; the intergranular
ature of all the crack surface and the oxidation found in
is surface zone, show that the crack became through-wall
iring service and therefore before the hydrolest. The
irticular test conditions (high pressure, low temperature)
id overcome the interfacial compression induced by the
irink-fit which led to the leakage observed during the
Protest. The crack also propagated in the alloy 182 weld
etal over a length of about 15 mm and over a maximum
:pth of 2.7 mm, thus creating a second potential leakage
ith. It is noteworthy that no significant corrosion or erosion

the ferritic steel has been observed, indicating the

absence of significant boric acid concentration and
oxygénation of the O.D. environment. Thorough examination
of the external penetration surface at the weld root which
became exposed to water when the crack penetrated the
wall thickness, revealed the presence of welding defects
(e.g. underpenetration at the root, interdendritic hot cracking
of the weld metal) and also two shallow transverse cracks.
The first, limited in length and linked to the main crack,
developed in the penetration, apparently initiating from the
external surface and appears to be characteristic oî an SCC
phenomenon. The second which is longer (about 110° in
circumference) developed in the weld metal.

ID. ASoy BOO OB.
I penetration I

Figure 7: Penetration 54 of Bugey 3. Macrographic
examination of the through-wall crack at the downhill
location.

- the microstructural analyses run on more than 20
sound or damaged penetrations confirm that the material is
very heterogeneous; however, all cracked penetrations
exhibit a similar structure which would be considered,
according to the criteria adopted for steam generator tubes,
to be susceptible to SCC. There was an absence of
intergranular precipitation, precipitation of carbides along the
former grain boundary network ("shadow" structure) and
small grain size (7/8 ASTM) (fig. 8c). An attempt to classify
the penetrations by their SCC susceptibility determined
according to manufacturing criteria (e.g. high pre-heat
treatment yield strengths reflecting large residual strain-
hardening and/or low end-of-forging temperatures, heat
treatment causing softening and possible recrystallization of
grain boundaries) is partly corroborated by these
microstructural analyses. However the lack of individual
metallurgical and mechanical characterizations at various
manufacturing stages and the manufacturing-related
heterogeneities (e.g. place of the penetration in the original
bar, forging temperature, etc...) mean that this classification
can only be on a probabilistic basis. This is also
demonstrated by operating experience.



Figure 8: Vessel head penetrations. Micrographie
examination of structures after etching.

Investigation of the phenomenon

In order to explain the destructive and non-destructive
examination results and to help find a maintenance strategy,
a large-scale investigation program was launched jointly by
EDF and FRAMATOME; it breaks down into three separate
steps aimed at improving knowledge of the operating
temperature, material behavior and the stresses induced by
equipment configuration and design.

Temperature

As the SCC phenomenon is thermally activated, it is
important to know precisely the operating temperature of the
penetrations. This knowledge, together with the operating
experience, will help, on the one hand, in more efficient
forecasting of the behavior of both the vessel head
penetrations and other primary system components of alloy
600 and, on the other hand, in assessing the benefit
(initiation time, propagation rate) following a drop in
operating temperature.

A complete assessment of the knowledge built up on this
topic was made. Regarding the cold upper plenum, it seems
clearly established that, when the bypass flow through the
upper internals is sufficient, the operating temperature is that
of the reactor cold leg. For the hot upper plenum, the
temperatures result from a mixture of hot and cold leg water
and, due to the complex flow conditions inside the
penetration, are therefore more difficult to assess. The first
estimates indicate fluid temperatures in the sensitive
penetration zones on the order of 305° C in the vessel head
periphery and on the order of 320"C at the center.

However, operating experience does not indicate clear-cut
differences between the two configurations.
Furthermore, thermal-hydraulic calculations, simulating
these areas under the vessel head and incorporating the
thermal-hydraulics inside the penetration, are extremely
complicated. Nevertheless this investigation will possibly be

completed by an on-site suitable temperature measurement
system in these zones.

Stresses

A good knowledge of the residual and service stresses in the
penetrations is essential for analysis of the phenomenon.
Thus, theoretical studies based on finite element simulation
calculations and additional experimental approaches
involving measurements and mock-up corrosion tests were
undertaken in parallel.

The purpose of the calculations was therefore to simulate
the manufacturing procedure for the penetration/vessel head
assemblies with different models and methods (imposed
elastic, elastic-plastic deformation, imposed temperature),
then the different startup phases (initial hydrotest followed
by steady state) and to evaluate the corresponding stresses.
It can be readily seen that the complex thermoplastic history,
at the multipass welding, is very difficult to model. This limits
the direct implementation of the results obtained. These
models, run on central, intermediate and peripheral
configurations, give the results tabulated in table Î and show
that, in the steady state:

- the stresses in the peripheral penetrations taken as a
whole are larger than those in the central penetration,

- the hoop stresses are larger than the axial stresses,

- the hoop maximum stress locations are consistent
with the positions of the cracks detected on site,

- the absence of circumferential cracks on more than
1200 inspected penetrations shows that the axial stresses
are probably overestimated by the calculation.

Table 1: Central and peripheral (45° set-up angle)
penetrations - Maximum calculated stress values

MODEL
"location"

Central 2-D
"location"*
Periph.3-D

Hoop stresses (MPa)
below weld

310
rih
395

nh
495

above weld
250

rih
407

il h
170

Axial stresses (MPa)
below weld

300
rth
174

nh
283

above weld
250

rih
446

nh
129

: d.h.=downhill, u.h.=uphill

Regarding the influence of the penetration position on the
vessel head and the corresponding set-up angle, the
calculations do not really differentiate the level of hoop
stresses between the various configurations. This is not
consistent with the residual stress measurements (see
below) and does not seem to be representative of the
operating experience if the stress parameter is the only
significant one to vary with the position of the penetration on
the vessel head.

In view of the lack of accessibility of the inner surface of the
penetrations, which prohibits the use of the X-ray diffraction
technique for residual stress measurement, the hole drilling
method was used. Considering the limitations of this method
in the presence of high stress gradients in the surface and in
the thickness, the uncertainty of the measurements was
estimated as on the order of 20%. The measurements have
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een made in two stages, after welding, on seven
itermediate and peripheral penetrations and on two central
nes, and, after hydrotest, on one central, one intermediate
nd one peripheral penetration. Measurements were located
n the inner penetration surface at the downhill and uphill
ositions where stresses are maximum. The welding residual
tresses show (fig. 9):

- increases in the stress level versus the penetration
et-up angle on the vessel head and, for a given position,
ersus penetration ovalization,

- a maximum value of 507 MPa (hoop stress at the
ownhill position of a penetration with a strongly inclined
onfiguratton (47° set-up angle)},

- the predominance of hoop stresses in all cases,

- the predominance of stresses measured at the
ownhill position relative to those at the uphill position for
ie inclined penetrations,

- the low stress level for the central configuration.

Hole drying method measurements

• •

• • •

•

•

•

•
a

•

•

•

•

D

15 >i S3 a M 3J
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. H0°° at'C»» (If) • Hoop stwsos (180*)
A*lal a (0*3 o Anlol at/Mien (ISO1)

gure 9: Vessel head penetrations. Post-welding residual
ress measurements versus the set-up angle.

he hydrotest significantly reduces the stresses, particularly
oop stresses and those at the downhill location; however,
ese stresses increase again when coming up to steady
ate operating conditions.

he previous conclusions are corroborated by the results
icorded during tests in a caustic environment of
presentative mock-ups, i.e. the absence of cracking on the
întral configuration and only longitudinal cracking on the
sripheral and intermediate (32° set-up angle)
Dnfiguralions. The cracking threshold of such corrosion
sis is estimated at about 300 MPa.

egarding the final surface residual stresses, which must be
tal for initiation of the phenomenon, the hole drilling
ethod clearly cannot measure them. Thus the X-ray
ffraction method will be tested on penetrations after
jtting; but, if plastic stress relaxation occurs during the
Jtting this will be difficult to take into account. However we
3te that measurements taken before and during
sformation (ovalization) on rings, which were surface

finished in the same way as the different penetration inner
surfaces, highlight the role of the counterbore machining
operation in exacerbating the stress level, presumably due
to the strain hardening effect On the other hand the honing
process seems to be beneficial. In the case of SCC, this
confirms the importance of the last mechanical operation
modifying the surface finish.

Material

A comprehensive program for characterizing the material of
the vessel head penetrations was started as soon as the first
examination results were available. It centers on five heats
chosen according to their manufacturing properties (table 2).

The range of these properties is representative of the PWR
reactors and was confirmed by microstructural analyses
which show highly heterogeneous structures as follows:
intergranular precipitation and grain size of 3 to 5 (ASTM)
combined with low post-forging mechanical properties and a
low-temperature heat treatment (fig 8a), intragranular
precipitation along the former grain boundary network and a
grain size of 7 to 8 combined with elevated post-forging
properties and a high-temperature heat treatment (fig 8b and
c). The differences between the heats belonging to each of
the two previously defined classes relate to the variable
recrystallization rates, the presence of scattered grain sizes
and non-ordered intragranular precipitation. Note that these
analyses are perfectly in line with those of the micrographie
examinations on pellet type samples.

Table 2 : Manufacturing properties of heats investigated
(mechanical values measured on bars)

Heat

1
2
3
4
5

20°C post-forge
tensile test

0.2% Y.S.
(MPa)
428
400
491

-
550

Elong.
(%)
35
38
31
-

26

Heat Treatment

Temp.
CO
745

720/745
800
820
800

Dur.
(hrs)

2
2
2
2
2

Cool.

air
air
air
air
air

20°C post-H.T.
tensile test

0.2% Y.S.
(MPa)
413
368
489
321
412

Elong.
(%)
33
41
32
42
41

Crack initiation corrosion tests were run in pure steam at
400°C on ovalized tubes (these experiments have been
described in a publication by FRAMATOME/EDF at the 10th
European Corrosion Congress in Barcelona on July 5-8
1993) and in primary water at 360°C on reverse U-bent
specimens. The first results show clear evidence of the role
of microstructure (indicating a factor potentially greater than
2 on the time to initiation between the two previously
mentioned classes), but also an effect of the material yield
strength which determines the specimen stress level under
imposed deformation strain. Lower temperature tests are
planned, in order to determine the activation energy of the
phenomenon.

SCC propagation rate measurements have started on the
two materials exhibiting, respectively, the highest and lowest
crack initiation susceptibilities in the as-manufactured and
slightly strain-hardened (5%) state, in order to simulate the
impact of the welding operation which deforms the
penetration in successive passes. Experiments at various
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temperatures (350 to 290°C), on fracture mechanics
specimens, with electrical potential drop monitoring of crack
propagation will enable an evaluation of the activation
energy of the phenomenon and provide effective support for
the safety case when a reactor restarts in the presence of
cracks.

In addition, mechanical characterization on a tensile and
cyclic strain hardening basis (imposed-deformation fatigue)
of materials with a variety of yield strengths has given
valuable data on the behavior of these materials, thus
enabling the calculations simulating the welding operation.
These results highlight

- during the first strain hardening cycles, the cyclic
deformation depends on the original different yield strengths,
all the more so if the strain amplitude is low,

- at small strain amplitudes, there is a major effect of
temperature (20, 300 and 600°C) on the cyclical curves,
whereas those are very similar at high strain amplitudes,

- at low yield strength, a high level of strain hardening
followed by slight softening occurs, the reverse occurs at
high original yield strengths,

- final post-strain hardening yield strengths are
increasingly larger if strain hardening is oerformed at high
temperature.

Concluding remarks

penetration operating temperatures, the material behavior
(crack initiation susceptibility, propagation rate) versus
material manufacturing properties and, in particular, the
surface conditions following the different machining
operations, closer knowledge of the stress condition of the
welded assembly and, lastly, a review of the extent of the
phenomenon and its possible future evolution.

Very recently a generic phenomenon involving stress
corrosion cracking of alloy 600 in primary water was clearly
identified as being the cause of the cracks affecting the
PWR vessel closu/e head penetrations. This phenomenon is
mainly related to elevated residual stresses (more than 500
MPa) and to the SCC susceptibility of the material. The
stresses result from the welding operation between the
penetration and the vessel head, inducing distortion and
bending strains which increase with assembly asymmetry, i.e.
when the penetration is peripheral. The high material
susceptibility is the result of the very heterogeneous
structure originating from the forge manufacturing operation.
In some cases this may lead to a type of microstructure
(intragranular precipitation and fine grains) which is
particularly favorable to the initiation of the phenomenon.

Operating experience, mechanical analyses and stress
measurements all point towards a very low probability of
circumferential cracking in the inner surface of the
penetrations. However, allowance must be made for the
consequences of through-wall longitudinal cracking,
particularly with regard to the risk of initiation at the external
surface of flaws in a confined chemical environment which is
difficult to define.

In order that the usefulness of the operating experience
gained can be optimized, particularly with respect to the
behavior of other primary system components in alloy 600,
and so that the most suitable short, medium and long-term
maintenance policy can be implemented, a large-scale
investigation and testing program is being developed jointly
by EDF and FRAMATOME. It covers the investigation of the
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