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ABSTRACT

The discovering of a small leak on BUGEY 3 NPP Reactor Vessel Head (RVH) during 10 years
hydrotest (end of 1991), was the beginning of an industrial challenge in terms of technical and
economical aspects.

Because of pressure vessel structural engineering and safety analyses, and overall, in-service
inspection results on nearly 9/10 of the RVH in EDF plants (47), alloy 600 RVH penetration cracking
is not a safety concern for the short term : only a few axial cracks (3%) on more than 3,200
penetrations inspected, and low probability to have an important circumferencial crack on ID.

Nevertheless, conservative measures have been taken for defence in depth : systematic first in-
service inspection for diagnosis, repair criteria for deep crack, reliable and performant leak
detection system on line, T cold conversion for 4 loops plants.

For the long term, as the phenomenon is evolutionary, cracks have to be repaired. The definitive
maintenance strategy is a purely economic choice. EDF decided to replace cracked RVH on a
several years schedule and to fit periodic in-service inspection, in connection with crack risk
initiation and propagation kinetic.



SHORT AND LONG-TERM MAINTENANCE STRATEGY
_ FOR VESSEL HEAD ADAPTERS

This paper presents facts based on :

- Analyses,
- In-service inspection,
- Theoretical studies,
• Safety analyses,
- Laboratory results,

resulting in options for short and long-term maintenance and strategy in the treatment of vessel
head cracks.

STATE OF VESSEL HEADS

In September 1991, a minor leak was detected by acoustic means, then by visual inspection during
the statutory hydraulic retest during the first ten-yearly outage (at 207 bars, i.e. 1.2 times design
pressure780"C), on a peripheral penetration (at a hillside location) (T54) on the BUGEY 3 vessel
head after 84,000 hours of operation.

Analyses revealed numerous longitudinal cracks on the internal surface of the penetration boring
made of Inconel 600 forged from a bar.

Metallurgical tests confirmed that it was a question of stress corrosion under pressure in a primary
environment.

Because this problem is potentially generic, evolutive and dispersed, an extensive in-service
inspection program was started using robotic inspection means (Sabre machine using eddy current
technique) in the middle of 1992.

The objectives were :

- to confirm that there were no thru-wall cracks in the old vessel heads,

- to know the state of each vesss) head in the nuclear power system so as to prepare a
maintenance strategy and decide upon one of several possible options (leave as is, temporary
repairs, apply preventive measures, replacement of penetrations or vessel heads, etc.).

The result of the in-service inspections showed that the phenomenon is generic but that it only
concerns about 3% of vessel head penetrations inspected.

Fewer than 10 penetrations had cracks of more than 5 mm and on a longitudinal orientation. No
circumferential cracks were found on the internal penetration surface. Moreover, inspections
performed on the vent tube in the center of the vessel head revealed nothing.

Furthermore, liquid pénétrant tests were performed on 104 adater welds on four vessel heads (weld
metal in alloy 182 - non stress relieved welds) and revealed no cracks from stress corrosion.



IN-SERVICE INSPECTION OF VESSEL HEADS/MAIN RESULTS
(at the end of 1994)

Units

900 MWe CPO,
3 loops (1)

900 MWe CPY,
3 loops (2)
1300 MWe
PQY- DPY,

4 loops

Hours of
operation

(10a)

80-107

42-97

32-51

Vessel head
temperature

CP)

596-599

552

597
589(3)
558(4)
TOTAL

Vessel
heads

inspected

6

•27

14

47

Vessel
heads

cracked

5

18

9

32

Adapters
inspected

378

1755

1O80

3213

Adapters
cracked

19

66

20

105(3,3%)

(1) 4 vessel heads already replaced
(2) 2 vessel heads already replaced, 3 penetrations repaired for deep cracks
(3) drop of average primary fluid temperature for steam generators
(4) conversion of vessel head hot dome for cold dome.

ANALYSES AND EXPERIENCE FEEDBACK

Metallurgical analyses performed on the T54 penetration of the BUGEY 3 vessel head revealed a
longitudinal penetration crack of 50 mm long on the internal surface and 2 mm on the external
surface. Oxidization of the habit prove that the crack had traversed for some time, before the
hydrotest was performed. The corrosion of the fenitic steel at the interface was assessed at
approximately 60 micrometers in depth.

Two circumferential defects were detected :

- one on the external surface of the penetration, 3 mm long and 2 mm deep, at an incline of 30" to
the norm on the external surface. This defect was caused by corrosion under stress once the main
longitudinal crack had traversed,

- the other had mixed intergranular and interdendritic habit, 3.S mm deep maximum on almost 110"
of the developed circumference, with propagation in the deposited weld and buttering metal.

Metallurgical inspections performed on other samples of the cracked penetration confirmed the
mechanism of corrosion under stress in relation to the microstructural characteristics of Inconel 600
(precipitation of intergranular or mixed chromium carbide), residual stress related to the angle of
penetration incline to the vessel head and the state of the surface (machined or lapped).

Experience feedback determined the following :

- Defects are localized at azimuth angles zero and 180° ± 45°,

- Their height depends on the angle of incline at the penetration in relation to weld dissymetry,

- Cracks seem to start first at 180° and then at 0°.

As regards weld metal in alloy 182 for non stress-relieved welds, no indication of a crack type has
been detected by liquid pénétrant testing, which contradicts laboratory results that show a
susceptibility of this material to corrosion under primary environment stress, by tests that were
performed with a substantial deformation rate (greater than 1%) and machined surface states
(grinding influence).



ANALYSIS OF STRESS AND EXPERIMENTAL MEASURES

Calculation of stresses for the geometry of a vessel head penetration is very difficult becasue It
combines residual stress from production (welding), the effects of the resistance tests and those
due to operations.

Consequently, theoretical analyses v/ere complemented by experimental measures on new vessel
heads before commissioning and on models, In ordor to better define the level of superficial
stresses that caused the cracks,

Finally the main results are the following :

- Circumferential stresses are substantially higher (400/500 MPa) than longitudinal stresses
(200/300 MPa) for a peripheral penetration,

• The level of circumferential stresses decrease on central rather than peripheral penetrations,

- For the central penetration, the levels of circumferential and longitudinal stresses are of the same
amplitude but relatively low

- The effect of the hydrotest relieves the residual stressas of manufacturing, particularly ât 0", which
results in a higher level at 180°, so confirming experience feedback from in-service inspection.

MECHANICAL ANALYSIS OF DEFECTS

Mechanical analysis of rupture was performed on the basis of elastoplastic calculations designed
for central and peripheral penetrations.

The main results revealed :

- Substantial margins as regards rupture for longitudinal cracks : the critical defect is 350 mm long
above the vessel head,

- The critical circumferential defect represents more than 90% of the thickness for a non-traversing
crack and over 90% of the circumference for a thru-wall crack,

- From a strict safety point of view, the only defect that could prove to be significant is the
circumferential defect, starting above the weld.

Further studies were performed to define the margins involved in tearing of the vessel head : 27
mm for a semi-elliptical, longitudinal defect in normal and upset operating conditions (13 mm in
accidental situations).

CONSEQUENCES OF A LONGITUDINAL THRU-WALL DEFECT

Different cases have been studied :

- If the shrunk-on assembly is tight, the leak is confined to the bore and the environment is identical
to the primary environment. As a result, the corrosion kinetics of ferritic steel in the vessel head at a
temperature of 300°C is very low (several tens of microns/year) and the behavior of the external
surface of the alloy 600 penetration is no different from that in the inside surface.

- If the assembly is not tight, a thru-wall crack above the weld will result in a primary leak. In case of
a low leakrate, and on the basis of the BUGEY 3 experience :

. pressure drop in nominal operating conditions is low in the crack compared to pressure drop in the
bore, which explains why the leakrate is low,

. vaporization takes place in the bore at a level close to the vessel head surface,

. study of the chemical environment, resulting from the concentration of chemical elements present
(boron, lithium) in the gap, shows that the environment evolves to develop a composition of 10%
B2O3 and 2.2% of Li2O for a pH of 8.7 at 300°C.
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For such a chemical composition, the corrosion kinetic of Inconel 600, based on laboratory tests, Is
low (0.06 micron/hour for a stress field strength more or less 15 MPa \m),

. The generalized corrosion of ferritic steel on the external surface of the vessel head depends on
the concentration of boron (from 1 mm/year to several tens of mm/year).

These factors, corroborated by experience feedback In BUGEY 3, confirm that a traversing
longitudinal crack has no immediate consequence in terms Cf safety.

Nevertheless, in the context of In-depth defence, the EDF has qualified and implemented an
efficient system to detect leaks (detection by nitrogen 13 at a flowrate > 11/hour), on each vessel
head either whose state is not yet known, or with defects of a depth of more than 5 mm,

SAFETY STUDIES

Studies show that the presence of longitudinal cracks do not really cast doubt in any significant
manner on the integrity of the pressurized containment.

However, further safety studies have been undertaken to check that the consequences of a
hypothetical ejection of a penetration are acceptable.

Firstly, the antimissile device installed above the vessel head to protect the third barrier limits the
consequences of a hypothetical ejection of a penetration.

Furthermore, in a very hypothetical situation where four control rods jam, there would be no risk of
fuel deterioration, nor criticality accident for the reactor during cooling and accident management.

CRITERIA OF REPAIRS

The basis of repair criteria is to consolidate the integrity of the pressure vessel and to prevent the
consequences of a penetrating crack in terms of leak risk and the propagation of the crack in the
buttering or deposited weld metal.

As a result, all penetrations whose ligament of sound metal (from lhe top of the crack to the external
surface of the adapter) is less than 4 mm (i.e. 1/4 of the thickness) must be repaired. This takes
account of results available concerning the kinetics of propagation and the uncertainties in
measuring the depth of cracks by ultrasonic means.

Repairs can be either a replacement of the penetration (as in BUGEY 3 T54), or removal of the
defect by machining and refilling by automated GTAW welding. The latter repair is considered as
temporary and acceptable for a limited number of operational cycles.

KINETICS OF PROPAGATION

Based on all results internationally available for Inconel 600, the entire range of values has been
considered in our analyses. In addition, a scientific program with tests planned on representative
materials from the various batches of forged bars is underway.

Moreover, a special in-service inspection program has been defined to know the in-depth evolution
of real cracks found in vessel heads in operation. This program concerns twenty or so penetrations
in vessel heads of 900 and 1300 M We units. It requires a point by point analysis of ultrasonic
inspection results to compare the development of the crack front

To date, results obtained have proved that the in-depth evolution perceptible at the end of 8,000
hours for certain cracks is less than 4 mm, i.e. a maximum propagation kinetic of 0.5 micron/hour.

MAINTENANCE OPTIONS OPEN

The definitive treatment of the problem of penetration cracking in vessel heads is a major economic
challenge, requiring a long-term strategy.

The parameters and stakes are now quite clear. Special dispositions have been taken to ensure in-
depth defence for the short-term. For the long-term, the challenge involves optimization of industrial



techniques for non-destructive testing, repair procedures, organization of maintenance and related
strategy.

The following options have been assessed ;

Inspection and repair when necessary

This option is suitable for the short-term while waiting for a definitive solution for the long-term. It
does not allow anticipation and may prove to be very dear economically and industrially.

It is not competitive for a phenomenon that has already started and developed, especially because
of the relative costs between in-service inspection, repairs and replacement of vessel heads.

Corrective and preventive process

The following are considered ;

- Electrolytic coating of nickel,
- Machining,
- Shot-peening, etc.

They are eliminated because of :
- Their cost of development and implementation,
- The need to treat the entire vessel head during successive outages,
- Uncertainty as to the lasting solution,
• They do not remove the need to monitor treated vessel heads in service.

Vessel head replacement

Finally, this is the surest technical and most economic solution to definitively solve the problem by
judiciously replacing vessel heads as soon as they are damaged and at the latest, when a major,
costly repair is necessary.

By optimizing the tools necessary for the raising and reassembly of control rod mechanisms as well
as the correct coordination of the various operations involved, replacement of a vessel head has no
impact on the critical path of normal unit outage (more or less a two-week operation for a 900 MWe
reactor).

Naturally, improvements have been made in the design of replacement vessel heads, including :

- Use of Inconel 690, specially designed to correct the weaknesses of Inconel 600 in a PWR
primary environment.

- Fine-tuning of chemical compounds, metallurgical state and microstructure in the 690 alloy to
obtain maximum resistance to corrosion under stress.

- Welding of the adapters using an Inconel 152 type weld metal that has been laboratory tested for
insensitivity to corrosion under stress in a primary environment.

- Use of a lapping type surface treatment of the inside surface of adapters in order to reduce the
level of residual tensile stresses.

SHORT-TERM STRATEGY

- Continued diagnosis of vessel head status in all units by means of a reference "zero poinf in-
service inspection.

By the end of 1994, this zero point had been achieved for 47 vessel heads, only the vessel heads of
the six most recent 1300 MWe units remain to be inspected in 1995.

- In-service monitoring of cracks already revealed on certain vessel heads, so as to better
understand the kinetics of how the phenomenon propagates and to programme, in advance, the
replacement of the most affected vessel heads.



- In this respect, six vessel heads are programmed to be replaced In 1995 (four on 900 MWe units
and two on 1300 MWe units),

- Inspection of non-affected vessel head adapter welds by liquid pénétrant test.

- Removal by machining of minor cracks detected on certain less-affected vessel heads so as to
prolong their service life and facilitate the industrial treatment of the phenomenon.

LONG-TERM STRATEGY

The choice has deliberately been taken to replace vessel heads, after considering the following :

- The progressive nature of the phenomenon that seems unavoidable in the medium-term unless
corrective measures are taken,

- The need to implement maintenance operations that do not affect the critical path of unit outages,

- The lasting nature of the solution and the uncertainties in the various options open for potential
maintenance,

- The potential risk of deposited weld metal (alloy 182) cracking under stress over the long-term,

- The aim of finding a definitive solution to the problem for the entire lifetime of nuclear power plants.

Consequently, EDF has ordered 29 new vessel heads from FRAMATOME, in order to solve the
problem for those vessel heads already affected and to deal with any future development of the
phenomenon.

CONCLUSION

The generic problem of stress corrosion on the Inconel 600 penetrations of vessel heads is a major
challenge in maintenance.

After two difficult years, 1991 and 1992, as regards availability of units for lack of automated
inspection means, 1993 enabled the EDF to find a solution thanks to industrial means and the
strategy employed (only 0.2% of non-availability).

Measures taken in the short-term to consolidate the integrity of vessel heads, and the necessary
elements for a long-term planning strategy, economically optimized, have been accomplished.
The efforts of the EDF are now concentrated on the analysis of risk of deterioration in other areas
using Inconel 600 in the main primary system.


