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Abstract

As visual examinations carried out in autumn 1994 detected cracks in a German BWR plant
due to intergranular stress corrosion cracking in several core shroud components manufac-
tured from 1.4550 steel, precautionary examinations and assessments were performed for all
other plants.

In accordance with these analyses, it can be stated for Isar, Unit 1 that the heat treatment to
which the components in question were subjected in the course of manufacture cannot have
caused sensitization of the material, and that crack formation due to the damage mechanism
primarily identified in the reactor pressure vessel internals at Wurgassen Nuclear Power
Station need not be feared. Although the material and corrosion-chemical assessments per-
formed to date did not give any indications for the other crack formation mechanisms that
are theoretically relevant for reactor pressure vessel internals (IGSCC due to weld sensiti-
zation, IASCC), visual examinations with a limited scope will be carried out with the inde-
pendent expert's agreement during the scheduled inservice inspections.

The fluid-dynamic and structure-mechanical analyses showed that the individual compo-
nents are subjected only to low loadings, even in the event of accidents, and that the safety
objectives shutdown and residual heat removal can be fulfilled even in the case of large
postulated cracks. The fracture-mechanics analyses indicated critical through-wall crack
lengths which, however, can be promptly and reliably detected during random inservice in-
spections even when assuming stress corrosion cracking and irradiation-induced low-
toughness material conditions.

In addition, both the VGB and the Isar, Unit 1 licensee are pursuing further prophylactic
measures such as alternative water chemistry modes and an appropriate repair and replace-
ment concept.
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1 Introduction

Since 1990, core shroud cracking detected in the course of inservice inspections in boiling

water reactors has been reported worldwide. During corresponding inspections in German

plants in 1994, cracks were found in the core shroud flanges and at the support rings of the

core grids at Wiirgassen Nuclear Power Plant. This was reason enough for the system sup-

plier, the utilities and the licensing authorities to systematically set up a suitable inservice

inspection strategy for German BWR plants, and to establish measures to prevent crack

formation and to allow assessment of detected cracks with respect to permissibility.

This presentation reports on resultant measures that have actually been planned and pre-

pared for Isar, Unit 1 Nuclear Power Plant.

2 Inspection Findings

2.1 Plants Designed and Built Outside Germany

According to Nucleonics Week and other accessible sources (e.g. NRC documents, OECD

reports, utilities information), cracking of reactor pressure vessel internals has been detected

in 24 of the 35 plants inspected to date (status: 11/95). Most frequently affected are weld

heat affected zones at the upper and lower core shroud flanges and shroud circumferential

welds in the core area (Fig. 1).

For instance, the most significant cracking (360° circumferential cracks) was found in

Brunswick 1 III in the top guide support ring (circumferential weld H3) on the inside, and

in Dresden 3 and Quad Cities 1 121 in the core plate support ring (circumferential weld H5)

on the outside of the core shroud. At Switzerland's Muhleberg Nuclear Power Station 131,

cracks (total amount of length approximately 800 mm) were detected in a core shroud

course in circumferential weld H4 (core shroud midplane weld) on the inside. Ultrasonic

examinations performed to determine the crack depth pointed to maximum depths of ap-

proximately 40 mm in Brunswick 1141 and approximately 20 mm in Muhleberg.

In the above cases, the base materials of the core shroud components were the non-

stabilized austenitic stainless CrNi-steel AISI 304 and its modification with lower carbon

content AISI 304L. All affected core shroud positions were manufactured from thick-walled

plates. The upper and lower core shroud flanges of those General Electric (GE) plants in

which cracking has been detected were each manufactured from several plate sections
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(e.g. III). For this purpose, arc-shaped segments were cut out and welded together at the

end faces to form rings. The plates for the core shroud cylindrical sections in Muhleberg

were cold-rolled prior to welding. During fabrication, the flanges were machined and, in

some cases, this clearly led to work-hardening of the surface. The core shroud components

were not stress relieve annealed after welding.

In Oskarshamn 1, according to information provided by the utility, core shroud cracking

was detected in the vicinity of the weld between the shroud head support flange and the

core shroud cylindrical section in the heat-affected zone (HAZ) of the cylindrical section.

The horizontal crack length is approximately 390 mm, and the lengths of the vertical crack

indications found along the spacer attaching welds (10 out of 18) in the same area are about

215 mm In both cases, the cracks run through the entire wall of the core shroud cylindrical

section. In contrast to all other foreign plants in which core shroud cracking has been de-

tected, the niobium-stabilized, austenitic Swedish material SS 2338 (equivalent to 1.4550 or

AISI 347) was used in the Oskarshamn 1 plant for the shroud plates and the upper core

shroud flange. The carbon content of the cracked shroud plate is between 0.04% and 0.05%

and the Nb/C stabilization ratio is approximately 8. After welding, the core shroud was

stress relieve annealed twice at 400°C for 24 hours.

Boat samples were taken from the most severely affected welds - H3 in Brunswick 1 III and

Fukusbima, and H5 in Dresden 3 15/ - and examined. According to the metallographic

examinations, the cracks were caused by intergranular stress corrosion cracking (IGSCC) in

these cases. Significant irradiation influence is not assumed (fluence < 5 x 1020 cm*2). On the

contrary, the examinations revealed work-hardening of the surface as a result of machining

during core shroud production combined with residual stresses due to welding.

In contrast, examinations of the boat sample taken in Muhleberg did not initially provide any

indications for classical intergranular stress corrosion cracking such as sensitization due to

heat treatment or work-hardening. The cracks were originally believed to be caused by irra-

diation assisted stress corrosion cracking (IASCC) in view of the established neutron flu-

ence of almost 1 x 1021cm'2 131. However, this assessment is questionable, taking into ac-

count the cracks that have meanwhile been detected in other welds. Intergranular stress

corrosion cracking is now being considered as a possible cause of damage as well.

In Oskarshamn 1, it is assumed that crack formation and growth were caused by thermal

fatigue and stress corrosion cracking or a mixture of both. In view of the neutron fluence of
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approximately 3 x 1020cm'2, IASCC is not believed to be the cause, although a synergistic

contribution by irradiation cannot be ruled out completely.

2.2 German Plants

On account of the cracking of reactor pressure vessel internals detected in foreign plants,

visual examinations of the core shroud and core grid welds were also carried out in German

BWR plants. In the course of one of these inspections at Wtirgassen Nuclear Power Plant

carried out in September and October 1994, cracks were found in the lower ring of the top

guide and in the side ring of the core plate as well as in some areas of the upper and lower

core shroud flanges (Fig. 2) 161. In order to determine the crack depth, ultrasonic examina-

tions were performed at selected positions of the upper and lower core shroud flanges.

Maximum crack depths of 25 to 30 mm were established in the upper support ring.

Laboratory tests of material samples from the cracked regions indicated that the cracks

were caused by sensitization of the austenitic base material 1.4550 in accordance with the

mechanism of chromium carbide formation and associated chrome depletion at the grain

boundaries during manufacture as a result of annealing (stress-relief heat treatment of the

segment welds of the rings at 600°C up to 6.5 h) and welding, combined with a low stabili-

zation ratio (Nb/C approximately 8) and a high carbon content (0.067%). It was possible

for intergranular stress corrosion cracking to occur under the given water chemistry condi-

tions and on account of the elevated corrosion potential as a result of radiolysis. In view of

the low fluence range of 5 x 1017cm*2 (lower flange) to 1 x 1020cm"2 at some positions of the

upper flange, the influence of irradiation on the material can only be considered to have a

synergistic effect at most.

Comprehensive visual examinations were also performed in all other German BWR plants

using a video camera with a resolving power of at least 0.013 mm width. These examina-

tions can reliably detect cracks such as those found in the reactor pressure vessel internals in

the Wiirgassen nuclear power plant (Fig 3) The scope of the examinations performed in

Isar, Unit 1 at the core shroud is presented in Figures 4 and 5. In addition, weldments of the

shroud head have been examined during the last outage To date, the examinations have not

revealed any indications at all for crack formation
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3 Concept for Assessment of the Reactor Pressure Vessel Internals

3.1 Approach

In spite of the satisfactory results obtained during inservice inspections of the reactor pres-

sure vessel internals, a concept (Fig. 6) is also being prepared for German BWR plants. Its

purpose is to assess the reactor pressure vessel internals in the case of crack formation and

to propose preventive flanking measures and possible repair measures for the specific

plants. The measures and activities that are of relevance for Isar, Unit 1 are discussed in the

following.

3.2 Safety-Related Importance of Individual Austenitic Stainless Steel Components

In order to define the safety-related influence of cracking in reactor pressure vessel inter-

nals, crack configurations were postulated and their effects on accident load transmission,

residual heat removal and reactor shutdown were investigated.

All main components of the reactor pressure vessel internals were considered and through-

wall cracking of those welds that are expected to have the greatest impact on reactor shut-

down and residual heat removal was postulated. A further objective of the study was to

define the scope of inservice inspections to be performed during refueling to ensure that the

safety objectives "reactor shutdown" and "residual heat removal" are not affected even by

events with a low probability of occurrence.

This criterion has already been taken into account in KTA Nuclear Safety Standard 3204

"Reactor Pressure Vessel Internals" which assigns the components to various safety classes,

i.e. requirement levels (levels AS-RE1 to AS-RE3). However, it is also important to ensure

that safety objectives are not jeopardized as a result of secondary effects by analyzing the

postulated failure of a component assigned to a lower level (requirement levels AS-RE2 and

AS-RE3).

The function of the core shroud in BWR plants is to guide the coolant flow. In addition, the

core shroud supports structural parts which also have their own functions. The core shroud

is not part of the reactor coolant pressure boundary. Although the top guide and the core

plate fix the fuel assemblies in horizontal direction, they do not bear the weight of the core;

this is transferred directly to the reactor pressure vessel bottom via the control rod guide

tubes.
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These conditions lead to extremely low primary stress usage for the core shroud, for in-

stance, in both GE and SIEMENS plants. This applies to all relevant service conditions

during normal operation and anticipated operational occurrences (normal operation, abnor-

mal operation) and accidents (feedwater pipe break, design-basis earthquake).

Taking weld H6 in the core shroud of Isar, Unit 1 as an example, the conservatively esti-

mated stress ratios, which are checked by means of refined FE-analyses, are given in the

following table:

Normal Operation

Accidents

actual stresses

Pm Pm + Pb X

N/mm2

17

9.8

-

14.2

-

1.4

allowable stresses (KTA 3204)

Pm P m + Pb

N/mm2

126

254

-

363

-

152

The actual stress utilization factor is therefore:

Pm + Pb actual =

Pm + Pb allowable _
363

=

It is also apparent that the influence of local cracks on global vibration behavior can be

disregarded in a first approximation.

There are no global horizontal displacements of the core shroud that would have a negative

effect on shutdown. The maximum possible displacements of a basic core cell prior to three-

point contact of the control rod on account of the geometric conditions were investigated.

Two postulated cases were examined in this context:

• Core shroud break below the upper flange

• Core shroud break below the lower flange

The examinations indicated an allowable displacement of 10 mm in the first case and

12.5 mm in the latter, where freedom of movement of the control rod is still ensured theo-

retically. The actual values'for the safety requirement "plant shutdown" are much higher in

view of the additional safety margins.
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The assessment of assumed crack locations in the component welds shows that the safety

objectives are not endangered in the event of failure at the points under consideration. The

only case in which lateral misalignment of the upper core shroud Unit cannot be ruled out

completely is the failure (throughwall crack) of one of the core shroud circumferential welds

under extremely conservative boundary conditions in which a service condition caused by

external hazards coincides with previously undetected severe preliminary damage to the

core shroud (residual cross section at a circumferential weld < 5%).

Corresponding boundary considerations have also been carried out for individual plants in

the USA and evaluated positively by the NRC 111. For this reason, the cracks found to date

in GE plants have not led to shutdowns because the considerations show that the safety-

related functions "shutdown" and "residual heat removal" are not affected by the detected

crack sizes.

3.3 Assessment of Component Material Properties

Stabilized austenitic stainless steels, predominantly those with a high Nb/C ratio and, in

most cases, with reduced carbon content were used in German plants. This is in contrast to

plants erected by system manufacturers outside Germany.

The austenitic material 1.4550 with limited analysis compared to DIN 17440 was used for

the Isar, Unit 1 plant (specified: C < 0.05%, Nb/C > 13 for stress-relief heat-treated com-

ponents and C < 0.06%, Nb/C >10 for components without subsequent heat treatment).

Belonging to the base material 1.4551 was used as filler metal.

It is also of importance that the core shrouds of SIEMENS plants were subjected to stress-

relief heat treatment during manufacture. On the one hand, this reduces residual welding

stresses. On the other hand, however, high annealing temperatures and long holding times at

temperature can cause sensitization of the component in the case of materials with relatively

high carbon contents and low stabilization ratios.

The assessment of the individual components, for which all necessary information was col-

lected in respect of chemical composition, acceptance tests, manufacture and processing,

was carried out on the basis of criteria that are of relevance for materials technology:
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• Material and material condition

- C-content

- Stabilization ratio

- Annealing temperatures and holding time at temperature

• Manufacture and processing

• Fluence

If cracks are postulated to form in the core shroud of BWR plants during operation as a

result of corrosion, the following mechanisms must be taken into account:

• Intergranular stress corrosion cracking (IGSCC) due to furnace sensitization during an-

nealing

• Intergranular stress corrosion cracking (IGSCC) due to weld sensitization

• Stress corrosion cracking (SCC) due to work-hardening

• Irradiation assisted stress corrosion cracking (IASCC)

3.3.1 Intergranular Stress Corrosion Cracking (IGSCC) due to Furnace

Sensitization During Annealing

On account of its stabilization, the Nb-stabilized austenitic stainless CrNi-steel (material

1.4550) used for reactor pressure vessel internals offers far greater resistance to sensitiza-

tion (Cr depletion along grain boundaries due to Cr-Carbide precipitation) than non-

stabilized materials which can lead to susceptibility to intergranular stress corrosion crack-

ing (IGSCC). In the past, resistance to intergranular stress corrosion cracking was verified

by the so-called "Strauss Test". Results of this tests revealed no indications in the product

forms at acceptance testing.

However, if a comparatively high carbon content is combined with a low stabilization ratio,

sensitization (Cr depletion) cannot be ruled out completely for a corresponding heat input.

It is possible to estimate the degree of sensitization of the individual components, for in-

stance with the aid of data published by Cihal /8/ and Rocha 191 with which a so-called

"S-value" is determined in dependence of the stabilization ratio. This is a physical parameter

for the achievable degree of stabilization.

- 8 -



- 8 3 -

A distinction must be made between two ranges that are distinguished by defined S-values

(e.g. 0.38 x 10'3 for Nb-stabilized austenitic stainless steels). Below this critical S-value, i.e.

for an inadequate degree of stabilization, stabilized austenitic stainless steels react to heat

treatment in the same way as non-stabilized steels and exhibit a region of susceptibility to

intergranular corrosion in the intergranular corrosion diagram. However, this occurs at

longer heat treatment times than in the case of non-stabilized austenitic stainless steels with

the same carbon content.

Melts with S-values that are higher than this critical value exhibit the real features of stabi-

lized austenitic stainless steels, i.e. the sensitization capacity can be suppressed completely

by suitable solution heat treatment, thus leading to mil stability. A so-called intergranular

corrosion nomogram /8/ shows how stabilized austenitic stainless steel reacts at a known

S-value in dependence on the maximum heat treatment temperature.

The probability of sensitization of the reactor pressure vessel internals of Isar, Unit 1 was

assessed using this technical basis. A particularly detailed assessment was performed for

material lots that simultaneously show

• a lack of full stability

• the lowest stabilization ratio combined with stress-relief heat treatment

• the longest holding time at temperature for stress-relief heat treatment

since all other lots are conservatively covered by this consideration.

An evaluation of all data indicates that the lowest occurring stabilization ratio of austenitic

stainless steel 1.4550 for the reactor pressure vessel internals in the core shroud area of Isar,

Unit 1 is Nb/C = 10.2 (a stiffening beam in the top guide; the lowest value for the core

shroud itself is 14.9 for cylindrical section 3). An evaluation of the S-value in accordance

with Cihal and Rocha shows for the stiffening beam that, under the given manufacturing

conditions (solution heat treatment temperature max. 1070°C), a steel of this composition

requires a minimum holding time at temperature of approximately six hours at 600°C for

formation of a sensitized condition (for the cylindrical section 3: 10 h / 580°C). The stress-

relief heat treatment of this component amounting only to 1.5 h / 600°C (cylindrical sec-

tion 3: 4 h / 580°C) is much lower than this value. Therefore, sensitization is not expected

on the basis of this estimation (Figure 7).
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For the Isar, Unit 1, this means that there is a clear safety margin to possible furnace sensiti-

zation during annealing for components in which cracking has been detected in other plants.

Therefore sensitivity to intergranular stress corrosion cracking as a result of this mechanism

is not to be expected in Isar, Unit 1.

3.3.2 Intergranular Stress Corrosion Cracking due to Sensitization during Welding

During the welding process, a temperature profile is generated in the base material beside

the weld. This ranges from almost the melting temperature of the austenitic stainless steel to

room temperature. In this heat-affected zone (HAZ), the special carbides of the stabilizing

elements titanium and niobium decompose when the material is heated to temperatures of

about 1150 °C and more, leading to a release of carbon in the matrix. Although some of the

special carbides disperse at a high cooling velocity in this temperature range, a fraction of

the free carbon remains in the structure in a supersaturated form. As a result of subsequent

welding passes or a stress-relief heat treatment, this area of the HAZ is returned to a tem-

perature range that is critical for sensitization. Chrome carbides can precipitate in this tem-

perature range and the chrome value can drop below the chrome content required for corro-

sion resistance in some areas of the HAZ in dependence on temperature and dwell time.

Taking into account the experimentally determined dwell times based on the intergranular

corrosion diagrams, the critical temperature range is assumed to be between 500 °C and

800 °C. Depending on the wall thickness of the welded components and the welding proce-

dure /cooling conditions, the dwell times are in the order of some minutes. Sensitization

cannot be fundamentally ruled out for this area of the HAZ depending on the C-content and

the stabilization ratio.

Since the processes in the HAZ are basically comparable to the sequences during heat

treatment of the base material, the S-value approach described above can also be used as a

tool to determine the sensitization behavior of the HAZ. However, it is important to re-

member that the dissolution and precipitation kinetics of the carbides follow a different heat

cycle than in the quenched base material. Therefore the existing intergranular corrosion dia-

grams cannot be transferred directly. According to Rocha, it is possible to describe re-

stabilization with the aid of an intergranular corrosion nomogram. In this case it is assumed

that, following overheating to more than 1300 °C, dispersion of the special carbides (Nb/C,

Ti/C) can only be observed above 1150 °C since the dispersion condition is then "frozen" by

the high cooling velocity.
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In order to assess the possible behavior of reactor pressure vessel internals, the components

of the Isar, Unit 1 were considered with relatively unfavorable values for carbon content

and stabilization ratio. (In comparison to the cracked core shroud and core grid components

in other BWR plants, the core shroud cylindrical section 3 and the lower core shroud flange

of Isar, Unit 1, which have a carbon content of 0.035 and 0.036 % and stabilization ratios of

14.9 and 15.0 respectively, exhibit the most unfavorable values, relatively speaking, but

nevertheless they meet the requirements in accordance with present-day standards). An as-

sessment performed using the S-value approach shows that, even for these components, the

accumulated dwell times in the critical temperature range are not long enough to cause weld

sensitization. Therefore crack formation due to this mechanism can be ruled out for all

components in question on the basis of this enveloping consideration. This statement also

applies to the appropriately assessed welds whereby, in this case, it is important to note that

crack initiation did not occur in the weld metal in any of the known cases of crack formation

in reactor pressure vessel internals of BWR plants.

3.3.3 Stress Corrosion Cracking due to Work Hardening

Some of the cracks detected in foreign reactor pressure vessel internals are linked with

work hardening occurring there in the course of manufacture. In the recent past, the cause

of cracks in austenitic pipes of BWR plants was traced back to work hardening. However,

investigations carried out to date show that either

• the effects of work hardening were superimposed by effects resulting from crevice con-

ditions, or

• that very high deformation degrees are necessary combined with the formation of at least

30% strain-induced martensite.

In the core shroud of Isar, Unit 1, final machining of the components or the welds had been

performed after stress-relief heat treatment. However, a significant influence of manufac-

ture-induced work-hardening is not to be expected since the penetration depth of this work

hardening is limited to approximately 100 - 200 um. Even if stress corrosion cracking due

to work hardening were to be assumed in this zone, any risk as a result of corrosion crack-

ing would be limited to the vinicity of the surface area. Therefore the formation of a crack

running through the entire wall thickness of the core shroud or core shroud flange as a re-

sult of the damage mechanism discussed here is not to be expected in Isar, Unit 1.
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3.3.4 Irradiation Assisted Stress Corrosion Cracking (IASCC)

According to current international knowledge, cracking due to IASCC may occur above

accumulated neutron fluences of 5 x 1020cm'2 (E > 1 MeV) only in the case of "high"

mechanical stresses. At "lower" mechanical stresses, IASCC is only observed at neutron

fluences in excess of 2 x 1021cm"2 (E > 1 MeV) /10/.

In the case of the core shroud flanges for Isar, Unit 1, the determined actual fluences of

2.6 x 1020cm'2 (upper flange) and 2.6 x 10lscm"2 (lower flange) are below the limits for the

occurrence of IASCC. Consequently, crack formation due to this mechanism is not to be

expected at present at these components. An assessment will be carried out for other parts

using an up-to-date fluence atlas. Components for which the accumulated neutron fluence is

in excess of the above threshold values will be included in the inservice inspections.

3.4 Fracture-Mechanics Assessment of Postulated Cracks in the Core Shroud

The concept for the fracture-mechanics assessment of postulated cracks in the core shroud

of boiling water reactors is agreed upon with the independent experts within the framework

of the overall concept for control of the reactor pressure vessel internals. The considerations

will be based on:

• knowledge of operational loads (mechanical stresses, residual stresses, load cycling, tem-

perature, neutron irradiation) at the relevant crack positions in the core shroud

• knowledge of the material-specific conventional (strength.) and fracture-mechanical

(toughness, crack growth rate) material parameters as a function of the temperature and

irradiation dose

• the use of suitable fracture-mechanical analytical models that are adapted to the material

condition (toughness), the component geometry and the type of loading.

The fracture-mechanical considerations were mainly concentrated on the crack positions

and crack dimensions detected at Wurgassen Nuclear Power Plant, whereby the weld

geometry of the Isar, Unit 1 reactor pressure vessel internals and possible residual stress

conditions prevailing at the assumed crack location were taken into account.

During the operating period, the material properties of the core shroud are influenced by

fast neutrons. Apart from irradiation-induced hardening, the decrease in toughness of the
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austenitic material that is to be expected with increasing neutron fluence is of significance.

Knowledge of the fracture toughness of the used austenitic stainless steel as a function of

the neutron fluence is therefore necessary for evaluation of the crack configuration under

consideration. Only a few appropriate data are given in literature. In accordance with the

data in /11/, a fracture toughness of KiC = 55 MPa Vm is applied at high neutron fluences.

This is in agreement with the results of our examinations which indicate that absorbed ener-

gies of < 45 J are to be expected at neutron fluences of >1021 n/cm2 (E> 1 MeV).

In the case of adequate toughness (in general Av > 45 J /12/), the critical crack size will be

estimated using various analytical models based on the criterion of the plastification

• of the areas around the crack tips, e.g. the flow stress concept or

• of the entire residual ligament, e.g. the concept of the plastic limit load.

The critical defect dimensions for the assumed failure cases were calculated for a crack

location in the cylindrical section of the core shroud (lowest wall thickness s = 45 mm).

The residual welding stresses which counterbalance each other were not taken into account.

As a result, it can be stated that, independent of the postulated type of failure, the calculated

critical partial through-wall cracks are very large, i.e. in the order of several meters for both

normal operation and accidents (see /13/). This result can be interpreted as confirmation of

the extremely low operational loading of the core shroud wall.

Crack growth due to stress corrosion cracking is also taken into consideration for the con-

servative validation of postulated crack configurations. No crack growth rates have been

published for the austenitic material 1.4550 as a function of loading, crack size and medium

composition. Data for the unstabilized austenitic stainless steel AISI 304 (= 1.4301) are

therefore used in accordance with /14/ to get an idea of the order of magnitude of crack

growth velocity. The crack growth velocities given there can be approximated with the aid

of a power function analogous to the Paris Law:

— - A • K m

dt ~ scc J '

whereby the material-specific parameters Ascc and m were adapted to the "NRC Disposi-

tion Line" with 2.42 x 1010 and 2.26 respectively (da/dt in mm/h, Ki in N/mm3/2).
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On account of the low operational loading, it is not necessary to calculate fatigue crack

growth due to stress cycling. A different situation arises for consideration of the corrosion-

supported and time-dependent crack growth. Since the resulting axial stresses (as a super-

position of the residual stresses in the area of weldments with the operational stresses due to

internal pressure and temperature gradient across the wall thickness) that act perpendicular

to the postulated crack location in circumferential direction vary considerably over the wall

thickness, the stress acting on an incipient crack in the radial plane varies along the postu-

lated crack depth.

As an example of the resulting course of crack growth in the direction of the wall thickness

is presented in Figure 8 for an assumed crack location in the circumferential weld of a core

shroud: The incipient crack initially grows to a crack depth of approximately 2 mm. Then it

grows relatively rapidly and than with a small gradient toa crack depth of approximately the

half to 3 quarters of the wall thickness of the shell. Especially the magnitude and the distri-

bution of the residual stresses across the wall thickness (tensile stresses near the surface and

compressive stresses in mid-thickness) (Figure 9) are responsible for this crack growth be-

havior, see. e. g. /15, 16/.

Measurements in circumferential weld H4 of the core shroud in Muhleberg /16/ confirm this

kind of crack growth (Figure 10). According to information provided by the licensee, crack

growth in depth would seem to have come to a standstill there, to be replaced by crack

growth in circumferential direction. The calculation result also confirms the conservatism of

the assumptions made to verify adherence to the safety objectives (see Section 3.2).

4 Supporting Measures

4.1 Water Chemistry

In order to prevent or delay crack initiation or to limit crack growth velocity, other vendors

recommend hydrogen water chemistry (HWC) instead of normal water chemistry (NWC)

for boiling water reactors. In this case, hydrogen is injected into the condensate/feedwater

system with the aim to lower the electrochemical corrosion potential (ECP) to a value less

than-230 mVH /17/. . •

The German Licensee Organization VGB therefore initiated studies on a corresponding

change to hydrogen water chemistry. However, it is known that HWC is not effective in all
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areas of the reactor system, and that it has simultaneously undesirable side effects. For in-

stance, an increase in the dose rate as a result of greater crud mobilization and, in the case

of plants with brass-tube condensers, unfavorable interaction between hydrogen and dis-

solved copper and, above all, a possibly prohibitive rise in the Nl 6 activity in the steam

zone /15/. The moderate hydrogen water chemistry (MHWC) operating mode is therefore

being considered to an increasing extent /18/. Characterized by the use of small quantities of

hydrogen, its effect is reinforced by catalysts (e.g. platinum) which enhance reducing condi-

tions and shift the ECP to more cathodic values /191. Even at a lower hydrogen concentra-

tion, this operating mode would appear to offer better protection and, consequently, less

serious side effects especially in areas which can only be protected inadequately by a hydro-

gen addition alone. However to date, practical experience is available from one plant only.

It is still not fully clarified whether the added noble metals (NMCA) are effective on a per-

manent basis without undesirable side effects, such as greater zircaloy hydrogenation.

On account of certain disadvantages of (M)HWC/NMCA, Siemens KWU is examining the

feasibility and effectiveness of alternative chemistry countermeasures

• decrease in reactor water conductivity to extremely low values

• increase in pH of reactor water in order to shift the pH of the crack tip electrolyte to

more alkaline values

• addition of zinc in order to improve the quality of the oxide film on the component sur-

faces

• installation of a catalytic device in order to reduce the concentration of oxidants (H2O2,

O2) in reactor water

• application of an insulating coating (ZrO2. TiO;) on the component surfaces

Based on these facts, it was proposed that an investigation should be carried out for Ger-

man BWR-licencees to determine to what extent the probability of corrosion crack forma-

tion can be reduced by other water chemistry measures instead of (M)HWC, either

• by reducing the electrochemical corrosion potential in some other way, or

• by optimizing the protective properties of oxide lavers on the material surfaces, or

• by applying surface coatings.
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3
Suitable measures would be to slightly increase the pH value or to add small quantities of a

conditioning agent with corrosion-inhibiting properties (e.g. zinc) to the reactor water, or to

combine both measures as required.

Measures based on the above alternatives for the prevention of corrosion crack formation in

reactor pressure vessel internals and the entire reactor system which, in contrast to

(M)HWC can be put into practice with relatively simple means and with slight effects for

the overall plant, are being examined by VGB and the system supplier.

4.2 Repair and Replacement Study

In order to have a feasible concept on hand for all possibilities and to facilitate the imple-

mentation of measures for further plant operation within a short time, even in the case of

(unlikely) crack formation, a repair and replacement study for the core shroud has been pre-

pared by the Isar, Unit 1 on behalf of all other German BWR utilities.

Several repair techniques have been developed to be able to cope with (postulated) cracks

even for long term operating periods without interfering neither with normal plant operation

nor with in-service inspection or maintenance activities during outages for refueling.

One of the most convenient example for repair is a double-T-shaped clamping device

(Figure 11). Its housing within the cracked area is formed into the wall of the core shroud

by discharge erosion machining. The clamp itself is fixed by means of wedges adapted to the

corresponding actual dimensions. An appropriate tensioning force is applied also when in-

troducing these wedges. All parts are secured against unintended loss.

The double-T-clamping device can either be used in horizontal or in vertical weldments.

Number and location of devices can be installed corresponding to size and dimension of

crack.

The main aim of the replacement study was to work out a basic design showing the feasibil-

ity of replacing major parts of the core shroud as well as to have in hand a reliable technique

for connecting the new items to the old remaining parts of the core shroud.
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Furthermore appropriate treatment, handling (intermediate) storage and removal of the re-

placed components had to be investigated, thus showing that the indicated task can be per-

formed at reasonable costs and within a suitable time frame.

5 Summary

As visual examinations carried out in autumn 1994 detected cracks in a German BWR plant

due to intergranular stress corrosion cracking in several core shroud components manufac-

tured from austenitic stainless steel 1.4550, precautionary examinations and assessments

were performed for all other German plants.

In accordance with these analyses, it can be stated for Isar, Unit 1 that the heat treatment to

which the components in question were subjected in the course of manufacture cannot have

caused sensitization of the material, and that crack formation due to the damage mechanism

primarily identified in the reactor pressure vessel internals at Wurgassen Nuclear Power

Plant need not be feared. Although the material and corrosion-chemical assessments per-

formed to date did not give any indications for the other crack formation mechanisms that

are theoretically relevant for reactor pressure vessel internals (IGSCC due to weld sensiti-

zation, IASCC). Visual examinations with a limited scope will be carried out with the inde-

pendent expert's agreement during the scheduled inservice inspections.

The fluid-dynamic and structure-mechanical analyses showed that the individual compo-

nents are subjected only to low loadings, even in the event of accidents, and that the safety

objectives shutdown and residual heat removal can be fulfilled even in the case of large

postulated cracks. The fracture-mechanics analyses indicated critical through-wall crack

lengths which, however, can be promptly and reliably detected during random inservice in-

spections even when assuming stress corrosion cracking and irradiation-induced low-

toughness material conditions.

In addition, both the VGB and the Isar, Unit 1 licensee are pursuing further prophylactic

measures such as alternative water chemistry modes and an appropriate repair and replace-

ment concept.
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Siemens Visual Inspection
Core Shroud Isar Unit 1

Figure 4
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Siemens Visual Inspection
Core Shroud Isar Unit 1

Figure 5
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