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Foreword

More than three-quarters of the world's nuclear power plants use steel pressure vessels to house the reactor
core. Successful and safe performance of these power plants during their lifetime depends, to a large extent, on the
reliability of the steel pressure vessels and core internals. Core internals are subjected to various ageing phenomena
during operation. The effect of these phenomena on reactor internal structures is manifested by degradation of
material properties due to irradiation embrittlement, irradiation assisted stress corrosion cracking, (TASCC), stress
corrosion cracking (SCC) and wear. These degradation mechanisms have been observed in core internals of some
NPPs as they were getting older and led already to significant repairs.

Experience from more than ten years of inspections has been accumulated. Some incidents related to bolting
and handling have been reported. Results of inspections led to launching programmes on IASCC and irradiation
effects with the aim to minimize their influence on NPP operations.

All these features constitute a basis for future development of inspection methods, repair techniques and for
the consideration of possible alternative materials.

This Specialists' Meeting on "Behaviour of Core Internals" was organized by the IAEA within the framework
of its International Working Group on Life Management of Nuclear Power Plants (IWG-LMNPP) in co-operation
with the Nuclear Research Institute Rez, pic and held in Rez near Prague, Czech Republic on the 6-8 October
1998.

The purpose of the Meeting was to provide an international forum for discussion on recent results in research
and utility experience on the topic of the meeting and to provide recommendations for future developments in NPP
life management programmes.

The topics considered at the meeting focused on the incidents, (bolting, handling etc. ), results from ISI
programmes, core shroud problems, IASCC and embrittlement investigations, SCC, development of possible new
materials and technologies as well as on approaches to strategy for life management and economic impact.

Major attention was devoted to a better understanding of ageing mechanisms affecting reactor core internals
performance and to some economic considerations to provide guidance and recommendations useful for utilities for
optimization of core internals life management.

The meeting was attended by 25 participants from 11 countries (see Appendix 1 for a list of attendees).

The programme included 11 papers and this is given in Appendix 2.

The meeting was organised into four sessions and each session was chaired by two chairmen as follows:

Session A: Mr.M.Brumovsky/Mr.L.M.Davies

Session B: Mr.P.Petrequin/Mr.K.Nakata.

Session C: Ms.S.F.Schulz/Mr.S.Bellet.

Session D: Mr.L.M.Davies/Mr.M.Brumovsky.

Session D at the end of the Meeting was devoted to the discussion of the meeting chairmen summaries
and elaboration of the overall conclusions and recommendations and these are given in the Appendix 4.

The meeting provided the possibility to visit the Nuclear Research Institute Rez, pic on the 8th of
October 1998.
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OPENING ADDRESS -LMDavies, Chairman of the IWG-LMNPP

It is a pleasure for me to be in the beautiful city of Prague again.

I welcome you to this IAEA Specialist Meeting on the 'Behavior of Core Internals'.

The potential scope of this meeting is wide because the papers can encompass:

• incidents
• results from ISI programmes
• core shroud problems
• barrel (former and former bolts)
• IASCC and embrittlement
»guide wear
• strategies for life management and economic impact

I look forward to hearing the papers, discussions, conclusions and recommendations
from this meeting.

The Internals of both PWR and WWER are made from austenitic steels. The base
materials for WWERs is mainly titanium stabilised while that for the PWRs is usually
unstabilised,except for some examples in Germany. For WWERs there is only one high
strength application (springs) which uses a high nickel content (>50%).

An obvious characteristic for lower part of internals is the high fluence to which it is
exposed. This can be as high as 50 dpa. This fluence is significantly higher than fluence
experienced by the, say RPV, and is more typical of FBRs. The simulation of this
fluence is difficult because of the long exposures that are necessary and the lower
temperatures when compared to those of the FBRs.

While there have been reports of cracking in bolts and fasteners, usually ascribed to
fatigue or stress corrosion there is little data on internals behaviour-hence the need for
this meeting.

I wish you a good meeting in this pleasant City. I thank the IAEA for holding this
meeting and our Czech Hosts for organising it.

Myrddin Davies
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Opening Remarks.

VXyssakov, Scientific Secretary of the IWG-LMNPP, IAEA

Ladies and Gentlemen,

It is my pleasure to welcome you on behalf of the International Atomic Energy Agency to this

Specialist Meeting on "Behaviour of Core Internals",

This meeting is being held within the framework of the IAEA International Working Group

on LMNPP and is convened with the support of the NRI Rez pic of Czech Republic.

The meeting is the logical continuation of the activities carried out by the IWG within the

IAEA sub-programme Al .04 on NPP life management.

The purpose of any generating plant is to produce electricity in a safe, reliable and economic

manner. However with the nuclear inventory of NPPs getting older a question of preventive and

mitigating strategies arise with the purpose of improving NPP performance and its life extension in

a view that safety is a paramount for the future of nuclear power.

It is expected that this meeting will promote fruitful discussions in a number of complex

disciplines with regard to core internals dealing with main degradation processes, their monitoring,

data collection, residual life assessment and mitigation.

The subject of the meeting is in fact a topic of particular significance both from engineering

and economic point of view. We expect that the discussions at the meeting would not only reflect

your opinions but produce certain recommendations for concrete actions in the future.

In conclusion I wish to express our gratitude to the Government of Czech Republic for hosting

the meeting and for all arrangements which have been made to ensure its success.

I wish you all a successful and fruitful meeting and pleasant time in Prague.

Thank you.
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Summaries of meeting sessions

Session A (Chairmen M. Brumovsky & L. M. Davies)

Abstracts for Papers 1 & 2 are given with the papers in these proceedings. The paper

presented by Mr. Vankeerberghen concentrated on the corrosion (IASCC) aspects and experimental

programme on internals materials. La discussion the speaker stressed the contribution being made by

SCK'CEN and the international efforts for studying the problem and the need to build up a

computer simulation of corrosion where the various underlying active mechanisms are

mathematically modelled.

On the other hand Mr. Bellet, from EdF, described work which looked at loading aspects of

PWR Vessel internals. He stressed that thermal expansion differences on the main sources of

loading and the approach adopted consist of carefully linking different calculations with the

different aspects. Results so far are showing much promise. More complex phenomena are now

being considered because of the progress in the improved code capacity.

Session B (Chairmen P.Petrequin & K.Nakata)

Mr. Trenty and Mr. de Mathan presented the maintenance strategy of core internals at EdF.

This strategy covers essentially the internals structures of the reactors of the first generation (CPO).

The more important feature is related to the baffle bolts.

The strategy is based on four activities:

- in-service inspection programme

- safety analysis

- destructive examination

- R&D programme

In-service inspection has demonstrated that bolts cracked preferentially on one or two rows

and that the rate of cracking can be assessed.
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The safety analysis, indicates that the major concern is related to the cooling of core in case of

LOCA and demonstrates that there is no need for replacing bolts before the second 10 years outage

of the plants.

The R&D programme is described in more details by Mr. de Mathan.

A description of the different materials employed and of their operating conditions is given.

The most significant degradation mechanisms are described.

In order to get more accurate information on the material behaviour under irradiation a

programme of irradiation in test reactors and fast breeder has been set up.

It covers irradiation up to 80 dpa and is scheduled to end in 2002.

Some preliminary results are given.

Mr. Ruscak presented the programme of assessment of mechanical and corrosion properties of

internals of WWERs.

He gave a description of the internals structures and of the main degradation mechanisms, and

summarised the programme that had been developed.

It is based on the determination of limiting criteria for materials covering both hardening and

IASCC. This is achieved by irradiation experiments.

The programme is completed by stress analysis and in situ measurements.

Mr. Petrequin presented a description of the AMES Report .#11 related to the behaviour of

internals. During the discussion, different philosophies of maintenance were exposed. It appears that

the philosophies are strongly dependant on the national environment or cultures.

In Europe, the strategy is essentially based on the development of monitoring, safety analysis

and R&D.

La Japan, if this approach is also used, an alternate philosophy exists which is realised in

demonstrating the capability of replacement of complete components. This philosophy has been

already applied (core shroud of BWR).
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Session C (Chairpersons S.F.Schulz & S.Bellet)

The Session covered various approaches to assess and remedy problems of IASCC in reactor

internal components. The abstracts of the talks are included in the papers except the contribution of

Mr. Brynda (SKODA).

The contribution of Mr. Leibold (SIEMENS) showed that the analysis of materials and of the

treatment during the manufacturing of the components can lead to predictions of the susceptibility

of the component to IGSCC.

In Japan (contribution of Mr. Uchiyama, NUPEC, and Mr. Nakata, JAPEIC) there are several

programs in progress to develop different methods to repair and exchange core internal components.

The presentation of Mr. Zamboch (NRI) demonstrated the fully instrumented facility of NRI

for irradiation and testing of reactor internal materials.

Mr. Brynda (SKODA) talked about coupling parts located between fuel and CRD in a WWER

440 unit. Since after two years of operation a rupture appeared in these parts the problem was

analysed and basing on the results obtained a new fabrication procedure and component design were

applied. Hardness tests are taken as an indicator for material properties in operation.



- 6 -

Papers presented at the Meeting.

Session A.

Chairmen: M.Brumovsky (Czech Republic) and L.M.Davies (UK)
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Abstract

SCK>CEN"s programme on corrosion of core internals concentrates on four activities: design
and operation of experimental in-pile facilities, research and development into in-pile
monitoring and sensing techniques, application and development of corrosion simulation
methods and tools, and the use of microstructure and microchemical analysis techniques on
activated specimens. The target of the corrosion programme is to study irradiation assisted
stress corrosion cracking (IASCC) on core internals. SCK>CEN performs this research in an
international framework, e.g. EPRI's CIR programme and Westinghouse's IASCC
Committee.
At present, an in-pile corrosion experiment - Coriolis - is being performed in the Belgian

materials testing reactor BR2. This will be followed by an instrumented in-pile corrosion
experiment - CORONA - in 1999. To allow for flexible operation regarding water chemistry
and to obtain a high fast neutron flux of ~2 1014 n/cm2/s (E>lMeV), a new in-pile loop for
enhanced corrosion studies - ECLIPS - will be operational in 2000. A variety of in-pile
momtoring and sensing techniques for in-pile high-temperature high-pressure applications are
being used and/or developed. Computer simulation of corrosion is being pursued in a
modular and versatile fashion, which allows the various processes involved to be modelled
according to a mathematical description of the underlying scientific phenomena. Hot-cell
facilities for microchemical and microstructure analysis on activated specimens are being
used to characterise materials for in-pile experiments.

Keywords: corrosion, in-core/in-pile experiments, core internals, simulation, monitoring,
sensors, microchemical & microstructural analysis

Introduction

The scope of the IAEA Specialists Meeting on Core Internal Materials is broad. The
meeting encompasses in-core equipment and in-core structures, and addresses various fields;
e.g. structural mechanics, heat transfer, probabilistic analysis, water chemistry. Although
SCK'CEN has scientific and/or experimental programs in most of these areas, this paper will
concentrate on SCREEN'S programme on corrosion of core internals.

SCK'CENpl
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Material degradation mechanisms for core internals

Figure 1 schematically illustrates various material degradation mechanisms which are
potentially relevant to nuclear reactor systems1. Any labelled intersection illustrates a
synergy between a number of factors: four -water, material, stress and radiation- are
mentioned explicitly, whilst implicitly there is also temperature. Synergy can best be
illustrated by considering stress corrosion cracking. No corrosion would occur for the given
material-water combination alone, and no fracture would occur given the particular material-
stress combination. However, the combination of material-stress-water fails in a mode called
stress corrosion cracking. A synergistic effect between all these parameters clearly exists. It
could result as a consequence of the applied stress on the charge transfer reaction at the
material-water interface and/or from a reduced rupture strength due to the water
environment3 and/or from the rupture of a protective film yielding metal dissolution followed
by re-passivation4. Similarly, the intersection labelled radiation corrosion does not address
the separate effect of radiation on water chemistry or on the material's structure, but a
synergistic effect between radiation, water and material.

Corrosion

Stress corrosion
cracking

IASCC

Radiolysis

Radiation corrosion

Fracture mechanics,
creep, relaxation

Stress

Radiation

Radiation creep,
radiation relaxation

Radiation induced
segregation, microstructural
changes under irradiation

Figure 1 The various parameters affecting corrosion in nuclear systems and their synergy

1 Ibe, E., eLal., Water radiolysis near metal surfaces and relevant phenomena in nuclear reactor systems, Water
Chemistry of Nuclear Reactor Systems 6. BNES, London, 1992.
2 Gutman, EM., Mechanochemistry of Solid Surfaces, World Scientific Publishing, 1994.
3 Fontana, M.G., Corrosion Engineering, McGraw-Hill, 1986.
4 Andresen, P.L., in Stress-Corrosion Cracking, Materials Performance and Evaluation, ASM International, 1992.

SCK«CENp2
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SCK'CEN's programme on corrosion of core internals

This programme concentrates on four activities:
• the design and operation of experimental in-pile facilities,
• research and development into in-pile monitoring and sensing techniques,
• application and development of corrosion simulation methods and tools and
• the use of microstructure and microchemical analysis techniques.
The target of the corrosion programme is to study Irradiation Assisted Stress Corrosion
Cracking (see Figure 1). Objectives of various IASCC programmes (national, international,
etc.) include:
• the understanding of the mechanisms controlling IASCC,
• the prediction of component behaviour in relation to IASCC and
• the identification of possible countermeasures to IASCC.
SCK'CEN's activities, outlined above, are oriented towards these objectives.

Design and operation of experimental in-pile facilities

With regard to the identification of possible countermeasures to IASCC5, one looks
increasingly towards mitigation techniques which modify the protective oxides or apply a
new protective coating through water chemistry changes. In this regard it is important to
have experimental in-pile facilities which allow for testing with an alternative water
chemistry. These facilities should also make it possible to monitor on-line the effect of an
applied mitigation technique. The suite of experimental facilities being described below
highlights the development towards such a performing on-line in-pile experimental facility at
SCK-CEN.

Since 1997 the in-pile corrosion experiment Coriolis6 is being performed in the PWR-loop
Callisto7 in the BR2 materials testing reactor at SCK'CEN. This experiment consists of the
irradiation of specimens which will be examined for IASCC susceptibility. The test matrix
contains specimens of various types (swelling mandrels, discs for TEM-analysis and, smooth,
notched and pre-cracked round tensile bars) and of AISI 304 and Incoloy 800 material.
These specimens are positioned in three different neutron flux zones within the Callisto-loop
and are (pre)stressed to different levels. Testing will be performed in a hot-cell environment
on pre-irradiated specimens. Hence, only microstructure and microchemical changes due to
irradiation are taken into account. This experiment does not allow for on-line monitoring and
adaptive loading whilst under irradiation.

Corona is a follow-on in-pile experiment which is to be performed in the Callisto PWR-loop.
The loop is at present being adapted to allow for instrumented testing. Hence, from 1999
onwards, on-line monitoring and adaptive loading of specimens becomes feasible. However,
since one still makes use of the Callisto PWR-loop, the water chemistry and operating
conditions are fixed and determined by fuel irradiation experiments which have to operate
under PWR conditions and chemistry.

5 Andresen, P.L., SCC mitigation strategies in hot water, Corrosion 97, Paper No 102,1997.
6 COrrosion Related Irradiation, Off-Line for Iascc Susceptibility
7 CApability for Light-water Irradiation in Steady-state and Transient Operation
8 CORrosion ON-line Assembly

SCK«CENp3
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To allow for flexible water chemistry operation and various operating conditions (PWR,
BWR, HER) the ECLEPS9 loop is being designed to be operational in 2000. This high-
temperature high-pressure in-pile loop will be a vehicle for various material tests (e.g. fast
base irradiation to a high fast neutron fluence, instrumented crack initiation and crack
propagation testing, creep and relaxation testing under irradiation, operational testing of in-
pile sensors) and will be an indispensable tool for in-pile on-line corrosion experiments.
(Figures 2 to 4)

Regenerative
heat exchanger

Instrumented
Heater ouK>f-core test section

Instrumented
Heater in-core test section Heater

Connection box

BR2 Concentric fijel elements
Higi fast flux (10 n/cms > 1 MeV)

Typical PWR operation: 150 bar
- Water inlet temperature S0°C
- Water temperature m test section 320°C
- Water outlet temperature 90°C

I*'m

M~tO°C

Hot~320°C

Dimensions not to scale

Figure 2 In-pile section of ECLIPS

Besides the above mentioned experimental facilities, the nuclear corrosion programme can
also make use of other SCK'CEN facilities, e.g. hot-cells and a high-temperature high-
pressure corrosion laboratory.

9 Experimental Corrosion Loop for In-Pile Studies

SCK-CENp4
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Research and development into in-pile monitoring and sensing techniques

In order to gain understanding of the mechanisms controlling IASCC and to validate
simulation results against experiments, relevant in-situ measurements are needed. For this
reason, a variety of techniques is being developed for in-pile high-temperature high-pressure
application. The stage of development depends on the actual technique. Current
development and research is being performed in different categories:
• Chemical: dissolved hydrogen and dissolved oxygen concentration, water conductivity, pH.
• Mechanical (crack growth and initiation): potential drop, acoustic emission.
• Electrochemical: noise (Figure 5), impedance spectroscopy (Figure 6), reference electrode,
tongue.
• Structural: insulated feed through, leak-tight ceramic-metal connection, loading devices for
constant stress and constant strain testing.

SCK«CENp6
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Pressurisation tube

Coaxial cable

Feedthrough

Platinum foil

Ceramic insulator

Stainless steel pressure tube

-0.0456

-0.0457 --

-0.0458 --

-0.0459 --

Crack Initiation Detection

H 1-

50 100 150 200 250

Time [s]

3:10

Figure 5 The use of electrochemical noise for crack initiation detection. Top: A
schematic drawing of the experimental set-up for measuring on a pressurised tube
specimens. Below: A result showing crack initiation as a negative spike on the
measured potential.

SCK«CENp7
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Ag/AgCI Pressure Balanced
Reference Electrode

coaling

heater

Pt electrodes

120 140

Figure 6 Electrochemical measurements at high temperature and pressure (350
°C, 200 bar) in the corrosion laboratory. Top: Typical experimental set-up with
an External Pressure Balanced Reference Electrode (EPBRE) and two Pt-
electrodes. This experiment measures the solution resistance between the two Pt-
electrodes with Electrochemical Impedance Spectroscopy (EIS)10. The autoclave
is filled with simulated PWR water and the solution resistance is measured with
increasing temperature. Below: The relative resistance, defined as the ratio
between the resistance at room temperature and the resistance at the test
temperature.

10 Macdonald, J.R, Impedance Spectroscopy, Emphasizing Solid Materials and Systems, 1987.

SCK-CENp8
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Application and development of corrosion simulation methods and tools

For the predicting of a component's behaviour with regard to IASCC we adapt an engineering
approach. Scientific models which describe the underlying mechanisms of IASCC are
incorporated in a tool that assists in the calculation of a component's behaviour. The
approach is suitable for small experimental set-ups and larger systems and makes use of
computer simulation.

Computer simulation of the various processes involved in corrosion in the nuclear industry
has only recently become feasible as the result of powerful solvers and advanced computer
systems. Software which simultaneously tackles various fields (e.g. mechanical,
electrochemical and fluid flow), is being developed at the VUB11 and SCK'CEN is
contributing to its development for corrosion applications. The simulation tool is modular in
the sense that one can implement scientific models which mathematically describe a
macroscopic phenomenon.

Computer simulation of corrosion has as advantages that:
•it is explanatory in nature because it needs clear assumptions and conscientious

implementation;
• it is applicable to various types of corrosion;
• it can be used for the prediction of the corrosive behaviour of components;
• it is based on physical laws of conservation (e.g. conservation of mass, charge and

momentum);
• it has an academic and scientific value, e.g. allows for testing of proposed scientific models;

Figures 7 to 11 illustrate the type of simulation results that one can obtain by using the
software developed at VUB [8].

0.1 mm lmm

isolator

anode V = 200 mV

Figure 7 Crack geometry and boundary conditions

11 Vrije Universiteit Brussd

SCK«CENp9
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The use of microstructure and microchemical analysis techniques

Radiation induced material changes influence the Stress Corrosion Cracking (SCC) behaviour
of core internals. One of these changes is Radiation Induced Segregation (RIS) at grain
boundaries of stainless steels used for reactor internals. Especially the chromium depletion at
the grain boundaries reduces the susceptibility of components to SCC.
The first phase of microstructure research in the framework of SCK'CEN's IASCC project
focuses on the characterisation of unirradiated SS304 of the same batch as the samples loaded
in the irradiation rig Coriolis [6]. In particular, we have investigated the grain boundary
composition (Figure 12) as a function of a thermal treatment at 621°C for different periods
('sensitisation'). After loading with hydrogen, samples were tensile tested at low temperature
such as to induce brittle, intergranular fracture. The cleavage facets were then investigated by
means of Auger spectroscopy, and chromium depletion profiles were recorded. The purpose
of this first phase was twofold: firstly, to anticipate on analysis possibilities for the irradiated
samples, and secondly, to investigate the response of this particular batch of SS304 samples
to a treatment that in principle influences the grain boundary composition in a similar way as
does the irradiation with neutrons.

2 3
depth (nm)

Figure 12 Concentration profiles of Cr, Ni, O, C and Fe from grainboundary
inwards after thermal sensitisation at 621°C for 12 hours.

SCK*CEN's activities in an international framework

SCK-CEN plays an active role in the international field of IASCC (EPRI CIR programme
and Westinghouse's IASCC Committee) and hosts the next Steering Committee meeting of
the EPRI CIR programme in November 1998.

SCK«CENpl2
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ABSTRACT

EDF has undertaken some mechanics and thermal-hydraulics studies with the
objective of mastering plants phenomena today and in order to numerically predict the
behaviour of vessel internals on units planned for the future.

From some justifications already underway after in operation incidents (wear and drop
time of RCCA rods, fuel deflection, adaptor cracks, baffle bolt cracks) we intend to
control reactor vessel flows and mechanical behaviour of internals structures .

During normal operation, thermal-hydraulic is the main load of vessel internals. The
current approach consists of acquiring the capacity to link different calculations,
taking care that codes are qualified for physical phenomena and complex 3D
geometries.

For baffle assembly, a more simple model of this structure has been used to treat the
physical phenomena linked to the LOCA transient.

Results are encouraging mainly due to code capacity progression (resolution and
models), which allows more and more complex physical phenomena to be treated,
like turbulence flow and LOCA.
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1 - INTRODUCTION

Three factors have lead EDF to undertake some studies to increase its understanding
of thermal-hydraulic and mechanic phenomena in the PWR vessel:

- the standardization of electrical nuclear power plants,

- the in operation incidents concerning vessel internals,

- its role of studies supervision.

For thermal-hydraulic, a series of studies have been undertaken to treat differents
topics (wear and drop time of RCCA rods, fuel deflection, adaptor cracks, baffle bolt
cracks) and then brought together to form one work programme which concerns the
normal operation of the units. The objective is to be able to link the different
calculations already locally treated. In the long term, this linkage should make it
possible to predict thermal-hydraulic behaviour in the full zone between the hot and
cold legs of a PWR vessel (essentially around vessel internals). The vessel beeing
divided in four zone which can be overlapped :

1- Cold legs and lower plenum

2- Core and upper plenum

3- Upper plenum

4- upper plenum and hot legs

Flows are not always the main internals loading but they contribute to a better
assessment of the equipement's behaviour, and therefore of its life time.

For mechanical aspects, studies are centered on the validation of baffle assembly of
the oldest units, which are rarely subject to bolt cracks. Unlike in thermal-hydraulic, it's
not necessary to validate baffle assembly during normal operation but it's necessary to
study them in LOCA. Therefore EDF has undertaken "optimisation studies" aiming to
model the phenomena, to justify the resistance of degraded baffle assembly.

An other motivation of this work programme is to be able to achieve a complete series
of calculations in order to acquire a more relevant judgement of the vendors designs
for the future projects.

2. NORMAL OPERATION CONDITION / Studies programme in progress

2.1 Studies programme context

Work programme was built from studies in progress which were developed to validate
the state of some components or to lead R&D studies. Here we propose to check items
and quickly describe each one to have a better understanding of the content.

The general programme's objective is to conduct a complete numerical approach and
then model all the flows in the internals and the vessel, for several configurations (3 &
4 loops PWR, N4 and EPR).

2.1.1 Core inlet flow rate

From injection of cold water plug studies, we used the results in symmetric conditions
to understand the inlet flow rate distribution better (concerning zone 1, at the lower
core plate level), and then bring precise boundary conditions for upper plenum-core
calculations (zone 2).
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2.1.2 Fuel assembly deflection

Post-irradiation inspection of fuel assemblies has shown permanent deflections. These
deflections are worrying for several reasons. For example, they increase RCCA drop
time. Deflection analysis led to too high axial loads for the structure. The design of the
fuel elements tries to solve the problem in increasing structure rigidity and decreasing
axial load (i.e. redesign the hold-down system on the top nozzle of the fuel assembly).
To do this, it's necessary to evaluate hydrodynamics loads and the change of core
cavity better.

Loading imposed to the hold-down system is composed of four loads : spring set load,
fuel assembly height, Archimedes buoyancy and hydrodynamics loads (lift-off loads)
which the hold-down system must restrain. Because of this, it's important to know flow-
rate distribution in the core and parameters evolution further which constitute axial
loads.

We can estimate the change of core cavity more accurately (distance between lower
core plate and upper core plate), because it gives bearing limits conditions of fuel
assembly. Therefore, the change of core cavity sizes between hot and cold state is
estimated from a code give by Westinghouse license. Now, cavity core height, which is
only measured in cold condition, is heavily dependent on the 3D thermal distribution of
the internals. A change of the core cavity height modifies the effect of hold down
system loading. To evaluate the change of core cavity we must run the complete
calculation of lower and upper core plate and RCCA support plate deflection, because
there are linked with the upper support columns( of the upper internals). It's at this
point, that the exact calculation of core cavity deflection is of the utmost importance.

2.1.3 Wear and drop time of RCCA, wear of RCCA guide tube

Wear and drop time of RCCA rare the cause of many studies undertaken by EDF to
understand phenomena observed on units in operation.

Concerning wear, incidents and site controls have shown that RCCA rod clads wear is
a generic problem on 900 and 1300 MW units. The current solutions consist of defining
a criterion linked with wear prediction and cluster replacement with nitronized surface
treatment. EDF's challenge is the extra maintenance costs of this component. Today
there is no specific study on RCCA guide tube wear.

After the earlier attempt to solve the previous wear problem (RCCA guide tube
modifications to increase rod bearing), we now know that the drop time problem on N4
and DAYA BAY units stems from RRCA guide tube flows. The challenge of this file
affects the core Safety criteria.

2.1.4 Primary system flow rate assessment

The assessment of uncertainties on definition of primary flow rate and on calibration of
protection channel and reactor monitoring, to appreciate measurement accuracy of
temperature in hot leg fully. This study concerns external components of the vessel
(notably primary pipes), but the origin of the phenomenon is located in the upper
plenum as the flow comes through upper internals structures (upper support columns
and RCCA guide tube). This is why we have to known upper plenum flows well.

2.1.5 Vessel head flows (T hot - T cold)

Complete calculations on the vessel head were required due to the vessel adaptor
cracks. A model, taking into account all the upper part of the RCCA guide tube, has
been made. There is a flow way between this volume and the upper plenum through
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the RCCA guide tube (gap between the top plate and drive rod). Thereby, there is a
similar pressure field in the volumes located above and below the RCCA support plate.
The sound knowledge of flows through the RCCA guide tube allows us to find the right
limit conditions for upper plenum flows calculations. The flow difference through RCCA
guide tube, due to T. hot or T. cold conditions, has been assessed because it has a
impact on RCCA wear.

2.1.6 Code validations

The field of the code validity does not cover all the different treated cases, because the
different basic test cases are currently made on simple geometries. With the increasing
of the numerical code capacities, the models used are more and more complete and
therefore more complex. Because of this, it is important for EDF to validate its codes
with reactor experimental models or in operation measurements.

The 3D thermal-hydraulics used codes are :

• N3S - Finite element code for compressive or incompressive three dimensional flow
simulation :

N3S solves steady or unsteady non-isothermal compressive or incompressive flows in
2D and 3D geometries using unstructured meshes. N3S computes thermal conduction
in solids, radiative heat transfer in transparent media and heat transfer between walls
and fluid. N3S features an incompressive solver based on a splitting of operators first
and second order accurate in time and uses Finite Element space discretization. The
convection step, solved by a characteristics algorithm, allows fast resolution of the
Stokes problem.

• THYC - a Thermal-Hydraulic Code for single or two-phase flows in tube bundles, in
conjunction with a porous-body approach :

It is specially devoted to heat and mass transfer in the following nuclear components :
reactor cores, steam generators and condensers. The code differs from subchannel
analysis which assumes a prevailing axial component of velocity and uniform pressure
at each elevation. A fully three-dimensional representation of the flow is proposed in
conjunction with a porous-body approach. The numerical scheme being based on finite
element volumes, conservation of mass and energy is verified.

For this validation we used four experimental models, built by C.E.A. with cooperative
founding between EDF/FRAMATOME/CEA:

- A water model 1/5 of core-plenum 1300 MW configuration to validate THYC code
(LACYDON - 4 loops),

- A water model 1/5 of plenum and hot legs 1300 MW configuration to validate N3S
code (Banquise) connected with global flows,

- A water model scalei of a RCCA guide tube 1300 MW to validate N3S (Chaloupe)
connected with local flows into the RCCA guide tube,

- A water model 1/10 of a lower plenum EPR configuration to validate N3S (Lucie).

In addition to these, two other small water models were built by EDF at Chatou, to
refine the porous body approach of THYC near the upper plenum inlet (upper core
plate).

2.2 Code linkage

For this project, three codes exchange information : the two thermal-hydraulic codes
N3S (which modelise zones 1,3 and 4) and THYC (zone 2) and the mechanical code
ASTER (which compute stress everywhere). So, we can call this either "coupling of
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codes" if the two codes exchange some information in real time, or "linkage of codes"
if information is temporarily given to another code. In this project the linkage notion is
enough ( N3S --> THYC --> N3S, THYC --> ASTER). One of the objectives of this
project consists in building a coherent software chain between the three previous
codes.

2.3 Applications on different series of reactors

Firstly, the approach undertaken consists in validating codes for 4 loops-1300 MW
configuration which correspond to the experimental models seen in 2.2. For the next
step, based on these validation and linkage we will make several calculations with
other configurations. The use of these results for in operation series concerns the life
time of the units, while for EPR the results will be used to evaluate design evolution,
notably those of vessel internals.

2.4 Some results

2.4.1 RCCA guide tube flows - rod bearing

From the N3S numerical model of 1/4 upper plenum (800 000 nodes mesh see figures
1 ), first of all we focused on plenum global flows, in order to find the boundary
conditions to impose on the local calculations.of one RCCA guide tube with its close
environment (upper support columns and plate holes - represented on figure 2 and 3).
Calculations were carried out with the objective of underligning the different hydraulic
loads due to the core location, and evaluating bearing loads on each rod from the
pressure field along the rods.

Concerning flows into the RCCA guide tube, we can see on figures 4 and 5 that flow
lines are different, according to RCCA guide tubes location (near the outlet nozzle or
on core centre). Suction of outlet nozzle induces transverse flows at the bottom of the
tubes (accurately on level of continuous guide). However, the total rod bearing load of
each guide is the same whatever the position of the guide. Only, the distribution of
loads on the rods changes between guides. From these results, we could deduce some
tendencies on RCCA guide tube wear.

2.4.2 Vessel internals deflection - core cavity - fuel assembly

In addition to N3S thermal-hydraulic numerical model, a numerical model of the full
vessel and internals has been built with the mechanical code ASTER. Unlike prevous
studies, calculations have started on 900 MW series. A deflection study of the core
cavity led to a complete meshing of the different components, as shown on figure 6.

The internals deflection calculation is made by taking into account the following
loading:

- thermal expansion (including gradients due to gamma heating),

- gravity,

- Archimedes buoyancy,

- hydrodynamics loads on fuel and core plates.

Calculations have shown that deflections due to thermal expansion are preponderant in
comparison with other loads.

The effect of the different loads on the core cavity can be resumed in the following
inequality:

Gravity < hydraulic loads < thermal expansion
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In addition, the deflection of core plates is very sensitive to the limit condition of the
RCCA support plate. Indeed, this plate is gripped by the vessel head on the level of the
hold-down spring and the deflection is piloted by these connection conditions. If we
consider insetting conditions or a slipping support (radial displacement without
rotations), we obtain a variation factor of ten for deflection.

Due to the connection rigidity, between RCCA support plate and upper core plate,
deflections are similar.

We can conclude that between cold and hot states, on a 900 MW PWR, variation core
cavity is 17 mm with a deflection of about one millimetre at the centre of the plate. This
result underlines the fact that vessel internals (and fuel assemblies) are large
components. They lead to important thermal expansion which is must be taken into
account notably for the functional gaps of this equipment.

3. ACCIDENTAL OPERATION CONDITION (LOCA)

Since 1993, EDF has been developing its own calculation means for hydraulic loads in
LOCA situation on the primary circuit, vessel internals and fuel assemblies.

Firstly we started with CEA cooperation (DMT Department in Saclay) and we now work
on an internal development (EDF/ R&D Department).

3.1 Motivating factors for Work programme

3.1.1 Baffle bolt cracks

At the end of the 80's, a first non-destructive examination in Bugey detected some bolt
defects (only on baffle-former bolts).

The non-destructive tests carried out on CPO series units since then have shown a
progression in the number of bolt cracks. The crack mechanism is due to a Stress
Corrosion assisted by irradiation phenomenon (IASCC). EDF has undertaken a study
programme with the objective of finding the limit configuration for baffle assembly by
calculation.

3.1.2 Fuel assembly design

Decompression effects due to loss of coolant accident are taken into account to fuel
assembly design. This loading determines the design, in particular for the bending of
fuel guide tube.

To establish specifications for the vendors and to supervise studies, EDF wishes to
have its own means for evaluating design methods and margins linked to these
methods.

3.2 Work programme

3.2.1 Phenomena physics on LOCA

Studies consits of simulating a loss of coolant accident, characterised by a location,
break area and open law, and to respect full circuit depression.

In LOCA, we usually distinguish two steps. During the first hundred milliseconds, water
is liquid in mass. The depressure wave spreads across the circuit, because the time of
distance covered in the circuit is long in view of the break opening time. The signal
undergoes many reflections and we see its slope decreasing in being far away from the
break location. The pressure quickly decreases to the saturating steam pressure. This
step is called "under-saturated" or "single-phase". Then the steam and the quasi-
permanent two-phase flow appear near the break. This second step is called "two-
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phase". During the first step, the core barrel is loaded by high dynamic pressure
imbalance. Similarly, a dynamic pressure imbalance requires baffle assembly, waves to
have different reflections in the confined zone of baffle assembly and core.

For internals, the first step is generally preponderant to the design. Thus it's important,
for design margins identification, to evaluate conservatism linked with the different
methods and hypotheses:

- break hypotheses : break area, opening time,...

- structure-flow interaction : core barrel, baffle assembly,...

3.2.2 C.E.A Collaboration

Since 93, C.E.A has undertaken the development of specific functionalities in PLEXUS
software and to carry out complete studies on depressurisation of the primary circuit.

PLEXUS software : PLEXUS (system CASTEM 2000) is a general finite element
software for dynamic calculation of structures. Fluid materials may be modeled. The
computations are performed in 2D or 3D. PLEXUS can deal with large displacements
and large strains. The structures are subjected to fast transient loading which can lead
to collapse. Thanks with specific models, this general tool can deal with a large range
of problems such as impacts, explosions, wave propagations and analyse their
consequences on structures.

In particular, the following elements have been introduced, improved or tested:

- break models, linking pressure with break flow rate,

- primary pump model,

- 3D structure-flow interaction elements,

- 3D/1D transition elements for fluid volumes.

At the same time, other studies have been made, simulating sudden decompression of
the circuit. Problems relative to increasing difficulties have been treated :

-1D circuit, without structure-flow interaction (see on figure 7),

- 3D/1D mix circuit without structure-flow interaction,

- 3D/1D mix circuit with structure-flow interaction focus on baffle assembly.

The main objective of these studies is to evaluate design margins taking more realistic
hypotheses into account. Loads on bolts and fuel assemblies have been evaluated
more precisely and the results of the vendors have been confirmed. These studies
could justify, temporarily, some defects seen on site.

These studies have also approached numerical difficulties and lead to adapt models to
the researched objective. This collaboration with C.E.A. is going on with the objective
of finalizing studies and transfering the savoir faire to EDF.

3.2.3 Internal development

Since 1996, EDF/SEPTEN has undertaken a work programme with the R&D
department on method and tool calculations for loads due to LOCA on the vessel
internals and primary circuit.

In particular, CIRCUS code capacities, developed by EDF, are on going for evaluation,
in quick transient calculations. Other codes take part in the chain calculation, like
ASTER and EOLE.
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CIRCUS software : CIRCUS deals with hydraulic, vibro-acoustic and seismic behaviour
of pipings, excited with permanent flow, using plane waves and beam theories and
resolution in frequency space. Since 1997, CIRCUS also deals with transient problems
using Fourier and Fourier reverse transformations.

4. PERSPECTIVES AND CONCLUSIONS

For a few years, EDF has undertaken some mechanics and thermal-hydraulics studies
with the objective of mastering plants phenomena today and in order to numerically
predict the behaviour of vessel internals on units planned for the future.

Results are encouraging mainly due to code capacity progression (resolution and
models), which allows more and more complex physical phenomena to be treated, like
turbulence flow and LOCA.
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Figure 3 : Local geometry /Meshing of RCCA guide tube and support columns
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Figure 4 : Flows throuah RCCA auide tube in centre location
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Figure 5: Flows throuah RCCA auide tube close to outlet nozzle
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Figure 6: Vessel internals meshina for mechanical code ASTER
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Figure 7: Pipe model of the PWR circuit
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ABSTRACT

The effects of neutron irradiation on materials for the core internals of PWRs (austenitic stainless steels)

are potentially a significant economic and regulatory concern for EDF. The maintenance strategy of EDF

relies primarily on in-service inspection, safety analysis and characterization of materials irradiated in-

service. In addition, to anticipate likely future behaviour of highly irradiated materials, EDF has initiated,

in collaboration with CEA and Framatome, a large R&D programme designed to (i) evaluate the effects

of neutron irradiation on mechanical properties and stress corrosion cracking sensitivity (IASCC), and (ii)

identify possible replacement materials. The programme, currently in progress, involves mechanical

tests (tensile, fracture toughness, irradiation creep), stress corrosion cracking tests (in flux and out of

flux) and metallurgical examinations. The test materials are being irradiated in several experimental

reactors in France and Russia up to PWR-relevant end of life doses (- 80 dpa) at several PWR-relevant

irradiation temperatures (300-400°C). The presentation will describe the objectives and early results of

this ongoing R&D programme.

KEY WORDS : core internals, austenitic stainless steels, irradiation, IASCC

INTRODUCTION :

The effects of neutron irradiation on materials for the core internals of PWRs (austenitic stainless

steels) are potentially a significant economic and regulatory concern for EDF. High fluence irradiation

induces changes in the microstructure, hardening, loss of ductility, etc. Those microstructural evolutions

are suspected to be responsible for in-service intergranular stress corrosion cracking of some baffle

bolts in the oldest French plants (CPO) and foreign plants as well. The maintenance strategy of EDF

relies primarily on in-service inspection, safety analysis and characterization of materials irradiated in-

service. In addition, to anticipate likely future behaviour of highly irradiated materials, EDF has initiated,

in collaboration with CEA and Framatome, a large R&D programme designed to (i) evaluate the effects
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of neutron irradiation on mechanical properties and stress corrosion cracking sensitivity (IASCC), and (ii)

identify possible replacement materials.

In this article, the current understanding relative to the effects of radiations on materials for core

internals of PWRs is reviewed and major unknowns are emphazised. The objectives of the joint R&D

programme and their relationship with the maintenance strategy of EDF are then described. Finally, a

description of the main tasks of the progamme and early results are given.

MATERIALS FOR THE CORE INTERNALS OF FRENCH PWRs - IRRADIATION CONDITIONS

Materials for the core internals of French PWRs and estimated irradiation conditions are given in

table I. Three austenitic stainless steels are used : CW-316 and CW-316L for bolts, SA-304L for plates

and 308L welds for core barrel (mainly submerged arc welds and also tungsten inert gas welds for the

latest plants). Irradiation conditions (temperature and fluence) are highly variable, as shown in table I.

The higher temperatures and fluxes are reached at re-entrant comers of the core baffle structure into

the core. The higher temperatures are reached at the center of the component, due to gamma heating.

The higher neutron flux are reached at the surface of the components, on the side of the core. The

primary water is the usual lithiated, borated and hydrogenated water (~ 25 cc/kg H2O STP).

TABLE I : Materials of French PWRs internals and estimated irradiation conditions. Irradiation conditions

estimated for CPO plants, 900 MWe, up-flow configuration.

Component

Baffle bolts

Baffle plate

Former

Core barrel

Core barrel longitudinal and circumf. welds

Material

CW-316 and 316L

SA-304L

308L welds (SAW)

Temperature
<°C)

~ 300 to 370

- 300 to 350

~ 300 to 370

- 3 0 0

- 3 0 0

Dose at end-of-life*
(dpa)

up to -80

up to -80

up to -50

up t o - 1 0

up t o - 10

O Calculated after 40 years operation, at 80 % effective full power.

EFFECTS OF RADIATIONS ON MATERIALS FOR CORE INTERNALS OF PWRs : DEGREE

OF KNOWLEDGE

At the present time, information relative to the effects of radiations on materials for the core

internals of PWRs comes primarily from the examination of materials irradiated in-service ; data are

available up to 36 dpa [1, 2]. R&D programmes for fast breeder and fusion reactors is a complementary

source. Several reviews have been published published recently and the main conclusions are

summarized in this paragraph [3, 4, 5].
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The effects of radiation on the microstructure of austenitic stainless steels

For temperatures between 300 and 370°C, neutronic irradiation induces diverse

modifications to the microstructure of austenitic stainless steels :

- dislocation structure : radiation eliminates prior dislocation networks and induces a high

density of immobile faulted Frank dislocation loops and "black dots" (small clusters of point defects).

Evolution of the dislocation structure with dose is asymptotic, with a saturation reached at ~ 5-15 dpa.

As irradiation temperature is increased, the density of black dots and Franck loops is decreased, while

the size of the Frank loops is increased

- Radiation induced segregation (RIS) : Neutron irradiation induces strong segregation of

certain elements at sinks, and particularly at grain boundaries. Significant depletion in chromium,

molybdenum and iron has been reported, as well as enrichment in silicium, nickel, and possibly

impurities such as phosphorus and sulfur. The evolution of microchemistry at the grain boundary could

also be asymptotic.

- Bubbles : Eventually, irradiated stainless steels also exhibit small gas bubbles, with

dimensions of ~ 1 nm at the temperature of interest here. No voids have been observed with materials

irradiated in-service (data are available up to - 36 dpa, [1, 2]).

The main question which presently remains unsolved is to know whether the steady state

microstructure reached at 5-15 dpa is stable, or whether a further evolution is to be expected at higher

dose similar to that observed at fast breeder reactor relevant temperatures, above ~ 400 C : formation of

precipitates, transformation of the bubbles into cavities by vacancy diffusion leading to possible

macroscopic swelling of the material, transformation of Franck loops to perfect loops and dislocation

networks. Up to now, such instability of the microstructure has never been reported in PWRs, although it

can not be excluded, based on extrapolation of known trends with temperature and dose. Nevertheless,

if such transformation proved to be possible, it would very likely be limited to the end of life and to very

localized areas of the core internals, i.e. those simultaneously experiencing high temperature and high

neutron flux.

The effects of radiations on mechanical behaviour

The main changes in the mechanical properties are summarized in figure 1. The high

density of immobile Frank dislocation loops induces a strong hardening of austenitic stainless steels.

Yield strength and ultimate tensile strength can reach ~ 900-1000 MPa. Irradiated materials also

undergo a severe loss of ductility: total elongation is commonly a few percents. Although microstructural

studies in relation to deformation of irradiated austenitic steels are very few, loss of ductility at ~ 300-

400°C is commonly attributed to "dislocation channeling" (localization of the deformation inside

channels). When a dislocation clears a slip plane of radiation damage, this provides an easier path for

subsequent dislocation motion and slip becomes confined to a narrow band of slip planes. However, the

attendant reduction of area remains quite high, ~ 30 %. Although very little data at such low irradiation
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temperatures are available, it seems that hardening and loss of ductility are higher when the irradiation

temperature is decreased in the interval 370 to 290°C. Failure occurs in a ductile tearing mode however.

The ductile tearing behaviour of pre-irradiated stainless steels can be described by the J-R

elastic-plastic fracture resistance curves. Jic is significantly decreased by irradiation, down to ~ 30 kJ/m2

for solution-annealed or cold-worked steels ; Jic can be lower for welds (~15kJ/m2). Nevertheless,

fracture surfaces remain ductile.

The evolution of the mechanical properties (YS, UTS, elongation, J|C, etc) is asymptotic in

the same way as the evolution of the microstructure. A saturation of mechanical characteristics is

reached after ~ 5-15 dpa.

Although thermal creep is negligible at irradiation temperatures below 400°C, a strong

plastic deformation due to irradiation creep is observed during in-flux tests. Neglecting transients, this

creep deformation is proportional to both stress and dose and slighly dependant to temperature. The

irradiation creep rate is rather high, and induces a strong stress relaxation. At PWR-relevant

temperatures, irradiation creep should be non damaging.

The influence of radiation on fatigue behaviour of austenitic stainless steels has been

primarily characterized by means of tests on pre-irradiated specimens. The influence of pre-irradiation

on resistance to fatigue initiation or fatigue crack growth rate is moderate ; a possible reduction of

fatigue strength has been reported. This result is usually explained by the loss of ductility. However no

data are available below 350°C, temperatures for which the loss of ductility is maximal.

Sensitivity to Irradiation Assisted Stress Corrosion Cracking (IASCC)

Several laboratory tests have shown that intergranular stress corrosion cracking of highly

irradiated austenitic stainless steels in primary water of PWRs is a potential concern (slow strain rate,

constant load and constant deformation stress cracking corrosion tests). In fact, so far, no other

mechanism has been proved to explain satisfactorily in-service intergranular cracking of baffle bolts of

PWR core internals. Intergranular cracking has also been reported for cladding of fuel pins and control

rods. Although significant advances have been made, major unknowns persist. Cracking can occur

progressively above a damage threshold estimated at ~ 3 dpa. It seems that once the crack is initiated,

the crack growth rate might be high, ~10"9m.s"1. However, the influence of the major engineering

parameters is unknown. For exemple, is there a threshold stress ? Variability in response of Types 304

and 316 stainless steels is poorly understood. It is possible that specific mechanisms controlling IASCC

have yet to be identified ; the influence of the main features of the microstructure of irradiated stainless

steels (radiation induced segregation, hardening, etc) remains a matter of conjecture. Chromium

depletion can-not alone explain failures observed in core internals where the corrosion potential is too

low (as in PWRs) to induce intergranular cracking in sensitized stainless steels. It is usually recognized

that radiation induced segregation is a necessary, but not sufficient, condition for IASCC. No data clearly

support a consistent correlation between hardening and IASCC sensitivity.
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800/1000 MPa
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R A "

about 30 %

about 30 kJ/m2
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el Reduction of area

5-15 dpa Dose (dpa)

di Fracture toughness

Figure 1 : Schematic description of the effects of neutron radiation on the mechanical properties of

austenitic stainless steels at temperatures between 300 and 400°C. Figures given in the

diagrammes should be considered as indicative only (influence of the irradiation temperature,

the material, etc).

Conclusion - Main incertainties

Based upon data available at the present time, it is possible to give a fairly precise

description of the effects of radiation on the materials of core internals of PWRs. However, several

questions are still unclear and need to be investigated further:

- is the microstructure of materials stable at PWR-relevant temperatures, up to end of life

dose, or could further evolution of the microstructure be expected at high dose, with possible significant

impact on the mechanical behaviour of the material (toughness);

- data relative to mechanical behaviour are very few for low irradiation temperatures (300-

350°C), especially at high dose ;

- the influence of the main engineering parameters on sensitivity to stress corrosion

cracking are unknown (mechanical loading, etc). The mechanisms of IASCC are also unknown.
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OBJECTIVE OF THE FRENCH R&D PROGRAMME

At present, the maintenance strategy of EDF is to confirm that there is no need to replace core

internals, untill the end of plant life (40 years). This strategy, described in more detail in [6], relies

primarily on in-service inspection, safety analysis and characterization of materials irradiated in-service.

EDF, in collaboration with CEA and Framatome, has also initiated a R&D programme designed to

support this maintenance strategy :

(i) - to examine the stability of the microstructure of irradiated materials at high dose ;

(ii) - to get a more precise description of the effects of neutron radiation on the mechanical

properties, especially at low irradiation temperatures (below 350°C) where data are very few, with

diverse materials representatives of French core internals ;

(iii) - to assess the influence of the main engineering parameters on sensitivity to stress corrosion

cracking. EDF is also member of several international programmes investigating IASCC (CIR

programme, Halden programme). Those programmes are mainly focused on understanding

mechanisms.

(iv) - to identify possible replacement materials. Such materials might be used in the case of

baffle bolt replacement, or most probably for future plants (European Pressurized Reactor for instance).

The programme, currently in progress, involves mechanical tests (tensile, fracture toughness,

irradiation creep), stress corrosion cracking tests (in flux and out of flux) and metallurgical examinations.

The test materials are being irradiated in several experimental reactors in France and Russia, up to

PWR-relevant end of life doses (- 80 dpa), at several PWR-relevant irradiation temperatures (300-

400°C). The programme is managed in close collaboration with the characterization of the materials

irradiated in-service.

DESCRIPTION OF THE FRENCH R&D PROGRAMME

Irradiation matrix

The irradiation matrix is given in table II and figure 2. Part of the programme is carried out

in two experimental reactors of CEA (Phenix and Osiris). Two additional experimental irradiations are in

progress as a result of collaboration between EDF and the Research Institute for Atomic Reactors

(RIAR) located in Dimitrovgrad, Russia (reactors Bor-60 and SM).

Experimental irradiations in high flux fast breeder reactors (Bor-60, EBR-II and Phenix)

have been designed to cover PWR-relevant irradiation conditions (temperature and dose), in

anticipation of the end-of-life. The Bor-60 reactor is one of two fast breeder reactors operated at a

temperature below 350°C (the other reactor is located in Kazakhstan). An irradiation in the Phenix

reactor was also initiated when an irradiation experiment in progress in the EBR-II reactor was

prematurely cancelled at 10 dpa. Irradiation in the SM reactor is specifically designed to investigate the

effects of helium production rate ; it will contribute to demonstrating the representativity of irradiations in
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fast breeder reactors (irradiation at high flux with a low helium production rate). The experiments in the

Osiris reactor are devoted to in-flux stress corrosion cracking tests, in order to investigate IASCC.

In this irradiation programme, some materials representative of French PWR internals are

involved (table I), as well as possible replacement materials. Concerning representative materials it

should be emphasized is that similar materials (same heats) are irradiated in the five reactors.

Consequently, comparison of the results will make it possible to analyze the influence of irradiation

conditions (temperature, dose, flux, etc).

TABLEAU I I : General description of irradiation matrix. See also figure 2.

Reactor

EBR-ll
Phenix
Bor-60

SM
Osiris

Type

fast
breeder

light
water

Temp.

-375
380-400

-320

-300
-320

Dose
(dpa)
-10*

up to - 30
up to - 80

up t o - 15
up t o - 12

Material

SA-304L, CW-316
replacement materials

SA-304L, CW-316, welded 308L
and replacement materials

SA-304L and CW-316
SA-304L, CW-316

replacement material

Specimens

Tensile, Creep, CT
Tensile, Creep, CT

Tensile, Creep, CT, Corrosion

Tensile
Tensile, creep,

Corrosion (swell, mandrels)
(*) Expected dose was 30 dpa. Idaho experiment was stopped when EBR-ll shut-down. At that time, Elixir
experiment in Phenix reactor was initiated.

Irradiation temperature

about 370°C-

about300°C - -

EBR-ll and Phenix

Bor-60

rrn

about 30 dpa about 80 dpa Dose

Figure 2 : Irradiation matrix in five experimental reactors (see also table II).
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Mechanical tests with French representative materials

Mechanical tests will consist of tensile tests and fracture toughness tests (elastic-plastic

analysis by means of J-R curves) performed on pre-irradiated sub-size specimens at the irradiation

temperature. In addition, irradiation creep will be assessed by means of pressurized tubes. In flux slow

strain rate tests will also possibly be carried out in an inert environment (see corrosion).

Corrosion tests with French representative materials

A testing programme is being prepared, in order to assess the influence of the main

engineering parameters on the sensitivity to stress corrosion cracking, and primarily mechanical loading.

The programme will be based upon slow strain rate, constant load and constant deformation stress

corrosion cracking tests to be conducted on pre-irradiated specimens, in a PWR primary water

environment. The tests matrix and the laboratory (ies) have not been decided yet.

In addition, in-pile stress corrosion cracking tests are currently in progress in the Osiris

experimental reactor (table II), using specimens of the swelling mandrel type (slow strain rate tests in

effect). These tests are carried out in both an inert and a primary PWR environment.

Examination of possible replacement materials

The expected improvements to be achieved by possible replacement materials are either a

higher ductility at high fluence or a higher resistance to IASCC. Materials with slower degradation of their

mechanical or corrosion properties with corrosion dose might be considered as well.

The materials which are being investigated are austenitic stainless steels very close to

present materials. Studies relatives to reduced-activation materials are in progress at the CEA but are

not included in this joint programme. Several replacement materials are being considered :

- 316 materials with optimized chemical composition or grain size, etc

- materials from the fast breeder R&D, selected for their high structural stability at high

fluence, at irradiation temperatures above 400°C.

The main part of the programme consists primarily of tensile tests after irradiation at

~ 20 dpa in the Bor-60 fast breeder reactor. At that dose, saturation of mechanical properties should be

achieved. For the most promising replacements candidates, further characterization might be carried

out; e.g. stress corrosion cracking tests.

Evolution of the microstructure

A study of the influence of neutron irradiation on the microstructure of irradiated austenitic

stainless steels will be done at the CEA. This characterization will consist primarily of the examination by

mean of TEM of some materials irradiated in experimental reactors. This task is designed :
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(i) to examine microstructural stability of austenitic stainles steels up to doses relevant to

the end-of life of the core internals. In addition to TEM examinations, density measurements will be done

with highly irradiated materials, in order to verify whether swelling has occurred ;

(ii) to examine the microstructure of the same materials, after irradiation in several

experimental reactors, in order to assess the influence of the main irradiation parameters : irradiation

temperature, dose, neutron flux, neutron spectrum, etc. Modelling will be included in the task in addition

to TEM examinations, in order to get a more precise description of the influence of irradiation

parameters.

(iii) to progress in the field of mechanisms understanding.

EARLY RESULTS

At the present time, most of the experimental irradiations are still in progress. Results are

available only for the irradiation in the EBR-II fast breeder reactor. The experiment was designed to

reach typical end of life doses, but was prematurely stopped at ~ 10 dpa (table II). Mechanicals tests

(tensile tests with smooth and notched specimens, toughness tests, creep tests) and microstructural

examinations (TEM) have been carried out. The main conclusions are as follows :

- evolution of the mechanical properties : at - 10 dpa, hardening and loss of ductility are very

pronounced but saturation has probably not been fully reached yet. Reduction of the toughness is rather

moderate. These results are consistent with the knowledge relative to the effects of radiation given

previously.

- evolution of the microstructure : after irradiation in the EBR-II reactor, the dislocation structures

of the SA-304L and CW-316 stainless steels are close to the dislocation structure of similar materials

irradiated in-service, with a high density of Frank loops [1]. For those steels, the density and size of

Frank loops are respectively close to 2 1022 m"3 and 14 nm (figure 3). Additionally, a uniform distribution

of small cavities, voids or bubbles, is observed in the SA-304L material (figure 4-a) ; associated

macroscopic swelling is negligible. At the same time, very few cavities are detected in the CW-316

material (figure 4-b). No precipitation is observed in these steels after irradiation at 10 dpa. These

results are not unexpected at such high temperature (~ 375°C).

CONCLUSION

A joint R&D programme, designed to support the maintenance strategy of core internals of

French PWRs has been initiated by EDF, in collaboration with CEA and Framatome. This programme,

currently in progress, relies on irradiation of representative materials in experimental reactors, with

PWRs relevant irradiation temperatures, up to doses typical of the end of life for PWR core baffle plate

structures. - '
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Figure 3 : Frank loops in CW 316 irradiated in the EBR-II reactor (375°C, 10 dpa).

(4-a) SA-304L stainless steel (4-b) CW-316 stainless steel

Figure 4 : Void microstructure in two stainless steels irradiated in the EBR-II reactor (375°C and

10 dpa): SA 304L (a) and CW-316 (b).
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Program of assessment of mechanical and corrosion mechanical properties

of reactor internals materials due to operation conditions in WWERs.

Martin RuScak, Miroslav Zamboch
Nuclear Research Institute Rez, Czech Republic

ABSTRACT

Reactor internals are subject of three principle operation influences: neutron and gamma irradiation,
mechanical stresses, both static and dynamic, and coolant chemistry. Several cases of damage have been
reported in previous years in both boiling and pressure water reactors. They are linked with the term of
irradiation assisted stress corrosion cracking as a possible damage mechanism. In WWERs, the principle
material used for reactor internals is austenitic titanium stabilized stainless steel 08Khl8N10T, however high
strength steels are used as well. To assess the changes of mechanical properties and to determine whether
sensitivity to intergranular cracking can be increased by high neutron fluences, the experimental program has
been started. The goal is to assure safe operation of the internals as well as life management for all planned
operation period. The program consists of tests of material properties, both mechanical and corrosion-
mechanical. Detailed neutron fluxes calculation as well as stress and deformation calculations are part of the
assessment. Model of damage will be proposed in order to plan inspections of the facility. In situ
measurements of internals will be used to monitor exact status of structure during operation. Tensile specimens
manufactured from both base metal and model weld joint have been irradiated to the total fluences of 3 - 20
dpa. Changes of mechanical properties are tested by the tensile test, stress corrosion cracking tests are
performed in the autoclave with water loop and active loading. Operation temperature, pressure and water
chemistry are chosen for the tests.
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1. Introduction
Intergranular cracking of reactor core internals has been investigated for two decades since degradation
was first observed on stainless steel fuel cladding in the nineteen seventies. In the present time, the most
critical seems to be the occurrence of intergranular cracking on control rod blades, control rod
claddings, baffle bolts, absorber pins, core shrouds [1]. This problem concerns both BWR and PWR
types of reactors, however different operation conditions indicate different degradation processes are
taking place here. Since the beginning of the nineteen nineties, several reviews have been published
addressing this problem, for example [2] - [4]. The mechanism responsible for these damage processes
is generally called irradiation assisted stress corrosion cracking (IASCC) expressing the main influences
on the damage process: neutron dose, influence of irradiation fluxes on the environment and role of
environment in the degradation process. The threshold fluences have been determined for the cracking in

BWR and PWR environments. While the threshold of the former is approximately 5x10 n/cm
21 2

(E>1 MeV) the latter has been determined between 1-3x10 n/cm (E > 1 MeV) which corresponds to
approximately 1 dpa and 4 dpa respectively [3]. The influence of PWR environment on the cracking of
austenitic stainless steels has been demonstrated [16]. Baffle bolt pre-irradiated material was tested
under constant load. The failure was observed in PWR environment while no failure was observed if the
test was carried out in an inert gas. This result shows that even when there is a decrease in plastic
properties after irradiation higher than several dpa, another contribution can be expected from the
influence of water environment. It follows, that the degradation of these materials is likely combined
with more than one mechanisms. To evaluate their role, a combination of experiments should be
performed. The principle evaluation of differences between the exposure of irradiated material in the
environment with and without the ionizing flux of particles is one of these critical experiments. The
other one is the evaluation of influence of dissolved hydrogen and helium on the intergranular fracture.

Six principle mechanisms/influences are possibly taking place in these processes. They are likely
combined in the process of damage depending on operation conditions and characteristics of the
material.

• Irradiation hardening. It has been shown in several studies, that the irradiation over few tenths of
dpa increases of yield strength and tensile strength with a decrease of plastic properties. This
phenomenon has been observed for all 300 series stainless steels. The hardening is expressed,
depending on the irradiation fluence, by the yield strength increase by factor up to 4 [7] and total
elongation as a parameter of plasticity falling down to less than 1%.

• Changes to the grain boundary microstructure. The large population of vacancies and interstitials
leads to the diffusion of alloying elements to or from the grain boundaries. The migration is caused
by the inverse Kirkendall effect [11]. The process depend^on the irradiation fluence, temperature and
composition of the alloy. Both grain boundary depletion and build-up take place during this process.
Typically, chromium is depleted from the grain boundary region as well as iron or molybdenum by
the vacancy mechanism. On the other band, the grain boundary is enriched by silicon, phosphorus
and nickel which migrate by the interstitial mechanism [3, 12, 13]. The width of influenced region is
less than 10 nm on each side of the interface. The depletion of chromium can be by 5 to 10 wt% in
all steels of the 300 series even for the steels stabilized by niobium or titanium [11]. It results in
high sensitivity of the grain boundary region to stress corrosion cracking, especially in the case of
BWR water environment with high electrochemical potential.

• Changes in the electrochemical potential due to radiolysis of water. The gamma and neutron flux
causes the creation of molecules and radicals such as H2, H2O, e", H, OH, H , HO2 and others [1,3].
The Linear Energy Transfer rate (LET) is a parameter describing the efficiency of particular particle
flux to decompose water molecules. It is by three orders of magnitude higher for neutrons than for
gamma flux [1]. In such conditions, a shift of the electrochemical potential can be expected. In the
BWR environment, the shift by 250 mV was observed during direct measurement of electrochemical

potential under the radiation of 10 R/h of gamma and 5x10 n/cm s (E >lMeV) of neutrons [14].
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The result of the measurement of corrosion potential in the PWR water loop showed only transient
changes [15]. Even in open crevices in the PWR environment, there is not much reason for the shift
of pH in the crevice as no potential difference can be expected between the crevice tip and mouth. In
closed crevices, the concentration of boric acid and lithium hydroxide due to local boiling can lead to
a shift of pH to higher values [3].

• Irradiation creep. Even at the operating temperatures of LWR reactors, a change of dimensions of
core parts due to high irradiation has been showed to be possible [17]. For PWRs with much higher
fluence achieved during the operation life, this mechanisms seem to be effective in decreasing the

ductility of materials. At temperatures of 335 - 365 °C and doses over 70 dpa, 10% of swelling can
be expected [17]. The radiation creep may lead to a relaxation of material under constant
displacement conditions but the deformation can increase in the case of constant load.

• Helium effects. Helium is created under neutron irradiation of stainless steels by the (n,a) reaction
of boron. Helium cannot easily diffuse in the lattice and the helium degradation effects are typical for
higher temperatures of operation. The threshold for the embrittlement seems to be near the

temperature of 350 °C. In the case where boron existed originally on the grain boundary, the
resulting helium may lead to an intergranular fracture.

• Hydrogen effects. In principle there are two mechanisms for increasing of hydrogen content increase
in austenitic stainless steels operated under conditions the of LWR reactor core. The first one is
hydrogen diffusing from the metal surface as the result of corrosion processes and the second one is
(n,p) reactions. Hydrogen diffusivity in austenites is rather slow. However at operation temperatures
it becomes high enough to reach a homogenized hydrogen concentration profile in core structures in
the order of years. The maximum amount of hydrogen under these conditions is estimated to be in
tens of ppm, typically between 10 - 50 with the maximum level near 90 ppm [3, 18, 19]. In the
matrix, hydrogen can interact with several types of traps, such as dislocations, precipitates,
inclusion/matrix interfaces or grain boundaries. In the irradiated steel, more traps can be expected.
At the operation temperature of PWRs, only deep traps can keep the hydrogen trapped. Austenitic
structure of steels of the class 300 is potentially sensitive to the martensitic transformation during the
plastic deformation. Although there is not clear evidence that martensite is a prerequisite for the
hydrogen embrittlement, lower amounts of hydrogen can lead to the fracture of this structure [20].
Hydrogen can diffuse to grain boundaries which is due to radiation induced segregation being more
sensitive to the martensite transformation [3]. This mechanism can lead to intergranular cracking.

WWER reactors are sort of pressure water reactors with austenitic steel internals. There are no
published data about the damages of these parts. Nevertheless, combination of neutron fluxes, material
structure and corrosion environment could lead to the creation of inhomogenities during different
operation stages. The goal of presented work is to exclude such possibility and to develop devices and
approaches to avoid such situations through the knowledge of kinetics of damage phenomena.

2. Design of reactor internals in WWERs
WWER 440 reactor internal parts design is shown in Fig. 1. Core barrel is hung up on the pressure
vessel shoulder. A core basket is put on the bottom shoulder of core barrel. It consists of both upper and
lower plates and circumferential basket wall. As can be seen from Fig. 2 showing part of radial cross
section of reactor pressure vessel, there is a steel shell (baffle) creating boundary of the active zone.
Between the baffle and core basket wall, there is a water gap of non-equal thickness due to hexagonal
structure of core. For comparison, in Fig. 3 there is similar cross section of WWER 1000 reactor
pressure vessel. The biggest difference is in the baffle plates which are not present here.
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Fig.3- Geometry configuration of the WWER-1000 reactor.
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Operating conditions are represented by the factors:

• temperature of primary coolant in reactor pressure vessel is 298 °C in WWER 440 and 320 °C in
WWER 1000

• neutron flux: an example of results of calculations is in Paragraph 3.3

• gamma heating: according public sources has net been fully calculated yet

• water chemistry: it contains up to 6g/l of boric acid, up to 6 ppb of potassium hydroxide and 60ml/l
hydrogen.

3. Status of knowledge and operation experiences
Design basis for the reactor internals in WWERs did not calculated with any aging of these structures
due to that time unknown mechanisms of degradation. Nevertheless, the internal structures are objects
of visual inspections with the period of 4 years. Also, type basic stress calculations have been
performed [8]. As results from the search in published data from stainless steels of 300 series, no AISI
321 data are available. On the other hand, there are plenty of data for steels 304, 316 and their
modifications. The only commercially used stabilized steel in such circumstances in western reactor
internals is AISI 347, niobium stabilized steel. Lack of data of steel 08Khl8N10T is one of reasons to
perform here described program.

It was shown, that there does exist for 300 series steels rough correlation between dose and change of
mechanical properties. According these data, one should expect similar changes in 08Khl8N10T steel.

According the design conditions for WWERs, no damage mechanism of reactor internals has been
expected by designer according the status of knowledge approximately 30 - 40 years ago.

There is no published case of break of reactor internals in WWERs. On the other hand, visual
inspections are not fully reliable to determine the cracks in all reactor internal structures.

In WWER reactor internals, there are several types of materials used:

• 08KM8N10T stainless steel

• austenitic weld, both heat treated for internal stresses relaxation and without any heat treatment

• 14Khl7N2, KhN35VT-VD (materials of bolts, control mechanisms etc.)

At present time, no relevant data of mechanical and corrosion properties of these materials af^er
irradiation have been published.

4. Program of reactor internals lifetime assessment

4.1 History and Goals of Program
In the Czech Republic the Program of assessment of reactor internals has been started in 1998
officially, however a lot of effort has been given to the problem before. In 1995, as a part of the
assessment of WWER 1000 RPV, the first evaluation of internals from the point of view of neutron
fluences and corrosion-mechanical properties have been performed. It was shown that even low fluence
can decrease plasticity of stainless steel of 08Khl8N10T together with increase of its yield strength. On
the demand of NRI, Skoda Plzefi Machinery manufactured according the original technology models of
all principle materials used in reactor internals of WWERs. These have been used for further
irradiation.

The main objective of the Program is coming from the decision of State Office of Nuclear Safety No.
197/95 who has asked utilities to include into the reactor internals strength calculations also evaluation
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of both strength and lifetime from the viewpoint of influence of irradiation on the changes of material
properties. That means also to determine principle damage mechanisms and to prove an ability to
control them for all time of planned operation.

The principle tasks have been identified:

1. To secure an aging management of materials and structures of RPV internals influenced by
radiation embrittlement and IASCC. To define the limit values of critical parameters suitable to be
monitored on the four year period basis.

2. To determine sensitivity to radiation embrittlement and IASCC degradations for 30 years of
planned operation. To determine current status of mechanical and corrosion mechanical properties
of reactor internals material.

3. To propose measures to monitor changes of material properties of reactor internals. To define
procedure how to built these results into the current models of damage kinetics.

4. To calculate stress and deformation status of structures, to compare them with the material
properties after 10, 20 and 30 years of operation.

5. To determine threshold level of stress and fluence and to estimate kinetics of cracks growth. Based
on these values, prepare a model of degradation and subsequent calculation of residual lifetime.

As a result of the work, a prediction of degradation of reactor internals will be prepared together with
the methodology of in situ measurements and stress and deformation calculations.

4.2 Structure of Program

The principle structure of the Program is shown in Fig. 4. There are four main tasks present there. First
of them they are inputs. Material selection for the tests comes from the detailed material technology
knowledge. Detailed neutron flux calculation was planned in order to determine real fiuences during the
planned period of operation. The third input is stress and deformation status of the structure. The
second main task contains material irradiation and testing in order to prepare a quantified model of
materials degradation. In situ measurements of material properties changes will be designed. Eventually,
a procedure for lifetime determination will be proposed.

Fig. 4: Principle structure of the Program of RPV internals assessment



IAEA Specialists Meeting, Rez, October 6-8 1998 ^ 53 _

4.3 Materials
Five types of materials were selected for the testing:

• KhN35Vt-VD used for the manufacturing of small parts of internals and rods drive mechanisms
(screws, bolts, bushings)

• 14Kh 17N2 used for locks of control rods

• 08KM8N10T (most of internals structures)

• weld metal Sv08Khl9N10G2B with appropriate heat treatment, used for axial weld joints of rings.
Heat treatment is used to minimize residual stresses

• weld metal SvO4Chl9Nl 1M3 used for circumferential weld joints.

The material composition of used materials is in Tab. 1. Mechanical properties are listed in Tab.2.

All materials were prepared by Skoda Plzeii Machinery according original technologies including heat
treatment.

From delivered material, tensile specimens were prepared. The diameter of gauge is 2 mm, gauge length
is 12 mm.

4.4 Neutron fluxes calculations
Detailed neutron fluxes have been calculated. The goal was to be able to determine particular fluences
in any location and time of operation of reactor internals. In principle, five main steps have been used in
the calculation [5,6]:

• determination of geometric and material input data

• determination of neutron sources in the active zone

• calculation of fluences and activities of fluence monitors

• corrections of calculated fluences on the basis of experiment

• qualification of calculation approach

Both codes ANISN and DORT have been used for calculations.

The obtained results give fluxes for both axial and radial cross sections of the reactor pressure vessel
and internals.

As maximum values, total fluences of approximately 40 dpa could be expected within the 30 years 'of
operation in WWER 440 reactor internals. Up to 80 dpa can be maximum fluence taking place in
WWER 1000 reactor internals for the same operation time.

4.5 Stress and deformation calculations
Only basic level stress calculations have been performed previously. They do not include calculations of
all operation regimes. This way, both stress and deformation calculations will be performed covering
both static loading and loads coming from a seismic event. Data from operation diagnostics will be used
to define cyclic loadings during operation. All calculations will be performed depending on the change
of mechanical properties of materials due to irradiation. From the trend curves of material properties
changes, the stress and deformation calculations for the internals structures will be obtained for the end
of planned lifetime.
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Table 1

Material

KhN35VT-VD

14KM7N2

14KM7N2

08Khl8N10T

Sv08Khl9N10G2B

SvO4Khl9NllM3

Chemical composition, >vt %

C

0.08

0.15

0.16

0.07

0.037

0.043

Mn

1.48

0.54

0.40

1.42

1.79

1.31

Si

0.43

0.33

0.40

0.44

0.49

0.43

P

0.015

0.022

0.022

0.020

0.015

0.017

S

0.012

0.008

0.007

0.010

0.001

0.017

Cr

14.88

16.51

16.32

18.65

18.93

17.48

Ni

34.88

1.96

1.95

10.50

10.76

10.49

Mo

2.25

Ti

1.39

0.50

W

3.38

Nb

1.0

Co

0.02

0.03

0.02

0.011

0.007

N

0.005

Table 2

Material

KhN35VT-VD

14KM7N2

14KM7N2

08KM8N10T

Sv08Khl9N10G2B

SvO4Khl9NllM3

TS

Rm

[MPa]

910

908

852

830

773

759

583

581

598

587

594

20°C

YS

Rp0.2

[MPa]

492

490

676

674

547

532

284

284

396

403

386

A5

[%]

30.2

31.6

21.8

19.6

24.0

24.0

55.0

55.0

43.3

40.0

46.7

RA

Z

[%]

51.9

52.0

60.6

61.6

61.6

61.8

67.4

66.3

62.0

64.0

59.9

TS

Rm

[MPA]

788

645

611

390 3

393 3

463

453

453

350°C

YS

Rp0.2

[MPA]

453

536

462

221 3

223 3

311

294

304

A5

[%]

27.0

15.5

16.3

32.1 3

32.8 3

RA

Z

[%]

49.9

60.2

58.6

64.0 3

66.3 3
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4.6 Program of pre-irradations
The specimens are preirradiated in fast reactor BOR-60 in NIIAR, Dimitrovgrad (Russia). They are
irradiated in the sodium environment at the temperatures 320 - 330 °C to the fluences up to 20 dpa. The
specimens are preirradiated to different levels between zero and maximum dose to allow to measure
changes of material properties along all this interval. Despite higher energy spectrum of the fast
reactor, this way showed to be the single one to get higher fluences in relatively short time period.

The first part of specimens has been transported already to NRI, the second set will be delivered in the
end of 1998.

4.7 Testing of specimens
In principle, two types of tests are proposed: tensile tests and slow strain rate tests. Tensile tests
performed in argon atmosphere at 80 °C and 320 °C will give information about the changes of
mechanical properties of materials due to irradiation. While 320 °C represents operation temperature of
WWER primary coolant, 80 °C has been chosen as a representative temperature of outage period.
During this period, some manipulations with reactor internals are possible with the thread of mechanical
impact. All basic parameters will be evaluated including yield and tensile strength, total and uniform
elongation and area reduction. Fractographic analysis will be used to determine character of fracture
and if applicable, to evaluate amount of brittle fracture.

Corrosion mechanical properties will be tested via slow strain rate test. This test is widely used to
characterize a sensitization of materials to stress corrosion cracking, see ISO standard [22].
Deformation rate of 10'7 /s is used for tensile specimens tested in the WWER primary water
environment. The tests will be performed in the NRI hot cells. The refreshed loop autoclave with active
loading system has been developed for the testing. After the test, all parameters mentioned above are to
be valuated. Moreover, the possible cracks of SCC will be identified by SEM. From the depth of cracks,
the crack growth rate will be estimated. From both argon tensile tests and SSRTs, the trend curves will
be evaluated and used for the extrapolation of materials degradation.

4.8 Program of in situ measurements

With the laboratory testing program described in previous paragraph, the trends of changes of material
characteristics are determined. To be able to extrapolate current status of internals materials to the
future, although next inspection or even end of operation, one should have a feedback of such model to
the real changes. To achieve such feedback, in situ measurement will be used. It is based on the
instrumented hardness testing (IHT) of materials under operation. The method is based on the idea pf
defined deformation of material under indentor. Ball indentor is continuously pushed into the material
recording both load and displacement. From the relationship between these parameters, the yield
strength and hardening deformation coefficient can be determined [10,21]. The method has been used
successfully for the measurements of changes of mechanical properties of reactor pressure vessel and
piping [10].

The method will be calibrated in two-way process. First, correlation of tensile test YS data from
irradiated tensile specimens will be correlated with those obtained from the IHT from the same
specimens. The size factor was tested during the testing with bulk cold worked material. The correlation
between bulk IHT data and tensile specimens IHT data has been observed. As a part of this
calibrations, irradiated bulk material from the NPP will be used.

4.9 Limitations of Program

There are few items which cannot be addressed within current workscope of the Program. The
maximum irradiation dose of 20 dpa is according published data in the region, where changes of
mechanical properties are believed to be saturated [1]. This way, all these changes can be evaluated by
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the Program. On the other hand, there are phenomena related to high doses, as helium embrittlement or
irradiation creep, which cannot be described by this Program. Generally, to get materials irradiated to
such high level fluences is difficult, as fast reactor irradiation could possibly not lead to desired damage.
Helium is introduced into the material via irradiation by thermal neutrons. These effects should be
studied separately. Both evaluation of material from operation and modeling should be used for such
estimations.

5. Conclusions

The Program of assessment of WWER reactor internals has been started to determine principle material
properties changes after irradiation up to 20 dpa. The calculations of stresses and neutron fluxes have
been performed. Test material is irradiated and prepared for the testing. As a parallel part of the work,
in situ testing is under preparation. As a result, lifetime assessment methodology will be prepared based
on both trend curves obtained from the Program and stress and deformation calculations.
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ABSTRACT

Lower PWR internals are subjected to two main ageing phenomena : fatigue in cylindrical thermal

shield fasteners, and IASCC in baffle bolts.

In France, the first one could concern only the 6 "CPO series" 900 MW reactors. Calculated usage

factors show that fatigue is not a critical concern for these thermal shields during at least 40 years.

Furthermore, in-service monitoring constitutes a suitable condition based maintenance. Up to now, it

has not detected any anomaly, and neither did video inspections during the 1st ten year outages.

Concerning baffle bolt cracking, the maintenance strategy fits into a plant operation of at least 40 years

too. It is based upon the following actions : ISI programme (26 inspections up to now), safety analysis

(and determination of allowable degraded configurations on affected reactors), destructive

examinations and, as an anticipation, a large R&D irradiation programme [2].The safety analysis and

the prediction of behavior show no need of replacing bolts before the 2nd ten year outage or even later

on the most affected reactors, i.e. the 6 CPO series ones. The 52 other EDF PWRs are more recent

and, because of their improved design, less exposed to baffle bolt cracking.

EDF is operating 58 PWRs corresponding to four series. The internals designs are described in the

table hereafter:

Series name

CPO

CPY

P4, P'4

N4

Number of
reactors

6

28

20

4

Power

900 MWe

900 MWe

1300 MWe

1450 MWe

First start-up

1977

1980

1984

1997

Flow circulation in
lower internals

cavities
Down flow

(up flow since the
90's)

up flow

Thermal shied

Cylindrical

Sectorized

No thermal shield

Sectorized

IAEA Specialists Meeting on Behaviour of Core Internals (Rez, Czech Republic, 6-8 October 1998)
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Lower PWR internals are subjected to two main ageing phenomena : fatigue in cylindrical thermal

shield fasteners for some oldest design, and IASCC (Irradiation Assisted Stress Corrosion Cracking) in

baffle to former bolts (that will be called baffle bolts in this paper).

At the present time, the only concern for EDF is IASCC in CPO plants.

1. Cylindrical thermal shied

Figure 1 shows that the CPO thermal shield is fixed to the core barrel thanks to 12 bolts in the upper

part, and to 6 flexures in the lower part.

Some incidents have occured in the United States during the 80's in some thermal shields that have

the opposite design (flexures in the upper part and bolts in the lower part). Even if this last design has

proved to be less effective because of the direct excitation of the flexures by the entering flow into the

vessel, EDF has launched some fatigue calculation corresponding to its thermal shield fasteners

design in order to be sure that there would be no crack risk up to the end of life of the reactors.

Calculated usage factors show that fatigue is not a critical concern for EDF thermal shields during at

least 40 years : the most critical fasteners are the flexures but the margins are large enough to prevent

them from any crack risk.

EDF maintenance strategy for the thermal shield consists in two main tasks :

- monthly in-service monitoring, that constitutes a suitable condition based maintenance : the

principle is to monitor the vibratory modes with the ex core neutron noise. The neutron noise gives

an accurate image of frequency and an evaluation of amplitude of movement. The comparison

between the vibratory signatures obtained in operation with those obtained by instrumentation

mounted directly on the internals during the hot test in a prototype CPO reactor has never shown

any evolution of behaviour,

- periodical video inspections : that type of inspection is performed during every ten year outage and

has never shown any anomaly too.

IAEA Specialists Meeting on Behaviour of Core Internals (Rez, Czech Republic, 6-8 October 1998)
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2. Baffle bolts

2.1. History and general situation

In the 80's, baffle jetting occured in CPO reactors. In 1988, as a complement to interpret the root

causes of this baffle jetting phenomenon, a first ultrasonic inspection of baffle bolts was performed and

some cracks were discovered. So four decisions were taken :

- the whole reactors were converted to up flow design (from 1989 to 1993), which eliminates the

baffle jetting phenomenon,

- a first evaluation of the safety risk related to baffle degradation was performed and showed there

was no immediate risk (the critical issue is cooling of the core in LOCA situation),

- an inspection program was scheduled,

- 5 bolts were extracted from Bugey 2 for destructive examinations.

2.2. Maintenance strategy

It fits into a plant operation of at least 40 years and is based upon the four following actions :

- ISI programme,

- safety analysis,

- destructive examinations,

- a large R&D irradiation programme.

ISI programme

Up to now, 26 inspections have been performed, mainly in the CPO series but also in the CPY series

reactors.

CPO series reactors

The global results are shown in figure 2. The most affected zones cumulates high bolt neutron dose,

temperature and loads.

The analysis of the failed bolts evolution shows the following features :

1. The rate of cracked bolts increases slowly with operating time. But the behaviour of reactors vary a

lot from one reactor to another one.

2. The rate of cracked bolts increases with cumulative neutron dose and stress. But the main factor

seems to be the neutron dose.

3. In a first phase, the cracks appear on the rows where the neutron dose is the highest. In a second

phase, that only concerns the most affected reactors, the cracks initiate in the lower row (for a

neutron dose range corresponding to the dose range cumulated when the first cracks appeared on

IAEA Specialists Meeting on Behaviour of Core Internals (Rez, Czech Republic, 6-8 October 1998)
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the most irradiated rows). On this lower row, the bolt stresses are higher than on the rows affected

by cracking during the first period.

4. The difference on cracking rate between reactors is clearly related to chemical composition of heats

from which the bolts are made : some heats are more sensitive to IASCC than the others. For a

given reactor, the evolution of cracked bolt number has proved to be rather constant, allowing to

predict the general behaviour of this reactor and to determine its inspection periodicity (from 1 to 5

cycles).

Other reactors

The other 52 EDF PWRs are more recent and, because of their improved design, less exposed to

baffle bolt cracking. This was confirmed by the absence of detected cracks during the inspections

performed on 2 CPY reactors after 10 years of operation (1990 and 1991). Two new inspections are

scheduled during the second ten year outages on CPY reactors (in around 2001).

Safety analysis

Framatome has performed for EDF a safety analysis in case of degradation of baffle bolts for the whole

EDF reactors. This analysis has confirmed that the critical issue is cooling of the core in LOCA

situation.

Then Framatome has determined the allowable degraded configurations on CPO reactors taking into

account fluid-structure interaction and an hypothesis of realistic break. Three criteria must be fulfilled

during mono and diphasic decompression of the primary circuit:

- no buckling of grid assemblies (this condition implies the cooling of the core),

- no rupture of assembly pins due to shocks (generating shear strains),

- no additional rupture of baffle bolts.

The safety analysis and the prediction of behavior (determined from a statistical study on CPO

inspection results) show no need of replacing bolts before the 2nd ten year outage or even later on the

most affected CPO reactors.

Destructive examinations

Some destructive examinations have been performed on irradiated materials (on bolts corresponding

to 10 to 25 dpa, and on the Chooz A baffle corner corresponding to maximal value of 36 dpa, i.e. the

maximal value at mid-life of reactors).

IAEA Specialists Meeting on Behaviour of Core Internals (Rez, Czech Republic, 6-8 October 1998)
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The results are presented in [1] and are briefly described hereafter:

- intergranular cracks appearance if a fluence threshold is overtaken (IASCC phenomenon),

- increased hardness,

- increased elasticity limit,

- no swelling,

- after overtaking of the fluence threshold, stability of structure up to mid-life of reactors or even later.

As regards the baffle bolts, the cracks initiate in the knucle between the shank and the head of the bolt

but don't cover the whole shank section.

R&D irradiation programme

As an anticipation, EDF has initiated, in collaboration with Framatome and CEA, a large R&D

irradiation programme [2] designed to :

- determining the behaviour of materials up to the end of life of reactors,

- better understanding the cracking phenomenon,

- identify possible replacement materials.

The first results should be available at the end of 2001.

3. Conclusions

The degradation on some of the oldest EDF PWR internals don't affect their life expectancy (40 years

or more), so long as an adequate maintenance strategy is adopted. Monitoring the ageing phenomena

and replacing baffle bolts is technically feasible, but may be constraining during an outage and costly,

and have dosimetry stake. Then, as an anticipation, EDF has initiated, in collaboration with Framatome

and CEA, a large R&D irradiation programme and the results should be available at the end of 2001.
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CPO series thermal shield
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Volume 1: General Review of Rector Vessel Internals:
Pressurised Water Reactors, including WWER (1)

PART 1: PWR

1. INTRODUCTION

2. DESCRIPTION

3. MATERIALS

4. MECHANICAL PROPERTIES

5. OPERATING CONDITIONS

5.1. Temperature and neutron exposure
5.2. Water specifications

6. EVENTS AND MITIGATION METHODS
6.1. Failure of bolts of the core barrel
6.2. Cracking of the support pins of the control rod guides

6.3. Baffle jetting and cracking of the baffle bolts
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Volume 1: General Review of Rector Vessel Internals:
Pressurised Water Reactors, including WWER (2)

PART 2: WWER

1. INTRODUCTION

2. DESCRIPTION

2.1. WWER 440
2.2. WWER 1000

3. MATERIALS

4. OPERATING CONDITIONS
4.1. Temperatures of operation
4.2. Flux and spectrum information
4.3. End-of-Iife fluences
4.4. Water specifications

5. EVENTS AND SCIENTIFIC DESCRIPTION OF DIFFERENT PROBLEMS

5.1. Failures
5.2. Irradiation assisted corrosion cracking
5.3. Available materials
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Volume 2: General Review of Rector Vessel Internals:
Boiling Water Reactors (1)

BOILING WATER REACTORS BWR

1. INTRODUCTION

2. DESCRIPTION
2.1 Core shroud
2.3 Core support plate
2.5 Fuel support pieces
2.7 Jet pumps
2.9 Steam separators
2.11 Feedwater spargers

2.2 Core shroud support
2.4 Upper core guide plate
2.6 Control rod guide tubes
2.8 Core shroud head assembly
2.10 Steam dryers
2.12 Core spray spargers

2.13 Low pressure coolant injection system penetrations
2.14 Core differential pressure sensor tubes 2.15 Vessel bottom drain line
2.16 Surveillance sample holder 2.17 In-core instrumentation guide tubes and

housings 2.18 Control rod drive mechanism housings

3. MATERIALS
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Volume 2: General Review of Rector Vessel Internals:
Boiling Water Reactors (2)

BOILING WATER REACTORS BWR

4. OPERATING CONDITIONS

4.1 Pressure

4.2 Temperatures
4.3 Flow
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6. CHANGE IN THE MICROSTRUCTURE OF MATERIALS UNDER IRRADIATION
CONCLUSION
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AVAILABLE MATERIALS

IRRADIATION AND TESTING FACILITIES

1. Irradiation facilities
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IRRADIATION EXPERIMENTS IN TESTS REACTORS
RELATED TO CORE INTERNALS BEHAVIOUR

• IDAHO EBRII 10 dpa 375°C Completed

• CASIMIR Osiris 10 dpa 330°C Phase 1 completed

• ALEXANDRA Osiris 10 dpa 330°C In irradiation

D Irradiation by protons and electrons
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IDAHO EXPERIMENT

• Irradiation at 10 dpa 375°C in EBR II

• Tensile and impact specimens Tubes

• s.a. 304L c.w. 316 s.a. 316 s.a. andc.w. 316Ti

n Uniform elongation of s.a. 304L is very low 0,2%

D Uniform elongation of c.w. 316 is better

G Uniform elongation of some s.a. 316 Ti is significantly
better
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CASIMIR / ALEXANDRA EXPERIMENTS

• Irradiations in Osiris reactor

• CASIMIR in NaK environment

D ALEXANDRA in Water environment

• s.a. 304L c.w. 316 s.a. 316 s.a. and c.w. 316 Ti

• Tension specimens, Pressurised tubes, Tubes with
swelling kernels

• Phase 1 of CASIMIR 2,8 dpa Completed

• 10 dpa end 1998
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Uniform elongation of several stainless steels after
irradiation at 2 dpa in the Alexandra experiment

• Solution annealed 316LN
stainless steel has a good
ductility after irradiation at 2
dpa.

• The decrease of ductility
of cold worked titanium
added 316 stainless steel
under irradiation is limited

Uniform elongation
(%) 325aC

40

304H 316LN 316-E 316TLE

C D 3.4 dpa i Initial
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IRRADITION BY IONS, PROTONS AND EIJ5CTRONS

D Change of chemical composition at grain boundaries by ion,
proton or electron irradiation as in neutron long term irradiation.

316L irradiated by Kr ions, 770MeV 350°C 3,6 dpa
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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.

- l -
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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

- 2 -
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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

- 3 -
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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

- 4 -
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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.
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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.

- 1 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

- 1 2 -
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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).

- 1 3 -
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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.

- 1 5 -



- 9 0 -

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
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Siemens Visual Inspection
Core Shroud Isar Unit 1

Figure 5
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Reliability Tests for Reactor Internals Rejuvenation Technology

By
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Abstract

Structural damage due to aging degradation of LWR reactor internals has been

reported in several nuclear plants. NUPEC has started a project to test the reliability of the

technology for rejuvenating reactor internals which has been funded by the Ministry of

International Trade and Industry (MITI) of Japan since 1995. The project follows the policy

of a report that the MITI has formally issued in April 1996 summarizing the countermeasures

to be considered for aging nuclear plants and equipment. This paper gives an outline of the

test plans and results which are directed at preventive maintenance before damage and repair

after damage for reactor internals aging degradation. The test results for the replacement

methods of ICM housing and BWR core shroud have shown that the methods were reliable

and the structural integrity was appropriate based on the evaluation.

1. Introduction

LWRs will provide a major part of the nuclear power generation in future in Japan. It

is important to have measures against aging degradation in order to improve the reliability and

the safety for LWRs, since structural damage of reactor internals results in a plant shutdown

and it takes a long time to resolve the problem. The MITI report states that countermeasures

should be considered because it can be anticipated that components similar to those which

have been damaged in aging nuclear plants in other countries may become damaged in

Japanese nuclear plants. Repair of reactor internals is complicated due to difficult access

and working in high radiation areas. Therefore a demonstration test of the replacement

method which depends on very precise remote control techniques is required using full-scale

mockup models. This must precede the application to actual plants. "To conduct the

demonstration test at the government level will go a long way towards getting public

acceptance in the actual plant work. The other advantage of a test is to obtain much data that

can be referred during the examination by the MITI for a construction permit under the

regulations. The executive committee of the NUPEC project includes some members of the

technical sub-committee in MITI concerned with construction permits. The examination by

the executive committee will be a means of prior consultation for judging the reliability and

structural integrity of the plant after the replacement has been done.

NUPEC has planned this project for technologies for rejuvenating reactor internals for

the eight year period from 1995 to 2002 based on the background described above and as
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scheduled in Table 1. The project consists of six tests for the methods to replace an in-core

(ICM) housing, a core shroud, a control rod drive (CRD) housing & stub tube, a jet pump

riser brace (for BWR), a core barrel, and a bottom mounted instrumentation (BMI) adapter

(for PWR), as illustrated in Figure 1. Following paragraphs summarize the test plans and

results obtained so far, in order to present NUPEC's activities concerning countermeasures

against degradation of reactor internals due to aging.

Table 1 Reliability Tests of Rejuvenation Technologies for Reactor Internals

1996 1997 1998

Plan and Design

Manufacturing
and Installation

Tests
ICM housing

Core Shroud

CRD Hsg. /Stub

J/P riser brace

Core Barrel

BMI Adaptor

Evaluation

Riser Brace

Jet Pump

» Stub
Tube '

CRD Housing

BWR . PWR

Figure 1 Replacement of Reactor Internals
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2. BWR ICM Housing Replacement Method

2.1 Test Plan

The method involves a repair technique (replacement) to avoid potential damage of the

ICM housing due to stress corrosion cracking (SCC) and an evaluation of the structural

integrity after the replacement. A comparison of the ICM structures before and after the

replacement is shown in Figure 2.

The mockup test of the replacement method consisted of the four conceptual steps

described below and is illustrated in Figure-3.

(1) The existing ICM guide tube, housing and weld buildup are removed.

(2) A new weld buildup is formed and machined.

(3) A new housing made of SCC resistant material is inserted and welded to the weld

buildup.

(4) A new guide tube is connected to the new housing by a coupling made of shape

memory alloy (SMA).

2.2 Test results

(1) Welding buildup and machining

The new weld buildup was formed on the bottom surface of the reactor pressure vessel

(RPV) using a remote controlled welding device and machined with electric discharge

machining tools. No flaw was detected in the weld buildup by a penetrant testing (PT), an

ultrasonic testing (UT), and by observation of a section cut through the material after the

nondestructive test. It has been confirmed that the dimensions of the welded part met the

acceptance criteria.

ICM Stabilizer

— Existing Guide
Tube

~f~ New Guide Tube

ICM Housing

Model Plant Structure

Figure 2 New ICM Housing Structure
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Figure 3 Housing Replacement Method
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(2) Housing connection welding

After installation in the RPV bottom, the new housing was connected to the weld

buildup by a J-weld using a remote controlled welder. No defects in the connection weld

were discovered by PT and UT inspections during the test or by subsequent visual checks.

(3) SMA coupling joint

The new guide tube with an SMA coupling at each end was installed between the new

ICM housing and the existing guide tube. The coupling was heated up and connected at the

both ends. The structural adequacy of the connection was evaluated by an eigenvalue

analysis compared the frequencies before and after the replacement and by a flow induced

vibration analysis.

2.3 Summary

The test of the ICM housing replacement method was performed in 1996. The mockup

test results have shown that the ICM replacement could be performed using the prescribed

procedure. The structural integrity of the replaced ICM housing was confirmed by a stress

analysis of the model. These evaluations indicated that the test of the ICM housing

replacement method had demonstrated that the procedure was reliable. The ICM housing

with SMA coupling after the replacement test is shown in Figure 4. The method has been

applied to the repair of an actual plant; ICM housing replacement was done at TEPCO's

Fukushima Daiichi Unit #4 in 1997.

3. BWR Core Shroud Replacement Method

3.1 Test Plan

Fundamental techniques of the shroud

replacement method have been developed in a

joint program between utilities and manufacturers.

The main objective of the test was to demonstrate

and verify a series of steps of fitting up and

welding the replacement shroud using a full-scale

model mockup before actual application in a plant.

The test consisted of the following steps.

(1) Shroud fitting-up

(2) Shroud welding

(3) Core plate installation

(4) Top guide installation

Figure 5 shows the shroud structures before and after replacement. Figure 6 shows the

sequence of the replacement method. The test results were evaluated by considering the

items of (1) alignment of the shroud and (2) structural integrity, and the reliability of the

method was examined accordingly.

Figure 4 New ICM Housing with SMA Coupling
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i
I
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r a
RPV

Core Shroud

New Top Guide [n Old Top Guide
rSUS3l6L| III [SUS3O41

New Core Plate I Old Core Plate
rSUS316(I.Ol i [SVS3041

New Shroud Fit-Up on NUPEC M/U

Figure 5 Shroud Replacement Method
New Shroud Fit-Up on NUPEC M/U
(After Fit-Up)

3.2 Test results

(1) Reliability of the replacement procedure

It was confirmed that all operations were carried out successfully and the requirements

were reviewed at each step.

(2) Shroud fitting-up

The full-scale model of the core shroud with a height of 7 meters and a diameter of 4.5

meters was installed on the shroud support. In the test, the maximum root gap between them

provided 0.15 mm which was sufficiently smaller than the specified value of 1.1 mm. The

welding conditions for the test also allowed for the case in which the gap exceed 1.1 mm.

(3) Shroud welding

Welding between the shroud and the shroud support was-conducted by first making two

passes on the outside followed by 26 passes on the inside. The average welding conditions

are summarized in Table 2. Visual tests (VT) after welding (by a video camera on the

outside and direct observation on the inside) found no defects.

(4) Alignment of the shroud

Deviation of the concentricity between the shroud and vessel was measured with laser

alignment tools on three occasions; before, during and after the welding. The measured

results met the criterion of equal to or less than 6.0 mm. The verticality of the shroud was

also measured with similar laser alignment tools. The result was about 0.1mm over the 4

meter distance between the upper and lower templates.
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Reactor Preparation

2

Chemical Decontamination in RPV Removal of Shroud and Shroud Internals

6

"\

Removal of Jet Pumps (option) Installation of New Jet Pumps (option) Machining Shroud Support Weld
Preparation

Figure 6 Core Shroud Replacement Sequence(l/2)

7

New Shroud Fitting-up

8

I

New Shroud Installation Welding on the
Outside

New Shroud Installation Welding on the
Inside and Inspection after Welding

10 11 12

4

Installation of New Core Plate Installation of New Top Guide Reactor Restoration

Figure 6 Core Shroud Replacement Sequence(2/2)

7
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These results showed that the deviation of the alignment of the shroud to the vessel had

been prevented by two operating procedures designed to minimize distortion. One of these

was to use two sets of welding machines operating on opposite sides and the other was to

change the starting point of each welding pass based on data from monitoring the alignment.

Deviation of the concentricity of the core plate and that of the top guide were measured

in the same way. For both components the criteria were met.

(5) Structural integrity

The penetrant testing was performed on the inside weld after the first welding pass, the

middle pass and the last pass instead of volumetric testing. No defects were found by PT on

any pass. Two samples were cut out from the weld. No defect was observed by

metallographic examination of the etched specimens. The integrity of the welded joint was

confirmed by the good results obtained from VT,PT, radiographic test, tensile test, bend test,

and hardness test.

Investigations of material susceptibility, water chemistry, and stresses in the material

against SCC were performed using the crevice bend beam (CBB) test. The low

susceptibility of the SUS316LC and Inconel 600 used for the replaced structures has been

evaluated using the data referred to in the joint program of utilities and manufacturers.

(6) Summary

The mockup test of the core shroud replacement method was performed in 1997. The

test demonstrated the reliability of the prescribed construction procedures for shroud fit-up,

shroud welding, core plate installation and top guide installation for a BWR-4 (800MWe).

The method has been applied in the preventive maintenance of an actual plant; the core

shroud replacement of TEPCO's Fukushima Daiichi Unit #3 in 1997.

Table 2 Example of the Welding Conditions

Pass

Outside 1st

Inside J'-S*

Current (A)
(Average)

115

225

Voltage (V)

10.0

10.0

Welding Rate
(cm/min)

5

13

Wire Supplying
Rate (cm/min)

i

Settled Wire

110

4. Control Rod Drive Housing & Stub Tube Replacement Method

4.1 Test plan

Various types of equipment for the CRD housing & stub tube replacement method such

as for weld preparation, machining, welding, UT and PT, and so on have been developed in a

joint program between utilities and manufacturers. The method consists of the removal of

the damaged part, operations done by remote control, three dimensional welding, and weld

inspection. The principal purpose of the test is to demonstrate and verify the replacement

method using these items of equipment and to evaluate the structural integrity of the replaced

portions and their ability to withstand SCC.

8



-113-

The main steps used in the method are as follows.

(1) Cutting out of the damaged CRD housing and stub tube by ultra-high-pressure

water jet cutting (UHP)

(2) Welding build-up and UT inspection

(3) Weld preparation using electric discharge machining (EDM) and stub tube fit-up

(4) Stub tube 3-D welding and outside machining

(5) J-weld preparation and UT & PT inspection

(6) New CRD housing fitting up and J welding

Figure 7 illustrates the CRD and stub tube structures before and after replacement.

Figure 8 shows the sequence of operations used in the replacement method.

4.2 Items to be evaluated

The mockup test for the CRD housing & stub tube replacement method is being

performed in the second half of 1998. The items to be evaluated are listed below. The

examination of the test to check these items will take until mid-1999.

(1) Machining

The test must demonstrate the accuracy of machining by EDM of the weld build-up.

(2) Welding

The dimensions, PT & UT inspections, observation of weld sections, and hardness of

the weld portions will be checked for the following items.

(a) Welding buildup

(b) 3-D welding of the stub tube

(c) J welding

(3) Inspection

The test results must demonstrate that the method of inspecting by PT & UT and the

results meet the welding regulations.

Use SCC Resistant
Material

SUS316(LC)
Inconel 82

Inconel 600

Inconel82

Existing Build-Up

>»„£ Existing Clad

Stub Tube
Lowe r Cut

Stub Weld

CRD Housing
Figure 7 CRD Housing & Stub tube Replacement Method
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STEP 1 STEP 2 STEP 3 STEP 4 STEP S STEP 6

INSTALL SEAL PIPE
CUT CSO HOUSING AND
STUB TUBE BY EDM

ECM MACHINE EXISTING WELO
BUILDUP
DRAIN RPV
PT INSPECT EOM SURFACE

INSTAU WATER PROTECTION
TOOL
BUILDUP WELD ON EXISTING
INCONEL BUTTRSING SURFACE

FLOOD BPV
EOM MACHINE WELD BUILDUP
UT INSPECT WELD 6UILDUP

EDM MACHINE WELD
PREPARATION
PT INSPECT WELD
PREPARATION OF BUILDUP

INSTALL STUB TUBE ON
SUILOUP WELD PREPARATION

STEP 7 STEP 8 STEP 9 STEP 10 STEP 11 STEP 12

CD
WELD STUBTUBE ON BUILDUP
(3-D WELD)

FT INSPECT STUBTJBE INSIDE
SURFACE

EDM MACHINE STUBTUBE
OUTSIDE

EOM MACHINE STUBTUBE
J-WELD PREPARATION

INSPECT STUBTUBE(UT,PT) POSITION CRD HOUSING IN
BOTTOM HEAD

WELO CRD HOUSING TO
STUB TUBEW-WELD)
tNSPfCT J-WELD<UT,PT)

Figure 8 CRD Housing & Stub Tube Replacement Sequence

5. PWR Core Barrel Replacement Method

5.1 Background

Actions such as preventive maintenance of PWR reactor internals against damage due

to IASCC have been taken since damaged baffle former bolts were discovered in the reactor

internals of a French PWR in 1988. Possible maintenance actions are to pursue the

inspection of bolts by ultrasonic tests (UT) during in-service inspection, to establish methods

of replacing damaged bolts with new bolts as a repair after the damage, and to develop a

method to replace the whole core barrel as preventive maintenance. It is recognized that the

replacement of core barrel is one of the permanent solutions to the aging degradation of PWR

reactor internals in contrast to the replacement of the baffle former bolts themselves.

There is a concern that baffle former bolt cracks may be initiated in the older Japanese

PWRs in the near future because the potential for bolt damage is increasing as plant operating

time increases. The operating time of these plants is already longer than that of the French

PWRs in which damage occurred. The initiation time may be different from the French case

because operating conditions such as thermal output, irradiation dose, and structural

arrangements seem to be different between the Japanese and French plants. Since

replacement of a large number of damaged bolts could result in such a long plant outage, the

10
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replacement of the whole reactor internals as a permanent countermeasure would be needed.

The replacement of bolt could be also effective if there are a small number of damaged bolts.

Since instrumentation techniques which allow remote control of the whole replacement

method have been developed by a joint program between utilities and manufacturers, the

implication of a full scale mock up test of the method at government level came to be

significant.

NUPEC started to plan the reliability test for the PWR reactor internals replacement

method in 1997 for the reasons described above. The test will be performed in the second

half of 1999.

5.2 Outline of the method

The main considerations for the replacement method focus on the clearances between

the reactor vessel and the new core barrel to be achieved during installation. At the initial

construction of a new plant, the core barrel is installed into the reactor vessel after the gaps

have been individually adjusted by hand. But for a replacement, a method using

instrumentation and installation under water and in high radiation conditions requiring remote

control techniques will have to be adopted. The 10 meter long and 4 meter diameter core

barrel must be installed with an accuracy in the order of 1/10 mm which is same as the initial

condition for plant construction. The test will demonstrate the reliability of a series of

operations to be used in the replacement method and will determine criteria for judging the

adequacy of the clearances.

New Core Barrel

Vessel Nozzle

Core Barrel Nozzle

Pan at O H

Core Support

Radial Key

Shock Absorber

Bottom Plate

RV

Ran at R V Bottom

Clevis Insert

nan at Radial Snnnort

Gaps

Figure 9 Replacement of PWR Core Barrel

11
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The clearances (gaps) to be customized between the reactor internals and the vessel are as

follows.

(1) Gaps at the outlet nozzles which are related to the core bypass flow rate

(2) Gaps between the clevis inserts and radial keys which influence the structural integrity

of the core barrel and fuel assemblies

(3) Gap between the base plate and vessel bottom

A schematic outline of the replacement method is illustrated in Figure 9.

6. Subsequent Efforts

As shown in Table 1, two additional tests of PWR BMI adapter replacement method

and BWR jet pump riser brace replacement method are planned after the four tests described

above.

7. Conclusions

Plans to test the technologies used in the methods to rejuvenate reactor internals and

results obtained so far have been presented. Especially, a summary has been given to show

how the reliability of various steps in the replacement work such as machining, welding,

inspection, and so on of the ICM and the shroud replacement methods have been

demonstrated in the tests using full scale model mockups. It is concluded that NUPEC

activities concerned with countermeasures for the aging degradation of nuclear plants have

been successful in Japan because the ICM and the shroud replacement methods have already

been applied to actual plants after the NUPEC tests were completed.
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JAPAN

Items to be presented

) Plant Life Management in Japan

) What is NUPEC ?
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Phmt Life Management in Japan
Operating plants in Japan

- Total 50 units (27 BWRs, 22 PWRs, 1 GCR)

- Over 30 years old : 1 unit(GCR) Over 25 years old: 3 units
Over 20 years old : 9 units Over 15 years old: 9 units
Over 10 years old : 10 units

Critical components and structures
- Reactor pressure vessel & Reactor internals
- Reactor coolant piping, pump, &pressurizer
- Steam generator
- Electrical cables
- Reactor containment
- Concrete structures

Countermeasures to Aging Degr&datian

The MITI has issued a report summarizing the approach
against plant aging degradation on April 1996.
— Enhanced Periodical Inspection
— Improved Guidelines for Aged Plant
— Self-imposed Maintenance
— Technological Development

» Methods for thermal aging monitoring
» Nondestructive diagnosis methods
» Reactor internals repair & replacement
» Surface metallurgical improvement technique
» Improved evaluation methods for embrittlement due to neutron irradiation,

fatigue considering environmental conditions, and thermal aging
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MeMabfflty TBS% & Committee

Mm
Entrustment

NUPEC
•Test Planning
•Management of
Test Programs

Contract

Advisory COMMITTEE
•Discussion of Test Planning
•Evaluation of Test results

Chair man : Prof. Asada. Tokyo univ.
Co-chair man : Prof. Ando.

Yokohama National univ.

MANUFACTURERS
•Design and Fabrication of Test Facilities
•Test

Activities on-going;
- ALWR features;

» Test of fine motion CRD(ABWR)
» Flow test of reactor internals(APWR)

- Steam Generator;
» FTV test of U-bend tube bundle

» Development of high performance SG

- Water Chemistry;
» Improved chemistry tests on high pH/ high Li or Zn injected coolant

- Aging;

» Repair and/or Replacement reactor vessel internals
- Decommissioning;

» Decontamination, very low level radiation monitoring, automated
remote dismantling, waste recycle
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5 Reliability Test for
Reactor Internals Rejuvenation Technology (I)

Objectives
- To establish countermeasures against aging

degradation of reactor vessel & internals

Test Contents
- To verify reliability of the 6 replacement methods for

»In-core monitor housing (BWR)
» Core shroud (BWR)
» CR Drive housing/stub tube (BWR)
» Jet pump riser brace (BWR)
» Core Barrel (PWR)
» Bottom Mounted Instrumentation Adaptor (PWR)

* RelmHti® Test for
Reactor Internals Rejuvenation Technology (2)

Key Points of the Tests
- To demonstrate adequacy and reliability of the developed

replacement methods
- To verify structural integrity of the replacement components

and/or sections
- To go a long way towards getting public acceptance
- To examine test results as a prior consultation for the M i l l

construction permit

- The tests are performed with underwater automated devices
using full scale mockup models.
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Components for the Nuclear Plant
Rejuvenation Technology

CRD Housing/Stub
Tube BWR

Cort Internals

Bottom Mounted
Instrumentation
Adapter

PWR

Schedules for the Reliability Tests

JFY

MjnuEacturing
and Installation

Tests
KMhonsing

Core Shroud

CRDHsg./Stnb

J/P riser brace

Core Barrel

BM Adaptor

Evalnation
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EH

2000 2001
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T ;r^

started the test plan
1996

CM Housing Rep. Method
1997 Fukushima Daiichi Unit #4

iCM Housing ReD5acanent

1997
Core Shroud Rep. Method

1998 Fukushima DaBch: Unit #3
Core Shroud Replacement

1998
CRD Housing/Stub Tube

,5 Replacement Method



- 1 2 5 -

Nuclear Power Plant Rejuvenation
Technology Reliability Test

- Status -

•STATUS;
• Mockup test of replacement technology for

In-Core Monitor housing executed in 1996
• Mockup test of replacement technology for

Core Shroud executed in 1997
• Mockup test of replacement technology for

CRD Housing/Stub Tube executing in 1998

IS

HExfattng Guide Tube

i -\tftw Guide Tube

[SUS316L|

|New Housing ~]

|SUS316L|

In-Core Monitor Housing Replacement method
Jniapec
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ICM Housing Replacement Method
EXCTNO OOHMDOH

— I —

it xcuma

D-

i -^

t

Nuclear Power Plant Rejuvenation
Technology ReliabiHty Test
- Test Results and Evaluation -

•In-Core Monitor (ICM) Housing
• PROCEDURE RELIABILITY;

Reliability of the following steps have been verified
- Measuring of vessel overlay thickness
- Buildup weld
- Machining of new buildup
- Housing weld(J weld)
- UT of buildup/J weld section
- FT of buildup/J weld section
- Shape memory alloy coupling joint

18



io ICM Housing Replacement Method

ICM Housing Cut Oft EDM) ICM Housing Cut OK Inside Remove Elistlns ICM
(EDM) Housing

ICM Housing Replacement Method

s.

»» s - -..a
f • ."• > '

IiulaU Bore Mandrel &
Remove Build Up Weld
(EDM)

• Surface Inspection
• Build up weld

• EDM Stub lube surface
• UT

• EDM Housing J-weld
Preparation



12 ICM Housing Replacement Method

Install & Fit up of ICM
Housing

13 ICM Housing Replacement Method

After J-Welding SMA Coupling
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mi Nuclear Power Plant Rejuvenation
^ Technology Reliability Test

- Test Results -

• STRUCTURAL INTEGRITY
Evaluations listed bellow show good results

• Quality of Welding (Build up and Housing J weld)
• Resistance to SCO of welding area
• Residual Stress of welding
• Effect of welding thermal input to Bottom Head Low Alloy
• Performance and Quality of SMA coupling

• STRESS ANALISYS
• Stress analysis shows that new structure meets

Japanese Design Criteria (MITI 501)

• APLICABILITY TO ACTURAL PLANTS
• This method can be applied to other similar plants which has a

different structure/material compared to mockup model plant
19
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[is Core Shroud Replacement Method

Fitting Up of New Core Shroud

Core Shroud Replacement Method

Welding Preparation on the inside

PT on the Inside Welding

I
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Evaluation of Procedure Reliability
of tie Replacement Method

• Full Size Test Vessel (BWR 800MWe class)
• Examine Remote process of the method

•Shroud Fit-Up
-Root Gap
- Alignment

•Shroud Installation Welding
-Welding Condition, Test (VT,PT), Quality of welding
-Alignment

•Core Plate / Top Guide Installation
-Alignment

n
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Application of the Test Results

•Replacement Technology for In-Core Monitor Housing

•^Fukushima Dai-ichi Unit No.4 (784 MWe BWR, 14yrs old)

•••The replacement started last December, finished this January.

•Replacement Technology for Core Shroud

-»Fukushima Dai-ichi Unit No.3 (784 MWe BWR, 17yrs old)

replacement started last July, and finished this Spring.

• IT
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Nuclear Power Plant Rejuvenation
Technology Reliability Test

- Executing Test -

•CRD Housing / Stub tube
• Mockup Test will finish This year (1998)
• Mockup Test Contents

- Buildup weld
- Stub Tube 3D weld
- Housing weld(J weld)
- PT of Stub Tube section
- (Test sequence does not include the same process

as ICM Housing Replacement)

26

| Upper Cut

Use SCC Resistant
Mat

EXISTING

CRD Housing

CRP Housing/Stub tube Replacement Method
fwtpec
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CRD Housing/Stub tube Replacement Method

UM MACHMC EXISTMS WHO INSTALL WATgt WOTgCTWN
TOO.
BUILDUP WE19 ON EX1STM6

FIOOO
COM MACMNI WCU> BUKAUP
UTtWSPfCT WCLOBUHDUP

CD
WELO JTUSTuet ON 8UHOUP
ODWE1D)

PT INSPECT STUffTUBT tNSOC
SURFACE

INSPECT STUSTUBetUT.PI) POSITION CRO HOVSMC

- 2 O
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PWR Core Barrel Replacement Method

Background
- Damage of Baffle Former Bolt due to IASCC

- One of the permanent solutions to the aging
degradation of PWR reactor internals

- Effective for a large number of damage bolts

- NUPEC started the test plan in 1997.

- Full scale mock up test will be performed in 1999.

25

PWR Core Barrel Replacement Method

Outline of the Method
- Clearances between RPV and new CB

» Gaps at Outlet Nozzles
» Gaps at Radial Support
» Gap at RPV Bottom

- Instrumentation and Installation with remote
control under water

- Accuracy ; 1/10 mm (CB is 10m long & 4m dia.)



- 1 3 8 -

TEST OBJECT
- Fit up of New Core Internals to Existing RPV
- Remote measurement / Installation under Water

Reactor Outlet Nozzle

Radial Support

CORE BARREL REPLACEMENT METHOD
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Subsequent Efforts

Two tests are planned.

- Bottom Mounted Instrumentation (BMI)
Adapter (PWR) in 2000

- Jet Pump Riser Brace (BWR)

Conclusions

•Six methods to rejuvenate reactor internals have
been presented.

•Two of the methods have already been applied to
the actual plants.

•NUPEC activities concerned with countermeasures
for the aging degradation have been successful in
Japan.

2.3
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NRI experimental facility for the testing of irradiation assisted stress
corrosion cracking

Martin RuScak, Petr Chvatal, Miroslav Zamboch

Nuclear Research Institute Rez, pic.

Summary

IASCC influencing reactor internals of both BWR and PWR reactors is a complex phenomenon covering
influences of material structure, neutron fluence, neutron flux, chemistry of environment, gamma radiation and
mechanical stress. To evaluate such degradation, tests should be performed under conditions similar to those in
real structure. Nuclear Research Institute has built several experimental facilities in order to be able to test
IASCC degradation of materials. Basically, reactor water loops, both PWR and BWR, could be used to model
environmental conditions including gamma and neutron irradiation. Pre-irradiation can be done in irradiation
channels under well controlled temperature conditions. During the experiment, in-pile conditions can be
compared with those out of pile. It enables to clarify pure influence of irradiation. For testing of irradiated
specimens, hot cell facility has been developed for slow strain rate tests. The paper will show all above
mentioned facilities as well as some of results observed with them.

1. Introduction
Irradiation assisted stress corrosion cracking is an complex phenomenon covering simultaneous
influence of neutron irradiation, gamma irradiation, coolant environment, stress and deformation state
and material microstructure on the sensitivity to intergranullar cracking. Except of that, high irradiation
doses could lead to substantial changes of mechanical properties due to irradiation hardening [1].

To describe such changes, specific tests should be performed with material irradiated to the fluences
which are similar than in operating power reactor. Another influence, the impact of radiation on the
water chemistry and possibly local processes in the material, could be modeled only if such radiation is
present during the experiment. Usage of in pile conditions is a necessity in such cases.

Between the experiments which could describe response of materials on the reactor core conditions, long
term exposures are dominant. They are represented by constant load or constant displacement type of
tests or, in some more accelerated manner low displacement rate tests. Among them, slow strain rate test
(SSRT) of tensile specimens and rise displacement test (RDT) of compact tension specimens should be
mentioned.

Nuclear Research Institute Rez, pic. is running the research reactor LVR-15 which is equipped with the
water loops, loading facilities and irradiation channels.

Research reactor at NRI is under operation since 1962. Since the half of eighties, PWR water loop is
working in both active and comparative channels of reactor. In early nineties, first work was started in
connection with the design of testing facility for IASCC type of testing. This work was based on the
experiences with the stress corrosion cracking testing with non-irradiated specimens. In 1994, in pile
slow strain rate testing facility was introduced. The first in pile experiment was performed in 1995 in
the framework of WWER 1000 reactor pressure vessel and internals testing program. In 1995, the first
BWR water loop was started followed by the second one in 1997. In the same year, the loading facility
for the in pile testing of up to 2T CT specimens was installed.

At present, the complete matrix of irradiation experiments with materials is being performed in order to
separate particular influences:

• in pile testing of pre-irradiated specimens
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• in pile testing of non-irradiated specimens

• out of pile testing of irradiated specimens

• out of pile testing of non-irradiated specimens.

The goal of the paper is presenting these facilities as well as to showing as an illustration some results
achieved with them.

2. Research reactor and water loops
Reactor LVR 15 is light water moderated and cooled tank nuclear reactor with forced cooling. The
maximum reactor power is 10 MW. In the reactor core, there are vertical channels for both pre-
irradiation of materials and material testing as well as 9 horizontal channels. Some of characteristics of
LVR-15 reactor are listed below:

maximum reactor power 10 MW

max. thermal neutron flux 1.5xl018n/m2s

max. fast neutron flux 3xl0I8n/m2s

irradiation channel in the fuel lxl 018n/m2s

irradiation channel in reflector 3-5xl018n/m2s.

The water loop RVS-3, Fig. 1, is a PWR / WWER environment conditions modeling facility with one in
pile channel, one comparative channel and an out of pile test section. Loading facility for testing
corrosion fatigue under out of pile conditions is a part of the system. The design pressure is 16.5 MPa,
design temperature is 345 °C. Maximum water flow is 10 tons / hour. Neutron flux in the in pile
channel is approximately lxlO18 n/m2s (E>0.5 MeV). Water environment is prepared in the make up
and dosing water systems. A sampling system allows to sample water environment during the
experiment. Between monitoring parameters, conductivity measurement, high temperature pH and
electrochemical potential are the most important examples.

The boiling water loop is designed for the testing of materials properties and radioactivity transport
under BWR conditions (Fig.2). The highest design parameters are 12 MPa of pressure, temperature of
300 °C, flow rate 8 tons/hr and neutron flux in the in pile channel lxlO18 n/m2s. The generation channel
creates hydrogen peroxide which is then forced to the in pile testing channel. Out of pile comparative
channel allows a comparison between in pile and out of pile conditions under the same circuit water
chemistry.
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3. Pre-irradiation of structural materials
Pre-irradiation of test specimens is carried out in the irradiation channels. Two types of rigs are used.
Chouca rig is used for the irradiation of tensile and Charpy specimens, mostly ferritic, for the programs
of reactor pressure vessel testing. NRI has developed irradiation rigs for compact tension specimens
irradiation. The specimens of sizes up to 50 mm thickness are irradiated under controlled conditions of
temperature and environment. The irradiation is performed in helium. An example of irradiation rig for
irradiation of four CT specimens is in Fig. 3. Irradiation temperatures are up to 320 °C, the flux is up to
lxlO18 n/m2s.

Fig.3: Irradiation rig for four CT specimens

4. Out of pile testing
Slow strain rate tests with irradiated specimens are performed in both PWR and BWR environments in
the autoclave with active loading system and recirculation water loop, see Fig.4. While loading facility
and autoclave are placed in the hot cell, the water loop pump, water chemistry plant and control and
regulation system is placed outside the hot cell.
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4

6 — autoklave lid
7 — safety volvo
8 — pressurizing unit
9 — water loop systen

10 — storage tank

11 - gas bottle (H. Ar)
12 — shielding of the semi—hot cell
13 — oxymeter

1 — specimen
2 — pull rod
3 — transducer of displacement
4 — chamber of the loading medium
5 — dynamometer

Fig. 4: Hot cell SSRT testing system

The hot cell is connected with other hot cells with the transportation system. For the necessary cleaning,
grinding, manipulation, hydrogen charging and other supporting activities, the shielded box connected
with the main hot cell was constructed. The data acquiring system is also part of the system.

The facility was designed for loading of tensile specimens of small diameter, typically 2-4 mm, at

extremely low deformation rates, down to 2x10 /s in the high pressure, high temperature environment.

The autoclave is connected with the recirculation water loop, see Fig. 4. The specimen is fixed by pins
to the grips. The grips are electrically insulated from the rest of autoclave by ceramic insulation on the
interfaces. The LVDT transducer Hottinger WSS-L-010W is used. The transducer is fixed between the
lower grip and the autoclave body. This way, high stiffness was reached. The lower grip is connected to
the pull rod.

The autoclave is heated by a furnace with the electronic control system. The maximum temperature is

330°C.

The water loop is of the recirculation, refreshed type. The water flow of 0.125 I/hour is made by the
water loop pressure pump. To achieve stable pressure in the loop, the membrane autoclave pressurizer
is included into the system. The flow rate is controlled by a control valve with very fine adjustment. A
microfilter is located upstream of it to keep its proper function. The water flows to the lower chamber
and to the autoclave. This way, the impact of the loop pressures to the pull rod are balanced and no
change of pressure in the loop can cause any unexpected shift of the specimen. The loop itself contains
also a storage vessel with the volume of 11 liters.

The oxygen content in the water is measured by an oxymeter. The range of measurement is 10 - 10000
ppb. The oxymeter is placed on the input part of the high pressure pump.

All tubing of the loop is made of stainless steel, SWAGELOCK connections and valves have been used.

The hot cell GOLEM is a three-chamber facility. The input chamber serves as a check point for the
specimen delivery from the transportation system connecting the GOLEM with other hot cells. The
loading facility is located in the middle chamber. The third one is used as an interface between the
GOLEM and an auxiliary shielded box. The total activity which can be stored in the hot cell is 37.6
GBq.
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Another possibility for out of pile testing of irradiated specimen represents in pile channel used without
reactor running. Out of pile experiments with non-irradiated specimens can be done in non active
autoclave laboratories or in the out of pile PWR and BWR loops channels.

5. In pile testing
The facility for the SSRTs in the active channel was developed originally in 1994. The facility enables
testing of specimens with diameter up to 3 mm and length up to 18 mm. The specimen is loaded by

-8monotony tension at a defined deformation rate which can be as low as 2x10' Is.

The scheme of the loading facility is in Fig. 5, photograph in Fig. 6. The facility consists of a reactor
irradiation channel with inserted Field tube, inner loading frame, outer loading unit, control unit and
data acquisition system.

HYDRAULIC
CYLINDER

LVDT SENSDR
(SHIFT)

ACTIVE CHANEL

LVDT SENSDR
(ELONGATION)

SPECIMEN 03 nn

SEAL BELLOWS

FIX ROAD

FIELD TUBE
PULL TUBE

DYNAMOMETTER

CENTRE OF
REACTOR CORE

DIRECTION DF TENSILE STRESS

Fig. 5: Scheme of in-pile loading facility

The inner loading frame is one compact unit of the length of 4500 mm loaded into the active channel by
the crane. The specimen is fixed to the loading frame in the position of maximum neutron flux in the
reactor. Parallel to the specimen, the LVDT HOTTINGER transducer is placed to measure the
displacement of the specimen as well as to control the deformation rate. The transducer is of the ± 5 mm
type. The accuracy guaranteed by the producer is + 0.2%. Above the specimen, the load cell is placed.
The sensitivity of measurement of the load is ± 1 %. The pull rod is fixed to the upper deck of the
channel. There is another LVDT transducer to check the total displacement of the system. The fixation
of the specimen is made through electrically insulated pins.
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Fig. 6: Detail of in pile loading facility

The loading is made by pressurizing the thick-wall tube fixed to the hydraulic cylinder connected with
the outer pressure unit. The design of the facility enables to keep the load constant (zero) during the
start up of the loop operation. After the parameters of the environment are stable, the specimen is loaded
with small load to fix the specimen. Then the loading according the planned experimental conditions can
be started.

Compact tension specimens testing facility has been developed to test crack growth in specimen. Static,
quasi-static and cyclic loading can be applied. Two specimens can be tested in one frame
simultaneously, Fig.7. They are electrically insulated from the rest of the frame by ceramic coated pins.
The maximum load is 170 kN. The reverse direct potential drop (RDCPD) measurement is applied in
order to measure crack growth in the specimens. The accuracy of measurement is better than 50 pm.

Another in pile testing represents constant load and constant deformation measurement of C-rings and
CT specimens. The holder is placed in the active channel of PWR water loop. After required time
interval, the surfaces of C-rings are checked for the presence of cracks. The initiation stresses of SCC
damage have been tested that way.
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Fig.7: Testing frame for two CT specimen

6. Principle tests performed for IASSC assessment
Five principle experiments have been performed in the in pile and out of pile facilities:

• Slow strain rate test of tensile specimens. Deformation rates of 10'7/s and lower are used. As a
result, changes of mechanical properties and fracture feature is evaluated. From the existence of
brittle cracks, even transgranular or intergranular, the crack growth rate can be estimated. General
sensitivity to SCC or IASCC is determined by this test.

» Constant loading of CT specimens with continuous on-line monitoring of crack length.

» Rising displacement tests with CT specimens. From these tests, both threshold values of J-integral
and crack growth rates are evaluated.

* Cyclic loading of CT specimen. Crack growth rate is evaluated after the test.

« Constant loading of C-rings. Initiation stresses and time to initiation is determined for pre-irradiated
specimens.

7. Post experimental treatment
After the experiment is finished, fractographic analysis is a standard procedure with both non-irradiated
and irradiated specimens. The hot cell with the SEM has been designed and prepared, see Fig.8.

Hydrogen can be accumulated in the specimen during the test or, influence of hydrogen can be tested by
pre-charging of test specimens. To determine hydrogen content in the specimens, Balzers analyzer EAH
220 was adopted for the measurements of irradiated specimens.

8



- 1 4 8 -

IAEA Specialists Meeting, Rez, October 6-8 1998

Fig. 8: Hot cell with SEM

8. Examples of testing
As an example of IASCC testing, the experiments performed during the program of assessment of
reactor pressure vessel and internals of WWER 1000 reactors will be used. Two types of experiments
were performed: slow strain rate tests of pre-irradiated specimens and constant loading of CTs and C-
rings.

In Fig. 9, there is the stress - deformation line of the loading of 08Khl8N10T steel preirradiated to the
fluence of ixlO20 n/cm2 in the comparison with non-irradiated steel. Even only small changes are
present, the effect of preirradiation on yield strength and slight decrease of total elongation are seen.

In Fig. 10 there is the surface of C-ring tested in pile after preirradiation. The material of C-ring is
14Khl7N2.

In the present time, in the field of IASCC the tests for the Cooperative IASCC Research Program lead
by EPRI are performed. As well, the national program of the reactor internals assessment has been
started.
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Fig.9: Stress - deformation line of the loading of 08Khl8N10T steel preiradiated to the fluence of
lxlO20 n/cm2 and non - irradiated.

* . » s 9 •. V ' ' ''<• '

Fig. 10: Surface of C - ring tested in pile after preirradiation
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9. Conclusions
Nuclear Research Institute has developed extended system of testing facilities for the IASCC testing.
Both in pile and out of pile testing are performed with non-irradiated and irradiated specimens. As the
typical tests, slow strain rate tests and CT tests are performed. Al the work is supported by the hot cells
capabilities and design experiences.
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Abstract

A new project on the development of repair-welding technology for core internals and
reactor (pressure) vessel, consigned by The Ministry of International Trade and Industry
(MITr), has been started from October 1997.

The objective of the project is classified into three points as follows:
(1) to develop repair-welding techniques for neutron irradiated materials,
(2) to prove the availability of the techniques for core internals and reactor (pressure)

vessel, and
(3) to recommend the updated repair-welding for the Technical Rules and Standards.

Total planning, neutron irradiation, preparation of welding equipments are now in
progress. The materials are austenitic stainless steels and a low alloy steel. Neutron
irradiation is performed using test reactors. In order to suppress the helium aggregation
along grain boundaries, low heat input welding techniques, such as a laser, low heat input TIG
and friction weldings, will be applied.

Key words: core internals, reactor (pressure) vessel, core shroud, neutron irradiation,
helium, repair-welding, YAG laser welding, austenitic stainless steel, low alloy steel
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1. Introduction

The first light water reactor was commissioned in Japan to commercial operation in
1970, and now, 51 nuclear power plants have been in service. Aging of nuclear power plants
continues to increase in Japan: one third of the plants have been operated for more than 20
years. The assurance of the safety and reliability of the plants is becoming more important.

The Ministry of International Trade and Industry (MITI) summarized a
recommendation on the measures for maintenance of aged nuclear plants in Japan in 1996.
The report says that constant exertions should be made to develop,

(1) inspection and monitoring technology,
(2) preventive maintenance and repair technology, and
(3) aging evaluation technology,

while the integrity of aged plants can be secured with the present technology.
According to the recommendation, several technical projects are conducted concerning

with preventive maintenance and repair technology for core internals. The main projects
are listed in Table 1. A project of "Nuclear Power Plant Maintenance Technology" (PMT)
was consigned JAPEIC by the MITI in 1996. The project intends to verify the effectiveness
of surface modification to improve the corrosion (SCC) resistance of materials. The
materials of primary system components of PWR and reactor internals of BWR are subjected
to degradation by neutron irradiation. In the project, the surface modification by laser
treatments will be tested in such the degraded materials, and the applicability and
effectiveness of the technology as a preventive maintenance tool will be verified. A project
of "Nuclear Plant Rejuvenation Technology" consigned NUPEC is directed toward the
establishment of replacement technology for core internals such as core shroud, CRD or in-
core monitor housings. The WTM project consigned JAPEIC by the MITI in last October is
forced on the repair-welding technology development for core internals and reactor (pressure)
vessel. Replacement of large components needs large cost and long period, and produces a
large amount of radioactive waste. It is economical to apply the repair technology to
repairable components. The core components are irradiated with neutrons during reactor
operation. However, the welding technology for neutron irradiated materials have not been

Table 1 The main projects concerning with preventive maintenance and repair
technology in Japan

Projects

Nuclear plant
rejuvenation technology

NUPEC
Nuclear power plant
maintenance
technology (PMT)

JAPEIC
Repair-welding
technology of irradiated
materials (WIM)

JAPEIC

Outline

To verify reliability of

R & D period

1995 2000 2004
i i i i I i I i i

replacement for core I ^ ^ H H ^ ^ ^ H I
internals. ^ ^ ^ ^ ^ ^ ^ ^ ^ ^

To verify the effectiveness
of surface modification
technology to improve
corrosion resistance of
core internals.
To develop repair-welding
techniques for neutron
irradiated core internals.

• • • • • •
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developed yet, and moreover, the remote welding and inspection technologies will be needed.
In the WIM project, the repair-welding techniques for core internals and reactor (pressure)
vessel will be developed, and recommended the updated repair-welding in irradiated materials
for the Technical Rules and Standards. The outline and status of the WIM project will be
described in this paper.

2. Background and Objective of the WIM project

Welding is one of the most current methods for repairing in nuclear plants. Core
components are irradiated with neutrons in service, and the neutron irradiation induces
various kinds of degradation in materials. Radiation-induced embrittlement and hardening is
mainly caused by fast neutron irradiation. Radiation-induced solute segregation at grain
boundaries, which acts an important role to corrosion properties, is also due to the fast
neutron irradiation [1]. Helium (He) is generated in metallic materials by thermal neutron
reactions with 10B and :sNi [2,3]. The He concentration is said to be one of the critical issues
in determining the weldability of irradiated stainless steels [4]. Fast neutron (E>1 MeV)
fluxes in PWR and BWR core internals are shown in Fig. 1. The maximum flux of a core
shroud in BWR is evaluated to be about 8 X 101" n/nrs, which will result in a fluence of about
1 X 1025 n/nr after an operation for 40 years. The evaluated maximum flux of a reactor
vessel in PWR is about 6 X 1014 n/nrs, which is about one order magnitude lower than that in
the core shroud. The fluence after a 60-year operation is calculated to be about 1 X 1024n/nr.
On the other hand, thermal neutron (EO.414 eV) fluxes are 3 - 1 0 times as large as the fast
neutron fluxes in the core shroud and reactor vessel regions. Fig. 2 shows He generation as
a function of thermal neutron fluence. Helium is mostly formed by the reactions of 10B(n,
a)7Li and 58Ni(n,7)59Ni(n,a)56Fe in the materials in fission reactors [2]. According to the
survey of chemical composition in the old plants' materials, the average B concentration is 3
and 11 wtppm for stainless steels and low alloy steels, respectively. Helium is formed by the
transmutation of 10B in the region of lower fluence. The transmutation of 38Ni is significant
at higher fluences, since the He generation from 58Ni is caused by the 2-step reaction. In a
core shroud (stainless steel), He concentration is calculated to be up to about 20 appm at the
estimated maximum fluence at the end of life. On the other hand, although the maximum
fluence of reactor vessel (low alloy steel) is fairly low, He shows to be a high concentration of
8 appm after a 60-year operation, because the B concentration in the low alloy steel is higher
than that in the stainless steel.

Core barrel Top guide

-9X1013(inner)
-4X1014(outer)

Core barrel
-6.5 X1016 (inner)
-2.5 X1016 (outer)

Reactor vessel
-6X10 1 4 I

Core barrel

-7X10 1 2 (inner)
-3X10 1 2 (outer)

Fig. 1 Fast neutron (E>1 MeV) fluxes in PWR(a) and BWR(b) core internals.
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Helium generation as a function of thermal neutron fluence in
a stainless steel and a low alloy steel.

Since He is insoluble in metals, He precipitates as bubbles along grain boundaries in the
weld heat affected zone (HAZ), and the welding stress frequently induce cracking in the HAZ
with He bubbles. The most limiting He concentrations for sound welding reported in
literature are in the range of 1 to 2 appm in stainless steels. However, since welding
conditions are very important, materials with several appm He may be able to be welded with
adequate precautions. For example, the welding under compressive stress resulted in no
weld cracking in stainless steels containing high He concentration of 10 appm [4-6], and a
reduction of penetration depth seems to be beneficial to minimize the size of the HAZ and
high stress regions in the substrate material [7].

In Japan, the weldability of irradiated stainless steels has been investigated by two
groups. One is the collaboration of the BWR utility group (TEPCO et al.) and BWR plant
makers. TIG and laser welding tests were applied to the stainless steels used in BWR cores
or irradiated in the JMTR. They concluded that weld quality was better in lower He
concentration of the stainless steels, and a threshold He concentration for sound welding was
1.9 appm and below [8,9]. The other laboratory is the JAERI. The study is focused on the
fusion reactor materials [10].

The objective of WEVI project is classified into three points as follows:
(1) to develop repair-welding techniques for neutron irradiated materials,
(2) to prove the availability of the techniques for core internals and reactor (pressure)

vessel, and
(3) to recommend the updated repair-welding for the Technical Rules and Standards.

The first is a scientific and fundamental aspect of welding in neutron irradiated materials, and
the second is the most important objective of this project characterized by confirmation tests.
The last is the final goal.

3. Outline of the WIM project

A schematic view of repair of core shroud and reactor (pressure) vessel is illustrated in
Fig. 3. If a crack is found, a groove is cut by machining and then building up is performed
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Buildingup

Patch

by welding. If the crack is small and
shallow for the structure material, a patch is
welded on the crack in order to shield from
high temperature water in the reactor core.
The R & D framework of the WIM project
is shown in Fig. 4. The heavy lines show
the main frame of this project. In the first
place, the technical survey concerning
available repair-welding techniques for core
components, status of welding studies in
irradiated materials, computer simulation of
the welding process, inspection techniques
and neutron flux evaluation in core
components is carrying out. Austenitic
stainless steels and low alloy steel are
tested for the simulation of core internal
and reactor (pressure) vessel materials.
Neutron irradiations to several neutron fluences are performed using test reactors. The
maximum irradiation fluences are determined from the fluences of the end of life in a core
shroud and reactor (pressure) vessel. Welding tests are conducted in hot cells after the
irradiation. Weld cracking is inspected by the penetrant test. Most of the weld joints
without weld cracking are evaluated mechanical properties and microstructure.

Two kinds of works are simultaneously to support the irradiated materials tests. One
is a basic study using unirradiated materials. Sometimes repair-welding of core internals
may be carried out underwater. Irradiated materials welding in this study should be

Fig. 3 A schematic view of repair of a core
shroud and reactor (pressure) vessel.

[Technical survey of current status!
-Repair welding techniques for core components
-R&Dof welding relating to irradiated materials
-Computer simulation of welding process .
-Inspection techniques
-Evaluation of neutron flux in core components

Weld cracking prediction
for irradiated materials

preparation of test samples!

-Computer simulation
-Modeling of welding
process in irradiated
materials

-Stainless steels
-Low alloy steel

Basic studies using
unirradiated materials

|Neutron Irradiationl
-Several neutron doses
(He cone: 0.1-20 appm)

-Selection of repair-
welding methods

-Comparison between
welding conditions in
water and those in air

[Welding (in air)|-4-
-Penetrant test

Property evaluation testsU-
-Mechanical and corrosion properties
-Microstructure

lOverall evaluation!
-Repair-welding conditions for core internals and reactor (pressure) vessel
-Recommendation to the Technical Rule and Standards for repair-welding
in nuclear plants

Fig. 4 The R & D framework of the WIM project.
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performed in air or inert gas, because of the limitation of the hot cells. The objective in this
subject is to show the possibility of underwater repair-welding of irradiated materials, as well
as selection of welding methods. The other is weld cracking prediction in each core
component. This is a fundamental study for cracking mechanism and modeling of welding
process in irradiated materials.

The schedule of this project is presented in Fig. 5. This project will be continued for 7
years until 2003FY. Neutron irradiation for stainless steels will be started in November
1998.

Item ^ \ R Y

Technical survey of
current status
Preparation of
samples and neutron
irradiation
Basic studies using
unirradiated materials
Welding tests of
irradiated materials
Evaluation of weld
joints
Overall evaluation

1997 1998 1999 2000 2001 2002 2003

Fig. 5 The schedule of the WIM project.

4. Present conditions

4.1 Choice of materials and test specimens
Austenitic stainless steels containing high carbon concentration are used for core

component materials of the old plants. Considering the deviation of the chemical
compositions of core shrouds, the chemical composition of SUS304 used in this study was
determined as shown in Table 2. B concentration is very important for He generation.
SUS316L is used in relatively new plants, but the weldability is poor compared with SUS304,

Table 2 Chemical composition in the austenitic stainless steels used in this study
(wt%)

Material

SUS304

SUS316L

C

0.06

0.015

Si

0.71

0.52

Mn

1.06

0.96

P

0.02

0.02

S

0.001

0.004

Ni

8.44

12.39

Cr

18.23

18.23

Mo

-

2.12

Co

0.02

0.04

B

2*

3*

*: unit in ppm

Table 3 Chemical composition in the low alloy steel used in this study
(wt%)

Material

533B cl.1
(SQV2A)

C

0.22

Si

0.21

Mn

1.44

P

0.019

s

0.021

Ni

0.60

Mo

0.48

Cu

0.16

Co

0.01

B

11*

*: unit in ppm
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because of its good phase stability [11]. Therefore, SUS316L is also tested in this study: the
chemical composition is also given in Table 2.

Low alloy steels in old plants frequently show large radiation embrittlement. Small
amount of impurities, such as Ni, Cu, P and Si, would affect the radiation embrittlement. In
addition, B concentration of 10-20 appm is fairly high. The low alloy steel having the
equivalent chemical composition to the old plants' materials was prepared by a conventional
melting process: the chemical composition is given in Table 3. USE and DBTT of the
material are 99 J and -18CC, respectively.

Specimens used for neutron irradiation are shown in Fig. 6. Specimens were cut from
large plates (stainless steel: 38mm thick and low alloy steel: 230 mm thick) with weld lines.
The size of the specimens was determined from the limitation of irradiation volume. The
groove was made by machining in the region of the HAZ. After irradiation, the groove will
be built up by welding. Clad of stainless steel or Ni based alloy on the low alloy steel is also
irradiated and carried out repair-welding test after irradiation.

(a)

unit: mm

Fig. 6 Specimens used for neutron irradiation (right), and the original plates (left).
Stainless steel (SUS304/316L)(a) and low alloy steel (533B cl. 1).

4.2 Neutron irradiation
Two test reactors have been already assigned for the irradiation of stainless steels and

low alloy steel. Weldability of the irradiated stainless steels seems to depend on He
concentration or He bubble formation behavior, as indicated in several papers [4,12]. In
other words, He concentration, generated by transmutations, is one of the most important
factors. Therefore, five He concentration levels are chosen for the repair-welding test of
stainless steels: 0.5, 1, 5, 10 and 20 appm. The maximum He concentration is equivalent to
that of the end of life of a core shroud in BWR. It is not necessary to control irradiation
temperature, but the temperature should be kept at a temperature of lower than 288°C, since
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He atoms hardly migrate and aggregate to grain boundaries under around 300°C [13].
No investigations on weldability of irradiated low alloy steels were carried out, except

reconstruction of severance specimens [14]. Radiation embrittlement and radiation-induced
segregation, as well as He concentration, may influence on the weldability, as the mechanical
properties in the low alloy steels are sensitive to microstructure. Therefore, both irradiation
embrittlement and He generation should be simulated to those of the reactor vessel in this
irradiation test. A ratio of thermal neutron flux to fast neutron flux is adjusted to be about 5.
The ratio is equivalent to the value of an inner side of a PWR reactor vessel. Two fluence
levels up to 1 X 1024 n/nr(>l MeV) are chosen for the low alloy steel. The maximum
fluence is equivalent to that of the PWR reactor vessel after a 60-year operation. In this case,
the maximum He concentration is estimated to be about 8 appm (cf. Fig. 2). Since radiation
embrittlement depends on irradiation temperature, the temperature is controlled at around
300°C during irradiation.

4.3 Type of repair-welding
As mentioned above, weld cracking in irradiated materials seems to be attributed to the

He bubble formation and welding tensile stress. In order to suppress the He aggregation
along grain boundaries, heat input due to welding should be kept low. The minimal heat
input reduces the size of the HAZ and high stress regions in the substrate material. So, a
YAG laser welding, low heat input TIG welding and friction welding are applied to this
repair-welding tests. Since the YAG laser welding shows remarkably low heat input and
high cooling rate, the YAG laser welding is one of the most candidate methods. Considering
filler will be supplied during welding, the high power YAG laser welding equipments of 2 and
4 kW have been prepared. The friction welding is one of the solid phase weldings, and the
large advantage is the reduction of the size of HAZ. Two methods of friction taper stitch
welding (FTSW) and friction surfacing [15] are tentatively considered for repair-welding in
this study (Fig. 7).

For repair-welding in the low alloy steel, a temper-bead-welding will be applied.

crack

Deposit

Laterally
moving plate

Consumable

Friction taper stitch welding (FTSW) Consumable flash

Friction surfacing.

Fig. 7 Friction taper stitch welding (FTSW)(a) and friction surfacing(b). [15]

4.4 Underwater welding
Sometimes repair-welding of core internals may be carried out underwater. However,

the welding tests in this study should be performed in air or inert gas, because of the
limitation of the hot cells. Therefore, comparing the conditions of underwater welding with
those of the in-air welding in unirradiated materials, the available conditions of underwater
repair-welding in irradiated materials are estimated.

Table 4 summarized the comparison with some properties of underwater and in-air
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Table 4 Comparison with some properties of underwater and in-air YAG laser welding

Items

Cooling rate

Penetration depth

Bead width

Mechanical properties

Residual stress

Underwater

fast

shallow

large

In-air

slow

deep

small

equivalent

small large

YAG laser welding. The cooling rate of underwater welding is faster than that of in-air
welding [16], and penetration depth [16] and residual stress after welding are lower. These
are the favorable differences from the in-air welding for welding of irradiated materials. The
R & D flow of this subject is shown in Fig. 8. The effects of water pressure, shielding gas
and welding position will be also studied in this subject.

Selection of repair-welding methods for irradiated materials 1
[Low heat-input TIG| |Laser weldingj |Friction welding]

Underwater
•water pressure
•shielding gas
•filler supply in water

In air
•welding velocity
•heat-input
•surface condition

Welding conditions of
unirradiated materials
underwater

Wek)m0gpdr
irradiated tnaterials'--

Suitable welding conditions of
irradiated materials underwater

Welding ̂ olfidjtlons vof-j
irradpted materials ^t
(malt) "isZiuT'^Z')

Repair-welding conditions for core internals and reactor
(pressure) vessel

Fig. 8 Basic study using unirradiated materials.- Possibility of repair-welding underwater-

4.5 Weld cracking prediction for irradiated core components
The objective of this subject is to predict the possibility of the repair-welding in each

core component. The core components have various shapes and various irradiation levels.
However, it is impossible to test all kinds of core components in this study. Therefore, the
weld cracking prediction for irradiated core components should be developed, based on the
weld cracking mechanism in irradiated materials. A weld cracking mechanism of irradiated
austenitic stainless steels is shown in Fig. 9. Helium bubbles are nucleated at grain
boundaries in the heat up period, and bubble density is determined in the period. Since
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Before welding Heat up period
Helium atoms are Helium precipitate as
generated because of bubbles on GB
the neutron irradiation

Cooling period
The shrinkage stress
enhances bubble
growth and induces
G8 cracking

Fig.9 A weld cracking mechanism of irradiated austenitic stainless steels.

temperature is high and the steel is easily deformed, little welding stress is generated.
Therefore, He bubbles may not enlarge so much. After the maximum temperature,
solidification and shrinkage of the weld metal results in generation of tensile stress in the
HAZ of the steel. Growth of He bubbles is enhanced by the tensile stress and He bubbles
coalesce on the grain boundaries. When the grain boundaries are covered with the He
bubbles, the cracking is occurred [17].

Development of weld cracking prediction model in this project is shown in Fig. 10.

|Shape of components! [Welding conditionl iNeutron dose|

•^Numerical analysis

Thermal cycle and stress
generated during welding

L

Numerical analysis

He concentration in
materials

J
|He bubble growth along GB|

He bubble density, growth rate
= F(He cone, thermal cycle, tensile stress.

Weld cracking mechanism
Weld cracking prediction model

-Weld cracking vs (Weld condition, Neutron dose,
He concentration)

-Computer simulation

Repair-welding conditions for core internals and reactor
(pressure) vessel

Fig. 10 Development of weld cracking prediction for irradiated core components.
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Thermal cycle and stress generated during welding are estimated from the shape of the core
component and welding condition. Helium concentration in the material is calculated from
thermal neutron fluence. Helium bubble density and size at grain boundaries are calculated
by the He bubble nucleation and growth model [5,18,19]. Then, considering the radiation
embrittlement and the welding test data of irradiated materials, occurrence of weld cracking is
predicted in the component. From the result, the best repair-welding method and condition
is recommended for the core component. The basic reference data for the prediction model,
such as thermal cycle during welding, He bubble density and size, will be obtained in this
study using the irradiated materials.

5. Summary

1) Repair-welding technology development for irradiated core internals and reactor
(pressure) vessel (WIM project) has been started from October 1997, in line with
MITI's recommendation in 1996.

2) Neutron irradiation is performed up to an equivalent fluence of the end of life in a core
shroud or reactor (pressure) vessel. The irradiation for stainless steels is started from
this November using the test reactor.

3) YAG Laser welding is one of the most candidate methods for the repair-welding of
irradiated stainless and low alloy steels, because of its low heat input and fast cooling
rate.

4) Two kinds of works are simultaneously to support the irradiated materials tests: one is
to show the possibility of underwater repair-welding, and the other is weld cracking
prediction in each core component, based on the cracking mechanism of irradiated
materials.
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INSPECTION OF THE COUPLING PART MATERIAL
DEGRADATION

(Some experiences and results from SKODA JS related to internals)

Jiri Brynda
SKODA JS Plzen

Or1ik266,316 06Plzen
Czech Republic

Chromium steel with martensitic ferritic structure 14CH17N2 is used for CRDM parts (control
rod coupling) on W E R reactors. Higher strength properties in comparison with austenitic Cr-
Ni steel used for the internals were the reason for the use of this steel. Based on the mechanical
properties analysis, particularly impact strength, high anisotropy was detected. High ratio
of values in longitudinal and transverse directions reaching 10 to 15 was with the given
production technology caused by line morphology of eliminated 6-ferrite present in the
amount of 25%. This unfavourable condition was later improved by the technology of free
forging with limited elongation. This is the method used now for the production of all parts to
be used as spare parts. For assessment of the necessity to replace these parts it is hardness
which is checked within the life time extention program. It is obvious from the measurement
results of operated coupling parts that the increase of hardness is saturated after a certain time.
For rods with lower radiation loading operated in control groups 1 to 5 hardness does not
exceed values 450 HB, even after 12 years of operation. The increase of hardness is also
shown here.

For group 6 with maximum radiation loading (according to calculation for 5 years of operation

the fluency is 2 to 5 x 1026 n.m~ ) the increase of hardness is faster and the values in some
cases reach 500 HB and more. Limit values according to which individual control rods life
time is assessed, were determined based on a number of experimental works part of which was
also determination of this steel resistance against radiation and temperature embrittlement. It
was detected during these experiments that the radiation embrittlement is rather high (a
shift of transient temperature TF was deducted from transient curves in the amount of 270°C).

Page 1/12
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Control Rod Drive Nozzles
(08Khl8N10T)
Instrument Protection Tubes
(KhN35VT)
Control Rods (08Khl8N10T)
Hold Down Springs (KhN77TJuR)

Support Plate (08Khl8N10T)

Guide Tubes (08Khl8N10T)

Upper Core Plate (08KM8N10T)

Core Barrel (08Khl8N10T)

Core Basket (08Khl8N10T)

Fuel Assemblies (ZrNb)
Head & End Parts (08Khl8N10T)

Coupling Springs (Kh7N77TJuR)

Lower Core Plate (08Khl8N10T)
Throttle Washers (Kh35NVT)

CONSTRUCTION OF WWER 440 RPV
AND INTERNAL'S MATERIALS
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STEEL 14CH17N2
Heat No. 2215
15% 5 ferrite

Adler 100x

Chemical composition: 0,15% C; 0,47% Mn; 0,29% Si;
0,021% P; 0,012% S; 16,32% Cr; 1,70% Ni; 0,021% Co
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STEEL 14CH17N2
Heat No. 16730
26,5% S ferrite

Adler 250x

Chemical composition: 0,12% C; 0,48% Mn; 0,28% Si;
0,020% P; 0,015% S; 16,80% Cr; 2,03% Ni; 0,020% Co
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NPP Paks, CRDM Intermediate Rods, Group 1 - 5
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NPP Dukovany, CRDM Intermediate Rods, Group 1-5
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NPP Dukovany, CRDM Intermediate Rods, Group 6
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. List Of Chemical Elements used in Russian designations nf WWFRPV materials fatter
Brumovskv (19))

Russian

A
K>
JI
P
4>
BH

B
TJI

Kn
K
C

m
r
R
M
H
B

n
cE
T
y

n
X
ii

English
transcription

IAJ
[Yu]

R)
FJ

rvij

wIGl)
IKdJ

K]
S]

ISh]
IG
[D
[M
[N
B
P
si
E)
T]

ui
[PI

IKhl
ICJ

Symbol

N
Al
Be
B
V
Bi
W
Ga
Cd
Co
Si

Mg
Mn
Cu
Mo
Ni
Nb
Pr
Sm
Se

- T i
C
P .
Cr
Zr

Nitrogen
Aluminium
Beryllium

Boron
Vanadium
Bismuth
Tungsten
Gallium

Cadmium
Cobalt
Silicon

Magnesium
Manganese

Copper
Molybdenum

Nickel
Niobium

Praseodium
Samarium
Selenium
Titanium
Carbon

Phosphorous
Chromium
Zirconium

Base materials for WWERs

V-230 V-213 V-320

Cylindrical rings for PV 15Kh2MFA 15Kh2MFAA 15Kh2NMFAA

Other parts of the vessel 15Kh2MFA" 15Kh2MFA 15Kh2NMFA

Cover 25Kh2MFA 18Kh2MFA 15Kh2NMFA

Free f lange 25Kh3MFA 25Kh2MFA "-"""'

Stud bolts and nuts 25KMMF 38KhN3MFA 38KhN3MFA

Materials for WWFRs

Automatic submerged arc -wire

-flux

Electroslag -wire

-flux

Manual arc(repair) -electrode

V-230 V-213 V-320

Sv-10KhMFT(U) Sv-15KhMFT(U) Sv-12Kh2N2MFA(A)

+AN-42 (M) +AN-42(M)

Sv-13Kh2MFT Sv-13Kh2MFT

+OF-6 +OF-6

N-3, N-6 N-3, N-6

+FC-16(A)

Sv-09Kh6NMTA-V1

+KF-30

Sv-16Kh2NMFTA

+OF6

RT-45A, RT45AA, RT-45B

Composition of Materials fwt%) for WWER PVs

Materials

15Kh2MFA

18Kh2MFA

c
0.13
0.18
0.15
0.21

Mn
0.30
0.60
0.30
0.60

Si
0.17
0.37
0.17
0.37

P
max
0.025
max
0.025

S
max
0.025
max
0.025

Cr
2.50
3.00
2.50
3.00

Ni
max
0.40
max
0.40

Mo
0.60
0.80
0.60
0.80

V
0.25
0.35
0.25
0.35
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10.00. -10.40.: Opening Ceremony

1. Mr. LZdarek, Deputy Director General, NRI Rez pic
2. Mr. M.Brumovsky, Chairman of the Organizing Committee
3. Mr. L. M. Davies, Chairman of the Meeting
4. Mr. VXyssakov, Scientific Secretary, IWG-LMNPP, IAEA

10.40.-11.00.: Break

11.00. Session A:

Chairmen: Mr.M.Brumovsky, Czech Republic/ Mr.L.M.Davies, UK

1. M. Vankeerberghen at al (Belgium) :"SCK/CEN Activities in the Field of Corrosion of Core
Internals"

2. S. Bellet (France) :"EdF Studies on PWR Internals Vessel Loads"
12.15. Lunch

14.00. Session B

Chairmen: Mr.P.Petrequin, France/ Mr.K.Nakata, Japan

1. N. de Mathan el al (France): "Effects of Irradiation on Materials for Core Internals of PWRs. Edf-
CEA-Framatome Joint Research Programme"

2. M. Ruscak, M. Zamboch (Czech Republic): "Programme of Assessment of Mechanical and Corrosion
Properties of Reactor Internals Materials due to Operation Conditions in WWERs"

15.00. Break

16.00. Session B (continued')

1. A. Trenty, D. Deydier (France): "Maintenance of the Lower Internal Structure in EDF PWRs"
2. P. Petrequin (France): "Some Activities at CEA Related to Behaviour of Core Internals"
19.00. Reception

Wednesday, 7 October 1998

09.30. Session C
*

Chairmen: Ms. S.F.Schulz, Switzerland/ Mr. S.Bellet, France

1. F. Leibold, D. Marschke (Germany): "Measures to Assess the Integrity of RPV Internals of ISAR-1
NPP"

2. J. Uchiyama (Japan): "Reliability Test of Reactor Internals Rejuvenation Technology"
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11.00. Break
3. M. Ruscak,, P. Chvatal, M. Zamboch (Czech Republic): "NRI Experimental Facility for the Testing

Irradiation Assisted Stress Corrosion Cracking"
4. K. Nakata (Japan): "Repair Welding Technology of Irradiated Materials. WIM Project"
5. J. Brynda (Czech Republic) ^'Inspection of the Coupling Part Material Degradation"
12.30. Lunch

14.00. Session D

Chairman: Mr. L.M.Davies, Mr. M.Brumovsky
Conclusions and Recommendations
16.00. Closure of the meeting

Thursday, 8 October 1998
09.00. Visit to the NRI
12.00. Lunch
13.30. Departure of participants
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Overall Conclusions and Recommendations

It was felt that this meeting had been held at an opportune time - both in terms of an

exchange of the increasing application of the methodology being adopted in the assessment and

corrective treatment of incipient faults.

Some parts of internals are in principle non-replaceable. This fact has to be taken into

account for decision on approach for assessment and maintenance.

In the process of giving advice to countries embarking on nuclear power an exchange on

the diverse approaches could be desirable, balancing the economic and safety factors in the

decisions being taken.

However, there are areas in which different methodologies cannot be harmonised and

divergence has to be accepted for political, social or economic reasons. Here, it is important to

highlight the background and underlying reasons for choosing a particular methodology and to

document it. In this way the options which can be taken by countries embarking on nuclear

power - with respect to life management of core internals - become transparent.

The driving force for action in these areas seen to range from public acceptance on safety

perception to the commercial aspects of cost of ISI and remedial work.

Further exchange meeting in this topic was thought desirable to obtain the dissemination

of information on observations, treatments and actions. It could provide a driving force for

harmonisation of approaches.

It was noted that the lower internals structures were subject to high fluence at a

comparatively low temperature. The pursuit of data is difficult under these conditions. There

exists a need of approaching phenomena linked to high fluence damages (radiation creep,

helium embrittlement etc.) however it is difficult to reach these levels experimentally.

The need for data at even lower temperatures under post irradiation conditions was

identified for those cases where the internals are subjected to loading - e.g. during the four

years unload of internals in the WWER. While this activity is not contemplated in the PWR it

was felt that such information was desirable.


