
IAEA SPECIALISTS' MEETING ON IRRADIATION EMBRITTLEMENT AND MITIGATION Espoo,
FINLAND

EXPERTISE AND FACILITIES OF THE
IAM AND ECN PETTEN IN SUPPORT OF NUCLEAR PLANT

LIFE MANAGEMENT PROGRAMMES

S. Crutzen, L. Debarberis and K. Torronen

Commission of the European Communities, Joint Research Centre
Institute for Advanced Materials, IAM, Petten,
Postbus 2,1755 ZG Petten, The Netherlands

M.G. Horsten, G.L.Tjoa and M.I. de Vries

Netherlands Energy Research Foundation, ECN
Unit Nuclear Energy, Postbus 1, 1755 ZG Petten, The Netherlands

ABSTRACT

The steel material properties of the pressure vessel are slowly degrading throughout the
component lifetime; generally of the order of 30 year. The degradation could be attributed to
many factors, like neutron irradiation, thermal aging, stress aging, corrosion, etc. and the
synergism between the different factors. Neutron irradiation is one of the major known single
factors for Reactor Pressure Vessel (RPV) steel degradation

Within the frame of activities of the 4th Framework Programme of the European
Commission and of the European Network 'Aging Materials and Evaluation Studies' (AMES),
a number of projects dealing with aging of materials, radiation and thermal aging, and the
validation of mitigation measures, like annealing, and the sensibility to re-embrittlement after
annealing are ongoing at the Institute for Advanced Materials (IAM) of the JRC, Petten and at
ECN in Petten.

A survey of irradiation technology available at the High Flux Reactor (HFR) Petten, as
well as expertise and facilities of the IAM and ECN Petten in support of the programmes is given.
The AMES irradiation facility for the HFR Petten and the irradiation projects are discussed in
detail. A general overview of the ongoing and planned projects is also given.



INTRODUCTION

The reliability of the steel pressure vessel of nuclear reactors, present in more than 80%
of the world's reactors is, to a large extent, the key factor for the successful and safe performance
of nuclear power stations during their lifetime. The steel material properties of the pressure vessel
are slowly degrading throughout the component lifetime; generally of the order of 30 year. The
degradation could be attributed to many factors, like neutron irradiation, thermal aging, stress
aging, corrosion, etc. and the synergism between the different factors. Neutron irradiation is one
of the major known single factors for RPV steel degradation. The degradation is manifested by
an increase in yield strength, hardening, decrease of ductility and a shift in brittle-ductile transition
temperature /I-2-3/. Within the frame of activities of the 4th Framework Programme of the
European Commission and of the European Network 'Aging Materials and Evaluation Studies'
(AMES) /4~5/, a number of projects dealing with aging of materials, radiation and thermal aging,
and the validation of mitigation measures, like annealing, and the sensibility to re-embrittlement
after annealing are ongoing at the Institute for Advanced Materials (IAM) of the JRC, Petten and
at ECN in Petten. Reference RPV steels will be irradiated in a specially designed dedicated facility
for the HIGH FLUX REACTOR, HFR, Petten. The post-irradiation evaluation of the materials,
and impact testing of aged samples, will be performed at ECN, Petten. Thermal ageing and
mitigation of irradiation damage by annealing are also major issues within AMES and of great
importance for nuclear plant life management. For those studies facilities are available at the IAM
and ECN and projects are ongoing or in preparation.

The object of this contribution is to give a survey of irradiation technology available at the
High Flux Reactor Petten, as well as expertise and facilities of the IAM and ECN Petten in
support of nuclear plant life management programmes. The AMES irradiation facility for the HFR
Petten and the irradiation projects are discussed in detail. A general overview of the ongoing and
planned projects is also given.

THE HFR REACTOR

The HFR of Petten, in the Netherlands, is a Materials Testing Reactor 161 owned by the
Commission of the European Communities (EC) and operated by ECN. The EC is responsible for
the exploitation of the reactor. The reactor operates at 45 MW and is cooled and moderated by
light water. It provides up to 17 in-core positions into which experimental facilities may be placed
for irradiation. The reactor is also equipped with two pool-side facilities (PSF) outside the reactor
vessel. Irradiation testing of reactor structural materials represents an important share in the
utilization spectrum of the HFR Petten. These tests address in particular: austenitic and ferritic
steels for Light Water Reactors (LWR), austenitic steels for Fast Breeder Reactors (FBR) and
finally austenitic and martensitic steels for Fusion Reactors.

A wide range of well proven irradiation devices covering an extensive range of applications
have been developed and successfully operated at the HFR Petten. The devices are tailored to
provide typical, reactor specific environment conditions to the samples (for core internals as well
as reactor pressure vessel materials): temperature, fluence rate, fluence, heating, stress, water
chemistry, etc. Most irradiation devices are reloadable, allowing for intermediate samples
examination.



THE AMES TRR ADTATTON FACILITY

In order to conduct the irradiation embrittlement studies a dedicated reloadable irradiation
AMES facility for the HFR, has been developed /7/. The PSF of the HFR is selected for the
required irradiation of reference RPV steels, and a new facility developed. The required fluence
levels can be obtained in the PSF in reasonable irradiation times, with parametric variation of
irradiation time of the orders of 4-6 weeks. The y-heating can be conveniently shielded in order
to cope with the required temperature gradients. Suitable heater and temperature control units are
needed to keep the samples at the required temperature during irradiation. Due to the existing
natural fluence rate gradient in the PSF special provision needs to be taken in order to cope with
the fluence gradients required; i.e. periodical 180°-rotation of the sample holder. A space of up
to 59x64 mm is available to accommodate sample holders with different loadings for a maximum
length of sample column of up to 400 mm. As many as 200 Charpy V-notched (CV) samples
(10x10x55 mm) or 12 lT-Compact Tension (CT) specimens (25.4x61x63.5 mm) can be
accommodated in the available space, see Figure 1. The irradiation facility can be unloaded and
reloaded with a new sample holder, possibly containing pre-irradiated samples, in the dismantling
cell (DM) inside the reactor building.

The irradiation programme is scheduled to start at the beginning of 1996. Parametric
annealing tests, after irradiation or thermal aging, will be conducted at a later stage and annealing
efficiency measured; mainly in terms of transition temperature shifts.

MATERIALS

The following reference RPV materials will be considered for the first irradiation phase: JRQ
and HSST-3 steels. Other steels, even activated steels or coming from real reactor vessels (trepans),
will be considered for the following irradiation phase.

SAMPLE TYPES

The typical irradiation target consists mainly of a set of 40 Charpy V-notch and 8 ASTM
standard fracture toughness (FT) CT specimens (25.4x61x63.5 mm). Tensile specimens can be
obtained from the CV specimen parts. Additionally, very small disks for surface analysis -about
10 and small wires (that can be put into the notch of the CV specimens) will also be irradiated. Full
size CV specimens, ASTM E23-94 (10x10x55 mm), will be used -20 for the Charpy specimens is
considered optimal number for a good determination of fracture energy versus temperature curve;
this is very important in order to determine correctly the transition temperature increase and
upper/lower shelf values.

IRRADIATION REQUIREMENTS

The irradiation requirements for the first irradiation phase are as follows:
a) nominal temperature: 290°C,
b) temperature gradients: ±8°C for all the sample sets,

(it can be reduced depending on sample loading and distance from core box wall),
c) nominal fluence: 1.5E23 n-m'2 (E>1.0 MeV), ~ 0.02 dpa
d) sample fluence gradients: <3%,
e) axial fluence gradients: from 5 to 15%, depending on the length of the sample column,
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additional requirements are as follows:
f) no dose accumulation to samples at temperature lower than nominal,
g) notch axis of the specimens parallel to the HFR wall,
h) inert gas (He with low moisture content) in contact with samples.

Typical PSF liluence values/6/ are dependent on the chosen position and core box wall distance;
the required fluence can be built up in a different number of reactor cycles. A y-shield has been
designed in order to reduce the y-heating values to <0.15 W-g"1 when required. A movable
Cadmium screen, to be placed in front of the irradiation rig, is optionally required to cut the thermal
fluence and allow for parametric study on the influence of the thermal fluence (and possibly reduce
the samples activation).

RIG & INSTRUMENTATION

The necessary instrumentation is provided in order to demonstrate the achievement of the
irradiation requirements; including:

1) sufficient number of calibrated thermocouples distributed between the samples,
2) a sufficient number of flux detectors distributed between samples,
3) temperature detectors in order to verify the thermocouples recording (option),
4) 2 Self Power Neutron Detectors (one in front and one on the back of the sample

holder) in order to verify the fluence rate gradients and to be used, after
calibration against the flux detectors, as fluence indicator for the following
irradiation experiments, and

5) optional y-scanning wires to verify the axial and along CV sample axis fluence
distribution.

MECHANICAL TESTING FACILTTTKS

The determination of mechanical properties of irradiated materials has been a subject of interest
at ECN ever since its foundation in 1955 HI- Through the years an extensive testing programme has
been set up with emphasis on mechanical properties measurements of irradiated structural alloys and
their weldments. The data are used in the design and safety analysis of primary reactor components
such as vessels, grid plates, core barrels, and above and below core structures. The data are
generated for surveillance projects for the Dutch nuclear plants (Dodewaard, Borssele, and the
HFR), fast reactor projects (SNR, EFR), and fusion. The post-irradiation examination facilities are
located in the Hot Cell Laboratory (HCL) and also comprise equipment for non-destructive
examination- Next to these facilities laboratories are available for research of unhradiated materials,
where quality control testing forms a substantial aspect of the activities. In this respect the quality
control testing of laser welded joints of isotope probes for medical purposes is mentioned. The ECN
testing laboratory carries out research programmes for national and foreign customers. During the
last decade advanced control and instrumentation have been put into service. These investments are
intended to support all phases of the experimental work and have increased the capabilities of the
testing laboratory. As a consequence, an improvement in accuracy and ability to run long lasting or
complex tests has been achieved.

Within ECN there is also support for nuclear metrology, nuclear analyses, and computational
engineering.

At the moment eight shielded facilities are available or under construction for determination of
mechanical and physical properties of irradiated material. Nine creep machines are installed in a hot
cell, nine creep machines are outside the hot cells. Three shielded servo-mechanical test machines



are instrumented to perform low cycle fatigue (LCF), creep-fatigue, or tensile experiments. Two
shielded and one non-shielded servo-hydraulic test machines are instrumented to perform fracture
mechanics (FM) experiments: fatigue crack propagation (FCP) and fracture toughness (FT) testing.
One shielded facility is currendy under construction for the impact testing of miniaturized (3x4x27
mm) Charpy specimens. One full-size and one small Charpy machine is available outside the hot cell.
A laser beam from a Nd-YAG laser is available in a hot cell for (ie)welding, cutting and
measurement of physical properties of irradiated material This cell will also be used for specimen
preparation from irradiated material. A facility for TIG welding is under construction.

The most relevant test techniques with respect to the structural integrity assessment of nuclear
structures are: tensile, FM and Charpy impact testing. The preparation of miniaturized test
specimens from irradiated structural materials is one of the key elements in adressing current LWR
questions. The available facilities will be described, illustrating the capabilitiy of performing
structural integrity assessment studies of nuclear LWR components.

TENSTT ,E PROPERTIES

The tensile tests can be performed on a variety of cylindrical and flat specimens. The tests are
performed in position control at constant strain rate, ranging from 4X10"6 to 10'1 s'1. The test
temperature ranges from room temperature (RT) up to 600°C. The load-displacement diagrams are
recorded fully automatically by digital process control. The engineering tensile properties derived
from the curve are: yield stresses at different levels of plastic strain (0.2%, 0.5%, etc), ultimate
tensile strength, uniform elongation and total elongation. After testing the reduction of area and the
fracture elongation are measured directly from the broken specimen. A special program has been
written to transform the engineering stress-strain curves into true stress-true strain curves.

A lot of work has been performed at ECN on austenitic Type 304 and 316 stainless steel for
liquid metal reactors and fusion applications. This type of material is also used for LWR internal
structures. The operating temperatures of internal components is in the range of 285°C up to 370°C
(when Y-heating is taken into account). End of life fluence levels might be as high as 80 dpa /8/.

The engineering tensile curves of solution annealed Type 316 stainless steel after irradiation to
10 dpa at 325°C is shown in Fig. 2 /9-10/. In unirradiated condition the material has a relatively low
0.2% yield stress of 190 MPa and is strongly strain hardening with an uniform elongation of 31.5%
and an UTS of 475 MPa. After irradiation the 0.2% yield stress has increased by more than 600
MPa to 800 MPa and the material has lost its strain hardening capacity. In fact, the material shows
strain softening behaviour. The conventional definition of uniform elongation, based on reaching the
peak load during the test, results in a value close to zero. However, the reduction of area is still
about 70%, which is close to the unirradiated condition. This indicates that localized deformation
takes place. The effect of irradiation (and test) temperature on the loss of ductility is shown in Fig.
3. Most severe degration of tensile ductility is found at temperatures of about 300°C.
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Figure 2. Effect of irradiation on the engineering tensile curve of Type 316 material.
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Figure 3. The effect of irradiation temperature on the tensile behaviour of Type 316 material.
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FRACTURE TOUGHNESS EXPERIMENTS

Fracture toughness experiments are performed with CT specimens. A large variety of specimen
sizes can be tested, with thicknesses ranging from about 2 to 20 mm. The CT specimens are
instrumented with an averaging load line displacement extensometer and a direct current potential
drop (DCPD) system for monitoring the crack extension during the test The experimental setup of
a fully instrumented CT specimen is shown in Fig. 4. Tests can be performed at temperatures in the
range from RT up to 600°C. Prior to testing a sharp crack is made by fatigue pre-cracking the
specimen. Load, DCPD, and load line displacement are recorded simultaneously during the test. The
load-displacement diagrams are analysed depending on the fracture behaviour. Brittle fracture is
analysed according to the ASTM standard E399-90 / l l / for the determination of Plane-Strain
Fracture Toughness of Metallic Materials. In case of ductile stable crack growth behaviour the load-
displacement diagrams are analysed with aid of the DCPD signal in terms of J-R curves according
the the ESIS Pl-92 standard /12/.

Figure 5 shows a static fracture toughness transition curve of a 10%Cr ferritic-martensitic steel
after irradiation to 1.5 dpa at 300°C. In unirradiated condition this material has a transition
temperature well below RT and an upper shelf toughness of about 165 MPa7m. Irradiation of the
material results in a drop of the upper shelf toughness to about 110 MPaVm. (These toughness
values are derived from J-resistance curve values and are therefore not valid Kfc values.) The
fracture behaviour changes from ductile tearing at 300°C to instable brittle fracture at RT.

CHARPY IMPACT TESTING

Conventional Charpy impact testing has been performed in the frame of the Dutch nuclear
surveillance programmes for the nuclear power plants. A new facility has been set up to accomodate
a 50 Joules impact testing machine, for programmes on the development of low-activation nuclear
construction steels and for the European long term fusion programme. In the course of this year a
complete system will be available, comprising a fully instrumented tub, remote controlled specimen
conditioning and positioning and data analyses. With this system only miniaturized specimens can
be tested with dimensions of 3x4x27 mm at testing temperatures ranging from -150°C to +350°C,
although higher temperatures can be achieved. Prior to a testing series, the complete system will be
calibrated by testing specific reference material obtained from the National Institute of Standards
and Technology (NIST). A similar system is available for unirradiated materials, as well as a 300
Joules impact testing machine. With the latter, experiments can be executed with standard 10x10x55
mm Charpy specimens.



Figure 4. A fully instrumented CT specimen for in-cell fracture toughness testing.
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Figure 5. The fracture toughness transition behaviour of irradiated 10%Cr steel.

THF.RMAT, AGHTNG STIJDTES

Within the frame of the AMES programme, the study of the effect of thermal ageing on steels
is taken into great consideration. A project is ongoing in Petten in order to carry out a parametric
study of the sensibility of different steels to thermal ageing. Considering the fact that the annealing
of brittle materials is very important in the frame of the AMES programme, the project also includes
annealing studies. All the studies are based on the observation of temperature transition shifts for
ductile-brittle transition curves. The project is also considered to be a necessary support to the
irradiation embrittlement study. The project, in its first phase, consists of:

1. Selection of reference steels.
The first selected steels will be: JRQ, HSST, A533 and AISI316L.
Other steels, including East European steels are also considered.

2. Preparation of necessary sets of specimens.
Charpy-V notched samples are machined in Petten in accordance with the ASTM E23-86
standard.

3. Set-up of an ageing/annealing laboratory.
A laboratory is being equipped with a controlled CARBOLITE furnace HT 5/28
(818P), in order to conduct the thermal ageing and annealing campaigns.

4. Producing initial energy-temperature curves.
After Quality Control, a first set of samples of each material is being tested in
order to produce the zero-ageing energy-temperature curves. The impact tests are
being carried out at the Nuclear Energy Unit of ECN.
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5. Selection of the test parameters.
Ageing/annealing test parameters will be selected in order to conduct a systematic
study. Ageing times from a few hundred to many thousands of hours are foreseen.
Ageing target temperatures of ~300-400°C are chosen.

6. Conducting the ageing campaigns.
Following the experimental matrix, ageing campaigns are conducted at the JRC
Petten. The ageing furnace work continuously, and sets of samples are extracted
after the required ageing times.

7. Conducting the impact and other testing c f the specimens.
Impact testing of the aged samples will be carried cut by ECN Petten.

8. Drawing of energy-temperature curves.

IRRADIATED SPECIMEN PREPARATION

A large number of power plants in the world today is running towards their end-of-life time. A
tremendous economic benefit can be obtained by expanding the operation time beyond this point
A lot of effort is therefore aimed at collecting information about the state of critical safety related
components of nuclear structures. It has to be proved that the material properties still meet the
stringent criteria and can be operated for a longer period of time. One of the possible ways to obtain
this information is by scratching small amount of material from nuclear components and producing
(miniaturized) specimens out of i t ECN is preparing a facility for specimen production using low
heat input welding (laser, plasma arc), spark erosion and conventional cutting techniques and is
planning to develope equipment and procedures for testing of miniature specimens.

CONCLUDING REMARKS

Within the frame of the AMES programme, a number of projects dealing with ageing of
materials, radiation and thermal ageing, and annealing are ongoing at the Institute for Advanced
Materials (IAM) of the JRC, Petten and at the Netherlands Energy Research Foundation (ECN) in
Petten. Reference RPV (Reactor Pressure Vessel) steels, named HSST and JRQ, together with other
common steels will be considered in the first programme phase. The irradiation programme on RPV
steels will start at the beginning of 1996 at High Flux Reactor, HFR, Petten in a specially designed
and dedicated AMES facility. The post-irradiation evaluation of the materials, and impact testing
of aged samples, will be performed at ECN, Petten. A thermal ageing/annealing laboratory has been
also set up at the IAM in order to start parametric studies on reference steels. Parametric annealing
tests, after irradiation or thermal ageing, will be conducted and annealing efficiency measured;
mainly in terms of transition temperature shifts. The presented programme will help to carry out one
of the main objectives of AMES: the understanding of the degradation of RPV steels due to
irradiation and thermal ageing, and the validation of mitigation measures, like annealing, and the
sensibility to re-embrittlement after annealing. In this paper a description of the research
programmes, experimental facilities, HFR irradiation rig and mechanical testing facility is given.
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