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Background and Objectives

In 2001, the objectives of the Reactor Materials
Research (RMR) Department followed the roadmap

outlined several years ago. These objectives are:

s to evaluate the integrity and behaviour of struc-

tural materials used in nuclear power industry;

§ to perform research to unravel and understand the
parameters that determine the material behaviour
under or after irradiation;

g to contribute to the interpretation, the modelling

of the material behaviour and to develop and

assess strategies for optimum life management of

nuclear power plant components.

Moreover, in 2001, an important additional effort

was made to integrate the discipline of material mod-
elling into the research programmes and to support

experimental projects with modelling tools. We start-

ed a program on multi-scale modelling of material

degradation that has its applications in pressure ves-

sel steel and candidate fusion materials. On the
nuclear fuel side, the experimental research group is

also more thoroughly supported by modelling activi-

ties; a step taken to more independently define our
fuel safety research programmes.

The cold labs of the LHMA (Laboratory for High and

Medium-level Activity) were modernised as well as

the office infrastructure. The BR1 (Belgian Reactor

1) hot-cell and several hot-cells within the LHMA

building were refurbished. A dedicated hot-cell was

equipped for Irradiated Assisted Stress Corrosion
Cracking studies.

The programs within the department remain concen-

trated on four distinct disciplines:

s fusion (mechanical testing and corrosion);

s irradiation Assisted Stress Corrosion Cracking

(IASCC);

s nuclear fuel and

s Reactor Pressure Vessel Steel (RPVS).

These projects require support from microstructure

research tools and important investments have been

made to intensify this effort.

Program & Achievements

Corrosion

Corrosion research in the Reactor Materials

Department focuses on stress corrosion cracking
(SCC) related phenomena in nuclear reactor environ-

ment, so-called Irradiation Assisted Stress Corrosion

Cracking (IASCC). During the life time of a reactor,

some internal components accumulate a high irradi-
ation dose up to 50 dpa and more. Changes, due to

irradiation by neutrons, affect the mechanical prop-

erties and the microchemistry of the material.
Moreover, the intense radiation field induces radi-

olytic decomposition of the coolant changing the

environment to which the material is exposed.

These effects may render a material-environment

system, such as stainless steel in high-temperature

water, susceptible to IASCC and recently more cases
have been reported. IASCC failures represent a safe-

ty risk and call for periodic inspection and eventual

replacement of components.

The corrosion research program at RMR aims to

clarify the mechanisms contributing to IASCC.
Three complementary activities are developed:

m modelling of IASCC and related phenomena in a

computer code, that takes crucial parameters of
the material, its environment and their interaction

into account;

a experimental studies of IASCC in LWR condi-
tions. The experiments are currently performed
on unirradiated materials, in order to generate ref-

erence data for modelling. For irradiated materi-

als, a hot laboratory has been constructed.

Irradiated specimens are taken from experiments
in BR2 or taken from parts, extracted from power

reactors.

m development of dedicated instrumentation to

detect and monitor the occurrence of (IA)SCC. A

program to develop, test and validate instruments
and methods for detection of SCC is underway.

Modellisation oflASCC

Numerical simulation of IASCC has progressed in
some applications and by further development of the

electrochemistry code MIOTRAS in collaboration

with the TW-ETEC department of VUB, Elsyca NV
and VKI.

Modelling the IR drop and the resulting active-

passive transition of iron in an acetic acid solution

The potential drop, down a crevice, in a system
showing an active-passive transition in the crevice

has been modelled. The polarisation curve of the

buffered system was obtained using a Weibull transi-
tion function. The mathematical problem has been

solved using finite differences and a homotopy
method.
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Autoclave system inside the hot-celt for IASCC
testing on radioactive materials

This model for high temperature and pressure water

environments has been implemented in MIOTRAS.

The results show the potential, concentration and pH

profiles down a crack and the resulting crack growth

rate based on the slip-dissolution model.

Experimental studies ofSCC in LWR environment

For the characterisation of the SCC behaviour of

austenitic stainless steels in LWR conditions, differ-

ent test methods have been applied in autoclave envi-

ronments.

As alternative methods to the standard crack growth

rate (CGR) measurement on CT specimens, the

round bar geometry with circumferential precrack

has been evaluated. This geometry allows to test

materials at higher stress intensity levels with less

material. The method has the advantage for SCC

tests that the mechanical and electrochemical crack

length evolve at the same rate during the test. The

evaluation was done in constant load and rising load

mode: results compare well to CGR values obtained

with CT specimens. The slow rising load tests allow

to evaluate a wide range of stress intensities in one

test.

As an alternative to the SSRT test, a ring compres-

sion test is developed for autoclave testing. The ring

compression test is suitable for testing small quanti-

ties of material from irradiated tubes, with minimal

machining effort. Also, it is a very suitable technique

for constant load experiments, as many rings may be

tested in one autoclave set-up.

An autoclave system with loop has been installed in

the SCK-CEN hot labs. The system has the same

capacities of the cold laboratory test systems and w i l l

be used for SSRT and CGR tests on irradiated mate-

rial. The autoclaves are installed inside a 1m thick

concrete hot-cell. The loop is installed in the base-

ment below the cell with adapted lay-out in order to

l imit the potential radioactive contamination.

EU R&D programs: INTERWELD

The INTERWELD program focuses on the evolution

of residual stresses and microstructure in large weld-

ed internal reactor structures and the relation with

IASCC. The program investigates materials irradiat-

ed in service and model welds irradiated in an MTR.

For the in-service irradiated material, the welded

thermal shield of the dismantled BR3 reactor has

been selected. This component has large wall thick-

ness, representative weld geometry and was irradiat-

ed d u r i n g 25 vears.

EU R&D programs: PR/S

The objective of PR1S is to produce material data

that can be used for structural integrity and lifetime

assessment purposes. The data will consist of vali-

dated initiation fracture toughness and fracture resist-

ance curves, as well as tensile properties and infor-

mation on microstructure changes caused by irradia-

tion. Both BWR and PWR austenitic stainless steels

internals are considered.

Instrumentation development for SCC detection

An important parameter for IASCC is the corrosion

potential, measured with a reference electrode (RE).

A high temperature RE was developed, that can be

used for electrochemical corrosion studies in auto-

claves under PWR conditions. This RE is an External

Pressure Balanced Reference Electrode (EPBRE)

connected to the autoclave through a salt bridge.

Attention was given to the potential of the EPBRE

against the Standard Hydrogen Electrode (SHE)

scale. The EPBRE was modified for hot-cell condi-
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tions and emphasis was given to easy use with
manipulators and to the resistance of the reference
electrode to irradiation. The EPBRE has been tested
at operating temperature up to 340°C.

In addition, a high temperature pH-electrode based
on the yttrium stabilised zirconium oxide membrane
electrode is under development.

On-line monitoring techniques such as AC and DC
potential drop (PD) crack growth rate measurements
methods, Acoustic Emission (AE), Electrochemical
Noise (ECN) and Electrochemical Impedance
Spectroscopy (EIS) are being developed for their
capability of detecting initiation and propagation of
SCC. Good results with the AC PD system allow to
determine small crack growth rates and EIS meas-
urements detected stress corrosion cracks.

Some tools are developed within the STWW R&D

program for Intelligent Tools for Monitoring of

Corrosion and Materials Degradation.

EU R&D programs: LIRES

The main objective of LIRES is to develop a robust
RE for a LWR. Four steps are foreseen:

1. to set the test standard for Round Robin;

2. to develop different RE's;

3. to run the round Robin test of these RE's and to
select the best RE's;

4. to set-up irradiation tests under appropriate LWR
conditions in a MTR.

Liquid Metal Corrosion

The interest to liquid metals comes from the
MYRRHA project where these metals are considered

due to their good properties as coolants and spalla-
tion sources. However, other structural materials can
suffer severe corrosion when in contact with liquid
metal. This can occur in simple dissolution, or with
mass transfer from hot to cold parts when a liquid
metal flow is present. Moreover, the possibility of
Liquid Metal Embrittlement (LME) needs investiga-
tion.

At present, an experimental program to investigate
Liquid Metal Corrosion phenomena in systems rele-
vant to MYRRHA is set up. The program considers
static and dynamic loading tests in stagnant and
flowing liquid metal. The experiments will be per-
formed under strictly controlled environment; the

stagnant exposure tests will start in a glove box early
in 2002. More complex experimental devices, a Slow
Strain Rate Tensile test set-up and a small circulation
loop, are under design.

Fuel

Fundamental Nuclear Fuel Research

Thermochemical fuel research

In 2001, a Ph.D. thesis on the Cs-U-O system was
successfully defended. It tells how cesium, through
its effect on oxygen, modifies the uranium environ-
ment and in consequence the valence state of the ura-
nium atom itself. Two main points have been
addressed to achieve this goal:

S the crystallographic structure and local uranium
environment of several cesium uranates has been
determined by Rietveld refinement of neutron
(taken at the ILL in Grenoble) and X-ray diffrac-
tion data. The uranates were also investigated
with X-ray Photoelectron Spectroscopy (XPS) to
determine the uranium valences present and with
X-ray Absorption Spectroscopy to study the local
uranium environment directly. The uranium
valence information was then coupled to the crys-
tallographic uranium environments using the
Bond Valence Sum method;

s thin layers of stoichiometric uranium dioxide
were prepared using sputter deposition tech-
niques and used to model interactions on the grain
boundaries in UO2. They were covered with
cesium and exposed to controlled amounts of
oxygen, while the uranium valence state was fol-
lowed with Ultraviolet Photoelectron
Spectroscopy and XPS. In addition, codeposited
layers of cesium and uranium were studied with
the same techniques.

A copy of the full thesis work and the slides of the
defence can be found at the microstructure website
http://www.sckcen.be/microstructure.

The project on "European Nuclear Thermodynamic
Database for in- and ex-vessel applications
(ENTHALPY)" is a shared-cost EU action that runs
until February 2003. Its main objective is:

1. to obtain an unique European well validated and
commonly-agreed thermodynamic database for
in- and ex-vessel applications;

2. to develop methodologies to couple the database
to Severe Accident codes used by end-users.
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The project work is performed by 11 partners having

various responsibilities: two database owners in
charge of merging their data and to extent the data-

base to new elements, different laboratories making
Separate Effect Tests concerning systems not or

poorly known, organisations making validations on

global experiments, users of the database in charge of
improving the link between the database and severe

accident codes. The project is clustered with
"COLOSS" (Corium Loss) and "EVITA" (European

Validation of the Integral code Astec). Co-ordination

of the project is done by Anne De Bremaecker of
SCK-CEN attached to IPSN.

The thermodynamic data allow to construct phase

diagrams of the most important materials interacting

during severe accidents. From these phase diagrams
follow the physical properties of the corium (viscos-

ity, heat conductivity, density, solid/liquid fraction,
etc.) during fuel degradation, melting, relocation, ex-
vessel spreading, and the possibility of fission prod-

ucts retention or release.

In collaboration with ULB and UCL, SCK'CEN per-

formed exploratory research on the influence of

molybdenum in the subsystem U-Zr-Ba-Mo-0 in

different atmospheres. Key results were obtained on

the stability or volatility of the molybdates and on the
conditions where Mo-containing zirconates and

uranates are present in the fuel and allowed direct
construction of the complex phase diagram. In irra-

diated nuclear fuel, the solubility of Mo in the oxide

matrix was re-assessed.

Modelling of fission-gas release in LWRfuel

Since 1994 we have been developing a new mecha-
nistic model for fission gas release (FOR) in LWR

fuel. The developments involve two complementary

aspects.

a we analyse basic underlying mechanisms, focus-
ing on the grain boundary (GB) behaviour as it

determines the onset of thermal release. This year

we analysed the role of GB diffusion in FGR.
There appeared to be a contradiction about the

role of GB's in FGR: either they operate as a sink
where fission gases form bubbles, or they serve as

a high diffusivity pathway for release. Both

points are reconciled by considering GB diffusion

plus trapping and re-solution. With these compet-

ing processes, there is a switch from GB diffusion

to growth and interlinkage of intergranular (IG)

bubbles in controlling IG fission gas migration.
This idea, however, raises several questions. In

order to address these, experimental data on Xe

release in trace-irradiated UO2 have been re-
analysed. The measurements indicated that the

data are consistent with sequential lattice and GB

diffusion unimpeded by IG traps. The fitting pro-

cedure provided rough estimates of the GB diffu-

sion coefficient in UO2. Furthermore, the mean

migration distance of a fission gas atom in a GB
decorated with a population of circular traps has

been assessed. It is concluded that for values of

the geometric parameters that roughly encompass
the IG bubble populations observed in irradiated

fuel, a fission gas atom will be trapped after a

migration distance in the GB equal to the size of

a grain or less. This result provides a theoretical

justification for the universal rejection of grain

boundary transport as a release mechanism for
fission gas in irradiated UO2. The calculations

also offer a qualitative explanation for the dissim-
ilar release rates observed in trace-irradiated UO2
for Te and I in comparison with Xe;

the second aspect is the development of a model

for FGR that couples the kinetics of the intra- and
IG behaviour of the gas atoms in both directions.

This year, we have completed the sensitivity

study of the model and performed its qualifica-

tion. A parametric study of the empirical thresh-
old for FGR not only underlines the crucial

parameters, it also shows that the FGR model
provides an excellent tool to analyse the contri-

bution of each mechanism to the overall release

process. Furthermore, it revealed that the model

reproduces the decrease of the incubation period
with burnup fairly well, although it is extremely

difficult to predict accurately. In addition, the out-

ward shift of the onset of release in the pellets
with increasing burnup, as well as the saturation

concentration or the bubble pressures at GB's

correspond very well with experimental observa-

tions. The model predictions have been compared
with the data set of Zimmermann, which has been

used by many others for their model qualification.

Nevertheless, all of them erroneously compared
their predictions with those of Zimmermann,

rather than with the experimental data. In addi-
tion, they applied average values for several sen-

sitive parameters. The simulation of the individ-

ual data points with the new model is better and

takes into account the temperature fluctuations as

reveals the next figure. In addition, the tempera-

ture threshold at which the release begins lies

between 1 000°C and 1 100°C and corresponds
very well with that reported in literature.
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To extend the model validation through in-pile
observations, the first FUMEX case has been repro-
duced. This was part of a round robin organised by
IAEA. The simulation is satisfactory and points out

the importance of the open porosity fraction for
athermal release. We can conclude that the compar-
ison of the FOR model with experimental data, char-
acterising normal steady state conditions, is satisfac-
tory when using a combination of the values report-
ed in the literature for all parameters.

In 2002, the FGR model will start its extension to

heterogeneous materials, such as (U,Pu)02 and
(Th,Pu)02 fuel, in the framework of the European
OMICO project. We will also develop a model to
compute the radial power profile in (Th,Pu)O2 fuel.
Both models should eventually be implemented in a
new version of the thermo-mechanical code
FEMAXI-V.

Integral Fuel Research

The project on "Oxide Fuels: Microstructure and
Composition Variations: OMICO" is a cost-shared
action that will end in 2004. It is co-ordinated by
SCK'CEN and has two other partners: the Institute
for Transuranium Elements (EC-JRC/ITU) and
Framatome ANP. The main objective is to study the
behaviour of oxide fuels with homogeneous and het-
erogeneous microstructure with different chemical
compositions to provide insight in the individual
effects of fuel chemistry (matrix composition) and
the degree of dispersion of the fissile material
(microstructure). It addresses fundamental questions
on the mechanisms that govern FGR.

The test matrix compares in a systematic way the
behaviour of three different fuel compositions (UO2,
(U,Pu)02 and (Th,Pu)O2) each time in two
microstructures (homogeneous and fine dispersed
ceramic-in-ceramic). The design of the fuel rods and
irradiation conditions is performed using currently
available models for LWR fuel. Especially the
(Th, Pu)O2 type of fuel requires efforts to incorporate
in fuel performance codes. The fuels will be fabricat-
ed at ITU, loaded in two sets of rodlets (giving thus
a total of twelve rodlets): one set will be instrument-
ed with a central thermocouple and a pressure trans-
ducer. Detailed characterisation of the fuel with
emphasis on its microstructure and thermal proper-
ties will complete the fuel fabrication. This results in
six different fuel types, which will be irradiated for
10 cycles of 21 days in a pressurised water loop of
the BR2 reactor, simulating the thermo-hydraulic
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conditions of a typical PWR. During irradiation, the
fuel temperature and gas pressure will be monitored.
It is expected to achieve a burnup of about
25GWd/tM and 2-5% of FGR.

The set of non-instrumented rods will be unloaded
intermittently to study critical fuel performance indi-
cators (cladding corrosion, creep, fuel swelling) as
well as to perform an independent experimental con-
trol of the power of the fuel rods. The experimental
results will allow to benchmark codes for the differ-
ent fuels (Framatome, SCK-CEN and ITU). The
project will also focus on the development of a
model for FGR that takes better account of the
microstructure of the fuel.

Applied Nuclear Fuel Research

The qualification of RR (Research Reactor) LEU
(Low Enriched Uranium) plate-type fuel relates to
the international tendency to convert research reac-
tors to low enriched fuel (i.e. U-enrichment < 20%
235U). New fuel types with higher U densities are
being developed and need to be qualified.

9 Standard RR fuel plates have been irradiated in a
dedicated device in BR2. They have been
unloaded successfully and are being submitted to
non-destructive y-spectrometric and destructive
radiochemical analysis in order to qualify the
irradiation device in terms of fuel power rating.
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m New plate-type U3Si, based fuels, irradiated in

BR2 at high power ratings, were analysed for

swelling with a newly designed and developed

profilometric device. It allows mapping of the

plate thickness within + 5pm. The LWR fuel rods
configured y-spectrometry technique was suc-

cessfully modified to accommodate plate-type

fuel. Application allowed to evaluate the power

profile. Extensive optical microstructure investi-

gations revealed the corrosion behaviour of the

AG3 Aluminium cladding and the U3Si2-Al fuel

meat interactions. The research, funded by CEA-

France, will extend in 2002. EPMA investigation

will focus on the clad corrosion mechanism, on

the fuel meat constituent interaction and on the

fission product behaviour. Detailed radiochemi-

cal analysis will assess the absolute burnup.

Advanced mechanical machining tools and a quali-

fied welding device have been developed for fuel rod

re-fabrication. The idea is to fabricate short rodlets

for research reactors from long industrial fuel rods

that accumulated burnup in power reactors. In 2002,

the REBUS program will use this methodology to

evaluate the reactivity decrease of commercial spent

UO2 fuel: this will be done by measuring the reactiv-

ity in the VENUS zero power critical facility. As

such, 1 m rodlets for VENUS will be fabricated from

the ~ 4 m long industrial fuel rods. The final goal is

to validate the burnup credit that can be used in the

transport, storage and disposal of spent fuel. A sec-

ond application is the encapsulation of the fuel rod

remnants stemming from the fuel research programs.

In preparation of the MOX part of the REBUS pro-

gram, a set of former BR3 MOX fuel rods have been

characterised in terms of fuel stack location and

power profile.
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Diffractogram of UOy recorded with the X'Celerator, an x-ray area detector based
on RTMS (Real Time Multiple Strip) technology. The used stepsize is 0.00841 °20,
acquisition time 30 sec per step

In the field of spent fuel, the behaviour of spent

MOX fuel after 25 years of intermediate storage was

studied (DRYSTOR programme funded by

NFI/CRIEPI). MOX fuel rods, irradiated and extract-

ed from their assembly for PIE in the seventies, were

re-extracted from their intermediate storage in 1999.

The fuel both from intact fuel rods (i.e. under inert

atmosphere) and air-exposed segments was evaluat-

ed. Ceramographic examination on air exposed fuel

samples indicates the weakening of the IG bonding

in the U02 matrix, attributed to a partial oxidation.

Density measurements on both intact rod and air

exposed fuel samples reveal swelling of the air

exposed samples, thus indicating again the formation

of less dense oxygen-rich uranate phases.

Finally, contractual research related to the

microstructure of fresh fabricated doped UO2 fuel

(FBFC International - Belgium), the density and

open porosity characteristics of irradiated fuel (CEA-

France), and spent fuel partitioning tests (IRI-Japan)

was performed.

Research installations

X-ray diffractometry on radiotoxic materials

A Philips X'Pert Pro system was installed in the hot

laboratory. The X'Pert Pro diffractometer is based on

a Prefix (Pre-aligned fast interchangeable x-ray

optics) system, which allows reconfiguration in a

few minutes without the need for realignment. In

2000, system problems prevented us from perform-

ing high end analyses. Early 2001, the system prob-

lems were solved and the instrument was commis-

sioned for investigations on depleted uranium. First

experiments were conducted on glancing incident

diffraction and in situ high temperature diffraction,

but the main activities focused on accurate bulk pow-

der diffraction and capillary powder diffraction. As

an example of the system performance, the lattice

parameter of UO2 was assessed. This parameter is

known to be sensitive to hyperstoechiometry and it

will also vary with doping. In view of the impact of

the oxidation state of uranium in many aspects of our

research accurate lattice parameter estimation is of

major importance.

To obtain highly accurate unit parameter estimates,

normal system alignment procedures are comple-

mented. To eliminate further systematic errors an

external standard reference is measured. The peak

positions of the standard phase are compared to their

theoretical values and a correction curve is calculat-

ed to compensate instrument dependent deviations.
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The Smith -Snyder's figures of merit (FOM) give an

objective quantitative estimate of the quality of the

metric aspects of a powder pattern. FOM's above

80 are considered high quality, and those less than

20 are poor quality. The resulting lattice parameter

of stoichometric U02, after refinement, is found to be

5.47065(3) A, with a FOM of 291.

Standard powder diffraction is a bulk technique, that

needs larger quantities (at least 1 to 2 gram) to obtain

high quality data. In nuclear research, however, often

only small quantities can be handled (due to avail-

ability of material, sample activity etc.). The diffrac-

tion parameters of such small quantities can be

obtained by using a glass capillary as sample sup-

port. An equally important advantage of using capil-

laries is that one can seal off the sample from the

environment. In this way, also highly radiotoxic

materials (e.g. Pu containing materials) can be inves-

tigated while preventing the instrument to be con-

taminated. Due to the small quantity of material and

the additional absorption of the X-rays in the glass

capillary, the measured intensity will be very low

unless one spins the capillary during a measurement,

by which action many more crystallites will satisfy

the diffraction condition and thus add to the meas-

ured intensity in the diffraction peaks. A first exper-

iment consisted of measuring the diffraction pattern

of five milligrams of UOj^..;. The lattice parameter of

this sample (U02+.,) is estimated as 5.4649(4) A,

which corresponds to a hyperstoechiometry value of

approximately 0.06 (UC^)- The capillary spinning

system has also successfully been applied to MOX

samples, showing that even highly radiotoxic materi-

als can be safely handled in this way.

X-ray fluorescence on radioactive samples

Since the closure of the Ris0 hot laboratories, micro

X-ray fluorescence on highly radioactive fuel sam-

ples has disappeared. Although this technique can at

many instances be replaced by electron microprobe

(EPMA) analysis, it has one major advantage over

EPMA in the analysis of fission gas. The results of

the Ris0 experiments have long been regarded (and

still are) as the reference measurements on fission

gas behaviour. However, today's fuel exploitation

surpasses the conditions explored in the eighties.

Especially the development of so-called rim struc-

tures in ultra high burnup fuel has not been the sub-

ject of the above mentioned experiments. In an

attempt to assess the fission gas behaviour in rim

(present in high burnup UO2 fuels) and rim-like

structures (present in MOX fuels), we have coupled

a high intensity X-ray source to the shielded micro-

probe. The coupling has been successfully complet-

ed, and the next step is to modify one of the detectors

for hard X-ray detection and add focusing optics.

A scientific collaboration exists between the Institute

of Transuranium Elements and SCK-CEN to per-

form a first series of measurements in 2002. Various

industrial companies (fuel fabricants and vendors)

have shown interest to exploit this set-up

Transmission electron microscopy

We installed a high resolution JEOL 3010 transmis-

sion electron microscope (TEM). Its main character-

istics are:

n accelerating voltage of 300kV;

H point resolution of 0.20 nm;

B lattice resolution 0,14 nm.

The microscope is equipped with a JEOL STEM

unit, an Oxford INCA Energy Dispersive X-ray

Spectrometer, a Gatan 794 MSC SCC-CCD camera,

two double tilting holders and one low background

Be double tilting holder.

Many of the processes leading to materials properties

degradation studied at our department involve modi-

fications of the internal (i.e. crystal) structure.

Although important information can be obtained by

the basic infrastructure such as optical microscopy

(OM), Scanning Electron Microscopy (SEM) and

EPMA, problems are often only partly understood

due to lack of structural information. The recent

installation of an X-Ray Diffraction (XRD) facility

provides insight in the overall crystal structure of a

material. This insight is indispensable for the above

mentioned research, but local effects as well as struc-

ture defect analysis is not accessible by XRD meth-

ods.

Local structure investigation is possible only by

Transmission Electron Microscopic (TEM) tech-

niques. It is the only technique which allows to corn-
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bine diffraction information (ED, CBED) with real
space imaging (DF and BF imaging in two-beam
conditions or HREM imaging in multiple beam con-
ditions) of the structure and its defects with atomic or
near-atomic resolution. From the same local zone,
chemical and physico-chemical information can be
obtained by a combination of nano-beam excitation
and subsequent EDS and/or EELS analysis. Samples
can further be cooled, heated or strained. An analyt-
ic electron microscope really is a micro-laboratory,
which allows complete investigation of the material
on a sub-micrometer scale. The investigations that
will be conducted using TEM also include radioac-
tive samples.

Reactor Pressure Vessel Steel (RPVS)

The PRVS program at RMR aims at using commer-
cial information for the strengthening of the research
activities. This justifies the existence of three differ-

ent lines of research: a broad research project called
the Electrabel Convention that supports the develop-
ment of tools of use for the Belgian NPP's and
SCK«CEN, commercially-oriented research and
SCK-CEN preferentially-supported research.

The Electrabel Convention 1999-2002

Enlargement of the Experimental Database on
Reactor Pressure Vessel Steels

Most of the fracture toughness data, collected on
reactor pressure vessel steels within the Electrabel -
SCK«CEN Convention, have been obtained in the
unirradiated state, with the exception of the HSST
73W weld and the base and weld materials of the
BR3 reactor.

Due to the unavailability of some equipment, only 44
tensile tests, 9 impact tests and 19 toughness tests (15
in the transition region and 4 in the upper shelf
regime) were performed and documented.

The existing database will be constantly updated
with any test result which will be obtained in the
future.

Intralaboratory Round-Robin on the qualification of

the tensile test using the 22NiMoCr37 steel

Tensile tests have been carried out to validate the test
methodology and verify the consistency between test
machines, in the absence of a reference material with
certified tensile properties. Different machines avail-

able in the mechanical testing laboratory of the
Reactor Materials Research department have been

used to study the reproducibility and repeatability of
the tensile test on four specimen geometries at two
different temperatures; some of the machines were
equipped with spare load cells offering different
force ranges.

Furthermore, the same speed of testing was used for
specimens of different size allowing the study of the
material strain rate sensitivity.

The main observations are:

5Si Geometry effect: the higher the ratio Lo/(S0)
l/2

(with L0 = initial reduced section length and
S0 = initial cross section), the lower the total elon-
gation. Remaining tensile parameters are not
affected by specimen size or geometry;

n Strain rate effect: yield strength increases with
increasing strain rate; however this effect is small
within the test range. For this material, the other
parameters remain stable in the considered test
range;

H Machine effect: small differences, statistically not
significant, have been observed among machines;

m Load cell effect: in spite of a lack of statistics, no
clear effect has been observed.

Development and Validation of Fracture Toughness

Tests on Miniaturised Specimens

Two novel types of miniaturised samples, the square-
section sub-size Charpy (4.6 x 4.6 x 24 mm3) and the
Compact Tension with B = 5.5 mm thickness (see
Figure) have been investigated; for both types, four
specimens can be extracted from one broken half-

Charpy.

Experimental shows that, for both types, the refer-
ence temperature (T0) calculated from the Master
Curve is in good agreement with larger specimens.

Supplemental Testing on the Base Materials of
Tihange I - Capsule 3 (TH113)

Miniature tensile and reconstituted precracked
Charpy specimens, prepared from tested irradiated
broken Charpy samples of the Tihange 1/3 material,
have been tested in 2001; regulatory and advanced
surveillance approaches have been compared. These
results were fully reported to Tractebel to support the
integrity assessment of the Belgian NPP's.
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Miniaturised Compact Tension specimen for fracture toughness testing

the reference tempera-

ture measured on C(T)

specimens of different

size is effectively inde-

pendent from the sample

dimensions; the well-

known 10 -r 15 °C differ-

ence was found between

PCCv and C(T) geome-

tries;

8 not enough experimental

evidence was available

to justify alternative

values for the parameters

of the Master Curve

approach (m and K,,,,,,).

Application of the SINTAP Methodology for

Estimating the Fracture Toughness of Reactor

Pressure Vessel Steels from Charpy Data

SINTAP (Structural INTegrity Assessment Proce-

dures for European Industry) is a 4* Framework

project aimed at developing a unified assessment

procedure for the integrity of structures containing

flaws. One sub-task consisted in the implementation

of a procedure for determining conservative esti-

mates or best-estimates of fracture toughness data

from Charpy impact energy results. Various correla-

tion approaches have been proposed for the different

parts of the toughness transition curve; the usefulness

and reliability of such correlations has been investi-

gated, based on the availability of Charpy and frac-

ture toughness data for 13 different conditions of

RPVS material. It emerged that the empiricism of

these correlations, which lack any theoretical back-

ground, can only provide a preliminary (and not

always conservative) estimation of the real tough-

ness, and have to be used with substantial safety fac-

tors and only in the absence of actual toughness data.

Assessment of the Master curve Approach on Three

Reactor Pressure Vessel Steels (JRQ, JSPS,

22NiMoCr37)

The applicability of different aspects of the Master

Curve procedure was assessed on three well-charac-

terised reactor pressure vessel steels, using statistical

tools such as the Generalised Maximum Likelihood

(GML) and Monte Carlo methods.

The main achievements of this study are:

m T0 is independent of temperature within the range

prescribed by the ASTM standard;

Using the Monte Carlo method, we assessed the rela-

tionship proposed by the ASTM standard for esti-

mating the standard deviation of the reference tem-

perature, which results fairly conservative; an alter-

native analytical function has been officially pro-

posed to the ASTM EOS Sub-Committee for possible

inclusion in a future revision of the El921 standard.

Influence of the Use of a Displacement Transducer

(Clip-on-Gage) for the Measurement of Fracture

Toughness in the Transition Range on Charpy-type

Specimens

Fracture toughness tests are traditionally carried out

using a clip-on-gage to measure load-line displace-

ment (CT-type specimens) or crack mouth opening

displacement (bend-type specimens). Recently, prob-

lems have emerged related to the presence of the

clip-on-gage seats on the front-face of standard

(PCCv) and sub-size (MPCCv) Charpy specimens,

due to:

m the dimensions not being within the tolerances

prescribed by the standards;

m for MPCCv, the presence of the clip-on-gage

seats having a negative effect both on the effec-

tive specimen thickness and the effective crack

length.

Several PCCv and MPCCv toughness data sets have

been analysed, considering different materials, test

machines and conditions (baseline and irradiated).

The comparisons of individual toughness values and

reference temperature data clearly show that using

the clip-on-gage, or not, has a negligible effect on the

results.
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Precracking requirements

Each fracture toughness test standard has its own

precracking requirements. However, these require-

ments were established with weak theoretical or

experimental evidence. The requirements are some-

times penalising and costly because they can induce

long precracking time. SCK-CEN is currently con-

tributing to provide a uniform precracking proce-

dure.

Reconstitution Technology

In 2001, the research on reconstitution was focused

on the reduction of the heat input and the reconstitu-

tion costs, mainly due to machining operations.

The outcome can be summarised as:

0,1 0.2
Time (s)

0,3

Current and voltage signals during short cycle arc stud welding reconstitution of
Charpy-V specimen: a) arc current, b) arc voltage, c) arc power

1. Short cycle arc stud welding can be successfully

applied for the reconstitution of Charpy specimens

(nominal current in the range 1000-1350 A, weld-

ing time in the range 0.1-0.16s, cylindrical studs

with conical shape and angle 7°, no aluminium arc

initiator);

2. The width of heat affected zone after short cycle

arc stud welding is less than with standard weld-

ing. Temperature measurements show that the

decrease of the welding time from 0.3s to O.ls

(short cycle welding mode) leads to a decrease of

the maximum temperature from 299 °C to 181 °C.

3. The possible use of a square stud geometry was

investigated during short cycle welding. When

applied the number of welds defects increases.

However, it does not play a significant role for the

fracture resistance of the weld.

4. A system for monitoring the welding parameters

was developed. It allows to better characterise the

quality of the melting process.

5. Short cycle arc stud welding was qualified and

applied within the commercial program on Doel

1/5 surveillance.

Ductile tearing investigation

The determination of the tearing resistance of mate-

rials is generally measured using the unloading com-

pliance test technique with the ASTM E 1820 stan-

dard. Due to the relative complexity of this tech-

nique, ASTM is currently investigating alternative

methodologies. SCK*CEN is contributing to this

study by performing tests on one inch C(T). In addi-

tion to the classical unloading compliance test tech-

nique, the direct current potential drop and the nor-

malisation methodologies were used. Promising pre-

liminary results were obtained and will be compared

to the results from other laboratory participating to

this round robin.

Plane strain versus plane stress issue

The next revision of ASTM E 1921-97 has been

approved and will be published in the next ASTM

edition. This revision incorporates an important

improvement allowing the multi-temperature

approach to be used. However, this standard was

postponed due to a negative vote within the stan-

dardisation committee related to the use of the plane

strain Young modulus as conversion factor for the

stress intensity factor K to the J-integral. To solve the

issue, SCK'CEN performed in depth 3D finite ele-

ment calculations supported by theoretical develop-

ments. We showed that the global behaviour of the

specimen and compliance lie between the 2D plane

stress and plane strain solution. However, the close

crack tip field controlling the conversion from K to J

is predominantly plane strain.

Micromechanics

Enhanced surveillance strategy relies on the load dia-

gram approach derived from the instrumented

Charpy impact and static tensile test data. Therefore,

an extensive experimental program was launched to

show how the load diagram can be constructed to

provide information related to the flow properties,

the microcleavage fracture stress, the crack arrest

performance and the characteristic transition temper-
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atures, which are more physically grounded than
conventional indexing to fixed absorbed energy or
lateral expansion levels. The demonstration was per-

formed on two well qualified A533B type RPV

steels, namely high upper shelf energy

20MnMoNi55 and low upper shelf energy JSPS

material.

The combination of static tensile tests with instru-

mented Charpy impact tests allows to establish the

so-called stress diagram. This can be used as input to
micromechanical modelling of the static as well as
dynamic initiation fracture toughness trends.

Furthermore, the Charpy arrest load correlates well

to the nil ductility temperature as determined from

the Pellini drop weight test and allows concurrent

application of a crack arrest safety approach.

In the nuclear industry, the Charpy impact test plays

a key role in the evaluation of reactor pressure vessel
lifetime. Indeed, the radiation-induced shift of the

Charpy impact transition curve is used as an index to

fracture toughness behaviour. The level at which the

temperature shift is evaluated is empirically chosen,

this level varying from one regulation to another.
However, it is known and it has been shown at

SCK«CEN that this procedure is inadequate not only

because its lack of physical background, but also
because it may lead to a unnecessary large conser-

vatism.

Detailed analysis of the Charpy impact trace has

allowed to demonstrate that valuable information

that can be obtained from the Charpy impact test

besides the usual data related to energy and lateral

expansion. The consistency of the load diagram
approach was verified from a number of points of

views. The effective strain rate during a Charpy test
is comparable to dynamic tensile tests with cylindri-

cal specimens at a strain rate of e = IDs"1 Slow bend
Charpy tests have been used to qualify the procedure

allowing to determine the yield stress from the load
at general yield. The shear fracture appearance,

experimentally measured, is also consistent with the

load diagram. Finally, the microcleavage fracture

stress can be reliably determined from Charpy

impact data. The values found for the steels investi-
gated here are in good agreement with local values

determined with Griffiths-Owen type as well as frac-
ture toughness specimens. The microcleavage frac-

ture stress can then be used in a micromechanical
model to predict the fracture toughness trend curve.

An important capacity of the Charpy impact test is

also that it allows to determine the NDT, the nil duc-
tility temperature, which is usually measure with

Pellini drop weight tests requiring large samples and

careful weld bead preparation. This is very important

as the ASME lower bound fracture toughness curve,
K[R, is based on a such concept.

Damage Modelling

Modelling radiation damage of RPV steels is of

major interest in the nuclear materials community to

help understanding the underlying phenomena of

material strengthening and embrittlement. The dam-
age model developed some years ago at SCK-CEN
by Albert Fabry is now implemented in a user-friend-

ly EXCEL routine. Input parameters include materi-

al chemistry (Cu and Ni), as well as the environmen-

tal conditions of exposure (irradiation temperature,
neutron fluence and flux).

The model can be divided into two components, cop-
per rich precipitate hardening and matrix damage

hardening. For the first component, the model is
mainly inspired by S.B. Fisher and co-workers inves-

tigations. For the second component, it is inspired by

D. Pachur's pioneering work of separating the dam-

age mechanisms according to their activation ener-

gies. Hence, a number of improvements have been
included to take Nickel-content, irradiation tempera-

ture and dose rate effects into account. Because of
the similarity between ageing experiments and radi-

ation in terms of hardening due to copper precipita-
tion, ageing experiments were used to establish the

radiation-enhanced precipitation of copper. As irradi-

ation hardening is primarily a result of dislocation

interaction with copper precipitates and points
defects present in the matrix, a dispersion strength-

ening model due to Russel and Brown was used to
evaluate the contribution of these precipitates in the

increase of yield strength. For the matrix damage,
resulting from point defect clusters, the following

mechanisms were identified: mechanism "2", which
is temperature dependent and affected by nickel con-

tent and mechanism "2A" which is temperature inde-

pendent and appears after an incubation fluence.

Quadratic superposition of the various obstacles to

the total strengthening is found to be the most ade-

quate.

Application to two very known reactor pressure ves-

sel steels, namely HSST-02 and IRQ, was found to
be in very good agreement with the experimental

data (see Figure on next page). In the future, the

phosphorus influence will also be incorporated as

this element, combined to a high nickel content, is
believed to dominate hardening in low copper con-

taining steels, like WWER-type of steels.
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Irradiation temperature effect on the radiation hardening of HSST-03 RPV steel

Commercial research

Surveillance capsules from the Belgian NPfs

Mechanical tests on the irradiated specimens
retrieved from the fifth surveillance capsule of Doel
Unit I have been carried out and analysed according
to the regulatory approach. The results of the regula-
tory analysis have been reported to Tractebel, while
the enhanced surveillance approach is in progress.

The fourth surveillance capsule of Tihange Unit I has
been retrieved from the reactor and has been opened.
Testing and analyses, in the frame of both the regula-
tory and the enhanced surveillance approaches, will
be performed in the first half of 2002.

SAMBA collaboration with CTMSP, Brazil

The surveillance program of the base and weld mate-
rial from the Brazilian INAP reactor started with the
reference testing on unirradiated specimens. Tests
performed included instrumented Charpy tests, ten-
sile tests, static fracture toughness tests, drop-weight
(Pellini) tests (carried out by CRM Liege) and hard-
ness measurements. In parallel the 12 surveillance
capsules for INAP were prepared and sent to Brazil.
This concludes the contract with CTMSP.

SCK'CEN sponsored research

RADAMO irradiations

Several short time irradiations were performed in the
BR2 reactor within the REVE project. By choosing
the position into the irradiation set-up, 7 different

irradiation fluence levels could be reached (0.21;

0.35; 0.56; 0.75; 1.75; 3.50 and 7.0 1019 n/cm2,
E>lMeV). We selected 8 different RPV steels to be
irradiated in the same experiments for tensile speci-
mens only. This project, called RADAMO
(RAdiation DAmage Modelling), aims to compare
radiation hardening measured with tensile specimens
with predictive models. Testing and evaluation will
be performed in 2002.

Materials Multiscale Modelling at SCK'CEN

The application of the computational multiscale
modelling (MM) approach to the study of irradiation
induced degradation of materials has experienced a
virtually exponential growth since the late '80s, tak-
ing advantage of the ever-increasing power of mod-
ern computers, which allowed rather "old" but robust
algorithms (such as molecular dynamics, MD;
Monte Carlo, MC; dislocation dynamics, DD; etc.) to
be systematically implemented in highly efficient
codes and applied to a large variety of materials and
problems. The basic idea of the MM approach is that
different numerical techniques, each capable of
reproducing the behaviour of materials under irradi-
ation at a certain time and length scale, should be
adequately linked to cover all scales, from the micro-

scopic up to the macroscopic level. This approach
has proved hitherto highly successful when dealing
with pure elements (particularly fee metals like Cu,
Al, Pd and, to a lesser extent, bcc metals, like Fe and
V, but also semiconductors, like Si). In this case,
striking agreement between simulation and experi-
ment has indeed been achieved in some instances,
the modelling being able to help identify, among all
the theoretical possibilities, the microscopic mecha-
nisms responsible for some rather involved phenom-
ena observed at the macroscopic level in experiments
[see e.g. T. Diaz de la Rubia, H. M. Zbib, T. A.
Khraishi, B. D. Wirth, M. Victoria, M. J. Caturla,
Nature 406 (2000) 871-874]. The application of the
MM approach to multi-element systems is only very
recent and represents the current challenge for the
MM scientific community.

SCK'CEN has recently started an activity in this
field, aimed at extending the MM approach to com-
pound materials (model alloys) of interest for the
nuclear research and industry, in collaboration with
other laboratories. In May 2001 the small RMR
Department Materials Simulation Group (MSG) has
been "officially" set-up, supported and promoted on
the one hand by prof. Marc Hou (Universite Libre de
Bruxelles) and, on the other, in close collaboration
with the Laboratoire de Simulation Numerique of the
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Departement d'Etudes des Materiaux (EMA) of EDF
(Electricite de France) and the Laboratoire de

Metallurgie Physique et Genie des Materiaux of the

University of Lille (France). A spin-off activity in

this same field, applied mainly to Inertial Fusion, is
also being carried on in collaboration with the

Universidad Politecnica de Madrid (Spain).

At the moment, the following codes are installed and

of routine use at SCK-CEN:

s DYMOKA (standard but highly versatile MD

code, developed at EDF/University of Lille);

H LAKIMOCA (kinetic MC code - lattice & object

- developed at EDF);

85 Metropolis MC (developed at ULB/Technical
University of St. Petersburg).

The MD code allows the study at the atomic level of
mainly metals, using Embedded Atom Method

(EAM) interatomic potentials to describe the cohe-

sion of the system, but it can of course be rather eas-

ily adapted for the study of any type of material, pro-
vided a reliable interatomic potential is available.

The different MC codes available (vacancy kinetic

MC, object KMC, Metropolis MC) correspond to

different algorithms for the study the evolution of
radiation induced defects up to mesoscopic or even

macroscopic timescales (though remaining at the

micro-mesoscopic level from the point of view of the
length scale). These codes too are currently being

used for metallic materials described by EAM poten-
tials, but could in principle be used to study any
material, with some adaptation effort.

The available computing facilities amount to:

a A PC cluster under Linux with 8 nodes, shared
between RMR & Myrrha department, which is to
be upgraded to 14 nodes in the course of 2002;

n 1 Sun WS (one shared with the Chemistry depart-

ment);

a 1 PC under Linux (not in the cluster);

n Acces to 3 WS at ULB.

The current activity focuses mainly on the study of
the physics of Cu precipitation and Cu-vacancy com-

plex formation in Fe-Cu model alloys. The precipita-

tion of Cu is indeed the key phenomenon causing the

embrittlement of RPV steels. Although real steels are

clearly not Fe-Cu systems, success in simulating cor-

rectly the formation and evolution of embrittling

defects in a model binary alloy is the first step
towards a correct modelling of more complex sys-

tems. In particular, it has to be considered that, even
for simple Fe-Cu alloys, the experimental data that

can be found in the literature regarding the real

nature of irradiation-produced embrittling defects are
often contradictory (full Cu precipitates, Cu clouds

or FeCu3 ordered zones?). It is expected that simula-

tion should be able to cast some light on this debated

issue and the MSG is currently conducting a system-

atic numerical study of these experimentally
observed features, in order to be able to identify their
most likely microscopic nature.

The Fe-Cu systems are indeed being studied in the

framework of the International REVE (Reactor for

Virtual Experiments) project, in which SCK-CEN is

fully involved. The REVE project is an international

joint effort, led by EDF, that involves several
European, but also American and Japanese laborato-

ries, towards the objective of producing a suite of

coupled codes capable of predicting the yield
strength increase produced by neutron irradiation in

RPV steels. This objective implies to be able to
model correctly the Primary Knock-on Atom (PKA)

spectrum, the displacement cascade splitting into

subcascades, the evolution of the primary damage

state towards the formation of embrittling defects
and the interaction between a forest of defects and

dislocations. This is achieved by adding other

numerical techniques to the ones mentioned so far,
namely: codes for the calculation of the PKA and

subcascade spectra (SPECTER, developed at

Argonne National Laboratory, USA, and INCAS,

developed at EDF); a rate equation code to calculate
the long term evolution of embrittling defects, up to

the timescale of years (CCH, developed at CEA-

SESI, France) and a "dislocation dynamics type"
code for the interaction of these defects with disloca-
tions (DUPAIR, developed at EDF). At the moment,

a first-attempt suite of codes has been put together by
EDF, but of course it will take a long way of physi-

cal insight, parameter collection and optimisation,

before such a suite of codes can be quantitatively

relied upon. This first-attempt suite of codes is also
implemented at SCK-CEN.

In the framework of the REVE project SCK-CEN

performs two main duties:

1. On the one hand, the MSG participates in a range

of computational tasks, in close collaboration with

other partners (ULB, Universite Lille, EDF), such
as MC algorithm comparison, production and

selection of a database of parameters for KMC and
rate equation codes, etc., while focusing on the

fundamental issue of creating a link between sim-
ulated and experimentally observed defects.

Reactor Safety 103



2. On the other hand, an ad-hoc experimental valida-
tion programme is being carried out, making use
of the BR2 reactor for neutron irradiation and the

hot-cell laboratory for the execution of mechanical
tests on model materials, ranging from pure Fe, up

to a real RPV steel, in a sequence of growing com-
plexity. The data gathered from this experimental

programme, now arrived at its post-irradiation

characterisation phase, will be of essential use for

the validation of the above-described computa-

tional tools, currently under development.

In this same framework, with a view to extend the

ramification of contacts with other European labora-

tories specialised in the development of MM tech-
niques, SCK«CEN participates actively to the co-

ordination of the EC-funded ITEM Network (with

more than 40 participants from all over Europe),

bearing the responsibility for the Technical Area of

"Experimental Validation". The main advantage of
this network is that it should provide the possibility
of making use of techniques like transmission elec-

tron microscope image simulation and positron life-
time spectra ab initio calculation, which are amongst

the most precious currently available methods allow-

ing direct comparison to be made between simula-

tion and experiment.

The computational tools hitherto used for the study
of Fe-Cu systems and the expertise accumulated in
their use for the modelling of compound systems,

can be rather easily applied to the study of systems

like Fe-Cr. This model alloy is representative of a
class of reduced-activation ferritic-martensitic

(RAFM) steels that are among the candidate struc-
tural materials for both ADS (Accelerator Driven

Systems) and fusion reactors. Therefore, the inten-

tion for the year 2002 is to open the way to the appli-

cation of the MM approach to this class of material,
of interest for two different nuclear research

domains, both of them key for the long term future of

the nuclear industry.

EU-sponsored research projects

FRAME

This cost-shared action, co-ordinated by VTT
Finland, has the objective of investigating the

dependence of the Master Curve from steel composi-

tion (specifically Cu, Ni and P content).

During the first year, 27 different materials (model
alloys and actual pressure vessel steels) were pro-

cured; SCK«CEN supplied the JSPS material

(A533B with high Ni content). Some 282 reduced

Charpy specimens (5x10x55 mm3) have been
loaded into the HFR reactor in Petten, where irradia-

tion started on Oct 6,2001, aiming at a target fluence
of 2x 1019 n/cm2 (E > 1 MeV).

Basic material characterisation (chemistry and ten-

sile properties) has been performed by VTT. Fracture

toughness testing of unirradiated specimens by VTT,
NRI (Rez, Czech Republic) and SCK'CEN will start

early 2002.

TACIS

The contribution of RMR within the TACIS projects
for WWER-1000 type steels, TACIS SRR 2/95 and
TACIS R2.06/96, was completed.

In TACIS SRR 2/95, after reviewing of the mechan-

ical test results and fluence measurements and analy-
sis, SCK'CEN analysed the data in order to be used

in a damage modelling approach. Unfortunately, the

data provided by the Russian laboratories was not

complete. A clear difference between high Nickel

(-1.7%) and low Nickel (-1.2%) is observed at high
neutron fluences (see Figures on page 105).
However, this cannot be solely attributed to Nickel

content as other elements are also different. Also

microstructural information was lacking to provide

any support to the observed effects on the Charpy

impact data.

In TACIS R2.06/96, SCK^CEN performed the
review and evaluation of the test results obtained at

Prometey, Russia. The master curve approach was
applied to a WWER-1000 type steel in the reference

as well as embrittled condition (via a special heat

treatment). It was found that the reference tempera-

ture, TO, depends on the test temperature (see

figures): this would support another shape of the
master curve. However, this behaviour might be due

to material inhomogeneity rather than material spe-

cific behaviour. Additional investigation is required
for clarification.
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