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Cover Photo
The larger of the photos shows an optical micro-
scope image of uranium dioxide (UO2) following 
laser ablation (LA). The diameter of the specimen 
is 1.2 mm, while those of the ablated craters vary 
from 10 µm to 200 µm. The procedure is used 
in combination with ICP-MS (Inductive Coupled 
Plasma Mass Spectroscopy) to determine element/
isotope absolute and relative concentrations, and 
thereby obtain information regarding fuel beha-
viour. The LA-ICP-MS method has the advantage 
of easier handling in comparison to traditional 
“wet-chemical” analysis. The smaller B/W photo is 
taken from an SEM (Scanning Electron Microscope) 
examination of the same UO2 sample, and shows 
the profiles (or “reliefs”) of the craters formed.
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FOREWORD 

J.-M. Cavedon* 

The Nuclear Energy and Safety Department (NES) is 
one of six such research departments at PSI, and 
encompasses all the research in Switzerland devoted 
to the application of nuclear energy originating from 
fission reactions. NES today possesses the 
infrastructure necessary to perform medium-scale 
and large-scale investigations of critical assemblies 
(at zero power); nuclear fuels and materials; thermal 
hydraulics of reactor coolants; and radio-nuclide 
mobility in the context of waste management.  

The Department is increasingly extending its field of 
investigation towards the microscopic 
characterization and understanding of the major 
physical and chemical mechanisms that arise within 
the nuclear cycle, both for normal and (hypothetical) 
accident situations. It does this both through the 
application of advanced computational methods, and 
through its privileged access to the large-scale, state-
of-the-art facilities operated at PSI, such as the 
spallation neutron source SINQ and the third-
generation X-ray source SLS. 

The overall mission of the Department is to foster 
research in nuclear energy for the benefit of both the 
present and upcoming generations of reactors. 
Particular emphasis is placed on six strategic 
involvements: 

• to contribute to the safe and competitive operation 
of the current Swiss nuclear plants, and to the 
safety assessments for geological disposal of 
wastes, by strengthening the scientific basis in the 
respective fields; 

• to support the nuclear plant operators and the 
regulatory authority, and to maintain a stand-by 
function in key areas, especially those requiring 
the resources of a Hot Lab; 

• to provide input to decision-making by 
stakeholders; 

• to provide a broad spectrum of possibilities for the 
education of young nuclear specialists, 
knowledgeable in other energy areas; 

• to promote the nuclear energy option by fostering 
R&D aimed at improving sustainability, safety and 
economics; and 

• to support, and benefit from, the positive signals 
being received worldwide announcing a 
renaissance of nuclear energy. 

The short-term and medium-term issues are worked 
out in detail in accordance with the interests of the 
major partners in the Swiss nuclear area, and through 
their direct (and substantial) financial support of the 
activities within NES. These partners are: 

• the operators of the five Swiss nuclear plants, both 
individually and through their common association, 
swissnuclear; 

• the Swiss waste-management organization, 
NAGRA; and 

• the Swiss regulatory authority, HSK. 

Direct federal funding is a major source of income in 
the financing of longer-term issues, undertaken on 
behalf of the other essential stakeholders: namely, 
the decision-makers at political level, and society at 
large. 

Driven by facts and findings, this balanced inter-
relationship, constructed over the years, allows NES 
to address, with scientific and technical expertise, 
and with appropriate tools, questions concerning all 
the aspects of nuclear energy in an undisputed 
position of “honest broker”.  

The body of this annual report will give the reader a 
factual picture of the scientific themes that make up 
the life and blood of the Department. This specialized 
picture is broadened in the opening overview, which 
highlights some aspects of the progress made during 
the year, and which allows the reader to view the 
activities taking place adjacent to his/her own field of 
expertise.  

As foreseen in last year’s Annual Report, the year 
2004 has seen the launch of two groups of activities 
that will shape the Department in the years to come. 
The first is the involvement of Switzerland, through its 
PSI representatives, in the research of the nuclear 
systems of the future, thereby further improving the 
sustainability of the nuclear energy option. NES 
participates at all levels in the Generation IV 
International Forum (GIF). The major contribution of 
NES to GIF is the still-growing High Temperature 
Materials Project, which has already harvested a 
substantial amount of raw data on some candidate 
materials. The FAST project will also contribute to the 
presence of PSI in the revival of fast-neutron spectra, 
which are an essential component to the 
improvement of sustainability of nuclear fission.  

The second group of activities stems from the 
strategic decision of the PSI management to give a 
long-term future to the PROTEUS zero-power 
reactor. A first stage of refurbishment has been 
launched by the maturation of plans to handle a full 
assembly of spent fuel (in contrast to the single SF-
rod experiments considered hitherto). This will allow 
neutron studies of commercial nuclear fuel to be 
pursued in a reactor-like environment, following the 
ageing of the fuel. Provisions have also been made 
for extension to more evolutionary core designs.  
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Since April 2004, I have had the honour of taking 
responsibility of the NES Department. I am very 
grateful to Jörg Hadermann for the year he devoted 
to the leadership of NES, and for the excellent 
condition in which I found the Department upon my 
arrival at PSI. Coming from another country, and one 
with a long nuclear tradition, I fully realize the time it 
takes to build expertise, to establish constructive and 
efficient links with all partners, and to take note of 
their specific concerns. The support of Wolfgang 
Kröger and his team in this regard is gratefully 
acknowledged.  

Before inviting the reader to discover the 2004 edition 
of the NES Scientific Report, I warmly thank all those 

who made it possible. Our international partners are 
essential for nurturing our knowledge, and 
challenging our current know-how. They also support 
us in very direct ways in terms of the innovative 
experiments we perform. The quality of the 
relationship with swissnuclear, NAGRA and HSK, and 
the careful, multi-annual advice and support given by 
the NES R&D committees, are key components to 
the relevance of our work to the nuclear community, 
and to its overall efficiency. The final salute goes to 
all the individuals whose dedication, expertise and 
productivity are the basis of the present reputation of 
NES, and the essential components of its future.  
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he received a PhD in Nuclear Physics from the University of Paris-Orsay. From 1980 to 2004 he worked for the 
French Commissariat à l’Energie Atomique (CEA) in Paris, most recently in the Nuclear Energy Division as project 
coordinator for the processing, conditioning, storage and disposal of high-level waste and spent fuel, and in basic 
research encompassing metallic materials, ceramics, solid-state and liquid-state chemistry. As of April 2004, he has 
been appointed head of the Nuclear Energy and Safety Research Department at PSI, and is a member of the PSI 
directorate. 

 



5 

 

OVERVIEW OF MAIN ACTIVITIES 

Compiled by K. Foskolos 

Highlights of the main activities during the year covered by this report are given below in the framework of 
the corresponding projects. They include tasks that were completed during the year, as well as certain 
projects still in their early stages or start-up phase. While NES is encouraging a networking of its activities, 
both within the Department and throughout PSI (e.g. through its involvement in the MicroXAS Beamline; 
the MEGAPIE project; and the collaboration with the General Energy Department, ENE, in the context of 
the GaBE project), most of the activities are the prime responsibilities of the distinct organisational units 
(Laboratories) within NES. This basis forms a well-defined, scientific focus for the projects, each of which 
requires particular expertise and specialised equipment or facilities. 

COMPREHENSIVE ASSESSMENT OF ENERGY 
SYSTEMS (GABE) 

During the year, the GaBE Project pursued its inter-
disciplinary methods development work and 
applications, for clients both within Switzerland and 
abroad. Among other activities, the GaBE project 
conducted a study on behalf of the Swiss Federal 
Office of Energy (BFE) on the potentials and costs of 
electricity generation by means of both “new” 
renewable energies and new nuclear technologies. 
This involved contributions from both NES and ENE, 
and formed part of the ongoing BFE efforts to update 
the Swiss energy scenarios; the time horizon is the 
year 2035, with a crude vision up to 2050. Some 
central insights from the work performed for BFE are 
summarized below. 

New renewable energy and nuclear energy sources 
are fundamentally different in terms of characteristics, 
level of maturity, economic competitiveness, and 
public perception. They have, however, at least one 
common feature: namely, that they offer contributions 
to climate policy aiming at control of greenhouse-gas 
emissions. The present work gives indication how 
significant these contributions could become in the 
context of the Swiss electricity generation scenario 
over the next 30-40 years, what the expected costs of 
these options would be, and which obstacles would 
need to be confronted before possibility could be 
turned into reality. 

The current contribution of new renewables (small 
hydro, wind, solar photovoltaic (PV), biomass) 
corresponds to about 3% of Swiss electricity 
production. As shown in Fig. 1, the goal of achieving 
a 10% share by the year 2035 is feasible, though at 
an extra cost of roughly 500 Mio. CHF per year. The 
electricity conservation potential exceeds (in quantity, 
but also in economic terms) that of the new 
renewable energies, but its implementation could be 
difficult. Electricity imports based on wind, wave 
energy or solar thermal plants belong to further 
options of interest for the future, though their 
realization is highly uncertain.  

For nuclear energy, Generation III/III+ and IV reactors 
are being considered for implementation at the 
existing Swiss nuclear sites (see also the contribution 
on page 15), though for the shorter-term scenarios, 
the European Pressurised Reactor (EPR) serves as 

the reference design for the substitution of current 
reactors, starting around 2020.  

 

 
Fig. 1: Potentials and costs of new renewables for 

electricity generation in Switzerland. The 
electricity conservation potential, based on 
earlier work, is provided for comparison. 

EPR technology is available today, and features 
improved safety levels, with an increased role for 
passive safety options. Generation IV concepts, with 
advancements in resource conservation, waste, 
economy, safety and resistance to proliferation, are 
currently being developed. These improvements are 
expected to have a positive impact on public 
acceptance of nuclear power. The estimated 
production costs for the new nuclear technologies are 
in the range 4-5 Swiss cents per kWhe. 

LWR-PROTEUS 

Following advice from the PROTEUS Project 
Management Board, resources during 2004 were 
largely devoted to bringing maturity to the 
LIFE@PROTEUS concept, which forms the basis for 
the next phase of experimental work at the 
PROTEUS facility, after the current programme is 
completed at the end of 2005. In parallel, the PSI 
director has accepted, in principle, the proposal to go 
ahead with the refurbishment of PROTEUS, thereby 
effectively committing PSI internal resources to 
support the design effort.  

With regard to the ongoing programme, the start of 
the experimental part of Phase III was initiated by 
taking the reactor to criticality on 29 October, 2004 in 
pursuit of the following main objectives: 
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1. measurement of simulated void effects, to help 
resolve library-dependant problems with k∞ and 
void reactivity coefficients; 

2. measurement of fission and capture rates at and 
around the ends of part-length pins, to provide a 
valuable database for the validation of axial 
distribution calculations; and 

3. development and testing of measurement 
techniques to be used in LIFE@PROTEUS. 

To date, fission-chamber scans have been performed 
adjacent to normal and part-length fuel pins (see 
Fig. 2), and γ-scanning has commenced. The 
intention is to produce detailed, three-dimensional 
distributions of fission and 238U capture rates, 
especially in and around the ends of the part-length 
pins.  

For the first time, an EPFL diploma student was 
attached full-time to the PROTEUS facility, carrying 
out novel measurements of radial and azimuthal 
reaction rates within fuel pins. 

 
 

Fig. 2:  Fission chamber scans adjacent to normal 
and part-length fuel pins. 

STARS  

Traditionally, criticality safety analysis in STARS has 
been performed using the deterministic assembly 
transport code BOXER, which was developed at PSI. 
Since the research community concerned with 
criticality events has, for a long time, placed strong 
emphasis on the application of Monte-Carlo codes for 
this type of safety assessment, developing a Monte-
Carlo-based methodology has become a necessity 
for the project. The general-purpose, continuous-
energy, neutral-particle transport code MCNPX (the 
version of MCNP containing additional high-energy 
models) has been selected as the appropriate tool, 
also considering the perceived needs for ADS-related 
research outside the scope of STARS. 

Significant progress has been made in developing a 
modern methodology for the analysis of compact fuel 
assembly storage, based on 135 configurations 
selected from the International Handbook of 
Evaluated Criticality Safety Benchmark Experiments. 
3-D models were developed for each of the selected 
configurations, and used in calculations with MCNPX 
(Version 2.4.0), using two modern continuous-energy 
neutron cross-section libraries: JEF-2.2, originating 
from ENEA Bologna, and JENDL-3.3, generated by 
JAERI. The study aims at determining the bias of the 
estimated keff values, and the tolerance interval for 
determining the margin necessary to ensure that 
safety limits are observed for any given configuration.  

Intermediate evaluations for a subset of the critical 
problems analyzed are shown in Fig. 3, for both 
libraries. The keff results appear to be normally 
distributed, and the two fitted Gaussian distributions 
exhibit very similar estimates for the mean valve and 
standard deviation. Currently, work is in progress to 
study the effect of the choice of the width of the bins 
on the mean value and standard deviation, in order to 
confirm the trustworthiness of the estimates. 

In parallel, the computational margin has been 
revised using the latest version of BOXER, which give 
very similar results to those obtained by the 
stochastic approach of MCNPX. 

Human Reliability Analysis (HRA) 

The analysis of decision-related errors is a central 
issue in probabilistic safety assessments (PSAs) of 
nuclear power plants. While earlier HRA methods 
focused on the possible omission of required actions, 
the challenge today concerns errors that would lead 
to the implementation of inappropriate action. These 
errors can involve misinterpretation of the state of the 
facility, choosing an incorrect response, or a 
combination of both. Such errors are important, 
because they are likely to have a negative effect on 
the subsequent response of the personnel, and are 
generally more difficult to detect and correct than 
taking no action. 
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Fig. 3: Preliminary results of the statistical evaluation of keff distributions for selected configurations. For 
comparison, a fitted normal distribution is also shown. Left: results using the JEF-2.2 library. Right: results 
using the JENDL-3.3 library. 

After qualitative work on task analysis and 
performance factors for decision-making, the current 
study deals with the quantitative estimation of 
decision-failure probabilities. The quantification is 
difficult, because a large number of factors could be 
involved, and performance very sensitive to just a few 
of them, depending on the situation. Due to this lack 
of regularity, the collection of relevant data, and the 
derivation of estimates that can generally be 
representative, may be problematic. 

An alternative method, based on reference cases, is 
therefore being developed. In contrast to the tables of 
estimates that exist for generic manipulation tasks, 
reference cases concern specific situations.  

To quantify a decision-related error for a new 
situation of interest, the best-match reference case is 
identified, and its estimate adjusted, based on the 
differences between the situations. In this way, the 
method structures the expert judgment process, and 
provides a basis value for the estimation. 

Within the method, the problem of matching a 
standard reference case is being addressed. 
Because multiple errors of commission are potentially 
of concern in any scenario, the selection needs to be 
made at a higher level than for omission scenarios, 
for which the matching case will typically involve the 
same action in different scenarios. Two elements, the 
situation template and the characteristic features of 
the situation, are combined to define such a match. 

The template describes the structural relation 
between task and situation: for example, one 
template concerns knowledge-based recovery 
actions not addressed in the procedural guidance. 
Once the applicable situation template is identified, 
the match is based on the dominant and shared 
features; these factors were identified in an earlier 
study of actual events. 

Matches among events within a database of Errors-
Of-Commission events were analyzed and examined. 
The evaluation showed that the situational factors 
appear to be suitable, both for the selection and for 
the adjustment of the reference case estimates. 

FAST 

The FAST project (Fast Spectrum Advanced 
Systems for Power Production and Resource 
management) began in January 2004, and aims to 
develop a unique analytical and code capability for 
the core and safety analyses of fast-spectrum 
systems, with an initial emphasis on Gas-Cooled Fast 
Reactors.  

Within the context of the Preliminary Design Study of 
an Experimental Accelerator-Driven System (PDS-
XADS), a project of the 5th EU Framework 
Programme (FWP5), one aspect of the PSI 
investigations focussed on comparative static 
neutronic analyses of two 80 MWth sub-critical 
systems, cooled by lead-bismuth eutectic (LBE) and 
He (GC). The analyses were carried out using the 
ERANOS (Version 2.0) code, a deterministic, fast-
reactor code system developed by CEA in 
collaboration with other organisations. The cores of 
both systems use the same representative fuel: an 
isotopic composition of the higher-enriched MOX fuel 
(23.25% Pu) of the 2nd Super Phénix core.  

The characteristics of the two systems can be 
summarised in terms of the source importance (φ*), 
which is a measure of the importance of the neutrons 
born in the spallation-source region compared to 
those arising from neutron fission. By assuming a 
one-batch operation, the fuel discharge burn-up was 
found to be about 20 MWd/kg for the GC, and about 
25 MWd/kg for the LBE XADS. The larger source 
importance of the GC XADS (~1.20 vs. ~0.98), 
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ensures that the two values are relatively close, in 
spite of the more negative reactivity level of the GC 
XADS in its original layout (0.95 vs. 0.97 for LBE). 
This larger source importance, and the smaller power 
peaking factor occurring in the subassembly ring 
adjacent to the target, result from the fast-spectrum 
region around the spallation target, which is 
neutronically "less dense" in the gas-cooled concept. 

A much larger transport effect on criticality was found 
in the Gas-Cooled XADS (1267 versus 270 pcm for 
the LBE XADS), which reflects the strong anisotropy 
of the scattering in the low-density regions. Special 
care must be given to ensure accurate calculation of 
the broad-group cross-sections for the sub-critical 
region, since keff would increase erroneously by 
2000 pcm if the sub-critical regions were to be treated 
as homogeneous media. As a consequence, these 
enhanced effects, the keff for the Gas-Cooled XADS 
is more difficult to calculate, the overall neutron 
balance being determined, in addition, by stronger 
core/reflector interface effects. 

Finally, the analysis showed that, for both designs, 
the sensitivity of the core characteristics to the 
external neutron source is quite small. Reducing the 
uncertainties in the high-energy spallation source 
calculation for systems using LBE for the target, and 
either LBE or He as coolant materials, seems 
therefore not to be a crucial issue, except for the 
neutron yield per accelerator proton. 

ALPHA  

Main activities in the framework of the ALPHA project 
were related to the conclusion of several projects 
within the 5th EU Framework Programme (FWP). An 
important issue dealt with boron-mixing phenomena 
in PWRs. 

Current PWRs have boric acid in the primary cooling 
water to control core reactivity during operation and 
shut-down. However, in some situations, a diluted 
quantity of borated water could be present in the 
primary circuit, and it is necessary to ensure that such 
diluted fluid mixes sufficiently before reaching the 
reactor core, to avoid reactivity excursion. 

The FLOMIX-R project of the 5th EU FWP, which 
examined such mixing issues, is currently being 
concluded. The project goal was to perform 3-D 
simulations of a variety of experiments, covering 
different aspects of mixing in scaled and full-size 
reactor mock-ups, using Computational Fluid 
Dynamics (CFD) codes, and to test simulation 
accuracy against measurements of boron 
concentration (or a stimulant thereof) and fluid 
velocity. 

PSI participated in FLOMIX-R by contributing 
transient simulations of the steady-state and transient 
experiment VATT 02, carried out on a 1/5th-scale 
model of a PWR by Vattenfall Utveckling, Sweden. 
The CFD code CFX 5 was used for this study, and 
results compared against experimental measure-

ments, and parallel simulations undertaken using the 
Fluent code.  
Transient CFD simulations require significant 
amounts of computing resources, and the MERLIN 
Linux Cluster at PSI was utilized over a period of five 
months to supplement available in-house resources. 

To prove the validity of the CFD simulations, 
modelling effects must be either minimised or 
eliminated, both in the computational mesh used to 
represent the physical structure, and in the 
mathematical models and numerical techniques 
adopted. Thus, a parameter study has been 
performed, involving different choices for the mesh 
layout, the turbulence models, and the numerical 
discretisation schemes.  

 
Fig. 4a: Relative boron concentration over the core 

inlet plane at the time at which the mean 
concentration is at a minimum. 

 
Fig. 4b: Iso-surfaces of relative boron concentration 

at the time the lowest concentration fluid 
enters the core. 

In the steady-state part of the VATT 02 simulation 
(without mixing), the goal was to show how accurately 
CFD could reproduce the flow distribution, both in the 
downcomer and just below the core inlet. It was 
shown that high-order advection schemes are 
needed to adequately resolve the velocity field, and to 
capture the larger-scale structures in the flow. In 
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addition, both the turbulence models and the mesh 
layout needed further optimisation.  

The transient boron-concentration profiles at core 
inlet, calculated at PSI using the CFX 5 code, were in 
better agreement with experimental data than those 
produced at Vattenfall using Fluent. The qualitative 
and quantitative agreement between numerical 
prediction and experimental measurement represents 
a major step forward for the codes from a former 
Benchmark activity organised by the University of 
Maryland. The spatial and temporal distributions 
predicted by the CFD codes are still not in perfect 
agreement with experiment, but results are 
encouraging, and give guidance on how such 
simulations may be improved. 

Severe Accident Research 

The ARTIST project (Aerosol Trapping In a Steam 
Generator) has been launched by PSI to 
systematically investigate aerosol and droplet 
retention in a model steam generator (SG) under dry, 
wet and accident conditions. The programme 
comprises seven phases: the study of: aerosol 
retention in SG tubes; the bundle near the break; the 
bundle far-field; the separator and dryer; the flooded 
bundle; and the entire SG. Droplet retention is 
examined in the separator and dryer sections only.  

Over the past year, six aerosol retention tests have 
been performed: four in SG tubes, and two in the 
flooded bundle. The SG-tube tests, which featured 
gas velocities close to sonic levels, showed that up to 
50% aerosol mass retention can be achieved if the 
tube has a U-bend. The tests also showed the 
tendency of aerosols to de-agglomerate into much 
smaller particles as they passed through the sonic 
front at the break, a phenomenon which has been 
measured experimentally for the first time. The 
flooded bundle tests showed that, whenever the 
break is submerged, even at modest depths, 
essentially all aerosols are removed (decontamination 
factors of about 1000).  

In Fig. 5a, the pressure drop across a tube U-bend is 
displayed versus time. Results of this test emphasise 
that very dynamic processes are taking place inside 
the tube, with alternating build-up and flushing of 
aerosol deposits. 

Figure 5b shows the interior surface of the straight 
section of the tube after the test. A build-up of 
aerosols on the walls of the tube is clearly seen, 
despite the strong axial gas flow. This result confirms 
the important effect of turbulence-induced impaction, 
in which stochastic, fluctuating velocities drive the 
aerosols towards the walls, where they deposit.

57600 61200 64800 68400 72000
0

25

50

75

100

125

150

175

200

225

 PD8001

Flushing of
deposited
aerosol

P
re

ss
ur

e 
lo

ss
 ∆

p,
 m

ba
r

Exp. Time, s

D
at

as
et

: A
T_

P1
AS

02
.A

na
ly

se
.1

10
70

4.
3.

S
D

42
 / 

08
.1

2.
20

04
 / 

P
lo

t: 
P

D
80

01

 
Fig. 5a:  Pressure-drop across the steam generator tube 

U-bend. 

 

 
Fig. 5b: Post-test photograph of the inner surface 

of the steam generator tube, showing the 
aerosol deposition. 

Core Materials Behaviour 

In April 2004, the project EDEN was renamed Core 
Materials Behaviour (CMB). CMB will focus on the 
ageing processes for materials irradiated in a reactor 
core, with a special focus on cladding material, this 
being the first barrier against release of radioactivity.  

The international burst test programme NFIR-III was 
performed at PSI to determine the material properties 
of the irradiated, and severely hydrated, Zircaloy-4 
fuel cladding of high burn-up fuel rods. One finding 
from the study was that cladding specimens, which in 
burst testing ruptured at pressures considerably lower 
than those expected, contained one or more large 
hydride lenses. In the follow-up programme, NFIR-IV, 
the mechanistic understanding of the role of a hydride 

lens in cladding material, and its effect during a clad-
burst process, was investigated in detail. New burst 
tests on irradiated Zircaloy-4 fuel cladding samples, 
with and without hydride lenses, were performed. 
After bursting of specimens containing hydride lenses 
in the burst-box facility at the PSI Hot Lab, Scanning 
Electron Microscope fractography and metallography 
were used to study the rupture mechanism. In all 
cases, it was found that cracking had been initiated 
roughly in the middle of the largest hydride lens, and 
had proceeded from outside to inside in both 
directions. 

It was also found that samples containing hydride 
lenses ruptured at considerably lower inner pressure 
than those without hydride lenses. Local strains in the 

Aerosol deposition
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vicinity of the crack were calculated from the 
measured wall thinning, and compared with strains 
relating to the entire cladding circumference. Local 
hydride concentration was determined by scanning 
electron microscopy with backscattering electrons, 
and was performed close to the hydride lenses, and 
at the locations where wall thinning had been 
measured. 

An important result arising from the test is the 
observation that the local strain calculated from wall 
thinning at the burst crack indicates that irradiated 
and severely hydrated fuel cladding is capable of 
withstanding considerably higher strains than those 
conventionally calculated from the change in 
diameter, i.e. that relating to the entire circumference, 
see Fig. 6. 

Fig. 6:  Burst tests for fuel cladding with hydrogen 
accumulations: local strain from diameter 
change (entire circumference) versus wall 
thinning (local to the crack). 

Structural Integrity 

Thermo-mechanical fatigue (TMF) is a long-term 
feature of material degradation in nuclear power 
plants (NPPs), especially with regard to component 
ageing, and the ongoing actions relating to lifetime 
extension.  

Generally, TMF parameters are known, and are 
monitored. Nevertheless, the occurrence of several 
material fatigue incidents in NPPs, induced by 
thermal fatigue, has exposed deficiencies in the 
current understanding of certain thermal-hydraulic 
mixing phenomena. These occur mainly in mixing 
tees, nozzles with thermal sleeves, and in other 
components subjected to high-cycle thermal loading.  

A partial phase transformation from austenite to 
martensite takes place even at room temperature in 
some meta-stable austenitic stainless steels under 
the influence of cyclic loading. Our own studies have 
revealed that, in addition to the normal loading 
parameters, such as strain amplitude, cycle number 
and temperature, strain-induced martensite has been 
influenced by other material characteristics. In 
particular, the effect on the material state of the 
actual chemical composition, processing and final 
heat treatment on martensite formation rate during 
fatigue should be further investigated. Specimens of 
different products (bars, plates, pipes), manufactured 
using different heat treatments, but corresponding to 
the same steel grade X6CrNiTi18-10 (AISI 321), have 
been analysed, using the volume fraction of 
martensite as the prime indicator for lifetime 
assessment. The actual martensite content was 
measured using neutron diffraction and advanced 
magnetic methods, and the morphology of strain-
induced martensite was characterized using optical 
metallography, and transmission electron 
microscopy.  

Although the low-cycle fatigue specimens were 
notionally taken from the same austenitic stainless 
steel, the susceptibility to the formation of strain-
induced martensite was found to be quite different for 
the various samples. In the case of technical crack 
initiation (5% drop in maximum stress amplitude), the 
volume fraction of martensite varied from 55.5% for 
the plate material (∆ε/2=0.30%, RT), to 15.6% for the 
cold-worked bar material (∆ε/2=0.40%, RT), and to 
only 1.5% for the pipe material (∆ε/2=0.30%, RT). 
Variations in the chemical composition, and 
differences in the final heat treatment, were identified 
as the reasons for the different material behaviour.  

 
 

  
 
Fig. 7:  Micro-structure after fatigue in the bar (left) and pipe (right) material AISI 321 (M: deformation-induced 

martensite; S: slip bands; T: twins, MT: micro-twins). 
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Analysis of the mechanism responsible for martensite 
formation has led to the following conclusions. In the 
plate material, traces of ε-martensite were present in 
the original specimen, as well as α’-martensite. After 
cyclic loading, there was no evidence of ε-martensite, 
implying that the phase has a short lifetime, that it 
acts as a nucleus for α-martensite formation, and 
transforms immediately to α’-martensite during 
fatigue. Thus, the mechanism of martensite formation 
for the plate material is different from that of the bar 
and pipe materials, for which direct transformation of 
austenite to α’-martensite was observed, with 
nucleation at the intersections of the lattice defects. 
Obviously, the α-martensite nucleates in the small 
grains of the ε-martensite. In addition, the final heat 
treatment of the steel has an influence on martensite 
formation during fatigue: the lattice defects, such as 
slip bands or micro-twins, resulting from the cold-
drawing process, act as nuclei for the transformation 
of austenite to α’-martensite. Such defects are not 
present in the solution-annealed material, and fatigue 
creates only a few of them (Fig. 7). 

High Temperature Materials 

The High Temperature Materials project (HT-MAT) 
began in January 2004, with the aim of providing 
insight into the selection of adequate materials for 
Generation IV reactor systems, and to contribute to 
on-going research describing the behaviour of such 
materials by detailed models. Three main classes of 
materials were chosen for investigation: carbon-
reinforced ceramics (such as SiC/C or SiC/SiC), 
intermetallics (such as TiAl), and-oxide-dispersion-
strengthened (ODS) alloys. 

ODS alloys consist of a metallic matrix, interspersed 
with finely small oxide particles, of average diameter 
20-30 nm. These particles improve strength and 
creep resistance at high temperatures. Ferritic-
martensitic ODS steels are being examined as 
possible structural materials for the future generation 
of High Temperature Gas-Cooled Nuclear Reactors. 
ODS-steels are being considered as replacements 
for other high-temperature materials for piping and 
other structural components. The material is 
expected to be able to operate under extreme 
conditions of temperature and irradiation. Quantitative 
understanding of possible degradation during service 
is mandatory for safe operation. One key issue is the 
performance of the material under irradiation, 
particularly irradiation-induced swelling and the local 
mechanical properties of the irradiated surface.  

At present, the irradiation is performed at the Tandem 
accelerator of ETH Zurich, where specimens are 
bombarded by 1.5 MeV He ions, with a total fluence 
ranging from 1.4·1016 to 1.1·1017 cm-2. The beam 
incidence angle is varied from 0° to 66° in order to 
achieve a uniform damage profile in the sample (at 
depths from 0.5 µm to 2.5 µm). By using a strip-mask 
of 400 meshes, an alternative pattern of irradiated 
and non-irradiated stripes is generated. The 
perpendicular surface displacement induced by 
irradiation is then examined using Atomic Force 

Microscopy (AFM), and the degree of swelling is 
measured for each irradiation fluence.  

For a corresponding displacement damage of 1 dpa, 
a swelling of 4% was observed. This rather large 
value is a consequence of the high He/dpa ratio 
adopted for this experiment, intended to represent an 
extreme case, as would occur in a fast-neutron 
spectrum. The hardness of the material was 
subsequently tested using a nano-indenter. Increased 
hardness of the irradiated regions was clearly found. 
With a displacement damage of 0.7 dpa, the 
hardness increased by 25%. Figure 8 shows such an 
indent, as measured using AFM. The pile-up at the 
edge of the indent (right figure) could only be 
observed for irradiated surfaces. By examination of 
the indent shape, together with comparisons from 
finite-element structural analysis simulations, the 
quantitative understanding of the deformation 
process will be improved. 

 
Fig. 8:  Indents in non-irradiated (left) and irradiated 

(right) regions of an ODS sample. 

Waste Management  

The waste management R&D programme at PSI 
serves an important national role by supporting the 
Swiss Federal Government and Nagra in their 
obligation to formulate a strategy for the safe disposal 
of active waste from nuclear power plants, and that 
from nuclear applications in medicine, industry and 
research. The field of competence at PSI lies in the 
fundamentals of repository chemistry, in the 
chemistry and physics of radionuclides (or heavy 
elements) at solid/liquid interfaces and in solid 
solutions, and radionuclide transport and retardation 
in geological and artificial media. The investigations 
are a balanced combination of experimental activities 
at laboratory level, at large facilities in the field, and 
theoretical modelling. All efforts are directed towards 
the performance assessment of repositories in 
Switzerland, and are strongly linked to international 
programmes through co-operations at bilateral and 
multilateral levels. 

Clays are important system components in a 
geological repository, being constituents of cavern 
backfill material and of host rocks. Important 
properties of clays are their tightness in respect to the 
ingress of water, and their sorption capacities. 
Consequently, radionuclide diffusion and interaction 
at clay surfaces are focal points of current research at 
PSI: we perform experiments using aqueous 
chemistry and spectroscopic methods, and develop 
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mechanistic models. The trend is towards developing 
understanding of the relevant mechanisms at 
microscale level, to complement microscopic thermo-
dynamic and phenomenological modelling 
approaches.  

In 2004, the molecular modelling of the mobility of 
radionuclides in clay systems was initiated. Together 
with information from advanced experimental 
techniques, such as X-ray absorption and laser 
fluorescence spectroscopy, this new approach offers 
a unique opportunity to develop a mechanistic 
understanding of the relevant processes. At present, 
the work focuses on the description of proton transfer 
at edge sites, and on ion clustering in the interlayer 
water (see Fig. 9, and the contribution on page 111). 
It has been shown that, at low pH, only ≡Al-OH and 
≡Al-O surface sites can be protonated, whereas 
deprotonation at high pH occurs at ≡Al-OH, ≡Al-OH2 
and ≡Si-OH sites. This observation is of importance 
for the thermodynamic modelling of radionuclide 
complexation at edge sites. Calculations have further 
shown that both the water viscosity in the clay 
interlayer and the NaCl solution are strongly 
dependent on the degree of clay compaction. This 
has consequences for the radionuclide diffusion and 
speciation in the interlayer. 

 
Fig. 9:  TOT unit in clay minerals and the water-clay 

interfaces. 

Use of Large PSI Facilities 

Hot Laboratory 
The unique Hot Lab facility at PSI fits well into the 
overall perspective of operating large research 
facilities devoted to materials science. The laboratory 
accepts and characterizes in its hot cell line highly 
active components from power reactors, as well as 
targets from accelerator facilities. Precision 
equipment is tuned for subsequent remote-controlled 
extraction of small samples, which are brought to 
dedicated, shielded areas, where micro-structural, 
mechanical, chemical and isotopic measurements 
are made.  
The main focus of the support activity is in the 
following areas: 
• the safe and economical operation of NPPs, by 

studying the processes of corrosion and ageing 
of advanced fuel claddings for high burn-up, and 
supporting the operators in damage analyses; 

• providing basic data on materials for extremely 
high-temperature applications in future gas-
cooled reactors; 

• providing basic materials data for target 
windows, needed for the proposed PSI liquid-
metal spallation source target; and 

• on-line preparedness for emergency help to the 
Swiss NPPs, as requested. 

A new project for high-burn-up fuel pin 
characterisation has been started, in parallel with a 
back shipment of such fuel to a Swiss power station. 
An important milestone was reached in finalizing the 
updated safety report for the Lab. Important steps 
were again made in the improvement of the shielding 
structures. A four-compartment cell for chemical 
dissolution of highly active fuel was constructed. The 
mechanical testing of active metallic samples could 
be started in a laboratory with three new shielded 
cells. Fuel samples were prepared and micro-
structural analysis undertaken in the new 
metallography and microscopy cell. Last but not least, 
decisions were taken to replace an outdated office 
building, and a material locking and control station. 

MicroXAS 

In 2004, work focused on the construction and 
installation of the beamline components. Major 
milestones were the installation of the front-end, the 
mirror, the monochromator and its insertion device. 
The first synchrotron light at the MicroXAS beamline 
was produced in September 2004. This highlight to 
on-going activities was followed by progress in 
beamline commissioning, including stringent testing 
of optical and diagnostic components, as well as 
obtaining the first test results (see Fig. 10). 

Substantial progress has also been made in respect 
to measurements of active samples. Following 
approval by the PSI radiation protection service (SU), 
the Federal Office of Health (BAG), and the 
regulatory agency for SLS, a specimen holder for 
active samples was designed, in collaboration with 
the PSI construction department. The current 
situation is that the details of the containment system, 
the decontamination issues, the transport procedure, 
and the measurement protocol at the beamline have 
been outlined, and further discussions with SU and 
BAG are underway. 

Reactor School 

The PSI Reactor School provides basic theoretical 
education for licensed operational personnel at the 
Swiss NPPs, and offers in addition various courses 
aimed to deepen knowledge of nuclear-energy-
related issues.  

During 2004, Course T33 for technicians, with 
7 participants was concluded in April, and the course 
series T34 (~16 participants) was started in January. 
In parallel, two courses for shift managers, and 
repeat courses, were also organised.  
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Fig. 10:  First EXAFS scan collected at the Micro-

XAS Beamline (NiO measured in 
transmission mode). 

Major milestones for this year were the successful 
use of the new simulator in the framework of a 
regular course, and the ISO 9001 certification of the 
school in the framework of a quality-assurance 
programme. 

National and International Collaborations 

All NES activities are intensively and specifically 
embedded in national and/or international 
programmes. At least one of the two Swiss Federal 
Institutes of Technology (ETHZ, EPFL) is always 
(often contractually) a partner, and all NES projects 
contribute to one or more EU projects. All important 
European research organizations (CEA, FZJ, FZK, 
FZR, NRG, SCK, VTT, JRCs), as well as the most 
important ones in the USA and Asia (EPRI, CRIEPI, 
JAERI, KAERI), are direct partners of several 
projects. Additionally, NES is a highly regarded and 
substantial partner in international activities within the 
IAEA and the OECD/NEA, and is Implementing Agent 
for Switzerland in the framework of the activities of 
the Generation IV International Forum. On the 
industrial side, along with the domestic utilities (UAK), 
all important reactor and fuel manufacturers (GE, 
Framatome-ANP, BNFL-Westinghouse, Areva-
Cogema, BN, JNC) are directly involved in NES 
research as paying partners.  
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