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Swissnuclear supports since several years research projects in nuclear science at the Nuclear En-
ergy and Safety (NES) division from the Paul Scherrer Institute, Villigen, CH. These projects contrib-
ute to the further specialization of highly educated young professionals and to maintaining a high 
level of competence in strategic research areas such as nuclear material science, modelling or 
thermo-hydraulic. 

The “Tag der Forschung” 2020 aimed at presenting the 2018-2019 research projects to a wider 
group of collaborators from the Swiss nuclear powerplants, representative of the Swiss federal of-
fices, and interested public. Originally planed as a physical meeting, the “Tag der Forschung” was 
reorganized as a virtual event in three parts because of the Covid-19 pandemic. 

Agenda of the second part 

12.01.2021, Microsoft Teams 

9:00-9:05  Opening swissnuclear 
9:05-9:30 Forschung an nuklearen Materialien in Hinblick 

auf die Schweizer Kernkraftwerke 
M. Pouchon, PSI

9:30-9:55 Das PSI Hotlabor – Service für die CH-KKW M. Streit, PSI
9:55-10:05 LNM-05 “MDIC - Digital image correlation analy-

sis of multiaxial loading induced microstructural 
aging”  

C. Kursun, PSI

10.05-10.15 LNM-02 “HYMEC – HYdrides & MEChanics” L. Duarte, PSI
10:15-10.25 LNM-09 “Probing atomic and electronic structure 

of standard and chromia-doped UO2 fuels using 
X-rays synchrotron light”

G. Kuri, PSI

10:25-10:35 LNM-12 “Examination of the causes of increased 
hydrogen uptake at high burnups” 

S. Abolhassani,
PSI

10:35-10:45 LNM-13 “Nuclide Determination and Local quanti-
fication of actinides at high burn-up (NUDEL)” 

S. Portier, PSI

10:45-10.50 Closing remarks swissnuclear 



 

 

Laboratory for Nuclear Material 
(LNM) 

 
 
 
Laboratory Head:  Manuel Pouchon  

 

Presentation:  “Forschung an nuklearen Materialien in Hinblick auf die Schweizer 
Kernkraftwerke” 

 

Time: 09:05-09:30 

 

Projects: LNM-02 “HYMEC – HYdrides & MEChanics”  

 LNM-05 “MDIC - Digital image correlation analysis of multiaxial loading 
induced microstructural aging” 

 LNM-09 “Probing atomic and electronic structure of standard and chro-
mia-doped UO2 fuels using X-rays synchrotron light” 

 LNM-12 “Examination of the causes of increased hydrogen uptake at 
high burnups” 

  

 
 
Hot laboratory 
(AHL) 
 
Laboratory Head: Marco Streit 

 

Presentation:  “Das PSI Hotlabor – Service für die CH-KKW” 

 
Time: 09:30-09:55 

 

Project: LNM-13 “Nuclide Determination and Local quantification of actinides at 
high burn-up (NUDEL)” 

 



 

HYMEC – HYdrides & MEChanics 
 

L. Duarte, A. Colldeweih, F. Fagnoni, R. Zubler, J. Bertsch 
Laboratory for Nuclear Materials 

Paul Scherrer Institut, CH-5232 Villigen, Switzerland 
 

The mechanical behavior of fuel claddings, taking the impact of hydrogen into account, is of high 
relevance with respect to handling, storage and transportation of used fuel, likewise in the context of 
intermediate dry storage.  

1. Neutron imaging of hydrogen redistribution: employing PSI Neutron 
Microscope at SINQ allows quantifying inhomogeneous hydrogen fields at 
sub-5 µm spatial resolution. The hydrogen distribution is of interest for the 
various claddings currently serving in Swiss nuclear power plants, including 
those with a liner. Inhomogeneous hydrides distribution may increase the 
risk for local weaknesses or possibly lower the risk by concentrating the 
hydrides in the liner. 

 
Fig. 1: Neutron radiograph of a tested duplex cladding 

charged with ~200 wppm hydrogen [1] 

 

2. Hydride distributions and phase identification by EBSD (electron backscatter diffraction): EBSD is 
an important tool for identifying the phases and the orientation of the grains in which the hydrides 
are embedded. This allows determining the stresses at the hydrides-bulk interface. 

3. C-type tests are a practical way to determine the influence of stress distributions in a sample with 
different hydrogen contents and hydrides precipitations 

 

 
 

Fig. 2: C-shape compression test (CCT) and corresponding FEM model 

4. Delayed hydride cracking (DHC) of Zry: Specific interest is in Zry-2 which is softer than Zry-4. Cracks 
in radial direction are considered, the influence of the liner is explored. Important are the DHC 
velocity and the critical stress intensity factor when DHC starts. This part project runs in the frame 
of a PhD project) 

 
 
[1] W. Gong, P. Trtik, R. Zubler, J. Bertsch, Hydrides reorientation and redistribution under non-uniform stress, 

submitted to TopFuel 2019, 20-26 Sept 2019, Seattle, WA, USA 



 

MDIC 
Digital image correlation analysis of 

multiaxial loading induced microstructural aging 
 

E. C. Kursun, K. Freytag, P. Spätig,  
Laboratory for Nuclear Materials 

Paul Scherrer Institute, CH-5232 Villigen, Switzerland 
 
In the reactor pressure vessel and primary cooling circuit components, damage caused by material 
aging can be induced by thermal or mechanical loading. Examples are thermally induced fatigue caused 
by coolant mixing, thermal shock induced during startup and shutdown conditions, mechanical 
vibration caused by pumps or turbulent coolant flow. In some cases, this loading can be of multi-axial 
nature, which can be mimicked approximatively in multi-axial testing rigs, e.g. an axial-torsional testing 
system. From a material point of view, the damage occurs at a microstructural scale, and depends on 
the nature of the loading as it exists locally. Current state of the art damage modeling, when based on 
data from non-multiaxial testing, can be both unconservative or overly conservative in its prediction 
of the lifetime of components. High optical resolution digital image correlation analysis of the 
distribution of the strain in the microstructure, and the distribution of the locally accumulated damage 
in the microstructure, has the potential to clarify the reason for this deviation and allow us to develop 
more accurate damage models. In this project, a stainless steel of grade AISI 316L is submitted to 
multiaxial fatigue testing to determine the influence of the cyclic loading path on the lifetime 
specifically for this material.  The characteristics of the deformation and damage are analyzed on the 
microstructural scale using digital image correlation and electron microscopy methods. 
We propose an in-situ investigation of the local 
distribution of strain fields at a sub-grain scale using Digital 
Image Correlation (DIC) analysis with a high-resolution 
optical imaging system. One of the challenging aspects of 
performing DIC analysis at the microstructural scale is the 
application of high quality speckle patterns on the sample 
surface with a feature size and distribution appropriate for 
the length scale of interest. A standard cleanroom 
procedure of Nanoimprint Lithography (NIL) is modified to 
allow the transfer of pre-designed DIC patterns onto non-
flat sample surfaces with sufficient optical contrast. The 
limits of optical microscopy DIC analysis at the 
microstructural scale, and the minimum grain size of the 
material allowing the characterization of in-grain strain 
distribution are to be determined. The information 
gathered from DIC experiments under multiaxial cyclic 
loading conditions will used to validate CPFE based 
material descriptions.  

Fig. 1: An example of a contour plot of mesoscopic strain fields measured during deformation 
 



 

Probing atomic and electronic structure of standard and chromia-doped UO2 
fuels using X-rays synchrotron light 

 
G. Kuri, H. Ramanantoanina, S. Bhattacharya, M. Martin, J. Bertsch   

Laboratory for Nuclear Materials  
Paul Scherrer Institute, CH-5232 Villigen, Switzerland 

 
     Standard UO2 (average grain size, 10 µm) and Cr-doped UO2 (average grain size, 50 µm) are nuclear 
fuel materials currently being used in Swiss commercial nuclear power plants. Doped UO2 fuel, also 
known as advanced type of fuel, has been developed 
mainly to mitigate the detrimental fission products 
effects. With regard to optimal, economic and safe 
use of these fuels, a thorough knowledge of the 
atomic scale structure in irradiated UO2 and chemical 
properties of dopant as well as fission products are 
important prerequisites for understanding and 
predicting the fuel behavior during its operation in the 
reactor. Modern synchrotron radiation based 
microprobe, X-ray absorption spectroscopy (XAS) technique has the ability to probe local atomic scale 
physical and electronic structures. The present study provides experimental insights into the structural 
modifications in spent fuels, comprising: (a) the local 
oxidation of UO2 in irradiated fuel matrix; (b) 
occurrence and stability of dissolved fission gas atoms 
trapped at point defects created by fragments from the 
fissile uranium. We also report XAS experiment and 
theoretical characterization to determine the 
structural property and the next neighbor Cr atomic 
environment in Cr-doped UO2 fresh fuel materials. 
     Although oxidation is known to occur during 
irradiation of UO2, we have quantified the local 
chemical composition and determined the modified atomic scale UO2 lattice structure in the spent fuel 
matrix. The result shown in Fig. 1 reveals that the fuel is oxidized to UO2.01 for an average burnup of 40 
MWd/kgU in the pellet. When the effect on the solubility and interaction or incorporation of fission 
gas atoms into the UO2 lattices is probed, the result (Fig. 
2) shows that with Kr in substitutional U- or O-sites, the 
formation of Kr clusters in UO2 is very unlikely. The most 
stable structure results for the two Kr impurities when 
located in the adjacent interstitial positions. In order to 
obtain a comprehensive understanding of cationic doping 
Cr effects in UO2 and the mechanisms that govern 
enhanced grain growth, recently, new experimental XAS 
data (Fig. 3) have been measured analyzing a set of 
industrial grade chromia-doped UO2 fresh fuel materials. 
All these results will be presented and discussed.  



Examination of the causes of increased hydrogen uptake at high burnups

J. Hawes a, A. Baris a, J. Bertsch a, R. Grabherr b, M. Martin b, S. Abolhassani a*

a Laboratory for Nuclear Materials (LNM)
bDivision Hot Laboratory (AHL)

Paul Scherrer Institute, CH 5232 Villigen, Switzerland

The zirconium based claddings currently used in the LWRs have a satisfactory in service performance.

However, some aspects of their behavior need improvement. The topic of hydrogen uptake is a well

known issue for such claddings. The increase of hydrogen content in these fuel claddings induces

different complications both in service and for subsequent storage of the spent fuel. Hydrogen uptake

project has attempted to focus on the fundamental question of causes of change of behavior of the

claddings at high burnups. The reason for this research is that some claddings show an increased rate

of uptake (also called hydrogen pickup fraction) at high burnups or long residence times.

To understand the causes of changed behavior, two approaches have been taken, a the same cladding

with different residence times has been studied. For this part, the LK3/L, a Zircaloy 2 cladding used in

KKL has been selected, and segments having exactly the same elevation, and very similar conditions

of irradiation have been selected after 3, 6. and 9 cycles. b Two different cladding grades from KKG

have been compared with each other, for similar residence times, to examine the role of cladding

composition and grade.

Several characterization techniques at microscopic and nanoscopic scale have been used to study the

changes occurring in the material. In particular, the focus has been on the microstructure of the

zirconium oxide at the metal oxide interface, knowing that the oxide protects the metal from the

ingress of hydrogen.

Fig. 1: Brief description of the different factors affecting the change of hydrogen uptake behavior.

A: Microporosity of the interface oxide as a function of cycles, and its relation to the hydride

volume fraction. B: Yield strength of 3 and 9 cycle metal and oxide at the metal oxide interface:

tested by micropillars in the 9 cycle metal (top) and oxide (middle). C: Semi conducting properties

of the interface for 3 cycle and 9 cycle oxide, indicating a decrease in the extent of this layer.



Results have shown that a the microporosity of the oxide increases with the increased residence time

(Fig. 1 A), furthermore, it has been shown that this microporosity increase is correlated to the volume

fraction of hydrides in the metal side of the interface. b Thus, its micromechanical properties also

change and to a certain extent reduce. Therefore, the oxide will form more easily microcracks prone

to accelerate hydrogen ingress (Fig.1 B). And c semi conducting properties of the interface oxide

deteriorates, thus hydrogen reduction will take place closer to the interface, therefore more hydrogen

will be available near the interface (Fig. 1 C). However, results show that the oxide layers at the

interface still show protectiveness even after long term immersion in the reactor.

1. A. Baris, R. Restani, R. Grabherr, Y. L. Chiu, H. E. Evans, K. Ammon, M. Limbäck, & S. Abolhassani; “Chemical and
microstructural characterization of a 9 cycle Zircaloy 2 cladding using EPMA and FIB tomography”; ,” J Nucl.
Mater, 504, (2018): 144 160.

2. A. Baris, S. Abolhassani, Y. L. Chiu, H. E. Evans ; « Observation of crack microstructure in oxides and its correlation
to oxidation and hydrogen uptake by 3D FIB Tomography case of Zr ZrO2 in reactor”; Materials at High
Temperatures, 35 (1 3), (2108): 14 21.

3. A. Baris, S. Abolhassani, R. Grabherr, R. Restani, R. Schäublin, Y. L. Chiu, H. E. Evans, K. Ammon, M. Limbäck;
“Causes of increased corrosion and hydrogen uptake of Zircaloy 2 cladding at high burnups”; Proceedings of the
TopFuel Conference, 2018.

4. A. W. Colldeweih, A. Baris, P. Spätig, S. Abolhassani; “Evaluation of Mechanical Properties of Irradiated Zirconium
Alloys at the Metal oxide Interface”; Materials Science & Engineering A, 742, (2019): 842 850.

5. R. Vanta, S. Abolhassani, S.A. Kumar, M. Dadras, A. Baris, G. Boetsch, H. Brandenberger, A. Rummel; “Examination
of semiconducting properties of oxides in the vicinity of metal oxide interfaces for selected alloys”; The 16th
European Microscopy Congress 2016; DOI: 10.1002/9783527808465.EMC2016.6954.

6. J. Hawes, A. Baris, Y.L. Chiu and S. Abolhassani, “Characterization of the conductivity of metal oxide interface of
zirconium based fuel cladding at low and high burnups”; J Nucl. Mater, 534, (2020).

7. A. Baris, “Increased Hydrogen Uptake of Zirconium Based Claddings at High Burnup”; (PhD Thesis University of
Birmingham, 2019).



 

Nuclide Determination and Local quantification of actinides at high burn-up 
(NUDEL) 

 
S. Portiera, R. Grabherra  

aHot Laboratory 
Paul Scherrer Institute, CH-5232 Villigen, Switzerland 

 
Minor actinides such as americium, neptunium and curium, are produced in commercial nuclear power 
plants through successive nuclear reactions, from uranium 238 and plutonium 239. Their 
concentration and their impact in irradiated fuels are strongly related to the burn-up of the fuel: the 
higher the burn-up, the higher the amount of minor actinides in the fuel. Consequently, the 
understanding of their behavior during operation is a key factor to extend the burn-up of the fuel and 
to enhance the efficiency of the current systems. This study aims to develop a process that enables the 
local quantification of plutonium, americium and neptunium long-lives isotopes in such fuels, using the 
capabilities of the shielded instruments available in the Hot Lab at PSI: the Electron Micro Probe 
Analyzer (EPMA). 
The method is an application of the work performed by A.Moy1,2 on standardless EPMA 
measurements, based on the computation of the total cross sections for the ionization of inner shells 
of atoms by impact of electrons (simulation codes PENELOPE and PENEPMA). The combination of x-
ray line intensity simulation and the measurement of specific characteristics of our instrument (noise, 
peak broadening for energy of interest) enables the determination of virtual standards, which can be 
used as classical standards for quantification of minor actinides in high burn-up fuels. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Comparison between the concentration obtained using real standard (UO2) measurement 
and the concentrations obtained using the virtual standard (pure U metallic) on an irradiated 

sample. 
 

 

 
1 A. Moy, C Merlet, X Llovet and O Dugne, J. Phys. B: At. Mol. Opt. Phys. 47 (2014). 
2 A. Moy, C Merlet and O Dugne, Chemical Physics 440 (2014) 18–24. 

point No [U] Real Std [U] Virtual Sdt
w% w%

1 86.698 86.162
2 86.967 86.43
3 87.126 86.587
4 86.771 86.234
5 87.146 86.607
6 83.89 83.391
7 85.91 85.378
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