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FOREWORD 
 

Nuclear technologies such as fission and fusion reactors, including associated waste 
storage and disposal, rely on the availability of not only nuclear fuels but also advanced 
structural materials. In 2010–2013, the IAEA organized and implemented the Coordinated 
Research Project (CRP) on Development, Characterization and Testing of Materials of 
Relevance to Nuclear Energy Sector Using Neutron Beams. A total of 19 institutions from 
18 Member States (Argentina, Australia, Brazil, China, Czech Republic, France, Germany, 
Hungary, Indonesia, Italy, Japan, Netherlands, Republic of Korea, Romania, Russian 
Federation (two institutions), South Africa, Switzerland and United States of America) 
cooperated with the main objective to address the use of various neutron beam techniques for 
characterization, testing and qualification of materials and components produced or under 
development for applications in the nuclear energy sector.  

This CRP aimed to bring stakeholders and end users of research reactors and accelerator 
based neutron sources together for the enhanced use of available facilities and development of 
new infrastructures for applied materials research. Work envisioned under this CRP was 
related to the optimization and validation of neutron beam techniques, including facility and 
instrument modifications/optimizations as well as improved data acquisition, processing and 
analysis systems. Particular emphasis was placed on variable environments during material 
characterization and testing as required by some applications such as intensive irradiation 
load, high temperature and high pressure conditions, and the presence of strong magnetic 
fields. Targeted neutron beam techniques were neutron diffraction, small angle neutron 
scattering and digital neutron radiography/tomography.  

This publication is a compilation of the main results and findings of the CRP, and the 
CD-ROM accompanying this publication contains 19 reports with additional relevant 
technical details.  

The IAEA acknowledges the valuable contributions of the individual participants and 
the support of the international experts in contributing to and reviewing this publication, in 
particular M. Grosse (Germany). The IAEA officers responsible for this publication were 
D. Ridikas of the Division of Physical and Chemical Sciences and V. Inozemtsev of the 
Division of Nuclear Fuel Cycle and Waste Technology. 



EDITORIAL NOTE

This publication has been prepared from the original material as submitted by the contributors and has not been edited by the editorial 
staff of the IAEA. The views expressed remain the responsibility of the contributors and do not necessarily represent the views of the 
IAEA or its Member States.

Neither the IAEA nor its Member States assume any responsibility for consequences which may arise from the use of this publication. 
This publication does not address questions of responsibility, legal or otherwise, for acts or omissions on the part of any person.

The use of particular designations of countries or territories does not imply any judgement by the publisher, the IAEA, as to the legal 
status of such countries or territories, of their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does not imply any intention to 
infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the part of the IAEA. 

The IAEA has no responsibility for the persistence or accuracy of URLs for external or third party Internet web sites referred to in this 
publication and does not guarantee that any content on such web sites is, or will remain, accurate or appropriate.



CONTENTS 

 

1. INTRODUCTION .................................................................................................................. 1 
1.1. Background ................................................................................................................. 1 
1.2. Use of neutron beams for materials research .............................................................. 1 
1.3. Purpose and structure of this Publication ................................................................... 3 
 

2. RESULTS ACHIEVED .......................................................................................................... 4 
2.1. Investigation of Oxide-Dispersed-Strengthened steels ............................................... 6 
2.2. Research on Zirconium based materials (including Hydrogen uptake) ................... 15 
2.3. Investigations of welded structures and objects ....................................................... 25 
2.4. Results with irradiated materials .............................................................................. 42 
2.5. Optimization of instruments for residual strain/stress measurements ...................... 50 

2.6. Efforts towards standardization of neutron imaging ................................................ 62 

3. CONCLUSIONS ................................................................................................................... 71 

REFERENCES.......................................................................................................................... 73 

ABBREVIATIONS .................................................................................................................. 77 

LIST OF CONTRIBUTORS TO DRAFTING AND REVIEW ............................................... 79 

LIST OF INDIVIDUAL PAPER CONTRIBUTORS .............................................................. 81 

 

  



 

 



1 

1. INTRODUCTION 

1.1. BACKGROUND  

Long term nuclear energy security will strongly depend on the availability of not only 
nuclear fuels but also advanced structural and functional materials. These materials have to 
withstand extreme conditions: high temperature/pressure, intense neutron irradiation, strongly 
corrosive environments, presence of magnetic/electric fields, and all that in combination with 
complex loading states and cyclic operation histories. Further developments in advanced 
materials for the existing thermal reactors may improve safety margins, reduce the frequency of 
component replacement, ensure higher burn-ups and, therefore fuel cycle economics and safety. 
For advanced future reactors (e.g. fast reactors, high temperature reactors, fusion reactors, 
accelerated driven systems), the development of advanced materials is crucial due to the 
extreme environment and operation conditions associated with these innovative systems.  

Engineering components in all these nuclear technologies such as reactors, waste storage 
and disposal, components, fuels, cladding and waste forms, rely on development of advanced 
materials for their economic, safe, and reliable operation. The demands of quality control on 
each component to be used in the nuclear energy sector are very stringent and are critical in 
terms of acceptability and licensing. These, in turn, call for the development and fabrication of 
components with high quality and reliability. This process demands the characterization of 
materials and fabricated components during and after the fabrication process. The testing of 
these parts after use provides information on their behaviour under various conditions of 
operation and/or in the diagnosis in case of their failure. 

The crystallographic, chemical and micro-structure, mechanical strength, anisotropy in 
properties, response to external stresses, radiation resistance, and in certain cases magnetic 
fields are some of the characteristics that determine the suitability of a material for use in 
advanced present and future nuclear energy sector. To achieve these transformational advances 
in materials performance a science-based approach is needed. The science-based approach 
combines fundamental understanding of materials behaviour at the micro-structural level 
combined with phase-field and atomistic theories, high precision experimental and 
characterization techniques including advanced modelling and simulation tools. Up to now it is 
extremely difficult to forecast material behaviour on long-term basis whereas radiation, thermo-
mechanical loading and chemical attacks all combine to severely impair their states. Moreover, 
the knowledge gained remains mostly empirical and cannot be easily extrapolated to new 
materials, new environments, or new operating conditions, and therefore calls for in-depth 
investigations. 

 

1.2.  USE OF NEUTRON BEAMS FOR MATERIALS RESEARCH   

Various techniques have been developed to measure material properties at the 
microscopic and macroscopic level. X rays and charged particle beams are typically useful in 
the study of thin samples. Allied techniques such as positron annihilation spectroscopy (PAS), 
scanning tunnelling microscopy (STM), electron microscopy (EM), and other testing tools, each 
have a role to play in materials characterization, ranging from the atomistic level to the 
macroscopic scale. Neutrons are known as a unique bulk probe penetrating deep within a 
sample and without damaging the structure of the material under examination. The special 
nature of neutron interaction with matter provides important complementary and supplementary 
data to other techniques. Another advantage of neutrons is that they are sensitive to hydrogen 



2 

and other light elements even in the presence of heavy elements. Neutrons also can easily 
distinguish elements with close atomic numbers like, for example, Ni and Cr, even isotopes of 
individual elements, what would be impossible with X rays. Therefore, neutron beam facilities 
might play a specific role in such developments for testing and characterization of new nuclear 
fuels and structural materials or components. Research reactors (RR) have the potential to 
provide all necessary infrastructures in addition to neutron beams as a probe for advanced 
material testing and characterization. Dedicated in-core irradiation channels, material test loops, 
auxiliary facilities as hot laboratories, are often available at research reactors to provide realistic 
conditions for this purpose. 
 

The large penetration depth and selective absorption of neutrons make them a powerful 
tool in non-destructive testing (NDT) of materials with large samples. Residual stress formed in 
a material during manufacturing, welding, utilization or repairs can be measured by means of 
neutron diffraction (ND). In fact neutron diffraction is the only NDT method, which can 
facilitate 3-D mapping of residual stress in a bulk component. Such studies are important in 
order to improve the quality of engineering components in production and to optimise design 
criteria in applications. Anisotropies in macroscopic properties like thermal and electrical 
conductivities, mechanical properties of materials used for instance in fuel elements depend on 
the textures developed during their preparation or thermal treatment, external thermal, chemical 
or radiation exposure. Such experiments can be also efficiently studied by using neutron 
diffraction technique. Very attractive could be the so called in-situ neutron diffraction 
investigations of samples under external thermo-mechanical load conditions. 
 

Small Angle Neutron Scattering (SANS) is another method for investigation of structure 
inhomogeneities in a large scale of dimensions between 0.5nm and 5m, therefore applicable 
for material science in terms of material structure changes (e.g. forming of the aggregates, 
clusters, precipitates, pores, etc.). Again thanks to deep penetration of neutrons, both atomic 
and macroscopic structure of materials can be derived. SANS is highly isotope-specific and is 
suitable for investigation of liquids as well as solids. Investigation of materials in the presence 
of magnetic fields (fusion technology) is also possible by SANS thanks to the neutron spin. 
Further advantage of SANS is a possibility to carry out so called in-situ experiments with 
samples under external load (variable temperatures, mechanical tension/compression, 
irradiation environments, magnetic fields, etc.) 
 

Neutron imaging (NI) also uses the property that neutrons deliver high penetration 
through bulk material layers including heavy elements. Therefore, macroscopic examination of 
nuclear fuel (U or Pu) with respect to production quality, enrichment, burnable poison or fuel 
kernels distribution is possible. Study of spent fuel with respect to pellet integrity, fission 
product distribution and swelling also could be performed. Such investigations can be extended 
to fuel element cladding performance, in particular the hydrogen ingress after normal or 
accidental operation. Other fields where neutron radiography is advantageous are: quality 
control of neutron absorbing material with respect to homogeneity, inspection of welds for 
nuclear components, macroscopic study of wall materials from fusion test facilities after long 
term exposure, etc. 
 

The above experimental techniques have a great potential to significantly contribute to 
multi-scale understanding of fuels and structural materials for nuclear systems and in dealing 
with scientific and engineering aspects of nuclear materials. In particular, they are able to 
support an experimental data base on nuclear materials for establishing multi-scale models and 
simulations as validated predictive tools for the design of nuclear systems, fuel/structure 
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component fabrication and performance. Some experiments could be specifically designed to 
serve as a reference data to validate the models. Therefore, combining experimental and 
theoretical knowledge from diverse fields of material research will benefit each.  

 

1.3.  PURPOSE AND STRUCTURE OF THIS PUBLICATION 

In 2010-2013 the IAEA organized and implemented a Coordinated Research Project 
(CRP) on Development, Characterization and Testing of Materials of Relevance to Nuclear 
Energy Sector Using Neutron Beams. As it was required, the CRP participants employed at 
least one of the neutron beam techniques mentioned above in their Research 
Contracts/Agreements. 

As stated in the CRP proposal document the overall objective of this CRP was to employ 
advanced neutron beam techniques for solving problems of current interest to materials research 
for the nuclear energy sector, to standardize and qualify relevant experimental techniques and 
modelling methods, and to promote and establish collaboration among participants of the 
project and additional interested parties. The specific objectives of this CRP were to: 

 Investigate and characterise materials using neutron beams under extreme conditions 
relevant for present and future nuclear technologies, e.g. intensive irradiation load, high 
temperature/pressure/corrosive environment, magnetic fields for fusion, etc.;  

 Optimize and validate advanced neutron beam experimental and modelling techniques 
as well as processes of data acquisition and analysis, and to develop expertise in 
characterization and testing of materials in the nuclear energy sector;  

 Create an experimental database to contain reference data to validate the models and 
calculation tools in nuclear material research;  

 Bring the stakeholders and end users of RRs together for the enhancement of available 
facilities for applications of RRs in material research relevant to the nuclear energy 
sector, including nuclear fission and fusion technologies.  

As the main output of the above mentioned CRP, this publication aims to expand the 
knowledge and understanding of material behaviour in terms of their characterization and 
qualification under extreme conditions for nuclear energy technologies, and also to contribute 
to the enhancement of utilization and applications of research reactor and accelerator based 
neutron sources.  

Through a great number of contributed papers, concrete examples are given with relevant 
technical information including some additional materials supplied by the international experts 
describing the current status of use of diverse neutron beam techniques for materials research 
targeting the nuclear energy sector.  

The present report consists of six technical sections describing the main results achieved 
during this CRP, list of references, list of contributors to drafting and review, and list of 
individual paper contributors together with their affiliations and individual paper titles. This 
publication also includes an attached CD-ROM, in which all 18 individual technical reports are 
included electronically. 
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2. RESULTS ACHIEVED 

Nuclear technologies rely on the availability of advanced fuel and structural materials. 
These structural materials have to be able to resist extreme conditions like for instance high 
neutron, proton and gamma fluxes and fluencies, high temperatures, or corrosive and abrasive 
media and combinations of them. In particular new concepts for nuclear energy production like 
fusion or next generation fission reactors requires materials suitable for the application at 
temperatures up to 1000°C under strong irradiation resulting in atomic displacements up to 
120 dpa (displacement per atom). The very high safety standards valid for nuclear installations 
involve the excluding of material failure under all real operation or hypothetical incident-
accident conditions too. To predict the material behaviour even at the end of the usage, the 
structural processes occurring have to be understood. These processes can result in the 
degradation of the mechanical properties. Examples are thermal ageing, irradiation and 
hydrogen embrittlement, formation or relaxation of residual stresses, corrosion and erosion or 
material fatigue. In the development phase of new reactor concepts the material behaviour 
during operation and transient conditions has to be understood, often by extrapolation of the 
known behaviour.  

 
The material degradation processes can only be understood if the changes in the micro-

structural of the material are known. Neutron based methods like neutron diffraction (ND), 
small angle neutron scattering (SANS) or neutron imaging (NI) techniques are powerful tools to 
investigate the micro-structure of materials in the length scale from atomic elastic displacement 
from 10-4 nm by ND via nano-scale precipitates by SANS to macroscopic dimensions by NI. 
Due to the large penetration depth of neutrons for many materials, several sample environments 
can be applied providing the possibility of in-situ experiments in special dedicated high 
temperature or high pressure chambers. For nuclear materials it is of particular interest because 
they are often activated after irradiation and have to be shielded.  

Below text aims to introduce briefly some basic principles, laws and relations on neutron 
scattering, so some less experienced readers can follow easier the material presented in the 
coming sections. 

The position of the Bragg peaks of neutron diffraction (ND) is determined by Bragg’s 
law: 

        (1) 

where n is the harmonics number, λ the neutron wave length, dhkl the distance of the 
lattice plane hkl and θ the Bragg angle. The differentiated form of Eq. (1) is the basis of the 
measurements of lattice strain ε. For angular dispersive measurements it is given by the 
following equation: 

       (2a) 

For the time of flight (TOF) method of neutron diffraction the strain can be determined 
by: 

        (2b) 

where tof is the time of flight.  

 sin2 hkldn 
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The Bragg peak intensity Ihkl and shape of neutron diffraction is connected with the 
structure, the volume fraction, the texture and the lattice distortion: 

     (3) 

In Eq. (3) V is the volume of the phase in the gauge volume, v the volume of the unit cell, 
p the multiplicity factor, Fhkl the structure factor, Thkl the texture factor and M a parameter 
related to the averaged displacement of an atom from its mean position. 

Information about type, size distribution and volume fractions of inhomogeneities with 
dimensions between 1 and 100 nm can be obtained by means of small angle neutron scattering 
(SANS). The dependence of the differential macroscopic scattering cross section dΣ/dΩ on the 
scattering vector Q measured in the small angle scattering experiment of inhomogeneities in a 
matrix (diluted system, no correlations between the precipitates) can be described by: 

    (4) 

where R is the characteristic dimension of the inhomogeneities, DV(R) the volume 
distribution function,  the scattering contrast and the Fourier transform of the 
shape of the inhomogeneities known as shape factor. By applying SANS to material systems 
with ferromagnetic components the differences between magnetic and nuclear scattering 
contrast can be used to obtain hints about the composition of the inhomogeneities and to 
separate volume fraction and contrast to determine the volume fraction quantitatively. 

Neutron imaging (NI) or neutron radiography provides the possibility to determine the 
material distribution on a macroscopic scale with a spatial resolution down to about 10 µm. The 
pixel wise contrast in the transmission resulting in the radiography image can be described by: 

       (5) 

where I, I0 and IB are the intensity behind and before the sample and the background 
intensity, respectively, x and y the pixel indices, T the transmission Σtotal the total macroscopic 
neutron cross section and l the neutron path length through the material. The total macroscopic 
neutron cross section depends on the isotope composition: 

        (6) 

with N as the number density of the isotope, i the isotope index and σ the microscopic 
neutron cross-section.  

Neutron tomography (NT) allows a 3-dimensional reconstruction of the sample by 
measurement of a certain numbers of 2-dimensional radiography projections given by the 
sampling theorem.  
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2.1. INVESTIGATION OF OXIDE-DISPERSED-STRENGTHENED STEELS 

Increasing the strength of constructional materials allows reducing the amount of material 
used in the manufacturing of various components and significantly increase their lifetime. In 
addition to improving mechanical properties by the production process of the materials for the 
nuclear industry (steel, structured alloys, etc.) the actual problem is to improve their radiation 
resistance too, i.e. to reduce their tendency to embrittlement and vacancy swelling. One of the 
most promising ways to solve this problem is to use the effect of metal or alloy hardening due 
to the formation of chemically stable non-metallic dispersed phases of submicron size, which 
inhibit the dislocations movement in the material.  

At present, one of the most promising materials for future nuclear applications are the 

oxide-dispersed-strengthened (ODS) steels, which exhibit low yield strength, good fatigue and 

corrosion resistance, good uniform elongation, high initial strain hardening rates, a high strain 

rate sensitivity (the faster it is crushed the more energy it absorbs), high irradiative resistance 

and low creep rate. The absence of nickel and other alloying elements provide a rapid loss of 

activity of the utilized fuel elements. 

ODS steels have a microstructure consisting of a soft ferrite matrix containing islands of 

martensite as the secondary phase (martensite increases the tensile strength). These alloys are 

made by mechanically alloying of steel powders with fine ceramic yttrium-oxide powder, to 

create a matrix in which very tiny oxide particles on a submicron scale are dispersed. These 

very fine particles make ODS alloys much stronger at high temperatures than similar alloys 

made by some different ways. Such extreme processing is necessary because yttrium oxide 

(Y2O3) is insoluble in molten steel. It is expected that nano-composited ferritic ODS steels 

expand the operating temperatures up to 800ºC.  

In the above context, the most important task of material science is to understand the 
processes which occur during precipitation hardening in steels and alloys and which can help to 
prepare materials purposefully with the desired mechanical properties. Precipitation 
strengthening process can take place in the hardened material as a result of annealing at a 
certain temperatures or under irradiation. It is well known that the strength, creep resistance and 
radiation resistance of hardened material depend on the dispersed phase state: the degree of its 
crystal lattice coherence with matrix lattice, the location of nano-particles precipitation and 
their size. In addition, the precipitation of second-phase particles is accompanied by a lattice 
spacing changes in the matrix phase and, thus, the appearance of micro-strain, which has a 
significant effect on the materials characteristics. 

Important role in the study of dispersion hardening processes occurring in structural 

materials play the diffraction and the small angle scattering of thermal neutrons. Both 

techniques have unique capabilities to determine the materials microstructure due to the high 

accuracy of the results, the possibility of analysis of multiphase materials, and especially the 

deep penetration length of neutrons, which is hundred times greater than the penetration length 

of X rays. 

In this part of the report, research on various types of steel samples is presented 

employing high-resolution neutron diffraction (ND) and small angle neutron scattering (SANS). 

In particular, through a cooperative work within this CRP some investigations of ODS 

austenitic as well as ferritic steels, which are mainly used as structural materials for nuclear 

reactor components. 
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2.1.1. Use of neutron diffraction and small angle neutron scattering for steel studies 

Precipitated phases can be observed and studied directly or through effects, which they 

produce in material microstructure. An analysis of the shape (width in the simplest case) of 

diffraction peaks can yield information on lattice distortions in individual grains (micro-strain) 

and their sizes that can be then connected with precipitated phases. These data can be obtained 

with equal success at both types of neutron diffractometers, with monochromatic beam or time-

of-flight (TOF), if the resolution of a diffractometer is good enough (of the order of 

Δd/d ~ 10
-3

). Especially convenient is the peak widths analysis which can be realized by using 

data obtained with a TOF diffractometer because of its very simple functional dependence of 

the peak width on the interplanar spacing (so called Gaussian peak shape approach):  

W
2
 = C1 + (C2 + C3) d

 2
 + C4 d

 4
     (7) 

where W is the peak width, С1 and С2 are the constants defining the diffractometer 

resolution function and known from measurements with a reference sample, C3 = (Δa/a)
2
 is the 

unit cell parameter dispersion (micro-strain), and С4 is the constant related to the crystallite size 

(the so called modified Williamson-Hall analysis). The W(d) relation should be modified 

slightly if Lorentzian profiles contribute to the peak shape (see, for instance, details provided in 

[1]). 

With SANS one can probe structures at length scale between ∼1 and ∼100 nm by 

analysing neutron scattering into small scattering angles. ODS steel studies by SANS technique 

are based on the difference between the mean scattering length densities of the precipitated 

particles (Y2O3 or others) and homogeneous medium (steel matrix). SANS can be used for 

determination of the average radius, number density, and volume fraction of particles if their 

size is in nanometer range. Sometimes the size and number density of oxide nano-particles in 

steel can be effectively and quantitatively determined using combined measurements of SANS 

and small-angle X ray scattering (SAXS) data. Based on the difference of the SANS and SAXS 

intensity in absolute units, the compositions of the oxide nano-precipitates can be determined 

[2]. The same information can be obtained by SANS measurements in a strong magnetic field, 

which helps to separate the SANS intensity into nuclear and magnetic components (see, for 

instance, [3]) and suppress artefacts caused by scattering and refraction on magnetic domain 

walls. 

2.1.2. Summary of results on the investigation of oxide-dispersed-strengthened and related 

steels  

At the beginning of the CRP some initial work plan on research with the ODS and related 

steels was established among the partners of the project. In the first step, investigations were 

performed at room temperature with elastic deformation only. After, the same specimens were 

subjected to cyclic load at elevated temperatures (up to 1000ºC) for plastic deformation. 

Aspects investigated were inter-granular strains, residual stress and peak broadening. The 

deformed specimens were then available for SANS measurements to compare their initial and 

deformed microstructure. A first round of SANS measurements was performed on well 

characterized specimens. In brief, within the CRP six experiments were fully or partially 
dedicated to the studies of ODS, namely:  

 “Characterization of Y2O3 particle distribution in oxide dispersion strengthened 
Eurofer steel for nuclear applications by means of SANS and ND”, ENEA, Italy. 

 “Microstructural investigation of ODS ferritic steels”, BNC, Hungary. 
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 “Ferrite–martensite steels dispersion hardening studied by TOF neutron diffraction”, 
 JINR, Russia. 

 “Study of ODS martensitic/ferritic materials”, LLB, France. 
 “Combined SANS and diffraction studies to investigate the structure property 

 relationship of Generation IV reactor candidate materials and of structural 
 components”, JRC, The Netherlands.  

 “Development, characterization and testing of materials of relevance to nuclear 
energy  sector using neutron beams”, LANL, USA. 

 The most important results obtained in the frame of these topics are discussed below. 

 

Characterization of Y2O3 particle distribution in oxide dispersion strengthened Eurofer steel for 
nuclear applications by means of SANS and ND 
 

Several of 9-14 Cr Eurofer-ODS ferritic/martensitic steel samples (9 to 14 percentage of 

chromium), submitted to different thermo-mechanical treatments and differing in elemental 

composition, were investigated by neutron diffraction with the D20 instrument (ILL, Grenoble, 

France). The Rietveld analysis of the high resolution neutron diffraction data indicate the 

contribution corresponding to Y2O3 is comparable to the experimental error, so the real 

stoichiometry has to be clarified (Fig. 1).  

 

FIG. 1. A representative part of neutron diffraction pattern measured with the D20 diffractometer at ILL 
(Grenoble). The red arrows show the presence of unknown phases not corresponding to Y2O3, Fe3O4 or 
M23C6 phases. The blue arrows correspond to the most intense peaks of the Y2O3 phase.  

 

The presence of unknown phases has been checked finding traces of the TiN phase; also 

different Y-Ti-O stoichiometries have been checked (Y2Ti2O7, Y2TiO5) but none of them could 

be reliably identified explaining the origin of the small peaks in the low angle region, which were 

detected also by SANS [3]. Additional metallurgical information is therefore necessary to 

characterize the minority phases present in the as-received state of such steels. Also the 

asymmetric dislocation broadening of the (200) line, with scarce size contribution from very 

small clusters, was recognized. A clear difference was detected among the different samples, 

which was found to be qualitatively consistent with the expected micro-structural evolution. 
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SANS measurements have been carried out on the 14 Cr ODS Y2O3 0.35 wt% ferritic 

martensitic steel samples (provided by KIT, Germany), in which the Ti contents was ranging 

from 0.2-0.4 wt%. A reference 14 Cr ODS sample, with no Ti, and three samples with respective 

Ti contents of 0.2, 0.3 and 0.4 wt% were investigated by SANS at the D22 instrument (ILL, 

Grenoble). Sample-to-detector distances of 2 m and 11 m were utilized with a neutron 

wavelength of 6 Å
1
, giving an experimental range corresponding to particle sizes ranging between 

10 and 300 Å in size approximately. A saturating magnetic field of 1 T was applied to separately 

measure the nuclear and magnetic SANS components. The SANS results are shown in Fig. 2, 

from which it is evident that adding Ti promotes the growth of a new population of 

microstructural defects, which are ~2.0 nm in average size, and that at the same time significant 

changes in SANS cross-section are detected also in the low Q region.  

    

FIG. 2. Nuclear SANS cross-sections (cm-1 vs nm-1) of 14 Cr ODS Y2O3 0.35 wt% ferritic – martensitic 
steel with different Ti contents: whole spectrum (left), 2 m sample-to-detector distance (right). 

Based on the ratio of nuclear plus magnetic to magnetic SANS cross-sections (Fig. 3) as 

well as on TEM and APT results [4, 5], the smaller inhomogeneities can be tentatively identified 

as Y-Ti-O complexes, while the SANS variations observed at smaller Q values should be 

attributed to the evolution of large Cr carbides.   

 

FIG. 3. Ratio of nuclear plus magnetic to magnetic SANS cross-sections for 14 Cr ODS with no Ti 
(upper curve) and 0.3 Ti (lover curve). 
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Microstructural investigation of ODS ferritic steels 
 

At Budapest Neutron Centre at the 10 MW research reactor a series of experiments using 

SANS technique were performed with ODS steel samples of different chemical compositions 

and after various heat treatments for the investigation of irradiation effects (in collaboration 

with JRC, The Netherlands).  

In Ref. [6] SANS technique was used to investigate the phase separation in two (ODS) 

ferritic steels, PM2000 and MA956, during isothermal ageing at 475°C. The ferritic matrix of 

the investigated materials separates into Fe-rich α and Cr-rich α′ phases during ageing at this 

temperature. SANS is particularly powerful in the case of α′ phase separation because of the 

large difference between the neutron coherent scattering lengths of Fe (9.45·10
-15

 m) and Cr 

(3.64·10
-15

 m). The SANS experiments were performed on the Yellow Submarine instrument at 

ambient temperature. The samples used for the measurements were cut from the bars in the 

shape of plates of 1 mm thickness. The covering scattering vector range was from 4·10
-2

 nm
-1

 to 

2.5 nm
-1

. The samples were placed into an external saturating magnetic field (~1.4 T) 

perpendicular to the incident neutron beam direction. The ratio of these two contributions was 

used to gain information on the chemical composition of the scatterers. 

Figure 4 shows the magnetic and nuclear coherent scattering cross-sections of the as-

received and the three aged states of the investigated material PM2000. A pronounced ageing-

induced increase is found on the magnetic and nuclear scattering at scattering vectors 

<Q> 0.35 nm
-1

 and 0.40 nm
-1 

for PM2000 and MA956 respectively. Compared to the as-

received material, additional small scatterers (with sizes below ~6–8 nm) can be observed in the 

aged samples.  

It was concluded that the SANS measurements revealed the formation and subsequent 

growth of Cr-rich precipitates on the nanometer scale. The size distribution and the volume 

fraction of the precipitates were evaluated from the scattering data shown in (Fig. 5). 

For PM2000 sample aged by 100 h some indications were found of the presence of other 

processes besides α′ formation during the early stages of the ageing. Micro-hardness was found 

to significantly increase as a function of ageing time for both materials. The hardening is related 

mainly to the formation of a Cr-rich α′ phase. 

 

FIG. 4. Nuclear (left) and magnetic (right) SANS scattering cross-sections for PM2000 in as-received 
and three aged conditions. 
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FIG. 5. Particle size distribution at three aged conditions in PM2000 (left) and MA956 (right). 
 
Ferrite–martensite steels dispersion hardening studied by TOF neutron diffraction 
 

Usually effects produced by any particular microstructure (“stress and size” effects) are 

rather small and, therefore, before investigation the micro-stress influence on the radiation 

resistance as well as modification of micro-stress under irradiation, it is necessary to clarify the 

capability of a neutron diffractometer for these purposes. For this not only a sufficiently high 

resolution in the minimum of the resolution curve is needed but its dependence on dhkl  

(see Eq. (1)) must be well known. This can be done by measuring the diffraction patterns from 

a standard polycrystalline sample such as Na2Al2Ca3F14 (NAC) or some others (Al2O3 or LaB6), 

recommended by the International Union of Crystallography for instrument calibration and 

definition of the resolution function with good accuracy. After that, using the obtained 

calibration parameters for further patterns processing from working samples by the help of the 

Rietveld method it was possible to obtain the precise lattice parameters, as well as the micro-

strain and the average crystallite size. 

The diffraction peak widths for two 40H4G18F steel samples, tempered at 600ºС and 

700ºС, were measured with the HRPT diffractometer [7] operating with monochromatic beam 

at the SINQ neutron source in the Paul Scherrer Institute (Switzerland). These results are shown 

in Fig. 6 together with the instrument resolution function.  

 

FIG. 6. Diffraction peak widths for two 40H4G18F steel samples tempered at 600ºС (squares) and 
700ºС (circles) measured with HRPT at λ = 0.1494 nm in comparison with instrument resolution 
function (solid line). 
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One can see that with the HRPT diffractometer the diffraction peak broadening effects 

can be measured easily and with high accuracy. As it was discussed in the previous section for 

the W(d) dependence, anisotropic effects can be estimated, Williamson-Hall plot can be drawn 

and micro-strain and domain size may be calculated. The HRPT experimental practice shows 

that the peak broadening effects can be reliably detected for the micro-strain values ε ≥ 10
-4

 and 

for the average crystallite size of the D ≤ 200 nm. 

The Rietveld analysis realized with the advanced software packages such as FullProf [8] 

and GSAS [9] can also provide microstructure parameters, if resolution curve is known. For 

instance, in the study of cylindrical sample ( = 6 mm) made from the austenitic steels 

H16N15M3T1 with Ni3Ti hardening phase, the neutron diffraction patterns were measured at 

room temperature for two wavelengths of the primary beam (λ = 0.1154 and 0.1494 nm). 

Processing of diffraction data by the Rietveld method (Fig. 7) provides estimations of the peak 

broadening due to lattice micro-strain and the average size of the coherent domains. It was 

found that the size effect contribution to the peak width is negligible, i.e. D >> 200 nm while 

micro-stresses contribute significantly. 

Heat-resistant pipeline components (elements of steam and boiler superheaters, turbines, 
blades, etc.) of thermal power plants operating in the creep range at temperatures up to 650°C 
are often made from tempered ferrite-martensite steels with ~10 wt% chromium content. The 
heat treatment of tempered ferrite-martensite steels usually consists of two stages: austenization 
and tempering. Ferrite-martensite steels have a complex microstructure which consists of fine 
micro grains separated by different kinds of interfaces (austenite grain boundaries, block 
boundaries and twin boundaries) and carbides which are precipitated near these boundaries. 
Additionally, these steels exhibit a very high dislocation density after heat treatment, which are 
produced in the parent phase during the martensitic transformation. These new ferrite-
martensite steels are of great interest for nuclear industry due to their unique heat- and 
radiation-resistant properties and evolution of their microstructure under various conditions is a 
subject for neutron scattering 
studies.  

 

 

FIG. 7. A typical diffraction pattern from a steel sample measured with HRPT at λ = 0.11545 nm and 
processed by the Rietveld method. The experimental points, calculated profile (bottom) and peak 
positions (vertical bars) are shown as a function of scattering angle. 
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Finally, two newly heat-resistant ferrite-martensite steels 10H9K3V2MFBR and 
10H9MFB (K3 and P91 hereinafter, developed in Russia) were investigated on the TOF 
diffractometer FSD at the IBR-2 pulsed reactor of JINR-Dubna in a wide range of tempering 
temperatures. The studied steels have the following chemical composition: K3 steel - 0.1%C, 
9.36%Cr, 2.93%Co, 1.85%W, 0.45%Mo, 0.2%V, 0.05%Nb, 0.048%N, 0.005%B, the rest – Fe; 
Р91 steel - 0.1%C, 9.36%Cr, 0.85-1.05%Mo, 0.2%V, 0.06-0.1%Nb, 0.25-0.5%Si, 0.3-0.6%Mn, 
the rest - Fe. The studied samples were normalized at 1050ºC and tempered for 3 hours at 
temperature of 750ºC [see contributed papers: Balagurov et al.]. 

Two series of experiments were performed. In a first measurement initially quenched K3 

sample was heated in situ in the mirror furnace from room temperature to 600ºC. The 

diffraction data has been processed routinely by the Rietveld method and it was found that the 

temperature dependences of the lattice parameter and the Debye-Waller factor are linear. For 

instance, the linear thermal expansion coefficient of the material has a value 

α = (10.9 ± 0.5)∙10
−6

 K
-1

, which is typical for this class of steels.  

The observed diffraction peaks have significant broadening in comparison with reference 

sample (Fig. 8). In order to analyse peak broadening effects due to the crystal lattice micro-

strain and finite size of coherently scattering crystallites the individual diffraction peaks were 

fitted. Detailed analysis of peak widths revealed anisotropic character of peak broadening at 

which some reflection deviate from linearity (especially for (200) and (310) peaks) and 

conventional Williamson-Hall analysis cannot be applied. This deviation is usually associated 

with the dislocation contrast factor variation, which has been mentioned repeatedly in the 

literature (see, for instance, in [10] and references therein) as well as observed previously in our 

neutron diffraction experiments. The observed anisotropic peak broadening effect is quite 

strong and can be readily registered due to good FSD resolution. For correct micro-strain 

evaluation the width anisotropy should be taken into account in the fitting procedure, which can 

be performed using the model proposed in [11] and illustrated in Fig. 9. The dislocation density 

behaviour during heat treatment for both studied steels is presented in Fig. 10. It can be clearly 

seen that main changes occur in the temperature interval from 500°C to 600°C where sharp 

decrease of dislocation density is observed. On the right: (Δd)
2
 vs. (dhkl)

 2
 dependences for 

standard sample (lower curve, black points) and for the K3 ferrite-martensite steel sample 

tempered at 200°C (anisotropic broadening). 

 

FIG. 8. Comparison of the diffraction peaks widths for a standard sample (lower curves) and for the K3 
ferrite-martensite steel sample tempered at 200°C (upper curves). 
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FIG. 9. Fitting of the tempered K3 ferrite-martensite steel sample anisotropic peak broadening: instead 
of d 2 the value (A+B·Γhkl)·d 2 is used as a variable for (Δd)2 dependence. 

 

 

FIG. 10. Estimated dislocation density as a function tempering temperature for K3 and P91 studied 
steels. 

In order to complete the neutron diffraction measurements, the heat-resistant 10H9MFB 

(P91) steel samples were investigated at the “Yellow Submarine” SANS instrument at the 

Budapest Neutron Center, Hungary. The measurements were performed with and without 

magnetic field and the SANS intensities were analysed by standard method, which helps to 

separate between nuclear and magnetic contributions. The nuclear contribution was fitted in 

order to evaluate main structural parameters of the studied systems (Fig. 11). According to the 

nuclear SANS data the nature of neutron scattering changes from surface fractals to the volume 

fractals, which also indicates the mass appearance of carbonitrides. 
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FIG. 11. Nuclear SANS data fit for the sample tempered at 600°C. 

2.2.  RESEARCH ON ZIRCONIUM BASED MATERIALS (INCLUDING 
HYDROGEN UPTAKE) 

Zirconium alloys are widely used in nuclear installations as fuel, target rod cladding 
material as well as for pressure tubes. They show low corrosion rates in water or steam until 
temperatures of about 1000°C have a very low total neutron cross section and sufficient 
mechanical strength. Because of its anisotropic behaviour caused by the hexagonal crystal 
structure, various mechanical properties like strength or ultimate strain depends on texture. To 
ensure these properties for the application, the texture formation has to be defined by the 
thermo-mechanical treatment. For instance texture influences strongly the irradiation response 
of Zr-2.5Nb pressure tubes [11]. Serious problems of zirconium alloys are the hydrogen uptake 
during corrosion under operational conditions and during high temperature steam oxidation 
under accident conditions. 

Neutron diffraction and imaging methods are very powerful to investigate zirconium 
alloys. In addition, the high penetration depth allows neutron diffraction from the bulk of real 
components like cladding or pressure tubes under different angles for deformation and texture 
analysis. Non-destructive inspections of fission fuel rod or spallation target cladding tubes are 
possible including inspection of the nuclear fuel itself. Finally, the high total neutron cross 
section of hydrogen allows the investigation of hydrogen related processes in components made 
from zirconium alloys. 

In this part of the report, examples are given of the cooperative research in the fields of 
deformation and texture analysis of components made from zirconium alloys. Different aspects 
of hydrogen in zirconium as well as the inspection of nuclear fuel rods and highly irradiated 
components are described. 

2.2.1. Deformation and texture in components made from zirconium alloys 

 
Neutron diffraction has been applied to study the deformation behaviour and irradiation 

responses of zirconium alloys. The investigation of the evolution of the microstructure of 
zirconium during thermo-mechanical and annealing treatments as well as irradiation was a key 
point of the cooperation in this CRP. Five partners, namely CNEA, LANL, JINR, ANSTO and 
CIAE took part in these investigations. 
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Phase composition and strain 
 

At CNEA, the phase compositions in Zr2.5Nb pressure tubes after three manufacturing 
stages were determined by analysis of the neutron diffraction patterns illustrated in Fig. 12. The 
main differences are in the minority phases. From the lattice constant of the β-zirconium phase, 
the niobium concentrations in this phase were estimated. Differences between the 
manufacturing states were found. Whereas for the extruded and cold-rolled specimens the 
β-phase contains 23% niobium, it decomposes after the heat treatment into a β-phase with 40% 
niobium and the β-zirconium phase. 

At JINR residual stress in end plugs of VVER fuel elements made of E110 (Zr1Nb) were 
determined. Residual tensile stress of about 150 MPa along the radial direction were found in 
the original plug, which was nearly completely relieved by a heat treatment. 

 

FIG. 12. Bulk diffractograms for specimens from the different manufacturing stages (red: extruded, 
green cold rolled, blue cold rolled + annealed). 
 
Texture of zirconium components 
 

As mentioned before, the crystallographic texture of the zirconium alloy plays an 
important role to ensure the properties need for the application as nuclear fuel cladding, guide 
or pressure tubes. In hexagonal materials, the Kearns texture factor [12] is another widely used 
method for quantifying texture information. This factor is a quantification of the volume 
fractions of crystallites with (typically) basal poles aligned along any single sample direction,  

                    fz = ∫ I(0002)(φ) sinφ cos2φdφ
π

2
0

     (8) 

where z is the direction of interest, and 𝐼(0002)(𝜑) sin𝜑 is the fraction of crystals having 
their c-axis at an angle φ from that direction.  

At CNEA the texture development in Zr2.5%Nb pressure tubes after various 
manufacturing steps was investigated. The neutron diffraction experiments were performed 
using the ENGIN-X facility at ISIS (UK). Goal of the investigations was the validation of a 
new cold rolling manufacturing stage as a part of the manufacturing of 380 Zr2.5%Nb pressure 
tubes to be replaced during the refurbishment of Embalse Nuclear Power Plant, Argentina. 
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Preferred lattice orientations are produced by the thermo-mechanical treatment of the 
material. The development of the orientations of the , (0001) and  lattice planes 
after different steps of the production process were measured. Figure 13 gives these pole 
figures. Subtle changes in the number of crystals having c-axis lying in the hoop-radial plane of 
the tubes were resolved by the experiments. Such variations were quantified in terms of the 
orientation distribution functions of crystallites (ODF), and by Kearns factors, the operational 
variable used in manufacturing. 

Cold rolling produces a drop of ~30% in the number of crystals with c-axes along the 
hoop direction (φ=90°), and an increase in those with c-axis at angles φ<60°. The heat treatment 
partially reverses this effect.  

 

FIG. 13. Recalculated pole figures of the Zr2.5%Nb specimens after extrusion, cold rolling and cold 
rolling + annealing. 
 

Details about the experiments including a quantitative analysis of the texture are given in 
the contributed paper by Santisteban** et al. 

The reproducibility of the results of texture measurements were studied in a dedicated 
Round Robin test in the framework of this CRP. CNEA, LANL, JINR, ANSTO and CIAE took 
part in these investigations. The textures in Zircaloy-4 (Zry-4) specimens and Zr2.5%Nb 
specimens were measured. Experiments on the Zr2.5%Nb specimens have been performed on 
the SKAT (IBR-2, JINR, Russia), the Kowari (OPAL, ANSTO, Australia) and the ENGIN-X 
(ISIS, STFC, UK). 

Recalculated pole figures are given in Fig. 14. For texture measurements of the Zry-4 
specimen the HIPPO (LANSCE, LANL, USA), the texture diffractometer at CARR (CIAE, 

)0101( )1101(
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China) and the Kowari (OPAL, ANSTO, Australia) were applied. The pole figures are 
compared in Fig. 15. 

Overall, good agreement was found both qualitatively and quantitatively among the pole 
figures obtained for the two materials at the different neutron diffractometers. 

 

FIG. 14. Recalculated pole figures for the Zry-4 specimen. 

All Kearns factors are within an uncertainty of 0.02, which is lower than typical 
differences usually found between different batches, or between the start and end of pressure 
tubes. This is deemed very satisfactory, and can be compared with a variation of ~0.06 reported 
in a 14-participants Round Robin Zircaloy-4 texture measured by X ray diffraction [13]. The 
Kearns factors measured for the transverse, normal and rolling directions of the Zry-4 plate are 
comparable to the values reported in that work for stress-relieved Zry-4 fuel cladding of 
0.635 mm wall thickness. On the other hand, the Kearns factors measured for the Zr2.5%Nb 
pressure tube compare well with values obtained by X ray diffraction. So, the 0.02 uncertainty 
found between laboratories is small compared to conventional X ray diffraction. This is very 
likely because of the much larger volume of material gauged by neutron instruments. Variations 
in texture indices were larger than for Kearns factors, particularly for the Zr2.5%Nb pressure 
tubes. Indeed, the sharpness of this texture makes the ODF determination much more sensitive 
to the exact gridding used in the experiments. 

The differences between the two materials are caused by the different thermo-mechanical 
treatments. The Zry-4 plate was warm-rolled. The Zr2.5%Nb set was made from billets forged 
at ~800°C, the fabrication route of this pressure tubes included extrusion at ~800°C, followed 
by cold rolling to ~28% strain, and autoclaving at 400°C for 24 h. 

It is interesting to mention that satisfactory results were obtained from the residual stress 
diffractometers (ENGIN-X and Kowari), although these instruments are not optimized for this 
purpose. This opens the possibility of exploiting the spatial resolution of some mm3 provided 
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by such instruments to precisely quantify the characteristic texture variation found in zirconium 
alloys welds. 

 

FIG. 15. Recalculated pole figures for the Zr2.5Nb specimens. 

From the results reported one concludes that the crystallographic texture of specimens 
made of zirconium alloys can be precisely quantified in a variety of neutrons instruments 
worldwide with small efforts in preparing and sharing specific samples. A preliminary Round 
Robin exercise using specimens made of Zr2.5%Nb and Zry-4 was successful, and 
demonstrated that operational parameters such as Kearns factors are defined with a typical 
uncertainty of ±0.02. 

More information about the materials, the facilities taking part at the Round Robin and 
about the texture analysis procedures are given in the contributed paper by Santisteban* et al.  

Aditionally, the texture in end plugs of VVER fuel elements made of E110 (Zr1%Nb) 
was measured by neutron diffraction. The experiments were performed at IBR-2 and HZB in 
cooperation with NECSA on an original plug before and after an annealing treatment, 
consisting of 2 h in vacuum (10-3 Pa) at 600°C. A fibre texture was found in both cases. 
However, considerable changes to the original texture were introduced by the heat treatment. 

Deformation studies 
The analysis of the Bragg peak shape provides information about dislocations and with it 

about the deformation of the material [see contributed papers: Santisteban** et al. and Bourke]. 

Current deformation studies were performed at LANL on Zr2.5%Nb pressure tube 
samples which had been in service for 7 years at an operating temperature of ~250°C and had 
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experienced a moderate fast neutron fluence of 1.6 × 1024 m-2 (E > 1 MeV), and on an un-
irradiated control sample. An advanced line profile analysis (DLPA) was used to measure the 
dislocation densities within the α-Zr phase, differentiating between <a>-type, <c>-type and 
<a+c> type dislocations. Distinct differences in dislocation types introduced by plastic 
deformation were found between the irradiated and non-irradiated materials. Fast neutron 
irradiation resulted in a fourfold increase in overall dislocation density entirely due to an 
increase in <a>-type dislocations, together with a profound change in the dislocation network 
arrangement. The results were already published in [14]. 

CNEA studied the evolution of the dislocation densities during three manufacturing 
stages. The dependence of the intrinsic Bragg line width ΔK (from the sample related physical 
line broadening) on the reciprocal inner planar distance K = 1/d is plotted in Fig. 16. From the 
slope of the curves the dislocation density can be determined. For the anisotropic distribution of 
dislocations in hexagonal close-packed Zr, this equation can be modified to calculate the type-a 
and type-c component dislocations (see the red data points in Fig. 5). It can be seen that the 
dislocation density increases by cold rolling and decreases again after the heat treatment. The 
determined dislocation densities are within the values expected for this material for these 
micro-structural conditions. The values of the dislocation densities found after the final heat 
treat lie within the specifications for the final product [see contributed papers: Santisteban** et 
al.].  

FIG. 16. Williamson-Hall plot of the physical peak broadening measured for the three samples. 

2.2.2. Hydrogen in zirconium 

As mentioned before, the absorption of hydrogen results in a degradation of the 
mechanical properties of zirconium alloys. The material loses its toughness which may lead to 
brittle fracture of the fuel or spallation target cladding with the consequence of fission gas 
release and fuel relocation. The hydrogen uptake occurs during corrosion in water or high 
temperature oxidation in steam. In a simplified representation the reaction can be described by: 

Zr + 2 H2O = ZrO2 + 2x H2 + (4-2x) Habsorbed (9) 

The free hydrogen produced by the oxidation can be released into the environment with 
the risk of a hydrogen detonation as happened during the Fukushima Daiichi accident in Japan 
or can be absorbed by the remaining metallic zirconium. 
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Neutron imaging methods are very powerful to investigate hydrogen in zirconium. The 
total microscopic neutron cross sections of the two elements strongly differ. In addition, the 
total macroscopic neutron cross section of hydrogenated zirconium depends linearly on the 
number density of hydrogen atoms and, therefore, on the hydrogen to zirconium atomic ratio as 
demonstrated contributed paper by Lehmann et al. As shown in Ref. [15], the value of the total 
macroscopic neutron cross section corresponds with the CT (computed tomography) number of 
neutron imaging too. 

Neutron radiography and tomography were applied to study: 

 Hydrogen redistribution in mechanically stressed zirconium samples in the framework of 
investigations of the delayed hydride cracking (DHC); 

 Hydrogen distribution in cladding tubes after loss of coolant accidents; 
 Additionally, the hydrogen precipitation was investigated by means of small angle 

neutron scattering (SANS). 

Hydrogen uptake and redistribution in mechanically stressed Zircaloy-4 samples 
 

Because the chemical potential of hydrogen in lattice regions under tensile stress is lower 
than in the stress-free lattice, hydrogen is enriched in the stress field ahead of a crack tip. It 
weakens the material with the consequence that the crack grows. This process is accompanied 
with a stress relief at the former crack tip position and a shift of the stress field to the new crack 
tip position. The hydrogen follows the position changes of the crack tip. Fracture is the 
consequence even under subcritical load. The phenomenon is known as delayed hydride 
cracking (DHC). PSI, CNEA and KIT cooperated in the field of in-situ measurements of the 
hydrogen uptake and redistribution in mechanically stressed Zry-4 specimens. The experiments 
are related to the delayed hydride cracking research at PSI. The problem of ex-situ 
investigations is that the hydrogen solubility between the temperatures at which DHC occurs is 
much higher than at room temperature. A cool-down to room temperature changes the hydride 
concentration and distribution in the crack region. Therefore, not all information needed to 
understand DHC are provided by ex-situ investigations.  

In-situ investigations are very difficult because a method is needed providing information 
about the distribution of hydrogen absorbed in the zirconium lattice and precipitated as hydrides 
at temperatures between 250°C and 400°C with a spatial resolution of some tens of microns. 
Neutron radiography seems to be the only method suitable to study in-situ the occurring 
processes. 

First experiments were performed using the INRRO furnace (in-situ neutron radiography 
reaction oven) of KIT at the ICON facility at the Swiss neutron source SINQ at PSI. The 
samples were mechanically loaded in the furnace by a special device keeping the sample at a 
constant strain which was constructed by PSI. As an example of the results Fig. 17 gives the 
hydrogen distribution in the image sequence of the notch and crack tip region of a specimen 
under yield stress illuminated at different times. In the first 14500 s no hydrogen uptake 
occurred followed by rapid hydrogen absorption through the notch surface. After the hydrogen 
supply was switched off, a very slow redistribution occurs. This shows that the chemical 
potential of hydrogen in zirconium strongly depends on the zirconium lattice strain [see 
contributed papers: Grosse* et al]. The DHC could not be studied directly yet. However, the 
cooperation between PSI, KIT and CNEA to investigate DHC will be continued. A more 
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sophisticated device for mechanical loading allowing controlling not only the strain but the 
stress too will be constructed. 

First results of the investigations were presented on the following events: the 17th 
International QUENCH Workshop, Karlsruhe in November 20-22, 2011, the 18th International 
QUENCH Workshop, Karlsruhe, November 20-22, 2012, the MRS Fall Meeting & Exhibit, 
November 25-30, 2012 in Boston, Massachusetts and the 17th International ASTM Symposium 
on Zirconium in the Nuclear Industry in February 3-7, 2013, Hyderabad, India.  

 

FIG. 17. Neutron radiograph sequence taken during hydrogen loading in Ar/H2 atmosphere until 
18,000 s and inert annealing of a mechanical stressed specimen until 57,000 s at 350°C. 
 
Hydrogen distribution in claddings after loss off coolant accidents  
 

The so-called secondary hydrogenation of nuclear fuel cladding during design basis loss 
of coolant accidents (LOCA) came into the focus of the licensing authorities after analysis of 
various single rod experiments. For instance the German licensing rules were changed in 
November 2012. It has to be proven for licensing of German nuclear reactors that during LOCA 
not only the cladding oxidation keeps below a certain degree (ECR < 17%) but also the 
hydrogen uptake does not result in a serious degradation of the mechanical properties. The 
hydrogen related embrittlement can result in reduced thermo-shock stability and with it in a 
reduced coolability of the reactor core during LOCA. In order to prove the coolability of 
German nuclear reactors the QUENCH-LOCA programme was initiated. Up to now three of 
these large-scale tests were performed. The post-test examinations of the first two tests are 
already finished. 

The hydrogen distribution in claddings from QUENCH-LOCA simulation tests was 
investigated in cooperation between KIT and PSI. In inner rods of the QUENCH-LOCA bundle 
hydrogen enrichments were found. The hydrogen is concentrated directly at the burst opening, 
or bended bands not oriented perpendicular to the tube axis are seen as darker regions in the 
neutron radiograph (Fig. 18). For quantitative analysis of the hydrogen concentrations 
radiography experiments are not sufficient because the cladding tube thickness in the 
ballooning and burst region is not well defined. This thickness is needed to calculate total 
macroscopic cross sections from neutron transmission. Therefore, neutron tomography 
investigations at selected cladding tube segments were performed. As mentioned before, the CT 
numbers of the voxels are correlated to the total macroscopic neutron cross section and with it 
with the hydrogen concentration. Hydrogen concentrations up to 2600 ppm were determined by 
means of neutron tomography for the inner rods of the simulation bundle. In the peripheral rods 
of the bundle barely any hydrogen enrichments were found. The reason is the about 50°C lower 
temperature of the peripheral rods compared to the inner rods. This gives an important hint on a 
critical temperature below no hydrogen enrichments were formed [see contributed paper by 
Grosse** et al]. Results were published in [15, 16] as well as presented by M. Grosse et al. at 
the International Conference on Advances in Nuclear Power Plants (ICAPP 2012), Chicago 
(USA) (June 24-28, 2012) on “Analysis of the absorbed hydrogen in cladding tubes applied in the 
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QUENCH-LOCA tests“ and at the 17th International ASTM Symposium on Zirconium in the 
Nuclear Industry in February 3-7, 2013 in Hyderabad, India on “Analysis of the Secondary 
Cladding Hydrogenation during QUENCH-LOCA Tests and its Influence on the Cladding 
Embrittlement“. 

The investigations will be continued. In the framework of the post-test examinations of 
the third QUENCH-LOCA experiment first neutron radiography investigations were performed 
in November 2013 and will be reported elsewhere. 

 

FIG. 18. Neutron radiograph measured at the ICON facility at PSI of the cladding of the fuel rod 
simulator QUENCH-L0 #03; the darker regions are hydrogen enriched. 
 

SANS investigations of hydride precipitates in zirconium alloys  
 

In the framework of the post-test examinations of the QUENCH-LOCA cladding tubes, 
XRD investigation were performed at the hydrogen enriched regions. In the diffraction patterns 
no hint of zirconium hydrides were found but a shift of the zirconium Bragg peaks to lower 
angles was observed. These results gave hints that hydrogen maybe in super-cooled solution in 
the zirconium lattice, rather than fully precipitated as a hydride phase. This finding inspired the 
study of the precipitation behaviour of hydrogen in zirconium alloys. On the other hand, 
transmission electron microscopy (TEM) investigations at the Zr2.5%Nb alloy gave hints that 
the hydrides seen in the optical microscope consist of smaller precipitations. By optical 
microscopy rod-shaped hydrides with a thickness of 1–2 µm and a length of 15–25 µm were 
found. Therefore, SANS experiments seem to be well suited to study hydride precipitates in 
zirconium alloys at least if the hydrides are small. The contrast between hydrogen and 
zirconium is very strong as mentioned before. In contrast to TEM, integral information is 
provided by SANS which make the results statistically much more reliable than TEM results 
obtained at a single precipitate or a couple of hydrides. 

The investigations were performed by means of SANS in Cooperation between ENEA, 
CNEA, KIT and CEA. Measurements were performed at the D22 facility at ILL Grenoble, the 
PAXY facility at LLB Saclay and the SANS facility at FRM2 in Garching (TU Munich). 

Figure 19 compares the 2D SANS pattern of hydrogen loaded and hydrogen free 
specimens made of Zr2.5%Nb alloy and Zry-4 (Zr1.5Sn). The two materials were measured 
with different experimental setups. However, some interesting differences are clearly visible. 
Comparing the measurements of two hydrogen free samples, strong anisotropic scattering was 
found for the Zr2.5%Nb alloy whereas the scattering of the Zry-4 sample is isotropic. The 
reason for the anisotropy seems to be the β-Zr phase covering the grain boundaries of the 
strongly elongated α-Zr grains (rolling grain structure). This β-phase contains a larger 
concentration of niobium than the α-phase which results in a scattering contrast. The strongly 
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elongated parallel oriented grains resulting from the thermo-mechanical treatment gives the 
anisotropic scattering. On the other hand, Zry-4 does not contain a significant amount of 
β-phase and the tin is distributed homogeneously. Although the grain structure is similar to the 
Zr2.5%Nb alloy, no strong scattering contrast exists at the α-Zr grain boundaries. Therefore, the 
grain structure does not result in an anisotropic scattering pattern. The hydrogen uptake results 
in a significant, more or less isotropic increase of SANS intensity. An analysis of the data 
shows that the SANS intensities depend on the scattering vector Q by a power law which gives 
hints that the size of the hydrides is large. Additionally, the annealing behaviour of the hydrides 
was investigated. The results show that the precipitation process was already finished during the 
cool-down phase from 1373 K to about 350 K within about 300 s [see contributed papers: 
Coppola et al. and Grosse*** et al.]. The results are part of a Bachelor thesis and were reported 
in [17]. 

  
 

 
 

FIG. 19. Comparison of the 2D SANS patterns of hydrogen loaded (top) and hydrogen free (bottom) 
Zr2.5Nb (on the left from CNEA) and Zry-4 or Zr1.5Sn (on the right from KIT) alloys measured at the 
D22 facility at ILL Grenoble and the SANS facility at FRM2 in Garching (TU Munich) respectively. 

A continuation of the SANS investigations is planned. In order to reach smaller 
precipitates faster water quenching of the specimens shall be applied. 



25 

2.3.  INVESTIGATIONS OF WELDED STRUCTURES AND OBJECTS  

More than ¾ of all component failure occur at subcritical external load. It means that the 
external load is smaller than the component strength. Reasons for this can be for instance the 
following processes occurring in the materials: 

 Ageing; 

 Fatigue; 

 Embrittlement; 

 Residual stresses. 
Due to the very high safety requirements of nuclear facilities, material failures have to be 

excluded. Therefore, the residual stresses in the components have to be known to ensure safe 
behaviour during operation and under transient conditions. Residual stresses can occur during a 
lot of thermo-mechanical manufacturing processes but also during joining of components or 
usage. In particular during welding the formation of residual stresses cannot be excluded 
because of the temperature differences of the weld metal, the heat affected zone and the bulk 
material of the components. 

 

Neutron diffraction is a powerful tool to determine residual stress and strain in 
components. In contrast to the classical X ray diffraction, thanks to the high neutron penetration 
depth, it is possible to measure residual strain in various directions of a sample. Classical X ray 
diffraction allows only to measure stains in near surface regions by the sin2ψ method. High 
energy X ray diffraction available at some synchrotron facilities has free path length in 
structural materials comparable to neutrons. However, because of the very small Bragg angles 
at high energies the gauge volume is strongly distorted and the penetration depths keep low. 
This section covers principles of elastic strain measurements by means of neutron diffraction 
and the determination of the stresses from the strain measured in the mean directions, residual 
strain/stress measurements at components related to nuclear applications and SANS and ND 
investigations of nickel base super-alloys and stainless steels.  

2.3.1. Residual strains/stress measurements in the vicinity of welds 

 

Principles of the neutron diffraction method of residual strain/stress measurements 
 

The principle of the neutron diffraction method is well known [18]. It consists of the 
precise determination of the dhkl-spacing of particularly oriented crystal planes. Knowing the 
strain-free lattice spacing d0,hkl,, the lattice strain εhkl  can be calculated according to Eqs. (2a 
and 2b).  

In general, the measured quantity in the diffraction experiment is the lattice strain 
component. For determination of the stress tensor components, Hooke’s law can be used. For 
diffraction experiments, this formula for  stress component can be written in the form: 
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where is the x,y,z-component of the lattice strain measured at the hkl crystal lattice plane, 
Ehkl and νhkl are the diffraction elastic Young modulus and diffraction Poisson ratio respectively. 
The  lattice strain components are determined in the neutron diffraction experiment. 
Corresponding relations for other y and z stress components are obtained by simple 
permutations of x, z and y indices. 

The gauge volume can be defined by a slit system. The slits limiting the primary beam 
usual define two dimensions and the slit or the opening of a radial collimator before the detector 
the third dimension of the gauge volume. In order to obtain a nearly cubic volume, a scattering 
angle of about 90° is needed. Gauge volumes of several mm3 are usually applied for 
neutronographic strain measurements.  

Neutron diffraction mapping of internal residual stresses around weld joint of austenitic 
stainless steel plates 
 

Three austenitic stainless steel plates with a longitudinal weld joint were examined. The 
selected material usually is employed for reactor vessel construction. The plates were marked as 
“sample 1”, “sample 2” and “sample 3”. The photograph of one specimen and introduction of 
the system of coordinates is shown in Fig. 20 and Fig. 21 respectively.  
 
 

 

FIG. 20. Photograph of the sample 3 welded plate and chosen system of coordinates (compatible with 
coordinate system represented in Fig. 21). 
 

For the neutron diffraction experiment the austenite reflection 111 was measured with 
two neutron wavelengths. Because of the rather substantial thickness of the plates varying from 
24-29 mm, the measurement of the strain components x and y had to be performed with a lower 
diffraction angle (2θ = 44o). In the case of measured x,y-strain components, the neutron beam 
carrying the desired information is passing through the plate thickness (see Fig. 21). In the case 
of the recommended diffraction angles 2θ = 90o, the neutron beam path through the plate is too 
long and the transmitted neutron intensity is attenuated due to absorption. In this case, the 
diffraction arrangement with 2θ = 44o and corresponding neutron wavelength of λ = 0.15 nm 
was used to overcome the above mentioned problem. The z-strain components was measured 
with the diffraction angle of 2θ = 69o and the neutron wavelength of λ = 0.23 nm. 
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FIG. 21. The system of coordinates used for measurement of internal stresses around the weld joint in 
different depths. Red squares show the inspected gauge volume. 

 

Two Cd-slits of 3 × 3 mm2 and 3 × 40 mm2 in incident and diffracted beam, respectively, 
were used for definition of the gauge volume. Resulting information on internal stresses was 
thus averaged over the volume of 27 mm3. In the case of the present tested welded materials, 
the chemical composition of the used weld material is different from the base austenitic steel 
and, consequently, the stress-free lattice parameter of the weld material is different from base 
material of welded parts. To avoid the misinterpretation of the observed different lattice 
parameter in base and weld material, respectively, as a lattice strain, we have to perform a 
calibration and correction measurement. For this purpose, the special correction specimen was 
produced from each welded plate. The thin slices of 2.5-4 mm thickness were cut from the end 
face of the welded plates. These slices were further cut to release the internal residual stresses. 
For calculation of the stress tensors the values of diffraction elastic constants for austenitic steel 
were found in literature (E111= 248 GPa, ν111=0.24). The resulting x,y,z stress components are 
plotted in Figs. 22-24. 

 All examined plates exhibit similar distribution of residual stresses around the weld joint. 
The maximum stress level has been found in the case of the σy stress component; the tensile 
stresses of the maximum amplitude from 300 MPa (plates “sample 1” and “sample 2”) to 
500 MPa (plate sample 3) were detected. On the other hand, σx stress component remain 
practically negligible in all cases. Surprisingly, observed stress distribution behaves in an 
opposite way – higher stress level (σz = ~500 MPa) and larger relaxation length of stresses in 
heat-affected zone (~30 mm) are detected in the plate “sample 3”. More favourable values were 
observed in plates “sample 1” and “sample 2”; amplitude of σz = ~300 MPa and relaxation 
length of about 20 mm).  
 
 The width of the stress relaxation region in the heat-affected zone of the sample 3 is 
practically identical in all examined depths (see Fig. 23). On the other hand, the width of the 
stress relaxation region in plates “sample 1” and “sample 2” follows the width of the weld joint 
insight the plate and becomes narrower in z = 0 mm and z = -7.5 mm (see Fig. 22b).  
 

In the case of the plate “sample 2”, it was practically impossible to measure reliable 
values of the strains within the weld joint, because the diffracted neutron intensities were 
strongly attenuated in this region, especially in strain components measured in transmission 
geometry. The possible interpretation of this effect is a slight contamination of the weld metal 
by an element strongly absorbing thermal neutrons, such as cadmium or boron. 
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Neutron diffraction mapping of residual stresses in the vicinity of electron beam welds of 
Charpy-V notched specimen 

The Charpy-V test is very important to monitor the neutron embrittlement of the reactor 
pressure vessel (RPV). In national rules a maximal shift of the ductile – brittle transition 
temperature determined from Charpy-V tests is defined which is forbidden to exceed during 
the life time of the reactor. Surveillance specimens of irradiated RPV steel are of very limited 
availability and therefore very valuable. On the other hand, the gauge volume of the 
Charpy-V test is limited to the range directly ahead the notch. Therefore, surveillance 
specimens can be used more than one time by using the broken parts again and weld some 
additional material outside the gauge volume. 

In this case, the specimens with welds on one side as well as with welds on two 
opposite sides were prepared. Welding was performed with electron beam in vacuum 
according ASTM E1253. This technique of constructing specimens from small pieces of 
material is usually called reconstitution. Such miniaturized specimen technology permits the 
characterization of mechanical behaviour while using a minimum volume of material. The 
compound specimen is achieved by attaching an additional material (A) around a material of 
interest (the insert material - B) which results in a test specimen of standard dimensions. The 
incorporation of a small piece from a previously tested specimen into a compound one, allows 
e.g. to multiply the number of tests. This can be especially important if the amount of the 
available material is restricted and mechanical parameters have to be determined. Very often 
one can meet with such necessity in the nuclear power plant industry e.g. nuclear pressure 
vessel surveillance, failure analysis, and post irradiation testing. 

The interface between the stud and the insert is created by using welding techniques. 
However, before testing the mechanical properties the microstructure after welding has to be 
examined to ensure that the material in the vicinity of the notch is essentially unchanged after 
the welding process. For example, it is well known that the residual stresses resulting from the 
welding process can be non-negligible even at the distance up to several millimetres from the 
notch and thus significantly influence the mechanical properties of the material and in this 
case on the insert material. In our case electron-beam welding (EBW) was used. Welded 
pieces were of low-alloy ferritic steel material. The central part of the samples was made of 
reactor pressure vessel steel (surveillance material). Welding was performed with electron 
beam in vacuum according to ASTM E1253. After the residual strain/stress measurements 
(Fig. 25), the Charpy-V specimens were used for performing the impact tests in accordance to 
the standards ČSN ISO 148-1 and ASTM E23. In the present case the strain/stress 
measurements had to map the internal stresses after welding, especially in the middle part of 
the testing sample B, which is the subject of the followed mechanical tests. The main notch is 
located in the centre of the specimen. 

 
FIG. 25. Photo of the specimen with the weld on one side as installed on the neutron beam defined by 
slits. 
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Figures 26 and 27 reveal that residual stresses are present in the vicinity of electron 
beam weld. Their maximum reaches the value 400-500 MPa. They are, of course, not present 
at the depth of 7.5 mm of the sample with the weld only on one side, where the heat affected 
zone is missing (see middle of Fig. 26). Taking into account stress distribution along the scan-
axis in the material (along the longest edge of the sample) it can be seen that significant 
stresses are extended in the area of the length of about 5 mm and in the case of the welding on 
both sides, the stresses reach the middle area of the insert. More details about the experiment 
can be found in Ref. [19]. 

 

FIG. 26. Residual stress scans performed at different depths in the material for the sample with the 

weld on one side. See the figure legends for top, middle and bottom figures.    
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FIG. 27. Residual stress scans performed at different depths in the material for the sample with the 
weld on both sides. See the figure legends for top, middle and bottom figures.    

 
Residual stress distribution measurement by neutron diffraction in the ferritic single pass 
fillet steel welds  
 

The aim of these studies was to find an optimum composition of the additive material in 
order to decrease residual stresses in the vicinity of the foot of the welding joint and 
consequently to increase the fatigue strength [20, 21]. It is based on the conception of so 
called LTT (low transformation temperature) metal used for electrodes which (according to a 
theory) de-creases the level of residual stresses and increases the fatigue strength. 
WELDOX-700 and DOMEX-650 – refined high strength steels having the yield strength 
700 MPa (in reality up to 817 MPa resp. 650 MPa) were used as a base material. Three parent 
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materials and seven different filler materials were used for the test specimen preparation. 
Altogether seven test specimens were used for the residual stress distribution measured by 
neutron diffraction. The photo of one of the samples is shown in Fig. 28. Combinations of 
parent and filler materials are shown in Table 1. Shielding gas Ar + 2%CO2 was used for 
welding. 

 

FIG. 28. Photo of one of the samples. 

 

TABLE 1. COMBINATIONS OF PARENT AND FILTER MATERIALS 

Specimen designation Parent material Filler material 

A11 WELDOX 700 LTT-M6  

B10 WELDOX 700 B-M3  

C11 WELDOX 700 D4-647  

E12 WELDOX 700 OK Tubrod     14.03                

J11 DOMEX 650 D3-5724  

K12 X2CrNi12 D3-6547  

L12 X2CrNi12 OK Tubrod 15.30  

  

As an example of variety of the obtained experimental results, Fig. 29 demonstrates the 
effect of using different filler materials (A-LTT-M6, B-B-M3, C-D4-6547, E-Tubrod 14.03, 
and J-D3-5724) on individual components of residual stress distribution in the vicinity of the 
weld with the parent material WELDOX 700/690QL.  
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FIG. 29. Components of residual stresses in the vicinity of the weld for the WELDOX 700/690QL 
parent material and several different fillers. See the figure legends for top, middle and bottom figures.    
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The following phenomena were studied:  

 The effect of filler material LTT-M6(A), B-M3(B), D4-6547(C), Tubrod 14.03(E) 
welded on high strength steel WELDOX 700 on residual stress distribution;  

 The effect of filler materials D4-6547 and Tubrod 15.30 welded on high alloyed  steel 
X2CrNi12 (1.4003) parent material on σx, σy and σz residual stress components 
distribution;  

 The effect of parent material high strength WELDOX 700/690QL and Domex 
650MCD steels welded by D4-6547 and D3-5724, respectively, on σx, σy and σz stress 
components;  

 The effect of parent materials high strength Weldox 700/S690QL and high alloyed 
X2CrNi12 (1.4003) steels welded by D4-6547 filler material on Rx, Rz and Ry stress 
components;  

 The effect of parent materials high strength Weldox 700/S690QL and high alloyed 
X2CrNi12 (1.4003) steels welded by Tubrod 14.03 and Tubrod 15.30 respectively, on 
σx, σy and σz stress components;  

 The effect of weld location of No. 1 and No. 4 test fillet welds prepared on high 
strength steel Weldox 700/S690QL welded by D4-6547 filler material on σx, σy and σz 
stress components. 

Neutron diffraction measurements of residual stresses in thick welds 

In some samples, e.g. in steels, attenuation of the material gives a significant limitation 
to neutron diffraction measurements of residual stresses, because the diffraction signal 
becomes weak (comparable or even below the background) and the measurement becomes 
inefficient. In order to overcome this problem (at least partially), it is necessary to use an 
experimental facility with a low measurement background, a high current of the 
monochromatic beam suitably prepared and formed by neutron optics elements and to exploit 
neutron wavelengths where a studied material has minima in total neutron cross-section. The 
latest achievements in this direction can be found in section 2.5 of this document. 

2.3.2. Creep studies in Ni-based CMSX4 super alloy by SANS  

 
Ni-based superalloys exhibit a two-phase microstructure consisting of γ´ precipitates 

growing in the gamma phase matrix. It is the basic feature which determines e.g. a high creep-
resistance of nickel-base superalloys. Outstanding high-temperature mechanical properties of 
these materials strongly depend on the morphology of the precipitates and thus also on the 
applied heat treatment. During the creep load on CMSX4 superalloy, rafting of originally 
cuboidal precipitates takes place. The degradation procedure can be investigated by the 
analysis of the geometrical parameters of γ’ precipitates in γ matrix. A new conical form of 
the sample which was exposed at 1100°C for 100 h was used (see Fig. 30). It permitted to test 
the stress level continuously in one sample and to obtain variation of the micro-structural 
changes (see Fig. 31). The development of the morphology of rafts on the value of 
deformation could be obtained by SANS - average thickness of the channels between the rafts 
in different crystallographic directions of the single crystal, development of the dimensions of 
γ’ precipitations and their distance and the development of specific surface of the precipitates 
(see Fig. 32). More details related to this topic can be found in Refs. [22, 23].  
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FIG. 30. The picture of the tested specimen (left). Ten points scanned during the SANS experiment are 
marked. Stress dependence (σmin=35 MPa, σmax=135 MPa) on the position along the sample axis and 
average stress in the measured gauge volumes (right). 
 

 

FIG. 31. Scattering curves at two of the scanned points: (a) minimum and (b) maximum stress, 
respectively. Orientation: [100] parallel to the beam, [001] nearly vertical. Measured data are shown 
as the colour-scale maps whereas the optimum 2D fits are depicted by the white equal intensity lines. 
(c), (d): sections through the optimum 3D models (gray: ’ rafts; white: matrix) for the (a) and (b) fits, 
respectively. 
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FIG. 32. Resulting evolution of parameters: (left-top) the mean thickness of the g' channel in the 
respective directions (x–direction is [100], y–direction is [010] and z–direction is [001]), (right-top) 
the relative evolution of the average precipitate size and distance, (bottom-middle) the relative 
evolution of the specific interface - total and projection to the respective directions. 
 
2.3.3. Neutron diffraction analysis of Incoloy 800HT and 304L steel samples with 

different heat treatment  

 
This experiment was carried out in the cooperation with the CRP partner INR-Pitesti, 

Romania, where the samples were prepared. In total eight samples of two groups were 
analysed by neutron diffraction on the powder diffractometer MEREDIT at room temperature. 
First group, referenced here as ig800 was Incoloy 800 HT steel, was consisted of four samples 
which passed heat treatment at 450oC, 500oC, 550oC and 600oC for 60 days. The second 
group, referenced here as ol304L was 304L steel, consisted also of four samples which passed 
the same heat treatment at 450oC, 500oC, 550oC and 600oC for 60 days. All of the samples 
were in the form of sheets with the rectangular shape of 15 × 25 mm2 of the thickness of 2 
mm with a small hole in the top part. The hole was used for fixing the samples by Cd-wire to 
the carousel and placed perpendicularly into the neutron beam. The diffraction pattern was 
collected from the whole volume of the sample. Mosaic copper monochromator (reflection 
220) providing the wavelength 1.46 Å was used for this measurement in the range of 
scattering angles between 4o and 144o. Refinement was performed using FullProf software. 
First refinements were performed using the full pattern refinement with the structural model 
just to see and identify the phases in the samples. Next refinement strategy was selected to 
refine the individual reflections without any structural model to see shifts in the angular 
reflection position as a function of temperature of the thermal treatment. During the 
calculation global parameters of background and for individual reflection parameters of 
intensity, position and value of FWHM were refined.  
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For the full pattern refinement the IRF (Instrumentation Resolution File) was used 
describing the profile parameters coming from the instrument and was obtained by refinement 
of the SiO2 standard sample at the similar conditions.  

The apparent reflections in the diffraction pattern were analysed and identified as 
coming from the austenite phase with space group Fm3m and cell parameter a ≈ 3.59 Å for all 
eight samples. Thus, there were no phase changes brought about by changing the temperature 
of the thermal treatment. Small reflections observed on the background at different angles 
were identified as (λ/2)-reflections because of very high (over 8000 counts) intensity of main 
reflections. The contamination of the ((λ/2)-reflections denoted by the ratio of I(λ/2)/I((λ) was 
about 0.44%. Observed and calculated diffraction patterns for the sample ig800-450 are 
shown in Fig. 32. As all the samples seemed to be monophase, we analysed the relative peak 
position and peak broadening by the fitting of the individual reflections. For the refinement, 
all eight reflections of austenite structure visible in the diffraction pattern in the measured 2 
region, namely 111, 200, 220, 311, 222, 400, 331 and 420 reflections, were selected. The 
(λ/2)-reflections were omitted. The profile parameters were taken from the IRF2 file. The 
refined parameters of each reflection were: angular position, shift of FWHM (considered as 
resolution in powder diffractometry) and integrated intensity. From the refined position the 
strain  was calculated using of Eq. (2a).  

The evolutions of these parameters (ε, and ∆d/d) as a function of the temperature of 
thermal treatment are shown in Figs. 34 and 35 for both groups of the samples. The 
temperature of 450oC of thermal treatment was taken as reference (for d0,hkl) for ε calculation.   

 

FIG. 33. Observed and calculated diffraction pattern for the sample ig800-45. Inlet shows the small 
reflections attributed to the second contributions of the main reflections. 
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FIG. 34. Sample strain  calculated for the individual reflections as a function of temperature of 
thermal treatment for samples ig800 (a) and ol304L (b). 
 

 

FIG. 35. Value of d/d calculated for the individual reflection as a function of temperature of thermal 
treatment for samples ig800 (a) and ol304L (b). 

 
Figure 35 reveals that the values of resolution slightly increase with the increase of the 

temperature of the thermal treatment for the ig800 samples. In contrast, for ol304L the values 
of the resolution are rather constant or have a decreasing tendency with the increase of the 
temperature. It corresponds to the increase of the micro-strain in the ig800 samples with 
increasing the temperature. This is in an agreement with the view on the macroscopic lattice 
strain which dramatically increases with the temperature of thermal treatment in the case of 
ig800 samples. The negative values of the lattice strain represent the movement of the 
reflections to higher angles (see Fig. 34) and thus the d-spacing decreases which leads to 
compression forces in the sample. However, in the samples ol304L the evolution of the lattice 
strain is different. For most of the reflections, except the 200 reflection, the d-spacing moves 
to the higher values and thus the material is in tension. The softest direction [200] follows the 
opposite way. The fluctuation of the intensity of the high d-spacing reflections can be due to 
the change of the grain and size distributions when the temperature of the thermal treatment is 
changed. 
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2.4. RESULTS WITH IRRADIATED MATERIALS  

The investigation of material processes occurring during irradiation is a big challenge 
for solid state physics and material science. Irradiation with high energy neutrons, protons or 
heavy ions results in the formation of the so called collision cascade, in which the particles 
can knock out atoms from their lattice position forming vacancies and interstitial atoms. 
These interstitials can conglomerate two-dimensional at dense packed lattice plans forming 
dislocation loops. Three-dimensional conglomeration results in the formation of foreign atom 
- vacancy clusters and precipitates. The formation of collision cascades enhances diffusion 
processes. The first process is known as irradiation induced precipitation, the second one is 
called irradiation enhanced. Another source of irradiation defects are nuclear reactions for 
instance the (n,α) reaction. The formed helium can conglomerate to nano-bubbles 
concentrated at positions with higher diffusivity like grain boundaries or dislocations. 

Irradiation also leads to changes in the stability of second-phase precipitates and the 
local chemical equilibrium near grain boundaries, precipitates, and defect clusters. Grain-
boundary microchemistries that differ significantly from the bulk composition can be 
produced not only by radiation-induced segregation but also by thermally driven equilibrium 
and non-equilibrium segregation of alloying and impurity elements. Although irradiation-
induced grain-boundary depletion of Cr has been considered for many years to be the primary 
metallurgical process cannot be explained well by Cr-depletion theory. The formation of 
chromium rich α’ precipitates in steels with chromium content above 9% are an example for 
it. 

The size ranges of irradiation induced or enhanced defects are of the order of 1 nm. 
Therefore advanced methods have to be applied to investigate these defects. Just to list a few, 
X ray and neutron diffraction, small angle X ray or neutron scattering, transmission electron 
microscopy, positron annihilation spectroscopy, Mossbauer spectroscopy, atom probe field 
ion microscopy and magnetic measurement (magnetic hysteresis, Barkhausen) are used to 
investigate these phenomena. Because structural materials like ferritic-martensitic or bainitic 
steels have an inhomogeneous microstructure one method alone does not provide enough 
information to characterize the defects. Indeed, different methods have to be combined to 
improve the knowledge about irradiation defects. In the following text, the focus is on the 
neutron based methods.    

Irradiation defects result in a degradation of the material properties. Neutron hardening 
and embrittlement are well known consequences. These changes on atomic level lead to 
changes for the macroscopic behaviour of the components irradiated. These macroscopic 
changes can be investigated by means of neutron imaging methods. 

The high penetration depth of neutrons allows applying various sample environments. 
Irradiated materials often become activated, and therefore special shielding has to be applied. 
For instance at PSI the NEURAP shielding for radiography measurements and a special 
shielded box for SANS with the possibility of including a sufficient magnet were constructed. 
The SANS shielding has as a special feature a single crystalline led beam window attenuating 
the γ radiation but nearly not the neutron beam. 

A problem of investigation of radioactive materials is the very high administrative effort 
for transport and storage. It makes it very difficult to transport such samples abroad. 
Therefore, the investigations were performed mostly at the local neutron source of the country 
where the samples were irradiated and prepared for investigations. 
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2.4.1. Neutron Diffraction on irradiated materials 

 
The neutron diffraction investigations performed at LANL at irradiated Zr2.5%Nb 

specimens were already reported in section 2.2.1.  

In addition, there is a wide spectrum of investigation of reactor steels. 
Ferritic/martensitic steels such as T91 (9Cr1Mo) and HT-9 (12Cr1Mo) have also been used 
for nuclear fuel cladding. In similar work to that of the Zirconium study, Hosemann et al. 
studied the evolution of the microstructure, i.e. phase composition and texture, in situ using 
neutron diffraction [24].  

Deformation behaviour was investigated by Clausen et al. [25] using in situ neutron 
diffraction and modelled using elasto-plastic self-consistent (EPSC) modelling. These 
experiments on (non-irradiated specimens) provide baseline data for future experiments on 
irradiated materials. Comparing the mechanical response of irradiated and non-irradiated 
materials will allow understanding the influence of radiation damage on the mechanical 
behaviour of these materials and providing benchmark data for advanced deformation models 
that attempt to include radiation damage [26]. In complementary work Anderoglu et al. 
studied the microstructure and phase evolution in a fully tempered ferritic /martensitic HT-9 
steel irradiated in the Fast Flux Test Reactor Facility (FFTF) up to 155 dpa at a temperature 
range of 380-504°C [27] using SANS with the LQD instrument.  

As part of this CRP, two austenitic steels, ChS68 and EK164, applied for fast breeder 
reactor fuel claddings were examined at the Russian Institute of Nuclear Materials. The 
specimens were irradiated in the BN-600 reactor up to maximum dose of about 80 dpa. These 
investigations were performed at the D7A diffractometer using a monochromic beam of 
λ = 0.1805 nm. The diffraction pattern was recorded with the angle increment of 0.1° in the 
angular intervals of 5-120°. Obtained data are recorded by a computer and processed with the 
Rietveld method. 

According to the ND experimental data the specimens of both steels have bright marked 
texture. It is connected with cold deformation treatment during tube manufacturing. The 
relations of the intensity of the reflexes (111)/(200), (111)/(220), and (111)/(311) were 
calculated to trace the texture changes. The texture of the materials remains even after 
irradiation up to 81 dpa, but becomes less than the original one. Maximum decreasing is 
observed after irradiation at temperatures of 370-390C and low doses. The effect is weaker 
after irradiation at temperatures of 520-528C even at high doses. Table 2 demonstrates the 
observation results.  

It shows that the texture of the EK164 steel is more stable under irradiation, than in case 
of the ChS68 steel. For example, the relative change characteristics of specimens irradiated up 
to high doses in comparison with unirradiated specimens of the steel ChS68 are equal to 1.38 
and 1.19 (for different reflexes). In the case of the EK164 steel this relations are 1.19 and 
1.04, respectively.  
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TABLE 2. THE RELATIONS OF THE INTENSITY OF THE REFLEXES (111)/(200), 
(111)/(220), AND (111)/(311) FOR THE CHS68 AND EK164 STEELS 

Steel Dose, dpa (111)/(200) (111)/(220) (111)/(311) 
 

ChS68  0 0.33     0.13 0.37 

 1.5 0.33       0.20 0.48 

 81 0.30 0.18 0.44 

EK164 0 0.35 0.21 0.51 

 14.5 0.37 0.27 0.55 

 72 0.39 0.25 0.53 

  

Micro-deformations (d/d) and size of coherent scattering areas (LCSA) were calculated 
by different reflexes characteristics of ND. They are exhibited in Tables 3 (for ChS68 steel) 
and 4 (for EK164 steel). The micro-deformation in both irradiated steels is larger in 
comparison with their initial state. Their increase is connected to the formation of dislocation 
loops and small voids. The micro-deformation changes are different for the two steels. They 
increase with dose growth for the ChS68 steel as Fig. 38 shows. These changes are non-
monotonic for the EK164 steel (Fig. 39). The dose dependences on size of coherent scattering 
areas are different too. It increases with dose growth for the ChS68 steel and decrease for the 
EK164 steel respectively. 

TABLE 3. THE VALUES OF MICRO-DEFORMATION AND THE SIZE OF CSA OF 
SPECIMENS OF THE CHS68 STEEL CALCULATED BY NEUTRON DIFFRACTION 
DIAGRAMS  

Characteristic Dose, dpa 0 1.5 81 

 
Temperature,С - 370 520 

Micro 
deformation 

                                  

Indexes(hkl)  
111 9.8 11.9 13.4 
200 29.5 35.9 40.3 
220 14.8 17.9 20.1 
311 24.2 29.4 33.0 
222 9.8 11.9 13.4 
400 29.5 35.9 40.3 
Average 18 24 27 

LCSA, nm 64 68 105 
 

  

410/  dd
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TABLE 4. THE VALUES OF MICRO-DEFORMATION AND THE SIZE OF CSA OF 
SPECIMENS OF EK164 STEEL CALCULATED BY NEUTRON DIFFRACTION 
DIAGRAMS 

Characteristic 
 

Dose, dpa 0 14.5 72 
Temperature,С - 390 528 

Micro 
deformation 

 

Indexes (hkl)  
111 10.7 15.2 11.4 
200 32.2 45.7 34.1 
220 16.1 22.8 17.1 
311 26.4 37.4 27.9 
222 10.7 15.2 11.4 
400 32.2 45.7 34.9 
Average 21 30 23 

LCSA, nm 74 54 46 
 

The obtained results have shown anisotropic micro-deformations in the irradiated and 
non-irradiated specimens of both steels. Table 5 exhibits relations of micro-deformations in 
the directions (100)/(111) and (110)/(111). Here the data were taken from the work [28]. The 
relations for both steels are equal for non-irradiated as well as for irradiated specimens. Thus, 
micro deformation anisotropy is inherent in the austenitic steel cladding tubes and it is 
remained under irradiation. For comparison the reader can find similar values in the case of 
Steel 316 in Ref. [29]. 

TABLE 5. THE ANISOTROPY OF MICRO DEFORMATIONS OBSERVED IN BOTH 
STEELS. THE RELATIONS OF MICRO DEFORMATIONS IN THE DIRECTIONS 
(111)/(200) AND (111)/(220)  

Steel Dose, dpa (111)/(200) (111)/(220) 

 
ChS68m, this work 

0 0.33 0.67 
1.5 0.33 0.66 
81 0.33 0.67 

 
EK164, this work 

0 0.33 0.66 
14.5 0.33 0.67 
72 0.33 0.67 

 

410/  dd



 

46 

 

FIG. 38. Dependence of micro-deformations on neutron irradiation temperature of the ChS68 steel. 
 

 

FIG. 39. Dependence of micro-deformations on neutron irradiation temperature of the EK164 steel. 
 
2.4.2. SANS investigations of reactor pressure vessel steels 

 
The austenitic cladding steels ChS68 and EK164 were investigated by SANS too. The 

investigations were performed at the D6 and D3 facilities using wavelengths of 0.478 and 
0.243 nm, respectively. The D6 diffractometer uses polarized neutrons with polarization of 
0.95.  

It was found that the dose growth leads to increasing SANS intensities for both ChS68 
and EK164 steels. The dependences of the total scattering cross section d/d on the 
scattering vector Q for the ChS68 and EK164 steels are shown in Fig. 40. The comparison 
shows that the changing of scattering of the EK164 steel is greater than of the ChS68 steel.  

The scattering contrasts give hints that in initial state the scattering in mainly caused by 
titanium carbides TiCx. Other carbides have small contrast for the possibility to be a reason of 
the scattering observation. 
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FIG. 40. The SANS cross-section d/d  vs. wave vector q for the ChS68 (A) and EK164 (B) steels:  
(1 – non-irradiated sample; 2 – sample irradiated with low dose; 3 – sample irradiated with high 
dose; points – experimental data; lines – model calculation). 

 

Two models were applied to analyse the scattering measured at the irradiated 
specimens. The model 1 is based on stochastic phase particles distribution; used the Debye-
Porod formula [30-34]. The model No1 has parameters: the particle size r, their volume part 
C and Porod parameter DS. The model 2 uses power distribution on particles size: N(R)R-
(3+) within the interval from Rmin to Rmax [29] where 1 m was the upper limit. Parameters: 
Rmin, R, , N, C were fitted to the experimental data. The use of two kinds of scattering 
particles with different size gives best description of the results, for low dose specimens. 
Scattering from high dose specimens are more correctly described in the model 2. The 
parameters are shown in Table 6 [see contributed paper by Kozlov et al.]. 

TABLE 6. PARAMETERS OF SUBATOMIC STRUCTURE OF SPECIMENS OF CHS68 
AND EK164 STEELS 

Spacemen and 
type of 
conditions 

Mode 1 Mode 2 

2r, nm С DS 
N,  
1021 m-3 

2Rmin, nm  C 2R, nm 

ChS68unir 1.6 0.0024 2 0.27 4 0.5 0.0003 6.6 
ChS68low dose 4.0 0.0008 2 0.32 4 0.2 0.0005 7.2 

ChS68high dose    28 4 0.1 0.005 5.7 

EK164unir 2.4 0.0008 2 0.29 4 0.5 0.0003 6.6 

EK164low dose 1.0 0.002 2  2R = 17 DS = 
2 

0.005  

EK164high dose    45 4 0.1 0.006 5.2 
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It can be concluded that the irradiation results in an increase of inhomogeneities with a 
size of about 4 nm, in particular after irradiation at high doses. Further investigations of 
highly irradiated material are needed to clarify the various processes going on during the 
irradiation. 

At the Budapest Neutron Center SANS investigations on the irradiation induced 
structural changes in the Russian VVER-440 type RPV steel 15Kh2MFA were performed in 
cooperation with the Helmholtz Zentrum Rossendorf (Germany). The VVER-440 reactor type 

is widely used for instance in the Hungarian nuclear power plant in Paks. A 15H2MFA type 
forging material with an unirradiated reference condition and three different irradiation 
conditions up to neutron fluences of 2.94x1020 (sample A), 9.52x1020 (sample B) and 
14.5x1020 cm-2 (sample C) (E> 0.5 MeV), respectively, were investigated. The size of the 
samples was 10 mm x 10 mm x 1 mm. 
 

 
    
FIG. 41. Size distributions of irradiation-induced defect/solute atom clusters calculated from (left) the 
nuclear SANS contributions, and (right) from the magnetic SANS contribution (neutron fluences  
(E > 0.5 MeV) of the samples: A, 0.29*1021cm-2; B, 0.95*1021cm-2; C, 1.45*1021cm-2) [see contributed 
paper by Tӧrӧk et al.]. 
 

The new SANS measurements were carried out with extended Q range and statistical 

accuracy. The results obtained by inverse fourier transform by Glatter method given in Fig. 41 

verified the earlier findings that the size of magnetic inhomogeneities is larger than the 

nuclear ones.  

The size of nuclear damage is between 1-2 nm, while the magnetic is slightly bigger. 

The possible effect of irradiation temperature and chemical composition was analysed. The 

results were presented at the 26th Symposium on the Effects of Radiation on Nuclear 
Materials, Indianapolis (USA), June 12–13, 2013 by F. Gillemot et al. on Microstructural 
changes in highly irradiated 15H2MFA steel and by  A. Ulbricht on Analysis of SANS 
measurements on highly irradiated15H2MFA steel at the International Conference on Neutron 
Scattering in Edinburgh (UK), July 8 – 12, 2013 (Poster P.034)[see contributed paper by 

Shikama et al]. 
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2.4.3. Investigation of nuclear fuel rods and highly irradiated components  

 
The non-destructive character of neutron imaging can be used for non-destructive 

inspection of nuclear fuel rods or spallation target structures before as well as after usage. The 
neutron attenuation does not depend on the atomic number. In contrast to X rays, neutrons can 
penetrate some millimetres or centimetres of heavy elements like lead or uranium. As an 
example, Fig. 42 compares the X ray and the neutron radiographs of nuclear fuel rod 
simulators consisting of an aluminium cladding tube filled with lead pellets. Whereas no 
internal structure of the lead component is visible in the X ray radiograph details like pellet 
shape and boundaries can be studied in the neutron radiograph. Even the contrast of the spring 
is higher for neutrons than for X rays [see contributed paper by Liu et al].  

Neutrons are sensitive not only to different elements but also to different isotopes. This 
provides the possibility to distinguish between the isotopes or determine the enrichment level 
for instance of 235U/238U. The international cooperation in terms of highly irradiated materials 
is hindered by administrative problems caused by the transport of highly activated or nuclear 
materials abroad. Therefore, the cooperation in the framework of the CRP was focused on 
local research and use of on-site available materials at PSI, CIAE and LANL. 

 

FIG. 42. The photo (upper), X ray image (middle) and neutron image (lower) of nuclear fuel elements 
taken at the CARR reactor at CIAE (China). 

 

At PSI, SINQ target rods consisting of a Zircaloy cladding filled with lead were 
inspected before and after usage. While the inspection of the fresh rods can be done under 
normal conditions without any shielding requirements, the study of the highly activated 
samples requires much more care. To handle highly activated samples, the NEURAP 
shielding and positioning device was constructed. The NEURAP setup is a well shielded 
device where up to 5 single target rods are delivered from a hot cell and can be remotely-
handled in the iron shielding block.  

In addition to the shielding concept, there is another technique for obtaining the neutron 
images: Dy doped imaging plates operated in a special procedure. The resulting good image 
quality is demonstrated in Figs. 43a and 43b. It compares a rod before exposure to the proton 
beam (Fig. 43a) with a rod long-term exposed to the proton beam in the SINQ target  
(Fig. 43b). In the fresh target tube the molten inner part consisting of lead can be 
distinguished from the free volume and the Zircaloy cladding. In the long-term exposed rod 
the accumulation of spallation products follows the proton beam profile in the centre of the 
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rod. Some material changes like cracks, hydride blisters and the interaction with cladding 
become visible [see contributed paper by Lehmann et al.].  

 
FIG. 43a. Pb target rod of SINQ before the exposure with the proton beam; the image was obtained in 
the routine imaging technique with Gd doped imaging plates. 

 

 

FIG. 43b. Pb target rod after long-term exposure in the SINQ target; the image was obtained at the 
NEURAP facility by using Dy doped imaging plates within a special procedure. 

 

Recent detector developments, achieved by the Univ. of California in Berkeley, allow 
for spatial and time-resolved neutron detection. This opens new avenues of characterization of 
nuclear materials and nuclear fuels in particular, as they enable isotope-sensitive imaging via 
so called neutron resonance absorption imaging. At LANL feasibility studies of energy-
dispersive neutron radiography on an example of mock-up nuclear fuel rodlets were 
performed. Each rodlet consisted of five pellets prepared from uranium powder. They were 
characterized by energy-dispersive neutron radiography, and thermal neutron radiography. To 
simulate cracks and voids resulting from irradiation and burn-up in a fuel pin, plastic wire was 
embedded in the mock-up pellets which burned off during sintering leaving similar structures 
to voids and cracks. To assess the viability of detecting different isotopes, e.g. fission 
products, tungsten pieces of different sizes and shapes were embedded in several fuel pins. 
For example, an energy dispersive measurement at energies around the energy where tungsten 
shows an absorption resonance separates the specific tungsten containing features. It can be 
done for any other element with a suitable resonance. It seems that quantitative concentration 
measurements are possible after calibration. The ultimate goal of this work will be the 
characterization of irradiated fuel pins. Details of these investigations are published in [35]. 

 

2.5.  OPTIMIZATION OF INSTRUMENTS FOR RESIDUAL STRAIN/STRESS 
MEASUREMENTS  

Residual strain-stress measurement by neutron diffraction has been already established 
method in the case of development, characterization and testing of materials in many areas of 
industry. Therefore, it has also a close relevance to nuclear energy sector. Advanced neutron 
diffraction techniques and instrumentation for residual strain/stress measurements are always 
connected with possibly maximum usage and performance of neutron optics elements, 
namely, neutron guides, mirrors and super-mirrors and focusing monochromators in 
combination with position sensitive detectors. In this section, properties of the dedicated 
neutron strain/stress diffractometer installed at the beam port ST-1 of HANARO reactor in 
KAERI which has been designed as a result of cooperation between two CRP partners, 
namely KAERI Daejeon and NPI Řež, are described.  



 

51 

Thanks to the usage of the horizontally focusing bent perfect crystal monochromator, 
the optimization procedure and a choice a favourite neutron wavelength and total scattering 
cross-section, the resolution and namely a high luminosity of the instrument permit one to 
study kinetic processes in polycrystalline materials running within a few seconds. Equally, 
one is able to carry out residual stress measurements at the large depths of steel samples with 
a reasonable time.  

 
The neutron strain/stress scanner evaluates the variations of lattice spacing within a 

sample with a spatial resolution of the order of mm3 given by the dimensions of the gauge 
volume. Generally, neutron diffractometers, which are dedicated for strain/stress 
measurements, can be divided into two types: angular dispersive and time-of-flight 
instruments. Typical neutron diffractometer dedicated for strain/stress measurement at a 
reactor source is shown schematically in Fig. 44 [18, 36]. The polychromatic neutron beam is 
first monochromated to a chosen wavelength by diffraction from a suitable monochromator. 
This monochromatic beam of a suitable size and divergence is given by the use of appropriate 
beam defining elements and is then diffracted from the specimen. In a similar way, the 
geometry of the diffracted beam is shaped by suitable beam limitation devices, before it is 
captured by a neutron detector. 

The gauge volume to which the strain measurement is related is given by the 
intersection of the incident and diffracted beams. Typically, neutron strain scanner is 
established on existing powder diffractometer. At the instrument of the first generation 
usually mosaic monochromator consisting of Cu, pyrolitic graphite or plastically deformed Ge 
are being used. As in the case of mosaic crystal monochromator there is no beam focusing, 
the uncollimated monochromatic beam spreads its cross-section at the place of the sample 
position up to tens of square centimetres. Then, the beam defining elements, which determine 
the gauge volume, bring a strong decrease of the final detector signal, while the resolution 
(FWHM of the diffraction profile) is still strongly influenced by the mosaicity of the 
monochromator β, of the order of tens of minutes of arc. Even in the optimum case, when the 
diffraction angles at the monochromator (θM), and the sample (θ) fulfil the following relation: 
tan  / tan M = +1/2, FWHM has a minimum value but still it is larger than β [37]. As can be 
seen from Fig. 44, the best geometrical choice corresponds to 2θ = 90°, when the gauge 
volume is in the form of a cube or rectangular prism. Consequently, it is required to have an 
intense Bragg peak at 2θ ≈ 90°. However, in the conventional case, due to the required 
resolution, a large diffraction angle at the monochromator should be set. The current of the 
monochromatic neutrons impinging the sample is proportional to the wavelength spread 
=cot M, where  is the angular divergence of the beam. Therefore, the larger 
diffraction angle at the monochromator means the smaller neutron beam current and 
consequently, the smaller detector signal. However, the situation is completely different in the 
case of employing focusing bent perfect crystal (BPC) monochromator [38, 39], [see 
contributed papers by Carr et al. and Sutiarso et al]. 
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FIG. 44. Schematic illustration of a conventional reactor source based diffractometer dedicated for 
strain-stress measurement. 

 

2.5.1. Focusing monochromator in the case of power diffration  

 
Methodological background  

 
A great advantage of the strain diffractometer equipped with the focusing BPC 

monochromator is very good predictability of its resolution and reflectivity parameters as has 
been many times demonstrated [40-41]. For imaging by a thin cylindrically bent crystal slab 
of the radius R, the lens formula (fa/a + fb/b) = 1 can be used. The parameters 
fb,a=(R·sin(hkl))/2 are the focal lengths on the image or object side, respectively, which are 
dependent on the cutting angle . corresponds to the angle of the diffracting lattice planes 
with respect to the surface of the crystal slab. Symmetric geometry means   = 0. In practice, 
the monochromator-sample distance LMS is fixed and should coincide with the image distance 
b (b = LMS) of a point source A being at a distance a = LAM before the monochromator. For 
the parallel incident beam is valid that LMS = fb and a = ∞. Then, for given M and the bending 
radius R for any point of the sample, we arrive at the relation , where 
fb = (R/2)sinM is the focal length. Notice, that each point of the sample is reached by a 
convergent bunch of strongly correlated rays according to 

. 
 
This relation also points out that the smaller monochromator Bragg angle M is used, the 

larger neutron beam current (the larger ) is delivered on the sample. However, this is 
connected with the fact that employing a smaller monochromator Bragg angle M one obtains 
worsening of the instrumental resolution. Due to this fact, practically all existing neutron 
strain-stress scanners use monochromator Bragg angle, if possible, close to 90°. Typical 

 

 

 

 

 
 

Q 

2θ 

 bffRa bbM 1)( 

  MbMS1 cot  /21 = /  fLΔΔ 



 

53 

application of real space focusing is that the beam of a large cross-section is focused (e.g. 
from a thermal neutron guide) on a small sample.  

Figure 45 shows a schematic diagram of the conventional diffractometer performance 
employing a BPC monochromator at a large Bragg angle (left) and the one designed and 
tested in KAERI using a small Bragg angle (right). The focusing diffraction performance 
consists then of the following steps.  

Monochromatic neutrons selected by the bent crystal from a white spectrum are focused on a 
sample (real space focusing). There is a strong correlation between the divergence of the 
incoming and outgoing beams with respect to the monochromator, which can be easily 
manipulated by changing the bending radius R of the BPC monochromator. Then, by setting 
an optimum radius of curvature of R = (2LMS/sin(θM-))/(2-1/aSM) the divergence 2 
achieves in the vicinity of the chosen scattering angle S of a minimum value making a high 
resolution as well as a highly luminous detector signal related to the corresponding Bragg 
reflection. The indices S and M mean that the corresponding parameters are related to the 
sample and the monochromator, respectively. It also means that in this optimum case the 
resulted divergence is not dependent on 

 and a large width W of the polychromatic beam 
irradiated the monochromator can be successfully used [42, 43].  

These are unique properties of the focusing diffractometer performance making a 
simultaneous increase of the detector signal and the diffraction profile resolution (decrease of 
its FWHM). It means in practice that depending on the crystal curvature, the peak intensity 
and FWHM of the diffraction line achieve their maximum and minimum, simultaneously. The 
beam diffracted by a sample is then directly analysed by using a position sensitive detector 
(PSD).  

As it is shown in Fig. 45, contrary to the conventional diffractometer performance with 
the mosaic monochromator, no Soller collimators which always cut the neutron current are 
required. Of course, there are some resolution uncertainties influencing the instrumental 
resolution which make the diffracted beam to some extent divergent [43]. They come from 
the effective mosaicity of the BPC-monochromator linearly dependent on the crystal 
thickness [44] and from the finite width of the irradiated volume of the sample determined by 
the input and output slits. Both uncertainties bring about the diffracted beam slightly 
divergent and directly determine the instrumental resolution. However, the effective mosaicity 
can be changed by decreasing the crystal thickness and to obtain a required instrumental 
resolution. Contrary to this case, in the conventional performance the required resolution is 
achieved by increasing the monochromator Bragg angle θM, while spread of the 
monochromatised beam decreases [37]. Therefore, the use of smaller monochromator Bragg 
angle M can considerably contribute to an additional increase of the instrument luminosity.  
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FIG. 45. Schematic geometry of the conventional diffractometer performance employing a BPC 
monochromator (left) and the one designed and tested in KAERI (right).  

Experimental results 
 

First, it was necessary to test the intensity and resolution behaviour of the diffractometer 
performance when using a small irradiated volume of a polycrystalline sample. For simplicity, 
instead of a bulk sample and beam defining slits we used an -Fe(211) steel pin of 2 mm 
diameter and 40 mm height. By using a focusing Si(111) monochromator (cylindrically bent 
perfect crystal) set at 2θM = 30°, for λ = 0.162 nm the scattering angle on the sample was 
2θS = 87.8°. In fact, several focusing diffraction geometries of the bent Si(111) 
monochromator were tested, both symmetric and asymmetric, and it was found that the 
symmetric one is the best alternative (for details see the paper [45]).  

Figure 45 shows the behaviour of the required characteristics of the diffractometer on 
the monochromator crystal curvature. The results document the excellent property expected 
from the employment of the Bragg diffraction optics that the maximum luminosity is at the 
minimum of the resolution. Moreover, the resolution can be also optimized by a suitable 
choice of the thickness of the monochromator crystal slab (compare Figs. 46a and 46b) with 
an acceptable decrease of the detector signal.   

  

 
FIG. 46. The luminosity and resolution characteristics of the diffractometer performance with the 
focusing Si(111) monochromator of the thickness of 3.9 mm (a-left) and 1.3 mm (b-right).  
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Figure 47 displays the diffraction profiles of -Fe(211) pin of 1 mm diameter and 
40 mm height taken for different measurement times by the PSD at the distance of 120 cm 
from the sample. Smaller diameter of the sample has practically no influence on the FWHM 
of the diffraction profile, because the spatial resolution of the detector was 2.5 mm (the 
angular width of one channel was 0.0095°) as well as the uncertainty 2t were much larger. 
It is clear that by using a PSD having better spatial resolution, it could be set closer to the 
sample. In this case we used deliberately only 1 mm diameter pin as a sample and followed 
the value of the detector signal and the error in determination of the peak position. If we take 
into account that about 40 channels correspond to the angular range corresponding to FWHM, 
even at the measurement time of 5 s the peak position can be determined with a relative error 
of about 10-4 which is sufficient in most cases of residual strain/stress measurements. It 
follows from these facts that thanks to very good luminosity and resolution the new 
instrument performance permits also studies of some kinetic processes related to macro- 
and/or micro-strain/stress distribution. Namely, so called in-situ experiments with samples 
subjected to external thermo-mechanical load can be attractive. In such cases much larger 
gauge volume is usually used which would permit to make the measurement time of the 
diffraction profile even shorter because the detector signal is roughly proportional to the 
irradiated volume of the sample.  

2.5.2. Use of wavelength-dependent attenuation on neutron diffraction stress 

measurements at depth in steels 

 

Change of neutron transmission at the Bragg edges 
 

In this paragraph the results of systematic investigations of the wavelength dependence 
of maximum feasible penetration depth for neutron stress measurements in steels are 
presented. For these measurements, the wavelengths from the close vicinity of the Bragg 
edges where the neutron total-cross section has local minima and for which the scattering 
angles are convenient for stress measurements are used. By using such wavelengths 
(e.g. 0.24 nm which are longer than commonly used λ ≈ 0.16 nm for strain-stress instruments) 
and focusing bent perfect crystal Si(111) monochromator, a maximum available path length 
of about 85 mm in ferritic and austenitic steels was achieved. The following results provide 
useful information for a choice of the instrument configuration which would be most suitable 
for particular measurement tasks.  

For residual strain-stress measurement in thick samples having a non-negligible 
attenuation (as for example in steels) a decisive role plays neutron beam current delivered on 
the sample. Another effective and complementary way to increase the maximum available 
path length in the sample is to exploit the wavelength dependence of the neutron total cross-
section in order to minimize the attenuation factor of the material. This method can be 
realized on the instrument installed at a continuous neutron source when choosing the 
reflections with a wavelength near the Bragg edge, where the neutron total cross-section is 
minimal. However, for the chosen wavelength and reflection, the scattering angle (2S) can 
differ from 90°, so that the section of the gauge volume is distorted from a square shape to a 
less symmetric diamond shape. But for thick components the distortion is usually acceptable 
to some extent, especially as it allows substantial increases in the available depth.  

Figures 48 and 49 show the calculated total neutron cross-section of the ferritic and 
austenitic steels, respectively [46]. Indices (hkl) of several Bragg edges and corresponding 
wavelengths are shown at the top. Scattering angles of reflections corresponding to the 
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wavelength at Bragg edges are shown at the bottom. In ferritic steel, as shown in Fig. 47, 
there are Bragg edges at λ = 0.135, 0.153 and 0.234 nm, near which the total cross section has 
its local minimum. The corresponding scattering angles of the 211 or 110 reflections, which 
are not much different from 90°, are acceptable for the stress measurements. Since the lowest 
minimum is located near the (211) Bragg edge at λ = 0.234 nm, this wavelength has appeared 
as a good candidate for stress measurements at the depth using the 110 reflection. The 
corresponding scattering angles of the 211 or 110 reflections, which are not much different 
from 90°, are acceptable for the stress measurements. Since the lowest minimum is located 
near the (211) Bragg edge at λ = 0.234 nm, this wavelength has appeared as a good candidate 
for stress measurements at the depth using the 110 reflection. It should be pointed out that 
measurements at depth with the wavelength corresponding to the exact Bragg edge can cause 
an additional ‘artificial’ peak shift and can deteriorate the quality of the obtained strain/stress 
results. Since attenuation depends on the neutron wavelength, the mean value of the 
wavelength distribution of the neutron beam, which defines the position of a diffraction peak, 
changes with path length. 

At a Bragg edge, where attenuation significantly changes with wavelength, it can 
generate a remarkable diffraction peak shift, corresponding to apparent strains at depth. It is 
difficult to compare the maximum available penetration path lengths among the conditions 
with different wavelengths only by calculation because the total cross-section and the other 
parameters (e.g. instrumental and source parameters) are correlated with the wavelength. 
Therefore, the maximum penetration path length near the Bragg edges at λ = 0.135 nm, 
0.153 nm and 0.234 nm in ferritic steel (low-carbon steel, ~0.2% C) was measured 
experimentally. Following the considerations mentioned above, similar experiments were also 
carried out in austenitic steel (stainless steel 304L) with the wavelengths near the Bragg edges 
at λ = 0.122, 0.147, 0.166, 0.218 and 0.255 nm (see Fig. 48). In this case the austenitic steel 
showed minima of the total neutron cross-section located at long wavelengths near 
λ = 0.22 nm and short wavelengths in the vicinity of λ = 0.16 nm. For a more comprehensive 
study, some other wavelengths from the close vicinity of the Bragg edges were tested as well. 
Since the instrument was set at 2θM = 45° for routine operation, the results with the 
wavelengths corresponding to this take-off angle were also compared. 

It has to be mentioned that the steps in the neutron transmission at the Bragg edges of 
the material provides the possibility of strain imaging too. To achieve such strain imaging 
neutron radiography or tomography measurements have to be performed with sufficient 
wavelength resolution. Indeed, it can be obtained by the application of wavelength selectors 
or double crystal monochromators at stationary neutron sources or by the application of short 
pulsed sources. In this case the time structure of the intensity provide inherent a high 
wavelength resolution. Such types of radiography experiments are a very common methodical 
development on the field of neutron imaging. 
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Experimental verification 
 

The related experiments were carried out on a reconstructed stress instrument at the 
HANARO reactor in KAERI Daejeon. Figure 50 shows the experimental geometry in the 
vicinity of a sample with the parameters used in the text. Figure 51 shows the diffraction 
peaks that were measured at the maximum available depth in ferrite steel (24 mm depth, 
2θS = 72.1o, λ = 0.239 nm) and austenite steel (22 mm depth, 2θS = 63.8o, λ = 0.219 nm). It is 
obvious that the diffraction peak is about three times higher than the incoherent background. 
Figure 51 shows the dependence of the strain error on the total penetration path length by 
measuring the 211 reflection for 0.136 and 0.155 nm and the 110 reflection for 0.228 and 
0.239 nm in the case of the ferritic steel and the 311 reflection for 0.124 and 0.15 nm and the 
111 reflection for 0.239 and 0.261 nm in the case of the austenitic steel. The following Table 
7 shows maximum penetration depths in reflection (Dref) and transmission (Dtr) geometries for 
different wavelengths in ferritic austenitic steels as obtained from the experiment. The 
maximum available path length, λ = 0.239 nm) and austenite steel (22 mm depth, 2θS = 63.8o, 
λ = 0.219 nm) [see contributed paper by Mikula].  

 

FIG. 50. The gauge volume is defined by slits in the incident (IS) and diffracted (DS) beams. The 
totalneutron path length lm is the sum of that for incident (li) and diffracted (ld) beams. 
 

  

FIG. 51. 110 and 111 diffraction peaks as measured in the reflection geometry for the ferritic and 
austenitic steels, respectively as measured at 83 mm total path length (1 h measurement time, 80 mm3 
gauge volume). 

 
Figure 52 shows the dependence of the strain error on the total penetration path length 

by measuring the 211 reflection for 1.36 Å (we remind the reader that 1 Å = 0.1nm) and 1.55 
Å and the 110 reflection for 2.28 Å and 2.39 Å in the case of the ferritic steel and the 311 
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reflection for 1.24 Å and 1.50 Å and the 111 reflection for 2.39 Å and 2.61 Å in the case of 
the austenitic steel.  

FIG. 52. The dependence of the strain error on the total penetration path length in the ferritic (on the 
left) and austenitic steels (on the right). The scan was carried out in the reflection geometry (1 h 
measurement time, 80 mm3 gauge volume). 

Table 7 shows maximum penetration depths in reflection (Dref) and transmission (Dtr) 
geometries for different wavelengths in ferritic austenitic steels as obtained from the 
experiment. The maximum available path length, lm, was defined as path length 
corresponding to the strain error of 10-4 in strain determination.

TABLE 7. THE VALUES OF lM, Dref, Dtr AND FoM AS DETERMINED FROM 
THE EXPERIMENTAL DEPTH SCANS 

Ferretic steel (low carbon steel, bcc) 

Monochromator 2M 
(deg) 

 
(nm) 

Reflection 
plane 

2S 
(deg) FoM lM 

(mm) 
Dref 

(mm) 
Dtr 

(mm) 
Si(220) 42 0.136 (211) 71.2 73 71 21 58 
Si(220) 45 0.146 (211) 77.1 82 68 21 53 
Si(220) 48 0.155 (211) 82.9 105 77 26 58 
Si(220) 51 0.165 (211) 90.1 119 68 24 48 
Si(110) 43 0.228 (110) 68.5 90 64 18 53 
Si(110) 45 0.239 (110) 72.1 100 83 24 67 
Si(110) 43 0.244 (110) 73.8 84.5 80 24 64 

Austenitic steel (stainless steel 304L, fcc) 

Monochromator 2M 
(deg) 

 
(nm) 

Reflection 
plane 

2S 
(deg) FoM lM 

(mm) 
Dref 

(mm) 
Dtr 

(mm) 
Si(220) 38 0.124 (311) 69.6 54 70 20 57 
Si(220) 45 0.146 (311) 85.6 93 72 24 53 
Si(220) 46.2 0.150 (311) 87.8 120 75 26 54 
Si(220) 53.2 0.171 (311) 104.0 148 76 30 47 
Si(110) 41.2 0.219 (111) 63.8 97 87 23 74 
Si(110) 45 0.239 (111) 70.1 91 79 23 65 
Si(110) 49.5 0.261 (111) 78.0 100 83 26 65 

Note that lm were determined from the depth scans for 80 mm3 gauge volume and 1 h
measurement time. The figure of merit (FoM) was calculated by using the integral intensity 
(I) and peak width (FWHM) of the diffraction peak from the powder samples (80 mm3 gauge
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volume, 300 s measurement time). FOM for ferrite and austenite were set to be 100 for the 
wavelengths 0.239 nm and 0.261 nm, respectively, the values of which correspond to the 
lowest total cross-sections in ferrite and austenite.  

It can be seen from Table 7 that the maximum available path length of 83 mm in ferritic 
steel was achieved at λ = 0.239 nm near the α-Fe(211) Bragg edge at 0.234 nm where the 
cross-section is lowest. It is clearly demonstrated that a small variation in the wavelength 
from 0.228 nm to 0.239 nm increases the maximum available path length by 19 mm. Like in 
ferrite the longer path lengths in austenite were achieved at longer neutron wavelengths by 
using Si(111) monochromator for γ-Fe(111) reflection. The maximum available path length 
lM = 87 mm was achieved at λ = 0.219 nm near the 311 Bragg edge. It is clear that the 
information about maximum available depths in reflection and transmission geometries as 
provided in Table 7 is useful for a choice of the instrument configuration which could be most 
suitable for a particular sample. 

After a detailed inspection of the obtained advantageous instrument performances, the 
new concept was tested on strain-stress neutron diffraction scanning in a 50 mm thick ferritic 
steel weld (see Fig. 53). The most promising neutron wavelength of 0.230 nm has been 
applied. Note that residual stresses are not measured directly by diffraction methods but they 
are determined from measurement of residual strains, which are then converted to stresses 
using appropriate modelling [18, 36].  

 

FIG. 53. Macrostructure of the 50 mm thick low-carbon steel weld. Note the following notation: LD 
(longitudinal, x), TD (transverse, y), and ND (normal, z) directions of the weld plate. 

 

Figure 54 shows the through-thickness variations of residual stresses along the four 
different locations from the weld centreline using neutron diffraction. Note that the obtained 
stress uncertainties were mostly about ±30 MPa, which is similar to the typical accuracy of 
e.g. the deep hole drilling method. Figure 55 shows the cross-sectional mapping of the 
longitudinal residual stresses σx in the 50 mm thick steel weld specimen. It was reconstructed 
based on the all data points shown in Fig. 54. For more details about the instrument 
performance as well as some other experimental results see the references [46-48]. 
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FIG. 54. Through-thickness variations of the macroscopic internal stresses (σx, σy, σz) in a 50 mm thick 
ferrite steel weld plate specimen: (a) 0 mm, (b) 20 mm, (c) 50 mm, and (d) 100 mm distance from the 
weld centerline. 

 

FIG. 55. Two-dimensional mapping of the longitudinal residual stress (σx) in the 50 mm thick weld 
plate. 

 
2.5.3. Summary 

 
New concept of a world class neutron diffractometer equipped with a two dimensional 

position sensitive detector (2 mm spatial resolution) dedicated to residual strain stress 
scanning operating at the HANARO reactor in KAERI Daejeon has been presented. It 
exploits Bragg diffraction optics as well as non-regular behaviour of total neutron cross 
section of polycrystalline materials. Unique instrument parameters, namely, neutron current 
delivered on the sample, instrument resolution and the detector signal related to the chosen 
diffraction profile, have been tested on steel samples. Then through-thickness distributions of 
the macroscopic residual stresses were successfully determined in the 50 mm thick steel weld 
plate using neutron diffraction. New configuration provides the significantly increased 
monochromatic neutron current and successfully exploits decreased beam attenuation and 
strain uncertainties compared to the conventional methods. The total beam path length over 
80 mm was accessible with ±100 micro-strain uncertainty, 2 mm spatial resolution along 
depth, and one hour measurement time, which is suitable for the precise strain analysis. 
Moreover, new instrument performance permits to study some kinetic processes in 
polycrystalline materials running within a few seconds. Some improvements are still possible 
e.g. by installing horizontally and vertically focusing monochromator and a position sensitive 
detector of a better spatial resolution. As the vertical focusing has no influence on the 
resolution of the instrument, its future installation could improve the luminosity by a factor of 
2-3.    
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2.6.  EFFORTS TOWARDS STANDARDIZATION OF NEUTRON IMAGING  

Digital thermal neutron imaging mainly consists of radiography (2D imaging) and 
tomography (3D imaging), including other special techniques using neutrons as a probe. 
Neutron radiography is the process whereby the transmitted intensity of neutrons through a 
specimen using a position sensitive detection system is detected and recorded, which results 
in 2D images called radiographs. Neutron tomography is the process whereby a 3D virtual 
image (tomogram) is obtained through the reconstruction of many radiographs (2D – 
projections) being obtained by turning the object through many discrete angles. To generate 
high quality tomograms, the rotation angle range required in the case of parallel beam 
geometry is 0   < 180o. For the determination of the rotation center a range of 0    at 
least 180o has to be applied. Measurements at angles of 0   < 360o are needed in the case of 
cone beam geometry. In both, parallel and cone beam geometries, the sample should always 
be fully illuminated within the field of view (FOV) of the detector.  

 
Internationally, the use of neutron computed tomography (NCT) as analytical probe on 

routine basis is being perceived as a relative undeveloped method compared to X ray 
tomography. Until today, little effort was made to compare the performance of different 
neutron imaging instruments in a controlled and standardised manner. Since every neutron 
tomography installation is unique in quality and performance due to e.g. the spectrum of 
neutrons, different power of neutron sources, different experimental set-ups and layout, 
competence and expertise of operators with regard to setup and image processing, etc., the 
need for standardisation becomes very important to effectively compare neutron imaging 
facilities and their performance with respect to each other.  

For X ray tomography, used for example for medical imaging, there are quality 
assessment methods developed and available to certify the quality of the delivered images. 
Digital radiography (DR), computed radiography (CR) and tomography with X rays (XCT) as 
a source of penetrating radiation have found applications ranging from medical diagnostics 
and quality assurance in industry but also a tool for materials research. These imaging 
analytical techniques have gained acceptance because they are non-destructive and their 
output are images in real space enabling a direct comparison e.g. to construction drawings.  

Because these setups provide results which lead to quality related decision making or 
diagnosis of an abnormality, it is necessary to qualify the performance of setups using test 
objects with known and well defined features. It is for this reason that the performance of the 
setup should be assessed and quantified, to determine the capabilities of the setup with regard 
to key performance factors. Similarly, neutrons are penetrating radiation with often better 
penetrability than X rays for most metals and heavy materials (and have high interaction for 
water and plastics) and a converse contrast. Neutron imaging has proven usefulness with 
applications ranging from fuel cells, petroleum, mineralogy, welds, and porous media to 
magnetic systems. Hence there is also the need to characterize (assess and quantify) the 
performance of neutron setups before they are applied. 

Accurate and precise characterization involves adequate human subjectivity (with 
regard to image sampling and assessment), key performance factors identification, and well 
derived, designed and implemented performance metrics. Eliminating human subjectivity 
ensures that the results can be repeated and are precisely and accurately quantified.  
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This can be achieved by implementing automated systems for sample setup, data 
processing and analysis as well as quantification of the resulting data. Defining all factors 
affecting the setup performance of neutron computed radiography and tomography is very 
important. These factors eventually have to be minimized to key performance factors to 
establish practical characterization of a neutron imaging facility and its outcome (radiographs 
and tomograms).  

2.6.1. Test objects 

 
Schematic diagrams of standard samples suggested for contrast and spatial resolution 

assessment are shown in Fig. 56. 

 

FIG. 56. Design of the NTC standard created by KAERI (on the left). Unless otherwise specified 
dimensions are in millimetres; side view of the NTSR standard design created by PSI (on the right). 

 

The design of the Neutron Tomography Contrast (NTC) standard sample proposed by 
the Korean Atomic Energy Research Institute (KAERI) is shown in Fig. 56(a). This NTC 
sample consists of 6 mm diameter cylinders made of Al, Cu, polyethylene (PE), Ni, Pb and Ni 
embedded in an Al cylinder of 30 mm in diameter. The Al cylinder was added to verify if 
edge enhancement effects would appear at the interface between the two components.  

A set of 2 x Neutron Tomography Spatial Resolution (NTSR) samples were designed 
and manufactured by NIAG at Paul Scherer Institut (PSI) in Switzerland. Each sample is 
made of two solid blocks (matrices of Al or Fe, respectively) with dimensions of 10 mm x 
20 mm x 40 mm and fixed together by a set of screws, one at the bottom and one at the top. 
The space between the two blocks is maintained by a stack of 0.02 mm thick foils placed 
between them acting as spacers. The dimensions of the spacers are 20 mm x 20 mm x 
(multiple 0.02 mm layers). The foil materials are chosen to have a complementary attenuation 
to the supporting matrices, i.e. Al is used within Fe blocks and Cu is used within Al blocks. 
The side view of the general design of the phantoms is shown schematically in Fig. 56(b). 

The evaluation methods for the two sample types are thoroughly discussed in the paper 
by Kaestner [49] that describes the acquisition conditions and the evaluation procedures in a 
first approximation. Based on the experiences of the first Round Robin exercise, an 
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improvement of the test sample and update of the evaluation procedure is proposed (see 
paragraph 2.6.4).  

2.6.2. Round Robin exercise 

 
Five sets of neutron imaging test samples were manufactured to evaluate the proposed 

sample designs. One sample was kept at Paul Scherrer Institut as reference sample. The 
remaining four sample sets were sent to different institutes who enrolled to participating in the 
evaluation procedure. The samples were always returned to PSI for data upload and refreshing 
the contents of the boxes.   

This report summarizes the results from the Round Robin evaluation made during 
2012/2013. The Round Robin sample evaluation included experiments at 13 facilities 
worldwide. The involved institutes are marked on the map in Fig. 56 below. The time for a 
laboratory to complete an experiment and return the samples was between two and four 
months. This delay in many cases was caused by problems with the customs that did not 
accept the samples as non-commercial and intended for research purposes only. Additionally, 
the arrival of the samples may not always have fitted in the beam time agenda which delayed 
the experiment further. The current status of the experiment is shown in Fig. 58.     

 

FIG. 57. Institutes participating in the first Round Robin evaluation of the QA samples. The red pin 
marks PSI-Switzerland, in charge of coordination of the Round Robin. 
 

 

FIG. 58. Status of the Round Robin exercise. 
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2.6.3. Results 

 

 A quantitative and qualitative evaluation is made of all the data sets of the contrast 
sample and the spatial resolution sample that was returned to PSI by participants after 
completing the protocol.  
 

Contrast (Using NTC phantom) 
 

The intensity of the slice images from the tomograms of the contrast phantoms first 
needed to be adjusted since most of the returned data was scaled in the wrong way. 
Fortunately, the intensity scaling parameters are provided in the image files. The slices and 
their histograms in Fig. 59 show that most sources have a similar (thermal) spectrum. ICON 
at Paul Scherrer Institut and the Hungarian results deviate, which is to expect since these were 
the data from a cold source spectrum. In some cases the image intensity was too hard clipped, 
which resulted in wrong intensity readings, especially the PE inset was suffering from this 
clipping. The purpose of the intensity clipping was most likely to improve the visual contrast 
of the remaining insets.  

The returned data also show that there are large variations in field of view (FOV) 
among the contributed laboratories. This has a direct impact on the pixel sizes which can be 
seen in Table 8. The size of the phantoms turned out to be adequate for most facilities, but in 
some cases the FOV was either so large that there were on few pixels for each inset or the 
FOV was so small that the entire sample could not fit in the radiograph. The latter is not good 
since the reconstructed data will suffer from truncation artefacts on the boundaries where the 
sample extends beyond the FOV supported by the detector. However, if the truncated region 
is moderate and a decent reconstruction tool is used, this artefact may be alleviated.  

 

 
FIG. 59. Contrast images returned from five different facilities. The slice from ICON, Switzerland, 
was measured using a revised sample with Ti replacing PE. The top row represents the horizontal 
slices in the middle of the object, while the lower row shows histogram data. 

 

The most important finding was that the PE insertion is attenuating the beam so much 
that the remaining intensity is insufficient for a correct reconstruction of the projection data. 
These so called starvation artefacts occurred mainly in combination of PE and Fe, Cu, and Ni.  
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The artefacts results in wrong intensity values for the involved insets. In general, a 
lower intensity is expected in the presence of starvation artefacts. The solution to this problem 
is to replace the PE insert by Ti, which has attenuation in the magnitude of Fe and Cu for 
thermal neutrons.  

TABLE 8. PIXEL SIZES USED AT DIFFERENT FACILITIES TO PERFORM THE 
IMAGING EXPERIMENTS 

 Brazil Hungary Portugal South Africa Switzerland 
Pixel size [µm] 273 47.6 81.0 97.7 43.7 

 
Spatial resolution (NTSR) 
 

NTSR samples show the effect of the large variation in the pixel sizes. The number of 
inserted foils was directly connected to the pixel sizes obtained at the various facilities. This is 
an expected outcome for the property that was intended to be investigated. In most cases the 
estimated thickness deviated by 2-3% from the expected film thickness (Fig. 60 and Table 9). 
This must be considered as a good result. The data that deviated severely from the expected 
value were from South Africa, where a malfunctioning sample manipulator caused difficulty 
in the acquisition of the radiographs in equal step increments.  

The sample profile in all cases but one are clearly cupped. This is an expected result 
since it is caused by the scattered neutrons. The cupped profile makes the evaluation more 
difficult. It still needs to be clarified which base line to use when the intensity difference is 
computed. Using the wrong base line will introduce an error in the thickness estimation which 
is based on full width half maximum (FWHM) approach on an average profile computed from 
several lines across the gap. 
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TABLE 9. SLIT WIDTHS ESTIMATED FROM THE RECONSTRUCTED SLICE 
IMAGES 

  Brazil Hungary Portugal South 
Africa Switzerland 

Foils 4 3 4 3 2 
Width [mm] 0.82 0.62 0.81 0.68 0.41 
Deviation [%] 2.50 3.33 1.25 13.0 2.50 

 

2.6.4. Proposed improvements 

 

Samples 
 
The current set of samples is intended to quantify the performance of neutron computed 

tomography. This is an advanced discipline in neutron imaging and not every international 
neutron-imaging instrument provides this option of analytical capability yet. The evaluation 
of the NCT sample also includes several steps to complete, e.g. acquisition of the projection 
data and reconstruction of the virtual volume dataset.  

 
The basic information for any advanced neutron imaging technique (computed 

tomography, energy selective imaging, diffraction imaging and grating interferometry) is a set 
of neutron radiographs. Therefore, it is relevant to provide a set of samples that quantifies 
basic quality features of the radiograph. Relevant phantoms to investigate are step wedges of 
different materials to investigate the contrast and line pair masks, knife-edges, and Siemens 
star phantoms to investigate the resolution. The signal-to-noise ratio also provides relevant 
information that has an impact on the overall image quality and performance of a radiography 
facility. Noise propagates through every step of processing and can best be removed by 
increasing the neutron statistics of the image. With this set of phantoms a suite of evaluation 
methods are available and can be applied to quantify the radiographs and tomograms and thus 
the capability of the radiography facility.  

 

FIG. 61. The 2D edge test object. 

With knowledge gained from the first Round Robin exercise and the utilization of the 
phantoms described, a new set of phantoms is under design including their scientific 
justification. Among these are phantoms for the evaluation of 2D contrast, 2D edge evaluation 
according to [50], 3D edge evaluation and improved 3D contrast testing. A preliminary 2D 
edge test phantom (Fig. 61) has been designed, manufactured and is under evaluation. A 
proposed automated analysis based on Matlab being designed and is under evaluation in order 
to analyse radiographs of the 2D Edge test object.  
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Evaluation procedure 
 

Robust automated image evaluation routines are required to assure that the measured 
images are evaluated in a repeatable manner and that the impact of human interaction is 
minimized. The method proposed for the contrast sample in [49] can be considered robust. It 
is important that the evaluation methods are provided with a user interface that makes the 
evaluation intuitive. The resolution sample currently does not have a comparable evaluation 
procedure and has to be developed. Ideally, an analytical tool that directly delivers an 
evaluation report has to be developed. The exact outline and content of an evaluation report 
still needs to be determined. This report would then replace the current Excel spreadsheet.  

For future experiments, it recommended to divide the Round Robin exercise in two 
parts. One part intended for phantom development and refinement of evaluation procedures 
and a second, more extensive, part to evaluate the proposed procedure. In the first part only 
few laboratories are included to keep the loop short and also to reduce the shipment costs. The 
second part should be open to any laboratory interesting in participating in the evaluation of 
the procedure. For this part a general invitation should be sent to all neutron-imaging facilities 
worldwide. It is important to involve the high-end facilities to assure that the proposed QA 
procedure is suited for all available cases. For more detailed information see contributed 
papers by Pugliesi et al., Radebe et al., and Sim et al. 

2.6.5. Scientific output 

 
Two contributions related to the analysis of the image data were presented during the 

International Topical Meeting on Neutron Radiography 7 (ITMNR-7) in Kingston, Canada 
during 2012. The contributions are also accepted for publication in the conference 
proceedings. The proceeding was published by Physics Procedia (Elsevier). The paper by 
Radebe et al. [51] presents the phantoms and provides a histogram-based evaluation of the 
contrast phantom to show the impact of the choice of reconstruction filter. The appendix of 
this paper provides a practical guideline for performing a standardized CT experiment. The 
paper by Kaestner et al. [49] describes the image processing required to automate the image 
evaluation. The automated evaluation routine is required to avoid the impact of human 
interaction during the evaluation.  

2.6.6. Conclusion 

 
The results of calculations and studies of the 13 participating countries on using the 

IAEA supported test samples NTC and NTSR were collected and verified. It was concluded 
that for some participants current measurement procedures and experiment protocols seem to 
be complex to follow since often the information in the returned experiment forms was 
incomplete. Often the storage media included in the sample box for storing the experiment 
data and experiment report was empty. This made the overall evaluation of the Round Robin 
experiment more difficult. In some cases the missing information was completed by the local 
contacts upon request. During the follow up IAEA technical meeting, held in November 2012 
in Jakarta, it became clear that the data was often missing since the people performing the 
experiments had very little experience with the use of reconstruction software and did not 
manage to do the data processing. To improve this, there was a tutorial at the technical 
meeting where most frequently used reconstruction software (Octopus) was demonstrated.  
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It was decided, after consultation, to change the overall approach in the standardization 
exercise from establishing standards for 3D tomography to standards for 2D radiography and 
only then proceed to 3D standardization.  

The design for the current 3D spatial resolution test object is inadequate due to visibility 
of the foil even when it is smaller than the pixel size simply because the thickness and 
attenuation of the foil renders it visible due partial volume effects. The specific design was 
not discussed and limited consultation with the participating member states took place in the 
exercise. The needed due processes such as discussions, assessment and optimization stages 
were not followed and therefore will need some follow up in the future.  

The spatial resolution will be investigated through an edge method and the first 2D test 
object for this purpose has been designed and manufactured. The evaluation will be based on 
the edge analysis method of a projection and reconstructed slice for radiography and 
tomography respectively. The automated analysis method is currently undergoing 
development. The design of the 3D edge test object is being discussed by participating facility 
members.  

Noise characterization of radiographs is one of the quality metrics for which preliminary 
work has been conducted and more detailed work which will look at the pixel-wise context 
will be conducted at a later stage in the Round Robin exercise. 

The experience with the 3D contrast sample shows that the Polyethylene inset is 
attenuating the neutron beam in a too strong manner, which causes starvation artefacts in the 
reconstructed slices. An alternative inset made from Ti, replacing the PE inset, was 
manufactured to avoid this effect. The 2D contrast test object is yet to be designed and 
manufactured. 

There was a time constraint on the Round Robin experiment, which pushed the shipping 
of the samples to an early date. Due to this constraint it was not possible to work out a more 
detailed evaluation or to make some sample design iterations before the samples had to be 
shipped. One example is the PE inset in the contrast sample, which actually destroys the 
results since it interferes with the contrast readings of the other insets.  
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3. CONCLUSIONS  

The IAEA coordinated research project “Development, Characterization and Testing of 
Materials of Relevance to Nuclear Energy Sector Using Neutron Beams” (CRP 1575) brought 
together stakeholders and end users of neutron scattering and imaging facilities to investigate 
materials for applications in nuclear energy sector. The CRP was an optimal framework to 
network different international groups dealing with the characterization and developing of 
nuclear materials, to establish new cooperation or refresh the existing one. The scientific 
presentations and discussions at the project meetings inspired new experiments and provided 
valuable results. A number of Round Robin exercises proved to be an effective way for 
testing and harmonizing the experimental methods applied and the reproducibility of the 
effects observed in the materials. It also has been shown through concrete examples that 
neutron scattering and imaging facilities could be improved thanks to the cooperation among 
groups with long experiences leading in their field and groups developing/modernizing their 
facilities.  

 
It was acknowledged by all participants that this CRP was a successful and extremely 

valuable project: a broad spectrum of high level expertise was gathered, good equilibrium 
among developed and developing countries, providing a great opportunity for joint activities 
and complementary neutron beam techniques for material research and characterization. The 

important role and unique capability of neutron scattering in this particular field was 

highlighted, e.g. work with bulk materials, possibility to investigate radioactive samples, 

studies of samples in the presence of magnetic fields and tests of sensitivity to hydrogen at 

extreme conditions, and certainly should continue in the future. 

In summary, the CRP scientific topics mainly focused on the material groups such as 
steels, nickel based superalloys and zirconium alloys. The most important methods employed 
were:  

 Neutron diffraction applied for the investigation of the phase compositions, the 
determination of dislocation densities and in particular for residual strain/stress 
measurements; 

 Small angle neutron scattering to investigate inhomogeneities like irradiation 
defects or hydrogen precipitates; 

 Neutron radiography and tomography to investigate macroscopic defects or 
element/isotope distributions. 

 
In order to continue the established cooperation among sub-groups as a result of this 

CRP, the following follow up activities were indicated: 

 Preparation and sharing of specimens needed to perform joint activities, e.g. 
Round Robin for imaging, standardization for neutron diffraction and SANS, 
and other research with representative samples of interest and by use of 
complementary techniques; 

 Development of a dedicated information portal/forum for exchange of 
information and documentation, and maintain constant networking within joint 
activities; 

 Promotion and implementation of the exchange of young scientists among the 
project partners, e.g. through existing Technical Cooperation projects, 
possibilities through so-called PhD type CRPs and funding under bilateral and 
regional agreements; 
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 Facilitation and support of technical meetings, workshops and schools related 
to research and applications using neutron beams; some specific research areas 
were highlighted in this context: 

 
 Zr based materials and H uptake related issues; 
 Research related to irradiated materials at high doses and fluences; 
 Standardization of neutron imaging and other neutron beam techniques. 
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ABBREVIATIONS 

APT Atom probe tomography 

BPC Bent perfect crystal 

CD Computed radiography 

CRP Coordinated research project 

CT Computed tomography 

DHC Delayed hydride cracking 

DLPA Advanced line profile analysis 

DPA Displacement per atom 

DR Digital radiography 

EBW Electron beam welding 

EM Electron microscopy 

EPSC Elasto-plastic self-consistent 

FFTF Fast flux test reactor facility 

FOV Field of view 

FOM  Figure of merit 

FWHM Full width at half maximum 

IRF Instrumentation resolution file 

LOCA Loss of coolant accidents 

LTT Low transformation temperature 

NCT Neutron computed tomography 

ND Neutron diffraction 

NDT Non-destructive testing 

NI Neutron imaging 

NT Neutron tomography 

NTC Neutron tomography contrast 

NTSR Neutron tomography spatial resolution 
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ODF Orientation distribution functions 

ODS Oxide dispersed strengthened 

PAS Positron annihilation spectroscopy 

PE Polyethylene 

PSD Position sensitive detector 

QA Quality assurance 

RPV Reactor pressure vessel 

RR Research reactors 

SANS Small angle neutron scattering 

SAXS Small angle X ray scattering 

STM   Scanning tunnelling microscopy 

TEM  Transmission electron microscopy 

TOF Time of flight 

XRD X ray diffraction 

XRT X ray tomography 
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