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Abstract Selected activities of the Materials 
Department at Riso National Laboratory during 
1991 are described. The work is presented in 
three chapters: Materials Science, Materials Engin
eering and Materials Technology. A survey is given 
of the Department's participation in internation
al collaboration and of its activities within educa
tion and training. Furthermore, the main figures 
outlining the funding and expenditure of the De
partment are given. Lists of staff members, visit
ing scientists, publications, lectures and poster 
presentations are included 
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Materials Department 
1 Introduction 

Research Strategy 

National and international research programmes 
are becoming more and more precisely defined in 
terms of the objectives and goals for the work to 
be performed. The more widespread introduc
tion of research evaluations requires further that 
research programmes be carefully formulated and 
monitored. These demands to research may be 
on different levels ranging from overall political 
goals to specific requirements of »deliverables« 
for the individual programmes. Independent of 
the level, these demands directly affect the re
search laboratory as a whole as well as each indi
vidual researcher. 

An example of goals for research can be cited 
from the Danish Research and Development pro
grammes 1991, where it is expressed that the Gov
ernment wants: 

- to ensure a national basis of knowledge 
through education and research in order to 
promote activities founded on research and 
advanced technology. 

- to have a number of research institutions 
which, within their fields, are among the 
best in Europe - and to strive towards hav
ing only institutions of international qual
ity. 

- to ensure that qualified researchers are avail
able both for the private and the public sec
tors. 

These national goals apply directly to Riso Na
tional Laboratory being a sectorial institute un
der the Ministry of Energy. More specifically 
they must be met in the research programmes 
which comprise medium and long term research 
within *hc areas of energy, environment and ma

terials. In this report it is shorvn how the Depart
ment tries to define and perform research in such 
a way that the national goals are met together 
with more specific goals for the different research 
programmes. 

Research and development in the Materials 
Department is carried out within the three dis
ciplines: materials science, materials engineering 
and materials technology. 

r" ' 

The combination of these disciplines within the 
Department makes it possible to carry out work 
both on the development and characterization of 
materials and on application of the materials in 
advanced products. 

Materials Science 
Modelling, structure and properties 
Composite materials 
Polymers, structures and properties 
Irradiation defects and fusion materials 
Characterization of microstrueture. 

Materials Engineering 
Modelling and design 
Materials testing 
Non destructive evaluations 
Performance of materials and components 

Materials Technology 
Powder metallurgy 
Engineering ceramics 
Polymer composites 
Joining of materials 
Component manufacturing 
Solid oxide fuel cells 
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In modern industrial terminology the work 
encompasses materials design, process design 
and product design. The groups of materials stu
died are metals, ceramics and polymers as well as 
mixtures of such materials in the form of compo
sites. The work is organized in programmes, 
which are shown in the table above. 

The work in the Department follows the over
all objective that the applied programmes be cus
tomer oriented but also that they are founded on 
long range (basic) research if possible. The main 
applications of the research and development are 
within the energy and industry sectors. The work 
is therefore summarized in separate sections for 
these areas supplemented with a section on basic 
research. The summary of the work carried out 
in 1991 is preceeded by two sections on resources 
and on evaluations, respectively. 

Resources 
The income structure of the Department is curr
ently undergoing significant changes. The severe 
cuts in government funding in 1990 have been 
partially offset by an increase in the amount of 
project funding supplied by sources outside Riso. 
This change in income structure fo'lows the gen
eral government policy which aims to replace 
direct funding of research institutions with fund
ing for focused national and international pro
grammes in which interested parties compete for 
the funds. This policy has led to a decrease in the 
proportion of staff supported by direct govern
ment funding. The national and international 
programmes on materials are mainly directed to
wards applications. This change in the distribu
tion of resources will inevitably lead to a reduc
tion in long term research. This trend is less than 
satisfactory. A change must probably await a sig
nificant growth in the national and international 
economies. 

The changes in income structure have resulted 
in increased activity in applying for research 
funds both in Denmark and abroad, especially 
from the IX'.. This operation has been fairly suc
cessful thanks to the large industrial and public 
interest in Denmark as well as internationally for 
materials research and development. Although 
this interest will hopefully continue over a long 
period, the Department must continuously seek 

new sources of income. One possibility is to in
crease the contract work for third parties. In ad
dition the development and supply oi materials, 
process technology and advanced product? must 
be looked into. At present the market is being 
examined for export of low enriched fuel ele
ments for use in research reactors abroad. 

The present staff situation in which the De
partment has been able to maintain controlled 
growth by hiring young engineers and scientists 
continues to be satisf; .tory. Through this expan
sion it has been possible to maintain a satisfac
tory age profile for the academic personnel. 

The inflow of young researchers is expected to 
increase further in the coming years, mainly due 
to the expnaded l-c programmes on training of 
post docs and other researchers in which the De
partment is already rather active. 

Age distributions, academic staff, I9H6 and 1991. 
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Evaluations 
Evaluations are an integral part ot" modern re
search. In 1991 the Department has been through 
national evaluations concerning: a) The mater
ials centres within the Danish Materials Techno
logy Programme (MUP) and b) Physics in Den
mark. 

In the MUP evaluation the Department's work 
within three centres was evaluated, namely the 
Centre for Powder Metallurgy, the Centre for Ad
vanced Technical Ceramics, and th~ Centre for 
Polymer Composites. Within the physics evalua
tion, those of the Department's activities within 
the area of Materials Science were considered. 
Thus, in total, about two thirds of the Depart
ment's research activities were atfected by the 
evaluations. 

The evaluations were based on peer review by 
international experts. In total, the results were 
very satisfactory for the Department The work 
within the .entres was considered to be an im
portant contribution to the utilization of ad
vanced, new and improved materials in Danish 
industry. It was also concluded by the evaluation 
committee that the five year framework allotted 
to the MUP programme in general, and to the 
MUP centres in particular, is far too short. This 
was expressed in the following way: 

»Two t» three years from now the R & D 
results from the best centres will just be ripe 
enough to be useful for Danish industry. The 
centres will then be essential for a further five 
years for the increased use of new materials in 
Danish industry and as centres of excellence for 
Danish utilization of the KC programmes within 
materials science and engineering. It would be 
waste of a unique knowledge and technology 
base, if the centre funding was not allowed to 
continue for an additional five years. A major 
revision of the centre programmes should of 
course be made after the first five years and a 
planned cancellation of certain activities should 
take place.« 

The physics evaluation was very extensive in 
which a Danish panel performed the final evalua
tion based on input from the international ex
perts together with other material. The conclu
sions in the final report were quite satisfactory 

for all the physics research activities at Riso. In 
this context, the report's conclusions concerning 
the materials science work in the Department are 
given in lull: 

»Paste research in materials science consti
tutes only about 25"» »f the activities of the Ma
terials Department. At the moment there are 
four Ph.D. students and the Department also 
has a considerable participation in education at 
the undergraduate level. The Department is 
clearly the strongest centre for materials science 
in Denmark and received a positive evaluation 
from the SS1» (Solid State Physics) panel, who 
commr ted on the considerable support ob
tained from Danish and international pro
grammes (MIT, BRITE KURAM .... ). The De
partment is eager to play an increased role in the 
training of Ph.D.s, for example through the 
teaching of special courses in connection with 
the materials science education at Aarhus with 
the aim of improving industrial relevance. It 
holds essential courses for technicians and en
gineers. The main research areas are structural 
properties, metal matrix composites, polymers, 
radiation defects and fusion materials, and ex
perimental techniques for structural characteri
zation. A notable feature of the Department is 
the extensive application of neutron scattering, 
which has been supported by the employment of 
young scientists with expertise in this area. Al
though a large part of the activity is directed 
towards applications, there is a strong emphasis 
on international quality in the research. Since 
1980 there has been held a well-attended annual 
Kiso symposium on metallurgy and materials 
science. Recently a new collaboration with the 
technological service institutes was announced 
which aimed at improving (he contacts with in
dustry.« 

The two evaluations were very time consum
ing but also inspiring for the staff which partici
pated. The results were well received and worth 
the effort. It is to be hoped that the positive eva
luations will be reflected in the future distribu
tion of research funds in Denmark. 

Riso-R-607(EN) 7 



Research 
In this report the work in the department is de
scribed according to the variou.* disciplines given 
in the table above. Research programmes and 
projects related to energy and industry are sum
marized below. Finally, there is a subsection on 
basic research. 

Energy Related Research 

The primary research activities within this area 
are related to the development of solid oxide fuel 
cells (SOR-). This type of fuel cells has a high 
potential for the production of electricity and 
heat with high efficiency and low atmospheric-
pollution; hence the high priority given to it by 
the Ministry of Energy. The work focuses on ma
terials and process development with the aim of 
constructing prototype fuel cells. A national pro
gramme has been initiated lor the period 1990 -
1992 with the participation of the utilities, indu
stry, research institutes and the Ministry of Ener
gy. The management of the whole programme is 
placed in the Department. The results obtained 
until now are very promising. It has been pos
sible to manufacture single ceils and to assemble 
cells which are fed with hydrogen and air. 

Energy research in the Department aiso covers 
a new programme together with a Danish indus
trial firm on materials for waste incineration 
with the aim of increasing the efficiency of the 
plant by raising the combustion temperature. A 
new project is also to evaluate the application of 
hydrogen in the Danish energy system, where 
the Department participation is based on our 
considerable experience with hydrogen storage in 
metals. A continuing effort is materials develop
ment, design and testing related to rotor blades 
for wind mills, which have a high priority within 
the Danish energy programme. Finally within 
energy research the Departmeni is engaged in 
materials research within the European Fusion 
Technology Programme. 

Industry Related Research 

The Department is an active partner in the Dan
ish Programme on Materials Technology (MUP). 
This programme consists mainly of collaborative 
projects between industry, research organizations 
and universities organized within six centres and 

Test of a prototype solid oxide fuel eel I, 

in a number of programmes. The Department 
participates in three centres, namely '.he Centre 
for Powder Metallur^, , the Centre of Advanced 
Technical Ceramics and the Centre of Polymer 
Composites. The administration and coordina
tion of the two first mentioned centres is placed 
with the Department. The Department also par
ticipates in two MLT programmes: one on poly
mers with controlled structure and properties 
and another on modelling of mechanical proper-
lies of materials. The administration and coordi
nation ol* the two programmes is placed within 
the Department. Both in the centres and in the 
programmes, most of the tasks are those given a 
high priority by the industrial partners. This has 
led to a fruitful reorientation of [he applied re
search especially within the research institutes. 
The Mi l ' activities have been very important for 
malerials science and development in Denmark 
and the favourable evaluations of these centres 
has given a certain optimism about the prolonga
tion of a national programme after 1994. 
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Industry related research in the Department 
includes a number ot individual projects carried 
out on a proprietary basis. Such work relates to 
design, materials selection and materials testing, 
non-destructive evaluation and failure analysis. 
Furthermore, the Department undertakes work 
as an industrial subcontractor in areas where spe
cial expertise has been built up, e.g. in bra/ing of 
components for the electronics industry. Finally 
the Department operates a fuel element plant for 
the manufacture of low enriched fuel elements 
for research reactors. 

Basic Research 

The applied programmes described above are 
founded on long range programmes covering 
modelling of materials properties und behaviour 
as well as characiori/atin of structures and pro
perties. The material' investigated are metals, 
ceramics and polymers. Composite^ research has 
become a maj« r activity in receni years. The De
partment is active in programmes on metal-ma
trix composites, polymer composites and ceramic-
matrix composites. 

The research on materials modelling, in com
bination with the development of advanced char
acterization techniques, has recently led to sev
eral contracts of industrial relevance. One pro
gramme concerns modelling of mechanical beha
viour and application of the models in metals-
forming operations. This programme is carried 
out in collaboration with two large manufactur
ing industries in Denma rk and the Technical 
University of Denmark. As part of this contract, 
funding has '.»een obtained for the purchase of a 
biaxial testing machine. 

.S'.I.Y.V intensity data obtained from a VHV-VliH 
single ervstal. f 
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Wtvly constmeted plant for the production of metal 
pini'ders by rapid solidification. 

An important part of the basic research pro
gramme is the development of various advanced 
experimental techniques. A major area is 'he ap
plication of neutron scattering; diffraction mea
surements of texture and internal elastic strains 
and small angle neutron scattering (SANS) are 
used in the studies of metals and metal matrix 
composites. SANS is also used to study polymer 
structures. Within neutron scattering, the De
partment works in collaboration with the Physics 
Department. In the area of electron diffraction, 
automated techniques for crystal orientation 
measurements are being developed especially 
within the areas of electron back scattering pat
terns (1:BSI') and Kikuchi patterns. The empha
sis on automated techniques is to reduce the time 
necessary to obtain statistically reliable results. 
Such results are in great demand in order to de
velop quantitative models of properties and 
structures. Micromodels are to be integrated in 
macro-models describing th . behaviour of mater
ials and components. Thb integration illustrates 
the coherence between basic materials research 
and engineering application. 
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Achievements 
A number of scientific and technical achieve
ments made in he course of the year can be men
tioned. In the area of materials modelling and 
characterization, a model for the microstructural 
anisotropy of rolled metals was suggested, equip
ment to study thermal and mechanical stresses 
by neutron diffraction was commissioned and an 
automated technique for analyzing electron back 
scattering patterns was implemented. In the area 
of metals and metal matrix composites a thesis 
»Cyclic Plasticity of Metals« was accepted by the 
Technical University of Denmark for public de
fense in fulfilment of the requirement for the 
degree of Doctor Technices. In polymer research 
a synthesis method was developed for protein -
DNA oligonucleotides having potential as thera
peutic agents. 

In materials technology, a plant has been con
structed and built for rapid solidification of pow
ders and an improved quality assurance system 
has been introduced for the manufacturing of low 
enriched uranium fuel elements. Within the na

tional programme on fuel ceils, a two-cell stack 
with internal manifolding has :veen assembled 
and operated with hydrogen and air feeds. A total 
voltage of 1.5 V was achieved with current den
sity of 0.33 W cm: over the two cells each having 
an area of 10 cm:. 

Four patent applications have been filed. One 
on new materials for solid oxide fuel cells facilita
ting the combustion of coal gas as a replacement 
for natural gas. Three patents concern protein-
1>N.» oligonucleotides, polynucleotides and pep
tides. 

Within education, one of the staff members 
has received a one year professorship within the 
area of fuel cells under the auspices of the Nordic 
Council of Ministers. Also within education, a 
large comprehensive national course on materials 
has been started. 

Finally, the first phase of the decommission
ing of the hot cell facility has been completed by 
removal of all fissile materials from the building. 

Laboratory scale synthesis of peptides using a recently patented process. 
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International Cooperation 
The overall Danish research strategy emphasizes 
the need for international collaboration based on 
international quality of ih.- national research. 
Within nearly all research areas of the Depart
ment there is active international cooperation. 
This is reflected by the many foreign students 
and guest scientists who have worked in the De-
par* ment during the year. This cooperation is 
also demonstrated by the many joint authorships 
of the scientific publications of the Department. 

An important part of the international colla
boration is the participation in many pro
grammes under the auspices of the KC Of special 
importance is the BR1TK HURAM programme. 
The Department's participation is in process 
modelling, nondestructive evaluation, engineer
ing ceramics, polymer composites, bra/ing and 
fuel cells. Our activities in seven BRITl-l 1-URAM 
programmes are supplemented by participation 
in two JOUI.I- programmes on fuel cells and on 
design and testing of rotor blades for wind mills. 
Finally the Department, together with the Phy
sics Department at Riso, participates in the 
Large Installations Plan covering neutron scat
tering experiments at the I)R3 reactor carried out 
by researchers from other Ml countries. 

The closely related Kuropean and Danish pro
grammes in the Department provide a »bridge« 
be',veen international and national materials re
search. This function has an important bearing 
on issues such as technology transfer as well as in 
the establishment of design rules and materials 
performance data bases. 

An initiative in this area is to actively engage 
the Department in the formulation and organiza
tion of new international projects with the spe
cial objective of increasing the involvement of 
Danish industry in European Community spon
sored research. Such an involvement was strong
ly recommended by the International Panel eva
luating the Danish Materials Technology Pro
gramme. As pan of the international collabora
tion, staff members are represented in many 
committees, advisory groups etc. 

Symposia and Workshops 
An important activity during 1991 has been the 
organization of the twelfth Riso International 
Symposium on Materials Science »Metal Matrix 

Composites. Processing, Microstructures and 
Properties«. This symposium followed the for
mal of the -viso International Symposia series 
and was arranged in collaboration with the Dan
ish Centre of Powder Metallurgy. The number of 
participants was about 130. The subject for 1992 is 
»Modelling of Plastic Deformation And Its en
gineering Applications«. Another activity has 
been the arrangement of an Experimental Mech
anics day with about 80 participants from Danish 
industry, research laboratories and universities. 
The Department also hosted a two day meeting 
for the European Structure Integrity Society 
(F.S1S) and the annual meeting of the Danish Soc
iety of Polymer Technology. Finally, meetings 
were arranged at Riso in connection with the 
Danish Programme on Materials Technology. 

Public Relations 
Public relations activities have concentrated on 
media coverage of rcearch and development 
work. This effort has '.»ecn quite successful with a 
number of articles and interviews in the Danish 
press and extensive TV coverage both in Den
mark and internationally. The two subjects 
which attracted most interest were solid oxide 
fuel cells and the results of the industry-research 
laboratory collaboration within the Danish Ma
terials Technology Programme. 

Riso-R-607(F,N) II 



Education 
Many of the staff members act as external lectur
ers and examiners at university undergraduate 
and post-graduate levels. Also, undergraduates 
and graduates from engineering schools in Den
mark and abroad have carried out experimental 
work and received academic training in the De
partment, supervised by the Department's staff 
members. 

The number of post-graduates has increased 
significantly in recent years due to new funds 
becoming available, e.g. from the Danish centres 
within the Materials Technology Programme 
and from the Nordic Council of Ministers. At 
present, there are ten Ph.D. students in the De-
»artment. This is by far the highest number ever. 

J. veral post-docs have also studied in the De
triment. Besides this acaderiic training, the 
Department also teaches a number of apprentices 
in mechanics and electronics. 

Educational activities are being increased and 
extended by participation in a comprehensive 
course for technicians and engineers on materials 
properties, processing, testing and product de-

The Materials Dep-rtment, Summer 1991. 

sign. This course, sponsored by the Danish 
Ministry of Education (law \ :o. 271), is carried 
out as a collaborative effort between a number of 
research institutes, universities and technical 
schools in Denmark. The Department's contri 
bution is mainly concentrated on the properties, 
design and technology of polymers and polymer 
composites. The Department coordinates this 
part of the course and participates also in other 
parts such as engineering ceramics and powder 
metallurgy. The main objective of this course is 
to prepare and test teaching material with the 
aim of producing course books for technical 
schools and universities. Another important ob
jective is to offer courses for in-service training of 
technicians and engineers. 

Concluding remarks 
The international evaluations carried out in 1991 
of the Department's work in materials science 
and in materials technology respectively, show 
the strong position held by the Department with
in Danish materials research and development. 
The evaluations have a'̂ o shown the research to 
be of high international quality. This position 
has allowed the Department to obtain substantial 
support from Danish and international pro
grammes and thus it has a rather firm base on 
which to build its activities in the coming years. 
Although the Department's strong position has 
been built up over many years, it is clear that the 
increased funding for materials research in recent 
years has had a -najor effect. The support ob
tained from Danish and international pro
grammes is mainly given to research directed to
wards applications, whereas outside funding of 
long range research has not been forthcoming. 
This, together with a cu' *n the basic funding, 
has led to a reduction in long range research in 
recent years in the Depa unent. To a certain de
gree this reduction has been offset by a signif
icant increase in the number of research grants 
for graduate students. This activity, together 
with other educational activities, emphasizes that 
the Department has an important role to play in 
the future of materials education both nationally 
and internationally. If such activities can be sa
tisfactorily financed, the result could be a very 
healthy mixture in the Department between edu
cation at a number of different technical levels, 
and research at an advanced international level. 
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2 Materials Science -
Modelling and Characterization i 

Efforts to improve the inherent properties of ma
terials are based on our ability to characterize, 
understand and finally to modify microstructure. 
The research in this area, although of a funda
mental nature, is often initiated in response to 
specific technological and engineering demands 
for new and improved materials. The research 
themes in Materials Science are therefore closely 
related to the applied programmes w.thin the De
partment. Much of this basic research is carried 
out in close collaboration with colleagues from 
universities and government research laborator
ies around the world. 

Current research activities are concentrated in 
the following areas: 

- Quantitative modelling of deformation mi-
crostructures - texture and recrystallization. 

- Mechanical properties and modelling rela
ted to the behaviour of single crystals and 
polycrystalline metals as well as metal ma
trix composites, dispersion strengthened 
materials and polymer matrix composites. 

- Defects and microstructure caused by irra
diation with energetic particles. Mechanical 
properties of materials for fusion reactors. 

- Ion conductivity in solid oxide electrolytes 
for use in fuel cells. 

- Development of advanced techniques for the 
characterization of materials. Neutron dif
fraction and small angle neutron scattering, 
electron microscopy and positron annihila
tion. 

- Polym T chemistry and physics. 

2.1 Industrial Application of 
Materials Models 

The first physically based models for the plastic 
deformation of polycrystalline metals appeared 
in 1928 and 1938 (the Sachs and the Taylor mod
el, respectively). However, because of the com
plexity of polycrystalline materials the real 
break-through in the use of polycrystal models, 
even in basic research, had to await the develop
ment of modern computers. The first application 
for large strains was computer simulation of the 
development of deformation texture which was 
initiated independently at Bell Telephone Labor
atories in U^A and at Rise in the late sixties. 
Since then there has been a large effort at univer
sities and research institutes throughout the 
\,orld to develor texture simulation with increas
ingly complex models - an effort which has been 
supplemented by developments in the techniques 
for texture n easurement and texture analysis. In 
this development the Materials Department at 
Risø has contributed with a technique for fast 
and accurate texture measurement with neutron 
diffraction. 

In the eighties and the early nineties, the mod
els have reached a level where they can also be 
used on the constitutive behaviour of the mater
ials during plastic deformation, i.e. they can deal 
w:.. the stresses necessary to produce plastic de
formation and the directionality of these stresses, 
the mechanical nnisotropy. Simultaneously it is 
becoming increasingly dear ihat the microstruc
ture in deformed materials is far more complex 
than envisaged in the simple deformation mod
els, which obviously means that the models 
should be modified on the basis of detailed mi-
crostructural investigations. The Materials De-
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partmem is actively engaged in the investigation 
of microstructural effects and in the investigation 
of mechanical anisotropy - in collaboration with 
the Engineering Academy of Denmark and with 
universities and research institutes in Belgium, 
France, UK and USA. 

When plastic deformation takes place at eleva
ted temperature, it is accompanied by recovery 
and recrystallization. The last decade has witnes
sed a fast development in the quantitative model
ling of these processes - partly due to the formu
lation of workable models, partly due to the deve
lopment of experimental techniques which can 
provide the microstructural information needed 
for the models. The Materials Department has 
contributed both in model formulation and in 
microstructural investigation - for the latter by 
investigation of microtexture with transmission 
electron microscopy and with electron back scat
tering patterns in scanning electron microscopy. 
This work is carried out in collaboration with 
universities in the UK. 

Applications 

On the basis of the research involvement as de
scribed above, the Materials Department is en
gaged in two major projects aiming at industrial 
application of materials models: a project on 
»Modelling of the Mechanical Behaviour of Ma
terials and Practical Application of these Models« 
within the Danish Materials Technology Deve
lopment Programme and a BRITE/EURAM pro
ject on »Microstructural Modelling of Industrial 
Thermomechanical Processing of Aluminium 
Alloys«. The Danish project is carried out in col
laboration with the Technical University of Den
mark and two major industrial companies, Alfa-
Laval Separation and Danfoss. The BRITE/EUR
AM project is carried out in collaboration with 
SINTEF, Norway, University of Manchester and 
University of Sheffield, UK and three major alu
minium producers: Alcan International, Hydro 
Aluminium and Pechiney. 

Computer simulations of texture, calculated using 10,000 grains, are shown in the pole figures above. 'Taylor' 
(upper figure) and 'modified Sachs' (lower figure) simulated textures are shown for a 50% reuuction in thickness 
produced by rolling. 

111 200 

TD 

111 200 
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2.2 Microstructural Anisotropy 
The flow stress of cold-rolled materials can be 
highly anisotropic. For example for Al, cold 
rolled to 18% reduction in thickness (r = 0.2), it 
was found that the material was about 20% stron
ger along the transverse direction than along the 
rolling direction. Observations of anisotropy 
have been related to many causes, e.g. crystallo-
graphic texture, crystallographic orientation of 
precipitates, latent hardening and a macroscopic 
orientation of the deformation microstructure. 
Most attention has been given to the effect of the 
crystallographic texture and its importance for 
anisotropy has been demonstrated in many ex
periments. Comparisons between experimental 
observations of anisotropy and theoretical pre
dictions show, however, that other causes must 
also be considered. Recently, attention has been 
given to the effect of the deformation microstruc
ture especially the presence of dislocation boun
daries such as dense dislocation walls (DDWs) 
and microbands (MB) or a mixture thereof 
(DDW/MBs). In the micrograph shown, a well de
veloped set of microbands may be seen. Such dis
location boundaries may offer a significant resis
tance to slip. They are macroscopically oriented 
with respect to the sample axes and they may 
therefore be a cause of anisotropy. A model has 
been proposed for this microstructural anisotro
py based on the assumptions that i) the average 
slip plane is at an angle of 45° to the drection of 
the applied stress j id that ii) a strengthening 
parameter is the mean distance in the slip plane 
between the DDW/MBs. 

Comparison between model and experiment for 
strengthening due to dense dislocation walls and mi
crobands of spacing 2-4\im. 

Electron micrograph of the structure of cold rolled 
aluminium showing dislocation boundaries termed 
dense dislocation walls (DDWs) and microbands 
(MBs). 

2.3 Analytical and FEM Models 
for Metal Matrix Composites 

The variable constraint model (VCM), modifying 
the Eshelby approach, has been useful in studies 
of the longitudinal work hardening and cyclic 
plasticity of unidirectional continuous-fibre me
tal matrix composites. In particular, the charac
teristic linear work hardening can be understood 
within the framework of the VCM and the con
cept of an effectively uniform plastic strain in the 
matrix. The non-linear transverse work harden
ing is more similar to that of particulate compo
sites, whose behaviour is known to be dominated 
by stress relaxation in the form of non-uniform 
plastic flow. Non-uniform flow patterns can be 
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computed in considerable detail using the finite 
element method (FEM), which is therefore suited 
for modelling transverse deformation. In colla
boration with the University of Cambridge, UK, 
the VCM was applied to the longitudinal and 
transverse deformations of Al-B, so as to obtain a 
basis for discussing potentially complementary 
applications of the VCM and FEM approaches. 

The VCM, combined with a suitable analytical 
model of plastic relaxation, predicts non-linear 
transverse stress-strain curves, as illustrated in 
the figure below by the curve labelled PE (present 
estimate). The iterative estimate (IE) is shown for 
the unrelaxed curve together with upper and low
er bound estimates (UBE and LBE). In the re
laxed case the bounds involve the approximation 
that »plastic interaction« is negligible, that is, the 
overlap of plastic zones around individual fibres 
is ignored. Recent FEM computations by Brock-
enbrough also produce non-linear transverse 
stress-strain curves and show that plastic interac
tion is highly sensitive to the arrangement (and 
shape) of fibres at high fibre contents. This is 

Transverse stress-strain curves for Al-B estimated 
numerically (a,b,c,R) and analytically (LBE, UBE, 
IE,PE). 
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illustrated in the figure by the curves labelled a, b 
and c referring to different periodic arrays of 
fibres, and curve R for randomly distributed 
fibres. Experimentally, the transverse strength 
and ductility depend upon the interface condi
tions. However, the FEM calculations suggest 
that stress relaxation by non-uniform plastic flow 
might be sufficient to account for the dominant 
features of ihe experimental transverse curves. 

2.4 Internal Stress Determination 
by Neutron Diffraction 

The neutron diffraction technique has been used 
extensively during 1991 for studies of internal 
strains and stresses both in structural compo
nents and in test samples. The investigations 
have been a mixture of purely commercial pro
jects and materials science oriented studies in 
collaboration with visiting scientists. 

During 1991, the first creep experiments have 
been conducted using the newly developed stress 
rig. This rig allows thermal and mechanical load
ing during neutron diffraction measurements. 
The first experiments were conducted on Al-SiC 
metal matrix composite ( MMC) test samples with 
whisker reinforcement of 10 - 15 vol%. Experi
ments at approx. 400°C and at various levels of 
tensile loading were carried out. Using the neu
tron diffraction technique, the longitudinal lat
tice strain response was recorded for both the Al 
and the SiC phases as a function of time. Possible 
redistribution and relaxation of residual and in
duced strains and stresses was revealed. A com
mercial investigation has also been conducted on 
an Al-SiC system after different thermal histor
ies, and strain profiles have been recorded in a 
thick plate of Al-SiC. 

A study has been conducted on metal/ceramic 
brazing of Inconel-909/aluminum oxide, as well 
as on Inconel-909/silicon nitride in order to 
study the residual stresses induced by the mis
match in coefficients of thermal expansion. Fur
ther, one investigation focused on internal stres
ses due to martensitic transformation, where an 
induced martensitic transformation in the outer
most region of rod samples imposes extremely-
large residual stresses on the component. A series 
of commercial measurements focused on residual 

4 6 8 10 12 
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Rig for thermal and mechanical loading during neutron diffraction measurements. A laser beam aids precise 
positioning of the specimen. 

stresses on the component. A series of commer
cial measurements focused on residual stresses in 
the WC-Co system, which is commonly used as a 
cutting tool material. Previous experiments on 
this system were done on small platelets, whereas 
the present investigation was able to investigate 
the residual stress/strain profile in thick disks of 
this material. A series of experiments was also 
performed to study the lattice strain response of 
pure copper samples, which were uniaxially 
loaded at different temperatures between room 
temperature and 400°C. 

Some investigations were of a more general 
character aiming at verifying and developing the 
neutron diffraction technique. One such study 
investigated the potential problems which might 
arise from multiple scattering effects, when re
cording strain profiles in structural components. 
A series of experiments was conducted on a plas
tically deformed plate both with and without a 
dummy plate attenuating the incident beam. The 
strain profiles with and without the dummy plate 
were shown to be rather similar. Theoretical cal
culations are now being conducted in order to 
verify that the multiple scattering effect should 
be negligible. 

Another more general investigation was aimed 
at calculating the complete stress/strain tensor 
from a series of neutron diffraction strain mea
surements in order to evaluate the accuracy of the 
strain tensor determination. These measure

ments were done on an unloaded aluminum ox
ide powder, and up to 24 strain components were 
measured to evaluate the effect of having an 
over-determined system. As seen from the figure, 
the average error on the strain tensor compo
nents was strongly affected by the degree of 
over-determinancy. It was concluded that at least 
8-12 measurements are necessary in order to have 
an acceptably low error on the individual strain 
tensor components. 

The 
tron 
ted. 

accuracy of strain tensor determination from neu-
diffraction strain measurements has been evalua-
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2.5 Deformation cf Polvmer 
Matrix Composites 

Reinforcement of polymers with strong and stiff 
fibres is a very efficient method for improvement 
of the mechanical performance of polymers. The 
properties of these polymer matrix composites 
under mechanical, thermal and chemical (corro
sive) loadings are studied by several techniques. 
The aim is to establish knowledge on the beha
viour of polymeric composites as a basis for the 
use of the materials in design. The special direc
tion of the work is towards long term perfor
mance under demanding conditions. 

Creep Behaviour 

The studies involve creep properties of polymeric 
composites of glass fibre/polyester and carbon 
fibre/epoxy. Both experiments and modelling are 
carried out with the microstructural parameters 
being: volume fraction of fibres, fibre length/dia
meter ratio and fibre orientation. The models 
have been established and are valid for all fibrous 
composite materials. The models account for 
fibre volume fraction, length/diameter ratio and 
will be further developed to include fibre orienta
tion. 

experiments on pure epoxy serve as a reference 
and as a basis for calculation of the creep beha
viour of composite laminates. Results are ob
tained for strain-time curves at temperatures up 
to 120 C. The curves are analyzed, and a constitu
tive equation is evaluated based on both physical 
ideas and empirical parameters. The temperature 
dependence is accounted for through an activa
tion energy. 

Fatigue Behaviour 

The studies involve a detailed investigation of 
laminates of polyester with glass fibres; several 
angle-ply configurations for fibres are used: 0°, 
± 10", ± 45° and ± 60°, as well as combinations 
0 / ± 1 0 , 0 7 ± 3 0 and 07±45". A new matrix 
polyester has been used recently; this new polyes
ter represents modern types with a certain wax-
content, which reduces the styrene caporation. 
Furthermore, fabrication techniques have been 
started to develop hybrid composite laminates of 
carbon- and glass-fibres, which are in very close 
mixture, i.e. on the scale of fibres. 

Creep machines for the testing of polymer matrix composites. 
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Unidirectional and Angle-ply laminates 

- - - - -

Lag N 

Fatigue results for laminates of polyester with glass 
fibres. Fatigue strength decreases with increasing fibre 
orientation angle. Li 0°, + 10°, U 60", x 0/45" 

Experiments in fatigue show that fatigue 
strength decreases with increasing fibre orienta
tion angle, and this trend is clear for all compo
site laminates. On a strain versus log cycles dia
gram, both > strengthening« and »weakening« are 
observed for the laminates of different fibre or
ientation. Measurements of stiffness show that 
significant reduction occurs, especially towards 
the end of the lifetime. This is being used to 
define fatigue curves for a given stiffness reduc
tion, which can form the basis to establish design 
limits. These materials and fatigue studies are of 
particular interest and relevance to the fabrica
tion and application of wingblades for wind tur
bines. 

Strain Limits for Laminates 

The difference between the manufacturing and 
operating temperatures for a polymer composite 
component (thermoset or thermoplastic), results 
in residual stresses due to the difference in ther
mal expansion between fibres and matrix and to 
the anisotropy of the thermal expansion coeffi
cient for the composite material. The influence 
of these residual stresses on the sialic strength 
properties are studied for both carbon/epoxy and 
carbon/PHHK (polyethylene ethylketone) lami
nates in the temperature range -50 to + 150 . 

Strain-temperature curves show hysteresis at 
the initial temperature cycles, and the hysteresis 
vanishes after 4-5 cycles. The hysteresis effect 
may be due to relaxation of internal stresses, or to 
micro-cracking or debonding. 

The stress-strain curves of laminates are recor
ded together with the accompanying acoustic 
emission. There is a clear difference in acoustic 
emission. For the epoxy-based composite the in
itiation starts at about the same strain (approx. 
0.4%) as that for change of slope in the stress-
strain curve. For the PKKK-based composite the 
acoustic emission starts at very low strain 
(~0.2%) and well before the change of slope of 
the stress-strain curve. The situation for the 
PEEK-based composite may be due to larger in
ternal stresses from fabrication of the laminates. 

The initiation strain for cracking of composite 
laminates is governed by the properties of fibres 
and matrix and by the (thermo-elastic) stresses 
generated by cooling from fabrication tempera
ture to application temperature (typically room 
temperature). The practically useful strain for 
cracking can be increased by prestraining the 
fibres in tension and thus adding compressive 
strains in the matrix. 

Combined stress-strain curve and acoustic emission 
counts for PEEK-based composite. Acoustic emission, 
indicating crack initiation, starts at very low strain 
far before any change in slope on the stress-strain 
curve. 
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2.6 Irradiation Defects - Fusion 
Materials 

Displacement Damage and Helium Effects in 
Copper and Copper Alloys 

The main aim of this programme is to study the 
effects of irradiation damage and helium on phy
sical and mechanical properties of Cu and Cu-al-
loys which are candidate materials for high heat 
flux components in the NET and ITER test fusion 
reactors. The new alloy Cu-ZrO_. which had been 
chosen as the prime candidate material for in
vestigation was rejected after it was established 
that the alloy could not be manufactured with an 
acceptable microstructure; this alloy was re
placed by Cu-AliOj. Both tensile and fatigue spe
cimens of Cu-AljO, have been irrad'ated with 
fast neutrons in DR-3 (Riso). A number of Cu-
AhO, fatigue specimens have also been irradiated 
with 600 MeV protons at PSI (Switzerland). The 
irradiation of 3 mm diameter discs of Cu and 
Cu-Al_,0_, alloy with fast neutrons in FFTF (USA) 
to a dose level of 3 and 10 dpa has been comple
ted. Two additional foils of OFHC-Cu have been 
implanted with ~ 200 appm of helium at Karls
ruhe. 

Defects and groups of defects in copper irradiated 
with 600 Me V protons at ~ 50aC. Details of shape, 
character, size and density of the defects have been 
correlated with computer models of irradiation defect 
production. The smallest visible defects are 6 Å in 

Tensile testing of unirradiated specimens of 
copper and copper alloys has been completed at 
375 and 425 K. 

Helium implanted copper specimens have 
been studied using TEM and positron annihila
tion technique. Specimens, helium implanted at 
678 K and 738 K, are found to contain a relative
ly high density of bubbles but no voids. Post-im
plantation isochronal annealing behaviour of the 
specimen implanted at 738 K has been studied by 
positron annihilation technique. 

TKM examinations of Cu and Cu-alloys irradia
ted with fast neutrons, spallation neutrons and 
800 MeV protons have demonstrated: (a) irradia
tion of Cu with spallation neutrons at 608 K (0.2 
dpa) produces not only voids but also a high den
sity of helium bubbles; Cu-5Ni, CuCrZr and 
Cu-Al.O, specimens showed a complete lack of 
cavity formation, (b) nucleation and growth be
haviour of voids in Cu-5Ni irradiated with fast 
neutrons (~ 30 dpa) is very different from that in 
pure Cu; Cu-Al20» specimens show no swelling 
and the swelling is substantially reduced in 
CuCrZr alloy, and (c) A1:0, particles in the 
Cu-Al,0, alloy are found to be stable, even dur
ing irradiation with 800 MeV protons (~ 2 dpa). 

Production bias and Void Swelling 

The newly proposed concept of production bias 
has been further investigated by calculating the 
temporal evolution of void swelling in the trans
ient regime, in which the production bias is ex
pected to be the most potent driving force for the 
void swelling since the density of the biased sink 
(i.e dislocations) is negligibly low. 

Some of the vacancies evaporating from the 
vacancy-rich cascade core would annihilate at the 
interstitial clusters surrounding it and others 
would escape into the medium. Calculations at 
peak swelling temperature show that 80% of va
cancies retained in the cascade core of a 20 keV 
cascade escape the cascade volume containing in
terstitial clusters. Taking this escape rate to be 
the effective vacancy production rate in the 
medium, the general trends of the calculated 
swelling behaviour agree with experimental re
sults. These calculations provide further support 
for the concept of production bias. 
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Helium Diffusion and Bubble Nucieation 

The effects of helium concentration, helium gen
eration rate, annealing time and displacement 
damage rate on measured bubble densities have 
been considered. The results are analyzed in 
terms of nucieation and coarsening models. 

The analysis shows that the cavity density in 
the low temperature regime (with a low apparent 
activation energy) is diffusion controlled. The 
cavity density in this regime is likely to be deter
mined by di-atomie type homogeneous nuciea
tion, and bubble migration and coalescence. The 
cavity density in the high temperature regime 
(with a high apparent activation energy), on the 
other hand, is found to be dissociation controlled 
and the cavity density in this regime is likely to 
be determined by multi-atomic type homogen
eous nucieation. In the high temperature regime, 
the large difference in the observed bubble den
sity between the hot-implantation irradiation 
and the cold-implantation followed by annealing 
experiments seems to be associated with large 
differences in the concentration (or pressure) of 
helium within bubbles in the embryonic and de
veloped state, respectively. The effective gen
eration rate of helium is identified to be the most 
important parameter for bubble nucieation. 

2.7 Solid Electrolytes - New 
Materials and Methods 
Quite a number of ceramic materials - both crys
talline and glassy compounds have structures 
such that migration of ions through the structure 
is possible. These types of materials can then be 
used as ion-selective membranes in sensors, gas-
separation systems and solid state devices. Of in
creasing importance in recent years, ion conduc
tors may also be used as solid electrolytes in solid 
oxide fuel cells (SOI'C) - see section 4.3 - as well 
as in electrolyzers and batteries. 

The ionic conductivity can be increased by 
proper doping of suitable host-lattices. From the 
poinl of view of applications, mechanical and 
thermal properties are also important and must 
be optimised by conventional ceramic engineer
ing techniques. 

3-D frequency dispersion of solid electrolyte impe
dance. Frequencies are typically in the range 0.1 Hz 
to 1 MHz. In this time domain, electrode processes, 
gram boundary- and bulk dielectric relaxation pheno
mena can be studied. 

Collaboration between the Department and a 
number of Nordic universities has been strength
ened recently by the establishment of an energy 
research programme by the Council of the Nor
dic Ministers. This includes studies of defect 
chemistry of neodymium chromite (Oslo Univ., 
Norway), - modelling of air-electrodes for fuel 
cells (N PH, Trondheim, Norway), - 2nd charac
terisation of proton conducting materials (CTH, 
Gothenburg, vSweden). 

A Fh.D.-study of the Seebeck effect (thermo 
electric power) of ionically and electronically 
conducting oxides has been started in the De
partment. 

The Department participates in expert groups 
under the International Hnergy Agency (IHA-
SOIC-Annex). The work involves evaluation of 
SOlC-materials data with a view to providing re
commendations for thermo-mechanical and elec
trochemical characterization. 
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2.8 Polymer Physics and 
Chemistry 

Comb-shaped and Side-chain Liquid Crystal 
Polyesters 

The continued collaborative efforts with CNR, 
f mical Engineering Department, University 
of Pisa, Italy on the comb-shaped polyesters have 
focused on the property-structure relations dicta
ted mainly by the nature of the main-chain. Gen
erally, aromatic acid based polyesters have one 
sharp, rather low melting (~ 40°C) endotherm 
exclusively due to the partial crystallinity of the 
all hydrocarbon side-groups. Moreover, the ther
mal behaviour is virtually insensitive to any ther
mal or mechanical pretreatment. The aliphatic 
acid based polyesters, on the other hand, exhibit 
a behaviour which is strongly dependent on both 
the distance between the side-groups and the ap
plied strain history. Provided the main-chain 
backbone is sufficiently flexible, due to widely 
spaced side-groups, and the polyester molecular 
mass is sufficiently high, these polyesters show 
two different structures. The first, typical of sam
ples crystallized from the melt in the absence of 
stress, is characterized by folded main-chains and 
side-groups packed in a direction perpendicular 
to the axis of the macromolecule. The second, 
obtainable by cold drawing, is characterized by 
elongated main-chains and side-groups aligned 
along them. In both structures, the main-chains 
were found to participate in the crystal structure 
of the side-groups. 

In a natural extension of this work, the all hy
drocarbon side-groups will be exchanged with 
specially designed functional side-groups of the 
liquid crystal type. The design has proven to 
work since a range of these building blocks for 
mesogenic side-chain polyesters could be synthe
sized and characterized. The functionality is of a 
sort which in the first place will allow the meso
genic side-chains of the polyesters to align in par
allel when exposed to an external electrical field 
and secondly make configurational changes pos
sible when irradiated with laser light in the 
aligned state. These built-in so-called optoelectri-
cal properties make the final side-chain liquid 
crystal polyesters potential candidates for digital 
and holographic data storage. 

22 

Polarized light microscopy of phase changes in poly
mers. The polymer shown is a mesogenic building 
block intended for side-chain liquid crystal polymers. 
The phases are: (top) 143°C, nearly isotropic (liquid-
nematic); (middle) 136°C, low order (nemalic); (bot
tom) 132.1 "C, high order (srnectic A). 
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Block Copolymers 

Block copolymers are an intriguing class of ma
terials. A block copolymer consists of two differ
ent kinds of polymer chains linked together by a 
chemical bond. The macroscopic phase separa
tion often observed in polymer mixtures is pre
cluded. Instead local segregation takes place on a 
length scale dictated by the size of the single 
block copolymer molecule. The locally segrega
ted block copolymers fill space through the for
mation of fascinating microstructures. On a very 
short length scale - < 10Å - these materials are 
amorphous. However, observation at a larger 
length scale - > 100A - shows a periodic arran
gement of different amorphous domains analo
gous to the placement of atoms in a crystal lat
tice. The actual state of a block copolymer is de
termined by a balance between entropic and en
ergetic factors. At high temperatures, entropic 
factors dominate and disordered liquid-like 
states are favoured. At lower temperature, energe
tic factors dominate and ordered solid-like states 
are favoured. 

Phase behaviour for various diblock copoly
mers is mapped by dynamic shear modulus mea
surements and small angle neutron scattering 
(SANS) measurements. 

It has been shown »in collaboration with the 
University of Minnesota, USA and the Physics 
Department, Riso) in a series of nearly sym
metric PEP-PEE (polyethylenepropylene-poly-
ethylethylene) copolymers that a considerable 
stretching of the chains compared to what is ex
pected for a simple polymer melt precedes the 

local segregation into ordered structures. This 
discovery has attracted considerable attention 
and is at present unaccounted for by theory. 

In a particular PEP-PEE diblock copolymer 
sample with molar mass 9.4 x 104 g mol contain
ing 65% PEP by volume we have observed 3 loc
ally segregated ordered states by varying tem
perature. In this study we utilize the fascinating 
aspect of the PEP-PEE materials that long range 
order can be induced by application of a shear 
field. Centimetre sized single crystals can be pro
duced and the resulting anisotropy studied by 
SANS. In the stable state below 90° the domains 
form periodic lamella, a microstructure well 
known from other block copolymers. The struc
ture of two other states stable from 90°C to 145°C 
and from 145X to 175 C, respectively, has not 
been unequivocally identified. In the state stable 
from 90°C to 145°C the two fold symmetry of the 
lamelia is preserved and presumably holes are 
formed in the thinner lamella. The transition be
tween the ordered states is reversible and in this 
case one even gels a single crystal of the lamella 
state back when a lamella single crystal is heated 
from room temperature to 120°C and cooled back 
to room temperature. The structure of the state 
stable from 145°C to 175°C has so far eluded iden
tification. The structure is bicontinuous and we 
have obtained SANS patterns from a single crys
tal in three directions. The scattering data rules 
out any previously seen microstructure in block 
copolymers. 

Rheology data obtained in oscillatory shear from a 
PEP-PEE material containing 65% PEP by volume. 
The filled symbols are data from a quenched sample. 
The open symbols are data from a single crystal pre
pared by cooling a specimen from the disordered state 
to H0°C while applying a large amplitude oscillatory 
shear. 
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The Material of the Genes 

The activity of each living cell is determined by 
its genetic material, DNA. In order for the 
genetic instructions to be carried out - or »ex
pressed« - they must be copied onto smaller mo
lecules of messenger RNA. These molecules then 
act as a template to produce the proteins that are 
basic to all life processes. 

During the past decade, chemically engineered 
analogues of DNA have attracted considerable in
terest because of their potential ability to block 
the expression of particular genes, and thus the 
production of disease-mediating proteins. 
Recently, in collaboration with the H. C. Ørsted 
and Panum Institutes, Copenhagen a new pro
mising strategy directed toward the rational de
sign of such analogues has been studied. Our re
sults show that the entire backbone of DNA can 
be replaced with that of a polyamide, while re
taining the specific of the base pairing. (The two 
strands of double-stranded DNA are held toge
ther by base pairs: A is always paired with T, and 
G is always paired with C; therefore, one strand 
is the complement of the other). The resulting 
»polyamide nucleic acids« (PNA) were assembled 
by solid-phase synthesis and shown to form ex
tremely stable complexes with their DNA com
plements. As a result of the strong binding, PNA 
is able to bind to double-stranded DNA in a hi
therto unknown way - by »strand displacement«. 
These results were published in Science and have 
been the subject of a »News and Views« article in 
Nature . 

Kaiser test used in the synthesis of PEPS. 

< 

1 c-> • 

B 

i» r 

HN—I 

O B 

A T - , V T 

AT-
hAT-

V 
V 
o OH 

AT-
n l-AT-

-AT-
AT-

-AT-
-AT-
-AT-

-T 
-T 
-T 
-T 
-T 
-T 
-T 
-T 

K 
" / 

PNA 

\ 
DNA DNA 

Schematic of the replacement of the DNA backbone 
with a polyamide - see text above for details. 

Chemical Synthesis on a Solid Polymer Matrix 

A few years agk>, in collaboration with The Rock
efeller University, USA, a new solid matrix called 
PEPS , consisting of a polyethylene film with 
pendant long-chain polystyrene grafts, was de
vised to facilitate and speed up the chemical 
synthesis of large numbers of peptides. In 1991, 
good progress, including improved mechanical 
properties, has been made on the further deve
lopment of this matrix, and experiments with 
other geometries of the grafted polymer, e.g. 
non-woven felts, knitted nets, sticks c-r microti-
tration plates have not indicated any limitation 
of the grafting procedure. Studies on the design 
and construction of a hydrophilic (water-loving) 
version of PHPS are underway. If such a matrix is 
successfully developed it is not only of interest 
from a scientific standpoint, but it may also have 
considerable practical implications for the deve
lopment of more sensitive techniques for the dia
gnostic detection of, for example, antibodies in 
blood. 
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2.9 Characterization of 
Microstmcture 

Electron Microscopy 

The relation between structure and properties 
plays an important role in many of the Depart
ment's projects. Two transmission electron mi
croscopes - JEOI. 2000FX and JEOL 100C - and 
one scanning electron microscope - JSM 840 -
are available tor structural analysis. Ail micro
scopes are equipped with energy-dispersive X-ray 
spectrometers tor chemical analysis; the JEOI. 
2000FX furthermore is equipped with an electron 
energy loss spectrometer. 

Microstructural work has been performed for a 
number of the Department's own projects. This 
work is reported under the individual projects. 
Microstructural characterization has also been 
carried out for a number of external customers. 
This work has included examinations of corro
ded thermocouples, measurement: of oxide layer 
thickness, identification of particles in metals 
and chemical analysis of weldments. Electron 
microscopical assistance has further been given 
to the Physics, The Environmental and the Nu
clear Safely Departments at Riso. Work in colla
boration with the Physics Department, Riso and 
NKT Research Centre (Denmark) on the struc
ture of YBa:Cu,07.x films grown on MgO (100) 
single crystal substrates was continued. 

Electron Back Scattering Patterns (EBSP) 

The crystallographic orientations of small local 
areas in the microstructure can be determined by 
the KBSP technique in the SEM. To record EBSPs 
the sample is tilted 70' with respect to the inci
dent electron beam. In order to see the micro-
structure directly for this sample setting, an extra 
back scatter detector has been mounted on the 
F.BSP arm, so without changing sample setting 
both the microstructure and the corresponding 
EBSP can be seen. 

A typical example of an EBSP from aluminium 
is shown in the figure. To determine the crystal
lographic orientation from an EBSP, the pattern 
needs to be indexed. This can be done scmi-auto-
matically by an operator identifying 2 or more 
bands in the pattern using a computer controlled 

Pattern recognition techniques are used in automated 
indexing of bands m electron back scattered patterns. 

cursor. However, since many grains need to be 
analyzed, typical investigations often require sev
eral days or weeks of analysis. An aim was there
fore to develop a reliable procedure for automatic 
indexing of the patterns. This goat has now been 
reached by modifying and implementing a proce
dure based on a Hough transform. The procedure 
enables the detection and localization of more 
than 12 bands with high precision in typical 
EBSPs from aluminium as shown in the figure. 
Compared with other image processing proce
dures used for EBSP analysis, the present proce
dure is rather effective. It requires no a priori 
information about the sample or microscope con
dition, it is relatively simple to implement and it 
finds a significantly larger number of EBSP 
bands. 

A new method for calibration of an EBSP setup 
has been developed. The method eliminates the 
need for standards and can be used to update the 
calibration during an automatic measurement if 
the position of the source point is changed dur
ing the sampling. 

During the year, the EBSP technique has main
ly been used for studies of nucleation in Al-SiC 
and growth rates during recrystallization of com
mercially pure Al. 

Riso-R-607(KN) 25 



Neutron Diffraction and Scattering 

Three neutron techniques are used for character
ization: internal strain, texture and small angle 
neutron scattering. Internal stress determination 
by neutron diffraction techniques is summarized 
in section 2.4. 

The texture work has mainly been concentra
ted on studies of the effects of deformation tem
perature, SiC and S>C size and shape on the de
formation and recrystallization textures in 
Al-SiC. The recrystallization kinetics of pure Al 
and Al-2 vol% SiC has been measured in-situ, 
and the results combined with EBSP microtex-
ture measureme ns. This data was used in the 
modelling of the recrystallization process in the 
two materials. Finally, the neutron texture tech
nique has been used for determination of macro
scopic orientation distributions of A1:0< platelets 
in ceramic materials and the magnetic alignment 
in NdFeB permanent magnet materials. 

The small angle neutron scattering (SANS) fa 
cility has been used to study isochronal and iso
thermal annealing of krypton precipitates (bub
bles) in nickel and copper, respectively. 

Positron Annihilation 

In the so-called positron annihilation technique 
(PAT) the sample under investigation is bombar
ded with positrons (antiparticles to electrons). 
Their annihilation with electrons in the sample 
results in the emission of gamma quanta. The 
time and angular correlation of these gammas 
gives experimental information about electron 
density and momentum in the sample in the vi
cinity of the positrons. Since positrons are attrac
ted to vacancy type defects (e.g. single "acancies, 
vacancy clusters, vacancy-impurity clusters etc.) 
the present. and characteristics of such defects 
can be detected by PAT. 

In continuation of previous investigations of 
rare gas bubbles in metals that utilize the sensi
tivity 01 positron1, > the density of gases in cavi
ties, annealing studies of copper implanted with 
helium have been carried out for correlation with 
the results of THM investigations of cavity forma
tion and helium transport at different helium 
generation rates (collaboration with KfK Karls
ruhe, FRG; see section on irradiation defects). 
One surprising result was that for high annealing 
temperatures lifetimes longer than 500 ps were 

observed, suggesting agglomeration of impurities 
at the helium-bubble surfaces which has not been 
observed previously for high purity copper. 

An extreme kind of »defect« is a surface. In 
fine-grained materials, i.e. where the grain size is 
comparable to or smaller than the positron diffu
sion length (~ 200 nm), positrons have high pro
babilities of getting trapped at the grain surfaces 
and thus are sensitive to the surface composition. 

This sensitivity has been utilized to study ul-
trafine powders of two different Fe-Ni-alloys in a 
collaboration with the Laboratory of Applied 
Physics, Technical University of Denmark (with
in the framework of the Centre for Powder Me
tallurgy). In parallel with the PAT studies, other 
techniques (Analytical Electron Microscopy, 
Mossbauer Spectroscopy, Micro Gravimetry) 
have been applied. The powders are prepared by 
the evaporation-condensation technique to a par
ticle size of about 5 nm, the outer 1 nm being an 
oxide layer which develops when the powder is 
exposed (gently) to the atmosphere. The reduc
tion of the oxide in a hydrogen atmosphere and 
the subsequent sintering of the powder particles 
at increasing temperatures were monitored by 
positron lifetime techniques. 

Positron annihilation studies of the reduction of oxide 
layers on the surfaces of fine powders "fan Fe-Ni 
allov. 
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3 Materials Engineering-
Design and Testing 

A thorough knowledge of the mechanical proper
ties of engineering materials is essential for the 
design of advanced components and structures. 
Of special interest are composite materials for 
wind mills, helicopters and lightweight pressure 
vessels as well as engineering ceramics. The re
search activities in Materials Engineering are 
centred around structural mechanics analysis of 
destructive and non-destruciive materials testing 
procedures. A considerable number of the pro
jects are carried out in close collaboration with 
Danish and European industrial partners. 

Current research activities are concentrated on 
the following areas: 

- Improvements of component design and ser
vice life predictions based on static, dynamic 
and fatigue testing results. Materials studied 
are steels, AI-aIIoys, metal matrix and poly
mer matrix composites and engineering cer
amics. 

- Environmental effects due to in-service sur
face degradation by aggressive fluids or va
pours, humidity and high temperatures. 

- Detection and analysis of processing flaws in 
engineering ceramics and composite mater
ials. 

- Detection and analysis of cracks in metals 
and ceramics and delamination in polymer 
composites. 

3.1 Design with Polymer 
Composites Materials 
Polymer composite materials have been used for 
advanced purposes within the aircraft and space 
industries for many years, and they are now prov
ing to be attractive for more conventional appli
cations in manufacturing industries. In order to 
be able to utilize them for still wider purposes, 
design da'a and design methods specific to these 
materials are needed. Design methodology and 
data for conventional materials are based on both 
scientific research and experience from actual ap
plications. Because of a lack of the latter for the 
broad range of these new materials, research 
aimed at establishing suitable data and design 
methods is performed. 

Laminates 

When used for advanced load-carrying struc
tures, polymer composite rraterials are most of
ten used with continuous fibres in the form of 
laminates. These materials are anisotropic with 
directionally dependent properties for both stiff
ness and strength. This has to be accounted for 
both in the analysis of the structure and in the 
evaluation, and several criteria must be applied 
simultaneously in the validation of a given com
ponent. 

The design criteria may be based on either fail
ure criteria, deformation limits, stability or dyna
mic properties (eigenfrequencies). The mechani
cal loads may be stationary (static), cyclic or dy
namic (inertial effects, impact) and in principle 
any combination of these. 

For stationary or static loading conditions, the 
structure can be designed either against failure 
for accidental loading, where failure may be de
fined as total failure of one or all plies in a given 
section of the laminate, or it can be designed 
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against cracks in the matrix material. This last 
criteria is considered conservative. It is supposed 
to give a safe design also against fatigue failure, 
but it may result in unnecessary use of material. 
In order to avoid this overdesign, suppression of 
the crack formation due to tensile stresses can be 
achieved by the introduction of compressive 
stresses in the matrix. It is important to assure 
that the beneficial effect of the compressive sires
ses is present throughout the whole lifetime of 
the component, implying that creep effects in the 
matrix material have to be taken into accent. 

Mechanical components are often exposed to 
cyclic loading, resulting in fatigue damage in the 
material. Until further understanding of the 
damage mechanisms in polymer composites is 
obtained, fatigue diagrams for the actual applied 
material in a component have to be available. 

Impact Damage 

Local damage in polymer composite laminates 
may be caused by impact due to dropped items or 
due to collision. Depending on the degree of 
damage, the load carrying capacity and the stabi
lity against further fatigue damage may be re
duced. This class of material is generally more 
sensitive to local loads and impact than metals. 
In an attempt to quantify the damage due to a 
local load, models for calculating the stress distri
bution under a localized load in a laminate are 
established, and tests on thick laminates are per
formed. The modelling has been further deve
loped, and the calculated results are found to 
agree well with experiments made on circular 
plates of epoxy/carbon fibre laminate with a cen
tral delamination. 

Impact damage in a polymer composite laminate of epoxy/carbon fibre. A local damaged region, seen in the 
centre of the picture, reduces strength and fatigue resistance. Loading response is measured by the attached strain 
gauges and compared to calculations. 
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Anti-buckling device for fatigue testing of laminates. 

3.2 Testing of Composite 
Laminates 

Polymer composite materials with continuous 
fibres are most frequently used in the form of 
moderately thin laminated plates with different 
fibre angles through the thickness. Investigation 
of these materials for manufacturing defects and 
testing of their static and dynamic strength and 
stiffness properties requires advanced testing 
techniques and equipment. 

Nondestructive ultrasonic examination of la
minates is used for detection of size and position 
of possible defects, which may be of importance 
for the strength of the material. The require
ments here are high resolution in the plane of the 
laminate surface as well as through the thickness 
of the plate. Ultrasonic testing results are de
scribed in section 3.6. 

The strength degradation of continuous fibre 
composites is a process involving a multitude of 
minor cracks in the matrix material and in some 
cases also failure between the individual plies in 
the laminate. For angle-ply laminates, these 
cracks and failures can be monitored by the 
acoustic emission technique as described in sec
tion 2.5. 

Automatic measurement of the cyclic stress-
strain curves is now currently done continuously 
throughout th> test sequence. Both stiffness re
duction and the hysteresis loop are monitored 
continuously. A gradual reduction of the stiffness 
properties is observed during fatigue testing of a 
glass/polymer material. The stiffness reduction is 
associated with a pronounced hysteresis loop of 
the stress-strain curve when the material approa
ches its final failure state. Both the stiffness re
duction and the hysteresis loop may be applied as 
a criterion for fatigue limits for thr type of ma
terial. 

Investigating the behaviour of composite ma
terials in compression requires special precau
tions and equipment due to structural instability 
of the inevitably slender specimens. A load rig 
for compression testing of 100 mm wide carbon/ 
epoxy panels has been designed and is currently 
in use for testing of impact-damaged laminates. 
Out-of-plane deformations of the laminate are 
prevented by a number of vertical rails, mounted 
in a column guided rail-frame. Some of the rails 
may be left out in order to accommodate the 
damage area in the test specimen. The same load
ing rig is used without the rail-frame for testing 
of sandwich plates with local damage. 

Data collection and analysis software has been deve
loped during 1991 which allows continuous monitor
ing of hysteresis loops and the reduction in stiffness of 
composite laminates during fatigue testing. 

Fatigue Testing of Fiber Composites 
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3.3 Mechanical Testing 
The mechanical testing laboratory of the Mater
ials Department is equipped to perform advanced 
materials testing in the following area>: 

- Static testing. 
- Fatigue testing. 
- Testing of components. 
- Fracture mechanics. 
- Creep testing. 
- Hardness measurements. 

The testing can be carried out in air or in con
trolled environments such as: 

Metals. 
Powder based materials. 
Plastics. 
Ceramics. 
Composites. 
Elastomers. 

Authorization 

The mechanical testing laboratory of the Mater
ials Department is state-authorized to perform 
mechanical testing of metals for: 

- vacuum, 
- inert atmospheres (gases), 
- corrosive environments 

at temperatures from -196°C to 1500°C in the 
above mentioned environments. 

Over the years the Department has gathered 
experience in testing a wide spectrum of mater
ials such as: 

- Fracture toughness (Kk. and J I t). 
- J-R resistance curves. 
- Crack tip opening displacement (CTOD). 
- Crack arrest (K|a). 
- Fatigue crack growth rates (da/dN AK). 

For this purpose the laboratory has developed 
and implemented a Quality Assurance system ac
cording to the EN 45001-45003 standard. 

The main mechanical testing laboratory of the Materials Department showing a number of the computer 
controlled, servo-hydraulic testing machines. 
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3.4 Crack Initiation and Growth in 
Ceramics 

When brittle materials, such as technical cera
mics, are employed in load-carrying components 
in a structure, the fracture toughness is of high 
importance. Efforts are therefore being made to 
identify and assess suitable methods for deter
mining the resistance to crack initiation and 
growth. 

In one programme, different specimen confi-
guratit is were employed, all containing ground 
notches. In the Chevron Short Rod (CSR) speci
men, crack growth is stable due to the increase in 
crack width during extension. This specimen 
proved particularly suitable when testing TZ-
3YB ceramic in which KiL. was evaluated for this 
material. 

In another toughened ceramic, TZ-9Mg, the 
above specimen type proved to be less suitable 
due to crack deviation. An alternative, the Four 
Point Bend Chevron (4PBC) specimen type, gave 
reliable results with no crack deviation problems. 
The reasons for this behaviour and the suitability 
of testing methods for various technical ceramics 
are being evaluated. 

Cyclic Fatigue of Ceramics 

In-situ observations of fatigue crack growth in 
MgPSZ (Mg-partially stabilized zirconia) has 
been conducted using SEM. The experimental 
work was done in collaboration with Aalborg 
University Centre. An experimental set up al
lowed the study of a growing crack in a cyclically 
loaded notched specimen at high magnification. 
Microstructural influences on crack growth were 
observed and crack growth rates were measured 
and documented by video and micrographs. The 
experiment has given valuable experience for the 
design of future experimental work. The results 
from this work show crack growth rates to have a 
power-law dependence on the applied stress in
tensity factor. Measurements of strain on the 
back face of the specimen upon unloading have 
also been analyzed and these measurements pro
vide evidence for pronounced fatigue crack clo
sure behaviour in MgPSZ. 

A 'Chevron Short Rod 'test specimen for determining 
crack growth rates in advanced technical ceramics. 

3.5 Abrasive Wear of Ceramics 

Modelling of Wear Mechanism 

Evidence for specific material loss mechanisms 
in abrasive wear is usually obscured by the sever
ity of the process itself. As such, wear mechan
isms have to be inferred from the complex topo
graphy of worn surfaces. However, indentation of 
ceramic surfaces can provide an approximation 
to abrasive wear, but at a well defined load and 
contact area and with debris remaining in close 
proximity to the indent. 

Four ceramic materials, alumina (Al :O t), mag-
nesia-partially stabilised zirconia (Mg-PSZ), sili
con nitride (Si,N4) and silicon carbide (SiC) have 
been characterized by this method in the Centre 
for Advanced Technical Ceramics. Both A1_>0, 
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and SiC showed some pulverisation of material 
into sub-micron panicles under static indenta
tion and all the materials except the Si;N4 exhibi
ted micro-cracking within the indent. Grains 
which did not entirely detach from the matrix, 
but were lifted up along one or more grain boun
daries, were prevalent in all the materials studied 
except Mg-PSZ. This was exceptionally severe in 
the case of Al :O t . 

It has been noted that a better correlation 
could be obtained between hardness and abrasive 
wear resistance, as measured by the Micro Wear 
Test, if an »effective hardness« was calculated, i.e. 
a decreased Vickers hardness, based on an indent 
size expanded to include the regions of grain 
lift-up a! the indent edges. 

Disc Testing of Ceramic Couples 

A project within the Centre aims to model the 
wear behaviour of ceramics used for shaft seals, 
by the pin-on-disc test. 

Functional tests on ceramic seal pairs have 
been performed at a variety of pressures and tem
peratures. The worn surfaces of the stationary 
and rotating sea) rings have been characterized 
by scanning electron microscopy (SEM). Pin-on-
disc tests of the same ceramic couples have been 
performed with the load increased step-wise to 
seizure and the pins have been similarly analyzed 
for the severe wear modes. The current stage of 
the project is the production of a »wear map« for 
one couple: Tungsten Carbide/Silicon Carbide. 
Pin-on-disc tests are being performed, such that a 
3-dimensional map of material loss against the 
possible variables: load, speed, or length of test, 
is generated. Each pin end is being analyzed for 
the prevalent wear mechanism by SKM and this 
information is then being overlaid on the map. 

The behaviour of ceramic seal couples, run at a 
particular configuration of load and speed etc., 
can then be related to the area of the pin-on disc 
wear map which describes the same wear mech
anisms. This will allow correlation of laboratory 
wear tests with wear encountered during compo
nent life time, a relationship which has hitherto 
been almost entirely lacking for wear tests. 

Diamond indentation test applied to an Al,Oj speci
men. The extent and type of damage around the in
dentation is being correlated with abrasive wear resis
tance. 

Abraded silicon carbide surface following pin-on-disc 
test of silicon carbide against tungsten carbide. 
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3.6 Ui rasonic Testing of 
Advanced Materials 

Ultrasonic scanning is applied to advanced com
posite materials (polymer matrix and ceramic 
matrix composites) and to advanced technical 
ceramics. 

During 1991 we have worked on both types of 
materials in the national materials centre pro
grammes (MUP programmes) and in European 
programmes (BRITE; DESIR for repair strategies 
of carbon fibre composites used in helicopters; 
COSAC for the inspection of complex shaped 
technical ceramics). 

A common feature of all of these projects is the 
demand for high resolution scanning both in the 
plane parallel to the scanning surface and with 
respect to the depth from the scanning surface. 
High resolution is therefore required in the 
mechanical distance between scanning points 
and in the time resolution of ultrasonic echoes. 
The demand for high resolution brings about the 
need to acquire large numbers of data points for 
each scanned specimen. Typically, over 500,000 
measured values are acquired and presented gra
phically in order that the measurements may be 
evaluated visually. 

During the past two years, two mechanical 
scanning systems have been used in parallel. The 
first is a hydraulic system, constructed at Risø, 
with large x-y scanning ranges and scanning soft
ware developed by ourselves. The second system, 
based on a commercial stepper motor system 
(ISERT), having superior mechanical resolution 
over a smaller range, is controlled by software 
developed by WZL (Aachen, Germany). Now, we 
are able to combine the advantages of both types 
of equipment by a) developing our own software 
for the ISERT stepper motor system and b) sup
plementing the stepper motor system with a new 
long range (500 mm) ISERT system. 

Examples of defects revealed by improved high 
resolution ultrasonic scanning of a technical cer
amic sample are shown in the figure. The results 
of this type of non destructive testing in both 
ceramic and polymer matrix composites are com
bined with information from acoustic emission 
and mechanical testing data (section 3.2) in order 
to help in attempts to improve processing proce
dures and to establish mechanical design criteria. 

Echo pattern from a single ultrasound shot in a 1 mm 
thick carbon fibre reinforced laminate made byauto-
claving H layers of prepreg. Top, poor resolution using 
25 MHz. Bottom, improved resolution using 50 
MHz allowing the interfaces between the prepreg 
lavers to be seen. 

Detailed ultrasonic scan of a small ceramic bar 
(width 4 mm) showing internal pores and other de
fects. 
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3.7 Non Destructive Analysis of 
Polymers 

Vibrational spectroscopy has been launched into 
a new era with the development of Fourier-trans
form (FT) infrared (IR) photoacoustic spectrosco
py (PAS) and FT-Raman. In principle, vibration
al spectroscopy provides qualitative and quantita
tive information about the following structural 
details of polymeric materials: 

a) chemical nature and composition: structural 
units, type and degree of branching, end 
groups, additives, impurities. 

b) steric order: cis/trans isomerism, stereoregu-
larity. 

c) conformational order: physical arrangement 
of the polymer chains, e.g. planar or non-pla
nar, regular conformations. 

d) three-dimensional state of the order: crystal
line and amorphous phases, number of 
chains/unit cell, intermolecular forces. 

e) orientation: type and degree of preferential 
polymer chain and side-group alignment in 
anisotropic materials. 

Fourier-transform Infrared Photoacoustic Spectroscopy (FTIR-PAS). 

Sometimes, however, severe inherent sample 
problems are encountered or problems are faced 
in the actual sample preparation for conventional 
FTIR (and Raman) spectroscopy. For FTIR espe
cially, black or strongly infrared absorbing sam
ples like carbon fibre reinforced or carbon black 
loaded polymers prevent analysis. Problems with 
sample preparation are also met for insoluble, 
hardly dissolvable, or polymeric materials requir
ing solvents which from a safety or environ
mental point of view are undesirable. Finally the 
dissolution of a sample might even destroy the 
original three-dimensional state of the order. 

In collaboration with Department of Physical 
Chemistry, University of Essen, Germany (FT-
Raman part) an extensive range of »difficult« 
polymeric materials have been analyzed in their 
original form by a combination of FTIR-PAS and 
FT-Raman. As a result, many of the above listed 
structural details could be revealed. 
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4 Materials Technology-
Fabrication and Processing 

The manufacture of advanced materials compo
nents often requires new processing, fabrication 
and joining techniques. Pilot plant studies of the 
production of fibre reinforced polymer compo
sites, fine-powder metallurgical components and 
thin ceramic layered structures demand the con
struction of specialized equipment. This research 
and development also provides test specimens of 
new advanced materials for other programmes of 
the Department. The research activities in Ma
terials Technology involve the manufacture of 
components of polymer matrix composites, en
gineering ceramics, prototype solid oxide fuel 
cells and fine-powder metals. Brazing and bond
ing techniques are being applied to a variety of 
these materials. The research programmes are 
carried out partly within the three Danish 
centres, Advanced Technical Ceramics, Powder 
Metallurgy and Polymer Composites, and partly 
in collaboration with other Danish and European 
research organizations and industrial partners. 

Current research activities are concentrated in 
the following areas: 

- Manufacture of advanced polymer compo
sites by a variety of filament winding and 
fibre pre-form methods. 

- New methods of synthesis of polymers. 
- The fabrication and joining of thin ceramic 

layers and oxide electrodes for solid oxide 
fuel cells. 

- Inert gas atomization to produce fine metal
lic powders of new aluminium and iron-
based alloys. 

- Advanced technical ceramics processing. 
- Brazing and joining techniques for powder 

metallurgical steels, aluminium alloys, 
superalloys, ceramics and ceramics to me
tals. 

4.1 Manufacturing Processes for 
Advanced Composites 

The involvement of the Materials Department in 
manufacturing of continuous fibre reinforced 
plastics serves mainly three purposes: a) the 
study of the fundamental principles of filament 
winding, autoclave processing, and resin transfer 
moulding, b) fabrication oftest specimens, and c) 
development of prototype components. 

The processing equipment consists of a com
puter-controlled filament winding machine, a 
hot-air high-temperature high-pressure auto
clave, and equipment for resin transfer mould
ing. 

Two projects on manufacturing technology for 
high temperature thermoplastic composites with 
continuous fibres are being conducted. The first 
project is on filament winding and the second 
one is on fibre pre-forms. (Fibre pre-forms are a 
pre-shaped fibre structure which has not yet been 
consolidated to the final structural component. 
Fibre pre-forms can be woven, knitted, braided 
or stitched together). The purpose of the projects 
is to examine the possibilities, limitations, and 
the characteristics of a fabrication technique 
where the material (fibre + matrix) is either 
wound onto a mandrel at room temperature or 
placed in a mould at room temperature in the 
form of a fibre pre-form, and consolidated by a 
subsequent autoclave process. 

In the filament winding projects a new techni
que for fabrication of components of thermoplas
tic fibre composites has been developed and in
vestigated. Basically, the technique consists of 
winding the materials (fibres and matrix) onto 
the mandrel at room temperature and then con
solidating the laminate by a subsequent heat, 
pressure, and vacuum treatment in an autoclave. 
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This technique has demonstrated that carbon-
fibre/PEEK (polyethylene ethyl ketone) laminates 
of high quality can be fabricated; high quality 
means high fibre content (58 vol%), low porosity 
content (0.2 vol%), and controlled and well 
aligned fibre orientations. At present, the techni
que is limited to fabricating relatively thin-
walled structures. 

The fibre materia' must be well compacted 
during winding so that as little air (or space) as 
possible is trapped between the fibre and the ma
trix. If too much material is wound onto the 
mandrel, and if the material is poorly compacted, 
the diameter of the outer layer will be too big to 
ensure aligned carbon-fibres in the consolidated 
laminate. Since the mandrel expands during the 
autoclave consolidation of the laminate, the outer 
layer of fibres is pressed towards a smaller dia
meter, and some wrinkled fibres will be formed, 
because the fibres are too long for the smaller 
diameter. 

A theoretical model for the process has been 
developed. The model predicts the maximum la
minate thickness which can be fabricated with
out producing fibre wrinkles at the outer surface 
of the laminate. The maximum allowable lami
nate thickness depends strongly on the radius of 
the mandrel and on the degree of compaction of 
the material as wound at " >m temperature. 

In another project on : ment winding, a com
puter system for the design of filament wound 
structures has been developed. The system calcu
lates the winding pattern, fibre path and local 
wall thickness and angle, on the assumption of 
geodesic winding and rotational symmetry. 

In the pre-form project the process technology 
for carbon fibre/PEKK has been established and 
the production of test panels is in progress. To 
illustrate the potential of this new technique a car 
door panel has been fabricated from woven cloth 
of carbon fibre/PKKK. The fibre composite door 
panel weighs only 25% of a similar steel door 
panel. 

Calculated filament ivmding pattern for a component 
of complex shape. 
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The fabrication of high quality transparent flat 
fatigue test specimens of angle-plved glass fibre 
reinforced polyester is being continued. The spe
cimens are used to generate fatigue properties 
data of materials to be used for wind turbine 
blades. The fact that the test specimens are trans
parent makes it possible to study the onset and 
the propagation of damage during the fatigue 
testing by use of transmitted polarized light. The 
flat angle-ply laminates are produced by winding 

wetted glass fibres onto a steel plate mandrel. A 
symmetric laminate is laved down on both sides 
of the steel plate mandrel during one winding 
operation. 

After completion of the winding operation the 
steel plate-mandrel with the wet laminates is 
pressed between two other steel plates to obtain 
flat angle-ply laminates with uniform and prede
termined thicknesses. 

Manufacture of flat angle-plyed glass fibre reinforced polyester specimens. Wetted glass fibres are wound onto a 
steel plate. 

& 
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4.2 Solid Oxide Fuel Cells (SOFC) 
in Denmark 

The background for the Danish SOFC activities 
was briefly outlined in the previous annual re
port, Risø-R-590. In the following, the achieve
ments during 1991 are highlighted (see also sec
tions 2.7 and 4.3 of .lie present report). The in
vestigations are carried out partly in programmes 
with Danish sponsorship, and partly in various 
international collaboration programmes within a 
framework of the Nordic Industry Fund (NI), 
European Community (EC) R & D programmes, 
and the International Energy Agency (IEA). 

During the year, the public media have shown 
extensive interest in the SOFC activities. This 
includes various newspapers and television net
works. Examples of the latter are: KanaB-Ros-
kilde ( a local TV station), BBC-TV and the Mexi
can TV, and also with preparations underway at 
the national, Danish TV (DR-TV). 

TV camera crew and journalists recording a docu
mentary on the Danish research programme on solid 
oxide fuel cells. 

Models of the proposed design for the Danish solid 
oxide fuel cell stack. Each cell consists of an air elec
trode (blue), an electrolyte plate of yttria-stabilized 
zirconia (white) and a fuel electrode (green). The 
arrangement of the manifold and channels in the red 
plates distributes air and fuel gases to each side of the 
cells. A fuel cell produces electricity directly and effi
ciently with minimal pollution. 

Achievements 

The national, Danish SOFC programmes are car
ried out in collaboration between five govern
ment research laboratories: The Materials De
partment of Risø, The Chemical Institute of 
Odense University, The Physical Chemical Insti
tute, Physics Laboratory 3, and the Chemical La
boratory A, all of the Danish Technical Univers
ity, and two industrial companies: Innovision 
(ERL A/S) and Haldor Topsoe A/S. The project 
management and coordination is at Risø. Exter
nal support for the Danish SOFC programmes 
comes from the Danish government's Energy Re
search Programme and the two groups of electri
city utilities ELKRAFT and ELSAM. Consider
able, additional support is provided by the colla
borating project participants. 
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Important achievements during 1991 include: 

(i) Upscaling to 5 kg batch size of methods 
for the manufacture of »black powders« 
(i.e. doped lanthanum manganites for ca
thodes and doped lanthanum chromites 
for interconnects). 

(ii) Tape casting routinely (i.e. rejection rate 
virtually zero) of thin electrolyte plates of 
yttria-sfabilized zirconia (YSZ) in sizes 
4x4 cm" and above. 

(nil Advanced stages of development of var
ious methods for electrode application: 
slurry- coating, spraying, serigraphy. 

(iv) Development of a test stand for single 
cells: power densities up to 0.3 W/cnr, 
testing times up to 100 h. 

(v) Advanced development of test stand for 
small stacks; first trial with a 2-cell stack 
(with metallic interconnect). 

(vi) Characterization of a large number of new 
materials based on eerie, having the po
tential of direct conversion of methane. A 
patent application for such materials has 
been submitted. 

Positioning a single cell in a test stand. 

*n parallel with the above programme, the util
ity group HLSAM is sponsoring a SOFC develop
ment programme anticipating the construction 
of a SOFC pilot plant in the HLSAM area. The 
work in this programme is being conducted by 
ELSAMPROJEKT AS in collaboration with Hal-
dor Topsoe Ay S and the Materials Department of 
Riso. 

International Collaborations 

The Danish participation in international 
SOFC-related programmes is summarized as fol
lows: 

(a) The »Nordic Tape Casting Project« has par
ticipation from the Nordic countries, with 
the Department participating on behalf of 
the Danish SOFC groups and leading the 
major sub-programme of the entire Nordic 
project. Various YSZ powders have been 
characterized; aqueous and organic based 
binder systems have been formulated and 
used in tape casting. 

(b) The Department participates in an expert 
group in a SOFC collaboration organized 
within the IEA framework. The work in
volves evaluation of materials data and of 
recommending practices for thermomecha-
nical and electrochemical characterization. 

(c) Two interrelated projects under the EC pro
grammes JOULE and BRITE/EURAM com
prise prototype SOFC development, led by 
ABB (Germany) and include ICI, British Gas 
(United Kingdom), TNO (The Nether
lands), SINTEF (Norway) and the Materials 
Department at Risø. As a result of the De
partment's development programme, YSZ 
tapes can now be sintered gaslight at 1300°C, 
with a shrinkage less than 25% and with an 
oxygen ion conductivity, at 1000X, of 0.18 
S/cm. This surpasses the best international 
results known. 

(d) The Department has taken the role of 
»prime proposer« for a project under the new 
JOULE II EC programme. This project will 
focus on the development of new SOFC ma
terials for operation in the temperature 
range 600 - 850X, as compared to the usual 
SOFC temperature of 1000T. This proposal 
is currently being elaborated in a group of 
European laboratories and industrial compa
nies. 
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4.3 Ceramic Processing 
The Department's activities in solid oxide fuel 
cells has necessitated development of a number 
of ceramic processing techniques for material 
synthesis and shaping of components. 

Powder Production 

A technique has been established for batch pre
paration of complex metal oxides. Salts of the 
actual metals in their proper ratios arc dissolved 
and complexed by an organic compound in an 
oxidizing environment. Subsequent heating of 
the sol, obtained by drying, removes the com-
plexing agent in a strongly exothermic process 
and combines the metal ions, mixed to atomic 
scale by the complexing action, tc very small (10-
20 nm) oxide crystallites, attached to each other 
in a structure which microscopically resembles 
foam. The foam structure breaks down by appli
cation of a minimum of force, so the product 
does not need comminution by e.g. ball milling 
prior to shaping. Because of the small particle 
size, sintering temperatures are considerably low
er than with products synthesized by convention
al techniques. The material is ideal for establish
ing desired grain size distributions by heat treat
ment alone. 

Safety precautions, related to the energy re
lease associated with the synthesis, however, 
makes the batch technique less suited for produc
tion of larger (> 25 g) amounts of naterial. Such 
small amounts are generally sufficient for mater
ial characterization purposes, but development of 
shaping techniques requires quantities in the ki
logram-range. Cooperation between partners in 
the Danish solid oxide fuel cell project 
(DK-SOFC) has resulted in further development 
of the technique to allow continuous production 
by pyrolysing single drops of the - only partly 
dried - complex in a rotary kiln. With the pre
sent equipment a production capacity of > 1 kg/ 
day has been achieved. The technique has also 
preen well suited to the production of Sr substi
tuted LaMnO,(SOFC-cathode material), Ca sub
stituted LaCrO< (SOFC-interconnect material) 
and is of potential interest for production o"" 
superconducting oxides. 

40 Riso-R-607(EN) 



Tape Casting 

Many SOFC research programmes use high-tech
nological methods such as chemical vapour depo
sition techniques, plasma spraying or laser spray
ing for producing the thin (50 - 1000 jim) SOFC 
component layers. The resulting high production 
cost is liable to reduce the competitiveness of 
SOFC in relation to other power production me
thods. Shaping techniques selected for Danish 
SOFC development have accordingly been selec
ted from cost-effectiveness criteria. Tape casting, 
widely used by the electronics industry, has been 
adapted to produce electrolyte plates for Danish 
SOFCs. Ceramic powder (e.g. yttria stabilized zir-
conia) is mixed with a number of organic consti
tuents (dispersants, solvents, binders, plasticizer, 
release agents) in experimentally determined 
amounts to give a medium viscosity slurry. The 
slurry is deposited onto a carrier foil in a homo
geneous layer with a well defined thickness, de
termined by moving doctor blades. After con
trolled drying of the slurry to a solid, flexible 
tape, sections are heated to 1400-1600°C to re
move organic constituents and to enable sinter
ing of the oxide particles to flat plates with a 
density close to 100% of theoretical. Sintering is 
usually accompanied by shrinkage, the magni
tude of which depends upon the amount of orga
nic constituents in the initially produced slurry. 

Electrolyte platelets 50 x 50 mm with a thick
ness of 150 - 200 u.m are now made on a routine 
basis for experimental production of single-cells. 
Slurry compositions have been improved to al
low a sintering temperature of 1300°C, which is 
regarded as the maximum temperature permiss
ible for co-sintering of the different SOFC com
ponents, if chemical reactions are to be limited. 
In addition, the linear shrinkage has been re
duced from 36% to 25%, which is comparable to 
size reductions in electrode tapes, also sintered at 
1300°C. 

Spray Coating 

Deposition of cathode- and anode materials on 
sintered electrolyte platelets is at present carried 
out with the low-cost industrial technique, 
spraycoating. Paints based upon nickel oxide and 
zirconia (anode) and doped lanthanum manga-
nites (cathode) have been developed. The inorga

nic components with carefully tailored grain size 
distributions are dispersed in orgaric media with 
a number of dispersing agents, binders and plas-
ticizers by means of high intensity ultrasonics or 
by ball milling. The paint is deposited as thin, 
homogeneous layers on tape cast electrolyte foils 
by ordinary spray guns. Following complete dry
ing of the electrode, organic constituents are re
moved in a firing programme, which at a 
maximum temperature of 1300°C allows the parti
cles to sinter to a porous structure, which adheres 
strongly to the electrolyte. 

The spray technique enables building of phy
sically homogeneous electrodes with chemical 
concentration gradients orthogonal to the surface 
and may therefor- be use! to join materials with 
different thermal expansion coefficients without 
formation of cracks during temperature trans
ients. 

Simple, low cost application of ceramic anode and 
cathode materials to SOFC electrolyte platelets is 
achieved by spraycoating. The process produces thin, 
homogeneous layers for subsequent sintering of the 
deposited electrode materials to the electrolyte sub
strate. 
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4.4 Powder Metallurgy Processing 
An important part of the work on powder metal
lurgy in the Materials Department during 1991 
was to finish the construction of our inert gas 
atomizer. However, we have also been active 
within the area of ultrafme powders and addi
tionally we have consolidated our potential with
in advanced characterization of powders in gen
eral and of metal powders in particular. 

Rapid Solidification - Gas Atomization 

The construction of an inert gas atomizer was 
started as a part of the activities under the Dan
ish Centre for Powder Metallurgy and was fin

ished in 1991. The equipment was constructed in 
collaboration with Niro Atomizer A/S, the Dan
ish Technological Institute and Massachusetts 
Institute of Technology in Boston, USA. 

The atomizer is thoroughly safety documented 
and prepared for producing fine powders of a 
variety of metals including light metals like alu
minium. The atomizer tank is designed to with
stand even the worst imaginable powder explo
sion from aluminium powder without rupture. 

Clean powders produced by atomization and 
transferred under inert gas can be handled in the 
Department in a glove-box facility so that severe 
oxidation resulting from exposure to atmosphere 
can be avoided. This is particularly interesting in 
a project on low-oxygen aluminium powders 
planned to be run during 1992. 

The top section of the newly constructed inert gas atomizer to be used in the pilot plant production of metal 
powders. 
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Characterization of Metal Powders 

Characterization of metal powders is funda
mental to powder metallurgical research and de
velopment, and the Department is now well 
equipped to deal with this topic. A laser-based 
size analyzer has been purchased, which can de
termine particle size and particle size distribu
tion in the range 1 - 180 u,m. The measurements 
are fast and precise. Problems may arise from the 
powder material/liquid couple used. Parameters 
like wetting, agglomeration and viscosity of li
quid in relation to powder density have to be 
overcome to obtain reliable measurements and 
such knowledge and know-how was collected for 
a number of materials during 1991. 

Ultrafine Powders 

This project is carried out in collaboration with 
the Laboratory of Applied Physics at the Techni
cal University of Denmark. 

The part of the project performed in the Ma
terials Department is characterization of the ox
ide layer on nano-particles of various Fe-Ni al
loys. The analyses have been cone using positron 
annihilation and ultra-micro-gravimetry. The 
gravimetric measurements have shown that the 
oxide layer is approx. 1 nm thick. The oxide re
duces readily in hydrogen and an activation ener
gy of 60 - 80 kJ/mole could be determined (in
creasing during the weight loss). The latest mea
surements on the system have indicated that the 
oxide on the Fe-Ni alloys can also be reduced 
without the presence of hydrogen. Such a process 
requires a physical dissociation of the oxide due 
to heating. More results are needed on this sub
ject before definite conclusions can be drawn. 

'«. "5 -

E 

Reciprocal Temp. (103 K"1) 

Ultra-micro-gravimetry measurements of the reduc
tion of oxide layers on nano-particles of Fe-Ni alloys. 
Results for varying degrees of reduction, a are shown. 
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4.5 Manufacturing of Low 
Enriched Uranium Fuel Elements 

The Danish research reactor (DR3) is operated 
primarily in order to produce neutrons for phy
sics and materials investigations (sec sections 2.4, 
2.6, 2.8, 2.9 for applications within the Depart
ment). During 1991, DR3 became the first re
search reactor worldwide to operate entirely on 
iow enriched uranium (LEU) fuel elements. The 
changeover from high enriched uranium began 
in 1988 in order to eliminate any possibility of 
nuclear reactor fuel being redirected to weapons 
production. 

The LEU fuel elements are fabricated in the 
Department and during 1991, 55 LEU elements 
were delivered to DR3. In total, more than 150 
LEU elements have been fabricated and the num
ber of irradiated elements from DR3 is now 65, 
all of which have performed successfully. 

The finished LEU fuel elements for delivery to the 
DR3 research reactor. The production area for these 
elements is shown in the insert. 

To ensure a high standard of the fuel elements, 
a complete Quality Assurance System for the pro
cessing and the products has been established 
during the year. 

1991 was also the year in which we offered LEU 
elements customers outside of Denmark. As part 
of the marketing effort a brochure was presented 
at the 14th International Meeting on Reduced 
Enrichment for Research and Test Reactors held 
in Jakarta, Indonesia. 
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4.6 Joining of Advanced Materials 
An important part of the development of ad
vanced materials is to study how such materials 
can be joined. Joining projects are therefore an 
integral part of the Danish Centres of Powder 
Metallurgy and Advanced Technical Ceramics. 
Part of the Department's work also includes the 
study of new brazing alloys which may be used in 
automated joining processes. Such developments 
are able to improve working conditions and cut 
costs, without reducing ihe quality of the fin
ished products and components. 

Brazing of Stainless Steels and Superalloys 

The EC-BRITE supported research programme 
on the development of improved new 
Ni-Cr-based brazing filler metals was continued 
in collaboration with the partners from Germa
ny, the Netherlands and Denmark. Extensive test 
programmes were carried out to determine the 
wetting-, tensile-, and fatigue properties. Also the 
corrosion resistance in dilute HNO, solution at 
75°C has been investigated on the brazed joints 
together with a scanning electron microscope 
(SEM) study of the phases present in the actual or 
correspondent brazed joints. During the year, 
improved and excellent corrosion resistance has 
been demonstrated for joints brazed with alloys 
which were further developed from the earlier 
reported new brazing alloys. Furthermore, the 
analysis of the phases present in these joints also 
indicates that better mechanical properties may 
be expected. Mechanical properties will be in
vestigated by tensile testing, fatigue testing and 
fracture mechanics during the remaining last half 
year period of this programme. 

Joining of Ceramics 

In the Danish Centre for Advanced Technical 
Ceramics, the joining programme was continued. 
Investigations have been carried out to measure 
the influence on the four point bend strength of 
the brazed joints in a pure and dense aluminium 
oyide, FRIAI.IT AL23, for various brazing para
meters as well as pre- and post treatment of the 
ceramic surfaces. Three commercially available 
silver-copper based brazing filler metals with 

Scanning electron micrograph of a brazed joint using 
Ni-Cr-based filler metal. Energy dispersive x-ray 
spectroscopy line scans (not shmim) have demonstra
ted that the corrosion occurs in the regions depleted in 
Cr. Magnification, x 500. 

varying In- and Ti-content were brazed at differ
ent temperatures, and with brazing gaps from 
0.05 to 0.2 mm. Furthermore, the surfaces in the 
gaps to be brazed were prepared differently: as 
cut, ground or polished and both with and with
out air-firing. Joint strengths comparable to that 
of the alumina itself have been obtained. 

The diffusion joining equipment and techni
ques developed for the diffusion joining of 
10/6 mm tubes of alumina to zirconias with an 
interlayer of platinum foil was reported last year. 
Reliable, reproducible and leak tight joints are 
bonded as a routine operation at 1500X. All bon
ded closed tubes are now further tested by ther-
moshock cycling between 200 and 1000'C with a 
cycle time of less than 3 min. (and temperature 
gradients up to 50nC/sec.) No leaks could be de
tected from the joints after more than 1000 cycles. 
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Joining Powder Metallurgical Materials 

In the Danish Centre for Powder Metallurgy the 
joining programme was continued. The pro
gramme deals with both brazing and diffusion 
bonding of sintered powder metallurgical (P/M)-
parts. 

In diffusion bonding alloyed iron-based P/M-
matt-rials, it has been possible to obtain bonding 
strengths comparable to the strength of the par
ent wintered material, when bonding at a over 
tem^rature of 120O-1250°C compared with the 
sintering temperature of 1120°C, e.g. stainless 
steel 316L shows strengths of 210 MPa in the 
bondings compared with 218 MPa for the parent 
material, and PASC 45 shows strengths of 
326 MPa in the bondings compared with 333 
MPa for the parent material. For an unalloyed 
steel, ASC 100.29, bonding strength only reaches 
185 MPa compared with 231 MPa for the parent 
material, even after bonding at an over tempera
ture of 1250°C. This is due to the homogeneous 
material composition. By contrast, the diffusion 
alloyed materials are much more inhomogeneous 
and therefore exhibit enhanced diffusion rates. 

A very important parameter in diffusion bond
ing is the quality of the bonding surfaces. Com
positional purity is of course relevant, but the 
actual geometry is of even greater importance. As 
major asperities have to be coalesced by creep, 
this is controlled by bonding time, and so when 
bonding at reduced bonding times, this becomes 
a governing parameter. For the moment, work is 
being done on several surface qualities. 

In brazing P/M-materials the porosities of the 
surfaces creates great difficulties. When the braz
ing filler metal is melted and has wetted the ma
terial, the filler metal is transported by capillary 
forces into the interior of the material. From the 
work done, it is found that when brazing iron-
based P/M-parts with nickel-based filler metals, a 
relative density between 0.85 and 0.90 is the low
er limit beneath which the penetration of the fil
ler metal cannot be controlled and limited during 
a conventional brazing cycle. For lower densities 
the brazing cycles need to be modified by a much 
closer control of the temperature. This modifica
tion can also improve and secure a persistent 
quality at higher densities. 
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Pure iron P/M parts brazed with a Ni-based filler 
metal. Infiltration and dissolution of the base material 
can be seen. 
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5 Participation in Danish and International 
Committees 

The Department is widely represented in scienti
fic, educational and technical committees within 
Denmark and abroad. Such participation pro
vides a base for international collaborative re
search activities and information exchange. 

Danish Committees 
Technical Assessors, Danish Institute of Funda
mental Metrology. Lyngby. 
Eivind Adolph and Niels Hansen 

The Executive Committee of the Danish Metal
lurgical Society. Lyngby. 
Povl Brøndsted 

The Board of Governors of Risø National Labor
atory. Roskilde. 
Morten Eldrup (Staff Representative) 

The Danish Ministry of Industry, Reference 
Group for the BRITE/EURAM programme. Co
penhagen. 
Niels Hansen 

The Danish Ministry of Energy, Advisory Group 
for Fuel Cells. Copenhagen. 
Niels Hansen 

The Steering Committee for the Danish Solid 
Oxide Fuel Cell Programme. Copenhagen. 
Niels Hansen, Mogens Mogensen and Per Knudsen 

The Steering Committee for the Centre for Ad
vanced Technical Ceramics. Copenhagen. 
Niels Hansen 

The Advisory Committee for Materials Testing. 
The Danish Technological Institute. Aarhus. 
Niels Hansen 

The governing board of The Danish Society for 
Polymer Technology. Copenhagen. 
Søren Hvilsted (Chairman) 

The Research Committee of the Danish Society 
of Chemical, Civil, Electrical and Mechanical 
Engineers. Copenhagen. 
Torben Leffers (Chairman) 

The Danish Technical Research Council. Copen
hagen. 
Torben Leffers (Vice Chairman) 

The Steering Committee for the Centre for Poly
mer Composites. Copenhagen. 
Hans Lilholt 

The Advisory Committee for Continuing Educa
tion in Materials Technology. Copenhagen. 
Aage Lystrup 

The Advisory Board of »Materials Technology in 
the Danish Rubber Industry:«. Materials Techno
logy Development Programme. 
Walther Batsberg Pedersen 

Danish Electrochemical Society. Roskilde. 
Finn Willy Poulsen (Vice Chairman) 

International Committees 
Permanent Committee for Stress Analysis. Lis
bon, Portugal. 
Svend Ib A ndersen 

The Editorial Board of »Journal of Strain Analy
sis«. 
Svend Ib A ndersen 

The European Structural Integrity Society. Delft, 
The Netherlands. 
Svend Ib Andersen, Povl Brøndsted and Christian 
Debel 

Council of the European Peptide Society. 
RolfH. Berg 

Programme Committee of the EC Working 
Group »Hot Laboratories and Remote 
Handling«. Brussels, Belgium. 
Hans Carlsen 

International Institute of Welding. Subcommis-
sion »Brazing and Soldering«. Paris, France. 
Jørgen Christensen (Chairman) 

Kuratom Neutron Radiography Working Group. 
Subgroup »Practical Neutron Radiography«. Pet-
ten, The Netherlands. 
J.C. Domanus (Chairman) 

The International Advisory Committee on Inter
national Conferences on Positron Annihilation. 
Morten Eldrup 
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The Halden Programme Group, OECD. 
Niels Hansen 

The COST 501 Management Committee on Ma
terials for Energy Conversion Using Fossil Fuels. 
Brussels, Belgium. 
Niels Hansen 

The Fusion Technology Steering Committee 
(FTSC-I). EC. Brussels, Belgium. 
Niels Hansen 

The Editorial Board of »Journal of Nuclear Ma
terials«. 
Niels Hansen 

The Editorial Board of »Monographs in Mater
ials Science«. 
Niels Hansen 

Expert Group on Structural Materials, Fusion 
Technology Programme. EC, Brussels, Belgium. 
Niels Hansen (Chairman), Bachu N. Singh 

International Advisory Board for the 4th Eur
opean Polymer Federa'ion Symposium on Poly
meric Materials. Baden-Baden, Germany. 
Søren Hvilsted 

European Polymer Federation. Mainz, Germany. 
Soren Hvilsted 

The IAEA International Working Group on Wa
ter Reactor Fuel Performance and Technology. 
Vienna, Austria. 
Per Knudsen (Chairman) 

Steering Committee for Nordic Tape Casting 
Project. Oslo, Norway. 
Per Knudsen 

Editorial Advisory Board of »Plasticity«. 
Torben Leffers 

Editorial Advisory Board of »Textures and Mi-
crostructures«. 
Torben Leffer< 

Committee for NATO Advanced Research 
Workshop on »Measurement of Residual and Ap
plied Stress Using Neutron Diffraction«. Oxford, 
UK. 
Torben Leffers 

Scientific Committee for the 5th International 
MECAMAT Seminar on »Large Plastic Deforma
tions. Fundamentals and Applications to Metal 
Forming«. Fontainebleau, France. 
Torben Leffers 

Editorial Board. »Advanced Composite Materials«. 
Hans Lilholt 

Editorial Board. »Composites Science and Tech
nology«. 
Hans Lilholt 

International Committee for Composite Mater
ials. Philadelphia, USA. 
Hans Lilholt 

European Association for Composite Materials, 
Standing Committee. Bordeaux, France. 
Hans Lilholt 

International Advisory Committee of »The 
Third International Conference on Automated 
Composites«. The Hague, The Netherlands. 
Aage Lystrup 

The Information Exchange Group under the 
European Space Agency on Carbon Fibre Rein
forced Plastics, Nordweijk, The Netherlands. 
Aage Lystrup 

The Fuel Cell Committee under the Nordic En
ergy Research Programme. Oslo, Norway. 
Mogens Mogensen and Finn Willy Poulsen 

International Society for Solid State Ionics. 
Finn Willy Poulsen 

IEA Working Group on SOEC-Practices. Lau
sanne, Switzerland. 
Finn Willy Poulsen and Helmuth Toftegaard 

The Working Party on Nuclear Corrosion (under 
The European Federation of Corrosion). 
Kaj Rorbo 

International Advisory Committee for the Fifth 
International Conference on Fusion Reactor Ma
terials. Clearwater, USA. 
Bachu N. Singh 

Organizing Committee of the 16th International 
ASTM Symposium on Effects of Radiation on 
Materials. Denver, USA. 
Bachu N. Singh 

Nordic Society for Thermal Analysis and Calori-
metry. Riso, Denmark. 
Ole Toft Sørensen (Chairman) 
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6 Education and Training 
Many of the Department's staff members are act
ively involved in education and training in ma
terials science as university external lecturers and 
examiners. Further, research on projects by un
dergraduate, post-graduate and post-doctoral stu
dents was carried out under the supervision of 
Department staff members. 

External Lecturers 
Kristoffer Almdal 
»Testing Methods: Application, Limitation, Ad
vantages and Disadvantages«. Pharmaceutical 
Post-Experience Course on Polymer Chemistry, 
The Pharmaceutical Society, DK. 

Janet J. Bentsen 
»Advanced Technical Ceramics«. University of 
Aarhus, DK. 

Niels Hansen and Kaj Rorbo 
»Materials Science«. The Danish Academy of En
gineering, Lyngby. 

Hans Lilholt 
»Computer Science Applied to Mechanics for In
dustry«. European Compact Course, Paris, 
France. 

Walther Batsberg Pedersen 
»Advanced Course on Liquid Chromatography«. 
Royal Danish School of Pharmacy, Copenhagen, 
DK. 

Ole Toft Sørensen 
»Solid State Chemistry«. Danish Technical Uni
versity, Lyngby. 

External Examiners 
Svend Ib Andersen 
M.Sc. examiner, Technical University of Den
mark, Lyngby. 

C.P. Debel 
B.Sc. examiner, Københavns Teknikum, Copen
hagen. 

Morten Eldrup 
Ph.D. examiner, University of Calcutta, India. 

Soren Hvilsted 
Ph.D. examiner, Technical University of Den
mark, Lyngby. 

Torben Leffers 
M.Sc. examiner, Technical University of Den
mark, Lyngby. 

Hans Lilholt 
M.Sc. examiner, Technical University of Den
mark, Lyngby. 

Hans Lilholt 
M.Sc. examiner, The University of Aalborg, DK. 

Hans Lilholt 
Ph.D. examiner, Technical Uni'ersity of Den
mark, Lyngby. 

Hans Lilholt 
Ph.D. examiner, The University of Aalborg, DK. 

Hans Lilholt 
Dr.Ing. examiner, Technical University of Nor
way, Trondheim, Norway. 

Walther Batsberg Pedersen 
M.Sc. examiner, Technical University of Den
mark, Lyngby. 

Finn Willy Poulsen 
Dr.Scient. examiner, The University of Oslo, 
Norway. 

Ole Toft Sørensen 
Ph.D. examiner. The University of Delft, The 
Netherlands. 

Ole Toft Sørensen 
Dr. Scieni. examiner. The University of Oslo, 
Norway. 
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Colloquia held at Risø 
»Defect Production and Accumulation during Ir
radiation«. 19 Feb. 
Dr. B.N. Singh, Risø National Laboratory. 

»Deformation Structures in Rolled Copper«. 14 
Mar. 
Dr. V.S. Ananthan, Riso National Laboratory. 

»High Temperature Embrittlement of Metals by 
Helium«. 4 Apr. Professor H. Ullmaier, Institut fur 
Festkorperforschung der Forschungszentrums Julich 
and Association EURATOM-KFA, Germany. 

»Nanocrystalline Materials«. 17 Apr. 
Professor A. Tholen, Laboratory of Applied Physics, 
Technical University of Denmark. 

»The Application of the Eshelby Method of In
ternal Stress Determination for Short Fibre Me
tal Matrix Composites«. 30 Apr. 
Dr. O.B. Pedersen, Risø National Laboratory. 

»Residual Stresses in Cemented Carbide Compo
sites^. 16 May. 
Dr. A. Krawitz, MAEDepl. and MURR University 
of Missouri, U.S.A. 

»Microstructural Changes in Irradiated Copper«. 
4Jun. 
Dr. S.J. Zinkle, Metals & Ceramics Division, Oak 
Ridge National Laboratory, U.S.A. 

»Effect of Irradiation on the Microstructure and 
Electrical Properties of Ceramics«. 13 Jun. 
Dr. S.J. Zinkle, Metals and Ceramics Division, Oak 
Ridge National Laboratory, U.S.A. 

»Microstructural Simulation of Dynamic Re-
crystallization«. 18 Jun. 
Dr. A.D. Rollett, Los Alamos National Laboratory, 
U.S.A. 

»The Development of Deformation Microstruc-
tures at Large Strains in Rolling«. 12 Jun. 
Dr. D.A. Hughes, Sandia National Laboratories, 
U.S.A. 

»Rolling« and Recrystallization of Cube Oriented 
Aluminium Crystals. 27 Jun. 
Dr. J.H. Driver, Ecole des Mines de St. Etienne, 
France. 

»Status of SOFC Development and Some De
tailed Properties of Interconnection Materials«. 
28 Jun. 
Dr. I. Yasuda, Tokyo Gas Co., Japan. 

»Stresses and Strains in Matrix Cracked Compo
site Laminates - Analysis and Experiments«. 9 
Jul. 
Dr. S. Ost lund, Swedish Institute of Composites, Pi-
teå, Sweden. 

»Working Areas and Organisation of the Mater
ials Science Department«. 6. Aug. 
Dr. P.D. Parsons, AEA Industrial Technology, Ris-
ley Laboratory, U.K. 

»Bounds and Microgeometries for Elastic Com
posites with Symmetry«. 9 Aug. 
Dr. R. Lipton, Worcester Polytechnic Institute, 
U.S.A. 

»The Flow Behaviour of Superplastic Ceramics: 
A Comparison with Superplasticity in Metals«. 13 
Aug. 
Professor T.G. Langdon, University of Southern Ca
lifornia, U.S.A. 

»Fast and Ultrafast Mass Transport in n-Zr«. 24 
Sept. 
Dr. G.M. Hood, Chalk River Laboratories, Canada. 

»The Influence of Microstructure on the Mech
anical Properties of Engineering Alloys«. 11 Nov. 
Professor A. Rosen, Technion-Israel Institute of 
Technology. 

»Determination of the True ODF from Individ
ual Measurements«. 5 Dec. 
Professor R. Penelle, Université de Paris-sud. 

»A Wide Band Neutron Chopper and Some Ex
periments on Meta" ;" Materials«. 20 Dec. 
Dr. M. Ono, Kyoto University, Japan. 
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Post-graduate (Ph.D.) Projects 
Henrik Albertsen 
»Interlaminar Fracture in Composites«. DLR, 
Cologne, Germany and Technical University of 
Denmark, Lyngby. 
Svend Ib Andersen 

Erik O. Ahlgren 
»Thermoelectric Effects in Solid Oxide Fuel 
Cells«. Technical University of Denmark. 
Finn Willy Poulsen 

Charlotte Clausen 
»Characterization of Interfaces in Ceramics by 
Electron Microscopy«. Technical University of 
Denmark/Danish Research Academy. 
Jørgen B. Bilde-Sorensen 

Ole Jørgensen 
»Impact Damage in Laminates«. Technical Uni
versity of Denmark/Danish Research Academy. 
Svend lb Andersen, Povl Brøndsted and Hans Lil
holt 

Niels Christian Krteger Lassen 
»Automatic Determination of Crystallographic 
Orientations by Scanning Electron Microscopy«. 
Technical University of Denmark/Danish Re
search Academy. 
Dorte Juul Jensen 

Jes R. Poulsen 
»Investigations of Defects in Ceramic Materials 
using Positron Annihilation Techniques«. Uni
versity of Copenhagen/Danish Research Acade
my. 
Janet Bentzen, Morten Eldrup and Andy Horsewell 

Niels Jacob Sørensen 
»Thermomechanical Properties of Metal Matrix 
Composites at High Strains and Temperatures«. 
Technical University of Denmark/Danish Re
search Academy. 
Niels Hansen, Dorte Juul Jensen and Hans Lilholt 

Niels Tiedje 
»Gas-Atomized Metal Powder - Microstructure 
in Relation to Mechanical Properties of Consoli
dated Powder«. Technical University of Den
mark, Lyngby. 
Allan Schroder Pedersen 

David Tricker 
»The Electron Microscopical and Electrical 
Characterization of Boundaries in Solid Oxide 
Fuel Cell Materials«. University of Cambridge, 
UK. 
Jørgen B. Bilde-Sorensen 

Undergraduate Projects. 
Jesper Højmark Esbensen and Christian Draby 
»Aluminium/Silicon-Carbide Metal Matrix Com
posites«. Danish Academy of Engineering, Lyng-
by-
Hans Lilholt and Niels Hansen 

Uffe Rud Hansen and Thomas Lindegaard 
»Cerium Oxide as Anode Material in Oxide Fuel 
Cells«. Danish Academy of Engineering, Lyng-
by. 
Mogens Mogensen 

Per Ladefoged and Jens Berth 
»Abrasive Wear of Advanced Technical Cera
mics«. Danish Academy of Engineering, Lyngby. 
Ole Toft Sørensen and Niels Hansen 

Morten Lassen and Grete Kornerup 
»Light Weight Portable Wheel Chair Ramp«. 
Haslev Teknikum, Haslev, DK. 
Povl Brøndsted and Bjørn S. Johansen 

Claus Frederichsen and Henrik W. Schou 
»Determination of Stress Intensity Factors for 
Transformation - Hardening Zirconia Cera
mics«. Danish Academy of Engineering, Lyngby. 
Ole Toft Sørensen and Niels Hansen 
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7 Visiting Scientists and Students 
The following visiting scientists worked in the 
Department during 1991: 

Dr. Claire Barlozv 
University of Cambridge, UK. 26 Aug -14 Sept 

Prof. Frank S. Bates 
University of Minnesota, USA. 27 June - 9 July 
and 12 - 22 Dec 

Dr. Julian Driver 
Ecole Nationale Superieure des Mines, Saint-Eti-
enne, France. 6 June - 6 July. 

Dr. Gavin M. Hood 
Atomic Energy of Canada Ltd., Chalk River, Ca
nada. 21 - 28 Sept 

Dr. DarcyA. Hughes 
Sandia National Laboratory, USA. 24 May - 23 
June 

Dr. M.T. Hutckings 
AEA Technology, Harwell, UK. 25 Nov - 3 Dec 

Dr. Aron Krawitz 
University of Missouri, USA. 3 -19 May 

Prof. Terence G. Langdon 
University of Southern California, USA. 5 - 16 
Aug 

Dr. Masayoshi Ono 
Kyoto University, Japan. 12 Oct - 27 Dec 

Dr.A.D.Rollett 
Los Alamos National Laboratory, USA. 14 June -
23 July 

Dr. John Root 
Atomic Energy of Canada Ltd., Chalk River, Ca
nada. 14 - 29 April and 23 July - 3 Aug 

Prof David A. Shores 
University of Minnesota, USA. 1 - 31 Aug 

Dr. Alia Taha 
Egyptian Atomic Energy Authority, Egypt. 9 
April - 5 July 

Dr. Colin Windsor 
AEA Technology, Harwell, UK. 1 - 9 Dec 

Dr. Chung H. Woo 
Atomic Energy of Canada Ltd., Pinawa, Canada. 
8 - 21 Sept 

Dr. S.J. Zmkle 
Oak Ridge National Laboratory, USA. 15 April -
15 July 

The following foreign students worked in the 
Department during 1991: 

Arup Basu 
University of Manchester, UK. 26 Aug - 6 Sept 

Alan Humphreys 
LTniversity of Oxford, UK. 17 June -16 Sept 

Jeffrey H. Rosendale 
University of Minnesota, USA. 27 June- 8 July 

Patrick H.M. Tan 
Brunei University, UK. 9 April - 30 Sept 
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8 Staff of the Department 
Head of Department 
Niels Hansen 

Scientific staff 
Adolph, Eivind 
Almdal, Kristuffer 
Andersen, Svend I. 
Bagger, Carsten 
Bentzen, Janet J. 
Berg, Rolf H. 
Bilde-Sorensen, Jorgen B. 
Borring, Jan 
Borum, Kaj K. 
Brøndsted, Povl 
Carlsen, Hans 
Christensen, Jorgen 
Christensen, Lone * 
Debel, Christian P. 
Eldrup, Morten 
Gotthjzlp, Klaus 
Gundtoft, Hans E. 
Horsewell, Andy 
Hvilsted, Soren 
Johansen, Bjørn S. 
Juhl, Mette * 
Juul Jensen, Dorte 
Knudsen, Per 
Leffers, Torben 
Lilholt, Hans 
Lindegaard, Thomas * 
Liu, Yi Lin 
Lorentzen, Torben 
Lystrup, Aage 
Løgstrup Andersen, Tom 
Malmgren-Ha i'aowii, b j ø m , until 31 Aug. 

Mogensen, Mogens 
Pedersen, Allan Schrøder 
Pedersen, Ole Bøcker 
Pedersen, Walther Batsberg 
Poulsen, Finn W. 
Rørbo, Kaj 
Singh, Bachu N. 
Sørensen, Ole Toft 
Thomsen, Niels B., until 20 March 
Toft, Palle 
Toftegaard, Helmuth L. 
Østergård, Maria J.L. * 

Postgraduate Students 
Ahlgren, Erik * 

Clausen, Charlotte 
Jorgensen, Ole 
Krieger Lassen, Niels C. * 
Moller, Carsten V. * 
Poulsen, Jes R. * 
Sørensen, Bent 
Sørensen, Niels J. 
Tiedje, Niels * 
Tricker, David 

Guest Scientists 
Alcock, Jeffrey R * 
Ananthan, V.S., until 23 April 
Jiang, Zhen-Jian * 
Nyberg, Eric, until 31 Oct. 
Rosen, Gady * 
Warner, Dean * 
Warner, Kathryn * 

Consultants 
Domanus, Josef 
Kindl, Bruno 
Nilsson, Tage M. 
Waagepetersen, Gaston 

Technical Staff 
Adrian, Frank 
Andersen, Axel B. 
Andersen, Kaj K. * 
Aukdal, Jørgen A. 
Borchsenius, Jens F.S. 
Biilow Christensen, Carl J. 
Bønke Nielsen, Anne 
Christensen, Peter M. * 
Christensen, Svend F. 
Dreves Nielsen, Poul 
Frederiksen, Henning 
Gravesen, Niels Nørgaard 
Hansen, Lotte 
Hansen, Niels J. * 
Hersbøll, Bent 
Hubert, Lene 
Jensen, Finn E. 
Jensen, Knud 
Jensen, Palle V. 
Jepsen, Ole Kjær 
Jespersen, John 
Kjøller, John 
Klitholm, Cliver 
Larsen, Bent 

Larsen, Jan 
Larsen, Kjeld J.C. 
Lindbo, Jørgen 
Mikkelsen, Claus 
Nielsen, Ove 
Nielsen, Palle H. 
Nielsen, Peter * 
Nielsen, Preben, until 30 June 
Nilsson, Helmer 
Nørgaard, Jesper * 
Olesen, Preben B. 
Olsen, Benny F. 
Olsen, Bent K., until 31 Aug. 
Olsen, Henning 
Olsen, Ole 
Olsson, Jens O. 
Paulsen, Henrik 
Pedersen, Borge E. 
Pedersen, Knud E. 
Pedersen, Niels Jorgen 
Petersen, Jan H.... 
Rasmussen, Johnny *, until 22 Oct. 
Robl, Steen 
Sandsted, Kjeld 
Strauss, Torben R. 
Sørensen, Erling 
Thomsen, Leif F.T. 
Aagesen, Sven 

Office Staff 
Baastrup Christensen, Helle * 
Dreves Nielsen, Elsa 
Helbo Pedersen, Anne, until 31 Aug. 
Hoffmann Nielsen, Lis 
Jørgensen, Lone, until 30 June 
Lauritsen, Grethe W. 
Sindholt, Birgitte * 
Sørensen, Eva M. 
Thomsen, Ann 

Apprentices 
Christensen, Kim 
Enghave, Christian 
Forne, Anders 
Hansen, Morten 
Nielsen, Jens C. 
Nielsen, Niels O. 
Olsen, Morten 
Westergaard, Kenneth B. 

In 1991,9 staff members left the Department and 11 new members joined (*) the Department. 
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9 Finances 
The Department receives its financial support 
partly through basic governmental funding, and 
partly through national and international project 
oriented funds. 

The numbers given are in units of 1000 Danish 
kroner. In parentheses the equivalent number in 
units of 1000 USD (1 USD equals 6.06 DKK) is 
given. 

Income 

Basic funding: 
(Ministry of Energy) 

Project funding: 

1000 DKK 

18700 

25984 

44684 

1000 USD 

3086 

4288 

7374 

Investments 

Equipment 

Financing: 
Basic Funds 
Project Funds 

1000 DKK 

2830 

0 
2830 

1000 USD 

467 

0 
467 

Expenditure 1991 

Salaries 
Operating expenses: 

Equipment: 
Contribution: 
Administrative charge: 
Total: 

Basic Funds 
1000 DKK 

15970 
2730 

0 
-
-

18700 

1000 USD 
2635 
450 

0 
-
-

3086 

Project Funds 
1000 DKK 

12530 
5694 

2830 
322 

3638 
25014 

1000 USD 
2068 
940 

467 
53 
00 

4128 

Total 
1000 DKK 

28500 
8424 

2830 
322 

3638 
43714 

1000 USD 
4703 
1390 

467 
53 

60C 
7214 

DR3 Fuel 
Elei/'rnts 5 % 

Industrial 
Projects 7 "/<: 

International 
Projects M" 

Basic Funding 
34 "/„ 

Project 
Research 52 

OR', Fuel 
F.lemcnts T ' 

Administration 
etc. I I "•;. 

Income Manpower 
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In 1990, direct funding from the government re
presented 45% of the Department's income. Cut
backs during the period 1990 to 1991 amounted to 
DKK 2.2 million (2.4% inflation adjusted) or 
10.7% of direct funding. In 1991, direct funding 
had therefore dropped to 42% of the total income 
to the Department. At the same time, there was 
only a marginal increase in contract funds. The 
resulting fall in income to the Department 
amounted to approximately DKK 2 million from 
1990 to 1991. This corresponds to an overall re
duction in income of 4.5% in the course of the 
fiscal year. 

Funds available for salaries to scientific and 
technical staff involved in long term, basic re
search were reduced during 1991 by DKK 1.2 mil
lion (-6.8%) and staff were transferred to contract 
funded programmes. The expenditure on salaries 
for contract rese?rch was increased by DKK 2.85 
million which corresponds to an increase of 29% 
compared to 1990. Part of this increase relates to 
a larger in-take of research students, post-docs 
and guest scientists. 

During this period, the Department's contri
bution to central resources (Risø 'tax') and cen
tral administration charges fell marginally 
(minus DKK 0.3 million). Also, there was a sig
nificant reduction in the Department's expendi
ture both in the purchase of new equipment and 
in operating costs. These reductions amounted to 
DKK 3 million, or 21%, in 1991 as compared to 
1990. 

During 1991, st?ff deployment on project fun
ded research was increased by 8.6 man years (24% 
increase) while the direct funded research effort 
was reduced by 0.4 man years (-2.4%). As a result, 
the ratio of staff (scientific and technical) de
ployed on direct funded research to staff de
ployed on contract funded research was reduced 
from 0.32 to 0.27 from 1990 to 1991. 

The number of post-graduate (Ph.D.) students 
and post-doctoral scientists has increased mark
edly during this period. There were 10 Ph.D.s 
and 4 post-docs in 1991 compared to 6 Ph.D.s and 
2 post-docs in 1990. 
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10 Publications 

International 

1. Ali, M.E.S.; Houtc, S.E.; Sørensen, 
O.T., Strengthening of magnesium parti
ally stabilized zirconia by surface modifi
cation. Ceramics International 17 (1991) 
309-314. 

2. Ananthan, V.S.; Hall, E.O., Macro
scopic aspects of Ludere band deforma
tion in mild steel. Acta Metal!. Mater. 
(1991)v.39p. 3153-3160. 

3. Ananthan, V.S.; Leffers, T.; Hansen, 
N., Cell and band structures in cold rolled 
polycrvstalline copper. Materials Science 
and Technology! 1991 )v. 7 p. 1069-1075. 

4. Ananthan, V.S.; Leffers, T.; Hansen, 
N., Characteristics of second generation 
microbands in cold-rolled copper. Scr. 
Metall. Mater. (1991) v. 25 p. 137-142. 

5. Andruzzi, K; Hvilsted, S., Comb-
shaped polyesters of aliphatic dicarboxylic 
acids and 2-octadecyl-l,3-propanediol: 1. 
Synthesis and microstructure. Polymer 
(1991 )v. 32 p. 2294-2299 

6. Barlow, C.Y.; Hansen, N., Deforma
tion structures and How stress in alumini
um containing short whiskers. Acta Me
tall. Mater. (1991) v. 39 p. 1971-79. 

7. Barlow, C.Y.; Liu, Y.L.; Hansen, N., 
The influence of whisker coating on the 
mechanical properties of an aluminium-
based MMC. In: Imerfacial phenomena in 
composite materials '91. 2nd International 
conference on interfacial phenomena in 
composite materials, I.cuvcn, Belgium 
17-19 Sept 1991. Verpoest, I.; Jones, F. 
(eds.), (Butterworth-Heinemann, Oxford, 
1991)p. 171-174. 

8. Bates, F.S.; Almdal, K.; Koppi, K.; 
Mortensen, K., Multiple ordered phases 
in a block copolymer melt. Bull. Am. 
Phys. Soc.(1991)v. 36 p. 947. 

9. Bates, F.S.; Almdal, K.; Mortensen, K., 
Order and disorder in block copolymer 
melts. Bull. Am. Phvs. Soc. (1991) v. 36 p. 
429. 

10. Becker, K.; Ruckwied, A.; Allan, D.; 
Com Nougue, J.; Knosp, B.; Saisse, H.; 
Brøndsted, P.; Bridge, M.; Lyons, M , 
The effect of surface degradation on fati
gue and fracture behaviour. Final Techni
cal Report on BRITE Project P 1435-85. 
Contract RI IB-0167. 1991. 

11. Berg, R.H.; Almdal, K.; Pedersen, 
W.B.; Holm, A.; Tarn, J.P.; Merrifield, 
R.B., Film-supported solid-phase peptide 
synthesis. In: Peptides 1990. Proceedings. 
21st European peptide symposium, Platja 
d"Aro, 2-8 Sep 1990. Giralt, E.; Andreu, 
D. (eds), (Escom, I.eiden, 1991) p. 149-
150. 

12. Brøndsted, P.; Adrian, F.; Olsson, J., 
Tensile and fatigue properties of RS Al-al-
loys at room temperature and at elevated 
temperatures. Final technical report on 
EURAM programme, contract MAI ' 
0070'C: »Fatigue properties of high 
strength aluminium transition metal base 
alloys produced by rapid solidification 
processing«. 

13. Bojsue-Jorgensen, P.; Juul Jensen, D.; 
Clausen, K.N.; Thorsen, K.A.; Hirosawa, 
S., Texture in neodymium-iron-boron 
permanent magnets. In: Metal matrix 
composites - processing, microstructure 
and properties. 12th Riso international 
symposium on materials science, Riso, 2-6 
Sep 1991. Hansen, N.; Juul Jensen, D.; 
Leffers, T.; Lilholt, H.; Lorentzen, T.; 
Pedersen, AS. ; Pedersen, O.B.; Ralph, B. 
(eds.), (Riso National Laboratory, Ros
kilde, 1991) p. 277-282. 

14. Clausen, C ; Bentzen, J.J.; Bilde-Sør-
ensen, J.B., Diffusion and microstructure 
at the interface YSZ - CeO,. Riso-I-577 
(EN). (Risø National Laboratory, Ros
kilde, DK, I991). 

15. Christensen, J.; Nielsen, P.D., Solid 
state diffusion bonding of alumina and 
zirconia. In: High technology joining. 
BABS 6th International conference, Strat
ford-upon-Avon, UK, 3-5 Sep 1991. (Brit
ish Association for Brazing and Soldering, 
Abington, 1991). 

16. Domanus, J.C., Dimensional mea
surements from neutron radiographs of 
nuclear reactor fuel. Int. Adv. Nondestr. 
Test. (1990) v. 15 p. 53. 

17. Eldrup, M.; Skov Pedersen, J.; Horse-
well, A.; Jensen, K.O.; Evans, J.H., Com
parison of results from different experi
mental techniques (SANS, TEM, PAT, 
SEM) applied to bulk Cu and Ni contain
ing krypton. In: Fundamental aspects of 
inert gases in solids. Workshop on funda
mental aspects of inert gases in solids, Bo-
nas, France, 16-22 Sept 1990. Donnelly, 
S.E.; Evans, J.H. (eds), (Plenum Press, 
New York, 1991) (NATO Advanced 
Study Institutes scries B: Physics, 279) p. 
221-229. 

18. Fehlner, P.F.; Berg, R.H.; Tam, J.P.; 
King, T.P., Murine T cell responses to 
melittin and its analogs. J. Immunol. 
(1991)v. 146 p. 799-806. 

19. Garner, FA. ; Hamilton, ML. ; Ed
wards, D.J.; Singh, B.N.; Stubbins, J.F.; 
Shikama, T.; Zinkle, S.J.; Samal, P., Sta
tus of copper irradiation experiments. In: 
Fusion reactor materials. Semiannual 
progress report for the period ending 
March 31, 1991. DOE-ER-0313-10 (1991) 
p. 186-191. 

20. Gelles, D.S.; Singh, B.N.; Horsewell, 
A.; Sommer, W.F.; Garner, F.A., Micro-
structural examination of pure copper and 
Cu-5Ni irradiated with fission or spalla
tion neutrons. In: Fusion reactor mater
ials. Semiannual progress report for the 
period ending March 31, 1991. DOE ER 
0313-I0(!991)p. 167-185. 

21. Gundtoft, H.E.; Borum, K.K., Non
destructive ultrasonic testing methods for 
polvmer composites, Riso-I-568 (EN), 
Aug 1991,11 p. 

22. Gundtoft, H.E.; Borum, K.K., Non 
destructive scanning methods for ad
vanced technical ceramics. Riso-I-
569(EN), Sept 1991. 9 p. 

23. Grose R L ; Hvilsted, S.; Siesler, 
H.W., x b . destruction-free analyst1 of 
polymers t>y Fourier transform Kirarcd 
photoacoustic and Fourier transform Ra
man spectroscopy: a comparison. Makro-
mol. Chcm., Macromol. Symposium 52 
1991,175-189. 

24 Hammelrath, H.; Butler Jr. J. F ; Juul 
Jensen, D.; Leffers, T.; Hu, H; Lucke, 
K., An ODF study of the deformation and 
rccrystallization textures of rolled and 
channel-die compressed high purity cop
per. Textures Microstruct. (1991) v. 13 p. 
165-187. 

25. Hansen, A.B.; Larsen, E.; Pedersen, 
W.B.; Nielsen, A.B., Wax precipitation 
from North Sea crude oils. 3. Precipita
tion and dissolution of wax studied by dif
ferential scanning calorimcirv. Energy 
Fuels (1991 )v. 5 p. 914-923. 

26. Hansen, N., Distributions of glide 
systems in cell forming metals. In: 
»Modelling the Deformation of Crystal
line Solids«. Lowe, T.C.; Rollctt, A.D.; 
Follansbec, P.S. (eds.) (The Minerals, Me
tals & Materials Society, Warrendale, 
USA, 1991), p. 37-49. 
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27. Hansen, N.; Juul Jensen, D., Influ
ence of texture and microstructure on 
flow stress. In: Strength of metals and al
loys. Vol. 2. 9th International conference 
on the strength of metals and allovs. ICS-
MA-9. Haifa, Israel. 14-19 July 1991. 
Brandon, D.G.; Chaim. R.; Rosen, A. 
(eds.), (Freund Publishing Company, 
London, 1991) p. 953-960. 

28. Hansen, N.; Juul Jensen, D., Micro
scopic and crystallographic aspects of flow 
stress anisotropy. In: Anisotropy and lo
calization of plastic deformation. PLAS
TICITY '91: The 3rd international sym
posium on plasticity and its current appli
cations. Grenoble. France, 12-16 Aug 
1991. Boehler, J . P . ; Khan, AS. (eds), 
(Elsevier Applied Science, London, 1991) 
p. 131-134. 

29. Hansen, N.; Juul Jensen, D., Mech
anisms of deformation, recovery and re-
crystallization of aluminium. In: Hot de
formation of aluminium alloys. Langdon, 
T.G.; Merchant, H.D.; Morris, J.G.; Zai-
di, M.A. (eds.), (The Minerals, Metals and 
Materials Society, Warrendale, USA, 
1991) p. 3-19. 

30. Hansen, N.; Juul Jensen, D.; Letters, 
T.; Lilholt, H.; Lorentzen, T.; Pedersen, 
A.S.; Pedersen, O.B.; Ralph, B. (eds), 
Metal matrix composites - processing, mi-
crostructure and properties. 12th Riso in
ternational symposium on materials sci
ence, Riso, 2-6 Sep 1991 (Riso National 
Laboratory, Roskilde, 1991) 750 p. 

31. Heinisch, H I . . ; Singh, B.N., The 
morphology of collision cascades as a 
function of recoil energy. J. Nucl. Mater. 
(I991)v. 179 181B p. 893-896. 

32. Horsewell, A., Monte Carlo simula
tions of cascade defect distributions in 
thin foil and bulk irradiations using the 
TRIM code. Radial. Hff. Defects Solids 
(1991 ) v . H 7 p . 273-284. 

33. Horsewell, A.; Hansen, N. (eds.), 
Materials Department. Annual report 
1990. Riso-R-590(1991)64p. 

34. Horsewell, A.; Singh, B.N.; Procn-
neeke, S.; Sommer, W.F.; Heinisch, H.L., 
Defect structures in copper and gold irra
diated with fast neutrons, 14 MeV neu
trons and 600-800 MeV protons. J. Nucl. 
Mater. (1991) v. 179/181B p. 924-927. 

35. Hughes. D.A.; Hansen, N., Micro-
structural evolution in nickel during roll
ing atid torsion. Mater. .Sci. Tcchnol. 
(1991 )v. 7 p. 544-553. 

36. Hughes, D.A.; Liu, Y.L., Microstruc-
tural evolution in warm rolled Al + 5.5 at 
% Mg. In: Hot deformation of aluminium 
alloys. Langdci, T.G.; Merchant, H.D.; 
Morris, J.G.; Zaidi, M.A. (eds.), (The Mi
nerals, Metals and Materials Society, War
rendale, PA, 1991) p. 21-30. 

37. Hvilsted, S-, A route to quantitative 
, ! C NtMR analysis of multicomponent 
polyesters. Makromol. Chcm., Macromol. 
Symposium 52. 1991,199-208. 
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30. Leffers, T., Microstructures, textures 
and deformation patterns at large strains. 
Presented at MECAMAT '91, Interna 
tional Seminar on Large Plastic Deforma
tions, Fontainebleau, France, 7-9 Aug 
1991 

31. Leffers, T.; Lorentzen, T., The plas
tic regime, including anisotropy effects. 
Presented at NATO Advanced Research 
Workshop: Measurement of Residual and 
Applied Stress using Neutron Diffraction, 
Oxford, UK, 18-22 Mar 1991. 

32. Lorentzen, T., Neutron diffraction; a 
materials science tool in the materials de
partment of Riso National Laboratory. 
Presenied at Kvoio University, Osaka, Ja
pan, 7 Aug 199i. 

33. Lorentzen, T,; Kornfeldt, T; Leffers, 
T.; Juul Jensen, D., Residual stress eva
luation in a welded lube assembly using 
neutron diffraction. Presented at the 3rd 
International Conference on Residual 
Stresses. Tokushima, Japan. 24-26 Jul 
1991. 

34. Lorentzen, T.; Leffers, T., Strain 
tensor measurements by neutron diffrac
tion. Presented at NATO Advanced Re
search Workshop: Measurement of resid
ual and Applied Stress using Neutron Dif
fraction, Oxford. UK, 18-22 Mar 1991. 

35. Lorentzen, T,; Leffers, T.; Juul Jen
sen, D., Implementaion and application 
of a PSD set-up for neutron diffraction 
strain measurements. Presented at NATO 
Advanced Research Workshop: »Measure
ment of Residual and Applied Stress using 
Neutron Diffraction«, Oxford, UK, 18-22 
Mar 1991. 

36. Mogensen, M.; Malmgren-Hansen, 
B.; Lindegaard, T.; Hansen, U.R., Pro
perties of CeOj-based SOFC anode mater
ials. Presented and the Second Interna
tional Symposium on Solid Oxide Fuel 
Cells, Athens, Greece, 2-5 Jul 1991. 

37. Poulsen, F.W., Theoretical limits for 
oxygen ion conductors. Presented at the 
2nd Industrie-Seminar: Brennstoffzcllen, 
Stuttgart, Germany, 6 Jun 1991. 

38. Poulsen, F.W.; Buitink, P.; Mal
mgren-Hansen, B., Van der I'auw- and 
conventional 2 point conductivity mea
surements on YSZ-platcs. Presented at the 
Second International Symposium on So
lid Oxide Fuel Cells, Athens, Greece, 2-5 
Jul 1991. 

39 Poulsen, F.W.; Van der Puil, N. 
Phase relations and conductivity of Sr-
and Lazirconatcs. Presented at the 8th 
Solid State Ionics, Lake Louise, Banff, 
Canada, 20-26 Oct 1991. 

40. Pedersen, O.B.; Withers, P.J., Bound
ing the internal stresses and inelastic pro
perties ol random particulate- and short-
fibre composites. Presenied at Kuropcan 
Mechanics Colloquium 278, Microstruc-
ture and Effective Properties of Random 
Particulate Solids, Schumen. Bulgaria, 4-7 
Jun 1991. 

41. Singh, B.N., The role of intercascade 
interstitial clustering in damage accumu
lation. Presented at Institut Gittcrfehlord-
nung. Forsehungszentrum, Jiilich, Ger
many, 6 Jun 1991. 

42. Singh, B.N., Cascade damage and 
temporal evolution of delect microstruc-
ture. Presented at Mechanical, Aerospace 
and Nuclear Engineering Department, 
Universilv of California, Los Angeles, 
USA, 9 Dec 1991. 

43. Singh, B.N.; Woo, C.H., Collision cas
cades and defect accumulation during ir
radiation. Presented at a Symposium in 
Celebration of the 60th Birthday of Dr. 
Ron Bullough, FRS, »Materials Model
ling; from Theorv to Technology«, St. 
Edmund Hall, Oxford, UK, 26-27 Sep 
1991. 

44. Singh, B.N.; Woo, C.H.; Foreman, 
A.J.K., Role of interstitial clustering and 
production bias in defect accumulation 
during irradiation at elevated tempera
tures. Presented at the International Con
ference on Physics of Irradiation Effects 
in Metals, Siofok, Hungary, 20-24 Mav 
1991. 

45. Sørensen, B.F.; Talreja, R.; Søren
sen, O. T., Residual stresses in ceramic-
fiber composites: effect of non-uniform fi
ber distribution. Presented at the 4th In
ternational Symposium on Ceramic Ma
terials and Components for Engines, G6-
teborg, Sweden, 10-12 Jun 1991. 

46. Toftegaard, H., Measurements by 
neutron diffraction of internal strains in 
SOFC materials. Presented at the IEA 
SOFC Workshop, Oslo, Norway, 18-22 
Aug 1991. 

47 Tricker, D M ; Bilde-Sørensen, J.B.; 
Kindl, B.; Stobbs, W.M., The microstruc-
tural characterisation of a solid oxide fuel 
cell. Presented at EMAG '91, Bristol, UK, 
10-13 Sep 1991. 

48. Victoria, M.; Allurralde, M : Cam, A.; 
Horsewell, A.; Procnneckc, S., Radiation 
damage studies with intermediate energy 
protons. Presented at the International 
Conference on the Physics of Irradiation 
Effects in Metals, Siofok, Hungary, 20-24 
May 1991. 

49. Warner, D.A.; Sørensen, O.T., Cera
mic platelet composites produced by pres
sure filtration. Presented at the 2nd Eur
opean Ceramic Society Conference, Augs
burg, Germany, Sep 1991. 

50 West, K ; Poulsen, F.W., Zachau 
Christiansen, B.; Skaarup, S.V., Lithium 
insertion in sputtered vanadium oxide 
films. Presented at 8th Solid State Ionics 
Conference, Lake Louise, Canada, 20-26 
Oct 1992. 

51. Woo, C.H.; Singh, B.N.; Garner, FA., 
Production bias: a new driving force for 
void swelling under cascade damamagc 
conditions. Presented at the Fifth Inter
national Conference on Fusion Reactor 
Materials (ICFRM-5), Clearwater, Flori
da, USA, 17-22 Nov 1991. 

Danish 
1. Almdal, K., Matenuls research at Kiso. 
Order-disorder transformations in block copo
lymer melts, (In Danish). Presented at »Ma
terials Research at Riso« a meeting orga
nized by the Danish Society for Polymer 
Technology, Riso National Laboratory, 
Roskilde, DK, 6 Mar 1991. 

2. Almdal, K., Test methods, their uses and 
limitations, advantages and disadvantages in 
chromatography and rheology. (In Danish), 
Hillerød, DK", Oct 29 1991. 

3. Andersen, S.I.; Sørensen, B., Measure-
mem of thermal expansions coefficients of ani
sotropic materials by the stram gauge method. 
(In Danish). Eksperimentel mekanikdag, 
Riso, 13 Nov 1991. 

4. Bagger, C , Fabrication of thin ceramic 
tape. (In Danish). Presented at the sym
posium »Material i hogtemperaturbransle-
ccller«, Oslo, Norway, 9-10 Dec 1991. 

5. Bentzen, J.J., Oxygen sensors based on 
zirconium oxide ceramics. (In Danish). Pre
sented at center for avanceret teknisk ker
amik, 3rd refercncegruppcmiide, Dan
marks tekniske Højskole, Lvngbv, DK, 
13 May 1991. 

6. Bentzen, J J.; Christensen, J.; Jensen, 
H.; Vågn, !•'., Ceramic oxygen sensors. (In 
Danish). Presented at Center for Avancer
et Teknisk Keramik - 3rd referencegruppe 
mode, The Technical University of Den
mark, Lyngby, DK, 13 May 1991. 
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7. Christensen, J.; Dreves Nielsen, P., 
Joining of advanced technical ceramics. (In 
Danish). Presented at Centre for Advanced 
Technical Ceramics. 3rd Reference Group 
Meeting, The Technical University of 
Denmark, Lyngby, DK, 13 May 1991. 

8. Griiner Hanson, S.; Hurup Hansen, B.; 
Andersen, S.I., Determination of vibration 
patterns by differential interferometry. (In 
Danish). Eksperimentel mekanikdag, 
Risø, 13 Nov 1991. 

9. Hansen, N., Danish experience of evalua
tion procedures and EC programmes. (In 
Danish). Presented at dansk SPEAR infor
mationsdag, Kobenhavn, 7 Jun 1991. 

10. Hvilsted, S., Destruction-free analysis of 
polymer materials by Founer transform infra
red (FTIR) photoacouslic spectroscopy 
(PAS). (In Danish). Presented at IR/FTIR 
interessegruppemode, Perkin Elmer, 
Birkerod, DK, 11 Dec 1991. 

11. Knudsen, P., Solid oxide fuel cells 
(SOFC) in Denmark. (In Danish). Presen
ted at the Meeting on »Brændselsceller -
fremtidens energikilde i Danmark«. Ar-
ranged b\ Ingeniorsammcnslutningen, 
Copenhagen, DK, 16 Jan 1991. 

12. Lorentzen, T., Measurement of residual 
stresses in welded ptpe using neutron diffrac
tion. [In Danish). Eksperimentel mekanik
dag. Riso, 13 Nov 1991. 

13. Lystrup, A., Advanced materials and 
processes. (In Danish). Presented at AP-
Sektionens Forårsmode, Plastindustrien i 
Danmark, Brædstrup, DK, 1 May 1991. 

14. Lystrup, A-, Fibre-reinforced plastic ma
terials (txith continuous fibres) and their pro
perties. (In Danish). Presented at Plastin
dustriens temadag og faglærerkonference 
om plastfaglige emner, Odense, DK, 25 
Mar 1991. 

15. Løgstrup Andersen, T., Fibre rein
forced thermoplastics - fibre preforms and 
winding techniques. (In Danish). Presented 
at Polymerteknisk Selskabs møde, mater
ialeforskning på Risø, Risø National La
boratory, Roskilde, DK, 3 Jun 1991. 

16. Løgstrup Andersen, T., Winding of 
fibre reinforced thermoplastics at room temper-
arure. (In Danish). Presented at reference
gruppe møde i center for plastbaseret 
kompositmaterialer, Dansk Teknologisk 
Institut, Tåstrup, DK, 30 Sep 1991. 

17. Mogensen, M-, The solid oxide fuel cell 
• principle and materials. (In Danish). Pre
sented at the conference "Materiale i hog-
temperaturbrånsleceller«, Olso, Norwav, 
9-10 Dec 1991. 

18. Mogensen, M., Introduction to fuel cells 
and news from the »1990 Fuel Cell Semi
nar«. (In Danish). Presented at the confer
ence Brændselsceller - fremtidens energi
kilde i Danmark, Domus Teehnica, Co
penhagen, DK, 16 Jan 1991. 

19. Mogensen, M-, Ceramics with mixed 
oxide-ion and electronic conductivities. (In 
Danish). Presented at the Conference on 
»Material i hogtemperaturbrånsleceller«, 
Oslo, Norway, 9-10 Dec 1991. 
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12 Posters 

International 
1. Ali, M.; Houtc, S.; Sørensen, O.T.; 
Warner, D., Preparation and properties of 
A1 ;0, - TEP composites. Presented at the 
4th International Symposium on Ceramic 
Materials and Components tor Heat En
gines, Goteborg, Sweden, June 1991. 

2. Clausen, C ; Bentzen, J.J.; Bilde-Sør-
ensen, J.B., Diffusion and microstructure 
at the interface YSZ-CeO:. Presented at 
the Second European Colloquium De
signing Ceramic Interfaces, Petten, Hol
land, 11-13 Nov 1991. 

3. Egholm, M.; Buchardt, (>.; Nielsen, 
P.E.; Berg, R.H., PNA: A novel approach 
to sequence-selective recognition of dou
ble-stranded DNA. In: Innovation and 
perspectives in solid phase synthesis and 
related technologies. 2nd international 
conference, Canterburv, UK, 27-31 Aug 
1991. Epton, M.J. (ed.)', (Polymer Labora
tories Ltd., Church Stretton, 1991) p. 28. 

4. Gundtoft, H.E.; Borum, K.K., Evalua
tion of technical ceramics by scanning 
with ultrasound. Presented at the 5th 
ENDT Sarajevo '91, Yugoslavia, 22-27 
Sep 1991. 

5. Hegedus, F.; Victoria, M.; Sommer, 
W.; Ferguson, P.; Horsewell, A., A new 
method to measure small concentrations 
of transmutational elements in metal sam
ples. Presented at the 5th International 
Conference on Fusion Reactor Materials 
(ICFRM-5), Clearwater, Florida, USA, 
17-22 Nov 1991. 

6. Lorentzen, T.; Leffers, T., On the de
termination of stress/strain tensors from 
strains measured by neutron diffraction. 
Presented at the 3rd International Confer
ence on Residual Stresses, Tokushima, Ja
pan, 24-26 July 1991. 

7. Ranløv, J., Solubility limits of dopants 
in cubic fluorite-iypc phases. Presented at 
the symposium »Material i hogtempcra-
turbransleceller«, Oslo, Norwav, 9-10 Dec 
1991. 

8. Saoucha, A , Pedersen, N.J.; Eldrup, 
M., On source contributions to positron 
lifetime spectra. Presented at the 9th In
ternationa! Conference on Positron Anni
hilation, Szombathelv, Hungary, 26-31 
Aug 1991. 

9. Singh, B.N.; Foremann, A.J.E., Heli
um diffusion and bubble nucieation in 
dislocation cores during irradiation. Pre
sented at the 5th International Conference 
on Fusion Reactor Materials (ICFRM-5), 
Clearwater, Florida, USA, 17-22 Nov 
1991. 

10. Singh, B.N.; Horsewell, A.; Eldnip, 
M.; Garner, F".A., F'ission neutron irradia
tion of copper containing implanted and 
transmutation produced helium. Presen
ted at the 5th International Conference on 
Fusion Reactor Materials (ICFRM-5), 
Clearwater, Florida, USA, 17-22 Nov 
1991 

11. Singh, B.N.; Horsewell, A.; Gelles, 
D.S.; Sommer, W.F.; Garner, F.A., Void 
swelling in copper and copper alloys irra
diated with fission and spallation neu
trons. Presented at the 5th International 
Conference on Fusion Reactor Materials 
(ICFRM-5), Clearwater, Florida, USA, 
17-22 Nov 1991. 

\2. Trinkaus, H.; Singh, B.N.; Foreman, 
A.J.E., Evolution of bubble microstrue-
ture under cascade damage conditions. 
Presented at the 5th International Confer
ence on Fusion Reactor Materials 
(ICFRM-5), Clearwater, Florida, USA, 
17-22 Nov 1991. 

Danish 

1. Ahlgren, E., Thermal stresses in stabilized 
Zrl),. (In Danish). Presented at the sym
posium »Material i hogtemperaturbrånsle-
celler«, Oslo, Norway, 9-10 Dec 1991. 

2. Clausen, C ; Bentzen, J.J.; Bilde-Sør-
ensen, J.B, Electron microscopical character
isation of the YS/.-CeO,. (In Danish). Pre
sented at the symposium »Material • hog-
tcmperaturbransleccllcr«, Oslo, Norwav, 
9-10 Dec 1991. 

3. Gotthjaelp, K.; Dreves Nielsen, P.; 
Joining Project: Diffusion bonding (In Dan
ish). Presented at Refcrenccgruppemude i 
Center for Pulvermetallurgi, Dansk 
Teknologisk Institut, Tåstrup, DK, 29 
Jan 1991. 

4. Gundtoft, H.E.; Borum, K.K., Develop
ment and testing of ultrasonic techniques for 
non-destruclwe evaluation (XDE) of ceramic 
materials. (In Danish). Presented at Center 
Avanceret Teknisk Keramik. 3rd referen
cegruppemode, The Technical University 
of Denmark, Lyngby, DK, 13 May 1991. 

5. Gundtoft, H.E.; Borum, K.K., Charac
terization of long fibred plastic composite ma
terials using SDT methods. (In Danish). 
Presented at Center for plastbaserede 
kompositmaterialer. 2nd referencegruppe-
mode, DTI, Lyngby, DK, 30 Sept 1991. 

6. Knut/, B.C.; Gordes, P.; Bagger, C ; 
Christiansen, N.; Bjerrum, N.J., Fabrica
tion and characterization of La(Ca)CrOj. (In 
Danish). Presented at the symposium 
»Material i hogtemperaturbransleceller«, 
Oslo, Norway, 9-10 Dec 1991. 

7. Toftcgaard, H., 4-pomt AC and DC 
measurement of conductivity ofSOFC mater
ials. (In Danish). Presented at ihe confer
ence »Material i Hogtemperaturbransle
celler«, Oslo, Norway, 9-10 Dec 1991. 

8. Østergård, M.J.L.; Lindegård, T.; 
Bagger, C ; Christensen, L.; Mogensen, 
M., Study of iM^^Sr^MnOf as cathode ma
terial. (In Danish). Presented a: the confer
ence »Material i hogtemperaturbranslecel
ler«, Oslo, Norway, 9-10 Dee 1991. 
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