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1 Introduction 

Research Strategy 

Research and development activities must meet a 
variety of demands at the same tim?. Firstly, the 
research must be of high quality and it must be 
visible. Secondly, research and development acti
vities must serve the needs of society and must 
meet the specific demands of the industrial sec
tor. Finally, national work must be an integral 
part of the international effort. These guidelines 
are followed at Rise National Laboratory where 
medium and long term strategic research is car
ried out within the areas of energy, environment 
and materials. The work in the Materials Depart
ment* concentrates on materials issues. For a 
number of programmes the energy aspect is also 
an integral and important part of the activities. 
Examples of such programmes are solid oxide 
fuel cells, divertor materials for fusion reactors 
ana rotor blades for wind mills. 

Materials research and development in the Ma
terials Department follows the guidelines men
tioned above in the way that our applied pro
grammes are based on long range research within 
fundamental areas. The fundamental pro
grammes extend our knowledge of materials, for 
example through modelling, characterization of 
microstructure and texture and irradiation de
fects, whereas applied programmes concentrate 
on areas such as engineering, materials testing 
and materials performance. Finally, materials 
technology, involving processing and manufac-
turi :g, forms the necessary basis for almost all of 
the work on advanced materials. The groups of 
materials studied are metals, ceramics and poly
mers as well as mixtures of such materials in the 
form of composites. 

The work in the department is organized in 
the form of programmes and projects, which are 
divided into three main areas or disciplines, 
namely materials science, materials engineering 
and materials technology. The different areas, 
programmes and projects are given in this tabic. 

MATERIALS SCIENCE 
Modelling, structure and properties 
Composite materials 
Polymers, structure and properties 
Irradiation defects and fusion materials 
Modelling and characterization, 

MATERIALS ENGINEERING 
Design and testing 
Structural mechanics 
Materials testing 
Non-destructive evaluation 
Materials performance 

MATERIALS TECHNOLOGY 
Fabrication and processing 
Powder metallurgy 
Polymer composites 
Engineering ceramics 
Joining of materials 
Component manufacturing 
Solid oxide fuel cells 

Area programnus and projects 

*Riso National Laboratory was reorganized in 1990 and the Metallurgy Department changed its name 
to the Materials Department. The activities of the Department were not modifieil except within the 
activities on polymer materials which were expanded through the transfer of the polymer group from 
the Chemistry Department. 

Risø-R-S90 5 



Resources 

The present staff situation, in which the Depart
ment has been able to maintain controlled 
growth by hiring young engineers and scientists, 
is satisfactory. This expansion is necesary to 
maintain a favourable age distribution and to en
sure a constant inflow of up-to-date knowledge as 
acquired by candidates and Ph.D's from Danish 
and foreign universities. 

Developments in financial resources are at pre
sent less satisfactory. In 1990, Rise and the De
partment faced severe cuts in basic funding. The 
Depanment has been able to offset these cuts by 
increasing the amount of project funding sup
plied by various sources outside Risø. This 
change in the income structure points towards a 
future with less money for basic research and 
reduced investment in advanced research equip
ment. The problem is exacerbated due to a large 
pan of the project funding not covering all ex
penses; such projects must be supplemented by 
basic funds. As an example, the EEC normally 
covers only 50% of the total expenses on a con
tract. In the present economical climate in Den
mark, an increase in basic funding is not to be 
expected in the near future. Therefore the De
panment must look for sources of income which 
more fully cover individual project research ex
penses. One possibility is increased contract 
work for third ponies. In addition, the develop
ment and supply of materials, process technolog; 
and advanced products on a pilot plant scale 
roust be looked into. 

Research 

In this repon the work in the Depanment is de
scribed according to the various areas given in 
the table above. Research projects may also be 
related to energy and industry. This relationship 
is described in the following and is supplemented 
with a »ubsection on basic research. 

Energy Related Research 
The primary materials research activities in this 
area are related to the development of fuel cells. 
Fuel cells have a high potential for the produc
tion of electricity . d heat with high efficiency 
and low atmospheric pollution; hence the high 
priority given to it by the Ministry of Energy. 
The work focuses on materials development for 
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Solid Oxide Fuel Cells (SOFC) with the aim of 
constructing prototype fuel cells. A national pro
gramme has been initiated for the period 1990-92 
with the panicipation of the utilities, industry, 
research institutes and the Ministry of Energy. 
The management of the whole programme is 
placed in the Depanment. Energy related re
search in the Depanment also encompasses the 
design, materials development and materials test
ing for wind mills which have a high priority 
within the Danish energy programme. Research 
is also continued, although on a limited scale, on 
hydrogen storage in metals. 

The research within the nuclear fission area 
has now been terminated, following tlu. comple
tion, in 1990, of the Third Risø Fission Gas Pro
ject. This marks the end of about 30 years of 
conventional nuclear research. In consequence a 
decommissioning of the Hot Cell facility has 
been initiated. This work is planned for the per
iod 1990-1993 and it is foreseen that the space 
which will become available will be used for 
other purposes, e.g. laboratories for fuel cells de
velopment and for polymer research. Finally 
within energy research, the Depanment panici-
pates with materials research in the European fu
sion technology programme. 

A prototype solid fuel cell being tested in a furnace at 
lOOVC with supply of hydrogen and air to the elec
trodes. 
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Industry Related Research 
Within the general area of materials research the 
Department is an active partner in the Danish 
Programme on Materials Technology. This pro
gramme has a budget of DKK 495 mio. over the 
period 1989-1994. About half of this money will 
be spent on financing five »centres« which are 
formalized collaborative arrangements between 
partners from industry, research organizations 
and universities. The research programmes for 
each centre is agreed upon amongst the partners; 
the tasks are primarily those gi.en a high priority 
by the industrial partners. The Department par
ticipates in three centres, namely the centre of 
polymer composites, the centre of powder metal
lurgy and the centre of engineering ceramics. 
The administration and coordination of two of 
the centres is placed in the Department. The 
work in the centres is supplemented by »pro
grammes« with fewer participants but still with 
the objective that the results must be of indus
trial interest. About one third of the total budget 
is reserved for such programmes where the De
partment participates in two: one on polymers 
and another on modelling mechanical properties 
of materials. The administration and coordina
tion of these programmes is placed in the Depart
ment. In total, the annual income to the Depart
ment from this national programme is about 
DKK 10 mio. per year. Our large involvement in 
the national Programme on Materials Techno
logy reflects the strong position held by the De
partment within Danish materials research and 
development. It also illustrates how important 
this programme is for the development of the 
Department's expertise within the materials area. 

Industry related research in the Department 
also includes a number of individual projects in 
most cases carried out on a proprietary basis. 
Such work relates to design, materials selection 
and materials testing, non-destructive evaluation 
and failure analysis. Furthermore the Depart
ment undertakes work as an industrial subcon
tractor in areas where special expertise has been 
built up, e.g. in brazing of components for the 
electronics industry. Finally the Department 
operates a fuel element plant for the manufactur
ing of low enriched fuel elements for research 
reactors. 

Newly constructed test rig for in-situ neutron diffrac
tion. Internal stresses in metal matrix composites trill 
be determined during loading at elevated tempera
tures. 

Basic Research 
The long range basic programme covers areas re
lated to the applied programmes described above. 
Even though the research is of fundamental na
ture, projects are initiated in response to specific 
technological and engineering demands for new 
and improved materials. Within this framework, 
research topics to be tackled are selected on 
scientific merit. The research covers modelling 
of materials, behaviour and characterization of 
structure and properties. The materials investiga
ted are metals, polymers and ceramics. Compo
sites research is a special area and materials are 
here metal-matrix composites, polymer compo-
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sites and ceramic matrix composites. In the study 
of composites behaviour, a maior activity is the 
use of neutron diffraction to measure internal 
elastic strains in order to study thermal and 
mechanical stresses. Such stresses build up both 
during manufacturing and during the exposure 
to loads and temperatures when the composites 
are used in engineering components. 

Polymer research is newly integrated into the 
Department and the general objective is to ex 
plore the relationship between properties and the 
molecular and microstructure of polymers and 
mixtures of polymers. An important pan of this 
work is to study and modify surfaces of various 
polymeric systems. 

Radiation damage of metallic materials is also 
studied especially the problem of simulating the 
damage which will take place in a fusion reactor. 
The experience gained within this area on the 
formation, transport an<i accumulation of crystal 
defects and gases is now being implemented in 
studies of defects in ceramic materials and of the 
behaviour of gases in materials. 

An important part of the basic research pro
gramme is the development of advanced experi
mental techniques within the areas of neutron 
diffraction (especially texture and internal stress 
measurement), small angle neutron scattering, 
positron annihilation and electron microscopy. A 
pan of the work is the development of fully auto
mated techniques for the analysis of experi
mental outputs, e.g. in the form of micrographs 
and diffraction diagrams. 

Distribution of manpower on research supported by 
basic and project funds. 

Within nearly all research areas of the Depart
ment there is an active international cooperation. 
This is reflected in the many foreign students 
and guest scientists who have worked in the De
partment during the year. This cooperation is 
abo demonstrated by the many joint authorships 
of the scientific publications of the Department. 

Participation in Danish research programmes 
has led to an active engagement in many pro
grammes under the auspices of the EEC Of spe
cial importance is the BRTTt. EURAM pro
gramme. The Dep? jnent participates in re
search related to materials modelling, compo
sites, materials testing, engineering ceramics, 
powder metallurgy, brazing and materials for fuel 
cells. Our activities in nine BRTTEEURAM pro-
granuies are supplemented by participation in 
two Joule Programmes on fuel cells and on the 
design and testing of rotor blades for wind mills. 

The broad international collaboration as well 
as the close relationships between the pro
grammes of the Department within the European 
and the Danish framework support an important 
role as a »brdge« between international and na
tional mater als research. This function has an 
important bearing on issues such as technology 
import and technology transfer. A new initiative 
in this area is to actively engage the Department 
in the formulation and organiza:ion of new inter
national projects with the special objective of in
creasing the involvement of the Danish industry 
in European sponsored research. 

As part of the international collaboration, staff 
members are representated in many committees, 
advisory groups etc. 

Achievements 

A number of scientific and technical achieve
ments made during the year can be mentioned. 
The Third Rise Fission Gas Project has been 
successfully completed and a national pro
gramme on solid oxide fuel cells has been initia
ted. In the area of materials modelling, two large 
contracts were obtained: one within the Danish 
Programme on Materials Technology, »Model
ling of the Mechanical Behaviour of Materials« 
and one within EURAM/BRITE on Modelling of 
Hot Deformation of Aluminium Alloys. These 

8 Risø-R-590 



projects combine theoretical modelling with ex
perimental characteruation of texture by neutron 
diffraction and of lattice misorientaiions Ly elec
tron back scattering patterns. This latter techni
que has successfully been automated. In the area 
of composites, the behaviour of short fiber metal 
matrix composites has been investigated both 
theoretically and experimentally. A publication 
of this work together with the Department of 
Metallurgy and Materials Science at Cambridge 
University was awarded the Acta Metailurgica 
Outstanding Paper Award fer I989. 

In the technology field it was reported in last 
years progress report that an ultra light polymer 
composite racing canoe was designed and built in 
collaboration with students from the Engineer
ing Academy. In this canoe one of the students 
won the World championship in marathon ca
noeing. Within the field of polymers a process 
for surface modification has been patented and 
this invention has created very positive interest 
both from the scientific and from the industrial 
community. Within education a new venture has 
been the participation in the preparation of a 
comprehensive national course for technicians 
and engineers on materials. 

Symposia and Workshops 

An important activity in the Department during 
1990 has been the organization of the »Eleventh 
Rise International Symposium on Metallurgy 
and Materials Science«. This symposium fol
lowed the format of the Rise International Sym
posia and was arranged in collaboration with the 
Danish Center of Engineering Ceramics. The 
number of participants was about 130. The sub
ject for 1991 has been chosen to be »Metal Matrix 
Composites. Processing, Microfracture and Pro
perties«. This symposium is co-sponsored by the 
Danish Centre for Powder Metallurgy. Another 
activity has been a summer school arranged by 
the Nordic Committee for Thermal Analysis. 
The duration of this school was three days and 
the number of participants was about 100. Finely 
the Department was h >st to the jnuuat meeting 
of the Commission of European Communities 
Working Group »Hot Laboratories and Remote 
Handling« and of the Expert Group on Structural 
Materials within the European Fusion Pro
gramme. 
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Publications and Reports 

The results of the scientific and technical work 
are primarily reported in international scientific 
journals and conference proceedings. However, a 
relatively big part of the contract work appears in 
reports of limited circulation and in confidential 
reports. In order to ensure a broad circulation of 
the results of the research, a number of overview 
papers have been written in Danish and circula
ted widely to interested parties. 



Parluifvtwm in ike uchxual rdtéttttm »Tech Trams 
VOm held in Herning, Denmark. 

Public Relations 

The public relations activities mentioned in the 
sections t,n Visits and Publications and Reports 
have been supplemented by new initiatives. 
Firstly the Department participated in a major 
technical exhibition »Tech Trans *90« in Hern
ing. The Department had its own stand and par
ticipated also in the star i of the Centres under 
the Danish Programme on Materials Techno
logy. Also to be mentioned is the arrangement of 
an exhibition in combination with the annual 
meeting of the Society of Plastic Industries in 
Denmark (the Division for Fibre Reinforced 
Polymers) in Kolding. Finally the Department 
arranged a seminar for journalists and editors, 
who cover technical and research subjects in 
Danish newspapers and technical journals. The 
subjects presented were contained within the 
main theme of prospects for advanced materials 
in modern society. 

Visits 

The Department was host to many guest scient
ists from around the world. Of these, a total of 17 
(listed in Chapter 9) stayed for extended periods 
to work on projects in collaboration with staff 
members. 
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Education and training are an important activity 
of the Department with many of the staff mem
bers serving as external lecturers and examiners 
at university undergraduate and post-graduate le
vels. Abo. undergraduates and graduates from 
engineering schoob in Denmark and abroad 
have carried out experimental work and received 
academic training in the Department, in 1990. 9 
undergraduates and 7 post-graduates were super
vised by Department stafT members. Several 
post-graduates have also studied in the Depart
ment. Besides thb academic training the Depart
ment also teaches a number of apprentices in 
raechanrcs and electronics. 

At present, educational activities are being in
creased ar.d extended by participation in the 
planning aid execution of a comprehensive 
course for technicians and engineers on matcriab 
properties, p.vcessing. testing and product de
sign. Thb course b under the sponsorship of the 
Danish Ministry of Education (law no. 271) and 
b carried out as a collaboration between a num
ber of research institutes, universities and techni
cal schoob in Denmark. The Department's effort 
will be concentrated on advanced materials espe
cially properties, design and technology in the 
area of oolymers, pohiner composites and sand
wich matcriab. The Department coordinates thb 
part of the course and participates also in otiier 
pans such as engineering ceramics and powder 
metallurgy. 
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During 1990 the Department i s able to main
tain its rather linn scientific, technological and 
economic basis on which to build its activities in 
the coming years. The basis ol" the Department 
has in some areas been strengthened significaatly 
in 1990. an example b the very promising natio
nal cooperation between the utilities, industry, 
research institutes and the Ministry on research 
related to energy issues. Another example is the 
positive development in the collaboration with 
Danish industry within materials technology and 
the beginning of an integration of such work into 
international research programmes in which the 
Department b involved. Finally a large national 
initiative on materials education in which the 
Department lakes an active part will ensure that 
the research remits obtained in Denmark and 
elsewhere will be widely disseminated in Danish 
societv-
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2 Materials Science 
- Modelling and Characterization 

Efibns to improve the inherent properties of ma-
tcriab are based on our ability 10 characterize, 
understand and finally to modify nucrostructure. 
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 dose>_% 
related to the applied programmes within the De
partment. Much of this bask research is carried 
out in dose collaboration with colleagues from 
universities and government research laborator
ies around the world. 

Current research activities arc 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 
polycmtallinc metals as well as metal ma
trix comrosites, dispersion strengthened 
material* and polymer matrix composites. 

- Defects and mkrostructurc caused by irra
diation with energetic pankks. 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. 

- Polymer chemistry and physics. 

2.1 Modrfs for the Mechanical 
Behaviour of Singk-Phase 
Materials 

The mechanical behaviour of materials may be 
described in »constitutive models« whkh '»press 
the relation between stress and strain. The for
mulation of such constitutive models b one of 
the ultimate goals of matcriab science. The con
stitutive behaviour is determined by the struc
ture, mainly the mkrostructure and the texture, 
and therefore modelling oi the mkrostructural 
and the icxtural evolution is a ijgkal s;sp to
wards the final goal of constiiu'lve awdeb. Such 
a model has been formulated for aluminium. 

A unified view of the stages of structural evolu
tion in monotank and cydk plasticity was 
recently obtaintJ by drawing »fatigue mechan
ism maps« in plastic strain/cycle number space. 
Such maps were developed for iron-siikon alloys 
on the basis of models and available observations. 

In rolkd aluminium the grains are subdivided in 
•cell blocks« as sketched in the figure opposite. 
There seems to be two families of cell blocks, 
each with a specific combination of active slip 
systems. It has been suggested that the number of 
active slip systems in the cell blocks is less than 
the S required by the Taylor model. The cell 
blocks are separated by dense dislocation walls or 
first generation mkrobands, DDWs/MBs. The 
DDWs/MBs are approximately parallel to the 
transvcr.e direction (whkh is perpendicular to 
the plane of the paper in the sketch), making 
angles cf about 40* with the rolling direction 
(with a considerable spread). At the later stages of 
deformation another set of intersecting DDWs/ 
MBs forms in some grains. 
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A simple model has been formulated for the 
situation with only one system of DDWs/MBs. 
The model allows strain differences between the 
two families of cell blocks, but strain continuity 
is maintained between the cell blocks (across the 
DDWs/MBs). The grain as a whole (i.e. the two 
families of cell blocks taken together) follows the 
macroscopic strain. It turns out that there are 
solutions with an average of less than 5 active slip 
systems in each cell block: 5 in one family and 3 
in the other or 4 in both families. The total of 8 
slip systems does not necessarily mean 8 different 
systems: the same systems may be active in both 
families. For a given grain (with a given orienta
tion) there are about 160000 solutions with a to
tal of 8 active slip systems. As is the case for the 
normal Taylor model, one selects the minimum-
shear solutions. In most cases one finds a large 
number of solutions, i.e. there is a high degree of 
ambiguity. 

The resulting active slip systems are always 
among the 6 or 8 systems which may be active 
when the normal Taylor model is used on the 
grain considered. Furthermore, the average M 
factor for th*: two families of cell blocks is always 
identical ;c the Taylor M factor for the grain 
considered. It is by no means certain that the 
present model provides a correct description of 
the slip patte' n in the grains subdivided in cell 
blocks, but the model shows that one may pro
vide a mathematically consistent description of 
the subdivision in cell blocks with less than S 
active slip systems. 

Sketch of grain sub-division into two families of cell 
blocks during deformation by rolling. 
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The eight equations for strain continu..y during defor
mation of the grain shown in the sketch below. 

Mapping of Cyclic Plasticity in bec Alloys 

Mechanism maps for work hardening and fatigue 
in metals were recently introduced for pure and 
well-annealed face-centred cubic (fee) metals in 
diagrams of plastic strain versus cycle number. 
The successive stages of structural (and textural) 
evolution and cracking appear as two-dimension
al fields, whose sizes and positions were partially 
predicted in terms of current physical models. 

It is of interest to know the effect of crystal 
structure and strengthening mecharsms on the 
field pattern in the maps. Is is cleat at maps for 
the body-centred cubic (bec) metals and alloys 
must be qualitatively different to those for the fee 
metals. Essentially, the bee materials display a 
ductile to brittle transition when the temperature 
is reduced and/or the deformation rate is in
creased. The effect is apparently caused by the 
three-fold dissociation of the bec screw disloca
tion core, which entails a strong lattice friction at 
low temperatures. 

The construction of »he maps relies heavily on 
the availability of a systematic and fairly compre
hensive set of experimental observations. Such a 
data set is now becoming available for the iron-
silicon system, and an attempt (in collaboration 
with Institute of Physics, Czechoslovak Academy 
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of Sciences, Prague) was made to sketch maps for 
iron-silicon single crystals on the basis of the 
existing data. A conspicuous novel feature of 
these maps is the appearance of a low-amplitude 
field labelled NH (»no hardening«). Field NH is 
characterized by low dislocation densities and 
negligible cyclic hardening, reflecting a deforma
tion mode in which the plastic strain is carried 
mainly by mobile edges. The effect of adding 
silicon is to decrease the edge mobility, thereby 
reducing the difference between screw and edge 
mobilities and hence reducing the extent of field 
NH. The field disappears entirely for iron with 
about 3 wt. pet. silicon. 

Fatigue mechanism map for single crystals of iron 
containing 0.5 wt% silicon. 
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2.2 Deformation of Polycry stal s 
Materials * Ji High and Intermediate 
Stacking Fault Energy 

The microstruuural evolution during cold defor
mation of polycrystals has been analyzed accord
ing to a continuous subdivision of grains com
bined with a trapping of dislocations into low 
energy configurations. Good agreement has been 
found between .he theoretical principles and ob
servations for a number of medium or high 
stacking fault energy materials deformed in dif
ferent modes. The metals investigated have been 
aluminium, copper, nickel and nickeI-30% co
balt. The deformation modes were mainly rolling 
and torsion. A comprehensive review of this 
work has been given in three papers presented at 
a conference on microstructure and mechanical 
processing arranged by the Institute of Metals 
and held in Cambridge in March. Most of this 
work was limited to small and medium strains 
and further studies have concentrated on the mi-
crostructural evolution at higher strains. 

Aluminium and copper have been studied after 
cold-rolling in the strain range 0.3-2.3 and it has 
been found that most of the microstructural evo
lution relates to deformation by stable polyslip. 
In copper, supplementary deformation takes 
place by concentrated shear and results in the 
formation of second generation microbands and 
shear bands. The struct jral evolution which is 
caused by stable polyslip consists of a continuous 
subdivision of the structure into volume ele
ments delineated by dense dislocation walls or 
first generation microbands. Both at low, medi
um and large strains the dislocation walls and the 
microbands are related to the macroscopic sam
ple axis. At low and medium strains the preferred 
orientation is 35-60° between the trace >f the dis
location wall? nd the rolling direction in the 
longitudinal plane. At high strains most disloca
tion walls are oriented almost parallel to the roll
ing plane. Thereby a sheet structure is formed 
consisting of aligned subgrain walls. The spacing 
between Swch aligned walls is rather uniform and 
the volumes between the walls show alternating 
misorientations. These observations are in good 
agreement with the principle that the disloca
tions tend to arrange into configurations such as 
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to decrease their energy per unit length of dislo
cation line. The microstructural evolution as ob
served in aluminium and in copper are shown in 
the figures below. In parallel to the microstruc
tural studies, the texture evolution as a function 
of strain is analyzed in order to correlate micro-
structural and textural observations. This may 
lead to an understanding of why the textural evo
lution is not identical in aluminium and copper 
when deformed by cold-rolling. A combination 
of microstructural and textural information is 
also used in a study of flow stress anisotropy of 
cold-rolled aluminium sheets. 

The traditional view of the microstructure of 
deformed polycrystals has been that the individ

ual grains have a rather homogeneous structure. 
This view was, to a large extent influenced by the 
predominant Taylor model for the plastic defor
mation of polycrystals. It is by now clear that the 
microstructure of real polycrystals is rather het
erogeneous, which has very interesting implica
tions for the theoretical description of polycrystal 
deformation. The Materials Department is act
ively engaged in updating the description of the 
microstructure of deformed polycrystals (this 
work is carried out in collaboration with the 
Danish Academy of Engineering, The University 
of Virginia and Sandia National Laboratories, 
California). 

Transmission electron micrograph of the laminar sub-grain microstructure in 90% cold-rolled aluminium. 
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Brass 

Materials with low stacking fault energy (SFE) 
like brass have a textural and microstructural 
evolution which is different from that in mater
ials with high SFE. The intimate relation be
tween texture and micrustructure has been de
monstrated in rolled brass plate which was bent 
during rolling and then straightened. The total 
added strain from bending and straightening was 
-0.05, which is small compared to the rolling 
strain of 0.5. Nevertheless, the texture of the bent 
and straightened plate was completely different 
from that of material rolled to the same strain 
without bending and straightening - as shown in 
the ODF (orientation distribution function). 

The explanation is found in the microstruc-
tures. The formation of die normal brass texture 
is conditioned by a microstructure with one sys
tem of »bundles«, consisting of a composite of 
twin and matrix lamellae, in about 50% of the 
grains. Bending and straightening destroys the 
microstructure (replacing it by a complex struc
ture with two or three systems of twins) remov
ing the microstructural conditions which lead to 
the normal brass texture. In this way an other
wise insignificant added strain produces a dra
matic change in the textural evolution. 

Difference between the ODF for brass rolled with 
bending followed by straightening (top) and brass 
rolled without bending (bottom). For each material, 8 
sections of the ODF with 5° between each, are shown. 
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2.3 Modelling of Internal Stresses 
in Metal Matrix Composites 

The average internal stresses generated in metal 
matrix composites (MMCs) by differential ther-
moelastic and plastic deformation of the consti
tuent phases are estimated by computer calcula
tions based on the Eshelby method of ellipsoidal 
inclusions. The calculations were carried out in 
collaboration with Department of Materials Sci
ence and Metallurgy, University of Cambridge, 
UK. The main objective is to develop improved 
estimates for high volume fractions f of inclu
sions, particularly short fibres represented as el
lipsoids. The problem at high f values is that the 
physical picture of the conventional Eshelby 
models is structurally biased: it involves a con
nected matrix phase with unconnected inclu
sions. This bias becomes unrealistic at high f va
lues, where the inclusions touch each other to the 
extent that they begin to form a connected phase. 

The mean field variant of the usual Eshelby 
model was therefore given a further extension to 
remove the structural bias. This led to a »variable 
constraint model« (VCM), in which the inclu
sion-matrix constraint is represented by a homo
geneous »comparison material« with adjustable 
stiffness tensor C0. The VCM is ideally suited for 
investigating the problem of bounding the 
MMCs inelastic properties and internal stresses. 
It ignores the exact positions of the inclusions 
but provides a spectrum of possible estimates de
pending on the assumed C0 tensor. The most 
important estimates are the »upper bound« esti
mates (C0 = Cj), the »lower bound« estimates 

(C0 = CM) and the »self-consistent« estimates 
(C0 = Cc). Here C|, CM and Cc are the stiffness 
tensors of inclusions, matrix and composite, re
spectively. 

It turns out that for spherical particles and 
short fibres, represented as ellipsoids, the »upper 
bound« estimates cross the lower bound esti
mates of the average internal stresses and/or over
all thermal expansion coefficients. Hence these 
estimates evidently cannot be rigorous bounds. 
This rather surprising result is not consistent 
with the fact 'hat the VCM delivers rigorous 
bounds in the continuous-fibre case. By exploit
ing a recent analytical expression of Eshelby's 
S-tensor for transversely isotropic media, the 
VCM provides a convenient iterative scheme 
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for calculating »self-consistent« estimates. At 
high fibre contents such estimates would seem to 
be more reliable than the conventional »lower 
bound« estimates or the »upper bound« estima
tes. 

2.4 Metal Matrix Composites 
This programme concentrates on aluminium-ba
sed composites manufactured by powder metal
lurgy. The composites are reinforced with short 
fibres or particles of silicon-carbide (SiC). The 
objective of the work is to study the mechanical, 
physical and chemical properties of Al-SiC com
posites and model their behaviour. Composites 
are studied as-manufactured as well as during 
and after the application of loads. Pan of the 
programme is described in the following subsec
tions. In addition, transmission electron micro
scopy (TEM) studies have been carried out (in 
collaboration with the Department of Enginee
ring, University of Cambridge, UK) to study the 
dislocation configurations after cooling and after 
straining in tension. This information together 
with a careful characterization of the microstruc-
ture, texture and internal stress state form the 
basis for mechanical modelling. An important 
technological achievement has been the develop
ment of sol-gel techniques for coating of SiC fi
bres or particles in the as delivered state. (A pa
tent on this process is pending). Composites with 
coated fibres have been heated at temperatures 
far above the matrix melting point and signifi
cant thermal stability has been demonstrated in 
comparison with composites containing uncoa-
ted fibres. Also an improved distribution of the 
reinforcement during processing leads to impro
ved mechanical properties. The composite deve
lopment in combination with the basic studies 
involves the Department both in the industrial 
manufacturing of metal matrix compcites and in 
their practical application. 

Texture Control in Al/SiC 

An important scientific as well as practical aim is 
to be able to model and control the evolution of 
texture and grain size during thermomechanical 
processing. For a given material, this requires 
knowledge of the effect of a number of process 
parameters such as strain, strain rate, temperatu
re and heating rate. As the effects of these diffe
rent process parameters are not independent, it is 
indeed not straightforward to predict the resul

ting textures and grain sizes. Experiments cove
ring a very large parameter range are needed. For 
90% cold rolled Al + 2 vol% SiC whiskers, the 
effects of variations in annealing temperature and 
heating rate (dT/dt) have been studied. This ma
terial was chosen because it belongs to the class 
of new matrix composites reinforced with short 
fibres or particles; thest are emerging as potenti
al engineering materials. Also earlier investiga
tions have shown that the annealing temperature 
has a remarkably large effect on the recrystalliza-
tion texture and grain size. As a result of the 
present investigation, maps relating the effects T 
and dT/dt on texture and grain size are construc
ted. 

The annealing texture of the Al + 2 vol% SiC 
material is characterised by a strong 
{100} < 013 > orientation (in the following refer
red to as the N-orientation). Besides this compo
nent, the other components are fairly randomly 
distributed in the orientation space. The strength 
of the N component depends strongly on T and 
dT/dt. This is shown in the form of a map in the 
figure below. Also the recrystallized grain size 
varies with T and dT/dt. Maps of this type can, in 
combination with investigations of texture/mi-
crostructure relations, for example by the elec
tron back scattering technique, be used to 

This map shows the strength of a given texture compo
nent which results from annealing at different heating 
rates and to different temperatures; aluminium con
taining 2 vol% SiC whiskers. Such maps may be used 
as guidelines in deciding annealing treatments to be 
used in industrial processes in which specific textures 
are required. 
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get basic information about the nucleation and 
growth processes. More straightforwardly, the 
maps can also be used as guidelines to help choo
se annealing conditions to obtain specific textu
res and microstructures. If, for example, a materi
al with a small grain size and a weak texture is 
wanted, a high annealing temperature 
(T>400°C) and low heating rate (dT/dt < 200°C/ 
min.) should be used. Or if a large grain size and 
a strong texture is the optimum, both T and 
dT/dt should be low (e.g. T<300°C and dT/dt 
< 50°C/min.). For predictions outside the origi
nal parameter range the maps may also be used at 
least to give .rude guidelines. In the present seri
es of experiments, annealing using dT/dt = 
3.3°C/min. and T = 400°C was also tried. Accor
ding to the maps, a grain size just above 200 |xm 
and a N-texture about 10 x random should be 
expected. Experimentally, grain size was deter
mined to 242 u.m and the texture to 11.2 x ran
dom. 

Internal Stresses in MMC 

Most MMC materials possess internal strains due 
to the mismatch in the coefficient of thermal ex
pansion between the different phases in the mate
rial. An important tool to study these stresses is 
the neutron diffraction technique by which the 

lattice strain of the different constituents can be 
studied. 

Recent studies of internal strains in such 
MMC materials by neutron diffraction have con
centrated on studies of room temperature ageing 
effects in the precipitation hardening system Al-
4Cu reinforced with SiC particulates, and studies 
of internal stresses in Al/SiC whisker reinforced 
materials. 

During 1990 a dedicated instrument for such 
studies of internal stresses has been completed 
and implemented at the DR-3, TAS-8 facility. 
Further, a new version of a stress-rig has been 
constructed, allowing both thermal and mechani
cal loading of composites during the neutron dif
fraction experiments. Test specimens can now be 
exposed to thermal loadings up to ~ 400°C and 
mechanically up to a total uniaxial load of lOkN. 
This allows for studies of creep and relaxation 
phenomena at elevated temperature as well as low 
cycle fatigue of MMC's. 

With the new instrument and stress-rig, co
ming experiments will focus on elevated tempe
rature creep experiments on Al/SiC whisker com
posites. Further studies will include strengthe
ning mechanisms and aging effects in Al-4Cu/ 
SiC particulate composites and studies of inter
na.1 stresses in Al-Mg/Al203 fibre composites. 

An Al/SiC composite test specimen mounted in the sample chamber of the newly developed stress rig in which 
internal stresses are determined by neutron diffraction. In-situ testing, at temperatures up to 40VC, is carried out 
with the specimens surrounded by an inert atmosphere. 
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Transmission electron micrograph of a surface-coated 
SiC fibre in an extruded aluminium matrix. The 
magnification is approx. x 25,000. 

Mechanical Behaviour of MMC 

Knowledge of the effect of powder metallurgy 
(P/M) processing parameters on the microstruc-
ture of Al-SiC composites and the established 
correlation between structural parameters and 
mechanical properties in this material has al
lowed the P/M process to be optimized with re
spect to the mechanical properties. 

Ultrasonic wet blending in organic solvents is 
effective in de-agglomerating and dispersing SiC 
whiskers within an Al matrix while reducing the 
whisker breakage. This treatment increases E 
modulus, troz and <ruts in an extruded Al-10 vol% 
SiCw by 4%, 23% and 16% due to a more homo
geneous whisker distribution, better whisker 
alignment and higher aspect ratio. 

The alumina sol gel technique using inorganic 
colloidal sol produces a coating layer on the SiC 
whiskers (particulates). A uniform whisker dis
tribution, better whisker alignment and an in
creased concentration of alumina particles is 
achieved. As a result, an increase of 14%, 20% 
and 29% in E, <roz and <ruls without loss of ductil
ity for an Al-10 vol% SiCw has been obtained. 
Also, the thermal reaction between SiCw and 
molten Al matrix, which degradates SiCw, is re
duced due to low diffusivity of Al and Si through 
complex layers of alumina at the interface. 

A combination of a sol gel treatment and wet 
blending provides a further possibility of im
proving microjtructure and properties. In Al-10 
vol% SiCw u,; to about 50% increase in ffQi has 
been achieved. 

Work is in progress to evaluate the effect of the 
coating layer on the structural characteristics 
during deformation and mechanical properties of 
the composites. 

2.5 Deformation of Polymer 
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 of 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 
composiste 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 are performed at 
60°C and 90°C and at various stresses; the creep 
curves of strain versus time show visco-elastic 
behaviour with a decreasing creep rate. The 
analysis and description of the curves are made 
by an empirical equation, which relates to a phy
sical model of elastic elements and (fully) plastic 
elements; the relevant descriptive parameters are 
determined by a fitting procedure. The aim is 
both to generate engineering descriptions of 
creep curves, and to extract the deformation 
mechanisms. 

Experiments on carbon fibre reinforced epoxy 
are performed at 90°C. The composite materials 
are pure epoxy, epoxy with fibres oriented 90° to 
the loading axis, and epoxy with fibres oriented 
45° to the loading axis. From the creep curves an 
estimate is made of the creep rate and this is 
plotted versus the creep stress. There is an ap
proximate straight line relationship between the 
logarithm of the creep rate and the stress. The 
90°-composite is stronger than the pure epoxy by 
a factor of about 1.2, and the 4S°-composite is 
stronger by a factor of about 2.1. 
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Fatigue Behaviour 

The studies involve a detailed investigation of 
glass/polyester laminates with various fibre or
ientations: 0°, ±10°, ±45°, ±60°, and 07 ±45°. 
This family of materials is relevant to practical 
wing blades for wind turbines. 

Experiments are made at room temperature 
and at a frequency of 5 Hz. the loading is both 
tension-tension (R = 0.1) and compression-com
pression (R = 10). The fatigue strength decreases 
with increasing fibre orientation angle, with the 
07 ± 45°-composite being very close to the 0°-
composite. The loading conditions (R-ratio) 
show that the 10°-composite is stronger in ten
sion than in compression while the opposite 
holds for the 45°-composite. 

Measurements of stiffness (E-modulus) show 
that significant reduction occurs, especially to
wards the end of the lifetime. This is being used 
to define fatigue curves for a given stiffness re
duction, which can form the basis to establish 
design limits. This has special interest for wing 
blades for wind turbines. 
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Fatigue data, in both tension and compression, for 
glass/polyester laminates. 

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 static strength 
properties are studied for both carbon/epoxy and 
carbon/PEEK laminates in the temperature 
range -50 to 150°C. The temperature-dependent 
thermal expansion coefficients are established for 
the whole temperature range, and tensile tests are 
performed with simultaneous observation of 
crack formation on the specimen edges. The 
thermal stresses in the specimen are modelled by 
finite element techniques and used in the evalua
tion of the test results. 

THERMAL EXPANSION MEASUREMENT 
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Measured thermal expansion data for a unidirectional 
carbon/epoxy composite. Large residual stresses in sin
gle ply laminates are caused by differences in thermal 
expansion along the fibre direction compared to the 
transverse direction. 
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2.6 Irradiation Defects - Fusion 
Materials 
Irradiation of metals by energetic particles re
moves atoms from their lattice sites, leaving va
cancies and creating interstitial atoms. Very en
ergetic particles can, in addition, induce nuclear 
reactions and generate gaseous and non-gaseous 
impurity atoms, changing the composition of the 
irradiated metal or alloy. The created defects may 
diffuse together to produce nanometer-size defect 
clusters; their presence changes mechanical, 
thermal, magnetic and electrical properties. The 
fundamental study of such defect clusters and of 
the generated microstructural changes lies at the 
heart of physical metallurgy; the diffusion pro
cess and their consequences are closely related to 
temperature effects and property changes not in
volving irradiation. The work in this area com
prises both theoretical and experimental efforts, 
the applied experimental techniques being trans
mission electron microscopy, positron annihila
tion, and small angle neutron scattering. 

These techniques are being developed to give 
fundamental information close to the atomic le
vel. This information is necessary to the other 
areas of our ork in which mechanical properties 
of materials for future fusion reactors are being 
studied. 

Displacement Damage and Helium Effects in 
Copper and Copper Alloys 

It is a matter of serious concern that both physi
cal and mechanical properties of materials ex
posed to an intense flux of fusion (14 MeV) neu
trons may be significantly degraded because of 
the production and accumulation of displace
ment damage and helium during irradiation. The 
prime objective of the present programm-j is to 
study these effects in copper (OFHC grade) and 
copper alloys (Cu-Al203, Cu-Cr-Zr and Cu-Ni-
Be) which are being considered as candidate ma
terials for divertor components in fusion devices 
such as NET and ITER. Recently an additional 
alloy (Cu-Zr02) has been included in the pro
gramme. Both tensile and fatigue specimens of 
copper and copper alnys have been irradiated 
with fast neutrons in DR-3 (Risø). So far, only 
tensile specimens have been irradiated with 600 
MeV protons (at the Paul Scherrer Institute, 

Switzerland). Pre- and post-irradiation mechani
cal properties (tensile and low cycle fatigue), elec
trical conductivity and microstructures of these 
materials will be determined. 

In order to examine the effects of recoil spec
trum on void swelling, microstructures of copper 
specimens irradiated with fast neutrons and spal
lation neutrons have been studied using trans
mission e'ectron microscopy (TEM). Because of 
the limited number of experiments, no firm con
clusion can be drawn at this stage. However, the 
indication is that the swelling rate in the case of 
spallation neutron irradiation may be somewhat 
lower than that caused by fast neutron irradia
tion. 

To study the effect of helium generation rate 
on cavity formation and transport of helium to 
grain boundaries, copper specimens have been 
implanted at different rates in an accelerator in 
Karlsruhe, FRG. The cavity and dislocation mi
crostructures of these specimens have been stu
died using TEM and positron annihilation tech
nique. The results are being evaluated. 

A new rig with accurate temperature measure
ment and control facilities has been designed and 
is being fabricated for irradiation at temperatures 
intherangeof200-450°C. 

Difficulties in the manufacturing of the new 
Cu-Zr02 alloy with an acceptable microstructure 
made it necessary to characterize the microstruc
ture of the alloy at various stages of the fabrica
tion procedure. 

Observation of Defect Structures in Copper, 
Gold and Cu3Au 

600 MeV proton irradiations produce primary re
coil energies of several MeV. The resulting cas
cade and sub-cascade microstructures have been 
investigated by high resolution weak beam elec
tron microscopy. The visible defect clusters are 
typically 0.5 to 5 nm in diameter. It was therefore 
necessary (in collaboration with Paul Scherrer 
Institute, Switzerland) to reassess the accuracy of 
the available electron microscopy techniques. 
The size and visibility of the images of these 
small clusters varies with image technique and 
operating conditions These variations are now 
well documented and used to determine »abso
lute« defect sizes and concentrations. 
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Production Bias and Temperature Dependence 
of Void Swelling 

Recently it was proposed (in collaboration with 
Atomic Energy of Canada Ltd., Pinawa, Canada) 
that instantaneous clustering of vacancies and in-
terstitials produced in a displacement cascade 

Clustering of interstitials and vacancies from a dis
placement cascade; »production bias«. 
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yields a production bias which may play a domi
nant role in controlling void swelling. As a first 
application of the model, the temperature depen
dence of the steady-state swelling rate has been 
calculated. 

Two sharplv separated temperature regimes 
occur with low swelling rate at lower tempera
tures and high swelling rate at the peak swelling 
temperature. The steady state swelling rate at the 
peak temperature can be a factor of ten higher 
than that expected at lower temperatures. The 
high swelling rate regime is dominated by the 
production bias whereas the dislocation bias de
termines the low swelling rate regime. The 
transition from the low to the high temperature 
regime is governed by the activation energy near
ly equal to that for self-diffusion. 

The production bias provides an explanation 
for the high steady-state swelling rate, despite the 
very small fraction of free point defects surviving 
under cascade damage conditions. One does not 
have to rely on the arbitrary assumption of a very 
large dislocation bias which must be very differ
ent under cascade and non-cascade conditions. 

Morphology of Collision Cascades 

The interaction of high energy particles with a 
crystalline solid produces collision cascades con
taining displaced atoms and vacant lattice sites. 
The morphology of the cascade region in the ma
terial depends on the energy of the primary recoil 
atom that initiates the cascade of collisions. At 
high recoil energies, multiple, widely-separated 
damage regions, commonly referred to as subcas-
cades, can be created in a single recoil event. The 
morphology and spatial distribution of the cas
cades and subcascades are likely to affect micro-
structural evolution and damage retention dur
ing irradiation. 

Towards a better understanding the influence 
of cascade and subcascade production on micro-
structural evolution, efforts have been made to 
determine the threshold energy for subcascade 
formation, the number of subcascades per recoil 
per unit energy and the average spacing of sub-
cascades in fee and bec metals. In collaboration 
with Pacific Northwest Laboratory, Richland, 
USA, computer simulated collision cascades and 
subcascades were generated with the binary colli
sion code MARLOWE. 
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Compared on the basis of reduced damage en
ergy, metals of the same crystal structure have a 
subcascade threshold at the same reduced energy. 
The number of subcascades per unit reduced 
damage energy is about the same for metals of the 
same crysta? structure, and the average spacing of 
subcascades is about the same in units of lattice 
parameters. Comparisons between subcascade 
threshold energies and average recoil energies in 
fission and fusion neutron environments show 
the spectral sensitivity of the formation of sub-
cascades. 

Monte Carlo Simulations of Cascades in Thin 
Foil Irradiations 

The computer code, TRIM, has been used to si
mulate cascade damage due to 20 keV, 200 keV 
and 2 MeV self-ions in isolated thin foils, stacked 
thin foils, and bulk specimens of Al, Cu and Au. 
Changes in foil thickness have been shown to 
cause large changes in energy loss processes. For 
stacked thin foils, separated by a vacuum or heli
um gap, the production of cascades has been 
shown to be rather different to that occurring in 
bulk. A major difference is that secondary recoils 
may be emitted from one thin foil across the gap 
into the second foil. The secondary recoils are 
emitted in divergent trajectories. As a result, 
many sub-cascades produced in thin foil irradia
tions do not occur in sub-cascade groups. The 
results of the simulations have an important 
beting on experimental investigations. 

Computer simulation of self-ion recoil damage typical 
of 14 MeV fusion neutron irradiation in thin foils of 
aluminium, copper and gold. 
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2.7 Solid Electrolytes - New 
Materials and Methods 

Solid electrolytes have many uses as ionically 
conducting membranes in fiic cells, batteries, 
gas- and ion-sensors, electrochemical gas pumps, 
electrolysers and thermoelectric generators. 

The ongoing research in ionically conducting 
solids continues a well established research 
theme of the Department. It is also constituting 
the more fundamental background for the deve
lopment of Solid Oxide Fuel Cells (see Section 
4.3 for a detailed description of SOFC). 

Thin ceramic coatings on metal-, alumina-, 
and zirconia-substrates have been made by spray 
pyrolysis, and characterised by SEM and X-ray 
powder diffraction. 

The formation by solid state reactions of lan
thanum- and strontium zirconates and the solid 
electrolyte properties of such likely impurity 

phases in SOFC's have been investigated. These 
intermediate phases form quite easily, and have 
ionic conductivities 1 to 3 orders of magnitude 
lower than »state of the art« SOFC materials. 

As an alternative to conventional conductivity 
measurements a four-probe high temperature van 
der Pauw method has been developed. The ap
plicability of this method has been verified by 
comparing conductivities of approx. 200 micron 
thick yttrium-stabilised zirconia ceramic mea
sured in 7 different geometries. 

A fully automated data collection and data 
treatment procedure for alternating current con
ductivity determination (25-1100°C) has been 
built. A »round-robin« series of tests on ionic 
conductivity in fluorite type oxides is being car
ried out under the auspices of the International 
Union for Pure and Applied Chemistry; 12 other 
laboratories around the world are participating in 
the tests. 

Model of the perovskite crystal structure. SOFC-electwdes and interconnects are typically of this type. 
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2.8 Polymer Chemistry and 
Physics 

An increased and detailed understanding of the 
relationship between the molecular- and micro-
structure of polymers and their properties is im
portant for basic and applied research as well as 
for technological development. The scientific 
goal for this research is to understand these rela
tionships in such a way that properties of pure 
polymers, polymer mixtures or blends as well as 
polymer solutions can be predicted. In order to 
achieve this goal, research activities within the 
areas of polymer synthesis, polymer analysis and 
characterization, and modification of polymers 
are necessary. It is believed that this combination 
of research activities facilitates the production of 
tailor-made polymer materials with desired pro
perties. 

PEPS: A New Solid Matrix for Peptide 
Synthesis 

The principle of anchoring molecules onto a so
lid matrix, which helps to »keep track« of the 
intermediate products during chemical transfor
mations, is known as Solid-Phase Synthesis or the 
Merrifteld Technique. Established methods for the 
solid-phase assembly of amino acids into pep
tides (protein-like molecules) employ a beaded 
matrix of crosslinked polystyrene. Based on the 
recognition that most operations are identical in 
the synthetic cycles of solid-phase peptide synth
esis, a new matrix, PPS, was recently introduced 
to facilitate and speed up the preparation of large 
numbers of peptides. This work was carried out 
in collaboration with Merrifield Laboratory, The 
Rockefeller University, U.S.A. This matrix is 
comprised of a polyethylene, PE, film with pen
dant long-chain polystyrene, PS, grafts. The 
loading capacity of such a film is equally high to 
that of a beaded matrix but PEPS has the addi
tional flexibility to suit multiple syntheses simul
taneously. Thus, in a new configuration for so
lid-phase peptide synthesis, the PEPS film is 
fashioned in the form of discrete, labelled sheets, 
each serving as an individual compartment. Dur
ing all the identical steps of the synthetic cycles 
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A polyethylene-polystyrene (PEPS) stick used in the 
synthesis of peptides. The reaction is followed by mon
itoring the intensity of Ruhemann's purple formed in 
the Kaiser ninhydrin reaction. 

the sheets are kept together in a single reaction 
chamber permitting the concurrent preparation 
of a multitude of peptides at a speed close to that 
of a single peptide by conventional methods. The 
development of PEPS is based on the invention 
of a new -y-radiation-induced grafting procedure 
(see Section 3.9) and patent protection of the 
whole concept has been applied for. 
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Comb-Shaped Polyesters 

Comb-shaped polymers have evenly spaced, 
equally long alkyl side-groups attached to the 
linear main-chain backbone. Comb-shaped 
polyesters in which the backbone is a polyester 
chain are interesting structural models for graft 
copolymers or biomembranes, and have potential 
applications as membrane materials or as carriers 
for light sensitive groups useful for optical re
cording and data storage. Such polyesters offer 
extended possibilities in structural design 
through controlled variation of building blocks 
and are thus well suited for fundamental studies 
of relationships between structure and properties, 
e.g. thermal and mechanical properties. 

In collaboration with CNR, Dept. of Chemical 
Engineering, University of Pisa, Italy, a compre
hensive and basic synthesis work was undertaken 
aiming initially at procedures resulting in high 
molar mass polyesters. A successful preparation 
and detailed characterization - solid state as well 
as solution behaviour - of an extended homolo
gous series of»ery pure aliphatic diphenyl ester 
precursors was accomplished and thoroughly dis
cussed. A new polycondensation procedure re
sulting in a range of comb-shaped polyesters with 
qualitatively good film- and fiber forming pro
perties has been developed. The new polyesters 
were analyzed by intrinsic viscosity and size ex
clusion chromatography with both refractive in
dex and laser light scattering detection. Absolute 
molar masses and average degrees of polymeriza
tion (DP) were established. The achieved DPs, 
generally around or above 100, are in line with 
commercial (not comb shaped) polyesters and con
sidered very acceptable. Another solution charac
teristic, 13C nuclear magnetic resonance (NMR) 
spectroscopy, has confirmed the anticipated 
structural features. 

All the comb-shaped polyesters are crystalline 
as shown by X-ray diffractometry, infrared spec
troscopy and differential scanning calorimetry. 
In case of the aromatic polyesters, the crystallin-
ity is exclusively due to the octadecyl side-group 
which crystallizes in the hexagonal form. The 
aliphatic comb-shaped polyesters, on the other 
hand, have a much more complicated behaviour. 
Here the main-chain takes part in the crystalliza
tion as well. Detailed investigations of the struc

tural influence on crystallinity, thermal and 
mechanical behaviour of the aliphatic polyesters 
are in progress. 

Phase Behaviour of Block Copolymers 

The temperature at which a phase transition, e.g. 
the melt transition in a substance takes place, is 
in general determined by the balance between 
entropic and energetic factors. At high tempera
tures entropic factors dominate and disordered 
states like melts are favoured. At lower tempera
tures energetic factors dominate and ordered 
states like crystalline solids are favoured. 

A similar balance between entropic and ener
getic factors determines whether a two-compo
nent system is mono- or biphasic. Entropy of 
mixing is an important driving force for the mix
ing of many low molar mass substances. In poly
mers the entropy of mixing effects are suppressed 
due to the size of the molecules and two different 
polymers are in general not miscible unless the 
molar mass is low. 

A block copolymer consists of two different 
kinds of polymers linked together by a chemical 
bond. Macroscopic phase separation is thus not 
possible. Instead so-called microphase separation 
occurs. Block copolymers typically contain do
mains rich in one or the other of the compo
nents. The size of the domains is dictated by the 
molecular architecture and is on the order of 10 
nm. 

The balance between entropic and energetic 
factors is particularly delicate in certain soft ma
terials such as microemulsions, micellar solu
tions, and block copolymers. Lacking the short 
range given by the atoms in conventional crystal
line solids, these mesomorphic substances can fill 
space through the formation of intriguing micro-
structures. Block copolymers are particularly 
well suited for studying these phenomena be
cause the molar mass and composition of a sam
ple can be precisely controlled in the chemical 
synthesis. This allows access to different regions 
in the phase diagram. 

The particular model diblock copolymer we 
are studying in collaboration with the Depart
ment of Chemical Engineering and Materials 
Science, University of Minnesota and The De
partment of Solid State Physics, Risø consists of 
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polyethylene-propylene, PEP, and polyethylethy-
lene, PEE. The PEP-PEE diblock copolymer 
phase diagram is mapped by dynamic shear mod
ulus and small angle neutron scattering (SANS) 
measurements. A sample with molar mass 105 g/ 
mol containing 77 vol% PEP gives rise to a mi-
crophase separated ordered material where the 
ordered state morphology is hevagonally packed 
rods which is in accordance with current theory. 
A fascinating aspect of the PEP-PPE materials is 

that long range order can be induced by applica
tion of a shear field. Centimetre size single crys
tals can be produced and the resulting anisotropy 
studied by SANS. In a sample with molar mass 
slightly lower than 105 g/mol containing 65 vol% 
PEP we have observed three different micro-
phase separated ordered states simply by chan
ging temperature. The disordered states is acces
sed in this material at a temperature of 175°C. 

SANS data from a PEP-PFE single crystal containing 77 vol% PEP. The centimetre-sized crystal was 
produced by the application of a large amplitude shear field during cooling from the disordered state. 

RISO-SANS S5281.DUA 
PEP-PEE-7 single crystal 
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2.9 Characterization of 
Microstruciure 

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 - JEOL 2000FX and JEOL 100C - and 
one scanning electron microscope - JSM 840 - are 
available for structural analysis. All microscopes 
are equipped with energy-dispersive X-ray spec
trometers for chemical analysis; the JEOL 
70G0FX furthermore is equipped with an elec
tron 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. 
During the year, microstructural analysis has 
also been done for a number of industrial custo
mers. 

In collaboration with the Depanment of Solid 
State Physics, Risø, the structure of sputterdepo-
sited layers of the high temperature superconduc
tor YBa2Cu307.x on MgO (100) single crystal sub
strates have been studied by TEM. An example 
of a less satisfactory thin film with subgrains, 
some of which are rotated 45° with respect to the 
majority of subgrains, is shown in the figure be
low. 

Sputter-deposited layer of the high temperature super
conductor YBa2Cu307.x onto a single crystal of 
M°0. Transmission electron micrograph, magnifica
tion x 40,000. Solid inclusions of sodium in an aluminium matrix. 

In the series of micrographs, voids at the sodium/alu
minium interface were seen to have moved, coalesced 
and facetted during observation in the electron micro
scope. 

In collaboration with Ecole Polytechnique 
Federal de Lausanne (Switzerland), solid inclu
sions of sodium in aluminium have been studied 
by a variety of electron microscopy techniques. 
Shrinkage voids occurred within the sodium par
ticles. These voids were seen to move, coales
cence and facet during observation in the trans
mission electron microscope. The in-situ obser
vations provided valuable information on surface 
energies, void/bubble migration and coalescence 
mechanisms in immiscible systems. 
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A Tunnelscope 2400 scanning tunneling mi
croscope has kindly been lent to the Department 
for some months by the Danish producer, Struers 
A/S. The Department has thus had an opportun
ity to explore the possible applications of a tun
neling microscope within our field of work. An 
example of a study of slip lines on the surface of 
rolled copper is shown in the figure to the »ight. 

Electron Back Scattering Patterns 

A very powerful technique for measurements of 
crystallographic orientations in selected local 
areas of the microstructure is the electron back 
scattering pattern, EBSP, technique. Advantages 
with this technique are that it has a very good 
spatial resolution (= 0.5 u.m in diameter) and 
that it can cover large sample areas (> = 1 cm2). 
EBSP equipment is attached to the JSM-840 
scanning electron microscope, and a computer 
program for analysis of the patterns has been de
veloped. Compared with the commercially avail
able computer program, advantages witn the Risø 
program are that it can be applied for any crystal 
symmetry, that it requires no knowledge of elec
tron diffraction maps, that it can be used for 
EBSPs with relatively low contrast and that the 
indexing is very precise. 

A preliminary investigation has shown that it 
is possible to use image processing procedures for 
computer identification of bands in an EBSP. 
Fully automatic measurement and indexing of 
EBSPs may be possible and is presently being 
developed. During the year, the EBSP technique 
has mainly been used for measurements of grain 
size/orientation relationships in recrystallized 
Al-2 vol% SiC and investigations of nucleation 
and growth in commercially pure Al. 

Neutron Diffraction and Scattering 

Three neutron techniques have been used for 
characterization; internal strain, texture and 
small angle neutron scattering. 

The internal strain instrument has been upgra
ded to allow measurements with very high spatial 
resolution. This is done by incorporation of 4 
beam definers, 2 between the monochromator 
and sample and 2 between sample and detector. 
The beam definers are constructed as adjustable 
aperatures with sideways translations. The spatial 
resolution thereby achieved is 10 mm' for a bulk 
cylinder and 1 mm3 for a thin plate of a typical 

Study of slip lines on the surface of rolled copper; 
scanning tunneling microscope image. 

solid oxide electrolyte material (yttria-stabilized 
zirconia, YSZ). With the new equipment, inter
nal strain measurements have been carried out on 
a solid oxide fuel cell. Fuel cells are sintered at 
high temperature (1350°C) and residual strains 
build up during cooldown of the cells due to dif
ferences in the thermal expansion coefficients of 
the cell materials. The measured cell was a 42 by 
42 mm plate with three 0.1 mm thick layers: the 
anode (NiO mixed with YSZ), the electrolyte 
(YSZ) and the cathode (strontium-doped lantha
num manganite, LSM). The internal strain was 
determined for NiO, YSZ and LSM. It was found 
that NiO and LSM are in tension whereas YSZ is 
in compression, this is in agreement with plate 
theory calculations. 

The internal strain equipment, in its more 
standard form, has mainly been used for determi
nation of internal strain profiles in a large welded 
tube assembly, to investigate the effect of texture 
on the measured internal strain and to study age
ing and other thermally induced effects in Al-Cu. 
Efforts have been concentrated on the design of a 
new stress-rig. With the new rig it will be pos
sible to measure internal strains during tensile or 
compressive loading also at elevated tempera
tures. 

Risø-R-590 29 



The texture work has mainly been concentra
ted on investigations of a) recrystallization and 
texture optimization in Al + 2 vol% SiC, b) re
laxation effects on texture development in Al + 
2 vol% SiC, c) recrystallization kinetics in copper 
- a part of these results will be compared with 
results of stored energy measurements, d) tex
ture/flow stress anisotropy relations in cross 
rolled Al and e) effect of large and small i articles 
on the deformation/recrystallization texture de
velopment in Al. 

The small angle neutron scattering (SANS) fa
cility has been used for studies of krypton filled 
cavities (so-called bubbles) in a nickel matrix. 
The aim is to determine the bubble concentra
tion and size distribution as the bubbles grow 
during annealing. Complementary electron mi
croscopy and positron annihilation measure
ments are carried out along with the SANS in
vestigations. Finally SANS was used to study the 
phase diagram block copolymers. Polyethylene-
propylene-block-polyethylethylene, of various 
compositions and molar mass were investigated 
especially for order-disorder and order-order 
transitions and ordered state morphologies. 

migration of vacancies which seems to take place 
at unusually low temperatures. It is suspected 
that the migration is facilitated by the formation 
of complexes between vacancies and iron impur
ity atoms. Isochronal annealing of the irradiated 
specimens was carried out and positron lifetime 
measurements made after each annealing step at 
100K as well as in some cases at higher tempera
tures. Such sets of measurements make it pos
sible to identify different types of defects that 
trap positrons strongly or weakly. The main re
sults are in annealing stage I a decrease of the 
trapped-positron lifetime from 230 psec (close to 
that expected for a monc vacancy) to about 210 
psec at a sharp minimum at 240K, followed in 
stage III by an increase again to about 230 psec 
simultaneously with a strong increase of the posi
tron trapping rateinto the defects. Above 350-
400K both lifetime and trapping rate decrease. 
These and other positron data suggest that dur
ing irradiation and in stage I, vacancies become 

Positron lifetime measurements from the isochronal 
annealing of electron irradiated zirconium containing 
2.5% niobium. 

Positron Annihilation 

In studies of defect properties of metals it is use
ful to apply different experimental techniques 
which may provide complementary information. 
One of the defect sensitive techniques is the so-
called positron annihilation technique (PAT) in 
which 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 
can be measured and gives experimental informa
tion about electron density and momentum in 
the sample in the vicinity of the positrons. Since 
positrons are attracted to vacancy type defects 
(e.g. single vacancies, vacancy clusters, vacancy-
impurity clusters etc.) the presence and charac
teristics of such defects can be detected by PAT, 
because at one such type of defect the electron 
density and momentum normally are different 
from those of the bulk metal and of other defects. 

A detailed series of positron lifetime measure
ments have been carried out on samples of zir
conium 2.5wt% niobium that had been electron 
irradiated at low temperature (76K). In this colla
boration with Chalk River Laboratories, Canada, 
a main objective was to seek information on the 
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decorated with impurities, while in stage III the 
strong increase in trapping rate probably i' due 
to liberation of vacancies from, or loser binding 
to, other impurity complexes. Further experi
ments on high purity zirconium are planned. 

In positron lifetime measurements an impor
tant problem is the accurate determination of the 
contributions to the measured spectra, arising 
from positrons annihilating outside the sample 
under investigation, mainly in the positron 
source material. 

Before further analysis, measured spectra must 
be corrected for these contributions which de
pend on the source preparation technique as well 
as on the sample material surrounding the 
source. Measurements on a series of high purity, 
defect free meals have been carried out in colla
boration with the Center for the Development of 
Nuclear Techniques, Algeria, and a general rela
tionship for the correction has been obtained. 

The lifetime of positrons depends on the elec
tronic density experienced by the positrons. If 
trapped in a cavity containing gas (so-called bub
bles), a positron's lifetime will therefore depend 
on the gas density. Taking advantage of this sen-
sitivit .1 is possible to extract bubble sizes and 
concentrations as well as the gas density in the 
bubbles and in this way, non-destructively, to 
follow the annealing behaviour of the bubble po
pulation in a specimen after irradiation or gas 
implantation. Such studies are carried out in par
allel with electron microscopy and small angle 
neutron scattering (see section on neutron scat
tering). Measurements have been made in colla
boration with KfK Karlsruhe, FRG (helium in 
copper) and KfA Jiilicn, FRG (helium in nickel, 
iron and steel) and with the Solid State Physics 
Department, Risø (krypton in nickel). 

Characterization of Macromolecules 

The behaviour of macromolecular systems is 
strongly dependent on the chemical structure 
and the length of the polymeric chains (molecu
lar weight). Furthermore, significant modifica
tions are possible by addition of small amounts 
of low molecular weight component. Characteri
zation methods must therefore include chemical 
as well as physical methods. 

Fourier-transform infrared, FTIR, spectrosco
py provides information about the chemical 
structure. FTIR is a vibrational spectroscopy and 

is often referred to as a »fingerprint« method. In 
several cases, however, a FTIR analysis unequi
vocally identifies the investigated sample. The 
recently installed FTIR spectrometer has many 
attractive features. The coupling to a microscope 
allows identification of single (polymer) fibers or 
makes studies of very small and selected sample 
areas possible. Different sample holders are espe
cially suited for surface studies. Surfaces of pla
nar and soft, flexible samples, e.g. polymer films, 
can be investigated by attenuated total reflec
tance, ATR, and surfaces of rough, hard or pow
dered materials can be studied by diffuse reflec
tance infrared Fourier-transform spectroscopy, 
DRIFTS. A special detector making use of the 
photoacoustic, PA, emission generated when en
closed samples are irradiated with infra-red light 
has proved very promising for the analysis of 
polymer based composite materials especially 
when they contain carbon fibers. In general, hea
vily carbon loaded samples are very difficult or 
imposssible to analyze by FTIR because the inci
dent infra red light is absorbed by the carbon. 
The high-performance polymers, polyethere-
therketone, PEEK, or polyetherimide, PFI, with 
up to 60 vol% carbon fibers are easily and con
clusively identified with PA-FTIR. 

Information about relative molecular weight 
and molecular weight distribution are most easi
ly obtained by size exclusion chromatography, a 
technique that separates molecules according to 
their size in solution. The conversion of relative 
molecular weights to absolute molecular weights 
is not simple, but a new technique combining a 
laser light scattering detector with a column giv
ing total exclusion of the dissolved polymer, faci
litates the determination of absolute molecular 
weights. This technique has been used for the 
characterization of block copolymers, random 
copolymers and homopolymers in organic or 
aqueous solutions. 

The dynamic mechanical properties of macro-
molecular systems reflect the intrinsic properties 
of chain molecules and their interaction with 
surrounding molecules. Temperature and fre
quency are important variables, and their effect 
on the mechanical properties has been used to 
study the effect of crosslinking, adhesion, cohe
sion and tack in model adhesives, curing kinetics 
of powder coatings, and formation of temporary 
gels in aqueous solution containing a hydrophi-
lic/hydrophobic block copolymer. 
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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 materials for the oil and 
gas sectors and composite materials for wind 
mills, helicopters and lightweight pressure ves
sels as well as engineering ceramics. The research 
activities in Materials Engineering are centred 
around structural mechanics analysis of destruc
tive and non-destructive materials testing proce
dures. A considerable number of the projects 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, rapidly solidified Al-alloys, metal 
matrix and polymer matrix composites and 
engineering ceramics. 

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

- Detection and analysis of processing flaws in 
engineering ceramics and composite materi
als. 

- Neutron diffraction measurements of inter
nal stresses in metal matrix composite mate
rials and in ceramic and metallic compo
nents. 

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

- Enhancement of polymer processing by ra
diation modification of polymers. 

3.1 Design with Polymer 
Composite Materials 

Polymer composite materials have been used for 
advanced purposes within the aircraft and space 
industries for many years, and they are now beco
ming attractive for more conventional applica
tions within different sectors of the man ufactu-

ring industries. In order to be able to utilize 
them for still wider purposes, design data and 
design methods specific for these materials are 
needed. Design methodology and data for con
ventional materials are to a large extent based on 
both scientific research and experience from ac
tual applications. Because of a lack of the latter 
for the broad range of these new materials, rese
arch aimed at establishing suitable data and de
sign methods is performed in the Department. 

When used for advanced load carrying structu
res, polymer composite materials are most often 
utilized with continuous fibres in the form of 
laminates, resulting in an anisotropic material 
with directionally dependent properties for both 
stiffness and strength. This has to be accounted 
for both n the analysis of the structure and in 
the evaluation, and several criteria must be appli
ed simultaneously in the validation of a given 
component. 

The design criteria may be based on either fai
lure, deformations, stability or dynamic properti
es (eigenfrequencies), and the mechanical loads 
may be either stationary (static) or 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 
from accidental overloading, where failure may 
be defined as total failure of one or all plies in a 
given section of the laminate, or it can be desig
ned against cracks in the matrix material. This 
last criteria is considered conservative and 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, sup
pression of the crack formation due to tensile 
stresses can be achieved by the introduction of 
compressive stresses in the matrix, and this de
sign concept is investigated in an EURAM-pro-
ject, in which the department is collaborating 
with MAN-Technology, Munich, FRG, the Uni
versity of Napoli, Italy and CENTEC in Manche
ster, UK. In the project, compressive stresses are 
introduced in filament wound thin-walled cylin
drical tubes (carbon/ epoxy), and the initiation of 
crack formation is studied and related to 
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the level of initial pre- strain. The pre-stress con
cept is obviously easy to establish for an axisym-
metric structure such as a tube, but it may be 
applicable to other components as well. It is im
portant to assure that the beneficial effect of the 
compressive stresses are present throughout the 
whole lifetime of the component, implying that 
creep effects in the matrix material have to be 
taken into account. 

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 has to be available. For 
a class of materials - angle-ply glass/polyester -
uniaxial fatigue tests hav been performed as de
scribed in Section 2.5. The relative performance 
of two different ply-configurations for a given 
application depends on whether the loads are de
formation (strain) controlled or load (stress) con
trolled. The designer may also have to take into 
account the relative stiffness reduction during 
the lifetime of the components, again depending 

on the specific application and component. 
Local damage in polymer composite laminates 

may be caused by impact due to dropped items or 
collision with items. Depending on the degree of 
damage, the load carrying capacity and the stabi
lity against further fatigue damage may be re
duced. Composite laminates are 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. In actual structures, evaluation of the 
consequences of a certain damage arises regard
ing the repair of damage and the properties of the 
repaired material. This problem is addressed in a 
new BRITE-program, where the Department is 
collaborating with three European helicopter 
manufacturers (Agusta, Italy; Westland, UK; 
MBB, Germany) and the University of Napoli, 
Italy. Dilferent types of carbon/epoxy laminates 
and sandwich panels will be tested in the unda
maged, the damaged and in the repaired state. 

High resolution ultrasor'c scanning image (C-scan) of indentation damage to a 9-layer cross-ply carbon/epoxy 
composite. Delaminations are detected between the upper three layers of the composite. 
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3.2 Testing of Polymer 
Composites 

Testing of polymer composites with continuous 
fibres differs from testing of isotropic materials 
such as steel and alloys. The strength and elastic 
or inelastic properties are anisotropic and the 
thickness of the materials is often very small 
compared to other dimensions. Failure occurs 
progressively with the development of many 
cracks, primarily in the matrix material. These 
features are taken into account in current testing 
activities in the Department. 

Interiaminar Fracture Toughness 

The interiaminar fracture strength of polymer 
composites with carbon fibres in a thermohar-
dening and a thermoset matrix can be character
ized by measuring the interiaminar fracture 
toughness Gj for a thin unidirectional specimen 
with an artificial starter crack. Standardized me
thods arc under development within the frame
work of ESIS (European Structural Integrity Soc
iety, formerly EGF), and tests are performed in 
the Department as a contribution to this develop
ment. The tests involve monitoring crack length 
as a function of load and displacement. This is 
done currently with visual observation with a tra
velling microscope. Alternative methods for 
automated and continuous monitoring of the 
crack length such as the potential drop method 
or crack gauges are being investigated. Parallel to 

Anti-buckling device used in the fatigue testing of glass. 

this, the present microscope measurements are 
being automated, preparing for a possible future 
application of image analysis. 

Fatigue Testing 

Fatigue properties of glass-polyester materials are 
investigated within the framework of wind-ener
gy-programs as described in Chapter 2.5. The 
same type of specimens is used for all tests, in
cluding those involving compressive loading. As 
the nominal specimen thickness is 2 mm, struc
tural instability in the form of buckling will oc
cur even at moderate compressive stresses. In or
der to avoid this, an anti-buckling device has 
been designed and successful applied. The gauge 
part of the specimen is clamped between steel 
plates, supplied with oval openings which allow 
extensometers to be attached to the specimen and 
observation of the damage development during 
the fatigue testing. The steel plates are clamped 
to the specimen with low clamping pressures in 
order to minimize frictional heating due to the 
relative movements between specimen and the 
plates. The plates are free to move in the axial 
(load) direction, but otherwise guided relative to 
the stationary (upper) part of the testing material. 
The actuator (lower) part of the testing machine 
may have some clearance in the sealing for the 
actuator; in order to avoid relative transverse 
movements between the upper and lower grips of 
the specimen, rollers are engaged at the outer 
part of the steel plates. The device has been used 
for a number of tests. 

tester polymer composites. 

34 Risø-R-590 



3.3 Corrosion Fatigue of Steels 
A 4 year BRITE (»Basic Research in Industrial 
Technologies for Europe«) project supported by 
the Commission of the European Communities) 
has been concluded in 1990. The project was a 
collaborative research program entitled »The Ef
fect of Surface Degradation on Fatigue and Frac
ture Behaviour« with the Materials Department, 
Risø and partners from Germany, France, Eng
land and Ireland. (Daimler-Benz, Frankfurt, 
FRG; GEC ALSTHOM, Marcoussis, France; 
GEC ALSTHOM, Leicester, England; Trinity 
College, Dublin, Ireland) 

The objective of the project has been the quali
tative description of the influence of corrosion 
pits on the fatigue behaviour of components. 
Also, fatigue crack initiation and growth from a 
pit has been simulated. 

The fundamental mechanisms of pit formation 
were studied. For this purpose a 13% Cr steel for 
gas turbine blades and a 3.5% Ni steel for rotors 
were investigated. A quantitative description of 
the influence of pit dimension, pit distribution 
and pit growth kinetics on fatigue behaviour in 
air and in corrosive environments has been eva
luated. Surface analysis was carried out for study
ing the basic mechanisms and sources for pit for
mation. 

Mechanical tests were carried out on smooth 
and prepitted specimens in air, and on smooth 
specimens in corrosive (pitting) environments. 
Crack initiation tests for four point bend test spe
cimens at various stress levels were established in 
order to obtain the influence of the surface degra
dations on the initiation of fatigue cracks. Frac
ture mechanics tests were carried out on compact 
tension specimens to obtain the influences on 
threshold values and on fatigue crack growth be
haviour. S-N fatigue tests were performed to gen
erate basic fatigue data in order to develop life
time curves. S-N fatigue tests of components 
(turbine blades and shafts) were also performed 
to confirm the accuracy and applicability of the 
models on real components. 

All data have been used to establish a lifetime 
prediction model based on two theoretical ap
proaches, both being based on a linear elastic 
fracture mechanics (LEFM) defect assessment. 
The models show excellent agreement for the 
13% Cr steel and a conservative prediction of the 
fatigue strength reduction for the 3.5% Ni rotor 
steel. 

3.4 Brittle Fracture of Welded 
Joints 

A local brittle zone (LBZ) in a material is defined 
as a region of reduced fracture toughness, as com
pared to the material in the surrounding areas. 
For example, in multi-pass fusion welding of 
steel plates, a LBZ may be encountered in the 
heat affected zone (HAZ) of the base plate adja
cent to the weldment where the microstructure is 
very inhomogeneous due to the different thermal 
cycles experienced during welding. Brittle frac
ture initiated from such LBZ's may result in 
complete structural failure. 

Our objective is to detect the HAZ LBZ's and 
determine their significance for structural integr
ity. Impact Charpy-V- notch and fracture mech
anics CTOD tests are used. Finite element based 
analysis of fracture of inhomogeneous material 
was performed. 

The programme, which is sponsored by the 
National Agency of Trade and Industry and the 
Nordic Industrial Foundation, is carried out as a 
collaboration between a number of Danish, Nor
dic and Japanese institutes, and it is to be conclu
ded in 1991. 

3.5 Fatigue Properties of Rapidly 
Solidified-Al Alloys 

A BRITE/EURAM project to develop high 
strength aluminium transition metal base alloys 
produced by rapid solidification process has pro
gressed by a major effort on experimental mea
surements of fatigue and tensile properties at 
room temperature and at elevated temperatures. 
The alloys are produced by partners in Tampere, 
Finland and in Trondheim, Norway. (Technical 
University of Tampere, Finland; Technical Uni
versity of Trondheim, Norway; and Harwell, 
UK.) Mechanical testing, metallography and eva
luation has been carried out by Risø and thermo
dynamics and microstructural investigations 
were done by Harwell, U.K. 

Several promising alloys based on Al-8Fe have 
been selected and on-going work is aimed to 
quantify the structures and properties of these 
alloys. The mechancal properties measured are 
tensile properties und S-N fatigue behaviour at 
room temperature, 150°C and 275°C. 
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3.6 Mechanical Testing 
The mechanical testing laboratory of the Mater
ials Department also perform a variety of minor 
commercial projects for Danish industry and 
other institutions. 

A contract on instrumenting polyethylene 
tubes for sewers in order to measure the strain 
and deformation during renovation of old ce
ment sewer pipes was fulfilled. The renovation is 
carried out by shooting a new polyethylene tube 
through the old sewer and hereby replacing 
lengths of up to 100 metres without extensive dig
ging work. During this relining the tube will be 
exposed to loads and deformations, which can 
reduce the lifetime of the new sewer. In-situ 
strain measurements were carried out during the 
relining process. This project was carried out in 
collaboration with The Danish Technological In
stitute, VBB in Sweden and the Danish contrac
tor company, Hans Jørgensen & Son. 

Other types of projects offered on a consultant 
and service basis are creep testing, tensile testing 
at high and low temperatures, fatigue testing, 
fracture mechanics testing, failure analysis and 
microstructural investigations. 

Strain gauges are applied to the inside surface of high 
density polyethylene sewer pipes. The ueformation in 
these pipes is monitored »in the field« during the relin
ing of old cement pipes. 
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Measurement of fatigue crack initiation in a corrosive 
environment. 

3.7 Testing of Engineering 
Ceramics 

Research and development on engineering cera
mics was mainly carried out within the »Centre 
of Advanced Technical Ceramics« which was es
tablished in spring 1989 within the Danish Ma
terials Technology Development Programme. In 
this center, which is managed by one of the staff 
members of the Department, the research and 
development in the ceramics field is carried out 
in close collaboration with six major Danish in
dustries and three research institutions. The Ma
terials Department is engaged in the following 
centre projects: a) processing, science and tech
nology for oxide- based ceramics; b) testing of 
engineering ceramics for specific applications; c) 
information and education. Besides these pro
jects the Department is also engaged in projects 
on the development of ceramic gas sensors. 
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Wear Resistance 

A wide range of ceramic materials has been char
acterized with respect to mechanical properties 
within the Centre for Advanced Technical Cera
mics. The aim of the centre project is to find the 
most suitable ceramic material for seal rings used 
in water pumps. The abrasive wear resistance was 
investigated thoroughly. For this purpose a new
ly developed abrasive wear test, Micro Wear Test, 
was applied. The materials characterized were 
zirconia (Zr02), alumina (A12G3), silicon nitride 
(Si3N4) and silicon carbide (SiC). For compari
son, tungsten carbide hard-metal was also charac
terized. All of these materials are commercially 
available. Each material was tested at two differ
ent specific pressures, 500 and 1000 kPa, and 
against two different abrasives, quartz and silicon 
carbide. A general conclusion from the abrasive 
wear testing of these materials is that the most 
wear resistant ceramics are SiC and Zr02. If these 
materials are compared with the hard-metal, 
there is only a slight difference. 

Fracture Toughness Measurements 

There are several methods for determining the 
fracture toughness of a ceramic ma ial. In the 
Materials Department two methods are used. 
One is the indentation fracture technique (IF) 
which is based on the traditional Vickers inden
tation for determining hardness. The only differ
ence is that a sufficient load is applied so that 
cracks initiate in the corners of the indentation. 
The second method is newly developed and ori
ginated from the notch beam in four point bend
ing technique. The traditional notched beam 
(NB) testing method is modified so that loading 
is controlled by the crack opening rate using a 
clip gauge. This system makes it possible to ob
tain slow crack growth in the ceramic materials. 
It is also possible to monitor the fracture tough
ness as a function of the crack extension, which 
gives the P. .urve. This method has been applied 
to different types of Zr02. The results from these 
tests show that the fracture toughness values 
from the new method are similar to the tradition
al notched beam values. In comparison with the 
Vickers identation technique, the new method 
generally gives lower values. 

Thermomechanical Properties of Ceramic 
Fibre Composites 

The residual stress state in ceramic fibre compo
sites strongly influences the overall mechanical 
behaviour (e.g. debonding, fibre pullout, thermal 
induced microcracking). The residual stresses ex
ist due to thermal-elastic mismatch between 
fibres and matrix. This was investigated by 3 di
mensional Finite Element Analysis. Various 
non-uniform fibre distributions were investiga
ted (e.g. local fibre touching, fibre and matrix 
rich zones). It was found that the residual stress 
state was indeed sensitive to non-uniform fibre 
dispersion. Also, possible thermal damage modes 
were identified. This is being further investiga
ted by thermal cycling experiments on a SiC-
fibre glass matrix composite, using calcium alu
minium silicate glass. 

Residual stresses around fibres in SiC/CAS. a) per
fect square array packing, b) four fibres lying close to 
each other, c) four fibres touching each other. 
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Thermal Shock Resistance Sensor Ceramics 

Techniques have been developed for testing of 
the thermal shock resistance of engineering cera
mics. Besides the standard technique of quench
ing from fixed temperature levels into either 
boiling water or air at room temperature a tech
nique involving thermal cycling between two 
temperatures was also developed. This latter 
technique was used to test the thermal shock re
sistance of commercial zirconia tubes for oxygen 
sensors. With the set-up shown in the figure be
low a cycling frequency of 18 times per hour be
tween 500 and 1000°C with a maximum heating 
and cooling rate of 69 and 47°C/s respectively was 
obtained. The tubes were cycled 3000 times and 
most of the tubes tested could withstand this 
treatment without failure. 

Thermal shock testing of zirconia tubes for oxygen 
sensors. The tube is repeatedly heated ~ 100(fC and 
then shock cooled as the furnace is moved up and 
down over the specimen. 
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Research was continued on development and 
testing of S02 gas sensors based on NaSiCON-
electrolytes. Correct and reliable measurements 
could be performed with these sensors provided 
both electrodes are covered with sodium sulphate 
and corrections made for any temperature differ
ence between the electrodes. Furthermore, two 
new types of sensors were developed by which 
measurements can be performed without the pre
sence of a reference gas. The electrolytes used in 
these sensors were Na-P"-alumina and Ag-p"-
alumina, respectively. In the first type the 
measuring gas is applied to both electrodes and 
the EMF is generated due to the temperature 
difference between the two electrodes. In the sec
ond type, which is selective towards S02, silver is 
used as a solid reference material. 

3.8 High Resolution Ultrasonic 
Testing of Advanced Materials 

During 1990, new ultrasonic equipment (HFUS 
2000) and a step motor-driven scanning system 
has been installed. The higher measuring fre
quency (over 50 MHz instead of 25 MHz) made 
possible by the HFUS 2000 has improved the 
resolution in ultrasonic inspection considerably. 

The complete system was delivered with soft
ware for measurement, data evaluation and pre
sentation. During the year the new possibility 
offered with this system has been heavily used for 
scanning and characterisation of several ad
vanced materials. Samples come from the two 
different groups of materials: 

- composite (plastic or ceramic) and 
- engineering ceramics. 

Metals or powder metallurgical products can also 
be examined; our main projects are, however, 
within the two mentioned material groups. 

Scanning can be performed in a hydraulic 
scanning system or a stepper-motor system. Sam
ple size as well as data structure and inspection 
criteria differ between the two systems. 

During 1990, our own software for the hydrau
lic scanning system has been under development. 
Practical scanning of the samples has therefore 
mostly been made in the stepper-motor scanning 
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system. The figure above shows a series of scan
nings of composite material with increasing reso
lution between the scans. In the highest resolu
tion there is 0.01 mm between the scanning va
lues. During one scan we can at the same time 
measure 2 echoheights and one distance between 
echoes. The picture shows heights of echoes from 
reflection in the material from delamination and 
pores. A histogram distribution of all measure
ments is also shown. The echoes can be chosen 
rather freely giving a lot of possibilities for find
ing internal defects or structural differences. Our 
experience from many scans during the year has 
shown several advantages and some shortcom
ings of the new steppermotor driven scanning 

system and software. This is illustrated by the 
following examples. 

Scanning area can not be chosen freely but is 
linked to the resolution of the computer-screen. 
The system always stores mean values. Colours 
cannot be chosen freely. The scanning pattern is 
connected to the resolution of the computer 
screen in an inflexible way. Measurements are 
stored for all scanning positions and only mean 
values can be stored. Thus the system is not ap
propriate for finding single defects in ceramics. 
The hydraulic system is superior in this respect. 
An aim is therefore to make the stepper-motor 
system more flexible. 
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3.9 Radiation Modification of 
Polymers 

Reactive species are formed by the interaction of 
ionizing radiation with organic materials, e.g. 
monomers and polymers. Chain crosslinking or 
chain scission are dominating reactions during 
irradiation of polymers, whereas a polymeriza
tion process is initiated by irradiation of pure 
monomer or monomer in the presence of a poly
mer (graft polymerization). The lifetime of the 
reactive species is normally so short, that all reac
tions will cease when the irradiation is stopped. 
Radiation induced reactions can therefore be ter
minated at any degree of conversion in a well 
controlled way. This is significantly different 
from thermally induced reactions. 

The experimental work has focussed on the 
study of lightly crosslinked polymers around the 
gel point where insoluble material is formed, the 
modification of molecular weight distribution of 
a degradable polymer by controlled chain scis
sion giving enhanced processing- and perfor
mance properties of polymer blends. Also, the 
development of a film matrix (PEPS) for solid 
phase reactions by radiation induced grafting has 
been studied. Due to careful selection of the 
polymerization medium, extremely long poly
styrene (PS) chains are attached to polyethylene 
(PE) chains by covalent bonds. The polystyrene 
chains are easily functionalized in organic sol
vents without loosing the physic;', form of the 
film. This material is at present used for pepiide 
synthesis (see Section 2.8). 

Radiation allows polystyrene chains to be attached to polyethylene film. A Polystyrene molecular weight (MVP) 
of more than 1 million can be achieved. Such large MW cannot be reached by traditional techniques; radiation 
initiation of free radical grafting is combined with a suitable reaction medium. 

P S (MW-106) 
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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, new 
polymeric systems, engineering ceramics, proto
type solid oxide fuel cells and fine-powder me
tals. Brazing and bonding techniques are being 
applied to a variety of these materials. The re
search programmes are carried out partly within 
the three Danish centres, Advanced Technical 
Ceramics, Powder Metallurgy and Polymer Com
posites, 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
sures by a variety of filament winding and 
•lihie pre-form methods. 

- The fabrication and joining of *.hin 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 

metallurgic 1 steels, aluminium alloys, 
superalloys, ceramics and ceramics to me
tals. 

- New polymeric systems. 

Risø-R-590 

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 of test 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. 

A fundamental study of the filament winding 
technique has been completed. The influence of 
the process parameters (winding speed, fibre ten
sion, temperature, and thickness of laminate) on 
the quality of wound laminates of fibre rein
forced thermoset was examined. Three different 
winding processes were investigated: wet-fila
ment winding where a wetting drum is immersed 
in a bath of matrix material; wet-filament wind
ing where the matrix material is supplied in a 
quantity continuously controlled by the amount 
of fibre wound onto the mandrel; and dry-wind
ing followed by a resic transfer technique. The 

Filament winding of high temperature thermoplastic 
fibre composites. The wound specimens are subsequ
ently consolidated in an autoclave process. 
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study was originally a confidential project, but 
the report has now been cleared, and the main 
conclusion from the study can be summarized as 
follows: 

The maximum material quality, and that is; 
fiber content 60 vol%, porosity content less than 
0.5 vol%, interlamina shear strength greater than 
85 MPa. This was obtained by the following pro
cess parameters: wet-filament winding with con
tinuously controlled supply of matrix material, 
winding speed of 16 m/min. (with a potential of 
even higher speed), fiber tension of 5 N, matrix 
viscosity of less than 30 mPa.s, obtained by a 
process temperature of 80°C for the actual matrix 
system. 

Two new projects on manufacturing techno
logy for thermoplastic composites with contin
uous fibres were started late in 1989. 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 
whe.e the material (fibre + matrix) is either 

wound onto a mandrel at room temperature or 
placed in a mould at room temperature in 'he 
form of a fibre pre-form, and consolidated by a 
subsequent autoclave process. 

Initial results indicate that 235 mm diameter 
tubes of carbon fibre/PEEK can be processed 
(wound and consolidated) successfully if the wall 
thickness is not greater than 0.6 mm. At greater 
wall thicknesses there is a tendency that fibre 
wrinkles are formed at the outer surface of the 
tubes. 

In the pre-form project the process technology 
for carbon fibre/PEEK 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/PEEK. The fiber composite door 
panel weighs only 25% of a similar steel door 
panel. 

Another purpose of the filament winding pro
ject is to develop a computer aided design pro
gram (for use on a PC-computer) for filament 
wound structures. In the first step of this work 
the program will be limited to consider only geo
desic paths on objects which are rotationally 
symmetric. 

Hoop-wound tube specimens and plate specimens of carbon fibre reinforced thermoplastic, shown together with 
semi-raw material used for the fabrication of the specimens. 
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4.2 New Polymeric Systems 
In the framework of the Materials Technology 
Development Programme a 3 year collaboration 
with Coloplast A/S, NKT A/S and Department of 
Chemical Engineering, Technical University of 
Denmark has been initiated. The collaboration 
has the exact title: »Polymeric Systems with Con
trolled Structure and Characteristics« is managed 
and coordinated by the Department. 

The general goal of the program is to increase 
the competitiveness of that part of Danish indu
stry that makes use of polymers. In this regard 
the concern is with processing, modification, and 
further development of polymers and raw mater
ials that are available in order to manufacture 
improved products and comply with future (en
vironmental) demands. 

The primary task of the program is to shed 
light on the possibilities of producing materials 

and products with the most desirable characteris
tics fitted to the molecular- and microstructure of 
the selected materials. Morphology of polymer 
blends with controlled two-phase structure will 
be modelled with prediction of selected proper
ties in mind. Through control and prognosis of 
the development of polymer adhesive mixtures, 
especially by means of crosslinking and adjust
ment of the rheological characteristics, adhesive 
mixtures are expected to be developed that have 
unique properties as adherents for plasters. Elec
trical characteristics of polymer materials are 
sought improved by use of thermoplastic elasto
mers resulting from controlled mixing and pro
cessing or by regulated crosslinking of selected 
components. Finally, model polymers with con
trolled structures, well-defined block copolymers 
and polymers with terminal functionality of rele
vance for the above mentioned areas will be pre
pared and evaluated. 
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Dynamical mechanical testing results of an uncross-
linked silicone oil and a lightly cross-linked silicone. 
The elastic modulus (G') and the loss modulus (G") 
undergo dramatic changes on cross-linking. Good 
tack and cohesive properties are obtained by the elec
tron beam cross-linking of the silicone oil. 
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4.3 Solid Oxide Fuel Cells 
The Danish SOFC-related activities emerged 
from investigations at Risø of ion conducting in
organic compounds for solid state, secondary bat
teries. The initial SOFC work on materials pro
perties gradually became more technologically 
oriented, including development of manufactur
ing techniques for ceramic materials. 

More recently, the Danish government deci
ded to focus its fuel cell support on the SOFC 
concept. As a consequence, a joint development 
program was organized as part of the govern
ment's Energy Research Program. In addition, 
there is Danish participation in several interna
tional programs on SOFC. 

The Danish SOFC program was initiated in 
1990 as a collaboration between five government 
research laboratories: The Materials Department 
of Risø, The Chemical Institute of Odense Uni
versity, The Physical Chemical Institute, Physics 
Laboratory 3, and the Chemical Laboratory A, 
all of the Danish Technical University, and two 
industrial companies: Innovision (ERL) A/S and 
Haldor Topsøe A/S. The project management 
and coordination is in the Department. External 
support for the Danish SOFC program comes 
from the Danish government's Energy Research 
Program and the two groups of electric utilities 
ELKRAFT and ELSAM. 
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Schematic of the Risø SOFC fuel cell. The cell is 
made entirely of ceramic materials. 

Activities 

The main, current activities in the program are: 

SOFC cell after testing, showing the air electrode side 
(black) and fuel electrode side (grey/green). 

(a) Development of small cells and stacks, 
based on a flat-plate design and with »clas
sical« materials: electrolyte YSZ (yttria sta
bilized zirconia), cathode (air electrode): 
La(Sr)Mn03, anode (fuel electrode): Ni-
YSZ, interconnect: La(Sr)CrOn. A variety 
of techniques for obtaining the thin cera
mic layers are examined, such as taoe 
casting, extrusion, slurry coating, and 
screen printing. Cells and stacks will be tes
ted with hydrogen. 

(b) Investigation of new electroceramics which 
will enable direct conversion of natural gas 
and provide materials with improved ion 
and electron conductivity. 

(c) Adaption of cell technology and material 
development to obtain experimental cells 
and stacks with improved materials. Cell 
testing will take place with methane/natur
al gas. 
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Achievements 

The efforts in 1990 resulted in a number of achie
vements within the Danish SOFC programme. 
These achievements are listed below. 

(i) Development of methods for the man
ufacture of »100g-to-kg« batches of suit
able powder materials for cathode and 
interconnect (zirconia and nickel mater
ials for electrolyte and anode are com
mercially available). 

(ii) Establishing of reproducible tape casting 
procedures for the electrolyte for small 
cells, e.g. 4x4 cm2. 

(iii) Application of electrodes by slurry coat
ing and serigraphy. 

(iv) Preparation and testing (days-weeks) of 
single cells. 

(v) Start with alternative shaping methods: 
extrusion of electrolyte, tape casting of 
electrodes, co- sintering of electrolyte 
and electrodes. 

(vi) Promising results with new anode ma
terials intended for direct methane con
version. 

(vii) Initiation of long range research, partly 
on electric transport properties and stoi
chiometrics of cathode materials and 
partly on new methods for powder 
synthesis. 

(viii) Participation in international collabora
tion (see below). 

Various stages of the tape casting process are illu
strated by the series of photographs to the right. 
Some of the interesting results with new anode 
materials are summarized in the following sec
tion. 
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New Anode Materials 

The Ni-YSZ anode has been tested at 1000°C 
with both H, and CH4. As illustrated in the fig
ure to the right, the oxidation rate (current dens
ity for CH4 is more than a factor of 10 lower than 
for H2 at a given potential. Previous work in the 
Department has shown that it is possible to oxi
dize CH4 on a Ce02-Gd203 type of electrode. A 
Ce02 electrode with a proprietary additive can 
oxidize H2 at a rate similar to that of Ni-YSZ, 
whereas the CH4 oxidation rate can be 100 times 
higher. 

International Collal oration 

There is Danish participation in the following 
international SOFC-related programs: 

- The »Nordic Tape Casting Project«, to ad
vance the tape casting of ceramic materials. 
There are thirteen participants from the five 
Nordic countries. In addition to contribu
tions from participants and national bodies, 
this project is supported by the Nordic In
dustry Fund. The Department participates 
on behalf of the Danish SOFC-group. 

- The IEA-SOFC collaboration on »Model
ling and Evaluation of Advanced SOFCs«. 
The Danish contribution will comprize the 
measurements of electrical transport proper
ties, stoichiometrics, and internal strains by 
neutron diffraction. Also here, Risø partici
pates on behalf of the Danish SOFC group. 

- Two projects under the EC programs 
JOULE and BRITE/EURAM, to develop a 
1 kW SOFC prototype. The projects are co
ordinated by ABB (FRG), other participants 
(Desides Risø) are: ICI (UK) and TNO (NL), 
in JOULE also British Gas (UK) and SIN-
TEF (N). The Department contributes to 
the following areas: tape casting, develop
ment of alternative materials, examination 
of microstructure/processing relationships. 
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Cyclic voltametry of anode materials for solid oxide 
fuel cells. The graphs show the results of tests at 
1000°C using H2 and CH4. 
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4.4 Ceramic Processing 
Materials research within the Centre project on 
processing science and technology was continued 
with the aim of developing new ceramic mater
ials with improved fracture toughness. The re
search was concen'rated on zirconia stabilized by 
ceria or magnesia as well as different types of 
ceramic composites. 

Stabilized Zirconia materials 

For TZ12Ce (ceria stabilized zirconia containing 
12 mole CeO) a coprecipitation technique was 
developed by which powders suitable for pressing 
and sintering of compacis of high density could 
be prepared. Flexural strength (determined by 
the 4-point bending technique) up to 525 MPa 
and fracture toughness values up to 40 MPa.ni1 -
were obtained on these compacts. 

For MZ9 (magnesia stabilized zirconia con
taining 9 mol% MgO) the sintering conditions 
giving high strength and fracture toughness were 
established for a commercial powder (from To-
soh Corporation, Japan). These conditions were: 
firing at 1700°C for 3 hours followed by an iso
thermal anneal at 1340°C for 2 hours which gave a 
flexural strength of 450 MPa and a fracture 
toughness of 12 MPa.m1' respectively. 

Finally, partially stabilized zirconia was pre
pared by co-doping with magnesia and yttria. For 
materials containing about 9% mole equivalent 
Mg + Y a remarkable long term thermal stability 
at higher temperatures (1000°C) was observed 
which makes these materials interesting for oxy
gen sensor applications. 

Ceramic Composite Materials 

Ceramic-ceramic composites, consisting of a dis
persed ceramic phase in a suitable ceramic ma
trix, offer the promise of improved mechanical 
properties over that of the matrix material alone. 
A significant increase in the corresponding frac
ture toughness can often be realized which offsets 
the strength degradation often seen in such ma
terials. It is therefore necessary, through ceramic 
processing techniques, to minimize the strength 
loss while maximizing the fracture toughness of 
these composites. 

A ZKV20 wt% Al2Ot particulate composite 
was prepared by mixing the TZ12Ce powder des-
ribed previously with a commercial Al20< (Alcoa 
A16) powder. Suspension mixing and ball milling 

were used to ensure a good dispersion of A1_>0, in 
the TZ12Ce matrix. Sintering of the composite 
powder at I550"C lor 2 hours resulted in a 98.5% 
dense material. A fracture toughness of 27.9 
MPam1- and flexural strength of 650 MPa were 
measured by Vickers indentation and the 4-point 
bend technique, respectively. The good mechani
cal properties and high density of the sintered 
composite resulted from the homogeneous dis
persion of the reinforcing particulate (A1,0,) in 
the TZ12Ce matrix. 

Short fibre or whiskers composites should 
have increased fracture toughness values relative 
to particulate composites since a greater number 
of toughening mechanisms are activated by their 
higher aspect ratios. Ceramic fibre composites 
were formed by incorporation of 10-20 wt% Al2Oj 
short fibres in a matrix of commercial tetragonal 
ZrO, containing 3 mol% Y,03 (TZ3Y). 

Mechanical testing of ceramic-ceramic composites. 
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The fibres were dispersed in a slightly basic solu
tion and any agglomerated fibre bundles were 
removed by sedimentation. The fibres were then 
wet milled with the Zr02 powder and plastic 
balls to minimize fibre commutation. Pressure-
less sintering above 1500°C yielded densities of 
99.5% and 99.8% for the 10 wt% and 20 wt% fibre 
materials, respectively. The 10 wt% fibre compo
site had a fracture toughness of 10.7 MPa.m12 and 
a flexural strength of 750 MPa while the fracture 
toughness of the 20 wt% fibre composite was 10.0 
MPa.m12 and the bend strength 630 MPa. The 
use of wet processing techniques to eliminate the 
fibre bundles which act as stress concentrators 
was once again responsible for the good mechani
cal properties in this material. 

Although ceramic whiskers and short fibres 
can increase the fracture toughness of a material, 
they may pose a potential health hazard during 
processing. A possible alternative for use in com
posite reinforcement is ceramic platelets. The in
termediate aspect ratio of platelets make them 
environmentally safe while still allowing a large 
number of toughening mechanisms to operate. 
Alignment of platelets perpendicular to the ad
vancing crack front would create the most favor
able mechanical situation. Currently, research is 
being undertaken to align ceramic platelets with
in a ceramic matrix using a colloidal processing 
technique known as pressure filtration. Commer
cial yttria-stabilized ZT02 (TZ3Y) and single 
crystal A1203 platelets are dispersed in a liquid. A 
cake is consolidated at the filter interface and 
simultaneously the liquid is removed using ap
plied pressure. This technique promises to be 
useful for formation of composites as well as sin
gle-component structural ceramic bodies. 

Single crystal Al203 platelets for use as reinforcement 
in Zr02. Magnification x 10,000. 

48 

4.5 Powder Metallurgy Processing 
The Department's work in the powder metallur
gical field has previously been concentrated on 
the processing of dispersion strengthened metals 
and metal matrix composites. This work has now 
been expanded into the areas of gas atomization 
and ultrafine powders. Both projects are part of 
the activities under the Centre for Powder Metal
lurgy within the Danish Materials Development 
Programme. The objective of these projects is to 
study the effect of various processing parameters 
on the characteristics of metal powder... Also, the 
mechanical, physical and chemical properties of 
consolidated material is being studied. 

Gas Atomization 

An inert gas atomizer for production of fine me
tal powders has been under construction during 
1990 and is going to be finished during the first 
half of 1991. The atomizer is being constructed in 
collaboration with Niro Atomizer and the Dan
ish Technological Institute. 

In connection with the construction of the ato
mizer a risk analysis for metal dust explosions 
has been carried out. This analysis has formed an 
important part of the basis for the dimensioning 
of pressure loaded parts in case of explosion. 
Many passive precautions have been taken con
cerning dust explosion to prevent injuries to per
sons. The tank is equipped with two 4-inch over
pressure reliefs (burst discs) breaking at approx. 3 
bar. However because of the huge maximum rate 
of pressure rise for aluminium powder in the 
low-end particle size range (700 bar/sec. for 17 
|im Al) burst discs are insufficient to ensure a 
safe venting of the system and therefore the en
tire equipment has been designed to withstand 
the explosion of the maximum amount of alu
minium powder which could be found in the ato
mizer at any instant. Extended FEM-calculations 
have been done to document the ability of the 
tank to withstand the explosion under acceptance 
of plastic deformation. 

Melting of the metals in the atomizer is done 
by a 25 kW induction heater supplied by a Dan
ish manufacturer and is intended to cover the 
entire temperature range from a few hundred de
grees centigrade and up to the melting point of 
iron. 
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Positron annihilation equipment for the investigation of fine powders in a controlled atmosphere at temperatures 
between-196°C and 50æC. 

Ultrafine Powders 

Ultrafine powders are being studied in collabora
tion with the Laboratory for Technical Physics, 
Technical University of Denmark. 

Because of the extremely small particle size, 5 -
10 nm, a considerable part of the atoms are very 
close to a surface or a grain boundary. This is the 
reason for some unusual properties shown by ul
trafine powders, like a very strong tendency to 
sinter and thereby minimize the total surface free 
energy. The affinity to sir.ering could be utilized 
for joining purposes (the joining of powder me
tallurgical parts). 

Until now, ultrafine Fe/Ni powders of various 
compositions have been produced by the eva
poration/condensation technique and character
ized by a number of methods. In particular the 
reduction and oxidation behaviour has been ana
lysed by microgravimetric methods. 

The experiments have shown that by oxidation 
of the homogeneous alloy, even at low (room) 
temperatures, the Fe segregates and oxidizes to 
form a mixed oxide of FeO and Fe203, whereas 
the Ni is left in its elemental form. During the 
following reduction in hydrogen at 100°C a com

plete reaction is ootained in a few hours and the 
homogeneous alloy of the initial composition is 
recovered. 

In addition to the above mentioned measure
ments, equipment for positron annihilation ex
periments on ultrafine powder in hydrogen has 
been constructed and is now finished. Experi
ments will start early in 1991. 

Manufacturing of Low Enriched Uranium Fuel 
Elements 

Fabrication of LEU fuel elements for the Danish 
DR3 reactor was continued in 1990. The reactor 
has now totally converted to this new type of 
elements containing low-enriched uranium 
(LEU) with less than 20% U235. 

In addition to the low enrichment, these ele
ments are special in the way the uranium is dis
tributed in the rolled fuel plates. Cores contain
ing the uranium are made powder metallurgically 
from a mixture of UjSi? and Al-powder, before 
encapsulation in aluminium sheets. 

In 1990 a total of 45 elements was delivered to 
DR3. 
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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 the quality of the fin
ished products and components. 

Brazing of Stainless Steels and Superalloys 

The EEC-BRITE supported research programme 
on the development of improved new Ni-Cr-
based brazing filler metals was continued in col
laboration with the partners from FRG and the 
Netherlands. Extensive test programmes are car
ried out to determine the wetting-, tensile-, and 
fatigue properties. Also the corrosion resistance 
in dilute HN03 solution at 75°C has been invest
igated on the brazed joints. After having ex
amined four selected commercial filler metals -
one from each of the types - P, Si, B and B plus 
Si, a new series of braze alloys has been com
posed. Joints brazed with some of the new braz
ing alloys have shown both a lower and narrower 
melting range than the commercial ones. 

Wetting test specimens of new Ni-Cr-based brazing 
alloys. The examples shown are just three of a large 
test matrix covering brazing temperature as well as 
filler metal and substrate compositions. 
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Joining Ceramics 

In the Danish Centre of Advanced Technical 
Ceramics the joining programme was continued. 
Investigations on brazed joints in PS Zr02 (3 
mol-percent Y,03) was continued. Using active 
brazing filler metals e.g. 70 Ag, 27 Cu, 3 Ti it was 
found that the 4-point bending strength was very 
much influenced by brazing temperatures be
tween 800°C and 950°C as well as a cleaning pro
cedure of the as-cut surface by firing in air at 
1400°C. 

Diffusion joining of A120, was also continued. 
A more elaborate diffusion joining equipment -
1500°C max. and a load of 30 kp - has been com
pleted. Several vacuum tight tubes closed by 
AI2O3/Z1O2 joints using a Pt foil as interlayer 
have been produced. The bonded closed tubes 
have been tested by thermal cycling between 200 
and 800°C showing no leaks after more than 1000 
cycles. 

Joining P/M Materials 

In the Danish Centre for Powder Metallurgy the 
joining programme was continued and experi
mental work has started on brazing and diffusion 
bonding of sintered P/M-parts. 

In this work the diffusion bonding process has 
shown the best results so far, as solid state diffu
sion bonding creates no difficulties with respect 
to the porosities in the powder material. Diffu
sion bonding has been carried out on materials 
based on steel and stainless steel powders under 
conditions similar to those of sintering these ma
terials. So far, sintered and calibrated P/M-parts 
have been bonded; strengths of approx. 80% of 
the parent materials have been achieved with a 
load corresponding to a nominal contact pressure 
during bonding of 3 MPa (max. obtainable). 

To obtain a higher contact pressure, a new dif
fusion bonding facility has been designed and 
installed in a vacuum furnace. Maximum bond
ing parameters are 1200°C, 60 kN and specimen 
dimension 50 mm x 50 mm x 150 mm. 

Brazing techniques for brazing porous mater
ials are being studied. Experimental work is car
ried out using conventional brazing methods and 
especially in the field of transient liquid phase 
brazing. 

Wetting of ceramic test specimen by an active brazing 
filler metal containing 3% titanium. 
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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. The 
responsible staff member may be contacted for 
further information on activities within a partic
ular area. 

International 

Council of the European Peptide Society. 
RolfH. Berg. 

The European Structural Integrity Society. Delft, 
The Netherlands. 
Christian Debet, Povl Brøndsted. 

The European Neutron Radiography Working 
Group. Joint Research Centre. Petten, Belgium. 
JozefC. Domanus. 

The International Advisory Committee on »In
ternational Conferences on Positron Annihila
tion«. 
Morten Eldrup. 

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. 
EEC. 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. EEC, Brussels, Belgi
um. 
Niels Hansen (Chairman), Bachu N. Singh. 

European Polymer Federation. Soronto, Italy. 
Søren Hvilsted. 

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

The Editorial Advisory Board of »Textures and 
Microstructures«. 
Torben Leffers. 

The Organizing Committee for NATO Ad
vanced Research Workshop on »Measurement of 
Residual and Applied Stress Using Neutron Dif
fraction.« Oxford, UK. 
Torben Leffers. 

The International Scientific Committee for the 
5th International MECAMAT Seminar on 
»Large Plastic Deformations, Fundamentals and 
Applications to Me .als Forming«, Fontainebleau, 
France. 
Torben Leffers. 

The Editorial Board of »Composites Science and 
Technology«. London, UK. 
Hans Lilholt. 

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

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

The Information Exchange Group under the 
European Space Agency on Carlson Fibre Rein
forced Plastics, Nordweijk, The Neincrlands. 
Aage Lystrup. 
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Fuel Cell Research Group, Nordic Council of 
Ministers. Copenhagen, DK. 
Finn Willy Poulsen. 

International Society for Solid State Ionics, ISSI. 
Rome, Italy. 
Finn Willy Poulsen (Councillor). 

The Working Party on Nuclear Corrosion, The 
European Federation of Corrosion. 
KajRørbo. 

The ISPRA Cyclotron Users Committee, Joint 
Reseach Centre. Ispra, Italy. 
Bachu N. Singh. 

Expert Group on Plasma Facing Components, 
Fusion Technology Programme, EEC. Brussels, 
Belgium. 
Bachu N. Singh. 

International Advisory Committee of »The 15th 
International Symposium on the Effects of Ra
diation on Materials«. 
Bachu N. Singh. 

European Society for Materials Education, Delft 
University. Delft, The Netherlands. 
Ole Toft Sørensen. 

Nordic Society for Thermal Analysis and Calori-
metry, Risø National Laboratory, DK. 
Ole Toft Sørensen (Chairman). 

The Editorial Board of »Journal of Materials 
Education«. Pennsylvania State University, USA. 
Ole Toft Sørensen. 

The Editorial Board of »Thermochimica Acta«. 
Ole Toft Sørensen. 

Danish 

The Advisory Group for Transport. Danish 
Ministry of Energy. Copenhagen. 
Eivind Adolph. 

Technical Assessors, Danish Institute of Funda
mental Meteorology, Lyngby. 
Eivind Adolph, Niels Hansen. 

The Advisory Board of: »Materials Technology 
in the Danish Rubber Industry«. Materials Tech

nology Development Programme. 
Walther Batsberg Pedersen. 

The Board of Governors of Risø National Labor
atory. Roskilde. 
Morten Eldrup,John Kjøller (Staff Representatives). 

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

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

The Steering Committee for Danish Oxide Fuel 
Cells Programme. 
Nieb Hansen 

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

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

The Executive Committee 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. 

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

The Steering Committee for the Centre for Poly
meric Composite Materials. Copenhagen. 
Hans Lilholt. 

The Executive Committee of the Danish Electro
chemical Society. Lyngby. 
Finn Willy Poulsen (Vice 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 

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

Niels Hansen, Kaj Rørbo. 
Materials Science. Danish Academy of Engineer
ing, Lyngby, DK. 

Kaj Rørbo, Povl Brøndsted. 
»Improved Corrosion Evaluation and Protec
tion«. UN course, held at Risø. 

Jørgen B. Bilde-Sørensen, Kaj Rørbo. 
Development Program, in collaboration with 
Haldor Topsøe A/S and the Danish Corrosion 
Centre. 

Ole Toft Sørensen. 
»Introduction to Non-stoichiometric Oxides/So
lid State Chemistry«. Technical University of 
Denmark, Lyngby, DK. 

External Examiners 

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

Ole Bøcker Pedersen. 
Ph.D. examiner, University of Cambridge, UK. 

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

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

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

Finn Willy Poulsen. 
Ph.D. examiner, University of Salford, UK. 

Ole Toft Sørensen. 
M.Sc. examiner, Technical University of Den
mark, Lyngby, DK. 

Ole Toft Sørensen. 
M.Sc. examiner, University of Aalborg, DK. 

Colloquia held at Risø 
»Coarsening of Gas Bubbles in Solids«. 1 Mar. 
Dr. Helmut Trinkaus, Forschungsanlage Julich, 
FRG. 

»The Influence of the Interannealing Treatment 
on the Deformation and Recrystallization 
Texture of Commercial Aluminium«. 9 Mar. 
Dr. Adam Bunsch, Academy of Mining and 
Metallurgy, Krakow, Poland. 

»Formation of Microbands in Rolled Al + 5.5% 
Mg«. 26 Mar. 
Dr. DarcyA. Hughes, Sandia National 
Laboratories, Lwermore, USA. 

»Composites Research and Sol Techniques at 
Queen's University«. 24 Apr. 
Prof. Reginald Smith, Queen's University, Kingston, 
Canada. 

»Creep of the Intermetallic Compound TiAl«. 
7 May. 
Prof. H. Oikawa, Tohoku University, Japan. 

»Materials and Processes in Solid Oxide Fuel 
Cells«. 14 May. 
Dr. Mogens Mogensen, Risø National Laboratory. 

»Cathode Materials and Solid Oxide Ion 
Conductors for Solid Oxide Fuel Cells«. 21 May. 
Prof. O. Yamatnoto, Mie UniWAty, Japan. 

»Studies on Inorganic Sols«. 31 May. 
Dr. BrunoKindl, Queens University,Kingston, 
Canada. 

»Developnu-" Status of SOFC«. 2 July. 
Professor S. Uchida, Mitsubishi Heavy Industries 
Ltd., Japan. 

»Positron Annihilation Studies of Helium in 
Metals and Alloys: Recent Works at 
Kalpakkam«. 15 Aug. 
Dr. B. Viswanalhan, Indira Gandhi Centre for 
Atomic Research, Kalpakkam, India. 
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»Rolling Conditions for High R-Value of Hot 
Rolled Steel Sheets Analyzed by Computer Simu
lation Model for Microstructure«. 25 Sept. 
Dr. T. Nakamura, Nippon Steel Corporation, Ja
pan. 

»Brainstorming* What can a Materials Scientist 
Usefully cio with a Scanning Tunneling Micro
scope?«. 28 Sept. 
Dr. Jørgen B. Bilde-Sørensen, Risø National Labor
atory. 

«Some Views on Plastic Deformation and the 
Grain Size Dependence of the Flow Stress«. 
28 Nov. 
Prof. Brendon Parker, Monash University. Clayton, 
Victoria, Australia. 

Undergraduate Projects 
The following students carried out project 
research work within the Department towards 
their degrees at universities within Denmark or 
abroad. The project title, student affiliation and 
Risø supervisors are given. 

Pauline Buitink. 
»Comparison of Different Conductivity 
Measurement Methods on YSZ-Tapes.« 
Techn;cal University of Delft, NL. 
Finn Willy Poulsen. 

Christian Draby and Jesper Højmark Esbensen. 
»Metal-Matrix Composite: Al-SiC«. 
Christian Debel. 

Torben Elhange. 
»Application of Photoacoustic Spectroscopy for 
Studying Polymeric Composites«. Danish 
Academy of Engineering, Lyngby, DK. 
Søren Hvilsted. 

Richard W.A. Francis. 
»Flow Stress Anisotropy in Cross Rolled 
Aluminium«. Brunei University, UK. 
Dorte Juul Jensen. 

Per Lyngsø Hansen. 
»Ceramic Coatings made by Spray Pyrolysis« 
Danish Academy of Engineering, Lvngby, DK. 
Finn Willy Poulsen. 

Nelleke van der Puil. 
»Synthesis and Characterization of La- and 
Sr-Zirconate« Technical University of Delft, NL. 
Finn Willy Poulsen. 

Post-graduate Projects 
The following students carried out research work 
within the Department towards their Ph.D. 
degrees. The project title, student affiliation and 
Risø supervisors are given. 

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

Kurt Heller. 
»Rheological Studies of Polymer Solutions and 
Gels«. Roskilde University Centre. 
Walther Batsberg Pedersen. 

Ole Jørgensen. 
»Impact Damage in Polymer Composites«. 
Technical University of Denmark/Danish 
Research Academy. 
Svend Ib Andersen. 

Torben Lorentzen. 
»Measurements of Internal Residual Stresses by 
Neutron Diffraction«. Aalborg University 
Centre. 
Dorte Juul Jensen and Torben Leffers. 

Bent Sørensen. 
»Ceramic Fibre Composites: Thermomechanical 
Behaviour.« Technical University of 
Denmark/Danish Research Academy. 
Christian Debel and Ole Toft Sørensen. 

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

David Tricker. 
»The Electron Microscopical and Ek:trical 
Characterization of Boundaries in S jlid Oxide 
Fuel Cell Materials«. University of Cambridge, 
UK. 
Jørgen B. Bilde-Sørensen. 

Thomas Lindegaard and Uffe Rud Hansen. 
»Ceramic Oxide as Anode Material in Solid 
Oxide Fuel Cells«. Danish Academy of 
Engineering, Lyngby, DK. 
Mogens Mogensen. 
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7. Finances 
The Department receives its financial support 
partly through basic governmental funding, and 
partly through national and international project 
oriented funds. 

Income 

Basic funding: 
(Ministry of Energy) 

Project funding: 

DDK x 1000 

20450 

25200 

45650 

$x l00 

3180 

3920 

7100 

The numbers given are in units of 1000 Danish 
kr. In parantheses the equivalent number in 
units of 1000 US$ (100 DDK equals 15.5 US$) is 
given. 

Investments 

Equipment 

Financing: 
Basic Funds 
Project Funds 

1000 DDK 

3650 

200 
3450 

1000 US$ 

568 

31 
537 

Expenditure 1990 

Salary 
Running expenses: 

Equipment: 
Tax: 
Administrative charges: 
Total: 

Basic Funds 
1000 DDK 

16750 
3500 

200 
-
-

20450 

1000 US$ 
2605 
544 

31 
-
-

3180 

Project Funds 
1000 DDK 

9450 
6550 

3650 
550 

3600 
23800 

1000 US$ 
1470 
1019 

568 
86 

560 
3703 

Total 
1000 DDK 

26200 
10050 

3850 
550 

3600 
•*250 

1000 US$ 
4075 
1563 

599 
86 

560 
6883 

DR-3 Fuel 
Elements 6% 

Hot Cell 7% 
National 

Projects 
28% 

Basic 
Funding, 
Research 

34% 

International 
Projects 

13% 

Industrial 
Projects 

12% 

Administration etc 
11% 

DR-3 Fuel 
Elements 5% 

Hot Cell 
12% 

Basic 
Funding 

Project 
Research 

46% 

Distribution of income 
(Total of 4S.6SMDDK) 

Manpower distribution 
(Total 43 scientific, 54 technical and office staff) 
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8. Staff of the Department 
Head of Department 
Niels Hansen 

Scientific Staff 
Adolph, Eivind 
Almdal, Kristoffer 
Andersen, Svend I. 
Bagger, Carsten 
Bentzen, Janet J. 
Berg, Rolf H. 
Bilde-Sorensen, Jørgen B. 
Borring, Jan 
Borum, Kaj K. 
Brøndsted, Povl 
Bøcker Pedersen, Ole 
Carlsen, Hans 
Christensen, Jørgen 
Debel, Christian P. 
Eldrup, Morten M. 
Gotthjælp, Klaus 
Gundtoft, Hans E. 
Horsewell, Andy 
Hvilsted, Søren 
Johansen, Bjørn S. 
Juul Jensen, Dorte 
Knudsen, Per 
Leffers, Torben 
Lilholt, Hans 
Liu, Yi-lin 
Lorentzen, Torben 
Lystrup, Aage 
Løgstrup Andersen, Tom 
Malmgren-Hansen, Bjørn 
Mogensen, Mogens B. 
Møller, Carsten V. 
Pedersen, Walther Batsberg 
Poulsen, Finn W. 
Rørbo, Kaj 
Schrøder Pedersen, Allan 
Singh, Bachu N. 
Thomsen, Niels B. 
Toft, Palle 
Toft Sørensen, Ole 
Toftegaard, Helmuth L. 

In 1990 the Polymer Group, 
Department. 

Postgraduate Students 
Clausen, Charlotte 
Heller, Kurt 
Jørgensen, Ole 
Sørensen, Bent 
Sørensen, Niels Jacob 
Tricker, David 

Guest Scientists 
Ananthan, V.S. 
Nyberg, Eric 

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

Technical Staff 
Adrian, Frank 
Andersen, Axel B. 
Aukdal, Jørgen A. 
Borchsenius, Jens F.S. 
Biilow Christensen, Carl J. 
Bønke Nielsen, Anne 
Christensen, Svend E. 
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, Preben 
Nilsson, Helmer 
Olesen, Preben B. 
Olsen, Benny F. 
Olsen, Bent K. 
Olsen, Henning 
Olsen, Ole 
Olsson, Jens O. 
Paulsen, Henrik 
Pedersen, Børge E. 
Pedersen, Knud E. 
Pedersen, Niels Jørgen 
Petersen, Jan H.A. 
Robl, Steen 
Sandsted, Kjeld 
Strauss, Torben R. 
Sørensen, Erling 
Thomsen, Leif F. T. 
Aagesen, Sven 

Office Staff 
Dreves Nielsen, Elsa 
Helbo Pedersen, Anne 
Hoffmann Nielsen, Lis 
Jørgensen Lone 
Lauritsen, Grethe W. 
Sørensen, Eva M. 
Thomsen, Ann 

Apprentices 
Christensen, Kim 
Enghave, Christian 
Hansen, Martin 
Jensen, Keld Lillegård 
Madsen, Niels O. 
Olsen, Morten 
Westergaard, Kenneth B. 

comprising 4 scientific and 3 technical staff, was transferred 
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9 Visiting Scientists and Students 
The following guest scientists worked in the De
partment during 1990: 

Dr. Brent Adams. 
Yale University, USA. 18 June -18 July. 

Prof. Frank S. Bates. 
University of Minnesota, USA. 14 - 22 Dec. 

Dr. Claire Barlow. 
University of Cambridge, UK. 27 Aug. - 27 Sept. 

Dr. Adam Bunsch. 
Instytut Metalurgii, Akademia Gornicza-Hutnic-
za, Krakow, Poland. 1 Dec. 1989 -1 Apr. 1990. 

Dr. Didier Gavillet. 
Paul Scherrer Institute, Villigen, Switzerland. 26 
-31 Aug. 

Dr. Xuewu Ge. 
University of Science and Technology of China, 
Hefei, Anhui. 15 Mar. - 31 Aug. 

Dr. Howard L. Heinisch. 
Battelle Pacific Northwest Laboratory, Richland, 
USA. 22 Oct.-4 Nov. 

Dr. DarcyA. Hughes. 
Sandia National Laboratory, USA. 24 Feb. - 27 
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Dr. Andy R. Jones. 
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Prof. Ding-kun, Peng 
University of Science and Technology of China, 
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Prof. Brian Ralph. 
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DrAbdoul Saoucha. 
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Los Alamos National Laboratory, Los Alamos, 
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Dr. Max Victoria 
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Dr. Phil J. Withers 
University of Cambridge, UK. 13 Aug. - 31 Aug. 

Dr. Chung H. Woo. 
Atomic Energy of Canada Ltd., Pinawa, Canada. 
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Amp Basu. 
University of Manchester, UK. 16 - 30 Nov. 

Petra Espinosa. 
University of Valladolia, Spain. 15 Oct. -14 Dec. 

Stephan Proennecke. 
Paul Scherrer Institute, Villigen, Switzerland. 25 
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Ningling Rao. 
University of Science and Technology of China, 
The People's Republic of China. 1 Jan. - 31 Aug. 

Ravi Schani. 
University of Cambridge, UK. 1 -14 Jul. 
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fect of recrystallization temperature on texture 
and grain size of an Al- SiC composite. Presen
ted at Conference on Microstructure and Mech
anical Processing, Cambridge, UK, 28-30 Mar 
1990. 

11. Juul Jensen, D.; Schmidt, N.H., An auto
matic on-line technique for determination of 
crystaliographic orienutions by EBSP. Presen
ted at International conference on recrystalliza
tion in metallic materials. Recrystallization '90, 
Wollongong, Australia, 22-26 Jan 1990. 

12. Kromann, R.; de Reus, R ; Bildc-Sørcnscn, 
J.B.; Andersen, N.H.; Freltoft, T.; Vase, P., 
Study of microsiructurc in laser ablated YBCO 
thin films. Presented at Danish Physical Socie
ty, Solid State Section, Topical Meeting on 
High Temperature Superconductivity, Techni
cal University of Denmark, Lyngby, DK, Dec 
1990. 

13. Lorentzen, T., Measurement of internal 
stresses by neutrons. Presented at Herning Mes
sen, TechTrans-90, Herning, DK, 9-15 Sep 1990. 

14. Malmgren-Hanscn, B.; Mogensen, M.; 
Poulsen, F.W., Automatic performance of elec
trochemical experiments. Presented at Scan-EI-
chem, Copenhagen, DK, 7-10 Oct 1990. 

15. Mogensen, M.; Kindl, B.; Malmgrcn-Han-
sen, B., On the prospects of operating an SOFC 

on dry natural gas. Presented at 1990 Fuel Cell 
Seminar, Phoenix, AZ, USA, 25-28 Nov 1990. 

16. Poulsen, F.W.; Bildc-Sørensen, J.B.; Clau
sen, C ; Kindl. B.; Malmgren-Hansen, B.; Mo
gensen, M., Electrode and conductivity studies 
of LaSrMnO, and I.aSrCoO, Materials. Presen
ted at Gordon conference »Solid State Ionics«, 
New London, USA, 18-22 Jun 1990. 

17. Proennecke, S.; Victoria, M.; Gotthardt, R.; 
Horsewell, A., Observation of small vacancy de
fect clusters produced by high energy collision 
recoils. Presented at the Xllth International 
Congress on Electron Microscopy, Seattle, USA, 
Jun 1990. 

18. Sørensen, B., Residual stresses in ceramic 
fiber ceramic matrix composites: Effect of non
uniform fiber distribution. Presented at 11. Risø 
Internationa) Symposium on Metallurgy and 
Materials Science, Risø National Laboratory, 
Roskilde, DK, 3-7 Sep 1990. 

19. Sørensen, B., Thermo-mechanical proper
ties of ceramic fiber composites. Presented at 
Ceramic Materials '90, Gothenburg, Sweden, 
28-30 May 1990. 

20. Thomsen, N.B.; Nielsen, B.N.; Karihaloo, 
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