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ABSTRACT
Selected activities of the Materials Research Department at R1S0 National
Laboratory during 1996 are described. The scientific work is presented in four
chapters: Materials Science, Materials Chemistry, Materials Engineering and
Materials Technology. A survey is given of the Department's participation in
international collaboration and of its activities within education and train-
ing. Furthermore, the main figures outlining the funding and expenditure of
the Department are given. Lists of staff members, visiting scientists, publica-
tions and other Department activities are included.
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In all aspects 1996 has been a very
positive year for the Department. A
special achievement has been that the
deficit in 1995 of 4.5 mio. DKK (Danish
Kroner) has been turned into a profit of
2.5 mio. DKK in 1996. This has been
possible through new research contracts,
by cuts in operating expenses and in-
vestments and by establishing a new
administrative system to ensure a tight
follow-up of the budget. This achieve-
ment has required a very focused and
dedicated effort of the whole staff
demonstrating the solid foundation of
the Department. However, this economic
result in 1996 has not been without
sacrifices. Large investments have not
been possible and hiring of new staff
has been postponed.

Another achievement has been a
positive international evaluation pre-
pared in 1996 and carried out in early
1997 by 7 high level industrialists and
scientists. This evaluation was requested
by the Ministry of Research as part of a
five year contract (1993 - 1997) between
the Ministry and Ris0 National Labora-
tory. The seven research Departments at
Rise and the centre as a whole was the
subject of the evaluation which came
out with many positive statements and
suggestions for future relationships
between Ris0 and its industrial custom-
ers and between Rise and Danish univer-
sities. The chapter in the evaluation
report on the activities of the Depart-
ment is very illustrative, so it is given in

Entrance hall

extenso in the insert and some of the
points raised by the Evaluation Panel
will be addressed later in this introduc-
tion.

Achievements in 1996
Noteworthy has been the integration of
high energy synchrotron radiation into
many of the research programmes of the
Department, ranging from basic studies
of grain growth during recrystallization
to in-situ process studies of the chemical
reactions during operation of a solid
oxide fuel cell at lOOO'C. These experi-
ments are carried out on the synchro-
trons at HASYLAB in Hamburg and at
ESRF in Grenoble and are co-sponsored
by the Research Council for Natural
Sciences through the programme

Teaching at Rise of high school students

DANSYNC. The successful research, which
also involves industrial companies, has
resulted in an agreement with ESRF to
establish a permanent installation (a
hutch) with the special aim of perform-
ing microstructural studies with very
high spatial resolution. This new tech-
nique will expand 2D metallography
used for more than hundred years into
3D metallography of bulk structures.

Othei achievements concern the
research and development carried out in
collaboration with industry. The results
have been the development of new
components and improvement of known
products. Themes have been (i) High
strength steels for die forging tools
(Danfoss A/S), (ii) High strength corro-
sion resistant steels for decanter centri-
fuges (Alfa Laval Separation A/S), (iii)
High strength, light weight polymer
composites for rotors for windmills
(several Danish firms), (iv) System for
digitizing X-ray films used in non-
destructive testing (Carl Bro A/S), (v)
Strong, light weight and wear resistant
metal matrix composites for automotive
components (FIAT). Also to be men-
tioned is the filing of patents in the
areas of high temperature solid oxide
fuels cells and light, fast rotating fly-
wheels.

Finally, educational activities may be
mentioned from teaching at Risa of high
school students and high school teachers
to undergraduate and graduate courses
at the Technical University of Denmark,
Aarhus University and Aalborg Univer-
sity.
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Judged from several indicators, the research: oithe
Department is of a very high quality: The funding from:

national and European programmes is
high, and citations of publica-
tions from 1993 and 1994 is 60%
higher than expected. The Panel
finds that the Department is the
undisputed centre of excellence
in the country within the field of
Materials Science. The publica-
tion activity in 1993 and 1994
with less than one article per
research man year on average is.
less than would be expected from
a Department of this high stand-
ing.

The Department has an
impressively long list of close
industrial collaboration partners
from Denmark as well as other
parts of Europe. The Department
plays and fulfils an important
role in establishing connections
from the Danish environment to
the centres of excellence in
Europe and to major European companies.

With respect to actual implementation and commer-
cial exploitation of the iarge technological and scientific
knowledge that is accumulated within tne Department,
the Panel is convinced, that it must be possible to iden-
tify more success stories than has been presented. The
Panel recommends that the Department sets ambitious
goals to create and make visible concrete and convincing
commercial results resulting from the excellent research
that is constantly being performed. This should be done
regardless of whether the results manifest themselves as
process innovations and improvements in industry or
actual new products.

In order to make sure that the commercial potential
of the competence of the Department is exploited to the
largest possible extent, the Panel encourages the Depart-
ment to actively pursue alliances with the GTS Institutes
since the mission of these institutes is precisely to help
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structive in formulation of Dan-
ish and European research and
technology programmes. The
annual Ris0 Symposia on Materi-
als Science are important events
that attract participants of the
order of 100. The Symposia
strengthen Ris0's position inter-
nationally, they build and main-
tain networks, and they demon-
strate the international scientific
cutting edge to the researchers
of the Department.

The Department has ben-
efited for many years from a very
strong leadership. It has consist-
ently positioned itself in fruitful
areas of research, and a very
effective management is being
exercised. The Panel has found a
very result oriented attitude
within the Department. Overall,

the Department is in very good shape to meet the chal-
lenge of the future.

The Panel finds it to be an important future task
for the Department to increase the commercial results
from its research activities, and the following recommen-
dations may be helpful: First of all, it is recommended
that the mobility of personnel to and from the industrial
sector in Denmark and internationally be increased to a
significant level. Specifically it is suggested, that one or
two high calibre people with an industrial background be
recruited to positions belonging to the Department
Management group. Furthermore, it is recommended that
the management of the Department to a larger extent
than now actively seeks advice from people with hand-
on-knowledge about commercialization of technology
from Danish and European industry regarding judgement
of industrial potential of possible research topics.

(from the International Evaluation of Rise National Laboratory)



Highschool students studying at the
Materials Research Department

Strategies and the future
In 1996 we have seen many new strate-
gies appear, which will affect the future
research of the Department. Such strate-
gies are on the European and on the
national level. In 1996 Risa has also
formulated a new strategy 'Ris0's Strat-

egy'. Common to these research strate-
gies is a strong link between scientific
and technological objectives and social
objectives that are objectives related to
society. This has most clearly been
expressed in the working paper pub-
lished in 1996 by the European Commis-

sion 'Towards the 5th Framework Pro-
gramme: Scientific and Technological
Objectives', in the plan from the Danish
Ministry of Environment and Energy
'Energy 21' and in the report from 1997
from the Danish Research Ministry 'The
National Research Strategy for Denmark'.
The different objectives may be summa-
rized as follows: Research must be at the
highest level, the research must be at
the service of the society and its citi-
zens, and research shall increase na-
tional and European industrial competi-
tiveness. In making this summary it is
interesting to note that it covers fairly
accurately the objectives formulated by
the founders of Ris0, 40 years ago. So
over the years, the Department has done
research on an international level of
relevance to society and to industry,
especially in the energy sector. This is
illustrated by its portfolio of energy
programmes, which is shown in the
insert with sponsors where the utility
groups ELSAM and ELKRAFT also partici-
pate in the programmes. Many industrial
partners participate in the energy re-
search and Danish companies playing a
major role are also listed in the insert.

Future Energy City, Siemens



As an illustration and for comparison is
shown the future energy city in the
vision of Siemens, Germany. It is com-
forting to see the agreement of energy
technologies of the future aimed at
saving resources and improving the
quality of the environment.

Energy research has a very long
horizon, whereas the competitiveness of
industry is at stake already today in
Denmark and in Europe in general. It is
therefore important, as also pointed out
in the International Evaluation, that the
Department pays special attention to
the transfer of knowledge and results
from the Department to relevant indus-
tries. By and large, this is reflecting an
international trend caused by the indus-
tries' cut in their own research and
increases in publicly funded research.
This transfer may take place in many
different ways, and the main approach
until now has been that the Department
works with Danish and European firms
in programmes sponsored by the Danish
Government or by EU. Tables with these
programmes are given in the individual
chapters of this report. We also inform
about our research experience and
specialized techniques through arrange-
ment of seminars and visits. A new
initiative is the so-called 'road shows'
where a group of scientists from the
Department pays a one day visit to a
company and give lectures chosen from
a 'menu' by the employees of the com-
pany. This initiative has been well re-
ceived and it may solve one of the
problems in transferring research,
namely that it requires not only active
researchers, but also active receivers.

In conclusion, good contact to col-
leagues in Denmark and abroad are
essential both in basic research, energy
research and industrial research. This
means that our collaboration with uni-
versities, research centres and industrial
firms as well as dynamic interaction
with our sponsors has a very high prior-
ity. To create and maintain such collabo-
ration is a permanent task best carried
out on a person to person basis. The
many contacts existing today provides a
good foundation for future actions,
where all must contribute.

Housewarming in the ceramic
processing laboratory

Room for distance learning
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M A T E R I A L S S C I E N C E
- theory and characterization

The research activities to be descri-
bed within this programme area cover
a very wide range of subjects. The
emphasis is on basic and strategic
research, but all projects have a clear
relation to potential technological
applications.

The Engineering Science Centre for
Structural Characterization and
Modelling of Materials, financed
jointly by the Danish Technical Re-
search Council and Riso, is managed
within the programme area, but the
centre also includes many activities
from other programme areas (and
from the Condensed Matter Physics
and Chemistry Department at Riso).
The establishment of this centre, in
1993, has contributed very signifi-
cantly to the programme area and to
its interaction with the other pro-
gramme areas.

Among the highlights one may point
to (i) the extension of the work with
fatigue mechanisms to FCC materials
with low stacking fault energy and
duplex steels, (ii) the continued
qualitative and quantitative develop-
ment in the work with layered struc-
tures and coatings, (i i i) measure-
ments of misorientation maps in
metal matrix composites, (iv) sugges-
tion of a new model for the cascade
hardening in irradiated metals, (v)
continuous progress in the develop-
ment of synchrotron radiation as a
materials science tool, and (vi) the
development of impregnation me-
thods for SEM crack studies in ce-
ment.
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• EU-sponsor, in collaboration wi th:
- CRRP, Lausanne, Switzerland
- Research Centre Julich, Germany
- AEA Technology, Harwell, UK

• EU-sponsor, in collaboration wi th:
- Oak Ridge National Laboratory, USA
- London University, UK
- Research Centre Julich, Germany
- IPPE, Obninsk, Russia
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Norwegian Inst. of Technology, SINTEF, Norway



Materials modelling and
materials structures

This programme concerns the develop-
ment of micromechanical models for the
mechanical behaviour of single- and
multi-phase materials, including the
multi-phase structure. The models are
related to the basic physics as reflected
in dislocation processes and, in certain
connections, inter-atomic attractions.

The microstructure of rolled brass
The deformation pattern in face-centred
cubic (FCC) metals and alloys with low
stacking fault energy (here exemplified
by brass) has been discussed for quite a
long time, particularly in connection
with the formation of the brass-type
rolling texture.

One of the controversial points is the
role of the twins which form during
deformation: do the twins add up to a
substantial volume fraction of the de-
formed material, or do they only make
up a small fraction? Recent work at the
Materials Research Department (in col-
laboration with University of Manchester,
UK) has confirmed the conclusion of
earlier work at the Department, viz. that
the total volume fraction of the twin
lamellae is rather small. In most of the
grains with twins the twin lamellae
cluster in 'bundles', and in these grains
the slip pattern is predominantly slip on
one single slip plane; the one parallel
with the twin lamellae. This statement is
based on observations of the orientation
relation between the twin lamellae and
the crystal lattice in the matrix (observa-
tions which were recently repeated with
much better statistics than the earlier
observations).

These observations are modelled by a
composite model for the plastic deforma-
tion of FCC materials with low stacking
fault energy: the grains with bundles
deform by slip on one single slip plane
while the grains without bundles deform
by multiple slip, thereby taking care of
strain continuity. For the formulation of
a quantitative model based on this
principle one must know the selection
criterion for the grains with twins/
bundles (several criteria have been
suggested). This was investigated experi-
mentally. It was found that the grains

with twins/bundles were (largely) se-
lected on the basis of the resolved shear
stress on the most heavily loaded twin
system.

The work with the formulation of the
model (in collaboration with Universidad
Nacional de Rosario, Argentina) is almost
finished - with promising results. The
applicability of the model requires a
fairly even distribution of grains with
and without bundles. Experimental
investigations have confirmed that the
distribution is fairly even.

Polycrystal deformation and
intergranular stresses
Neutron-diffraction measurements of
internal or residual stresses have a high
priority in the Materials Research Depart-
ment. The method is used for the study
of plastic deformation of polycrystalline
materials, which is another high-priority
activity in the Department. In order to
combine these two activities the Depart-
ment has engaged in a dual-purpose
project based on the self-consistent
model of Hill and Hutchinson.

This model was formulated at a time
when the physical understanding of the
problems of polycrystal deformation (and
the interest in these problems) was
rather limited, and therefore its conse-
quences were not evaluated in detail. In
the present work the model was investi-
gated in terms of the upper-bound Taylor
model and the lower-bound Sachs model.
The first conclusion is that the Hill/
Hutchinson model, as one would expect,
produces results in between the upper-
bound and the lower-bound solutions.
The second, and more surprising, conclu-
sion is that the results are actually
closest to those of the Sachs model. The
effect of elastic anisotropy on the defor-
mation pattern was found to be very
small.

By neutron-diffraction measurements
the intergranular stresses (or, more
precisely, the elastic lattice strains in
differently oriented grains) were investi-
gated both during tensile loading, and
after load relaxation. Stress components
in the tensile direction and in the direc-
tion perpendicular to the tensile direc-
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The distrubution of grains
with twins (black points)
and grains without twins

(white points) in Euler
orientation space

tion were measured and compared with
predictions of the model. Normally, there
is not a linear relation between the
applied stress and the lattice strains as
one would like to see. For the two direc-
tions investigated the {311} reflection
comes fairly close to the ideal of a linear
relation. Elastic anisotropy has a signifi-
cant effect on the lattice strains, par-
ticularly after load relaxation.

Fatigue mechanisms in copper-zinc
Fatigue of metals is closely related to the
cross-slip mechanism by which a screw
dislocation changes its slip plane. Low
values of the dislocation stacking fault
energy reduce the cross-slip frequency
and lead to so called 'planar slip'. Copper-
zinc deforms by planar slip, while copper
deforms by 'wavy slip' with frequent
cross-slip events. The understanding of
basic mechanisms of fatigue is less ad-
vanced for planar slip materials than for
wavy slip materials, which have been
extensively investigated for decades with
copper as the experimental model sys-
tem.

A study of plastic strain controlled
cyclic deformation and fatigue of tex-
ture-free polycrystalline copper with 15
and 30 % Zn has led to interesting new
observations. Cyclic deformation experi-
ments on copper-zinc revealed successive
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stages of primary hardening, softening
and secondary hardening, in which the
stress amplitude increased, decreased
and increased. While copper displays a
prominent stage of'cyclic saturation',
characterized by constant stress ampli-
tudes for several hundred thousand
cycles, the present experiments reveal
that cyclic saturation is absent in cop-
per-zinc.

The combined effects of polycrystal-
linity and slip planarity were studied by
electron microscopy and self-consistent
modelling. For copper this type of inves-
tigation, together with transmission
electron microscopy of dislocation
microstructures, has shown that in
fatigue the individual grains tend to
deform on a single slip plane. At small
plastic strain amplitudes t. <10 ' the
resulting intergranular mismatch is
accommodated by elastic strain. The
experiments on copper-zinc show that
the tendency toward single slip deforma-
tion is much stronger than in copper. In

copper-zinc the single slip deformation
remains dominant up to t 5 x 10 '.

Quantitative fatigue damage charac-
terization was carried out using a classi-
fication of surface cracks based on their
length and growth behaviour. The dam-
age includes a large proportion of inter-
granular cracks, which is a possible
effect of the high intergranular stresses
associated with the single slip deforma-
tion mode. The damage characterization
provides a basis for numerical simulation
of fatigue life.

Fatigue mechanisms in
duplex stainless steel
The understanding of fatigue mecha-
nisms and microstructures in model
systems like copper and copper-zinc
provides a useful background for investi-
gations of industrial materials with
much more complex microstructures.
Duplex steels consist of a wavy slip
ferritic phase (resembling copper) and a
planar slip austenitic phase (resembling
copper-zinc). Recent developments in
duplex steels have been concentrated on
effects of N alloying, which preferen-
tially hardens the austenitic phase. The
current understanding of fatigue mecha-
nisms refers mainly to low N steels,
whose austenitic phase is softer than its
ferritic phase. An experimental study
was therefore made of the plastic strain
controlled fatigue of a high N (0.35
weight %) steel, whose austenitic phase
is harder than its ferritic phase.

Polished fine and coarse grained
samples of the high N duplex steel were
deformed cyclically in plastic strain
controlled tension-compression to frac-
ture at room temperature in air. The
cyclic stress-strain response was domi-
nated by cyclic softening of the N hard-
ened austenitic phase. Transmission
electron microscopy showed that there is
an abundance of misoriented dislocation
cell structures in the ferritic phase.
Based on a simple composite model the
misoriented cells were interpreted as
direct microstructural evidence for
transfer of intergranular stresses from
the austenitic phase to the ferritic phase
during cyclic softening.

The cyclic stress-strain curves and
fatigue life curves both displayed a bi-
linear shape defining ranges I and II at
low and high amplitudes, characterized
by different fatigue mechanisms. Crack
nucleation occurred in austenitic grains
in range I and in ferritic grains in range
II. The observed fatigue life depends on
the scale and anisotropy of the phase
morphology. It may be understood
qualitatively if crack transmission across
phase boundaries is asymmetric: at a
given plastic strain amplitude a crack of
a given length is transmitted more easily
from a planar slip grain into a wavy slip
grain than vice versa.

Local strain around inclusions in wire
drawn Cu/W metal matrix composites
Synchrotron radiation studies can pro-
vide information about the local strain
fields within bulk materials. In an ex-
periment at the European Synchrotron
Radiation Facility (ESRF) the strain
fields around inclusions in wire drawn
Cu/W composites were investigated.
Cylindrical specimens of 3 mm diameter
with long, single-fibre inclusions of
tungsten were used. The radial and axial
strain components were mapped in three
dimensions with a spatial resolution of
20 x 20 x 2 70 urn .

The variation in radial strain along a
given diameter was small - of the order
of i3 x 10 -. The axial lattice strains,
however, showed a very strong variation
with radial position showing a strong
shift towards compression near the fibre
interface. The strain variation was inde-
pendent of axial position even when
measurements were made far from the
end of the fibres. A 'knee' in the axial
lattice strains at mid-radius was ob-
served. This is related to strong varia-
tions in texture (measured simultane-
ously). The observed strain variations
are not consistent with standard theory
based on the strains being related to
thermal expansion, plastic or elastic
mismatch between the W-fibre and Cu
matrix. Instead it was proposed, that
the obseived compressive shifts was
caused by the deformation of the Cu
matrix by the W-fibre segments as they

10



Polished surface of a
polycrystalline Cu-30%Zn after
cyclic deformation e =0.0034).
Individual grains are seen to be
traversed by parallel slip bands
indicating deformation by shear

on a single slip plane

slipped relative to the matrix during
wire drawing. This would result in a
uniaxial compressive stress in the core
of the Cu matrix balanced by tensile
stresses towards the sample surface
similar to the process of inducing biaxial
stresses by grinding.

Microstructure and texture of
electrodeposited metals
Surface finish, corrosion resistance and
hardness of surfaces can be easily im-
proved by traditional electroplating
techniques. Although such coatings
function well, further understanding of
the mechanisms of electrodeposition
may lead to new and improved applica-
tions of this established technology.
New layered structures, for example,
may provide superior hardness and wear
resistance.

The microstructure and morphology
of pure copper, nickel and chromium
electrodeposits were investigated. The
study also included the sequential depo-
sition of copper and nickel to form Cu-Ni
multilayers and layered chromium pro-
duced by intermittant pulse reversal
during plating.

All of the materials studied exhib-
ited strong textures from the electro-
plating and possess considerable internal
stresses. Earlier hypotheses on the
mechanisms of texture development
during electroplating have concentrated

on growth competition of energetically
favoured crystal facets. Newer theoreti-
cal work has shown that inhibition of
crystal facet growth by hydrogen or by
organic complexes or by co-precipitation
may determine the texture. Detailed
cross-sectional transmission electron
microscopy combined with X-ray diffrac-
tion has provided crystallographic evi-
dence which lends support to these later
theories.

The effect of plasticity in
layered materials
Plastic deformation in metals is caused
by non-conservative movement of dislo-
cations. Glide of many dislocations
results in slip, which is the most com-
mon manifestation of plasticity in
crystalline solids. From a macroscopical
point of view, such yielding has its own
constitutive description. In one of the
most common theories, yielding or
plasticity is considered a state in which
the material undergoes permanent
deformation at a constant specific vol-
ume. This state is characterized by the
effective von Mises stress reaching a
level denoted the yield stress, and the
mode or direction of plastic deformation
is determined by the state of stress by a
quantity denoted the stress deviator.
The mechanical behaviour of complex
composite systems is to some extent
determined by the constitutive behav-
iour of the individual constituents. Take
for instance the case of a laminated
plate consisting of unidirectional car-
bon-fibre/reinforced epoxy laminae,
grouped in layers of mutually perpen-
dicular fibre directions. Alternating ply
layers meet directly at the interfaces.
Consider a laminate where each layer
group is separated by an aluminium
sheet. Upon indentation with a spherical
steel ball, the plate without metal
sheets shows brittle fracture. In con-
trast, the plate containing ductile inter-
leaves yields. The stress state induced by
indentation was computed by the finite
element method (FEM). The computa-
tions reveal that the plasticity in the
aluminium spreads the stresses into the
solid. In contrast, the plate without

aluminium has stress concentrations at
the interfaces, explaining the brittle
fracture. Thus, from the FEM computa-
tions it is concluded that the two quali-
tatively different deformation patterns
are solely explained by the local consti-
tutive behaviour.

Wear resistant coatings
The ongoing work in the Department on
layered materials also includes the study
of the properties of wear resistant sur-
face coatings. The coatings are being
studied as part of an 'Industrial Post
Doc' project where collaboration between
a major Danish industrial company -
Danfoss A/S - and the Department takes
place. The activities are associated to
the Danish MUP technology programme
on wear resistant coatings managed by
the Tribology Centre at the Danish
Technological Institute, Aarhus. The
coatings of industrial interest are prima-
rily titanium based (TiX, where X = C, N,
CN, AIN etc.), but also diamond-like-
carbon layers may be included. These
types of coatings are all thin (2 - 5 urn)
very hard, contain large internal stresses
and are inherently brittle.

The research involves experimental
determination of residual stresses in
coating systems by utilizing traditional
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X-ray diffraction and synchrotron radia-
tion techniques. The studies are to
relate to models of fracture mechanisms
in coating systems as well as develop-
ment of methods for characterization of
mechanical properties of thin and hard
surface coatings.

Analysis of thermally-induced
delamination of graded multilayers
Steady-state delamination of
multilayered structures, caused by
stresses due to thermal expansion mis-
match was analyzed by a fracture me-
chanics model based on laminate theory.
Delamination may occur during cool
down of materials co-sintered at high
temperature, because of the difference
in thermal expansion coefficients of the
two materials. Intuitively, one would
expect that delamination may be sup-
pressed if the jump in the thermal
expansion coefficient from one layer to
the next is decreased, e.g. by inserting
layers with graded properties. In this
analysis the thermal expansion coeffi-
cient was assumed to vary stepwise from
layer to layer in a linear fashion with
the layer number (stepwisely graded). It
was found that the steady-state energy
release rate G increases linearly with
the thickness of the multilayer. Thus,
delamination can be suppressed by

reducing the thickness of each layer and
thereby reducing the thickness of the
entire multilayer. G decreases rapidly as
the numbei of layers is increased. In
practice a few layers may be sufficient
to suppress delamination. For the situa-
tion where the total thickness of the
entire multilayer is fixed, G was found
to decrease as the thickness of the
graded zone, in between the surface
layers, is increased. For a multilayer
with varying elastic properties the
energy release rate increases as the
stiffness increases. G is highest at
interfaces between layers with high
stiffness. Experimental work showed
that delamination could indeed be
avoided by the use of a few interlayers,
and by reducing the multilayer thick-
ness. This is in agreement with predic-
tions from the model.

Characterization of porous
microstructures
Building materials such as concrete,
brick and plaster typically contain more
than 30 vol. % porosity. Properties, such
as permeability, thermal insulation and
transport of water vapour, as well as the
mechanical and fracture properties,
depend on the details of the pore vol-
ume fraction, pore size, pore shape and
pore connectivity. Such property rela-
tionships are reasonably well known and
have been related to the stereology, or
geometrical and spatial description of
these structures.

This research is carried out in col-
laboration with the Department of
Building Materials at the Technical
University of Denmark. Related porous
structures of direct interest to the Mate-
rials Research Department are to be
found as electrode materials in the SOFC
research. These porous ceramic electrode
materials have somewhat simpler micro-
structures than building materials and
are therefore ideal model materials for
the construction of computer models
which contain the important
stereological elements of actual porous
structures seen from scanning electron
microscope observations.

Local structures

and properties

This programme concerns the develop-
ment and automation of techniques for
the quantitative determation of the
parameters which characterize the
microstructure of materials. This in-
cludes the formulation of correlations
between structural parameters, process-
ing parameters and the properties of
materials.

Microstructure in tensile
strained aluminium
The extensive studies of single crystals
deformed in tension and rolling have
shown that the crystal orientation has a
strong effect on the deformation struc-
ture. High purity polycrystalline alu-
minium (99.996 %) was deformed in
tension at room temperature. The micro-
structures of deformed samples were
observed by transmission electron
microscopy (TEM), and the local orienta-
tion was determined using a fast semi-
automatic Kikuchi pattern technique in
a TEM.

The microstructural evolution is
generally characterized by the subdivi-
sion of grains. However the
microstructural features vary from grain
to grain. The observed microstructures
can be classified into three types accord-
ing to the different microstructural
characteristics. Type 1 microstructure is
characteiized by the formation of planar
dislocation boundaries on the slip
planes. The traces of the planar bounda-
ries in Type 1 structure are very straight
on the image plane. In Type 2 structure
the planar dislocation boundaries are
also formed, but their traces on the
image plane are curved and have a
average deviation of more than 5 from
the slip plane traces. The differences
between Type 1 and 2 structures are also
reflected in the density of the planar
boundaries and the misorientation
angles cross the boundaries. It was
found that at a given strain both the
density and the misorientation angles of
the dislocation boundaries are larger in
Type 2 structure than in Type 1 struc-
ture. Type 3 microstructure consists of
equiaxed cells in which almost no planar
dislocation boundaries are observed. A
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good correspondence between the micro-
structure types and the grain orienta-
tion was found: Type 1 structure was
observed in the grains with tensile axis
orientations in the range between 13 to
26 from a <100> orientation, Type 2
structure was formed in grains having
tensile axis near a <111> orientation,
while Type 3 structure was formed in
grains with tensile axis in the area
within 13 to a<100> orientation.

Effects of orientation
pinning on recrystallization
During recrystallization of deformed
materials, new, almost dislocation-free
nuclei develop and grow at the expense
of the deformed microstructure until the
entire deformed matrix is replaced by
the new grains. The traditional way to
imagine the growth process during
recrystallization was like blowing soap
bubbles, a nice smooth process where
the grain/soap bubble grows spherically
and homogeneously all the way along its
boundary. However, the new results on
severe grain subdivision during deforma-
tion, leads to a new perception. In a
heavily subdivided deformed matrix,
each nuclei will, already when it is
formed, be surrounded by deformed
material of different orientations at
different segments of its boundary. As
the mobility of the boundary to a large
extent is determined by the
misorientation across the boundary, it is
clear that different segments of the
boundary will move with different
speeds and not homogeneously as a soap
bubble. Important here is that many of
the boundary segments are observed to
be of low misorientation angles ( < 15°).
A low angle boundary segment develops
whenever a nucleus/grain meets regions
in the deformed material of almost its
own orientation. As the mobility of the
low angle boundaries is low, such re-
gions will act as obstacles to the growth
of the nucleus/grain. The phenomena is
referred to as orientation pinning, and
has shown to be important for under-
standing differences in growth rates for
nuclei/grains of different orientations in
typical cold deformed metals. A compu-

ter program was developed for 3D
simulations of effects of orientation
pinning on relative growth rates of
nuclei with different orientations. Gen-
erally, good agreement between calcu-
lated and experimentally determined
growth rates was obtained.

Plasticity analysis and microstructure
of cold-deformed FCC crystals
During the last few decades, two aspects
of the study of plastic deformation have
been emphasized, (i) The simulation of
deformation process and texture forma-
tion based on plasticity analysis; and
(ii) the microstructural characterization
of deformation structure mainly based
on electron microscopy.

From both plasticity analysis and
experiments it has been found that
during rolling deformation the grains
with cube and rotated cube orientations
are unstable while the crystal or grains
with Goss, copper and brass orientations
are relatively stable. The plasticity
analysis shows that the unstable crystal
is rotated from the initial orientation
during deformation due to the slip
imbalance on the active slip systems,
and this slip imbalance increases with
increasing rotation of the crystal. The
crystal rotation results in the macro-
scopic subdivision and the formation of
the heterogeneous structure (such as
deformation bands). The rotation of the
stable crystal is very small since any
rotation from the initial orientation due
to the slip imbalance on the active slip
systems will cause an imbalance of
opposite sign rotating the crystal back
to the initial orientation. A homogene-
ous microstructure is usually formed
during deformation of the stable crystal.

The combination of the plasticity
analysis and the local orientation meas-
urement was used to analyze the forma-
tion of dislocation structures. For exam-

Part of the experimen-
tal set-up for crystallo-

graphic orientation
measurements by

synchrotron radiation

pie, the cube-oriented single crystal is
macroscopically subdivided into four
matrix bands connected by three transi-
tion bands by the rotation around trans-
verse direction. From the plasticity
analysis, the formation of one matrix
band may be caused by a slip imbalance
between two pairs of colinear slip sys-
tems, i.e. there is an imbalance between
dislocations having two different Burg-
er's vectors. This imbalance results in an
orientation difference between disloca-
tion boundaries from one matrix band to
the next which agrees with the
microstructural observations by TEM.

Measurements of strain field
in metal matrix composites
The plastic deformation in a metal
matrix composite (MMC) is initially
concentrated in the matrix in the vicin-
ity of plastically undeformable fibres/
particles. The study of the local behav-
iour forms a base for understanding the
overall elastic and plastic response of
this material. It has been an interesting
subject for numerical modelling and
experimental investigation. With the
aim of validating numerical predictions,
experimental techniques were developed
and applied for characterizing the strain
distribution in the vicinity of fibres/
particles, the size of which is of the
order of microns.

With the aid of micro-diffraction and
computerized analysis of Kikuchi pat-
terns in TEM, the strain field close to SiC
whisker of 1 am in diameter in an alu-
minium composite can be characterized.
The local strain was determined on the
basis of measurements of the local
crystallographic orientation and
misorientation calculations, as there is a
direct correlation between the lattice
rotation and strain gradients. For a
composite containing 2 % SiC whiskers
deformed to a strain of 0.1 by uniaxial
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tension, the misorientation map was
obtained and superposed onto a TEM
micrograph showing the dislocation
structure of the area. The strength of
such a representation is that it provides
a vivid indication of the nature of the
deformation in relation to the disloca-
tion structure around the whisker.
Discontinuities in the misorientation
pattern are associated with dislocation
walls. The misorientation map was
converted to a strain contour map which
could be compared directly with the FEM
predictions. Qualitative agreement was
found. However, the experimentally
determined strain gradients were much
lower than predicted.

The collaboration with Dortmund
University of using the object grating
technique to characterize the strain field
in particulate composites was continued.
This technique allows the strain distri-
bution around large particles (> 10 urn)
on the surface of a bulk specimen to be
measured in-situ in a scanning electron
microscope. Aluminium MMC containing
10 % Al 0 particles was deformed by
uniaxial tension to strains of 0.01 -
0.03, and the focus of the experiment
was to study the effects of particle
geometry on the plastic flow pattern in
the matrix.

Characterization of local texture in
aluminium by synchrotron radiation
Depending on the process parameters,
the texture in a rolled plate may be
homogeneous or inhomogeneous
through the thickness of the plate.
Knowledge about such possible through-
thickness texture variation allows opti-
mization of the process parameters. By
standard techniques the texture in a
layer at a given depth from the surface
can only be determined destructively.
The most commonly used technique is
laboratory X-ray diffraction and for such
measurements the sample has to be
serially sectioned or polished to the
given depth. This tedious work can be
avoided by the use of a new measuring
technique applying high energy syn-
chrotron radiation. The penetration
power of high energy synchrotron X-ray
is in the cm-range for typical methods,
and non-destructive texture investiga-
tion is thus possible. A broad band (10 x
500 urn•') monochromatized incident
synchrotron beam is created by a slit
system. Thereby, textures in 10 mm
thick layers can be determined. For the
measurements the sample needs to be
moved layer by layer, while rotating the
sample only from 0 ' to 90 ' at every
layer. The specific diffraction pattern
(Debye-Scherrer-cones) is registered by a
high resolution 2D-CCD-camera. The first
series of measurements were carried out
at a beam line at HASYLAB in Hamburg.

Irradiation damage,
defects, and fusion materials

This programme concerns the experi-
mental determination and theoretical
evaluation of the parameters which
characterize the accumulation of defects
and their effect on the physical and
mechanical properties of the materials
to be used in fusion reactors, such as
ITER (International Thermonuclear
Experimental Reactor).

Cascade-induced source hardening
An analysis of the deformation behav-
ioui of neutron irradiated metals and
alloys shows that the experimental
results cannot be rationalized in terms
of the conventional 'dispersed barrier
hardening' model. This model assumes
that the small defect clusters produced
during irradiation act as obstacles to
dislocation motion as envisaged in the
Orowan mechanism. In the present work,
the 'stand-off distance between a small
loop and an edge dislocation was esti-
mated. The result shows that small (~2
nm in diameter) loops are likely to be
sucked into the edge dislocation from a
distance of about one-half of the loop
diameter. Hence, it seems very unlikely
that the small clusters produced in the
cascades may act as Orowan type of
obstacles.

An alternative model called 'cascade-
induced source hardening' was proposed.
The main thesis of the model is that the
increase in the upper yield stress in the
irradiated materials is caused by the



increased difficulty in dislocation gen-
eration during deformation. The decora-
tion of grown-in dislocations by gliding
interstitial clusters produced in the
cascades is assumed to lock the grown-in
dislocation. Hence the stress necessary
to unlock these dislocations is taken to
represent the upper yield stress. This
was estimated by calculating the stress
necessary to pull the dislocations away
from the atmosphere of loops decorating
them. The calculated results show that
the increase in the upper yield stress of
neutron irradiated copper can be under-
stood in terms of the break-away stress.

Defect accumulation under cascade
damage conditions
The damage evolution in
multidisplacement cascades has the
following important features: (i) the
defect production efficiency is only
about one-tenth of the efficiency ex-
pected under single displacement pro-
duction condition, (ii) about one-half of
the defects produced survive in the form
of clusters, and (iii) small clusters of
self-interstitial atoms (SIAs) produced in
the cascades are glissile. None of the
conventional theoretical models describ-
ing defect accumulation, particularly
void swelling, include treatments of all
these features. It was shown, however,
that these features can be treated
within the framework of the 'production
bias' model.

Recently, the model was given a
more comprehensive treatment in which
the 'size distribution function' is used to
determine the evolution of sink
strengths, vacancy supersaturation and
void swelling. Detailed calculations were
carried out to evaluate the temporal
evolution of sink strengths and void
swelling. The role of the sessile-glissile
loop transformation (due to vacancy
supersaturation) on the damage accumu-
lation behaviour was calculated. This
transformation is a crucial process in
maintaining the strength of the produc-
tion bias in the steady-state. The results
of these calculations are in good agree-
ment with the results obtained earlier
using a 'mean size approximation'. The

V
The fracture surface of a CuNiBe
specimen (irradiated and tensile

tested at 250 °C) showing a mixture
, , , , , , . . of ductile and intergranular cleav-

calculated dose dependence for neutron age ^ ^ o / / r a c t u r e

irradiated copper agrees quite well with
the experimental results.

Effects of bonding and bakeout ther-
mal cycles on tensile properties of unirradiated CuCrZr and CuNiBe alloys
copper alloys in pre- and post-irradi- tested at 350 C was rather small. These
ated conditions heat treatments did not lead to any
The work reported here is part of a significant changes in the electrical
series of screening experiments to simu- resistivity either. TEM investigations
late the effect of bonding and bakeout showed a clear evidence for the forma-
thermal treatments on pre- and post- tion of a precipitate denuded zone along
irradiation properties of CuCrZr and the grain boundaries in CuNiBe speci-
CuNiBe alloys. On the basis of the results mens with the bonding heat treatment,
of these experiments, one of the two The post-irradiation tensile tests at 350
alloys should then be selected as a • C demonstrated a complete loss of
backup material to the primary candi- ductility in the case of CuNiBe speci-
date material (for its application in mens with prime-ageing as well as bond-
ITER) which is already chosen to be the ing heat treatments. The CuCrZr and
oxide dispersion strengthened copper CuAl-25 alloys, on the other hand, were
alloy (e.g. Glid Cop CuAl-25). Tensile found to be reasonably ductile after
specimens of CuCrZr and CiNiBe alloys irradiation. The fractography of the
were given heat treatments correspond- irradiated and tensile tested specimens
ing to solution anneal, prime-ageing, confirmed that the irradiated CuNiBe
bonding heat treatment followed by re- specimens had fractured in a brittle
ageing and reactor bake-out treatment manner,
at 350 :C for 100 h. Tensile specimens of

CuAl-25 were given the heat treatment Radiation hardening in pure iron and
corresponding to the bonding heat low activation steels
treatment. The heat treated specimens Effects of irradiation on physical and
were irradiated at 350 C to a dose level mechanical properties of low activation
of -0.3 dpa in the DR3 reactor at Ris0. steels are being studied internationally
Both unirradiated and irradiated speci- since these alloys are considered to be
mens were tensile tested in vacuum at candidate materials for the first wall of a
350 "C. demonstration fusion reactor. The

The effect of bonding and bakeout present work is a part of the European
heat treatments on tensile properties of Fusion Technology programme and aims
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at studying the problems of irradiation-
induced hardening and embrittlement in
these alloys.

Tensile specimens of pure iron were
irradiated with fission neutrons (i) at 50
"C to dose levels of -0.01, 0.1 and 0.5
dpa and (ii) at 250 C to dose levels of
0.1 and 0.3 dpa. Similar specimens of
modified F82H and MANET-2 low activa-
tion steels were irradiated at 250 ' C to
dose levels of 0.1 and 0.3 dpa. All irra-
diations were carried out in the DR3
reactor at Riso with a damage rate of -5
x 10' dpa/s. Both unirradiated and
irradiated specimens were tensile tested
at a strain rate of 1.3 x 10 : s '. All
specimens were tested at the irradiation
temperature. In addition, tensile speci-
mens of unirradiated modified F82H and
MANET-2 were tested at 50, 250 and 350
C. All tests were carried out in vacuum.

At the irradiation and test tempera-
ture of -50 C, the effect of irradiation
on the deformation behaviour of pure
iron became clearly visible already at a
dose level of -0.01 dpa. The upper yield
stress increased and the uniform elonga-
tion decreased with increasing dose. It is
interesting to note, however, that the

irradiated specimens did not work
harden during deformation. The speci-
mens of pure iron irradiated and tested
at 250 "C also showed an increase in the
yield stress with the dose, but again the
work hardening rate in the irradiated
specimens was lower than that in the
unirradiated ones. Both the yield stress
and the ultimate tensile strength of
MANET-2 irradiated and tested at 250 C
increased with the irradiation dose level.
However, the specimens of modified
F82H irradiated and tested at 250 C
showed no clear effect of irradiation on
hardening or ductility. No yield drop and
Liiders strain were observed in these
alloys.

Electrical conductivity of
differently heat treated and
irradiated copper alloys
In a fusion reactor it will be important
that the heat generated in the first wall
and divertor by fusion neutrons can be
efficiently removed by the cooling sys-
tem. Therefore, in addition to high
strength, good thermal conductivity of
the materials in these components is
essential. Because of the high thermal

conductivity of copper, three different
copper alloys (Cu-Ni-Be, Cu-Cr-Zr and Cu-
A10,) are under consideration for their
applications in the structural compo-
nents of ITER. Investigations of these
alloys were carried out after they had
been subjected to various heat treat-
ments and to a subsequent irradiation
with fission neutrons in DR3. The heat
treatments simulate the expected ther-
mal histories of a first wall or divertor
material in ITER. After a series of such
treatments in which irradiation tempera-
ture and dose as well as post-irradiation
annealing were varied, the samples
(both pre- and post-irradiation) were
characterized by electrical conductivity
measurements. Such measurements have
two purposes. One is to characterize the
defect properties of the alloys. This can
be done because the conductivity de-
pends on the defect configuration in the
material, i.e. the distribution of impuri-
ties (alloying elements) as well as radia-
tion created defects. The other purpose
is to obtain direct information about the
electrical conductivity as an approxi-
mate measure of the thermal conductiv-
ity. The specimens were the same as
those used for tensile testing. Along the
gauge length conductances were typi-
cally in the range 3 - 13 x 10* S, de-
pending upon the alloy, its heat treat-
ment and irradiation conditions. With a
new PC controlled unit (developed by
the Engineering and Computer Dept.)
which is coupled to a separate sample
holder, these conductances can be meas-
ured with an uncertainty of 1-4 %.

The Cu-Al.0. alloys showed the
highest conductivity, i.e. about 85 % of
the conductivity of pure Cu. It decreases
to 70 - 80 % after irradiation to 0.2 dpa.
The conductivities of the unirradiated
Cu-Ni-Be and Cu-Cr-Zr alloys varied in a
wide range (-33 - -65 % and -48 — 80
% of copper, respectively), depending
upon the heat treatment prior to irradia-
tion. The effect of irradiation was also
closely related to the previous heat
treatment, and in general, the results
were consistent with the microstructure
observed by electron microscopy.
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Techniques

The success of the projects within the
programme area depends on the efficient
use of a number of different experimen-
tal techniques and modelling tech-
niques. The modelling techniques are
rather diversified with specific tech-
niques used in the individual projects,
ranging from closed-formed analytical
models to advanced numerical models
(e.g. for solving non-linear problems),
which require extensive computer power.
For instance, micromechanical models
are used for providing a direct relation-
ship between geometry of the micro-
structure and macroscopic mechanical
behaviour of materials. The experimental
techniques, on the other hand, are also
used in a number of projects from other
programme areas. The attitude of this
project area is that they are not just
techniques brought in. The development
of methods and equipment is a research
topic in its own right, as described
below in separate sections. The experi-
mental techniques managed within the
programme are summarized in the fol-
lowing table.

The Department has two transmis-
sion electron microscopes and three
scanning electron microscopes. Neutron
diffraction experiments are conducted at
the DR3 nuclear test reactor at Ris0,
while synchrotron radiation experiments
are conducted at HASYLAB, Hamburg
and ESRF, Grenoble.

The programme area also utilizes a
number of experimental techniques
managed by other programme areas,
particularly mechanical testing and X-
ray diffraction.

Synchrotron radiation studies
Synchrotrons provide a very intense and
highly collimated white X-ray beam. The
useful number of photons in diffraction
experiments may be up to 8 orders of
magnitudes higher than what is avail-
able at conventional X-ray sources. On
top of these superior features, the
available range of photon energy has
recently been shifted substantially
upwards, into the hard X-ray region (60
- 300 keV). At these energies the X-ray

penetration depth is typically 10 - 100
mm. It therefore becomes possible to
gain structural information from local
volumes, deep within the bulk of the
material, and with a spatial resolution
that in some cases is comparable with
the size of the individual grains. The
improved penetration power also makes
in-situ studies of materials in compli-
cated environments much easier.

As a consequence of these exciting
new possibilities for materials charac-
terization, the Materials Research De-
partment has initiated a research pro-
gramme for synchrotron radiation stud-
ies. The programme includes projects
related both to fundamental research
and materials technology. Focus is on
applications related to the hard X-rays,
which is a completely new field. Collabo-
rations concerning the necessary instru-
mental developments were established
with the Condensed Matter Physics and
Chemistry Department at Riso and the
synchrotron laboratories HASYLAB in
Hamburg and ESRF in Grenoble. During
1996 the Department had access to five
weeks of beam-time at HASYLAB and
three weeks at ESRF. The activities
included: (i) measurement of the local
strain around inclusions in metal matrix
composites, (ii) measurements of local
texture in aluminium, (iii) characteriza-
tion of texture in the superconducting
powder in superconducting tapes, and
(iv) measurements of lattice parameters
in air electrodes under reducing or
oxidizing environments. These topics are
described more in detail elsewhere in
this report.

Positron annihilation for
defect spectroscopy
In the investigations of radiation dam-
age and defects in solids, a variety of
experimental techniques that comple-
ment each other can be used. Positron
annihilation spectroscopy (PAS) is one
of them. Defect characteristics (e.g. type
and density of defects) can be derived
from the measurements. PAS is specifi-
cally sensitive to open-volume defects
(e.g. vacancies and clusters of vacancies,

gas bubbles, dislocations, surfaces,
interfaces etc.). The sensitivity of PAS to
the size of point defects covers the
range from monovacancies up to cavities
that can be detected by TEM. Vacancy
densities can be detected in the range
from a few tenth of parts per million to
some hundred ppm, while for three-
dimensional clusters of vacancies the
sensitivity is higher. In addition, PAS
can give information about rare gas
densities in bubbles. The sampling
volume for conventional positron anni-
hilation spectroscopy is typically about
0.1 mm- and the derived defect charac-
teristics are therefore volume averaged.
This makes the technique a useful sup-
plement to TEM investigations, in par-
ticular for low defect densities where
TEM results may be subject to significant
fluctuations. Another advantage is that
the technique is non-destructive. This
means that, for example for a full an-
nealing study, only one set of specimens
is needed.

In the Materials Research Depart-
ment different types of positron annihi-
lation equipment is available for defect
spectroscopy, i.e. one Doppler broaden-
ing, one angular correlation, and three
lifetime spectrometers. The spectrome-
ters were mainly used in the radiation
damage and fusion materials projects.
However, also other projects were pur-
sued, such as the defect structure in
nanocrystalline copper (in collaboration
with Northwestern University, USA), and
free volume characteristics in polymers
(in collaboration with Chalmers Univer-
sity of Technology, Sweden).

Electron microscopical equipment
An ion pump was installed on the gun
chamber of the JSM-840 scanning elec-
tron microscope (SEM) so that the mi-
croscope can be used with LaBn fila-
ments. After the installation automated
overnight measurements of e.g. electron
back scattering patterns are practically
never interrupted by filament burn out
as they often were while W filaments
were being used.

A Gatan precision ion polishing
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system was purchased for preparation of spectra from the same beam target but
samples for transmission electron measured at a number of different
microscopy. A Gatan high resolution ion pressures are used to extrapolate to the
beam coater was purchased for deposit- result that would have been obtained
ing high quality conductive coatings on under high vacuum conditions. This is
SEM and TEM specimens. done by using the spectral measure-

ments to calculate the unknown param-
X-ray spectrometry in the environ- eters in an equation that describes the
mental scanning electron microscope skirt intensity as a function of pressure.
It is an inherent problem of the environ- The method was tested on various sys-
mental scanning electron microscope terns of known composition and was
(ESEM) that the presence of gas in the found to yield very satisfactory results,
specimen chamber leads to a strong loss The limitation of the method is that it
of spatial resolution for X-ray spectro- can only be used under single scattering
metry compared with the 1- 2 urn reso- conditions. This implies that the product
lution that can be obtained in a conven- p»L should be kept below approximately
tional SEM. The reason is that the pri- 1.6 Pa«m where p is the pressure and L
mary electrons are scattered by the gas the distance between the last pressure
and the skirt of scattered electrons limiting aperture and the sample,
generate X-rays that are produced up to In the beam stop method two spec-
several hundreds of urn from the elec- tra are obtained at the same pressure,
tron beam target. In order to overcome One spectrum is obtained while a fine
this problem we have developed two needle (of known composition) is in-
methods by which most of the X-rays serted over the beam target with a
generated by the skirt can be subtracted micromanipulator. The other spectrum is
from the spectra. obtained with the needle retracted. The

In the pressure variation method first spectrum contains the X-ray signals

from the needle and from the skirt. The
second spectrum contains the X-ray
signals from the beam target and from
the skirt. The pure signal from the beam
target can to a good approximation be
calculated from the two spectra. The
beam stop method has the advantage
that it can also be used under plural
scattering conditions. It is therefore
more appropriate for analysis at the
higher pressures used when the ESEM is
operated with liquid water in the speci-
men chamber.

Impregnation method for the study
of cracks in cement by SEM
The morphology of cracks developed
during fracture of hardened cement
paste may be examined by scanning
microscopy of epoxy impregnated sam-
ples. The sample preparation is, however,
a rather slow process because water must
be gradually replaced by alcohol before
the epoxy impregnation. The sample
must not be dried before the impregna-
tion because this could introduce addi-
tional cracks. In order to quicken the
preparation procedure a new water-
based impregnation technique was
developed.

The fundamental concept of the new
technique is to precipitate a water-
insoluble salt in the cracks by a reaction
between two water soluble salts. The
sample is first vacuum impregnated with
a saturated solution of NaCl. The sample
may now be dried, because even if new
cracks should be formed during drying,
they will not be filled with NaCl. Next
the sample is vacuum impregnated with
a 1 molar solution of AgNO and dried
again. At this impregnation step AgCl is
precipitated in the cracks that contain
chloride. Finally the sample is epoxy
impregnated in order to fill larger pores
and cracks. After this the sample can be
safely cut and polished. When the sam-
ple is imaged with back scattered elec-
trons in a low vacuum scanning micro-
scope the cracks appear bright because
of the high back scatter coefficient of
Ag.



A technique for making a tip for a
scanning tunnelling microscope
A scanning tunneling microscope (STM)
microscope can provide atomic resolu-
tion for many materials. The imaging
quality relies to a high degree on the
properties of the scanning tip used.
Particularly, if one wants to obtain
height information of nanostructures
and clusters on surfaces, the tip has to
be long and narrow. One method of
obtaining this is to deposit material
with an electron beam.

Deposition experiments were carried
out with a JEOL 840 SEM. Centering the
electron beam spot (with suitable pa-
rameters for beam convergence and
beam intensity) on a conventional Pt/Ir
STM-tip, resulted in a 'grown tip' after
25 min. The deposited tip material is
mostly electron beam cracked hydrocar-
bons originating from backstreaming of
the SEM diffusion pump oil. The tip was
shown to be conducting for the
tunneling current in the STM. The work
was done in collaboration with the
Microelectronic Centre at the Technical
University of Denmark.

Crystal orientation microscopy
A quantitative description of the micro-
structure in polycrystalline materials
requires knowledge of the crystal orien-
tation at high spatial resolution. The
most powerful way of measuring crystal
orientations at high resolution in the
SEM is through the use of EBSPs. An
EBSP is a diffraction pattern which is
generated when the electrons of a sta-
tionary electron beam interacts with the
crystal lattice in a small volume just
below the surface of the material.

Through a rigorous analysis of the pat-
tern, the lattice orientation can be
estimated with high precision. Recently,
the development of specially designed
pattern recognition procedures has made
it possible to fully computerize the
analysis of EBSPs and thereby obtain a
system for fully automated measure-
ments of local lattice orientations in the
SEM.

Today the measurements of local
crystal orientations can be performed at
a speed that allows one to scan large
areas of a material in a fine mesh and
thereby obtain a discretely sampled
'image' where each pixels is associated
with a crystal orientation. This type of
imaging can be regarded as a new type

of microscopy, and the terms crystal
orientation microscopy (COM) and orien-
tation imaging microscopy (OIM) are in
frequent use. An essential part of this
imaging technique is obviously the
visualization of the sampled
orientations, and the challenging part of
this is the choice of an illustrative (and
mathematically sound) mapping from
orientation space to colour space. A
software-package for visualizing sampled
orientation data as coloured images was
developed at the Department. The colour
mapping is done on the basis of a lim-
ited number of ideal orientations and
certain colours are associated with each
of these. Each measured crystal orienta-
tion is then mapped to the colour of the
closest ideal orientations, and the corre-
sponding intensity determined from its
distance to this. This colouring-scheme
was succesfully applied to the creation
of 'orientation maps' of rolled aluminium
samples. These images were used in a
study of grain-breakup during deforma-
tion and revealed microstructural fea-
tures similar to what had previously
been observed in the TEM.

W
Crystal orientation map of coarsely grained

aluminium cold rolled to 50% deformation. The
map consists of 39 x 75 pixels, each representing a
physical area of 2 um x 2 \xm on the surface of the
material. It is clearly seen that, for example, the
grain coloured green has broken up into smaller

linearly aligned parts during deformation



M A T E R I A L S C H E M I S T R Y
- combining science and technology

The Materials Chemistry research are;
consists of two programmes: Fuel
cells and High-temperature supercon-
ductors. Both programmes deal with
synthesis and processing of ceramic
materials (oxides). The understand-
ing of phase relations and defect
chemistry is very important in both
cases. Furthermore, solid state elec-
trochemistry is of particular impor-
tance for the fuel cell programme.

The fuel cell R & D is about solid
oxide fuel cells (SOFC). Among the
many results achieved within this
programme during the year a few are
listed below: (i) An observed high
resistance between a chromium in-
terconnect and the anode is due to
chemical reactions. Methods to avoid
the reaction were established, and
area specific contact resistances as
low as 0.02 ohm • cmz were accom-
plished, (ii) A test facility for SOFC
stack elements (the repeating stack
unit) was established, (ii i) The low
frequency part of the impedance of
the SOFC anode was proven to be due
to gaseous reaction products not
removed fast enough, (iv) Procedure:
for fabrication of low resistance eerie
based anodes were developed. These
anodes may convert natural gas di-
rectly, (v) A mathematical model of
composite electrodes was formu-
lated.

Within the superconductor pro-
gramme secondary phases in precur-
sor powders for tapes, were identi-
fied as damaging to the resulting
critical current density. Facilities
were established and used for the
first, successful production at Riso oi
a superconducting tape. A combina-
tion of profile rolling and planar
rolling techniques (advantages: ease,
speed and scaleability) replaced
traditional wire drawing methods.
The new techniques resulted in a
critical current comparable to that
obtained with usual methods. An
electron back scattering technique
was tailored to enable measurement

of local crystallographic grain orien-
tations. A unique non-destructive
structural analysis of powder inside
silver tapes was developed using
synchrotron radiation sources. The
techniques are expected to enhance
the understanding of texture devel-
opment and phase transformations,
processes which are required to esta-
blish superconductivity in the tapes.



Fuel cells

The overall aim of this programme is to
establish a basis for a Danish production
of SOFC-systems. The programme con-
sists of three parts: (i) Solid state chem-
istry which gives the basis for the un-
derstanding of the processes which take
place in solid oxide fuel cells and during
high temperature oxidation of metals.
The scientific disciplines are
crystallography, defect chemistry and
solid state electrochemistry (electrode
kinetics, conductivity of solid electro-
lytes), (ii) Advanced characterization of
materials based on advanced methods of
characterizing powders, electrode prop-
erties, conductivity, structure of com-
posites (electrodes), mechanical
strength, cell and stack performance.
The techniques are described below, (iii)
Fabrication of electroceramic compo-
nents with specific properties with the
aim of establishing and expanding the
fundamental knowledge about how to
control the ceramic processing in order
to obtain predetermined properties.

The origin of the energy losses in
solid oxide fuel cells
Even though the SOFC is very efficient
in converting chemical energy into
electricity, there is some energy loss due
to the internal electrical resistance in
the SOFC stack. The total internal resist-
ance is a sum of several contributions:
(i) The simple ohmic resistance in the
electrolyte, the electrodes and intercon-
nect, (ii) The electrode polarization
resistance which is due to the fact that
the electrochemical processes occur with
a finite speed, (iii) Conversion and
diffusion resistances which are due to a
finite removal and diffusion rate of the
gaseous reaction products, (iv) Contact
resistances which originate from e.g. a
reaction Droduct or a bad Dhvsical con-

tact at the interface between an elec-
trode and the electrolyte or between an
electrode and the interconnect.

All the four causes have been stud-
ied extensively during 1996. Besides the
scientific desire to understand the proc-
esses which take place in the SOFC, the
wish of increasing the efficiency and the
performance of SOFC stacks is the main
driving force behind these activities. It
is not simple to separate the different
types of resistance from each other. The
electrode processes may take place via
several reaction steps of which all may
contribute to the resistance. A major
part of the study is thus to find methods
to separate the different contributions
to the resistance from each other. A

main experimental technique used for
this is electrochemical impedance
spectroscopy.

High-temperature corrosion
Studies of the oxidation behaviour of
chromia-forming alloys were performed.
The studies are both of fundamental
nature and for direct application in SOFC
stacks. Pure Cr, Cr-rich and Fe-rich Fe-Cr
alloys were investigated. In connection
with cost reduction and improvement of
the performance of SOFC stacks corro-
sion studies of selected alloys were
performed. A semi-commercial alloy was
developed for this purpose by a foreign
company, and is at present used by
several groups. This Cr-rich alloy is,
however, relatively expensive and diffi-
cult to machine. At Riss various Fe-Cr
alloys were investigated with respect to
corrosion and thermal expansion. By
performing a simple surface treatment
the corrosion resistance of the alloys
were improved. It was found to be better
than the most common commercial alloy
employed for this purpose. Upon scale-
up the Fe-Cr alloys are expected to be
about an order of magnitude less expen-
sive, which will be important for the



commercialization of the SOFC technol-
ogy. Further experiments are needed to
ensure that the Fe-Cr alloys can fulfill
all the requirements set for use in an
SOFC stack.

The development was complemented
by fundamental studies of the oxidation
behaviour in different atmospheres and
for different surface treatments. The
investigations were mostly made by the
use of X-ray diffraction, electron
microscopy (SEM and TEM) and thermal
analysis (thermal gravimetry and
dilatometry). The oxidation behaviour
was found to depend greatly on the
oxidation circumstances.

NiO in yttria-doped zirconia
The anode material used in SOFCs is
typically made from a NiO/zirconia
composite. During fabrication of the
anode the NiO may react with yttria-
doped zirconia. The solubility of NiO in
yttria doped zirconia and the influence
of the lattice parameter and phase
composition of the zirconia were investi-
gated. The solubility was found to be 1 -
2 mol % in cubic zirconia, independent
of the yttria content. The temperature
dependence of the solubility of NiO in
cubic yttria-doped zirconia was esti-
mated. At high temperatures the NiO
dissolution have a similar stabilization
effect on the cubic phase as does yttria.
Aging experiments, however, indicate
that the NiO does not add to the full
stabilization of the cubic phase. The
dissolution of NiO in the zirconia was
found to improve the sinterability sig-
nificantly. The addition of as little as
0.75 mol % NiO to cubic zirconia lowers
the temperature of maximum sintering
rate from about 1300 C down to about
1200 ' C. Further addition of NiO has
little influence on the sinterability.

Characterization of zirconia with Mn
Yttria-stabilized zirconia (YSZ) is a good
conductor of oxygen ions at 1000 'C
and, therefore, is used as a solid electro-
lyte in the SOFCs fabricated at Risa. A
mixed oxide of lanthanum, strontium
and manganese is used as cathode (air

electrode). During fabrication and opera- theless reduces the rate of its degrada-
tion of the SOFC, manganese diffuses tion with time. Continuation of this
from the cathode into the electrolyte w o rk will clarify the effect of the inevi-
causing changes in the structure and table diffusion of manganese in the
performance of the electrolyte. These long-term performance of SOFC systems,
changes were examined by SEM and
electrical conductivity measurements. Modelling of internal

Cross sections from the cathode/ reforming inside a SOFC
electrolyte interface were examined by The high operating temperature of SOFC
SEM. In an interface region of 10-15 allows operation with internal reforming
urn, the grains of YSZ are observed to of methane, where methane is converted
have grown to a size 2 - 3 times the lnSide the stack through reaction with
grain size in the rest of the material. water to CO and H , that are subse-
Image analysis was used to quantify the quently electrochemically oxidized. This
difference in pore concentration be- is a promising option as it reduces the
tween the interface region and the bulk cost of the plant equipment and thereby
YSZ. The amount of pores in the bulk the overall cost of the system. However,
was approximately twice as high as the using Ni/YSZ-cermet anodes as those
amount of pores in the interface region. developed in the national Danish SOFC
The grain giowth and densification in programme (DK-SOFC) practical realiza-
this interface region were shown to be tion of internal reforming may pose
due to the diffusion of manganese from some problems. Ni is an excellent cata-
the cathode into the electrolyte. lyst for the steam reforming process,

Tapecast samples of YSZ were pre- and the process is very fast at the SOFC
pared with deliberate additions of man- operation temperature. Therefore, the
ganese to study the effect of this ele- endothermic steam reforming process
ment on the oxygen ion conductivity and the exothermic electrochemical
and the degiadation with time of this oxidation processes may be very un-
property. The conductivity of the sam- evenly distributed over the stack volume
pies, and of a reference YSZ material, resulting in a very inhomogeneous
was measured for several hundred hours temperature distribution under opera-
at a temperature of 1000 C. Manganese tion. This reduces the stack efficiency
dissolution, while initially reducing the and may in the worst case result in
conductivity of the electrolyte, never- mechanical failure. The problem was



analysed using a 3D model of the heat, stoichiometry the material expands (up
mass and charge transfer processes in to 0.3 %). The post mortem analysis of
the stack developed under DK-SOFC. the 500 W SOFC stack, tested during
Especially, the importance of the kinet- 1995, showed that the expansion of the
ics of the steam reforming process was La.̂ Sr, .Cr.|lwV 0, (denoted LSC) inter-
addressed in order to identify a suitable connect plates used in this stack was a
reaction rate of the steam reforming major cause for the cross leakage of
process. A clarification of this is a pre- gasses that was observed during the
requisite for the development of anodes test. There is thus a need to develop a
for internal reforming. more stable interconnect material. To

identify the target for this development
Fracture mechanics the requirements to the interconnect
modelling of SOFC material was analysed by model studies.
A challenge in SOFC research is the A two dimensional cross section of the
development of a good interconnect smallest repeating volume element of
material. The interconnect separates the the stack (a unit cell model) was consid-
anode and cathode gas streams and ered with respect to two different modes
connects the individual cells in the of failure: (i) Delamination between cell
stack in electrical series. Acceptor doped and interconnect and (ii) breakage of
lanthanum chromites meet many of the the interconnect due to tensile stress
requirements to such an interconnect concentration. The stress distribution
material: Good electronic conductivity, inside the unit cell, as well as the en-
low ionic conductivity, high chemical ergy release rate for delamination, were
stability and chemical as well as me- calculated by the finite element method
chanical compatibility with the cell under various operation conditions. The
materials. However, these materials are model studies indicate that the inter-
not dimensionally stable in a reducing connect should expand less than 0.05 %
environment. When exposed to the to ensure stack integrity under the most
anode gas the material loses oxygen, unfavourable conditions,
and accompanying this change in

In-situ studies of air electrodes in
solid oxide fuel cells at 850 C
using synchrotron radiation
The mechanism of oxygen reduction at
high temperature in solid oxide fuel
cells is currently under discussion.
Oxygen from the gas phase, as well as
oxygen from the air electrode material
itself may be involved. The air electrode
is typically a Sr-doped lanthanum
manganite perovskite (LSM) deposited
on YSZ ceramics. The properties of air
electrodes have so far been studied
exclusively by conventional
electrochemical methods, whereas
spectroscopic and structural data for
electrodes under operating conditions
have been lacking. Hard X-rays can
penetrate through several millimeters of
ceramic material and thus offers the
possibility to shoot through electrolyte/
electrode interfaces of electrochemical
cells. Several experimental developments
were necessary in order to allow such an
experiment at elevated temperature.

A vertical furnace with quartz win-
dows (max. operating temperature 1000

C) was constructed for the in-situ
diffraction studies under electrochemical
polarization at HASYLAB, Hamburg. The
transmission through windows and the
electrochemical cell is approximately 50
% using 0.124 A radiation (100 keV). A



CCD 2D detector at a distance of 3.6 m
from the sample was used in a conven-
tional two-axis set-up. The 2-theta
range from 2 - 4 was recorded. Images
were acquired at 1 to 10 min intervals,
with corresponding exposure times. A
total of approx. 2000 images were re-
corded from 6 different electrochemical
cells. The cells had silver foil/net cur-
rent collectors on both sides - a silver
painted counter electrode and a 5 - 50
urn LSM layer on a 150 urn thin YSZ
ceramic plate.

Systematic changes in lattice param-
eters, integrated intensities and width
of peaks of the LSM phase were ob-
served, when the LSM air electrode was
polarized electrochemically in reducing
or oxidizing direction. The peak posi-
tions from YSZ were found to be un-
changed. The lattice expands under
reducing conditions due to a decrease in
the oxygen content in LSM. This is the
first experimental demonstration show-
ing that the oxygen stoichiometry of
LSM is influenced during strong cathodic
polarization. Rietveld refinement on the
data is in progress.

High-temperature
superconductors

The programme aims at forming a basis
for utilization of high-temperature
superconductors in the Danish electric
power sector. At present the technologic
possibilities for utilization of supercon-
ductors in power transmission and power
distribution are investigated with focus
upon fabrication and characterization of
superconducting high power cables.
Establishment of fundamental under-
standing of mechanisms related to

texturing and phase conversions, re-
quired for the establishment of super-
conductivity, is combined with the
development of new fabrication tech-
nologies with a potential for industrial
scaleability to improve critical current
densities and decrease manufacturing
costs.

Fabrication of superconducting tapes
The fundamental part of a 'high'-tem-
perature superconducting cable is a
silver tape containing a core of super-
conducting Bi,Sr,Ca,Cu,O!|; (BiSCCO).
Cables are basically made from an or-
dered structure of a large number of
such tapes with a centre channel for
coolant flow (liquid N,), and equipped
with thermal and electrical insulation.

The Department has established new
procedures and built equipment for
fabrication of tapes made by the 'pow-
der-in-tube' process. As CO, may attach
irreversibly to some precursor elements
(Ca and Sr) and thereby increase the



number of non-conducting particles in a
finished tape it was decided not to
expose the precursor powder to atmos-
pheric air, but handle it in a controlled -
CO,free - atmosphere. A glovebox was
installed with necessary equipment for
controlled flushing with inert gas. The
content of CO, within the box may in
this way continuously be kept below 10
ppm CO, Using the glovebox and the
connected equipment - vacuum pump,
furnace, air mixer and some specially
developed tools - it is possible to fabri-
cate mechanically sealed silver tubes
filled with precursor powder, which has
not been exposed to air. Before closing,
the powder is heat treated within the
tube during continuous pumping and
finally closed with either vacuum or a
filling with an 0, /inert gas mixture
(< 25 % 0,) or 100 % 0,. Further defor-
mation of the precursor filled silver tube
is commonly done by a great number of
consecutive reductions of the cross
section mainly by wire drawing with
many intermediate heat treatments. The
Department tests other deformation
processes for the reduction - plane
rolling/ profile rolling and shear rolling.
For a standard rolling mill a rolling
system with small detachable rolls - with
or without special profiles - was devel-
oped.

The established equipment has
already been used for fabrication of a
number of tapes. Tests and structural
characterization of these tapes indicate
that the experiments being performed in
the Department may well lead to im-
proved critical current densities.

Kikuchi pattern identification in
superconducting tapes
Great progress was made in the process-
ing and fabrication of powder-in-tube
tape consisting of polycrystalline BiSCCO
sheathed in silver. It is well recognized
that texturing of the superconducting
phase is a very important factor in
attaining high critical current density J .
The overall texture can be measured by
synchrotron radiation. However, there is
also a need of characterizing the local
texture as the J in tapes is dictated by

the characteristics of grain boundaries.
A powerful tool for measuring local
texture is the EBSP technique. An EBSP
is a diffraction pattern which is gener-
ated in the SEM when a stationary
electron probe interacts with the crystal
lattice in a small volume just below the
surface of the material. To generate such
a pattern it is required that the speci-
men surface is free of deformation and
contamination within the penetration
depth of backscattered electrons. For the
superconducting ceramic phase, EBSPs
were obtained from a specimen prepared
by peeling off the silver sheath.

The crystal structure of the super-
conducting phase is rather complicated.
Therefore, in order to correctly index the .;
EBSPs, the software normally used for |
the analysis and orientation determina- |
tion had to be modified for this specific |
application. Additionally, a significant <
amount of effort went into collecting



and determining the relevant
crystallographic data for the pattern
indexing routines.

Annealing of BiSCCO wires studies
in-situ by high-energy synchrotron
X-ray diffraction
Despite much effort the structural ef-
fects of processing on BiSCCO/Ag wires
are still poorly understood. In particula
the origin of the crucial texture develoj.
ment of the BiSCCO grains and the solid
state transformations taking place
during annealing are debated.

High energy X-rays from synchrotro
sources have the unique property that
they allow in-situ structural characteri-
zations of the superconducting powder
inside the Ag cladding. In collaboration
with NKT Research Centre and the syn-
chrotron laboratory HASYLAB in Ham-
burg, the Department has developed a
dedicated set-up for studies of the
structural behaviour during annealing.
Experiments were performed for mono-
and multi-filament wires with annealing
temperatures of 820, 835 and 850 "C for
up to 26 hours.

As a result novel information on the
texture mechanism was obtained. A
partially liquid phase was identified
above 835 C. Together with the data on
the sublimation of some secondary
phases, this provided new insight in the
solid state reactions taking place. The
final structure was shown to depend
crucially on heating and cooling rates.
The data were also used for determining
optimal annealing temperatures and
annealing times.

Techniques

As already mentioned above a number of (i) electron microscopy methods (EDS,
advanced techniques are used within the EBSP, etc.) for characterizing chemical
programme area. The methods for char- composition, structure, texture and
acterizing defect chemistry are morphology, (ri) mechanical testing
thermogravimetry, differentral thermal (stiffness, fracture toughness and
analysis and differential scanning strength), (hi) non-destructive evalua-
calorimetry. Phase-changes are identi- tion (detection of flaws in SOFC compo-
fied by dilatometry (volume change), nents, quality control) and (rv) solid
diffraction of conventional X-rays or mechanics modelling of stress distribu-
synchrotron radiation (changes in tion and fracture mechanics analysis,
crystallographic lattice parameters). The fact that so many methods and
Since the electrochemical activity of the disciplines are used in these projects
electrodes is very important, several reflects a main feature of the strategy,
methods are used for electrical measure- namely to make a characterization of
ments under controlled atmosphere and the materials and the components as
temperature. Electrical conductivity extensive as possible, in order to support
measurements are performed in the the technological development in an
temperature interval -196 'C to 1050 C. efficient manner. This integration of

Almost all characterization tech- disciplines is one of the main strengths
niques available at the Materials Re- of the Department. Another important
search Department are used within this consequence of the strategy is the
programme area. Examples of techniques availability of many shaping methods
belonging to other programme areas are (and skills in using them) that makes it



possible to make samples with pre-
determined characteristics for the scien-
tific studies.

Mathematical models of the proc-
esses in an operating SOFC, or in a stack
of cells, may be valuable tools in the
development and testing of SOFC stacks.
Such models may be used for analysing
the consequences for cell or stack per-
formance of various changes in the cell
or stack design. Another use of such
models is for formulation of the require-
ments to the properties of the individual
components in the stack (anode, cath-
ode, electrolyte and interconnect). This
kind of information is very important in
the search for new and better materials,
i.e. it defines the targets for the mate-
rial researchers. The modelling methods
that are used are mainly by the finite
volume method (modelling of heat, mass
and charge transfer) and FEM (integral
SOFC stack modelling and micromodel-
ling of SOFC electrodes).



The activities within the programme
area Materials Engineering as descri-
bed in the following sections have
been focused on material properties
for design application, materials
engineering, related materials
characterization and testing and
component design.

A national funded project on the
high temperature (500 - 600 C)
corrosion behaviour of steels as used
for biomass and waste incineration
plants has been finalized.

Metal matrix composites are poten-
tial materials for automotive compo-
nents, and the deformation charac-
teristics of aluminium alloys reinfor-
ced with ceramic particles have been
investigated in the temperature ran-
ge relevant for forging (375- 500 C).

Reliable models for the behaviour of
composites subjected to cyclic (fati-
gue) loading are essential for the
engineering application (endurance),
and a continuum damage mechanics
model was developed for ceramic
matrix composites and implemented
in a finite element code. Stiffness
controlled fatigue curves were deve-
loped for polymer-matrix composites
aiming at design applications.



The influence from impact damage
and manufacturing defects on the
static and fatigue strength of poly-
mer skin sandwich panels was inve-
stigated, and an important aspect in
this context is the non-destructive
characterization by ultrasonic inspec-
tion and qualitative radiography.
Different experimental techniques
for damage monitoring during testing
were also introduced.

Polymer composite laminates can be
applied as ballistic armour panels,
and both manufacturing of panels
and design recommendations for spe-
cific materials has been established
jointly with the project partners in a
EUCLID-project. A prototype flywheel
unit for energy storage was designed
and trial manufacturing and additio-
nal materials testing were initiated.

Properties of advanced
composite materials

This research programme concerns the general failure of the material. The
properties of advanced composite mate- fatigue curves are therefore analyzed
rials with either metal, polymer or both by a mean regression line and by a
ceramic matrix. Focus is on the charac- lower 95 % survivability/95 % confi-
terization of microstructure, mechanical dence limit. This ensures a high degree
and physical properties. Both inorganic of safety against general failure, but not
and natural fibres are dealt with. an absolute safety. These curves are

suggested as design curves for
Polymer matrix composites for ad- rotorblade materials. The analysis per-
vanced windturbine rotorblades formed for the stress dependence of the
With the increasing size of rotorblades stiffness reduction during fatigue gives
for windturbines the design becomes the possibility of establishing stiffness-
more critical. In general, the increasing controlled fatigue curves. The fatigue
size also leads to more slender blades, design criteria for components under
and these will be more susceptible to fatigue loading can be presented as
vibration under variable wind loads. The allowables for stiffness. It will be the
development is concerned with advanced task of the designer to select the appro-
blade design, the related improved priate curve for an actual PMC compo-
materials and the verification of both nent depending on the mechanical
materials properties and blade perform- loadings and required safety,
ance. The rotorblades are advanced in

terms of size, design and use of materi- Natural fibres for polymer matrix
als. composites

The materials used are polymer Natural fibres based on trees and other
matrix composites (PMCs), e.g. tradi- plants form a source of materials which
tional glass fibre/polyester materials, can be exploited for structural and load-
carbon fibre/epoxy materials, wood/ bearing purposes. The plant fibres, like
epoxy composites and hybrid composite flax and hemp, are based on cellulose
of glass fibres and carbon fibres with and have mechanical properties which
polyester matrix. The materials are are comparable to those of man-made
studied extensively under long term fibres, such as glass and polyethylene,
conditions. The emphasis is on cyclic They are therefore potential reinforcing
loading, corresponding to the most fibres for composite materials based on
significant effects of the wind loading polymers as matrices,
on a wind turbine rotor. The prediction Studies were initiated to investigate
of properties, and in particular lifetimes the processing of fibres (de-fibration),
under long term loading, are investi- the characterization of these cellulose-
gated. Two approaches were considered, based fibres, and the fabrication of
the stiffness reduction during fatigue natural fibres/polymeric composites. The
was used to establish fatigue diagrams cellulosic plant fibres will be character-
based on a certain reduction in material ized with respect to chemical, physical
stiffness, and the damage accumulation and mechanical parameters. This will
was treated by a linear summation give an overview of the best use of
(Miner's sum) and used under block and various types of plant fibres in compos-
spectrum loading. ites and for other purposes. The charac-

The establishing of design criteria teristics and potential modification of
can rely on microstructure, strength or the surface of fibres and interface of
stiffness or on a combination of these composites are important for manufac-
materials characteristics. The microstruc- turing of good materials,
ture is difficult to monitor directly, and The fabrication of composites com-

therefore most criteria are based on posed of plant fibres and polymers will
strength and some on stiffness. The be developed from existing manufactur-
fatigue failure curves are all based on ing methods for conventional polymeric



composites and will be characterized
with respect to the mechanical proper-
ties, and compared with existing com-
posites with inorganic fibres.

Metal matrix composites for
automotive components
Aluminium alloys reinforced with ce-
ramic particles are becoming increas-
ingly available, and are also becoming
low-cost materials. At the same time
there are strong moves towards reducing
the weight of vehicles in the transport
sector. This move is driven by environ-
mental and social pressures supported
by upcoming legislation, relating to tax
on fossil fuels, more stringent control of
exhaust emission and the concept of a
recyclable car.

To exploit the advantageous property
characteristics of aluminium metal
matrix composites (Al-MMCs) several
processing techniques were considered,
and among these forging was studied in
relation to Al-MMC. Commercially avail-
able Al-MMCs were used; they are based
on Al-alloys with 10 to 20 % of ceramic
particles of aluminium oxide or silicon
carbide. The microstructure was found to
be moderately uniform as delivered from
factory, and was improved to a more
uniform distribution of particles after
forging. During deformation and forging
several ceramic particles were found to
crack, thus creating internal damage.
This was measured and quantified in
relation to the degree of deformation,
and is a basis for appropriate design and
controlled processing, so as to maintain
a sound material with well defined
properties.

The deformation characteristics,
relevant for forging, were established in
the temperature range from 375 |:C to
500 "C. The deformability was best at
high temperatures and low strain rates;
these conditions correspond to large
energy-input and long forging times;
therefore a compromize of temperatures
and strain rates is needed to obtain
economic forging conditions. The forging
process was modeled by FEM, which gave

a prediction of deformation, deformation
rates and internal damage of Al-MMC
during forging.

The primary use of the experience on
Al-MMCs and forging processing will be
to produce selected automotive compo-
nents and demonstrate their feasibility,
initially thiough niche-productions. On
a wider application, the Al-MMCs and
the forging process will expand into
other industrial sectors, such as trans-
port (trains) and space.

High temperature torsion and
tension properties of metal
matrix composites
A359 and AA6061 based MMC containing
20 % SiC and 10 % A10 particulates,
respectively, were studied in tension and
torsion testing, at temperatures between
25 and 500 C and tension strain-rates
between 10 '/sec and 1/sec. Thin-walled
tube type specimens were employed for
the torsion tests. The strain levels ob-
tained in torsion were found to be
higher than those obtained in tension.
This difference was attributed to the
lack of local instability in the torsion
tests. The maximum levels of engineer-
ing/effective strength at a given combi-
nation of temperature and strain rate
were most often in remarkable agree-
ment. The effective stress-strain curves
obtained in torsion testing were without
the 'negative' strain-hardening (strain-
softening) observed in the correspond-
ing engineering curves determined in
tension testing. This may be due to a
progressing damage mechanism that is
active in tension following maximum
load, but absent in torsional deforma-
tion. The strength was found to decrease

with increasing temperature, while the
ductility (in tension) was less influ-
enced, and the strength increased with
increasing deformation rate, while duc-
tility (in tension) decreased.

Processing, experimental
investigation and modelling of
advanced shape active composites
The interest in the Department is fo-
cused on two shape active materials, the
shape memory alloys and giant
magnetostrictive alloys. Shape memory
alloy reinforced composites exhibit a
number of unusual thermal constitutive
properties which result from stress and
temperature dependent martensitic
phase transformations within the shape
memory alloy reinforcement. For in-
stance, a large negative thermal expan-
sion was obtained, and the flow strength
was found to increase with increasing
temperature. At the same time, these
materials demonstrated a number of
excellent mechanical properties, includ-
ing high tensile ductility, positive curva-
ture flow hardening, and plastic flow
and ultimate strengths significantly
higher than that of the pure matrix
material. The interest in giant
magnetostrictive alloys is focused on
retaining the large magnetostrictive
strains under low magnitude applied
field exhibited by these materials, while
improving the toughness, acoustic
impedance, and increasing the available
frequency range of the alloy. These
characteristics were improved by making
composites with the magnetostrictive
alloy in a low stiffness polymer matrix.

The research efforts in the Depart-
ment are nearly equally divided between
materials processing, thermal mechani-
cal characterization and modelling
analysis. A critical goal is to identify
and control metallurgical factors operat-
ing during composite consolidation
processes so as to optimize shape active
alloy properties and constitutive behav-
iour. The shape memory actuated mate-
rials were subjected to a number of
thermal mechanical tests and material
analysis procedures. In-situ neutron



diffraction measurements were per-
formed during thermal mechanical
processes to measure composite internal
stresses and to characterize reinforce-
ment phase transformation processes.
Differential scanning calorimetery and
dynamic moduli measurements were
used to determine phase transformation
characteristics. The magnetostrictive
materials were subjected to controlled
field and induction experiments. The
results of the experimental characteriza-
tion studies were used to improve the
modelling of these materials. The itera-
tive process combining material process
advancements, thermal mechanical
testing and characterization, and im-
proved materials modelling, will result
in a reliable quantitative materials
description which may be used for the
scientific design of shape adaptive
composite materials and selectively
reinforced metal based structures.

Finite element modelling of
thermo-mechanical cycling of
ceramic matrix composites
Ceramic matrix composites (CMCs) with
continuous fibres are, due to their dam-
age tolerant behaviour, potential materi-
als for high temperature applications
such as heat exchangers, gas turbines
and engines. Most applications involve
changes in load and temperature. The
materials can be expected to possess
distributed damage in the form of ma-
trix cracks during use.

The behaviour of a continuous fibre
reinforced ceramic matrix composite,
damaged with multiple matrix cracks,
was modelled for various thermo-me-
chanical loadings. The material studied
is a unidirectional SiC-fibre reinforced
calcium alumino-silicate matrix compos-
ite. For this system the thermal expan-
sion coefficient of the matrix exceeds
that of the fibres, such that a
compressive stress will exist normal to
the fibre/matrix interface at tempera-
tures below the process temperature. An
axisymmetric finite element unit cell
model, which accounts for Poisson's
effect of the fibre and matrix, was used
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to simulate the composite behaviour.
The interface was modelled using con-
tact surfaces and Coulomb friction was
employed. Load and temperature were
changed incrementally, in order to
account for the changes in interfacial
friction and slip length. By analyzing
the relationship between the overall
behaviour and the microscale deforma-
tion state, insight was gained in the
complicated slip-stick phenomena that
take place during cycling of composites
with frictional interfaces.

The major findings on the overall
behaviour can be summarized as follows:
During thermal cycling, ratchetting
occurs; the heating and cooling strain
hysteresis loops approach an equilibrium
shape (typically after 10 - 15 cycles).
During isothermal mechanical cycling an
equilibrium cycle usually obtained after
very few cycles (typically 2 - 3 cycles).
Ratchetting was also found to occur
under in-phase and out-of-phase
thermo-mechanical cycling.

Continuum damage mechanics model-
ling of ceramic matrix composites
The industrial use of continuous-fibre
reinforced CMCs requires design codes
capable of predicting the thermo-me-
chanical behaviour under multi-axial
stress states. A continuum damage
mechanics (CDM) material model was
implemented into a FEM code. The iden-
tification of the damage growth laws
was performed using a tensile test and a
shear test, and provides thus a simple,
fast, and economic way of deriving the
damage parameters for various CMCs. At
present the model is valid for in-plane
loading and symmetric laminate layups,
and the effect of various stacking se-
quences may be predicted.



The model was evaluated experimen-
tally using two different cross-woven
CMCs with either a C-fibre or a SiC-fibre
in a chemical vapour infiltrated SiC-
matrix. Moreover, strain concentrations
in specimens with a hole or a notch were
measured and compared with the nu-
merical simulations. It was found that
the experiments did not show any sig-
nificant strain concentrations at low
applied stresses in contrast to what was
expected from any continuum model.
However, at higher applied stresses a
sudden boost in strain concentrations
was observed and the strains start to
develop similarly to the CDM model
predictions. It is believed that the large
interbundle porosities may play an
important role in the local stress-strain
distribution even in the presence of
large holes or notches and that a con-
tinuum description may be inadequate
to model the behaviour of such open
types of mat-structures.

The CDM model may in fact prove to
be more efficient in handling the me-
chanical behaviour of polymer matrix
composites and future work will concen-
trate on these materials as well as more
dense CMC laminates. The modelling
work was performed in collaboration
with the University of California, Santa
Barbara, USA.

An experimental technique for
monitoring and evaluating the
fatigue behaviour of composites
Polymer or ceramic matrix composites
reinforced with continuous fibres are
being used more and more for structural
components. The understanding of the
underlying micromechanical deformation
mechanisms during monotonic loading
has reached a mature state. However,
the damage evolution under cyclic
loading remains largely an unresolved
issue in terms of micromechanical in-
sight. In structural components, geomet-
ric stress raisers such as fastener holes
introduce multiaxial stress states and
consequently a complex fatigue situa-
tion. Therefore, an experimental tech-
nique for monitoring damage propaga-

tion and detecting damage localization
was developed. The technique consists
of an in-situ measurement of the energy
dissipated from the test specimen which
is mounted in an isothermal chamber.

2 The temperature field on the specimen
surface is measured by an infrared cam-
era, which scans the specimen surface
continuously. The energy dissipation
depends on the degree of damage in
terms of e.g. frictional sliding between
fibre and matrix, and relatively quanti-
tative evaluations can be performed
based on micromechanical models.

Before localization occurs (i.e. dur-
ing approximately 90 % of the lifetime)
the maximum temperature around a hole
during cyclic loading at 15 Hz of a
woven glass-fibre/epoxy-matrix compos-
ite was 30°C, whereas temperatures in
excess of 70°C were recorded after locali-
zation (just prior to fatigue failure). The
technique provides a possibility for
investigating whether temperature
effects should be included in the model-
ling of fatigue, as a rising temperature
may shorten the time to failure. Even
though moderate temperature rises at 10
Hz occur in ceramic matrix composites
(1 to 1OGC), the local temperatures close
to the sliding fibre/matrix interface may
in fact be very high and lead to acceler-
ated degradation of the interface. The
technique provides a reference frame for
the cyclic degradation under well-de-
fined mechanical and thermal boundary
conditions. With the influence of the
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thermo-mechanical conditions character-
ized experimentally the technique may
provide guidance for the development of
more reliable constitutive relations
under complex cyclic loadings.



Design and

mechanical testing

This research programme concerns the
development of numerical and experi-
mental methods for design of compo-
nents with specific emphasis on new
materials. The activities include develop-
ment of advanced non-destructive and
destructive experimental methods for
mechanical testing and characterization
of materials.

The corrosion behaviour of materials
for biomass and waste incineration
The aim was to establish a fundamental
knowledge of the corrosion mechanisms
acting on materials for use in biomass
fired power plants. The knowledge was
based on laboratory exposures of se-
lected materials in well-defined corro-
sive gas environments. An experimental
facility was established wherein the
exposures were conducted. The results
show that the presence of 200 ppm HCl
in the flue gas increases the corrosion
rate of Sandvik 8LR30 two to three
times relative to the rate in a pure
oxygen containing atmosphere. The
release of chlorine is expected to affect
the activation of an active corrosion
mechanism on the metal surface. On the
contrary, the corrosion rate of Sanicro
28 was unaffected by the similar pres-
ence of 200 ppm HCl in the flue gas.
After exposures under ash cover at 525
"C and 600 "C in air both materials
showed higher corrosion rates and
higher susceptibility to spallation than
after exposures without ash cover in a
synthetic flue gas with both HCl and SO,
additions. This observation was also
attributed to the active corrosion
mechanism activated by chlorine gas
released from the solid chlorine con-
tained in the ash. At 700X a eutectic
melt of KCl and K;S04 can be formed in
the ash and this further accelerates the
corrosion attack which no longer is
controlled by chlorine gas diffusion
through a layer of oxides. The corrosion
progress was modelled by using the
modelling program ThermoCalc. The
modelling showed that the various
oxides can be expected to be stable after
the exposures. By correlating the calcu-
lations and the experimental results, the

corrosion attacks were identified ther- for a tool. In order to optimize the
modynamically and this gave important lifetime it is necessary to know the
information on the composition of the fatigue and fracture properties of the
reaction products. The project has in all materials. Data relevant for use in the
essentials shown that it is possible to design phase of tooling materials were
identify corrosion mechanisms and procured in the project. Methods were
corrosion products. It was shown that it developed in order to perform uniaxial
is possible to model the presence of the fatigue tests and fracture mechanics test
oxides and to evaluate the reaction on these brittle and ultra high strength
mechanisms of potential high tempera- materials. A large series of mechanical
ture materials to be used in corrosive tests were carried out. Analytical models
environments. were used empirically to describe rela-

tions between material properties such

Mechanical properties of as stress, strain, fatigue lifetime, and
tool materials fatigue crack growth. The models are
The low-cycle fatigue and the cyclic based on empirical observations and
crack growth behaviour of ultra high they are used in the design calculations,
strength materials such as tool steels
and cemented carbides were studied. Design of a prototype flywheel
These materials are used in die tools, for energy storage
where they are subjected to repeated Design and manufacturing of a proto-
loading under very high stresses. At type flywheel for kinetic energy storage
some locations in the tool there are was initiated in 1996. The design is
stress concentrations (e.g. at corners). based on previous concept studies and
At such locations the stresses are very patents on the critical connection be-
close to and often higher than the yield tween shaft and flywheel rim. The aim
stress of the materials. This results in of the project is to manufacture and test
local yielding and critical plastic strains. a prototype flywheel including housing
The consequences are dimensional and connection to either an electric
changes and sudden fractures. The life motor/generator or to a mechanical
for these heavily loaded tools is low transmission unit. The flywheel rim for
often in the range from 10'' - 10" cycles the prototype will be made by filament



winding technique in carbon fibre/ skin), wheieas skin damage may be
epoxy. The outer diameter is 400 mm, detrimental even in tension fatigue
axial length 220 mm, and the useful loading.
storage capacity is 1 kWh. The moment An experimental programme in-
during charging and discharging of the eluded a series of static tests which
flywheel is transmitted to and from the serve as a reference basis for the fatigue
flywheel rim through an axisymmetric, testing. Two sandwich configurations
filament wound polymeric composite with different face sheet lay-up were
shell, connecting the flywheel rim to the tested. Two levels of impact damage
steel shaft. This shell allows for the were investigated: (i) impacts which
different radial expansion of the rim and resulted in barely visible impact damage
shaft due to centrifugal loading. (BVID) and (ii) impacts which resulted

The shell element is a critical com- in a penetration of the skinlayer. Un-
ponent, and both stiffness and strength damaged specimens were investigated as
are essential for modelling the flywheel a reference.
behaviour. Extensive design calculations Impact damage resulting in a pen-
are carried out in order to optimize the etration of the specimen reduces the
geometry. allowable fatigue load level because of

For the prototype testing, traditional the stress concentration effects of the
ball bearings will be used, and transmis- impact damage. The fatigue testing
sion of energy will be through the indicated the possible existence of a
flywheel shaft to an electric motor. threshold fatigue load level of approxi-
Depending on the application area for a mately 20 "A, of the static failure load,
flywheel storage unit, it may be neces- Below this threshold the material would
sary to apply magnetic bearing systems be relatively insensitive to the severe
in order to minimize losses. The losses impact damage. It was found that a BVID
from ball bearings are too high for day will lead to significantly reduced fatigue
to night levelling of loads on electric lives. Consequently, because of its con-
grids, whereas they may be acceptable cealed nature the BVID type damage
for the application of the flywheel as a may be the most critical type of damage
back-up unit for short time power inter- for the designer using these materials,
ruptions in electrical systems or for Of the adopted experimental techniques
brake energy recovery. The projected for detecting fatigue damage the ther-
maximum operating design velocity of mal imaging technique was found supe-
the flywheel is 36,000 rpm, and the rior to both optical observation and
maximum test speed 45,000 rpm. Test- acoustic emission techniques. Compared
ing of the flywheel unit is foreseen to with optical observation the imaging
take place late 1997. The project is technique detected the fatigue damage
supported by the Danish energy research much earlier in the fatigue life. Addi-
programme EFP96 and is the first step tionally, the thermal imaging technique
towards a possible development of ki- implies that the governing fatigue
netic energy storage systems both for damage mechanism is one which in-
transport applications and in larger volves a temperature increase,
scales for stationary applications.

Fracture toughness measurements
Damage tolerance of sandwich panels of SOFC ceramics
A major concern for users of fibre rein- A new special fixture, which loads dou-
forced polymer sandwich panels is the ble cantilever beam specimens with pure
effect of low energy impacts, particu- bending moments, was used for the
larly as the damage is not readily de- study of the crack growth behaviour in
tectable. For components, the effect of a YSZ. For this configuration the energy
delamination between skin and core release rate G is independent of crack
material are critical for compressive length, and crack growth is stable. All
loaded components (even for undamaged fracture mechanics experiments were
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conducted inside the vacuum chamber of
an ESEM, such that crack tip region
could be observed under high magnifica-
tion. Crack growth was found to initiate
at an applied energy release rate G of 4
J/m'. If the loading was held fixed, the
crack grew with a constant velocity. If G
was decreased, the crack growth velocity
decreased. If G was decreased below 3 3/
nv, the crack growth ceased (crack
arrest). If, on the other hand, G was
increased, the crack growth velocity
increased. Fast fracture, corresponding
to crack growth at the speed of sound,
occurred at G = 9 J/m'. In all cases the
crack grew predominantly through the
grains (transgranular fracture). Occa-
sionally, intergranular crack growth was
also observed, resulting in grain bridg-
ing or initiation of a secondary crack
ahead of the main crack.

The fracture energy of the intercon-
nect material, a LSC ceramic, was deter-



mined by the same method to be about
20 J/m'. Because of the porous micro-
structure the crack path was non-
smooth and crack bridging was often
observed.

Finally, the interfacial fracture
energy of the interface between LSC and
a porous LSM-layer was measured using
sandwich specimens consisting of two
LSC-beams bonded together by a 50 urn
thin LSM-layer. The fracture energy of
the interface was measured to be 3 J /m\
Usually, the crack ran along the inter-
face, but occasionally it jumped to the
other interface. At a few locations the
crack was found to propagate inside the
porous LSM-layer, indicating that the
fracture energy of the porous layer is
almost as low as the interfacial fracture
energy.

Non-destructive evaluation of defects
sizes in sandwich panels
Sandwich panels were impacted and the
resulting damage sizes were measured
visually, by ultrasonic through-transmis-
sion inspection (one transducer on each
side) and by inspection of the skin using
the pulse-echo technique (single-sided
inspection). The damage size in the core
and/or between core and skin was found
by the through-transmission inspection
to be up to 3 times larger than what
could be observed visually or what was
found in pulse-echo examination. The
damage size determined by pulse-echo
was found to be only marginally larger
than the size measured by visual exami-
nation of the skin layer.

Another type of defects in sandwich
panels is internal damage. Such defects
may be totally invisible at the surface.
Sandwich panels made of carbon-fibre
skins on honeycomb core were used for
evaluation of such defects. A hole was
made through the centre of the speci-
mens. By loading the specimen in com-
pression a damage zone was introduced
to the honeycomb core around the
centre hole. Additional artificial defects
were introduced by cutting in the core.
Some cuts were in front of the back
skin, some were in the centre of the core
and some were made as diagonal cuts.



All internal damage were clearly identi- up of a C-scan: After the scan has been Recently, similar approaches were
fied by both through-transmission and performed, possible defect areas are adopted on development of software to
double through-transmission scannings. examined by A- or B-scans. The B-scan perform automatic recognition of blood
Thus, the ultrasonic through-transmis- gives a good picture of the position and veins and measurement of their diameter
sion scanning technique is a universal the severity of the defects, and can be a in digitized radiographs of rabbits. The
tool for evaluation of sandwich material. useful supplement to the C-scan. purpose of this research was to establish

A large number of interconnect a technique capable of providing quanti-
Ultrasonic B-scan inspection plates for solid oxide fuel cells were tative measures on the efficiency of
of solid oxide fuel cells examined by C-scan. These plates must medicine against vein calcification.
The results from ultrasonic scanning be of high quality in order to fulfil the It is not only the image objects that
examination of material may be pre- function in the fuel cell. Normally only can be quantified. In radiography, the
sented in different ways. The aim is to small defects (pores) or no defects were image grey level depends, among other
disclose internal imperfections in the found. However, on a few plates the C- things, on the attenuation of the radia-
inspected material and present these scan revealed abnormalities along the tion by the object. Thus, the pixel grey
findings in a graphical way for easy edge. Therefore, a B-scan was performed level value of the digital image can be
understanding and interpretation. The in the defects area; the resultant plot correlated with the object structure and
principles in the most used presenta- clearly shows delamination defects in thickness. This research involves meas-
tions are: A-scan is the amplitude pres- varying depths. urement and modelling of isotope spec-
entation of the echo signal against time tra obtained on attenuation by different
as normally seen on the oscilloscope Quantitative radiography combinations of materials, currently
screen. This presentation represent one and image analysis performed in collaboration with
measuring position. Several thousands Radiography is among the key tech- Sauerwein System-Technik GmbH and
separate A-scans are used for building a niques for non-destructive integrity the Bundesanstalt fur Materialpriifung.
C-scan. A scanning in a raster pattern is assessment of components and struc- The objective is to develop a more effi-
performed. Only one value (normally the tures. The images obtained contain a cient method for determining the re-
peak amplitude in a chosen time zone) vast amount of information, which is maining wall thickness of large steel
from the A-scan is measured. The echo usually difficult to interpret. For exam- pipes. This work composes a sub-task of
amplitude is shown in a colour or grey pie, measurements cannot readily be a BRITE-EURAM project on improving
scale. The distance (time) to the defect performed in the radiographic image due the efficiency on condition monitoring
can be measured simultaneously with to unsharpness and the influence of the of large structures,
the echo amplitude and plotted. human factor on defining e.g. the edges Radiography has also been applied

Recently another scan technique was of an object. However, using digitized successfully for validation of structures
implemented in the scan-system. This is radiographs and digital radiographic on continued product development. For
called B-scan. Here the whole A-scan in images obtained by radioscopical example, techniques were established for
each point is digitized and plotted, but imaging, these limitations of the tech- determination of the remaining water
only for a single scan line. The resulting nique may be circumvented. For in- content in ceramic insulation materials,
graph represent a cross section of the stance, techniques for deriving quantita- inspection of new alloys of light metals
inspected material along the scan line. tive determination of pipe wall thick- formed by different new techniques (e.g.
The distance from the surface shows how ness variations were developed and thixoforming, lost foam, or squeeze
deep down in the material the imperfec- implemented successfully. This informa- casting), and non-destructive evalua-
tion is, and the colour (or grey tone) tion provides the end user with an tion-based establishment of the rela-
tells about the severity of the finding. improved assessment of remaining life tionship between defect population,
The A-scan is typically used during set- time of the inspected components. applied load and component strength.
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Techniques

The experimental facilities and methods
for characterizing the mechanical prop-
erties of materials are widely used
within this programme area and in other
programmes in the Department.

The facilities consist of a number of
servo-hydraulic Instron testing frames
(100 and 250 kN) with actuators ranging
from 5 to 250 kN, load cells from 20 N -
250 kN, strain measuring equipment
(strain gauges, extensometers) and
temperature controlled chambers and
furnaces for testing at low and high
temperatures (up to 1000 "C). A number
of load frames for creep testing of metals
and polymers are used. Computerized
data acquisition is used during testing,
in some cases commercial data acquisi-
tion programs are used, while in other
cases special programs are developed in-
house.

For mechanical testing, both design
of the test specimen, of the experimen-
tal set-up and of the load introduction
are crucial. Some special tests require
specially designed tests specimens and

Mounting of strain gauges

fixtures. Therefore, a number of differ- in particular for quality control of
ent grips, specimen geometries and manufactured parts or components, and
experimental set-ups have been devel- in connection with mechanical testing
oped and successfully used. for damage or failure analysis after

Thermal imaging and acoustic emis- testing.
sion are routinely used during testing. Extensive modelling of stress, strain
in order to study the evolution of dam- and deformations are performed by the
age. Non-destructive examination (by a finite element method on models of
fully automated ultrasonic scanning specimens and experimental set-ups for
system or by X-ray methods) is widely the interpretation of test results. Like-
used for inspection and characterization, wise, digital imaging techniques are

used for the interpretation and visuali-
zation of results from both radiographic
and ultrasonic inspections.

Techniques from other programme
areas of the Department are sometimes

: used in rjroiects belonaina to Materialsused in projects belonging to Materials
Engineering. For instance, tests speci-
mens are often processed by other pro-
gramme areas. Also, characterization of
microstructural damage or studies of
fracture surfaces are done by the use of
SEM. Several mechanical tests may also
be conducted in the ESEM, providing a
direct relationship between the evolu-
tion of damage (observed in-situ during
the tests) and mechanical behaviour.



Many projects described under this
heading are conducted in collabora-
tion with industrial enterprises in
Denmark as well as abroad. Conse-
quently, it is natural that the major-
ity of projects have a strategic char-
acter with goals usually not more
than three years ahead. Very often
materials technological activities in
the Department are initiated by
needs or problems encountered in
industry, but conceived to be better
solved in the research environment
found in the Materials Research
Department.

The area also covers more fundamen-
tal activities, with the character of
long term basic research. These
projects are often done in collabora-
tion with universities in Denmark,
frequently as PhD projects.

Activities from the basic material
classes (metals, ceramics and com-
posites) are described under the
subheadings Powder Technological
Materials, and Manufacturing Tech-
nologies for Advanced Fibre Compos-
ites. In addition, activities related to
bonding of various materials are
described under Joining of Advanced
Materials.

One new activity within the area of production of spray-formed metal
Materials Technology is a national matrix composites mainly with steel
collaboration on powder based metal matrices. This goal requires a recon-
matrix composites. The collaboration struction of the Department's exist-
is called a centre (acronym: COM- ing gas atomizer for production of
POMET) and includes a number of spray-formed materials and simulta-
Danish industrial enterprises. The neous addition of ceramic particles,
centre was started late 1996 and is The reconstruction was initiated in
formally organized by a centre con- 1996 and the first spray-formed
tract agreed by all participants. A copper materials have been pro-
major centre effort in the Materials duced.
Research Department will be the



Powder technological

materials

This programme is concerned with devel-
opment and optimization of new pow-
der-based materials and process tech-
nologies aiming at improved application
properties, as well as testing and charac-
terization of the materials produced.

Surface area of metal powder
The measurement of surface area is
important in powder metallurgy, since
the specific surface area (i.e. the surface
area per mass unit) is determining for
the sintering properties of the powder.
However, a measurement of surface area
of powders is associated with uncertain-
ties depending on the method used.
Since the BET method is most widely
used, it was of interest to compare the
results from this technique with meas-
urements based on other physical prop-
erties of the powder. On this background
the specific surface areas of gas atom-
ized (spherical) metal powder
fractionated into 6 size fractions below
125 urn were determined by BET meas-
urements and by geometric derivation
from particle size distributions. The
obtained areas were compared and a
linear correlation was found. Even
though the total areas measured were
relatively low, in the range of 0.3 m',
the BET measurements followed the
areas derived from particle size with a
proportionality factor about 1.8. It was
concluded, that BET surface area meas-
urements represent true area closely,
when true area is understood as the
envelope best fitting the powder parti-
cles. The deviation of the BET measure-
ments from the true area is concluded to
be less than 20 %, with increasing
accuracy for increasing specific surface

Powder metallurgical
stainless steel materials
The production of complex parts by
powder metallurgical processes has many
advantages over conventional forging
and casting and has already been devel-
oped for a wide range of metals includ-
ing steels. However, unless very high
(and costly) process temperatures are
applied, the sintering of stainless steel
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powders renders some porosity, impair-
ing corrosion resistance and strength.
Lowering of these temperatures can be
achieved by adding agents giving rise to
liquid phase sintering. In collaboration
with Danish industries the Materials
Research Department is involved in the
development and characterization of
these process techniques for an eco-
nomically sound production of dense
stainless steel parts. This is of great
importance to several major Danish
exporting industries who are producing
or applying stainless steel parts for a
range of applications, eg. for pumps in
corrosive media and equipment for the
food processing industry. A major part of
the work at the Materials Research
Department is concerned with the appli-
cation of thermal analysis techniques,
such as dilatometry, simultaneous
thermogravimetry and gas analysis, and
differential thermal analysis, for the
characterization of the sintering proc-
esses in different gasses and vacuum.
The correlations between weight loss,
gas evolvement, liquid formation and
sintering rates, thus found, are used to
predict adequate sintering conditions for

the stainless steel powders and it is
expected that this knowledge can be
referred to other systems.

Rapid solidification of 12 % Cr steel
The aim of this project is to present
solidification mechanisms, theories and
parameters allowing understanding and
prediction of the microstructure formed
in different rapid solidification processes
such as atomization, melt spinning,
laser surface remelting and wedge chill
casting. All experiments were conducted
on a 12 % Cr ferritic stainless steel.
There were serious difficulties in obtain-
ing accurate measurements of the solidi-
fication parameters, i.e. temperature and
growth velocity, in most of the above
rapid solidification methods. Therefore,
mathematical models were derived in the
present study based on heat flow calcu-
lations. The validity of the proposed
models was supported by a good agree-
ment between the model prediction and
the experimental data.

Manufacturing of low enriched
Uranium fuel elements
The fabrication of low enriched uranium
(LEU) fuel elements was continued in
1996.

The Materials Research Department
has delivered more than 300 of these
elements for the Danish research reactor

Cross section of a powder
particle (12Cr-Mo-V steel),

showing the presence of
primary and secondary

dendrite arms
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Equipment for
testing ceramic

sensors

DR3 at Ris0. The reactor has since 1991 -
as the first research reactor worldwide -
operated entirely on this type of fuel
elements, and the number of irradiated
LEU elements in DR3 is now more than
240. All fuel elements have performed
successfully.

Development of ceramic
oxygen sensors
A major project in a MUP programme is
the development of new oxygen sensors
based on thick film Mg-doped SrTiO
semiconductors. In this project, new
methods of synthesis of the starting
powders and methods for fabrication of
sensors are developed. Measurements of
the electrical properties of the sensors
showed that the highest sensitivity and
the shortest response time (3 sec) was
obtained with SrTiO, containing 40 mol
X MgO. These measurements also showed
that all samples of this composition
exhibit p-type semiconduction in the Po
region 4 x 10 • to 2 x 10 atm in the
temperature range 400 to 1000 "C. In
order to explain the electrical properties
observed at intermediate temperatures,
where the electrical conductivity was
found to be proportional to Po,' ', a new
defect model has been proposed, in
which the dominating defects are double
ionized oxygen vacancies, double ion-
ized Mg- acceptors and association
defects formed by the Mg-acceptors
trapping one hole.

Fabrication processes of electromag-
netic multilayer ceramics
It is the aim of the project to develop
less expensive methods for electromag-
netic filters. In order to make such
filters, two different materials (a dielec-
tric powder based on BaTiO and a mag-

netic Ni-Zn ferrite) must be sintered
together at high temperature to form a
crack free component. The main problem
is that cracking or delamination may
occur during cool-down because of
difference in the thermal expansion
coefficient of the various layers. To
prevent this, a multilayer structure of
varying composition was used.

The multilayers were produced either
by pressing or by tape casting and
stacking. In order to determine at which
stage during processing cracking occurs,
the specimens were examined in SEM
after each process step. Two kinds of
crack were detected. The first type of
cracks was characterized by large crack
openings; those cracks were found to be
induced by the forming method. The
second type of cracks were induced by
stresses developing during cool-down,
induced by the thermal expansion mis-
match. By process optimization cracks
originating from the forming method
were avoided.

A crack with a large opening (top) originates
from damage before sintering, while a sharp

crack (left) has developed during cooling
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Manufacturing
technologies for advanced
composite materials

This programme covers the development
and optimization of new thermoplastic
fibre composites and associated process
technologies, aiming at improved occu-
pational health and application proper-
ties, as well as characterization of the
produced materials.

Pressing of fibre-reinforced thermo-
plastic composites - a fast process
Postpreg semiraw materials based on
hybrid yarn were developed in an ongo-
ing project. The hybrid yarn consists of
continuous comingled structural fibres
and thermoplastic polymer fibres. Two
associated manufacturing techniques are
under development in the project: (i)
vacuum consolidation and (ii) press
consolidation.

A fully automated and instrumented
research press facility for development
of fabrication technology and investiga-
tion of material performance of continu-
ous fibre reinforced thermoplastic com-
posites was installed at the Materials
Research Department. The press consoli-
dation technique can be divided into
four main steps: Pre-heating, forming,
consolidation, and handling. In the pre-
heating section, which was specially
developed for the press technique,
postpreg material is heated to the proc-
ess temperature under vacuum. Forming
of the material takes place in the press
at temperatures above the transition
point, where it is possible to form the
postpreg material at relatively low
pressure. Consolidation occurs when the
material is cooled below the transition
point under pressure in the press. In the
forming phase the material must remain
hot as long as possible to facilitate the
deformation of the material and a uni-
form consolidation. Fast handling of the
material from the pre-heating section to
the press is therefore necessary. The
influence of the process parameters such
as temperature, vacuum level, time,
speed and pressure on the material
quality was investigated. Results from
press consolidation of flat laminates

showed that it is possible to produce
laminates with high material quality.
Compared with vacuum and autoclave
consolidation of similar laminates the
process time was reduced from 2 - 4
hours to approximately 15 minutes, and
it is possible further to reduce the cycle
time to approximately 1 minute. Glass-
fibre/PET laminates with a glass-fibre
content of 45 vol. % were produced with
a porosity content below 2 vol. % and
with very good fibre wet out.

Filament winding of a flywheel rim
The Materials Research Department has
developed a flywheel design which
involves a carbon fibre reinforced fly-
wheel rim and a carbon fibre reinforced
connection element between the rim
and the hub. The flywheel rim is a
cylinder with an internal diameter of
290 mm, an external diameter of 400
mm, and a length of 220 mm. The rim
will be filament wound by entire hoop-
wound high-strength carbon fibres in an

epoxy matrix. The initial manufacturing
investigations is in progress in order to
establish the process parameters such as
fibre tension, winding speed, methods of
fibre wetting (applying the resin), wind-
ing temperature (viscosity of the resin),
and pre- and post-cure schedule. Status
is that the rim will be wound by four
parallel placed carbon fibre roving at a
winding speed of 8 meters per minute,
and the epoxy resin shall be applied by
leading the fibres over a wetting drum,
onto which the resin is applied continu-
ously by an electronically controlled
apparatus. The wetting drum and the
mandrel is placed inside a temperature
controlled fume hood. The process
temperature is kept at 70 C, which
results in a resin viscosity of 40 mPa-s.
The optimum fibre tension is not yet
established, but will probably be in the
range of 200 - 500 N per roving, in order
to achieve the desired fibre content (62
- 65 vol. %) and internal stresses.

A new press for fast consolidation
of thermoplastic PMCs

L * - - -
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Joining of advanced
materials

Brazing of stainless steels
and superalloys
A 45-months BRITE-EURAM project on
the development of brazed novel stain-
less steel plate exchangers was finished
during the year. The consortium has
succeeded to develop a new nickel based
filler metal which possesses very good
casting, mechanical and corrosion prop-
erties. The filler metal was applicable in
both ammonia and chlorine rich envi-
ronments. The manufacturing of amor-
phous foils by the rapid solidification
process was optimized in order to
achieve wide homogeneous foils with the
demanded properties. Finally, an exten-
sive testing programme was performed
to acquire mechanical and corrosion
data of brazed joints in a number of
materials combinations. Specially de-
signed specimens were used for evaluat-
ing brazed single crosspoints which
represent joints from compact brazed
heat exchangers. The outcome of the
work is an opening of a much wider
market for the very effective plate heat
exchangers and an extensive data base
which is applicable in general for joining
parts by brazing in many sectors of the
industry.

Techniques

In the Materials Technology Programme
a number of production facilities for
advanced materials are available in
addition to a series of characterization
techniques. The equipment's are also
used by other programmes of the De-
partment as well as in collaboration
projects with external partners.

In the area of Powder Technological
Materials an inert gas atomizer was
established a few years ago and is now
under reconstruction for production of
spray-formed materials. In the powder
mode the equipment can handle gas
pressures up to 60 bar and number of
nozzle systems have been fabricated for
precise control of gas/metal ratios.
Furthermore, the melting chamber can
be pressurized relative to the spraying
chamber. The final powder can be fur-
ther processed in inert gas glove box,
without exposure to the atmosphere.

A test system was established for the
evaluation of electrical properties of gas
sensors. In this system the electrical
response can be measured as a function
of oxygen pressure, temperature and
time. The sensors can also be thermally
cycled.

Fabrication technologies for PMCs
have been established in a new labora-
tory. The main facilities consist of an
high temperature autoclave (530'C, 20
bar, vacuum), two computer controlled
filament winding machines (two axes)
and a new press. The autoclave and
filament winding machines are used for
manufacturing of test coupons and
components with both thermosetting
and thermoplastic matrix materials. The
pressing facility is combined with a pre-
heat and handling device.

Experimental Methods: Materials Technology

Rapidly solidified metal powders,
spray-fbrrriing of metals

reactive materials

Deformation, increasing density

: Sintering (ceramic and metal parts)

Stpntinupas fibre composites
;S(-jest:;spedmens and components)

Consolidation of PMC composites

Surface area of powders

f O n s e (expansion/weight/

;:;|tectf!eai:properties, long term stability

Fibre distribution and orientation,
evaluation of materials

porosity content
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F i n a n c e s 1 9 9 6

The activities of the Department are
supported by a combination of direct
Government funding, focused project
funds from national, international and
EU programmes and fully commercial
industrial contracts.

The numbers given in the tables are
in units of 1000 Danish Kroner (DKK).
The equivalent amount in US Dollars is
also shown (DKK 1000 equal US$ 158,
alternatively, 1 US$ equals 6.30 DKK).

In 1996 the direct funding to the
Materials Research Department was kept
stable after a decrease by 10 % from
1994 to 1995. The project funding was
increased by more than 20 %, which
compensated for the decrease in 1995.

The difference between Income and
Expenditure for 1996 showed to be
satisfactory (2.5 million DKK), and the
outcome for 1997 is expected to be
comparable to that from 1996.
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Personnel

Academic staff

Tecnical staff

PhD- and Post graduate students

Guest scientists

I n c o m e (DKK millions, 1996 kioner)

Hl@ Project funding

HH Direct funding

50 r

1992 1993 1994 1995 1996 1992 1993 1994 1995 1996
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Research areas

Materials Engineering

Materials Technology

" ' 'rials Science

Manpower

i Chemistry

Project funding

el elements

ministration

Project income

M International projects
M National projects

: funding

Engineering Science '

Materials technology
programme (MUP)

Energy research progran
(EFP)

~>,^ industrial projects
*k Other income, symposia, etc.

BRITE-EURAM JOULE,
EU-Fusion

Euclid
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P e r s o n n e l 1 9 9 6

In 1996 16 members of the Department

left and 8 new members joined (*) the

Department

Head of Deparment
Niels Hansen

Scientific staff
Adolph, Eivind
Andersen, Svend Ib
Appel, Charlotte C.
Bagger, Carsten
Bentzen, Janet J.
Bilde-Sßrensen, J0rgen B.
Bonanos, Nicholaos
Borring, Jan
Borum, Kaj K.
Br0ndsted, Povl
Christensen, Jargen
Debel, Christian P.
Eldrup, Morten
Gotthjaslp, Klaus until 31 Oct.
Gundtoft, Hans Erik
Hendriksen, Peter V.
Horsewell, Andy
Johansen, Björn S.
Juhl, Mette
Juul Jensen, Dorte
Jorgensen, Ole*
Kindl, Bruno
Knudsen, Per
Larsen, Peter Halvor
Leffers, Torben
Lilholt, Hans
Linderoth, Sören
Liu, Qing
Liu, Yi Lin
Lorentzen, Torben
Lystrup, Aage S.
L0gstrup Andersen, Tom
Mogensen, Mogens
Pedersen, Allan Schroder
Pedersen, Ole Becker
Poulsen, Finn Willy
Poulsen, Henning F.
Primdahl, Sören
Rheinländer, J0rgen
Singh, Bachu N.
Sorensen, Bent F.
Sarensen, Ole Toft
Toft, Palie
Toftegaard, Helmuth L.

Postgraduate students
Bjerregârd, Henrik until 18 Mar.
Carstensen, Jesper Vejla
Clausen, Bjarn
Christoffersen, Henrik until 30 April
Jacobsen, Torben K. until 31 Dec.
Larsen, Dorthe*
Mullit, Paw M.
Nielsen, Christian Bergenstof unt. 1 Sept.
Nielsen, Steen A.
Pickup, Chris
Pryds, Nini H.
Rasmussen, Torben
Rasmussen, Torben V. until 30 June
Thorsen, Peter A.

Post docs
Ahlgren, Erik u/iti7 30 Nov.
Armstrong, William D.
Christof fersen, Henrik*
Garbe, Stephan
Godfrey, Andy until 15 Sept.
Hansen, Ulrich N. until 31 Dec.
Huang, Xiaoxu*
J0rgensen, Ole until 15 Oct.
Krieger Lassen, Niels C.
Lienert, Ulrich*
Marina, Olga*
Thomsen, Niels, B."
Winkler, Jacob until 14 Jan.
Winther, Grethe until 31 Dec.

Guest scientists
(stay of more than 3 months)
Akdut, Nuri
Clarke, A. Perry
Chen, Fang-lin
Heron-Maxwell, David
Hobon, Carol
Kindermann, Lutz
Kumar, Amarendra N.
Lauvstad, Gro 0.
Manon, Carrie B.
Perry, Andrew
Sarroute, Sabine
Sunde, Svein
Stanway, Catherine Louise
Zhou, Xiao-hua

Consultants
Nilsson, Tage M. until 30 Nov.
Waagepetersen, Gaston
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Technical staff
Adrian, Frank
Aukdal, J0rgen A. until 31 Mar.
Borchsenius, Jens F.S.
Dreves Nielsen, Poul
Frederiksen, Henning
Gravesen, Niels N0rregaard
Hersbell, Bent
Jensen, Finn E.
Jensen, Knud
Jensen, Palle V.
Jespersen, John
Kjasr, Anne-Mette Heie
Kjaller, John
Klitholm, Cliver
Larsen, Bent
Larsen, Birgit N.
Larsen, Jan
Larsen, Kjeld J.C.
Lillegaard, Keld
Lindbo, Jargen
Mikkelsen, Claus
Nielsen, Birgitte
Nielsen, Ove until 30 April
Nielsen, Palle H.
Nilsson, Helmer
Olesen, Preben B.
Oisen, Benny F.
Oisen, Henning
Oisen, Ole
Olsson, Jens 0.
Paulsen, Henrik
Porsdal, Helle*
Pedersen, Niels Jergen
Robl, Steen
Sandsted, Kjeld
Strauss, Torben R.
S0rensen, Erling
Aagesen, Sven

Office staff
Dreves Nielsen, Elsa
Hoffmann Nielsen, Lis
Kristiansen, Lisbeth Aa.*
Lauritsen, Grethe Wengel
Mortensen, Jytte
Sindholt, Birgitte until 30 April
S0rensen, Eva M.
Thomsen, Ann
Voss, Anita*

Apprentices
Christensen, Lars F.
Fabritius, Nicolai
Foss, Heidi E. until 31 Aug.
Hammersh0j Olsen, Casper*
Klein, Roland*
Nilsson, Jesper*
Schmidt, Jesper until 31 Dec.
0rgaard, Henrik until 31 Jan.

Age distribution

Post OCK

Ph.D

Scientific staff

1986

1991

"Industrial Post Doc, Danfoss/Risß

21- 26- 31- 36- 41- 46- 51- 56- 61-

25 30 35 40 45 47 55 60 65

1996
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D e p a r t m e n t A c t i v i t i e s

Postgraduate (PhD)

projects
Many PhD projects are conducted at the
Materials Research Department in col-
laboration with universities in Denmark
and other countries.

PhD Projects finished

during 1996

Henn'k Bjerregaard
'Flexible forging of metal matrix compos-
ites'. The Technical University of Den-
mark. Lyngby.
Supervisor: Hans Lilholt

Henrik Christoffersen
'Development of microstructure in cop-
per during plastic deformation'. The
University of Copenhagen.
Supervisor: Torben Leffers

Christian Bergenstof Nielsen
'Microstructure and strength of
electrodeposited nickel, chromium and
copper/nickel multilayers'. The Technical
University of Denmark. Lyngby.
Supervisor: Andy Horsewell

Michael Stanley Pedersen
'Magnetic properties of nano-scale mate-
rials'. The Technical University of Den-
mark. Lyngby.
Supervisor: Soren Linderoth

Torben V. Rasmussen
'Time dependent interface parameters in
concrete-based composite materials'. The
Technical University of Denmark.
Lyngby.
Supervisor: Povl Brondsted

Ongoing PhD Projects

Jesper Vejlo Carstensen
'Structure development and mechanisms
in fatigue of polycrystalline brass'.
The influence of stacking fault energy
on fatigue is studied with
polycrystalline brass as a model system.
Specimens of Cu with 15 % Zn and Cu
with 30 % Zn with well-characterized
grain size distribution and texture are
subject to cyclic loading at constant
plastic strain amplitude. Dislocation
microstructures and surface damage
evolution are characterized by TEM, SEM
and light microscopy.
The Technical University of Denmark.
Lyngby.
Supervisor: Ole Becker Pedeisen

Bjern Clausen
'Characterization of polycrystal deforma-
tion by numerical predictions and neu-
tron diffraction experiments'. This work
focuses on the characterization of
polycrystal deformation through model-
ling and experimental work. Elastic
lattice strain components in sub-sets of
grains are determined by neutron dif-
fraction and used to evaluate the predic-
tion of an elastic-plastic self-consistent
polycrystal deformation model. The
effects of the elastic and plastic
anisotropy and the texture on the
stress-strain response are investigated.
The Technical University of Denmark.
Lyngby.
Supervisor: Toiben Loientzen

Torben K. Jacobsen
'The influence of holes and notches on
the fatigue properties of two-dimen-
sional ceramic matrix composites with
long fibres'.
The project involves theoretical model-
ling and experimental measurements of
damage around geometric stress raisers
in 2-D SiC/SiC and C/SiC woven materi-
als. Interfacial degradation models are
used for characterization of the fatigue
behaviour. Measurements of interfacial
frictional heating, acoustic emission,
stress and strain provrde the experimen-
tal input to the degradation models.
Continuum damage mechanics modelling
is used for investigating the monotonic
stress-strain behaviour in the presence

of geometric stress raisers.
The Technical University of Denmark.
Lyngby.
Supervisor: Povl Brendsted

Ninette Kjerulf-Jensen
'Raman and IR-spectroscopic investiga-
tion of SOFC materials'.
Solid oxide fuel cell materials will be
characterized individually and in fuel
cells under operating conditions by
vibrational spectroscopy and other
suitable spectroscopic methods. Correla-
tions with structure and defect chemis-
try will be made.

The Technical University of Denmark.
Lyngby.
Supervisor: Finn Willy Poulsen

Dorthe Larsen
'Structural and electrical properties of
perovskites'.
Oxides with perovskite structures such
as LaAlO , LaGaO and LaScO, doped with
SrO and MgO are studied. The main
purpose of the study is to find relation-
ships between the detailed crystal struc-
tures and the conductivities of the
Materials.

The Technical University of Denmark.
Lyngby.
Supervisors: Mogens Mogensen, Finn W.
Poulsen

Paw Mullit
'Quantification of the pore structure in
porous materials'.
The mechanical and physical behaviour
of porous materials such as cement,
concrete and brick, is strongly influ-
enced by the shape, size and amount of
pores in the material. Although under-
stood qualitatively, quantitative treat-
ments of the relationship between pore
stereology and properties need to be
developed.

The Technical University of Denmark.
Lyngby.
Supervisor: Andy Horsewell

Steen Arnfred Nielsen
'Ultrasonic characterization of materials
using tomographical methods'.
This project focuses on ultrasonic char-
acterization of polymer materials using
computed tomography. The main goal is
the investigation of image reconstruc-
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tion techniques based on fan-beam
projections. Examination with ultrasonic
through-transmission scanning equip-
ment is used to verify the applicability
of fan-beams for non-destructive appli-
cations, in particular the study of de-
fects.

The Technical University of Denmark.
Lyngby.
Supervisors: Hans Erik Gundtoft, Svend Ib
Andersen, Jergen Rheinlander

Chris Pickup

'Internal stress in layered structures'.
Copper-Nickel multilayers are being
analyzed using neutron and X-ray dif-
fraction as well as convergent beam
electron diffraction to determine inter-
nal stresses. In addition to improving
the techniques for internal stress analy-
sis, the results are to be interpreted in
relation to the microsstructure of
multilayered Cu/Ni.
University of Cambridge, UK.
Supervisor: Andy Horsewell

Nini H. Pryds

'Rapid solidification of stainless steel'.
The purpose of these investigations is to
characterize the microstructural varia-
tions which occur during rapid solidifi-
cation of stainless steel prepared by
melt spinning and atomization proc-
esses. The project also strives to incor-
porate the microstructural changes
observed as a function of cooling rates
through a model based on heat flow
balance.

The Technical University of Denmark.
Lyngby.
Supervisor: Allan Schroder Pedersen

Torben Rasmussen

'Structure and dynamics of dislocations'.
Dislocation interactions and grain
boundaries in face-centred cubic materi-
als are studied at the atomic level by
computer simulation. It is of special
interest to examine the role of cross-slip
in mechanisms of annihilation of dislo-
cations. Different configurations and
energies are determined and simulations
are made where dislocations of opposite
sign annihilate. The Technical University
of Denmark. Lyngby.
Supervisors: Torben Leffers, Ole Becker
Pedersen

Peter Anker Thorsen

'The influence of the grain boundary
structure on diffusional creep'.
The structure of a given grain boundary
determines its efficiency for absorbing
or emitting vacancies. Diffusional creep
is therefore influenced by the nature of
the grain boundaries present. The
effiency of various grain boundaries in
materials deformed in diffusional creep
is compared with their structure deter-
mined by electron microscopical tech-
niques.

The University of Copenhagen. Denmark.
Supervisor: Jorgen B. Bilde-Sorensen

Lennart Sorby

'Structural study of SOFC materials'.
Diffraction techniques using X-ray,
neutron and synchrotron radiation are
used to study solid oxide fuel cell mate-
rials, both under equilibrium and dy-
namic condutions. Structure refinement
is done by the Rietveld method.
University of Uppsala. Sweden.
Supervisor: Finn Willy Poulsen

Bent Tveten

'High temperature oxidation of metals'.
Studies of the kinetics of formation and
nature of the oxidation products on Cr-
Fe alloys in moist air up to 1000° C will
be carried out. Thermogravimetry, elec-
tron microscopy and X-ray diffraction
will be used as major tools of characteri-
sation.

The University of Oslo. Norway.
Supervisors: Mogens Mogensen, Finn
Willy Poulsen

Rolf Jarte Aberg

'Studies of kinetics and reaction mecha-
nisms on Ni-YSZ anodes for solid oxide
fuel cells'.
Ni-YSZ cermets are used as anodes for
oxidation of hydrogen and CO in SOFC's.
Several rate limiting steps in the elec-
trode mechanism have been suggested.
Experiments with Ni-electrodes with
well defined geometry will be used to
elucidate the mechanisms.
Norwegian University of Technology and
Science. Trondheim, Norway.
Supervisor: Mogens Mogensen

Undergraduate Projects

Anthony Chilton

'Determination of growth rates during
recrystallization of aluminium'. Univer-
sity of Cambridge. UK.
Supervisor: Dorte Juul Jensen

Jesper Remer Hansen

'Electrical properties of
La,i8Sro;Cin<),Von,0;. The Technical Uni-
versity of Denmark, Lyngby.
Supervisors: Mogens Mogensen, Peter
Halvor Larsen, Peter V. Hendriksen

Peder Skov Hansen

'Fracture mechanical investigation of
tooling materials'. The Technical Univer-
sity of Denmark. Lyngby
Supervisor: Povl Brandsted

Carol Hobon

'Synthesis and characterization of
gadolinia and yttria doped ceria for
oxygen sensors'. Ecole Nationale
Superieure de Ceramique Industrielle.
Limoges, France.
Supervisor: Ole Toft Sorensen

Dorthe Larsen

'New solid oxide electrolytes'. The Tech-
nical University of Denmark. Lyngby.
Supervisors: Mogens Mogensen, Finn W.
Poulsen

David Heron Maxwell

'Compaction of woven fibre fabrics.'
Brunei University, Uxbridge, UK.
Supervisors: Aage Lystrup, Tom Logstrup
Andersen

Tan Loc Nguyen

'Ceramic synthesis and shaping'. The
Technical University of Denmark.
Lyngby.
Supervisor: Carsten Bagger

Jacob E. Olsson

'Optimization of image quality'. Engi-
neering College of Copenhagen. Ballemp,
Denmark.
Supervisor: Jgrgen Rheinldnder
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Andrew Perry

'Synthesis and characterization of Mg-
doped SrTiO oxygen sensors'. University
of Bath. UK.
Supervisor: Ole Toft Sorensen

Catherine Louise Stanway

'Microstructure analysis of particulate
reinforced aluminium composites after
hot tension'. Brunei University.
Uxbridge, UK.
Supervisor: Yi-lin Liu

External lecturers and

examiners

Many of the staff members of the Mate-
rials Research Department are actively
involved in education and training in
materials science as university external
lecturers and examiners.

External lecture courses

William D. Armstrong

'Modeling shape active intermetallic
alloys and their composites'. DANVIS
Lectures. Aalborg University.

Torben Lorentzen

'Graduate course on scattering analysis
of advanced materials; X-rays & neu-
trons'. Swedish Thin Film Consortium.
Stockholm, Sweden.

External Examiners

Svend Ib Andersen

Jergen B. Bilde-Sorensen

Christian P. Debel

Morten Eldrup

Andy Horsewelt

Hans Lilholt

Finn Willy Poulsen

Ole Toft Serensen

Members of the officially appointed

corps of Danish university examiners

(MSc and BSc).

Svend Ib Andersen

PhD examiner. University of Aalborg.
Denmark.

Povl Brendsted

MSc examiner. The Technical University
of Denmark. Haslev.

Christian P. Debel

MSc examiner. The Technical University
of Denmark. Lyngby.

BSc examiner. Engineering College of
Copenhagen. Ballerup, Denmark.

Yi-lin Liu

MSc examiner. The National University of
Singapore.

Mogens Mogensen

PhD examiner. NTNU. Trondheim, Nor-
way.

Ole Backer Pedersen

PhD examiner. The Technical University
of Denmark. Lyngby.

Allan Schroder Pedersen

Ph.D. examiner. University of Linkoping,
Sweden.

Bachu N. Singh

Ph.D. examiner. Ecole Polytechnique
Federal de Lausanne, Switzerland.

Ole Toft Serensen

PhD examiner. The Technical University
of Denmark. Lyngby.

Staff members on

assignment abroad

Charlotte C. Appel

Department of Catalysis, Statoil Research
and Development Centre. Trondheim,
Norway. 4-10 May.

Jesper Vejto Carstensen

Materials Department, School of Mines.
Saint-Etienne, France. 1 May - 31 July.

Bjorn Clausen

Manuel Lujan Jr. Neutron Scattering
Centre, Los Alamos National Laboratory.
New Mexico, USA. 30 August - 3 Novem-
ber.

Ole Jorgensen

Department of Materials Science and
Engineering, Massachusets Institute of
Technology. USA. 1 February - 16 July.

Niels Chr. Krieger Lassen

Institut fur Metallkunde und
Metallphysic, Technical University of
Clausthal. Clausthal-Zellerfeld, Germany.
1-31 January.

Qing Liu

Microstructures and Processing Depart-
ment, School of Mines. St. Etienne,
France. 24 November - 6 December.

Mogens Mogensen

National Institute of Chemistry.
Ljubljana, Slovenia. 5 February -1 March,
25 March - 19 April, 30 September - 1
November.

Nini H. Pryds

Department of Engineering Materials,
The University of Sheffield. UK. 1 Janu-
ary - 28 February.

Bachu N. Singh

Department of Applied Mathematics III,
Universitat Polytecnica de Catalunya.
Barcelona, Spain. 19-25 April.

Department of Materials Science, Pacific
Northwest National Laboratory.
Richland, WA, USA. 7-28 July.
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Visiting scientists

Many guests visited or worked in the
Department for a shorter period of time
during 1996.

Dr. Nina Aas
Department of Catalysis, Statoil R&D
Centre. Trondheim, Norway. 23 - 26 Sept.

Dr. Claire Y. Barlow
University of Cambridge. UK. 22 August -
5 September.

Dr. William J. Clegg
University of Cambridge. UK. 16 June -
16 August.

Prof. Julian Driver
School of Mines. St. Etienne, France. 5 -
30 August.

Dr. Dan J. Edwards
Pacific Northwest - National Laboratory.
WA, USA. 1 - 23 March, 8 November - 8
December.

Dr. John H. Evans
University of London. UK. 26 February -
8 March.

Prof. Jacques Foct
University of Lille. Villeneuve d'Ascq,
France. 10-13 June.

Mr. Steven Gennard
Department of Materials Science and
Metallurgy, University of Cambridge. UK.
22 July - 15 September.

Dr. Stanislav I. Gotubov
Universitat Politecnica de Catalunya.
Barcelona, Spain. 12 - 23 February, 22
September - 2 October.

Dr. Howard L Heinisch
Pacific Northwest - National Laboratory.
WA, USA. 13-18 October.

Dr. Darcy A. Hughes
Sandia National Laboratory. Livermore,
CA, USA. 5 - 30 August.

Dr. Tatsumi Ishihara
Oita University. Japan. 1 July - 31 July.

Prof. Peter Klimanek
Freiberg University of Mining and Tech-
nology. Germany. 14 - 18 August.

Dr. Anatolijs Kuzjukevics
Latvia Academy of Science. 15 April - 15
June.

Mr. Klaus Mehnert
Freiberg University of Mining and Tech-
nology. Germany. 8 - 21 August.

Dr. Wolfgang Pantleon
Bergakademie Freiberg. Germany. 15
April - 15 May.

Dr. Maria Richter
University of Mining and Metallurgy.
Krakow, Poland. 1 March- 1 May.

Dr. Sergey Shkerin
Institute of RSA. Russia. 11 March - 11
June.

Prof. James F. Stubbins
University of Illinois. USA. 8 January - 2
February.

Dr. Roy A. Vandermeer
Naval Research Laboratory. Washington
DC, USA. 1 - 31 August.

Dr. Wang Cai-lin
Chalmers University of Technology.
Gothenburg, Sweden. 6 August - 6
September, 28 October - 16 December.

Prof. John A. Wert
University of Virginia. USA. 11 June - 13
July.

Dr. Erik Woldt
Technischen Universitat Braunschweig.
Germany. 28 - 31 August.

Prof. Xu Yu-long
Xidian University. China. 1 August - 30
September.

Dr. Zheng Hong
University of Science and Technology of
China. Hefei, China. 1 October - 31
December.

Dr. Steve J. Zinkle
Oak Ridge National Laboratory. TN, USA.
14 May - 24 May.

Colloquia

'X-ray fluorescence analysis using
syncrotron radiation (syxrf)'.
Dr. Stephan Garbe
Materials Department, Ris0 National
Laboratory. 19 March.

'Structure and properties of aluminium
in the range of large deformations'.
Dr. Maria Richert
University of Mining and Metallurgy.
Cracow, Poland. 17 April.

'Low temperature oxidation of metal
surfaces'.
Dr. Finn M. Jacobsen
Brookhaven National Laboratory. NY,
USA. 25 April.

'Solid oxide fuel cell research at Pacific
Northwest National Laboratory'.
Dr. Tim R. Armstrong
Pacific Northwest National Laboratory.
WA, USA. 14 May.

'SOFC research at Tokyo Gas Japan'.

Dr. Masakazo Hisinuma
Tokyo Gas, Japan. 15 May.

'Methodology and application of diffrac-
tion-line broadening analysis (X-ray
profile analysis)'.
Prof. Peter Ktimanek
Freiberg University of Mining and Tech-
nology. Germany. 15 August.

'Duplex stainless steels I - effects of N
alloying'.
Dr. Nun Akdut
Rheinisch-Westfalische Technische Hoch-
schule. Aachen, Germany. 16 August.

'Duplex stainless steels II - rolling defor-
mation'.
Dr. Nuri Akdut
Rheinisch-Westfalische Technische Hoch-
schule. Aachen, Germany. 19 August.

'SOFC under real operating conditions.
IEA cooperation 1996 - 98'.
Dr. Heinz Nabietek
Research Centre Jiilich. Germany. 16
September.

'Spherical indentation of composite
laminates with controlled gradients in
elastic anisotropy'.
Dr. Ote Jorgensen
Materials Department, Rise National
Laboratory. 9 December.
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Symposia and workshops

The title of the 17th Rise International Symposium on materials Science was
'High Temperature Electrochemistry: Ceramics and Metals'. The Symposium
took place from 2-6 September and followed the Symposium traditions devel-
oped over many years. About 90 scientists representing industry, research
institutes and universities from 20 countries participated.

Ceramics and metals are used in the key structural and functional parts of
solid oxide fuel cells as well as in more conventional energy conversion de-
vices such as gas turbines and heat exchangers. The high temperature proper-
ties of metals are conceptually linked to those of oxides through the growth
of oxide layers on metals during high temperature oxidation, where the
oxidation displays all the complexity of the metal/gas/oxide interfaces.
Insight into ceramic processing, defect chemistry and solid state
electrochemistry are required in order to be able to optimize and match high
temperature materials properties of ceramics and metals. The demand by
society and industry that energy conversion systems must be clean, safe and
economical has in recent years led to an intensive effort in the study of this
broad range of materials behaviour. The research has not only contributed to
improved energy conversion systems, but also produced results of significanct
value to other fields.

The proceedings of the 17th Risa Symposium on Materials Science was
published and made availble at the time of the Symposium. The book con-
tains 11 invited and 56 contributed papers
(in total 520 pages). The papers reflect the
latest experimental and theoretical advances
in these areas, especially those pertaining to
solid oxide fuel cells, high temperature
electrocatalysis, oxidation of metals, gas
sensing and electrochemical gas separation.
Experimental, theoretical and modelling
studies are described investigating the possi-
ble correlations between chemical, thermody-
namic, electrical, structural and mechanical
properties. Metal/oxide/gas reactions (under
anode and cathode conditions) and the elec-
trical conduction across metal/ceramics
interfaces were also the subject of many
contributed papers. A variety of experimental
techniques were covered in the Symposium,
including electrochemical techniques, such as
impedance spectroscopy and cyclic
voltametry, X-ray diffraction for monitoring
the growth of oxides on metals as well as
studies of metals and ceramics using electron microscopy.

A NorFa workshop on 'Grain•'•boundaries and their characterization by
electron microscopy' was held from May 30 to June 1 with 20 participants.
NorFa workshops on electron microscopy are arranged alternately by 8 groups
participating in a Nordic network for materials studies with electron
microscopy methods. NorFa is an organization set up by the Nordic Council to
promote educational activities for research students.

In collaboration with the Danish Society for Materials Research and Test-
ing (DSM) a one-day meeting entitled 'DSMs Projektdag 1996 - Aktuelle
danske materialeprojekter' ('DSMs Project Day 1996 - Current Danish Materials
Projects') was held on May 21. It was one in a series of annual meetings
focusing on recent Danish projects concerning all aspects of materials re-
search and development. The meeting was attended by about 50 participants
from Danish industry, universities and research institutes.

Participation in

committees

Danish committees

Eivind Adotph
Technical Assessor, DANAK. Copenhagen.

Carsten Bagger
The Steering Committee for the Danish
Solid Oxide Fuel Cell Programme.

The Steering Comittee for the Danish
Superconductor Programme.

The Steering Committee for the MUP 2.2
Programme: Electroceramic Functionally
Gradiented Materials.

Janet J. Bentzen
The Executive Committee of
the Danish Society for Mate-
rials Research and Testing.

The Executive Committee of
the Danish Ceramic Society.

Povl Brondsted
The Executive Committee of
the Danish Metallurgical
Society. Lyngby. (President)

Niels Hansen
The Danish Ministry of Envi-
ronment and Energy, Advi-
sory Group for Advanced
Energy Technologies. Copen-
hagen.

Technical Assessor, DANAK. Copenhagen.

Reference Group for the BRITE/EURAM
Programme, The Danish Ministry of
Industry. Copenhagen.

The Steering Committee for the Danish
Solid Oxide Fuel Cell Programme. Riso.

The Advisory Committee for the Engi-
neering Science Centre (at Ris0) for
Structural Characterization and Model-
ling of Materials.
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Dorte Juul Jensen
The Advisory Committee for the Engi-
neering Science Centre (at Ris0) for
Structural Characterization and Model-
ling of Materials.

Torben Leffers
The Danish Technical Research Council.
Copenhagen. Until 31 July (Vice Chair-
man until 29 February)

The Chemistry and Materials Commission
of the Danish Technical Research Coun-
cil. Copenhagen. (Chairman until 31
July)

The Joint Materials Working Group of
the Danish Research Councils. Copenha-
gen. (Chairman)

The Coordination Committee for the
Danish Materials Technology Develop-
ment Program. Copenhagen.

The Technical Subcommittee for the
Danish Materials Technology Develop-
ment Program. Copenhagen. (Chairman).

Task Force for the EU Programme on
Standards, Measurements and Testing.
Copenhagen.

Aage Lystrup

The Steering Committee for the Danish
Solar Cell Hybrid Car project.

Mogens Mogensen

The Steering Committee of the Danish
Solid Oxide Fuel Cell Programme.

Contributor to ' The Great Danish Ency-
clopedia' (in Danish 'Den Store Danske
Encyklopaedi'). Copenhagen.

Jens Otsson

The Board of Governors of Risa National
Laboratory. Roskilde. (Staff representa-
tive)

Ole Becker Pedersen
Contributor to 'The Great Danish Ency-
clopedia' (in Danish 'Den Store Danske
Encyklopaedi'). Copenhagen.

Allan Schroder Pedersen
Steering Committee for Development and
Characteriszation of Magnetic Materials.
Danish Agency for Development of Trade
and Industry. Copenhagen.

Soren Primdahl
Danish Electrochemical Society. (Vice

president)

Bent F. Serensen

The Executive Committee of the Danish
Ceramic Society.

Programme Committee for Nordic Ceram-
ics '97. Rise.

Ole Toft Serensen
Programme Committee for Nordic Ceram-
ics '97. Ris0. (Chairman)

Danish Ceramic Society. (Chairman)

International committees

Svend Ib Andersen

Organizing Committee for the 18th Rise
International Symposium on Materials
Science.

R1S0

4 t

Jergen B. Bilde-Serensen
Editorial Board of 'Microscopy Research
and Techniques'.

Member of the board of Scandinavian
Society for Electron Microscopy.

Nikolaos Bonanos

International Advisory Board, 8th Inter-
national Conference on Solid State
Protonic Conductors. Gol, Norway.

Organizing Committee for the 17th Ris0
International Symposium on Materials
Science.

Povt Brendsted

Organizing Committee for the 18th Ris0
International Symposium on Materials
Science.

Editorial Board of 'Advanced Composites
Letters'.

Morten Eldrup

International Advisory Committee on
International Conferences on Positron
Annihilation.

International Program Committee for the
11th International Conference on Posi-
tron Annihilation. Kansas City, MO, USA.

Advisory Board of 'Materials Science
Forum'.

Niels Hansen

Evaluation Group for the Joint Research
Centre's Institute for Transuranium
Elements. Karlsruhe, Germany. (Chair-
man)

The COST 501 Management Committee
on Materials for Energy Conversion Using
Fossil Fuels. Brussels, Belgium.

Editorial Board of 'Revue de Metallurgies

Editorial Board of 'Monographs in Mate-
rials Science'.

The Fusion Technology Steering Commit-
tee (FTSC-I). Brussels, Belgium.
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Organizing Committee for the 18th Ris0
International Symposium on Materials
Science.

Peter Vang Hendriksen
Organizing Committee for the 17th Rise
International Symposium on Materials
Science.

Alette Juhl
Organizing Committee for the 17th Rise
International Symposium on Materials
Science.

Peter Halvor Larsen
Nordic Society for Thermal Analysis and
Calorimetry.

Organizing Committee of the 12th Inter-
national Conference on Thermal Analysis
and Calorimetry. Copenhagen.

Advisory Board of 'Diffusion and Defect
Data'.

Grethe W. Lauritsen
Organizing Committee for the 17th Risa
International Symposium on Materials
Science.

Organizing Committee for the 18th Rise
International Symposium on Materials
Science.

Torben Leffers
Editorial board of 'Textures and Micro-
structures'.

Editorial Board of 'Plasticity'.

International Advisory Committee for
the International Conference on Texture
and Anisotropy of Polycrystals.
Clausthal, Germany.

Hans Lilholt
Organizing Committee for the 18th Rise
International Symposium on Materials
Science.

Project Management Committee of the

EU-BRITE Project: 'Forging of Aluminium
Metal Matrix Composites for Automotive
Components'. (Chairman)

Project Management Committee of the
EU-BRITE Pioject: 'Thixoforming of
Advanced Light Metals for Automotive
Components (TALMAC)'. (Chairman)

International Advisory Committee for
International Meeting on Composite
Materials: 'Advancing with Composites
'97'. Milan, Italy.

International Advisory Committee for
Second International Symposium on
Engineering Ceramics and Third Interna-
tional Symposium on High Temperature
Ceramic Matrix Composites. Osaka,
Japan.

International Advisory Board for Second
International Conference on Composites
and Ceramics. Moscow, Russia.

International Advisory Committee for
4th Internationaal Conference on Defor-
mation and Fracture of Composites.
Manchester, UK.

International Advisory Committee for
Topical Symposium V: 'Advanced Struc-
tural Fibre Composites' of World Forum
on New Materials. Firenze, Italy.

Programme Committee for Dedicated
Conference on Materials for Energy-
Efficient Vehicles, (International Sympo-
sium on Automotive Technology and
Automation, ISATA). Firenze, Italy.

Executive Committee for the 8th Euro-
pean Conference on Composite Materials.
(ECCM-8).Napoli, Italy.
International Committee for Composite
Materials. Philadelphia, USA.

European Association for Composite
Materials, Standing Committee.

Editorial Board of 'Advanced Composite
Materials'.

Editorial Board of 'Composite Science
and Technology'.

Editorial Board of 'Polymers and Polymer
Composites'.

Editorial Board of 'Applied Composite
Materials'.

Seren Linderoth
Evaluation committee for applicants to
research position at the Center for
Materials Science. University of Oslo,
Norway.

Organizing Committee for the 17th Rise
International Symposium on Materials
Science.

Torben Lorentzen
VAMAS committee, Technical Working
Area TWA20, Measurement of Residual
Stresses.

Editorial board of 'Journal of Neutron
Research'.

Aage Lystrup
Organizing Committee for the 18th Rise
International Symposium on Materials
Science.

Mogens Mogensen
The Project Management Committee of
the EU JOULE 3 project Improving
Durability of Solid Oxide Fuel Cell
Stacks'. (Chairman).

The Executive Committee of the High
Temperature Materials Division of the
Electrochemical Society. Pennington, NJ,
USA.

The Nomination Commitee for the Out-
standing Achievement Award of the
High Temperature Materials Division of
the Electrochemical Society. Pennington,
NJ, USA.

Organizing Committee for the 17th Rise
International Symposium on Materials
Science.
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Ole Becker Pedersen
Scientific Committee for the Interna-
tional Conference on Fatique of Compos-
ites. Paris, France.

Allan Schroder Pedersen

Editorial Board of 'Powder Metallurgy'.
London, UK.

Finn Willy Poutsen

Expert and Danish contact IEA Annex
SOFC collaboration.

Ole Toft Sorensen

Nordic Society for Thermal Analysis and
Calorimetry.

ICTAC Standardization Committee.

Organizing Committee of the 12th Inter-
national Conference on Thermal
Analysis and Calorimetry. Copenhagen.
(Chairman)

Hetmuth L Toftegaard
Organizing Committee for the 18th Ris0
International Symposium on Materials
Science.

The Fuel Cell Committee under the
Nordic Energy Research Programme.

Organizing Committee for the Second
European Solid Oxide Fuel Cell Forum.
Oslo, Norway.

Seren Primdahl

Organizing Committee for the 17th Ris0
International Symposium on Materials
Science.

Bachu N. Singh

Expert Group on Structural Materials, EU
Fusion Technology Programme. Brussels,
Belgium.

Task Force Materials, EU Technology
Programme. Brussels, Belgium.

Organizing Committee for Eighteenth
International ASTM Symposium on
Effects of Radiation on Materials.
Hyannis, MA, USA.

International Organizing Committee for
the 8th International Conference on
Fusion Reactor Materials. Sendai, Japan.

Organizing Committee for the Workshop
on Defect Production, Accumulation and
Materials Performance in Irradiation
Environment. Davos, Switzerland.

Bent F. Sarensen

Organizing Committee for the 18th Risa
International Symposium on Materials
Science.

Social activities

The Materials Researcn Department s social committee, MAK, keeps t r a « of
special binhdavs, anniversaries, wedamqs etc. ana orqamzes annua. events
including a Criristmas party ana a summer tucruc. The traditional Christmas
partv takes place ir, Roskil.de and for tne summer rjicr.ic, a scenic location,
like the oeacnes or rortnern £eaiana or the forests to t re nortn of Copenna-
qen, is cnosen.

For those interested ir sports there are active qrouos in caammton,
footDall, joggmq. pstar.que, orienteennq ana summer groups or tounnq
cyclists anc rowers on tne norc. There is an annual ten-pm Dowlmq tourna-
ment orcamzed bv MAK.

Memaers of tne Department are aiso active particiDants in iiobbv activi-
ties, orqanizea tnrougri evsmnq Classes at R:s0 mc.ucino stor.e masonry,
ormthoiogy, piano classes
and language tramir.a.

There is a Ris0 art socie:y WBBS3T ' * : ^ ^ ^ S ^ ^ - f f •""• jf"
which sponsors reauiar
exhibitiors in trie rover or
-he R1S0 canteen and loans
out pictures to memDers
offices ana to departments.
There are aiso requiar
group trips organized by
tne organization 'Culture
at work' to tne tneatre,
museums ara cultural
events mcudinq evemnq
lectures n.eld at Rise oy
ceiebnties ana artists.

Furtnermore, tne various cultural activities of Roskilde and Copennaqen are
easily accessible ana offer lc:s or opportunities ror visitors to participate in
cultural events.

These departmental social activities promote interactions oetween tne
regular staff ana t re increasing numbers or new araaaate stuaents, post
docs ard visitina scientists, many of them rrom a&roaa.

Editorial Board of 'Key Engineering
Materials'.
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P u b l i s h e d W o r k

International publications

1. Aaberg, R.J.; Tunold, R.; Poidsen, F.W.;
Bonanos, N., Short terra structural changes in
NiO/YSZ electrodes upon reduction. In: Sec-
ond European solid oxide fuel cell forum.
Proceedings. Vol. 1. 2. European solid oxide
fuel cell forum, Oslo (NO), 6-10 May 1996.
Thorstensen, B. (ed.). (European SOFC Forum,
Oberrohrdorf (CH). 1996) p. 363-372

2. Ahlgren, E.O., Thermoelectric effects in an
SOFC. In: Second European solid oxide fuel
cell forum. Proceedings. Vol. 1. 2. European
solid oxide fuel cell forum, Oslo (NO), 6-10
May 1996. Thorstensen, B. (ed.). (European
SOFC Forum, Oberrohrdorf (CH), 1996) p.
463-472

3. Ahlgren, E.O.; Hansen, J.R.; Bonanos, N.:
Poulsen, F.W.; Mogensen, M.. Electrical char-
acterisation of SrCei) gi,Y;ij]',0{ In: High
temperature electrochemistry: Ceramics and
metals. Proceedings. 17. Rrso international
symposium on materials science, Rise (DK),
2-6 Sep 1996. Poulsen, F.W.; Bonanos, N.:
Linderoth, S.; Mogensen, M.; Zachau-Chris-
tiansen, B. (eds.), (Risa National Laboratory,
Roskilde, 1996) p. 161-166

4. Ahlgren, E.O.; Poulsen, F.W., Thermoelectric
power of doped cerium oxide. J. Phys. Chem.
Solids (1996) v. 57 p. 589-599

5. Ahlgren, E.O.; Poulsen, EIV., Thermoelectric
power and electrical conductivity of stron-
tium-doped lanthanum manganite. Solid
State Ionics (1996) v. 86/88 p. 1173-1178

6. Akdut, N.; Foct, J., Microstructure and
deformation behavior of high nitrogen duplex
stainless steels. ISIJ Int. (1996) v. 36 p.
883-892

7. Akdut, N.; Foct, J.; Gottstein, G., Cold
rolling texture development of alpha/gamma
duplex stainless steels. Steel Res. (1996) v. 67
(no.10) p. 450-455

8. Albertini, G.; Cernuschi, F.M.; Cicognani,
G.; Ghia, S.; Lorentzen, T.; Rustichelli, F.,
Residual strain measurements in welded steel
Fe510D. Appl. Radiat. Isot. (1995) v. 46 p.
731-732

9. Alcock, J.; Toft Sorensen, 0.; Jensen, S.;
Kjeldsteen, P., Comparative wear mapping
techniques I: Friction and wear mapping of
tungsten carbide/silicon carbide. Wear (1996)
v. 194 p. 219-227

10. Alcock, J.; Toft Sorensen, 0.; Jensen, S.;
Kjeldsteen, P., Comparative wear mapping
techniques 2. Surface roughness and fractal
dimension mapping of tungsten carbide/
silicon carbide.Wear (1996) v. 194 p. 228-237

11. Alcock, J.R.; Toft Sorensen, 0., Slurry
abrasion resistance of engineering ceramics.
Brit. Ceram. Trans. (1996) v. 95 p. 30-34

12. Andersen, B.S.; Sorensen, N.J., Analysis of
crystalline solids by means of a parallel FEM
method. In: Applied parallel computing:
Computations in physics, chemistry and
engineering science. PARA'95. 2. Interna-
tional workshop, Lyngby (DK), 21-25 Aug

1995. Dongaira, J.: Madsen, K.; Wasniewski,
J, (eds.), (Spiinger-Veilag, Berlin, 1996)
(Lecture notes in computer science, 1041) p.
17-23

13. Andersen. S.I.: Brondsted, P.; Lilholt, H.,
Fatigue of polymeric composites for wingbla-
des and the establishment of stiffness-con-
trolled fatigue diagrams. In: 1996 European
Union wind energy conference. Proceedings.
EWEC '96, Gbteborg (SE), 20-24 May 1996.
Zervos, A.; Ehmann, H.; Helm, P. (eds.), (H.S.
Stephens & Associates, Bedford, 1996) p.
950-953

14. Andersen, S.I.; Brondsted, P.: Jargensen.
0.; Lilholt, H. Damping properties of poly-
mers and polymeric composites for wing-
blades. In: 1996 European Union wind energy
conference. Proceedings. EWEC '96, Gdteborg
(SE), 20-24 May 1996. Zervos, A.: Ehmann,
H.; Helm, P. (eds.), (H.S. Stephens & Associ-
ates, Bedford, 1996) p. 954-959

15. Andersen, S.I.; Brondsted, P.; Lilholt, H.;
Lystrup. A., Risa investigations of GI-UP
materials. In: Kensche, C.W. (ed.), Fatigue of
materials and components for wind turbine
rotor blades. F.UR-16684 (1996) p. 71-119

16. Andersen, S.I.; Lilholt, H.; Lystrup, A.,
Properties of composites with long fibres. In:
Design of composite structures against fa-
tigue. Applications to wind turbine blades.
Mayer, R.M. (ed.), (Mechanical Engineering
Publications Ltd., Bury St. Edmunds, 1996)
(EUR-16687) [). 15-31

17. Appel, C.C., Zirconia stabilized by Y and
Mn: A microstructural characterization. Ionics
(1995) v. 1 p. 406-413

18. Appel C.C.; Horsewell, A.; Bilde-Sorensen,
3.B., Applications in materials science of the
environmental scanning electron microscopy
(Session T6). In: 11. European congress on
electron microscopy. EUREM '96, Dublin (IE),
26-30 Aug 1996. (International Federation of
Societies for Election Microscopy, Dublin.
1996) 1 CD-ROM

19. Armstrong, W.D., A one-dimensional
model of a shape memory alloy fiber rein-
forced aluminum metal matrix composite. J.
Intell. Mater. Syst. Struct. (1996) v. 7 p.
448-454

20. Armstrong, W.D., Shape memory alloy
actuated metal matrix composites. In: Funk-
tionelle mateiialer. Dansk Metallurgisk Sel-
skabs vintermode, Sandervig (DK), 3-5 Jan
1996. Brondsted, P.: Granning S0rensen, K.
(eds.), (DMS, Lyngby, 1996) p. 21-28

21. Bagger. C; Christ iansen, N.; Hendriksen,
P.V.; Jensen, E.J.; Larsen, S.S.; Mogensen, M.,
Techno-economic problems of SOFC commer-
cialization. In: High temperature electro-
chemistry: Ceramics and metals. Proceedings.
17. Ris0 international symposium on materi-
als science, RisB (DK), 2-6 Sep 1996. Poulsen,
F.W.; Bonanos, N.; Linderoth, S.; Mogensen,
M.; Zachau-Christiansen, B. (eds.), (Ris0
National Laboratory, Roskilde, 1996) p.
167-174

22. Bagger, C; Juhl, M.; Vang Hendriksen, P.;
Halvor Larsen, P.: Mogensen, M., Develop-
ment and testing of a Danish 0.5 kW SOFC
stack. In: Second European solid oxide fuel
cell forum. Proceedings. Vol. 1. 2. European
solid oxide fuel cell forum, Oslo (NO), 6-10
May 1996. Thorstensen, B. (ed.), (European
SOFC Forum, Oberrohrdorf (CH), 1996) p.
175-184

23. Bergensto] Nielsen, C, Microstructure and
strength of electrodeposited nickel, chro-
mium and copper/nickel multilayers. (Techni-
cal University of Denmark. Lyngby, Ris0
National Laboratory. Roskilde, 1996) 199 p.
(ph.d. thesis)

24. Bilde-Sorensen, J.B.: Lawlor, B.F.: Geipel,
T.; Pirouz, P.; Heuer, A.H.; Lagertof, K.P.D.,
On basal slip and basal twinning in sapphire
((-AloOi) I. Basal slip revisited. Acta Mater.
(1996) v. 44 p. 2145-2152

25. Bilde-Soiensen, J.B.; Appel, C.C.,
Energy-dispersive x-ray spectrometry in the
environmental scanning electron microscope.
In: Proceedings. Forty-eighth annual meeting.
The Scandinavian Society for Electron Micro-
scopy. 48. Annual meeting of the Scandina-
vian Society for Electron Microscopy, Aarhus
(DK), 2--3 Jun 1996. Maunsbach, A.B. (ed.),
(SCANDEM-96. University of Aarhus, Aarhus,
1996) p. 4-5

26. Bilde-Sorensen, J.B.; Appel, C.C., Improve-
ment of the spatial resolution of energy-dis-
persive x-ray spectrometry in ESEM (Session
T6). In: 11. European congress on electron
microscopy. EUREM '96, Dublin (IE), 26-30
Aug 1996. (International Federation of Socie-
ties foi Electron Microscopy, Dublin, 1996) 1
CD-ROM
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27. Bland, J.A.C.; Guyot, P.; Juu! Jensen, D.;
Kostorz, G.; Pynn, R.; Vogl, G.; Wagner, R.;
Zabel, H., Materials science. In: Scientific
prospects for neutron scattering with present
and future sources. ESF Exploratory work-
shop, Autrans (FR), 11-13 Jan 1996. (Euro-
pean Science Foundation, Strasbourg, 1996)
p. 109-119

28. Bonanos, N.; Appel, C.C., Microstructural
and electrical characterisation of zirconia-yt-
tria/lanthanum strontium manganite feirite
composites. In: High temperature electro-
chemistry: Ceramics and metals. Proceedings.
17. Ris0 international symposium on materi-
als science, Ris0 (DK), 2-6 Sep 1996. Poulsen,
F.W.; Bonanos, N.; Linderoth, S.; Mogensen,
M.; Zachau-Christiansen, B. (eds.), (Risa
National Laboratory, Roskilde, 1996) p.
181-186

29. Bonanos, N.; Brandon, N.P.; Mahmood,
M.N.; Brown, D., The effect of imposed elec-
trical current on torque release at the metal-
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A c r o n y m s a b b r e v i a t i o n s , e t c .

AAU Aalborg University

AU Aarhus University

BET A method for measuring surface
area of powder named after Brunauer,
Emmett and Teller

BRITE An EU programme, Basic Research
in Industrial Technology for Europe

BVID Barely visible impact damage

CDM Continuum damage modelling

CMC Ceramic matrix composites

COM Crystal orientation microscopy

dpa Displacement per atom

DR3 Danish Reactor 3. A nuclear test
reactor at Riso

DTU The Technical University of Den-
mark

EBSP Electron back scattering patterns

EDS Energy Dispersive (X-ray)
Spectrometry

EELS Electron Energy Loss Spectrometry

EFP The Energy Research Programme of
the Danish Ministry of Environment and
Energy

ELKRAFT An electrical utility group of
the Danish island Zealand

ELSAM An electrical utility group of the
Danish mainland Jutland and the island
Funen

ESEM Environmental scanning electron
microscope

ESRF European Synchrotron Radiation
Facility

EUCLID European Cooperation for the
Long term In Defense

EUREKA Association for European
Market oriented R&D

FCC Face centered cubic. A crystal struc-
ture

FEM The finite element method

Goss A textuie in polycrystals

GTS Institutes Approved Technological
Service Institutes

HASYLAB A synchrotron radiation
laboratory in Hamburg, Geimany

ITER Intel national Thermo-nuclear
Experimental Reactor

IVC Engineering Science Centre. A pro-
gramme under the Danish Technical
Research Council

JOULE Joint Opportunities for Uncon-
ventional or Long-term Energy Supply.
An EU programme on non-nuclear en-
ergy and rational exploitation of energy

KU University of Copenhagen

LEU Low enriched uranium. Fuel for
nuclear test reactors

LIP Large Installation Programme

LSC Lanthanum strontium chromite. A
ceramic material used as interconnect in
SOFCs.

LSM Lanthanum strontium manganite. A
porous ceramic material used in SOFCs

MMC Metal matrix composites

MUP The Danish Materials Technology
Programme

NorFa Organization set up by the Nordic
Council to promote educational activities
for research students

OIM Orientation imaging microscopy

OU University of Odense

PAS Positron annihilation spectroscopy

PMC Polymer matrix composites

SEM Scanning electron microscope

SIA Self-interstitial atom

STM Scanning tunnelling microscope

SOFC Solid oxide fuel cell. High tech
ceramic fuel cells

TEM Transmission electron microscopy

YSZ Yttria stabilized zirconia
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