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1. INTRODUCTION

The activities of the M e t a l l u r g y  D e p a r t m e n t  have gradually 

changed from being concentrated mainly on nuclear m e t a l l u r g y  to 

covering a number of different areas within materials science 

and engineering over the latest decade. The work is presented 

in four sections: General Materials Research (chap. 2), T e c h 

nology and Materials Devel o p m e n t  (chap. 3), C h emical and E l e c 

trochemical Energy Research and Development (chap. 4) and Fuel 

Elements (chap. 5). The p r o j e c t s  extend from fundamental m a 

terials research to industrial projects on materials a p p l i c a 

tion. Most of the projects relate to energy applications as in 

fuel element research, fusion technolgy work, d e v e l o p m e n t  of 

light and strong materials and characterization of materials to 

be used in energy storage systems. Projects of a more general 

nature are carried out w i t h i n  the areas of fatigue and creep, 

n on-destructive testing, ne u t r o n  radiography and ceramics. The 

joint work w ith the Physics Department on neutron diffraction 

for in-situ texture measu r e m e n t s  has been extended to cover 

also determination of internal stresses in materials and eng i n 

eering components by neutron techniques. Within the nuclear 

area the department has concluded a p r o g ramme (carried out over 

a 1 0-year period) on p o s t - i r r a d i a t i o n - e x a m i n a t i o n  of U O 2- P U O 2 

fuel irradiated in the Italian G arigliano reactor.

The many research areas have required p r o c u r e m e n t  of new e q u i p 

ment. Furthermore the automa t i o n  of existing equipment has been 

continued. Most of the purchases to the department have been 

financed through income from contract research, which is now 

covering about 30-40 per cent of the total activities.

O rganizational changes within R isø have resulted in a transfer 

to the d epartment of the po s i t r o n  annihilation group (from the 

Chemistry Department) and part of the structural mechanics 

group (from the Engineering Department). These transfers have 

made it possible to strengthen the activities w i t h i n  the areas 

of general materials research and materials engineering, r e 



spectively. Further expansion has b een made possible by support 

from a Government programme within the area of Research and 

Technological Development (FTU - programme).

The department participated in international collaboration on 

specific research projects and study groups under the auspices 

of EEC, NEA, IAEA and various N o r d i c  and US o r g a n izations (chap. 

6 ). The department organized together with the Physics D e p a r t 

ment the 6 th R i s ø  International S y m p o s i u m  on Metallurgy and 

Materials Science, 9-13 September 1985. The title of this s y m 

pos i u m  was "Transport - Structure R e l a tions in Fast Ion and 

Mixed Conductors". The symposium was attended by approximately 

100 participants and 60 papers were presented. Planning was 

started for the 7th International S y m p o s i u m  to be held at R i s ø  

8-12 September 1986 on "Annealing Processes - Recovery, R e c r y s 

tallization and Grain Growth". Educational activities were con

tinued, students and graduates from Denmark and abroad studied 

in the department.

Fio- 1. Scanning electron microscope equipped with an ECON 

energy dispersive X-ray spectrometer for elemental analysis. 

The procurement of the X-ray spectrometer has been made poss

ible through a donation from the Thomas B. Thrige Foundation.



2. GENERAL MATERIALS RESEARCH

The materials research programme includes long-term experimental 

and theoretical studies aimed at contributing to an u n d e r s t a n d 

ing of the physical mechanisms governing the properties of m a 

terials of general technological interest. A larqe part of this 

work is carried out in collaboration with universities and re

search laboratories in Denmark and abroad. Major efforts are 

devoted to materials p r eparation and testing and to microstruc- 

tural characterization by a variety of microscopical and non- 

microscopical techniques. The relation between the observed m a 

croscopic and m icroscopic behaviour is studied theoretically in 

terms of crystal lattice defects by computer methods and c o m b i 

nations of continuum models and discrete models. The research 

topics include recrystallization, grain growth and texture e v o l 

ution (2 . 1 ), p lastic deformation (2 . 2- 2 .3), irradiation damage 

(2.4), computer simulation of materials p e rformance (2.5) and 

p ositron annihilation (2.6). The materials under investigation 

comprise metals, alloys and composite materials. The research 

results are published in the open literature.

2.1. R ecrystallization of Commercially Pure Aluminium

The effect of large particles on the r e c r y s tallization process 

was studied in commercially pure aluminium using in-situ neutron 

d iffraction texture measurements and various microscopical t ech

niques. The specimens used w ere deformed by cold rolling (de

formed 15-95%). It was found that large intermetallic particles 

(FeAl3 ) may act as nucleation sites and can have a randomizing 

effect on the textural d e velopment of the material during r e 

crystallization. This effect depended on the degree of d e f o r 

mation prior to recrystallization. At low degrees of deformation 

the particles were not effective nucleation sites on their own 

and it was observed that the textural changes during r e c r y s t a l 

lization were only small. At medium degrees of deformation (50%) 

most nuclei were formed at the particles and the large majority



of those nuclei were of random o r ientation (see Fig. 2). At this 

degree of deformation the concentration of the random texture 

component after r ecrystallization was at a m a x i m u m  (see Fig. 3).

Fig. 2. The concentration of par

ticle nuclei of rolling and random 

orientation as a function of de

formation prior to recrystalliza

tion. The specimens (grain size 

50 pm) were heat treated to be

ginning of recrystallization.

DEGREE OF DEFORMATION (pet)

Fig. 3. The volume concentration 

of the rolling and the random 

texture component in fully re

crystallized specimens as a func

tion of the degree of deformation 

prior to recrystallization deter

mined from three-dimensional orien

tation distribution functions.

DEGREE OF DEFORMATION (pet)

The fact that the texture was not completely random (see Fig. 3) 

was ascribed to a relatively slow growth of nuclei of random 

orientation compared to nuclei of other orientations. At large 

degrees of deformation alternative matrix nucleation sites b e 

came operative and an increasing fraction of nuclei associated 

with particles were of rolling orientation. The randomizing ef

fect of the particles was thereby reduced.

The effect of different heat treatments on the textural d e v e l o p 

ment during r ecrystallization was studied in specimens cold 

rolled to 90% reduction in thickness. The intensities of the



cube texture and one of the rolling texture components were 

measured during annealing. Thereby direct information about the 

textural development was obtained. A  series of samples were an

nealed isothermally at temperatures in the range 245-300°C. The 

heating rate to the annealing temperature was 50°C/min. These 

treatments resulted in rolling to cube texture ratios wit h i n  the 

relatively narrow range 1.2-2. Based on the observed textural 

development during isothermal annealing a number of cyclic a n 

nealing experiments were carried out. The varied parameters were 

the temperature, the time and the heating rate. By these cyclic 

annealing experiments rolling to cube texture ratios in the 

range 0.9-2.7 were obtained. The results show that small varia

tions of the heat treatment conditions can significantly alter 

the texture of the recrystal.lized material and that on-line tex

ture measurements are very useful for a controlled "tailoring" 

of the texture.

2.2. Plastic Deformation of Polycrystals

The h e t e r o g eneities developed in coarse-grained al u m i n i u m  d e 

formed in tension were studied by channelling contrast in a 

scanning electron microscope. It was noticed that some of the 

grains with orientation close to [ 1 2 0 ] developed prominent bands 

with a width of typically 100-200 vim. An example is shown in 

Fig. 4. The boundaries between the bands are perpendicular to 

[1 0 0 ] and neighbouring bands are rotated around [1 0 0 ] with re

spect to each other. The structure of the present bands differs 

from the structure of both types of deformation bands commonly 

described in the literature, viz. kink bands and bands of s e c 

ondary slip. In order to understand the observed band structure, 

a theoretical study was undertaken of the possible low-energy 

boundaries which can be formed by operation of the highest 

stressed slip systems in grains with [ 120 ] orientation. It was 

found that the boundary structure expected on the basis of such 

a m inimum energy argument implies the band structure observed 

experimentally.



Fig. 4 . (a) Deformation bands in a [120] grain in coarse-grained 

aluminium strained in tension to 0.05. The bands were observed 

on a [001] surface and the boundaries were parallel to [010 ].

The tensile axis was horizontal, (b) Selected area channelling 

pattern from the area of a.

The study of the deformation of elastic-plastic p o l y c r y s t a l s  by 

means of a computer model was continued. The model includes work 

hardening and orientation changes in the individual grains as 

well as the stresses between the individual grains and a h o m o g e 

neous matrix. The output is stress, m  factor (Idy/de) and stored 

energy as function of strain and the resulting texture. Figure 5 

shows the stored energy as a function of strain. The increase in 

stored energy up to a fairly high strain reflects a continuous 

el a stic-plastic effect (it is not a transition that is finished 

in the early strain range). At some stage the stored energy 

starts to decrease because of the texture development (towards a 

texture with a < 1 1 1 > fibre as the main component).

In the investigation of differences in texture development be

tween different materials (e.g. c oarse-grained and fine-grained 

materials) one has to know the effect of a possible difference 

in initial texture. In order to achieve this one needs a com

puter program which performs texture simulation on a collection 

of grains with orientations generated from the experimental



STORED ENERGY (M P a ) STORED ENERGY (% )

PLASTIC STRAIN (% )

Fig. 5. Development in stored energy in a computer tensile ex

periment in an f.c.c. polycrystal with parameters adjusted to 

fit copper. The stored energy is given as total value and as 

fraction of the total energy.

orientation distribution function; such a p r o g r a m  was e s t a b 

lished. When it is observed, for instance, that texture simula

tions starting from the measured ODFs of a coarse grained and a 

fine-grained material produce approximately the same texture d e 

velopment, it can be concluded that a difference in texture d e 

velopment between the two materials observed experimentally must 

come from a difference in deformation pattern.

In compression experiments previous investigations have shown 

a transition from work hardening to work softening at high 

strains. This has tentatively been explained as the result of 

a change in texture from a < 1 1 0 > fibre texture towards a < 1 0 0 > 

fibre texture as predicted for a relaxed-constraint deformation 

pattern. In a series of compression experiments with copper the 

work-hardening behaviour and the texture development (measured 

w ith neutron diffraction) with increasing strain were followed. 

The above work softening was observed, but there was a continu

ous texture development towards < 1 1 0 >, i.e. this phenomenon is 

not caused by a change in texture.



2.3. Plastic Deformation of Composites

The composite model of strain hardened single phase metals was 

extended to cover the flow stress in tensile stage II. The model 

is a residual stress model, or "inclusion substructure model" 

(ISM), in the sense that it attributes the flow stress entirely 

to the forest dislocations concentrated in "hard" clusters (in

clusions) embedded in a matrix of nearly perfect "soft" crystal. 

The division of strain hardened single phase metals into soft 

and hard regions on the basis of the heterogeneity of the d i s l o 

cation m i c r o s tructure is, in principle, a matter of convenience. 

D ifferent composite models have recently been formulated using 

different divisions into soft and hard regions. However, it was 

pointed out that the ISM has the advantage of providing an ac

count of the interplay between the hard and the soft reqions.

Some of the consequences of the ISM were checked in an e x p e r i 

mental and theoretical study of the cyclic plast i c i t y  of pure 

copper single crystals and polycrystals. In previous studies

reverse flow was characterized in terms of the Bausc h i n g e r
— 2

strain, which is of the order of 10 . This is a fairly large

reverse strain at which p e n e t r a t i o n  of inclusions by moving d i s 

locations is likely to occur. However, p e netration is unlikely 

to occur in the early stage of reverse flow, whi c h  is c h a r acter

ized by anelastic reverse strains and roundedness of the reverse 

curve. This stage was shown to be associated w ith small reverse
_  -3

strains of the order 10 * and it was possible to characterize

the roundedness quantitatively. A  theoretical analysis of the 

roundedness in terms of e s tablished p rinciples of obstacle con

trolled flow showed that during reverse microflow the flow r e 

sistance is very small and cannot be explained in terms of dis- 

location-dislocation interactions. It was concluded that reverse 

microflow reflects dislocation glide across single cells of m a 

trix w i t h o u t  significant transmission of slip between cells.

Thus the ISM provides an easy e x planation of the early stage of 

the B a u s c h i n g e r  effect in terms of the intrinsically small flow 

resistance of the matrix.



However, as in the theory of conventional metal matrix com

posites, it was found necessary to specify a "representative 

region" of matrix before the overall m a c r o f l o w  stress could be 

described by the ISM. Experimentally, it is clear that long

distance glide of dislocations across several cells is involved 

in the g eneration of a macroscopic increment of p lastic strain. 

Several cells are then needed for a representative region of 

matrix under these circumstances, and a considerable matrix 

friction stress can be expected from the constraint imposed on 

long-distance glide by presence of the inclusions. It was found 

that this matrix constraint depends on the total volume fraction 

of inclusions and on the glide processes in matrix and inclu

sions. A critical check of the internal consistency of the ISM 

in the context of macroflow is provided by X-ray d i ffraction 

data. These data reveal the p a r t ition of the flow stress between 

hard and soft regions. According to the ISM the partition d i f 

fers significantly in single and m u ltiple slip orientations: in 

single slip o r i e n t a t i o n s .the largest contribution comes from the 

matrix w hereas in multiple slip o r i entations the largest c o n t r i 

bution comes from the inclusions. This p r e d i c t i o n  was found to 

be in excellent quant i t a t i v e  agreement w ith the X-ray data.

It was emphasized that the matrix c onstraint does not arise by 

itself, it is caused by the forest and its magnitude reflects 

the density and arrangement of the forest. However, although 

the ISM attributes the flow stress e n tirely to the inclusions 

it goes beyond the classical forest theory by providing a three- 

dimensional rigorous model of the long-range internal stresses. 

This feature allows it to account for the stored energy and 

provides a m e c h a n i s m  for the observed m u l t i p l i c a t i o n  of forest 

dislocations during flow.



2.4. Irradiation Experiments with 600 and 800 MeV Protons 

(In collaboration with EIR/SIN, Wiirenlingen, Switzerland, Los 

Alamos National Laboratory, U.S.A. and IFF-SNQ, KFA Jiilich, FRG)

The study of the effects of the high helium generation rate on 

microstructural evolution in high-purity aluminium was extended 

to Al-Mg and Al-Mg-Si alloys. Samples of high-purity Al-0.75% 

Mg-0.42% Si alloy were solution treated and irradiated with 600 

MeV protons in the PIREX facility at the Swiss Institute for 

Nuclear Research (SIN). The irradiation experiments were carried 

out at 140 and 250°C and to a dose level of up to ~ 0.5 dpa.

The microstructure of the irradiated as well as unirradiated 

reference specimens was investigated by transmission electron 

microscopy (TEM).

The TEM results showed that M g 2Si-type precipitates were formed 

in Al-Mg-Si alloy specimens irradiated at 140 as well as 250°C; 

the precipitation during irradiation occured on a finer scale 

than during thermal aging. Both in the thermally aged and in the 

irradiated specimens, the precipitates were found to lie along 

the <100> matrix directions. In the specimens irradiated at 

140°C helium bubbles were observed only at grain boundaries 

whereas at 250°C bubbles were resolved at grain boundaries as 

well as in the grain interior. The amount of helium contained 

in the bubbles at the grain boundaries was found to be consider

ably larger than that in the high-purity aluminium irradiated 

under similar conditions.

Samples of commercial A l M g 3 and Al-6061 (T6 ) (Al-Mg-Si) alloys 

were irradiated in the Los Alamos Meson Physics Facility; for 

comparison, high-purity aluminium samples were also irradiated. 

The irradiation was conducted at about 70°C to a maximum dose 

level of ~ 0.3 dpa. The irradiation induced changes in mecha

nical properties as well as in microstructure have been deter

mined; TEM and positron annihilation techniques (PAT) have 

been used for the detailed microstructural studies. The bubble 

microstructure in the high-purity aluminium has been studied 

also with small angle neutron scattering (SANS) technique.



The tensile strength of the cold-worked AlMg3 alloy and the age- 

hardened Al-6061 (T6 ) alloy was found to be drastically reduced 

after irradiation. TEM examinations of the irradiated specimens 

(prior to mechanical testing) showed an absence of the cold-work 

microstructure in the A l M g 3 alloy and of the precipitate micro

structure in the Al-6061 (T6 ) alloy. Hence, the dissolution of 

the cold-work microstructure and the M g 2Si-type precipitates is 

considered to be the main cause of the irradiation-induced 

softening in the A l M g 3 and Al-6061 (T6 ) alloys, respectively.

The dissolution of the M g 2Si-type precipitates already at a 

low dose of ~ 0 . 2 dpa is rather surprising particularly in 

view of the fact that the 600 MeV proton irradiation enhances 

precipitation in a similar alloy even at 140°C.

The amount of helium contained in the bubbles at grain bound

aries was found to be considerably greater in the AlMg3 alloy 

than that in the high-purity aluminium. In the Al-606-1 (T6 ) 

specimens, on the other hand, practically no bubbles could be 

resolved at grain boundaries. Practically no cavities (voids or 

bubbles) were visible in the grain interior of high-purity alu

minium, AlMg3 alloy as well as Al-6061 (T6 ) alloy. Positron an

nihilation experiments showed, on the other hand, the presence 

of a very high density of very small bubbles in all three types 

of specimens. The coarsening of the invisible bubbles due to 

post-irradiation annealing (up to 600°C) has been followed by 

PAT and TEM; the bubble density and size measured (after anneal

ing) by TEM agreed quite well with those determined by PAT.

2.5. Prediction of the Performance of Fusion Reactor Materials 

from Simulation Experiments

(In collaboration with EIR/SIN, Switzerland, Los Alamos National 

Laboratory, U.S.A., KFA Jiilich, FRG)

At present there are no irradiation facilities in which materials 

can be irradiated under conditions corresponding to those in a 

fusion reactor. Prediction of material performance under fusion 

reactor conditions must therefore be based on simulation exper

iments with irradiation parameters different from the parameters



found in a fusion reactor.

In an attempt to specify the conditions for the translation of 

simulation results to the proper fusion reactor case the effects 

of changes in irradiation parameters on cavity structure and 

helium transport to grain boundaries were analyzed. The exper

imental basis was provided by aluminium and aluminium alloys ir

radiated with fast neutrons, with 225 MeV electrons and with 600 

and 800 meV protons. These types of irradiation cover a wide 

range of damage rates and helium generation rates. For comparison 

some results for triple-beam irradiation of PE 16 were also con

sidered .

In pure aluminium the cavity microstructure in the grain interior 

was strongly affected by the helium generation rate. For low to 

moderate helium generation rates the cavities observed were 

traditional voids. For high generation rates the formation of
»

voids in the grain interior was almost completely suppressed - 

probably because of the formation of a very large number of very 

small helium bubbles.

For high helium generation rates helium diffused to the grain 

boundaries and precipitated there as bubbles. The flux of helium 

to the boundaries increased with increasing helium generation 

rate. However, the dependence of the flux on the generation rate 

was not proportional (the flux was proportional to generation 

rate to a power less than 1 ) because of the effect of generation 

rate on the cavity microstructure. The generation rate also de

termined the scale of helium precipitation at the boundaries 

(bubble size and density).

It was demonstrated that alloying may have a very strong effect 

on the behaviour of materials during irradiation. For instance, 

different alloying additions to aluminium may increase or de

crease the helium flux to the grain boundaries drastically. And 

it was demonstrated that different types of irradiation may have 

quite different effects on the precipitate microstructure.



One must assume that the mechanical behaviour of irradiated 

materials is largely determined by the cavity and the precipitate 

microstructure. In view of this the analysis performed demon

strated that great caution must be exercised in any attempt to 

predict material performance under fusion reactor conditions from 

simulation experiments with irradiation conditions different from 

those of a fusion reactor. One has to identify the most important 

parameters and the specific effects of changes in these par

ameters. The helium generation rate seems to be one of the cru

cial parameters.

2.6. Positron Annihilation Investigations of Defects in Metals

By January 1985 part of Risø's positron annihilation group was 

transferred to the Metallurgy Department. The aim was to apply 

positron annihilation techniques (PAT) to the materials research 

programme in the department.

The work has mainly been concentrated on studies of rare gas 

bubbles in A l , Al alloys, Cu and Ni. The goal was to obtain in

formation about sizes and densities of microscopic and submicro- 

scopic bubbles, about the gas density in the bubbles, and about 

the annealing behaviour of these materials. The helium bubbles 

were generated in high-purity aluminium, A l - M g , and Al-Mg-Si 

alloys by 600 MeV (Swiss Institute for Nuclear Research) or 800 

MeV (LAMPF, Los Alamos) proton irradiation. For the same doses 

(0.3 dpa) the three materials showed almost the same positron 

trapping rates into as well as lifetimes within the bubbles.

This shows that the submicroscopic bubble populations were almost 

identical in the three cases, even though the defect structures 

observed by TEM were very different. On annealing, coarsening of 

the bubbles began at temperatures above 300°C. In order to ex

tract reliable quantitative information about defects from PAT 

data it is important to know e.g. the specific positron trapping 

rates into the various types of defects. Work has been going on 

to define the size dependence of the trapping rate into voids 

and bubbles by a comparison of TEM and PAT data.



The annealing behaviour of Cu and Ni containing a high density 

of krypton filled bubbles was investigated (in collaboration 

with Materials Development Division, AERE, Harwell, UK). The 

positron lifetime variation with annealing temperature clearly 

defined the onset temperature for bubble growth (probably by 

bubble migration and coalescence with subsequent loop punching). 

At higher temperatures a substantial loss of Kr took place, but 

a certain density of bubbles was retained even at temperatures 

close to the melting point.

The dependence of t (the lifetime of the positrons trapped in 

the bubbles) on the bubble gas density was used to derive infor

mation about this density. Calculations on theoretical grounds 

(in collaboration with the Department of Physics, University of 

Jyvaskyla, Finland) of the states of positrons trapped in He- 

filled vacancy clusters in A1 or at Al-He interfaces were car-

Fig. 6 . Contour plot of the calculated wave function for a 

positron trapped in a vacancy cluster in A1 containinq 10 

vacancies and 20 He atoms.



ried out. The calculations resulted in correlations between the 

positron lifetime and the He density. On using this theory, good 

agreement was obtained between the He density determined by PAT 

and an independent estimate of this density. This latter esti

mate is valid only for equilibrium bubbles and is derived from 

the bubble size (determined by TEW).



3. TECHNOLOGY AND MATERIALS DEVELOPMENT

The materials technology programme concentrates on the develop

ment of new materials and methods for their fabrication, charac

terization and testing. The projects include work on fracture 

testing, brazing, soldering and corrosion (3.1-3.3), work on the 

mechanical properties of fibre reinforced plastics for light and 

strong components (3.4-3.8 ) and work on non-destructive examina

tion of materials (3.9-3.10).

Most of these projects are carried out in collaboration with the 

industry, partly under the auspices of EEC, Nordic Funds and the 

Danish Ministry of Energy and Industry. The work on high-tempera- 

ture corrosion in conventional energy technology (3.3) is car

ried out within the European COST-501 project. This work is done 

in collaboration with a Danish firm and partly sponsored by the 

Ministry of Energy and Industry. In the area of ultrasonic test

ing the work is concentrated on quantitative ultrasonic examina

tions, especially the characterization of materials and sound 

fields. In the field of radiography standardization work is car

ried out within the neutron radiography working group sponsored 

by Euratom. Due to their proprietary nature, some of the pro

jects in the technology programme are excluded from the progress 

report.

3.1. Fracture Testing

A programme on acoustic emission monitoring during fracture 

toughness as well as fatigue testi ,g was completed and reported 

to the customer, the European Coal and Steel Communities. It was 

concluded, that whilst results of the mechanical testing all 

were consistent and their magnitudes in agreement with those 

normally encountered, any attempt to provide a reliable quanti

fication of the notch tip condition by measuring the acoustic 

emission generated failed due to the large degree of scatter 

apparently inherent in this method of monitoring. When assess



ing average values only, the emission generated increased with 

decreasing toughness, however, and especially so when the emis

sion pr. unit of toughness was considered.

The measurement of crack arrest properties of structural steels 

was continued within the framework of programmes sponsored by 

the Ministry of Energy and the Nordic Liasion Committee for 

Atomic Energy and in a parallel effort, typical cracks in o f f 

shore structures were modelled and the magnitude of the associ

ated stress-intensity factor assessed, in order to make possible 

comparisons between crack driving forces and crack arrest p r o p 

erties. For the latter committee, a round robin programme on 

ductile fracture testing (upper level) according to the J-inte- 

gral based resistance-curve technique was initiated, involving 

several Nordic laboratories.

3.2. Brazing and Soldering

In order to decrease the consumption of silver in brazing a l 

loys, an EEC sponsored project was started. The project aims to 

determine the fatigue strength and creep properties of joints 

in copper tubes brazed with Cu-P alloys containing 0-15% A g .

So far high frequency fatigue tests at room temperature showed 

that copper tube specimens, brazed in accordance with European 

standards, all failed in the copper outside the brazed joints.

Investigations of high-temperature brazed joints were continued. 

Since a wide scatter in the melting behaviour of standardized 

nickel brazing filler alloys has been observed during brazing, 

a comparison was made of Differential Thermal Analysis results 

obtained at several European Laboratories on selected filler al

loys. The aim was to define solidus and liquidus, and to d e ter

mine the reliability of this experimental method. The results 

were found to agree very well with one another and we therefore 

consider DTA a convenient method for analyzing the melting be

haviour of nickel brazing filler alloys.



Contract work was continued on industrial applications of dip 

brazing and ultrasonic soldering of aluminium as well as vacuum 

brazing of stainless steels, aluminium alloys, superalloys and 

titanium.

3.3. High Temperature Corrosion

The project on high temperature corrosion of a number of Fe- and 

Ni-basis alloys in carburizing atmospheres (mixtures of H 2 / C H 4 , 

CO and H 2O) was continued. The gas mixtures, being in equilib

rium at the test temperatures, had in all test runs a carbon 

activity of one. In the first series of exposures the atmospheres 

were oxidizing to Cr, in the next series reducing to C r 2f>3 and 

in the third series alternating between being oxidizing and re

ducing. The test temperatures were chosen in the range from 400 

to 800°C, because the original aim of the project was to study 

the conditions under which metal dusting could occur. The test 

duration varied from 100 hours to a few hundred hours. In all

Fig- 7. High temperature corrosion of cabot 2 M  alloy at 800°C 

under carburizing/oxidizing conditions.



Fe-basis alloys and in most of the Ni-basis alloys only a negli

gible or a limited corrosion was observed. However, in Ni-alloys 

with about 16% Cr and only a few % Fe (alloy 600, Cabot 214, 

Hastelloy S) a catastrophic attack with internal carburization 

and oxidation and with internal precipitation of graphite was 

observed under both oxidizing and alternating conditions at test 

temperatures of 700°C and 800°C (see fig. 7). This degradation 

of the material is possibly identical to the attack called 

"green rot". It was not possible to produce a typical metal 

dusting attack. The detailed examination of the exposed speci

mens has not yet finished. The project is part of the European 

COST 501 programme on high-temperature materials.

3.4. Stiffness and Strength of Composite Materials Measured by 

Three Point Bending Tests

Traditionally, mechanical properties are measured by three (or 

four) point bending tests; at large spans the tensile properties 

are measured and at (very) short spans the shear properties are 

measured.

Fibrous composite materials quite often have low shear proper

ties; this means that a three point bending test will record 

deflections which have a significant contribution from shear 

deformation.

On this background, it is possible to use three point bending 

tests performed at several different spans, to evaluate both 

tensile and shear properties. A simple beam theory is used, 

where the total deflection is taken as the sum of the tensile 

bending deflection and the shear bending deflection. The appar

ent bending moduli are calculated and plotted against the span/ 

height ratio to evaluate the tensile modulus and the shear mod

ulus of the material. The tensile stresses and shear stresses 

in the bending test are plotted against the span to evaluate 

the tensile strength and the shear strength of the material.

The method was used on different composite materials. Reasonable 

values were obtained, and reasonable agreement was found with



theoretical calculations of stiffnesses. The results show some 

systematic deviation from the simple model used and the theory 

therefore possibly needs modifications.

3.5. Effects of Moisture on the Stiffness and Strength of 

Glassfibre/Polyester Composite Materials

Two different types of glass/polyester composites in the form 

of pultruded profiles were studied. The mechanical properties 

were measured as a function of water content. Water was intro

duced to a high level (about 4 weight %) and then dried out to 

various (lower) levels of water content. The method and time of 

introducing water was not considered, but only the effect of a 

given water content on stiffness and strength in tension and 

in shear. The properties were measured in three point bending 

and the results were analysed to give the true values for stiff

ness and strength. The results showed an initially steep reduc

tion in properties as a function of water content. The stiffness 

in tension (E-modulus) was nearly independent of the water con

tent, while the shear modulus was reduced to about 50% of the 

initial value at 5 weight % water. The strength values in both 

tension and shear were reduced to between 50 and 65% of the in

itial value at 5 weight % water.

3.6. Creep of Fibrous Composite Materials

Many composite materials are used in the form of laminates, i.e. 

a stacking of individual plies with aligned, long fibres. During 

even simple uniaxial loading of such laminates a complex multi- 

axial stress state exists in the material. Furthermore, due to • 

the combination of elastically loaded fibres and a plastically 

deforming (creeping) matrix the internal stress state of the 

laminate continuously changes during creep loading. In an at

tempt to account for these aspects a general framework was pro

posed for creep of composite materials. These are placed in 

three classes: unidirectional composites, off-axis composites, 

and general composites with multidirectionally oriented fibres.



Creep equations relating creep rate to creep stress are intro

duced; these describe multiaxial creep and are based on the 

power law relation for uniaxial loading. The variable internal 

stress states are described qualitatively (primary creep), and 

it is proposed that a quantitative description needs a continu

ous recalculation of the stresses and the corresponding creep 

deformations. The (qualitative) result is that most composites 

are likely to creep in the primary stage and thus show visco

elastic behaviour.

3.7. Fibre-Reinforced Plastics

The resin injection technique for fabrication of fibre rein

forced plastics has been added to the available methods in the 

Metallurgy Department. Specimens were fabricated using this 

technique in the following way: The dry fibre was accurately 

placed by a computer controlled filament winding machine. The 

wound specimen was placed in a closed mould and then the matrix 

material was transferred to the mould using a combination of 

vacuum and overpressure. The resulting product had a high fibre 

density and a very low porosity.

Analytical studies of adhesive joints between dissimilar m a 

terials has lead to the development of a theoretical model for 

the shear- and peel-stresses for a double lap joint. The model 

includes the effect of shear flexibility in the laminates and 

loads in tension or compression, moment and transverse shear.

Finite element calculations and full-scale testing of adhesive 

joints on fibre reinforced wind turbine blades were undertaken.

3.8. Damage in Laminates

Work on damage in carbon/epoxy (T300/Fibredux 914) angle-ply was 

carried ouc to determine the influence of stacking sequence and 

specimen width on the tensile properties of different ply angles,



In the first part of the work the specimens were loaded in mono

tonic tension. Elastic constants, stress and strain to failure 

as well as acoustic emission were recorded. From the acoustic 

emission the longitudinal strain at onset of damage could be 

estimated. The failed specimens were inspected to determine the 

failure mode. The results showed that failure mode and onset of 

damage depend on stacking sequence and specimen width.

Fig. 8. (a): The polished edge of a 1-mm thick, undamaged 

carbon/epoxy specimen with fibres oriented along the edge 

(top and bottom) and fibres perpendicular (middle) to the 

edge, (b) shows a damaged specimen of the same stacking 

sequence with a crack running through the fibres oriented 

perpendicularly to the edge.

A method for automatic polishing of fibre reinforced plastics 

was developed to allow studies of damage developing under mech

anical load. By this method, test specimens can be polished at 

the edges faster and better than by manual polishing. A stan

dard equipment for automatic polishing wes used, except that 

the sample holder was designed for this specific purpose. Damage 

occurring at the edges under loading could be observed directly 

in an optical microscope or by making a replica for later exami

nation by optical or electron microscopy.



3.9. Ultrasonic Examination

Work on ultrasonic scanning of fibre composite plates was con

tinued. It was shown that the method at present is capable of 

detecting porosities. The transverse resolution of delamina

tions was also improved to the extent where delaminations in 

adjacent layers only 0 . 1  mm apart can be distinguished.

By the purchase of a high-speed digitizer (100 MHz sampling 

rate) all the advantages of digital signal processing have b e 

come within reach in our ultrasonic non-destructive testing 

work. Some of these possibilities were studied in connection 

with various projects. The first few statistical moments of 

the power spectra were used to characterize the stress waves 

in fibre composite plates. The Hilbert transform was used to de

termine the envelopes of the detected signals, which in turn 

were used to estimate delay times in the system.

The same equipment was used, at audible frequencies or just 

above to measure eigenfrequencies of metal parts. The damping 

of the individual eigenfrequencies was found by comparing 

short-time spectra, taken from different parts, of a larger 

time series.

House

P zl

C

Fig. 9. Cross section of simple ultrasonic transducer (a), 

the finite element grid used in the calculations (b) and 

the vibrational pattern for the frequency of maximum radi

ation (c). Pzt refers to piezoelectric matecial.



A renewed interest in the basic theory of ultrasonics lead to 

the development of computer programs for calculation of the 

transduction process and diffraction phenomena in the radiated 

field.

The transducer may now be analysed, by use of the finite element 

method, including the electromechanical energy transduction in 

the piezoelectric material.

The radiated field may be found on the basis of continuous waves 

as well as transient waves. The programs were among other things 

used to analyse focused annular array transducers.

3-10. Radiographic Testing

Fast X-ray film and radiographic paper were tested to determine 

their relative speed and radiographic image quality. It was 

shown that it is possible to obtain the 2% image quality with 

almost all combinations of film/paper and intensifying screen.

In the described tests the constant exposure technique was used.

Neutron radiographs from NR facilities participating in the 

Euratom Neutron Radiography Working Group Test Program were pro

cessed and measured, and the measuring results were registered 

for further comparison.

Work on writing and editing "Practical Neutron Radiography" 

(second edition of the "Neutron Radiography Handbook") was 

started. It is intended for publication in 1986.



4. CHEMICAL AND ELECTROCHEMICAL ENERGY RESEARCH AND DEVELOPMENT

The projects within this area include work on the storage of 

hydrogen as a metal hydride (4.1-4.3), work related to the use 

of batteries (4.4-4 . 6  and 4.8), work on the utilization of a d 

vanced ceramic materials (4.7) and work on storing natural gas 

in zeolithes and carbons (4.9). Many of the projects are spon

sored by the Danish Ministry of Energy, some by other Danish and 

Nordic funds or by EEC. The results are published in the open 

literature. An index of the published works, the available ex

perimental facilities and the scientific expert areas under the 

heading CHEMICAL AND ELECTROCHEMICAL ENERGY RESEARCH AND DEVEL

OPMENT is available on request.

4.1. Storage of Impure Hydrogen

Magnesium was cycled in impure hydrogen to determine the influ-

CYCLE NO.

Fig. 10. Hydrogen absorption capacity under the influence oE 

oxygen in the hydrogen. From start to a, pure hydrogen was 

used. From a to b hydrogen containing 500 ppm O 2 was used. From 

b and throughout the rest of the experiment pure hydrogen was 

applied.



ence of the impurities on the magnesium metal. The investigated 

impurities were water, oxygen and nitrogen, and the magnesium 

powder used was a mechanically produced powder with particle 

size of approx. 40 ym. In one experiment an industrial hydrogen 

quality containing 180 ppm O 2 , 654 ppm N 2 and 4.5 ppm H 2O was 

applied. This implied a loss of hydrogen absorption capacity of 

10% over 10 cycles. In other experiments hydrogen gases con

taining 5000 ppm O 2 and 5000 ppm N 2 respectively (and no other 

components of concentrations higher than 0.5 ppm) were used.

N 2 as well as O 2 in the hydrogen gave rise to an immediate drop 

in hydrogen sorption capacity from 85% of the stoichiometric 

amount in M g H 2 to approx. 25%. However, when pure hydrogen was 

applied again the capacity reincreased to 70%. Since the absorp

tions in this series of experiments were all stopped on a time 

criterion, our conclusion was that N 2 or O 2 in the hydrogen 

lowers the rate of absorption but do not prevent the reaction 

by poisoning the metal surface. From the experiments it could 

be deduced that although some reaction was observed during the 

20 min. reaction time, both N 2 and 0 2 were far from complete 

reaction with the magnesium metal.

4.2. Safety Aspects of Mg and M g H ^-powders

In the context of applying magnesium hydride in energy storage 

handling safety is an obvious problem. Not only is finely com

minuted magnesium powder very reactive having the ability to 

form explosive dust clouds, but also the presence of hydrogen 

call for serious security considerations.

From an energetic point of view M g H 2 should be even more hazard

ous than pure Mg. During the hydrogen storage cycle all three 

substances are individually or simultaneously present.

In order to assess the hazards involved we tried to ignite 

amounts of 1 0 0 - 1 0 0 0 g of various powders under a number of dif

ferent conditions.



The combustion experiments comprised

Mg-powders of different morphology in the range 

1 0 - 1 0 0 ym diam.

MgH2 (85%) powders of 30-90 ym0 in air ignited in heap

Mg and M g H 2 with air flow through the powder mass and

Mg and M g H 2 powders with water spray during the combustion.

Another safety risk apart from direct combustion is the exo

thermal reaction of M g H 2 with water under formation of H 2 (MgH2 

+ H 2O + MgO + 2H 2 ). The combustion experiment were photographi

cally recorded and the temperatures in and just above the b urn

ing mass measured.

The experiments showed that if let alone a heap of powder of 

either pure Mg or M g H 2 will burn slowly and undramatically under 

a hard, sintered layer of MgO at a very high temperature (ex

ceeding 1300°C). Variations in size and surface oxidation of the 

particles cause differences in the time to burn out, 30-60 min 

or more, but do not change the general picture. Even addition 

of air - blown through the powder from the bottom - only speeded 

up the combustion a little. The same thick sintered oxide shell 

was formed and only where this was broken by the air stream, hot 

flames emerged.

A quite different situation arose when water was sprayed onto 

the burning powder. An extremely violent and fast reaction took 

place. With approximately 400 g the "explosion" lasted for 6-7 

sec only and a room of approx. 4 x 6 x 3 m J was filled with 

burning powder and hydrogen.

The overall conclusions were that Mg and M g H 2 can be handled 

safely with the proper measures. Left to itself on a heat-re

sistant material it will burn out slowly and may even be shov

elled away gently or after covering with extinguishing salt 

powder. Disturbing the burning powder should be avoided and 

water kept away.



Addition of water to M g H 2~powder may in large quantities or 

with good thermal insulation give rise to a substantial eleva

tion. of the temperature but does not reach the temperature of 

spontaneous hydrogen or powder ignition.

It seems relevant to apply the IMDG-code for Mg-powder to M g H 2~ 

handling as well.

4.3. Development of a Hydride Based Electric Battery

An attempt to combine the high energy density of metal hydrides 

with the attractive concept of an electrical battery was initi

ated .

The crucial point is the supply of hydrogen ions into an elec

trolytic system. In order to concentrate on this hydrogen trans

fer we separated the system into reasonably well-known partial 

systems. A known metal hydride releasing hydrogen at low tem

peratures (40-60°C) was chosen as the hydrogen source. The elec

trolyte is a 30% KOH solution and the oxygen supply comes from 

a commercially available NiOOH-electrode.

With a thin supported Pd-membrane as a combined negative elec

trode and hydrogen inlet we carried out measurements which 

showed that the system operated although at a tenth of the o p 

timal power.

4.4. Lithium Electrodes for Non-Reversible Batteries 

(In collaboration with Hellesens A/S)

In a Li-SOCl2 battery the Li anode is separated from the liquid 

S OCI 2 cathode by a thin solid electrolyte layer of LiCl. This 

layer is formed by reaction between S O C I 2 and the L i 20 film 

which covers the Li electrode until it is exposed to SOCI 2 . Af

terwards the LiCl film starts growing because of corrosion pro

cesses.



The film properties are of central importance to the battery 

performance. This is especially valid for the film resistance 

which is proportional to the film thickness. The film growth 

rate was found to depend strongly on parameters like S O C I 2 

catholyte composition, temperature and electric load of the

electrode. The specific ionic conductivity of the film was less 

sensitive to variations in these parameters.

A correlation between layer thickness and LiCl specific con

ductivity was observed, i.e. the specific conductivity decreased 

with increasing layer thickness. This was attributed to the 

presence of space charge in the thin LiCl film. A potential dif

ference of 3.7 V  (the cell voltage) exists across the layer giv

ing rise to an extremely high electrical field strength. The 

thicknesses of the LiCl films were of the order of a few hundred 

nm.

4.5. Development of a Li- S O  ̂ Rechargeable Battery

The open voltage of this cell was found to be 4.7 V. Based on 

thermodynamic considerations the following cell reaction is as

sumed:

2Li + 2S O 3 £ L i 2SC>4 + S O 2

This implies an energy density of 5.2 MJ/kg reactants which is 

very high compared to 0.6 MJ/kg reactants of the lead-acid cell.

The cell consists of a solid Li anode and a liquid S O 3 cathode 

together with a carbon current collector. Dissolution o t a Li- 

salt in the liquid S O 3 made this phase Li+ -conducting. However, 

liquid S O 3 is a poor solvent for Li-salts and in order to in

crease the solubility S 0 2 was added. Experiments were performed 

using 0.5 molar LiAsFg in a mixture of 30% SC>2-70% S O 3 . The 

polarisation of both electrodes exhibited reversible behaviour. 

Unfortunately, the AsFg" ion seemed unstable under these con

ditions. A  progressing deterioration of the catholyte conduc

tivity with time was observed.



4.6. New Solid Electrolyte Systems

The characterization of solid electrolytes, and especially the 

influence of composition and temperature on their properties, 

was continued by impedance measurements and neutron diffraction 

techniques. The aim was to find candidate materials for the re

placement of liquid electrolytes in electrochemical devices 

such as batteries, sensors and optical displays. Among the one- 

phase systems studied were sodium/potassium hexachloroniobates 

and thallium thiophosphate. Two-phase materials, so-called com

posite solid electrolytes, were made from high surface area alu

minas and lithium halides and lithium nitride. A detailed study 

of the relation between increased ionic conductivity and speci

fic surface area of alumina in Lil-alumina composite electro

lytes was performed. Modelling of the observed data by means of 

the equivalent circuit procedure was initiated.

4.7. Materials Research on Advanced Ceramic Materials

Research projects were initiated to develop advanced ceramic ma

terials with improved mechanical strength, fracture toughness 

and thermal stress resistance. The materials considered were 

zirconia toughened oxide systems such as PSZ (partially stabil

ized zirconia), TZP (tetragonal zirconia polycrystal), alumina 

and mullite (3A l 2C>3 »2Si0 2 ) in which an improvement of the mech

anical properties was obtained by the expansion and shear in

volved in the martensitic transformation of tetragonal to mono

clinic zirconia. These projects were performed in a close col

laboration with the Technical University, Copenhagen, and the 

Technological Institute, also in Copenhagen.

4.8. Oxygen Conductors and Electrode Materials for Fuel Cells

The efforts in this project were directed towards the develop

ment and characterization of potential oxygen conductors in 

bulk and in particular in thin films.



An rf-sputtering system for thin film preparation was installed. 

Tests of the apparatus and calibration of several parameters d e 

cisive for the sputtering process were performed during most of 

the year. Several auxiliary techniques have been developed as 

well. Ceramic targets for the rf-device were produced by plasma 

spraying and via uniaxial pressing of powders followed by sin

tering. X-ray diffraction studies of sputtered thin films of 

gadolinia (Gd2C>3 ) doped ceria (Ce0 2 ) and yttria (Y2O 3 ) stabil

ized zirconia (ZrC>2 ) were initiated. Broadened, shifted, and 

missing peaks indicated very small grain size, microstrains, 

preferred orientation and partial reduction of the films. Elec

tron diffraction confirmed that the lattice parameters were gen

erally different from the bulk values. Experiments with sput

tered platinum electrodes on ceria pellets showed that the p l a 

tinum covered the entire surface, the Pt grain size was small 

and the adhesion was reasonably good. However, scanning electron 

microscopy revealed that the Pt electrodes agglomerated on heat

ing to 700°C for a few minutes.

Ionic conductivity studies of oxygen conductors were performed 

by the ac-impedance spectroscopy method. Because of the diffi

culties in interpreting the complex impedance spectra of oxygen 

conductors, both two and four electrode systems were used for 

the measurements. In order to improve the data reduction a reli

ability and comparison study of the available measuring systems 

has been initiated. The two-electrode measurements make it p o s 

sible to distinguish between "grain interior" and "grain bound

ary" conductivity. This is not possible using the present 4- 

electrode setup. The latter though has the advantage of elimin

ating the interface (electrode) contributions. The studied m a 

terials were polycrystalline europia (EU2O 3 ) and gadolinia 

(Gd2 0 3 ) doped ceria as well as single crystals and polycrystals 

of yttria stabilized zirconia.

In order to clarify the conduction mechanisms in this type of 

oxygen-conducting systems, the work was coordinated with neu

tron scattering studies performed in collaboration with the 

Physics Department, Risø and AERE Harwell. The structural in

formation obtained from quasielastic diffuse neutron scattering



studies on single crystals of yttria stabilized zirconia sug

gested that the defect structure required for the ionic con

duction had two components: one consisting of small vacancy- 

free regions with tetragonal distortions of the overall cubic 

lattice, the other containing correlated clusters of pairs of 

vacancies and associated relaxed ions.

4.9. Natural Gas Storage

A study of the literature on storage of natural gas on the sur

face of zeolithes and activated carbons was undertaken. The 

study revealed a total of approx. 1 00 publications of direct 

relevance to the subject distributed on 70% from USA and Canada, 

20% from Europe and 10% from Japan. Considering stored natural 

gas density on a volume and weight basis the best results found 

in this literature were 3.9 mmol/cm^ and 10.3 mmol/g both ob

tained on carbon-based materials. The results of the study were 

described in a report.



The Danish water reactor fuels programme has continued to util

ize the irradiation facilities in the DR 3 materials testing 

reactor at Risø and the OECD Halden Reactor in Norway. Exten

sive post-irradiation examinations are performed in the Risø 

hot cells. The internationally sponsored three-year project, 

"The RISØ Transient Fission Gas Release Project" is now near 

completion. This is a follow-up programme to the first "RISØ 

Fission Gas Project" that was executed in 1980-81. Additional 

information on fuel performance becomes available from interna

tional collaboration arrangements, i.e. the OECD Halden Reactor 

Project (Norway), the Super-Ramp Extension project at Studsvik 

(Sweden) and Battelle's "High Burnup Effects Program" (USA). 

Outside these national and international programmes, valuable 

experience is gained from examination in the Risø hot cells, 

under special contracts, of foreign water reactor fuels. An im

portant part of this work comprised examination of Pu-enriched 

fuel irradiated in the Italian Garigliano reactor up to 25,000 

M W D / t .

5.1. U 0 ?-Zr Irradiations

Standard fuel pins irradiated in the DR 3 reactor have reached 

maximum burnup levels of 68,000 and 70,000 MWD/tU for BWR and 

PWR type fuel respectively. The irradiation facilities are also 

used for testing of LOWI duplex fuel (max. burnup 49,000 MWD/tU 

see also previous progress reports) and for transient tests 

with high-burnup fuel in the international fission gas project 

(see b e l o w ).

The three Danish test fuel elements in the Halden reactor have 

now reached the following estimated burnups (average assembly, 

after correction for depletion):



MWD/tU 43,300 43,700 40,800

5.2. The RISØ Transient Fission Gas Release Project

This international project was started in 1982, with the objec

tive to study the kinetics of fission gas release in high-burnup 

fuel. The project period is 3 y  years and the sponsors are fuel 

suppliers, utility organizations, safety authorities and re

search organizations from Europe, United States and Japan.

Segments from previously irradiated UC>2-Zr fuel pins were re

fabricated in the hot cells and mounted with pressure trans

ducers. During transient testing in the DR 3 reactor at Risø, 

the change in internal pin pressure was monitored continuously, 

see fig. 11. Before and after the transient testing, the fuel 

was characterized'extensively in the hot cells.

TEST M23-I-6. I BRR XENON

Fig. 11. Power and pressure Eor test M23-1-6.



All the planned 17 transient tests (15 tests refabricated with 

pressure transducers and 2 tests with unopened fuel pins for 

comparison) were performed and the extensive hot cell examina

tions are near completion. Important results were obtained with 

various combinations of the following test parameters: Transient 

power histories (levels up to 500 W / c m ) , burnup (15,000-50,000 

MWD/tU, fill gas (Xe, He at various pressures) and gap size 

(1.5 and 2% of the pellet diameter).

Besides the continuous pressure monitoring in the current p r o 

ject, there is a strong interest in direct measurements of the 

fuel temperature during the transient tests with high-burnup 

fuel. So far, this has not been possible using fuel irradiated 

in a power reactor. Risø therefore started the development of a 

technique to instrument fuel segments (previously irradiated in 

a power or a test reactor) with fresh thermocouples.

5.3. Local Distribution of Fission Gas in Transient Tested Fuel

In the modelling of fission gas release, it is important to 

know the relative distribution of fission gas between the grain 

interior and the grain boundaries. The EPMA (electron probe 

micro analysis technique) gives the concentration of xenon d i s 

solved in the fuel lattice and contained in intragranular 

bubbles; such data were obtained already in the first "RISØ 

Fission Gas Project" (J. Nucl. Mater. 131 (1985) 162-171), in 

collaboration with the European Institute for Transuranium Ele

ments at Karlsruhe, FRG.

The distribution of xenon in irradiated U O 2 fuel can also be d e 

termined by X-ray fluorescence analysis (XRF), using a technique

developed by the Physics Department at Risø. The volume of m a 

terial analyzed by this method is about six orders of magnitude 

larger than by EPMA. This means that the gas contained in in- 

tergranular pores and bubbles is also measured.

The differences in the concentration profiles obtained with the 

two techniques then gives the amount of gas in the grain bound-



aries. This is illustrated in Pig. 12, showing measurements on 

fuel from the first "RISØ Fission Gas Project". Here, the xenon 

concentrations measured by XRF are higher than those obtained 

by EPMA in the region between r/rQ = 0.25 and G.55. The same 

region had many large (4-11 pm) pores at the grain corners; it 

is very likely that the "extra" gas measured by XRF was con

tainer! in these pores.

Fig. 12. Radial distribution of xenon in a transient tested 

fuel. Transient terminal level 415 W cm-1. Hold time 24 h. 
Burn-up 4.3 at.%.

5.4. Recycling of Plutonium in Power Reactors

The Italian national organization for alternative energy, ENEA, 

conducts an evaluation of the irradiation performance of pluto- 

nium-enriched nuclear fuel in boiling water reactors. 19 fuel 

pins irradiated to various burnup levels in the range 5000 to 

25000 MWD/tMe in the Italian Garigliano Reactor have been ex

tracted from six plutonium assemblies. The pins were on a con-



tract basis subjected to a very detailed post-irradiation 

characterization in Risø's hot cells. The examinations were 

performed in three campaigns within a 1 0-year period which 

ended in 1985.

Beyond the fulfilling of the original scope of the examinations 

valuable experience was gained with respect to the general 

knowledge of power reactor fuel irradiation performance. Fur

thermore, new techniques for examination and measurement evalu

ation were established.

The outcome of the examinations are at present being merged 

with similar results from other organizations within the frame

work of a R  & D programme on plutonium recycling in light water 

reactors, established by the EEC.



6 . PARTICIPATION IN INTERNATIONAL COLLABORATION

The department is engaged in the following types of inter

national collaboration: joint scientific and technical projects, 

committee work, reception of research fellows, and technical 

and scientific meetings.

The department was represented on the following committees:

The information Exchange Group under the European Space Agency 

on Carbon Fibre Reinforced Plastics,

The Halden Programme Group,

The IAEA International Working Groups on "Reliability of Reactor 

Pressure Components" and "Water Reactor Fuel Performance and 

Technology",

The Super-Ramp Project Committee, The Project Committee of the 

Battelle High Burnup Performance Programme (H B E P ), The Principal 

Working Group No. 3 (Primary Circuit Integrity) of the NEA Com

mittee on The Safety of Nuclear Installations (CSNI), The EEC 

Working Group on "Reference Materials for the Elemental Analy

sis of Plutonium",

The COST 501 Management Committee on Materials for Energy Con

version Using Fossile Fuels,

The European Coal and Steel Community, Executive Committee No.

5: Failure Mechanisms and Design,

The Euratom Neutron Radiograph Working Group,

The Council of the International Confederation of Thermal Analy

sis,



The Nordic Commifcte for Thermal Analysis,

The Technical Commission of the International Institute of 

Welding, Commission I, "Gas Welding and Allied Processes", 

Subcommission A, "Brazing and Surfacing",

The Fusion Technology Steering Committee,

The Fusion Materials Expert Groups of the European Fusion 

Technology Programme: "Structural Materials" and "Breeding 

Materials".



7. EDUCATION AND TRAINING

N. Hansen and K. Rørbo gave regular lectures on materials 

science to students at the Danish Academy of Engineering. J.B. 

Bilde-Sørensen, N. Hansen, T. Leffers and H. Lilholt acted as 

external examiners at examinations for the Technical University 

of Denmark, 0. Toft Sørensen acted as external examiner at exam

inations for the Technical University of Norway.

Post-Graduate Projects

Two post-graduate students from the Technical University of 

Denmark worked in the department on the following projects in 

preparation for their licentiate (Ph.D.) theses:

E.E. Salah Soliman Grain Growth of Uranium Dioxide During

Irradiation

P.L. Husum Fremstilling og karakterisering af avance

ret teknisk keramik. (The Fabrication and 

Characterization of Advanced Technical 

Ceramic Materials).

One post-graduate student from the Department of Metallurgy and 

Materials Science, Cambridge University, worked part time in 

the department on the following project in preparation for his 

Ph.D. thesis.

Ph. Withers: Interfaces and Internal Stresses in Metal

Fiber Composites.



PUBLICATIONS

Metallurgy Department Progress Report for the Period 

1 January - 31 December 1984

Risø-R-523 (Risø National Laboratory, Roskilde, 1985)

74 pp.

The activities of the Metallurgy Department at Risø during 1984 are de

scribed. The work is presented in three chapters: General Materials Re

search, Technology and Materials Development, and Fuel Elements. A survey 

is given of the Department's participation in international collaboration 

and of its activities within education and training. A list (with abstracts) 

of publications and lectures by the staff during 1984 is included.

Coherent Neutron Scattering Investigation of the Defect St r u c 

ture of Yttria Stabilized Zirconia.

N. Hessel An d e r s e n , K. Clausen, M.A. Hackett, W. Hayes,

M . T . Hutchings, J.E. Macdonald and R, Osborn, In: Trans- 

port-Structure Relations in Past Ion and Mixed Conductors. 

Proceedings of the 6 th Risø International Symposium on 

Metallurgy and Materials Science, Risø, 9-13 September 

1985. Edited by F.W. Poulsen et al. (Risø National Labora

tory, Roskilde, 1985) 279-284.

Coherent diffuse neutron scattering has been used to investigate the static 

and dynamic defect structure of single crystals of the oxygen ion conductor

Y 203-Stabilized Zr0 2- Crystals with 9.4, 12, 15 and 18 mol% V 2O3 have been 
studied at 293 K, and the scattering from the 9.4 and 15 mol% Y2°3 samples 

has been investigated to 2173 K. There are two principal contributions to 

the observed diffuse intensity. The first arises from tetragonal distortions 

in the small vacancy free regions of the crystal which decrease in volume as 

the dopant level increases. The second arises from correlated vacancies and 

their associated relaxed ions in the remainder of the crystal. The corre

lations persist to the highest temperatures investigated. Additional weak 

diffuse scattering is observed at temperatures above ~ 1200 K, mainly along 

‘ <100> directions, which may be more directly related to the ionic conduction.



Defect Structure, Thermal Properties and Ionic Conductivity of 

Heavily Doped Fluorites.

N. Hessel Ande rs en , K. Clausen and J.K. Kjems, In: Trans- 

port-Structure Relations in Fast Ion and Mixed Conductors. 

Proceedings of the 6 th Risø International Symposium on 

Metallurgy and Materials Science, Risø, 9-13 September 

1985. Edited by F.W. Poulsen et al. (Risø National Labora

tory, Roskilde, 1985) 171-182.

The defect structure of the heavily doped fluorites Ba i_xUxF2+2x (x = 0.02, 

0.05 and 0.10) and Ba 1_xLaxF2+x (x = 0.209 and 0.492) has been studied by 

guasielastic diffuse neutron scattering (QDNS) experiments. Comparison with 

model calculations shows the existence of the so-called 212-clusters (OF4- 
doped) and 222-clusters (LaF3“doped). The temperature variations of the de
fect structures are discussed along with the behavior of the ionic con

ductivity. Initial QDNS-studies in high electric fields on Bao.95Uo.05F2.10 

are presented. The thermal properties of Pb^_xU xF2+2X (x = 0, 0.05 and -.10) 

are studied by specific heat measurements. Thermodynamic model calculations 

account for the experimental data of specific heat, the ionic conductivity, 

and give values of the thermally generated defect concentrations that are 

in qood agreement with neutron diffraction data for PbF2 > It is discussed 

how these informations may be combined, and a suggestion for the ionic con

ductivity mechanism in heavily doped fluorites is given.

Ionic Conductivity of the Perovskites, N a M g F 3 and K Z nF 3 at High 

Temperatures.

N. Hessel A n de rs en , W. Hayes and J.K. Kjems, Solid State 

Ionics 2 1  (1985) 143-145. '

We have carried out a study of the ionic conductivity of NaMgF3, KMgF3 and 
KZnFj up to temperatures close to the melting point. Our results, in con

trast to previous reports in the literature, show no abnormal ionic con

ductivity at high temperatures. Care in interpretation of results is re

quired because of surface electronic conduction.

TSDC and Neutron Scattering Measurements on B ai _x LaxF 2+x and 

B a 1-xu xF 2+2x Solid Solutions.

M. Ouwerkerk, F.F. Veldkamp, N. Hessel Andersen and J. 

Schonman, Solid State Ionics 16 (1985) 125-130.



A study was made of the dynamical behaviour of bound interstitial fluoride 

ions in disordered Bai_xLaxF2+x an^ B a 1-xuxF2+2x solid solutions with Ther
mally Stimulated Depolarisation Current measurements and neutron scattering 

measurements, and a combination of both techniques. Prom 10 K to 400 K the 

TSDC spectra showed four reorientation peaks to be present in Bai_xIiaxF2+x» 

and six in Ba-|_xUxF2+2x' al°ng with the relaxation of the macroscopic space 

charge. The position of a space charge peak shifted to lower temperatures 

with increasing solute content. The dipolar relaxations were concentration 

invariant. In Bai-xLaxp2+x neutral associates, L-shaped- and (222)-clusters 

occur. The present study reveals (212)-clusters to be present in 

Ba-|_xUxF2+2x* T^e celations between ion dynamics and defect structures are 
discussed.

Fremstilling og karakterisering af faststofionledere (Synthesis 

and Characterization of Solid Electrolytes).

N. Hessel A n d e r s e n , J.K. Kjerns and F.W. Po ulsen, Risø-M- 

2489 (Risø National Laboratory, Roskilde, 1985) 201 pp.

The emphasis of this project has been on basic research in the rapidly 

growing field of solid electrolytes. Studies were focused on 60 different 

lithium, sodiumr potassium and fluorine ion conductors. Materials with 

technological interest, model compounds, and new systems were studied with 

neutron scattering, impedance measurements and DSC. The project has resulted 

in the

i) identification of new crystal structures, which favor ion transport;

ii) forwarding of models for a better description of structural and dynami

cal properties of solid electrolytes.

iii) improvements in measuring/handling techniques. All published results 

are given in this volume. .

The project has been a joint project between the Metallurgy Department and 

Physics Department at Risø National Laboratory. The project was sponsored 

by the Danish Ministry of Energy (EFP-81 - programme) under contract no.

22631.

Gas Explosion Characterization, Wave Propagation (Half-Scale 

E x pe ri me n ts ).

G.C. Larsen, J. Roed and S.I. Andersen, (Commission of the 

European Communities, Luxembourg, 1985) (EUR 9676/11, EN), 

157 pp.



A number of experiments have been performed with blast waves arising from 

the ignition of homogeneous and well defined mixtures of methane, oxygen and 

nitrogen, contained within spherical balloons with controlled initial dimen

sions. In the initial small scale experiments pressure characteristics, 

ground reflection phonomena and pressure distribution on box like obstacles 

were studied. Both configurations with one box and two closely spaced boxes 

have been considered, and a wave-wave interaction phenomenon was observed in 

the case of closely spaced obstacles. Main emphasis has been placed on the 

half scale field experiments. In these, the maximum flame speed has been of 

the order of 100 m/s, resulting in positive peak pressures of 5-10 kPa in 

5 - 10 m distance from the source. The explosion process was found to be 

reasonably symmetric. The attenuation of the blast wave due to vegetation 

and the influence of obstacles as banks, walls and houses on the pressure 

field have been investigated. The presence of the bank and the house was 

felt in a zone with a length corresponding to a typical dimension of the 

obstacles, whereas the overall pressure field is shown to be unaffected by 

the type of obstacles and vegetation investigated. For the wall and house, 

reflection factors have been established, and some variation over the surface 

has been measured. The scatter of the pressure measurements is estimated for 

stable, neutral and unstable atmospheric conditions, and an attempt to deter

mine the ground reflection factor has been performed. Finally the effect of 

the blast wave on a house has been examined in terms of measured structural 

accelerations.

Avancerede keramiske materialer (Advanced Ceramic Materials). 

J.J. B e n t z e n , Dansk Kemi (56 ( 1985) 181-185.

The state of the art in advanced ceramics is reviewed.

Krybning af partikelholdige materialer (Creep of Particle- 

Containing Materials).

J.B. Bilde-Sørensen, In: Højstyrkematerialer (High Strength 

Materials). Dansk Metallurgisk Selskabs Vintermøde, Ring

købing, 7-9 januar 1985. Edited by H. Lilholt and G. Skjels- 

ager. (Dansk Metallurgisk Selskab, Lyngby, 1985) 29-42.

Models for the creep of pariicle-containing materials in the dislocation 

creep range and the diffusion creep range are presented and discussed. The 

possible occurrence of threshold stresses are considered. Finally, a practi

cal example is given of the use of deformation mechanism maps in considering 

the effect of various strengthening mechanisms.



Inhomogeneity of Plastic Deformation in Polycrystalline A l u 

minium.

J.B. Bilde-Sørensen and N. H a n s e n , In: Strength of Metals 

and Alloys. Proceedings of the 7th International Conference 

on the Strength of Metals and Alloys, Montreal, Canada, 12-

16 August 1985. Edited by H.J. McQueen et al. Vol. 1 (Perga- 

mon Press, Oxford, 1985) 141-146.

Tensile specimens with a cross sectional area of 29 x 29 mm^ and a 600 mm 

gauge length were made from 99.6% purity aluminium with a grain size of 1.5 

mm. The specimens were deformed to strains of 0.05 and 0.20. The inhomogen

eity of plastic deformation was studied by microhardness indentations and 

by scanning electron microscopy (channeling contrast and selected area chan- 

eling patterns) on surface sections as well as on sections taken from the 

interior of the specimens. On both surface sections and interior sections 

it was found that the grains fragment into domains with different orien

tation, and that considerable variations in hardness could be found both in

side the individual grains and between the grains.

Assessment of Fast Radiographic Systems by the Constant Exposure 

Technique.

J.C. D o m a n u s , Risø-M-2440 (Risø National Laboratory, 

Roskilde, 1984) 54 pp.

The constant exposure technique was applied to compare the radiographic 

image quality and relative speed of different fast radiographic systems. 

Conventional industrial X-ray films, exposed with lead intensifying screens, 

special fast film with fluorometallic screens as well as different brands 

of radiographic paper exposed both with fluorescent as well as fluoromet

allic screens were tested and compared. ISO wire IQI's and ASTM penetram- 

eters were used together with 30-mm aluminium and 10-mm steel plates. For 

all the fast radiographic systems wire sensitivity better than 2% was ob
tained. The constant exposure technique proved to be adequate for the as

sessment of fast radiographic systems.

Control of Radiographic Image Quality in Neutron Radiography of 

Nuclear Fuel.

J.C. D o m a n u s , In: Proceedings of the 6 th International 

Conference on NDE in Nuclear Industry, Zurich, Switzer

land, 28 November - 2 December 1984. Edited by H. Wadley 

(American Society for Metals, Metals Park, Ohio, 1984) 447- 

451.



Recognizing the need for creating standard methods and procedures to control 

the radiographic image quality in neutron radiography of nuclear fuel the 

Neutron Radiography Working Group (NRWG), created within F.uratom in 1979 , 

has examined the existing standards in that field and decided to produce 

special indicators. They w>2re: beam purity indicator BPI, beam purity indi- 

cator-fuel BPI-F and sensitivity indicator SI. Whereas BPI and SI were fab

ricated according to ASTM standards the BPI-F was designed especially for 

nuclear fuel. For the purpose of assessment of the accuracy of dimensions 

measured .from neutron radiographs a special calibration fuel pin (CFP-E1) 

was designed. All the above indicators and the fuel pin were produced at 

Risø and distributed among 10 NR centers participating in a special NRWG 

test program. Details about this program are given and expected conclusions 

from it described.

Defects in Nuclear Fuel Revealed by Neutron Radiography.

J.C. D o m a n u s , In: Proceedings of the 3rd European Con

ference on Nondestructive Testing, Florence, 15-18 October

1984. Edited by C.H. Rosa (Italian Society for Nondestruc

tive Testing, Brescia, 1984) 264-270.

Like in other fields of industrial radiography it was necessary to classify 

defects revealed by neutron radiography and produce standard reference radio

graphs of different components of nuclear fuel, for which a classification 

of neutron radiography findings was given. Neutron radiography techniques 

used in the examination of nuclear fuel were reviewed. Examples of neutron 

radiography findings in pelletized, annular and vibro-compacted fuel, its 

cladding, plenum, plugs and instrumentation were given, extracted from a re

cently published collection of reference neutron radiographs prepared by the 

Euratom Neutron Radiography Working Group.

Editorial.

J.C. D om anus, Nuclear Europe £  No. 11 (1984) 1.

Attention is drawn to the fact that very few standards have been published 

in the nuclear field regarding nondestructive testing methods. This is due 

to the fact that existing NDT standards can also be applied in nuclear in

dustry. The need of special NDT standards for nuclear fuel was recognized 

by Euratom. The activities oZ its Neutron Radiography Working Group are 

revised.



Fast Radiographic Systems.

J.C. D om an us , In: Proceedings of the 3rd European C o n 

ference on Nondestructive Testing, Florence, 15-18 October

1984. Edited by C.M. Rosa (Italian Society for Nondestruc

tive Testing, Brescia, 1984) 288-299.

Also as Risø-M-2453 (Risø National Laboratory, Roskilde,

1984) 12 pp.

Industrial radiography can be performed with shorter exposure times, when 

instead of X-ray film with lead intensifying screens the radiographic paper 

with fluorescent screen is used. With paper radiography one can obtain 

lower material, equipment, and labour costs, shorter exposure and processing 

times, and easier radiation protection. The speed of the radiographic in

spection can also be increased by the use of fluorometallic intensifying 

screens together with a special brand of X-ray film. Before accepting either 

of the two fast radiographic systems one must be sure that they can produce 

radiographs of adequate image quality. Therefore an investigation was per

formed on that subject using ISO wire IQI’s and ASTM penetrameters. The 

radiographic image quality was tested for aluminium and steel up to 30 mm 

thick using various brands of radiographic paper and X-ray film with fluoro

metallic screens and comparing them with fast X-ray films with lead screens. 

Both systems give satisfactory results.

Neutron Radiographic Findings in Reactor Fuel.

J.C. D o m a n u s , In: Proceedings of the 6th International 

Conference on NDE in the Nuclear Industry, Zurich, Switzer

land, 28 November - 2 December 1983. Edited by H. Wadley 

(American Society for Metals, Metals Park, Ohio, 1984) 

453-460.

No other non-destructive testing technique yields a comparable amount of 

■comprehensive information on nuclear fuel conditions than neutron radio

graphy. Neutron radiography is being applied in the inspection of non-ir- 

radiated and irradiated nuclear fuel on-an increasing scale. In 1979 a 

Neutron Radiography Working Group (NRWG) was established with the partici

pation of many nuclear research centers from European Community member 

states. As a contribution to the work of NRWG Risø National Laboratory has 

published in 1979 an atlas of reference neutron radiographs: "Neutron 

radiographic findings in light water reactor fuel". This atlas contains a 

classification of defects which can be revealed in different parts of fuel 

pins. A new edition of this atlas is now prepared. Besides an extended 

classification of defects it contains 158 reference neutron radiographs of 

light water and fast reactor fuel rods, a survey of NR facilities and capa

bilities inside the European Community, terminology used in Neutron Radio

graphy (in Danish, Dutch, English, French, German and Italian). The atlas



also contains reference neutron radiographs of all parts of nuclear fuel 

pins as fabricated (without defects). The scope of the atlas was enlarged, 

and now it includes examples of neutron radiographs of Euel elements not 

only of light water but also fast reactors.

Neutron Radiographic Techniques, Facilities and Applications.

J.C. D o m a n u s , Risø-M-2454 (Risø National Laboratory, 

Roskilde, 1984) 30 pp.

This is a collection of three papers, written for presentation at two inter

national conferences. The first paper: "Neutron radiography. Techniques and 

facilities", written by J.P. Barton of N-Ray Engineering Co. La Jolla, CA.,

USA and J.C. Domanus was presented at the International Symposium on the Use 

and Development of Low and Medium Flux Research Reactors at the Massachusetts 

Institute of Technology, Cambridge, Mass., USA, 16-19 October 1983. The sec

ond paper: "Neutron radiography with the DR-1 reactor at Risø National Lab

oratory", written by J.C. Domanua, was presented at the same Symposium. The 

third paper: "Defects in nuclear fuel revealed by neutron radiography", 

written by J.C. Domanus is accepted for presentation on 18 October 1984 to 

the 3rd European Conference on Nondestructive Testing, Florence, Italy,

15-18 October 1984. While the first paper describes the principles of neutron 

radiographic techniques and facilities, the second one describes an example 

of such a facility and the third gives an example of application of neutron 

radiography in the field of nuclear fuel.

Neutron Radiography Facilities. DR 1 Reactor, Risø, Denmark.

J.C. D o m a n u s , British J. Non-Destructive Testing 21_ No. 6 

(1985) 374-375.

A description is given of the Risø DR 1 double beam neutron radiographic 

facility. Radiographic procedures are explained and applications mentioned, 

the principal being the non-destructive examination of nuclear fuel.

Neutron Radiography. Techniques and Facilities.

J.P. Barton and J . C . D o m a n u s , In: (Jse and Development of 

Low and Medium Flux Research Reactors. Proceedings of the 

International Symposium on the Use and Development of Low 

and Medium Flux Research Reactors, MIT, 16-19 October 

1983. Edited by O.K. Harling et al. (Karl Thiemig, Miinchen, 

for the Commission of the European Communities, 1984) 1 0S- 

117.



After describing the principles of the "in pool" and "dry" installations, 

techniques used in neutron radiography are reviewed. Use of converter foils 

with silver halide films for the direct and transfer methods is described. 

Advantages of the use of nitrocellulose film for radiographying radioactive 

objects are discussed. Dynamic imaging methods are shortly reviewed. Stan

dardization in the field of neutron radiography (ASTH and Euratom Neutron 

Radiography Working Group) is described. Many of the low and medium flux re

search reactors are used for neutron radiography. The paper reviews European 

and North American NR installations together with their main fields of use. 

Future possibilities of use of neutron radiography at research reactors in 

various scientific, industrial and other fields are finally mentioned.

Neutron Radiography with the DR-1 Reactor at Risø National

Laboratory.

J.C. D o m a n u s , In: Use and Development of Low and Medium 

Flux Research Reactors. Proceedings of the International 

Symposium on the Use and Development of Low and Medium 

Flux Research Reactors, MIT, 16-19 October 1983. Edited by 

O.K. Harling et al. (Karl Thiemig, Miinchen, for the Com

mission of the European Communities, 1984) 979-985.

The Danish reactor No 1 (DR-1), a homogeneous solution type, provides at 

maximum power of 2 kW, two parallel neutron beams of 1.8 and 1.4 x 10® 

n*cm"2»s“1 at the object to be radiographed. This facility is used mainly 

for the control of irradiated nuclear fuel which is transported from Risø 

Hot Cells to the DR-1 in dual purpose transport/exposure containers. Rou

tine neutron radiography is performed by usi'ig the transfer technique. Two 

exposures are made simultaneously on 4 x 12 ch< Dy foils 100 pm thick. Typi

cal examples of defects revealed in light water reactor fuel were chosen to 

produce a classification of defects, illustrated in a special .atlas of ref

erence radioyraphs. Risø-has initiated standardization work within Euratom, 

where a Neutron Radiography Working Group was created, under Danish chair

manship. Beam purity and sensitivity indicators, and calibration fuel pins 

were designed and produced and are now used throughout Euratom NR centers 

to test the radiographic quality and accuracy of dimensional measurements 

from neutron radiographs.

Reference Neutron Radiographs of Nuclear Reactor Fuel.

Neutronogrammes de reference pour le combustible nucleaire.

R. Barbalat, J.C. D o m a n u s , J.F.W. Markgraf, F c Michel and 

D.J. Taylor. Edited by J.C. Domanus (D. Reidel Publishing 

Co., Dordrecht/Boston/Lancaster, 1984) 60 pp + 316 radio

graphs .



This collection has been selected by a sub-group of the Euratom Neutron Radi

ography Working Group (NRWG) constituted by experts from nuclear research 

centers within the European Community. The text is in English and French. It 

contains 158 radiographs on film (which can be removed for comparative view

ing) of light water and fast reactor fuel rods. Also included are double en

largement prints of each radiograph. The radiographs are arranged in accord

ance with a classification system, which lists the components of the fuel 

and cladding and illustrates defects in each which can be revealed by neutron 

radiography. Introductory chapters describe the classification system in re

lation to a typical fuel pin and explain how to identify defects and use the 

collection. All the terms used in the classification together with additional 

useful ternis are listed with their equivalents in six languages - Danish, 

Dutch, English, French, German and Italian. A final section lists the main 

technical data and addresses of neutron radiography installations in the 

European Community.

Euratoms arbejdsgruppe vedrørende neutronradiografi. Aktivite

ter og resultater.

J.C. D o m a n u s , Risønyt No. 1 (1985) 2.

A review is given of the activities and achievements of the Euratom Neutron 

Radiography Working Group.

How Good Are the Standards for the Image Quality Control in 

Neutron Radiography of Nuclear Fuel?

J.C. D o m a n u s , P. Gade-Nielsen and J. Olsen, In: Proceed

ings of 7th International Conference on NDE in the Nuclear 

Industry, Grenoble, France, 28 January - 1 February 1985 

(Comité Franyais des Essais Non Destructifs, Paris, 1985) 

325-328.

At present two national standards have been published in which recommenda

tions are given about methods for image quality control in neutron'radio

graphy: ASTM E545 and AFNOR-220. Recognizing the need for a special standard 

for nuclear fuel the Euratom NRWG has designed and fabricated special indi

cators for that purpose. By comparing test results obtained in different NR 

facilities of the NRWG, conclusions are drawn about the adequacy of those 

indicators in the nuclear field.

Radiographic Constant Exposure Technique.

J.C. D o m a n u s , Materialpriifung 21_ ( 1985) 15-18.



The constant exposure technique has been applied to assess various indus

trial radiographic systems. Different X-ray films and radiographic papers of 

two producers were compared. Special attention was given to fast film and 

paper used with fluorometallic screens. Radiographic image quality was tested 

by the use of ISO wire IQl’s and ASTM penetrameters used on Al and Fe test 

plates. Relative speed and reduction of kilovoltage obtained with the con

stant exposure technique were calculated. The advantages of fast radiographic 

systems are pointed out.

Research and Standardization Activities of the Euratom Neutron

Radiography Working Group.

J.C. Do manus, Risø-M-2524 (Risø National Laboratory, 

Roskilde, 1985) 16 pp.

Following a general review of the functions of the Euratom Neutron Radio

graphy Working Group (NRWG) details about the achievements, work in progress 

and future activities of this group are presented. A classification of neu

tron radiographic findings in reactor fuel is given and reference neutron 

radiographs that are prepared according to this classification are reviewed. 

Indicators for the control of neutron beam components and radiographic image 

quality control are described. The use of calibration fuel pin and the prob

lem of dimensional measurements from neutron radiographs are discussed. Some 

details are given on the NRWG Test Program, work on nitrocellulose film and 

terminology.

Sensitometric Properties and Image Quality of Radiographic Film

and Paper.

J.C. Do manus, In: Proceedings of the 11th World Conference 

on Nondestructive Testing, Las Vegas, USA, 3-8 November 

1985. Edited by L.K. Jones et al. Vol. 1 (Taylor Publishing 

Co., Dallas, Texas, 1985) 520-527.

Also as Risø-M-2500 (Risø National Laboratory, Roskilde, 

1985) 8 pp.

When using X-ray film or radiographic paper for industrial applications one 

is interested in knowing not only their sensitometric properties (such as 

speed and contrast) but also the image quality obtainable with a particular 

brand of film or paper. Although standard methods for testing both proper

ties separately are available it is desirable that the method permits the 

assessment of all the relevant properties together. The sensitometric proper

ties are usually determined at constant kilovoltage and filtration at the 

X-ray tube, whereas radiographic image quality is tested at different kilo- 

voltages and for different material thicknesses. The use of the constant 

exposure technique could be used to compare both the sensitometric proper



ties as well as the image quality for different radiographic materials. It 

consists of exposing different film or paper brands at a chosen, constant 

jnAmin exposure when testing radiographic image quality for diEferent thick

nesses oE a given material. From the results obtained with the constant 

exposure technique conclusions are drawn about its applicability as a stan

dard method for assessing radiographic film and paper.

A Short Introduction to Positron Annihilation in Molecular 

Crystals.

M. Eldrup, Ann. Chim. Fr. J_£ ( 1985) 681-692.

The characteristics of positronium and its behaviour in molecular crystals 

are briefly discussed. Results from the literature are presented for a number 

of crystals and the possibility to study defect properties is illustrated by 

examples.

Positronium Formation and Diffusion in Crystalline and Amorphous 

Ice Using a Variable-Energy Positron Beam.

M. Eld r up / A* Vehanen, P.J. Schultz and K.G. Lynn, Phys. 

Rev. B, 32 (1985) 7048-7064.

The behaviour of positrons in crystalline and amorphous ice has been studied 

with a beam of monoenergetic positrons with incident energies 0-4.5 keV. 

Positronium (Ps) is formed in the bulk ice and diffuses until it annihilates 

or escapes from the surface. Measurements were carried out on the fraction 

of ortho-Ps leaving the surface and of the Doppler broadening of the 511-keV

Y annihilation line. For incident energies 0-60 eV the Ps formation prob

ability shows large variations. These variations are associated with Ps for

mation in the so-called Ore gaps and reflect the electronic structure of ice 

as demonstrated by Monte Carlo simulations of the positron slowing-down pro

cess. At higher energies, up to about 1 keV, the total Ps yield increases

from about 50 to 75%, which is attributed to Ps formation via spur processes.

A large difference is found between tho Ps diffusion coefficient in crystal-
0 _  *5 9

line ice (about 0 .2 cm/sec) and in amorphous ice (roughly 10 cm /sec).

Prom the red shift of the 511 keV annihilation line the Ps work function (af

finity) in the crystalline ice is estimated to be -2±1 eV. Evidence for low- 

energy-positron diffraction in the crystalline ice is found with scattered 

intensities higher than 25*. Sputtering of the crystalline ice creates sur

face damage which strongly reduces the yield of Ps escaping the surface. 

Cavities of average diameter larger than about !7A are found in the as-grown 

amorphous ice. They anneal out at about 100 K, which is below the crystalliz

ation temperature of about 135 K.



Positron Studies of Adsorption on Silica Supported Metallic 

Iron Microcrystals.

O.E. Mogensen, M. E l d r u p , S. Mørup, J.W. Ørnbo and H. 

Topsøe, In: Positron Annihilation. Proceedings of the 7th 

International Conference on Positron Annihilation, New 

Delhi, 6-11 January 1985. Edited by P.C. Jain et al. (World 

Scientific, Singapore, 1985) 980-982.

The present studies show that positron annihilation may be an interesting 

tool for the in situ characterizations of the surfaces of microcrystals of 

metallic iron. Lifetime and Doppler-broadened (DB) annihilation-line spectra 

have been measured for silica-supported iron microcrystals. Long ortho-posi- 

tronium (Ps) lifetimes (~ 70 ns) were found in the pure silica support. No 

Ps was measured if the iron surfaces were clean. Adsorption of hydrogen on 

the surface gave shortlived Ps components (t = 1-4 ns) and a large, narrow, 

para-Ps DB-component indicating ortho-para Ps conversion. Unexpectedly, 

mild oxidation (passivation) of the hydrogen covered iron-surface introduced 

only small changes in the positron characteristics.

Temperature and Phase Dependence of Positron Lifetimes in Solid 

Cyclohexane.

D. Lightbody, J.N. Sherwood and M. El d r u p , Chem. Phys. 93[ 

(1985) 475-484.

The temperature dependence of positron lifetimes in both the brittle and 

plastic phases of cyclohexane has been examined. Long-lived components in 

both phases are associated with the formation of positronium (Ps). Two long 

lifetimes attributable to ortho-Ps are resolvable in the plastic phase. The 

longer of these (" 2.5 ns), which is temperature dependent, is ascribed to 

ortho-Ps trapped at vacancies. The shorter lifetime (» 0.9 ns) shows little 

temperature dependence. In contrast to most other plastic crystals, no sig

moidal behaviour of the average ortho-Ps lifetime is observed. A possibility 

exists that some self-trapping of Ps may occur just above the phase transi

tion. In the brittle phase only one long lifetime (« 1.1 ns) is resolvable. 

The presence of 100 ppm impurities reduces the ortho-Ps yield, especially in 

the brittle phase, but does not influence the lifetimes. The ratio between 

the apparent ortho-Ps and para-Ps yields is close to 3 for the pure crystals 

in the plastic phase, but smaller in the brittle phase. A correlation is 

established between the molecular packing coefficients for several plastic 

and brittle crystals and the ortho-Ps lifetime in the crystals.



The Trapping Model with Time Dependent Rate Constant. Positron 

Trapping on Ions in Water.

O.E. Mogensen, M. Eldrup and N.J. Pede rs en , In: Positron 

Annihilation. Proceedings of the 7th International Con

ference on Positron Annihilation, New Delhi, 6-11 January 

1985. Edited by P.C. Jain et al. (World Scientific, Singa

pore, 1985) 756-758.

The interpretation of results of angular correlation studies of hydrated 

positron, el,,, reactions with (trappinq on) the ions, Cl , Br- , and I- , is 

discussed. The simple trapping model, usually applied in discussions of posi

tron trapping in metals, cannot be used in our case. However, if the time 

dependence of the reaction (trapping) rate constant and the encounter pair 

effect is taken into account, the data at low halide concentration can be 

well explained by assuming that e*g has the same diffusion constant and 

reaction radius as the hydrated electron, e“ , a very reasonable result.

The first study of the ionic strength effect on a solvated positron reaction 

gives a result in fair agreement with the theory.

Ultrasonic Characterization of the Properties of Fiber-Rein

forced Materials.

H.E. G u n d t o f t , In: Proceedings of the 11th World Conference 

on Nondestructive Testing, Las Vegas, USA, 3-8 November 

1985. Edited by L.K. Jones et al. Vol. 3. (Taylor Publish

ing Co., Dallas, Texas, 1985) 1565-1572.

Also as Risø-M-2509 (Risø National Laboratory, Roskilde, 

1985) 14 pp.

Results from two ultrasonic methods for examination of composite materials 

are presented. One method is based on pulse-echo technique which has been 

developed to a reflector plate technique. A computer controlled scanning sys

tem is used for inspection of the material as well as evaluation and presen

tation of the results. In the other method (called pulse-transmission) the 

ultrasound is sent through the material with transmitter and receiver on the 

same side. Frequency analysis on the received signal is used to judge the 

inner structure of the material.



Ikke-destruktive undersøgelser af fiberkompositter (Non-De- 

structive Examinations of Fibre Composites).

H.E. G u n d t o f t , In: 4: Nordiska N D T-konferens. Proceedings 

of the 4th Nordic NDT-Conference, Stockholm, 2-5 June 

1985. Paper No. 16 (Foreningen for Oforstorande Provning, 

Stockholm, 1985) 17 pp.

Non-destructive techniques for examination of fibre reinforced materials are 

described. Two ultrasonic techniques are explained in details: conventional 

controls and the extended double through-transmission technique. A new pulse 

transmission technique is also mentioned. The paper gives 18 references on 

other works on non-destructive testing of fibre composites.

Polycrystalline Strengthening.

N. H a n s e n , Metall. Trans. J_6A  (1985) 2167-2190.

The strength of polycrystalline specimens can be related to interaction 

phenomena taking place during elastic and plastic deformation. Such phenom

ena are reviewed in terms of macroscopic and microscopic strain accomodation 

processes required to maintain strain continuity across the grain boundaries. 

The strength-grain size relationships can be described in a number of empiri

cal equations relating the yield stress and the flow stress in tension to 

various structural parameters. A number of such equations are reviewed and 

their predictive capability is discussed. Structural information of import

ance for the understanding of polycrystalline strengthening is obtained 

mainly from surface relief patterns and from bulk structures observed by 

transmission electron microscopy of thin foils. The results obtained by these 

methods are discussed and correlations are proposed. A number of features 

characterizing the deformed structure are summarized and the behaviour of a 

number of metals and alloys is reviewed with emphasis on the structural 

changes in the interior of the grains and in the vicinity of the grain bound

aries. The models for strain accomodation during deformation are discussed 

on the basis of the microstructures found, and this structural information 

is correlated with a number of strength-structural equations. Finally, the 

flow stress of fee and bcc polycrystalline specimens is related to the oc

currence of microstructures formed by macroscopic and microscopic strain 

accomodation processes during plastic straining, and it is concluded that 

macroscopic processes may be strength determining at larger strains whereas 

microscopic effects may be of importance at small strains.

A Comparative Investigation of Surface Relief Structures and 

Dislocation Microstructures in Cold-Rolled Aluminium.

C.Y.J. Barlow, B. Bay and N. H a n s e n , Phil. Mag. A 51 

(1985) 253-275.



Comparison between the deformation structures of aluminium appearing as 

striations on the surface of specimens and the dislocation structures is not 

straightforward. The influence of grain boundaries on deformation structures 

in particular is difficult to interpret, and the effects seen at boundaries 

have not been fully quantified. The purpose of this study was to investigate 

the relationship between the surface deformation characteristics of cold- 

rolled aluminium, as examined by replica and direct scanning electron mi

croscope (SEM) studies, and the dislocation structures seen in thin foils by 

transmission electron microscopy (TEM). Particular attention was paid to the 

behaviour in the vicinity of grain boundaries. Thin foils were made not only 

from specimen interiors but also from transverse surfaces, so that disloca

tion structures and surface relief structures could be observed simultaneous

ly. The effect of grain size (50 and 300 pm) and deformation level (4 and 

15% reduction in thickness) have also been related to the microstructures 

generated. The range of phenomena found in thin foils was far greater than 

that observed in surface structures, but the effects have been classified in 

relation to the surface structures. This has enabled correlations to be made 

which indicate a strong similarity between surface and dislocation structures. 

Attempts have also been made to explain the quantitative discrepancies be

tween the incidence of surface and dislocation features. Finally, a sequence 

has been proposed to explain the formation of subgrains during deformation 

on the basis of the processes giving rise to the formation of slip bands.

Methods of Assessing Grain-Size Distribution During Grain 

Growth.

C.J. Tweed, N. Hansen and B. Ralph, Metallography J_8 ( 1985) 

115-127.

This paper considers methods of obtaining grain-size distributions and ways 

of describing them. In order to collect statistically useful amounts of data, 

an automatic image analyzer is used, and the resulting data are subjected to 

a series of tests that evaluate the differences between two related distri

butions (before and after grain growth). The distributions are measured from 

two-dimensional sections, and both the data and the corresponding true three- 

dimensional grain-size distributions (obtained by stereological analysis) 

are collected. The techniques described here are illustrated by reference to 

examples.



Effect of Grain Size on the Microstructure and Texture of Cold- 

Rolled Aluminium.

N. Ha n s e n , B. Bay, D. Juul Jensen and T. L ef f er s, In: 

Strength of Metals and Alloys. Proceedings of the 7th In

ternational Conference on the Strength of Metals and A l 

loys, Montreal, Canada, 12-16 August 1985. Edited by H.J. 

McQueen et al. Vol. 1 (Pergamon Press, Oxford, 1985) 317— 

322.

The deformation behaviour of aluminium with a purity of 99.6% was studied. 

Sample parameters were the initial grain size (0.3 and 0.05 mm) and the de

gree of deformation (5 to 95% reduction in thickness by cold-rolling). The 

development in microstructure as a function of the degree of deformation was 

quite similar in fine-grained and coarse-grained specimens whereas a s i g n i 

ficant grain size effect on the textural development was found. The changes 

in texture were modelled by computer calculations. Finally the effect of the 

grain size and the degree of deformation on the microstructure and the tex

ture is discussed.

Korngrænsers opførsel under højtemperaturdeformation (The B e 

haviour of Grain Boundaries Under High Temperature Deformation). 

A. Ho rsewell, In: Højstyrkematerialer (High Strength M a 

terials). Dansk Metallurgisk Selskabs Vintermøde, Ring

købing, 7-9 januar 1985. Edited by H. Lilholt and G. 

Skjelsager (Dansk Metallurgisk Selskab, Lyngby, 1985) 

137-145.

The role of grain boundaries in polycrystal deformation may be understood in 

terms of basic grain boundary dislocation motion processes. The concepts are 

applied to diffusion creep in stainless steel and high temperature fatigue 

in aluminium.

Role of Dislocations, Dislocation Walls and Grain Boundaries in 

Void Formation During Early Stages of Fast Neutron Irradiation.

A. Horsewell and B.N. S i n g h , In: Effects of Radiation on 

Materials. Proceedings of the 12th International Symposium, 

Williamsburg, 18-20 June 1984. Edited by F.A. Garner and 

J.S. Perrin. ASTM-STP 870 (ASTM, Philadelphia, 1985) 248- 

261 .

The abstract appeared in the annual report for 1984, p. 60.



Piezoelektriske vibrationer (Piezoelectric Vibrations).

H. J en s e n , Risønyt No. 3 (1985) 12.

Two of the most important applications of piezo electrical materials are 

measuring and generating vibrations. This paper describes how the vibrations 

in simple cases can be calculationally analysed by means of equivalent cir

cuits. In more complicated cases one may use the finite element method, well- 

known from the solid state mechanics.

Positron Annihilation Studies of Copper and Nickel Containing 

High Concentrations of Krypton.

K.O. J e n s e n , M. Eldrup and J.H. Evans, In: Positron A n n i 

hilation. Proceedings of the 7th International Conference 

on Positron Annihilation, New Delhi, 6-11 January 1985. 

Edited by P.C. Jain et al. (World Scientific, Singapore, 

1985) 506-508.

Isochronal annealing of bulk Cu and Ni samples containing up to 5 at% Kr 

have been made. In as-prepared samples the Kr is in a crystalline state, 

contained in microscopic bubbles. The positron mean lifetime and angular 

correlation peak count are constant up to annealing temperatures of about 

300°C (Cu) and 425°C (Ni), above which both parameters increase, showing 

bubble growth with increasing temperature. The onset temperatures for bubble 

growth correlate with the temperatures at which the Kr in the bubbles melts. 

This suggests that melting of the Kr allows migration and coalescence of the 

bubbles. The results indicate that positrons trapped in the bubbles overlap 

both Kr and metal electrons.

Positronium Formation in Helium Bubbles in 600 MeV Proton I r 

radiated Aluminium.

K.O. J e n s e n , M. Eldrup and1 B .N. S i n g h , J. Phys. F J_5 (1985) 

L287-L29 3.

Aluminium samples containing helium bubbles produced by 600 MeV proton ir

radiation at 430°C were investigated by positron annihilation; both lifetime 

and angular correlation measurements were made. The angular correlation 

curves contain an unusually narrow component. This component is associated 

with positronium formation in the bubbles. The v'idth of the component indi

cates localization of the Ps atom possibly in a surface physisorbed state. 

Sodium segregated at the surfaces of the bubbles is a likely cause for the 

positronium formation.



Helium Bubbles in 600 Me V Proton Irradiated Aluminium Studied

by Positron Annihilation.

K.O. J en s e n , B.N. S i n g h , M. El dr up , M. Victoria and W.V. 

Green, In: Positron Annihilation. Proceedings of the 7th 

International Conference on Positron Annihilation, New 

Delhi, 6-11 January 1985. Edited by P.C. Jain et al.

(World Scientific, Singapore, 1985) 473-475.

For Al samples in which He bubbles are introduced by irradiation with 600 MeV 

protons at temperatures of 120-140°C it appears possible to establish a re

lation between the lifetime of trapped positrons and the density of He in the 

bubbles. In angular correlation spectra for samples irradiated at higher tem

perature (430°C> a narrow peak is observed. This is taken as a signature of 

positronium formation, interpreted to he a result of transmutation produced 

Na segregating at the surface of the He bubbles.

Real Time Texture Experiments.

D. Juul J e n s e n , In: Neutron Scattering in the 'Nineties. 

Proceedings of the IAEA Conference: Neutron Scattering in 

the 'Nineties, Jiilich, 14-18 January 1985 (International 

Atomic Energy Agency, Vienna, 1985) (STI/PUB 694) 293-300.

A technique for fast in-situ texture determination by neutron diffraction is 

described. The basic instrument is a variable wavelength neutron spectrome

ter modified to incorporate a linear position-sensitive detector and a fully 

automatic Euler goniometer. At present a complete textural analysis with an 

accuracy of 2-3% determined by counting statistics, requires from 15 to 30 

minutes measuring time depending on the sample material. By on-line recording 

of the change in texture, which commonly accompanies such processes as de

formation, recrystallization and grain growth in crystalline materials, in

formation about the process and its kinetics is obtained. This is illus

trated by in-situ kinetic investigations of recrystallization and grain 

growth in various polycrystalline metals; the potential of the technique for 

problems related to metallurgical practice is demonstrated by an approach of 

texture tailoring in commercially pure aluminium.

Effect of Thermal Processing on the Texture and Microstructure

of Aluminium.

D. Juul Jensen and N. H an s e n , In: Strength of Metals and 

Alloys. Proceedings of the 7th International Conference on 

the Strength of Metals and Alloys, Montreal, Canada, 12-16 

August 1985. Edited by H.J. McQueen et al. Vol. 1 (Perga- 

mon Press, Oxford, 1985) 263-268.



The effect of different heat-treatments on the textural and microscopical 

development during recrystallization of heavily deformed commercially pure 

aluminium was studied using in-situ neutron diffraction texture measurements 

and various microscopical techniques. During annealing the intensity of the 

cube texture was measured on-line whereby direct information about the tex

tural development was obtained. For the fully recrystallized specimens the 

complete texture, in the form of a three dimensional orientation distri

bution function (ODP) was determined and the volume fraction of the main 

texture components was calculated. It was found that parameters such as an

nealing temperature and time plus heating rate had a significant effect on 

the recrystallization texture.

New Neutron Scattering Instruments at Risø National Laboratory: 

A Multipurpose Spectrometer and the SANS Facility.

B. Lebech, T. Freltoft, D. Juul J en s e n , C. Broholm, K. 

Clausen, L.G. Jensen, J.K. Kjems and K. Mortensen, In: 

Seminar on Applied Research and Service Activities for 

Research Reactor Operations, Copenhagen, 9-13 September 

1985. Extended Synopses, IAEA-SR-119 (1985) 61-62.

Two neutron scattering instruments recently installed at the DR 3 reactor at 

Risø National Laboratory is described and ev.amples of experimental results 

are given.

Texture Development During Recrystallization of Aluminium 

Containing Large Particles.

D. Juul J e n s e n , N. Hansen and F.J. Humphreys, Acta Metall. 

33 (1985) 2155-2162.

The recrystallization process in heavily deformed commercially pure aluminium 

containing large intermetallic particles was studied by in situ neutron dif

fraction texture measurements and various microscopical techniques including 

texture measurements in local areas and simultaneous determination of size 

and orientation of individual grains. The formation and growth of recrys

tallization nuclei at the particles and in the matrix were examined by cor

relating the measured change in texture to the observed change in microstruc

ture. It was found that prolific nucleation of grains having a wide spread 

of orientations takes place close to larger particles or clusters of par

ticles early in the recrystallization process. The texture of fully recrys

tallized material, however, contains only a relatively weak random component 

showing that the randomisation effect of the particles was limited. This was 

ascribed to a slower growth of randomly oriented grains compared with those 

with other orientations.



Testing of Power Reactor Fuel Types in the DR 3 Reactor at

Risø.

P. Knudsen and I. Mis fe ld t, In: Seminar on Applied Research 

and Service Activities for Research Reactor Operations, 

Copenhagen, 9-13 September 1985. Extended Synopses, IAEA- 

SR-119 (1985) 69. Also available as full paper.

From the beginning of the Danish Fuels Development Program, it has been im

portant to test U02~Zr fuel pins under realistic conditions, i.e. at tempera

ture and coolant conditions as in a power reactor. This is possible with the 

high-pressure rigs simulating BWR conditions. More than 200 test fuel pins 

have now been irradiated in DR 3 to burnups up to 70.000 MWD/tU. This program 

comprises standard BWR and PWR designs, advanced fuel designs such as LOWI 

(low interaction), i.e. a special duplex pellet, power ramp tests at signi

ficant burnup levels etc. Significant use of the DR 3 facilities is also 

being made in the current, internationally sponsored "RISØ Transient Fission 

Gas Release Project", with the objective to study the kinetics of fission gas 

release in high-burnup fuel. Segments from previously irradiated UC>2-Zr fuel 
pins are refabricated in the hot cells and mounted with pressure transducers. 

During transient testing in the DR 3 reactor at Risø, the change in internal 

pin pressure is monitored continuously. Before and after the transient test

ing, the fuel is characterized extensively in the hot cells, as a supplement 

to the observations during the irradiation. The pressure transducer of a test 

fuel pin is connected to a fully computerized measuring and data acquisition 

system. This system allows measuring of power and pressure in the experiments 

with high accuracy. Techniques have been developed for the derivation of gas 

release in fractions of the produced fission gas with overall accuracies 

better than 1% of the gas inventory. Releases down to 0.1% can be followed 

with a resolution in time of less than 1 minute. The dr 3 facilities are well 

suited for both general fuel performance evaluation and special projects, 

because they are simple in design and reliable in operation. Also, the DR 3 

reactor and Risø's Metallurgy Department, including the hot cells, are close 

to each other. This enables a quick feedback of test results as input to the 

planning of new investigations.

Computer Simulation of the Elastic-Plastic Transition in a

Taylor Polycrystal.

T. Leffers and O.B. P e d er se n , In: Strength of Metals and 

Alloys. Proceedings of the 7th International Conference on 

the Strength of Metals and Alloys, Montreal, Canada, 12-16 

August 1985. Edited by H.J. McQueen et al. Vol. 1 (Perga- 

mon Press, Oxford, 1985) 275-280.



A computet model £or the simulation of the plastic deformation of polycrys

tals is described. It includes elastic-plastic transition together with tex

ture evolution and work hardening of individual grains. The model is also 

capable of reversing strain and stress, i.e. it can perform a Bauschinger 

experiment. Stress-strain curves for tensile deformation of f.c.c. Taylor 

polycrystals obtained with the model are shown in the present work. The ob

served permanent softening in the computer Bauschinger experiments demon

strates that the effect of the elastic-plastic transition is not limited to 

a narrow transition range.

Creep of Fibrous Composite Materials.

H. Li l h o l t , Comp. Sci. Techn. 22_ ( 1985) 277-294.

Models are presented for the creep behaviour of fibrous composite materials 

with aligned fibres. The models comprise both cases where the fibres re

main rigid in a creeping matrix and cases where the fibres are creeping in 

a creeping matrix. The treatment allows for several contributions to the 

creep strength of composites. The advantage of combined analysis of several 

data sets is emphasized and illustrated for some experimental data. The 

analysis show that it is possible to derive creep equations for the (in 

situ) properties of the fibres. The experiments treated include model sys- ' 

terns such as Ni+W-fibres, high temperature materials such as Ni+Ni3Al+Cr3C 2~ 
fibres, and medium temperature materials such as Al+SiC-fibres. For the 

first two systems reasonable consistency is found for the models and the ex

periments, while for the third system too many unquantified parameters exist 

and further studies seem necessary.

Højstyrkematerialer (High Strength Materials).

H. Lilholt and G. Skjelsager (editors), Proceedings of 

Dansk Metallurgisk Selskabs Vintermøde, 7-9 January 1985 

(Dansk Metallurgisk Selskab, Lyngby, 1985) 327 pp.

Mekaniske egenskaber af metaller forstærket med fibre. (Mechan

ical Properties of Metals Reinforced with Fibres).

H. L il h ol t, In: Højstyrkematerialer (High Strength M a 

terials). Dansk Metallurgisk Selskabs Vintermøde, Ring

købing, 7-9 januar 1985. Edited by H. Lilholt and G. 

Skjelsager. (Dansk Metallurqisk Selskab, Lyngby, 1985) 

207-223.



A brief overview is given of practical materials within the Eield of metal 

matrix composites and their fabrication. Mechanical properties are described 

vith emphasis on density, stiffness, strength and fracture toughness. The 

creep behaviour of metal matrix composites is described on the basis of ex

isting models.

Comment on the Diffusion of Fission Gas in U O 2 During Power 

Transients at High Burn-up.

I. Misfeldt, J. N u c l . Mater. 135 (1985) 286-287.

Important data for the increased understanding of the mechanisms leading to 

the release of fission gas from high burn-up fuel were obtained within the 

internationally sponsored RISØ Fission Gas Project. In order to utilize 

these data for the improvement of fuel modelling codes the local release and 

swelling data must be correlated with local temperatures. The basis for the 

calculated temperatures are presented and it is shown that the combination 

of experimental data and calculated temperatures leads to surprising results 

regarding the effective diffusion of fission gas during a transient. The ex

periments suggest that the effective diffusion during a power transient, at 

least at high burn-up, is strongly enhanced compared with steady state con

ditions.

Local Fission Gas Release and Swelling in Water Reactor Fuel 

During Slow Power Transients.

M. M o ge ns e n, C.T. Walker, I.L.F. Ray and M. Coquerelle, J. 

Nucl. Mater. 1_31_ ( 1985) 162-171.

Gas release and fuel swelling caused by a power increase in water reactor 

fuel (burn-up 2.7-4.5% FIMA) is described. At a bump terminal level of about

400 W/cm (local value) gas release was 25-40%. The formation of gas bubbles

on grain boundaries and their degree of interlinkage are the two factors that 

determine the level of fission gas release during a power bump. Release be

gins when gas bubbles on grain boundaries start to interlink. This occurred 

at r/rQ ~ 0.75. Release tunnels were fully developed at r/rQ ~ 0.55 with the

result that gas release was 60-70% at this position.

Longitudinal Variation in the Fractional Release of Fission 

Product Xe and Cs From UO 2 Pellets.

M. Mogensen and C.T. Walker, In: Nuclear Fuel Performance. 

Proceedings of the Nuclear Fuel Performance Conference in 

Stratford-upon-Avon, 25-29 March 1985 Vol. 1 (British N u 

clear Energy Society, London, 1985) 333-335.



The distribution of xenon and caesium in a water reactor fuel pellet has been 

measured by electron probe microanalysis. The fractional xenon release was 

found to be 14% at the pellet ends compared with 28% at the mid-pellet posi

tion. At the mid-radial position, the concentration of retained xenon de

creased sharply within 1 mm of the pellet ends after which it did not change 

significantly. The axial concentration profile for caesium exhibited a simi

lar trend to that for xenon.

Properties of LiCl Solid Electrolyte Layers Formed on Electrodes 

in LiAlCl4/ S O C l 2 Liquid Cathodes.

M. M o g e n s e n , In: Transport-Structure Relations in Fast Ion 

and Mixed Conductors. Proceedings of the 6 th International 

Symposium on Metallurgy and Materials Science, Risø, 9-13 

September 1985. Edited by F.W. Poulsen et al. (Risø National 

Laboratory, Roskilde, 1985) 233-241.

A thin layer of LiCl is formed on a lithium electrode exposed to a thionyl 

chloride liquid cathode. This layer acts as a solid electrolyte in the lith

ium thionyl chloride battery. This paper describes ac impedances of such 

LiCl solid electrolyte layers. Measurements were performed regularly from 

about 1 h to 3 months after exposure of the lithium electrode during which 

time the thickness of the LiCl layer increased from 20 to 700 nm. During the 

entire period the layer impedance exhibited three parallel impedance elements: 

ohmic resistance, capacitance and constant phase admittance. The literature 

about the formation of LiCl on Li in SOCI2 and the properties of the solid 
electrolyte layer is briefly reviewed and compared with the information which 

could be derived from the ac-impedance measurements.

The A.C. Response of Lithium, Stainless Steel, and Porous Carbon 

Electrodes in Thionyl Chloride Solutions.

M. M o g e n s e n , Journal of Power Sources J4_ (1985) 123-1 27.

Impedance measurements on Li electrodes in SOCI2 electrolytes indicate that 

the structure of the passivating surface layer formed in 1.8 M LiAlCl4 dif
fers from that formed in 1.8M AICI3, 1.2M LiCl, 0.6 M S02. Also, porous car

bon electrodes are found to behave differently in these two electrolytes. 

Unpolarised stainless steel electrodes show a 67° constant phase angle im

pedance over a wide frequency range whereas polarised to 0 mV vs. Li the im

pedance diagram is very similar to that of Li. Finally, it is found that pas

sivation may develop differently for Li pressed onto stainless steel from 

that of Li pressed onto glass.



Variations in Lithium Electrode Passivation Rate with S O C I 2 

Catholyte Composition and Temperature. Abstract from the Elec

trochemical Society Meeting, Las Vegas, 13-18 October 1985.

M. Mo g e n s e n ,, J. Electrochem. Soc. 1 32 ( 1985) 343 C.

The passivation of lithium electrodes in acid and neutral SOCI2 solutions of 
LiCl, AlClj, and SC>2 were monitored by ac impedance measurements. Li elec

trodes were followed through 3 years. In the acid S02~containing catholyte, 
the Li impedance was about 100 times lower than in the neutral solution during 

most of the period. At increased temperatures (25°-55°C), the passivation 

rate developed differently for acid and neutral catholytes. It was revealed 

from the impedance spectra that the differences probably were due to differ

ences in the structure of the passivating layers rather than to differences 

in LiCl dissolution rate.

Behaviour of Viscoelastic-Viscoplastic Spheres and Cylinders - 

Fully Plastic Vessel Walls.

N. Saabye O t t o s e n , Int. J. Solids Struct. 2J (1985) 561— 

572.

The material model consists of a viscoelastic Burgers element and an addi

tional viscoplastic Bingham element when the effective stress exceeds the 

yield stress. For fully plastic vessel walls, exact closed-form expressions 

are derived for the stress and strain state in pressurised or relaxation 

loaded thick-walled cylinders in plane strain and spheres. For the spherical 

problem, the material compressibility is accounted for. The influence of the 

different'material parameters on the behaviour of the vessels is evaluated.

It is shown that the magnitude of the Maxwell viscosity is of major import

ance for the long-term behaviour of thick-walled fully plastic vessels.

Behaviour of Viscoelastic-Viscoplastic Spheres and Cylinders - 

Partly Plastic Vessel Walls.

N. Saabye O t t o s e n , Int. J. Solids Struct. 21_ ( 1985) 573- 

595.

The material model consists of a viscoelastic Burgers element and an addi

tional viscoplastic Bingham element when the effective stress exceeds the 

yield stress. For partly plastic vessel walls, expressions are derived for 

the stress and strain state in pressurised or relaxation loaded thick-walled 

cylinders in plane strain and spheres. For the spherical problem, the ma

terial compressibility is accounted for. The influence of the different ma

terial parameters on the behaviour of the vessels is evaluated. It is shown 

that the magnitude of the Maxwell viscosity is of major importance for the 

long-term behaviour of thick-walled partly plastic vessels.



Nonlinear Subincremental Method for Determination of Elastic- 

Plastic-Creep Behaviour.

N. Saabye Ottosen and O. Gunneskov, Int. J. Numer. Methods 

Eng. 21. (1985) 2237-2256.

The frequently used subincremental method has so Ear been based on a linear 

interpolation of the total strain path within each main step. This method has 

proven successful when elastic-plastic behaviour and secondary creep is in

volved. The present paper proposes a nonlinear subincremental method applic

able to general elastic-plastic creep behaviour including problems with a 

highly nonlinear total strain path caused by the occurrence of creep harden

ing. This nonlinear method degenerates to the linear approach for elastic- 

plastic behaviour and when secondary creep is present. It is also linear 

during step loadings and it becomes increasingly more nonlinear, the more 

creep hardening deformations dominate the behaviour. A wide range of struc

tures are analysed and the results from both subincremental methods are com

pared; the nonlinear strategy increases the accuracy by a factor of typically 

3-5 without affecting the comuuter time. Moreover, the implementation of the 

nonlinear method is extremely simple. The optimum number of substeps in each 

main step is found to be around 5. For such a choice, the advantage of using 

the subincremental method as compared to the more conventional solution tech

nique, where only one type of time step is used, is a significant reduction 

in computer time.without, in practice, affecting the accuracy.

O n •the Hydrogenation Mechanism in Magnesium I.

A. Schrøder P e d e r s e n , ,J. K jø ller, B. Larsen and B. .Vige- 

.h o l m , Int. J. Hydrogen Energy U)_ (1985) 851-857.

The first'time hydriding of spherical magnesium particles covered by a thin 

oxide layer and sieve-fractionated into narrow size distributions within the 

range 40-90 pm was followed by microgravimetry. The size distributions of the 

fractions were determined by semiautomatic image analysis. The hydridings • 

were run at 402°C and 3 MPa hydrogen pressure after heating in helium. A de

pendence of the rate of hydridation on the heat treatment prior to reaction 

was observed and it is proposed that the heat treatment causes oxygen atoms 

■ to diffuse into the bulk metal and thereby breaks up the protective oxide 

layer. Based on the observed hydride propagation in the metal particles a 

statistical model for the hydriding of a particle is applied to the hydrida- 

. tion curves for a series of samples. The data are found to be in fine agree

ment with the proposed model. It is concluded that care must be taken when 

generalizing results from the hydridation of magnesium powders.



A Positron Annihilation Study of the Plastic Crystal Cy clo

octane .

J. Bruce, J.N. Sherwood, N.J. Pedersen and M. E ldrup, In: 

Proceedings of the 7th International Conference on Posi

tron Annihilation, New Delhi, 6-11 January 1985. Edited by 

P.C. Jain et al. (World Scientific, Singapore, 1985) 181- 

183.

Positron lifetime and Doppler broadening measurements were carried out on 

cyclooctane in its brittle (T < 166.5 K), its plastic (166.5 < T <288 K) and 

its liquid (T > 288 K) phases. In the plastic phase 4 lifetime components 

were resolved, the two longer ones (~ 1.6±.2 and 2.78 ns) associated with 

o-Ps in the bulk and trapped in vacancies, respectively. Prom the lifetime 

and intensity variations in the plastic range a vacancy formation energy of 

0.16±0.05 eV was derived, which is lower than previous estimates. The life

time of o-Ps in a vacancy is shorter than expected. This may suggest stronger 

lattice relaxation around a vacancy in cyclooctane than in other crystals 

studied so far.

Dual phase ståls plasticitet (The Plasticity of Dual Phase 

S t e e l ) .

O.B. Pe d e r s e n , In: Højs tyrkematerialer (High Strength 

Materials). Dansk Metallurgisk Selskabs Vintermøde, Ring

købing, 7-9 januar 1985. Edited by H. Lilholt and G. 

Skjelsager (Dansk Metallurgisk Selskab, Lyngby, 1985) 225- 

232.

The preparation of dual phase steels by austenite-martensite transformation 

and their advantageous combination of high strength and ductility are de

scribed. The plasticity of dual phase steels is incompletely understood. A 

model in which the martensite phase does not deform plastically is consistent 

with recent experimental data. It is suggested that measurements of residual 

stresses by neutron diffraction may provide useful information on the plas

ticity of dual phase steels.

Mean Field Theory and the Bauschinger Effect in Composites.

O.B. P e d e r s e n , In: Fundamentals of Deformation and Frac

ture. Proceedings of the Eshelby Memorial Symposium, 

Sheffield, 2-5 April 1984. Edited by B .A . Bilby et al. 

(Cambridge University Press, Cambridge, 1985) 129-144.



The development of a rigorous mean field theory for dense thermoelastic com

posites from J.D. Eshelby's independent inclusion approximation for dilute 

elastic composites is outlined. The concept of an effectively uniform plastic 

strain in the matrix enables the mean field theory to give an accurate quan

titative account of mean phase stresses measured by X-ray diffraction in me

tallic fibre composites. The mean in-situ friction stress in the matrix can 

be understood as an addition of plastic friction due to misfits equivalent 

with Orowan loops and elastic friction due to misfits arising from elastic 

heterogeneity. An analysis suggests that the plastic friction may be meas

ured separately in a Bauschinger experiment if elastic friction adds linear

ly to plastic friction.

Residual Stresses and the Strength of Metal Matrix Composites. 

O.B. P e d e r s e n , In: Proceedings of the 5th International 

Conference on Composite Materials, San Diego, 29 July - 1 

August 1985. Edited by W.C. Harrigan Jr. et al. (The 

Metallurgical Society, Inc., Warrendale, Pennsylvania,

1985) 1-20.

Possible relationships between residual stresses in metal matrix composites 

and observed constraint effects are discussed. Residual stresses measured by 

X-ray diffraction can be described in terms of a simple continuum model if 

stress relaxation accompanies deformation and hardening. The model demon

strates that the flow stress is split into separate mean stress and friction 

stress components arising from elastic and plastic heterogeneity. The rate 

of stress relaxation depends on the size of the inclusions.

Composite Electrolytes.

F.W. Po u l s e n , In: T r an sp o rt-Structure Relations in Fast 

Ion and Mixed Conductors. Proceedings of the 6 th Risø In

ternational Symposium on Metallurgy and Materials Science, 

Risø, 9-13 September 1985. Edited by F.W. Poulsen et al. 

(Risø National Laboratory, Roskilde, 1985) 67-78.

Composite electrolytes are heterogeneous solid systems featuring ionic con

ductivity. The systems revitv.'ed here are those where conductivity enhance

ments are observed compared to the conductivity of the individual phases 

making up the composite. Three different mechanisms leading to increased con

ductivity can be distinguished: space charge effects, adsorption effects and 

formation of new phases. Fabrication, structure and models of composite elec

trolytes are reviewed. Future experimental and theoretical trends in this 

field are finally sketched.



Conductivity Dependence of Alumina Surface Area for Lil-Alumina 

Composites.

F»W. Poulsen and P.J. Møller, In: Transport-Structure R e 

lations in Fast Ion and Mixed Conductors. Proceedings of 

the 6 th Risø International Symposium on Metallurgy and M a 

terials Science, Risø, 9-13 September 1985. Edited by F.W. 

Poulsen et al. (Risø National Laboratory, Roskilde, 1985) 

159-164.

Ionic conductivity data are given for 6 Lil-alumina composites (60:40 mole 

ratio) as a function of alumina surface area. The alumina had been charac

terized by the bet method prior to the composite electrolyte preparation. 

Specific areas in the range from 2-150 m2/g were obtained. It seems likely 

that high surface area alumina exerts a small doping effect on Lil in addi

tion to the well-known strong conductivity enhancement.

Ionic Conductivity of Solid and Molten Lithiumthiocyanate and 

Its Hydrate.

F.W. Poulsen-, Acta Chem. Scan. A39 (1985) 290-292.

The monohy^rate of LiSCN could not be prepared. The temperature variation of 

the conductivity of anhydrous LiSCN has some resemblance to the lithium halide 

family, irrespective of the fact that LiSCN has a different structure. The 

conductivity of LiSCN below the melting point of Li-metal (179°C) is too low 

for the compound to be useful in solid electrolyte batteries. The X-ray pow

der diffraction patterns of LiSCN and LiSCN-2H20 are reported for the first 

time.

Lil-Alumina Composites.

F.W. Poulsen and N.H. A n d er se n, In: Advanced Battery D e 

velopment. Edited by A. Hooper. AERE-G-3364 (AERE Harwell, 

UK, 1985) 5-10.

The work on Li-ion conducting composite electrolytes has resulted in two 

major advances. Fabrication of Lil-Al203 composites via the impregnation of 
porous alumina aggregates by molten Lil yields better reproducibility and 

higher ionic conductivities compared with earlier slurry/evaporation methods. 

Secondly, the composition which yields the highest conductivity can be cal

culated, a priori, based on a "pore-model" developed during this work.



Transport-Structure Relations in Fast Ion and Mixed Conductors. 

F.W. P o u l s e n , N. Hessel An d e r s e n , K. Clausen, S. Skaarup 

and 0. Toft Sørensen (editors). Proceedings of the 6 th 

Risø International Symposium on Metallurgy and Materials 

Science, Risø, 9-13 September 1985 (Risø National Labora

tory, Roskilde, 1985) 491 pp.

The emphasis of the book is on up-to-date studies of charge and mass trans

port through the lattice, and across internal/external boundaries. This in

cludes the special effects associated with complex interface morphologies.

The following subjects are covered in review form: ion transport in poly

meric, composite, glass and mixed conductors; lithium insertion in oxides; 

oxygen ion conduction; ion transport in frame work structures; selection of 

solid electrolytes for technological applications; computer simulation of 

superionic conductors. Recent developments in the characterisation of Li,

Na, Ag, H, F and 0 ion conductors are presented in a number of contributed 

papers.

Bubble Nucleation in Grain Interior and Its Influence on Helium 

Accumulation at Grain Boundaries.

A.J.E. Foreman and B.N. S i n g h , J. Nucl. Mater. 133/134 

(1985) 451-454.

The abstract appeared in the annual report for 1984, p. 70.

Inhomogeneous Microstructural Growth by Irradiation.

K. Krishnan, B.N. Singh arid T. L e f f e r s , J. Nucl. Mater. 

133/134 (1985) 439-443.
*

The abstract appeared in the annual report for 1984, p. 71.

Defects in Metal-Deficient Oxides: Wiistite, Fe^-yO.

0. Toft Sørensen and M. El-Sayed Ali, Risø-R-505 (Risø 

National Laboratory, Roskilde, 1985) 22 pp.

A new set of thermodynamic equations relating the degree of nonstoichiometry, 

y, to the equilibrium oxygen pressure is derived for typical defects in 

grossly nonstoichiometric m#tal-deficient oxides, taking the change in the 

activity of the host cations with increasing defect concentration into ac

count. Using these equations the possible types of defects for the Fe]_yO



(Wiist ite)-system are evaluated from the thermogravimetric data previously 

published by Bransky and Hed. From this study several defects appeared to be 

possible for the different nonstoichiometric subregions of this oxide and in 

order to select the most probable one' the long-range order obtained by a 

systematic packing of the defects in the host lattice is analysed. In ac

cordance with previous studies, this analysis showed that the nonstoichio

metric phase region of Fei-yO consists of several subphases of characteristic 

defect structures each of which is tentatively identified in the present 

work.

Electrical Conductivity, Defect Structure and Density in the

Ceria-Gadolinia System.

K. Heggestad, J.L. Holm and O. Toft S ø r en se n, Risø-M-2478 

(Risø National Laboratory, Roskilde, 1985) 23 pp.

Previous studies on the ceria-gadolinia system have mainly been done on ox

ides rich in ceria. The purpose of the present work is therefore to establish 

how the conductivity, density and structure depend on the gadolinia content 

especially at high doping levels. Five different compositions were examined: 

Cei_x Gdx02-x/2 with x = 0.1, 0.3, 0.5, 0.7 and 0.9. Oxide powders of these 

compositions were prepared by homogeneous precipitation of carbonates by 

hydrolysis of urea followed by calcination in air. Specimens were prepared 

by pressing and sintering in air at 1550°C. Conductivity measurements on 

discs cut from the sintered specimens in the temperature range 400-9C0oC 

showed that the oxygen-ion conductivity decreases with increasing gadolinia 

content with a corresponding increase of the activation enthalpy for oxygen- 

ion migration. A model describing the variation of the theoretical density 

in this system is presented. From this model the densities of the sintered 

specimens was found to be in the range 93-99% TD. Finally X-ray diffraction 

on the calcinated powders showed that fee single-phase material exists up to 

about x = 0.4 after which a bcc phase is formed.

Evaluation of Dilatometric Techniques for Studies of Sintering

Kine ti cs .

M. El-Sayed Ali and O. Toft Sø r e n s e n , Risø-R-521 (Risø 

National Laboratory, Roskilde, 1985) 15 pp.

The kinetics of the initial sintering stage of CeO2 is evaluated by three 
different techniques: constant heating rate dilatometry, constant shrinkage 

rate dilatometry and a new technique recently introduced by the authors 

called Stepwise Isothermal Dilatometry (SID). Comparative measurements with 

these techniques showed that too high activation energies were obtained 

with the two first techniques, both of which can be termed as nonisothermal, 

whereas activation energies comparable to' those reported for cation diffusion 

in other fluorite oxides were obtained with the latter technique. Of the



three techniques SID is thus considered to be the most accurate for studies 

of the sintering kinetics. In contrast to the two nonisothermal techniques 

SID has the further advantage that both the controlling mechanism and its 

activation energy can be determined in a single experiment. From the SID- 

measurement it was concluded that the initial sintering stage of Ce02 is 

controlled by grain-boundary diffusion.

Initial Sintering Stage Kinetics of C e 02 Studied by Stepwise 

Isothermal Dilatometry.

M. El-Sayed Ali and 0. Toft S ø r en se n , Risø-R-518 (Risø 

National Laboratory, Roskilde, 1985) 12 pp.

The kinetics of the initial sintering stage of CeC>2 is studied by a new 
dilatometric technique in which the heating of the sample is controlled by 

its shrinkage rate. By this technique the shrinkage characteristically takes 

place in "isothermal steps" which allows both the mechanism and its activa

tion energy to be determined in a single experiment. The basic equations 

necessary to evaluate the shrinkage data are described, and using these 

equations on the curves recorded for CeOj it is shown that the controlling 

mechanism for the initial sintering stage for these oxides is grain-boundary 

diffusion of Ce4+-ions with an activation energy of 110.4 kcal/mole (5.2 eV). 

The corresponding diffusion coefficient is estimated to vary between 8.5 * 

TO' 17 - 3.1 x 10“ 15 cm2/sec (1005-1099°C).

Lithiumlegeringer til negative elektroder (Lithium Alloys for 

Negative Electrodes).

T. Steen Nielsen and O. Toft S ø r e n s e n , Risø-M-2496 (Risø 

National Laboratory, Roskilde, 1985) 64 pp.

The purpose of this project is to prepare lithium alloys and to characterize 

their electrochemical properties to evaluate their application on solid state 

batteries as negative electrodes. The alloys were prepared in a DTA equipment 

in closed stainless steel crucibles by melting lithium together with the ele

ments from the 2nd, 3rd and 4th main groups and the 2nd side group of the 

periodic system. The electrochemical properties of these alloys were examined 

by cyclic voltametry. Generally their free potentials with respect to lithium 

were +200 - +600 mV, which is the decrease in cell voltage obtained when a 

lithium alloy electrode ir: used instead of pure lithium. The discharge and 

charge rates of the alloys were evaluated from the maximum current densities 

obtained. Compared to 0-LiAl, smaller current densities were generally ob

served for the alloys prepared from the metals oil the 2nd main and side group 
except for LiHg, which however only'contains 3 w/o Li. The alloys from the 

3rd main group, of which Al clso is'a member, all showed about the same cur

rent densities, whereas some of the alloys from the 4th main group gave sig

nificantly higher current densities than B-LiAl. The highest values were ob-



served for the compound Li22Sns, which had a maximum current density three 
times that of B-LiAl. A technique for preparation of thin film LiAl elec

trodes by electroplating lithium on aluminium foils was developed. With this 

technique electrodes with a capacity of 25 C/cm^ could be obtained. These 

electrodes showed much higher current densities than those prepared by melt

ing.

Oxygen Ion Conduction in Solid Oxide Electrolytes with the 

Fluorite Structure.

0. Toft S ø re ns en , 0. Johannesen and K. Clausen, In: T r a n s 

port-Structure Relations in Fast Ion and Mixed Conductors. 

Proceedings of the 6th Risø International Symposium on 

Metallurgy and Materials Science, Risø, 9-13 September 

1985. Edited by F.W. Poulsen et al. (Risø National L a b 

oratory, Roskilde, 1985) 93-117.

Solid oxide electrolytes with the fluorite structure have found many im

portant applications in systems for energy conversion and conservation. After 

a survey of the defect chemistry and the most important equations describing 

the transport properties for these oxides, i.e. their ionic and electronic 

conductivity, their general electrical properties are described. Experimental 

data for various doped oxides are then compared with the theoretical predic

tions and the defect structure derived from transport studies is evaluated 

both for the dilute solution range and the highly defective range at large 

dopant concentrations. In order to evaluate the transport-structure rela

tions of these oxygen ion conductors, the defect structure determined by 

recent quasielastic neutron scattering studies is finally described and com

pared with that deduced from the transport studies.

Stability in Air and Reducing Atmospheres of Ceria-Gadolinia 

Solid Solutions Prepared by Coprecipitation.

S. El Houte and 0. Toft Sør en se n, Risø-M-2495 (Risø National 

Laboratory, Roskilde, 1985) 16 pp.

For the application of doped ceria as solid electrolyte for oxygen monitors 

and fuel cells it is important that these are both chemically and structural

ly stable at high temperatures in air and in strongly reducing atmospheres.

In this work the structural stability of gadolinia doped ceria powders pre

pared by coprecipitation followed by calcination (air, 750°C) were examined 

by X-ray diffraction on samples heat-treated in air in the temperature range 

1000-1500°C. The compositions examined were 5, 8.4, 20.8, 25, 42.6, 50, 75,

90, 95, and 98 w/o G d 20 3. Except for the last two compositions no structural 

changes were observed even after the heat treatment at 1500°C indicating that 

solid solution powders prepared by coprecipitation are generally very stable



in air. Finally, the X-ray di c i.r^ction patterns of the heat-treated powders 

also revealed that the structure of Ce02~Gd203 solid solutions changes with 
increasing Gd203-content as follows: 0-40 w/o, fee single phase; 40-50 w/o 

fee and bcc two phase region; 75 w/o bcc single phase; 95-98 w/o bee single 

phase at 1300°C but bcc +■ monoclinic two-phase region at 1500°C.

Udvikling og afprøvning af iltionledere til iltmåling i røggas 

(Development of Oxygen Conductors for Oxygen-Gas Sensors).

0. Toft S ø r e n s e n , Risø-M-2488 (Risø National Laboratory, 

Roskilde, 1985) 49 pp.

Among the many oxygen conductors known today gadolinia doped ceria has the 

greatest ionic conductivity at lower temperature (~ 500°C). In this project 

the effort has therefore been concentrated on developing methods for fabri

cation and characterization of specimens of these oxides. The fabrication 

methods developed comprises: milling of mixtures of the pure oxides followed 

by pressing and sintering; coprecipitation of cerium-gadolinium oxalates 

followed by calcination, milling, pressing and sintering; and finally co

precipitation of Ce-Gd-carbonates again followed by calcination, milling, 

pressing and sintering. To characterize the electrical properties of speci

mens prepared after these methods, cells were developed to measure emf and 

electrical conductivity (dc- and ac-method) as a function of oxygen pres

sure and temperature. Trom the emf measurements it was concluded that 25 

w/o Gd2C>3 is a suitable composition for oxygen sensors and that the minimum 

temperature for oxygen measurements with ceramic oxygen conductors is about 

600°C. Conductivity measurements by the dc-method in the temperature range 

450-750°C in air showed that maximum conductivity at lower temperature is 

dominated by the grain boundary conductivity, which is smaller than the 

lattice conductivity. Generally the conductivity decreases with increasing 

Gd 2C>3 content corresponding to an increase in the migration activation 

energy. A change in the conduction mechanism was observed at ~ 550°C. Below 

this temperature the oxygen vacancies created by the doping is considered to 

be associated with Gd-lattice ions, whereas the vacancies are considered 

free above this temperature and which explains the observed change in acti

vation energy. In connection with this project more fundamental studies were 

performed on sintering (dilatometric measurements), calcination (thermogravi

metric measurements) and structural changes in the Ce02~Gd203 system (X-ray 

measurements).

Eine Methode zum Polieren von Probekanten bei Faserverbund- 

werkstoffproben (A Method for Edge Polishing of Fibre Composite 

Tensile Test Specimens).

H. T o ft eg a a r d , In: Vortråge, der Tagung Werkstoffpriifung 

1985 am 3. und 4. Dezember 1985 in Bad Nauheim (Deutscher 

Verband fur Materiaxprufung E.V., Berlin, 1985) 355-361.



A method for automatic polishing of edges of fibre composite specimens, using 

a standard polishing equipment and a special specimen holder, is presented. 

Micrographs of undamaged carbon/epoxy, carbon/peek, and glass/epoxy specimens 

together with cracked carbon/epoxy specimens are shown, to illustrate how the 

method can be used.

Characterization of the Whiskerlike Products Formed by Hydriding 

Magnesium Metal Powders.

P.J. Herley, W. Jones and B. V i g e h o l m , J. Appl. Phys. 58 

( 1985) 292-296.

The structure of filamentary crystals produced during the hydriding of mag

nesium powder has been studied in detail. The needles of small dimensions 

(typically 0 .5 pm in diameter) have been identified by electron analytical 

techniques to be oriented microcrystals of metallic magnesium. Their forma

tion has been ascribed to the melting of localized aluminum impurities with

in the bulk magnesium to form a liquid eutectic. In the presence of sublimed 

magnesium vapor and hydrogen (as a carrier gas) a vapor-liquid-solid mech

anism operates to produce a rapid unidirectional extension followed by a 

slower, two-dimensional growth. As a consequence the needle becomes broader 

at the tip. In addition, the tip is surmounted by a small Hg-Al eutectic ag

gregate.

Magnesium Hydride for Load Levelling Energy Storage.

B. V i g e h o l m , In: Synthesis of the Results of the Second R 

& D Programme Within the Energy R & D Programme of the 

Commission of the European Communities (1979-83). Edited 

by G. Imarisio. EUR 9782 EN (Commission of the European 

Communities, Luxembourg, 1985) 208-212.

As a first step towards demonstration of magnesium hydride as a suitable 

energy storage for load levelling we have investigated the cycling perform

ance of finely comminuted magnesium. Commercially available powders of pure 

magnesium with mean particle diameters below approximately 50 pm were cycled 

in pure hydrogen between approximately 0.1 MPa and 3.0 MPa at 400°C. Our in

vestigations have comprised determination of thermodynamic values, observa

tion of hydride reaction with humid air, powder characterization, observa

tion of the particle reaction to continued hydrogen absorption-desorption 

and cycling experiments over 31 to 151 cycles with determination of reaction 

kinetics and absorption-desorption capacity.



LECTURES

Fiberforstærkede materialer: Beregningsmetoder (Fibre Reinforced 

Materials; Methods of Computation).

S .I. A n d e r s e n , presented at Metallurgiafdelingens Industri

dag, Risø, 23 January 1985. (Not available).

Survey of calculational methods to be used in design and verification cal

culations of fibre-reinforced components. Both micromechanic and laminate 

theory as well as finite element calculations are covered.

Tøjningsmålinger på anisotrope materialer (Strain Measurements 

in Anisotropic Materials).

S.I. An d e r s e n , presented at Eksperimentel Mekanikdag, DtH, 

Lyngby, 4 November 1985. (To be published as a Risø-M 

report).

Results on the utilization of built-in conventional strain gauges in meas

urements of strains in fibre-reinforced materials were presented. It was 

shown that serious measuring errors may arise if commercially available 

strain gauges are used in composite materials. The errors, which can be 

corrected for, arise from the anisotropy of the composite materials. The 

magnitude of the errors depends on the degree of anisotropy and is thereby 

strongly material-dependent.

Conductivity Studies on Gadolinia and Europia Doped Ceria.

J.J. B e n t z e n , N. Hessel Andersen and O.T. S ø r e n s e n , pre

sented at the 6 th Risø International Symposium on M e ta l

lurgy and Materials Science, Risø, Roskilde, 9-13 Septem

ber 1985. (Not available).

Electrical conductivity usta have been collected on gadolinia and europia 

doped ceria using 2- and 4-electrode a.c. measurements in three different 

experimental setups. The measurements were performed in air and the tem

perature range covered was 200-1030°C. The 2-electrode measurements made 

it possible to separate lattice conductivity from grain boundary conduc

tivity. This was not possible using the present 4-electrode setup. The 

latter though has the advantage of eliminating the interface (electrode) 

contributions. Conductivity and activation enthalpy for samples of the same



composition but different batches vary strongly, as does the grain boundary 

conductivity. Europia is as good a dopant as gadolinia within the investi

gated composition range, 0-20% EuOi.5 *

Research and Standardization Activities of the Euratom Neutron

Radiography Working Group.

J.C. D o m a n u s , presented at the IAEA Conference on Applied 

Research and Service Activities for Research Reactor O p e r 

ations, Copenhagen, Denmark, 9-13 September 1985. (Pro

ceedings to be published). (Also published as Risø-M-2524, 

Risø National Laboratory, Roskilde, 1985).

Following a general review of the functions of l-.he Eurator. Neutron Radio

graphy Working Group (NRWG) details about the achievements, work in progress 

and future activities of this group are presented. A classification of neu

tron radiographic findings in reactor fuel is given and reference neutron 

radiographs that are prepared according to this classification are reviewed. 

Indicators for the control of neutron beam cctsjjoaenfcs and radiographic 

image quality control are described. The usa of calibration fuel pins and 

the problem of dimensional measurements from neutron rn<3iographs are dis

cussed. Some details are given on the NRWG Tost Program, work on nitrocellu

lose film and terminology.

Positronium Formation in Solids.

M. E l d r u p , presented at the European Works ho p on S p e c 

troscopy of S u b- At om ic  Species in No n- Metallic Solids, 

Paris, 3-7 September 1985. (Not available).

The characteristics of positronium, the bound state of a positron and an 

electron, Ps, are reviewed. The two models proposed for its formation, i.e. 

the spur and the Ore models, are discussed and compared with experimental 

results. It is concluded that both mechanisms seem to give contributions 

to Ps formation in solids, although there are still important details to 

be understood.

Principles of the Positron Annihilation Technique (PAT)

and

Application of PAT in Defect Studies.

M. E l d r u p , presented at the Nato Advanced Study Institute, 

Defects in Sclids - Modern Techniques, Cetraro, Italy, 16- 

27 September 1985. (Proceedings to be published).



The positron annihilation technique was reviewed with special regard to de

fects in solids.

Recrystallization and Textures oE Particle Containing Aluminium 

Alloys.

N. H a n s e n , presented to the Department of Materials Science, 

School of Engineering and Applied Science, University of 

Virginia, 8 August 1985. (Not available).

The structural evolution from the formation of recrystallization nuclei to 

grain growth after recrystallization was presented. Kinetic data obtained 

by texture measurements were introduced and compared with observations 

based on other techniques. Finally nucleation and grain growth under the 

effect of dispersed particles was discussed.

Decomposition Kinetics in the Superalloy Nimonic PE16 and the

System NiAlTi Investigated by TEM, FIM and SANS.

W. Hein, H.P. Degischer, D. Juul J e n s e n , H. Strecker, W.

Wagner, R.P. Wahi and H. W o l l en be r ge r, presented at the

IAEA Conference on Atomic Transport and Defects in Metals, 

Jiilich, FRG, 4 October 1985 (Proceedings to be published).

Ni-based superalloys are strengthened by the Ll2~ordered Y'-Ni3(Al,Ti) 
phase. From TEH investigations it is known that the coherent y' -precipi

tation shows the behaviour of classical Ostwald ripening. Such a quantita

tive TEM analysis is restricted to mean diameters larger than about 10 nm; 

for smaller precipitates the size distribution extends by a considerable 

portion beyond the visibility limit. To obtain an insight into the precipi

tation at earlier stages with the aim to cover the nucleation and growth 

regime prior to the onset of coarsening, we combined TEH with Small Angle 

Neutron Scattering (SAMS) and analytical Field Ion Microscopy (FIM). Nimonic 

alloy PE16 and a -y'-model alloy of the ternary NiAlTi system, Ni-5.0 ot.% 

Al-5.8 at.% Ti were investigated. FIM as well as TEM yield information on 

the precipitate morphology, size distributions and, by use of the atom 

probe device, the two phase compositions. The SANS measurements, analysed 

by model calculations and by dynamical scaling, allow to determine average 

precipitate size and interparticle distance. An interactive combination of 

all the results turns out to be essential for a well-founded evaluation of 

the undergoing processes.



Fast Texture Measurements by Neutron Diffraction. Instruments 

and Examples of Application.

D. Juul J e n s e n , presented to the Atomic Energy of Canada 

Limited, Chalk River Nuclear Laboratories, Canada, 9 August 

1985. (Not available).

A technique for fast in-situ texture determination by neutron diffraction 

is described. By an on-line recording of texture changes, information about 

metallurgical processes can be obtained if such processes are accompanied 

by a change in texture. This is illustrated by kinetic investigations of 

recrystallization in various polycrystalline metals; the potential of the 

technique for problems related to metallurgical practice is demonstrated by 

an approach of texture tailoring in commercially pure aluminium.

Fast Texture Measurements by Neutron Diffraction. Instruments 

and Examples of Application.

D. Juul J e n s e n , presented at the Hahn-Meitner Institute, 

Berlin, FRG, 15 May 1985. (Not available).

Same abstract as above.

Fast Texture Measurement by Neutron Diffraction Using a Linear 

Position Sensitive Detector.

D. Juul J e n s e n , presented at the Workshop on Experimental 

Techniques of Texture Analysis, Clausthal-Zellerfeld, FRG, 

26 March 1985. (Proceedings to be published).

A technique for fast in-situ texture determination by neutron diffraction 

is described. The application of the technique is illustrated by in-situ 

kinetic investigations of recrystallization and grain growth in various 

polycrystalline metals. And its potential for problems related to metallur

gical practice, is demonstrated by an approach of texture tailoring in com

mercially pure aluminium.

Neutron Diffraction Texture Measurements as a Tool for the In

vestigation of Recrystallization Kinetics.

D. Juul J e n s e n , presented at the GKSS-Forschunqszentrum, 

Geesthacht, FRG, 7 November 1985. (Not available).



A technique for East in-situ texture determination by neutron diEEraction 

is described. By an on-line recording o£ texture changes, kinetic inEorma- 

tion about metallurgical processes can be obtained if such processes are 

accompanied by a change in texture. This is illustrated by an investigation 

oE recrystallization o£ commercially pure aluminium and various kinetic 

models describing the results are discussed.

Copper and Nickel Containing High Concentrations o£ Krypton

Studied by Positron Annihilation.

K.O. J e n s e n , M. Eldrup and J.H. Evans, presented at the 

Spring Meeting of the Solid State Section of the Danish 

Physical Society, Copenhagen, 15 May 1985. (Not available).

He Bubbles in Metals Studied by Positron Annihilation.

K.O. J e n s e n , presented at the University of Juvaskylå, Fin

land, 29 November 1985. (Not available).

Noble Gas Bubbles in Metals Studied by Positron Annihilation.

K.O. J e n s e n , presented at the Summer School on Solid State 

Physics, Konnevesi, Finland, 12-16 August 1985.

Study of He Bubbles in Metals by Positron Annihilation.

K.O. J e n s e n , presented at Helsinki University of Te chnol

ogy, Helsinki, 5 December 1985.

The Risø Fission Gas Projects.

P. K n u d s e n , presented to Kerntechnisches Geselschaft (FRG) 

during the Annual Meeting on Performance of Fuel and 

Cladding Material Under Reactor Operating Conditions, KfK, 

Karlsruhe 28-29 November 1985. Available on request (8 p p ). 

(To be published in a KfK-report).

The desira to improve fuel utilization has created a growing interest in 

extending the burnup of LWR fuel. As a result, fuel performance data are 

needed at increasing burnup levels to, say, 45,000 MWD/tU and beyond.

Fission gas release (FGR) is one o£ the important Eactors, especially Eor



power increase (transients) late in life, because even moderate increases 

can then lead to important releases. The now completed "RISØ Fission Gas 

Project" (1980-1981) provided important data on FGR in power transients. A 

series of U02~Zr fuel pins were base-irradiate'd to 27,000-36,000 MWD/tU 

(peak pellet 44,000 MWD/tU) and then transient tested to peak pellet powers 

of 300-440 W/cm. The hold time was mostly 24 h. FGR was measured non-de- 

structively before and after the testing. Extensive local measurements in

cluded whole-pellet retained gas analysis, radial Xe and Cs distribution 

by electron probe micro analysis (EPMA), radial Cs-137 distributions by 

micro-gamma scanning, and microstructural examinations including porosity 

distribution analysis. There is a clear interest in data on the kinetics 

of FGR in operational power transients. Such data are now being generated 

in the current "RISØ Transient Gas Release Project" (1982-86), where the de

velopment of the internal pin pressure is monitored continuously during a 

transient test. Two kinds of BWR-type fuel are being tested, with almost all 

tests in the burnup range of 30,000-40,000 MWD/tU. with a few exceptions, the 

transient power levels are in the range 400-425 W/cm, using several types of. 

transient power history. Also in this project, extensive hot cell examina

tions after base-irradiation and after transient testing are performed. This 

includes radial Xe distributions by x-ray fluorescence analysis (XRF) which 

measures all Xe, in contrast to EPMA which gives Xe in the UO2 matrix and 
in very small bubbles but not in the larger grain boundary porosities. So 

far, it has not been possible to perform transient tests with direct meas

urement of the fuel temperature, using fuel that has been base-irradiated in 

a power reactor. Risø has, therefore, started a development of a technique 

to instrument previously irradiated fuel segments with fresh thermocouples. 

Preparations are now well underway for a new Risø project where selected 

tests will be instrumented with fuel thermocouples by this new technique.

It is the intention to include both BWR- and PWR-type fuels (partly standard 

U0 2» partly U02_Gd2O 3 ), the major test parameters are proposed to be transi

ent power levels up to 500 W/cm and burnup to 50,000 MWD/tU. The sponsors 

of the above projects are fuel suppliers, utilities and safety and research 

organizations (including Risø).

Intergranular Stresses in Polycrystals.

T. L ef f e r s , presented to the Atomic Energy of Canada Lim

ited, Chalk River Nuclear Laboratories, Canada, 9 August 

1985. (Not available).

The magnitude of the intergranular stresses (i.s.) derived from the differ

ent models for polycrystal deformation is discussed. The Taylor model as 

one extreme would produce rather large i.s., whereas the other extreme, the 

"modified Sachs model", would produce rather small i.s. The experimentally 

observable effects of i.s. , the Bauschinger effect in particular, are dis

cussed in terms of a new computer model. Preliminary results on copper in

dicate that the actual i.s. are substantially smaller than those predicted 

from the Taylor model.



Fiberfors teerke t plast (Fibre Reinforced Plastics).

Aa. L y s t r u p , presented in the TV broadcast Leksiekassen 

edited by Bente Troense, Danmarks Radio, 8 May 1985. (Not 

a v a i l a b l e ).

A short description of fibre-reinforced plastics is given. Fibres, matrix 

and soma samples are shown to illustrate the possibility of designing the 

properties of the materials. Finally, the use of fibre-reinforced plastics 

for sports equipment is discussed.

Fiberforstærket trykbeholder (Fibre Reinforced Pressure Vessels). 

Aa. L y s t r u p , presented in the TV broadcast Gas på bilen 

edited by Lasse Majbom, Danmarks Radio, 11 June 1985. (Not 

a v a i l a b l e ).

The potential of using fibre-reinforced pressure vessels for storage of 

gases under high pressure is discussed. The fundamentals in designing with 

fibre-reinforced plastics are mentioned, and the fabrication of a pressure 

vessel on a computer controlled filament winding machine is shown.

Fremstillingsteknologi for fiberforstærket plast (Fabrication 

Technology for Fibre Reinforced Plastics).

Aa. L y s t r u p , presented at Metallurgiafdelingens Industri- 

dag, Risø, 23 January 1985. (Not available).

Filament winding and autoclave curing of pre-preg laminates are some of the 

manufacturing processes for fibre reinforced plastics. The technology and 

the equipment at the Metallurgy Department are described, with emphasis on 

the most important process parameters. As examples of applications a fila

ment wound pressure vessel and an autoclave cured kayak paddle are shown.

Electron Probe Microanalysis in the Study of Fission Gas R e 

lease.

C.T. Walker and M. M o g e n s e n , presented at the American 

Nuclear Society Winter Meeting, San Fransisco, 10-14 N o 

vember 1985. Available on request (4 pp.).

Miccoprobe analysis has been found to be a powerful tool in the study of 

fission gas release from water reactor fuel under transient conditions. It 

provides a detailed picture of the distribution of the retained gas in the



fuel pellets following the transient. Consequently, with the aid of the 

microprobe, changes in the fuel microstructure can be correlated with 

distinct steps in the gas release process. In the future the technique will 

be used to investigate the partition of retained xenon between the grains 

and grain boundaries and to study the distribution of xenon within single 

grains.

How Local Measurements Increase Our Understanding of Fission

Product Release.

M. Mogensen and C.T. Walker, presented at IAEA Technical 

Committee Meeting on Fuel Rod Internal Chemistry and 

Fission Product Behaviour, Karlsruhe, 11-15 November 1985. 

Available on request (25 pp.). (Proceedings to be p ub 

lished ).

Results from several electron microprobe investigations of transient tested 

fuel are reviewed. Following a description of the radial and axial distri

butions of xenon in dished pellets, diffusion data derived from microprobe 

measurements in single grains of UO2 are reported. At intermediate radial 
positions, the xenon and caesium profiles within the grains usually con

form to a parabola. The effective diffusion coefficients for xenon and
15 2 —1 —12 2 —1

caesium varied between 10 cm s and 10 cm s depending on the radial

position of the grain. Data from X-ray fluorescence analysis are also pre

sented. This technique is being used in conjunction with microprobe analy

sis to obtain information about gas retention at grain boundaries. First 

results indicate that in transient tested fuel not all the grain boundary 

bubbles are vented at intermediate radial positions. Evidence for the ac

cumulation of gas at boundaries in the outer region of the fuel between 

r/rQ = 0.6 and 0.75 was not found. Finally, the behaviour of caesium and 

xenon under transient conditions is compared. The radial and axial distri

butions of these two fission products were in most cases similar even though 

clear differences in diffusion rates were observed.

LiCl Thin Film Electrolyte.

M. M o g e n s e n , presented at Max-Planck Institut fiir Fest- 

korperforschung , Stuttgart, 7 November 1985. (Not avail

able ).

A thin film of LiCl is formed on a Li electrode when it is exposed to 

liquids like SOCI2 and S02C 1 2 * The film growth rate is very dependent on 

parameters like liquid composition, temperature and electric load of the 

electrode. The specific ionic conductivity of the film is less sensitive to 

variation in these parameters, but a correlation between layer thickness 

and LiCl specific conductivity is observed. This is attributed to the pres



ence of space charge in the LiCl film. A thin film has a higher space charge 

density giving an increase in Li+ vacancy concentration which in turn gives 

a higher Li+ conductivity.

Understanding the Mechanisms of Fission Gas Release: The Role 

of Local Measurements.

C.T. Walker, M. Mogensen and K. Lassmann, presented at the 

Workshop on Fission Product Release, Halden, Norway, 19-20 

September 1985. Available on request (17 pp.).

Results from several electron microprobe investigations of transient tested 

water reactor fuel are reviewed. It was found that above 300 Wcm~* gas re

lease increased with the power at the transient terminal level (TTL). In

creasing the hold time from 24 to 72 h did not significantly increase gas 

release. However, at high TTLs (~ 400 Wcm”̂ ) it caused densification and 

redistribution of the porosity in the central region of the fuel. In addi

tion to radial variations, axial variations in the concentration of xenon 

were observed. It was established that in dished pellets gas release can 

be appreciably lower at the pellet ends. Xenon concentration gradients were 

also measured in single UO2 grains. At intermediate radial positions the 

xenon profiles conformed to a parabola. The effective diffusion coefficients 

derived from the retention data varied from 10- 1 5  to 10- 1 2  cm2s- , . X-ray 

fluorescence analysis was used to investigate gas retention at grain bound

aries. First results indicate that not all the gas pores are vented at in

termediate radial positions. Evidence for the accumulation of gas at bound

aries in the outer regions of the release zone was not found.

Analyse af tredimensionale strukturer med finite element me

toden (Analysis of Three-Dimensional Structures by the Finite 

Element Method).

N.S. O t t o s e n , presented at Lunds Universitet, 24 September

1985. (Not available).

Constitutive Models Versus Recent Experimental Results on Tri- 

axial Concrete Behaviour.

K.J. Wiliam, K.H. Gerstle, N.S. Ottosen and S. Sture, 

presented at the ASCE Structural Engineering Congress, 

Chicago, Illinois, 16-18 September 1985. (Not available).



FEM-Modelling of Cracks in Concrete.

N.S. O t t o s e n , presented at Norske Veritas, Oslo, 28 N o 

vember 1985. (Not available).

Invariant Formulation of Constitutive Relations for Concrete. 

K.H. Gerstle and N.S. O t t o s e n , presented at the US-Japan 

Conference on Computational Methods in Relation to C o n 

crete, Japan, 20-24 May 1985. (Not available).

Implementation of a General Constitutive Model for Frictional 

M a t e r i a l s .

N.S. Ottosen and G.H. Shafer, presented at the 2nd Joint 

ASCE/ASME Mechanics Conference, Albuquerque, New Mexico, 

21-26 June 1985. (Not available).

Revnemodellering og tøjningssvaekkelse i beton (Modelling Cracks 

and Strain Softening in Concrete).

N.S. O t t o s e n , presented at Lunds Universitet, 24 September

1985. (Not available).

Theoretical Framework for Modelling of Frictional Materials.

N.S. O t t o s e n , presented at University of Illinois, Urbana,

17 May 1985, Purdue University, West Lafayette, Indiana,

18 May 1985, Northwestern University, Evanston, Illinois,

19 May 1985. (Not available).

A Personal View on Composite Electrolytes.

F.W. P o u l s e n , presented at Fakultåt fiir Physik, Univer- 

sitat Konstanz, FRG, 28 November 1985. (Not available).

The ionic conductivity of the halides of lithium, copper and silver can be 

increased 1 to 3 orders of magnitude by mixing the salts with a high sur

face area material such as activated alumina. The effect has been known for 

only 1?. years. The theoretical and experimental progress in understanding 

this phenomenon ir> reviewed. At least 5 different factors leading to the



increased conductivity have been identified: doping, space charge, adsorp

tion, new compound formation and water effects. Percolation theory descrip

tions are criticized for not taking into account the fourth phase present 

in real composite systems, i.e. void space, which greatly influences the 

position of the higher conductor-insulator threshold. Future experiments 

are depicted which should enable a more clear separation of the various 

contributions in different composite electrolyte systems.

Searching for New Superionic Systems.

F.W. P o u l s e n , presented at Fakultat fiir Physik, Univer- 

sitat Konstanz, FRG, 29 November 1985. (Not available).

Solids with high ionic conductivity, 10 to 1 S/cm, are wanted for replace

ment of corrosive liquid electrolytes in devices such as batteries, fuel 

cells, electrolyzers, sensors and micro-electronics. The lack of theoreti

cal models which can predict the existence and properties of such materials 

is described. New materials are therefore prospected on the basis of chemi

cal thinking. The usefulness of the polarisability map is underlined. A 

number of systems studied at Risø are discussed: perovskite LiI,H20 and 
possible compounds made by substitutions in the various sublattices; flu

orite structure LiMgN; and finally a new family of true superionic con

ductors of the general formula Aik.metal(Nb/Ta)Clg). Two powerful methods 

are emphasized: neutron diffraction as a function of temperature and speci

fic heat measurements, as means of detecting transitions to the superionic 

state.

Microstructure and Mechanical Properties of 800 M e V  Proton I r 

radiated Commercial Aluminium Alloys.

W. Lohmann, W.F. Sommer, B.N. Singh and A. Ribbens, p r e 

sented at the International Workshop on the Relation B e 

tween Mechanical Properties and Microstructure Under Fusion 

Irradiation Conditions, Ebeltoft, Denmark, 27 June - 2 

July 1985. (To appear in Radiation Effects).

Commercial AlMg - and AlMgSi-alloys were irradiated with 800 MeV protons to 

a nominal fluence of 3.2 * 1024 p/m2 which yields by calculation a displace
ment damage of 0.2 dpa ar.rl helium and hydrogen generation of 67 and 275 

appm, respectively. Post-irradiation tensile testing revealed a very marked 

degree of irradiation-induced softening in the cold-worked AlMg-alloy as 

well as in the precipitation-hardened AlMgSi-alloy. The TEM examination of 

the irradiated specimens showed that neither the cold-work microstructure 

in the AlMg-alloy nor the G.P. zone type precipitates in the AlMgSi-alloy 

survive under the irradiation conditions used in the present experiment.

Results of complimentary investigations (i.e. hardness measurements, optical 

microscopy and SEM-fractography) are also presented.



Implications of the Variation in Microstructure Caused by 

Changes in Helium Generation Rate and Other Irradiation P arame

ters.

B.N. Singh and T. L e f f e r s , presented at the International 

W orks ho p on the Relation Between Mechanical Properties and 

Microstructure Under Fusion Irradiation Conditions, E b e l 

toft, Denmark, 27 June - 2 July, 1985. (To appear in R a d i 

ation Effects).

The effect of changes in helium generation rate on void and bubble nucle- 

ation, growth and distribution observed mainly in high-purity aluminium are 

summarized. It is shown that at a given irradiation temperature, the cavity 

microstructure may be composed of voids only, voids and bubbles or bubbles 

only, depending on helium generation rate. The accumulation of helium (gen

erated during irradiation) on grain boundaries is considered; the helium 

generation rate is found to control the flux of helium to grain boundaries 

and therefore may also determine the rupture lifetime. The influence of 

materials variables on the flux to the boundaries is also considered.

Changes in recoil energy and/or damage rate may have strong influence on 

precipitation and precipitate stability - and hence on helium flux to grain 

boundaries and mechanical properties. The implications of these effects due 

to changes in irradiation parameters are discussed.

Differential Thermal Analysis and Metallographic Examinations 

of U 3S i 2 Powder and U3Si2/Al(38 w/o) Miniplates.

P. Toft and A. J e n s e n , presented at the International 

Meeting on Reduced Enrichment for R esearch and Test Re

actors, Petten, Netherlands, 14-16 O c t o b e r  1985. (Pro

ceedings to be published).

The paper describes the thermodynamic and metallurgical behavior of U 3Si2 
powder and miniplates with regard to the following aspects:

- increasing temperatures up to 1400°C

- fuel plate stability

- formation of ternary intermetallic compounds

- growth of the formed ternary intermetallic crystals at increasing 

temperatures

The miniplate core is U3Si2/Al(38 w/o) and the cladding is Al 6061. The 

study concludes that fuel plates will not remain stable under accident con

ditions. A fuel element will most likely melt down before a stable struc

ture is established.



The Effect of Stacking Sequence and Wid th  on the Properties of 

Carbon/Epoxy Anqle-Ply.

H. T o f t e q a a r d , presented at the conference: Advanced M a 

terials Research and Development for Transport, Stra s

bourg, France, 26-29 November 1985. (Proceedings to be 

p u b l i s h e d ).

A range of angle-ply specimens containing 2 stacking types, 3 specimen 

widths and 3 ply angles were tested in tension with recording of acoustic 

emission during loading. The influence from stacking sequence and width on 

elastic constants, stress and strain to failure, onset of damage and fail

ure mode was discussed.

Damage Development and Final Failure in Angle-Ply.

H. T o f t e q a a r d , presented at the European Twinning Group's 

Symposium, Risø, Roskilde, 25 April 1985. (Not available).

Properties of carbon/epoxy angle-ply specimens tested in tension were dis

cussed for a number of combinations of stacking type, specimen width and 

ply angle. Emphasis was put on evaluation of acoustic emission recorded 

during loading and on failure modes observed at final failure.

Kvalitetssikring og skadeundersøgelser I (Quality Assurance and 

Examinations of Damage I).

H. T o f t e g a a r d , presented at Metallurgiafdelingens Industri- 

d a g , Risø, 23 January 1985. (Not available).

Methods foe quality assurance and damage investigation of fibre-reinforced 

plastics were given. Quality assurance methods included determination of 

fibre fraction, fibre orientation and interlaminar shear strength. Damage 

investigation methods included scanning electron microscopy, X-rays com

bined with an opaque penetrant and finally edge polishing.
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