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ABSTRACT 

A description is given of the activities of the Metallurgy Department 

at Risø during 1 974. The main fields of work are: General Materials Re

search, Materials Development, Fuel Elements and Fuel Modelling, and 

Materials Technology. Two articles, one on "Danish Developments in Com

puter Modelling and Overpower Testing of U 0 2 - Z r Fuel Pins", the other 

on "A New Model for the Plastic Deformation of Polycrystals", are also 

included in the report. 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 

of the department during 1 974 is included. 
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INTRODUCTION 

The current plans in Denmark to build nuclear power plants to be in 

operation early in the 1 9801-. have involved the department in some pre

liminary studies undertaken together with the utilities, industry and safety 

authorities. The studies are part of the background material needed by the 

Danish parliament before taking a decision on the building of nucleai power 

plants in this country. 

Nuclear plaits in Denmark have not made drastic alterations to the 

programmes of the department since research within areas of nuclear tech

nology, such as design and fabrication of fuel elements, in- and outpile 

testing, and non-destructive testing of nuclear components, has been car

ried out for a number of years. To supplement t u ese programmes exten

sive research has been done on general materials, including structural 

studies, mechanical properties, radiation damage and corrosion. 

In the present report the work of the department during 1 974 is pre

sented in four chapters: General materials research. Materials develop

ment, Fuel elements and Materials technology. 

The report further contains two papers on subjects of much interest 

to the department. One paper on "Danish Developments in Computer Mod

elling and Overpower Testing of U 0 2 - Z r Fuel Pins" describes the depart

ment's work on testing of fuel elements and tne interpretation of the test 

data by means of a computer model. 

In the other paper "A New Model for the Plastic Deformation of Poly-

crystals" the deformation of polycrystalline materials is described on the 

basis of structural and texture studies supplemented by computer mode, -

ling of the deformation of the grains. 

Work has also been done under contract for industrial companies ami 

utiKties in Denmark and abroad. Due to its proprietary nature, much cf 

this work i s excluded from the present report. 

In general these projects were related to the development of new ma

terials and processes, the design and fabrication of fuel elements, and th ? 

post-irradiation examination of irradiated materials and fuels, including 

full-scale power reactor fuel rods. Two senior staff members have acted 

as part-time consultants to specific companies. Developments which have 

resulted in commercial contracts include fuel elements for research re

actors, isotope cameras for radiography, and non-destructive testing equip

ment for control of tubes. A one-day information meeting was held for some 

60 senior engineers and scientists from Danish industry, utilities and uni

versities to inform them of the current activities. 
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The department participated in international collaboration in a number 

of technical areas; for example, fuel-element modelling, materials devel

opment and safety analysis. Furthermore, the department is represented 

in various international projects under the auspices of the NEA, IAEA, 

EEC and the Nordic countries. 

Educational activities were continued; students and post-graduate re

search-workers from Denmark and abroad studied in the department. 

An important event in 1 974 was the completion of the new laboratory 
2 

extension which measures about 1000 m and contains facilities for powder 
metallurgy, corrosion studies, physical metallurgy and non-destructive 

testing. 

General Materials Research 

Structure of materials 

Studies were made of the structure and energy of grain boundaries 

generated by computer simulation. A two-dimensional model i s used, and 

grain boundaries are generated by two different methods; in one method a 

liquid solidifies between two slabs of crystal; in the other method two crys

tals or grains are brought into direct contact along the grain boundary. 

Using the two methods the structure and energy have been obtained for a 

complete range of angles of misorientatiou; the results from the two methods 

differ only slightly. The behaviour of dislocations near a two-dimensional 

grain boundary were studied; this is of significance in relation to an under

standing of the plastic deformation of polycrystalline materials. 

Weak beam electron microscopical investigations of deformed sapphire 

showed that dislocations with Burgers vector < 0110 > on the planes {11 20} 

can dissociate into three partial dislocations. Stacking faults are observed 

between the partial dislocations. Undissociated ( O l f o ) dislocations often 

give r ise to images showing two peaks. A detailed study i s being carried 

out by computer simulation of the images seen on electron micrographs to 

obtain an unequivocal interpretation of the images. 

In the system of aluminium dispersion-hardened with aluminium oxide 

the s ize of the nuclei in recrystallized grains was determined by electron 

microscopy. The effect of particle s ize on the recrystallization tempera

ture was established. Experiments were initiated for the system of copper 

with aluminium oxide. 
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Fig. ». A aoquence for an auetaniUc atalnlaae »teel apecimeu (with no 
implant«! II«) irradiated In • high voltage electron miervacoa« at 650°C. 
The irradiation timaa art (a) 0 min. (b) • min. and (c) 35 min. After an 
initial period, where grain-bound«riea may migrate toward* the centre 
(a - b), the migration during irr^diaUon alway« occur« in the direction 
away from the centre (b *c). 
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Stainless steel with 20% chromium and 20% nickel was irradiated in 

situ in the high voltage e lect ron microscope to simulate neutron irradiation 

under nuclear r eac to r conditions. Voids formed, and they were found to 

depend on the grain s ize of the mater ia l (for detai ls , see ar t ic le in Metal

lurgy Department P r o g r e s s Report for 1 973, p. 14). The effect of the gas 

content on void formation was studied; the effect of grain s ize is also ob

served at high gas contents . The influence of t empera ture on void-forma

tion and the accompanying swelling of the mater ia l was investigated. Theor

etical models for the p rocesses involved were established. 

A study of the effect of alloying elements on void formation was in

itiated, and copper, nicke) and alloys of copper-nickel were studied during 

in situ i r radiat ion in the high voltage electron microscope. 

The thermodynamical proper t ies of cer ium oxide were measured and 

compared to the proper t ies of plutonium oxide; s imilar i ty promotes a study 

of plutonium oxide via cer ium oxide. The s t ruc tu re of a model system of 

niobium oxyfluoride (NbgO^F) was studied by the lat t ice image technique 

in the electron microscope , and observed defects support the formation of 

shear s t ruc tu res in the oxide. 

Mechanical proper t ies of mate r ia l s 

In a study of deformation mechanisms in polycrystals polycrystalline 

b rass with large gra ins was examined with respect to the relation between 

texture and the formation of twins. Equipment was established for meas 

urements of texture by neutron diffraction. 

A phenomenological description for the tensi le tes t was formulated, 

and the necking of a (cylindrical) specimen close to fracture was specially 

considered. 

Parameters for the thermally-act ivated deformation of zircaloy- 2 were 

investigated; the in te rna l s t r e s s e s were measured by ? special technique 

during tensi le loading. These s tudies a r e important for the prediction of 

mechanical properties (e. g. creep) of al loys. 

Pure nickel was creep tested, and the resulting dislocation configur

ations are being studied by electron microscopy. 

Creep testing of aluminium dispersion-hardened with aluminium oxide 

was completed with tests at low streaaes and low creep ratea. The exper

iments confirm earlier tasts , and ehow that the creep atrength at low creep 

ratea (and high temperatures) ia approximately equal to one half the yield 

atrength. 
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log o-
Fig. 3. An analysis of tfc« creep of discontinuous fibre composite« ha« 
shown that the composite creep curve may be obtained by displacement of 
the matrix creep curve in a log i vs. log • diagram. The displacement 
vector is a function of matrix volume fraction, V m , fibre length, 1, and 
fibre spacing, s. 

The model system of a copper matrix with tungsten fibres was used to 
study the tensile and creep behaviour of fibre composites. The internal 
stresser «a a model composite with continuous fibres were determined ex
perimentally by tension-compression experiments at room temperature 
and at -1 96 C. The internal stresses are in agreement with a general 
theory for stresses in two-phase systems. 

Creep experiments on copper with tungsten fibres of different length 
to diameter ratio and of different volume fractions are in reasonable agree
ment with theories for the creep of fibre composites. A general descrip
tion of the creep behaviour of fibre composites was evaluated from an 
analysis of existing creep laws (creep rate as a function of stress) for the 
matrix and for the composite. From this analysis the creep strength can 
be predicted more easily and with greater confidence. Furthermore, the 
analysis allows the creep behaviour to be studied over a larger range of 
creep rates than normally possible, and it allows all data for different 
composites to be plotted on a combined, generalized diagram. 
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The total strength of a material containing strength contributions from 
various mechanisms was studied. The system of copper with aluminium 
oxide particles, grain boundaries and silver in solid solution was used to 
study the individual and combined effects of particles, grain boundaries 
and solute elements. The strength contribution from solute elements can 
be added directly to the other contributions, while the other combinations 
require a weighted contribution from each mechanism. Systems with par
ticles and grain boundaries were computer-simulated to support the ex
periments. 

Materials Development 

The wet-milling process for fabricating dispersion-strengthened zir
conium alloys resulted in poor corrosion resistance and was abandoned. 
The in-pile creep testing • carried out in collaboration with the AECL in 
Canada - is still in progress. Alloys with 5% Y2Og were tensile tested at 
high temperatures (LOCA conditions) with promising results. 

The zirconium alloys investigated in collaboration with the UKAEA, 
United Kingdom; AB Atomenergi, Sweden; IFA, Norway; and the Finnish 
AEC (SCANliKcollaboration) continue to show promise. A number of mini-
pins were irradiated under boiling water conditions. Post-irradiation ex
amination showed that some of the alloys axe less sensitive to nodular cor
rosion and ridge formation than zircaloy-2, and that all the alio} 3 exhibit 
less hydrogen uptake then zircsIoy-2. Out-pile testing of the Scanuk alloys 
in saturated steam at290°C and in superheated steam at 400°C is in prog
ress; in this respect the Scanuk alloys seem inferior to zircaloy-2. 

As part of the NORDFORSK project on the development of composite 
alloy* of nickel reinforced with tungsten fibres, specimen« were produced 
by high frequency heating followed by melting by infiltration. Specimens 
with tungsten content of up to 45% by volume were tensile tested at tem
peratures up to 1100°C and creep tested at 800°C and 900°C. Results were 
positive, as it was possible to produce varying composite alloys of nickel 
witn promising high temperature properties. 

Crack Opening Displacement (COD) measurements were carried out 
on weld metal from submerged arc weLJing and from manual arc welding. 
A special technique for studying the mechanism of crack formation was 
developed, A mathematical analysis was made of a fracture model cover
ing crack propagation from brittle to ductile metal. The model simulates 
th« conditions during crack propagation from defects in welded connections. 

A number of isotope cameras made of depleted uranium were nickel 
plated as a protection against corrosion. 
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Fig. 4. SElt of fracture surface of a Hi/W-flbre composite tonsil« tested 
at 400°C. In the centre of the fibre the structure is as fabricated, while 
the structure is recrystallized at the periphery because of presence of Ni 
from the surrounding matrix, which is seen in the lower part of the micro
graph, (x 300). 

The experiments with permeability of hydrogen through membranes of 
a palladium-boron alloy were continued; the membranes can be used at 
temperatures up to 'TS0°C for extended periods of time. Experiments at 
temperatures up to 900°C show no mechanical defects or chemical reaction 
during short-time tests (24 hours); long-time experiments are in progress. 

A special computer process was developed for tensile testing that al
lows direct presentation of true stress/true strain, E-modulus, etc. , using 
strain gauges to measure the elongation. 

Fuel Elements 

Experiments 

The irradiation of six Danish U02-zircaloy fuel elements in the Halden 
BWR, Norway, was continued and average burn-ups ranging from 13. 300 
to 31.500 MWD/tU02 were achieved. The highest local burn-up, 39.100 
MWD/tU02, was obtained in IFA 161. 

Standard UC^-Zr test fuel pins being irradiated at nominal BWR and 
PWR conditions in the DR 3 reactor have reached maximum burn-ups of 
43.300 MWD/tU02 for the BWR pins and 17.100 MWD/tU02 for the PWR 
pins. Two test fuel pins containing Pu0 2 -U0 2 were also irradiated and 
examined in the hot cells. The pins constitute the second experiment in a 
collaboration programme with AB Atomenergi, Sweden. Irradiation at 
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Fig. 5. Assembling of one of the IK>2/Zr fuel elements delivered to the 
German Kahl reactor. 

BWR and PWR conditions was started of test pins with four different zir
conium alloys. 

Three overpower tests were carried out during 1 974; two of these 
were with PWR pins and one with a BWR pin. 

Four fuel elements produced for the German Kahl reactor were de
livered to the reactor on schedule in March 1 974. Because of a change in 
the overall reactor operating scheme, irradiation of these fuel elements 
is now expected to start in the spring of 1 975. 

The first U-Al tubular fuel element of Danish design and fabrication 
has served regularly in the DR 2 during four reactor periods. The element 
was inserted in a high flux position and achieved a burn-up of approx. 45%. 
Post-irradiation examination in the hot cells showed that the element was 
in good condition. A new series of tubular elements is under fabrication 
and will be inserted in the DR 3 early in 1975. 



14 

Emphasis on studying the behaviour of UO,-Zr fuel under transient 
conditions initiated the design and construction of new rig equipment in
cluding pellet stack elongation detectors (Halden design), as well as a He 3 
system and a movable absorber skirt both for power cycling experiments. 

Ft*. 6. A coated particle f**l for a HTO reactor after appr. •% fl—icaa 
per initial metal atom (appr. •©. MO MWD/t). From the centre bote and 
outward« is seen: U0 2 fuel, buffer layer, pyrocarbon, SiC, pyrocarbon, 
and graphite matrix. 

Post-irradiation examination 

Equipment and methods for use in post-irradiation examinations were 
further developed to meet the more exacting requirements of our own ex
periments, as well as those arising from contract work. The Hot Cell fa
cility was supplemented by a number of a-tight lead cells to be used for 
radiochemical burn-up determination and microscanning. Results from 
gamma-scanning can now be converted into digital signals and thus more 
detailed analysis can be carried out. Profilometry of fuel pins has proved 
very useful in connection with overpower tests, therefore a new technique 
was developed that is able to reproduce a diameter measure along a fuel 
pin with a standard deviation better than 2 urn. A facility for neutron radi
ography was developed, and can be used on fuel pins up to 2.3 m in length. 

Post-irradiation examinations of various particle fuels were carried 
out for the Dragon project. 
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Modelling 

The work on fuel performance modelling has progressed and the model 
is now operational. It can be characterised as a mathematical framework 
consisting of a two-dimensionalcalculational system superimposed to give 
a virtually three-dimensional description of a fuel pin segment. By using 
this method computing time is radically reduced as compared, for example, 
to 3D-FEM methods. The "WAFER" program is able to: 

- simulate any irradiation history, 
- calculate stresses and strains in both fuel and cladding. 

The calculation takes the following factors into account: 

- the formation of transversal and radial cracks, 
- primary and secondary creep in both fuel and cladding, 
- solid swelling in the fuel and radial temperature distributions using 

the Ross and Stoute model for the heat transfer between fuel and 
cladding. 

Materials Technology 

The use of a getter material when brazing Inconel 71 8 and X-750 ma
terials was further investigated. As this type of process allows for braz
ing temperatures as low as 1000°C, it is possible to use the lower-melting 
nickel brazing filler metals such as Ni, 10% P. The corrosion resistance 
in water at 290 C of joints produced by means of the getter brazing tech
nique was compared to that of joints made by the conventional nickel brazing 
technique. The corrosion rate showed to have been improved by a factor of 
two for the getter type compared to the conventional type. Vacuum brazing 
of aluminium was carried out successfully. The experiments showed the 

-5 
importance of very low pressures, below 10 mm Hg, and the avoidance 
of moisture contamination of the vacuum chamber between operations. 
Carefully degreasing of the aluminium workpieces is another factor for 
obtaining good results. 

One of the factors limiting the use of the high flux vacuum brazing 
technique has been the difficulty of bringing the heating coil and brazing 
zone into an optimal position in relation to each other. A new construction 
where a bell-jar contains the heating coil makes it possible to establish 
the best conditions for a large number of different joints, and thereby make 
the method useful for an increased number of products. 
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Fig. 7. View of arrangement for vacuum brazing of a fuel spacer using a 
Zirconium getter material. 

Pig. 8. Cross section of a joint made by vacuum brazing. The structural 
material is t mm thick Aluminium plates (x 25). 

The intensity of power in an ultrasonic solder bath has a rather large 

influence on the quality of a joint produced in such a bath. As the power 

intensity decreases with time if the transducer positions are not adjusted 

to compensate for the fretting corrosion taking place, the quality of the 

joints will decrease correspondingly. A special technique for continuously 

measuring the power intensity in the bath was developed to solve this prob

lem, and thus to make it possible to control the ultrasonic soldering process . 
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Non-destructive testing 

efforts were continued to build up a unique sys tem for the inspection 

of tubes for which quality demands a r e very high. The basic idea and con

struct ion of this system were presented in last y e a r ' s r epor t . During the 

year under review the system was tested for two months in production s e r 

vice at the Sandviken plant in Sweden and the resu l t s , which covered severa l 

thousand meters of tubes, were as follows: The mechanical par t of the sys 

tem served perfectly throughout the test period and the adjustable tube guid

ances proved to be a useful contribution to calibration and to keeping the 

tubes in an ideal position during measuring. Because of trouble with one 

of the dimension t ransducers , it was not possible to get a c lear picture of 

the accuracy and stability over a longer period. Defects -Acre detected ac 

expected according to the predetermined s ta t i s t ics . In most of the tests 

the resu l t s were regis tered by both analogue and digital conver te rs making 

it possible to compare these with each other. It became obvious that the 

digital system revealed more inspection details than the analogue system, 

and that the analysis of the resul ts showed a more varied picture than that 

obtainable by analogue registrat ion. 

In work on acoustic emission surveil lance, a data reduction system 

was developed in collaboration with the Danish Welding Institute. In this 

system the information from a number of t ransducers i s digitalized and 

recorded on tape. 



A NEW MODEL FOR THE PLASTIC DEFORMATION OF POLYCRYSTALS 

Torben Leffers 

The plastic deformation of a single crystal in a normal tensile exper

iment will take place by single glide, i. e. slip takes place in one slip di

rection on one set of parallel slip planes (or, at least, most slip is in this 

direction on these planes). During such an experiment the cross section 

of the crystal ch*n«jes; an originally circular cross section, for instance, 

becomes elliptical. This i s fully acceptable since the crystal has free sur

faces. 

Contrary to this, the grains in a polycrystailine material cannot de

form by single glide: if they did, they would not fit together after defor

mation because of the changes in shape produced by single glide. Of course 

the grains do fit together also after deformation; material continuity is 

maintained. In order to fulfil the requirement of material continuity the 

deformation of the individual grains must be adjusted tc the deformation of 

the surrounding grains, and this is only possible if the average grain de

forms by multiple glide. The description of the multiple glide pattern is 

the main point in any theory for the plastic deformation of polycrystals. 

The classical Taylor theory suggested a very simple way of fulfilling 

the condition of material continuity. It was assumed that the individual 

grain follows the macroscopic deformation by a homogeneous pattern of 

multiple glide, i. e. that there i s one specific combination of slip systems 

operating simultaneously in each grain. The minimum number of slip sys 

tems required in the average grain is five. The operative slip systems 

were selected from a principle of "minimum shear". Bishop and Hill 

showed theoretically that the assumption of a homogeneous deformation 

pattern cannot be strictly maintained, but the principle of minimum shear 

(or, in Bishop and Hill's formulation, maximum work) i s still widely ac

cepted as the basic criterion for the selection of operative sl ip systems. 

The minimum-shear criterion i s the only logical solution for the se lec

tion of slip systems in a plastic continuum in which all structure is neglected. 

However, there i s no a priori justification for the application of a continuum 

approach to the deformation of real jWlycrystals. Plastic deformation i s 

accomplished by moving dislocations, and because of the restrictions on 

dislocation generation and motion imposed by the structure (other dislo

cations, grain boundaries etc.) the local conditions for the moving dislo-
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cations may be quite different from the time-and space-averaged conditions 

referred to in the Taylor theory. 

The present article describes an investigation into the actual deviations 

from the minimum-shear principle during plastic deformation of face-

centred cubic polycrystals resulting in the formulation of a new model for 

the deformation of polycrystals. 

Dynamical and Kinematical Theories 

The Taylor/Bishop-Hill theory i s "dynamical" in the sense that, apart 

from describing the slip pattern, it also derives the s tress necessary for 

this slip pattern to operate, i. e. it provides calculated flow stresses . 

Since the theory is dynamical, the main experimental checks have been 

comparisons between theoretically derived flow s tresses and those de

termined from experimental stress-strain curves. The agreement has 

been believed to be almost perfect, but lately it has been shown that this 

perfect agreement is the exception rather than the rule (see for instance 

Thompson ') . It is questionable, however, whether a comparison between 

calculated and experimental s tresses i s the most appropriate way of as 

sessing the correctness of a postulated sl ip pattern. The relation between 

the slip pattern and the necessary s tresses is not very well known and this 

implies that the route via the s tresses introduces an extra uncertainty. It 

i s desirable to find another means of investigation for which the relation to 

the sl ip pattern i s more direct. The present author has selected the pre

ferred orientation or texture formed during deformation as a means of in

vestigation (for details see Risø Report No. 302 ' for instance). The ap

plication of texture has the great advantage that, in principle, it is easy to 

derive the texture corresponding to a given slip pattern. 

For various slip patterns, all consisting of combinations of the various 

{111} ( 1 1 0 ) s l i ( systems, the rolling texture (as represented by pole fig

ures, three-dimensional orientation distributions, oi skeleton lines) has 

been calculated by computer simulation. The slip patterns for which the 

calculated texture corresponds to an experimental texture are selected as 

the physically relevant slip patterns. 

There are two types of rolling texture in face-centred cubic materials, 

the copper« type and the brass-type texture. The formation of a copper-

type texture is favoured by conditions that correspond to a high cross-s l ip 

n 
' A. W. Thompson,Met. Trans. £ (1 974) 39. 

2 ) T. Leffers,Risø Report No. 302 (1975) 
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011) {200} 

Fig. 9. Calculated pole figures corresponding to the brass-type texture 
superimposed on experimental pole figures for brass with f 5 w/o zinc. 
The reduction is 94% for the calculated as well is the experimental pole 

figures. 

Fig. 10. Calculated pole figure* corresponding to the copper-type texture 
superimposed on experimental copper pole figure*. 94% reduction. 
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frequency (high stacking-fault energy, high rolling temperature, low de

formationrate), whereas the brass-type texture i s favoured by the opposite 

conditions. In practice it has been possible to simulate the development of 

both types of texture, i. e. to find slip patterns relevant for both sets of 

conditions. This is illustrated in figs. 9 and 10 showing calculated 

{III} and {200} pole figures corresponding to the brass-type and the cop

per-type textures superimposed on experimental pole figure« for brass and 

copper. The computer calculations refer to "specimens" containing only 

100 grains, and therefore the calculated pole figures consist of individual 

poles, whereas the experimental pole figures consist of continuous pole-

density distributions. 

The above selection of slip patterns for the situations leading to the 

development of the brass-type and the copper-type texture respectively 

was not based on any theoretical considerations, but on a simple trial-and

er ror approach. Also, the description was purely crystallographic, neglect

ing the dislocations producing the deformation. However, when combined 

with simple dislocation theory, it makes up a consistent model for poly-

c rys tal plasticity, as shown in the next section. 

This model, based on the similarity between calculated and exper

imental textures, cannot be applied to derive flow stresses with any direct 

experimental justification. As mentioned above, we do not know the exact 

relation between a slip pattern and the s t res ses necessary to produce it. 

Thus, even if the slip patterns in the model are very close to the actual 

slip patterns, any s tresses that one might attempt to derive theoretically 

from the model would be rather uncertain. It i s at present preferred there

fore to limit the scope of the model to the geometrical description of the 

slip pattern - with the direct experimental justification that the derived 

textures are very similar to the experimental textures. A model with this 

limitation may be designated a "kinematical" model to distinguish it from 

dynamical models such as the Taylor theory. Of course a dynamical model 

or theory for the plastic deformation of polycrystals is the final aim. The 

present model, it i s hoped, constitutes a stage in the development towards 

the formulation of the final, dynamical theory by offering a correct kin

ematical description of the deformation process , thereby defining the frame

work within which the dynamical theory should be sought. 
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Thc> New Model 

The suggested model emphasizes the slip dislocations on relatively few 

active slip planes and the effect of this concentration on the slip pattern. 

Two extreme situations are sketched in fig. 11: the deformation of a grain 

with a homogeneous distribution of slip on all available parallel sl ip planes, 

and the deformation of a grain with slip on one single sl*'p plane. If the 

widening of the grain in fig. I la does net agree with the deformation of the 

surrounding grain homogeneous misfit s t resses may build up, and the in

itial single glide will be converted to homogeneous multiple glide as de

scribed in the Taylor theory. In the situation sketched in fig. I lb the mis 

fit s tresses will be highly inhomogeneous, and it i s very difficult to imagine 

that such a situation can lej»d to homogeneous multiple glide. 

It is important to understand how exactly fig. l i b is thought to refer 

to real polycrystais. Of course it is not suggested that the zig-zag struc

ture shown is really formed. The physical reality is the formation of a 

dislocation pile-up where the active slip plane meets the grain boundary, 

and it is suggested that this pile-up generates secondary dislocations, which 

in turn, will produce secondary glide. The important difference from the 

situation described in the Taylor theory (corresponding to fig. 1 la ) i s that 

_ _ _ _ _ _ j 
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Fif. 11. The deformation of Uro (raine to the name arerac* *_*—•§• witk 
(a) a horrog eneone —atrllmtton of (Up on all alio plane* betons—f to the 
primary »Up *r*te—, aad (b) a_» o« OM aiafle sup plea«. Tb* two grata* 
bad the Ma« ahap« before o_or_a_9« (afeoire wllto dotted Haw), ard the 
oporatlv« allp •/•tarn la tba aaaa«. Sap plan« and slip (ttroctloa formod 
angle* of 45° with the aidoa of tfe* (rain bofor« deformation. 
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the secondary glide is initiated in the inhomogeneous s tress field of the 

pile-up and not in the statistically averaged homogeneous s tress field of the 

Taylor theory. 

In real polycrystais no appreciable strain can be obtained by slip on 

one single slip plane as in fig. l i b ; the strain will be the result of several 

active slip planes in each grain. It has therefore been argued that the in-

homogeneous stress and strain pattern described above is only relevant 

within distances from the grain boundaries of the order of the distance be

tween the active slip planes, i. e. ~ 1 t*m; for the rest of the grain the in-

homogeneities originating at the various pile-ups should average out to 

produce a homogeneous s tress and strain pattern. This argument, how

ever, presupposes that all the active slip planes operate simultaneously, 

whereas they actually operate one by one. Once activity on a given slip 

plane has ceased, the corresponding pile-up stresses must be assumed to 

be largely dissipated by secondary slip. In this situation fig. l i b , with 

only one active slip plane, is a quite realistic description of the real de

formation process at a given time, in the sense that only the slip plane 

operative at that particular time i s relevant, the fact that other slip planes 

have been active before or will be active later is less important. 

In the new model the deformation process under conditions of low 

cross-s l ip frequency, i. e. conditions leading to the development of the 

brass-type texture, i s described as follows: 

Pile-ups of primary dislocations are formed, as described above, at 

all grain boundaries, and therefore the misfit s tresses will be inhomo

geneous. This leads to an inhomogeneous pattern of secondary glide. We 

cannot, at present, give any detailed description of the inhomogeneous 

glide. We can only say that the inhomogeneous glide initiated at the various 

pile-ups formed during deformation does not combine to form a slip pattern 

corresponding to the homogeneous multiple glide of the Taylor theory (see 

next section). Statistically the slip pattern can be described as a super

position of primary slip in accordance with the external s tresses (pro

ducing the macroscopic deformation) and "random" slip simulating the in-

homogeneous sl ip that accounts for the microscopic continuity. The calcu

lated pole figures in fig. 9 are obtained by such a combination of primary 

and random slip. This suggested combination is in perfect agreement with 

metailographic investigations of the operative slip processes , and it can 

account quantitatively for the intragranular orientation variations observed 

after deformation (see Ris# Report No. 302 '). 
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RD(x,) 

ND(x3) slip plane 
loop 

•TO(x2) 

Fig. 12. A primary dislocation loop in a grain of a rolled polycrystal. 

RD, TO, and NO stand for rolling direction, transverse direction, and 

normal direction, respectively. The s i ip plane is approximately parallel 

to the transverse direction, forming an angle of approximately 45° with 

the rolling direction. Burgers vector b is approxima*eIy perpendicular 

to the transverse direction. The side face c losest to th • observer is 

hatched. 

For conditions with higher cross -s l ip frequency, i. e. conditions lead

ing to a copper-type texture, the model suggests the following description 

of the deformation process: 

When cross-s l ip is easy, screw-dislocation pile ups cannot form 

(whereas the edge dislocations still form pile-ups), and this i s assumed to 

cause the change in slip pattern. The s tresses during rolling can to a good 

first approximation be described as a combination of a tensile s tress in 

the rolling direction and a compressive s tress in the normal direction, the 

two stress components being numerically equal. A primary disl tion 

loop will therefore be oriented approximately as shown in fig. 1 2 . The 

dislocations approaching the side faces (the faces perpendicular to the 

transverse direction of the rolled plate) are seen to be of predominantly 

screw character, whereas the dislocations approaching the other faces are 

predominantly edge dislocations. Thus, at the side faces where the poten

tial screw-dislocation pile-ups are dispersed by cross slip thesituation i s 

like that in fig, 11 a rather than that in fig. l i b . Homogeneous misfit 

stresses are therefore transferred through the side faces, which introduces 

a component of Taylor-type homogeneous multiple glide. At the other faces. 
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pile-ups (of edge dislocations) are still formed, leading to homogeneous 

deformation as in the case of low cross-s l ip frequency. The resulting slip 

pattern is basically inhomogeneous, but there is a component of homo

geneous multiple glide. In accordance with this, the calculated pole figures 

in fig. 10 are obtained by primary and random slip, as are the pole figures 

in fig. 9 , but now combined with a component of homogeneous multiple 

glide corresponding to the homogeneous misfit s tresses that can be trans

ferred through the side faces. 

Theabove sharp distinction between faces with screw dislocations ap

proaching and faces with edge dislocations approaching is not suggested as 

applying to every individual grain. It is only meant as a statistical descrip

tion which is in agreement with the whole scope of the present work: the 

suggested models, mainly based on the similarity between calculated and 

experimental textures, cannot be expected to go beyond the level of a stat

istical description. 

The Deviation from the Taylor/Bishop-Hill Theory 

The selection of slip systems in the new model does not follow the 

minimum-shear principle of Taylor or the identical maximum-work prin

ciple of Bishop and Hill: for conditions of low cross-s l ip frequency the 

principle is not obeyed at all; for higher cross-s l ip frequencies the prin

ciple i s partly obeyed, but there is still a component of inhomogeneous de

formation for which it is not obeyed. 

The reason why the principle of minimum shear or maximum work 

does not apply (or only applies partly) to real polycrystals has already been 

discussed. However, the principle i s often, in the literature, given the 

status of a basic physical law for the selection of operative slip systems 

in polycrystals. It i s therefore relevant to take a closer look at this pos

tulated physical law. 

The principle leads to the selection of the combination of slip systems 

that produces a given deformation with the minimum energy input - under 

the assumption that there i s , at any stage of deformation, a given critical 

shear s tress that is the same for all the potential slip systems (in the case 

of face- centred cubic materials the { i l l } (110) systems). It is the same 

principle that leads to the selection of the sl ip systems with the highest re

solved shear s tress in a single crystal. The principle is comparable to the 

laws of thermodynamics: they also describe the direction a process should 

take for energy minimization. 
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These two comparisons (with s ingle-crys ta l deformation and with the 

thermodynamic laws) can s e rve to i l lus t ra te that the Taylor/Bishop-Hill 

principle does not have to be obeyed: the active sl ip system in single c r y s 

tals i s not always the one with the highest resolved shear s t r e s s (c. f. the 

overshooting phenomenon), and chemical processes do not always come to 

thermodynamic equilibrium. On the microscopic scale al l the processes 

we a re dealing with do take a minimum-energy route in the sense that they 

select the energetically most favourable of the possible routes . But this 

does not necessari ly correspond to the route that is most favourable ac

cording to the macroscopic, s tat is t ical principles we a r e discussing. Dur

ing deformation of single c rys ta ls and polycrystals, in which me micro

scopic process is the movement of the individual dislocation, the local 

conditions at any given time (dislocation s t ruc ture , other defects) will de

termine the possible routes . In a chemical process a number of factors 

besides the thermodynamic pa ramete r s may define the routes available 

(e. g. activation b a r r i e r s , presence of specific catalysts) . 

Thus, the selection of s l ip sys tems that do not obey the minimum-

shear or maximum-work principle is not against any physical law, just as 

it is not against any physical law when a chemical process does not lead to 

thermodynamic equilibrium. 

Fig. ! 3. Pole figures calculated on the basis of the Taylor theory super-
imposed on experimental copper pole figures. 94% reduction. 
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The actual deviation from the slip pattern selected from the Taylor 

theory i s i l lustrated in fig. 13 . It shows pole figures calculated in ac

cordance with Taylor superimposed on experimental copper pole figures. 

The calculated pole figures a r e different from the experimental pole fig

u res in two ways: they represen t a much sharper texture (higher degree 

rf alignment) than the experimental pole figures, and their pole-density 

maxima do not appear at the positions where the maxima appear in the ex

per imental pole figures. Obviously the pole figures calculated from the 

new model a r e much c loser to the experimental copper-type pole figures 

(fig. 1 0 ) . It i s not necessary to superimpose the calculated Baylor-type 

pole figures (fig. 1 3) on the experimental b rass pole figures (fig. 9 ) to 

see that the Taylor pole figures a r e even less s imi la r to the experimental 

b r a s s pole figures than to the copper pole figures, i. e. they do not cor

respond to any of the pole figures found experimentally. 

Conclusion 

A new, kinematical model has been formulated for the plastic defor

mation of polycrystals . The experimental basis of the model is the s imi

lar i ty between textures derived theoretically from the model and exper

imental textures (more precisely rolling textures of face-centred cubic 

mate r ia l s ) . The model emphasizes the importance of the concentration of 

the slip dislocations on relatively few slip planes. This concentration leads 

to the formation of pr imary dislocation pile-ups at the grain boundaries, 

which, in turn, produce inhomogeneous secondary slip. Under conditions 

of low c r o s s - s l i p frequency dislocations pile up at all grain boundaries. 

When c ross slip is eas ier , no pile-ups a r e formed at the boundaries where 

the approaching dislocations a r e of screw character . The selection of slip 

sys tems in the new model does not follow Taylor ' s principle of minimum 

s h e a r or Bishop and Hill 's principle of maximum work. 



DANISH DEVELOPMENTS IN COMPUTER MODELLING 
AND OVERPOWER TESTING OF UOj-Zr FUEL PINS 

N. Kjær-Pedersen and P . Knudsen 

Fuel pins in a power reactor experience large variations in heat load 

during their life. Local heat load increases above a level maintained for 

a long period may lead to failure (i. e. cladding penetration), depending on 

a number of factors , including power levels, burn-up and design pa ram

e te r s . General experience with U 0 2 - Z r fuel pins shows that such failures 

a r e associated with very localized s t r e s s e s and s t ra ins in the cladding. 

Consequently, any attempt to predict and/or analyse those cases in detail 

requi res a virtually three-dimensional thermo-mechanical fuel pin model. 

The Danish computer modelling effort has, therefore, been strongly 

oriented towards the description of local phenomena, including c i rcum

ferential r idges at pel let /pel let interfaces. In paral le l with this theoretical 

development, an overpower test programme is being conducted with two 

a ims: 

(i) Generation of test resu l t s for model verification; 

(ii) general contribution to the clarification of failure mechanisms in U02~ 

Zr fuel pins i r radia ted to medium-to-high burn-ups. 

The following sections review the present status of the model develop

ment and present selected resul ts from the overpower test programme. 

Computer Modelling 

The modelling work is based on two important observations: 

(i) P i r i ng power operation, fuel pellets expand more than the cladding 

tube, eventually giving r i s e to tensile hoop s t r e s s e s in the clad; 

(ii) s ince the heat generation density in the pellet is spatially nearly con

stant, the radial t empera ture profile is peaked to the pellet cent re , a 

fact which causes shape-distort ion of the pellet ("hour-glassing"). 

The mathematical modelling is complicated by basically two major 

occurrences : 

(i) Since the fuel mater ia l is bri t t le , cracks form at random locations 

throughout certain a reas of the pellet; 

(ii) both fuel and clad mater ia l s undergo c reep and growth at r a t e s which 

a r e highly dependent on radiation damage, tempera tures and s t resses . 
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Fig. 14. Stages of fuel-clad interaction. 

Figs . 14 and 15 i l lus t ra te the fate of a fuel pellet and its surrounding 

piece of clad during various phases of a period of operation. 

Fig. 14a shows a longitudinal section before s ta r t -up . The distance 

between the pellet and clad surfaces equals the radial cold-gap. 

Fig. 14b shows the same section at elevated power. The pellet ends 

move out to establish clad contact because of the general differential ex

pansion in the radial direction and the shape distortion. The figure indi

cates how the clad responds to the load by forming a "r idge" at the location 

of the pellet end. Under the assumption that there is no contact between 

fuel and clad close to the pellet mid-plane, the local expansion of the tube 

at the ridge will cause a corresponding contraction a little further towards 

the mid-plane. If the pin i s operated for just a few hours at this power 

level and then taken out of operation, a profilometer t r ace would reveal 

this type of deformation, indicating that most of the deformation has be

come permanent, due to high pr imary c reep - ra t e s in the clad. 

Fig. 14c shows what could happen if operation is continued at constant 

power for a long t ime, say severa l months. The clad has now moved in on 

the pellet because of secondary creep. The contraction adjacent to the 

ridge has been smoothed away, but the ridge remains . It i s possible that 

the ridge has become somewhat smaller because of creep of the fuel ma

te r ia l . 

Fig.1 5 shows a cross section at elevated power, say corresponding to 

fig. 14b. Radial cracks have formed to relieve the hoop s t r e s s e s in the 

outer part of the pellet. This cracking process causes fuel mate r ia l to 

move out radially, thus enhancing gap closure. 

The computer model simulates a power history step by step along the 

time <ixi*. The mathematical approach rests on superposition: 

For the pellet, a two-dimensional calculation of s tresses and strains 

i s done in the longitudinal plane, using finite difference techniques and 
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during their life. Local heat load increases above a level maintained for 

a long period may lead to failure (i. e. cladding penetration), depending on 

a number of factors, including power levels, burn-up and design param

eters. General experience with U0 2 -Zr fuel pins shows that such failures 

are associated with very localized s tresses and strains in the cladding. 

Consequently, any attempt to predict and/or analyse those cases in detail 

requires a virtually three-dimensional thermo-mechanical fuel pin model. 

The Danish computer modelling effort has, therefore, been strongly 

oriented towards the description of local phenomena, including circum

ferential ridges at pellet/pellet interfaces. In parallel with this theoretical 

development, an overpower test programme is being conducted with two 

aims: 

(i) Generation of test results for model verification; 

(ii) general contribution to the clarification of failure mechanisms in U02~ 

Zr fuel pins irradiated to medium-to-high burn-ups. 

The following sections review the present status of the model develop

ment and present selected results from the overpower test programme. 

Computer Modelling 

The modelling work is based on two important observations: 

(i) Ptring power operation, fuel pellets expand more than the cladding 

tube, eventually giving rise to tensile hoop stresses in the clad; 

(ii) since the heat generation density in the pellet is spatially nearly con

stant, the radial temperature profile is peaked to the pellet centre, a 

fact which causes shape-distortion of the pellet ("hour-glassing"). 

The mathematical modelling is complicated by basically two major 

occurrences: 

(i) Since the fuel material is brittle, cracks form at random locations 

throughout certain areas of the pellet; 

(ii) both fuel and clad materials undergo creep and growth at rates which 

are highly dependent on radiation damage, temperatures and s tresses . 
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Kig. 14. Stages uf fuel-clad interaction. 

Figs. 14 and 15illustrate the fate of a fuelpellet and its surrounding 

piece of clad during various phases of a period of operation. 

Fig. 14a shows a longitudinal section before start-up. The distance 

between the pellet and clad surfaces equals the radial cold-gap. 

Fig. 14b shows the same section at elevated power. The pellet ends 

move out to establish clad contact because of the general differential ex

pansion in the radial direction and the shape distortion. The figure indi

cates how the clad responds to the load by forming a "ridge" at the location 

of the pellet end. Under the assumption that there i s no contact between 

fuel and clad c lose to the pellet mid-plane, the local expansion of the tube 

at the ridge will cause a corresponding contraction a little further towards 

the mid-plane. If the pin i s operated for just a few hours at this power 

level and then taken out of operation, a profilometer trace would reveal 

this type of deformation, indicating that most of the deformation has be

come permanent, due to high primary creep-rates in the clad. 

Fig. 14c shows what could happen if operation is continued at constant 

power for a long time, say several months. The clad has now moved in on 

the pellet because of secondary creep. The contraction adjacent to the 

ridge has been smoothed away, but the ridge remains. It is possible that 

the ridge has become somewhat smaller because of creep of the fuel ma

terial. 

Fig.1 5 shows a cross section at elevated power, say corresponding to 

fig. 14b. Radial cracks have formed to relieve the hoop s tresses in the 

outer part of the pellet. This cracking process causes fuel material to 

move out radially, thus enhancing gap closure. 

The computer model simulates a power history step by step along the 

time *uds. The mathematical approach rests on superposition; 

For the pellet, a two-dimensional calculation of s tresses and strains 

i s don« in the longitudinal plan«, using finite differenc« techniques and 
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Clad 

Pellet surface 
before cracking 

Pellet surface 
after cracking 

Fig. T 5. Pm cross-section. 

neglecting the radia l cracking. Similarly, two-dimensional calculations 

a r e done for severa l c ross-sec t ional planes in order to account for the 

cracking. Then those par t ia l calculations a r e merged by superposit ion. 

For the clad, an axi -symmetr i c shell- theory calculation is performed. 

At the beginning of each t ime-s tep , the effect of the power increment 

is accounted for as described above, then an integration is performed 

throughout the t ime-s tep in o rder to account for the c reep effects. If 

necessary , the t ime-s tep may be subdivided. 

The code allows for the assumption of a central fuel zone, which i s 

totally plastic (i. e. unable to support shea r s t r e s se s ) . This zone is defined 

by an input tempera ture of plasticity. 

The code also accounts for axial forces on the assumption that clad 

elongation and pellet elongation must be equal over any time step, during 

which pellet-clad contact is effective. The model distr ibutes the axial pel

let load on the end face with due regard to the response of the plastic fuel 

zone and to any original pellet dishing (i. e. end face concavity). 

The code, named WAFER, i s running in i ts first version on the B6700 

Computer at Risø. The performance of the code is quite satisfactory. The 

code has c lear ly demonstrated the effects of the crack formation and of 

p r imary c reep on the clad deformations. 

The resu l t s so far produced by the code have mainly applied to shor t 

power-h is tor ies . They have shown good agreement with hot-cel l profi-

lometry. 

Overpower Testing 

The current p rogramme comprises BWR as well as PWR type test fuel 

pins, i r radia ted at the relevant coolant p r e s s u r e s (70 and 150 a t . , r e spec t 

ively) in the mate r ia l s testing reactor DR 3 at Risø. Recent tests have in-
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Fig. 16. Irradiation of fuel pins T10-3 and M4-I. 

eluded f'iel pins with burn-ups exceeding 30,000 MWD/t UO However, a 

more fully evaluated experiment, performed at 21, 000 MWD/t U 0 2 , will 

be described briefly in the following for the purpose of i l lustration. 

Two almost identical test fuel pins were i r radiated with I 2. 6 mm UO0 

pellets in 140 mm stack lengths. One pin (M4-1) had Z r - 2 cladding and a 

0. 20 mm gap(d iam. ) , whereas the other (T10-3) was clad in Z r - 4 and had 

a 0. 27 mm gap. 

The fuel pins were i r radia ted together in boiling H 2 0 at 70 at. A burn-

up of 21,000 MWD/t UO, was accumulated over a period of 2 years at heat 

loads decreasing from 550 to 350 W/cra, as shown in fig. 1 6, 

At the end of the 2 -year period, the pins were unloaded for non-de

struct ive characterization. In the subsequent overpower test, the H 0 0 

coolant was replaced withD 9 0, which gave a new power level of 420 W/cm. 

There was indication of failure after 3* h r s . , and the pins were unloaded. 
3) Fur ther i r radia t ion and design details have been reported elsewhere ' . 

During the two years , the cladding diameter of both pins decreased by 

max. 50 pm, i . e, insufficient to close the initial gaps. Ridges formed at 

pellet in terfaces were max. 30 and 20 am (diam.) for M4-1 and T10-3, 

respect ively. The overpower caused ridge-height increases of up to 50 um 

for M4-1 and 10 j»m f o r T l 0 - 3 , indicating a much s t ronger fuel-clad in t e r 

action in M4-1 . 
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Fig. 17. Cladding crack with hydride patch »t one of the pin holes detected 

in the leak check of M4-I. 

Fig. 18. Cladding crack without hydride patches in M4-1 . 
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Fig. 19. Cladding cracks one pellet length above t racks in figs. 17 and 1 a. 

\^r?*#&Z".r:*. 

Fig. 20. Brittle cladding crack with hydride patch. 
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The leak check of M4-1 revealed two neighbouring "pin holes", located 

near the pellet interface with the largest increase in clad ridging. There 

were also eight crack-like surface marks, two of which were at the pin 

holes; all those marks were in the vicinity of the three largest ridges. 

Metallography of M-i-t revealed many partially or fully penetrating 

cladding cracks, associated with radial fuel cracks. Near the ridge with 

the above pin holes, several cladding cracks on a 120 arc to both sides of 

the leaks had heavy hydride patches at their inner part, as illustrated in 

fig. 1 7. Hydride-free cracks were found randomly on the whole cir

cumference, see fig. 18. Cross sections near the pellet interface, 

one pellet length higher up, also showed many cladding cracks opposite to 

pellet cracks, see fig. 19, although the leak check revealed no pin 

holes there. All the cracks at this elevation were associated with hydride 

patches at the inner cladding surface, s e e fig. 20. 

A cladding aampl*1 with one of the pin holes and the associated hydride 

patches contained200 ppm D and!75 ppm H; this indicates that the patches 

were deuterides, formed after the cladding penetration (the 175 ppm H 

originates from hydrogen pick-up in the corrosion during the 2-year ir

radiation period and from residues of the resin used in the metailographic 

preparation). 

All cladding cracks were brittle in appearance and started from the 

inside; together with the failure delay-time this suggests the operation of 

a stress-corrosion type mechanism. It thus appears that, during the ir

radiation to 21,000 MWD/t U0 2 , cladding creep-down and fuel swelling 

enhanced the relative difference in gap s ize between the fuel pins. The 

power increment of 20% to 420 W/cm caused the pin with the smaller gap 

(M4-1) to failby a combination of a "mild" fuel-clad interaction and s tress -

corrosion. The fact that M4-1 failed at a heat load below the maximum 

level seen early in life is attributed to gap reduction and cladding en> 

brittlement during the "steady-state" irradiation. 
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out to investigate the in-pile creep properties of these alloys. Work con

tinued on the joint programme on examination of advanced 2irconium alloys 

for water reactors (with the UKAEA, United Kingdom, AB Atomenergi, 
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Danish Academy of Engineering worked in the department on the following 
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H. E. Eriksen: "Determination of Stress-Strain Curves using Com

puter Processing" 

J. A. Hansen: "Recrystallization and Grain Growth in Aluminium-Alu

mina Alloys" 

K. H. Hansen: "Precision Casting of Grits for Fuel Elements using the 

Lost Wax Method" 

J. Høyer; "Production of Tungsten Carbide/Cobalt Alloys" 

T. A. Madsen: "Production of Fine-Grained Copper" 
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Chr. Sørensen: "Crack Opening Displacement Measurements". 
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75 .1 -75 .3 . 

The abstract appeared in the previous progress report. 

Loaning af rustfaste stål uden flus. (Fluxless Brazing of Stainless Steels). 

J. Christensen. Svejsetidende 36 (1 974) 50-53. 

Furnace brazing of stainless steels gives many advantages such as 

s tress - free components in which the joints are tight, smooth, and cor

rosion resistant. The components are bright-annealed and come out 

of the furnace with a bright surface free from any discolouration. In 

a dry hydrogen atmosphere or in a high vacuum all surface oxides will 

be removed at the brazing temperature; this leaves the metal surfaces 

in the joints in a condition for perfect wetting. Since corrosive chemi

cal fluxes are not used, nj cleaning operations are needed after the 

brazing. 

Nickel Brazing Below 1 0 2 5 1 of Untreated Inconel 71 8. 

J. Christensen and K. Rørbo. Weld. J. S3 (1 974) 460-s -464-s . 

Nickel brazing of untreated Ni-Cr-Fe high temperature alloys con

taining reactive metals such as Ta, Ti and Nb(Cb) normally requires 

brazing temperatures above I075°C and a vacuum better than 10"° mm 

Hg. Brazing of these alloys at lower temperatures and/or at higher 

pressure« has previously involved a time-consuming pretreatment in 

which the oxides formed by the reactive metals are eliminated. This 

paper describes a method in which the dewetting effect of these oxides 

is eliminated during the brazing cycle by means of a getter material, 

e .g . zirconium. 

The new process applied to Inconel 718 and X-750 and with BNi6 and 

BNi7 as brazing filler metals results in perfect wetting and joint fill

ing at I025°C under a vacuum of only 10" mm Hg. The only pretreat

ment necessary for Inconel 718 and X-750 i s degreasing. Corrosion 
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tests on the brazed joints in water at 290 C have shown a corrosion 

rate of 0. 3-2. 3 ^m/year ; this may be compared with heat treated and 

unbrazed Inconel 718 which has shown a corrosion rate of less than 

0.1 urn/year. 

High-Speed Measurement of the Internal Diameter of Tubes: a Comparison 

of Methods. 

H. E. Gundtoft, C C . Agerup, and N. Nielsen, Non-Destr. Test . 7_ 

(1974) 189-193. 

Thet .thors have compared various methods of tube measurement and 

have made the striking conclusion that the continuous measurement of 

the internal diameter of precision tubes with an a i r gauge is often u se 

less in practice. The methods selected for experiment were all contact-

less and so included only air-gauging techniques and the capacitive 

measurement system. The authors propose an improved air-gauging 

technique where the p re s su re t ransducer is close to the air nozzles 

thus increasing the measurement speed by 1 2 t imes . However, the 

capacitive method was found to be even faster as well as stable and 

accurate. The disadvantage with the capacitive method is the need to 

introduce a probe into the tube. This difficulty is avoided by an in

direct method where both external diameter and wall thickness were 

found instead and the difference taken. The perfected system has now 

been combined with ultrasonic immersion testing for flaws to make a 

complete tube testing facility. 

The Effect of Par t ic le Size on the Recrystallization Tempera ture of Dis

persion-Strengthened Aluminium-Aluminium Oxide Alloys. 

N. Hansen and B. Bay, Scr. Met . , 8(1974)1291-1296. 

The recrystall ization temperature was de te rminedas a function of par 

ticle size for six aluminium-aluminium oxide alloys with an average 
o 

particle s ize from 360 to 850 A and at an almost constant par t ic le 

spacing of about 0.4 |tm. It was observed that the recrystal l izat ion 

temperature of the aluminium-aluminium oxide alloys increases r a p 

idly with increasing part icle s ize for small par t ic les , and decreases 

at large particle s izes . This observation may be explained by a super-

imposition of two effects of part icles on the nucleation process: a) a 

retarding effect, dominating at smal l part icle s i zes , related to de

layed dislocation climb around the par t ic les , and b) an accelerating 
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effect, dominating at larger particle s izes , related to the formation 

during recovery of smal l a reas of misorientation around the par t ic les . 

Hvordan vælge reaktor type. (How to choose a Reactor) . 

N. Hansen, Berl ingske Tidendes kronik 30. April I 974. 

Fuel supply, economy, safety, and the participation of Danish industry 

in the building of reac tors a r e discussed in relation to LWR and CAN-

DU type r eac to r s . 

Styr på forskningen. (Research Management). 

N. Hansen, Berl ingske Tidendes kronik 10. December 1 974. 

A discussion of social ly-relevant scient : ' '^ research , its topics and 

methods of control . 

Uran, St rukturmater ia le og Energiråstof. (Uranium, Structural Material 

and Source of Energy). 

A. Jensen, In: Metalliske Råstoffer, Proceedings of Dansk Metallur-

gisk Selskabs Vintermøde, held at Risø, 7-9 January 1 974. Edited by 

V. F . Buchwald and K. Dorph. (Dansk Metallurgisk Se'skab, Køben

havn, 1974) 191-201. 

Some fundamental proper t ies of urnaium in its metallic form a re de

scribed, followed by examples of its increasing use in industrial pj jd-

ucts as a s t ruc tura l mater ia l . Its use as an energy resource is p res 

ented in relation to the use of nuclear energy in Denmark. 

A New Three-Dimensional Approach to Fuel-Pin Performance Modelling. 

N. Kjær-Pedersen , Trans . Am. Nucl. Soc. 1_9 (1 974) 11 3. 

A computer model was prepared for the prediction of UOg-Zr fuel-rod 

performance. The model is based on the use of the superposition prin

ciple in a finite difference description of the pellet elastic behaviour 

and a shell theory description of the clad elastic behaviour. The model 

simulates a complete power history for one segment of a fuel rod. P r i 

mary and secondary creep of both fuel and clad mater ia ls a re incor

porated. The model i s unique in the sense that a virtually 3-D de

scription is achieved on the basis of a d i rect representation of fuel 

cracking, which in turn leads to a description of local s tresses and 

strains in the clad, especially ridge formations. 
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A Model for Fuel Rod Mechanical and Thermal Behaviour. 

N. Kjær-Pedersen, In: Nuclear Fuel Performance, Proceedings of the 

International BNES Conference, held in London 15-19 October 1973. 

(British Nuclear Society. 1 974) 72.1 -72 .4 . 

The abstract appeared in the previous progress report . 

U 0 2 - Z r Fuel Pin Performance at Small Power Increases . 

P. Knudsen, H. H. Hagen, and J. Stiff, Atomwirtsch. Atomtech. ]_9 

(1974) 135-136. 

Three U O , - Z r test fuel pins were i r radia ted to about 20,000 MWD/t 

U0 9 and then given an overpower of 20% at a speed of 20-30 W/cm • 

min. As a resul t , the pin with the wors t combination of design and 

operating pa ramete r s failed. Judged from the non-destructive post-

irradiation examination, the failure is tentatively attributed to in

creased fuel-clad interaction during the overpower. 

UO ? -Zr Performance Evaluation in Overpower Testing at 21,000 MWD/MT 

uo2. 
P. Knudsen and K. Bryndum, Trans . Am. Nucl. Soc. ]_9 (1 974) 140. 

Two almost identical U 0 2 - Z r fuel pins were i r radiated to 21,000MWd/ 

MT U0 2 at heat loads decreasing from 550 to 350 W/cm. After non

destructive characterizat ion, the power level was increased to 420 

W/crn, resulting in failure of the pin with the smal le r fuel-clad gap. 

Metallographic examination of this pin revealed many partially or fully 

penetrating cladding cracks , associated with radial fuel c racks . From 

the appearance of the cladding c racks , it is concluded that the failure 

was caused by a combination of a "mild" fuel-clad interaction and 

s t r e s s -co r ros ion from fission products. 

Glødeskaller som råstof ved jernpulverfremsti l l ing. (Mill Scale as Raw 

Material for Iron Powder Production). 

K. M. Laursen, In: Metalliske Råstoffer, Proceedings of Dansk Metal-

lurgisk Selskabs Vintermøde, held at Risø, 7-9 January 1 974, Edited 

by V. F. Buchwald and K. Dorph. (Dansk Metallurgisk Selskab, Kø

benhavn, 1974) 97-102. 

A description i s given of a process developed for production of iron 

powder from mill sca le . An economic evaluation of the process is 

given. 
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A Molecular Dynamics Approach to Grain Boundary Structure and Migration. 

R . M . J . Cotter i l , T. Leffers, and H. Lilholt, Phil . Mag. 30 (1974) 

265-275. 

It has been demonstrated that grain boundary formation from the melt 

can be simulated by the molecular dynamics method. The space be

tween two n.utually-misoriented crys ta l slabs was filled with atoms in 

a random manner and this "liquid" was then cooled until crystallization 

occurred . The general features of the resulting grain boundary a r e 

found to depend on the temperature and on the p ressure applied to tne 

outer c rys ta l face. 

Discussion of "The Effect of Penultimate Grain Size on Rolling Texture in 

Cu-Sn Alloys". 

T. Leffers, Metall. Trans . 5_ (t 974) 211 0-211 2. 

It is pointed out that, contrary to the statement of the authors of the 

original paper (Liu and Alers). the effect of large grain s ize on the 

rolling texture in face-centred cubic mater ia ls can be observed di

rectly in the pole figures. In copper with grain s izes of the order of 

1 mm there is a strong preference for orientations close to {211} 

(111) , whereas the texture in normal fine grained copper forms an 

"orientation tube" from {211} <111 > to {l 10} <11 2) . In brass the tex

ture deviation in coarse-grained (~1 mm) specimens is a pronounced 

strengthening of the texture components with {l11 } parallel to the 

rolling plane. Some of the texture deviations in coarse-grained ma

te r ia l s may be said to tend towards a more pronounced brass- type tex

ture , but they cannot all be rationalized in this way, as it was claimed 

by Liu and Alers . It is pointed out that Liu's "theory of dislocation 

interact ion" is not an acceptable al ternative to the twinning theory, 

since it contains a ser ious misunderstanding. 

P las t med s tærke fibre har gode mekaniske egenskaber. (Plast ics with 

Strong F ib re s have Good Mechanical Proper t ies ) . 

H. Lilholt, Dansk Plas t ]_ (1 974) 2-7. 

The mechanical proper t ies of fibre composites a r e expounded and ex

amples of attainable s trengths a r e given. P las t ics with carbon fibres 

in par t icular a r e discussed, and the fields of application and the pr ices 

a r e reviewed. 
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Forbedrede anemometre af kulfiber-forstærket plast. (Improved Anem

ometers of Plast ic Reinforced with Carbon Fibres) . 

H. Lilholt, Ingeniørens Ugeblad J_8 No. 14 (1974) 29. 

A short review of a lecture given to Dansk Metallurgisk Selskab. The 

use of plastic reinforced with carbon fibres in equipment for wind-

speed measurements is described, and a m o r e general discussion of the 

mechanical propert ies and the cost of fibre composites is given. 

Nordlbrsk 's projekt: Metalliske komposit ter . Rapport for I 973. (The 

Nordforsk Project "Metallic Composites", P rog re s s Report 1973). 

H. Lilholt and H. Carlsen, Risø-M-1 687 (1 974) 8 pp. 

A brief account is presented of the work done at the Danish AEC Met

allurgy Department under contract with Nordforsk on the development 

of a fibre-reinforced composite with metallic matrix for use at high 

tempera tures (about 1 000°C). The work re la tes to the system of a Ni 

matr ix with W-fibres and covers fabrication and mechanical testing 

(tensile and creep testing). 

Tension-Compression Experiments on a F ibre Reinforced Composite of 

Cu-W. 

H. Lilholt, In: Composites - Standards, Testing and Design. National 

Physical Laboratory, Teddington, England 8-9 April 1974. Conference 

Proceedings. (IPC Science and Technology P r e s s , Guildford, 1 974) J 7-

19. 

Specimens of single crystal copper with between 1 and 4 vol% of paral 

lel tungsten wires of diameter 20 urn were tested at room temperature 

in tension and compression through cycles of constant plastic s t ra in 

amplitudes (Bauschinger tes ts) . The data were used to evaluate the 

(experimental) back s t r e s s of the composite; a preliminary compari

son with recent theories ofback s t r e s s in two-phase mater ia ls indicates 

that the composite at room tempera ture behaves as a perfect memory 

solid (no relaxation of dislocation s t ruc tures ) . 

Ultralydlodning af aluminium. (Ultrasonic Soldering of Aluminium). 

Aa. Lystrup, Aluminium No. 3 (1 974) 6-11. 

Ultrasonic soldering is afluxless soldering method that is highly suit

able for soldering aluminium. Since the soldering is carr ied out with-
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out flux in contradistinction to conventional methods, there is no risk 

of corrosion caused by the residues of the flux. The principle of the 

method is that high-frequency mechanical oscillations a re transmitted 

to a solder bath with so high an energy that cavitation occurs . The 

aluminium par ts to be soldered a re placed in the cavitation zone, and 

the surfaces will be eroded. After a few seconds of ultrasonic t rea t 

ment the oxide layer on the surfaces is destroyed and removed. The 

treatment has also the effect that the ra te of dissolution of the alu

minium is very much increased. The method is st i l l finding new fields 

of application. Examples a r e soldering of aluminium heat exchangers, 

joining of copper tubes to aluminium tubes and tin-coating of aluminium 

par t s . A short discussion is given of the main components in u l t ra

sonic soldering equipment. 

Gode erfar inger på Risø med ultru^ydlodning af aluminium. (Good Experi

ence at Risø with Ultrasonic Soldering of Aluminium). 

Aa. Lystrup, Ingeniørens Ugeblad 1 8 No. 1 (1974)3-4. 

The principles of ultrasonic soldering a re described together with the 

resul ts and experience from work on ultrasonic soldering of aluminium 

at the department. Also the great advantages of this method over con

ventional soldering methods a r e discussed. 

European P r o g r e s s Report on Acoustic Emission. 

A. Nielsen. Rep. IIW X-752-74 (1 974) 5 pp. 

A condensed survey is given of progress in Europe during the last one 

to two yea r s relating to the application of acoustic emission technique. 

The repor t is a continuation of Risø Report No. 277 "Acoustic Emis 

sion Surveillance Methods". BdTh repor ts were prepared at the r e 

quest of Technical Commission X of the International Institute of 

Welding. It i s generally concluded that experience has shown that the 

operation of an AE system so as to obtain rel iable information requ i res 

the utmost c a re and experience, extreme skill and very advanced acous

tic and electronic equipment. It i s by no means easy to apply the AE 

technique and many people think it insufficiently advanced to be pre

scribed for the control of practical steel structures. However, day by 

day experience i s being gained and our understanding is being continu

ally improved. Within a few years AE equipment might become an 

integral part of important steel structures and the AE technique may 



44 

provide a substantial contribution to the control of theintegrity of other 

s teel s t ruc tures . 

Creep Strength of Discontinuous Fibre Composites. 

O. Bøcker Pedersen, J . Mater. Sci. 9(1974)948-952. 

A unidirectional, discontinuous fibre composite is considered under 

conditions of steady s ta te creep in the direction of reinforcement. The 

composite consists of noncreeping, discontinuous, perfectly aligned, 

uniformly distributed fibres which a re perfectly bonded to a matr ix 

obeying a power relation between s t r e s s and strain ra te . Expressions 

for the interface s t r e s s , the creep velocity profile adjacent to the 

fibres and the creep strength of the composite a r e derived. Previous 

resul ts for the creep strength, o obtained for composites of the same 

type a re briefly reviewed and compared with the present resul t . It is 

shown that all resul ts reduce to the same general expression 

v n ^ N I /n J + 1/n 
0 = o V f 0 2— ' P ' c f o \i j 

o ' 

in which P is the fibre aspect ratio, i is the composite creep rate , V-

is the fibre volume fraction, o , i and n a re the constants in the 
' o o 

matr ix creep law. The creep strength coefficient o is found to be very 

weakly dependent on V. and practically independent of n when n is 

g rea te r than about 6. 

On a Constraint Effect in Steady-State Creep of Fibre Composites. 

O. Bøcker Pedersen, In: Composites - Standards, Testing and Design. 

National Physical Laboratory, Teddington, England 8-9 April 1974. 

Conference Proceedings. (IPC Science and Technology P r e s s , Guild

ford, 1974) 33-35. 

The tensile creep strength of a unidirectional discontinuous fibre com

posite is discussed on the basis of an analysis of the equilibrium con

ditions in the matrix. This and previous theories predict that a volume 

fraction V, of noncreeping fibres of aspect ratio 1/d strengthens the 

matr ix by the factor a V^l /d) ' n where n is the s t r e s s exponent 

in the matr ix creep law. Each theory yields an approximately constant 

a near unity. The magnitude of a seems to reflect the importance of 

the constraint effect. Pre l iminary experimental data i s presented. 
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Effect of Grain Size on Void Formation during High-Energy Electron I r 

radiation of Austenitic Stainless Steel. 

B. N. Singh, Phi l . Mag. 29(1974)23-42. 

Thin foils of an "experimental" austenitic s tainless s teel , with and 

without dispers ions of aluminium oxide par t ic les , a r e i rradiated with 

1 MeV electrons in a High Voltage LJectron Microscope at 690°C. 

Evidence of grain s ize dependent void nucleation, void concentration, 

and void volume swelling a re presented for grains in the s ize range 

0.45 to 50 |im. In both undoped and helium-doped samples the void 

nucleation is delayed, void concentration is lowered, and void volume 

swelling is reduced by decreasing the s ize of the gram under i r r ad i a 

tion. The resu l t s a re discussed in terms of a "defect depletion" model 

based on the property of grain boundaries as neutral and unsaturable 

sinks for vacancies and sel f - in ters t i t ia ls . It is suggested that even in 

the presence of sufficiently large amount of impurity gas a toms, a 

cr i t ical level of vacancy supersaturat ion is necessary to produce c r i t i 

cally sized vacancy c lus ters which upon stabilization become viable 

void nuclei. It is concluded that the presence of stable and small 

grains improves the damage res is tance of the mater ia l tremendously. 

Swelling Resistance Induced by Grain Refinement and Par t i c le Dispersion 

in Austenitic Stainless Steel during High-Energy Electron Irradiation. 

B.N. Singh. Risø-M-1 71 2 (I 974) 1 9 pp. 

Thin-foils of an austenitic s tainless steel with and without dispers ions 

of aluminum oxide part icles were i r radiated in a high voltage electron 

microscope at 600 C; p r ior to irradiation, up to 1 000 ppm of helium 

atoms were implanted in the thin f' i ls . The void concentration and the 

swelling decreased with decreasing size of the grains i r radiated; the 

effect of grain s i ze being more marked in the d ispersed specimens . 

The grain s ize effect persisted also in specimens containing high con

centrations of helium. The influence of high concentrations of helium 

on void growth and swelling i s investigated. The dose dependencies 

of void s ize and swelling for grains of different s izes and with differ

ent helium concentrations are described. These results are analysed 

in terms of grain s i ze dependent vacancy supersaturation and are 

found to be consistent with the "defect depletion" model recently pro

posed by the author. It i s concluded that void nucleation is critically 

dependent on vacancy supersaturation and that the grain s ize effect i s 

predominantly nucleation controlled. 
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Calculated Grain Size-Dependent Vacancy Supersaturation and i t s Effect 

on Void Formation. 

B.N. Singh and A . J . E . Foreman. Phil. Mag. 29 (1 974) 847-857. 

In order to study the effect of grain size on void formation during high-

energy electron i r radiat ions , the s teady-state point defect concen

tration and vacancy supersaturation profiles have been calculated for 

three-dimensional spherical grains up to three microns in s i ze . In 

the calculations of vacancy supersaturation as a function of grain s ize, 

the effects of internal sink density and the dislocation preference for 

interst i t ial at traction have been included. The computations show that 

the level of vacancy supersaturat ion achieved in a grain dec reases with 

decreasing grain s ize . The grain s ize dependence of the maximum 

vacancy supersaturat ion in the centre of the grains is found to be veri

s imilar to the grain size dependence of the maximum void number 

density and void volume swelling measured in the central regions of 

austenitic s tainless steel gra ins . This agreement reinforced the in

terpretation that the grain size effect is due pr imari ly to the depletion 

of point defects from the grain interior, it is suggested that the void 

nucleation is strongly dependent on the level of vacancy supersaturat ion. 

Effect of Vacancy Supersaturation, Gas Concentration, and Irradiation 

Temperature on Void Formation in Dispersion Hardened Austenitic Stain

less Steel. 

B. N. Singh, In: European Conference on Irradiation Behaviour of Fuel 

Cladding and Core Component Materials, Karlsruhe, Germany 3-5 

December 1 974. Compacts of centributed papers . (Gesellschaft flir 

Kernforshung, Karlsruhe, 1974)45-49. 

Thin foils of an "experimental" austenitic s tainless s teel with and 

without dispers ions of aluminium oxide part icles were i r radia ted in a 

high voltage electron microscope at 520, 600, and 650 C. P r i o r to 

irradiat ion, up to 1000 pom of helium atoms were implanted in the 

thin foils at ambient temperature . Since our s ta inless s teel has very 

fine gra ins , the s ize of the grains under irradiat ion varied between 

about 0.5 iim1 and x< 2.5 |im, This variation led to a corresponding 

variation in the vacancy supersaturation that can be achieved in the 

grain in ter iors during irradiat ion. 

It was found that at a given temperature and helium content level, the 

scale of void nucleation is vastly reduced by decreasing the level of 
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vacancy supersaturat ion (i. e. the s ize of the grain, d ) although its 

effect on void growth is ra ther smal l . Although the concentration of 

voids at alow level of vacancy supersaturat ion slightly increases with 

increasing amount of implanted helium, the effect of vacancy super-

saturation on void nucleation is maintained even in the presence of 

high concentrations of helium atoms. In the case of grains with a high 

level of vacancy supersaturation (i. e. in grains with d * 2. 5 am), the 

void concentration increases quite markedly with increasing concen

tration of helium. The void growth in grains with d * 2. 5 tim is found 

to depend on void concentration and has an empirical relation of the 

t y p e U ^ C ^ - ' / 3 . 

Grain Boundary Migration during I MeV Electron Irradiation. 

B. N. Singh and T. Leffers. Scr. Met. 8(1974)549-552. 

Thin foils of a fine-grained austenitic s ta inless steel were i rradiated 

in a high voltage electron microscope. During irradiat ion experiments 

at 600 and 650°C, grain boundaries a r e found to migrate away from 

the centre of irradiat ion in the gra ins . This directionality of the mi

gration does not depend on the sense of curvature of the boundaries. 

There is a general tendency for the grain-boundary migration ra te (at 

a given i rradiat ion temperature) to inc rease with increasing grain s ize . 

As a possible explanation for the observed directionality, a mechanism 

has been suggested in t e rms of a not flux of self- inters t i t ia l atoms to 

the boundaries of an irradiated grf.m in the s teady-s ta te conditon. The 

mechanism suggested is in agreement with the grain s ize dependence 

of the irradiation-induced boundary migration. 

Analysis of the Effects of Dispersed Par t i c l es and Irradiation on the De

formation Behaviour of Z r - 2 . 

B .N. Singh. M. R Warren, and P . D. Parsons , In: Nuclear Fuel P e r 

formance. Proceedings of the International Conference organised by 

the Bri t ish Nuclear Energy Society held on 15-19 October 1 973, Lon

don. (British Nuclear Energy Society, London, 1 974) 64. 1 -64. 3. 

The abs t rac t appeared in the previous progress repor t . 
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Thermogravii . ietric Studies of the High Tempera ture Thermodynamic 

Proper t ies of Plutonium Oxides. 

O. Toft Sørensen, Symposium on Thermal Analysis. Research Estab

lishment Risø of the Danish Atomic Energy Commission 13-14 Sep

tember 1 973. (Nordforsk, Stockholm, 1973)96-102. 

The abstract appeared in the previous progress repor t . 

Corrosion Behaviour of New Z r Alloys. 

E. Tolksdorf, J. Nucl. Mater. 51_ (1 974) 330-336. 

Corrosion studies have indicated that the most promising rep lace

ments forZirca loy-2 a r e Z r - C r - F e , Z r - V - F e and probably Zr -Nb-Ta , 

provided they a re in their optimized condition. These alloys a re con

ventionally manufactured alloys. 

Die Oxydation von intermetallischen Zirkoniumlegierungen in Sauerstotf 

und Wasserdamf bei 400 C. 

E. Tolksdort, Werkst. und Kor ros . . 25 (1 974) 430-435. 

In connection with investigations of the role played by intermetal l ic 

phases in the problem oi the transition phenomenon, the oxidation be

haviour of a number of intermetall ic zirconium compounds (ZrAlg, 

Z r C r 2 , Z rCo 2 , ZrCu 3 , Z r F e 2 , Z rMo 2 , ZrNi, ZrS i 2 , Zr 4 Sn, ZrV*2) 

and of the eutectic alloys ZrNb ami Z rTa in pure oxygen at 400 C 

were examined. Z r A l , anc ZrSU showed select ive oxidation of the 

alloying element in combination with a very low oxidation ra te due to 

the formation of a protective layer. Other compounds showed a se lec 

tive oxidation of zirconium while oxidation of ZrNb and ZrTa resul ted 

in formation of mixed oxides. Oxidation of ZrAL, and Z r S i , in super

heated s team resulted in considerably higher reaction ra tes than oxi

dation in pure oxygen. 

An Improved Method for Differentiating between Continuous and Discon

tinuous Yielding. 

M. R. Warren, Scr . Met. 8 (1974) 65-70. 

The strong sensitivity of the differential of the logo vs. loge plot to 

slight changes in shape of the load vs. elongation curve can be advan

tageously used to depict yield behaviour. The method is part icular ly 

applicable to the study of the transition from continuous to discon

tinuous yielding. It can be used i r respec t ive of whether o r not the m a 

te r ia l to be studied obeys the empirical Hollomon or Ludwik equations. 

LECTURES AND CONFERENCE CONTRIBUTIONS 

Dislocation Structures in Creep-Deformed Materials;. 

J . B . Bilde-Sprensen, presented at the Nordic Summer School on Crys 

tal Defects, Lyngby, June I 9?4. (Not available). 

Dislocation s t ruc tures fornød in pure mater ia l s during c reep a r e de

scribed, and recent c reep models based on the observed dislocation 

s t ruc ture a r e discussed. 

Dip-Brazing in Salt Baths - A Fast and Reproducible Joining Method. 

J . Christensen, presented at the Fifth International Conference on 

Brazing, Piesteny, April 1 974. (Not available). 

A review is given of the available filler meta ls , fluxes -.rid sal t baths 

that a re used for dip-brazing of steel , b r a s s , copper, s tainless s tee ls 

and aluminium. Examples of the possibili t ies of combining dip-brazing 

with carbonizing and hardening by means of special sal t baths a r e also 

described. The various operations in the dip-brazing process a r e de

scribed in detail . The economic advantages which can be obtained by 

dip-brazing a r e i l lustrated by some s ta inless s tee l and b r a s s com

ponents in which mater ia ls and labour costs have been reduced by 

m o r e than 50% by changing from mechanized flame brazing to dip-

brazing in a neutral sal t bath. Finally, some experience gained from 

fluxless brazing of aluminium in a meta l bath with ul trasonics is men

tioned. This new method eliminates all r i sks of corrosion originating 

from t races of flux. 

Nickel Brazing Below 1025°C of Untreated Inconel 718. 

J . Christensen and K. Rørbo, presented at the 55th AWS Annual Meet

ing (5th International AWS-WRC Brazing Conference), Houston, May 

1 974. (Manuscript published in Welding Journal) . 

Molecular Dynamics Simulation of Grain Boundary Formation. 

P. O, Esbjørn, presented at the Nordic Summer School on Crys ta l 

Defects, Lyngby, June J 974. (Not available). 

As an example of the application of molecular dynamics technique, the 

simulation ofgrain boundary formation i s described in detail. The main 
i 

resu l t s concern the influence of misorientat ion on the grain boundary 
configuration and energy. The grain boundaries a r e generated in two 
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ways: I) by solidifying a liquid between two mutally misoriented crysta l 

faces, 2) by bringing together two half c rys ta l s with a given orien

tation, followed by relaxation. All calculations a re made for a two-

dimensional Lennard-Jones model solid. 

A Unified Theory of Melting, Crystall ization and Glass Formation. 

R . M . J . Cotterill, E . J . Jensen, W. Damgaard Kristensen. R. Paetsch, 

and P. O. Esbjorn. presented at the Table Ronde on the Dense Random 

Packing Structure, Orsay, June 1974. (Manuscript to be published in 

Journal de Physique). 

In recent years , dislocations have been involve J in theories of melting, 

in models of the liquid s tate , and in calculations of the viscosity of 

g lasses . Part icular ly noteworthy a r e the Mott-Gurney model of a 

liquid as a polycrystal with a grain s ize (i. e. a dislocation network 

size) of near-atomic dimensions, and the demonstration by Kotze and 

Kuhimann-Wilsdorf that the solid-liquid interfacial energy is p ro

portional to the grain boundary energy fora number of e lements . These 

developments suggest the possibility of a relatively simple picture of 

crystallization and glass formation. In Uie liquid s tate dislocations, 

at the saturation density, a r c in constant motion and the microscopic 

grain boundary s t ruc ture that they form is constantly changing due to 

dislocation - dislocation interaction. As tne liquid is cooled below the 

melting point the free energy favours the crystal l ine form and grains 

larger than the cri t ical nucleation s ize at any given temperature will 

grow at the expense of the surrounding gra ins . If this process does 

not occur the dislocations will remain and a glass will be formed. Just 

which of these alternatives will actually be observed for a given ma

ter ia l will depend especially on the amount of dislocation motion that 

can take place during the cr i t ica l period when nucleation and growth 

becomes favoured thermodynamically. Thus the glassy form will have 

abe t te r chance of being formed if either the Liquid is part icularly v is 

cous or if the cooling ra te is part icularly rapid, 

Dispersion-Strengthened Mater ia ls . 

N. Hansen, presented at the Nordic Summer School on Crysta l Defects, 

Lyngby, J> ne 1 974. (Mot available). 

Th& mechanical propert ies of dispersion-strengthened mate r ia l s a r e 

discussed. 

SI 

In-Pi le Experiences of High-Temperature Measurement-, at Rise . 

G. Fayl, K. Hansen, andB .S . Johansen, presented at the international 

High-Temperature In-Pi le Thermometry Colloquium, Petten. Decem

ber 1974. (Transcr ipt available, 15 pp.) . 

in order to study the influence of design and operational pa ramete rs 

on fuel pin thermal behaviour, three types of irradiation r igs equipped 

with thermocouples were developed. I Ov. pellets with d iameters ranging 

from I 2. 5 to I 7. 5 mm and stack lengths from 80 to 500 mrr were i r 

radiated at fuel tempera tures up to 23>0°C. Fuel temperatures were 

measured in up to three different radial positions b> means of re f rac

tory metal thermocouples. Results were obtained a: different flux 

levels, 5 • I 0 1 3 - 10 1 4 thermal n / c m 2 s and 1-2 • 1 0 1 3 fast n / c m 2 s . 

for irradiat ion t imes up to 740 days and &6 reactor shut-downs. A 

system developed to exchange the i rradiated thermocouple in the fuel 

centre is applicable up to a maximum fuel temperature of approxi

mately I400°C. 

A Comparison of Finite Eiement versus Semi-analyucai Methods in Fuel 

Modelling. 

B. S. Johansen and N. Kjær-Pedersen, presented at the Enlarged Hal

den Program Group Meeting, Sandefjord, June 1974. (Transcr ipt avail

able, 7 pp. } 

Extensive studies have been ca r r i ed out in order to establish workable 

computational methods for pe l le t -c lad mechanical interaction. The 

speed requirements for t ransient calculations almost exclude the use 

of established finite element methods. However, finite element methods 

have been used to calculate a l a r b e number of typical ca ses . These 

cases have been compared with results obtained by the use of poly

nomial representa t ions , difference equation techniques and shell the- -r\. 

The outcome of the work has been a complete model of pellet-clad 

mechanical interaction, based on all three of the above-mentioned 

semi-analyt ical approaches, in which the reliability of each partial 

model '•* supported by numerous finite element calculations. 

Overpower Testing of UO\,-Zr Fuel Pins Irradiated to 20,000 and 35,000 

MWD/t U 0 2 . 

P . Knudsen and K. Bryndum. presented at the Enlarged Halsen P ro 

gram Group Meeting, Sandefjord, June 1 974. (Transcr ipt available, 

available, 17 pp . ) , 
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Local heat load increases may lead to fuel pin failure, depending on a 

number of factors including burnup, power levels and design param

e te r s . In an attempt to quantify some of these relationships, well-

characterized U 0 9 - Z r test fuel pins were i r radiated to about 20, 000 

and 35,000 MWD/t U0 2 and then given an overpower ramp at a speed 

of 20-30 W/ cm • min. Three pins wGre given 20% overpower at 20, 000 

MWD/t UO?, which resulted in one failure, whereas one pin survived 

a 45% overpower ramp at 35, 000 MWD/t UOg. Details of the i r rad ia 

tion history are presented in this paper, and resul ts from the current 

post-irradiation examinations a r e evaluated. 

Rolling Textures in Face-Centred Cubic Mater ia ls . 

T. Leffers, two invited lectures held at the Institute of Metal Research 

of the Polish Academy of Sciences, Krakow, February 1 974. (Not 

available). 

The first lecture described the phenomenology of the f. c. c rolling 

textures, emphasizing the - not very well understood - deviations from 

the copper-type and brass- type textures caused by coarse grains , par

ticles, and irradiation. Also the lack of exact knowledge of the early 

stages in the development of the copper-type and the b rass - type tex

ture was discussed. 

The second lecture dealt with the author 's own theories for the texture 

development, derived from a new kinematical model for the plastic 

deformation of f. c. c polycrystals . 

On the Plastic Deformation of Polycrys ta ls . 

T. Leffers, presented at the Nordic Summer School on Crystal Defects, 

Lyngby, June 1 974. (Not available). 

During plastic deformation of polycrystall ine mater ia ls the deformation 

of the individual grain must adjust to that of the surrounding grains so 

that material continuity can be maintained. The various geometrically 

possible ways of fulfilling this condition a r e described. The texture 

developed during deformation is one of the relevant means for the in

vestigation of the deformation mechanisms actually operating. The 

comparison between calculated and experimental textures indicates 

that, depending on the c ross - s l ip frequency, two different mechanisms 

may be operative in face-centred cubic polycrystals. 

S3 

Fibre Composites I: Structural parameters and tensile properties. 

H. Lilholt, presented at the Nordic Summer School on Crystal Defects, 

Lyngby, June 1 974. (Not available). 

The principle of strong solids and fibre reinforcement is introduced. 

Structural parameters governing the stiffness and strength of com

posites with aligned fibres are d iscussed. Experimental methods for 

determining some s t ruc tura l pa rame te r s a r e described. 

Physical Metallurgy at Risø. 

H. Lilholt, lecture held at the Physical-technical Institute, Kharkov, 

Ukraine. Apri} J 974. (Not available). 

A short review of work on physical metallurgy at the Metallurgy De

partment. 

Ultralydlodning af aluminium. (Ultrasonic Sober ing of Aluminium). 

Aa. Lystrup, presented at Skandinaviske Aluminiumdage, Oslo, Au

gust 1974. (Manuscript published in Aluminium). 

F ibre Composites II: Creep and F r a c t u r e Mechanics. 

O. Bøcker Pedersen f presentedat the Nordic Summer School on Crys 

tal Defects, Lyngby, June I 974. (Not available). 

A recent theory for predicting c reep propert ies of discontinuous fibre 

composites from a general ma t r ix creep law is described. The frac

ture mechanics of a fibrous s t ruc tu re is considered, and a number of 

mechanisms contributing to the fracture toughness a re mentioned. 

Void Nucleation and Growth during J MeV Electron Irradiation. 

B.N. Singh, lecture held at the Solid State Physics Department, Mol, 

Belgium, May 1 974. (Not available). 

It is well known that a high voltage electron microscope can be used 

as a convenient tool for studying the problem of void formation in 

metals and alloys. We have used this technique to study some aspects 

of void nucleation and growth in our austenitic stainless steel, both 

with and without dispersions of aluminium oxide particles. Some re

sults are presented to show that the grain refinement and dispersion 

of particles reduce the scale of void nucleation as well as the rate of 

void growth. Theoretical considerations of these results show that 

the above*mentioned effects are due to less of vacancies to internal 
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neutral sinks, such as grain boundaries and mat r ix -par t ic le interfaces. 

The role of vacancy supersaturat ion and impurity gas atoms in the nu-

cleation of voids a re discussed. 

Irradiation Induced Voids in Stainless Steel. 

B. N. Singh, presented at the Nordic Summer School on Crysta l De

fects, Lyngby, June I 974. (Not available). 

Thin foils of s ta inless s teel with and without dispers ions of second 

phase part icles were i r radia ted with 1 MeV electrons in a high voltage 

electron microscope. P r i o r to irradiat ion, up to 1000 ppm of helium 

atoms were implanted in the thin foils at room tempera ture . 

The influence of s t ruc tura l parameters such as grain boundaries and 

metal-part icle interfaces onthenucleation and growth of voids a r e de

scribed and discussed. The experimentally observed dependencies of 

void nucleation and void volume swelling on grain s i t e a r e correla ted 

with the grain s ize dependence of theoretically calculated vacancy 

supersaturation. The role of gas atoms in void nucleation and growth 

are considered. Finally some observations on the grain boundary mi 

gration during i r radiat ion a r e presented. 

Swelling Resistance Induced by Grain Refinement and Par t i c le Dispersion 

in Austenitic Stainless Steel during High-Energy Electron Irradiat ion. 

B. N. Singh, presented at the International Conference on the Effect 

of Irradiation on Structural Mater ia ls , Gatlinburg, U. S. A. , June I 974. 

(Available as Risø-M-1 71 2). 

The Influence of Vacancy Flux Supersaturation and Gas Concentration on 

Void Nucleation. 

B. N. Singh and A. J . E . Foreman, presented at the Conference on 

Physics of Voids, AERE, Harwell, September 1974. (Proceedings to 

be published). 

Since both the vacancy flux supersaturation and the concentration of 

gas atoms a r e vital entit ies in determining the nucleation of voids 

during irradiat ion, their influence on the nucleation of voids has been 

studied experimentally and theoretically. Their effect on the c r i t i ca l 

embryo s ize for void nucleation has been demonstrated and a new the

ory for void nucleation in t e rms of the Brownian motion of vacancy-

gas atom complexes has been proposed. The effects of vacancy super -

55 

saturation (in t e r m s of damage ra te and cold work) and gas concen

tration on void number density predicted by the proposed theory a r e 

found to be consistent with experimental observations. 

The Transpor t Mechanism of Hydrogen Through Hypostoichiomeiric Z i r -
conia. 

E. Tolksdorf, presented at a rreeting of the Electrochemical Society, 

San Francisco , May 1 974. (Not available). 

Superplasticity. 

M.R. Warren, presented at the Nordic Summer School on Crystal De

fects, Lyngby, June 1 974. (Not available). 

Both s t ruc tu ra l and environmental superplastici ty were discussed. 

The phenomenology of the deformation and the various mechanisms 

which have been proposed to explain it were reviewed. 

Technological implications of superplast ici ty. 

M.R. Warren, lecture held at Sentral Instituttet, Oslo, August 1 974. 

(Not available). 

The technological implications and industrial applications of the phenom

enon of superplast ici ty were reviewed and discussed. Many of the 

problems ar is ing during the application of superplasticity were also 

presented together with some tentative solutions. 
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