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INTRODUCTION 

This repor t r epresen t s a new style of Metallurgy Department an

nual r epor t s . A general view of the activities in the past year is presented 

in the introduction. Two selected topics a re then given a more detailed 

t rea tment , and the part icipation in international collaboration and the ac 

tivit ies within education and training a re described in separate chapters . 

In the survey of publications abs t rac t s have been added. The period covered 

by the repor t has been changed to the calender year instead of the Danish 

financial year , hence this r epor t covers the period 1 April, 1 971 to 31 

December, 1 972. We hope that this new annual repor t will give a clear 

and coherent picture of our work. 

To supplement the description of activities in the following it should 

be mentioned that the organization of the department is being changed 

towards a more project-or iented s t ructure . This should resul t in more 

direct participation of the staff members in the decisions concerning the 

r e s e a r c h work, and thereby hopefully contribute positively to the efficiency 

of the department. 

The collaboration with Danish industry on non-nuclear projects is 

an important par t of the activi t ies of the Metallurgy Department. A new 

way of organizing this collaboration was tried: Individual staff members 

devote par t of their t ime to develop the contact with specific companies. 

This a r rangement proved beneficial to the department in providing a num

ber of r e s e a r c h contracts . It is our impress ion that the companies in

volved a re also well satisfied with the ar rangement . A technical descr ip

tion of the industr ia l work i s outside the scope of this report , and a special 

publication on the subject of industr ia l collaboration has been issued (in 

Danish only). 

General Mater ia ls Resea rch 

This work covered r e s e a r c h programmes on the deformation, 

strength, and s t ruc tu re of s ingle-phase and two-phase mater ia ls , fracture 

mechanics and some fundamental aspects of the behaviour of zirconium al 

loys. 

A method was developed for the determination of dislocation seg

ment length distributions from the projected segment lengths observed by 

t ransmiss ion electron.microscopy. The method was applied to c reep-de

formed magnesium oxide with the aim of correlat ing the dislocation s t ruc 

ture to the c reep behaviour. 
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Fig. 1. Brass rolled to 42% reduction. The deformation inhomogeneities 

a re revealed by the bending of the deformation-twin lamellae. 

Fig. 2. Computer-generated grain boundary - the approximate position of 

the boundary is marked with arrows. A vacancy is seen in the lattice 

above the boundary. 
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On the bas is of the roll ing texture a model has been proposed for 

the plast ic deformation of face-centred cubic polycrystals (Risø Report 

No. 1 99 (1 969) pp. 1 6-1 7). An exhaustive e lectron-microscopical invest i

gation of the mic ros t ruc tu re of f. c. c mater ia l s after plastic deformation 

underlined the importance of the deformation inhomogeneities (see fig. 1). 

The model was modified accordingly so that the inhomogeneity of the de

formation process is given a m o r e active role in the plastic deformation. 

Apart from making the model agree bet ter with experiment, this change 

also produced a more logical and coherent model. 

The formation of grain boundaries was computer-simulated by mol

ecular dynamics techniques (in collaboration with the Department of Struc

tura l P rope r t i e s of Mater ia ls at the Technical University of Denmark). A 

two-dimensional "liquid" was brought to solidify between two slabs of 

c rys ta l with the wanted angular mi s orientation. The resulting grain bound

a r i e s a re not, s traight , and thei r s t ruc tu re cannot be described within the 

rigid framework of the coincidence-boundary theor ies . An example i s 

shown in fig. 2. The heavily distorted layer along the boundary is narrow 

(a few atomic layers thick), which is in agreement with the traditional ideas 

of the s t ruc tu re of grain boundaries . 

The two-phase ma te r i a l s investigated a r e dispersion-strengthened 

mate r ia l s and fibre composi tes . The high- temperature stability of the 

s tainless s teel d ispers ion-s t rengthened with aluminium oxide that has been 

developed at the Metallurgy Department (Risø Report No. 225 (1 970) p. 25) 

was examined; the dispersoid par t ic les , the grains, and the subgrains were 

found to remain almost unchanged after prolonged annealing at 900 C. The 

h igh- tempera ture stability of a close network of grain boundaries and sub-

grain boundaries is expected to suppress the void formation and hence the 

swelling under f as t - reac to r conditions. I rradiat ion experiments at 600 C 

in a high-voltage electron microscope (carried out in collaboration with the 

AERE, Harwell) show that the number of voids is drast ical ly reduced in 

the dispers ion-hardened ma te r i a l s as compared to the same type of s teel 

produced by casting. 

The recrys ta l l iza t ion of aluminium/aluminium-oxide alloys with 

low oxide content was studied together with the Danish Engineering Acad

emy. The var iables investigated were oxide content, oxide distribution, 

and degree of cold work. The resul ts indicate that part icle spacing and 

degree of cold work a r e the important pa rame te r s for the recrystal l izat ion 

behaviour of these dispers ion-s t rengthened ma te r i a l s . 
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The densification of mixtures of metal powder and powder of ce r 

amic particles by compaction and sintering and its relation to the morpho

logy of the powders, were studied with reference to the production of dis

persion-strengthened mater ia l s . 
The fibre-composite projects reported under this heading refer to 

copper reinforced with tungsten fibres. For small fibre spacings it has 

been observed that the strength and the elongation of the composites a re 

different from those calculated from the simple law of mixtures that seems 

to apply for larger fibre spacings. For the further investigation of this 

phenomenon it is important to know the exact propert ies of fibres and ma

tr ix. Therefore individual fibres were tensile-tested, and different ways 

of measuring Young's modulus for the copper matr ices of different samples 

were investigated. The modulus differs from sample to sample, because 

the matr ix is normally a single crystal . 

Within fracture mechanic s the acoustic emission technique was suc

cessfully applied during testing to failure of concrete lids (carried out by 

the Engineering Department at Risø). There was a convincing correlat ion 

between the acoustic activity and the occurrence of cracks in the concrete. 

For the evaluation of irradiation damage in steel, measurements of the 

acoustic attenuation at 1 2 MHz were carr ied out at different tempera tures . 

As to a possible correlation between the acoustic attenuation and the br i t t le / 

ductile transition the experiment has, so far, not been conclusive. Equip

ment for the measurement of crack-opening displacement (tobe car r ied 

out in collaboration with Det Danske Staal valseværk) was constructed. It 

is to be mounted on a tensile testing machine at Det Danske Staalvalseværk. 

In the field of zirconium alloys the precipitation reactions in a Z r -

Cr-Fea l loy (Zr-2% Cr -0.1 6% Fe) were followed by resist ivi ty measure 

ments. The starting mater ia l was solution-treated and then quenched to 

produce a mixed s t ructure of Widmanståtten a-phase and twinned mar ten-

si te . The precipitation of two distinct phases was detected during low -

temperature ageing. They were of a type similar to the 0' precipitates in 

the aluminium-copper system. In an investigation of the ductility of hy-

drided zircaloy-2 the tensile results were computer-analysed. The var ia

tion of d log Oj./d log e versus log e. (a i s the t rue s t r e s s , e the t rue 

strain) was found to give a better indication of the transition from discon

tinuous to smooth yielding than the o - ve r sus - e curve normally applied. 

Discontinuous yielding was promoted by increasing s t rain ra te and sup

pressed by increasing hydrogen content. 
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A model for the influence of intermetal l ic compounds on the oxi

dation of zirconium alloys was proposed. The basic idea is that the oxi

dation of the intermetal l ic par t ic les produces a volume expansion leading 

to cracks in the zirconium-oxide film. These cracks will facilitate oxygen 

diffusion and hence accelera te corrosion. 

Materials Development 

Various advanced zirconium alloys were examined with respect to 

fabrication var iables , mechanical proper t ies , i rradiat ion behaviour, and 

corrosion res i s tance . 

The work on zircaloy-2 dispersion-strengthened with yttria con

tinued in collaboration with the UKAEA (RFL, Springfields). The alloys 

were creep- tes ted from room temperature to 600 C, corrosion-tested in 

s team at 400 C, and a number of alloys were exposed to neutron i r r ad ia 

tion followed by tensile testing. The resul ts so far show that the disper

sion-strengthened alloys exhibit good thermal and irradiation stability, 

twice the s trength of z ircaloy-2, and a corrosion stability comparable to 

that of z i rcaloy-2. 

For the zirconium alloys investigated in collaboration with the 

UKAEA, the AB Atomenergi, Sweden and the IFA, Norway, the iso- thermal 

and iso-chronal annealing behaviour was established with reference to the 

heat t reatment of the f i rs t experimental batches of tube mater ia l . Several 

of the alloys showed at least as good corrosion behaviour as zircaloy-2 

even though they had not received the heat t reatment thought to give opti

mum corrosion res i s tance . All of the alloys showed a considerably better 

res is tance to grain growth than z i rcaloy-2. 

The German low-alloy steel BH 70 was submerged-arc-welded in 

collaboration with the Danish Welding Institute, and test specimens for im

pact testing of weld meta l and heat-affected zones were exposed to neutron 

Irradiation under PWR ( 6 x l 0 1 9 n / c m 2 290°C) and BWR (5 x 1 01 8 n / c m 2 

265 C) conditions. The increase in transit ion temperature was found to be 

Largest for the PWR condition, and is believed to be associated with a r e l 

atively high copper content of 0. 25% in the weld metal compared to 0.1 6% 

.n the base metalK . The high copper content in the base metal is due to the 

ise of copper-clad electrodes. 

1 Welding Research Suppl. 1 970: 49:1 0 pp. 953 g-460 s . 
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Nickel-base mater ia l reinforced with fibres of tungsten for use at 

high temperatures (1 000°C) was examined partly as contract work for the 

NORDFORSK project committee for metall ic composites. The work was 

concentrated on production of nickel-tungsten composites by casting of 

nickel around a bundle of tungsten fibres. The specimens produced in this 

way showed constant fiber diameter and hence constant volumen percent

age over a length of 70 mm. The specimens have been used for mechanical 

testing and oxidation testing at a number of laboratories in Scandinavia. 

Experiments with transformation of scale from steel production 

into i ron powder a re being carr ied out together with an economic evalua

tion of the process . 

Materials Technology 

Equipment for brazing of smal l work pieces was developed. The 

brazing can be carr ied out either in vacuum or in hydrogen atmosphere and 

as heat sources can be used either a res i s tance furnace of a 1 2 kW high-

frequency furnace. 

Anew procedure for brazing Inconel 71 8 with nickel as b raze ma te 

r ia l was established. The procedure makes i t possible to b raze severa l 

joints in the same operation, for example a spacer for fuel elements with 

49 joints (see fig. 4). 

The experiments carr ied out in order to establish a general proce

dure for testing shear, fatique, and impact strength of different brazed 

joints were continued. Closer tolerances were obtained by changing the 

procedure for the machining of specimens, and a computer code proved 

very useful in analysing the tes t resul ts . 

The work on methods for non-destructive testing of products was 

concentrated on the construction of equipment for the measurement of di

mensions and the control of defects in zircaloy fuel tubing. During the f irst 

phase of this programme the work was mainly assessment of solutions to 

key problems such as the mechanical construction of the rotating measuring 

device, signal t ransmission, tube guides, etc. F rom the analysis the op

timum solutions were chosen and construction of the equipment was in

itiated. A prototype unit was presented at the "Nuclex 72 F a i r " in Basle , 

Switzerland. 

For checking of fuel element profiles before and after i r radiat ion 

two identical profilometer benches were constructed. The two benches have 

now been calibrated, and prel iminary resul ts indicate that the uncertainty 

on the measurements is less than 1 0 nm over the whole length (2 m). 
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Fig. 3. A specimen consisting of 500 \im di

ameter fibres of W-3%Re in a matrix of nickel 

after tensile testing. The fibres (vertical) show 

multiple fracture (horizontal black marks). Th« 

distribution of lengths of broken fibre can be 

used to estimate the strength of the bonding be

tween matrix and fibres. 

ir&r&V.i^'zåa 

Fig. 4. Spacer of inconel 71 8 brazed in vacuum. 
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The experimental part of the densitometric scanning of X- ray films 

of flat fuel plates was terminated. The aluminium thicknesses correspond

ing to lower and upper tolerance limits for the uranium content in a fuel 

plate were found by means of termoluminiscent dosimeters . The method 

can now be used in production. Experimental work was initiated on the de

tection of flaws in heavy metal sections, using Risø 's l inear accelera tor 

as radiation source. 

Fuel Elements 

The six Danish U0 2 -z i rca loy test fuel elements that a re at present 

being irradiated in the Halden BWR, Norway, had at the end of December 

1972 achieved burn-ups in the range from 7, 000 to 23, 900 MWD/t UOg. 

The highest local burn-up, namely 29,400 MWD/t UCX,, was obtained in the 

IFA 1 61. 
One of the unloaded assemblies, IFA 1 62, contained fuel pins given 

three different surface t reatments . Pre l iminary resul ts from the analysis 

of hydrogen and deuterium content in the cladding a r e given in table I. The 

hydrogen content seems reasonable, whereas the measurements of deu

terium content give unexpectedly high resul ts in view of the relatively short 

exposure time (220 days at power, average burn-up 5, 600 MWD/t U0 2 ) . 

The investigations a re being continued. 

The irradiation o f U 0 2 - Z r test fuel pins at nominal BWR conditions 

(70 atm, 285°C) continues in the DR 3 reactor . A large number of pa ram

eters a r e being investigated, such as height to diameter rat ios of the pel

lets (1 - 1.5), pellet-clad clearances (0.10 - 0.34 mm), wall thickness of 

cladding (0. 6 - 0. 8 mm), and heat loads (300 - 900 W/cm). Also specifi

cation limits a re being examined, so that examples of resectable auto-

claving, end-plug welding, and pellet surface a r e included in the test p ro 

gramme. The status of the programme is summarized in table II. The 

maximum burn-up obtained as yet is 30, 800 MWD/t UCL, and the target is 

40, 000 MWD/t U0 2 . 

Post- i r radiat ion examination of several test fuel assemblies for 

foreign customers was completed within the past year. Fo r the pos t - i r r a 

diation examination work six new lead-shielded glove boxes a re under con-

Table 1 

No. of 
s ample s 
analyzed 

7 

16 

2 

Gas analys is of IFA 1 62 z i rca loy claddi 

Autoclaving of inner 
and ou te r sur face 

(hours) 

none 

24 

72 

Range of 

H (ppm by wt . ) 

40-65 (1 at 75) 

50-90 (1 at 105) 

35-75 

ng 

r e s ults 

D (ppm by wt. ) 

55-70 

85-165(2 at 190) 

90-110 
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Table II 

Summary of fuel pin irradiations in the DR 3 

(December 1 972) 

Burn-up Number of pins 

(MWD/te U02) Unloaded In reactor 

< 1,000 19 

1 , 000- 5,000 18 8 

5 ,000 -10 ,000 7 2 

10 ,000 -15 ,000 3 

1 5 , 0 0 0 - 2 0 . 0 0 0 1 

2 0 , 0 0 0 - 2 5 , 0 0 0 - 4 

2 5 , 0 0 0 - 3 0 , 0 0 0 - 3 

> 30,000 - 3 

Total 48 20 

struction in the hot cel ls . The boxes a re applicable for work on plutonia-

containing ma te r i a l s . An apparatus for vacuum-impregnation with hard en

able res ins of porous fuel was developed. By this method a complete filling 

of pores and c racks is obtained. Also new equipment for determination of 

internal p r e s s u r e and free volume of fuel pins was constructed. The un

certainty on the determinations with this apparatus is of the order of 2%. 

Two special fuel elements for the DR 2 test reac tor were produced 

in collaboration with the Els inore Shipbuilding and Engineering Co. , Ltd. 

As a resu l t of the p rogramme on casting of U-Al alloys, a chill 

mould21 was developed which has the advantage of giving a uniform solidi

fication of the liquid metal . A new furnace for oxidation, calcination, and 

reduction of uranium oxide compounds was installed. The furnace works 

continuously with a capacity of 6-1 0 kg/h and gives a satisfactory uniformi

ty of the resul t ing powder. 

A r ig for in-pi le corrosion testing of zirconium alloys was finished 

and has, after a few modifications, been commissioned in the DR 3. Steam 

may be used as the corros ive medium at temperatures up to 450 C and at 

p re s su res up to 80 atm. A minor modification after which water can be 

used in the r ig i s planned. The r ig is equipped with a water-conditioning 

system by means of which the chemis t ry of the feed water can be adjusted 

as desired. The out-of-pile corros ion work in the field of nuclear ma

ter ia ls r e sea rch comprised investigations of the influence of the welding 

atmosphere on the corros ion res i s tance of welds in zircaloy-2, tes ts of 

corrosion res i s t ance of components for fuel elements (spacers , springs, 

etc .) , and various problems with regard to the water chemist ry at a pos

sible change from BWR to PWR conditions for forth-coming fuel element 

i rradiat ions in the DR 3. 

Patent applied for 



TRANSMISSION ELECTRON MICROSCOPY OF CREEP-DEFORMED 
MAGNESIUM OXIDE 

J . B . Bilde-Sørensen 

In the past decade there has been a growing in teres t in the high-

temperature creep of ceramic mater ia ls . However, most of the experi

mental work described in the l i terature has concentrated on the dependence 

of creep ra te upon parameters such as s t ress , temperature, and grain 

size. Structural examinations have with a few exceptions only comprised 

optical microscopy. 

In several creep reviews it has been shown that the secondary 

(steady-state) creep rates of many mater ia ls depend l inearly on s t r e s s if 

the s t r e s s and grain size are both sufficiently low. At higher s t r e s ses 

and/or grain sizes the dependence of creep rate upon s t r e s s follows a power 

law. 

The most probable interpretation of creep with l inear s t r e s s de

pendence is some sor t of Nabarro-Herring creep, where the ra te-con

trolling mechanism is vacancy diffusion from grain boundaries under ten

sion to grain boundaries under compression. In contra-dist inctionto this, 

it i s a general assumption that the deformation mechanism in the power 

law range is some sor t of diffusion-controlled dislocation movement, so 

knowledge of the dislocation structure of ce ramics deformed in this range 

is very much needed. 

We decided to study the dislocation s t ructure of creep-deformed 

polycrystalline magnesium oxide by transmission electron microscopy 

(TEM). Stresses and grain sizes were chosen so that secondary creep 

took place in the power law range, and we confined ourselves to studying 

the structure in specimens from tes t s that had been interrupted in the sec 

ondary par t of the creep curve. 

MgO was chosen for the investigation because it has a simple c r y s 

tal s t ructure, because it can be produced with almost theoretical density 

by hot-pressing, and because it is relatively easy to produce satisfactory 

thin foils from this mater ial . 

The thin foils for TEM were produced by purely chemical thinning 

in a hot (1 35°C) mixture of 99 volume parts 70% HgP0 4 and 1 volume part 

concentra tedH 2S0 4 . Before the specimen was inserted in the microscope, 

a thin layer of carbon was vacuum-deposited on the surface. This was done 

in order to avoid charging of the specimen when it was hit by the electron 

beam. 
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Subgrain Boundaries 

When MgO is creep-deformed, the single grains a r e divided into 

more or less well-defined subgrains. In the electron microscope we see 

three different types of subgrain boundaries. These a r e shown in figs. 5-7. 

Fig. 5 shows a boundary consisting of an a r ray of parallel dislocations. In 

fig. 6 the boundary is formed by two different sets of paral lel dislocations 

crossing each other. An analysis showed that the Burgers vector of d is 

locations in one set formed an angle of 90 with the Burgers vector of d is 

locations in the other set . If one examines the points of intersection, it is 

s een that no reaction between dislocations from the two sets can be detected. 

Actually a reaction between dislocations with mutually perpendicular Bur-
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Fig. 7. Subgrain boundary consisting 
of a somewhat i rregular hexagonal 
network, formed by a "1 20°-reaction". 

Fig. 8. Schematic representation of 

the "120°-reaction". 

gers vectors has never been observed in MgO. If a reaction had occurred, 

the two dislocations would have combined over some length, and we would 

see three and not four segments meeting at each node. 

The third type of boundary is the most common. These boundaries 

consist of somewhat i r regular hexagonal networks as the one shown in fig. 

7. Such networks a r e formed by reactions between dislocations in two dif

ferent slip systems when the Burgers vectors of the two dislocations form 

an angle of 1 20° with each other. In fact this is the only dislocation r e a c 

tion which can take place in MgO apart from the annihilation of two dislo

cations of opposite sign. One may in passing notice that in both figs. 5 
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and 6 a "1 20°-react ion" - as we shall call it in the following - has taken 

place locally between dislocations in the boundary and a "foreign" dislo

cation, so that the formation of a hexagonal network has been initiated. 

The "1 20°-Reaction" 

Fig. 8 shows a sketch of the "1 20°-react ion". Normally, dislo

cations in MgO slip over {l 1 0 } planes in 0 1 o) directions. In fig. 8 we 

have drawn a dislocation (1) in the (011) plane with a Burgers vector b- = 

^ [01 T]. This dislocation has reacted with a dislocation (2) with b =^[f01 ] . 

Dislocation (2) glides in the (101) plane. The two slip planes intersect 

along [111] , and the new dislocation (3) will therefore lie along this line. 

We find i ts Burgers vector bg by adding B- and S 0 : 

| [01T] + | [T01] - |[1~10]. 

The line vector £ 3 and the Burgers vector bo of the new disloca

tion a r e perpendicular to each other, so the dislocation is of the edge type. 

However, the plane (112) determined by %„ and So i s not a slip plane, so 

the dislocation is sess i le , i. e. it cannot move by slip, but only by climb. 

At higher tempera tures dislocations may also slip in {l 00 } planes, 

but even at 1 600°C the s t r e s s needed to initiate slip in {1 00} is about 3 

t imes that needed to initiate slip in {110 }. If a dislocation gliding in a 

{1 00 } plane is taking par t in a "1 20 -reaction", the reaction product will 

not be sess i l e . 

Structure Inside the Subgrains 

Inside the subgrains we find a s t ructure as shown in fig. 9. The 

dislocations a r e also he re ar ranged in a network, but this network differs 

in many respec ts from those we saw in the subgrain boundaries. Whereas 

the boundary networks a re ra the r flat, the "inside" networks stretch through

out a whole subgrain. Also the mesh size of the lat ter networks is coa r se r 

and the s t ruc ture more i r regu la r , indicating that more different slip s y s 

tems a re operating in the formation of these networks. However, one thing 

is common: where three dislocations meet at a node, the Burgers vector 

of one dislocation must form an angle of 1 20° with the Burgers vectors of 

the two others . 

It i s important to note that pile-ups or entanglements were not ob

served. The existence of these s t ruc tura l features i s namely a fundamental 

assumption in severa l creep models which a re appreciably invalidated by 
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Fig. 9. Typical dislocation struc

ture inside the subgrain boundaries. 

the lack of such features. Loops a re seen occasionally although they can

not be considered a typical t rai t of the s t ructure . Dipolesare seldom seen. 

We have now described the dislocation s t ructure qualitatively. Quan

titatively we investigated the dislocation density, the character of the d i s 

locations, and the segment length distribution. 

Dislocation Density 

Dislocation densities were measured by counting intersections be

tween dislocations and surfaces per unit area . This method is s imilar to 

the etch pit technique used in optical microscopy,but in the case of TEM , 

a correction must be made for dislocations out of contrast. Dislocations 

a r e namely invisible if b • g = 0 and (SxC) • g~ 0. 64 are both fulfilled. 

g is here the so-called reflection vector. The correction was made by 
R multiplying the counted number of dislocations by •=• when the reflection o -

vector was of the (220) type (corresponding to an invisible fraction of i-), 

by -y for g-vectors of the (200 )type, and so on. 

For most creep-deformed metals i t i s found that the dependence of 

dislocation density p upon s t ress a follows the relation p = ( - r ^ ) 2 where 

G is the shear modulus and a a numerical constant near unity. We found 

that this relation, also holds for MgO. The densities a re here given as 

cm/cm (volume density) which is twice the measured quantity, disloca

t ions/cm (area density). 
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Character of the Dislocations 

The charac ter of the dislocations was found by a simultaneous de

termination of the Burgers vector and the c rys tallo graphic direction be

tween the two end points (nodes or intersections with the surfaces) of the 

dislocation in question. One micrograph with the dislocation out of con

t r a s t was used for the determination of the Burgers vector. Two other 

micrographs, where the dislocation was visible, were used to find the di

rection between the end points. These two micrographs were taken with 

the specimen in different orientations. 

Pig. 10. Stereographic projection of disloca

tion directions for b normalized to a/2 [011 ] . 

A stereographic projection of the directions of the dislocations is 

shown in fig. 10 for b normalized to ^-[011 ] . In such a projection points 

represent direct ions. The c i rc le a r c s we have drawn represent planes. 

The arc running through [fOO] and [ o i l ] is the (Of 1) plane which is the 

slip plane. Several dislocations a r e within the experimental e r r o r situ

ated in this plane. They a r e in other words gl issi le . Others a re situated 

in the climb plane (011 ) (through [f OO] and [01 f ]) . The climb plane is the 

plane in which pure edge dislocations - as for instance those formed by the 

"1 20°-reaction" - will cl imb. Still others a r e scat tered over the projec

tion. These dislocations can be interpreted as mixed dislocations that have 

climbed out of their slip plane. 

One should not attach too great significance to the ratio between 

glissile and sess i l e dislocations. Geometrical considerations show that 

under the experimental c i rcumstances used, there may have been a grea te r 

than random chance of picking sess i le dislocations for the investigations. 
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Dislocation Segment Length Distribution 

The measurement of the dislocation segment length distribution is 

only preliminary. By segment length we mean in this context the distance 

between two nodes to which the segment in question is tied. The method is 

based on the measurement of projected lengths of all whole segments (i. e. 

segments tied to two nodes both situated in the foil) in a foil with known 

thickness. This two-dimensional distribution is then by computer calcu

lations transformed into a three-dimensional distribution. We found that 

the cumulative distribution is well described by the equation 

L v-1.66 n n o , L J . 83 _ 

C(L) = \ 1 + e av - e av 

where C(L) is the fraction of segments with a length of less than L andR 
a v 

is the average segment length. The distribution is plotted in fig. 11. 
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Fig. 1 1 . Cumulative dislocation segment length distribution. 

Conclusion 

On the basis of the s tructural investigation we propose a model for 

the creep of MgO. It would, however, be outside the scope of this ar t ic le 

to go into a detailed discussion of this model. The detailed considerations 
x) 

may be found elsewhere \ The main points of the model a r e that the de

crease in the number of segments by annealing is balanced by the increase 

caused by reactions between glissile dislocations, and that slip gives the 

main contribution to the deformation although the ra te of slip is controlled 

by the annealing of the dislocation network and thus by diffusion. The creep 

rate expected from a semiquantitative estimate and the experimental ra tes 
agree within one order of magnitude. 
-_, 

J . B . Bilde Sørensen, J. Am. Cer. Soc. 155(1972)606-610. 
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In conclusion it should be emphasized that our model only gives a 

broad outline of the creep phenomenon. Many finer details a re not fully 

understood. Par t icu lar ly themodel cannot explain the presence of the sub-

grain boundaries, and their possible influence on the creep ra te is ignored. 

However, this shortcoming is shared with other creep models and for that 

mat ter with tensile tes t theories , too. The knowledge of creep in MgO as 

well as in other mater ia l s is far from complete, and much work has still 

to be done. 



DETERMINATION OF THE INTERNAL FREE VOLUME AND PRESSURE 
OF IRRADIATED ZIRCALOY CLAD URANIUM-DIOXIDE FUEL PINS 

C. Bagger and K. Bryndum 

Fuel elements for light-water-cooled reactors consist of a number 

of fuel pins. The fuel, which is sintered uranium dioxide pellets, is con

tained in zircaloy tubes. The length of the tubes may be as much as 4 

metres , and the diameter is in the range 1 0 - 1 5 mm. 

To design a fuel pin and to evaluate i ts performance it is essential 

to know the internal pressure and the amount of gaseous fission products 

generated during the irradiation. During post-irradiation examination, the 

amount of gas in the internal free volume can be determined by piercing 

the pin and extracting the gas for measurement. A technique has been es 

tablished that combines .the measurement of the gas content with a deter

mination of the free volume. It is thus possible to calculate the internal 

pressure . 

Equipment 

The equipment we use at Risø consists of an in-cell piercing unit, 

connected to a gas-extracting and -measuring system placed outside the 

cell in a perspex glove box. 

Fig. 12 shows the piercing unit. The pin is locked in a horizontal 

position under the piercing head, which is lowered until a tight seal is ob

tained with an O-ring glued into the bottom part of the unit. After evacu

ation of the extraction system and the piercing head, we pierce the pin by 

forcing a hardened steel needle with triangular cross section through the 

VALVE 

PIERCING HEAD 

PIN 

Fig. 1 2. Piercing unit. 
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cladding. The ex t rac t ion s y s t e m i s shown in fig. 13. The extract ion is 

p e r f o r m e d with a m e r c u r y diffusion pump and a Toephle r pump. Ext rac ted 

g a s e s a r e t r a n s f e r r e d for m e a s u r e m e n t to a s y s t e m of ca l ib ra ted bulbs 

connected to a m a n o m e t e r . 

IN-CELL 

PIN 
- T -

OUT-OF-CELL 

HG-DIFF PUMP 

TOEPHLERPUMP 

= MANOMETER 

A VACUUM PUMP 

O 

Fig. 13. Gas sampling system. 

Technique 

The technique i s a t h r e e - s t a g e p r o c e d u r e : 

Stage 1 : Af ter evacuat ion of the sys t em, the pin i s p ie rced and the 

gas i s t r a n s f e r r e d to the ca l i b r a t ed bu lbs . Volume and p r e s s u r e a r e read . 

Stage 2: The pin, the p i e r c ing head, and the connecting l ines a r e 

filled with he l i um unt i l a t m o s p h e r i c p r e s s u r e i s obtained. To s e p a r a t e the 

pin from the ex t r ac t i ng s y s t e m we c lo se a valve in the p ie rc ing unit. The 

r e s t of the ex t rac t ion s y s t e m i s evacuated, thus leaving hel ium at a t m o s 

phe r i c p r e s s u r e in the pin and the dead volume of the p i e r c ing unit between 

the pin and the va lve . This dead vo lume has previous ly been ca l ibra ted . 

Stage 3: The valve i s opened and the hel ium i s t r a n s f e r r e d to the 

ca l ib ra ted bu lbs . P r e s s u r e and vo lume a r e r e a d . 

Theo re t i c a l B a s i s for the M e a s u r e m e n t s 

The following symbo l s a r e used: 

P 1 = o r i g i n a l p r e s s u r e in the pin 

V- = f r e e volume of the pin 

P ? = p r e s s u r e of f i ss ion gas in the bulbs 

V 2 = vo lume of f iss ion gas in the bulbs 

P„ = p r e s s u r e of He in the pin 

Vn = dead volume-of the p i e r c ing unit 

P. = p r e s s u r e of He in the bu lbs 

V, - vo lume of He in the bu lbs . 
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The result are derived in the following way: 

From stage 1 the following equation is obtained: 

P, x V1 = P2 x V2. 0) 

From stage 3 is obtained: 

P3X<V1 + V3> = P 4 x V 4 - (2) 

By combination of (1) and (2) the following expressions are derived 

for V, and P1: 

v i • 
P4 x V4 - P 3 z V3 

(3) 

Because of the limited size of the measuring bulbs it is necessary 

to perform the measurements of the large quantities of gas extracted from 

Vj and Vn in more than one turn. These successive measurements cause 

a decrease in the accuracy which is reflected in the vertical steps on the 

curves in fig. 14. It is seen that the dead volume should be minimized. 

Therefore, the valve should be placed as close to the pin as possible. The 

optimal solution would be to isolate the pin by closing the piercing hole 

during the evacuation, prior to helium-extraction. 

We chose atmospheric pressure for helium-refilling because of the 

possibilities of exact determination of pressure from a precision barom

eter, and in order to avoid in-leak or out-leak from the pin while the sys

tem was being prepared for helium-extraction. The accuracy will be slightly 

Fig. 14. AV,/V, = F(V,) for different dead volumes (V,). 
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improved if a refilling p res su re of the same magnitude as the initial p re s 

sure in the pin is used, provided that the uncertainty of the pressure meas 

urement is not changed and that the in-leak or out-leak does not change. 

Because of the t ime used for non-destructive testing, almost all 

fuel test pins examined at Risø had a cooling period long enough for them 

to reach ambient tempera ture . If the cooling t ime was so short that the 

pin had not reached ambient temperature , efforts were made to secure 

that the refilled helium reached the temperature of the pin before the valve 

was closed and the r e s t of the system evacuated. 

Equations (1) and (2) a r e in this case modified to: 

P1 * V 1 P 2 x V 2 
T1 " T 2 

(4) 

P 3 x V 1 . F 3 * V 3 _ P 4 x V 4 
x1 i 2 i 2 

T, is the tempera ture of the pin, and T 2 is the temperature of the 

extraction sys tem. This gives the following expressions for V« and P . : 

P 4 x V4 - P 3 x V3 T 
P1 = — % " x T 1 (6) 

P 0 x V0 x PQ 
p = A A 6 (1) 

' P 4 J t V 4 - p 3 x V 3 * 

This means that, without considering the temperature of the pin, 

we were able to determine the total amount of gas (P„ x V9/T2 x R) and 

the internal p r e s s u r e (P..) for a pin which had not reached ambient tem

perature . If a determination of the internal free volume is needed, cor

rections should be made for the pin temperature . This temperature may 

be calculated from ir radiat ion data and cooling time, or it can be meas 

ured directly. 

The hotter pin surface constitutes only a small par t of the limiting 

surface of the dead volume, and mixing of gas from the pin and the dead 

volume occurs through a small hole. Therefore, the temperature of the 

gas in the dead volume was regarded as T2- However, a small , unknown 

r i se in the t empera tu re of the gas in the dead volume may be expected. 

This emphasizes the demand for a dead volume as small as possible. Our 
3 

present apparatus has a dead volume of 7. 72 cm . 
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Results 

We pierced 1 0 test pins with an internal free volume of 2. 5 - 3 cc 

and a burn-up of 800 - 1200 MWD/t, and compared the measured volumes 

to the internal free volumes calculated from the fabrication data. We chose 

thesepins for the comparison because no major changes are to be expected 

at this low burn-up. The differences between measured and calculated 

values were in nine cases within the expected l imits . 

New equipment is under construction. With an appropriate design 

of piercing head and valves we succeeded in reducing the dead volume to 
3 

about 2 cm . A further reduction in the size of the dead volume is not 
necessary because the uncertainty of the volume measurement will now be 

of the same size as the uncertainity in the calculation of the initial pin 

volume. 



PARTICIPATION IN INTERNATIONAL COLLABORATION 

The department is engaged in the following types of international 

collaboration: joint technical projects , committee work, reception of r e 

search fellows, and technical and scientific meetings. 

Participation in the NEA reac tor project at Halden was continued. 

Six Danish fuel elements a r e at the moment being tested under irradiation 

in the Halden reac tor . In the hot cells at Risø elements of other signatories 

(Italy and Japan) i r radia ted at Halden were examined. The participation in 

the NEA reac tor project Dragon was continued. 

Joint technical projects were continued on measurement of the ther

mal conductivity of uranium dioxide under irradiation, studies of the ther

modynamic behaviour of uranium-dioxide/plutonium-dioxide mixtures, and 

irradiat ion in theDR 3 of zircaloy-clad uranium-dioxide/plutonium-dioxide 

fuel rods (with AB Atomenergi, Sweden). Also the programme on disper

sion-strengthened zirconium alloys (with the UKAEA) was continued with 

testing of other dis per s ants than yt tr ia and other basic mater ia ls than z i r c -

aloy-2 in o rder to improve corrosion res is tance and neutron absorption 

charac ter i s t ics of the alloys. Together with the Atomic Energy of Canada 

Ltd. (AECL) experiments a r e planned to investigate the in-pile creep prop

ert ies of the alloys. The joint programme on examination of advanced z i r 

conium alloys for water r eac to r s (with the UKAEA, AB Atomenergi, and 

the IF A, Norway) was continued. The department took part in a joint 

Scandinavian Nordforsk project on fibre reinforcement, and in a Scandi

navian working group on hot cell techniques. 

The department participated in the Halden Programme Group 

(member: N. Hansen), in the Halden Project Working Group on Fuel (mem

ber: P . Knudsen), in the IAEA working group on "Engineering Aspects of 

Irradiat ion Embri t t lement of Reactor P r e s s u r e Vessel Steels" (member: 

A. Nielsen), and in the following Technical Commissions of the IIW (In

ternational Institute of Welding): Commission I "Gas welding and allied 

processes" , Sub-Commission A "Brazing and surfacing" (member: J. 

Christensen), Commission IX "Behaviour of metals subjected to welding", 

and Commission X "Residual s t r e s s e s and s t r e s s relieving. Brit t le frac

ture" (member: A. Nielsen). 

Fu r the rmore the department was represented in the CREST (Com

mittee of Reactor Safety Techniques of NEA) working group: "Material 

and mechanical problems related to the safety aspects of steel components 

in nuclear plants" (member: A. Nielsen). N. Hansen was a member of the 

working group under the EEC concerning technological collaboration, e s 

pecially regarding metallurgy, and O. Toft Sørensen was a member of the 

council of International Confederation of Thermal Analysis (ICTA). 



EDUCATION AND TRAINING 

Two members of the scientific staff of the department have been 

giving regular lectures on materials to students at the Danish Academy of 

Engineering. Two staff members acted as external examiners at graduate 

examinations. A course was arranged on advanced metallurgy for mech

anical engineers. 

In the department a number of students worked on studies in prep

aration for their bachelors theses. Eight students from the Department of 

Mechanical Engineering of the Danish Acedemy of Engineering worked on 

the following projects: 

'Precision Casting of Grids for Fuel Elements", 

'Economic Evaluation of the Lost Wax Process for Precision 

Casting", 

'Determination of the E-Modulus in a Fibre-reinforced Material", 

'Propert ies and Structure of Tungsten Fibres" , 

'Construction of Equipment for Tube Burst Testing of Irradiated 

Fuel Elements", 

'Recrystallization of Aluminium/Alumina Alloys", 

'Restitution and Recrystallization of Zirconium Alloys", 

'Construction of an Apparatus for Bend Testing of Steel". 

Two post-graduate students from the Technical University of Den

mark worked in the department; one, from the Department of Structural 

Propert ies of Materials worked on his thesis: 
"Additive Strengthening Mechanisms in Dispersion-Strengthened 

Products", 

and the other from the same department started work on his thesis 

"Interactions between Grain Boundaries and Dislocations". 

Study groups were arranged in the fields of zirconium alloys, fuel 

elements, and in physical metallurgy. The following lectures were given 

by scientists visiting the department: 

"Effect of Impurities on the Defect Structure of Oxides and Their 

Relation to the Oxidation of Metals" (P. Kofstad, Norway), 

"Toughness in Fibre-reinforced Materials" (M.R. Piggott, UK), 

"The Mechanical Properties of Perfect Crystals" (N.H. Mac-

millan, UK), 
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"High-Voltage Electron Microscope" (B. Hudson, UK), 

"In-Pile Corrosion of Zirconium Alloys" (R. C. Asher, UK), 

"Field Ion Microscopy of Grain Boundaries" (D. A. Smith, UK). 

"Aspects of High-Temperature Deformation" (C. Barret t , USA). 

Degrees Awarded 

N. Hansen was awarded the degree of dr. techn. 

J . B . Bilde-Sørensen was awarded the post-graduate degree of lie. 

techn. 



PUBLICATIONS 

In Foreign Languages 

Metallurgy Department Annual Progress Report for the Period Ending 

March 31 st, 1971 (Risø Report No. 244 (1 971) 42 pp.). 

E. Adolph and N. Hansen: Dispersion-Strenghtened Zirconium Products 

for Water-Cooled Reactors (in: Aspects of Research at Risø. Risø 

Report No. 256 (1 972) 53-67). 

To improve the strength of zirconium alloys at high temperatures 

a powder metallurgy process was developed for manufacture of z i r c -

aloy-2 dispersion-strengthened with yttria (Y2Oo). This work was 

carr ied out in collaboration with the UKAEA, Springfields. 

Alloys with up to 1 0 volume per cent of yttria were produced in a 

high-purity argon atmosphere to ensure a very low impurity content 

in the final mater ia l . The alloys were tensile-tested and creep-tested 

in the range room temperature to 600 C and corrosion-tested in 

steam at 400 C. Furthermore a number of alloys were exposed to 

neutron irradiation before testing. 

This development resulted in dispersion-strengthened alloys with 

good thermal and irradiation stability, twice the strength of zircaloy-2, 

and a corrosion res is tance comparable to that of zircaloy-2. 

C. Bagger and K. Bryndum.: The Determination of the Internal F ree Vol

ume and P r e s s u r e of Irradiated Uranium Dioxide Zircaloy Clad Fuel 

Pins (presented at the BNES Conference on Post-Irradiation Exam

ination Techniques, Reading, England, March 1972. Paper No. 28 

in proceedings). 

A technique for the measurement of free volume and gas p r e s 

sure inside BWR type fuel pins is described. The method involves 

piercing the pin and extracting the fission gas into a volume-measur

ing device. The evacuated pin is filled to a known pressure with he

lium, and the volume of helium is measured. The internal free vol

ume together with a known unavoidable dead volume can then be de

termined, and the internal pressure of the extracted fission gases 

can be calculated from the data obtained. The e r ro r of the system is 

less than 1 % for free volumes of approximately 20 cc, and the accu

racy improves with larger free volumes. 
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J. B . Bilde-Sørensen: Dislocation Structures in Creep-Deformed Polycrys-

talline MgO (J. Am. Cer. Soc. 5_5 (1 972) 606-610). 

Secondary creep of polycrystalline MgO with grain sizes of 100 

and 190 Jim was investigated at 1300° to 1460°C under compressive 

loads of 2.5 to 5.5 kgf/mm . The dependence of creep rate on load 

follows a power law with an exponent of 3. 2 - 0 .3 . The process is 

thermally activated, with an activation energy of 76 - 1 2 kcal /mol . 

The creep rate is independent of grain size. The dislocation s t ructure 

was investigated by t ransmiss ion electron microscopy. The total d is

location density follows the relation, a = bGV?, commonly found for 

meta l s . The dislocations form a 3-dimensional network in which many 

dislocation segments lie in their slip or climb planes. On the basis of 

this s t ructure , a model is proposed in which glide is the principal 

cause of deformation but the rate- l imit ing process , i. e. annealing of 

the network, is diffusion-controlled. Theoretical estimates and exper

imental resul ts agree within 1 order of magnitude. 

J . B . Bilde-Sørensen: Secondary Creep of Polycrystall ine Magnesium Oxide 

(presented at the Third Nordic High Temperature Symposium, Risfc, 

June 1 972. Proceedings to be published). 

The secondary creep proper t ies of polycrystalline MgO .were in-
2 

vestigated at compressive loads between 2. 5 and 5. 5 kgf/mm and at 

t empera tures between 1300 and 1460°C. The dependence of creep 
+ 

ra te upon s t r e s s follows a power law with an exponent of 3. 2 - 0. 3. 

The activation energy was found to be 76 - 1 2 kcal /mole. No signifi

cant difference was found in the creep ra tes of mater ia ls with grain 

s izes of 1 00 and 1 90 ^ m . 

Transmiss ion electron microscopy revealed more or less well-

defined sub-grains and a three-dimensional dislocation network inside 

the sub-gra ins . Sessi le as well as glissile dislocations were seen in 

this network. The dislocation density followed the relation p = ( ^ ) 

which is commonly found for me ta l s . Pre l iminary resul ts on measure 

ments of dislocation segment length distribution a re given. A creep 

model is proposed where the main contribution to the deformation 

comes from glide, but where the rate- l imit ing process - namely an

nealing of the network - is diffusion-controlled. 
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A. H. Clauer: Review of Recent Advances in the Understanding of High 

Temperature Strength in Dispersion Strengthened Metals (invited lec

ture held at the Third Nordic High Temperature Symposium, Risø, 

June 1 972. Proceedings to be published). 

Steady Progress is being made in characterizing the high tem

perature deformation behaviour of materials containing a fine disper

sion of second phase particles. The particles influence the strength 

properties both directly and indirectly. They directly increase the 

matrix strength by slowing dislocation glide and climb and may also 

strengthen grain boundaries by interfering with grain boundary sliding 

and migration. Indirectly, the presence of the particles during the 

thermal-mechanical processing of the material may permit some con

trol over the final microstructure„ Thus the grain size and shape and 

possibly the dislocation substructure may be altered to increase the 

high temperature strength for a given alloy. Ideally these two effects 

should act together for the maximum benefit. For example, grain 

boundary sliding is an important mode of deformation at high tempera

tures. Thus the alignment of most of the grain boundaries parallel to 

the s t ress axis during thermo mechanical processing significantly r e 

duces the contribution of grain boundary sliding to creep strain, there

by forcing deformation to occur within the grain where the direct 

strengthening mechanisms of the particles in the matrix can be used 

effectively. 

An understanding of the mechanisms by which the particles direct

ly influence the high temperature strength is still in the preliminary 

stages. Theories describing the interactions of particles with dislo

cations and grain boundaries at elevated temperatures have been for

mulated. However, with a few exceptions, a major difficulty has been 

the inability to isolate the various mechanisms experimentally, in or

der to quantitatively study the various particle effects. The excep

tions have been the study of some aspects of particle-grain boundary 

interactions. 

The influence of second phase particles on various aspects of the 

microstructurte and on high temperature creep behaviour will be de

scribed. The theories describing creep mechanisms relating to dis

persion strengthened systems will be discussed relative to their p re 

dictions concerning high temperature deformation behaviour and their 

relation to the observed properties. 
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Domanus: Methods of Fabrication and Measurement of Artificial De

fects as Calibration Standards for Ultrasonic Inspection of Thin-walled 

Tubing (Risø Report No. 272 (1 972) 24 pp.). 

Information was collected on standards and reports of research 

work dealing with the problems of artificial defects for calibration of 

ultrasonic equipment used for the quality inspection of thin-walled 

tubes. Conclusions a re drawn about the choice of the best method for 

producing and measuring artificial defects. 

Domanus and N. Nielsen: Artificial Defects Used at Risø as Calibration 

Standards for Ultrasonic Inspection of Thin-walled Tubing (Risø Re

port No. 273 (1972) 24 pp.) . 

Artificial defects produced in zircaloy cladding tubes at Risø a re 

described. They were used at the Danish Welding Institute for cali

bration of the ultrasonic equipment. The shape and dimensions of a r 

tificial defects were measured with the light section microscope, and 

after calibration measurements with the ultrasonic apparatus the test 

tubes were sectioned and the shape and dimensions of artificial defects 

were again measured with a metallographic microscope. The results 

of all those measurements a re compared and evaluated. 

Conclusions a r e drawn about the choice of the best method for 

producing and measuring artificial defects and about the necessity for 

further knowledge of the ultrasound field and shape of defects in order 

to establish a cor rec t calibration procedure. 

)omanus, A. Jensen, andB.S . Johansen: Assessment of the Homogen

eity of Flat Reactor Fuel Plates by Densitometric Scanning of Radio

graphs (presented at the IVth National Scientific - Technical Confer

ence on Non Destructive Testing, Varna, Bulgaria, June 1 972. Not 

available). 

Flat reactor fuel plates fabricated by the Elsinore Shipbuilding 

and Engineering Co. , Ltd. for the Danish MTR reactor were examined 

by radiography. The radiographs were used for the assessment of 

uranium distribution in the fuel plates. 

To determine the accuracy of the radiographic method, the X-ray 

films used were examined first. The quality of the radiation used for 

radiography was determined and character is t ic curves of three X-ray 

film brands computed. Film speed and contrast were calculated. 

Film quality was evaluated by calculating standard deviations of film 
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densit ies in different exposure conditions. The source of e r r o r in

herent in the X- r ay film itself was determined. 

Next, the corre la t ion between film density and uranium content 

was established. Fo r that purpose a calibration curve was plotted 

giving the relat ionship between the uranium content in the fuel plate 

and the equivalent aluminium thickness. F r o m that curve the alu

minium thickness was read corresponding to upper and lower to l e r 

ance l imits in uranium content. 

Fuel elements were a s se s sed by comparing X - r a y film densit ies 

under two aluminium s t r ips with the above th icknesses placed together 

with the examined plate in a special casse t te . Next radiographs of the 

plate (between Al-s t r ips) were scanned on a densi tometer (with paper 

chart r eco rde r ) and the plates were rejected if the densit ies on the X-

ray films were beyond the to lerance l imi ts . 

The main difficulty was to cal ibrate X- r ay films against plates 

with known uranium content. This was done by measur ing doses of 

radiat ion under the plates with thermoluminescence dos imeters (pro

duced at Risø) and comparing the resu l t s with calculations of uranium 

content (from, weight and dimension measurements of the plates). 

The descr ibed method canbeused for a s se s smen t of the homogen

eity of uranium content in flat r eac to r fuel plates for any given to l e r 

ance l imits by establishing thealuminium thickness equivalent to those 

equivalent th icknesses . 

G. Fay landK. Hansen: In-Reactor Determination of the Thermal Conduc

tivity o f U 0 2 - P e l l e t s up to 2200°C (Risø Report No. 269 (1 972) 35 pp. ). 

The the rma l conductivity of sintered s toichiometr ic UO ? -pe l le t s 

was determined in the t empera tu re range 500 -2200°C and at different 
20 3 

burn-up levels from 0 to 0. 8 x 1 0 f i ss /cm . The conductivity was 

evaluated from t empe ra tu r e measurements at the cent re and two off-

cen t re positions in the U 0 2 - p e l l e t s . The power was determined by 

thermocouple ' , measur ing tempera ture differences in the heat conduc

tion path out from the U 0 2 - p e l l e t s . These thermocouples were power-

cal ibrated by means of an e lect r ic furnace. 

The r ig design makes it possible to replace the central ly positioned 

thermocouple (during r eac to r shut-down) in the event of thermocouple 

failure or to eliminate irradiat ion-induced changes in i ts emf-char 

a c t e r i s t i c . F u r t h e r m o r e ,it is possible to replace the gases in the 
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fuel capsule in order to investigate the influence of fission gases on 

the fuel to cladding heat t ransfer . 

The resul t of the experiment showed: 

Good agreement with l i terature data on thermal conductivity of 
1 Q q 

U 0 2 early in the i r radiat ion (burn-up55* 1 0 f iss /cm ). 

A reduction in the thermal conductivity, with burn-up, at tem

pera tures below 1 000 C. This reduction caused a 9% increase of 

centre fuel temperature at a linear heat rating of 350 W/crn, after 

0.8 x K T " f iss / cm . 

No influence of burn-up on the thermal conductivity above 1000°C. 

No influence of fission gases on the fuel to cladding heat transfer 

(initial gap = 0. 57% of fuel diameter). 

With regard to the rig design, the system for exchange of the cen

t ra l thermocouple seems to be limited to a maximum fuel temperature 

of1400°C. 

H. E. Gundtoft and N. Nielsen: Fas t and Accurate Non-destructive Testing 

Bench for Inspection of Canning Tubes (supporting paper at the Nuclex 

72 exhibition, Basle, October 1 972). 

The development is described of an inspection bench for non-de

structive examination of canning tubes. The bench is revolutionary 

in that the internal diameter is calculated from exact measurement of 

the outer diameter and the wall thickness. The transducers for in

spection and control a re rotated around the tube. Thus all measure-

ments a r e made externally to the tube. 

The resu l t s of these innovations is that non-destructive examina

tion can be made in a single pass of the tube, and the assessment is 

more accurate , economical, and faster than that possible with existing 

technique. 

N. Hansen: Superposition of Grain-Boundary Strengthening and Par t ic le-

- Network Strengthening in Aluminium (Scripta Met. 5_ (1 971 ) 41 7-420). 

Superposition of grain-boundary strengthening and particle-net

work strengthening has been studied in Al-AlgO« products. It was 

found that a strength contribution from grain boundaries (o ) can be 

added to the contribution from particle strengthening (o ). As a first 

approximation the following equation has been proposed for the flow 

s t r e s s 
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a = o + U o^ + a 
o y gb p 

For the flow stress (0. 2% offset) at room temperature and at 

400°C, experimental results from 6 alloys support this equation with 

a reasonable accuracy. 

Hansen: Room and Elevated Temperature Properties of Ball-Milled 

Aluminium - Aluminium Oxide Alloys (a Comment on a Paper by N. C. 

Kothari). J. Nucl. Mat. 43_ (1 972) 339-340. 

It is pointed out that the objective of Kothari's work, viz. the 

production of aluminium - aluminium oxide alloys with a uniform ox

ide distribution, is already fulfilled in commercial products. It is al

so shown that various conclusions drawn by Kothari are questionable. 

Hansen: Recristallisation de produits renforcés par dispersion (Re-

crystallization of dispersion-strengthened materials) (presented at 

Journées Métallurgiques d'Automne, Chatenay-Malabry, France, Oc

tober 1 972. Not available). 

A general review is given of the effect of dispersed, hard par

ticles on the recrystallization behaviour. It is observed that the r e -

crystallization is retarded by a dense distribution of fine particles 

(interparticle spacings of 0.5 |im or less), whereas the recrystall iz

ation is accelerated when the interparticle spacing is 1 ^m or more. 

The most important effect of the dispersed particles is probably their 

effect on the nucleation. 

An experimental investigation of the recrystallization by isoch

ronous annealing of dispersion-strengthened aluminium alloys is de

scribed. The alloys contained a distribution of fine aluminium-oxide 

particles with mean interparticle spacings of 0. 2 - 0. 5 \im. The effect 

of the particles was a retardation of the recrystallization. The r e 

tarding effect increased with decreasing particle spacing (for constant 

particle size) or with increasing particle size (for constant spacing). 

The retardation was also found to depend on the degree of cold work -

it was less pronounced for the very high degrees. The interpretation 

of the results is discussed. 
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N. Hansen and B. Bay: The Effect of Part icle Content, Particle Distribu

tion and Cold Deformation on the Recrystallization of Low Oxide Al-

A1203 Products (J. Mat. Sci. 7_ (1972) 1351-1362). 

The recrystall ization of dispersion-strengthened Al-Al?Oo prod

ucts containing 0.6 and 1.2 wt% AlgCL was followed by optical and 

transmission electron microscopy and by hardness measurements . 

The recrystall ization was retarded compared to aluminium and the 

important s t ructural parameters were the oxide content (proportional 

to the reciprocal particle spacing) and the distribution of oxide par

ticles either as a uniform distribution or as a regular three-dimen

sional network. From the microstructures after cold work and after 

recovery it is suggested that par t ic le-retarded recrystallization may 

be caused by pinning, during the recovery stage, of sub-boundaries 

and of individual dislocations. The hypothesis of retardation of r e 

crystallization as due to particle-enhanced homogenization of dislo

cation s t ructures during deformation is not supported by the micro-

s t ructural observations. In the product containing 0. 6 wt% ^ 9 ^ 3 t l i e 

recrystall ization was markedly retarded after 50% cold reduction, 

whereas the retardation was small after 80 and 90% reduction. An in

crease in the degree of cold deformation may reduce the critical size 

of the recrystall ization nuclei, and thus the retarding-effect of par

ticles during nucleation may be reduced or disappear. It is therefore 

suggested that the degree of cold deformation and the particle spacing 

may be interdependent parameters when determining the recrystal l iz

ation behaviour of dispersion-strengthened products. 

I. H. Qureshi, E. Larsen, L. Turi, J. Olsen, and H. Hougaard: Mass-

-spectrometr ic Measurement of Burn-up in U0 2 Fuel using Stable 

Fission-Product Neodymium (IAEA Symposium on Analytical Meth

ods in the Nuclear Fuel Cycle, Vienna, November/December 1 971. 

IAEA/SM-149/13 (1971)). 

Among the stable fission products, neodymium has been proved 

to be a rel iable burn-up monitor for various types of nuclear fuels. 

However, the chemical separation of neodymium from the irradiated 

fuel and other fission products is cumbersome and time consuming. 

Therefore a method has been developed for the mass-spectrometr ic 

determination of neodymium which does not require chemical separ-
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ation of neodymium from the i r rad ia ted fuel. The fuel solution was 

spiked with enriched Nd-1 45, and the concentrations of Nd-143 and 

Nd-146 were determined by isotope-dilution m a s s - s p e c t r o m e t r y . 

About 0.1 fig of neodymium is required to obtain an adequate ion cu r 

rent beam. Therefore for samples having low burn-up ( ( 0.1 %) it is 

necessa ry to use 3-4 mg of the fuel for m a s s - s p e c t r o m e t r y . The 

maximum surface contact radiation dose of the samples va r ies from 

200-400 m r / h . No interference from other nuclides was encountered 

in the measurement of Nd-143, Nd-1 45, and Nd-146. However, Ce-144, 

Pm-147 (Sm-147), Sm-148, and Sm-150 interfered in the m e a s u r e 

ment of Nd-1 44, Nd-147, Nd-148, and Nd-1 50 respect ively . T h e r e 

fore only Nd-143 and Nd-146 a r e used for calculating the burn-up . 

The reproducibil i ty of the burn-up measu remen t with this method was 

checked by repl icate analyses of control samples . Burn-up m e a s u r e 

ments were made on a number of i r radia ted U 0 2 samples having burn-

-ups of 0. 1 - 1.6%. The burn-up values obtained from Nd-143 and 

Nd-1 46 show about 2% variat ion between them. 

The Nd-method is rapid and simple and can be used on a routine 

basia . The concentration of plutonium in UO? fuel can also be de te r 

mined simultaneously by spiking the sample with Pu-242. 

F . List and P. Knudsen: Pel le t Stack Shortening and Cladding Elongation 

of I r radia ted UCL-Zr Fue l P ins (in: Aspects of Research at Risø. 

Risø Report No. 256 (1 972) 45-52). 

Six U 0 2 - Z r fuel pins i r radia ted to a burn-up of 5, 600 MWD/te 
3 

U 0 9 showed pellet stack shortenings of 5 to 8 x 1 0 and pin elonga-
-4 tions of 7 to 9 x 1 0 . A theoret ical est imate, based on fuel - clad 

mechanical interact ion and ratchetting, was made in an at tempt to 

account for the length changes. The es t imate for the pellet s tack 

shortening agrees well with the observed values . The calculated pin 

elongation is lower than the measured values, probably because p r i 

mary c reep of Z r was neglected in the calculation. 

T. Leffers: Theor ies for the Development of Deformation Textures (invited 

lecture held at the International Seminar on Quantitative Analysis of 

Textures , Krakow, Poland, September 1 972. Not available). 

By computer simulation it is demonstrated that both types of 

rolling texture observed in face-centred cubic ma te r i a l s can be p r o 

duced by { m } ( 1 1 0 ) slip. This makes assumptions of other de

formation modes unnecessary . It i s also shown that the mos t widely 



39 

accepted of the theories involving other deformation modes, the twin

ning theory, is not compatible with the author's experimental r e 

sults. The transition from the brass- type to the copper-type texture 

is explained by cross-s l ip dispersion of the potential screw-disloca

tion pile-ups. The proposed model for the deformation of polycrystals 

and thus for the texture development, deviates from Taylor 's ideas 

of homogeneous multiple glide - in agreement with the observed in-

homogeneity of the deformation process. 

R. M. J. Cotterill , T. Leffers and H. Lilholt: Molecular Dynamics Studies 

of Grain Boundaries (presented at the Microsymposium on Grain and 

Phase Boundaries in Metals, Gothenburg, Sweden, January 1 972. Not 

available). 

Grain boundaries in two-dimensional close-packed bicrystals are 

computer-generated. A liquid is brought to solidify between two slabs 

of crysta l with the wanted angular misfit. The resulting grain bound

ar ies a r e not straight, and their s tructure is more i r regular than that 

suggested in the coincidence-boundary theories. The computer grain 

boundaries have a thin layer (few atomic diameters thick) with heavi

ly distorted s t ructure . 

H. Lilholt: Comment on a Paper on Microstructural Parameters (presented 

at the conference on the Propert ies of Fibre Composites, Teddington, 

England, November 1971. Conference proceedings (IPC Science and 

Technology P r e s s , Guildford, 1971)14). 

H. Lilholt: Review of Creep Theories for Fibre Composites (presented at 

the Third Nordic High Temperature Symposium, Risø, June 1 972. 

Proceedings to be published). 

Various models have been suggested as a description of the creep 

behaviour of fibre composites. They refer to composites with parallel 

fibres tested along the fibre direction, both long fibres and short 

fibres. The models consider loads carr ied by the fibres and by the 

matrix, and also the load exchange between fibres and matrix during 

a creep test . Rather few experiments have been made to test the 

models. 



40 

H. Lilholt: A Fibre Composite with Metallic Matrix for Use at High Tem

peratures - a Nordforsk Project (presented at the Third Nordic High 

Temperature Symposium, Risø, June 1 972. Proceedings to be pub

lished). 

Scandinavian Research Council (Nordforsk) is sponsoring a r e 

searchproject with participants from the Scandinavian countries. The 

aim is to establish experience within the field of fibre composites, to 

investigate the possibility of a composite with a metallic matrix for 

use above 800°C, and to make this new field known to the interested 

industry. The project involves methods for producing test specimens, 

the thermal stability including oxidation behaviour, and fatigue and 

creep properties. 

J. Lindbo and T. Leffers: Preparing Dispersion-Hardened Materials for 

Transmission Electron Microscopy (Metallography 5_ (1 972) 473-477). 

Anewmethod for the preparation of thin foils of dispersion-hard

ened materials is described. The method has proved successful for 

materials with the following matrices: Aluminium, zirconium and 

zircaloy-2, ferritic iron, and stainless steel. The method also yields 

superb thin foils of the matrix materials without dispersoids. 

P . D. Parsons and E. Adolpht Zirconium Alloys Dispersion-Strengthened 

with Yttria (Can. Met. Quart. 21(1972)223-235). 

A powder metallurgy process for the manufacture of zirconium 

alloys dispersion-strengthened with yttria particles is described. The 

resulting alloys contain a suitable dispersion of stable yttria par 

ticles in a fine-grained matrix. Tensile and strength rupture tests 

over a range of temperature on zircaloy-2 containing 0, 5, and 10 

vol% yttria show the strength of yttria-containing alloys to be signif

icantly improved. The post-irradiation tensile properties of z i r c -

aloy-2-yttria alloys have been determined with alloys irradiated at 

280°C to 9. 2 x 1 0 2 0 n /cm 2 thermal and 2 .3x10 2 0 n /cm 2 fast. The al

loys have been subjected to accelerated corrosion tests in steam and 

exhibit a variable response. Some possible detrimental factors and 

means of improvement of properties are discussed. 

The mechanical properties of zircaloy-2 alloys containing yttria 

pa'rticles a re compared to some other zirconium alloys, zircaloy-2 

and zirconium-2. 5 wt% Nb, and the comparison shows that the dis

persion-strengthened alloys are worthy of further development. 
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B. N. Singh: Simultaneous Reduction and Sintering of Mixed Oxides (J. Iron 

Steel Inst. 2£9 (1 971) 306-307). 

A method for producing stainless steels containing dispersions 

of stable oxide particles (almost completely free from chromic oxide) 

through the powder metallurgy route is suggested. Compacts of mix

tures (with and without dispersions of alumina, zirconia, or titania) 

of ferric, nickel, and chromic oxides are first "fired" in air and sub

sequently reduced in a dry hydrogen atmosphere. The air "firing" 

stage of the process is thought to be very important for the complete 

reduction of the chromic oxide. 

B.N. Singh: Pressure-Densification of Powder Composites (Powder Met. 

U (1971) 277-288). 

A prel iminary investigation of the pressure-densification behav

iour of iron and nickel powders both with and without added alumina 

or zirconia particles has been made. The importance of some re le

vant parameters is assessed in the light of experimental results ob

tained on different powder composites, prepared by mechanical mix

ing of powders followed by compaction in a die using a hydraulic 

p ress . 

The degree of pressure-densification decreases with increasing 

volume fraction of the added oxide part icles, the decrease being also 

a function of the matr ix and oxide part icle-size ratio. These data a re 

interpreted in t e rms of reductions in the number and area of the con

tact surfaces deforming as a result of the presence of non-deforming 

part icles . 

B. N. Singh: Compaction of Metal-Ceramic Powder Mixtures (in: Proceed

ings III Konferencji Metalurgi Prozkow, Zakopane, Poland, October 

1971, 139-151). 

The compaction behaviour of powder-composites containing "de

forming" and "non-deforming" particles has been investigated. The 

importance of some relevant parameters is assessed in the light of 

experimental resul ts obtained on different powder composites. The 

composites a r e prepared by mechanical mixing of iron or nickel and 

aluminium oxide or zirconium oxide powders followed by cold-com

paction in a die using a hydraulic p ress . 
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The degree of pressure-densification decreases with increasing 

volume fraction of the added oxide particles, the decrease being also 

a function of the matrix/oxide particle-size ratio. The results are 

interpreted in terms of reduction in the number and area of the de

forming contact surfaces arising due to the presence of the non-de

forming particles. It is concluded that in a powder-composite of de

forming and non-deforming particles, the latter has a substantial r e 

strictive influence on its compaction behaviour. 

N. Singh: Dissimilar-Surface Contacts and their Influence on Sintering 

Characteristics of Powder Composite Compacts (Powder Met. 1_5. (1 972) 

216-227). 

In compacts containing metal and oxide particles, metal/oxide 

surface contacts modify the diffusional processes. Different distribu

tions of such dissimilar-surface contacts and their influence on the 

sintering characteristics of some metal-oxide compacts are con

sidered. 

By s electing appropriate volume fractions and diameters of matrix 

and second-phase particles, structures containing different types of 

dissimilar surface contact distribution have been produced. Isochronal 

sintering of these structures clearly demonstrates that (a) the presence 

of chemically inert second-phase particles always hinders densifica-

tion of the composite, (b) the sintering densification (for a given vol

ume fraction of second-phase particles) is a strong function of (d /d ), 

where d and d are the diameters of the matrix and second-phase 

particles, respectively, and (c) the nature of dis similar-surface con

tact distribution has a significant effect on the densification of the 

composite. 

Toft Sørensen: Thermogravimetric Studies of the High Temperature 

Thermodynamic Properties of Nonstoichiometric Cerium Oxides 

(presented at the Third International Conference on Thermal Analy

sis, Davos, Switzerland, August 1971. Proceedings (Birkhauser, 

Basel, 1972) vol. 2, 31-42). 

Thermogravimetric measurements of the oxygen dissociation 

pressure over nonstoichiometric cerium oxides have been carried out 

in the temperature range 900-1 550°C in dynamic C0 9 /CO atmospheres 
-3 22 

with oxygen pressures between 10 -10 atm corresponding to com

positions in the range 1 . 98 > O/Ce > 1 . 73. The oxygen pressure in 

the atmospheres used was accurately measured during the experi-
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ments with a Zr0 2 (CaO) solid electrolyte oxygen concentration cell. 

F r o m the dissociation p r e s su re s measured, part ial molar thermo

dynamic quantities for oxygen in the nonstoichiometric oxides a r e 

calculated and compared to low-tempera ture data previously reported. 

A detailed analysis of the free energy versus temperature plots shows 

that the oxygen-deficient fluorite Ce0 2 _ phase, which has previously 

been considered to be single phase above 650°C, apparently consists 

of severa l phases in the tempera ture range covered in the present 

exper iments . 

O. Toft Sørensen: Determination of Thermodynamic Proper t ies of Oxides 

by High-Temperature Thermogravimet ry (presented at the Nordforsk 

Symposium on Thermal Analysis, Helsinki, Finland, March 1 972. 

Proceedings 97-107). 

E. Tolksdorf and J. Lindbo: Elect ron Microscopical Investigation of the 

Metal-Oxide Interface of Zirconium Alloys (Praktische Metallogra-

phie £(1971) 371 -374). 

Te rna ry Zr -a l loys with varying intermetal l ic part icle size were 

subjected to oxidation in pure oxygen at 700°C, after which the in ter

face between the meta l and the oxide layer was investigated in the 

electron microscope. The investigation was centred on the migration 

of precipitated intermetal l ic par t ic les . 

D. Watson, M. R. Warren and C. J. Beevers : Some Observations of Duc

ti le Void Growth and Crack Propagation in alpha-Zirconium (Can. 

Metal. Quart . 1_1_ (1 972) 53-59). 

Tensile tes ts have been ca r r i ed out on zirconium at 77 K to study 

the effects of unloading on ductile crack propagation and at 77 K, 

2 95°K, and 423°K to examine the influence of matr ix deformation 

charac te r i s t i c s on void growth r a t e s . The effects of unloading a re 

considered in t e r m s of the relaxation at the crack tips, and estimates 

of the increased work necessa ry to propagate such relaxed cracks 

a r e consistent, with the observed increases in fracture s t r e s s . The 

process of void growth was studied metallographically, and changes 

in void dimensions were measured as a function of specimen strain. 

These studies indicate that the s t ra in increments at the void tips a r e 

most important in the void growth process , and that the void growth 

ra te inc reases with increasing deformation temperature . 
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M. R. Warren and J. A. Ytterhus: Precipitation Reactions in Zr-2at%Cr-

0. 1 6at% Fe (Can. Metal. Quart. Vj_ (1 972) 249-256). 

The heat t reatment which optimizes the corrosion res is tance of 

Z r - 2 . 0 at.% Cr - 0.1 6 at. % Fe is a p quench and age at 760°C. Rum-

ball and Coleman have shown that if the quench ra te is in the range 

20O0-75O0°C/s, the subsequent ageing treatment leads to grain growth 

involving loss of strength and ductility. This work shows that the age

ing in the temperature range 270-400°C induces precipitation pr ior 

to recrystal l izat ion, which may res t r ic t grain growth at higher t em

pera tures . The low-temperature precipitation is associated with two 

peaks in the resist ivi ty isotherms, which become progressively less 

pronounced and occur at progressively shor ter ageing t imes as the 

ageing tempera ture i s ra ised. The precipitation process , involving 

the rejection of Cr and Fe from supersaturated solid solution, did 

not follow a simple ra te law, but could be character ized by an act i -

vation energy of 0 . 9 3 - 0 . 0 3 eV once equilibrium has been attained. 

Supplementary evidence shows that the resist ivity peaks a r e probably 

associated with two distinct pre-precipi ta tes which may be compared 

to the 9 'precipitate found in Al-Cu alloys. 

In Danish: 

C C Agerup: Legerings lære (Alloys and Phase Diagrams) (Polyteknisk 

Forlag, Lyngby, 1 972, 40 pp. ). 

The booklet gives an elementary introduction to the s t ruc ture and 

propert ies of alloys, phase d iagrams, annealing t rea tments , and phase 

transformations. 

C C . Agerup: Jern-Kulstofdiagrammet (the Iron-Carbon Phase Diagram) 

(Polyteknisk Forlag, Lyngby, 1 972, 31 pp.) . 

The booklet gives an elementary introduction to the i ron-carbon 

phase diagram and its relation to the s t ructure and propert ies of iron 

and steel . 

J . B. Bilde-Sørensen: Sekundær højtemperaturkrybning af polykrystallinsk 

magnesiumoxid (Secondary High-Temperature Creep of Polycrys ta l -

line Magnesium Oxide) (Risø-M-1 385 (1 971), thesis , 65 pp). 

A review of the l i tera ture on the creep propert ies of ce ramic 

mater ia l s is given. Also some of the models proposed for secondary 

h igh- temperature creep a r e discussed. 
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Experimentally the secondary creep of polycrystalline magne

sium oxide with grain sizes of 100 and 1 90 |i m has been examined at 

t empera tures between 1 300 and 1460°C and at compressive loads be-
2 

tween 2. 5 and 5. 5 kp /mm . The dependence of creep rate upon load 
follows a power law with an exponent of 3. 2. The process is thermal

ly activated with an activation energy of 76 t l 2 kcal /mol . The creep 

ra te is independent of grain s ize. The total dislocation density fol

lows the relat ion a = bGfp that is commonly found for metals. 

The dislocation s t ruc ture is a three-dimensional network, which 

contains dislocations lying in their glide plane as well as dislocations 

lying in their climb plane. On the basis of this s t ructure a model has 

been proposed where the main contribution to the deformation comes 

from glide, but where the rate- l imit ing process is diffusion-con

trolled. The agreement with the experimental resul ts is within one 

order of magnitude. 

J. B. Bilde-Sørensen: Specielle krybeprøvningsmetoder (Special Creep 

Test Methods) (Dansk Metallurgisk Selskabs Vintermøde, Lyngby, 

January 1 972, Proceedings 99-1 07). 

Advantages and disadvantages by creep test methods other than 

tensile creep testing a re discussed. In part icular compressive creep 

testing and tube creep testing a r e dealt with; the former as an ex

ample of a tes t chosen because of mater ia l propert ies , the latter as 

an example of test method choice based on the application of the ma

ter ia l . 

H. Carlsen: Trækprøvning af enkelte wolframfibre med tværsnitsdiame-

te r i området 5-100 nm (Tensile Testing of Single Tungsten Fibres 

with Diameter in the Range 5-100 \i m)(Dansk Metallurgisk Selskabs 

"Vintermøde, Lyngby, January 1 972, Proceedings 1 27-1 37). 

Tensile testing of thin tungsten fibres to obtain values for Young's 

modulus, ult imate tensile strength, and elongation is described. In 

part icular the handling difficulties such as the mounting of a thin fibre 

in a cardboard frame and the measurement of fibre diameter a re 

dealt with. Differences in the resul t s obtained from testing a single 

fibre and a bundle of fibres respectively, a r e briefly discussed. 

J. Christensen: Moderne Loddeudstyr på Risø (Modern Equipment for 

Brazing and Soldering at Risø) (presented to the Dansk Svejseteknisk 

Landsforening, Copenhagen, November 1 972. Not available). 
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J. Christensen: Lodning - Egenskaber og P r o c e s s e r (Brazing and Soldering 

- P roper t i es and Processes ) (three lectures presented to the Jydsk 

Svejseteknisk Forening, Jutland, November-December 1972. Not 

available). 

N. Hansen: Dispers ionshærdede mate r ia le r (Dispersion-Hardened Mate-

rials) (in: Beretning om Atomenergikommissionens Virksomhed i t i 

den 1 . apr i l 1 970 til 31 . ma r t s 1 971 (1 971 ) 26-31 ). 

A survey of the production and the propert ies of d ispers ion-hard

ened mater ia l s is given. Par t icular ly dispersion-hardened aluminium, 

zirconium, and stainless s teel a r e discussed. 

N. Hansen: Økonomisk Materialevalg = F æ r r e Omkostninger (Economical 

Selection of Materials = Reduced Costs) (Manegement 1_ (1 972) 1 66-

1 68). 

The selection of construction mater ia ls is described, and the o r 

ganizational procedures for a cor rec t selection a r e discussed. It is 

proposed that the mate r ia l s information should be arranged in a sche

matic form. 

B .S . Johansen: Elektronstrålesvejsning, Princip og Anvendelse (Electron 

Beam Welding, Principle and Application) (Dansk Teknisk Tidsskrif t 

(1972) No. 7, 45-52). 

The basic principle of electron beam welding is described, and 

some examples of typical industrial applications a r e given. 

H. Lilholt: Mekaniske Egenskaber hos F ibe ra rmerede Metaller (Mechan

ical P rope r t i e s of Fibre- re inforced Metals) (presented at the F i b e r -

dag på den Kungliga Tekniske HSgskolan, Stockholm, Sweden, May 

1 972). 

A. Nielsen: Brudmekanisk prøvning (Fracture Mechanics Testing) (Dansk 

Metallurgisk Selskabs Vintermøde, Lyngby, January 1 972, Proceed

ings 231 -233). 

The c lass ica l methods for control of s teel quality do not provide 

any basis for evaluation of the probability of a catastrophic failure 

from a defect of a certain size in a s t ructure of a certain steel loaded 

to a certain s t r e s s . 
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During the past decade mathematical analysis of the s t ress con

centration at crack tips in elastic media of certain geometries have 

been successfully carr ied out. On the basis of this analysis special 

test pieces have been designed. From the information gained by the 

testing of a s teel i t is possible to calculate the relation between cr i t 

ical crack length causing fracture and the s t ress in a structure of 

that s teel . 

Some conditions, however, need to be fulfilled; one is that only 

a limited local plastic deformation takes place. That is the reason 

for the name of this method: Linear Elastic Frac ture Mechanics 

(LEFM). 

By far the largest amount of common steel s t ructures produced 
to-day a r e made from tough steels developing large plastic zones at 
defects p r io r to fracture under loading. An approximation has been 

investigated on the basis of the Crack Opening Displacement (COD) 

which is the opening of an existing crack during loading up to the load 

causing the crack to propagate. The mathematical analysis is s imilar 

to the one used in LEFM. 

Nielsen: Stålforskning (Research on the Safety of Steel Components) 

(in: Beretning om Atomenergikommissionens Virksomhed i tiden 1 . 

apr i l 1 971 t i l 31 . mar t s 1 972 (1 972) 27-38). 

A general review is given of the present knowledge of the fracture 

mechanics of s tee l p r e s s u r e vesse l s . The activities at Risø within 

this field and their background a r e described. 
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