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INTRODUCTION 

This annual report covers the activities of the Metallurgy Department 

at Riso during the period April 1st, 1970 to March 31st, 1971. 

It i s convenient to present the research and development work in three 

main groups: 

Nuclear Materials Research 

General Materials Research 

Materials Technology 

each of which is dealt with in a separate chapter. Each chapter begins with 

a brief summary of the activities. 

The year has borne the impress of steady development in most sectors 

without essential changes in the allocation of effort. The many aspects of 

outward relations have been emphasized. 

In the field of Nuclear Materials Research, work on uranium-dioxide/ 

zircaloy fuel elements for water-cooled power reactor s was continued with 

testing in the Halden Reactor, Norway, and in the DR3 atRisb. The maxi

mum burn-up achieved so far in the Halden Reactor i s 17, 700 MWD/t UOg 

and in the DR 3 18, 000 MWD/t UOg. Most of this work is carried out in 

collaboration with the Elsinore Shipbuilding and Engineering Co. , Ltd. 

The development of dispersion-hardened zirconium alloys - carried out 

together with the UKAEA - was intensified. The strength of the alloys i s 

clearly superior to that of conventional zircaloy materials. Investigations 

of the corrosion resistance in new zirconium alloys reached the stage of 

in-pile testing, and a corrosionrig i s being constructed. The study of low-

alloyed steel for pressure-vessel application has developed into a compre

hensive investigation of embrittlement/structure relations. 

In General Materials Research most projects are gathered within the 

framework of relation of structure to deformation and strength. This group 

comprises both experimental and theoretical studies, e .g . projects con

cerning dispersion and grain-boundary strengthening, computer simulation 

of grain-boundary structure and texture development, strengthening by 

fibre-reinforcement, and dislocation configurations at high and low tempe

rature deformation. Other projects deal with more basic phenomena in 

materials for direct nuclear application. This applies for instance to the 

projects on acoustic emission, ductility of hydrided zircaloy-2 and influence 

of intermetallic particles on the corrosion behaviour of different zirconium 

alloys. 
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* * • • 

Fig. 1. New vacuum creep testing machine« used in the zirconium work. 

In the field of Materials Technology the previous results in non-de
structive testing were followed up by the development of new equipment for 
contactless measurement of outer diameter and wall thickness of tubes. 



Fif. 2. Replica of magnesium arid« thermally etched during creep testing. 

Also an automatic sand blasting equipment for removal of defective oxide 
layers on autoclavedzircaloy tube s was developed. The radiographic method 
of measuring uranium distribution in flat fuel elements was thoroughly in
vestigated, and the technique for casting of uranium-aluminium alloys was 
improved so that a more uniform distribution was obtained. 

Profitable expansion was made in the many important aspects of out
ward relations. Some of these, the participation in international collabora
tion and the engagement in education and training, are given a summarized 
description. 

The participation of the department in international collaboration has 
hitherto been related almost entirely to nuclear application and safety 
aspects of reactors. This has now been extended to representation in a 
number of working groups and consulting committees on brazing, welding, 
brittle fracture of steel, fibre reinforcement, and general planning of de
velopment programmes in metallurgy. 



8 

The utilization of the expertise of the department for educational pur
poses has been emphasized. Members of the staff lecture at the Danish 
Academy of Engineering, and several pre- and post-graduate students have 
been working in the department. 

The important contact with Danish industry was continued with colla
boration and service programmes in many fields, e. g. materials develop
ment and testing, brazing, powder metallurgy and gas analysis. 

In the internal administration of the department a number of working 
groups with various commissions (e. g. education, symposium arrange
ments, information, reception of visitors) have now been functioning for a 
period of about one year. Experience generally shows that the delegation 
of func'.ions is fortunate. 
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NUCLEAR MATERIALS RESEARCH 

The work within this field comprises development of uranium-dioxide/ 
zircaloy fuel elements for water-cooled reactors and materials develop
ment. 

Fuel elements produced in co-operation with the Elsinore Shipbuilding 
and Engineering Co., Ltd., are being tested in the Halden Reactor in Nor
way. So far the maximum burn-up achieved is 17, 700 MWD/t UO„ (peak 
pellet). The in-pile testing also includes irradiation of fuel pins in the DR 3 
Reactor at RisS. In addition, post-irradiation examination of a number of 
uranium-dioxide/zircaloy-2 fuel assemblies was carried out for foreign 
customers, including examination of assemblies with centre melting. 

Zirconium alloys dispersion-hardened with yttrium oxide are being 
developed in collaboration with the UKAEA. After the commissioning of a 
new glove box, the production stages that are sensitive to atmospheric im
purities can be carried out in an argon atmosphere with a total impurity 
content of the order of a few ppm. The evaluation of the properties of these 
alloys has now reached the stage where irradiation experiments are includ
ed. The zirconium development work also comprises corrosion testing of 
various new zirconium alloys, of which a Zr -Cr -Fe alloy was found to be 
most corrosion-resistant. A rig for ir-pile corrosion testing of zirconium 
alloys is being constructed. 

The irradiation embrittlement of a low-alloy Ni-Mo-V steel for poten
tial pressure-vessel application is being studied. Specimens are heat-treat
ed to different microstructures, and their ductile/brittle transition tempe
rature is measured. Welding produces a special, technologically important 
heat treatment. Specimens were therefore cut from a weld to be included 
in the irradiation experiments. 

Fuel Assembly Testing, Halden Irradiations 

The status of the present Danish irradiation programme in HBWR is 
shown in fable I. All assemblies have uranium-dioxide/zircaloy fuel pins. 
The maximum local burn-up, 17,700 MWD/t UO„, was obtained with the 
assembly IF A 161. 
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Table I 

Fuel 
assembly 

designation 

IFA 101 

IPA 102 

IFA 147 

IFA 148 

IFA 161 

IFA 162 

IFA 164 

IFA 165 

IFA 201 

IFA 202 

Danish irradiation 

Loading 
date 

Nov. 

Nov. 

Feb. 

Feb. 

June 

June 

Jan. 

Jan. 

May 

May 

6? 

67 

68 

68 

68 

68 

69 

69 

71 

71 

Unloading 
date 

Aug. 68 

May 69 

Hay 69 

-

-

Oct. 69 

-

-

-

-

programme in HBWR 

Burn-up 

(MWD/t UOa) 

2,900 

6,800 

7,200 

12,800 

14,400 

5.600 

7,500 

9.900 

-

-

Heat load 
range for 

major part 
of irradi

ation 
<W/cm) 

400-525 

400-525 

475-525 

400-525 

500-575 

375-500 

325-425 

425-500 

i 

Highest 
heat load 
achieved 

(W/cm) 

590 

610 

580 

575 

615 

610 

480 

535 

-

-

Heat load at hottest peUet, calculated from recorded assembly power and 
form factors established by the Halden Project staff. 

The eight assemblies loaded so far contain a total of 88 fuel pins. One 
of these failed, probably as a result of internal attack of fission product 
iodine. Pellet stacks in one assembly decreased by 0.6-0.9 % during i r ra 
diation; this is explained as a result of fuel/clad mechanical interaction 
leading to compressive creep of the uranium-dioxide. Details of fuel as
sembly design and post-irradiation examination are presented in Ris6-M-
1350. 

Fuel Fin Testing, DR 3 Irradiations 

Uranium-dioxide/zircaloy fuel pins with lengths up to 0.6 m and an 
outer diameter of 14 mm are being irradiated in the DR3 Reactor in water-
cooled rigs with nominal BWR conditions (70 atm,, 285° C). The current 
programme comprises: (a) long-term irradiation (target burn-up 40, 000 
MWD/t UOg) of standard pins at heat loads simulating the fuel shuffling con
ditions in commercial power reactors, (b) fuel/clad interaction studies, 
with investigation of various levels of pellet height to diameter ratio, clad 
temper and wall thickness, fuel/clad gap and heat load, (c) evaluation of 
the criteria for rejection at the fabrication stage because of welding and 
autoclaving defects, etc. 
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Table U 

Summary of fuel pin Irradiation« in DR 3 

Burn-up 
(MWD/t XK)2) 

Leas than 1.000 

1,000-5,000 

5.000-10.000 

10.000-15.000 

More than 15.000 

Total 

Number at pin« 

Unloaded 

15 

IS 

0 

0 

1 

34 

StUl In reactor 

2 

6 

2 

0 

4 

14 

The status of this programme is summarized in table II. The maxi
mum burn-ups achieved are 16, 000 MWD/t UO„ for a pellet pin and 18, 000 
MWD/t UCL for a vipac pin. 

Post-Irradiation Examination of Uranium-Dioxide/Zircaloy-2 Fuel 
Assemblies (for foreign customers) 

Post-irradiation examination of several test fuel assemblies was com
pleted within the past year. 

Among these assemblies two had been operating with melting in the 
uranium-dioxide core without failure for eleven months. One was a pellet 
fuel assembly, the other contained vibratory-compacted fuel. 

In one of the pellet pins molten or plastic fuel was seen in contact with 
the cladding without any noticeable effect on the cladding material (fig. 3). 

h > '-• 

Fig, 3, Cladding in contact with string« of molten or plastic uranium dioxide. The cladding 
do** not Mem to be affected draettcaUy at the contact point«. 
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Contrary to this, corrosion attack and Widmanståtten structure were 
found in an area in one of the vipac pins where no molten fuel had been in 
contact with the cladding. Therefore the high temperature (about 900° C) 
in this area during operation was probably caused by film boiling of the 
coolant. 
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Fig. 4 shows the interaction zone between 10 % enriched vibratory-
compacted fuel and natural pellet uranium-dioxide. The temperature in the 
enriched fuel had been sufficiently high to cause melting to a great extent 
(the dense zone) as well as formation of a central void, in which a large 
metallic inclusion of fission products can be seen. 

Dragon Project Work 

Post-irradiation examination of particle fuels as part of the Dragon 
Project consisted of metallography and deconsolidation of fuels from the 
experiment LEHPD-3 (low enrichment high power density) and from the 
third irradiation experiment 1C in the metallurgical series. 

Examination of the eight types of loose particles in L.EHPD-3 showed 
that an H. T. G.R. fuel will stand a burn-up of about 8 % fim a (fissions per 
initial metal atom) in the case of the Dragon Reference design, but reduc
tion of the coating thickness increased the tendency to failure. Fig. 5 shows 
a fuel particle after a burn-up of 8 % fim a. 

When the eight particle varieties were irradiated in the form of com
pacts, all fuel types survived the 8 % fima burn-up. 
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The element IC was the third in the metallurgical series in which 42 
different fuel and coating parameters were incorporated in the compacted 
fuel irradiated in the Dragon Reactor to a burn-up of between 7 and 11 % 

21 2 
fim a and a fast dose of about 3 x 1 0 • n/cm . 

The object of the irradiation was to investigate long-term irradiation 
of coated particles in particular as far as parameters leading to spearhead 
attack are concerned. The experiment confirmed earlier results in this 
series: spearhead attack may be avoided by the introduction of a porous 
buffer layer of pyrocarbon adjacent to the fuel kernel or by increasing the 
deposition temperature of the inner coating. 

In-Pile Corrosion Testing 

In connection with the development work on zirconium alloys an in-pile 
rig for corrosion testing in steam and in water is under construction. It 
will be ready for operation in 1971. 

It is well known that irradiation under certain conditions (depending on 
type of alloy, chemical environment and temperature) can enhance the cor
rosion rate of zirconium alloys, and therefore in-pile corrosion testing i s 
a necessary step in the development of these alloys. As the enhancement 
factor usually depends on the oxidizing or reducing character of the environ
ment, the rig is equipped with a water conditioning system (including ion 
exchanger, degasser and injection systems) by means of which the chemistry 
of the feed water can be adjusted as desired. The oxygen concentrations 
and the conductivity of the water is measured on-line, while other analyses 
will be carried out on samples taken from the system. 

The rig will be positioned in a Mk. IV fuel element in the DR 3 Reactor. 
Maximum temperature and maximum pressure in the rig will be 450° C and 
80 atm. 

Corrosion Testing of New Zirconium Alloys 

Several new zirconium alloys with corrosion resistance potentially 
superior to that of zircaloy-2 were investigated in high-temperature steam 
(500° C, 100 atm.) for up to 6000 hours as reported in the last annual re
port (Riso Report No. 225 (1970) 13-14). 
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The results indicate that the Zr-Cr-Fe materials (Zr-1.2 % Cr-0.12 % 
Fe) are the best high-temperature materials among the alloys tested. A 
quantitative comparison of the alloys with zircaloy-2 was not possible be
cause of excessive spalling of the reference material at 500° C. 

The Zr-Cu-Fe alloy showed transition at 840 hours and a weight gain 
of 210 mg/dm . The finr1. weight gain after 6000 hours was 850 mg/dm . 
The Zr-V-Fe material showed transition after 24 00 hours and a weight gain 
of 1200 mg/dm . Signs of spalling were observed at the end of this test. 
Zr-Cr-Fe materials from three different vendors (materials A, B and C) 
were investigated. Although the three materials were made according to 
the same material and process specification, they behaved differently. Ma
terials A and B both exhibited two transition points on the weight-gain/time 
curve. For material A the transition points were found at 500 hours and 

2 2 
130 mg/dm and at 3600 hours and 320 mg/dm , for material B at 700 hours 

2 2 
and 110 mg/dm and at 4500 hours and 360 mg/dm . The final weight gain 

2 2 
after 6000 hours testing was 520 mg/dm for A and 480 mg/dm for B. 
Compared with these alloys, alloy C showed a remarkably different be
haviour. It had only one transition point at 3200 hours and a weight gain of 

2 2 
170 mg/dm . The final weight gain was 320 mg/dm and hence appreciably 
lower than those of A and B. We have at present no explanation of this dif
ference. 

Dispersion Strengthening of Zirconium Alloys 

The programme was continued in collaboration with the UKAEA (RFL, 
Springfields). The major advances were the commissioning of a powder 
handling glove box fabricated in stainless steel, further measurements of 
strength properties of the alloys and investigations of their behaviour un
der neutron irradiation. 

The vacuum-tight stainless-steel glove box (fig. 6) is connected to two 
furnaces, one for hydriding and one for vacuum sintering; a mass spectro
meter unit i s connected to the box for the continuous and rapid monitoring 
of impurities in the argon atmosp!.';: ,used. The argon is circulated through 
a molecular sieve followed by heated titanium swarf in order to remove 
moisture, oxygen and nitrogen. A high-speed circulation pump ensures 
low humidity in the box during glove operation. The total impurity level in 
the box can be held below a few ppm. 
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The creep data obtained from powder-metallurgy-produced zircaloy-2/ 
yttria alloys are shown in fig. 7. The data are compared with the results 
published by Shober et al. ("The Mechanical Properties of Zirconium and 
Zircaloy-2", BMI-1168 (1957)) on creep rupture at 500° C for zircaloy-2, 
25 % cold-worked sheet and also zircaloy-2 bar annealed for 15 minutes at 
750° C. The slope of the stress vs. time-to-rupture plot (fig. 7) for an
nealed zircaloy-2 is close to that of the powder-metallurgy alloys, but the 
slope of the cold-worked zircaloy-2 line indicates the inability of cold work
ing to maintain the initially greater resistance to creep rupture over longer 
periods of time. At 500° C the powder-metallurgy-produced zircaloy-2/ 
yttria alloys are clearly superior to the conventional zircaloy-2 alloys in 
the 25 % cold-worked or annealed conditions. 

Irradiation experiments have just been completed in the DR 3. Tensile 
specimens of powder-metallurgy-produced zircaloy-2 containing 0, 5 and 
10 v/o yttria and of commercial zircaloy-2 bar were irradiated at 285° C 

20 2 

to an integrated neutron dose of 1.9 x 10 n/cm > 1 MeV, and the post-
irradiation examination will cover tensile testing at elevated temperatures 
and metallography. 

Fig. 6. Vacuum-tight g lor« boot for powdtr handling in a port argon atmoaphare. 
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Irradiation Embrittlement of a Low-Alloyed Steel Heat-Treated to 
Different Micro structures 

For studies of the effect of different microstructures on irradiation em
brittlement, specimens of the German low-alloyed steel BH70 were heat-
treated to obtain, (1) tempered martensite, (2) tempered bainite and (3) 
tempered ferrite-pearlite. These specimens together with specimens in the 
as-delivered condition (quenched and tempered) were impact- and tensile-
tested at different temperatures before and after irradiation. 

The impact machine is equipped with a low-temperature apparatus for 
continuous variation of the specimen temperature from room temperature 
to -170° C. A temperature of -196° C is achieved by direct immersion in 
liquid nitrogen. Temperatures above room temperature are obtained by 
immersion in a silicon oil bath capable of reaching 300° C, 

Results from the impact testing are sh6#n in fig. 8. 
The curves show a considerable increase in transition temperature 

( ATT at 4.2 kpm) for all four microstructures: 

Tempered martensite : 4TT = 135° C 
Tempered ferrite-pearlite : A TT = 145° C 
Tempered baimte : A TT '•= 135° C 
Quenched and tempered : A TT » 140° C 

Owing to the inherent scatter in this test method and to the similarity 
in i TT values, these results cannot be used for reliable ranking of the 
microstructures from the point of view of sensitivity to irradiation em
brittlement, 

Tensile tests are performed on an Instron testing machine from room 
temperature to -196° C. An attempt will be made to correlate the irradia
tion-induced changes in yield stress a and transition temperature accord
ing to a simple Ludwig-Davidenkov concept. - Corrections for the higher 
strain rate and greater triaxiality near the notch in the impact test will be 
made. 

Irradiation of Weld Metal from the Low-Alloyed Steel BH 70 

From a metallurgical viewpoint welded connections are considerably 
different from the base metal; moreover a welded connection is very 
inhomogeneous in structure, and this is true both for the remelted me
tal and for the heat* affected zones. 
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Ff«. 9. Section of weld in 100-mm plate of BH 70 steel. 

With the purpose of providing weld metal for irradiation experiments 
and gaining a wider knowledge of the weldability of the low-alloyed steel 
BH 70, welding of 100 mm plate of this steel was carried out in collabora
tion with the Danish Welding Institute. 

Submerged arc welding was carried out as prescribed by the German 
works who produced the steel. The welding current was in this case not as 
high as usual, but limited to 600 A to keep the quality of the weld metal at 
a sufficiently high level. With the reduced welding current a rather large 
number of passes were necessary to fill up the large groove as seen on fig. 
9 showing a section through the welded connection. 

Test pieces for impact testing of the weld metal and the heat-affected 
zones are under preparation to be used for irradiation experiments. 
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GENERAL MATERIALS RESEARCH 

This field covered investigations on mechanical properties of metals, 

alloys, ceramics and composites, basic studies of zirconium alleys of 

potential interest for fuel-element cladding, and some other studies. Fur

thermore, co-operation projects were initiated within specific areas of 

more practical nature. 

Within the field of mechanical properties, a linear expression was 

established for the addition of different strength contributions. This result 

was obtained by reviewing the strength of alloys with dispersed particles, 

grain boundaries and solute elements, and checked on some experimental 

alloys. An extensive study of the creep properties of polycrystalline mag

nesium oxide was completed. The dislocation structure, consisting of a 

network of sess i le andglissile segments, forms the basis of a creep model. 

The wide interest in grain boundaries initiated a study of the atomistic 

structure of grain boundaries by computer simulation. 

A joint Scandinavian project was started on fibre-reinforced metals, 

aiming at a material for use at temperatures of about 1000 C. In the first 

stages of the project, the system nickel with tungsten fibres i s used for 

basic studies of creep and fatigue. 

Matrix Hardening in Dispersion-Strengthened Products 

Dispersion hardening i s oneway of strengthening of soft matrix. Other 

strengthening processes such as grain-boundary hardening and solid-solu

tion hardening are known. Experimental data for various dispersion-hard

ened systems were examined in order to investigate whether it i s possible 

to add the stress contributions from these three different strengthening 

processes . The effect of dispersed particles was accounted for by the Oro-

wan-expression a = —r— . The effect of grain boundaries was described 

by the Petch-expression a b = kD"*, The contribution from solid solution 

i s entered as the value found empirically. Considering the flow stress values 

(0.2 % offset) it was determined to what extent the various contributions can 

be added independently, i. e. whether 

o p gb eol 

i s valid when inserting the stress values expected if the individual strength-
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ening agents had occurred alone in the matr ix . Data were obtained from 

the following systems: Al -ALO, , Ni-ThO„, Zr-YgO«, and Fe -ca rb ides . 

The upper limit for the amount of dispersed phase was about 10 v / o . The 

grain sizes were in the range from 0.3 ym to the order of 1 mm (obtained 

in extruded, cold-worked and recrys ta l l ized mater ia l s ) . Within cer ta in 

limitations, the strength data at room tempera ture indicate that the cont r i 

butions from the various strengthening agents can be added, i. e . that each 

mechanism acts independently. At higher t empera tures in the range 0,5 to 

0.8 T , the three strengthening p rocesses may all contribute to the tensi le 

strength and to the creep strength, but the use of the simple additive ru le 

was inconclusive. At tempera tures above 0.8 T dispersion hardening i s 

predominant. 

Superposition of Grain-Boundary Strengthening and Pa r t i c l e Network 

Strengthening in Aluminium 

Par t ic le strengthening of a soft mat r ix can be obtained by having the 

part ic les uniformly dispersed or distributed in a three-dimensional net

work. In the first case it was found that grain- /subgrain-boundary 

strengthening and particle strengthening are approximately l inearly addi

tive. In the second case where grain boundaries and oxide boundaries a r e 

superimposed, the following equation was derived for the flow s t r e s s : 

°= °n + /p + ff"K f l ) 
"o yJp gb 

where » is the s t r e s s contribution from the part icle network equal to 

H_-t * where k is a constant and t i s the mesh size of the part ic le net-P p p p r 

work, and a , i s the s t r e s s contribution from the grain boundaries equal 

to k . t , "* where k . i s a constant and t , i s the grain s ize, gb gb gb gb 6 

Data were obtained from six aluminium/aluminium-oxide products con

taining from 0.2 to 1.2 w /o aluminium oxide by measuring the flow s tress 

(0.2 % offset) at room temperature and at 400° C, A reasonable agreement 

was found between the experimental values and the values calculated by in

serting in equation (1) the individual contributions from the two strengthe

ning mechanisms. 
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Fig. 10. log(ikT/bDG) venue 
log(a/G) for compressive creep 
testing of magnesium uld«. The 
•lope (determined by » leut-aquere* 
tit) 1« 3.2. 

Creep of Polycrystalline Magnesium Oxide 

The compressive creep testing of fully dense, polycrystalline MgO in 
n 2 

the temperature range 1300-1460 C under loads of 2.5 to 6 kp/mm was 
continued. For the range of parameters investigated, the creep rate was 
independent of grain size (90 and 200 pm) and could be described with the 
following equation, in which D is the self-diffusion coefficient for oxygen 
ions: 

^ = 12 ( £ ) 3 * 2 (see fig. 10). 

An investigation of the dislocation structure by transmission electron 
microscopy showed that a large number of the dislocations in the Frank 
network inside the aubgrains are of mainly edge character, and that they 
lie in the plane perpendicular to their Burgers vector. These sessile dis
locations are probably formed by the reaction 

J < 110 > + } < Toi > + § < 011 > . 

On the basis of this structure a mechanism was proposed in which glide 
accounts for the main part of the deformation although the creep rate is 
controlled by the annealing of the dislocation network and therefore diffu
sion-controlled. The creep rate calculated from this model differs from 
that of the Nabarro-Bardeen-Herring model only by a numerical factor of 
approximately 6, 
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The Structure of Grain Boundaries 

The grain boundaries are of great importance for the properties of 

solids (strength, creep behaviour, diffusion, precipitation reactions). Know

ledge of the atomistic structure of grain boundaries is therefore important 

for the understanding of these effects. At present there are, however, no 

experimental methods that can give direct information about the atomistic 

grain-boundary structure. 

From grain-boundary-independent bulk properties the forces between 

the atoms in crystalline materials ai e known reasonably well . This suggests 

a possible approach to the grain-boundary structure, namely the synthesis 

of boundaries on a theoretical basis. In practice such a many-body problem 

can be solved in a digital computer. 

In the present work the grain boundaries are produced by computer-

simulated solidification of a liquid between two crystalline slabs of different 

orientation. Temperature and pressure are adjusted at relevant values 

during the computer experiment. In the running-in period the programme 

has been tested by solidification of a liquid between two identically oriented 

crystal slabs. The programme now works as intended. 

The investigation i s carried out in collaboration with the Department 

of Structural Properties of Materials at the Technical University of Den

mark. 

Ductility of Hydrided Zircaloy-2 

The zirconium-hydride phase transformation i s studied as part of an 

investigation of the ductile/brittle transition in hydrided zircaloy-2. 

The preparation of samples of hydrided zircaloy-2 caused some trouble. 

Tentatively electrolytic hydriding was used, but the results turned out not 

to be sufficiently reproduceable. An apparatus for gas hydriding has now 

been constructed permitting the introduction of the desired hydrogen con

tent to an accuracy of ±5 %. The desired morphology and orientation of the 

hydride is obtained by a final anneal at 550° C. With the aim of studying 

the hydride phase transformation, techniques for high-temperature strain 

gauge dilatometrywere developed, and the first results have been obtained. 

It was shown that under zero s tress conditions the hydride phase trarsfor-

mation from the low-temperature y phase to the high-temperature 5 phase 

occurs in the temperature region 280°C-360°C for zircaloy-2 hydrided to 

a level of 250 ppm of hydrogen ^ 1 w/o. zirconium hydride. It was also found 

that the shape of the experimental curve of specimen extension against tem

perature closely parallels the predicted theoretical curve. 
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Precipitation Reactions in Zirconium-Chromium-Iron 

The first stage in the investigation of the precipitation reactions is a 
solution treatment of the strip specimens followed by a rapid quench (up to 
5000° C/sec). This stage is now under complete control. 

The precipitation reactions (formation of ZrCr« and ZrFe„) during 
slow heating will be followed by resistivity measurements. In the absence 
of reactions, resistance would increase linearly with temperature. Preci
pitation or clustering of solute atoms will tend to make the resistance de
crease (or increase less with temperature) as already shown for other al
loy systems. The techniques for resistance versus temperature measure
ments are being perfected. A preliminary result is shown in fig. 11. Be
tween 200 and 800 C the resistance is reduced as compared with the linear 
curve on account of clustering and precipitation. The region 800-950° C is 
complicated by the a~& phase transition. Above 950 C the precipitates 
start redissolving, and the resistance increases steeply. 
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Influence of Particle Size and Corrosive Medium on the Corrosion 
Resistance of Zirconium-Chromium-Iron 

Zr-Cr-Fe material was subjected to different heat treatments ranging 
from fast quenching to slow furnace cooling in order to change the inter-
metallic particle size in the matrix. Particle sizes in the range 0.5-50 um 
were obtained. Specimens were subjected to oxidation treatment in pure 
oxygen and superheated steam in order to ?tudy the influence of particle 
size and corrosive medium on corrosion resistance. 

The investigation revealed that when tested in pure oxygen, specimens 
containing large particles showed a corrosion resistance superior to that 
of specimens with fine particles. The opposite result was obtained by test
ing in steam. 

These surprising observations revealed the importance of the nature 
of the corrosive medium and the influence of the surface area of the par
ticles. The specimens are awaiting further detailed examination. 

Dispersion Strengthening of Stainless Steel 

A 20/20 austenitic stainless steel dispersion-hardened with aluminium 
oxide particles is produced through a powder metallurgy route (see Ris5 
Report No. 225 (1970) 25). 

Tensile specimens are obtained from the fully densified extruded rods 
of various compositions (oxide content between 0 and 10 v/o). Before tensile 
testing, these specimens are annealed at 800 C for two hours in vacuum. 
The tensile testing is carried out at room temperature, 400, 500, 600, 
700, and 800 C. The elevated-temperature tests are carried out in vacu
um. 

The room- and elevated-temperature tensile strengths of stainless 
steel specimens containing 5.0 v/o aluminium-oxide particles are consider
ably higher than the corresponding ones of as-cast conventional stainless 
steels. The variation of the tensile strength with testing temperatures 
shows a very slight decrease up to 500° C, beyond which there is a marked 
drop. 

Transmission electron microscopy on the extruded and annealed speci
mens confirms the absence of dispersoid agglomeration during the process
ing and manufacturing stages. Tho dispersoid particles are found to be 
distributed mainly at the eubgrain boundaries, and their size remains the 
same as the original; some particles are found to be distributed within the 
subgrains. The subgrain size varies between 0.2 and 0.5 ym. 
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Powder Compaction 

It i s of scientific interest and technological relevance to understand the 
pressure-compaction behaviour of powder composites containing particles 
of deforming and non-deforming types. 

In a preliminary investigation on powder composites such as Fe-Al„0„, 
Fe-ZrOg and Ni-AljO,. it was shown that the presence of ceramic par
ticles restricts the shape distortion of the matrix particles and thus the 
pressure densification. the degree of restriction being a function of the 
amount of ceramic particles ( i .e . the amount of non-deforming contact 
surface area). It should also be mentioned that the size of the ceramic 
particles plays an important role in the overall pressure densification of 
the powder composites investigated. 

Acoustic Emission 

Under certain conditions during loading of steel structures, acoustic 
signals of very high frequencies will be generated within the steel. The 
signals can be detected and registered by means of suitable transducers 
fixed to the surface of the steel. 

For practical application of acoustic emission, it seems advisable to 
try to establish a wider knowledge of the metallurgical phenomena giving 
rise to these signals. For this purpose equipment was developed for use 
on very small test pieces that can be loaded to fracture with a transducer 
fixed on them. The loading must be as noiseless as possible in order to 
avoid covering of the weak acoustic signals from spurious noise. For this 
reason the tensile apparatus has only few moving mechanical parts, and the 
loading is hydraulic. The design and operation of the equipment is shown 
in fig. 12. 
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Fif. 12, Apparatus for tenalle fracturing ot mini aptdmena equipped with a transducer 
for registration of acoustic signals. Under the table la the hydraulic loading system -
a water bucket. 
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MATERIALS TECHNOLOGY 

The development work was concentrated on joining methods and non
destructive testing and control. Equipment including a high-frequency 
generator for vacuum brazing and brazing in reducing atmospheres was 
installed and used for contract work. Fundamental studies on shear strength, 
fatigue strength and impact strength of different brazed joints were con
tinued. 

In connection with the development of non-destructive testing and con
trol methods, the beta back-scattering technique was successfully applied 
to particle size determinations in cement. 

The manufacturing of fuel elements is now considered routine work, 
and during the year fuel pins of different designs and of lengths from 170 
mm to 1800 mm were manufactured for irradiation in the DR 3 Reactor and 
the Halden Reactor. Furthermore, assistance was rendered to the Elsinore 
Shipbuilding and Engineering Co., Ltd., for manufacturing of the MTR-type 
fuel elements. 

Casting of Uranium-Aluminium Alloys 

This research programme, which was initiated last year, was brought 
to a level where acceptable results can be reproduced. The aim of the 
programme was to produce ingots in which the uranium content should be 
within ±0.4 % of the nominal value throughout the ingot. Ingots can now be 
produced with a uranium content which does not deviate by more than 0.3 % 
from the nominal value. The number of experiments was greatly reduced 
by use of the "Delphi-planning" principle. 

The result is now used in the fuel plate manufacturing with favourable 
influence on cost and quality. 

Wet Blast Cleaning of Autoclaved Zircaloy Tubes 

Autoclaving is part of the production route of fuel pins. During this 
treatment a thin, black oxide layer is formed on the surface of the tube. In 
case of defects in the surface, the oxide layer turns brighter, and these 
tubes have so far been discarded. If the white oxide layer is caused by a 
defect that does not stretch deeper into the material, the tube might be used 
in the production if the defective oxide layer could be removed. 
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For this purpose, equipment for wet sandblasting was constructed. The 
sandblasting gives a clean metallic surface without removal of more than 
about 6 inn of the surface. The surface roughness remains small after 
sandblasting. The equipment works automatically and sandblasts tubes 
up to 4 metres long at a rate of 10 cm per minute. Aluminium oxide is 
used as blasting material. After renewed pickling and autoclaving, the 
tubes exhibit a good, shiny surface. 

It is impossible to repair only part of the tubes as a new white area is 
formed at the boundary between the new and the old oxide layer (fig. 13). 

From the fact that the white stains do not reappear after sandblasting 
it is concluded that they are not due to any inherent defect in the tube, and 
provided that the area is effectively wet blasted such tubes should be ac
ceptable for reactor use. To prove this, a discoloured rejected tube was 
sandblasted and used for production of two mini pins. They are now being 
irradiated in the DR 3 Reactor to a planned total burn-up of 20-40, 000 
MWD/t U0 2 . 

Densitometric Method of Uranium Distribution Control in Flat Fuel 
Elements 

Various factors that can influence the accuracy of uranium content 
measured by densitometric scanning of radiographs were investigated. 

To ensure protection from scattered radiation, a special film casette 
with two aluminium strips as standards was constructed (see fig. 14). For 
longitudinal and transverse scanning of radiographs a special scanning 
bench with a commercial densitometer was constructed. 

The intensity variation due to the varying focus/film distance (the radio
graphs are made on 72 cm long films from a distance of 82 cm) as well as 
the influence of processing conditions (developing time and temperature) 
on film contrast were investigated. 

The uranium/aluminium equivalence curve produced will be used for 
the final assessment of uranium content in the fuel elements. 

Fast and Accurate Equipment for Non-Destructive Inspection of Tubes 

The main principles of the equipment are: 

1) Avoidance of a probe inside the tube by calculation of internal dia
meter from exact measurement of outer diameter and wall thickness. 
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2) Rotation of probe instead of tube. 

Three different methods were considered: The impulse-echo technique, 
the ultrasonic resonance method and the eddy current method. 

The impulse-echo technique exhibits the best combination of speed, 
simplicity, linearity, and signal transmission. Therefore, the main effort 
is now being made in the improvement of the accuracy of this technique. 

The ultrasonic resonance method was used for wall thickness measure
ments. The sweep frequency was raised from 50 to 1500 measurements 
per second, and the linearity of the signals was improved. Preliminary 
tests using this method for outer diameter measurements as well were 
carried out. 

A computer programme was written for calculation of inner diameter 
from non-simultaneous measurements of wall thickness and outer diameter. 

An eddy current probe with a linear signal was developed for accurate 
measurements of outer diameter. However, the method cannot be used for 
wall-thickness measurements. 

Inner-Diameter Measurement 

Within the more conventional field of inner-diameter measurement 
methods, the air-gauge technique was improved. With a mini-pressure 

*) transducer in the system placed next to the jets in the probe ' , the dead 
volume of air was reduced to a minimum, and thus the inspection speed 
can be raised considerably (fig. 15). 

As an alternative to the air-gauge measurement of the inner diameter, 
a method based on capacitive measurement with a commercial capacitance 
probe is examined with special regard to speed and accuracy. 

The accuracy and reproducibility of measurements with the capacitance 
probe may be influenced by a number of factors. 

Until now, stationary testing (capacitance probe in a fixed position in 
the tube) has been performed, and dynamic testing (tube moving with dif
ferent rotation and translation speeds) has been started. 

Patent applied for. 
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PARTICIPATION IN INTERNATIONAL COLLABORATION 

The department is engaged in the following types of international col
laboration: joint technical projects, committee work, reception of research 
fellows, and technical and scientific meetings. 

Participation in the ENEA reactor project at Halden was continued. 
Four Danish fuel elements are at the moment being tested under irradiation 
in the Halden Reactor. In the hot cells at Ris5, elements irradiated at Hal-
den by other signatories (Italy, Japan and the Federal Republic of Germany) 
were examined. The participation in the ENE A reactor project Dragon was 
continued, and a number of examinations of irradiated HTR fuel materials 
was carried out. 

Joint technical projects were continued on post-irradiation examination 
of high-strength steel for pressure vessels and measurement of the thermal 
conductivity of uranium dioxide under irradiation (with AB Atomenergi, 
Sweden); also the programme, including irradiation tests, on dispersion-
strengthened zirconium alloys (with the UKAEA) was continued with further 
characterization of mechanical properties. A joint programme was started 
for the examination of advanced zirconium alloys for water reactors (with 
the UKAEA, AB Atomenergi and the D7A, Norway). The department took 
part in a joint Scandinavian Nordforsk project on fibre reinforcement, and 
in a Scandinavian working group on hot cell techniques. 

The department participated in the Halden Programme Group (member: 
N. Hansen), in the Halden Project 's Working Group on Fuel (member: P . 
Knudsen), in the IAEA working group on "Engineering Aspects of Irradiation 
Embrittlement of Reactor Pressure Vessel Steels" (member: A. Nielsen), 
and in the following Technical Commissions of the HW (International Insti
tute of Welding): Commission I "Gas welding and allied processes", Sub-
Commission A "Brazing and surfacing" (member: J. Christensen), Com
mission DC "Behaviour of metals subjected to welding", and Commission X 
"Residual stresses and stress relieving. Brittle fracture" (member: A. 
Nielsen). 

Furthermore the department was represented in the CREST (Committee 
of Reactor Safety Techniques of ENEA) working group: "Material and me
chanical 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, espe
cially regarding metallurgy; the group put up proposals for research pro
jects on materials for gas turbines, desalination plants and superconduc
tors . 
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On grants made available by the Danish Atomic Energy Commission, 
three research fellows studied at the department. The research programmes 
covered steel for pressure vessels (M. Vacek, Czechoslovakia), fuel ele
ment studies (S. Mukhtar Ahmed. Pakistan), and creep behaviour of alu
minium/aluminium-oxide alloys (B. Cech. Czechoslovakia). 
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EDUCATION AND TRAINING 

Four members of the scientific staff of the department took par t in 

teaching at institutes of higher education; this participation comprised 

regular lecturing on mate r i a l s for students at the Danish Academy of En

gineering and lecturing on mate r i a l s at a post-graduate course ar ranged 

by Dansk Ingeniørforening (the Danish Society of Engineers) . One member 

of the staff was the leader of a study group on "Brazing" , arranged by 

Dansk Svejseteknisk Landsforening. Two staff m e m b e r s acted as external 

examiners at graduate examinations. 

In the department a number of students worked on their examination 

projects : 

Two students from the Department of Mechanical Technology of the 

Technical University of Denmark worked on "Salt Bath Brazing" . Eight 

students from the Department of Mechanical Engineering of the Danish Aca

demy of Engineering worked on the following projects : "Economical Evalua

tion of Iron Powder Production", "A P r o c e s s Model for Fabricat ion of 

Nuclear Fuel Elements" , "Investigation of the Strength of Glued Joints" , 

"Automatic Par t ic le Size Determination", "Recrystal l izat ion of Al/AlgO« 

Alloys Containing a Three-Dimensional Network of Oxide Pa r t i c l e s " , "Con

struction of aFurnace for Casting Specimens of F i b r e Reinforced Mater ia l s" , 

"Mechanical P roper t i e s and Structure of Gold-Copper Alloys", " C h a r a c 

terizing of Iron Powders" . 

Two post-graduate students from the Technical University of Denmark 

worked in the department; one, from the Institute for Silicate Industry, 

completed his thesis on "Mechanical P rope r t i e s of Ceramic Mater ia ls at 

Elevated Tempera tures" , and the other, from the Department of Structural 

P roper t i e s of Materials , s tarted work on his thes is "Additive Strengthening 

Mechanisms in Dispersion-Strengthened Produc t s" . 

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

ment manufacture and behaviour and in physical metal lurgy. 
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ORGANIZATION 
(as st March 31) 

N. Hansen 

S. Friedrichsen 
G. Olesen 
C. Holm Olsen 
M. Simonsen 

Materials Testing and Development 

E. Adolph 
C. Bagger 
K. Bryndum 
H. J. Gabel _. 
H. Hougaard2' 
K. IL Laursen 
A. Nielsen 
P. D. Parsons1 ' 
IL Vacek4 ' 
B. Vigeholm 

J. A. Aukdal 
O. Eriksen 
J. Eakegaard 
P. V. Jensen 
J. Kl«Uer 
J. Larsen 
B. Weller Madsen 
E. B. Mogensen 
H. Nielson 
P. B. O l e s « 
T. R. Straus« 

Physical Metallurgy 

V. Andreasen3) 

J. B. Bilde-Ssrenaen 
L. T. Chadderton 
T. Leffers 
H. Lilholt 
B. N. Singh 
M. R. Warren 
J. Lindbo 
P. Nielsen 

Consultants 

Materials Technology 

H. E. GumnoR 

C. C. Agerup 
J. Christel 
J. Domain 
A. Jensen 

2) 

nsen 

6) B. S. Johansen 
O. Chabert 
K. E. Dytted-Nielsen 
H. Frederiksen 
F. Jensen 
K. E. Jensen 
B. Larsen 
P. Dreves Nielsen 
T. Nielsen 
O. Olsen2' 
J. Olsson 
B. Simonsen 

Project Group 

2) 

P. Kundse 
Z. Neven: 

J. Borring 
J. Stiff') 

Ceramics 

O. Toft Sørensen5J 

H. Jensen 

Corrosion 

K. Hsrbo 

E. Tolksdorf 

A. Rasmussen 

Gas analysis: S. Kflhnel Hagen 

Welding: E. østgaard [Danish Central Welding Inst.) 

Non-destructive testing: N. Nielsen (Danish Central Welding Inst.) 

1) On leave of absence from the DKAEA 
2) On leave from the Elslnore Shipbuilding and Engineering Co. , Ltd. 
3) Post-graduate student from the Technical University of Denmark 
4) IAEA research fellow from Czechoslovakia 
5) On leave of absence at the AB Atomenergi, Studsvik 
6) On leave of absence at the CEN, Saclay 
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PUBLICATIONS AND INTERNAL REPORTS 

Publications in English 

Metallurgy Department Annual Progress Report for 

the Period Ending March 31st, 1970. Riso Report 

No. 225 (1970) 40 pp. 

E. Adolph The Preparation of Dispersion-Strengthened Alloys 

E. D. Hindle in Controlled Atmospheres. Proceedings of the 3rd 

J. Kjøller International Powder Metallurgy Conference, Karlovy 

J. C. Balling Jensen Vary, CSSR, 29 September - 2 October 1970, 4 

D. J. Marsh (1970) 220-241. 

P. D. Parsons 

L. T. Chadderton Experimental Evidence for Quantum Effects in the 

E. R. Cohen Scattering of Charged Particles by Crystals. Radiat. 

R. E. deWames Eff. £(1970) 195-196. 

L. T. Chadderton The Channelling to Random Transition. In: D. W. 

F. G. Krajeiibrink Palmer, M. W. Thompson and P . D . Townsend (edi

tors), Atomic Collision Phenomena in Solids. (North 

Holland Publishing Company, Amsterdam, (1970) 

456-475. 

L. T. Chadderton Diffraction and Channelling. J. Appl. Cry at. 3_(1970) 

427-465. 

L. T. Chadderton Nucleation of Damage Centres during Ion Implantation 

of Silicon. Riso Report No. 236 (1970) 25 pp. 

L. T. Chadderton Comments on the Scattering of Charged Particles by 

C. S. Newton Single Crystals. I. The General Case. Ris6 Report 

No. 239 (1971) 24 pp. 

L. T. Chadderton On the Annealing of Damage Produced by Boron Ion 

F. H. Eisen Implantation of Silicon Single Crystals. Radiat. Eff. 

2(1971) 129-138. 

J. C. Domanus Lead Containers in the Danish AEC Packagings for 

Radioactive Materials. Rise Report No. 231 (1970) 

45 pp. 
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C. Domanus 

Hansen 

Hansen 

Cech 

Hansen 

Lilholt 

Knudsen 

Leffers 

Leffers 

Lilholt 

J. Bunge 

Leffers 

Kirby 
G. Lathan 

Nielsen 

Analysis of Design and Test Requirements and Pro

cedures for Type A Packagings. IAEA Seminar on 

Test Requirements for Packaging for the Transport 

of Radioactive Materials, Vionna, 8-12 February 

1971. (Vienna, IAEA, (1971) (IAEA-SM-147/35). 

Dispersion-Strengthened Aluminium Products. Riso 

Report No. 223 (1970). Dissertation. 157 pp. 

Creep Behaviour of Dispersion-Strengthened Alumi

nium-Aluminium Oxide Products. Proceedings of 

the 3rd International Powder Metallurgy Conference, 

Karlovy Vary, CSSR, 29 September - 2 October 1970, 

4 (1970) 188-205. 

Matrix Hardening inDispersion-Strengthened Powder 

Products. In: Henry H. Hausner (editor). Modern 

Development in Powder Metallurgy. Proceedings of 

the 1970 International Powder Metallurgy C enference, 

12-16 July 1970, £ (PlenumPress, New York, 1970.) 

Review of Danish Irradiation Experiments in the Hal-

den Boiling-Water Reactor, Riso-M-1350 (1971) 30 

pp. 

On the Poss ible Importance of Mechanical Twinning 

for the Development of the Brass-Type Rolling Tex

ture. Z. Metallk. 61̂  (1970) 306-307. 

The Stresses Around Dislocations Piling up against 

Barriers on Many Slip Planes. Read to Selskabet for 

Faste Stoffers Fysik og Kemi, Copenhagen, October 

1970 (not available). 

The Three-Dimensional OrientationDistribution Ob

tained by Computer Simulation of the Plastic Defor

mation in Face-Centered Cubic Polycrystals. Ser. 

Met. 5 (1971) 143-149. 

Acoustic Emission from Steel Pressure Vesse l s . 

TRG Report 1983 (C), UKAEA, The Reactor Group, 

Risley, Warrington (1970). 
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P . C otter ill 

B. N. Singh 

B. N. Singh 

D. H. Houseman 

B. N. Singh 

C. J . Be ever s 

D. V. Edmonds 

M. R. Warren 

C. J . Beevers 

M. R. Warren 

Thermally Activated Deformation in Dispers ion-

Hardened Polycrys ta l l ine l rona t Room Tempera tu re . 

Acta Met . , l£(1970) 549-555. 

P las t ic Flow P r o p e r t i e s and Dispersion P a r a m e t e r s 

in Dispersion-Strengthened Iron. Proceedings of the 

3rd International Powder Metallurgy Conference, 

Karlovy Vary, CSSR, 29 September - 2 October 1970, 

3_(1970) 242-259. 

The Influence of Oxide Pa r t i c l e s on the Sintering 

Charac te r i s t i cs of Carbonyl Iron. Powder Met. Int . , 

£(1971) 26-29. 

The Tempera ture Dependence of F r ac tu r e Behaviour 

in a Ti-H Alloys. In: R. Jaffe and N. Promise l 

(editors), The Science, Technology and Application 

o f T i . (Pergamon P r e s s , Oxford, 1970)557-560. 

Fatigue Life and Twinning in o-Zirconium. Met. 

T r a n s . 1(1970) 1657-1661. 

Publications in Danish 

H. E. Gundtoft 

H. E. Gundtoft 

T. Leffers 

Hurtigere måling af indre rørd iamet re muliggjort af 

Risø og Svejsecentralen. (A F a s t e r Measurement of 

the Internal Diameter of Tubes Made Poss ible by 

Ris6 and the Danish Central Welding Institution. In

geniørens Ugeblad, 15, No. 2 (1971) 1. 

Hvirvel s trømsmåling for bes temmelse af struktur og 

styrkeegenskaber i aluminiumlegeringer. (Eddy-

Current Measurement for the Determination of Struc

tu re and Strength in Aluminium Alloys). Dansk Me
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