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ABSTRACT 

Th* Daaai liaaul'a raaaareh iork ia ranter mataDargjr was centrad 
aroondproblama eoanactad silk foalalamaata for power and raaaarch raw-
ton aid ataala tor reactor praaaara raaaala. 

The feel-eLement work M fdnciraert with SAP/nramim-dioxida and 
aircidoy/uraaiun-n^awido aleniaela for pawar nactora, eoalad wife organta 
ttasfd aad vatar reepectiYefr,aa wall aa plate foal alamanta for raaaaiih 
raaatara. 

The experiment« witk the SAP/CO^ lautotopt oteaaeat for the Bias 
atao> orotect DOB are completed in part. The eeeerfaaentel work ia coatta-
uing with isvoatifatfooa of tha irradiation propartlaa at SAP/UO, feel pine; 
tweitt ptuollaagtba from late IB a ham heal irradiated n I M and are 
being eaamiaad ia tha hot-caU fostlih/. With tha irradiation of a former tea 
piaathtearoaiacaBMwiUbacoBialatea. 

Tha work with gaVP material ha» been ct lateral! la »laaau llim with 
tfeereviTeliameO.S.A, nl weak oe the lagaali imilid malm, aadacoa-
ttawaaa ehnanagn-BC rwaaatw' visa Ainaatenh reeenaah lahaaajariaa ana amen 
plaea. 

Tha experimenta with aircaloj/UOj foal oltmante ara carnal oat ia 
oo-oparatioB with tha Bajaora aapfeoilduig and BoefeeerfaigCo., Ltd.. with 
aviaw to ladaatrial prodaetton ocfomolomaateia naejiiarl Aa fee firet 
pbaaa, aeorieoaf olamente willba laaaaiBaaliii ail lor Irradiation In mo HaMoa 
raarrtor ia Norway. AepaclfioetioB for »ircaloy materiale hae been prepared, 
and initial aaaerbnaate on warning, uua ilaali m UTC quality control aad cor-
roeionteetiag hen been carried oat. 

Wilhm tha gelde at wcldiag aad mm ilealmi Ihro taattag, the Depart
ment co-oparatee wife me Imaiah Central Welding laetitatio^ which, aapa-
cialljf in tha Utter Bald, baa bee* abla to attliza lta exaerieace from corre-
apoodiag work wife SAP. 

Tha raaaarch work with WO, Inrladeri wiparliaanta on precipitation, 
arenorog and ataterinf oi collate ia order to improve their eualitr end re
producibility. Fellete irradUtod la DM ara bamg aramHwo la fee bat c alia 
withpartlcBlarrafard tollaaioa-faaralaaa«, lehna tacreaee and etructoral 
change«. 

Tha aTparlmaartalaianofocter««« plate-aaaaadftialalamaiitt waa eon-
tunea la ce-opevatfon with fee aflilnara awjaaatidang aat JmgliiceriBg Cow, 
Ltd, The flrat foal eleaaentwa« loaded late DM to Decanter 1M9 end baa 



since been followed by two more. The element« have performed satisfactori
ly daring irradiation, and the fabrication process will now be tested further 
by the manufacture of a large number of elements. 

In connection with the Dano-Swedish co-operation in the reactor field 
a Joint research programme has been started, involving the investigation, 
before and after neutron irradiation, of high-strength reactor pressure-
vessel steels. The irradiation experiments will be carried out in DR3 at 
Kiso and in R3 at Studsvfk, Sweden. In connection with this work, a group 
with representatives of Burmeister and Wain, Engineers and Shipbuilders 
Limited, the Central Welding Institution and the Metallurgy Department has 
begun an evaluation of what research will be necessary, especially within 
the fields of welding and inspection, as a basia for reactor pressure-vessel 
manufacture in Denmark. 

The experimental work under the agreement with the U. K. A. E. A. 
Concerning investigations of uranium and uranium alloys before and after 
neutron irradiation was concluded in March IMS. The experimental results 
Will be published together with supplementary results obtained in England. 

In connection win the co-operation agreement with the V. K. A. K. A. 
concerning fundamental material research, especially on the reactor irra
diation behaviour of materials and electron microscopy, a scientist from 
the British research establishment at Harwell was exchanged for one from 
the Department. The research comprised, among other subjects, irradia
tion damage in aluminium - magnesinm alloys. 

The co-operation with th« U.K. A. E. A. has been extended So aa to 
Include problems related to the use of zirconium alloys, and a scientist 
from the U. K. A. E. A. has been seconded to the Department for a period of 
about eighteen months to work on various subjects. Including joint program
mes involving dispersion-strengthened zirconium materials with good high-
temperature strength. This research programme is based upon the 
U. K. A. E. A. 'a experience of zirconium materials and the Department's 
experience of dispersion strengthening obtained in connection with the SAP 
work. 

The experimental work of a general metallurgical character included 
vie development of dispersion-hardened, high-temperature-resistant alu
minium materials. A series of alloys was manufactured, and the influence 
of variables such as grain size, particle distribution and structure, and 
deformation on the mechanical properties of the materials was studied. An 
investigation into the ductility of these alloys was carried out by a post
graduate student in preparation for his acquisition of the lie. tsern. degree. 



Other experiments war* concerned with texture studies of aluminium/alu-
minium-oxWe materiale, fractionating of aluminium powders (carried out 
In co-operation with the Metallurgy Laboratory at the Technical University 
of Copenhagen), sintering oi aluminium powder, and preparation of alumini-
um/abmunhun-oxide single crystals. As a lead in tids work, a continuous 
literature survey, released in the form of Rise Reports, is carried out in 
co-operation with the Rise Library. 

Among general metallurgical experiments may also b« mentioned the 
following: continued development of methods for welding steel-encapsulated 
thermocouples, about 1100 of which were manufactured for the department« 
of Rise and for various industrial concerns; texture studies of face-centred 
cubic metals in order to establish the relationship between degree of defor
mation, texture and mechanical properties; investigation of the Influence of 
cold pressing on the density of sintered powder specimens; electrochemical 
experiments concerning the effectiveness of corrosion inhibitors; dislocation 
formation during quenching, and fission fragment damage, in aluminium al
loys. 

For Danish industrial concerns work was performed on a number of 
problems in the fields of rolling, casting, gas analysis. X-ray diffraction, 
sintering, welding, soldering, corrosion, and material testing. Wifb a view 
to " " " - g Its results available to Danish industry, the Department partici
pates in a working party set up by the Research Committee of the Federation 
of Danish Mechanical Engineering and Metal-Working Industries. In con
nection with this work, monthly articles about metallurgical techniques and 
apparatus are published in the Danish engineers' weekly news Journal. Fur
thermore, a member of the Department has been given a seat on the Cor
rosion Board, which acts as an advisory organ for the Corrosion Centre of 
the Danish Academy of Technical Sciences. 

Detailed information about the activities of the Metallurgy Depart
ment is set oat in its annual progress report; information is also given in 
the form of quarterly progress reporte. 
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MATERIAL PROPERTIES 

Uraiiftun-Pioxtdc/ZircslMr Fuel momenta tor Water Reactors 

In J»ly IMS, water-reactor fail technology n i taken up, the start 
being mad« with a frojeet ejmad at developing a fabrication routs for UO-/ 
sirealoy fuel elements. The recalls of the work ara intended, a« tar a« pos
sible, to be tpprtrahlo to Uget-water(FWR and BWR) as wall aa heavy-mtar 
(BHWR) reactors. A »ate tor Ike manufacture of UOj pallets had already 
been established in tonnectien with the BOR1' project, and some of toe SAP 
technology should also be applicable, notably that of non-destructive testing. 

An assessment of the possible irradiation facilities pointed to the 
Halden BHVR an the most suitahie, and a development programme was drawn 
up based vpon the mounting of irradiation experiments in the 3rd core of that 
reactor, commencing in Jury lMt. The specifications for the first experi
ment correspond to the Halden 3rd core design, with peak heat ratings equal 
to those of the current DK 400 design" (610 W/cm). The experiment will 
essentially be a test of reel pins msimfnetured at Mac, but one assembly 
will incorporate some variations in pellet geometry and pellet can clearance 
aimed at elucidating their effects on pellet and can behaviour. In later ex
periments it is intended to incorporate more advanced concepts and designs 
from the DK 400 project. 

The work being carried out and enriaaged under the above programme 
comprises: 

1. Inspection, including non-destructive testing. 
2. Fabrication of U02 fuel, 
3. Fabrication of fuel pus, in particular welding and autoclaving. 
4. Evaluation of cladding by ohanrteH analysis, metallography, 

mechanical testing, and corrosion testing. 
6. Supporting Irradiation experiments in PR3. 
a. Poet-irradiation srsTnination, 

1) DOR was a RUB assessment study of an organic-cooled, heavy-water-
moderated reactor, 

2) OK 400 is a Rise assessment study of a boiling-heavy-water reactor 
(BHWR). 
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The necessary plant modifications and arrangements for the provision 
of new plant are in hand, and an initial supply of zircaloy-2 cladding tubing 
and end plug bars was received in December. After inspection and non
destructive testing this material is being used for preliminary fabrication 

Iff ̂  "u and testing development. In the meantime detailed specifications for zirca-
, loy tubes and bars have been drawn up, and enquiries preparatory to pur-
if' chasing material for the main programme have been issued. 

In order to keep abreast of water-reactor fuel developments a devel
opment programme has been drawn up covering the period from 1966 to 196 9. 
The main subjects of development proposed are 

fi'H 1. UOu fuel fabrication processes, including vibratory compaction. 
2. Continued evaluation of zircaloy cladding and evaluation of 

alternative materials. 
3. Improved non-destructive testing techniques for cladding tubes 

and fuel pins. 
4. Improved fuel-pin fabrication techniques, particularly welding. 
5. Post-irradiation examination techniques. 

Where appropriate, the investigations will include irradiation testing 
in DR3, Halden or another facility. 

Material Testing and Metallography 

Metallography of Zircaloy-2 

The metaUographic method of preparing specimens of zircaloy-2 ' 
comprises a normal wet pregrinding on silicon-carbide papers, followed by 
a prepolish with 7-micron diamond paste. The final polishing is carried out 
as an attack polish with CrO- and distilled water. This treatment gives a 
scratch-free surface and a good contrast for examining general structure 
and grain sizes in polarized light (fig. 1 left). 

For examination of hydrides the specimens are swab etched in a 
solution of 25 ml CgHgOH, 10 ml cone. HKOg, 50 ml cone. H202 , and 4 ml 
cone. HF, which reveals the hydrides clearly (fig. 1 right) and at tie same 
time allows structural examinations in polarized light. 

Flare Testing of Zircaloy Tubes 

In most specifications for zirconium tubes the flare test ' is pre
scribed as a rapid and simple multiaxial ductility test. The test uses a 
hardened steel core of 60° included angle which Is pushed into the end of 

3) Journ. Inst. Metals 94 (7), 245(1966). 

4) A.S.T.M. Designation B. 353-62T (1962). 
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Fif. 1. Zircalej-J attack peatfce*. The lait pkttare eheve tfca (rain 
atrueiare in aolatisad tt|at «w raja* oaa aaøv/e hjorMa preaipftatlBii 
after etehiaf. S » J L 

tbe tube until tb* diametral expansion exceeds a spectOc value, which must 
be achieved without any craoking or splitting of the tabe. At the laboratory 
the flare test ia uaad for zirenloy-2 tabe* which - both in toe as-received 
condition and after antoekeving tor three day« at 400% - should be able to 
withstand a diametral expansion of 33w% without failure. The test, results 
of which are shown in fif. i , gives a certain guarantee against accepting 
tubing with radial hydride orientation tendencies, which may reduce the 
ductility of the tube. 

Fie;• 2 ' Zircaloy-2 tubaa alter a "Hare teat", The left VBbe haa bad a 
diametral expanalon of S3 1/1«* without faUara, while ate right atbe hae 
bees teeted until eracttns etarted at f »«# diametral expansion. 
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Hydrogen Determination in Zircaloy-2 

The apparatus for gas analysis, built at the laboratory, waa used 
tor the determination ot hydrogen in zircaloy-2 by the hot-extraction method. 
The specimens ot tdrcaloY-2 were heated in a graphite crucible at 1250°C 
in vacuum. The hydrogen, which is the only gas evolved at that temperature ', 
is transferred trom the heating zone with a mercury diffusion pump to a 
calibrated volume, where the amount ot hydrogen is determined by measure
ment of the pressure with a McLeod gauge. The results obtained show good 
agreement with results from the "Sentral mstitutt tor Industriel Forskning" 
in Norway, as appears from table I 

T a b l e ! 

Hydrogen Determination i s a Zircaloy-Z Sod 

Sample no. 

?l—tl • MILMIIIIIW fgfg 

Induatriel Forskning, 
Iformvjr 

Metallergy Department, 
Bios, Denmark 

Hydro 
1 

3 .« 

3 .4 

2 

3.9 

3.3 

Ken eont 
3 

3.« 

3 .0 

ant in ppm 
4 

3.3 

3.3 

Average 

3 .3 

3 .3 

5) R. K. McGeary, "Determination ot Hydrogen in Zirconium by the Hot 
Extraction Method" (ASM, Cleveland, 1953) 168-175. 
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Rumination of Failed SAP Tuba 

For examination at the joint* of SAP and ataal tubas a small rig has 
baaa ast up allowing thus« joint« to ba taatad aadar static condition« »t400°C 
and with an internal preasur* of max. IS kg/cm . Altar being tasted lor 
2200 hours at 4W°C, a SAP tuba borst. The tube (fig. J) wa* delivered 
early la 1960 and bad an aside content at U% an inside diameter of 96 mm 
and a wall thickness of S mm. The microatritclure of tee tuba was heavily 
damaged by a great number of large cracks and holes (fig. 4). In order to 
investigate the structural atability at me tuba material at higher tempera
tures, some as-delivered tube material was beat treated and analysed for 
gas content. The treatment produced a great anmber of cracks and holes 
in the microstractnre, and a urge hydiugau content (55 pom) was found in 
the as-delivered material. 

As the pressure applied to a tab« during Its lifetime is smaller than 
that required to burst the tuba in Identical drearastances, the cause of the 
failure must be the structural Instability of the material at Ugh temperatures. 
The combination of stress, temperature and Ugh gas content leads to the 
formation of numerous cracks and boles in the material, which reduce its 
strength and finally make it burst. 

High-Tomperatnrc jjatsrtala 

lnconclSOO and incoloy S00 slloys, which have been used in production 
facilities, ware examined with respect to the strength of the materials at 
different temperatures and possible changes in their mierostructure. 
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Fig. S. Springe«*« aftjwvwd mmim after TOO MWø/tc, attack 
polished, showing a mottlad structure. 90 x. 

Remote Metallography 

The remote metallography consisted of investigation* of irradiated 
uranium alloys and irradiated uranium dioxide and SAP. The irradiated 
uranium and uranium-alloy specimens were prepared by wet pregrinding 
with alcohol as liquid, followed by diamond polishing and attack polishing 
in alumina and cone, hydrogen peroxide. The method gave a good contrast 
in polarized light and a scratchfree surface. All the specimens examined 
had a very mottled structure as illustrated in fig. 5, which shows adjusted 
Springfields uranium in polarized light. 

Fig. 6. U02 pallet iriadUtad to 1000 MWD/te with a ctttr« tampanrtura 
of apprmdmataly 1100°c, etclied, too x. 
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Th« uranium-dioxide specimens wara prepared by the same method 
aa the uranium alloy«, including the attack polish. After th« r*»»«Mng opera
tions the specimens were etched in a mixture of H.O, and H.SO,; the results 
are shown is. fig. 8. 

The irradiated SAP material was prepared tor microscopic investiga
tion by wet prescinding followed by prepolisning with *•——J- (5 and 7 mi
crons) and vibratory polishing with almnini for three hours. The resultine 
structure shows a ecratchfree surface with no chan(ea due to the irradia
tion (fi«. 7). 

Corrosion 

Electrochemical Corrosion Studies 

The electrochemical equipment was used for potentiostetic and 
potenttodynamlc experiments, especially en the affect of corrosion inhibi
tors in industrial cooling water. Moat experiments were concerned with 
mixtures of chromate and polyphosphate, but also a few otter inhibitors 
war* involved. The concentration« of inMbitora, pH and oxygen in the water 
war* used as parameters. It was attempted to calculate the corrosion rates 
on the basis of th« polarisation curves, sad the absolute as wall as the rela
tive corrosion rates were in nun, jably good agreement with long-term 
weight-change measurements. 

A logarithmic converter has been developed by the Electronics 
Department to be put in between the potontioatat and th« X-Y recorder. 
This equipment has bean ran in, and it i s now possible to get a direct re
cord of the logarithm of th* current versus the potential. 
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Corro«lop of 7.1rr«loy-2 

In connection with the UOg/sircaley fuel-element programme the 
problems of oxidation and corrsaioo testing of zircmlay-2 have been taken up. 
The corrosion testing and th« oxidation are carried oat in superheated steam 
or high-temperature water, high- or low-pressure autoclaves betag used. 
Equipment tor the testing has been procured, and literature studies and 
planning have been carried out. 

The main points are: 

1) Testing of incoming material. 
The corrosion resistance of the im^mt^g material is checked by a 

short-term test (superheated stem, 400°C, 100 psi, S days) and a long-term 
test (superheated steam, 400°C, 1500 psi, several months). Equipment has 
been procured for short-term tests, and the testing has been started. For 
the long-term, high-pressure tests a high-pressurs autoclave has been 
borrowed from the Technical University of Denmark and is under commis
sioning. In connection witt the autoclaving, studies on the pretreatment 
(pickling etc.) of the zircaloy have been carried out. 

2) Testing of welds. 
As the welding zones are very susceptible to contamination for in

stance from an unclean welding atmosphere, resulting in a reduced corrosion 
resistance, corrosion testing is carried out in close connection with the 
welding programme. The testing is performed in the same way as the above-
mentioned testing of incoming material; the short-term testing has been 
started. 

3) Conditioning of tubes for fuel elements 
To give the tubes for fuel-element fabrication the most corrosion-

resistant surface and to condition them for further hardening they are usual
ly autoclaved in low-pressure superheated steam at 400°C for three days. 
A project for construction of an autoclave (length 4 m) for this purpose has 
been started in co-operation with the Engineering Department at BisB. 

Uptake by SAP of Hydrogen from Ternhenyls 

The experiments on the uptake by SAP of hydrogen from terphenyls 
(Progil OM2) in autoclaves have been finished, The experiments were carried 
out at 400 and 450°C, and the principal parameter was the water content in 
the terphenyl. Water (up to 2000 ppm) was added in small glass ampoules 
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which broke during the heating of the autoclaves. The hydrogen content in 
the specimens waa determined by gas analysis and compared with the hy
drogen content in the material as delivered. For the analysis, the speci
mens were melted in a molten-iron bath in an induction-heated graphite 
crucible, the released gas was pumped off in a vacuum system, and the 
amount of gas was determined. 

Experimental results are given in table II. They have to be com
pared with the hydrogen content in the original material, 10-12ppm, deter
mined by the same method. In spite of the considerable spread of the re
sults it is obvious that the increase in hydrogen content, if any, is very 
alight, and that the water content in the terphenyl is of no importance. 

TiM«n 

UpW» bj SAP ot Hjdrof«. tram Topbn^te 
Tamp. 

4M°C 

4J0°C 

A d M H - O 
I O S T * 

0 

100 

SOO 

1000 

0 

200 

too 

20D0 

MnUaa 
beers 

J « 
1440 

U S 

MM 
s » 

IMS 
3M 

mo 

*» 
U M 
at 

m 

1440 

130 

U N 
1440 

FISH Hj In SAP 

13.7 13.9 

13.4 10.1 

* . « 11.0 
IT. S 37.1 
11 .0 U . 1 

M . « » . 0 
11 .0 14.0 

13.S 14.0 

7 .1 0.0 
11 .0 13.7 
15. S 

13 .4 13.0 

12.0 17.2 
13.0 10.3 17.3 

10.0 9.5 I . l 

0 .2 7 .2 
0 .8 17.8 12.6 

11.0 
10. S 11.3 0.3 
10 .2 18.9 

11.0 14.3 

Corrosion of DR2 Fuel Element 

A standard fuel element (MTR-type) from DR2 had been stored in 
demineraUzed water for more than five years and looked badly corroded 
when it was Inspected in the hot cells, Th* type of corrosion and the cor
rosion products were investigated in detail, and th* total amount of corrosion 
was estimated. The bad appearance of the fuel element was found to be due 
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[•;; to the scaling oil of a very thin layer of corrosion products when the element 
& • dried up. The amount of corrosion products corresponded to a weight gain 
Kj- of approximately 100 mg/dm , and the distribution of die attack was uniform. 
r The weight gain corresponds to a total corrosion of about 2 microns, which 
* ' ' is quite normal for aluminium after prolonged storage in pore water. 

1 Corrosion of Stainless Steel in Boiling Concentrated Sea Water 

The long-term experiments on the development of pitting in austen-
- itlc stainless steel (AISI 316) in boiling, concentrated sea water with and 
, 9 without air continued during the whole period. 

i f " 
fa • 

Boiling Heavy-Water Reactor Project 1DK 400) m 
rj. 
;."' . The Metallurgy Department co-operated with the Chemistry Depart-
t;:" ment in studies on water treatment and the use of boric acid as a burnable 
It poison in the DK 400 project. 

Corrosion of Steel-Aluminium Cable 

An investigation of the causes of severe corrosion damage to a steel-
aluminium cable for electric power transmission was carried out 

Physical Metallurgy 

Texture of Extruded Aluminium/Al"™<"<'ir"-Oxide Alloy 

The texture of different SAP-type and powder-blended A1/A1.0, al
loys was measured quantitatively with a Schulz texture goniometer. For all 
the alloys investigated, except the higher-oxide SAP types, a dual <lO0 > -
< 111 > fibre texture was found. The higher-oxide SAP alloys snowed only 
<111> texture. 

For the powder-blended alloys made from coarse aluminium powder 
by extrusion at 500°C, the two texture components are of about equal strength, 
whilst the material made from powder with finer grains bas about 80% <111> 
and 20% < 100 >. In the powder-blended alloys the oxide content and thegrain 
size can be varied independently, and it has been found that the texture, as 
described by the amounts of material having the < l l l > and the <100> di
rection respectively within 15° from the extrusion direction, is Independent 
of the oxide content and only determined by the grain size, whereas the 
sharpness of the texture is governed by the oxide content. 
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In tht powder-blended alloys, practically all grains conform to one 
of the tao tenures. In the SAP alloys at low oxide content a small part, in 
the higher-oxide SAP alloy« a larger part, of the graina are randomly ori
ented. 

The microtexture was studied by electron microscopy with special 
attention to a possible morphological difference between the <100> grains 
and the <111> grains, bat it was not possible to detect such a difference. 
This indicates that, for these alloys, the <100> texture component is not a 
recrystallization texture as normally stated, but a deformation texture. This 
i s further supported by the fact that annealing of the extruded alloys at tem
peratures where grain growth occurs, make« no change in the <100> / <111> 
ratio. If the <100> texture were a recrystallixation texture, one would ex
pect to find preferential grown of tht <100> grains. 

Rolling Texture« in Face-Centred Cable Metals and Alloys 

By deformation of porjrcrystallfne materials with random crystal 
orientation a preferred orientation (a texture) will develop, caused by over-
all grain rotations flw nature of which depends on me deformation modes ef 
the material. 

Cn rolling of face-centred cuMc metals and alloys, meresulUDg 
texture is one of me two types classified for convenience as copper type and 
brass type. 

These different preferred orientations, developed under similar con
ditions by copper end brass of flu same crystal structure, must be attributed 
to differences in the deformation characteristics. 

Various theories hav« bean fat forward to enable these two types of 
rolling texture to be predicted from a knowledge of the deformation modes 
of the metals. The three most reasonable theories seem to be me cross-
slip theory, the mechanical twinning theory and the theory of slip in other 
planes man { i l l } . 

This project Is an attempt to clarify the problems of the two texture 

types. 

The materials used for the experiments were copper and zinc at a 
parity of 98.99%. Melting and casting of copper and brass with 15% sine 
were carried out in an induction furnace employing an atmosphere of argon. 
The material was <-w-"y deformed 50% and homogenized at S50°C, which 
resulted in a material as "texture-free" aa possible with a grain aise of 
about 0. OS mm. The materials were rolled at room temperature to 98% re-
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auction in thickness. In order to investigate the texture development during 
the rolling, samples were taken of different reductions and prepared for X-
ray examination by removing half the thickness of the rolled sheets by ma
chining. After electropolisbing, pole figures were determined with a Scbulz 
texture goniometer. 

From the pole figures for copper and brass it appears that the texture 
characteristic of the two types is already developed at 65-80% rolling reduc
tion in thickness« whilst this texture is normally stated to be developed only 
at about 95% reduction. 

Hydrogen in Aluminium/Aluminium- Oxide (SAP) 

Determination of the hydrogen development in sintered Al/AlgO-
during heating was attempted. Although the experiments yielded reasonably 
reproducible values for the total amount of hydrogen extracted, the accuracy 
of the extraction was somewhat unsatisfactory. This was attributed to in
adequacy of the vacuum equipment. Consequently, high-vacuum apparatus 
with a negligible leak rate has been procured, which opens up prospects of 
extending the present experiment into a more general gas-diffusion analysis. 

Fission-Fragment Damage in Dilute Aluminium-Magnesium Alloys 

A staff member visiting the Metallurgy Division, A. E. R. E. , Har
well, England, made a study of the effect of magnesium concentration (up 
to 0.5 a/o) on the formation of dislocation loops in aluminium during fission-
fragment bombardment at 60°C. Increasing magnesium content reduced the 
initial rate of increase of the total loop area with dose, but the loop area 
was found to be saturated at a higher level in more concentrated alloys. A 
magnesium concentration as low as 0.02% reduced the initial rate of loop 
growth by a factor of 4 to 5. These results were explained in terms of 
trapping effects on the mobility of interstitial atoms and vacancies. The 
aluminium foils were irradiated in the pre-thinned state and the measure
ments carried out by means of electron microscopy. Considerable atten
tion was given to the problem of obtaining accurate quantitative results, and 
several corrections, e. g. for foil tilt, surface denudation and contrast con
ditions, were applied. 

Preliminary attempts to examine the mechanisms of cluster forma
tion in more detail by varying the irradiation temperatures were made at 
A. E.R.E., Harwell; however, the analyses mainly took place at Ristt. The 
results have not been conclusive so far, and the experiments will be con
tinued at Rise. 



21 

Single Crystals of Alumimum/Aluminium-Oxide Alloys'1 

Experiments on the production of single crystals of Al/ALOn were 
moderately successful. Flat, rolled specimens were unable to give single 
crystals by the strain - annealing method. A 1 mm wire of MD 13 (about 
0.05 vol. % AlgOj) was drawn 10% and passed through a vertical furnace. By 
the X-ray Laue method the wire was verified to consist of two crystals m 
cross section, each of mem about 60 mm long. The two crystals were prob
ably caused by the grips used when drawing the wire. 

Mechanical Properties in Relation to Structure of Aluminium/ Aluminium-
Oxide Alloys 

The investigations of the effect of the grain size of the aluminium 
matrix and of the oxide distribution (oxide particle size, oxide particle 
spacing and vol. % of oxide) were continued, but no definite conclusions re
garding the strengthening mechanism were obtained. The difficulties are 
mainly caused by the difference between the available theories, which are 
concerned with single crystals with uniform oxide distribution, and the ex
perimental polycrystalline alloys with a rather non-uniform oxide distribu
tion. Furthermore the strengthening parameter in the theories is mainly 
the dislocation density, whilst the experimentally measurable parameters 
are grain size and oxide content, and possibly oxide particle spacings. A 
correlation between these seems necessary. 

Thickness Measurement of Specimens for the Electron Microscope* 

Specimens of Al/Al-O, alloys for the electron microscope are pre
pared by combined electropolishing and chemical polishing. It is important 
that the specimens are 60-80 microns before the chemical polishing. An ap
paratus has been constructed for measurement of the thickness of the electro-
polished, disc-shaped specimens. The specimen in the holder (PTFE-holder) 
i s placed near to a focussed beam of p-rays (Tl 204 isotope), and the trans
mitted beam is caught by a Geiger detector and fed to a count-rate meter. A 
calibration curve relates the reading to the thickness (the half-life of the Tl 
204 is 4.1 years so that adjustment of the curve is only rarely needed). The 
measurement is accurate to within + 10 microns. 

x This work was carried out in preparation for a thesis for the Technical 

University of Denmark. 
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Creep Properties of Polygonized Alloys. EspeclaUy Aluminium/Aluminium* 
Oxide Products 

Alloys of MD 13 (0. 08 wt. % oxide) and of MD 105 powder (0. 6 wt. % 
oxide) were made for creep experiments. The microstructure of these ma
terials consists of a finely distributed oxide phase and a matrix structure 
divided into grains. The experiments were performed at 400°C with loadB 
to give creep rupture times from 1 to 1000 hours. The grain size of these 
products is varied by deforming the materiels to different degrees and re-
crystallizing, while the oxide distribution is varied by re-extruding an ex
truded rod in a direction perpendicular to the original one. 

Dispersion-Strengthened Zirconium Products 

A programme has been started to investigate the possibilities of ap
plying dispersion strengthening to zirconium. 

_—-f-

+ ~ Extruded MD I « 

—Mytryatalliiw akminiu 

200 400 000 
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Fig. 8. Activation energies in creep of aluminium alloys. 

Activation-Energy Determination by Deformation of an Aluminium/Alnmini-
um-Oxide Alloy* 

Activation energies were determined between 21 and 400°C by creep 
testing of an Al/0. 6 wt.% A1203 alloy, called MD 105, Dorr's method 'being 
used. Fig. 8 shows the activation energies in the extruded alloy at around 

K This work was carried out in preparation for a thesis for the Technical 
University of Denmark. 

'3, E. Dorn, Creep and Recovery. ASM symposium (ed. by Maddin), 
Cleveland, 1957, p. 255. 
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21, 200 and 4O0°C compared with creep activation energies in pure Al '. At 
21 and 200°C the values are the same, whilst the activation energy in the 
Al/Al2O s alloy at high temperature is greater than the constant value of 36 
kcal/mole in pure AL Activation energies were also determined by tensile 
testing of both extruded tine-grained and recrystallized coarse-grained MD 
105 alloy at 300, 400 and 500°C. The results are shown in fig. 9 together 
with results of measurements on pure Al ' and extruded SAP 960 '. From 
the figure it appears that whereas the activation energy as determined by 
tensile testing of pure Al above 300 C i s constant to about 35 kcal/mole, the 
energies of the three Al/AlgO. alloys mcrease with increasing temperature 
over 300°C. independently of grain size. 

- Enlnritd MD105 

- RtcryataUiEOd MDtOS 

0 200 400 

Fig. 9. Activation m«rgi«s in tejwile tMting of aluminium alloys. 

Irradiation Experiments 

lAP1« Irradiation Effects in S. 

Examination of tensile, fatigue and Impact specimens of SAP 930, 
SAP 895 and SAP 865 irradiated at 400°C with a dose of approximately 
5 x 10 2 0 n/cm2 (E >1 MeV) was continued. 

Tensile specimens machined from flash-welded SAP 930 and SAPB95 
rods were Irradiated in the DR3 reactor at 400°C with a dose of about S x 10 
n/cm2 (E > 1 MeV). Testing and examination of the flash-welded specimens 

7) Sherby »tal . , Acta Met. 5, 219(1957). 
8) Trozera et al . , Trans. ASM 49, 173 (1957). 
9) P. Guyot, Eur., 550 ff. (1964). 

10) Metallurgy Department Annual Progress Report for the Period Ending 
31st March, 1965. RisS Report No. 110, 21-23 (1965). 
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will conclude the Riso SAP irradiation and examination programme, and a 
final report on the effects of fast-neutron irradiation on the mechanical 
properties of commercial SAP alloys is planned to be issued soon. 

Pressure- Vessel Steel Irradiations 

This programme comprises three high-strength development steels 
(d " £ 60 kg/mm ) and an A302B type steel as a reference ( d « 45 kg/min^.. 
Nominal compositions and room-temperature mechanical propertieB of the 
four steels are given in table HI. 

The 248 SV steel has an austenitic and martensitic structure in the 
hardened and tempered condition. The structure of the 2 RMO steel is 
similar, though without any ferrite. The BH 70 steel is fully hardened; in 
thick plates the outer layers are of martensitic structure whilst the interior 
is bainitic. 

Irradiation of charpy, tensile and miniature impact specimens at 
three temperatures between 200 and 300°C with doses of 10 to 10 fast 

2 
neutrons per cm will be carried out In the DR3 reactor at Riso and the R2 
reactor at Studsvik. A total of 23 irradiations have been planned. 

Table UI 

Nominal Composition and Room-Temperatur« Mechanical ProporU** 

of High-Strength Potential Pressure- Veaael Steels 

Material 
designation 
Manufacturer .11 

2 RMO 
Bofors 
Sweden 

BH70 
Henrichehotte 
W. Germany 

DE 631A 
Degerfors 

Sweden 

Nominal Chemical Composition Room-temp, mechanical properties 

C 

.M 

.07 

.16 

.19 

Si 

.53 

.44 

.30 

.39 

Mn 

.76 

.86 

.30 

1.46 

1 

.02 

.07 

.02 

.01 

S 

.01 

.07 

.02 

.02 

Cr 

1S.0 

12.8 

.30 

.06 

Ni 

4.70 

S.I 

3.3 

.07 

Mo 

1.20 

1.5 

.38 

.45 

Co 

-

-

.02 

.1« 

V 

-

-

.04 

-

H 

.04 

-

-

.01 

Al 

-

-

-

.09 

Ti 

-

. 0 ! 

-

Yield 
strength 
eg/mm* 

60 

74 

67 

47 

UTS 

kg/mm 

as 

92 

80 

84 

Elonga

tion 

* 

18 

20 

18 

-

Impact 
strength 

kg/mm* 

13 

12 

12 

10 
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Irradiation Growth of Dilute Uranium Alloys 

The experimental part of this programme was finished by March 31st 
of this year. The major results of the metrology, density, metallography, 
and hardness measurements of the irradiated cylindrical specimens (S nun 
0 by SO nun long) will be presented at the institute of Metals Spring Meeting 
in London this year. The overall conclusions that can be drawn after a pre
liminary evaluation of the data are: 

(a) Adjusted (Fe, Al) uranium specimens containing a small amount 
of [plOj and [lOOJ texture grow in the direction of the [pio] 
texture and shrink in the direction of the [loo] texture when 
irradiated at 260°C. 

(b) The growth/shrinkage increases at a linear rate with burn-up 
in the zero to 1000 MWD/te range. 

(c) In the 1000 to 2000 MWD/te burn-up range a growth saturation 
takes place, and from 2000 to 4000 MWD/te burn-up no further 
irradiation growth i s seen. 

(d) In the growth saturation range, 1000 to 2000 MWD/te, also the 
metallographic structure is altered. It becomes mottled and 
smeared out, and the original grains can hardly be distinguished 
by polarized-light wramlnatlon. 

(e) At low burn-up, zero to 1000 MWD/te, the hardness increases 
steeply with burn-up, from 280 to 400 kg/mm . Between 1000 
and 4000 MWD/te the hardness increase is much slower. 

(f) Surface roughening i s severe even at 500 MWD/te burn-up. The 
coarseness of the roughening pattern agrees quite well with the 
pre-irradiation grain sizes of the specimen«. 

(g) Specimens of adjusted (Fe, Al) uranium alloyed with 5/8 a/o 
molybdenum, isothermally transformed, show negligible di
mensional changes at 2000 to 3000 MWD/te burn-up, but surface 
roughening is very considerable, conforming with the very large 
grain size in this material. Since the individual grains develop 
irradiation growth whilst the overall dimensions of the speci
mens do not change, the material must be essentially texture 
free. 

(h) Also, specimens of cast uranium 3 a/o molybdenum alloy are 
dimensionally stable after 2000 to 3000 MWD/te bum-up. The 
surface roughening of this material is very slight, conforming 
with its very small grain »ize. 

(1) The irradiated specimens show surprisingly small density 
decreases, the magnitude being hardly more than expected 
from solid fission products alone. 
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Irradiation of Uranium-Dioxide/SAP Fuel Pins* 

Post examination has been started. So far, all pins have been re
moved from the capsules in which they were irradiated in a lead bam. Eight 
of the ten pins were without any detectable fissures in the SAP cladding 
whereas the last two pins were damaged extensively. The reason for the 
damage is believed to be that during start-up of the reactor, when the lead 
was still solid, these pins could not expand freely in the capsules as their 
tops touched the capsule lid. 

Rig II of this series was irradiated to a burn-up of 3940 MWD/t UOj 
(average over all capsules). Because of a leak in the cooling system of the 
rig, irradiation had to be stopped and the rig to be removed from the reactor 
before the scheduled average burn-up of 5000 MWD/t U02 , was reached. 
Post examination of this rig has also been started. So far, the capsules 
containing the SAP-UO, pins have been removed from the rig and have been 
visually inspected and X-rayed. Defects of the type observed in the two 
defective pins from rig I have not been detected by these examinations. 

Development of Post-Irradiation Examination Techniques 

The projects initiated and discussed in last year's progress report 
progressed, and additional techniques are being developed. 

Pig. 10. Universal measuring jig lor determining dimensional changte 
of Irradiated fuel specimens. 

X This programme has been carried out together with the Ceramics Group. 
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Metrolog 

The measuring jig, lig. 10, accommodating specimens of up to 400 
mm length and 40 mm diameter, was constructed. It has provision for 
measuring overall length, diameter and how at any length position and any 
rotational position of the specimens. After out-bf-cell commissioning work, 
some modifications have been incorporated. 

Leak testing of irradiation capsules, fuel rods, etc. 

The bubble leak-detection apparatus was commissioned in the summer 
of 1965 and has been used to test about 40 Irradiation capsules and fuel pins. 
It has been found to give a clear indication of sixe and position of boles down 
to a minimum size of 5 microns, and a good permanent record of the leaks 
is obtained by photographing the emergent bubble streams through the cell 
window and the window in the bubble chamber, as illustrated in fig. 11. 

Since the present prototype apparatus has a length limit of 300 mm 
for specimens to be tested, design has started on a 1 metre long leak testing 
chamber, which will allow fuel rods from the HalnVn irradiations to be tested. 

Fif. 11. Irradiated foal apaeinan ahowiaf gma-babMa atraama 
from ran laaka. 

X-radiography of fuel rods, fuel specimens, e t c 

The X-radiography facility was commissioned in the autumn of 1965, 
and radiographs of reasonably good quality have been obtained. Special 
commercial X-ray films with reduced gamma-irradiation sensitivity are 
used so that serious gamma fogging is avoided. For the radioactivity levels 
so far encountered in items to be radiographed it has not been necessary to 
re: ort to special film processing techniques, but it may be necessary at a 
later date. 

Easy and accurate positioning of specimens in relation to the X-ray 
beam and the film is obtained by the use of a specimen holder, which can 
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Fif. 11. X > n r facUlt? in the fcot cells. 

accommodate specimens ranging in length from a few to ISO cm. Since the 
specimens are held in a lathe-type chuck, radiographs can be obtained for 
any desired rotational position. The width of specimens is limited by the 
film cassette to 70 mm. The arrangement of the whole X-radiography fa
cility is illustrated in fig. 12. 

Fission-gas sampling 

The equipment for puncturing of irradiation capsules and fuel rods, 
pressure and volume measurements and sampling for mass-spectrometric 
analysis was manufactured and assembled. 
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Fig. 13. Piercing unit from Apparatus for fission-gaa sampling. 

1: piercing valye; 2: specimen; 3 : specimen holder. 

The design of the piercing unit i s illustrated in fig. 13. The main 
part of the unit, a modified bellow-type vacuum valve, is screwed down so 
that it is sealed to the specimen via an O-ring. By further tightening of the 
screw the resistance of a coil spring iB overcome so that a needle moves 
relative to the mouth of the unit, and the piercing tak»s place. 

Impregnation of metallographic specimens 

The technique of immersing a section of a ceramic fuel rod in cold-
setting resin and evacuating the air from the specimen via the resin, fol
lowed by the return of the system to atmospheric pressure, was found to 
give only incomplete filling of the crack networks. A substantial improve
ment was obtained by evacuating the specimen and the resin separately be
fore immersing the former into the latter. 

METAL AMD CERAMICS TECHNOLOGY 

Metal Technology 

The major part of the work was devoted to fuel-element development. 
Two types were studied, namely an aluminium plate element (MTR- element) 
for the DR3 reactor at Riso and a zircaloy/uranium-dioxide power-reactor 
fuel element to be installed in the Halden reactor in the summer of 1967. 
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This work was carried out in close collaboration with staff from the Elsinore 
Shipbuilding and Engineering Co., Ltd., seconded to the Department. 

Fig. 14. Fuel box for MTR fact element 

Fig. 15. Cross section of fuel box, 1: upper cover plat«; 2: fuel pistes; 
3: side plate; 4: lover cover plate. 

MTR Fuel Elements 

Figs. 14, 15 and 16 show the design of the plate-type fuel element. 
The fissile material is located in the fuel box (fig. 14), which con

sists of ten fuel plates and two cover plates (fig. 15). The fuel plates and 
the aluminium cover plates are located in milled tracks in the side plates. 

Welded onto the fuel box are an inlet and an outlet cave as well as a 
tube assembly to ensure correct placing in the reactor core. Uranium metal 
(93% enrichment) is placed in the fuel plate, which consists of a core of 
uranium-aluminium alloy with 20 wt. % uranium, surrounded by an alumini
um frame and provided with aluminium cover plates on both sides (fig. 16). 

The fabrication of the plate-type fuel element takes place in three 
steps; 
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Fig. IS. CasøeMntaaf lmtcanpaaitefiMipIM«. 

(1) casting of uranium-aluminium alloy for core material in the 
fuel plate; 

(2) rolling of the fuel plats; 
(3) assembly of the fuel element. 

(1) The uranium-aluminium alloy with 20% uranium is melted and cast 
in a high-frequency vacuum furnace. The casting procedure was developed 
with aluminium/natural-uranium alloys. 

The question i s to get a homogeneous distribution of uranium in the 
slab. The distribution is controlled by X-ray examination, and the experi
ments indicated that the casting temperature and the cooling rate of the slab 
must be very carefully controlled for a satisfactory uranium distribution to 
be obtained. 

(2) The slab is hot rolled to a suitable thickness for punching the core 
piece. The aluminium frame round the core piece is punched with the same 
tool as the core piece. 

The frame and core pieces are covered with aluminium plate on both 
sides and hot and cold rolled to the final thickness and dimensions of the fuel 
plate. 

(3) Assembly of the fuel element is carried out by pinning and the me
chanical stability ensured by welding reinforced Al strips on the element. 

The first element was placed in the core of DR3 in December 1965, 
and two more were added in January and February 1966. All elements be
haved satisfactorily, and after irradiation in OR3 the elements will be ex
amined in the hot cells. 
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Fig. 17. Instrumented fuel plate for iest section for D,0-loop boiling 

experiment. 

DnO-Loop Boiling Experiment 

Concurrently with the fabrication of MTR plate elements, test sec
tions for a heavy-water loop in DR3 were made. In this experiment the 
boiling of the heavy water on the surface of an instrumental fuel plate will 
be studied, and a test series is planned to end with melting of the fuel plate 
(see fig. 17). The internal dimensions of the cooling channel are very 
critical, and an eddy-current technique for the control of this channel has 
been developed in collaboration with the Danish Central Welding Institution 
in Copenhagen. 

The small dimensions of the fuel section and the heavy instrumenta
tion have posed several problems in the manufacturing process, especially 
in welding. These problems have been solved, partly in collaboration with 
the Danish Central Welding Institution, and the first section has been de
livered to the reactor. 

Uranium-pioxide/Zircaloy Fuel Elements 

In order to examine the problems connected with the fabrication of 
power-reactor fuel elements consisting of UO« in zircaloy-2 tubes, test 
welding by the TIG method was carried out on zircaloy-2 tubes and end caps. 

The welding was made in helium and controlled automatically. The 
end closure weld was subjected to X-ray examination, helium leak test, 
corrosion test, and metallographic examination. 



Fig. 18. Arrangement for automatte welding of zircaloy-2 fuel rods. 

Fig. 18 shows the equipment used in the He-filled chamber during 
the first welding trials. 

The materials {zircaloy-2 tube and rod) used in the fabrication of 
fuel pins were examined for defects at the Danish Central Welding Institution 
by ultrasonic inspection. To increase the inspection speed, an eddy-current 
technique is being developed. The wall thickness of the tubing is measured 
by an ultrasonic technique, and the inner diameter is controlled by an air-
gauge method. 

The different non-destructive methods have been developed as a part 
of the SAP programme ', and it has been possible by minor changes to 
adapt the methods for the zircaloy-2 material. 

11) Riso Report No. 110 (1965). 
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Fissionable Material Inventory System 

In the manufacture of MTR plate elements and power-reactor fuel 
pins, large amounts of fissionable material will be in production. There-
fare an inventory system has been established for the Metallurgy Depart
ment to control the amount (with an accuracy of 0.1 g) and location of fis
sionable material. New regulations will be built into the system to avoid 
criticality. 

Welding of Metal-Sheathed Thermocouples 

The development of methods for welding steel-encapsulated thermo
couples was continued, and about 1800 couples were manufactured for the 
departments of Ris© and for various industrial concerns. 

Powder Metallurgy 

Creep Properties of Muminium/Muminium -Oxide Products Made from 
Atomized Aluminium Powders 

Extruded rods were manufactured from atomized giiimfujiiwn powders 
having average grain sizes of 22, 6.4 and 4.0 microns. The oxide contents 
of the powders are given in table IV together with their surface areas. The 
oxide phase is present as natural oxide on the particles, and no oxide has 
been blended in. Rod specimens with their longitudinal axis in the extrusion 
direction were creep tested at 400 C. 

10 100 1000 

Tim« to rupturt, hour« 

Fie. 19. Rupture lives of experimental aluminium-oxid« alloys mode 

from atomized aluminium powderi. 
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The rupture lives of the materials are given in fig. 19, which shows 
good high-temperature strength even for MD 201 containing only a small 
amount of oxide. The strength increases with decreasing particle size of 
the base material because of the higher concentration of dispersed oxide 
particles acting as barriers to dislocation movement. 

The total and uniform creep elongation is plotted in figs. 20 and 21. 
For the fine powders MD 105 and R 400 the uniform elongation after about 
1000 hours1 creep decreases to about one per cent. Products made from 
MD 201 were expected to have a higher ductility on account of the smaller 
content of aluminium oxide; the elongation data for this material were 
scattered between 0.3 and 2 per cent. 

On the basis of these experiments it is concluded that even the pre
sence of a small amount of an aluminium-oxide phase, finely distributed in 
aluminium, decreases the ductility at elevated temperatures quite drastical
ly in comparison with pure aluminium. 
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Fig. 20. Elongation of •xpertmontol •luminium/aluminlum-oidd« «Hoy» 

made from BAD 201 atomized aluminium powders. 



Tim« lo ruptur«, hours 

Fig. 21. Elongation of experimental aXuminlum/alununiiun-oaåd« alloy« 
made from atoraiasd aluminium powders. 

Table IV 

Raw Materials 

Powd ar 

MD201 aluminium ' 
( < 40 microns) 

DID 105 aluminium 

R 400 aluminium 

P 110 CI aluminium 
oxide 

Supplier 

Metals Disintegrating, 
U. S. A. 

" 
Reynolds Metals Co,, 
U.S.A. 

Degussa, Germany 

Sedimentation 
surface area 

m2/ft 

0.10 

0.35 

0.56 

24.5 

Average parttele 
diameter 

microns9 ' 

22 

6.4 

4 .0 

0. 076 

Oxide 
content 

»eight«. 

0.1 

0.6 

1.0 

-

Diameter of uniform spheres corresponding to the sedimentation surface area. 

' The commercial powder has been sieved before application. 
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Creep Propertles of Blended Aluminium/Aluminium-Onde Powder Products 

The creep properties of aluminium/aluminium-oxide products made 
by the powder blending technique were examined at 400 and 500°C. The 
products were made trom R 400 and MD 201 atomized aluminium powder 
with an admixture of P 110 CI aluminium-oxide powder. For characteri
stics of these powders see table IV. 

Time to rupture, hours 

Fig. 22. Rapture livM of experimental klumimum/aluminiaiii-oKi 
alloys captaining S weight par cant elamlnlnm-oxide and SAP 930. 

• UO'twI. % CI 11,0, 

• Tetal tfaaganan 400*C 
* DPMI etongouea 500*C 
e Unnsrm ttanOBlton *00"C 
i UnHenn «tongatkm S0O*C 

- » - . - v -

Time to rupture, hour i 

Fig. 23. Elongation of experimental aluminium/aluminium-oxide alloy* 
containing B waigbt par cant aluminiim oxide. 



The rupture lives of the products made from R 400 aluminium pow
der containing six weight per cent aluminium-oxide are shown in fig. 22 
together with the rupture life of a commercial SAP 930 containing approxi
mately seven weight per cent aluminium oxide. The strength properties of 
the two types of products are comparable. The total and the uniform elonga
tion of the powder-blended products are shown in fig. 23. The elongation 
values are higher than those found for SAP 930 (see Geneva paper A/Conl / 
28/P/421), but as the powder-blended products have only been manufactured 
on a laboratory scale, such results may only be considered indicatory. 

Time to ruptur*, hour« 

Fig. 24. Rupture lives of products nude from coarse-atomized MD 201 
powder containing 2.3 and 6.3 weight par cent oxide added by blendfaof. 
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Fig, 25, Elongation of products nude from coarse-atomized MD 2*1 
powder containing 2.3 and «, 3 weight par cent oxide added by blending. 
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The rupture lives of the products made from the coarse-atomized 
powder MD 201 with 2.3 and 6.3 weight per cent oxide blended in are shown 
in fig. 24. The increase in oxide addition from 2.3 to 6.3 per cent by weight 
has no effect on the strength, which i s in agreement with microscopic anal
ysis . indicating that most of the oxide is present as coarse agglomerates. 

The total and the uniform elongation of the powder-blended products 
are shown in fig. 25. An increase in the amount of oxide admixture from 
2.3 to 6.3 per cent decreases the ductility. Thus, if we consider strength 
and ductility data together, no gain has been obtained by increasing the a-
mount of oxide to 6.3 per cent. 

A comparison of the creep properties of the powder-blended and 
atomized-powder products described above indicates that addition of oxide 
to the atomized powders may increase the strength of the final products 
significantly without having much influence on their ductility. FortheR400 
products an oxide addition of six per cent by weight increases the strength, 
causing rupture in 1000 hours at 400°C from 3. 0 to 5.0 kg/mm , and reduces 
the corresponding uniform elongation from about one to about 0.8 per cent. 
For the powder BID 201 an oxide addition of 2. S per cent increases the 
strength, causing rupture in 1000 hours at 400°C from 1.7 to 2, S kg/mm . 
A comparison of elongation values cannot be made on the basis of the present 
data because of the great scatter in the results for the MD 201 atomized-
powder products. The uniform elongation of the powder-blended MD 201 
products for a time to rupture of 1000 hours is i s the range 1.0 to 1.5 per 
cent. 

If we compare the powder-blended products made from B 400 and 
MD 201 atomised powders containing respectively 6.0 and 2.3 per cent 
oxide, it is seen that the small gain in uniform elongation shown by coarse 
MD 201 products i s obtained at the expense of a great reduction in strength. 
It is therefore concluded on the basis of these results, which are to be con
sidered indicatory only, that the R 400 products with about 3 per cent oxide 
blended in have the best combination of strength and ductility at 400°C. 

Micronizing and Air Separation of ;>'""»<"<•"" Powder* 

A system for micronizing and separation of powder has been built, 
see fig. 26. 

The apparatus consists of a fluid energy Jet-O-mizer mill 0101, four 
cyclones in series and a hose filter. 

* This work has been carried out In collaboration with J. G. Rasmussen, 
D. So., Department of Metallurgy, The Technical University of Denmark. 



' D - C L H ) - ^ GLH 
Fig. 26. Micronfzing separation system. 1: Compressor; 2: Pressure 
variation vessel; 3: Heat interchanger; 4: Reservoir; 5: Oil-water filter; 
6: Oust filter; 7: Jet-O-Mizer stand; 7a: Jet-O-Mizer; 8: Cyclone«; 
9: Cyclone-hose filter; 10: Filter; 11: Filter; F: pitometer; R: reduction 
valve: V: Venturitube 

The air flow is 100 zn /h, the pressure at the mill 7.2 atm. The air 
accelerates through nozzles, and the speed of the stream in the mill Is su
personic. Between the compresser and the mill the air is cooled and fil
tered; it is then dried and cleaned of oil vapour and dust from the previous 
filters, so that contamination of the powder cannot take place. To extend the 
lifetime of filters and to make possible the use of inert gases, recirculation 
is used. It is possible to control the efficiency of the cyclones so that de
sired fractions of powder can be manufactured by changing the inlet speed. 
This is done by means of two Pitot tubes and a Venturi tube. 

The hose filter is cleaned by reversing the air flow through the filter 
housing. The deposits on the filter surface are blown down into the reser
voir under the fourth cyclone, which iB built into the filter housing. The 
reversing of the air stream is controlled by seven ball valves which are air-
pressure operated from one single valve. 

The apparatus is finished (see fig. 27), and the introductory micron-
izing experiment has begun. 



Fig. 27. Apparatus for microiuzing aspiration. 

Determination of Grain Size of Aluminium Powder 
Sedimentation analysis in chloroform 

Sedimentation analysis of very fine powder (0.3-3 microns) in soapy 
water ' is impossible because of the reaction of the powder to the soapy 
water. This difficulty can be overcome by using cyclohexanol as sedimenta
tion medium, a method which, however, is very slow because of the high 
viscosity of cyclohexanol. A third method has therefore been developed, 
using chloroform as the sedimentation medium. The analysis time is re
duced because of the lower viscosity, and the powder is not no liable to 
12) Riso Report No. 110 (1965). 
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agglomerate in chloroform as in soapy water. Results from analyses of a 
coarse powder (1-10 microns) show good agreement with those previously 
obtained with soapy water and cyclohexanol. 

Ceramics 

Preparation of Uranium-Dioxide Pellets 

A new method was developed for precipitation of ammonium diuranate 
(ADU), as it soon became evident during the scaling up of the pellet-produc
tion unit that the filtering properties of ADU precipitated by the method pre
viously adopted * were insufficient for large-scale production. After a 
study of the influence of the precipitation conditions on the filtering proper
ties of ADU, the two-step continuous precipitation method developed in 
France ' was finally adopted. After a thorough investigation, the optimum 
precipitation conditions yielding an ADU with good filtering properties from 
which UO, pellets with high density can be prepared were found to be 

First step, pH - 3 
Second step, pH = 7 
Capacity 20 kg/24 h. 

Calcination and reduction experiments were performed to find a 
suitable method for fabrication of a stable UO« powder which oxidizes only 
slightly during storage in air. The investigation showed that a stable pow
der can be obtained when the powder i s calcined in air or in nitrogen at 
700°C before reduction is performed, likewise at 700°C. This treatment 
has therefore been adopted for the small-scale powder-preparation unit 
developed, and a continuous calcination furnace is under construction. 

During the fabrication of pellets from ADU precipitated by the two-
step method mentioned it became evident that the pellets sintered with a 
rather rough and irregular surface and that after grinding they contained a 
substantial number of surface porosities. Vacuum drying and sieving of the 
binder (zinc stearate) decreased this number considerably, but still the pel
let surface after sintering was not satisfactory. An examination of the UO„ 
powder showed that it contained a few per cent coarse granules which could 
not be crushed by the pressing. Different methods of removing this fraction 
(sieving, ball milling and hammer milling) were examined, and it appeared 
that high-speed hammer milling was the most efficient and economical 

13) Riso Report No. 90(1964). 
14) Bull, d'information scientifique et technique 80 (1964) 20. 
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method of overcoming this problem. A continuous high-speed hammer mill 
was constructed, and the method has been adopted for the pellet-production 
unit. 

Investigation of Pellet-Pressing Techniques 

An investigation of different techniques for pressing of UO_ pellets 
has been started. The objective is to define the difference between various 
techniques (forced and fractional die movement) and to find a method by 
which pellets can be pressed and sintered to close tolerances so that grinding 
of the pellets before use can be omitted. The hydraulic press normally 
employed for UO, pellets has been equipped with pressure transducers to 
record the pressure and the counter pressure from the die, and with a 
mechanical transmission with which the velocity of the upper plunger and 
the die can be measured and recorded. Several experiments hare already 
been performed, and although the investigation i s not yet completed, it has 
been possible from the results obtained to define pressing conditions giving 
a satisfactory double pressing. 

Irradiation of Uranium-Dioxide Pellets Prepared at Kiso* 

Rigs II and HI were irradiated, and the post examination was started 
with removal of capsules from the rigs, leak testing and X-raying of the 
capsules. The rigs had to be removed from the reactor before the scheduled 
date because of a sudden increase of activity in the rig atmosphere. An ex
amination of the capsule indicated that the leakage was due to overheating of 
the capsule, which could be explained by a slight displacement of the pellets 
in the capsule in combination with a critical position of an insulation gap in 
the rig. 

Rig II was equipped with the fission-gas detector described previous
ly. To measure the fission-gas pressure as directly as possible the detector 
was placed between the two capsules. Unfortunately, the Y-heating of the 
detector in this position became excessive as the detector was placed in the 
reactor core itself, and it stopped functioning when 7 MW was reached during 
the first start-up of the rig. Rig IV of thi« series, which was started up on 
the 1st February, 1986, was also equipped with a fission-gas detector, but 
in this rig the detector was moved to the upper part of the rig thimble, where 
the Y-flux was expected to be low. Until now, the detector has functioned 
satisfactorily. 

This programme has been carried out together with the Irradiation 
Experiment Group. 
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Both in rigs II and IV, tungsten/tungsten-rhenium thermocouples 
were placed in the centre and chromel/alumel thermocouples near the 
surface of the pellets. Valuable information about the temperature distri
bution in the pellets was obtained from these thermocouples although the 
centre ones lasted only for short periods after the start-up, 

EDUCATION AND TRAINING 

The educational activities arranged for the benefit of the staff in
cluded seminars and courses of metallurgy organized by Professor J. An
derson, San Jose State College, at present attached to Riso. Also study-
group work in the fields of dislocation theory and computer techniques was 
carried out. 

Members of the scientific staff took part in the teaching at institutes 
of higher education. N. Hansen and K. Rørbo taught the science of engi
neering at the Danish Academy of Engineering, and P. Knudsen lectured on 
vacuum technology at the same academy, H. E. Gundtoft lectured on the 
metallurgy of steel in a refresher course arranged by the Institute of 
Technology in Copenhagen. One student from the Technical University of 
Denmark and three from the Danish Academy of Engineering worked in the 
department in preparation for their final examination. Two postgraduate 
students, T. Nilsson and H. Lilholt from the Technical University are 
working in the department on the completion of their theses. Finally, 
J. Balling Jensen, A, G mm-Jens en, H. E, Witthøft, and H. Hougard, are 
attached to the department on grants from the Danish A. E. C. 
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