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ABSTRACT

A description of the progress in the various projects concerning the 
materials development of water cooled reactors, sodium cooled fast 
reactors and gas cooled reactors.

Similar reports have been issued regularly with an internal distri
bution only.
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1. INTRODUCTION.

The activities of the Materials Department have in the past years been 
reported in quarterly reports, that were issued internally and had a 
very limited distribution. Because it was felt that a broader informa
tion on the work of the department might improve the contacts with 
other research institutes and stimulate discussion and exchange of data, 
it was decided to give the quarterly reports an open, external distri
bution from the year 1971 and onwards. As this is the first external 
quarterly report of the Materials Department, a short description of 
the programme of the department will be given below, followed by the 
report on the progress made during the first quarter of 1971.

2. PROGRAMME OF THE MATERIALS DEPARTMFNT.

The main activities of the department may be divided by the type of 
reactor, they are related with.

2.1. Water Cooled Reactors.

For a number of years the Materials Department has been engaged in the 
study of materials for a ship reactor core as part of an overall pro
gramme for the development of a nuclear ship propulsion installation, 
the NERO-project. A final report on the materials research within this 
project has been issued in 1969 |l|. Due to delays in the performance 
of planned experiments some research items could not be completely 
finalized. It was therefore decided to continue some experimental work 
after the formal end of the NERO-project and to bring in these activi
ties in a cooperation between Reactor Centrum Nederland and the Gesell
schaft für Kernenergieverwertung in Schiffbau und Schiffahrt,(G.K.S.S.) 
Western Germany, on ship reactor development.
The development of burnable poison containing fuel is one example of 
an activity, initiated as part of the NERO-project but continued there
after as far as experimental irradiations are concerned. At present, 
these irradiations have been concluded and preparations are being made 
to install a number of full size fuel rods with burnable poison in the 
2nd core of the N.S. "Otto Hahn", operated by G.K.S.S., and to subject 
them to a two years performance test under operating conditions.



A report on the development of the poison containing fuel, the related 
irradiation experiments and the supporting laboratory investigations 
will be issued shortly and conclude the work in this area, except for 
the performance test already mentioned.
Zircaloy corrosion has been another subject of investigation, started 
in the NERO-project and still continuing, partly in cooperation with
G.K.S.S. In this area also a cooperation with A.E.C.L., Chalk River, 
has been built up, resulting in common experiments in the high tempe
rature corrosion loop in Petten and mutual exchange of information. At 
present the emphasis is not only on the study of corrosion rate of 
several alloys and the hydrogen pick-up, but also on corrosion at con
tacts between the fuel rods and spacers, corrosion of spot-welded or 
brazed connections, fretting corrosion etc. Previous work in this area 
has been reported in references |l|, |2| and |3|,while a paper on the 
effect of irradiation on corrosion rate is in preparation.
As far as burnable poison is concerned only pelletized fuel has been 
considered. In more recent years, vibratory compaction has been studied 
as an alternative route for fuel rod fabrication. Initially attention 
has been given to the production of the U02 particles in the proper 
size fractions, suited to obtain the required density. The application 
of both electrolytically deposited and fused oxide has been studied. 
Fuel rods of each type have been fabricated and were subjected to 
irradiation tests in a high temperature water loop in the High Flux 
Reactor at Petten and in the Halden Boiling Water Reactor in Norway 
Since 1969 the emphasis has been on the use of sol-gel U02 particles 
as feed material for vibratory compaction. This work is done in coope
ration with K.E.M.A. ) and G.K.N. ) in the Vibrasol-project. It aims 
at an evaluation of the economic potential of the application of vi- 
bratorily compacted sol-gel fuel in water-cooled reactors. It is in
tended to include in the near future also plutonium containing fuel in 
this project. At this moment, irradiation experiments, both in Petten 
and in Halden, Norway, are in progress. A maximum burn-up of 19 MWd/kg 
UO2 has been obtained. Specifications have been written for the fabri
cation of two full-size bundles with vibrasol fuel for the 54 MWe 
power station in Dodewaard, operated by G.K.N. A review of the activities

) N.V. tot Keuring van Electrotechnische Materialen, Arnhem.
) N.V. Gemeenschappelijke Kernenergiecentrale Nederland, Arnhem.
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in vibro-compacted fuel development is given in ref. j4 |. Pilot plant 
fabrication of U02 fuel pellets and of fuel rods and bundles for expe
rimental purposes has been carried out regularly. In 1970 much effort 
was given to the fabrication of a prototype fuel element for the 2nd 
core of the N.S. "Otto Hahn". Recently, R.C.N. has been requested to 
fabricate the two full-size vibrasol elements for the Dodewaard power 
station. Their production is being prepared at the moment. It is the 
intention that gradually the fabrication of fuel elements in The 
Netherlands will be brought up to an industrial level and that the 
present pilot plant will serve as a starting point in this respect.

2.2. Sodium Cooled Fast Reactors.

In contribution to the joint DeBenelux cooperation between Western 
Germany, Belgium, Luxembourg and The Netherlands on sodium cooled fast 
reactors, the Materials Department performs experimental fuel pin 
irradiations and investigations concerning radiation damage in canning 
materials.

Four fuel pins, according to the design of the projected 300 MWe sodium 
cooled reactor S.N.R., have been irradiated under steady state condi
tions up to a burn-up of about 60 MWd/kg U02 in sodium environment, in 
order to obtain data on fuel and clad behaviour at high burn-up, in 
particular with regard to swelling, fission gas release and fuel-clad 
interaction. Post-irradiation observations on the first two experi
ments have been reported recently |5|. The investigation of the other 
pins is in progress.

Other fuel pin irradiations are being carried out in order to study 
safety aspects of a fast reactor core. They comprise short term irra
diations in sodium of temperatures from 700°C to 1050°C with a linear 
heat rating of 600 W/cm. The purpose is to study the mode of failure 
of fuel pins that may occur when a local disturbance in heat transfer 
occurs. Future experiments will be performed with internally pre
pressurized fuel pins. These experiments are accompanied by out-of
pile high temperature burst tests of fuel cladding tube sections.

Another group of safety experiments consists of irradiations under 
transient conditions in a special type of capsule. In these "loss-of- 
cooling" capsules the fuel pin is surrounded by an inner annulus,
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filled with stagnant sodium and an outer annulus, filled with sodium- 
potassium. While the fuel is generating a power of about 600 W/cm, the 
outer annular space can suddenly be emptied in an outside reservoir, 
causing an interruption in the radial heat transfer to the surrounding 
water. In this way the fuel pin, still surrounded by sodium, becomes 
fully isolated, resulting in a very fast increase of the sodium, 
canning and fuel temperatures. After a preset time the reactor is 
scrammed. It is the purpose of these experiments to study the conse
quences of fuel pin failure in terms of sodium-fuel interaction and 
failure propagation. In the first experiment of this type fuel pin 
failure occurred within 6 seconds after the heat transfer interruption. 
A complete description of the fuel irradiation programme under static 
and transient conditions is given in reference |6|.

Radiation damage studies on fast reactor canning materials are concen
trating on the loss of ductility due to the formation of voids and 
helium bubbles and on swelling phenomena. The purpose of the experi
ments is to improve the understanding of the influence of the para
meters involved and to provide information on candidate canning mate
rials. To study the high temperature helium embrittlement of AISI-304L 
and -316L two irradiation experiments have been performed, R86 and R87, 
at 100°C and 500°C respectively. The fast neutron fluence was

о  л  _ л  t . . .3 x 10 n.cm z in both cases. The materials were artificially doped
with Boron-10. The capsules were charged with in total 1600 tensile
samples. Pre- and postirradiation testing is in progress 17 j. A third 

. • Jirradiation experiment, RX87, on the same materials has been performed 
at temperatures between 200°C and 600°C and up to a fast fluence of 
1.2 x 1021 n.cm 2. The main purpose of this experiment was to establish 
the influence of helium on the nucléation of voids. Electron microscope 
observations are being evaluated at the moment.

Additional irradiation experiments have been performed on b.c.c. metals 
and vanadium alloys. The main postirradiation observation has been 
with the electron microscope. Results were published in references |8 | 
through I 121 . At this moment a new series of irradiations is in prepa
ration. A new capsule is being developed for irradiation of about 500 
tensile samples at temperatures between 100°C and 550°C. For each 20 
samples the temperature will be controlled by changing the composition
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of the gas mixture through which the heat transfer to the surrounding
cooling water takes place. Three capsules of this type will be irradi
ated up to 3 x 1021, 9 x 1021 and 2.4 x 1022 n.cm-2 fast fluence.

2.3. Gas Cooled Reactors.

In early 1963, graphite irradiations in the High Flux Reactor were 
started under contract with the O.E.C.D. Dragon Project. Since the 
first irradiation of about 20 days at temperatures of 600, 900 and 
1200°C the project has grown steadily. At present it consists of two 
parallel series of irradiations, one at the edge of the H.F.R.-core 
covering the temperature range of 400 to 900°C, the other in a mid
core position with temperatures from 900 to 1300°C. Some years ago,
K.F.K.-Jülich and Euratom, Petten, became partners in the experiment.
In addition to the approximately 500 standard graphite specimens 
(mainly 5 x 5 x 25 mm), a large variety of small specimens such as 
pyrocarbon discs, dummy coated particles, silicon carbide strips and 
some larger specimens such as dummy coated particle compacts and creep 
assemblies can be accommodated. The techniques for measurement of di
mensions, density, Young's modulus, electrical resistivity, thermal 
expansion and radiation creep have been vastly improved over the years 
and they are presently for the greater part fully automatic. Computer 
procedures for data treatment have been made and are succesfully 
applied now. The results obtained so far in this irradiation programme 
have been published at several occasions |13 to 17 j.

One of the still unsolved problems in coated particle fuel for High 
Temperature Reactors is the so-called Amoeba-effect. This name is given 
to chemical reactions occurring inside the particle and characterized 
by an attack of the inner pyrocarbon coatings by the kernel and the 
deposition of carbon elsewhere, ultimately leading to coating failure 
and fission gas release. This effect is probably not a real problem in 
the presently designed homogeneous H.T.R.'s with nominal maximum fuel 
temperatures of 1250°C, with the coated particles bonded together in 
fuel compacts with reasonable thermal conductivity, and with internal 
and external cooling. However, in more advanced designs (direct cycle 
gas turbine), where higher fuel temperatures are desired, it could be
come a limiting factor. The effect is as yet little understood; Nearly 
all observations were made on fuel particles after irradiation at fairly
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elevated temperatures under more or less steep thermal gradients.
About a year ago it was decided to study the Amoeba effect out-of-pile 
in an effort to investigate the parameters, that control the process, 
in a more accessible way. Some preliminary results were obtained on 
unirradiated particles, suggesting that only particles of one product
ion batch tend to fail under the experimental conditions.

In close connection with the graphite irradiations and actually using 
the same capsules, irradiations are in progress on silicon carbide, a 
material in use as intermediate coating on fuel particles for gas- 
cooled thermal reactors and of interest as the sole coating material 
for gas cooled fast reactor fuel particles. Results on radiation in
duced dimensional changes between 600°C and 1300°C are ready for publi
cation I 18 I.
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3. WATER COOLED REACTORS.

3.1. The Development of UP? Pellet Fuel containing Burnable Poison.
(G. Versteeg)

To determine the melting point of various uranium-boron compounds, 17 
samples of UB^, with x ranging from 1.6 to 4.9, were molten in U02>000 
crucibles. The melting experiments were carried out by placing the UBx 
“in the U02 crucible as drawn in the figures 1 and 2, in a second cru
cible of tungsten which was heated by a 500 kHz, 35 kW HF generator. 
The tungsten crucible was covered with a tungsten lid in which a 4 mm 
diameter hole provided a possibility to measure the UBx temperature 
with an optical pyrometer. In order to approximate black body conditi
ons for the pyrometer measurements, the ratio of the distance between 
UB^ sample and tungsten crucible lid and the hole diameter was taken 
equal to 3. The experiments were carried out in a purified argon at
mosphere. The U02 crucibles showed no signs of attack by borides after 
the experiments.

The difficulty to find a reproducible melting point criterion could be 
solved because two phenomena occurred during the heating up and melt
ing process. At temperatures above 2050°C small amounts of vapour were 
evolved, probably due to unreacted starting material in the samples. 
The appearance of the sample surface, as observed through the optical 
pyrometer, changed quite surprisingly upon further heating. At about 
2200°C the surface showed a smooth, uniformly illuminated surface 
(figure 3b). Approaching the melting point, small grey-black spots, 
bordered by grey zones, were observed. The shape (figure 3c) of these 
spots changed continuously. Slightly further heating resulted in the 
coalescence of the different spots into one circular spot (figure 3d). 
This circular spot moved over the sutface (figure 3e), as soon as the 
temperature was slightly increased but remained on its position when 
the temperature was decreased again to the level of figure 3d. The 
temperature at which the grey-black spots appeared (figure 3c), was 
considered to be the correct melting point, because the sample, after 
having cooled down from this temperature after the first heating up, 
revealed the presence of solidified structures on the sample surface.

The results of the determinations on the 17 samples, where each sample 
was measured at least twice, are presented in table I. The impurities
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mentioned in the table were determined after the experiment and con
sisted mainly of silicon, while metals like Al, Au, Cr, Fe, Mg and Pt 
were only present at the ppm level. The experimentally determined tem
perature corrections, presented in the table, were necessary because 
the pyrometer observation had to pass a prism, a lens and a quartz 
window. The temperature measurements as such were reproducible within 
± 10°C.

In figure 4 the measured melting points are given together with the 
T-x phase diagram reported by Howlett |4|. The measured values, con
nected by the dotted lines, suggest that the melting points measured 
by Howlett correspond with our points, at about a 2% lower boron con
tent.
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Apparatus used for the determination of the UBX melting points.
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W-cover with hole 
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uraniumbоride pieces
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Figure 2.

Sample location in the tungsten crucible for the determination of the 
melting point.

Figure 3.

Appearance of the sample surface during heating as observed through the 
optical pyrometer.



Table I. Measured melting points of UB^ samples.

Sample
number

B/U
ratio

Weight % 
boron

Impurities 
in w/ о

Applied temp, 
correction in С

Melting point

1 1.64 6.73 1.0 114 2364
2 1.81 7.51 1.0 119 2419
3 1.92 7.97 1.0 121 2436
4 2. 15 8.79 1.0 119 2409
5 2.29 9.29 1.0 117 2392
6 2.48 10. 11 0.2 117 2392
7 2.56 10.44 0.2 116 2396
8 2.97 11.80 0.2 125 2490
9 3.13 12.42 0.2 124 2476
10 3.39 13.28 0.2 130 2520
1 1 3.59 13.97 0.2 126 2492
12 3.78 14.57 0.3 125 2496
13 3.99 15.28 0.3 125 2496
14 4.43 16.72 0.3 124 2493
15 4.59 17. 17 0.3 124 2495
16 4.85 18.02 0.3 123 2474
17 4.92 18.17 0.3 117 2400
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Figure 4. Melting points of UB^ samples.
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3.2. Vibro-Compacted UP? Fuel. (E.B.M. Majoor, J.H.N. Verheugen) 

Electrolytically Fabricated UP?.

Fabrication of UP2 by electrolysis from a molten salt bath was studied 
because of possible advantages for mixed plutonium-uranium oxides. The 
results obtained so far showed the following disadvantages:

- the homogeneous codeposition of PuP2 and UP2 was very difficult and 
not reproducible;

- the maximum amount of plutonium which could be codeposited was only 
a few percent;

- the chlorine content remained, in spite of several attempts to im
prove this, at about 100 ppm.

The fabrication studies have been terminated now because of these dis
advantages. The four fuel pin bundles assembled meanwhile to investi
gate the irradiation performance of vibro-compacted, electrolytic U02 
have been irradiated. The B-52 and B-54 bundles contained three fuel 
pins and were irradiated in the pressurized water loop in the H.F.R. 
at Petten. The IFA-104 and IFA-203 bundles contained seven fuel pins 
and were irradiated in the Halden Boiling Water Reactor in Norway.
Some of the fuel pins contained fused oxide for comparison, the others 
were filled with electrolytic U02. The most important irradiation con
ditions are presented in table II.

Postirradiation examination of the B-52 fuel pins has been continued 
during this quarter. Metallography has been concluded and electron 
microprobe analysis is in progress.

The metallographic examination showed that a chemical interaction be
tween fuel and clad had occurred. Figure 5 gives an example of the 
approximately 40 microns thick interaction layer. Electron microprobe 
analysis revealed that this layer consisted mainly of Zr02 and that 
the cesium content adjacent to- the cladding was surprisingly high. It 
was found that no uranium was present in this oxide layer. Traces of 
chlorine were detected about halfway the thickness of the interaction 
layer. The examination with the electron microprobe will be continued 
in particular to find more evidence for the preliminary conclusion 
that the presence of chlorine is not necessarily correlated to that of 
cesium.
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Table II. Irradiation conditions of fuel pin assemblies containing 
vibro-compacted, electrolytic U02 particles.

Assembly code number IFA-203 В-54 IFA-104 B-52

Maximum Burn-up ,MWd/kg UO2 1.9 2.5 12.5 16
Maximum linear heat rating,W/cm 700 940 640 775
Maximum surface heat flow , W/cm2 160 250 148 207
Maximum inner clad temp. ,°C 320 400 315 450
Chlorine content in fuel ,ppm 80 118 170 125



Figure 5. Electrolytic UO2 
• the Hü-HFR-loop.

■a Uranium, U-Ma  ̂.

с Cesium, Cs-L^ .
—  a.j

Figure 6. X-ray pictures ¿rom 
a = detail of cross 
scan examination of

irradiated in

b_ Zirconium, ' Zr—Lal.

d Chlorine, Cl-K .—  _ ■ a

the area shown in figure 5. 
section, b, £ and d = micro
reaction zone. 130 x 150 y.
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The X-ray emission pictures of Zr, U, Cs and Cl at a site with a 40 y 
thick interaction layer are presented in figure 6.

The post-irradiation examination of the B~54 fuel pins has been de
layed because the apparatus for neutroradiography of the fuel pins 
had to be modified.

The seven-pin assembly IFA-203, unloaded from the H.B.W.R. in August 
1970, was visually inspected in the Halden Pond. A large cladding 
failure was observed in the fuel pins H31 and H35. These pins were 
equipped with centre fuel thermocouples which were mounted in a tan
talum protection tube. After some initial failure, reaction of 
coolant water vapour with this tantalum tube resulted in high radial 
expansion and caused subsequently large longitudinal cracks in the 
cladding. It is likely that water, evaporated during the first approach 
to power, reacted with the hot tantalum tube such that the hydrogen 
partial pressure reached a higher value than without the presence of 
the tantalum tube would have been obtained. Already during the start
up the IFA-203 assembly was suspected of failure since one pressure 
transducer indicated moderator pressure. After two days at power 
fission products were detected in the assembly outlet steam. The sus
pected fuel pin however showed no signs of cladding failure at the 
inspection in the Halden Pond. Figure 7 shows the two failed pins.
The cladding tube used for pin H31 was re-annealed before pin fabri
cation. Pin H35 had a cladding tube in the as-received condition.
Thus the large crack in pin H35 can be explained by the lower ducti
lity in the cladding.

Irradiation of IFA-104 in the Halden Boiling Water Reactor has been 
continued and is scheduled up to May 1971.

Sol=Gel_U02.

The fuel pin irradiations in the Vibrasol project have to provide in
formation on the in-pile performance of the sol-gel fuel as such and 
on possible fuel-clad interaction before a full scale fuel assembly 
will be inserted in the B.W.R. at Dodewaard. The programme comprises 
the following three series of experiments:
- three irradiations during 30 minutes in the Poolside Facility of the
H.F.R. They are designated R-54/51, -/52, --/53;
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pin H-35 pin H-31

Figure 7 . IFA-203 failure.
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- three irradiations of three pins bundles in the pressurized water 
loop in the H.F.R., designated B-71, B-72 and B~73;

- the irradiation of two seven pins fuel assemblies in the H.B.W.R., 
designated IFA-204 and IFA-205.

A survey of the most important fuel pin characteristics and irradia
tion data is given in table III.

The metallographic examination of the R-54 fuel pins has been con
cluded. The main objective of these irradiations was to compare the 
structure of sol-gel U02 particles with that of fused U02 particles 
after a similar irradiation history. It was observed that because of 
the relatively small size of the large particle fraction of 800 y a 
more even temperature distribution in the sol-gel fuel existed as 
compared with the fused U02. The molten boundary in the radial cross 
sections of the pins R-54/52 and R54/53 was located at the same radius 
as that in comparable fused U02 pins. The molten boundary corresponded 
to an integrated thermal conductivity from 0°C to the melting point 
of 65 W/cm for the 85% T.D. fuel.

The postirradiation examination of B-72 has been started and for one 
fuel pin the metallography has been concluded.

The sol-gel fuel used for the B-70 series contained about 0.2% nitro
gen. As a result of the original dispersion technique, occlusion of 
organic liquid in the sol-gel spheres occurred in the 80 y fraction. 
The .organic could not be removed completely by subsequent washing 
treatments. During sintering in a N2 - H2 atmosphere, the remaining 
carbin in the U02 led to the formation of a UN phase in the U02 
matrix, presumably according to the reaction

1 7 0 0 °ГU02 + i N2 + 2 С UN+2 CO

Besides, most of the spheres were hollow after sintering.

In the fuel particles of the R-54 experiments the UN phase could not 
be found back after irradiation while only 10% of the nitrogen pre
sent was released to the gasvolume. The metallographic examination of 
B-72 revealed that the UN phase was still present in the outer fuel 
regions where the temperature had not exceeded 600°C. The appearance 
of this UN compound is presented in figure 8. The irradiation of B—71
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Figure 8. Uranium nitride phase in outer edge of sol-gel fuel.

a : 365 W/cm.
fuel surface temperature: 460 С 
(etched, 200 x).

b : 550 W/cm.
fuel surface temperature : 540 С 
(etched, 200 x).
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and B-73 is still in progress.

Seven fuel pins for the IFA-204 fuel bundle have been prepared by 
means of vibro-compaction of sol-gel U02 spheres. The production of 
the medium fraction of approximately 80 у spheres has been improved.
By the new dispersion technique occlusion of organic material in the 
spheres was avoided. Upon sintering, solid spheres with a density 
above 98.5 T.D. were obtained without a UN phase in the U02 matrix.

The vibro-compaction is performed on an electrodynamic shaker with an 
effective power output of 12 kW and a sweeping frequency range of 
300 to 4000 cps at maximum accelerations of 125 g. With the improved 
medium fraction in the three component mixture vibro-compaction densi
ties of 86-87% T.D. have been obtained as compared to 85-86% T.D. with 
the old medium fraction with hollow spheres.

The IFA-204 element consists of a cluster of seven fuel pins arranged 
in a hexagonal pattern. Two pins are equipped with an elongation de
tector for the cladding and the fuel, two other pins contain a thermo
couple in a tantalum tube for the measurement of the central fuel tem
perature, while the three other pins are not instrumented. The 1520 mm 
long vibro-compacted U02 fuel column is enclosed between depleted U02 
pellets and MgO discs for thermal isolation. The Zircaloy-4 fuel 
cladding, 13.8 mm outer diameter and 0.65 mm wall thickness, has been 
autoclaved before assembly of the fuel pins. The diagrammatic drawings 
of the three different types of fuel rods are shown in figure 9. The 
most important fabrication data are summarized in the tables IV and V.

A similar, but uninstrumented, fuel bundle, IFA-205, has been inserted 
in the H.B.W.R. in February 1971 and is scheduled for irradiation 
until the end of 1972.

3.3. Corrosion Research on Zirconium Alloys. (E.M. Hornsveld)

An out-of-pile pressurized water loop is available for corrosion test
ing of tube and sheet samples of Zr-base alloys. The loop has been in 
operation since 1965 without serious interruptions except for a leak
age of the circulation pump which caused a 6-month' stop during 1970. 
The loop is operated at 345°C.
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Figure 9. Fuel rods of the IFA-204 fuel element.
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Table IV. Fuel pin fabrication data of IFA-204.

Fuel bundle nr 
Irr. facility

IFA-Z04
Halden Boiling Water Reactor

Pin nr. H-40 H-41 H-42 Remarks

FUEL
Material sol-gel sol-gel sol-gel U02

Type vipac vipac vipac
U02 weight 1779.8 1781.0 1761.9 g
Enrichment 8.0 8. 0 8. 0 % U-235
Eff. density 9.54 9.52 9.42 g/cm3

Rel. density 87.2 87.0 86.1 % T.D.
Fuel height 1517.4 1521.9 1521.2 mm
Poison, Eu 
0/U ratio 2.0041 2.0041

60
2.0099

ppm

Moisture 27 27 56-69 ppm

END PELLETS
Material depl.U02 depl.U02 depl.U02 0.26% E
Length, top 12.3 12. 6 12.5 mm

bottom 12.5 12.5 11.7 mm
Material MgO MgO MgO
Length, top 5.0 4.9 5.0 mm

bottom 5.0 5.0 5.1 mm

CLADDING
Material Zr-4 Zr-4 Zr-4
Inner diam. 12.5 12.5 12.5 mm
Outer diam. 13.8 13.8 13.8 mm

FILLING GAS
Type 40% He 40% He 40% He 60% àrgon
Leaktest 10“ 10 ю -io 10-10 Torr 1/s

Remarks : 1) The Zircaloy-4 tubes have been autoclaved before assembling.

2) The poison is incorporated as Еи20з1п the 1000 micron

particle fraction by Co-precipitation.
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Table V. Fuel pin fabrication data of IFA-204. (continued)

Fuel bundle nr 
Irr. facility

IFA-204
Halden Boiling Water Reactor

Pin nr. H-43 H-44 H-45 H-46 Remarks

FUEL
Material sol-gel sol-gel sol-gel sol-gel U02

Type vipac vipac vipac vipac
U02 weight 1721.7 1717.3 1788.8 1765.8 g
Enrichment 8. 0 8.0 8.0 8.0 % U-235
Eff. density 9.43 9.40 9.58 9.44 g/cm3

Rel. density 86.2 85.9 87.6 86.3 % T.D.
Fuel height 1518.5 1520.5 1519.2 1521.1 mm
Poison, Eu 60 60 ppm
0/U ratio 2.0041 2.0099 2.0044 2.0099
Moisture 27 56-69 30 56-69 ppm

END PELLETS
Material depl.U02 depl.UO2 depl.U02 depl,U02 0.26% E
Length, top 12. 6 12.4 11.5 12. 6 mm

bottom 12.5 12.5 12.5 . 11.4 mm
Material MgO MgO MgO MgO
Length, top 5. 1 5.0 4.9 5.0 mm

bottom 4.9 5.0 5.0 5.0 mm

CLADDING
Material Zr-4 Zr-4 Zr-4 Zr-4
Inner diam. 12.5 12.5 12.5 12.5

1
I mm'

Outer diam. 13.8 13.8 13.8 13.8 mm

FILLING GAS
Type 40% He 40% He 40% He 40% He 60% argon
Leak test io"10 1 0 " 101 6.10“9i 5.10-9 Torr 1/s

1
Remarks: 1) The Zircaloy-4 tubes have been autoclaved before assembling.
2) The poison is incorporated as EU2O3 in the 1000 micron particle frac

tion by co-precipitation.
3) The fuel pins H-43 and H-44 are equipped with W3%Re/W25%Re central 

thermocouples mounted in a 2.8 mm outer diameter tantalum tube.
4) The fuel pins H-45 and H-46 are equipped with fuel elongation detectors. 

The cladding elongation detectors will be installed at Halden.
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In table VI a summary of the operating conditions is given from test- 
run 28 up to testrun 39 as a review and for testruns 40, 41 and 42 in 
detail. The sample sets now exposed in the loop are with one exception 
not older than from testrun 28.

During testrun 42, finished during this quarter, the loop charge con
sisted of 671 Zr-alloy samples together with two inconel spring - 
zircaloy tube fretting corrosion samples and a seven-rod test element. 
The average crud level for testrun 42 was 0.86 ppb with a Zr02 content 
of 2.2%.

In figure 10 the weight gain vs. exposure time is given of a sample- 
set containing 41 tube samples of Zircaloy-2, which reached an exposure 
time of 848 days after testrun 42. The mean, maximum and minimum 
values of the weight gain data are presented.

The results of sample sets of Zircaloy-2, Zr-23Nb and Zr-3Nb-lSn 
álloys with different surface pretreatments are presented in table VII. 
From this table three sets were chosen for a graphical representation 
in figure 11. It turns out that the Zr-3Nb-lSn alloy shows a much 
larger corrosion rate than the Zircaloy-2 and Zr-2|Nb alloys.

The influence of the conditioning steam pressure is studied on three 
sets of Zircaloy-2 samples which have undergone a pretreatment during 
12 hours in 400°C degassed steam at steam pressures of 5, 20 and 100 
atm. The corrosion results are presented in table VIII and in figure . 
1 2, where it is shown that the weight gain data of the set with 20 atm. 
conditioning steam pressure are slightly higher than for the set witli 
100 atm. conditioning steam pressure, which on their turn are slightly 
higher than for the set with 5 atm. conditioning steam pressure.

During testrun 41 a number of new sample sets of Zircaloy-2 and Zr- 
2jNb alloys have been introduced in the corrosion loop in order to 
study the influence of pickling and pre-treatment conditions on the 
corrosion behaviour. A survey of the sample sets, together with the 
corrosion results during pretreatment and testruns 41 and 42, is given 
in table IX.
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3.4. Fuel Element Fabrication. (J.H.N. Verheugen)

The Vibrasol-project for the development of sol-gel fuel, performed in 
cooperation with the G.K.N. and the K.E.M.A., will lead to the fabri
cation of two fuel elements for the Dodewaard reactor during the second 
half of this year.

The activities performed for the evaluation of the production processes
for this purpose will be reported in this chapter.

Approximately 10 kg of A.D.U. spheres have been received from the 
K.E.M.A. The K.E.M.A. sol-gel process is based on the internal gelation 
of a substoichiometric uranyl-nitrate solution. The as-received A.D.U. 
spheres are converted, through U03, into sintered U02 of high density 
(above 98.5% T.D.). The sintering is performed in continuous sinter 
furnaces. Although a' few batches have been sintered already, the sinter
ing process had to be interrupted, because a high oxygen content was 
detected in the supplied hydrogen gas, causing even damage of the
sintering furnace. After repair of the furnace the sintering will be
resumed during next quarter when hydrogen gas of the correct quality 
will be available again.

The mixture for vibro-compaction consists of a 1000 micron fraction, 
an 80 micron fraction and a fine fraction below 45 micron, obtained by 
milling material of the other two fractions.

The evaluation of a spacer design in cooperation with the Reactor 
Study and Design Department has been continued. The spacer is made by 
spotwelding out of Zircaloy-2 strips. Each cell of the spacer has two 
fixed supporting points and one spring for positioning of the fuel rod. 
The newest spacers have Zircaloy-2 fixed points instead of inconel as 
previously used. This is of interest because the zircaloy fixed points 
can be made as an integral part of the zircaloy spacer strip material. 
0ut-of-pile corrosion tests indicated that the corrosion at the con
tact points was equivalent or even slightly better for zircaloy as com
pared to the inconel fixed points. Two spacers of this type with seven 
cells have been fabricated (figure 13) and will be applied in the fuel 
bundle IFA-204 for the evaluation of the in-pile behaviour. The spacer 
has also been equipped with four spotwelded strips in order to measure 
the mechanical strength of the spotweld after irradiation.
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То investigate the effect of irradiation under P.W.R. conditions on 
spotwelded points and spring characteristics, plans were developed for 
an irradiation experiment in the high-pressure high-temperature water 
loop. Specific test specimens were designed, including strips joined 
with a single spotweld for shear testing, different springs to be 
irradiated under load and plain strips, subjected to bending stresses. 
The materials are Zircaloy-2 and -4 and, for the springs, Inconel-X750 
and Inconel-718.

After installation of the production welding apparatus for fuel rods, 
the welding parameters for a specific endcap design have been esta
blished. Thirty-six dummy fuel pins have been fabricated according to 
this welding procedure. These pins will be used in an experimental 
bundle to evaluate the hydraulic characteristics of the spacers of the 
same type as mentioned above.

For the 3 continuous sinter furnaces, a second furnace has been made 
completely automatic. The system is working satisfactorily and the 
capacity has increased from 6 kg U02 pellets/day up to 52 kg U02 
pellets/day. A new gas-purifier has been installed with a larger 
capacity, while at the same time a continuous oxygen-analyser is in
cluded in the gas-circuit.

For vibro-compaction operation provisions are made to change over from 
vertical to horizontal vibration. This change is found necessary for 
the vibration of longer tubes.

The production apparatus for the surface treatment of fuel pin tubes 
on large scale has been installed.
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Figure 13.

Zircaloy-2 spacer with Zircaloy-2 fixed contact points and inconel 
spring.
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4. SODIUM COOLED FAST REACTORS.

4.1. Fuel Irradiations under Static and Transient Conditions.
(H. Kwast)

Static Irradiations.

During this quarter the post irradiation examination of the pins R62- 
A03 and -A04 has been completed, except for the investigation of one 
cross section of A04 on the electron microprobe analyser. This analy
sis will be carried out by the Institut für Transurane in Karlsruhe 
during the next quarter.

A summary of the fabrication and irradiation data of the pins R62-A03 
and -A04 is given in table X. The construction of the fuel pins is 
given in figure 14, while some results of the postirradiation examina
tion are presented in the figures 15, 16 and 18 to 27.

The fuel pin R62-A04 failed at a burn-up of 58 MWd/kg U02. It turned 
out that the failure occurred at about a quarter of the height of the 
fuel column from the bottom side. The canning on the failure spot 
showed an axial crack with a length of about 20 mm and a maximum width 
of 2 mm (figure 15).

The fuel at this spot had disappeared, as can be seen on the pin hole 
gamma photograph in figure 16, and partly on the periscope view in 
figure 15. This observation has been confirmed by the gamma scan in 
figure 17. Most of the fuel was found in the form of fine particles 
below the bottom of the fuel pin and outside the shroud tube, which 
means that the U02 had been transported by the sodium.

Dimensional control after irradiation revealed that the maximum change 
in diameter of fuel pin A03 was 1.3%, with an average value of 0.9% 
over the fuel length. For R62-A04 the values were 3.5% and 2.2% re
spectively. The maximum measured diameter at the location of the 
failure was 7.65 mm which means an increase of 27.5% of the original 
diameter (6.0 mm).

Considerable interaction between fuel and canning was observed. The 
figures 18 to 23 show some details of these interactions. However, so 
far no information is available about the elements in the interaction 
zones. The fission gas release of fuel pin A03 has been 65%.
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The figures 24 and 25 show respectively the macrostructure and auto
radiograph of the lower part of the fuel column of fuel pin R62-A03. 
Especially from the autoradiograph it can be seen that the centre 
hole extends almost to the 8% enriched-natural UO2 interface. The same 
has been observed in pin A04. The highly active zone around the centre 
hole can also be seen in the neutron radiograph of figure 28 which 
might indicate that this zone consists of 50% enriched U02. The upper 
part of the fuel column of R62-A04, shown in the figures 26 and 27, 
has the same appearance as that of pin A03 at the same location.
These figures show that the centre hole in the 50% enriched fuel ends 
just before the 8% enriched UO2 pellet. Although columnar grain growth 
can also be observed in the 8% enriched fuel, the autoradiograph, 
figure 27, shows a sharp difference in activity at the interface 50%- 
8% enriched UO2 pellets. So it is likely to assume that no transport 
of 50% enriched U02 into the 8% enriched U02 pellet has taken place. 
The neutron radiograph of both fuel pins is shown in figure 28.

Loss-of-Cooling Experiments.

During this quarter the first experiment in the series, R63-L01, has 
been performed. The time span between the start of the "loss-of-cool 
and the reactor scram was 5.9 seconds. It turned out that the fuel 
pin failed by melting of the canning at two places as can be seen in 
figure 29. Postirradiation examination revealed that the surrounding 
containments were not damaged. The highest measured sodium temperature 
has been 1040°C, which is very close to the boiling point of sodium at 
the 4 atm. pressure in the capsule, 1050°C. The temperature increase 
of the sodium has been about 100°C/sec -(figure 30). Based on these 
measurements the calculated canning temperatures would remain below 
the melting point. However, figure 29 shows very clearly that failure 
occurred by melting, so it is very likely that sodium boiling did 
occur at the location of the failure. Further postirradiation examina
tion is in progress.

During this quarter the fuel pins R63-L02A and -L03A have been fabri
cated according to the new "loss-of-cooling" fuel pin design with flux 
depressors at the end of the fuel column. These fuel pins, clad with 
Sandvik 12R72HV tubes, 5.24 mm inner diameter and 0.38 mm wall thick
ness, consist of a 250 mm long fuel column of 6% enriched U02 pellets, 
enclosed between natural U02-1.3% UB^ pellets, natural U02 pellets and
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AI2O3 end pellets, respectively for flux depression and thermal isola
tion. More details of the pin are presented in figure 31. The most im
portant fuel pin fabrication data are listed in table XI.
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Table X. Some irradiation and fabrication data of fuel pins R62-A03 
and -A04.

Description A03 A04 Remarks

Irradiation time EFPD 139.7 180. 1
Av.1 inear power W/ cm 645 640
Max.linear power W/ cm 695 725
Average burn-up MWd /kg UO2 45.4 57.9
Fission gas release % 65 -

Max.measured sodium 
temperature °C 650 650
Calculated maximum 
av. canning temp. °C 750 750
Max.U02 surface 
temperature (calc.) °C 1220 1240
Max.U02 centre 
temperature (calc.)

Temperature at the 
onset of columnar 
grain growth

° c

° c

2360

1790

2225

1680

at outside 
of centre 
hole

Av.radius of centre 
hole mm 0.8 1 . 1
Av.radius of the on
set of columnar 
grain growth mm 2.1 2.2
Fuel -material

-enrichment 
-length 
-density 
-diameter 
-0/U ratio

% U-235 
mm
% T.D. 
mm

u o 2 
50 
200 
91.4 
5. 1 
2.002

u o 2 
50 
200 
91 
5. 1 
2.002

Canning -material X-8 Cr Ni 
16

Mo V Nb 
.13

Werkstof fnr. 
4988
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Figure 15. Periscope view on the failure of fuel
pin R62-A04. Enlargement: 3x.

Figure 16. Pin hole gamma photograph of fuel pin 
R62-A04, showing that the greater part 
of the fuel in the clad fracture area 
had disappeared. Enlargement: lx
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canning

íigure 18. Fuel-canning interaction zone of fuel
pin R62-A03. Enlargement: 1OOx.

i

Figure 19. Detail of figure 4. Enlargement: 500x.

canning

Figure 20. Fuel-canning interaction zone of fuel 
pin R62-A04. Enlargement: 500x
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canning

Figure 21. Fuel-canning interaction zone of fuel
pin R62-A03. Enlargement: lOOx.

Figure 22. Detail of figure 7. Enlargement: 500x.

• canning

Figure 23. Interaction zone between fuel and canning 
of fuel pin R62-A04. Enlargement: 500x.
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50% enriched
UO?

8% enriched 
UO2 pellet

nat. UO2

Figure 24. Axial cross section of the lower
part of the fuel column of pin R62- 
A03. Enlargement: i 16 x.
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Figure 25. Autoradiograph of the lower pa-rt of the fuel 
column of pin R62-A03. Enlargement: 21x.

enr iched

enriched
pellet

U02
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Figure 26. Axial'cross section of the upper part of the 
fuel column of pin R62-A04. Enlargement: 20x.

8%
enr iched
U02

50%
enriched
U02
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Figure 27. Autoradiograph of the upper part of the fuel 
column of pin R62-A04. Enlargement: 20x.
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Figure 28. Neutron radiographs of fuel pins R62-A03 and -A04.
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Figure 29. View of the failed "loss-of-cooling" pin, 
R63-L01.
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Figure 30. Temperature history of the sodium close to the fuel pin 
for the first "loss of cooling" experiment.
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Table XI. Fuel pin fabrication data of R63-L02A and -L03A.

Capsule nr 
Irr. facility

R63-L02A and -L03A 
Loss of Coolant capsule

Fuel pin nr L02A L03A Remarks

FUEL
Material uo2 uo2

" Type pellets pellets
Enrichment 5.93 5.93 % U-235
Diameter 5. 1 5. 1 mm
Length 250.3 250.3 mm
Density 10.36 10.38 g/cm3
Weight 51.4 51.5 g
0/U ratio 2.005 2.005
H20 < 5 <5 ppm
FLUX DEPRESSOR
Material nat. U02 nat. U02
Poison иВц 1.3 1.3 w/ 0
Type pellet pellet
Diameter 5.1 5.1 mm
Length 5.9 6.0 mm

END PELLETS
Material nat. U02 nat. U02
Length 24 24 mm
Material A1203 ai2o 3
Length 5 5 mm

CLADDING
Material Sandvik 12R72HV
Inner diameter 5. 24 mm
Outer diameter 6.00 mm

END CAPS
Material Sandvik 3R41

FILLING GAS
Type 40% He 40% He 60% Ar
Leaktest 5. 10“10 6.io“10 Torr 1/sec
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Fuel pin R63-L02A. 
L.O.C. capsule.
Loss of Cooling 
Irradiation Facility.
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4.2. Radiation Damage in Canning Materials. (J.D. Elen)

Post-Irradiation Tensile and Hardness Testing

The conditions of the 304 L and 316 L tensile samples are, as far as 
the boron content and the final heat treatment for the various condi
tions are concerned, tabulated in tables XII and XIII. The tensile 
samples were irradiated in the capsules R86, R87 and RX-87. The irra
diation parameters are given in table XIV. After irradiation the creep 
and tensile properties as well as hardness are measured and related to 
microscope analysis of the defect structure.

In preceding quarters the results of the tensile tests on 304 samples, 
irradiated in the capsule R86, were obtained. In the present period a 
similar series was finished on the 316 samples, irradiated in the cap
sule R86. The results for the various boron contents and heat treat
ments are given in figures 32 to 40, showing the temperature dependence 
of the tensile properties in the range of test temperatures of 20°C to 
800°C.

In the same experiment hardness was measured prior to tensile testing. 
The results are shown in figures 41 to 43. It is to be noted that the 
hardness and tensile values were obtained after a heat treatment of 24 
hours at the respective tensile testing temperatures. As such, the 
hardness curves reflect annealing phenomena concerning the displacement 
damage, as well as recovery of cold work in the conditions 2 and 3.
The proof stress curves show that the displacement damage is eliminated 
between 550°C and 600°C. There is a remarkable coincidence of a ducti
lity peak with the annealing temperature of the proof stress. Similar 
to the unirradiated material, the ductility shows a minimum at 300°C to 
400°C, then a tendency to rise follows at increasing test temperature. 
The influence of helium however interferes specifically with high tem
perature ductility and dominates from the temperature at which the dis
placement damage anneals out completely. It prevents the ductility from 
recovering to the pre-irradiation value. The fall of the ductility curve 
after the mentioned peak value at 550°C to 600°C illustrates the typical 
effect of helium, produced by 10B (n,a)7Li nuclear reactions, on the 
high temperature ductility.

The radiation damage research will be continued by irradiation of 
various candidate canning materials like: 12R72HV, DIN 4988, DIN 4981,
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Incoloy-800, V2^%Til%Si and others. The irradiation temperature will 
cover the range from 100°C to 550°C and the fast fluence will reach 
the level of 2 x 1022 (E > 0.I MeV). The main objective here is in
vestigation of the swelling rate. The capsule which will be used has 
the code RX-87/2.

Molybdenum

Various smaller irradiations of alloys and pure metals are irregularly 
made in support of the main programme. Post-irradiation investigation 
is here mainly electron microscopy.

Samples of pure vanadium, niobium and molybdenum were irradiated at 
three temperatures in the High Flux Reactor. Fast neutron fluences were 
2.2 x 102°n/cm2 to 5.5 x 102t̂ n/cm2 and temperatures covered the range 
of 0.25 Tm to 0.47 Tm. Some vanadium 2.8% titanium alloy samples were 
included. In all samples of the pure metals voids were observed. Their 
size increased with irradiation temperature from 25 X at 0.25 T^ to 
about 120 X at 0.47 T . The logarithmic plot of the void densities com
bined for the three metals, was found to decrease linearly with T/Tm
over the range of 5 x 1016/cm3 to 1 x 10ll+/cm3 (figure 44). The ther
mal stability of the voids, produced at the lower irradiation tempera
ture, was studied by 1 hour isochronal annealing series (figure 45).
Up to 0.45 Tm larger voids grew at the expense of smaller ones, follow
ed by rapid disappearance. Only a few voids were observed in the alloy. 
This is explained in terms of dislocation damage distribution |11, 12|.
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Table XII. Boron content and heat treatment of 304 L tensile 
specimens.

Example
^heat treatment

304 с 2
boron concentration

a : 50 ppm 10B 1 : 20 % CW + 6 min 1 1 00°C WQ
b : 0.6 ppm 10B 2 : 20 % CW -V 1 hr 700°C .
с : 9 ppm Ю  В 3 : 30 % CW + 16 hrs 650°С +

10 min 750°C

Table XIII. Boron content and heat treatment of 316 L tensile 
specimens.

Examp 1e
^-heat treatment 

316 b 3 ^  
bo'ron content

a : 1 PPm В 1 : 20 % CW -* 1 hr 1000°C -V WQ
b : 10 ppm В 2 : 20 % CW ->■ 1 hr 800°C -> AC
с : 35 ppm В 3 : 10 % CW 1 hr 750°C ->■ AC

Table XIV. Irradiation parameters.

Capsule Temperature Fast neutron fluenee

R86 100°C 2-3 x 1020 n/cm2

R87 450-550°C 2-3 x 1O20 n/cm2

RX-87 100-550°C (3 zones) 1.0-1.3 x 1021 n/cm2
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test temp

test temp.

Figures 32-34 Effect of 100°C, <|>ft= 2.9 1020n/cm2 , irradi
ation on the tensile properties of AISI-316
alloy, in condition a.
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Figures 35-37. Effect of 100°C, <j>ft= 2.9 1020n/cm2 , irradi
ation on the tensile properties of AISI-316
alloy, in condition b.
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test temp.

test temp.

Figures 38-40. Effect of 100°C, <t>ft= 2. 9 1020n/cm2 , irradi
ation on the tensile properties of AISI-316
alloy, in condition c.
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AISI 316 a

_______ irradiated

_______  unirradiated

AISI 316 b

_______ irradiated

_______  unirradiated

AISI 316 с

_____ irradiated

_____  unirradiated

Figures 41-43. Room temperature hardness values of type 
316 irradiated and unirradiated materials 
as a function of annealing temperature.
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Figure 44. Void densities in vanadium, niobium and molybdenum.
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030 Q¿0 050 ОБО
025 035 Q45 0.55

annealing temperature (T/Tm)

Figure 45. Isochronal annealing of voids in 
vanadium, niobium and molybdenum.
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5. GAS COOLED REACTORS.

5.1. High Temperature Graphite Irradiations. (R. Blackstone)

The series of reactor irradiations of graphite in the temperature range 
400-1350°C is proceeding steadily and, in general, very well.

During the first quarter the post-irradiation work after capsule 16 
(high temperature capsule, 4 drums, nominally at 900-1200-1300-1050°C, 
each having a temperature range of 50-100°C) was finished and the spe
cimens were reinserted in capsule 18 ). The small change that was pro
posed for the construction of capsule 18, - to replace the metal radi
ation shields between each pair of drums by two solid graphite blocks, 
separated halfway by a few thin sheets of pyrocarbon paper - apparently 
has worked miracles: the capsule performed its 25-cycle course without 
one single thermocouple failing (as against 7 out of 12 lost in capsule 
16). The temperature distribution was not adversely affected by the 
insertion of conducting material between the drums. The low temperature 
capsule 15 came out of the reactor on February 14th. The greater part 
of the post-irradiation work is finished now without any problems. The 
next capsule is due to be inserted April 30st, for another 7 cycles of 
irradiation.

The data collected so far for the various Gilsocarbon graphites (17 
different materials in total) were analysed using statistical tools as 
far as the usually small sample size permitted. Amongst other things 
it was tried to find out whether differences in pre-irradiation proper
ties are indicative of differences in radiation behaviour, and whether 
significant correlations can be found between pre-irradiation proper
ties and such important indices of irradiation behaviour as maximum 
shrinkage rate and turnaround point (both with respect to shrinkage 
level and fluence). For lack of high dose data at most temperatures 
for most materials the analysis was restricted to dimensional changes 
of 7 materials at 900° and 1200°C. This work will be the subject of a 
separate publication |2 0|, but the main results are given here:

1) The dimensional change data for 900°C and 1200°C can be accurately 
represented by third and second degree polynomials respectively.

) from capsule 13 onwards even numbered capsules are high temperature 
capsules, odd numbered capsules low temperature capsules.
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2) Significant differences in the three pre-irradiation properties 
investigated (density, Young's Modulus, and electrical resistivity) 
are not necessarily reflected in significant differences in dimen
sional changes. Difference patterns are not the same at 1200°C and 
900°C. This is largely due to different variances and particularly 
to the very small number of observations of dimensional changes.

3) The only high correlation found is that between Young's Modulus E 
and initial shrinkage -j- t—| rate at 1200°C. The correlation 
coefficient, taking all specimens together, is -0.883. If one con
siders subsamples characterized by the preferred orientation (for 
instance taking together axial specimens of extruded and radial 
specimens of pressed materials, all specimens being in that case 
oriented with grain) the correlation coefficients become -0.93. 
Taking all samples together the regression equation for the initial 
shrinkage rate at 1200°C is:

j- ^  (10-3 per 1020n.cm-2) = -0.179 E (101®dyne.cm-2) + 0.671

The standard error of the estimate is 0.138. In other words, the 
variances of the coefficients of the regression equation are quite 
high, so that no accurate prediction of the irradiation behaviour 
from the Young's Modulus value can be made.

4) At 900°C this same correlation can be recognized in principle but
it is more diffuse, r = -0.641. That is, the extremes in the range 
of shrinkage rates are found in the same graphites at 900°C and 
1200°C, at the extremes of the Young's Modulus range, but there is 
considerable mixing. No statistically sound relationship could be 
established in this case.

5) When specimens reach the turnaround fluence, i.e. the fluence at 
which the dimensions of the specimen have reached their minimum 
values and expansion starts) the measured data rarely lie on the 
idealized curve. The turnaround point is in practice not a well 
defined point. There appears to be some instability in dimensional 
behaviour.

6) A definite observation is that the pressed Gilsocarbon graphites
had an earlier turnaround than the extruded materials. Special
pairs of laboratory graphites, differing in the way of forming but
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otherwise identical, confirmed this observation. .

The general conclusion of this work, in agreement with that drawn on 
the basis of early data [131, is therefore that with respect to dimen
sional changes at 900°C and 1200°C the Gilsocarbon graphites can be 
conveniently divided into two groups on the critérium of their Young's 
Modulus being less than about 9 x 101°dyne.cm-2 or higher than about 
11 x 101°dyne.cm-2, while a further distinction can be made regarding 
their forming procedure. The latter has consequences for the fluence at 
which shrinkage ends and expansion starts. Table XV gives a summary of 
the data with the graphites arranged in the order of increasing pre
irradiation Young's Modulus.

5.2. The Out-of-Pile Investigation of the Amoeba Effect in Coated 
Particle Fuel. (C. van Beynen / R. Blackstone)

To study the Amoeba effect under well-controlled conditions in the labo
ratory a simple apparatus was constructed about a year ago in which a 
number of single particles can be heated in inert atmosphere to tempe
ratures up to 2000°C under gradients of 100-200°C per minute. Tempera
ture readings are taken at the hot and cool end of each individual par
ticle by optical pyrometry. Up to now the work was limited to unirradi
ated particles. Although, following what little there presently is by 
way of theory, Amoeba failure in normal, unirradiated particles is con- 
• • • • • • sidered highly improbable due to insufficient CO-pressure ), some 

drastic chemical attacks, resulting in coating failure, have been ob
served.

The present work consists of further experiments to try to confirm pre
vious results and to investigate whether, as observed so far, it is 
really only one batch which fails under the experimental conditions, un
irradiated and out-of-pile. Work on irradiated particles with various 
burn-ups will soon start.

During the first quarter the post-treatment examination of particles 
from testrun 22 was finished and heating runs 23 and 25 were performed. 
Details are given in table XVI. The particles used in run 23 were those 
from run 20 (33 days at 1760°C).

3€ •) The most common view is that the Amoeba is caused by carbon trans
port down a temperature gradient due to the temperature dependence 
of the Boudouard equilibrium.
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Thus the total heating time of these particles is now 56 days. At this 
temperature level (1760-1800°C with AT'v 170°C) no sign of kernel move
ment or coating damage could be established, neither by optical micro
scopy nor by X-ray projection microscopy.

To check whether the effect observed in some particles during runs 15 
and 17 could be reproduced at higher temperature, run 25 was planned 
at a temperature level of 1810-1890°C, which is about 50-100°C higher 
than that in run 23.

For this run the particles which had been used before in run 22 were 
used. After 13 days of treatment 2 particles of batch CD 1032 (in a 
gradient) showed more or less severe coating damage. None of the 
others showed a single sign of coating damage at the outside. X-ray 
projection microscopy has still to be done.

5.3. Irradiation of Silicon Carbide. (R. Blackstone)

The irradiation of tiny strips of pyrolytic silicon carbide in the two 
graphite irradiation capsules proceeds satisfactorily. The results ob
tained so far have been accepted for publication |18|. Since then some 
further data were obtained, after capsule 15, which convincingly con
firm the existence of a saturation dimensional change level at 600°C 
of about +0.30%, reached after very small neutron fluence. The dimen
sions of the strips as they came out of capsule 15 at 630°C were found 
to be equal within one micron to those found after capsule 12. The 
neutron fluence was 4.5 x 102®n.cm-2 after capsule 12 and 17 x 102°n.cnr2 
after capsule 15.
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