
CD

T
z
o
cc

Q
Z

CC
LU
Q
LÜ

or
h-
z
LU
U

GC
O

O
<
LU
DC



RCN-167

I

Sens P.F RCN-167

Examination of Fast Reactor Fuel Pins Irradiated in a

Sodium Environment in the HFR Swing-in Facility.
Petten, The Netherlands, Reactor Centrum Nederland, 1972

38 pages, 21 figures.

Two fast reactor fuel pins have been irradiated in a Na environment in the H.F.R.
at Petten for a short duration and at a linear power level of 1100 W/cm. The post-
irradiation examination of these pins is described. Accidental interaction between
UO- and Al.,0. isolation pelletsoccurred, presumraably due to flux ppakipg at the end
of the 50Z*"enriched fuel column. Solidification of the molten fuel in the centre of
the pin caused the formation of a UO - Al 0 eutectic network between the primary
UO- dentrites. The absence of Al_0. in the columnar grain region, except at the outer
boundary, can qualitatively be explained by a migration mechanism with the steep tem-
perature gradient as driving force. The POREMOVSKI-programmo has been applied to these
experiments. The calculated radius of fusion and the calculated porosity distribution
are in good agreement with the metallographic observations. In the Appendix details are
given of the microscan investigation on the UO Al 0 system, carried out in support of
interpretation of the post-irradiation metallgraphy.

Irradiation procedures
HFR reactor
Fuel pins
Fast reactors
liquid metal coolant
Sodium
SNR reactor
'Fuel pellets

Uranium dioxide
Aluminium oxides
Meltdown
Phase diagram»
Eutectics
Autoradiography
Metallography
High temperature

Thermal conductivity
Thermal insulation
Microstructure
Programming
P codes

Irradiation capsules
Failures
Reactor experimental facility

Examination of Fast Reactor Fuel Pins

Irradiated in a Sodium Environment in the

HFR Swing-in Facility

P.F. Sens

RCN does not assume any liability with respect to the

use of, or for damages resulting from the use of, any

information, apparatus, method, or process disclosed

in this document.

Petten, March 1972



- 3 -

Abstract

Two fast reactor fuel pins have been irradiated in a Na environment in

the H.F.R. at Petten for a short duration and at a linear power level

of 1100 W/cm. The post-irradiation examination of these pins is describ-

ed. Accidental interaction between UO and an Al^O isolation pellet

occurred, presumably due to flux peaking at the end of the 50% enriched

fuel column. Solidification of the molten fuel in the centre of the pin

caused the formation of a U0~ - Al^CL eutectic network between the

primary UCL dendrides. The absence of Al«0_ in the columnar grain region,

except at the outer boundary, can qualitatively be explained by a

migration mechanism with the steep temperature gradient as driving force.

The POREMOVSKI-programme has been applied to these experiments. The

calculated radius of fusion and the calculated porosity distribution

are in good agreement with the metallographic observations. In the Ap-

pendix details are given of the microscan investigation on the UO» -

A1„CL system, carried out in support of the interpretation of the post-

irradiation metallography.
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1. INTRODUCTION

In the framework of the Fast Breeder Project carried out in cooperation

with the Gesellschaft für Kernforschung, Karlsruhe, Germany, and the

Centre d'Etude de 1'Energie Nucleaire, Mol, Belgium, Reactor Centrum

Nederland has initiated the perfomance of fuel pin irradiations with

special emphasis on the study of melt down phenomena. The purpose of

this programme is an investigation of the conditions under which fast

reactor fuel pins may fail, the consequences of a failure and the failu-

re mechanism.

Initially, the efforts were mainly concentrated on melt down, caused by

a nuclear excursion, while in a later stage, the emphasis shifted to

failure, generated by interruption of the cooling of the fuel pins.

The irradiations in this programme are in progress in the High Flux

Reactor at Petten using the so called poolside capsules for the long

term experiments and the swing-in facility for experiments of short

duration.

The present report describes the results of the post-irradiation examin-

ation of the first fast fuel pins, irradiated in the swing-in facility

in July and August 1968.

2. DESCRIPTION OF THE SWING IN FACILITY.

The swing-in facility consists of an aluminium liner, mounteü on a

frame in the poolside facility of the HFR. The liner has a central hole

in which the fuel capsule can be positioned, and a finned outer surface

to promote the cooling by natural circulation of the pool water.

The frame with the liner can be moved to and from the reactcr core.

This simple facility provides means for short term irradiation of small

fuel pins at different power levels and independent of the HFR cycle

duration. The different power levels can be obtained by varying the dis-

tance of the fuel pin to the reactor core. For this purpose, a hand

operated drive mechanism has been installed. The number of turnings can

be used as a measure of the distance from the fuel pin to the core box

wall. The instrumentation of the facility has been limited to a number
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of thermocouples in the aluminium liner for power determinations.

Additional thermocouples may be positioned adjacent to the fuel pin,

provided the pin is surrounded by a sodium filled annular space, and in

the centre of the oxiie fuel.

Instrumentation for leak detection is not available. For this reason the

facility can only be used for experiments of short duration.

3. DESCRIPTION OF EXPERIMENTS R54-A0TAND R54-A02.

A schematic drawing of the experiment is given in figure 1.

In previous experiments with the swing-in facility, 15 mm diameter fuel

pins were directly inserted in the central hole in the aluminium liner

with a shrink fit.

In the present case, it was required to surround the fuel pin with sodium,

to simulate conditions in a sodium cooled fast reactor. Therefore the

fuel pin was inserted in a stainless steel capsule, that in its turn

was pressed in the aluminium liner. The stainless steel capsule was

filled with sodium and sealed off before welding the top on the aluminium

liner. The top cap of the capsule had been provided with penetrations

for the thermocouples, to measure the sodium temperature. Between the

fuel pin and the capsule a stainless steel shroud was placed to promote

the natural circulation of the sodium, to give extra protection to the

capsule wall in case of fuel pin failure and to attach the thermocouples.

The numbers of the thermocouples are given in figure 1.

An X-ray photograph of the total assembly, before irradiation, is pre-

sented in figure 2.

The fuel pins were filled, according to figure 3, with UO pellets with

the following characteristics:

enrichment

diameter

density

total length of 50% enriched pellets

50%

6.00 mm.

10.00 g/cm3, 91% T.D,

87.0 mm.
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The 50% enriched pellet column was enclosed between two pellets of

8% enrichment, two pellets of natural UO and two Al?0_ isolator pellets.

The total stack length was 99.0 mm.

The axial gap between the top plug and the stack was 2.! TTÜT>,

Microphotographs of the unirradiated 50% enriched U0„ fuel are presented

in figure 4.

4. IRRADIATION HISTORY.

R54-A02 was irradiated on July 2 n d 1968, and R54-A01 on August 23rd!968,

in poolside facility position 7 and with a control rod position of 67.4

cm' for-AOl and 63.3 cm for-A02. The total irradiation time for -A02 was

1 hour and 45 minutes. The swing-in facility was moved stepwise towards

the reactor core, according to the diagram in figure 5a. The diagram

represents the AT between thermocouples 4 and 5 as a function of time.

A similar diagram for the irradiation experiment R54-A01 is given in

figure 5b.

The values of AT. _ and
4-5

AT, .. as a function of distance between the fuel
o—/

pin and the core box wall are given in figure 6, together with the cal-

culated power generation. Figure 7 represents the absolute values of

the temperatures, measured in the sodium and in the liner for experiment

R54-A02. The minimum distance between the fuel pin centre line and the

core box wall has been 30 mm, corresponding to 253 turnings of the drive

mechanism.

5. DETERMINATION OF MAXIMUM LINEAR POWER DENSITY.

5.1. MICROFLUX |l| calculations indicate that a linear power density

of 1000 W/cm per 10 nv (2200 m/sec) neutronflux can be expec-

ted. The maximum 2200 m/sec flux in position 7 of the poolside
14

facility is 1.1 x 10 nv. This results in a calculated maximum

linear power density of 1100 W/cm.

5.2. The linear power density can also be determined from the AT mea-

surements in the Al liner.
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Q = (l)

where Q

AT

Vr2

AI

= linear power density, W/cm.

= T - T , °C.
rl r2

= distance between center line and thermo-

couples, resp. 1.1 and 1.7 cm.

= thermal conductivity of Al, 1.7 W/cm C.

The following maximum linear power densities can be deduced:

R54-A01: ,, n
(maximum) = 46 C - Q = 1130 W/cm.

- Q = 1080 W/cm.

• Q = 1130 W/cm.

For further calculation of temperature and porosity distribution an

average value of 1100 W/cm has been chosen (section 7).

R54-A02: AT. c (maximum) = 44 C
o

AT_ , (maximum) = 46 C
5-0

6. METALLOGRAPHIC EXAMINATION.

Because of the similarity in metallographic appearance of experiment

R54-A01 and -A02, the examination has been concentrated on A02. The

observations on R54-A01 confirmed those on R54-A02.

Fuel pin A02 has been dissected as indicated in figure 3. Macrophoto-

graphs and autoradiographs of the various cross-sections are presented

in figure 8 to 13.

6.1. Autoradiography.

The autoradiographs were made by contacting the specimen surface with

single coated Kodak type R rontgenfilm during a few seconds. In the auto-

radiographs, white corresponds to a high exposure of the film material

as compared to black. Cracks in the specimen surfaces appear as white lines.

This can be explained by the fact that at the crack positions, the film

is exposed to a larger area of the specimen from which beta radiation

reaches the film surface. Also the outer fuel region, that is still in the

the as-sintered condition, appears white. This suggests, that also there

the film is exposed to a relatively large area of the specimen surface.

This may be due to the porosity of the as-sintered material.

- 11 -

On the other hand, in the columnar grain region of high density U0 ,

the autoradiographs have a very low exposure. It seems that the

autoradiographs primarily reflect the density distributior. of the fuel,

masking the effect of variation in radioactivity due to fission product

migration and flux depression. In this stage , no conclusions can be drawn

based on the autoradiographs alone, but support of gamma scanning ex-

periments will be necessary.

6.2. Optical Microscopy.

In all photographs in figures 8 to 13 a demarcation can be observed

between an annular region of columnar grains and a central region,

surrounding a central cavity.

It is evident that the material at the circumference of this central re-

gion has been at the same temperature and that the,circumference itself

represents an isotherm.

In agreement with the relatively flat axial flux distribution along the

fuel pin, the diameter of the central region is approximately equal in

all cross sections.

The central cavity in the cross-sections, however, decreases in diameter

from top to bottom. To further illustrate this point,'figure 14 gives a

cross-section through R54-A01 at a position closer to the top of the fuel

column than section IB of R54-A02 (figure 8), showing a still larger dia-

meter of the central cavity. It is concluded, that this cavity represents

a shrinkage pipe, and results from the volume decrease of UO» upon soli-

dification. The central region has been molten during irradiation, while

the slow cooling of the fuel at withdrawal from the reactor core has

caused a directional solidification, promoting the formation of a shrinkage

pipe.

Outside the annular region of columnar grains, the original as-sintered

structure can be found.

Detailed investigation of the central region shows for both experiments

the presence of a second phase enclosed in the U0_, that itself has a
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dendritic appearance (figure 15 and 16).

The origin of the second phase must be attributed to a reaction between

the A1„O isolator pellet on top of the fuel column and the U0_, result-

ing in the formation of a eutectic network. Examination of the material

just below the top plug revealed, that about one half of the Al-O«

pellet had been consumed. The reason for this reaction is still unknown.

It may be caused by the occurrence of excessive heat generation at the end

of the fuel column due to flux peaking. The presence of such a flux

peak may not have been completely avoided by the decreasing fuel enrich-

ment towards the end of the fuel column.

Leaving the exact reason for the UO - Al 0 interaction undissolved,

its effect on the metallographic appearance of the fuel material in the

various cross sections can be explained as is done in the following sec-

tions.

6.3. Simulation Experiment on the UQO - A1..,QO Interaction.1 — Z Z—J

To simulate the reaction between UO and Al 0 , a laboratory experiment

was performed by heating solid U0„ in contact with solid Al 0. to a
n

temperature of 1945 C.

In agreement with the U02 - A12O phase diagram (figure 18) it was found

that a new phase, the U02 - AUO- eutectic, had formed.

The main observation, however, was that the eutectic formation is very

rapid and that it completely penetrates the bulk U0? along the grain

boundaries within only a few minutes. It is thereby explained, that the

short irradiation of the fuel pin R54-A02 at maximum power was sufficient

to cause a complete penetration of the eutectic down the fuel pin.

The formation of the eutectic takes place at a temperature of 1915°C

and higher. It may thus be concluded, that the presence of some eutectic

near the outer boundary of the columnar grain region (figure 17) indicates

a temperature of 1915°C at that location.

Additional results of some micros

system are given in the Appendix.
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Additional results of some microscan observations in the U0~ -

6.4. The Behaviour of the U0o - Alo0o Eutectic in a Temperature Gradient.
— — , . — _ _ — ^ — Z Zr~j

•P +-V«o r>r>1 uTrm •j'V
±. t_ 1.4. w *— o — w»»*.-<— —

n rom
— ̂  o ~As the temperature near the outer edge

is 1915 C and at the inside close to the melting point of UO of

2800 C, it follows that across the columnar grains a temperature gradient

of about 1300 C per mm has been operating.

The presence of this temperature gradient causes the eutectic, after its

formation, to be driven out of this region by a mechanism that one may

visualize as follows.

Assume a small quantity of the eutectic in the liquid state, enclosed

by and in equilibrium with solid U0„ at the eutectic temperature of

1915°C

According to the phase diagram, the eutectic will contain 75 mole per

cent Al_0 , indicated by point E in figure 18, while, the surrounding

U00 will be pure, because of absence of solid solubility of Al?0 in U09.

If one now generates a temperature gradient across the eutectic and its

surrounding by increasing the temperature on one side to 1915 C + AT,

the composition of the liquid on the hottest side should change to remain

in equilibrium with the surrounding UC?.

One may consider two extreme cases:

there is no mixing in the liquid phase-, i.e. across the liquid in

the direction of the temperature gradient a concentration gradient

will build up, ranging from composition E to A;

- there is complete mixing, i.e. the liquid will obtain a concentration

say B, that is the volumetric average between E and A.

The reality will probably, be somewhere in between these extremes, resul-

ting in a concentration gradient from, say C to D, that is smaller than the

gradient corresponding to complete equilibrium. The result is that at

the "cold" side of the liquid at 1915°C, the liquid is too rich in U02-

Consequently, U02 will be deposited on the surrounding U02« At the hot side

of the liquid at 1915 C + AT, the liquid is depleted in UO as compared

to equilibrium conditions, causing U0_ from the surrounding to dissolve

in the liquid. There will thus take place a net transport of U0„ through

the liquid phase down the temperature gradient, resulting in movement of the

liquid phase itself in the opposite direction. The liquid will gradually
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decrease in A12O concentration and increase in volume, because the absolute

amount of A1_O in the liquid remains constant. Travelling up the

temperature gradient, the liquid will finally reach the point were the surroun-

ding UO is in the molten state and merge with the liquid U0„. The

transporting liquid will carry A1«O to the molten central area. The molten

UO,- in the center will therefore contain a certain amount of A1_O_,

causing a reduction in the melting point. If one neglects the small amount

of eutectic, present near the outer edge of the columnar grain region,

one may estimate roughly the concentration of A1~O~ in the central

region from the amount of the Al^CL isolator pellet that has been consumed,

and the volume of the central region. It so appears that the A19O

concentration in the central region is 3.5 to 4 mol per cent. This corres-

ponds, according to figure 18, to a reduction in melting point of about

20 to 40°C.

This reduction is not very significant, in view of the uncertainty in the

results of melting point determinations.

Because it is not possible to obtain a temperature gradient in the order

of 1300 C per mm in a laboratory experiment, this transport phenomenon

could not be simulated in an out-of-pile experiment.

7. CALCULATION OF TEMPERATURE AND POROSITY DISTRIBUTION.

The formation of columnar grains is generally explained by the migration

of lenticular pores in the temperature gradient towards the high tem-

perature region. An expression has been deduced |2| for the pore migra-

tion rate as function of the temperature and the temperature gradient

in the fuel. The following expression is found:

v = 5 x 10~16 (0.988 + 6.395 x 10~6T + 3.543 x 10~V + 3 x 10~ 1 2T 3) x

in which p AHT 5 / 2 il cm/sec
dr

v

P

AH

T
dT
dr

rate of migration of lenticular pores, cm/sec;

U02 vapour pressure, dynes/cm
2;

heat of evaporation of U02, ergs/mole;

temperature in K;

radial temperature gradient, deg/cm.

With this relation one can calculate the pore migration rate as a

function of fuel radius., once the temperature distribution in the

fuel is known. One may now impose the resulting velocity distribu-

tion on the originally homogeneous pore concentration of 9% and cal-

culate a new pore distribution, that occurs after a certain time

interval. The shift in porosity causes the heat generation and the

thermal conductivity, both dependent on fuel density, to become a

function of radial position.' Therefore, the new pore distribution

results in a different temperature distribution. This again may be used

to calculate a new velocity distribution, with which the pores migrate

during the next time interval, etc. etc.

A computer programme, POREMOVSKI |2|, has been made to perform this step-

wise calculation. The following provisions were made in the programme

to accomodate the fact that the central part of the fuel was in the mol-

ten state during irradiation:

the density of the UO« in the molten state is constant at a value

of 8.74 g/cm3 |3|;

in the molten fuel, the temperature is constant at a value of 3073K,

the melting point of U09;

- pores that reach the boundary of the molten zone disappear from the

cross section under consideration and are replaced by molten fuel

that subsequently solidifies.

The POREMOVSKI-programme has been applied with the fpllowing input data:

linear power density 1100 W/cm

- UO surface temperature 1323 K (1050°C)

time-step 3 sec.

- number of time-steps 80

The total time, of four minutes, covered by the calculation, corresponds

with the irradiation time of R54-A02 at the maximum power.

The results of the calculation are given in figures 19 and 20. It appears

that there is good agreement between the calculated and observed boun-

dary of the molten area. Already in 3 seconds a considerable shift in

porosity has taken place. After a period of 4 minutes the porosity de-

creases sharply, in the direction of the centre of the fuel. Evidently
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the porosity in the molten area is equal to zero. The area of decreasing

porosity corresponds with the observed area of columnar grains, although

the microphotographs suggest that the porosity drops more abruptly than

as follows from the calculation. This may be due to the fact that the

UO -Al-0 eutectic, that has originally been present also in the columnar

grain zone, down to 1915 C, may have enhanced the columnar grain growth

in an early stage. A similar effect of A1~O addition on the grain

growth has been found by Flipot et al. |4|. This effect is not accoun-

ted for in the POREMOVSKI-programme.

8. CONCLUSIONS

The observations described above indicate that the swing-in facility,

adapted for fast reactor conditions as far as Na environment is concern-

ed, is a useful tool for short irradiations at a high power level.

A number of subsequent irradiations has been performed in the mean time.

The accidental interaction between U0o and A1~O„ has not affected the
2 2 j

integrity of the fuel pins. In the subsequent irradiations, the arran-

gement of pellets with decreasing enrichment at the ends of the fuel

stack was modified to avoid excessive flux peaking. No U02 - A1_O

interaction has further been observed.

The microstrueture in the fuel could be explained by the formation of a

U09~Al90 eutectic upon cooling. Due to the steep temperature gradient

the eutectic migrated from the region of solid U0? between 1915 C,

the eutectic temperature, and.2800 C, the melting point of U0_.

Application of the POREMOVSKI programme leads to good agreement between

observed and calculated melting radius of the fuel.
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Fig. 2. X-ray photograph of the

irradiation device for

experiment R54-A02.



Fig. 4. Microphotögraphs of the unirradiated UO« fuel.
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Fig. 8. Macrophotograph and autoradiograph of cross-section IB

of fuel pin R54-A02.



Fig. 9. Macrophotograph and autoradiograph of cross-section 2A

of fuel pin R54-A02.
Fig. 10. Macrophotograph and autoradiograph of cross-section 3B

of fuel pin R54-A02.



Fig. 11. Macrophotograph and autoradiograph of cross-section 4A

of fuel pin R54-A02.

Fig. 12. Macrophotograph and autoradiograph of cross-section 5B

of fuel pin R54-A02.



Fig. 14. Macrophotograph of a cross-section through fuel pin

R54-A01, taken 4 mm from the top- of the 50% enriched

fuel column.



Fig. 15. Dendritic structure of

solidified region of cross-

section IB of R54-A02 (200x)

(7f

Fig. 17. Al^O -U0 eutectic near the outer region of the columnar

grains.
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FIG. 19. TEMPERATURE DISTRIBUTION IN R54-A02
AFTER 2 MINUTES OF IRRADIATION.
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APPENDIX

In support of the interpretation of the metallographic observations a

microscan investigation was performed on some UC^-Al,^ samples of eu-

tectic and nearly eutectic composition.

The following mixtures were prepared and induction heated above the

eutectic temperature of 1915 C:

1. 35 mole % U02 + 65 mole %

2. 25 mole % U02 + 75 mole %

3. 15 mole % U02 + 85 mole %

The samples were prepared for metallography and analysed with a microscan

on the distribution of U and Al. The results are collected in figure A-l

It appears that the UO -Al-0 eutectic consists of U0 needles in an

A19O matrix. In some areas the needles have a parallel orientation.

These areas are surrounded by zones with a coarser dispersion of the

in the A12CL matrix.

The identification of the two components in the eutectic was only

possible at larger magnification. For comparison see figure 16 at 750x

magnification.



Figure A-l. Results of microEcan studies in the U0_ - A1„O system (75Ox)


