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Abstract

In 1992, an electron-microscopic investigation of structural features occurring at the surface of
LWR fuel after extended burn-up, the so-called rim-effect, was launched. Radiation damage in the
oxygen sublattice of uranium dioxide and its recovery during annealing was studied, and new as-
pects of fission gas behaviour in UO9 were discovered. A phase transition occurring in UOg near
2650K was studied in detail by sub-second pulse heating of small urania spheres in a high-
pressure autoclave and the different mechanisms contributing to the heat capacity of solid and lig-
uid urania were analysed.

Irradiations of mixed nitrides and of technetium metal (in view of its transmutation to a stable
ruthenium isotope by neutron capture) to be carried out in the Petten high-flux reactor were pre-
pared.

Studies of the mechanisms governing the transport of big aerosol particles in ventilation exhaust
systems with high turbulent flow were continued.

The present situation and the technical possibilities of partitioning and transmutation were re-
viewed. New PIE results for uranium-neptunium oxide fuel irradiated in a fast flux (in the frame
of the Superfact programme) became available.

"Hot” testing with real HAW demonstrated that the TRPO process is a prospective and competi-
tive tool for actinide revovery and partitioning from high-active waste.

In an effort to characterise and test nuclear waste forms, a series of long-term oxidation tests with
high burn-up nuclear fuels in air at 180 - 200°C was started. Electrochemical measurements
were carried with non-irradiated fuel samples in order to identify key reaction steps in various
aqueous solutions of technical relevance. Tests with UQg powder aiming at the identification of
different leaching mechanisms in an autoclave were started. And a new non-destructive assay
technique was employed to characterise individual fuel rods in terms of burn-up and radiotoxicity
potential. The presence of granite has been seen to reduce the leach rate of certain waste glass
constituents (actinides and fission products) except molybdenum.

Modelling activities of underground water contamination in a spent fuel repository were extended
to the calculations of release probabilities of various fission products from different zones of the
fuel rod which was assumed to be in contact with steam or water.

Basic investigations on actinides concerned the magnetic properties of certain actinide com-
pounds. The Néel temperature of UOg was calculated. The effect of pressure on the optical re-
sponse of Th3P4 and U3P4 and on the electrical resistance of USe was measured.

Under "Exploratory Research”an attempt was made to optimize acoustic cavities for aerosol
scavenging, and the optimum conditions for acoustic aerosol scavenging at low frequencies were
determined.

Major efforts in support of Commission Services concerned the preparations for the installation
and the operation of on-site laboratories for safeguards analyses at La Hague and Sellafield.

Contract work in 1992 dealt principally with the conditioning, conversion, post-irradiation analy-
sis and certain aspects of the reprocessing of nuclear fuels, as well as with studies for the transmu-
tation of long-lived radioactive nuclides and the preparation of alpha-emitters for radio-
therapeutical applications.
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Foreword
to the Annual Progress Report 1992
of the European Institute for Transuranium Elements
by J. van Geel, Director

The role of one of the transuranium elements of great technological importance,
plutonium, has changed dramatically during the past few years: From a fissile
material of high esteem foreseen to gradually replace the limited natural
resources in 235U it has turned into an element of major public concern of which
hundreds of tons have become available from reprocessing spent fuel and from the
dismantling of nuclear warheads. The low market price of uranium and the delay
in the introduction of fast reactors caused the value of plutonium to decrease
drastically.

Today we are faced with the necessity

- to find means and ways for the safe and economic use of plutonium, either as
MOX fuel in light water reactors or in dedicated plutonium burners

and

- to reduce, if ever possible, the rate of production of plutonium and other
actinides in power reactors.

Present and future work at the Institute for Transuranium Elements aims at
contributing to an analysis and, if possible, to a solution of the above items.

Partitioning and transmutation of long-lived nuclides is a possible way of coping
with the problem of long-term safety of nuclear waste. Here, again, the Institute
has been involved in pioneering work and performed scoping experiments for a
number of years. The present report contains an in-depth analysis of the present
status and the perspectives of research in this field.

The results of basic actinide research, moreover, dealing with “unusual”
elements, may help to better understand behaviour and properties of "usual”
materials. We have learned, for example, that some actinide compounds exhibit
unusual magnetic properties with extremely high coercive forces. Nobody would
think of using permanent magnets containing highly radioactive transuranium
elements in everyday life, but a better knowledge of how magnetism works in
actinides might help to improve conventional magnet technology. Analogously, if
we study the particular kind of superconductivity which some actinide
compounds exhibit, we might come closer to a better understanding of the facets
of this technologically highly interesting phenomenon.

Research on transuranium elements is thus highly relevant, and it will remain
so, independent of the outcome of the ongoing nuclear debate.

Karlsruhe, May 1993
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Executive Summary

In Basic Safety Research on Nuclear Fuels, studies of the fracture and evapo-
ration behaviour of UOg, simulating different degrees of burn-up, were continued.
A non-destructive technique to selectively detect defects in the oxygen sublattice
made it possible to study damage ingrowth, damage recovery upon thermal an-
nealing, and oxygen uptake during leaching of SIMfuel.

The lambda-transition, a phase change occurring in UO2 at about 2650K, was ex-
perimentally investigated with laser heated specimens and employing a fast six-
colour pyrometer developed at the Institute.

The phenomena leading to structural changes at the surface of UO2 fuel pins at
high burn-up were studied by high resolution transmission electron microscopy.

The Institute participated in a modelling benchmark exercise to predict the source
terms for the first two PHEBUS PF experiments, using the code package
FUTURE-MITRA and CHEMIF.

Continued international interest in the fuel performance code TRANSURANUS
lead to cooperations with an increasing number of organisations and licensing
authorities.

The Study of Safety Aspects of Fuel Operation and Handling dealt a) with a
continued investigation of the operational limits of advanced fuels and b) with the
transport and dispersion of radioactive aerosol particles in nuclear facilities.

a) The irradiations NILOC 3 and NILOC 4, carried out in the Petten High Flux
Reactor, were completed. They had been designed to study possible contact
phenomena between (U,Pu)O2 and UN pellets under irradiation and to
investigate the behaviour of mixed nitride fuel at standard temperatures and at
elevated off-normal temperatures. The fuel rods will be shipped back to Karlsruhe
and undergo a thorough post-irradiation examination.

In the POMPEI experiment, mixed nitride and technetium pellets will be
irradiated in HFR to high burn-up in a relative short time. The irradiation device
was loaded and transported to Petten. For the fast flux experiment NIMPHE, a
new capsule with fresh fuel pins (NIMPHE 1 bis) was prepared for irradiation in
the PHENIX reactor.

b) An investigation of mechanisms governing the transport of large aerosol
ﬁarticles in ducts and chimneys (Project TRABI) was extended to highly turbulent
ow conditions. The work is in progress.

Actinide Determination and Recycling activities were mainly concerned with
an evaluation of the technical possibilities to transmute long-lived nuclear waste
constituents (minor actinides) into shorter-lived fission products. The results of an
earlier irradiation test (KNK Ila) were evaluated, and minor-actinide containing
oxide fuel pins which had been irradiated in the PHENIX reactor were analysed.

A batch experiment with real HAW and a "cold" test with novel centrifugal
extractors have demonstrated that TRPO (trialkyl phosphine oxide) is a
promising and competitive extractant for the recovery and partitioning of
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actinides from highly active waste. A test applying centrifugal extractors to real
HAW is under preparation.

Progress was made in the Characterisation of Waste Forms and of High
Burn-Up Fuel. In the context of efforts to model the consequences of water intru-
sion into an underground fuel deposit (Project COCAIN), existing ITU models
(FUTURE, MITRA, CHEMIF) were adapted and used to characterise the initial
state of an LWR fuel which had been subject to several irradiation cycles up to a
burn-up of 50 GWd/t. In order to obtain further input data for COCAIN, the oxida-
tion of UO2 in air and under moist nitrogen was observed by gravimetry, and the
reaction products were characterised ceramographically and via X-ray diffrac-
tion. From oxidation tests with high burn-up LWR fuel at elevated temperatures
it was concluded that U409 formed at grain boundaries, preferentially in regions
with large intergranular porosity, in contrast to unirradiated fuel were U307 or
U308 may be formed upon oxidation, the limiting oxidation phase in irradiated
urania seems to be U409+ x withx = 0.6.

The uptake of oxygen dissolved in aqueous solutions by - unirradiated - UO9 has
been studied with an electrochemical technique which allows key reaction steps
to be identified. The application of this technique to irradiated specimens is under
preparation.

New autoclave leach tests on UOg powders - immersed in water or under vapour -
were performed at temperatures up to 200° in order to identify mechanisms re-
sponsible for leaching. The work is in progress. Comparative measurements re-
vealed that MOX leaches out slightly faster than pure UO9 under otherwise iden-
tical conditions, and that the presence of granite reduces the leach rate (less for
fission products, somewhat more for 99Tc and actinides).

A method was developed to determine non-destructively the oxygen gradient at
the surface of UOg and its variation during leaching.

In hot cell annealing tests for fission gas release studies, the effects of atmo-
sphere, temperature history, and of the grain size were investigated in detail.

Equipment developped for the non-destructive assay of individual spent fuel pins
was applied to pins with different initial enrichment and different final burn-up
in order to determine , in association with the KORIGEN code, the build-up of
higher nuclides in LWR fuel during irradiation - The neutron collar of the system
has been equipped with an additional miniature semiconductor detector for
simultaneous gamma spectrometry. - The possibility of performing gamma
emission tomography on spent fuel in our hot cells is being examined.
Tomography would yield information on the distribution of fission product
activity across the fuel pin radius.

In Actinide Research the accent was on the preparation and on structural and
physical studies of actinide compounds with heavy fermion properties and with a
particular magnetic behaviour. ThMnjo-type compounds were studied as poten-
tial permanent magnets. A previously unknown group of compounds, AngM2X (X
= In, Sn), was synthesized and studied by magnetic methods and by Mossbauer
spectroscopy. The study of AnMX (X = Al, Ga) compounds, of NpBejs, and of
quasicrystalline materials was continued.

The Néel temperature of UOg was calculated. Neutron and X-ray scattering
methods were used to study hybridisation in URuAl and phase transitions in B1-
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type compounds. The adsorption of gases on plutonium was investigated by pho-
toelectron spectroscopy. Mossbauer spectroscopy was applied to study the elec-
tronic behaviour in NpPdgAlj and, at ambient and elevated pressures, in Nplns.

The optical response of Th3P4 and U3P4 to an applied pressure was measured, as
well as the change in electrical resistance of USe with pressure. A novel pressure-
induced phase transition in plutonium was found. General diagrams of the phase
relations of f metals under pressure have been updated. For the first time, the ef-
fect of pressure on the structure of single crystalline actinide compounds was
measured.

Experimental investigations on the attenuation of sound waves by aerosols and
theoretical studies concerning the optimisation of acoustic cavities for aerosol
conditioning were carried out during the reporting period under the heading
Exploratory Research. In addition, the effect of low frequency sound on aerosol
particles interaction was further investigated.

Possibilities of industrial applications of acoustic aerosol scavenging by sound
waves were further explored in support of efforts of the Directorate General
XIII (Telecommunication, Information Industry and Innovation) to transfer JRC
research results to industry. Studies to increase the efficiency of industrial
electrostatic filters by an acoustic pre-treatment were extended to flow velocities
up to 1.7 m/sec in the acoustic module, corresponding to overall flow rates in our
test rig of up to 1500 m3/sec, thus bringing the experimental scenario closer to
technological requirements for an industrial environment. A formal application
for support of this work by the "Forschungsstiftung der Vereinigung der
GroBkraftwerkbetreiber" has been filed. A decision is expected in 1993.

Support to the Directorate General XVII (Energy) on safeguarding fissile
materials concentrated on the preparation of work in on-site analytical
laboratories in Sellafield and La Hague. In this context, a portable compact K-
edge absorption spectrometer was constructed and an expert system for the
evaluation of safeguards measurement results was developed.

With the cooperation of workers from LANL, DCS Luxembourg, IRMM Geel and
with the participation of observers from Canberra Electronics and from JRC
Ispra, an apparatus was installed and tested to measure the total Pu content of a
sample by a combination of neutron coincidence and gamma spectrometry,
whereby the neutron coincidence counters would measure the 240Pu equivalent
and the gamma spectrum would give information on the Pu isotopic vector. The
system is to be used for on-site safeguards analysis.

Inductively-coupled mass spectrometry (ICP-MS) was applied to fission product
analysis and a technique for the direct determination of fuel burn-up, based on
148Nd determination without interference from 148Sm, was proposed.

In the last quarter of 1992, an experiment was carried out at the La Hague UP2
plant in order to measure a reprocessing tank volume with a tracer technique:
Natural neodymium was used as a tracer, with spikes of 150Nd for isotope dilution
mass spectrometry to be performed at the Institute. The results are presently
being analysed.

In 1992, new contracts with Third Parties worth 441.6 kECU have been
concluded. This brought the total volume of contract work under execution at the
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Institute for Transuranium Elements on December 31, 1992 up to 17.107 MECU.
Additional contracts totalling 662.9 kECU were under negociation by the end of
1992.

The main subjects of ongoing contract research are the conditioning, conversion,
post-irradiation analysis and reprocessing of nuclear fuels, the nuclear trans-
mutation of long-lived nuclides, and the preparation of alpha emitters for radio-
therapeutical applications.

As in the past, contract work was pursued with highest priority, and all deadlines
were kept.

Work performed at the Institute for Transuranium Elements resulted in 114
publications in books and journals or in the form of reports (published or
submitted in 1992) and 83 contributions of Institute staff to conferences and
seminars held in the reporting period. Five patents were applied for or granted.

Close collaborative contacts were maintained in 1992 with 80 scientific and
industrial institutions in 20 countries in Europe and abroad.
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MAIN ACHIEVEMENTS AND MILESTONES






1 Specific Programmes

1.1 Basic Safety Research on Nuclear Fuels

Introduction

The aim of improving the safety of nuclear fuels
was pursued by providing high precision basic
experimental data supported by a broad
modelling activity using different computer
codes. Emphasis was placed on modelling and
unterstanding the physical and chemical
processes and mechanisms important for the
behavior of LWR oxide fuels up to very long
operation periods, i.e. up to high burnups
reaching ~ 60 000 MWd/t. As previously, the
successful working philosophy consisted in
performing well-planned laboratory experi-
ments to measure basic data in parallel with
detailed post-irradiation analyses on LWR fuel
irradiated under steady state, transient or
accident conditions up to the above high burnup
level. The different computer codes developed
previously at ITU were further improved and
the new basic data are constantly being added to
their data banks to enable improved predictions
of fuel behaviour over a wide range of conditions
up to the case of accidents. As in previous years,
important results were obtained, evaluated and
published within the reporting period:

- The laboratory work of the previous
reporting period, largely performed as so-
called "single effect studies” and using UO
with different simulated burnups (so-calle(i
SIMFUEL) was continued. The thermal
conductivity of UO, was shown to decrease
already at a low simulated burnup of 1.5
at%. Further work was done on the fracture
and evaporation behaviour of SIMFUEL.
The radiation damage studies were
continued employing the new non-
destructive method to selectively detect
defects in the oxygen sublattice developed
last year. Both damage ingrowth, damage
recovery upon thermal anneals and oxygen
uptake during leaching of both U0, and
SIMFUEL were successfully measured.

- The first experimental data on a phase
transition (so-called A-transition) in UO, at ~
2650 K were obtained with laser-heated
specimens and employing the fast six-colour
pyrometer developed at the Institute.
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using

high
resolution transmission electron microscope
investigation on high burnup UO, fuel were

studies
extensive

experimental
accelerators and an

performed to better wunderstand the
phenomena leading to the RIM-effect in Uo,
fuel at high burnup.

- Cooperation with the international reactor

safety project PHEBUS PF was continued.
Beyond else, the institute participates in a
modelling benchmark exercise to predict the
source terms for the first two tests FPT-O
and FPT-1. To this end, the code package
FUTURE-MITRA and CHEMIF was used.

- There was continued international interest

in the fuel performance code TRANS-
URANUS with cooperation with an
increasing number of organisations and
licensing bodies.

Structural Investigations and
Basic Studies on Fuels

An electron microscope analysis of
the microstructural "RIM effect”
occurring in UQg fuel pellets
following irradiation to high burnup

Introduction

It has been known for some time that significant
micro-structural changes occur at the periphery
of UOs fuel pellets which have been irradiated
to high burn up [1,2]. There is a marked
decrease in the apparent grain size,
accompanied by an increase in porosity and
fission gas depletion in the fuel matrix. These
microstructural changes first occur wher the
average burn up exceeds about 40 GWd/tU and
are usually confined to the outer regions of the





















Thermal conductivity of simulated
high burnup UOg fuel (SIMFUEL)

The measurements of the thermal conductivity
A on UOg and 3 and 8 at% simulated burnup
UOg reported in last report TUAR 91, p. 26 were
extended to a further composition, i.e. to a 1.5 %
burnup SIMFUEL, in order to cover the total
range of interest in present LWR UO, fuels. The
thermal properties of UOy at high temperature
are among the most important parameters in
assessing fuel behaviour at high burnup.
Reduction in thermal conductivity occurs in the
fuel during irradiation because of fission-gas
bubbles, fission products (dissolved and
precipitated) and (possible) oxygen to uranium
ratio (O/U) increase.

SIMFUEL - SIMulated high-burnup UOs,,
FUEL - provides a non-radioactive analogue to
irradiated fuel. Extensive characterization [1]
demonstrated the equivalence of the micro-
structure and phase structure of SIMFUEL to
irradiated high-burnup fuel (not including
bubbles). All classes of fission products (except
the fission gases and volatiles) are represented
in SIMFUEL. The UO2 matrix contained fully
or partially dissolved oxides (e.g. Nd, La, Ce, Y,
Sr, Zr). Spherical metallic Mo-Ru-Pd-Rh
precipitates  were uniformly  dispersed
throughout the matrix and a fine perovskite
phase of the (Ba,Sr)2ZrO3-type precipitated at
the matrix grain boundaries.

Previous measurements of A have shown that
the thermal conductivity of stoichiometric
SIMFUEL at 3 and 8 % burnup is lower than
that of the ”"pure” UOg [2]. In the reporting
period, the thermal diffusivity a and specific
heat Cp of 1.5 % burnup SIMFUEL was
measured between room temperature and 1500
°C, and the data were combined to obtain the
thermal conductivity by using the equation

where p is the density. The thermal diffusivity
was measured by a laser-flash technique, and
the specific heat was measured between 25 and
600 °C using Differential Scanning Calorimetry
(DSC) and was calculated from enthalpy data for
higher temperatures [3]. These new data,
normalized to 95 % of the theoretical density
match well the previously reported data for
higher burnup. Thermal conductivities of uo,
and 1.5, 3 and 8 at% equivalent burnup

24

stoichiometric SIMFUEL are plotted in Fig. 1.11
for variots temperatures between 25 and 1500
°C. The effect of burnup is a significant

S
&
g
&
s
g
g
1
é
Temperature (°C)
Fig.1.11  Thermal conductivity of U0, and

SIMFUEL (15, 3 and 8 at% burnup)
normalized to 95 % of theoretical density (TD), as
a function of the temperature

degradation of the thermal conductivity of
SIMFUEL compared to that of "pure” Uo,. At
room temperature, the thermal conduct1v1t1es of
1.5, 3 and 8 at% burnup SIMFUEL are 89, 71
and 53 % that of pure UO,. At 1500 °C, the
differences are smaller: 98, 94 and 85% for 1.5, 3
and 8 at% SIMFUEL, compared to UO,. Most of
the difference in thermal conduct1v1ty of
SIMFUEL compared to fresh UO, is due to the
decrease in thermal diffusivity: spec1ﬁc heat has
only a small effect and it is in the opposite
direction (see TUAR 91).

The thermal resistivities (R = 1/3) of UO and
SIMFUEL are shown in Fig. 1.12. R varles

0.56 T T T T
- 8 at% SIMFUEL e
2 048 + s - . 1
N 3 a1% SIMFUEL - P
E 040 1.5 at% SIMFUEL - -
=
Y
% 0.32 <
o
E 0.24 4
9
ﬁ 0.16 4
0.08 L . L 4
0 300 600 900 1200 1500
Temperature (°C)
Fig.1.12 Thermal resistivity of UO, and

SIMFUEL showing a linear dependence wtth the
temperature
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linearly with temperature for each SIMFUEL
burnup:

R=A + BT

The new data confirm the linear dependence of
the parameters with the burnup reported in
TUAR 91:

R =1[0.053 + {0.016 £ 0.0015)b] +
[ - (0.005 £ 0.002)b]- 10~4T

where R is expressed in m - K/W and b is the
burnup in at%. Fig. 1.13 is a plot of the thermal
resistivity versus burnup for three selected
temperatures, showing linear variation.
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Fig.1.13 Thermal resistivity as a function of the
burnup

From the thermal conductivity, the central
temperature T_ of the fuel can be calculated for a
given linear rating y and a given surface
temperature T from the conductivity integral:

T
X=4n ITCAdT

38

As an example, for a linear power of 45 kW/m
and the 3 at % burnup SIMFUEL, the central
temperature is about 200 °C higher than for the
"pure” UO,. This increase in fuel operating
temperatures due to the changes in the intrinsic
thermal conductivity partially explains the
enhanced gas-release observed at high burnup.
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Radiation damage in the oxygen
sublattice of UO, and its recovery
during annealing

The application of ion scattering techniques to
determine the lattice location of oxygen in UO,
and of defects in the oxygen sublattice of UOQ,
has been described in the last report TUAR 91,
p. 31. Resonance scattering of high energy He-
ions on *0 was developed to an extent that the
signal due to oxygen was at least as large as that
due to the much heavier uranium ions. In
particular, the broad resonance between 7.3 and
7.7 MeV was shown to be very useful.

In the reporting period, this new non-
destructive method was applied to determine
gradients in oxygen content near the surface of
leached UQ, (see chapter 1.4) and to study build
up of radiation damage and its recovery upon
thermal annealing. To this end, UQO9 single
crystals of good quality were selected, polished
with diamond paste down to 0.25 pm and
subsequently annealed at 1500 °C in Ar/8%H for
30 min, to recover the polishing damage. The
samples were mounted on a 2-axis goniometer
and analyzed using a ‘He-ion beam at an
incident energy of 7.57 MeV. The scattered ‘He
ions were detected by using a conventional
silicon surface barrier detector located at 160°.
The energy resolution of the experimental
system was about 20 keV. The beam current
varied between 10 and 30 nA. Two kinds of ions
were implanted at 293 K: Xe (M = 132) and Kr
(M = 84) representing typical elements of the
two groups of heavy and light fission products.
The implantation energies of Kr and Xe ions
were chosen in such a way that their ranges



were approximately equal. These amounted to
Rp = 54 nm for 200 keV Kr and to Ry = 50 nm
for 300 keV Xe. The implanted samples were
isochronally annealed in Ar/8%H at different
temperatures for 15 min.

Random and aligned spectra for a <100> UO,
single crystal are shown in Fig. 1.14. In order to
analyze the oxygen sublattice, the O-portion of
the spectra has to be separated from the
measured spectrum. This was done by
subtracting the U-background under the O-
spectrum along the dotted line as shown in Fig.
1.14. The minimum yields just behind the
surface peaksare x’_ = 0.02and y° = 0.12.

aligned<100>

00~

200 L0 600 800 1000
channel number

Fig.1.14 Random and aligned backscattering
spectra for a virgin <100> UQg single crystal

Fig. 1.15 shows angular scans across the
<100> axis in the tilt plane located 15° from
the (100) plane. As expected the O dip is much
narrower than the U dip. However, at large
angles it follows the U dip until the random
level for the U-sublattice is reached. This is
apparently due to the much higher steering
force of U rows as compared to O rows. He-ions
which are dechanneled with respect to the
weaker O rows still cannot break through the U
rows. In such a case the O atoms can be regarded
as "impurity” atoms located in the U channel.
The critical angles, if converted using the (1/E)**
Lindhard scaling, agree with previous data for
UQs and U4Og [1] measured for 1 and 2 MeV
He-backscattering or the *0 (d,p) *"O reaction.

normalized yield
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Fig.1.15 Angular scans across the <100> axis
for U- and O-sublattice. The depth interval used
is given as Ax in the figure

As a first step in studying damage ingrowth, the
dose dependence of damage formation was
measured. Fig. 1.16a shows the uranium
portions of channeling spectra obtained for
<110> UOQOy single crystals implanted with
different doses of 200 keV Kr-ions. All these
spectra were normalized to the random
spectrum. One notes the increase of both
damage peak (DP) and dechanneling yield with
increasing dose. Similar results were obtained
for the oxygen portions of the spectra. Fig. 1.16b
shows the corresponding oxygen spectra
obtained after subtraction of the uranium
background followed by subtraction of an
aligned spectrum of a virgin crystal and
normalization to the random spectrum of such a
crystal. Because of important defect clustering
in ionic crystals leading to the formation of
complicated defect structures, the area of the
damage peak is not always a good measure of
the amount of defects. The channeling minimum
yield x_ behind the damage peak is a more
suitable parameter for this purpose. The
variation of x_ with increasing implantation
dose for the U- and O-sublattices is shown in
Fig. 1.17.

The common feature of both curves is the steep
increase of ¥ at low doses. For doses exceeding
2-1015 at/em’ the slope rapidly levels off. The
damage saturation below the random level
confirms the fact that UQO9 cannot be
amorphized by ion bombardment [2, 3]
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Fig.1.16 Aligned spectra for <100> UQ, single
crystals implanted with different doses of 200
keV Kr ions: a) U portion b) O portion after
subtraction of U background

However, because of the great difference in the
steering force of U- and O-rows (cf. Fig. 1.15),
the O-channel can be much more easily
obstructed than the U one. Thus, a much higher
saturation value ¥° =~ 0.80 was observed as
compared to XV = 0.12. Note also, that excess
oxygen in uranium oxide is incorporated in such
a way that the excess oxygen atoms largely
block the <100> channel (see the extensive
description of this fact in the channeling study
of U4Og in ref. [1]).
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Fig.1.17 Minimum dechanneling yield for U-
and O-sublattice as a function of the implanted
dose

First results were also obtained on the
annealing behavior of the defects in the oxygen
sublattice. These will be summarized in the next
report.
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Fission gas bubble behaviour in
uranium dioxide

A theoretical model developed to study the gas
bubble evolution in nuclear materials [1,2] has
been used to analyze experiments on uranium
dioxide irradiated to low burn-ups (0.1 and 0.4
at.%), in which fission gas bubble size distribu-
tions were measured following out-of-pile isoth-
ermal anneals [3,4]. Following irradiation, the
UOg was annealed for 1 or 6 h each at tempera-
tures between 1303 and 1973 K and then
thinned for transmission electron microscopy
observation of the bubble size distributions. The
model is based on the assumption, that the co-



alescence of the moving bubbles is the main
mechanism defining gas porosity development
under these conditions. It is assumed that the
gas bubbles are in equilibrium and their motion
is caused by random migration.

The calculations show that the observed bubble
size distributions may be reproduced on the ba-
sis of the bubble growth mechanisms considered.
The joint action of bubble surface and volume
diffusion mechanisms can explain both the gen-
eral nature of the experimental distributions
and their peculiarities, in particularly the bi-
modal bubble size distribution observed after
annealing at 1673 K.

In the calculations, the following material prop-
erties were used:

atomic volume = 41x10-30 m3; diffusion co-
efficients for gas, g, for uranium volume diffu-
sion, v, or surface diffusion, so:

Dg(Xe) = 5-10-5 exp(-3.9 e V/kT) m2/s [5] ;

Dy = 1.09-10-4 exp (-4.56 eV/kT) m2/s [6] ;
Dy, = 5.64-103 exp (-5.24 eV/kT) m2/s [7];

and surface energy y = 0.9 J/m2 (8].

Here T is the temperature and k has its usual
meaning. The Dy-values used have been shown
before [9] to be not representative for bulk ura-
nium diffusion in stoichiometric UOg, but rather
to represent values describing U-atom rearran-
gement in layers near surfaces of UQy. They
were chosen since such a process is possibly de-
scribing the conditions of volume diffusion
around bubbles. In fact, to obtain a good fit of
the experimental data, a Dy-value higher by a
factor of 3 than the one given above was used.
This is still within the range of reported values
[9] for the uncertainties in literature results).

Figs. 1.18 and 1.19 show predicted bubble size
distributions as a function of annealing time.
For the calculations for both experiments, the
same basic physical parameters were used, as
given above. The agreement between
calculations and experiments is seen to be good.
The simultaneous action of volume and surface
diffusion was assumed for the data of Fig. 1.18.
In contrast, the data of Gulden (4] can be fitted
without involving a contribution by surface
diffusion (Fig. 1.19). A volume diffusion
coefficient alone (with the above input
parameters) can explain both the shape and the
location of the observed bubble size distribution.
The suppression of surface diffusion in these
experiments may be due to the inclusions and
impurities on the bubble surface, as suggested
previously. One should note that the burn-up of
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Fig.1.18 Calculated bubble size distribution in
UOy at 1673 K as a function of annealing time.
The black squares for t = 1 h show the
experimental bubble size distribution [3]. Each
bubble size distribution is normalized to the total
number of bubbles.
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Fig.1.19 As Fig. 1.18, calculated for 1773 K.
The black squares represent the bubble size
distribution reported by Gulden [4].

these specimens was 4 times as high as that of
the study of ref. [3].

Based on the comparison between model
predictions and experimental data on bubble
size distributions in lightly irradiated UOq
annealed following irradiation, the following
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for application in a Laser Flash furnace in a
shielded hot cell, where liquid nitrogen is not
available for cooling [4]. Minimum object
temperature and data quality depend crucially
on the choice and temperature of the detector, on
the efficiency of light collection, and on the lay-
out of the preamplifier. The optics must be
designed in such a way, that on the one hand as
much light as possible is guided from the object
onto the detector, whereas on the other hand the
image should be so well defined that the detector
itself limits the object field. For operation at 5
pum these goals are attainable with simple
meniscus lenses out of Ge or ZnSe, for 1.5 to 2
um with glass aspheric lenses or even standard
achromats. The detectors tested comprise
photoconductive PbSe elements and photo-
voltaic MCT diodes (for 5 um), as well as
photovoltaic Ge or InGaAs diodes (for 1.5 to 2
pm) and Si photodiodes (<1.05 um). Amplifier
noise depends crucially on the parallel imped-
ance of the detector. The amplifier must be
designed in accordance with the type of detector
used. Measurement at 5 pm appears to be
justified only below 200°C, and requires high
aperture optics and/or additional noise
reduction through averaging if detector cooling
is limited to thermo-electrically attainable -
30°C. The best performance in the temperature
range 200° through 500°C is obtained with
InGaAs detectors. Cooling InGaAs to -30°C only
results in a modest improvement in the range
200° through 350°C.
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Modelling of whole-core LMFBR
accidents using the
TRANSURANUS code

Introduction

The European Accident Code-2 (EAC-2) [1] is a
best-estimate code for the analysis to be
performed of the initiation phase of unprotected
whole-core accidents in liquid metal fast breeder
reactors (LMFBR). Its development, done at
JRC Ispra, was terminated at the end of 1991. In
1992 the EAC-2 code was released to interested
parties in Europe. Since there was also interest
in specific EAC-2 models for use in other codes,
these models were also investigated in great
detail. One of these models, the fuel rod
behaviour code TRANSURANUS [2,3],
constitutes a major improvement of the EAC
code compared with other whole-core codes. It
offers several distinct advantages:

1. TRANSURANUS allows a consistent
steady-state and transient analysis to be
performed. Many details of the fuel rod
performance, such as the formation of the
central void, the evolution of structural
zones, swelling of fuel and cladding, grain
growth, gas release, gap size, composition of
the gas inside the fuel rod etc., are taken
into account. In contrast to other more
simplified whole-core accident codes we
believe that these details are mandatory for
any transient analysis. because they
determine to a large extent the sequence
and the final consequences of any accident.

2. The radial discretisation of fuel and
cladding can be chosen to any degree
desired. In view of the large temperature
differences in the cladding (which may be
possible) a detailed cladding analysis is
essential for any failure analysis, which is of
relevance in predicting failure time and
location. We consider the minimum
requirement of cladding nodes to be in the
range of 20. This discretisation does not
cause any problems to the TRANSURANUS
code. It has to be stressed that the computer
costs depend more or less only linearly on
the number of nodes used.

3. Although a detailed fuel rod analysis is
performed, the TRANSURANUS code is fast

and reliable.
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4. It can be employed in different versions (as a
deterministic and as a statisdcal code).

The TRANSURANUS code was used [4] to
analyse several experiments from the CABRI-1
program [5] which was initiated in 1973 by the
Commissariat 4 |'Energie Atomique (CEA),
France and the Kernforschungszentrum
Karlsruhe (KfK), Federal Republic of Germany
in cooperation with the Power Reactor and
Nuclear Fuel Development Corporation (PNC)
of Japan, the United Kingdom Atomic Energy
Authority (UKAEA), and the U.S. Nuclear
Regulatory Commission (NRC). The experi-
mental programme was carried out at the
CABRI facility at Caderache, France, between
1978 and 1986. The objective of the programme
was to investigate the key phenomena in the
initiation phase of severe accidents in LMFBRs.
Single test pins located in a sodium loop were
submitted to simulated unprotected loss of flow
(ULOF or LOF), transient overpower (TOP), and
transient undercooled overpower (TUCOP or
LOF-TOP) conditions.

The following tests were selected for analysis:

TOP test with fresh fuel: AIR, A3

TOP test with slightly irradiated fuel (< 1 a/o
burn-up): AI1, AI2 and AI3

LOF-TOP test with slightly irradiated fuel (< 1
a/o burn-up): BI1, BI2, BI3, BI4, BI5 and BI6

TRANSURANUS-URFRIC

The axial expansion of the fuel is an important
negative reactivity feedback mechanism
determining the severity of the accident. It is
affected by the complicated interaction between
fuel and cladding. Axial friction forces are
created if the fuel is in contact with the cladding
and if the axial strain component of the fuel
exceeds that of the cladding. No axial forces are
created if the fuel is in contact with the cladding
and if the axial strain component of the cladding
exceeds that of the fuel. In that case, the fuel
which sticks to the cladding will be expanded
and axial gaps between pellets will be formed.

Axial friction forces can only be calculated
iteratively from the axial deformations of the
whole fuel and cladding which means that the
calculation of all fuel rod sections has to be
embedded in an axial iteration loop which
increases the computational costs. In order to
avoid this axial iteration loop sometime so-
called "simple local slip or noslip models” are
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applied which substitute a calculation of the
local friction forces at the experse of physically
meaningful results.

The problem of calculating the friction forces
arises from the very different modes of
interaction between fuel and cladding. If the gap
remains closed in a time step, it is necessary to
determine whether the fuel and the cladding are
so tightly wedged together that they move
together (axially) during that time step (the
static friction or the sticking condition), or
whether the radial contact pressure is small
enough to allow for a relative axial
displacement (the sliding friction or slip
condition). Sections without radial contact may
be "trapped” by sections above them having
radial contact. Additionally, no tensile forces
exist in the fuel due to the pellet structure.

It is evident that the simple slip or noslip models
suffer from severe limitations: the simple slip
model underestimates the loading on the
cladding, whereas the noslip model can account
neither for a trapped fuel stack situation nor for
a correct treatment if the fuel sticks to the
cladding and the cladding expansion exceeds
that of the fuel.

In order to avoid these limitations a theory was
developed which allows the calculation of
friction forces taking all different modes of
interaction between fuel and cladding into
consideration. The model to calculate the axial
friction forces 1is the TURFRIC model
(TRANSURANUS friction model, [6]). It has
been incorporated in the TRANSURANUS code
but it can in principle also be used in any other
fuel rod performance code.

Fig. 1.21 shows as an example (CABRI
experiment AlI3) the difference between the
simple local slip, the simple local noslip and the
detailed URFRIC model. Clearly, the URFRIC
model gives the best agreement with
experimental evidence.

TRANSURANUS statistical version

In view of the many uncertainties involved in
complicated transients such as the CABRI
experiments statistical analyses are
indispensible: TRANSURANUS uses a simple
Monte Carlo technique. The following
quantities are treated as statistical variables,
i.e. are varied in each Monte Carlo run:
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Fig.1.21 Axial expansion at top of fissile column
during the TOP (CABRI experiment AI3);
Comparison between the three different
TRANSURANUS options and experimental
evidence.

Geometry of the fuel rod (fuel and cladding)
Specific models, e.g. the gap conductance

All material properties in fuel, cladding
(thermal conductivity, thermal strain etc.)
and coolant

All prescribed quantities (linear rating,
mass flow rate, boundary conditions etc.)

The statistical analyses performed in the
context of this work serve as examples to
demonstrate the potential of the TRANS-
URANUS code. To our knowledge, this is the
first time that statistical analyses have been
performed for LMFBR accidents.

Fig. 1.22 demonstrates the relevance of
statistical analyses. Although the analysis was
performed to demonstrate the TRANSURANUS
capabilities, the agreement with experimental
evidence is excellent.

Conclusions
The goal of this investigation was to summarize

the status of the TRANSURANUS code at the
end of the EAC-2 project by comparing code
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Fig.1.22 Axial expansion of the top of fissile
column during the TOP (CABRI experiment
AI3); Comparison between deterministic and
statistical TRANSURANUS results and
experimental evidence.

results with selected experiments from the
CABRI project. Emphasis was put on the
important axial expansion of the fuel. It has to
be stressed that the CABRI data evaluation and
interpretation which was terminated and
documented in 1989 was not completely
available. Consequently, all results presented
have to be considered as somewhat premature
and need further clarification. All analyses were
performed using identical code versions as well
as consistent data and model options. The
steady-state base irradiation and the transients
were also analysed consistently. The following
conclusions can be drawn:

1. The axial deformation of the fuel during the
different transients (TOP, LOF, LOF-TOP)
is in fair agreement with experimental
evidence.

2. Despite a very detailed radial and axial
discretisation used, the TRANSURANUS
code runs fast and reliably: numerical
problems did not occur.

3. To our knowledge for the first time statisti-
cal analyses of such complicated transients
as those of CABRI were performed. These
analyses serve as a demonstration of the ca-
pabilities of the TRANSURAXNUS code. De-
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spite the lack of complete data they demon-
strate already the relevance of such statisti-
cal analyses. We believe that a statistical
treatment of transients will be indispensible
in the future. They also prove the numerical
robustness of TRANSURANUS.

4. The detailed TRANSURANUS URFRIC
model to treat the complicated interaction
between fuel and cladding and to calculate
the axial friction forces cannot be
substituted by simplistic models such as the
so-called "local noslip model”. The URFRIC
model predicts that during the LOF phase
axial gaps are created and that pellets fall
down when the radial gap between fuel and
cladding reopens before the TOP
(experiments BI1, BI3, B4, BI5 and BI6).

5. A detailed radial and axial discretisation is
necessary to describe those complicated
transients. This is especially true for the
radial discretisation of the cladding where
the minimum number of cladding nodes
required are considered to be in the range of
20. The slower the transients, the more
importance must be devoted to the cladding
details.
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Study of High-Temperature
Properties

Introduction

Work on the project in the reporting period was
carried out along three action lines. The first
regards the high temperature properties of
nuclear materials, the second the fission product
source term in irradiated nuclear fuels under

accidental conditions, and the third the
development of advanced thermometric
techniques.

The following contributions pertain to the first
two actions whilst the achievements of the third
one, pursued in collaboration with industry,
have been reported elsewhere [1].
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Lambda transition in uranium
dioxide

Introduction

New results are presented here, obtained from
experiments employing subsecond pulse heating
of small spheres of urania in a high pressure
autoclave, using a Nd-YAG laser.

The essential new feature is the discovery of a
weak inflexion point or plateau in the cooling
curve of nominally stoichiometric samples,
initially heated to just below the melting point,
near 2650 K. Thermal analysis of the cooling
curve yields the heat capacity, which displays a
sharp peak centred at the plateau temperature,
the existence of which was first inferred by
Bredig in 1969 [1]. However, the experimental
evidence of this phenomenon was not
universally accepted, as it was based on the
numerical differentiation of the enthalpy curve
H=H(T) in a temperature interval where the
experimental errors are relatively large [2].
Most interestingly, it is found that the
occurrence of the heat capacity peak is
sensitively dependent on the REDOX properties
of the buffer gas in the autoclave.
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Fig.1.26 Cooling curves of samples heated in
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displayed by a sample repeatedly heated in a
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Fig.1.27 Cooling curves of samples heated in
inert and oxydizing atmosphere, respectively; in
the latter case, the transition plateau disappears.

The experiment was then repeated in an
oxydizing atmosphere (IG+0.1 bar 0O,), leading
to even more dramatic results: the transition did
in fact completely disappear, at least in the
observed range (2300-3000 K). The results of the
various experiments are collected in Tab. 1.1.
The measured cooling curves have been
analyzed with the above method to obtain the
extra-contribution to C_  of the pre-melting
transition. Fig. 1.28 shows that the heat
capacity peak in nominally stoichiometric
urania is localized around a temperature very
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Tab.1.1 Summary of the experimental results
obtained for different pressures and compositions
of the autoclave gas. Tirqns is the temperature at
which the plateau occurs in the cooling curve of
the identified samples, previously laser-heated to
a temperature Tpgy (< Thetd).

Sample - shot - gas Tirans K)
1A - 45 -75 bar He 2615
1A -46 - 75 bar He 2678
1A -47 - 75 bar He 2617
1A -48 - 75 bar He 2727
1A - 49 - 75 bar He 2721
2A - 60 - 25 bar He 2648
2A -62 -25bar He 2629
2A - 64 - 25 bar He 2614
2A - 65 - Oy+He*

3A -70 - 2 bar Ar+3%H, 2850
3A - 71 - 2 bar Ar+3%H, 2852
4A -73 - 75 bar He 2866
4A -74 - 75 bar He 2880
4A -75-75bar He 2880
4A -77 - 75 bar He 2835
5A - 82 - 4 bar Ar+3%H,* 2940
SA - 83 - 4 bar Ar+3%H,*

5A - 84 - 4 bar Ar+3%H,*

5A -85 - 4 bar Ar+3%H,*

6A - 94 - 50 bar He 2648
6A - 95 - 50 bar He 2668
6A - 97 - 50 bar He 2734
7A - 100 - 4 bar Ar+3%H) 2755
7A - 101 - 4 bar Ar+3%H)

7A - 102 - 4 bar Ar+3%H, 2847
7A - 103 - 4 bar Ar+3%H, 2838
7A - 104 - 4 bar Ar+3%H, 2918
7A - 105 - 4 bar Ar+3%H, 2950
8B - 114 - 40 bar He 2830
8B - 116 - 40 bar He 2840
* moiten

close to that deduced by Bredig, however, the
pealk is in our case narrower and the value of Cp
at the transition temperature does diverge, as
the cooling rate at the transition temperature is
effectively zero (This cannot be proved in the
case of a regular plateau because the precision of
the temperature measurement does not allow
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Fig.1.28  Excess heat capacity of UO, as a
function of temperature due to the pre-melting
transition, as deduced from the cooling curve.
The curve with crosses corresponds to a ordinate
scale reduction of a factor ten.

us to calculate temperature differences below a
certain limit, but it is certainly the case when
undercooling occurs, since a zero of dT/dt can be
analogically inferred).
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A model for order-disorder
transitions in the UO2 anion
sublattice

Introduction

Our new results concerning the existence of a
CD(T) peak at high temperature and its
dependence on the UO, composition have been
investigated, starting from a set of hypotheses
and interpretations pertaining to similar
transitions which oceur in a class of compounds
that crystallize in the fluorite lattice, and show
superionic transitions, whose character is
determined by a sharp (but continuous) increase
of the point defect concentration across a critical
temperature Tc. These phenomena, -customarily
called "lambda"-transitions, from the shape of
the corresponding Cp(T) peak- are associated
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with  second-order thermodynamic phase
transitions involving Frenkel disorder (in our
case oxygen defects); their occurrence entails
the divergence of the heat capacity at T, whilst
both enthalpy and defect concentration do not
exhibit discontinuities across the transition (as
is the case of first-order transitions).

From a theoretical point of view second order
transitions occur when the first, second and, for
symmetry reasons, third derivative of the defect
free energy AG, with respect to the defect
concentration n, are =zero at a distinct
temperature T , and defect concentration, n. It
i1s clear that once TC is given, the model of a
system undergoing a second-order transition
should contain at least two free parameters
which, together with n_, should equate to zero
the three derivatives of AG. Actually, since AG
is normally expressed by a transcendental
function, the existence of real solutions of the
corresponding differential equations is not
ensured, so that only particular systems can
display second-order transitions.

We therefore constructed our model by starting
from a set of physical hypotheses, which were
finally translated into a mathematical
formalism suitable for a reasonable fitting of the
experimental observations:

a) The first one concerns the configurational
entropy S, of the Frenkel defects in UO,. At
temperatures above 2500 K, complex
clustering between oxygen vacancies and
interstitials is likely to be much less
pronounced than that observed at lower
temperatures. However, the simplest (12 2)
cluster produced by the displacement of two
lattice oxygens adjacent to an interstitial
towards the center of the neighbouring
octahedral voids is probably stable even at
high temperatures. In order to account for
simple cluster formation due to repulsive
interactions between lattice atoms and
defects, we assumed that these entail a
certain non-occupancy of defect sites
neighbouring an already occupied site. This
site blocking can be formulated in term of an
effective cluster size, the defects themselves
being randomly distributed, but over a
reduced number of sites. In other words, the
available sites for interstitials and
vacancies in the f.c.c lattice are multiplied
by suitable "blocking factors" calculated
from the crystallographic properties of the
cluster features. Finally, the configurational
entropy can be expressed as a function of the



b)

c)

point defect concentration n, in which the
blocking effect requires, mathematically, an
upper variation limit for n. The assumed
clustering model indicates that for
interstitials this limit is 0.25, consistent
with the phase boundary between UO, and
U,0,. Generally, it can be seen that the
blocking model and the corresponding
configurational entropy can be incorporated,
without the introduction of any additional
parameters, both for UO,  _and UO, .

The non-configurational term of defect
entropy S_, is primarily due to the variation
of the vibrational spectrum in the region
surrounding the defect. A calculation of this
term from atomic models is out of question.
Even experimentally, if one deduces S_ from
the AGo, data, the uncertainty involved in
separatmg the configurational from the non-
configurational part of entropy is very high:
one obtains S =(10£2)R. In our case we
have assumed an expression for S _with an
explicit dependence on the defect
concentration: Snc=So(1+Bn), with B>0,
consistent with the positive frequency
perturbations induced in the vicinity of an
interstitial (One expects that the frequency
perturbations due to vacancies are of

opposite sign, but weaker than those
produced by interstitials, whose sign
eventually predominates in the total

balance (see e.g. [1])).

The formation enthalpy of defects W, is a
key parameter for the model. It can be seen
that with a constant partial formation
enthalpy the system is inherently unable to
display a second- order phase transition. The
simplest model enabling such a transition to
occur is that characterized by a linear
variation of W with n, of type: W = W -Ln.
This expression provide the simplest
description of a class of systems where the
creation of defects is assisted by attractive
potentials, so that by increasing the
equilibrium concentration of defects, the
energy necessary to create further defects
decreases. This leads to cooperative effects
which, for particular combinations of the
parameters involved (i.e. entropy and
temperature), may produce in the system
phase transitions or conditions similar to
thermodynamic critical states.

The parameter W, which represents the
defect creation enthalpy at vanishing defect
concentrations, can be obtained from
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experimental data, yielding W =3.6 eV [2].
The defect interaction parameter L is a
priori unknown, and in the model has to be
formally treated as a variable to fit the
observed features of the transition.

The case of stoichiometric UO2

The basis hypothesis is the realization of a 2nd-
phase transition in stoichiometric urania at a
temperature Tc= 2670 K, which requires that at
this temperature the first three derivatives of
the free energy are zero and the fourth
derivative is positive (Figs. 1.29a,b,c). In
consequence, the three corresponding transcen-
dental equations yield the defect concentration
n, at the critical temperature, and the
parameters L and S . The following values are
obtained:

L=145eV,S =13.63R

With these values of the parameters the
concentration of defects, n(T), at arbitrary T,
exhibits a vertical inflection point at T=T,
entailing a divergent lambda-like heat capacity
peak, which closely approximates the observed
C -peak. At temperatures above T the defect
concentration increases only very sl1ght1y with
temperature (Figs. 1.30 and 1.31).

Predictions of the model away from
stoichiometry

This is most simply achieved by utilizing the
extension of the above treatment of the 2nd-
order transition, with the obtained parameters
to the case where an extrinsic defect

"concentration x is present, i.e. in the presence of

a different expression of the configurational
entropy. The qualitative predictions of the
model for non-stoichiometric UO, can be
summarized as follows:

- For the substoichiometric oxide UO,  the
calculated defect concentration as a function
of temperature displays a discontinuity at a
temperature T, >T, indicating the
occurrence of a 1st-order phase transition a
T, (x) (Fig. 1.30). For x tending to zero, T (%)
tends to T =2670 K, and at x=0 the 2nd-
order transition is to be regarded as the
vestigial remnant of a lst-order transition,
which characterizes the anion order-
disorder transition in UO, .
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Fig.1.29a Calculated free energy as a function of
defect concentration and its first, second and
third derivatives, at 1% below the transition
temperature. The minimum individuates an
equilibrium defect concentration of circa 5%.

Fig.129b  Idem as above, at the transition
temperature. At this temperature all the
derivatives up to the 3th order are zero.

Fig.1.29¢ Idem as above, 1% above the
transition temperature. The equilibrium defect
concentration is about 21%. A particularly "soft”
blocking function was adopted in this calculation
experiment to better emphasize the jump of n{eq)
across the transition.
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Fig.1.30 Calculated heat capacity peaks and

defect concentration as functions of temperature
at various super-stoichiometric deviations. The
peaks inUO, for are due to diffuse transitions.

2600 2650

2700

2750 2800 2850
TEMPERATURE, K

2900 2950 3000

Fig.1.31 Idem as in Fig. 1.30, for sub-
stoichiometric deviations. The peaks in UO, _are
due to 1st-order transitions.

- The trend of the curve T,=T,(x) is mainly
defined by the assumed model for the
configurational entropy, however, it can be
seen that by varying the n-dependence of the
non-configurational entropy (parameter B),
the calculated transition temperatures in
UOg 4 can be fitted to the experimental
values. The complete exploitation of the
physically allowed variability of model
parameters is thus necessary and sufficient
to explain the experiment.

- For  superstoichiometric = UQO,,  the
calculated defect concentration n(T) is a
continuously increasing sigmoidal curve
and the heat capacity exhibits a finite peak



at a temperature Tp<Tc that is to say, in
UO,,, the Frenkel defect formation takes
places as a regular thermally activated
process with variable activation energy (Fig.
1.31) and with no critical point. In this
context, it can be seen that the model is in
qualitative agreement with the
experimental results reported in the
preceding section, where the variation of the
transition temperature with stoichiometry
and the clear appearence of a 1st-order
transition in the substoichiometric samples
are the most important observed features.

Implications for the Urania Phase
Diagram

The experimental observation of the lambda-
transitions in UO,, , together with the
theoretical interpretation presented above,
suggest some necessary refinements of the
existing phase diagram of the material,
although, given the uncertainty concerning the
stoichiometry of the various samples used in our
experiments, it is difficult to make definitive
quantitative recommendations. However, it is
clear that:

i) The (x-T) phase field of UO is partitioned
by a line of 1st-order phase transitions
which starts at T=2670 at x>0, subse-
quently rising towards the solidus with
increasing x (Fig. 1.32).

i) The hypothetical 2nd-order T,=T/(x) line
represents, in the assumed lattice defect
model, a sort of discriminant: all order-
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Fig.1.32 Phase diagram of UO, . including the
calculated 2nd-order transition line and the
predicted 1st-order phase transition line.
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disorder transitions possibly occurring at
temperatures above this line are of "diffuse
type"”, i.e. do not exhibit singularities, whilst
transitions occurring below this line have a
1st-order character.

iii) Although no lambda-transition was detected
in the superstoichiometric samples used in
our experiments, it is physically significant
to note that the predicted (but not realized)
2nd-order transition line T (x) decreases
with increasing x and crosses the U O,
phase boundary at a point near 700 K (Fig.
1.33), where a diffuse order-disorder
transition is observed [3] in the oxygen
superlattice - suggesting that the 2nd-order
lambda-transition in UO, = (involving
disorder in the fluorite oxygen sublattlce) is
the counterpart of this interstitial
superlattice transition in U O,.

The experimental absence of any sharp C peak
under oxidizing conditions is consistent with the
calculated decrease in peak height (and increase
in width) in diffuse transitions. The line of
diffuse transitions predicted by the model for the
above mentioned parameter values is shown as
a dashed line in Fig. 1.33 the features of the

3000
T LIQuID

2500
Cv PEAKS AT T)Te:

T
DIFFUSE
2nd—Order \
I 2000- Transition / TRANSITIONS

TEMPERATURE, K

1500 UOZ“/ UOZ_H
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1000-{ 1st—ORDER
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\\
2.000 2. 040 2. 080 2. 120 2. 160 2.240
STOICHIOMETRY, 0/U
Fig.1.33 Idem as in Fig.1.32, for UO, . The

predicted diffuse transition is indicated thh the
dashed line.

corresponding peaks at selected compositions
being given in Tab. 1.2.

These considerations cast new light on the
superionic transitions and order-disorder
phenomena in the fluorite oxygen lattice and
superlattice of UQO,. The obtained results
indicate that, despite their apparent complicacy,
these effects can be described in terms of
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Tab.1.2 Calculated premelting transition
temperatures in UQg_, (assuming T (x=0) =
2670 K), together with details of the C, peak
associated with the diffuse transitions in UOg 4,

Transition | Stoichiom. Peak Peak Cy, | 50% Peak
type 1000 x Temp. (K) (R) width (K)

Diffuse -150 3006 57 100
1st order © -100 2880 : .

1st order -75 2824

1st order -50 2772

1st order -25 2720

2nd order 0 2670 . -
Diffuse 25 2746 180 30
Diffuse 50 2823 70 100
Diffuse 100 2963 20 350
Diffuse 150 3072 7 600
relatively simple hypotheses, and the

corresponding mean field model is effectively
able to provide a reasonable representation of
the thermodynamic and thermophysical
properties of the system.
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Elementary contributions to the
heat capacity of solid and liquid UO,

Introduction

In TUAR 91 an extensive contribution was
published on the ITU experimental programme
whose aim was the measurement of the heat
capacity Cp, of liquid urania up to 8000K.

The interpretation of the measured relationship
between Cp and temperature over this wide
range is related to the problem of breaking down
the overall phenomenon elementary energy into
exchange mechanisms and their relative
weights, the assessment of the various heat
capacity contributions being the fundamental
step for a self consistent representation of the
thermodynamic properties of the system.
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Solid

The constant pressure heat capacity of solid UO,
is analysed as follows:

C = Clm + ccleclmmc

pecfect + defect + CF SP
Cp Coy G -G
\
\
\
\
barm apharm Frenkel CF SP
+ + +
/Cp CP Cp Cp * Cp
4
harm
C,

4

R at the temperatures. of interest,

Cp(UO2) = 9R + C3™ + cF + c§F + 3P

where

i) CpF is the contribution arising from anion
Frenkel disorder, which is effective at
T>2000 K. This point has been discussed in
the preceding section.

ii) C,“F is the Crystal Field contribution due to
thermal excitations over the erystal field
levels of the localized electrons. For Uo,
there are experimental values for this
contribution [1].

iii) C,pSP is the Small Polaron contribution due to
the disproportionation :
2U** (50)% --> U (50° + U** (50"
where the associated excess electrons/holes
move by hopping as small polarons. In Uo,
this mechanism is active above 1200K and
its parameters (activation enthalpy and
entropy) can be deduced from d.c. electrical
conductivity data [2] in the two
temperature ranges where extrinsic and
intrinsic defect regimes respectively are
dominating the conductivity.

It is worthwhile noting that these three
contributions are due to thermally activated
processes and the pertaining partition functions
are formally analogous. For this reason their



contributions to Cp have often been fitted by a
single empirical function.
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Tab.1.3

Heat capacity contributions due to

crystal field in Uranid and Thoria.

iv) The harmonic vibration contribution, C,*, is 103 CF
suitably represented by Debye's model ?or a T-10 Tm Tm G (expt)
triatomic molecular lattice. In UOZ, at scaled unscaled
temperatures above 1000 K, this 1.0 5.1 6.9 6.0
contribution approaches the asymptotic 1.1 53 6.8 6.0
Neumann-Kopp value of 9R. 12 238 67 6.0

v) C*®, arising from anharmonic lattice 1.3 4.6 6.7 6.0
vfbrations, can be empirically evaluated
from a comparison with the heat capacity of
thoria. In fact, ThO, at T<1200 K does not The five contributions to heat capacity have
exhibit neither Frenkel disorder nor been evaluated as explained above, and are
electronic excitations, so that C isjust given listed in Tab. 1.4. A few remarks are here in
by the sum of the harmonic and anharmonic order:
lattice vibrations. Therefore, in the
temperature range where the harmonic 1. The inability to accomodate CpSP at
vibrations are saturated and the polarons temperatures above 1400 K would indicate
are not yet active, the heat capacities of that either the anharmonic contribution or
thoria and urania differ only by the crystal the small polaron peak obtained from the
field  contributions. By  evaluating data of Bates [2] are overestimated. There
experimentally the difference: are reasons to conclude that the least

certain entry is the former.
CpCF = CP(UOZ)-CP(ThOZ)

2. The peak due to Frenkel disorder and the
one obtains the figures reported in Tab. 1.3, associated transition is too broad if
which show that within an acceptable compared to the experimental data at
precision is temperatures between 1800 and 2200 K.

Above the lambda-transition, on the other
Cp“"(UOQ):Cp“”(ThOZ) (=C,(ThO,)-9R). hand, there is no such problem, the
Tab.1.4 Theoretical contributions to the heat capacity of solid UQs.
T (103 C h = C anh C CF sP F + exp

R - T X T 4

o U4t Flagella
1.0 74.8 2.5 6.0 83.3 - - 83 84 £2
1.2 748 438 6.0 85.6 0.2 - 0.2 86 86 +2
1.4 748 6.9 6.0 87.7 1.2 0.3 1.5 89 88 +2
1.6 74.8 89 6.0 89.7 3.7 14 5.1 95 90 +2
1.8 748 10.9 6.0 91.7 83 48 13.1 105 93+2
2.0 74.8 12.9 6.0 93.7 154 12.7 28.1 122 99 +3
22 74.8 14.8 6.0 95.6 238 293 53.1 149 109 13
24 74.8 16.8 6.0 97.6 330 64.8 97.8 195 119 +4
26 74 8 18.8 7.0 100.6 40.3 2238 264.0 365 PEAK
28 748 (20.8) 7.0 102.6 432 56.4 99.6 202 161 14
3.0 74.8 (22.8) 7.0 104.6 47.0 15.3 62.3 167 161 +4
3.12 748 (23.8) 7.0 106.6 46.0 8.0 540 160 161 14
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calculated sum of the contributions being in
agreement  with  the measurements
(numerical derivatives of the enthalpy data
of Hein and Flagella [7]). Independent of the
remark in 1), it seems indeed that the
Frenkel disorder peak calculated with the
model mentioned in the preceding section
has a too large tail compared to the
experiment. Calculations show that a better
agreement can only be obtained if a stronger
(non-linear) defect interaction model is
assumed. This study is still in progress.

Liquid

Each of the heat capacity contributions in the
solid have been treated in turn, with respect to
the likely changes entailed by melting.

i)

ii)

iii) Crystal

iv)

Harmonic contribution: an upper bound is
given by the complete activation of both
longitudinal and transversal activations of
the triatomic molecule lattice, i.e. 9R. The
lower bound (=3R, due to longitudinal
vibrations only) follows by suppressing the
transversal modes; but the behaviour of
most liquids shows that this can only be
expected far above the melting point.

Anharmonic  contribution: they are
uncertain in the liquid. We shall return to
this point which is currently being
considered [3].

Field contributions: neglecting
changes in the crystal field upon melting,
Osborn [4] has calculated that this
contribution decreases with temperature
and attains 1 J/mol K at 7000 K.

Small polaron contribution: this
contribution exhibits a maximum near the
melting point and than falls, but slower
than the experiment (Fig. 1.34). Two
remarks should be made, however: first,
although there is some evidence that UO,
remains semiconducting in the liquid state
[5], the activation enthalpy for polaron
formation is experimentally uncertain, and
it is very likely to decrease by melting: this
would imply a steeper fall of the heat
capacity contribution above T . Secondly,
this contribution has been calculated in the
absence of electron-hole interactions. As
already noted for the "lambda" transition,
such an interaction produces a narrowing of

Institute for Transuranium Elements - Annual Report 1992, EUR 15154 EN

43

Te Tm --- Small Polarons
[ -+ Crystal Field
200 l - - Anharmonic
< ' “\ — Frenkel
7§1so- j I '.I\1 — Harmonic
< L |\. — TOTAL
- I )
120 A
e /'l H
g Pl L
2 g0 l i : g
o ! 1
5] I
w 1 . ..
40 < ~
X ] - —l‘—— S~
e el B R,
0P SRS Sk SR WAALLLLEEEREE T
1000 2000 3000 4000 5000 6000
TEMPERATURE, K
Fig.1.34 Calculated contributions to heat

capacity in UOQ,. The bars represents the ITU
experimental measurements.

v)

the respective Cp-peak. Since the adopted
small polaron formation parameters predict
at T a U®" concentration of 17%, this
interaction cannot be neglected.
Considering that such an interaction term
would lead to a similar formulation as in the
case of the Frenkel disorder, an extreme
consequence could be a phase transition
from a Mott-insulating state to a metallic
state, at a temperature near the melting
point. Although there is at present no
experimental evidence for such a (1st-order)
transition, a "diffuse” transition in the sense
explained in the preceding section is
nonetheless possible, in which the heat
capacity peak CpSP is sharpened up simply as
a consequence of the saturation effects
connected with the finite number of U%“*
ions available to participate in the polaron
formation.

Frenkel disorder contribution: unlike the
small polarons, it is not clear whether the
concept of Frenkel disorder is meaningful in
the liquid state. In any case, the anion
sublattice is already as disordered as it
almost can be, even before melting occurs.
Thus, in the absence of any contrary
empirical indication, this contribution will
be neglected above T .

In conclusion, the trend of the theoretical
contributions of the heat capacity in liquid
UOQ, is in agreement with the experiment,
predicting a decrease of Cp above the
melting  point, whereby a  better
quantitative agreement could be obtained if



more realistic models were assumed.
Effectively, only harmonic and anharmonie
vibrations contribute to the heat capacity up
to temperatures as high as 4500 K, where
the calculated C is only 15 J/mol K larger
than the experimpental value.

vi) Finally, the upswing in the experimental Cp
at T>5000 has to be considered asdue to a
new additional mechanism. It exhibits an
activated T-dependence of the form:

Cp"“(T) = const/T? exp(-E/kT)

where E = 3eV, indicating the existence of
an energy gap of 6eV across which
excitation occurs at these temperatures.
Reference to the electronic energy scheme of
solid UO, deduced from optical experiments
[6] reveals that a gap of this magnitude
exists between the 2p valence band (oxygen
based) and the eg subband of the 6d band
complex (uranium based). This strongly
suggests that the increase in Cp above
5000K is electronic in origin. However, a
more detailed analysis of this contribution is
needed, paying more attention to te
observed onset of saturation near 7000 K to
a value of about 107 J/mol K.
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Shielded Knudsen cell for fission
product source-term analysis

The current reactor and fuel cycle safety studies
are centered on the problem of the release of
radiotoxicfission products from the fuel in a
variety of scenarios ranging from minor fuel rod
failures, through hypothetical severe accidents,
to spent fuel storage. The common aspect in the
analysis of these events is the migration and the
chemical reactions of the fission products in the
presence of given thermal and chemical agents,
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whereby the present trend of the risk analysis is
to construct a groundwork of mechanistic
models for the description of these processes, to
be applied to different scenarios. This analytical
program requires a substantial work of data
collection and validation as well as original
measurements on hitherto unknown multi-
component systems.

Laboratory experiments on the fission product
effusion rate from irradiated fuels are
considered as particularly instructive both for
checking existing models and for providing new
indications on the relevant chemical species
involved. In this perspective we have decided to
construct a facility for the measurement of the
Knudsen effusion of fission products from high
burn up fuels. The construction, started in 1989,
is now finished and the apparatus will be
operative in spring 1993.

The apparatus was designed to perform accurate
measurements of fission product effusion at
constant temperature and under Knudsen
conditions suitable for equilibrium vapour
pressure evaluation. The experiments are
performed either in vacuo or under 2 low
pressure reacting gas atomsphere.

1) Samples and Radiation Protection

The instruments are installed in a standard
alpha glove box, which is in turn protected by
removable 5 cm thick lead walls (Fig. 1.35a,b).
The transfer of the samples from the hot cells is
made with a La Calhéne transporter. The
samples are small carrots of irradiated fuels of a
few tens of milligrams, drilled out from a pellet
cross section with a microsampling device; they
are sealed in a tungsten cell with a conical
aperture, which is then transferred to the
laboratory and directly mounted in the furnace.
The mounting and alignment of the cell are done
manually through the gloves, whilst the
following measurements are fully automated
and are performed with closed lead walls.

ii) Measurements

The equipment consists of two water cooled
ultra high vacuum vessels which can house two
interchangeable furnaces.

The first vessel is of a cylindrical chamber, the
top of which communicates with a second
chamber through a slit that can be
micrometrically aligned with the source of a
quadrupole mounted horizontally in the top
chamber. The chambers are independently
evacuated by two Leybold turbomolecular
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VESSEL | VESSEL |
Bottom: 1 Turbo 340 I/s
Top: 1 Turbo 240 I/s
Rotary Pump: 60 m3/h
Vacuum Vacuum limit: 10-"torr I
em
System After 1 day degassing at RT :
10-%orr
With cell at 2500K:
10-8torr
Tmax =3000K Tmax = 1300K
Knudsen Cell in tungsten Knudsen Cell in nickel
£ Heating Resistence in tungsten | Heating Resistence in tantalum
urnace
Current Max.: 200 A Current Max.: 200 A
Voltage Max.: 20 A Voltage Max.: 20 A
7 Cylindrical Heat Reflectors 3 Cylindrical Heat Reflectors
Tmin=1000K
Temperature Multichannel Pyrometer Tmax =1300K
Measurement With Wavelengths Chromel Alumel Thermocouple
from 800 to 1800 nm
Inlet Gas or Steam Gas or Steam
Gas from 10-" to 10-" torr from 10-% to 102 torr
Balzers QMS 150
Mass
Mass Range: 1-500 idem
Spectrometer ) T
Detection Limit: 10-2 A
20-target cartridge
Target none
of 30mm diameter on revolver.
) , Two plastic scintillators
Radioactive i
respectively .
Gas o idem
. on the pre-vacuum pipeline
Detection
and in a LN-cooled Dewar.
Tab.1.5 Characteristics of the shielded Knudsen-cells.
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the spectral emissivity, like in all transparent
materials, is correlated to the other optical
properties and, in particular, to reflectivity, in a
more complex way then that predicted by
Kirchhoff's law. It is therefore difficult to con-
struct a coherent picture with all the available
experimental data, all the more because in the
broad temperature range up to the melting
point, the variation of the electronic properties
of thoria is unknown.

In our experiments the samples, of 99% purity
(approximately 1% Si) have been heated in 5 bar
oxygen to maintain stoichiometry up to above
the melting point, so that even after repeated
shots they did not display any change in colour.
Pulses have been applied with medium energy
input rates and relatively long laser pulse times,
in order to reach temperatures just above Tp,
and to obtain a clear and relatively long freezing
plateau. The measured melting temperature of
stoichiometric thoria was 3640 £ 20 K.

The emissivity at 960 nm is plotted in Fig. 1.38
as a function of temperature, compared with the
lower temperature measurements by Clark and
Moore [1] and those of the liqgi=d by Bober [2]. At
room temperature in the visible and near
infrared spectrum the emittance of thoria is of
the order of 0.1 and remains relatively low up to
moderately high temperatures, as one can see
from the curve in Fig. 1.38.

Between 500 and 1000 nm, our measurements
indicate a strong increase in emissivity with
temperature, from 0.25 at about 1200 K (Clark
& Moore) up to 0.95 at the melting point, values

+ o+ o+ 1
Eo.90
8 Bober
0.80 > ((extr. from IR)
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Fig.1.38 Spectral emissivity ay 960 nm of ThO,
as a function of temperature.
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to which the liquid measurements of Bober can
be matched perfectly. Unfortunately, due to the
available detectors of our multiwavelength
pyrometer, our measurements could be made
only above 2500 K, i.e. 900K higher than the
upper limit of the experiments of Clark; this
leaves a significant temperature interval
uncovered.

The marked increase of the spectral emissivity
with temperature in the measured energy range
of 1.5-2.4 eV (far above the the phonon
excitation energies) is unexplained in terms of
the (low temperature) electron energy states of
ThO,, on the basis of which the least energetic
transitions should occur from the 2p valence
band, through an energy gap of the order of 6e V.
These results show that at high temperatures
the optical properties of thoria wundergo
dramatic changes. Furthermore, at tempera-
tures above 2500 K there is no significant
difference in emissivity between the samples
strongly darkened after heating in a reducing
atmosphere, and those heated in oxygen, which
at room temperature display a white translucid
colour. In this respect, it is interesting to
compare the emittance temperature coefficient
with the heat capacity of thoria (see e.g. the
review by Fink [3]): Cp also displays a sharp
increase above 2500K, that can be attributed
either to point defect formation, or to activation
of electronic contributions (or to both ones). Up
to now, in the absence of electrical conductivity

measurements in ThO, at very high
temperatures, one could not support this
conjecture, now, the strong increase in

emissivity above 2500K seems to provide
evidence for substantial electronic excitations at
these temperatures.
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Modelling Work

Fuel performance code development
(TRANSURANUS)

Introduction

TRANSURANUS is a computer program for the
thermal and mechanical analysis of fuel rods in
nuclear reactors. The code consists of a clearly
defined mechanical-mathematical framework
into which physical models can easily be incor-
porated. Besides its flexibility for different fuel
rod designs the TRANSURANUS code can deal
with very different situations, as given for in-
stance in an experiment under normal, off-
normal and accident conditions. The time scale
of the problems to be treated may range from
milliseconds to years. The code has a compre-
hensive materials data bank for oxide, mixed ox-
ide, carbide and nitride fuels, Zircaloy and steel
claddings and different coolants. During its de-
velopment great effort was spent on obtaining
an extremely flexible tool which is easy to han-
dle, exhibiting very fast running times. The to-
tal development effort is approximately 40 man-
years. In recent years the interest to use this
code has grown and the code is in use in several
organisations, both in research and in private
industry.

TRANSURANUS statistical version

The relevance of statistical analyses was dis-
cussed in the previous report (TUAR 91, p. 53).
It was pointed out that the disadvantage of the
Monte Carlo technique used in the TRAN-
SURANUS code is the large computer time
needed. Therefore, an attempt was made to per-
form statistical analyses with less expenditure.
The method explored was the Numerical Noise
Analysis [1], which offers the advantage that
the computational costs are approximately iden-
tical with those for a deterministic analysis. The
fundamental idea underlying this new approach
is the following: analogous to standard noise
analysis of measured quantities, which can be
evaluated in many ways, the most important pa-
rameters of the fuel rod model are varied slight-
ly on a Monte-Carlo basis in each time interval.
These changes of model parameters result in
changes of the different resulting quantities
(such as for instance centreline temperatures)
which can be regarded as artificially produced
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"numerical noise". The known variation of
model parameters and the resulting variation »f
the model results allow an analysis of the sensi-
tivity of the model with respect to its parameters
to be performed. Two limitations become appar-
ent:

1.The changes of the parameters during a time
interval should influence the unperturbed nu-
merical solution only slightly, roughly within
the numerical accuracy. This requirement is
easy to meet since modern compilers have a pos-
sibility to automaticaly increase the accuracy. If
a certain accuracy is sufficient for the unpertur-
bed solution the perturbed computer model can
be calculated with greater accuracy in such a
way that perturbations will not influence the so-
lutions in their previous accuracy, but further
digits will be available for evaluation of the in-
fluence of parameters.

2.The numerical noise analysis can only be ap-
plied over several time steps (the evaluation in-
terval) under the condition that the number of
time steps is larger then the number of un-
known parameters.

The evaluation of the parameters that influence
the result is performed by the programme
NNOISE which is a special postprocessor of the
TRANSURANUS code. The Numerical Noise
Analysis was implemented in the TRANSURA-
NUS code and first test runs were performed.
Fig. 1.39 gives an example.

008

006 f

004

—— Analytica solution

3 —--—-- TRANSURANUS
1T +  Numerical noise analysis

(1C)

002

Probabiity Density

500 650 800 1100 1250

Inner Fuel Temperature (C)

Fig.1.39 Comparison between different proba-
bilistic techniques; in this analysis the linear rat-
ing and the thermal conductivity were treated as
continuous random variables which are normal-
ly distributed.
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High burn-up phenomena

Verification work at high burn-up started. Em-
phasis was given on the radial distribution of
the power density which is governed by the Pu
build-up in the outer rim of the fuel.

The standard TRANSURANUS model RADAR
of Palmer et al. [2] was found to be limited to low
burn-up. In addition, the recommended value for
the resonance escape probability for PWR condi-
tions , 0.6, is far too low and should be modified
to approximately 0.8.

Because of the limitations it was decided to de-
velop a new model which better describes the
burn-up equations taking the build-up of the dif-
ferent Pu isotopes into account. The new model
is called TUBRNP (TRANSURANUS burn-up
model) and is in its verification state. An exam-
pleisgivenin Fig. 1.40.

Compar son TRANSURAN S KORGEN
010

TRANSURANUS
X KORIGEN PWR
o KORIGEN BWR

0c8

006

004

g/ g of ntitial heavy atoms

002

0 21000 4000 6000

Bunup YWa t M

Fig.1.40 Pu build-up as a function of burn-up;
compared are results from the new TRAN-
SURANUS model TUBRNP with results from
the KORIGEN code.

Maintenance work

The TRANSURANUS code consists of approxi-
mately 200 subprograms which have their own
test programs. The total number of files to be
maintained is more than 2000. In 1992 many
subroutines have been carefully checked, re-
vised and documented. The TRANSURANUS
handbook is continuously updated.
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Training courses and user support

Also in 1992, the TRANSURANUS code was
transfered to other parties. Linked with this
transfer were trainings courses and an extended
user support. The subjects treated in the train-
ing courses were basically the same as described
in the last annual report (TUAR 91, p. 51).

TRANSURANUS code release

The revised version 1 (modification 1), 1992 was
released successfully to interested parties. The
installation on different computers did not cause
any problems.
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Atomistic simulation of Mo and Pd
in UO2

The presence of solid precipitates in high burn
up UOs is of significance not only for its effects
on the mechanical integrity of the fuel but also
for its impact on fuel chemistry. Included among
the precipitates are metallic phases consisting of
Mo, Te¢, Ru, Rh and Pd in variable proportions.
Of these five metals, only Mo plays a significant
part in oxide precipitates. This partitioning of
Mo between the metallic and the oxide inven-
tory is a result of the varying oxygen potential of
the fuel with burn up and the degree of non-
stoichiometry.

Given its high fission yield, it is clear that Mo
can have an important role to play in regulating
the fuel oxygen potential. This role will be di-
minished if significant quantities of Mo are ef-
fectively locked in phases which inhibit this
function. The solubility of Mo in UQs then takes
on an important aspect. The following summar-
ises an investigation, using computer similation
techniques, of the behaviour of the most noble of
the five metals, Pd and the least noble, Mo.



The interaction between two ions of charges q;
and qg is described by a potential of the form

Viz = q1qo/r + Aexp(-r/p) - C/ré

where r is the separation between the ions. This
potential consists of the sum of three parts mod-
elling the Coulomb interaction, the short range
electron repulsion and the van der Waals attrac-
tion, respectively. The caleulation of the param-
eters A, p and C is the crucial step in the simula-
tion procedure. The polarizability of the ions is
incorporated into the calculation via the shell
model formalism [1]. Here each ion is modelled
as a charged core and shell, harmonically coup-
led together.

Employing the pair potentials described above,
the perfect UOs lattice can be simulated and the
change in energy upon introducing an isolated
defect or defect cluster calculated. This is the ap-
proach adopted by the computer code CASCADE
(2].

Using CASCADE, the energy required to place a
fission product atom at a selection of possible
trap sites in the fuel (the solution energy) was
calculated. These trap sites range from simple
vacancy and interstitial sites to di- (one O and
one U), tri- (two O and one U) and tetra- (two O
and two U) vacancy clusters. The effects of
stoichiometry enter the calculation through the
energy required to form such traps. Where the
fission product is charged, an additional charge
transfer term derived from tabulated ionization
potentials is included. The exact nature of this
term is, again, dependent on the fuel stoichiome-
try.

In Tab. 1.6 the behaviour of the neutral metal
atoms is illustrated for the case of Pd. Although
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Tab. 1.6 Solution energy of neutral Pd atom
at various trap sites in urania. A positive energy
indicates that the atom is insoluble at that site.
All energiesareineV.

Trapsite |UOg2x| UO2 | UO24x
interstitial 11.00 | 11.00 11.00
O vacancy 7.97 | 11.37 14.77
U vacancy 1594 | 9.14 2.34
di-vacancy 10.67 | 7.27 3.87
tri-vacancy 7.62 | 7.62 7.62
tetra-vacancy |18.40 | 11.60 4.80

the lowest energy site varies (it is a di- or tri-
vacancy site in stoichiometric UOg for instance)
the solution energies are always positive indi-
cating a persistent insoluble character. The visi-
ble result of this insolubility is the presence of
the metal precipitates. The calculated situation
is also similar for neutral Mo.

In dealing with the charged ions of Mo, we have
assumed that the starting state is the neutral
metal atom. Calculations show that in UOg¢
and UOg charged Mo ions are still essentially in-
soluble. In the case of UOg 4, however (Tab. 1.7)
the solution of charged Mo at the uranium va-
cancy site becomes possible. By comparison with
Tab. 1.6, it is possible to conclude that the pre-
ferred site for Mon + may be a di-vacancy. Unfor-
tunately, this possibility could not be further in-
vestigated due to computational difficulties.

To summarise, the calculations indicate that
oxidised Mo may be soluble in urania, but only

Tab. 1.7 Solution energy of Mo ions in UQOg 4. At the uranium vacancy site several of the solution
energies are negative indicating that the oxidised ion is soluble. Energies ineV.

Trap site Mo Mol+ | Mo2+ | Mo3+ | Mo4+ | Moo+ Mo6+
interstitial 20.64 | 14.27 | 10.89 9.58 | 16.54 | 25.82 28.82
O vacancy 24.40 | 20.35 | 19.82 | 1999 | 27.52 | 36.82 39.47
U vacancy 3.42 | -3.09 -7.24 | -10.06 -3.67 6.14 10.23
tetra-vacancy 6.55 3.22 2.49 4.25 13.96 | 25.04 36.46
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in the hyper-stoichiometric (oxygen excess) case.
In connection with this, it is interesting to note
that in high burn up or transient tested fuels,
some metallic precipitates may exhibit deple-
tion of Mo at their interfaces with the fuel. This
may be evidence for a re-solution of Mo, from
such precipitates, back into the fuel, as burn up
progresses.
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1.2 Safety Aspects of Fuel Operation and

Handling

Introduction

The investigation of operational limits for ad-
vanced fuels was continued. The irradiation of
the NILOC 3 and 4 TRIO-capsules in the HFR
Petten, with an axial heterogeneous distribu-
tion of (U, Pu)Og and UN pellets and pins with
mixed nitride fuels at standard and off normal
fuel centre temperatures, were completed.

The high burn-up irradiation experiment POM-
PEI loaded with mixed nitride and technetium
was prepared and transported to Petten. Three
MN fuel pins, withdrawn from the NIMPHE 1
capsule, were replaced by fresh fuel pins and the
capsule NIMPHE 1 bis was prepared for further
irradiation in the PHENIX reactor.

The destructive examination of a 19 carbide-pin
bundle, irradiated to 7 &/, burn-up in the KNK
reactor, was executed by the Kernfor-
schungszentrum Karlsruhe (KfK).

The investigation of the transport of large
(>10 pm) aerosol particles in ducts and chim-
neys in the TRABI test installation was ex-
tended to highly turbulent conditions.

Optimisation of Dense Fuels

Introduction

During the reporting period the irradiation of
the experiments NILOC 3, with a fuel pin for the
heterogeneous fuel concept and two mixed ni-
tride fuel pins, as well as NILOC 4, an irradia-
tion of MN fuel pins at high - off normal fuel cen-
tre temperature, was accomplished. A short de-
scription of the first results is given below.

9 mixed nitride fuel discs and 3 technetium discs
for the high burn-up irradiation experiment
POMPEI were prepared, encapsulated and
transported to Petten.

In collaboration with the French Commissariat
a I'Energie Atomique (CEA) 6 new mixed ni-

Institute for Transuranium Elements - Annual Report 1992, EUR 15154 EN

tride fuel pins were assembled together with 8
irradiated fuel pins in the capsule NIMPHE 1
bis for further irradiation in the PHENIX reac-
tor.

5 carbide pins which had been irradiated in the
KNK II reactor in Karlsruhe were examinated
destructively in the KfK hot cells, and selected
fuel parts were transported to ITU for further
examination.

Irradiation experiments

BOL-irradiation experiments NILOC 3
and 4

The BOL (beginning of life) irradiation of NI-
LOC 3 was started on July 2nd and went on un-
til July 27th, it was continued on August 28th
and was completed on September 21st, 1992
with 18/, burn-up. The experiment with 3 fuel
pins with PHENIX pin geometry in a TRIO-
capsule performed correctly.

Since the postirradiation examination is not yet
finished, only some general remarks will be
made here.

The axial gamma scanning performed by ECN
Petten revealed a normal axial distribution of
fission products. In the heterogeneous fuel pin
no sign of centre fuel melting in the U-Pu-oxide
fuel stack was observed by thermal and epither-
mal .neutron radiography (performed by JRC
Petten) and no restructuring nor severe reaction
could be seen at the (U, Pu)Og - UN pellet inter-
faces.

Tab. 2.1 summarises the burn-up calculations
for NILOC 3 and 4, based on mean values for the
fissile power and the centre fuel temperatures
attained.

The irradiation of the NILOC 4 experiment to
investigate the operation limits of mixed nitride
fuels started on December 17th, 1992 and was
finished on January 12th, 1993 as planned at
0.53/, burn-up. No anomalies were observed
during irradiation. First results are given in
Tab. 2.1.



Tab.2.1 Burn-up calculations for NILOC 3 and 4
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Expt Niloc 3 Niloc 4

cycle 92.06 & 92.07 92.11
capsule 10 11 12 13 14 15
fuel pin 1 2 3 4 5 6
TRIOX leg 1 3 2 2 3 1
lin. fissile power (W/cm) 522 427 402 924 753 963
diam. (cm) (vol/mean) 0.545 0.545 0.542 0.714 0.716 0.716
area (cm?) 0.233 0.233 0.231 0.400 0.403 0.403
density (g/cc) 11.61 11.75 10.32 11.63 11.57 11.57
burn-up (MW/t/day) 193.0 155.9 168.6 198.6 161.5 203.4
days irrad. 50.15 50.15 50.15 22.48 22.48 22.48
burn-up (at.% HM) 1.08 0.87 0.94 0.50 0.40 0.51
centre fuel temp. (K) 1910 1740 2470

Both, NILOC 3 and 4, are expected to be trans- height = 1.5mm). Each disc is encapsulated

ported to ITU - Karlsruhe mid 1993 for destruc-
tive PIE.

High burn-up irradiations POMPEI and
NIMPHE 1 and 2

POMPEI (POM PEtten Irradiation)
mixed nitrides and Tc

The aim of the POMPEI irradiation experiment
is to study the evolution of structure, chemical
behaviour, evolution of fission products at a
high burn-up, 20 8/, attained in less than 1 year.

POM (pellets oxides mixtes) capsules have al-
ready been used in the BR2 reactor (1967-1972)
to produce high burn-up in fuels - MOg, MC,
MN, MCN - in the relative short time of about
one year. Unfortunately, the fuels reacted with
the capsule material SAP. Therefore the design
had to be changed.

The fuel is in the form of discs (@ = 9 mm,

and electron beam welded individually in the
relevant clad material (steel DIN 1.4970).

During irradiation, the fuel temperature has to
be kept < 900 °C, although the specific power is
high (about 1000 W/g). In order to evacuate the
high heat flux (about 800 W/cm?) the flat faces of
the stainless steel boxes must be held in good
contact with two massive pieces of a tantalum-
zirconium- molybdenum alloy (TZM) (see Fig.
2.1).

This experiment was originally foreseen to be
carried out with nitride fuels only, complemen-
tary to the joint investigation on mixed nitride
fuels of the French Commissariat 4 1'Energie
Atomique (CEA) and our Institute. A first irra-
diation of technetium specimens was included to
obtain information on the irradiation behaviour
of this material in view of its transmutation.

The Institute has studied the transmutation of
actinides in fast reactors for a number of years.
Besides the long-lived actinides, some fission
products, notably 99Tc (half-life T2 = 2.1x10°
yrs.) and 129] (T = 1.57x107 yrs.) contribute to
the long term risk of storage of radioactive
waste. If these fission products were separated
from the waste to be stored and if they were de-
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Fig.2.1 Concept of the POMPEI irradiation ex-
periment.

stroyed by transmutation in a nuclear reactor,
the long term hazard could be significantly re-
duced. Of particular concern is 99Tc¢ because of
its large fission yield, its many valence states
and its migration behaviour in the geosphere.

99Tc¢ can be transmuted into stable 190Ru by
neutron capture. The capture cross section in a
thermal neutron flux is about 3 times larger
than in a fast flux. Te metal is isostructural
(hexagonal) with Ru and these two metals form
solid solutions. Transmutation is thus slowly
converting Te into Ru with a continuous series
of alloys being formed with continuing irradia-
tion. At present, no irradiation results exist for
Tc or Te/Ru alloys for extended irradiation peri-
ods. In order to gain information on the irradia-
tion behaviour during transmutation of Te
(swelling, possible anisotropy because of the
hexagonal structure etc.) in one irradiation cam-
paign, use was made of available irradiation
space in an ongoing experiment with (U, Pu)N
in HFR in Petten. The compositions selected
were pure Tec-metal, an alloy of 50/50 Te/Ru and
an alloy of 20/80 Tc/Ru. These compositions re-
present the start of the transmutation process,
its half completion and the state near comple-
tion. Discs of 9 mm @ and 1.5 mm thickness of
these alloys were prepared and mounted into the
POMPEI irradiation device. A transmutation of
about 10 % of the Tc into Ru is expected during
the irradiation after which the specimens will be
examined to determine their irradiation behav-
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iour and to quantify the degree of transmutation
achieved. The results will be reported in the
next TUAR.

9 MN fuel dises, with an oxygen content varying
from 500 ppm to 7000 ppm and prepared by two
different fabrication processes (see Tab. 2.2),
were individually sealed in small capsules and
assembled together with 3 discs of technetium
and technetium-ruthenium alloys.

The capsule was transported to Petten on De-
cember 10, 1992, where the final assemblage
with thermocouples and flux detectors will be
performed. Irradiation is scheduled for mid
1993.

Tab.2.2 Data for the POMPEI irradiation ex-
periment

fuel-cladding-irradiation data

Discs(9+3) "
Chemical composition (G,Pu) N
Fabrication method DP,K?
Pu enrichment (Puw/U + Pu) 225
Fissile contents of Pu & U
Pu-239 (w/o) 85
Pu-241 (w/o) 1
U-235 (w/o) 92
Fuel density (%T.D) 85+1
C (w/o) 0.036-0.054
N (w/o) 5.515-5.070

(5 categories of pellets

in this range)
0 (w/o) 0.046-0.749
Pellet diameter (mm) 9
Pellet thickness (mm) 1.5
Cladding®
Material 1.4970
Thickness (mm) 0.75
Diameter (mm) 18
Height (mm) 3
Bonding He
Irradiation Condition
Specific power (w/g fuel) 980 - 720
Max. power per pellet (w) 1150
Goal burn-up (a/y) 20
Outer cladding temperature 660 - 550
Flux thermal

1) 3 nitride pellets were replaced by 3 metal dises

(Te, Teg5Ug 5, Teg.2Rug g).

2) DP = direct pressing, K = conventional (with

comminution)

3) Eachdisc is enclosed in a sealed capsule.




NIMPHE (Nltrure Mixte dans Phenix a
joint HElium)

The NIMPHE irradiation experiments are car-
ried out, with the aim to study and compare the
behaviour of mixed nitride fuels with carbide
and oxide fuels under fast flux neutron condi-
tions at high burn-up (> 15 8/,), have reached
about 7 8/, burn-up.

As both the non-destructive examination on 11
pins of the NIMPHE 1 experiment performed by
CEA and the destructive PIE of 1 pin at ITU
showed a good fuel behaviour it was decided to
continue the irradiation to higher burn-up.

For this purpose 6 new mixed nitride fuel pins, 3
prepared by ITU and 3 by CEA, were assembled
in the capsule NIMPHE 1 bis together with 8
mixed nitride fuel pins, already irradiated to
7 4/,, for further irradiation in the PHENIX re-
actor, scheduled during 1994.

The NIMPHE 2 irradiation experiment (3 mixed
nitride and 2 carbide pins with Superphenix ge-
ometry), which has only reached 6.2 &/, burn-up,
due to delay in the PHENIX irradiation pro-
gramme, is foreseen to obtain the scheduled
burn-up of 72/, during 1993. At this point a deci-
sion for further irradiation will be taken.

Fast flux irradiation in KNK II

Postirradiation examination of the 19 carbide
pin bundle, fabricated for the German Carbide
test programme by ITU, was continued. In the
hot cells of the Kernforschungszentrum Karls-
ruhe (KfK) the destructive examination of 5 car-
bide pins was performed. Selected parts, espe-
cially of the carbide fuel prepared by the direct
pressing process, have been transported to ITU
for further examination.

The non-destructive PIE included dimensional
controls, radiography, y-scanning and eddy-
current testing. The destructive examinations
covered the determination of the fission gas con-
tent and ceramographic and metallographic
analyses.

A correlation between released fission gas and
oxygen content of the carbide fuel was observed.
Fission gas release increased with increasing
oxygen content from the carbides with 500, 2000
and 3000 ppm. In contrary the change of the fuel
column length, observed by y-radiography, de-
creased with increasing oxygen content.
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More information will be available when the in-
vestigation is finished.

Duct Transport of Big
Particles (TRABI)

Introduction

The transport mechanisms of big particles in
ventilation exhaust systems with highly turbu-
lent flow conditions were investigated further.
The wind channel facility and attempts to pre-
pare non-active test aerosols of high density, in
monodisperse particle size fractions of 30 pm
(geometric) and greater, were described in
TUAR-91 p. 61.

Problem of the test aerosols

As explained in TUAR-91, (La 49Bi50Eu 1) ox-
ide test aerosols were chosen for the first experi-

" ments.The SNAM sol-gel process yields appar-

ently spherical and quasi-monodisperse parti-
cles in size ranges between 40 and 65 pm. These,
however, turned out to be hollow (see Fig. 2.2 of
TUAR-91 p. 62), so that their actual density is
lower and consequently the aerodynamic diame-
ter higher than expected. Further, they are
broken to a great extent by the turbulent trans-
port. During the reporting period, numerous at-
tempts were made to improve the compactness
and the mechanical stability by varying the
La/Bi ratio and the sintering temperature, but
the results were not satisfactory.

The use of a bismuth oxide aerosol (specific den-
sity of BigO3 : 8.5) , generated by dispersion of
commercial powder has also been considered.
This powder can be divided by ultrasonic sieving
into 4 fractions (<30, 30-40 , 40-60 and >60 um
geometric) . It was expected that, in spite of
their broader size ranges and their non-
spherical shapes, these particles offer the advan-
tage of hardness and compactness. In fact, SEM
micrographs of original BiaO3 samples, in all
fractions resulting from sieving, show that the
particles predominantly consist of compact
three-dimensional aggregates of "primary parti-
cles" mostly 5 to 10 ym in size. Fig. 2.2 shows a
typical example of a 30-40 um fraction deposited
on a Nuclepore filter (porosity 10 pm). Thus the
problem of the uncertainty of the aerodynamic
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cross section (pos. 3) or against the inner surface
of the duct wall (pos. 1,2,4,5). Further it was con-
firmed in a survey carried out by using SEM and
EDAX, that no foreign particles (e.g. dust or
filaments from HEPA filters) have been collect-
ed on the filters, so that optical microscopy and
subsequent morphological quantimetry appear
to be the most convenient methods to quantify
the particles coming from the test duct.

Results and discussion

For reasons explained above, the experiments
with La-Bi-Eu oxide spheres lead to erratic re-
sults and will not be further pursued. Using Bi-
oxide aerosols, the first visual inspections and
quantimetric evaluations of the filter micro-
graphs from the various sampling locations sug-
gest two findings:

- The agglomeration of the particles increases
during the transport in a highly turbulent
flow. Thus after injection of a 30-40 pm par-
ticle size sample, the particle number per-
cent of aggregates larger than 40 pm, which
is originally about 0.5, rises to 14, 9 and 6 in
the upper (pos. 1), middle (pos. 3) and lower
(pos. 5) collecting filters respectively. Ag-
glomerates greater than 80 pm have even
been detected (1 % in the upper filter). The
mechanisms involved in this event have not
yet been clarified, but mutual collisions may
be considered, either in the core by turbu-
lent diffusion or inside the viscous sub-layer,
where particles deposited onto the wall are
subsequently reentrained when the aggre-
gate size becomes larger than the sub-layer
depth.

- At a flow velocity of 15 ms-1, gravitational
settling practically does not influence the
turbulent transport of the particulates up to
60 pm in size. Gravitational settling be-
comes effective at 9ms-1 (flow Reynolds
number: 75000) and below.

In the immediate future, we intend to confirm
and explain these observations with measure-
ments on smaller particle size fractions (20-
30 pm). On the other hand, the problem of find-
ing a convenient large particle test aerosol has
not yet satisfactorily been solved.
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1.3 Actinide Determination and Recycling

Working Group Meeting on
MA-Containing Targets and
Fuels (23 and 24 June 1992)

This was the second Meeting on Targets and
Fuels that was setup following the Workshop on
Partitioning and Transmutation of Minor
Actinides, held in the Institute in October 1989
(TUAR 90, 71). The meeting was attended by 31
participants, including representatives from
TIAEA, CEC, JRC Ispra, and 6 from the Institute.
The following countries were represented:
Belgium, France, Germany, Japan, Nether-
lands, Spain and Switzerland.

The meeting offered a platform for the
presentation of progress in the field and to
arrange joint studies in developing targets and
fuels for the transmutation of long-lived
radiotoxic nuclides. Presentations included
activities of national programmes, scientific
matters in relation to different transmutation
strategies and facilities offered by different
laboratories for studies on fresh and irradiated
targets.

The next meeting for the Working Group has
been fixed for 29 and 30 June 1993 at the
Institute.

Present status of partitioning
and transmutation

Present situation

The public attitude towards any type of
anthropogenic waste has led to a ranking of the
proposed options according to recent polls in
Germany and Japan (Tab. 3.1).

Any process which would generate less waste
will - not surprisingly - meet the highest public
acceptance. The option to recycle and possibly
reuse waste would be the second choice. A
partitioning and transmutation scheme of
nuclear waste could be classified under this
option as far as it applies to the fast type of
reactor. Here minor actinides can be reused cost-
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Tab.3.1 Public Acceptance and Classification of
Processes

1. generating less
waste

2. recycle (and reuse) P& T scheme EFR/IFR

waste withP& T

3. incinerate waste in UrPu recycling MAB, ADR

special installations

4. condition waste for .
direct storage

geological disposal

effectively for energy production compared with
other schemes relying on special minor actinide
burners or accelerator-driven reactors where the
energy balance is not so favourable. This latter
option therefore should be classified as 'waste
incineration using a special installation' (a
similar concept is used for household waste) and
is preferred to the conditioning of waste for
geological disposal. The direct storage concept
for spent nuclear fuel could be classified under
last and least accepted category.

The situation of the back end of the nuclear fuel
cycle in the European Community -though
different in each of its states - is typically the
application of interim storage of spent nuclear
fuel for some decades. During this period sites
will be explored for geological repositories which
are planned to be in operation after the year
2010. Despite the newly built reprocessing
plants in UK and France there remains fuel
which cannot be (or is not intended to be)
reprocessed during this period.

Hence there is still time to see whether research
activities over the next 15 years will reveal that
the option of partitioning and transmutation
could be added to the present fuel cycle. So far
two states, Netherlands and France, are
conducting this type of studies, which in the case
of France should come to a conclusion by the
year 2007. The European Commission supports
studies in its indirect and direct action
programme in this field.

In the European Institute for Transuranium
Elements minor-actinide containing fuels have
been developed and irradiated in cooperation
with the CEA France in the PHENIX reactor {1,



2]. This activity will be extended to other fuel
concepts. Under a commercial agreement, minor

actinide fuels based on a Zr-alloy are being
studied for CRIEPI [3].

Objectives

In order to develop partitioning and transmu-
tation schemes for radiotoxic nuclides the
following questions need to be considered in
order to define clearly the scope of the R & D
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work needed:

- Which nuclides and to what extent should be

transmuted?

- Which of the proposed P & T schemes is the
most promising one?
- How efficient can the P & T process be?

Nueclides to be transmuted

During a number of meetings [7-12, 35, 36]
several candidate radionuclides for trans-
mutations were identified, but not all of the
listed radionuclides (Tab. 3.2) pose the same
radiological hazard to the public when they
eventually migrate out of the geological
repository. If one assumes that such a repository
will remain intact for several thousand years (as
it is the experience for human made structures

Tab. 3.2 Candidate Radionuclides for Transmutation

Yearly Annual Isotopic
uptake Nuclide limits abundance
of from T1/5 [a] of after dilution
elements nuclear intake with natural
[g] waste [Bq] elements (%]

1.1E5 14C 1 57E31 1.5E61 1E-81
1.9 E31 36CI 1 3.0E51 1.3E41 5E-71
7.3 E-21 1297 1 1.6ET71 3.3E21 TE-21
3.6 E-31 135Cs 1 2.0E61 51E41 3E1!

79Se 2 6.5E42

937Zr2 1.5E62

90Sr 3 28.53

121Sn 3 503

126Sn 3 10.53

137Cs 3 30.173

99Tc 4 2.1E54

237TNp 4 2.1E64

238Py 4 87.74

239Pu 4 24E44

240Pu 4 6.5E34

241Pu 4 14.4 4

242Py 4 3.7E54

241Am 4 432 4

242Am 4 1414

243Am 4 73E34

245Cm 4 85E34

246Cm 4 47E34

247Cm 4 15E74

248Cm 4 34E54

- W N =

Nuclides forming monovalent ions with natural isotopic diluent.
Nuclides forming no monovalent ions.
Nuclides with half-lives below 100a decaying into stable nuclides.

Nuclides and parents forming monovalent ions with no natural diluent.

Institute for Transuranium Elements - Annual Report 1992, EUR 15154 EN



on earth) then nuclides with short half-lives like
137Ce, 90Sr, 137Cs, 1215n, 126Sn would decay to
negligible levels. From the remaining only those
which form monovalent ions would be
transported back by water to the biosphere: 14C,
36Cl, 99T¢, 1291, 135Cs and 237Np. Since the latter
nuclide has three parent nuclides: 241Pu, 241Am,
245Cm all actinides have to be considered as
potentially hazardous. During the migration
through the geosphere the nuclides will be
diluted with natural stable isotopes, which could
reduce the specific activity to insignificant
levels depending on the geological formation. To
support this argument the annual average
uptake of the natural element by the "ICRP-
man" [4] is compared to the annual limits of
uptake for each radionuclide [5]. From this the
acceptable isotopic abundance for each of the
considered radionuclides in the natural element
can be calculated (Tab. 3.2). To what extent this
isotope dilution will occur during the release
from the repository 1is presently being
investigated [6]. This concerns all nuclides
except 99Tc¢ and the actinides. It follows from
this that as first priority, the artificial elements
should be transmuted: 99Tc¢, 237"Np and its
parent nuclides 241Py, 241Am, 245Cm.

Proposed partitioning and transmuta-
tion schemes

There are several nuclear processes under
investigation which could transmute a
radionuclide into a less toxic one (Fig. 3.1).
Photons in the range of 10 MeV produced as
Bremsstrahlung from accelerated electrons
induce transmutation by (y, n)-reaction and
fission in actinides and can be employed for
transmutation purposes [7-9]. The direct
spallation of radionuclides by high energetic
charged particles has been proposed [10] as well
as the use of an inactive spallation source (e.g.
Pb-Bi) to produce intense neutron fluxes [11-15].
The latter concepts are not very different from
nuclear reactors - discussed below -- except that
they can use subcritical arrangements with
thermal [11, 13] or fast neutrons [12, 15] driven
by accelerators. Included in the installations are
reprocessing facilities which separate the
remaining nuclides from the transmutation
products (if needed). The radionuclides are
introduced either continuously as aqueous
slurries or solutions [11] or as molten salts [15]
to the reactor or are added to fuel assemblies
consisting of alloys [12] similar to the MA
burner concept being studied by JAERI [16].

Transmutation Processes

by photonsl

by neutrons

by charged
particles

137Cs, 90Sr; I
actinides existing

reactors

homogeneous fuel heterogeneous fuel

lactinidesl
new reactors

O

alloys actinide mixed oxides

actinide MgO Tc

Fig.3.1 Scheme of proposed transmutation processes
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mixed oxides invert matrix solids




Other concepts propose using existing LWR [17]
and FR [1, 18, 19] or HWR [13] for
transmutation. Not only Pu produced in the
LWR fuel cycle but also the minor actinides
could fuel fast reactors. Several years ago MA-
containing mixed oxide fuels were developed
and tested [1] (Tab. 3.3). The MA partitioned

Tab.3.3 Minor-Actinide Containing Fuels
Irradiated in Fast Reactors

(241Amg 5U0.5)01.95 PFR
241Am,03 PFR
244Cm,03 PFR

(241 Amg244CmRE7)203 PFR
NpOq KNKII
(241Amg 5U05)01 92 KNKII
(Npo.a5U0.55)02.00 PHENIX
(Npo.2241Amg 2Ug )01 95 PHENIX
(Uo.73Pug.25NP0.02)01.98 PHENIX
(Up.73Pug 25Amg g2)01 98 PHENIX

from the spent LWR amount to about 10% of the
Pu in that fuel. They can be either
homogeneously mixed to the FR MOX fuel or
concentrated in a few assemblies of the reactor.
Their concentration would be about 2% of the
fuel, well below the limit that would influence
the Na void coefficient [3]. For higher MA
concentrations the geometry of the core needs to
be altered [20]. The partitioning of minor
actinides (and selected fission products) from the
spent fuel is not yet established. R & D work is
under way to improve the Am recovery by
electro-refining of Zr-based alloys [21], and the
coextraction of Am, Cm is achieved by the
TRUEX process [22]. Due to the similar
chemical behaviour of lanthanides and Am and
Cm, the products contain too much of the
lanthanides to be directly used as fuels
especially in the latter case. Studies are under
way to develop new processes to separate the
two groups of elements [21, 23].
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Efficiency of P & T schemes

If one has agreed on the kind of nuclides to be
transmuted, the question arises: to what extent
should a P & T scheme reduce the radiotoxicity
of a particular nuclide? Earlier answers to this
question proposed "hazard reduction factors" of
several orders of magnitude [24] which aimed at
elimination of nuclides down to the "maximal
permissible concentrations”. Any realistic
approach, however, has to consider losses during
the P & T processes, which have still to be
buried in a geological repository. How large
these losses are, depends on the available
technology and therefore one should retreat to
the ALARA principle and reduce the
radiotoxicity of a certain nuclide as low as
reasonably achievable. For the existing fuel
cycle - when extended to P & T - one could attain
a reduction factor of 100 as shown by the
following argument [25]:

Since one expects a reasonable reduction of the
radiotoxic nuclides during the life-time of a
reactor one can determine the lower limit of a
cross-section for the neutron reaction causing
the transmutation. The half-life, Ty, of this
process is given by the equation

In2

od

(o being the absorption cross-.
section in the neutron flux ¢ )

T =

If one assumes that the time of the minor-
actinide-containing fuel in the core of the
nuclear reactor is limited by the mechanical
stability of its cladding (which is presently
about 3 years in a fast reactor) and that during
this period at least half of the minor actinides or
fission products have to be transmuted, then the
cross-section should be

c>15Db
c>5b

(5-1015n/sec cm?, fast),
(5 -1014n/sec cm2, thermal).

The need to recycle the minor actinides due to
the limitations of present claddings leads often
to a wrong perception. If one expects a reduction
of the radiotoxicity to 99.6% (which is
equivalent to about 8 refueling cycles and which
also corresponds to the life-time of the nuclear
power station) then one can easily see that in
total only twice the mass of the radionuclides
was to be processed.

If N is the mass which is transmuted in a reactor
of a refueling cycle length, t, assuming that t is
about the same as Typ (transmutation half-life
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of the nuclide), then the decrease of the initial
mass N, as a function of the number of cycles
(n), can be described as:

N (nt) = N, 2—-ntT

=N,1/2n  (no feedback due to a-decay

considered)
with
N (t), the mass to be reworked for each cycle.
Z N (t), the total mass to be recycled is only 2
times the initial mass N,
IN(@®) =N,(1+Z1/2n)
= 2N,.

Under such circumstances one can estimate the
reduction factor of the radiotoxicity. The present
reprocessing technology and subsequent fuel
make-up has losses of minor actinides to the
waste streams on the order of 0.3% per cycle.
Hence the accumulated losses during all
reprocessing stages would be 0.6% which
together with the remaining 0.4% of the
radionuclide after 8 cycles will sum up to 1% of
the original radiotoxicity, i.e. the overall
reduction of the initial radiotoxicity will be
hundred times. This is still a significant
reduction of an environmental hazard if
compared to that of other noxes like NO,, SO
(in the exhaust gases of automobiles and fossil
fuel power stations) which are reduced on the
average by only a factor of 3.

Fuel design constraints

The present discussion on the future of nuclear
energy generation can be described by two
extreme scenarios (Tab. 3.4).

Under the first scenario one assumes that
nuclear energy production is phased out and
that it is successfully replaced by another
technology. During this phase the fissile
material used for military purposes has to be
treated as well. If under such a scenario

Tab.3.5 Constraints for Fuel Design

Tab.3.4 Scenarios

1. Phasing-out of Transmutation by

nuclear energy production | LWR and/or ADR

2. Breeding of Pu for Transmutation by

nuclear energy production |FRB

transmutation shall be employed it certainly
would use the LWRs because funding to develop
and deploy other reactor types would meet
strong public resistance. However LWRs have
limited capabilities for the transmutation of
actinides and hardly any for fission products.
Therefore accelerator-driven reactors (ADR)
might be used as well. Some of them would have
the ability to destroy the actinides even more
rapidly than LWRs [26].

In the other scenario the generation of nuclear
energy continues and because of limited low cost
U resources, sooner or later breeding of Pu is
needed to fuel future reactors. Since this
breeding requires fast reactors, they could be
used with advantage for transmutation
purposes, too.

In this case the situation for the EC is quantified
in Fig. 3.2, with assumed losses of 0.2% of Pu to
the geological repository [27].

To develop a fuel for the purpose of
transmutation, certain constraints have to be
observed (Tab. 3.5). Because of reactor safety
criteria, the concentration of minor actinides in
any fuel matrix has to be limited for several
reasons. For instance during irradiation a linear
power increase will occur because of the build-
up of fissile material with high fission neutron
cross-sections. If the present cladding type is
employed, its interaction with the new fuel has
to be studied. In the case of cladding rupture, the

Reactor safety

linear power, fci, coolant compatibility, etc.

Fuel make-up

cost, occupational dose, etc.

Reprocessing

cost, losses, toxic waste, ete.

Nuclear materials Safeguards | diversion resistance, etc.
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prices will probably favour the LWR over the
FR.

The FR with on-site reprocessing seems to be a
viable concept for transmutation and presently
the only existing reactor that can reduce its
waste efficiently by recycling. It should not be
forgotten, however, that an alternative fuel
cycle based on the thorium molten salt reactor
[33] could prove to be even more advantageous,
since the MA production there is considerably
lower and MA together with fission products can
be transmuted as well. At present the technical
feasibility of this type of reactor (despite
extensive efforts at ORNL in the past) has not
yet been proven.

Outlook

If nuclear energy generation is to be used by
future generations then the limited supply of
235U will renew the interest in the fast breeder
concept. Regardless of what future fast reactors
will look like, they will have the inherent
potential to burn most radiotoxic waste.
Therefore the development of the minor-
actinide-containing fuel cycle for fast reactors is
an essential task in keeping the nuclear energy
option open.

Apart from basic research of more effective
partitioning processes the basic physico-
chemical properties of MA-containing fuels have
to be studied and their irradiation behaviour
tested.

For the IFR concept the electro-refining process
has to be extended to extract all minor actinides
from the spent fuel with sufficient
decontamination from lanthanides and to
isolate technetium which accumulates with
other elements in the cadmium cathode.
Investigations in these directions are under
way, including the development of an
appropriate fuel [21, 23]. This fuel is being
developed in a joint effort between this Institute
and CRIEPI and will be tested in a joint
irradiation experiment with CEA in PHENIX,
For the oxide-fueled fast reactor, reprocessing
covering minor actinides and technetium has
not yet been developed to a comparable level as
for the IFR. Nevertheless promising extraction
schemes are under test which would not only
extract these nuclides from the LWR spent fuel
but also later could be used to reprocess the FR
fuel [23, 34]. Minor-actinide-containing fuels
have been tested in the PHENIX reactor (Tab.
3.3) [2]. The post-irradiation examinations
revealed no unexpected behaviour under
irradiation. A follow-up irradiation experiment
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is presently under preparation which should
lead to higher burn-ups. These fuels are being
developed jointly by the CEA, France and the
European Institute for Transuranium Elements
and have been or will be irradiated in PHENIX.
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Irradiation in KNK II-MTE1
(Experiment KNKII a)

An irradiation experiment was launched in
1982 involving a series of capsules with
actinides in milligram quantities and a selection
of fission products in microgram quantities
(TUSR 33, 62). Multifoil dosimeters were
included for monitoring the neutron spectrum.
The purpose of the irradiation experiment was
to determine the neutron cross-sections of the
various nuclides present, the local neutron
energy spectrum and the integrated neutron
flux. The samples, following irradiation and
cooling, have now been delivered to the Institute
and chemical analyses will start next year.

Status of the SUPERFACT
Experiment

Four types of minor actinide containing oxide
fuels have been irradiated in the Phenix reactor
(see Tab. 3.3). Samples from irradiated pins
have been analysed at the Institute.

Chemical of dissolved

samples

analyses

Isotopic composition studies were carried out on
samples of approximately 1 g cut halfway along
the active length of the fuel pins. Three of the
samples, originating from the fuels containing
2% Np, 45% Np and 2% Am respectively, have
been analysed. The concentrations of uranium,
plutonium, americium and curium isotopes, and
148Nd were measured by isotope dilution mass-
spectrometry. 237Np was measured by ICP-MS.
Neodymium was used as a burnup monitor. The
accuracies attained for these measurements and
their relative standard deviations are shown in
Tab. 3.6.

The burnup each fuel achieved during
irradiation in PHENIX was calculated on the
basis of the number of heavy metal atoms and
148Nd measured for each sample. An effective
fission yield was calculated in each case
following the prediction from KORIGEN [1] of
the contribution to total burnup from each of the
fissile isotopes present. Cumulative fission
yields for the fissile nuclides corresponding to a
fast reactor were used [2]. The fission and
capture cross-sections were adjusted for the
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Tab.3.6 Techniques used in chemical analyses
and their accuracies

Technique used Accuracy %
UPu isotope vectors IDMS <07
AmCm isotope vectors IDMS 1
Np-237 ICP-MS 5
Nd-148 ICP-MS 1
BU determination based | on Nd-148 1.5
calculations to PHENIX. The relative

contributions to the total burnup, the effective
fission yields and the burnup calculated from
the 148Nd concentration are shown in Tab. 3.7.

The experimental concentrations of actinides
quoted as %IMA (% Initial Metal Atoms), are
shown in Tab. 3.8. They have been calculated
according to the equation:

No. of atoms X after irradiation
BIMA(X) =

x 100
ZX + No.of atoms 148Nd/ Eff. fission yield

X : anuclidee.g. 237Np
ZX : total number of heavy atoms
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The corresponding %IMA values obtained
theoretically from the KORIGEN calculations
are included in Tab. 3.8 for comparison. An
agreement within 10% is generally observed
between the experimental and theoretical
predictions. Considering the transmutation of
23TNp and 241Am, a 30% and 10% reduction in
their inventories is observed, following
irradiation for 380 days in PHENIX, in fuels
SF13 and SF15, and SF16 respectively. In order
to assess the transmutation rate of these
nuclides one has to differentiate in the
neptunium and americium inventories the
amounts that were formed during irradiation.
Neutronic calculations for evaluation of data
banks and transmutation studies are in progress
under a separate study and will be reported in
the nextissue of TUAR.

Radiation dose levels of MA-
containing fuels

The inclusion of MA in a fuel (SUPERFACT
fuels) for subsequent transmutation, will
increase the radiation dose levels of the fuel.
Knowledge of these dose levels could allow cost
penalties associated with the handling of these
materials to be estimated. An indication of
radiation dose levels encountered in the
fabrication and discharge of MA-containing
fuels, irradiated in a fast reactor (FR), is
addressed here.

Tab.3.7 Contribution (%) to total burnup of the different fissile nuclides

SF13 2% Np SF15 45% Np SF16 2% Am
U-235 2.5 1.2 2.4
238 7.8 8.6 8.2
Pu-238 1.2 19 1
239 67.8 11.3 67.6
240 6.8 — 6.7
241 12.5 - 12.34
Np-237 1.37 60 -
Am-241 - - 1.7
Eff. fission yield for Nd-148 1.69% 1.77% 1.68%
Burnup (at%) 6.4 4.5 6.5
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Tab.3.8 Experimental and theoretical %IMA values

SF13 2% Np SF15 45% Np SF16 2% Am
%IMA (th) | %IMA (exp) | %IMA (th) | %IMA (exp) | %IMA (th) | %IMA (exp)
U-234 0.025 0.028 0.27 0.266 0.027 0.022
235 0.33 0.356 0.12 0.124 0.33 0.362
236 0.046 0.042 0.026 0.023 0.047 0.041
238 68.8 69.27 51.7 51.34 69.2 69.47
Np-237 1.12 1.325 32.6 32.77 0.034 0.033
Pu-238 0.54 0.68 7.6 8.4 0.53 0.57
239 13.3 12,82 2.9 2.45 12.95 12.75
240 5.73 6.03 0.1 0.1 5.6 5.93
241 14 1.34 0.022 0.004 1.37 1.36
242 1.12 11 1.14 1.15
Am-241 0.57 0.61 - - 1.8 1.83
242m 0.006 0.012 0.045 0.058
243 0.07 0.064 0.075 0.067
Cm-242 - - - - 0.0004 0.004
243 0.006 0.011
244 - - - - 0.007 0.006
245
Theoretical Experimental

Calculations were performed to predict the
neutron and gamma outputs from the four SF
fuels and a standard FR fuel (25% Pu, 62
GWd/tU) at charge, discharge, and 1y and 5y
cooling times. The MOX fuel -contained
plutonium of the same isotopic composition as
the SF fuels. The computer code KORIGEN was
used for the calculations, with the fission and
capture cross-sections adjusted to the conditions
of the PHENIX reactor. The variation of the
neutron and gamma outputs for the spent fuels
are shown in Figs. 3.3 and 3.4.

The two americium fuels have the highest
neutron and gamma outputs, in comparison to
the standard FR-UPu fuel, at discharge, despite
having the lower burnup. The fuel containing
2% 237Np has a neutron output of the same order
of magnitude, although still higher, as the
standard fuel. The 45% 237Np fuel presents the
lowest neutron output due to lack of plutonium
at charge and consequently lower production of
curium isotopes. In general, 238Py, 242Cm and
244Cm dominate the neutron emission with the
curium isotopes being the main radiation
sources of the americium fuels.

Measurements during fabrication

The surface dose rate of the SF fuel pins
containing plutonium is highly dependent on
the isotopic composition. The dose rate of freshly
purified plutonium from a PWR stems from
neutron emission: (a, n) reactions caused by the
decay of 238Pu and spontaneous fission of 240Pu.
The dose rate from plutonium is dominated,
with increasing decay time, by the gamma dose
rate due to build-up of 237Np, and particularly,
241 Am from the decay of 241Pu.

The gamma dose rate of the four SF fuel pins
were measured during fabrication (TUAR 86,
82). The measurements were made using a
portable ionisation chamber type 'Babyline' and
thermoluminescence dosimeters in contact.

Measurements after irradiation
A qualitative analysis of the fission-product

content of the irradiated mixed actinide oxides
was performed by gamma-spectroscopy. The
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gross gamma and neutron dose rates after
irradiation (cooling time 57 months), were
measured inside a -y hot cell at the Institute. A
compact array of neutron detectors and a
Geiger-Miiller (GM) counter embedded in a
polyethylene moderator, were used for passive
neutron and gamma interrogation of the fuel
(TUAR 91, 121). The gamma dose rate was
measured directly, with a precision of 5%, using
the GM counter appropriately calibrated. The
measurements were made with an absorber of
0.035 m lead between the fuel and the detector
which were 0.06 m apart. The neutron dose rate
was obtained from the measurement of the
neutron emission of the fuel by spontaneous
fission and (a,n) reactions. The neutron emission
was then compared to the dose rate at 1m from a
252Cf neutron source of known activity.

Results and Discussion

The addition of 241Am increases the gamma
dose of the fresh fuel and the neutron dose of the
spent fuel. The radiation dose rates of MA-
containing fuels in comparison to the standard
FR fuel, can be assessed by comparing the
source term nuclides which contribute to the
gamma and neutron dose. The KORIGEN
gamma and neutron outputs for fresh and spent
fuels (5 years cooling time), normalised to the
standard UPu FR fuel with the same irradiation
exposure, are shown in Tab. 3.9.

In order to check the reliability of the
KORIGEN predictions, the experimental and
theoretical concentrations for the source term
nuclides, i.e. 238Py, 240Py, 241Am, 242Cm, 244Cm
and fission products, have been compared (Tabs.
3.8, 3.10). The agreement is within 25% for the
actinides and 50% for the fission products,
sufficient for dose rate calculations but
unsuitable for neutron physics studies. The

Tab.3.9 Calculated neutron and gamma outputs
from the SF fuels normalised to a standard FR -
UPu fuel (spent fuel cooling time 5 years)

Neutrons Gamma
Fuel
fresh fuel spent fuel fresh fuel spent fuel
SF13 1 1.07 1.3 1.4
SF14 34 2.7 30 2
SF15 1.10E-03 14 0.03 1.07
SF16 1.3 1.2 4 1.4

limitations of KORIGEN with respect to its
fission yield and cross-section libraries should
be considered when irradiation calculations are
performed. The neutronic calculations will be
followed up in a separate study.

The gamma dose rates during fabrication are
given in Tab. 3.11. The neutron and gamma dose
rates obtained experimentally for the SF fuel
pins after discharge and 57 months cooling are
shown in Tab. 3.12. The total radiation dose is
determined by the gamma dose rate.

Tab.3.12 Radiation dose rates of spent fuel
(cooling time 5 years)

Fuel neutron dose rate gamma dose rate
nSv/(s. kg) mGy/ (s. kg)

SF13 2.6 n.m.

SF14 5.5 0.5

SF15 31 0.4

SF16 2.6 1.4

n.m.: not measured

In conclusion, one can state that a cost penalty
due to high radiation doses will be observed
mainly during fuel fabrication whereas the

Tab.3.10 Experimental to theoretical FP concentrations (normalised to 137Cs)

SF13 SF14 SF15 SF16
Sb-125 0.7 1.02 0.6 0.7
Cs-134 1.8 1.6 2.1 2
Ce-144 1.6 — 1.4 1.7
Eu-154 2.1 2.4 1.6 2.1
Eu-155 1.4 - 0.4 0.4
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Tab.3.11 Gamma dose rates (mGy-s-1) measured on fuel pins and pellets without shielding during

fabrication
SF13 SF14 SF15 SF16
Pellet (1.8E-3 kg):
Contact 0.02 0.83 0.03 0.08
Fuel pin:
Contact 0.12 5 0.4 0.5
0.5 m distance 5.00E-03 0.25 0.01 0.03

gamma radiation dose for the spent fuel
increases by less than a factor of three even in
the case of the heterogeneous (Am, Np) fuel.
Consequently, additional means in order to
reduce the occupational hazard dose from MA-
containing fuels would be required only during
fabrication.
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EPMA Results for Americium
in the Superfact Fuel SF16

In TUAR 91, preliminary EPMA results of the
radial distribution of U, Pu and Am in the Su-
perfact fuel SF16 were presented. The concen-
tration of Am in the fuel was reported to be 1.9
wt%. Since the fuel initially contained just 2
wt% Am, this means that during the irradiation
almost as much Am was produced by neutron
capture as was burnt. However, gamma spectro-
scopy results given in the same report indicate
that the concentration of Am in the SF16 fuel
was much lower than the 1.9 wt% obtained by
EPMA. According to the data in table 3.7 of
TUAR-91 Am constituted 1.7% of the heavy
metals in the fuel. Taking the fuel burnup to be
6.4 at%, this translates to a mass concentration
of 1.4 wt%.
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The source of the error in the EPMA results has
recently been identified. It was found that the
mass absorption coefficient (MAC) of the Am My,
X-ray line in U was wrongly calculated in the
correction program. A value of 1172 cm2g-! is
obtained which is probably about a factor of two
too high. This can be seen from the MACs for the
Am My line in Np and Pu which in contrast are
calculated to be 531 and 527 cm?2g-1.

In the EPMA correction procedure currently in
use at the Institute the MACs are calculated
with the algorithms proposed by Heinrich [1]. It
is acknowledged by Heinrich that between the
M;, and M, absorption edges the data provide by
these algorithms are unsafe. The energy of the
Am My line is 3.63 kev and the energy of the M;,
absorption edge in U is 3.72 keV. Consequently,
contrary to what is calculated no sharp increase
in the level of absorption of the Am M, is to be
expected on going from Pu to U.

Fig.3.5 shows the EPMA concentration profile

Superfact Fuel SF'6 (2 wi% Am}
Amercim Conc wi%

Av Amercum Conc 14 wi%

[ U

0 2 4 6 8 10

Reatve Radus 1,

Fig.3.5 EMPA results for the radial distribution
of Am in the Superfact Fuel SF16.



for Am in the fuel SF16 after the correction was
made using a MAC for the Am My, line in U of
520 instead of 1172 ¢m2g-1. The shape of the pro-
file has not changed, but now the average con-
‘centration of Am has fallen from 1.9 to 1.4 wt%
in agreement with the IDMS result.
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EPMA Investigation of an
Uranium-Neptunium Oxide
Fuel Irradiated in the Super-
fact Experiment (SF15)

Introduction

The fuel section analysed was cut from the Su-
perfact pin SF15. The initial composition of the
fuel was (Ug 55Npp.45)02 and the burnup, calcu-
lated on the basis of the 148Nd concentration de-
termined by isotope dilution mass spectrometry
(IDMS), was 4.5 at%.

The objectives of the EPMA work were four fold:

1. To measure the concentrations of U, Np and
Pu in the fuel, where plutonium results from
neutron capture by 238U and 237Np.

2. Todetermine the release levels of Xe and Cs.
The release of these fission products gener-
ally affects fuel performance. Further, there
is a known link between the accumulation of
Cs in the gap and stainless steel cladding
corrosion,

3. To confirm the fuel burnup using the radial
distribution of fission product Nd which is
recognised as a burnup indicator.

4. To establish the nature of the material at-
tached to the inner cladding suface at a
number of places around the fuel.
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Methods

Quantitative EPMA was carried out at an elec-
tron acceleration potential of 25 keV and a beam
current of either 250 or 100 nA. The convention-
al microprobe correction procedure has been car-
ried out using the Institute's QAUD2 program
(see TUAR-91, p.128) which is based on the
Quadrilateral Model of Scott and Love [1].

Xenon was analysed using the approach devel-
oped at the Institute [2]. For the UO9 matrix
this gives the concentration of gas in solution
and trapped in intragranular bubbles smaller
than 0.1 pm. Xenon contained in intergranular
bubbles does not contribute to the measured X-
ray intensity because point analysis was carried
out away from grain boundaries. The confidence
interval on the measured Xe concentrations at a
significance level of 99% is about 5% relative at
a concentration of 0.5 wt% and 10-20 % relative
at 0.05 wt%. Similar levels of uncertainty are
expected in the cases of Cs and Nd.

Plutonium was analysed using the M, X-ray
line. The measured intensity was corrected for
X-ray contributions from the M;j;;N;, line which
lies only 0.011 A from the Pu My, line. The cor-
rection was made as follows. The spectrometer
was positioned on the Pu My, line and the X-ray
intensity obtained from the UQOg standard at
this setting was recorded. About 8 counts/sec
were registered which corresponds to 0.76 wt%
Pu. The true percentage of Pu at each spot ana-
lysed was then obtained by multiplying the ref-
erence concentration of 0.76 wt% by the fraction
of UO; present and subtracting the result from
the measured Pu concentration.

Radial concentration profiles were obtained
from point analysis along the fuel radius at in-
tervals of 50 and 150 pm. At each location six
measurements were made. These were up to 10
pm apart and were placed away from grain
boundaries thereby avoiding pores, large gas
bubbles and cracks. The specimen current image
(absorbed electron current) was used to obtain
information about the disposition of the pores
and gas bubbles at the locations where point
analysis was carried out.
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Results

Concentration and distribution of urani-
um, neptunium and plutonium

The concentrations of U and Np in the fuel de-
creased during the irradiation. Fig.3.6 and 3.7
show their radial distributions in the fuel. As
seen, U and Np were reasonably uniformly dis-
tributed in the fuel. Their average concentra-
tions in the fuel section were 46.1 wt% and 28
wt%, respectively.

Plutonium was created during the irradiation
by neutron capture. The radial distribution of
this constituent is shown in Fig.3.8. It is seen
that the concentration of Pu increased slightly
in the central region fuel. Between r/r,=0.5 and
the fuel centre 10.8 wt% Pu was measured
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Fig.3.6 EPMA results for the radial distribu-
tion of uranium in the Superfact Fuel SF15.
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Fig.3.7 EPMA results for the radial distribu-
tion of neptunium in the Superfact Fuel SF15.
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which represents a 4% increase compared with
average Pu concentration of 10.3 wt%.

The radial distribution of the actinide elements
in the fuel is shown in Fig.3.9. In this figure the
sum total of the concentrations of U, Npand U is
plotted. It is evident that the actinide concentra-
tion profile increases gradually with distance
from the fuel surface which suggests that the
neutron flux had decreased slightly. It was
found that the average concentrations of U, Np
and Pu in the fuel cross-section summed to 84.5
wt%.

As seen from Tab.3.13 the concentrations of U,
Np and Pu measured with the microprobe are in
good agreement with those obtained by mass
spectrometry. In addition to U, Np and Pu the
fuel also contained about 0.04 wt% Am (see
TUAR-91, p.76) which was not measured by
EPMA.
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Fig.3.8 EPMA results for the radial distribu-
tion of plutonium in the Superfact Fuel SF15.
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Fig3.9 EPMA results for the radial distribu-

tion of the actinide elements (sum of the local
concentrations of U, Np and Pu) in the Superfact
Fuel SF15.



Tab.3.13 Concentrations of U, Npand Puin the
Superfact Fuel SF15

Concentration (% Heavy Metal)
Element
Mass
EPMA Spectrometry a)
Uranium 54.5 54.2
Neptunium 33.2 33.9
Plutonium |, .12.3 11.8

a) ICR-MS &itd TIMIS

Fuel bufriup

The fuel burnup was derived from the radial dis-
tribution of fission product Nd. A value of 4.5
at% was obtained.

The Nd concentration profile is shown in
Fig.3.10. It is seen that the concentration of this
fission product climbed noticeably in the central
region of the fuel. From the profile the average
Nd concentration in the fuel was found to be
0.48 wt%. The burnup was calculated on the
premise that 0.105 wt% Nd corresponded to 1
at% burn-up. This correlation was derived from
the cumulative fission yields of the stable Nd
isotopes, which for 237Np sum to 0.173 {3], and
from the amount of Nd formed by the radioac-
tive decay of Pm during the five year period
since the fuel was discharged from the reactor.
The latter is taken as equivalent to a yield frac-
tion of 0.023.
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Fig.3.10 EPMA results for the radial distribu-
tion of neodymium in the Superfact Fuel SF15.
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The burnup can also be determined from the to-
tal concentration of the actinides remaining at
the end of the irradiation. The measured concen-
trations of U, Np and Pu in the SF15 fuel
summed to 84.5 wt% which indicates that 4.2%
of the heavy atoms had been burnt. A higher
burn-up of 4.4 at% is obtained however, if the in-
crease in the actinide concentration in the cen-
tral region of the fuel is neglected. This can be
justified on the grounds that the increase could
be due to a general depletion of fission products.

Release of xenon and caesium

The radial distributions of Xe and Cs in the fuel
are shown in Fig.3.11. Both fission products
show a sharp fall in concentration in the outer
part of the fuel and low retention (< 0.1 wt%) in
the region between r/r,=0.6 and the fuel center.
Interestingly, similar levels of Xe and Cs were
measured at the pellet surface. Moreover, in the
central region of the fuel, more Xe than Cs was
detected, whereas usually the opposite is found.
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Fig.3.11 EPMA results for the radial distribu-
tion of xenon and caesium in the Superfact Fuel
SF15.
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Xenon release had evidently occurred over the
entire fuel cross-section. The local level of re-
lease ranged from roughly 10% at the pellet sur-
face to about 90% at the pellet centre. The aver-
age integral release for the fuel cross-section
was close to 60%. These release figures were cal-
culated assuming a Xe inventory of 0.58 wt%
which is based on a cumulative yield fraction of
0.26.

The Cs profile indicates complete retention at
the pellet surface. It is possible, however, that
the high concentrations measured at this loca-
tion are a consequence of radial migration, rath-
er than of the absence of release. The concentra-
tion peak at about r/ry,=0.9 would seem to sup-
port this hypothesis. In the central region of the
fuel the release level approached 100% which
pushed the average integral release value for
the entire cross-section to 54%. In the calcula-
tion of these release figures a cumulative Cs
yield fraction of 0.203 was assummed.

Composition of the material in the gap

The material attached to the inside of the clad-
ding and described as "an oxide layer deposite a
few tens of microns thick" (TUSR-91, p.73) was
identified as fuel. In Tab.3.14 its composition is
shown together with the composition of the fuel
at a distance of 10-20 um from the pellet rim. It
is seen that the analysis results are very simi-

Tab.3.14 Composition of the material attached to
the inner cladding surface and the composition of
the fuel at the pellet rim

Composition, wt %
Element .
Material in the Fuel at pellet
gap rim
Uranium 45.84 46.50
Neptunium 27.89 27.00
Plutonium 10.10 10.11
Iron 0.76
Chromium 0.03
Caesium 1.60 0.46
Xenon 0.11 0.52
Neodymium 0.45 0.51
Oxygen a) 12.00 12.00

Not all constitutents have been analysed.
a) Fixed concentration
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lar. The fuel on the cladding surface, however,
contained about 1% Fe which had presumably
diffused out of the stainless steel cladding. It
also differed from the fuel proper in that it con-
tained about four times as much Cs, but less
than a quarter of the amount of fission gas. It is
thought that fuel-cladding mechanical interac-
tion caused this thin layer of fuel to be detached
from the pellet. The high Cs concentration may
be explained by the condensation of this fission
product in the gap.
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EPMA Investigation of the
Products of Cladding Corro-

sion in the Gaps of Two Super-
fact Fuel Pins (SF 13 and SF 16)

Introduction

Cladding corrrosion products were observed at a
number of places in the gaps of fuel pins SF13
((Up.74Pug.24Npg.02)02) and SF16 ((Ug74Pug 24
Amg2)O2. Both these fuels contained 24 wt%
Pu. The material in the gap is a mixture of two
phases; one metallic, the other an oxide (TUAR-
91, fig. 3.5a). In the Am containing fuel, SF186,
the duplex mixture was so fine that neither
point anaylsis nor X-ray line scanning could be
trusted to provide reliable information about the
composition of the individual phases. Therefore,
only the composition of the corrosion product
phases in the gap of pin SF13 is given. In addi-
tion to data on the composition of the cladding
corrosion product results are reported for the
depth of penetration of Fe and Ni in the SF16
fuel. It has been suggested [1] that these clad-
ding constituents can migrate large distances in
LMFBR mixed oxide fuel by a mechanism that
is similar to the van Arkel-de Boer process. Ac-
cording to this mechanism, a chemical reaction
with fission product iodine results in the gas
phase transport of Fe, Ni and Cr to higher tem-
perature regions. Briefly, it is postulaled that io-
dine reacts with the stainless steel cladding to






Tab.3.15 Composition of the metallic phase
in the gap of the Superfact Fuel SF13 and in the
gap of an LMFBR mixed oxide fuel

Concentration
Element
SF13
(Ug.7Pug3)02 | wt%
Chromium 1.9 1.5
Manganese 0.1 0.1
Iron 68.2 78.2
Nickel 18.9 18.0
Uranium 7.5
Neptunium 0.1
Plutonium 1.3
Palladium 1.0 2.1
Tellurium 0.3
Caesium 0.7
Tin 0.1
Tab.3.16 Composition of the oxide phase in
the gap of the Superfact Fuel SF13 and in the gap
ofan LMFBR mixed oxide fuel
Concentration, at%
Element
SF13 | (Up.7Pug.3)092)
Chromium | 22.2 24.7
Manganese 1.1 1.3
Iron 0.7 0.5
Nickel 0.2 0.4
Uranium 4.7 0.8
Neptunium 0.4
Plutonium 7.4 0.1
Molybdenium 1.0
Palladium 0.1
Tellurium 1.5
Iodine 0.1
Caesium 0.4 4.5
Oxygen 62.8 64.2

a) Grey phase in ref, [2]
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It is seen from the tables that in the Superfact
fuel pin and the LMFBR fuel pin the metallic
and the oxide phases were broadly similar in
compostion. In both pins, Fe and Ni were the
most abundant elements in the metallic phase
(Tab.3.15). Together their concentrations sum to
more than 85 wt%. In the Superfact pin, howev-
er, about 9 wt% Fe had been replaced by the
actinide elements U, Np and Pu. Apparently,
chromium sesquioxide, CryQj3, is the main con-
stituent of the oxide phase. This is clearly seen
from Tab.3.16 where the concentrations of the
component elements are given in at%. In the
case of the Superfact fuel, the concentrations of
Cr, Mn and O in the oxide phase amount to 86.1
at% and the O/Cr ratio is 2.7, which is consider-
ably higher than that for Crq0O3 (1.5). Most of
the excess oxygen comes from the presence of
UO9 and PuOgq in the phase. When this extra
oxygen (24.2 at%) is deducted, the O/Cr ratio de-
creases to 1.7. It is to be noted that the phase
contained only 0.4 at% Cs. This means that if a
ternary oxide, such as caesium chromate, caesi-
um molybdate or caesium uranate, had formed
it was present in only small amounts (2-3 wt%).

Depth of penetration of iron and
nickel in the SF16 fuel

Fig.3.13 shows how the concentrations of Fe and
Ni in the fuel changed with distance from the
pellet rim in pin SF16. It is seen that initially
the concentrations of both elements fall sharply
within 50 pm of the fuel surface before leveling-
off at around 100 ppm. This concentration is
slightly higher than the limit of detection for
both Fe and Ni which was 90 and 70 ppm, re-
spectively. However, the detection of Fe and Ni
at depths greater than 50 ym is very probably
not due to their migration, but rather to the fact
that the fuel contained Fe and Ni as impurities
(98 ppm and 32 ppm, respectively). It would ap-
pear, therefore, that the greatest depth to which
Fe and Ni penetrated in the SF16 fuel was
around 50 pm.
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Actinide partitioning by means
of the TRPO process

Introduction

The highly active waste (HAW) from the
PUREX process contains, together with the fis-
sion products, significant amounts of actinides,
i.e. 0.5 % of U and Pu, a large percentage of Np
and almost all Am and Cm. These actinides de-
termine the long term radiological hazard of
HAW. Their separation would therefore reduce
considerably the hazard. Similar to the TRUEX
process [1], a process has been developed in the
P.R. of China, the so-called TRPO process [2], in
which a trialkyl (C6-C8) phosphine oxide is used
to extract the above actinides from HAW solu-
tions.

The co-operation between the Tsinghua Univer-
sity of Beijing and the Transuranium Institute
started in 1989 with a study of the extraction ca-
pabilities of the TRPO (TUAR-90, 82). This
work has continued with two experiments to de-
termine the distribution coefficient as a function
of nitric acid concentration and to investigate
the radiation stability of TRPO. Both experi-

ments were made with real HAW on a batch
scale. A simulated waste was used to study the
process in a continuous operation scheme by
means of centrifugal extractors.

Continuous TRPO process in a cen-
trifugal extractor

The TRPO process conceived for the removal of
actinides from HAW was verified in a continu-
ous counter current mode in miniature annular
centrifugal extractors [3]. A simulated HAW so-
lution is prepared (see Tab.3.17), where Nd is
used as stand-in for Am, Zr should simulate Pu
and Np.

Tab.3.17 Composition of the simulated HAW
solution (0.7 M HNQO3)

element | added, g/l | analysed, g/l
Cr 0.082 0.052
Fe 0.379 0.236
Ni 0.070 0.079
Sr 0.147 0.155
Zr 0.337 0.284
Mo 0.315 0.216
Ru 0.197 0.197
Rh 0.036 0.030
Pd 0.131 0.112
Cs 0.446 0.435
Ba 0.306 0.293
Ce 0.450 0.459
Nd 1.555 1.450

The composition in Tab.3.17 corresponds to a
HAW solution with a specific volume of 5000 1/ t
U. Zr, Mo, Ru, Rh and Pd were reduced to 50 %
in consideration of their precipitation during
fuel dissolution and HAW storage. A compari-
son between the analysis of the waste solution
by ICP-MS with the theoretical composition
shows that some elements (Zr, Mo, Fe, Cr and
noble metals) must have precipitated.

The centrifugal extractor equipment consists of
a 12 stage set, divided into three benches with 4
extractors each (Fig.3.14).
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Fig.3.15 Schematic operation mode for the TRPO process in centrifugal extractors

Fig.3.16 Relative distribution of waste elements in the different streams of the TRPO process in %
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Tab.3.18 Relative distribution of waste elements in the different streams of the TRPO process in %
element | NagCO3 | HoC204 I(_)Hf%} Iglg%; TRPO |raffinate | recovery

Cr 1.5 0.3 0.3 4.6 0.3 95.2 102.2
Fe 1.3 6.5 0.8 8.9 0.2 84.8 102.4
Ni 1.1 0.9 0.3 47.8 0.3 45.0 95.6
Sr 1.1 0.1 0.1 0.6 0.0 94.5 96.5
Zr 0.2 109.9 0.1 0.6 0.6 0.2 111.7
Mo 15.7 87.7 0.8 14.0 0.7 0.2 119.2
Ru 1.2 0.2 0.1 8.7 0.2 94.5 104.9
Rh 1.2 0.2 0.1 1.2 0.0 99.2 101.9
Pd 0.7 24 0.1 95.5 0.2 0.3 99.3
Cs 14 0.2 0.1 1.2 0.0 104.0 107.0
Ba 1.1 0.1 0.1 0.5 0.0 101.2 103.2
Ce 0.0 0.0 0.0 100.2 0.0 0.0 100.2
Nd 0.0 0.0 0.0 101.8 0.0 0.0 101.8

from Tab.3.18, the recovery of Nd is excellent en !

within the detection limits of ICP-MS analytical
method.

The material balance of the experiment is good,
especially for the lanthanides. Cs, Ba, Sr, Rh
and Ru are almost completely retained in the
raffinate.

The profiles of Zr and Nd in the 22 extractor
stages are shown in Fig. 3.17.

The extraction in the first six stages works well
especially for Nd, where where more than 99.9%
of Nd are extracted by TRPO and where the Zr
concentration in the raffinate is low. Also the
back extraction with 5.5 M HNO; for Nd (stages
9-12) and with oxalic acid for Zr (stages 15-18)
gave satisfactory results; for Zr the concentra-
tion in the organic phase was of about 10 ppb,
i.e. the detection limit of the analytical method.
For Nd a slight contamination was observed be-
tween stage 14 and 20, most probably because
the cleaning of the equipment prior to the sec-
ond part of the process was not sufficient.
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Influence of HNOg3 concentration on
the TRPO extraction behaviour

In order to see the influence of nitric acid on the
extraction behaviour of TRPO, a batch experi-
ment was carried out with real HAW solution.
The initial composition of the concentrated
HAW was determined by [CP-MS (Tab. 3.19).

This solution was then diluted 10 times in order
to reach a specific volume of about 5000 1/ t U.
The acidity range investigated was from 0.3 to 5
M HNOj. The flow sheet of the experimental
procedure is shown in Fig.3.18,

Tab.3.19 Composition of the real HAW con-
centrate, HNOj concentration 3.09 mol/l

element concentration,
group element g/l
corrosion Cr 1.10
products Mn 041
Fe 10.13
Ni 2.56
Co 0.01
fission Rb 0.53
products Sr 1.18
Y 0.78
Zr 0.22
Mo 2.07
Te 1.36
Ru 2.99
Rh 0.60
Pd 0.57
Ag 0.00
Cd 0.45
Sn 0.05
Te 0.14
I 0.00
Cs 3.71
Ba 3.90
La 2.25
Ce 4.32
Pr 2.16
Nd 7.32
Sm 1.56
Eu 0.21
Gd 0.42
actinides U 6.82
Np 0.45
Pu 0.15
Am 0.47
Cm 0.02
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analysis
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Flow sheet for the TRPQO extraction

Fig.3.18

The HAW concentrate was added immediately
after adjustment of the Np-IV valency to the re-
action tube containing 2 ml of the corresponding
nitric acid and 2 ml of the organic phase (30 %
TRPO in dodecane, in order to avoid reprecipita-
tion from HAW especially for the low nitric acid
concentrations).

Fig.3.19 gives the distribution ratio of the main
fission products as a function of the nitric acid
concentration.

Cs and Sr have always very low distribution ra-
tios, also for Ru, Rh and Pd. At least at HNOg3
concentrations above 1 M the distribution ratio
is low. Only Zr, Mo and T¢ show an increased ex-
traction especially at low acidity (< 1M).

Institute for Transuranium Elements - Annual Report 1992, EUR 15154 EN



1000
100 Sr

£ 10 e T —— Zr

=

o 1 \\ - Mo

s

RN — e

3 —

= oo — Rh

z o

5 0001 —— pd
N e
0.00001

[ 1 2 3 4 5 6

molarity of nitric acid

Fig.3.19  Dependence of the distribution ratio
of main fission products on the HNQO3 concentra-
tion

The actinides form two groups with different ex-
traction behaviour (Fig.3.20). The minor ac-
tinides Np, U and Pu have high distribution ra-
tios independent of the nitric acid concentration,

10000
—t — Ce
1000 Yo
—— Nd
10 —C

distribution ratio

0 1 2 3 4 5 6

molarity of nitric acid

Fig.3.20 Dependence of the distribution ratio
of the actinides on the HNO3 concentration

the higher actinides Am and Pu have a much
lower distribution ratio which decreases with in-
creasing nitric acid concentration and which is
unfortunately very similar to that of the lan-
thanides, making the separation between the
two element groups impossible at least in the
above described process scheme.

Fig.3.19 and 3.20 also show, that in order to
have a reasonably good extraction of Am and
Cm and to avoid a too high extraction of fission
produets, a HNOj3 concentration of 1 M or just
below seems to be the best suited acidity.

The cross contamination between Np and Pu
(back extracted with 6 M HoC204) on one hand
and Am and Cm stripped with 5.5 M HNO; on
the other hand is very low. Unfortunately the U
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recovery was surprisingly low. A possible expla-
nation could be the uncompleted phase separa-
tion. U would be back-extracted by NagCOg; the
analysis of the solution requires acidification. If
the aqueous phase is contaminated even with
very small amounts of organic phase, this leads
to important U losses (cf. high distribution ra-
tio). From the fission products, lanthanides, Zr,
Mo and Tc are co-extracted with the actinides.

Both experiments, i.e. the batch experiment
with real HAW and the cold test of the centrifu-
gal extractors have shown, that the TRPO pro-
cess is a prospective and competitive process for
actinide recovery and partitioning from HAW. A
test with the extractors with real HAW will
start very soon.
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1.4 Characterisation of Waste Forms and High

Burn-up Fuel

Introduction

The studies on radioactive wastes carried out at
the Institute for Transuranium Elements are
centered on the characterization of the waste
forms (non-processed spent fuel and vitrified
high level waste), with respect to properties rel-
evant to their behaviour under conditions of long
term storage.

Properties to be investigated include thermal
conductivity, thermal and mechanical stability,
redistribution of actinides and fission products
within the waste materials, radiation damage,
resistance to corrosive agents and leaching be-
haviour with various leachant compositions.

In the particular case of the leaching of spent fu-
els a computer code, COCAIN, is being develop-
ped. The aim is to model the underground water
contamination in a fuel repository, should water
accidently leach the fuel.

At present time the ITU codes (FUTURE, MIT-
RA, CHEMIF) to be used for the characterisation
of the initial fuel state are operational. The fuel
restructuring resulting from irradiation repre-
sentative of a LWR-fuel (fuel moved at every cy-
cle into different power core zones and burned
out up to 50.000 MWd /t) has been calculated by
means of FUTURE. From this fuel restructuring
the nuclide migration to the grain boundary was
determined by means of MITRA and the prob-
ability for a volatile isotope to come in contact
with the leachant has been calculated.

An additional information which aims at the de-
termination of the chemical compounds formed
by these nuclides as a function of the oxygen po-
tential will be gained by using CHEMIF.

The validation of the code COCAIN needs ex-
perimental data not restricted to leaching tests
but, furthermore, on the fuel state, the fission
product inventory, the migration of fission pro-
ducts to the grain boundaries and the corrosion
mechanism.

The latter aspect could be very sensitive to the
fuel oxidation state; therefore, more precise in-
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formation concerning the oxidation kinetics of ir-
radiated UO9 and MOX fuels when in contact
with water or vapour have to be gained.

A study of the oxidation of unirradiated UQg in
air and in moist Ny, carried out by thermo-
gravimetry, is completed. The final compounds
of this reaction (U4Q0g, U30g) have been charac-
terized by ceramography and X-ray diffraction.
An Arrhenius function and an equation for the
rate constant were determined. Similar studies
on irradiated UO9 (and MOX) are on the way in
hot cells in order to check the oxidation mecha-
nisms under realistic conditions.

A series of long term oxidation tests has been
started with high burn-up LWR fuels (50
GWd/tU) in air at 180-200°C. In agreement with
previous American studies on PWR fuels (25
GWd/tU), first metallographic results indicate
the formation of the U409 phase at the grain
boundaries, with growing direction towards the
grain centre and with faster reaction kineties in
the fuel regions with larger intergranular poros-
ity. Our observations show that U409 does not
form coherently along the grain boundaries but
precipitate in the form of interlinked needles and
platelets as in oxidized unirradiated UQs. Con-
trary to unirradiated fuel the limiting oxidation
phase does not seem to be UzO» or U30g, but a
U4Og+y-type phase (probably metastable),
whose homogeneity range seems to extend up to
O/U=24.

Electrochemical measurements (potential-time,
linear polarisation and ac impedance tech-
niques) have been used in experiments with nat-
ural (non-irradiated) UOq pellets in aqueous so-
lutions (3 % NaCl, 3 % Nag CO3 and 0.1M Na-
C10y4). The aim has been to characterise the be-
haviour of fuel in known solutions and identify
key reaction steps.

UOq takes up oxygen very readily from aqueous
solutions to give UOg 44, which results in poten-
tial changes. Above a certain potential of about
~+100mV (versus asaturated calomelelectrode),
oxidative dissolution is predicted to commence
whereas under reducing conditions dissolution
rates remain low. This accelerated dissolution
under anodic (oxidising) conditions has been ob-
served with ac impedance techniques. Longer



term (500h) tests at rest potentials in 3%
NasCO3 have shown a slow dissolution rate;
electron microscopy has also revealed an accom-
panying deposition process of needle clusters of
an hydrate of uranium oxide (probably schoepite
U03-xH20).

In this preliminary phase the results will be used
for comparison with future work with irradiated
UO, fuel to be carried out in the hot cells. Tech-
niques for electrode preparation with active UOg
are currently being tested.

New leaching tests on UOg powder in an auto-
clave at 200 °C in the presence of Hg0 or
H30/30%H90 either in vapour or in immersion
have started. This study should establish the dif-
ferent mechanisms of leaching.

Under H90 or HoO9 immersion conditions at 200
°C, the leaching rate of U is about 10-2 and is con-
trolled by the oxidation of U4+ and the high
solubility of U6+ in Ho0O. The Np leaching rate is
not negligeable and points to an unexpected par-
tial oxidation of Np in the fuel to NpS5+. On the
contrary, Pu as Pu4+ in the fuel remains un-
leached. The leaching under vapour condition
appears uneffective.

Finally, a non-destructive assay technique was
used to characterize individual fuel pins in terms
of burn-up and radiotoxicity potential. A study of
the influence of the starting enrichment in U-
235 on the minor actinide build-up is on the way.

Leaching tests on fuel rod segments with pre-set
defects are foreseen for 1993. These fuel rod seg-
ments have to be fabricated from BR3 UO4 fuel
rods irradiated to 50.000 MWd/t. A prerequisite
condition for these leaching tests is the availabil-
ity of characteristic data concerning the fuel and
the fuel rods. At the present time, only the NDT
examinations are completed.

The leaching behaviour of R7T7 glass in the
presence of granite has been studied. The influ-
ence of granite seems to reduce the leaching rate
of the analysed glass constituents, of actinides
and fission products, except Mo, whose leaching
rate is accelerated.

88

Basic Studies on Waste Glasses

The laboratory work on basic physical processes,
radiation damage and leaching of simulated
HLW waste glasses was concentrated in 1992 on
the French reference glass for LWR fission prod-
uct solutions, SON 681817, generally referred to
as R7T7 glass, since this is the glass to be used
in the future. This work led to an invited contri-
bution to a special volume of J. Nucl. Mater. [1].
The work on the other glasses studied previous-
ly, the US product MCC 76-68 and the German
glass GP 98/12 was terminated (see e.g. TUAR
91, p. 89) because these glasses will not be tech-
nologically used in the near future since repro-
cessing will not be done with US fuel and repro-
cessing of German fuel will not be done in Ger-
many.

A hot hardness test apparatus, received from
IMF, KfK, was put into operation to measure
the temperature dependence of Vickers hard-
ness H and radial crack length ¢ at Vickers in-
dentations and to deduce fracture toughness val-
ues Kj. up to 500 °C, thus extending previous
measurements up to 200 °C (for R7T7) and 300
°C (for GP 98/12) [2, 3]. The results for R7T7,
which has a transformation temperature of 502
°C [1], show a continuous decrease in H with
temperature T (see Fig.4.1). The crack lengths ¢
increased up to 350 °C, and there was a very pro-
nounced decrease above 450 °C. Whereas at the
load used (P = 19.6 N), 20 cracks were found for
5 indentations between room temperature and
450 °C, only 12 cracks were seen at 500 °C. Cor-
respondingly, the calculated fracture toughness,
K|, increased significantly. To calculate K,
the relation

KIc =0.057-H-al/2.(E/H)2/5 . (c/a)3/2

was used (see refs. [2, 3]). Here, a is the half di-
agonal of the Vickers indentation. This relation-
ship has a theoretical basis in terms of the elas-
tic/plastic indentation fracture mechanics of a
center-loaded half-penny crack [e.g. 2, 3]. To
evaluate K| at increased temperatures, the as-
sumption has to be made, that the empirical con-
stant of 0.057 necessary to convert the propor-
tionality to an equality and obtained at room
temperature is not a function of temperature.
This assumption has some experimental support
[2, 3].

For GP 98/12 which has a higher transformation
temperature (543 °C) (1], a similar continuous
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decrease in H with T was found. Only 12 cracks
at 5 indentations were seen at 500 °C as with
R7T7, but the crack length increased up to 450
°C, in contrast to R7T7. For the base glass VG
98/12 (without added simulated waste), it in-
creased even up to 500 °C thus yielding a small-
er variation of Kj. with T than observed for
R7T7.

The extensive work on the effects of radiation
damage on leaching, volume changes and frac-
ture behavior reported before (TUAR 90, p. 87;
TUAR 91, p. 89) was terminated with measure-
ments of leach rates at low temperatures (20 and
50°C), again using R7T'7 and GP 98/12. A typi-
cal result for R7T7 is shown in Fig.4.2.

If leach rates measured at elevated tempera-
tures T = 90 °C are extrapolated to room tem-
perature, an activation enthalpy of 60 kJ/mol is
usually used [1]. The calculated mass losses at
20 °C are of the order of a ng/cm2day, or less. To
get quantitative information for such small
changes, radiotracer measurements are useful
(see Fig.4.2). The glasses were implanted with
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implanted with 40 keV 85Kr ions to two doses to
measure the slow kinetics of leaching at room
temperature. For the low dose, one specimen was
preannealed to 500 °C before leaching.

85Kr, either as trace amount, or with a large gas
concentration adding a stable 84Kr beam. The
loss of 85Kr was measured with progressing
leaching time in HyO at 20 or 50 °C with a glass
surface to water volume ratio, S/V, of 20m*. The
median range of Kr at the energy used (40 keV)
is 25 nm, i.e. 50 % of the implanted Kr are locat-
ed within the first 25nm. Since the Kr-
concentration is peaked at the median range,
the curves of fractional loss of Kr are not com-
pletely linear with time. The fact that leaching
is significantly increased for high Kr-doses
(high damage levels) is due to conditions im-
posed by ion implantation (radiation enhanced
Na mobility biased in the electric field set up
during implantation and sputtering (see TUAR
91, p. 90)). It is not found in glasses doped with
short-lived actinides (e.g. Cm-244, see TUAR 90,
p. 88) and is thus not likely to occur in real
waste glasses. It is interesting to compare the
results for glasses as-implanted with the trace
amount of 85Kr (showing a leach rate of
~ 10 nm/week) with the glass implanted with the
same dose but annealed at 500 °C following im-
plantation and before leaching, in order to re-
cover all possible radiation damage. This shows
that the intrinsic leach rate of R7T7 is very low
indeed at room temperature, i.e. ~ 1 nm/week,
and that a small damage effect exists even at the
low dose of ~ 10'2 ions/cm?.

Following a first round robin test of the Techni-
cal Committee 19 (Physical Methods for Study-
ing Glass Surfaces) of the International Com-
mission on Glass, in which different techniques
(RBS, ERDA, NRA, XPS, SIMS) were compared
and in which the Institute participated [4], a sec-



ond round robin test to measure thin coatings on
glasses and possible interdiffusion phenomena
was performed. The techniques used in the TU-
work, i.e. Rutherford backscattering RBS, and
elastic recoil detection analysis, ERDA, were
shown to be powerful and reliable. The results
were presented at the Int. Congress on Glasses,
Madrid, Oct. 5-9, 1992 [5].
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Leaching of UO9 and of SIM-
FUEL

Introduction

The studies on leaching, hydration and surface
analysis of UO, and of SIMFUEL, described in
TUAR 90, p. 33 and TUAR 91, p. 102 were con-
tinued and extended. The previous work had
been aimed at developing methods to accurately
and nondestructively measure thickness and ki-
netics of formation of layers of higher oxides on
UO,, the prerequisite of leaching since UO,
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shows a very small solubility and has to be oxi-
dized in order to become soluble in water [1].
This  previous Rutherford backscatter-
ing/channeling work was focused on the analy-
sis of distortions in the U-sublattice due to
leaching. A direct measurement of the oxygen
content in these thin layers (typically a few to
some 10% nm thickness) by conventional Ruther-
ford backscattering techniques is not possible in
the presence of the heavy U-atoms since the
Rutherford scattering cross section g, is propor-
tional to the atomic number, Z, square, hence o,
« Z%. Therefore, the signal of U is larger by
(92/8)* = 132 times than the signal for oxygen.
Small changes in the O-content can thus not be
measured quantitatively with conventional
Rutherford backscattering.

However, two new resonance scattering meth-
ods were recently successfully developed (see
TUAR 91, p. 32) using high energy He-ions [2].
In particular the broad resonance of the (a,a)
scattering of 0-16 between 7.3 and 7.7 MeV al-
lows accurate nondestructive direct analysis of
the oxygen content in surface layers of up to
about a pm to be performed [3].

Leaching of UO,

A typical example is shown in Fig.4.3, where
two random spectra obtained for a virgin, hence
stoichiometric UQ, erystal and for a leached cry-
stal (pH = 6, 180 °C, 32 h) are presented. The
only difference between these two spectra is in
the first oxygen peak (hatched area). This

T T T T T

E 15F U0, leached T
x
= fesonance UD,,as recewved
10 .
RBS
B U0,,leached in K,0,pH=6 ]
180°C, 32h

random spectra 4

00 L L . L
200 400 600 800 1000
channel number
Fig4.3 Comparison of two random backscat-

tering (Rutherford and resonance) spectra for
virgin (stoichiometric) UO, and UO, leached in
waterof pH = 6at 180°C for 32 h
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proves unambiguously oxygen uptake of UO,
upon leaching. Fig.4.4 shows the oxygen content
and gradient between the surface exposed to the
water and a depth of 800 nm. Additional chan-

U0, ,¢100), leached
?
,0, pH =6, 180°C, 32h

0/U-ratio
T

22r 1
21+
{\
20 M0 W0 60 80
depth, nm
Fig44 Oxygen content as a function of depth

of the leached UQ, specimen of Fig.4.3

neling measurements showed that the oxygen
atoms are strongly displaced from the sites they
occupy in the UO, lattice within the region of
uniform O-content, hence the region correspond-
ing to U 0, . The displacement of the oxygen
atoms decreased at greater depth (> 400 nm), as
expected, since the composition of the layers

went through U O, and approached UOg again.

A number of similar measurements was per-
formed for other leaching conditions. These indi-
cated that stresses were built up in the oxidized
surface layer whenever they exceeded a thick-
ness of ~ 200 nm.

Leaching of SIMFUEL

Leaching experiments were performed with
SIMFUEL with 3, 6 and 8 % simulated burnup.
This SIMFUEL replicates high burnup LWR
fuel to a large extent {4] (and TUAR 90, p. 28)
and is therefore used nowadays in many labora-
tories in different countries (see TUAR 91, p.
103): A larger number of researchers wanted to
participate in leaching tests: the countries in-
volved include Finland (K. Ollila), Spain in dif-
ferent laboratories (A. Sandino, I. Casas, J. Bru-
no and coworkers), Sweden (D. Shrive, L. Wer-
me) and Canada (D. Shoesmith, E. Sunder). Oth-
er laboratories doing research on SIMFUEL are
JAERI (Japan), Grenoble and Orsay (France).
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Since chemical analysis of the leaching solu-
tions is performed in many of these laboratories,
and because of difficulties in getting access to
ICP analyses in TUI, emphasis of the present in-
vestigations was placed on analysing the
leached surfaces of SIMFUEL, applying nuclear
techniques (RBS, ERDA etc.) and SEM with
EDAX.

Leaching with UO,, 3 %, 6 % and 8 % SIMFUEL
was performed in H,O at either 150 °C (for so far
1884 h) or at 200 °C (for so far 102 h). Measure-
ments were made at 8 time intervals to follow
the time dependence of the leaching process,
after 8, 174, 333, 476, 1213 and 1884 h for 150
°C, and after 4, 14, 29, 54 and 102 h for 200 °C.
Besides RBS, ERDA and SEM/EDAX measure-
ments, the total weight changes were recorded.
The measurements for 174 h, 150 °C and 4 h, 200
showed the expected surface oxidation of all
specimens and caused the formation of a layer of
composition near to UO, (see above and
Fig.4.4). Further leaching revealed differences
in the behavior of the 4 types of specimens. For
UO,, the layers grew and the total loss of matter
by dissolution amounted to ~ one third of the oxi-
dized layers.

For 3 and 8 % SIMFUEL, oxidation and leach
rates of U were less pronounced than with UQO,,
due to the effect of fission products dissolved in
the UOq lattice. In addition, redeposition of fp-
rich crystalline matter (see Figs.4.5 and 4.8) oc-
curred covering up to 30 % of the surface. The re-
deposited matter often had a needle-shape. The
needles started growing in pores or at other
faults in the surface. EDAX analysis showed
that they contained Ba. Zr was also found at the
surface locally enriched. This was supported by
RBS which showed a characteristic shoulder for
the masses of heavy fission products (Ba,Nd). A
shift of a part of the U-shoulder to lower ener-
gies confirmed the enrichment in fission pro-
ducts or otherwise the depletion in U, The layers
were too thin to be analysed by EDAX.

The 3 % and 8 % SIMFUEL gained weight dur-
ing leaching, in contrast to UQg, thus support-
ing the above statement of reduced leach rates
in SIMFUEL as compared with UOy. An appar-
ent exception was the 6 % SIMFUEL which, due
to its larger porosity, showed more grain bound-
ary attack. This caused some grains to become
separated thus giving an untypical weight loss.
Apart from this effect, the 6 % SIMFUEL fitted
well into the sequence UO2-3% -6 % - 8 % SIM-
FUEL showing decreased leach rates and in-
creasing coverage of the surface with crystalline






deposits rich in Ba and Zr. The conclusion is
therefore that fission products dissolved in UO,
reduce aqueous corrosion.
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Electrochemical Techniques
Applied to Natural UO4 Corro-
sion in Aqueous Solutions

Introduction

The solubility of uranium dioxide in natural wa-
ters and the mechanisms of its dissolution is of
interest in the event of engineered barriers be-
ing breached when fuel is in final storage in an
underground repository. The objective of electro-
chemical testing, however, is to investigate the
initial dissolution mechanisms in aqueous solu-
tions and to pinpoint key species or rate-
determining steps in this process.

This characterisation of natural UQOg in aqueous

solutions will be followed by corresponding hot
cell experiments with irradiated UOs.

Experimental method

Electrode preparation

3 mm thick sections were cut from a pellet of
natural UOg of 7.5 mm diameter and a 94.5 %
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theoretical density (provided by Nukem, Ger-
many). Details of electrode preparation are giv-
enin TUAR 90.

Potential-time experiments

The techniques for measuring open circuit rest
potential of UOg in 3 % NayCOg3, 3 % NaCl and
0.1 M NaClO4 against saturated calomel elec-
trode, have also been reported in TUAR 90.

Polarisation curves

The 3 % NagCOj solution was de-aerated by
purging with No (99.996 % purity) for 30 to 60
min. The polished electrode (1200 SiC grit and 1
pum diamond paste) was inserted along with the
saturated calomel reference electrode and the
platinum foil auxiliary electrode in the solution.
The electrodes were then connected to the poten-
tiostat (Autostat 251) with a SIS 386 PC pro-
vided with Autostat software to control the
sweep and to collect and analyse data. The elec-
trode's surface oxidation was removed by pre-
cathodisation at -2000 mV (vs SCE) for 5 min-
utes, then sweeping anodically to +1000 mV
and then returning to 0 mV at 30 mV/min. AC
impedance measurements were then carried out
on the sample at various anodic potentials. The
sweep was repeated after reabrasion of the elec-
trode and precathodisation at -2000 mV for 5
min, The sweep rose to +1000 mV and was held
at this potential for 1 hour. Then it was re-
moved, rinsed in distilled water, and mounted
for examination under the scanning electron mi-
croscope (SEM Philips 515) with a Tracor energy
dispersive analysis (EDX) system.

AC impedance measurements

A UOq electrode (polished as in section 2.3), was
inserted in an 3%NagCO3 solution open to labo-
ratory air in the same 3 electrode arrangement
as for the polarisation sweeps and the rest po-
tential monitored for up to 700 h. AC impedance
measurements were performed at intervals us-
ing a potentiostat/electrochemical interface
(Capcis March) linked to a frequency response
analyser (Capcis Voltech CV 2001) with a com-
puter to control the sweep and collect the data.
The voltage input was a 20 mV sine wave and
the sweep was performed from 100 kHz down to
10 mHz in logarithmic steps. Linear polarisa-
tion tests were also performed on the electrode
polarising to £10 mV at 10 mV-min-l using



the Autostat 251. Polarisation resistance (Rp)
values were evaluated from the slope (AV/AI) of
the data. After 700 h in solution the sample was
removed, rinsed in distilled water and prepared
for examination by the SEM-EDX.

Results and discussion

Potential-time measurements

Comparison of potential-time measure-
ment with UOg2 - HoO - COg stability
diagrams

A summary of results reported in TUAR 90 for
the effect of aeration in demineralised water are
given in Tab.4.1 and for the effect of pH in NaCl
and NayCOj3 solutions in Tab.4.2. A stability (E-

Tab4.1 Influence of deaeration on the UQOg
corrosion potential in demineralised water (pH
8.0-9.0)

Potential after

Condition 60 mins
(mVscE)
1 |oxygenated before + 167

measurement in
open vessel

2 |deaerated before + 10
measurement in
open vessel

3 |deaerated before -238
and during mea-
surement in closed

vessel

pH) diagram for the UQO9-H90-COy system is
given in Fig.4.7 based on a data review from
Grenthe, Fuger et al. [7] for total [CO32-] = 0.3
M (approx. 3 %) and total [U] = 10-5 M. The do-
main in which Schoepite (UO3-2H20) can pre-
cipitate out is also outlined.

The UQOgq corrosion potential in demineralised
water (< 0.1 pS.cm) falls with decreasing Og
levels by upto 400 mV,

Tab4.2 Potential-time measurements of UOgy
in aqueous solutions

. Aeration final
Solution pH potential/
(09/N9)
mVsce
3% NagCOj3 N 11 -10
” Oq9 11 -10
3% NaCl No 1 +160
” No 46-64 +40

Using the thermodynamic data from Grenthe et
al. the [UQ92+] equilibrium potentials with
U02.25, U02_333 and U02'637 (assuming a
[UO92+] = 10-6 M and a typical pH of 8.5) range
from +86 to +424 mVgcE; these are 250 mV
more positive than the measured potentials -238
mV to +167 mVgcg. Changes in the value of
[UO92+] or pH will not account for these differ-
ences; assuming these are potential determining
and at equilibrium, the measured potentials re-
present non-stoichiometric UOg 45 with x con-
siderably less than 0.25 in continuously de-
aerated solution, x approaching 0.25 in the de-
aerated solution, and 0.333 < x < 0.667 in the
aerated condition (i.e. at least U307 in aerated
solutions).

Sunder, Shoesmith et al. [1,4] (from XPS Data)
have proposed that Og uptake by UOjy occurs
rapidly from -400 mVgcg in aqueous solutions,
later forming a film of UOg 33(U307) at the po-
tential of -100 mV to +100 mVgcg. This result
would also suggest that UQOg 33(U307) film for-
mation is attained under open and aerated con-
ditions. Sunder and co-workers also note that
oxidative dissolution can then take place via an
adsorbed UQO92+ intermediate.

In de-aerated 3% sodium chloride (pH 4-6) solu-
tion the potential (+40 mVgcE) is slightly high-
er than that of de-aerated demineralised water
(pH 8-9) (+10mVgcE) but this is attributable to
the difference in pH between the solutions and
suggests that, as in the case of demineralised
water, there is some oxidation of the UQOg (to less
than UQg 95) despite de-aeration. In addition,
the similarity indicates that no complexation of
the UOg by chloride ions occurs; chlorides are
generally poor ligands of actinide elements [7,8].
At pH=1 a more noble and stable potential of
(+160 +242 =) +402 Vgyg is measured. This
compares with an extrapolated value for the
UQ92+/UOg(cr) equilibrium of +410 mVgyg;
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Fig4.7 Stability (redox potential vs pH) diagram for the UOQ3-H30-COy system at 25 °C [7]

the agreement implies this equilibrium is rapid-
ly attained in acid solutions.

The rest potential of UO9 in 3% NayCO3 is no-
ticeably more negative but this difference may
be due to direct action of complexation by the
CO32- ion (as they are known complexants of
uranium ions [9]) or more likely, due to the alka-
line pH of 10.8. The difference corresponds to
about 60mV/pH and implies a reaction involv-
ing a single proton transfer. Such a fall in the al-
kaline region (pH > 8.2) would be expected from
the stability diagram in Fig.4.7. Sunder et al. [2]
also noted a linear fall in UOy rest potential
with pH in the alkaline region between pH 10
and 14 and in the strongly acid region pH < 2
for chlorate solutions. However it can also be
seen that the 3 % NagCOj; potentials lie above
the equilibrium potentials: measured potentials
are 0 to -50 mVgcg (i.e. +242 to +192 mVgyg)
at pH 10.8 - 11 compared to -180 to -200 mVgyg
for the U09(CO3)34/UO2(cr) equilibrium. This
indicates that oxidation of the UOy has taken
place (assuming all important species are in-
cluded on the diagram).

Polarisation curves in 3% NasCOg3

The polarisation sweep after pre-cathodisation
is seen in Fig.4.8 and shows a corrosion poten-
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tial value of -600 mVgcg, (and corrosion
currrent igoyr of 170 nA-cm-2). Thereafter the
current rises showing two points of inflexion at
+15 mV (1 = 15 pA-cm2) and at
+590mVgcg. During the reverse sweep, the
curve down to + 590 mV matches that of the up-
ward sweep indicating a reversible reaction,
thereafter the anodic current rapidly declines
and becomes cathodic. This suggests that the ox-
ide film layer is not directly reduced and this
initial oxidation is not reversible.

The stability diagram does not indicate the
higher oxides UOgq + 4 as being stable in NagCO4

Potential
mV sce

500 - e

~.
0 /

P

000+ e

50 5
" (Smhat-2v)

2000 SIS S U N IV SR R S T A
00 1 0

Current Density [cm?)

Fig4.8 Polarisation sweep of UOy in 3 %
NasCOg solution



solutions above pH 8. However this curve, and
other results [6], imply the opposite. Possibly
slow dissolution kinetics enable oxide layers to
be formed in practice.

Given that higher uranium oxides form in aer-
ated solutions [1,2,4], then this can be interpret-
ed as an initial Eyy at -600 mV to -800 mVgcE
for UOg = UOg4« (x < 0.10), and then at +15
to +75 mVgcr the transition to UOg4+y to
UO3.33 (U307) occurs, and which is not, or only
slowly, reversible. The final reversible transi-
tion at +590 mVgcg could be a transition to
UO9 g7 (U30g) at which point the anodic film
may undergo dissolution.

AC Impedance spectra
The impedance spectra for a UOg electrode held

at various anodic potentials and at rest poten-
tials in 3 % NaCO3 are shown in Fig.4.9. One
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can see at the high frequency end (w = 104 Hz -
100 Hz) a low flattened arc with a diameter (i.e.
charge transfer resistance (R.y) value) of approx.
2-3 kQ-cm2 present at all potentials. In the
spectrum taken at +2 Vgcg this is followed di-
rectly by a second low arc (in 0.1 Hz -20 mHz
range) of 4 kQ-cm? diameter. In the +1 Vgcg
anodic spectrum a larger arc at slightly lower
frequencies compared to the +2 Vgcg spectrum
is visible (Ryt value = 9 kQ-cm2), This implies
the rapid dissolution at +2 Vgcg is replaced by
another rapid reaction for anodic dissolution,
(e.g. UOg + H30 — UO3 + 2H*+ + 2e is re-
placed by UO9 complexation by carbonate ions

(2.

As the potential is lowered further to +400
mVgcE, the low frequency 0.1 Hz -10 mHz shows
a larger arc indicating a slowing of this process
(Rey = 80-100 kQ-cm?2). At a rest potential val-
ue of -74 mVgcpE, the low frequency arc has be-
come linear indicating a diffusion-limited pro-

Zimagir;ory/ . ok
<10k -Thm w-=30mHz
Ohm.cm*=10 oo o |Restpotl)
...
. < 4 400mV
. +
.. '/‘ m
+0'5 -
+1000 mY
0 w- = 10*Hz
+2000 mV
+—+ +2000 mV
.. »-n +1000mV
a—a +H00mMY
o .0 ~ThmV
-05 +— [vs SCE)
| | |
-0,72
1 0 1 2 3 3,27
Z real/0hm.cm®10 *
Fig49 AC Impedance spectra of UOg in 3 % NagaCOj3 at various (anodic) potentials
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Influence of Granite on the
Leaching Behaviour of Waste
Glass under Dynamic Condi-

tions

Introduction

It is known that in a repository the leaching of a
high-level radioactive waste glass is significant-
ly influenced by the environment (backfill-, can-
ister material and host rock) due to an increased
ionic strength and the presence of foreign chemi-
cals such as carbonates and humic acids [1,2].

Although soxhlet extractors are mainly used to
obtain results on the leaching of waste forms un-
der standardised conditions [3], an experiment
was carried out with the equipment described in
TUAR-88, 176, to see the influence of granite on
the leaching behaviour of waste glass under dy-
namic conditions. The French R7T7 glass was
leached for 100 days together with different
amounts of granite. Tab.4.3 summarises the ex-
perimental parameters.
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Tab.4.3  Leaching of vitrified waste in the
presence of granite (experimental conditions).
Test duration: 100 d

. o, glass sample
soxhlet granite p051t1qn of
number powder granite timated
weight, wder : estimate
ght, g po weight, mg surface, cm?2
1 2 sample
contalner
no - : 475 2.35
0.2 sample 447 2.21
container
4 2 sample 457 2.26
container

Experimental results

ICP-MS was used for the determination of the
elemental and isotopic composition of the
leachate.

The glass components Li and B are mainly found
in the leachate. About 10 % of these elements
are found in the wash solution of the sample con-
tainer only if granite is present (Fig.4.13).

: N
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Y [T EN [
H H :, "5_ N \—8000
B ; f"‘:N \
mh B A1 N \—7000
L N \
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' 'I: Z N \—5000 H
AN \\ :
Lt b '3 'y
\ : - f g, ’.? -4000
: * 4 B 3000
3 H P
¢ [
oz AR B 2000
wegr0 2¢ ' - 1000
we-glass
wegranie 0
14
tiank J A " 12 13
5 8 7 8 mess unit
Fig4.13  Mass spectra of the wash solution of the sample container

we: wash solution of the container
v: heating vessel
c: sample container

gr: granite (the number refers to the amount of granite in c)
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At the same time an increase of carbon (mass
12) is observed. A very similar result is obtained
for Mo (20 % adsorbed on the sample container).
The presence of granite has decreased the leach-
ing from waste glass; only for Mo an increase of
up to 30 % was observed (Tab.4.4)

Tab 4.4 Influence of granite on the leaching
of vitrified waste

Sr and Ba are adsorbed on the heating vessel, es-
pecially in the presence of granite. The Cs
amount absorbed on the walls of the heating
vessel has increased from 2 to 45 % with granite.

Significant amounts of lanthanides were only
found in the absence of granite and most of it
was adsorbed on the walls of the sample contain-
er.

The leaching of U was also reduced in the pres-
ence of granite and uranium was found to be

relative % adsorbed mainly adsorbed on equipment walls. Without
change of : . .
lement eatheq'  |sample container] beating vessel gramte,_ 1/3 was fqund in the s?.mple cpntamer
group |clement| amountln and 2/3 in the heating vessel, with granite, most
of granite | oo | B0 | plass glass of the U is adsorbed on the heating vessel.
g granite granite
glass Li -48% 0 10 0 0 1
floss enta | B a8 0 10 9 9 Np and Pu‘ could be detecte_d only with gl'ass
solukle£p. | 8¢ i I N &8 alone, Np in the wash solution of the heating
s -48 % 1 1 4 1 H
5 e 2 HE o vessel and Pu in the sample container.
Mo +30% 0 20 12 1
lanthanides L >-90% 76 18 21 67 : . :
& Zooa | o1 5 3 o The anal¥51s of the wash solution of the granite
actinides 1] a3 % 34 8| o3 89 powder did not reveal the presence of leached
P >-90% | ~100 0 0 0
N: >.90 % 0 0| ~100 0 elements.
The quantitative results are summarised in
Fig.4.14.
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Conclusions

In contrast to experiments carried out under
static conditions [4] where no influence of gran-
ite was observed, granite induces under pseudo-
dynamic conditions a reduction of the leaching
rates of U and of fission products by about 50 %
except for Mo, whose leaching rate increases by
30 %. A similar reduction was seen for the glass
components Li and B. Low amounts of lan-
thanides, of Pu and Np are detected in the ab-
sence of granite. Pu is almost completely ad-
sorbed on the sample container walls, whereas
Np was found in the heating vessel. This could
indicate a difference in the chemical behaviour
of the leachate inducing a difference in mobility
for these two elements which was already ob-
served in migration studies of these elements in
different geologic formations (5].

Leaching Behaviour of Irradi-
ated UO3 under Highly Oxidis-
ing Conditions

Experimental conditions

As described in TUAR-91, p. 96, a possible way
of studying the influence of the oxidation state
of spent fuel on its leaching behaviour is to leach
irradiated UO9 powder in presence of hydrogen
peroxide. A second experiment was conducted
for a test duration of up to 4 weeks in parallel,
with and without immersion. The test condi-
tions are given in Tab.4.5.

The experiment was not completely suecessful,
because the experimental set-up for the oxida-
tion in the vapour phase (cf. TUAR-91, 99) was
made of Teflon which could not resist the high

Tab4.5  Experimental parameters of oxida-
tion of spent fuel (30% H509 solution) at 200 °C

10 ml Hy04 10 ml H20
solution
experimental | vapour phase | immersion | vapour phase | immersion
conditions

testduration | 7and28d 7and 28d 28d 28d

mechanical embrittle- embrittle-

behaviourof | mentofthe ment of the
sample holder | sample con- sample con-

tainer tainer
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gamma radiation level. The Teflon in direct con-
tact with the fuel become brittle and the pres-
ence of holes was observed. As a consequence,
sample particles were found in solution in some
cases. The formation of fluorine species can be
assumed, modifying the chemistry during the
leaching process. Furthermore, important losses
of solution were observed probably as a conse-
quence of the embrittelement of the Teflon con-
tainers. Moreover, SEM examinations lead to
suspect an interaction between fuel and Teflon.
Despite these problems it was possible to recover
in each case fuel samples for analysis by SEM
and solutions for ICP-MS analysis. However, the
malfunctioning of the autoclave has to be taken
into account and a new autoclave must be de-
signed. The test will be repeated with the new
equipment.

Results

As to be expected no fuel components were found
in the leachate, when the fuel was oxidised by
vapour, except in some cases, where fuel and,
surprisingly, also cladding particles were found,
due to the above mentioned problems with the
Teflon containers (Fig.4.15).

The quantitative results are summarised in
Tab.4.6.

The results of Tab.4.6 were normalised with re-
spect to the initial content in the fuel, the geo-
metrical surface area and the test duration.

ajj 1
Rn =

100
ajf Sa-t

Rn:normalised leach rate in %

a;;. content of element i in the leachate in pg/g
fuel

a;r. calculated content of element i in the fuel in
pg/g fuel

Sa: geometrical surface area of the sample in
cm? determined from SEM analysis

t: testdurationind

The leach rates of the main components of the
leachate are given for samples treated under im-
mersion conditions (Tab.4.7)

According to the low confidence level of the ex-
periments conducted in the vapour phase the re-
sults of this report is restricted to the ICP-MS
analyses of the leachate and SEM examination
of the UOg powder leached under immersion
conditions.
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Tab.4.6 Main components in the leachate in
ng/g fuel
elg?r?;s;t element |H9O9 im1 [ H209im4 | H9O im4
soluble Y 0.04 0.04 0.01
f.p. Sr 45.32 6.55 9.41
Zr 75.77* 547.38 97.37
insoluble Rb 45.17 20.11 4.86
f.p. Cs 214.13 132.65 43.40
Ba 31.06 17.77 4.87
£ metals Te 327.76 41.37 77.66
Mo 151.59 35.17 14.81
Rh 0.14 0.04 0.09
Ru 0.90 0.30 0.43
Pd 2.87 6.02 3.02
lan- La 0.11 0.04 0.07
thanides Pr 0.05 0.02 0.02
Ce 0.09 0.06 0.05
Nd 0.08 0.05 0.13
Sm 0.12 0.05 0.08
actinides Np 0.69 3.70 3.57
U 1500.46 | 15183.38 [18330.59
Pu 2.05 2.26 0.59
Am 0.06 0.09 0.02
Cm 0.02 0.01 0.03

*

this Zr has a natural isotopic composition and results from

the chemical interaction between fuel and cladding or from
impurities of the fabrication

Tab4.7

Leaching rates of the main compo-
nents in %/cm2-d

elger';‘l‘j;t element | H202im1 | H202imd | Ho0 imd
soluble Y 0.0002 0.0000 0.0000
f.p. Sr 0.1187 0.0043 0.0062
Zr 0.2487 0.4492 0.0799
insoluble Rb 0.2813 0.0313 0.0076
f.p. Cs 0.2462 0.0079 0.0125
Ba 0.0552 0.0381 0.0022
¢ metals Te 1.0759 0.0339 0.0637
Mo 0.1289 0.0075 0.0031
Rh 0.0015 0.0001 0.0002
Ru 0.0014 0.0001 0.0002
Pd 0.0073 0.0039 0.0019
lan- La 0.0002 0.0000 0.0000
thanides Pr 0.0001 0.0000 0.0000
Ce 0.0001 0.0000 0.0000
Nd 0.0001 0.0000 0.0000
Sm 0.0005 0.0001 0.0001
actinides Np 0.0030 0.0040 0.0039
U 0.0037 0.0094 0.0114
Pu 0.0006 0.0002 0.0000
Am 0.0003 0.0001 0.0000
Cm 0.0021 0.0002 0.0008
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As shown by SEM, the fuels analysed were
sometimes porous and the geometrical area was
not representative of the real area, the former
giving a too low value. Thus, the real normal-
ised leach rate will be lower than the leach rate
calculated above; although absolute values
might not be correct, a comparison between the
leach rates of the different elements analysed
can be attempted. From this analysis the follow-
ing conclusions can be drawn:

- The leach rate of U increases with time and
is likely to be very sensitive to the oxidation
progress of the fuel (see oxidation of UOg pellets
below 500 °C, this report); no difference appears
between H90 and H9Oq leaching. This observa-
tion suggests that Oy in the solution plays a
similar determining role in the oxidation pro-
cess.

The oxidation of UOy favours the transfer of
uranium to the leachate as U6+ which is highly
soluble in water. On the contrary, the low Pu4+
solubility in HoO should explain the low leach-
ing rate which we have found experimentally.

Np should exist as Np4+ in the fuel and the
measured leach rate of this element suggests an
unexpected partial bulk oxidation to Np5+.

- Whatever be the leachant
the rare earths are not affected

* the alloying metals Mo, Te, Ru, Rh, Pd dis-
play a specific behaviour. As already noticed
Tec is very sensitive to the leaching process
and, at a lower degree, Mo as well; consider-
ing the oxygen potential likely to be reached

_ by the fuel, oxidation of Tc and Mo can be ex-

pected; Ru, Rh, Pd appear to be only slightly
affected.

- The analyses of the other fission products
seem to be incoherent and no correlation be-
tween each other or with U could be found. This
can be partially explained in the case of Cs, Ba,
Rb which are not soluble and show an heteroge-
neous distribution in the fuel; on the other hand,
soluble fission products were not leached con-
gruently.

- Furthermore, white precipitates, apparently
UQ4-xH90, were found in the leachate (leach-
ing under H909 immersion condition) (Fig.4.15).

- Assuming that the experimental conditions
are such, that a comparison between leaching
tests under vapour and under immersion condi-
tions is possible, then the UOg powder seems to
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remain unaffected by the preceeding leach

tests.
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Non-Destructive Characterisa-
tion of Spent Fuel

Introduction

UOg and MOX-fuel rods irradiated in the BR3-
reactor in Belgium will be used to carry out
leach tests on fuel rod segments with pre-set de-
fects. Five UOg and five MOX fuel rods were de-
livered to the Institute for this purpose in 1992.

The characterisation of these materials has
started and this report describes the results of
NDT examinations of the UO9 fuel rods.

Fuel data

The fuel was fabricated by the company Franco-
Belge de Fabrication de Combustible (FBFC) in
Dessel, Belgium. UO2 was obtained from UF6
by the process ADU. The initial enrichment was
8.26 wt %. The main fuel characteristics are giv-
eninTab.4.8.

Tab.4.8  Fuel and pellet data

Mean diameter [mm] 8.04

Fuel pellet |Height [mm] 12.22-12.41
Weight [g] 6.323-6.419
Mean density [g/cm3] 10.34-10.35
[% TD) 94.3-94.6

Fuel Boron equivalent [ppm of B] 0.6

Stoichiometry [O/M] 1,997
Mean grain size [pm] 1




Cladding data

The Zry-4 tubes were produced by VDM-AG,
Werk Duisburg (FR of Germany), from an ingot
provided by Teledyne Wah Chang, Albany, Or-
egon, USA. The tubes were heat treated at 540
°C for 2.5 h. The main characteristics of the clad-

ding are given in Tab.4.9.
Tab.4.9 Cladding data
Alloy Zry-4
Outer diameter [mm] 9,50
Internal diameter [mm] 8,24
Wall thickness 0,58

Irradiation conditions

The 5 UO9-fuel rods were irradiated in the same
assembly, in four cycles corresponding to 31544
effective full power hours (EFPH), from June 22,
1979 to June 30, 1987.

The mean and the maximum calculated burn-
ups reached by the 5 rods are given in Tab.4.10.

Tab.4.10 Calculated burn-up

Burn-up Burn-up
Rod No. [GWd/t] [GWd/t]

(Average) |(Maximum)
1-556 41.5 51
1-650 41.8 51.4
1-854 42.3 52
1-820 41.6 51.1
1-551 43.3 53.2

Post-irradiation examinations

Visual examination

The visual examination of the outer surface of
the cladding displayed an uniform adherent
black oxide films and the absence of macroscopic
defects.
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Defect determination by eddy current

No cladding defects were detected.

Profilometry

All the rods showed a smooth profile with a
slight decrease in the mean diameter in the mid-
dle of the rods indicating creepdown. The nomi-
nal diameter was 9.5 +/- 0.01 mm. In Tab.4.11
the creepdown has been calculated from the out-
er diameter value and the oxide layer thickness.

Tab.4.11  OQuter diameter variation and creep-
down
Outer
. Average
diameter
Rod No. variation crecE,pdolwn,
Ad/d, [pm] pm
1-556 -40 -66
1-650 -32 -60
1-854 -35 -61
1-820 -28 -57
1-551 -25 -51
Rod length

All the rods presented a slight radiation induced
growth. The results of the measurements are
presented in Tab.4.12.

Tab.4.12 Rodlength and irradiation growth of
the rods

Rod No. |Length [mm]| Growth [%]
1-556 1139.05 0.27
1-650 1139.58 0.32
1-854 1139.65 0.32
1-820 1139.30 0.29
1-551 1139.55 0.31
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Axial fission product distribution (gam- Tab4.13 Oxide layer thickness

ma scanning)

The isotopes detected were: Cs-134, Cs-137, Ru- Rod No. thide Layer

106 and Ce-144. The axial distribution of burn- Thickness [pm)]

up estimated from the Cs-137 distribution

agrees well with the calculated values by Belgo- 1-556 40

nucléaire. The axial profile of each rod shows a 1-8650 49

reduced activity in the vicinity of the spacers

(central zone). 1-854 40
1-820 43

Oxide layer thickness 1-551 40

All rods showed a uniformly distributed oxide
layer whose average thickness is given in

Tab.4.13. Gas analysis (puncturing)

The results of the elemental and isotopic compo-
sition of the filling gas He are collected in
Tab.4.14a and 4.14b. The results include helium

Tab.4.14a Composition of the filling gas

Composition of the filling gas [%]

Pin Nr.

He | Nz | Oy | Ar|COz g5 | 'gy |5 |86 | 151 | 192 | 134 | 196
1-556 | 98.8 |0.05|0.05/0.05|0.03|0.02|0.05|0.01]0.08| 0.1 {0.18]0.28{0.36
1-650 | 98.5 |0.17]0.08(0.03|0.09(0.02|0.05|0.01|0.08|0.11{0.21|0.31/0.38
1-854 | 98.9 |0.12|0.08(0.03|0.04|0.01|0.03{0.01|0.06|0.08(0.16/0.23|0.28
1-820 | 98.9 |0.09|0.06{0.05(0.04(0.01(0.03(0.01/0.06{0.08(0.15/0.22|0.28
1-551 | 98.7 |0.07(0.05[0.03|0.04{0.02]0.05{0.01{0.08| 0.1 | 0.2 [0.31]0.38

Tab.4.14b Normal gas volume of the filling gas, Xe/Kr-ratio, free volume and relative gas release

Gas
Gas Vol. | Xe-Vol. Kr-Vol. Free
PinNo.| (NTP) | (NTP) | (NTP) fj/tKr volume relefse
[cc] [cc] [ec] 10 [cc] remo
[%]
1-556 | 150.18 1.37 0.22 6.19 6.65 0.3
1-650 | 143.56 1.44 0.23 6.38 6.67 0.35
1-854 | 136.38 1.02 0.15 6.87 5.8 0.21
1-820 | 150.03 1.10 0.17 6.50 6.66 0.25
1-551 | 145.42 1.44 0.24 6.1 6.46 0.36
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and Ny, Og and COgq as impurities resulting from
the filling gas procedure. Argon was used during
the welding process during fabrication.

Future work

The values found for the fission gas release ratio
are similar to those measured on BR3 fuel rods
irradiated to a burn-up of 25000 MWd/t and a
higher release could be expected. The fuel mi-
crostructure examination will already bring in-
formation on the thermal behaviour of the fuel;
an additional Xe, Nd determination by EMPA
will be carried out in order to confirm the results
of the filling gas analysis.

Non-destructive testings suggest the absence of
cladding defects . The next step of the character-
isation study will be a fuel microstructure ana-
lysis as a function of the burn-up distribution.

The fuel rods will be cut in segments, 15 ¢m in
length, with pre-set defects for leach tests.

Due to the strong axial burn-up variation, only
the fuel rod zone located between the maximum
burn-up and 0.80 max. burn-up is suitable for
the leaching experiments.

The refabrication of these fuel rod segments in-
cluding fuel retrieval, inner and outer surface
cleaning, end plug TIG welding, pre-set defect
fabrication and their characterisation is under
way.

Oxidation of Unirradiated UOg
Pellets below 500 °C

The investigation of the oxidation in air of unir-
radiated UOg9 pellets was continued. Details of
the starting material and of the operational con-
ditions can be found in Ref. [1]. The results of
isothermal oxidation runs in a thermobalance
were obtained in the form of weight changes asa
function of time and were related to the hetero-
geneous reaction:

02
UO9g ——> U304

Fig.4.16 represents the oxidation ratio a (ratio
between the weight change at the time t and the
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Fig4.16 Reaction ratio as a function of time
for various temperatures

total weight change) as a function of time for
various temperatures.

Metallographie, X-ray and TEM analysis of the
oxidised material showed that the reaction in- .
terface (between uranium oxide and oxygen)
was represented by a layer, 50 to 100 um thick,
in which oxygen diffusion controlled processes
first caused the nucleation of U4Og at the grain
boundaries and then bulk diffusion and nuclea-
tion of a U30g phase. The transition from UsOg
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to U3Og was accompanied by a large volume
variation which caused the disintegration of the
reaction layer. In this manner, the oxidation in-
terface was continuously renewed, the specific
surface of the oxidising material increased and
finally the pellet decreased in size and disinte-
grated before the oxidation reaction was com-
pleted. The intermediate oxidation products con-
sisted of UOQ9, U409 and U3Og whereas the final
product was U3Og powder. Similar results were
obtained by oxidation of polycrystalline UOg in
water vapour at temperatures between 170 °C
and 387 °C.

The oxidation reaction sequences are rather
complicated and the evaluation of the results
would require the use of sophisticated models
and calculation procedures not available at
present. For this reason the results were cur-
rently interpreted on the basis of simple conven-
tional first order kinetic plots. The reaction rate
was calculated from the plots of

1

logio
(1-a)

vs. time. Each graph in Fig.4.17 consists of two
straight lines and the "knee” between them is
an indication that the overall reaction can be di-
vided at least into two stages in which the oxida-
tion process occurs at different rates. This is in
agreement with the results reported in Ref. [2]
concerning the oxidation in air of natural UQq
spheres (120 pm in diameter) at temperatures
between 320 °C and 380 °C. It is not the aim of
this study to investigate the relationship be-
tween the stages and the reaction type. The Ar-
rhenius plot of the rate constant k of the first

2.50
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and the second reaction stage are represented in
the Fig.4.18. The equations of the rate constant
are:

-31000
k =295410%exp (———)
RT

for the first stage (before "knee”) and

-29445
k = 2.705-10%exp ( — )
RT

for the second stage. The values of the activation
energies, 31 and 29 Kcal/mole respectively, indi-
cate that the lines are almost parallel and there-
fore that the oxidation processes occurring in
the two stages are essentially the same and pro-
ceed only with different rates.

+First stage

# Second stage

X
e
-8}
—10}
B R T B 1T B T B T R
10 YT (K)
Fig4.18 Arrhenius plot of the reaction rate
constants

The results of this work allow the following con-

clusions to be drawn:

- grain boundary diffusion controlled pro-
cesses largely contribute to the transport of
oxygen, in addition of bulk diffusion, during
the oxidation of polycrystalline uranium di-
oxide.

- oxidation of UOs pellets in dry air or in wa-
ter vapour at temperatures between 170 °C
and 390 °C takes place in a less than 100 ym
thick interface and causes the formation of
U409 and UgOg at the grain boundaries and
the desintegration of the oxidising material
before oxidation is complete.

- the final product of the oxidation in air and
water vapour is UszOg. Intermediate pro-
ducts are mixtures of UOg, U409 and U30g.
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Low-Temperature Oxidation of
High Burn-up Spent Fuel

Introduction

During the last years the problem of the low-
temperature oxidation of spent fuels has been
thoroughly treated in the literature especially
by American [1-3] and Canadian authors [4-5],
in relation with the potential risks of fission gas
release in dry-repositories, when cladding
breaches appear during fuel disposal. In this
case UOy will react with air at temperatures
ranging between 50 and 300 °C (5], where a mat-
ter of concern is the potential formation of the
U3Og phase, which due to its large volume in-
crease (36 %) would excert a considerable me-
chanical stress on the cladding, thus enhancing
the risk of fission gas release if cladding rupture
ocecurs.

In this respect however, long-term oxidation
tests with CANDU spent fuel (30 GWd/tU) have
shown that in the temperature range 175 - 200
°C no U30g-phase is formed, at least up to expo-
sure times as long as 40000 hours [6]. At these
temperatures, the only oxidation product formed
was a U4Og4y-phase, which grew coherently
along the grain boundaries, and whose homo-
geneity range extended up to O/M ~2.4 (1,2]. The
lack of U30g nucleation can be attributed to the
extremely slow formation kineties of this phase
in the temperature range considered [4].

This last point is however in contradiction to re-
sults of other oxidation tests in air with unirra-
diated UQg performed worldwide and at ITU
(see preceding chapter of this report), which in-
dicate that at temperatures of about 200 °C,
though the phase U4Og appears at an intermedi-
ate step, the final oxidation step leads to the for-
mation of the U3Og phase.

Therefore, in order to elucidate the causes for
the apparently different oxidation processes in
irradiated and non-irradiated UQg, new low-
temperature oxidation tests (air, 200 °C) with
high burn-up fuel have been started. Goals of
these experiments will be the determination of
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the crystal structure, density and morphology of
the oxidation phases appearing, and the assess-
ment of the oxidation kinetics, with consider-
ation of the influence of the prior fuel micros-
tructure (porosity, grain size and grain restruc-
turing) and burn-up.

Preliminary results

First results of preliminary tests performed with
a LWR fuel of 40 GWd/tU burn-up, show that
after exposure to air at 180 °C during 1 week,
the only phase formed was U40g. This phase nu-
cleated at the grain boundaries and grew to-
wards the grain interiors in the form of inter-
linked needles and platelets (Fig.4.19).

Central regions of the fuel with larger porosity
and more grain boundary decoration (pores)
showed a larger fraction of U40Og-phase formed,
indicating that the oxidation rate is enhanced as
the intergranular porosity increases. Similar re-
sults were found with CANDU fuel [1].

Tests under performance

Long-term oxidation tests with LWR fuels of 50
GWd/tU burn-up (200 °C, 1 - 3 months) are still
under evaluation. During these tests samples
are retrieved from the apparatus every week
and the corresponding weight gain, density, X-
ray structure and microstructure are deter-
mined.

It is also planned to perform thermogravimetric
analyses (continuous weight variation) under
controlled po, conditions, in order to determine
the composition limits (O/M) of the oxidation
phases. The phase characterisation will also be
completed by XRD-analysis as a function of tem-
perature and po,. In this context, a point of in-
terest will be the determination of the possible
metastability range of the phase U40Qyg, as it is
suggested in Fig.4.20.
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fracturing device was developed (Fig.4.23)
which is able to release an instantaneous load of
up to 25 kg/mm? to the surface of a metallogra-
phic sample via a hard alloy chisel, producing a
localized impact fracture.

Since the applied impact load was far above the
fracture strength of UOg (~ 14 kg/mm?2 [5]), at
least 80 % of the fracture obtained was of trans-
granular nature (Fig.4.24). The polished and
the fractures surfaces were then thoroughly in-
spected by SEM in the as-received condition.
After cleaning and flash immersion of the sam-
ple in a HoO : H9Og: HNOj etching solution, in
order to promote the intragranular attack, a sec-
ond SEM inspection of both surfaces was per-
formed.

Results

As can be seen in Fig.4.24, the transgranular
fracture surface of the central part of the fuel
(dark zone), did not reveal any intragranular
fine porosity before etching, at least within the
limits of resolution of the SEM equipment
(5004).

However, after a slight chemical etching, fuel
regions inside the dark zone showed grains af-
fected by etch-pitting (Fig.4.25) whereas outisde
the dark zone no etch-pitting was observed
(Fig.4.26). The etch-pitting effect was evident
not only on polished surfaces (Fig.4.25), but also
on transgranular (cleaved) fracture surfaces
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Fig4.21 Ceramographic cross-section of a
BR-3 fuel(BU ~30 GWd/tU). Dark zone in central
position (r/rg = 0 to r/irg = 0.35) appearing after
chemical etching with HyO:H309:HNQ3 solution

(Fig.4.27). The pits inside the grains were pref-
erentially oriented, constituing a regular array
which seemed to depend on the crystallographic
orientation of each grain (Fig.4.28,4.29). They
appear as equilateral triangles, a morphology
which is typical of the dislocation etch-pits in
the CaFq structure [6].

Regarding the fracture type, it is necessary to
point out that the main fracture mode was
transgranular, but at the periphery of the fuel
pellet it was predominantly intergranular.
When this part of the fuel was exposed to acid
etching, a grain boundary decoration became
evident, indicating the possible presence of a
second phase growing up on the grain faces
(Fig.4.30).

Discussion

According to our observations the origin of the
dark zones in high burn-up fuels after etching is
to be attributed to an etch-pitting effect, which
does not necessarily denote the presence of in-
tragranular fission gas bubbles, as previously
assumed in the literature [4]. In our opinion, the

Institute for Transuranium Elements - Annual Report 1992, EUR 15154 EN

Air adrmission ﬁ
Alr evacuation

Pneumatic |ack
Type . ADV 32 -80 -A
460 N a1 6 bar

—
mand

nstantaneous fracturing-chisel
with automatical Impact-release
11 - 25 Kg / mm?
R
centenng nng l |
bracket
4
. sample ¥ protection device
pneumaticack <
type ADV 32-25-A
sample-holder
480N " 1] a
ol "
v magnetic stage

NQ

A admission &
evacuation

Surface-fracturing-system for metallographic sample

Fig423 Remote controlled apparatus for the
localized impact fracture of polished fuel cross-
sections

described effect is caused by the interaction of
the etching solution with dislocation lines or
loops existing within the UQqg grains. In this re-
spect it is worthwile to note that the obtained
etch-pit pattern is similar to that of dislocation
etch-pits in CaF9, an ionic crystal whose strue-
tural space group is the same as that of UQOs.
Another possible cause for this effect could be
the interaction of the acid with coherent
second-phase preicpitates [6]. Complementary
TEM examinations would bring additional in-
formation to these hypotheses.

The intergranular mode of fuel fracture at the
pellet periphery is to be associated with a
change in mechanical strength at the grain in-
terfaces resulting from chemical modifications.
We think that this effect can be related to the
burn-up increase in this region (caused by Pu-
enrichment due to neutron capture), and to a
preferential concentration of volatile fission pro-
ducts (Cs) along the grain faces. Additional
chemical microanalyses of the etching solution
and some complementary EMPA determina-
tions will be performed in order to elucidate the
nature of this intergranular deposit (Fig.4.30).
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