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Circle of life

In 1954, the first nuclear power reactor in the world started operation in Obninsk (Rus-
sia). In those first days of the nuclear technology, the fuel used was a well protected
secret. It later became public that it was an alloy of uranium and molybdenum in a
cladding of stainless steel. Since this kind of fuel had many advantages, other famous
reactors of the first “nuclear” generation also used it. For instance the Fermi reactor
near Detroit, the Dounreay fast reactor and various pulsed reactors [1].

Nowadays - five decades later - ceramic fuels dominate in nuclear power plants,
particularly oxide fuels. For example, as of August 1990, 375 of the 413 power reactors
worldwide are fueled with sintered pellets of UO2 [2]. All oxide fuels together account
for 97.9% of the electricity generated by nuclear reactors.

One might assume that the time of the metallic UMo fuel would be over. But in
the year 1996 a worldwide rediscovery of the advantages of UMo took place, qualifying
it as a very high density fuel for research and test reactors [4]. For this purpose U-Mo
powder was dispersed in an aluminum matrix.

In spite of the good performance under in-pile irradiation conditions of the fuel
itself, it interacts heavily with the surrounding aluminum matrix. An interdiffusion
layer around the UMo particles has been observed after in-pile irradiation. This inter-
diffusion layer is disadvantageous, because post irradiation examination revealed cracks
between the matrix and the interdiffusion layer. These cracks could lead to a break
away swelling of the fuel plate. Therefore a detailed knowledge of the properties and
build up of the interdiffusion layer is of great interest.

This work shows for the first time how such an interdiffusion layer can be created
out of pile - avoiding the disadvantage of neutron activation of the specimen. Further-
more this interaction layer will be characterised, and in conclusion an explanation for
the cracks discovered during in-pile irradiation will be provided.
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a lattice constant Å
a0 Bohr radius m
A nuclear number
AS shutdown rod (German: Abschaltstab)
Be(r,t) energy deposit in the electron system J
BOL begin of life
c speed of light m · s−1

c1,2 constants
C concentration particle · cm−3

Cm heat capacity J · g−1 · K−1

Ce heat capacity of the electrons J · g−1 · K−1

Cl heat capacity of the lattice J · g−1 · K−1

CEA Commissariat à l’Energie Atomique
d diameter (distribution of) m
D diffusion coefficient m2 · s−1

De thermal diffusivity cm2 · s−1

DESY Deutsches-Elektronen-Synchrotron
e elementary charge C
E energy J or eV
EB binding energy eV
EDX energy dispersive X-ray analysis
EFPD effective full power days d
Em elastic modulus
ED displacement energy eV
EF fission energy eV
EFF energy of fission fragments eV
Ekin kinetic energy eV
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FD fission density cm−3
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OM optical microscopy
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q heat production W
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r radius m
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Chapter 1

Motivation

In 2004 the new research reactor “Forschungsneutronenquelle Heinz Maier-Leibnitz
(FRM II)” in Garching, Germany, went into operation. The reactor has been designed
as a high performance neutron source. This means that on the one hand the reactor
provides a thermal neutron flux (unperturbed) as high as 8.0·1014 cm−2s−1 outside of
the core, and on the other hand that the total heat production is very low, only 20
MWth. This is achieved by using a single cylindrical fuel element which contains a
graded high density fuel with highly enriched uranium (HEU, 93wt% 235U).

Figure 1.1: Horizontal cut, 30 cm above core midplane, through the inner part of the
moderator tank of the FRM II with the fuel element in the central core tube

1
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Table 1.1: Characteristic values of the FRM II fuel element [5], see also Tab. 1.2

fuel element dimensions
outer radius 12.15 cm
inner radius 5.9 cm

fuel plates (involute shape)
number 113
width of the plate 1.3 mm

(hereof meat ) (0.6 mm)
uranium density in the meat

r < 10.5 cm 3.0 gU · cm−3

r > 10.5 cm 1.5 gU · cm−3

width of the cooling channel 2.2 mm

Figure 1.1 shows a horizontal cut (30 cm above core midplane) through the fuel
element of the FRM II and the inner part of the heavy water tank, which surrounds
the fuel element. In the inner space of the fuel element the control rod (not shown)
moves, and the five shutdown rods (AS-1 through AS-5) are plotted in their shutdown
positions. Further, the cold source (KQ), hot source (HQ), two inclined beam tubes
and some of the 10 horizontal beam tubes are shown.

Since the fuel element is cooled by light water and surrounded by a heavy water
reflector, a very high power density (⇒ high neutron flux) can be achieved for a cycle
length of 52 days, resulting in a very high burn-up of the uranium. The fuel, which
satisfies such a high requirement, is a U3Si2/Al dispersion fuel, this means that U3Si2
particles (fuel) were dispersed in an aluminum matrix1. This mixture of fuel particles
and matrix is denoted as meat. In the end of a cycle, this means after 52 full power
days at 20 MWth (=1040 MWthd) up to 2.1 · 1021 fission per cm3 in the meat took
place, this value is denoted as the maximum meat fission density (FD).

Furthermore, the meat is sealed in a frame and two cladding layers (in this case:
AlFeNi), resulting in a fuel plate2. A detailed description of the manufacturing of a

1Aluminum was chosen as matrix material, because it is a relatively soft material - compared to
the fuel. Since fuel plates, which contain the dispersion fuel, are manufactured by rolling, each fuel
particle will be embedded in aluminum. This guarantees a good heat removal from the fuel particles
(where fission takes place = energy release) into the aluminum matrix, and from the aluminum matrix
into the cladding of the fuel plate. Therefore the heat removal from the fuel particle is still guaranteed,
even when a fuel particle swells under irradiation. Other advantages of aluminum are the low cross
section for neutron capture σabs, the high thermal conductivity λ and low costs.

2In the meat will also be voids (denoted as as-fabricated porosity). During in-pile irradiation the
as-fabricated porosity will disappear because on the one hand voids will be filled up with fission gases
and on the other hand the fuel particles expand significantly under irradiation and therefore they
consume space.
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Table 1.2: Characteristic values of the FRM II fuel element [5], the EPR core [6, 8]
and the THTR-300 core [7, 8]

FRM II EPR THTR-300

nominal power Pth 20 MWth 4280 MWth 750 MWth

� VHGR in the
meat

7 kW·cm−3 310 W·cm−3 6 W·cm−3

fuel inventory 8.1 kg > 100 t 344 kg
active core height 70 cm 420 cm ≈ 400 cm
fuel type U3Si2/Al MOX UO2+ThO2

fuel enrichment in
235U

93 wt% ≤ 5 wt% 93 wt%

cycle length 52 days up to 24 month up to ∞
max. burn-up ≈ 250 GWd/t > 60 GWd/t -
moderator light and heavy wa-

ter
light water graphite

coolant light water light water helium
max. coolant tem-
perature

52 ◦C 326 ◦C 750 ◦C

fuel plate will be presented in section 3.1. A complete fuel element of the FRM II
contains 113 fuel plates. These plates have an involute shape and contain two different
fuel densities in the meat. Between the fuel plates are coolant channels. Dimensions
and characteristic values of the fuel plates and the fuel element of the FRM II are given
in Tab. 1.1 and Tab. 1.2.

For classification, these values are compared in Tab. 1.2 with two other types of
reactors. These are on the one hand a pressurized water reactor (generation III+,
here represented by the European pressurized water reactor (EPR), which is currently
under construction in Finland and France - the latest generation of commercial nuclear
power plants), and on the other hand with a high-temperature pebble bet prototype
reactor (Generation IV, here represented by the THTR-300 (German abbreviation for:
Thorium Hoch Temperatur Reaktor - 300 MWel), which was operated in Germany
from the year 1985 to 1988). The table shows that compared to the nuclear power
plant and the prototype reactor, the FRM II research reactor has:

• a very small nominal power Pth, but a much higher volumetric heat generation
rate (VHGR) in the meat

• a much lower fuel (uranium) inventory

• a much higher burn-up as referred to heavy metal
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• a relative short cycle length

• and much lower operating temperatures

A condition of the final license, which was received in 2003 for operating the FRM II
reactor, was that the FRM II should develop a new fuel element with medium enriched
uranium (MEU, not more than 50% enrichment in 235U) before the end of the year
2010. Since a redesign of the reactor facility would appear to be unrealistic, the dimen-
sion of the fuel element have to be unchanged. Also the new fuel element should lead
only to marginal losses in performance and safety. Because the quantity of uranium-
235 (fissionable material) has to be at least maintained, the total uranium (235U and
238U) in the meat has to be increased. This means that a very high density fuel is
required [9, 10]. Calculations revealed that the FRM II fuel element would require at
least 7.75 g uranium (for an enrichment of 50wt% in 235U) per cm3 in the meat, and
taking into account other aspects like the less than optimal power distribution, the
minimum density can hardly be below 8.0 g uranium per cm3 [11, 12].

For this reason, the volume fraction of the fuel particles in the meat has to be in-
creased. This technique is limited to approximately 55 vol% fuel particles in the meat
in commercial available processes and considering a good accommodation of the fuel
particles, which swell strongly during irradiation, in the aluminum matrix. The draw-
back of an increase of the volume loading is a strong loss in the thermal conductivity
λ of the meat. Fig. 1.2 shows the thermal conductivity of typical Al-dispersion fuels
(non-irradiated) versus the volume fraction of fuel particles and voids (as-fabricated
porosity). It demonstrates that the different dispersion fuel types have the same ten-
dency. However, the encircled 1 marks the position of the currently used U3Si2/Al
dispersion fuel (3g uranium per cm3 in the meat). Assuming that this tendency is also
valid for other dispersion fuel types, the encircled 2 would mark the position of the
desired fuel for the conversion of the FRM II. This means a loss in thermal conductivity
by a factor of seven.

Since in first approximation

4T ∝ λ−1 (1.1)

assuming unchanged geometry and power distribution, this would lead to undesired
high temperatures T in the meat.

Furthermore the uranium density in the fuel particles itself could be increased. Tab.
1.3 lists the uranium compounds with densities greater or equal to that of U3Si2 which
is currently used. With the exception of U6Fe and U6Mn, which were tested in the
US-American reduced enrichment for research and test reactors (RERTR) program
and shown to be subject to breakaway swelling3 at relatively low burn-ups, and similar

3All nuclear fuels swell strongly under irradiation, one reason for instance is that fission leads to
an increase of the number of atoms, and the volume is (in first approximation) proportional to the
number of atoms. Therefore the swelling of the fuel is linear to the burn-up. However, some fuels
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Figure 1.2: Thermal conductiv-
ity of typical Al-dispersion fuels
(non-irradiated) versus the vol-
ume fraction of fuel particles and
voids. Position 1 marks the cur-
rently used fuel and position 2
marks the position where the de-
sired fuel for the conversion of the
FRM II could be [2].

compounds are also expected to exhibit similar swelling properties [14]. None of the
remaining compounds meets the density requirements of the FRM II.

The only fuels with sufficiently high uranium densities are pure uranium metal
(ρ(U) = 19.05g per cm3[59]) and alloys of uranium with small amounts of other met-
als. Pure uranium is known to be a notoriously poor performer under irradiation, but
a series of alloys designed to maintain in a metastable γ-phase have shown good irra-
diation performance in bulk form under fast reactor conditions [14]. Examples of such
alloys are listed in Tab. 1.4, hereby U-Zr-Nb alloys showed a poor performance under
annealing and in-pile irradiation under research reactors conditions.

Only the metallic U-Mo alloy in the metastable γ-phase is remaining (see Fig. 1.3).
This fuel would allow even a uranium density of around 8.5 gU/cm3 in the meat at the
highest volume loading of 55 vol%. Therefore it is currently under worldwide investi-
gation [14].

Some major research groups, who investigate the U-Mo/Al dispersion fuel, should
be mentioned:

swell from a certain burn-up much stronger than expected. This phenomena is named ”breakaway
swelling”.



6 CHAPTER 1. MOTIVATION

Table 1.3: Selected uranium-compounds with higher density than that of U3Si2 [14]

Compound Density U-Density
[g/cm3] [g/cm3]

U3Si2 12.2 11.3
UB2 12.7 11.6
UCo 15.4 12.3
UC 13.6 13.0
UN 14.3 13.5
U2Ti 15.1 13.7
U2Mo 16.6 13.8
U2Tc 16.8 13.9
U2Ru 16.9 13.9
U3Si 15.5 14.6
U6Co 17.7 17.0
U6Ni 17.6 16.9
U6Fe 17.7 17.0
U6Mn 17.8 17.1

Table 1.4: Selected uranium-alloys with higher density than that of U3Si2 [14]

Alloy Density U-Density
[g/cm3] [g/cm3]

U-9wt% Mo (U-19at%Mo) 17.0 15.5
U-5wt% Mo (U-11at%Mo) 17.9 17.0

U-3wt% Zr-9wt% Nb 16.2 14.3
U-4wt% Zr-2wt% Nb 17.3 16.3

• the Reduced Enrichment for Research and Test Reactors - team (RERTR) at
Argonne National Laboratory (ANL) and Idaho National Laboratory (INL) - the
initiator of the (re-)investigation, USA

• the French-group, that means the Commissariat à l’Energie Atomique (CEA)
and CERCA, France

• A.A. Bochvar All-Russian Scientific Research Institute of Inorganic Materials
(VNIINM), Russia

• Korea Atomic Energy Research Institute (KAERI), Korea

• Comision Nacional de Energia Atomica (CNEA), Argentina
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Figure 1.3: Part of the U-Mo phase
diagram - only the metastable γ-
phase (red) has a stable in-pile ir-
radiation behavior [17]

• and last but not least the group at the Technische Universität Munich (TUM),
Germany.

While all of these groups aim at qualifying the U-Mo/Al dispersion fuel, approaches,
aims and motivations vary.

It has also to be pointed out that there are two annual conferences where the
progress in research reactor fuel development (presently mainly U-Mo/Al dispersion
fuel) is discussed. These conferences are the RERTR (every late autumn) and the
RRFM (research reactor fuel management - every late spring). Papers presented are
available at the appropriate homepage (for RERTR: [4], for RRFM: [16]).

So far most of the U-Mo/Al in-pile irradiation tests have been performed on very
small specimen in order to test a variety of specimen. These tests revealed, that the
minimum quantity of Mo in the fuel particles should be in the range of 6 wt% (≡ 13
at%) [15]. Tested specimen with 4 wt% (≡ 9 at%) Mo tend to break away swelling4.
But with at least 6wt% Mo in the fuel particles, the obtained results were encouraging
in order to qualify the U-Mo/Al dispersion with a very high uranium density.

However, since the year 2003 some concerns have arisen owing to the anomalous
swelling (break away swelling) of full size U-7wt%Mo/Al plates during irradiation at
elevated neutron flux and heat load. Post irradiation examinations (PIEs) of these
plates revealed an Al-rich interdiffusion layer (IDL) building up at the interface be-
tween U-Mo particles and the Al-matrix with a thickness of some 10 µm. Further,
cracks which are regarded as the reason for the anomalous swelling have been observed
between the IDL and the aluminum matrix. Details are reported for instance in [13]
or [29].

4The reason was the “swelling” of the fuel particles.
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Therefore the build-up and the composition of the IDL is of outstanding interest.
But because of the strong activation after the reactor irradiation of the specimen only a
few types of examinations have been carried out, for example optical microscopy (OM)
and scanning electron microscopy (SEM).

Here, for the first time, an approach is shown to generate the IDL by out of pile
irradiation with heavy ions5, thereby simulating the radiation damage created by fis-
sion fragments during reactor irradiation, without the drawback of creating, since it is
difficult to handle, strong radioactive specimens. A further advantage of this method
is, that it is less time consuming, making this method cost efficient. Some hours of
irradiation by heavy ions can be compared with months of in-pile irradiation.

A complete in-pile irradiation program requires even several years, depending on:

• physical margins: for instance in order to reach the desired burn-up, the plates
must be approximately for one year in the reactor - including reactor breaks

• technical margins: for instance a detailed safety analysis has to be done in
advance (requires at least some months, in special cases up to years in order
to obtain an irradiation license) or, the required decay time of the plates after
in-pile irradiation before the plates can be transported to a PIEs facility (usually
at least 6 months)

• availability of the material test reactor, transportation casks etc.

For instance, the irradiation program for the in-pile irradiation of U-Mo/Al full size
plates for the FRM-II started in July 2003 and is now - 3 years later - not completely
finished.

First of all this work will provide the required theoretical background in chapter
2. Afterward the preparation of the specimen and irradiation experiments (chapter 3)
will be presented. The analysis of the specimen (post irradiation examinations - PIE)
is given in chapter 4. In the following discussion these PIEs will be compared with the
PIEs of in-pile irradiated specimens (chapter 5). In conclusion a possible explanation
of the break away swelling of in-pile irradiated specimen will be offered.

5Annealing experiments have shown, that a thermally activated diffusion is also possible, but
requires very high temperatures (at least ≈ 340◦C) and the properties of the interdiffusion layer
produced are very different from that obtained after in-pile irradiation, also the risk of decomposition
of the metastable γ-phase has to be taken into account. Examples for such annealing tests can be
found for instance in [31, 32]



Chapter 2

Theory and simulations

This chapter aims to provide the theoretical background for understanding why U-
Mo/Al dispersion fuel has been bombarded with heavy ions in this work. Also some
simulations and estimations will be presented, which were required before an irradia-
tion can take place.

First of all, a basic introduction into fission will be given, followed by a detailed
description of the interaction between swift heavy ions (representing the high energetic
fission fragments) and condensed matter. Also sputtering and activations of the speci-
men were taken into account under irradiation conditions. Since both can be a concern
under heavy ion irradiation. Finally a simulation of U-Mo/Al dispersion fuel behavior
during in-pile irradiation will be presented. This simulation will provide a basis for
comparison of in-pile and heavy ion irradiation.

2.1 Fission and fission fragments

Since the discovery of fission by thermal neutrons in 1938 by Otto Hahn and Fritz
Straßmann, fission can be described very well in a phenomenological way. But a fully
accepted theoretical approach seems to be still missing [20]. Anyway, only properties
of fission, which are very well known from experiments and are required for this work,
will be presented in this chapter.

Every element, that means in this case any atomic nucleus, has a certain cross
section for neutron absorption. When such an element absorbs a neutron, the binding
energy Eb can be released. For instance this can take place by emitting a γ-quant (an
example is 113Cd(n,γ)114Cd).

Also every atomic nucleus, which contains protons and neutrons, can be separated
into two or even more atomic nuclei, but a minimum amount of energy Ef is required.

Fission can happen, if the released binding energy Eb of a neutron absorbed in
an atomic nucleus is greater than the necessary energy to separate the nucleus Ef .
Examples are given in Tab. 2.1. The table shows that for 233U , 235U , 239Pu, and
241Pu fission is possible, but not for 232Th,238U , and 240Pu. The latter nuclei absorb

9
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Figure 2.1: Example for fission Figure 2.2: Fission fragment distribu-
tion of thermal fission of 235U [55]

neutrons, and therefore they are a poison in a reactor. Nevertheless, if these nuclei
absorb a neutron they become a fissionable nuclei (233Th and 239U will undergo two
beta-decays, resulting in 233U and 239Pu, respectively).

If the released binding energy of the neutron is not sufficient, the missing energy
for fission can be provided by the kinetic energy of the incoming neutron. However,
when the kinetic energy of the neutron is increased, the microscopic cross section for
absorption σabs (∝ probability for an absorption) of a neutron will also be decreased -
with the exception of resonances [20].

If 235U undergoes fission, the fission process leads, in the majority of cases, to the
production of two fission fragments1 (see Fig. 2.1), neutrons (ν = 0..6 or even more,
�ν(235U , thermal) = 2.52), beta particles, neutrinos, and gamma radiation [33]. Exact
values vary from fission to fission, but average values of the energy release are given
in Tab. 2.2. While the two fission fragments have a similar mass for fission with fast
neutrons, the two fission fragments for thermal fission have a mass of around A=95 and
A=137 respectively. Fig. 2.2 shows the distribution of fission fragments of a thermal
fission of 235U versus the atomic mass number. Since two fission fragments are emit-

1Also a fission into three parts is possible, but very rare. The probability for two fission fragments
and one alpha particle or three similar fission fragments is 3·10−3 and 1·10−7 respectively [20].

Table 2.1: Binding and fission energies of some Th, U, and Pu isotopes
atomic nuclei after neutron capture 233Th 234U 236U 239U 240Pu 241Pu 242Pu
Ef [MeV] 6.5 6.2 5.7 6.5 5.8 6.2 5.6
Eb [MeV] 4.8 6.8 6.5 4.8 6.5 5.2 6.3
Ef -Eb [MeV] 1.7 -0.6 -0.8 1.7 -0.7 1.0 -0.7
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Reaction products Energy
[MeV]

fission
fragments 167 ± 5

neutrons 5

β-particle 8 ±1.5

γ-radiation 6 ±1
(prompt from fission)

γ-radiation 6 ±1
(from fission fragments)

neutrinos 12 ±2.5

total 204

Table 2.2: Energy of the
reaction products of ther-
mal fission of 235U [21]

ted, the diagram is calibrated to 200% [20]. These two fission fragments (FF) carry
approximately 80% of the total fission energy in the form of kinetic energy Eff−tot.
Owing to the conservation of momentum and the different weights (mff1,2: mass of
fission fragment 1 and 2) of the two fragments, they receive different energies:

Eff1 = Eff−tot ·
mff2

mff2 + mff1

(2.1)

Hereby Eff1 is the kinetic energy of fission fragment 1. That means the lighter one
obtains on average ≈ 98 MeV and the heavier one gets ≈ 68 MeV, which corresponds
to a velocity in the order of 107 m · s−1. Initially, fission fragments are ionized strongly
(10..20), excited and have an excess of neutrons. All fission products are inherently
unstable and therefore radioactive. As mentioned above, they emit γ-, β-, neutrino-
and neutron-radiation [20, 33]. In spite of the importance of this kind of radiation - for
instance for sustaining the chain reaction in nuclear power plants or shielding concerns
- it will be not further highlighted, because their contribution to radiation damage
directly in a nuclear fuel during operation is weak compared to the contribution of the
fission fragments. Outside of the fuel or within spent fuel the situation is different.
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2.2 Swift heavy ions in matter

Usually defects caused by swift heavy ions in condensed matter are studied at a very
low temperature in order to avoid heal-up of the defects. Also a low density of defects
is sufficient or even desired for examination [2].

These laboratory conditions are not comparable with nuclear fuel during irradiation
in a reactor, where the radiation damage appears at a comparatively high temperature
(for instance some hundred degrees Celsius in a nuclear power plant) and the density of
defects is in some cases close to the atomic density. Nevertheless, a classical description
of radiation damage seems to be applicable and will be shortly outlined.

2.2.1 Types of energy loss

When a swift particle, denoted as projectile, enters condensed matter, also denoted
as target, it looses kinetic energy and is finally stopped, more precisely: thermalized.
This means that the projectile will become the temperature of the surrounding atoms,
or the projectile will be captured by a target atom.

The stopping power dE/dx depends on the particle itself and the target material
and can be separated into three different terms [3]:

dE

dx
=

dE

dx

∣∣∣∣∣
d

+
dE

dx

∣∣∣∣∣
e

+
dE

dx

∣∣∣∣∣
n

(2.2)

• dE/dx|d describes the energy loss per unit of penetration caused by elastic colli-
sions between the interacting partners, i.e. the projectile transfers a recoil energy
Er to a lattice atom of the target. If Er exceeds a material-dependent thresh-
old energy, the creation of displacement ED or a vacancy-interstitial, a so called
Frenkel defect, is possible - index d for displacement.

• dE/dx|e characterises inelastic interactions between the projectile and the elec-
trons of the target and occurs only for charged particles (projectile or recoil
atoms). The electronic loss can lead to excitation, ionization, transfer or ex-
change of electrons in the target - index e for electronic losses.

• dE/dx|n specifies the inelastic collisions between the projectile and the nuclei of
the target - index n for nuclear reactions.

While the deposited energy depends on the kinetic energy of the projectile for the
first and second items, the last item is different. For instance a cold neutron (Ekin ≈
3.5 meV) could activate the nuclear reaction 10B(n,α)7Li∗, which releases 2.49 MeV
[23]. Since this work regards exclusively charged particles as projectiles at an energy
below the Coulomb barrier, the third item will be irrelevant in what follows.
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Figure 2.3: Part A: Traces of 1000 90Sr ions (red) into an aluminum target (the traces
of the recoiled aluminum atoms are shown in green), the initial kinetic energy was set
to 70 MeV Part B: Atom concentration of the 90Sr projectiles and the recoiled atoms
in the target versus the penetration depth Part C: Energy loss per ion and 1500 Å of
the projectile by ionization and recoils.

Example: 90Sr at 70 MeV into aluminum

This section is to show how a typical fission fragment, in this case 90Sr, looses kinetic
energy when it enters a typical material used in nuclear fuel, in this case aluminum.
For this reason, simulations with the TRIM (transport of ions in matter) - code [27]
have been carried out. TRIM is a Monte-Carlo-Code, which simulates the penetration
of fast ions in matter. Fig. 2.3 A shows traces of 1000 90Sr ions (red) entering an alu-
minum target with an initial kinetic energy of 70 MeV. The density of the aluminum
target was assumed to be 6.03 · 1022 atoms/cm3 (≡ 2.702 g/cm3). Also shown in this
figure are the traces of the recoiled aluminum atoms (green).

The penetration depth for each projectile varies, but for a high number of histo-
ries an average penetration depth, lateral range, energy loss per unit of penetration
etc. can be defined. Fig. 2.3 B shows the concentration of the projectiles (red) and
the recoiled target atoms (green) in atoms per 1500 Å and ion versus the penetration
depth. It shows that most of the projectiles are stopped in a narrow region, forming a
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peak, its full width at half maximum (FWHM) is less than 1 µm. The diagram shows
that most of the target atoms are displaced shortly before the projectile stops. Not
shown is the straggling of the projectile (≈0.48 µm), which is small in comparison to
the penetration depth (11.9 µm), this means that the projectile maintains almost its
initial direction. The skewness, which is a measure of the asymmetry of the final ion
distribution (projectiles), is negative (-2.47) because the lower tail, on the left hand
side of the peak, is longer than the upper one, on the right hand side of the peak. Since
the distribution is much more precipitous than a Gaussian one, the kurtosis is greater
than one (≈ 16.1). This part suggest collision events as target displacements. Assum-
ing a displacement energy of 25 eV per target atom, in average 33 978 displacements
(32 405 creations of vacancies + 1573 replacement collisions) per ion are generated in
the target, mainly at the end of each projectile history.

Fig. 2.3 C shows the average energy loss per ion and 1500 Å due to direct ionization
(66.9 MeV) and recoils (3.08 MeV) versus the penetration depth. The recoiled atoms
loose their kinetic energy mainly by ionization (1.63 MeV) and creating phonons (1.27
MeV). A negligible portion of phonons are also generated by the projectile itself (26.9
keV).

Finally the law of conservation of energy is fulfilled:

70MeV︸ ︷︷ ︸
Ekin

= 66.9MeV︸ ︷︷ ︸
Ionization

+ 3.08MeV︸ ︷︷ ︸
Recoils

+ 26.9keV︸ ︷︷ ︸
Phonons

(2.3)

Ion ranges

Figure 2.4:
Penetration depth
of 127I into different
materials versus
energy

Fig. 2.3 part B shows that the distribution of the ion range has a very high kurtosis,
therefore an effective penetration depth, i.e. ion range, can be defined. The effective
penetration depth will be defined as the maximum of the ion range distribution. The
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penetration depth depends on the ion, especially on the kinetic energy and the atomic
number, and the target material. Fig. 2.4 shows the penetration depth into different
targets versus the initial kinetic energy of the projectile. Here the projectile is 127I,
because iodine will be used later for irradiation (see chapter 3).

The diagram shows an almost linear dependence of the penetration depth on the
projectile energy and an inversely proportional dependence between the mass density,
more precisely: electron density, of the target and the penetration depth.

In conclusion, only the surface of the U-Mo/Al specimen will be modified by an
bombardment with heavy ion. The effective penetration depth will be even less than
suggested in the diagram due to an inclined irradiation with heavy ions.

Collision events

Figure 2.5:
Displacements in
the target versus
kinetic energy of
the projectile as
calculated with the
TRIM-code

In spite of the low contribution to the energy loss of the projectile, collision events
cause important radiation damages and contribute to an atomic mixing. Collision
events take place either as replacement collisions or as a creation of vacancies. Both
cause an atomic displacement. Since displacements take place mainly at the last few mi-
crometers of each heavy ion trace, it is not surprising that the number of displacements
above a given threshold does not vary much with the kinetic energy of the projectile.
But the number of displacements varies significantly for different target materials and
projectiles. The number of displacements per ion versus the kinetic energy of the ion
is shown in Fig. 2.5 for Al and U-6wt%Mo as targets, and 90Sr and 127I as projectiles.
Hereby a displacement energy of 25.0 eV and a lattice binding energy of 3.0 eV was
assumed for all target elements (aluminun, uranium, and molybdenum).

In general, the higher the density of the target and the heavier the projectile, the
more displacements take place. To estimate an average number of displacements per



16 CHAPTER 2. THEORY AND SIMULATIONS

fission fragment, simulations have to be done for all fission fragments and targets,
and weighted by their occurrence (see Fig. 2.2). Since not all displacement energies
are available, especially in irradiated fuel, an assumption of 1·105 displacements per
fission fragment seems reasonable. This number will be used later for all following
calculations.

2.2.2 Sputtering

Figure 2.6: Sputter
yields of iodine into
aluminum and uranium
versus irradiation angle.

Sputtering is largely driven by momentum exchange between the incoming projec-
tile and atoms of the target material, due to (multi-)collisions. Therefore sputtering is
possible, when displacements take place close to the surface.
Fig. 2.6 shows the sputter yield, that means how many atoms of the target are sput-
tered/released per incoming projectile, for iodine ions (projectile) at 80 and 120 MeV
entering pure aluminum or uranium versus irradiation angle. An angle of α = 0◦ de-
notes a perpendicular beam direction to the surface, and an irradiation angle of α =
90◦ means that the beam is parallel to the surface. The surface binding energy of
aluminum and uranium was assumed as 3.36 eV, and 5.42 eV as suggested by the
TRIM-code.

The figure shows that as more collisions take place close to the surface the sputter
yield is higher. That means the higher the angle and the lower the kinetic energy of
the projectile or the higher the stopping power of the target material, the higher is the
sputter yield.

In any case, the number of sputtered atoms is at least of the order of magnitude
of the number of projectiles. Therefore a contamination of the irradiation device with
the target material can not be completely excluded.
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Table 2.3: Coulomb thresholds for Al, Mo, and U (target material) by irradiating with
90Sr, 127I, and 135Xe (projectile)

projectile \ target 27Al 92Mo 235U
90Sr 56.6 MeV 152.1 MeV 281.4 MeV
127I 73.6 MeV 200.1 MeV 373.4 MeV
135Xe 74.0 MeV 201.6 MeV 376.9 MeV

2.2.3 Activation

One of the main advantages of heavy ion irradiation compared to in-pile reactor ir-
radiation is that the fission fragments (i.e. projectiles) are stable and therefore not
radioactive. But nuclear reactions of the projectile with the target atoms could lead to
radioactivation. Therefore all nuclear reactions have to be excluded. A basic require-
ment for nuclear reaction is to overcome the Coulomb threshold. This threshold can
be calculated with equation 2.4 [22].

VC =
e2

4 · π · εo

· Z1 · Z2

r1 + r2

(2.4)

with r1,2 = 1.68 fm ·A1/3
1,2

Data for typical fission fragments and nuclear materials are presented in Tab. 2.3.
By a comparison of these data with typical fission fragment energies, it can be concluded
that activation of the specimen is not likely to occur, with the exception of aluminum.
However, even after an irradiation to very high fluences with iodine, no activation could
be measured.

2.2.4 Temperature consideration

The global temperature of a specimen will not change significantly due to a penetration
of a swift heavy ion, since the deposited energy (= Ekin of the projectile) is sparse
compared to the required energy for a significant temperature increase 4T .

4T =
Ekin

m · Cm

(2.5)

Hereby denotes m the mass and Cm the heat capacity of the target.

However, this is different for very small volumes. Here temperature and their evo-
lution is described by the thermal spike model [24, 25].

As described in the last section, charged particles are stopped mainly due to ion-
ization. Therefore electrons are recoiled, i.e. they obtain kinetic energy. Now, two
temperatures in a small volume can be defined - one for the electrons (Te) and one
for the lattice (Tl). That means, the energy loss of the projectile causes mainly an
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Figure 2.7: Calculated
evolution of temperature
for electrons and lattice
while a 1190 MeV projec-
tile (uranium ion) enters
at time t = 0 s a copper
target - taken from [25]

increase in the temperature Te. The exact value of Te depends on the heat capacity
of the electrons Ce, the thermal conductivity of the electrons λe, the coupling to the
lattice and finally on the total amount of deposited energy.

From here two differential equations follow, one for the electrons and one for the
lattice [25]:

Ce(Te)
δTe

δt
= ∇(λe(Te)∇Te)− g(Te − Tl) + Be(r, t) (2.6)

Cl(Tl)
δTl

δt
= ∇(λl(Tl)∇Tl) + g(Te − Tl) (2.7)

with the coupling constant g for a free electron gas, t is the time, and Be(r,t) is the
energy deposit in the electronic system.

g =
π4(kBnev)2

18λl(Tl)
(2.8)
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here v means the sound-propagation velocity of the lattice

v =
kBTl

h̄ 3
√

6π2nl

(2.9)

A more general expression, which is even valid for isolators and semiconductors, is
[25]:

g =
De · Ce

τ 2
(2.10)

Here De denotes the thermal diffusivity in the electron system and τ the mean free
path length of the electrons.

And finally the life time tth of the thermal spike is given by:

tth ∼
Cρ

λ
∼ D−1

e (2.11)

That means: The lower the thermal diffusivity the longer is the lifetime of the
thermal spike.

An example of the above mentioned algorithm is shown in Fig. 2.7. Here an 1190
MeV uranium ion enters a copper target at time t = 0 seconds. The diagram shows
the temperature for the lattice (bottom) Tl and electrons (top) Te of the copper target
versus the time t for different radial distances to the trace of the projectile. Immediately
after the impact, the temperature of the electrons increases and reaches a maximum
of 105K, after approximately 10−15 to 10−14 seconds. During the cooling down of the
electrons, the lattice warms up due to the electron-phonon coupling. The maximum
temperature increase of around 200 K of the lattice is reached after around 2 · 10−12

seconds. This means that for a copper-specimen considered at room temperature,
the temperature of the lattice does not rise high enough to cause thermally activated
displacements, nor is it high enough for a local melting, and consequent mixing of
the atoms. The reason is the very high difference between room temperature and the
melting point. Nevertheless, if the electronic diffusivity is low, because the lattice is
heavily perturbed or in non-metals, the maximum temperature can rise much higher
and a local melting could be possible.
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2.3 Simulations of U-Mo/Al in-pile irradiation

This section is not directly necessary for a proper understanding of the heavy ion bom-
bardment of U-Mo/Al dispersion fuel, but it provides data of the in-pile irradiation
behavior of U-Mo/Al dispersion fuel. These data will be compared later with data of
the heavy ion bombarded specimen.

In the frame of the conversion of the FRM II reactor from HEU to MEU, an in-pile
irradiation test of U-Mo/Al dispersion fuel is under way. This test will be shortly
described and one basic simulation, which has been carried out for this test, will be
presented and discussed2.

For the in-pile irradiation test, first of all six full size plates have been manu-
factured at CERCA. While all plates contain U-Mo/Al dispersion fuel, the uranium
density varies slightly. Four of them have a uranium density of about 8g U per cm3

in the meat (denoted as UMo8001, UMo8002, UMo8501 and UMo8503) and two have
a uranium density of 7g U per cm3 (denoted as UMo7001 and UMo7003). Only the
UMo8xxx plates are scheduled to be in-pile irradiated, but if one of them fails, it will
be replaced by a 7g U per cm3 plate. In order to improve the fuel performance the
international community suggested adding silicon to the matrix [48]. The reason of
adding silicon to the matrix is that annealing experiments have shown that a ther-
mally activated diffusion from U-Mo particles into the aluminum matrix is suppressed.
Therefore two of the higher density plates contain 2wt% Si in the aluminum matrix
(UMo8501 and UMo8503). Since this kind of improvemet is new, no experimental data
from in-pile irradiation tests are available and consequently this improvement can not
be taken into account in the simulation. Therefore the plates, which contain silicon,
are simulated as plates without silicon. This means that the plates with the higher
density vary only slightly in the volume loading and the porosity in the simualtions,
the variations are due to the manufacturing process of the fuel plates.

The in-pile irradiation takes place in the OSIRIS-reactor, operated by the CEA-
Saclay, France, which is currently the most powerful open core material test reactor in
the world.

2.3.1 The MAIA-Code

All simulations of the in-pile behavior of U-Mo/Al dispersion fuel, that will be presented
in this work, are carried out with the MAIA-code. MAIA is a 2D thermo-mechanical
code using a finite element method (FEM). The code was developed and is still under
development at CEA-Cadarache and models for instance the growth of the IDL, dis-
appearance of the as-fabricated porosity, swelling of the fuel particles or the oxidation

2Further simulations for full size plates, which include variations of the heat flux ( = real heat flux)
during the irradiation, are presented and discussed in the appendix B.



2.3. SIMULATIONS OF U-MO/AL IN-PILE IRRADIATION 21

Table 2.4: Main input parameters for the simulation of the high density U-Mo/Al full
size plate UMo8001

Fuel plate
length 73.3 mm
thickness 1.3 mm
Cladding
material Al 5754 (AlMg3)
thickness 0.405 mm
thermal conductivity 130 W · m−1 · K−1

Meat (inside the fuel plate)
length 55.5 mm
thickness 0.49 mm
as-fabricated porosity 8.13 vol%
Uranium density in the meat 8.48 g · cm−3

wt% of Mo in fuel 8.0

kind of powder atomized (spherical)
Particle size distribution

r = 15 µm 0.8 wt%
r = 27 µm 3.7 wt%
r = 42.25 µm 22.2 wt%
r = 71.5 µm 73.3 wt%

stoichiometric proportion of the IDL
(U-Mo/Alx)

x = 5

Coolant
type light water
channel thickness 3.7 mm
channel width 68 mm
coolant velocity 12 m/s
heat transfer correlation Dittus-Bölter

Oxidlayer
oxid layer growth correlation PAWEL88
off-set 0µm

Irradiation conditions
heat flux (constant) 300 W/cm2

VHGR 12.24 W/mm3

duration 70 d
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of the fuel plate. A detailed description of MAIA is given in reference [28].

MAIA’s development is carried out in close collaboration with the RERTR-team.
The code of the RERTR-team is named PLATE. Therefore both codes achieve similar
results. Both codes are still under development and are updated when new results
are presented. In spite of the early state of both codes, reasonable results can be
achieved and provide presently the best prediction for in-pile irradiation tests of U-
Mo/Al dispersion fuel.

2.3.2 Input parameters

All relevant input parameters for the simulation are shown in Tab. 2.4. As far as
possible all input parameter are representative for the UMo8001 plate. Discrepancies
appear in the kind of particle powder and the particle size distribution. The type of
particle powder had to be changed, because the six fabricated fuel plates (including
the UMo8001 plate) contain ground powder3 and MAIA supports exclusively atomized
powder, where each fuel particle has a spherical shape. Since a particle size distribu-
tion for ground powder is hard to define, here the one from the French FUTUR4 test
is chosen.

Further, the table shows that the dimensions of the UMo8001 fuel plate are slightly
different from that one of the FRM II, since the fuel plate has to fit into the irradiation
device (called IRIS-device) at the OSIRIS reactor. One of the differences is for instance
the thickness of the meat layer (-22%).

The heat flux q′′ (∝ fission rate = fission per second and cm3 in the meat) was
assumed as constant (q′′ = 300 W/cm2 5) because the simulation had been carried out
before the real irradiation was scheduled. Therefore the desired - but not real - heat
flux was chosen in the simulation and set as constant.

The total duration of the in-pile irradiation was set in order to achieve at least the
fission density (FD) of the maximum meat FD of the FRM II reactor (2.1 · 1021 fissions
per cm3 in the meat or in this case 3.7 · 1021 fissions per cm3 in the fuel particles).
Therefore 70 effective full power days (EFPD) of irradiation were simulated, this means
that a maximum FD in the meat, where the heat flux was fixed to 300 Watt per cm2,
of 2.3 · 1021 fission per cm3 is achieved. This value corresponds to 4.2 · 1021 fission per

3Ground powder means that the U-Mo particles are obtained through a grinding process. Therefore
each particle of the powder has an arbitrary shape in contrast to powder, which has been obtained by
an atomization process. Here each fuel particle has a spherical shape.

4FUTUR is a French full size in-pile irradiation test, which was carried out under similar conditions
like the one for conversion of the FRM II. Some data are presented on page 52, Tab. 5.2. However,
the powder used was atomized powder and the particle size distribution was known and therefore it
is used.

5This heat flux seems to be currently the maximum allowed heat flux in the IRIS-device for this
kind of irradiation [54], but (unfortunately) it is lower than the maximum heat flux at the FRM II
(500 Watt per cm2)
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cm3 in the fuel particles.

2.3.3 Results of simulations with constant heat flux

Figure 2.8: Part A: Thickness of the Boehmite-layer versus effective full power days
(EFPD) of in-pile irradiation Part B: Thermal conductivity of the meat versus fission
density (FD) in the fuel particles Part C: Thickness of the interdiffusion layer versus
the FD Part D: Temperature at different position versus FD

Fig. 2.8 part D shows the temperature versus burn-up in fission per cm3 in the fuel
particles at different positions (coolant, begin of the plate = surface, the transition be-
tween the oxide layer of the fuel plate and the cladding, and in the middle of the plate
= meat center line). Whereas the coolant temperature and the surface temperature
are constant during irradiation, all other temperatures are increasing. The maximum
temperature in the meat center line exceeds even 160◦ C. The reason for this tem-
perature increase is, on the one hand, the growth of the oxide layer (more precisely:
the growth of the boehmite (AlO(OH)) layer - shown in Fig 2.8 part A), which arises
on the surface of the cladding during in-pile irradiation and has a very low thermal
conductivity, and on the other hand, the decrease of the thermal conductivity of the
meat layer during burn-up (Fig. 2.8 part B). The thermal conductivity of the meat
layer decreases due to the formation of the IDL, which will have a thickness, around
each fuel particle, of approximately 9 µm at the final burn up. A little increase in the
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thermal conductivity of the meat layer at the beginning of the irradiation is due to the
filling of the as-fabricated porosity by fission gases (see. Fig. 2.8 part C). However,
compared to Fig. 1.2 the thermal conductivity of U-Mo/Al dispersion fuel seems to
be higher than for other dispersion fuel types, which are approximately 20 W·m−1·K−1.

This example for the simulation of an in-pile irradiation assumes many parameters.
Variation of most of them can change the result significantly. For instance the growth
of the boehmite layer depends largely on the pH-value of the coolant and the used
relation. Since the exact pH-value was unknown, one of the easiest relation was used
(Pawel), which does not take the pH-value into account. Therefore big uncertainties
are expected.
The thickness of the boehmite layer directly affects the temperature of the meat. Since
the growth rate of the IDL depends on the temperature, also the thermal conductivity
of the meat depends on the temperature history of the meat. This means that a thicker
boehmite layer would lead to a higher meat temperature, a higher meat temperature
to a lower thermal conductivity of the meat, and this leads again to a higher meat
temperature ... a self-energising process is started.

Nevertheless, the simulations, which have been carried out with MAIA- or the
PLATE-code, fits with in-pile tests and therefore they seem to be a good and reasonable
assumption.

Swelling

Figure 2.9:
Contribution to
the thickness swelling
of the U-Mo/Al
dispersion fuel plate

The swelling of a fuel plate during irradiation is of importance for in-pile irradiation
tests, since this parameter measurement can be accomplished during irradiation breaks
even with highly activated specimens. Therefore the swelling measurements provide
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also information about the accuracy of the simulation or indicate a possible break away
swelling.

Fig. 2.9 shows the swelling of the fuel plate and their contributions versus the fission
density in the fuel particles. Contributions to the swelling are mainly due to the U-Mo
particles, which are non reacted, and the formation of the IDL. Each contribution to
the swelling can be almost compensated and as far as available by the consumption of
the as-fabricated porosity, see Tab. 2.4. Therefore the start of the measurable plate
swelling depends on the as-fabricated porosity.

Figure 2.10: Swelling
of U-Mo/Al disper-
sion fuel (8g U per
cm3, calculation) and
U3Si2/Al dispersion
fuel (3g U per cm3,
measurement) under
similar irradiation
condition.

In order to compare these data with the U3Si2/Al dispersion fuel, which is currently
used in the FRM II reactor, simulations have been carried out for U-Mo/Al dispersion
fuel under FRM II operating conditions. These simulated data will be compared with
measured data of an in-pile test, which was carried-out in order to qualify U3Si2/Al
dispersion fuel for the FRM II. This means that the irradiation condition in the simu-
lation was set to a constant heat flux of 500 W per cm2 for more than 52 effective full
power days (see Fig. 2.10) within the same geometry. Due to the high porosity of the
U-Mo/Al dispersion fuel, the swelling will start at a higher burn up, but also with a
steeper slope. Therefore the swelling of the U-Mo/Al fuel plate will be slightly higher
than for the U3Si2/Al fuel plate at the end of a cycle (52d · 20MW = 1040MWd) of
the FRM II reactor. This means that the coolant channel will be slightly more reduced.

Since the limit of the U-Mo/Al dispersion fuel is not exactly known, a possible
breakaway swelling can not be taken into account in the simulation.
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Chapter 3

Irradiation experiment

3.1 Specimen preparation

Miniplates containing U-6wt%Mo/Al and U-10wt%Mo/Al dispersion fuel have been
manufactured as plates for in-pile irradiation made by the RERTR-team. That means
in this case:
First of all, spherical U-Mo particles in the metastable γ-phase have been produced by
atomization. A detailed description of the atomization process can be found in [39].
Hereafter the U-Mo particles were mixed with almost pure aluminum powder (total
impurities < 0.5 wt%). The volume fraction of the U-Mo particles in the meat was
set to approximately 55 vol%. Hereafter the U-Mo/Al powder was put on a cladding
(Al6061), surrounded by an aluminum frame and, once again a cladding layer is placed
on the top, see Fig. 3.1. The frame is shown between the cladding, beside the meat
layer. Several hot and cold rolling steps reduced the thickness of the plate and welded
it together. Now the meat layer, which contains the fuel particles, is sealed in the
cladding and the frame. Since the cladding is in most cases an layer of an aluminum-
alloy (for instance Al6061, AlMg3, or AlFeNi) of some hundred micrometer, fission
fragments can not pass this barrier during irradiation, but heat and neutrons can.
Since atomized powder was used, the as-fabricated porosity is in the range of 1 vol%.
Another set of specimen has been manufactured at CERCA in a similar way for heavy
ion bombardment. Such specimen are shown in Fig. 3.2. They have been heavy ion
bombarded, like the ones from the RERTR-Team, at the Munich Tandem Accelerator.

Figure 3.1: Cut-through sketch of a
miniplate with typical dimensions

Figure 3.2: Miniplates manufactured
at CERCA for heavy ion bombardment

27
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Since the bombardment intended to simulate damages caused by fission fragments in
the meat, the cladding had to be removed. This was carried out in a glove box by rough
polishing. Later on the remaining meat layer was cut into pieces of 5 x 5 mm2. Finally
a fine polishing resulted in a thin meat layer (foil), with a thickness of approximately
150 µm. It was not possible to make the foil thinner because the biggest U-Mo particles
were already polished on two opposite sides. An optical image of the specimen is shown
in Fig. 3.3. It shows spherical U-Mo particles, each with a different diameter, in the
aluminum matrix. Further, the last polishing direction is visible (shadows around the
U-Mo particles) and a substructure of the U-Mo particle can be recognized. Analysis
of the optical microscopy also revealed the particle size distribution, more precisely a
diameter distribution d as determined by visual inspection. This distribution is shown
in Fig.3.4. In order to obtain the real particle size distribution, the distribution has to
be multiplied by a factor V.

V =
(∫ 1

0

√
1− y2dy

)−1

≈ 1.27 (3.1)

Hereby y denotes a variable.

Figure 3.3: Optical microscopy of an U-
6wt%Mo/Al specimen after polishing

Figure 3.4: Diameter (d) distribution
as determined by visual inspection of
the U-Mo particles after polishing
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3.2 Heavy ion accelerator and irradiation device

Figure 3.5: Sketch of the heavy ion accelerator

All specimens have been irradiated at the Munich tandem accelerator of the Maier-
Leibnitz Institute in Garching, Germany [56], which is operated by the Ludwig - Max-
imilian - Universität and Technische Universität München. A sketch of the accelerator
is shown in Fig. 3.5. On the bottom left hand side it shows the ion source. Here ions
are produced by sputtering from a solid target. Ions, which are negatively charged, are
attracted by the positive potential of the accelerator1. In the middle of the accelerator,
where the voltage is at its highest value (Vacc,max ≈ 14 MV), electrons are striped off
from ions either by a stripper foil (carbon) or a gas (nitrogen). While a stripper foil
has the potential of removing more electrons on average from the ion, the gas strip-
per allows a much higher particle flux. After passing the stripper, ions are positively
charged. This means that they are pushed away from the high positive voltage of the
accelerator. Now the ions will be accelerated to their final speed. The final kinetic
energy Ekin,final can be calculated by:

Ekin,final = (1 + i) · e · Vacc + Vpre−acc · e (3.2)

where i is the charge states of the ion after the stripper and e = 1.602·10−19 C. For
instance: If iodine ions with a kinetic energy of Ekin = 80 MeV are desired with a high

1Indeed there is a pre-accelerator as well, which will not be taken into consideration, but has a
weak contribution to the final kinetic energy of the ion, around 150 keV and the sputter target is
covered by a thin Cs layer in order to increase the yield of negatively charged ions.
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Table 3.1: Parameter of the different irradiation positions with typical operation con-
dition

Position 1 Position 2 Position 3
isotope I-127 I-127 I-127
charge state 11+ 11+ 6+
projectile energy 100 MeV 120 MeV 80 MeV
beam power 0.18 W 6 Watt 27 watt
particle flux 1010 s−1 3·1011 s−1 2·1012 s−1

beam size 10 x 10 µm2 2 x 2 mm2 4 x 4 mm2

temperature measure-
ment

- possible possible

cooling of the specimen - - possible

particle flux, the gas stripper will be chosen. Since one of the most probable charge
state of the iodine ions after stripping is i = 6+, the accelerator voltage has to be set
to Vacc = 11.4 MV, since:

(6 + 1)e · 11.4MV + 0.15MeV ∼= 80MeV. (3.3)

The ion flux can be measured at several positions by putting a conductive cup into the
beam. Beside the cups, there are beam profilers, electrical fields, magnetic lenses and
coils for characterizing and guiding the beam.

The heavy ion beam has to pass at least two magnetic coils. The first magnetic
deflection (90◦) is done in order to filter the beam, only one isotope with the appropri-
ate energy can pass it. Magnetic coil 2 directs the heavy ion beam to the instrument.
This means that the accelerator can serve only one instrument with one energy and
one isotope at a time.

Irradiation experiments have been carried out at three different positions. They are
numbered chronologically in Fig. 3.5. The first two irradiations were carried out on
still existing instruments, but at position number 3 a special irradiation device shown
in Fig. 3.6 has been build. Some characteristic values of all the irradiation positions
are given in Tab. 3.1.

In position number 1 (Instrument SNAKE) a microfocus beam has been used. The
aim was to irradiate a single fuel particle. Therefore all ”fission fragments” should be
produced in the fuel particle. However, it turned out, that it was impossible to guide
the heavy ion beam exactly onto one fuel particle. The reasons were an insufficient
specimen preparation (specimen were delivered on the same day as the bombardment
took place, therefore a better preparation was impossible) and difficulties in detecting
the beam on the specimen.

In position number 2 (Instrument Q3D) a larger heavy ion beam has been used,
therefore fuel and matrix were irradiated at the same time. Due to the bigger beam,
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Figure 3.6: Device for bombardment at very high fluxes

the particle flux (ion per cm2 and s) was reduced and could be not increased. The lim-
itation is caused by magnetic coil 2 in Fig. 3.5. Here the beam can only be deflected
with a high charge state, which is only possible with a stripper foil. Therefore the new
irradiation device has been built at a position, where the beam should pass magnetic
coil 2 with a small deflection of only 10 degrees.

Since the here used specimens act as pure beam stops, the irradiation device it-
self is one of the simplest instruments in the accelerator. It provides just everything
what is necessary for a perfect bombardment of the specimen. An in-situ temperature
measurement and cooling of the specimen, as well as a characterisation of the beam is
possible and can be monitored. Due to a sophisticated pumping system, a change of
the specimen is possible in less than 15 min. After 15 minutes the required vacuum
(1.0 · 10−7 mbar) is in the recipient achieved and the shutter to the accelerator will open.

Additionally an active water cooling of the specimen was required, because the total
energy input can easily exceed 50 Watts. Taking into account the total heat capacity
of the specimen, a decomposition of the metastable γ-phase of the U-Mo fuel particles
could occur or the specimen could even melt in seconds.
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3.3 Irradiation conditions

The irradiation conditions were set in order to be as close as possible to in-pile irradi-
ation. That means:

• Since the penetration depth of the heavy ions is only in the range of some mi-
crometer, the meat layer must be irradiated directly.

• In order to simulate in-pile irradiation, the bombardment has to be carried out
under the smallest angles as possible, between the heavy ion beam and the surface
of the meat layer. This simulates fission products which are going from the fuel
particle into the matrix (see Fig. 3.7 position B). Unfortunately the sputter yield
increases significantly, by reducing the angle between the heavy ion beam and the
surface of the specimen (see Fig. 2.6), as the best compromise an irradiation
angle α = 60 ◦ between the heavy ion beam and the perpendicular direction to
the surface was chosen as described in the sketch on page 16.

• Simulations in chapter 2.3 have shown that the meat temperature during in-
pile irradiation is in the region of around 150-200◦C depending on the burn-up.
Therefore the temperature was limited to 200◦ C.

• The final dose (fluence) was set between 5·1016 and 1·1018 ions per cm2 in an
area between 2 x 2 mm2 and 4 x 4 mm2 . Assuming a penetration depth of 6.2
µm and 16.5 µm into U-6wt%Mo and Al respectively, this will result in an ion
density of at least 1.6 ·1020 ion per cm3, respectivly 6 ·1019 ion per cm3. Due to
the high kurtosis, the real ion density is in certain locations even higher, around
a factor of 10 in a region of 1 µm thickness. This means that at least the final
fission density of the FRM II core (see chapter 1) is obtained at certain layers.

• The duration of an irradiation varied between just some minutes and went up to
13.5 h, depending mainly on the desired fluence, beam size and the kind of the
stripper in the accelerator.

• All irradiations have been carried out under vacuum (1.0 · 10−7 mbar).

Figure 3.7: Concept of the heavy ion bom-
bardment. In position B a simulation of
in-pile irradiation is possible, since here the
”fission fragments” go from the fuel particle
into the matrix as it happens during in-pile
irradiation - in position A vice versa.



Chapter 4

Post irradiation examination

Usually experiments at the accelerator aim to analyze specimens. Here the aim is to
modify specimens with the swift heavy ion beam of the accelerator. The analysis will
be carried out later, on other instruments. In this chapter the analysis, called: post
irradiation examination (PIE), of the specimen will be presented. At first PIEs will
be carried out as for in-pile irradiated specimen, that means optical microscopy (OM)
and scanning electron microscopy(SEM) will be taken, and later an examination using
synchrotron radiation will be presented. Previously this kind of examination could not
be done with in-pile irradiated specimen due to the strong activation of the specimen.

Further, I want to point out that one of the main advantages of heavy ion bombard-
ment compared to in-pile irradiation is that PIE’s can be conducted immediately after
irradiation. In-pile irradiated specimen for instance require at least 6 to 12 months of
decay time. Subsequently the strongly activated specimen must be transported from
the reactor to a PIE-facility in a special cask. Thereafter the PIEs can be carried out
exclusively in hot cells with suitable instruments. Additionally the PIE’s are hampered
by the strong background radiation. After the PIEs, storage and disposal of the spec-
imens cause difficulties as well. Therefore in-pile irradiation tests are extremely costly
and time consuming.

For heavy ion irradiated specimen the radiation of the specimen is the natural ra-
diation from the uranium, especially from 234U and 235U, both isotopes are especially
important for enriched specimen. That means, for the used specimens with 19.75 wt%
enriched uranium, a dose rate of ≈ 1 µSv per hour on the surface per specimen can be
measured. The dose rate is caused by α- (approximately 8 Bq), β- (approximately 30
Bq), and γ- radiation (low energetic, mainly less than 200 keV). Therefore no special
shielding is required. Nevertheless, since uranium is a heavy metal, inhalation or in-
gestion of the specimen is to be avoided.

Also no further preparation is necessary, because the meat layer is still accessible
by photons and electrons. Finally, I point out that PIEs can be accomplished as easily
as for an arbitrary alloy of heavy metal. Therefore PIEs can be conducted in almost
every laboratory or research facility. Thus making it possible to obtain better results

33
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than for in-pile irradiated specimen by reducing costs and time required.

4.1 Optical microscopy

After the heavy ion bombardment, first of all an optical inspection of the specimen took
place, which revealed that the irradiated area of the specimen is very dark. Therefore
irradiated and non-irradiated areas can be easily differentiated. But therefore optical
analysis is difficult, especially at the transition between irradiated and non-irradiated
areas. Such a transition is shown in Fig. 4.1. First of all one realizes that the irradiated
area seems to be underexposed, while the non-irradiated area seems to be overexposed,
and further, that each spherical fuel particle in the irradiated area is surrounded by a
new layer with distinct borders and a blue color. Hence this new layer will be called
interdiffision layer (IDL). The thickness of the IDL is approximately 20 µm and its
blue color is probably due to the incorporation of the iodine. Assuming a penetration
depth of the iodine perpendicular to the surface of the specimen of 2 µm and a flu-
ence of 1017 ions per cm2, the iodine concentration would be as high as 5 · 1020 ions
per cm3. This is just one order of magnitude less than the atom density of the specimen.

The matrix has still the color of the aluminum, presumably due to the much higher
penetration depth of the projectiles, and the fuel particles get a black color due to the
oxidation at the air. Fig. 4.2 to 4.4 show optical images of U-6wt%Mo/Al and U-
10wt%Mo/Al specimen, which have been irradiated up to relativly low fluences under
the same conditions. Each picture shows an irradiated part of a comparable position
of the specimen. The figures show that the specimen with the lowest fluence (Fig.
4.3) is the brightest one, but in principal there is not a big difference between these
images. The thickness and shape of the IDL is almost the same in all three images.
Therefore we conclude that there is not a big influence of the molybdenum content
and the fluence on the IDL-growth rate. The direction of the heavy ion irradiation is
shown by the arrow.

Figure 4.1: Optical image of a
transition between irradiated
and non-irradiated areas on a
U-6wt%Mo/Al specimen.
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Figure 4.2: U-6wt%Mo/Al specimen, irradiated to a fluence of 1017 ions/cm2

Figure 4.3: U-10wt%Mo/Al specimen, irradiated to a fluence of 5 · 1016 ions/cm2

Figure 4.4: U-10wt%Mo/Al specimen, irradiated to a fluence of 1017 ions/cm2
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4.2 Scanning electron microscopy with EDX

Scanning electron microscope (SEM) images were taken from a Hitachi model s-4000
field emission scanning electron microscope. Here the accelerating voltage was set to 20
keV. Specimen were mounted on a specimen holder, which had a slope of 45◦ between
the electron beam and the surface of the specimen.
Whereas optical images of a transition between an irradiated and non-irradiated area
were difficult to obtain, this is no challenge for a SEM. Such a transition is shown in
Fig. 4.5. At first glance, a significant change due to the irradiation is visible between
this two areas. Here also distinct borders between the fuel, the IDL and the matrix
are clearly visible.

Fig. 4.6 to 4.8 show images of irradiated U-Mo/Al specimen. Each image shows
- like the optical one - around each spherical U-Mo particle an IDL, but with much
more detail. For instance here it can be seen that the IDL is particularly pronounced
in the direction of the irradiation. Now also a thickness measurement of the IDL can
be easily carried out. The thickness of the IDL is approx. 30 µm for position A in Fig.
3.7 and approx. 10 µm for position B in Fig. 3.7. Further, the thickness of the IDL
seems to be independent of the fuel particle diameter, which is in agreement with the
in-pile irradiated specimen.

It should also be mentioned, Fig. 4.8 (SEM-image) and Fig. 4.4 (optical image)
show a mirror image of the same part of an U-10wt%Mo/Al specimen. Both show
similar dimensions of the fuel, the matrix and the IDL.

On the fuel particles itself ripples are visible, which are perpendicular to the in-
coming beam. They suggest surface amorphisation. These ripples are shown in detail
in Fig. 4.9.

Figure 4.5: SEM im-
gae of an U-10wt%Mo/Al
specimen, partly irradi-
ated to a fluence of 1·1017

ions/cm2
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Figure 4.6: SEM-image of an U-
6wt%Mo/Al specimen, irradiated to a
fluence of 1·1017 ions/cm2

Figure 4.7: SEM-image of an U-
10wt%Mo/Al specimen, irradiated to a
fluence of 5 · 1016 ions/cm2

Figure 4.8: U-10wt%Mo/Al speci-
men, irradiated to a fluence of 1·1017

ions/cm2, SEM-image, part of Fig. 4.5

Figure 4.9: Ripples on a U-6wt%Mo
fuel particle, irradiated to a fluence of
1·1017 ions/cm2, SEM-image
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Energy-dispersive X-ray analysis

By taking SEM-images, the elements of the specimen are excited by high energetic
electrons. Therefore they emit typical X-rays. These X-rays can be measured and ana-
lyzed. Now a qualitative and quantitative composition of the elements of the specimen
is obtained with a high spatial resolution. This technique is called Energy-Dispersive
X-ray analysis (EDX). Most relevant X-ray energies, types, and probabilities for our
application are given in Tab. 4.1.

A qualitative analysis of the element distribution by EDX was performed at an
EDR288, where the emitted X-rays are detected by a Si(Li) detector. Fig. 4.10 shows
a SEM-image of an irradiated fuel particle (U-10wt%Mo) in an aluminum matrix.
While the arrow marks the direction of the incoming heavy ion beam, the encircled
numbers present the position where the EDX-measurements have been carried out.
Results of these measurements are shown in Fig. 4.11. The measuring time for each
EDX-measurement was in the range of 200 seconds - depending on the dead time of
the detector and position at the specimen. The EDX-data show a homogeneous distri-
bution of uranium and molybdenum in the fuel, and pure aluminum in the matrix. In
the IDL, there is a weak gradient of the elements. While uranium and molybdenum
are decreasing, aluminum increases slightly in the direction from the fuel to the matrix.

A quantitative analysis of the EDX-measurements yielded a composition of the IDL
of (U-Mo)Al3±1 depending on the specimen (U-6wt%Mo/Al or U-10wt%Mo/Al), the
position (close to the fuel or to the matrix, center of the irradiated area etc.) and, last
but not least, at the correction for the Bremstrahlung.

Table 4.1: Some important X-ray energies for EDX measurements

Element Energy Type Probability
(keV)

Al 1.487 Kα1 0.9868
1.557 Kα2 0.0132

Mo 2.293 Lα1 0.9274
2.395 Lβ1 0.9333
2.518 Lβ2 0.9096
0.192 Mα12 1

I 0.497 Mα12 0.85

U 3.171 Mα12 0.54
3.336 Mβ 0.33
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Figure 4.10: SEM-
pictures of an
U-10wt%Mo/Al
specimen, irradiated
to a fluence of 1017

ions/cm2. Encircled
numbers indicate
positions where
EDX-measurements
have been carried
out, see. Fig. 4.11

Figure 4.11: EDX-measurements of the specimen which is shown in Fig. 4.10
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4.3 X-ray diffraction measurements

This section aims to identify the qualitative composition of the IDL. Since heavy ions
and photons with the appropriate energy (see Tab. 4.2) have similar penetration
depths1, X-ray diffraction measurements are carried out in Bragg-Brentano geome-
try (see Fig. 4.12). Hereby two different approaches are applied. In the first approach
the X-ray beam diameter and the detector have a similar size to the irradiated area
on the surface of the specimen. Texture effects, which are expected - especially in the
aluminum matrix, due to the rolling during manufacturing, are reduced by a rotation
of the specimen during the measurement. A comparison between an irradiated and a
non-irradiated specimen is expected to provide the composition of the IDL.

Figure 4.12: Bragg-Brentano geometry for first diffraction measurent (left hand side)
and second diffraction measurement (right hand side)

The second approach aims for a higher spatial resolution, which is not possible
with the first one. This is achieved by a high brilliance X-ray beam (high intensity and
the X-ray beam has a low divergence, here synchrotron radiation will be used) and a
detector with a very high spatial resolution. Here realized by a CCD-detector, which
presents a two-dimensional array of detectors. Due to a multichannel plate, which acts
as an array of collimators, between the specimen and the detector, a measurement with
a high spatial resolution is possible. Of course this measurement must be done without
a rotation of the specimen.

Two specimen are studied in detail with X-ray diffraction, both are irradiated to a
fluence of 1 · 1017 ions/cm2. They differ only in the Mo-content in the fuel particles.
One contains 6wt%Mo and the other one 10wt%Mo.

1Unlike the penetration depth of heavy ions (detailed description in chapter 2.2 on page 12), X-ray
attenuation obeys an exponential law. Therefore the penetration depth is defined as the length when
the X-ray concentration is attenuated to a factor of 1/e.
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Table 4.2: Penetration depth of photons (A) [30] and heavy ions (B) [27]

Type / Energy Penetration depth into
Isotope Al U-6wt%Mo

A Cu Kα 8.5 keV 87.8 µm 2.4 µm
(photons) Mo Kα1 17.4 keV 719.2 µm 6.3 µm
B I-127 120 MeV 16.5 µm 6.2 µm
(heavy ion) I-127 80 MeV 12.9 µm 5.0 µm

4.3.1 First diffraction measurement

A first X-ray powder diffraction (XRD) measurement was performed with a STOE-
STADIP diffractometer, where a curved, primary Ge(111) crystal monochromator pro-
duces strictly monochromatic Mo-Kα1-radiation (λ=0.07093 nm). Three specimens
(the two irradiated specimen and one non-irradiated U-6wt%Mo/Al specimen) were
analyzed in reflection geometry (Bragg-Brentano) and a linear position sensitive de-
tector (acceptance 6◦, channel width 0.02◦) coupled in a 1:2 mode was used for data
acquisition. Up to 2700 data points in the angular range of 6◦-60◦ were taken for
each specimen in 24 hour runs at an incoming beam diameter of approximately 1 mm.
Hereby the specimen was revolving.

The obtained diffraction patterns are shown in Fig. 4.13. For the non-irradiated
specimen peaks from aluminum and γUMo can be easily differentiated. Due to their
inner structure the aluminum peaks are not so broad like the one from γUMo. Fur-
ther one recognizes that the heavy ion bombarded specimens show the presence of new
crystalline phases compared to the non-irradiated specimen.

Qualitative phase analysis indicates the presence of up to five crystalline phases,
whose reflection positions are marked in the lower part of Fig. 4.13. The main reflexes
are identified by the hkl-values directly in the diffraction pattern. Further I wish to
emphasize that no decomposition of the metastable γU-Mo phase was observed. Evi-
dence of neither a ternary (Al, Mo, and U) nor a binary compound of Al and Mo could
be found. A detailed study of the peak width revealed no significant peak broadening
for heavy ion irradiated specimen compared to the non-irradiated ones.

Quantitative multiphase Rietveld analysis yields the respective weight fractions of
the specimen as shown in Tab. 4.3. Both irradiated specimens contain a significant
portion of UAl3. Further, UAl4 is present. In the U-10 wt% Mo/Al specimen UAl2
also exists. These compounds did not exist before the irradiation with heavy ions and
therefore they ought to be products of the irradiation process.
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Figure 4.13: X-ray powder diffraction measurement and multiphase Rietveld analysis
of a non-irradiated U-6wt%Mo/Al specimen (A), an irradiated U-6wt%Mo/Al speci-
men (B) and an irradiated U-10wt%Mo/Al specimen (C). The difference between the
observed and calculated data is depicted around the zero intensity line. Reflection
positions of the identified phases are shown in the lower part.

Table 4.3: Phase abundance in wt% of the heavy ion irradiated samples resulting from
multiphase Rietveld analysis of X-ray powder data

Phase Al γUMo UAl2 UAl3 UAl4
wt% wt% wt% wt% wt%

Specimen
U-6wt%Mo/Al 41.3±2.3 23.5±1.1 - 19.8±1.0 15.4±3.4
U-10wt%Mo/Al 27.7±1.2 36.3±0.8 11.0±0.4 13.4±0.5 11.6±1.8
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4.3.2 Second diffraction measurement

While the first diffraction measurement showed that new crystalline phases are formed
due to the irradiation with heavy ions, it provides no information about their spatial
distribution. Therefore a diffractometer with a high spatial resolution is used for the
second diffraction measurement.

A measurement with high spatial resolution requires either a high brilliance X-ray
source or time, because for each single location a diffraction pattern has to be mea-
sured. Also, a very thin X-ray beam or a detector with a high spatial resolution is
important as described in the introduction to this section. Here I follow the latter
approach.

The very high intense X-ray beam is provided by the Deutsche Elektronen Syn-
chrotron (DESY). Since the X-ray beam consists of a distribution of frequencies, the
X-ray beam must be monochromated. This is achieved by a fixed-exit double-crystal
monochromator. For intensity and practical purposes a wavelength of λ = 1.54 Å was
chosen. This wavelength corresponds to the wavelength of Cu Kα radiation. After the
monochromator, the X-ray beam has a diameter of approximately 10 mm and will be
reflected on the specimen and on the specimen holder, both are shown in Fig. 4.14 on
the left hand side.

The high spatial resolution is achieved by a multichannel plate in front of a CCD
detector as described in the introduction to this chapter on page 40. The thickness of
the multichannel plate, that means the length of each channel, is 4 mm. Each channel
has a diameter of 10 µm and the center to center distance between the channels is 12.5
µm. Behind this multichannel plate a CCD detector is located (1000 x 1018 pixel, each
10 x 10 µm2), which represents a 2-dimensional detector.

Figure 4.14: Left hand side: U-Mo/Al specimen on the specimen holder Right hand
side: Experimental set-up. The yellow arrow indicates the X-ray beam from the beam
tube in the direction to the specimen. The multichannel plate and the detector are
located to the left above the specimen.
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Figure 4.15: X-ray powder diffraction measurement and multiphase Rietveld analysis
of an U-6wt%Mo/Al specimen (partly bombarded with heavy ion), same specimen as
in Fig. 4.13 part B, the MAXIM-measurement has been carried out in the yellow region

Due to the multichannel plate each pixel of the CCD-detector recieves photons
exclusively from a small region of the specimen. Therefore 1000 x 1018 diffraction
patterns are measured at the same time. This technique is called MAXIM. It allows a
diffraction measurement with a high spatial resolution.

While the horizontal resolution is fixed with this technique, approximately 13 µm
due to the distance between the specimen and the multichannel plate, the vertical res-
olution depends on the angle ϑ. In Fig. 4.12 one can see that the horizontal resolution
is proportional to 13 µm · (sinϑ)−1. Further, the horizontal and the vertical resolution
depend on the distance between the detector and the specimen. The closer the detector
is to the specimen, the higher is the resolution.

Fig. 4.14 shows, on the right hand side, the experimental set up (experimental sta-
tion G3 at the Hasylab in Hamburg, Germany). At the present time it is, in fact, the
diffractometer with the highest spatial resolution in Germany. A detailed description
of the instrument is given in [37, 38, 58].

In spite of the high brilliance of the synchrotron radiation, a MAXIM measurement
for the whole angular region would require too much time to obtain a sufficient num-
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Figure 4.16: X-ray powder diffraction measurement and multiphase Rietveld analysis
of an U-10wt%Mo/Al specimen (partly bombarded with heavy ion), same specimen
as in Fig. 4.13 part C, the MAXIM-measurement has been carried out in the yellow
region

ber of counts per pixel in the CCD detector. Therefore, first of all an overview scan is
carried out, without a high spatial resolution, which means with a standard detector,
and later a MAXIM measurement will be done only in an interesting angular region.

As described in the introduction to this chapter on page 40, two specimens are
examined. An overview diffraction pattern for each specimen was taken in the region
10◦ ≤ 2ϑ ≤ 120◦. The measurement required 12.7 h (U-6wt%/Al specimen) and 8.5
h (U-10wt%/Al specimen). Hereby the collected number of data points is even much
higher than for the first diffraction measurement. The results of this measurement
are shown in Fig. 4.15 and Fig. 4.16 for the U-6wt%Mo/Al and the U-10wt%Mo/Al
(measured data in red, simulated data in black).

Compared to the first diffraction measurement a significant improvement of the
signal to noise ratio, and therefore a higher quality of data is obvious. Beside the
reflections from γU-Mo and aluminum, other crystalline phases are present. Reflec-
tion positions of the identified phases are shown in the lower part for U-Mo in the
metastable γ-phase (denoted as γUMo in the pattern or as number 1 for the reflection
positions), for aluminum (2), UAl2 (3), UAl3 (4), and UAl4 (5).
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Relative peak heights are different, compared to the first diffraction measurement.
The reasons are on the one hand that the whole specimen is measured (irradiated and
non-irradiated areas) and on the other hand that the specimen was not revolving dur-
ing the measurement, therefore high texture effects, especially from the aluminum, are
not suppressed. For low angles ϑ a direct view for the synchrotron radiation to the
detector is possible, therefore the number of measured data points is increased.

Unlike the first diffraction measurement, only UAl3 as a new crystalline phase is
unambiguously identified, beside the γUMo and the aluminum phase. An UAl2 phase is
questionable, since some reflections are missing and an UAl4 phase was not evidenced.
Possible reasons are that the specimen was not revolving during the measurement,
therefore high texture effects are not suppressed, or the different penetration depths
of the used wavelength compared to the first diffraction measurement. Furthermore,
presumably two additional crystalline phases exist in both specimen.

A MAXIM measurement has been carried out in the region from 46◦ ≤ 2ϑ ≤ 58◦

- this region is shown in a yellow frame in Fig. 4.15 and Fig. 4.16. It was chosen,
since there are two unambiguous peaks from well known phases (γUMo and UAl3)
and peaks resulting from unknown phases. The measurement required 7 h for the U-
6wt%/Al specimen and 6.5 h for the U-10wt%/Al specimen.

After the measurement, the obtained multidimensional diffraction pattern were
cut to a spatial region of interest. This is necessary since the detector area, which
corresponds to the measured area, is much larger than the specimen. The obtained
diffraction patterns (each pixel in the CCD-detector took one diffraction pattern, ob-
tained from a very small region from the specimen due to the multichannel plate) are
split by a computer program into twelve spectra, denoted as classes. These classes are
shown in Fig. 4.18 for the U-6wt%/Al specimen2. If we would add all these classes,
we would obtain the yellow box in Fig. 4.15 again. At approximately 52◦ a little gap
occurs in all classes, which can be ignored, since it is an artifact from the analysis of
the data. Comparison of the twelve classes with the known phases reveals for instance
that class number 10 (shown in red) is the UAl3 phase.

Splitting of all the diffraction pattern, which were obtained per pixel in the CCD-
detector, into these twelve classes, reveals in which part of the specimen which class is
present. This yields in a two dimensional picture of the specimen for each of the twelve
spectra, showing where and which class has been observed. These two-dimensional
pictures are shown in Fig. 4.17. Attention - this figure is shown before the classes in
Fig. 4.18 due to space reasons.

As described in the introduction to the MAXIM measurement, the spatial resolu-
tion of the picture is difficult to define, since it depends on the angle. However on some

2Classes and appropriate class-maps for specimen U-10wt%/Al are presented in the Appendix C.
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pictures one can recognize the irradiated part - looks like a diamond on a playing card
- and has the dimension of approximately 2 x 2 mm2.

A comparison of the twelve classes reduces the effective number for both specimens
together to only eight different categories. This grouping of the classes to categories
is shown in Tab. 4.4. Of course, two categories/phases have been re-found, UAl3 and
γU-Mo.

Now each category can be given a different color and can be drawn together in
one map. Such a map is shown in Fig. 4.19 for the specimen U-6wt%Mo/Al (left
hand side) and U-10wt%Mo/Al (middle). Each map shows the part of the specimen,
which contains completely the irradiated part of the specimen. The irradiated part, is
surrounded by a non-irradiated area. Therefore yellow spots, which shows where the
γUMo phase has been observed, can be found in the whole map, but only the irradiated
part contains UAl3, red in Fig. 4.17, and as shown in Tab. 4.4 category A is class 10).

The two non-identified phases are between the irradiated part and the non-irradiated
one or appear as background.

Table 4.4: Grouping of the classes to categories, also shown with colors on the following
two pages

Category Classes of the Classes of the Phase
U-6wt%Mo/Al U-10wt%Mo/Al
specimen specimen

A 10 2 UAl3
B 3 -
C 0 4,7
D 4,8 1,3 γU-Mo
E 2,5,11 -
F 1,6,7,9 -
G - 0,6,8,9
H - 5,10,11



48 CHAPTER 4. POST IRRADIATION EXAMINATION

Figure 4.17: Two dimensional maps of classes of specimen U-6wt%Mo/Al.
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Figure 4.18: All twelve spectra from classification of the MAXIM-measurement for the
U-6wt%Mo/Al specimen, each spectrum represents one class in Fig. 4.17

Figure 4.19: Map of reduced classified phases for the U-6wt%Mo/Al (left hand side)
and the U-10wt%Mo/Al (middle) specimen
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Chapter 5

Discussion

In this chapter I would like to discuss heavy ion irradiation as a method of simulating
in-pile irradiation. Therefore I compare both methods and their PIEs of specimen
which were either bombarded with heavy ions or in-pile irradiated. Hereafter the cause
of build up of the interdiffusion layer will be discussed. And last but not least, the
limits of the heavy ion bombardment will be highlighted.

5.1 Comparison of heavy ion to in-pile irradiation

The comparison of in-pile tests starts with a description of the specimen. This section
follows the irradiation conditions. Finally the results of the PIE will be compared.

Specimen preparation

A detailed specimen description for heavy ion bombardment was given in section 3.1
and for in-pile irradiation in section 2.3.2. Since the specimens for heavy ion bombard-
ment were cut out of specimens which have been manufactured for in-pile irradiation,
the specimen are equal except for the outer dimension. One could assume that the
surface of the polished specimen is oxidized, but EDX showed no evidence of oxygen,
and also no uranium oxide was found by diffraction. Nevertheless, during the bom-
bardment with heavy ions a possible oxygen layer on the surface would be sputtered
away anyway (compare Fig. 2.6). Therefore oxidation is of no concern.

Irradiation conditions

Already in section 3.3 irradiation conditions for heavy ion bombardment were de-
scribed. It was also pointed out that all conditions are as close as possible to in-pile
irradiation. Therefore only three relevant parameters will be compared to in-pile irra-
diation in this section.

Tab. 5.1 and Tab. 5.2 show three parameters for heavy ion bombardment and
French in-pile irradiation experiments1 [13]. At first, both tables show the effective

1While the first in-pile experiment (IRIS-I) reached the final burn up, the latter two had to be
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Table 5.1: Parameter of heavy ion bombardments

Experiment at Position 2 Position 3

Effective duration 13 h 4 h

Maximum temperature of the meat 200◦C 170◦C

Average ion density in the meat 2.2·1020 ion/cm3 5.6·1020 ion/cm3

Table 5.2: Parameter of French in-pile irradiation experiments [13]

Experiment IRIS-I IRIS-II FUTURE

Effective full power days 240 d 60 d 40 d

Maximum cladding temperature at
BOL

75◦C 100◦C 130◦C

Average fission fragment density in
the meat

4·1021

ion/cm3

2.4·1021

ion/cm3

2·1021

ion/cm3

duration. For a heavy ion bombardment the effective duration is equal to the beam
time on the accelerator. But for in-pile irradiation, reactor breaks have to be taken
into account. Additional time for both experiments is necessary for preparation of the
irradiation. After the irradiation, in-pile irradiated specimen require a decay time for
easier handling and transportation, since the specimen are strongly activated. Con-
sequently in-pile experiments require much more time, man-power, and bureaucracy
(since enriched uranium is required), therefore they are also much more costly than a
heavy ion bombardment.

The next given value for both types of irradiation is the temperature. While for
heavy ion bombardment the meat temperature is given, for in-pile irradiation the
cladding temperature is given. Taking Fig. 2.8 part D on page 23 and uncertainties
into account, it can be concluded that both temperatures are in a similar range.

The last value (ion density) is the most difficult one to compare. As described in
section 3.3 the maximum heavy ion (= fission fragment) density can easily be a factor
of 10 higher than the average value due to the high kurtosis of the ion distribution.
However, also the fission fragment density will be a factor of two higher in the fuel

stopped before the final burn-up was achieved due to a breakaway swelling of the plates. Therefore
the effective duration for irradiation was lower.
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grains than in the meat layer, due to the volume loading (approximately 55 vol%).
Therefore I can conclude that both are of the same order of magnitude.

Comparison of the PIEs

In order to validate the method, each result of the PIE will be compared individually
for heavy ion bombarded specimen and in-pile irradiated specimen.

Optical microscopy

Fig. 5.1 shows on the left hand side an optical image of a heavy ion bombarded
U-6wt%Mo/Al specimen (irradiated to a fluence of 1·1017 ion per cm2). On the right
hand side an optical image of an in-pile irradiated specimen is shown [41]. Both images
show spherical U-Mo particles surrounded by an interdiffusion layer and the aluminum
matrix. In both images all three phases are separated by distinct borders. The thick-
ness of the interdiffusion layer is between 20 and 30 µm. Compared with the simulation
in section 2.3, this value is slightly higher. Differences between the two images are the
color of the fuel particles and the roughness of the surface. The reason for the differ-
ences is that the image for the heavy ion irradiated specimen was taken immediately
after the irradiation. This means that on the one hand there was no treatment like
polishing, and on the other hand there was almost no time for oxidation, therefore the
fuel has no black color.

Figure 5.1: Left hand side: Heavy ions irradiated U-Mo/Al specimen Right hand side:
In-pile irradiated U-Mo/Al specimen - taken from [41]
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Scanning electron microscopy

Like the optical images, the SEM-images of the heavy ion and the in-pile irradiated
specimens are similar. Both images are shown in Fig. 5.2. Differences occur especially
on the fuel particles. On the heavy ion irradiated fuel particle are ripples, they are
an irradiation effect, which is for instance described by [36] for U3Si fuel. For the
in-pile irradiated specimen small cracks are shown in the fuel particles. Reasons for
these cracks are, for instance, fission gases, which can not be simulated by a heavy ion
bombardment.

While the thickness of the interdiffusion layer around a fuel particle is for in-pile
irradiated specimen more or less constant, for heavy ion bombarded specimen, the
thickness depends on the direction of the irradiation. As described in section 3.3 at
position B in Fig. 5.2 (left hand side) a simulation of in-pile irradiation is possible.
Here the thickness of the interdiffusion layer is reduced (approximately 10 µm), pres-
mably due to the lower penetration depth of the heavy ions into the fuel particle.

Figure 5.2: left hand side: Heavy ion irradiated U-Mo/Al specimen, the arrow marks
the direction of the incoming heavy ion beam, and the position A and B corresponds
to Fig. 3.7. right hand side: in-pile irradiated U-Mo/Al specimen - taken from [41]

Energy dispersive X-ray analysis

For in-pile irradiated specimens the chemical composition of the interdiffusion layer
has been identified as (U-Mo)Alx, where x ranges from 3 to 4.4 [29, 51, 50]. Even x
= 7 was reported in [52]. For heavy ion irradiated specimen however, the parameter x
depends on the position in the interdiffusion layer, but is in the range between 2 and
4. The reason for the lower aluminum content (this means that the uranium content is
higher as for in-pile irradiated specimens) could be the missing burn-up of the uranium
during heavy ion bombardment as compared to in-pile irradiation.
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Diffraction measurements

In the year 2006 neutron powder diffraction measurements of in-pile irradiated and
non-irradiated low-enriched U-Mo/Al dispersion fuel were reported in [53]. The mea-
surements revealed that new crystalline reaction products are formed under in-pile
irradiation (UAl3). Tab. 5.3 shows the quantitative and qualitative composition of the
specimens. Further, the table shows that there were UO2 and uranium in the α-phase
present before the in-pile irradiation took place. After the irradiation these phases
have disappeared.
However, the post in-pile irradiation data can be compared with Tab. 4.3 on page 42.
Now, one can recognize that after the irradiation the quantities of the phases vary,
but qualitative they are equal. In both cases five crystalline phases are evidenced: Al,
γUMo, UAl2, UAl3, and UAl4. Hereby UAl3 is the dominant new phase. The difference
in the quantity of each phase could be due to the different burn-up/fluence and tem-
perature during irradiation. Also, one has to take into account that X-rays can reach
deeper into the specimen than heavy ions - compare Tab. 4.2 and the irradiation angle
of the heavy ion beam and the X-ray beam. Therefore irradiated and non-irradiated
layers are examined at once by X-ray diffraction on heavy ion bombarded specimens.
This is not the case for in-pile irradiated specimens, since here the whole specimen is ir-
radiated. Therefore a diffraction measurement can be accomplished in Debye-Scherrer
Geometry (transmission). Here neutrons can penetrate completely through the speci-
men, and only irradiated fuel or fresh is examined in one measurement.

In conclusion, both ways of irradiation of the specimens (in-pile and with heavy
ion) leads to the same qualitative composition.

Table 5.3: Phase abundance of fresh fuel and in-pile irradiated specimen, examined
with neutron diffraction by [53], appropriate data for heavy ion bombarded specimen
are presented in Tab. 4.3 on page 42

Phase Al γUMo UO2 αU UAl2 UAl3 UAl4
wt% wt% wt% wt% wt% wt% wt%

Specimen
U-10wt%Mo/Al
(non-irradiated)

36.5 60 1.5 2 - - -

U-10wt%Mo/Al
(non-irradiated)

27 67 3 4 - - -

U-10wt%Mo/Al
(irradiated)

8 24 - - 1 63 4
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Annotation: Since α-Uranium and UO2 disappear under in-pile irradiation condi-
tion, but the metastable γ-phase of the U-Mo alloy is still remaining, the local temper-
ature in the meat must exceed 600◦ C significantly, compare Fig. 1.3. Only in such a
high temperature region the γ-phase exist as a stable phase. Nevertheless, all phases
will be destroyed due to the high number of displacements, but the γ-phase will be
retained in such a high temperature region. Since such a high temperature can not
be reached according to the simulations in section 2.2.4 and section 2.3, the thermal
conductivity and diffusivity seems to be overestimated, especially for in-pile irradiated
fuel. A more precise discussion will be later on page 58 in the frame of the electronic
thermal spike model as an explanation for the growth of the IDL.
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5.2 Cause and prediction of the interdiffusion layer

Section 5.1 has shown that the physical properties of the radiation damages by heavy
ion bombardment and in-pile irradiation are very similar. Especially the interdiffusion
layer occurrs in both types with similar properties. Now this section will describe pos-
sible causes of this layer. A model for prediction of the interdiffusion layer thickness
based on the causes will be given.

Up to now, the new layer between the fuel grains and the matrix was denoted as
“interdiffusion layer”. This is reasonable, because a mixture of elements took place,
e.g. a transport phenomena. This name implies a diffusion process as the driving force
and one might assume that all diffusion processes can be described by Ficks first and
second law. Both are given by Eq. 5.1 and Eq. 5.2.

j = −D · ∇C (5.1)

∂C

∂t
= −divj = D · ∇2C (5.2)

That means, the particle flux j is proportional to a diffusion coefficient D and to the
gradient in a concentration C (First Ficks law). Taking the equation of continuity
into account, the second Ficks law follows. Both equation are based on a statistical
random walk concept and describe simple diffusion mechanism (vacancy or interstitial
diffusion). Therefore the diffusion coefficient D depends only on lattice parameters and
the temperature T (see Eq. 5.3).

D = gl · a2 · ν0 · exp
(
− HM

kB · T

)
(5.3)

With gl as lattice factor of the order of 1, a is the lattice constant, ν0 is the vibration
frequency of the diffusing particle (roughly 1013 s−1) and HM is the activation energy
of migration (in common crystals about 0.5 - 5 eV)[24].
For more complicated mechanism as described above, Ficks law cannot be applied
without suitable correction. Such modifications have to be done for radiation induced
diffusion. Therefore possible causes of particle mixing will be discussed, dealing with
correction of Ficks law:

• Thermal diffusion
Fig. 4.1 (optical image) and Fig. 4.5 (SEM-image) showed only in the bombarded
area an interdiffusion layer. Nevertheless, due to the high thermal conductivity
of the specimen (especially of the aluminum matrix), the same temperature in
the bombarded and non-bombarded area can be assumed. But no interdiffusion
layer is observed in the non-bombarded area. This knowledge alone is suffi-
cient to exclude a thermal diffusion as an important cause for the interdiffusion
layer. Furthermore many thermal diffusion tests have been carried out world-
wide [40, 42, 43] at very high temperatures, because thermal diffusion obeys an
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Arrhenius law. Also several days of annealing are required.

On the one hand it is difficult to compare the obtained data with burn-up values of
in-pile irradiated fuel, and on the other hand a decomposition of the metastable γ-
phase has been observed due to the high temperature. Also the thermal diffusion
exhibits an IDL consisting of a layer system with three different, and separated
phases. These properties are in contrast to the in-pile irradiated specimens.
Therefore I exclude a thermal activated diffusion process as the main cause for
the interdiffusion layer.

• Electronic thermal spike model
The electronic thermal spike model was described in section 2.2.4 in the frame
of temperature considerations. In spite of the lack of important data like the
thermal diffusivity De, a local melting along the trace is not likely for fresh fuel.
Furthermore Fig. 2.7 implies a maximum local temperature increase of about
100-200 K (in the lattice). This temperature increase would not be sufficient to
reach the γ-phase region of the U-Mo alloy. However, during the bombardment
with heavy ions or in-pile irradiation, parameters - like the thermal diffusivity
or conductivity - will change. This is reasonable, since the defect concentra-
tion increases during burn-up and the mobility of free electrons and phonons is
hampered, which carry the ”heat” in solid bodies. Assuming a decrease in the
thermal diffusivity and conductivity due to the very high defect concentration,
the local temperature can rise up to the γ-phase region. Since the specimen is
quenched to the global temperature of the specimen immediately after each sin-
gle bombardment, the γ-phase is conserved or even restored. This model could
explain why no α-uranium was observed after the in-pile irradiation or heavy ion
bombardment (compare Tab. 5.3), in spite of its existence before irradiation.
Therefore I assume that a dramatic decrease in the thermal diffusivity occurred
during irradiation, but as a cause for mixing of elements it should be excluded.

• Direct collision
On page 15 it was shown that in average 1·105 displacements per fission fragment
take place. These displacements take place at the end of each projectile history -
mainly in the last micrometer. This means for a fluence of 1017 ion per cm2 that
each atom in a thin layer of 1 µm thickness must be moved approximately 2 · 103

times in average (see Eq. 5.4). Hereby an atom density of 4.9 · 1022 atoms per
cm3 for U-6wt%Mo and 6.0 · 1022 atoms per cm3 for aluminum was assumed.

displacements

target atom
=

displacements per projectile · fluence

number of target atoms
≈ 2 · 103 (5.4)

Furthermore each recoiled atom acquires up to 100 eV, which is sufficient for
moving a range of 15 Å. This means that a single atom can move a distance of
3 µm. Since this distance is three times the thickness in which displacements
are possible, a heavy ion bombardment under an inclined angle is important.
Taking uncertainties and a movement of atoms in both directions (uranium and
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molybdenum into aluminum and vice versa) into account,
direct collision contribute significantly to the growth of the interdiffusion layer.

• Coulomb explosion
This model starts with a high ionized area along the trace of the projectile. For
the case in which the resulting positive potential can not be compensated due
to the hampered mobility of vacancies or electrons (because they are trapped),
a repulse of the ionized atoms is possible. This phenomena is called Coulomb
explosion. A necessary condition for a Coulomb explosion is [24]:

q2
i (t) · e2

ε · a4
0

>
E

10
(5.5)

Where qi(t) is the mean level of ionization, E is the elastic modulus, and a0 is
the Bohr-radius. Furthermore, the time of neutralization must exceed the time of
diffusion of the target ions (10−14 - 10−13 s). Consequentially it follows that the
density of the free electrons in an insulator or semiconductor (without electrical
field) is:

ne <
e · na

π · a0 · µe · kB · T · t
(5.6)

Hereby na means the number of ionizations per atom layer and µe the mobility
of the electrons. In metals a rapid neutralization is expected due to the return
of the electron gas (plasma oscillation).

The time for neutralization of a mean excitation corresponds to the inverse plasma
frequency ωp:

t <
1

ωp

(5.7)

Since the plasma frequency in metals is of the order of 1015 s−1,
a Coulomb explosion can be excluded in metals.

The only possible cause for the build up of the IDL seems to be caused by direct
collisions. All other possibilities are unlikely. In order to test this model an irradiation
has been carried out at an angle between heavy ion beam and the surface of the spec-
imen of α = 45◦, this means 15◦ steeper than in the other presented bombardments).
Therefore displacements occur deeper in the meat layer and not on the surface. All
other parameters were maintained, this means that an irradiation by iodine took place
at approximately 200◦C. At a fluence of 1 · 1017 ion per cm2 no IDL was visible with
an optical microscope and the bombardment was continued up to a final fluence of 5
· 1017 ion per cm2. SEM images of this specimen are shown in Fig. 5.3. The images
show no IDL on the surface of the specimen, but ripples on the fuel particles. EDX-
measurement, carried out at the encircled numbers in the Fig. 5.3 right hand side,
revealed also no mixture of elements (i.e. no IDL visible on the surface).

Consequently I conclude that displacements are the driving force for the build up of
the IDL. Therefore the thickness of the IDL depends on the number of displacements
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Figure 5.3: SEM images of an U-6wt%Mo/al specimen partly irradiated under 45◦

with two different magnifications, the encircled numbers on the right hand side indicate
positions were EDX-measurements have been carried out.

per target atom and the range of the recoiled target atoms. Hereby the number of
displacements per target atom is the number of displacements per projectile multiplied
with the fluence and divided by the effective thickness of the region were displacements
are likely to occur (FWHM of the recoiled ion distribution times sin α) and the atom
density. A weak temperature dependence is due to the temperature dependence of the
displacement energy, which affects the number of displacements per projectile. Since
much more displacements takes place in the fuel particles than in the aluminum matrix
(for instance ≈ 177.000 to ≈ 60.000 as shown in section 2.5 on page 15) per projectile,
the IDL growth is favored in the direction from the fuel particle into the aluminum
matrix and particular pronounced in the direction of the irradiation, see Fig. 5.4. This
figure shows also position A and B, known from Fig. 3.7 and Fig. 5.2.

Figure 5.4: Sketch of an irradiated fuel particle. The dotted line shows the interface
between the fuel particle and the matrix before the heavy ion bombardment took place.

In order to compare heavy ion bombarded specimens with in-pile irradiated speci-
mens, the geometry, e.g. the variation of the fission fragment density, has to be taken
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into account. An expression for the growth rate of the IDL was found by Hofman for
U3Si2/Al and U-Mo/Al fuel. The thickness of the IDL y is expressed as [15]:

y(cm) =

√
5.07 · 10−26 · FFD · e− 65420

R·T (5.8)

Hereby FFD denotes the fission density in the fuel particles itself (fission rate ḟ · time t).

Using equation 5.8 and assuming a specimen, which was irradiated at 200◦ C and
has an IDL thickness of 20 µm, as shown in chapter 4, this would correspond to a
FFD of 2 · 1022 fission per cm3 (calculated with Eq. 5.8). Such a burn-up value is not
possible with LEU specimen, since the fission density would be much greater than the
235U atom density. However, this value corresponds to a heavy ion bombardment to a
fluence of 1 · 1017 ion per cm2.
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5.3 Limits of heavy ion irradiation

In this section I would like to discuss the limits of the heavy ion irradiation of U-Mo/Al
fuel. In particular two different limits have to be observed. The first limitation is
caused by the difference between in-pile irradiation and heavy ion bombardment (limits
of the method). For instance fission gases can not be simulated by a bombardment
with iodine. The second limit will deal with the limit of the U-Mo/Al fuel under
bombardment condition. Since the resistance against this kind of irradiation is a basic
requirement of nuclear fuels, this limit will mark an upper limit for in-pile irradiations.

5.3.1 Limits of the method

Although only 0.5% percent of fission fragments are 135I [49], 127I simulates the radi-
ation damage caused by fission fragment quite well as described in chapter 2. More
complicated is the fact that some fission fragments are gases. For instance the fission
of 1g 235U releases 28 cm3 of fission gases, this leads to an enormous pressure inside
the fuel [20]. Even a bombardment with noble gases would not simulate this pressure;
since the bombardment takes place only on the surface, that means the noble gases
would be released during the bombardment. Therefore the limits, which are caused by
fission gases (very important for instance in U3Si fuel), can not be investigated with
this method.

Besides the radiation damages, which are caused by neutron-, β-, or γ-radiation,
the burn-up effect has to be taken into account. This means the disappearance of
uranium atoms. However, this effect could be quite well simulated, since sputtering of
atoms takes place. It seems to be even overcompensated (compare Fig. 2.6), but in the
discussion of the EDX-measurements, it was shown that the burn-up can presumably
not be simulated due to sputtering (see section 5.1).

5.3.2 Limits of the UMo/Al fuel

Nevertheless, since the heavy ion bombarded specimen (and especially the interdiffusion
layer) consists of binary alloys like UAl3 which are already used in reactor fuels, there
is no hint of an abnormal swelling of the U-Mo/Al fuel. But during the heavy-ion
bombardment one of the specimens (U-6 wt% Mo/Al) was broken into at least four
pieces. Fig. 5.5 shows an light-optical microscope image of one part of this specimen.
Like the other specimens, it was irradiated by iodine, but the energy of the projectile
was reduced to 80 MeV and the flux increased to 2.3 · 1012 ions/s in order to reach
higher deposition rates and to find the limits of the instrument, at which the specimen
can be irradiated.

While a maximum temperature of less than 100◦C was measured - much lower than
for the others due to a better water-cooled specimen holder - the irradiated area was
similar in size (0.9 x 3 mm2). After only 14 min, which corresponds to a fluence of 7.2
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Figure 5.5:
Optical image
of a destroyed
(over-irradiated)
U-6wt%Mo/Al
specimen.

· 1016 ion/cm2, bombardment had to be stopped because the specimen was broken.

Optical microscopy of the broken parts revealed that there was a new protruding
phase around each spherical fuel particle (instead of the IDL). These local elevations
around the spherical fuel particles could be caused by either a volume increase of the
interdiffusion layer, the fuel particles or a combination of both. As a reason for the
swelling a transformation from crystalline to amorphous could be taken into account,
because amorphous materials swell significantly under irradiation [36]. A first hint of
such a transition was found in the XRD-pattern of the irradiated U-10 wt% Mo spec-
imen which shows an amorphous hump under small angles (not shown in Fig. 4.13,
since the origin of the hump is not absolutely clear, since a hump was also found for
the non-irradiated specimen). Also the formation of ripples on the U-Mo particles
indicates an amorphous surface. Such a transition from crystalline to amorphous was
also discovered for U3Si fuel for ion and in-pile irradiation [35]. The data are shown in
Appendix A. Here the transition to amorphous can be delayed by annealing. This be-
havior can explain, why the specimen was destroyed at low and not at high temperature.

A further examination of the broken U-Mo/Al specimen may be difficult, since
only small pieces are available for X-ray diffraction measurements, which could prove
an amorphous phase. This model could show the reason for the abnormal swelling of
the in-pile irradiated fuel plates.
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Chapter 6

Summary

This thesis has introduced a new technique for testing U-Mo/Al dispersion fuels out of
pile. Hereby the radiation damages caused by fission fragments are simulated by swift
heavy ions. Also this technique avoids an activation of the specimen, which makes the
handling much easier, and simulates days of in-pile irradiation in minutes, which saves
time and money.

A theoretical background was given, followed by a description of the experimental
set-up and bombardment conditions. Afterward the results of the PIEs are presented
and compared to those of in-pile irradiated specimen. Hereby this thesis has concluded
that the reason for the growth of the unfavorable interdiffusion layer in U-Mo/Al
dispersion fuel is irradiation induced diffusion. This kind of diffusion is caused by fission
fragments, and is marginally temperature dependent. Furthermore it was shown that
the properties of the heavy ion bombarded specimen and in-pile irradiated specimen
are not only comparable, even a similar irradiation failure has been reported. Therefore
this technique should be standard, like annealing, before an in-pile irradiation test of
new nuclear fuel candidates takes place.

Annotation:
Other promising nuclear fuel candidates were tested in a collaboration between CERCA,
TUM and CEA. Specimens were manufactured at CERCA, heavy ion bombarded by
TUM, and PIEs will be carried out at CEA-Cadarache. Since the PIEs are still un-
derway, they are not mentioned in this thesis. Because first results of the PIEs are
encouraging, the collaboration has still scheduled further bombardments with heavy
ions. As soon as the results are available, they will be published.
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Chapter 7

Outlook

Here two different outlooks will be presented: On the one hand the aspect of for heavy
ion bombardments and on the other hand that of a fuel which satisfies the requirement
of a conversion of the FRM II reactor.

7.1 Outlook for heavy ion irradiation

Since this heavy ion bombardment is a new technique to examine nuclear fuels, it
offers a great variety of opportunities. For instance different isotopes could be used for
bombardment with various energies or irradiation angles. Also the temperature of the
specimen can be varied. The interdiffusion should be monitored in situ with an optical
microscope during bombardment in order to measure diffusion coefficients. Also further
examinations of the specimens are much easier, for instance the measurement of the
thermal conductivity, diffusivity and heat capacity of the bombarded specimen1. All
this data will allow us to obtain a further insight into nuclear fuel, which is necessary
for finding its limits.

7.2 Outlook for a fuel for conversion of the FRM

II

Due to the breakaway swelling observed at miniplates from Argonne National Labo-
ratory and French full size plates during in-pile irradiation, U-Mo/Al dispersion fuel
seems to be an unrealistic option for the conversion of the FRM II reactor from HEU
(93 wt% enriched) to MEU ( ≤ 50 wt% enriched). Other possible options must be
taken into account. At the moment three possibilities appear realistic:

• Suppression of the interdiffusion layer
Annealing experiments have shown that a thermal diffusion of the uranium into

1As mentioned on page 58 a significant decrease in the thermal conductivity during irradiation is
reasonable. A diploma thesis is underway to measure the thermal conductivity before and after the
irradiation of the specimen, data will be published presumably in December 2006.
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Figure 7.1: Optical image of
an in-pile irradiated mono-
lithic U-10wt%Mo specimen
[41]

the aluminum can be reduced by additives like Si. Also heavy ion bombardment,
showed similar results. At the moment, an addition of 2 wt% Si into the aluminum
matrix seems to be a good choice. Another option is to replace the aluminum
matrix by magnesium, which forms no intermetallic coumpond with uranium or
to coat2 the U-Mo particles. Unfortunately coating would reduce the volume
fraction of fuel in the meat significantly and is therefore not favored.

• Monolithic fuel
Here a thin uranium-molybdenum foil is welded between two aluminum claddings.
Since no aluminum is present in the meat layer, which is equal to the fuel in this
case, no interdiffusion of U-Mo and aluminum in the meat is possible. The
RERTR-team has irradiated two of these specimen in the frame of an irradiation
program called RERTR 4. The meat layer was U-10wt%Mo, that means a ura-
nium density of 15.2g U per cm3. The thickness of the round meat layer was 0.3
mm and the diamter 12 mm [45]. Both specimen were irradiated to a final burn
up of approximately 80%. Specimens contained uranium with an enrichment of
approximately 20 wt% in 235U .

Fig. 7.1 shows an optical image of one of the specimen (meat layer in the middle
and on the top and bottom the cladding layer). The figure shows no break away
swelling of the plate. Further the image shows even no interdiffusion between the
aluminum cladding and the meat layer.

Since this irradiation test indicates a very good in-pile irradiation behavior, fur-
ther tests are underway (named RERTR 6 and 7). At the moment the main
challenge of this kind of fuel is the fabrication of the U-Mo foil and the welding
of the foil with the cladding - both are required on industrial scale [46, 47]. Also
a thickness profile of the meat layer (like it is required for the FRM II reactor,
see Tab. 1.1.) causes difficulties. Nevertheless, due to the very high uranium
density and the promising in-pile behavior, this kind of fuel is of great interest

2The minimum thickness of the coating is the penetration depth of fission fragments, this means
that at least 5µm are required.
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and further examination will be carried out.

• U3Si2/Al dispersion fuel with higher density
In case that U-Mo is not available, the performance limits of fuels which are still
qualified should be reconsidered. Although only U-Mo/Al dispersion fuel will
satisfy our density requirements (as shown in chapter 1), other fuel types would
also allow a decrease in the enrichment.

In-pile irradiation tests of U3Si2/Al aiming to find the performance limits were
carried out in the BR2 reactor [44]. The uranium densities were higher than
the maximum qualified uranium density of 4.8gU per cm3, that means 5.1 and
6.1gU per cm3 respectively. The irradiation conditions covered the requirements
of the FRM II reactor, that means a heat flux of 520 W per cm2, and a cladding
surface temperature of 180-200◦ C. The irradiation program was stopped after the
second cycle, based on visual inspection and wet sipping tests of the elements.
The plates showed degradations on the aluminum cladding and the release of
fission products. The maximum burn up in 235U was 29% and 25%. PIE showed
that the failure of the plates is entirely related to the corrosion of the aluminum
cladding, which has caused temperatures to rise well beyond the calculated values.
In all stages the fuel grains have retained their integrity and, apart from the
formation of an interaction phase with the aluminum matrix, they do not seem to
demonstrate deletrious changes in their physical properties. Since this irradiation
test does not show the performance limits of U3Si2, further tests are necessary.

Each option has the potential of overcoming the drawbacks of U-Mo/Al dispersion
fuel, but each option requires further costly and time-consuming in-pile irradiation
tests. Therefore it seems to be unrealistic, to expect to obtain a fully qualified fuel,
which fulfills the requirements for a conversion of the FRM II reactor before the end
of the year 2010. To save time, heavy ion bombardment of specimen should be used
for selecting the most promising candidates.
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Appendix A

Heavy ion bombarded U3Si

A study of literature revealed that as early as 1971, Walker bombarded U3Si with 2
MeV Argon ions in order to simulate fission fragments [35]. He concluded: ”Bom-
bardment of U3Si with 2 MeV argon ions produces a change in the ordered tetragonal
cell through a disordered cubic to an amorphous structure ... the amorphous modifi-
cation, however, transforms to the tetragonal phase at 290◦C, this temperature being
independent of ion fluence and of some compositional variations ... For bombardments
carried out above 250◦C the amorphous modification was not detected ...”. Further-
more Walker concluded that there is a generally good correlation between observations
made on the ion bombarded specimens and those on neutron irradiated material for
U3Si fuel [35].

The published diffraction patterns are shown in Fig. A.1 (diffraction pattern for
in-pile irradiated U3Si fuel for different burn-ups), Fig. A.2 (diffraction pattern of U3Si
fuel and different treatments, including ion bombardments), and Fig. A.3 (diffraction
pattern of a heavy ion irradiated specimen and after several annealing steps). The fig-
ures show on the one hand the excellent simulation of in-pile irradiation by heavy ion
bombardment and on the other hand they show that a transformation from crystalline
to amorphous can be suppressed or the crystalline phase can be retained by annealing.

Assuming that this model is also applicable for U-Mo fuel, the effect of the overirra-
diated specimen could be explained. Since the specimen were very cold when irradiated,
and consequently a transition into an amorphous state is more likely.
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Appendix B

Simulations for the FRM II
irradiation test

In section 2.3 simulations of U-Mo/Al dispersion fuel, which were carried out with the
MAIA-code, were presented. These simulations of full size plates, which are irradiated
in the research program for the new fuel of the FRM II, were done before the irradia-
tion was scheduled, and therefore the maximum heat flux was assumed as constant. In
the meantime, the real heat flux became available and simulations have been carried
out with the real heat flux. These simulations will be presented and discussed in this
section.

As mentioned in the chapter 2.3, plates are still under irradiation, therefore the
power history is not fixed up to the end of the irradiation. The irradiation can also
be stopped before the final burn-up is reached or even prolonged in order to reach a
higher burn-up. For instance the irradiation of the plate UMo8001 was stopped after
34 effective full power days (EFPD) due to a handling mistake.

However, the scheduled heat flux and the fission density in the fuel particles for the
irradiation test (UMo8001, UMo8002, UMo8501, and 8503) versus the irradiation time
in effective full power days (EFPD) are shown in Fig. B.1 and Fig. B.2.

Compared to Fig. 2.8, where a constant heat flux of 300 Watt per cm2 was as-
sumed, the irradiation requires a bit more time for the same fission density due to a
lower average heat flux. The heat flux varies during the irradiation, since the plates
are in different position of the reactor core and they have varying adjacent irradiation
devices, fuel plates or control rods. Also the reactor power and therefore the neutron
flux vary.

The temperature development in the plates (center line temperature) during the
irradiation is shown in Fig. B.3. Due to a lower heat flux, the average temperature in
the plates is lower, but in the maximum it reaches also up to 160◦C. The reason for
the temperature increase is - as described in chapter 2.3 - the decrease of the thermal
conductivity of the meat.
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Fig. B.4 shows the swelling of the plates versus EFPD. One can see that the swelling
starts at different burn-ups (due to different as-fabricated porosities), but with almost
the same slope. However, first swelling measurements indicated, that the swelling starts
a bit earlier than in the simulation, but with the same slope. Uncertainties or local
variation in the as-fabricated porosity are possible reasons.

In conclusion: For the simulation and their results, there is no significant difference
for a constant or the real heat flux, but knowledge about the as-fabricated porosity is
important for the start of the plate swelling. For further discussion of the simulation,
at least the thickness measurement has to be awaited.
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Appendix C

Maxim data for the
U-10wt%Mo/Al specimen

This chapter relates to section 4.3.2. Here the MAXIM data for the U-10wt%Mo/Al
specimen will be presented.

Figure C.1: All twelve spectra from classification of the MAXIM-measurement for the
U-10wt%Mo/Al specimen, each spectrum represents one class in Fig. C.1
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Figure C.2: Two dimensional maps of classes of specimen U-10wt%Mo/Al.
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