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Abstract

Macro-dispersed inert matrix fuels were irradiated in the high flux reactor in Petten. These fuels consisted of UO,
inclusions embedded in the inert matrices MgO, MgALL Oy, Y3Al50,,, CeO,_, and Y,0;. The uranium burn-up reached
17.1-19.8% FIMA after an irradiation period of 198.9 days. The sample temperature was about 700-1000 K. Room
temperature indentation measurements were performed in the inert matrices before and after irradiation to determine
the Vickers hardness and the fracture toughness. The volume swelling of the UO, inclusions has been determined.
Pellets of UO, inclusions embedded in MgO, MgAl,O4 and Y3AlsO, show cracks in the matrix between these in-
clusions after neutron irradiation. A model is used to describe the fracture behaviour of these inert matrix fuels.

© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

Transmutation of long-lived actinides (e.g. pluto-
nium and americium) in uranium-free matrices is a
promising option to reduce the radiotoxicity of long-
lived nuclear waste. Within the EFTTRA-framework
(Experimental Feasibility of Targets for Transmutation,
A European project in which CEA, NRG, EdF, FzK,
JRC-ITU and JRC-IE co-operate), the application of
inert matrix fuel for actinide transmutation is studied. In
the EFTTRA-T3 experiment, fuels containing UO, in-
clusions embedded in a matrix were irradiated in the
high flux reactor. In the present paper, the mechanical
aspects of such fuels are discussed. A general description
of the EFTTRA-T3 experiment including all results of
the PIE is given by Neeft et al. [1].

In the present irradiation experiment (EFTTRA-T3)
uranium simulates some of the effects of the actinides to
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be transmutated (e.g. plutonium or americium). An
advantage is that uranium can be handled more easily
than plutonium or americium containing material. The
aim of this experiment is to study the effect of fission
products on the fuel behaviour. Inert matrices with and
without uranium were irradiated to discriminate the ef-
fect of fission products from that of neutrons. It is not
the aim to be fully representative for the conditions in
any future large-scale industrial transmutation scenar-
ios. Due to the rather general aim of the present ex-
periment, the results are relevant to both LWR and fast
reactor applications.

The present paper focuses on the mechanical be-
haviour of the macro-dispersed composite fuels. The
fuels considered are composite materials, which con-
sist of a ceramic fissile phase embedded in an inert
ceramic matrix phase. The mechanical behaviour of
the composite fuels is more complicated than that of
homogeneous fuels such as UO,. A good under-
standing of the mechanical properties of the fuels is
important since swelling and fracture of the pellets
have a strong influence on amongst others the tem-
perature of the fuel, fission-gas release and the
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mechanical interaction between the fuel and the
cladding.

2. Sample preparation and characterisation
2.1. Characterisation of starting materials

UO, microspheres were prepared by the sol-gel
technique, and the particle diameter after sintering is in
the order of 100-300 um [1]. A minor fraction of very
small UO, particles (<10 pm) is observed on the surface
of the UO, particles. The UO, microspheres were sep-
arated into four size-fractions by sieving in order to
measure the size distribution. The mass of each size-
fraction was measured. Optical microscopy images were
made of these microspheres before and after sintering in
a molybdenum cup at the same conditions as for pellets
with UO; (5 h in Hy/Ar at 1873 K). Table 1 shows the
characteristics of the UO, microspheres as determined
by image analysis. More than 80 mass% of particles are
larger than 53 um. The powders of all matrices (CeO,,
Y,0;, MgO, MgAl,O, and Y;Als0;) were obtained
commercially.

2.2. Sample preparation

UO, microspheres were mixed with powders of
Ce0,, MgO, MgAl,0,, Y3Al50;, and Y,O; in a mortar.
All fuels contained about 2.5 vol.% UOQO, with a U
enrichment of 20%. The powders were uniaxially pressed
into green pellets and these pellets were sintered for 5 h

Table 1
Characteristics of the UO, microspheres

in a reducing atmosphere of Hy/Ar (5%/95%) at 1873 K.
The average diameters of the sintered pellets ranged
from 5.11 to 5.39 mm. An overview of the properties of
samples is given in Table 2. Inert matrix pellets without
UO, were also fabricated at similar conditions except
that the sintering atmosphere was air. These pellets were
used to determine the grain size of the matrix phase, as
shown in Table 2. More details on preparation and
characterisation are given in [1-3].

2.3. Sample characterisation

2.3.1. Ceramography

Ceramography before irradiation shows that the
pellets do not contain cracks (e.g. Fig. 1). The UO; in-
clusions have a circular shape in the radial cuts and an
elliptical shape in the axial cuts. This ellipsoidal shape is
due to the uniaxial pressing of the pellets. The porosity
of the UO, inclusions in the MgAL,O4 and Y,0; ma-
trices could not be measured before neutron irradiation
due to outbreak during polishing. Two UQO; inclusions
embedded in Y;Al;0;; and MgO showed a porosity
of 1% and 10%, respectively. In the Y;Al;0,, and
MgAl,O4 matrices, gaps surrounding the UQO, inclu-
sions were observed, which is due to different sintering
behaviour of the UO, inclusions and the matrix.

2.3.2. X-ray diffraction

X-ray diffraction was performed prior to irradiation.
An assessment [1] of these results was made for the
EFTTRA-T3 irradiation using phase diagrams, which
leads to the following conclusions:

Sieve mesh size ¢§ (um)

a>150 150> >53 53> >25 <25
Mass fraction 0.4882 0.3688 0.0896 0.0535
Average particle diameter (um) (calculated using average volume)
Before sintering 288 168 63.30 9.63
After sintering 193 112 42.17 9.54
Volume swelling (%) after sintering —-69.8 =70.1 -70.4 -2.9

Table 2
Properties of the samples and neutron fluence

Pin Compound Density (% TD) Grain size, matrix Neutron fluence (10> m~2)
h:
phase (um) Thermal Fast (£ > 0.1 MeV)

1 CeO,_, +UO, 86.6+1.9 10-30 2.83 5.89
18 Y,05; +UO, 94.6+1.0 10-20 2.86 6.17
5 MgO +UO, 89.2+2.5 2-5 2.89 6.23
11 MgAlL, O, + UO, 95.3+0.8 2-5 3.44 7.18
15 Y;Al;0, + UO, 90.4+0.7 2-5 341 6.93
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Fig. 1. Axial cut of an unirradiated MgAl,O, + UO, pellet. The
arrow marks the axial direction of the pellet.

1. No chemical interaction occurred between UO, and
the matrices MgO, MgAlL,O,4 and Y;Al;0,, after sin-
tering of the pellets.

2. Some chemical interaction occurred between UQO,
and the Y,0; and CeO,_, matrices forming the solid
solutions (U,Y)O,_, and (Ce,U)O,_, which are pre-
sent beside the initial phases UO,, Y,0; and CeO,_,.

3. Due to the sintering under hydrogen of the CeO, +
UO, sample, the cerium-oxide phase is probably
somewhat sub-stoichiometric CeO,_, (0 < x < 0.17).
The exact sub-stoichiometry has not been determined.

3. Neutron irradiation

The pellets were loaded in capsules with an inner
diameter of 5.65 mm and an outer diameter of 6.55 mm.
The pellet stack had a length of about 70 mm. The ex-
perimental set-up for the neutron irradiation in EFT-
TRA-T3 is described in Neeft et al. [1]. The neutron
fluence was measured using neutron monitor sets and is
shown in Table 2. The burn-up of the samples after
198.9 effective full power days was calculated using
FISPACT [4] to be 17.1-19.8% fissions per initial metal
(uranium) atom (FIMA). The temperature of the UO,-
containing targets during irradiation was estimated to
be 700-1000 K. The linear power was at start 45-63
Wem™! and decreased to 16-23 Wem™! at the end of the
irradiation. The calculated temperature of pellets with-
out UO, is about 640-690 K.

4. Experimental results
4.1. Ceramography after irradiation
The irradiated Y,O; +UQO, and the CeO,_,+UO,

pellets have only a few cracks (Fig. 2). These cracks can
be attributed to thermal stress in the pellets, similar to

Fig. 2. Irradiated pellets of (A) Y,0;+UO, and (B)
MgAL O, + UQO, (arrow: axial direction of pellet).

irradiated UO, pellets. The pellets of UO, in MgAl,Oy,
MgO and Y;Al;0;; show a high density of cracks (Fig.
2), which run between the UQO, inclusions.

Fig. 3 shows the UO, inclusions embedded in the
Y,0;3 and MgAl,0, matrices. The UO, inclusions kept
their ellipsoidal shape during irradiation. The cracks
between the UQO, inclusions in the matrices MgO,
MgAl,O4 and Y;Als0;; do not penetrate through the
UO; inclusions. The white circles in Fig. 3 show for
MgAl, O, and Y3Al;0;, that the cracks in the matrix
start some distance away from the interface between the
matrix and the UQ, inclusion. This might be induced by
a locally enhanced creep of the matrix, due to the im-
plantation of fission products. This local presence of
fission products in the matrix is due to the 10 um recoil
range of fission products from the UQ, inclusions, which
is in agreement with EPMA results [1,5].

A high porosity is observed in the irradiated UO,
particles, in which a considerable fraction of the porosity
is caused by a few large pores (Fig. 3). This high porosity
is in good agreement with that observed in the high
burn-up rim region of UO, pellets. After a burn-up of
170 MWd/kg U in the rim region, 50% porosity were
observed in UO, [6]. The temperature conditions of the
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Fig. 3. UO, inclusions after irradiation in the matrices (A)

Y,0; and (B) MgAl,O4. The white circles indicate intact matrix

material (arrow: axial direction of pellet).

irradiated UO, in the present study are similar to those
in the rim region.

4.2. o-Autoradiography after irradiation

After neutron irradiation, a-autoradiographs of these
samples were made. Fig. 4 shows the a-autoradiographs
of Y,0;+UO, and MgAl,O, + UO,; those of UO; in
MgAl,O4, MgO and Y;Al;0;, show only areas of o-
emission at the location of UQ; inclusions. The a-au-
toradiographs of UO, embedded in CeO,_, and Y,0;
show besides a-emission from UO, inclusions also grey
areas in the matrices. These areas are caused by a low
concentration of uranium present in the matrix, which
can be understood by the formation of the (U,Y)O,_,
and (Ce,U)O,_, solid solutions observed by X-ray dif-
fraction (Section 2.3.2).

4.3. Porosity and swelling of the UO, inclusions

The swelling of the UO, inclusions after neutron ir-
radiation is determined using two methods of which the

LE LT

e

Fig. 4. The a-autoradiographs of a (A) Y,0; +UO, and (B)
MgAL O, + UO; pellet shown in Fig. 2(A) and (B), respectively.
(arrow: axial direction of pellet), the width of the figures is
about 5 mm.

results are shown in Table 3. The two methods to de-
termine the swelling are described hereafter:

Method A: The swelling of the UO, inclusions can
be determined by measuring the area of the inclu-
sions before and after neutron irradiation in the
ceramographic cuts using image analysis. Compar-
ison of these data yields the volume swelling.

Method B: The swelling of the UO, inclusions is
the sum of the swelling induced by solid fission
products and that induced by porosity (Appendix
A). The swelling of UO, induced by solid fission
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Table 3
Porosity and swelling data

Composite Porosity after ~ Volume swelling (%)

. N

irradiation () \fethod A Method B
CeO,_, +UO, 32+8 - 50+21
Y,05 +UO, 27410 - 40+22
MgO +UO, - 47417 -
MgAlL,O,+UO, 39+ 6 74422 68 +20
Y;Als0, +UO, 42+4 - 77+17

products is about 0.5 vol.% per 10 GWd/t [7]. Table
3 shows the porosity of the UO, inclusions in the
matrices after irradiation as determined by image
analysis. The porosity of the UO, inclusions before
irradiation is 5.5+ 6.4%, as obtained from image
analysis on two of the samples (Section 2.3.1). A
UO, porosity of 5.5% is also in agreement with
the 5% porosity, which is generally observed in
UOQO; pellets sintered under similar conditions.

Due to the insufficient quality of the microscopy
images (due to outbreak) the two techniques could not
be applied for all samples. The following conclusions
can be drawn from Table 3.

e The porosity in the UO, phase ranges between 30 and
40 vol.% after neutron irradiation.

e The swelling of the UO, particles ranges between
about 50 and 80 vol.%.

e The swelling results obtained using the two above-
mentioned methods show reasonable agreement.

4.4. Indentation measurements

4.4.1. Method

Room temperature indentation measurements were
performed on the matrices in order to determine the
Vickers hardness and the fracture toughness. The mea-
surements were performed at least 30 um from the UO,
particles in order to avoid an influence of the fission
products. Indentation loads of 100 and 200 g were ap-
plied. The load rate was about 1-2 gs~! and the load
was applied for 10 s. The Vickers hardness (Hy, in
kgmm~2) has been determined using [8]:

M

where M is the indentation load in kg and {2a} is the
imprint diagonal in mm. The fracture toughness (Kjc) in
MPam!/? is calculated using [9]:

e (BT

where Hy is in MPa, [ is the crack length, / and a both in
meters, £ is the Young modulus in MPa and @ is the
constraint factor with a value of 2.7 [10]. This equation
is valid for 0.25 < //a <2.5. The crack length [ is
measured parallel along the diagonal of the indent. For
each matrix 5-10 indents were made.

In order to calculate the fracture toughness (Eq. (2)),
data on the Young modulus are required. Since the
Young modulus has not been determined for the present
samples, literature data of unirradiated 100% dense
materials have been corrected for the porosity in the
present samples. This correction has been done using an
empirical relation determined for Y,O; [15] and MgO
[12]. For MgAl,04, CeO,_, and Y3Al;0; the relation of
Morrell [8] is used. The input data and the applied
Young’s modulus are shown in Table 4. The literature
data for the Young modulus of CeO,_, has been derived
from the shear modulus [13]. The Poisson ratio of
CeO,_, (0.3) is an assumed value. Since neutron irradi-
ation has only a small influence on the Young modulus
of MgAl,Oy4 [14] and MgO [17] and no literature data
are available for the other matrices, the impact of irra-
diation on the Young modulus is neglected.

4.4.2. Results of the indentation measurements

The results of the indentation measurements in the
inert matrices are shown in Tables 5 and 6. Considering
the distribution in size of the sintered UO, microspheres
and a fission product penetration depth of 10 pm, it was
calculated that less than 5 vol.% of the matrix is im-
planted with fission products. The indentations per-
formed in the MgO, MgAl,0, and Y3Al;0,, matrices
are therefore nearly only in matrix free of fission prod-
ucts. The indentations in CeO,_, and Y,0O; are possibly
polluted with fission products. Table 5 shows that the
change in hardness of MgAl,O, is +3%, of CeO,_, is
+66%, of Y,0;3 is +16% and of Y;Al;O;, is at least
—30%. These data have not been corrected for a possible
change in the porosity of the matrices during irradiation.
A minor increase in the porosity can cause a relatively
large decrease of the hardness [18]. The geometrical
density of most of the UO, containing pellets changed
during irradiation [1], which is shown in Table 5. The
change in the geometrical density can be used as an

Table 4
Literature data on the Young modulus and Poisson’s ratio and
the Young modulus corrected for porosity

Matrix Literature data Applied E
E(GPa) v Reference (GPa)

CeOy_, 162.4 0.3 [13] 162

MgO 317.7 0.138 [12] 197

MgALO, 274.0 0.269 [14] 251

Y;Al;0,, 278.6 0.251 [11,16] 243

Y,0; 180.1 0.299 [15] 159
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Table 5

Results of the Vickers hardness measurements and literature data

Matrix Hy (kgmm~2) Geometrical density
Measured Literature unirradiated increase ()
Unirradiated Irradiated
CeO,_, 532 +155% 883 £ 171% 387 £ 82* [20] —-49+1.5
MgO 1068 =102 7607 [13] 09+1.0
998 +37*
MgAL Oy 1615+ 113* 1663 £ 175* 1500% [8]
Y;Al50, 1446 + 67" 1014 £ 60* 1835+ 51* [21] 10.5+1.1
Y,0; 842 +26* 1066 4 94* 739 [13] -1.4+04
975+ 67" 612 [21]

Indentation mass is: # 100 g, * 200 g.

Geometrical density increase represents the increase in the density of the currently studied pellets during irradiation.

Table 6
Results of the fracture toughness measurements and literature
data

Matrix Kic (MPam'/?)
Measured Literature
Unirradiated Irradiated unirradiated
CeO,_, 1.240.2% 1.5+0.4%
MgO 1.84£03%  1.6-1.8[22]
2.0+0.5*
MgALO,  2.5+04* 20+02°  3.0[22]
1.94+0.10 [23]
Y;AlL50,, 2.5+04* 1.9+0.5* 1.7+0.1 [21]
Y,0; 1.7+0.2* 2.1+0.4%
2.140.3

Indentation mass is: # 100 g, * 200 g.

indication of the change in the porosity. The change in
the geometrical density of MgAlL,O,+ UO, is due to
extensive fracturing of the matrix and therefore no in-
formation on the change in porosity can be obtained
from these data. Comparison of the change in hardness
and in geometrical density during irradiation shows a
clear correlation between both data sets. Since insuffi-
cient data are available on specific material properties,
such as the critical load for indentation, no correction of
the hardness data for the porosity has been made.

Table 6 shows that the fracture toughness of CeO,_,
and Y,0; increases and that of MgAl,O,4 and Y;Al;0p,
decreases during irradiation. The measured fracture
toughness is influenced by the porosity, the microstruc-
ture and the Young modulus. Porosity generally de-
creases the fracture toughness, but similar to the case of
the hardness, the impact of a change in porosity on the
fracture toughness has not been corrected for.

Indentation measurements were also done on the ir-
radiated UO, inclusions. Large variations were observed
for the Vickers hardness (150-980 kg mm~2). The frac-
ture toughness could not be determined since the high
porosity made it impossible to determine the crack
lengths. Hardness measurements on high burn-up UO,
pellets show a decrease of the hardness and an increase
of the fracture toughness with increasing burn-up [18]. A
decrease in hardness has the positive consequence that
the mechanical interaction between the pellets and the
cladding decreases. This phenomenon has been observed
for instance in a comparison of the behaviour of UO,
and MOX fuel. The lower hardness of MOX fuel causes
the power at which a MOX fuel rod fails to be higher
than that of a UO; rod [19]. An increase in the fracture
toughness has the positive consequence that the risk of
extensive pellet fragmentation during normal operation
or accident conditions decreases. The differences in
hardness and fracture toughness of the irradiated ma-
terials are relatively small for the presently studied ma-
trices and therefore no conclusion can be drawn from
these data on the most suitable inert matrix.

Literature data on the Vickers hardness and fracture
toughness of unirradiated polycrystalline materials are
included in Tables 5 and 6. The literature data are in
good agreement with the presently measured data on the
unirradiated matrices, considering the variations in mi-
crostructure, porosity and measurement technique that
exist between the various measurements.

MgAl, Oy, is the only matrix for which literature data
on the impact of irradiation on the hardness of poly-
crystalline material could be found. At an irradiation
temperature of 823 K after a fast neutron fluence of
2.3 x10* m~2, the change in hardness was 1.8% [24].
The Knoop hardness increased by 5%, 10% and 12% at
658 K after a fast neutron fluence of 2.2 x 10%, 2.4 x
10% and 24.9 x 10?° m~2, respectively [25]. MgAl,O, was
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exposed in the present study to a fast fluence (£ > 0.1
MeV) of 7.18 x 10 m= and the slight increase in
hardness (3 £5)% is in good agreement with the other
studies. No data could be found on the impact of irra-
diation on the fracture toughness of the polycrystalline
materials.

4.4.3. Discussion on fracture behaviour

During irradiation, cracks were formed between the
UO; inclusions in the Y;AlsO;,, MgAl,O, and MgO
matrices. Lutz and Claussen [26] studied the fracture
behaviour of ceramic composites containing particles. In
this theory the thermal expansion of particles and matrix
is considered in relation to the cracking behaviour. This
model (Appendix B) is considered to be applicable for a
matrix containing swelling particles, in which a slight
modification of the condition for crack formation is
included. In the present paper this theory is applied for
the first time to predict the crack behaviour in composite
fuels. The formation of cracks is favoured by larger in-
clusions, higher Young’s moduli and lower Poisson’s
ratios for both matrix and inclusions and smaller values
of fracture toughness of the matrix. A difference in
thermal expansion between the UQO, particles and the
matrix might also cause fracture. However, for the
present case this thermal expansion cannot result into
fracture of the matrix.

The swelling of a UO; inclusion (diameter of 200 um)
at which fracture from inclusion to inclusion is expected
to occur according to the model in Appendix B is 1.8-2.6
vol.%. The swelling of the UO, inclusions are 50-80
vol.% (Table 3) and therefore fracture is expected in all
UO, containing matrices. However, for CeO,_, + UO,
and Y,0;+UO, no such fracture is observed (Fig.
3(A)). The absence of fracture of the matrix can only be
due to creep of the matrix. In for instance MgAl,O4 +
UO, fracture of the matrix is observed (Fig. 3(B)). The
white circles in Fig. 3(B) mark a region in MgAl,O,
where the implantation of fission products apparently
strongly enhanced the creep rate, since locally the matrix
was not fractured. a-Autoradiographs of CeO,_, + UO,
and Y,0;+UQO, showed some o-emission from the
matrix, which indicates the presence of a low concen-
tration of fission products in the CeO, , and Y,0;
matrix. No o-emission was observed in the other ma-
trices and therefore no fission product implantation is
expected. The implantation of fission products in the
CeO,_, and Y,0; matrix may have enhanced the creep
rate and thereby might have prevented crack formation.
As the UQO; inclusions swelled about 50-80 vol.%, there
can be no other explanation than that the volume of
these matrices decreased by creep to obtain space for the
swelling UO, inclusions. In the model in Appendix B the
possibility of creep of the matrix (e.g. MgO [27]) is not
taken into account.

Cracks between the UO, inclusions are mainly
aligned in the radial direction (e.g. Fig. 2, MgAlL,O, +
UQO,). This orientation of the cracks can probably be
attributed to the orientation of the ellipsoidal UO, in-
clusions. Dimensional measurements showed that this
crack orientation increased the height of the pellets more
than the diameter [1,3]. Swelling only in the axial di-
rection has the advantage that cladding deformation is
prevented.

5. Conclusions

The EFTTRA-T3 irradiation experiment has been
completed successfully giving interesting information on
the mechanical behaviour of inert matrix fuels. Cracks
from UQO, inclusion to UO, inclusion are observed after
neutron irradiation in the Y3Als04,, MgO and MgAl,O,
matrices. The formation of these cracks can be explained
by swelling of the UQ, inclusions. The Y,0O; and CeO,_,
matrices do not show cracks from UO, inclusion to
UO,; inclusion. According to a simple mechanical model
cracks are expected in all matrices considering the
swelling of the UO, phase. The origin of this behaviour
found for CeO,_, and Y,Os; is not yet fully clear, but is
possibly related to fission-induced creep. The absence of
the crack behaviour is a good property from the point of
view of the fuel behaviour and therefore it can be con-
cluded that the mechanism for the absence of fracture in
these two matrices should be studied in more detail.

Irradiation increases the fracture toughness of
Ce0,_, and Y,0; and decreases the fracture toughness
of MgAl,O4 and Y3Al50;,. The hardness of CeO,_, and
Y,0; increases, that of MgAl,O, remains constant and
that of Y;Al;0;, decreases upon irradiation. However,
it should be noted for all inert matrices studied that the
hardness values and the fracture toughness values, both
before and after irradiation, are in the range 500-1700
kgmm~2 and 1-3 MPam!/?, respectively. It can be
concluded that no extremely large variation exists in the
properties of these matrices and that, based on these
hardness and fracture toughness measurements, no se-
lection can be made as to one inert matrix being more
suitable as another inert matrix.
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Appendix A. Swelling of the UO, inclusions

The swelling of the UO, inclusions is calculated by
combining the data on swelling induced by solid fission
products and by an increase in porosity (method B). The
volume of the solid material in an inclusion before ir-
radiation (¥ojiq pefore) can be described by:

Vsolid.before = total.before{l - Pbefore}7 (Al)

where P is the porosity in the inclusions before irradia-
tion and Vourperore 1S the total volume of the inclusion
before irradiation. A similar relation holds after irradi-
ation. The solid volume after neutron irradiation
(Violidatier) 18 related to the solid volume before neutron
irradiation by:

AV
Vso]id,aftcr = solid,bcforc{l + V. }7 (AZ)
solid

where AV /Viia is the solid fission product swelling,
which is about 0.5% per 10 GWd/t [7]. This value is
multiplied by the burn-up in EFTTRA-T3 and a minor
correction is applied for the fraction of solid fission
products that are implanted directly in the matrix after
fission. Combining the equations results in

AVB AV 1 - Pbefore
= (14 ) St ) L A.
vV { < * Vso]id) ( 1- Puftcr )} ’ ( 3)

where P, is the porosity of the UO, inclusions after
irradiation. The volume change by porosity swelling is
usually calculated by subtraction of porosity before
neutron irradiation from the porosity after neutron ir-
radiation. For small values of porosity, this mathemat-
ically wrong method gives negligible deviation from the
volume swelling compared to the previously described
equation. In the present study, the porosity is very large,
therefore this method was used.

Appendix B. Swelling of spherical particles in a matrix

The formation of cracks in a matrix containing sin-
gle-sized spherical particles (radius R, volume fraction
V;) of which the volume tends to strain with respect to
the matrix is described in Lutz and Claussen [26]. This
volume strain can be a combination of two effects:

e Increase of the volume due to swelling as observed in
the present study.

e A larger thermal expansion of the particle than that
of the matrix upon heating.

The volumetric strain of the particle (e,) is defined by:

AV
SV:7+3AT(ocp—o¢m), (B.1)

where (AV/V) is the increase in volume of the particle
by swelling, o, and a,, are the linear thermal expansion
coefficients of particle and matrix, respectively. AT is the
temperature difference over which the complete ceramic
composite is heated (or cooled), assuming that the
temperature of the particles and the matrix is identical.
For the present study A7 is maximum 700 K, being the
maximum temperature difference of the centre of the
fuel during irradiation and before or after irradiation.
For the conditions of the EFTTRA-T3 experiment the
temperature difference and the difference in thermal ex-
pansion is not sufficiently large to induce fracture. The
swelling of the particles causes stress at the interface
between the matrix and the particle. When the stress is
sufficiently large annular cracks are formed in the matrix
surrounding the particles. This means that the particles
themselves remain intact. The condition for inter-parti-

cle fracture is:
1/2
] () v

n(f+1)

(B.2)

Eq. (B.2) contains the following variables: f = (R,/

R,) — 1, where R, (the effective half-distance between
the particles) is defined as:

3 TC/3\/§R3
oo "

Kjc is the fracture toughness of the matrix material.

C
C4 = 713>
&) + CS(Rp/Rm)

where ¢; =2/3E,Eney, ¢ =2En(I —2v,) + Ep(1 + vi)
and ¢; = 2[E,(1 — 2vy) — Em(1 — 2v,)] in which E, and
E., are the Young moduli of the particle and the matrix,
v, and vy, are the Poisson ratios of the particle and the
matrix.
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