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h i g h l i g h t s
� Vickers microhardness and Young's modulus data of high burnup fuels are presented.
� The data are compared to fuel performance codes' correlations.
� A burn-up dependent factor is introduced for the Young's modulus of irradiated fuel.
� The modification extends ranges of experimental validation of the code correlation.
� The new burn-up dependent factor has limited effect on integral fuel performance.
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a b s t r a c t

Vickers microhardness (HV0.1) and Young's modulus (E) measurements of LWR UO2 fuel at burn-up �60
GWd/tHM are presented. Their ratio HV0.1/Ewas found constant in the range 60e110 GWd/tHM. From the
ratio and the microhardness values vs porosity, the Young's modulus dependence on porosity was
derived and extended to the full radial profile, including the high burn-up structure (HBS). The depen-
dence is well represented by a linear correlation. The data were compared to fuel performance codes
correlations. A burn-up dependent factor was introduced in the Young's modulus expression. The
modifications extend the experimental validation range of the TRANSURANUS correlation from un-
irradiated to irradiated UO2 and up to 20% porosity.

First simulations of LWR fuel rod irradiations were performed in order to illustrate the impact on fuel
performance. In the specific cases selected, the simulations suggest a limited effect of the Young's
modulus decrease due to burn-up on integral fuel performance.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

When operating fuel at high burn-up, a possible matter of
concern is the enhanced pellet-cladding interaction (PCI) following
the progressive closure of the gap [1]. Despite its beneficial effect on
the heat transfer between fuel and cladding, the PCI can shorten the
cladding lifetime due to the stresses induced by the fuel onto the
cladding paired with accumulation of chemically aggressive vola-
tile fission products [2]. Moreover, at high burn-up the fuel swelling
is increased by the steep build-up of porosity associated with the
high burn-up structure (HBS) formation. Ultimately, the increased
.eu (V.V. Rondinella).
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fuel gaseous swelling can severely impact the fuel-cladding contact
pressure [3].

Experimental data relating the mechanical properties of irradi-
ated UO2 to its local microstructure are of practical importance to
ameliorate the understanding of how high burn-up fuel properties
can affect the PCI and to support the development of predictive
models in fuel performance codes. Among several structural factors
that affect the fuel mechanical properties (e.g., accumulation of
radiation damage, porosity, grain size, local deviations from stoi-
chiometry), the porosity is thought to play a major role while
reducing the load-bearing area, especially in the HBS [4]. The highly
heterogeneous character of the irradiated fuel microstructure along
the pellet radius makes the experimental investigations difficult.
The traditional mechanical testing methods are either not
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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applicable to irradiated fuel or can provide data that reflects only
averaged properties of the pellet because of spatial resolution
limitations [4]. Considerable improvement has been achieved
through the application of micro-gauge techniques like high-
frequency acoustic microscopy [5] and microhardness [4], which
offer relatively high spatial resolution. Using acoustic microscopy,
Laux et al. [5] studied the dependence of the fuel Young's modulus
on burn-up, showing a global decrease of 20e25% up to z100
GWd/tHM. Using Vickers microindentation, Spino et al. [4] studied
the porosity dependence of the irradiated fuel microhardness
revealing the softening of the fuel as a result of the porosity in-
crease at the radial periphery of the pellet, in particular in the HBS.

The microhardness data are not directly used in fuel perfor-
mance codes, whereas the fuel Young's modulus is employed. Its
relationship with porosity is of particular interest. The correlations
of the fuel Young's modulus with porosity implemented in the
codes generally rely on data from non-irradiated UO2 [6e8]. Typi-
cally, these expressions are linear correlations whose slope reflects
the geometry of the lenticular pores in sintered solids [9]. As the
porosity in the HBS is composed of spherical cavities [10], direct
application of such relationships to HBS may be questionable.

In this context, the scope of this work was twofold. Firstly, we
aimed at experimentally investigating the relationship between the
Young's modulus and the local porosity of high burn-up UO2 fuel,
especially in the HBS. The relationship between Young's modulus
and local porosity in the HBS could not be directly investigated so
far. This is mainly due to the limited applicability of the current
experimental set-up (i.e., a scanning acoustic microscope adapted
for use in hot cells) to the relevant pellet rim regions, especially
where the increase of porosity is the highest. The HBS thickness is
generally less than the currently accessible acoustic microscope
spatial resolution; moreover, the cladding presence interferes with
the signal. The aforementioned experimental limitations were
tackled combining the results of Vickers microindentation and
acoustic microscopy. An experimental campaign was conducted to
assess the relationship between Vickers microhardness and local
porosity measured using Scanning Electron Microscopy (SEM). At
the same time, an empirical relationship between the local Vickers
microhardness (HV0.1) and Young's modulus (E) was studied,
namely their ratio (HV0.1/E). As HV0.1/E was determined to be con-
stant, it was possible to obtain an estimation of the Young's
modulus as a function of local porosity. This allowed direct com-
parison with correlations obtained from unirradiated UO2, and
implementation of the experimental relationship of Young's
modulus vs. porosity in the fuel performance code TRANSURANUS
V1M1J14, in order to extend its reliance on irradiated UO2 fuel data.
Secondly, the impact of mechanical properties of high burn-up fuel
on integral fuel performance was studied by performing pre-
liminary TRANSURANUS simulations.

The paper is organised as follows: Sections 2 and 3 describe the
experimental work conducted on themechanical properties of high
burn-up fuel and the comparison of the Young's modulus vs.
porosity correlation derived from irradiated fuel measurements
with the TRANSURANUS correlation and other correlations avail-
able in the open literature. In Section 4, preliminary results of the
TRANSURANUS simulations of two high burn-up experimental fuel
rods are reported. Finally, conclusions and outlook considerations
are drawn.

2. Experimental

2.1. Fuel samples

The measurements were carried out both on commercial fuel
samples irradiated in Pressurized Water Reactors and on special
irradiation disc samples. The commercial samples had an initial
enrichment of 3.5e3.95 wt% 235 U, a density of 95e96%TD and were
irradiated up to average burn-up of 67 GWd/tHM and 100 GWd/
tHM. The experimental discs were part of the Nuclear Fuel Industry
Research (NFIR) program [11]. The discs were irradiated in the
Halden reactor up to 103 GWd/tHM, had an initial enrichment of
z20 wt% 235U and a density of 95e96.5%TD. The special configu-
ration and controlled conditions of the Halden disc irradiation (i.e.,
isothermal irradiation, end of irradiation by scram to “freeze” the
actual fuel configuration at the irradiation temperature) allowed
obtaining discs with uniform burn-up and with morphology and
structure representative of fuel under irradiation.

2.2. Vickers microindentation

The samples were first carefully ground and polished in several
steps using diamond suspensions with particle size from 12 mm to
1 mm . A Micro-Duromat 4000E microhardness Vickers tester,
incorporated in a shielded LEICA Telatom 3 optical microscope, was
used. The tests were performed at room temperature under N2
atmosphere [4]. The microindentations were performed according
to the standard for Vickers indentation for advanced ceramics
ASTM C1327 [12]. A 0.98 N load was employed, with a loading rate
of 9.8$10�3 N/s and a hold time at the maximum load of 12 s. A
minimum of 5 indentations was performed at each of the different
locations selected. The diagonals of the imprints were measured
from images acquired with the optical microscope at magnification
1500x. The Vickers microhardness HV0.1 (GPa) was computed using
the following relation [12],

HV0:1 ¼ 0:0018544
P
d2

(1)

where P (N) is the appliedmaximum load and d (mm) is the average
length of the two diagonals of the indentation.

2.3. Scanning acoustic microscopy

A scanning acoustic microscope has been developed and
adapted to measure the elastic moduli (i.e., Young's modulus E and
shear modulus G) of irradiated UO2 fuel [5,13]. The Young's
modulus E can be calculated from the following relationship [5],

Ez3rv2R (2)

where E (Pa) is the Young's modulus, r (kg m�3) is the sample local
density, and vR (m s�1) is the measured Rayleigh wave velocity. The
sample local density can be empirically related to the Rayleigh
wave velocity using the following equation [14].

r ¼ 3:3vR þ 2:0495,103 (3)

where all the symbols have the same meaning as in Eq. (2).
Combining Eq. (2) and Eq. (3), the Young's modulus can be calcu-
lated from the single measurement of vR.

2.4. Scanning electron microscopy and quantitative image analysis
(QIA)

The images employed for the porosity measurements were ac-
quired using a shielded JEOL 6400® scanning electron microscope
equipped with a MaxView® software package from SAMx. Two-
dimensional pore section areas and corresponding section di-
ameters were measured, assuming that HBS pores are spherical
[4,10,15]. It has been shown that the spherical pores in the HBS can
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be very polydisperse [10,15]. In order to measure both small and
large features, one possibility is to acquire images using different
magnifications. From each image, only features within the appro-
priate size range are measured, and then the data from the different
magnifications are combined [16].

On the same area, two magnifications were used: a low
magnification of 500x with spatial resolution of z0.15 mm and a
high magnification of 1500x with spatial resolution of z0.05 mm .
The combination of the two magnifications increased the accuracy
of the measurements and broadened the range of pore section di-
ameters that could be measured. Each image was then processed
using the software Image-Pro Analyzer® (v. 7.0, MediaCybernetics
Inc., Rockville, MD, USA). In the first step of the QIA, a median filter
was applied to reduce the Gaussian noise. Then a global thresh-
olding mask was employed to threshold the image and separate the
pore sections from the background. After the mask was created, the
resolution limit was chosen to be 2.6 times the spatial resolution of
the image, i.e. z0.39 mm for the images at 500x and z0.13 mm for
the images at 1500x. All the pore section diameters smaller than
the selected resolution limit were discarded. After that, the two
pore section diameter distributions obtained from the images at
Fig. 1. a) Two-dimensional pore section diameter distributions obtained on the same
area at the two magnifications before merging. b) Resulting two-dimensional pore
section diameter distribution after merging the images at the two magnifications.
different magnifications were merged. The cut-off section diameter
was chosen in an interval where the two distributions are com-
parable, as shown in Fig. 1a).

All the pore sections from the distribution obtained at a
magnification of 1500x with a section diameter above the cut-off
threshold were removed. The same was done for the pore sec-
tions from the distribution at low magnification with a section
diameter below the cut-off threshold, resulting in a final, merged
distribution as reported in Fig. 1b). Only in a few cases the distri-
butions obtained with the two magnifications were the same. In
such cases, only images at lower magnification were used.

The total pore area is given by summing the areas of the
measured pore sections after the merging. The areal porosity is
calculated as the ratio between the total pore area and the image
area.
3. Results and discussion

3.1. Empirical study of the relation between microhardness and
Young's modulus

Extensive studies have been performed about the relationship
between hardness and Young's modulus, also in relation to other
mechanical properties [17e20]. The related methodology is
developed for instrumented indentation techniques and would
have limited applicability to static indentation tests as the ones
here performed. Firstly, in this work only the residual projected
area of the hardness impression after load removal is measured,
which might be different from the projected contact area during
load application used in the instrumented indentation [21]. Sec-
ondly, no model specifically considers crack formation during the
indentation tests, which were observed in some of our measure-
ments (see Fig. 2). For the scope of the present work, the rela-
tionship between the measured microhardness and the Young's
modulus was studied only empirically. The ratios between the
measurements obtained from the Vickers microindentation tests
and the acoustic microscopy at different values of local burn-up
were calculated and are reported in Fig. 3. The ratio microhard-
ness/elastic modulus (HV0.1/E) is constant over a large range of
burn-ups (60e112 GWd/tHM) and, hence, pore volume fractions
(0.04e0.13), even when the HBS has formed (data points above 80
GWd/tHM in Fig. 3), with a mean value 0.057. The measured ratios
are in good agreement also with previous measurements on other
high burn-up UO2 fuels [22].
Fig. 2. Representative SEM-micrograph of fuel indentation imprint using 0.98 N load.
White arrows point out the cracks sometimes observed at the imprint tips.



Fig. 3. Measured Vickers microhardness to Young's modulus ratio HV0.1/E as a function
of the local burn-up. The results of the present work (black squares) are in good
agreement with previous results (red circles) [22]. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Mechanical properties and local porosity

On the basis of the findings reported above and assuming that,
as a first approximation, the porosity dependence of hardness
should reflect that of the elastic moduli [4,23,24], we could use the
measured microhardness as local probe for the variation of Young's
modulus with local porosity in the HBS.

First, the relationship between the microhardness and the
measured fuel local porosity had to be established. The results are
reported in Fig. 4. Considering the scatter of the data, it is not
straightforward to establish a trend between the microhardness
and the porosity. To the authors' knowledge, there is a limited
amount of models that study the dependence of microhardness on
porosity in ceramics [23e25]. Spino et al. [4] used an exponential
relationship to fit Vickers microhardness data of high burn-up UO2.
Their analysis was based on the minimum solid area approach
[26,27]. In the relatively small range of porosity investigated and
considering the experimental scatter, also a linear fit could be
Fig. 4. Measured Vickers microhardness as a function of the local porosity. The error
bars of the microhardness represent 95% confidence level. The error bars of the
porosity represent the error in the porosity induced by the variation of the mask
threshold.
employed (Fig. 4). The goodness of fit values in the two cases,
estimated on the basis of the adjusted R2, are in fact very similar
and equal to 0.71 for the linear fit and 0.73 for the exponential fit.

Once established, the relationships were assumed to be Young's
modulus dependence on porosity in irradiated UO2 [4]. The
assumption is corroborated by the constant ratio measured over a
large range of porosity and burn-ups (see previous section).

The correlations obtained in Fig. 4 were compared to the re-
lationships available in literature and implemented in various fuel
performance codes. All these relationships are based on data from
non-irradiated UO2 [6,28e36]. The Young's modulus of stoichio-
metric UO2 is generally expressed as follows [6,7,29].

E ¼ E0 f ðpÞ gðTÞ (4)

where E0 (GPa) is the Young's modulus of the fully dense, non-
irradiated UO2 at room temperature, p (/) is the fractional
porosity, T (

�
C) the temperature. Table 1 reports the values of

several correlations available.
The experimental measurements performed in this study were

conducted at room temperature. Therefore, the focus was only on
the relationship with porosity.

Comparing the porosity correlations in Table 1 to the calculated
linear relationship plotted in Fig. 4, no major differences are iden-
tifiable in the Young's modulus decrease with porosity between
irradiated and non-irradiated UO2. When taking into account the
experimental uncertainties, the present set of data would not
justify the introduction of another correlation to describe the
decrease of Young's modulus with porosity in high burn-up irra-
diated UO2, in particular in the HBS.

The present results do not confirm the findings in a previous
work reported by Spino et al. [4], where the decreasing trend of
Vickers microhardness in irradiated and non-irradiated fuel was
found to be different. The reason of the different behaviour was
explained in Ref. [4] in terms of pore shape. The pores in the HBS
are spherical, whereas the intergranular pores outside the HBS have
a more lenticular shape, thus contributing to a larger mechanical
property decrease at a fixed value of porosity [4].

To evaluate the potential effect of the shape factor [37], a pore
shape factor was calculated from the SEM images. The pore ellipse
ratio, defined as the ratio between the major and the minor axes of
the ellipse with equivalent area to the considered pore [38], was
calculated. The majority of pore shape factors measured at various
porosity remains fairly close to one, indicating the good approxi-
mation of the pore shape to a sphere (see Fig. 5). However, coars-
ened cavities (i.e. ellipse ratio>2) are observed, with a frequency
up to z5% (inset of Fig. 5). The pore-pore contact onset was also
recognised for other similar samples [15,39]. This may explain a
deviation from the behaviour observed by Spino et al. [4]. A similar
explanation was given in Ref. [40] to explain deviation in the trend
of the mechanical properties vs. porosity in HBS-analogue material
compared to what was found in Ref. [4] for irradiated fuel.

Hence, on the basis of the present analysis, it is fair to conclude
that the validity of the relationships f(p) in Table 1 could be
extended from non-irradiated to high burn-up UO2 fuel, including
Table 1
Correlations of stoichiometric UO2 Young's modulus available in literature.

E0 f(p) g(T) Ref.

223.7 1�2.6 p 1�1.394$10�4(T�20) [6]
226 1�2.62 p 1�1.131$10�4 T [7]
226.4 1�2.752 p 1�1.125$10�4 T [8]
222.46 1�2.5 p 1�8.428$10�5 T�4.381$10�8 T2 [34]
220 1�2.34 p not reported [35]



Fig. 5. Frequency distributions of the pore ellipse ratios for various level of local
porosity. Pore ellipse ratios in the range 1e1.5 (corresponding to almost spherical
pores) represent the majority of pore population. Coarsened pores (pore ellipse ratio
>2) are also present (see inset in the Figure).
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the HBS.
From the microhardness data as a function of local porosity

(Fig. 4), the Young's modulus was calculated using the measured
mean ratio HV0.1/E (section 3.1). The calculated results are reported
in Fig. 6 together with the available data from acoustic microscopy
both from this work and from the High Burnup Rim Project (HBRP)
results [5].

The correlation currently implemented in TRANSURANUS
V1M1J14 [6] and the MATPRO correlation [8], both evaluated at
room temperature, are also plotted in Fig. 6 (dashed and dotted
line, respectively). They generally overpredict the value of the
Young's modulus of irradiated UO2 at each value of porosity. The
same conclusion is valid for the other correlations in Table 1, which
are not included in the figure for clarity. Within the range of
Fig. 6. Young's modulus as a function of local porosity and comparison to correlations
used in fuel performance codes. Black and white squares: values predicted using
Vickers microhardness data and the measured ratio HV0.1/E. Red circles: data from
acoustic microscopy in this work. White circles: data from literature [5]. Dashed black
line: TRANSURANUS V1M1J14 correlation currently available [6]. Dotted black line:
MATPRO correlation [8]. Solid black and grey lines: TRANSURANUS correlation
implemented in this work for two values of local burn-up. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
porosity analysed, the difference between the correlations pres-
ently available in literature (see Table 1) and the trend of the
measured data is between 5% and 15%. The discrepancy is attrib-
uted to a burn-up accumulation effect, in agreement with a pre-
vious investigation [13,41].

Therefore, a modified relationship for the Young's modulus has
been introduced (black and grey solid line in Fig. 6). An additional
factor that takes into account the “apparent softening” due to burn-
up was included, based on the experimental results reported by
Laux et al. [5,41]. The new expression of E (GPa) is then given by

E ¼ E0 f ðpÞ gðTÞ hðbuÞ (5)

where E0, f(p), and g(T) have the same meaning as before and bu
(GWd/tHM) is the local burn-up. The new factor introduced is

hðbuÞ ¼ 1� 0:1506 ½1� expð�0:035 buÞ� (6)

To summarise, the new correlation that will be available in the
future version of TRANSURANUS is

E ¼ 223:7ð1� 2:6 pÞ
h
1� 1:394,10�4ðT � 20Þ

i
f1� 0:1506 ½1

� expð�0:035 buÞ�g
(7)

The new correlation of the Young's modulus (Eq. (7)) is in better
agreement both with the experimental data and the predicted E
using the microhardness measurements when compared to Eq. (4).
4. Integral fuel rod analyses

Following the introduction of Eq. (7), a pioneering work to
illustrate its potential impact on the fuel rod performance calcu-
lations was undertaken. As first applications, we selected two cases
of experimental rods irradiated up to high burn-up from the OECD/
NEA International Fuel Performance Experiments (IFPE) database
[42]:

� JAERI pulse-irradiation test FK-1, involving base irradiation up to
z45 GWd/tHM, re-fabrication, and pulse-irradiation at cold
startup in the NSRR (Japan).

� Halden Reactor Project IFA-597.3 rod 8, involving base irradia-
tion up to z68 GWd/tHM, re-fabrication, and transient test in
the Halden HWR (Norway).

Considering the high burn-up of these rods, the experiments are
valuable for evaluating the impact of the fuel Young's modulus
correlation (see Eq. (7) in section 3.2) on pellet-cladding mechan-
ical interaction (PCMI) and fuel pin deformation at high burn-up.
The PCMI and pin deformations are determined by the thermo-
mechanical properties of both fuel and cladding. In this pre-
liminary assessment however, we hereby focus only on fuel prop-
erties. The main models and characteristics of the TRANSURANUS
code are summarised in Refs. [43e47]. The mechanical analysis is
treated in a quasi two-dimensional approach, based on three main
assumptions: (a) a generalised plane-strain condition is valid in the
axial direction, (b) the fuel rod is considered axisymmetric, and (c)
the fuel and cladding elastic constants are locally isotropic and
constant [45,48].

Among the various thermophysical properties involved in the
fuel performance calculations, the fuel thermal conductivity has
particular relevance [49,50]. In this work, the standard correlation
implemented in TRANSURANUS was employed [50]. The degrada-
tion of the thermal conductivity with burn-up is based on the data
of thermal diffusivity of high burn-up UO2 from Ronchi et al. [51],



Fig. 8. Pellet stack elongation of rod FK-1 during the first 2.5 s after the pulse test
initiation. In the lower part of the graph the pulse time profile is reported [54] (pulse
width: 4.4 ms). In the upper part, two calculations of the pellet stack elongation are
shown changing the fuel Young's modulus, one employing Eq. (4) [6] (red solid curve)
and one employing Eq. (7) (blue dashed curve). For comparison, also the measurement
results are reported [55,56] (grey dotted curve). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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but does not account for the potential recovery of the lattice ther-
mal conductivity in the HBS [51e53]. A more comprehensive cor-
relation that would consider the potential recovery of the lattice
thermal conductivity will be considered in the future.

4.1. Case FK-1

This case allowed illustrating the impact of the new burn-up-
dependent term introduced in Eq. (7) under extreme conditions,
namely a reactivity-initiated-accident (RIA) that has also been
analysed in the frame of the FUMEX-III benchmark organised by the
IAEA [54]. The simulation was run once using Eq. (4) [6] and once
using the new Eq. (7). To model the PCMI, the URFRIC model [47]
was used. More details of the calculation can be found in Ref. [54].

The results of the FK-1 case for illustrating the impact of the new
correlation for the Young's modulus are reported in Figs. 7 and 8.
The available experimental measurements [55,56] and the pulse
time profile [54] are also reported on the graphs. In both figures, the
solid line is the result of the simulations using Eq. (4) [6], whereas
the dashed line is the result employing Eq. (7). Before the pulse
irradiation, no bonding was observed between the fuel and the
cladding [56], which is well reproduced by the fuel performance
code (Fig. 7). Under the hypotheses of the mechanical models
employed [44,47], the calculations indicate a small variation of the
gap width due to the increased fuel softening (Fig. 7). The fuel stack
elongation variation is z3% (Fig. 8). The slight decrease observed
would suggest that the fuel stack elongation is restrained by the
prolonged contact with the cladding tube (Fig. 7). However, it is not
straightforward to interpret the results, due to the obvious differ-
ences between the predicted and measured kinetics in this type of
transients (Fig. 8) [54]. Nevertheless, what seems to emerge from
the calculation output is that the fuel Young's modulus softening at
high burn-up has a small impact on the overall calculated results
even under such extreme conditions.

4.2. IFA-597.3

As in the previous case, the simulations were run once using Eq.
(4) [6] and once using the new Eq. (7). In this case, a pure ‘no-slip’
model between cladding and fuel was assumed [44]. More details
can be found in the final report of the FUMEX-II benchmark
Fig. 7. Calculations of the gap width of rod FK-1 during the first 10 s after the pulse test
initiation. In the lower part of the graph the pulse time profile is reported [54] (pulse
width: 4.4 ms). In the upper part, two calculations of the gap width are shown
changing the fuel Young's modulus, one employing Eq. (4) [6] (red solid curve) and one
employing Eq. (7) (blue dashed curve). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
organised by the IAEA [57].
Two relevant results of the TRANSURANUS simulations are re-

ported in Figs. 9 and 10. They show the calculated cladding elon-
gation (Fig. 9) and the cladding outer radius (Fig.10) during the final
transient test. The linear heat rate is plotted [57] on the lower part
of the figures. In each figure, the results of the simulations in the
two different cases are compared.

As can be seen from Figs. 9 and 10, also in this simulation the
additional softening of the fuel Young's modulus reduces the
cladding axial and radial deformation by a limited amount. The
accuracy of the present results is inevitably limited by the knowl-
edge of the fuel and cladding properties at high burn-up, and high
burn-up-related phenomena for which a comprehensive model is
still lacking (e.g., fission gas release from the HBS or pellet-cladding
bonding). However, it is useful to provide a first evaluation of the
effects of the updated fuel Young's modulus expression on the
Fig. 9. Cladding elongation of IFA-597.3 rod 8 during the final transient test. In the
lower part of the graph the time profile of the linear power rate is reported [57]. The
calculations were performed changing the fuel Young's modulus only, once employing
Eq. (4) [6] (red solid curve) and once employing Eq. (7) (blue dashed curve). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)



Fig. 10. Cladding outer radius of IFA-597.3 rod 8 during the final transient test. In the
lower part of the graph the time profile of the linear power rate is reported [57]. The
calculations were performed changing the fuel Young's modulus only, once employing
Eq. (4) [6] (red solid curve) and once employing Eq. (7) (blue dashed curve). (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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integral fuel performance. In both cases analysed, the burn-up
dependent softening factor had a small impact on the simulation
results. Further analyses on a more comprehensive set of cases are
advisable in order to ascertain these first observations.

5. Conclusions

The Young's modulus dependence on porosity in high burn-up
fuel, in particular in the HBS, has been evaluated exploiting the
synergy between two experimental post-irradiation examination
techniques, i.e., Vickers microindentation and acoustic microscopy.
The present data, in combination with Young's modulus data of
irradiated UO2 available in literature, were used for the first time to
introduce a new correlation for the Young's modulus of irradiated
UO2 fuel that will be available in the future in the fuel performance
code TRANSURANUS.

Concerning the porosity dependence, the linear relation estab-
lished using the present experimental data is found to be close to
the correlation currently implemented in TRANSURANUS [6]. A
burn-up dependent term has been introduced in the expression of
the Young's modulus, based on previous measurements conducted
on high burn-up fuel [5,41]. The range of experimental validation of
the TRANSURANUS correlation of the fuel Young's modulus is thus
extended from non-irradiated to irradiated UO2 fuel and for
porosity up to 20%.

The availability of the herein developed correlation for the fuel
Young's modulus allowed to illustrate the impact of the additional
fuel softening at high burn-up on PCMI. For this purpose, we have
performed code simulations of two experimental rods at high burn-
up from the IFPE database that cover operational transient as well
as design-basis accidents (DBA) conditions (i.e., RIA).

The outcome of these first simulations indicates that for the
specific cases here considered the fuel Young's modulus variation at
high burn-up (i.e., the reduction of the Young's modulus caused by
an increase in burn-up) has limited impact on the calculated out-
puts. Nevertheless, further simulations are required in order to
verify whether these observations are also hold in other cases.
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