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Executive Summary

This report details work undertaken as part of the Provision of Information on Chromium
Doped Fuel for Use in Light Water Reactors project. The objective is to collate, review and
perform an independent evaluation of the publicly available literature covering chromium
doped fuel (CDF) - that is, fuel doped with chromium and any other complementary
additives. This provides understanding of the performance benefits and potential issues
associated with chromium doped fuels, whilst drawing comparisons to undoped fuels to
provide context where appropriate. The findings are discussed below.

CDF has been developed to make the fuel cycle more economical, to increase fuel reliability
and to increase flexibility to meet energy demand. With a current focus on reducing the
consequences of severe accidents in LWRs, a further demand has been placed on the
development of accident tolerant (or advanced technology) fuel (ATF), a classification in
which CDF is one option.

The addition of a small amount of chromia has been proven to significantly enhance grain
growth during the sintering process employed in fuel manufacture. This leads to larger grain
sizes than standard UO: fuel pellets for shorter sintering times. There is also greater
densification of the pellets during sintering than for standard UO:, leading to a greater mass
of uranium in the pellets and a reduced porosity volume fraction. These factors make the
manufacturing process more economical, although careful control of the dopant
concentrations and sintering conditions is needed to avoid volatilisation of the chromium and
to ensure solubility of the chromia in the fuel matrix.

In reactor, the reduced porosity volume fraction leads to reduced in-pile densification, and
hence greater dimensional stability of the fuel pellets. The larger grain size increases the
fission product diffusion path to grain boundaries and so reduces the fission gas release from
the pellets; this in turn reduces the rod internal pressures and inter-granular fission gas
bubble swelling. However, there is a significant increase in intra-granular fission gas bubble
swelling. The chromia also enhances the fuel thermal creep rate (despite the larger grain
size), without significantly affecting any of the other thermal or mechanical properties, so
there is an improvement in the pellet-clad interaction (PCI) behaviour during power
transients, making the cladding less susceptible to failure by stress-corrosion cracking. The
PCI behaviour is further improved through increased radial cracking of the thinner brittle
outer zone of the fuel pellets (noting that the fracture strength is reduced due to the large
grain size), and, arguably, by chemical effects (improved corrosive fission product retention,
and chromia dissociation and associated generation of free oxygen which can oxidise the
cladding inner surface, thereby protecting it from SCC). Finally, post-failure oxidation and
washout of CDF is reduced due to the large grain size, thereby reducing the consequences of
leaking rods during normal operation and of failed rods after an infrequent fault.

The consequences of limiting infrequent faults - that is, loss of coolant accidents (LOCAs)
and reactivity-initiated accidents (RIAs) - can be lessened by reducing the extent of clad
ballooning, reducing the cladding oxidation, reducing the volatile fission product release,
and/or reducing the extent of fuel fragmentation. Hence, the lower FGR and increased intra-
granular fission gas inventory of CDF can potentially reduce the consequences of these faults
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by reducing the rod internal pressure driving force for clad creepout, reducing volatile fission
product release (which is correlated to fission gas release), and reducing the extent of inter-
granular fragmentation due to overpressurisation of inter-granular fission gas bubbles.
However, there are currently limited experimental data — and no data from integral rod
testing - to support this.

There are two main vendors of CDF: Westinghouse and Framatome. The Westinghouse
product uses a combination of chromia and alumina as dopants (ADOPT fuel), while the
Framatome product uses only chromia. Both Westinghouse and Framatome have significant
operating experience associated with lead fuel rods and lead fuel assemblies of their CDF
products in commercial LWRs; in addition, reload quantities of Westinghouse ADOPT fuel
have been irradiated. Ramp tests have also been performed to determine the PCI behaviour
(although these appear to be limited in the case of Westinghouse ADOPT fuel), and various
experimental irradiations have been carried out to investigate the phenomenology. Further
irradiations are planned in the near future.

Modelling of CDF using fuel performance codes has been relatively limited, both in terms of
codes used and their application. The necessary modifications to the material properties and
models for undoped UO:2 have also been relatively minor. Of the five codes for which
information is available - BISON, COPERNIC, RODEX, STAV and ALCYONE - only RODEX is
known to have been validated for modelling of chromia doped fuel or to have been used for
licensing of such fuel (for BWR applications).

No information was available on the storage or disposal of spent CDF. This is probably
because storage and disposal are/will be as per existing routes (wet storage in ponds,
potentially followed by dry storage in casks, vaults or silos, followed by disposal in a
geological repository) with no impact foreseen for CDF. It is also consistent with the main
mechanisms for fuel degradation in wet storage - cladding corrosion and hydriding - being
independent of the fuel pellet type. In addition, there is a sparsity of information on the
behaviour of CDF when exposed to water in post-irradiation storage and disposal conditions.
The only information available is on fuel pellet leaching and dissolution in groundwater in the
context of disposal of spent CDF, and is only from two sources: the Euratom FIRST-Nuclides
and DisCo projects. Preliminary results from the DisCo project suggest that the larger grain
size of CDF reduces the instant release fractions (IRFs) of volatile fission products after
disposal canister penetration by groundwater.

Further qualification and testing in the form of in-pile ramp tests on Westinghouse CDF may
be required. Similarly, additional PIE on ramp-tested fuel may be required if the potential
chemical benefits of CDF with respect to PCI resistance are to be properly understood and/or
taken credit for (over and above what is already implicitly taken credit for on the basis of
ramp test results).

The main impact of CDF on Limits and Conditions of Operation (LCO) is likely to be on PCI
thresholds. Reduced fission gas release during normal operation may also allow increased
burnup limits (assuming it can be demonstrated that rod internal pressure and clad hoop
strain during normal operation remain below existing limits). The main remaining in-reactor
fuel licensing issues are likely to be as follows:
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e The reduced densification and increased intra-granular gas bubble swelling of CDF
may (notwithstanding the increased fuel creep)

o reduce margin to clad hoop strain and rod growth limits during normal
operation

o reduce margin to clad hoop strain increment limits during frequent faults

o increase the number of rod failures during a RIA

e A lack of sufficient data (in particular for Westinghouse CDF) on ramp test behaviour
to justify proposed PCI thresholds in a statistically meaningful manner.

e The lack of data on performance of the fuel during a RIA, and the limited data on
performance of the fuel during a LOCA.

e The use of data on fuel from the early phases of product development which is not
prototypic of the commercial fuel product; in particular, this would apply to the use of
material property data and irradiation data for calibration and/or validation of the fuel
performance code used in the licensing.

e Where applicable, the lack of data on the material properties and/or performance of
CDF including the chosen burnable absorber material.

Further impacts on in-reactor fuel licensing and on reactor licensing are likely to be positive
rather than negative.
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1. Introduction

This report details work undertaken as part of the Provision of Information on Chromium
Doped Fuel for Use in Light Water Reactors project. The objective is to collate, review and
perform an independent evaluation of the publicly available literature covering chromium
doped fuel (CDF) - that is, fuel doped with chromium and any other complementary
additives. This provides understanding of the performance benefits and potential issues
associated with chromium doped fuels whilst drawing comparisons to undoped fuels to
provide context where appropriate.

The literature collation and review aspect of this report has been carried out by using the
Science Direct and Google Scholar search engines and the following NNL archives: “The Fuel
Performance Reference Library”, a collection of references collated previously for use in the
NNL Reactor Physics Team; papers, reports and presentations from fuel performance related
conferences such as TopFuel (where not already included in the Fuel Performance Reference
Library); and OECD Halden Reactor Project reports and Enlarged Halden Programme Group
(EHPG) meeting proceedings. The collation was achieved by first using key search words, for
example “chromium” and “doped”, to find relevant literature. After reading this literature, the
search was then focused on the specific areas of interest of the report, for example “ramp
test” and “Westinghouse doped fuel”. After finding further references of interest from this
more specific search, more resources were identified through the references and the authors.
The full set of literature found for this report (which is not all referenced here) is documented
in a Microsoft Excel spreadsheet.

The results of the review are documented in Sections 2 to 7, and cover the background to
the use of CDF (Section 2), fuel manufacture, microstructure and properties (Section 3),
phenomenology (Section 4), operating experience and qualification data (Section 5),
prediction of behaviour and validation (Section 6) and spent fuel storage and disposal
(Section 7). The future qualification, research, development and testing needed, impact on
limits and conditions of operation, and licensing and regulatory issues are then determined in
Sections 8 to 10. Finally, conclusions are drawn summarising the main points covered within
the report.
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2. Background

Fuel manufacturers in the UK and globally are attempting to modify the uranium dioxide
(UO2) fuel they produce to improve its performance. The reasoning behind this includes:
enhanced accident tolerance by reducing the consequences of severe accidents in light water
reactors (LWRSs), increased flexibility to meet demand, reduced fuel cycle cost, and improved
reliability of fuel during operation [1]. Such requirements can be met by optimising the
properties and behaviour of the fuel under irradiation.

The main aspects of the fuel performance which can be modified to achieve the above
requirements are: fuel densification, fission gas (and hence also volatile fission product)
retention, pellet-cladding interaction (PCI) performance, post-failure fuel performance and
stored energy (via changes to thermal conductivity) [2]. Significant stored energy
improvements can only be made by developing two-phase materials (see below). To make
improvements in the other areas, additives are used to ‘dope’ the fuel pellets. These
additives are added in such small quantities (< ~1 wt%) that they can facilitate the
enhancement of properties without fundamentally changing the fuel type.

Additives have been used since the 1960s to improve the manufacture and performance of
nuclear fuels [3]. The additives studied most extensively are alumina (Al203), chromia
(Cr203), magnesia (MgO), titania (TiO2), niobia (Nb20s) and silica (SiO2). Many of these
additives have used to manufacture fuel by UK and overseas fuel vendors and have been
subject to irradiation trials. Burnable neutron absorbers, including gadolinia (Gd203), erbia
(Eb203) and zirconium diboride (ZrB2) [3], are also added to UO: fuel, but these are not
additives in the sense used here. Furthermore, other materials, such as beryllium oxide
(BeO) and molybdenum (Mo), have been used to produce advanced fuel types (to increase
the thermal conductivity of fuel pellets in the case of BeO and Mo), but these are added at
such levels (> 1 wt%) that they do not constitute additives as considered here: the fuel
microstructure is fundamentally modified such that there is a two-phase material.

Through extensive testing and irradiation programmes, chromia has become the chosen
additive by several fuel vendors. This is due to the beneficial behaviour of chromia doped
UO:2 fuel that can be achieved at relatively low dopant concentrations, without greatly
affecting the neutron absorption. This beneficial behaviour is caused by:

(@) an increase in grain size and consequent increase in the distance that fission gas and
volatile fission product atoms must diffuse to reach a grain boundary and be released;
this in turn gives reduced fission gas release

(b) an increase in creep rate and consequent reduction in fuel pellet imposed clad stresses
during transients; this in turn gives a reduced PCI failure propensity

(c) a reduction in fuel porosity volume fraction, with a consequent increase in fissile
material (uranium) density; this in turn reduces fuel cycle costs

Some or all of these benefits can also be achieved with other additives, for example niobia,
but in many cases the benefits of the increase in grain size are offset by an increase in the
intra-granular fission gas diffusion coefficient. This report therefore focuses on uranium
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dioxide (UO2) doped with chromia, although fuel which is doped with both Cr.03 and other
additives is also considered.

As an aside, it is also worth noting the use of chromia as an additive in MOX fuels for
irradiation in LWRs is also being investigated. This CHROMOX concept is being considered by
the fuel vendor Framatome to enable better distribution of plutonium in the fuel matrix,
enhance grain size and limit fission gas release, thereby reducing safety concerns in both
normal operation and accident scenarios [4]. Such chromia doped MOX fuel will not be
discussed further in this report.
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3. Fuel Manufacture, Microstructure and
Properties

3.1. Fuel Manufacture

There are two main chromium doped fuel (CDF) vendors that will be considered in this
report: Westinghouse and Framatome (formerly AREVA NP). There are other vendors who
have been involved with the manufacture, experimentation, and irradiation of CDF, but the
corresponding fuel products do not have a technology readiness level (TRL) high enough to
be considered here (that is, the TRL is less than 5, the level at which test rods have been
irradiated and performed successfully in a test reactor [5]).

From the literature review, there are limited references which describe the manufacturing
process of the doped fuels; this is assumed to be due to the proprietary nature of the
process. The ones that have been found are assumed to describe a process which is common
to all vendors.

All the literature reviewed agrees that the sintering time required for doped pellets is
reduced. This will result in increased production rate, saving time, money and resources -
and making the fuel manufacturing more economical for the vendors.

Westinghouse have been studying the use of doped UO: fuel for several decades. In the
1980s they investigated the use of Nb20s as an additive; this successfully resulted in fuel
pellets with a large grain size and good PCI resistance, however, this addition also resulted in
high fuel swelling and too much neutron absorption [6]. In 1998, Westinghouse began
development of a new type of doped fuel pellet. They experimented with many of the
additives discussed in Section 2; this resulted in the selection of chromia as their preferred
choice.

Cr203is a neutron absorber, so to reduce this effect, alumina (Al.O3) was also added to the
fuel; magnesia (MgO) was used as an alternative to alumina in the earlier stages of
development [6]!. The alumina also enhances the grain growth induced by the chromium
oxide. This synergy between the two dopants allows for a smaller chromia content (less
neutron absorption), while still having the beneficial grain growth effects (Figure 1) [7]. The
chromia content of Westinghouse fuel is limited to 1000 ppm or less [8], which can be
compared with the 1600 ppm value for Framatome’s CDF [9] (see next section).
Westinghouse named their UO2 fuel doped with chromium and aluminium oxides ADOPT
(Advanced DOped Pellet Technology) fuel.

1 As a comparison, the thermal (0.0253 eV) neutron absorption cross-sections of naturally-occurring Cr, Mg and Al
are 3.1 barns, 0.06 barns and 0.23 barns, respectively (based on the JEFF-3.2 nuclear data library: see
http://www.oecd-nea.org/janisweb/tree/N/JEFF-3.2/SIG).
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Figure 1: ADOPT grain size against Al.O3 content [7].

The manufacture of Westinghouse ADOPT pellets is described by Arborelius et al. [1] and
Lindback [6]: AUC converted UO2 powder is mixed with small quantities of Cr.03 and Al203
for approximately 1 hour until they form full homogeneity. The mixed powder is then pressed
to green pellets with a force of ~50 kN. The green pellets are sintered in a H2/CO:2
atmosphere at a maximum temperature of 1800°C for 14 hours to form the final fuel
product.

The ADOPT manufacture process has been monitored during several campaigns which
covered several tons of production. By comparing how key parameters including density and
grain size varied during several lots of production, it has been concluded that the
manufacturing process is stable (Figure 2) [1].
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Figure 2: Plots showing the stability of the ADOPT pellet as-manufactured density (a) and
grain size (b) [1].

It is not known whether ADOPT pellets with burnable absorber added have been
manufactured or not, but it is highly likely that this has been the case given that full reloads
of ADOPT fuel have been irradiated (see Section 5.1.1).

All ADOPT fuel has been manufactured at Westinghouse’s Vasterds fuel fabrication facility in
Sweden [1] [10].

3.1.2. Framatome (formerly AREVA NP)

In the early 1990s, Framatome began a programme of fuel pellet development designed to
improve the fuel economics and performance without a reduction in safety margins [11]. One
possibility considered by Framatome was to modify the manufacturing process to enlarge the
grain size of the UOz; this could be achieved through increased sintering time and duration,
or through oxidative sintering [12]. These options, however, are not economical for industrial
scale production.
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The next step was to consider utilising an oxide dopant in the manufacturing process.
Several oxides were investigated by Framatome, with Cr203, TiO2 and Nb20s giving the
largest increases in grain size (Figure 3). However, TiO2 was found to be too highly neutron
absorbing (twice as much as Cr203) and Nb20s had a negative effect on diffusion and the
release of fission gases [12]. In addition, further mechanical tests revealed that the TiO2 and
Nb20s additives gave lower plasticity than the Cr203 (Figure 4). The enhanced grain size and
plasticity related to the chromia additive therefore made it the optimum choice for
Framatome.

Pellet Grain Size (pm)
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Figure 3: The effect of dopant concentration on grain size for various additives [12].
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Figure 4: Deformation rate against pellet grain size for various additives [12].

Framatome then performed further studies to determine the fundamental mechanisms which
governed the UO2 doping with chromia; this included the sintering conditions necessary to
favour chromia dissolution in the UO2 matrix and the solubility limit of the chromia in UO2
(discussed in more depth in Section 3.1.3) [13]. Through this, Framatome were able to
specify an optimum value of 0.16 wt% Cr203 (1600 ppm); this allowed the chromia to change
the desired aspects of the microstructure and plasticity without changing the thermal
properties of the fuel pellets [12].

There was no specific reference found to describe the Framatome CDF manufacture process:
as mentioned earlier, it is assumed that this process is similar to the one used by
Westinghouse. However, Framatome have (a) published data demonstrating the stability of
their fuel product (Figure 5), and (b) demonstrated improved resistance to pellet chipping
during pellet handling and rod loading [12]. With respect to (b), impact testing showed a
40% reduction in weight loss relative to undoped pellets with the same end-face design.
Framatome infer that this is due to the larger grain size being able to absorb the impact
energy more efficiently.
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Figure 5: Data illustrating stability of Framatome CDF as-manufactured density and grain
size [9].

Framatome CDF can be manufactured with or without gadolinia included as a burnable
absorber. The chromia content of the gadolinia-doped pellets appears to be the same as that
of the ‘standard’ CDF - that is, 0.16 wt% [14].

Framatome CDF was originally manufactured in the FBFC facility in Belgium [15]. More
recently, fuel was manufactured at the Horn Rapids Road facility in the USA as part of the
USDOE enhanced accident tolerant fuel (EATF) programme [16]. Fabrication in other
Framatome facilities is also possible.

An issue that can occur in the manufacture of chromium doped fuels is the volatilisation of
chromium from CDF during the sintering process. This volatilisation results in chromium
escaping the pellets and possibly damaging the furnace. Since chromium (at least in its
hexavalent form) is both toxic and carcinogenic, there is also the potential for adverse health
effects to operators [16]. In terms of the impact on the fuel pellets, the loss of chromium
from the pellets will give an unwanted non-uniform distribution of chromium and will
adversely affect the pellet properties and microstructure.

Through thermogravimetric experiments, dilatometry and differential thermal analysis, Peres
et al. determined that the release of Cr due to volatilisation occurs due to: (a) the
dissociation of Cr203 in second-phase particles (not dissolved in UO2) and the subsequent
release of Cr from open porosity; (b) the volatilisation of chromium dissolved in UO2 and the
subsequent release from open porosity; and (c¢) the volatilisation of Cr dissolved in UO2 and
the subsequent release via diffusion through the fuel matrix and along grain boundaries [17].
The relative importance of each of these mechanisms is in turn dependent on the
temperature, heating rate and atmospheric conditions of the sintering process.

By comparing with the results from volatilisation of Cr.0s powder, which began at
temperatures which increased from 1430°C at the lowest oxygen potential to 1660°C at the
highest oxygen potential [17], the volatilisation of the chromium doped UO: pellets could be
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further understood. For the CDF samples with a high concentration of dopant (0.9 mol%),
the volatilisation was found to be similar to that of the Cr.03 powder, since the concentration
is so high that a significant fraction of the chromia is precipitated (that is, not dissolved) in
the UO: crystal structure [17].

It is therefore important for fuel vendors to control the sintering conditions carefully to
ensure the lowest possible levels of chromium volatilisation. This will involve a temperature
high enough to complete the sintering process but not so high that it causes excess
chromium volatilisation, and an oxygen potential high enough to minimise the chromium
volatilisation but low enough to meet stoichiometry and grain size requirements for the
sintered material [17].

The Cardinaels et al. data discussed in Section 3.1.3.2 show that - even for controlled
volatilisation in Framatome’s industrial process - there remains a near-surface effect
whereby there is preferential volatilisation in the outer ~ 200 um of the finished pellets (after
grinding has removed the outer 135 pm of material) [18].

Another known issue for chromium doped fuels is the solubility of chromium oxide in UOz. If
the solubility limit of chromium oxide is exceeded, then the chromia will no longer be fully
dissolved in the matrix, the effects of the addition will be saturated, and there may be
unwanted effects due to the presence of second-phase particles.

The through-pellet distribution of chromia in Framatome CDF pellets was investigated by
Cardinaels et al. using electron probe microanalysis (EPMA) to perform full diameter line
scans of UO:2 pellets doped with varying chromia concentrations [18]. The pellet designations
were:

e IFAO - Framatome UO2 with 500 ppm Cr20s3
e IFA2 - Framatome UO2 with 1000 ppm Cr203
e IFA3 - Framatome UO2 with 1600 ppm Cr203

The IFA2 and IFA3 pellets (but not the IFAO pellets) were sampled from those manufactured
for irradiation in the OECD Halden Reactor Project IFA-716 experiment.

Figure 6 shows the results from the full diameter scans of these pellets; the sharp peaks in
chromia content are associated with chromia precipitates. The peaks are highest for IFA3 due
to the amount of dopant added exceeding the solubility limit of chromia in UO2. Despite the
dopant concentrations of IFAO and IFA2 being lower than the solubility limit, precipitates still
form; this is due to the slow kinetics of solubilisation of chromia in the UO2 matrix [18] [19].

OFFICIAL : COMMERCIAL

National Nuclear Laboratory Limited (Company number 3857752) Registered in England and Wales.
Registered office: Chadwick House Warrington Road Birchwood Park Warrington WA3 6AE



Page 22 of 91

OFFICIAL : COMMERCIAL

NNL 15231
ISSUE 1
IFAO Cr «|IFA2 Cr ——|FA3 Cr IFAQ Cr average - - - IFA2 Cr average
- = - [FA3 Cr average IFAO U =— |[FA2 U —=—|FA3 U
0357 100
J.
0.3 - - .. o - s S Py = & - sy ==
‘ + a0
0.25 + 70
= g
2 02/ z
& 5
g 0.15 T
o 8
o o
0.1
0054 My
/ 110
0 - - - . . . . . 0
0 1 2 3 4 5 6 7 8
Position on pellet diameter (mm)

Figure 6: Full diameter EPMA line scans of UO; pellets doped with 500, 1000 and 1600 ppm
Cr,0;3 (IFAO,2,3 respectively) [18].

Further detail on the extent of precipitates was obtained by mapping three zones of each of
the different fuel pellets. From Figure 7 it can be seen that the higher the chromia content,
the greater the number and greater the size of the precipitates that form; this is due to the
non-solubilisation of the chromia during the sintering process [18].
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Figure 7: EPMA local area mapping of IFAO (top), IFA2 (middle) and IFA3 (bottom). The
images represent the: secondary electron image (left), UMa intensity map (middle) and CrKa
intensity map (right) [18].

The solubility limit is dependent on the sintering conditions used during fuel manufacture,
namely the temperature and oxygen potential, with the latter itself dependent on the oxygen
partial pressure.
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Riglet-Martial et al. performed experiments to determine the solubility limit of Cr203 in
different conditions using electron probe microanalysis (EPMA) and scanning electron
microscopy (SEM). In doing so, they also confirmed the strong influence of the oxygen
potential on the grain size of the fuel during sintering (as suggested previously by Bourgeois)
[20]. At low oxygen potentials, the stable state of chromium was as solid (s) chromium
metal, and no increases in grain size were observed, whereas at higher oxygen potentials,
the stable state of chromium was as liquid (I) CrO or solid (s) Cr203, and significant increases
in grain size were observed [20].

Riglet-Martial et al. combined their experimental results with those available in the literature
to further understand the process. They found that the solubility of Cr203 in UO2 increases
with both increasing oxygen partial pressure (Figure 8) and increasing temperature

(Figure 9). This behaviour is consistent with the solubility increasing with increasing
oxidation state of the chromium in the stable chromium phase; that is, the solubility where
the stable phase is solid Cr metal (Cr° oxidation state) is less than the solubility where the
stable phase is liquid CrO (Cr?* oxidation state) which in turn is less than the solubility where
the stable phase is solid Cr.03 (Cr3* oxidation state) [20].
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Figure 8: Comparisons with results from experimentation, literature and a thermal solubility
model for variations with the oxygen partial pressure of the Cr,03 solubility in UO>: (a)
within the stability areas of Cr.03(s), CrO() and Crs) for 1700°C and above; (b) within the

stability areas of Cr2053(s), CrO() and Crs) for 1500-1760°C [20].
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Figure 9: Comparisons with results from experimentation, literature and a thermal solubility
model for variations in the solubility of Cr,03 in UO; as a function of the temperature [20].

Cr203 contents above the solubility limit may also give rise to a decrease of fuel density due
to solarisation (bloating associated with formation of gas-filled porosity), at least in
gadolinia-doped pellets [14].

3.2. Microstructure and Properties

3.2.1. Grain size

All the literature reviewed agree that the addition of chromium dopants to UO: fuel pellets
enlarges the grain size. This is viewed by many sources as one of the most important effects
of the chromia addition to the fuel. The main benefit of an enlarged grain size is that it
extends the diffusion length the fission gas and volatile fission product atoms must travel to
be released through the grain boundaries of the pellets, thereby reducing the volume of
fission gases and volatile fission products released [21]. Discussed further in Section 4.2.6, a
reduction in fission gas release (FGR) reduces the internal pressure of the fuel rods in normal
operation, thereby increasing margins to design limits intended to prevent clad creep
rupture. The consequent reduction in inter-granular fission gas bubble swelling also reduces
the likelihood of PCI failures and enhances the accident tolerance of the fuels via reduced
burst fission gas release and reduced fragmentation during high temperature faults.

The extent of the grain size enlargement is dependent on the concentration of the chromium
oxide in the fuel and the sintering conditions (in particular, the sintering temperature). For
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the Westinghouse ADOPT pellets, the increase in grain size as a function of chromium oxide
(and aluminium oxide) concentration was shown in Figure 1. The addition of alumina was
found to contribute to the grain growth enhancement for contents up to 200 ppm [1]. For
ADOPT pellets with 500 ppm chromia and 200 ppm alumina, the grain size was measured to
be 50 um: a 5x increase in grain size over undoped pellets [1]. Similarly, the Framatome
Cr203-doped UO:2 fuel (0.16 wt% Cr203) also showed an increase in grain size from 8 ym for
the standard UO2 to around 60 pm for the chromium doped UO:2 (Figure 10) [13].
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Figure 10: An image showing the enlarged grain size of the Framatome Cr.03-doped UO; fuel
pellets when compared to standard UO; [13].

The average grain size of Framatome’s gadolinia-doped CDF appears to be similar to that of
‘standard’ CDF, at “larger than 40 um” [14].

3.2.2. Density

Based on the low chromia levels, the chromium being in solid solution, and the negligible
difference in lattice parameter between doped and undoped fuel, the theoretical density of
CDF (the density of the fuel matrix, or the hypothetical density of fuel with zero porosity) is
expected to be very similar to that of undoped UO2 [22]. Hence, differences in density are
dominated by differences in densification behaviour of the green pellets during the sintering
process which forms part of the pellet manufacture. As discussed in Section 3.1, the addition
of a chromium dopant to the UO: fuel during manufacture reduces the necessary sintering
time. This is caused by the effect of the additive on the densification of the pellets during the
sintering process.

As the additive is added in such quantities that it is at or below the solubility limit of chromia
in UO2, no large chromia second-phase particles are observed in the fuel matrix [13]. This
means that densification is dominated by bulk diffusion of vacancies in the matrix, which is
enhanced in CDF consistent with the enhanced grain growth. Thus, there is greater
densification of the fuel pellets during manufacture.
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All of the literature reviewed agrees that the density of the fuel pellets increases with the
addition of Cr203. For ADOPT pellets, Arborelius et al. reported an increase in pellet density
from 96.7% of theoretical for UO2 pellets to 97.3% of theoretical for the doped pellets when
starting from a similar green pellet density [1]. The level of Al203 addition has little influence
on the densification of the pellet. For Framatome pellets, Delafoy et al. report a density of
greater than 96% the theoretical density [13].

The density of Framatome’s gadolinia-doped CDF may be somewhat lower than that of the
‘standard’ CDF [14].

The increased density of the fuel has the main benefit of an increase in the fissile material
(?3°U) density, making the fuel cycle more economical [13]. The reduced porosity volume

fraction also increases the fuel thermal conductivity, giving reduced fuel temperatures and
hence reduced fission gas release and increased margin to fuel melting.

3.2.3. Porosity

For Westinghouse ADOPT pellets, the additional densification of the fuel pellets during
sintering leads to a decrease in the porosity volume fraction while the size distribution of the
porosity remains constant [1]. The shape of the pores can also change as a result of the
additives: Arborelius et al. reported that the pores of the standard UO2 are more irregular
whereas the pores of the doped pellets have a rounder cross-section (Figure 11). The
reduced porosity and increased regularity of the pores enhances the dimensional stability of
the pellets under irradiation.

Framatome’s chromia doped fuel also has reduced porosity and therefore increased
dimensional stability under irradiation [13]. No information on pore shapes in Framatome
CDF is available.

|_20 pm_|

Figure 11: Pore shape of standard UO; (left) and ADOPT (right) pellets [1].
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There is generally very little experimental evidence of the effect of dopants on the thermal
properties of fuel pellets. It is assumed that when added in small enough concentrations, the
chromium oxide dopants do not greatly affect the thermal properties of the fuel [12].
Arborelius et al. describe some experiments performed to test this assumption for
Westinghouse ADOPT pellets. Similarly, a report from Framatome describes the experiments
performed on their fuel, both in-house (thermal diffusivity) and at the Materials Research
Unit of JRC-ITU, but much of this report has been redacted (due to the proprietary nature of
the results). All of these experiments were performed on unirradiated fuel.

Using a differential dilatometer, the thermal expansion coefficient for ADOPT fuel was
determined in the temperature range of 20-1500°C [1]. The results showed that the
difference between the ADOPT and standard UO:2 pellets is small and within the uncertainty
of the measurements.

Framatome do not appear to have performed measurements of the thermal expansion of
their CDF; instead, they argue (as part of US licensing) that: (a) the chromium is in solid
solution in the UO2 fuel matrix at a concentration typical of impurity levels; (b) plutonium
and gadolinium in solid solution in the UO2 fuel matrix (in the context of mixed oxide fuel and
gadolinia-doped fuel) at much larger concentrations has only a minor impact on thermal
expansion coefficient; (c) there is no significant effect of fission products in solid solution on
thermal expansion coefficient (in the context of irradiated UO: fuel); and hence (d) that the
impact of the addition of chromia on the thermal expansion coefficient of UO: is negligible
[22]. It is judged that this is a reasonable argument.

The specific heat capacity for Westinghouse ADOPT fuel was measured using a differential
scanning calorimeter [1]. The results show that there is a negligible difference between the
specific heat capacity of the ADOPT and standard UO: pellets.

Differential scanning calorimetry was also used to measure the specific heat capacity of
Framatome chromia doped fuel (with and without gadolinia included as a burnable absorber).
The results also showed a negligible difference between the specific heat capacity of the doped
pellets and the standard UO: pellets [22].

For Westinghouse ADOPT fuel, the thermal diffusivity of the fuel pellets was measured using
a laser flash technique. This involved samples of doped and undoped pellets being sliced into
discs. One side of the discs was heated with a laser flash and the temperature on the other
side of the disc as a function of time was measured [1]. After taking measurements between
20°C and 1400°C in steps of 100°C, there was no significant difference measured between
the ADOPT and standard UO: pellets (presumably after correcting for the effects of
differences in porosity volume fraction).
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The same laser flash technique was used to determine the thermal diffusivity of Framatome
CDF (with and without gadolinia included as a burnable absorber [14]). The measurements
were performed at several temperature levels with long hold times at each temperature step
to ensure stable measuring conditions [22]. The maximum temperature used was 1650°C
(the limit of the furnaces) [22]. The results are not available: they were redacted from the
Framatome report. However, Framatome note that: (a) “"The thermal resistivity increases
(and thermal conductivity decreases) as the chromia content increases” (in the context of
development of a CDF thermal conductivity model for the RODEX fuel performance code)
[22]; and (b) “Cr203 doping has no significant influence on the thermal conductivity of the
(U-Gd)O02 fuel within the margin of measurement uncertainty” [14]. Hence, it can be
tentatively concluded that: (1) the thermal diffusivity of Framatome CDF without gadolinia
included is somewhat lower than that of chromia-free fuel, with the reduction increasing with
increasing chromia content (due to chromia - like impurities and fission products -
increasing phonon scattering); and (2) the thermal diffusivity of Framatome CDF with
gadolinia included is essentially unchanged from that of chromia-free fuel (presumably
because the phonon scattering effect of the chromia is dominated by that of the gadolinia).

The thermal conductivity of the fuel matrix is dependent on its thermal diffusivity, heat
capacity and density (Equation 1). In the case of unirradiated ADOPT fuel and unirradiated
Framatome CDF with gadolinia, none of these are significantly changed by the addition of
chromia (see above). It can therefore be concluded that the thermal conductivity of the
unirradiated fuel matrix is also unchanged. However, the thermal conductivity of the
unirradiated doped fuel pellets will still be increased somewhat over that of undoped pellets
due to the reduced porosity volume fraction (see Section 3.2.2). In the case of unirradiated
Framatome CDF without gadolinia, the thermal diffusivity is reduced somewhat, while the
heat capacity and density are unchanged, and so the thermal conductivity of the unirradiated
fuel matrix is also reduced somewhat. The net effect of this and the reduced porosity volume
fraction on the thermal conductivity of the unirradiated doped pellets is unclear.

A=a'p-C,

Equation 1: Thermal conductivity equation. A = thermal conductivity, a = thermal diffusivity,
C, = isobaric specific heat capacity [6].

In-pile thermal conductivity — and in particular degradation of thermal conductivity with
burnup - has not been measured directly, but can be inferred from in-pile measurements of
fuel centreline temperature in test reactor irradiations carried out with a fuel thermocouple.
Of such irradiations, both the Halden Reactor Project experiments described in Section 4.1
and the REMORA irradiation of Framatome CDF (performed in the Osiris test reactor using a
single segment pre-irradiated in a commercial PWR to ~ 62 MWd/kgU) [23] suggest that the
in-pile thermal conductivity of CDF - including the thermal conductivity degradation with
burnup - is unchanged from that of undoped UO.:.
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The melting temperature of the ADOPT and standard UO: pellets was determined using a
laser-pulse melting method and a high-speed mono- and poly-chromatic pyrometer [1]. The
results showed no significant difference between the ADOPT and standard UO: pellets.

For the Framatome chromia doped fuel, the melting temperature of samples both with and
without gadolinia added as a burnable absorber was determined using laser heating and fast
multi-channel pyrometry [22]. The results are not available: they were redacted from the
Framatome report. However, there is the suggestion that the melting point was lowered
slightly by the addition of chromia (since Framatome note that the addition of impurities or
dopants decreases melting temperature).

The creep rate is an important property of nuclear fuel: the higher the creep rate, the softer
the fuel pellets, resulting in reduced stresses on the cladding during power transients, and
hence a reduced propensity for PCI failure (see Section 4.2.3 for more information on the
pellet-cladding interaction behaviour). For undoped UO: fuel, out-of-pile creep occurs by two
thermal mechanisms: diffusional creep, which dominates at low stresses, and dislocation
climb and annihilation creep, which dominates at high stresses (there is also arguably a third
diffusion mechanism which applies at very high stresses, possibly due to dislocation core
diffusion, but this can in general be ignored). The net result is a two-term (secondary) creep
rate equation as follows:

Cio Q1) Q:
§=—exp|——=|+ C,0*%ex (——)
g° p( kr) " "2 P\"kr
Equation 2: (Secondary) out-of-pile creep rate equation for undoped UO,. C; and C; are
constants, o = stress, g = grain size, Q: and Q: are activation energies, k = Boltzmann’s
constant, T = absolute temperature.

where the first term on the right-hand side represents low-stress thermal creep, and the
second term on the right-hand side represents high-stress thermal creep.

Thus, in undoped UO2, the out-of-pile creep rate at low stresses is inversely proportional to
the square of the grain size, and the out-of-pile creep rate at high stresses is independent of
the grain size.

Experiments have been performed by both Framatome and Westinghouse to determine the
extent of the effect of chromium doping (and aluminium doping in the case of Westinghouse)
on the out-of-pile creep of UO2z fuel pellets. These experiments involved applying a
compressive load to the fuel at high temperatures (1200-1600°C for the Framatome
experiments, and 1000-1700°C for the Westinghouse experiments) for several hours and
measuring the deformation as a function of time [2] [6] [14] [24] [25].

The experiments performed by Framatome on their CDF (which included tests on CDF with
gadolinia included as a burnable absorber [14]) found that the behaviour described above for
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undoped UO: fuel is not observed: instead, the thermal creep rate increases with increasing
chromia content, and therefore with increasing grain size, at all stress levels investigated
(20-90 MPa): see Figure 12 and Figure 13. This is attributed to a lack of diffusional creep and
a dislocation climb and annihilation mechanism which is more effective in doped fuel (due to
an increase in the density of mobile dislocations [14]). The (secondary) creep rate was
increased by a factor of up to 10 when compared to undoped UQO2z [24]. The effect of the
chromia addition saturates at high additive concentrations even if the grain size is enlarged,
since the solubility limit of the Cr203 in UO: is then exceeded [24].

The experiments performed by Westinghouse on ADOPT fuel showed a much more modest
effect of the chromia (and alumina) on (secondary) creep rate: see Figure 14. (At a
temperature of 1500°C and an applied stress of 45 MPa, the increase in creep strain rate was
only from 0.4% per hour to 0.5% per hour [2].) This is perhaps not surprising, given that
their chromia levels were in the range 300-650 ppm (together with alumina levels of 70-150
ppm), compared with the 750-2250 ppm levels investigated by Framatome. The
Westinghouse experiments also showed that there is no increase in creep rate at 1000°C (at
least at the stress of 25 MPa investigated) [6], and that the increase in creep rate becomes
more significant as temperature increases [25]. Any mechanistic differences in creep for
doped UO:2 (that is, any deviations from the behaviour described by Equation 2) do not
appear to have been explored by Westinghouse; it is unclear whether the mechanistic
differences deduced by Framatome for their CDF are also relevant to ADOPT fuel.

12 5
1500 ppm
10 - grain size = 31 ym
3in size = 51
8 -
g °
P | . dh 750 ppm
5 grain size = 27 ym grain size = 12 ym
bt
w4 4
2 undoped UO, fuel
0ppm
grain size = 8 ym
0 1
0 1 2 3 4 5 6
Time (h)

Figure 12: Strain vs. time results from out-of-pile creep tests on Framatome undoped UO;
and doped fuel with various dopant concentrations and grain sizes (at 1470°C and with an
applied stress of 45 MPa) [24].
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Figure 13: Strain vs. time results from out-of-pile creep tests on Framatome chromium
doped UO2 at various stresses (0.2 wt% Cr,03 at 1470°C) [24].
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Figure 14: Strain vs. time results from out-of-pile creep tests on ADOPT fuel [25].

In undoped UO: fuel, irradiation-induced creep occurs in-pile in addition to thermal creep,
and the diffusional (low-stress) creep rate is enhanced. With reference to Equation 2, the net
result in-pile is therefore a three-term (secondary) creep rate equation as follows:
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Equation 3: (Secondary) in-pile creep rate equation for undoped UO.. C; to C; are constants,

o = stress, g = grain size, Q: and Q: are activation energies, k = Boltzmann’s constant, T =
absolute temperature, F = fission rate per unit volume.

where, from left to right, the three terms on the right-hand side represent low-stress thermal
creep, high-stress thermal creep, and irradiation-induced creep. Measurements obtained
from the OECD Halden Reactor Project in-pile fuel creep experiment IFA-701 show that - at
least for the ADOPT fuel that was tested - irradiation-induced creep also occurs for CDF, and
that the irradiation-induced creep rate is unchanged from that of undoped fuel (Figure 15).
Assuming the absence of diffusional creep in-pile (since it was shown to be absent out of pile
for Framatome CDF), and noting the absence of irradiation enhancement of dislocation climb
and annihilation creep for undoped fuel, it can therefore be tentatively concluded that the in-
pile creep of CDF is as out of pile, but with an additional irradiation-induced creep component
identical to that for undoped fuel.
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Figure 15: (Irradiation-induced) creep rate of chromia doped (ADOPT) and undoped UO; fuel
as measured in the IFA-701 in-pile creep experiment [26].
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It appears that no measurements of fuel elastic moduli have been performed on CDF.
However, as part of US licensing of CDF, Framatome convincingly argue that [22]:

(a)

(b)

()

(d)

The possible variation of elastic properties is not fundamentally affecting the fuel
behaviour under normal operating conditions or anticipated operational occurrence
(AOO) and accident conditions.

According to the data published in the literature, the Young's modulus of standard
UO:2 can vary with characteristics such as grain size, stoichiometry or fuel porosity,
however, the effect of these parameters is very limited compared to that of
temperature.

The intrinsic impact of additives, including gadolinium or plutonium, up to high
amounts (10-20 wt%) remains low with respect to Young's modulus and negligible
for Poisson's ratio.

Considering that the chromia addition in UO2 is low, no effect is anticipated on the
UO: fuel Young's modulus and Poisson's ratio.

There is only evidence of CDF fracture strength measurements having been performed by
Framatome. The details of the testing are unavailable, but Framatome conclude that the
fracture strength is consistent with that of undoped UO:2 with the same (large) grain size -
that is, they conclude that the fracture strength is in line with the microstructural differences,
and not due to any intrinsic effect of chromia itself [22]. Since the fracture strength of
undoped UO:2 decreases with increasing grain size [22], this suggests that the fracture
strength of CDF is lower than that of standard undoped UO:2 (but only due to the larger grain
size). This behaviour is also proposed by Westinghouse [25].
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4. Phenomenology

In this section, the phenomenology of chromium doped UO: fuel pellets will be discussed.
This will include descriptions of the results from experimental irradiations in test reactors.
There is a particular focus on the experiments performed within the OECD Halden Reactor
Project, since these constitute independent irradiation testing of fuel-vendor-provided
material.

4.1. Halden Reactor Project Experiments

Situated in Halden, Norway, the Halden boiling water reactor (HBWR) operated from 1958 to
June 2018 and was used to perform hundreds of successful test irradiations of fuels and
other nuclear materials under the framework of the OECD Halden Reactor Project (which is
still ongoing despite the shutdown of the HBWR) [27]. The project is managed by the
Norwegian Institute for Energy Technology (IFE) and is funded by various international
organisations and research groups.

Three integral rod Halden experiments involving CDF have been performed in the Halden
Reactor Project: IFA-677, IFA-716 and IFA-720.3. For each experiment, the experimental
setup is explained below (Sections 4.1.1 to 4.1.3), and the relevant phenomenology
displayed by the fuel pellets is included in the phenomenology discussion in Section 4.2. CDF
was also included in the separate effects experiment IFA-701; results from this dedicated
fuel creep test were discussed in Section 3.2.5.1.

The IFA-677 experiment was designed to investigate the effects of a change in fuel assembly
loading strategy. Historically, an “out-in-in” strategy was preferred for assembly loading
patterns; this involves loading the fresh fuel assemblies into positions towards the periphery
of the core to minimise their initial operating power [28]. More recently, there has been a
trend towards an “in-out-out” strategy whereby the fresh fuel assemblies are loaded closer to
the centre of the core and then gradually moved outwards during subsequent reloads [28].
The benefits of the “in-out-out” approach are increased neutron economy and the
minimisation of the fast neutron dose to the pressure vessel. However, this approach leads
to high powers in the first cycle of irradiation [28]. The effects of this high initial rating on
the thermal performance of the fuel were the subject of the Halden IFA-677 experiment.

The experiment used a single cluster of 6 rods with fuels from Westinghouse, Framatome
and Global Nuclear Fuels (GNF) with various grain sizes, densities and additives (Table 1)
[29], and operated under normal Halden BWR coolant conditions. All rods were equipped
with upper and lower fuel thermocouples to measure fuel centreline temperature, a fuel
extensometer to measure fuel stack elongation, and a pressure transducer to measure rod
internal pressure. Rod 2 was also equipped with a clad extensometer to measure cladding
elongation. Rods containing CDF were limited to two of the rods (1 and 5) supplied by
Westinghouse (ADOPT fuel). The irradiation began in January 2005 and was completed in
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September 2007 at a rig average burnup of 26 MWd/kgU. Powers were kept high throughout
the irradiation, initially at ~ 45 kW/m and later at ~ 35 kW/m [29].

Table 1: The fuel pellets used in the Halden IFA-677 experiment [29].

Rod Manufacturer Cr.03 Content  Al>03 Content Grain Size Density
(ppm) (ppm) (um) (g/cm?)
1 Westinghouse 900 200 56 10.69
2 Framatome - - 16 10.451
3 GNF - - 15 10.58
4 GNF - - 15 10.58
5 Westinghouse 500 200 45 10.70
6 Westinghouse - - 11.7 10.63

The IFA-716 experiment was designed to investigate the thermal performance and fission
gas release of fuel with different grain size and dopants [30]. As fission gas release is
dependent on the balance between the diffusion distance to grain boundaries (determined by
the grain size) and the fission gas diffusion coefficient (dependent on the dopant
concentration), IFA-716 focuses heavily on the effects these factors have on fission gas
release [30].

This experiment was set up in a similar way to IFA-677, with a single cluster of 6 rods made
up of both standard UO: fuel (with a range of grain sizes) and Cr.03 doped fuel (Table 2);
beryllium oxide (BeO) doped fuel was also included to investigate the effects of an increased
fuel thermal conductivity. All rods were equipped with a fuel thermocouple to measure fuel
centreline temperature, a fuel extensometer to measure fuel stack elongation, and a
pressure transducer to measure rod internal pressure. The fuel vendors for this experiment
were Framatome (undoped and Cr203 doped fuel) and Ulba (undoped and BeO doped fuel).

The irradiation began in January 2010 and was completed in May 2015 at a rig average
burnup of ~ 36 MWd/kgU [31] [32].
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Table 2: The fuel pellets used in the IFA-716 experiment [30].

Rod Manufacturer Cr203 BeO Content Grain Size Density

C(%[;tnir;t N (pm) (g/cm?)
1 Framatome 1600 - 70 10.50
2 Framatome - - 11 10.55
3 Ulba - 3 9 9.75
4 Ulba - - 45 10.68
5 Framatome - - 55 10.48
6 Framatome 1000 - 59 10.53

The IFA-720.3 experiment was designed to investigate the effect of chromia doping on the
fission gas release behaviour at high burnup. The experiment included two test rods which
were segments cut from BWR commercial fuel rods base irradiated in the Oskarshamn 3
reactor in Sweden; one rod contained ADOPT pellets and the other contained undoped UO:2
pellets [33].

Both parent rods were manufactured by Westinghouse and were pre-irradiated up to ~ 66
MWd/kgU in the same fuel assembly, so have similar base irradiation power histories [33].

The IFA-720.3 irradiation was a short irradiation of ~ 80 days and consisted of a step-wise
power ramp to full power followed by a hold at the maximum power. The test rods were both
equipped with a fuel thermocouple to measure fuel centreline temperature and a pressure
transducer to measure rod internal pressure.

4.2, Behavioural Assessment

Under irradiation, gas atoms and vacancies in the as-manufactured pores of fuel pellets can
diffuse into the surrounding fuel matrix, or be ejected into the matrix by the disruptive action
of fission fragments; once in the matrix, the vacancies diffuse to grain boundaries, where
they are absorbed [34]. The result is an in-pile densification of the fuel. (This densification is
in addition to that which occurs during sintering as part of fuel manufacture.) In the IFA-677
experiment the densification during irradiation was determined through calculations of the
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fuel volume changes based on the fuel stack elongation measurements (assuming isotropic
densification behaviour). The extensometers for rods 1 and 4 did not give reliable data, so
only the data for rods 2, 3, 5 (doped) and 6 should be considered (Figure 16).
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Figure 16: Fuel volume change versus burnup behaviour calculated from fuel stack
elongation measurements in IFA-677 (ignore results for rods 1 and 4) [35].

During the irradiation, there was a densification volume change measured for the standard
UO:2 pellets (which all had grain sizes of 12 to 16 um) in the range of 0.50-0.70%. There was,
however, almost no densification observed for the ADOPT pellets [29]. The same results
were obtained for Framatome CDF in the IFA-716 experiment via the same method [30].

This minimal in-pile densification during irradiation (that is, greater dimensional stability) of
the chromia doped fuel compared to the standard UO:2 fuel [21] is consistent with expectation
based on the larger fuel grain size and reduced initial porosity volume fraction [28]; the
presence of the chromia does not in itself affect the in-pile densification behaviour. It is also
consistent with re-sintering tests performed as part of fuel manufacture quality assurance for
both Westinghouse and Framatome CDF [1] [13], since densification observed during such
tests — which is known to be correlated to in-pile densification - is very small.

Fuel pellets swell during irradiation as a result of several mechanisms [28] [34]:
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(a) Accumulation of solid fission products in the fuel matrix

(b) Accumulation of fission gas atoms in the fuel matrix

(c) Precipitation of intragranular fission gas bubbles (situated within the grains), and
subsequent diffusion of fission gas atoms and vacancies to these bubbles

(d) Precipitation of intergranular fission gas bubbles (situated on grain boundaries),
and subsequent diffusion of fission gas atoms and vacancies to these bubbles

(a) and (b) are collectively known as “inexorable swelling” as they cause a change in volume
which is dependent only on burnup, and are associated with normal operation behaviour. (c)
and (d) are collectively known as “gaseous swelling”, only occur at temperatures high
enough to permit atomic migration [28], and are associated with both normal operation and
transients.

Inexorable swelling of CDF has been measured as part of both the Halden experiments
described above and commercial irradiation PIE. In the case of the former, rates of fuel
volume change due to swelling were calculated from on-line measurements of fuel stack
elongation. In the case of the latter, cumulative fuel volume increases due to swelling were
inferred from fuel density measurements via an immersion technique.

The inexorable swelling rates calculated from IFA-677 fuel stack elongation measurements
were in the range of 0.2-0.6 vol% per 10 MWd/kgUO: for all rods, with no identifiable
dependence on fuel type [29]. Higher swelling rates of 0.7-0.9 vol% per 10 MWd/kgUO2 were
observed in IFA-716, but, again, there was no identifiable dependence on fuel type [31].
Given that 0.2-0.9 vol% per 10 MWd/kgUO: reflects the typical range of swelling rates
observed in Halden experiments with undoped UO: fuel, it can be concluded that the Halden
data do not indicate any differences in inexorable swelling behaviour (relative to undoped
UO2) of either Westinghouse or Framatome CDF. As illustrated in Figure 17, such invariance
in inexorable swelling behaviour (up to at least ~ 80 MWd/kgU) is also evident from
measurements of fuel density from PIE of commercially-irradiated Framatome CDF
(presumably for irradiation at conditions where fuel swelling was dominated by inexorable
swelling rather than gaseous swelling) [11].
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Figure 17: Fuel density versus burnup data for commercial irradiations of Framatome doped
and undoped fuel [11] (poor quality of image is as in the cited reference).

Measurements of gaseous swelling via destructive PIE (ceramography images) of irradiated
Framatome CDF have been obtained, but are proprietary [22]. Gaseous swelling induced fuel
volume changes can also be inferred from clad diameter measurements performed after both
normal operation and ramp tests; such ‘inferred data’ are available for Framatome CDF, but,
with the exception of normal operation data for GAIA rods [36], are, again, proprietary [22].
Although the full data are not available, Framatome note that there is larger intra-granular
bubble swelling and smaller inter-granular bubble swelling in irradiated CDF due to larger
grain size (so that there is a higher probability of fission gas atoms being trapped by intra-
granular bubbles as they diffuse to grain boundaries, while less gas atoms reach these
boundaries) and increased creep rate (so that intra-granular bubble growth is less retarded
by stresses induced in the surrounding fuel matrix) [22]. This is supported by Figure 18,
which shows more and larger intra-granular bubbles, and fewer and smaller inter-granular
bubbles (the large black objects are as-manufactured pores) in irradiated Framatome CDF.
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Figure 18: Comparison of fission gas bubbles in Framatome chromia doped and undoped UO>
fuel after irradiation [13].

Larger intra-granular bubble swelling and smaller inter-granular bubble swelling has also
been reported for ADOPT fuel that has been subject to a ramp test [1] [2].

4.2.3. Pellet-cladding interaction (PCI)

During irradiation, the fuel pellets experience cracking and form fragments; this, along with
the large radial temperature gradient across the pellets gives them an hourglass shape
(Figure 19) [37]. There is initially a gap between the pellets and cladding, however, during
irradiation, fuel swelling causes this gap to decrease. Cladding creep due to the compressive
stress exerted by the high pressure coolant further decreases the gap size [37]. Eventually
the pellets and cladding contact and the gap is closed. Due to the cracked and hourglassed
pellets, clad stress is concentrated at the pellet ends (axially) and over the radial fuel cracks
(circumferentially).

If there is an increase in power in the reactor, the pellet diameter can increase further due
to: thermal expansion, gaseous swelling and the opening of cracks. If the pellet-cladding gap
is already closed, this further pellet expansion can cause stresses in the cladding that are
high enough to lead to clad failure via yielding or creep rupture [37]. However, in practice,
the cladding will fail at lower stresses due to stress-corrosion cracking (SCC), which depends
on both the clad stress, but also the chemical effects of corrosive fission products; this is
pellet-cladding interaction (PCI) failure and imposes a significant restriction on the flexibility
of operation of the reactor. It is therefore clear that to minimise the probability of rod failure
and enhance accident tolerance, the PCI behaviour must be improved.
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Figure 19: The hourglass shape of a fuel pellet (idealised and exaggerated) [37].

An improvement in PCI performance is often linked to an increase in pellet plasticity via the
consequential reductions in cladding stress during hard pellet-clad contact. The addition of
chromia to UO: fuel pellets therefore (via the increased creep rate: see Section 3.2.5.1)
improves the PCI behaviour and enhances accident tolerance through the mitigation of fuel
cladding failure [24] [38] [39]. Increased fuel creep in the central regions of the fuel pellets

is evidenced by increased dish filling (Figure 20); the resulting axial extrusion of fuel reduces
the pellet outer diameter to some extent.
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Figure 20: Pellet dish filling after power ramps to 40 kW/m: Framatome undoped fuel on left
and Framatome CDF on right [24].

There is also evidence for an improvement in PCI performance with CDF due to chemical
effects — namely, improved corrosive fission product retention, and chromia dissociation and
associated generation of free oxygen which can oxidise the cladding inner surface, thereby
protecting it from SCC [12] [38] [39] [40] [41] [42] - but this is tentative only. Finally,
increased cracking at the pellet periphery during power ramps (see Section 4.2.4.2) reduces
the maximum stresses (over radial fuel cracks) in the cladding by reducing the crack mouth
openings [24], further improving PCI performance.

Chromia dissociation has been observed after Framatome ramp tests. The pellet Cr
concentration radial distribution before and after the PR1 ramp test, as measured by electron
probe microanalysis (EPMA), are shown in Figure 21. This test was in the Osiris test reactor
to a peak power of 47 kW/m, which was held for 12 hours. The fuel tested was CDF with
0.16 wt% chromia pre-irradiated to 38 MWd/kgU in an EDF commercial PWR.
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Figure 21: Measurement of Cr concentration radial distribution before and after the
Framatome PR1 ramp test [42].

There may be a reduction in PCI performance due to the increased intra-granular fission gas
bubble swelling (see Section 4.2.2), and therefore increased stress on the cladding, but this
is outweighed by the combination of the reduced inter-granular fission gas bubble swelling
(again, see Section 4.2.2) and the positive effects described above.

Ramp tests are routinely performed as part of fuel qualification to evaluate the PCI behaviour
and to determine the increases in power which lead to fuel failure. Data on the PCI behaviour
of CDF are therefore primarily those obtained from qualification of fuel designs employing
CDF; such data are discussed further in Section 5.

Framatome suggest comparable cracking behaviour in chromia doped and undoped UO:
during normal operation [22], but ceramography images are unavailable to confirm this.
Westinghouse note a larger number of small cracks in the pellet periphery for ADOPT fuel,
but the effect, if it exists, appears marginal, even in the high rating conditions of the IFA-677
experiment (Figure 22).
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Figure 22: Pellet cracking after irradiation in the IFA-677 experiment for undoped fuel (left),
fuel with 500 ppm chromia (middle), and fuel with 900 ppm chromia (right) [2].

4.2.4.2. Power ramps

After base irradiation up to 30 GWd/tU, two segments of Framatome doped PWR fuel and
two segments of undoped PWR fuel were ramp tested in 2001 in a loop of the OSIRIS test
reactor as part of the CONCERTO irradiation programme (see Section 5.2.1 for more details
of this programme). The ramp terminal ratings ranged from 40 to 54 kW/m, and the ramp
rate was 10 kW/m/min to simulate a Class 2 transient [24]. From optical microscopy
examinations of the irradiated fuel pellets, the cracking pattern was found to be different for
the standard UO: fuel pellets and the doped pellets (Figure 23) [24]. In the centre of the
doped pellets, no radial cracks are observed, consistent with crack healing occurring due to
the enhanced fuel creep; this behaviour is not seen for the standard UO2 [24]. In contrast,
there is increased radial cracking in a peripheral zone, and the width of the peripheral zone is
narrower due to a larger radial extent of the hot, plastic zone that extends from the pellet
centre. In addition, the doped pellets appear to have both intergranular and transgranular
crack propagation, as opposed to the standard UO2, which tends to only have transgranular
[24]. The peripheral cracking of the pellets increases with increasing ramp terminal rating
(Figure 24).
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Figure 23: Sections of Framatome chromia doped fuel (left) and standard UO; fuel (right)
after ramping to 40 kW/m [24].

Figure 24: Sections of Framatome chromia doped fuel ramped to 40 kW/m (left) and
47 kW/m (right) [24].

Similar behaviour has been observed for ADOPT fuel [2] [25].

The increased radial cracking in the peripheral zone is consistent with the reduced fracture
strength (see Section 3.2.5.3). The wider hot, plastic zone (and hence narrower brittle
peripheral zone) may also have an effect via a reduced volume for fracture energy
dissipation [24].
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If the fuel pellets come into contact with the coolant as a result of clad failure, they can be
oxidised by the chemical reaction with ingressed water, resulting in pellet degradation (due
to the associated volume increase) and washout (leaching) of the oxidised material from the
rod into the bulk coolant. The oxidation is initially along the grain boundaries, where it
proceeds relatively rapidly. Slower oxidation of the resulting separated grains then occurs
[43]. Both the fuel pellet microstructure (primarily the grain size) and the fuel matrix
composition therefore have an effect on the rate and extent of oxidation.

Delafoy and Zemek describe out-of-pile experiments performed to determine the oxidation
(thermogravimetry) and washout (autoclave testing) behaviour of Framatome doped fuels
compared to undoped fuels [14]. Pellets with and without gadolinia included as a burnable
absorber were tested. All fuel was unirradiated.

The oxidation experiments determined that chromia doping enhances the oxidation
resistance of the pellets compared to the UO:2 pellets. The results (Figure 25) show that the
oxidation resistance of the chromia doped fuels is mostly due to the larger grain size
providing a smaller surface area for the initial oxidation to occur [14]. The increased density
of the doped pellets (that is, the reduced porosity volume fraction) is also beneficial to the
oxidation resistance, but to a lesser extent.

Figure 25: Comparison of the weight gain (measure of oxidation) vs. time for chromia doped
and undoped UO- fuel pellets with various densities and grain sizes tested at 380°C in an Ar-
0.01% O, atmosphere [14].

The corresponding pellet degradation is significantly different (Figure 26): in the undoped
pellets surface oxidation is followed by significant intergranular oxidation and a resulting
cracking and spallation of oxidised grains, whereas in the doped pellets oxidation is primarily
limited to the surface and there is spallation only of the surface material.
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Figure 26: Pellet degradation associated with the weight gain shown in Figure 25 [14].

The washout experiments, which were performed under both PWR and BWR coolant
conditions, found that the washout behaviour depends on the oxygen concentration of the
medium. In the low-oxygen PWR conditions, the rate of corrosion was low for all pellets and
hence there was no washout of material, despite testing for 30 days in both 360°C water and
400°C steam [14]. In the higher-oxygen BWR conditions, no noticeable washout was seen
after 6 days in 290°C water, but after 6 days in 360°C steam there was a significant
difference in the level of washout seen for the different pellet types [14]: the chromia-free
pellets with and without gadolinia lost ~ 15 wt% and ~ 4.6 wt% of material, respectively,
while the chromia doped pellets with and without gadolinia lost ~ 3 wt% and < 1 wt% of
material, respectively [14]. In addition, it took over 5 days before washout occurred from the
chromia- and gadolinia-doped pellets, but took only 2 days before washout occurred from the
chromia-free gadolinia-doped fuel [14].

Overall, the results from the washout experiments show that the Framatome chromia doped
fuels had an improved washout resistance of a factor of 5 when compared to the chromia-
free pellets; as with the oxidation resistance, this was attributed to the large grain size of the
doped pellets [14].

No (in-pile or out-of-pile) testing of the oxidation and washout behaviour of irradiated
Framatome CDF has been performed; in US licensing of their CDF product [22], Framatome
claim that the “trend observed in unirradiated fuel samples remains valid for irradiated fuel”,
based on Japanese corrosion testing (in water) of unirradiated and irradiated UO2 and
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(U,Gd)0:2 (that is, chromia-free fuel) with different grain sizes [44] [45], which showed that
“irradiation ... had no significant effect on the fuel corrosion” [22].

Both out-of-pile oxidation testing of unirradiated ADOPT pellets and in-pile oxidation and
washout testing of irradiated ADOPT fuel have been performed by Westinghouse [1]. In both
cases the ADOPT fuel was tested alongside undoped fuel. The out-of-pile oxidation testing
involved thermogravimetry of pellets exposed to moist argon at 400°C for 20 hours, while
the in-pile oxidation and washout testing involved the irradiation of test rodlets, with an
engineered open slot in the cladding, in a loop of the Studsvik R2 test reactor under BWR
coolant conditions. The out-of-pile oxidation testing showed that the oxidation rate of the
ADOPT pellets was half that of the standard UO: pellets, while post-irradiation gamma
scanning of the fuel irradiated in the in-pile oxidation and washout test suggested that fuel
loss increases with power and decreases with fuel density, and hence that the higher-density
ADOPT pellets are more resistant to washout; ceramography of the irradiated fuel was
attempted to confirm this, but was inconclusive [1].

In LWRs, around 15% of the generated fission products are xenon and krypton gases. These
noble gases have a very low solubility in UO2, so can diffuse through the fuel matrix to the
grain boundaries, free surfaces, pre-existing pores, intra-granular fission gas bubbles, or
inter-granular fission gas bubbles [34] [46]. Growth of inter-granular bubbles as fission gas
accumulates in them leads to coalescence and interlinkage, whereby gas can be released
from the fuel pellets to the rod free volume. Additional gas is released due to (a) the
diffusion to free surfaces, (b) ‘ballistic’ release of the as-generated (that is, high kinetic
energy) fission gas atoms (so-called recoil release), and (c) intra-granular bubble migration
to grain boundaries (only at high temperatures greater than ~ 1800°C) [34]. Due to the
mechanisms just described, the volume of fission gases released increases with increasing
burnup and increasing fission gas diffusion coefficient (which in turn increases strongly as the
fuel temperature increases), and becomes smaller the larger the as-manufactured grain size.

Fission gas release (FGR) causes pressurisation of the fuel rod. Since the thermal
conductivity of the gas mixture in the rod free volume (including the pellet-clad gap) is also
decreased, the pressurisation can be subject to positive feedback whereby increased fission
gas release leads to increased fuel temperatures which in turn leads to a further increase in
fission gas release [46]. If the pressure becomes high enough, the cladding can fail due to
creep rupture. This failure mechanism is potentially limiting from a fuel performance
perspective. Hence, fission gas release is an important phenomenon to understand.

The fission gas release behaviour of ADOPT fuel has been investigated in commercial reactor
irradiations, in ramp tests performed in the Studsvik R2 test reactor, and in the IFA-677 and
IFA-720.3 Halden Reactor Project experiments. This is described further below.

After irradiation in a commercial reactor, poolside gamma scanning has been used to
measure the FGR of two assemblies containing a mixture of ADOPT and standard UO: fuel
pellets [2]. Measurements were taken at burnups up to 55 MWd/kgU. The results are
illustrated in Figure 27. At low burnups, recoil release is dominant and there is a similar FGR
measured for the two different fuels. At higher burnups, when diffusional release becomes
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dominant, there is an improvement of around a third less FGR for the ADOPT pellets when
compared to the standard fuel due to the larger grain size [2].

Figure 27: FGR vs. burnup for ADOPT and standard UO; pellets after irradiation in a
commercial LWR [2].

The ramp tests of ADOPT fuel performed in the Studsvik R2 test reactor are described in
Section 5.1.2. Post-test fission gas release was measured via rod puncture. The results were
17% and 30% for the ADOPT and standard UO: fuel in the high power ramp test, and 30%
and 21% for the ADOPT and standard UO: fuel in the medium power ramp test [1]. Thus,
FGR was significantly lower in the ADOPT fuel in both cases, with the difference becoming
larger at the higher power. Westinghouse infer that this was due to enhanced trapping of gas
in intra-granular bubbles [2].

The FGR versus burnup behaviour inferred from the rod internal pressure measurements in
IFA-677 is shown in Figure 28; also included in the figure are the peak fuel temperatures
estimated from the fuel thermocouple measurements. The FGR values at the end of
irradiation - which are in good agreement with rod puncture measurements for the two rods
(5 and 6) subjected to rod puncture [47] — are shown in Table 3.
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Figure 28: FGR and peak fuel temperature versus burnup behaviour in IFA-677, as inferred
from pressure transducer and fuel thermocouple measurements [29].

Table 3: Estimated end-of-life FGR for the IFA-677 rods [29].

Rod 1 2 3 4 5 6
Cr203 content 900 - - - 500 -
(ppm)
Grain size 56 16 15 15 45 12
(Hm)
FGR (%) 22.0 19.7 29.6 Unknown* 16.8 19.1

* Pressure transducer failed at assembly average burnup of ~ 18 MWd/kgOxide

End-of-life FGR is highest for the standard grain size fuel in rod 3, as may be expected, but
the large grain size ADOPT fuel in rod 1 also has a relatively high end-of-life FGR, while the
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large grain size ADOPT fuel in rod 5 has the lowest end-of-life FGR. However, the situation is
complicated by the significant differences in peak fuel temperatures, which means that FGR
from the different rods cannot be compared on a like-for-like basis. In fact, Westinghouse
themselves show that, when the differences in peak fuel temperatures are taken into
account, the fission gas release behaviour of the doped fuel is no different to that of the
undoped fuel (based on calculations using the STAV fuel performance code) [2]. This is
difficult to explain when compared with the FGR results from the commercial irradiations and
from the ramp tests, given that the high FGR observed must have occurred via a diffusional
(not recoil) mechanism. Westinghouse attempt to dismiss the importance of this finding by
noting that the IFA-677 operating conditions were unrepresentative of commercial reactor
irradiation [2], but this is not entirely convincing.

The FGR versus burnup behaviour inferred from the rod internal pressure measurements in
IFA-720.3 is shown in Figure 29; also included in the figure are the peak fuel temperatures
estimated from the fuel thermocouple measurements [33]. The FGR - which excludes the
FGR during the base irradiation - is much higher for the ADOPT rod than for the undoped
rod. Notwithstanding the somewhat higher peak fuel temperatures, this is difficult to explain
given the ADOPT fuel commercial reactor irradiation and ramp test experience described
above, and the fact that the base irradiation power histories of the two rods were very
similar, with ratings decreasing from ~ 25 kW/m to ~ 5 kW/m over several cycles, such that
base irradiation FGR should have been low. It may be that the pressure transducer was
faulty in the undoped rod; PIE (including rod puncture) is planned to confirm this, but this
has not yet been carried out as far as is known.
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Figure 29: FGR and peak fuel temperature versus burnup behaviour in IFA-720.3, as inferred
from pressure transducer and fuel thermocouple measurements [33].
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The fission gas release behaviour of Framatome CDF has been investigated in commercial
reactor irradiations, in the TANOX, TANOXQOS and REMORA test reactor irradiations, in the
IFA-716 Halden Reactor Project experiment, in ramp tests, and in post-irradiation annealing
tests. This is described further below. The commercial reactor irradiations include lead rod
irradiations in a commercial PWR which were carried out in the framework of the CONCERTO
programme (see Section 5.2.1 for further details of this programme).

The fission gas release data available for commercial PWR irradiations of Framatome CDF
(presumably via rod puncture) are reproduced in Figure 30; the figure also shows data from
undoped fuel (purple diamonds) for comparison purposes. Data are also available for
commercial BWR irradiations [11]. Like for ADOPT fuel (see Figure 27), the Framatome CDF
FGR up to ~ 50 MWd/kgU is the same as that for undoped fuel, while above this burnup
there is a significant reduction in FGR by a factor of a seventh to a quarter; this is ascribed to
enhanced trapping of gas in intra-granular bubbles [11].
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Figure 30: FGR vs. burnup for doped and undoped Framatome fuel after irradiation in
commercial PWRs [36].

The fission gas release behaviour observed in commercial PWR irradiations of Framatome
CDF is consistent with that observed in the TANOX and TANOXQOS irradiations [48] [49]. The
TANOX irradiation was performed in the Siloé test reactor at low fuel temperatures to a
burnup of ~ 9 MWd/kgU, while the TANOXOS irradiation was performed at higher
temperatures in the Osiris test reactor to a burnup of 65-69 MWd/kgU. Both irradiations
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started with fresh doped and undoped fuel; the doped fuel had either 0.07 or 0.2 wt%
chromia (that is, lower or higher than the 0.16 wt% used for the commercial fuel product).
The fission gas release after the TANOX irradiation was very low at ~ 0.1%, and was
comparable for both doped and undoped fuel; this is consistent with fission gas release
dominated by recoil release. In contrast, the fission gas release after the TANOXQOS
irradiation was considerably lower in the doped fuel than in the undoped fuel in most
instances (~ 2% in the CDF and ~ 3% in the undoped fuel); this is consistent with fission

gas release dominated by diffusional release and the associated enhanced trapping of gas in
intra-granular bubbles in CDF.

Unfortunately, the pressure transducer in rod 2 (the only rod with standard grain size
undoped fuel) of the IFA-716 experiment was faulty. Thus, the results from IFA-716 cannot
be used to compare the FGR of doped fuel and undoped, large grain size fuel with that of
standard UO2. However, as can be seen in Figure 31, the fission gas release behaviour of the
large grain size, undoped fuel is comparable to that of the doped fuel, supporting FGR
behaviour in doped fuel dominated by the effect of the large grain size, and not by the
presence of the chromia itself. Noting the final burnups of ~ 36 MWd/kgU (see Section
4.1.2), the end-of-life FGR values of ~ 6-7% are significantly larger than for commercial PWR
irradiations; this probably reflects the effects of the December 2013 power uprating at

~ 20 MWd/kgU.
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Figure 31: FGR vs. time behaviour in IFA-716 experiment after December 2013 power
uprating, as derived from rod internal pressure measurements (the bars represent estimated
uncertainties) [31].
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The fission gas release data available from puncture of Framatome CDF rods subjected to
ramp tests are shown in Figure 32; also included in the figure is the FGR versus ramp
terminal power trend for undoped UO:2 fuel (dashed violet line). Similar results were obtained
for both BWR and PWR rods: the FGR has a linear correlation with ramp terminal power. In
contrast, FGR in standard UOz has an exponential dependence on ramp terminal power. The
improved behaviour of the CDF is ascribed to both enhanced trapping of gas in intra-granular
bubbles and pinning of these intra-granular bubbles (that is, retardation of bubble
migration).
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Figure 32: Fission gas release vs. ramp terminal level for Framatome CDF [12].

The fission gas release behaviour observed in ramp testing of Framatome CDF is broadly
consistent with that observed in the REMORA irradiation described in Section 3.2.4.4. This
irradiation, which included two power ramps, resulted in a FGR of 6.5% for a maximum ramp
power of 36 kW/m.

The fission gas release data available from post-irradiation annealing of Framatome CDF are
discussed by Valin et al. [48] and Caillot et al. [49]. Both low and high burnup fuel was
investigated, all of which was doped with either 0.07 or 0.2 wt% chromia (that is, lower or
higher than the 0.16 wt% used for the commercial fuel product). The low burnup fuel was
irradiated at low temperature in the TANOX device in the Siloé test reactor to a burnup of

~ 9 MWd/kgU; it was then annealed at 1700°C for either 30 minutes or 5 hours. The high
burnup fuel was irradiated at higher temperatures in the TANOXOS device in the Osiris test
reactor to a burnup of 65-69 MWd/kgU; it was then annealed, with temperatures ramped up
to either 1200 or 1300°C according to two different annealing sequences (A and B). The 8°Kr
release results from the annealing tests performed for 5 hours on the low burnup fuel are
shown in Figure 33. The 8°Kr release in the annealing tests performed on the high burnup
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CDF ranged from 8-14% for sequence A and 13% for sequence B2, compared to 18% for
sequence A and 19% for sequence B for undoped fuel. Results are broadly comparable with
those from the ramp tests: fission gas release is significantly reduced in the large grain size
chromia doped fuel relative to the standard grain size undoped fuel. The behaviour of the low
burnup fuel was ascribed to enhanced trapping of gas in intra-granular bubbles and pinning
of these bubbles (since the large grain size undoped fuel had relatively high fission gas
release of ~ 30%), while the behaviour of the high burnup fuel was ascribed to both these
two phenomena and the increased diffusion path associated with the larger grain size.
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Figure 33: 85Kr release vs. grain size for post-irradiation annealing of Framatome low burnup
fuel with various dopants at 1700°C for 5 hours [48].

4.2.7. Behaviour during accidents

One of the main drivers to developing doped fuels is to enhance their accident tolerance.
During a loss of coolant accident (LOCA), there is a sharp increase in the cladding
temperature and accelerated cladding oxidation. The former results in creepout of the
cladding, which causes clad ballooning and can result in fuel rod burst (via creep rupture)
and the dispersal of fuel and volatile fission products into the primary circuit, while the latter
results in embrittlement of the cladding, which can cause cladding failure during post-LOCA
quenching or fuel handling, and hydrogen generation [50]. The extent of the fuel dispersal

2 ignoring results for CDF with hyperstoichiometric UOz, which are not relevant to Framatome’s commercial fuel
product
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depends on the extent of fragmentation of the fuel pellets and of the relocation of the
resulting fuel fragments.

The consequences of a LOCA can be lessened by reducing the extent of clad ballooning,
reducing the cladding oxidation, reducing the volatile fission product release, and/or reducing
the extent of fuel fragmentation. Hence, the lower normal operation FGR (at higher burnup),
lower transient FGR and increased intra-granular fission gas inventory (see Section 4.2.6) of
CDF can potentially reduce the consequences of a LOCA by reducing the rod internal pressure
driving force for clad creepout, reducing volatile fission product release (which is correlated
to fission gas release), and reducing the extent of inter-granular fragmentation due to
overpressurisation of inter-granular fission gas bubbles [51]. However, other than the post-
irradiation annealing tests on Framatome CDF described in Section 4.2.6, which support
reduced transient fission gas release in a LOCA temperature transient, and a heating test on
Framatome CDF performed in CEA’s MEXIICO facility [16], there are no known experiments
that have been performed to support this (although such tests are expected in the US and/or
European accident tolerant fuel (ATF) programmes [51] [16], and as part of the Studsvik
Cladding Integrity Project (SCIP) and the Halden Reactor Project). The MEXIICO heating test
involved an integrated fuel and cladding sample cut from a parent rod irradiated to ~ 64
MWd/kgU in a commercial PWR. Only large pellet fragments were observed after the test,
indicating a lack of fine fragmentation [16].

Reactivity-initiated accidents (RIA) can generate a rapid power excursion to very high power
for a short duration (that is, a power pulse that occurs over less than one second). This rapid
increase in power — which results in high fuel and cladding temperatures, and can lead to fuel
fragmentation — can cause cladding failure via four failure modes: (1) brittle failure induced
by hard pellet-clad mechanical interaction, which is in turn caused by thermal expansion and
gaseous swelling of the fuel pellets; (2) creep rupture due to high-temperature clad
ballooning; (3) brittle failure due to post-departure-from-nucleate-boiling re-wetting after
embrittlement of the cladding by high-temperature oxidation; and (4) melting of the
cladding, or melting of the fuel pellets and interaction of the molten fuel material with the
cladding [52].

Hence, the potential benefits of CDF during LOCAs described in Section 4.2.7.1 will also apply
to RIAs. On the other hand, the increased intra-granular fission gas bubble swelling of CDF
(see Section 4.2.2) may be a detriment to performance during a RIA, although the reduced
inter-granular fission gas bubble swelling (again, see Section 4.2.2) should help to
counteract this. Once again, however, other than the post-irradiation annealing tests on
Framatome CDF described in Section 4.2.6, which support reduced transient fission gas
release in a temperature transient, there are no known experiments that have been
performed to support this (although such tests are expected in the US and/or European ATF
programmes).
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5. Operating Experience and Qualification Data

The test reactor experiments used to investigate the behaviour of CDF were described in
Sections 3 and 4. Framatome CDF is also under irradiation in the Advanced Test Reactor
(ATR) as part of the US EATF programme [16], but this is an un-instrumented, sealed
capsule irradiation primarily intended to demonstrate the compatibility of Framatome CDF
and Cr-coated M5 cladding, and so is not described further in this report. The operating
experience in commercial reactors - via lead rod, lead assembly and reload irradiations - and
the resulting fuel qualification data are described in this section. Also covered here is the
associated ramp testing and resulting qualification data for PCI performance. Operating
experience and qualification data for Westinghouse CDF (ADOPT fuel) are described in
Section 5.1, while operating experience and qualification data for Framatome CDF are
described in Section 5.2.

5.1. Westinghouse

Westinghouse ADOPT lead fuel rods were first loaded into a commercial LWR in 1999 [2].
Since then there has been at least two full reloads of ADOPT fuel and several lead test rods
loaded into different LWRs [2]. Overall, over 2600 assemblies containing ADOPT have been
loaded, with irradiation up to a maximum rod average burnup of around 72 MWd/kgU [10].
Irradiation to higher burnups in a European BWR is ongoing as part of a “two-life”
(presumably where irradiated rods are moved to a new carrier assembly) high burnup
verification programme [10].

For BWRs, the relevant fuel assembly designs utilised by Westinghouse are SVEA-96 Optima2
and SVEA-96 Optima3; use of TRITON11 assemblies is also planned. Both SVEA designs
consist of a cruciform water channel separating four sub-bundles of 5x5-1 fuel rods, and
have the same arrangement of part-length rods; the only difference is the new spacer grid
used in the SVEA-96 Optima3 design [53]. SVEA-96 Optima3 is currently the standard
Westinghouse BWR assembly design. TRITON11 is the Westinghouse new advanced fuel
product design. Designed to reduce fuel cycle cost and give improved reliability, the 11x11
assembly has 109 fuel rods and three central water rods for improved moderation [53]. The
evolution of the Westinghouse BWR fuel assembly designs can be seen in Figure 34.
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Figure 34: The evolution of Westinghouse BWR assembly designs [53].

For PWRs, the assembly designs used are unclear, but they are likely to include the following
17x17 designs: 2" generation Robust Fuel Assembly (RFA-2), Next Generation Fuel (NGF)
and Optimised Fuel Assembly (OFA) [54] [55]. These assemblies all have a similar design
consisting of 264 fuel rods, 24 guide thimbles and a central instrumentation tube held
together by top and bottom nozzles and spacer grids [56]. OFA assemblies containing four
lead rods with ADOPT fuel and Cr-coated cladding were loaded into the Byron-2 PWR in USA
in 2019 as part of the US EATF programme [10].

Qualification data from commercial irradiations include the fission gas release data discussed
in Section 4.2.6 and poolside measurements of rod length and diameter [1]. Further
qualification data should be obtained from the high burnup verification programme, which
includes poolside fission gas release measurements and hot cell PIE. The poolside
measurements of rod length and diameter — which include also measurements on rods
containing undoped UO:2 - show an increased rod length for the ADOPT fuel and no significant
difference in the rod diameters (Figure 35). Westinghouse conclude that this is consistent
with reduced densification and unchanged swelling in the ADOPT fuel.
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Figure 35: Rod length and diameter vs. rod average burnup for commercially irradiated rods
containing ADOPT and undoped UO; fuel pellets [1].

5.1.2. Ramp tests

The totality of ramp tests on Westinghouse ADOPT fuel is unclear. What is known is that
ramp tests of two ADOPT rods have been performed in the Studsvik R2 test reactor. These
tests involved segmented lined fuel rods which were base irradiated in the Barseback-2
commercial BWR to a burnup of ~ 30 MWd/kgU [1] [2]. Tests involving both high and
medium final powers — both of which employed an undoped fuel rod in addition to the doped
fuel rod - were carried out (the latter is referred to as a "bump test” in the cited references).
The high power test involved a stepped power ramp to 57 kW/m and a hold time of 8 or 12
hours (doped fuel and undoped fuel, respectively), while the medium power test involved an
unstepped power ramp to 45-46 kW/m and a hold time of 18 days. None of the rods tested
failed.

Qualification data from the R2 ramp tests include fuel swelling data, pellet cracking data, and
fission gas release measurements, as discussed in Sections 4.2.2, 4.2.4.2 and 4.2.6,
respectively. There was no real qualification of PCI performance, given only two ADOPT rods
were tested, and given there were no rod failures.
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5.2. Framatome

Commercial irradiation of Framatome CDF began in 1997 as part of the CONCERTO
programme: four assemblies containing lead rods with chromia doped fuel and low-tin
Zircaloy-4 cladding were irradiated in an EDF PWR for five annual cycles to a burnup of ~ 57
MWd/kgU [57] [58] [15]. Since then, lead fuel assemblies (LFAs) of different Framatome
designs have been irradiated in commercial BWRs and PWRs [11]; as far as is known, no
reloads of CDF have yet been irradiated. The current maximum burnup achieved with the
Framatome doped fuel is around 75 MWd/kgU [11].

Qualification of CDF in M5 cladding for PWR applications began in 2001 with the irradiation of
lead rods in a 1300 MWe reactor [57]. In 2005, four LFAs of this fuel began irradiation, again
ina 1300 MWe PWR [57].

The Framatome CDF qualification programme was widened in 2005 to include BWRs as part
of the ATRIUM 10XM lead assembly programme. Two out of four of the lead assemblies used
in the programme contained 30 rods with chromia doped pellets which were manufactured
with both liner and non-liner cladding [13] [57]. In 2007 a similar BWR LTA programme
began which was designed to investigate the effects of power history on FGR [13].

In 2009, the Ringhals-4 PWR lead fuel rod irradiation programme started. This involved
irradiating 6 different lead test rod designs in two High Thermal Performance (HTP)
assemblies over five cycles [36]. One of these test rods was of a GAIA design with chromia
doped pellets; rods of this design are now used in the GAIA fuel assembly design (Figure 36),
which combines and improves on the best features from the Framatome HTP and AFA 3G
designs. In 2012, the first four GAIA lead fuel assemblies began irradiation in the Ringhals-3
PWR [36]. A similar LFA irradiation programme has been completed in the USA. This involved
eight GAIA fuel assemblies being irradiated from 2015 to 2019 [36].

It is expected that full reloads of GAIA fuel assemblies will start irradiation in 2020 in Europe
and 2021 in the USA [36].
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Figure 36: Framatome GAIA fuel assembly design [59].

Qualification data from the commercial reactor irradiations include the fuel density, rod
diameter and fission gas release data discussed in Sections 4.2.2 and 4.2.6, rod length data,
and clad oxide thickness data (unconnected to the use of CDF). The rod length data are
illustrated in Figure 37. Unlike for ADOPT fuel (see Section 5.1.1), there appears to be no
difference in rod length between fuel with and without doped pellets; this may be due to
differences in as-manufactured pellet diameters, at least for the GAIA rods [9]. The rod
diameter data for GAIA fuel (not shown in Section 4.2.2) are illustrated in Figure 38, and
demonstrate clad permanent hoop strains within acceptable limits up to 60 MWd/kgU.
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Figure 38: Rod diameter data from commercial irradiations of Framatome GAIA fuel [36].

5.2.2. Ramp tests

As of 2015, 26 ramp tests had been performed for PWR and BWR applications [11]:

e 12 PWR power ramps were performed on Framatome chromia doped fuel pellets in
17x17 fuel design rods (with low-tin Zircaloy-4 and M5 cladding) pre-irradiated in
various European commercial reactors to 18-62 MWd/kgU. The tests were performed
under typical PWR conditions in the Osiris and Halden test reactors.

e 14 BWR power ramps were performed on Framatome chromia doped fuel pellets in
ATRIUM 10XM fuel rods (with LTP2 non-liner cladding) pre-irradiated in various
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European commercial reactors to 20-45 MWd/kgU. The tests were performed under
typical BWR conditions in three successive ramp tests in the Halden test reactor.

The ramp tests in both the PWR and BWR conditions showed a notable improvement in the
PCI failure threshold when compared to the standard UO2 rods. The power increment to
failure is higher by ~ 4 kW/m for the PWR rods, and by ~ 7-10 kW/m for the BWR rods [11],
as illustrated in Figure 39 and Figure 40.

The qualification data from the PCI ramp tests primarily consist of the fail/no fail data
illustrated in Figure 39 and Figure 40. Other qualification data obtained were discussed in
Section 4.2.3.

Power increment = = Cr,0;-doped, new fuel rod failure threshold
50 (kW /m) = Historical, old fuel rlod failure threshold
Empty symbols: Non-Failed results
® Filled symbols: Failed results
a0 ~_ 00 Cr;0;-doped UO, - BWR conditions
i " .8 A o AAA  UO;-BWR conditions

00  Cr,0,-doped UO, - PWR conditions
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Initial power
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Figure 39: Ramp test results for Framatome chromia doped fuel and standard UO; fuel: BWR
data (the lines represent BWR failure thresholds, and PWR data are included for comparison
purposes) [12].
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Figure 40: Ramp test results for Framatome chromia doped fuel and standard UO; fuel: PWR

data [9].
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6. Prediction of Behaviour and Validation

Accurate and validated fuel performance codes are essential for the concept development
and licensing stages of any fuel type. There are already several fuel performance codes
which are able to predict the behaviour of standard UO: fuels in both normal operating
conditions and accident scenarios. The thermal properties of doped and standard UO: fuels
are very similar (see Section 3.2.4), so the same model correlations can generally be used
for both types [21]. However, due to the differences in their mechanical properties and
phenomenology, existing codes generally need to be modified to model chromia doped fuels.

Information on the modelling of chromia doped fuel is only available for the BISON [60] [61],
COPERNIC [11] [62], RODEX [22] [63], STAV [2] and ALCYONE [42] [64] fuel performance
codes. Based on this information, only RODEX has been validated for modelling of chromia
doped fuel or used for licensing of such fuel (for BWR applications) [22]. However, in reality,
it is likely that COPERNIC (the main code used by the French division of Framatome) and
STAV (the main code used by Westinghouse Sweden) have also been validated and used for
licensing, given the irradiation of lead rods and lead assemblies of Framatome CDF in French
PWRs, and the irradiation of reloads of ADOPT fuel in commercial BWRs. Details of the
modelling are provided below.

BISON used material properties and models as for undoped UO: fuel with the exception of an
increased fission gas diffusion coefficient, and a modification to the fuel densification model
to ensure 0.1-0.2 vol% densification as per experiments. The modelling was applied to the
IFA-677 and IFA-716 Halden Reactor Project experiments, Framatome ramp tests (with some
details estimated), and a LOCA simulation.

COPERNIC used material properties and models as for undoped UO: fuel with the exception
of a modified fuel creep model and “slight adjustments ... to correctly predict strains and FGR
in transient conditions”. The modelling was applied to the simulation of an AGORA fuel rod
irradiation in a commercial PWR.

RODEX used material properties and models as for undoped UO:2 fuel with the exception of an
adjusted fuel thermal conductivity model and a modified intra-granular fission gas bubble
swelling model. The modelling was validated against Framatome’s commercial reactor
irradiation and ramp test databases and was applied to analysis of the IFA-677 and IFA-716
experiments.

STAV used material properties and models as for undoped UO: fuel and was applied to
analysis of the IFA-677 experiment.

ALCYONE used material properties and models as for undoped UO: fuel with the exception of
an adjusted gaseous swelling model (“slight” increase of the irradiation-induced re-solution
and “slight” increase of the intra-granular fission gas bubble diffusion coefficient) and an
adjusted fuel thermal creep model and was applied to analysis of the IFA-716 experiment.
More recently, a fuel thermochemistry assessment of two of the Framatome CDF ramp tests
was performed in which some enhancements were made to the fuel thermochemistry
modelling.
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Other than for the COPERNIC fuel creep model and the ALCYONE fuel thermochemistry
model, further details of the modelling changes are unavailable for all five codes. Details of
the validation of RODEX are similarly unavailable. In terms of the application of the codes,
the focus was on FGR behaviour. This explains why only COPERNIC has had the fuel creep
model updated for CDF (the AGORA fuel rod irradiation simulation included a calculation of
clad strain energy density in PCI-limiting Class 2 transients). Sample FGR results are
illustrated in Figure 41 to Figure 47.
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Figure 41: BISON prediction and measurement of FGR in IFA-677 rod 1 (ADOPT with 900
ppm chromia) [61].
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Figure 42: BISON prediction and measurement of FGR in IFA-716 rod 1 (Framatome CDF
with 1600 ppm chromia) [61].
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Figure 43: BISON prediction and measurement of FGR vs ramp terminal level for Framatome
ramp tests [60].
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Figure 44: BISON predictions of the FGR and plenum pressure for chromia doped and
standard UO; rods during a LOCA simulation (pre-fault predictions are on the left, and LOCA
predictions are on the right) [60].
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Figure 45: RODEX prediction and measurement of FGR in IFA-677 rod 1 (ADOPT with 900

ppm chromia) [63].
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Figure 46: RODEX prediction and measurement of FGR in IFA-716 rod 1 (Framatome CDF
with 1600 ppm chromia) [63].

Figure 47: STAV prediction and measurement of FGR in IFA-677 rod 1 (ADOPT with 900 ppm
chromia) [2].

It can be seen that FGR can be predicted reasonably accurately with no changes, or only
minor changes, to the material property or phenomenological models; only the large grain
size (a user input) needs to be modelled to capture the fission gas release behaviour.

With respect to LOCA simulation results in Figure 44, BISON predicts significantly reduced
FGR compared to the standard UO: fuel, both before and during the fault. However, both
doped and undoped fuel rods are still predicted to fail, and the impact on the predicted time
to failure is only a modest improvement of an ~ 10 s increase for the doped fuel [60].
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ALCYONE's predictions of the pellet Cr concentration radial distribution at both the start and
end of the PR1 ramp test hold period (HP) are compared to measurements in Figure 48 (thick
lines are predictions and thin lines are measurements; start of hold period predictions and
measurements are in orange, and end of hold period predictions and measurements are in
blue3). The PR1 test was described in Section 4.2.3.
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Figure 48: ALCYONE prediction and measurement of Cr concentration radial distribution
before and after the hold period of the Framatome PR1 ramp test [42].

Figure 48 demonstrates that chromia dissociation (as described in Section 4.2.3) can be
accurately predicted using equilibrium thermodynamics. However, the oxygen transport
modelling was calibrated using the oxygen potentials inferred from (a) the measured Cr
concentration radial distributions after the PR1 test and other ramp tests, (b) the known
solubility of Cr as a function of temperature and oxygen potential, and (c) the fuel
temperatures predicted by ALCYONE. Thus, the good agreement between measured and
predicted Cr concentration radial distributions is, to some extent, engineered.

3 the start of hold period measurement is actually the post-ramp measurement from a second ramp test, PR2,
where there was a zero hold period and so no chromia dissociation
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7. Spent Fuel Storage and Disposal

The storage of spent CDF is discussed in Section 7.1, while the disposal of spent CDF (in a
geological repository) is discussed in Section 7.2.

7.1. Spent fuel storage

No information was available on the storage of spent CDF. This is probably because storage
is/will be as per existing storage routes (wet storage in ponds, potentially followed by dry
storage in casks, vaults or silos) with no impact foreseen for CDF. It is also consistent with
the main mechanisms for fuel degradation in wet storage - cladding corrosion and hydriding
[65] - being independent of the fuel pellet type. Corrosion of the fuel pellets in failed fuel can
also be a problem during wet storage [65], but the better oxidation resistance of CDF (see
Section 4.2.5) should make this less of an issue than for undoped fuel (although there are no
known corrosion experiments in pondwater conditions to support or refute this).

The main mechanisms for degradation in dry storage are oxidation in air of failed fuel (in the
event of a containment breach, or high levels of residual air or moisture after pre-storage
drying), thermal creep of the cladding, stress-corrosion cracking (SCC) of the cladding,
delayed hydride cracking (DHC) of the cladding, and cladding hydride re-orientation or re-
distribution (via hydrogen migration) [65]. The better oxidation resistance of CDF (see
Section 4.2.5) should make oxidation in air of failed fuel less of an issue than for undoped
fuel (although there are no known corrosion experiments in dry storage conditions to support
or refute this). With respect to SCC, DHC and hydride re-orientation or re-distribution in the
cladding, the presence of CDF should not directly affect these degradation mechanisms.
However, the reduced fission gas release (see Section 4.2.6) should give lower rod internal
pressures during dry storage, thereby reducing clad hoop stresses and reducing the risk of
these degradation mechanisms occurring. The corresponding reduced volatile fission product
release should also further reduce the (already arguably negligible) risk of SCC at the clad
inner surface.

7.2. Spent fuel disposal

The important mechanisms for fuel degradation after spent fuel disposal are: (a) leaching
and matrix dissolution after disposal canister penetration by groundwater; (b) fuel matrix
damage due to alpha decay; and (c) fuel swelling or fragmentation due to the accumulation
of helium [65] (since, post-penetration, the cladding is not taken credit for in the geological
repository safety case). No information is available on (b) or (c) for CDF. With respect to (a),
the only information available is the reporting from two Euratom projects: the 7 Framework
Programme Fast / Instant Release of Safety Relevant Radionuclides from Spent Nuclear Fuel
(FIRST-Nuclides) project (2012-2014) and the Horizon 2020 Modern Spent Fuel Dissolution
and Chemistry in Failed Container Conditions (DisCo) project (2017-2021). See
http://firsthuclides.eu and https://www.disco-h2020.eu for more information.
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The FIRST-Nuclides project researched the release of fission products from fuel after disposal
canister penetration by groundwater, with the focus on the leaching (short-term) release
mechanism. The DisCo project is continuing this research theme, with the focus on the
matrix dissolution (long-term) release mechanism. Since the results from the FIRST-Nuclides
project [66] [67] (which include leach testing results for BWR ADOPT fuel irradiated to 59
MWd/kgU) have to some extent been superseded by those of the DisCo project, only the
latter are described further here.

The DisCo project involves work packages covering experiments on spent fuel simulants,
experiments on spent fuel samples, and modelling. CDF is being considered in all three of
these work packages. The spent fuel simulants include UO2 doped with Cr and Cr/Al, while
the spent fuel samples include BWR ADOPT fuel irradiated to 59 MWd/kgU and PWR CDF
(presumably Framatome fuel) irradiated to 58 MWd/kgU [68] [69]. Of primary interest are
the results from the leaching/dissolution experiments on spent CDF samples, where each
sample is immersed in simulated groundwater in an autoclave and the concentrations of
fission product, dopant and actinide isotopes in the groundwater and the composition of the
gas phase are routinely measured. Results from the experiment on spent PWR CDF are not
yet available [69]. Preliminary groundwater concentration results from the first six months of
the experiment on spent BWR ADOPT fuel are reproduced in Figure 49; the corresponding
gas phase composition results show a Xe release fraction of 5.0% for the undoped fuel and
3.8% for the ADOPT fuel after six months.
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Figure 49: Measured concentrations of fission product and actinide isotopes in simulated
groundwater obtained as part of DisCo leaching/dissolution experiments on 59 MWd/kgU
BWR ADOPT fuel and 57 MWd/kgU BWR undoped fuel [69].

The groundwater concentration results shown in Figure 49 suggest comparable leaching
behaviour of all isotopes from both the doped and undoped UO2. However, a more nuanced
picture emerges when the concentrations are converted to release fractions: the release
fractions for the volatile 1?°I isotope after six months are 6.7% for the undoped fuel and
3.2% for the ADOPT fuel. The combined Xe and '?°I release fraction results are consistent
with reduced grain boundary concentrations of Xe and '?°I in the ADOPT fuel at the start of
the experiment, which is in turn consistent with the larger grain size and reduced in-pile
fission gas and volatile fission product release of this fuel. Thus, as per expectations, there is
preliminary evidence (albeit only for ADOPT fuel) that the larger grain size of CDF reduces
the instant release fractions (IRFs) of volatile fission products after disposal canister
penetration by groundwater. Further evidence, together with data on fuel matrix dissolution
rates, should be acquired in the remainder of the DisCo project. It should be noted that the
working hypothesis in the project is that the dissolution rate of the spent doped fuel will be
no different to that of the spent undoped fuel.

In addition to the sparsity of information on CDF degradation in post-disposal conditions, no
information was found on current or planned disposal routes for CDF; this is consistent with
such routes being as per existing routes for undoped UO: fuel.
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8. Future Qualification, Research, Development

and Testing Needed

The principal claims for CDF performance benefits made by Framatome and Westinghouse
(relative to undoped UO3) are summarised in Table 4. Also included in this table are suitable
metrics (or measures) for determining whether or not the claimed fuel performance benefits
are achieved.

Table 4: Claims for CDF performance benefits made by Framatome and Westinghouse,
together with suitable metrics for determining whether or not claimed benefits are achieved.

Benefit Description Suitable metric
1 Improved fission gas retention [2] [9] ** Reduced fission gas release
2 Increased deformation rate during

3
Increased thermal creep [2] [9] out-of-pile compressive creep tests

Increased cracking at periphery during
power ramp [2] [11] *

Increased oxidation resistance [2] [9] ***

Increased chipping resistance (Framatome
only) [9] *

Reduced porosity (increased fissile
density) and associated thermal stability

Increased cracking in ceramographs
of ramped fuel rod cross-sections

Reduced oxidation rate in dissolution
tests

Reduced chipping during pellet
impact tests

Increased density of as-
manufactured pellets

(reduced densification) [2] [9]

7 Improved PCI failure resistance (combined
effects of benefits 2, 3 and 5 and any
unclaimed chemical benefits)

Increased local rating and/or local
rating increase thresholds for PCI-
induced failures in ramp tests

* Contributors to increased PCI failure resistance
**  Helps reduce rod internal pressure

*** Helps reduce fuel washout after a cladding failure

The measured data needed to assess performance against these metrics are generally
proprietary, with only a subset of data published. In addition, there is generally no fuel-
vendor-independent source of such measured data. Thus, determining whether or not the
claimed fuel performance benefits are achieved basically comes down to evaluating the
measured data published by the fuel vendors, together with that available from the OECD
Halden Reactor Project experiments described in Section 4.1. This is done in Table 5 and
Table 6, where data which demonstrate that suitable metrics have been met are identified.
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Table 5: Available data for Framatome CDF demonstrating that suitable metrics from Table 4
have been met.

Suitable metric

Reduced fission gas release

Increased deformation rate during out-of-pile
compressive creep tests

Increased cracking in ceramographs of ramped fuel
rod cross-sections

Reduced oxidation rate in dissolution tests
Reduced chipping during pellet impact tests
Increased density of as-manufactured pellets

Increased local rating and/or local rating increase
thresholds for PCI-induced failures in ramp tests

Available data?

Yes (but only (1) at high burnup
during normal operation and (2)
during power ramps) [9] [36]

Yes [15]

Yes [11]

Yes [14]
Yes [9]
Yes [9]
Yes [9]

Table 6: Available data for Westinghouse CDF demonstrating that suitable metrics from
Table 4 have been met.

Suitable metric Available data?

Reduced fission gas release Yes (but only for commercial irradiations,
and only (1) at high burnup during normal
operation and (2) during power ramps; data
from IFA-677 and IFA-720.3 experimental
irradiations do not support reduced fission
gas release) [2]

Increased deformation rate during out-of- Yes [2]

pile compressive creep tests

Increased cracking in ceramographs of Yes [2]

ramped fuel rod cross-sections

Reduced oxidation rate in dissolution tests Yes [2]

Increased density of as-manufactured pellets Yes [1]
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Increased local rating and/or local rating No (ramp test data for rodlets with ADOPT
increase thresholds for PCI-induced failures  pellets available only for one BWR rodlet
in ramp tests which did not fail [2], so failure threshold

cannot be evaluated)

Table 5 shows that all seven claimed performance benefits for Framatome CDF are supported
by available data. In contrast, Table 6 shows that one of six claimed performance benefits for
Westinghouse CDF is unsupported by available data: the claim for improved PCI resistance of
Westinghouse ADOPT fuel - in particular in a PWR context - requires more evidence. Thus,
further qualification and testing in the form of in-pile ramp tests on Westinghouse CDF may
be required.

In addition, further PIE on ramp-tested fuel may be required if the potential chemical
benefits of CDF with respect to PCI resistance — that is, improved corrosive fission product
retention, and chromia dissociation and associated generation of free oxygen [12] [38] [39]
[40] [41] [42] - are to be properly understood and/or taken credit for (over and above what
is already implicitly taken credit for on the basis of ramp test results).

Future plans for testing of Framatome CDF include surveillance programmes associated with
irradiation of lead fuel rods and lead fuel assemblies in the USDOE EATF programme [70]
and more generally. GAIA lead fuel assembly and reload programmes will be the main focus
for PWR applications [36].

Future testing of Westinghouse ADOPT fuel will take place as part of the Westinghouse-
Exelon EnCore® lead fuel rod programme and the ADOPT high burnup verification
programme [10] (see Section 5.1.1 for more details).
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9. Impact on Limits and Conditions of Operation

The main impact of CDF on Limits and Conditions of Operation (LCO) is likely to be on PCI
thresholds (limits on final power and/or power increase during an operational transient or
frequent fault) built into reactors’ primary protection systems (see Section 5.2.2 for details of
potential changes in PCI thresholds for Framatome fuel). There is also the possibility that
reactor power ramp-up rate limits could be relaxed to take credit for the increased PCI
resistance and/or increased chipping resistance of CDF, although there is no evidence that
fuel vendors or utilities are pursuing this; indeed, the essentially empirical nature of ramp-up
rate limits means that it is unlikely that these would be changed.

Reduced fission gas release at high burnup during normal operation (see Section 4.2.6) may
also allow increased burnup limits (assuming it can be demonstrated that rod internal
pressure and clad hoop strain during normal operation remain below existing limits).
However, there is no evidence that fuel vendors are currently pursuing such increased
burnup limits (Framatome note that the GAIA lead fuel rod and lead fuel assembly
programmes “validate the GAIA high performance fuel rod design until burnup of 62
GWd/tHM [the current standard rod average burnup limit applied in the USA and elsewhere]”
[36]).
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10. Licensing and Regulatory Issues

The likely impact of chromium doped fuels on Limits and Conditions of Operation (LCO) is
covered in Section 9. The main remaining in-reactor fuel licensing issues are likely to be as
follows:

e The reduced densification and increased intra-granular gas bubble swelling of CDF
may (notwithstanding the increased fuel creep)

o reduce margin to clad hoop strain and rod growth limits during normal
operation

o reduce margin to clad hoop strain increment limits during frequent faults

o increase the number of rod failures during a RIA

e A lack of sufficient data (in particular for Westinghouse CDF) on ramp test behaviour
to justify proposed PCI thresholds in a statistically meaningful manner.

e The lack of data on performance of the fuel during a RIA, and the limited data on
performance of the fuel during a LOCA.

e The use of data on fuel from the early phases of product development which is not
prototypic of the commercial fuel product (for example, fuel with dopant
concentrations, grain sizes, porosity volume fractions, or porosity size distributions
outside the ranges of the commercial fuel product, or with alternative or additional
secondary dopants included); in particular, this would apply to the use of material
property data and irradiation data for calibration and/or validation of the fuel
performance code used in the licensing.

e Where applicable, the lack of data on the material properties and/or performance of
CDF including the chosen burnable absorber material (which may mean that it is
difficult to prove that the fuel incorporating the burnable absorber is non-limiting from
a fuel performance perspective).

Further impacts on in-reactor fuel licensing and on reactor licensing are likely to be positive
rather than negative. For example, the following benefits are anticipated for reactor licensing
(assuming sufficient data are available to support them):

e Due to the reduced FGR in CDF (during both normal operation and transient
conditions), there will be reduced clad ballooning, and hence a reduced number of rod
failures, in a LOCA.

¢ Due to the reduced inter-granular fission gas bubble porosity, there will be reduced
fuel fragmentation, relocation and dispersal during events with high fuel temperatures
(principally LOCAs and RIAs).

e There will be a reduction in the source term associated with each failed rod in an
infrequent fault due to the reduced fuel fragmentation, the reduced inter-granular
volatile fission product inventories, and the reduced fuel oxidation and washout.
(Whether there would be a reduction in the overall source term would depend upon
whether there is an increase or decrease in the number of failed rods.)

The licensing and regulatory issues associated with storage of spent fuel will depend on the
storage method. There is likely to be no impact on wet storage of irradiated fuel, since the
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primary concern here is corrosion of the cladding outer surface, which is unaffected by CDF;
there may even be a benefit in the sense that reduced corrosion of fuel pellets in any failed
fuel rods is expected due to the large grain size. The impact on dry storage of irradiated fuel
is likely to be beneficial: other than hydride re-orientation, which is dependent only on the
cladding behaviour (and will therefore be unaffected by the presence of CDF), the limiting
phenomenon is thermal creep of the cladding, which should be reduced in CDF due to the
reduced in-reactor fission gas release and hence reduced rod internal pressures. As a result,
there may be increased margin to clad creep strain limits; this in turn could potentially be
used to reduce minimum cooling time limits for assemblies to be dry stored.

With respect to geological disposal, the larger grain size and reduced fission gas release
behaviour of CDF suggests reduced instant release fractions (IRFs) of volatile fission products
after disposal canister penetration by groundwater. This is supported by preliminary results
from the DisCo project (see Section 7.2). There may also be an impact on (a) long-term
source terms due to differences in groundwater dissolution of the spent fuel matrix relative
to undoped material, and (b) contamination of groundwater due to release of chromium from
leached/dissolved pellets. However, there are currently no known experimental data to
support or refute these hypotheses; such data are being generated as part of the DisCo
project.

Successful irradiation in commercial reactors of reload quantities of Westinghouse ADOPT
fuel, and lead fuel rods and lead fuel assemblies of Framatome CDF demonstrates that fuel
licensing for irradiation of CDF has been successfully carried out in France, USA, Sweden and
elsewhere. Based on the information in Sections 5.1.1 and 5.2.1, this licensing pedigree
should be bolstered in the coming years with further penetration of CDF into the international
fuel market, primarily via Framatome’s GAIA assemblies and Westinghouse’s RFA-2, 17x17
NGF and OFA assemblies for PWRs, and via Framatome’s ATRIUM assemblies and
Westinghouse’s SVEA and TRITON11 assemblies for BWRs. In particular, irradiations of
reload quantities of GAIA assemblies are planned to start in 2020 in Europe and 2021 in the
USA [36].
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11. Conclusions

Chromium doped fuels (CDF) - that is, fuel doped with chromium and any other
complementary additives — has been developed to make the fuel cycle more economical, to
increase fuel reliability and to increase flexibility to meet energy demand. With a current
focus on reducing the consequences of severe accidents in LWRs, a further demand has been
placed on the development of accident tolerant (or advanced technology) fuel (ATF), a
classification in which CDF is one option.

The addition of a small amount of chromia has been proven to significantly enhance grain
growth during the sintering process employed in fuel manufacture. This leads to larger grain
sizes than standard UO: fuel pellets for shorter sintering times. There is also greater
densification of the pellets during sintering than for standard UO2, leading to a greater mass
of uranium in the pellets and a reduced porosity volume fraction. These factors make the
manufacturing process more economical, although careful control of the dopant
concentrations and sintering conditions is needed to avoid volatilisation of the chromium and
to ensure solubility of the chromia in the fuel matrix.

In reactor, the reduced porosity volume fraction leads to reduced in-pile densification, and
hence greater dimensional stability of the fuel pellets. The larger grain size increases the
fission product diffusion path to grain boundaries and so reduces the fission gas release from
the pellets; this in turn reduces the rod internal pressures and inter-granular fission gas
bubble swelling. However, there is a significant increase in intra-granular fission gas bubble
swelling. The chromia also enhances the fuel thermal creep rate (despite the larger grain
size), without significantly affecting any of the other thermal or mechanical properties, so
there is an improvement in the pellet-clad interaction (PCI) behaviour during power
transients, making the cladding less susceptible to failure by stress-corrosion cracking. The
PCI behaviour is further improved through increased radial cracking of the thinner brittle
outer zone of the fuel pellets (noting that the fracture strength is reduced due to the large
grain size), and, arguably, by chemical effects (improved corrosive fission product retention,
and chromia dissociation and associated generation of free oxygen which can oxidise the
cladding inner surface, thereby protecting it from SCC). Finally, post-failure oxidation and
washout of CDF is reduced due to the large grain size, thereby reducing the consequences of
leaking rods during normal operation and of failed rods after an infrequent fault.

The consequences of limiting infrequent faults - that is, loss of coolant accidents (LOCAs)
and reactivity-initiated accidents (RIAs) — can be lessened by reducing the extent of clad
ballooning, reducing the cladding oxidation, reducing the volatile fission product release,
and/or reducing the extent of fuel fragmentation. Hence, the lower FGR and increased intra-
granular fission gas inventory of CDF can potentially reduce the consequences of these faults
by reducing the rod internal pressure driving force for clad creepout, reducing volatile fission
product release (which is correlated to fission gas release), and reducing the extent of inter-
granular fragmentation due to overpressurisation of inter-granular fission gas bubbles.
However, there are currently limited experimental data - and no data from integral rod
testing - to support this.
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There are two main vendors of CDF: Westinghouse and Framatome. The Westinghouse
product uses a combination of chromia and alumina as dopants (ADOPT fuel), while the
Framatome product uses only chromia. Both Westinghouse and Framatome have significant
operating experience associated with lead fuel rods and lead fuel assemblies of their CDF
products in commercial LWRs; in addition, reload quantities of Westinghouse ADOPT fuel
have been irradiated. Ramp tests have also been performed to determine the PCI behaviour
(although these appear to be limited in the case of Westinghouse ADOPT fuel), and various
experimental irradiations have been carried out to investigate the phenomenology. Further
irradiations are planned in the near future.

Modelling of CDF using fuel performance codes has been relatively limited, both in terms of
codes used and their application. The necessary modifications to the material properties and
models for undoped UO:2 have also been relatively minor. Of the five codes for which
information is available — BISON, COPERNIC, RODEX, STAV and ALCYONE - only RODEX is
known to have been validated for modelling of chromia doped fuel or to have been used for
licensing of such fuel (for BWR applications).

No information was available on the storage or disposal of spent CDF. This is probably
because storage and disposal are/will be as per existing routes (wet storage in ponds,
potentially followed by dry storage in casks, vaults or silos, followed by disposal in a
geological repository) with no impact foreseen for CDF. It is also consistent with the main
mechanisms for fuel degradation in wet storage - cladding corrosion and hydriding — being
independent of the fuel pellet type. In addition, there is a sparsity of information on the
behaviour of CDF when exposed to water in post-irradiation storage and disposal conditions.
The only information available is on fuel pellet leaching and dissolution in groundwater in the
context of disposal of spent CDF, and is only from two sources: the Euratom FIRST-Nuclides
and DisCo projects. Preliminary results from the DisCo project suggest that the larger grain
size of CDF reduces the instant release fractions (IRFs) of volatile fission products after
disposal canister penetration by groundwater.

Further qualification and testing in the form of in-pile ramp tests on Westinghouse CDF may
be required. In addition, additional PIE on ramp-tested fuel may be required if the potential
chemical benefits of CDF with respect to PCI resistance are to be properly understood and/or
taken credit for (over and above what is already implicitly taken credit for on the basis of
ramp test results).

The main impact of CDF on Limits and Conditions of Operation (LCO) is likely to be on PCI
thresholds. Reduced fission gas release during normal operation may also allow increased
burnup limits (assuming it can be demonstrated that rod internal pressure and clad hoop
strain during normal operation remain below existing limits). The main remaining in-reactor
fuel licensing issues are likely to be as follows:

e The reduced densification and increased intra-granular gas bubble swelling of CDF
may (notwithstanding the increased fuel creep)
o reduce margin to clad hoop strain and rod growth limits during normal
operation
reduce margin to clad hoop strain increment limits during frequent faults
increase the number of rod failures during a RIA
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e A lack of sufficient data (in particular for Westinghouse CDF) on ramp test behaviour
to justify proposed PCI thresholds in a statistically meaningful manner.

e The lack of data on performance of the fuel during a RIA, and the limited data on
performance of the fuel during a LOCA.

e The use of data on fuel from the early phases of product development which is not
prototypic of the commercial fuel product; in particular, this would apply to the use of
material property data and irradiation data for calibration and/or validation of the fuel
performance code used in the licensing.

e Where applicable, the lack of data on the material properties and/or performance of
CDF including the chosen burnable absorber material.

Further impacts on in-reactor fuel licensing and on reactor licensing are likely to be positive
rather than negative.
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