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ABSTRACT

Framatome is actively developing an evolutionary enhanced Accident Tolerant Fuel (E-
ATF) design showing enhanced performance in both nominal and accidental conditions:
Cr-coated M5 cladding combined with Cr20s-doped UO: fuel. The Cr-coated M5
cladding consists of a thin, dense and extremely adherent chromium layer deposited on
the external surface of the M5 cladding.

The main advantage of this solution is that it significantly reduces the high temperature
steam oxidation, and thus limits the heat and hydrogen production usually observed in
the oxidation reaction of steam with zirconium. Furthermore, recent out-of-pile results
have shown improved behavior of the Cr-coated cladding with respect to debris fretting,
which suggests that this solution will enhance the reliability of fuel.

Additionally, Framatome has developed a large scale Cr-coating deposition to
demonstrate the feasibility of PVD deposition on full length tubes and to use this facility
to produce the Cr-coated cladding tubes for Lead Fuel Rod (LFR) irradiations such as
the one planned for insertion in 2019.

1. Introduction

The Fukushima-Daiichi accident triggered a worldwide research and development effort in the
nuclear fuel industry to increase fuel margins in severe accidents leading to the development of
Enhanced Accident Tolerant Fuels (E-ATF). In this context Framatome is actively developing
several concepts ranging from short-term evolutionary (Cr-coated zirconium alloy cladding and
Cr,0s-doped UO: fuel) to long term revolutionary (SiC/SiC composite cladding) solutions, relying
on its worldwide teams and partnerships, with programs and irradiations planned both in Europe
and the United States. The short-term solution is defined as evolutionary since it very similar to
the current Zr-based cladding/UO- pellet fuel rods, and thus corresponds to an improvement or
evolution from that basis. SiC/SiC composite cladding on the other hand corresponds to a
significant shift since we would move from a metallic to a ceramic cladding and all the current
regulations may have to change. Concerning the evolutionary solution, the advantage of
combining the Cr-coated cladding with the Cr.Os-doped UO- fuel is that both solutions provide
complementary benefits, such as for example reduced fission gas release from the Cr,Os-doped
UO: pellet in transients and accidents, thus reducing internal rod pressure, which when



combined to the reduced ballooning of the Cr-coated cladding provides significant improvements
in maintaining the coolable geometry of the fuel rod in accident conditions. The benefits of this
short-term evolutionary solution are described in more detail in another paper [1].

This article focuses on the developments of the Cr-coated M5 cladding, which is the most mature
cladding solution developed by Framatome. It consists of a relatively thin Cr-coating (10-20um)
deposited on the surface of the M5 cladding using a Physical Vapor Deposition (PVD) technique.
The coating thus deposited is very dense and adherent therefore making it very protective.
Additionally, the PVD technigue does not modify the underlying substrate microstructure since
no heat treatment is applied on the tubes during deposition and the increase in temperature due
to the incident Cr atoms is relatively small. Figure 1 shows an example of the cross-section of
the Cr-coated cladding. This cladding solution has been developed in partnership with the CEA
and EDF as part of the French Joint Nuclear Research program [2-7]. The developments on-
going in Europe support and feed the developments and implementation of the solution in the
USA as part of the DOE project.

L T [ Dense coating ]
[ Thin coating (10-20um) ]_ : +
Cr-coating No porosity or flaws

at interface = very
adherent coating

No modification of the

underlying n
Zr-substrate Very protective
microstructure Zirconium alloy coating

Fig 1. Description of the Cr-coated M5 cladding

2. Motivation: improved accident and normal operation behavior

2.1 High temperature steam oxidation resistance

The main goal of enhanced accident tolerant fuel cladding is to improve the behavior of the fuel
in accidental conditions, which has always been an important part of fuel development, with in
this case a particular focus on reducing the high temperature (HT) steam oxidation of the current
zirconium alloy cladding. This focus significantly increased since the Fukushima accident where
the rapid zirconium alloy oxidation led to the production of H> which then resulted in the reactor
building explosion. The Cr-coated cladding was developed as a solution to reduce the high
temperature steam oxidation of the cladding and shows significant benefits in HT steam oxidation
resistance as demonstrated by current results obtained for long exposure times at the Framatome
Research Center in Paimboeuf. Figure 2 shows the compared oxidation kinetics at 1100°C of Cr-
coated and uncoated cladding up to 18000s and the visual aspect of the samples after quench.
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Fig 2. Comparison of the HT steam oxidation kinetics at 1100°C of Cr-coated and uncoated M5
cladding samples and the visual aspect after quench

In this figure the uncoated sample fails after quench after exposure to 1100°C steam for 12000s
while the Cr-coated sample maintains very low oxidation kinetic (reduced by at least 15x
compared to uncoated samples) up to at least 18000s with no failure after quench. The main
reason for the difference in behavior is that the Cr-coating protects the cladding from oxidation
and from the diffusion of oxygen within the underlying zirconium substrate which leads to cladding
embrittlement and therefore rupture after quench. By reducing the HT steam oxidation
significantly, the Cr-coated cladding also maintains post-quench ductility for longer times thus
providing significant benefits in accidental conditions. This test confirms previous results obtained
at the CEA at other temperatures and times [4, 5, 8].

2.2 Debris wear resistance in normal operation

Although the Cr-coated cladding was developed initially to improve performance in accident
conditions, it also brings significant benefits in normal operating conditions [7]. For example, since
Cr is harder than Zr, it will protect the cladding for debris wear. To demonstrate this a parametric
test was developed at the Framatome Technical Center of Le Creusot to simulate an extremely
harsh debris wear in order to compare the behavior of Cr-coated and uncoated cladding. The
debris used was a stainless steel wire that was fixed and a sliding displacement of +/-200um was
imposed on the cladding with a contact force on the wire of 1.5N. The set-up was placed in an
autoclave at 300°C with a loop controlling the water chemistry to be representative of PWR
chemistry ([B]=1000ppm and [Li]=2.2ppm). The goal of this test was not to be fully representative
of conditions in reactor but was meant to be extremely harsh so as to highlight the difference in
behavior of the two types of cladding. Similar tests to simulate more precisely grid-to-rod fretting
had already been performed and are presented other articles [1, 7].

For the uncoated sample, the test had to be stopped after only 23h due to significant wear while
the Cr-coated sample was tested for 100h. After 23h, the maximum wear depth on cladding was
measured around 500um corresponding to almost the entire cladding thickness, while for the Cr-
coated sample after 100h the maximum wear depth was around 280um so almost half of the
uncoated sample. Figure 3 shows a schematic of the test set-up and the visual aspect of the Cr-
coated and uncoated tubes after the tests. In the visual aspects after the tests it can be clearly
seen that the notch on the Cr-coated sample is reduced in size and depth compared to the
uncoated sample. It is also interesting to notice that even though the coating has been penetrated
fully the wear rate is still low, which may be explained by the fact that the steel wire still has



contact with the Cr-coating on the edges of the worn area.

The main cause of fuel rod failures in reactors is fretting wear, whether it be debris or grid-to-rod
fretting wear. This result combined with previous results on grid-to-rod fretting wear resistance [6]
demonstrates that the Cr-coated can reduce cladding wear significantly and therefore its
implementation will most likely reduce the number of failed fuel rods. This is an important benefit
for the utilities since a Cr-coated fuel rod will improve the reliability of the fuel.
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Fig 3. Schematic of the debris wear set-up and visual aspect of Cr-coated and uncoated
cladding after the test.

3. Manufacturing developments

All the out-of-pile characterizations were performed using samples fabricated in a PVD machine
that limited the size of the samples to 50cm in length. Foreseeing the need of insertion of LFRs
in a very short time frame to obtain in-pile results as soon as possible, Framatome launched the
fabrication of a full length prototype in 2016. The fabrication of the prototype to coat full-length
(4m long) tubes was performed with two specific goals in mind:

- Demonstrate the feasibility of full length Cr-coated cladding using PVD
- Support the insertion of full-length Cr-coated lead fuel rods (LFRs) in commercial PWRs.

The prototype machine was finished being built in summer of 2017 with the first Cr-coating tubes
produced in the fall 2017. Several months were spent testing the machine after start-up and
performing an optimization of the parameters to obtain the same quality of coatings as on the
smaller length, and to make sure the coating was uniform in thickness and quality over the full
length. Figure 4 shows an example of full-length Cr-coated tubes fabricated using the prototype.

Fig 4. Example of Cr-coated full length tubes fabricated using the prototype showing uniformity
of the visual aspect over the full length.

The tubes have a uniform visual aspect along the full length suggesting a coating with a
homogeneous quality over the full length. This visual uniformity is also confirmed through coating
thickness measurements using the calotest method (often used for coatings) during trial tests
given in Figure 5, which show similar thicknesses within the uncertainty of the measurement (+/-



1.5um) over the whole length of the tube. The calotest method corresponds to the grinding of the
coating surface up to the substrate with a ball of known diameter, and the radius of the various
“circles” obtained by the grinding, corresponding to the edges of the coating, allow the operator
to calculate back the thickness of the coating.

Additionally, HT air oxidation tests at 1100°C for 850s were performed on segments of the tubes
at various axial positions to make sure the behavior of the coating was the same along the length.
Figure 6 shows the visual aspect of the samples oxidized in these conditions and immediately
guenched in room temperature water. Both samples have a similar visual appearance and the
weight gains were close with 4.97 and 4.52 mg/cm? for extremity and center positions,
respectively. The oxidation was performed on open tube samples, therefore double-sided
oxidation, with the Cr-coating only on the external surface, so the majority of the weight gain
measured comes from the oxidation of the unprotected internal zirconium alloy surface. These
weight gains are also similar to ones obtained for Cr-coated samples obtained previously using
a smaller PVD chamber, thus confirming the reproducibility on the full length scale of the coating
guality previously obtained on small length. Furthermore, the immediate quench in room
temperature water is very harsh for the samples and highlights the excellent adherence of the
coating and the similarity in behavior along the length.

Consequently, the fabrication of Cr-coated cladding on full length is feasible and shows similar
properties as for samples coated previously in a smaller PVD chamber, thus confirming
Framatome'’s ability to reproduce the same coating quality with the change of scale. Framatome
is therefore currently preparing for the qualification of the full length Cr-coated tubes before the
fabrication of the Cr-coated tubes that will be used for the LFRs in 2019.
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Fig 5. Cr-coating thicknesses along the length of tubes showing thickness uniformity.
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Fig 6. Appearance of Cr-coated tube samples after double-sided HT oxidation in air at 1100°C
for 850s followed by a quench at room temperature (4.97 (extremity) and 4.52 (center) mg/cm? in
weight gain).



4. Obtaining in-pile data for future licensing

With the goal of accelerating the implementation of Cr-coated cladding in commercial reactors,
Framatome has started irradiations of this solution early-on to obtain the necessary in-pile data
to support future licensing needs. Framatome was therefore the first to irradiate E-ATF solutions
in a commercial reactor with the insertion of Material Test Rods in the Gésgen reactor in 2016 as
part of the IMAGO irradiation (Irradiation of Materials for Accident tolerant fuels in GOesgen).
After 1 cycle the samples were inspected visually and showed good behavior with no delamination
or deterioration of the Cr-coating, as presented more in detail in another article [9]. Some samples
were extracted after 1 cycle to be analyzed in hot cells but most of the samples were reinserted
to continue the irradiation.

Additional irradiations of Cr-coated cladding have started or are planned in research reactors to
evaluate the behavior of a fuel rod and the interaction of fuel pellets with the Cr-coated cladding:

- As part of the French Joint Research program with CEA and EDF, the irradiation of UO»-
Cr-coated cladding rodlets (containing both Zy4 and M5 substrates) in the HALDEN
reactor started in summer 2017. Several pellet diameters are tested to investigate the
impact of pellet-cladding interaction on the Cr-coated cladding behavior.

- As part of phase 2 of the DOE ATF program, an irradiation of Framatome’s short term E-
ATF concept (Cr,0Os-doped UO- fuel with Cr-coated M5 cladding) is planned to start in
2018 in the Advanced Test Reactor (ATR) at Idaho National Laboratory in the US as part
of the ATF-2 irradiation. This will be the first irradiation of the Framatome’s complete E-
ATF fuel rod concept with chromia doped fuel and Cr-coated cladding.

These irradiations will provide complementary information to the IMAGO irradiation for the
justification of future LFR irradiations with data more representative of the fuel rod by investigating
the overall pellet-cladding interaction. Furthermore, since Framatome had launched several
irradiations in various reactors, and especially commercial reactors, the closure of HALDEN will
not impact significantly the Framatome Cr-coating irradiation program and the results that would
have been obtained in HALDEN can be obtained through other irradiations. Thus the closure of
HALDEN will have minimal impact of Framatome’s irradiation feedback and will not delay the
implementation of its evolutionary solution. The rodlets irradiated in HALDEN will nonetheless be
investigated and will be useful to obtain irradiated data on Cr-coated cladding at an intermediate
dose.

5. Conclusion

Framatome is strongly engaged in the E-ATF developments relying on its worldwide teams with
programs both in Europe and the USA. Its objective is to accelerate the implementation of its
near-term solution consisting of Cr.O3z-doped UO; fuel combined with Cr-coated M5 cladding,
which provides significant benefits in both normal and accidental conditions. The main focus of
the current developments is on the Cr-coated cladding since the doped fuel has already been
industrialized. For example, the Cr-coating increases the wear resistance of the cladding
suggesting improved reliability of the fuel in normal operation, as well as reduced steam oxidation
resistance at high temperature increasing safety margins in design basis accidents or providing
additional coping time in severe accidents.

Due to the good behavior of the Cr-coated cladding in out-of-pile tests, Framatome has fabricated
a PVD prototype machine in partnership with the CEA to be able to coat full length cladding tubes.
The goal was on one hand to demonstrate the feasibility of PVD coatings on the full length and
to develop a facility to be able to fabricate full length Cr-coated tubes. The construction was
finalized in summer 2017 and Framatome has since been performing tests and optimization of
the prototype to obtain the same quality of coatings as previously observed on short length with
good axial uniformity over the full length. Framatome is now gearing up to qualify and fabricate
the full length Cr-coated cladding tubes that will serve for the LFRs planned in 2019 in the USA.

Additionally irradiations were started or are going to be launched in commercial and material test



reactors to obtain the necessary in-pile data to support future licensing of the fuel rod. Framatome
was for example the first to irradiate E-ATF concepts in a commercial reactor with the irradiation
of test samples in the Gosgen reactor (IMAGO). These data will be essential to implement
Framatome’s near-term solution in the upcoming years.
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