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J�erôme Allenou c, Bertrand Stepnik c, Winfried Petry b

a CEA, DES, IRESNE, DEC, Cadarache, F-13108, Saint Paul Lez Durance, France
b Forschungs-Neutronenquelle Heinz Maier-Leibnitz (FRM II), Technische Universit€at München, Lichtenbergstr. 1, D-85747, Garching, Germany
c FRAMATOME, CERCA, SPL, ZI Les B�erauds, 54 Av. de la D�eportation, BP 114, F-26104, Romans sur Is�ere, France
a r t i c l e i n f o

Article history:
Received 1 December 2020
Received in revised form
25 February 2021
Accepted 26 February 2021
Available online 3 March 2021

Keywords:
U(Mo)
Monolithic
Coating
Microstructure
* Corresponding author.
E-mail address: xaviere.iltis@cea.fr (X. Iltis).

https://doi.org/10.1016/j.net.2021.02.026
1738-5733/© 2021 Korean Nuclear Society, Published
licenses/by-nc-nd/4.0/).
a b s t r a c t

Within the frame of the EMPIrE test, four monolithic mini-plates were irradiated in the ATR reactor. In
two of them, the monolithic U(Mo) foil had been PVD-coated with Zr before the plate manufacturing.
Extensive microstructural characterizations were performed on a fresh archive mini-plate, using Optical
Microscopy (OM), Scanning Electron Microscopy (SEM) combined with Energy Dispersive Spectroscopy
(EDS), Electron Backscattered Diffraction (EBSD) and Focused Ion Beam (FIB)/Transmission Electron
Microscopy (TEM) with nano EDS. A particular attention was paid to the examination of the U(Mo) foil,
the PVD coating, the cladding/Zr and Zr/U(Mo) interfaces.

The Zr coating has a thickness around 15 mm. It has a columnar microstructure and appears dense. The
cohesion of the cladding/Zr and Zr/U(Mo) interfaces seems to be satisfactory. An almost continuous layer
with a thickness of the order of 100e300 nm is present at the cladding/Zr interface and corresponds to
an oxidized part of the Zr coating. At the Zr/U(Mo) interface, a thin discontinuous layer is observed. It
could correspond to locally oxidized U(Mo).

This work provides a basis for interpreting the results of characterizations on EMPIrE irradiated plates.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

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

Nuclear Materials Testing Reactors (MTRs) require fuel that
generates high neutron flux. To obtain sufficient neutronic perfor-
mance, high enriched uranium (>20% 235U) was used for decades.
Most of the time, the fuel elements ofMTRs comprised fuel plates in
which the fissile material (often UAlx, i.e. a mixture of uranium
aluminides) was in powder form and was dispersed within an
aluminium matrix, to form a fuel meat cladded by aluminium alloy
plates [1]. To comply with the non-proliferation treaty recom-
mendations, a worldwide effort has been launched since the 1970's
to convert MTRs to low enriched uranium (<20% 235U).

The development and qualification of an U3Si2-based dispersion
fuel [2] allowed converting a significant number of MTRs. However,
some high performance reactors could not be converted with this
by Elsevier Korea LLC. This is an
type of fuel, without critical performance losses. This issue led to
studies on uranium-molybdenum alloys (U(Mo)), either in a
dispersed form or in a monolithic form for most powerful reactors
[3].

U(Mo) monolithic fuel consists in a thin (typically about 300 mm
thick) uranium-molybdenum alloy (molybdenum content: around
10 wt%) foil, cladded by aluminum alloy sheets. A zirconium barrier
layer, which can be added by different methods, is placed between
the foil and the cladding, to avoid the formation of a U(Mo)/Al
interdiffusion layer which would degrade the fuel performance
under irradiation [4]. In the process developed in the United States
so far, the U(Mo) foil is first co-rolled with Zr sheets, the Zr-coated
foils are then cold-rolled to final thickness and finally bonded to the
cladding using Hot Isostatic Pressing (HIP) [5]. Such types of plates
were characterized before [6e8] and after irradiation [9,10].

The EMPIrE (European Mini Plate Irradiation Experiment) irra-
diation experiment performed in the Advanced Test Reactor (ATR),
in the United States (US), included four monolithic mini-plates [11].
Two types of monolithic plates were manufactured for this
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Table 1
Characterizations performed on each sample.

Sample L1 L2 T3 T4

OM x x x x
SEM x x
SEM þ EDS x x
EBSD after mechanical polishing x
EBSD after FIB milling x x
TEM þ STEM þ EDS x
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irradiation. In both cases, a U þ Mo alloy with 10 wt% Mo was
melted, cast and rolled by BWXT (US) to obtain an about 330 mm
thick foil. This foil was covered by a Zr diffusion barrier either by co-
rolling at BWXT, or by a Physical Vapor Deposition (PVD) process,
developed at the Technical University of Munich (TUM, Germany)
[12]. The Zr coated U(Mo) foil was then cladded with an aluminium
alloy (AlFeNi), using the C2TWP process developed by Framatome-
CERCA (France) [13].

Zr-PVD coated U(Mo) monolithic fresh fuel has never been
subjected to a detailed microstructural examination, to our best
knowledge. Performing such an examination, using complemen-
tary characterization tools, constitutes the goal of this study. Optical
Microscopy (OM) examinations and Scanning Electron Microscopy
(SEM) observations coupled with analyses by Energy Dispersive
Spectrometry (EDS) were conducted first. Electron BackScattered
Diffraction (EBSD) acquisitions were also made in the U(Mo) foil,
the Zr coating and the Al cladding. Finally, thin foils were prepared
at the U(Mo)/Zr and cladding/Zr interfaces, by Focused Ion Beam
(FIB) milling, and examination of these foils were performed by
Transmission Electron Microscopy (TEM), Scanning Transmission
Electron Microscopy (STEM) and EDS. As C2TWP is a proprietary
process, some details about the cladding characteristics are not
given.

2. Experimental details

2.1. Sample characteristics and preparation

The size of the EMPIrE mini-plates manufactured by rolling at
Framatome-CERCA is 25.4 mm wide, 101.6 mm long and 1.27 mm
thick, and the size of the fuel meat zone is 19.1 � 82.6 � 0.51 mm3,
for plates made with dispersion fuel [14]. The piece studied in this
paper comes from the n� 1205 archive mini-plate. It was cut by
punching and its sizewas about 9� 17mm2. Four samples were cut
from it, using a wire saw: two longitudinal ones, called L1 and L2
(about 9 � 1.7 mm2) and two transversal ones, called T3 and T4
(about 7 � 1.7 mm2), as shown in Fig. 1. “Longitudinal” and
“transversal” refer to the directions with respect to rolling (see
Fig. 1b). The doubling of each type of sample was intended to
accelerate the characterization program, as examinations were
performed in two different facilities at CEA Cadarache: the UO2
Laboratory and the LECA-STAR facility.

These four samples were embedded in cross-section, in an Al
compact of 12 mm diameter prepared by cold pressing an Al
powder, to obtain relatively small metallic samples suitable for SEM
and EBSD characterizations and also for FIB milling. They were then
mechanically polished. The polished side corresponds to the
thickest line delimiting each sample in Fig. 1b. Mechanical
Fig. 1. Cutting plans of (a) the n� 1205 archive mini-p
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polishing for OM and SEM examinations included classical polish-
ing steps with a finish polishing with a colloidal silica suspension.
An additional gentler polishing stepwith a diluted silica suspension
was performed just before performing EBSD analyses, as detailed in
Ref. [15]: the obtained surface quality was appropriate for acquiring
EBSD maps in the U(Mo) foil and in the cladding, but not in the Zr
coating. To overcome this limitation, some areas including the Zr
layer were prepared by FIB ion etching, using a methodology close
to that described in Ref. [15].
2.2. Characterization equipment and methods

Examinations by OM were performed with an Olympus DSX-
500 opto-numerical microscope. SEM þ EDS analyses were car-
ried out with a FEI Nova NanoSEM450 equipped with an Oxford
Instruments EDS detector with an active surface of 20 mm2, driven
by the AZTEC software. A shielded Auriga 40 SEM-FIB from CARL
ZEISS was used for the ion-milling of chosen samples. Both SEMs
were equipped with a Nordlys II Nano EBSD camera (maximum
resolution: 1344� 1024 pixels) fromOxford Instruments, driven by
the AZTEC software. TEM and STEM þ EDS examinations were
performed with a Thermo Scientific TALOS F200S TEM, equipped
with two Thermo Scientific EDS detectors with a 0.45 sr solid angle
of collection.

As mentioned previously, some characterizations were per-
formed in the UO2 Laboratory (devoted to the study of uranium-
base fresh fuels) and the other ones were carried out in the LECA-
STAR facility (hot laboratory used for studying irradiated fuels),
where the SEM-FIB and the TEM are available. The samples used in
each case are specified in Table 1.

EBSD analyses were performed with the 1 � 1 or 2 � 2 binning
modes of the camera, depending on the quality of the Electron Back
Scatter Patterns (EBSPs). EBSPs were indexed using the “refined
accuracy”mode in AZTEC that improves the Kikuchi band detection
[16]. The three following phases were considered: g-U(Mo) (body-
centered cubic, space group: 229), Zr (hexagonal, space group: 194),
Al (face-centered cubic, space group: 225).
late, (b) the piece punched from this mini-plate.
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3. Results and discussion

The results presented in this section are either specific to lon-
gitudinal or transversal samples, if specified, or representative of
both types of samples, when only one sample is presented. Pre-
liminary macrographic examinations showed that L1 and L2 sam-
ples were bent at their ends. Moreover, L1 presented a dozen cracks
propagating from its convex side in the U(Mo) foil (see supple-
mentary material). As the T3 sample was practically not bent but
exhibited similar cracks and as these two samples were the closest
ones to the edges of the original piece, most of the cracks are not a
consequence of bending but most likely come from the punching
method used to cut a piece from the original mini-plate at Frama-
tome-CERCA.

Tomake the textmore fluid and easier to follow, it was chosen to
discuss the results obtained as they are presented.

3.1. OM and SEM þ EDS examinations

Fig. 2 gathers three representative micrographs taken at
different magnifications on L1 and T3 samples. The grains in the
U(Mo) foil are visible thanks to a thin superficial oxidation that
occurs after keeping the sample at least one day in air after pol-
ishing. This oxidation varies with the grain crystallographic orien-
tation and leads to small color changes. The size of the grains is
several tens of micrometers wide and up to one hundred micro-
meters long, their shape being clearly elongated in both samples
(see in particular Fig. 2b). There is no visible sign of destabilization
of the g-U(Mo) phase into a-U, as no lamellar or cellular regions are
observed, contrary to the results of observations performed on
other monolithic fuels: see for example Fig. 1 in Ref. [9], related to a
non-optimized monolithic plate.

Many dark precipitates are also visible in the foil (Fig. 2b). They
can be divided into two families: (i) sub-micrometric precipitates
which are numerous and distributed in wavy veins, (ii) fewer large
precipitates of the order of a few to about 10 mm. These large par-
ticles are often cracked (Fig. 3a and b). EDS point analyses indicate
that the large precipitates are C-rich and thus correspond to ura-
nium carbides (UC), as illustrated qualitatively by Fig. 3c. The small
ones cannot be analyzed by EDS in the SEM, since their size is
smaller than that of the X-ray emission volume and since carbon is
present on the whole sample surface as a contaminant. However, as
Fig. 2. Optical micrographs taken at different magnificat
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their contrast in BackScattered Electron (BSE) mode is the same as
that of the large ones (Fig. 3a), they are also most probably carbides.
The presence of carbides in monolithic U(Mo) alloys has been re-
ported by many authors (see for example [6,9,17e19]). Hot rolling
reduction passes lead to their redistribution to form stringers and
cold rolling induces the fracturing of the large ones [19]. Some
oxide, silicide or other complex particles were also observed in
some studies [9,18,20,21], but were not encountered in this foil.
This does not mean that such particles are definitively absent, since
precipitates were not deeply characterized in this work.

The Zr coating has a fairly constant thickness of about 15 mm. In
the longitudinal samples (L1 and L2), it presents relatively wide
cracks partly filled by Al, as illustrated by Fig. 2a and c (the latter
corresponding to the area framed in yellow in Fig. 2a) and also by
Fig. 4a taken by SEM in BSE mode. This particularity would be
linked to the foil biasing during the coating which leads to a high
coating hardness (of the order of 300 HV), according to the TUM
experience and literature ([22] for example). Indeed, biasing con-
trols the bombardment of the sample surface by ions and thus af-
fects different properties of the coating such as its stress state and
microstructure. In the present case, biasing tends to favor the
coating fracture during the rolling process, the wider cracks being
then filled with aluminium. Such large cracks are not encountered
in the transversal samples (T3 and T4). Thinner cracks cross the Zr
layer in L1 and T3 samples, and sometimes propagate in the U(Mo)
foil over distances up to 100 mm, or even more (Fig. 2a). As previ-
ously discussed, these thin cracks probably come from the punch-
ing of the piece from the plate.

The micrograph presented in Fig. 4b (taken in Secondary Elec-
tron (SE) mode) was taken in a locally broken part of the coating
(this breakage having occurred during polishing). It reveals
columnar grains within the coating, the largest ones reaching a
diameter of about 1 mm, and a length of a few micrometers. This
observation is consistent with that presented in Fig. 2c, taken in a
non-broken part of the layer, where columnar grains were also
discernible. Such a grain-morphology is often observed in PVD
coatings [23]. It depends on deposition parameters which influence
the nucleation and growth mechanisms of the film [24].

At this observation scale and with these conditions of contrast,
the cohesion of the cladding onto Zr coating and Zr onto U(Mo) foil
seem to be good, but some decohesions were observed locally
mainly at the cladding/Zr interface, some of them spreading over a
ions on samples L1 (for (a) and (c)) and T3 (for (b)).



Fig. 3. SEM observation (BSE mode) of precipitates in samples T3 (a) and L1 (b), (c) C-Ka X-ray map acquired by EDS on the area corresponding to (b).

Fig. 4. SEM micrographs taken close to the interface between the fuel and the cladding in the sample L1, (a) in BSE mode (b) in SE mode, in an area where the coating is locally
broken.
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hundred micrometers or more, as illustrated by Fig. 5 (white ar-
rows). These decohesions could be due to the punching of the piece
and/or the mechanical polishing of the samples. It is worth noting
that such decohesions were mostly encountered in transversal
samples.

Line-scans were performed by EDS on samples L1 and T3, to
evaluate the Mo distribution homogeneity. They led to a 10.3 wt%
mean Mo content, with fluctuations of the order of ±0.5 wt%. These
fluctuations can be reasonably attributed to the inherent dispersion
Fig. 5. SEM micrograph (SE mode) taken in the sample T3 (transversal direction) in an
area where decohesions are present at the cladding/Zr interface (white arrows).
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of EDS analyses (i.e. ± 5% relative to the correct value [25]). The
values obtained for standard deviations are close to those given by
Clarke et al. for Electron Probe MicroAnalysis (EPMA) results
collected on U(Mo) samples homogenized at 1273 K [26]. They are
also close to those measured by EDS, in UO2 Laboratory (CEA
Cadarache), on homogenized atomized particles (unpublished re-
sults). This suggests that the U(Mo) alloy used to manufacture the
foil was homogenized at high temperature before rolling, as usually
done at BWXT [27].

Complementary examinations were performed by SEM at rela-
tively high magnifications in order to try to evidence the potential
presence of interaction layers at cladding/Zr and Zr/U(Mo) in-
terfaces. The four samples were observed on their both sides. Fig. 6
shows typical micrographs. At the cladding/Zr interface, an almost
continuous medium grey layer is visible (Fig. 6a). Since it is
100e300 nm thick, its elemental composition cannot be analyzed
accurately by EDS in the SEM, to check if it could correspond to an
Al/Zr interdiffusion zone formed during the manufacturing of the
mini-plate. At the Zr/U(Mo) interface, a very thin (�100 nm) and
discontinuous layer is observed (Fig. 6b), and cannot be analyzed
either.

TEM examinations, coupled with EDS analyses of FIB lamellas,
i.e. with a high spatial resolution, are essential to determine the
nature of the layers observed at both interfaces.



Fig. 6. SEM micrographs in BSE mode of (a) cladding/Zr interface, (b) Zr/U(Mo) interface (sample T3).
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3.2. EBSD

Several authors published EBSD characterizations performed on
U(Mo) alloys at different steps of themonolithic fuel manufacturing
process [26,28,29]. In these studies, samples were prepared either
by electropolishing, or by mechanical polishing. However, to our
best knowledge, the microstructure of the Zr layer has never been
analyzed by EBSD, whatever the type of coating method. Likewise,
only few EBSD results seem to have been published about the
cladding (see for example [6]).

As indicated in section 2.1., two polishing methods were used in
this work: amechanical one, making the study of the U(Mo) foil and
of the cladding possible and FIB milling for providing useable EBSD
data for Al, Zr and U(Mo) at the same time. Fig. 7 and Fig. 8 illustrate
results after mechanical polishing obtained in the cladding close to
its interface with Zr and in the middle part of the U(Mo) foil,
respectively.

In the cladding, the EBSD map was acquired with a 0.16 mm step
size and with a 2� 2 pixel camera binning. The raw indexation rate
was a bit low before noise reduction (75%, excluding the non-
indexed Zr layer from the data), since polishing defects and pre-
cipitates were not indexed. A standard cleaning of the data allowed
reaching an indexation rate of 86%. Fig. 7b presents the EBSD map
obtained after this process. Grain boundaries, with misorientations
greater than 10� are drawn as black lines on this map and non-
indexed areas (e.g. polishing defects, precipitates) are also dis-
played in black. In the cladding, grains are relatively small and are
often elongated perpendicular to the cladding/Zr interface. Their
mean size, in equivalent circular diameter (ECD), is about 1.3 mm
(excluding grains with an area lower than 10 pixels, as recom-
mended by ISO 13067 standard [30]). This value is a little rough,
Fig. 7. EBSD analysis of the cladding close to the Zr layer in sample L1, (a) SEM micrograph in
in (c). Grain boundaries with misorientation greater than 10� are drawn as black lines and
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since the step size used to acquire this map (0.16 mm) is a bit large
compared to the grain size [30].

The U(Mo) foil was analyzed by EBSD, close to its interface with
the Zr coating and in its central part. Similar characteristics were
found in these different areas. They are illustrated by Fig. 8, which
corresponds to a map acquired in the central part of the foil, with
no camera binning. In these conditions, a very good indexation rate
was achieved: 96% for raw data, and 99% for cleaned ones. Almost
the whole area was indexed as corresponding to g-U(Mo) phase,
except some polishing defects and small carbides (in black). This
result confirms that no significant destabilization of this phase
occurred during the plate manufacturing process. In Fig. 8a, grain
boundaries corresponding to misorientations greater than 10� are
drawn in black. They delimite large elongated grains, as expected
from OM examinations (Fig. 2). These grains present gradual color
variations which reflect progressive orientation gradients. It is also
illustrated by Fig. 8b which shows a misorientation profile along a
black line drawn in Fig. 8a and reveals orientation variations of
several degrees within the grain. Such microstructural features
tend to indicate that, at the end of the whole manufacturing pro-
cess of the plate, the U(Mo) foil did not undergo complete recovery,
leading to sub-grains with well-defined low misorientation
boundaries, or recrystallization, leading to new equiaxed grains
[31]. A similar microstructural state was observed by Frazer et al. in
a full-length monolithic plate (manufactured within the AFIP-7
irradiation campaign [32]) and was interpreted as reflecting the
presence of dislocation pile-up within grains [33]. For comparison,
recrystallized microstructures obtained after post-rolling heat
treatments can be found in Refs. [28,29,34], for example. It is not
possible to go further in the discussion concerning the micro-
structure of the U(Mo) foil, compared to that observed by other
SE mode, (b) EBSD map with Al grains colored according to the IPF-Z color code given
non-indexed points are also displayed in black.



Fig. 8. EBSD analysis of the U(Mo) foil in sample L1, (a) EBSD map with U(Mo) grains colored according to the IPF-Z color code given in Fig. 7c, (b) misorientation profile along the
line drawn in black in (a) (from top to bottom).
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authors, because details about the C2TWP process are not available
(protected by Framatome).

FIB milling was implemented to try to obtain simultaneously
good EBSPs in the Al alloy, in Zr and in U(Mo). This polishing
method is only applicable on relatively small areas (of a few tens of
micrometers). First milling tests were performed using conditions
close to those used on U(Mo) atomized particles [15], i.e. with an
angle of incidence of the ion beam of a few degrees, relative to the
sample surface. Two main issues were identified: (i) the re-
deposition of sputtered material behind the abrasion front that
damages the quality of EBSPs, (ii) the difficulty to obtain simulta-
neously satisfactory EBSPs in the cladding, in Zr and in U(Mo). By
increasing this angle up to 30�, it was possible to analyse grains
correctly in the three studied zones, as illustrated by Fig. 9.

The map presented in Fig. 9 was acquired with a small step size
(0.05 mm), chosen in accordance with the expected sub-
micrometric grain size in the Zr layer, and no camera binning. An
indexation rate of 74%was achieved for this map and reached about
80%, after a moderate cleaning of EBSD data. Grains found in the
cladding and in the U(Mo) foil are similar to those respectively
shown in Figs. 7 and 8, in terms of size and shape, even if they seem
a little more elongated in the cladding. This slight difference is
probably due to local microstructural variations and/or distortion
effects linked to small drifts during the acquisition.

Furthermore, in the Zr layer, grains were sufficiently numerous
to evaluate their size, with a good statistic and a mean grain size of
0.3 mm (in equivalent circular diameter) was determined. Actually,
Fig. 9. EBSD analysis of sample T4 after FIB milling with a 30� incidence angle of ion beam, (a
yellow and U(Mo) in green, (c) EBSD map in IPF-Z. Grain boundaries with misorientations g
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as shown by Fig. 9c, grains are smaller close to the U(Mo) side of the
layer and larger with a more marked columnar morphology, close
to the Al side. Some of them can reach a length of a few micro-
meters, in accordance with SEM examinations presented in Fig. 4c.
It is common to observe a grain size gradient in PVD coatings,
because grain growth becomes easier than nucleation as deposition
proceeds [35].

3.3. Preparation of TEM lamellas by FIB

Sample T4 was selected to evaluate the feasibility of preparing
TEM lamellas by FIB at cladding/Zr and Zr/U(Mo) interfaces. The in
situ lift-out technique was used [36]. Because of differences in ion
sputtering rates between Al and Zr on the one hand, and Zr and
U(Mo) on the other hand, it was difficult to obtain a regular thin-
ning of each whole lamella. This issue is illustrated by Fig. 10 for
both interfaces. Despite these difficulties, it was possible to
examine the cladding/Zr and Zr/U(Mo) interfaces, in TEM and STEM
modes, and to perform EDS analyses across these interfaces.

3.4. TEM and STEM þ EDS

3.4.1. Cladding/Zr interface
Fig. 11 summarizes the main observations carried out using TEM

and STEMþ EDS on the cladding/Zr lamella, and particularly on the
interface between these two materials. Figs. 11a and b provide
general views of the lamella taken in TEM bright field (BF) and in
) SEM image of the ion milled area, (b) EBSD map colored by phases with Al in red, Zr in
reater than 10� are drawn in black and non-indexed points are also displayed in black.



Fig. 10. STEM images in High Angle Annular Dark Field (HAADF) mode of the lamellas located at (a) the cladding/Zr and (b) the Zr/U(Mo) interfaces.
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STEM High Angle Annular Dark Field (HAADF) modes, respectively.
As previously discussed, the Zr layer appears significantly thicker
than the Al-based part. The Zr coating appears fully dense, with no
micro-cracks or pores. Columnar grains are observed in it, in
accordance with previous examinations. Their diameter is typically
of the order of a few hundred nanometers and their length can
reach several micrometers. A thin dense intermediate layer (about
100e150 nm thick) is present at the cladding/Zr interface. A part of
it is bounded by red dotted lines in Fig. 11a and b. This layer most
probably corresponds to that observed by SEM (Fig. 6a). To deter-
mine its nature, EDS analyses were performed through the clad-
ding/Zr interface. Fig. 11c shows the Al, O and Zr composition
profiles acquired along the yellow arrow drawn in Fig. 11b. It shows
that the intermediate layer is almost Al-free, with no substantial
concentration gradient typical for an interdiffusion layer. It prob-
ably corresponds to an oxidized part of the Zr coating, with an O/
Zr þ O atomic ratio close to 2/3, i.e. close to that of ZrO2.

According to examinations performed at higher magnification
on the area boxed in green in Fig. 11b, this oxidized layer is nano-
crystallized, as shown by Fig. 11d where grains of about a few
tens of nanometers are visible. A Selected Area Electron Diffraction
(SAED) pattern obtained in this area is presented in Fig. 11e (left
hand side). Incomplete rings with dots, typical of the simultaneous
diffraction of several grains, are present. The diameter of the first
rings is compared to those characterizing monoclinic zirconia (a-
ZrO2), drawn in the right-hand side of Fig. 11e. Even if distances
cannot be determined with a high accuracy on these very partial
rings, all of them can be attributed to this oxide phase. It is worth
noting that the (100) diffraction spots, corresponding to a dhkl of
0.508 nm (cf. grey dotted half circle, in Fig. 11e) are missing in the
experimental diffraction pattern. In fact, these spots are masked by
the beam stop, but have been observed on other diffraction pat-
terns acquired without this stop (not presented, because they are
overexposed).

On the basis of these different results, it can be concluded that
the layer present at the interface between the cladding and the Zr
coating is not an AleZr interdiffusion layer but corresponds to a
zirconia layer. This oxide layer does not seem to damage the fuel-
cladding cohesion, at least at the scale of the lamella. It probably
formed on the Zr coating during the shipment and/or storage of the
coated U(Mo) foil, before it was clad with Al.

According to several authors, monolithic plates cladded by Hot
Isostatic Pressing (HIP) present AleZr interactions layers of
micrometric thickness [6,7,37,38]. This manufacturing process
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involves a relatively long holding time at high temperature (833 K
for 90 min, according to Ref. [6], for example) which allows the
formation of such layers. According to the present observations, the
C2TWP process does not promote any AleZr interaction. In addi-
tion, the zirconia layer covering the Zr coating could play a certain
barrier role against AleZr interdiffusion. Excluding cracks observed
in the coating in longitudinal samples, and other thinner and longer
ones propagating in the foil due to cutting and polishing of samples,
no defects were observed in this layer whatever the examination
scale, while various defects were observed in electro-plated and
plasma-sprayed Zr layers and also in a lower amount in co-rolled
ones [8]. However, the question of decohesions observed locally
by SEM mainly at the cladding/Zr interface should be clarified: are
they a consequence of sample preparation or not? Non-destructive
methods such as ultrasonic testing were developed to characterize
as-manufactured fuel plates [39] but their results are relatively
difficult to interpret at this point.

3.4.2. Zr/U(Mo) interface
The results of the TEM examinations of the Zr/U(Mo) interface

are summarized in Fig. 12. The first image (Fig. 12a), taken at rela-
tively low magnification, shows that even if the U(Mo) part of the
lamella is thicker than the Zr one (as already shown in Fig. 10b), it is
exploitable for TEM examinations. No thin layer is present at the Zr/
U(Mo) interface. This result indicates that the final thinning of the
lamella took place in a layer-free zone as, at the SEM scale, only a
very thin and discontinuous layer was observed (Fig. 6b).

The image presented in Fig. 12b was taken in the Zr layer, close
to its interface with U(Mo). It reveals a complex microstructure,
with columnar grains smaller than those encountered close to the
cladding (Fig. 11a and b), in accordance with EBSD results (Fig. 9c).
Like near the cladding/Zr interface, the coating appears fully dense,
with no visible defects such as cracks or voids. Structural defects,
such as dislocations, were not examined in detail but are probably
present.

Figs.12c and d presents TEM images acquired in the same area of
the U(Mo) foil, with two different a-tilt conditions. Bend contours
and numerous small dark dots are visible in Fig. 12c. According to
the laboratory feedback, these dots probably correspond to small
dislocation loops induced by FIB milling, as observed by many au-
thors on different materials (see for example [40]). To check it, very
gentle ion milling should be performed at low energy after FIB
milling in order to eliminate these defects. Thanks to tilt conditions
leading to their extinction, these dots are almost invisible in



Fig. 11. Cladding/Zr lamella observed (a) by TEM (BF mode), (b) by STEM (HAADF mode), (c) Al, O and Zr composition profiles measured by EDS along the yellow arrow drawn on
image (b), (d) interfacial layer observed by TEM at high magnification (BF mode), (e) SAED pattern of the interfacial layer shown in (d) compared to the theoretical diffraction
pattern of polycrystalline a-ZrO2 (for the first diffracting planes).
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Fig. 12d, where relatively long tangled dislocations arranged in
irregular lines (pointed by several white arrows) are now clearly
visible. The presence of these dislocations is consistent with EBSD
results, which highlighted the existence of orientation gradients
2636
within the grains (Fig. 8). They do not form well-defined networks
(i.e. sub-boundaries), which tends to confirm that at the end of the
manufacturing process (for which details are not available) no
complete recovery occurred within the U(Mo) grains. These



Fig. 12. TEM observations of Zr/U(Mo) lamella (BF mode), (a) Zr/U(Mo) interface, (b) Zr layer, (c) U(Mo) (a-tilt: 10�), (d) same area in U(Mo) (a-tilt: 15�).
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observations are also fully consistent with the dislocation pile-up
within grains mentioned by Frazer et al., on the basis of EBSD re-
sults obtained on a full-size monolithic plate [33]. No signs of
decomposition of the g-U(Mo) phase into a-U were found at TEM
scale, whereas such destabilizationwere observed by TEMonplates
cladded by HIP near the eutectoid temperature [41]. However, it
would be necessary to observe larger areas in g-U(Mo) including
grain boundaries, to be definitively sure that no decomposition
started to occur (even if examinations by OM and SEM did not
evidence any signs of that process).

EDS analyses performed at the Zr/U(Mo) interface confirmed
that no intermediate layer was present at the Zr/U(Mo), in this
lamella. Studies performed on HIP bonded plates showed that
micrometer thick interaction layers can develop at this interface
[6,8,9]. According to the present work, the C2TWP process does not
promote such interactions. The very thin layer hardly observed by
SEM at the Zr/U(Mo) interface (Fig. 6b) could correspond to a thin
oxide film formed on the U(Mo) foil as a consequence of its rolling,
etching and/or storage conditions before its coating [42]. It could
perhaps also correspond to a very thin and local interaction layer
between U(Mo) and Zr. Taking into account the small size of FIB
lamellas and the scarcity of this tiny layer, it would be difficult to
check these assumptions, by preparing and observing other la-
mellas. In any case, no consequence on the U(Mo)/Zr cohesion has
been evidenced.
2637
4. Conclusions

The EMPIrE irradiation experiment performed in the ATR
comprised four U(Mo) monolithic fuel mini-plates. In two of them,
the monolithic U(Mo) foil provided by BWXT had been PVD-coated
with Zr at FRM II (TUM, Germany), before the plate manufacturing
by Framatome-CERCA (France). This study is the first one per-
formed on a Zr-PVD coated U(Mo) monolithic fresh fuel mini-plate.
Four samples were studied: two longitudinal and two transversal
ones.

Main results related to the U(Mo) foil are as follows: micro-
structural examinations showed that the grains had a size of several
tens of micrometers and an elongated shape. No signs of g-U(Mo)
destabilization were noticed in the whole foil, but larger areas
should be examined at TEM scale to confirm this point. As
frequently observed in monolithic plates, many carbides were
present in the foil: a large part of them were small (micrometric)
and formed veins, approximately aligned with the long axis of the
U(Mo) grains, some were larger (several micrometers) and more
scattered. According to Mo composition profiles, the U(Mo) alloy
was homogenized at high temperature. EBSD maps revealed
orientation gradients within the U(Mo) grains and TEM examina-
tions revealed the presence of numerous tangled dislocations in
these grains, which were not organized in well-defined networks.
These results tend to indicate that, at the end of the manufacturing
process, neither complete recovery nor recrystallization occurred
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within the U(Mo) grains. Modifying this process in order to reduce
the density of defects present in the foil could favor a better
behavior of the fuel under irradiation, by delaying recrystallization
due to the accumulation of irradiation defects in the U(Mo) grains
and reducing the resulting fuel swelling.

The Zr coating has a thickness around 15 mm. This coating has a
columnar microstructure, with grains with a diameter in the range
of a few hundred nanometers and a length varying from one to
several micrometers, the largest grains being encountered close to
the cladding/Zr interface. Excluding large cracks probably partly
due to cutting and polishing of samples, no micro-cracks or pores
were encountered in this layer, whatever the examination scale.
The cohesion of the cladding/Zr and Zr/U(Mo) interfaces seems to
be good, even if decohesions were observed locally mainly at the
cladding/Zr interface in transversal samples, perhaps due to pol-
ishing operations.

A particular attention was paid to the examination of the clad-
ding/Zr and Zr/U(Mo) interfaces, to find eventual interdiffusion
layers, similar to those encountered inmonolithic plates cladded by
HIP. According to SEM, at the cladding/Zr interface, an almost
continuous layer with a thickness of about 100e300 nm is present,
while at the Zr/U(Mo) interface, a very thin (�100 nm) and
discontinuous layer is observed. STEM þ EDS observations, carried
out on lamellas prepared by FIB, showed that the layer present at
the cladding/Zr interface corresponded to an oxidized part of the Zr
layer (zirconia), while no intermediate layer was observed at the Zr/
U(Mo) interface. The latter small discontinuous layer observed by
SEM at the Zr/U(Mo) side could correspond either to locally
oxidized U(Mo) or to an interaction layer but could not be analyzed
here.

This work provides a basis for interpreting the results of char-
acterizations planed on EMPIrE irradiated plates.
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