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The optimisation of high density metallic U-Mo/Al(Si) nuclear fuels, developed for use in high neutron
flux research reactor without proliferation issues, requires an excellent control of the manufacturing con-
ditions for getting a full benefit of Si powder additions. Eleven full size plates (from the IRIS and E-FUTURE
experimental programs) have been analysed by diffraction using synchrotron high energy X-rays. For the

first time, both the levels of the yU-Mo phase destabilisation in the U-Mo particle and characteristics
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(size and composition) of the Si rich protective layers around these particles have been quantified at a
macroscopic scale. These results enable to evaluate the influence of the different parameters implied in
the manufacturing process and could also provide solutions for producing enhanced fuels.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

A worldwide program encourages the development of low
(below 20%) 235U enriched fuels in order to convert research reac-
tors cores (materials testing reactors, neutron sources. . .) currently
working with highly enriched (up to 93%) U3Si;, UAly or U30g fuels.
For the most powerful cores, U-xMo! alloys appear as the only
fuel material that could enable their conversion without decreasing
their performance (i.e. the neutron flux).

This material has been selected because of its high uranium den-
sity (more than 15 gU cm~3) that compensates partly the decrease
in 235U enrichment and because of its cubic crystal structure that
ensures isotropic (and thus limited) swelling under irradiation.
Note that Mo is required for stabilisation at room temperature of
the high temperature (vy) cubic phase of metallic uranium. Indeed
the U phases stable at lower temperature, i.e. aU (from room tem-
perature up to 667 °C) [1] and BU (between 667 and 773 °C) [2] are
orthorhombic and tetragonal, respectively.

U-Mo fuel elements usually consist of fissile particles (either
produced by a grinding or an atomisation process) dispersed in an
Al matrix. However the in-pile behaviour of these fuels has been

* Corresponding author. Tel.: +33 442 257 555, fax: +33 442 253 285.
E-mail address: herve.palancher@cea.fr (H. Palancher).
1 In this notation, x stands for the Mo weight fraction in UMoy alloys. For example
8 wt% corresponds to about 15 at%.
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for along time limited by the growth of an intermetallic interaction
layer (IL) at the interfaces between U-Mo and the matrix [3]. Indeed
this IL exhibits poor gaseous fission products retention, resulting in
an accumulation (large interconnected bubbles) of fission gas at the
interface between the interaction layer and the matrix [4-6].

A solution for optimising this in-pile behaviour has been
obtained by adding some Si to the Al matrix [7-9]. If an U-Mo/Al
interaction layer may still grow under in-pile irradiation, the IL
thickness is strongly reduced and large pores appear at much higher
burn-up [8].

It has been shown that a pre-existing Si rich diffusion layer
(SiRDL) developed before irradiation (during the fuel plate man-
ufacturing by hot-rolling) could have a beneficial role under
irradiation. However manufacturing conditions still have to be opti-
mised especially to improve the features of this SiRDL and the
composition of the U-Mo particles. Two parameters are known to
modify the characteristics of the SiRDL: Si weight fraction in the Al
matrix and a combination of temperature (between 400 and 600 °C)
and duration (a few hours) of the thermal treatments performed
during the manufacturing process of these fuel plates. A method-
ology needs however to be defined to provide (i) a robust value for
the SiRDL thickness averaged over a large number of U-Mo parti-
cles, i.e. over a large meat volume, (ii) an accurate crystallographic
composition of these U-Mo/AlSi shells since few data are available
in the literature in the [425; 475 °C] temperature range [10,11], (iii)
the Si repartition in the meat (located either in precipitates in the
matrix or in the SiRDL).
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Table 1
Characteristics of the 11 U-Mo/Al analysed nuclear fuel plates.

U-Mo powders Matrix Cladding  Post manufacturing
thermal treatment
Fabrication type Mo content U loading Fraction in the Si fraction AlSi manufacturing Al type Temperature Time
(wt%) (gUcm™3) core (Wt%) in (Wt%) process “Q) (h)
Matrix ~ Meat
IRISTUM_0%Si Ground 8.1 <8.0 9.9 0 AlFeNi 425 2
IRISTUM_2.1%Si Ground 8.1 <8.0 9.9 2.1 0.20 Alloy AlFeNi 425 2
IRIS1.0%Si Ground 7.6 7.9-8.3 9.5 0 AG3 425 2
IRIS3.0.3%Si Atomised 7.2 7.8-8.0 134 0.3 AG3 425 2
IRIS3.2.1%Si Atomised 7.2 7.8-8.0 134 2.1 0.27 Alloy AG3 425 2
[RIS4_0%Si Atomised/oxidised 7.3 79 131 0 AlFeNi 425 2
IRIS4.2.1%Si Atomised/oxidised 7.3 7.9 134 2.1 0.27 Alloy AlFeNi 425 2
EF4112_4%Si Atomised 7.4 ~8.0 12.9 4 0.49 Mixing AlFeNi 425 2
EF6101_6%Si Atomised 7.4 ~8.0 129 6 0.73 Mixing AG3 425 2
EF4201_4%Si Atomised 7.4 ~8.0 12.9 4 0.49 Mixing AG3 475 2
EF6311_6%Si Atomised 7.4 ~8.0 12.9 6 0.73 Mixing AlFeNi 475 4

The standard deviations associated with the Mo weight fraction in the U-Mo particles and the matrix (Al or AlSi) weight fraction in the meat are estimated to be 0.3% and

below 0.1%, respectively.

It is well known that under standard fabrication conditions the
metastable yU-Mo phase will partly decompose in aU and either a
Mo enriched yU-Mo phase or U;Mo [12]. A certain level of destabil-
isation is therefore expected when investigating the as-fabricated
fuel plates. Moreover depending on the annealing conditions (tem-
perature and duration), the destabilisation levels are expected to
be different. Note that the identification of U;Mo by XRD is quite
difficult because of the small grain size of this phase.

To better characterise the specificities of U-Mo/AlSi fuel plates,
a methodology based on macroscopic, volume, quantitative and
accurate X-ray diffraction (XRD) measurements has thus been
developed. It has been applied to a unique set of fuel plates in the as-
fabricated state: 11 plates manufactured and irradiated within the
IRIS, IRIS-TUM (see [13-15] and reference therein) and E-FUTURE
(see [16,17]) research programs. Only the IRIS2 fresh fuel plate was
not available for analysis during the measurement period.

In this article after having specified both the fuel plate com-
position and manufacturing process, XRD measurements will be
presented. Calculations for evaluating the yU-Mo phase desta-
bilisation and the average SiRDL thickness will then be justified.
In a next step the results obtained for each analysed fuel plate
will be discussed opening the way towards a description of the
Si behaviour during the manufacturing process. Finally an optimi-
sation of the U-Mo/AI(Si) fuel plate fabrication conditions will be
proposed.

2. Experimental methods
2.1. Fuel plate manufacturing

The IRIS and E-FUTURE nuclear fuel plates have been produced by AREVA-
CERCA.

Atomised powders were provided by the Korean Atomic Energy Research Insti-
tute (KAERI) while ground U-Mo particles were manufactured by arc melting
followed by a grinding step at AREVA-CERCA. The Mo content is usually between
7 and 10 wt% (i.e. 13.6-21.6 at%) in the U-Mo alloy. Depending on the production
process, U-Mo particles exhibit different shapes (but also microstructures): they
are spherical if obtained by atomisation or irregular shaped when manufactured by
grinding. Their typical size (diameter) ranges from a few micrometers up to 125 pm.
Note that in the IRIS4.0%Si and IRIS4_2.1%Si nuclear fuel plates the U-Mo atomised
powders underwent an oxidation process.

These powders were then mixed with pure Al (A5 type) or AlSi powders with a
weight ratio of about 12/88 wt% (for AlSi and U-Mo, respectively) to obtain a high
uranium loading. These AlSi powders, labelled in the following the “matrix”, are
produced either via alloying or by mixing.

After compaction, this mixture (referred to as the meat) is placed in an Al frame
and then pressed between two Al sheets which will serve as a cladding. The material
used for the frame is AG3NE [18] whereas the alloys for the cladding are either
AG3NE or AlFeNi [19].

Plates are heated and then rolled until their thickness complies with the speci-
fications. At the end of this process, the whole fuel plate is about 1.3 mm thick, each
Al sheet (cladding) less than 0.4 mm and the meat slightly more than 0.5 mm. The
as such produced fuel plates are then annealed for another 2-4 h at either 425 or
475°C. This post-manufacturing thermal treatment referred to as blister test in the
literature is performed to check that the meat and the cladding are well in contact.

For each of the 11 fuel plates of interest, Table 1 gives the precise values of
the Mo content inside the U-Mo particles (ion chromatography/inductively cou-
pled plasma (ICP) measurements), the uranium loading, the AlSi and U-Mo powder
manufacturing process as well as their weight ratios in the meat, the silicon concen-
tration in the matrix and in the meat, and the alloy used for cladding. Furthermore
the post-manufacturing thermal treatment characteristics (temperature and anneal
time) are mentioned.

2.2. Sample preparation

For each fuel plate to test in-pile, an additional spare item has been produced
(which will be referred to as fresh fuel plate). A square of 10 x 10 mm? has been cut
out of the fresh fuel plate at a location chosen far enough from the interface between
the meat and the frame: it has been shown that the fuel particles are often oxidised
in this area [20].

Next the cladding material has been removed on both sides by conventional
mechanical polishing techniques. In other words, the current work focuses on the
analysis of the meat.

2.3. XRD mapping at 87 keV in transmission mode

Measurements have been performed at the ID15B beamline (ESRF) in trans-
mission mode using a 87 keV X-ray beam. Its footprint on the sample was set to
0.3 x 0.3 mm?. For each sample 200 images (counting time set as 40's per image)
were collected using a Pixium flat panel bi-dimensional detector.

The XRD images relating to the same plate have been averaged, the result being
converted into a 1D pattern. For that purpose, the Fit2D software has been used [21].
This conversion from an averaged image to a pattern is illustrated in Fig. 1 with the
data measured on the EF6101.6%Si plate. Fig. 2 shows a comparison between the
patterns collected on each fuel plate.

3. XRD data analysis: description, interests and limits
3.1. Rietveld refinement

Diffraction data have been analysed with the FullProf software
package using the Rietveld method [22,23]. A preliminary step of
this fitting procedure has been dedicated to the analysis of the
yU-Mo complex peak shape: best modelling is obtained using
two yU-Mo phases with different lattice parameters. Such occur-
rence of two yU-Mo phases in atomised UMo powders has already
been reported elsewhere [24]. The yU-Mo phase with the largest
cell parameter is written yU-Mo-a and the one with the smallest
yU-Mo-b.

At least nine phases have been included in the refinement: five
phases (aU, yU-Mo-a, yU-Mo-b, U, Mo, UC) describing the U-Mo
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Fig. 1. High energy X-ray diffraction images (inset) and patterns measured (red circles) on EF6101_6%Si. Black and blue lines indicate the associated calculated and difference
patterns, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of the article.)

particles themselves, three phases describing their protective shells
(U(ALSi)3, U3Sis, UO,) and two for the matrix (Al and Si). In certain
cases, additional phases were considered in the refinement: UN,
U, N3.y, UAL, or UAl3. Much more details on that point will be given
in following sections (i.e. 5, 6). The 26 angle position of each Bragg
line in 10 of these phases can be seen in Fig. 1. The calculated lattice

-Yobs —Ycalc — Yobs-Ycalc
7.0E+05

ﬂgx A EF6311_6%Si
6.0E+05 - i EF4201_4%Si

EF6101_6%Si
~  5.0E+405 - .}%_ A~ A
5
8 % - A EF4112_4%Si
»
S 4.0E+05 é IRIS4_2.1%Si
o A - -
7
g é S4_0%S
IRIS4_0%Si
E 3.0E+05 ~ —
= .0E+05
g IRIS3_2.1%Si
.1%Si
©
P IRIS3_0.3%Si
a 2.0E+05 A A A
Al IRIST_0%Si
1.0E+05 1 I IRISTUM_2.1%Si
Attt

IRISTUM_0%Si

45
26 (°)

5.5

Fig. 2. High energy X-ray diffraction patterns measured (red circles) on 11 fuel
plates. Black and blue lines indicate the associated calculated and difference pat-
terns, respectively. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the article.)

constants of the aU, yU-Mo-a and yU-Mo-b phases for each sample
are indicated in Table 2.

To improve the fitting quality, the background was described
by about 40 points rather than by a mathematical function. This
“difficult background” is mainly due to phonon excitations but
the presence of small amounts of ill-ordered phases can not be
excluded.

In the last step of the refinement, only the scale factors were left
free (all other parameters were kept fixed). The obtained weight
fractions for each crystallographic phase are indicated in Table 3.
These values (written W)) have been determined from the refined
scale factors S; using both the complete unit-cell mass (M;), the
number of formula units per unit cell (Z;) and the unit-cell volume
(V)) of the I phase:

__ SiZMVi/t
ZkSka Mkvk/tk

Brindley factors (¢; in the last equation) equal to 1 for each phase
of a given U-Mo/Al fuel plate measured by diffraction with high
energy X-rays (87 keV) [25]. This is not the case for XRD character-
isations using lower energies (8 keV for example) [25].

Note that the presence of Mo elements in the yU-Mo structure
has been taken into account for determining the associated unit-
cell mass (Myy-mo)- This was not the case in our previous works
and may explain slight differences in the refined weight fractions
for this phase [25,26].

The quality of the obtained fit can be seen in both Table 4 where
the final agreement factors (Rp, Rwp, Rexp) are reported and in Fig. 2.
This figure shows a comparison between measured and calculated
patterns over the whole measured angular range for the 11 fuel
plates of interest. For clarity three zooms are also presented in Fig. 3,
Fig. 4, Fig. 5 for limited 26 ranges ([1.5; 2.2], [2.4; 3.1], [3.1; 3.7]).

144

3.2. Matrix weight fractions

In Fig. 6 the Al weight fractions communicated by the man-
ufacturer and those obtained through the above detailed XRD



Table 2

Influence of the U-Mo particle microstructure and post-manufacturing thermal treatment conditions on the measured lattice constants and the Mo content of three phases (yU-Mo-a, yYU-Mo-b, aU) and of the U-Mo particles.

Post manufacturing U-Mo powder yYU-Mo-a yYU-Mo-b aU Mo fraction in U-Mo
thermal treatment fabrication method particles (wt%)
aop Mo fraction ao Mo fraction a b c Mo fraction Crystal
(wt%) (wt%) (wt%) structure

[RISTUM_0%Si 425°C-2h Ground 3.412 10.3 3.387 14.5 2.860 5.844 4.964 - o'U 8.7
IRISTUM 2.1%Si 3.412 103 3.387 14.5 2.860 5.842 4.965 - o'U 8.5
IRIS1.0%Si 3.409 10.8 3.381 15.5 2.859 5.843 4.964 - o'U 8.7
Average 3411 10.5 3.385 14.8 2.859 5.843 4.964 - a'U 86
IRIS3.0.3%Si 425°C—-2h Atomised 3.428 7.9 3.411 10.5 2.873 5.850 4.930 1.1 o’U 7.0
IRIS3_2.1%Si 3.429 7.7 3.411 10.4 2.873 5.846 4.932 1.8 o’U 6.8
IRIS4.0%Si 3.429 7.8 3.410 10.6 2.873 5.846 4934 1.8 o’U 6.9
IRIS4.2.1%Si 343 7.7 3.412 10.3 2.873 5.850 4.935 2.2 o’U 6.8
EF4112_4%Si 3.428 7.9 3.414 10.0 2.872 5.850 4.937 2.7 o’U 6.9
EF6101_6%Si 3.427 8.0 3.410 10.6 2.872 5.848 4,941 2.7 a’U 6.8
Average 3.429 7.8 3412 104 2.872 5.848 4.935 - o'U 6.9
EF4201_4%Si 475°C—2h Atomised 3.426 8.3 3.396 13.0 2.868 5.844 4,957 14 o’U 7.0
EF6311.6%Si 475°C—4h Atomised 3.424 8.5 3.394 13.2 2.867 5.844 4.962 0.4 oa'U 7.3

The errors associated with the lattice constant determination is estimated to below +0.002 A.

Table 3

Crystallographic composition of the 11 full size plates given by the Rietveld analysis of the diffraction data collected with a high energy X-ray beam. Values are given in wt%.

U-Mo particle core Protective layer (outer shell) Matrix Impurities
aU U, Mo yU-Mo-a yU-Mo-b ucC UN U Nsuy uo, U(ALSi)3 UsSis Al Si UAI,

IRISTUM_0%Si 32.9+0.1 83+0.2 57+0.1 35.7+0.2 - 35+0.1 - 48+0.1 - 0.1 92402 - 0.2
IRISTUM 2.1%Si 31.9+0.1 6.1+0.2 8.8+0.1 33.7+0.2 - 29401 - 6.2+0.1 0.2 1.2 9.34+0.2 0 0.1
IRIS1_0%Si 31.1+£0.1 8.2+0.2 13.5+0.1 27.1+£0.2 - 3.4+0.1 - 49+0.1 - 0.1 10.8+0.2 - 0.2
IRIS3.0.3%Si 13.6+0.1 14 61.3+0.3 8.9+0.2 1.1+0 - - 03 - - 13.4+0.3 - -
IRIS3-2.1%Si 17.7+£0.1 1.8+0.2 50.24+0.3 15.1+£0.2 0.8+0 - - 0.7+0.1 0.1 0.4 12.4+0.3 0 -
IRIS4.0%Si 17+0.1 3.2 44.7+0.2 13.4+0.2 0.8+0 - 1.7+0.1 6.2+0.1 - - 13.1+£03 - -
IRIS4.2.1%Si 16.2+0.1 24+0.2 443403 145+0.2 0.6+0 - 1.0+0.1 6.3+0.1 0 03 144+0.3 0 -
EF4112_4%Si 15.1+£0.1 1.2 47.6+0.3 18.8+£0.2 1.0+0.1 - - 0.2 0.2 0.5 142+0.3 0.5 -
EF6101_6%Si 19.3+£0.1 1.8 45.6+0.3 16.6+0.2 0.9+0.1 - - 0.1 0.3’ 13 13.6+£0.3 0.7 -
EF4201_4%Si 29.240.2 6.3+0.2 31.8+0.2 17.1+£0.2 1.2+0.1 - - 0.2 0.7 1.0° 12.2+03 0.3’ -
EF6311_6%Si 35.4+0.2 14.6+0.2 16.8+0.1 16.8+0.2 1+0.1 - - 0.1 22401 1.2 11.5+0.3 04 -

" Indicates that the scale factor of the related phase was maintained fixed during the refinement.
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Table 4
Agreement factors (Rp, Rwp, x?) between calculated and measured data for each
analysed fuel plate (%).

Agreement factors (%)

Ry Rup Rexp X
IRISTUM_0%Si 48 6.3 22 8.6
IRISTUM 2.1%Si 48 6.4 22 8.2
IRIST_0%Si 48 6.4 22 8.8
IRIS3.0.3%Si 6.7 8.1 31 41
IRIS3.2.1%Si 63 7.7 3.8 4.1
IRIS4_0%Si 6.3 7.8 36 46
IRIS4 2.1%Si 5.7 72 35 42
EF4112.4%Si 6.2 7.3 3.8 36
EF6101_6%Si 6.7 82 37 5.2
EF4201_4%Si 62 7.5 32 5.6
EF6311.6%Si 5.1 63 25 6.6

analysis are compared. A general good agreement must be
stressed: discrepancies between measured and expected values
are lower than 2wt%. They can very probably be explained by
the difficulty to fit accurately the main Al Bragg peak (111),
as it overlaps with the most intense Bragg peak (110) of
yU-Mo.

The quantification of Si precipitates remaining in the matrix
after fuel plate fabrication appears to be inaccurate if only the
weight fraction of the Si crystal structure is considered. Indeed
this phase could not be identified in the three samples with matrix
containing the lowest Si quantity (IRIS3_2.1Si%, IRIS4_2.1Si% and
IRISTUM_2.1%Si) while in the four other fuel plates (EF4112_4%Si,
EF6101_6%Si, EF4201_4%Si, EF6311_6%Si) the Si concentrations had
to be estimated manually since they could not be refined. In other
words, for these last four samples, the scale factor of the Si phase has
been optimised to match the (111), (220) and (311) most intense Si
Bragg lines: many simulations (test/error) were performed for that
purpose.
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Fig. 3. SiRDL components in the 11 analysed full size plates. Zoom in the [1.5-2.2] 26
range of the diffraction patterns shown in Fig. 2 with however intensities multiplied
by a factor ranging from 100 to 1000 and with Y-offset modified.
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The obtained values (given in Table 3) which make however
sense relate to Si weight fraction in the meat not in the matrix (see
Table 1 for numerical differences). They are close to those derived
from the knowledge of both the Si used for each fuel plate fabrica-
tion and the measurement of Si inside the SiRDL (cf. § 3.6). Three
reasons may explain this relative low sensitivity of high energy X-
ray diffraction for measuring Si precipitate weight fractions. First
the Si weight fraction in the meat is weak: it never exceeds 0.8 wt%
before fuel plate manufacturing and this quantity is even lower in
the analysed samples because Si has diffused towards the U-Mo
particles to form a SiRDL (i.e. new phases). Second the scattering
factor of Si at 87 keV is weak. Third the overlap of some Si Bragg
lines (ag =5.43 A, Fd3m) with those coming from UO, (ag=5.47 A,
Fd3m) may induce refinement difficulties.

3.3. yU-Mo decomposition rates

Accurate quantification of the decomposition rate has been
performed by defining four ratios (aU_ratio, UsMo.ratio, yU-Mo-
a_ratio and yU-Mo-b_ratio) calculated for each sample from weight
fractions given by the Rietveld analysis of XRD patterns. The for-
mula used for their calculations are:

W(xU
(Wau + Wu,mo + Wyu-Mo-a + Wyu-mo-b)

aU_ratio =

Wy, Mo
(Wau + Wy,Mo + Wyu-Mo-a + Wyu-Mo-b)

U;Mo_ratio =

W‘yUMo—a
(Wau + Wu,mo + Wyu-Mo-a + Wyu-mo-b)

yU-Mo-a_ratio =

WyuMo-b
(Wau + Wu,Mo + Wyu-Mo-a + Wyu-mo-b)

yU-Mo-b_ratio =

The values for each studied fuel plate are gathered in Table 5.

Compared to conventional laboratory XRD, these diffraction
measurements (using high energy X-ray beams) will not only pro-
vide the in-depth characterisation of huge number of particles but
also give an accurate measurement of the U;Mo weight fraction.
As already described elsewhere [25], the high signal to noise ratio
obtained here allows the accurate measurement of low intensity
Bragg peaks ((002) and (101)) which help considerably in evaluat-
ing the intensity of the (103), (110) and (004) most intense Bragg
lines of the U;Mo phase, as these lines strongly overlap with the
(110) Bragg line of yU-Mo-a and/or yU-Mo-b phase.

The main source of errors in these calculations is related to the
presence in some fuel plates of a «U phase exhibiting a monoclinic
distortion. It is referred to as «”U in the literature [27] but both its
space group and crystal structure have not been yet determined. For
the samples containing this o”U phase, its weight fraction (and thus
the aU_ratio) has been calculated using the characteristics of aU
(space group and crystal structures). Note that the lattice parame-
ters of this phase which are indicated in Table 2 for each fuel plate
have also been refined using the space group of aU (CmCm).

3.4. Mo concentration in U-Mo particles and in the different
U-Mo phases

Even if the Mo concentration in the U-Mo particles has already
been characterised by ICP, the calculation of this parameter using
XRD results may be fruitful.

It is well known that for Mo concentrations ranging from 1 to
about 16 wt%, Mo is in a solid solution in the yU phase, i.e. the
yU-Mo cell parameter is directly linked to the Mo concentration
in this phase [28]. Since the cell parameters of the yU-Mo-a and
yU-Mo-b phases have been refined for each fuel plate (cf. Table 2),
the Mo weight content in these components of the Mo particles can
be determined (X;V'UO_MD_&, X%’_Mo_b).

The Mo concentration in U;Mo can be readily calculated
(XL"]"Z‘}V[o = 16.9wt%).

The case of the Mo solubility in aU is more difficult to handle but
it clearly appears to be lower than in yU-Mo and U;Mo and can be
neglected at this step. To our best knowledge, a unique study deals
with the Mo solubility limit in aU [27]. It is supposed to be very low
(below 1at%) and higher concentrations should induce complex
structural transitions: [3-U is stable for Mo concentrations ranging
from 1 and up to 2.2 at%, aU (or o’'U) for Mo concentrations between
2.2 and 6.2 at%, o”U (monoclinic crystal structure) for higher Mo
concentrations (between 6.2 and 11.4%). This last phase transition
(from o’U to o”U) has been attributed to the increase of the y angle
in the structure (up to 92°).

As a conclusion, the Mo weight concentration in U-Mo particles
can be derived using the equation:

XMo (XRD) = xMo

7 Mo
U-Mo-particules UyMo > (U2Moratio) + XyUMo—a

; M
x (yYU-Mo-a_ratio) + XW"MO_b

x (yU-Mo-b_ratio)

. . Mo
Errors associated with these XUMO_particules (XRD) values have

been determined assuming that the cell parameters of the yU-Mo-a
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Influence of the U-Mo particle microstructure and post-fabrication thermal treatment conditions on the measured oU. U;Mo, yU-Mo-a and yU-Mo-b weight fractions in
U-Mo particle meat (the phases making the protective layers are not taken into account).

Post manufacturing U-Mo powder aU_ratio U;Mo_ratio yU-Mo-a_ratio yU-Mo-b_ratio yU-Mo.ratio

thermal treatment fabrication method
IRISTUM_0%Si 425°C—2h Ground 39.9+0.5 10.0+0.3 6.8+0.8 43.3+0.6 50.1+£0.7
IRISTUM_2.1%Si 39.7+05 7.6+0.2 10.8+0.9 41.9+0.6 52.7+0.8
IRIS1.0%Si 39.6+0.5 10.1+0.3 16.8+0.3 33.5+0.5 50.3+0.8
Average 39.7+0.5 93+14 12+5 40+5 51.0+14
IRIS3.0.3%Si 425°C—2h Atomised 15.9+0.2 1.7 71.9+0.9 10.5+0.3 824+13
IRIS3_2.1%Si 20.6+04 2.1+0.2 58.7+0.1 18.6+0.5 773+14
IRIS4.0%Si 21.5+£03 4.1 56.5+0.7 16.1+0.3 734+1.1
IRIS4.2.1%Si 20.1+04 3.1+0.2 57.2+09 18.7+0.4 751+1.3
EF4112_4%Si 18.9+0.3 14 56.3+0.7 22.3+04 78.6+1.1
EF6101_6%Si 229+03 2.1 54.1+0.8 19.7+0.4 739+1.2
Average 20+3 24+1.0 59+6 18+4 77+3
EF4201_4%Si 475°C—2h Atomised 34.1+0.5 73+0.2 37.1+05 20+04 571+15
EF6311_6%Si 475°C—4h Atomised 41.8+0.5 17.3+0.3 19.9+0.3 19.8+0.4 39.7+1.2

" Indicates that the scale factor of the related phase was maintained fixed during the refinement.

and yU-Mo-b phases have been refined within +£0.001 A. This error
is very probably overestimated.

The Mo concentrations in U-Mo particles obtained with this
methodology for each full size plate are gathered in Table 2 and

compared to the values measured by ICP (Xyﬁo_particules (ICP)) in

Fig. 8. A good general agreement can be found.

However for 8 fuel plates, XL"J"]\‘}[O_partimles values are lower than
those measured by ICP. This underestimation suggests that the Mo
concentration in the aU (and in the associated distorted phases)

phase is not zero in these cases. This has been calculated:

M M
XMO —100 x XUI\Zo—particules([CP) - XU—[I)\/lo—particules(XRD)
ou aU_ratio

Results for each full size plate are reported in Table 2.

As expected Table 2 shows that the presence of Mo in the aU
phase is systematically associated with a distortion of the lattice,
i.e. a lower c parameter (see Section 3.3). In these cases, aU is thus
very probably the o”U phase.

3.5. Protective layer (SiRDL and oxide) thickness determination
for atomised U-Mo particles

The main goal of this section is to measure the thickness of the
SiRDL obtained around U-Mo atomised particles after fuel plate
manufacturing, with significant Si concentration (>2 wt%) in the
AISi matrix.

However this appears to be a very difficult task for at least three
reasons.

First this SiRDL has a very irregular shape around a given U-Mo
particle.

Second the SiRDL thickness may strongly fluctuate from an
U-Mo particle to another inside the same fuel plate. As a con-
sequence their appropriate measurements would require a SEM
mapping with very high resolution of large areas in the fuel plate
meat as well as the development of enhanced image analysis codes
which are not yet available.

Third during sample preparation U-Mo particles are not always
cut along an equatorial plane: the results provided by 2D imaging
techniques (scanning electron microscopy (SEM)) could lead to a
systematic overestimation of the real SiRDL thicknesses.

Based on the quantitative XRD measurement detailed in a previ-
ous section (cf. 3.1), an average value for the protective shell of the
U-Mo particles in the meat can be derived by assuming a spherical
shape for the U-Mo particles, and a full density for the phases mak-
ing the layer (10.5, 8.9 and 6.8 g cm~3 are considered as theoretical

densities for polycrystalline UO,, U3Sis and U(ALSi)3) [29]. Note
that this calculation is only valid for atomised powders and not for
ground powders because of their very irregular shapes. A precise
knowledge of the UMo powder granulometry is also required.

It has been chosen to apply this method not only to the measure-
ment of SiRDLs but also to oxide layers whose thickness seems to
be more homogeneous are U-Mo particles. This difference between
the characteristics of both layers is illustrated by Fig. 7. It shows two
OM and SEM images of U-Mo particles either surrounded by a UO,
or a Sirich protective layer.

Therefore, the average thickness given by microscopy and XRD
measurements should be in better agreement for oxide layers than
for Si-rich ones.

The relationship between the thickness of a given protec-
tive layer and the diameter of the U-Mo core of the particles
(D) has been found to be e=0.0004 x D% +0.0902 x D+0.0013 and
e=0.0008 x D? +0.0892 x D+0.0027 for the pre-oxidised and stan-
dard U-Mo powders, respectively. The detailed demonstration of
these equations is the subject of a forthcoming paper.

The thicknesses of the oxide and Si-rich shells have been calcu-
lated for each sample of interest. The results are indicated in Table 6
and compared to the values obtained by SEM. As expected val-
ues derived from XRD measurements are systematically lower than
those measured by SEM. If a large discrepancy can be seen in the
SiRDL thicknesses obtained by both techniques, a better agreement
is noted for oxide shells. Larger uncertainties in the results obtained
by microscopy for oxide layers must however be mentioned.

3.6. Location of Si in the as-fabricated samples

When Si has been added to the matrix, this element can either
be found in precipitates in the Al matrix or in the SiRDL after fuel
plate manufacturing. However the applied technique (diffraction
with high energy X-ray beams) turns out to be poorly sensitive to
the Si crystal structure (see Sections 3.1 and 3.2). The fraction of Si
located in the matrix as precipitates can however be estimated. It
is based on the accurate quantification of the Si weight fraction in
the SiRDL and the precise knowledge of the Si quantities added to
the matrix during the fuel plate manufacturing step.

Therefore the SiRDL weight fraction in the meat (Ws;gp; ) can be
readily defined by:

WsirpL = Y jW; where W is the weight fraction of each phase
making the SiRDL.

Only two possible components for this protective shell have
beenidentified by XRD: U3Sis and U(ALSi)3. As proposed by Dwight,
Silicon may insert in the UAl3 crystal structure and occupy Al sites.
It can thus be considered as a solid solution: the Si content in this
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A-Oxide layer around U-Mo particles

B-Si-rich layer around U-Mo particles

1500x 25kV —10um—

Fig. 7. Comparison of the shape of the oxide (optical micrograph (A)) and Si-rich layers (SEM picture (B) [17]) around U-Mo particles. They are homogeneously thick around

U-Mo particles in the case of oxide and very heterogeneous in the case of Si-rich layers.

Table 6

Comparison between the average thicknesses of oxide and Si-rich protective layers in the 8 fuel plates containing U-Mo atomised powder as determined from high energy

XRD and microscopy [31].

Post manufacturing thermal treatment

Average thickness of the protective layers around U-Mo particles (um)

XRD Microscopy

Oxide Si-rich Oxide Si-rich
IRIS3.0.3%Si 425°C—2h 0.06 - - -
IRIS3.2.1%Si 0.13 0.11
IRIS4.0%Si 1.11 - 1.0-1.5 -
IRIS4.2.1%Si 1.15 0.09
EF4112_4%Si 0.03 0.16 - 0.7
EF6101_6%Si 0.06 0.36 - 0.6
EF4201_4%Si 475°C—2h 0.03 0.40 - 0.8
EF6311_6%Si 475°C—4h 0.03 0.84 - 13

phase can be determined provided that the U(AI,Si)3 lattice con-
stant is known [30]. The Si weight fraction in this phase can thus be
derived using this method. Depending on its Si content, it ranges
from 0.08 to 0.12 wt% in U(ALSi); for the studied samples.

Therefore the weight fraction of Si in the SiRDL can be calculated
from the analysis of XRD patterns:

Wb oL = >_,Yj x Wj, Y; being the Si weight fraction in each j
phase making the SiRDL (it equals 0.17 in U3Sis ). For the fuel plates
with a Si-doped matrix, Table 7 shows this Si fraction in the SiRDL
(however converted in atomic percents). A good agreement can be
noticed between these values and those measured by EDX (Energy
dispersive Spectrometry) or EPMA (Electron Probe micro Analysis)
[17,31-33].

It means that using the known initial quantity of Si added to the
matrix (Wﬁ Jinitial-stat .)» the weight fraction of Si still located in the
precipitates in the as manufactured fuel plates is:

Si S _ : :
WeirnL = WAl/initial—state E Yj x W;

]

WSi WS

— i _
precipitates — *" Al/initial-state

Table 7

The error associated with the normalised ratios of Si in Si

. . . . . Si Sl
precipitates or of Si in the SiRDL (Wgpo /Wi Jinitial-state and
Si

precipitates/ng/initial_state, respectively) is estimated to a few per-
cents. Note that contrary to the SiRDL thickness determination this
calculation does not depend on the density of its components.

The Si fraction in the SiRDL and the Si precipitates are given in
Table 8 for each relevant fuel plate.

4. Study of the yU-Mo decomposition

This section has three goals: (i) defining the main mechanism
for U-Mo phase decomposition under each fabrication conditions,
(ii) quantifying the rate of decomposition of the yU-Mo phase and
(iii) evaluating the influence of the U-Mo particle microstructure
on the two first subjects of interest.

This discussion is based on the results gathered in Table 2
and Table 5 which demonstrate the influence of both manu-
facturing conditions and U-Mo particle microstructure on the
rate of yYU-Mo decomposition and on the characteristics of the

SiRDL elementary and crystallographic compositions as measured by XRD and by EDX/EPMA [17,31-33]. The characteristics of the U(ALSi); phase are also provided for each

fuel plate [30].

U-Mo micro-structure Post manufacturing

thermal treatment

SiRDL composition as
determined by XRD (wt%)

U(ALSi)3 characteristics Si atomic composition

in the SiRDL (at%)

U(AL Si); UsSis Ao (A) Si/(Al+Si) (%at) XRD EDX EPMA

IRISTUM 2.1%Si Ground 425°C—2h 12 88 421 23 56 20-55
IRIS3.2.1%Si Atomised 425°C—2h 14 86 416 44 54 50

IRIS4.2.1%Si 8 92 416 44 59 53

EF4112.4%Si 24 76 416 44 53 50

EF6101_6%Si 20 30 416 44 55 38
EF4201.4%Si Atomised 475°C—2h 41 59 419 32 43 33
EF6311.6%Si Atomised 475°C—4h 64 36 419 32 34 36
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Table 8

Influence of the AlSi matrix and U-Mo microstructures on the Si repartition (in the SiRDL or in the matrix) in as-fabricated fuel plates.

Post manufacturing U-Mo micro- AlSi Location of the Si elements in the Siin the SiRDL (weight
thermal treatment structure powder as-fabricated fuel plates (wt%) fraction (%) of the matrix)
SiRDL Si precipitates in the matrix

IRISTUM 2.1%Si 425°C—2h Ground Alloy 100" 0 2.1

IRIS3.2.1%Si 425°C-2h Atomised Alloy 30.6 69.4 0.6

IRIS4.2.1%Si 19.5 80.5 0.4

EF4112.4%Si 425°C-2h Atomised Mixing 19.0 81.0 0.8

EF6101.6%Si 30.6 69.4 1.8

EF4201_4%Si 475°C—-2h Atomised Mixing 46.7 533 1.9

EF6311_6%Si 475°C—4h Atomised Mixing 54.9 45.1 33

" Note that calculations give 103% of Si located in the SiRDL. Results were thus slightly corrected.

destabilisation products (Mo content and lattice parameters),
respectively. A qualitative comparison of the destabilisation rate
of the yU-Mo phase in these samples is also provided by Fig. 5
where the 11 collected patterns in the [3.1;3.7] 20 range are
shown.

4.1. Atomised powders in full size plates that underwent a
post-manufacturing thermal treatment at 425°C

Six samples have been considered for this analysis (IRIS3_0.3%Si,
IRIS3_2.1%Si, IRIS4.0%Si, IRIS4.2.1%Si, EF4112_4%Si, EF6101_6%Si).
As shown in Table 2, the main products of this decomposition are
a yU-Mo phase enriched in Mo (with about 10.4 wt%) and the o”U
phase also containing 2.2 wt% (i.e. 5at%) of Mo (see Sections 3.3,
3.4). The vy angle in the o”U crystal structure has been evaluated
to 90.6° by Lebail fitting of the profile of this phase (the Cm space
group for o”U has been used). When using an orthorhombic struc-
ture (with CmCm space group), the o”U lattice parameters have
been found to be: a=2.872 A, b=5.848 A, c=4.935A.

To illustrate the absence of aU or o’U crystal structures in the
as-fabricated full size plates with atomised U-Mo particles, Fig. 9A
shows the agreement between measured and calculated intensities
of (131) aU Bragg line in the EF4112_4%Si fuel plate. Both structural
model and the space group (Cmcm) of this phase do not match
perfectly.

A quantitative comparison of the results of the Rietveld analysis
in this set of samples shows that the decomposition rates of the
yU-Mo phase are quite close. The aU_ratio evolves between 15.9
and 22.1%, yU-Mo_ratio between 73.4 and 82.4% (cf. Table 5). More-
over even if the U;Mo phase has been unambiguously identified (cf.
Fig. 3), its amount does never exceed 3.1%.

However it seems that the IRIS3_0.3%Si exhibits an unusually
low destabilisation ratio. Further investigations together with the
manufacturer will be undertaken to elucidate this problem: a com-
plementary XRD analysis of the fresh IRIS2_0%Si fuel plate which
has been produced in the same conditions than IRIS3.0.3%Si and
which has the same composition has to be performed.

4.2. Ground powders in full size plates that underwent a
post-manufacturing thermal treatment at 425°C

Three fuel plates (IRIS1.0%Si, IRISTUM_0%Si, IRISTUM_2.1%Si)
have been manufactured with U-Mo ground powder and subse-
quently thermally annealed at 425°C.

XRD analyses have shown that the main components in the
ground U-Mo particles are as expected yU-Mo enriched in
Mo (with about 14.8wt%) [34] and the /U phase (a=2.859A,
b=5.843 A, c=4.964 A) [35] (see Table 5 and Table 2). Furthermore
U, Mo can not be considered anymore as a trace phase. Its ratio in
U-Mo particles increased up to 10.1 wt%, i.e. almost 5 times the
ratio measured in fuel plates manufactured in the same conditions
but with atomised powders.

Based on the hypothesis that Mo is only present in yU-Mo
phases and in U,;Mo, an approximate Mo weight fraction in the
U-Mo particles has been calculated (see Section 3.4). They are in
good agreement with values given by ICP measurements confirm-
ing that the Mo content of the o’U phase in these ground particles
is very low if not zero (see Fig. 8).

This conclusion disagrees with a previous XRD study performed
with laboratory equipments on samples taken from the same IRIS-
TUM plates [35]. However, due to a lack of signal to noise ratio
in their measurement, these authors could not identify the U,Mo
phase and the Mo quantity present in this phase could not be taken
it into account in their calculations.

By comparing the composition of the U-Mo particles in the
three fuel plates considered in that section, a relatively good agree-
ment can be found especially in the case of the IRIS1.0%Si and
IRISTUM_0%Si plates.

Finally one can conclude: (i) the results discussed in that section
are robust and (ii) that the industrial process applied for manu-
facturing fuel plates with ground powders leads to reproducible
results.

4.3. Atomised powders in full size plates that underwent a
post-manufacturing thermal treatment at 475°C

Annealing nuclear fuel plates at 475 °C clearly favours the desta-
bilisation of the yU-Mo phase (see Table 2 and Table 5). At this
temperature the first step of the destabilisation (after 2 h, i.e. for
the EF4201_4%Si fuel plate) leads to mainly the growth of o”U and a
Mo enriched yU-Mo phase (13 wt%), the formation of U;Mo being
however significantly larger to what was observed at 425°C. At
a second step (after 4h, i.e. for the EF6311_6%Si fuel plate), the
amount of yU-Mo-b does not evolve much, and the destabilisation
seems to mainly lead to the growth of U Mo and o’U at the expense
of yU-Mo-a and o”U. Concerning the Mo content of the o’U phase,
it seems to be low but not zero in the EF 4201 _4%Si fuel plate, when
increasing the post-treatment duration leads to a depletion of the
o’U phase in Mo and an increase of the ¢ parameter of this phase: its
lattice constants become very close to those observed on fuel plates
made with ground powders (see Table 2). Fig. 9B, illustrating for the
EF6311_6%Si fuel plate the good agreement between measured and
calculated data for the (131) aU Bragg line, confirms that the crys-
tal structure and space group used for aU are appropriated in this
case.

4.4. Influence of U-Mo particles oxidation or Si addition to the
matrix

In this section, the influence of a protective shell on the desta-
bilisation of the yU-Mo phase in atomised particles has been
investigated. Two kinds of protective shell are considered: a Si rich
(SiRDL) one and an oxide one. By comparing first the aU, U;Mo
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Fig. 8. Comparison between the Mo weight fractions in the U-Mo particles (meat only) as obtained by ICP and XRD.

and yU-Mo_ratios in two samples containing different Si concen-
trations in the matrix it can be shown that the limited fluctuations
of this parameter do not induce any significant modification of the
yU-Mo stability. The case of IRIS3 fuel plates will not be considered
here since the composition of the IRIS3_0.3%Si seems to be problem-
atic. Instead the behaviour of IRIS4 fuel plates will be discussed.

Indeed these two fuel plates which have been produced in
exactly the same conditions (temperature treatment and hot rolling
machine settings), exhibit the same aU, U,Mo and yU-Mo._ratios
if standard deviations are taken into account (cf. Table 5). How-
ever in the XRD measurements performed in that work, the whole
U-Mo particles are probed. Therefore, this analysis is only sensitive
to volume destabilisations: it is likely that a destabilisation only
of the interface between the protective shell and the U-Mo meat
(i.e. occurring in a thin outer part of the meat) would not have
been detected by this technique. Complementary measurements
are needed to tackle definitely this issue.

5. Oxide layer
5.1. Crystallographic composition
If UO, is clearly the main crystallographic component of these

layers, this is not the only one. Indeed at least two additional phases
have been identified in the plates with high oxidation rates: UN in

A EF4112_4%Si
o Yobs —— Yecalc
oU (131)

__ 3.0E+03 - '
3 '
8 2.5E403 - QU
= ;
b '
= 2.0E+403 :
7] 1
] :
.E 1.5E+03 4 !

'
B 1.0E+03 1 1
o H
1 H
£ 5.0E+02 /_\/i
n 1

0.0E+00 . T T ‘
52 5.25 53 5.35 5.4 5.45
20 (%)

the plates made with ground powders (IRIS1_0%Si, IRISTUM_0%Si,
IRISTUM _2.1%Si) and U;N3.x (space group a3, ag=10.65 A) mainly
in the plates made with atomised UMo powders (IRIS4.0%Si,
IRIS4_2.1%Si) [36].

Fig. 10, which shows two zooms in the XRD pattern measured
on IRIS4_0%Si, illustrates the presence of this last phase. Note that
SEM/EDX measurements performed on IRIS4_0%Si and IRIS4_2.1%Si
fuel plates confirm the heterogeneity of this UO, protective layer
and underline the presence of UxN,, phases.

It must be mentioned that the refined profile for the UO,
Bragg lines is not fully satisfactory using an undistorted UO,
crystal structure suggesting that a distortion exists (cf. Fig. 10B).
Either a gradient in the O content of this oxide layer with the
presence of UO,., phase or strains due to the U-Mo substrate
could explain this observation. However to quantify the uranium
oxide weight fraction in these fuel plates, the undistorted UO,
crystal structure has only been taken into account. Diffraction
experiments using nano X-ray beams would probably enable a
better description of the composition of these nitride and oxide
layers [37]. These experiments should be performed on U-Mo
particles taken from the powder (i.e. before fuel plate manu-
facturing) to check for the presence of UxN, phases. It would
allow a better understanding of the unexpected presence of these
phases. This discussion is however out of the scope of the present
paper.
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Fig. 9. Lower quality of the fit for the aU phase in the diagrams collected on samples manufactured at 425 °C (during 2 h) than for a fuel plate produced at 475 °C (during 4 h).
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Fig. 10. Comparison between measured and calculated XRD diagrams on the IRIS4_0%Si fuel plate in two limited 26 ranges ([1.55; 2.2°] (A) and [2.4; 3.1°] (B)). Evidence for
the distortion of the UO, crystal structure and for the presence of U;Ns.y in the oxide protection layer around U-Mo particles.

5.2. Oxide layer weight fractions in full size plates

Fig. 4 shows the measured intensities of the (110) and (200)
most intense Bragg lines of UO, in the 11 characterised fuel plates.
It provides a first indication of their UO, content.

Concerning the fuel plates made with atomised powders
(IRIS4.0%Si and IRIS4_2.1%Si), the U0, weight fraction was expected
to be identical since the pre-oxidised U-Mo powders were com-
ing from the same batch (production and oxidation) and that the
nuclear fuel plate hot-rolling process was also identical,. As shown
in Table 3, this is the case when standard deviations of the fit-
ting procedure are taken into account. A larger discrepancy is
observed on the UyNy, content of these layers. It is larger than 20%
for IRIS4_0%Si and less than 15% for IRIS4_2.1%Si.

Oxide fractions in ground and atomised U-Mo particles can be
compared. In the case of ground powders, the oxidation is system-
atic during manufacturing affecting not only the outer surface of the
particle but also the inner part: after rolling some oxide stringers
can be observed [15]. The oxide fraction is very close in IRIS1_0%Si
and IRISTUM_0%Si and definitely lower in IRISTUM_2.1%Si (see
Table 3). However these three fuel plates exhibit a lower UO,
weight fraction than the IRIS4 fuel plates. Taking into account the
larger specific surface of ground powders and the presence of oxide
stringers, it can be concluded that the average thickness of the oxide
layer is significantly larger in IRIS4 fuel plates than in those made
with ground powders.

5.3. Oxide layer thickness

The average thickness of the oxide protective layer around
U-Mo particles in both fuel plates IRIS4_0%Si and IRIS4_2.1%Si has
been obtained thanks to the equation mentioned in section 3.5 and
the results of this calculation are given in Table 6. The obtained
value (about 1.2 pm) is of the same order than those given by
microscopic observations (i.e. between 1.0 and 1.5 wm [31]) which
however suffer from large uncertainties.

In each fuel plates made with U-Mo atomised powder UO,
impurities have also been found. An average thickness of this layer
has thus been calculated. For the 8 considered fuel plates, they all
are well below 0.08 pum, except IRIS3_2.1%Si for which an average
UO, shell of 0.13 wm has been measured.

6. Si behaviour during full size plate manufacturing

This section is based on the analysis of 3 tables. Table 6
shows the influence of manufacturing conditions on the SiRDL
thickness around atomised U-Mo particles. Table 7 characterises
the influence of manufacturing conditions and U-Mo particle
microstructures on the SiRDL elementary and crystallographic
compositions. Finally Table 8 gives the Si repartition in the meat
as a function of both particle and matrix microstructure on the one
hand and manufacturing conditions on the other hand.

6.1. Influence of a post-manufacturing thermal treatment at
425°C

6.1.1. Fuel plates containing atomised U-Mo powders

At this temperature, the composition of 4 fuel plates can be
directly compared: IRIS3_2.1%Si, IRIS4.2.1%Si, EF4112.4%Si and
EF6101_6%Si. Note that the IRIS3.0.3%Si fuel plate has been dis-
regarded since no trace of SiRDL has been found neither by
microscopy nor by diffraction.

First it can be shown that whatever the Si content in the matrix
(between 2.1 and 6 wt%), the composition of the SiRDL does not
change significantly. Two components have been identified: U(Al,
Si); and UsSis. In each case, the cell parameter of the U(Al, Si)3
has been found to be 4.16A. As a consequence the atomic ratio
Si/(Al+Si) in this phase can be evaluated to 44.2 at% (cf. Table 7).
Using this XRD characterisation of the SiRDL in the different fuel
plates, its elementary composition can be estimated and compared
to that found by EDX/EPMA (cf. Table 7). It comes first that what-
ever the Si content in the matrix, the Si content in the SiRDL in the
as-manufactured fuel plates is almost constant (about 50 at%) and
very close to what has been measured. Secondly this good agree-
ment can be considered as an additional argument for validating
this quantitative analysis using XRD.

Based on the results from XRD and microscopy, it appears that
by increasing the Si content in the Al matrix, the SiRDL becomes
thicker. From 0.11 wm with 2.1 wt% Si (IRIS3.2.1%Si), it increases
up to 0.36 wm when adding 6 wt% Si (EF6101_6%Si).

Finally, the key point of this study seems to be provided by
Table 8. It appears that the Si fraction in the SiRDL is higher in
IRIS3_2.1%Si(30.6%) thanin EF4112_4%Si(19.0%) and in IRIS4_2.1%Si
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(19.5%) and almost equivalent to EF6101_6%Si (30.6% or 1.8 wt%
of the matrix). Beside the importance of the Si quantity used
for manufacturing a fuel plate at a given temperature, it seems
that the matrix microstructure has also an importance. Indeed
in IRIS3.2.1%Si, the AlSi matrix was an alloyed powder when in
EF4112_4%Si and EF6101_6%Si, the AlSi matrix was produced from
mixed powders.

6.1.2. Fuel plates containing ground U-Mo powders

The analysis of IRISTUM_2.1%Si composition shows that the
SiRDL consists also of U(Al, Si); and Us3Sis as in the previous case
of nuclear fuel plates made of atomised powders (see Table 7 and
Fig. 3). However two main differences can be found. Firstly the U(AI,
Si); phaseis Sidepleted: its cell parameter (refined to 4.21 A instead
of 4.16 A for atomised powders) shows that this phase contains
twice less Si (the Si/(Al+Si) ratio is 23 at% instead of 44 at%) (cf.
Table 7). Secondly the U3Sis amount exceeds from far the values
obtained for atomised powders (1.2 wt% in the meat).

Once more the most striking feature of this analysis is given in
Table 8: using the U3Sis and U(Al,Si); weight concentrations dis-
cussed previously and the methodology discussed in section 3.6, it
can be demonstrated that no Si precipitates are left in the matrix
after the manufacturing step. SEM/EDX investigations corroborate
this macroscopic result [32,33]: in addition to thin SiRDL partially
protecting ground U-Mo particles, many small particles made of
four elements (mainly U and Si but also Al and Mo) have been found
in the as-fabricated fuel plate matrix, along with very few Si pre-
cipitates. They are definitely less numerous than in for example
IRIS3.2.1%Si. The growth of these small U, Si, Al, Mo particles can
very probably be explained by the presence in the ground U-Mo
powder of a non negligible fraction of very small particles: they
have interacted preferentially with Si during fuel plate manufac-
turing [32].

From a methodological point of view, the analysis of IRIS-
TUM_2.1%Si fuel plate validates the robustness of both the XRD
characterisation and the developed methodology for investigating
the Si precipitate fraction remaining in the matrix after manufac-
turing.

6.1.3. Influence of a post-manufacturing thermal treatment at
475°C

The crystallographic composition of the SiRDL formed after fuel
plate manufacturing at 475°C, is basically identical to the one
obtained at 425 °C. Two phases are identified whatever the post-
manufacturing thermal treatment duration: U3Sis and U(ALSi)3
with however a higher cell parameter (4.19A) thus indicating
a lower Si content [30]. The Si/(Al+Si) atomic ratio in U(ALSi)3
appears to be about 32% (cf. Table 7). From these crystallographic
results, the Si content in the SiRDL has been evaluated (see section
3.6). It comes that the longer the annealing duration, the higher
is the U(Al,Si); weight ratio in the SiRDL; therefore, the Si content
decreases even if the amount of Si added in the matrix was higher
(cf. Table 7). Note that the thickness of the SiRDL has been found
to reach almost 0.9 wm in the fuel plate containing the highest Si
concentration and annealed during the longer duration.

6.2. Possible complementary measurements

The comparison between the thicknesses of the SiRDL as deter-
mined by 2D techniques (scanning electron microscopy) and those
obtained from volume techniques (high energy XRD) shows a clear
difference, the first being systematically lower than the seconds.
However if this difference results very probably from the correction
of geometrical artefacts created by the use of a 2D characterisation,
it should be investigated whether the density of this SiRDL is 100%
or lower.

Concerning the crystallographic composition of the SiRDL, it
has been shown that at both tested temperatures, it only consists
of U(ALSi); and UsSis. Complementary characterisations using a
more local probe would be needed mainly to investigate the pres-
ence of ternary compounds like UMo;Al,g and UgMogAls3 [37] as
found in U-Mo/AI(Si) diffusion couples [38]. This would have three
advantages. First a better estimation of SiRDL thicknesses would be
obtained. Second a definitive conclusion on the presence of phases
with poor in-pile performances (like UgMo4Al43 or UAly) could
be proposed [39]. Finally from a methodological point of view,
such a work would be interesting for defining the limits of these
macroscopic and volume measurements in describing the slight
evolutions of SiRDL composition with manufacturing conditions.

6.3. Optimisation of the manufacturing process

Toimprove the in-pile behaviour of dispersed U-Mo/Al(Si) fuels,
this Si fraction located close to U-Mo particles (for example in the
SiRDL) should be optimised. However in this study it has been
shown that even in the most favourable tested annealing condi-
tions (475 °C during 4 h) in terms of diffusion, the fraction of Si in
the SiRDL never exceeds 60%, i.e. 4 wt% of the matrix (cf. Table 8).

This work has shown three ways for increasing this fraction
using this concept (addition of Si to the matrix). However it must be
mentioned that recently two techniques have been developed for
coating atomised UMo powders with Si: they are based on either
physical vapour deposition [40] or solid/solid reactions (annealing
at 900 °C under vacuum) [41].

First higher Si quantities have to be added to the matrix (com-
pare fuel plates EF4112_4%Si, EF6101_6%Si). This argument is also
supported by the first results of non-destructive examinations
performed on E-FUTURE plates after in-pile irradiation [42]: the
plates with the highest Si fraction in the matrix exhibit the low-
est swelling. However these Si amounts have to remain limited,
otherwise some difficulties in this fuel back-end could occur [17].
Second alloyed AlSi powders have to be chosen as a matrix. Even if
this result is only based on the comparison of very few samples, it
seems that this feature deeply influences the Si diffusion towards
U-Mo during the manufacturing and the subsequent thermal treat-
ments. Finally annealing during a larger duration at 425 °C nuclear
fuel that contain 6 wt% Si in the matrix seems to be a very promising
solution. Indeed the destabilisation of the U-Mo particles has been
found to be very low (below 25 wt%), the fraction of Si in the SiRDL is
optimal (higher than 50 at%) and the ratio of Si located in the SiRDL
pretty elevated (about 30%). As a comparison, manufacturing pro-
cesses based on annealing at 475 °C seems to be less appropriated
whatever the Si content and the duration of the thermal treatment.

7. Conclusion

X-ray diffraction using high energy X-ray beams has been shown
to be a very powerful technique to characterise as-fabricated
U-Mo/Al(Si) nuclear fuel plates. Indeed based on this measure-
ment, the destabilisation level of U-Mo particles and both the
thickness and the compositions (crystallographic and elemen-
tary) of the SiRDL have been determined at a macroscopic scale.
Moreover access to the repartition of the Si between SiRDL and
precipitates in the matrix has been obtained.

The conclusions of this paper are based on the analysis of eleven
full size fuel plates.

Both the products and the levels of the yU-Mo destabilisation
depend on the manufacturing conditions of the fuel plates but also
on the U-Mo particle microstructure. If the obtained results are in
agreement with the TTT curve describing the yU8-Mo destabilisa-
tion [12], it has been shown that at low destabilisation levels (after
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a post-manufacturing thermal treatment at 425 °C during 2 h), the
U crystal structure in addition to a Mo enriched yU-Mo phase
was formed in fuel plates produced with U-Mo atomised particles.
It would be interesting to know whether the presence of this phase
is systematic at the first stages of the yU-8Mo destabilisation or
is related to the initial U-Mo microstructure (and is only found in
destabilised atomised particles). The study of fuel plates manufac-
tured in more demanding conditions (with a post-manufacturing
thermal treatment at 475 °C during 4 h) with atomised U-Mo par-
ticles, shows that this o”U crystal structure has vanished (replaced
by o’U) when the weight fraction of U;Mo has strongly increased
at the expense of the Mo enriched yU-Mo phase.

Analyses of fuel plates made of U-Mo ground powders after a
post-manufacturing thermal treatment at 425°C during 2 h have
shown a composition very close to that discussed for fuel plates
made of atomised particles but annealed at 475 °C during 2 h. The
main difference was the lower U, Mo concentration.

The interest of limiting the post-manufacturing temperature of
full size U-Mo/AI(Si) plates at relatively low temperature (425 °C)
has been demonstrated. Indeed at higher temperatures (475 °C)
a risk of Si depletion of the SiRDL exists. Moreover it seems that
the use of alloyed AlSi powder rather than mixed powder signifi-
cantly improves the Si diffusion towards U-Mo particle during the
manufacturing process.

New investigations will be performed in three directions.

From a methodological point of view, it is obvious that this study
at a macroscopic scale has to be completed by an analysis of the
SiRDL composition at the U-Mo particle scale [37]. It would be
very useful to evaluate its heterogeneity, measure its density, and
attest the presence of trace phases.

Second the determination of the o”U space group and precise crys-
tal structure would be of first interest. Moreover the influence of
second order parameters in the U-Mo/Al(Si) nuclear fuel man-
ufacturing process as the kind of cladding or the presence of Si
precipitates should be also quantified. For this last prospect, the
set of samples described here was too restricted and would not
have provided definitive conclusions.

Finally screening tests to optimise the thermal treatment duration
at 425°C (and thus SiRDL characteristics) should be performed.
This study could be carried out using smaller samples (miniplates)
that are less expensive than full-size plates [43,44].
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