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a b s t r a c t
In the framework of a R&D program aiming to develop uranium carbide (UCx) targets for radioactive
nuclear beams, the Institut de Physique Nucléaire d’Orsay (IPNO) has developed an experimental setup
to characterize the release of various fission fragments from UCx samples at high temperature. The results
obtained in a previous study have demonstrated the feasibility of the method and started to correlate the
structural properties of the samples and their behavior in terms of nuclear reaction product release. In the
present study, seven UCx samples have been systematically characterized in order to better understand
the correlation between their physicochemical characteristics and release properties. Two very different
samples, the first one composed of dense UC and the second one of highly porous UCx made of multi-wall
carbon nanotubes, were provided by the ActILab (ENSAR) collaboration. The others were synthesized at
IPNO. The systems for irradiation and heating necessary for the release studies have been improved with
respect to those used in previous studies. The results show that the open porosity is hardly the limiting
factor for the fission product release. The homogeneity of the microstructure and the pore size
distribution contributes significantly to the increase of the release. The use of carbon nanotubes in place
of traditional micrometric graphite particles appears to be promising, even if the homogeneity of the
microstructure can still be enhanced.
1. Introduction

Finding optimal properties of the uranium refractory compound
target materials constitutes a key ingredient for the production of a
wide variety of isotope beams using the ISOL (Isotope Separator
Online) technique. Different developments have been achieved in
various facilities [1–3] and today uranium carbides with an excess
of graphite (with variable stoichiometries, UCx, since uranium
dicarbide UC2 and uranium monocarbide UC phases can be both
stabilized depending on the amount of graphite added) are used
by the different operating facilities throughout the world [4–8].

The optimization of UCx targets is essential for the operation of
the next generation facilities: EURISOL, HIE-ISOLDE, SPIRAL2 and
SPES. It is also necessary for the existing facilities since higher
intensities of short-lived nuclear beams are necessary in order to
address important topics in nuclear and astrophysics. Recent
experimental research aimed to correlate the submicron-scale
porosity of materials with a significant improvement of their
release properties. Firstly, very dense UCx-based targets were
developed by hot uniaxial pressing [9–12] and tested: the samples
with 20 lm diameter grains of uranium monocarbide (UC) exhib-
ited higher releases for all Rb and Cs isotopes than with a
ISOLDE-type target. Then, porous structures were investigated,
such as studies at SPES with the use of multi-wall carbon nan-
otubes (MWCNT) as carbon source [4]. The results showed that
the yields were found to be, for most isotopes, lower than those
obtained with a standard UCx target. The microstructure was
heterogeneous in term of UCx grain size (micrometric) and poros-
ity. MWCNT were also tested for other refractory ceramics
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[13,14]. Very recently, a new protocol was developed at ISOLDE
and a homogenous nanostructure of LaC2 was obtained, made of
nanometric LaC2 grains well dispersed in a carbon nanotube fiber
matrix that could be stabilized even at high temperature [15].

Radioactive ions beams (RIB) intensities can be increased by
improving the release efficiencies of UCx fission targets which
appear clearly correlated to the microstructure of the target mate-
rial as we have previously shown in the framework of the SPIRAL2
project [7]. This study was dedicated to the development of dense
and porous samples, two properties a priori antagonistic but neces-
sary to increase respectively the amount of fission fragments pro-
duced and their diffusion out of the target. The quantity of graphite
in excess was adjusted to stabilize UC rather than UC2 in order to
increase the density of the target.

The present study is focused on studying the releases out of sin-
gle pellets of various fission products independently of the 238U
concentration. Seven very different UCx samples ranging from a
dense almost monophasic UC sample to highly porous UCx

composites synthesized with carbon nanotubes, instead of gra-
phite, are characterized and compared. The two samples, labeled
GATCHINA and CNT in the following, have been provided in the
frame of the ActILab project (ENSAR Joint Research Activity within
the European 7th Framework Program). The grinding of the ura-
nium precursors and the nature of the carbon source (graphite,
microfibers and carbon nanotubes) are taken into account. The
whole experimental procedure aims to determine the impact of
physico–chemical characteristics of a sample on the release prop-
erties. Therefore the correlation between the structural (quantity
of phases) and microstructural properties of the samples (grain
size, porosity and pore size distribution) and the fission-product
release is studied.
2. Preparation and characterization of the samples

2.1. General remarks on techniques and methods used

X-ray diffraction (XRD) patterns were collected by an X-ray
powder diffractometer (XRD, D8 Advance, Bruker AXS) in a
Bragg–Brentano geometry (h–h) equipped with a Cu anode
(Ka1 = 1.54178 Å). Samples were analyzed in air. Due to the use
of a point scintillator detector, long time data acquisition was
needed: from 10 to 90� 2h, 0.02� step size, 16 s/step. Phase identi-
fication was performed with the DIFFRACPlus software (version 16,
2013, Bruker AXS) using powder diffraction files (ICDD PDF4+
2013). The quantitative phase analysis was performed by using
the MAUD software [16,17] in order to account for the Cu Kb line
(Ni filter, no monochromator) and using the Crystallography Open
Database [18]. The instrumental resolution was determined using a
LaB6 NIST standard (Standard Reference Material 660a, cell param-
eter = 0.41569162 nm ± 0.00000097 nm at 22.5 �C).

The effective density qeff of the samples was measured with a
helium pycnometer (Accupyc II 1340, Micromeritics). The apparent
density qapp was determined by size measurement while the effec-
tive density corresponds to the volumetric mass of the pellet with-
out open porosity [19]. Using these two values of densities, qeff and
qapp, the open porosity Popen of the samples can be assessed.
Theoretical densities (qtheo) were estimated from the mass fraction
of UC, UC2 and UO2 obtained by XRD and the estimated carbon in
excess after carburization.

The pore size distribution was measured using a mercury intru-
sion porosimeter (AutoPore IV 9500, Micromeritics). Pressures
were increased up to 228 MPa, corresponding to a pore size diam-
eter of 5.5 nm. A surface tension constant of 0.485 N/cm, a contact
angle between mercury and the pore wall of 130� were assumed
and used in the Washburn equation [20].
The microstructural and morphological features were observed
by scanning electron microscopy (SEM – JEOL 6301F) before irradi-
ation. The secondary electron images (predominant topographic
contrast) were taken using a 10 kV accelerating voltage. Samples,
without metallization and polishing, were observed on both
surface and fracture.

2.2. Characterizations of the raw powders

2.2.1. Uranium precursors
Depleted (0.3 wt% 235U) uranium dioxide powder from CEA

Cadarache (reference MN371) was used at the ALTO facility until
March 2013. Hereafter AREVA depleted (0.25 wt% 235U) uranium
dioxide (MN894) is used; the powder consists of agglomerates
made of spherical grains with an average size about 100 nm. The
depleted uranium dioxide powder (0.31 wt% 235U) used for sam-
ples prepared at ISOLDE-CERN is supplied by Westinghouse with
an average particle size of 16 lm. The uranium oxalate powder,
U(C2O4)2, 2H2O, was prepared at IPNO [21,22] from uranium chlo-
ride obtained by dissolving natural metallic uranium in concen-
trated (4 M) hydrochloric acid; the powder consists of cuboid
grains, with an average size of 2 lm.

2.2.2. Carbon precursors
The graphite powder (Cerac, purity = 99.5%, 325 mesh) was

observed by SEM: it exhibits a large grain size distribution with a
diameter less than 40 lm. SEM observations on carbon microfibers
(Torayca) reveal a diameter of 5.2–7.5 lm with a length ranging
from 55 to 310 lm, while the purchaser indicates a diameter of
7 lm and a length ranging from 10 to 150 lm. MWCNT were pur-
chased from Nanocyl SA, (>95% C, <5% Metal Oxide, D = 9.5 nm,
L = 1.5–10 lm) and used as received.

2.3. Synthesis of the pellets

The OXA samples were prepared from a mixture of uranium
oxalate and graphite with a ratio of 1 mol of UO2 for 3 mol of gra-
phite. The COMP30 samples consisted of OXA samples in which
30 wt% of microfibers (lC) was added. Several mixtures were done
separately and mixed together in order to obtain one homoge-
neous mixture for the preparation of the pellets. One batch for
one pellet weighted about 1.3 g to obtain after sintering a pellet
of about 1 g.

The UO2 powders used at IPNO were ground before use with a
mixer mill RETSCH PM200 or a planetary mill RETSCH PM100.
The UO2 for CNT samples provided by CERN was used as supplied.

GATCHINA pellets were obtained by powder metallurgy from
uranium and graphite, as previously published [9–12]. The pellets
used in this work presented an apparent density of 12.7 g cm�3 and
an average grain size of 6 lm. Information about the raw powders
was not available.

The experimental setups are summarized in Table 1. Table 2
summarizes the conditions of synthesis of the seven kinds of tested
samples. At IPNO, UO2 and graphite were mixed together manually
in an agate mortar. At CERN, depleted UO2 powder with an average
particle size of 16 lm was mixed with MWCNT (9.5 nm thickness
and 1.5–10 lm length) in a vibratory ball mill.

2.4. Pressing

A semi-automatic hydraulic press placed in a glove box was
used (SPECAC Automatic Hydraulic Press) for OXA, COMP30 and
PARRNe samples. The pressing protocol was performed by steps:
from 0 to 3 t, waiting 1 min; from 3 to 5 t, waiting 3 min; from 5
to 7.5 t, waiting 1 min; from 7.5 to 10 t, waiting 15 min and after
a slow decrease of the pressure. A 13 mm or 14 mm diameter pellet



Table 1
Experimental setups for the milling of uranium oxide.

Miller type Balls type Diameter of balls (mm) Number of balls UO2 mass (g) Liquid volume (mL) Milling time (min) Frequency (Hz)

Mixer Inox 9 6 2 � 10 0 30 30
Planetary Inox 3 600 36.68 16 60 5.5

Table 2
Summary of the synthesis.

Sample Uranium source Carbon C/U UO2 milling

OXA IPNO oxalate, natural U Graphite 3
COMP30 IPNO oxalate, natural U Graphite + 30 wt% of microfibres 4
PARRNe 371 UO2, depleted U 0.3% Graphite 6 Mixer
PARRNe 894 UO2, depleted U 0.25% Graphite 6 Mixer
PARRNe 894BP UO2, depleted U 0.25% Graphite 6 Planetary
CNT UO2, depleted U 0.31% Carbon nanotubes 6 No
GATCHINA U Graphite 1
die was used, leading to a final applied pressure respectively of 740
or 640 MPa.

For CNT, 14 mm diameter die was used and pressed at 510 MPa.
The protocol was similar to that described for lanthanum carbide
[23].
2.5. Carburization

For GATCHINA, information about temperature of sintering and
applied pressure for the hot uniaxial pressing (HUP) were not
reported. The reaction was:

U þ C ! UC ð1Þ
According to a recent study [24], the use of vacuum for carbore-

duction favors the release of CO instead of CO2, even if a small
release of CO2 was observed. Nevertheless, concerning the uranium
oxalate dihydrate, the CO2 release cannot be avoided as it was
reported in [21] by TG/TD analyses under inert atmosphere and
the expected equations were:

For OXA :UðC2O4Þ2;2H2Oþ3C!UCþ2CO2ðgÞ þ4COðgÞþ2H2OðgÞ

ð2Þ
For COMP30 : UðC2O4Þ2;2H2Oþ 3Cþ lC
! UCþ 2CO2ðgÞ þ 4COðgÞ þ 2H2OðgÞ þ lC ð3Þ
For the other samples : UO2 þ 6C ! UC2 þ 2COðgÞ þ 2C ð4Þ
The carburization was performed under a secondary vacuum

(typically 10�3 Pa) with a heating rate of 2 �C/min and a plateau
of 16 h at 1770 �C. The heating was controlled by the pressure,
the next heating step (10 A each 10 min) was not performed until
the pressure was under 2.10�2 Pa.
Table 3
Crystallographic data on synthesized phases for phase identification and Rietveld refinem

Phase Space group Cell parameters (Å) Atomic po

UC Fm-3 m (225) a = 4.9590 U 4a 0 0 0
C 4b ½ ½

a-UC2 I4/mmm (139) a = 3.5090
c = 5.9800

U 2a 0 0 0
C 4e 0 0 0

Graphite P 63 mc (186) a = 2.4610
c = 6.7080

C 2a 0 0 0
C 2b 1/3 1

UO2 Fm-3 m (225) a = 5,4680 Å U 4a 0 0 0
C 8c 1/4 1
Green CNT samples were prepared at CERN and carburized at
IPNO before the irradiation tests. The carburization plateau was
20 min after which the furnace broke. The release measurements
of CNT samples were performed, but it is important to keep in
mind a reduced duration of the plateau, inducing a potentially lim-
iting grain growth and a low densification compared to the other
samples.
2.6. Physicochemical characterizations of the sintered pellets

2.6.1. Phase identification and quantification
The selected ICDD patterns for the identification of phases by

XRD and Rietveld refinements are summarized in Table 3. First
bulk pellets were analyzed by XRD. Then, they were ground, under
Ar atmosphere, to powder in a agate mortar for comparison.

For the GATCHINA sample, the grinding of the pellet is expected
to release the microstrain relaxation induced by the HUP sintering.
Analyzing the bulk leads to broad Bragg lines whereas powder
leads peaks at the same positions but with a reduced broadening,
for example the full width at half maximum (FWHM) is reduced
from 0.4508 �2h to 0.1771 �2h for the (111) Bragg line. For PARRNe
894BP and PARRNe 894 samples, the comparison of the bulk and
powder patterns shows a sensitivity of the (00l) planes of graphite,
whereas the relative intensities of UC and UC2 Bragg lines are not
impacted. As expected, the graphite is textured due to the pressing
of the pellet before sintering, the observed intensities are higher
than expected. For OXA, which exhibits only UC and UC2 phases,
the pressing does not induce texture, the observed intensities
match the ICDD patterns.

Fig. 1 shows the XRD patterns obtained for 5 ground samples,
namely PARRNe 894BP, PARRNe 894, GATCHINA, OXA and
COMP30. Table 4 summarizes the uranium phase identification
for the 7 types of samples. As expected from Eqs. (1)–(4), OXA
and GATCHINA samples are mainly made of UC, however a low
ents.

sitions Theoretical density ICDD Pattern Refs.

½
13.65 96-900-8757 [25–27]

.388
11.75 01-084-1344 [25–27]

/3 0.005
2.26 96-901-2231 [28]

/4 1/4
10.90 01-075-0455 [29]



Position [°2Theta] (Copper (Cu))

30 40 50 60 70 80 90

Counts

0

5000

10000

0

5000

10000

0
1000
2000
3000
4000

0
1000
2000
3000
4000

0

5000

 ParrneBP-powder

 parrne 894-powder

 gatchina-powder

 oxa-powder

 compo30-powder

�UC2 �UC Graphite �UO2

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��

��

��

�

�

��

�

�

�

�

�

�

�

�

�

� �

� �

� �

� �

� �

� �

� �

� �

�

�

�

�

�

�

�

�

�

� �

�

Fig. 1. XRD phase identification for ground pellets.

Table 4
Rietveld analysis. The sum of the relative proportions of UC, UC2 and UO2 is equal to
100%.

Sample Identified phases Cell parameter (Å) Quantitative
analysis (wt.%)

OXA UC a = 4.9614 70.5
UC2 a = 3.5286, c = 6.0104 29.5

COMP30 UC a = 4.9590 8.6
UC2 a = 3.5215, c = 5.9969 91.4

PARRNe 371 UC a = 4.9624 10.6
UC2 a = 3.5236, c = 5.9953 89.4

PARRNe 894 UC a = 4.9556 10.5
UC2 a = 3.5249, c = 6.0006 85.9
UO2 a = 5.4680 3.6

PARRNe 894BP UC a = 4.9565 5.8
UC2 a = 3.5230, c = 5.9980 94.2

CNT UC a = 4.9616 14.7
UC2 a = 3.5232, c = 5.9928 85.3

GATCHINA UC a = 4.9567 86.9
UC2 a = 3.5398, c = 6.0055 8.6
UO2 a = 5.4653 4.5
quantity of UC was turned into UC2. No graphite is observed for
GATCHINA and OXA, indicating that its quantity is less than about
1–2 wt%. For COMP30, UC is expected whereas UC, UC2 and gra-
phite are observed showing that the microfibers react with ura-
nium dioxide. For PARRNe samples, UC2, UC and graphite are
clearly identified. Sometimes, UO2 is observed due to the oxidation
of the surface of the pellet, despite all sample-preparation precau-
tions. Indeed, the pyrophoricity of UC induces the formation of UO2

when pellets are ground to powder, more sensitive to air.
For OXA sintered sample, XRD analysis shows no excess of gra-

phite or UO2. This indicates that the reaction between 1 mol of oxa-
late and 3 mol of graphite (experimentally introduced) was
complete. Considering only CO degassing induces the hypothesis
of 4 mol of graphite introduced as precursors. In this case, all the
uranium phase does not react and residual uranium oxide peak
should have been observed by XRD. According to [21], CO and CO2

degassing should be considered and Eqs. (1)–(4) should be rewritten
as follows:

For GATCHINA : Uþ ð1þ xÞC ! ð1� xÞUCþ xUC2 ð5Þ
For OXA : UðC2O4Þ2;2H2Oþ 3C ! xUCþ ð1� xÞUC2 þ xCþ 2COðgÞ
þ 3CO2ðgÞ þ 2H2OðgÞ ð6Þ

For COMP30, microfibers reacted with uranium oxalate leading
to the formation of UC2, the equation should be, assuming graphite
and microfibers as carbon:

UðC2O4Þ2;2H2Oþ 4C ! ð1� xÞUC2 þ xUCþ xCþ 4COðgÞ

þ 2CO2ðgÞ þ 2H2OðgÞ ð7Þ

For the other samples, the carburization reaction could be
described by:

UO2 þ 6C ! xUC2 þ ð1� xÞUCþ ð3� xÞCþ 2COðgÞ: ð8Þ

To be able to perform the quantitative phase analysis by the
Rietveld method, the grinding of pellets is required. However
CNT and PARRNe 371 were not ground because only few samples
were available for all studies but, as mentioned above for PARRNe
894BP and PARRNe 894, the relative UC/UC2 ratio is not sensitive to
the nature (bulk or powder) of the sample.

Because of the texture, only (002) and (004) lines are observed
for graphite; which is not enough for the Rietveld refinement [30].
In consequence, as the Bragg lines of graphite do not overlap with
those of other phases, it was decided to exclude it from the Riet-
veld calculations.

The crystallographic models chosen for this study are summa-
rized in Table 3. Several R-factors are commonly used to evaluate
the fit quality [31], as:

� The weighted profile R-factor, Rw, corresponding to the square
root of the minimized quantity scaled by the weighted intensi-
ties. This factor takes into account the background of the pat-
tern and indicates the quality of the profile fitting. Rw should
be less than 15%.

� The expected R-factor, Rexp, corresponds to the best possible Rw.
� The goodness of fit (GOF), v2 or r (for Maud software), which is
v2 = (Rw/Rexp)2. A good refinement gives value lower than 2.

� The Bragg R-factor, indicating the deviation between observed
and calculated intensities of Bragg lines. It indicates the quality
of the structural model and should be less than 20%.



� The Rietveld refinement for LaB6 NIST standard leads to satisfac-
tory agreement factors (Rw = 8.9%, Rexp = 6.8%, r = 1.3, and
RB = 6.6%) in view of the instrumental conditions. All the results
are summarized in Table 4.

For all the samples, the agreement factors were in the ranges:
9.0% < Rw < 13.9%, 5.5% < Rexp < 8.8%, 1.3 < r < 2.3, and 6.6%
< RB < 18.7%.

For UC and UC2, the calculated cell parameters are in agreement
with the literature data review of Chevalier and Fischer [26]. Even
if U and C are mixed in stoichiometric proportion to synthesize UC,
as in the case of OXA and GATCHINA, UC and UC2 are obtained. For
OXA, this significant quantity of UC2 could be attributed to the ura-
nium oxalate precursor used. Actually Hy et al. [7] showed that UC2

was obtained by using uranium oxalate and was not observed by
arc-melting of uranium and graphite powders. The reduction of
the UO2 grain size (planetary milling) seems to favor UC2 stabiliza-
tion (95 wt% of UC2 in PARRNe 894BP), maybe due to the higher
homogeneity of the powder particle size.

UC2 Bragg lines exhibit 2-fold FWHMcompared to the LaB6 refer-
encesample,whileFWHMforUCareeven four timesbroader.Never-
theless,consideringthecarburizationconditions,theseFWHMcannot
beattributed toananometric crystallite sizeeffect. Thehypothesisof
dissolutionofoxygenaccording toTawagaandFujii [32] also isnot in
agreement with the present calculated cell parameters. These large
FWHMcouldbeexplainedby thepresentelaborationconditionscor-
responding to the two-phase field domain in theU–C phase diagram
[26],leadingtoacontinuouschangeinthecellparametersandmicros-
trains due to the distortion between the cubic (UC) and tetragonal
(UC2) lattices.
2.6.2. Density and porosity
The quantity of carbon source (graphite, MWCNT or

microfibers) could be deduced from the molar ratio of UC and
UC2 according to the Eqs. (5)–(8).
Table 5
Density and porosity derived from Helium pycnometry on samples before and after carburiz
parentheses.

Sample Carburization Shrinkage
(%, ±2)

Theoretical density
(g cm�3)

Appare
(g cm�

OXA Before 85 3.42 2.5
After 13.03 8.7

COMP30 Before 75 3.38 2.4
After 11.69 4.5

PARRNe 371 Before 10 6.18 4.6
After 8.65 4.4

PARRNe 894 Before 60 6.18 4.9
After 8.65 3.1

PARRNe 894BP Before 20 6.18 3.9
After 8.67 4.4

CNT Before 17 6.18 1.5
After 8.93 1.6

GATCHINA Before – –
After 13.37 12.4

Table 6
Summary of the open porosity characteristics: open pore volume from He pycnometry an

OXA COMP30 PA

Open pore volume per gram (cm3 � g�1, ±0.005) 0.027 0.108 0.1
Total pore volume per gram, (cm3 � g�1) 0.017 0.111 0.0
Total pore area (m2 � g�1) 0.271 0.584 0.7
For each type of sample, 3–5 pellets were analyzed by He pyc-
nometry. These systematic measurements have allowed estimat-
ing the error bars. All samples were analyzed before and after
carburization, only the GATCHINA samples were already received
in the carburized state. The average values obtained for porosity
and density are given in Table 5.

Except for PARRNe 894 that tends to swell, shrinkage occurs
during the carburization process despite the degassing.

GATCHINA is obviously dense (effective density of 13.1 g cm�3

to be compared with the theoretical value of 13.65 g cm�3 for
UC) and has a 5% open porosity. The apparent density, 12.4 g cm�3,
is in agreement with published data [9–12].

OXA and COMP30, made from uranium oxalate, shrunk by
about 80% leading to the lowest open porosity for OXA. For
COMP30, the open porosity is comparable to the PARRNe samples
and can be ascribed to the use of microfibers and the effective den-
sity is still high. Nevertheless, the closed porosity reaches more
than 10%, maybe due to the transformation of oxalate into oxide.
PARRNe 894BP and 371 have the same characteristics. The grinding
by planetary milling, more efficient, leads to smaller grains of UO2

consequently the shrinkage increases while the open and closed
porosities remain at 45% and less than 5% respectively. In compar-
ison, using MWCNT instead of graphite leads to similar shrinkage
and effective density whereas the open porosity reaches 80% while
keeping 5% of closed porosity.
2.6.3. Pore size distribution
Six types of samples were analyzed by mercury porosimetry

(Table 6). The GATCHINA one was not characterized because of
its low open porosity. The results from heat-treated graphite are
added in order to compare with the signal from the graphite
included eventually in the tested samples. The normalized open
porosity volume (cm3 g�1) obtained by He pycnometry is also
reported in Table 6, to allow the comparison with the normalized
total pore volume, i.e. the total mercury volume introduced by
ation. Shrinkage deduced from geometrical measurements. Error bars are indicated in

nt density
3, ±0.2)

Effective density
(g cm�3, ±0.2)

Open porosity (%, ±3) Closed porosity
(%, ±3)

3.1 17 10
12.2 26 7

3.2 26 4
10.1 48 13

6.0 23 3
8.3 46 4

5.8 15 5
8.0 56 8

5.9 32 4
8.2 44 6

5.8 70 6
8.5 77 5

– – –
13.1 5 2

d total pore volume and area from Hg porosimetry.

RRNe 371 PARRNe 894 PARRNe 894BP CNT Graphite

01 0.176 0.099 0.454 0.104
97 0.160 0.090 0.427 0.104
50 0.776 0.633 14.887 6.793



mass of sample. These two results, both reflecting the total open
pore volume, are consistent, which indicates the reliability of the
two methods. The total pore area is similar for all the samples,
except for OXA and CNT, where the areas are found to be reduced
by half and increased 20 times respectively. These behaviors can be
correlated with the 85% shrinkage and the high effective density in
the case of OXA and with the use of MWCNT and the reduced car-
burization plateau.

The pore size diameter distributions of all the samples are
shown in Fig. 2. The largest pores are described by the logarithmic
differential intrusion curve. Graphite has no pore in the 0.8–
400 lm range. CNT, very porous, exhibits an intense peak in the
range of 10–30 lm. For the others, the intensity of the more
intense peaks is 5- to 10-fold lower. Few pores with a diameter
between 1 and 2 lm are observed for OXA. The pore size of
PARRNe 894 is very heterogeneous, with a pore diameter distribu-
tion between 300 nm and 200 lm. Only samples frommixer milled
powders (PARRNe 371 and 894), and to a lesser extent with micro-
fibers, have pores larger than 100 lm. Pore diameters in the range
of 1–10 lm are observed for CNT, COMP30, PARRNe 894BP and
371.

Fig. 2 describes also the smaller pore size diameters by the dif-
ferential intrusion curve. As expected, CNT exhibits intense peaks
in the range of 10–100 nm, 3 times more intense than graphite.
The intrinsic pores of graphite remain in the respective samples.
Pore size diameters less than 1 lm is attributed only to the source
of carbon used.
Fig. 2. Pore size diameter distribution obtained by Hg porosimetry. For CNT, differential

1 µm (a)

Fig. 3. Observations on the GATCHINA pellet by SEM, (a) surface
2.6.4. Microstructure
SEM, in secondary electron mode, was used for the qualitative

description of the microstructures. The GATCHINA pellet morphol-
ogy (Fig. 3) is different than the others, due to the HUP sintering.
The surface seems flattened and dense. At higher magnification,
one can observe very dense zones with few pores and some porous
zones made of submicrometric UC grains. On fracture, only dense
parts are observed. These observations are in agreement with the
5% of open porosity measured by He pycnometry.

The samples obtained by conventional carburization are macro-
scopically different (Figs. 4 and 5). The observed morphologies are
similar on surface (Fig. 4) and on fracture (Fig. 5) for each of the six
samples.

Cracks are clearly observed on OXA, COMP30 and PARRNE 894
and can be correlated with the 100 lm pores obtained by Hg
porosimetry. The homogeneity of PARRNe 894BP is obvious, using
planetary milled UO2 powder homogenizes the microstructure
avoiding large pores. CNT and PARRNe 894 are the most porous
samples, which is in agreement with He pycnometry measure-
ments above.

OXA exhibits the most homogeneous microstructure without
excess of graphite. Few pores of about 1–2 lm diameter are dis-
persed around the grains. This UCx intergranular porosity corre-
sponds to the pore size diameter in the range 1–10 lm observed
by Hg porosimetry.

For COMP30, three zones are observed. The first one, porous, is
composed of micrometric grains of UCx forming agglomerates, the
and log differential intrusions represented in this figure were divided by a factor 3.

10 µm (b)

(magnification � 5000), (b) fracture (magnification � 1000).



OXA   1 mm COMP30 PARRNe 371 

PARRNe 894 PARRNe 894BP CNT 

Fig. 4. SEM large scale observation on pellet surface (same magnification, �25).

OXA   10 µm COMP30 PARRNe 371 

PARRNe 894 PARRNe 894BP CNT 

Fig. 5. Observations at induced pellet fractures. Zones that are rich of UCx appear bright while those carbon rich appear darker (same magnification, �1000).

(a) 1 µm (b) 1 µm

Fig. 6. Growth of UCx on (a) graphite sheets observed for PARRNe 894, (b) on nanotubes for CNT.
second one is made of a mixture of graphite sheets and UCx micro-
metric grains, and the third one corresponds to large pores where
microfibers can be observed. For PARRNe 371, large agglomerates
of UCx grains (up to 40 lm) are embedded in the typical mixture
of graphite and micrometric grains of UCx. UCx grain growth on
graphite foils can be observed (Fig. 6a). For PARRNe 894, the size
of agglomerates can reach up to 1 mm. Zones rich of UCx are more
porous than in PARRNe 371. PARRNe 894BP is less porous than
894, as shown by He pycnometry. However, large agglomerates
are still observed but with a reduced size, like in PARRNe 371.



The porous microstructure of CNT comprises agglomerates about
20 lm made of UCx micrometric grains and some clusters of
MWCNT on which UCx growth is observed (Fig. 6b). The UCx

agglomerates appear to be smaller than in PARRNe type samples.
All these physicochemical characterizations lead us to conclude

that the grinding of uranium dioxide improves the homogeneity of
the microstructure after carburization. Of course, the shrinkage is
increased but the open porosity is still high. The carburization of
ground powder, following Eq. (8), tends to stabilize mostly UC2.
Using uranium oxalate instead of uranium dioxide as precursor
favors degassing during carburization but against prediction, these
samples exhibit the largest fraction of closed porosity. The effective
density is higher even if graphite is in excess (compare COMP30
with PARRNe-type samples). Using microfibers favors the forma-
tion of very large pores (see cracks on pellet surface) but the aver-
age open porosity is not increased in comparison with the samples
made of graphite only. The use of MWCNT improves the open
porosity significantly. The microstructure of the pellet is more
homogeneous with a limited grain growth. Nevertheless, it should
be noted that, for the CNT pellets, the carburization lasted only
20 min, instead of 16 h for the other samples.

3. Release measurements

3.1. Experimental procedure

The release properties of the different uranium carbide samples
were obtained applying the procedure described previously [7].
238U fission was induced by fast neutrons. The neutrons, in turn,
were generated by break-up reactions of a 20 nA, 27 MeV deuteron
beam delivered by the ALTO facility impinging onto a converter,
consisting of a graphite disc positioned just in front of the target
pellets. The release fractions were determined by comparing the
intensity of specific gamma transitions found in a heat treated
sample, compared to a sample left at room temperature for the
same duration. A new irradiation station and a new sample holder,
containing the two pellets and the graphite converter, have been
Fig. 7. Tantalum furnace with tantalum cover foil and graphite pellet.

Table 7
Experimental conditions of the release measurements. The waiting time is the time betwe

Sample Irradiation 1st c measurement

t (m) twaiting (m) tcounting (m)

CNT 20 29 10
COMP30 20 40 10
GATCHINA 10 31 10

10 29 10
OXA 20 31 10
PARRNe 371 20 29 10

20 41 10
20 60 10
20 25 10
20 38 10

PARRNe 894 20 34 10

PARRNe 894BP 20 36 10
designed. This device is mechanically adjusted in order to get
accurate and reproducible positions of the deuteron beam on the
graphite converter.

For the heating procedure, a new vacuum furnace was devel-
oped to avoid any oxidation of the pellet during the process, to
keep the mechanical strength of the pellet. The oven consists of a
tantalum boat (63 mm length and 25 mm width) covered by a tan-
talum foil with the same dimensions, acting as heat shield (Fig. 7).
Given the reduced dimensions of the furnace, the temperature can
be assumed uniform in the sample. Between the tantalum boat and
the uranium carbide pellet, a graphite pellet of 1.5 mm is inter-
posed to avoid chemical reactions between tantalum and uranium
carbide materials. The temperature was controlled by a monochro-
matic pyrometer (IMPAC IGA 140 equipped with a thru-lens view
finder and a set emissivity e = 0.877) and the observation of the
internal platinum melting. The melting of about 0.01 g of Pt placed
on the graphite pellet indicated the intended temperature, i.e.
1768 �C. The recorded pressure in the furnace at this temperature
was from 1.5 to 5.10�2 Pa. According to the tabulated data for
the vapor pressure of Pt [33], at this pressure Pt evaporates at
respectively 1671 �C and 1744 �C. Experimentally, clearly the
deposition of Pt was observed on window furnace, a cleaning
was needed. In the following, we consider that an average heating
temperature of 1700 �C was reached.

The main features of this oven are a very fast temperature slope
while heating and cooling (about 7 min from 20 �C to 1700 �C). The
observed cooling time of heated pellets was about 6 min and argon
was used in order to increase the cooling by convection in the gas.
The handling temperature of the pellet was less than 40 �C which is
a safe level to avoid the pyrophoric behavior in air.

Table 7 shows the release measurements performed: for each
sample, the irradiation time as well as the heating and
c-measurement conditions are indicated. The first c measurement
is used to determine the ratio between the activities of the two pel-
lets and the second one to obtain the released fractions (RF) from
the comparison of the intensities of the c transitions emitted by
the heated and non-heated samples. The procedure for determin-
ing the released fractions and their associated error bars is
described in details in Ref. [7].
3.2. Release results

Fig. 8 shows the c spectra obtained in the 1750–2550 keV
energy range of all samples after heating as well as those of non-
heated GATCHINA and CNT samples. These c spectra were normal-
ized in order to correct from the yield differences between the
samples. They exhibit c transitions belonging to the 88Kr, 88Rb,
134,135I, 138Cs and 142La decays and already indicating that the
en the end of the irradiation and the beginning of the measurement.

Heating 2nd c measurement

T (�C) t (m) twaiting (h:m) tcounting (m)

1700 30 1:31 60
1700 30 1:55 60
1700 30 1:48 60
2000 30 1:39 60
1694 30 1:41 60
1500 60 1:59 60
1650 30 1:45 60
1700 15 1:48 60
1700 30 1:30 60
1700 60 2:38 60
1600 10 2:15 60
1500 20
1700 30 1:38 60



Fig. 8. Partial c-ray spectra obtained with the different UCx pellets before or after heating. All the pellets have been heated at 1700 �C during 30 min, except the PARRNe 894
one heated at 1600 �C during 10 min then at 1500 �C during 20 min.
release properties vary strongly with the type of UCx. With the
GATCHINA pellets, even the most volatile elements like Kr and I
strongly remain present after heating. For instance, one can note
that, in the doublet located at 2400 keV, the c-transition belonging
to the 88Kr decay is stronger than the peak resulting from the 142La
decay, contrary to what is observed with the other samples. After
heating, the CNT sample exhibits peaks with very weak intensities
and contains almost any 142La. Thus from these spectra, the
released fractions are low for the GATCHINA sample while they
are very high for the CNT. In order to confirm or infirm the release
behavior of the GATCHINA pellets, another measurement has been
performed heating the pellet to 2000 �C, the target temperature
most often used during on-line experiments.

Fig. 9 shows the fraction released by the seven samples for thir-
teen elements, namely Kr, Sr, Y, Ru, Sn, Sb, Te, I, Xe, Cs, Ba, La, Ce.
These released fractions have been obtained from the
c-spectroscopy measurements following the procedure described
by Hy et al. [7]. The noble gases, Kr (Z = 36) and Xe (Z = 54), are well
released by the different UCx samples, except for GATCHINA. After
heating at 1700 �C, the Kr released fractions (RF) are greater than
80% for CNT, between 60 and 70% for PARRNe 894BP, PARRNe
371 and COMP30. They drop to 50% for OXA and are lower than
10% for GATCHINA. With the latter, the only element for which
the released fraction reached 60% is Sn. One can note that the dom-
inant process controlling the fission-product release by UCx targets
is diffusion for noble gases whereas it is desorption or effusion for
Sn [34]. The low release properties of the GATCHINA-type uranium
carbide are confirmed by the measurement performed after heat-
ing the pellet to 2000 �C since the RF values obtained at 2000 �C
are only slightly better than or equal to (in the limits of error bars)
those measured at 1700 �C. Both measurements, at 1700 �C and
2000 �C, can be considered as a conclusive test of reproducibility
of the release properties for the GATCHINA-type UCx pellets.

The effects of two parameters, heating temperature and heating
time, on the released fractions (RF) have been studied using
PARRNe 371 samples. The results are shown in Fig. 10. The RF have
been determined for three heating temperatures (1500, 1650 and
1700 �C) and three heating times (15, 30 and 60 min). In Fig. 10A,
two data sets are presented: the first one was obtained after heat-
ing a pellet to 1700 �C for 30 min, the second one after heating a
pellet to 1650 �C for the same time. For almost all elements, no
dependence upon the heating temperature is observed. The RF
measured at 1650 �C are slightly lower than the values obtained
at 1700 �C only for Sr (Z = 38), Xe (Z = 54) and Ba (Z = 56). As the
difference in temperature is small (50 �C), one can wonder whether
the RF variations observed are really significant or rather reveal the
dispersion in performance of different samples that are otherwise
assumed identical (since they are manufactured in the same
way). Fig. 10B shows the results obtained after heating pellets to
1700 or 1500 �C for 60 min: the RF values in both cases are very
similar for all studied elements, within the error bars. The three
data sets presented in Fig. 10C correspond to samples heated to
1700 �C for 15, 30 and 60 min. The RF measured do not seem to
depend on the heating time. Indeed, only for two elements, namely
Y (Z = 39) and Te (Z = 52), the error bars do not overlap but the dis-
persion is not greater than that observed in Fig. 10A, where it could
result from sample variations. It appears therefore that the release
time (time until no significant release is observed) for most of
studied elements is less than 15 min. Within the heating tempera-
ture and time ranges studied, the reproducibility of the release
properties is demonstrated for the PARRNe 371 sample: the shapes
defined by the lines linking the RF values are very similar for the
five measurements performed. Moreover this shape differs
strongly from that obtained from the other types of uranium
carbide (see Fig. 9).

From the c-spectrometry measurements, we can conclude that
the RF depend strongly on the type of UCx and only very slightly on
the heating temperatures and heating times, at least within the
ranges studied here. The release results have been found to be
reproducible for all samples that have been studied repetitively
(GATCHINA and PARRNe 371) and finally, the shape obtained for
the RF as a function of the atomic number Z (Fig. 9) can be consid-
ered as the release fingerprint of each UCx sample.
4. Discussion

Fig. 11 shows the RF of the seven UCx samples as a function of
the boiling temperature at 5 � 10�5 mbar for the various elements
studied. Cerium, lanthanum and ruthenium are poorly released by
all samples; in case of Ce and La, this resistance to release is attrib-
uted to the chemical analogy of lanthanides with uranium [7]
whereas in case of Ru, it is considered to be a result of the
refractory nature of this element. Fig. 11 can be used to classify



Fig. 9. Released fractions from the seven samples of uranium carbide as a function of the atomic number.

Fig. 10. Released fractions from PARRNe 371 samples for different heating temperatures and heating times.
the different samples according to their release properties: the CNT
sample appears to be the best one, followed by PARRNe 894BP and
371, then COMP30, PARRNe 894, OXA and finally GATCHINA.

In Fig. 12, the RF of all the studied elements excepted La, Ce and
Ru (the most release-resistant elements of our study) is plotted as
a function of the open porosity of the samples.

The open porosity clearly appears to be a determining factor for
high release of radioisotopes, even if this observation has to be
moderated for COMP30 and PARRNe 894.
Indeed, the GATCHINA samples with Popen = 5% release only the
elements for which the predominant release process is effusion or
desorption. This is followed by the OXA samples with Popen = 26%,
which are as well poorly efficient in terms of release. On the con-
trary, the CNT sample with Popen = 77% shows the best release
results. A large open porosity seems to be associated with a high
UC2 fraction. OXA and GATCHINA, unlike all the other samples,
are mainly made of UC and both have the lowest porosity values.
On the other hand, COMP30, obtained like OXA from uranium



Fig. 11. Released fractions from the UCx samples as a function of the boiling
temperature of each species at 5 � 10�5 mbar calculated from Lide [35].

Fig. 12. Released fraction as a function of the open porosity for the seven kinds of
samples.
oxalate but with UC2 as main phase, has an open porosity value
very similar to that of the PARRNe 371, 894 and 894BP samples.

The samples having an open porosity of about 50%, i.e. COMP30,
PARRNe 371, PARRNe 894 and PARRNe 894BP, except for PARRNE
894BP, exhibit large pores in the 100 lm range (see Fig. 2). Their
large distribution of pore sizes can be explained by a heteroge-
neous microstructure, as clearly revealed by the SEM observations
for COMP30 (cracks on surface) and PARRNe 894 (the most hetero-
geneous PARRNe samples). Among these three samples, PARRNe
371 is the most homogeneous one and shows high RF. As for
PARRNe 894BP, although it is the less porous in this group
(Popen = 44%), it displays a more uniform pore size distribution
(�5 lm) and its release properties are very similar to those of
PARRNe 371.

Therefore, it appears that in order to exhibit good release prop-
erties, a sample must have the following characteristics: high
porosity and small pore size with a uniform distribution. In the
present study, the CNT sample combines some of these criteria
(highest open porosity and narrowest pore size distribution) and
presents actually the largest released fractions.

In the context of the studies of fuel’s performances, it was men-
tioned that high porosity fuel releases more fission gas than high
density one which retains gas that precipitates in fine bubble into
the matrix [36]. In PARRNe-type samples, COMP30 and CNT,
hypostoichiometric UC2 is stabilized, inducing the formation of
vacancies in UC2�x phase in which FP can be trapped. Nevertheless
it was also reported that pores and grain boundaries aid in increas-
ing the release of fission gas, allowing individual grains to swell
and gas bubbles to interconnect [37,38]. When limiting the grain
size in UCx as performed for PARRNe 894BP, compared to PARRNNe
894, and in CNT sample (10 min of carburization limiting the grain
growth), FP release would be favored.

The correlation between the open porosity and the oxygen con-
tent, as it was studied in uranium–plutonium carbide fuels [24],
could be discussed by a careful study of our XRD results. It was
shown that the higher the oxygen content, the lower the sintered
density, meaning that in our study a high level of oxygen content
would be helpful. In OXA and GATCHINA, no carbon was added
in excess; the impurities, and in particular oxygen that cannot be
excluded regarding to the synthesis method, can be trapped into
the carbide leading to a higher cell parameter (Table 4). Carbon
in excess in COMP30 and PARRNe-type samples could allow the
degassing of oxygen into CO leading to stoichiometric UC (not
observed experimentally, see Table 4) and higher open pore vol-
ume per gram and total pore area (experimentally observed, see
Table 6). However, the difference in term of porosity and density
is probably due to the stabilization of UC2 (less dense) instead of
UC and unreacted carbon rather than an oxygen content effect that
may be negligible.

Recently, porous structures with nanotubes were investigated
in the frame of the the SPES-target research and development
[4]. The main difference in the preparation of the samples is the
heating time of sintering: 20 min in our work compared to 39 h
[4]. However, the resulting microstructure is similar to ours, por-
ous (about 75%) and heterogeneous, with micrometric aggregates
of UCx and nanometric UCx grains growing on carbon nanotubes.
For target temperatures equal to 1600 and 1800 �C, the Sr and Sn
releases have been found to be faster with CNT than with standard
UCx, which is in agreement with our results at 1700 �C. But the gain
in the release properties was not fully confirmed at 2000 �C and the
yields were found to be, for most isotopes, lower than those
obtained with a standard UCx target. This raises the question of
the stability of the microstructure of the CNT sample heated at
high temperature for a long time.

Previous experimental studies as well as simulations of diffu-
sion and effusion in UCx pellets, showed the effect of the grain size
on the release efficiency. On the one hand, yields of Cs and Fr iso-
topes were measured higher using high density UC target material
with a grain size of 5 lm instead of 20 lm [12]. On the other hand,
for elements having short sticking times, the calculated release
efficiency presents a maximum when the UC-grain diameter is
below 1 lm; for elements with medium and long sticking times,
the optimal grain size is found to be in the 1–10 lm range
[39,40]. The grain size distributions observed in our study are not
sufficiently homogeneous to highlight a correlation between the
grain size and the release properties, but behavior differences
between elements with long (Sn) or short (Kr) sticking time were
identified.

Questions on nanostructured UCx prototypes are being cur-
rently addressed. Homogeneous and nanostructured samples have
successfully been synthesized and recently a full target was tested
on-line at ISOLDE with promising results [A. Gottberg et al. in
preparation]. New synthesis developments are in progress to
obtain nanostructured samples, using nanopowders of uranium



dioxide (obtained by planetary milling) or oxalate and MWCNT.
The controlled nanostructure, achieved by sintering a homoge-
neous mixture, is being compared to the conventional ones tested
up to now in order to quantify the improvement in terms of
fission-product releases and to answer the following questions:
what is the benefit of a homogeneous nanostructure versus a
heterogeneous microstructure commonly used at ISOL facilities?
What is the impact of the nature of both, the uranium nanopowder
and of the source of carbon? The results obtained will help us to
confirm the role of the homogeneity of the pellet, the advantage
of a nanostructure (versus its expected disadvantage, the increase
of its pyrophoricity) and to corroborate the impact of the density of
the target.
5. Conclusion

Results of this experimental method are of great use to improve
the performance of the various ISOL-type facilities worldwide. Two
experiments have been successfully achieved. The first demon-
strated the feasibility of the experimental method and the second
(this study) provided results at higher temperatures (1700 �C and
2000 �C) on seven very different uranium carbide composites, for
instance the conventional material used at the ALTO facility, high
density monocarbides and very porous and less dense composites
containing multi-walled carbon nanotubes.

Improvements on the irradiation station, sample holder and fast
furnace allow us to collect reproducible and conclusive results of
release properties. XRD analysis revealed the phase quantities
and assisted the calculation of densities and porosities of the sam-
ples. An exhaustive assessment of the microstructure is proposed
by combining SEM and Hg porosimetry. The correlation between
the physicochemical properties and the released fractions shows
that the open porosity is the factor with the greatest impact on
the release efficiency. The homogeneity of the microstructure
and the pore size distribution contribute significantly to the
increase of the release. Even if the homogeneity of the microstruc-
ture that is required for conclusive results was not yet achieved,
the use of carbon nanotubes in place of graphite appears to be
promising.
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