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The sintering behaviour of freeze-granulated UO,-PuO, powders containing 33
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and 15 mol% Pu/(U+Pu) was investigated under reducing conditions up to 1700
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°C. For both compositions, the “grain size versus relative density” trajectory was
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constructed. All the experimental points form a single trajectory meaning that a
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relative density/grain size pair obtained after sintering seems independent of the
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thermal path (heating rate, soak time, soak temperature) and of the Pu content.

w W
= O

Exploiting the “grain size versus relative density trajectory” enabled also to
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propose that densification was controlled by grain boundary diffusion and grain
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growth by the grain boundaries whatever the Pu content. An activation energy
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around 510 kJ/mol was obtained for densification, which was close to the value
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reported for the grain boundary diffusion of plutonium cations in U;xPuxO»

ST
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polycrystals. Whatever the Pu/(U+Pu) content, the sintered microstructure of
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98% dense samples possesses a homogeneous distribution of plutonium and

I
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uranium cations.
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1. Introduction

MOX fuel pellets (UO,-PuO, cylinders with diameter and height typically
around 10 mm) are manufactured by a dry-route powder metallurgy approach
(grinding, pressing and sintering). Recently, the freeze-granulation of high-
solid-loading water-based suspensions was shown to be a cutting-edge step to
manufacture dense (relative density higher than 95%) MOX fuel pellets with a

homogeneous distribution of the uranium and plutonium cations [1-3].

In a previous paper [3], the sintering behaviour of a freeze-granulated powder
containing 15 mol% of Pu/(U+Pu) was investigated under reducing conditions
(oxygen potential of -468 kJ/mol at 1700 °C) in order to target a O/M ratio of
1.96, which is a strict specification to be respected for fuel dedicated to fast
neutron nuclear reactors. Thereby, the present short communication focuses on
sintering experiments performed on a freeze-granulated powder containing 33
mol% of Pu/(U+Pu) under reducing conditions targeting the same O/M ratio.
The results are then compared to the ones already reported for the 15 mol%

Pu/(U+Pu) powder [3].

2. Experimental section

A freeze-granulated powder containing 33 mol% Pu/(U+Pu) was elaborated by
the same route as the one retained for the powder containing 15 mol%
Pu/(U+Pu) [1, 3]. The UO, raw powder was synthesized through a dry route by
reduction of UF¢ in gas phase. It contains 8.5 wt% of the U3Os phase and has a
global overall O/M ratio of 2.20. The PuO, powder was obtained through oxalic
precipitation of plutonium (IV) nitrate and calcination in air. Its O/M ratio is

2.00.

As shown in the supplementary material and as already reported for the freeze-
granulated powder containing 15 mol% Pu/(U+Pu) [3], the individual granules

constituting the 33 mol% Pu/(U+Pu) powder, observed using SEM (scanning
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electron microscopy, Supra 55 VP, Zeiss), have a spherical shape and are devoid
of any central cavities. Using microscopy observations, the cumulative number
frequency distribution of the granule-size for both powders was also determined
(see also supplementary material). The number median diameters (Dy(50)) are
around 65 and 130 pm for the 15 and 33 mol% Pu/(U+Pu) powders,
respectively. Using thermal ionization mass spectrometry (TIMS, VG-54
magnetic sector mass spectrometer, Isotopx), the obtained Pu/(U+Pu) contents

in the freeze-granulated powders were determined to be 14.4(£0.4) and

32.1(20.3) mol%.

As for the 15 mol% Pu/ (U+Pu) powder [3], cylindrical samples (diameter of
5.4 mm and a height around 6-7 mm) were obtained by uniaxial pressing of the
33 mol% Pu/(U+Pu) freeze-granulated powder with a compaction pressure set
to 450 MPa (manual hydraulic press, Atlas 25, Specac). By taking a theoretical
volume mass of 11.0 g/cm® at room temperature whatever the Pu/(U+Pu)
content (calculated, as already explained in a previous paper with some
limitations to consider [3], using the relationship established by Philipponneau
[4], stating that U;.,Pu,O, solid solutions have a fluorite structure, specifying
that the target O/M ratio is 1.96 and assuming a molar mass of 238 g for U/Pu),
the relative green density was around 58(+£0.4)% for the 33 mol% Pu(U+Pu)

green samples against 57(10.4)% for the 15 mol% Pu/(U+Pu) ones.

As justified previously [3], all samples were exposed at 600 °C for 2 h in an
Ar/4 vol% H; atmosphere humidified with 1200 vpm of water (oxygen partial
pressure and oxygen potential set to 1.3x107?7 bar and -450 kJ/mol at 600 °C,
respectively) for a debinding step. Such a treatment has potentially an influence

on the O/M ratio of the starting UO, powder [3].

The green pellets were sintered from room temperature up to 1700 °C in a high

temperature dilatometer (DIL402C, Netzsch) under Ar/4 vol% H,. According to
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Kato, the oxygen partial pressure required to obtain an O/M ratio around 1.96
for a MOX composition containing 32.1 mol% Pu/(U+Pu), at 1700 °C, is around
1.2x10''bar, which gives an oxygen potential of -413 klJ/mol [3, 5]. In
comparison, for the same temperature and the same O/M value, the oxygen
partial pressure and the oxygen potential were 4.1x10°'3 bar and -468 kJ/mol,
respectively, for sintering the green samples containing 14.4 mol% Pu/(U+Pu)
[3]. Thereby, the atmosphere was monitored and controlled with an oxygen
pump (Gen’air, Setnag) in order to have a constant water vapour concentration
of 550 vpm (calculated using the Wheeler approach [6] to obtain the target
oxygen partial pressure and oxygen potential at 1700 °C) during the sintering
runs of the 33 mol% Pu/(U+Pu) samples. For comparison, the water vapour
concentration was adjusted to 100 vpm for sintering the 15 mol% Pu/(U+Pu)

pellets [3].

Heating rates fixed to 2, 3 and 4 °C/min were used for the sintering runs. The
isothermal duration was ranging from O to 4h and the target temperature from
1550 to 1700 °C. The equipment contribution was subtracted based on a blank

measurement made with an Al,Os reference.

As reported before, the following relation is used to investigate densification [1-

3,7-8]:

D(ry(%) = Do e3e¢(=To) (1)

£ 1 +ALL—<0T>]3

where:D 7y is the sample instantaneous relative density, Dy is the sample relative

green density, ¢ represents the shrinkage anisotropy of the sample and is given

by § =2£e = 2D Lo ity b the final diameter, Ly the final height, ¢, the
o Ly b0 L1

initial diameter, L, the initial height, ¢(r the instantaneous diameter and Lz

the instantaneous height, ALy = Lry — Lo (<0) is the sample height variation,
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«a is the linear thermal expansion coefficient, T is the instantaneous absolute
temperature and T, the absolute room temperature. From a practical point of
view, « is determined from the cooling steps of the dilatometer runs. An average
value of 10.5(+0.2)x107 is retained for the 33 mol% Pu/(U+Pu) samples against
11.6(£0.6)x10°¢ for the 15 mol% Pu/(U+Pu) pellets. For all the sintering runs

the parameter ¢ was close to 1.

The density of the sintered samples was measured using the Archimedes method
with bromobenzene (dry, immersed and humid weights, three series of

measurements were carried out for each sample).

The average grain size of the different green and sintered samples was
investigated. For green compacts, it was determined from fracture surfaces
observed using SEM (Supra 55 VP, Zeiss) in secondary electron mode. For
sintered samples, each complete sample was embedded in a resin and a mirror
longitudinal polished cross section was prepared, including a final
mechanical-polishing step using 250 and 40 nm colloidal silica suspensions. For
the 15 mol% Pu/(U+Pu) samples, such a protocol was enough to reveal the
grains of the polycrystals using the backscattered electron mode during SEM
(Mira 3, Tescan) observations [3]. For the 33 mol% Pu/(U+Pu), it was not as
effective and the grain size was obtained from IPF (inverse pole figure) maps
collected by EBSD (electron backscatter diffraction). For all samples, the
average grain size was determined by the line-intercept method (at least 300
grains are considered, correction factor set to 1.56 [9]) from SEM images and

IPF maps.

Polished cross sections from the 33 and 15 mol% Pu/(U+Pu) samples sintered
for 4 h at 1700 °C (heating rated fixed to 2 °C/min, almost 98% dense samples
with similar grain sizes) were characterized by wavelength dispersive X-ray

spectroscopy (WDS) using an electron probe micro-analyser (EPMA, SX100,
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Cameca). On each pellet, uranium and plutonium mappings were collected on
several 1024 pmx1024 um areas. Measurements were performed at 20 kV at the
U-M,, and Pu-Mg lines. In these conditions, the probe volume is about 0.7 pm in
diameter and 0.5 um in depth. U and Pu line intensity mappings were collected
on at least three areas (1024 umx1024 um with a 1 pm step) randomly located
on the samples. The different mappings gave very similar results. These
measurements were completed by quantitative measurements on several 500
pm-long lines (with a 1 pm step), each one located inside one of the mappings.
For the latter, the U and Pu contents were quantified by applying the ZAF
method and using UO, and PuO, samples as standards for U, Pu (and O), with
an uncertainty of about 1 wt% on the U and Pu contents measured at each point.
The comparison between the distribution of counts number in mappings and that
of Pu content in the quantitative lines allowed pseudo-quantitative mappings to

be created.

3. Results and discussion

Fig. 1a shows the increase in relative density as a function of the temperature
for both kinds of samples. Whatever the heating rate and the Pu/(U+Pu) content,
samples start to densify around 650 °C. The lower the heating rate, the higher
the relative density for a given temperature and Pu/(U+Pu) content. As already
explained in the literature, the lower the heating rate, the longer the exposure
time and the higher the shrinkage and relative density reached at a given
temperature [2-3, 7-8, 10]. More interestingly, and even if the green densities
are not exactly the same (difference of 1%), the 33 mol% Pu/(U+Pu) samples
reach higher relative density values (4-6% of difference), whatever the heating
rate applied. Accordingly, a higher Pu/(U+Pu) content promotes densification

during the heating step of the sintering runs, as previously reported by Kutty

[11].
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As shown on Fig. 1b, the gain in relative density during the soak period (4h) at
1700 °C for samples heated at 2 °C/min is much higher (around 12% against
5%) for the 15 mol% Pu/(U+Pu) sample. Then, even if a larger Pu content is
beneficial during heating, the difference between both kinds of sample collapses
during the soak period. Moreover, the final relative density reached by the
sample containing 15 mol% Pu/(U + Pu) is ultimately slightly greater at the end

of the plateau.

Fig. 1c shows the densification rate as a function of temperature for both kind
of samples. Whatever the Pu/(U+Pu) content, the higher the heating rate, the
higher the instantaneous densification rate for a given temperature. This trend
has been already reported for radioactive and non-radioactive oxides [2, 7-8].
For the 15 mol% Pu/(U+Pu) samples, the curves do not exhibit the traditional
bell-shape with a clear maximum densification rate, because of the limitation in
the maximum temperature achievable. Similar results have been obtained by
Kutty [11] and Nakamichi [12]. Conversely, a bell shape curve is observed for
the 33 mol% Pu/(U+Pu) samples, confirming an easier densification during the
heating step of the runs. For these samples, the higher the heating rate, the higher
the temperature at the maximum densification rate: 1580 °C for 2 °C/min, 1590

°C for 3 °C/min and 1635 °C for 4 °C/min.

100 ~ 100
~—33 mol% Pu/(U+Pu) - 2 °C/min a) X Heating rate = 2 °C/min - 1700 °C e
_ 95§ —33mol% Pu/(U+Pu) - 3 °C/min = U
X g0 1 —33mol% Pu/(U+Pu) - 4 °C/min ©
= ~+++15 mol% Pu/(U+Pu) - 2 °C/min 3
£ 85 1 -15mol% Pu/(U+Pu) - 3 °C/min = 9%
a 15 mol% Pu/(U+Pu) - 4 °C/min
§ 80 ?
o 75 2
> )
s 70 T 90
3 g
g 65 ‘og ——33 mol% Pu/(U+Pu)
b ) b) »»»» 15 mol% Pu/(U+Pu)
55 1 X g5 ; + ; + ; + ;
600 800 1000 1200 1400 1600 1800 00 05 10 15 20 25 30 35 40
Temperature (°C) Time (h)
1.1E-04 6.0E-06
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9.0E-05 3 —33 mol% Pu/(U+Pu) - 4 °C/min 5.0E-06 —fg :g::f ﬁﬁffﬂiﬁﬁi :g gm
o~ 8.0E-05 § j3mopebullPu) -2 CCimin = 15 mol% Pu/(U+Pu) - 3 °C/min
» X mol% Pu/(U+Pu) - 3 7C/min % 4.0E-06 I 15 moi% Pu/(U+Pu) - 4 “Clmin
£ 7.0E-05 -++-15 mol% Pu/(U+Pu) - 4 °C/min @
= =
B 6.0E-05 T 5
3 = 3.0E-06
[=] X - [=]
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=] 4.0E-05 T O 20E-06
~ 3.0E-05 } -
2.0E-05 ¥ 1.0E-06
1.0E-05 } ; c) ;
0.0E+00 s e 0.0E+00 FH-= . !
600 800 1000 1200 1400 1600 1800 600 700 800 900 1000 1100 1200
Temperature (°C) Temperature (°C)
Figure 1
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The fact that densification is favored during the heating step when the
Pu/(U+Pu) content increases is also possibly linked to the fact that sintering is
carried out in a reducing atmosphere for both kinds of samples (a similar O/M
ratio of 1.96 is targeted). It can therefore be envisaged that the higher the Pu
content in the samples, the greater the proportion of plutonium in the +III
oxidation state and possibly counterbalanced by the creation of point defects to

achieve electroneutrality, which will promote densification.

Fig. 1d shows a zoom of Fig. Ic in the 600-1200 °C temperature range.
Whatever the heating rate and the Pu content, the instantaneous densification
rate exhibits a first maximum value around 775 °C. It means that densification
starts around 600 °C and slows-down from 775 °C. As postulated in previous
papers [2-3], in agreement with similar results reported in the literature [11, 13-
14], and even if additional tests are needed for validation (X-ray diffraction
experiments as a function of temperature and time, as reported for example
recently by Vauchy [19], or transmission electron microscopy investigations at
the LECA-STAR facility in CEA Cadarache on interrupted sintered samples),
we postulate that a solid solution forms in the densifying samples around 775
°C, whatever the heating rate value and the Pu content. As stated before [3],
because the solid solution formation implies the interdiffusion of Pu cations into
the UQO; lattice and U cations into the PuOs lattice, it provokes a decrease of the
densification rate. Even if we have no formal proof to date, we understand
intuitively that the atomic movements involved during the step of forming a
grain of solid solution from a grain of UO; and a grain of PuO, are favoured
compared to those allowing the closure of the intergranular porosity due to
strong gradients of chemical potentials which will be at the origin of the
interdiffusion on short distances. Whatever the Pu content, when densification
resumes around 900-1000°C, the samples are possibly more homogeneous and
could be described as a polycrystalline body constituted by grains of Uj.,Pu,O,-

x solid solutions and pores, rather than UO, and PuO, grains alone.
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The “grain size versus relative density” trajectory was then constructed from the
relative density and grain size values obtained for the different samples. As
shown on Fig. 2, it is critical to point out that, as a first approximation due to the
magnitude of the error bars and even if the dataset for the 33 mol% Pu/(U+Pu)
composition is systematically slightly above the one of the 15 mol% Pu/(U+Pu)
formulation, all the experimental points seem to form a single trajectory (dashed
black curve, first level fitting using the Lab Fit Curve Fitting software), meaning
that a relative density/grain size pair obtained after sintering seems independent
of the thermal path (heating rate, soak time, soak temperature) and of the Pu
content. If it is well established that a multitude of sintering experimental
conditions led to the same microstructure, as previously reported for radioactive
and non-radioactive oxides [2-3, 7-8], such an observation had so far never been

reported in the literature regarding the Pu content for MOX fuels.

2.0
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[
I
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-
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Figure 2

Always as a first approximation, neglecting the tiny difference of the datasets
between the 15 and 33 mol% Pu/(U+Pu) samples, the relative density/grain size
pairs constituting the sintering trajectory shown on Fig. 2 were then fitted with
theoretical expressions linking the grain size to the relative density [15]. The
best coefficient of determination value amongst these fits is obtained when grain

growth is controlled by the grain boundaries and densification is controlled by
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grain boundary diffusion, as shown on Fig. 3, independently of the Pu/(U+Pu)

content. Nonetheless, other mechanism combinations lead to coefficient of

determination values above 0.95.

1/G2 (um-2)

10

@33 mol% Pu/(U+Pu)

P 015 mol% Pu/(U+Pu)

5t \\\
y =-20.323x + 20.298 S~y
R = 0.9852 * \Q‘
Te
Q

0 +— lll:@

0.5 0.6 0.7 0.8 0.9 1.0

Relative density

Figure 3

As demonstrated in a previous paper [15], we have:

SOCZVSV(Yng

DJ_
Yo7b _ _ 20323 ~ 20 ym=2 (2)

where y, is the grain boundary surface tension, Dj is the matter diffusion

coefficient through the grain boundaries, « is a constant proportionality factor

between the grain size G and the radius of curvature p of the grain boundaries,

Ysp 1 the solid/vapour surface tension, &, is the grain boundary thickness and

Dy, is the grain boundary diffusion coefficient. Assuming that, yg, = 2y, @ = 2

[20] and a typical value of 1 nm for 6y, it is found that:

D, ~ 250D (3)

Accordingly, the diffusion coefficient along the grain boundaries appears to be

much higher than the one through the grain boundaries. This could explain why

10
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grain growth appears limited during sintering both compositions investigated
despite a maximum temperature as high as 1700 °C. Such a behaviour could be
attributable to a homogeneous distribution of the pores and to a control of their
size in the raw samples, due to the preparation of the powders that are shaped
by uniaxial pressing by the freeze-granulation route. To confirm this hypothesis,
mercury porosimetry could be used. Unfortunately, this method of
characterization is not available in our nuclearized glove boxes allowing to work
with plutoniferous material. In addition, even if the possibility of carrying out
this type of analysis would then arise the problem of the outlet of the analysed

materials.

In order to give more strength to the mechanisms proposed for the control of
densification and grain growth, let us determine the apparent activation energy
for the mechanism controlling densification. As perfectly established now, the
equation for the densification rate can be separated into temperature-dependent,
grain size-dependent and density-dependent quantities to be rearranged as [8,

16-17]:

db dr = —& + Ln{F[D]} + Ln(A) — nLn(G) (4)

T el = &

where A is a constant, F[D] is a function of density only, Q; is the apparent
activation energy for the mechanism controlling densification, R is the universal
gas constant, T is the absolute temperature, G is the grain size, n is the grain size
exponent whose value depends on whether the densification rate is controlled
by lattice diffusion (n = 3) or grain-boundary diffusion (n = 4) and dT /dt is the

heating rate that is held constant during anisothermal sintering experiments.

A plot of the left-hand side of relation (4) versus 1/T would give a value for Q
provided that the data points are taken at a constant value of D and G. Fig. 2

shows that each value of relative density corresponds to a single value of grain

11
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size, regardless of the sintering conditions and of the Pu content. Then, points
for a constant value of D are generated by changing the heating rate. The
measurements led to values of Q, at different values of D. This formalism is

known as the Constant Rates of Heating method.

Using such an approach leads to Fig. 4. The apparent activation energy
determined for the 33 mol% Pu/(U+Pu) samples is 490 + 60 kJ/mol, against 530
+ 10 kJ/mol for the 15 mol% Pu/(U+Pu) ones. Thereby, in a first approximation,
an apparent average activation energy of 510 £ 50 kJ/mol, associated with the

densification mechanism, is then calculated whatever the Pu content.

~7.0
£ 1 ne Q(33%) = 490 * 60 ki/mol
£ 65 1 MR Q(15%) ~ 530 * 10 ki/mol
2 ] \
56-0 | " 4°C/min
= ] °C/mi
T55 3°C/min
e 2°C/mi
5 50 1 min
a 1 33 mol% Pu/(U+Pu)-65% 15 mol% Pu/(U+Pu)-65%
5 1 A33mol% Pu/(U+Pu)-70% 15 mol% Pu/(U+Pu)-70%
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It has to be emphasized that the uncertainty related to the activation energy value
of the 33 mol% Pu/(U+Pu) composition is substantially higher. Looking more
closely at Fig. 4, it seems that for the 15 mol% Pu/(U + Pu) composition all
slopes allowing access to the value of the activation energy are really similar.
This is not the case for the 33 mol% Pu/(U + Pu) composition where the slope
seems to increase, at least when going from 65 to 75% relative density.
However, this apparent difference in behaviour may be related only to the data

acquisition phase on the dilatometer. Indeed, for an imposed heating rate, we do
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not have scrupulously the same value of relative density reached for a given

temperature, especially for the 33 mol% Pu/(U+Pu) samples.

Noyau measured the volume and grain boundary diffusion coefficients of
plutonium cations in an UgssPug4502« polycrystalline material, for an oxygen
potential set to -395 kJ/mol [18]. He reported an activation energy for the grain
boundary diffusion of plutonium cations around 506 kJ/mol [18]. It is very close
to the one we obtained from our sintering experiments. Accordingly, we
postulate that densification of our different samples during sintering is
controlled by the grain boundary diffusion of the plutonium cations, whatever
the Pu content, which is consistent with the abovementioned densification/grain

growth scenario.

At this stage, an additional remark must be reported. In a separate paper [2],
sintering investigations of a UO,-PuO; powder, containing 11 wt% of PuO, and
also synthesized by freeze-granulation, were completed also at temperatures up
to 1700 °C. An activation energy around 630 kJ/mol was obtained for
densification [2], which was close to the value reported for volume diffusion of
plutonium cations in U;PuxO> polycrystals [18]. For these investigations, the
UO; raw powder used was synthesized through a liquid route from uranyl nitrate
solution. In the present paper, the UO, raw powder was synthesized through a
dry route by reduction of UFs in gas phase (it contains also 8.5 wt% of the U303
phase). We cannot therefore exclude a possible influence of the type of UO,
powder selected on the mechanism controlling densification during sintering. A
more important difference should however be underlined. The oxygen potential
imposed at 1700 °C was -389 kJ/mol for the sintering tests carried out on the
formulation containing 11wt% PuO, reported in a separate paper [2]. In the
present article, the oxygen potential imposed at 1700 °C was -413 and -468
kJ/mol for the 33 and 15 mol% Pu/(U+Pu) samples, respectively. Therefore, it

seems more probable that it is the difference in partial pressure of oxygen
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imposed during the sintering runs at high temperature which is at the origin of a

different densification mechanism.

Polished cross sections from the 33 and 15 mol% Pu/(U+Pu) samples sintered
for 4 h at 1700 °C (heating rated fixed to 2 °C/min, almost 98% dense samples
with a similar grain size) were characterized by WDS/EPMA analyses. The
resulting Pu mappings in Fig. 5 show that the Pu distribution inside the 33 mol%
Pu/(U+Pu) pellet is not as homogeneous as in the 15 mol% one, but remains

nonetheless quite homogeneous.
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Figure 5

Notably, neither UO> nor Pu-rich large clusters are observed in the pellets,
whatever their average Pu content. The Pu-rich clusters observed are just a few
micrometres in size, with Pu/(U+Pu) ratios only very locally exceeding 50
mol%. It confirms that the freeze-granulation route of high-solid-loading water-
based suspensions is a suitable route to manufacture dense and homogeneous

MOX fuel pellets even for Pu/(U+Pu) contents as high as 33 mol%.
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4. Conclusion

The sintering behaviour of a MOX (UO,-PuQO,) freeze-granulated powder
containing 33 mol% Pu/(U+Pu) has been investigated under reducing conditions
and compared to what had been obtained in a previous study on a powder

prepared in the same way but containing only 15 mol% Pu/(U+Pu).

It was shown that the “grain size versus relative” density trajectory seems
independent of the Pu/(U+Pu) content. Likewise, regardless of the Pu/(U+Pu)
content, densification seems to be controlled by the grain boundary diffusion of
the plutonium cations and grain growth seems to be controlled by the grain

boundaries.

Finally, the freeze-granulation route of high-solid-loading water-based
suspensions has been shown to be a suitable route to manufacture dense and
homogeneous MOX fuel pellets even for Pu/(U+Pu) contents as high as 33

mol%.

Additional work is currently underway on a powder obtained by freeze-
granulation and another by direct advanced co-grinding, both integrating 26

mol% Pu/(U+Pu).
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Figure captions

Fig. 1: a) Relative density as a function of the temperature during the heating
step; b) Relative density as a function of the soak time at 1700 °C; c)
Densification rate as a function of the temperature; d) zoom of ¢) in the 600-

1200 °C temperature range

Fig. 2: Grain size versus relative density trajectory. For each experimental point,
the values given are the heating rate, the sintering temperature and the time spent

at the sintering temperature

Fig. 3: Fitting of the experimental points of the grain size versus relative density
trajectory for a scenario based on densification being controlled by grain

boundary diffusion and grain growth by the grain boundaries

Fig. 4. Determination of the apparent activation energy for densification using
the anisothermal Constant Rates of Heating method. For each dataset, the value
given is the density at which the data was extracted from the three heating rate

values

Fig. 5: Pu-Mp intensity mapping obtained by EPMA/WDS at 20 kV (arbitrary
grey scales) and coloured pseudo-quantified Pu mapping for 98% dense samples

having similar grain sizes

Supplementary material: a) SEM observations of some typical granules
constituting the freeze-granulated powders containing 33 and 15 mol%
Pu/(U+Pu); b) Cumulative number frequency of the individual granules
constituting the freeze-granulated powders containing 33 and 15 mol%
Pu/(U+Pu). The measurements were performed using optical microscopy

observations of powder samples positioned on a glass coverslip. Each individual
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granule projected area is measured and an equivalent two-dimensional disc
diameter is calculated (no correction factor). Around 1000 granules are

considered for each powder
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Figure captions

Fig. 1: a) Relative density as a function of the temperature during the heating
step; b) Relative density as a function of the soak time at 1700 °C; c)
Densification rate as a function of the temperature; d) zoom of ¢) in the 600-

1200 °C temperature range

Fig. 2: Grain size versus relative density trajectory. For each experimental point,
the values given are the heating rate, the sintering temperature and the time spent

at the sintering temperature

Fig. 3: Fitting of the experimental points of the grain size versus relative density
trajectory for a scenario based on densification being controlled by grain

boundary diffusion and grain growth by the grain boundaries

Fig. 4. Determination of the apparent activation energy for densification using
the anisothermal Constant Rates of Heating method. For each dataset, the value
given is the density at which the data was extracted from the three heating rate

values

Fig. 5: Pu-Mp intensity mapping obtained by EPMA/WDS at 20 kV (arbitrary
grey scales) and coloured pseudo-quantified Pu mapping for 98% dense samples

having similar grain sizes

Supplementary material: a) SEM observations of some typical granules
constituting the freeze-granulated powders containing 33 and 15 mol%
Pu/(U+Pu); b) Cumulative number frequency of the individual granules
constituting the freeze-granulated powders containing 33 and 15 mol%
Pu/(U+Pu). The measurements were performed using optical microscopy

observations of powder samples positioned on a glass coverslip. Each individual

5/12/2021



O Joy U WM

OO OO U U OO OrTOrdd BB BB DSEDDDNWWWWWWWWWWNDNNDNDNDNDNDMNNDMNNNMNNNMNNRERRRRRRERRERE
G WNhHFHROoOWwWOJdJOUbDdWNREFOOWOJIOUDd WP OOOJOOUNPd WNREPOWOWOJoOYYOUd WDNE OWOJoYUdWwNEFE O

granule projected area is measured and an equivalent two-dimensional disc
diameter is calculated (no correction factor). Around 1000 granules are

considered for each powder
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