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A B S T R A C T

We show that a homogeneous single-phase mixed oxide is obtained by blending and sintering commercial UO2 
and nanocrystalline PuO2 powder; whereas, under the same conditions, conventional PuO2 powder obtained 
from oxalate precipitation and composed of platelets, yields two-phase mixed oxide. The use of nanometric PuO2 
results in a larger final grain size.

1. Introduction

Metal oxide powder technology is widely used for the preparation of 
technical ceramics [1]. The quality of the final products strongly de
pends on a multitude of process parameters, from the starting materials 
via the forming techniques to the heat treatment. Nuclear oxide fuel is a 

typical product of such powder technology. Uranium oxide fuel for Light 
Water Reactors (LWR) has a straightforward cylindrical form. These 
pellets are made from a powder blend of “fresh” UO2 powder obtained 
by conversion of UF6 enriched in fissile 235U, for example via the ADU 
(ammonium diuranate) or AUC (ammonium uranyl carbonate) routes, 
and scrap powder obtained from crushing and milling rejected pellets 
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and grinding dust. The powder is compacted in a press, then the green 
pellets obtained are sintered at high temperature and finally ground to 
the right diameter since sintering leads to an anisotropic shrinkage of the 
pellets. This process is implemented at industrial level in a continuous 
way. Mixed oxide (MOX) fuel for LWRs, in which reprocessed plutonium 
is used as fissile material, is made in a slightly different manner, which 
has its origin in the fact that direct mixing of the two powders results in a 
heterogenous product in which the Pu-rich phase has a Pu concentration 
that makes it insoluble in the PUREX fuel reprocessing process. At a 
concentration of Pu/(U+Pu) < 0.3 in the (U,Pu)O2 solid solution, 
dissolution in nitric acid occurs with acceptable kinetics. For that reason 
the industrial LWR MOX fabrication is a two-step process. First a master 
blend is produced from natural or depleted uranium oxide and the 
plutonium oxide (around 30 % PuO2) which is next blended down to the 
required plutonium concentration with UO2 powder [2]. The product of 
this so-called MIMAS process (MIcronized - MASter blend) is 
macro-homogeneous/micro-heterogeneous, with Pu-rich areas in a 
U-rich matrix, which leads to differences in the in-pile behaviour be
tween UO2 and MOX fuel.

An alignment of the in-pile behaviour of the two fuel types can be 
obtained by a better homogenisation of plutonium in the MOX fuel, 
which can be realised by changes in the used powder technology. Of the 
numerous options (e.g. optimized co-milling, short binder-less route, co- 
precipitation/decomposition, freeze-granulation etc.), we report here on 
a study of a change of the PuO2 powder characteristics. In the current 
industrial process, the PuO2 is obtained by oxalate precipitation of the 
reprocessed plutonium. This yields a powder of platelet-like aggregates, 
which is not ideal for powder blending [3]. The recent advances in 
producing nanocrystalline (nc) actinide oxide particles have revealed 
that hydrothermal decomposition yields aggregates of spherical 
morphology, similar to the ADU UO2 powder [4]. It is thus interesting to 
compare the two plutonium oxide powders in a powder blending process 
to explore the effect on the fuel microstructure. In this article, we report 
results of small-scale laboratory experiments to assess the possible im
provements the use of nc-PuO2 can bring in the mixed oxide fuel 
production.

2. Materials and methods

2.1. Characterisation techniques

2.1.1. Density measurements
For powder density measurements, the powders were gently filled in 

a 10 mL glass cylinder. The weights of filled powder were measured and 
the volume was read from the filled cylinder. These data were used to 
calculate the bulk density. The cylinder was then gently shaken and 
tapped until the powder volume showed no further decrease. These 
volumes together with the weight were used to calculate the tap density.

The geometrical densities of all pellets were calculated from the 
measured weight (Mettler-Toledo AG204), diameter and height (Mitu
toyo QuickMike). Heights were measured several times and the diameter 
was measured at several heights and angles and the averaged values 
were used in the calculations. The hydrostatic (Archimedes) density was 
measured using a Sartorius BP211D balance equipped with a density 
unit.

2.1.2. Powder X-ray diffraction
The crystalline structure/purity of the products was determined at 

room temperature by powder XRD using a Bruker D8 X-ray diffrac
tometer mounted in a Bragg–Brentano configuration with a curved Ge 
monochromator (1,1,1) and a copper tube (40 kV, 40 mA) equipped 
with a LinxEye position sensitive detector. For the measurement, the 
ground powders were immobilised in a bi-component epoxy resin on a 
sample holder. Structural analyses were performed with the JANA 2006 
software suite [5] using the Loopstra-Rietveld method [6]. When 
possible, values of the crystallite sizes were calculated using the 

Williamson-Hall plot [7].

2.1.3. Scanning electron microscopy
Images of the PuO2 powders and the (U,Pu)O2 pellets were obtained 

using a Philips/FEI™ XL40 SEM operated at 25 kV, equipped with a 
SAMx Energy Dispersive X-ray analysis system (EDX) based on a Liquid 
Nitrogen-free Silicon Drift Detector. This microscope (high-voltage unit, 
column, chamber, and turbomolecular pump) was placed inside a glo
vebox, while the components that are not getting in contact with the 
active materials (primary vacuum system, the water-cooling circuit, and 
the acquisition electronic) were outside.

2.2. Uranium dioxide and conventional plutonium dioxide

Uranium dioxide powder of depleted uranium from COGEMA TU2 
stock (prepared by ammonium diuranate wet route) was used for the 
fabrication of the mixed oxide pellets without further treatment. XRD 
analysis (Fig. 1a) showed that the starting material consisted of a 
mixture of two phases: about 66 % of a phase with a lattice parameter of 
5.464 Å that corresponds to a stoichiometry of UO2.06, and 34 % of a 
second phase with a lattice of 5.442 Å, corresponding to U4O9 (or 
similar); this resulted in a total stoichiometry of about UO2.12. SEM 
image (Fig. 1b) indicated that the powder consisted of soft spherical 
agglomerates.

The conventional PuO2 from JRC stock was produced by thermal 
decomposition of oxalate. It was a pure single phase corresponding to 
PuO2.00 with a lattice parameter of 5.4115 Å (Fig. 2a). This is 0.27 % 
larger than fresh PuO2 (5.397 Å), in very good agreement with PuO2.00 
saturated with alpha damage [8]. The crystallites size was 175±75 nm, 
which due to the large uncertainty must be considered only as indica
tive. SEM images indicated formation of mostly platelet-like aggregates 
of PuO2 (Fig. 2b). This crystalline powder is referred further as c-PuO2 
(conventional).

2.3. Conversion to nanocrystalline PuO2

The nanocrystalline PuO2 powder (referred further as nc-PuO2) was 
produced by hydrothermal decomposition of oxalate originally 
described in [4]: 2.585 g PuO2 powder was quantitatively dissolved in 
33 mL aqueous solution of 14 mol/L HNO3 and 0.04 mol/L HF. The 
dissolution process was performed at 160 ◦C for 28 h in a round-bottom 
flask made of Teflon. A volume of 27 mL of a clear Pu4+ aqueous solution 
was obtained. No spectroscopic characterisation was performed, but the 
colour of the solution corresponded to the tetravalent oxidation state of 
plutonium in aqueous solution. The plutonium solution was precipitated 
at ambient temperature (without further dilution) by pipetting it drop
wise in an aqueous solution of 0.5 mol/L oxalic acid (20 % excess). The 
readily formed precipitate was separated from the acidic solution and 
washed repeatedly with small volumes of milli-Q® water until pH = 7. 
After filtration and drying, 4.037 g of hydrated plutonium oxalate was 
isolated. The hydrothermal decomposition process was performed in 
autoclaves made of stainless steel containing Teflon insets (with an 
available volume of about 12 mL). The Pu-oxalate was split in two equal 
portions of 1.91 g and placed in the Teflon insets of two identical au
toclaves together with 5 mL of milli-Q® water and a magnetic stirrer. 
The hydrothermal treatment ran for 24 h at 220 ◦C at autogenic pressure 
with stirring (100 rpm). After cooling, the decomposition products were 
collected in a 50 mL Eppendorf® tube, then washed with milli-Q® 
water, ethanol and acetone. A small amount was collected for powder 
XRD characterization. The total amount of nanometric sized PuO2 
powder was 2.142 g (including the amount used for the XRD charac
terisation and associated losses during preparation). Thus, the conver
sion of bulk to nc-PuO2 was achieved with a yield of about 83 % over all 
these process steps.
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2.4. Production of mixed oxide pellets

The UO2 and PuO2 oxide powders were mixed by weight, targeting a 
plutonium content of Pu/(U+Pu) = 0.11 (Table 1). The powder mixture 
was dry-milled in a vibratory mill (Retsch MM301) using a 25 mL ZrO2 
container. The milling process was conducted in two phases: the first for 
159 min at a speed of 15 s⁻¹, and the second for 297 min at a speed of 20 
s⁻¹, with four cooling breaks in between. During this process, three zir
conia balls, each with a diameter of 12 mm and a mass of 5.4 g, were 
included in the container. Contrary to the industrial MIMAS process, the 
experiments were performed without scrap powder. Table 1 summarises 
the powder densities obtained after milling.

Each powder mixture was compacted in ten pellets and two discs 
using a Lauffer VIUG16 bi-directional press (die diameter 7.2 mm at a 
pressure of 380 MPa). The dimensions and the green densities of the 
fabricated pellets/discs are summarised in Table 2; a theoretical density 
of 11.01 g/cm³ was derived from the endmembers for the specified 

composition and utilised for calculations. The powder mixture did not 
contain any additives and/or lubricant but the internal surface of the die 
was lubricated by pressing pellets from pure zinc stearate.

Of each batch, five pellets and one discs were selected and sintered 
under reductive gas in a cold wall Degussa VSL10/18 sintering furnace 
(parameters summarised in Table 3). The pellets/discs were placed in a 

Fig. 1. (a) XRD pattern and Loopstra-Rietveld refinement of the UO2 source material. (b) SEM image of the UO2 powder used in the present study.

Fig. 2. (a) XRD pattern and Loopstra-Rietveld refinement of the c-PuO2 source material. (b) SEM image of the c-PuO2 material used in the present study.

Table 1 
Masses of the oxide powders and the bulk/tap densities.

m UO2, g m PuO2, 
g

bulk density, g/ 
cm3

tap density, g/ 
cm3

Mixed oxide from c- 
PuO2

15.4632 1.9149 2.75 2.98

Mixed oxide from 
nc-PuO2

15.4854 1.9164 4.03 4.21

Table 2 
Geometrical dimensions and green densities of the mixed oxide pellets/disks.

from c-PuO2 from nc-PuO2

Average height of pellets, mm 5.49(5) 5.41(5)
Average diameter of pellets, mm 7.27(5) 7.27(5)
Average height of discs, mm 1.34(1) 1.71(1)
Average diameter of discs, mm 7.28(1) 7.27(1)
Green density, % TD 65.2 ± 0.2 66.1 ± 0.4

Table 3 
Parameters used during the sintering of the compacted pellets/disks.

Ramp, ◦C/h Dwell, h Temperature, ◦C Gas

200 ​ 600 Ar/H2

​ 2 600 Ar/H2 + 1200 ppm H2O
200 ​ 1700 Ar/H2 + 1200 ppm H2O
​ 4 1700 Ar/H2 + 1200 ppm H2O
200 ​ 600 Ar/H2 + 1200 ppm H2O
​ 1 600 Ar/H2

200 ​ 25 Ar/H2
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molybdenum crucible. The temperature of the furnace was measured 
with a thermocouple type C, placed close to the samples. The Ar + 6 % 
H2 sintering gas was moisturized with 1200 ppm of water vapour.

3. Results

3.1. Characterisation of nc-PuO2

The XRD analysis indicated the presence of a pure nanocrystalline 
phase of PuO2 (Fig. 3a). The Loopstra-Rietveld refinement resulted in a 
lattice parameter of 5.398(1) Å, in good agreement with values reported 
for nanocrystalline PuO2 powders produced with the same technique 
earlier [4,9–11]. The broad diffraction peaks obtained for this material 
were characteristic of a nanocrystalline material, and gave a crystallite 
size value of 18 ± 3 nm.

SEM images taken of the nc-PuO2 (Fig. 3b) indicated that the powder 
consisted of soft spheroid agglomerates, in contrast to the platelet-like 
morphology specific to the aggregates resulting from thermal decom
position (for comparison, see Fig. 2b).

3.2. Characterisation of mixed oxide pellets

3.2.1. Pellet density
The results of the density measurements are presented in Table 4. 

Both geometrical and hydrostatic densities of the sintered pellets were 
superior to 97 % TD, with a very narrow variation between individual 
specimens. The density of the mixed oxide from nc-PuO2 remained 
slightly higher, in accordance with the higher green density. It is 
interesting that the small density difference observed for the green 
pellets is maintained after sintering, indicating that the extent of 
densification during sintering is the almost same for the two types of 
compacts.

3.2.2. XRD analysis
Fig. 4a shows the XRD patterns of the mixed oxide sintered compacts 

obtained by conventional PuO2 powders. Closer look at the high-angle 
region showed an obvious peak separation in the 112 – 118 2θ region 
(Fig. 4b), partially overlapping on the diffractogram and creating a 
shoulder in the diffraction peaks. It indicates a mixture of two cubic fcc 
phases of (U,Pu)O2, one U-rich and one Pu-rich (Fig. 5). The two phases 
have a lattice parameter of 5.4694(5) Å (25 % of the mixture) and 
5.4616(5) Å (75 % of the mixture), respectively, which results in a 
weighted average lattice parameter a of 5.4636 Å. The corresponding 
phases are (U0.975Pu0.025)O2 and (U0.87Pu0.13)O2, respectively, 

according to Vegard’s law. By combining the phase proportion obtained 
from Rietveld refinement, and their composition deduced from their 
lattice parameters through the Vegard’s law, we obtain an overall Pu/ 
(U+Pu) ratio of 0.105, in excellent agreement with the targeted value.

The XRD analysis performed on the mixed oxide sintered compacts 
prepared with nc-PuO2 (Fig. 4c) indicated the presence of a single, well 
crystalline cubic phase with symmetrical peaks in the same 112 – 118 2θ 
region (Fig. 4d). The lattice parameter of a = 5.4635(5) Å corresponded 
to the desired U0.89Pu0.11O2 composition (within the error bar of the 
measurement).

3.2.3. Microstructural characterisation
SEM images of the free and fracture surfaces of the sintered mixed 

oxides pellets are shown in Fig. 6, while the elemental mapping of the 
actinides from EDX is presented in Fig. 7. In both cases the fracture was 
mostly transgranular (Fig. 6c and d), indicating that the grain boundary 
strength was higher than the bulk strength [14]. The grain size of the 
nc-PuO2 sample was clearly larger than the c-PuO2 (the surface grain 
size is 2 µm and 9 µm, respectively, as estimated from Fig. 6a and b with 
the line intercept method without correction factor).

Moreover, the material produced from nc-PuO2 showed a significant 
fraction of symmetric triple grain boundary junctions with near 120 
degrees angles, typical for materials in which grain growth has pro
gresses well towards a microstructure with smooth grain boundaries 
that are no longer very mobile [15]. In contrast, the microstructure of 
the material produced from c-PuO2 showed a wide range of junctions 
typical for materials with rough grain boundaries that are still mobile. 
The porosity observed in the microstructure looks completely closed 
(Fig. 6), as expected from the high relative density measured (> 0.97 
TD).

The two-phase nature of the c-PuO2 pellets evidenced by XRD is not 
caught by the elemental distribution maps of U and Pu (Fig. 7). Both 
samples look fairly homogeneous, possibly because the composition of 
the two phases is similar – (U0.975Pu0.025)O2 and (U0.87Pu0.13)O2 – or 
because the dis-homogeneity is of the same order of magnitude as the 

Fig. 3. (a) XRD pattern and Rietveld refinement of the nc-PuO2 material. (b) SEM image of the nc-PuO2 material.

Table 4 
Average densities ( % TD) of pellets before (geometrical measurements) and 
after sintering (geometrical and hydrostatic measurements).

Before sintering After sintering

Geometrical Geometrical Hydrostatic

MOX from c-PuO2 65.2 ± 0.2 97.3 ± 0.2 98.2 ± 0.2
MOX from nc-PuO2 66.1 ± 0.4 98.0 ± 0.2 98.5 ± 0.2
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spot size (~1 µm). In any case, large PuO2 agglomerates/hot-spots [16] 
were not observed by EDX. More in-detail analysis were not performed.

4. Discussion

The current study has revealed a remarkable effect of the use of nc- 
PuO2 powder on the microstructure of mixed oxide fuel pellets prepared 
by powder technology. The better distribution of Pu in the product and 
the substantial larger grain size are clear indications that the use of nc- 
PuO2 powder results in a significantly higher driving force for uranium 
and plutonium interdiffusion during sintering compared to the material 
produced from standard PuO2. This results in a dense, homogeneous 
microstructure with significantly larger grain size compared to the 
counterpart made from PuO2 powder obtained in a conventional way. 
Other methods proposed for producing homogeneous MOX fuel include 
the freeze granulation route [17], but with no evidence of increasing the 
grain size. The decomposition of mixed oxalates at mild temperatures 
[18] also results in a homogeneous distribution of the actinides in the 
mixed oxide powders; however, no studies are available on their sin
tering behaviour. A large grain size is obtained in UO2 fuel with the 
addition of chromium (Cr-doped fuel), which is one of the 
accident-tolerant fuel (ATF) concepts that have emerged in the recent 
years. Grain growth can also be achieved in MOX fuel by adding chro
mium. One of the anticipated advantages of large grain fuel is a better 
fission gas retention due to the larger grain size [19], resulting from the 
longer diffusion path to the grain boundaries, and thus delay the start of 
the faster grain boundary diffusion. It has been shown previously that 

Fig. 4. XRD patterns and Loopstra-Rietveld refinement of mixed oxide materials obtained from c-PuO2 (a) and nc-PuO2 (c) powders. Detailed high-angle region, 
indicating the formation of a biphasic system in the case of the mixed oxide formed out of c-PuO2 (b) and a single phase formed out of nc-PuO2 (d).

Fig. 5. Lattice parameters variation of the mixed oxide phases formed during 
the current experiments, following a Vegard’s law drawn between the end 
members UO2.00 (a = 5.47127 Å [12]) and PuO2 (a = 5.39819 Å [13]).
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Fig. 6. SEM images of the free surfaces of the sintered mixed oxides pellets produced from c-PuO2 (a) and from nc-PuO2 (b). SEM images of the broken surfaces of the 
sintered mixed oxides pellets produced from c-PuO2 (c) and from nc-PuO2 (d).

Fig. 7. EDX-mapping of Uranium and Plutonium in pellets of mixed oxides produced from c-PuO2 (top row) and nc-PuO2 (bottom row).
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increasing the homogeneity of the initial MOX powder via liquid routes 
such as sol-gel, gives a larger final grain size, even in the absence of 
sintering additives such as chromium [20]. Here we show that this is 
also achievable by only modifying the properties of the powder which 
constitutes the smaller fraction (11 % nano-PuO2), while keeping the 
UO2 powder and all other processing parameters unaltered. Another 
advantage of using nc-PuO2 compared to the conventional one, is the 
potential to reduce the sintering temperature and/or time to reach a 
similar microstructure, possibly coupling it with low-temperature 
oxidative sintering conditions [21]. On the other side, it remains to be 
evaluated whether the use of nc-PuO2 powder with high-surface area, 
might negatively impact the process depending on the aggregate’s 
cohesion, because of possibly different dispersion and flowability be
haviours. We did not perform in-detail studies in this regard, but the 
significantly higher bulk- and tap-densities of the mixtures made from 
nc-PuO2 compared to c-PuO2, suggest a better die-filling behaviour of 
the first.

The results suggest that the breaking up of the spheroid agglomerates 
of the nc-PuO2 in the initial milling stage is easier, leading to a better 
powder packing and distribution in the green pellets. The green density 
after pressing is slightly higher for nc-PuO2, and such trend is main
tained after sintering.

The XRD data show a single-phase in the nc-PuO2 samples and 
incomplete solid-state interdiffusion using conventional powder. The 
reasons for the complete homogenisation can be (i) a better mixing 
during the milling phase, because of easier breaking of the softer ag
glomerates as mentioned above, and (ii) the smaller particle size of the 
PuO2 primary particles. It is indeed well known, as well as intuitive, that 
homogenisation during sintering depends on such factors. An isothermal 
degree of homogenisation (H) has been defined as the point-to-point 
chemistry variation and expressed as [22,23]: 

H ∼
Dt
λ2 

where D is the diffusion coefficient of the controlling diffusion rate 
(which has the usual Arrhenius dependence on the temperature), t the 
time, and λ is the scale of the microstructural separation, or segregation 
length. The scale of separation depends among other, on particle size 
and initial mixing of the powder. A better mixing and smaller particle 
size will thus improve the homogenisation, as well as longer sintering 
times and higher temperatures.

Another effect that could explain the better homogenization of the 
two phases, is the enhanced diffusion-induced motion of grain bound
aries at nanoscale. The solid solution formation during solid-state sin
tering is accompanied by the migration of the grain boundary at the 
interface between the two phases. The driving forces for this process are 
both of chemical nature (the reduction of the free energy due to for
mation of the solution, independent form grain size), and the pressure 
difference acting across a curved surface [24]. Such pressure is ~ 2γ/r, 
where γ is the grain boundary energy (typically in the order of 1.5 J/m2 

for UO2 [25]), and r the grain boundary curvature radius, which is in the 
same order of the grain size (estimated at 18 nm for the nc-PuO2 pow
der), and can be estimated as ~80 MPa. For comparison, for a grain size 
of 200 nm, the driving force would be only ~8 MPa. Since the velocity of 
grain boundary migration is directly proportional to the driving force, it 
is clear how a nanocrystalline powder, if well-dispersed, yields faster 
homogenisation, which in turn favours faster densification and grain 
growth.

Conclusion

In the sintering of (U,Pu)O2 mixed oxide pellets by milling and sin
tering of PuO2 and UO2 powders, the use of PuO2 produced by an hy
drothermal decomposition of oxalate process brings significant benefits 
compared to PuO2 obtained from conventional thermal conversion of 

oxalates. Keeping all other processing parameters constant (e.g. UO2 
powder type and milling, pressing and sintering conditions), a single 
phase (XRD) with larger grain size is obtained when PuO2 from hydro
thermal decomposition is used. Such powder is composed of nanometric 
primary particles agglomerated in spherical granules. We interpret this 
result in terms of the shorter diffusion path for the solid solution for
mation, because of the smaller PuO2 primary particle size and possibly 
an easier breaking of the agglomerates, and a higher driving force for 
grain boundary migration because of the highly curved interface be
tween two phases. The implications for potential use in an industrial 
environment would have to be evaluated carefully, as nanocrystalline 
powders with high-surface area might show different dispersion and 
flowability features (a thorough powder characterization would be 
required). Moreover, other aspects such as repeatability and scalability 
of the results, as well as the effect of the introduction of scrap powder, 
are to be addressed.
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