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A B S T R A C T

The optimization of nuclear fuels for use in pressurized water reactors can be achieved by increasing the burnup 
cycle. One way to achieve these goals is to anticipate an initial excess of reactivity in the reactor design and 
incorporate so-called burnable poisons directly into the fuel to control the neutron population. Due to its 
neutronic properties, gadolinium is one of the main elements incorporated in the form of oxide (Gd2O3). The dry 
mechanical mixing of UO2 powder and Gd2O3 is the commercially most attractive method due to its simplicity. 
However, this method leads to challenges in obtaining sintered pellets with high sintered density for use in 
nuclear reactors due to the Kirkendall effect. In this work, 10 wt% of Gd2O3 powder was added to UO2 powder 
through dry mechanical mixing in low- (Turbula®) and high-energy (SPEX®) mixers. The powders were ho
mogenized in turbula mixer for 1 h and 80 h. The mixing time did not improve the sintered density, which were 
about 91.5 % of theoretical density (TD). Homogenizations in the SPEX mixer were carried out at 15, 30, and 60 
min. The highest sintered densities in this case were 95.8 % and 96.3 % TD achieved with 30 min and 60 min, 
respectively. Mixing the powders through a process involving more intense agitation allows for the breaking of 
Gd2O3 clusters without significant changes in the properties of UO2, thus improving the sinterability of the UO2- 
Gd2O3 fuel pellet.

1. Introduction

The UO2-based nuclear fuel derived from the AUC (ammonium 
uranyl carbonate) route is widely used in Light Water Reactors (LWRs) 
(Campolina et al., 2018). The advantage of this route is the production of 
UO2 powder with good flowability, as well as having particle size and 
specific surface area suitable for direct pressing without the need of 
intermediate granulation steps (Santos et al., 2017).

Increasing the fuel lifetime has been a recognized need since com
mercial nuclear energy generation began. Extending fuel burnup, 
reducing reload intervals, and decreasing costs associated with final 
storage of radioactive waste are crucial elements in minimizing the costs 
involved in the fuel cycle. Fuel optimization involves increasing initial 
reactivity. To mitigate the high initial reactivity, neutron-absorbing 
materials have been employed to control neutron population.

Neutron-absorbing materials, also known as burnable poisons, have 
high neutron absorption cross-sections, while transmutation products 
(isotopes) should have negligible cross-sections. These low values mean 

that the reaction product between the absorber material and neutron has 
low neutron absorption capacity. Thus, the neutron absorption capacity 
of the burnable poison depletes as the reactor’s initial reactivity 
decreases.

One way of using a burnable poison is by directly integrating it into 
nuclear fuel. The most used chemical element for this purpose is gado
linium in oxide form (Gd2O3). Its use as a burnable poison began in the 
1960s, and its successful performance in this type of fuel has led to its 
widespread use by most suppliers, with concentrations ranging from 6 to 
10 wt% (IAEA,1995). The Brazilian reactor Angra-2 utilizes pellets with 
up to 7 wt% of Gd2O3 mixed with UO2 (Campolina et al., 2018).

The nuclear fuel components UO2 and Gd2O3 are particulate mate
rials with high melting temperatures. Uniformity in powder mixing 
ensures that the final pellet has consistent properties. The better 
dispersed the gadolinium is in the UO2 matrix, the more predictable its 
behavior will be in subsequent manufacturing steps, leading to better 
uniformity in neutron properties during irradiation.

The incorporation of gadolinium into UO2 can be achieved by 
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various processes aiming homogeneous distribution. The way Gd2O3 is 
dispersed in the UO2 matrix impacts the sintering behavior, resulting in 
different density levels. Homogeneity can be divided into three levels 
(Durazzo and Riella, 2001). First, the highest degree of homogeneity is 
achieved with the atomic level distribution of gadolinium, where the 
chemical elements composing the nuclear fuel form a solid solution in 
the resulting powder particles. This process occurs when the mixed 
powder is prepared using the coprecipitation technique via ADU 
(ammonium diuranate). Second, the intermediate level, also known as 
the microscopic level of homogeneity, occurs when UO2 and Gd2O3 
precipitate simultaneously without forming a solid solution. However, 
each powder particle contains both chemical elements. This powder is 
obtained through the coprecipitation technique via AUC, which ensures 
homogeneity at the molecular level. Third, at the macroscopic level of 
homogeneity, the powders are mixed mechanically in a dry state. The 
powder dispersion occurs heterogeneously, forming clusters of materials 
that are close to each other but without chemical affinity.

Despite the low level of homogeneity, the process of dry mechanical 
mixing of Gd2O3 with UO2 powder from AUC is the most commercially 
attractive process due to its simplicity and the absence of intermediate 
steps for pelletizing and sintering (Manzel and Dörr, 1980). Further
more, the addition of Gd2O3 through this process does not cause a sig
nificant alteration in the production line of nuclear fuel via AUC.

The manufacturing process of these pellets on an industrial scale 
requires automatic feeding of the compaction presses. The powder is 
filled into the dies for compression by the punches. The obtained powder 
needs to have good “incipient flow” (transition from static to dynamic 
state) and “dynamic flow” properties to obtain reproducible and ho
mogeneous pellets in the industrial environment (Beaunac et al., 2022). 
The high flowability of UO2 powder via AUC allows for dry mechanical 
homogenization of quantities up to approximately 2000 kg with up to 
20 % by weight of Gd2O3 (Assmann et al., 1988).

The turbula is a commonly used mixer in research and development. 
This mixer facilitates smooth and continuous movements, enabling 
mixture homogeneity. Some studies indicate mixing times of 3 h (Mills 
et al., 1989) or 4 h (Pagano et al., 2008), while others report 1 h of 
mixing (Restivo et al., 2004; Durazzo et al., 2018). There is no stan
dardization in the reported times and justification in the articles for the 
mixing times in turbula.

After the powder mixture, the material is compacted into a pellet 
shape and sintered. In this process, the Gd2O3 and UO2 powders form a 
substitutional solid solution, where U4+ cations are substituted by Gd3+

in reducing atmospheres (Ho and Radford, 1985; Song et al., 2001; 
Durazzo et al., 2010; Balakrishna, 2016). When the trivalent cation Gd3+

is incorporated into the UO2 lattice in place of the U4+ cation, the 
resulting effective charge from the site where the substitution occurred 
is − 1. To maintain the electronic neutrality of the host lattice, a 
+1-charge variation is required, which can be achieved by the transition 
of uranium valence, occupation of the same cation in interstitial posi
tions, or alteration in the internal lattice formed by oxygen, which can 
gain or lose the anion O2− . The characteristics of Gd3+ ions in terms of 
their ionic radius, valence, and the crystal structure of Gd2O3 contribute 
to facilitating the formation of a solid solution with UO2, as established 
by the Hume-Rothery rules (Hume-Rothery, 1966). The ionic radius of 
U4+ is 0.1011 nm, while Gd3+ is 0.1053 nm (Fedotov et al., 2013), 
resulting in a difference of 4.15 % between the mentioned ionic radii.

The sintering atmosphere is primarily responsible for the principal 
charge compensation mechanism. In H2 reducing atmospheres, there is a 
good agreement among various authors in studies published since the 
1980s that the incorporation of the Gd3+ cation into the UO2 crystal 
lattice causes a linear decrease in the lattice parameter (Fukushima 
et al., 1982; Hirai and Ishimoto, 1991; Leyva et al., 2002; Cardinaels 
et al., 2012; Baena et al., 2015). The shrinkage in the lattice parameter is 
mainly due to the charge compensation mechanism and occurs up to the 
addition of 50 mol% of Gd2O3 (Durazzo and Riella, 2009). U cations for 
U5+ and U6+ valences have smaller atomic radii (0.084 nm and 0.081 

nm, respectively (Shannon, 1976), justifying the decrease in the lattice 
parameter of the structure.

If the dry mechanical mixing of both the UO2 and Gd2O3 powders is 
not efficient, the inhomogeneity of mixed powders leads to problems 
ranging from decreased density to the microstructure of the matrix. 
Pellets manufactured from mixed powders cause variation in the local 
concentration of chemical elements. Riella et al. (1991) conducted the 
sintering of a UO2-7.5 wt%Gd2O3 mixture made with pellets prepared 
with an atomic level of homogeneity through the coprecipitation 
method and another pellet prepared with a macroscopic level of ho
mogeneity through mechanical mixing. While the first sample showed a 
uniform distribution of the burnable poison, the sample made by me
chanical mixing showed regions with up to 25 wt% of Gd2O3.

Leyva et al. (2002) analyzed the influence of mixing by X-ray 
diffraction (XRD) of heterogeneous mixtures. Through Rietveld method 
analysis, two phases of the same fluorite lattice with different lattice 
parameters were detected in the same sample, showing a concentration 
difference along the UO2 matrix. In the sample prepared by dry mixing 
with 8 wt% Gd2O3, lattice parameters of 0.54704 nm and 0.54308 nm 
were detected. The first value is consistent with the decrease in the 
lattice parameter when gadolinium is added in this proportion, but the 
second one does not follow the Vegard’s law, suggesting the formation 
of a new phase in microregions.

Based on diffusion pair experiments conducted at the interfaces of 
UO2 and Gd2O3, as reported by Durazzo et al. (2010), an asymmetrical 
interdiffusion behavior was observed. Specifically, gadolinium exhibi
ted significant diffusion into the UO2 matrix, whereas uranium 
demonstrated minimal penetration into the Gd2O3 crystal structure. This 
disparity in diffusion rates suggests a misbalance between the species, 
potentially attributable to differences in their respective diffusion co
efficients and solubility limits within the host lattices. This asymmetric 
interdiffusion phenomenon, known as the Kirkendall effect, arises due to 
the higher diffusivity of Gd3+ cations into the UO2 matrix relative to the 
significantly slower diffusion of U4+ ions into Gd2O3. As a result, the 
initial sites occupied by Gd2O3 aggregates become depleted, leading to 
the formation of voids. These voids, generated at elevated temperatures 
during the sintering process, are challenging to eliminate and contribute 
to the development of so-called Kirkendall pores. Thus, there is a con
centration of the burnable poison around Kirkendall pores (Durazzo 
et al., 2013; Balakrishna, 2016), probably modifying the lattice 
parameter in microregions of the pellet.

In the sintering of pellets with mixed powders, a solid solution is 
formed simultaneously with the densification process. Gd2O3 solubilizes 
in the UO2 structure faster than the opposite, leaving voids where 
clusters of gadolinia particles were initially located. Gd2O3 tends to form 
clusters that are difficult to break. The formation of a solid solution in 
mixtures of low homogeneity levels generates pores due to the Kirken
dall effect, thus reducing the density of the sintered pellets.

Durazzo et al. (2013) manufactured UO2- Gd2O3 pellets using Gd2O3 
agglomerates selected by size range. The pellets were prepared with 
agglomerates classified into sizes <37 μm, 37–45 μm, 45–53 μm, and 
53–62 μm. The mixtures were prepared in a Turbula mixer, pressed and 
sintered for 3 h in a hydrogen atmosphere. The analysis of the four 
pellets showed a progressively increasing average pore size, demon
strating the occurrence of the Kirkendall effect. In the pellets with ag
glomerates above 45 μm, free Gd2O3 was identified, indicating 
incomplete dissolution. These findings highlight the critical influence of 
Gd2O3 distribution homogeneity within UO2-Gd2O3 fuel pellets on sin
tering behavior. Specifically, reduced homogeneity in gadolinium oxide 
dispersion correlates with lower final sintered densities, likely due to the 
formation of Kirkendall pores at sites previously occupied by Gd2O3 
agglomerates. These pores, resulting from differential diffusion rates 
between gadolinium and uranium during sintering, impede densifica
tion and persist in the final pellet structure.

These results suggest that a more comprehensive investigation into 
the influence of mechanical mixing parameters—specifically mixing 
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time and energy—on the sintering behavior and microstructural evo
lution of UO2–Gd2O3 pellets is warranted. In this study, dry mixing 
routes for UO2 and Gd2O3 powders are compared using both low- and 
high-energy mixing devices. The results showed that the mixture ob
tained via high-energy mixing preserves the favorable morphological 
features of the UO2 powder derived from the AUC process (notably, high 
flowability) and mitigates the Kirkendall effect. This facilitates adequate 
densification and yields a satisfactory microstructure when subjected to 
conventional sintering.

2. Experimental

2.1. Raw materials

The Nuclear Industries of Brazil (INB) provided the UO2 powder used 
in this study, which was manufactured by an industrial AUC route (Costa 
et al., 2013). The Gd2O3 powder was provided by the Navy Techno
logical Center - (CTM) Aramar/SP. For assistance in compacting the UO2 
and UO2-Gd2O3 pellets, aluminum distearate (ADS, supplied by INB) 
and zinc stearate (Quimesp brand) were used as solid lubricants.

The UO2 powder was characterized for specific surface area (BET), 
apparent density, moisture content, O/U ratio, and trace impurities. 
Gd2O3 underwent the same analyses, except for the O/U ratio. The 
morphological characteristics of UO2, Gd2O3, and ADS powders were 
examined using a Thermo Fisher Prisma E scanning electron microscope 
(SEM) with secondary electron detector (SE). Particle size distributions 
were measured by laser diffraction using CILAS laser equipment (model 
1064), with water as the liquid medium and tetrasodium pyrophosphate 
as the dispersing agent. The width of the distribution is measured by the 
span index. The narrower the distribution, the lower the span value, 
which is calculated by equation (1). 

span=
D90 − D10

D50
(1) 

where D10, D50 and D90 are the volume-based percentile diameters 
which represent 10, 50 and 90 % of the particle size, respectively.

2.2. Preparation of powder mixtures with low- and high-energy mixers

UO2-10 wt%Gd2O3 powders we mixed using two types of equipment: 
a low-energy mixer and a high-energy mixer. The low-energy mixer 
(LEM) utilized was from Wab Turbula brand, model T2F, with a rotation 
of 48 rpm. Interlaced wires were used inside the homogenization vessel 
to promote the breaking of agglomerates. The powders were mixed in 
batches of 50 g, with mixing times of 1 h and 80 h. The high-energy 
mixer (HEM) was from Spex Sample Prep., model 8000M Mixer/Mill, 
with a rotation of 1425 rpm. The powders were placed in an AISI 304 
steel container in batches of 50 g. Samples were mixed for 15, 30, and 
60 min. In both experimental setups, no mixing aids—such as grinding 
balls or other mechanical artifacts—were introduced during the 
blending process.

Before the mixing, Gd2O3 powder was heated to 100 ◦C for 1 h to 
remove moisture. In all samples, ADS concentration was 0.2 wt%, 
following the standard procedure adopted by INB (Costa and Freitas, 
2017; Jentzen and Didway, 1990). Powders were weighed on an 
analytical balance, Shimadzu brand, with a precision of 0.0001 g.

Several samples were homogenized by the dry mechanical method 
using LEM (T series) and HEM (S series) routes. Table 1 shows the 
sample nomenclatures, routes, and associated times.

The flowability of the mixtures is an essential parameter for their 
industrial use, as the automatic feeding of compaction matrices depends 
on this parameter. To evaluate the influence of high-energy mixing on 
the flowability of UO2 powder, samples of pure UO2 were subjected to 
mixing durations of 15, 30, and 60 min. Subsequent to each mixing 
interval, the flowability was assessed by introducing 50 g of the pro
cessed powder into a glass funnel with a 7 mm orifice diameter. A 
rotating brush was placed near the funnel cavity, operated by a stepper 
motor programmed at 100 rpm. After positioning the powder, the flow 
time was quantified. This procedure was repeated five times to collect 
statistical data. Fig. 1 shows a schematic representation of the device 
used to measure the flowability of the UO2 powder. This method is 
similar to that adopted by INB. Since flowability depends on the powder 
morphology, the morphology was also evaluated by SEM after 
homogenization.

To calculate the confidence interval of flowability (E), the Student’s 
T-table was used with 4 degrees of freedom and a confidence level of 
0.95, according to the following equation (2): 

E=X ± t
σ̅
̅̅
n

√ (2) 

where, X is mean flow times, t is value given by the Student’s T-table (t 
= 2.132), σ is standard deviation of flow times and n is number of 
repetitions (n = 5).

For determination of apparent density, the same device was used, but 
the powder was collected in a container with a defined volume of 25 mL. 
The powder flows until the container is completely filled. Excess powder 
is removed with a spatula. Apparent density is determined by the ratio of 
mass to the volume of 25 mL.

2.3. Pressing, sintering, and pellet characterization

The samples were pressed in a cylindrical die with an internal 

Table 1 
Nomenclature, route, and mixing time for mixtures of UO2-Gd2O3 powders.

Pellets Route Time

T1 LEM 1 h
T80 LEM 80 h
S15 HEM 15 min
S30 HEM 30 min
S60 HEM 60 min

Fig. 1. Schematic representation of the powder flowability measure
ment apparatus.
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diameter of 10 mm, using a pressure of 350 MPa. The densities of the 
green pellets, i.e. green densities, were determined geometrically. The 
height and diameter were determined using a caliper with a precision of 
0.01 mm. The theoretical density (TD) of the mixture was calculated 
considering theoretical densities of 10.96 g/cm3 for UO2 (Fedotov et al., 
2013), 7.41 g/cm3 for Gd2O3 (Balakrishna, 2016), and 1.01 g/cm3 for 
ADS (Yaws, 2015). The pressing pressure was adjusted to obtain a green 
density of 50 %TD (Coleman and Beeré, 1975).

Sintering of the samples was conducted using a Setaram Setsys 1700 
dilatometer at 1700 ◦C for 240 min under a pure hydrogen atmosphere. 
The heating rate was maintained at 5 ◦C/min. Sintered densities were 
determined via the Archimedes principle (immersion method), by 
weighing the samples while immersed in water.

According to IAEA specifications (International Atomic Energy 
Agency IAEA, 1995), the density of sintered UO2–Gd2O3 fuel pellets 
must be within the range of 95 +1.0

− 1.5 % of the theoretical density (TD), 
corresponding to a total porosity (sum of open and closed pores) be
tween 4.0 % and 6.5 % by volume.

The total porosity was evaluated using the following equation based 
on the immersion method: 

ρ= mdry

mdry − mwet
.ρwater (3) 

where: mdry is the mass of the dry pellet in air (g), mwet is the apparent 
mass of the pellet when submerged in water (g), and ρwater is the density 
of water at the measurement temperature (g/cm3).

The analytical balance used had a precision of 0.5 mg, and the 
maximum measurement uncertainty in determining the pellet density 
was estimated to be 0.02 g/cm3.

The theoretical density Dth of the UO2–Gd2O3 composite was calcu
lated using the rule of mixtures, as follows: 

Dth =
100

%Gd2O3
DthGd2O3

+ %UO2
DthUO2

(4) 

where: %Gd2O3 and %UO2 are the weight percentages of Gd2O3 and 
UO2 in the mixture, respectively, DthGd2O3 = 8.33 g/cm3 is the theo
retical density of monoclinic Gd2O3 (American Society for Testing and 
Materials, 2021), and DthUO2 = 10.96 g/cm3 is the theoretical density of 
UO2 (American Society for Testing and Materials, 2021).

After sintering, microstructural characterization was performed by 
SEM on polished sections of the pellets. Samples were sequentially 
ground with 400 and 1200 grit sandpaper and polished with 3 μm and 1 
μm diamond suspension. Afterwards, SEM analyses were performed by a 
Thermofisher SEM (Prisma E), using secondary electrons for image 

formation and an EDS detector for chemical composition verification. 
Due to this technology, it was possible to identify the position of atoms 
at specific points, in line, and in a field, allowing the production of 
uranium and gadolinium chemical maps with a count of 120 min at 15 
kV.

3. Results and discussion

3.1. Physical and chemical characterization of raw materials

The raw materials used in this work were chemically and physically 
characterized. Tables 2 and 3 present the results obtained for UO2 and 
Gd2O3 powders, along with the specification values from the standard 

Table 2 
Some physicochemical data for UO2.

Characteristics Results Specificationa

O/U 2.08 2.08–2.30
Utotal (%) 87.6 ≥86.8
Enrichment U-235 (%) 4.137 4.10–4.15
Moisture (wt%) 0.15 ≤0.4
Surface area (m2/g) 5.0 2.5–6.0
Bulk density (g/cm3) 2.2 2.0–2.6
Flowability (s/50g) 4.6 ≤10
D50 (μm) 23.6 <200
Impurities (μg/g)
F 5.312 ≤100
Al 1.777 ≤250
Ca 4.212 ≤25
B <0.2 ≤0.5
Fe 15.24 ≤100
Ni 0.421 ≤50
Si 6.916 ≤100
Gd 0.2 ≤1

a Specification for the UO2 powder manufactured by INB for the Brazilian 
PWR type ANGRA-1 and ANGRA-2 reactors.

Table 3 
Some physicochemical data for Gd2O3 powder.

Characteristics Results

Gd content (%) 84.2
D50 (nm) 4.2
Surface area (m2/g) 1.5
Bulk density (g/cm3) 2.4
Moisture (wt%) 0.32
Impurities (μg/g)
CaO 0.8
Fe2O3 0.4
SiO2 0.6
Dy2O3 <1
Eu2O3 5.1
Sm2O3 2.7
Y2O3 <1

Fig. 2. SEM micrograph with secondary electron detector. a) UO2 powder. b) 
Gd2O3 powder.
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used at INB as a reference Costa et al. (2013).
The supplied Gd2O3 has a purity of 99.88 %, and no traces of im

purities greater than specified were identified in the UO2 powder. The 
presence of impurities in UO2 and Gd2O3 can lead to phase formation 
during sintering and accumulation at grain boundaries, forming gaps 
that can result in intergranular cracking (Radford and Pope, 1983). 
Additionally, impurities with high absorption cross-sections can modify 
the neutronic performance of the nuclear fuel.

Fig. 2a illustrates the morphology of the UO2 powder. Various par
ticle sizes can be observed (~2–100 μm), with some particles being 
faceted (smaller particles) and others having rounded corners. This 
morphological characteristic provides good flowability to the powder 
and is typical of manufacturing via AUC (Choi et al., 1988). Fig. 2b 
shows the morphology of the Gd2O3 powder. Irregular, angular particles 
with sharp corners and crystals with smooth surfaces can be observed in 
the image. Gd2O3 has a high tendency to agglomerate, forming cohesive 
structures.

Fig. 3 displays the particle size distribution of the UO2 (Fig. 3a) and 
Gd2O3 (Fig. 3b) powders. UO2 exhibits a monomodal distribution, with a 
D50 value of 23.6 μm. The Gd2O3 powder size distribution reflects a 
combination of particles that detached and others that remained in ag
glomerates. Gd2O3 shows a bimodal distribution with two peaks, indi
cating populations with values close to 1 and 10 μm. The determined 
D50 value is 4.2 μm.

3.2. Influence of high-energy mixing on UO2 powder morphology and 
flowability

The high-energy mixing process increases the frequency and in
tensity of collisions among particles and between particles and the 
mixing vessel walls. These energetic interactions are anticipated to 
effectively disintegrate Gd2O3 agglomerates, resulting in a more ho
mogeneous mixture compared to low-energy mixing methods. However, 
it is crucial that this process does not cause significant fragmentation of 
UO2 particles, thereby preserving the original powder’s flowability. To 
assess the impact of high-energy mixing on particle size distribution, 
morphology, and flowability, pure UO2 powders were subjected to this 
mixing technique and subsequently characterized.

Table 4 shows the particle size data of the original UO2 powder 
particles and those shacked in the HEM for 15, 30, and 60 min. The span 
indexes indicate narrowing in the particle size distributions, with larger 
particles experiencing more significant changes. The D90 value of 
sample S60 decreased by 13.9 % compared to the original powder and 
no significative changes was observed on D10 values.

Scanning Electron Microscopy (SEM) analysis revealed no discern
ible alterations in the morphology of the original UO2 powder following 
exposure to high-energy mixing, as depicted in Fig. 4.

Variations in powder flowability were observed following high- 
energy mixing (HEM), as depicted in Fig. 5. The observed decrease in 
flow time for 50 g of powder with increasing mixing duration indicates 
an enhancement in powder fluidity. Powder flowability occurs due to 
gravitational forces and cohesive forces between particles (van der 
Waals force). In fine particles, cohesive forces are more relevant and, 
therefore, an increase in their quantity decreases the flowability of UO2 
powder (Madian et al., 2020). The agitation process caused a decrease in 
particle size but without changing D10 (fine particles) significantly. 
Larger particles typically exhibit superior flowability due to the domi
nance of gravitational forces over cohesive interparticle forces. In this 
study, although a reduction in the D90 value was observed with 
increased mixing time, this decrease was insufficient to adversely affect 
the powder’s flowability. This outcome suggests that the extent of par
ticle size reduction did not significantly enhance cohesive interactions to 
a level that would impede flow. The improvement in flowability in
dicates that particle rounding likely occurred, facilitating fluidity.

Table 5 presents the bulk density data of the same powders used in 
the flowability measurement. The results indicate an increase in density 
as the mixing time increases. This is due to the decrease in D90 and 
smoother granules, resulting in better packing of powders that spent 
more time in the mixer.

The variation in the powder particle size is important for studying 
the characteristics that determine flowability, compactability, and 
sinterability. There are advantages and disadvantages regarding the 
presence of fine particles. On one hand, powders with a large fraction of 
small particles, besides having lower flowability, are more difficult to 
compact. On the other hand, fine particles have higher specific surface 
and are easier to sintering, resulting in pellets with higher density after 
sintering (Glodeanu et al., 1988). Additionally, the presence of fines has 
a lubricating effect during pressing (Fruhstorfer and Aneziris, 2017). 
Thus, a balance in particle distribution is essential to ensure that the 
powder exhibits good flowability and green density, which result in 
sintered densities high enough to be within the specification limits for 

Fig. 3. Particle size distribution of UO2 (a) and Gd2O3 (b) powders.

Table 4 
Particle sizes and span indexes of original UO2 powder and samples subjected to 
the high-energy mixer for 15, 30, and 60 min.

Shacking time D10 (μm) D50 (μm) D90 (μm) Span

0 min (original UO2) 10.0 23.6 54.0 1.9
15 min 9.8 22.5 50.9 1.8
30 min 9.8 21.1 46.5 1.7
60 min 9.7 21.1 45.6 1.7
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nuclear fuel application.

3.3. Pressing and sintering

After mixing in the LEM and HEM, the homogenized powders con
taining 0.2 wt% ADS (solid lubricant) were pressed to obtain green 
pellets with 50 ± 0.5 % TD (theoretical density) of the mixture. Table 6
presents the green densities of all mixtures.

Fig. 6a shows the sintering behaviors of T1 and T80 of UO2-Gd2O3 
samples. The pure UO2 pellet retracted continuously until reaching a 
temperature near 1700 ◦C. The addition of Gd2O3 reduces the total pellet 
shrinkage by dry mixing in LEM (low-energy mixing). Sintering 
blockage occurs due to the Kirkendall effect, in which Gd2O3 clusters 
dissolve in the UO2 matrix and leave pores behind. Thus, this pore for
mation delays pellet shrinkage and causes an inflection in the sintering 
curve, as seen in Fig. 6a. The typical sintering blockage of the mixtures 
are observed at temperatures close to 1200 ◦C, as already observed in 
previous works (Durazzo et al., 2010, 2013; Yuda and Une, 1991; Kim 
et al., 2001).

Fig. 6b reports the pellet shrinkage rate of UO2 pellets, T1 and T80 
(low-energy mixing). With the addition of Gd2O3, two peaks occur. The 
first peak coincides with the beginning of solid solution formation. At 
this temperature range, there is an expansion of the UO2 matrix to 
accommodate gadolinium atoms while forming voids in the place of the 
Gd2O3 clusters, resulting in two simultaneous effects. When solid solu
tion formation is completed, the retraction rate increases again. 

Fig. 4. SEM images of the original UO2 powder (a) and after shacking in the HEM for 15 min (b), 30 min (c), and 60 min (d).

Fig. 5. Flowability of original UO2 powder and after shacking in HEM for 15, 
30, and 60 min.

Table 5 
Bulk density of original and UO2 powders after shacking in the HEM 
for 15, 30, and 60 min.

Shacking time (min) Bulk density (g/cm3)

0 (originalUO2) 2.36 ± 0.02
15 2.40 ± 0.03
30 2.47 ± 0.03
60 2.54 ± 0.03

Table 6 
Geometric density of green pellets.

Pellet Green density (g/cm3) TD of the mixture (g/cm3) % TD

original UO2 5.41 ± 0.05 10.75 50.3 ± 0.4
T1 5.12 ± 0.04 10.27 49.9 ± 0.4
T80 5.15 ± 0.02 10.27 50.2 ± 0.2
S15 5.13 ± 0.03 10.27 50.0 ± 0.3
S30 5.11 ± 0.05 10.27 49.8 ± 0.5
S60 5.15 ± 0.04 10.27 50.2 ± 0.4
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However, the completion of solid solution formation creates stable 
pores, which are formed by the Kirkendall effect at high temperatures 
and are hardly closed until the end of the sintering process.

The results in Fig. 6 indicate that the mixing time in LEM did not 
affect the sintering behavior significantly. This likely occurred due to the 
mechanical resistance of the clusters, which did not break during mixing 
in turbula, even for long homogenization times (80 h).

Fig. 7 highlights a Kirkendall pore originated from a Gd2O3 cluster in 
sample T1. The gadolinium concentration (Fig. 7b) presented in the EDS 
line analysis (Fig. 7a) is higher at the pore edges, when compared to the 
bulk, while the uranium concentration is higher in the bulk and lower at 
the pore edges. The EDS map of Gd (Fig. 7c) also shows higher con
centration of Gd around the pores, which were originally Gd2O3 parti
cles/clusters and, during sintering, were dissolved in the UO2 matrix 
over short distances.

Fig. 8 presents the elemental mapping of gadolinium distribution in 
sintered UO2-Gd2O3 pellets prepared via the low-energy mixing (LEM) 

Fig. 6. Shrinkage curves of UO2 and UO2-10 wt% Gd2O3 pellets, mixed in the 
LEM for 1 h (T1) and 80 h (T80): (a) linear shrinkage, (b) shrinkage rate.

Fig. 7. Analysis of a pore in the (U,Gd)O2 pellet (T1 sample): (a) SEM image of 
the pore with a line drawn for EDS analysis; (b) uranium and gadolinium 
concentration; (c) EDS mapping.
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route. Energy-dispersive X-ray spectroscopy (EDS) analyses reveal sig
nificant heterogeneity in gadolinium dispersion, characterized by Gd- 
rich regions and Gd-depleted zones. Comparative evaluation of Fig. 8b 
and c indicates that extending the homogenization time from 1 h to 80 h 
did not substantially enhance the uniformity of gadolinium distribution 
within the sintered pellets. This suggests that Gd2O3 agglomerates 
persist in the powder mixture despite prolonged low-energy mixing, 
leading to the observed EDS mapping patterns. Consequently, the 
morphology of the curves depicted in Fig. 7 remains unchanged, 
demonstrating the presence of the Kirkendall effect. The resultant sin
tered pellets exhibit reduced densities, attributed to the formation of 
stable pores at the sites of Gd2O3 agglomerates, which hinder densifi
cation during sintering. This observation is consistent with the findings 
reported by Durazzo et al. (2013), who identified that Gd2O3 agglom
erates in UO2-Gd2O3 fuel pellets lead to stable pore formation during 
sintering. These pores, originating from the Kirkendall effect due to 
differential diffusion rates between gadolinium and uranium, persist in 
the sintered structure, resulting in reduced pellet density.

Fig. 9 shows the effect of the energetic mixing time on the shrinkage 
curves (Fig. 9a) and rates (Fig. 9b) of samples S15, S30, and S60. Fig. 9a 
portrays an increase in shrinkage and a decrease in the inflection of the 
sintering curve with the increase in mixing time. Pellet S15 exhibited a 
typical shrinkage profile with the presence of agglomerates, as seen in 

Fig. 6a. The mixing time of 15 min in the HEM showed a comparable 
effect in the powder mixture to that in LEM (samples T1 and T80).

Extended homogenization durations during high-energy mixing 
(HEM) progressively enhanced the shrinkage behavior of UO2–Gd2O3 
fuel pellets. Notably, homogenization beyond 15 min altered the 
shrinkage rate profile, eliminating the previously observed two-stage 
shrinkage pattern associated with sintering blockage due to the Kir
kendall effect. Fig. 9b illustrates that a dual-peak shrinkage rate 
occurred exclusively in the sample processed for 15 min. In contrast, 
samples mixed for 30 and 60 min exhibited a single, more pronounced 
shrinkage peak at lower temperatures, indicating improved densifica
tion. This behavior suggests that extended HEM effectively disrupts 
Gd2O3 agglomerates, enhancing powder homogeneity and mitigating 
the formation of stable pores that impede sintering.

Fig. 10 shows SEM images and EDS map of Gd of pure sintered UO2 
(Fig. 10a) and samples S15, S30, and S60 (Fig. 10b–c, and Fig. 10d, 
respectively). It is noted that the porosity of the sintered UO2-Gd2O3 
pellets decreased with increasing homogenization time. Fig. 10 also 
shows the chemical distribution of Gd in the sintered pellet. It is 
noticeable in the EDS maps that regions with many nearby pores are 
lighter in color, indicating the presence of Gd2O3 particles in the region. 
It can be observed that the longer the homogenization time the smaller 
the gadolinium concentration gradient, with darker regions (low in 

Fig. 8. SEM micrograph with secondary electron detector and EDS mapping of the pure UO2 pellet (a), UO2-Gd2O3 pellet T1 (b), and UO2-Gd2O3 pellet T80 (c).
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gadolinium) smaller in size and quantity, evidencing the improvement 
of the mixture’s homogeneity.

Sintered densities are reported in Table 7. Dilatometry tests and 
density measurements show that the mixing time in the LEM did not 
influence the improvement of fuel pellet densification. With the use of a 
more vigorous homogenization procedure, the density after sintering 
increased significantly compared to the results obtained from pellets 
prepared by simple mechanical mixing in the LEM.

It is known that the presence of large Gd2O3 clusters increases the 
average pore sizes and decreases the sintered density (Durazzo et al., 
2013; Balakrishna, 2016). Additional porosity is formed during solid 
solution formation, when the Kirkendall effect occurs. As Gd dissolves 
into the UO2 matrix, a pore is formed at high temperatures, which 
cannot be closed. However, with the use of a more energetic mixing 
process, there is a reduction in the size of the Gd2O3 clusters, allowing 
for higher densities in sintered pellets. The specification for nuclear fuel 

stipulates a density above 93.5 %TD for commercial use (IAEA,1995). 
Therefore, the mixture made for 30 min in the HEM meets this 
specification.

The homogeneity of gadolinium (Gd) distribution within the UO2 
matrix is critical for ensuring a uniform neutronic response throughout 
the fuel pellet during irradiation. Due to the high thermal neutron ab
sorption cross section of gadolinia, localized regions with elevated Gd 
concentrations experience a reduction in the neutron flux, thereby 
lowering the local fission rate and associated heat generation. As a 
result, such regions tend to exhibit reduced temperatures, potentially 
giving rise to internal thermal gradients in cases of non-uniform Gd 
distribution. A uniform dispersion of the neutron absorber not only 
contributes to a more consistent thermal profile throughout the pellet 
but also mitigates the formation of abnormally large pores during 
sintering.

4. Conclusion

The sintering behaviors of UO2 and mixed UO2 with 10 wt% Gd2O3 
powders were investigated based on the energy and time of homogeni
zation. From the results presented, the following aspects can be 
highlighted. 

• The Kirkendall effect causes a decrease in pellet densification due 
additional porosity originated during solid solution formation. This 
effect is observed at 1200 ◦C, when the solid solution (U,Gd)O2 starts 
to form.

• The efficiency of the mixture was analyzed by the shrinkage curves 
and rates in dilatometry as well as by EDS mapping of gadolinium. 
The formation of two peaks in the shrinkage rate curves in samples 
T1, T80 and S15 indicate the formation of Kirkendall pores during 
sintering. In heterogeneous mixtures, the EDS maps showed Gd-rich 
regions around the Kirkendall pores.

• Gadolinium acted as a densifying agent when its clusters are broken 
and distributed uniformly in the UO2 powder during high-energy 
mixing.

• Dilatometric tests indicated that sintered UO2-10 wt% Gd2O3 pellets 
mixed in LEM experienced a reduction in retraction due to the in
fluence of the Kirkendall effect. It was evident that the mixing time 
did not have a substantial influence on the results.

• The HEM did not significantly alter the morphology of the UO2 
particles. With a mixing time greater than 30 min, it was possible to 
sinter UO2-Gd2O3 pellets with a higher degree of homogeneity than 
the mixture in LEM, improving powder flowability and resulting in 
pellets with density within the specification range.

• The results demonstrate that increasing the mixing energy allow the 
UO2 powder to maintain its flowability, compactability, and sinter
ability characteristics.
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