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A B S T R A C T   

Uranium dioxide (UO2) is widely used as a fuel in commercial nuclear light-water reactors (LWRs). Rigorous 
control of density, pore, and grain size of UO2 pellets are important prerequisites for fuel performance. Solid 
lubricants, frequently used in pellets manufacturing, minimize structural defects on compaction such as cracks 
and end-capping, promoting grain growth during sintering. This work presents and discusses the effects of the 
aluminum distearate (ADS) addition on the sintering behavior and microstructure of UO2 fuel pellets. UO2 and 
UO2-0.2wt% ADS pellets were sintered at 1760 ◦C for 5.7 h for comparison purposes. The results show that the 
densification rate increases using the solid lubricant, but the shrinkage is lowered by 0.7% due to low homog
enization. The average grain size was increased by about 35% during sintering. Based on our results and a 
literature review, a mechanism for grain growth by aluminum addition is proposed.   

1. Introduction 

Uranium dioxide (UO2) nuclear fuel has been widely used in com
mercial light water reactors (LWRs), such as boiling (BWR) and pres
surized (PWR) water reactors (Olander, 2009; IAEA – International 
Atomic Energy Agency, 2012). UO2 combines its high melting point with 
low swelling under irradiation, good water-resistance corrosion, and 
economical production from enriched uranium hexafluoride (OECD 
Nuclear Energy Agency, 2014; Lyons et al., 1972). In Brazil, UF6 
enrichment is done by ultracentrifugation at the Nuclear Industries of 
Brazil (INB, Indústrias Nucleares do Brasil S.A.). UO2 powder is pro
duced via the ammonium uranyl carbonate (AUC) wet route (Costa and 
Freitas, 2017). The AUC powder is produced from the UF6 hydrolysis 
and then reduced to UO2 under a hydrogen and superheated steam at
mosphere. The advantage of this route is the production of free-flowing 
and sinterable (high specific surface area) UO2 powder, suitable to be 
pressed and sintered, requiring no intermediate steps such as milling, 
prepressing, or sieving before sintering (Santos et al., 2017). 

Regarding the requirements for long fuel performance, fission 
products can affect dimensional stability, mechanical properties, 

thermal conductivity, melting point, and chemical reactivity (Belle, 
1961; Olander, 1976). The fuel’s ability to retain fission products is then 
of paramount importance. Among them, gaseous and volatile products 
constitute a significant concern since they are able to spread through 
pellets, which are the first barrier to their release. This is particularly the 
case of xenon and krypton, which are poorly dissolved in the UO2 matrix 
and thus are hardly retained inside the pellets. Besides this safety issue, 
released gaseous fission products to the plenum are detrimental to the 
thermal conductivity of the fuel-cladding gap, impairing the thermal 
behavior of the fuel rods, especially on an extended burn-up range (Rest 
et al., 2019). 

Due to its relevance for fuel performance, fission gas release (FGR) 
mechanisms have been studied for a long. Generally, FGR can be sum
marized through three stages (Tonks et al., 2018). First, gas atoms are 
produced and transported through the bulk of the grain; second, bubbles 
nucleate at the grain faces, grow by the migration of other gas atoms to 
existing bubbles, and coalesce with each other until they reach grain 
edges; third, gas is released to free surfaces by the transport through 
interconnected grain edges channels. Despite remaining open questions 
about these stages, it is clear that grain size control is critical for FGR 
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reduction (Radford and Pope, 1983; Olander, 2009). Larger grains are 
preferred since the path for the fission gas atoms to migrate to grain 
faces and nucleate bubbles is increased. 

Conversely, a microstructure with small grains facilitates the release 
of gases from the pellet. The smaller the grain size, the greater the grain 
boundary area and the shorter the diffusional path for the fission 
products to escape via grain boundary diffusion (Turnbull, 1974). Pellets 
with large grain sizes are softer, which is good for lowering the intensity 
of the pellet–cladding mechanical interaction (PCMI), decreasing the 
risk of cladding failure (Leckie and Luther, 2013; Massih, 2014). 

UO2 pellet grain size can be enlarged by increasing sintering tem
perature and time, but this procedure would raise industrial costs. So, 
one alternative that has been used for a long to increase the grain size, 
besides promoting higher sintered densities and enhanced plasticity, is 
doping the fuel with sintering additives, e.g., Al2O3, MgO, Cr2O3, Nb2O5. 
These additives (or dopants) act by forming solid solutions with UO2 
that change point defects concentration and affect the diffusion (ther
mophysical) properties of the fuel (Kashibe and Une, 1998; Leckie and 
Luther, 2013; Massih, 2014; Massih and Jernkvist, 2021). 

The doping technology has been applied by some industries world
wide. Nevertheless, introducing chemical additives in UO2 fuel could 
change the in-reactor fuel performance, which requires long-term veri
fications of the fuel pellet performance. Westinghouse’s researchers 
have developed the ADOPT (Advanced Doped Pellet Technology) fuel 
(Arborelius et al., 2006). In this fuel concept, the UO2 is doped with 
Cr2O3 and Al2O3 (the concentration is limited to 1,000 ppm) to enhance 
pellet densification during sintering, increasing grain size and reducing 
costs. According to the authors, aluminum oxide has little influence on 
the densification. It is, to some extent, used as a substitute for chromium 
oxide to reduce the parasitic neutron absorption induced, especially by 
chromium. Areva NP developed a UO2 fuel doped with 0.16% of Cr2O3 
(Delafoy and Dewes, 2006). High densities (96–97 %TD) and large grain 
sizes (50–60 μm) were achieved in this fuel. In the development carried 
out by KEPCO Nuclear Fuel (KNF) and Korea Atomic Energy Research 
Institute (KAERI) (Lee et al., 2011), 30 ppm of Al2O3 was added to the 
UO2 fuel, mixed with low-temperature-oxidized U3O8 (350 ◦C), 
increasing the average grain sizes from 7 to 8 μm, with high-temperature 
oxidized U3O8 (450 ◦C) and no Al2O3, to 15–18 μm. When Al2O3 was 
added to UO2 with high-temperature-oxidized U3O8, the measured grain 
size was 11.2 μm (Yang et al., 2010). 

Besides changing the thermophysical properties, such as enthalpy, 
thermal capacity, thermal expansion, and thermal conductivity, the use 
of sintering additives may damage the neutronic performance of the 
fuel, so long-term verifications of the fuel pellet performance are 
required. For this reason, dopant content was generally restricted to no 
more than 0.5 wt% (Massih, 2014). 

As an example, INB has restricted specification limits for some 
chemical elements’ maximum impurity (Durazzo et al., 2018), as re
ported in Table 1. 

Among the various sintering additives used, aluminum is particularly 
interesting in this work. Different materials have been chosen as sources 
of aluminum, as shown in Table 2. 

Aluminum oxide, or alumina (Al2O3) (Flipot et al., 1973; Kashibe 
and Une, 1998; Hua et al., 2004; Yang et al., 2010; Lee et al., 2011; 
Zhong et al., 2021), and aluminum hydroxide, Al(OH)3 (Schafer et al., 
1984; Assmann et al., 1988; Santos et al., 2017) have been used more 
extensively. It is not uncommon to have an aluminum source used with 
another additive (co-dopant), such as Cr2O3 (Kashibe and Une, 1998; 
Arborelius et al., 2006), SiO2 (Matsuda et al., 1998; Hua et al., 2004), or 

even MnO (Kang et al., 2010). As shown in Table 2, aluminum addition 
promotes a slight variation in UO2 pellet density. The grain size, on the 
other hand, increases about two times. No increase was reported by 
Zhong et al. (2021). However, in that case, pure UO2 powder was ball 
milled before sintering (as UO2 plus the additive), which certainly 
promoted intense mechanical activation, concealing the effect of 
aluminum doping. Higher grain size growth is observed when a 
co-dopant is used, as with Cr2O3 (Arborelius et al., 2006), SiO2 (Matsuda 
et al., 1998; Hua et al., 2004), or silicate (Yuda et al., 1997; Une et al., 
2000). In some cases, intergranular eutectic phases were reported to 
become liquid at the sintering temperature, promoting high diffusion 
rates at the grain boundaries (Matsuda et al., 1998; Yuda et al., 1997; 
Kang et al., 2010), increasing grain size by around five times. Flipot et al. 
(1973) reported a eutectic liquid phase in Al2O3 doped UO2 with Dy2O3, 
but in that case, sintering was carried out at an extremely high tem
perature (1915 ◦C), providing UO2–Al2O3 eutectic liquid. 

In Table 2, special attention must be devoted to the aluminum hy
droxide distearate (AlOH(C18H35O2)2) (Jentzen and Didway, 1990), or 
simply aluminum distearate (C36H71AlO5) (Yaws, 2015), whose 
acronym is ADS. Besides being an aluminum precursor, this material is 
rather known for its lubricant properties. Solid lubricants such as stearic 
acid, uranyl stearate, and zinc stearate are commonly used to improve 
powder compaction, particularly brittle ceramics such as UO2 powder. 
These carbon-based compounds decrease the friction between 
particle-particle and particle-die walls and diminish the springback 
behavior when the pellet is removed from the die (Jentzen and Didway, 
1990; Klemm and Sobek, 1989). Therefore, cracks and end-capping 
defects in the green pellet may be minimized or even eliminated using 
a solid lubricant (Balakrishna et al., 1999). Comparing ADS with zinc 
stearate, the ADS has shown to be more effective in improving green 
pellet strength, besides acting as a grain size enhancer (Jentzen and 
Didway, 1990). Jentzen and Didway (1990) reported that mixtures of 
0.1–0.4 wt% ADS in UO2 were homogenized in a Turbula mixer for 5–15 
min and subsequently sintered in a temperature range between 1700 ◦C 
and 1780 ◦C in H2/H2O atmosphere (dew point between 21 and 35 ◦C) 
for 2–3 h. By doing so, the authors claimed that the distearate radical is 
removed as a fugitive during sintering. The aluminum metal remains as 
an hydroxide component, which is converted to aluminum oxide. 
However, neither grain size nor density variation measurements were 
presented. ADS was also utilized later as an aluminum precursor since, 
upon sintering, it was expected to convert to its oxide form (Leckie and 
Luther, 2012, 2013). Near the solubility limit of 100 ppm Al2O3, the 
grain size increase about two times while a little increase is seen on 
sintered density. Costa et al. (2013) added Al2O3 to UO2+ADS samples. 
It was seen that the density of the sintered pellets decreased almost 
linearly with the Al2O3 addition, which is compatible with the lower 
density of alumina itself. There was reported just a marginal increase in 
gran size up to 0.3 wt% Al2O3 since the reference material already had 
0.2 wt% ADS. Actually, the average grain size fluctuates with alumina 
addition, which is consistent with the error range of the measurements. 

It is clear that besides being a solid lubricant, ADS is also a source of 
aluminum ions that will be solved in UO2, enhancing sintering and 
promoting grain growth. To better understand this behavior, detailed 
investigations of the impact of ADS addition on the sintering, micro
structure, and thermal stability of UO2 fuel during resintering are pre
sented in the present study. Mixtures of 0.2 wt% ADS and UO2 powder 
were sintered at 1760 ◦C for 5.7 h and compared with pure UO2 fuel. The 
resintering test was chosen here because it correlated with the stability 
of the UO2 pellets during thermal heating in operation, which is 

Table 1 
INB specification for the maximum impurities in the UO2 powder.  

Impurity (μg/gU)  

F Al Ca B Fe Ni Si Gd 
Specification limits ≤100 ≤250 ≤25 ≤0.5 ≤100 ≤50 ≤100 ≤1  
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fundamental for predicting dimensional behavior during irradiation of 
UO2 fuel pellets (Costa and Freitas, 2017; Maier et al., 1988). 

2. Materials and methods 

2.1. Raw materials 

INB supplied the UO2 powder used in this study. Table 3 shows the 
physicochemical data of the UO2 powder. 

Morphological characteristics of UO2 powder were observed on a 
Thermo Fisher Prisma E Scanning Electron Microscope (SEM) with 
secondary electrons (SE) detector. The particle size distributions were 
assessed by laser diffraction method using CILAS laser equipment 

(model 1064), with water as the liquid medium and tetrasodium pyro
phosphate as a dispersant agent. The UO2 powder morphology is char
acteristic of the industrial AUC wet route (Durazzo et al., 2018), with 
different particle sizes (~2–100 μm). Fig. 1 presents a typical SEM image 
of the UO2 powder. 

The UO2 powder has a monomodal distribution, with D50 equal to 
30.0 μm. Fig. 2 shows the particle size distributions of the UO2 powder. 

The ADS powder was supplied by Sigma-Aldrich (4.5-6 wt% Al basis, 
product number 26402). Thermogravimetric analysis (TG) of the ADS 
powder was first carried out in the air for residue on ignition (ashes) 
determination, as shown in the decomposition curve of Fig. 3A. After 
heating up to 1000 ◦C, the residue on ignition was 10.34 wt%, which is 
within the manufacturer specification range (10–12 wt%). We also ran a 
thermal analysis under an H2 atmosphere with a similar heating pro
gram to that used in the sintering of the pellets (6 ◦C/min up to 1500 ◦C). 
The result is presented in Fig. 3B. Weight loss started at about 180 ◦C and 
stabilized around 650 ◦C, corresponding to an 87.81 wt% variation. At 
1500 ◦C, the residue was 12.19 wt%, indicating that the reaction under 
hydrogen differs from the air. Thermal decomposition of ADS proved to 
be quite complex, both under air and H2 atmospheres. The decomposi
tion under H2 showed at least three main events involving mass change, 
as shown by the first derivative curves. Decomposition under air proved 
even more complicated, with probably more than four events. As far as 
we know, only one reference deals with the thermal decomposition of 
aluminum stearate, which is dated to the sixties (Shiba, 1961). In that 
article, only differential thermal analysis results were presented and 
limited to 250 ◦C. A detailed study on this topic will be the subject of 
future work. 

The ADS powder was also characterized by scanning electron mi
croscopy (SEM). ADS particles (Fig. 4) have an irregular shape and are 
very fine, which favors the formation of large agglomerates (~40 μm). It 
was challenging to assure complete dispersion of ADS particles, so the 
particle size distribution in Fig. 5 should be rather regarded as an 
agglomerate size distribution. A multimodal distribution ranged from 

Table 2 
Density and grain size values from various UO2-base nuclear fuels compared with those attained by adding different aluminum precursors as a sintering aid. Density 
and grain size values correspond to the maximum attained in each case. In base material and base material + additive columns. U3O8 is from high and low-temperature 
oxidation, respectively (n.r. = not reported; T.D. = theoretical density; ADS = aluminum hydroxide distearate).   

DENSITY (g/cm3 or %T.D.) GRAIN SIZE (μm) 

ALUMINUM SOURCE (amount) Base Material Base Material Base Material 
+ aditive 

Base 
Material 

Base Material 
+ aditive 

Reference 

Al2O3 (120 ppm Al-coprecipitated 
UO2) 

UO2 + Dy2O3 n.r. n.r. n.r. n.r. Flipot et al. (1973) 

Al(OH)3(80 ppm by weight)  UO2 + PuO2 +

Gd2O3 

93.4 %T.D. 95.7 %T.D. n.r. n.r. Schafer et al. (1984) 

Al(OH)3 UO2 + Gd2O3 9.93 10.17 n.r. n.r Assmann et al. (1988) 
ADS UO2 + U3O8 n.r. (increase) n.r. n.r. (increase) n. 

r. 
Jentzen and Didway (1990) 

Al2O3 + SiO2 (0.04wt%) UO2 10.55 10.55 9 28 Matsuda et al. (1998) 
Alumino-Silicate (0.25wt%) UO2 97.17 %T.D. 97.79 %T.D. 9 46 (Yuda et al., 1997; Une et al., 

2000) 
Al2O3 UO2 10.71 10.70 15 30 Kashibe and Une (1998) 
Al2O3 (100 ppm) UO2 10.387 10.483 8.0 21.6 Hua et al. (2004) 
Al2O3 + SiO2 (200 ppm) UO2 10.387 10.483 8.0 26.2 Hua et al. (2004) 
Al2O3 + Cr2O3 UO2 10.60 (96.7 %T. 

D.) 
10.67 (97.3 %T. 
D.) 

10–12 40–55 Arborelius et al. (2006) 

Al(NO3).9H2O (~42 ppm Al)  UO2 n.r. n.r. 7.7 12 Kim (2007) 

Al2O3 (40 ppm at wt. ratio of Al/U) UO2 + U3O8 + Al2O3 10.79 10.77 11.2 16.6 Yang et al. (2010) 
95MnO-5Al2O3 (mol%) (1000 ppm)  UO2 n.r. n.r. 8 51 Kang et al. (2010) 

Al2O3 (30 ppm) UO2 + 8 wt% U3O8 95.8%T.D. 95.7%T.D. 7–8 15–18 Lee et al. (2011) 
ADS (100 ppm Al2O3) UO2 93.9 %T.D. 94.5 %T.D. 5.75 10.1 Leckie and Luther (2012) 

Leckie and Luther (2013) 
Al2O3 (0.3 g Al/g U) UO2 +ADS 10.58 10.47 12.5 14.5 Costa et al. (2013) 
Al(OH)3(0.2wt%)  UO2 + Gd2O3 9.81 10.18 4.4 10.4 Santos et al. (2017) 

Al2O3 nano (100 ppm)  UO2 n.r n.r 16 16 Zhong et al. (2021)  

Table 3 
Physicochemical data of the UO2 powder.  

Characteristics Results Specification 

O/U 2.08 2.08–2.30 
Utotal (%) 87.6 ≥86.8 
Enrichment U-235 (%) 4.14 4.10–4.15 
Moisture (wt%) 0.2 ≤0.4 
Surface area (m2/g) 5.0 2.5–6.0 
Bulk density (g/cm3) 2.2 2.0–2.6 
Flowability (s/50 g)a 4.6 ≤10 
Mean particle size (μm) 30 <200 
Impurities (μg/gU)   
F 5.3 ≤100 
Al 1.8 ≤250 
Ca 4.2 ≤25 
B <0.2 ≤0.5 
Fe 15.2 ≤100 
Ni 0.4 ≤50 
Si 6.9 ≤100 
Gd 0.2 ≤1  

a 50 g of material must flow through a standard glass funnel at an angle of 10◦

in less than 10s. 
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0.1 to 70 μm, with D50 equal to 12.6 μm. 

2.2. Sample preparation and characterization 

Mixtures of 0.2 wt% ADS and UO2 powders were homogenized in a 
roller mixer for 30 min at 200 rpm. Afterward, pure UO2 powder and the 
mixtures were compacted at 400 MPa with a uniaxial hydraulic press 
using a cylindrical die (11.20 mm internal diameter). The die walls were 

lubricated with an oil film. 
Green densities were measured by the geometric method, i.e., green 

pellets were individually weighed in a semi-analytical balance (0.0001 
g), and their volume was determined assuming a cylindrical shape. The 
height and diameter of the pellets were measured with a 0.01 mm pre
cision caliper. The theoretical density (TD) of the UO2-0.2 wt% ADS 
mixture was calculated based on the UO2 and ADS individual TD values: 
10.96 g/cm3 (Turnbull, 1974; Delafoy and Dewes, 2006) and 1.01 g/cm3 

(Delafoy and Dewes, 2006; Balakrishna et al., 1999), respectively. 
A total of ten UO2-ADS green pellets and ten pure UO2 green pellets 

were simultaneously sintered using the INB industrial furnace (GWSmo 
16/14/210) at 1760 ◦C for 5.7 h in humidified H2 atmosphere, with a 
dew point of − 30 ◦C (H2O/H2 = 5.10− 4; or H2 + 0.05%vH2O). The 
sintering furnace has electrical resistances for heating, refractory in
sulators of ultra-purity alumina, and five different temperature zones: 
500 ◦C, 650 ◦C, and three sintering zones at 1760 ◦C. The movement of 
the samples throughout the 27 positions inside the furnace directly 
determined the heating rate and the sintering time at 1760 ◦C. So, the 
resulting heating profiles were: 2.5 ◦C/min up to 650 ◦C and 6 ◦C/min 
until 1760 ◦C, followed by 5.7 h at this plateau, and then cooling to room 
temperature at 6.5 ◦C/min. 

Sintered densities were measured by Archimedes’ principle with 
water as the immersion medium in semi-analytical balance (0.0001 g) 
(ASTM, 2008). The densification behavior as a function of temperature, 
i.e., shrinkage curves, was assessed using a dilatometer SETARAM 
(Setsys 1700) in an H2 atmosphere. The pellets were heated at 6 ◦C/min 
up to 1700 ◦C, held at this temperature for 180 min, and then cooled at 
20 ◦C/min. 

One sintered sample of each test was prepared for pore and grain 

Fig. 1. SEM− SE images showing the morphology of UO2 particles.  

Fig. 2. Particle size distribution of UO2 powder.  

Fig. 3. Thermal decomposition curves of ADS powder used as raw material 
(Sigma-Aldrich) under air (A) and hydrogen (B). 
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morphology investigations. The metallographic preparation included 
grinding with SiC paper (grid 400 and 1200) and polishing with dia
mond paste (3 μm and 1 μm). The average pore sizes of the polished 
samples were obtained using an optical microscope Olympus BX51M, 
with a magnification of 100X. In each sample, 10 images were used to 
calculate the average values (55,000 pores were measured). A thermal 
etching (1400 ◦C, CO2, 1 h) of a polished surface was performed to 

reveal the grain boundaries. The average grain sizes were obtained from 
30 images per sample (5,000 grains were measured). The average length 
of pores and grains was calculated from different lengths in the same 
object (pore or grain) in intervals of 2◦ and passing through the centroid 
of each object. Ninety radial segments coming from the centroid were 
measured. The size of a particular grain is the average size of these radial 
segments. The value measured can be approximated to the diameter of a 
circle of the equivalent area of the grain section. 

The thermal stability experiments, commonly named resintering test, 
were carried out at 1708 ◦C in a hydrogen atmosphere for 24 h. The 
industrial specification reports that the sample is classified as approved 
if the densification is higher than 0.2%TD and lower than 1.3%TD 
(Costa and Freitas, 2017). The “densification” is defined as the resin
tered density minus the sintered density. So, the density variation (%TD) 
was the ratio between the densification and the theoretical density of 
UO2. 

3. Results 

3.1. Effect of ADS addition on the green and sintered pellets 

The use of lubricant is vital to avoid defects in the pellets. Fig. 6 
shows a comparison between UO2 pellets compacted without (Fig. 6A) 
and with 0.2 wt% of ADS (Fig. 6B). There are transversal cracks (lami
nation) and end-capping defects in the pellet without ADS, corrobo
rating the lubricant’s importance in the specific manufacturing process 
used at INB. 

The green and sintered densities and the theoretical densities of pure 
UO2 and UO2-0.2 wt% ADS are presented in Table 4. Ten pellets of each 
sample were fabricated, aiming at 52 ± 0.09%TD (Costa and Freitas, 
2017). Lubricant addition decreased the pore volume of the green 
samples compared to pure UO2 samples (both compacted with the same 
pressure) since the relative densities (%TD) were higher. However, ADS 
sintered pellets presented lower densities. 

One UO2-ADS sintered pellet was characterized for impurities 
determination. The results are presented in Table 5. Fig. 7 shows the 
XRD pattern for a UO2-ADS sintered pellet. It can be seen that the carbon 
content is very low. Aluminum content also is well below the specifi
cation limit. No uranium carbide was detected on the XRD pattern. No 
differences were observed in XRD patterns for pure UO2 and UO2-0.2% 
wtADS. 

3.2. Impact of ADS on the sintering behavior 

The sintering behavior of UO2 and UO2-0.2 wt% ADS is illustrated in 
Fig. 8. Fig. 8A shows that the addition of ADS decreased the total 
shrinkage from 19.9% (pure UO2) to 19.4%. This reduction corroborates 
the reduction in sintered density reported in Table 4. Despite that, the 
lubricant caused an increase in the slope of the sintering curve, indi
cating that the shrinkage was accelerated by its addition. 

Fig. 8B reports that the sample with ADS had a higher shrinkage rate 
and lower temperature at the maximum rate, shifting the temperature 
for the maximum shrinkage peak from approximately 1300 ◦C to 
1270 ◦C. The observed increase in the shrinkage rate may result from the 
Al3+ ions presented in the precursor. This observation will be com
mented on in the discussion section. 

3.3. Influence of ADS addition on the microstructure of UO2 fuel 

3.3.1. Porosity analyses 
Light optical microscopy images of UO2 and UO2-0.2 wt% ADS are 

presented in Fig. 9A and B, respectively. The computed average pore 
sizes of the UO2 and UO2-0.2 wt% ADS pellets are 2.92 μm and 2.75 μm, 
respectively. 

In both cases, a ring-like pore shape can be observed. These pores 
were reported before and named half-moon pores (Costa et al., 2013). 

Fig. 4. SEM− SE images showing the morphology of ADS powder.  

Fig. 5. Particle size distribution of ADS powder.  
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Fig. 6. Impact of ADS addition on the green pellet structure. The pellet compacted without ADS (A) showed cracks and end-capping defects. The addition of lubricant 
eliminated these defects (B). 

Table 4 
Green and sintered densities and the theoretical densities of pure UO2 and UO2- 
0.2 wt% ADS.  

Density Pure UO2 UO2-0.2%wt ADS 

TD (g/cm3) 10.96 10.75 
Green density (g/cm3) 5.70 ± 0.05 5.62 ± 0.05 
%TD (green pellet) 52.01 ± 0.46 52.28 ± 0.47 
Sintered density (g/cm3) 10.61 ± 0.01 10.55 ± 0.01 
%TD (sintered pellet) 96.81 ± 0.09 96.26 ± 0.09  

Table 5 
Impurity analysis results (ppm) for UO2-ADS sintered pellet.  

Impurity INB Specification Results 

Al 250 131 
Ni 100 6.6 
Ca 100 11 
Fe 250 28 
Si 100 26 
Gd 3 0.2 
C 100 30  

Fig. 7. X-ray diffraction pattern for sintered UO2-0.2%wt ADS pellet.  
Fig. 8. Impact of ADS on the (A) sintering behaviors (shrinkage) and (B) 
shrinkage rates of pure UO2 and UO2-0.2%wtADS. The lubricant increased the 
maximum shrinkage rate and decreased the temperature at the maximum rate. 
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These circular involving pores may result from small UO2 particles ag
glomerates that shrunk almost entirely separatedly from the matrix. The 
microstructure from the UO2-0.2 wt% ADS sample showed an increased 
number of these pores, indicating that it is more difficult to break these 
agglomerates when lubricant is added. Improvements in the homoge
nization process would allow the formation of a higher density pellet 
(Klemm and Sobek, 1989) since a more intensive mixture of powders 
would allow better dispersion of the lubricant around the UO2 particles, 
including the small ones. 

We can also notice that larger pores with different shapes were 
formed by adding ADS (Fig. 9B). These pores possibly originated from 
large and more cohesive ADS agglomerates (see Fig. 5). These agglom
erates might not have been broken during the mechanical mixing step 
(homogenization). After the ADS decomposition (see Fig. 3B), which 
ends at 650 ◦C, i.e., before the beginning of sintering shrinkage (see 
Fig. 7), the volumes initially occupied by the agglomerates became 
empty, resulting in large voids that are difficult to be eliminated during 
the subsequent sintering stages. Therefore, the sintered density of UO2- 
0.2 wt%ADS decreased because of the additional porosity formed by the 
lubricant, which was not well dispersed. 

The pore size distributions are presented in Fig. 10. The addition of 
the solid lubricant slightly increased the pore frequency in two ranges 
compared with pure UO2: 1.0–2.5 μm and 15–34 μm. Conversely, in the 

range of 2.5–6.5 μm, higher pore frequencies are present in pure UO2. 
These different distributions resulted in a slightly larger average pore 
size for the UO2 pellet. 

3.3.2. Grain size analyses 
The influence of ADS on grain size distribution is presented in Fig. 11 

to Fig. 13 and is summarized in Table 5. Fig. 11A e 11 B show repre
sentative microstructures from pure UO2 and UO2-0.2 wt%ADS pellets, 
respectively. The lubricant addition increased the average grain size 
from 9.5 μm to 12.8 μm (Table 6). This 35% increase in grain size is low 
compared to previously reported results (Table 2). We attributed it to 
the poor mixing of the lubricant, impairing a better dispersion of ADS 
particles in the UO2 matrix . 

Relative frequency histograms of grain size measurements are pre
sented in Fig. 12. Both distributions started with grains in the same 
range (2–4 μm), but the ADS addition reduced the frequency of the 
smaller grains (2–12 μm) and increased the frequency of the larger ones 
(12–34 μm). In pure UO2, the mode (most frequent) and maximum size 
were 6–8 μm and 32–34 μm, respectively. With ADS addition, both 
changed to 10–12 μm and 48–50 μm, respectively. The effect of the 
lubricant is clear at this point: a spread of grain size distribution towards 
high values. Cumulative frequency curves (Fig. 13) can show this better 
by comparing D50 values from pure UO2 (6.8 μm) and UO2-0.2 wt%ADS 
(9.9 μm), i.e., about a 46% increase. 

3.4. Thermal stability tests 

Thermal stability tests (or resintering) were conducted to assess the 
out-pile dimensional changes. The densities before and after resintering 
and the density variations are presented in Table 7. Both variations 
agree with the industrial specification limits (Costa and Freitas, 2017). 
The ADS addition enhanced the thermal stability of the fuel since it 
resintered less (0.46%TD) than the UO2 (0.55%TD). This behavior might 
be related to the lower grain boundary area of UO2-0.2 wt%ADS (larger 
grains), impairing the resintering process by reducing the grain 
boundary diffusion mechanism. 

4. Discussion 

The observed increase in the shrinkage rate and grain growth might 
result from the Al3+ ions from ADS. However, the mechanism of how 
aluminum can increase the sintering rate and grain growth is not yet 

Fig. 9. Light optical microscopy images of (A) pure UO2 and (B) UO2-0.2 wt% 
ADS sintered pellets. The ADS decomposition caused the formation of large and 
irregular pores, which decreased the sintered density of UO2-0.2 wt%ADS. 

Fig. 10. Pore size distributions of pure UO2 and UO2-0.2 wt%ADS. Insert shows 
the porosity at 15–31 μm. The solid lubricant increased the pore frequency at 
1–2.5 μm and 15–31 μm. 
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understood. As an attempt to elucidate this mechanism, some analogies 
with other trivalent cations, e.g., Cr3+ and Gd3+, added to UO2, can be 
made, bringing some insights to this subject. When incorporating or 
doping with aliovalent cations (i.e., cations that differ in charge from the 
corresponding solvent ion) in UO2, some aspects must be considered 
regarding the resulting changes in the point defects concentration and 
the solubility of the cation in the host lattice. 

Fluorite crystal structure UO2±x can be described by three inter
penetrating FCC lattices (Keim and Keller, 1986) (or three-ion motif 
(Bardella et al., 2017)), one for the uranium cations and two for the 
oxygen anions. The prevalent defects are Frenkel pairs on the anion 
sublattice (Matzke, 1966). Oxygen vacancies predominate in sub
stoichiometric UO2-x rather than uranium interstitials, while oxygen 
interstitials predominate in UO2+x rather than uranium vacancies 
(Matzke, 1981). These variations of stoichiometry are made possible 
thanks to the ease with which uranium cations may assume different 
valence states in addition to the U4+ state, e.g., U3+, U5+ and U6+

(Olander, 1976; Keim and Keller, 1986; Liu et al., 2012), with similar 
energy, as a result of the number of f and d electrons in its ground states 
(Ho and Radford, 1986). Charged hyperstoichiometric defects 

Fig. 11. Light optical microscopy images of (A) pure UO2 and (B) UO2-0.2 wt% 
ADS sintered pellets. The average grain size increased from 9.5 μm (pure UO2) 
to 12.8 μm. 

Table 6 
Grain size distribution parameters of pure UO2 and UO2-0.2 wt%ADS pellets.  

Pellets Average 
(μm) 

Moda 
range 
(μm) 

D50 
(μm) 

Minimum size 
range (μm) 

Maximum size 
range (μm) 

Pure UO2 9.5 6–8 6.8 2–4 32–34 
UO2-0.2 

wt% 
ADS 

12.8 10–12 9.9 2–4 48–50  

Table 7 
Values of the sintered and resintered densities and the density variations for pure 
UO2 and UO2-0.2 wt%ADS.  

Samples Sintered Density Resintered Density Density Variation 

(g/cm3) (g/cm3) (%TD) 

Pure UO2 10.61 ± 0.01 10.67 ± 0.01 0.55 
UO2-0.2 wt%ADS 10.55 ± 0.01 10.60 ± 0.01 0.46  

Fig. 12. Grain size distributions of pure UO2 and UO2-0.2 wt%ADS pellets. The 
addition of ADS reduced the frequency of the smaller grains (2–12 μm) and 
increased the frequency of the larger ones (12–34 μm). 

Fig. 13. Cumulative frequencies of grain sizes of pure UO2 and UO2-0.2 wt% 
ADS pellets. The addition of ADS shifted the D50 toward higher values. 
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(quadruple and double negatively charged uranium vacancies and ox
ygen interstitial, respectively) are readily compensated by the oxidation 
of U4+ to U5+ or U6+. The reduction of U4+ to U3+ demands, however, 
more energy since high temperatures are needed to reduce UO2 to UO2-x 
(Cooper et al., 2018b). 

Sintering, or more properly, densification and grain growth depend 
mainly on the diffusivity of atomic species. Oxygen and uranium diffu
sion kinetics on UO2 have been studied for long (Matzke, 1966; Breitung, 
1978; Matzke, 1981; Matzke, 1986; Matzke, 1987; Marin and Contamin, 
1969; Ando and Oishi, 1983; Atkinson, 1989; Sabioni et al., 2000; Ruello 
et al., 2004; Berthinier et al., 2013; Laik and Kumar Dey, 2017). It was 
already stated that oxygen diffusivity is much higher than that of ura
nium (Matzke, 1981, 1986, 1987; Ando and Oishi, 1983; Atkinson, 
1989), and self-diffusion coefficients of both the anion and cation are 
sensitive to the stoichiometry variation (Ando and Oishi, 1983). Since 
uranium diffusion is slower, this is the rate-limiting step for the whole 
atomic transport (Matzke, 1986, 1987) and is then a major requirement 
regarding sintering and grain growth. Uranium diffusivity (in its proper 
lattice) can be enhanced in two ways. First and more effectively, by 
creating uranium vacancies since diffusion through them demands less 
energy. Second, by oxidation of uranium cations U4+ to smaller U5+ or 
U6+, having higher diffusivities (Ho and Radford, 1986). However, these 
point defects are dependent on each other due to the charge balance. 
Besides, they can be affected by the oxygen potential of the sintering 
atmosphere. U4+ interstitials are expected to self-diffuse in sub
stoichiometric UO2-x (Lidiard, 1966; Matzke, 1986), but a correlation 
with enhanced sintering is not clear. 

A negative effective charge defect is produced when a trivalent 
substitutional cation is incorporated in UO2. Charge compensation can 
be done by forming oxygen vacancies (in fact, one oxygen vacancy for 
two substitutional cations) which promotes a decrease in the uranium 
vacancies by Schottky equilibrium. This is the opposite situation of 
incorporating a pentavalent substitutional cation (Matzke, 1966). 

Chromia (Cr2O3) is by far the most studied dopant regarding UO2 
grain growth and enhanced sintering (Killeen, 1980; Peres et al., 1993; 
Kashibe and Une, 1998; Leenaers et al., 2003; Kim et al., 2003; Arbor
elius et al., 2006; Middleburgh et al., 2012a, 2012b; Cardinaels et al., 
2012; Mieszczynski et al., 2014; Massih and Jernkvist, 2015; Guo et al., 
2017). This profusion of experimental and theoretical investigations 
brings out divergences related to the solid solution type (substitutional 
or interstitial) and so the resultant charge compensation mechanism for 
the Cr ions insertion in the UO2 lattice. Cr substitution for U ions should 
increase the concentration of oxygen vacancies in hypostoichiomteric 
UO2-x and stoichiometric UO2 (Middleburgh et al., 2012a, 2012b; 
Mieszczynski et al., 2014; Massih and Jernkvist, 2015; Guo et al., 2017). 
Following this, there is a decrease in the concentration of uranium va
cancies (through Schottky equilibrium) which is succeeded by an in
crease in the concentration of uranium interstitials through Frenkel 
equilibrium. In hyperstoichiometric UO2+x, thanks to the excess of ox
ygen, charge compensation is accomplished by U5+ ions (Middleburgh 
et al., 2012b), which can also be the case for stoichiometric UO2 (Car
dinaels et al., 2012). As for Cr interstitials, they are justified by 
Hume-Rotery rules, based on its cationic radius and the size of the 
interstitial space in UO2 (Leenaers et al., 2003). By dissolving chromium 
interstitially, assuming to remain trivalent, the concentration of oxygen 
interstitials is increased (for charge compensation), and thus the con
centration of oxygen vacancies is decreased (through Frenkel equilib
rium). Consequently, there is an increase in the concentration of 
uranium vacancies (through Schottky equilibrium) (Kashibe and Une, 
1998; Kim et al., 2003), leading to the oxidation of U4+ atoms to U5+ to 
compensate for the charge (Leenaers et al., 2003; Mieszczynski et al., 
2014; Guo et al., 2017). The work of Kim et al. (2003) cited here did not 
specify that chromium is interstitial, but the comments presented agree 
with that statement (interstitial solution). More recently, a combined 
density functional theory (DFT) and empirical potential description of 
defect-free energy (U) were used to calculate the doped UO2 defect 

concentration as a function of temperature. According to this, there is a 
substitutional to interstitial ratio of Cr atoms that changes as tempera
ture increases during sintering. At high sintering temperatures, Cr can 
change its valence state from 3+ to 1+, becoming a positively charged 
interstitial defect, causing an increase in the uranium vacancy concen
tration and enhancing grain growth (Cooper et al., 2018a). Kim et al. 
(2003) argued that two mechanisms could explain it depending on the 
atmosphere (H2O-to-H2 ratio). Since Cr2O3 can be reduced at about 
1670 ◦C, liquid phase sintering can occur by eutectic formation (Cr +
Cr2O3). It is the case in an atmosphere with an intermediate H2O/H2 
ratio (1 × 10− 2). However, in an atmosphere with a higher H2O/H2 ratio 
(3 × 10− 2), Cr2O3 reduction is not expected, so the observed grain 
growth was also explained by point defect concentration change. In that 
case, increased uranium diffusion is accomplished by oxygen in
terstitials generation, which, in turn, decreases the oxygen vacancy 
concentration (through Frenkel equilibrium), increasing the uranium 
vacancy concentration (through Schottky equilibrium). However, no 
reference was made regarding whether Cr ions were dissolved intersti
tially or substitutionally in UO2. 

Gadolinia (Gd2O3) is added to UO2 fuel as a burnable poison or 
absorber in LWRs, and with regard to this application, it has been 
extensively studied for more than five decades (Beals and Handwerk, 
1965; Littlechild et al., 1973; Ohmichi et al., 1981; Fukushima et al., 
1982; Une and Oguma, 1985; Ho and Radford, 1986; Miyake et al., 
1986; Assmann et al., 1988; Riella et al., 1991; Kubo et al., 1993; 
Gündüz and Uslu, 1996; Durazzo and Riella, 2001; Krishnan et al., 2009; 
Durazzo et al., 2010; Durazzo et al., 2013; Pieck et al., 2015; Kim et al., 
2017). Burnable poisons are utilized for in-core fuel management 
enhancement allowing compensation of the excess reactivity of the fuel 
at the beginning of its life. However, their presence affects the sintering 
and grain size of the fuel pellets compared to the pure UO2. Contrarily to 
Cr ions (when doping with Cr2O3), there is no controversy about the 
substitutional dissolution of Gd3+ ions in the UO2 lattice since its size is 
over 5% larger than the U4+ ion radius (Ohmichi et al., 1981; Ho and 
Radford, 1986). In addition, contrarily to Cr3+ ions, Gd3+ ions are very 
stable (Miyake et al., 1986). UO2-Gd2O3 pellets’ sinterability or sintering 
was seen to be modified by the way gadolinium is incorporated into the 
fuel, e.g., mechanical blending (Littlechild et al., 1973; Davis and Potter, 
1978; Manzel and Dörr, 1980; Ohmichi et al., 1981; Une and Oguma, 
1985; Miyake et al., 1986; Ho and Radford, 1986; Arai et al., 1987; 
Assmann et al., 1988; Kogai et al., 1989; Hirai, 1990; Riella et al., 1991; 
Kubo et al., 1993; Song et al., 2001; Durazzo and Riella, 2001; Durazzo 
et al., 2103; Lee et al., 2017) and/or mechanical milling/grinding of 
both oxide powders (Beals and Handwerk, 1965; Une, 1988; Yuda and 
Une, 1991; Pieck et al., 2015; Kim et al., 2017), co-precipitation (Wada 
et al., 1973; Ohmichi et al., 1981; Miyake et al., 1986; Kogai et al., 1989; 
Hirai, 1990; Riella et al., 1991; Durazzo and Riella, 2001; Durazzo et al., 
2010), sol-gel process (Gündüz and Uslu, 1996) or even combustion 
synthesis (Krishnan et al., 2009). The reason for that is associated with 
the homogeneity or dispersion degree of gadolinium distribution in the 
pellet before sintering, as reported before (Durazzo and Riella, 2001). 

The degree of homogeneity of gadolinia distributions was concerned 
very earlier in order to achieve complete solubility in the UO2 matrix 
(Littlechild et al., 1973). That is the main reason for introducing milling 
after UO2-Gd2O3 powder blending. However, when the gadolinium 
distribution occurs at an atomic level, e.g., in the case of the copreci
pitation route, it was undoubtedly seen that sinterability is increased 
with Gd content (Riella et al., 1991; Durazzo and Riella, 2001). As ho
mogeneity is decreased, as in the case of mechanical blending of UO2 
and Gd2O3, porosity is generated by the known Kirkendall effect (Smi
gelskas and Kirkendall, 1947; Seitz, 1953) as reported before (Song 
et al., 2001; Durazzo et al., 2013). Faster diffusion of gadolinium into the 
UO2 phase than uranium in the Gd2O3 phase, favored by the higher 
solubility of Gd2O3 in UO2, can explain the voids generated at the site of 
Gd2O3 particles, which are formed when sintering is in an advanced 
stage (closed pores structure), thus impairing densification (Durazzo 
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et al., 2013). The effect of Gd content on point defect chemistry should 
then be restricted to the unbiased case provided by the homogeneous Gd 
distribution at an atomic level. Classical explanation rested on the for
mation of oxygen vacancies and/or U4+ ion oxidation to U5+ generated 
by Gd3+ solid solution on UO2. As argued in last century’s works, 
particularly from the eighties and nineties (Ohmichi et al., 1981; Ho and 
Radford, 1986; Hirai, 1990; Riella et al., 1991; Massih et al., 1992; 
Gündüz and Uslu, 1996), the addition of Gd3+ to UO2 can be compen
sated by oxygen vacancies and/or oxidation of U4+ to U5+, depending on 
the sintering atmosphere. The higher the oxygen potential of the sin
tering atmosphere, the higher the U5+ ions content will be. The smaller 
U5+ ion compared to U4+ has higher mobility which would explain the 
enhanced densification, even under reduced industrial sintering atmo
spheres, where the oxygen partial pressure is high enough to keep the 
hyperstoichiometry of UO2 (Palanki, 2016). Compensation by oxygen 
vacancies would decrease the concentration of uranium vacancies 
considering Schotkky equilibrium. So U5+ formation must be prevalent 
and was considered by the reports where increased densification was 
verified (Ho and Radford, 1986; Riella et al., 1991; Durazzo and Riella, 
2001). 

As for the effect of Gd content on grain size, there are some divergent 
data in the literature, no matter what the way gadolinium is added to the 
fuel (Littlechild et al., 1973; Wada et al., 1973; Ho and Radford, 1986; 
Kogai et al., 1989; Yuda and Une, 1991; Riella et al., 1991; Gündüz and 
Uslu, 1996; Massih, 2014; Baena et al., 2015; Liu et al., 2017; Kim et al., 
2017; Hirai et al., 1995). Some reports (Ho and Radford, 1986; Yuda and 
Une, 1991) related a grain size increase with oxygen potential, which is 
favored by U5+ formation. Others yet revealed a variable behavior 
dependent on the gadolinium content, i.e., a grain size decrease up to 
certain content followed by an increase above it (Hirai et al., 1995; 
Littlechild et al., 1973). However, more recent results from Kim et al. 
(2017) have clearly shown that Gd’s major effect on grain growth is 
deleterious (grain size decreases as Gd content increases). This subject 
shed light on the fact that what makes the sinterability be enhanced, U5+

generation, particularly on hypestoichiometric specimen, lowers the 
decrease in grain size, but it is not enough to enlarge grain size related to 
UO2 as Gd content is increased. The alleged reason presented by Kim 
et al. (2017) concerning the suppression of U atom diffusion by the 
fluorite lattice contraction is contradicted by enhanced sinterability 
results (Ho and Radford, 1986; Riella et al., 1991; Durazzo and Riella, 
2001). As observed by Kubo et al. (1993), Gd can be segregated to the 
grain boundary, impairing the conductivity along this path. If Gd lowers 
the grain boundary energy, as suggested by Littlechild et al. (1973), this 
segregation could justify the impairing of grain growth. In fact, sintering 
theory states that in polycrystalline materials, grain boundary diffusion 
and lattice diffusion from the grains boundary to the pore are the most 
important densifying mechanism (Rahaman, 2007). What drives de 
densification process is the free energy reduction. This reduction is 
accomplished by both surface and grain boundary area reduction. By 
grain growth, there is a reduction in the total grain boundary area, 
which provides an alternative process by which the powder system can 
decrease its free energy. This alternative process seems to be not oper
ative by adding Gd2O3 to UO2. The free energy reduction associated with 
grain growth depends directly on the grain boundary energy (Rahaman, 
2007). The higher the grain boundary energy, the higher the free energy 
reduction associated with it. If gadolinium reduces the grain boundary 
energy, grain growth in UO2-Gd2O3 solid solution will be impaired. 

As for aluminum, this is a trivalent cation, but different from chro
mium, its valence does not change when added to UO2 (Cooper et al., 
2018a), so there are no controversial findings about its location on the 
host lattice: Al3+ is a substitutional solute as Cr3+ and Gd3+, in spite of 
having a smaller effective ionic radius (53.5 p.m.) than the others (61.5 
and 93.8 p.m., respectively, assuming 6 as the coordination number) 
(Dean and Lange, 1999). As a substitutional trivalent solute in UO2, a 
similar behavior to Gd3+ ions is expected, i.e., a compensation mecha
nism based on oxygen vacancies generation and/or oxidation of U4+ to 

U5+. The increased mobility of the U5+ ions fits well with the results 
presented here since it can justify the increased shrinkage rate observed 
when ADS was added to UO2 (see Fig. 8). It can also explain the small 
increase in density reported in previous publications, as summarized in 
Table 2. There are two reasons for this small increase. First, the solid 
solubility limit of Al2O3 in UO2 is very small (about 70 ppm) (Bourgeois, 
1993), and over that limit, fine precipitation is observed with no effect 
on U5+ generation, which impairs grain growth (Leckie and Luther, 
2013). Second, the uranium diffusion rate would increase if uranium 
vacancies could be generated, as is the case of Nb2O5 addition (Radford 
and Pope. 1983; Une et al., 1987) or Cr2O3 addition, considering 
interstitial chromium ions (Kashibe and Une, 1998; Kim et al., 2003; 
Cooper et al., 2018a). In our case, final sintered densities were even 
decreased due to strong agglomerates of ADS, as explained in the results 
section. 

The same charge compensation mechanism, i.e., oxidation of U4+ to 
U5+, has been suggested to explain the grain size effect of aluminum 
addition in UO2. The grain size growth resultant from Al2O3 addition is 
not as high as the Cr2O3 addition since the solid solubility limit is one 
order of magnitude lower than Cr2O3 (Bourgeois, 1993). Additions over 
this limit originate precipitates that hinder grain growth (Leckie and 
Luther, 2013). Nevertheless, the effect of aluminum addition on grain 
growth is higher than on densification, as shown in Table 2. So, it seems 
that there is another cause than oxidation of uranium cations for this 
behavior. If we look at the effect of Gd2O3 addition, there is a reduction 
in grain size, as discussed above (Kim et al., 2017). In spite of that, when 
0.2 wt% of Al(OH)3 was added to UO2-7wt%Gd2O3 fuel, as reported by 
Santos et al. (2017), a grain size increase was observed from 4.4 to 10.4 
μm (see Table 2). The final grain size is not high but considering that 
gadolinium decreases the grain size, this result indicates that aluminum 
may have an opposite role. Since it was argued earlier that gadolinium 
could reduce the grain boundary energy (Littlechild et al., 1973) and so 
impair grain growth of the UO2-Gd2O3 solid solution, we suggest that 
grain boundary energy is increased by aluminum. Moreover, the 
aluminum effect on that energy is much stronger than gadolinium in the 
opposite direction since the quantity added is significantly smaller than 
that of the nuclear poison. A good dispersion of the dopant is, of course, 
essential to reach about a 100% increase in grain size, as previously 
reported (Kashibe and Une, 1998; Lee et al., 2011; Leckie and Luther, 
2012, 2013). Otherwise, grain growth will not be so high, resulting in 
lower values as in the present case (35%). 

5. Conclusion 

The influence of 0.2 wt%ADS addition on the sintering behavior and 
microstructure of UO2 fuel was investigated. The lubricant decreases the 
total shrinkage from 19.9% (pure UO2) to 19.4%. Moreover, it causes an 
increase in the slope of the sintering curve, indicating that the densifi
cation is accelerated by its addition. However, large ADS agglomerates 
form large pores and decrease the final sintered density since these pores 
cannot be eliminated during sintering. An increment of only ~35% in 
the average grain size is achieved by the addition of the lubricant. We 
attributed that to the presence of strong ADS agglomerates, which 
impaired a good dispersion of the additive. 

We also demonstrated that the ADS has an important role during 
compaction, avoiding ejection defects such as fractures, cracks, and end- 
capping, representing a significant economic gain for the industry. 
Furthermore, the results from this study may be a starting point for 
future developments in using a solid lubricant on an industrial scale. 

Based on a literature review of the effects caused by dopants in UO2 
fuel, along with our results, we suggested that aluminum in a solid so
lution can promote grain growth by increasing the grain boundary 
energy. 
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