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Abstract 
The burnable poison Gadolinium oxide was incorporated into UO2 in two of the 36 elements of the 
fuel assembly in the reload fuel of BWR Units I & II of Tarapur Atomic Power Station. This enabled 
loading of higher quantities of fuel and achieving a more flattened neutron flux distribution over a 
longer period of time in the nuclear reactor core. The UO2-Gd2O3 pellets are made by powder 
pressing and sintering. In the early days of this author’s experience of the 1970s, the processing of 
UO2-Gd2O3 turned out to be more complex than that of UO2 alone. The small proportion of Gd2O3 in 
the powder mixture (1.5%) is to be uniformly distributed in the UO2 before and after sintering and 
substitutional solid solution formation must be complete prior to densification. The inadequacy of 
homogeneity in the powder and pressed pellets leads to severe defects in the sintering process. In 
this paper, the processing of UO2-Gd2O3 has been revisited. The defects in the product such as “free 
gadolinia”, low sintered density and bloating, caused by improper processing, have been brought 
out. The structural defect chemistry aspects of UO2-Gd2O3 and diffusion processes relevant to sin-
tering have also been discussed. 
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1. Introduction 
The Boiling Water Reactor 1 fuel assembly used in TAPS I and II consisted of 36 fuel rods in 6 × 6 square array 
using three enrichments of 235U, namely 1.6%, 2.1% and 2.66% in 3, 11 and 22 rods respectively, in the form of 
sintered UO2 pellets. Two of the 2.66% enriched rods contained 1.5% by weight of Gd2O3 the balance being 
UO2. This author was responsible for the production of required quantities of UO2-Gd2O3 pellets in the 1970s. A 
part of the experience accrued was described in publications at the time and in course of time after the tenure 
[1]-[8]. However, these publications are not readily accessible to the manufacturing community now as they be-
long to the era before internet. This paper revisits the experiences of the time. Some of the aspects that were 
missed at that time as well as new insights acquired later in the light of newly available literature are also in-
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cluded here with the benefit of hind sight. 

2. Powder Mixing 
Some characteristics of UO2 powder and Gd2O3 powder received from supplier “B” are given in Table 1. 

Initially, the double cone mixer was used for mixing Gd2O3 and UO2 powders. However, the major constitu-
ent UO2 powder turned out to be not free flowing. Hence, a ribbon mixer was used in place of the double cone 
mixer with improved results [1]. In a double cone, the mixing takes place by shearing of particle layers over one 
another as the double cone rotates and hence suitable for mixing free flowing powders. In the ribbon mixer, 
mixing takes place by convection and hence suitable for powders that do not flow freely. As the specified Gd2O3 
content was only 1.5%, first a master mix containing about 30% Gd2O3 was made which was diluted by adding 
UO2 in a second mixing operation. In the final mixed powder, 5 g samples were drawn and analyzed for Gd2O3 
content. The sample was analyzed by gravimetric procedure. The UO2-Gd2O3 powder of about 5 g (accurately 
weighed on an analytical balance with an accuracy of ±0.0001 g) was dissolved in nitric acid. The U was sepa-
rated by solvent extraction. The Gd remaining in the raffinate solution was precipitated by oxalic acid and the 
residue retained on the filter paper after the filtration was ignited and weighed as Gd2O3. The Gd2O3 contents 
determined this way in various lots are plotted for each mixer and are shown in Figure 1. 

Denoting the mean and standard deviation of the frequency distribution as μ and σ respectively, the efficiency 
of mixing may be defined as 

1 100mean G Gη µ=  − −    

 
Table 1. Comparison of UO2 and Gd2O3 powders. 

Property UO2 Gd2O3 

APS Fisher sub sieve sizer, μm 0.8 - 1.0 0.5 - 1.0 

BET specific surface area, m2/g 2.5 - 3.2 3.9 - 9.1 

Tap density, g/cm3 2.2 - 2.8 0.8 - 1.3 

Theoretical density, g/cm3 10.96 7.41 
Flowability Poor Nil 
Appearance Fine particles, separable Agglomerated 

Dry sieve analysis 100% passes through 100 mesh Forms agglomerates in sieving 
Melting point, ˚C 2800 2420 
Crystal structure Face centered cubic Cubic, monoclinic 

Phase change temperature, ˚C No phase change 1200 
Range of nonstoichiometry Wide Narrow 

 

 
Figure 1. Frequency distributions of Gd2O3 values from analytical samples from different mixers, using data from [2]. 
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where G is the Gd2O3 added and μ is the mean of the statistical distribution of Gd2O3% values from analytical 
samples drawn from the powder mixture from different lots of powder over a period of time. 

We may define efficiency of mixing (ηsd) based on standard deviation as ( ) 12 cot 100sdη σ− = Π  , where 
1cot σ−  is in radians, or ( ) 11 90 cot 100sdη σ− =   , where 1cot σ−  is in degrees. 

The required level efficiencies were arrived at on the basis of the internal control limits of 1.45 and 1.55 
Gd2O3% in the powder mixture. For the types of powder used, the ribbon mixer is seen to be a little more effi-
cient than the double cone blender, as shown in Table 2. Both the machines are satisfactory with respect to 
mean but not so with respect to standard deviation. The ribbon mixer was operated intermittently, to prevent 
possible oxidation of UO2 powder from the friction heat from the blades. 

3. Powder Milling 
Initially, Gd2O3 powder was obtained from one supplier, let us say, “Supplier A”. Subsequently, another source 
was identified, let us say, “Supplier B”. Two problems cropped up: 1) Unacceptable “islands” of undissolved 
Gd2O3 were found in the ceramographs of sintered UO2 matrix, termed “free gadolinia”. The free gadolinia was 
more than that specified [9] [10] for sintered pellets. 2) Low sintered density and bloating were noticed in some 
lots of sintered pellets. Both the problems were traced to the second supply of the powder. While the powder 
from “A” was crystalline and flowed freely, that from “B” was less crystalline, had a greater BET specific sur-
face area, had higher moisture content, was nonflowable and agglomerated easily. The agglomerates of Gd2O3 
did not break up into smaller entities in the mixing process. 

Simple mixing of Gd2O3 with UO2 powder led to defective pellet sections containing undissolved or “free” 
Gd2O3. Hence a light milling step became necessary for the master mix to achieve de-agglomeration and im-
proved dispersion of Gd2O3 in UO2. Smaller islands of Gd2O3 in the green UO2 matrix means smaller diffusion 
distances during dissolution and sintering [2]. 

The term ‘Milling’ here is not the same as that used in ‘Mining and milling’ in the context of the Nuclear Fuel 
Cycle. It is simply a particle size reduction process carried out using a ball mill or a hammer mill or a rod mill or 
a jet mill or an attritor.  

In the case of UO2-Gd2O3 powder as well as UO2 powder not containing Gd2O3, the light milling step was 
found to have modified the powder characteristics by breaking down the agglomerates and enhancing the pack-
ing efficiency in the compaction die. Higher green densities were achieved at lower compaction pressures. Pel-
lets of higher sintered densities and minimum chipping and cracking resulted with greater acceptance levels at 
the Quality Control department. 

4. Low Sintered Density and Bloating 
The specified sintered density was 93% to 97% TD. In some of the lots, the sintered pellets were found to be of 
lower density. TiO2 is known to be a sintering aid for UO2 [11] [12]. It was therefore added to the powder mix-
ture of UO2-Gd2O3 with the aim of improving sintered density. However, not only there was no improvement of 
density, but in some cases the density decreased further. In some pellets, bloating was noticed. Sections of the 
low density sintered pellets exhibited large voids of various sizes in the range 30 to 160 μm. The larger and 
more extensive the voidage, the lower was the sintered density. 

The clue to our low density and bloating problems came from literature on stable density fuel [2]. Fine voids 
remnant in the fuel after sintering were found to close during fuel irradiation causing unwanted in-reactor fuel 
densification and consequent shrinkage of the fuel. The driving force for void closure depended on its size and 
nature and extent of gases trapped in the voids. Though the small radial shrinkage is not serious in a free stand-
ing design of the fuel element, this was not the case with axial shrinkage. As a result, the fuel column shifted  

 
Table 2. Comparison of efficiencies mixing machines. 

 Number of samples ηmean ηsd 

Double cone Mixer 180 96.0 92.4 
Ribbon Mixer 62 99.3 94.5 

Required − 96.7 96.8 
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downward in the fuel element. The axial gap so formed had propensity to collapse under cooling water pressure. 
In the concept of stable density fuel, pore formers were incorporated in the powder before pressing, so that sta-
ble voids remained in the fuel and the prospect of in reactor fuel densification could be avoided [13]-[15]. 

The sintering characteristics of the UO2-Gd2O3 pellets depend on the size and dispersion of Gd2O3 particles in 
the UO2 matrix of the green pellet, in the case where the Gd2O3 powder is mixed by mechanical means. In our 
processing, the Gd2O3 agglomerates in UO2 matrix behaved as unintended pore formers which caused remnant 
porosity in the sintered pellets. The Gd2O3 dissolves in the UO2 during sintering much before densification is 
complete. The space originally occupied by the Gd2O3 agglomerate in the green pellet is vacated by its dissolu-
tion and diffusion into Gd2O3. Whether the void thus left over shrinks to closure during further sintering or re-
mains stable or grows depends on its size. Large agglomerates of UO2-Gd2O3 were found to leave large voids 
(of over 30 μm) that led to either low density or bloating. The problem was solved to a great extent by light dry 
milling the mechanical mixtures. The dry milling operation resulted in breaking of the agglomerates to smaller 
sizes, leading to smaller voids that could readily close in the sintering process. The milling has to be mild in or-
der to avoid possible contamination from grinding media, possible heat generation leading to oxidation of UO2 
to U3O8 and for radioactive dust containment. Wet milling could not be considered under the Plant circums-
tances. 

To verify the hypothesis that the void space left over after the Gd2O3 agglomerate dissolved was responsible 
for the low density, an experiment was performed wherein, Gd2O3 powder granules of known size (obtained by 
sieving) were mixed with UO2 powder, compacted and sintered. The results are given in Table 3. 

Potter and Davis found that as little as 0.5 wt.% of Gd2O3 reduced the sinterability [16]. Song et al. found that 
as the oxygen potential of sintering atmosphere increases, the density of the UO2-2%Gd2O3 increases, but that of 
UO2-10%Gd2O3 pellets decreases [17]. They also found that Gd ions diffused in to UO2, but U ions did not dif-
fuse into Gd2O3 when a diffusion couple of UO2/Gd2O3 was annealed at 1700˚C for 100 hours in hydrogen gas 
due to Kirkendall effect. They determined sintered density of UO2-10%Gd2O3 as a function of CO2 to H2 vo-
lume ratio in the sintering atmosphere. The density decreased from 91%TD to about 88.6% TD as the CO2/H2 
was increased from 0.05 to 0.30. The driving force for pore closure was expected to be much smaller in an oxi-
dizing atmosphere than in a reducing atmosphere [18].  

Nishida and Yuda [19] prepared UO2/Gd2O3 diffusion couple. They heated one couple at 1700˚C for 100 
hours and another at 1800˚C for 100 hours in an atmosphere of 92% N2 + 8% H2 gas with a dew point of 21˚C. 
They evaluated the effective inter−diffusion coefficient and found it to be smaller than grain boundary diffusion 
coefficient and larger than the volume diffusion coefficient. For normal commercial sintering temperature of 
1750˚C and time 4 hours, they estimated an inter−diffusion distance of 2 μm for U ion as well as Gd ion. They 
also found a decline in the sintered density of UO2 containing 5% and 10% Gd2O3 as the oxygen potential was 
increased from −410 to −310 kJ/mol. Ho and Radford also found that high density was achieved in dry hydrogen 
and low densities in commercial fabrication conditions [20]. 

More recently, Durazzo et al. [21] and [22] studied the mechanism of pore formation in UO2-Gd2O3 pellets 
and they also attributed the porosity to Kirkendall effect, wherein Gd and U have different inter-diffusion rates. 
They also correlated the pore size with the Gd2O3 agglomerate size.  

Even without the addition of Gd2O3, the density of UO2 pellets decreased with sintering time caused by pore 
growth [7] and [23]. Here there is no Kirkendall effect since there is only one species. Chalder observed retarded 
densification in UO2 compacts made from spray dried granules. The hard granules could not be broken down in  

 
Table 3. Observed pore size and density of UO2-1.5%Gd2O3 sintered pellets vs. Gd2O3 agglomerate size in powder mixture 
(from [4]). 

Sieve fraction, mesh Agglomerate size, μm Whether mixture was milled Typical pore sizes Density, g/cm3 

−100 + 200 74 - 149 No 160, 140, 80, 40 and less 10.13 

−200 + 400 37 - 74 No 80, 40 and less 10.16 

−400 + 500 31 - 37 No - 10.20 

−500 31 No 30, 20 and less 10.25 

−200 5 and less Yes 5 and less 10.53 

Control pellet of UO2 without Gd2O3 10.59 
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the final compaction process and retained their form through the sintering process [24]. Pore growth as a conse-
quence of grain growth has been demonstrated by Kingery et al. [25]. Kang and Yoon [26] found that the im-
peding effect of an entrapped gas diminishes with lower gas pressure in the sintering furnace atmosphere, with 
higher solid−gas interfacial tension, with smaller initial pore size and with higher dihedral angle. A narrow but 
fine particle size distribution is preferred in the manufacture of high performance ceramics [27]. It is therefore 
essential to begin with agglomerate free fine UO2 powders in order to avoid low density associated with powder 
packing problems in the compaction process [28]. The difference between the theoretical density of UO2 (10.96 
g/cm3) and its actual experimental density (10.59 g/cm3) in Table 3 is a useful characteristic of the UO2 powder 
and is indicative of the powder packing deficiency in the compacting die. 

Densification takes place uniformly without pore formation in spite of the Kirkendall effect if the void left by 
Gd2O3 agglomerate is so small as to be unstable and possesses the driving force for shrinking and closure [2]. 
This author had also prepared Gd2O3 green pellets with agglomerates of UO2 dispersed in it. On sintering the 
pellet in hydrogen, it acquired a clear greenish yellow tinge compared to grayish yellow colour of an undoped 
Gd2O3 pellet indicating the ease of diffusion of uranium ions from the inside to the surface of the Gd2O3 pellet.  

Problems originating from heterogeneous distribution of oxides are minimized in the case of sol-gel fuel due 
to mixing of urania and gadolinia at molecular level [29]. Restivo et al. [30] found that the addition of Al(OH)3, 
SiO2, Nb2O5 and TiO2 at 0.5 wt.% as sintering aids has improved the sintered density.  

5. Co-Precipitation 
In course of time, powder milling had to be discontinued due to air radioactivity containment problems and in-
creasingly stringent regulation. Co-precipitation of U and Gd is expected to provide homogeneity at atomic level 
by forming mixed crystals. The presence of complete solid solution of co precipitated UO2-Gd2O3 is reported up 
to a wt.% of 30 by Wada et al. [31]. Hence the method was chosen as an alternative to mechanical mixing [4]. In 
the presence of Uranium, greater quantities of Gd get co precipitated as shown in Table 4. 

In the experience of this author, while the powder mixture was more homogeneous in the co precipitation 
route, the sintered densities of the UO2-Gd2O3 pellets obtained were somewhat lower than those obtained in the 
case of mechanical mixing and light milling route [4]. 

Subsequently, Riella et al. [32] found that the sinterability of the UO2-Gd2O3 pellets obtained from dry 
blended powders is markedly different from that of pellets prepared by AUC-ADU co precipitation. Higher sin-
tered densities were achieved in sample prepared following the co precipitation route. The X ray diffraction pat-
terns of the powder samples from co precipitated UO2-Gd2O3 powders show no Gd peaks, indicating that the Gd 
is incorporated into the UO2 lattice in the early stages of processing. This is advantageous in sintering since sin-
gle phase material always gives better results. The typical mechanical mixtures of powders always yielded pel-
lets with lower densities. 

6. Atmosphere and Additive Effects 
The crystal structure of UO2 is face centered cubic, fluorite type, with uranium atoms occupying the corners and 
face centers of the cube while the oxygen atoms occupy the tetrahedral interstices. UO2 being nonstoichiometric, 
an exchange of oxygen between the crystal and ambient atmosphere is possible. When the ambient oxygen par-
tial pressure (pO2) is higher than the equilibrium value, oxygen enters the lattice, creating an oxygen interstitial. 
Since a neutral oxygen atom has to acquire electrons on being incorporated into anion lattice, holes are also 
created: 

 
Table 4. Comparison of precipitation of Gd from Gd nitrate with co precipitation of Gd from (U, Gd) nitrate by NH4OH so-
lution, expressed as percent of Gd precipitated [6].  

pH 
Percent Gd precipitated 

From Gd nitrate From (U, Gd) nitrate 

7.0 39.85 65.20 

7.5 88.44 90.35 
8.0 96.40 98.50 
8.5 98.70 99.58 
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( ) •
2 i

1 O g O 2h
2

= ″+                                    (1) 

Here, Kroger and Vink notation [33] has been used. The subscript i indicates interstitial position. The super-
script dot indicates effective positive charge and the prime indicates effective negative charge. If two of the in-
terstitial oxygen takes up lattice sites, a uranium site has to fall vacant: 

( ) •
2 U OO g V 2O 4h= ″″+ +                                 (2) 

The effects described above may also be realized by doping UO2 with higher valent oxide, such as Nb2O5. 
Some of the U atoms are substituted by Nb atoms and oxygen interstitials (or vacant uranium sites) are created.  

2UO •
2 5 U O iNb O 2Nb 4O O→ + + ″  

2UO •
2 5 U O U2Nb O 4Nb 10O V→ + + ″″  

Thus the effect of an oxidizing atmosphere is the same as that of adding a higher valency additive to UO2 in 
respect of anion interstitials and cation vacancies, though the concentrations of defects in the case of additive are 
independent of the oxygen pressure and temperature. Matzke [34] found that the incorporation of 0.1 mol per-
cent Nb2O5 increased the diffusion coefficient of Uranium by 225 times that of undoped UO2 at 1450˚C. These 
phenomena (of oxygen pressure and doping) were commercially exploited in oxidative sintering at 1100˚C in-
stead of the usual 1750˚C in reducing atmosphere. The pellets made by oxidative sintering at low temperature 
must, however, pass the re-sintering test at 1750˚C to ensure that there would be no in-reactor fuel densification.  

When the ambient pO2 is low, oxygen leaves the UO2 lattice, creating vacant oxygen sites represented by VO: 

( ) •
O 2 O

1O O g V 2h
2

= + ″ +
 

A deficiency of oxygen is effectively the same as that of creation of uranium interstitials:  

( ) •
O 2 i2O O g U 4h= + ″″ +  

The effects described above may also be realized by doping UO2 with lower valent oxide, such as Gd2O3. 
When UO2 is doped with lower valency additive such as Gd, some of the U atoms are substituted by Gd 

atoms and oxygen vacancies, denoted by VO are created.  
2UO •

2 3 U O OGd O 2Gd 3O V→ + + ″  
If no oxygen site is vacant, then there must be a uranium atom as interstitial. 

2UO •
2 3 U O i2Gd O 4Gd 6O U→ + + ″″  

Thus the effect of reducing ambient oxygen pressure is the same doping UO2 with lower valency additive, 
though the concentrations of defects in the case of additive are again independent of the oxygen pressure and 
temperature. 

The electrical conductivity of a nonstoichiometric oxide changes with temperature and oxygen pressure. For a 
particular temperature, the conductivity is expected to follow a U curve, with electron conductivity dominating 
at low oxygen pressures and hole conductivity dominating at high oxygen pressures. The lowest conductivity is 
that corresponding to stoichiometric composition of the oxide. The stoichiometric composition itself is a func-
tion of temperature. In the case of UO2, at a temperature of 1400˚C, the stoichiometric state, as read out from the 
graph of Ruello et al. [35] corresponds to pO2 = 10−6 atm. At 700˚C, the stoichimetric state corresponds to pO2 of 
the order of 10−24 atm.  

Even in the so-called ‘reducing atmosphere’ such as hydrogen in a commercial sintering furnace, there is sig-
nificant pO2 present in most processing conditions. Hence UO2 may be taken to be mostly in a hyperstioichiome-
tric state and the following possibilities of hypostoichiometric UO2 may be taken to be of less significance: 

( ) ••
O 2 O

1O O g V 2e
2

= + + ″
 

( ) •
O 2 i2O O g U 4e= + + ″″  
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7. Lattice Parameter 
It is known that the lattice parameter of UO2+x decreases as the hyperstoichiometry is increased. Desgranges et al. 
[36] measured the expansion of a single crystal of UO2 as a function of pO2 at particular temperatures. According 
to Equation (1) in Section 6, the oxygen interstitial formation would result in a decrease of the unit cell parame-
ter. According to Equation (2), the new unit cell formation results in a uranium vacancy formation. The ob-
served expansion is thought to have been induced by the formation of new unit cells. They also concluded that 
the concentration of oxygen interstitials is a hundred times higher than that of uranium vacancies.  

Leinders et al. [37] determined the lattice parameter of UO2 to be 5.47154 Å at 25˚C. Venkatakrishnan et al. 
[38] determined the lattice parameter of (U1−yGdy)O2±x as a function of y. Hertog [39] experimentally found that 
the lattice parameter obeys the equation 

0.15821 5.47087d y= − +                                 (3) 

McMurray [40] used the following expression for lattice parameter: 

( ) ( )2 5 4 2Gd U U O
4 3 1 2d yr yr y r r+ + + − = + + − +                          (4) 

where r indicates the ionic radius. He showed that the lattice parameter calculated using the expression was in 
agreement with experimentally determined values of other researchers.  

8. Unit Cell 
Four kinds of unit cell possibilities of Gd added UO2 are given below. 

Case 1: Oxygen vacancy model for low oxygen pressures 

( )1.5 3 6 3 7.5 0 0.5
GdO U O U GdO V+ =  

Here, all of the U is in 4 valency. 
Case 2: Uranium interstitial model for low oxygen pressures 

( )1.5 3 6 0.25 0.5 3 i 80.25GdO U O U O U U GdO+ + =  
Here also, all of the U is in 4 valency. 
Case 3: Uranium oxidation model with U4+ → U5+ for higher oxygen pressures 
The excess Oxygen due to Gd substitution can oxidize U from 4 to 5 or 6. For every one Gd substituting for U, 

there can be either two U5+ or one U6+. 

( ) ( )4 5
1.5 2 4 2.5 82

GdO U O UO U U GdO+ ++ + =
 

In the above, some of the U is in 5 valency and the remaining U is in 4 valency. It has been assumed that all 
Oxygen sites are filled.  

Case 4: Uranium oxidation model with U4+ → U6+ for higher oxygen pressures 

( ) ( ) ( )4 6
1.5 2 4 3 8 i 0.52

GdO U O UO U U GdO O+ ++ + =
 

In the above, some of the U is in 6 valency and the remaining U is in 4 valency. It has been assumed that all 
Oxygen sites are filled and in addition, there is interstitial oxygen to satisfy valency requirement. 

In UO2 oxidation, Andersson et al. [41] investigated the formation of UO2+x derived from the fluorite structure 
by density functional theory (DFT) calculations. They found that although the transition from fluorite to the 
layered U3O8 structure occurs at U3O7 or U3O7.333, the fluorite-derived compounds are favored up to UO2.5, that 
is, as long as the charge-compensation for adding oxygen atoms occurs via formation of U5+ ions, after which 
U3O8−y becomes more stable. On this basis, we may assume here that U5+ is more likely than U6+ when Gd is 
substituting for U in the UO2 crystal. 

9. Theoretical Density 
When Gd2O3 is homogeneously mixed with UO2, and sintered to form solid solution, the Gd atoms replace the 
position of U atoms in the fluorite crystal structure of UO2. Since a Gd atom is lighter than a U atom, the theo-
retical density of (U, Gd)O2 decreases with an increase in Gd concentration. However, this effect is partially 
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compensated by the reduction of the lattice parameter which tends to decrease with increase in Gd concentration 
[42].  

The theoretical density of UO2-Gd2O3 may be calculated using atomic weights and lattice parameter of the 
unit cell. Density is given by 

( )c c AN A V Nρ = ∑                                   (5) 

where Nc = the number of atoms in the unit cell, A = Atomic mass, g/mol, Vc = volume of the unit cell, cm3 and 
NA = Avagadro Number = 6.022 × 1023 atoms/g mol. 

The atomic masses are taken to be 238.02891, 157.25 and 15.999 for U, Gd and O respectively. 
The lattice parameter of U1−yGdyO2 is available as a function of Gd content. The unit cells presented above 

correspond to a Gd content y = 0.25. Using the expressions either 3 or 4 above, for y = 0.25, the lattice parame-
ter is seen to be 5.43 × 10−8 cm. 

Substituting the above values in the expression for theoretical density, the theoretical densities from unit cell 
calculations are seen to be 10.282, 10.982, 10.365 and 10.448 g/cm3 for Cases 1, 2, 3 and 4 of unit cell configu-
rations respectively. Since the experimentally determined densities decrease with Gd2O3 content, Case 2 is un-
likely wherein the density should increase. The unit cell parameters for Cases 1 and 3 are shown in Table 5. 

The density of UO2-Gd2O3 as a function of Gd2O3 weight percent found in literature [43] [44] is given by 

( )
2UO 2 3– 0.04 Gd O %ρ ρ=

 

10. Green and Sintered Densities 
The experimentally obtained green densities of UO2-Gd2O3 for different Gd2O3 contents are given in Figure 2. 
The corresponding sintered densities are given in Figure 3. 

The estimated density of UO2-Gd2O3 versus Gd2O3 wt.% for a UO2 density of 10.59 g/cm3 corresponding to 
Cases 1 and 3 is shown in Figure 4 along with experimentally determined values.  

 
Table 5. Unit cell parameters of UO2-Gd2O3. 

 Case 1 Case 3 

Unit cell composition (U4+)3GdO7.5(V0)0.5 (U4+)2(U5+)GdO8 

Unit cell mass 991.32923 999.32873 

Gd oxide mass 181.2485 181.2485 

Wt.% Gd oxide 18.2834 18.1370 

Theoretical density,g/cm3 ( )2 310.96 0.037 Gd O %ρ = −  
 

( )2 310.96 0.033 Gd O %ρ = −  
 Actual density, g/cm3 ( )

2UO 2 30.037 Gd O %ρ ρ= −  
 

( )
2UO 2 30.033 Gd O %ρ ρ= −  

 

 
Figure 2. Green density of UO2-Gd2O3 versus Gd2O3 content using data from [6]. 
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Figure 3. Sintered density of UO2-Gd2O3 versus Gd2O3 content, using data from [6]. 

 

 
Figure 4. Calculated and experimental densities of UO2-Gd2O3 versus Gd2O3 content. 

 
The actual density of UO2-Gd2O3 is found to be less than that calculated using the expressions: 

( )
2UO 2 3– 0.037 Gd O %ρ ρ=  for Case 1. 

( )
2UO 2 3– 0.033 Gd O %ρ ρ=  for Case 3. 

This shows that the agglomerate effect of Gd2O3 was only partially mitigated in the manufacturing process 
followed.  

11. Diffusion 
In UO2, it is the uranium ion that moves slowly in the cation lattice relative to the oxygen ion in the anion lattice. 
To maintain electrical neutrality, however, both cation and anion have to move in tandem. Hence cation diffu-
sion becomes rate controlling in diffusion dependent processes such as sintering and creep. Any step aimed at 
speeding up the cation will also speed up sintering and creep.  

Matzke [45] underlined the relationship between the point defects in UO2. Higher valent cations, substituting 
for U4+ ions in the UO2 lattice, impart an effective positive charge to the lattice. This leads to the decrease of the 
concentration of oxygen vacancies and then to the increase of the concentration of oxygen interstitials through 
Frenkel defect equilibrium, thereby increasing the concentration of cation vacancies through Schottky defect 
equilibrium. The increase of the concentration of cation vacancies is expected to cause the increase of the self 
diffusion coefficients of Uranium. 

On the other hand, lower valent cations, substituting for U4+ ions in the UO2 lattice, impart an effective nega-
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tive charge to the lattice. This leads to the increase of the concentration of oxygen vacancies and then to the de-
crease of the concentration of oxygen interstitials through Frenkel defect equilibrium, thereby decreasing the 
concentration of cation vacancies through Schottky defect equilibrium. The decrease if the concentration of ca-
tion vacancies is expected to cause the decrease of the self diffusion coefficients of Uranium. The ratios of dif-
fusion coefficients of doped to undoped UO2 are given in Table 6. 

As already stated, the concentration of uranium vacancies is enhanced by increasing the oxygen partial pres-
sure in the ambient atmosphere or by the incorporation of a higher valency additive such as Nb. On the other 
hand, the concentration of oxygen vacancies is increased by the incorporation of a lower valency additive such 
as Gd. The concentration of oxygen vacancies caused by the substitution of U by Gd will depend on the amount 
of Gd added to the uranium, two Gd ions yielding one oxygen vacancy.  

Manzel and Dorr [46] found that the addition of some percent of Gd2O3 to UO2 has a pronounced effect on the 
sintering behaviour. Above 1200˚C, the shrinkage of the UO2-Gd2O3 pellet was delayed because of the start of 
the formation of solid solution. 

In the expression for the diffusion  

( ) ( )2
0cm s exp eVD D Q kT= −    

Some uranium ion diffusion coefficients and a gadolinium ion diffusion coefficient in UO2 from literature 
[47]-[51] are given in Table 7. For ease of comparison, the calculated D values at 1500˚C are included. Gd is 
seen to move much more slowly than U in UO2. 

Hence, with the incorporation of Gd in the UO2 lattice, a slow down in sintering is normally expected, being a 
diffusion related process. However, the anticipated slow down in sintering was not noticed in the UO2-1.5%Gd2O3 
pellet production experience by this author using industrial sintering furnaces. The same pusher type hydrogen 
atmosphere sintering furnaces used for sintering UO2 were also used for sintering UO2-Gd2O3. No significant 
difference in sintering behaviour could be noticed. The dew point of the hydrogen was −30˚C to −40˚C in which 
range UO2 is hyperstoichiometric. The steep increase in diffusion (from the order of 10−17 to 10−13 as x in UO2+x 
is increased (from 2.00 to 2.05) at 1500˚C is well established [34]. At 1500˚C, Matzke [52] gives the equation 
log 10.85 1.5logD x= − + .  

The decrease in the concentration of uranium vacancies caused by substituting Gd for U to a small extent (1.5% 
Gd2O3 in the mixture) is perhaps more than made up by the significant pO2 normally present in commercial re-
ducing sintering atmospheres. This view is supported by the work of Une [53] who determined the grain boun-
dary diffusion coefficients for UO2, UO2-5wt.% Gd2O3 and UO2-10wt.% Gd2O3 as a function of oxygen poten-
tial in the range −500 to −250 kJ/mol, corresponding to O/U change from 2.000 to 2.005. At a low oxygen po-
tential of −500 kJ/mol or O/U of 2.000, the grain boundary diffusion coefficient was found to decrease as the 
Gd2O3 content is increased. However, the diffusion coefficients merged to an almost single value at higher oxy-
gen potential of about −250 kJ/mol corresponding to O/U of 2.005. Even in the reducing atmosphere of an in-
dustrial sintering furnace (H2 or cracked ammonia), the oxygen pressure is usually sufficiently high to maintain 

 
Table 6. Ratio of Diffusion coefficient of U in 0.1 mole% doped UO2 to that in undoped UO2, Matzke [45]. 

Material 
Ddoped/Dpure 

1673 K 1823 K 

UO2 +La2O3 ~0.02 0.085 

UO2 + Y2O3 ~0.02 0.11 

UO2 + Nb2O5 225 1 

 
Table 7. Pre exponential term, activation energy and D1500 for self diffusion of U and Gd in UO2. 

Cation D0 Q, ev Temperature Reference D at 1500˚C 

U 4.0 × 10−7 3.0 1477˚C - 1720˚C 48 1.196 × 10−15 

U 5.82 × 10−5 3.2 1900˚C - 2150˚C 49 4.697 × 10−14 

U 2.04 × 10−3 3.9 1400˚C - 1650˚C 50 1.689 × 10−14 

Gd 5.3 × 10−3 5.1 1500˚C - 1703˚C, H2 51 1.707 × 10−17 
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Figure 5. Frequency distributions of O/U in UO2 and UO2−1.5%Gd2O3. 

 
UO2 in hyper-stoichiometric state. The volume diffusion coefficient follows the same trend, though being much 
smaller than the grain boundary diffusion coefficient. 

12. U6+ and Gd Content 
Samples of UO2 and UO2−1.5%Gd2O3 sintered pellets were dissolved in H2SO4 solution (containing a little HF). 
Any U5+ present in the sample disproportionates to U4+ and U6+ upon dissolution. The concentrations were de-
termined by polarography. As Gd2O3 is relatively nonstoichiometric, an increase in the ratio O/U is indicative of 
the extent of oxidation of U4+ to higher valency in the solid state. Figure 5 shows the frequency distributions of 
O/U ratios of UO2 and UO2-1.5%Gd2O3 sintered pellets obtained in this author’s work in one production cam-
paign.  

For UO2, the frequent value of O/U in Figure 5 is 2.005 while for UO2-1.5%Gd2O3, it is 2.013. In other words, 
the U6+ in solutions prepared by dissolving UO2-1.5%Gd2O3 is higher than that from UO2. The higher U6+ is in-
dicative of the presence of U5+ in the solid solution, corresponding to Case 3 rather than Case 1 in section 8 
above. The presence of U6+ in UO2 even when not containing UO2-Gd2O3 is indicative of the dominance of 
oxygen interstitials over oxygen vacancies and prevalence of an overall oxidative condition in a hydrogen at-
mosphere furnace. 

13. Summary and Conclusion 
Unfavourable powder characteristics (such as a strong tendency to agglomerate) and small proportions (1.5 
wt.%) made Gd2O3 powder difficult to disperse uniformly in UO2 powder, necessitating the use of a suitable 
mixing machine. Formulas based on mean and standard deviation of analytical sample results were used to 
compare the efficiencies of mixing machines. The powder mixture had to be lightly milled to ensure a small par-
ticle size of Gd2O3 dispersed in the powder mixture. This in turn led to quick dissolution of the Gd2O3 and clo-
sure of the void formed on dissolution during sintering. Densification took place uniformly without pore forma-
tion in spite of the Kirkendall effect if the void left by Gd2O3 agglomerate was small enough to be unstable and 
shrink further to close. Alternatively, the Gd could be incorporated in UO2 by co-precipitation, though with the 
possibility of slightly lower sintered densities. The actual sintered densities obtained were lower than those cal-
culated for different unit cell models, pointing to the partially unmitigated effect of Gd2O3 agglomerates. The 
lower diffusivities expected on Gd addition did not appear to have any significant effect on sinterability in pellet 
manufacture by this author. This may probably be due to the predominance of effects of pO2 over that of doping 
at small levels. Slow down of sintering of UO2-Gd2O3 pellets may be attributed more to larger sized agglomerate 
of Gd2O3 powder than to lower valency additive effects or to dissolution interfering with densification.  
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