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Тематика:  
Introduction 

 
Now the researches on manufacturing effective modified oxide fuel are carried out in the 

world. Appreciable improvement of properties of pellets UO2 can be achieved by doping. 
Alloying additives promote growth of grains and reduce thereby Gas Fission Products allocation 
from fuel, reduce a level of mechanical interaction of fuel with a cladding, that result increasing 
burnups of fuel. They promote retention of Fission Products in fuel, improve sinterability of 
pellets, etc. On the other hand fuel should be plastic for counteraction of mechanical interaction 
between pellets and a cladding. 

In the SSC RF-IPPE the researches are carried out directed towards the uranium dioxide 
fuel pellets modification with the purpose of improvement of their performance parameters 
(increase of thermal conductivity, growth of grain for decrease gas release, decrease of 
interaction with coolant).  

Technological methods of manufacturing of modified pellets UO2 were used: 
- The water method including precipitation of Ammonium Polyuranate (APU) with 
manufacturing of simultaneously coarse and superdispersed particles, and also coprecipitation 
APU with additives (Cr, Ti, etc.), with the aftercalcination of powders, reduction to UO2, 
pressing and sintering of pellets; 
- A method including addition of chemical reagent containing ammonia to the powder UO2 
manufactured under the dry or water technology; mechanical mixture; pressing and sintering of 
pellets. 

Application of the specified up methods makes manufacturing the UO2 fuel pellets having 
the properties differing from pellets manufactured by industrial technology.  

 
1. Investigations of properties of powders, manufactured under water method  

 
Basic production steps of UO2 fuel pellets manufacturing under the modernized water 

flowsheet [1-4] are following: preparation of a nitrate solution; precipitation of Ammonium 
Polyuranate (APU) from a solution; afterfiltration and calcination of a precipitate; reduction to 
UO2  in a hydrogen atmosphere; mixture with the plastifier; pressing and sintering of pellets. 

The research problem consisted in production of powders with a high level of structure 
deficiency. This problem has been solved by application of water method including precipitation 
of Ammonium Polyuranate (APU) with manufacturing of simultaneously coarse and 
superdispersed particles, and also coprecipitation APU with additives (Cr, Ti, etc.). Formed 
precipitates (without additives or with additives) subjected to calcination at optimum temperature 
up to U3O8 [2,3]. 

Fig. 1 shows the photos of morphology of APU powder containing coarse and 
superdispersed particles. SEM-researches are carried out by the Scanning Electron Microscope 
“Quanta” of industrial series “Inspect S” equipped by x-ray energy-dispersive spectrometer 
“Genesis – 4000” firms “EDAX”. The precipitate consists of a small fraction of particles 1-3 mµ 
in diameter, the main bulk of particles 40-140 nm in diameter and an amorphous part which 
diameter of particles the microscope resolution limit has not allowed to determine.  
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Results of the x-ray analysis carried out in cobalt raying on diffractometer “DRON-7”, 

have shown, that a precipitate produced by industrial technology, consists of phase 
NH3·3UO3·5H2O whereas the precipitate produced by nanotechnology, except for the this phase, 
contains still in addition phase NH3·2UO3·3H2O. The value of CSF (coherent scattering field), 
indirectly describing the size crystallite, for all precipitates APU is various on different 
crystallographic directions that testifies about presence of not equiaxial block. The sizes of CSF 
10-20 nm correspond to precipitate APU produced by precipitation under high pH (≥9.5). 
Besides x-ray lines for this precipitate are wider than for other precipitates that testifies to 
smaller sizes CSF for this precipitate APU. The values of CSF 16.5-32 nm correspond to 
precipitate APU produced by precipitation under industrial technology. Values of CSF 18-40 nm 
and 10-20 nm correspond to precipitate APU containing simultaneous particles different sizes 
and 17-34 nm correspond to precipitate APU with Сr(OН)3 additive. 
 

Figure 1. Morphology of  modified precipitate APU: а) the coarsest particles APU in the size 1-
3 µm; b) particles APU in the size 40-140 nm (upwardly) and amorphous part (sizes – less level 
microscope resolution limit); c) main bulk of APU particles in the size 40-140 nm  
 

Figure 2. Morphology of particles of powder U3O8 obtained by: а) industrial technology;  
b) nano-technology; c) coprecipitation with Cr 
 

It is important to choose precipitate calcinations temperature correctly [2,3], because form 
and particles size of uranium oxide depend on it. Photos of morphology of U3O8 particles 
obtained after calcination (at optimum temperature) different precipitates of APU are shown in 
fig.2. Particles of U3O8 powder after calcination of APU obtained by industrial water technology 
(fig. 2а), have oval form, one-type and approximately the same size. Particles of U3O8 after 
calcination of precipitate of APU obtained by nano-technology (fig. 2b), are complex 
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conglomerates of rounded or prolate form globules in the size 70-500 nm. “Coarse” particles in 
the size 300-500 nm and superdispersed ones in the size 70-75 nm are represented here. 
Botryoidal conglomerates consisting of fine rounded granules in the size 50-150 nm are formed 
after calcination of precipitate of APU obtained by coprecipitation with minor Cr additive. 

Parameters of crystal lattice for different U3O8 powders are given in Table 1. Powders of 
U3O8 obtained by nano-technology or coprecipitation with Cr and Ti have slightly increased 
value of crystal lattice parameters in the direction в and с. 
 
Table 1. Parameters of crystal lattice for samples obtained by different technology  

 
Parameter of crystal lattice, nm, for samples obtained by technology: 

Sample industrial nano-
technology 

coprecipitation 
with Cr 

coprecipitation 
with Ti 

with 
ammonia 

salt addition 
in powder 

Powder of 
U3O8 

a=6.72 
     в=11.925 

c=4.14 

a=6.72 
        в=11.96 

c=4.15 

a=6.72 
       в=11.96 

c=4.15 

а=6.719 
b=11.94 
c=4.143 

a=6.72 
в=11.925 
c=4.14 

Powder of 
UO2 

5.4660 5.4660 5.4662 
 5.4692 5.4660 

Pellets of 
UO2 

5.4672 5.4699 5.4700 5.4692 5.4707 

 
To confirm difference in mechanism of thermal dissociation processes of APU precipitates 

of APU obtained by different technology investigations by differential thermal analysis (DTA) 
were made. Thermograms are shown on fig. 3. 

During thermal dissociation of APU the following processes happen [1]: 1) elimination of 
adsorptive (coordinate) water; 2) partial elimination of constitution water (which included in 
APU structure); 3) elimination the rest of part of constitution water and ammonium; 4) formation 
of  β-UO3; 5) formation of U3O8. 

Analysis of thermograms disclosed the following facts. During dissociation of APU 
obtained by industrial technology of two steps precipitation (Fig 2a) significant amount of 
ammonium is eliminated at 280 °С and the residual ammonium (very few) is eliminated at 390 
°С. During dissociation of APU obtained by one stage precipitation  (“coarse” particles) all 
ammonium is eliminated at 270 °С (Fig 2b). During dissociation of APU obtained by 
precipitation under high pH (superdispersed particles, Fig 2c) and also coprecipitation with Cr 
(Fig 2d) all ammonium is eliminated at 390 and 380 °С, respectively. Elimination of ammonium 
during dissociation of APU obtained by nano-technology happens at 280, 310 и 360 °С (Fig 2e). 
This is the proof of presence of different phases of APU obtained by technology mentioned 
above.         

Process of calcination of precipitate containing certain amount of nano-particles 
surrounded matrix with large size particles might be described in the following way. It is known 
that reactivity of solid phases taking part in chemical reaction is exceptional high nearby phase 
change point of the first order. Significant increase of self-diffusion nearby phase change under 
heating possibly happens because of appearance of interior surfaces (dislocations), which are 
formed under breakage of crystal as effect of stresses induced by new phase formation. Presence 
of nano-particles will only reinforce these processes. Nano-particles are the strongest catalysts. 
The bigger specific surface of certain amount of catalyst is the more active centers take part in 
reaction. Nano-sized particles possess increased surface energy and, respectively, increased 
reactivity. Thus stresses which are formed in powders bring to increasing of dislocations and 
concentration of vacancies in crystal.  
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Figure 3. Thermograms of dissociation of APU precipitates: а) obtained by industrial 

technology (in two steps of precipitation); b) obtained by industrial technology (in one step of 
precipitation); c) ultradispersive (one step of precipitation under high рН); d) coprecipitation U 
and Cr; e) obtained by nano-technology 



 

 

 
Figure 4. Thermograms of oxidation of UO2 powders: а) manufactured by dry conversion in 
OAO “MSZ”; b) obtained by industrial water technology (in two steps of precipitation);  
c) obtained by water nanotechnology 
 

Modified powders UO2 are differed by hyperactivity in comparison with industrial 
powders. It is possible to identify activity of powders by thermograms of oxidations of UO2 in air 
at temperatures from 150 up to 400 °С (fig. 4). Thermograms oxidation UO2 obtained by dry 
conversion in OAO "МСЗ" and UO2 obtained by industrial water technology shows that there are 
exothermal peaks at temperatures 220 and 210 °С accordingly. On thermogram oxidations of 
UO2 obtained by nanotechnology this exothermal peak appears at lower temperature  (180 °С). It 
can testify to presence of fine and more active particles as reaction of oxidation UO2 
substantially depends on a specific surface of powders. The second exothermal peak on 
thermograms oxidation UO2 obtained by water industrial technology and nanotechnology, 
appears accordingly at 380 and 350 °С. Process of oxidation UO2 up to U3O8 for investigated 
powders is over at various temperatures: for a factory powder - at 725 °С; for UO2 obtained by 
industrial water technology - at 650 °С; for UO2 obtained by water nanotechnology - at 630 °С. 
Thus properties of powders UO2 obtained by different technologies differ. Powder UO2 obtained 
by water nanotechnology differs by greater activity because all phase changes result at lower 
temperatures.  
 
 

2. Investigation of properties of pellets UO2 
«Standard» fuel pellets UO2 were manufactured of powders obtained by the industrial 

water method and dry conversion. Modified pellets UO2 were manufactured by two methods: 
from powders obtained by the water nanotechnology; from «standard» powders with addition of 
chemical reagent containing ammonia. Carbonate ammonium as well as organic substances (for 
instance, PFDA - paraphenylendiamine) were used as additions containing ammonia. The pellets 
were sintered under 1750 ˚C in hydrogen atmosphere.   

Values of hydrostatic density of the pellets obtained by different methods are given in 
Table 2. Modified pellets have increased density comparing with «standard» pellets in the same 
conditions of the sintering.  

 
Table 2. Density and grain size of sintered pellets UO2   

 Samples UO2, obtained by technologies: 
industrial nanotechnology coprecipitation 

U and Cr 
coprecipitation 

U and Ti 
with ammonia salt 
addition in powder  

Density of the pellets, % of TD (Theoretical Density)  
96-97 97-98 97-98.5 97-98.5 97-99 

Grain size of the pellets, µm 
6-10 10-20 20-40 30-60 20-40 

a в c



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 – Structure (×1000) of the sintered pellets cleavages UO2: 
а) – obtained by industrial water method;  
b) – modified, obtained by nanotechnology method without additions;  
c) – modified, with Cr2O3 addition  (coprecipitation U and Cr); 
d) – modified, obtained with (NH4)2CO3 addition. 
 

 
 
Figure 6 – Structure (×200) of sintered pellets sections UO2: 
а) – obtained by industrial dry conversion; 
b) – obtained by industrial water method;   
c) – modified, with Cr2O3 addition  (coprecipitation U and Cr); 
d)– modified, obtained with (NH4)2CO3 addition; 
e) – modified, obtained with PFDA – paraphenylendiamine addition. 
 



 

 

Fig. 5 shows the photographies of structures of the sintered pellet cleavages UO2. 
Investigations have been executed by scanning electron microscope (SEM) method. Analysis of 
structures of the pellet cleavages UO2 obtained by industrial water technology (fig. 5а) shows the 
presence of intragrained pores as well as intergranular. Pellets have a few pores with diameter 
0,5-1 µm and much enough intergranular pores with diameter up to 3-5 µm. 

Structure of the modified pellet cleavages (fig. 5 b,c,d) – UO2 obtained by nanotechnology, 
UO2+Cr2O3 (coprecipitation U and Cr) and UO2(NH4)2СO3 – differ from structure of UO2 
manufactured by industrial technology. Pellets have minor porosity and pores are located inside 
grains predominantly. Therewith, modified UO2+Cr2O3 pellets have pores of smaller size (from 
0,05 to 0,2 µm) and their quantity is less then in modified pellets obtained by nanotechnology 
which have pores of size from 0,1 to 0,5 µm. Pores have spherical form predominantly.  

Properties of modified pellets UO2 are differed by decreasing of defects in boundaries and 
in structure of grains and therewith pores sizes considerably are decreased. It can result to 
decreasing of heat-resistance in inclusions and grain boundaries and correspondingly increasing 
phonon thermal conductivity and especially photon one, and so thermal conductivity will be 
significant at high temperature and evaluate only absorption and scattering emission in grain 
boundaries and pores [4,6].  

Fig. 6 shows structure of sections of sintered pellets UO2 obtained by industrial water 
technology (fig. 6а), by water technology of coprecipitation U and Cr (fig. 6b), with addition of 
(NH4)2СO3  into «standard» powder (fig. 6c) and with PFDA addition (fig. 6d). Grain size in 
pellets obtained by industrial water technology is smaller than 10 µm. Coprecipitation with little 
Cr addition and also (NH4)2СO3 or PFDA additions to «standard» powder result to increasing of 
grain size in pellets up to 20-40 µm. 

Absolutely new structure of modified pellets UO2 was determined by X-ray photoelectron 
spectroscopy [4,5]. It is characterized by formation of additional chemical bond U-U (appearance 
of metal cluster). Appearance of new chemical bond is a result of processes which were 
happening during sintering of modified pellets in hydrogen.  

 
 

3 The autoclave tests of pellets 
 

It is very important to know the behaviour of UO2 pellets in possible Fuel Element 
depressurization conditions, i.e. at contact to water. The autoclave tests of UO2 fuel pellets have 
been executed. For this purpose stainless steel container with UO2 pellets manufactured by dry 
conversion in OAO “MSZ” (Elektrostal’), in IPPE - by industrial water technology, by 
nanotechnology and coprecipitation with Cr and Ti have been loaded into an autoclave. Tests 
were conducted on a production schedules:  
- pressure = 100-105 atu;  
- temperature = 312-314 °С; 
- total time of tests = 350 hours. 

Pellets after tests have been took out from container. Pellets manufactured by dry 
conversion in OAO “MSZ” had “rusty” film on surface. State of pellets surface manufactured by 
industrial water technology, by nanotechnology and coprecipitation with Cr and Ti haven’t 
changed.  

Investigations of microstructure of pellets before and after autoclave tests have been 
executed. Photomicrographs of some pellets before and after autoclave tests are shown in fig. 7. 
It is observed that microstructure of pellets manufactured by dry conversion in OAO “MSZ” (fig. 
7а,b) have changes after autoclave tests. Pellets obtained by water method (industrial and 
modernized production schedules of precipitation of APU), had retention of structure after tests. 
Microstructure of UO2 pellets obtained by coprecipitation with Ti is shown in fig. 7c,d. 
 
 



 

 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 7 – Structure (×200) before (а,b) and after (c,d) autoclave tests for UO2 pellets: а,b) 

manufactured by dry conversion in OAO “MSZ”; c,d) modified (coprecipitation with Ti) 
   
X-rays investigations of pellets after autoclave tests have been executed. Removal of 

material from surface by manual polishing of samples has been made for evaluation of phase 
composition and ratio O/U at a depth from surface. Mass of removed layer was measured by 
weighing of polishing paper before and after polishing. Thickness of removed layer was 
determined by calculation. After removal of “rusty” film was observed that sample of UO2 

manufactured by dry conversion in OAO “MSZ” had depth of oxidation up to 25 µm. “Rusty” 
film was protoxide-oxide. All others samples had oxide films at a depth not more than 10 µm. 
Phase of  UO2,25 has been observed in UO2 samples obtained by water technology (industrial 
production, nanotechnology, coprecipitation with Cr and Ti) at a depth about 7 µm from surface. 
This phase protected depth layers of samples from oxidation. 

Thus, use of the modified pellets will allow elevate safety of a reactor in case of Fuel 
Element depressurization conditions, i.e. at contact to water. 

 
 
The modified fuel pellets UO2 for reactor tests are manufactured in IPPE at present. 
 

Conclusions 
 
1. Technological methods of manufacturing of modified fuel pellets UO2 were developed: 
- water method including precipitation of APU with manufacturing of simultaneously coarse and 
superdispersed particles, and also coprecipitation APU with additives (Cr, Ti, etc.), with the 
aftercalcination of powders, reduction to UO2, pressing and sintering of pellets; 
- method including addition of chemical reagent containing ammonia to the powder UO2 
manufactured under the dry or water technology; mechanical mixture; pressing and sintering of 
pellets. 
2. Properties of powders and the pellets manufactured by different technologies considerably 

differ. 



 

 

3. Precipitate manufactured by water industrial technology, consists of phase NH3·3UO3·5H2O 
whereas the precipitate manufactured by nanotechnology contains in addition phase 
NH3·2UO3·3H2O. 

4. Powders of U3O8 manufactured by water nanotechnology have particles size 300-500 nm and 
ultradispersive particles size ~70-75 nm. 

5. Powder UO2 obtained by water nanotechnology differs by greater activity because all phase 
changes under oxidation result at lower temperatures.  

6. Basic differences of properties of modified UO2 pellets was established: decreasing of defects 
inside and on grains boundaries, minor porosity (pore size 0,05-0,5 µm), presence of pore of 
spherical form, presence of additional chemical bond U-U (presence of metal clusters), 
polyvalence of U. 

7. Methods including addition of Cr и Ti under precipitation of APU and also ammonium 
additives in UO2 powder result manufacturing pellets with grain size up 20-40 µm.  

8. Autoclave tests showed, that UO2,25 thin protective film is formed under interaction with water 
on surface of modified pellets and it protects the pellet from destruction. Modified pellets will 
allow elevate safety of a reactor in case of Fuel Element depressurization conditions, i.e. at 
contact to water 

9. The reliability of new fuel will be given after reactor tests. 
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