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Introduction 
 
Activities of SSC RF IPPE aimed at improvement of fast reactor fuels include the research 

in the following areas: (1) enhancement of thermal conductivity and crack resistance, (2) 
structure improvement for reduction of fission-product-gas release, and (3) softening the fuel-
cladding interaction. The developed technologies allow us to fabricate UO2 fuel pellets, which 
demonstrated improved properties as compared to the standard pellets.  

The improved properties of the pellets have been attained with the help of a 
nanotechnology (precipitation with no additives and co-precipitation with additives) and a 
technology based on addition of ammonium-containing reactants to the standard powders. 

In the developed, so called modified, fuel, the U–U chemical bonding, attributed to metal 
nanoclusters, and the dominating fraction of nanosized pores have been found. A lower swelling 
of the modified fuel under irradiation is expected because of a compensation effect of the surface 
tension on the fission-product-gas pressure. The enhanced thermal conductivity and thermal 
stability allow the modified fuel to attain a deeper burn-up and to provide more safety during 
reactor power maneuvering. 

 
1. Reactor testing of UO2 fuel 

 
In January, 2011, in-core longevity tests of an experimental assembly including fuel pin 

mock-ups were started in the BOR-60 sodium-cooled fast fission reactor (JSC «SSC RIAR», 
Dimitrovgrad). The EP-823 silicon-doped ferritic-martensitic steel was used for fuel cladding 
because of its high corrosion resistance in the led-bismuth coolant, and the modified UO2 pellets 
were used as the fuel composition.  

Seven fuel pins with various fuel pellets were fabricated. For fuel fabrication we used the 
standard water technology, which is in use at factories of the nuclear industry [1,2], and three 
technologies developed in SSC RF IPPE were used for fabrication of modified UO2 pellets: 
- the water method (nanotechnology) based on precipitation of the ammonium polyuranate 
(APU) accompanied by the production of coarse-grained and ultra-fine particles, followed by the 
calcination, reduction to UO2, compaction and sintering of pellets [3-9];  
- the water method based on co-precipitation of uranium with chromium addition, followed by 
the calcination, reduction to UO2, compaction and sintering of pellets [6];  
- the method based on addition (mechanical mixing) of ammonium-containing compounds to 
UO2 powders fabricated with the help of the standard water technology (or, as a possible way, by 
the method of dry conversion), followed by the compaction and sintering of pellets [6,7]. 

In the last method, ammonia is used as a sintering agent in production of UO2 pellets. 
Moderate additions of ammonium salts into UO2 powders cause the grain size to increase in the 
pellets. As a ammonium-containing reactant we used 4-amino-1,2,4-triazole (hereafter, triazole). 

The required testing conditions are listed in Table 1.  
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Table 1. The required conditions for  in-core reactor testing  
Parameter Value 

Maximum linear heat load on a fuel pin  
- in the period of 2,5 years from the start of 
irradiation; 
- in the period of last 1,6 years of irradiation 

 
315 - 340 W/cm 
410 - 420 W/cm 

Cladding temperature in the hot spot, maximum 
(calculated) 
- in the period of 2,5 years from the start of 
irradiation; 
- in the period of last 1,6 years of irradiation  

 
500-550 °C 

620 °C 

Neutron fluence (Е>0,1 MeV) for cladding, 
maximum 

2,06⋅1023 n/cm2 

Damaging dose, maximum 68-70 dpa 
Fuel burn-up in a fuel pin, maximum: 10 – 11 % h.a. 
Testing duration for BOR-60 reactor  4,1 calendar years 

 
1.1. Structure and properties of fuel pellets  
Properties of various UO2 fuel pellets are presented in Table 2. The density of the pellets 

varies from 96,8 to 98,4 % of its theoretical value (TD). The oxygen coefficient for the modified 
pellets (1,999-2,000) is smaller than that for the standard pellets (2,001). 

The SEM images of cracks are shown in Fig.1 for various sintered UO2 pellets. Pores of 2-5 
µm in diameter are observed for the fuel pellets fabricated by the method of dry conversion in 
OAO «MSZ» (Fig.1a). The densities of the pellets fabricated in OAO «MSZ» and IPPE 
(standard and modified respectively) are almost the same (10,6-10,7 g/cm3), i.e. the porosities 
are also the same. 

The crack’s structure for modified UO2 pellets (Figs.1b, 1c, 1d), fabricated with the help of 
(1) the nanotechnology, (2) “UO2+Cr2O3” technology (co-precipitation of U and Cr) and (3) the 
sintering of UO2+0,1% triazole, differ from that for UO2 fabricated by the standard technology. 
In the modified UO2 pellets, the pore size varies from 0,01 to 0,5-1 µm, and their shapes are 
mainly spherical.  
 
Table 2. Properties of fuel pellets 
 

Density 
Composition Fabrication 

technology 

Lattice 
constant, 

nm 
Ratio O/U g/cm3 % TD 

Pore size, 
µm 

UO2 
Method of dry 

conversion 
(OAO «MSZ») 

0.54706 2.0010 10.57-
10.65 

96.4-
97.2 

1-5 

UO2 
Standard water 

technology 
0.54705-
0.54706 1.999-2.000 10.65-

10.79 
97.2-
98.4 0.5-3 

UO2 
Water 

nanotechnology 
0.54704-
0.54706 1.999-2.000 10.61-

10.70 
96.8-
97.6 0.01-0.5 

UO2+0,025% 
Cr2O3 

Co-precipitation 
of U and Cr 

0.54705-
0.54707 1.999-2.000 10.70-

10.73 
97.6-
97.9 0.01-0.5 

UO2+0,1% 
triazole 

Sintering of 
standard 

powders with 
0,1% triazole 

0.54705-
0.54706 1.999-2.000 10.63-

10.68 
97.0-
97.4 0.01-2 
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Figure 2. Structure (×200) of metallographic samples: 
а) UO2, fabricated by standard water method; 
b) UO2, fabricated by nanotechnology;   
c) UO2 + 0.1 % triazole; 
d) UO2 + 0.05 % Cr2O3, fabricated by coprecipitation U and Cr 

 

Figure 1. Fracture surface 
appearance of sintered pellets:
а) UO2, fabricated by standard 
method;  
b) UO2, fabricated by 
nanotechnology;  
c) UO2 + 0.05 % Cr2O3, 
fabricated by coprecipitation 
U and Cr; 
d) UO2 + 0.1 % triazole 
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We suggest the following understanding of the difference in the structure. At a constant 
porosity a decrease of the pore size is compensated by an increase of the pore number density, 
and the total surface tension tends to increase. At a constant density of the fuel pellets the 
product of the total pore surfaces S and the pore radius R does not vary  

constSR = . 
In its turn, an increase of the total pore surface facilitates heterophasic chemical and 

catalytic processes, increases the sorption capacity, and so on. It is worth noting that an increase 
of the fraction of surface atoms may significantly change the material properties and affect the 
properties of adsorbed atoms and molecules. 

The swelling of the fuel is usually explained by the growth of the pores, which are 
considered as sinks for radiation-induced vacancies. In this approach, the pressure of fission-
product gas in pores is compensated by the surface tension [10, 11]. Accordingly, a lower 
swelling is expected for the modified fuel because of the increased surface tension. 

Grain sizes are in the ranges of 8-12 or 10-15 µm for the pellets fabricated by OAO 
«MSZ» with the help of the dry conversion or the standard water technology respectively 
(Fig.2), 15-25 µm for the modified UO2 pellets fabricated with the help of the nanotechnology 
and the sintering of UO2+0,1% triazol, and 25-40 µm for are the UO2+0,05%Cr2O3 pellets 
fabricated by co-precipitation. The increased grain size in the modified pellets is favorable for 
lower release of the fission-product gas during irradiation. 

 
1.2. XPES results  
By using the XPES a new structure with U-U chemical bonds has been demonstrated for 

modified UO2 pellets (Fig.3, curve 2) [6]. It suggests that sintering in hydrogen provides 
conditions favorable for formation of metal nanocluster dispersed in uranium dioxide, and the 
nanoparticles are necessary for the metal nanocluster formation (formation of U-U chemical 
bonds). 

 
Figure 3. XPES spectra of standard (1) and modified (2) fuel pellets UO2 
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1.3. Thermal conductivity of UO2 fuel pellets 
The thermal conductivity was measured by the axial heat rating method presented in [12].  
Temperature dependences of thermal conductivity λ are shown in Fig.4 for various UO2 

fuel pellets. OAO «MSZ» fabricated fuel pellets (undoped or doped with 0,41 %mass Er2O3) 
from UO2 powders fabricated by the method of dry conversion. In SSC RF IPPE, the fuel pellets 
were fabricated by (1) the standard water technology, (2) the standard water technology 
combined with addition of 0,1% triazole, (3) the co-precipitation technology (UO2+0,05%Cr2O3), 
and (4) the nanotechnology. The data reported for ceramic [13] uranium oxide are also shown. 

Thermal conductivity for pellets fabricated in OAO «MSZ» is almost the same as the 
reported data for ceramic UO2. Increase of thermal conductivity was found for modified pellets 
of UO2+0,05%Cr2O3 and UO2+0,1% triazole, as is also for the pellets fabricated by the 
nanotechnology. The enhanced thermal conductivity is explained by increased phonon (owing to 
decreased scattering of phonons on pores) and bipolar (owing to increased concentration of U4+ 
interstitials) contributions [6]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4. Тemperature dependence of thermal conductivity for fuel pellets: 
1 – UO2 (density = 95 % ТD), literature data [12]; 
2 – UO2 (density = 96.5 % ТD), fabricated by method of dry conversion in OAO «MSZ»;  
3 – UO2 + 0.41 % Er2O3 (density = 96.5 % ТD), fabricated by method of dry conversion in OAO 
«MSZ»; 
4 – UO2 (density = 96.7 % ТD), fabricated by standard water method in IPPE; 
6 – UO2 (density = 97.4 % ТD), fabricated by nanotechnology in IPPE;  
7 – UO2 + 0.1 % triazole (density = 96.7 % ТD), fabricated in IPPE; 
8 – UO2 + 0.05 % Cr2O3 (density = 97.8 % ТD), fabricated by co-precipitation U and Cr in IPPE 

 
The enhanced thermal conductivity will further allow: 

- to decrease the working temperature in the center of the fuel pin and, therefore, to improve the 
safety of reactor operation; 
- to increase the burn-up of the fuel; 
- to operate in regimes of reactor power maneuvering.  
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1.4. Measurement of the fracture stress for UO2 fuel pellets 
The low thermal conductivity of ceramic fuel and the high heat load of pins cause the radial 

temperature gradients to become high, and, as a consequence, the fuel pellets to crack. That is, 
the thermal stress resistance of the fuel pellets is critical for the safe operation of pins. 

The fracture stress of the fuel pellets with cylindrical holes were measured at a linear heat 
rating ql of 52-53 W/cm and a rate of temperature variation of 10,0 °C/s at the internal surface. 
Fifty UO2 pellets fabricated in for various reactors and seven modified UO2 pellets fabricated in 
SSC RF IPPE by addition of ammonia were tested. At the temperature of 670 °C, the fracture 
stress σ was equal to about 400 MPa for the modified pellets (UO2+0,1% triazole), which is 
about 1,5-2 times higher that that for the pellets fabricated by OAO «MSZ» (250 MPa). 

The enhanced thermal stability is an advantage for the safety issues because it provides 
improvement of the crack resistance of the pellets. 

 
1.5. Thermo-mechanical interaction between the fuel and cladding  
On increasing the reactor power, the radial temperature gradient over the fuel pellets 

increases and causes the thermal stresses (tensile stress at the outer surface and compressive 
stress in the center) to increase. Upon reaching the tensile strength, the cracking of fuel pellets 
takes place. With increasing the number of cracks, the pellet diameters increase, and pellet 
fragments touch the cladding. At the onset, when the fragments can keep moving, the mechanical 
interaction is soft, and the pressure of the fragments on the cladding is not significant. Further 
increase of reactor power causes the fragments to touch the cladding tightly, and then the motion 
of the fragments is stopped. In this regime of tough mechanical interaction, a jam of the fuel 
pellet may occur, and, because of the difference in thermal expansion, the cork maybe lost, or the 
cladding maybe destroyed. Hopefully, the enhanced thermal conductivity of the modified UO2 
fuel will help to avoid these accidents.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Appearance of pellets UO2 before and after testing at the temperatures of 100-
500°C and linear heat rating 0-170,0 W/cm (the mean rate heat rating ~6,6 W/(cm⋅min)) 
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Figure 8. Temperature dependence of radius change of pin models cladding at 18 (a) and 31 (b) 
testing thermo-cycles 

 
Out-of- reactor testing on (1) the crack resistance of the modified UO2 fuel pellets and (2) 

the thermo-mechanical pellet-cladding (EP-823 steel) interaction were conducted at the 
temperatures of 100-500°C and linear heat rating in the range from 0 to 170,0 W/cm (the mean 
rate of heat rating variation of about 6,6 W/(cm⋅min)). Pin models with the gas-filled gap of 0,14 
mm were used for the testing. The modified fuel pellets of UO2+0,1% triazole (Fig.5a) were 
tested in the time interval of 40 cycles. Disassembling of the pin models after the testing showed 
that all pellets kept their shapes during thermal cycling through some pellets cracked into two 
pieces (Fig.5b). It was found that the diameter of cladding cyclically varied form the values of 
the confidence interval (Fig.6a) to the values out of the confidence interval (Fig.8b) and back.  

A different behavior during testing at the same temperatures was observed for the fuel 
pellets (Fig.5c) fabricated from UO2 powder fabricated by the method of dry conversion in OAO 
«MSZ». Two times the sensor registered breaks of a pellet after the first cycle of testing at the 
heat rating of 170 W/cm. We had to disassemble the set-up to remove the broken pellets. We 
experienced difficulties when removing the broken pellets from those models. The pellets were 
removed with the help of impacts. Fig.5d represents a photo of a broken pellet. The breaks along 
and across the pellet can be observed. 

The enhanced thermal conductivity and thermal stability allow the modified fuel to attain a 
deeper burn-up and to provide more safety during reactor power maneuvering. Final conclusion 
on reliability of the modified fuels will be formulated upon completion of the in-core reactor 
testing. 
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1.6. High-temperature tests UO2 fuel pellets  
 
Restructuring of the uranium dioxide is in the fuel core of the UO2 fuel element rod for the 

reactors under the influence of neutron irradiation and radial heat flow. Macro-
and microstructural changes in UO2 depend on the mode of irradiation :neutron fluence, burn-
up, temperature level, the temperature gradient along the radius of the fuel, the irradiation time, 
etc. The recrystallization of the material, its total or partial melting and mass transfer in radial 
and axial directions can be under the influence of these factors. All or part of these 
processes can be, depending on the mode of irradiation. As a result, several characteristic 
zones with different structures formed in the radial direction. The boundaries of the formation 
of zones correspond to the radial temperature distribution: 
- peripheral zone, adjacent to the cladding, have almost the original structure, 
- zone of equiaxed grains, it is limited temperature 1700-1800 º C, 
- zone melting at temperatures above the melting point of uranium dioxide core center. 

The laboratory tests of UO2 pellets, manufactured by the aqueous standard technology and 
nanotechnology  were carried out at elevated temperatures and the presence of a temperature 
gradient. Condition and results of testing the fuel pellets are presented in Table. 3. The heat flux 
was 118 W/cm, the testing of about 100 h. 

 
Table 3. Results of testing UO2  
 

Parameters Standard fuel pellets Modified fuel pellets 
Heat flux 118 Wt/cm 118 Wt/cm 

Temperature of the 
external surface of the pellet 1500 °С 1500 °С 

Temperature of the 
inner surface of the pellet  1900 °С 1720 °С 

State of fuel pellets 
Pellets disintegrated into 
factions and height in the 

radial direction 

Pellets were 
destroyed in three parts along 

the height. The outer 
surface has retained a metallic 

luster 

The change in transverse 
sections of grains 

Grains are larger and 
more elongated 

Grains are slightly larger, 
but not stretched (size ~ 3 

times lower than in the 
standard fuel) 

The change of 
longitudinal thin sections of 

grains 

Grains are larger and 
more elongated 

Part of the grains are larger 
and more elongated only on 
the surface adjacent to the 

heater 
The layer of elongated grains 1200 µm 600 µm  

Grain size changing of the 
center to the periphery of 

pellets 
8-12 µm → 50-70 µm 8-12 µm → 15-20 µm 

 
Temperature external surfaces of the fuel pellets were maintained to 1500 ° C. The 

temperature of the inner surfaces of the standard and modified fuel pellets were 
respectively 1900 and 1720 ° C. Photos of the fuel structure after the tests are shown in Fig. 7. A 
layer of elongated equiaxed grains on the inner surface of the standard and modified pellets  was 
respectively 1200 and 600 µm near the heater. The grain size in the 
standard and modified fuel increase to 50-70 µm (3-4 times higher than the original), and ~ 20-
25 µm respectively. The grain size remained almost unchanged in the modified fuel. 
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Results of high-temperature tests showed that the modified fuel UO2 has a lower 
temperature gradient. In this case, a layer of elongated equiaxed grains at high 
temperatures in two times less than in the standard fuel, and grain size in the central 
and peripheral regions is almost unchanged.  
  

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 7. Photos of structure of standard (a) and modified (b) pellets UO2  
after high-temperature tests    

 

Conclusion 
1. The technologies for fabrication of modified pellets UO2 have been developed. The 

technology provides the enhancement of thermal conductivity, crack resistance and 
mechanical strength. The enhanced thermal conductivity and thermal stability allow the 
modified fuel to attain a deeper burn-up and to provide more safety during reactor power 
maneuvering. 

2. The improved properties of the pellets have been attained with the help of a nanotechnology 
(precipitation with no additives and co-precipitation with additives) and a technology based 
on addition of ammonium-containing reactants to the standard powders. 

3. In the modified fuel, the metal-metal chemical bonds, attributed to metal nanoclusters, and 
the dominating fraction of nanopores have been found. A lower swelling of the modified fuel 
under irradiation is expected because of a compensation effect of the surface tension on the 
fission-product-gas pressure. 

4. Results of high-temperature tests showed that the modified fuel UO2 has a lower temperature 
gradient. In this case, a layer of elongated equiaxed grains at high temperatures in two times 
less than in the standard fuel, and grain size in the central and peripheral regions is almost 
unchanged.  

5. In January, 2011, in-core long tests of modified UO2 fuel pin were started in the BOR-60 
reactor. Final conclusion on reliability of the modified fuels will be formulated upon 
completion of the in-core reactor testing. 
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