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ABSTRACT  
The novel type of VVER-1000 fuel has been designed at A.A. Bochvar Institute. Instead of VVER-
1000 UO2 pelletized fuel rod we apply dispersion type fuel element with uniformly distributed high 
uranium content granules of U9Mo, U5Nb5Zr, U3Si alloys metallurgically bonded between 
themselves and to cladding by a specially developed Zr-base matrix alloy. The fuel meat retains a 
controllable porosity to accommodate fuel swelling. The optimal volume ratios between the 
components are: 64% fuel, 18% matrix, 18% pores. Properties of novel materials as well as fuel 
compositions on their base have been investigated. Method of fuel elements fabrication by capillary 
impregnation has been developed. The primary advantages of novel fuel are high uranium content 
(more than 15% in comparison with the standard UO2 pelletized fuel rod), low temperature of fuel 
(<5000C, cold fuel), the extension of burnup (100 GW*d/tU) and serviceability under transient 
conditions.  
The use of the novel fuel might lead to natural uranium saving and reduced amounts of spent fuel as 
well as to optimization of Nuclear Plant operation conditions and improvements of their operation 
reliability and safety. As a result the economic efficiency shall increase and the cost of electric 
power shall degrease. 
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1. Introduction 
 

The requirements to advanced fuel for WWER include the increase in uranium content of the fuel, 
lower temperatures in the fuel element centre, the extension of the burnup and the serviceability of 
fuel elements operating under transient conditions. Currently used pelletized type fuel element with 
UO2 shows satisfactory behavior but possibilities its improving is practically exhausted. We cannot 
reach higher uranium density and thermal conductivity without substitution of uranium dioxide for 
another fuel as well as raise the workability in transients without metallurgical bonding of fuel with 
cladding. At the same time more promising way in improving fuel for WWER lies in application of 
the dispersion type fuel elements with high uranium content fuel (U9Mo, U5Nb5Zr, U3Si) in Zr 
alloy matrix. Volume fraction of fuel particles should be 60-65%. In this case the uranium content 
reaches 10 g/cm3, the maximum fuel temperature is not higher than 5000C and metallurgical 
bonding fuel with cladding makes fuel elements serviceable in transients. The advantages of this 
approach are illustrated in fig. 1 [1-2]. 
Dispersion type fuel element with high uranium content can be produced by well-known 
impregnation technology, when molten matrix filling the inner space of a fuel element with fuel 
granules arranged inside it. Therefore, as applied to this technology, novel matrix alloys on the basis 
of zirconium, the melting temperature of which is 1860 °C, had to be designed with relatively low 
melting temperatures (up to 900 °C) as well as the impregnation process had to be updated with 
account for the novel matrix alloys and the high uranium content fuel. 

 
2. Characterization of Zr matrix alloys  
 
The accomplished investigations resulted in developing novel zirconium alloys of several classes 
[1-3]. They are deep ternary or quaternary eutectics having relatively low melting point in 
comparison with pure zirconium, i. e. from 690 to 860 °C. The alloy compositions, the temperatures 
of melting and impregnation (brazing) are summarized in Table 1, microstructures in Fig. 2, and 
properties in Table 2. [3-4]. 
Alloys feature high corrosion resistance to water and steam superheated to 550 °С, which is 
inherent in zirconium alloys. Due to large volume fraction of intermetallic phases in the structure, 
alloys have high tensile strength at operating temperatures, that provides high mechanical properties 
of fuel itself. 
Due to low melting temperatures the alloys were not fabricated by arc melting like conventional 
zirconium alloys, but by induction melting in graphite or ZrO2 crucibles. The temperature of the 
melting process did not exceed 1300 °С since higher melting components gradually dissolved in 
low melting eutectics that formed at the onset of melting. At these temperatures no reaction with the 
crucible materials took place. The appearance of the alloy ingots cast is illustrated in Fig. 3a. The 
maximal ingot mass was 15 kg [3].  
Novel zirconium based matrix alloys feature high capillary properties and after melting fills not 
only small gaps, but also the sites where no gap was available. Thanks to this fuel element 
fabrication impregnation technology was improved. 
 
3. Fuel element fabrication technology 
 
Basing on the capillary properties of the novel zirconium matrix alloys both the fuel composition 
fabrication process and the structure of the high uranium content fuel compositions were updated. 
Instead of impregnating the internal space of a fuel element with molten Zr alloy, in the novel 
process fuel and matrix granules are loaded into the fuel cladding and then heated to a temperature 
50°C higher than the melting temperature of the matrix alloy (fig. 4) [1, 2, 4, 5]. Matrix melts down 
and under capillary forces moves into gaps between the fuel components to form metallurgical 
bonds. After capillary impregnation the melting temperature of Zr matrix alloys increases over 200 
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– 3000C as its compositions alters due to the ingress of Zr from cladding and U from the fuel, that 
increases fuel element serviceability in emergency conditions. 
 

The optimal volume ratios of fuel components for WWER are:  
The fuel                     up to 65%  
The matrix     from 15 to 20% 
The pores    from 16 to 20% 

 
It should be mentioned that that the volume content of pores is controlled by fuel and matrix sizes 
during vibroloading and we strictly received needed porosity. Loaded into cladding coarse fuel 
granules form a skeleton and fine matrix granules arranged inside it. This inhibits the fuel column 
shrinkage during subsequent annealing and promotes the uniform fuel distribution along the fuel 
element length.  
Fig. 5 illustrates the structures of fuel composition with U-9Mo fuel. It is clearly seen the 
availability of metallurgical bonding between components of fuel composition which increase the 
thermal conductivity of the fuel component. 
The appearance of the specimens of fuel to be out of-pile tested and intended for VVER-1000 is 
shown in Fig. 6. 
The anneal carried out in the capillary impregnation process results in some structural changes of 
the zirconium alloy cladding, i. e. the formation of elongated α-zirconium grains separated by β-
zirconium interlayers. After stabilization anneal at 580 °C for 3 h the structure of the alloys recovers 
its initial phase state. The accelerated corrosion tests carried out in steam at 400 °C did not reveal 
any difference in the corrosion behavior of the zirconium cladding after the capillary impregnation. 
After a 5 year in-pile test to the burnup of 40000 MW⋅d/tU no changes in the cladding corrosion 
behavior of the RBMK type fuels with UO2 + Zr-6.4Fe-2.5Be dispersion composition were 
observed. 
In the future via improving the process of the fuel element fabrication (application of induction 
heating in capillary impregnation) the thermal effect on the cladding shall be much reduced. 
 
4. Properties of Fuel Compositions 
 
Owing to the low melting point of zirconium matrix alloys the fuel compositions were produced by 
impregnation as well as by capillary impregnation technologies.  
Some properties of the fuel compositions are tabulated in Table 3. 
In the fuel elements the volume fraction of the fuel is 61-65 %. Hence, with the use of high uranium 
content fuel, e.g., U-9Mo alloy, the uranium content reaches 9.5-10.0 g⋅cm-3. Experimentally 
determined by flow heat method thermal conductivity of the fuel compositions was 18-22 W m-1 K-1 
at 500°C and 22 % porosity, which combines with the metallurgical bond with the cladding is 
available, ensures the low operating temperature in the fuel element centre (cold fuel). Fuel 
compositions due to Zr alloy matrix show high corrosion resistance. Aqueous corrosion rate at 
350 °С is 0.02-0.04 g⋅m-2⋅h-1.  
At the expense of the tight diffusion bond to the zirconium cladding and the unavailability of brittle 
intermetallic compounds at the cladding – fuel interface (Fig. 2c) the specimens of the fuels have 
demonstrated the high stability under thermal cycles (more than 300 cycles of thermal shock: 
heating to 500°C – cooling in water), which promotes serviceability of fuels in transient conditions. 

Since zirconium forms the base of the matrix alloys the alloys are compatible with the high uranium 
content fuel both upon fabricating fuel elements and after long-term isothermal anneals of fuel 
compositions at 750 °С for 6000 hours (Fig. 7 a). 
 
 
Accident conditions. As it was mentioned above, after fuel element fabrication the melting 
temperature of the Zr matrix alloys increases over 200-300 degrees as its composition alters due to 
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the ingress of Zr from cladding and U from the fuel. Since the zirconium matrix alloys are deep 
ternary and quaternary eutectics any change in the alloy composition leads to a drastic rise of its 
melting temperature. As a result the alloy melting temperature increases, the alloy solidifies and the 
further interaction stops. At the initial stage of heating capillary forces inhibit the matrix alloy 
migration within the fuel element. This was confirmed by annealing a fuel element at 10000C for 30 
minutes without any changes in fuel dimensions and structure (fig 7 b, c). Moreover, the maximum 
operating temperatures of dispersion type fuel is in a range of 380-500 0C, that is why the accident 
scenario for this type of fuel is less severe due to the lower quantity of stored heat in comparison 
with pelletized UO2 fuel.  
 
In-pile tests. Novel fuel in the form of fuel elements as well as fuel compositions was successfully 
in-pile tested in various types of reactors and irradiation conditions [3, 6]. 
The UO2, U5Nb5Zr and U3Si fuel compositions clad in zirconium alloy E110 within liquid sodium 
containing ampoules have been successfully in-pile tested at the fuel composition temperatures of 
250-500 °C up to the burnup of 0.8, 0.5 and 0.4 g-fiss/cm3 respectively (100, 67 and 53 MWd/kgU 
as recalculated for the standard UO2 pelletized fuel rod), without any indications of loss of tightness 
or shape changes (fig. 8) [6]. In this case the heat flux from the surface made up 2.0, 1.3 and 1.0 
MW⋅m-2⋅K-1, respectively. 
RBMK type dispersion UO2 fuel elements clad in E110 alloy 13.6 mm in the diameter and 1000 
mm long with Zr-Fe-Be and Zr-Fe-Be-Cu alloy matrix were tested in the AM reactor (Obninsk) 
under the RBMK operating conditions (the water temperature of 280 °C, the heat flux from surface 
of 1.0 MW⋅m-2⋅K-1). The cycle was 5 years, the maximal burnup was 0.4 g-fiss⋅cm-3. The fuels 
retained the integrity. After irradiation neither the structure no the fuel composition volume 
changed.  
VVER-440 type dispersion UO2 fuel elements clad in E110 alloy 9.1 mm in the diameter and 
Zr-Fe-Be alloy matrices were tested in MIR reactor (Dimitrovgrad) under the VVER-440 operating 
conditions (linear heat generation rate of 325 W/cm, coolant temperature of 270 °C, coolant 
pressure of 12.5 MPa). The maximal temperature in the fuel element centre made up 442 °C. The 
achieved burnup was 0.45 g-fiss⋅cm-3 which as recalculated for the standard UO2 pelletized fuel rod 
corresponds to 60 MWd/kgU.  
Thus, the preliminary in-pile tests of the fuels and the fuel compositions with zirconium matrix 
alloys have demonstrated their applicability in water reactors of various types. 
 
5. Advantages of novel MetMet Fuel for their application in WWER  
 
Novel fuel elements fabricated by the capillary impregnation method are dispersion type fuels 
having specific features, viz., high serviceability, transient conditions included, reliability, 
feasibility of extending burnup, high thermal conductivity. Some extra specific properties of this 
type of fuel elements include compatibility with high uranium content fuel provided by the 
application of zirconium alloy matrices as well as available pores to accommodate swelling.  
Basic advantages of novel fuel for use in VVER-1000 reactors: 
1. High uranium content (9.5 – 10 g/cm3) within fuel element cladding, that is 15% more than the 
uranium content of the standard VVER-1000 fuel rods, which allows the uranium enrichment of 
fuel to be reduced. Further increase in the fuel meat uranium content up to 11 g/cm3 is 
technologically possible.  
2. High thermal conductivity of the fuel composition (18-22 W/m K), which lowers down the 
ultimate fuel temperature to 450-500 °С (cold fuel). 
3.  The porosity of the fuel meat allows the accommodation of swelling up to the burn-up of 1.0 
g.fiss/cm3, which in terms of the standard VVER-1000 fuel rod corresponds to 120 GW*d/tU. 
4. Metallurgical bond between the fuel and the cladding makes fuel elements serviceable under 
transients that leads to optimization of Nuclear Plant operation conditions and improvements of 
their operation reliability and safety.  
5. High resistance to aqueous corrosion at high parameters. 
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These advantages of novel generation fuel might result in the increasing of economic efficiency and 
degrease of the cost of electric power. 
Of particular interest is the use of higher density uranium fuel to improve the neutron-physical 
characteristics and safety of a reactor. In this case the fuel enrichment is reduced while the 
generation of plutonium increases. Generated of Uranium-238 Plutonium-239 involved in the 
process of fission, leads to significant savings of uranium-235, which in the end favourably affects 
the economics of nuclear power. Table 4 summarizes comparative data on variations in fuel 
enrichments as a result of the standard fuel rod replaced by a dispersion one fabricated by the 
capillary impregnation method. 

It is evident from the table that to reach the average burnup of 60 GW*d/tU the enrichment in U-
235 has to be 4.95% for the standard VVER-1000 fuel rod and only 3.8% for the high uranium 
content dispersion fuel element. In terms of the technology it is feasible to further increase the fuel 
meat uranium content up to 11 g/cm3 which will lead to a still larger reduction in uranium-235 
enrichment. 

An extra advantage of using high uranium content fuel is an improvement in the reactor physics. 
Therefore, at extended burnups (more than 50 GW*d/tU) no burnable absorber Gd2O3 is needed in 
fuel. 
 
6. Advancing Fuel Development 
 
6.1 Increasing of uranium density 
For novel type of fuel it is possible to further increase the fuel meat uranium content via increasing 
the volume fraction of fuel granules introduced into a fuel element. This is achievable through a 
partial substitution of matrix granules by fuel ones and a decrease in the fuel meat porosity. In our 
preliminary experiments we have reached 11 g/cm3 and it is not the limit. We may use not only U-
9Mo alloy as fuel, but, for example, U-6Mo alloys for further increasing of uranium density. This 
variant is very promising for CANDU reactors where currently uranium dioxide with natural 
enrichmentis used and fuel burnup is usually not high, viz., 10-15 MW•d/kgU. An increase in the 
uranium content of the fuel meat of fuels fabricated by capillary impregnation method may 
substantially prolong the cycle and reduce the specific consumption of uranium per unit of 
generated electric power. 
 
6.2. Annular type fuel with high power density 
Massachusetts Institute of technology in cooperation with Westinghouse for PWR reactors 
proposed the design of annular fuel with high power density [7]. This design of annular fuel with 
internal and external cooling allows significant large power upgrades (up to 50%) and significantly 
lower temperature of fuel. It has a smaller number of rods (13x13) but maintains the outside 
assembly dimensions of the 17x17 conventional PWR (fig. 9). But at the same time 2 imperfections 
delay the application of new design in PWRs. First – a slight reducing of uranium density in core, 
second – difficulties in introducing annular dioxide uranium pellets into zirconium cladding.  
With the use of proposed METMET fuel these imperfections may be overcome and VVER-1000 
reactor shall produce energy power as VVER-1500. 
 
6.3. U-PuO2 type fuel instead of MOX 
On the base of novel fuel with U9Mo and Zr matrix alloys, fabricated by capillary impregnation 
technology we proposed an alternative to MOX fuel. In our design practical ready METMET fuel 
element with higher open porosity of 25-30% (we can regulate porosity by sizes of fuel and matrix 
granules – fig 10) is vibroloaded by PuO2 powder produced by pyrochemical or other method. 
Metallurgically bonded with cladding uranium fuel makes a skeleton, this provides high thermal 
conductivity of such mixed fuel. In this option the dust forming technological operations minimized 
and all benefits of dispersion type fuel (high uranium density, low fuel temperature – cold fuel, 
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workability in transients, high burn-ups) will remain. It is one of the options of closing fuel cycle 
and in this case there will be no necessity to built MOX fabricating Plants. 
 
7. Conclusion 
The novel type of VVER-1000 fuel has been designed at A.A. Bochvar Institute. Instead of VVER-
1000 UO2 pelletized fuel rod we apply dispersion type fuel element with uniformly distributed high 
uranium content granules of U9Mo, U5Nb5Zr, U3Si alloys metallurgically bonded between 
themselves and to cladding by a specially developed Zr-base matrix alloy. The fuel meat retains a 
controllable porosity to accommodate fuel swelling. The optimal volume ratios between the 
components are: 64% fuel, 18% matrix, 18% pores. Properties of novel materials as well as fuel 
compositions on their base have been investigated. Method of fuel elements fabrication by capillary 
impregnation has been developed. The primary advantages of novel fuel are high uranium content 
(more than 15% in comparison with the standard UO2 pelletized fuel rod), low temperature of fuel 
(<5000C, cold fuel), the extension of burnup (100 GW*d/tU) and serviceability under transient 
conditions.  
The use of the novel fuel might lead to natural uranium saving and reduced amounts of spent fuel as 
well as to optimization of Nuclear Plant operation conditions and improvements of their operation 
reliability and safety. As a result the economic efficiency shall increase and the cost of electric 
power shall degrease. 
The feasibility is demonstrated on the novel METMET fuel base to use U-PuO2 fuel (an analog of 
MOX) fabricated by environmentally clean technology with improved fuel characteristics, which 
lead to nuclear fuel cycle closing. 
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Uranium density 
8.3-8.5 g/cm3 (10.5 pellets density)    >10 g/cm3  
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a b c 
 

Fig. 1. Schematic presentation of (a) pelletized and (b) dispersion fuel element, and (c) its 
fabrication via impregnation [1-3]. The arrows show the motion direction of the molten matrix alloy 

in the fuel element fabrication process 
 

 
Alloy composition (wt%) Number 

of group Zr Ti Fe Cu Be Nb Melting T (°С) Impregnation T (°С) 

1 Base 5-20 4-7 1-3 1.5-2.5 - 690-720 780-810 
2 Base - 4-8 0.5-3.0 2-3 1-3 780-810 850-870 
3 Base 5-10 8-14 8-14 - - 810-820 880-900 
4 Base - 6-12 6-12 - - 850-860 900-910 

Tab 1: Alloy compositions, melting and impregnation temperatures (T)  
 

  
a b c 

Fig. 2. Microstructures of alloys of systems: (a) Zr-9.7Fe-9.2Cu, (b) Zr-6.3Fe-2.4Be and (c) 
bonding with Zr cladding 
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Density, g/cm3 6.1-6.3 
Temperature coefficient of linear expansion (100-500 °С),  9-11×10-6 K-1 

Aqueous corrosion rate at 350 °С, g⋅m⋅2⋅h-1 0.002-0.004 
Steam corrosion rate at 550 °С, g⋅m-2⋅h-1 0.2-0.5 

100 °С 300 °С 500 °С Thermal conductivity, W⋅m-1⋅K-1 12-13 16-18 22-26 
100 °С 300 °С 500 °С Compression strength, σв, MPa 700 650 500 

Tab 2: Properties of Zr-6.4Fe-2.5Be alloy 

 
 

 
 

 

  

a b  
 

Fig. 3. Appearance of ingots (a) and granules (b) of Zr-Fe-Cu alloy, and amorphous strips of Zr-Ti-
Fe-Cu-Be alloy 

 
 

 

 
Fig. 4. Schematic cross-section representation of fuel element fabricated by capillary impregnation 
method; (a) as vibroloaded; (b) as capillary impregnated 
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a 

                      
  b     c     d 

 
Fig. 5. Appearance of uncladded fuel composition with 25 % porosity (U-9Mo + Zr-Fe-Cu) (a); 
microstructure of (U9Mo + Zr8Fe8Cu) fuel composition (b); fractogram of fuel element fracture 
18% porosity (c); macrostructure of fuel composition 22% porosity (d)  
 
 

 

 
 

Fig. 6. Appearance of fuel elements produced by capillary impregnation method  
 
 
 

Fuel composition 

Volume 
fraction 
of fuel, 

% 

U 
density
, g⋅cm-3 

Porosity of 
meat, % 

Thermal conductivity 
at 500 °С, 
W⋅m-1⋅К-1 

Interaction layer after 
annealing at 750 °С for 

6000 h, µm 

UO2+(Zr-6.2Fe-2.4Be) 

(U5Nb5Zr)+(Zr-6.2Fe-2.4Be) 

U3Si+(Zr-6.2Fe-2.4Be) 

U9Mo+(Zr-6.2Fe-2.4Be) 

(U5Nb5Zr)+(Zr-10Fe-10Cu) 

U9Mo+(Zr-8Fe-8Cu) 

U9Mo+(Zr-10Fe-10Cu) 

U9Mo+(Zr-9Fe-9Cu) 

65 

61 

61 

64 

63 

64.5 

64 

71.0 

6.0 

8.8 

8.7 

10.0 

9.0 

10 

9.9 

11 

0-3 

0-3 

0-3 

0-3 

22 

18 

16 

16 

12 

20 

23 

26 

19.3 

22.3 

22.5 

- 

25 

10 

10 

10 

- 

- 

- 

- 

Tab 3: Properties of Fuel Compositions  
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а b c 
Fig. 7. Microstructure of isothermally annealed (750 °С - 6000 h) U3Si + Zr-6.3Fe-2.4Be-1.1Cu 

fuel composition (a); and U9Mo + Zr8Fe8Cu fuel rod 30 min annealed at 1000 °С (b, c) [4] 
 
 

 
a b 

Fig. 8. Structures of irradiated high uranium content dispersion fuels in zirconium alloy matrix; (a) 
U5Nb5Zr (burnup of 0.5 g-fiss/cm3), (b) U3Si (burnup of 0.4 g-fiss/cm3) [6]. 
 
 
 

Mean burnup, GW*d/tU  
50 60 75 90 120 

 

Standard VVER-
1000 fuel rod (8.3-
8.5 g/cm3 of U 
under the cladding – 
10.5 g/cm3 UO2 
pellets density) 

4.4 4.95 - -   

Dispersion fuel 
element (10 g/cm3 
of U) 

3.4 3.8 4.3 4.80 - 

U-235 
enrichment, 
% 

Dispersion fuel 
element (11 g/cm3 
of U) 

3.0 3.3 3.8 4.2 4.95 

Serviceability 
in transients 

 
Cold fuel 

Table 4 
Uranium-235 enrichment of the standard VVER-1000 fuel rod and of dispersion higher uranium 

density fuel element at various burnups 
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Fig. 9. Schematic of solid and internally and externally cooled annular fuel, and 13x13 fuel 
assembly (instead of 17x17) [7] 
 
 
Fabricating of blank fuel element – environmentally 

clean technology) 
Final stage of  U238 – PuO2 fuel 

element fabrication 
a) Loading of mixed 

U238 fuel and Zr matrix 
alloy granules 

 

b) Heating (capillary 
impregnation) of fuel  

(with formation of U238 skeleton) 
prior to PuO2 vibroloading through 

pores of skeleton 

 

c) PuO2 loading into blank fuel 
element – finished fuel element 

 

 

 
 

 
 
 
 
 
 
 
 
Half produced fuel element (U238 fuel) with open porosity prior to 

PuO2 vibroloading 
 Blank fuel element 

 
 

Macrostructure of fabricated fuel 
element 

(PuO2 in pores is shown schematically) 
 
Fig. 10. U-PuO2 type fuel instead of MOX and stages of fabrication 
 
 

Pulling fuel 
through heater 


