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ABSTRACT 
The analysis of the work to license U-Mo dispersion fuel that has been carried out by 
program RERTR shows that at high burnups the U-Mo particles interacts with an Al matrix 
to form porosity in the central areas of the fuel meat. 
This results leads to change the loading of cladding due to the formation of long-length 
defects in the fuel meat. As a result, the pressure of gases leads to a larger shape change 
(pillowing) of fuels and in some instances to their failure. 
The paper presents the results of modeling pillowing process proceeding in Russia’s 
research reactor fuels of different types (tubular and rod fuels) that is effected by the 
accumulation and pressure of fission gas in meat porosity. The problem has been resolved 
in the viscous-plasticity statement using the program MARC for finite element analysis. 
The behavior of fission gas (FG) in open porosity has been analyzed to reveal the influence 
of the fuel design on their resistance to the pressure of FG. 

 
 

1. Introduction 
 

When switching the reactors to LEU fuel the basic option is the use of U-Mo dispersion fuel [1]. As 
applied to the research reactors produced in Russia two types of U-Mo fuel are under development: 
 
1) standard design – tubular type having fuel loading up to 5.4 g U/cm3 [2];  
2) novel design – rod type fuel having fuel loading up to 6.0 g U /cm3 [1,3,4]. 
 
At the present moment in Russia the first results have been received of in-pile testing U-Mo dispersion 
fuel having fuel loading of 5.4 g U/cm3 in experimental fuel elements (FE) of the IVV-2М tubular 
type at the average burn-ups of ∼40 % and ∼60 % [2,5]. The MIR tests have been completed that used 
U-Mo dispersion fuel of fuel loading from 4 to 6 g U/cm3 in the minirods of the rod type [4]. The 
average burn-up in the minirods made up 40-60 %. The post-irradiation examinations (PIE) have been 
launched. The results of PIE are planned to be available in mid 2005. 

 
2. Statement of problem 
 
The PIE results on the tubular type fuel have revealed the following [2,5]. The fuels of 40 % burn-up 
are in a good condition, the U-Mo/Al interaction is moderate (maximally ~ 4 μm), no porosity within 
the matrix or U-Mo/Al interaction material are observable.  
The fuels of 60 % burn-up demonstrate a stronger U-Mo/Al interaction (maximally ~ 10-12 μm) to 
form a damaged fuel layer (meat porosity merge to form a single large crack) in the central areas of the 
meat at the maximal fuel burn-up. In the end this results in a stronger shape change in the form of 
pillowing at the outer and inner cladding. 
Similar behaviors of fuel were observable in the tests and investigations of U-Mo fuel in USA and 
France [6-8]. The kinetics of thickness increase of the plates [6,7] evidences that pillowing form 
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during rather a short period of time that is much shorter than the duration of fuel life. Preceding from 
this the pillowing are more likely to have a short-time plasticity character. 
Their formation might be effected by: either by breakaway release of FG into a crack-like defect in the 
centre of a meat, or by a drastic change in the boundary condition of loading, viz., the merging of 
several crack-like defects to form a single large crack. 

Analysis of the results of PIE of IVV-2М tubular fuel lead to the following conclusions: 
- taking into account that the fuel elements revealed big pillowing (the maximal fuel thickness 

increases made up 180 to 250 %) the second mechanism of pillowing is most likely; 
- the maximal release of FG into the porosity amounts to ~ 50 % (in other words, all the gases 

available in the interaction layer and the matrix); 
- as calculated to the fuel porosity at the initial period of pillowing the FG pressure is 6-10 MPa, 

which is about 7-12 times higher than the pressure in the final period of pillowing. 
 

3. Results of calculations 
 
Based on the results of studying the U-Mo fuel [2-5] the modelling of the pillowing process in the 
tubular fuels tested in the IVV-2М reactor was carried out. 

The elastic-viscous-plasticity straining problem was solved in the statement of the generalized plane 
deformation using the finite-element complex MARC [9]. 
The calculations were implemented for the internal fuel element of the IVV-2М fuel assembly (FA) in 
which the maximal pillowing of ~ 1 mm was observable. The design, materials and fuel element (FE) 
testing conditions are illustrated in fig. 1 and summarized in table 1 [2,5]. The properties of the 
materials were assumed based on the data given in [5,10,11]. 
 

       Table 1. FE Basic Characteristics  
 

Characteristics Value 
Cladding CAB-1 alloy 
Fuel meat U-Mo +Al powder ПА4 
External dimension, mm 35,9 
Cladding thickness, mm 0,375 
Fuel thickness, mm 1,35 

U235 enrichment, % 36 
Fuel loading, g U/cm3 5,4 

 U-Mo volume fraction, % 32 
Fig. 1. Design of IVV-2М FE 
 

 
The schema of loading is given in fig. 2. 
 
The following tolerances were assumed for the calculations: 

1) The length of damaged fuel layer was assumed equal to 15 mm based on PIE (fig. 2); 
2) The defect was described by the cavity (crack) the sizes of which corresponded to the 

damaged area of the fuel meat observable in PIE; 
3) The pillowing proceeded at the end of life (EOL, ~ 3600 hours) with the gas releases and, 

correspondingly, the pressure growth occurring during several minutes or hours; thus, the 
elastic-viscous-plasticity clad straining was modeled at EOL. 

As a result of approximation calculations series the equilibrium pressure of gases in a pillowing the 
size of which corresponded to the PIE was determined. 
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The results of the calculations are presented in fig. 3,4,5. Fig. 3 shows the calculated strained FE 
cross-section for the maximal height of a pillowing (1 mm). The calculations results are in good 
agreement with the results of PIE (in terms of the pressure in a cavity), which confirms the conclusion 
on the significant release of fission gas into meat porosity (up to the complete release of FG available 
in the interaction layers and the matrix). 
 

 

Fig. 2. Schema of loading. Fig. 3. Strained FE cross-section. 
 
 
Fig. 4 shows the dependence of a pillowing height (approximately half fuel thickness increases) upon 
the pressure of gases in the fuel cavity. Based on this dependence the “critical” gas pressure might be 
found from which a noticeable shape change (~ 0.135 mm or 20 %) begins. For the considered cavity 
length of 15 mm this value is ~ 0.8 MPa. 
Fig. 5 shows the “critical” gas pressure VS the cavity length. Data demonstrate the substantial 
dependence of the “critical” gas pressure upon the defect size. This evidences that the pillowing of 
short length cavities (< 5 mm) is impossible which is in good agreement with the results of PIE (two 
different experimental FE had pillowing of about the same lengths ~ 25 mm in the axial direction and 
~ 15 mm in the transverse one). 
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Fig. 4. Pillowing height VS gas pressure  Fig. 5. “Critical” gas pressure VS cavities length 

 

Thus, the small size cavities are capable of withstanding the high pressures of gases without 
substantial plasticity strains or pillowing. 
To access the influence effected by the design of a fuel element on its shape changes under 
irradiation rod type fuels tested in MIR were considered. 
The problem was solved using the complex MARC in the same statement as was used for tubular 
fuels. The fuel rod materials and design are presented in fig.6 and table 2 [4]. 
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Table 2. FE Basic Characteristics. 
 

Characteristics Value 
Cladding Al alloy CAB-1 

Fuel meat UMo+Al powders 
ПА3/ПА4 

U235 enrichment, % 19,7% 
Fuel loading, g U/cm3 6 
U-Mo volume fraction, % 34 – 38  

Fig. 6. Fuel rod design    
 
The following tolerances were assumed for the calculations: 
1.  In fuel meat shall be subjected to the same damage as the tubular FE to form porosity; 
2.  The damage size was assumed to be identical to the one in the tubular FE; the minimal residual 

thickness of the undamaged area of fuel rod (cladding + fuel meat) proved to equal 0.8 mm. 
3.  The maximal gas pressure was assumed to be 12.5 MPa, which corresponds to the complete 

release of FG, by the interaction layer and the matrix at higher temperatures of fuel (in 
comparison of tubular). 

 
The results of the calculations are presented in fig. 7,8. Fig. 7 shows the strained FE cross-section. 
Fig. 8 shows the fuel rod thickness increases VS the pressure of gases in the damage fuel meat. 
The acquired results evidence that the fuel rod is not subject to so high strains as were observable 
in the tubular FE. The maximal FE thickness increases is 2.5 % and is governed by the joint 
effects at fuel swelling and gas pressure. Substantial shape changes (>10 %) might occur only 
with the pressure rise to 65 MPa, which is impracticable. This is also confirmed by the results of 
the HANARO (KAERI) irradiation of similar fuel rods in which the maximal variation in the 
diameter did not exceed 7.5 % under conditions of much higher thermal fluxes and the 
temperatures of the fuel [12]. 
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4. Discussion 
 
Based on the analysis of the results of PIE and calculations the likely mechanism of pillowing in fuel 
elements of the plate and tubular types might be presented as follows. 
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After the “critical” burnup (or after “the critical” magnitude U-Mo/Al interaction layer is reached) 
there occurs an accelerated process of fuel damaging due to multiple small size crack–like cavities 
(combined porosity), FG releases and a growing gas pressure within cavities. The results of the 
calculations show that until the cavities have small sizes they are capable of withstanding high 
pressure of FG without any substantial strains or pillowing. 
 
With a further evolution of damages of fuel the small size cavities combine to form a single large 
crack (this process is more likely to proceed in the ramp–like way to break down the links between 
small-size cavities) and the FG pressure (that was not critical for “small” cavities) becomes “critical”. 
According to the assessments its value might be several times higher than the equilibrium “critical” 
value. 
 
An “instantaneous” plasticity straining (pillowing) of a cavity proceeds until due to the volume 
increase the FG pressure is lowered down to the equilibrium “critical” value. If the duration are 
continued the pillowing dimension might grow further on (but at a slow rate) at the expense of an extra 
release of FG and a pressure increase within a crack–like cavity. 

 
The magnitude of a pillowing is mainly governed by the length of a damaged fuel meat area and the 
quantity of FG released by the interaction layer and the matrix into the porosity. 
Thus, the pillowing of tubular and plate FE takes place due to the large length of damaged fuel meat 
and a low rigidity of a FE design. 
 
The results of the calculations evidence that those processes are impracticable in the rod type FE due 
to the limited dimensions of the cross section and the substantially higher “rigidity” of the fuel rod 
design. The process of the fuel particle–matrix interaction in a fuel rod might lead to higher fuel 
swelling without any local “pillowing” which is confirmed by the results of the in-pile tests [12]. The 
assessment of the actual fuel swelling in fuel rods will be made using the results of PIE of the fuels 
tested in MIR to the average burnup of ~ 60 %. 

 
5. Conclusion 
 
Based on analyzing the results of the durations and PIE of dispersion plate and tubular U-Mo+Al FE 
the calculation modeling was carried out pertaining to the straining processes in fuel elements of the of 
the tubular and rod types intended for use in research reactors of Russia. 

 
The results allowed the assumption of the mechanism of pillowing in tubular and plate fuels. 
 
The main factors were determined that influence the pillowing process, viz., length of damaged fuel 
meat and low rigidity of fuel element design. 
 
It is shown that in comparison to plate and tubular FE the rod type FE features a higher resistance to 
FG pressure. This is primarily due to the design FE as well as to the higher “rigidity”. 
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