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ABSTRACT 
Post-reactor investigations of (U-Mo) fuel pins irradiated in the IVV-2M reactor have 
allowed to determine: the change in a fuel pin volume; the dimensions and the kind of 
the local deformation of fuel pin claddings; the amount of gases released under the 
cladding from the fuel composition, the thickness and appearance of the interaction 
layer of between the (U-Mo) particles and aluminium as a matrix material. 
The computational analysis of the stressed-strained state of fuel pins has shown that 
the major contribution to the increase of the fuel pin volume is made by the fuel 
swelling caused by the solid products of fission being formed in the process of 
operation. The emergence of the (U-Mo) fuel–aluminium matrix interaction layers 
around the (U-Mo) particles results in formation and evolution of lamination cavities 
inside the fuel composition under the joint action of the pressure of process gases and 
gaseous fission products. In case of high burn-up a local bulge of a fuel pin cladding 
is being formed in the fuel lamination area caused by the pressure of gases in the 
presence of creep in the fuel pin cladding material. The computational results relating 
to the local strain in a research reactor (U-Mo) fuel pin are in a good accordance with 
the results of the post-reactor investigations.  
 
 

1. Introduction 
 
According to “The Program of Reducing the Enrichment of the Research Reactor Fuels”, in the period 
from November, 2001 to April, 2002 the life-time testing of two combined fuel assemblies (FAs) of 
IVV-2M type (KM 003 and KM 004) was being carried out; each of them contained two experimental 
fuel pins whose fuel, (U-9%Mo)+Al, with uranium enriched by 36% of 235U and had the volumetric 
density of 5.4 g·cm-3. The average burn-ups by 235U achieved in the course of this in-reactor testing 
equaled for the KM 003 and KM 004 FAs 22% and 33%, correspondingly. 
The experimental fuel pins of the KM 003 FA have successfully passed the testing up to the average 
burn-up of 22% by 235U, which, in terms of the fuel with a 19.7% enrichment by the fission fragment 
build-up, equals to a 40%burn-up. According to the outcome of the complex material science 
examinations, the state of the fuel pins and the materials of the components being their members was 
satisfactory. 
The experimental fuel pins of the KM 003 FA whose effective durance of testing was of 152 days 
have achieved an average value of burn-up by 235U equal 33%, which, in terms of the fission fragment 
build-up, is equivalent to a 60% burn-up for a fuel of a 19.7% enrichment by 235U. In the central region 
of the both fuel pins of that FA local deformations in the shape of bulges on the inner and outer fuel 
pin claddings (one for each fuel pin) have been revealed. A certain interaction between the aluminium 
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matrix of the fuel core with its fuel particles of the (U-9%Mo) alloy has also been revealed; its 
maximum value was observed in the centre of each fuel pin, and its relative height above the rest 
surface of the cladding was at a level of 12.5 to 13.0 μm. On the basis of the outcome of post-
irradiation examinations a conclusion has been made that as soon the (U-9%Mo)+Al fuel pins achieve 
a 60% burn-up by 235U, their capabilities become ultimate. 
The results of the post-irradiation examinations, their analysis, and the computational results relating 
to the stressed-strained state (SSS) of irradiated (U-Mo) fuel pins have formed the basis for the 
explanation of causes resulting in the mentioned local deformations of the research reactor (U-Mo) 
fuel pin claddings 
 
2. The results of the post-irradiation fuel pin examinations 
 
A diagram of the fuel pin is presented in Figure 1 [1]. 
Distance between the opposite flats of cladding: for the 
type-dimension #1 (t.-d. #1): ~ 35.9 mm for the type-
dimension #2 (t.-d. #2): ~ 41.6 mm. Maximum 
thickness of outer and inner claddings: for the both fuel 
pin type-dimensions ~ 0.37 mm  
Materials of the both types of fuel pins: cladding:        
an aluminium-based SAV-1 alloy; 
fuel matrix: an aluminium-based PA-4N alloy; 
fuel particles: the (U – 9%Mo) alloy 
Volume fraction of particles in fuel composition: 32%. 
Effective lifetime of fuel pins: τeff = 3650 h. The data on 
the volumetric changes for irradiated fuel pins is 
presented in Table 1. 
 
Table 1 

Mass of a fuel pin, 
g 

Volume of a fuel pin, cm3 Volume 
change  

Type-di-
mension 
of fuel 

pin in air in water 

Temperature
of testing, 

°C after testing before testing cm3 % 

#1 363,25 267,09 21 97,5 94,3 +3,2 3,4 
#2 428,79 315,65 21 113,5 110,1 +3,4 3,1 

 

For the similar fuel pins with a burn-up of 22% of h.a. the values of the volume increase were           
of ~1.5 cm3 and ~1.3 cm3. When inspecting the surface of the both tested fuel pins, on each of them 
has been found one local bulge on the outer cladding. Along with the bulging of the outer claddings, 
the bulges on the inner claddings take place in the same parts of the fuel pins; they are well visible in 
the course of inside light inspection fuel of pins from their ends. The profiles of the bulges  are  
shown  in Figure 2.  The average volume of the bulges was ~0.52 cm3. 
The results of the puncturing a bulge on a 
fuel pin of the first type-dimension have 
shown that the gas pressure under that 
bulge (normalized to T = 273 K, Pblg(273), 
equaled ≅ 5.99 at, whereas the volume of 
the gas released inside the fuel and reduced 
to reference conditions, Vblg(RC), was of 
3.11 ncm3. The measured data related to the 
activity of gas samples, as well as the ratio 
of isotopes according to the results of mass-
spectrometric measurements, have shown  
that  the  volume  of  the  GFP  released  
into  the  free  volume  of  the bulge  

Claddings

Fuel 
composition 

Figure 2. The profiles of bulges on the fuel pins      
of the #1 and #2 type-dimensions (t.-d.)  

• - t.-d. #2;        - t.-d. #1 
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Figure 1. The design of the RR fuel pin 
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equaled   ~2.62 cm3. Thus ~0.5 cm3 is a share of gases of non-radiation origin. 
The results of the metallographic examinations have shown: 
• The claddings of the fuel pins in the area of the bulge formation and in the adjacent sections have 
a strong diffusive bond with their fuel cores.  
• No peeling of fuel pin claddings from fuel cores has been revealed. 
The formation of the bulges and their subsequent growth are going forward with the rupture of the fuel 
core in its central sections. The rupture of the fuel core goes along the line of contact between the 
interaction zones and the aluminium 
matrix, see Figure 3. 
The  ruptures  in  the fuel  core,     
0.3 to 1.2  mm long, were revealed 
practically  on all other sides of the 
both fuel pins at a distance              
of ~215  to 250 mm  from the bottom  
of the fuel pins,  that is to say, about 
25 to 30 mm  lower than  the centre 
of the active layer.  Those ruptures  
of the Figure 3. The appearance of    a fuel pin of the fuel core, too, are characterized by #1 type-
dimension in its cross section their location over the sections of core that are close to its centre. 
The qualitative phase composition of the fuel is as follows: phase of aluminium, γ-phase of uranium, 
phase of uranium aluminides of UAl2 and UAl3 types. 
 
3. The outcome of the computational analysis 
 
In order to carry out the computational study of the strained-stressed state (SSS) of a #1 t.-d. fuel pin, 
including also the region of the fuel composition lamination, the results of the post-irradiation 
examination of that fuel pin were used as the input data. 
The change in the volume increase of the fuel composition due to the formation of the solid fission 
products, to the “frozen” gaseous fission products still remained in the lattice of the fuel composition 
and to the newly formed products of the (U-Mo)-aluminium matrix interaction, ΔVfuel, was                 
of ≈ 2.68 cm3 (~ 3.2%). For this computation a linear dependence of the fuel swelling rate on time,                   
Sf / t ≈ 8,77·10-4%/h, had been assumed. For the amount of the gaseous fission products (GFP) 
released from fuel particles into the lamination region, VGFP,  the value measured in the post-
irradiation examination had been taken: VGFP  = 2.61 cm3, and the rate of GFP release into the 
lamination cavity, VGFP, was assumed to obey the linear law, provided its time dependence amounted 
to 7.15·10-4 cm3/h. 
The defect of a “a longitudinal lamination cavity in the fuel composition” type, 25 mm in diameter, 
that had been assumed for the computation in case of a #1 t.-d. fuel pin, was situated in the centre of 
the fuel layer on one of the faces of the fuel pin, symmetrically about its axis. The claddings of the 
fuel pin are loaded both by the pressure of the swelling fuel composition and by the pressure of gases 
(that is to say, gaseous fission products and process gases) being released into the lamination cavity. 
The physico-mechanical properties of fuel pin materials and the irradiation parameters are 
characterized in Ref. [1], and the dimensions of the fuel pins are presented in Section 2. The 
computational results for the change in the maximum flexure of the #1 t.-d. fuel pin and for the 
pressure of gases in the in the course of the fuel pin irradiation are shown in Figures 4 and 5. 
As can be seen in the Figures 4-5, the computational results are rather close to those found in the 
post-reactor investigations (see Section 2) related to the pressure in the lamination cavity and to the 
flexure of the cladding. A certain discrepancy between the computation and measurement results can 
be accounted for the neglect of the process gases action. 
 
 
 

Figure 3. The appearance of a fuel pin of the #1 type-
dimension in its cross section 
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Conclusion 
 

1. The presence of a layer of chemical interaction between (U-Mo) particles and aluminium 
matrix causes the increased swelling of the fuel composition. 

2. In case of high burn-ups a low strength of the (U-Mo) - aluminium interaction layer causes 
the appearance and the growth of the lamination cavity along the interaction layer boundary 
inside the fuel composition.  

3. The results of the computational analysis have shown that the local deformation of a fuel pin 
cladding in the lamination area is governed by the pressure of the gaseous fission products 
and by the creep of the matrix and fuel pin cladding materials. 
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Figure 4. The change in the maximum flexure 
of the#1 t.-d. fuel pin cladding 

Figure 5. The change in the pressure of gases in 
the lamination cavity in the course of irradiation


