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Abstract 
 
Almost 95% of all spent fuel elements of the RA research reactor in the Vinča Institute of Nuclear 
Sciences, Belgrade, Serbia and Montenegro, are stored in 30 aluminium barrels and about 300 
stainless steel channel-holders in the temporary spent fuel storage water pool. The first activities of 
sludge and water samples, taken from the pool, were measured in 1996-1997 and were followed by 
analysis of chemical composition of samples. Visual inspections of fuel elements in some stainless 
steel tubes and of the fuel channels stored in the reactor core have shown that some deposits cover 
aluminium cladding. Stains and surface discoloration are noted on many of the spent fuel elements that 
were examined visually during the core unloading and inspections carried out in 1979 – 1984. Some of 
water samples, taken from pool, about a 150 stainless steel tubes and 16 barrels have shown very high 
137Cs activity compared to low activity measured in pool water. It was concluded that aluminium 
cladding of the fuel elements was penetrated due to corrosion process. Study on influence of water 
corrosion processes in the RA reactor storage pool was started within the framework of the IAEA CRP 
“Corrosion of Research Reactor Aluminium-Clad Spent Fuel in Water” in 2002. The first test rack 
with various aluminium and stainless steel coupons, supplied by the IAEA, was immersed in the pool 
already in 1996. New racks were immersed in 2002 and 2003. The rack immersed in 1996 was taken 
out from the pool in 2002 and the rack immersed in 2002 was taken out in 2003. Results of the 
examination of these racks, carried out according to the strategy and the protocol, proposed by the 
IAEA, are described in this paper.   

1. INTRODUCTION 

The fuel elements used in 6.5 MW heavy water RA research reactor in Vinča Institute since 
1959 to 1984 are known as the Russian TVR-S fuel type. The TVR-S fuel element is about 
11.3 cm long cylinder with 3.72 cm outer diameter (Figure 1) produced either in the 
Elekhtrostal plant near Moscow (2% LEU metal fuel) or in the Novosibirsk Chemical 
Concentrates Plant (80% HEU-oxide fuel dispersed in aluminium matrix). The RA reactor 
operated from 1959 to 1976 using LEU fuel elements and from 1976 to 1984 using HEU fuel 
elements. 

The tube-type fuel layer of the TVR-S element has average length 100 mm and inner/outer 
diameter of 31/35 mm. Mass of 235U nuclide in the fuel element is 7.4 g in the case of the 
LEU fuel and 7.7 g in the case of the HEU fuel. The fuel layer is cladded on inner and outer 
side by 1 mm thick aluminium. An inner tube (the “expeller”) designed from aluminium 
within the fuel element serves to adjust coolant flow rate. Top and bottom of the slug are 
covered by the aluminium ”stars” (3 mm thick each) connected to the expeller tube. The 
aluminium, used in the TVR-S fuel elements, is known as the Russian SAV-1 alloy (0.985 
weight fraction of aluminium). The main impurities in the alloy are magnesium and silicon. 
Content of impurities with high absorption cross sections for neutrons (boron and cadmium) 
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are very low. Volume of the TVR-S element is measured as (58 ± 2) cm3. Volume of the 
SAV-1 material, excluding the fuel layer, is estimated at 40 cm3. Area of the SAV-1 surfaces 
in contact with the water is calculated at 420 cm2. 

 

FIG 1. TVR-S fuel element 

The temporary storage water pool (Figure 2), consisting of 4 inter-connected basins and an 
annex to the fourth basin, store almost 95% of all spent fuel elements of the RA reactor. Each 
basin is covered by a thin carbon iron lid plates and can be closes, i.e., isolated from the other 
ones, using a door, manufactured from carbon iron. Thick concrete walls and the bottom of 
the pool are lined by 1 cm thick stainless steel plate. The pool is filled with about 200 m3

 of 
stagnant ordinary tap water. It is connected by special underground water transfer channel to 
the reactor body. Tap water is added to the pool once per year to replace an amount of the 
water, lost due to its natural evaporation. 
 

 

FIG 2. Sketch of the RA reactor spent fuel storage pool 
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In beginning of the reactor operation, the LEU spent fuel elements were stored in the original 
stainless steel channel-type containers (SSC) filled with de-mineralised water and immersed 
in the water of the basins. There was a plan to transfer the spent fuel elements back to ex-
USSR after four to five years of their cooling. But, it did not happen. All 304 SSC became 
filled by spent fuel elements after a few years of the reactor operation.  In order to increase the 
storage capacity, new aluminium containers  (“barrels”) were designed. Each barrel could be 
filled with maximum 180 spent fuel elements. From the beginning of sixties until 1984, about 
5000 the oldest LEU fuel elements were repackaged from the stainless steel tubes in thirty 
sealed barrels. The barrels are stored in two rows in the water of the annex to the basin no. 4. 
About 1600 LEU spent fuel elements and about 900 HEU spent fuel elements remained in the 
stainless steel tubes until nowadays. Drained RA reactor core still contains 480 HEU spent 
fuel elements, since 1984. Design of the TVR-S fuel elements was very reliable. Only one 
LEU fuel element (from the total of 6656) failed in the core during 18 years of the RA reactor 
operation. The fuel channel containing damaged fuel element was identified quickly, and 
replaced in the core by a new one. Failed fuel element was stored in the specially labelled 
SSC in the spent fuel storage pool. 

The elements stored in the barrel are covered with de-mineralised water. Before the barrel was 
sealed, thin plates of cadmium were inserted in the water in the barrel with the aim to assure 
the nuclear sub-criticality. The exact composition of aluminium, used for construction of the 
barrels, is not known. It is believed that this aluminium was produced in ex-Yugoslav 
factories in sixties. Any difference in composition of this aluminium, compared to the SAV-1, 
could increase a corrosion rate, because the galvanic couples are created. Also, the galvanic 
couple could be created between aluminium and cadmium and increase a corrosion rate of 
both materials within the barrels. Even more, there are same assumptions that corrosion rate 
was so intensive that the cadmium plates were practically completely dissolved by now. 

The first report on bad water quality in the spent fuel storage pool can be found as early as in 
1962, with a proposal for mechanical purification of the water, but no actions were taken. In 
1984, for the first time activity of 137Cs nuclide was measured in the pool water, but no 
actions were taken, unfortunately, until mid nineties. The first systematic monitoring of the 
pool water parameters was started in 1996 - 1997. The activities of the samples of the sludge 
and the water, taken from the spent fuel pool, were measured and were followed by the 
analysis of the chemical composition of samples. Analyses have shown that the pool water is 
high corrosive [1, 2] to aluminium alloys Visual inspections of the fuel elements in several 
stainless steel tubes and in the fuel channels stored in the reactor core have shown that 
deposits cover aluminium cladding of the fuel elements. Stains and surface discoloration were 
present on many of the spent fuel elements that were examined visually during the core 
unloading and inspections, carried out in 1979 – 1984.  

Serious actions for remedies of the water in the spent fuel storage pool of the RA reactor are 
under way since 1997. Debris and about 3 m3 of the sludge were removed from the basins. 
Many corroded elements were removed, but some large ones remained in the pool. Further 
activities in the spent fuel pool will include removing the carbon iron structure from basin no. 
4, removing the rest of the sludge and corrosion deposits using hydro-monitor, pool water 
purification, and regular monitoring of the water chemistry and 137Cs activity in the pool. 

2. RADIOACTIVITY AND CHEMISTRY OF POOL WATER 

Typical average activity of pool water in 2002 and 2003 is (90 ± 9) Bq/mL, originated 
dominantly from 137Cs nuclide [3]. Activity of 60Co nuclide in the pool water is under the 
detectable limit (1 mBq/mL). Presence of the 137Cs nuclide in the pool water is consequence 
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of the cladding failure of few fuel elements and damaged walls of the storage aluminium 
barrels, due to the corrosion process. A few water samples, taken from several stainless steel 
tubes and barrels have shown very high 137Cs specific activity (2 kBq/mL – 400 kBq/mL) 
compared to the low 137Cs specific activity (50 Bq/mL – 400 Bq/mL), measured in the 
samples taken from the other barrels and from the pool water. Results of measuring specific 
activity of 137Cs nuclide in the basins of the spent fuel pool of the reactor RA, from 1995 to 
2003, are given in Figure 3. 
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FIG. 3. Cs-137 Activity in the pool water 

Activities of the sludge samples were measured in 1996-1997 by coaxial germanium gamma-
ray spectrometers in the Vinča Institute and in the IAEA laboratories. Chemical composition 
of two sludge samples was determined in the radiochemical laboratories of the IAEA [2]. It 
was shown that main component of the sludge is Fe2O3 (about 83% by weight) that, beside 
aluminium oxides, gives the dark red–brown colour to the sludge. Visual inspections of TVR-
S fuel elements in several SSC and in the fuel channels stored in the reactor core have shown 
that deposits (determined lately to be mainly aluminium-hydroxide) cover aluminium 
cladding of the fuel elements. Stains and surface discoloration are present on many of the 
spent fuel elements that were examined visually during the core unloading and inspections 
carried out in 1979 – 1984. Creation of these deposits, stains and surface discoloration was 
attributed to the poor chemical parameters and to the reduced flow rate of the heavy water – 
the primary coolant in the RA reactor core. 

Chemical parameters of the water samples taken from the basins of the storage pool were 
made a few times per year since 1997 [4, 5], and approximately once per month, since mid-
2001. The water samples were analysed for the main parameters related to the corrosion 
process. Typical values of the basins water parameters, obtained during 2002 and 2003, are 
given in Table I. From this data is obvious that water parameters significantly contribute to 
development of corrosion process in aluminium. Up to now, only mechanical purification of 
the water was induced by operation, during working hours, the pump with 25 µm filter papers. 
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Table I. Chemical parameters of the water in the basins  

Water 
parameter 

Range in 
2002 - 2003 

Average 
(mean) value 

Standard deviation 
of the mean 

pH factor 7.31 – 8.39 7.53 0.12 

El. conductivity (µS/cm) 360 – 570 451.3 27.6 

Fe  ions (mg/L) 0.07 – 0.21 0.13 0.01 

Cu  ions (mg/L) < 0.01 < 0.01  

Al  ions (mg/L) < 0.01 < 0.01  

Chlorides, Cl (mg/L) 65 – 85 73.0 0.9 

Sulphate ions, SO4 (mg/L) 31 – 70 48.6 1.5 

Nitrate ions, NO3 (mg/L) < 0.05 < 0.05  

Hardness, dH 6.5 – 7.5 6.9 0.1 

Temperature (°C) 14 - 28   

 

3. A STUDY ON CORROSION OF ALUMINIUM CLADDING 

Initial study on the influence of the water corrosion process at the SAV-1 aluminium cladding 
of the TVR-S type of enriched uranium spent fuel elements in the storage water pool of the 
RA research reactor was started within the framework of the IAEA Co-ordinated research 
project (CRP) “Corrosion of Research Reactor Aluminium-Clad Spent Fuel in Water, II 
phase” in 2002 [6]. But, the first test rack with various aluminium and stainless steel coupons, 
supplied by the IAEA during the I phase of the CRP, was immersed in the pool water already 
in 1996. This rack, labelled RACK#1, was taken out from the pool in July 2002, after 
approximately six years of the exposition time to the influence of the water from the pool. 
Other two racks from the I phase of the CRP, labelled Rack#2.1 and Rack#2.2 were immersed 
in the pool water in February 2002.  The Rack#2.1 was taken out from the pool in July 2003, 
after approximately 16 months of the exposition time. At the same time, a cylindrical 
aluminium pot is immersed in the pool water of the basin no. 4 (Figure 2) at depth about 1 m 
above the basin’s bottom, with the aim to collect the deposits in next three months, i.e., the 
pot will be taken out at the end of October 2003.   

Two racks, received in the II phase of the CRP were immersed in the pool water in March 
2003 and labelled Rack2003#1 and Rack2003#2, respectively. We are planning to take out the 
Rack#2.2 from the pool in February 2004, after 24 months of the exposition time. The 
Rack2003#1 will be taken out in September 2003, after six months of the exposition time. 
The Rack2003#2 will be taken out from the pool after one year of the exposition time, in 
March 2004. In the II phase of the CRP, it is also planned, that the assembling parts of the 
Rack2003#1 and new coupons made from aluminium and stainless steel will be used to 
assemble the new rack (labelled Rack2003#1R) that will be immersed in the pool water in the 
Spring 2004 and exposed for another year. 
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Results of the examination of the Rack#1 and the Rack#2.1, carried out according to the 
strategy and the protocol, proposed by the IAEA, are described in this paper.   

Visual examination of the Rack#1 (Figure 4) has shown that the front (top) sides of the 
coupons are covered by a considerable amount of a dark red sludge from the pool water, 
collected for the six years of the exposition time. It was clearly that the corrosion process 
effects could not be seen without cleaning surfaces of the coupons. Also, the white deposits 
were noted at the front sides of few coupons. It was also noted that there were none deposits 
at the bottom (back) sides of the coupons, and the effects of the corrosion process could be 
seen easily. Pitting, as the main localized form of the corrosion of aluminium in the water 
basins, was also noted at the surface of all coupons. Some black spots were seen at the front 
sides of the coupons. It is believed that these spots are made of aluminium-oxide. Oxides of 
different shades of grey colour were observed, too.  

 

FIG. 4. Rack#1 withdrawn from the pool water, after six years of the exposition time 

Immediately after withdraw of the Rack#1 from the pool, the measured pH factor of wet 
coupons’ surfaces was about 7. Gamma-ray dose equivalent rate, measured near surface of the 
coupons, was 3.5 µSv/h. The Rack#1 was placed in a glass beaker and covered by the pool 
water from July 2002 to January 2003, when the first examinations were started. Two 
coupons on the top of the rack were dry, so the pH was not possible to measure. Values of pH 
on the external surfaces of the others coupons were in range from 4.5 to 6.0. The pH factor of 
the bulk water in the glass beaker was about 7.0. The Rack#1 was disassembled and coupons 
were removed from the rack according to the IAEA Test Protocol. The dark red sludge and 
the white deposits were removed carefully from the coupons using soft wood plate and 
collected for further chemical and activity analysis. The coupons were cleaned in 5% 
phosphoric acid solution according to the IAEA protocol.  

Metalographical study on the influence of the corrosion at the surface of the aluminium 
coupons was made using a microscope with 10x and 20x magnifications. Many pits and 
effects of crevice corrosion are noted (Figure 5).  
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FIG. 5. Various corrosion effects at aluminium coupons of the Rack#1 

Visual examination of the Rack#2.1 (Figure 6) has shown that the top sides of the coupons are 
covered by a dark red sludge from the pool water, collected for the only one year of the 
exposition time. The white deposits were noted at the front sides of few coupons, too. It was 
also noted that there were none deposits at the back sides of the coupons. Some black spots 
were seen at the front sides of the coupons. It is believed that these spots are made of 
aluminium-oxide. Oxides of different shades of grey colour were observed, too. Immediately 
after withdraw of the Rack#2.1 from the pool, the measured pH factor of wet coupons’ 
surfaces were in range from 4.5 to 6.0. The Rack#2.1 was disassembled and coupons were 
removed from the rack according to the IAEA Test Protocol. The dark red sludge and the 
white deposits were removed carefully from the coupons using soft wood plate and collected 
for further chemical and activity analysis. The coupons were cleaned in 5% phosphoric acid 
solution according to the IAEA protocol. Metalographical study on the influence of the 
corrosion at the surface of the aluminium coupons will be made soon using a microscope with 
10x and 20x magnifications. 

 

FIG. 6. Rack#2.1 withdrawn from the pool water, after one year of the exposition time 

4. CONCLUSION 

Corrosion of aluminium-clad spent nuclear fuel in water of the spent storage pool of the RA 
research reactor is studied in the Vinča Institute of Nuclear Sciences, Serbia and Montenegro, 
as a part of the IAEA CRP. The information related to the spent nuclear fuel and the storage 
pool, including results of monitoring of chemistry and radioactivity the pool water are given. 
Data on corrosion process of aluminium, obtained from analysis of the Rack#1 (after six years 
of the exposition time) and the Rack#2.1 (after one year of the exposition time) are shown. 
Effects of the corrosion process are confirmed at all aluminium coupons. Further analyses of 
the racks with the aluminium coupons will be made in near future. 
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