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FINAL REPORT OF THE WORK DONE IN ARGENTINA FOR AN IAEA CRP AND 
A REGIONAL PROJECT FOR LATIN AMERICA ON “CORROSION OF 
RESEARCH REACTOR ALUMINIUM CLAD SPENT FUEL IN WATER” 
 


 


 R. HADDAD, R. GUASP 


 Comisión Nacional de Energía Atómica (CNEA) 
 
Argentina 
 


Abstract. In the frame of two different IAEA programmes, a Coordinated Research Project (CRP) 
“Corrosion of research reactor aluminium-clad spent fuel in water - Phase II” and a Regional Project 
for Latin America RLA-4/018, an ample experimental plan was established to asses the corrosion 
condition of MTR type spent fuel kept in the various storage sites in Argentina. Twenty three racks, 
nineteen vertical (horizontal coupons) and four horizontal (vertical coupons) assembled with discs 
manufactured with different aluminium alloys, were immersed in several water basins. After testing 
times ranging from one to three years, they were extracted and analysed. Corrosion effects such as 
oxidation, pitting, galvanic attack, etc., are reported. All these are correlated with environmental 
variables: water chemical composition, occurrence of crevices or galvanic couples, surface orientation, 
etc. Complementary actions were taken in order to evaluate the incidence of dust deposition on the 
metal surfaces. 
 
1. INTRODUCTION 
 
Table 1 lists the several experimental nuclear reactors that have been put into service in Argentina 
since the early sixties. Several of them use Aluminium clad fuel, either rods or plates. RA3, located at 
the Ezeiza Atomic Centre (some 40 Km off Buenos Aires city) is the biggest one, now running at 
power levels of up to 10 MW. This open pool reactor started up burning 90% enriched Uranium with 
fuel plates made of pure (99.7%) Aluminium. At the end of the 80’s it was converted to use 20% 
enriched Uranium, with the new fuel plates made of AA 6061 aluminium alloy. Some of the early 
spent fuel elements were moved to RA6 research reactor, located in Bariloche (1700 Km SW from 
Buenos Aires), an open pool reactor that runs at 500 KW. RA1 reactor, a low power research reactor 
located in the Constituyentes Atomic Centre in Buenos Aires, uses a 90% enriched uranium fuel 
embedded in tar contained in aluminium tubes. These three reactors were selected as “case studies” 
given the demanding conditions for the storage of their spent fuel. 
 
Table 1. Research, experimental or production reactors in Argentina 
RR LOCATION START POWER FUEL TYPE (clad-meat) 
RA0 UNC (Córdoba) 1967 0.001 KW Al rods – 20% enriched U 
RA1 CAC (Bs. As.) 1958 120 KW Al rods – 20% enriched U3O8 
RA3 CAE (Ezeiza) 1967 10000 KW Al MTR – 20% enriched U 
RA4 UNR (Rosario) 1969 0.001 KW 20%U dispersed in polyethilene 
RA6 CAB (Bariloche) 1982 500 KW Al MTR – 90% enriched U* 
RA8 CTP (Pilcaniyeu) 1997 10 KW Zry pins – 5% enriched UO2 


* Reactor fully converted to LEU on 2008 
 
The nuclear fuel has to sustain long periods of immersion in water, whether it is in use or has been 
stored in a decay pool after being exhausted in the reactor core. RA1 fuel rods have been in use for 
about 50 years and are still working. In RA6, the fuel has been in service for more than 20 years; the 
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bundles that are not in use (either “fresh” or exhausted) are kept into a basin pool sited in the same 
building. RA3 spent fuel elements are normally maintained into a decay pool situated in the same 
reactor area for a period of time, which could range from one to several years, before they are 
transferred to a Central Storage Facility (CSF), in a nearby location, where they have been stored for 
more than 30 years. 


 
Fig. 1 shows a view of CSF. It is composed by an array of vertical buried steel tubes, distributed in 
lines and sharing the same cooling water. These channels are surrounded by a compact selected soil 
enclosed in an underground brick wall precinct, in order to prevent water leakage. There are two 
sectors, each one with six lines of 17 tubes, totalizing 204 channels. 


 


 
 


FIG. 1. Central Storage Facility (CSF) located in Ezeiza, Argentina. 
 


Two spent fuel elements can be accommodated in each position, one on top of the other, as illustrated 
in Fig. 2, but one tube is left empty at the end of every line (as channels #97, #130, #147, #164, #181 
and #198, marked in Fig. 1), for service purposes. 


 


 
 


FIG. 2. Schematic drawing of a spent fuel storage tube. 
 


Although provisions were made for water circulation and purification, the maintenance procedure was 
halted in the past, and the water remained stagnant. After the experience obtained from a first CRP 
that took place between 1996 and 2000, a gradual improvement of the quality conditions has been 
implemented. The first step was to establish a periodic water cleaning procedure for the line that 
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includes position #97. Hence, it was decided to perform corrosion tests in all the mentioned channels. 
This was done with the purpose to make evident the importance of water maintenance in keeping 
aluminium spent fuel elements free from corrosion. 


 
2. EXPERIMENTAL  
 
2.1. Test racks 
 
During the experimental work, twenty three racks were tested: nineteen vertical racks (horizontal 
coupons) and four horizontal racks (vertical coupons). Seventeen of them belonged to the RLA project 
and were sent to the following destinations: three vertical racks to each of RA6 Reactor Pool (RP), 
RA6 Basin Pool (BP), RA1, RA3 Decay Pool (DP) and CSF (one in each of channels #130, #147 and 
#164); and two horizontal racks were set at RA1 and RA3 DP. Six more racks were employed on the 
CRP project, all in the CSF, of which four vertical racks were used in channels #97 and #198 (two in 
each) and two horizontal racks in #164 and #181. 


 
A schematic description of the CRP vertical racks can be seen in Fig. 3. Coupons of two alloys were 
included: SZAV-1 and AA 6061. One coupon of each material was pre-treated to grow an oxide layer 
and a scratch was mechanically marked on their surfaces; these are marked as “POS” (pre-oxidised 
and scratched). The whole assemblies included an isolated non pre-treated coupon, the POS, a pair of 
coupons of the same alloy stacked together to form a crevice, a pair of one disc of each alloy in 
contact with a stainless steel disc, to form a galvanic couple, and two locally manufactured samples on 
top: one isolated and the other coupled with stainless steel. These coupons were made of Argentine 
6061 alloy of the same kind used to manufacture the fuel plates. 


 


 
 


FIG. 3. Composition of CRP vertical racks and coupon order. 
 


The horizontal CRP racks and all RLA racks are slightly different, because they included material 
manufactured in two different ways: rolled and extruded. The corresponding description can be seen in 
Fig. 4. Table 2 contains the chemical composition of the Argentine alloy 6061 used. 


 
Racks assembling and installation were performed, following as strictly as possible the 
recommendations of the Agency’s Supervisory Group. Only stainless steel cables were used for 
hanging. Table 3 contains all the information referent to racks distribution, test dates, etc. 


 


 
 


FIG. 4. Composition of CRP horizontal and RLA racks, showing coupon order. 
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Table 2. Chemical composition of Argentine aluminium alloy 
Element Mg Si Fe Cu Cr Mn Zn Ti Al 
Wt.% 0,95-1,10 0,55-0,65 0,15-0,45 0,2-0,4 0,10-0,2 0,1 0,25 0,03-0,07 Rest
 
 
Table 3. Test schedule  
SITE PROGRAMME RACK 


Nº 
RACK 
TYPE 


IMMERSION 
DATE 


WITHDRAWAL 
DATE 


RLA 13 V 2002/12/30 2004/09/30 
RLA 14 V 2002/12/30 2005/10/17 
RLA 15 V 2002/12/30 2003/09/10 RA1 


RLA RLAV-2 H 2005/07/26 2006/03/02 
RLA 01 V 2002/10/30 2005/10/20 
RLA 02 V 2002/10/30 2003/09/08 
RLA 03 V 2002/10/30 2004/10/22 RA3 DP 


RLA RLAV-1 H 2005/04/21 2006/02/27 
RLA 10 V 2002/11/06 2004/10/17 
RLA 11 V 2002/11/06 2005/10/22 RA6 RP 
RLA 12 V 2002/11/06 2003/09/15 
RLA 07 V 2002/11/06 2004/10/17 
RLA 08 V 2002/11/06 2005/10/22 RA6 BP 
RLA 09 V 2002/11/06 2003/09/15 


CSF #130 RLA 06 V 2003/05/21 2004/10/06 
CSF #147 RLA 05 V 2003/05/21 2003/09/09 


RLA 04 V 2003/05/21 2005/10/20 CSF #164 CRP CRPV-1 H 2004/11/02 2005/11/24 
CSF #181 CRP CRPV-2 H 2004/11/02 2005/11/24 


CRP CRP-1 V 2003/05/21 2004/05/20 CSF #198 CRP CRP-2 V 2003/05/21 2005/11/24 
CRP CRP-3 V 2003/12/03 2004/05/20 CSF #097 CRP CRP-4 V 2003/12/03 2005/11/24 


 
In the RA1 reactor, the three racks were immersed in the reactor pool near the top, in a zone where no 
interference with reactor operations is produced but the water with the fuel elements is shared, as seen 
in Fig. 5. 


  


 
 


FIG. 5. Distribution of racks in RA1 (different views). 
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In the open pools of RA3 DP, RA6 RP and RA6 BP there is much more room available, what 
permitted to locate the racks in the vicinity of the fuel. In the RA6 RP it was possible to hang them by 
the reactor wall at the same height of the core; in this position there is a fair water movement produced 
by the toroidal diffuser that surrounds the core. Fig. 6 depicts the racks distribution in the RA3 DP. 
Horizontal racks were installed in RA1 and RA3 DP, in place of vertical racks previously withdrawn. 


 


 
 


FIG. 6. Racks position in RA3 DP. 
 


With respect to the CSF, the three RLA vertical racks were introduced into channels #130, #147 and 
#164. Four vertical racks belonging to the CRP were put in channels #97 and #198, two in each. They 
were set 20 cm above the bottom of the storage channel, to avoid contact with sludge and separated 
with some 50 cm between them, as shown in Fig. 7. Horizontal CRP racks were installed in channel 
#181 and in channel #164 after withdrawal of a vertical rack. 


 


 
 


FIG. 7. Schematic drawing showing the vertical position of racks in channels. 
 
All of the vertical racks in CSF were supplied with an aluminium plate of a size larger than the 
coupons in order to insure separation between them and the wall of the channels. In the case of the 
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horizontal racks, it was necessary to cut the central steel support tubes shorter, in order to make them 
fit into the diameter of the respective channels. Because of the lack of room, no local manufactured 
coupons were added on them. 


 
2.2. Water analysis 
 
Periodic water analysis was performed in all ten surveyed sites, along the period of immersion. The 
following parameters were measured: conductivity, pH, concentration of chloride, sulphate, nitrate and 
nitrite ions and total soluble solids (TSS). Other species like copper and silver ions were found to be 
absent in all surveyed sites from the beginning of the study and their determination was discontinued. 
Special care was taken in rinsing the sampling container with site water several times before 
performing the water extraction. As the results of the analysis did not vary with the position from 
which the sample was extracted, it was decided to perform all the extractions from some 50 cm below 
the surface level, which is the reaching range of the holding tool and far enough to be away from the 
floating dust. 
 
2.3. Testing procedure 
 
The only necessary provision was to cover the CSF channel’s mouth to avoid excessive amounts of 
dust falling inside. The assembled racks were photographed upon withdrawal; pH bulk water was 
measured using pH paper of adequate precision. The pH inside crevices and galvanic couples was also 
recorded. The coupons were rinsed with tap water and cleaned by rubbing them with gloved fingers. 
Then they were rapidly dried with alcohol in flowing air. After disassembling, both sides of each 
coupon were photographed with a 5 MPixel Canon G5 digital camera. Documented information 
included details as how strongly adhered the sandwiches were. 


 
2.4. Sediment collector 
 
Two sediment collectors were constructed. A one litre capacity stainless steel cylindrical container 
was introduced in one CSF position, in order to collect particles similar to those that may be found on 
the fuel. Fig. 8 depicts the device with the hanging stainless steel string. Another device, supplied with 
an articulated cap and three supporting legs, was built for use in the RA3 Decay Pool. The supporting 
legs were intended to separate the collector from the pool floor, to avoid turbulences which could raise 
some sludge from the bottom. Table 4 shows some data related to the two collectors. 


 


 
 


FIG. 8. Sediment collectors: (a) CSF, (b) RA3 DP. 
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Table 4. Data for sediment collector  
Position CSF #147 RA3 DP 
Material 304 SS 316 L SS 
Immersion date 2004/05/20 2004/03/11 
Withdrawal date 2006/04/06 2004/09/17 
Test duration  22.5 months 6 months 
Capacity 1 lt 10 lt 
Diameter 10 cm 40 cm 
 
After completion of the immersion period, the collectors were withdrawn and their content stirred to 
homogenize the particle distribution before pouring the water into a clean bottle and taking it to the 
radio-chemical laboratory. The liquid was then filtered using a calibrated filter paper and the collected 
substance was left to dry before being weighed. That way, a deposition rate was calculated in mass 
(mg) per area unit (cm2) per time (month). The filter paper retaining the collected product was then 
taken for analysis to a X Ray laboratory. There, the probable compounds were identified, and an 
approximate relative amount of each was derived, by means of X Ray Diffraction Analysis. 


 
3. RESULTS 
 
3.1. Water chemistry 
 
Tables 5 to 14 show the results of the quantitative chemical analysis performed in all studied locations 
during the programmes period. 
 
Table 5. Water chemical analysis for RA1 Reactor pool 


DD/MM/YY PH 
(units) 


Conduct. 
(µS/cm) 


Cl- 
(mg/l) 


SO4= 
(mg/ml) 


NO2
- 


(µg/ml) 
NO3


- 


(µg/ml) 
TSS 


(mg/l) 
01/06/2003 7.15 4 0.85 0.68 0.23 0.93 0.002 
17/12/2003 7.6 3 0.1 0 0 0 1E-3 
24/03/2004 7.71 3 0 0 0.1 0 0.016 
02/07/2004 6.91 16 4.9 0.2 0 0.7 0.022 
18/11/2004 5.36  5.1 9.8 -- 1.9 0.044 
21/04/2005 6.91 2 0.7 0.2 -- <0.1 0.012 


 
Table 6. Water chemical analysis for RA3 decay pool 
DD/MM/YY PH 


(units) 
Conduct. 
(µS/cm) 


Cl- 
(mg/l) 


SO4
= 


(mg/ml) 
NO2


- 


(µg/ml) 
NO3


- 


(µg/ml) 
TSS 


(mg/l) 
01/03/2003 7.23 3.4 0.2 0 0.2 0.5 0.026 
23/07/2003 5.89 1 0.17 0 -- 0.13 0.017 
17/12/2003 7.36 3 0.1 0 0 0 0.007 
11/03/2004 7.28 3 0.2 0.1 0.2 0.3 0.037 
02/07/2004 6.74 3 0.1 0.2 0 0.3 0.016 
18/11/2004 6.74 3 0.6 0.1 -- <0.1 0.011 
23/05/2005 6.74 12 2.6 0.4 -- 0.9 0.077 
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Table 7. Water chemical analysis for RA6 basin pool  
DD/MM/YY PH 


(units) 
Conduct. 
(µS/cm) 


Cl- 
(mg/l)


SO4= 
(mg/ml)


Ag 
(µg/ml)


Cu 
(µg/ml) 


Zn 
(mg/l) 


Sn 
(mg/l) 


TSS 
(mg/l) 


10/12/2002 5.06 3.7 1.5 0 0 0 -- -- 0.005 
03/02/2003 5.69 0.6 0 0 0 0 -- -- 0.02 
07/04/2003 5.75 0.6 0 0 0 0 -- 0 0.022 
04/06/2003 5.42 1.4 0 0 0 0 0 0 0.002 
06/08/2003 5.66 1 0 0 0 0 0 0 0.006 
03/10/2003 5.42 1.7 0 0 0 0 0 0 0.005 
28/11/2003 5.43 1 0 0 0 0 0 0 0.007 
03/02/2004 5.62 1.1 0 0 0 0 0 0 0.015 
21/02/2005 5.32 1.5 0 0 0 0 0 0 0.002 
06/04/2005 5.12 0.9 0 0 0 0 0 0 0.002 
01/06/2005 5.10 1.5 0 0 0 0 0 0 0.01 
09/09/2005 5.51 0.9 0 0 0 0 0 0 0.001 


 
Table 8. Water chemical analysis for RA6 reactor pool 


Date 
(DD/MM/YY) 


PH 
(units) 


Conduct. 
(µS/cm) 


Cl- 
(mg/l)


SO4
= 


(mg/ml) 
Ag 


(µg/ml)
Cu 


(µg/ml) 
Zn 


(mg/l) 
Sn 


(mg/l) 
TSS 


(mg/l) 
10/12/2002 5.53 0.9 0 0 0 0 -- -- 0.006 
03/02/2003 5.61 0.5 0 0 0 0 -- -- 0.02 
07/04/2003 5.71 1.1 0 0 0 0 -- 0 0.024 
04/06/2003 5.6 1 0 0 0 0 0 0 1E-3 
06/08/2003 5.61 0.8 0 0 0 0 0 0 0.006 
03/10/2003 5.56 0.9 0 0 0 0 0 0 0.005 
28/11/2003 5.38 0.7 0 0 0 0 0 0 0.009 
03/02/2004 5.54 0.9 0 0 0 0 0 0 0.015 
21/02/2005 5.36 0.6 0 0 0 0 0 0 0.002 
06/04/2005 5.06 1.2 0 0 0 0 0 0 0.001 
01/06/2005 5.04 0.9 0 0 0 0 0 0 0.01 
09/09/2005 5.45 0.9 0 0 0 0 0 0 0.001 


 
Table 9. Water chemical analysis for SCF - Channel #97 (*) 
DD/MM/YY PH 


(units) 
Conduct. 
(µS/cm) 


Cl- 
(mg/l) 


SO4
= 


(mg/ml) 
NO2


- 


(µg/ml) 
NO3


- 


(µg/ml) 
TSS 


(mg/l) 
03/12/2003 7.19 3 0.1 0 0 0.1 0.008 
24/03/2004 7.63 4 0.3 0.3 0.3 0.3 0.011 
20/05/2004 7.52 3 0.2 0.6 0 0.9 0.004 
18/11/2004 5.36 4 5.1 9.8 -- 1.9 0.003 
23/05/2005 5.36 4 0.8 <0.1 -- <0.1 0.057 
01/10/2005   0.2 <0.1  0.5  


(*) No measurements taken on 03/03/2003 neither on 23/07/2003. 
 
Table 10. Water chemical analysis for SCF - Channel #130 


DD/MM/YY PH 
(units) 


Conduct. 
(µS/cm) 


Cl- 
(mg/l) 


SO4
= 


(mg/ml) 
NO2


- 


(µg/ml) 
NO3


- 


(µg/ml) 
TSS 


(mg/l) 
03/03/2003 8.2 525 10 2.4 4.7 8.7 0.409 
23/07/2003 8.8 540 10.42 -- 1.71 8.93 0.352 
03/12/2003 8.45 586 10.2 -- 0.6 8.5 0.386 
24/03/2004 7.81 556 3 0.6 0.2 2.5 0.34 
20/05/2004 7.21 533 8.8 1.4 0.6 10.8 0.33 
18/11/2004 8.24 544 12.7 10 -- 0.2 0.547 
23/05/2005 8.24 579 12.9 13.4 -- 0.4 0.348 
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Table 11. Water chemical analysis for SCF - Channel #147 
DD/MM/YY PH 


(units) 
Conduct. 
(µS/cm) 


Cl- 
(mg/l) 


SO4
= 


(mg/ml) 
NO2


- 


(µg/ml) 
NO3


- 


(µg/ml) 
TSS 


(mg/l) 
03/03/2003 8.74 818 4.8 2 2 7.6 0.584 
23/07/2003 9.08 833 6.84 -- 4.45 9.49 0.542 
18/11/2004 9.03 802 6.19 10.5 -- 6.32 0.529 
23/05/05 9.03 813 7.4 10.1 -- 5.9 0.548 


 
Table 12. Water chemical analysis for SCF - Channel #164 
DD/MM/YY PH 


(units) 
Conduct. 
(µS/cm) 


Cl- 
(mg/l) 


SO4
= 


(mg/ml) 
NO2


- 


(µg/ml) 
NO3


- 


(µg/ml) 
TSS 


(mg/l) 
03/03/2003 8.69 695 5.9 1.7 -- 6.4 0.516 
23/07/2003 9 687 7.66 -- 0.97 6.98 0.471 
03/12/2003 8.58 773 7.4 2.6 -- 6.5 0.51 
24/03/2004 8.24 755 7.9 1.8 0.4 6.9 0.48 
20/05/2004 8.13 735 7.1 2.2 0 7.4 0.46 
18/11/2004 8.92 653 8.98 5.6 -- <0.1 0.46 
23/05/2005 8.92 714 9.0 10.6 -- <0.1 0.472 
01/10/2005   7.8 6.8 -- <0.1  


 
Table 13. Water chemical analysis for SCF - Channel #181 
DD/MM/YY PH 


(units) 
Conduct. 
(µS/cm) 


Cl- 
(mg/l) 


SO4
= 


(mg/ml) 
NO2


- 


(µg/ml) 
NO3


- 


(µg/ml) 
TSS 


(mg/l) 
23/05/2005 -- 339 62.8 1.7 -- 18.5 0.173 
01/10/2005     46.3 1.4 -- 17.6   


 
Table 14. Water chemical analysis for SCF - Channel #198. 


DD/MM/YY PH 
(units) 


Conduct. 
(µS/cm) 


Cl- 
(mg/l) 


SO4
= 


(mg/ml) 
NO2


- 


(µg/ml) 
NO3


- 


(µg/ml) 
TSS 


(mg/l) 
03/03/2003 6.6 53 1.6 0.6 2.5 0.7 0.08 
23/07/2003 7.6 57 1.53 -- 4.18 0.73 0.05 
03/12/2003 6.15 63 1.6 0.3 4.2 0.6 0.112 
24/03/2004 7.42 59 1.6 0.2 0.4 0.7 0.04 
20/05/2004 7.28 55 1.7 0.3 1.4 0.7 0.024 
18/11/2004 6.18 55 3.1 0.1 -- 2.3 0.087 
23/05/2005 6.18 66 4.9 0.7 -- 3.5 .071 
01/10/2005   3.1 0.9  4.0  


 
The same data can be analysed graphically as shown in Figs. 9 to 18. It is quite clear that there is a 
wide range of water composition, depending on the site. The places with a permanent monitoring 
system, like reactors pools, have the purest water, with minimum conductivity and undetectable 
amounts of dissolved ions; installations with only periodic control have an intermediate quality level, 
with low values of these parameters; finally, places where no maintenance is performed showed a 
wide range of conductivities and dissolved anions concentrations. The best maintained water is that of 
RA6 RP and RA6 DP, where rarely the conductivity takes values above 1 µS/cm. Then there is the 
water of RA1, RA3 DP and CSF channel #97, which have slightly higher conductivities, below 5 
µS/cm, and very small amounts of dissolved ions, normally below 1 ppm. The other channels of CSF 
have conductivities ranging from 50-60 to 700-900 µS/cm. 
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FIG. 9. Water chemistry evolution for RA6 RP. 
 


FIG. 10. Water chemistry evolution for RA6 BP. 
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FIG. 11. Water chemistry evolution for RA1. 
 
FIG. 12. Water chemistry evolution for RA3 DP. 
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FIG. 13. Water chemistry evolution for channel 
#130. 


 
FIG. 14. Water chemistry evolution for channel 
#147. 
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FIG. 15. Water chemistry evolution for channel 
#164. 


 
FIG. 16. Water chemistry evolution for channel 
#181. 
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FIG. 17. Water chemistry evolution for channel 
#198. 


 
FIG. 18. Water chemistry evolution for channel 
#97. 


 
3.2. Coupon appearance 
 
Clear differences were observed in the aspects of racks extracted from different sites. Coupons tested 
in cleaner waters tend to have cleaner surfaces, with thinner oxides and less occurrence of 
heterogeneous features, as stains, pits or blisters. That is clearly demonstrated by a comparison 
between coupons removed from channels #97 and #198 of the CSF, two places in the same facility 
with significantly different maintenance styles. The results of the comparison can be used to draw 
conclusions about the environmental influence on fuel corrosion. As shown in Figs. 19 and 20, the 
rack extracted from channel #97 after one year of exposure had a cleaner appearance with no obvious 
signs of corrosion, whereas the one taken from channel #198 had evidence of significant corrosion 
with massive production of aluminium hydroxide in some places, apparently caused by galvanic 
coupling. The top coupons of both racks are covered by a deposit of white particles, apparently formed 
by aluminium hydroxide nodules, although this layer seems to be much denser in the rack withdrawn 
from channel #198, as depicted in Figs. 21 and 22. 


 


 
 


FIG. 19. Rack CRP-3 upon withdrawal from channel #97. No visible corrosion signs. 
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FIG. 20. Aspect of rack CRP-1 upon withdrawal from channel #198. Detail showing strong galvanic 
attack. 


 


 
 


FIG. 21. Comparison of racks appearance right after extraction from channels #97 and #198. 
 
 


 
 


FIG. 22. Detail of Fig. 21. 
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There are typical features belonging to the specific type of tested samples, which are observed in all 
racks upon disassembling. A uniform oxide tends to grow on free surfaces, whereas an uneven layer is 
formed inside crevices and galvanic couples (Fig. 23 a) and b)). In the latter case, there are regions 
where the bare metal can be seen, probably because the two surfaces of the sandwiches were in contact 
at those points thus impeding water ingress. Other zones bear oxide of different thicknesses which is 
responsible for the irregular depicted aspect. 
 


 
 


FIG. 23. Different type of surface appearance: (a) free surface, (b) surface inside crevice. 
 
The inner parts of the galvanic couples had aspects similar to those of crevices; however, in some 
cases as in the coupons extracted from channel #198, corrosion attacks was seen at the edge of the 
steel disc, as shown in Fig. 24. 


 


 
 


FIG. 24. Different type of surface appearance: galvanic couple (with detail of attack). 
 
 


The pre-oxidised and scratched coupons tend to have considerably different behaviour than the others. 
As Fig. 25 shows, in those cases, the surface preserved a fair amount of its original brightness. Also, 
the scratch did not seem to induce the occurrence of pitting or other form of corrosion (right side of 
Fig. 25).  


 
Upwards pointing sides of coupons were normally covered by a corrosion product layer much denser 
than those pointing down. A clear example can be seen in Fig. 26, where (a) is the upper face and (b) 
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is the lower one. This effect is quite clearly associated with the deposition of dust or other particles on 
the surfaces and is more visible in situations where the environment is more corrosive. 


 


 
 


FIG. 25. Pre-oxidised coupon and detail of scratch. 
     
 


 
 
FIG. 26. Surfaces pointing upwards (a) and downwards (b) of first coupon in rack extracted from 
channel #198. 


 
The effect of exposure times can be clearly appreciated in Fig. 27, which depicts the aspect of coupons 
situated in analogue positions of different racks in the same highly corrosion environment of channel 
#198. Instead of the granulated surface produced after one year of immersion, a thick homogeneous 
layer was formed after two years, probably due to the coalescence of the many nodules produced by 
the particle accumulation on the coupon’s face. This did not happen in milder situations, like in the 
case of tests in channel #97. In this case, no such heavy particles accretion was seen. Only the 
formation of a thicker oxide layer was verified, as shown in Fig. 28. 


 
The sediments effect becomes obvious when comparing horizontal and vertical coupons. As the latter 
is far less affected, their surfaces appear to be clean, bearing only a uniform oxide layer. Fig. 29 shows 
the aspect of coupons from Rack RLA-04, tested vertically in channel #164, in comparison with those 
from Rack CRP-1 tested horizontally in channel #198. 
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FIG. 27. Comparison of coupons extracted from channel #198: (a) after one year and (b) after two 
years. 


 


 
 
FIG. 28. Comparison of coupons extracted from channel # 97: (a) after one year and (b) after two 
years. 


 


 
 


FIG. 29. Comparison of several vertical (upper line) and horizontal coupons (lower line). 
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Although galvanic effects have been encountered in most cases, there was a notable corrosion 
increment in waters of higher conductivity, as depicted in Fig. 30. A more detailed view of the 
affected region can be seen in Fig. 24. 


 


 
 


FIG. 30. Comparison of galvanic corrosion in channels #97 (left) and 198 (right). 
 


3.3. Collection of sediments 
 
Due to accidental mishandling, the collector in CSF #147 fell inside the channel during the lifting 
operation and its content was lost. As for the one installed in the RA3 DP, Table 15 contains the 
information related to the material gathered in the container after completion of the exercise. The 
visual appearance is of a brown powder; remains of insects could be distinguished. Fig. 31 shows the 
X-Diffraction spectrum obtained with the sample produced. 


 
From the analysis of the peaks, it can be concluded that the main composition of the sediments is 
Silicon oxide and combined oxides of Si, Al and Fe. 
 


Table 15. Collection data of sediment collector in RA3 decay pool  
Collection time ~6 months 


Capacity 10 litres 
Diameter 40 cm 


Area of collection 12.57 dm2 
Filtered mass 146 mg 


Precipitation rate 65 µg/dm2.day 
Measured Activity 400 µSv/h in contact, 26 µC of Co. 


 
 


 
 


FIG. 31. X Ray Diffraction spectrum. 
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4. THE IMAGE ANALYSIS EXERCISE  
 
In the frame of the RLA Project, a system was developed and built at the IPEN (Instituto de Pesquisas 
Energeticas e Nucleares) in Sao Paulo, Brazil. That system is capable of automatically capturing 
magnified images of the coupon’s surfaces, identifying the existent pits, counting them and measuring 
their apparent diameter. A histogram showing the number of pits for each diameter range is generated 
as an output. The sensitivity was set to consider only pits with diameters larger than 30 microns. As it 
works on a colour contrast principle, the main restriction of this technique is the limited capability to 
distinguish between real pits and dark spots. Samples bearing only a thin oxide layer can be easily 
analysed, but when the surface film grows due to the corrosion process it is no longer possible to 
recognise the desired features. Several different methods were tried to remove that layer without 
altering the metal surface. However, it proved to be impossible to do that. If the film is completely 
removed, many corrosion related details are lost. On the other hand, patches of oxide which remain 
adhered to the surface are often the cause of wrong interpretations by the image analyser. 


 
RLA coupons from RA1, RA3 RA6 and CSF channel #147 were analysed after one year of 
immersion. In all those cases, the oxide film was thin enough to allow for counting without surface 
pickling. RA6 and RA3 histograms were flat, with no pits counted. Fig. 32 shows the results for 
coupons from RA1 and CSF. 


 


 
 
FIG. 32. Histograms obtained after 1 year of immersion. Left: CSF #147 top coupon. Right: RA1 top 
coupon. 


 
The effect of water quality on corrosion seems to be evident in both pit quantity and size. Special 
cases were also studied to determine the influence of galvanic contact with stainless steel and the sites 
where sediments had settled. Histograms were generated in these particular locations, as indicated in 
Fig. 33. 


 


 
 


FIG. 33. Identification of regions in galvanic couples where analysis was performed. 
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Table 16 synthesises the results obtained for galvanic couples of RA1 and CSF and a place of a single 
coupon on which some sediments had fallen. 
 
Table 16. Data extracted from histograms, showing influence of galvanic coupling  


 PEAK DIAMETER MAXIMUM 
DIAMETER 


PEAK N° OF PITS SITE 


Infl. of GC 80 250 130 RA1 
Far from GC 55 120 11  
Infl. of GC 60-70 300 170 CSF 
Far from GC 55 130 32  
Island 60 300 24 RA3 


 
The results indicate that both galvanic contact and sediments have a great influence on apparent pitting 
susceptibility, measured as by the number and size of counted pits. 


 
When the same exercise was carried out on coupons withdrawn after two years, the oxide film was 
thick enough to obscure the facial structure and a deep chemical cleaning was needed. The image 
analysis performed after this procedure gave the results shown in Fig. 34.  


 


 
 
FIG. 34. Histograms on coupons immersed 2 years. TOP, MID AND BOT refer to positions in the 
rack (top, middle and bottom). UP AND DOWN refer to coupon sides. 


 
The measured number of pits was drastically reduced with respect to that of the previous year, and 
most of the consistency was lost. There is no longer any relation between the number and size of pits 
and the geometric aspects of the experiment. 


 
5. DISCUSSION 
 
As the water conductivity in channel #198 is one order of magnitude higher than in channel #97, the 
comparison between vertical racks (horizontal coupons) immersed in these locations gives the 
opportunity to draw conclusions about the effect of water quality on aluminium corrosion. Clearly, all 
forms of corrosion are enhanced in channel #198. Thicker oxides are formed and stronger galvanic 
attack is produced at that site. 


 
One important form of corrosion is generated as a consequence of the accumulation of dust and other 
type of particles on coupons surfaces. This has been inferred by the morphology of the attack, and 
confirmed by the fact that this phenomenon appears mainly on the upper surface of the top coupon in 
vertical racks, diminishing its intensity on lower coupons. However, this effect does not take place on 
vertically oriented coupons (horizontal racks), because the possibility of having sediments 
accumulation is highly reduced in this case. This conclusion is reinforced by the fact that horizontal 
racks have been tested in water of channels #164 and #181, with conductivities one and two orders of 
magnitude higher than those of channels #198 and #97, respectively, and with significantly higher 
chloride (and other ions) contents. 
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Corrosion effects seem to increase with time. In the case of channel #97, only the growth of a thicker 
oxide is produced, but in channel #198 the corrosion associated with sediments is strongly enhanced. 


 
The special case of pre-treated coupons should be mentioned. Those showed a notable corrosion 
resistance in all environments. It is possible that the pre-formed aluminium oxide acts as a protective 
layer, inhibiting the oxide growth even in water of relatively high conductivity. It may also reduce the 
deleterious effect of deposited particles by avoiding the electrical contact between then and the metal. 


 
The image analysis system proved useful to count features produced by the interaction of the 
aluminium alloys with the corrosive environments. Many of these cannot be considered formed pits, 
but they do give some indication about the corrosion state of the surface, as they appear to be very 
closely related to important factors such as coupon position, orientation, presence of sediments and 
galvanic coupling. If the metal surface is cleaned by full removal of the surface layer, only well 
formed pits can be counted by this device, which can be useful in cases in which the corrosion 
processes have progressed and the pits have penetrated the metal. 
 
6. CONCLUSIONS 
 
The work done in Argentina, within the framework of the CRP on “Corrosion of research reactor 
aluminium-clad spent fuel in water - Phase II” and the Regional Project RLA-4/018, allowed the 
following conclusions: 


 
− Aluminium corrosion is directly dependent on the quality of the basin water. When the 


conductivity is higher, all corrosion effects are stronger. 
 
− Longer exposure times result in more intense corrosion as measured by the oxide thickness and 


depth of galvanic attack. 
 
− Corrosion may be induced by particles settled on aluminium surfaces. The coupons which are 


more exposed (upper surfaces of top coupons in vertical racks) are the most affected by this 
phenomenon. If the aluminium surfaces are vertically oriented, so as to reduce the possibility of 
sedimentation, this effect is greatly diminished. 


 
− Pre-treating the aluminium surface to grow a protective oxide layer has been demonstrated to be a 


significantly beneficial procedure. It inhibits the oxidation and also the particle effect. 
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CORROSION OF ALUMINIUM ALLOY COUPONS IN THE SPENT FUEL 
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Abstract. The main activity of the CRP “Corrosion of Al-clad spent fuel in water” and the corrosion activities of 
the Regional Project for Latin America (RLA) consisted of exposing aluminium alloy coupons in various 
configurations to wet storage basins in many countries. This report presents the details of the corrosion activities 
of both projects carried out at IPEN, São Paulo, Brazil. The studies included effects of alloy grain orientation on 
corrosion behaviour, and an overall analysis of the corrosion behaviour of coupons exposed for 1, 2 and 3 years 
as a function of the IEA-R1 spent fuel basin water parameters and coupon orientation. Pitting was the main form 
of corrosion and pit distribution on various coupons revealed the marked influence of settled solids. The AA 
6061 and AA 1050 coupons withdrawn after two years were stained with a layer of the aluminium oxide 
‘Bayerite’ caused by an increase in the average basin water temperature. Analysis of sediments obtained from 
the basin revealed that the main constituents were oxides of aluminium, iron, silicon and calcium. Inside 
crevices, coupons of the Russian alloy SZAV-1, pitted more than AA 6061. The former alloy in contact with 
stainless steel in a galvanic couple pitted more. Alloy grain orientation also influenced pitting. The rolled AA 
6061 coupons pitted more than extruded AA 6061 coupons. The effect of coupon decontamination with 
phosphoric acid on pit size was determined. Decontamination with 5 and 50% phosphoric acid until initiation of 
hydrogen evolution had no significant effect on pit size. This report also presents details about the spent fuel 
storage facilities in IPEN, Brazil and the water purification systems of the IEA-R1 research reactor. 
 
1. INTRODUCTION 
 
111...111...    IEA-R1 reactor  
 
IEA-R1 is a pool type, light water moderated, and graphite reflected research reactor, at the “Instituto 
de Pesquisas Energéticas e Nucleares” IPEN, which is part of the Brazilian Nuclear Energy 
Commission. This reactor was designed and built by Babcock & Wilcox Co. according to 
specifications furnished by the Brazilian Nuclear Energy Commission, and financed by the US Atoms 
for Peace Program. Although designed to operate at 5 MW, this reactor has operated at 2 MW during 
most of its life. It is presently operating at 3.5 MW in one continuous cycle of 64 hours per week. This 
reactor is being used: a) to conduct research in nuclear physics, solid state physics, radiochemistry and 
radiobiology; b) to produce radioisotopes; c) provide irradiation services to the scientific community 
and to industry. Since start-up, 181 core configurations have been installed and around 160 fuel 
elements (FE) have been used. About 20 FE are expected to be burnt up annually. 
 
1.2. Spent fuel storage facilities 
 
The wet storage facility is located at one end of the IEA-R1 reactor pool and contains racks to store 
spent FE (SFE) and also FE during loading and unloading of the reactor core. The racks were 
originally made of aluminium sections bolted together and suspended from the walls of the pool at a 
depth of 6 meters. In 1977, the reactor pool liner was changed from ceramic tiles to stainless steel and 
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stainless steel racks replaced the aluminium racks. In 2003 the stainless steel racks were lined with an 
aluminium alloy to minimize bimetallic contact between the fuel and the rack and thereby reduce or 
eliminate galvanic corrosion. Presently, 156 FE storage positions are available, of which 30 are 
occupied, indicating that in 7-10 years the wet storage facility at this reactor will be full. Fig. 1 
illustrates the storage section in the IEA-R1 reactor pool. 
 


 
 


FIG. 1. The IEA-R1 reactor pool and storage racks. 
 


The dry storage facility of this reactor is located in the first floor of the reactor building. It consists of 
50 horizontal silos in a concrete wall. Each silo, made of carbon steel, is 200 mm in diameter and 3.5 
m in length. This facility was used for over 40 years to store SFE with low burnup (1%) and low levels 
of radiation. Presently, the dry storage facility is empty and not in use, because of water infiltration in 
some of the silos and inadequate ventilation.  Table I presents the status of the fuel elements in IPEN. 
 
1.3. Water purification systems 
 
Table 1 presents typical IEA-R1 reactor pool water parameters. The facility has two deionization 
systems to purify the water in the reactor pool, including the spent fuel storage section. 
 
1.3.1. Radioactive water deionization system 
 
This system removes dissolved solids from the water of the primary circuit. Water purification is 
carried out continuously and the flow rate through this system is 20 gpm. The water is pumped 
through one of two parallel deionization loops. In both loops, a stainless steel filter is used to remove 
all the suspended particles. Removal of dissolved impurities is carried out in mixed bed ion 
exchangers. Softened water from the non-radioactive deionization system is used for regeneration of 
the radioactive ion exchangers. The flow of pool water to the ion exchangers is measured by a flow 
indicator. Conductivity of the water entering and leaving the ion exchangers is measured with the aid 
of two conductivity indicators. The system is operated continuously when the reactor is operating. 
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1.3.2. Non-radioactive water deionization system 
 
This system provides deionized make-up water to the reactor pool, to the horizontal irradiation tubes 
(beam holes) and to the radiochemistry laboratory. It also supplies water to regenerate the ion 
exchangers. The system consists of a stainless steel filter, to remove solid particles > 25 μm in size; a 
400L  tank of R-H resin called “softener”, to remove mainly the Ca and Mg ions; a coal filter to retain 
chlorine and organic impurities and a mixed bed ion exchanger that is similar to the one in the 
radioactive deionization system. The ion exchangers and filters are connected in parallel, to permit the 
use of the flow circuit, while the resins in the second loop are being regenerated. There are two 
conductivity indicators in this circuit as well. 
 


Table 1. Typical reactor pool water parameters 
Parameters Units Typical Values 


pH - 5.5 to 6.5 
Conductivity µS/cm < 2.0 
Chloride ions ppm < 0.02 
Iron ions ppm < 0.001 
Sodium ion ppm < 0.4 
Temperature oC 25 to 40 
Total solids dissolved ppm < 2 
99Mo Bq/L < 310 
131I Bq/L < 90 
133I Bq/L < 430 
132Te Bq/L < 95 
239Np Bq/L < 750 


 
2. MATERIALS AND METHODS 
 
Aluminium alloy coupons of AA 6061 and SZAV-1 (chemical composition shown in Table 2) were 
received from the IAEA in February 2003 and assembled in the racks of CRP-I. Site specific AA 6061 
alloys were also added to the racks. In the context of the RLA, AA 6061 and AA 1050 coupons were 
prepared and assembled in stainless steel racks. Site specific coupons were also included in the studies 
and their surface preparation was carried out as per the CRP-I Test Protocol [1]. The coupons and the 
racks were photographed and the racks were immersed in the spent fuel storage section (SFSS) of 
IEA-R1 research reactor. Six RLA racks were immersed in July 2002, of which three had horizontal 
coupons and three, vertical coupons.  One of each type of rack was withdrawn after 1, 2 and 3 years. 
The CRP racks were immersed in April 2003. One rack with horizontal coupons was withdrawn in 
April 2004.  A rack containing rolled and extruded coupons was immersed in August 2004, with its 
coupons vertical. In August 2005, two racks were withdrawn, one immersed in April 2003 and the 
other, in August 2004.  The coupon stacking sequence in these racks is shown in Table 3. The racks 
were photographed and standard procedures outlined in the Test Protocol were used to handle the rack 
and coupons. The pH in the crevices of the bimetallic and crevice couples was measured. Figure 2 
indicates the position of the coupon racks within the SFSS. 
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Table 2. Chemical composition of the aluminium alloys 


Alloy Cu 
[%] 


Mg 
[%] 


Mn 
[%] 


Si 
[%] 


Fe 
[%] 


Ti 
[%] 


Zn 
[%] 


Cr 
[%] 


Al 
[%] 


AA 6061 0.25 0.94 0.12 0.65 0.24 0.04 0.03 0.04 Balance
SZAV-1 <0.01 0.53 <0.05 0.71 0.09 <0.005 0.03 <0.005 Balance
AA 1050 0.16 <0.1 0.05 0.16 0.48 0.005 0.03 0.04 Balance


 
Table 3. Coupon stacking sequence in the racks 
Rack-1 Rack-2 Rack-3 RLA racks 
SZAV-1(1) SZAV-1 (225) AA6061(R)/AISI304  AA050 
SZAV-1(PS) (2) SZAV (PS) (204) AA6061(R)/AA6061  AA6061 
SZAV-1/SZAV-1(3a,3b) SZAV-1/SZAV-1(215–248) AA6061(Ex)/AISI304  AA1050(PS) 
SZAV-1/AISI304(4a,4b) SZAV-1/AISI 304 (227) AA6061(Ex)/AA6061(Ex) AA1050/AA1050 
AA6061(5) AA 6061 (232)  AA6061/AA1050  
AA6061(PS) (6) AA 6061(PS) (224)  AA6061/AA6061  
AA6061/AA6061(7a,7b) AA6061/AA6061(113–135)  SS304/AA1050  
AA6061/AISI304(8a,8b) AA 6061/AISI 304 (103)  SS304/AA6061  


PS: Pre-oxidized and scratched; R: rolled; Ex: extruded. 
 


 
 


FIG. 2. Position of test racks in the IEA-R1 reactor spent fuel storage section. 
 
The pH, conductivity, chloride content and temperature of the water were monitored periodically. 
Prior experience had shown that the amount of dissolved impurities in the water was well below 
detection limits of standard measuring devices and was also evident from the low conductivity values. 
The water in the main pool and the storage section of the reactor was circulated constantly and the 
conductivity was measured at the inlet to the deionization system. The deionization columns 
regenerated automatically when the conductivity exceeded 2 µS/cm. This ensured extremely low 
amounts of dissolved impurities in the water. The conductivity, pH and chloride content of water 
samples drawn from the reactor pool were also monitored. During the first phase of this CRP, water 
samples drawn from the vicinity of the corrosion racks and from the main section of the reactor pool 
were analyzed. The main parameters of the water drawn from the two locations were identical. 
Consequently, during CRP-I, CRP-II and the ‘Regional Project for Latin America’ (RLA), the water 
samples were drawn from only the reactor pool. Fig. 3 shows graphically the 3 main parameters, pH, 
conductivity and temperature, during the period 2003-2005. 
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FIG. 3. pH,  conductivity and temperature of water in reactor pool of IEA-R1 research reactor from 2003 to 2005 
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3. RESULTS AND DISCUSSION 
 
The different racks of the RLA and CRP projects were withdrawn after different durations of 
exposure. (Fig. 4) During disassembly of the racks the coupled coupons were difficult to separate. 
Most of the couples had to be pried apart. Also, during disassembly of the rack, the pH of the water in 
the crevice between the coupons was measured. In all cases, independent of coupon orientation, the 
pH of the water in the crevice was 5.5. This was 0.5-1.0 below that of the bulk water pH. 


 


 
 


FIG. 4. A rack with vertical coupons being withdrawn from the storage section of the reactor pool. 
 


3.1. RLA coupons exposed for one year 
 
The exposed surfaces of the two aluminium alloys revealed pits independently of the orientation of the 
coupon. However, many features were specific to the alloy, the position of the coupon in the rack and 
the orientation of the coupon. Figs. 5a and 5b are histograms of pit count versus pit size on the top and 
bottom surfaces of single AA 1050 coupon (Rack-47) respectively. The top surface revealed a large 
number of pits, ~ 90 in the size range 40-50 µm while the bottom surface revealed only 6-8 pits in the 
same size range. As shown in Fig. 6, the shape of the pits on this coupon varied from irregular to 
round. 


 


 
 
FIG. 5. Histograms of pit count versus pit size on the top (47506Up) and bottom (47506Down) 
surfaces of horizontal AA 1050 coupon. 


 
Most of the pits revealed a bright region around the pit, characteristic of a cathode region around a 
localized anode region. The shape of this bright region also varied from circular to elliptical (Fig. 6). 
On the exposed surfaces of the other AA 1050 coupons, similar round and irregular shaped pits were 
observed. On the AA 1050 coupon surface, in contact with the AISI 304 stainless steel coupon, large 
pits were observed, revealing the deleterious effect of a galvanic junction. The two surfaces of the pre-
oxidized and scratched AA 1050 coupon revealed few small pits and no bright regions around the pits. 
No pits were observed along the scratch. On the surfaces of the single vertical AA 1050 coupon, round 
and irregularly shaped pits were observed. Many pit clusters were also observed. The bright cathode 
areas associated with these pits were shaped like a comet with a tail, giving a clear indication of the 
top and bottom of the vertically oriented coupons (Fig. 7). 
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FIG. 6. Micrographs showing pits and bright regions on horizontal AA 1050 surfaces. 
 


 
 
FIG. 7. Optical micrograph of vertical AA 1050 coupon surface revealing comet shaped bright region 
around a pit. 


 
Almost all the pit features and the comet shaped bright areas associated with the circular pits, on AA 
1050, were also observed on the exposed surfaces of AA 6061 coupons. Bright regions or comet tails 
were not observed around irregular shaped pits indicating that the mechanism associated with the 
formation of round and irregular shaped pits are different. The contact surfaces of the crevice 
couples,AA 1050/AA 1050, AA 1050/AA 6061 and AA 6061/AA 6061 were stained and did not 
reveal any pits. The stains on the contact surfaces of the two alloys were distinct and characteristic of 
the alloy. The AA 1050 surface was light grey while that of the AA 6061 surface was dark grey. This 
could be attributed to silicon in the latter alloy. The surfaces of the pre-oxidized and scratched AA 
1050 coupon revealed a few small pits and no bright regions around the pits. No pits were observed 
along the scratch. 
 


 
 
FIG. 8. Histograms of pit count versus pit size on the top surface (47504Up) and one of the sides of a 
vertical AA 1050 coupon (44504A). 
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3.1.1. Pitting behaviour as a function of coupon orientation 
 
Comparison of pit histograms obtained for the horizontal top surface of AA 1050 with that obtained 
for one of the surfaces of the same alloy oriented vertically (Fig.8) reveal that twice as many pits (size 
range 40-50 µm) form on the horizontal coupon as on the vertical coupon. Comparison of histograms 
of the pitted surfaces of vertical and horizontal AA 6061 coupons revealed a similar behaviour. This 
indicated that among the many parameters that control pit formation, such as alloy composition, 
metallurgical state and water parameters, settled solids contribute to pit initiation and formation. 
 
3.2. RLA coupons exposed for two years 
 
Fig. 9 shows the racks being withdrawn after 22 months of exposure (nominally two years). 
Withdrawal of these racks two months prior to their scheduled withdrawal was prompted by concerns 
expressed by the IEA-R1 reactor staff about staining of all aluminium surfaces within the reactor pool. 
Further details of this problem are discussed in case study 2, presented elsewhere in this publication.  


 


 
 


FIG. 9. Racks being withdrawn after 22 months of exposure. 
 


Histograms were obtained for the number of pits as a function of pit diameter of coupons from Rack-
46 and Rack-49, withdrawn after 22 months. Again, the data obtained from the histograms of the two 
surfaces of horizontal coupons from these racks also indicated that the top surfaces pitted more than 
the bottom surfaces. The extent of pitting on the top surface of horizontal coupons decreased with 
change in position of the coupon from top to bottom in the rack. The two sides of vertical coupons of 
both alloys pitted to the same extent. The number of pits on vertical coupons was considerably less 
than that on the horizontal coupons.  The pre-oxidized AA 1050 coupons revealed very few pits and 
these were less than 30 µm in diameter. Both the horizontal and vertical pre-oxidized coupons pitted to 
a lesser extent than the corresponding un-oxidized coupons. 
 
3.3. RLA coupons exposed for three years. (Racks 45 and 48) 
 
The AA 6061 coupons of these racks were dark grey where as the AA 1050 coupons were light grey. 
The pre-oxidized and scratched AA 1050 coupon was quite bright and unattacked. Histograms of the 
number of pits (counts) as a function of pit diameter were plotted. These data indicated that the top 
surface of AA 1050-1 had 18 pits in the 30-50 µm size range and 8 pits in the 50-150 µm size range. 
The bottom surface of this coupon had only 6 pits in the 30-50 µm, 5 in the 50-150 µm and 1 in the 
150-200 µm size range. The shape of the pits on AA 1050 and AA 6061 coupons varied from irregular 
to round. (Fig.10) The top surfaces of AA 1050 and AA 6061 coupons further down in Rack-48 
revealed fewer pits, compared to the top coupon, reaffirming the marked influence of settled solids on 
the corrosion of the coupons. 
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FIG.10. Pits on the top surface of AA 1050 coupon after 3 years of exposure. 
 
On the surfaces of vertical coupons from Rack-45, fewer pits were observed compared to the 
horizontal coupons. The AA 1050 coupons showed pits only on one side. On one of the sides of the 
coupon corresponding to the top horizontal coupon, 6 pits in the 50-150 µm, 1 in the 150-200 µm and 
1 pit in the 250-350 µm size range were observed. On another AA 1050 coupon, 1 pit in the 30-50 µm, 
7 pits in the 50-150 µm and 1 pit in the 250-350 µm size ranges were observed. AA 6061 coupons 
revealed even fewer pits than the AA 1050 coupons. 
 
3.3.1. Extruded and rolled coupons  
 
Evaluation of the coupons in Rack-X, with extruded and rolled coupons, was carried out after one year 
of exposure. The pH in the crevices was 0.5 points lower than the bulk water pH. However, the 
coupons could be easily separated. The surfaces were not stained and generally fewer pits were 
observed on these coupons, compared with coupons exposed for longer periods. Even though the pits 
observed were small, more pits were observed on the surfaces of rolled coupons compared with the 
extruded coupons. 
 
3.4. CRP coupons 
 
All the coupons of Rack-1 revealed a large number of pits of various sizes. Figure 11 shows the 
histograms of the number of pits as a function of pit size on SZAV-1 coupons. The exposed surfaces 
of the SZAV-1 alloy revealed pits but were not stained with aluminium oxide as were the AA 6061 
alloy coupons. The contact surfaces of the crevice and bimetallic coupons were stained with 
aluminium oxide and contained pits. Most of the exposed surfaces of AA 6061 alloy coupons were 
stained and these stains obscured the pits. The stained regions were analyzed in a scanning electron 
microscope (SEM) and by X ray diffraction analysis (XRD) and found to be the aluminium oxide 
“Bayerite”. This oxide forms at temperatures below 70ºC. The pool water temperature was reported to 
be 10º C higher than normal since January 2004, as shown in Fig. 3, when the reactor started operating 
at 5MW (See case study 2 presented elsewhere in this publication). Comparison of the number and 
size of the pits between the top and bottom surfaces of SZAV-1 alloy did not reveal any specific trend. 
In some cases there were more pits of a specific size on the bottom surface compared to the top 
surface of the same coupon. This could be attributed to the presence of adhered solid particles on the 
bottom surface caused by the swirling flow of water in the SFSS, proof of which is evident from the 
shape and nature of the stained regions on AA 6061 coupons, independent of whether the surface was 
facing upwards or not. The pre-oxidized and scratched SZAV-1 coupon did not show pits and no pits 
were observed along the scratch on this coupon. The pre-oxidized and scratched AA 6061 coupon also 
did not show pits but the surface was stained. Again no pits were noted along the scratch. 
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FIG. 11. Histograms of pit distribution on SZAV-1 coupons exposed for 1 year.   
 


In the case of Rack-2 and Rack-3, the pH of water on the exposed surface as well on the contact 
surfaces of the crevice and galvanic couples were measured. Some of the horizontal crevice couples 
were difficult to separate. The pH on the exposed and the contact surfaces were between 5.5 and 6.0, 
and in many cases 0.5 points below that of the bulk water pH. The coupons were stained and dark, 
similar to the coupons of Rack-1. The AA 6061 coupons were almost dark grey, where as the pre-
oxidized and scratched AA 6061 was bright. To examine the coupon surfaces in an optical 
microscope, it was necessary to remove some of the surface oxide. The exposed surfaces of the two 
aluminium alloys revealed pits, independent of the orientation of the coupon. However, many features 
were specific to the alloy, the position of the coupon in the rack and the orientation of the coupon. The 
main features of coupon surfaces from Rack-2 with horizontal coupons and Rack-3 with vertical 
coupons are shown in Figs. 12 and 13 respectively. SZAV-1 coupons pitted where as the AA 6061 
coupons did not pit to the same extent. A number of pits were observed on the contact surface of 
SZAV-1 compared to AA 6061 and even more in the presence of a galvanic couple as shown in 
Figures 12 and 13. The distribution of pits on the coupon surfaces was determined. Histograms of 
number of pits (counts) as a function of pit diameter were plotted and are shown in Fig.14. 


 


 
 
FIG. 12. Optical micrographs of surfaces of horizontal coupons of Rack-2 showing: (a) SZAV-1 (225) 
top surface;(b)  SZAV-1 (215), pits on contact surface of crevice couple; (c) SZAV-1 (248) pits on 
contact surface of crevice couple; (d)  SZAV-1 (227) pits on contact surface of bimetallic couple; (e) 
AA 6061 (113), contact surface of crevice couple with no pits. 
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FIG. 13. Optical micrographs of surfaces of vertical AA 6061 coupons of Rack-3 showing: (a) AA 
6061 (ExC-27Ex) side B ; (b)  AA 6061 (27Ex) - side A: (c) AA 6061 (RA-25R) side B ;(d) AA 6061 
(RB-26R) side A.  
 


 
FIG. 14. Histograms of pit size versus number of pits on SZAV-1 (225) coupon surfaces of Rack-2. 


 
3.5. Influence of average basin water temperature on coupon corrosion 
 
The surfaces of coupons exposed for 22 months (nominal 2 years) were darker and stained compared 
to those exposed for 12 months (Fig. 15). These stains obscured pits due to lack of reflection from the 
coupon surface, essential for observations in an optical microscope. The stained regions were analyzed 
by SEM and XRD and found to be the aluminium oxide ‘Bayerite’, which formed as a result of the 
reactor pool water temperature having gone up by 10ºC when the reactor operated at 5MW.  
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FIG. 15. Coupons of RLA racks withdrawn after 1 and 2 years of exposure. 
 
3.6. Settling of solids in the IEA-R1 reactor 
 
A sediment collector was prepared and installed in the SFSS on 01/12/2003 and removed on 
01/04/2004. The sediment collector was positioned close to the immersed racks. The water from the 
collector was stirred, filtered and the sediments collected on a filter paper. Subsequently the sediments 
were dried in an oven at 100º C for 24 hours, weighed, mixed and representative specimens examined 
in the SEM and analysed by (a) energy dispersive spectroscopy (EDS), (b) X ray diffraction analysis 
and (c) X ray fluorescence analysis. Figs. 16 and 17 reveal the scanning electron micrograph and EDS 
spectrum of the sediments. As shown in Table 4 the constituents of the sediments consisted mainly of 
oxides of Al, Si, Fe and Ca. The total amount of sediments was 0.57335 g and the overall 
sedimentation rate was 0.00594 mg/cm2/day. 


 


 
FIG. 16. Scanning electron micrograph of the 


sediments. 


 
FIG.17. Energy dispersive spectrum of the 


sediments. 
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Table 4. Quantitative X Ray fluorescence analysis data of the sediments 
Constituents of the sediment Percent 


Al2O3 56.785 
SiO2 21.042 
Fe2O3 14.93 
CaO 2.352 


Cr2O3 1.594 
TiO2 0.757 
NiO 0.580 
K2O 0.563 
P2O5 0.432 
PbO 0.336 
MnO 0.186 
ZnO 0.136 
ZrO2 0.102 
Ag2O 0.102 
CuO 0.063 


MoO3 0.041 
 
3.7. Effect of surface treatment of coupons on pit morphology 
 
Coupons exposed to the IEA-R1 reactor cooling water for periods for up to 2 years revealed thick 
surface oxides that obscured pits. These surfaces were treated with phosphoric acid to remove the 
oxide. Concerns about the pit sizes being affected by the acid were addressed by observing the 
surfaces of some coupons before and after treatment with the acid. Figure 18 shows micrographs of 
coupon surfaces before and after treatment with phosphoric acid. The figures show that the pit 
diameters were not affected when the coupon surfaces were treated with 5% and 50% phosphoric acid 
for 30s. 
 
4. GENERAL DISCUSSIONS 
 
Some of the results of experimental work carried out in the context of the CRP and the RLA have been 
presented and/or published. [2] to [6]. In the RLA project, comparison of pit histograms of the top 
surface of AA 1050 with that of the surfaces of the same alloy oriented vertically revealed that twice 
as many pits (size range 40-50 µm) formed on the horizontal coupon as compared with that on the 
vertical coupon. Comparison of histograms of the pitted surfaces of vertical and horizontal AA 6061 
coupons also revealed a similar behavior. No pits were observed along the scratch or on other parts of 
the surface of pre-oxidized AA 1050 and AA 6061 surfaces. The contact surfaces of the crevice 
coupons, AA 1050/AA 1050, AA 1050/AA 6061 and AA 6061/AA 6061 of the RLA project were 
stained and did not reveal any pits. The stains on the surfaces of the two alloys were distinct and 
characteristic of the alloy. 
 
In the CRP, comparison of pit histograms of the top surface of the SZAV-1 alloy with that of the 
bottom surfaces revealed a significantly higher number of pits in the former. This pitting trend and the 
observations made with the RLA coupons indicated that among the many parameters that control pit 
formation, such as alloy composition, metallurgical state and water parameters, settled solids 
contribute to pit initiation and formation. Microscopic examination of the contact surfaces of the 
SZAV-1/SZAV-1 couple revealed a number of small pits besides the aluminium oxide. The contact 
surface of the SZAV-1 coupon in the galvanic couple revealed more pits compared with the contact 
surface of the same alloy in the crevice couple. The contact surface of AA 6061, either in contact with 
AA 6061 or stainless steel, on the other hand did not reveal a similar distribution of pits (Fig.12). Pits 
were observed on the pre-oxidized AA 1050 and AA 6061 coupon surfaces. The vertical coupons of 
Rack-3 revealed pits but were not large enough (> 30 μm) to register a histogram, as originally 
stipulated in the CRP Test Protocol. More pits were found on the surface of the rolled coupon 
compared to the extruded coupon. (Fig.12) Chemical treatment of coupons with 5% or 50% 
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phosphoric acid for up to 30s to either remove surface oxide or to decontaminate coupons did not 
affect pit sizes. 
 


 
Untreated AA 6061 coupon(47615) 


Pit diameter = 175.546µm 


 
Untreated AA 6061 coupon (47615)  


Pit diameter = 666.90µm  


 
AA 6061coupon surface treated with 


5% phosphoric acid  (47615) 
Pit diameter = 174.843µm 


 
Coupon AA 6061 surface treated with  


50% phosphoric acid (47615)  
Pit diameter = 665.82µm 


 
Untreated AA 1050 coupon (47506)  


Pit diameter (1)= 97.537µm 
Pit diameter (2)= 92.266µm 


 
Coupon AA 1050 surface treated with 


50% phosphoric acid (47506) 
Pit diameter (1)= 97.526µm 
Pit diameter (2)= 92.249µm 


FIG. 18. Optical micrographs of pits on coupon surfaces before and after treatment with 5% and 50% 
phosphoric acid. 
 
5. CONCLUSIONS 
 
The work done within the framework of the CRP on “Corrosion of research reactor aluminium-clad 
spent fuel in water - Phase II” and the Regional Project RLA-4/018, allowed the following 
conclusions: 
 
1. Examination of the coupons exposed to the spent fuel basin of IAE-R1 reactor revealed that 


pitting was the main form of corrosion. 
2. The top surface of the horizontal coupons pitted more than the bottom surface. The extent of 


pitting on the top surface of horizontal coupons decreased with change in position of the coupon 
from top to bottom in the rack. 
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3. The two sides of vertical coupons of all alloys pitted to the same extent. 
4. The extent of pitting of vertical coupons was considerably less than that of the horizontal 


coupons indicating that pit formation is influenced by, among other factors, settled solid 
particles on the coupon surface. 


5. Both the horizontal and vertical pre-oxidized coupons pitted to a lesser extent than the 
corresponding un-oxidized coupons. 


6. Coupon orientation had no noticeable effect on crevice or galvanic corrosion. 
7. The contact surfaces of AA 1050/AA 1050, AA 1050/AA 6061 and AA 6061/AA 6061 couples, 


and the surfaces of the aluminium alloys in contact with AISI 304 stainless steel, were stained 
with white to grey aluminium oxide. 


8. The contact surface of SZAV-1 coupons, from a crevice or a galvanic couple, revealed a 
significant number of small pits. The surface in contact with stainless steel revealed more pits 
than the surface in contact with another aluminium alloy. 


9. Rolled AA 1050 and AA 6061 coupons pitted to a greater extent compared to extruded AA 
1050 and AA6061 coupons. 


10. Alloy AA 1050 and AA 6061 coupons were stained with a layer of the ‘Bayerite’, due to the 
higher average basin water temperature. 


11. Chemical treatment of coupons with 5% or 50% phosphoric acid for up to 30s to either remove 
surface oxide or to decontaminate coupons did not affect pit sizes. 


12. Analysis of spent fuel basin sediments indicated mainly oxides of aluminium, iron, silicon and 
calcium. 


13. Overall, the results of this investigation have indicated that coupon orientation has a marked 
effect on the corrosion behaviour of aluminium alloy coupons. SZAV-1 coupons tend to pit 
more within crevices compared to AA 6061. Rolled AA 6061 pitted more than extruded AA 
6061. Since fuel plates of spent MTR type fuel elements are usually oriented vertically, 
information that can be obtained from the use of vertical coupons in a surveillance test would be 
more representative of actual corrosion processes taking place on fuel plates. 
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Abstract. This report presents the results of a corrosion study in which coupons were exposed in the Brazilian 
TRIGA IPR-R1 research reactor for 3 years. Three racks with horizontal coupons were immersed in the reactor 
pool in 2002; a rack with vertical coupons and a sediment collector were also immersed in the reactor pool in 
2005. Even though the reactor coolant (water) is considered to be good, almost all the coupons pitted to varying 
extents. The presence of sediments and poor circulation of water in the vicinity of the racks probably caused the 
coupons to pit. Aluminium alloy AA 1050 pitted more than the other alloys. 
 
1. INTRODUCTION 
 
TRIGA IPR-R1 is a pool type, light water cooled and graphite reflected research reactor. It is located 
at the Centro de Desenvolvimento da Tecnologia Nuclear (CDTN), which is part of the Brazilian 
Nuclear Energy Commission (CNEN). The first criticality of this reactor was achieved in 1960 and the 
integrated burnup of the reactor since its first criticality until now is about 130 MW-days. The fuel is 
20% enriched in U235 and the diameter and length of the rods are 37.6 mm and 724 mm, respectively. 
About 220 reactor operations are performed annually and consist of irradiation of material samples 
and experiments in the fields of radiochemistry, nuclear physics and reactor physics. The reactor’s 
nominal power has recently been increased from 100 kW to 250 kW. 
 
2. DESCRIPTION OF SITE 
 
Spent fuel elements are stored in the reactor pool in 2 racks capable of storing up to 6 fuel elements 
each. The storage racks are about 2.2m above the reactor core. The racks with corrosion test coupons, 
henceforth referred to as test racks, were positioned close to the reactor wall, between the storage rack 
and a cooling pipe. The test racks with horizontal coupons were identified on the holder bar as Racks 
41, 42 and 43. Another rack (fourth) with vertical coupons was immersed in 2005 in the reactor pool, 
close to Rack 43. The sediment collector was placed near the test racks on the other side of the storage 
rack. The test racks and the sediment collector were positioned 2.7 m below the water level. Table 1 
presents the dates of immersion and withdrawal of the test racks, Fig. 1 shows schematically the 
position of test racks in the reactor pool, and Fig. 2 is a photograph of the test racks and sediment 
collector inside the reactor pool. 
 


Table 1. Dates of immersion and withdrawal of test racks 
Rack Immersion Withdrawal 


41 July 2002 July 2003 
42 July 2002 July 2004 
43 July 2002 July 2005 


Vertical coupons February, 15th 2005 August, 25th 2005 
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2.1. Water circulation 


 
The heat from the reactor cooling water is removed in a stainless steel shell and tube type heat 
exchanger. In this heat exchanger, the primary water circulates through the shell at 28 m3/h and the 
secondary water circulates through the tubes. The primary circuit water is drawn from the bottom of 
the reactor pool by a mechanical pump, circulated through a stainless steel pipeline to the heat 
exchanger and returns to the reactor pool at its mid-height. Water purification is carried out with a 
mixed resin bed deionizer made of stainless steel and with an epoxy liner. Two 50 μm fiber filters at 
the inlet and outlet of the bed remove solid particles. Water is circulated through the resin bed once a 
month at a flow rate of about 2.3 m3/h, and this maintains the conductivity of water around 1.0-1.5 
μS/cm. 


 
 


FIG. 1. Position of the test racks in the TRIGA IPR-R1 research reactor. 
 


 
 


FIG. 2. Position of test racks and the sediment collector in the reactor pool. 
 


2.2. Spent fuel and basin alloys 


The reactor core consists of 59 fuel rods clad with aluminium alloy AA 1100 and 4 rods cladded with 
stainless steel AISI 304. So far, no spent fuel elements have been generated in the TRIGA IPR-R1 
research reactor. The storage racks contain only graphite elements. The reactor liner and support plates 
are made of aluminium alloy AA-5052-H34. Table 2 shows the nominal composition of the alloys. 
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Table 2. Nominal composition of aluminium alloys (wt %)  
Element AA 5052  AA 1100-F  AA 1050  AA 6061  
Al 97.25 Min. 99 Min. 99.5 98 
Cr 0.15 – 0.35 – – 0.04 – 0.35 
Cu Max. 0.1 0.05 – 0.2 Max. 0.05 0.15 – 0.40 
Fe Max. 0.4 – Max. 0.4 Max. 0.7 
Mg 2.2 – 2.8 – Max. 0.05 0.8 – 1.2 
Mn Max. 0.1 Max. 0.05 Max. 0.05 Max. 0.15 
Si Max. 0.25 Max. 0.95 (Si + Fe) Max. 0.25 0.4 – 0.8 
Ti – – Max. 0.03 Max. 0.15 
V – – Max. 0.05 – 
Zn Max. 0.1 Max. 0.1 Max. 0.05 Max. 0.25 


  Source: MatWeb – Material Property Data [1] 
 
2.3. Site specific coupons 
 
AA 1100 was not available and the quantity of AA 5052 available was sufficient for only 3 coupons. 
These coupons had an external diameter of 70 mm and were coupled to stainless steel coupons to form 
galvanic couples. The three galvanic couples were added, one each to the test racks 41, 42 and 43, 
below the other coupons. Due to unforeseen problems, Site specific coupons that matched in size and 
quantity those used by other participants of the Regional Project for Latin America (RLA) [2], could 
not be prepared to permit comparisons. 


 
The four test racks were assembled as shown in Tables 3 and 4. A 150-mm acrylic or PVC disk was 
added to the test racks to prevent contact with the reactor walls and components. This disk was 
inserted below the coupons in test racks 41, 42 and 43 and on both sides of the rack with vertical 
coupons. 
 


Table 3. Coupon stacking sequence in racks with horizontal coupons 
Order Description of coupon 


1 AA 1050 
2 A 6061 
3 AA 1050 (pre-oxidized and scratched) 
4 AA 1050 / AA 1050 
5 AA 1050 / AA 6061 
6 AA 6061 / AA 6061 
7 AA 1050 / AISI 304 
8 AA 6061 / AISI 304 
9 AA 5052 / AISI 304 


 
Table 4. Coupon stacking sequence in rack with vertical coupons 


Order Coupon identification Description 
1 AA 1050-Ex Single coupon 
2 AA 1050-R Single coupon 
3 AA 1050-Ex-PS PS 
4 AA 1050-R-PS PS 
5 AA 1050-Ex/AISI 304 Galvanic couple 
6 AA 1050-R/ AISI 304 Galvanic couple 
7 AA 6061-Ex Single coupon 
8 AA 6061-R Single coupon 
9 AA 6061-Ex-PS PS 


10 AA 6061-R-PS PS 
11 AA 6061-Ex/ AISI 304 Galvanic couple 
12 AA 6061-R/AISI 304 Galvanic couple 


Ex: extruded; R: rolled; PS- pre-oxidized and scratched: AISI: stainless steel 
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2.4. Water chemistry 
 
Water analysis (Table 5) indicated very low concentrations of ions normally aggressive to aluminium 
like chloride, copper, iron, nitrate and sulfate but in. According to the values of Table 5, the water in 
the reactor pool is considered to have the adequate quality to prevent corrosion of the aluminium 
cladding. Figure 3 indicates the low conductivity and stable pH measured during the period of 
exposure of the corrosion coupons. 
 
The anions Cl-, F-, NO2


-, NO3
- and SO4


- were determined using chromatographic techniques and the 
elements Fe, Cu, Ca, Mg, Si and Na, by ICP-OES. The conductivity of water samples was determined 
by a conductometer and the pH, using a traditional pH meter. 
 
Table 5. Results of chemical analysis of reactor pool water (ppm)  
Date Metals and ions 


 Cl- NO2
- NO3


- SO4
- Fe Cu Ca2+ Mg Si Na+ 


Mar/2003 < 0.10 < 0.10 < 0.25 < 0.25 - - - - - - 


Sep/2003 < 0.25 < 0.25 < 0.25 < 0.5 - - - - - - 
Aug/2004 0.0227 - - 0.0183 - - 0.130 - 0.98 0.025 


Out/2004 0.045 - 0.10 0.11 < 0.02 < 0.003 0.13 0.013 0.95 0.028 


Nov/2005 < 0.025 - < 0.05 < 0.2 < 0.02 < 0.03 < 0.02 - 1.27 ± 
0.04 


- 
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FIG. 3. Variation of pH and conductivity during the period June 2002 – August 2005. 
 


3. EVALUATION OF COUPONS 
 
After withdrawal from the reactor, the coupons of the four test racks were dark, due to an oxide layer, 
except the pre-oxidized AA 1050 coupons. Figure 4 shows the appearance of test rack 43, just after 
withdrawal from reactor. It can be seen that the coupons have different colours, specially the coupled 
ones. AA 6061 coupons were darker than the AA 1050 coupons due to differences in alloy 
composition. Sediments can be observed on the top coupon surface. Similar observations were made 
when corrosion racks 41 and 42 were withdrawn. Examination at low magnifications revealed pits on 
the surfaces of all coupons including those that were pre-oxidized. The pH on surfaces of coupons of 
rack 41 was measured and the values were close to that of the bulk water, around 6.5. The pH on 
surfaces of coupons of test racks 42, 43 and the rack with vertical coupons was not measured due to 
non-availability of appropriate pH paper. Figs. 5 and 6 show some coupons of test rack 43 and that 
with vertical coupons. 
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FIG. 4. Corrosion Test rack 43 after 3 years of exposure in the reactor. 
 


 
 


FIG. 5. Vertical coupons after 6 months of exposure. 
 


 
 


FIG. 6. Single and galvanically coupled coupons after 3 year of exposure 







98 


4. PIT EVALUATION  
 
Decontamination of the coupons was not necessary. Prior to pit evaluation the coupons were treated 
with a chromium oxide containing phosphoric acid solution to dissolve oxides from the pits. Figs. 7 
and 8 show examples of pits found on horizontal and vertical coupons, respectively. Many large pits 
were found on AA 1050 and AA 6061, especially at the zone near the ceramic ring. Contact surfaces 
of crevice coupons also showed pits, especially the galvanic couples. In general, pits on alloy AA 
1050 were larger and deeper than on those on AA 6061. The Site specific alloy AA 5052, in contact 
with stainless steel also suffered galvanic corrosion, as shown in Fig. 7. 


 


  
a) AA 1050, after 1 year of exposure. b) AA 1050, after 2 years of exposure. Exposed 


surface of couple AA 1050/AA 1050. 


  
c) AA 1050 in contact with AISI 304, after 3 


years of exposure. Region of contact with 
stainless steel coupon. 


d) AA 5052 in contact with AISI 304, after 3 
years of exposure. Region of contact with 


stainless steel coupon. 


  
e) AA 6061, after 2 years of exposure. Region 


near border. 
f) Pre-oxidized AA 1050 coupon, after 3 years of 


exposure. Region near border. 
 


FIG. 7. Pits on horizontal coupons. 
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a) Rolled AA 1050 coupon. Central zone. b) Extruded AA 1050 coupon. Region near 


border. 


  
c) Rolled AA 1050 coupon coupled with AISI 


304. Region of contact with stainless steel 
coupon. 


d) Extruded AA 6061 coupon coupled with AISI 
304. Region of contact with stainless steel 


coupon. 


  
e) Extruded AA 6061 coupon. Region near 


border. 
f) Rolled AA 6061 coupon. Central zone. 


 
FIG. 8. Pits on vertical coupons, after 6 months of exposure. 


 
Quantitative evaluation of pitting corrosion was done with a Leica Image Analyzer DM IRM and with 
routines developed with Leica Qwin software. Three different routines were available in the Leica 
Image Analyzer: 
(a) Evaluation of 10 optical fields; 
(b) Evaluation of 15 optical fields and 
(c) Evaluation of the whole coupon. 
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In the case of the first two, the whole coupon was manually examined and 10 or 15 fields were 
selected to record the pits. The histogram of pit depth vs. number of pits obtained using routines (a) 
and (b) corresponds to these fields. 


 
Overall, it was observed that AA 1050 was more susceptible to pitting corrosion than AA 6061 as the 
former had more and bigger pits than coupons of AA 6061. One set of results is shown in Fig. 9; 
which shows histograms corresponding to the bottom surfaces of coupons of AA 1050 and AA 6061. 
About 140 pits were found on AA 1050 coupon while 9 pits were found on AA 6061 coupon. Both 
coupons were single coupons and were at the top of the test rack. 


 


 
 
FIG. 9. Pit histograms on bottom surfaces of single coupons of AA 1050 and AA 6061 exposed for 2 
years. The histograms reveal greater susceptibility to pitting of AA 1050 compared with AA 6061. 


 
As a general rule, bottom surfaces of coupons corroded less than top surfaces, due probably to 
deposition of sediments on coupon surfaces. Fig. 10 presents the results obtained for a single AA 6061 
coupon, after 2 years of exposure. On the same coupon, the top surface revealed 21 pits whereas the 
bottom surface revealed 9 pits. 
 


 
 
FIG. 10. Comparison between top and bottom surfaces of the same AA 6061 coupon after 2 years of 
exposure. 
 
Fig. 11 allows to compare the extent of pitting of AA 1050 coupons at different positions in the test 
rack after 2 years of exposure. Figs. 11 (a) to (d) reveal the extent of pitting of the bottom surfaces of 
coupons place in different positions of the test rack, from top to bottom. A decrease in number of pits 
for coupons in lower positions is evident. 
 


 
 
FIG. 11. Variation in pitting corrosion of AA 1050 coupons with position in rack. From a) to d) 
positions varied from top to bottom in rack. 
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Fig. 12 allows to compare pitting of extruded and rolled coupons (Ex – extruded and R – rolled) 
exposed to TRIGA reactor environment for 6 months. Coupon AA 1050-R presented more and larger 
pits than coupon AA 1050-Ex. This shows that rolled AA 1050 coupons are less resistant to pitting 
corrosion. In the case of AA 6061, the effect observed was the opposite. The AA 6061-Ex coupon was 
more attacked, presenting more and larger pits, than the AA 6061-R coupon. Even on the contact 
surface of the crevice couple, some small pits were seen. In the contact region of the galvanic couple, 
large pits were found. 


 


 
 
FIG. 12. Comparison of pitting on rolled and extruded coupons (R - rolled and Ex-extruded) of AA 
1050 and AA 6061, after 6 months of exposure. 


 
Table 6 presents the variation in the extent of corrosion of single AA 1050 and AA 6061 coupons 
during the whole project. The values on Table 6 show that for both alloys the amount and size of pits 
increased with time of exposure to the reactor pool water. Large pits were found on coupons exposed 
for 3 years. 
 
Table 6. Variation in extent of pitting corrosion of AA 1050 and AA 6061 exposed to the reactor pool 
water for up 3 years  
Coupon Parameter 1 year 2 years 3 years 
AA 1050 A Number of pits 67 125 104 
 Max. pit size (μm) 208 560 571 
AA 1050 B Number of pits 53 139 243 
 Max. pit size (μm) 377 266 577 
AA 6061 A Number of pits 12 21 29 
 Max. pit size (μm) 232 124 595 
AA 6061 B Number of pits 1 9 6 
 Max. pit size (μm) 85 343 562 


A: Top surface; B: Bottom surface. 
 
Fig 13 shows cross section micrographs of pits on AA 1050 and 6061 after 2 years of exposure. Tables 
7 and 8 present the aspect ratio of some pits found on these alloys. 
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FIG. 13. Micrographs of pits on alloys AA 1050 and A 6061, after 2 years of exposure. 
 


Table 7. Height, diameter and aspect ratio of pits on AA 1050 COUPON of test rack  42. 
Pit Height 


(mm) 
Diameter  
(mm) 


Aspect ratio 
(height/diameter) 


1 0.0960 0.2614 0.37 
2 0.0909 0.5581 0.16 
3 0.0694 0.5215 0.13 
4 0.1048 0.4863 0.21 
5 0.1073 0.4420 0.24 
6 0.1124 0.4522 0.25 
 
5. EFFECT OF COUPON ORIENTATION  
 
In Table 9 summarizes the effect of coupon orientation on corrosion of aluminium alloys. Coupons of 
AA 1050 in extruded and rolled condition are compared with single a coupon of AA 1050 after 1 and 
2 years of exposure. The same comparison has been carried out with AA 6061. Considering the 
duration of exposure, no marked differences in corrosion were observed with coupon orientation.  
 
Table 8. Height, diameter and aspect ratio of pits on AA 6061 coupon of test rack 42. 
Pit Height 


 (mm) 
Diameter (mm) Aspect ratio 


(height/ diameter) 
1 0.0102 0.0204 0.50 
2 0.0153 0.0307 0.50 
3 0.0269 0.0576 0.47 
4 0.0153 0.0525 0.29 
5 0.0166 0.0358 0.46 
6 0.0256 0.0729 0.35 
7 0.0345 0.0475 0.73 
8 0.0217 0.0364 0.59 
9 0.0295 0.0486 0.61 
10 0.0294 0.0461 0.63 
11 0.0192 0.0409 0.47 
12 0.0103 0.0601 0.17 
13 0.0078 0.0166 0.47 
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Table 9. Evaluation of effect of coupon orientation 
   Coupon Orientation Duration of exposition Number of pits Max. size (μm) 
  AA 1050-Ex    Vertical         6 months 19 83.6 
  AA1050-R    Vertical         6 months 58 155 
  AA1050    Horizontal         1 year 67 208 
  AA 1050    Horizontal         2 years 125 560 
  AA 6061-Ex    Vertical         6 months 10 551 
  AA 6061-R    Vertical         6 months 4 182 
  AA 6061    Horizontal         1 year 12 377 
  AA 6061    Horizontal         2 years 21 124 
 
 
6. SEDIMENT COLLECTOR RESULTS 
 
A sediment collector was prepared and installed in the reactor pool with the objective to analyse the 
effect of deposition of the environment dust on the coupons. The sediment collector, shown in Fig. 14, 
was made of acrylic, with a diameter of 18.9 cm, height of 3.8 cm and surface area of 280.6 cm2. It 
was placed in the reactor pool about 2.7 m below the water level, as shown in Fig. 2.. Before its 
withdrawal from reactor pool, it was covered to avoid collection of floating impurities on the reactor 
pool surface. 
 


 
 


FIG. 14. Sediment collector. 
 


 
The sediment collector was immersed in the reactor pool on 15 of February 2005, and withdrawn on 
25 of Augusto 2005. After withdrawal, the water with the sediments was transferred to a vessel along 
with rinse water and allowed to dry slowly on a hot plate. Final drying was done in an oven. The dried 
sediments were then collected, weighed and analyzed by X rays diffraction. The total amount of 
sediments collected in 2005 was 32.2 mg., allowing to establish the rate of sedimentation as 
18.1μg/cm2.month. In a previous experiment made in 2004, during a period of 7 month collecting time 
the total amount of sediments collected was 24.2 mg. The analysis of the sediments was made using X 
rays diffraction analysis, and indicated significant amounts of amorphous material that is probably 
related to the Al- Ca- and Si- containing phases. Table 10 shows the different phases identified in the 
sediments. 
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Table 10. Phases identified in the sediments collected in the pool of IPR-R1 research reactor  
Predominant phase 
(>30%) 


Secondary phases 
(<10%) 


Minor phases 
(<3%) 


   Amorphous 
   CaCO3 (Calcite) 


   Fe3O4 (Magnetite) 
   SiO2 (Quartz) 


   CaMg(CO3)2 (Dolomite) 
   α-Al2O3.3H2O (Gibbsite) 
   Fe2O3 (Hematite) 
   Mg3Si4O10.(OH)2 (Talc) 


 
7. DISCUSSION 
 
Evaluation of the extent of corrosion of aluminium alloy coupons exposed for three years to the pool 
water of the TRIGA IPR-R1 research reactor revealed that almost all the coupons corroded. The extent 
of corrosion varied with type of alloy, its position in the rack and the surface treatment. Based on the 
number and size of pits, the alloy AA 1050 suffered the most damage. The pit dimensions, height and 
diameter, revealed that those on of AA 1050 were deeper and larger than on alloy AA 6061. However, 
on the basis of pit aspect ratios, it can be seen that pits on AA 6061 were deeper than those on AA 
1050. Pits were observed on the contact surfaces of galvanic and crevice couples, especially on 
coupons of test rack 43. The Site specific coupon of AA 5052 revealed few pits, except those on the 
galvanic couple. Some large pits were found on the contact surfaces of galvanic couples of the three 
aluminium alloys. 
 
The fourth rack with vertical coupons also revealed pits, even though it was immersed in the reactor 
water for only 6 months. The appearance of the pits did not change compared to those on the 
horizontal coupons. These were round and not elongated as reported by other participants of this 
project. Comparison of data of vertical coupons with those of horizontal coupons showed that the 
extent of pitting was quite similar, considering that the fourth rack was exposed for only 6 months, as 
shown in Table IX. The number and size of pits indicate that the change in coupon orientation did not 
affect corrosion attack. 
 
Water quality control of TRIGA IPR-R1 reactor is based on parameters that are considered important 
for the fission reactions. Parameters that are frequently measured, such as conductivity and pH, show 
that the water is of adequate quality. However, determination of certain parameters like chloride 
content and other ions, which are important in terms of corrosion control, are not usually done. A few 
samples of reactor pool water were collected and analyzed. Low concentrations of chloride, copper, 
iron, nitrate and sulphate ions were detected. Impurities at these levels are considered to be adequate to 
prevent corrosion of aluminium fuel cladding. Since environment related factors and service factors 
affect corrosion, it has been difficult to predict the effect of water chemistry only on corrosion of Al 
alloys. The water chemistry data and the amount of settled solids reported by ININ, Mexico were 
similar to those observed here [3]. However, fewer pits were found on coupons exposed to the ININ 
reactor pool water during the whole project. One probable reason for this observation reported by 
ININ could be the high water flow rates near the corrosion racks, which could have removed the 
sediments more efficiently than in the CDTN reactor. 
 
Analysis of sediments collected during 6 months in the reactor showed the presence of small amounts 
of iron, silicon and aluminium oxides, besides calcium and magnesium carbonates. These sediments 
could have contributed to corrosion of the coupons in the CDTN reactor pool water. 
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8. CONCLUSIONS 
 
 
The work done in at CDTN allowed the following conclusions: 
 
1) Aluminium alloy coupons exposed to the TRIGA IPR-R1 reactor pool environment corroded to 


different extent. Almost all the aluminium coupons of the different racks revealed corrosion 
pits. To a lower extent, pre-oxidized and scratched coupons also revealed pits in the scratch. 


2) Alloy AA 1050 corroded more than the other alloys. The higher pitting corrosion resistance of 
AA 6061 is due probably to the higher Si and Mg content. 


3) The Site specific alloy (AA 5052) was not tested as thoroughly as AA 1050 and AA 6061 due 
insufficient material to make coupons. The available AA 5052 coupons were galvanically 
coupled with AISI 304. The 3 coupons of this alloy in the three racks revealed pits in the contact 
region with stainless steel. On the exposed side of these coupons, few pits were found. 


4) The vertical coupons also revealed pits. Vertical AA 1050 coupon was more corroded than the 
vertical AA 6061 coupon. Rolled AA 1050 coupons had more and larger pits than the extruded 
coupons. In the case of alloy AA 6061, the extruded coupons corroded more than the rolled 
coupons. 


5) On the basis of data obtained in this investigation, coupon orientation had no effect on 
aluminium corrosion. The pit shapes did not change with coupon orientation.  


6) The amount of sediments collected from the reactor in 2005 was small (32.2 mg), but this was 
more than that collected in 2004 (24.2 mg). Oxides of iron, silicon and aluminium besides 
calcium and magnesium carbonates were the constituents of the sediments collected in 2005. 
These sediments may have contributed to corrosion of the aluminium alloys, along with poor 
water circulation in the region of Al coupons. 


7) Water analyses did not reveal significant amount of ions aggressive to aluminium alloys. 
Periodic chemical analysis of the reactor pool water is essential to increase fuel cladding 
corrosion control. 


8) Participation in the RLA project allowed us to conduct the first corrosion surveillance 
programme in the TRIGA IPR-R1 research reactor. The results of this project will improve 
reactor control for safe operation. 
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Abstract. Chile has two MTR type research reactors, RECH-1 and RECH-2. In both reactors the nuclear spent 
fuel is stored in racks placed in the respective reactor pool. This report presents the results of a corrosion 
surveillance programme based on the use of coupons submerged in both sites. A corrosion protocol approved by 
countries participating in this programme was followed. Racks containing aluminium discs-coupons with their 
surfaces in horizontal positions were exposed 3 years to the water, whereas others with coupons surfaces 
oriented vertically remained 9 months. The results showed that pitting is the main corrosion mechanism 
observed. The concentration levels of aggressive ions in water in both reactors were found to be very low in 
comparison with reference values. pH and conductivity levels are within acceptable limits for corrosion 
prevention; however, some exceptions were observed. In general, it was verified that the presence of sediments 
may trigger the initiation of corrosion pits. 
 
1. RESEARCH REACTORS DESCRIPTION 
 
In Chile there are two research reactors, RECH-1 and RECH-2, both administrated and operated by 
the Chilean Nuclear Energy Commission (CCHEN).  
 
111...111...    RECH-1 research reactor 
 
RECH-1 is a 5 MW open pool type research reactor, cooled and moderated by light water, reflected by 
beryllium and using MTR type fuel. The reactor is located in La Reina Nuclear Centre, in Santiago. It 
went critical for the first time in October 1974 using highly enriched uranium (80% of 235U) fuel 
assemblies, which were fabricated by the United Kingdom Atomic Energy Authority (UKAEA) at 
Dounreay, Scotland, using uranium provided by the United States. A second load of fuel assemblies 
was also fabricated by UKAEA using British highly enriched uranium (45% of 235U). At the present, 
CCHEN is manufacturing its own fuel assemblies using Russian low enriched uranium (19.75% of 
235U).  


 
From 1985 to 1998, the reactor operated with a mixed core, configured with HEU fuel assemblies of 
two different enrichments, 80% and 45% of 235U. In 1998 CCHEN started the conversion of the 
reactor core, using low enriched uranium (19.75% of 235U) and fuel assemblies fabricated by the 
Chilean Fuel Fabrication Plant. Since 1998, national fuel assemblies have been gradually delivered to 
the reactor, resulting in a constant program that reached total conversion of the reactor core in May 
2006. 


 
The MTR box type fuel assembly consists of 16 flat plates, where each plate has a fuel core 
sandwiched between high purity aluminium. The meat of the fuel plate of both HEU fuel assemblies 
was made of UAlx + Al, and the meat of the LEU fuel assembly is based on U3Si2-Al dispersion. The 
overall fuel assembly geometry remained the same for all sorts of fuel. 


 
The primary cooling system transfers the heat generated in the core to the heat exchanger, where it is 
subsequently removed to the cooling tower by the secondary circuit. Cooling water flows downwards 
through the reactor core at a rate of 654 m3/h. Three cubic meters per hours of water of the reactor 
pool is driven to a purification plant housed in the reactor block. The water of the primary cooling 
system circulates through the purification plant by one of two 100% capacity pumps for the purpose of 
improving and maintaining the quality of the water of the reactor. 
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RECH-1 has two pools connected by a channel; both pools and the interconnection channel are lined 
with 6 mm thick 304-SS layer. The first pool contains the reactor core, all associated accessories 
needed for experiments, and two storage racks that can hold up to 30 fuel assemblies (15 in each rack). 
The racks are mainly used to support manoeuvres during modifications of the core configuration. The 
second pool is the operational wet storage for spent fuel assemblies of the reactor. It contains 
aluminium racks with capacity to store 90 spent fuel assemblies. The pool has enough space to 
accommodate more racks to increase the storage capacity to at least 250 spent fuel assemblies. At 
present, RECH-1 reactor generates 3 to 4 spent fuel assemblies per year; consequently, there is enough 
operational storage capacity for many years of reactor operation, even if there is an increase in reactor 
utilization. 
 
1.4. RECH-2 Research Reactor 
 
RECH-2 is also a pool type research reactor and it utilizes MTR type fuel. This reactor arose as the 
result of a technical cooperation agreement signed in 1972 between Spain and Chile. RECH-2 is 
located in Lo Aguirre Nuclear Centre and it reached its first criticality in February 1977. According to 
the original design, the nominal power of the reactor is 10 MW. The original 31 fuel assemblies were 
fabricated in Spain, by the Junta de Energía Nuclear de España (JEN), using French enriched uranium 
(90% of 235U). 


 
In order to improve the reactor, from 1986 to 1989 a detailed design revision and modifications were 
made in a joint effort between CCHEN and JEN. The original 31 fuel assemblies were dismantled and 
each fuel plate was inspected. Several fuel plates were discarded and 29 fuel assemblies were 
reassembled. As a result of the limitations in the amount of available fuel assemblies, the operating 
reactor power was set at 2 MW. Due to this low operation power and the routine operation of the 
RECH-1 research reactor, the RECH-2 reactor has not been operated from many years and the reactor 
is being kept under the condition of permanent shutdown. During its short operation period it did not 
generate spent fuel. 


 
Cooling water provided by the primary circuit flows downwards through the reactor core at the 
maximum rate of 1200 m3/h, which is needed to operate at the design power of 10 MW. The 
purification system to maintain the water quality of the RECH-2 reactor pool was designed to operate 
at the flow rate of 20 m3/hr. 


 
Four operational storage racks are placed in the reactor pool; each one can hold up to 10 fuel 
assemblies. The reactor was provided with a spent fuel storage pool, separated from the reactor pool, 
which is placed beside the reactor block. It has the capacity to store up to 256 spent fuel assemblies. 
The storage pool has its own purification system. Because the RECH-2 reactor is not in operation, the 
storage pool is not being utilised. 
 
1.5. Water Quality Control. 
 
To preserve the water quality and to maintain and control the water of the reactor, the Norm CCHEN 
Nº 3.2.1, April 1984 [1], is applied. It states that the reactor cooling water must be demineralised, with 
conductivity in the range of 0.2 to 1.5 µS/cm. The pH value shall be kept between 5.5 and 6.5. The 
amounts of iron, copper and chloride ions in the water shall not exceed 0.01, 0.01 and 0.20 ppm, 
respectively. 


 
Occasional temporary deviations of the conductivity, iron and chloride values are acceptable, but not 
those of copper. These deviations must not exceed the following upper limits: Conductivity 2.0 µS 
/cm, Iron content 2.0 ppm, and Chloride content 1.0 ppm. 
 
 
 
 







108 


 
2. CORROSION PROTOCOL 
 
A Test Protocol especially developed for the project was applied, similar to a previous one used in 
another programme [2]. It established the use of test racks, which were submerged into the pools of 
RECH-1 and RECH-2 reactors. The materials used in the racks and methods of analysis are described 
elsewhere in this publication. In the case of the Chilean reactors, several coupons manufactured with 
other materials were added: one single coupon made of Al 5251 alloy, one crevice couple composed 
by two coupons manufactured with different batches of the same 6061 alloy (compositions only 
slightly different) and another crevice couple made with Al 5251 and a Brazilian 6061. Three racks 
were initially immersed in vertical positions in the sites, with the coupons horizontally oriented. A 
fourth rack was introduced later in a horizontal position (with vertical coupons); the materials and 
methods used for this latter case are also described in the protocol. Table 1 shows the general 
compositions of alloys involved in this study. 
 
Table 1. Composition of aluminium alloys and stainless steel 
Element Al 1050 Al 6061 Al 5251 AISI 304 
Al 
C 
Cr 
Cu 
Fe 
Mg 
Mn 
Ni 
P 
S 
Si 
Ti 
V 
Zn 


Min. 99.5 
-- 
- 
Max. 0.05 
Max. 0.40 
Max. 0.05 
Max. 0.05 
-- 
-- 
-- 
Max. 0.25 
Max. 0.03 
Max. 0.05 
Max. 0.05 


balance 
-- 
0.04 – 0.35 
0.15 – 0.40 
Max. 0.70 
0.8 – 1.2 
Max. 0.15 
-- 
-- 
-- 
0.4 – 0.8 
Max. 0.15 
-- 
Max. 0.25 


balance 
-- 
0.15 
0.15 
0.50 
1.7 – 2.4 
0.1 – 0.5 
-- 
-- 
-- 
0.40 
0.15 
-- 
0.15 


-- 
Max. 0.08 
18 – 20 
-- 
66.345 – 74 
-- 
Max. 2 
8.0 – 10.5 


Max. 10.5 
Max. 0.03 
Max. 1.00 
-- 
-- 
-- 


 
222...111...    Location of racks and dates 
 
2.1.1. RECH-1 Research Reactor 
 
The three RECH-1 corrosion racks, named “Rack-1”, “Rack-2” and “Rack-3”, were placed hanging in 
vertical position (with the coupons in horizontal position) from a platform fixed to one of the spent 
fuel storage racks, as shown in Fig. 1. Every year a rack was withdrawn. Table 2 shows the 
corresponding immersion and withdrawal dates. 


 
At the beginning of the third year, a fourth rack, “Rack-1V”, was installed in the vertical position, so 
that the coupons remained vertically oriented. This one remained immersed for 9 months. 
 
Table 2: Racks immersion and withdrawal dates in RECH-1 reactor pool  
Rack Immersion Withdrawal 
Rack-1 October 3, 2002 October 9, 2003 
Rack-2 October 3, 2002 October 4, 2004 
Rack-3 October 3, 2002 October 6, 2005 
Rack-1V January 6, 2005 October 6, 2005 
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FIG. 1. Position of the racks in RECH-1 reactor pool (left), and detail of the platform (right) 
 
 
2.1.2. RECH-2 Research Reactor 
 
Three racks were placed in the vertical position (with horizontal coupons) into the pool of the RECH-2 
reactor, named “Rack-4”, “Rack-5” and “Rack-6”, all of them located in front of one spent fuel rack. 
The withdrawal of those racks followed the same schedule applied to the racks installed in the 
RECH-1 reactor. Fig. 2 shows the location of the racks in the RECH-2 reactor pool. A horizontally 
oriented rack (with vertical coupons), named “Rack-2V”, was installed after withdrawing the second 
rack and remained in the reactor pool for 9 months. Table 3 shows the dates of immersion and 
withdrawal of the racks from the RECH-2 reactor pool. 
 
Table 3: Rack immersion and withdrawal in RECH-2 reactor pool 
Rack Immersion Withdrawal 
Rack-4 October 4, 2002 October 7, 2003 
Rack-5 October 4, 2002 October 5, 2004 
Rack-6 October 4, 2002 October 4, 2005 
Rack-2V January 6, 2005 October 4, 2005 


 


 


 
 


 


 
FIG. 2:RECH-2 reactor pool (left) and  Location of the racks in RECH-2 reactor pool (right)  
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3. WATER QUALITY AND ITS CONTROL 
 
3.1. Water chemistry parameters 
 
The pool water in both reactors is periodically analysed. A sample of water is taken from the pool to 
represent the bulk water, while a second sample is taken close to the racks. pH, conductivity, as well 
as iron, chloride and copper ions content are regularly measured. Others ions like sulphates, 
carbonates, nitrites, heavy metals, etc, were measured with a periodicity of about 2 months. The 
following techniques were used: 


pH   :  Potentiometry 
Conductivity :  Potentiometry 
Anions  :  High Performance Liquid Chromatography (HPLC) 
Cations  :  Optical Emission Spectroscopy (ICP) 
 
Besides, conductivity and pH are regularly monitored in reactor. 


 
3.1.1. Water parameters in RECH-1 Research Reactor 
 
The time evolution for pH and conductivity in RECH-1 reactor pool is shown on Fig. 3, and for the 
ion concentration on Fig. 4.  Table 4 shows the detailed numerical values for all parameters.  
 


 
 


FIG. 3. Evolution of conductivity and pH  in RECH-1 reactor pool. 
 


 
 


FIG.4. Evolution of iron, cooper and choride contents in RECH-1 reactor pool 
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Table 4. Water chemical analysis for water from RECH-1 reactor pool  


Date PH Conductivity 
(µS/cm) 


Fe 
*10-3 ppm 


Cu 
*10-3 ppm 


Cl – 
*10-3 ppm 


NO2
- 


*10-3 ppm 
NO3


- 
*10-3 ppm 


SO4
= 


*10-3 ppm 
Cd 


*10-3 ppm 
03/10/2002 5.72 0.95 0.93 2.03 1.6 - - - - 
16/11/2002 5.65 1.1 0.08 0.35 15.4 < 0.1 < 0.1 < 0.1 0.53 
28/12/2002 5.77 0.89 0 0.8 3.5 - - - - 
16/01/2003 5.65 1.03 0 0.57 5.1 < 0.1 < 0.1 < 0.1 0.84 
10/04/2003 5.1 0.5 0.1 0.54 2 - - - - 
05/06/2003 5.6 0.97 0.02 0 6 - - - - 
17-07-2003 6 0.7 0.07 0.08 4.8 < 0.1 < 0.1 < 0.1 0.07 
18-08-2003 5.4 0.5 0 0.18 3.2 - - - - 
08-09-2003 5.72 0.87 0.15 0 2.2 - - - - 
25-09-2003 5.67 0.68 0.22 0.29 2 < 0.1 < 0.1 < 0.1 0.37 
09-10-2003 5.9 0.58 1.48 0.15 1.9 - - - - 
20-11-2003 5.75 1.9 0.2 0 23.1 < 0.1 < 0.1 < 0.1 0.4 
15-01-2004 4.5 0.8 0.09 0 3.3 < 0.1 < 0.1 < 0.1 0.5 
26-02-2004 6.1 0.92 0 0 2.5 - - - - 
11-03-2004 5.7 0.78 0 0 2.5 < 0.1 < 0.1 < 0.1 0.20 
05-05-2004 6.6 1.2 0 0 2.0 < 0.1 < 0.1 < 0.1 0.33 
17-06-2004 5.84 1.13 0 0.10 <1.0 - - - - 
08-07-2004 5.81 0.93 0.2 0 <1.0 < 0.1 < 0.1 < 0.1 0.08 
02-09-2004 5.58 1.04 0.2 0 <10 < 0.1 < 0.1 < 0.1 0.2 
11-11-2004 5.79 1.04 0.2 0.2 <1.0 - - - - 
06-01-2005 6.3 0.7 0 0 <1.0 < 0.1 < 0.1 < 0.1 0.23 
28-03-2005 5.7 1.46 0.5 0.90 1.5 < 0.1 < 0.1 < 0.1 0.70 
06-06-2005 5.74 1.03 <1.0 <1.0 <1.0 < 0.1 < 0.1 < 0.1 < 1.0 
07-07-2005 5.65 1.10 <1.0 <1.0 <1.0 < 0.1 < 0.1 < 0.1 <1.0 
08-09-2005 5.71 1.30 <1.0 <1.0 <1.0 < 0.1 < 0.1 < 0.1 < 1.0 
06-10-2005 5.71 1.08 <1.0 <1.0 <1.0 - - - - 
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3.1.2. Water parameters for RECH-2 Research reactor 
 
Time evolution for pH and conductivity in RECH-2 reactor pool is shown on Fig. 5, and for the ion 
concentration on Fig. 6.  Table 5 shows the detailed numerical values for all parameters. 


 


 
 


FIG. 5. Evolution of conductivity and pH  in RECH-2 reactor pool 
 


 
 


FIG. 6. Evolution of iron, cooper and choride contents in RECH-2 reactor pool 
 


 
4. COUPONS EVALUATION 
 
Any time a rack was removed from the pools, pH of water on the external surfaces of the coupons was 
measured. Prior to disassembly, the rack and any points of interest were photographed. Once a rack 
was disassembled, pH on the inside faces of crevice and galvanic couples was measured. Careful 
observation of specific corrosion phenomena was conducted and both sides of each coupon were 
photographed. 
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Table 5.  Water chemical analysis for water from RECH-2 reactor pool 


Date pH Conductivity 
(µS/cm) 


Fe 
*10-3 ppm 


Cu 
*10-3 ppm 


Cl- 


*10-3 ppm 
NO2


- 
*10-3 ppm 


NO3
- 


*10-3 ppm 
SO4 


*10-3 ppm 
Ca 


*10-3 ppm
04/10/2002 5.57 1.02 0.65 1.01 3.3 - - - - 
02/11/2002 5.71 0.59 0.193 0 2.2 - - - - 
18/11/2002 5.67 0.89 0.754 3 11.3 < 0.1 < 0.1 < 0.1 0.49 
02/01/2003 5.59 0.91 0.38 0.36 2.3 - - - - 
21/01/2003 5.69 0.93 0.2 0 5.7 < 0.1 < 0.1 < 0.1 1.02 
3/03/2003 5.64 0.6 0.51 0 <1.0 - - - - 
19/03/2003 5.89 0.65 0.42 0 2.2 - - - - 
08/04/2003 5.7 0.8 0.28 0 <1.0 - - - - 
20/05/2003 5.5 0.61 0.32 0 <1.0 - - - - 
04/07/2003 5.5 0.52 0.16 0 8.1 - - - - 
14/08/2003 5.85 0.56 0.17 0 2.5 - - - - 
29/08/2003 5.73 0.76 0.5 0 3.2 < 0.1 < 0.1 < 0.1 1.11 
27/02/2004 5.7 0.86 0 0 2.5 - - - - 
06/10/2004 5.8 0.8 0.4 0 1.2 - - - - 
07/12/2004 5.81 0.62 0.10 0.14 <1.0 - - - - 
06/01/2005 6.1 0.6 0.21 0 6 < 0.1 < 0.1 < 0.1 4.41 
22/02/2005 6.10 0.68 0.13 0.09 2.0 - - - - 
27/04/2005 5.83 1.27 1.5 0 1.5 - - - - 
31/05/2005 5.81 0.78 0.11 0 1.4 - - - - 
28/06/2005 5.95 0.78 <1.0 <1.0 <1.0 < 0.1 < 0.1 < 0.1 3.52 
06/09/2005 5.73 0.89 <1.0 <1.0 <1.0 < 0.1 < 0.1 < 0.1 4.47 
04/10/2005 5.97 0.86 <1.0 <1.0 <1.0 - - - - 







 


 


 
4.1. Evaluation of coupons from RECH-1 Research reactor 
 
Fig. 7 shows a rack extracted from a pool after one year of immersion. The upper side of the Al 5251 
alloy coupon, located in the highest position of a rack, is clearly visible. It is assumed that the 
observed stained spots were mainly produced by sediments. Fig. 8 shows a non uniform distribution of 
oxide and colouring in the inner sides of a crevice couple Al 6061/Al 1050 alloys, where the Al 6061 
presents a darker colouring in comparison with Al 1050 due to its higher Si content. 


 
Fig. 9 shows pits produced on an Al 6061 alloy coupon, which belongs to a galvanic couple made with 
SS 304/Al 6061 alloy. 
 


 
 


FIG. 7. Rack after 1 year of immersion 
 


 


FIG. 8.  Internal surface of the crevice couple between (a) Al 6061 and (b) Al 1050 alloys after 1 year 
 


 
 


FIG. 9. Galvanic couple between SS 304/Al 6061 alloy after 4 1 year immersion 
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Fig. 10 shows the surface of aluminium alloys after 3 years of immersion in the RECH-1 reactor pool. 
There are pits on the outer side of the coupons. The Al 1050 alloy looks more corroded than the Al 
6061 alloy. Fig. 10c illustrates the behaviour of the galvanic couple SS 304/Al 6061, showing the 
formation of a heterogeneous oxide on the Al alloy surface, as well as the existence of small pits on 
the inner and outer region of the couple. Fig. 10d shows that the scratched and pre-oxidized coupon 
had a good behaviour. No pits were detected in this case. 


 
Good corrosion behaviour was observed in vertically oriented coupons, which showed no evidence of 
pitting (Figs. 11 a - 11 d). 


 


 
 


FIG.10. Coupons immersed during 3 years in RECH-1 reactor pool. 
 
 


 
 


FIG. 11. Vertically oriented coupons immersed during 9 months in RECH-1 reactor pool 
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4.2. Evaluation of coupons from RECH-2 Research reactor 
 
Fig. 12a and Fig. 12b show the behaviour of the Al 1050 and Al 6061 alloys. A not completely 
uniform oxide distribution and different colouring between both alloys can be noticed. Pits were not 
observed either in the external or in the internal side of coupons of both alloys. Fig. 12c shows uneven 
oxidation in the contact area of the galvanic couple SS 304/Al 6061 alloy. However, there is no 
obvious evidence of pitting. As in the case of the RECH-1 reactor, the pre-oxidised Al 1050 coupon 
remained bright and clean after exposure, as seen in Fig. 12d. The surface looks free of oxide and no 
pits are observed. Vertically coupons oriented showed good behaviour with respect to corrosion. There 
was no evidence of pitting in any of them (Figs. 13a - 13d). 


 


 
 


FIG.12 Coupons immersed during 3 years in RECH-2 reactor pool. 
 
 


 
 


FIG. 13 .Vertically oriented coupons immersed in RECH-2 reactor pool during 9 months 
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5. METALLOGRAPHIC ANALYSIS 
 
In order to determine the shape, size and depth of the pits, metallographic evaluation of the coupons 
was performed using a Leica microscope with magnifications of 50x and 200x. Fig. 14 and Fig. 15 
show the results corresponding to the deepest pits found in coupons installed in the RECH-1 reactor. 
Fig. 14 shows pits in the Al 6061 alloy, where the morphology is of spherical type, and Fig. 15 shows 
pits in the Al 5251 Alloy. No tunnelling was found neither in the Al 6061 alloy nor in the Al 5251 
alloy. In spite of the large pit diameter, the measured depths are relatively small, configuring a shallow 
aspect ratio. 


 


 
 


FIG. 14. Pits in Al 6061 alloy after 2 years of immersion in RECH-1 reactor pool 
 


 
 


FIG.15. Pits in Al 5251 alloy after 2 years of immersion in the RECH-1 reactor pool 
 
 


6. IMAGE ANALYSIS 
 
For the purpose of having a statistic distribution of pit sizes, a survey was carried out on selected 
coupons using a Leica Image Analyzer with magnification of 50x. Only pits greater than 30 µm were 
counted; hence, for some of the coupons no information was produced. Coupons coming from the 
RECH-1 reactor showed few pits with sizes above this threshold; for this reason, limited statistics 
could be obtained for them. 


 
Fig. 16 shows the results for a single Al 1050 coupon, horizontally oriented, after 3 immersion years. 
If the most relevant features are considered, i.e. details extending more than 100 µm, the amount and 
size of the pits resulting from the histograms become larger in the upper side than in the lower side.  


 
Fig. 17 shows representative images of the surfaces corresponding to the histograms of Fig. 16, and 
Fig. 18 shows the pre-oxidised extruded and scratched Al 1050 alloy. The surface does not bear any 
sign of corrosion. As seen in Fig. 19, that depicts the scratch in detail, no apparent effect has been 
produced. 
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FIG. 16. Histogram of an individual Al 1050 alloy coupon after 3 years of immersion in the storage 
pool of RECH-1: upper side of coupon on left side and lower side of coupon on right side. 


 
 
 


  
 
FIG. 17. Representative images of individual Al 1050 alloy after 3 years of immersion in the storage 
pool of RECH-1: upper side of coupon on left side and lower side of coupon on right side. 


 
 
 


  
 
FIG. 18. Extruded Al 1050 alloy (passivated and 
scratched) immersed during 9 months in RECH-1 
reactor pool 


 
FIG. 19. Detail of the scratch corresponding to 


the Al 1050 coupon depicted in Fig. 18 
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7. SEDIMENT COLLECTOR AND DETAILS ABOUT SEDIMENTS 
 
Two aluminium sediment collectors of 19 cm in diameter and 8.5 cm in height with a collector area of 
284 cm2 were fabricated. Both were installed in February 2004, one in the RECH-1 reactor and the 
other in the RECH-2 reactor. After 7 months the collectors were withdrawn and the sediments were 
analysed. Since aluminium containing compounds were detected among the gathered products, new 
collectors were made, manufactured with stainless steel, to exclude the possibility that the device itself 
would contribute to the sediment composition. The dimensions of the SS collectors are 24.9 cm in 
diameter and 10 cm in height, with a useful area of 486.9 cm2. The collectors were installed in 
February 2005 in the RECH-1 and RECH-2 reactors. In both reactors, sediments were collected during 
6 months and the results of the analysis are presented in Tables 6 and 7. 


 
Table 6. Amount of collected sediments  
Reactor Aluminium Collector (µg/cm2* month) SS 304 Collector (µg/cm2* month) 
RECH-1 98,3 58,6 
RECH-2 7,25 1,50 
 
 
Table 7.  Compounds identified in the sediments 
Reactor Aluminium Collector SS 304 Collector 
RECH-1 SiO2 


SiO2 
Al Aluminium 
Ca(Mn,Mg)(CO3)2 
Cu2(OH)3NO3 
Na4Al2Si2O9 


Al 
SiO2 Quartz 
SiO2 Cristobalite 
(Ca,Na)(Si,Al)4O8 Anortite 


RECH-2 Fe 
Cu 
CaCl*Ca(H2PO4)2*2H2O 
KPH2 
SiP 


SiO2 Quartz 


 
8. DISCUSSION 


 
During the 3 year corrosion study, it was found that the coupons immersed in the RECH-1 reactor pool 
were more corroded that those immersed in the RECH-2 reactor pool. However, no significant 
changes in the number, size and amount of the pits on the coupons after 1, 2, and 3 years of immersion 
have been found. 


 
Among the various studied aluminium alloys, the Al 1050 presented the worse corrosion behaviour 
with the larger amount of pits. The Al 6061 alloy also presented pits but in a smaller amount and size 
than those existent in Al 1050 alloy. 


 
Pre-oxidation surface treatment Al alloys has been highly beneficial, as demonstrated by the 
significant reduction in attack verified in treated coupons, either made of Al 1050 or Al 6061 alloys. 


 
Sediments were found in both reactor pools, which could be related with the onset of pitting, as can be 
inferred by the production of many small pits on the upper side of the first coupons in the vertically 
oriented racks (horizontal coupons) (Fig. 7, Fig. 9 and Fig. 10). Also, the image analysis reveals a 
higher pitting incidence on upper sides with respect to the lower sides (Fig. 16). 


 
The severest corrosion mechanism shown by these studies is pitting corrosion. Galvanic corrosion and 
crevice corrosion were also found. Pits were found in galvanic couples as well as in the crevice 
couples. 
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No significant changes were observed in the pH values of water from the interior of the crevices in 
comparison with the pH measured in the pool water. In both cases, the pH value was found in the 
range of 5 to 5.5. The crevice couples showed a dark colouring on the aluminium, most probably due 
to the presence of Si in the alloy. Change of surface colouring was not observed in the low Si Al 1050 
alloy. 


 
The pH and conductivity of the pool water of both reactors are within the range of values 
recommended for corrosion control; however, occasionally deviations were found. The amount of 
aggressive ions in the pool water of both reactors was considered acceptable. Concentrations of 
chlorides, iron and copper are below the limits established by the CCHEN’s Norm regarding water 
quality control [1]. 


 
Coupons coming from the horizontal racks (vertical coupons) showed good corrosion behaviour. No 
significant pitting was produced during the 9 immersion months (Fig. 11 and Fig. 13). However, 
testing time was not large enough to completely insure that the observed differences are related to 
coupon orientation. 


 
Sediments were collected twice in both reactors. The amount collected in the RECH-1 reactor was 
always larger than the amount collected in the RECH-2 reactor, even after the improvement of the 
ventilation system in RECH-1. The analyses of the sediments have mainly shown the presence of 
SiO2, Al, Fe, and Cu. 
 
9. CONCLUSIONS 
 
Based on the results obtained from tests conducted in the pools of RECH-1 and RECH-2 reactors, it is 
possible to establish the following conclusions: 
 
a) Pitting was the most important corrosion mechanism detected. 
b) Al 1050 was the alloy most affected by pitting corrosion. 
c) In general all pits showed a semi spherical shape. 
d) The pre-oxidation treatment effectively protected the aluminium alloys against corrosion. 
e) The sediments help the onset of pitting. Additionally, the low water flow in the vicinity of the 


spent fuel racks could be a factor contributing to the pitting corrosion mechanism. 
f) Water quality control records show that the pH and conductivity values have been maintained at 


an acceptable level. The aggressive ions content is low; however, it is necessary to reduce the 
presence of sediments in the pool water. 


g) The higher degree of corrosion observed in coupons immersed in RECH-1 reactor pool with 
respect to RECH-2 reactor pool may be related with the higher sediment deposition rate verified 
in that site. 


h) The racks exercise have allowed observers to know the real conditions of the spent fuel storage 
and to implement controls with the purpose of guaranteeing the integrity of the spent fuel 
elements during the temporary wet storage in the reactor pools. 
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Abstract. This report documents the work performed under the IAEA Coordinated Research Project (CRP) on 
corrosion of the research reactor aluminium-clad spent fuel in water in the Nuclear Research Institute Řež. The 
aim of the project was to evaluate the corrosion of coupons of aluminium alloys used as cladding material of 
research reactor fuel elements, upon exposure to the water on the spent fuel storage basins. The corrosion of 
coupons exposed to two storage facilities at our Institute was investigated. Test racks were delivered by the 
IAEA and these contained coupons of two aluminium alloys, AA 6061 and SZAV-1. The racks also contained 
bimetallic couples consisting of aluminium alloy and stainless steel coupons. Rolled and extruded AA 6061 
coupons were also tested. The single coupons, bimetallic couples and coupons with crevice couples were 
immersed in the at-reactor basin (ARB) and in the high-level waste pool (HLW). The chemical parameters of 
water in the two storage facilities were monitored and the extent of sedimentation of solids was measured. The 
ionic impurities were mainly Cl- and SO4


2- and their contents were 2 -15 µg/l in the HLW pool and about 20-250 
µg/l in ARB. The iron content was below 2 µg/l in both facilities. After two years of exposure, pitting of the 
coupons was evaluated. Pits were observed mainly on the surfaces of single coupons and on the outer and inner 
surfaces of bimetallic and crevices coupons. No correlation was found between pitting and the type of aluminium 
alloy or between rolled and extruded materials. In the bimetallic couples, contact with stainless steel coupons did 
not have any affect on localized corrosion of the Al coupons. The pit depths were less than 50 µm on most of the 
coupon surfaces. Data obtained at this Institute should be compared with the results of other participants of this 
CRP. 
 
1. INTRODUCTION 
 
The Nuclear Research Institute (NRI) participated in the IAEA’s Co-ordinated Research Project (CRP) 
on Corrosion of Research Reactor Aluminium-Clad Spent Fuel in Water. In long-term storage 
facilities for spent research reactor (RR) fuel assemblies, it is essential to control water quality to 
ensure adequate corrosion resistance of the aluminium cladding. In the frame of the CRP, 
investigations were carried out in basins with different water chemistry parameters that influence the 
initiation and propagation of corrosion damage. The participants of the CRP received racks with 
coupons. The investigations were carried out by exposing the racks to water in the storage facilities of 
several participating countries. Two storage facilities operated in the NRI Řež, took part in the project. 
At the beginning of this CRP in 2003, four racks with coupons in the horizontal position were 
delivered for exposure at the two NRI facilities for 1 and 2 years. Additional coupons were delivered 
in 2004 and these were exposed vertically for 1 year in the HLW pool. This report presents the results 
obtained with horizontal coupons from two racks exposed for two years and vertical coupons from one 
rack exposed for one year. 
 
2. SPENT FUEL STORAGE FACILITIES 
 
The research reactor LVR-15 is operated in the NRI Řež. Its spent fuel assemblies are stored in two 
wet facilities: in the at-reactor basin (ARB) located in the reactor hall, and in the high level waste 
(HLW) pools, located in a separate building. The dimensions of the storage facilities and the materials 
of construction of the walls and internals are given in Table 1. 


 
The ARB is used as a short-term spent fuel storage when fuel is removed from the reactor core as well 
as when fuel from the reactor core is handled during the reactor outage or during refuelling The 
capacity of the ARB is for 60 fuel assemblies and 30 of the spots are held empty for emergency core 
unloading. The storage time in the ARB does not exceed 2 years. The dimensions and volume of this 
basin are given in Table 1. Figs. 1 through 4 show the position of the racks on the ARB and on the 
HLW. 
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Table 1. Parameters of the storage facilites 


Size [m] Storage facility 
Diameter Length Width Height 


Water volume 
[m3] 


Material 
Walls          Internals


ARB -- 2.6 0.75 4.0 8 Al Al 


HLW pool 4.5 -- -- 5.4 75 SS Al 


 


 
 


FIG. 1. The location of Racks AR1 and AR2 in ARB.. 
 


 
 


FIG. 2. Position of rack hangers placed between two HLW pool segments. 
 


 
 


FIG. 3. Location of racks AR1 and AR2 and sedimentation container in ARB. 
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FIG. 4. Position of Racks BR 1 and BR 2 in HLW pool. After one year Rack BR1 was replaced by 
BR 3. 


 
The two HLW pools are cylindrical vessels and were commissioned in 1999. Only one pool is 
presently in use. The other one is empty and can be used only for storing fuels under accident 
conditions. The capacity of each pool is 300 fuel assemblies. Figs. 2 and 4 show segments of the 
cylindrical vessels installed on HLW pools. Currently, 228 IRT-2M and 16 of EK-10 fuels are stored 
in the operating pool. The pool dimensions are given in Table 1. 
 
3. EXPERIMENTAL CONDITIONS 
 
The IAEA rack contained coupons made of aluminium alloys AA 6061 and Szav-1, and coupons made 
of AISI 304 stainless steel. Each rack contained two bimetallic couples, two crevice couples, a pre-
oxidized-scratched Al coupon and two single Al alloy coupons. Two racks were immersed in the two 
storage facilities simultaneously and exposed for periods of one and two years. This report gives the 
results of coupon evaluations after two years of exposure. The coupons in the racks are in the same 
order as when they were received from the IAEA. The order of the coupons in rack AR 2 (for 
example) from the screw with the handle to the rack base is given below: 
 
Top 
Bimetallic couple SS 304/AA 6061   Bimetallic couple SS 304/Szav-1 
Upper coupon: SS 304     Upper coupon: SS 304 
Lower coupon: AA 6061     Lower coupon: Szav-1 
Ceramic ring       Ceramic ring 
Crevice couple AA 6061/AA 6061   Crevice couple Szav-1/Szav-1 
Upper coupon: AA 6061- B     Upper coupon: Szav-1- B 
Lower coupon: AA 6061- A      Lower coupon: Szav-1- A 
Ceramic ring      Ceramic ring 
Coupon AA 6061, pre-oxidized, scratched  Coupon Szav-1, pre-oxidized, scratched 
Ceramic ring      Ceramic ring 
Coupon AA 6061      Coupon Szav-1 
Ceramic ring      Ceramic ring 


Bottom 
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New coupons for Rack RB3 were received from IAEA and later exposed in the HLW facility. These 
consisted of three rolled coupons (R 07, R 08, R 09) and three extruded coupons (Ex 07, Ex 08, Ex 09) 
of aluminium alloy AA 6061. Crevice couples and bimetallic couples with SS 304 stainless steel were 
prepared and assembled in Rack BR 3 along with two Site specific coupons. The Site specific coupons 
were made of Al alloy 42 4413 with the following composition (wt%) : Si 0.5; Mn 0.05 - 0.4; Mg 2.4 - 
4.0 w%, Zn < 0.2; Cu < 0.1 and Fe < 0.4. The recommended IAEA procedure for coupon preparation 
was used. The coupon stacking order in Rack BR 3 was as suggested by the IAEA: 


 
Top 
Ceramic ring     Lower coupon R 08 
Coupon Al 1, Site specific   Ceramic ring 
Ceramic ring     Bimetallic couple SS 304/Ex 09/ 
Coupon Al 2, Site specific, pre-oxid.  Upper coupon: SS 304 
and scratched     Lower coupon Ex 09 
Ceramic ring     Ceramic ring 
Bimetallic couples SS 304/R 09  Crevice couple Ex 07/ Ex 08 
Upper coupon: SS 304    Upper coupon Ex 07 
Lower coupon R 09    Lower coupon Ex 08  
Ceramic ring      Ceramic ring 
Crevice couple R 07/R 08   Bottom 
Upper coupon R 07 
 
Racks AR 1 and AR 2 were immersed in ARB and racks BR 1 and BR 2 in the HLW pool in 2003. 
The dates of immersion and withdrawal of the racks are given in Table 2. The rack BR 3, which 
replaced BR 1, was immersed horizontally with its coupons vertical in HLW. This rack (BR3) was 
immersed in 2004.  
 
Table 2. Test details  
Storage Facility Exposure Months Rack Immersion Date Withdrawn Date 
ARB 13 AR 1 04.04.2003 05.05.2004 
 27 AR 2 04.04.2003 22.06.2005 
HLW Pool 13 BR 1 03.04.2003 06.05.2004 
 27 BR 2 03.04.2003 28.06.2005 
 12.5 BR 3 28.07.2004 16.08.2005 
 
Racks AR 1 and BR 1 were withdrawn after thirteen months of exposure and their surface features 
photographically documented followed by visual inspection and detailed evaluation. Details of these 
are in [1]. The examinations of cross sections of these coupons were also carried out and are also 
presented. 
 
4. RESULTS 
 
444...111...    Coupon examinations 
 
4.1.1. Racks AR 2 and BR 2 with AA 6061 and Szav-1 coupons 
 
The positions of the racks in the basins are shown in Figs 1 to 4. Rack AR 2 was positioned about 
250 mm from fuel elements and racks BR 2 and BR 3 were about 250 - 300 mm from fuel elements. 
Figures 5 and 6 show the racks AR 2, BR 2 and BR 3. Visual examination did not reveal any corrosion 
on the Al coupon surfaces. Immediately after disassembly of the racks, pH on the contact surfaces of 
bimetallic and crevice coupons were measured with pH papers (Table 3). The pH was 4.4 on the 
contact surfaces of the bimetallic and crevice couples of rack AR 2 exposed in the ARB. On the 
contact surfaces of the bimetallic and crevice couples of Rack BR 2, exposed in the HLW pool, the pH 
was 4.7. However, the pH on the contact surfaces of the crevice couple Szav 1/ Szav 1 was found to be 
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4.9. The measured pH values on contact surfaces of couples in Racks AR 2 and BR 2 were lower than 
those in Racks AR 1 and BR 1, which were exposed for one year. The pH values on contact surfaces 
of coupled coupons on rack BR3 were about 4.9. 


 


 
 


FIG. 5. Rack AR 2 in ARB after 2 years exposure. 
 


 
 
FIG. 6. Racks BR 2 and BR 3 (vertical coupons) in HLW pool after two years and one year exposure 
respectively. 


 
 


Table 3. pH on contact surfaces of bimetallic and crevice coupled coupons  
      Couple→    
 Rack ↓ 


SS 304 / AA 6061 
Bimetallic Couple 


AA 6061 / AA 6061 
Crevice Couple 


SS 304 / Szav 1 
Bimetallic Couple 


Szav 1 / Szav 1 
Crevice Couple 


AR 1 4.9 4.7 4.4 4.2 


BR 1 4.8 4.9 4.8 4.9 


AR 2 4.4 4.4 4.4 4.4 


BR 2 4.7 4.7 4.7 4.9 
      Couple→ 
 Rack ↓ 


R 09 / SS 304 
Bimetallic Couple 


R 07 / R08 
Crevice Couple 


Ex 09 / SS 304 
Bimetallic Couple 


Ex 07 / Ex 08 
Crevice Couple 


BR 3 4.9 4.9 4.9 4.8 
 
The contact surfaces of bimetallic and crevice couple coupons were covered with a layer of deposit 
and revealed different colours. Similar deposit layers were observed on contact surfaces of all couples, 
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independent of the storage basin. The outer surfaces of the coupons were more homogeneous and grey 
in colour. The contact surfaces of AA6061 and Szav-1 coupons of bimetallic and crevice couples of 
Rack BR 2 are shown in Figs. 7 and 8. 


 


 
 
FIG. 7. Rack BR2, exposed for two years in HLW pool: (A / B) Bimetallic couple: SS 304 (upper 
coupon) / AA 6061 (lower coupon); (C / D) Crevice couple: AA 6061/B (upper coupon) / AA 6061/A 
(lower coupon) 
 


 
 
FIG. 8. Rack BR2 exposed for two years in HLW pool: (A / B) Bimetallic couple: SS 304 (upper 
coupon) / Szav-1 (lower coupon); (C / D) Crevice couple: Szav-1/B (upper coupon) / Szav-1/B (lower 
coupon). 


 
The deposits obscured corrosion features on the aluminium alloy coupon surfaces. Therefore, 
corrosion of the coupons was evaluated from an examination of the coupon cross sections. The 
position of the specimens removed from the bimetallic and crevice couple coupons, the specimen 
surfaces after removal and its cross section, are shown in Figs. 9, 10, 11 (Rack AR 2) and in Figs. 12, 
13, 14 (Rack BR 2).  


 
With exception of the bimetallic couple AA 6061, SS 304 / AR 2, all other aluminium alloy coupons 
of bimetallic and crevice couples of racks AR 2 and BR 2 revealed pitting,. The pits were covered with 
a layer of deposit that was observed on most specimen surfaces. The thickness of the deposit was non-
uniform and about 10 – 30 µm. Pits were also observed in the areas without the layer of deposit. 
Corrosion characteristics as well as depth and diameter of pits measured on cross sections of coupons 
are given in Table 4a. 


 
The measured pit depths were in the range, 15 – 80 µm and the diameters in the range, 20 – 80 µm. 
Shallow depressions were also observed, together with pits, and due probably to coalescing of 
individual pits. The maximum size of the depressions was 500 μm. They were detected in the 
bimetallic couple AA 6061 / SS 304 of Rack BR 2 (Fig. 12 e,d) and to a lesser extent in the crevice 
couples Szav-1/1,2/ AR 2 (Fig. 11 d,e). 
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FIG. 9. Bimetallic couple coupons: AA 6061 lower coupon. Rack AR 2 – two years exposure in 
ARB. (a) Specimen position; (b, c) deposit layers on AA 6061 lower coupon surface; (d, e) 
respective  cross sections. 


 


 
 
FIG. 10. Crevice couple: AA 6061/A/ lower coupon of Rack AR 2 exposed for two years in ARB. 
(a) Position of specimen; (b, c) surface features; (d) cross section showing pits 25 μm deep and 
30 – 60 μm in diameter; (e) cross section showing pit 20-25 μm deep and 30 – 50 μm in 
diameter. 
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FIG. 11. Crevice couple: Szav -1 lower coupon of Rack AR 2 exposed for two years in ARB. 
(a) Position of specimen; (b, c) surface features; (d) pit 50 μm deep and 250 μm diameter; (e) pit 
40 μm deep and 70 μm diameter. 
 


 
 
FIG. 12. Bimetallic couple: AA 6061 lower coupon. Rack BR 2 exposed for two years in HLW pool. 
(a) Position of specimen; (b, c) surface features; (d) large pit, 25 μm deep and 300 μm  diameter; (e) 
large pit, 50 μm deep and 500 μm  diameter; (f, g) shallow attack, less than 10 μm. 
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FIG. 13. Crevice corrosion couple AA 6061/A/ lower coupon from Rack BR 2 exposed for two years in 
HLW pool. (a) Position of specimen; (b, c) surface features; (d) pit, 25 μm deep and 50 μm diameter; 
(e) pit, 40 μm deep and 50 μm diameter. 
 


 
 
FIG. 14. Crevice corrosion couple Szav-1/A/ lower coupon from Rack BR 2 exposed for two years in 
HLW pool. (a) Specimen position; (b, c) surface features; (d) pits, 15 μm deep and 20 μm diameter; 
(e) pits, 15 μm deep and less than 20 μm diameter. 
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4.1.2. Racks AR 1 and BR 1  
 
Similar parameters were measured for the racks AR 1 and BR 1 exposed for one year (Table 4b). 
Preparation and position of coupons in racks were the same as in the previous case and only some 
coupled coupons were evaluated. The pith depths did not reach one half of the values measured after 
two years of exposure. The thickness of deposit layers was also non-uniform and mostly in the range 
given above 
 
Table 4a. Evaluation of pitting on the contact surfaces of bimetallic and crevice coupled coupons or 
racks AR 2, BR 2 and BR 3. 
Rack Couple Corrosion damage Depth of 


 attack (μm) 
Diameter  
of pits (μm) 


AA 6061 / SS 304 Without damage -- -- 
AA 6061/ AA 6061 Pitting on lower coupon 25 30 - 60 


AR 2 


Szav-1/A/ Pitting, shallow pits on lower coupon 40 - 80 80 - 250 
AA 6061 / SS 304 Pitting, shallow pits on AA 6061 30 - 50 100 - 500 
AA 6061/ AA 6061 Pitting on lower coupon 20 - 40 50 


BR 2 


Szav-1 / Szav-1 Pitting on lower coupon 15 20 
SS 304 / R 09 Without damage -- -- 
R07 / R 08 Pitting  on R 08 30 40 
SS 304 / Ex 09 Pitting on Ex 09 30 50 


BR 3 


Ex 07 /  Ex 08 Pitting on Ex 08 35 50 
 
Table 4b. Evaluation of pitting on the contact surfaces of bimetallic and crevice coupled coupons or 
racks AR 1 AND BR 1. 


Rack Couple Corrosion damage Depth of 
attack (μm) 


Diameter  
of pits (μm) 


AA 6061 / SS 304 Shallow depression on AA 6061  -- -- 
AA 6061/ AA 6061 Pitting on lower coupon ≈ 35 < 80 


AR 1 


Szav-1 / Szav-1 Pitting, shallow pits on lower coupon ≈ 30 < 60 
AA 6061/ AA 6061 Pitting on lower coupon ≈ 30 < 100 BR 1 
Szav-1 / Szav-1 Pitting  on lower coupon ≈ 20 < 200 


 
4.1.3. Single coupons 
 
All the single coupons (including the pre-oxidized and scratched) of the AR 2 and Br 2 racks were 
covered with an almost homogeneous layer of deposit. This deposit was grey and similar to that 
observed on the outer surfaces of couples. These coupons also revealed pits; pitting was the main form 
of corrosion. Details of metallographic evaluations of single coupons are shown in Figs. 15 to 19. 
These figures also show the two sides of coupons and details of the exposed top surfaces at higher 
magnifications. Among the pits that were evaluated, the maximum pit depth was 30 µm and the 
maximum pit diameter, 60 µm. The thickness of the deposit layer was 10 – 15 µm. Initiation of pits 
from scratch marks was not observed as shown in pre-oxidized, scratched AA 6061 or Szav-1.  
 
4.1.4. Rack BR 3 tested in vertical position 
 
Rack BR 3 with rolled and extruded AA 6061 coupons, and with Site specific coupons, was exposed 
for one year in the HLW pool. The inner and outer surfaces of bimetallic and crevice coupled coupons 
and the outer surfaces of single coupons exhibited features similar to those observed on coupons from 
other racks. The outer surfaces of bimetallic and crevice coupled coupons and both surfaces of single 
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coupons revealed a homogeneous grey colour. The inner surfaces of the bimetallic coupon R0, SS 
304/BR 3 did not reveal corrosion. The extent of pitting of all surfaces of the different coupons, 
including Site specific coupons, was evaluated. The depth of pits was up to 30 µm and the diameter up 
to 50µm. 
 


 
 
FIG. 15. Single AA 6061 pre-oxidized and scratched coupon from Rack BR 2 exposed for two years in 
HLW pool. (a) position of specimen; (b) cross section at scratch did not reveal pits;(c)cross section 
revealing pit. 
 


  
FIG. 16. Crevice couple coupon R 09 of Rack BR 


3 exposed for one year in HLWt. 
FIG. 17. Crevice couple coupon R 07 of Rack BR 


3 exposed for one-year exposure in HLW pool. 
 


  
FIG. 18. Bimetallic couple coupon Ex 09 of Rack 


BR 3 exposed for one year in HLW pool. 
FIG. 19. Crevice couple coupon Ex 08 of Rack 


BR 3 exposed for one year in HLW pool. 
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444...222...    Storage basin water chemistry 
 
The extent of sedimentation of impurities in the spent fuel storage facilities was determined 
experimentally under normal operating conditions. The amount and composition of sediments were 
determined. An aluminium container with a surface area (sedimentation area) of 0.504 dm2 was 
exposed in ARB pool from 17 September 2003 to 21 April 2004. It was placed about 250 cm from the 
stored fuel elements. After the Al container was withdrawn, the water was passed through a filter with 
porosity of 0.45 µm to separate the sediments. The weight of the sediments was 110mg (after drying at 
105°C). The rate of sedimentation was 31.2 mg/month dm2. The chemical composition of the sediment 
was determined with the aid of a mass spectrometer ICP-MS, ELAN 6000 using C-ICP-MS-01 
method. The results of this analysis are given in Table 5. The sediments were not analysed for Ca and 
Mg. The balance of the sediment probably consists of oxides, silicates and aluminosilicates. 
 
Table 5. Chemical composition of sediments (w%] 
pool Al Co Cr Fe Mn Ni Cu Zn Sb SiO2


ARB 10.90 10-3 4.10-2 5.21 4.10-2 5.10-2 12.10-2 73.10-2 4.10-3 - 
HLW 11.8 5.10-4 <2.10-3 4.052 <2.10-3 <2.10-3 1.1.10-2 3.6.10-3 6.10-3 5.10-2 


 
In the HLW pool, an aluminium container with a surface area (sedimentation area) of 1.2 dm2 was 
exposed from 27 February 2004 to 30 September 2004. Its location was about 0.5 m from the racks. 
The sediments were analysed using the procedures mentioned above and the results are also given in 
Table 5. The weight of the sediments was 3.07 mg. The rate of sedimentation was 0.37mg/month.dm2. 


 
The water parameters were measured once a month in the ARB and once every three months in the 
HLW pool. The ARB water parameters are given in Fig. 20 for Fe, Cu, Al, Mn and Zn content and in 
Fig. 21 for Cl, F, NO2, NO3 and SO4 content.. HLW pool water chemistry parameters are given in Fig. 
22 for Fe, Cu, Al, Mn and Zn and in Fig. 23 for Cl, F, NO2, NO3 and SO4. The pH values, specific 
conductivity and gamma activity are shown in Figs. 24 and 25, for ARB and HLW, respectively.  


 


 
FIG. 20. Concentration of Fe3+, Cu, Al, Mn and 


Zn in ARB water. 
Fig. 21. Concentration of Cl, F, NO2 , NO3, SO4 


in ARB water. 
 


 
 


FIG. 22. Concentration of Fe3+, Cu, Al, Mn and 
Zn in HLW pool water.. 


Fig. 23. Concentration of Cl, F, NO2
 , NO3, SO4 


in HLW water. 
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FIG. 24. pH , specific conductivity and gamma 
activity(sum of fission products) in ARB water. 


FIG. 25. pH, specific conductivity and gamma 
activity (137 Cs measurement) HLW water.. 


 
Analysis of ARB and HLW pool water were performed with an ion chromatograph DIONEX DX 500. 
Table 6 shows the detection limits (in µg/l) for the measurements, and Table 7 shows the typical water 
parameters of storage facilities in the period of 2003 – 2005 
 
Table 6. Detection limits for Ion Chromatograph DIONED DX 500 IN [µg/l]: 


Fe3+ Cu Zn Mn F Cl NO2 NO3 SO4 


0.02 02 0.02 0.04 0.2 0.1 0.15 0.2 0.1 
 
Table 7. Typical water parameters for storage facilities in the period of 2003 – 2005. 
Parameter Units Storage facility 


                 ARB                                    HLW 
pH  5.8 5.9 
Conductivity µS/cm 2.3 0.8 
Chloride ions µg/l 21.7 2.4 
Sulphate ions µg/l 180 11.3 
Copper ions µg/l 7.5 1.43 
Iron ions µg/l 1.6 1.15 
Temperature oC < 50 14 
 
In the ARB the filtration procedure was performed about once per month. The filtration time was from 
8 to 24 hours per run. In the HLW pool, the filtration procedure was performed about fourteen times a 
year; the filtration time was 1,880 hours in the period from 1 January 2003 to 24 August 2005. The 
water temperature in ARB was from 31° to 33°C; the average temperature of the HLW pool was 14°C, 
the maximum temperature 23°C, and the minimum temperature 8°C. 


 
5. DISCUSSION 
 
Two corrosion coupon racks, AR 2 and BR 2, were immersed in the ARB and the HLW pool and 
exposed for twenty seven months. Aluminium alloys AA 6061 and Szav-1 were used as single 
coupons and as crevice and bimetallic coupled coupons. The bimetallic couples consisted of 
aluminium alloy and AISI 304 stainless steel coupons. Rack BR 3, containing  extruded and rolled AA 
6061 alloy and Site specific coupons, was immersed in the HLW pool and withdrawn after 12.5 
months. 


 
The water pH was 4.4 on the contact surfaces of crevice and bimetallic couples of Rack AR 2 exposed 
in ARB. On the contact surfaces of bimetallic and crevice couples of Rack BR 2 exposed in the HLW 
pool, the pH was in the range 4.7 to 4.9. The lower pH on contact surfaces of coupons exposed in 
Rack AR 2 was probably due to the higher impurity content in the ARB facility. A uniform deposit 
layer covered the outer surfaces of the bimetallic and crevice coupled coupons and the single coupon 
surfaces. The deposit layer consisted mainly of oxide corrosion products. 
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On the contact surfaces of the coupled coupons, a layer of deposit of varying colours was observed. 
Deposit layers exhibiting similar characteristics were observed on the contact surfaces of coupons 
from Racks AR 2, BR 2 and BR 3, and from Racks AR 1 and BR 1 after one year of exposure [1]. 
Visual examination of these surfaces did not reveal corrosion defects. 


 
The outer surfaces of all bimetallic and crevice coupled coupons and surfaces of single coupons 
revealed pits and pitting was the main form of corrosion damage. Pits were also observed on the 
contact surfaces of all bimetallic and crevice coupled coupons of Racks AR 2, BR 2 and BR 3, except 
the bimetallic coupled coupons AA 6061, SS 304/ AR 2 and R 09, SS 304/ BR 3, where the stainless 
steel coupons were in contact with AA 6061 alloy coupons. However, shallow depressions were 
observed in some cases. The bimetallic and crevice coupled coupons, as well as the pre-oxidized and 
scratched coupons, exhibited similar pit initiation or propagation characteristics at normal operating 
conditions of the ARB and HLW pool after one and two years exposure. Site specific coupons, 
including the pre-oxidized and scratched coupons, also revealed similar corrosion behaviour. 
 
The pit depths were in the range 10-80 µm and the pit diameter about 80µm after two years of 
exposure. After one year of exposure, the pit depth and diameter on coupons of Racks AR 1 and BR 1 
were 15 – 35 µm and 80µm respectively. In most cases the depth of individual pits was 0.75 times its 
diameter. There was no correlation between the depth of the pits and the type of aluminium alloys. 
Pitting was not detected in two cases. In bimetallic couples, the presence of stainless steel coupons did 
not aggravate pit initiation or propagation. The shallow depressions were in the range 100 – 500 µm. 
The pit depth on coupons of the Rack BR 3 was about 30µm after one-year of exposure and 
corresponds to those observed on coupons of Racks AR 1 and BR 1. The shallow pits were not 
evaluated. 
 
A maximum pit depth of 80µm was reported in work carried out during phase-I of this CRP [2]. This 
value could be significant for fuel with cladding thickness of 0.6 – 0.8 mm and exposed for extended 
periods in storage facilities (more than twenty years). To assess the results of our investigation it is 
necessary to consider: 


 
− That the rate of pit growth in aluminium decreases with time and follows a cube root law [3]. 
− That the cladding of fuel elements exposed to the research reactor core is covered with oxide 


films formed at higher temperatures and these films are more protective than those formed on 
the coupons that were tested in storage facilities. 


 
The different stages of pitting are important. They range from passive film break down, to meta-stable 
pitting, to pit growth. Under normal operating conditions it is necessary to avoid crack propagation 
during the stable pit growth stage. It is well known that crack growth is controlled by the same factors 
that control any electrochemical reaction i.e. charge transfer processes, Ohmic effects and mass 
transport processes. For stable pit growth, a higher concentration of Cl- ions and low pH can lead to 
aggressive conditions that hamper re-passivation of pits [4]. Thus, pit growth can be effectively 
restricted by maintaining conditions that facilitate re-passivation of pit surfaces. 
 
The extent of sedimentation of impurities in the ARB pool was measured. The rate of sedimentation 
was 31.2 mg/month.dm2. This value is about two orders higher than that observed in the HLW. Higher 
Fe and Al contents were detected in the sediment compared with other elements. The higher Fe 
content in sediments observed in both storage facilities should be considered in the context of pit 
initiation and propagation. 
 
The water chemistry parameters in the two storage facilities were also monitored. The water in the 
HLW pool exhibited lower impurity content and were mainly, Cl-, SO4


2- and Cu. The Cl- and SO4
2-


 
contents in the HLW were about one order of magnitude lower than those in the ARB. The specific 
conductivity was also about one order of magnitude lower in the HLW compared to that in the ARB. 
Specific conductivities of 0.8 and 2.3 µS/cm of water in the two storage pools are below the range 1 –
3µS/cm that is recommended for acceptable corrosion behaviour of Al alloys. The chloride and 
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sulphate contents were lower than 1 ppm which is the limiting value recommended for the same 
reasons [2]. The average basin water pH values were practically the same in both storage facilities. 
The higher impurity content in ARB did not result in increased localized corrosion of the coupons 
exposed for two years. 
 
6. SUMMARY OF RESULTS 
 
The results of this investigation indicated that pitting was the main form of corrosion of the two 
aluminium alloys utilized. Pits were seen on the inner and outer surfaces of Al alloys of bimetallic and 
crevice couples and on the single coupon surfaces. A layer of deposit covered the surfaces of the 
aluminium alloy coupons regardless of coupon orientation. This deposit obscured the pits and did not 
permit visual observations of the pits. The extent of pitting on the contact surfaces of two Al alloy 
coupons of bimetallic couples (with SS 304 coupons), out of six couples exposed for two years, was 
not evaluated. The initiation and propagation of pits on Al coupons were not significantly influenced 
by the higher impurity content of the water in the reactor basin compared with that in the HLW pool. 
The pH values in both facilities were quite similar. Aluminium alloy composition and the 
manufacturing methods (i.e. rolling and extrusion) did not have any significant effect on pit initiation 
and propagation. The maximum observed pit depth was 80 µm after two years of exposure and this 
could be significant if prolonged storage of spent fuel elements is considered. Hence, the results of this 
investigation have to be compared with results obtained by the other participants of this CRP. Other 
considerations such as pit growth following the cube root law, the protective properties of oxide films 
formed on fuels during use and re-passivation of pits should be also taken into account before general 
guidelines for spent fuel storage facilities are prepared. Nevertheless, corrosion surveillance 
programmes should be implemented to monitor corrosion damage in spent fuel storage facilities. 
 
7. CONCLUSIONS 
 
In this investigation aluminium alloy AA 6061 and Szav-1 coupons were exposed for thirteen months 
and twenty-seven months to the ARB and HLW pool and pitting was found to be the main form of 
corrosion. Single coupons, crevice coupled coupons and bimetallic coupled (with AISI 304 stainless 
steel) coupons were investigated. A layer of deposit was observed on the contact and outer surfaces of 
crevice and bimetallic coupled coupons and on single coupon surfaces.  The effect of higher impurity 
content in the ARB water, compared to that in the HLW water, on coupon corrosion was evaluated. 
This difference in impurity content did not have any significant effect on pit initiation and 
propagation. The type of aluminium alloy and contact with stainless steel in the bimetallic couples did 
not increase the extent of corrosion. An overall analysis of the results indicates that other factors 
should be considered to help predict corrosion in spent fuel storage facilities. 
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Abstract. The corrosion of a number of aluminium alloy coupons was studied. The coupons were assembled in 
racks and exposed to water in the storage pools for spent nuclear fuels of the WWR-K reactor in Almaty, 
Kazakhstan. The maximum duration of exposure of the racks was 921 days. Mass loss of the coupons, depth of 
pits and the average pit sizes on the coupons were determined. The data was evaluated and compared as a 
function of coupon position in the rack, time of exposition and nature of contact between coupons (none, crevice 
or bimetallic). 
 
1. DESCRIPTION OF THE  WWR-K REACTOR COOLING POOL AND WET-
STORAGE TANK 
 
Spent fuel assemblies from the WWR-K reactor are stored in two facilities, the Cooling Pool and the 
wet storage tank. The hardness and chemistry of the water in these two facilities vary. 


 
The Cooling Pool (CP) is used for storing spent fuel assemblies immediately after removal from the 
reactor core. It is located near the reactor pool wall and below the reactor hall floor. This pool forms 
the bottom part of the reactor building and is capable of withstanding an earthquake of reasonable 
magnitude, as per design features. The pool consists of two tanks, one inside another, with a wall gap 
of 10 to 50 mm between the tanks. The external tank is made of 5mm thick stainless steel sheet and 
the internal tank from 16mm thick SAV aluminium alloy sheet. The dimensions of the pool are: length 
- 2.5 m; width - 1.2 m; height - 3.5 m. The volume of water in the pool is 10 m3. Fuel assemblies are 
stored in the pool in two levels. The upper level has a capacity to store 96 fuel assemblies and the 
lower level, 90 fuel assemblies. Both levels are equipped with two cadmium shields. Deionized water 
is fed to the pool, the transfer channel and the drainage tubes. There is an exhaust system for 
ventilation. The height of the water layer for the upper level is 3.5m and for the lower level, 2.6m. The 
thickness of the cast iron lid is 0.5m. 


 
The Wet Storage Tank (WST) for spent fuel assemblies is in a separate chamber that can be 
hermetically sealed and is made 5 mm thick 12Cr18Ni10Ti stainless steel. The tank dimensions are: 
length-2.7 m; width-2.0 m; height-3.5 m. The volume of water in this tank is 17.8 m3. The tank 
contains deionized water from replenishment tanks. A filtration facility is used periodically to purify 
the water. The chamber where the tank is located has a ventilation system and the tank is also 
connected to a special wastewater disposal system. The upper biological shielding consists of two cast 
iron slabs with total thickness of 440 mm. The wall of limonite concrete provides the lateral biological 
shielding. The entrance to the chamber is closed by a movable concrete slab that is disconnected from 
the drive for increased safety. The main entrance to the chamber is covered with sand and this 
provides additional shielding. 
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2. DESCRIPTION OF FUEL ASSEMBLIES 
 
Fuel assemblies of the reactor WWR-K (Fig. 1) consist of a set of hexahedral pipes inserted one inside 
the other. The pipes are made of the SZAV -1 alloy with wall thickness of 0.6 mm. The thickness of 
the fuel layer is 0.6 mm, and the total thickness of pipe wall about 2.3 mm. Further details are 
presented in [1]. 


 


 
 


FIG. 1. Fuel assembly of the reactor WWR-K. 
 
 
3. WATER CIRCULATION AND PURIFICATION 
 
The water from the spent fuel storage basins is pumped to a purification facility consisting of ion-
exchange resin columns filled with KU-2 and AN-17. This is carried out whenever the water 
parameters deviate from specified values. Purification of water in the WST is done by withdrawing it 
through a 57 mm diameter pipe from the tank bottom. Filtered water returns to the tank as overflow 
through a 100 mm diameter pipe. (The pumping capacity is 3 tons per hour). Movement of water near 
the bottom of the tank is lamellar and the sediments are not disturbed. This prevents the water from 
becoming turbid. 
 
4. WATER CHEMISTRY 
 
Sampling. Water samples were taken from a depth of 20 to 40 cm below the surface. The containers 
used to collect water samples were rinsed several times, first with distilled water and then with the 
water selected for analysis. In some water samples, dust particles floating on the pool or storage tank 
surface were observed. No solid oxide films or oil contaminants were observed in the samples. 
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Water Parameter Control and Sensitivity. The pH was determined to an accuracy of ±0.1. The 
electrical conductivity was measured to an accuracy of ±0.1 μS/cm. The detection threshold for β-
activity was 20 Bq/kg. When this threshold was exceeded, the activity was determined to an accuracy 
of ±10 Bq/kg. The chloride ion concentration was measured to an accuracy of ±20μg/l, corresponding 
to detection limit of 40-50 μg/l. The reactor pool water parameters pH and conductivity during the 
period 2003-2005 are shown in Fig. 2. 


 


 
 


FIG. 2. The pH (top) and conductivity, χ (bottom) of the Cooling Pool water as a function of time. 
 


Qualitative analysis to detect the presence of copper, iron and aluminum ions was not carried out as it 
was not part of standard requirements. Nevertheless, determination of the threshold concentration 
values of these elements was regularly carried out. According to the results, the copper content did not 
exceed 10μg/l and the aluminum and iron contents did not exceed 50 μg/l. 


 
The isotope content in the storage basin water was determined at periodic intervals and the results are 
shown in Table 1. The activity of the water in the period 2003 – 2005 is shown in Fig. 3. 


 
Table 1. Content of separate radioactive isotopes in storage basins of WWR-K research reactor 


Storage basin Data Isotope Specific activity, 
Bk/kg 


La-140 20 16.03.2005 
16.03.2005 Ba-140 40 
11.04.2005 Co-60 20 


Cs-137 20 
Cooling Pool 


10.06.2005 
10.06.2005 Ag-110 200 


Ir-192 60 18.01.2005 
18.01.2005 Co-60 100 


Cs-137 20 
Wet Storage 
Tank 26.01.2005 


26.01.2005 Zn-65 40 
 


 
 
FIG. 3. Water activity as a function of time in the Cooling Pool. The activity in 2005 was higher than 
that in 2003. 
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The storage basin water data indicates that the pH remained in the range 5.1 to 6.1, the specific 
conductivity in the range, 1.4 to 7.1 μSm/cm and the specific β-activity in the lower level was, in 
general, lower than the threshold value (20 Bq/l). The chloride contents in the two storage facilities 
were less than 50 μg/l. Deviations in the chloride content were very rare. Whenever this occurred, the 
water was immediately purified. Hardness of the water did not exceed 3 mg./kg. 


 
5. LOCATION OF RACKS AND DATES 


 
The Republic of Kazakhstan received 4 racks with coupons from the IAEA. Instructions given during 
the first RCM were followed and these racks were immersed in pairs in the two storage basins of INP 
WWR-K reactor (Almaty, Kazakhstan). New coupons provided by the IAEA and identified as EX10, 
EX11, EX12, R10, R11, R12 were assembled. The rack they were assembled in had been withdrawn 
after one year of exposure and re-immersed in the storage basins in June 2004. The location within the 
WST and CP for immersion of the racks was also selected based on instructions given in the Test 
Protocol. The criteria for selection of the location were: (a) Proximity to stored fuel assemblies (FA), 
(b) Prevent shifting of test racks to facilitate FA reloading/transfers (c) Minimize risk of damage to 
test racks during FA transport. 


 
Steel holders were made to position the test racks. The four test racks were positioned as follows: 
 
− The first two test racks were placed in the CP at a distance of 0.5 m from its walls and at a depth 


of 1.5 m (see Figures 4 - 7). The spent FA racks were located just under the test racks, at a 
distance of 40 cm. 


− The other two test racks were placed in the WST at a distance of 0.5 m from its walls and at a 
depth of 2.5 m. These test racks were positioned between two FA racks and at a distance of about 
40 cm from both racks. 


 
Two test racks, one from the WST and the other from the CP, were withdrawn on June 16, 2004 and 
studied. On October 11, 2004, in addition to the two test racks in the storage basins a new rack was 
introduced into the basins with very bad water quality. Unlike the two previous test racks, the coupons 
in the new test rack were oriented vertically. Besides the new test rack, a sediment collector was also 
introduced in the pool. The new test rack was placed in the CP, based on orientation received from the 
project coordinator Mr. Ramanathan. The impurity content in the CP was considerably higher than in 
the WST. The new test rack was positioned horizontally with its coupons vertical (Fig. 4). 


 


 
 
FIG. 4. Position of test racks in the CP (a) and in the WST (b). Dashed lines indicate contours of spent 
FA racks. 
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FIG. 5. Photograph of test rack prior to immersion in 2003. 
 


  
 
FIG. 6. Photograph of test rack being loaded in the WST in 2003 (left). The test racks in position in 
the WST in 2004 (right). 
 


 
 
FIG. 7. Test racks in the WST showing fuel elements in the background (left), the horizontal  test rack 
being withdrawn in 2005 (middle), and the vertical test rack with horizontal coupons soon after it was 
withdrawn (right). 


 
On September 11, 2005 all three test racks and two sediment collectors were withdrawn and sent to the 
Physical and Mechanical Properties of Materials Laboratory for further investigation. The dates of 
extraction of the racks from the basins were chosen so that the duration of exposure of one test rack 
was approximately twice that of the other test rack. (921 and 465 days respectively). Table 2 
summarizes information about immersion and withdrawal of the test racks.  
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Table 2. Dates of immersion and withdrawal of test racks and sediment collectors  


Storage basin Test rack 
identification 


Date of  
immersion 


Date of  
withdrawal 


Duration of 
exposure (days) 


Rack-C1 9 March 2003 16 June 2004 465 
Rack-C2 9 March 2003 15 September 2005 921 
Rack-2004 (*) 11October  2004 15 September 2005 339 


Cooling Pool  
       (CP) 
(lower level) 


Sediment collector 11 October 2004 15 September 2005 339 
Rack-W1 9 March 2003 16 June 2004 465 
Rack-W2 9 March 2003 15 September 2005 921 


Water Storage 
Tank  (WST)  
(upper level) Sediment collector 11 October  2004 15 September 2005 339 
(*) Horizontal rack 
 
6. SEDIMENT COLLECTOR AND DETAILS ABOUT SEDIMENTS 
 
Two stainless steel containers 20×20×20 cm and with an area of 400 cm2 (Fig. 8) was produced to 
collect sediments in the two storage tanks. These containers were placed at the bottom of the basins, 
close to the stored fuel and test racks. There were no obstructions or screens above the containers that 
could prevent sedimentation of solids. After the containers (sediment collector) were removed from 
the basins, the water and the contents of the containers were filtered through a filter paper. The 
sediments retained on the filter paper were dried naturally and weighed in an analytical balance. 


 


 
 


FIG. 8. Containers (sediment collector) before loading (left), during extraction from the WST (middle) 
and as-delivered at the laboratory. 


 
Figure 9 shows a general view of the sediments from the basins. Ion-exchange resin was the main 
constituent of the sediments. Some particles of mineral origin were observed visually but were 
difficult to separate. The yellow and amber dust, probably products of resin failure, could not be 
separated even with the finest sieves.  In the opinion of the technical personnel, release of resins into 
the pools was due to inefficient filtration in the inlet fittings. The resin is considered to be chemically 
inert and therefore did not pose any safety risks. The quantity of sediments in the containers was quite 
high (Table 3). It covered the bottom of the containers and was about 0.5-1 cm thick. It consisted 
mainly of ion-exchange resin spheres with a diameter of 0.2-1 mm. 


 


 
 


FIG. 9. Sediments from the basin consisted of mainly ion-exchange resin spheres. 
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Table 3. Mass of sediment in the containers 
Storage basin Mass, g Rate of sedimentation (mg/cm2/day) 


WST 56.4 0.4 
CP 282.8 2.1 


 
The rate of sedimentation depended on water circulation during purification. Hence, the quantity of 
resin in the sediments near the water surface was lower. On the surface of the top horizontal coupon of 
the test rack withdrawn from the CP in 2005, there was about 80 mg of sediments, whereas on the 
surface of a similar coupon from the WST there was only 30 mg. Even though some of the sediments 
were lost during withdrawal of the rack, the rate of sedimentation could be assessed as ~0.001 
mg/cm2/day at the depth where the test racks were positioned (about 1.5 m). The “mineral” and 
“resin” components of the sediments could not be separated, hence chemical analysis of the sediment 
was not carried out. X ray fluorescence analysis of the sediments indicated the presence of zinc, iron, 
copper and chromium and traces of manganese, titanium and barium. These elements are considered to 
have entered the resin as corrosion products. 


 
7. DETAILS OF COUPON EVALUAITON  
 
7.1. Disassembly of Racks and measurement of pH 
 
2004: Two racks were removed from the storage basins on June 16, 2004 (Fig. 10), during the second 
Research Coordination Meeting (11-18 June, 2004). After the racks were removed, they were placed 
in a vessel filled with water taken from the respective storage basins.  


 


 
 
FIG. 10. Withdrawal of test rack in container with basin water (left). The test rack prior to 
disassembly (middle). Sediment particles on the surface of the top coupon (right). 


 
After removal from the storage basins, the test racks were sent for examination to the INP Laboratory 
for Investigation of Physical and Mechanical properties of Materials. The test rack removed from the 
CP (Fig. 11) was disassembled soon after removal, whereas the test rack from the WST was examined 
on June 22, 2004. 


 


 
 


FIG. 11. Disassembly of the test rack from the CP (left). Coupons from the disassembled rack (right). 
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As the test racks were disassembled, the pH of the pool water was measured. The pH of water retained 
on the coupon surfaces was also measured with pH paper. Special attention was paid during 
measurement of pH of the water retained on the contact surfaces of coupled coupons. The results of 
pH measurements are summarized in Table 4.  
 
Table 4. pH on coupon surfaces from racks withdrawn in 2004 


CP, pHwater=5.5 WST, pHwater=5.5  Coupon pH Coupon  pH 
SZAV1/352 


SZAV1/388 


ND 


ND 


SZAV1/371 


SZAV1/356 


5.0-5.5 


5.0-5.5 


SZAV1/364 


304/362 


5.5-6.0 


5.5-6.0 


SZAV1/368 


304/356 


5.5-6.0 


5.5-6.0 


6063/329 


6063/223 


4.5-5.0 


4.5-5.0 


6063/202 


6063/241 


6.0-6.5 


6.0-6.5 


Coupled Coupons 


6061/307 


304/340 


6.0-6.5 


6.0-6.5 


6061/303 


304/338 


5.5-6.5 


5.5-6.5 


SZAV1/325 ND SZAV1/328 5.0-5.5 


SZAV1/314 ND SZAV1/301 5.0-5.5 


6061/325 ND 6061/220 5.0-5.5 
Single Coupons 


6063/215 ND 6063/217 5.0-5.5 
ND- not determined 
 
2005: Three racks were removed from the storage basins on September 15, 2005. During disassembly 
of the test racks, the pH of water in the vessel was measured. The pH of water retained on the coupon 
surfaces was also determined with pH paper. Special attention was paid during the measuring of the 
pH of the water retained on the contact surfaces of coupon couples. During disassembly of the test 
racks, the coupons were separated from the ceramic rings without any difficulties. However, 
separation of coupled coupons required the use of a sharp knife (wedged at ~ 4-5 degrees) to pry the 
coupons apart. In some cases, considerable effort was necessary with a knife (up to 3-5 kg or more). 
The extent of effort required to separate the coupled coupons is indicated in Tables 5-7. 
 
Table 5. pH on coupon surfaces from racks withdrawn from WST in 2005 


Coupon  pH Observations during separation of 
couples. 


304/335 – 6061/335 5.5 Easy, manually 
6063/232 – 6063/231 6.0 Difficult, with knife 
SZAV1/381 – 304/353 5.5 Average effort, with knife 
SZAV1/372 – SZAV1/344 5.5 Very difficult, with knife 
6063/205 5.5-5.0 - 
6061/316 6.0 - 
SZAV1/318 5.5 - 
SZAV1/336 5.0 - 


Pool water  5.5  
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Table 6. pH on coupon surfaces from racks withdrawn from CP in 2005 


Coupon pH Observations during 
separation of couples. 


6063/203 – 6063/242 5.0 Difficult, with knife 


SZAV1/363 – SZAV1/354 6.5-7.0 Difficult, with knife,  


304/333 – 6061/306 5.0 Easy, with knife 


304/361 – SZAV1/367 5.5 Easy with knife 


SZAV1/327 5.5 - 


SZAV1/307 5.5 - 


6061/324 5.5 - 


6063/213 5.5 - 


Pool water 5.5  
 
 
Table 7. pH pH on coupon surfaces from horizontal test rack immersed in 2004 


Coupon pH Observations during 
separation of couples. 


Steel 304 – EX12 5.0 Easy with knife 


Steel 304 – R12 5.0 Easy with knife 


R11 – R10 5.0 Easy with knife 


EX10 – EX11 4.5-5.5 Easy with knife 


SZAV1/314 5.5 - 


Pool water 5.5  
 


 
7.2. Macroscopic evaluation of corrosion damage of coupons. General view 
 
Year 2004: After disassembly, the pH of the water retained on the coupon surfaces was measured. The 
coupons were then placed on soft filter paper. The coupled coupons were placed with the contact 
surfaces facing upwards. After drying, the coupons were weighed and examined with a hand held 
magnifier capable of four-fold magnification. A brief description of the main features observed during 
this examination is given below. Particulate sediments, presumably ion-exchange resin spheres not 
more than 1mm in diameter, were observed on the surfaces of the upper most coupons. Other 
sediments were also present. In many cases, a halo was observed around the sediments, as shown in 
Fig. 12. The halo differed in colour from the rest of the coupon surface. The halo seemed to be an 
oxide or other corrosion product. When the sediment was removed, a pit filled with corrosion products 
was seen in its place. 


 
The contact surfaces of the coupled coupons were covered with corrosion products, which were quite 
crumbly in nature. The colour of the corrosion products varied from brown to grey to dark grey.  The 
pits, if large, were partially filled with corrosion products and if small, were completely filled. The 
defects on the contact surfaces were mirror images. For example, scratches on one of the contact 
surfaces were imprinted on the other contact surface and contained corrosion products. (Fig. 13). 
 







 


  145 


 
 


FIG. 12. Halo on the surface of one of the coupons. 
 


 
 
FIG. 13. Symmetrical features on contact surfaces: corrosion pit on the right coupon is reflected on 
the left coupon. 


 
The pits close to the coupon edge were relatively free of corrosion products. (Fig. 14) In many cases, 
significant corrosion was observed at regions where the coupon formed a crevice with the insulating 
ceramic ring. (Fig. 15) The AA 6061 coupons revealed more corrosion of this nature compared to AA 
6063 or SZAV 1 coupons. Coupled coupons corroded to a greater extent. 


 


  
 


FIG. 14. Significant corrosion on a coupon. 
 


FIG. 15. Corrosion of coupon at regions in 
contact with the insulating ceramic ring. 
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Parts of the surfaces of individual coupons of Al alloys were covered with a layer of white crumbly 
corrosion products. Among the single coupons, the SZAV1 and AA 6063 (215) coupons revealed very 
few regions with these corrosion products. The coupons of these alloys were often clean and its colour 
varied from light grey to grey. Single AA 6061 coupons revealed a large amount of corrosion products 
(Fig. 16). 


 


 
 
FIG. 16. Left: surface of single AA 6063 coupon; right: surface of single AA 6061 coupon. The AA 
6061 coupon surface revealed more corrosion products. 


 
7.3. Corrosion of coupons 
 
2005: During disassembly of test racks from the CP, the effect of coupon orientation was clearly 
noticed. The top surfaces of individual coupons of AA 6061, AA 6063 and SZAV1 revealed yellow or 
yellow-green films, whereas the bottom (downwards facing) surfaces of the same coupons revealed 
the original silver bright colour (Fig. 17). The coupons of the other test racks did not reveal this aspect. 


 


  
 
FIG. 17. Difference in surface colouring of single coupons of aluminium alloys. Top surface (left) is 
yellow where as the bottom surface (right) has metallic lustre. 


 
 


The contact surfaces of the SZAV1 alloy from the CP and the WST revealed symmetrical corrosion 
features on the contact surfaces (Fig. 18). 
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FIG. 18.: Symmetrical corrosion features on contact surfaces of SZAV1 alloy coupled coupons 
withdrawn from WST (left) and CP (right). 
 
Similarly, coupons from the test rack withdrawn after one year revealed symmetrical corrosion 
features on the contact surfaces, but not pits. Fig. 19 shows the ‘river bed’ feature in the oxide layer 
around pits. This oxide film could not be removed with the use of orthophosphoric acid. Pits were seen 
at the end or the middle of these ‘river bed’ like features in the oxide film and these ‘river bed’ like 
features extended to the edge of the coupon. It is believed that these ‘river bed’ features were capillary 
channels through which corrosion products leached out into the pool. 


 


 
 
FIG. 19. ‘River bed’ like features in oxide films near the pits on SZAV1 alloy. A faint line extending 
from the large pits to the edge of the coupon can be seen.  The figure has been digitally processed for 
improved contrast. 
 
On the contact surfaces of the coupled vertical coupons, round or oval shaped pits with even edges 
were observed. On the non-contact surfaces of the same coupons, the pits were uneven with jagged 
edges. (Fig. 20) No sediments were observed on the surfaces of the vertical coupons. 
 


  
 


FIG. 20. Typical pits on contact (left) and non-contact (right) surfaces of vertical coupon R 10. × 160. 
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7.4. Removal of corrosion products from the coupon surfaces 
 
In 2004, a 20% orthophosphoric acid solution was used to remove the corrosion products. The 
coupons, supported on 3 points, were placed in a container with the acid. After 10-15 minutes of 
exposure to the acid, corrosion product removal was only partial. Most pits still had corrosion 
products. Increase in etching time to 30 minutes resulted in complete removal of the corrosion 
products and the pits were also free of corrosion products. On a number of coupons, a light grey film 
remained on the regions away from the pits,. Attempts to remove this film from the SZAV1 coupon, 
by increasing the etching time to 1 hour were unsuccessful. Since this film did not hamper pit 
examination, the etching time was not increased to 1 hour. However, there were concerns regarding 
the formation of new pits and/or dissolution of the coupon during extended etching. To address this 
issue, during the etching treatment of coupon SZAV1/301, which had its mass increased by 10 mg 
during exposure to the storage facility, its mass was measured at 15 minute intervals. This revealed 
that the “additional mass”  was not removed by the etching process.  


 
In 2005, the same coupon cleaning procedure was used and was performed by the same person using 
the same equipment. However, more time was required to clean coupons exposed for 2 years, 
compared with coupons exposed for 1 year. In 2004, the oxide on coupon surfaces swelled and peeled 
completely after 30 minutes of exposure to the etchant, whereas on coupons exposed for 2 years and 
withdrawn in 2005, it took 1-3 hours. In the opinion of the person who carried out this work, the 
corrosion products and oxide layer formed after 2 years of immersion were thicker, denser and more 
adherent. Concerns related to formation of new pits and alloy dissolution during etching for extended 
periods was again addressed by carrying out mass measurements of a coupon at 30 minute intervals. 
The mass changes revealed that exposure of coupon to the etchant for periods longer than 90 minutes, 
did not lead to further attack of the coupon. 


 
7.5. Change in coupon mass due to corrosion and subsequent cleaning 
 
After disassembly of the test rack and drying of the coupons, the mass of the coupons were measured 
in a “Kern-770-12” laboratory balance with ± 0.0005g accuracy. Prior to the mass determination, the 
macroscopic precipitates, consisting mainly of ion-exchange resin spheres, irregular shaped concrete 
or paint particles (size < 0.5 mm) were removed with a brush from the top surface of the uppermost 
coupon. The sediments could be easily removed as they were only loosely adherent. Table 8 shows the 
mass of the sediments. 


 
Table 8. Mass of sediments collected from the top coupon of test racks withdrawn in 2004 and 2005 


Storage basin 2004 2005 


WST 16 mg 30 mg 


CP  50 mg 80 mg 
 
The other coupons were carefully weighed so as not to damage the surface layer. Some corrosion 
product loss is considered to have taken place during coupon removal from the test rack and during its 
placement on the filter paper. Consequently, the mass of the coupons after the rack was withdrawn 
from the storage pool were slightly lower. Tables 9 to 11 summarize mass loss of the coupons after 
their removal from the basins, and after surface cleaning. These tables show that exposure of the 
coupons to the storage basins increased the mass of the coupons due to formation of corrosion 
products. Coupon cleaning caused the mass to decrease to values less than the original mass of the 
coupon. The single coupons showed least mass change. The mass loss was highest for Al alloy 
coupons coupled to stainless steel, and for the SZAV1 alloy located at the end of the test rack. 


 
The increase in mass of Al coupons coupled to stainless steel exposed for 1 and 2 years did not show 
any significant change. This is due most likely to gradual corrosion product dissolution. On the other 
hand, the single Al alloy coupons showed an almost linear mass gain due to formation of corrosion 
products. A number of examples are shown in Table 12. 
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Table 9. Variation in mass of vertically oriented coupons due to corrosion and erching 


Coupon identification Mass prior to 
exposure  m0, (g) 


Mass change after 
exposure Δm= mc-m0 (g) 


Mass change after 
etching Δm= m-m0 (g) 


SZAV1/314 53.5395 +0.007 -0.002 


AISI 304/362 106.2040 +0.064 -0.001 


R12 55.2316 +0.011 -0.327 


R11 54.2914 +0.070 -0.182 


R10 57.1956 +0.063 -0.144 


AISI 304/338 106.3680 +0.035 <0.001 


EX12 41.6423 +0.034 -0.181 


EX10 41.9402 +0.057 -0.180 


EX11 42.6114 +0.053 -0.129 
 
 
Table 10. Variation in mass of coupons exposed for one year, due to corrosion and etching 


Storage  
Site 


Coupon  
identification 


Mass prior to 
exposure 
m0, (g) 


Mass change after 
exposure 


Δm= mc-m0 (g) 


Mass change after 
etching 


Δm= m-m0 (g) 
SZAV1/325 54.8703 +0.237 -0.129 
SZAV1/314 53.5412 +0.006 -0.018 
SZAV1/352 55.0504 +0.192 -0.091 
SZAV1/388 53.6641 +0.141 -0.084 
SZAV1/364 52.6858 +0.110 -0.120 
AISI 304/362 106.2117 +0.036 -0.008 
AA 6061/325 52.3278 +0.199 -0.111 
AA 6063/215 57.2365 +0.010 ~ 0.001 
AA 6063/239 57.4829 +0.146 -0.090 
AA 6063/223 55.7139 +0.125 -0.053 
AA 6061/307 55.0645 +0.123 -0.147 


CP 


AISI 304/340 105.747 +0.018 -0.007 
AISI 304/338 106.3760 +0.019 -0.008 
AA 6061/303 54.9362 +0.031 -0.175 
AA 6363/202 57.3046 +0.083 -0.031 
AA 6063/241 58.0378 +0.032 -0.041 
AA 6063/217 57.5687 +0.010 -0.001 
AA 6061/320 56.4514 +0.185 -0.135 
AISI 304/356 105.6439 +0,023 -0.007 
SZAV1/368 54.8324 +0.072 -0.145 
SZAV1/371 55.1609 +0.189 -0.135 
SZAV1/356 55.1473 +0.118 -0.112 
SZAV1/301 54.8306 +0.009 <0.001 


WST 


SZAV11/328 55.1605 +0.1673 -0.108 
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Table 11. Variation in mass of coupons exposed for two years, due to corrosion and etching 


Storage  
Site 


Coupon  
identification 


Mass prior to 
exposure 
m0, (g) 


Mass change after 
exposure 


Δm= mc-m0 (g) 


Mass change after 
etching 


Δm= m-m0 (g) 
AISI 304/333 105.7826 +0.032 -0.006 
AA 6061/306 55.9350 0.137 -0.273 
AA 6363/203 57.3113 +0.127 -0.110 
AA 6063/242 57.5267 +0.135 -0.158 
AA 6063/213 57.9699 +0.022 -0.022 
AA 6061/324 56.2581 +0.192 -0,135 
AISI 304/361 106.0218 +0.076 -0.005 
SZAV1/367 53.2994 +0.063 -0.266 
SZAV1/363 55.1113 +0.190 -0.182 
SZAV1/354 52.3234 +0.202 -0.171 
SZAV1/307 54.4593 +0.014 -0.003 


CP 


SZAV11/327 53.4574 +0.264 -0.201 
SZAV1/333 53.8703 +0.131 -0.101 
SZAV1/318 52.5842 +0.005 -0.002 
SZAV1/344 55.0036 +0.144 -0.152 
SZAV1/372 54.9904 +0.257 -0.224 
SZAV1/381 52.9861 +0.005 -0.367 
AISI 304/353 105.8060 +0.055 -0.010 
AA 6061/316 54.7926 +0.220 -0.607 
AA 6063/205 56.0736 +0.011 -0.039 
AA 6063/232 57.3376 +0.070 -0.121 
AA 6063/231 57.5604 +0.204 -0.173 
AA 6061/335 54.1819 +0.071 -0.438 


WST 


AISI 304/335 105.9854 +0.036 -0.006 
 
 
Table 12. Mass increase due to corrosion products on coupons from CP 
Coupon or a pair of 
coupons 


Mass increase (g) 
 Exposed for 465 days 


Mass increase (g) 
Exposed for 921days 


AA 6061 –  AISI 304 0.14 0.16 
SZAV1 – AISI 304 0.15 0.11 
Single SZAV1 0.06 0.014 
Single AA 6063 0.01 0.02 


 
The inclusion of data obtained in 2004 in the overall analyses permits determination of kinetics of 
coupon mass loss as a function of exposure time. (Table 13) It can be seen that in a number of cases, 
the mass loss varied linearly with exposure time. Linear variations of mass loss with exposure time 
were observed for coupons exposed to the WST. An increase in the corrosion of AA 6063 coupons is 
specially marked and the reasons for this behavior are as yet not clear. Mass loss of SZAV1 alloy 
coupon (top single coupon – Table 13) is probably due to other factors, namely the quantity and nature 
of the sediments. 


 
7.6. Pit size measurement 
 
Based on the initial observations carried out with the unaided eye and the four fold magnifier, the 
coupon surfaces were divided into two regions: 
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1. Regions not in contact with the insulating ceramic ring (denoted as  S region) 
2. Regions in contact with the insulating ceramic ring (denoted as  R region) 
 
In many cases the characteristics of the S and R regions were quite different. Fig. 21 shows two basic 
types of damages on the Al alloy surfaces. The first reveals wide but not deep corrosion pits (Fig. 21, 
left) and the second, deep small diameter pits (Fig. 21, right) 
 
Table 13. Coupon mass loss as function of exposure time 


Site 
Coupon or a 
pair of coupons 


Mass loss of coupons 
exposed for 465 days 


Mass loss of coupons 
exposed for 921 days 


Estimated kinetics 
of mass loss. 


CP Top single SZAV1 0.129 0.201  
 Single SZAV1 0.002 0.003 Linear 
 SZAV1 - SZAV1  0.204 0.353 Linear 
 SZAV1 – AISI 304  0.120 0.266 Linear 
 Single AA 6061 0.111 0.218 Linear 
 Single AA 6063 0.001 0.022 ? 
 AA 6063 – AA 6063  0.143 0.268 Linear 
 AA 6061 – AISI 304 0.147 0.273 Linear 
WST AISI 304 – AA 6061 0.175 0.438 Linear 
 AA 6063 – AA 6063 0.072 0.294 ? 
 Single AA 6063 0.001 0.039 ? 
 Single AA 6061 0.135 0.608 ? 
 AISI 304 – SZAV1 0.145 0.367 Linear 
 SZAV1 – SZAV1 0.247 0.376 Linear 
 Single SZAV1 <0.001 0.002 Linear 
 Top Single SZAV1 0.108 0.101  


 
 


 
 
FIG. 21. Left: Differences in extent of corrosion between R (1) and S (2) regions on coupon AA 6061/303. 
Right: Corrosion damage on outer surface of coupon SZAV1/368. 
 
The R region is distinct due to contact with the ceramic ring. (This region was not taken into account 
when coupons were studied and compared) 
 
The depth and width of the pits were measured and the values were averaged. Based on these values, 
the pits were classified as follows: < 0.5 mm; 0.5-1mm; 1-2 mm; 2-3 mm; > 3 mm 
 
The number of pits on all the coupons exposed for 1 and 2 years were counted and classified in the 
intervals shown above. The results are summarized in Tables 14 and 15. 
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Table 14. Pit distribution as function of size (in mm) on surface of coupons exposed for 1 year  
Top surface Bottom surface  


Coupon Id. # <0.5 0.5-1 1-2 2-3 >3 <0.5 0.5-1 1-2 2-3 >3 
SZAV1/352 - - - - - 7 43 6 3 3 
SZAV1/388 66 20 14 3 4 - - - - - 
SZAV1/364 - 5 - - - - 21 16 4 2 
AA 6061/325 - 2 - - - 2 - - - - 
AA 6063/239 4 - - - - >200 - - - - 
AA 6063/223 69 - 1 - - - - - - - 
AA 6061/307 - 24 - - - - 22 14 9 - 
AA 6061/303 - 43 4 4 3 - 17 - - - 
AA 6063/241 15 4 1 3 1 16 3 - - - 
AA 6061/320 5 - - - - 30 - - - - 
AA 6063/217 2 - - - - 2 - - - - 
SZAV1/368 36 23 9 9 4 5 - - - - 
SZAV1/371 - - - - - 24 2 3 3 3 
SZAV1/356 - 2 17 - 4 - - - - - 
SZAV1/301 - - - - - 4 - - - - 
SZAV1/328 - - - - - 1 - - - - 


Comment: The contact surfaces were colored. Coupons without damages weren’t included). 
 
Table 15. Pit size distribution (in mm) on surface of coupons exposed for 2 years  
   top Bottom 
 Id. # <0.5 0.5-1 1-2 2-3 >3 <0.5 0.5-1 1-2 2-3 >3 


SZAV1/333  1     2    
SZAV1/318           
SZAV1/344 28 37 23 3 2      
SZAV1/372 5     33 45 24 5 2 
SZAV1/381 39 49 33 19 9 4     
AA 6061/316 3 6    6 7    
AA 6063/205      23     
AA 6063/232 21 10    16     
AA 6063/231 15 2    33 12    


WST 


AA 6061/335 83 51 23 9 1 6 19    
AA 6061/306 32 16 3   140 68 18 3 1 
AA 6063/203 104 15 3        
AA 6063/242 16 1    164 59 12 1  
AA 6063/213 11          
AA 6061/324 5 2    1     
SZAV1/367 17 5 3 3  33 48 32 13 4 
SZAV1/363 114 66 23 5 1 7     
SZAV1/354      141 35 20 1  
SZAV1/307      2     


 
 
CP 


SZAV1/327      2     
 
An attempt was made to numerically define pitting damage, and calculate the ‘rate of pitting damage’. 
Pitting damage rate of each coupon was calculated taking into consideration the number of pits on 
both surfaces of the coupon and the size of the pits. Pits were assessed as follows, > 3 mm in diameter 
equal to 100, 2-3 mm as 40, 1-2 mm as 12, 0.5-1 mm as 4 and < 0.5 mm as 1. These numbers are 
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proportional to pit volume (assuming pits to be hemispherical). The damage rate is proportional to 
volume of macroscopic pits (> 0.5 mm). Calculation of the damage rate made it possible to estimate 
pitting kinetics as a function of time and compare pitting damage characteristics of coupons in 
different configurations (single, as a crevice couple and galvanically coupled). Table 16 presents the 
damage rates and a summary of the quantity of pits on coupons exposed for 1 and 2 years. 
 
Table 16. Summary of coupon damage due to pitting 


Exposure - 465 days  Exposure - 921 days  Storage 
basin Id. # Position in assembly Damage  


rate 
Number  
of pits 


Damage  
rate 


Number  
of pits 


SZAV1/333 Single  upper 1 1 12 3 
SZAV1/318 Single 4 4 0 0 
SZAV1/344 612 23 772 93 
SZAV1/372 


Crevice couple  
488 35 906 114 


SZAV1/381 In contact with steel 1001 86 2295 153 
AA 6061/316 Single 35 61 61 22 
AA 6063/205 Single 4 4 23 23 
AA 6063/232 291 43 77 47 
AA 6063/231 


Crevice couple 
0 0 104 62 


WST 


AA 6061  In contact with steel 748 71 1105 192 
AA 6061/306 In contact with steel 712 69 980 281 
AA 6063/203 81 70 200 122 
AA 6063/242 


Crevice couple 
204 204 604 253 


AA 6063/213 Single 0 0 11 11 
AA 6061/324 Single 10 4 14 8 
SZAV1/367 In contact with steel 656 48 1722 158 
SZAV1/363 671 62 961 216 
SZAV1/354 


Crevice couple 
834 107 561 197 


SZAV1/307 Single 0 0 2 2 


CP 


SZAV1/327 Single 
Upper 0 0 2 2 


 
Table 16 reveals that galvanic pairs have the highest damage rate (DR) and accordingly the Al 
coupons in contact with stainless steel coupons suffered maximum damage. The crevice coupons 
showed lower DR and the single Al alloy coupons the lowest DR. 


 
The single coupons revealed isolated pits due probably to the sediments on the coupon surface. 
Analyses of data of single Al alloy coupons revealed that SZAV1 alloy was the least damaged 
followed by AA 6063 and then AA 6061. Fig. 22 is a diagram that illustrates the increase in pitting 
damage rate as a function of aluminium type.  


 
This tendency is the same for coupons exposed to the two storage basins. 


 


 
FIG. 22. Pitting tendency of aluminium alloys. 
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As a crevice or galvanically coupled coupon, SZAV 1 pits more than AA 6063. It can be seen from 
Table 16 that this is due to the large average pit size. The total number of pits on coupons of these two 
alloys is comparable. Comparison of coupons exposed for 465 and 921 days reveals that the average 
pit size and the number of pits of coupled coupons increase with exposure time. 


 
7.7. Depth of corrosion damage on Al alloy coupons 
 
2004: To measure pit depths, the coupons with maximum mass loss were selected. The single coupons 
(numbers 2 and 3 in Table 17) and crevice coupons (denoted 4 to 7) were selected. To compare, the 
least damaged SZAV1/328 coupon was selected. (This coupon revealed only two pits, one each in the 
S and R regions). 


 
The pit depth was determined by varying the focal point in a 160X optical microscope. The vertical 
movement of the optical microscope was calibrated with a Sony electron microscope to a sensitivity of 
1 µm. This in turn was calibrated with a metallic plate (in steps of 100 µm). The sensitivity of the 
focusing technique was estimated to be 20-30µm. 


 
The maximum observed pit depth was 643 µm. The depth of a pit depends to some extent on the 
corrosion damage of the coupon. Even though some coupons have very few pits, their depths are often 
comparable with those on coupons that are heavily pitted. It should be noted that the deepest pit refers 
to the category 0.5 to 1 mm. The results of measurements carried out on single pits of selected 
coupons are summarized in Table 17. 


 
Table 17. Results of pit depth measurement on the coupons  


# Type Coupon Region Pit diameter 
(mm) 


Pit depth  
(μm) Remark 


1 A SZAV1/328 R <0.5  460 See Fig. 23 
2 A AA 6061/325 S 0.5 to 1 390  
3 A AA 6061/320 S <0.5 375, 603, 530  


C AA 6061/307 top S 0.5-1 300, 320, 234, 
490, 190, 263  4 


  R >3 202  
S top <0.5 265, 460  


0.5 to 1 643  
1 to 2 364  5 C SZAV1/364 S bottom 
2-3 375  


S 0.5 to 1 328, 406, 593, 560  6 C AA 6061/303 R 0.5 to 1 175  
1 to 2 408, 270 See Fig. 23 7 C SZAV1/368 S 2 to 3 170, 240,317  


Comment: A – a single coupon; C – Contact surface of coupon; S – region of coupon that is not in 
contact with insulating ceramic ring; R – coupon region in contact with the ceramic ring; The data in 
column “Pit depth” denotes measurement of several pits.  The highest value of pit depth is given, and 
several branches of differing depths could be present in a pit. 
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FIG. 23. Left: A deep pit in the R region is shown and it’s depth in μm is given. Right: Large wide 
corrosion pits on the contact surface of a coupon. 
 
2005: In contrast to measurements carried out in 2004, when only coupons with high mass loss were 
considered, pit depth analysis was carried out on all coupons in 2005. The technique and procedures 
used to measure pit depths on coupons withdrawn in 2004 were used with coupons withdrawn in 2005. 


 
Based on visual examination of the coupons, the depths of 10-15 large pits were measured on every 
coupon. The 5 largest values were registered in a table and the average pit diameter was also 
measured. Pits with depths less than 100 microns were not considered. Tables 18  and 19  present data 
for coupons immersed for 921 days and 339 days respectively. 
 
Table 18. Diameter and depth of 5 deepest pits in each coupon 


Site  Coupon №  Pit diameter [mm] / Pit depth, [μm] Deepest pit after 
1 year, [μm]* 


CP SZAV1/333 0.5/980 1/850 0.5/480   460 
 SZAV1/318 **      
 SZAV1/344 3/560 2/380 3/380 1/440 1/400  
 SZAV1/372 2/360 1/560 1/300 2/400 –  
 SZAV1/381 3.4/670 3.2/753 2.8/790 1/980 4/850 640 
 AA 6061/316 0.8/753 0.75/540 0.43/490 0.25/300  390 
 AA 6063/205 0.5/<100      
 AA 6063/232 **      
 AA 6063/231 0.2/400      
 AA 6061/335 1/1060 2/740 3/560 2/500 0.5/950 490 
WST AA 6061/306 0.5/860 1/800 3/870 2/730 2/620 406 
 AA 6063/203 **      
 AA 6063/242 0.5/400 0.5/200 2/200    
 6063/213 0.5/<100      
 AA 6061/324 0.5/500 0.5/400 0.5/340 0.5/300  600 
 SZAV1/367 3/780 2/760 3/760 2/880 2/760 408 
 SZAV1/354 2/460 1/426 1/420 1/380 1/330  
 SZAV1/307 **      
 SZAV1/327 **      


* – values shown for similar coupons (alloy and location in assembly), from a rack withdrawn and 
studied in 2004; ** – there are no pits larger than 0.3-0.4 mm and depth more than 100 μm. 
 
Comparison of this data with that obtained in 2004 revealed that in many cases the maximum pit depth 
increased 1.5-2 times. 
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FIG. 24. Photograph of a coupon after the depths of its largest pits were measured. Pits are 
identified with a marker and their depths are indicated in microns. 


 
Table 19. Diameter and depth of 5 deepest pits on vertical coupons  
Coupon №  Pit diameter [mm] / Depth diameter, [μm] 
SZAV1/314 0.5/440 0.3/250    
AISI 304/362 -     
R12 1/430 3/320 3/350 1/320 0.6/320 
R10 1/200 0.6/300 0.4/100 0.8/170 0.7/150 
R11 1/140 0.3/130 0.3/120 0.4/150  
AISI 304/338 -     
EX12 1/600 0.8/480 0.8/480 0.6/400 1/440 
EX10 1/120     
EX11 0.3/320 2/160 0.5/200 1/130  
 
7.8. Quantity and distribution of small pits ( <0.5 mm) 
 
Besides calculating the quantity and size of the macroscopic pits (> 0.5 mm) in 2005, the quantity and 
size of small pits (<0.5 mm) were also determined with a metallographic microscope. Magnifications 
in the range 80X-160X were used and the microscope had a calibrated eye piece that enabled 
determination of pit size and average diameter in microns. On average, 20% of the surface on both 
sides of the coupons was examined and all the pits in the field of vision were measured. The pits were 
grouped in 8 categories: 30-50µm, 50-100µm, 100-150 µm, 150-200µm, 200-300µm, 300-400µm, 
400-500µm, > 500 µm. Thorough examination of the whole surface on both sides of every coupon was 
not carried out due to time constraints. Instead, the regions were examined that seemed to be the most 
damaged to the unaided eye. Since large regions of the coupon surfaces were not quantified, the pit 
data presented here should be considered to be semi-quantitative. The results are shown in Table 20. 
 
To evaluate corrosion processes, the 8 categories have been grouped as: small size pits < 0.3 mm and 
average size pits 0.3 –0.5 mm. Table 21 summarizes the quantity of small and average size pits. 


 
 







 


  157 


Table 20. Pit size distribution on coupons exposed to WWR-K reactor pool for 921 days 
Pit size on top (μm) Pit size on bottom (μm)  


Coupon Id. # 30 
to 
50 


50 
to 


100 


100 
to 


150 


150 
to 


200 


200 
to 


300 


300 
to 


400 


400 
to 


500 


>500 30 
to 
50 


50 
to 


100 


100 
to 


150 


150 
to 


200 


200 
to 


300 


300 
to 


400 


400 
to 


500 


>500 


SZAV1/333 17       1 14       2 
SZAV1/318 4   3     6        
SZAV1/344 7 11 3 1 2  1 8 5        
SZAV1/372 8 4       2 6 3 1 1  2 16 
SZAV1/381      4  22 4  1  5 3   
AA 6061/316 6 2 2 1 4 8 4 3 9 1    2 1 8 
AA 6063/205 7 11 6 2 3 2   12 8 3 4 5 2 1 2 
AA 6063/232 5 8 6 3  2   5 2 1 2 1 1   
AA 6063/231 5 7 1 1 6 3   14 16 6 5 4 2  2 
AA 6061/335   2 1 2 2 2 22 2 1 1   2  8 
AA 6061/306 7 5 2 1 5 10 5 9 1 2 3 3 4 3 1 13 
AA 6063/203 14 8 4 2 1 2  1 19        
AA 6063/242 12 4 3 5 9 1    5 6 9 7 5 2 5 
AA 6063/213 13 1 6 2 5 1   13  1    1  
AA 6061/324 9 1 2 1 2 2 2  12 1  2     
SZAV1/367 22 7 1  2 1 1 1 2 10 5 2 4  2 28 
SZAV1/363 13 11 1 2 8 5 2 20 11 14 10      
SZAV1/354 14 10       15 8 5 2 3 2 3 21 
SZAV1/307 11        12        
SZAV1/327 22        13 1       
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Table 21. Quantity of average (more than 0.3 mm) and small (less than 0.3 mm) pits on coupons 
Large pits Small pits 


Location Coupon 
Id. # top bottom total top bottom total 


SZAV1/333 1 2 3 17 14 31 
SZAV1/318 0 0 0 7 6 13 
SZAV1/344 9 0 9 24 5 29 
SZAV1/372 0 18 18 12 13 25 
SZAV1/381 26 3 29 0 10 10 
AA 6061/316 15 11 26 15 10 25 
AA 6063/205 2 5 7 29 32 61 
AA 6063/232 2 1 3 22 11 33 
AA 6063/231 3 4 7 20 45 65 


WWT 


AA 6061/335 26 10 36 5 4 9 
AA 6061/306 24 17 41 20 13 33 
AA 6063/203 3 0 3 29 19 48 
AA 6063/242 1 12 13 33 27 60 
AA 6063/213 1 1 2 27 14 41 
AA 6061/324 4 0 4 15 15 30 
SZAV1/367 3 30 33 32 23 55 
SZAV1/363 27 0 27 35 35 70 
SZAV1/354 0 26 26 24 33 57 
SZAV1/307 0 0 0 11 12 23 


CP 


SZAV1/327 0 0 0 22 14 36 
 
Table 21 reveals that all the coupons have a significant number of small pits. Corrosion of the 
coupons, whether single or coupled ,progresses to result in pits that grow with time. 
 
For example, on coupons SZAV1/367 and AA 6061/335, the difference in the number of small pits 
between single and coupled coupons did not exceed 30-50%. The individual SZAV1 alloy coupons 
characteristically contained pits less than 50 microns in depth, where as single coupons of AA 6061 
and AA 6063 had pits as large as 0.3-0.4 mm. The quantity of ‘average pits’ strongly depended on the 
nature of the coupon surface (whether single or in contact). For instance, the contact surfaces of the 
couple SZAV1/362-SZAV1/354 revealed ‘average pits’, where as the exposed surfaces of the same 
coupons were almost free of pits. Similar observations were made with respect to galvanic couples. Pit 
depths on the contact surface were 3 to 10 times that on the non-contact surfaces. 
 
Table 22 presents data related to pitting damage of vertical coupons. It can be seen that individual 
SZAV1 coupons had mainly ‘small pits’. The pits on the contact surface (R11-R10 for example) are in 
all dimensional categories. In the case of the galvanic couple, ‘large pits’ (>0.5 mm) were 
predominant. 
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Table 22. Pit distribution on vertical coupons exposed to the cooling pool for 339 days 
Pit size on top (μm) 


Coupon 30- 
50 


50- 
100 


100- 
150 


150- 
200 


200- 
300 


300- 
400 


400- 
500 >500 


SZAV1 21 2       
R12 16 3 4 3 4 1  14 
R11  2 10 1 4  2 2 
R10  4 2  9 6 2 15 
EX12   1 1  4  7 
EX10 12 16 1      
EX11  1 3 3  2  2 


Pit size on bottom (μm) 
 30- 


50 
50- 
100 


100- 
150 


150- 
200 


200- 
300 


300- 
400 


400- 
500 >500 


SZAV1 7  3  3 4 2 15 
R12 16 5 5 2 1 2 6 13 
R11 5 4 7 6 7 9 6 5 
R10  1 1 2 4 2 3 7 
EX12   3  3 4 2 14 
EX10 10 5 7 3 4 3 1 2 
EX11 5 16 6 1  1  1 


 
 


8. CONCLUSIONS 
 
A series of experiments to evaluate the corrosion of Al alloy coupons exposed in different 
configurations to two different spent fuel storage basins were carried out. Mass loss of the coupons, 
depth of pits and the average pit sizes on the coupons were determined. The following conclusions 
have been drawn: 
1. The exposure of coupons to the storage basins increased the mass of the coupons due to 


formation of corrosion products. Among the single coupons, the SZAV1 and AA 6063 coupons 
revealed very few regions with corrosion products.  


2. The single coupons revealed isolated pits due probably to the sediments on the coupon surface. 
Analyses of data of single Al alloy coupons revealed that SZAV1 alloy was the least damaged 
followed by AA 6063 and then AA 6061. 


3. Comparison of coupons exposed for 465 and 921 days revealed that the average pit size and the 
number of pits of coupled coupons increased with exposure time. 


4. Pit depths on the contact surface of coupons were 3 to 10 times that on the non-contact surfaces. 
5. The galvanically coupled Al coupons had the highest pitting damage rate (DR). The crevice 


coupons showed lower DR and the single Al alloy coupons the lowest DR. 
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Abstract. The results of corrosion studies developed in the Instituto Nacional de Investigaciones Nucleares 
(ININ) are presented. The extent of corrosion of the aluminium alloy coupons exposed to the water of ININ 
TRIGA reactor pool was not significant. Few pits and oxides were observed on the coupon surfaces immersed 
for different times. This reduced extent of corrosion was similar to those on coupons exposed at other sites as per 
data obtained by visual inspection, metallographic analysis and image analysis. The water chemistry in the 
reactor pool was monitored throughout the duration of the project. The main parameters that influence the 
corrosion of Al alloy fuel cladding were measured. The conductivity of the water in the reactor pool was 1-3 
µS/cm, within recommended values to avoid corrosion. The chloride ion concentration was maintained below 1 
ppm.  Others ions (sulphates, calcium, nitrates) were also below 1 ppm. Another parameter that was measured 
was the amount of settled solids on coupon surfaces and their influence on corrosion.  The sedimentation rate in 
the TRIGA Reactor pool was 17.66 µg/cm2 and the sediment composition indicated iron oxides, aluminium-
silicon compounds and some calcium carbonates. The sedimentation rate was similar in magnitude to that at 
other storage sites. However, the corrosion racks in the ININ TRIGA Reactor were exposed to high water flow 
rates, 1324.5 l/min. This high flow rate is considered to reduce the amount of deposited solids on coupon 
surfaces. The particles deposited on the coupon surfaces influenced pit initiation.  
 
1. INTRODUCTION 
 
In 2002 the IAEA started the IAEA TC Regional Project RLA/4/018, entitled “Management of Spent 
Fuel from Research Reactors”, with participation of researchers and engineers from Argentina, Brazil, 
Chile, Mexico and Peru. The objectives of this Project were to provide the basic conditions to define a 
regional strategy for managing spent fuel and to provide solutions, taking into consideration the 
economic and technological realities of the countries involved. In particular, to determine the basic 
conditions for managing RR spent fuel during operation and interim storage as well as final disposal, 
and to establish forms of regional co-operation for spent fuel characterization, safety, regulation and 
public communication. The Project was divided into 4 subprojects: (1) spent fuel characterization; (2) 
safety and regulation; (3) options for spent fuel storage and disposal; (4) public information and 
communication. Fuel clad corrosion monitoring and surveillance was one of the activities of the 
subproject ‘Spent fuel characterization’. This report presents the studies related to Aluminium 
corrosion done at Instituto Nacional de Investigaciones Nucleares (ININ) of Mexico, within the 
framework of the IAEA project RLA/04/018 
 
2. DESCRIPTION OF THE REACTOR 
 
The Instituto Nacional de Investigaciones Nucleares (ININ) of México is a decentralized public 
organization coordinated by the Ministry of Energy. The objectives of ININ are primarily research and 
development in the nuclear science and technology field to promote peaceful uses of the nuclear 
energy, to spread information related to progress in the area and to link the progress towards 
economic, social, scientific and technological development of México. 
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The TRIGA Mark III at ININ has been operating since November 8, 1968. This reactor was designed 
by Gulf General Atomic Company. It is a pool type reactor with a movable core, light water cooled 
and reflected. The reactor operates in a stationary state at thermal power levels of up to 1000 kW and 
it can be pulsed repeatedly to a peak power of 2000 MW. The reactor has facilities for research with 
gamma and neutron radiation, to study radiation effects on large specimens and for specimen 
activation. The TRIGA reactor operates for approximately 40 hours per week. The reactor pool is 
7.6m deep and 3m wide in the middle. The pool liner inside a reinforced concrete structure is made of 
welded aluminium. The liner consists of welded sheets 6.3 mm thick and 19 mm wide. It is joined to 
the concrete structure by forces resulting from hydrodynamic, hydrostatic, and mechanical conditions 
within the reactor pool. The reactor pool is also the temporary spent fuel store for the TRIGA MARK 
III fuel. 
 
Presently, there are 29 new fuels assembles and 4 news control rods in the ININ TRIGA Mark III 
reactor, and these are stored in a new fuel vault. The fuel assembly is a mixture of fuel and moderator. 
It is a homogenous mixture of uranium and zirconium hydride. The reactor core is presently 
configured for 85 U-Zr-H1.7 fuel assemblies, of which 59 are standard type with 20% U-235 
enrichment and 26 are FLIP type with 70% enrichment and erbium as burnable poison. 
 
The active section of the fuel is 38.1 cm long and 3.63 cm in diameter. At the upper end it contains a 
graphite cylinder 8.74 cm long and 3.63 cm in diameter. At the lower end it also has a graphite 
cylinder, but 8.81 cm long and with the same diameter. The fuel cladding is a AISI 304 stainless steel 
tube with an inner diameter of 3.6322 cm and thickness of 0.0508 cm. The rupture pressure at 100ºC is 
12.41 x 106 N/m2. The temperature to reach the rupture pressure, resulting from increase in internal 
hydrogen pressure is 1000ºC. The temperature of the hottest fuel in stationary state operation is 350ºC 
and during pulsing at routine reactivity, 450ºC. In both cases the temperature is well below the rupture 
pressure temperature (1000ºC) to result in cracking or rupture of the cladding. The fuel assembles 
have an important characteristic. Their reactivity coefficient is negative at temperature. Hence the 
TRIGA is inherently safe in the case of a power excursion. Fig. 1 shows a schematic drawing of the 
fuel assembly. 
 


 
 


FIG. 1. Fuel-moderator assembly. 
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At present, there are 61 spent fuels assembles and 3 spent control rods and these are temporarily stored 
in racks immersed in the reactor pool water. There are 12 storage racks in the reactor pool. The storage 
racks are rectangular and made of aluminium and each rack has the capacity to store ten assembles.  
Fig. 2 shows some storage racks in the reactor pool. The radiation level at 30 cm from the spent fuel is 
2 R/h in water. 
 


 
 


FIG. 2. East wall of TRIGA reactor with spent fuel racks and corrosion racks. 
 
The spent fuel assembles are exposed to the reactor cooling water. The reactor water recirculation 
system has a flow rate of 1324.8 l/min (350 gallons/minute). The recirculation system draws water 
from the south side of the reactor pool and this water passes through the heat exchanger, filters, 
cooling coil and is finally returned to the pool. The discharge of reactor pool water is done from the 
bottom of the reactor pool. 
 
2.1. Water chemistry 
 
The reactor water parameters are monitored periodically. The conductivity is measured with an ISY 
Conductimeter, with a detection limit of 0.2μS/cm. The conductivity of the reactor water is maintained 
around 1µS/cm. The average chloride ion concentration is 0.5 ppm. Ion concentrations are analyzed 
with a DR13 HACH Spectrometer and by atomic absorption spectroscopy with a Perkin Elmer Analist 
700 equipment. The reactor water parameters, determined during the course of the RLA project, are 
listed in Table 1. Fig. 3 shows the variation of the main measured parameters as a function of time. 
 
The TRIGA spent fuel is stored temporarily in the reactor pool. Hence the fuel assembly structural 
integrity needs to be assured. Corrosion is the main form of degradation that could affect the integrity 
of the fuel assembly. In the IAEA project RLA/4/018 the corrosion group participated to determine the 
more important parameters at ININ that could result in loss of material of the fuel cladding. In this 
context, the IAEA distributed corrosion racks to the participants of the project. These corrosion racks 
were immersed in the storage basins at various sites and were withdrawn after different exposures. The 
location of the corrosion racks in the ININ TRIGA reactor is shown in Fig. 4. Rack identification and 
dates of immersion and withdrawal are given in Table 2.  
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Table 1. Reactor pool water parameters 


Date 
Conductivity 
 μS/cm pH  


Cl- 
ppm 


SO4
=  


ppm 
Ca2+  
ppm 


NO¯3  
ppm 


Total Solids 
 mg/l 


Jan-00 0.8 6.36 1 1 0.1 0 58 
Oct-00 1 5.71 1 0 0.1 1 61 
Jan-01 1.8 5.56 1 1 0.1 0.4 62.3 
Apr-01 1.1 5.75 0.5 1 0.2 0.3 59.7 
Oct-01 1.3 5.97 1 2 0.04 0.4 26.3 
Feb-02 1.1 5.74 0.5 0.5 0.11 0.3 3.3 
May-02 1.2 5.7 0.5 1 0.01 0.1 6 
Sep-02 1.1 6.2 0.5 1 0 0 20 
Dic-02 0.9 5.40 0.5 0.5 0.1 0.1 39 
Feb-03 0.8 5.54 0.6 1 0 0.2 49 
Apr-03 1 5.9 0.4 1 0 0.2 63 
Aug-03 0.8 5.27 0.5 0.5 0.01 0.6 73 
Dec-03 0.9 5.93 0.3 2 0.1 0.2 71 
Jan-04 0.75 5.85 0.3 1 0.1 0.2 75 
Apr-04 1 5.86 0.3 1 0.1 0.2 67.2 
Oct-04 0.95 5.68 0.3 1 0.05 0.4 62.8 
Dec-04 1.1 5.63 0.3 1 0.05 0.4 66.2 
Feb-05 0.7 6.39 0.5 1 0.1 0.3 32 
May-05 1.5 5.23 0.4 1 0.1 0.4 6 
Aug-05 1.1 6.2 0.4 1 0.1 0.3 13 
Nov-05 0.6 6.1 0.3 1 0.1 0.4 16 
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FIG. 3. Variation of reactor water parameters with time: conductivity and pH, ion concentrations and 
total soluble solids. 







 


164 


 
 


FIG. 4. Location of corrosion racks and settled solids collector in the storage site. 
 


 
Table 2. Dates of immersion and withdrawal of racks 
Rack No. Date of immersion Date of withdrawal Photograph of rack 
 
 
39 
(Horizontal coupons) 


 
 
2003/02/09 


 
 
2003/09/2003 


 
 
 
39 
(Horizontal coupons) 


 
 
2003/02/09 


 
 
2004/10/2004 


 
 
 
40 
(Horizontal coupons) 


 
 
2003/02/09 


 
 
2005/11/2005 


 
 
 
Rack with vertical 
coupons 


 
 
2004/11/10 


 
 
2005/11/2005 


 
 
The corrosion coupons included those provided by the IAEA and Site specific coupons. Four ININ-
specific coupons were included in rack 38. These were AA 6061 T6 coupons that were prepared with 
the same material used to repair the reactor pool liner. In rack 39, the Site specific coupons included 
two annealed and solubilised AISI 304 stainless steel coupons in a crevice couple configuration and 2 
single coupons of the same steel, used as TRIGA fuel cladding material. 
 
The corrosion racks were exposed to the same conditions as that of the spent fuel in terms of water 
chemistry (shown in Fig. 3), an irradiation field (about 2R/h), and water circulation (1324.8 l/min). 
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3. EVALUATION OF CORROSION RACKS 
 
After withdrawal, the coupons of all the racks were visually examined followed by metallographic 
analysis and image analysis of the surfaces to determine pit distribution. The crevice couples were 
stuck together and had to be forced apart. The aluminium coupons showed white/grey stains, the 
stainless steel in galvanic couples (ININ coupons) showed some white/grey stains, and most of the 
coupon surface was bright. The pH in the crevice was 4.5-5.6 and a few small pits were observed. 
The duration of exposure to the reactor water did not have any significant effect on the extent of 
corrosion. The coupons of racks exposed for 7 months and 33 months revealed similar features. In all 
coupons, few pits were observed and most were small and had some stained areas surrounding the pits. 
Coupon orientation had little effect on pitting corrosion of coupons. The horizontal coupons had more 
pits than vertical coupons.  Some micrographs of the coupons, with corresponding pit analysis data are 
shown in Fig. 5. 


 


 
 


FIG. 5. The coupons, its micrographs and corresponding pit analysis data. 
 
The general corrosion of single coupons was quite uniform, and some areas had yellow/brown stains. 
Pits were observed on the coupons surface. In general the pits were small (30-70 µm), with some 
bigger than 150 µm. The passivated (or surface treated) coupons were more resistant to corrosion than 
the non-passivated coupons. The scratched coupons did not reveal corrosion along the scratches.  
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An isolated pit was observed on the surface of coupon 40506. This pit was examined in a scanning 
electron microscope prior to cleaning its surface.  A Fe-Cu particle was identified in the center of the 
pit. The scanning electron micrograph of the pit is show in Fig. 6. The white region around the pit was 
identified as corrosion products (with aluminium and silicon oxides). The region around the pit 
revealed the alloy composition, Al-Mg-Si. 
 


 
 
FIG. 6. Scanning electron micrograph of a pit on 40506 coupon surface and EDS analysis data of 
different regions. 
 
4. SEDIMENT COLLECTOR 
 
The Test Protocol established proposed determination of the quantity and composition of settled solids 
on coupon surfaces. To determine this, a sediment collector was prepared and immersed in the reactor 
pool. Fig. 7 shows the collector and its dimensions. The collector was made of AISI 304 stainless steel 
plate and had a surface area of 1000 cm2. It was immersed for 9 months and the weight of sediments 
was 0.158994g. The sedimentation rate was 17.666 µg/cm2 per month and the composition of the 
sediments was determined by X ray diffraction analysis. The sediments consisted of iron oxides 
particles (hematite, magnetite), aluminosilicates, sodium and calcium carbonates. Fig. 8 shows a X ray 
diffractogram of the sediments.  
 


 
 


FIG. 7. The sediment collector. 
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FIG. 8. X ray diffractogram of the sediments. 
 
5. DISCUSSION 
 
The extent of corrosion of the aluminium alloy coupons of racks 38, 39, 40 and the vertical coupons 
was not significant in the ININ TRIGA reactor pool. Few pits and oxides were observed on the coupon 
surfaces immersed for different times. This reduced extent of corrosion was similar to those on 
coupons exposed at other sites (Argentina, Brazil, Chile and Peru) as per data obtained by visual 
inspection, metallographic analysis and image analysis. 
 
The water chemistry in the TRIGA Reactor pool was monitored throughout the duration of the project. 
The main parameters that influence the corrosion of Al alloy fuel cladding were measured. The 
conductivity of the water in the reactor pool was within values recommended in the IAEA Technical 
Report 418 [1], i.e. 1-3 µS/cm. The chloride ion concentration was maintained below 1 ppm.  This is 
important as chloride ions break down the passive film on aluminium alloy surfaces and promote 
metal dissolution. The others ions (sulphates, calcium, nitrates) were also below 1 ppm. This water 
chemistry assured low corrosion rates. Nevertheless, other storage sites with good water chemistry 
have reported corrosion of aluminium alloy coupons. Hence good water quality, essential to control 
corrosion of aluminium alloy coupons is not the only parameter that controls the corrosion of 
aluminium alloy coupons. 
 
Another parameter that was measured in this project was the amount of settled solids on coupon 
surfaces and their influence on corrosion.  The sedimentation rate in the TRIGA Reactor pool was 
17.66 µg/cm2 and the sediment composition indicated iron oxides, aluminium-silicon compounds and 
some calcium carbonates. The sedimentation rate was similar in magnitude to that at other storage 
sites. However, the corrosion racks in the ININ TRIGA Reactor were exposed to high water flow 
rates, 1324.5 l/min. This high flow rate is considered to reduce the amount of deposited solids on 
coupon surfaces. 
 
The particles deposited on the coupon surfaces influence pit initiation. Fig. 7 shows an isolated pit on 
coupon 40506. An Fe-Cu particle in the center of the pit may have been the cathode and the regions 
around the particle the anode, forming the white crown consisting of aluminium oxides. This process 
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is in consonance with laboratory observations related to mechanisms of sediment-induced pitting on 
Al alloys. [2] This also shows that it is important to avoid settled particles on coupon and spent fuel 
surfaces.  
 
6. CONCLUSIONS 
 
The following conclusions were drawn from the work performed at ININ: 
 


(a) Maintenance of adequate water parameters is essential for long term wet storage of research 
reactor spent fuel. 


(b) Pitting was the main form of corrosion of aluminium alloy coupons. 
(c) Adequate water circulation in the spent fuel storage section decreases potential corrosion 


problems. 
(d) Fe-Cu particles on aluminium coupons cause pits.  
(e) Vertical coupons and pre-oxidized coupons pitted to a lesser extent. 
(f) Scratches on pre-oxidized coupon surfaces did not affect the corrosion of the coupons. 
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Abstract. An International Program was completed in order to assess the corrosion conditions of experimental 
reactor’s spent nuclear fuel during long interim storage in water basins. The purpose was to address concerns 
related to fuel integrity and develop suitable techniques to predict and prevent eventual problems. This document 
describes the activities carried out by the corrosion group of IPEN in Peru, related to the immersion, monitoring, 
removal and evaluation of corrosion coupons, after one, two and three years of exposition to water, in the 
vicinity of the storage racks of spent fuel elements, placed in the auxiliary pool and main tank of the RP-10 
nuclear reactor. This work involves the use of two racks assembled with vertical coupons, which reproduce the 
general situation of stored fuel, and six with horizontal coupons. All of them include samples of various Al 
alloys, produced using different fabrication routes and with diverse surface finishing. Also, crevice and galvanic 
effects were considered. In parallel, a surveillance water quality parameters control program was set out, 
including a quantitative evaluation of particles that may eventually settle on aluminium surfaces, which could act 
as pitting initiators. 
 
1. INTRODUCTION 
 
Many research reactors are in operation in Latin America since the 1950s, and a significant amount of 
spent fuel has been accumulated. The Latin American countries with concerns related to spent fuel 
storage are Argentina, Brazil, Chile, Mexico and Peru. The concerns are based on the fact that in May 
2006, the option to send spent fuel element to United States of America could cease, and national 
solutions in countries without nuclear power programs will be very difficult to implement. These 
concerns were the driving force for the initiation of the IAEA sponsored Regional Technical 
Cooperation Project for Latin America. The objectives of this Project were to provide the basic 
conditions to define regional strategy for managing spent fuel and to provide solutions, taking into 
consideration the economic and technological realities of the involved countries. In particular, to 
determine the basic conditions for managing research reactor’s fuel during operation and interim 
storage, as well as final disposal, and to establish forms of regional cooperation for spent fuel 
characterization, safety, regulation and public communication. 
 
This project was divided into four subprojects: (1) spent fuel characterization, (2) safety and 
regulation, (3) options for spent fuel storage and disposal and (4) public information and 
communication. Corrosion surveillance is one of the activities of the subproject entitled “Spent Fuel 
Characterization”. 
 
This report describes activities developed by the corrosion work team of the IPEN (Instituto Peruano 
de Energía Nuclear) from Peru, related to immersion, surveillance, removal and analysis of corrosion 
test coupons exposed during one, two and three years in spent fuel reactor basins placed in both, the 
auxiliary pool and the main tank of RP-10 reactor. 
 
Aluminium alloys and different types of stainless steel are the main materials used in structural 
components and cladding of fuel elements of the majority of research reactors. The couple 







 


170 


aluminium–stainless steel could then be present in the reactor basin; for these reason, a thorough 
experimental program using test coupons was launched, in order to obtain corrosion effects related 
data. These data could be used to predict behaviour of aluminium clad of spent fuels in wet storage 
during long periods. The materials included in the evaluation were: stainless steel AISI 304, 
aluminium alloys AA 1050 and AA 6061. 
 
Damage due to corrosion depends on material type, fabrication route, water quality and storage 
environmental characteristics. Common corrosion types are: pitting, galvanic and crevice corrosion. 
For that reason, storage water quality was characterized and concentration of ions (especially 
chlorides) evaluated. The information obtained with this exercise will help to set up a control 
procedure for wet storage. 
 
2. SPENT FUEL STORAGE FACILITIES 


 
RP-10 is a 10 MW pool type research reactor designed and constructed by Argentinean engineers, 
with the main objectives to produce neutrons for research and for radioisotopes production. Located at 
RACSO Nuclear Centre, in Peru, it reached criticality for the first time in November 1988. The main 
pool of RP-10 is a tank about 4 meters diameter and 11 meters high. The installation has an auxiliary 
pool connected by a channel made of stainless steel. The auxiliary pool has a parallelepiped shape 4 by 
5 meters and 6 meters deep and has two racks of aluminium with capacity to store 48 spent fuels each. 
It also contains a stainless steel box specially designed to store up to 16 damaged or leaking fuel 
assemblies.  The Auxiliary Pool has two storage racks which can hold 48 fuel elements each (4 in each 
of 12 location), plus 16 additional positions, totalising 2x48+16=112 places. In the reactor tank, 
instead, there are only two racks which can allocate 12 bundles each, what makes for a total capacity 
of 2x12=24 elements. The full installation capability is of 136 spent fuel elements. Figs. 1 and 2 show 
the Auxiliary Pool for Spent Fuel Storage and the Spent Fuel Storage site in the main RP10 reactor 
tank respectively. 
 


 


 
 


FIG. 1. Auxiliary pool for spent fuel storage. 
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FIG. 2. Spent fuel storage in main tank. 
 
3. FUEL ELEMENTS DESCRIPTION 
 
The fuels used in the RP10 reactor are of the MTR type. The plates are made of AlMg alloy and the 
nuclear material is U3O8Al with 19.75 of enrichment in U235. Nominal U235 weight per assembly is 
280g. Table 1 contains information about geometrical and other characteristics of fuel plates. 
 
Table 1. Technical specification of fuel plates 
FUEL ELEMENT TYPE PLATE 
Nominal length (cm) 65.5 
Cross sectional dimensions of element (cm) 6.72 x 0.176 
Nominal dimensions of fuel meat (cm) 61.5 x 6.275 x 0.1 
Nominal total weight of fuel meat (g) 168.2 
Chemical form of fuel meat  U3O8 - Al 
Weight of total U, weight of U-235 (g) U: 88.6, U235 : 17.5 ± 0.26 
Dispersing material Dispersion of U3O8 in Al 
Cladding material AlMg 
Clad thickness (mm) 0.38 
 
In Table 2 some detailed information related to geometry and materials used in the construction of fuel 
elements can be found. The detailed chemical compositions of different Al alloys used in the various 
components of the reactor core are displayed in Table 3. 
 
Table 2. Technical specification of fuel elements 
Number of elements per assembly 16 Plates 
Over-all dimensions (cm) 95.73 x 8.124 x 7.62 
Over-all weight (g) 6790 
Total weight of U (g) 1418 
Total weight of U235 (g) 280 ± 4.16 
Enrichment (%) 19.75 
Side plates: 02 side plates 
Material of side plastes  AlMgSi1 
Over-all dimensions (cm) 80.5 x 8.124 x 4.5 
End box 
 


Cylinder AlMgSi1 end fitting adapter with 6.15 
cm outer diameter and 12.5 cm height,  


Other structural parts (e.g. screws, rivets, bail, etc.) 
 


1 handling pin made of AlMgSi1, diameter of 
1.3 cm, and 8 screws of AlMgSi1 M6 x 10. 
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Presently, there are 29 fuel elements in the reactor core and 7 spent units in storage locations (2 of 
them bearing control plates). Since 2002, when equilibrium configuration was reached, the average 
consumption rate is of 3 fuel elements per year. One control element is operating in the reactor with 
some mechanical damage, which does not involve the fuel active zone. 
 
Table 3. Chemical composition of Al alloys 
Alloy Use Si Fe Cu Mn Mg Cr Zn Ti Others 
AlMg1 
(AA5005A) Fuel Element  


Cladding  0.3 0.45 0.05 0.15 0.7- 
1.1 0.1 0.2 0 0.05- 


0.15 


AlMgSi1 
(AA6082) 


Standard and control 
fuel element and  
Beryllium Reflector [1] 


0.7- 
1.3 0.5 0.1 0.4- 


1.0 
0.6- 
1.2 0.25 0.2 0.1 0.05- 


0.15 


AlMgSi0.5 
(AA6060) Graphite reflector  0.3-  


0.6 
0.1- 
0.3 0.1 0.1 0.35- 


0.60 0.05 0.15 0.1 0.05- 
0.15 


[1] Side Plates, end fittings, screws, clinches and guides.       
 
 
4. OTHER COMPONENTS AND MATERIALS INVOLVED 
 
Other components and structures in the reactor and basin environments contain different materials, 
which can influence the corrosion behaviour of stored fuels. Table 4 shows detailed information 
pertaining to the control elements. Pool linings in both systems are manufactured with AISI 316 L 
stainless steel, whose composition is detailed in Table 5. There are also fuel baskets (grids), made of 
Aluminium 99.5 (Standard IRAM 681; composition: Al 99.5 min, Si+Fe 0.5 max, Zn 0.1 max, Cu 0.1 
max, Mg 0.05 max, Mn 0.05 max). 
 
Table 4. Technical specifications of control fuel elements  
Number of elements per assembly 12 Plates 
Over-all dimensions (cm) 163.33 x 8.124 x 7.62 
Over-all weight (g) 9420 
Total weight of U (g ) 1063 
Total weight of U235 (g) 210 ± 3.12 
Enrichment (%) 19.75 
Side plate number: 
Material of side plate 
Overall dimensions of side plate (cm) 


02 side plates 
AlMgSi1 
148.2 x 8.124 x 4.5 


End box fitting (material and dimensions) 
 
 


01 End fitting adapter AlMgSi1, cylinder with 6.15 
cm outer diameter, 12.5 cm height and a thickness 
of 0.535 cm. 


Other structural parts  
 
 
 


04 guide plates: AlMgSi1 with small cams on the 
inner surface to guide absorber blades 
30 screw: AlMgSi1 M6 x 10  
04 screw: AlMgSi1 M10x16 


 
 
Table 5. Composition of pool liner steel 
Alloy C Mn Si Cr Ni P S Others 
AISI 316L 0.03 2 1 16 - 18 10 - 14 0.045 0.03 2 - 3 Mo 
 







 


 173 


5. MATERIALS AND METHODS 
 
5.1. Corrosion racks 


A total of eight (8) racks assembled with test coupons were received in two stages from the 
IAEA to carry out the surveillance program. Six (6) of them to be immersed in vertical position 
(horizontal coupons) and two (2) in horizontal position (vertical coupons). In Figs. 3a and 3b, the 
details of their numbering, composition, distribution and other characteristics can be seen. Fig. 4 
shows a picture of a rack to be tested horizontally, Table 6 shows the information related to the 
horizontal racks, starting with the coupon close to the “hook” end.  
 


 
 


FIG. 3a. Coupon distribution and details in vertical racks. 
 
 


 
 


FIG. 3b. Coupon distribution and details in vertical racks. Coupon’s colours code similar to that of 
vertical racks. 
 







 


174 


 
 


FIG. 4. Rack received for testing in horizontal position. 
 
Table 6. Coupon distribution and details of horizontal racks  


CODES Nº COUPON 
TYPE MATERIAL FABRICATION 


ROUTE RACK 33H RACK 37H 
1 Single  AA 1050   Extruded 1050-EX-15 1050-EX-18 
2 Single AA 1050   Rolled 1050-R-15 1050-R-18 
3 Single AA 1050   Extruded-PS 1050-EX-P-S-08 1050-EX-P-S-09 
4 Single AA 1050   Rolled-PS 1050-R-P-S-08 1050-R-P-S-09 
5 Galvanic Couple AISI 304 ------- 37042 36042 
6 Galvanic Couple AA 1050 Extruded 1050-EX-16 1050-EX-17 
7 Galvanic Couple AISI 304 ------- 37041 36041 
8 Galvanic Couple AA 1050  Rolled 1050-R-16 1050-R-17 
9 Single  AA 6061 Extruded 6061-EX-15 6061-EX-16 
10 Single AA 6061  Rolled 6061-R-15 6061-R-16 
11 Single AA 6061  Extruded-PS 6061-EX-P-S-08 6061-EX-P-S-09 
12 Single AA 6061  Rolled-PS 6061-R-P-S-08 6061-R-P-S-09 
13 Galvanic Couple AISI 304 ------- 34042 33042 
14 Galvanic Couple AA 6061 Extruded 6061-EX-17 6061-EX-18 
15 Galvanic Couple AISI 304 -------- 34041 33041 
16 Galvanic Couple AA 6061 Rolled 6061-R-17 6061-R-18 


PS: passivated and scratched. Galvanic couples: 5 and 6; 7 and 8, 13 and 14; 15 and 16. 
 
 
5.2. Racks installation and withdrawal 
 
The first set of racks arrived in Peru on July 29th, 2002 and was installed on the 10th of October of the 
same year. Three assemblies were immersed vertically (with its coupons in horizontal position) in 
each of the two spent fuel storage sites: those with numbers 32, 33 and 34 in the auxiliary pool, and 
those numbered 35, 36 and 37 in the main tank, in positions close to the spent fuel racks. The second 
set of racks arrived on November 22nd, 2004 and was installed horizontally (with the coupons in 
vertical position) on February 1st, 2005, one in each of the mentioned places. 
 
The vertically oriented racks (horizontal coupons) stayed under water for one, two and three years, 
whereas the horizontally oriented racks (vertical coupons) remained 8 months and 23 days. The 
precise dates of extraction are specified in Table 7. 


 
Table 7. Withdrawal dates of racks 


RACK NUMBER WITHDRAWAL DATE 
34 and 37 10.10.2003 
33 and 36 27.10.2004 
32 and 35 17.10.2005 


33H and 37H 24.10.2005 
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5.3. Sediment collectors 
 
Two devices were installed with the purpose of collecting particles and other elements that could 
eventually fall on the stored fuel. One, manufactured with AA 1050 Aluminium alloy, was introduced 
into the Auxiliary Pool, whereas another, made of AISI 304 stainless steel, was placed in the Main 
Tank. In both cases the geometry was cylindrical, with a base diameter of 20 cm and a height of 10 
cm, what makes for a total collection area of 314.16 cm². Fig. 5 shows the stainless steel collector, 
prior to assembly and installation. Fig. 6 depicts the devices in working position. Both of them were 
immersed on October 5th, 2004 and taken out on November 15th, 2005, totalising 13.3 months of 
collection. 
 


 
 


FIG. 5. Stainless sSteel collector device. 
 


 
 


FIG. 6. Sediment collectors in position: left, main tank; right, auxiliary pool. 
 


After withdrawal, the water contained in the devices was homogenised and the sediments vacuum 
filtered. Then, they were furnace dried at 100°C during 24 hours and weighed. 
 
5.4. Water control 
 
Water chemistry was thoroughly surveyed in both the main tank and the auxiliary pool. In order to 
know the range of variation of the various measured parameters and the degree of homogeneity, 
samples were taken at different points and minimum and maximum values were recorded. The 
following parameters were determined: pH, conductivity, temperature, ion chloride and total iron 
concentration. 
 
5.5. Pit counting 
 
A detailed examination on surfaces of selected coupons was carried out, aiming to count the number 
of pits produced during the exposure period. With this purpose, a Leica DMIRM inverted research 
microscope was used, in combination with a JVC colour video camera TKC1480/1481 and the Leica 
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Qwin Software. The system was adjusted so that a statistic number of fields was photographed, their 
images processed to reveal the pits and these measured and counted. A histogram was obtained as 
output, giving the number of pits as a function of their apparent diameter. 
 
6. RESULTS AND DISCUSSION 
 
6.1. Water quality 
 
During the period of surveillance, from October 2002 to October 2005, all the measured water quality 
parameters remained in the normal range corresponding to nuclear grade water, as can be seen in 
Table 8. Their time variation during this 3-year period can be appreciated in Figs. 7 to 12. 


 
 


Table 8. Variation range of water measured parameters  
Parameter Working  range 


Temperature (°C) 15 < °C < 45 
Conductivity (µS/cm) 1.00 < µS/cm < 2.06 


pH (pH units) 5.41 < pH < 6.50 
Chloride (mg/L) < 1.00 


Total Iron (mg/L) < 0.08 
Sulfate  (mg/L) < 1.00 
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FIG. 7. Variation of pH during the surveillance period. 
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FIG. 8. Temperature variation during the surveillance period. 
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FIG. 9. Conductivity variation during the surveillance period. 
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FIG. 10. Variation of iron content during the surveillance period. 
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FIG. 11. Variation of chloride concentration during the surveillance period. 
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FIG. 12. Variation of total dissolved solids (TDS) during the surveillance period. 
 


6.2. Weight change due to corrosion 
 
The results of the weight measurements, together with the values of pH measured on each coupon 
surface, is exposed on Tables 9 to 12. In the case of single coupons, the pH is measured on free 
surfaces; however, when referring to couples (both crevices and galvanic couples) some of the values 
correspond to free surfaces, whereas some others are measured on the contact surfaces of the pair. 
Figs. 13, 14 and 15 are graphical representations of the pH data. 
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Table 9. Weight and pH data for racks #36 and #37 
RACK  #36 RACK  #37 


N° 
Code Weight 


(I) 
Weight 


(F) 
Weight 


Difference
pH 
(U)


pH 
(D) Code Weight 


(I) 
Weight 


(F) 
Weight 


Difference 
pH 
(U)


pH 
(D)


1 36611 54.8314 54.7521 -0.0793 6.0 6.0 37611 54.7369 54.7512 0.0143 6.0 6.0 
2 36041 62.5201 62.1970 -0.3231 6.0 6.0 37041 62.7764 62.7765 0.0001 6.0 6.0 
3 36501 52.8135 52.8350 0.0215 6.0 6.0 37501 54.5353 54.5494 0.0141 6.0 6.0 
4 36042 62.5335 62.4565 -0.0770 6.0 6.0 37042 62.2794 62.2783 -0.0011 6.0 6.0 
5 36612 54.8863 54.8812 -0.0051 6.2 6.0 37612 55.0680 55.1192 0.0512 6.5 6.0 
6 36613 54.7930 54.8887 0.0957 6.0 6.0 37613 55.1399 55.2115 0.0716 6.0 6.5 
7 36502 54.0112 53.5753 -0.4359 6.0 6.0 37502 53.7955 53.8781 0.0826 6.0 6.0 
8 36614 54.8480 54.9393 0.0913 5.5 6.0 37614 54.9011 55.0090 0.1079 6.0 6.0 
9 36503 53.3903 53.4576 0.0673 6.0 6.0 37503 53.9211 53.9895 0.0684 6.0 6.0 
10 36504 53.3449 53.4054 0.0605 6.0 6.0 37504 53.3044 53.3474 0.0430 6.0 6.0 
11 36505 52.7051 52.7098 0.0047 5.5 5.5 37505 51.7992 51.8007 0.0015 6.0 6.0 
12 36615 54.8954 54.6850 -0.2104 6.0 6.0 37615 54.7866 54.8912 0.1046 6.0 6.0 
13 36506 52.8221 52.8612 0.0391 6.0 6.0 37506 53.4090 53.4600 0.0510 6.0 6.0 
I=INITIAL, F=FINAL, U=Side Up, D=Side Down 
 
Table 10. Weight and pH data for racks #33H AND #37H 


RACK  #33H RACK  #37H 
N° 
 Code Weight 


(I) 
Weight 


(F) 


Weight
Diffe-
rence 


pH
(U) 


pH
(D) Code Weight 


(I) 
Weight 


(F) 


Weight 
Diffe- 
rence 


pH
(U)


pH
(D)


1 6061-R17 52.7338 52.7317 -0.0021 5.0 5.0 6061R18 52.6815 52.6699 -0.0116 5.0 5.0
2 34041 61.4302 61.4342 0.0040 5.0 5.0 33041 62.1836 62.1901 0.0065 5.0 5.5


3 6061- 
EX17 43.1994 43.2020 0.0026 5.0 5.0 6061- 


EX18 42.9785 42.9773 -0.0012 5.0 5.0


4 34042 61.2278 61.2289 0.0011 5.0 5.0 33042 61.4530 61.4578 0.0048 5.0 5.0


5 6061- 
RPS08 52.0501 52.0189 -0.0312 5.0 5.0 6061- 


RPS09 51.9201 51.9201 0.0000 5.0 5.0


6 6061- 
EXPS08 43.2433 43.2381 -0.0052 5.0 5.0 6061- 


EXPS09 42.9889 42.9896 0.0007 5.0 5.0


7 6061-R15 53.1304 53.1223 -0.0081 5.0 5.0 6061R16 52.1263 52.1281 0.0018 5.0 5.0


8 6061- 
EX15 43.1186 43.1137 -0.0049 5.0 5.0 6061- 


EX-16 42.8641 42.8662 0.0021 5.0 5.0


9 1050-R16 51.2970 51.2920 -0.0050 5.0 5.0 1050R17 51.7950 51.7940 -0.0010 5.0 5.0
10 37041 62.7705 62.7724 0.0019 5.0 5.0 36041 62.5156 62.5226 0.0070 5.0 5.0


11 1050- 
EX16 54.7275 54.7215 -0.0060 5.0 5.0 1050- 


EX17 53.8818 53.8801 -0.0017 5.5 5.0


12 37042 62.2743 62.2754 0.0011 5.0 5.0 36042 62.5304 62.5388 0.0084 5.0 5.0


13 1050- 
RPS08 51.5100 51.4949 -0.0151 5.0 5.0 1050- 


RPS09 52.5627 52.5657 0.0030 5.0 5.0


14 1050- 
EXPS08 54.6780 54.6731 -0.0049 5.0 5.0 1050- 


EXPS09 53.7301 53.7938 0.0637 5.0 5.0


15 1050-R15 50.8999 50.8985 -0.0014 5.0 5.0 1050-
R18 51.0594 51.0623 0.0029 5.0 5.0


16 1050- 
EX15 53.9872 53.9845 -0.0027 5.0 5.0 1050- 


EX18 54.3783 54.3807 0.0024 5.0 5.0


EX=Extruded, S=Scratched, P=Pre-oxidized or Passivated, I=INITIAL, F=FINAL, U=Side Up, 
D=Side Down 
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Table 11. Weight and pH data for racks #32 and #33 
RACK  #32 RACK  #33 


N° 
Code Weight 


(I) 
Weight 


(F) 
Weight 


Difference
pH 
(U)


pH 
(D) Code Weight 


(I) 
Weight 


(F) 
Weight 


Difference 
pH 
(U)


pH 
(D)


1 32611 52.9077 52.9118 0.0041 5.5 5.5 33611 54.7110 54.7235 0.0125 6.0 5.8
2 32041 61.9642 61.9657 0.0015 5.0 5.5 33041 62.1859 61.1930 -0.9929 6.0 6.0
3 32501 53.8845 53.8930 0.0085 5.5 5.5 33501 53.3107 53.3225 0.0118 6.0 6.0
4 32042 62.0596 62.0583 -0.0013 5.0 5.5 33042 61.4563 61.4563 0.0000 6.0 6.0
5 32612 54.9380 54.9737 0.0357 5.5 5.0 33612 54.9375 55.9856 1.0481 6.0 5.5
6 32613 54.9545 54.9971 0.0426 5.0 5.5 33613 54.8270 54.8760 0.0490 6.0 6.0
7 32502 53.2844 53.3232 0.0388 5.5 5.0 33502 53.5330 53.5718 0.0388 6.0 6.0
8 32614 55.0028 55.0477 0.0449 5.5 5.5 33614 55.0797 55.1212 0.0415 6.0 6.0
9 32503 53.4054 53.4544 0.0490 5.5 5.0 33503 54.3032 54.3378 0.0346 6.3 6.0
10 32504 54.1508 54.1894 0.0386 5.0 5.5 33504 53.8957 53.9420 0.0463 5.5 6.5
11 32505 52.7250 52.7278 0.0028 5.0 5.5 33505 53.6394 53.6373 -0.0021 6.0 6.0
12 32615 52.8157 52.8371 0.0214 5.5 5.5 33615 54.7482 54.7604 0.0122 6.0 6.0
13 32506 54.5523 54.5654 0.0131 6.0 5.5 33506 53.3275 53.3301 0.0026 6.0 6.0
I=INITIAL, F=FINAL, U=Side Up, D=Side Down 
 
Table 12. Weight and pH data for racks # 34 AND #35 


RACK  #34 RACK  #35 
N° 


Code Weight 
(I) 


Weight 
(F) 


Weight 
Difference


pH 
(U)


pH 
(D) Code Weight 


(I) 
Weight 


(F) 
Weight 


Difference 
pH 
(U)


pH 
(D)


1 34611 54.7358 54.7524 0.0166 6.0 6.0 35611 55.0573 55.0740 0.0167 5.5 5.5 
2 34041 61.4356 61.4398 0.0042 6.0 6.0 35041 62.2777 62.2783 0.0006 5.5 5.5 
3 34501 53.9845 53.9988 0.0143 6.0 6.0 35501 55.0355 55.0471 0.0116 5.5 5.5 
4 34042 61.2310 61.2342 0.0032 6.0 6.0 35042 60.7898 60.7829 -0.0069 5.5 5.5 
5 34612 54.9942 55.0311 0.0369 6.5 6.0 35612 55.0072 55.0829 0.0757 6.0 5.0 
6 34613 54.9278 54.9724 0.0446 6.0 6.5 35613 54.6727 54.7691 0.0964 5.0 6.0 
7 34502 53.9094 53.9558 0.0464 6.0 6.0 35502 54.1222 54.1944 0.0722 5.5 5.0 
8 34614 54.8733 54.9111 0.0378 6.0 6.0 35614 54.6530 54.7415 0.0885 5.5 5.5 
9 34503 51.7390 51.7833 0.0443 6.0 6.0 35503 53.4290 53.5116 0.0826 5.5 5.0 
10 34504 52.8031 52.8455 0.0424 6.0 6.0 35504 54.0089 54.0879 0.0790 5.5 5.5 
11 34505 52.6388 52.6287 -0.0101 6.0 6.0 35505 52.3257 52.3234 -0.0023 5.5 5.0 
12 34615 54.9767 54.9947 0.0180 6.0 6.0 35615 54.8645 54.9922 0.1277 5.0 5.0 
13 34506 54.5293 54.5480 0.0187 6.0 6.0 35506 51.4645 51.5304 0.0659 5.0 5.0 
I=INITIAL, F=FINAL, U=Side Up, D=Side Down 
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FIG. 13. Graphical representation of pH for individual coupons in auxiliary pool. 
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pH OF COUPONS IN MAIN TANK
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FIG. 14. Graphical representation of pH for individual coupons in main tank. 
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FIG. 15. Graphical representation of pH for individual coupons in horizontal racks. 
 


6.3. Pit counting 
 
Pit counting is strongly affected by the surface state of the examined coupons. In many occasions, the 
Image Analyser interprets dark regions of oxide accumulation as holes, hence counting them as pits, as 
shown in Fig. 16. It hasn’t been possible to fully avoid this effect without significantly alter the metal 
surface through pickling. 


 


 
 
FIG. 16. Pit-like images obtained with the Image Analyser. Left: dark spot on down surface of coupon 
33504. Right: hole on upper side of coupon 32506. 
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Tables 13 to 20 contain most of the data obtained with the Image Analyser. Coupons without any pits 
are not shown. In some cases, differences can be appreciated between exposed surfaces; however, in 
others the behaviours appear more erratic. In all racks, with the only exception of Rack #37 (Table 
16), the surface pointing up of the coupon positioned at the top (506-S) presented a number of pits 
larger than the one measured on the bottom surfaces. This fact would be explained on the base of 
corrosion effects produced by dust and other particles that may have settled on the metal surfaces. 
However, there is no clear correlation between number of pits and coupon position in the racks. In 
horizontal racks (Tables 19 and 20) the mentioned correlation is lost and the total number of pits is 
much reduced. The overall interpretation seems to be severely obscured by the pit-like oxide artefacts. 
 
Table 13. Pit counting results for rack #34 


APPARENT DIAMETER  (µm) 
COUPON 30 50 75 100 150 200 250 350 450 500 600 


TOTAL PER
COUPON 


503-I 0 0 17 1 1 0 0 0 0 0 0 19 
504-S 0 0 18 2 1 0 0 0 0 0 0 21 
506-S 0 3 16 13 2 0 0 0 0 0 0 34 
615-I 0 16 23 2 0 1 0 0 0 0 0 42 
615-S 0 14 30 20 6 0 0 0 0 0 0 70 


TOTAL OF RACK 186 
I = Surface pointing down (Inferior),   S = Surface pointing up (Superior) 
 
 
Table 14. Pit counting results for rack #33 


APPARENT DIAMETER  (µm) 
COUPON 30 50 75 100 150 200 250 350 450 500 600 


TOTAL PER
COUPON 


501-I 8 0 6 0 0 0 0 0 0 0 0 14 
612-S 3 0 0 1 0 0 0 0 0 0 0 4 
613-S 20 0 0 7 0 0 0 0 0 0 0 27 
614-I 26 0 2 0 0 0 0 0 0 0 0 28 
502-I 17 0 0 0 3 0 0 0 0 0 0 20 
503-S 14 0 0 0 7 0 0 0 0 0 0 21 
504-I 14 0 0 0 8 0 0 0 0 0 0 23 
505-S 5 0 0 1 0 0 0 0 0 0 0 6 
615-S 9 3 0 0 0 0 0 0 0 0 0 12 
506-S 0 5 0 0 1 0 0 0 0 0 0 6 


TOTAL OF RACK 161 
I = Surface pointing down (Inferior),   S = Surface pointing up (Superior) 
 
 
Table 15. Pit counting results for rack #32 


APPARENT DIAMETER  (µm) 
COUPON 30 50 75 100 150 200 250 350 450 500 600 


TOTAL PER
COUPON 


501-I 0 0 0 0 0 0 0 0 0 0 0 0 
506-S 0 0 18 1 1 0 0 0 0 0 0 20 
611-I 0 0 17 2 1 0 0 0 0 0 0 20 
612-I 0 3 16 13 2 0 0 0 0 0 0 34 


TOTAL OF RACK 74 
I = Surface pointing down (Inferior),   S = Surface pointing up (Superior) 
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Table 16. Pit counting results for rack #37 
APPARENT DIAMETER  (µm) 


COUPON 30 50 75 100 150 200 250 350 450 500 600 
TOTAL PER
COUPON 


506-I 0 0 44 76 9 4 3 0 0 0 0 136 
506-S 0 0 74 18 4 1 3 1 0 0 0 101 


TOTAL OF RACK 237 
I = Surface pointing down (Inferior),   S = Surface pointing up (Superior) 
 
 
Table 17. Pit counting results for rack #36 


APPARENT DIAMETER  (µm) 
COUPON 30 50 75 100 150 200 250 350 450 500 600 


TOTAL PER
COUPON 


611-I 2 0 0 0 3 0 0 0 0 0 0 5 
501-I 22 0 0 0 1 0 0 0 0 0 0 23 
612-S 9 2 0 0 0 0 0 0 0 0 0 11 
613-S 0 0 1 0 0 0 0 0 0 0 0 1 
502-S 9 0 0 0 0 0 0 0 0 0 0 9 
503-I 13 0 0 0 2 0 0 0 0 0 0 15 
504-S 12 0 1 0 0 0 0 0 0 0 0 13 
506-S 13 0 0 0 7 0 0 0 0 0 0 20 


TOTAL OF RACK 97 
I = Surface pointing down (Inferior),   S = Surface pointing up (Superior) 
 
 
Table 18. Pit counting results for rack #35 


APPARENT DIAMETER  (µm) 
COUPON 30 50 75 100 150 200 250 350 450 500 600 


TOTAL PER
COUPON 


501-I 4 16 0 0 0 0 1 1 0 0 0 22 
506-S 4 0 7 0 0 1 1 0 2 1 0 16 


TOTAL OF RACK 38 
I = Surface pointing down (Inferior),   S = Surface pointing up (Superior) 
 
 
Table 19. Pit counting results for rack #33-H 


APPARENT DIAMETER  (µm) 
COUPON 30 50 75 100 150 200 250 350 450 500 600 


TOTAL PER
COUPON 


1050-EX-16 0 0 16 0 0 0 0 0 0 0 0 16 
1050-R-16 0 20 16 8 11 0 0 0 0 0 0 55 
6061-R-17 0 5 5 1 0 0 0 0 0 0 0 11 


TOTAL OF RACK 82 
I = Surface pointing down (Inferior),   S = Surface pointing up (Superior) 
 
 
Table 20. Pit counting results for rack #37-H 


APPARENT DIAMETER  (µm) 
COUPON 30 50 75 100 150 200 250 350 450 500 600 


TOTAL PER
COUPON 


1050-EX-17 0 0 9 0 0 0 0 0 0 0 0 9 
1050-R-17 2 11 0 0 0 0 0 0 0 0 0 13 
6061-R-18 7 0 14 0 0 0 1 0 1 0 1 24 


TOTAL OF RACK 46 
I = Surface pointing down (Inferior),   S = Surface pointing up (Superior) 
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In Figs. 17 to 21, graphical coupon by coupon comparisons for each rack can be appreciated. If the 
larger pits (diameters of 100 µm and above), which are less likely to be affected by image analysis 
artefacts, are taken into account, the results seem to be more consistent with the sediment induced 
pitting assumption mentioned before. The slightly higher incidence of pitting verified in AA 1050 
alloy should be related more with the position of those coupons in vertical racks than with higher 
material susceptibility. This is confirmed by the results obtained in horizontal racks, where there is no 
difference in the behaviour of the two tested materials. 
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FIG. 17. Statistical distribution of pits in coupons of Rack #34. 
 


 
 


FIG. 18. Statistical distribution of pits in coupons of Rack #32. 
 


 
 


FIG. 19. Statistical distribution of pits in coupons of Rack #37. 
 
What seems to be much more consistent is the time evolution statistic. This can be evaluated in Tables 
21 and 22 and the corresponding Figs. 22 and 23. Generally, the longer the exposure, the larger are the 
number and size of pits, as measured by their apparent diameter. This observation again points to a 







 


184 


sediment effect. The essentially scattered natured of this phenomenon can produce alterations in this 
rule, because particles may have lain down non-homogeneously. 
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FIG. 20. Statistical distribution of pits in coupons of Rack #36. 
 


RACK  35 
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FIG. 21. Statistical distribution of pits in coupons of Rack #35. 
 
Table 21. Number and size of pits produced in 501-I coupons with different immersion times  
    Equivalent Diameter  (μm) 
    30 50 75 100 150 200 250 350 450 500 600 


1 stage 34501 0 0 0 0 0 0 0 0 0 0 0 
2 stage 33501 8 0 6 0 0 0 0 0 0 0 0 POOL 
3 stage 32501 2 2 0 0 0 0 1 0 0 0 0 
1 stage 37501 0 0 0 0 0 0 0 0 0 0 0 
2 stage 36501 2 0 0 3 0 0 0 0 0 0 0 TANK 
3 stage 35501 4 16 0 0 0 1 1 0 0 0 0 
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FIG. 22. Number of pits as a function of immersion time in 501-I coupons. 
 
Table 22. Number and size of pits produced in 506-S coupons with different immersion times 
     EquivDiam  μm 
    30 50 75 100 150 200 250 350 450 500 600 


1 stage 34506 0 3 16 13 2 0 0 0 0 0 0 
2 stage 33506 0 5 0 0 1 0 0 0 0 0 0 Auxiliary 


Pool 
3 stage 32506 0 0 0 0 13 3 1 1 2 0 0 
1 stage 37506 0 0 74 18 4 1 3 1 0 0 0 
2 stage 36506 13 0 0 0 7 0 0 0 0 0 0 Principal 


Tank 
3 stage 35506 4 0 7 0 0 1 1 0 2 1 0 
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FIG. 23. Number of pits as a function of immersion time in 506-S coupons. 
 


 
6.4. Other visual observations 
 
Very distinct surface features were noticed, depending on coupon position, function and orientation. 
Free surfaces usually bear a regular oxide layer (Fig. 24), unless pointing upwards in the upper section 
of a vertical rack, cases in which the effect of settled particles often become evident, as seen in Fig. 
25. This influence was not so evident in racks positioned horizontally (vertical coupons). 
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FIG. 24. Free surface (down side of a galvanic couple) of coupon 33501. 
 


 
 


FIG. 25. Upper surface of top coupon in rack 32. Pit like spots and stains can bee seen (arrows). 
 
In the interior surfaces of crevices, instead, the staining is irregular, with oxide patches of different 
thicknesses and bright zones, depending on whether the two metal parts have stayed in contact or they 
have left gaps of varied sizes (Fig. 26). 
 


 
 
FIG. 26. Down surface of coupon 33504; this was in contact with another coupon, forming a crevice 
couple. 
 
Independently of the rack orientation, the various aluminium alloys coupons studied suffered strong 
corrosion attack when forming galvanic couples as depicted in Figs. 27 and 28. 
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FIG. 27. Interior surface of a galvanic couple. Right: details of attack. 
 


 
 


FIG. 28. Interior surface of a galvanic couple. Right: details of attack. 
 
6.5. Sediments collection 
 
Only sediment collection in the Auxiliary Pool was completed. A brown powder was retained in the 
filter after passing through the homogenised collector water. Its measured radioactivity was 20 µSv/h 
in contact. The aspect of the collected sediment can be seen in Fig. 29. A total amount of 104.20 mg 
was obtained, yielding an accumulation rate of 24.46 µg/cm2.month. 


 


 
 


FIG. 29. Filtered sediments obtained in the auxiliary pool. 
 
 


Figure 30 shows the SEM images obtained. Particles smaller than one micron could be observed in the 
retro-dispersed electrons image (arrows in left part of figure). These could not be seen in the 
secondary electrons images, due to their high energy. 
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FIG. 30. SEM images. Left: retrodispersed electrons. Right: secondary electrons. 


 
 
Figures 31 and 32 show the energy dispersion spectroscopy analysis images corresponding to two 
different samples of the gathered material. The respective elemental mappings are also included. 


 


 
 


FIG. 31. EDS image of one portion of sediments and corresponding elemental mapping. 
 


 
 
FIG. 32. EDS image of a sediments portion different than the one analysed in Fig. 31 and 
corresponding elemental mapping. 


 
 
Figure 33 shows the spectra obtained through X Ray Fluorescence analysis. Due to the source type 
(Cd 109) and the detector employed (Si-Li), only elements with atomic numbers equal or higher to the 
one of potassium (K) may be detected. For this reason, C, O, S, Al and Si are not noticed in his case.  
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FIG. 33. Energy dispersion X ray spectra of sediments. 
 


 
The full list of detected elements, using X ray fluorescence analysis, is shown in Table 23. 
 


Table 23. Elements composition of sediments  


OBSERVED ELEMENTS 


Scandium Sc 
Vanadium V 
Chromium Cr 
Manganese Mn 


Iron Fe 
Niquel Ni 
Copper Cu 


Molybdenum Mo 
Tungsten W 


Irradiation time 63000 sec. 
 
7. CONCLUSIONS 
 
(1)  There seems to be a correlation between corrosion effects and immersion times. The longer the 


exposition of aluminium alloys coupons to water, the higher the degree of oxidation, pitting, 
crevice and galvanic attack. 


(2)  There is an apparent difference in corrosion susceptibility for different materials, but this may be 
due to their relative position in the vertical racks. 


(3) Monitoring of physical and chemical parameters of basin water, like pH, ions concentration (Cl-, 
Fe+2, Fe+3), temperature, conductivity and TSS, permits to control the corrosion of stainless steel 
and aluminium alloys. 


(4)  No significant amount of generalised corrosion was verified in any of the tested coupons, as 
indicated by weight gain determinations. 


(5)  Galvanic and pitting attack are the most important forms of coupon corrosion. 
(6)  Good quality water in basin is not a guarantee that aluminium alloys will not suffer any kind of 


corrosion attack, as revealed by the observations of galvanic, crevice and pitting corrosion. 
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(7)  Pre-oxidised Aluminium coupons present higher corrosion resistance, without apparent effect on 
scratches. 


(8)  Pitting corrosion is strongly influenced by presence of sediments on coupons surfaces, probably 
due to the formation of differential aeration cells. 


(9)  Horizontally oriented coupons show a number of pits greater than coupons vertically oriented. 
(10) Oxide films become thicker with longer immersion times, what may bring further corrosion 


protection to the metal. 
(11) pH of water inside crevices and couples are lower than in the bulk. As protector films of 


aluminium oxide could be dissolved by water with values of pH less than 5, chinks and couples 
tend to promote corrosion of Al alloys.   


(12) Simple coupon rinsing with distilled water is not an efficient method to remove oxide, 
previously to pit counting. The development of a suitable etching technique that serves to clean 
the surface without altering the relevant surface features would be advisable. 


(13) The apparent relative corrosion susceptibility, strongly affected by the sediment effect, is as 
follows: 


AA 1050    > AA6061 
Up side of coupon   > Bottom side of coupon 
Metallic couples   > single coupons 
Coupons horizontally oriented > coupons vertically oriented 


 
(14) Alloy AA 6061 is more resistant to corrosion than alloy AA 1050, due to its higher 


concentration of Si and Mg. However, this fact does not appear so conclusive in the results due 
to the stochastic nature of the sediment effects. 


(15) Collected sediments have a wide size range, from 1 to 50 microns. 
(16) Qualitative SEM and EDS analysis show the presence of the following elements: C, O, Al, Si, S, 


Cr, Fe, V, Mn, Ni, Cu, Mo and W, with higher abundance of Si and O. It is concluded, then, that 
there is a predominant presence of silica oxides of the type SixOy. 


(17) EDS by radioactive excitation of Cd 109 shows a great peak of Mn, which could be originated in 
a single huge particle; it also shows abundance of Fe. However, other elements, like C, O, S, Al 
and Si could not be detected by this technique. 
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Abstract. The first Polish reactor EWA, and the second reactor MARIA, are the two sources of research reactor 
spent nuclear fuel in Poland. EWA operated from 1958 to 1995, and MARIA operates since 1974 until now. At 
first, it was planned that the research reactor spent fuel would be returned to the country of origin, the Soviet 
Union. But after the political, economical and social transformation of the Soviet Union into the Russian 
Federation, and transformations in countries of the Central and Eastern Europe, the problem of the research 
reactor spent fuel management had to be addressed again, taking into consideration the radically new conditions. 
Since the beginning the nuclear fuel discharged from the reactors has been stored in a water pool, which means 
that some stored spent fuel has been stored in wet conditions for more than 40 years. During the period of 1997 – 
2003, complex investigations of spent fuel and storage quality conditions were performed [1], [2]. Some damage 
was found to the storage facilities, which were repaired. Also, it was found that intensive corrosion processes 
had taken place, especially in the longer stored spent fuel. As a result, a programme to migrate the consequences 
of damaged spent fuel assemblies, transferring it from wet to dry storage, was established, and a programme to 
investigate corrosion processes of aluminium in storage pool water was established. Within the framework of the 
programme, four experimental racks containing aluminium coupons were placed in two spent fuel storage pools. 
They contained samples of aluminium alloys: Al 6061, Al 6063 and SZAV1. Two of the racks were extracted 
from the pools after a 1-year storage and the other two after a 2-years storage. The coupons were subsequently 
examined using visual and metallurgical methods. The results of the investigation are presented in this report. 
 
1. SITE DESCRIPTION 
 
1.1. Reactor EWA 
 
Reactor EWA began operations in 1958 as a 2 MW pool-type reactor. It was upgraded to 4 MW in 
1964, to 8 MW in 1967 and to 10 MW in 1972. Operating until 1995, the reactor used 10% and 36% 
enriched fuel. The reactor was used for scientific investigation mainly by way of using horizontal 
neutron beams and for irradiation of target materials for production of radioisotopes. A concrete 
shielding block accommodated the reactor stainless steel pool (1H18N9T) with reactor internals 
(SZAV1). In the first period (1958 – 1966), Ek-10 fuel elements were used as nuclear fuel. After 
sufficient modernisation in the reactor core internals and cooling systems, in 1967, WWR-SM fuel 
assemblies started to be used in the reactor core. After 1990 the core became a mixture of fuel 
assemblies WWR-SM and WWR-M2. After discharge, the spent fuel was kept in the reactor pool for a 
few months, and then transported away from the reactor site to the storage facilities. 
 
In the beginning of 1995, reactor EWA was defueled, and in 1997, decommissioning operations 
began. Reactor EWA was operated for approximately 3 500 hours per year during 37 years without 
any significant events. 
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1.2. Reactor MARIA 
 
Reactor Maria is a water and beryllium moderated, graphite (canned in aluminium) reflected and water 
cooled reactor of pool type with pressurised fuel channels containing concentric multi-tube fuel 
assemblies. Maximum nominal thermal power of each fuel assembly is 2.2 MW, but limited by 
national regulatory body up to 1.6 MW. The cooling capacity of the reactor is 30 MW. The thermal 
neutron flux in the centre of the core is 4 1014 n/cm2sec. The reactor is now operated mainly for 
research purposes, using neutron horizontal beam and irradiation of various materials in the reactor 
core. 
 
The first criticality of the reactor occurred in December 1974. After a few months, it was gradually 
brought to its full power. The reactor was operated normally until July 1985, when it was shut down 
for modernisation. After a radical modernisation (due to the change of safety requirements after the 
Chernobyl accident), reactor MARIA returned into operation in 1993. 
 
Reactor MARIA is a pool type reactor. It has a concrete biological shielding lined with stainless steel 
plate (1H18N9T), and a core basket made of aluminium alloy P38. The internal parts of the reactor 
core are made of aluminium alloys SZAV1 or PAR (Polish Aluminium for Reactors – identical as 
SZAV1) and of course beryllium. 
 
MR type assemblies are used as nuclear fuel. In the period of 1974 – 2000, the fuel was 80% enriched 
(this fuel is denoted as MR6 (80%) – which means six concentric fuel tubes with 80% enriched fuels 
or MR5 (80%) – which means five concentric fuel tubes with 80% enriched fuel). From 2000, the new 
fuel used was MR6 (36%) 550 – which means six concentric fuel tubes with enrichment up to 36% 
and 550 grams of U235 in each fuel assembly. Since January 2005, reactor MARIA, has been fuelled 
with MR6 (36%) 430 – six fuel tubes with 36% enriched fuel and 430 grams of U235. 


 
2. THE NUCLEAR FUEL 
 
2.1. EK-10 fuel rod 
 
EK-10 consists of an aluminium tube, with diameter 10 mm, filled with a dispersion of UO2 in 
magnesium. Each fuel element contains 81,4 grams of uranium enriched up to 10% in U235. The 
active length of the fuel mixture is 500 mm. The overall length of the fuel rod is 595 mm. The 
thickness of the clad is in the interval 1,0 – 1,5 mm. The estimated burn up of each EK 10 rod is 1 
MWd. 


 
2.2. WWR-SM fuel assembly 
 
WWR-SM consists of three concentric fuel tubes. The outer tube has a hexagonal form, and the other 
two are cylindrical. The fuel tube is a “sandwich” type. Between two aluminium layers (thickness 0,9 
mm), there is a meat of fuel consisting in a dispersion of uranium in aluminium with thickness 0,7 
mm. Each fuel assembly contains 108 grams of 36% enriched Uranium. The length of the fuel mixture 
is 600 mm and the overall length of the assembly is 865 mm. The reactor core was designed as a 
hexagonal lattice with pitch equal to 35 mm. The estimated burn of a single fuel assembly is 14 MWd. 


 
2.3. WWR-M2 fuel assembly 
 
WWR-M2 has the same dimensions as WWR-SM assembly, except for the quantity of uranium in 
single assembly, in WWR-M2 it is equal to 124,5 grams of Uranium enriched up to 36%. Thickness of 
the fuel mixture is 0.9 mm and thickness of the aluminium clad is 0,8 mm. The estimated burn up of a 
single fuel assembly is 16 MWd. 
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2.4. MR fuel assembly 
 
MR fuel assemblies contain six (MR6) or five (MR5) cylindrical fuel tubes. The fuel tube is a 
“sandwich” where the fuel dispersion is contained between aluminium clads. The active length of fuel 
mixture is 1000 mm, and overall length of fuel assembly is 1377 mm. The outer diameter of fuel 
assembly is 70 mm. Table 1 shows the basic parameters of MR fuel assemblies. 
 
Table 1. Basic parameters of MR fuel assemblies  


Fuel type MR6 (80%) MR5 (80%) MR6 (36%) 550 MR6 (36%) 430 
Enrichment % 80 80 36 36 
Uranium grams 429 400 1498 1195 
U235 grams 343 317 541 430 
Clad thickness mm 0,8 0,8 0,6 0,7 


 
3. STORAGE FACILITIES 
 
Three facilities are used to store the research reactor spent fuel: EK-10 storage facility, WWR storage 
facility and the reactor technological pool. The first two are used to store the spent fuel from EWA 
research reactor, and the last one to store the MR spent fuel from MARIA research reactor.  


  
3.1. EK-10 storage 
 
Fuel rods type EK-10 are stored in the water pool of the storage facility. The basic unit of this facility 
is the concrete block with dimensions 735 x 585 cm and height 360 cm. In the central part of the 
concrete block, four cylindrical chambers, with diameter 140 cm and depths 333 cm, are situated in a 
square grid. Each chamber is lined with a stainless steel (1H18N9T) 4 mm thick plate. The steel lining 
is anchored to the concrete block forming the storage chamber. At 160 cm above the bottom of every 
chamber, a ventilation austenite tube is welded. All four ventilating tubes are jointed with a collector 
situated in the axis of the building. All of the connections qualities have been checked with the use of 
ink penetrating method. The chamber has an internal 6 mm stainless steel pool filled with 
demineralised water, in which the spent fuel is placed in an aluminium container provided with a 
separator device. EK-10 spent fuel elements are placed in one chamber. A shielding plate closes the 
upper part of the spent fuel chamber. The parameters of the water in the chamber are measured once a 
month. If conductivity is greater then 3 μS/cm, or pH outside the range 5,7 - 6,2, the water is filtered 
using a movable device. 


 
3.2. WWR storage 
 
Spent fuel assemblies WWR-SM and WWR-M2 are stored in the WWR storage facility. The storage 
facility became operational in 1968. The design of the storage facility was based on the assumption 
that spent fuel was received after a minimum of 3 months cooling, after discharge from reactor EWA. 
 
The storage facility consists of two parts: an underground part made of reinforced concrete and the 
part made of bricks situated above ground level. Two storage ponds are situated in the concrete block. 
Each of them has the following dimensions: length 300 cm, width 270 cm and depth 550 cm. The 
ponds are lined with 6 mm stainless steel (1H18N9T). The pool is filled with demineralised water. The 
cross section of WWR storage facility is shown in figure 1. Spent fuel assemblies are stored in racks 
made of aluminium (PA2). The storage facility contains a 10-ton crane, ventilation system and activity 
monitoring system. A movable water treatment plant is used at least once a year, or whenever the 
conductivity of water exceeds 3 µS/cm. There is no water circulation in the storage pool. 


 
3.3. MR storage 
 
Spent fuels from research reactor MARIA are stored in the reactor technological pool. The dimensions 
of the pool are: 650 cm of height, 350 cm of width and 1235 cm of length. After discharge from the 
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reactor core, the spent fuel assembly is transferred into its own cooling “Technological Channel” and 
suspended near the pool wall. After cutting the channel and with inner structure open, the fuel element 
is loaded in one of the storage positions of the basket located at the bottom of the reactor’s 
technological pool. Figure 2 shows the reactor and technological pools, connected through a 
“flowgate”. The cutting procedure of the channel is realised with the use of a device located in the 
flowgate, between the reactor and the pools.  
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FIG. 1. Vertical section of the storage facility for WWR-SM and WWR-M2 spent fuel assemblies. 
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FIG. 2. Scheme for spent fuel storage in technological pool of research reactor MARIA. 
 
Water parameters are periodically measured (once a week) and are held in the following limits: 
Conductivity < 3,5 µS/cm, 5,7< pH<6,2. If these limits are exceeded, the water is purified. There is no 
continuous water circulation in technological pool. In this pool water circulation is allowed only when 
purification is needed. The removal of heat generated from discharged spent fuels is done by 
convection and natural circulation. 
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The technological pool is lined with stainless steel (1H18N9T), and the research reactor spent fuel 
assemblies are stored in aluminium tubes made of aluminium (PA2). Tables 2 shows the composition 
of the several aluminium alloys used, compared to aluminium AA 6063, and table 3 shows the 
composition of stainless steel 1H18N9T, compared to stainless steel  AISI 304. 


 
Table 2. Chemical composition of aluminium alloys (% weight) 
Aluminium 
Alloy 


Cu 
[%] 


Mg 
[%] 


Mn 
[%] 


Si 
[%] 


Fe 
[%] 


Ti 
[%] 


Zn 
[%] 


Cr 
[%] 


6063 0.16 0.73 <0.05 0.37 0.24 0.04 0.03 0.055 
SZAV1 <0.01 0.53 <0.05 0.71 0.09 <0.005 0.03 <0.005 
PA2  1,5÷1,7 0,2÷1 0,7÷1,5  0,2   
PA38  0,4÷0,9  0,7÷1,5  0,2   
 
Table 3. Chemical composition of stainless steel 
Stainless 
Steel 


C 
[%] 


Cr 
[%] 


Ni 
[%] 


Mn 
[%] 


Si 
[%] 


P 
[%] 


S 
[%] 


304 <0,08 17,5÷20 8÷11 <2 <1 <0,045 0,03 
1H18N9T <0,1  8÷10 <2 <0,8 0,045 0,03 


 
4. WATER PARAMETERS 
 
According to the decisions taken during the First Coordination Meeting held in Buenos Aires, 
Argentina, in 2002, four racks were assigned for investigation in Poland. Considering that the program 
required the withdrawal of a first rack after one year of exposition to the water environment, and the 
withdrawal of a second rack after two years or exposition, then only two sites could be used in the 
program, and the selected sites were MARIA technological pool and WWR storage pool. What 
follows is a description of the recorded water parameters for these two pools. 


 
4.1. Parameters in WWR storage pool 
 
Evolution of conductivity and pH during the time in which the racks were immersed is shown in 
Figure 3. Details of water quality parameters in WWR storage pool are given in Table 4.  
 
Chemical impurities in water of WWR storage pool, obtained from water samples collected near rack 
position, are presented in Table 5.  


 


II 03 III 03 IV 03 I 04 II 04 III 04 IV 04 I 05 II 05


 
 


FIG. 3. Time evolution of water conductivity and pH in WWR storage pool. 
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Table 4. Parameters of water quality in WWR storage pool 
 Conductivity   Activity in Bq/dcm3     
Data μS/cm pH Cs-137 HTO Sr-90 Alfa 
2003-03-03 1,05 5,68 203 15000 370 <1 
2003-04-09 1,26 5,57 224 15000 275 <1 
2003-05-05 1,27 6,08 270 15000 192 <1 
2003-06-03 1,45 5,75 295 15000 88 <1 
2003-07-07 1,54 5,80 330 16400 202 <1 
2003-08-04 1,86 5,75 413 15400 213 <1 
2003-09-01 1,96 6,19 490 15500 270 <1 
2003-10-06* 0,94 6,51 36 14300 16 <1 
2003-11-03 1,01 5,65 100 14200 36 <1 
2003-12-01 1,03 6,10 135 15000 161 <1 
2004-01-05 1,10 5,91 180 15000 158 <1 
2004-02-02 1,13 6,21 214 15000 164 <1 
2004-03-01 1,30 5,92 230 14000 130 <0,5 
2004-04-05 1,21 6,21 270 14000 287 <0,5 
2004-05-04 1,38 6,44 296 12400 289 <0,5 
2004-06-04 1,50 6,35 330 16000 310 0,5 
2004-07-05 1,57 6,45 390 15600 495 <0,5 
2004-08-02 1,80 5,77 390 16000 650 <0,5 
2004-09-06 1,91 5,76 412 16300 320 <0,5 
2004-10-04 1,89 5,75 490 14100 470 <0,5 
2004-11-02 1,89 5,68 470 14300 590 <0,5 
2004-12-06 1,95 6,08 550 15400 430 <0,5 
2005-01-04 1,94 6,15 710 16000 540 0,6 
2005-02-01 1,97 5,74 730 16000 650 2,4 
2005-03-03 1,98 6,12 750 15000 1080 2,0 
2005-04-05 2,64 6,69 790 15700 820 2,0 
2005-05-04 2,59 6,54 960 16000 490 1,5 
2005-06-06 2,70 6,62 830 16000 620 0,6 
2005-07-04* 1,68 6,21 290 16000 170 2,0 
2005-08-02 1,52 6,28 345 16000 210 0,6 
*-After water cleaning (filtration). 


 
 
Table 5. Chemical impurities in WWR storage pool water (µg/dm3). 


 2002* 2003* 2004** 
Data 26/11 06/10 18/02 23/03 04/05 25/05 05/07 10/08 06/12 
Cl- <20 42 19 14 13 273  59 16 28 
NO2


- n.a. n.a. <20 <20 <20 <20 <20 <20 n.a. 
NO3


- n.a. n.a. 72 60 42 62 58 83 n.a. 
SO4


- 40 107 59 77 60 110 210 145 198 
HCO3


-+CO2- n.a. n.a. <20 <20 <20 <20 <20 <20 n.a. 
Hg <0,5 <0,5 <0,3 <0,3 <0,3 <0,3 <0,3 <0,3 <0,5 
Fe 3 5 1,7 2,5 2,0 2,4 2,6 2,8 2,0 
Al. 9 7 5,9 6,5 6,4 6,7 5,9 6,4 4,0 
Ag n.a. n.a. 0,5 0,6 0,6 0,4 1,0 0,6 n.a. 
Cu 2 2 1,6 1,3 1,2 1,4 2,7 <1 <2 
Zn <10 <10 n.a. 8,6 9,2 17,5 <5 <5 <5 
Be 5 <3 n.a. 4,0 3,6 2,7 3,5 3,6 3,6 
Mn <1 <1 n.a. <1,0 <1,0 <1,0 2,6 2,9 3,0 


* Operational analysis; ** Analysis made under the present programme; n.a. Not available. 
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4.2. MARIA storage pool 
 
The time evolution of conductivity and pH measurements in the MARIA technological pool water are 
shown in Figure 4. Detailed values are shown in Table 6.  
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FIG. 4. Conductivity and pH parameter vs. time in Maria Technological pool water. 
 
Chemical impurities in water of Maria technological pool, obtained from water samples collected near 
rack position, are presented in Table 7.  
 
Table 6. Measured conductivity and pH in Maria Technological pool 
Data of 
measurements 


Conductivity 
[μS/cm] 


pH Data of 
measurements 


Conductivity 
[μS/cm] 


pH 


2003-03-17 5,30 6,30 2003-09-01 2,68 5,7 
2003-03-24 5,70 4,45 2003-09-08 1,95 6,4 
2003-03-31 5,20 6,29 2003-09-15 2,12 6,2 
2003-04-07 7,90 5,3 2003-09-22 2,03 6,2 
2003-04-14 6,93 5,8 2003-09-29 2,14 6,2 
2003-04-22 2,28 5,9 2003-10-06 2,26 6,1 
2003-04-28 1,90 5,8 2003-10-13 2,28 5,8 
2003-05-05 2,18 6,2 2003-10-20 2,23 6,2 
2003-05-12 2,80 5,8 2003-10-27 2,28 6,1 
2003-05-19 2,94 5,7 2003-11-03 2,19 6,1 
2003-05-26 3,26 6,3 2003-11-10 3,15 6,0 
2003-06-02 2,20 6,4 2003-11-17 1,92 6,0 
2003-06-09 2,22 5,6 2003-11-24 1,82 5,9 
2003-06-16 2,16 6,3 2003-12-01 1,77 6,0 
2003-06-23 2,71 6,2 2003-12-08 1,80 6,2 
2003-06-30 2,90 6,5 2003-12-15 1,96 5,8 
2003-07-07 3,30 6,5 2003-12-22 2,10 5,8 
2003-07-14 2,76 5,5 2003-12-29 2,22 6,0 
2003-07-21 2,22 5,9 2004-01-05 1,80 6,1 
2003-07-28 2,35 6,3 2004-01-12 1,93 6,1 
2003-08-04 3,13 5,7 2004-01-19 2,10 5,8 
2003-08-11 2,20 5,8 2004-01-26 1,76 5,9 
2003-08-18 2,76 5,9 2004-02-02 1,99 6,0 
2003-08-25 2,70 5,8 2004-02-09 1,82 6,2 
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Table 6 (continued). Measured conductivity and pH in Maria Technological pool  
Data of 
Measurements 


Conductivity 
[μS/cm] 


pH Data of 
measurements 


Conductivity 
[μS/cm] 


pH 


2004-02-16 2,11 6,0 2004-10-25 2,75 5,7 
2004-02-23 2,38 6,0 2004-11-02 2,25 5,7 
2004-03-01 2,52 6,1 2004-11-08 2,75 5,9 
2004-03-08 2,39 6,1 2004-11-22 2,29 5,9 
2004-03-15 2,46 5,8 2004-11-29 2,30 5,8 
2004-03-22 2,46 5,8 2004-12-06 2,36 5,9 
2004-03-29 2,43 5,8 2004-12-12 2,20 5,6 
2004-04-05 2,91 6,1 2004-12-20 3,20 6,0 
2004-04-12 2,88 5,9 2004-12-27 2,85 6,1 
2004-04-19 2,93 5,9 2005-01-04 2,88 5,8 
2004-05-03 2,2 6,0 2005-01-10 2,70 5,7 
2004-05-10 2,08 5,8 2005-01-17 2,86 5,8 
2004-05-17 1,70 5,9 2005-01-24 2,48 6,0 
2004-05-24 1,67 6,0 2005-01-31 2,19 5,4 
2004-05-31 1,59 5,9 2005-02-14 2,25 6,0 
2004-06-07 2,20 5,9 2005-02-21 2,30 5,5 
2004-06-14 2,22 6,0 2005-02-28 2,43 5,7 
2004-06-21 2,71 6,2 2005-03-07 3,06 5,4 
2004-06-28 2,91 6,5 2005-03-14 2,70 5,5 
2004-07-05 1,90 5,6 2005-03-21 2,77 5,2 
2004-07-12 2,12 5,7 2005-03-29 3,07 5,5 
2004-07-19 1,84 5,7 2005-04-04 2,45 5,3 
2004-07-26 2,31 6,0 2005-04-11 2,30 5,4 
2004-08-02 1,83 6,1 2005-04-18 2,22 5,5 
2004-08-09 2,38 6,2 2005-04-25 2,06 5,6 
2004-08-16 2,15 6,3 2005-05-03 2,22 5,5 
2004-08-23 2,05 5,4 2005-05-09 2,39 5,5 
2004-08-30 2,65 5,5 2005-05-16 2,35 5,4 
2004-09-06 2,03 6,2 2005-05-23 2,60 5,4 
2004-09-13 2,40 5,4 2005-05-30 1,75 6,3 
2004-09-20 2,53 5,5 2005-06-06 1,88 5,9 
2004-09-27 2,20 6,0 2005-06-13 1,99 5,4 
2004-10-04 3,35 6,0 2005-06-20 2,05 5,4 
2004-10-11 2,28 5,8 2005-06-27 2,10 5,3 
2004-10-18 2,27 5,5    
 
Table 7. Chemical impurities in Maria Technological pool (μg/dcm3) 
Data 18/02/04 23/03/04 04/05/04 25/05/04 05/07/04 10/08/04 


Cl- 58 40 60 300 55 15 
NO2


- <20 <20 <20 <20 <20 <20 
NO3


- 100 71 190 73 50 31 
SO4


2- 240 180 280 166 42 127 
HCO3


- + CO2- <20 <20 <20 <20 <20 <20 
Hg 0.4 <0,3 <0,3 <0,3 0,3 <0,3 
Fe 3.7 4,1 3,9 3,9 4,1 4,3 
Al 19.3 27,7 23,1 32,4 26,1 24,2 
Ag 1.1 1,0 1,2 1,1 0,6 1,0 
Cu 2.6 2,7 2,7 2,4 5,3 2,3 
Zn n.a. 8,6 11,8 21,3 <5 <5 
Be n.a. 9,9 9,7 1,3 0,9 2,6 
Mn n.a. 1,6 1,5 1,1 <1 <1 
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5. INSTRUMENTS USED AND DEGREE OF PRECISION 
 
5.1. Conductivity determination 
 
The conductivity of water in WWR storage pool was measured every month using Knick 
703 conductivity meter. The accuracy of measurement is ± 0.01 μS/cm. The water sample was 
collected at a point near to the spent fuel location. 
 
In the MARIA technological pool, the conductivity of water was determined every week using 
METHROM 660 conductivity meter. The accuracy of measurements is ± 0.02 μS/cm. The water 
sample was collected at a location close to bottom of the pool. 


 
5.2. pH measurement 
 
The determination of pH in WWR storage pool water was carried out with a Portamess 913 pH meter 
equipment with an accuracy of ± 0.01. In the case of the MARIA technological pool, a METHROM 
620 pH-Meter device with accuracy ± 0.1 was employed. The same sample of water was used for 
conductivity and pH value determination. 


 
5.3. Determination of chemical impurities in water 
 
Chemical impurities in water samples were determined in the Institute of Nuclear Chemistry and 
Technology, by the Analytical Chemistry Department. The water samples were collected in a region 
near racks location and transported to the Analytical Chemistry Laboratory, where they were analyzed 
with the use of a Dionex 2000i/SP ion chromatograph (Dionex Corporation, USA) equipped with an 
anion self-regenerating suppressor ASRS-I and CDM-II Dionex conductivity detector. An Ion Pac 
AS9HC chromatographic anion column with an exchange capacity of 190 μeq/col and alkyl/alkanol 
quaternary ammonium functional groups was used for Cl-, NO2


-, NO3
-, SO4


2-, HCO3
- and CO3


2- 
determination. A flow rate of 1 ml/min of 50 mM Na2B4O7 was used. Stock solutions (1000 mg • L-1) 
of the investigated anions were prepared from respective sodium or potassium salts of the highest 
purity available and ultra-pure water. Mixed standard solutions of each anion were prepared by 
appropriate dilution and mixing of the stock solutions (except for HCO3


- and CO3
2-standards which 


were prepared and measured separately). HCO3
- and CO3


2- anions cannot be separated using this 
method and can be determined as a sum of concentration of both anions in the samples. 
 
Determination of iron, aluminium, and copper in the water samples was performed by means of 
Graphite Furnace Atomic Absorption Spectrometry (GF-AAS). A Thermo Jarrel Ash SH 4000 atomic 
absorption spectrometer, equipped with a 188 Controlled Furnace Atomizer and a Smith-Hieftje 
background correction system was used.  
 
Other systems employed are: 
− Visimax II hollow-cathode lamps for Fe, AL, Ag and Cu. 
− Pyrolytically coated graphite tubes for Fe, Ag and Cu and uncoated graphite tube for 


determination of aluminium. 
− Magnesium nitrate as a chemical modifier for aluminium determination; concentration: 


300µg·ml-1. 
− Cold Vapour Atomic Absorption Spectrometry (CV-AAS) for mercury detection. 
− A Pye-Unicam SP-9-800 atomic absorption spectrometer, equipped with PU 9090 data graphics 


and D2 hollow-cathode lamps. Photron hollow-cathode lamps were used for mercury. 
− Standard stock solutions of Fe, Al, Ag, Hg, and Cu in the concentration of 1μg/dcm3. Reference 


solutions for calibration were prepared daily by appropriate dilution of the stock solutions. 
− This measuring system was adjusted using calibrated standards, consisting in samples prepared 


(“spiced”) with a known amount of impurities. 
 
The accuracy of the determination was confirmed by recoveries obtained from spiked samples. 
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5.4. Mass determination 
 
A Sartorius type 200S analytical balance was used for coupon mass determination. The accuracy is ± 
5.10-5 g. 


 
5.5. Ultrasonic equipment 
 
An EPOCH III Parametric equipment with a 5 MHz UT probe was used for ultrasonic testing. Probe 
focusing distance in water is 15 mm with a 0.1 mm diameter mark. Resound distance accuracy in 
water is ± 0.01 mm. 


 
6. THE TEST RACKS AND THEIR EXPOSURE 
 
Four test racks were used for experiments in Poland. Two of them were placed in MARIA 
technological pool and the other two in the WWR storage pool. The set of coupons in each rack is 
presented in Figure 5.  


 
 
 


 


 
Rack 
pos. 


 
Material


WWR 
Rack 1 


Storage 
Rack 2 


MARIA 
Rack 1 


Storage 
Rack 2 


1 304 329 343 325 342 
2 6061 357 351 342 301 
3 6063 254 210 251 235 
4 6063 253 240 245 212 
5 6063 220 227 207 225 
6 6061 313 330 309 322 
7 304 349 359 347 358 
8 SZAV1 378 361 384 362 
9 SZAV1 320 350 347 351 
10 SZAV1 359 389 321 390 
11 SZAV1 308 306 309 303 
12 SZAV1 335 323 340 322  


 
FIG. 5. Rack mounting view and coupons label data. 


 
The two test racks for the WWR storage pool were immersed on the 13th of March 2003. In the 
MARIA technological pool, the test racks were placed on 17 of March 2003. 
 
In the WWR storage pool, the test racks were immersed 0.5 meter above the upper surface of the spent 
assemblies placed in the upper level of the storage. The positions of test racks are displayed in Figure 
6 in horizontal view and in Figure 7 in vertical section. 
 
In the technological pool of MARIA reactor, the test racks were situated 0.5 meter above the upper 
surface of MR spent fuel assemblies that were discharged from technological channels and stored in 
the storage racks. The arrangement of the test racks in the pool is shown horizontally in Figure 8 and 
vertically in Figure 9.  
 
The first set of test racks (rack No 2 from WWR storage site and rack No 1 from MARIA storage 
pool) was removed from spent fuel storage pools on the 17th of June 2004. On the 13th of July 2005, 
the second set of test racks was removed: rack No 1 from WWR storage pool and rack No 2 from 
MARIA storage pool. pH on coupon surfaces was determined using Duotest pH 5.0 – 8.0 
Indikatorpapiere (Machrey-Nagel). The measured values of this parameter are shown in the Table 8. 
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Table 8. pH values measured on surface of coupons 
WWR storage MARIA storage Position of 


coupon in 
Rack  ↓ 


Material 
    ↓ Rack 1 pH Rack 2 pH Rack 1 pH Rack 2 pH 


 
Discharge time → July 2005 June 2004 June 2004 July 2005 


1 304 329 343 325 342 
2 6061 357 


7,2a 
351 


6,5 a 
342 


6,5 a 
301 


6,0 a 


     6,3b   6,5 b   6,5 b   5,4 b 
3 6063 254 210 251 235 
4 6063 253 


7,0 a 
240 


7,4 a 
245 


6,5 a 
212 


5,9 a 


     6,3b   6,5 b   6,5 b   5,4 b 
5 6063 220   227   207   225   
     6,3b   6,5 b   6,5 b   5,4 b 


6 6061 313   330   309   322   
     6,3b   6,5 b   6,5 b   5,4 b 


7 304 349 359 347 358 
8 SZAV1 378 


6,5 a 
361 


6,5 a 
384 


6,5 a 
362 


5,8 a 


     6,3b   6,5 b   6,5 b   5,4 b 
9 SZAV1 320 350 347 351 


10 SZAV1 359 
6,3 a 


389 
6,5 a 


321 
6,5 a 


390 
5,6 a 


     6,3b   6,5 b   6,5 b   5,4 b 
11 SZAV1 308   306   309   303   


     6,3b   6,5 b   6,5 b   5,4 b 
12 SZAV1 335   323   340   322   


(a) Measurement in the surface between coupled coupons, (b) Measurement between coupons separated by ceramic ring. 
 
 
 


 
 


FIG. 6. Horizontal scheme of WWR storage facility showing the position of test racks. 
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FIG. 7. Vertical scheme of WWR storage facility showing the position of test racks. 
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FIG. 8. Horizontal scheme of reactor MARIA storage pool showing the position of the test racks. 
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FIG. 9. Vertical view of racks and spent fuel in the storage pool of reactor MARIA. 
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After disassembling the test racks, the coupons were cleaned according with the established 
examination procedure and photographed. The full digital image documentation is available in the CD 
available in Appendix 1. The coupon labelling rule is also described in Appendix 1. 
 
7. RESULTS OF COUPONS VISUAL ANALYSIS 
 
From the overall visual analysis of coupons exposed in both storage facilities it can be stated that 
effects of uniform corrosion in single coupons are greater in the WWR storage facility than in the 
MARIA storage facility, despite the fact, that water parameters in the WWR storage pool were better 
than in the MARIA storage facility. As an example, Figure 10 shows a photographic comparison of 
coupons of similar characteristics stored 2 years.  Similar situations are observed in the comparison of 
the other coupons. These could be related to the stagnant characteristics of WWR storage site water. In 
the MARIA storage pool there is water movement due to the weekly purification procedure and by the 
water natural circulation produced by the decay heat of the discharged fuel. 
 


 
FIG. 10. SZAV1 coupons stored for 2 years at position 11 in WWR storage pool and MARIA storage 
pool. 
 
Galvanic corrosion in aluminium coupons seems to depend of the storage time. Figures 11 and 12 
show photos of 6061 and SZAV-1 aluminium coupons surfaces coupled with SS 304 coupons 
respectively. In both, galvanic corrosion appears to increase with exposure time and , again, corrosion 
processes seem to be more intensive in WWR storage pool than in MARIA storage facility. Similar 
behaviour was found in crevice corrosion coupons. Photo of crevice corrosion coupons surfaces are 
presented in Figures 13 (Al 6063) and 14 (Al SZAV1). 
 
Coupons that were subjected to surface pre-treatment, which produced an oxidation protective layer, 
showed excellent behaviour with respect to corrosion, as can be seen in Figures 15 and 16. No special 
effect due to the purposely made scratch was observed on them. Evidence of the effect of settled 
particles was detected on the upper surface of top coupons of the racks placed on MARIA storage 
facility, as marked on Figure 17. This effect was not so easily visible on those corresponding to WWR 
pool, possibly because a thicker oxide layer was grown on these coupons. 
 
Unexpected phenomena were observed on the Al 6061 coupons surfaces in the lower rack position 2, 
stored in MARIA storage facility. A large number of corrosion pits was observed in coupons stored 
during 1 and 2 years. In the coupon stored for 1 year, there were 23 pits and in the coupon stored for 2 
years, there were 66 pits. This phenomenon was not observed in the corresponding coupons stored in 
WWR storage facility. Photos of these coupons are presented on Figure 18. A satisfactory explanation 
for this phenomenon has yet to be found, 
 
Using ultrasonic equipment the value of pit hole depths were determined. Results are presented in 
Figure 19. Photo of UT equipment is given in Figure 20. 
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FIG. 11. Galvanic corrosion effects in surface of Al 6061 coupons stored for 1 and for 2 years in 
MARIA storage pool and WWR storage pool. 
 


 
 


FIG. 12. Galvanic corrosion effects in surface of Al SZAV1 coupons stored for 1 and for 2 years in 
MARIA storage pool and WWR storage pool. 
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FIG. 13. Crevice corrosion between two Al 6063 coupons stored in WWR storage pool and MARIA 
storage pool for 1 and for 2 years deposition. 
 


 
 


FIG. 14. Crevice corrosion between Al SZAV1 coupons stored in WWR storage pool  and MARIA 
storage pool for 1 and for 2 years deposition. 
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FIG. 15. Upper side of coupons Al 6063 placed on rack position 5 from MARIA storage pool and 
WWR storage pool for 1 and 2 years deposits. 
 


 
 


FIG. 16. Upper side of Al SZAV1 coupons in rack position 11 stored in MARIA storage pool and WWR 
storage pool for 1 and 2 years. 
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FIG. 17. Upper side of Al SZAV1 coupons in rack position 12 stored in MARIA storage pool and WWR 
storage pool for 1 and 2 years. 
 


 
 


FIG. 18. Lower sides of Al 6061 coupons in rack position 2 stored in MARIA storage pool and WWR 
storage pool. 
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FIG. 19. Pit hole depths (in mm) on the lower side surface of Al 6061 coupon in rack position 2 stored 
2 years in MARIA storage pool. 
 


 
 


FIG. 20. Ultrasonic equipment for pit hole depth measurement. 
 


 
8. CORROSION PRODUCTS OF COUPONS 
 
As a result of corrosion processes the product of corrosion was collected on the surface of coupons. 
After ultrasonic cleaning of the coupons, the mass of corrosion product (mass difference –MD- of 
coupon before and after cleaning) can be considered as an estimate of the extent of the corrosion 
processes. 
 
For coupons cleaning, the UM-4 type, UNITRA UNIMA ultrasonic cleaner was used. It works at a 
frequency of 25 kHz with ultrasonic emitter power of 40 W. The cleaning procedure was performed in 
distillate water for 30 up to 60 minutes. After cleaning, hot air was used for coupon drying. This 
procedure was not applied for SS coupons. The mass before and after cleaning was determined using 
an analytical balance Sartorius type 200S. The results of measurements are presented in Table 9. 
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Taking into account the uncertainties associated with this procedure, the results should only be 
considered as indicative. 


 
Table 9. Coupons mass difference (MD) in cleaning procedure (in grams) 


Material 1 year 2 years 1 year 2 years 
↓ MARIA MARIA WWR WWR 


Position of 
coupon in 
rack  ↓  storage storage storage storage 


1 304 ------ ------ ------ ------ 
2 6061 0,03365 0,04735 0,01015 0,02585 
3 6063 0,02025 0,01090 0,03675 0,07300 
4 6063 0,01010 0,02215 0,04300 0,05525 
5 6063 0,01320 0,01820 0,01435 0,02155 
6 6061 0,00660 0,02165 0,07000 0,07200 
7 304 ------ ------ ------ ------ 
8 SZAV1 0,03540 0,03340 0,02060 0,04115 
9 SZAV1 0,01355 0,02670 0,02340 0,05905 


10 SZAV1 0,00885 0,02375 0,03310 0,04440 
11 SZAV1 0,01425 0,01095 0,00725 0,00860 
12 SZAV1 0,00890 0,01330 0,05345 0,04440 


 
Results of MD parameter for a given storage time versus position in the rack and storage facility are 
shown in figure 21 for 1 year storage and in fig 22 for 2 years storage time. Once again we noticed that 
despite better water parameters in WWR storage pool, the extent of corrosion in this facility was larger 
than in the MARIA storage pool. In coupons coupled to coupons of similar material,(crevice corrosion 
coupons) the extent of corrosion was also larger in the WWR storage pool. 
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FIG. 21. Values of MD for particular coupons after 1 year storage. 
 
9. METALLOGRAPHIC INVESTIGATIONS 
 
Metallographic investigations were performed after ultrasonic cleaning of coupons surfaces. Six 
coupons: one from each Al alloy - from reactor MARIA storage and from WWR storage - were 
chosen: position 2, position 4 and position 8. The cross-section along the radius of coupons was 
mechanically polished and etched. The photos of the observed structures are shown in Figures 23 to 
34. 
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FIG. 22. Values of MD for particular coupons after 2 years storage. 
 


 
Some precipitate particles of intermetallic phases on and inside the grain boundaries were observed. 
According to the literature, in alloy 6061, (Fe,Cr)3SiAl12, Mg2Si and Si precipitates can appear; in 
alloy 6063, the phases of FeAl3, Fe3SiAl12 and Mg2Si can be encountered, and when using SZAV1 
alloy, the precipitation of phase Mg2Si and Si can be observed. The precipitations of Si are usually 
dark grey and phase Mg2Si grey (it can be visible also on the non-etched cross-section). The 
precipitations of the other phases usually had irregular shapes. The quality and quantity of 
precipitations depended on the heat treatment and the plastic deformation of material 
 
As mentioned before, corrosion pits were found in the coupons placed in rack position 2 in MARIA 
storage pool. The cross sections of two pits in Al 6061/301 coupon stored for 2 years are shown in fig. 
35. Depth of these pits, as determined from the metallographic inspection, is larger than depth 
measured by the ultrasonic technique. 
 


 
 
FIG. 23. Coupon in pos. 2 (Al 6061/342 – 1 year storage) from MARIA storage pool. Left – grain 
boundaries and precipitates probably of phases Mg2Si (black) and (Fe,Cr)3SiAl12 (grey); Right  – 
enlarged detail of central part of left Fig. 
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FIG. 24. Coupon in pos. 2 (Al 6061/301 – 2 years storage) from MARIA storage pool. Left – grain 
boundaries and precipitations probably of phases Mg2Si (black) and (Fe,Cr)3SiAl12 (gray);Right  – 
enlarged detail of central part of left Fig. 
 


 
 
FIG. 25. Coupon in pos. 4 (Al 6063/245 - 1 year storage) from MARIA store. Left – grain boundaries 
and precipitations probably of phases Mg2S;  Right  – enlarged detail of central part of left Fig. 
 


 
 
FIG. 26. Coupon in pos. 4 (Al 6063/212 – 2 years storage) from MARIA store. Left – grain boundaries 
and precipitations probably of phases Mg2Si;  Right  – enlarged detail of central part of left Fig. 
 


 
 
FIG. 27. Coupon in pos. 8 (SZAV1/384 – 1 year storage) from MARIA store. Left  – grain boundaries 
and precipitations probably of phases Mg2Si and Si; Right  – enlarged detail of central part of left Fig. 
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FIG. 28. Coupon in pos. 8 (SZAV1/362 – 2 years storage) from MARIA store. Left – grain boundaries 
and precipitations probably of phases Mg2Si and Si;  Right  – enlarged detail of central part of left 
Fig. 
 


 
 
FIG. 29. Coupon in pos. 2 (Al 6061/351 – 1 year storage) from WWR store. Left – grain boundaries 
and precipitations probably of phases Mg2Si (black) and (Fe,Cr)3SiAl12 (grey);  Right  – enlarged 
detail of central part of left Fig. 
 


 
 
FIG. 30. Coupon in pos. 2 (Al 6061/357- 2 years storage) from WWR store. Left  – grain boundaries 
and precipitations probably of phases Mg2Si;  Right  – enlarged detail of central part of left Fig.  


 


 
 
FIG. 31. Coupon in pos. 4 (Al 6063/240 1 year storage) from WWR store. Left – grain boundaries and 
precipitations probably of phases Mg2Si;  Right  – enlarged detail of central part of left Fig. 
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FIG. 32. Coupon in pos. 4 (Al 6063/253 – 2 years storage) from WWR store. Left – grain boundaries 
and precipitations probably of phases Mg2Si;  Right  – enlarged detail of central part of left Fig. 
 


 
 
FIG. 33. Coupon in pos. 8 (SZAV1/361 – 1 year storage) from WWR store. Left – grain boundaries 
and precipitations probably of phases Mg2Si and Si;  Right  – enlarged detail of central part of left 
Fig. 
 


 
 
FIG. 34. Coupon in pos. 8 (SZAV1/378 - 2 years storage) from WWR store .Left  – grain boundaries 
and precipitations probably of phases Mg2Si;  Right  – enlarged detail of central part of left Fig. 
 


 
 
FIG. 35. Cross section of 2 different pit corrosion holes in coupon in pos. 2 stored for 2 years in 
MARIA storage pool. 
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10. CONCLUSIONS 
 
The experiments performed with different coupons immersed on the water of the WWR storage 
facility and the MARIA reactor technological pool allowed the following conclusions: 
 
• As expected, the corrosion processes of aluminium in water with good parameters (small 


conductivity and appropriate pH) are generally not significant in a period of 2 years. Some of 
the investigated aluminium coupons were in an excellent condition after a 2-year storage time. 


 
• Good water circulation reduces corrosion processes. A difference can be seen between the 


quality of coupons stored in WWR storage pool and MARIA storage pool. The inspection of the 
aluminium coupons coupled with SS coupons and other aluminium coupons (galvanic and 
crevice couples) also confirmed this. 


 
• To avoid galvanic corrosion due to use of stainless steel for lining of storage pool walls, the 


spent fuel with aluminium clad should be stored in rack tubes made of an aluminium alloy. 
 
• The effect of unexpected pit corrosion in aluminium coupons located in position 2 of rack 


immersed in MARIA storage pool should be the subject of a further investigation. 
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ANNEX 


 
The CD placed at the end of this publication, inside the back cover (Cover III of this document), 
contains the full digital image documentation of the work done. 
 
 
The Notation used in photo description is as follows: the coupon photos are shown in jpg format. 
Photos are grouped in sets of two, A and B. Folder “Coupons01” contains photos of coupons from 
racks stored during 1 year and Folder “Coupons02” contains photos of coupons from racks stored 
during 2 years. Each photo is labelled by set of characters: first character: E – denotes coupons stored 
in WWR storage pool and M- denotes coupons stored in MARIA storage pool. The next characters 
denote the coupon material: 304- SS, 6061, 6063, SZAV1  –aluminium alloy. Next three digits – 
number of coupon (according to Fig. 5 and Table 6) and letter A or B – denote side of coupon: A – 
side with mark, B – opposite side. 


Example: 
E_6061_351A denote photo of coupon in rack stored in WWR storage pool, 6061 aluminium 


alloy with number 351 side with mark   
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Abstract. This report is an overview of the scientific investigations carried out at the IFIN-HH Institute, 
Magurele, Romania, for the IAEA Coordinated Research Project (CRP) on “Corrosion of Research Reactor 
Aluminium-Clad Spent Fuel in Water (Phase II)”. The results of corrosion surveillance activities on three racks 
containing coupons immersed in individual fuel storage basins are presented in this paper. The experimental 
investigations have been done on aluminium alloys AlMg3, AA 6061, AA 6063 and SZAV-1. Single coupons, 
bimetallic and crevice couples have been investigated. Visual examinations, metallographic and ultrasonic 
investigations were performed. An image analysis software was also used to measure the surface areas affected 
by corrosion. The experimental data on the coupons most affected by galvanic corrosion have been statistically 
analysed. 
 
1. INTRODUCTION 
 
This scientific work was implemented in 2003 as part of the IAEA CRP on “Corrosion of Research 
Reactor Aluminium-Clad Spent Fuel in Water (Phase II)”. On May 6th 2003, four racks (numbered 
“Rack 1” to “Rack 4”) were immersed in four individual spent fuel storage basins (named “Basin 1” to 
“Basin 4”), strictly following the instructions given by the IAEA. After one year of exposure, Rack 2 
from basin 2 was removed and replaced with a fifth rack, named Rack 1V. The coupons of Rack 1V 
were tested in vertical position, whereas all other coupons (from Rack 1 to 4) were tested horizontally. 
Site specific coupons have been added to these racks. Before the immersion, all the coupons were 
removed from the racks, weighed and photographed. Each ID number of every coupon and its 
characteristics was carefully noted in the logbook. For the site specific coupons, the cleaning 
procedures established in the CRP Test Protocol were applied. 
 
Interim visual inspections were performed on a quarterly base during the first year of test, starting on 
August 6th 2003, then on November 6th 2003 and so on. On each occasion, the racks were extracted 
from the pools for about two minutes for visual observation. After inspection, they were re-immersed 
in the basins in their previous places. After final rack withdrawal, the experimental schedule included: 
 


- Visual examination before and after cleaning. 
- Weight measurements before and after cleaning. 
- Evaluation of pitting by surface characterization using microscopy and ultrasonic methods 


 
2. SPENT FUEL STORAGE DESCRIPTION 
 
During 40 years of intense utilization of the WWR-S Research Reactor, 223 nuclear fuel assemblies 
were exhausted. After the initial 23 years of operation, the large number of spent fuel elements 
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produced exceeded the stocking capacity of the small cooling basin near the reactor. Therefore, in 
1980 a nuclear spent fuel storage facility was commissioned, which at present contains all the fuel 
elements used in the reactor during its lifetime, with the sole exception of the latest 51 S-36 fuel 
assemblies, which are conserved in the cooling basin. The spent fuel basins are located in a separate 
building outside the reactor hall. This storage site consists of 4 identical ponds (Fig. 1), each of them 
having a capacity for 60 fuel assemblies. The sizes for every basin are: 2500 mm (length) × 790 mm 
(breadth) × 5000 mm (depth). They are all lined with an aluminium alloy (AlMg3) plate, which is 10 
mm thick in the walls and 15 mm thick in the bottom (Fig. 2). Basin’s lids are manufactured from a 
500 mm thick cast iron. 
 
The lids provide the biological protection for the maintenance personnel. The lateral biological 
protection of the basins is assured by a 1.5 m thick concrete layer. In every basin the water level is 4.5 
m over the fuel elements, thus providing biological shielding and cooling. There is an aluminium rack 
inside each basin, each one with 60 places for vertical fuel storage (Fig. 3). 
 


 
3. SPENT NUCLEAR FUEL DESCRIPTION 
 
There are two types of fuel stored in the basins: EK-10 (Fig. 4) and S-36 (Fig. 5). They have the same 
shape but different number of fuel rods and different percentage of U-235 enrichment. EK-10 contains 
16 fuel rods with 10% enrichment, and S-36 contains 15 fuel rods with 36.63% enrichment. The total 
amount of fuel stored in the basins is 223, 153 assemblies of EK-10 and 70 assemblies of S-36. The 
cladding material for EK-10 and for S-36 assemblies is SZAV-1 and AlMg3 respectively. The 
composition of these alloys is shown in Table 1a. The storage Basins materials are presented in Table 
1b. 


 


 
 


FIG. 1. Spent fuel storage (upper view). 
 


FIG. 2. Spent fuel storage (cross-section view). 
 


 
. 
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FIG. 3. Basin rack. 
 


  
 


FIG. 4. EK-10 spent fuel assembly and fuel rod. 
 


  
 


FIG. 5. S-36 spent fuel assembly and fuel rod. 
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Table 1a. Composition of spent fuel Al alloys cladding  
Material Cu% Fe% Si% Mg% Mn% Cr% Ni% Zn% Ti+Zr% 
SZAV (EK-10) 0.3 0.235 0.294 0.57 0.06 0.15 0.0043 0.064 - 
AlMg3 (S-36) 0.018 0.25 0.15 3.60 0.072 0.31 -- 0.025 0.023 
 
Table 1b. Materials present in storage basins 
No. Material Cu% Fe% Si% Mg% Mn% Cr% Ni% Zn% Ti% 
1 AlMg3 0.024 - 0.30 2.85 0.25 - - - - 
2 AlMg3 0.05 0.17 0.32 2.90 0.21 - - 0.10 0.03 
3 AlMg3 1/2T 0.014 0.13 0.27 2.87 0.24 0.036 - 0.03 - 
4 AlMg5 - - 0.60 4.37 0.33 - - - - 
5 AlMg5 0.02 0.18 0.11 - 0.27 0.11 - 0.09 0.14 
6 AMG 3GK 0.031 - 0.36 2.96 0.24 - - - - 
7 Stainless steel - - - - - - - - - 


 
4. WATER CIRCULATION SYSTEM 
 
To maintain the purity of the water as high as possible, a water purification system was designed and 
built to improve the quality of the distilled water in the storage basins. The system (Fig. 6) contains 
one variable speed pump, 1” precision tubing, one filter system (pre-filter and filter in the same 
housing) and 8 mono bed deionisers. Each deioniser is filled with 2.5 Kg of filtration resin. The water 
is circulated intermittently, with a circulation rate of about 10 litres/minute. Working for 4 hours/day a 
whole basin can be completely filtered and deionised in only 4 days. This system removes dissolved 
solids from the pool water and leaves a conductivity of about 2µS/cm. The water is pumped from fuel 
vicinity, 4m deep, through the 8 parallel deionisers. The pre-filter is used to remove all particles in 
suspension bigger than 50µm. For particles with sizes between 5 and 50µm, a suitable filter is 
included after the pre-filter, in the same cartridge. A single ion exchanger resin bed accomplishes 
removal of dissolved ions. The water purification system starts up every time the conductivity 
approaches 5µS/cm. The filtration is interrupted when this parameter is decreased to around 2µS/cm; 
then, the work is started in another basin. 


 


 
 


FIG. 6. Water purification system. 
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5. WATER CHEMISTRY 
 
IAEA recommends conductivity water values of 1µS/cm, but values up to 2µS/cm might be accepted 
if the chlorides, copper and sulphate concentrations are kept low enough. Water limit conditions 
specified by the fuel manufacturers to avoid corrosion problems are detailed in Table 2. 
 
The main water parameters mentioned above are regularly monitored. Parameters like conductivity, 
pH, Cl- ions and radio nuclides are monthly analysed; others, like constant residuals and O2 content at 
3 month and 6 month respectively. However, pH and conductivity are also measured every week for 
comparison with monthly results and to record eventual excursions. Fission products content is also 
analysed once a month. Cs-137 is the most commonly present one in basin waters. The evolution of all 
these parameters during the experiment time is presented in Tables 3a and 3b. The same variation of 
the parameters is also graphically presented in Fig. 7 to Fig. 12. 


 
Table 2. Fuel manufacturer’s water quality recommendations 


Parameter EK-10 S-36 
pH 5.5 - 7.5 5.5 - 6 


Conductivity 5 µS/cm 2 - 3.3 µS/cm 
Constant residuals 8 mg/l 1 mg/l 
Corrosion products - 1 mg/l 


Cl- - 0.02 mg/l 
O2 - 8 mg/l 


 
Table 3a. Water parameters evolution with time in storage basins during period 2003-2004 


Conductivity pH Cl- Constant 
Residuals Free Oxygen Cs-137 


Basin 
2 


Basin 
3 


Basin 
2 


Basin 
3 


Basin 
2 


Basin 
3 


Basin 
2 


Basin 
3 


Basin 
2 


Basin 
3 


Basin 
2 


Basin   
3 


Date 


µS/cm µS/cm   mg/l mg/l mg/l mg/l mg/l mg/l Bq/l Bq/l 
Jan-03 9.57 7.24 6.77 6.81 0.68 0.93         0.00 2964.00 
Feb-03 9.40 6.60 6.76 6.98 0.83 0.91 5.30 5.80     0.00 3368.00 
Mar-03 18.40 12.68 6.92 7.04 1.30 0.97         30.00 3277.00 
Apr-03 18.00 12.33 6.98 6.98 1.03 1.20         155.00 3336.00 
May-03 14.91 11.47 6.84 7.15 0.51 0.60         229.00 3686.00 
Jun-03 17.39 12.72 6.33 6.58 1.35 1.59 24.70 13.30 9.62 22.00 252.00 4037.00 
Jul-03 8.10 13.09 6.42 6.70 0.36 1.33             
Aug-03 9.18 13.14                     
Sep-03 7.43 14.85                     
Oct-03 6.95 14.90 6.73 6.78 0.65 1.37         78.00 5730.00 
Nov-03 10.01 5.44 4.68 6.55 0.16 0.96 4.90 4.80         
Dec-03 6.64 1.61 4.82 5.98 0.10 0.10     6.25 22.83     
Jan-04 12.88 2.25 4.69 5.97 0.00 0.00         0.00 930.00 
Feb-04 16.80 2.56 4.71 6.07 0.00 0.00         0.00 838.00 
Mar-04 3.86 2.67 5.30 6.13 0.00 0.34 7.70 3.10     0.00 1150.00 
Apr-04 4.02 3.29 5.76 6.29 0.00 0.23         0.00 1356.00 
May-04 3.92 3.37 5.89 6.48 0.00 0.25 6.60 3.40     0.00 1524.00 
Jun-04 3.28 3.80 5.66 6.50 0.00 0.33     6.09 19.03 0.00 1970.00 
Jul-04 2.79 4.21 5.65 6.45 0.00 0.00         0.00 2300.00 
Aug-04 3.77 5.25 5.89 6.77 0.00 0.00         0.00 3050.00 
Sep-04 3.42 5.05 5.87 6.39 0.00 0.00 5.30 7.80     0.00 3200.00 
Oct-04 4.61 5.68 6.04 6.32 0.00 0.00         0.00 3235.00 
Nov-04 5.46 5.94 6.41 6.49 0.00 0.17         0.00 2781.00 
Dec-04 6.00 6.00 6.48 6.43 0.00 0.40     18.00 26.33 0.00 3450.00 
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Table 3b. Water parameters evolution with time in storage basins during period 2005-2006 
Conductivity pH Cl- Constant 


Residuals Free Oxygen Cs-137 


Basin 
2 


Basin 
3 


Basin 
2 


Basin 
3 


Basin 
2 


Basin 
3 


Basin 
2 


Basin 
3 


Basin 
2 


Basin 
3 


Basin 
2 


Basin   
3 


Date 


µS/cm µS/cm   mg/l mg/l mg/l mg/l mg/l mg/l Bq/l Bq/l 
Jan-05 7.27 6.30 6.29 6.48 0.35 0.52         0.00 3415.00 
Feb-05 7.22 6.07 6.56 6.34 0.33 0.33 9.80 12.05     0.00 3950.00 
Mar-05 7.90 6.40 6.52 6.66 0.35 0.36         0.00 3950.00 
Apr-05 8.43 6.76 6.31 6.26 0.74 0.74         0.00 4150.00 
May-05 1.98 6.92 5.84 6.83 0.00 0.81 3.80 4.80 9.70 22.60 0.00 4326.00 
Jun-05 2.93 2.98 6.16 6.57 0.00 0.00         0.00 2250.00 
Jul-05 4.21 3.18 6.44 6.73 0.45 0.00         0.00 2450.00 
Aug-05 6.42 3.54 6.59 6.59 0.00 0.00         0.00 3000.00 
Sep-05 7.30 3.60 6.55 6.70 0.00 0.00 4.20 5.20     0.00 3250.00 
Oct-05 7.00 5.01 6.53 6.47 0.00 0.00         0.00 3339.00 
Nov-05 7.76 5.42 6.55 6.51 0.00 0.00         0.00 3752.00 
Dec-05 7.79 4.94 6.50 6.74 0.00 0.00 18.20 7.70 23.42 27.62 0.00 3900.00 
Ian-06 8.63 5.52 6.58 6.65 0.00 0.00         0.00 3950.00 


 
The contents of the following elements and compounds were determined in the basins water at regular 
intervals (usually every 6 month): copper (Cu), silver (Ag), iron (Fe), aluminium (Al), nitrites (NO2), 
nitrates (NO3) and sulphates (SO4). The variation of these parameters is shown in Table 4. No 
noticeable variation of these parameters was observed during the experiment. To extend the range of 
the elements to be searched, an additional technique was employed. Parameters like uranium (U), 
sodium (Na), potassium (K), zinc (Zn), chromium (Cr) and lead (Pb) were analyzed using atomic 
absorption spectrometry. The results are presented in Table 5. 
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FIG. 7. Variation of conductivity. 
 


Variation of pH (2003-2005)
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FIG. 8. Variation of pH. 
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Variation of Cl ions (2003-2005)
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FIG. 9. Variation of Cl- ions. 
 


Variation of Constant Residuals (2003-2005)
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FIG. 10. Variation of constant residuals. 
 


Variation of Oxigen content (2003-2005)
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FIG. 11. Variation of oxygen content. 
 


Variation of Cs-137 (2003-2005)
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FIG. 12. Variation of Cs-137. 
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Table 4. Water chemical analysis from spent nuclear fuel storage basins   
Analyzed 
element 


Date Basin 2 
[ppm] 


Basin 3 
[ppm] 


Detection 
limit 
[ppm] 


Method Used Kit 


Al3+ Jun-05 0.078 < 0.03 0.03 UV-Vis spectrometry Spectroquant Merck 
Cu2+ Jun-05 0.2 0.2 0.05 UV-Vis spectrometry Spectroquant Merck 
Fe2+ + Fe3+ Jun-05 0.09 0.09 0.05 UV-Vis spectrometry Spectroquant Merck 
Ag Jun-05 < 0.5 < 0.5 0.5 UV-Vis spectrometry Spectroquant Merck 
NO2


- Jun-05 0.078 0.074 0.02 UV-Vis spectrometry Spectroquant Merck 
NO3


- Jun-05 1 2.5 0.5 UV-Vis spectrometry Spectroquant Merck 
Al3+ Nov-05 <0.03 <0.03 0.03 UV-Vis spectrometry Spectroquant Merck 
Cu2+ Nov-05 <0.05 <0.05 0.05 UV-Vis spectrometry Spectroquant Merck 
Fe2+ + Fe3+ Nov-05 0.06 0.27 0.05 UV-Vis spectrometry Spectroquant Merck 
Ag Nov-05 <0.50 <0.50 0.5 UV-Vis spectrometry Spectroquant Merck 
NO2


- Nov-05 0.085 0.10 0.02 UV-Vis spectrometry Spectroquant Merck 
NO3


- Nov-05 <0.50 0.30 0.5 UV-Vis spectrometry Spectroquant Merck 
SO4 Nov-05 <2 <2 2 Turbidimetric Barium sulphate 


precipitation  
Al3+ Mar-06 <0.03 <0.03 0.03 UV-Vis spectrometry Spectroquant Merck 
Cu2+ Mar-06 <0.05 <0.05 0.05 UV-Vis spectrometry Spectroquant Merck 
Fe2+ + Fe3+ Mar-06 <0.05 <0.05 0.05 UV-Vis spectrometry Spectroquant Merck 
Ag Mar-06 <0.50 <0.50 0.5 UV-Vis spectrometry Spectroquant Merck 
NO2


- Mar-06 0.04 0.05 0.02 UV-Vis spectrometry Spectroquant Merck 
NO3


- Mar-06 0.80 1.10 0.5 UV-Vis spectrometry Spectroquant Merck 
SO4 Mar-06 <2 <2 2 Turbidimetric Barium sulphate 


precipitation 
 
 
Table 5. Water chemical analysis from spent nuclear fuel storage basins (analysis made using Atomic 
Absorption Methodology) 
Analyzed  
element 


Date Basin 2 
[ppm] 


Basin 3 
[ppm] 


Detection 
limit [ppm] 


Method 


U Nov-05 0.0036 <0.002 0.002 Atomic absorption 
Na Nov-05 <0.01 <0.01 0.01 Atomic absorption 
K Nov-05 <0.01 0.012 0.01 Atomic absorption 
Zn Nov-05 0.12 0.09 0.01 Atomic absorption 
Cr Nov-05 <0.02 <0.02 0.02 Atomic absorption 
Pb Nov-05 0.018 0.03 0.01 Atomic absorption 
 
 
All the chemical determinations were performed at 22oC. The instruments/methods used to determine 
the water parameters are: 


 
− Conductivity meter Mettler Toledo, type CR 7300 with probe InPro 7001/120 
 Measurement range  0.02 ÷ 50 μS/cm 
 Accuracy   ± 0.5% 
 
− pH meter Mettler Toledo, type 2050 with probe InPro 3000 
 Measurement range 0 ÷ 14 
 Accuracy   0.01 pH / ±0.01 pH 


 
− Gamma spectrometer Canberra.  
    Accuracy  ±  50 Bq/l 
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− EZ150 Perkin Elmer Spectrophotometer UV/Vis, using specific Merck Spectroquant kits. 
   Measurement range 200-1100 nm 
   Accuracy   ± 1 nm 
   Reproducibility  ± 0.3 nm 
 


− A. Varian atomic absorption spectrometer, manufactured in 2005. 
 
− Chemical analyses using AgNO3 for determination of chlorides in solutions.  
   Accuracy  ± 0.1 mg/l 
 
− Chemical analyses for determination of O2 content in water.  


   Accuracy  ± 1 mg/l 
 


6. DESCRIPTION OF THE RACKS AND MATERIALS 
 
In February 2003, four racks containing aluminium alloy coupons were received from the IAEA. They 
were numbered “Rack 1” to “Rack 4”. They were immersed in four individual storage basins (Basin 1 
to Basin 4), following the instructions provided for the CRP. The coupons’ position order in the racks 
is shown in Fig. 13. The symbols “R1” to “R4” in the coupon’s identity labels indicate the racks of 
origin. More detailed information can be found in Tables 6a and 6b. Site specific coupons of similar 
dimensions (outside diameter D=100 mm, inside diameter d=45 mm and thickness h=1 mm) were 
added to the racks. No pre-treatments were performed. Surface preparation of the site specific coupons 
was carried out in accordance with the received directions. Before immersion, the racks and coupons 
were photographed. The Site specific coupons material was AlMg3, the same alloy used for S-36 fuel 
assemblies cladding. The composition of this material is presented in Table 1. The immersion date in 
the pools was May 6th, 2003 for all four racks. The position of racks in the basins is shown in Figs. 14 
and 15. On August 6th, 2004, a rack named “Rack 1V”, containing rolled and extruded coupons, was 
immersed horizontally into basin 2 with its coupons oriented vertically. The order of the coupons in 
this rack and the rack position in the basin are described by Figs. 16 and 17 respectively. 
 


 
 


FIG. 13. Rack view. 
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FIG. 14. Rack position in basin. 
 


FIG. 15. Rack position in basin (cross section). 
 
 


 
 


FIG. 16. Rack 1V view. 
 


FIG. 17. Rack 1V position in basin. 
 


On May 6th, 2004, Rack 2 from Basin 2 was withdrawn after 12 month of exposure. In December 
2005, two racks were withdrawn: the vertical rack, which was immersed in August 2004 in Basin 2, 
and Rack 3 from Basin 3, immersed in May 2003. The racks were photographed and handled 
following the procedures described in the Test Protocol. The pH inside crevices and bimetallic couples 
was measured using suitable pH paper. Rack 1 and Rack 4 were left in place in Basin 1 and Basin 4 
respectively. They were due to be singly withdrawn on October 6th 2006 and May 6th 2007. 
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7. EXPERIMENTAL DETAILS AND EVALUATION OF COUPONS 
 
A visual and photographic examination was performed after withdrawal of the coupons racks. Then, 
the coupons were cleaned according to the IAEA Test Protocol [1] and the ASTM G1 [2] 
requirements, and weighed to measure the eventual weigh loss/gain occurred during the immersion 
test. 
 
Table 6a. Order and position of horizontal coupons on vertical racks 


Basin 2 Basin 3 No. IAEA order TOP TOP (Site order) ID # TOP (Site order) ID # 
CR1- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 1 Site specific alloy Site specific alloy 2-1 Site specific alloy 3-1 
CR2- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 2 Site specific alloy Site specific alloy 2-2 Site specific alloy 3-2 
Coupon 3 AISI304 AISI304 320 AISI304 323 
CR3- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 4 SZAV-1 SZAV-1 385 SZAV-1 369 
CR4- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 5 SZAV-1  (P-O & S) SZAV-1 (P-O & S) 316 SZAV-1 (P-O & S) 304 
CR5- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 6 SZAV-1 SZAV-1 339 SZAV-1 370 
Coupon 7 SZAV-1 SZAV-1 324 SZAV-1 355 
CR6- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 8 SZAV-1 SZAV-1 348 SZAV-1 330 
Coupon 9 AISI304 AISI304 346 AISI304 339 
CR7- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 10 AA 6061 AA 6061 310 AA 6061 304 
CR8- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 11 AA 6061 (P-O & S) AA 6063 (P-O & S) 200 AA 6063 (P-O & S) 209 
CR9- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 12 AA 6061 AA 6061 340 AA 6061 319 
Coupon13 AA 6061 AA 6063 246 AA 6063 236 
CR10- Ceramic ring Ceramic ring   Ceramic ring   
Coupon 14 AA 6061 AA 6063 233 AA 6063 (P-O & S) 216 
Coupon 15 AISI304 AISI304 324 AISI304 357 
CR11- Ceramic ring Ceramic ring   Ceramic ring   
 BOTTOM BOTTOM  BOTTOM  
POS = pre-oxidized and scratched    
 
 
Table 6b. Order and position of vertical coupons on horizontal racks 


 Coupons Label 
HOOK SIDE   
 Single coupon AlMg3 - 1V/2-1 
 Single coupon AlMg3 - 1V/2-2 
 Galvanic couple AISI 304  with  Al-R-18 - 1V/2-8 
 Crevice couple Al-R-17 - 1V/2-9 with Al-R-16 - 1V/2-10 
 Galvanic couple AISI 304 with Al-Ex-18 - 1V/2-4 
 Crevice couple Al-Ex-17 - 1V/2-5  with Al-Ex-17 - 1V/2-6 
REAR END   
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777...111...    Pitting characterization 
 
Pitting characterisation was carried out using two methods: 
 
(1) Microscopic examinations, performed according to ASTM G-46 [3], using a metallurgical 


microscope NEOPHOT 2, with a magnification range from 50 to 800× and a calibration fine-
focus knob (1 division = 0.002 mm). Two magnifications were used for depth measurements: 
100× (12.5×8) and 156× (12.5×12.5), whereas for areas the selected lens enlargement powers 
were 50× (6.3×8) and 100×. 


 
(2) Ultrasonic method in water (immersion technique). In this case, a focused transducer was 


employed, with 25 MHz nominal frequency and a focal diameter FD6=0.3 mm. The flaw axis 
was oriented perpendicularly to the specimen surface. These measurements are based on time-
of-flight comparison between the first surface echo, back surface echo and flaw echo. 


 
The first technique was applied for pits and flaws with large openings at the surface, and the second 
for the narrower corrosion pits. A testing device was instrumented, including: 
 
1) Ultrasonic apparatus Krautkramer Branson USIP 12 with DTM 12 module; 
2) SVV-1 Krautkramer preamplifier; 
3) Ultrasonic sample – IAP-FM 25.3.1; 
4) Automatic mechanic system for displacement on three axes – giving the possibility to displace 


the ultrasonic sample with 0,01mm accuracy; 
5) Basin with distilled water; 
6) Sample. 
 
The difference of the experimental data measured using both methods is in the ± 30 microns range. 


 
777...222...    Sediment collection 
 
In order to assess the amount of sediments that could settle on coupons surfaces in a specified time 
period, a special container was designed and manufactured. There were 4 identical containers, one for 
each basin where the racks were located. Their immersion date in the storage ponds was May 24th, 
2004. 
 
The containers had a disk shape and were made of rolled stock aluminium alloy with a thickness of 0.8 
mm. The exposed area was about 145.2 cm2 / container. The details of the size and shape of the 
container are presented in Fig. 18. Container position in basin is described in Fig. 14 and 15. After 4 
month of exposure the collected material was dried and weighted. After that, a content determination 
was performed using X ray fluorescence technique. 
 


 
 


FIG. 18. Container for sediments collection (not in scale). 
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The X ray fluorescence analysis was taken only in a qualitative way. The amount of detected elements 
was estimated only as “high” or “low”, according to the encountered peaks. In order to determine the 
exact composition of the collected substances, quantitative complementary analyses by atomic 
absorption and optical emission spectrometry were performed. 


 
8. RESULTS AND COMMENTS 
 
The experimental results were analyzed, taking into account the type of coupon (single, galvanic or 
crevice couple), the type of tested material (different aluminium alloys) and the testing conditions 
(Basin number and rack position, horizontal or vertical). The expressions “front” and “back” refer to 
faces pointing to the rack hook and to the rear end, respectively. 


 
888...111...    Behaviour of vertical racks (horizontal coupons) in Basin 2 and 3 
 
8.1.1. Visual inspection of “single” coupons 
 
As can be seen in Fig. 19, only few corrosion pits were identified on AlMg3 horizontal coupons placed 
at the top of the rack assemblies in Basins 2 and 3 (coupons R2-01 and R3-01, respectively), and as 
shown in Fig. 20, no pit was observed on the vertical AlMg3 coupons placed in the horizontal rack. 
 


  
 


FIG. 19. AlMg3 single coupons R2-01(left) and R3-01(right). 
 
 


 
 


FIG. 20. Coupon R1 V/2-1, AlMg3. 
 
Also, coupons made from SZAV-1 were not susceptible to corrosion pitting, whether they are pre-
oxidized/scratched or not, Fig. 21, Fig. 22 and Fig. 23. Only one pit was developed on a coupon in 
Basin 3, near the edge of the disc, Fig. 22.  
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No pitting was detected on pre-oxidized and scratched AA 6061 and AA 6063 placed in Basin 2 
and 3, as shown on Figs. 24, and 25. 


 


  
 


FIG. 21. Coupons R2-04 SZAV-1 front (left) and back (right). 
 


  
 


FIG. 22. Coupons R3-04, SZAV-, front (left) and back (right). 
 


  
 


FIG. 23. Coupons R2-05 SZAV-1 POS (left) and R3-05 SZAV-1 POS (right). 
 


  
 


FIG. 24. Coupons R2-10, AA 6061(left) and R3-10, AA 6061(right). 
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FIG. 25. Coupons R2-11 AA 6063 POS (left) and R3-11, AA 6063(right). 
 
8.1.2. Visual inspection of coupled coupons 
 
Coupons made of identical material SZAV-1 showed susceptibility to crevice corrosion on the surface 
being in contact, as shown in Figs. 26 and 27. Fine aluminium oxide deposits could be found, as well 
as very small pits, with sizes of 0.023-0.059 mm in depth and 0.05-0.125 mm in diameter. 
 
Crevice corrosion was verified also in the AA 6061/AA 6063 coupled discs, where only small pits 
could be seen, Fig. 28. 
 
For bimetallic coupling all the three studied alloys (AlMg3, SZAV-1 and AA 6063) developed 
galvanic corrosion on coupled surfaces, with material dissolution in extended zones, as shown in Figs. 
29 to 33. 
 
All the visual observations are summarised in Tables 7 and 8. 


 


  
 


FIG. 26.  SZAV-1 coupons R2-06 (left) and R2-07 (right). 
 


  
 


FIG. 27. SZAV-1 coupons R3/3-6 and R3-7. 
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FIG. 28. Matching faces of AA 6061 and AA 6063 crevices (top: Basin 2, bottom: Basin 3). 
 


  
 


FIG. 29. Galvanic corrosion on AlMg3, affecting 1.7% (left) and 1.1% (right) of the surface area. 
 


  
 


FIG. 30. Galvanic corrosion on SZAV-1 R2-08, 
coupled with AISI-304. 


 
FIG. 31. Galvanic corrosion on SZAV-1 R3/3-08 


coupled with AISI 304. 
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FIG. 32. Galvanic corrosion on AA 6063 R2-14  
coupled with AISI 304. 


 
FIG. 33. Galvanic corrosion on AA 6063 R3/3-


14, coupled with AISI 304. 
 
 
Table 7. Results of visual inspection of rack 2 placed in basin 2 
Coupons Label Side Corrosion effects 


Front Small corrosion pits Single coupon AlMg3/2-1 
Back No corrosion 
Front No corrosion AlMg3/ 2-2 


 Back Intensive galvanic corrosion on 1.7% of the surface 
Galvanic couple 


AISI 304/320 ----- ------- 
Front No corrosion Single coupon SZAV-1/385 
Back No corrosion 
Front No corrosion Single coupon SZAV-1/ 316-P-


O&S Back No corrosion 
Front No corrosion SZAV-1/ 339 
Back Crevice corrosion on the whole surface.  
Front Crevice corrosion on the whole surface. 


Crevice couple  


SZAV-1/ 324 
Back No corrosion 
Front No corrosion SZAV-1/348 
Back Galvanic corrosion on the whole  surface 


Galvanic couple 


AISI 304 / 346 ----- ------- 
Front One pit under ceramic ring Single coupon AA 6061/ 310 
Back No corrosion 
Front No corrosion Single coupon AA 6063/200P-


O&S Back No corrosion 
Front No corrosion AA 6061/ 340 
Back Galvanic corrosion on  whole surface. Small pits  
Front Galvanic corrosion on all surface Small pits 


Galvanic couple 


AA 6063/ 246 
Back No corrosion 
Front Small pits AA 6063/ 233 
Back Intensive galvanic corrosion on 1.6% of the surface 


Galvanic couple 


AISI 304 / 324 ----- ----- 
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Table 8. Results of visual inspection of rack 3 placed in basin 3 
Coupons Label Side Corrosion effects 


Front No corrosion Single coupon AlMg3/3-1 
Back Small corrosion pits 
Front Corrosion pits under ceramic ring  


AlMg3/ 3-2 Back Intensive galvanic corrosion on 1.1% of the surface.  
 
Galvanic couple 


AISI 304/320 ----- ----- 
Front One small pit at outer edge Single coupon SZAV-1/369 
Back No corrosion 
Front No corrosion Single coupon SZAV-1/ 304-


P-O&S Back No corrosion 
Front No corrosion SZAV-1/ 370 
Back Crevice corrosion on the whole surface.  
Front Crevice corrosion on the whole surface. 


 
Crevice couple  


SZAV-1/ 355 
Back No corrosion 
Front Small corrosion pits  


SZAV-1/330 Back Intensive galvanic corrosion on 1.4% of the surface 
 
Galvanic couple 


AISI 304  ----- ----- 
Front Small pitting corrosion  Single coupon AA 6061/ 304 
Back No corrosion 
Front One pit under ceramic ring Single coupon AA 


6063/209P-
O&S 


Back One pit under ceramic ring 


Front No corrosion AA 6061/ 319 
Back Crevice corrosion on the whole surface. 
Front Crevice corrosion on the whole surface. 


 
Crevice couple 


AA 6063/ 236 
Back No corrosion 
Front Small corrosion pits. No corrosion at scratched line. AA 6063/ 216 
Back Intensive galvanic corrosion on 0.7% of the surface 


Galvanic couple 


AISI 304 / 324 ----- ----- 
 
8.1.3. Weight measurement 
 
Tables 9 and 10 contain the results of the weight measurements performed in all coupons. 


 
Table 9. Coupons weight measurements for rack 2 placed in basin 2* 
Coupon Initial weight (g) 


Mi 


Weight - after 
extraction ( g) 


Weight after 
cleaning 


Weight Variation 
∆M= Mi - Mc 


R2-01-AlMg3 15.06 14.84 14.82 -0.24 
R2-02 -AlMg3 14.81 14.52 14.49 -0.32 
R2-04-SZAV 1 54.44 54.43 54.39 -0.05 
R2-05- SZAV 1 53.54 53.53 53.52 -0.02 
R2-06- SZAV 1 54.69 54.71 54.62 -0.07 
R2-07- SZAV 1 54.31 54.33 54.27 -0.04 
R2-08- SZAV 1 55.75 55.78 55.69 -0.06 
R2-09-AISI304 105.85 105.84 105.83 -0.02 
R2-10-AA 6061 52.91 52.91 52.90 -0.01 
R2-11-AA 6063 57.83 57.83 57.82 -0.01 
R2-12- AA 6061 54.01 54.02 53.97 -0.04 
R2-13 -AA 6063 58.08 58.09 58.05 -0.03 
R2-14- AA 6063 57.50 57.49 57.42 -0.08 
*The coupons typed on shadowed areas are coupled discs. 
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Table 10. Coupons weight measurements for rack 3 placed in basin 3* 
Coupon Initial weight 


 (g) ; Mi 


Weight- after 
extraction ( g) 


Weight after 
cleaning 


Weight Variation 
∆M= Mi - Mc 


R3/3-1- AlMg3 14.58 14.39 14.39 -0.19 
R3/3-2- AlMg3 14.57 14.34 14.32 -0.23 
R3/3-4- SZAV 1 55.24 55.59 55.23 -0.01 
R3/3-5- SZAV 1 54.31 54.36 54.24 -0.07 
R3/3-6- SZAV 1 55.70 55.85 55.60 -0.10 
R3/3-7- SZAV 1 55.09 55.16 55.03 -0.09 
R3/3-8- SZAV 1 55.35 55.38 55.26 -0.09 
R3/3-10- AA 6061 54.60 54.93 54.55 -0.05 
R3/3-11- AA 6063 57.33 57.44 57.32 -0.01 
R3/3-12- AA 6061 54.49 54.74 54.37 -0.12 
R3/3-13- AA 6063 58.20 58.33 58.05 -0.15 
R3/3-14- AA 6063 57.46 57.48 57.37 -0.09 
*The typed on shadowed areas are coupled discs. 
 
From the analysis of Tables 9 and 10 the following observations can be made: 
 
1. All coupons undergo weight loss after they are cleaned. 
2. Weight losses are more pronounced on site specific Al alloys (single and galvanically coupled) 


situated on the upper part of the vertical racks (horizontal coupons) followed by all coupled 
discs, which suffered either crevice or galvanic corrosion. 


3. Generally, the weight losses are higher in Basin 3 in comparison with Basin 2, possibly because 
that water results in a more aggressive environment. 


 
8.1.4. Results of pit measurements 
 
Tables 11 and 12 contain the results of the microscopic analysis performed in all coupons of both 
Rack-2 and Rack-3. 


 
Table 11. Results of microscopic analysis of rack 2 from basin 2 


Disc 
Cod Pit No.  


Depth [mm]/ 
Magnification 
×100 


Depth [mm]/ 
Magnification
×156 


Mean 
Value 
[mm] 


Dimension [mm]  
Diameter or  
Surface area 
Diameter or L×l Remarks


R2-01 1 0.022 0.024 0.023 diam. 0.038 front 
  2 0.005 0.005 0.005 diam. 0.05   
R2-02 1 0.08 0.09 0.085   back 
  2 0.084 0.092 0.088     
  3 0.136 0.14 0.138     
  4 0.124 0.134 0.128 0.5x0.25   
  5 0.216 0.25 0.233 diam. 0.5   
  6 0.128 0.124 0.126 diam. 0.3   
  7 0.144 0.142 0.143 diam. 0.5   
  8 0.232 0.232 0.232 diam. 0.5   
  9 0.13 0.122 0.126 diam. 0.45   
  10 0.134 0.138 0.136 diam. 0.55   
 11 0.128 0.132 0.13 diam. 0.38   
 12 0.166 0.164 0.165 0.75x0.55   
 13 0.1 0.11 0.105 diam. 0.83   
 14 0.072 0.07 0.071 diam. 0.55   
 15 0.094 0.1 0.097 1.2x0.44   
  16a 0.038 0.034 0.036 0.88x0.28   
  16b 0.088 0.09 0.089 0.62x0.3   
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Table 11 (continued).  Results of microscopic analysis of rack 2 from basin 2.  


Disc 
Cod Pit No.  


Depth [mm]/ 
Magnification 
×100 


Depth [mm]/ 
Magnification
×156 


Mean 
Value 
[mm] 


Dimension [mm]  
Diameter or  
Surface area 
Diameter or L×l Remarks


R2-02  17 0.108 0.108 0.108 0.5x0.37   
(Cont) 18 0.044 0.046 0.045 1.88x1   
  19 0.24 0.23 0.235 0.58x0.31   
  20 0.23 0.23 0.23     
R2-03             
R2-04           No pits 
R2-05 back 0.005 0.006 0.005 diam. 0.013 Small Pit 
  front 0.004 0.006 0.005 diam. 0.01   
R2-06 zone 1 0.034 0.036 0.035     
  zone 2 0.036 0.032 0.034     
  zone 3 0.084 0.09 0.087     
  zone/pit 4 0.05 0.054 0.052 diam. 0.13   
  other  0.048 0.042 0.045 diam. 0.103   
  pits 0.03 0.04 0.035 diam. 0.1   
    0.048 0.052 0.05 diam. 0.13   
R2-07 zone 1 0.052 0.05 0.051 diam. 0.1 front 
  zone 2-pit 0.064 0.066 0.065 diam. 0.14   
R2-08 
 


front 
 Presence of  


0.032 
corrosion 


0.034 
products 


diam. 0.035-0.075 
  


  back           
R2-09 1 0.07 0.084 0.077   back 
  Few pits 0.012 0.015 0.013 diam. 0.05 back 
  zone 1 0.18 0.178 0.179 1.12x0.87 front 
R2-10 1 0.304 0.308 0.306 aprox. 0.75x0.6 front 
R2-11 1 0.022 0.024 0.023 diam. 0.025 front 
R2-12 zone 1 0.026 0.024 0.025 diam. 0.085 front 
    0.022 0.016 0.019 diam. 0.060   
R2-13 pitting zone  0.024 0.03 0.027 diam. 0.060 front 
R2-14 1 0.05 0.07 0.06 0.25x0.17 back 
  2 0.114 0.108 0.111 diam. 0.3   
  pitting zone 0.02 0.022 0.011 diam. 0.075 small 


 
 
Table 12. Results of microscopic analysis of rack 3 from basin 3 


Disc 
Cod Pit No.  


Depth [mm]/ 
Magnification 
×100 


Depth [mm]/ 
Magnification
×156 


Mean 
Value 
[mm] 


Dimension [mm]  
Diameter or  
Surface area 
Diameter or L×l Remarks


R3/3-1 1 0.043 0.037 0.04 diam. 0.360   
  2 0.037 0.041 0.039 1.35x0.87   


  
3 
 


0.018 
 


0.016 
 


0.017 
   


pitting 
zone 


  4 0.018 0.016 0.017     
R3/3-2 1 0.364 0.36 0.362 0.82x0.75 back 
  2 0.156 0.168 0.162 diam. 0.41   
  3 0.344 0.36 0.352 1.12x0.35   
  4 0.33 0.33 0.33     
  1' 0.276 0.271 0.273   front 
 2' 0.346 0.344 0.345     
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Table 12 (continued). Results of microscopic analysis of rack 3 from basin 3  


Disc 
Cod Pit No.  


Depth [mm]/ 
Magnification 
×100 


Depth [mm]/ 
Magnification
×156 


Mean 
Value 
[mm] 


Dimension [mm]  
Diameter or  
Surface area 
Diameter or L×l Remarks


R3/3-2 3' 0.17 0.161 0.165 diam.0.075-0.375 Pitting area 
 (Cont.)  4' 0.1 0.104 0.102 0.028x0.22 Pitting area 
  5' 0.176 0.168 0.172 0.40x0.25 Pitting area 
R3/3-3             
R3/3-4   0.026 0.02 0.023 diam.0.062 Small pitting area 
R3/3-5    -         
R3/3-6 1-7 0.022-0.058 0.024-0.060 0.023-0.059 diam.0.050-0.125 Pitting -fine 
R3/3-7 1 0.02 0.022 0.021 diam. 0.085 back, Pitting area 
R3/3-8 1 0.986 0.946 0.966 diam.0.70   
  2 0.576 0.534 0.555 diam. 3.50   
  3 0.508 0.556 0.532 1.5x0.95   
  4 0.298 0.284 0.291 8.7x1.5   
  5 0.22 0.222 0.221 3.9x1.5   
  6 0.35 0.36 0.355     
  7 0.218 0.22 0.219     
  8 0.074 0.074 0.074     
  9 0.09 0.091 0.09     
  10 0.074 0.076 0.075     
  11 0.104 0.11 0.107     
  12 0.21 0.212 0.211     
  13 0.216 0.228 0.222   front 
R3/3-9   -          
R3/3-10 1 0.52 0.534 0.527 diam.0.69 Near fixing area 
  zone 0.018 0.02 0.019 diam.0.025-0.040 zone –small pit 
R3/3-11 1 0.05 0.056 0.053 0.25x0.075   
  2 0.092 0.086 0.089 0.3x0.22   
R3/3-12   0.04 0.044 0.042 diam.0.1 Small pitting area 
    0.05 0.05 0.05 diam.0.12 Small pitting area 
    0.042 0.044 0.043 diam.0.13 Small pitting area 
R3/3-13 1 0.094 0.092 0.093 diam.0.2   
  2 0.022 0.024 0.023 diam. 0.13   
  zone 0.032 0.034 0.033 diam. 0.1 front 
  zone 0.02 0.02 0.02 diam. 0.05 Back 
R3/3-14 1 0.88 0.872 0.876     
  2 0.79 0.704 0.747     
  3 0.29 0.304 0.297     
  4 0.407 0.419 0.413     
  5 0.126 0.132 0.129     
  6-12 Depths   smaller  than pits  1,2,4,13  
  13 0.464 0.466 0.465    


 
 
 
Figures 34 to 36 illustrate the appearance of several different pits encountered. 
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FIG. 34. Aspect of pit 


on coupon R2-02. 
FIG. 35. Area with small 


pits on coupon R2-05.  
FIG. 36. Pit on coupon R3/3-1 


(AlMg) 0.360 mm diameter. 
 


 
The metal penetration was also characterized in terms of the pitting factor “PF”. This factor is defined 
as the deepest metal penetration to the average metal penetration ratio, in according to ASTM G 46 
[3]. For the most affected coupons tested in Basin 2 and 3, the highest values were obtained for the 
coupled discs: AlMg3/AISI 304 (Basin 2) PF = 1.8 and SZAV-1/AISI 304, (Basin 3), PF = 3.2 (PF =1 
means uniform corrosion). 
 
The distributions of the pits depth, for two coupons tested in Basin 2 and Basin 3 are presented in Figs. 
37 and 38. 
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FIG. 37. Histogram showing depth of pits on 
coupon R2-02, AlMg3/AISI 304, Basin 2. 


 
FIG. 38. Histogram showing depth of pits on 
coupon R3/3-8, SZAV-1/AISI 304, basin 3. 


 
 
The maximum pit depth for individual coupons is evaluated as a function of the type of alloy, basin 
number and type of coupon (single, crevice or galvanic couple) in figures 39 to 41. 


 


 
 


FIG. 39. Maximum pit depth on 
single coupons, tested in Basin 


2 and 3, horizontal 
arrangement. 


 


 
FIG. 40. Maximum pit depth on 
coupled coupons, made from 
identical materials, tested in Basin 
2 and 3, horizontal arrangement. 


 
FIG. 41. Maximum pit depth 
on coupled coupons, made 


from different materials, tested 
in Basin 2 and 3, horizontal 


arrangement. 
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888...222...    Behaviour of horizontal racks (vertical coupons) in Basin 2 (Rack 1V) 
 
8.2.1. “Single” coupon behaviour 
 
Single discs did not present corrosion signs, as can be verified in Figs. 42 and 43. 


 


  
 


FIG. 42. R1 V/2-1, AlMg3. 
 


FIG. 43. R1 V/2-2, AlMg3 
 . 
8.2.2. Coupled coupons behaviour 
 
8.2.2.1. Identical material 
 
The sandwiches made with discs of identical material presented crevice corrosion on the contact 
surfaces. Small pits were identified (Figures 44 to 47), descriptions and dimensions of which are 
included in Tables 13 and 14. 


 


  
 


FIG. 44. Coupon Al-R-17 (2-9) of Rack-1V: exposed side (left) and contact side (right). 
 


 
 


FIG. 45. Coupon Al-R-16 (2-10) of Rack-1V (contact side). 
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FIG. 46. Coupon Al-Ex-17 (2-5) from Rack-1V: exposed side (left) and contact side (right). 
 


  
 


FIG. 47. Coupon Al-Ex-16 (2-6) from Rack-1V: contact side (left) and exposed side (right). 
 


8.2.2.2. Aluminium couples with stainless steel 
 
In all cases galvanic corrosion involving material dissolution was evident on the coupled area, as seen 
in Figures 48 and 49. Fig. 50 shows an enlarged view of pit no. 3 from coupon R1V/2-4 (Al-Ex18). 


 


  
 


FIG. 48. Al-R-18 1V/2-8 (contact side). 
 


FIG. 49. Al-Ex-18 R1V/2-4 (contact side). 
 


 
 


FIG. 50. Enlarged view of pit Nº 3 of Coupon R1V/2-4, Pit Depth = 0.078 mm, Diam.= 0.28 mm. 
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8.2.3. Microscopic pitting analysis 
 
Table 13 contains the data produced by the pitting microscopic analysis on coupons belonging to Rack 
1V. 


 
Table 13. Results of microscopic analysis of rack IV from basin 2 


Disc 
Code 


Pit 
No. 


Depth [mm]/ 
Magnification 
×100 


Depth [mm]/ 
Magnification
×156 


Mean 
Value 
[mm] 


Dimension 
[mm] 
Diameter or L×l 


Remarks 


R1V/2-2           No pitting 
R1V/2-4 
 


1 
 


0.388 
 


0.392 
 


0.39 
 


1.38×0.94 
 


irregular 
shape 


  1' 0.062 0.06 0.061 0.28   
  2 0.212 0.212 0.212 1.33 front 
  3 0.08 0.076 0.078 0.28   
  4 0.016 0.016 0.016 0.82   
  5 0.054 0.054 0.054 0.25   


  6 0.264 0.246 0.256 0.125×0.88 
Irregular 
shape 


  7 0.024 0.03 0.027 0.62   
  8a 0.23 0.226 0.228 0.81×0.19 Elongated pit  


  8b 0.216 0.228 0.222 2.44×0.94 
Irregular 
shape 


  9 0.05 0.062 0.056 0.75×0.44   
R1V/2-5 1 0.136 0.142 0.139 1.16 back 


  2 0.02 0.02 0.02 0.9 
irregular 
shape 


  3 0.03 0.028 0.029 1.9×0.6 front 
  1' 0.06 0.066 0.063 0.8×0.35 front 
  2' 0.03 0.028 0.029 0.3 front 
R1V/2-6 1 0.07 0.066 0.068 0.33 front 


  2 0.036 0.034 0.035 0.68×0.36 
Irregular 
shape 


  3 0.102 0.106 0.104 1.05   
R1V/2-8 
 


1a 
 


0.194 
 


0.19 
 


0.192 
   


Irregular 
shape 


  1b 0.25 0.23 0.24     
  2 0.034 0.034 0.035 1.4   
  3 0.192 0.196 0.194 1   
  4 0.132 0.134 0.133 1×0.6   
R1V/2-9 1 0.068 0.06 0.064 0.63 front 
  2 0.022 0.02 0.021 0.37×0.18   
  1' 0.026 0.026 0.026 0.12 front 
  2' 0.008 0.01 0.009 0.04   
R1V/2-10 
 


1 
 


0.062 
 


0.058 
 


0.06 
 


0.3 
 


Front; 
damage 


 
The maximum metal penetration measured in terms of the pitting factor PF was obtained for coupon 
Al-Ex18 (R1V/2-4). The calculated value was PF = 2.7. 
 
In Figure 51 the maximum pit depth in coupons of Rack 1V as a function of material is evaluated. 
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FIG. 51. Maximum pit depth measured on single coupons, tested in Basin 2, vertical arrangement. 
 
 
8.2.4. General considerations from visual inspection 
 
Table 14 contain the description of the coupons’ surface conditions as made evident by the visual 
inspection performed on Rack 1V. 


 
Table 14. Results of visual inspection of rack IV from Basin 2 
Coupons Label Side Corrosion effects 


Front No corrosion Single coupon AlMg3-1V/2-1 
Back No corrosion 
Front No corrosion Single coupon AlMg3-1V/2-2 
Back No corrosion 


AISI 304 ------- ---------- 


Front Areas with galvanic corrosion 
Galvanic couple 


Al-R-181V/2-8 
Back No corrosion 
Front Two small pits Al-R-17 1V/2-9 
Back Two small pits 
Front One pit at outer edge 


Crevice couple 
Al-R-16 1V/2-10 


Back No corrosion 


AISI 304 ------- ---------- 


Front Areas with galvanic corrosion 
Galvanic couple 


Al-Ex-18 1V/2-4 
Back Pitting corrosion 
Front Two small pits Al-Ex-17 1V/2-5 
Back Three corrosion pits 
Front Three corrosion pits 


Crevice couple 
Al-Ex-17 1V/2-6 


Back One pit at outer edge 
 
888...333...    Overall comparison of pit depths 
 
An overall comparison of pit depths in all coupons tested in this program has been carried out to assess 
the influence of the various variables involved in the corrosion process: type of aluminium alloy, type 
of coupling (no coupling-single coupons, crevice or galvanic couples), type of environment (Pond 2 or 
Pond 3) and coupon surface orientation (whether is in horizontal or vertical position). The result of 
this comparison is summarized in Figure 52. 
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FIG. 52. Maximum pit depth measured on coupons, tested in Basin 2 and 3, horizontal and vertical 
arrangements. 


 
888...444...    Analysis of collected sediments 
 
The results of the analysis of collected sediments are presented in Table 15 (sediment accumulation 
rate) and Table 16 (identification of sediment constituents). In Fig. 53, an X Ray Fluorescence Spectra 
produced by the material gathered in the sediments collectors can be seen. 


 
Table 15. Weight of sediments accumulated during 4 (four) months 
 Basin 2 Basin 3 Immersion Date Withdrawal Date 
Sediment weight [mg] 374.1 140.4 May 24th, 2004 Sep 29th, 2004 


 
From Table 15 we can conclude that in four months of exposure, the rate of sediment accumulation is 
about 2.58 mg/cm2 in basin 2 and 0.97 mg/cm2 in basin 3. 


 
Table 16. Element identification in collected material  


Element  Z > 20 Estimated amount 
Cr  
Fe High 
Co Low 
Cu  
Zn High 
Pb  
Ag Low 
Cd High 
Ba  
Mn Possible 
Ni Possible 
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FIG. 53. XRF spectrum of solid residues accumulated in sediment collectors during 4 months. 
 
The results obtained using atomic absorption and optical emission spectrometry are very similar; these 
are synthetically presented in Table 17. Fe, Zn and Cd contents are high, which is consistent with the 
data shown in Table 16. Fe and Zn may be coming from the corks (made from cast iron) and their 
painting, while Cd is supplied by the cadmium plates immersed in the ponds to avoid criticality. 
During cork lifting, small particles of iron and painting fall down in water and may accumulate in the 
sediment container, as can be seen in Figs. 54 to 57. This sequence of pictures depicts the cork 
extraction from the lid of basin 1. The contact portion of the cork surface is shown in a magnified view 
to show how cast iron particles may fall in the water. 
 


  
 


FIG. 54. Cork lifting. 
 


FIG. 55. View of cork side right after lifting. 
 


  
 


FIG. 56. View of cork seat right after cork 
extraction. 


 
FIG. 57. Magnification of Fig. 61, showing rusted 
cork seat in zone were the paint layer was eroded. 
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Table 17. Element identification in sediments (concentrations in ppm). 
Chemical Element Basin 


    ↓ As Be B W Mn Pb Mo Sn V Ag Cu Co Zn CaO Fe 
2 <40 <1 <3 <40 750 11000 7 82 20 0.7 700 6 33000 8000 97000
3 <40 <1 <3 <40 600 18000 15 94 35 0.5 1700 21 24000 9000 76000


DL 40 1 3 40            
DL = Detectable Limit BDL = Below Detectable Limit 
 
The paint covering the lids and corks was also analyzed through atomic absorption spectrometry. The 
results are presented in Table 18. After careful examination of the data from Table 17 and Table 18, 
we can conclude that the chemical contents of the sediments are strongly influenced by the falling 
paint particles from corks and lids. 


 
Table 18. Element identification from lid paint (concentrations in ppm). 


Chemical Element Sample 
   ↓ As Be B W Mn Mo Sn V Ag Co Zn Cu Pb Cr Ni Ba 
Paint BDL BDL BDL BDL 30 BDL 5 BDL BDL 10 42000 30 5200 3500 5 12500 
DL   1 5 10 10 1 1 20 0.1 2 30 2 2 40 4  
DL = Detectable Limit BDL = Below Detectable Limit 
 
 
9. CONCLUSIONS 
 
− Single coupons of the various studied alloys have shown different degrees of corrosion 


susceptibility. This has been insignificant for AlMg3 coupons and only limited for SZAV-1 and 
AA 6063. Some fair influence has been verified for AA 6061, as shown in Fig. 39. 


− Oxidized and scratched coupons are not affected by corrosion. 
− Coupled coupons made from identical material are affected by crevice corrosion, the maximum 


pit depth being less than 0.1 mm. 
− Bimetallic coupled discs present galvanic corrosion, with material dissolution over extended 


areas (1.1% - 1.7% of the surface); the effect of weight reduction is more pronounced on this 
type of coupons. Also the pitting factor presents the highest value, PF= 3.2. 


− From Fig. 52 we conclude that the most affected coupons were those immersed in Basin 3, in 
the coupled conditions,. 


− In vertical racks (horizontally oriented coupon’s surfaces), pitting corrosion is produced 
preferably at the first (top) coupon, owing to the deposit of foreign particles from the basin lids. 
These particles are cast iron and paint and also dust from the air carried by the ventilation 
system. 
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Abstract. The Russian origin TVR-S type enriched uranium fuel elements that were used in the RA research 
reactor at the Vinča Institute, Belgrade, are clad with SZAV-1 aluminium alloy. A large amount of spent nuclear 
fuel elements is stored in water filled basins for periods that range from 20 to 40 years. Corrosion of the cladding 
of these spent fuel elements became a concern in 1995, when 137Cs nuclide activity was detected in the water. 
Studies related to corrosion of aluminium alloys in the RA research reactor spent fuel storage pool water was 
initiated in 1996 when the first test rack with aluminium coupons was received from the International Atomic 
Energy Agency (IAEA) within the framework of its Coordinated Research Project (CRP) “Corrosion of 
Research Reactor Al-Clad Spent Fuel in Water”, phase I (CRP-I). Phase II of the same CRP (CRP-II) was started 
in 2002 and new test racks were received and immersed in the same spent fuel storage pool. Overall, the test 
racks were exposed to the water in the spent fuel pool for periods that ranged from six months to six years. No 
Site specific coupons were added to the test racks. The project activities comprised of periodic monitoring of the 
chemical parameters and radioactivity of the water and determination of the extent of corrosion of the aluminium 
coupons exposed to the pool water. These activities were carried out as outlined in the CRP Test Protocol. This 
report includes a brief history of the spent fuel pool, details of the spent fuel basins, the pool water parameters 
and the results of corrosion evaluations carried out on the aluminium coupons. This report also includes 
information about laboratory facilities and equipment that were used during the course of this project. The results 
indicate that the use of tap water in the RA reactor spent fuel storage pool lead to corrosion of the aluminium 
alloys, after just six months of exposure. 
 
1. DESCRIPTION OF THE SITE AND THE FUEL ELEMENTS 
 
1.1. The RA reactor and the TVR-S fuel element 
 
The RA research reactor is an ex-USSR designed 6.5 MW heavy water reactor[1]. This reactor was 
designed to operate with low-enriched uranium (LEU) (2 % enriched in 235U) metal fuel. It started 
operation at the Vinča (former “Boris Kidrič”) Institute of Nuclear Sciences, Yugoslavia in 1959. In 
1976, the reactor fuel type was changed from LEU fuel elements to high-enriched uranium (HEU) 
(80 % enriched in 235U) in the form of UO2 dispersed in an aluminium matrix. The LEU and HEU fuel 
elements have the same slug geometry and are referred to as the Russian TVR-S fuel element. (Fig. 1) 
 
1.2. The TVR-S fuel element 
 
The TVR-S fuel element is cylindrical in shape, 11.25 cm long and with outer diameter of 3.70 cm. 
The length of the fuel layer is 10.0 cm and the inner and outer diameters, 31 and 35 mm respectively. 
The mass of 235U nuclide in the LEU TVR-S fuel element is 7.25g, and 7.7g in the HEU TVR-S fuel 
element. The fuel layer is clad on the inner and outer sides with 1 mm thick aluminium. The inner tube 
within the TVR-S fuel element is made of aluminium (known as the “expeller” or “ejector”), and it 
adjusts the flow rate of the forced coolant. The top and bottom of the slug are covered with 3 mm thick 
“stars” with sprockets. The aluminium alloy used in the construction of the TVR-S fuel elements is the 
Russian alloy SZAV-1 (0.985 wt % Al, with Mn and Si as the main alloying elements, and with very 
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low contents of neutron absorbing impurities such as B or Cd). Alloy composition and the dimensions 
of TVR-S fuel element are given elsewhere in [2]. The average volume of one TVR-S fuel slug is (60 
± 5) cm3 and the exposed surface area of aluminium alloy is approximately (420 ± 40) cm2. The 
average mass of the LEU slug is about 460 g, while that of the HEU slug, about 160 g. 
 


 
 


FIG. 1. Sketch of TVR-S fuel element. 
 
Fuel assemblies (FA) of the RA reactor are referred to in Russian and Serbian terminology as the 
“technological (fuel) channels.” These consist of ten or eleven TVR-S fuel elements placed one on top 
of another in an aluminium tube (also made of SZAV-1 aluminium alloy) with inner and outer 
diameter of 41 and 43 mm respectively and total length of about 5.5 m. The RA reactor core, 
moderated by heavy water, could use 40 to 82 FAs. The reactor was operated until 1984 and then shut 
down for modernization of the equipment. Due to various technical, economical and political reasons 
the refurbishment is yet to be completed [3].  
 
2. RA RESEARCH REACTOR SPENT FUEL STORAGE  
 
2.1. Description of spent fuel storage  
 
Almost all the spent nuclear fuel (SNF) elements used in the RA reactor, from 1959 to 1984, are stored 
in the temporary spent fuel storage pool (Figs. 2 and 3) that is within the RA reactor building. The 
pool is 6.5 m deep, consists of four inter-connected basins and an annex to the fourth basin. Each basin 
has a rectangular cross-section, about 1.60 m wide (except basin no. 1 with a width of 1.25 m) and 
3.80 m long. The annex is 1.60 m wide, 1.70 m long and 5.4 m deep. Each basin can be separated from 
the underground transport channel in the storage room, i.e., closed (but not hermetically) by double 
doors lined with carbon steel plate. The concrete walls (thicknesses vary from 0.60 m – 1.3 m) and the 
concrete bottom of the pool are lined with 1 cm thick stainless steel plate. The pool, filled with about 
200 m3


 of stagnant tap water is connected by a special underground water transport channel to the 
reactor in the reactor hall. This channel permits transfer of spent fuel assemblies to the storage area. 
The water level in the pool and the transport channels is about 70 cm below ground level. Movable 
carbon steel plates cover the basins openings. In each basin, below the plates, but above the water 
level, there is a carbon steel grid, designed to position the stainless steel channel-holders (SSCH) with 
the fuel assemblies. There are also ventilation ducts in the concrete walls between the water level and 
the carbon steel covers. Loss of water due to evaporation is compensated for, once a year, by adding 
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tap water to the pool. A carbon steel structure (including two pairs of carbon steel coaxial tubes), 
designed for fuel assembly decontamination, is in basin no. 4, at the edge of the annex. This structure 
was heavily corroded and it was removed in 2006. More about the storage pool is described in Case 
Study 3, at the end of this publication. 
 


 
 


FIG. 2. RA reactor spent fuel storage room. 
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FIG. 3. Schematic diagram of the RA reactor spent fuel storage pool. 
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2.2. Spent fuel inventory and fuel burnup data  
 
By the year 1984, about 1700 LEU spent fuel elements and about 900 HEU spent fuel elements were 
stored in about 250 (from a total of 304) stainless steel channel-holders (SSCH) filled with de-
mineralised water. These SSCH were immersed in water filled basins that were meant for cooling 
spent fuel and for radiation protection. To increase spent fuel storage capacity, aluminium barrels 
(ALB) were produced in the mid-1960s at the Vinča Institute to store fuel elements. Each ALB was 
filled with 150 to 180 (maximum) spent fuel elements and these were distributed into 30 aluminium 
tubes, also placed within the barrel. Cadmium strips were inserted into the ALB to assure sub-
criticality, then the ALB was filled with de-mineralised water and closed. In the period 1962 to 1984, 
about 4900 LEU fuel elements were removed from the SSCH and repacked into 30 ALBs. After 2000, 
the ALBs were placed on the floor of the transport channel and on the floor of basin no. 4 in the 
storage room. Since 1984, when the reactor was shut down, about 500 HEU spent fuel elements 
remained in the RA reactor core. 
 
According to fuel irradiation history of the reactor core and the spent fuel cooling pool, the estimated 
total activity at the end of 2005 in all spent LEU in the pool was approximately (3.55 ± 0.36) PBq. 
This activity included activities of uranium, plutonium and other minor actinides, which accounted for 
an estimated (0.11 ± 0.01) PBq. Most (about 99 %) of the fission product activity, of (3.44 ± 
0.34) PBq, was from 137Cs and 90Sr nuclides. The activity attributed to 85Kr was only about 1 %.  The 
total activity of all HEU spent nuclear fuel was about (0.44 ± 0.04) PBq and originated mainly (99.9 
%) from fission products [4]. 
 
The maximum burnup of the 2% enriched uranium metal fuel was 18 GW days per ton of uranium 
(GWd/tU), while the average burnup of all the used LEU fuel elements in the RA reactor was 6.68 
GWd/tU (that is, 37.6 % depletion of initially 2 % enriched 235U). The maximum burnup of HEU fuel 
elements in the RA reactor core was 360 GWd/tU, while the average burnup of all HEU fuel elements 
used was 133.8 GWd/tU (21.0 % depletion of initially 80 % enriched 235U) [4]. 
 
Design of the TVR-S fuel elements has been considered to be very reliable. After 25 years of 
operation, according to RA reactor operations logbooks, only one LEU fuel element cladding was 
breached. The fuel assembly with the damaged fuel element was quickly identified and substituted. 
The damaged fuel element was stored in a specially marked SSCH in the spent fuel storage pool. 
 
3. CHEMICAL AND RADIOACTIVITY PARAMETERS OF WATER IN THE POOL  
 
3.1. Chemical parameters of water in the storage pool 
 
In the period 1995-2002, chemical parameters of water samples taken from the basins of the storage 
pool were measured a few times a year. Subsequently it was done at monthly intervals.  The main 
parameters that contributed to corrosion of aluminium were determined. The measured parameters of 
the water from the basins and the transport channels in the period, 1995-2005 are given in Table 1 and 
in Figs. 4 to 6. In Table 1, labels B1 – B4 refer to the basin numbers, while TC and RA-TC stand for 
the transport channel in the spent nuclear fuel (SNF) storage room and in the RA reactor room, 
respectively.   
 
The water was always kept at ambient temperature. The Al, Cu and Fe and NO3 contents were 
determined infrequently. The concentrations of Al, Cu and NO3 ions were generally below detection 
limits of the methods and/or techniques used.  
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Table 1. Chemical parameters of storage pool water during the period 1995-2005 
Parameter → pH conductivity Fe ions Cl- ions SO4 ions T  
Sample date ↓  (μS/cm) (mg/L) (mg/L) (mg/L) (ºC) Basin 


1-Nov-95 7.60   75   B1 
1-Nov-95 7.80   75   B2 
1-Nov-95 7.80   70   B3 
1-Nov-95 7.40   70   B4 
1-Nov-95 7.60   68   TC 
1-Nov-95 7.80 390  67   RA-TC 
1-Oct-96 8.60 430  65   B1 
1-Oct-96 8.50 440  68   B2 
1-Oct-96 8.40 460  68   B3 
1-Oct-96 8.40 440  68   B4 
1-Oct-96 8.50 430  68   TC 
1-Oct-96 8.10 440  84   RA-TC 
1-Feb-97 8.20 460     B3 
1-Feb-97 8.20 460  72   B4 
1-Jul-98 8.40 440  74   B1 
1-Jul-98 8.30 450 0.08 73   B2 
1-Jul-98 8.30 450 0.15 76   B3 
1-Jul-98 8.00 460 0.05 72   B4 
1-Jul-98 8.00 460 0.08 74   TC 
8-Feb-00 6.80 420     B4 
8-Feb-00 6.80 430     TC 
8-Feb-00 6.50 400     B4 
1-Feb-01 6.80 430     B4 
1-Jul-01 7.80 430  75 53  B1 
1-Jul-01 7.80 420  75 53  B2 
1-Jul-01 7.80 430  70 54  B3 
1-Jul-01 7.80 410  70 54  B4 
1-Jul-01 7.60 410  57 60  TC 
1-Jul-01 7.80 390  67 60  RA-TC 


21-Jan-02 8.20 390 0.07 85 50 15.8 B2 
4-Feb-02 8.03 380 0.16 80 55 15.9 B4 


11-Mar-02 8.18 360 0.16 80 60 17.0 B4 
15-Apr-02 7.31 553 0.17 84 70 17.6 B4 
13-May-02 8.39 570 0.09 81 55 17.9 B3 
10-Jun-02 8.06 555 0.11 80 65 18.1 B2 
15-Jul-02 7.90 427 0.10 80 64 19.2 B2 


11-Nov-02 7.66 387 0.09 75 63 18.2 B1 
2-Dec-02 7.77 397 0.16 80 70 17.5 B1 
20-Jan-03 6.65 558  69 37 16.8 B2 
24-Feb-03 6.70 561  72 37 15.8 B3 
10-Mar-03 6.83 562  72 31 17.0 B1 
11-Mar-03 7.94 562  75 35 17.0 B4 
21-Apr-03 6.91 558  71 34 17.3 B3 
22-May-03 7.10 567  68 36 18.1 B4 
15-Jun-03 7.83 552  71 35 19.2 B4 
27-Jul-03 8.34 576  70 32 21.0 B4 
20-Sep-03 8.23 556  72 36 21.1 B4 
3-Oct-03 8.32 535  73 32 15.7 B4 
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Table 1 (continued).  Chemical parameters of storage pool water during the period 1995-2005 
Parameter → pH conductivity Fe ions Cl- ions SO4 ions T  
Sample date ↓  (μS/cm) (mg/L) (mg/L) (mg/L) (ºC) Basin 


15-Nov-03 8.27 559  71 33 14.0 B4 
5-Dec-03 8.14 550  74 34 14.5 B4 
15-Jan-04 8.53 570  86 41  B4 
15-Mar-04 8.55 554  78 40  TC 
15-May-04 8.52 560  76   TC 
15-Jul-04 8.52 560     B1 
15-Sep-04 8.39 838     B1 
15-Nov-04 8.37 550     B1 
15-Dec-04 8.37 554     B1 
15-Jan-05 7.20 555  72   B1 
15-Feb-05 7.00 560  69   B2 
15-Mar-05 7.80 550  72   B4 
15-Apr-05 7.30 559   37  B1 
15-Jun-05 7.90 560  72 37  B3 
Average 7.85 492 0.11 73 47 17.4 10.  


±1σ ±0.57 ±84 ±0.04 ±6 ±13 ±1.8  
Minimum 6.50 360 0.05 57 31 14.0  
Maximum 8.60 838 0.17 86 70 21.1  


 


 
 


FIG. 4. Measured pH values in water from SNF storage pool. 
 


 
 


FIG. 5. Measured values of electrical conductivity of water in SNF storage pool. 
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FIG. 6. Measured values of chloride ion concentration in SNF storage pool water. 
 


3.2. Instruments used and degree of accuracy 
 
All the chemical parameters, except Al content, were determined by classical analytical methods using 
volumetric titrations. The Al content was determined using the spot test. Other methods for 
quantitative analyses were not available at the Vinča Institute. Hence, some relevant chemical 
parameters were not determined. The pH and electrical conductivity of the water samples were 
determined with a ‘HORIBA D series’ pH meter. The manufacturer’s instructions were followed to 
calibrate the instrument and this was done using standard solutions before measurements. The 
detection limit was ±0.05. In some cases, the pH was measured with a pH paper, with accuracy of 
±0.1. Calibration of the instrument for measuring electrical conductivity was also done as per 
manufacturer’s instructions, every three months, by verifying conductivity (140.8 mS/m) of a 0.01 
mol/L standard solution of KCl. The detection limit was ± 5 %.  
 
The concentrations of specific ions in water samples were determined using the following classical 
volumetric methods: 


 
• Cl- ions were determined by the argent-metric method and the detection limit was 5 mg/L; 
• SO-


4 ions were determined by the iodine-metric (Ohelu) and the detection limit was 2 mg/L; 
• Fe ions were determined by the spectrophotometer method with 1.10-fenantrolon, and the 


detection limit was 0.05 mg/L; 
• Al3+ ions were determined by spot-test reaction with alizarin sulphonic acid, and the detection 


limit was 2 mg/L. 
 


It is estimated that the detection limits of measured parameters were ± 5 % with probability of 67 % (p 
= 0.67) and coverage factor of 1 (k = 1).  
 
A thorough examination of the SSCH was carried out in 2003 to evaluate the state of the SNF 
elements [5]. The 137Cs and 60Co nuclide activities, pH and electrical conductivities of water samples 
taken from about 200 SSCH with SNF, were determined. The pH varied in the range 2.31 - 8.15, but 
was between 4.5 and 6.5 in most cases. The average pH was 5.65 ± 1.36 for p = 0.67 % (standard 
deviation of a single measurement for coverage factor of 1). Electrical conductivity was in the range 
13.5 - 21000 μS/cm (the latter value being that of the SSCH with pH = 2.31), but in most cases, in the 
range 50 - 400 μS/cm. The average value was 258 ± 118 μS/cm for p = 0.67 % (standard deviation of a 
single measurement for coverage factor equal to 1), and indicated a wide dispersion.  The 
concentration of specific ions in the SSCH water samples was determined in only a few cases, due to 
high radioactivity of the samples. Chlorides were found to be in the range 1 - 70 mg/L, sulphates in the 
range 29 - 35 mg/L, while Fe and Al ions concentrations were below detection limits of analytical 
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techniques that were used. Results of these measurements in water samples from SSCH containing 
SNF elements are shown graphically in Figs. 7 and 8.  
 
Microbiological analyses of water samples taken from SNF pool basins and the transport channels in 
the SNF storage room and in the RA reactor room were carried out in the Laboratory for radiobiology 
and molecular genetics of the Vinca Institute of nuclear sciences, Belgrade in June 2005. The water 
samples did not reveal the presence of coliforms, mezophylic bacteria, fungi neither yeast. [6]  


 


 
 


FIG. 7. Measured pH values in water samples taken from SSCH. 
 


 
 


FIG. 8. Measured values of electrical conductivity of water samples taken from SSCH. 
 


Marked reductions in pH in 2000, 2001 and 2003, shown in Fig. 4, was initially attributed to activities 
such as underwater drilling of ALB and SSCH, that were carried out in the pool. However the real 
reason for the decrease in pH is still a mystery. The 30% increase in electrical conductivity, shown in 
Fig. 5, was probably due to change in the measuring equipment on 2002. The reasons for the high 
electrical conductivity (825 μS/cm), measured in September 2005, or the low Cl ions content, 
measured in July 2001, were not identified. 
 
3.3. Water circulation in the pool 
 
The water purification system in the RA reactor spent fuel storage pool included a pump with a 
mechanical filter to retain particles with diameter above 2 5 μm. The circulation rate was about 
60 L/min (in basin no. 4 only). Water circulation was done every day during working hours only. 
Sludge removal in 1996 and daily use of the purification system improved the clarity of the pool water 
in basin no. 4 (Fig. 9) in spite of dust and oil on the water surface. 
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FIG. 9. Water sample of RA reactor spent fuel storage pool. 
 
3.4. Radioactivity of water in the storage pool 
 
In the period 1996-2002, the specific activity of the basin water was measured a few times a year. 
Subsequently this measurement was done weekly. Typical measured values of specific (volume) 
activity in the period 2002 - 2005 were: (90 ± 9) Bq/mL from 137Cs nuclide and < 1 mBq/mL, from 
60Co nuclide (MDA for the Ge detector). The specific activity of 137Cs nuclide in the pool water was 
attributed to cladding failure of fuel elements (due to corrosion) in the storage pool. Measured 137Cs 
nuclide specific activity in the RA spent fuel storage pool is shown graphically in Fig. 10. Relative 
uncertainties in measurement of specific activity of 137Cs and 60Co in the water and sludge samples 
were in the range ±(5 – 10) % for probability of 67 % (p = 0.67) and coverage factor equal to 1 (k=1). 
 
Peaks in the measured 137Cs specific activity in the RA reactor spent fuel storage pool are shown in 
Fig. 10 and this could be attributed to increased operator-related activities in the pool basins, e.g., 
sludge removal in 1996, drilling of ALB in 2000 and 2001 and examination of SSCH in 2003. These 
activities contributed to increase in amount of suspended particles in the pool water. Since 137Cs 
nuclide is present in the sludge, increased 137Cs specific activity was found in water samples. This 
conclusion was confirmed experimentally in 2003 [7]. In this experiment, a large (13 L) water sample, 
with measured 137Cs specific (volume) activity of 100.6 ± 4.0 Bq/mL, was filtrated through a sand 
filter. After filtration, the water sample revealed 137Cs specific (volume) activity of only 6.3 ± 
0.3 Bq/mL, where as the wet sand filter revealed 137Cs specific (volume) activity of 77.4 ± 3.1 Bq/mL.  
 


 
 


FIG. 10. Specific (volume) activity of 137Cs nuclide measured in water samples of the RA spent fuel 
storage pool. 
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3.5. Pool sludge composition and radioactivity  
 
X ray analyses of sludge samples were carried out in the Vinča Institute with a Canberra X ray 
instrument fitted with a Si(Li) detector. A standard X ray source of 109Cd was used to calibrate the 
instrument. Traces of Ca, Cr, Mn, Zn, Ga, and Sr were detected in the sludge sample. Traces of Ni and 
Cu were also detected, but not confirmed. Iron and lead were found to be the main constituents of the 
sludge sample, confirming the sludge composition determined at the IAEA Seibersdorf Laboratories in 
1997. The main component (about 85%) of the sludge was Fe2O3, which gave the red-brown colour to 
the deposit. A few percent of impurities such as Pb, Cr, Mn, Ca and Zn were observed, while Cu and 
Ni were found as trace elements [8].  
 
3.6. Sludge from Al coupons 
 
Dried sludge (sediments) from one of the surfaces of an Al coupon of a test rack (henceforth referred 
to as rack) immersed for 6 years in the Annex to basin no. 4 was also collected (Fig. 11) in September 
2002. Similar sediments were found on coupons from other racks withdrawn from the pool. Sediment 
samples were collected and examined in the calibrated Ge gamma-ray spectrometer and this revealed 
137Cs and 60Co nuclide activities only. The specific activity of a sediment powder sample, collected 
from one coupon of Rack#1 of CRP-I, was measured. It revealed 445 ± 85 kBq/g from 137Cs nuclide 
and 35 ± 0.6 kBq/g from 60Co nuclide. The estimated average density of the sludge powder was 0.60 ± 
0.05 g/cm3. Experience gained at the Vinča Institute shows that the density of sludge samples depend 
strongly on activities carried out in the pool, the sludge drying procedure and the amount of bound 
water in the dried sludge [9].  
 
The total mass of sediments, collected from the top surface of a coupon of Rack#1 of CRP-I, divided 
by the coupon area (covered by sediments) gave a rough estimate of sludge sedimentation rate in terms 
of mass of deposit per unit area per year. This was found to be 5.0 ± 0.5 mg/cm2 per year. This is not 
the real sedimentation rate since sediments lost during rack removal and handling were not considered.  
 


 
 


FIG. 11. Removal of sediments from one coupon of Rack#1 of CRP-I. 
 
3.7. Sediment collector and sedimentation rate 
 
According to CRP-II recommendations, a cylindrical aluminium pot was prepared (but without a lid) 
for use as sediment collector. A lid for the aluminium pot, that could be opened or closed remotely 
under water was not made, due mainly to poor transparency of water at the pot depth. The inner 
diameter and height of the pot were 90 mm and 120 mm respectively. The pot was immersed in basin 
no. 4 of the pool, about 1 m above the basin floor and withdrawn (carefully and very slowly) after 
seven months (Fig. 12). Some of the water above the sediments was decanted and the rest of the 
sludge-water mixture was filtered through a filter paper. The filter paper was dried in an oven at 110 
ºC and the sediments were collected and weighed. The total mass of sediments was 5.038 ± 0.005 g.  
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The sedimentation rate, in this case, was found to be 11.3 ± 0.5 mg/cm2 per month. This value is much 
higher than the sedimentation rate determined by collecting sludge from the top surface of one Al 
coupon. Dried sludge powder from the pot was also examined for radioactivity with the calibrated Ge 
spectrometer and the activities from 137Cs and 60Co nuclides only were detected. A specific (mass) 
activity of 12.70 ± 0.35 kBq/g, was attributed to the 137Cs nuclide and 960 ± 20 Bq/g, to the 60Co 
nuclide. An average sludge density of 0.84 ± 0.05 g/cm3 was used. Uncertainty of specific activity is 
given in terms of probability factor of 67 % (p = 0.67) and coverage factor of 1 (k=1). 
 


 
 


FIG. 12. Photograph of sedimentation pot being withdrawn from the pool. 
 
4. CRP TEST RACKS, COUPONS AND THEIR EVALUATION 
 
4.1. The test racks 
 
Six test racks (henceforth to be referred as racks) with coupons of different aluminium alloys and 
stainless steel were prepared and distributed to participants within phase I (CRP-I: 1996 – 2001, [10]) 
and phase II (CRP-II, 2002 – 2005) of the IAEA CRP on “Corrosion of Research Reactor Aluminium-
Clad Spent Fuel in Water”. Even though Yugoslavia was not a participant in CRP-I, three racks were 
received and immersed in the RA reactor spent fuel storage pool. Yugoslavia (Serbia and Montenegro 
after March 2003) was a participant of CRP-II and two racks were received and immersed in the pool 
in March 2003. Another rack, referred to as Rack#1R/CRP-II was assembled with coupons received in 
June 2004 and immersed in basin no. 1 of the pool in July 2004. The exposure times and positions of 
the racks in the basins of the RA spent fuel storage pool are given in Table 2. All the racks were 
immersed in the pool near stainless steel containers and aluminium barrels with spent fuel elements. 
The racks were immersed in the ‘vertical position’, i.e., the rack axis was vertical and the coupons 
were horizontal, except Rack#1R/CRP-II which was immersed with its axis horizontal and the 
coupons were vertical. The coupons were not weighed before or after exposure. 
 
Table 2. Exposure times and position of the racks 
Rack Name/ 
CRP-phase 


Basin no. Immersion date Removal date Duration of 
exposure (months) 


Rack#1 / CRP-I B-4 July 1996  30 July 2002 72 
Rack#2.1 / CRP-I B-1 26 February 2002 25 July 2003 16 
Rack#2.2 / CRP-I B-1 26 February 2002 2 March 2004 24 
Rack#1 / CRP-II B-3 26 March 2003 26 September 2003 6 
Rack#2 / CRP-II B-2 26 March 2003  6 April 2004 12 
Rack#1R / CRP-II B-1 15 July 2004  19 July 2005 12 
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4.2. Site specific coupons 
 
Site specific coupons were not prepared in the Vinča Institute due to lack of appropriate aluminium 
alloys and technology for coupon/surface preparation. 
 
4.3. Rack composition, position in pool and exposure time 
 
A schematic diagram indicating the position of the racks and the sedimentation pot in the water basins 
of the spent fuel storage pool of the RA research reactor at the Vinča Institute, is shown in Fig. 13.  


 


 
 


FIG. 13. Schematic diagram indicating the position of the racks in the RA spent fuel storage pool. 
 


The coupons were in the form of disks, 3 mm thick with inner and outer diameters of 30 and 70 mm or 
30 and 100 mm [10],[11]. The position of the coupons, made of aluminium alloys (Aluminium 
Association of America AA or Russian type SZAV-1 aluminium alloy) and stainless steel (AISI 304 
or 316), in the racks (from top to bottom) is given in Table 3. The top of every rack consists of a 
handle nut, which not only holds the coupons in place but is also used to suspend the rack with a rope. 
Ceramic rings (7 mm thick, inner and outer diameters of 28 and 58 mm) made of alumina were used as 
spacers between coupons. The other components of the rack were made from X8CrNiTi 1810 stainless 
steel and 99.9 % pure aluminium (DIN 1712). The total height of the rack was about 150 mm.  
 
The chemical composition of the aluminium alloys used for the test coupons of the racks, entirely 
produced in the AEKI FRL [11], is shown in Ref [10].  
 
4.4. Observations made immediately after withdrawn of racks 
 
Data recorded immediately after the racks were withdrawn from the basins of the pool are given in 
Table 4 together with some basic data about the rack.  
 
The top surfaces of all coupons (in racks immersed vertically) were covered with sediments. There 
were no sediments on bottom surfaces of these coupons. The top edges of vertical coupons in the 
horizontal rack Rack#1R/CRP-II were also covered with sediments.  All the racks (except 
Rack#1/CRP-I) were disassembled immediately after they were withdrawn and all the coupons were 
removed from the racks according to the IAEA Test Protocol [10]. It was very hard to separate the 
coupled coupons and in a few cases, careful use of a tool was necessary to separate the coupons. 
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Photographs of the front and back of each coupon (properly labelled) were taken. The coupons were 
treated with 5 % phosphoric acid solution according to the IAEA Test Protocol and decontaminated 
using distilled water (and if necessary, a weak detergent free chloride solution) for a few minutes to 
remove sediments and other surface contaminants. 
 
Table 3. Composition of racks (position of coupons from top to bottom) 
Rack Name /CRP-Phase 


Rack#1 
/CRP-I 


Rack#2.1 
/CRP-I 
(Batch-II) 


Rack#2.2 
/CRP-I 
(Batch-II) 


Rack#1 
/CRP-II 


Rack#2 
/CRP-II 


Rack#1R 
/CRP-II 


Ceramic ring 
SZAV-1/04 
SZAV-1/60 
Ceramic ring 
SS 316/02 
AA 6063/68 
Ceramic ring 
SS 316/01 
AA 6063/59 
Ceramic ring 
AA 6063/05 
AA 6061/60 
Ceramic ring 
AA 6063/04 
AA 6061/56 
Ceramic ring 
AA 6061/18 
AA 1100/56 
Ceramic ring 
AA 6061/07 
AA 1100/53 
Ceramic ring 


Ceramic ring 
SS 316/133 
AA 6063/145 
Ceramic ring 
SS 316/121 
AA 6061/123 
Ceramic ring 
AA 6063/159 
AA 6063/196 
Ceramic ring 
AA 6061/217 
AA 6063/227 
Ceramic ring 
AA 1100/229 
AA 1100/236 
Ceramic ring 


Ceramic ring 
SS 316/114 
AA 6063/135 
Ceramic ring 
SS 316/115 
AA 6061/142 
Ceramic ring 
AA 6063/150 
AA 6063/198 
Ceramic ring 
AA 6061/212 
AA 6063/200 
Ceramic ring 
AA 1100/240 
AA 1100/214 
Ceramic ring 


Ceramic ring 
SS 304/330 
AA 6061/302 
Ceramic ring 
AA 6063/249 
AA 6063/228 
Ceramic ring 
AA 6063/204 
Ceramic ring 
AA 6061/312 
Ceramic ring 
SS 304/350 
SZAV-1/377 
Ceramic ring 
SZAV-1/358 
SZAV-1/346 
Ceramic ring 
SZAV-1/335 
Ceramic ring 
SZAV-1/312 
Ceramic ring 
 


Ceramic ring 
SS 304/332 
AA 6061/305 
Ceramic ring 
AA 6063/208 
AA 6063/244 
Ceramic ring 
AA 6063/221 
Ceramic ring 
SS 304/360 
SZAV-1/366 
Ceramic ring 
AA 6061/321 
Ceramic ring 
SZAV-1/376 
SZAV-1/353 
Ceramic ring 
SZAV-1/317 
Ceramic ring 
SZAV-1/329 
Ceramic ring 


SS 304 
10 Ceramic  
     rings 
SS 316/115 
AA R 24 
2 Ceramic rings 
AA R 23 
AA R 22 
2 Ceramic rings 
SS 316/114 
AA Ex 24 
2 Ceramic rings 
AA Ex 23 
AA Ex 22 
11 Ceramic 
      rings 
SS 304 


 
 
The racks were temporarily placed in a glass beaker and partially covered with pool water, and treated 
according to special instructions for disassembling and removing of sediments. After the rack and 
coupons were photographed, the coupons were treated with 5% phosphoric acid solution according to 
the IAEA Test Protocol, but for longer times (about 10 minutes) to remove the large amount of dried 
sediments. Decontamination was done with a weak, detergent free chloride solution and distilled 
water. Since the top surfaces of all the coupons were covered with dark-red sediments, the extent of 
corrosion could not be determined without cleaning the surfaces. Small white sediments (mushroom-
jelly-type deposits) were observed on a few coupons and rack supports. Some of these sediments were 
collected for further analysis. The bottom surfaces of coupons were not covered with sediments and 
the effects of corrosion processes could be noted. Pitting was the main form of corrosion. This was 
seen on the bottom surfaces of all coupons. Spots of different shades of grey and black (assumed to be 
aluminium oxide) were also observed on the coupons. 
Table 4. General description of rack and results of measurements made immediately after withdrawal 
from the pool.  
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Rack photo, name 
and exposure time Assembled Dγ 


(μSv/h) 


pH in 
bulk 
water 


pH on 
coupon 
surface 


pH between 
coupons in 
Al couple 


 
Rack#1/CRP-I (72 months) 


assembled in 
Vinca and 
immersed in  
basin no. 4 
(vertical 
rack) 


3.5 7.0 
- 
7.5 


5.5 
- 
6.5 


NA 
(coupled 
coupons 
were 
dry) 


 
Rack#2.1/CRP-I (16 months) 


assembled in 
Vinca and 
immersed in  
basin no. 1 
(vertical 
rack) 
 


4.0 7.5 5.5 
- 
6.0 


5.8 


 
Rack#2.2/CRP-I (24 months) 


assembled in 
Vinca and 
immersed in  
basin no. 1 
(vertical 
rack) 


3.5 7.0 6.5 
- 
7.0 


5.3 


 
Rack#1/CRP-II (6 months) 


immersed as 
received in 
basin no. 3 
(vertical 
rack) 


3.0 7.5 6.5 
- 
7.0 


6.0 


 
Rack#2/CRP-II (12 months) 


immersed as 
received in  
basin no. 2 
(vertical 
rack) 


4.0 7.5 6.0 
- 
6.5 


5.9 


 
Rack#1R/CRP-II (12 months) 


assembled in 
Vinca and 
immersed in 
basin no. 1 
(horizontal 
rack) 


3.5 6.2 
  


5.9 
- 
6.5 


5.9 
- 
6.0 


 
 
After decontamination, all the coupons were examined visually (and with a microscope at various 
magnifications) and the results are given in Tables 5 to 10. In these tables, the ‘front’ side indicates the 
surface of the coupled coupons exposed to water, and the ‘back’ side, the contact surface.  
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Table 5. Results of visual and microscopic examination of coupons of rack #1/CRP-I 
Coupons Label Side Observations 


Front  Dull surface. Uneven oxidation. SZAV-1 
/04 Back  Crevice corrosion on all coupons. 


Front Corrosion under ceramic ring. Uneven oxidation with pits on the 
rest of the surface. 


Crevice 
Couple 
 SZAV-1 


/60 Back 
Crevice corrosion under coupled coupon. General corrosion with 
spherical pits on the rest of the surface. Pits covered with white 
blisters. 


Front Dull surface with yellow circular deposit. SS 316 
/02 Back Most of the surface bright. 40% under stains. 


Front Corrosion under ceramic ring. Uneven oxidation with spherical 
pits. 


Galvanic 
Couple AA 6063 


/68 Back Galvanic corrosion under coupled coupon. Deep pits of irregular 
shape. Uneven oxidation with spherical pits. White blister 


Front Dull surface. Some stains and yellow deposit. SS 316/ 
01 Back Dull surface. White deposit. 


Front Corrosion under ceramic ring with deep pits. Uneven oxidation 
with pits on rest of the surface. White blister. 


Galvanic 
Couple AA 6063 


/59 Back Intense galvanic corrosion under coupled coupon. 
Front Uneven oxidation with some pits under ceramic ring. AA 6063 


/05 Back Crevice corrosion on all surfaces. 
Front Uneven oxidation with pits. Corrosion under ceramic ring. Crevice 


Couple AA 6061 
/60 Back Crevice corrosion under coupled coupon. Uneven oxidation on rest 


of the surface. 
Front Uneven oxidation with spherical pits. AA 6063 


/04 Back Crevice corrosion on all coupons. 
Front Uneven oxidation. Corrosion under ceramic ring. Crevice 


Couple  AA 6061 
/56 Back Intense corrosion with deep pits under coupled coupon. Pitted 


surface with spherical pits Uneven oxidation on rest of the surface. 
Front Uneven oxidation. Two very large and deep pits of irregular shape. AA 6061 


/18 Back Crevice corrosion on all coupons. 
Front Uneven oxidation. Corrosion under ceramic ring. 


Crevice 
Couple 
 AA 1100 


/56 Back Intense corrosion under coupled coupon. Uneven oxidation on rest 
of the surface. 


Front Uneven oxidation. Corrosion under ceramic ring. AA 6061 
/07 Back Intense crevice corrosion on all coupons. 


Front Uneven oxidation. Corrosion (shallow pits) under ceramic ring. Crevice 
Couple AA 1100 


/53 Back Corrosion under coupled coupon. Uneven oxidation on rest of the 
surface. 
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Table 6. Results of visual and microscopic examination of coupons of rack #2.1/CRP-I 
Coupons  Label Side Observations 


Front  Bright surface. SS coupon, no corrosion. SS 316 
/133 Back  Bright surface with stains. White deposit on 40 % of the surface. 


Front White deposit on 50 % of the surface. Galvanic corrosion, deep 
pits of irregular shape 


Galvanic 
Couple  AA 6063 


/145 Back Uneven oxidation. Corrosion under ceramic ring with very deep 
pits of irregular shape 


Front Bright surface with white and yellow deposit. SS 316 
/121 Back Bright surface. 


Front Corrosion under ceramic ring with deep pits. Galvanic 
Couple AA 6061 


/123 Back Dull surface near outer edge. Galvanic corrosion with shallow 
pits. 


Front Dull discoloration. General corrosion under ceramic ring. Pits 
with spherical shape AA 6063 


/159 Back Crevice corrosion, but no corrosion on scratch.  
Front Dull discoloration. Corrosion under ceramic ring. 


Crevice 
Couple AA 6063 


/196 Back Crevice corrosion on whole surface. Pits of irregular shape  
Front General corrosion near outer edge. Dull discoloration.  AA 6061 


/217 Back Crevice corrosion on 80 % of the surface. Pits of irregular shape 
Front Dull discoloration. General corrosion. 


Crevice 
Couple AA 6063 


/227 Back Crevice corrosion on 80 % of the surface. Pits of irregular shape 
Front Dull discoloration. A lot of yellow deposit. AA 1100 


/229 Back Crevice corrosion on all surfaces. Shallow pits of irregular shape 
Front Uneven oxidation. Pitted surface with shallow pits. 


Crevice 
Couple  AA 1100 


/236 Back Crevice corrosion on whole surface. 
 
Table 7. Results of visual and microscopic examination of coupons of rack #2.2/CRP-I 
Coupons Label Side Observations 


Front Bright surface and white, thin, circular line SS 316 
/114 Back  Bright surface with some stains 


Front 
Dull, surface exposed to water. General corrosion, mainly under 
ceramic ring. Pits mostly spherical and shallow. Grain boundaries 
also etched in this region 


Galvanic 
Couple 
 AA 6063 


/135 
Back Bright surface compared with top. White deposits. Galvanic 


corrosion on about 30 % of surface and on the outer edge. 


Front Almost bright surface. Broken thin line under ceramic ring 
boundary. Corrosion on inner edge. SS 316 


/115 Back White deposit and corrosion with irregular shaped pits covering 
80 % of the surface. There is corrosion on the inner edge 


Front General corrosion on some areas under ceramic ring. Dull 
discoloration 


Galvanic 
Couple 


AA 6061 
/142 Back White deposits and galvanic corrosion on 80 % of surface. Shallow 


pits 


Front Exposed surface is dull. Some bright spots under ceramic ring. 
Spherical and irregular shaped pits under ceramic ring. AA 6063 


/150 Back White deposits and crevice corrosion on 20% of the surface 


Front Corrosion on area under ceramic ring with deep pits. Bright area 
under   mushroom type sediment 


Crevice 
Couple AA 6063 


/198 Back White deposits and crevice corrosion on 80 % of the surface. 
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Table 7 (continued). Results of visual and microscopic examination of coupons of rack #2.2/CRP-I  


Front White deposits on 80 % of the surface. Bright area under 
mushroom type sediment. Corrosion under ceramic ring. AA 6061 


/212 Back Crevice corrosion on the whole surface. Five areas with deep pits. 


Front The whole surface is dull. Corrosion on about 50 % of area under 
ceramic ring. Uniform scale formed on the exposed surface 


Crevice 
Couple AA 6061 


/200 Back Crevice corrosion on the whole surface with spherical and 
irregular pits. 


Front Whole surface is dull. Corrosion and small bright area under 
ceramic ring. Uniform and dense scale on exposed surface.  AA 1100 


/240 Back Crevice corrosion on the whole surface. Bright and dark areas 


Front Complete, uniform and thick dull (scale) surface with 4 to 5 white 
areas on exposed surface. Few bright areas under ceramic ring. 


Crevice 
Couple AA 1100 


/244 Back Crevice corrosion on the whole surface. Bright and dark areas. 
White deposits 


 
 
Table 8. Results of visual and microscopic examination of coupons of rack #1/CRP-II 
Coupons  Label Side Observations 


Front  Dull surface with red-brown deposit. Corrosion under ceramic ring SS 304 
/330 Back  Bright surface with some stains 


Front Dull surface in areas exposed to water. About 10 pits on the 
surface. General corrosion, mainly under ceramic ring. 


Galvanic 
Couple 
 AA 6061 


/302 Back Galvanic corrosion on all coupons. Very deep pits. White deposits. 
There is corrosion on outer edge. 


Front Dull surface. White and yellow deposits. Jelly-mushroom sludge 
on this surface. AA 6063 


/249 Back Dull discoloration. Uneven oxidation. General corrosion. 
Front Dull surface. General corrosion mainly under ceramic ring 


Crevice 
Couple AA 6063 


/228 Back Dull discoloration. Uneven oxidation. General corrosion 


Front Coupon not bright. Some yellow deposit. No corrosion on scratch. 
Outer edge is dull Single 


Coupon 
AA 6063 
/204 Back Coupon dull. 


Front Dull surface. White deposits. General corrosion mainly under 
ceramic ring Single 


Coupon 
AA 6061 
/312 Back Dull discoloration. General corrosion mainly under ceramic ring 


Front Bright surface. White deposits. SS 304 
/350 Back Bright surface.  


Front Dull discoloration. Intense general corrosion on about 10 % of the 
surface under ceramic ring with deep pits 


Galvanic 
Couple 
 SZAV-1 


/377 Back Intense corrosion on about 80 % of the surface 


Front Complete surface dull with islands of pits. Corrosion on area under 
ceramic ring SZAV-1  


/358 Back Crevice corrosion on the whole surface. Bright and dark areas. 
Front The whole surface uniformly with white deposits. 


Crevice 
Couple 
 SZAV-1 


/346 Back Crevice corrosion on the whole surface. Bright and dark areas 
Front Dull and pitted surface with deep spherical pits Single 


Coupon 
SZAV-1 
 /335 Back Dull surface 


Front Dull discoloration on about 30 % of the surface. Corrosion in areas 
under ceramic ring. No corrosion on scratch. Single 


Coupon 
SZAV-1 
 /312 Back Dull discoloration on about 30 % of the surface 
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Table 9. Results of visual and microscopic examination of coupons of rack #2/CRP-II 
Coupons  Label Side Observations 


Front No corrosion. Sediment at edge of ceramic ring. Bright surface. 
Broken thin line under ceramic ring boundary. SS 304 


/332 Back  No corrosion effects. Significant white deposits with irregular 
shape covering 80 % of the surface. 


Front 
Dull discoloration with islands of pits near outer edge. Corrosion 
in area and edge under ceramic ring. Large corrosion (area about 
5 mm x 3 mm) on outer edge.  


Galvanic 
Couple 
 AA 6061 


/305 
Back Intense galvanic corrosion on whole surface and on outer edge. 


Two big (diameter about 1 mm) pits 


Front Dull discoloration with uneven oxidation. No corrosion on surface 
and on scratch. AA 6063 


/208 Back White sediment and crevice corrosion on whole surface.  


Front Dull uniform coloured surface with islands of pits. General 
corrosion near outer and inner edge.  


Crevice 
Couple AA 6063 


/244 Back Characteristic crevice corrosion on whole surface. 


Front 
Uneven oxidation with islands of pits on whole surface. Single pit 
on scratch and single brown coloured large pit (about 2 mm 
diameter) on surface 


Single 
Coupon 


AA 6063 
/221 


Back Uneven oxidation. Small corrosion pits. 


Front Almost bright surface. Broken thin line under ceramic ring 
boundary. No corrosion SS 304 


/360 Back White deposits with irregular shape on 80 % of the surface. No 
corrosion. 


Front Dull surface with islands of pits. Intense corrosion under ceramic 
ring and pit islands near outer edge. 


Galvanic 
Couple 
 SZAV-1 


 /366 Back Intense corrosion on whole surface with white deposits and Al 
removed. Corrosion islands with area about 1 cm2. 


Front 
Dull discoloration with islands of pits. Large corrosion under 
ceramic ring and a big ‘crater’ (area about 5 mm x 6 mm) near 
outer edge with central pit diameter about 3 mm.  Single 


Coupon 
AA 6061 
/321 


Back 
Dull discoloration with islands (about 6 mm x 8 mm) of pits. 
Corrosion under ceramic ring. Large pit with area about 1 cm2 
depth about 0.5 mm near inner edge. 


Front 
Complete surface dull with white blisters. Corrosion under ceramic 
ring and on outer edge. Few deep pits of brown colour, diameter 
about 1 mm. SZAV-1  


/376 
Back Intense crevice corrosion on the whole surface. Bright and dark 


areas. 


Front Whole surface uniformly dull. Corrosion under ceramic ring and 
small corrosion on outer edge 


Crevice 
Couple 
 


SZAV-1 
 /353 Back Sediments and intense crevice corrosion on the whole surface. 


Bright and dark areas.  
Front Uneven oxidation. No corrosion Single 


Coupon SZAV-1 
 /317 Back Uneven oxidation. Corrosion process initiated at scratch and 


on whole surface 


Front 
Whole surface uniformly dull. Significant pitting corrosion on 
surface. Diameter of some pits up to 3 mm. Corrosion under 
ceramic ring. Single 


oupon 
SZAV-1 
 /329 


Back 
Uneven oxidation with red brown deposits. Pitting corrosion on 
surface. Largest pit diameter about 1 mm. Corrosion under ceramic 
ring 
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Table 10. Results of visual and microscopic examination of coupons of rack #1R/CRP-II 
Coupons  Label Side Observations 


Front  SS 316 
/115 Back  


Front Large corrosion ‘crater’ at the edge of surface and dull 
discoloration with island of pits near outer edge.  


Galvanic 
Couple AA 6061 


/R24 Back Three big corrosion spots near surface, on side opposite to that 
withsame type of corrosion. Large number of small pits 


Front Dull discoloration at area where initial corrosion pitting occurred. 
Maximum pit diameter 1 mm AA 6061 


/R23 Back Crevice corrosion initiated on the whole surface. 


Front Corrosion initiated on few areas of coupon surface. Maximum pit 
diameter about 1 mm. 


Crevice 
Couple AA 6061 


/R22 Back Crevice corrosion initiated on few areas of coupon surface. Big pit 
in crevice pitted area 


Front  SS 316 
/114 Back  


Front 


Large number of pits grouped in different areas of surface. Length 
from 1 mm to 3 mm, width about 1 mm and depth about 20 μm. 
One big size pit near edge (diameter appox. 2 mm2 and depth about 
0.5 mm). 


Galvanic 
Couple AA 6061 


/Ex24 


Back Two big corrosion zones with areas of appox. 0.5 cm2 and 1 cm2 
and largest depth of appox. 0.3 mm. Few smaller size pits. 


Front Large number of pits (diameter about 3 mm) on whole surface area AA 6061 
/Ex23 Back Few corrosion damages at the edges of the coupon facing water. 


Pits initiated on coupon surface. 
Front Few groups of corrosion pits with diameter of about 1 mm 


Crevice 
Couple AA 6061 


/Ex22 Back Few pits with diameters in range 1 – 3 mm, one large crevice 
corrosion area and discoloration 


 
Pit depths were measured without destroying the aluminium alloy coupons, with the aid of a special 
mechanical device with a needle (diameter 10 μm) attached to a circular Vernier calliper (Fig. 14). The 
depth resolution was 10 μm. Depths of only large pits were measured. 


 


  
 
FIG. 14. Device used to measure pit depths, with 10 μm resolution (left: zero level calibration, right: 
pit depth being measured). 
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Photographs in Figs. 15 to 28 reveal the effects of sediments and corrosion features on coupon 
surfaces. 


 


  
 


FIG. 15. Galvanic corrosion with white deposit 
on coupon AA 6063/68 from Rack#1/CRP-I 


exposed for six years. 


 
FIG. 16. Deep pit on  surface of coupon AA 


6061/18 from Rack#1/CRP-Iafter six years of 
exposure. (Mark on graded scale = 12.7 μm 


 


 
 
FIG. 17. White, jelly-mushroom type sludge on top surface of coupons AA 6061/212 from 
Rack#2.2/CRP-I (a), and AA 6063/249 from Rack#1/CRP-II (b) after six years of exposure. 
 


 


  
 


FIG. 18. General corrosion on contact surface of 
coupon SZAV-1/377 from Rack#1/CRP-II, after 


six years of exposure. 


 
FIG. 19. Deep pits on top surface of single 


coupon SZAV-1/335 from Rack#1/CRP-II, after 
two years of exposure. (Mark on graded scale = 


12.7 μm) 
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FIG. 20. Circular pits on top surface of coupon 
AA 6061/302 from Rack#1/CRP-II, after two 


years of exposure. 
(Mark on graded scale = 12.7 μm) 


 
FIG. 21. Dark-red sediments on exposed surface 


of coupon SS 316/114 from Rack#2.2/CRP-I, after 
six years of exposure. 


 


  
 


FIG. 22. Galvanic corrosion on surface of 
coupon AA 6063/135 from Rack#2.2/CRP-I, after 


six years of exposure.  
(Mark on graded scale = 12.7 μm) 


 
FIG. 23. Corrosion on scratch on top surface of 
coupon AA 6063/221 from Rack#2/ CRP-II, after 


one year of exposure.  
(Mark on graded scale = 12.7 μm) 


 


  
 
FIG. 24. Large corrosion pit (‘crater’) on top surface of coupon AA 6063/221 from Rack#2/CRP-II, 
after one year of exposure. (Mark on graded scale = 12.7 μm) 
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FIG. 25. Crevice couples SZAV-1/376 + SZAV-1/353 from Rack#2/CRP-II, after one year of exposure. 


 


  
 
FIG. 26. Crevice corrosion on contact surface of coupon SZAV-1/366 from Rack#2/CRP-II, after one 
year of exposure. 


 


  
 


FIG. 27. Corrosion at scratch on top surface of 
single coupon SZAV-1/317 from Rack#2/CRP-II, 


after one year of exposure. 
(Mark on graded scale = 12.7 μm) 


 
FIG. 28. Initiated pit on top surface of single 


coupon SZAV-1/317 from Rack#2/CRP-II, 
exposed for one year. 


 (Mark on graded scale = 12.7 μm) 
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All the aluminium coupons of Rack#1R/CRP II were made from extruded AA 6061 alloy (labelled 
Ex##) or rolled AA 6061 alloy (labelled R##). Two bimetallic couples and two crevice couples were 
assembled in the rack. The rack, with its axis in the horizontal position, was immersed in basin no. 1 
of the RA spent fuel storage pool near containers with fuel elements and exposed for one year to study 
the effect of coupon grain orientation on corrosion. 
 
The first visual examination of Rack#1R/CRP-II showed that only small areas of the sides of the 
coupons were covered with sediments. However, the top edges (to the water surface) of the coupons 
were covered with thin red-brown sludge sediments, and the bottom edges of these coupons were 
without sediments. Some, isolated, large white-grey deposits covered surfaces of aluminium coupons 
on the side close to the surface of the water. Photographs of Rack#1R/CRP-II are shown on Figs. 29 to 
33. 
 


  
   
FIG. 29. Front (left) and back (right) sides of AA 6061 Ex 24 coupon of Rack#1R/CRP-II exposed for 
one year. 
 


   
 
FIG. 30. Front (left) and back (middle) sides and edge of AA 6061 R 24 coupon of Rack#1R/CRP-II 
exposed for one year. 
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FIG. 31. Initiation of corrosion (left) and big pit (right) on contact surface of AA 6061 Ex 24 coupon 
of Rack#1R/CRP-II exposed for one year. (Mark on graded scale = 12.7 μm). 


      


  
 
FIG. 32. Big pit (left) and small pit (right) on exposed surface of AA 6061 Ex 23 coupon of 
Rack#1R/CRP-II exposed for one year. (Mark on graded scale = 12.7 μm). 


   


  
    
FIG. 33. Big pits on exposed (left) and contact surface (right) of AA 6061 R24 coupon of 
Rack#1R/CRP-II exposed for one year. (Mark on graded scale = 12.7 μm). 
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5. OVERAL DISCUSSION, COMPARISON AND CORRELATION   
 
The overall conclusions derived from the examination of aluminium alloy coupons of all six racks in 
the spent fuel storage pool, shown in Tables 5 to 10 and from the monitored water parameters, can be 
summarized as follows: 
 


 Improper chemical parameters of tap water in the pool increased significantly the corrosion of 
aluminium alloys after just six months of exposure. 


 High sedimentation rates (about 11 mg/cm2 per month) were measured in the storage pool. 
 Pool water was contaminated with 137Cs nuclide (having leaked from cladding breached spent 


fuel elements) with specific volume activity of about 100 Bq/cm3 
 The top surfaces of all coupons (exposed to the pool water), including the edges of vertically 


oriented coupons, were covered with dark-red sediments. In some cases, the sediments were 
white or yellow jelly-mushroom type. 


 On almost all aluminium alloy coupons, pits and pit clusters were observed under the ceramic 
ring. 


 In general, corrosion was not observed on pre-oxidized aluminium coupons 
 Crevice corrosion was observed on the contact surfaces of coupons, sometimes with large 


corroded areas (‘craters’ a few square millimetres). In the case of coupled coupons the 
exposed surfaces were covered with a large number of pits, small, spherical and with 
diameters less than 0.3 mm. Large pits (with diameter up to 3 mm and about 0.5 mm deep) 
were also observed, regardless of the duration of exposure. 


 All contact surfaces of aluminium crevice coupons were covered with a white or grey oxide 
and were stained. 


 On some single aluminium alloy coupons, besides pits on both surfaces, and on the exposed 
surface of coupled coupons), a scale type of corrosion was observed together with an almost 
uniform dull surface discolouration. 


 A correlation between coupon corrosion and duration of exposure (from six months to 72 
months) could not be established. This could be attributed to the varying electrode-potentials 
of the aluminium coupons, created between the coupons and the spent fuel containers or basin 
construction material in the vicinity, even though the chemical parameters of the water in 
basins of the storage pool were similar. 


 The vertical aluminium alloy coupons corroded less than the horizontal coupons exposed for 
the same duration (one year). 


 Coupons made of AA 6061, produced from extruded sheets corroded less that those produced 
from rolled stock. 


 In all aluminium alloy - stainless steel couples, the aluminium alloy coupons were stained on 
the contact surface with white or grey aluminium oxide. Few pits were observed on the 
contact surface. 


 Examination of the scratch on the pre-oxidized coupon revealed in just two out of six cases, a 
single corrosion pit on the scratch. The results of visual and microscopic examination of the 
coupons with scratches are summarized bellow: 


o Rack#2.1/CRP-I, AA 6063/159, coupon, scratch on the exposed surface of the crevice 
couple to another AA 6063 coupon, no corrosion on scratch; 


o Rack#1/CRP-II, single AA 6063/204 coupon, scratch on top surface, no corrosion on 
scratch; 


o Rack#1/CRP-II, single SZAV-1/312 coupon, scratch on top surface, no corrosion on 
scratch; 


o Rack#2/CRP-II, single AA 6063/221 coupon, scratch on top surface, single pit on scratch; 
o Rack#2/CRP-II, AA 6063/208 coupon coupled to another AA 6063 coupon, scratch on top 


surface, no corrosion on scratch; 
o Rack#2/CRP-II, single SZAV-1/317 coupon, scratch on non-contact surface, corrosion 


initiated on scratch; 
Results of studies related to corrosion effects of RA reactor spent fuel storage pool water on 
aluminium coupons have been published since 1996 and some of the conclusions are given in 
references [12-23]. 
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6. CONCLUSION  
 
The main conclusions from evaluation of coupons of different aluminium alloys exposed for different 
duration to tap water in the spent fuel storage basins of the Vinča Institute of Nuclear Sciences, 
Belgrade, Serbia and Montenegro, as part of the IAEA CRP on “Corrosion of Research Reactor 
Aluminium-Clad Spent Fuel in Water – Phase II” are: 
 


o The spent fuel storage basin water had very high electrical conductivity, improper pH, high 
chloride, iron and SO4 ion content. The rate of sludge sedimentation was also high.  


o Six racks with coupons were exposed to the basin water for periods ranging from six 
months to six years and significant corrosion was noted on almost all the coupons.  


o No correlations could be established between the extent of corrosion and exposure time as 
well as water parameters. This could be attributed to the varying electrode-potentials of the 
aluminium coupons, created between the coupons and the spent fuel containers or basin 
construction material in the vicinity of the racks, even though the chemical parameters of 
the water in basins of the storage pool were similar. The extent of corrosion of the different 
aluminium alloy coupons was almost the same for exposures that varied from six months to 
six years.  


o Vertical coupons corroded less than horizontal coupons exposed for the same duration.   
 
It is believed that the final results of the Vinča Institute’s studies will contribute towards improved 
spent fuel management and storage practices at temporary pool storage facilities for spent research 
reactor fuel. The effects of tap water chemistry, radioactivity and sludge sedimentation rates on Al 
coupon corrosion were evaluated in this research project. This data besides aiding a better 
understanding of localized corrosion of aluminium alloys, could be also used to update guidelines for 
improving aqueous corrosion resistance of aluminium alloys. 
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Abstract. The Office of Atoms for Peace (OAP) is a nuclear research institute of Thailand with a TRIGA type 
Research Reactor, which has been in operation since 1962. At present, there are two storage facilities for spent 
fuels, one in the reactor pool and the other in an away-from-reactor spent fuel storage basin. In this research 
work a total of 5 coupon racks were immersed into the two spent fuel storage sites at OAP. Two racks containing 
coupons in horizontal position were kept in the reactor pool and three racks, one with coupons in vertical 
position and two with coupons in horizontal positions, were kept in the spent fuel storage basin. Three of them 
stayed immersed for about 1 year, while the other two were kept for about two years. The water chemistry of 
both storage sites was monitored monthly during the program period, from March 2003 to June 2005. It can be 
concluded that the water in the reactor pool meets the reactor grade requirement (conductivity below 2 μS/cm, 
among other factors) while the water in the spent fuel storage basin has a higher conductivity (6-28 μS/cm). The 
amount and type of particles that fall into the storage facilities were monitored for a short period of about 3 
months. The results have shown that the presence of non-metallic dust in small amounts has no influence on the 
corrosion phenomena. The low radiation activity of the storage basin also plays no significant role on alloys 
corrosion. pH inside coupons couples has been measured using pH paper after racks disassembling. No 
significant change has been observed even on coupons with a high level of corrosion. From the results, it can be 
concluded that the factors influencing spent fuel aluminium alloy corrosion are: water quality, storage time, 
contact with other materials or impurities, final surface treatment and position. Visual inspection and pictures of 
the coupon are presented. Metallographic inspection of some selected pits as well as their depths are reported 
here. The most significant pits were mostly formed by the merging of several pits. 
 
1. INTRODUCTION 
 
1.1. OAP and the Thai Research Reactor (TRR 1/M1) 
 
The Office of Atoms for Peace (OAP in short) is a nuclear research institute under the Ministry of 
Science and Technology of the Royal Government of Thailand. Apart from other nuclear activities, the 
Institute is responsible for the operation of the Thai Research Reactor (TRR1/M1) which has been in 
operation since 1962. It is a light water pool type reactor using HEU-MTR plate fuel with aluminium 
clad. In 1977, after 15 years of operation, it was modified to TRIGA type using stainless steel rod type 
fuel. It is currently operating at 1200 kW thermal power for about 45 hours per week. Its major 
utilisation includes isotope production for industrial and medical purposes, neutron scattering 
experiments, gemstone colour enhancement and neutron activation analysis in various fields. 
 
1.2. Spent-fuel storage facilities at OAP 
 
At present, OAP uses two spent fuel storage facilities. The TRIGA spent fuels are stored in the reactor 
pool and control rods are stored in the away-from-reactor spent fuel storage basin. Previously, OAP 
stored aluminium clad spent fuel was shipped back to its country of origin, the USA. 
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1.2.1. The spent fuel storage basin 
 
The spent fuel storage basin is located in a separate building adjacent to the reactor building. The 
building has no windows and only two slide doors which are always closed and securely locked. It is 
equipped with area radiation monitoring. The building is open only in specific occasions when certain 
special activities are carried out. The pool itself is made of concrete with epoxy lining and is 4 by 
2 meters and 5 meters in depth. It contains 5 spent fuel storage racks for MTR spent fuels made of 
aluminium and several SS racks for TRIGA rod type spent fuels. It is filled with 36 cubic meters of 
nuclear reactor grade water. The pool cover is made of teak wood and canvas with epoxy paint. 
 
The facility has a purification system that consists of a 20 l stainless steel column filled with a mixed 
bed ion-exchange resin. It is placed adjacent to the pool. One end of the column is situated at 0.5 
meters from the water surface. The other end is located at about 1 meter from the bottom of the pool. 
The system runs by a circulation pump at a flow rate of about 12.5 l/min. The purified water flows 
onto the surface water by gravity. Usually, the water is circulated through the system for about 6 hours 
or until the conductivity of the water in the pool comes down below the limit of 2 μS/cm. The water in 
the pool is circulated periodically. At present, since most spent fuel has been removed, the water is 
usually circulated once every 6 months. 


 
1.2.2. The reactor pool 
 
The reactor pool is a rectangular pond made of concrete with epoxy lining. The size is 3.5 by 12 meter 
and 8.5 meter in depth (Fig. 1). The water level is maintained at about 8 meters. The reactor core is 
placed towards the narrow side of the pool while the storage racks for spent fuel are hung very close to 
the wall in scattered places. The reactor pool holds about 245 cubic meters of reactor grade water. The 
conductivity as well as the radioactivity of the water is constantly monitored. 
 
The water in the reactor pool is circulated through various types of heat exchangers using 2 pumps. 
The cooling unit functions during the 45 hours reactor operation weekly period. A diffuser pump 
draws the water surface stream and injects it at an unknown rate at the top of the reactor core to delay 
the emergence of the radioactive nitrogen produced. This also influences to some extent the circulation 
of water in the reactor pool. 
 
The reactor water is treated in the following way: A suction device draws water from 0.5 meter from 
the surface, which is sifted using a filtration apparatus with 3 nylon fibre units (50 micron) and then 
circulated through a purification system which has a mixed bed reactor grade ion-exchanger resin. 
This system holds about 70 litres of resin and the flow can be from 95 to 159 l/min using 2 
consecutive pumps. This makes the reactor pool very low in dust particulates while maintaining the 
high quality water for reactor purposes. 
 


 
 


FIG. 1. Sketch of the reactor pool. 
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1.3. Number and type of fuel stored in the storage basin 
 
At present, only 4 control rods made of SS are kept in the spent fuel storage basin since 1991. In the 
reactor pool, some TRIGA spent fuels are stored in the stainless steel racks at scattered locations 
throughout the entire pool. 
 
2. MATERIALS AND METHODS  
 
2.1. Equipments 
 
The following equipments/instruments have been made available for the present research work: 
 
− Conductivity meter/pH meter (Cyberscan, Eutech Instruments, Singapore) capable for on site 


measuring the conductivity, pH and temperature of the water. 
− Spectroquant water analyser (Merck, Germany) using a spectrophotometric technique capable 


of measuring different ions in water. The measured parameters are: total hardness, Cl-, SO4
-2, 


NO3
-, NO2


-, calcium and iron. The minimum measurable concentrations are: 2.5 mg/l for Cl-, 25 
mg/l for SO4


-2, 1 mg/l for NO3
-, 0.02 mg/l for NO2


-, 10 mg/l for calcium and 0.05 mg/l for iron. 
− ICP-AES (Plasma 1000, Perkin Elmer) capable of measuring low concentrations of Cu and Ag 


in water. The minimum measurable concentrations for both elements are 0.01 mg/l. 
− Metallurgy microscope suitable for observing corrosion phenomena on the coupon surface. 
− High resolution digital camera with 4 million pixels of resolution, 3 times optical zoom and 


macro function. 
− Gamma Spectrometer with HpGe detector (Canberra) for measurement of Cs137 activity. 
 
2.2. Location of racks and immersion date 
 
2.2.1. Vertical racks 
 
Four vertical racks (horizontal coupons) were prepared as agreed for the CRP. A picture of each of 
them was taken before their placing in the storage basin (see details in Fig. 2). Two sample racks 
(Rack 1 and Rack 2) were placed 3 meters deep in the spent fuel storage basin. Their respective 
hanging locations were about 0.5 and 1.5 meter from the wall of the storage basin, using a nylon rope, 
since the pool has very low activity. The other two racks (3 and 4) were placed in the reactor pool at 
about 5 meters deep in between two spent fuel storage racks (see Fig. 3), using SS wire. These two 
racks were put close together, due to some restriction in the hanging facility allowed by the reactor 
operation unit. Care was taken to avoid direct contact between the two racks. It was observed that the 
samples were always moving towards the same direction because of the high circulation rate of water 
in the reactor pool during the reactor operation period. 
 


 
 


FIG. 2. Coupon assembly in one of the four vertical racks. 
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FIG. 3. Vertical racks placed in the reactor pool, in between two spent fuel storage assemblies. 
 


2.2.2. Horizontal racks 
 
One horizontal rack (vertical coupons) was placed in the spent fuel basin. Detail of coupon racks 
immersed at various points, including immersion and removal dates, are presented in Table 1. 
 
Table 1. Detail of coupon assemblies, location, dates of immersion and removal 
No  Coupons, starting from hook end  


(Id. Number) 
Location Immersion  


dd-mm-yyyy 
Removal 
dd-mm-yyyy 


Immersion 
time 


Rack 1 
(horizontal 
coupons) 


SZAV-1(222) 
SZAV-1(205) 
SZAV-1(221) / SZAV-1(224) 
AA 6061(358) 
AA 6061(332) 
AA 6061(345) / AA 6061(356) 
AISI 304(306) / AA 6061(341) 


Spent  
fuel  
pool 


14-03-2003 29-04-2004 13 months 


Rack 2 
(horizontal 
coupons) 


SZAV-1(243) 
SZAV-1(2070 
SZAV-1(210) / SZAV1(232)  
AA 6061(343) 
AA 6061(363) 
AA 6061(354) / AA 6061(352) 
AISI 304(307) / AA 6061(350) 


Spent  
fuel 
storage 
basin 


14-03-2003 11-10-2005 31 months 


Rack 3 
(horizontal 
coupons) 


SZAV-1(247) 
SZAV-1(208) 
SZAV-1(236) / SZAV-1(237) 
AA 6061(110) 
AA 6061(359) 
AA 6061(349) / AA 6061(353) 
AISI 304(308 / AA 6061(346) 


Reactor 
pool 


14-03-2003 29-04-2004 13 months 


Rack 4 
(horizontal 
coupons)  


SZAV-1(241) 
SZAV-1(200) 
SZAV-1(230) / SZAV1(234) 
AA 6061(111) 
AA 6061(333) 
AA 6061(347) / AA 6061(348) 
AISI 304(309) / AA 6061(344) 


Reactor 
pool 


14-03-2003 11-10-2005 31 months 


Rack V 
(vertical 
coupons) 


AISI 316(123) / EX AA 6061(19) 
EX AA 6061(21)/EX AA 6061(20)
R AA 6061(21) / R AA 6061(20) 
R AA 6061(19) / AISI 316(106) 


Spent  
fuel 
storage 
basin 


21-07-2004 11-10-2005 15 months 
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2.3. Rack monitoring 
 
Visual observation from the top of both the spent fuel storage basin and the reactor pool was the only 
inspection carried out to make sure that the samples were still in place and no other significant 
changes occurred. After one and two years, the racks were extracted and detailed inspection was 
performed, including radioactivity of the samples, using an appropriate probe. A visual preliminary 
inspection of the racks was performed prior to the disassembling and measuring of the pH of the water 
retained in the coupons. Photographs of both sides of each coupon were taken. Significant details, like 
colour and ease of removal from the racks, were noted. Afterwards, the coupons with significant 
pitting were taken for further cleaning using 20% H3PO4. The pit depth and width were determined 
using Vernier scales for the large ones while the small pits were observed under an optical 
metallurgical microscope. 
 
2.4. Water quality control of the storage facilities 
 
2.4.1. Water collection 
 
Water samples from the spent fuel storage basin were collected at a depth of 3 meters, close to the 
sample racks, by means of a submersion pump. Care was taken to avoid any significant water 
movement and to produce changes of conditions of the water surrounding the coupons. The water 
from the reactor pool was drawn from about 1 meter below the surface to avoid contamination with 
any floating dust particle. Since water circulation is forced all the time, its quality is assumed to be 
similar throughout the entire pool. The collected water was kept in a polyethylene bottle and analyzed 
as soon as possible without any treatment. In case of any delay, the samples were kept in a refrigerator 
till the moment to perform the analysis. The following parameters were analysed: pH, conductivity, 
temperature, total hardness and Cs137 activity. Concentrations of Cl-, SO4


-2, NO3
-, NO2


-, calcium, iron, 
copper and silver were also measured. Water quality monitoring in both locations was performed 
about once a month from March 2003 to June 2005. 
 
2.4.2. Water activity 
 
Cs 137 activity in water of both storage sites was measured periodically. On each occasion, 
approximately 1 litre of sample water was dried and the activity was measured using a gamma 
spectrometer. The activity was then calculated by using the efficiency of the detector. 
 
2.5. Sediment collection 
 
Enamel coated iron containers with dimension of 255 cm2 of base area by 14 cm of height were placed 
at both storage locations from 18 March 2004 to 28 June 2004 (131 days). Due to the pressure of 
water, the lids of both containers were opened just below water surface and not at their final position 
depth as suggested in the CRP Test Protocol. The container in the reactor pool was positioned at 5 
meter of depth, while in the spent fuel pool was placed at 2.5 meters from the surface. The containers 
were removed from the site with their lids on. The total amount of gathered dust was evaluated by 
filtering the collected solution with a cellulose acetate membrane filter (45 micron pore size) using a 
suction pump. The collected dust samples from both sites were then washed with acetone and let to 
dry for few days in a desiccator. A qualitative XRF analysis of the gathered material was performed. 
 
3. RESULTS 
 
3.1. Water chemistry 
 
The results of the reactor pool water analysis are reported in Table 2. pH, temperature and 
conductivity of the water in the reactor pool are shown in Fig. 4 and the ionic data is presented on Fig. 
5. For the spent fuel storage basin, the values related to the water analysis are shown in Table 3, pH, 
temperature and conductivity are shown in Fig. 6, and the ionic data of the water is shown in Fig. 7.  
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Table 2. Chemical parameters of water in reactor pool 
 


Date 
 


pH Conduct 
µS/cm 


Temp 
ºC 


Cl- 


mg/l 
NO3 
mg/l 


NO2
mg/l 


SO4 
mg/l


Hard
ness
mg/l


Fe 
mg/l 


Ca 
mg/l 


Cu 
mg/l 


Ag 
mg/l 


03/3/14 4.6 0.9 31.3 <2.5 <0.5 0.01 15 163 <0.05 <10 <0.01 <0.01
03/4/22 5.5 1.1 32.1 <2.5 <0.5 0.01 26 162 <0.05 <10 <0.01 <0.01
03/5/27 7.2 1.9 31.8 <2.5 <0.5 0.01 14 112 <0.05 <10 <0.01 <0.01
03/7/09 5.9 1.3 31.7 <2.5 <0.5 0.01 22 113 <0.05 <10 <0.01 <0.01
03/8/21 6.9 0.9 31.6 <2.5 1.67 0.02 25 142 <0.05 <10 <0.01 <0.01
03/9/25 5.5 1.5 30.1 <2.5 <0.5 0.03 28 153 <0.05 <10 <0.01 <0.01
03/12/23 6.9 1.4 29.1 <2.5 <0.5 0.01 24 125.5 <0.05 <10 <0.01 <0.01
04/1/20 5.5 1.32 31.5 <2.5 <0.5 0.01 34 156 <0.05 <10 <0.01 <0.01
04/2/27 4.8 1.74 28.2 <2.5 <0.5 0.01 9.5 250 <0.05 <10 <0.01 <0.01
04/3/18 4.56 1.11 34.4 <2.5 <0.5 0.01 33 185 <0.05 <10 <0.01 <0.01
04/4/29 6.02 1.79 32.7 <2.5 0.6 0.05 14 13 <0.05 <10 <0.01 <0.01
04/5/28 6.98 1.11 35.0 <2.5 <0.5 0.06 11 15.5 <0.05 <10 <0.01 <0.01
04/6/01 n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. 
04/7/28 7.22 1.56 34.4 <2.5 <0.5 0.08 20.67 12 <0.05 <10 <0.01 <0.01
04/8/26 5.51 1.02 33.3 <2.5 1.04 0.06 22 8 0.13 <10 <0.01 <0.01
04/9/22 4.82 1.2 34.1 <2.5 <0.5 0.10 15.67 11 0.15 <10 <0.01 <0.01
04/10/21 4.21 1.23 32.4 <2.5 1.06 0.08 19 - 0.19 <10 <0.01 <0.01
04/11/18 4.51 2.90 34.6 <2.5 0.94 0.12 16 - 0.33 <10 <0.01 <0.01
04/12/15 2.39 2.86 31.4 <2.5 0.90 0.08 20.67 - 0.18 <10 <0.01 <0.01
05/1/27 4.26 3.08 35.1 <2.5 1.58 0.08 27 8.5 0.20 <10 <0.01 <0.01
05/2/01 n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. 
05/3/01 n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. 
05/4/7 4.36 3.09 32.2 <2.5 <0.5 0.15 29 3.5 0.30 <10 <0.01 <0.01
05/5/31 4.68 3.83 32.05 <2.5 <0.5 0.12 32.33 - 0.23 <10 <0.01 <0.01
05/6/23 4.33 3.6 34.0 <2.5 1.60 0.06 36 - 0.28 <10 <0.01 <0.01
Remarks: The annual shut down period for Reactor maintenance is during February and March. 
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FIG. 4. Time evolution of pH, temperature and conductivity of water in the reactor pool. 
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FIG. 5. Time evolution of ion concentration in the water of reactor pool. 
 
Table 3. Chemical parameters or water in spent fuel storage basin  
 
Date 


 
pH Conduct


µS/cm 
Temp 
ºC 


Cl- 


mg/l 
NO3 
mg/l 


NO2 
mg/l 


SO4 
mg/l 


Hard 
ness 
mg/l 


Fe 
mg/l 


Ca 
mg/l 


Cu 
mg/l 


Ag 
mg/l 


03/3/14 5.96 14.26 29.3 <2.5 <0.5 0.01 27 363 <0.05 <10 <0.01 <0.01
03/4/22 5.5 9.62 29.2 <2.5 <0.5 0.01 15 362 <0.05 <10 <0.01 <0.01
03/5/27 7.31 8.86 29.6 <2.5 <0.5 0.01 14 422 <0.05 12 <0.01 <0.01
03/7/09 7.58 10.8 29.3 <2.5 <0.5 0.04 22 233 <0.05 <10 <0.01 <0.01
03/8/21 n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. 
03/9/25 5.5 9.98 28.9 <2.5 <0.5 0.04 25 265 <0.05 <10 <0.01 <0.01
03/12/23 8.7 10.75 29.2 <2.5 <0.5 0.02 36 267 <0.05 <10 <0.01 <0.01
04/1/22 5.86 6.72 28.7 <2.5 <0.5 0.01 34 263 <0.05 <10 <0.01 <0.01
04/2/27 5.57 6.82 28.4 <2.5 <0.5 0.01 16 250 <0.05 <10 <0.01 <0.01
04/3/18 5.66 6.89 29.3 <2.5 <0.5 0.03 21 195 <0.05 <10 <0.01 <0.01
04/4/29 5.0 7.39 29.8 <2.5 0.64 0.07 13 12.5 <0.05 <10 <0.01 <0.01
04/5/28 5.9 8.08 29.8 <2.5 <0.5 0.06 24 13.5 <0.05 <10 <0.01 <0.01
04/6/01 n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. 
04/7/28 7.18 8.40 28.7 <2.5 0.64 0.10 21.67 12 <0.05 <10 <0.01 <0.01
04/8/26 5.94 9.03 28.3 <2.5 0.57 0.08 28.67 9.5 0.14 <10 <0.01 <0.01
04/9/22 5.59 8.54 29.1 <2.5 <0.5 0.07 14.33 13 0.14 <10 <0.01 <0.01
04/10/21 5.01 8.73 29.5 <2.5 0.83 0.07 14.33 - 0.24 <10 <0.01 <0.01
04/11/18 4.88 23.4 30.2 <2.5 1.02 0.04 15.33 - 0.29 <10 <0.01 <0.01
04/12/15 5.07 22.8 29.8 <2.5 1.24 0.03 22.5 - 0.19 <10 <0.01 <0.01
05/1/27 4.79 24.1 29.8 <2.5 2.55 0.07 26 8.5 0.21 <10 <0.01 <0.01
05/2/01 n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. 
05/3/01 n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. n a. 
05/4/7 4.70 26.73 30.5 <2.5 0.88 0.14 24 4 0.30 <10 <0.01 <0.01
05/5/31 5.39 27.6 30.33 <2.5 <0.5 0.09 32.33 - 0.31 <10 <0.01 <0.01
05/6/23 5.36 28.1 29.9 <2.5 1.7 0.07 47.33 - 0.28 <10 <0.01 <0.01
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FIG. 6. Time evolution of pH, temperature and conductivity of water in the spent fuel storage basin. 
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FIG. 7. Time evolution of ion concentration in the water of spent fuel storage basin. 
 


3.2. Water activity 
 
The results of Cs137 activity determinations are presented in Table 4 and Fig. 8. Some leakage of Cs 
137 in the spent fuel storage basin was verified, but the reactor water is almost free from this isotope. 
No other significant radioisotopes were detected in both locations; for this reason, measurements of  
Cs137 activity was discontinued after 2004. 


 
Table 4. Cs-137 Activity in water of reactor pool and spent fuel storage basin (Bq/l). 


Date Reactor pool Spent fuel storage basin 
03/4/22 29  4353  
03/7/09 Not detected  4867  
04/1/22 Not detected  5423  
04/2/27 46  3047  
04/4/29  71  5278  
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FIG. 8. Cs-137 activity of the water at both spent fuel storage sites at OAP, in Bq/l. 


 
3.3. Coupon monitoring 
 
Figs. 9 to 11 show the aspect of all racks right after their withdrawal. The first one corresponds to the 
extraction of racks 1 and 3 after 13 immersion months, the second to racks 2 and 4 after 31 months 
and the last to the horizontal Rack V (vertical coupons), which stayed in the spent fuel storage basin 
for 15 months. A difference in appearance can be clearly seen in vertical racks coming from the spent 
fuel storage basin (1 and 2), with respect to those from the reactor pool (3 and 4). A white aluminium 
oxide was formed on the first ones, whereas the other two look quite clean. Some dust particulate was 
observed on the top coupons of the vertical racks (horizontal coupons). Dust found in the reactor pool 
is white and fine, whereas in the spent fuel storage basin a mix of white fine and some dark-brown 
particles with a size of approximately 1 mm was encountered. However, no contribution of deposited 
particles on corrosion was observed at both sites. After being taken to the laboratory, the racks were 
removed from the beakers one by one and the pH of the solution in contact with the coupons was 
measured using universal pH paper with accuracy of 0.5 pH units. Figs. 12 to 16 show the detailed 
inspection of each coupon. Tables 5 to 9 show the results of coupons preliminary inspection in the 
laboratory. 
 
Table 10 contains the results of a macroscopic evaluation of some selected coupons together with pit 
measurement data, after removal of alumina by soft brushing using a 20% H3PO4 solution. A case of 
significant corrosion produced after 31 months of immersion is presented in Fig. 17. The attack was 
found in the crevice contact side of a coupon, extending over a region of about 1 cm. It could be seen 
by the naked eye that they were formed by the merger of several smaller pits. The pits were found on 
the same spot of the two coupons of the crevice couple. However, it was observed that the coupon 
placed below had deeper pits than those found on the upper coupon. 


 
3.4. Effect of settled solids on corrosion of al alloys 
 
Only small amounts of sediments were present in both storage basins. Visual observation of the 
collected substance revealed that the reactor pool had almost no dust particulate while the spent fuel 
storage basin had some dirt from non-metallic origin, i.e.: dead insects, rotten leaves and rotten wood 
chips; this preliminary remark has been verified both in the container and on the specimens removed 
from Rack 1. Deposition rates and results of qualitative inspection of the materials are presented in 
Table 11. Since the amount of sediments was very small, the analysis was performed directly on the 
filter paper using XRF technique. The elements found by XRF analysis are for qualitative purpose, 
from which it can be concluded that they are of a non metallic nature. 
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FIG. 9. Rack 3 (left) and Rack 1 (right) after 13 months of immersion in reactor and spent fuel pool, 
respectively. 


 
 


 
       


FIG. 10. Rack 4 (left) and Rack 2 (right) after 31 months of immersion. 
 
 


 
 


FIG. 11. Rack V (vertical coupons) after 15 months of immersion. 
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FIG. 12. AA 6061 galvanic couples from Rack 1 (13 months immersion). 
 


 
 
FIG. 13. AA 6061 single coupons from Rack 3 (13 months immersion). Left: Pre-oxidized and 
scratched. 


 


 
 
FIG. 14. SZAV-1 crevice coupons from Rack 3 (13 months immersion). Left: Non-Contact side. Right: 
Contact side. 


 


 
 


FIG. 15. SZAV-1/210 and SZAV-1/232 crevice couples after 31 months of immersion. 
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FIG. 16. Preliminary inspection of AA 6061(350) galvanic couple after 31 month of immersion. 
 


 
Table 5. Preliminary inspection of rack 1 (spent fuel storage basin) in laboratory (pH of water = 5.5) 


Sample code Type of 
corrosion 


Coupon 
surface pH 


Observations: 
Surface features 


AISI 
304(306) 


No corrosion, there is some white stain from AA 
corrosion on the contact side. 


AA 
6061(341) 


Galvanic  
 
 


5.5 
 


Spacer stuck to the coupon, contact side has lot of 
alumina but the coupon did not stuck to the SS coupon, 
non-contact side colour is dark grey with white oxide 
along the outer edge. The ID number cannot be seen. 


AA 
6061(345) 
AA 
6061(356) 


Crevice  


Highly basic 
in contact side 
non-contact 
side: 5.5 


Both coupons are strongly stuck together. Contact side 
has lot of alumina; non-contact side is dark grey in colour 
with white oxide along the outer edge. The ID number 
cannot be seen. 


AA6061(332) Uniform 
Highly basic 
under spacer 
Otherwise 5.5 


Scratch mark clearly seen, number is also clear. Uniform 
oxidation formed except under spacer. 


AA6061(358) Uniform  
Highly basic 
under spacer 
Otherwise 5.5 


Dark grey in colour, number is seen in white colour. 
Uniform oxidation formed except under spacer. 


SZAV-1(221) 


SZAV-1(224) 
Crevice  


Highly basic 
in contact side 
non-contact 
side: 5.5 


Both coupons are strongly stuck together, number cannot 
be seen. Thick uniform oxide on non-contact side 
especially along the outside edge. 


SZAV-1(205) Uniform  5.5 Scratch mark clearly seen; number is also clear; surface 
under washer is shiny; Uniform oxidation is observed 


SZAV-1(222) Uniform  5.5 This top sheet has some deposits of non-metallic 
compounds. Under the particle the sample looks shiny. 
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Table 6. Preliminary inspection of rack 2 (spent fuel storage basin) in laboratory (pH of water = 5.5) 


Sample code Type of 
corrosion pH Observations: 


Surface features 
SS 304(307) No change 


AA 6061(350) 


Galvanic  
 5.5 


 
Coupons strongly stuck together, needed some pressure to remove. 
Some significant corrosion in contact side with Uniform oxidation 
outside. 


AA 6061(352) 


AA 6061(354) 
Crevice  5.5 


Coupon strongly stuck together, needed the use of a metallic blade 
and some pressure to separate. Some corrosion in contact side with 
Uniform oxidation outside 


AA 6061(363) Uniform  5.5 Scratch mark can be seen. 
AA 6061(343) Uniform  5.5 Uniform oxidation 
SZAV-1(210) 


SZAV-1(232) 
Crevice  5.5 


Coupons strongly stuck together, needed the use of a metallic blade 
and pressure to separate. Significant corrosion in contact side and 
Uniform oxidation outside. 


SZAV-1(207) Uniform  5.5 No pits. Scratch mark can be seen, 
SZAV-1(243) Uniform  5.5 Uniform oxidation 
 
 
Table 7. Preliminary inspection of rack 3 in laboratory (pH of water = 5.5) 


Sample code Type of 
corrosion pH Observations: 


Surface features 
AISI 304(308) No change. 


AA 6061(346) 
Galvanic  
 


5.5 
 


No pits. Some oxide found on the contact side but coupon did not 
stick to SS 304. Colour is brownish-yellow, number is clearly 
seen. 


AA 6061(353) 
AA 6061(349) Crevice  5.5 Same as AA 6061(346). 


AA 6061(359) Uniform  5.5 Scratch mark clearly seen, it has aluminium colour and looks 
shiny. Very thin oxide layer. 


AA 6061(110) Uniform  5.5 No pits, some oxide formed under spacer. Light brownish yellow 
colour. 


SZAV-1 (236) 
SZAV-1 (237) Crevice  5.5 No pits. Colour is light brownish yellow, some oxide is observed 


on the contact side 


SZAV-1 (208) Uniform  5.5 No pits. Scratch mark clearly seen, still has aluminium colour. 
Very small amount of Uniform oxidation. 


SZAV-1 (247) Uniform  5.5 Small amount of Uniform oxidation 
 
 
Table 8. Preliminary inspection of rack 4 in laboratory (pH of water = 5.5) 


Sample code Type of 
corrosion pH Observations: 


Surface features 
AISI 304(309) No corrosion 
AA 6061(344) Galvanic  5.5 Uniform oxidation, no pits 
AA 6061(347) 
AA 6061(348) Crevice  5.5 Uniform oxidation, a little force needed to separate coupons 


from each other, no significant pitting. 
AA 6061(333) Uniform  5.5 Scratch mark clearly seen, number is also clear. 
AA 6061(111) Uniform  5.5 Uniform oxidation. 
SZAV-1(230) 
SZAV-1(234) Crevice  5.5 Uniform oxidation, some force needed to separate coupons 


from each other, no significant pitting. 
SZAV-1(200) Uniform  5.5 No pits. Scratch mark clearly seen. 
SZAV-1(241) Uniform  5.5 Uniform oxidation, grey colour, number is not seen. 
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Table 9. Preliminary inspection of rack V (vertical coupons – spent fuel storage basin) in the 
laboratory  


Sample code Type of 
corrosion PH Observations 


AISI 316(123) 
EX AA 6061(19) Galvanic  5.5 


EX AA 6061(21) 
EX AA 6061(20) Crevice  5.5 


R AA 6061(21) 
R AA 6061(20) Crevice  5.5 


R AA 6061(19) 
AISI 316(106) Galvanic  5.5 


No significant change has been verified in any coupon. 
Uniform oxidation, with a dark grey, colour is observed 
on sides that are not in contact with other coupons, 
ceramic rings, etc. 


 
Table 10. Macro/microscopic inspection of selected coupons (31 months immersion in spent fuel 
storage basin) 
Specimen 
code Location Type of 


 corrosion 
Pit size 
(mm) 


Max. pit  
depth (μm) 


Average pits 
density Remarks 


AA 
6061(350) 


Spent 
fuel 
basin 


Galvanic 
0.1-0.6 
0.6-1.0 
1.0-1.5 


Not determined 
Not determined 
Not determined 


25/cm2 


10/cm2 


10/coupon 


Single pits and clusters 
distributed all over the 
coupon.  


SZAV-1 
(210) 


Spent 
fuel 
basin 


Crevice 
0.1-0.6 
0.6-1.5 
1.5-6.0 


Not determined 
1 mm 
1.2 mm 


Very few 
20/coupon 
4/coupon 


Clusters of pits found 
mostly close to the 
inner edge in specific 
areas. Bottom part of 
crevice couple. 


SZAV-1(232) 
Spent 
fuel 
basin 


Crevice 
0.1-0.6 
0.6-1.5 
1.5-4 


Not determined 
0.5 mm 
1mm 


Very few 
20/coupon 
4/coupon 


Pitting pattern matches 
that of SZAV-1(212). 
Top part of couple. 


 
 


 
 


FIG. 17. Example of significant pit corrosion on crevice couples after 31 month of immersion. 
 


Table 11. Dust collected at both storage sites in 131 days 


Location Deposition rate 
(mg/cm2.day) 


Elements found   
(by XRF) Result of visual observation. 


Spent fuel 
pool 0.0065 Fe, Al, SiO2, 


Cu, Ba 
Light particles of plant tissue, bio-mass floating in 
water with some fine dust. Major component is iron. 


Reactor 
pool 0.0047 Fe, Al, SiO2 


Fine light brown dust that in water looks clear to the 
eye. Major component is iron 
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No corrosion was observed under the sediments deposited on the coupons after removal of the 
particles. It is concluded, then, that non-metallic sediments deposited on aluminium alloy coupons in 
small amounts do not affect the corrosion of these samples. 
 
4. GENERAL DISCUSSION  
 
a) The water quality plays an important role on the corrosion behaviour of the tested aluminium 


alloys. Coupons kept in purified water maintained under careful control (conductivity less than 
2 μS/cm) are less corroded that those immersed in less purity water (10-30 μS/cm). 


b) Time of storage is another influential parameter. The longer the alloy is kept under water, the 
higher the amount of corrosion. No significant pitting was produced after 13 storage months, 
while large and deep pits have become clearly visible to the bare eye in some coupons after 31 
months of exposure. 


c) In vertical coupons (horizontal racks), only crevice and galvanic corrosion effects were detected 
besides the normally observed aluminium oxidation. 


d) The impurities in the alloy itself also affect their corrosion susceptibility. Under the studied 
conditions, more serious pitting occurred on SZAV-1 than on AA-6061 alloy in the same 
environment. 


e) Surface treatment of the Aluminium alloys can greatly enhance their corrosion resistance. 
Coupons pre-treated to form a protective oxide layer on their surfaces showed no corrosion even 
after 2 years of storage in poor water quality. 


f) No significant effect of coupon orientation (between vertical and horizontal positions) was 
observed, perhaps due to the rather short experimental time. 


g) Small amounts of non-metallic sediments deposited on coupons do not seem to affect their 
corrosion. 


 
5. CONCLUSIONS 
 


Several factors have to be considered to prevent corrosion of aluminium-clad spent fuel for 
long-term interim storage in water. The results of this study show that selecting appropriate fuel 
fabrication materials and pre-treating the surface to form a protective oxide layer seem to be the most 
effective ways to prevent corrosion. Another good method would be to have the right environmental 
conditions needed to properly keep these spent fuels. Care has to be taken to ensure no galvanic or 
crevice effects take place during storage. The water conductivity must be kept at 2 μS/cm or less, 
while corrosive ions such as chloride should be closely monitored in order to insure their 
concentrations are below the detectable limits of modern equipment. This will help in the effective 
long-term storage of spent fuel, preventing any leakage of radioactive materials into the storage basin. 
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