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galvanic coupling of two materials may also accelerate the rate of
localized corrosion. Stainless steels and Zircaloys are known to
be susceptible to SCC.[12,13] During wet storage, the environmen-
tal parameters (C1– content and temperature) do not favor SCC.
It was shown[14] in studies with stressed SS that, in demineralized
water with chloride concentration up to 105 ppm and pH > 2, pit-
ting or SCC does not occur below 60 °C. However, there are
many reported cases describing SCC of SS at temperatures less
than 60 °C.[15] Many of these are suspected to be caused by
species other than chloride ions (sulfides, metabolic products of
bacteria, etc.). On the other hand, Zircaloys undergo[13] pellet-clad
interaction-stress corrosion cracking (PCI-SCC) during use in the
reactors. Therefore, it is possible that many Zircaloy-clad spent
fuels enter SFSPs with incipient cracks. It is a matter of interest
to establish if these SCC cracks propagate during wet storage to
cause breaching of the clad. High purity aluminum-1S (Al-1S) is
not known to be prone to SCC. The susceptibility of these mate-
rials to SCC under crevice and galvanic contact conditions is not
known in SFSP environments.

In the present study, susceptibility to crevice and pitting cor-
rosion and SCC is investigated for Al-1S, Zircaloy-2, and type
304 SS under accelerated conditions of galvanic contact and
crevice geometry. The typical chemical composition of these
materials is given in Table 1. Electrochemical potentials (ECPs)
or the open circuit potentials are measured in SFSP environment
for these materials to evaluate the effect of radiation on corro-
sion. Available relevant data from literature are also analyzed to
assess the susceptibility of these materials to corrosion degrada-
tion during extended storage.

2. Experimental

2.1 Crevice, Pitting, and SCC Tests

The accelerated, localized corrosion tests were carried out by
crevice bent beam (CBB) assemblies. These assemblies provide
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1. Introduction

The nuclear fuel is removed from the power and research re-
actors after a certain level of burnup and stored for a long dura-
tion.[1,2] The predominant mode of storage is wet storage in spent
fuel storage pools (SFSPs). The SFSPs use demineralized light
water and generally employ a water purification system to keep
the specific conductivity of water less than 1 to 5 µS/cm. The
materials handled in SFSPs are the spent fuels with clad of var-
ious alloys of zirconium, aluminum, and magnesium. The
CANDU type pressurized heavy water reactors (PHWRs) use
Zircaloy-2 (Westinghouse Electric Company, Pittsburgh, PA) as
a fuel clad, and a number of research reactors use pure alu-
minum, aluminum alloys, magnesium, and zirconium alloys as
a fuel clad.[1,3,4] The spent fuels are stored on racks made of ei-
ther aluminum and its alloys or stainless steel (SS). The pool
walls and bottom are made of concrete and in some cases lined
with type 304/ 304 L stainless steel.

Some countries must store the spent fuels for long periods ei-
ther due to legislation or other constraints.[5] This calls for evalu-
ation of the corrosion degradation aspects during extended wet
storage (up to 100 years). The uniform corrosion rates of the fuel-
clad materials are reported[6–10] to be too low to be of concern even
during extended storage. Localized corrosion, particularly
crevice corrosion, pitting corrosion, and stress corrosion crack-
ing (SCC), is of utmost concern during extended storage.[11] The
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crevices between surfaces of the sample and the CBB assembly.
In addition, the corrosion process is accelerated for Al-1S sam-
ples due to its galvanic contact with SS assemblies. The bend of
the samples in the assemblies provides for tensile stresses. The
CBB assemblies[16] were fabricated from type 304 L SS plates,
and the details are given in Fig. 1. Samples, 110 × 15 × 1.5 mm,
were fabricated from the following:

(a) Al-1S—as received and mechanically polished on emery
paper, grit 120;

(b) Al-1S—as in (a) and autoclaved in water at 150 °C for
15 days, prior to test;

(c) Zircaloy-2—as received;
(d) Zircaloy-2—as in (c) and autoclaved in steam at 400 °C

for 3 days, prior to test;
(e) Type 304 SS—as received and mechanically polished on

emery paper, grit 120; and
(f) Type 304 SS—as received and sensitized at 675 °C for 

1 h and mechanically polished with grit 120 emery paper.

These samples were fixed in individual CBB assemblies and
immersed close to the bottom of two SFSPs. The radiation level
at the site of immersion of the samples is 1000 R/h (Roentgen
per hour) maximum. At the Trombay SFSP, periodic inspection
of these assemblies was carried out every 3 months, up to a total
period of 1 year. At the Tarapur SFSP, inspection was carried out
after a gap of 1 year. The parameters examined were surface ap-
pearance, pH in the crevices, and corrosion mapping. The CBB
assemblies with fitted-in samples are shown in Fig. 2, at the time
of removal from SFSP.

2.2 Evaluation of Pool Characteristics

In order to correlate the corrosion behavior of various mate-
rials, the following parameters were evaluated for the SFSPs:
pH, Cl− ion concentration, specific conductivity, dissolved Fe,
Cr and Ni concentrations. Water samples were collected from
various locations of the pools, to assess the effect of corners and
depth. In this paper, pool P refers to a pool situated at Trombay,
where the spent fuel from research reactors (i.e.,metallic U fuel
clad with Al-1S) is stored. Pool T is situated at Tarapur, where
the spent fuel from PHWRs (i.e.,UO2 fuel clad in Zircaloy-2) is
stored.

2.3 ECP Measurements

The ECP was measured in the freely corroding (or open cir-
cuit) conditions, and water samples were kept in “open to air”
condition. The ECP measurements were carried out (a) in water
samples collected from various locations of the SFSPs and 

(b) in situ, in the SFSP-at Trombay. The water samples were
collected from the bottom, middle, and near top locations at 
the center and corners of the pools at Trombay and Tarapur. The
materials used for ECP measurement were type 304 SS [(1) an-
nealed and (2) sensitized], type 304L SS [(1) annealed and 
(2) sensitized], Zircaloy-2 (as received), and Al-1S (as re-
ceived). These samples were polished on grit 120 emery papers.
The ECP was measured by immersing the samples and the sat-
urated calomel electrode (SCE) in the water samples and con-
necting these to a high impedance voltmeter. The ECP values
were recorded immediately upon immersion and then after 
5 min of immersion.

The in-situ ECP measurements were taken in the Trombay
pool using a special setup, as shown in Fig. 3. In this setup, the
sample of size 40 × 20 × 1.5 mm and the SCE are fixed to 
the SS pipe, so that the distance between the sample and the
calomel electrode is 25 mm. The samples used were type 
304 SS, Al-1S, and Zircaloy-2 in the as-received condition. No
surface preparation was carried out for these samples. The lead
wires from the sample and the calomel electrode were long and
connected outside the pool to the high impedance voltmeter.
The contact points on the sample and the calomel electrode
were insulated using lacquer and polytetrafluoroethylene tape,
respectively. The ECP was measured when the sample and the
calomel electrode setup was immersed about 1 m below the top
water level (i.e., away from the stored spent fuel) and then
again at about 1 m from the bottom of the pool (i.e., near the
stored fuel).

Table 1 Typical chemical composition of materials studied

Chemical composition (wt.%)

Material Fe Cr Ni C Mn Si Al Mg Zr Sn

304 SS 70 18 8 0.08(a) 2.0(a) 1.0(a) . . . . . . . . . . . .
304L SS 70 18 8 0.03(a) 2.0(a) 1.0(a) . . . . . . . . . . . .
Al-1S 0.35 . . . . . . . . . 0.03 0.25 99.5 . . . . . . . . .
Zircaloy-2 0.15 0.10 0.05 . . . . . . . . . . . . . . . 98 1.5

(a) Denotes maximum values

Fig. 1 Sketch of the CBB assembly used for crevice, pitting, and SCC
experiments[16]
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• The pH of the water in the crevices generated between the
sample and the CBB assembly decreased gradually from
around 5.5 to around 2 to 3 in less than 6 months for all the
assemblies.

• The Al samples (both the as received and the autoclaved)
in the CBB assemblies were found to be corroded after 
6 months of exposure, in both the pools.

• After 6 months of immersion, the as-received sample
showed more crevice corrosion compared to the autoclaved
sample. The extent of corrosion in the two samples was
comparable after 1 year of exposure.

• The Al samples (in both the surface conditions) showed pit-
ting attack on the cross-sectional surface of the samples.
The pits were decorated with whitish products on the sur-
faces and the pitting attack occurred in both the pools. How-
ever, the number of pits was less (<5) on the cross-sectional
surfaces.

• Corrosion mapping carried out on corroded Al samples in-
dicated that more than 60% of the crevice surfaces had un-
dergone attack. After 1 year of exposure, the overall
corrosion rate was measured to be 122 and 112 µm/yr for
the polished and autoclaved samples, respectively. The
maximum depth of corrosion damage was measured in the
metallographic examination to be 0.62 and 0.44 mm, re-
spectively.

• There was no evidence of any localized attack on any of the
SS or Zircaloy samples.

• There was no evidence of SCC on any sample.

The appearance of these corroded samples after 6 months ex-
posure in SFSP is shown in Fig. 4.

3.2 Evaluation of Pool Characteristics

The results of the chemical analysis of water samples from
the two SFSPs are summarized in Table 2. The temperature of
both pools is ambient, generally around 28 ± 1 °C.

3.3 ECP Measurements

The ECP values measured in water samples collected from
various locations of both pools are given in Table 3. The values
mentioned are those measured immediately after immersion of
the samples. The ECP values measured after 5 min of immersion
are also shown in the same table. The error in the measured po-
tential due to the use of long lead wires during the in-situmeas-
urements was found to be less than 5 mV. The measured in-situ
ECP values are shown in Table 4.

4. Discussion

The corrosion aspects of materials have been studied in 
two SFSPs having broadly similar (Table 2) and benign water
chemistries. However, both the pools show some variation in
specific conductivity of water at some locations, possibly due to
nonuniform mixing of water in some pockets of the pools. Al-
though the pool water is demineralized water, the measured pH

Fig. 2 CBB assemblies after exposure in the spent fuel storage pool

Fig. 3 Schematic diagram of the setup used for in-situECP measurements

3. Results

3.1 Crevice, Pitting, and SCC Tests

Following are the observations/results of the tests carried out
with CBB assemblies in two SPSPs.
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the surfaces[18,19,20]and thickness should be in the range of 20 to
35 µm.[21] In the present experiment, oxidation was experienced
at 150 °C during the autoclave treatment, which would have re-
sulted in a similar nature of the film and comparable thickness
of the oxide (20 µm), simulating the oxide film present on spent
fuels. These results from the CBB assembly experiments there-
fore indicate that under crevice and galvanic contact conditions,
aluminum clad (having oxide films) would initially resist local-
ized corrosion, but once the crevice corrosion is initiated, the
subsequent corrosion would be equally fast, as on polished or
scratched surfaces of aluminum.

4.2 Pitting Corrosion

The CBB assemblies also resulted in pitting corrosion on the
aluminum samples, after an immersion for just 6 months. While
galvanic contact with SS assemblies had helped in accelerating
the rate of attack, the accumulation of chloride ions in the vicin-
ity of crevices also resulted in increased probability of pit initi-
ation. These pits were decorated with whitish deposits in the
form of a ring around the pit opening. Such deposits around pits
are reported on stored aluminum-clad fuels in pools with ag-
gressive water chemistries.[22,23] A parameter based on water
chemistry, pitting resistance index, is used to predict the time to
develop a (1 mm) pit.[24] However, this study shows that water
chemistry in the crevices could be more aggressive than that of
the pool, and it would determine the susceptibility to pitting.
Nonuniform mixing or stagnation of the pool water may also re-
sult in a higher conductivity in certain pockets of the pool. In ad-
dition to the water chemistry parameters, the following factors
are reported to promote pitting of aluminum alloys:[25–27] high
conductivity pool water (180 µS/cm), aggressive ions (>20 ppm
Cl−), sludge having concentrated Fe+++ and Cl− impurities,
scratches/imperfections in protective oxide film, and stagnancy.
The edge effect may also have caused enhanced pitting in these
samples. It should be noted that these results are for pure alu-
minum and other aluminum alloys used as fuel clad were not in-
vestigated in this study.

4.3 Stress Corrosion Cracking

No SCC was observed in any of the samples in the CBB as-
semblies. In an operating crevice region, pH is low (2 to 3) and
chloride ions are concentrated. Tensile stresses are also present
in CBB assemblies. Therefore, the possible parameter, which
had prevented SCC to occur for a sensitized SS sample, should
be the threshold temperature and pH needed to initiate SCC. It
is reported[14] that SCC occurs only above 60 °C under such con-
ditions for SS. However, if such conditions prevail over a long
term (years), then a threshold on temperature may not remain
valid. This remains to be established. It is also reported[28] that
much lower pH (<1) is required for SCC to occur in SS at ambi-
ent temperatures.

Zircaloys and aluminum are not known to be susceptible to
chloride-induced SCC. On the other hand, Zircaloy-clad spent
fuels may enter SFSPs with incipient SCC cracks on the internal
surfaces, initiated due to interaction between the uranium fuel
and its clad (PCI) during reactor operation. The behavior of such
spent fuels with initiated cracks in SFSPs is not clear. The fis-

is 5 to 6. This is due to the fact that the pools are open to air and
absorb CO2, forming HCO−

3
[17] in water to lower the pH.

4.1 Crevice Corrosion

The occurrence of severe crevice corrosion of aluminum in
the short test duration is attributed to its galvanic contact with SS
assemblies and lowering of pH within the crevices. It is re-
ported[2] that dissolution of the aluminum oxide protective films
can occur in solutions with pH <4 and >9. Galvanic corrosion
accelerated the rate of crevice corrosion for Al samples. On the
other hand, for up to 1 year of exposure of CBB assemblies, no
Zircaloy or SS samples showed any evidence of crevice/pitting
corrosion. This shows that even in the benign environments of
the SFSPs, existing crevices (between stored spent fuels and the
Al/SS racks or between two racks) could pose problems only for
the aluminum clad.

Another interesting result is for the two surface conditions of
aluminum. While the as-polished aluminum samples have only
very thin air formed oxide film (2 to 3 nm),[18,19] the autoclaved
Al sample used in the study had about 20 µm oxide film to begin
with. After 6 months of exposure of the CBB assemblies, the ex-
tent of crevice attack on the polished sample of aluminum was
much greater compared to that on the autoclaved sample, as is
shown in Fig. 4. This is due to much easier penetration of the
thin, air-formed oxide film on the polished samples. In fact, the
lowering of pH and concentration of Cl− ions within crevices of
the autoclaved sample would be much slower due to a lower uni-
form corrosion rate for the sample with a thick oxide film. How-
ever, once the pH has lowered and Cl− ion concentration is
increased, the dissolution of the oxide film takes place and fur-
ther attack would be comparable to that on an as-polished sam-
ple. That is the reason for the comparable extent of corrosion
after 1 year of exposure for aluminum samples with different
surface conditions used in this study. As the aluminum-clad fuel
remains in research reactors for 1 to 2 years at temperatures
greater than 60 to 70 °C, boehmite is expected to be present on

Fig. 4 Surface appearance of (a) type 304 stainless steel, (b) Zircaloy-
2, (c) Al-1S (oxidized), and (d) Al-1S (polished) samples after exposure
with CBB assemblies in spent fuel storage pool for 6 months
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sion product iodine is considered responsible for PCI-SCC. Io-
dine is associated with Cs as CsI and as such there should not be
any possibility of propagation of the PCI-SCC during wet stor-
age. However, lab studies have shown that CsI dissociates under
gamma irradiation (at 109 R/h for a few hours) and causes crack-
ing at 300 to 400 °C.[29] Such data at ambient temperatures are
not available. The spent fuels emit substantial gamma fields in
the storage pools, of the order of 106 R/h upon discharge. It de-
creases exponentially with time to levels of 103 to 102 R/h after
several years.[30] The dissociation of CsI during storage appears
unlikely. In addition, it has been shown[31] that dry storage of
spent fuel is possible at clad temperatures of up to 400 °C with-
out SCC causing any breach of clad. A model (SCCIG devel-
oped for EPRI) applied for dry storage conditions had shown[31]

that Zircaloy-clad fuels can be stored safely for 1000 years. As

conditions during wet storage are much less aggressive than dur-
ing dry storage (creep/thermal expansion and related factors con-
tributing to stresses would not be present), the results of this
model for dry storage remain valid for wet storage also. There-
fore, SCC cracks of Zircaloy clad are not expected to propagate
during wet storage.

4.4 Electrochemical Potential

For determining the susceptibility to corrosion, a number of
factors may be contributing, e.g.,water chemistry (pH, temper-
ature, water constituents, radiolysis, etc.), material characteris-
tics (heat treatment, microstructure, surface oxide, and cold
work), and stresses (residual stresses/tensile stresses, etc.). The
overall effect of all of these factors is reflected by the freely

Table 2 Pool characteristics of SFSPs

Pool ( Tarapur) Pool (Trombay)

Parameter Minimum Maximum Minimum Maximum

pH 5.4 (center-top) 5.7 (SE corner-bottom) 5.8 (middle-center) 5.9 (corner-bottom)
Cl− concentration (ppm) 0.43 (center-top) 2.40 (center-middle) 0.20 (SW corner-bottom) 3.23 (NE corner-bottom)
Specific conductivity (µS/cm) 3.43 (SW corner-bottom) 13.25 (center-middle) 2.51 (SW corner-bottom) 13.49 (NE corner-bottom)
Activity (dps/5 mL) <50 (center-top) <50 (center-bottom) <50 (center-top) 620 (north corner-middle)
Fe concentration (ppm) 0.20 0.26 0.17 (SW corner-bottom) 0.35 (center-bottom)
Cr concentration (ppm) 2.7 2.7 2.5 (SW corner-bottom) 3.8 (center-bottom)
Ni concentration (ppm) 0.04 0.04 0.03 (SW corner-bottom) 0.07 (center-bottom)

SE: southeast, SW: southwest, and NE: Northeast

Table 3 Electrochemical potential of various materials in water samples collected from different locations of SFSPs 
[in mV (SCE)]

Type 304 L Type 304

Location Annealed Sensitized Annealed Sensitized Zircaloy-2 Al-1S

Center P −225 [−175] −240 [−170] −250 [−185] −235 [−190] −245 [−185] −1000 [−830]
(Bottom) T −230 [−190] −240 [−180] −200 [−170] −210 [−170] −220 [−180] −860 [−700]
Center P −235 [−170] −215 [−165] −230 [−170] −235 [−180] −210 [−175] −970 [−820]
(Top) T −225 [−180] −225 [−170] −240 [−190] −240 [−185] −220 [−170] −965 [−795]
Center P −240 [−170] −225 [−170] −235 [−180] −230 [−180] −210 [−170] −960 [−810]
(Middle) T −240 [−175] −235 [−180] −240 [−185] −235 [−185] −250 [−185] −1000 [−810]
South East
Corner P −230 [−175] −235 [−175] −240 [−180] −235 [−175] −225 [−175] −980 [−840]
(Bottom) T −235 [−190] −235 [−175] −230 [−185] −255 [−190] −240 [−185] −930 [−770]

ECP values in brackets show potentials 5 min after immersion. Other values are measurements taken immediately after immersion. P—Trombay Pool, and
T—Tarapur Pool

Table 4 In-situ ECP measurements on Al, Zircaloy-2, and SS 304 in the SFSP at Trombay

Potential, mV (SCE)

Al Zircaloy-2 SS 304

Number Time (h) (cumulative) Top Near fuel Top Near fuel Top Near fuel

1 Upon immersion 107 160 −35 to −40 −110 −115 49
2 24 312 115 −40 −124 . . . . . .
3 27 . . . . . . −50 −78
4 48 382 280 . . . . . .
5 51 255 185
6 100 . . . . . . −5 to −10



corroding potential or ECP. It represents the overall contribution
from various ionic species present in water, some of these caus-
ing reduction and others, oxidation reactions.[32] Radiolysis of
water is also taken care of as it changes concentration and type
(reducing/oxidizing) of species in water.[32,33] Some studies have
correlated the ECP with uniform corrosion rates and evaluated
the effect of various water chemistries on the ECP,[34,35] whereas
in other studies, ECP is used to predict the susceptibility to
crevice/pitting corrosion or SCC.[36,37] However, the potential of
materials in low conductivity solutions is not steady. These val-
ues shift toward nobler (or positive) values with time of immer-
sion. This trend is due to a reaction of the ionic species with
materials, and particularly due to the formation of oxide films on
the surfaces of polished samples. As oxide films form, further re-
action of ionic species with the material becomes less and a few
of the electrochemical reactions may not take place. This is sup-
ported by the results of Howell and Zapp,[26] who showed that
with a lowering of the conductivity of water, the ECP values
moved in a nobler direction.

This trend of the shift of ECP with oxide films is further sub-
stantiated by nobler values of ECP (Table 4) measured in situ in
the SFSPs. The difference in these ECP values is basically due
to the use of unpolished (as received) samples for the in-situ
measurements compared to the use of polished samples for the
ECP measurements in water samples collected from SFSPs. All
the ECP values reported in Table 3 are when the water samples
are kept open to air. There are not many reported ECP values in
similar environments, but the ECP values of Zapp and Howell[26]

show a range of +20 to −230 mV (SCE) for polished aluminum
1100 alloy, in water samples of various conductivities. However,
they had bubbled air through water during the experiments. This
aids in surface oxide formation and results in nobler values com-
pared to that for the samples immersed in water kept open to air.
As reported by Zapp and Howell for aluminum alloys and also
from the results of the present study, there is wide variation of
ECP values for all the materials in water of high purity and a
number of parameters influence the ECP. The ECP values keep
shifting with time for days. Because an equilibrium between the
ionic species and the material is not obtained during an initial
phase of immersion in SFSPs, short-term immersion tests would
not provide accurate data about uniform corrosion rates. Second,
the uniform corrosion rates of all three materials of interest are
very low in SFSPs with water of low specific conductivity;
therefore, any measurable change can be obtained only in a long-
term immersion test. Hence, any quantitative measurement for
uniform corrosion (by weight change) should be done by im-
mersing coupons for periods in the range 1 to 10 years. Precau-
tions should be taken to ensure the absence of any other form of
corrosion during this period by avoiding crevices, galvanic con-
tact, etc. Laboratory measurements can be carried out by meas-
uring corroded ion concentration in water as reported for
SS.[38,39] Results applicable to spent fuels can be obtained only
if materials with carefully grown surface oxides, similar in
structure and thickness to that on the stored spent fuels, are used
in the tests.

Radiolysis of water results in an increase of radical species,
e.g.,e-aq., H, and OH, by β /γ irradiation and molecular species,
e.g.,H2O2, HO2, H2 etc.,by neutron irradiation.[40] Table 4 indi-
cates more active (or negative) ECP values for aluminum and

Zircaloy samples when measured at locations close to the stored
spent fuels. This is due to the influence of irradiation. Since in a
SFSP the extent of neutron irradiation is negligible, more active
ECP values are mainly due to β /γ irradiation. The more active
ECP values could be due to the concentration of reducing species
near the stored spent fuels due to β /γ irradiation. This would
cause a slightly aggressive water chemistry in the regions around
the stored spent fuels and a higher rate of corrosion. Laboratory
studies for SS had shown a threefold increase in uniform corro-
sion rates due to irradiation.[9,38,39] However, this enhanced rate
of corrosion (∼ 10 µm/year) is also too small to cause any ap-
preciable thinning in the SS lining of the pool during its long
service life.

5. Conclusions

The susceptibility to corrosion of the materials of different
fuel clad (pure aluminum and Zircaloy-2) and the lining of SFSP
(type 304 SS) has been evaluated in accelerated tests. The fol-
lowing conclusions can be drawn from the present study.

• Pure aluminum-clad research reactor spent fuels are sus-
ceptible to crevice and pitting corrosion under conditions of
galvanic coupling and crevice geometry. In contrast,
Zircaloy-2 and type 304/304 L stainless steels are resistant.
The corrosion behavior of aluminum alloys used as fuel
clad was not evaluated in this study.

• The existing crevices (e.g.,between aluminum-clad fuel
and storage racks, between two racks, etc.) can operate even
in low conductivity water of SFSPs. This would be acceler-
ated by galvanic contacts (e.g.,with SS racks).

• Stress corrosion cracking (of Zircaloy-2 clad or of SS lin-
ing of the pool) induced by chlorides in the water of the
pools is not a probability during wet storage.

• The ECP values indicate a change in ionic concentration
around the stored spent fuels, which shift the ECP to more
active values. Therefore, the uniform corrosion rates are ex-
pected to be higher in the presence of radiation, e.g.,for Al
and Zircaloy clad, compared to those measured in the ab-
sence of radiation. These effects are not significant, as other
coupon studies in SFSP had indicated very low uniform cor-
rosion rates.

• The ECP values show a wide variation with surface condition
of materials, water chemistry parameters, and time of im-
mersion. Therefore, experiments to determine uniform cor-
rosion rates by immersion in the pool should be long-term
tests, as differences in corrosion rates would creep in as was
indicated by the variation in ECPs for short-term tests.

Acknowledgments

The work reported in this paper forms part of the work carried
out for the IAEA, CRP on “Irradiation Enhanced Degradation of
Materials in Spent Fuel Storage Facilities.” The authors thank
Mr. K. Balu, Director, FR&NWM Group, and Dr. S. Banerjee,
Associate Director, Materials Group, and Head, Materials Sci-
ence Division, BARC, for permission to publish this paper. The

322—Volume 9(3) June 2000 Journal of Materials Engineering and Performance



Journal of Materials Engineering and Performance Volume 9(3) June 2000—323

17. F.A. Cotton and G. Wilkinson: Advanced Inorganic Chemistry: 
A Comprehensive Text,4th ed. Wiley Interscience Publication, New
York, NY, 1980.

18. H.G. Godard: Mater. Performance,1981, vol. 20(7), p. 9.
19. E.H. Hollingsworth and H.Y. Hunsicker: Metals Handbook,9th ed.,

ASM, Metals Park, OH, 1987, vol. 13, p. 583.
20. J.E. Draley and W.E. Ruther: Corrosion,1956, vol. 12, p. 441t.
21. J.C. Griess, H.C. Savage, and J.L. English: Oak Ridge National

Laboratory Report No. 3541, Oak Ridge National Laboratory, Oak
Ridge, TN, 1964.

22. Z. Szlarska-Smialowska: Pitting Corrosion of Metals,National As-
sociation of Corrosion Engineers, Houston, TX, 1986.

23. D.Z. Nelson and J.P. Howell: Corrosion 95Houston, TX, 1995,
paper no. 430.

24. B.R. Pathak and H.P. Godard: Nature,1968, vol. 218, p. 893.
25. H.Bohni and H. H. Uhlig: J. Electrochem. Soc.,1969, vol. 116, p. 906.
26. J.P. Howell and P.E. Zapp: Corrosion 94Houston, TX, 1994, paper

no. 118.
27. J.P. Howell: Corrosion 96,Houston, TX, 1996, paper no. 128.
28. J.W. Oldfield and B. Todd: Br. Corros.J., 1991, vol. 26, p. 173.
29. B.Cox, B.A. Surette, and J.C. Wood: J. Nucl. Mater.,1986, vol. 139,

p. 89.
30. Bases to Assess Durability of Spent Nuclear Fuels and Storage Fa-

cility Components in Wet Storage,IAEA TECDOC 1012, IAEA,
Vienna, 1998.

31. R.E. Einriger, D.M. Bossi, and A.K. Miller: Trans. Am. Nucl. Soc.,
1981, vol. 38, p. 131.

32. IAEA TECDOC-684, IAEA, Corrosion of Zirconium Alloys in Nu-
clear Power Plants, Vienna, 1993, p. 82.

33. J. Takagi, N. Ichikawa, and Y. Hemms: Proc. Int. Conf. on Water
Chemistry of Nuclear Power Plants,Japan Atomic Industrial
Forum, Tokyo, 1988, vol. 2, p. 517.

34. C. Compere, P. Jaffre, and D. Festy: Corrosion,1996, vol. 52, p. 496.
35. C.C. Lin, F.R. Smith, N. Ichikawa, and M. Itow: Corrosion,1992,

vol. 48, p. 16.
36. F. Mancia and A. Tamba: Corrosion,1988, vol. 44, p. 88.
37. R.L. Jones: Mater. Performance,1991, vol. 30, p. 70.
38. H. Okamoto, K. Ochiai, A. Todokoro, H. Kaneko, and K. Takeda:

Long Term Wet Spent Nuclear Fuel Storage,IAEA TECDOC-418,
IAEA, Vienna, 1986, p. 143.

39. A.B. Alexandrov, V.M. Sedov, A.F. Nechaev, N.G. Petrick, N.N.
Kalyazin, and E.M. Filippov: Long Term Wet Spent Nuclear Fuel
Storage,IAEA TECDOC-418, IAEA, Vienna, 1986, p. 181.

40. B.V. Buxton: in Radiation Chemistry, Principles and Applications,
Farhataziz—and M.A.J. Rodgers, eds., VCH Publishors Inc., New
York, NY, 1987, p. 321.

metallographic work to evaluate the corrosion damage on the
samples removed from the pools was carried out by Drs. S.
Anantharaman and E. Ramadasan, RMD, BARC, and is thank-
fully acknowledged. The authors thank Munish Chandra, Prefre,
BARC, for the help provided in conducting the experiments at
the Tarapur spent fuel storage pool. The authors thank Dr. A.B.
Johnson, Jr., Pacific Northwest National Lab. (Richland), for
his comments and suggestions during the preparation of the
manuscript.

References

1. A.V. Nero, Jr.; A Guidebook to Nuclear Reactors,University of
California Press, Berkeley, CA, 1979.

2. M.R. Balakrishnan: Nucl. Technol.,1991 vol. 94, p. 416.
3. M.MaBenjamin: Nuclear Reactor Materials and Applications,Van

Nostrand Reinhold Co., New York, NY, 1983.
4. P.M.S. Jones: in Nuclear Power: Policy and Prospects,P.M.S.

Jones, ed., John Wiley and Sons Ltd., Now York, NY, 1987, p. 13.
5. Options, Experience and Trends in SpentIAEA Technical Reports

Series No. 378, Nuclear Fuel Management,IAEA, Vienna, 1995.
6. A.B. Johnson Jr.: Proc. ANS Meeting: US Department of Energy

Spent Nuclear Fuel—Challenges and Initiatives,Salt Lake City,
UT, Dec. 1994, American Nuclear Society Inc., LaGrange Park, IL,
1994.

7. T.L. Yau and P.T. Webster: Metals Handbook,9th ed., ASM, Met-
als Park, OH, 1987, vol. 13, p. 707.

8. A.B. Johnson, Jr. and S.P. Burke: Proc. ANS Topical Meeting: DOE
Spent Nuclear Fuel and Fissile Material Management,Reno, NV,
1996, ANS Inc., LaGrange Park, IL, 1996, p. 41.

9. V.G. Kritsky, V.V. Morozov, A.F. Nechaev, Yu.A. Khitrov, N.G.
Petrik, N.N. Kalyazin, and T.F. Markarchuk: Materials Reliability
in the Back End of the Nuclear Fuel Cycle,IAEA TECDOC-421,
IAEA, Vienna, 1987, p. 51.

10. A.B. Johnson, Jr. and S.P. Burke: K Basin Corrosion Program Re-
port No. WHCEP 0877, Westinghouse Hanford Co., Richland, WA,
1995.

11. J.P. Howell: Corrosion 95,Houston, TX, 1995, paper no. 429.
12. M.G. Fontana: Corrosion Engineering,3rd ed, McGraw-Hill Inc.,

New York, NY, 1987.
13. B. Cox: J. Nucl. Mater., 1990 vol. 172, p. 249.
14. J.E. Truman: Corr. Sci.,1977, vol. 17, p. 737.
15. C.P. Dillon: Mater. Performance,1996, vol. 35(12), p. 65.
16. J. Kuniya, I. Masaoka, and R. Sasaki: Corrosion,1998, vol. 44, p. 21.


