) EA?_&R NUMBER ( ~ a1 e ad ™ 7{ 1
163 (CORR®SION/81

The International Corresion Forum Spenscred By the National
Association of Corresica Engineers / April 810 1981 /
Sheraton Centre, Toronto, Ontario, Canada.

ON MATERIAL

CORROSION OF STRUCTURAL AND POISO
£ POOLS*

IN SPENT FUEL STORAG
C. Czajkowski, J. R. Weeis and 5. R. Protter
uepartment of Nuclear Energy and Reactor Divisicn
Brookhaven National Laboratory

Upton, New York 11973

L. INTRODUCTION

At the tizme most nuclear power plants now operating were conceived and
constructad, part of the over all fuel cycle scheme was that the spent nuc lear
fuel from these plants would be shipped to a fuel reprocessor where the plu-
tonium and other fissionable material would be separated from the radicactive
residue. Consequently, a typical nuclear power station is designed to have

ithin i-s' eite boundaries, facilities for storing only enough spent nuc lear
fuel to alliow the short lived radioactivity to decay for a period of approxi-
mately one year before this fuel would be shipped off-site. For various
reasons, it =ay be necessary at some tize during the operation of the reacter,
to unload the entire core from a typical nuclear power plant. Consequently, the
spent fuel storage pools were designed tc hold the amount of fuel discharged in
one year (or approxizately one/chird of a reactor core) plus the ent’re conteats
of the reactor core. Recent government decisions, however, have stopped the
reprocessing of spent nuclear fuels, and unt.l new gcvernment policies are
developed re~-.rding long-term storage of the fuel, it has become necessary for
the typica. utility to store auclear fuel on-site for much longer than Jue year.
Clearly this situation has required extensii» modification and expansion of the
on-site fuel storage pools, including the installation in many cases of high
density fuel storage racks containing nuclear poisons to prevenl accidental
cri:icality(l).

Figure | shows a typical reactor speit fuel storage pool arrangement
showin. the fuel transfer area hetween the storage pool and the reactor pit.
Because the water in the spent fuel storage pool mixes with the primary coolant
of the nuclear reactor during fuel unloading and loading processes, it 1is
necessary to maintain the fuel pool coolant to reactor primary coolant
specifications. Tables 1 and 2 give the typical spent fuel srorage pool
chemistry and temperature conditioms at a boiling water reactor site where the
coolant is high purity neutral water, and at a pressurized water reactor site
where the coolant contains dissolved boric acid as a soluble neutron poison.
This boric acid in the spent fuel storage pool scrves additionally to prevent
accidental criticality of the fuel in c-orage, although no credit for this boric
acid is given in the design of the poois.
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Materials of construction of sper® fuel scorage pools are cypically
stainless steels -or the pool liner and must equipment for the cooling systenm,
and stainless steels or aluminum allovs for the fuel storage racks. lMNuclear
poisons such as boral or a boron carbide organic resin are used between the fuel
compart=ents in some high density racks. The purposes of this paper are three=
told: first, to review the corrosion experience in zeneral of the strustural
and nuclear poison materials in spent fuel storage pools around the country;
second, to describe our in~house :xperience at the spent fuel storage facilities
at Brookhaven on the behavior of the auclear poison boral and alurinum and
stainless steel structures; and third, to present the results obtained at
Brookhaven on evaluating the causes ¢. the stress corrosion cracking that
cccurred ia the Three Mile Isiand = Unit 1 spent fuel storage pool heat
axchangers.

II. STRUCTURAL MATERIALS IN POOLS

The ove:..l performance of structvral materials in spent fuel storage pools
tc date has been excellent. These include stainless steels and aluminum alloys.

a) Stainless Steels

Stainless steels are used as the liners in spent fuel storage pools
almost universally .a :his country, except for one or two of the very early
pools. Most typical spent fuel storage pools have unde:neatih the liner a series
of tracer channels in the massive concrate foundation of the pool which serve as
a leak detection system should any of the spent fuel pool coolant leak through
the liner. These channels divert such leakage to a central header where it can
be collected, monitored, and pumped either to a radiocact’se coolant leanup
systea or back into the pool, as the case requires. Although a few stainless
steel fuel pool linmers have developed leaks at the welds upon initial filling,
these were attributed to defects in the original welds, rather than to any
effect of the pool eavironment. Intergranular stress corrosion cracking in the
heat affected zone of a weld of a pool liner plate at San Onofre Unit 2 was
discovered before the liner was inserted ia the p ol. This was ~robably caused
by the damp marine atmosphere to which this line w- . exposed while on storage
at the San Cnofre site. The only instance of lea:r ' . of a pool liner developing
aftar the pool had been in service for a period o: L 'me occurred at Salem Uni:z 1
pool in the Spring of 1979, + this instance, :t 2 leakage was small, located
with considerable difficulc:, aad the area dammec off by underwater divers and
repaired by welding a plate on top of the leaking irea. No attexmpt was aade to
determine whether this leak was due to environmen.al interactions or mechanical
failure.

Yo stress corrosion to date has been detected on any of the fuel storage
racks that have Seen in service, in some instances, for over ten years. How=
ever, onlvy visual inspections have been perforzed on those racks that were
renoved from service for replacement with newer high deasity racks.

There nave, however, been several instances of stress corrosion cracking of
stainless steel piping in the spent fuel pool cooling sy-tem, nost notably at
Three Mile Island = CUnit 1(2), At the request of the Nuclear Regulatory
Commission, 3rookhaven llational Laboratory received a portior of the piping from
tne Three Mile Island spent fuel storage pool cooling systew containing a known
crack to determine the cause of lailure.
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is sketched in figure 2. The *htough-wall
os!.a crack, figure J, occurred in an area adjacent to
ve amounis of weld repair had been done and large amounts of

red. .he conclusions of our investigation are summarized be-

ag we received

le The primary cause of the cracking appears to be intergranular stress
corrosicn cracking in the weld sensitized hean affected zone of a weld
repair.

2. Although no definite corrc ive species ware identified as the cause of
the cracking, the various traces of Cl on both the pipe inside s.rface and
in the areas of the crack fracture faces detersined by EDX scans aad the
inside surface etched grain boundaries is evidence of etching and possible
contaminat<on of the system by Cl icns perhaps during a cleaning or
pickling operation. The significance of Al, Si, Ca, P and X is not
currently obvious.

3. The significance of the wide.y dispersad MaS striager=like inclusions
as pit nucleation sites is inconclusive. Also, ioportaace of the widely
‘*saerse* sulfur traces throughc.. the E actu re face is yet to be de~-

rained, but seemingly requires further vestigation into the effects of
bo:H 5 and Mn3 in the spent fuel environment.

“. The results of Electrochemical Potentiokinetic Reactivation Analysis

EPR) did show at least one area of the pipe's cross section had been
sensitized significantly by the welding process which i{s a reasonable
indication of the pipe's precracked condition.

5« It is evident from the Constant Extension Strain Rate Tests (CERT) re-
sults (corroboratid by the oxalic acid etched aicrostructures) that the
Tyse 304 SS material u;t“ its high (0.07%) carbon content and coaplex
thermal history (2 .epa rs) was severely sensitized at various locations
about its girth., This degre~ of sensicization was sufficient to cause
intergranular-type fracture of this material during CERT testing in air at
a strain rate of 8.5 x 1079 sec~l. This degree of sensitization
coupled witn the residual stresses of weldi:g and the possible contamina-
tion of Cl ions was seemingly sufficient to crack the piping by an inter-
granular stress corrosion cracking machanism.

6., A reasonable explanation of the intergranular-type cracking « bserved in
the CERT tests (in air) can be made hat is similar to that postulated by
Hippsley, et al. (3) It is possible that at some critical strain, the
MnS$/TiC inclusions start to decohere from the matrix alloy. Since the 304SS
was significantly sensitized (graia boundary carbide formation) this
decohesion (ductile in nature) started %o apply a shear stress across the
more brittl: carbides in the grain boundaries causing them to "sligze”
across one another thereby resulting in the intergranular-type failure with
the facets appearing in a dimpled rupturs mode. This theory is comewhat
substantiated by the fact that the intergranularly failed specimens tested
in solution or air, 21l exhibited a si-ilar degcee of elongation (strain’
of alacst 50% and fell within a reasonable scatter band for t(easile stress
66=32 isi, which is quite similar to the specimens which failed in a ourely
ductile manner.
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It is obvious from these investigations that, even in the relatively benign
enviroaments and low temperatures at which the zpent fuel storage pool operates,
care should be taken in manufacturing or fabricating stainless steel components
to prevent undue sensitization of the stainless steel, high stresses associated
with weld repair areas, and contamaination of the pool with harmful impurities
such as sulfur compounds or chloride compounds.

LN

b) Tvpe 1

ype l7=4 PH stainless steels are used ia an number of spent fuel

storage pools as seismic restraints in order to provide stability to the racks.
In this application, the normal load un this material is well below yleld, and
produced only by nut tightening or bol:ing stre:ses. Hcwever, the loads on
these bolts may approach their design strength duri 1 design basis earthquake
for a short period ¢f time. Consequently, there is uonsxcerable interest in the
long-tera perforzance of this material in a spent fuel storage pool environment.
Further, there is a temptation on the part of engineers to make the material as
strong as possible oy heat treating it to the H=3%00 condition.

The literature con \tains many references to stress corrosion cracking of
Type 17-4 PH in the 4-900 condition. However, almost exclusively these ref-
erences are to EKPOSuteS at teamperatures of 149°C (300°F) or higher. In a
marine atmosphere, this material has failed ir the H-900 condition at tempera
tures up to 52°C (125°7) but not when immersed in sea water at temperatures of
27-30°C (80-85°F).(4) Clearly the situation is somewhat clouded as to whether
oT not this material in this heat treatment @might crack over long periods of
tize in spent fuel storage pool environments. Most utilities are now recom=
mending the H=1025 or the H-1100 heat treatment for this material, under which
condition it has operated satisfactorily in many applications at temperatures
and pH quite consistent with that present in both BWR and PWR spent fuel storage
pools. In rhe High Flux Beam Reactor at Srookhasen it * : performed well in a
pi 5.0, high oxvgen environment at 21°C=-68°C (70-155°: for over 15 vyears,
where this material is used in the control rod drive pinionms.

The second potential problem with the use of this material in spent fuel
storage pools comes frum reactions involving the heat treatment scale usually
present on componints of 17-4 PH following the H~-110C heat treatment. The
manufacturers of the material recommend that the heat treatment scale be removed
by chemical cleaning or by mechanical means before the materials are used in a
water environment. Certainly any residual scale oan the material could poten=
tially lerd to pitting in the long-term in an oxygenatec environment. We ex-
pcsed several specimens of this material with the heat treatment scale inzact to
the spent fuel storage pool at the High Flux Beam Reactor at Brookhaven to de-
termine the long-term behavior of the heat treatment scale. Figure 4 shows that
in six months the surface of the l7-4 PH exposed with the heat treatment scaie
intact was heavily coated with a brown rust, whereas, the surface of the speci~-
mens cleanaed after heat treatment remained bright and shiny. In neither case,
however, was there any measurable general corrosion, although there was possibly
some slight pittinr underneath the rust on one spucimen. Since this rust-like
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al would contribute to -be crud deposits on the floor of the spent fuel
age pool and might ia so to localized Xk on the l7-4 PH,
1 of the heat treatment scale fria any componeats Nis macerial before
i tion into a spent fuel storage pcol would seem an

¢) Aluminum Stainless Steel Junctions

Alyminua coampons»nts have stood up “e‘l ia spent
par:;:'Larly in those associated with bcx
v "

fuel storage pools,
ng warter reactors in which tha
environment is basically neutral, high pu

14
11

p v water Howevar, in a boric acid
pool, or even in a neutral water pool there is always a potential f»r pitting of
the aluminum at a point of galvanic contact between aluminum and stainless
steel. At some reactor sites, no:ahlv Vermont Yankee(S), insulating feet have
been put on the aluminum racks <her. thev sit on the stainless steel floor of
the spent fuel storage pool to :iﬂ‘~._e this pitting attack. In the spent fuel
pool associated with the High Flux Beam Reactor at Brookhaven, we have aluminun
racks and a concrete floor in the pool ‘ver which s laid "/4" stainless steel
sheet to prevent damage to the concrate Typical water chemistry in the pool is
similar to that in Table 1. To monitor the pitting reactions that amight be
occurring between aluminum racks and the stainless steel floor of the ceactor
pool, a series of corrosion coupons have been kept immersed in the pool for
several years. Figure 3 shows the extent of pitting of the aluminum surface
following removal fron the pocl after six months exposures The pitting occurred
only around the edges of cthe point of contac:t between the aluminum and the
stainless stee. The inner portion of the sandwich, while slightly discolored,
shows no pitting attack, which is probably due to the reduced availability of
xygen in this arei. In February, 1979, while these specimens were present in
the pool and while the mixed bed in the pool water purification system was being
regenerated, a faulty shut=off valve allowed some of the S5X sulfuric acid
reg~nerating solution to leak into the pocl. The pH drcpped to 3.6 and the
cesistivicty of the water to 1,000 ohm=can. Approximately a five fold increase in
the aluminum concentration of the water was observed. After a week of operating
the deminerilizers and the purification, the pH had risen co 5.2 and the
resistivity to 210,000 ohm=cz. The pH had returned to the normal range within
11 days. The saaples were removed, and the three pits shown in figure 5 w.re
reexaained. No new pitting was observed is a resulr of this incidant, although
the tiree pits shown in the figire did grow slightly. Subsequently, several of
the aluminua racks were removed from the pool (as part of our in-house replace-
ment of the fuel storage sysZem with high density fuel storage racks) and ex-~
amined. Again, there was pitting of roughly the same amagnitude shown on the
photograph at several places on the feet of the racks, where they were in con-
tact wi" the stainless steel liner »f the pool. However, ir no way did this
minor pitting affect the structural .ntegrity of the racks over the period of 15

years since they were installed in the pool and the pool filled.

Several of the boiling water reactors have replaced their aluminum racks as

part of the densification program, and no significant corrosion has been ob-
served where the aluminum racks rested on the stainless stsel floor of the pool.
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The extensive use of nuclear poisens, especially boral ia spent fuel
storage racks, has been brought abou: by the need for increasing the storage
Capacity of the various rnuclear power plant sites. The literature on boral,
dating bdack over a pericd of 20 vears, states that its corrosion resistance is
the same as that of the aluminun ciadding, proviced the 34C-Al cermet in the
core of the boral is not exposed to the cooclant. Figure & shows a schematic of
boral. As can be seen, it consists of an aluminun boron carbide cermet clad on
both sides and alonz the edges with aluminuam, tvpically either 1100 or 6061
allov. Because oi <c¢his precauction in the literature, (which experieace has
shown to be unnecessary) all boral exposes in the commercial nuclear pools was
originally designed to be contained in sealad compartments between the fueled
storage cells within the racks to prevent access of watc .o the boral.

a) Compatibility of Bora! with Water

At 3rookhaven, boral has been exposed in the fuel storage area of the
8rookhaven Medical Research Reactor to witer of essentially the sace quality as
that in a 3WR pool since January, 1959. Ian the Suager of 1978, because of the
interest in the use of this material in speat fuel storage pools, several punch-
ings were taken from the boral plates in this reaczor as shown in figure 7, and
analyzed getallographically ia our laboratory, and for bSoron at the Universizy
of Michigan by neutron attenuation. Figure 8 shows that the neutron attenuation
data for all six specizens agr:ed withia 20%, which is probably within analy-
tical error for such small sauvples. Specizen #3 was analyzed chemically to
contain 41.3% 34C in the core, which is in the upper range of boron concen=-
tration for wmaterial produced in the 1950's. Additicnal portions of these
punchings wers examined by General Electric in San Jose. It is clear from these
examinations that there has been no loss of boron carbide to the coolant of the
Brookhaven Medical Research Reactor over the pariod of =more than 19 years that
tiils bore® was exposed to the coolant. This observation gives considerable
assurance that, should spent fuel pool water leak intc the cavities containing
boral, there will be no concomitant loss of the boron carbide from the cavity.

b) Swelling of Poison Racks

At severz! nuclear power stations, when racks were in<erted into the
poul coutaining boral sealed in stainless steel cavities, leakage of water into
the stainless steel cavity containing the boral led to a formation of hydrogen
by the initial passivation corrosion of aluminum. Production of hydrogen duc..g
this period, of course, has been kncwn f>r a long tize. Figure 9 gives some
data published by Sraley and Ruther in 1953(8) showiag that the amount of cor-
rosion in terms of nmezal lost over the first Week or so after aluminum is ex-
posed to water, can equal as much as 20 ag/dmé, In terms of hydrogen produced
by this reaction, this corrosion could sroduce as much as 7500 cc of hydrogen at
standard temperature pressure conditions per tube of the spent fuel storage
mcdule. In as ouch as the void space around the boral, where {t is sealed into
the tube, is of the order of 100-150 c=3, this quant’ty of hydrogen is quite
sufficient to produce the 5-6 psi pressure need:d to bulge the thin stainless
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steel cladding that seals the bdoral in place. The implicaticn of this phenonme-
non will be discussed later in this session by Mr. Vincent(7), Since it is
impossible to ensure that 2ll of the boral will be permanently sealed, it is
desirable to vent these cavities intentionmally so that the hydrogen produced can
be released to the eaviroument without aliowing swelling of the racks. This
solution to the swellinz problem, however, places greater emphasis on the
possible corrosion that aight occur where aluminum and stainless stee’! come in.o
contact in the spent fuel coolant. This is of particular conce:n in the poo.s
ad jacent to PWR's, where tha coolant contains boric acid at a pHl of around 3, as
shown fn table 2. Based on our experience with coupons, described atove; the
pisting will primarily occur near the points where the boral=-containing cavities
are vented. Since these cavities are as muca as 20 feet long, significant loss
of aluminum from the pitting is unlikelv. Further, from the BMRR ex»erience,
and from studies of this pitting corrosion under extreme conditions of low pH
and elevated temperature, it is very unlikely that the boron carbide itsel”
would be lost -by the pitting corrosions Meas.cements of pitting currents in
this cocuple have been shcwn to be strongly affected by the amount of oxygen
available at the site where che active pitting is occurring. Further, the
aluminum hydroxides produced by the pitting corrosion would be expected to
remain in the cavities and hold the B4C particles in place.

Most of the utilities wutilizing the vented boral racks have committed
themselves to a corrasion @monitoring systesm consisting of both small coupons
that ate vented fo the environment and full length ¢tubes containiag the
boral(8), Since small ¢oupons will have much greater access to oxygen at the
point where the alumiaum and the stainles:z steel are :31 contact in the environ-
ment, we think they will give a conservative measure of the state of the nuclear
poison throughout the storage racks.

y R
Iv. concLusion

a) The pericrmance of structural and poison mat-crial in spent fuel storage
pools to date has Seen excellent.

b) Intergranular stress corrosion of sensitized stzinless steel can occur
in these environments if the wmaterial is heavily sensitized and heavily
strassed, as might occur in areas with extensive weld repairs.

¢) Accidental contamination of the pool with materials such as chloride or
reduced forms of suifur could lead to initiation ¢ stress corrosion cracking of
such asc:rials. Clearly careful quality dnstruction techniques are recommended.
(&5
d) Boral can be ecxposed to nuslear coolant without detectable lces of the
boron carbide from the matrix.

e) Pitting corrosion of the aluwinuam cladding on the boral, however, is
possible where the cladding is i contact with stainless steel, especially at
those points of contact where access to oxygen is highest, and in pools contain-=
ing boric acid. This pitting should not effect che poison capabdbility of the
boral and should not in any way dissolve or corrode the boron carbide particles
theaselves.
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£) Picting of aluminum racks, ~here they are in contact with stainless
steel can occur. However, this pituing to date in racks removed from several
reactors in wnich the pools comtain high purity water has not produced sig-
nificant degradation of the rack materials.

8) Type 17-4 PH stainlecs steel should de used in the H=1025-1100 con-
dition and th: heat treatment scale removed by either chemical or mechanical
means to avoid possible stress corrosion cracking, pit:ing, and sludze tormation
in the pool.
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TABLE 1|

BWR Speat Fuel Pcol Chemistry*

Specification
Conductivicy <5
{ =ho/ecm)
Chloride (ppm) <0.1
e 5.6-3.5
Si0y (upm) <0.5
Temperature £52°C (<125°F)

Typical Range

<l

<0.0:s

end of lower range
o1=.5

37°C (53°F) 8/15/30

*Courtesy Commonwealth Edison, Co., Dresden Station

TaBL

4]
et
Ll

PWR Spent Fuel Pool Chenistry*

Specificacion
Boric Acid, as >200¢
ppa 3oron
Chloride {(ppm) <0.15
F~, pom <0.15
pH 4.0-7.0
Temperature <65°C (<150°F)

*Composite of data from Portland General

Typical Range

2300

<0.10
<0.22
!40’-502

18-29°C (65=85°F)

Electric Co.,

Trojan Speciiications, and let-opolitan Edison Co.,

Three Mile Island = Unit | Sampling
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Flgure 3

Typtca) Caression Pattern for V100 A) in water
(from &0 -3C00)
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