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Testimony relative to Commonwealth Edison Company
proposed change to Operating License for Zion Nuclear Plant

by J. E. Draley.

My testimony is in the form of general statements
concerning corrosion and related reactions of the stainless
steel/Boral storage rack tubes, followed by specific replies
to the contentions of the State of Illinois, as identified
as issues in this case by the NRC Licensing Board in the
Board's "Order Following Prehearing Conference," January 19,
1979. A statement of my professional qualifications is

attached, as are the references which appear in this testimony.

GENERAL STATEMENTS CONCERNING CCRROSION

A, Boric Acid Solution

The solution used in the Zion spent fuel storage
pool contains boric acid dissolved in high purity dionized
water. The solution is purified by passing a stream (approx.
100 gallons per minute) through a mixed bed ion exchanger
that does not remove boric acid substantially. This purifi-
cation process has not been run at all times and the concentration
of the boric acid has not been constant. The average concentra-
tion of boron has been a bit less than 2500 parts per million
(ppm) , ranging from 2000 to perhaps 2520 ppr and the typical
pH has been 5.4, ranging from 4.7 to 5.6 in one period. The

"normal" temperature of the pool water is 70°F, calculated
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to increase to 111°F when a l1/3-.ore discharge of spent fuel is
added (143°F if only one of the tw> cooling heat exchangers
is operating).

Boric acid is typically a benign chemical in other-
wise pure water from the point of view of corrosion, so long
as the pH is not too low. A significant adverse effect on
the aluminum corrosion can be predicted if the pH is below
about 4, depending on the Eemperature, the presence of other
solutes, and the rate of flow of solution past the metal
surface.

B. Corrosion of Type 304 Stainless Steel

In pure wa 'er at storage pool temperatures, the
uniform corrosion over the surface of austenitic stainless
steels such as Type 304 is so slow as to challenge the ability
of experimenters to measure it. In fact, I know of no accu-
rate measurement of this corrosion rate. In my judgment the
uniform penetration of 304 stainless steel is likely to be
less than one ten thousandth of an inch in 40 years exposure
to high purity water or to the 2500 ppm boric acid sclution.

Under some circumstances, stainless steels, includ-
ing Type 304, are susceptible to stress corrosion cracking.
However, there is considerable experience with stainless
steel racks and pool liners. No stress corrosion cracking
of either has been found, even in weld-sensitized and residual
stress regions,(l) and none is expected to occur in the

Zion pool.
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In sufficiently aggressive sclutions such as those
containing a high concentration of chloride ion, and espe-
cially in the presence of crevices, stainless steel has been
known to suffer localized attack or pitting. This type of
attack has not been observed in storage pool water and is
not expected to occur for the lifetime of the Zion pool.(l)
C. Boral

This product is manufactured by Brooks and Perkins,
Inc., and, for Zion, consists of about 48% by weight of boron
carbide (bB4C) particles embedded in a matrix of commercially
pure (1100) aluminum. The size of the B C particles is given
as 60-200 mesh. This boron carbide-alumiaium material is
formed into a plate, clad with 1100 aluminum on both sides.
The same aluminum alloy is inserted between the cladding
plates at each end sco that the resultant piece, after cutting
for use in the racks, is covered on four of the six sides by
1100 aluminum; the side edges are left without cladding.

As in the case of stainless steel, the actual
corrosion rates of aluminum alloys such as 1100 are so low
after an initial period of exposure to pure water as to have
challenged the skill of experimenters to determine it. In
fact our own observations for tests running nearly three
years have shown that after an initial period lasting for
several days the amcunt of corrosion increases only very
slowly with further exposure times for temperatures of 50°C

(122°F) and 70°C (158°F) in pure water. At 70°C, after the
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initial period, the amount of corrosion has been shown to
vary with the logarithm of time for at leart two years.(z)
The logarithmic intercepts and rate constants published in
1967 by Draley, Mori, and Loess (3) indicate that for storage
pocl temperatures the amount of uniform corrosion of 1100
aluminum should not exceed one ten-thousandth of an inch in
40 years of exposure in high purity water. Tests in boric
acid have not, to my knowledge, extended long enough to
predict with precision the uniform corrosion rate to be
expected. Short-term tests have shown that less corrosion
occurs in the presence of a dilute boric acid solution than
in water but it cannot confidently be stated that the corro-
sion after 40 years will be as low as or less than that for
pure water. Consequently, I can only conservatively judge
that the amount of corrosion in boric acid solution in the
storage pool should be less than one th_usandth of an inch
in 40 years of exposure.

There has been enough testing of the bare edges of
Boral in which the aluminum-boron carbide core material and
the 1100 aluminum cladding is exposed to show that little
or no accelerated corrosion occurs. For example, Weeks(4)
reports no measurable deleterious attack in 19-1/2 years
exposure in the Brockhaven Medical Research Reactor.

In pure water or in boric acid concentrations not
exceeding thoze in the storage pool no stress corrosion crack-

ing or significant pitting is expected of Boral.

108 047



S

D. Boral-Stainless Steel Couples

When dissimilar metals are held in electrical con=-
tact, the corrosion of the metal that is electrochemically
more active is sometimes accelerated and the corrosion of
the metal that is electrocnemically more noble is sometimes
retarded. The increased corrosion of the more active metal
is known as galvanic attack. In the present instance, 1100
aluminum and the layered éoral product are anodic to or
more active than the stainless steel jacket. In deionized
water, essentially free of chlorids ion, galvanic attack of
aluminum coupled to stainless steel is very slight as long
as the water purity remains high. In the presence of boric
acid solutiosn, at concentrations corresponding to the sto-
rage pool water, one can expect some pitting of the edges
of the Boral plates and perhaps the 1100 aluminum cladding
when the electrical contact with the stainless steel jacket
is good. The extent of pitting is not readily predictable
because of lack of sufficient data in boric acid solution
representati e of that expected within the Zion tubes and
uncertaintiers in the contact resistanct between the two
metals that form insulating oxide films in air prior to fabri-
cation and in the presence of water or boric acid solution
when exposed to that environment. In any event, the resultant
galvanic pitting is likely to slow down to such a low rate as
to lead to little further pentration. The explanation for

this nearly self-limiting process is probably related to the
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very limited conductivity of the solution through pores in
the oxide that covers the growing pit. It is necessary for
such ionic conductivity in the solution for the pit to-continue
toc propagate. The formation of pits of limited depth and
the expected existence of oxide on the surface make it unlikely
that a significant amount of boron carbide will be lost from
the edge of the Boral.

Although there ;re no known careful examinations
of surfaces after galvanic corrosicn in boric acid solution
containing 2500 ppm boron, Brooks and Terkins has measured the
electric current flowing betwzen Type 304 stainless steel and
Boral during such exposure, both in aerated and deoxygenated
(bubbling nitrogen gas) condition at 65°C (149°F). In addi-
tion, a closed experiment has been run at 21°C (70°F),
with no addition of gas (herein called stagnant). For the
aerated and deoxygenated tests, the current varied irregu-
larly with time, with an apparent trend downward after the
first few weeks. The galvanic current deoxygenated was about
one-fourth that in the aerated test. In the stagnant test,
the current declined throughout, reaching negligible values
after two or three months. Additional testing has alsc been
done by Battelle Memorial Institute at a higher boric acid
concentration, 32 g/l, containing about 5600 ppm boron. The
pH was 3.8, the temperature 49°C (120°F). Galvanic currents
between stainless steel and Boral or 1100 aluminum were higher

than in the more dilute solution during the 54-day test.
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Periodic inspection of the 1100 aluminum specimen during

the course of the test showed severe pitting that appeared
Qisually to have grown little deeper but covered an increasing
area. This galvanic corrosion was clearly more severe than

that which occurred in the more dilute boric dcid solution.

REPLIES TO CONTENTIONS

Contention (2)(e) The amendment request and supporting docu-

mentation do not adequately discuss monitoring procedures.
In the light of the proposed modification and long time
storage of nuclear spent fuel the Applicant should clarify
the following:

(3) Method for detecting the loss of neutron absorber
material and/or swelling of stainless steel tubes
in storage racks.

(4) Details of a corrosion test program to monitor
performance of materials used in the construction
of the racks.

Reply

Consideration of the corrosion behavior of the Boral leads

to the judgment that significant amounts of boron vill not be
lost from the Boral composite by corrosion. Similarly it is
anticipated that no serious swelling of the vented steel
tubes will occur in the storage racks, since the only known
mechanisms that might produce substantial swelling involve

the entrapment of gas inside the tubes or the production of
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solid corrosion product with a volume greater than that of
the metal from which it was prcduced. The former should
not occur because the tubes will be vented and swelling by
the latter mechanism should not reach serious proportions,
as will be shown in the reply to Contention (2)(3)(3).

To assure that unexpected damage is not occuring,
the surveillamce program that will be put into effect when
the new racks are installéd(s) will provide an opportunity
for inspection of specimens that are expected to behave in
the same way as the actual tubes. Small vented specimens,
very similar in character to the actual tubes, will be stored
in the pool. These will be removed periodically, opened,
and examined carefully for corrosion damage. In addition,
two full-size storage tubes will be exposed in the pool
near stored fuel so as to reproduce the radiation condition
as well as exposure to the solucion. These tubes will be
examined periodically for visual signs of swelling and will
be opened and examined for loss of boron if examination of
the small specimens indicates 10poron content in those speci-
mens below 0.02 qm/cmz.

It is believed that with this program, indications
of corrosion damage involving the possible loss of neutron
absorber or swelling or other damage to the tubes will be
detected in time to take any necessary remedial action for
the storage tubes in the pool. It is believed that the

corrosion reactions will be sufficiently slow that any
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damage that occurs will not endanger the safe and effective
operation of the storage pool.

Contention (2) (h) The amendment request and supporting docu-

mentation have not analyzed the long term (including storage
during the operating lifetime of the reactor) electrolytic
corrosion effects of using dissimilar alloys for the pool
liners, pipes, storage racks and storage rack bases, such

as the galvanic corrosion between unanodized aluminum as is
used in Brooks and Perkins storage racks, and the stainless
steel pool liner.

Reply

As has been indicated above in sections C and D it is not
expected that there will be a significant electrolytic
corrosion effect between boron carbide and 1100 aluminum,
although it is likely that there will be a galvanic corro-
sion effect between the Boral and the stainless steel tube.
Whatever the magnitude of this effect, and it is not expected
to pose a problem with respect to the integrity of the Boral,
there will be no resic "al effect of the galvanic interaction
outside of the stainless steel tubes, so that the materials
inside the tubes will have no interaction with fuel or with
the tank liner.

Contention (2) (j) The amendment request and supporting docu-

mentation do not give sufficient data to fully assess the
durability and performance of the Boral-stainless steel tubes

which form the spent fuel storage racks:
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(1) There is inadequate analysis of the corrosion rate
of the tubes.
Reply
In Section B above I have provided information concerning
the anticipated corrosion behavior of Type 304 stainless
steel, the material of which the tubes are comprised. It
is expected that the corrosion will be negligible as indi-
cated in that section. ‘
(2) There is no calculation of tne effect of water
cramistry on the Boral within the stainless steel.
Reply
This is discussed in Section C above. It is judged that the
water chemistry will be favorable for the corrosion of Boral
and that the total uniform corrosion of this material will
not be in excess of 1/1,000 in. for the forty year lifetime
of the racks. There could be a greater amount of local
attack on the edges of the Boral and possibly at some loca-
tions on the 1100 aluminum cladding on the Boral where it
faces the stainless steel. 1In rneither of these two loca-
tions is the attack expected to be great enough to lead to
serious loss of the neutron absorbing boron, or to cause
swelling to an extent that would interfere with free move-
ment of the stored fuel.
(3) There is no mention of the possible swelling of
Boral within the stainless steel tubes, a condition
which could affcct, among other things, removal

of fuel asserblies from the racks.
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Reply

I am aware of two processes that could lead to swelling of
the Boral within the stainless steel tubes. In the first,
if the quality of the Boral is poor so that there is porosity,
there could be a path for permeability of the core material
by water. It wi.u'd then be possible for reaction of this
water with the aluminum at some internal place to produce
hydrogen gas in quantitiei sufficient to expand the Boral,

as by the formation of a: internal blister. The location of
such a blister might be some distance beycnd that of the
water that produced the gas, the hydrogen diffusing ahead

of the water. This type of swelling should be self-limiting,
since expansion of the blister should deform the piece

enough to allow release of the hydrogen pressure. In the
second mechanism scme local corrosion or pitting might be
induced by galvanic interaction between the aluminum of the
Boral and the stainless steel tubes (where the plates are
pressed together). The solid corrosion product has a greater
volume than that of the corroded metal, and local swelling
could result.

With respect to the [irst process, due to acci-
dentally porous Boral, there has been n- experience of this
kind of swelling at pool temperatures of cormercial grade
good quality Boral either in the old formulation (see
reference to the material in the Brookhavern Research Reactor

above in Section C) or in the new formulation, for which
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there is less extensive experience. It did occur in some
tests run by Exxon Nuclear Company(s), using sr2ciments of
material, not used commercially, containing quantities of

fine boron carbide, of the crder of minus 300 to 350 mesh.

It was at locations of such fine material that Exxon found

the blisters to form. During mechanical testing of this type
of material (not in contact with water or agueous solution),
Brooks and Perkins found areas of imperfect bonding between
the core and cladding. Specifications for the boron carbide
powder (size range) were then set at =60 + 200 mesh, and

ro areas of poor bonding were discovered. This is the product
that is used commercially. Because of universally good
experience with the commercial product and the non-applicability
of the Exxon results to such a product, no swelling oi cuis
type is expected in the Zion ponl.

Concerning the second swelling mechanism, the extent
of galvanic corrosion may be limited by solution depletion,
depletion of available oxygen in the stagnant area, Oor poor
electrical contact, as indicated above in Section D. If it
is not so limited, it is conceivable that the entire thick-
ness of the Boral might be converted to the aluminum corrosion
product, a hydrated oxide, expected predominantly to consist
of a crystalline form known as bayerite. Using the density
of bayerite (2.42), it can be calculated that the corrosion
product will occupy a volume some 3.2 times that of the alumi-

num from which it is formed. For a total Boral thickness of
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0.073 inch, the maximum swelling would then be 0.234 inch,
an amount that would not interfere with the movement of fuel
within storage tubes.

Another possible cwelling mechanism for unv: nted
tubes, not involving the swelling of Boral, is the accumu-
lation of entrapped gas between the Boral and the stainless
steel tube. Assuming a lgak near the bottom, access of
soclution to the aluminum and the production of some hydrogen
as a corrosion product will be allnwed. If the resultant gas
(perhaps a mixture of the hydrogen and the air originally
entriopped during the manufac ‘ure of the tube) nearly fills
the free space between the Boral and the stainless steel
tube, its pressure near the top wi'l be in excess of that
outs‘de the tube by an amount that <ould bulge the stainless
steal sheet. This is the mechanism believed to axplain the
swelling of some tubes in the speit fuel storage pool at
the Monticello Plant last year. It should not occur at Zion
due to the use of vented tubes.

Contention (2) (k) The amendme:t reguest and supporting

documentation do not consider possible degeneration of the
Boral densi%y due either to generic defects or to mechanical
failure which would diminish thas effectiveness of Boral as
neutron absorber, thus leading to criticalitv in the spent

fuel pocl.
Reply

Generic effects in the form of porosity have been discussed
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in the preceeding reply. If there are mechanical defects,

in which the Boral would fragment or break, the stainless
steel tubing would keep it largely in position. However,

the fragmentation is considered highly unlikely in view of

the good record of Boral products and in view of the excellent
record for integrity of the Boral cladding alley, 1100 alumi-
num. The risk of developing criticality in the pool on the

basis cited is deemed negligibie.
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Above 200°C; July 15, 1955.

ANL-5658 J. E. Draley and W. E. Ruther: Experiments in Corrcsion
Mechanism: Aluminum at High Temperatures; April 1957.

ANL-5889 Shiro Mori, J. E. Draley and R. B. Bernstein: Deuterium-
(Adden.) Hydrogen Exchange in Boehmite Corrosion Product Formed
On Pure Aluminum in Boiling Water; April 1961.

ANL-5927 J. E. Draley and W. E. Ruther: Corrosion Resistance and
Mechanical Properties of Aluminum Powder Products; March 1959.

ANL-6015 J. E. Draley, S. Mori and R. E. Loess: Corrosion of 1100
Aluminum in Boiling HZO and DZO; July 1959.

ANL-6053 W. E. Ruther and J. E. Draley: Corrosion of Aluminum-Uranium
Alloys in High-Temperature Water; Nov. 1959.

ANL-6207 J. E. Draley, W. E. Ruther and S. Greenberg: Corrosion of
Aluminum and Its Alloys in Superheated Steam; April 1961.

ANL-6236 S. Mori, J. E. Draley and R. E. Loess: Crevice-Galvanic
Corrosion of Aluminum; June 1966.

ANL-6785 J. E. Draley, W. E. Ruther and S. Greenberg: Corrosion
Experience with Aluminum Powder Products; Nov. 1963.

ANL-722 J. E. Draley and W. E. Ruther: Corrosion of Aluminum Alloys
by Flowving High Temperature Water; January 1967. !

Publications under his Supervision

F. E. DeBoer: Discussion of Impedance Characteristics of Isolated Aluminum
Oxide Films, by D. F. MacLennon; Letter to Editor, Corrosionm,
15, 643t, Dec. 1959.

R. K. Hart and W. E. Ruther: The Morphology of Surface Reaction Products
on Aluminum; J. Nue. Mat., 4, 272-280, Aug. 1961.

R. K. Hart and J. K, Maurin: Morphology and Structure of Oxides Grown on
Aluminum in Superheated Steam: Corrosion, 21, 222-234,

July 1965, \9 be
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TECHNICAL PUBLICATIONS OF JOSEPH E. DRALEY (Contd)

I1I.

R. K. Hart: Morphology of Corundum Films on Aluminum; Fifth Int. Congress

for Electron Microscopy, 1962.

with Alpha

CT-3029 J. W. Arendt and W. W. Binger: Corrosion of Aluminum - Tuballoy
Alloys; June 5, 1945.

CT-3030 W. Binger: Galvanic Corrosion of 304 Stainless Steel, 25
Aluminum and 725 Aluminum; June 2, 1945. (Confidential)

CT-3047 G. English: Corrosion of Unbonded Aluminum-Jacketed Slugs
in Aqueous Medium; Jan. 30, 1945 (Confidential).

CT-3095 John Mann: Improvements in Internally-Heated Slug Test;
June 30, 1945.

CT-3096 John Mann: Internally Heated Slug Test at 100% Power Level;

. June 15, 1945.

CT-3040 J. Mann: Simulated Storage Basin Corrosion Tests,
June 30, 1945.

ANL-5500 W. E. Ruther: Corrosion Experiments with 2S Aluminum at
200°C; March 1956.

ANL-5889 R. B. Bernstein: Hydrogen and Oxygen Isotopes Agglied to the
Study of Water-Metal Reactions. Exchange of D0
Alumina Monohydrate; Aug. 1958.

ANL-6144 Raymond K. Hart and M. J. Hevduk: Metallography of Aluminum
and Some Aluminum-lw/o Nickel Alloys; March 1960.

ANL-6230 Raymond K. Hart and Westly E. Ruther: Film Growth on Aluminum

in High Temperature Water; April 1961.

Publications in the Area of the Corrosion of Thorium, Uranium, and their Allovs

J. H. Kittel, S. Greenberg, S. H. Paine, and J. E. Draley: Effects of

Irradiation on Some Corrosion-Resistant Fuel Alloys; Nuc. Sci.
and Engin., 2, 431-449, July 1957.

Sherman Greenberg and Joseph E. Draley: Effects of Irradiation on Correosion

Resistance of Some High Uranium Alloys; Nuc. Sci. and Engin.
3, 19-28, Jan. 1938.

J. E. Draley, S. Greenberg and W. E. Ruther: The High Temperature Aqueous

Corrosion Resistance of the Uranium-5% Zirconium=-1-1/2% Niobium
Alloy; J. Electrochem. Soc., 107, 732-740, Sept. 1960.

J. E. Draley and S. Greenberg: Aqueous Corrosion of 5w/oZr-1 %w/oﬂb-vranium

Alloy; Proc. Met. Info. Meet., Oak Ridge, April I1-13, 1955;
TID-7502, pp. 640-652 (1960).
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TECHNICAL PUBLICATICNS OF JOSEPH E. DRALEY (Contd)

J. E. Draley:

High Temperature Aquecus Corrosion of Uranium Alloys Containing
Minor Amcunts of Alloying Elements; International Conference

on Aqueous Corrosion of Reactor Materials, Brussels, October
14-16, 1959. TID-7587, pp. 390-404.

J. E. Draley and S. Greenberg: Corrosion of Uranium Alloys; Reactor Handbook,

CT-1943

CT-3043

CT-3044

CT-3045

ANL-4862

ANL-4908

ANL-5029

ANL-5030

ANL-5078

ANL-5530

Second Edition, Vol. I, pp. 183-191, Edited by C. R. Tipton, Jr.;
1960 (Interscience Pub.).

J. E. Draley and G. C. English: Corrosion Research - Tuballoy
and Alloys; July 1, 1944.

N. Bensen, R. P. Straetz, and J. E. Draley: Autcclave Tests
of Tuballoy Metal and Purified Hydrogen; June 20, 1945.

R. P. Straetz and J. E. Draley: A Study of the Reaction Rate
between Tuballoy Metal and Purified Hydrogen; June 20, 1945.

R. P. Straetz and J. E. Draley: A Study of the Reaction Rate
between Thorium and Purified Hydrogen; June 11, 1945.

J. W. McWhirter and J. E. Draley: Aqueous Corrosion of Uranium
and Alloys: Survey of Project Literature; May 14, "952.

J. E. Draley: The Corrosion of Thorium; Oct. 3, 1952.

J. E. Draley and J. W. McWhirter: Effects of Metal Purity and
Heat-Treatment on the Corrosion of Uranium in Boiling Water;
April 14, 1953.

J. E. Draley, J. W. McWhirter, F. Field, and J. Guon: The
Corrosion of Low-Zirconium/Uranium Alloys in Boiling Water;
April 14, 1953.

J. E. Draley: Preliminary Report on Low-Columbium/Uranium
Corrosion Resistant Alloys; June 2/, 1953.

J. E. Draley, S. Greenberg and W. E. Ruther: The High
Temperature Aqueous Corrosion of Urznivm Alloys Containing
Minor Amounts of Niobium and Zirconium; April 1957.

Publications under his Supervision

Sherman Greenberg: Corrosion of Irradiated Uranium Alloys; Nuc. Sci. and

CT-2548

CT-3023

Engin., Letter to Editor, &, Aug. 1959.

Rosner: Rate of Reaction Between Tuballoy and Water in a
Hydrogen Atmosphere at Various Temperatures and Pressures;
October 1944,

R. B. Hoxeng: Corrosion of Construction Materials, Bonding

Materials, and Uranium - An Electrochemical Investigation;
May 2, 1945. (Confidential)
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TECHNICAL PUBLICATIONS OF JOSEPH E. DRALEY (Contd)

CT-3031 Joyce M. Hopkins, Frederick Nelson and W. W. Binger: Corrosion
of Tuballoy-Molybdenum Alloys by Water; May 31, 1945.

CT-3035 Joyce M. Hopkins, W. W. Binger and Frederick Nelson: Aqueous
Corrosion of Tuballoy-Silicon Alloys; June 14, 1945.

CT-3036 J. W. Arendt, W. W. Binger, J. Hopkins and F. Nelson: Aqueous
Corrosion of Thorium and Thorium Alloys; June 23, 1945.

CT-3052 Frederick Nelson, W. W. Binger and Joyce M. Hopkins: Corrosion
Testing of Tuballoy-Columbium Alloys; June 19, 1945.

CT-3055 W. A. Mollison, G. C. English, and F. Nelson: Corrosion of
Tuballoy in Distilled Water; June 23, 1945.

ANL-5672 W. E. Ruther and W. B. Seefeldt: Aqueous Corrosion of Uranium
and Uranium~-6w/0 Zirconium Alloy; Jan. 1957.

ANL-7006 J. Y. N. Wang: Corrosion of Experimental Thorium-Base Alloys;
Feb. 1965.

IV. Publications in the Area of Corrosion of Zr, Hf, and their Alloys
by Water or Oxygen

J. Levitan, J. E. Draley, and C. J. Van Drunen: Low-Pressure Oxidation
of Zirconium; J. Electrochem. Soc., 114, 1086-89,(1967)

D. H. Bradhurst, J. E. Draley, and C. J. Van Drunen: An Electrochemical
Model for the Oxidation of Zirconium; J. Electrochem. Soc., 112,
1171-77 (1965)

ANL-5165 W. E. Ruther and J. E. Draley: Solution Potentials of Zirconium
Dec. 25, 1953

ANL-7252 J. Levitan, J. E. Draley, and C. J.-Van Drunen: Studies in
Zirconium Oxidation; December, 1966

Publications under his Supervfsion'

R. D. Misch and W. E. Ruther: The Anodizing of Zirconium and Other
Transition Metals in Nitric Acid; J. Electrochem. Soc.,
100, 531-537, Dec. 1953. ' )

R. D. Misch and E. S. Fisher: Variation of Anodic Film .rowth wich Grain
Orientation in Zirconium; Letter to Editor, Acta Meta. 4,
222, March 1956. '

R. D. Misch and E. S. Fisher: Anodic Film Growth on Hafnium in Nitric Acid;

J. Electrochem. Soc., 3, 153-156, March 1956.

R. D. Misch: Dissolution of the Oxide Film on Zirconium; Letter to Editor,

Acta Metal. 5, 179-180, March 1957.

R. D. Misch: Comments on Corrosion Behavior Zr-U Alloys in High Temper .ure

Water, by W. c. Berry and R. S. Peoples; Corro:ion, 14, 67,
Dec. 1958. v
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R. D. Misch and F. H. Gunzel, Jr.: The Electrical Resistance of Oxide Films

on Zirconium in Relation to Corrosion; J. Electrochem. Soc.,
106, 15-20, Jan. 1959.

S. Greenberg: Zirconium Alloys for Use in Superheated Steam; Letter to

R. D. Mi

J. Nuc. Mat., 4, 334-5, Aug., 1961.

sch and C. Van Drumen: The Oxidation of Zirconium Binary Alloys in
700°C Oxygen for Times up to 200 Days; Pub. in GEAP-4089, Proc.
USAEC Symp. Zr Alloy Dev., Nov. 30, 1962, Vol. 1I, pp. 15-0
through 15-46.

Sherman Greenberg and C. Arthur Youngdahl: Corrosion of Zirconium Alloys

R. D. Mi

ANL-5.29

ANL-6149

ANL-6259

ANL-6370

ANL-6434

V. Other Co

Containing Minor Additions of Ircn and Copper or Nickel in
Superheated Steam at 540°C and 630°C and 600 psig; Corrosion,
21, 113-124, April, 1965.

sch: Electrode Reactions of Zirconium Metal; The Metallurgy of
Zirconium, Ed“tors Lustman and Kerze, pp. 663-677, 1955
(McGraw-Hill).

R. D. Misch: Anodizing as a Means of Evaluating the Corrosion
Resistance of Zirconium and Zirconium Alloys; Dec. 1953.

R. D. Misch: Characteristics of Anodic and Corrosion Films on
Zirconium; March 1960.

R. D. Misch: Electrical Resistance Studies of Anodic and
Corrosion Oxide Films Formed on Zr; May 1961.

R. D. Misch, C. Van Drunen: Corrosion Studies o. Ternary
Zirconium Alloys in High Temperature Water and Steam; July 1961.

R. D. Misch and G. W. Iseler: Electrical Measurements on the
Growing Scale on Zirconium-Titanium Alloys; Oct. 1961.

rrosion Studies and Reviews

d: Es B2

J« E. Dr

J. E. Drale

CT-1944

aley: Fundamental Corrosion Studies; In Heavings Before Subcommittee
on Res. and Dev. of the Joint Com. of At. En., Eighty-fifth .
Congress of U. S.; Second Session in Phys. Res. Prog. Rel. At.
Energ., Feb. 3-14, 1958; pp. 304-313.

aley, J. A. Ayres, W. E. Berry, E. Hillner and S. P. Rideout:
Corrosion in Aqueocus Systems; 3rd Int. Conf. Peaceful Uses At.
Energy, Oct. 1964, Vol. 9, pp. 470-481.

;' Some Consequences of the Maintenance of Equilibrium of Alloying
Constituents Between the Surface of Stai-" s Steel and Sodium
in a Recirculating System; Proc. AIME Symp. Chemical Aspects
of Corrosion and Mass Transfer in Liquid Sodium, Detroit,

Ost. 1971, Ed. S. Jansson, AIME, 1973; pp 242-252.

C. Wehlberg and J. E. Draley: Corrosion Res., Film Problems, 1944

Fan U TRBRT NN
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TECHNICAL PUBLICATIONS OF JOSEPH E. DRALEY (Contd)

VI.

J. E. Draley and P. G. Drugas:

Transparent Radiation Shields; October 28, 1949.

Some Reactor Materials in Dilute Phosp

Corrosion of Materials for

Greenberg and W. E. Ruther: Corrosion of

Publications under his Supervision

ANL-4837
ANL-6206 J. E. Draley, S.
W. E. Ruther and R. K. hart:

R.

James Y. N. Wang:

w‘

James Y. N. Wang:

horic Acid; April 1961.

Influence of Oxygen on High Te  perature Aqueous
Corrosion of Iron; Corrosionm, 19, 127t-133t, April 1963.

D. Misch: (Discussion); Corrosion, 19, 420¢, Dec. 1963.

Titanium and Titanium Alloys i

n Mercury - Some Observations

on Corrosion and Inhibition; Nuc. Sci. Engin. 18, 18-30,

Jan. 1964.

E. Ruther and S. Greenberg:

Superheated Steam; J. Electrochem. So:.,

Oct. 1964.

Corrosion of Steels and Nickel Alloys in

Titanium; Corrosion, 21, 57-61, Feb. 1965.

Electron Microscopy, Kvoto,

R. K. Hart and J. K. Maurin:
19066.
CT-1703
Research; May 1,
ANL-6070

Publications Concerned with General Corros

Raymond B. Hoxeng, Interim aeport:

5. Greenberg and W. E. Ruther:

1944,

Alloys; July 1960.

111, 1116-1121,

Effect of Metallic Additives on Mercury Corrosion of

Growth of Oxide Nuclei on Iron; sixth Int. Cong.
Japan, pp. 539-540, Maruzin Co. Ltd.,

Electrochemical Corrosicn

Aqueous Corrosion of Magnesium

jon Theory and Test Methods

J.

J.

S.

Jl

E. Draley and W. [. Ruther:

Reactions J. Elect

E. Draley: Discussioca to paper by Carlsen; Corrosiom,

1958.

Greenberg, J. E. Draley and W. E. Ruthe:
for Aqueous Corrosion Studies;

April 1958.

E. Draley, W. E. outher, F.

Equipmen: for Polarization Stu

J. Electrochem.

Some Unusual Effects of Hydrogen in Corrosion

E. DeBoer, and C. A. Youngdahl:

Soc., 106, 490-494, June 1959.

rochem. Soc., 104, 329-333, June 1957.

14, 55t-56t, Jan.

A New Dynamic Test Facility
Corrosion, 14, 191t-192¢t

Measuring

dies in Distilled Water;

Jgp 068
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J. E. Draley, F. E. DeBoer and C. A. Youngdahl: The Polarization of Metals

in Boiling Distilled Water; J. Electrochem. Soc., 108,
6$22-628, July 196l.

J. E. Draley: Corrosion of Film Forming Metals - I; Chem. Engin., 69,
256-259, Nov. 12, 1962.

J. E. Draley: Corrosion of Film Forming Metals II; Chem. Engin., 69,
152-156, Nov. 26, 1962.

J. E. Draley: (Discussion); Corrosiom, 19, 407t, Dec. 1963.

J. E. Draley: High Temperature Corrnsion Tests; in Nuclear Reactor
Experiments, pp. 329-335, Feb. 1958; (D. Van Nostrand).

S. Mori, R. E. Loess and J. E. Draley: pH Microelectrodes for Use Near
Corroding Metal Surfaces; Corrosion, 13, 165t-168t, May 1963.

J. E. Draley and J. R. Weeks (Ed's): Corrosion by Liquid Metals;
Proc. T™S AIME Symp., Philadelphia, M:tober, 1969; Plenum Press,
New York, 1970.

Je E. Dta}ey: Corrosion by Valve Metals; pp 185-234 in Corrosion Chemistry,
Ed's. George R. Brubaker anc¢ P. Beverly P. Phipps, American Chem.
Soc., Washington, 1979.

Publications under his Supervision

W. E. Ruther: An Eddy Current Gauge for Measuring Aluminum Corrosion;
Corrosion, 14, 387t-388t, Dec. 1958.. : :

C. A. Youngdahl and R. E. Loess: Instrumentation for Potentiostatic Corrosion
Studies in Distilled Water; J. Electrochem. Soc., 114, 489-492,

May 1967. Ty
ANL-5227 W. B. Doe: Eddy Current Type Diameter Gauge for Corrosion
Measurements. o

VII. Published Educational Lectures

CL-606 Part 5 J. E. Draley: Corrosion; in Training Program Lecture Notes,
1943.
t % *
J. E. Draley: Aqueous Corrosion of 25 Aluminum at Elevated Temperatures;
A Short Course in Corrosion, U. of California, Feb. 1953;
pp. 106-109 (U. of Calif. Press).

J. E. Draley: Corrosion in the Atomic Energy Industry; Corrosion Short
Course, Univ. of Oklahoma, April 1958, pp. 215-240. QBC’

VIII. Publications Concerned with Specific Reacior Systems '5()

J. E. Draley: Fluid Fuel Power Reactors; Trans. Am. Nuc. Soc., 2, 46-47,
Nov. 1959. -
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TECHNICAL PUBLICATIONS OF JOSEPH E. DRALEY (Contd)

TID-8507 Joseph E. Draley, with 14 Co-authors: Report of the Fluid
Fuel Reactors Task Force; Feb. 1959.

J. E. Draley and S. Greenberg: The Application of Materia.s in Low
Temperature Water and Organic Liquid Cooled Reactors;
Symposium on Behavior of Materials in Reactor Environment,
Feb. 20, 1956, (Institute of Metals Division of AIME) Special
Report No. 2, pp. 33-53. )

ANL-6360 C. E. Stevenson, J. E. Draley, L. W. Fromm, Sheffield Gordon,
H. P. Iskenderian, A. A. Jonke and R. R. Rhode: Organic
Nuclear Reactors - An Evaluation of Current Development
Programs; May 1961.

IX. Publications Related to the Environment and to Fusicn Reactors

Report of the Study Group on Envirommental Pollution, Argonne Natiomal
Laboratory, February, 1967

J. E. Draley, B. R. T. Frost, D. M. Gruen, M. Kaminsky, and V. A. Maroni:
An Assessment of Some Materials Problems for Fusion Reactors; Proc. 1971
Intersociety Energy Conversion Engineering Conference, Boston, 1971,
pp 1065-75.

Summary of Recent Technical Information Concerning Thermal Discharges into
Lake Michigan, by Center for Environmental Studies and Environmental
Statement Project, ANL, for the Environmental Protection Agency,
August 1972 (Section VI. Chemical Inputs, by J. E. Draley).

J. E. Draley and S. Greenberg: Some Features of the Impact of a Fusion
Reactor Power Plant on the Enviromment; Proc. Symp. Tech. Controlled
Thermonuclear Fusion Experiments and Engineering Aspects of Fusion
Reactors, Austin. Texas, Nov. 1972; Tech. Information Service, 1974.

ANL/ES-12 Joseph E. Draley: The Treatment of Cocliﬁg Waters with Chlorine,
February 1972.

ANL/ES-23 J. E. Draley: Chlorination Experiments at the John E. Amos
Plant of the appalachian Power Company, April 9-10, 1972;
June, 1973.

ANL-8019/LA-5336 T. A. Coultas, J. E. Draley, V. A. Maroni, R. A. Krakowski:

An Environmental Impact Study of a Reference Theta Pinch Reactor,
February 1974. X

X, Other Publications

|

| CC-3019 R. A. Gustison, E. J. Frederick, E. F. Story, Jr. and

1 ~ J. E. Draley: The Determination of Small Amounts of Impurities
| in Water; April 30, 1945. .

|

|

\

\

|

\
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TECHNICAL PUBLICATIONS OF JOSEPH E. DRALEY (Contd.)

CM-436 Joseph E. Draley: Convective Cooling of Heated Surfaces by
a Parallel Supersonic Air Jtream. Applied Physics laboratory,
Silver Spring, Md., May 1947. £
TID-17940 J. E. Draley and F. W. Young, Jr.: Visit to Soviet Corrosion
Chemistry Institutes; June 25 - July 4, 1962.

Publications under his Supervision

F. E. DeBoer: Analysis for Magnesium in High Purity Aluminum; Letter to
Editor, Nature, 184, 54-55, July 4, 1959.

F. E. DeBoer: Purification cf Metals by Gas Chromatography; Letter to
Editor, Nature, 185, 915, March 1960.

Raymond K. Hart: Electron Diffraction Techniques and Their Applications
to the Study of Surface Structure; Progress in Nuc. Energy
Series IX, Analytical Chemistry, Vol. 7, pp. 1-20, Pergamon
Press, 1966.

R. K. Hart and D. G. Pilney: A Compact Vacuum Path 20 Scanner; The Electron
Microprobe, Edited by McKinley, Heinrich and Wittry, pp. 472-479,
John Wiley and Sons, Inc. 1966.

R. K. Hart, T. F. Kassner and J. K. Maurin: Residual Gas Analysis in an
Auxiliary Pumped Siemens Electron Microscope; Sixth Int. Cong.
Electron Microscopy, Kyoto, Japan, pp. 161-162, Maruzin Co.
Ltd., 1966.

Raymond K. Hart: Composite Aluminum-Nickel Evaporated Films; J. Appl. Phys.,
37, 2918-2919, June 1966

R. K. Hart; Electron Microscopy: The High Voltage Approach; Twenty-Fifth
Annual Meet. Electron Micr. Soc. Am., Aug. 29-Sept. 1, 1967,
Chicago, Illinois. .

R. K. Hart and D. G. Pilney: Effect of Spectral Line Shift om Microprobe
Data, Sec. Nat. Conf. Electron Microprobe Analysis, June 14-16,
1967, Boston, Mass.

CT-3049 C. Wohlberg, A. Schwebel, R. W. Berger and F. Nelson: Film
Studies and Protection of Hydrous Oxides; June 18, 1945.

XI. Pacents \

J. E. Draley and W. E. Ruther: Nuclear Reactor Component Cladding Material;
U. S. Patent 2,871,176; Jan. 27, 1959.

Joseph E. Draley and Westly E. Ruther: Nuclear Reactors and Subassembly
Therefor; Br. Patent 811,528; April 8, 1959.

-
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Professional Qualifications of

Joseph E. Draley

At Argonne National Laboratory I manage the OTEC (Ocean Thermal
Energy Conversion) Biofouling, Corrosion, and Materials Project,
carrying out a national program for the Department of Energy. In
the present instance, testifying before the NRC Licensing Board, I
speak on my own behalf and do not represent Argonne National Laboratcry.
At the Metallurgical Laboratory of the University of Chicago (3 years),
Oak Ridge National Laboratory (1-1/2 years), and Argonne National
Laboratory (20 years) I studied the corrosion and oxidation of metals,
serving as group leader or Secticn Chief before going into management,

A considerable amount of the corrosion work done has been of direct
interest for nuclear power plants. I have also studied the environmental
impact of nuclear power plants in connection with construction permit

or operating license applications. A professional resume is attached,
giving these and other details.

Over 150 technical publications have been authored by me or people
working in groups I headed. Of these, I was author or coauthor of
nearly 100 publications. The prepondcrant majority of all these
publications were on the topic of corrosion or oxidation; many dealt
with the aquecus corrosion of aluminum and a smaller number with the
aqueous corrosion of stainless steel and zirconium alloys. In a number

of instances, publicaticns dealt with nuclear systems. A list of
technical publications s attached.

I have been active in corrosion affairs in the Electrochemical
Society and the Metallurgical Society of the AIME, serving as Corrosion
Division Chairman and corrosion editor of the official journal for the
former, and chairman of the Corrosion Resistant Metals Committee of the
latter. I helped to originate American Corrosion symposia related to
nuclear energy and an international meeting (Brussels, 1959) on the
same topic. I participated in the Geneva Conferences on the Peaceful
Uses of Atomic Energy.

I hold a bachelor's degree in chemical engineering (1939) and a
PhD degree in chemistry (1947).

—
~
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INTRODUCTION

The cuﬁ:ent delays in establishing a naticnal fuel reprocess-
ing center have required many of the LWR licensees to expand thelir
fuel storage capabilities either by modification of existing pcels
or addision of new fuel storage pcols. This report reviews the
potential corrosicn problems that might develcp during tle leng=-
serm (10 plus years) storage cf nuclear fusls in these storage
peols. A detailed review of the integrity of the fuel in storage
pcols is being prepared by Johnson for zana,‘l’ which has servec
as a basis for much of this repo=t. zircalcy-clad fuels with
burnups up to 33,000 MWE/MTU have been successfully stored in fuel
storace pocls for periods up to 13 years in U.S. pocls and 14 yeacs
(at lower burmups) in Canadian pocls.

o
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I MATERIALS

Three types of materials are generally in contact with the -
fuel storage pocl water: the pocl liner which is commonly stain-
less steel, the storage racks which are commenly stainless steel
or aluminum, and the materials present in the fuel element bundles
which commonly include stainless steel, Inconel 718, 17-4 PE, and
Zircaloy 2 or Zircaley 4 cladding. rable 1 lists the materials and
water ‘chemistry used in the fuel storage pocls at a number of LWR
auclear staticns, as available to the writer as of July 15, 1377.

Experience with storing these materials for long pericds ?f
time in reactor canals has been reviewed by A.B. Johnscn, Jr.(‘)
Maximum residence in U.S. Pools of spent zircaloy-clad fuel is
years. Ncne of these materials should suffer significant e~rrosicn
in this environment in periods well in excess of 10 years, as has

11
-

been borme ocut Ly expaerience.
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IZ WATER CHEMISTRY

Because during the fuel unloading procecdure the water in the
fuel storage pocl and the reactor primary coclant mix, an attempt
is made to maintain water purity in the fuel stcrage pocl to ap-
proxisately the same limits that are set for the primary reactor
coclant.

S BWR Fuel Pool Chemisticy

™ a IWR this means that high purity demineralized water
is typically maintained with a filter-demineralizer to a total
heavy icn content of < 0.1 ppm, a pPE range of 6.0 ¢o 7.5, and a
conductivity of < 1 umho/cm. The water is sampled dally to Deas-
ure conductivity, and weekly for other impurities, includizg
chlorides. The demineralizers primarily remove silicates Ircm £
water, and are typically checked for their capacity toc remove this
species once weekly. The primary scurce cf the silicates may be
dust from the air; the peols are normally uncovered. On the aver- -
age, fresh resin beds are installed monthly, primarily Decause of
increased pressure drops from silicate abscrption.(Z) T™he primary
contributicn to the cenductivity is dissclved S04i wvhen the conduc-
tivity exceeds 1 umhc/cm the demineralizers ase chazqod.(z’
a visit in June, 1377, the water in the Vermcnt Yankee fuel pocl
appeared extremely clear, with a distinct blue tinge %to it, apparc-
ently as a result of scattering cof the longer light waves by the
water and the use of mercury vaper lightizg.

puring

- PWR Puel Pocl Chemistrvy

Iz a PWR, the fuel pocl frequently contains several thou-
sand pem beric acid, which is added to otlers ctherwise highly pure
water. No neutralizaticn with LiCE is used in the fuel stcorage
peels; a typical pa(3’ value is 4.5. A porticn of the fuel pccl



coclant is continucusly passed through a demineralizer resin and
impurities, such as halides or sodiwm icns, maintained below 0.15
ppm. Periodically the demineralizer resins are checked for their

ability to remcve halides and sodium icns; resins have baen devel-

cped by Rohn and Eaas that are specific for removing halides .in

the presence of boric acid. The manufacturer's claims in this mat-

ter h?ve been confirmed experimentally by one of the reactcr ven-
4)
dors. '

e Biocides:

Biocides are not commonly used in fuel storage pools at
auclear power plants. Maintaining the water of the high purity
needed for safe storage of fuel appears to inhibit biclegical
growth, anéd the use of stainless steel liners in the storage pccl
also tends to ccatrol biclogical growth. The radiation levels
froem the spent fuel stored in the pool alsc tend to sterilize tle
water, although radiation resistant bacteria are knewn. Finally,
the continuous demineralizaticn of a porticn of the pocl water
serves to filter cut any biological greowth. No biclegical fculing
has been cbserved in 3 1/2 years cperaticn of the Prairie Island
spent fuel pccl,(3) in 3 1/2 years cperaticn ¢f the Vermont Yanxee,
> 5 y-ars cperaticn of the Maine Yankee, and > 10 years cperation
cf the Yankee-Rowe fuel storage pcols.(Z) and ac bioccides have
been added.

The use of biocides can lead tc the presence cf chlcride
ions in the pocl which are potentially harmful to the corrosicn
resistance of the matzrials stcred in the pecl, and would be unac-
ceptable during the mixing with the reactsr primary cocelant that
occurs during refueling. They have been used in the ICPT fued =cel
at Idahe Falls, which is a painted ccncrete pccl.(l’



III CORROSION OF MATERIALS IN FUEL STORAGE POCLS

The corrosion rates of zirconium, stainless steels and Inconel
in water of the guality maintainec in the fuel storage pocls should
be negligible during pericds upwards of twenty years. Ger.eral
corrosion rate measurements for these materials in water of this
gquality ard temperature are not generally available, and any esti-
mates of sorrosion rates must be extrapclated from measurements
at much 'igher temperatures. The primary difference between the
water chemistry in the fuel pocls and that in the reacter (other
than the temperature) is that ths pocls are expcsed tc the air anc
are presumed to contain dissclved oxygen up O the saturaticn
point. Since all the materials usec are passivated by oxide films,
the presence of oxygen in the water should not affect their cor-
rosicn rates. |

i Stainless Steels

Since the stainless steels are used for the primary pip-
ing at substantially higher temperatuxes and in the presence of
cxygen in BWR's where stainless steels are deemed satisfactory o
seriods up to 40 years, corrosicn in the fuel pocl should be much
less than in the reactor, because of the lower temperatire.

"

2. Aluminum Allovs

The anticipated corrcsion of tle aluminum alleys, 1210C
or 6061, is regligible in water of this guality at temperatures
up to the beiling peint of water: at 125°¢ (257°?) a corsesicn
rate of 1.5 x 10°% mils/day‘®) nas been measuzed for allcy 6061

- -

aluminum, in water of pE 7, ~hi~h correspcnds to a total corTos.on

ef 1.1 mils in twenty vears. Since the oxidation rate will cen-
g‘;g§§i

tinue to dec-ease slightly over thic pericd, this estimate should
Q "3

e conservative. At lower temperatures, the rate will be even
nC |
08t
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lower. There is little d.lfference in the corrosion rates of these
two alloys at temperatures below 150°C. The ancdization of the
aluminum components, which is Ooccasiocnally used, should protecs
them even further from corrosion.

. 1 Zircalov Cladding

The rate of corrosicn of 2ircalecy ia fuel s.o-age pocl
waters is very low. Be: -v(s) gives a corrosicn rate in 500°
water of 2 x 107% mils/year, and shows it %o be contizmuall y de-
Greasing up to times in excess of 10 or 15 vears. At the lower
temperatures that prevail in fuel storage pocls, the corrcsicn
Tates should be even lower. Morgan (7) describes the corrosicn
Tate of zircaley in pocl water as being sufficiently low to pro-
vide an adeguate containment barries for at least 100 years.

The oxygen concertratiin in the pool water should nct
adversely aZfact corrosicn of zircaloys. Zirconium aad its alloys
ar2 protected from aguecus .crrosica by a strongly passivating
oxide filz. The oxygen in the water should serve to promcte and
malntaln this passivaticon. Pursher, Uhl‘g(a) bas stated that
this passivity {= maintained beth in stTong acids and in strong
alkalis.

4. Other Materials

The fuel buncle and storage rack materials may alsc
nclude type 17-4 PE stainless steel and Inconel 713. Neither of

these alloys should undergo measurable general corresion in fuel
storage socl waters.

S. Stress Corrosicn

Stress corrosion of stainless steels and zire leys in

fuel storage pocls is highly unlikely t2 cccur zrovided the water : ‘
% . %}‘



chemistry is maintained within the specified limits. Stress cor-
rosion of sensitized stainless steels that are nighly stressed has
been cobserved in oxygenated water acidified to pE S nitric acid at
temperatures up to 14o°r.‘9’ “his is, however, a slow process
which tock 6§ years toc develop and occurred cnly ia one highly
stressed, higlhly sensitized area. While it is impossible tc rule
cut completely that stress corrosion of the stainless steel oz
Inccnel components will occur in the fuel storage pecl, any such
occurrence would be highly localized and rare, and not lead =2
sericus problems with the storage racks or fuel bundle components,
No significant difficulties have been cobserved in fuel bundles
exarined from a number of reactors. Stress corrosion of 17-4 PH
is unlikely to cccur if the material has received an 1100°F heat
treatxent. This heat treataent is coamonly specified for this
matarial when it will be exposed to reactsor ccolants. Compcenents
cf 17-4 PE given this heat treatment have been in service in the
Brockhaven High Flux Beam Reactcr (HFBR), which ceontains high
purity 323 acidified with nitric acid to a pD of 5 and containin
greater than 8 parts per =zmillion of cxygen, for pericds in excess

~9)
cf 12 years without any evidence of stress corrosion Or pisting. ™’
This water chemistry and temperature (145°F max.) are similar *=
that prevelant in PWR fuel storage pocls.
6. Galvanic Corzssicn

Galvanic couples between stainless steels, Inconel anc
zircaloy do not appear tc give rise to any lccalized csrresicn oo
fuel pocl envircnments, since all of these terials are proteczed

by highly passivating oxide £ilms, and are, therefcre, at sinilar
potentials in pure water. Aluminum alloys, which are alsc protectec
by passivating filns, nevertheless can be pitted in an acid envizen-
ment such as that present in PWR fuel storage pecls, when cougled
t0 stainless steel. The ancdizaticn of aluminum fuel storace racks

\C“‘
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should minimize this cccurrence. In BWR storage pocls, the high
electrical resistivity of the water should alsc serve to prevent
galvanic attack.

At the Oyster Creek Nuclear Power Station, aluminum
racks were originally placed directly in contact with the stain-
less steel pcol liner. Scme of these racks have been remcved
and examined after approximately 7 years of service in typical
BWR pool water, (*3/ Nc observable pitting of the aluminum was
found at the point where it contacted the stainless stael. (1)
At least cne nuclear utility (Verment Yankee) has alsc elected tc
provide additicnal protection against chis potential problem by
placing stainless steel feet on the racks, which, in turn, are

e.ectrically insulated from the aluninum with ABS plastic inserts.

These have heen determined to be sufficiently “ar from the radia-
ticn scurce to prevent their decompositicn by high energy gamma
flux.(Z) These organic inserts are, in ny opinicn, additicnal
insurance that galvanic corrosion will net occur.



IV  SURVEILLANCE

A spent UnReprocessed Fuel (SURF) program is under development
by the ERCA Division of Waste Management, Production and Reprocess-
ing, to be initiated in ry 1978.%?) OUnder this program, the chaz-
acteristics and condition of spent fuel in storage will be evaluated
or a continuing basis. Although the detalls of the examinaticn &2
be performed in this program have not yet been worked cut, the
naticnal sccpe of this pregram, including pericdic examinavion of
a faw selected fuel bundles from both PWR and BWR storage pocls,
will provide additional assurance o she NRC of the continued integ-

ity of fuels in storage throughout the ccuntry.



vV  SoMMARY

Significant corrosion of nuclear fuel components is Righly une
likely to occur during storace in fuel storage pools at the reacssr
sites in periocds of upwards of 20 years, provided that the water
quality ln the fuel storage pools is maintained within specifica-
ticns, and that chloride levels in the pocl water are kept to
minimur levels (< 1 ppm). Stress corrosion of stainless stael com-
ponents br Zircaley cladding cannot be entirely ruled out because
©f the lack of understanding of the stress states and the degree
of sensitizaticon of stainless steel. Should suck a preblem devalsp
on the IZircaloy cladding it weuld be readily detected by routiae
monitoring of the fuel pool water for radicactivity. Should it
develcp on the stainless steel or Inconel components of the fuel
bundles, it would be highly localized and unlikely to lead to sig-
nificant overall detericraticn., Periodic surveillance of the
materials in storage at a number of nuclear utilities is being
planned under the auspices of the U.S. Energy Research and Develcp-
ment Administraticn.

12
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TABLE I

MATERIALS AND WATER CHEMISTRIES IN LWR FUEL STCRAGE PCOLS

boric acid

PLANT MATERIAL USE ENVIRONMCO YT
ARKANSAS 304 SS A=276-71 or Rack 1800 ppm boron as
(PWR) A=167-74
308 or 308L £lectrode “‘:‘ asyd
304L ASTM=A-167 Liner 1207?
'l BEAVER VALLEY SS, 17-4 PE Racks, bolts 2000 ppm bororn as
: - boric acid,
c1”, #7 < 0.15 pp=
BRONSWICK 304 SS Liner, racks 125°7 (max 150°7)
(BWR) E308 Electzodes
< 1
17-4 PE - E11SC, Bolts 3Nd < umha/en
21025 PH 6.0 = 7.5
€1 < 0.2 pp= -
DRESDEN 1, Stainless steel Liner Demineralized water
< and 3 Al-8Q€1-T6 Racks a1
(BWR) AS™™=3-209 cuno filters and
deep bed deminer-
¥ alize
! . GLEOUN 304 S5 ASTM=A=1T6-T71 Racks IZOQT
} or A=-167-74
i 108 or 308L weld 2000 ppm beren as
[ boric acid
i GDNWA, R.Z. 304 sS Racks Soric acid
| (PWR)
|
| LACRCSSE Borated SS and 304 SS Racks Demineralized water
! (BWR)
-
| MmistonE 104 SS Liner, racks Demineralized vater
POINT I Filter and deminer-
{(BWR)
| alizer
|
| MILLSTCNE 3c4 ss Liner, racks Demineralized water
] g + 2000 prm bor=n as
l (PWR)




TASLE I

(centinued) s
PLANT MATERIAL USE “ENVIRONMENT
NDE MILZ 304 sS Rack Demineralized vater |
’Qﬁ:ii of BWR primary cool- ;
ant quality 125° !
CYSTER CREEX Entire rack 304 S5 Demineralized vater i
(BWR) ASTM=A=240 Plate, bar F |
" Ondissclved solids |
AST™-A-193 Rivets, bolts |
ASTM-A-134 wzs ¢ 63 m
308 SS, ASME SFA 5.9 Weld matarial
PALISADES 304 sS Racks 122% - 157%
i 2000 ppm boron as
boric acid
PILIGRIM Same rack desism as
(BWR) Vermont Yarkee
POINT BEACH 304 S8 Racks 2CC0 ppm boren as
1and2 boric acid 130°!
(PWR) -
PRAZRIE ISILANT 394 §s Racks, liner Demineralized water
1 and 2 Zircaloy, IN=T18 Puel bundles (ex”, 7 < 0.15 ppa
(PWR)
+ 200C ppm boren as
boric acid
$8 4.5, 120°¢
QUAD CITIEsS Same wack design as
1l and 2 Dresden
(BWR)
TROJAN 304 ss Racks, liner 20CC ppm bczen as
(PWR) Inconel Grid Mat'l. : 2.
17-4 PH - 1100 Bolts and b°r;° i
Module threacded 14077
foec @™, r, 0.15 2om
maxizum sach

A
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TABLE I

105°r

(continued)
PLANT MATERIAL USE ENVIRONMENT
TURKEY POINT Entire rack 304 SS Demineralized water
3 and 4 Free standing rack
(PWR) ASTM=-A=240 Sheet, plate WO P . |
ASTM-A=276 Bar as boric acid i
AWS~E~308-15 Weld wire
AWS~-E-308~16 Weld wize
VERMONT YANKEE 156=TS1 ASTM=-B=-26 Alum. Grid castings . PE 6 - 7.5
(BWR) 6061-0 ar 50S52-832 Alum. Cans =
2024~T4 Alum. Solts, Pins < 0.1l ppm
All alminum alloys, 125%
i anodized ol
? 304 S35 Liner, feet Radionuclide < 10
‘ ABS plastic insulators
i betwsen feet & alum.
! cans
! YANKST ROWE 6061-76 Alum. Racr 130%7, some beren,
: Stainless s:..f. Liner chlorides < 0.5 pr=
| 230 304 ss Rack Boratad water
| (PWR

13
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INTRODUCTION

Boral is a cermet of Boron Carbide "34C" in aluminum clad in
aluminum. It is manufactured in rolled sheets using techniques
similar to thoss used in tF production of uranium aluminum fuel ele-
meats. The ~ore of the standard Boral contaians 352 boron carbide by
weight. Cladding material is typical 1100 aluminum. Where it is ex=
o » -ater in service, the edges of the Boral are recommended by

the manufacturer to be clad with aluminum by welding.

In Spent Fuel Pool (SFP) racks, the Boral is usually not a
structural member Lut is inserted in cavities between the spent fuel
storage positions in the racks. In these locations it is seuled by
welding to prevent access of water. Inhereatly, however, the cor-
rosion of the Boral, both the boron carbide-aluminum cermet and the
aluminum cladding, should be minimal in a spent fuel storage pool.
The cavities into which the Boral is sealed are typically fabricated
of aluminum alloys, i.e. typ; 6061, or stainless steel. In either

case, these are the structural members of the SFP racks.

in an SFP, water chemistry tends to be strictly controlled be-
cause the SFP water mixes with the reactor coolant during refueling
procedures. In SFP's at BWR sites, water chemistry is typical of that
of a BWR i.e. high resistivity neutral water. In SFP's at PWR sites
water chemistry typically contains 2 to 3,000 parts per million ppm
boron as boric acid, which is there primarily to prevent dilution of
the reactor primary coolant during ref :'ling and is not relied oa for

criticality considerations. The water chemistries and anticipated

\q
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corrosion of SFP materials were reviewed in an earlier report. BNL-
NUREG 2,021, July, 1977,
CORROSION OF BORAL
Corrosion problems have developed in SFP's where water has
inadvectentlv leaked into the cavities containing the Boral. Ia a BWR
pool, swell 3 of the racks has been observed when water leaked into
the cavities through a flaw in the seal weld at the bottom of the cav-

ity.

The swelling observed arises from the rapid initial corrosion of
Al by water. Draley and Ruther (ANL-5001, Feb, 1, 1953) have shown
that aqueous corrosion of 1100 A' can be described in terms of a
steady state slope and an inter.:p-, as sketched ia Fig. 1. This
intercept was measured by them .o be 21 + 5 mg/dm? "metal corroded"
over a range of temperatures (100 = 175°C) and pH (5 - 8.5). This
"intercept" corrosion occurs within the first 5 days of immersion in
water by a reaction of the type

2A1 + (3+x)H20  Aly03.x H20 + 3Hj.
Thus 21 mg Al can produce 21 X 3, or slightly more than
27 x2

l millimole Hp per dm? of surface. The Brooks & Perkins Report
#577 says there are 3.4 x 102 dm? Boral per tube in SPF racks such
as those at Monticello or 3rown's Ferry, so one could produce ap-
proximately 3.4 X 102 x 22.4 = approximately 7500cc Hy/tube, at
STP. This is more than enough to produce the necessary 6 psi to bulge
the cladding in a void volume of 130ce.

There is no reason to believe, however, that any 34C will be

lost from the Boral by corrosion in the SFP water. In the Brookhaven
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Medical Research Reactor, Boral has been exposed to the reactor cool=
ant since January, 1959. Figure 2 shows a schematic of this reactor.
The 1/4 inch Boral sheets are in the form of 2 half-cylinders. The
upper edge of these sheets is unclad. The vertical edges appear by
examination in situ with a periscope to be clad. Ia July of this
year, samples were removed in the form of small punchings, three from
each of the half-cylinders as shown on the attached sketch, figure 3.
Each of these six specimens was cut in half, and one-half mounted for
metallography. The resultant microstructures are shown in figures
4=9. Clearly there appears to be ué systematic loss of the bdorom car-
bide. The other half of each of these specimens was analyzed by neu~
tron attenuation at the University of Michigan under contract with
Brooks and Perkins, the primary supplier. The neutron attenuation re=
sults are shown iz figure 10. All the results are within 20%, which
with the small size of the specimens is probably within analytical er=
ror. One specimen, #5, was analyzed wet chemizally by Brooks and
Perkins to contain 41.3% B4C in the core, which is in the upper

range of boron concentraticns for material produced in the 1950's.

It, therefore, seems reasonable to conclude that no boron was lost
from the core of this Boral by exposure to the BMRR coolant over the
19 1/2 year period. In the location of the BMRR where it is used,
there is little measureable neutron flux. Water chewistry in this re-

actor is outlined in Table 1.
PITTING OF ALUMINUM IN CONTACT WITH STAINLESS STEEL

When aluminum is contacted with stainless steel in impure water, a
potential exists for a galvanic attack of aluminum at the point of
contact. 1In a SFP enviromment, this attack is especially likely in a

PWR pool containing boric acid at a pH around 4.5. Further, aluminum



Sorates can be produced which appear as a white fluffy dispersion ina
the water at a pH greater than about 4.5. Maintaining the pH below
4.2 causes the white fluffy material to disappear. Corrosion currents
at a stainless steel to aluminum galvanic couple in boric acid were
measured to average 2 mils per year although the presence of oxygen or

hydrogen peroxide increased this value su,stantially.

A number of references exist showing that pitting corrosion can
occur in slightly acid waters at aluminum to stainless steel
junctions. English and Griess (ORNL-TM~1030, 1966) report pitting
depths up to 45 mils in 12,500 hours {1 1/2 years) in pH S nitric acid
solutions at 100°C. Lennox et al. (Materials Pe: formance, Vol. 13,
#2, page 31, 1974) measured pitting where type 5086 aluminum is
coupled to type 304 stainless steel of the order of 30 mils in a year
and one-half in Gatun Lake, Panama, and up to 40 mils in two years in
the Potomac River at Washington. The general corrosion of this alloy

was negligible ia both enviromments.

In the HF3R SFP, water chemintry is similar to that in a 3WR SFP
except that conductivity may be slightly higher, and the pH slightly
lower. Typical data are given in Table 2. Specimens of aluminum and
stainless steel in contact with one ancther have been expused in the
AFBR pool for a period of six months at which time they were examined
and then reinserted for continued testing. There appears to be a
general discoloration of the aluminum where it contacted the stainless
steel and a small amount of pitting around the edges as shown in
figure 11. 1t ie highly unlikely, however, that pitting of this mag-
aitude would result in significant loss of the boron should the Boral

containing cavities be flooded over an extended period of time.
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Venting the upper end of the Boral chambers would probably al-
leviate any concerns over swelling due to hydrogen generation. It
might produce pitting corrosion and some of the whice aluminum borate
deposits. I would recommend that a surveillance program including
aluminum to stainless steel couples be installed in SFP's in which the
Boral cavities are vented. Any swelling due to hydrogen production
should occur within a week or so of the time the water enters the an-
nulus containing the Boral. However, should a leak develop in one of
the seal welds at some future date after the racks are installed, the
swelling could occur at that time. ' For this reason, venting or the
capability for future venting, is probezbly desirable. 1Ia general, I
think the localized pitting corrosion that might result from ventirg
the Boral cavities in SFP racks would be less of a safety concera than
the swelling that might occur should they not be vented. In all SFP's
the rack design should prevent comtact between Al and the zircaloy
fuel cladding, as this galvanic couple (especially ia boric acid
pools) can lead to hydriding of the zircaloy during storage, as de-
scribed by A. B. Johnson in BNWL 2256, September, 1977.

CONCLUSIONS AND RECOMMENDATIONS

l. The swelling that has occurred in the Monticello SFP racks and
might be anticipated to occur in other sinilar SFP racks results from
iaitial corrosion of aluminum and not from corrosion of the boron

carbide cermet.

2. Venting of these cavities in a BWR pool should not produce
significant loss of the boron and should, therefore, be accepted by
NRC provided the veating occurs at the upper edge so that any hydrogen
pre :ure from corrosion of the aluminum cladding will not build up to

cause swelling of the racks.



3. Venting of the Boral cavities in a PWR rack might produce more
pitting corrosion of the Boral. Again, however, it should not lead to

major loss of the boron carbide.

4. Anodizing the Boral in these cavities would tend to reduce the
hydrogen broduction in the cavities should SFP water leak in to them.
Anodizing would probably not, however, prevent pitting of the

aluminum.

5. 1In any fuel pool in which the Boral cavities are flooded
intentionally or inadvertently, surveillance specimens should be pres-
ent to determine on a periodic basis, i.e. once every few years, what

is happeniang to the Boral in these cavities.

6. In any SFP, galvanic coupling between Al in the racks and the
zircaloy fuel cladding should be avoided, tc prevent hydriding of the

c¢ladding during long term storage,
ACKNOWLEDGEMENT S

The assistance of the BNL Reactor Division staff, R.W. Powell,
Head, in obtaining the Boral punchings from the BMRR spent fuel
shielaing is deeply appreciated. The metallography was performed by
K. Sutter of BNL. The neutron attenuation and wet chemistry results
were obtained throug he courtesy of Mr. R. C. Rarzmar of Brooks and
Perkins, Tnc. More detailed analyses of these specimens are underway
at G.E., by A. Jacobs, and at Brooks and Perkins, and will be the sub-

ject of a future report.

308



T?BLE I

BMRR WATER CHEMISTRY

Temperature Inlet Cutlet .8,
Reactor ON 100% : 115°% 1362
Reactor OFF 75-80 75-80 -

(Reactor CN less than 108 of time)

Conductivity Normal Regenerate Alam T.S.
Demineralize
(umho/ca @25°¢) <2 2 5 10

Alarmed only once in 20 years, during HX leak. T.S. never exceeded.



TABLE II

HFBR SFP CHEMISTRY

Resistivity Temp. °C Peb c1” pH
meg-ohm=cm
02‘ Lo .6 30-35 4-20 509.700

(low pH coincides with low resistivity)
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FIG. 11 Aluminum Surfaces in Contact with Stainless Steel
after 6 1/2 months Exposure in the HFBR SFP 2.5x
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May 25, 1979

NEUTRON ABSORBER SAMPLING PLAN - IN POOL

A sampling plan to verify the integrity of the neutron absorber material amployed

in the hich density fuel racks in the long-term environment is described.

The test conditions represent the vented conditions of the spent fuel tubes. The
samples will be located adjacent to the fuel racks and suspended from the spent
fuel pool wall. Eighteen (18) test samples are to be fabricated in accordance with

Figurelauiinstalledinthepoolmehtheradcsareinstalled.

The procedure for fabrication and testing of samples shall be as follows:

1. Samples shall be cut to size and dried in an oven for five hours at 170°F,
followed by a cycle at 600°F for three hours.

2. Samples shall be weighed immediately following removal from the oven and weight
in milligrams recorded for each sanple.

3. Samples shall be fabricated in accordance with Figure 1 and installed in pool.

4, Two samples shall be removed per schedule shown in Table 1.

3. Carefully cut samples apart at the weld without damaging the neutron absorber,
Wash with a soft brush in a mild abrasive and detergent solution, immerse in
nitric acid to remove surface products, followed by a rinse of clean water and
alcohol. Dry in a 175°F oven for five hours, followed by a cycle at &00°F for
three hours.

6. Weigh the samples and evaluate the weight change in the neutron absorber material
in milligrams per square centimeter per year,

7. Visually examine the clad surface for pitting. Take micrographs of the edge sur-
face and any other suspect aveas.

8. If pitting is present, the depth of the four major pits are to be recorded and

the average pit penetration in mils of an inch per year determined.

309 W
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Prepare report of sarple test results and observations.
Stmldanyaiversecmditia;sbedetected, the samples may be subject to a
810 loading analysis.

Additionally, two full length vented fuel storage tubes will be suspended in
the pool. They will be cbserved periodically for signs of swelling, and they
will be opened and examined should the small specimens indicate any loss of
absorber material below .Ong/anZ, soroniC.

Retain samples.
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IMPORTANT MOTICE REGARDING COHTENTS AND USE OF THIS DOCUMENT

Exxon Nuclear Company's warranties and representatives
concerning the subject matter of this document are those

set forth in the Agreement between Exxon Nuclear Company,
Inc. and the Cuystomer pursuant to which this document is
issued. Accordingly, éxcept as otherwise expressly provided
in such Agreement, neither Exxoun fiuclear Company, Inc. nor
any person acting on its benalf makes any warranty or re-
presentation, expressed or implied, with respect to the
accuracy, completeness, or usefulness of the information
contained in this document, or that the use of any information,
dpparatus, method or process disclosed any liabilities with
respect to the use of, or for damages resulting from the use

of any information, acparatus, method or process disclosed
in this document.

The information contained herein is for the sale use of
Customer.
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ABSTRACT

Exxon tiuclear Company, Inc. has conducted a Boral*-Stainless Stce!
Corrosion Program during the past 18 months to establish additional
performance information for use of Boral plates in spent fuel stor-
age applications. The program consisted of a cdetailed review of
related literature, an evaluation of test programs conducted by
others, and acditional corrosion tests performed at Exxon lluclear
facilities.

The objective of the Exxon Nuclear test program was to cbtain
corrosion data for Boral-204 stainless steel test specimens in
‘simulated PWR fuel poo) environments so that reliable predictions
could be made of what pnysical changes would occur in a defective,
1.e., unsealed spent fuel storage cell after a 40-year exposure.

The Exxon Nuclear tests indicate that storage cells, containing a leak
simulating hole, will sustain aluminum corrosion at a rate which can
be expected to ronsume of the aluminum in the Boral
core after a 40-year exposure, .

Should Boral plates be exposed to a typical PWR pool environment, the
materiai is subjected to pitting, edge attack, and internal gas pressuri-
zation; but «n effect on criticality safety is expected over the lifetine
of storage cells gu2 to dislodgement of B,C particles.

* The Boral test samples discussed in this report are a neutron
absorbing, shielding material manufactured ov the Brooks and
Perkins Company. The Boral specimens are a2 comnusito material
consisting of Loron carbide evenly dispersed within a matrix
of aluminum and ¢lad with aluminum. \ 24
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1.0 INTRCOUCTICH

Prior to designing ~acks utilizing stainless stee! clad Boral
plates in PR pool environmments, Exxon Nuclear initiaced, (during
1976 and early 1977), a review of applicable material corrosicn
literature and :onducted analyses of test results performed by
others.

Exxon Nuclear's revioay of the related literature*, and performance of
Boral in similar environments, indicated that there should be no

adverse effect cr nuclear safety analyses of storage racks in a PWR

pool environment. To provide further assurance of satisfactory material
performance, Exxon Nuclear initiated a test program in February,

1977 to evaluate Boral clad in stainless steel 304 specimens in environ-
ments sinulating utilization in Exxon Muclear PWR storage rack
applications.

* List of appropriate material contained in Reference section of
this report.

be] . 108 125
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2.0 TEST PROCRAM DESCRIPTION
2.1 SPECIMEN DESCRIPTION

Exxon Nuclear's test program placed emphasts on investigation
of Boral utilized in conditions typical of expected storage
cells and PWR pool water environments. Consequently, storace
cell component sections were fabricated which resembled the
larger, full-size storage cells. Specifically, these reduced-
size storage cell specimens consisted of inner and outer
stainless steel 304 shrouds into wnich four (&) Boral plates
were inserted. The complete assembly was sealed welded,
resulting in 6" high x 6" wide test specimens. Each completed
cell specimen was made to simulate a leaking conditicn by drill-
ing 1/16-inch holes as described in Appendix A.

In order to separateiy observe and measure various corrcsion

and material properties during the test, additional tes:

specimens were utilized. These additional specimens consisted

of 2" x 2" coupons made as follows: ' ’

1) Open-edge Bcral/stainless steel composite;

2) Sealed-edge Boral/stainless steel composites with a leak
simulating hole; and,

3) Unencapsulated Boral coupors.

2-1
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XN-HS-TP-009/MP

ENVIRONMENT DESCRIPTICH

Insulated nine (9) gallon polyethylene tanks, with fitted
covers, were uysed for the plain Boral and open-edged Boral-
stainless specimens. Thirty (30) qallon tanks of the same
construction were used for the closed-edge tests. Sach tank
was fitted with a stainless immersion heater and stirring
mixer, which were affixed through openings in the tank
covers, )

A stainless steel screen was used to hold the specimens off
the bottom of the tanks and permit circulation of the envircn-
ment on all sides. In order to isolate the plain Boral speci-
mens from the stainless steel screen, a pedestal was fashicned
from phenolic plastic. The open-edged composite sampies, 3

2" x 2" Boral piece sandwiched between two 2" x 2" stainless
stee] pieces, were held together with four (4) Met-clip
springs, one along each edge. These were placec on tne staine
less screens so that the clips held the specimens in a hori-
zontal position cver the screen.

The initial environment in each tank was defonized water with

a pH of 5.85 and a conductivity of 0.75 u mno/cm. Boric 2cid

(H3503) and lithium nydroxide (LiCH HZO) additicns were made

to produce the following:

Environment A) Deionized water plus 13.3 ¢/1 Beric Acid
(resulting in 2300 ppm Bcron at 150°F).

308 127
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Environment B) Deionized water, 13.3 q/1 Boric Acid,
0.0121 g/1 lithium hydroxide

Environment C) Deionized water plus 0.0121 g/1 lithiun
hydroxide

The specimens, were imnersed in each environment on July 1,
1977. The initial temperature and pH of each environment

were measured as follows:

Environment pH Temperature, °F

1 5.20 146.4
2 .53 147.2
3 9.15 153.4

The temperature and pH were measured daily. The temperature
showed scme fluctuations and variacs were installed in orcer
to gain better temperature contrcl. The pH in the borated
solutions, 1 and 2, remained constant but in the alkaline
tank, C, it dropped into the 7 range within days. In

orcer to keep the solution pH in the alkaline rance, acddi-

- tional additions of lithium hydroxide were made.

INITIAL MEASUREMENTS

Appendix A of this report coritains descriptions of all Bcral
and stainiess steel specimens utilized for the test program,
The initial measurements and ning programs are alsc pro-
vided in Appendix A.

2-3
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3.0 SUARY

No corrosion, pitting, nor stress-corrosion cracking was observed

on any of the stainless steel coupons, or storage cell specirens used

in this study. Tha austenitic stainless stee! can be expected to
withstand exposure to borated fuel pool environments for the ;ro-

jected forty-year life of spent fuel racks. Similarly, without a

leak patnh through the stainiess steel liners, the interior Boral

plates would no* be subject to degradation as a result of agueous
corrosion. In the situation of a leak path througih the stainless

liners which permits the interior space to fill with the pool envircn-
ments, the results of the 2 month, 6 month, and 12 month exposure studies,
show that Boral is subject ‘o general corrosion, pitting and ecge attack,
and clad deformation due to internal gas rressurization. To varicus
degrees, the severity of each of these corrosion effects cepends cn the
particular environment chemistry and the specific geometry of the exposed
materials. Based on comparisons between the four (4) specimen types and
the three (3) environments used in this study, the following summary can
be drawn concerning the corrosion resistance of Bcral and its suitability
for use when exposed in stainless lined storage cells to borated envirgonments.

The general corrosion rate, as determined by weight gain measurements,

When all the storage cell specimen data are examined on 2 sem-lcg plot,
the amount of aluminum consumed in conversion to oxide after a 40-year
exposure, is: percent for the low pH and percent for the

higher pH environments.
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The weight gains were lowest for the storage cell specimens in each
of the three (3) environments, followed in general by the plain,
open-edged, and edge-sealed specimens. The weight gains, measured
for the plain and open-edged specimens, were nearly identical to
each other in the three (3) environments. This similarly indicates
that galvanic coupling between the stainless steel in the open-
edged specimens does not accelerate general corrosion in the Boral.
In all three (3) envircnments, the edge-sealed specimens showed the
greatest weight gain,

Similar consicerations apply to edge attack of the 8cral. However,
the depth of edyc attack did not increase significantly bes.zan the

3-2
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6 and 12 month exposure. The deepest edge penetration, 0.028", was
measured on the open-edged specimen in the low pH environment. Mo
measurable edge attack was observed in the vicinity of the leak
simulating hole in the Boral plates of the storage cell specinens.

Gas generation, due %0 corrosion of the aluminum in Boral, has been
observed in the edge-sealed specimens and the storage cell specimens,
This gas has been observed to bubble from the upper hole in each of

the storage cells. In several of the specimens removed after 12 menths,

bulges were observed between the aluminum cladding and the 8,C aluminum
core.

The occasional unbonded layers of the Boral matrix occurred randomly

and were observed in concentrated areas of very small BJC particles
(i.e., >150 mesh). it has been determined that the Boral specimens
provided by S8rooks and Perkins for the ENC corrosion test program con-
tained a much higher concentration of small 8,C particles than utilized
for production 3oral plates. Accordingly, it is possible that the small
bulges observed on the sealed specimens may not Jccur in finished plates
where improved 8,C and aluminum bonding result with larger B,C particles.

The occasional lack of bonding between B,C and aluminum particles also
allows a small amount of water to enter the inner portions of the bulged
specimens. MNormally, water does not penetrate into well-bonded Boral

plates and no internal corrosion can occur.

The small bulges have not been reported or observed in prior related
corrosion test programs. They appear to be a self-limiting phencmencn,

3-3
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where the gaseous corrosion product both causes the bulge and dis-
places the water causing the corrosion., Asinspection of both the
aluminum cladding and inner Boral matrix demonstrates that no c¢lad
pitting or deterioration of the inner face of cladding and Bora!
material occurred near the bulged areas. Consequently sheuld randonm
small bulges occur, any dislodgement o. 84C particles will be of no
significance on neutron shielding or attenuation properties.
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4.0 RESULTS

On June 30, 1972, after a nominal 12-month exposure, the
remaining three (3) plain Boral and three open-edged
Boral-stainiess composite spacimens, were removed from
the three (3) heated tanks. On August 10, 1578, the
edge-sealed, and storage cell specimens, were r noved
from their environments. These twelve (12) samples were
subjected to visual, metallographic, weight cain, and
pit depth measurement analyses.

This sz2ctios of the report places emphasis on the de-
tailed results obtained from the storage ceII specimens.
Appendix B presents additicnal test results for other
specimens and contains most referencad tables and figures
for information presented in this section. Table 4.1
provides specimen identification numbers and exact lengths
of excosure for each of the twelve (12) specimens eval-
uated during the final period.

4.1 Internal Environment Of Zdge- Sealed And Storage Call Specimens

The pH of the solution, within the edge-sealed and storace

cell specimens, was measured using indicater peper for

the former, and a Beckmann pH meter for the latter. Approximately
2.5 grams of sylution was contained in the edge-sealed speci-

mens and 39 grams in the cell specimens.

In Table 4.2 is a summary of the interior pil of the edge-
sealed and cell specimens for the 2-, 8-, and 12-menth
exposures,

T 108 13
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For the high pH lithium environment, the interior pH
consistently shows a decrease in pH toward a neutral
value for all exposure times. A similar trend toward a
more neutral pH is exhibited for the acidic environments
for exposures up to 6-months. After 12-months, the
interior pH is the same as the bulk solution or, slightly
more acidic.

4.2 Visual Appearance

The storage cell specimens were disassembled and cut ope
to separate the Boral plates from the stainless 1 ners,
A visual examiration of each Boral piece was conducted
using a low power ste eo-microsccpe. The following
observaticns were noted:

Storage Cell Specimen #3 (S.C.S5.-3)

Surfaces were generally metallic in coloration. Extra
carrosion products, and some pitting, were seen con the
faces and along the edges where the leak simulating holes
were drilled through the stainless liners.

Storage Cell Specimen #6 (S.(C.S.-6)

Specimens are darker than SCS-3., Pitting is much less.

Rust existed along edges where holes were drilled.

Bulges were observed in the dimple area of plate $.C.5.-6/7),
on both the outside and inside.

4.2
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Storage Cell Specimen #9 (S.C.S.-9)
Specimens were white in coloraticn with rust colored
deposits along the edges where holes were drilled. 8,C
stringers were evident, but no pitting., Plate S.(.S.-9(4)
had a 1-1/4" pure aluminum strip on one short edge.

4.3 Weight Gain

After the visual analysis, thé appropriate Boral plate
specimens were veighed, oven-dried, and reveighed in

order to determine the amount of absorbed moiEture in the
core and the change in weight due to exterior and inte-
rior corrosion. The specimens were dried in stages in an
air-circulating oven for two (2) hours at 150, 200, o8
250°F, and for 24 hours at 300°F. The original weight,
the weight prior to oven-drying, and the dried weight for
each specimen, is listed in Table 4.3,

A summary of the moisture absorbed weight percentages,

for the 2-month, 6-month, and 12-month exposures, is

given in Table 4.4. The overall average for all specimens,
environments, and exposures, was This corresoends

to @ minimum average porosity level in the Boral core of
approximately The absorbed moisture decreased

between 2-imonths and 6-months and increased between 6-menths
and one year. This may be the result of an initial decrease
in porosity as corrosion products were generated in the

core followed by a porosity increase as additional corrasion
enlarged the pores. The greatest moisture absorotion occurresd
in the open-edged specimens in the A environment. This
specimen also showed the greatest number of pits and would,
therefore, contain the greatest amount of material capable
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of absorbing moisture. The least moisture, on the average,
was in the storage cell Boral plates, which may be due to
their larger size and lower edge to volume ratio.

In Table 4.5, the corrosion weight gain percentages are
summarized for all the specimens tested in the program,
The values, in brackets, have been corrected to account
for the fact that certain of the 6" x 4" Boral plates
in the cell specimens contain a strip of solid aluminum
along one edge. Since this strip did not contain the
normal porcus core structure, it could contribute weigns
gain only by external surface corrasion. To_make valid

, compariscns, using these specimens, their weight was re-
duced by a factor corresponding to the reduced core
volume. Under the assumption that the weight gain per- -
centages are an indication of the extent of uniform
corresion in these specimens, the results presented in
Table 4.5 show that the corrosion rates have decreased
with increased exposure time. The results are plotted for
each specimen type as a function of environment in Figures
4.4 througn 4.5.

The weight gains are largest for the edge-sealed specimenc
in each environment. Similarly, they are the smallest for
the storage cell specimens. In between, with very similar
results, are the plain and open-edged specimens. The
similar weignt gains, experienced by these two (2) specimen
types, show that the general corrosion is not accelerated
due to coupling with stainless steel.

4-4
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When the weight gain values for the storage cel) speci-
mens are considered on a semi-logarithmic scale, the
relationship appears to he amenable to extrapolation, as
shown in Figures 4.7 through 4.9, From these figures,

the extrapolated weight gain percentage and the calculated
percent of aluminum consumed after 40 years exposure, are:

Pitting

To evaluate the extent of pitting in the 12-month exposure
specimens, the corrosion products were cleaned from the
surfaces of a portion of one of the four (4) plates from
each cell specimen. A summary of the pitting freguency
and pit depth, for the 6-month and 12-month exposures, is
given in Table 4,6. The pit diameter for the 12-month
specimens is also given in the table.

Table 4.6 shows that the pitting characteristics after
12-months were very similar to those after 6-months.
Those specimens and environment combinations which did
not pit or showed little pitting tendency after 6-months,
showad no or few pits after 12-months, however, those with
significant pits after 6-months had 3 large number of
pits after 12-nwﬁths, Increased pitting was observed in
the plain specimens in the A environmen: and in .ne ecge-
sealed specimens in the A and B envirgnments. The other
specimens shcwed nearly the same number of pits after
12-months as after 6-months.
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The pit depth, however, increased with the extended 12-
month exposure. In some cases where pits had not pene-
trated the aluminum clad in 6-months, they had done so

after 12 months.

Metallography

Sections of Boral from each specimen were mounted ard
metallographically polished in order to observe the
thickness of surface oxidation films, the cepth of edge
attack, the undercutting around drilled holes, and the
nature of surface bulges. Secticns were made along zan
edge for the plain and open-edged specimens, and through
the drilled hole in the Boral for the edge-sealed and
storage cell specimens. In addition, sections through
bulges in the specimens were made to characterize these
structures. The specimens were back-filled with epoxy
under vacuum conditions to impregnate surface porosity,
then rough polished on silicon carbide papers and final
polished on diamond using automatic vibratqry equipment.

Surface Corrosion Films

The surface cerrosion films on several of the specimens
were Cthick enough to measure using a filar eye piece at a
magnification of The film thickness, as measured for
these specinens, is listed in Table 4.7. The thickness
for the C environment specimens was thickest, being a
maximum of for the plain specimen. llhere the
bulge in this specimen caused the surface layer to break
apart, the corrosion fiims were much thicker. Appendix 8
contains photographs showing the surface film in one area
dway from a bulge and, for compariscn, on a bulge.
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Edge Attack

Table 4.7 also shows the depth of corrosive attack at the
Boral coupon edges in the plain and open-edged specimens.
The attack was greatest in the A environment and was
somewnat greater in the open-edged specimen than in the
plain specimen. Only one specimen of the six (6) edge-
sealed and storage cell types showed accelerated corrosion
around the partially drilled leak simulating hole. This
was the eage-sealed specimen in the C envircnment. The
similarity in edge attack between the plain and cpen-edged
specimens again indicates a lack of corrosion acceleration
due to galvanic coupling of the Boral to stainless steel.

Bulges

Several bulges were observed on the 12-month exposure
specimens. Similar bulges were not observed on specimens
exposed for 2- or 6-months. Table 4.8 lists the number

of bulges observed on each specimen. Photographs demonstrating
bulged areas are shown on Figures 4.2 and 4.3.

The bulges are separations between the aluminum clad and
the Bgc-a1uminum matrix. They appear to result from gas
pressure caused by internal corrosion. The corrasicn of

aluminun would generate hydrogen gas following the
reaction

2A1 + 3H20 —-—’A1203 + 3H2.
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Such gas generation has been chserved in the edge-sealed
and storage cell specimens. To generate a bulge would
require sealing of the edges with corrosion products to
enable the internal gas pressure to ircrease sufficiently

to expand the ten mil aluminum c'adding. The edge-sealed
specimens each had four (4) bulges. These specimens alsa
showed the largest corrosion weight gains which coule result
in the sealing of edges in these specimens.
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