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Subject: Nuclear fuel rod cladding material

Dear Commissioner Sandoval:

This letter is pursuant to the commitment | made to you on July 26, 2011, to get back to
you regarding your question of the problem of hydrogen generation during loss-of-
coolant accidents in light water reactors and whether any alternative fuel cladding
materials might be available to mitigate or eliminate the problem.

The matter required quite a bit of research and the issue has a long and tangled history.
But the gist of it is as follows (a list of references is provided at the end of this letter):

Zircaloy was chosen because of its excellent properties in a number of respects,
including low neutron absorption (important for maintaining the chain reaction
economically), heat transfer properties, and other mechanical properties needed in
a material that would be made in to ten- or twelve-foot long thin tubes containing
nuclear fuel. The hydrogen generation vulnerability has long been recognized —
at least since the 1970s — well before the 1979 Three Mile Island accident during
which there was a contained hydrogen explosion. Notably, Earl Gulbransen, one
of the most eminent authorities on the properties of metals and alloys in nuclear
power reactor environments, expressed concern in 1975 that there was no back-up
to zircaloy in case it proved unsuitable. He pointed to possible embrittlement of
zircaloy during operation and to hydrogen evolution due to zirconium-steam
reactions during loss of coolant accidents as principal issues.*

! Gulbransen 1975. Dr. Gulbransen’s note drew a sharp response from N.J. Palladino, a professor of
nuclear engineering, but this response only challenged Gulbransen on operational suitability of zircaloy.



e Stainless steel cladding has been recognized as an alternative and has been used in
five U.S. light water reactors: Haddam Neck (also known as Connecticut
Yankee), Indian Point 1, LaCrosse, San Onofre 1, and Yankee Rowe.? Stainless
steel reduces but does not eliminate the problem of hydrogen generation, since a
similar chemical reaction with steam occurs as with zircaloy. The use of stainless
steel cladding was stopped in the 1990s after fuel cladding damage was
discovered at the Haddam Neck plant; similar damage does not seem to have
occurred at San Onofre 1.2

e There seems to be no readily available drop-in substitute for zircaloy at the
present time. It appears that silicon carbide would immensely reduce the problem
of hydrogen generation (by one or two orders of magnitude).* But it has the
disadvantages of being brittle and of having lower thermal conductivity.
Extensive testing would likely be required for safety and operational reasons
before it could be used as a replacement for zircaloy in light water reactors. For
instance, this is indicated by computer modeling exercise that examined the use of
silicon carbide fuel cladding.®

There appears to be no urgent, serious push to greatly reduce (or eliminate) the problem
of hydrogen generation due to steam-cladding reactions to the point where the maximum
amounts of hydrogen involved would be too small to create catastrophic explosions even
in worst case accidents. The NRC Fukushima Task Force apparently decided not to
consider this issue. | asked about it, rather insistently, at an NRC public meeting about
the report, but did not get a clear response, other than it was not considered and that in
any case it involved all 104 U.S. operating reactors.® 1 would have thought that this
simple fact would have been an important reason to consider the question and put in
squarely in the middle of long-term safety considerations. But the NRC Task Force
seems to have decided otherwise.

In view of the central role of the zirconium-steam exothermic reaction in the Fukushima
accident, it would be prudent for the NRC to recommend a substantial investment in
alternative fuel cladding for existing nuclear reactors, even though some of them now
have licenses that extend into the 2040s. The NRC appears disinclined at present to do
that. Since it affects a substantial majority of states, an initiative on the part of the states
to persuade the federal government to take up the zircaloy replacement issue with a high
priority might be considered.

Dr. Palladino did not address the issue of hydrogen generation during a loss of coolant accident in his
response. See Palladino 1976. Dr. Palladino was later Chairman of the Nuclear Regulatory Commission
during a key regulatory period after the TMI accident (July 1, 1981 to June 30, 1986),.

2 DOE 1994 p. 23 and Table 10 (p. 28)

® Rivera and Meyer 1980 p.1

* CANES 2011

> Carpenter et al. 2007 Chapter 5

® NRC 2011 Report and NRC 2011 Briefing pp. 63-68



Yours sincerely,

Ay

Arjun Makhijani, Ph.D.

President

CcC

California Public Utilities Commission:
e Colette Kersten <cek@cpuc.ca.gov>, Energy Advisor

California Energy Commission:
e Chairman Robert Weisenmiller <rweisenmiller@energy.state.ca.us>

e Commissioner Jim Boyd <jboyd@energy.state.ca.us>

e Eileen Allen <eallen@energy.state.ca.us>, Advisor to Commissioner Weisenmiller

e Sarah Michael <smichael@energy.state.ca.us>, Advisor to Commissioner Boyd

e Barbara Byron <bbyron@energy.state.ca.us>, Senior Nuclear Policy Advisor
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permitted themselves to sign this doc-
ument. I blush for them.

William Girdner
Bronxville, N. Y.

Credibility Lost

Considering the many thousands of
scientists presently in the employ of
large and influential corporations with
billions of dollars riding on nuclear
contracts, and taking into account the
many universities and national labora-
tories with millions in~research funds
allocated by the late Atomic Energy
Commission, it is indeed revealing that

only 32 scientists would lend them-.

selves to promote nuclear power (“No
Alternative to Nuclear Power,” Bulle-
tin, March 1975).

It seems evident that the over-
whelming majority of responsible sci-
entists are troubled by the implications
of nuclear energy and the resultant
plutonium economy. For the 32 scien-
tists to point the finger at nuclear crit-
ics and to charge that “the public is
given unrealistic assurances that there
are easy solutions” is the height of cyn-
icism. This technique of the pot call-
ing the kettle black is exactly the rea-
son why the public has lost faith in
nuclear promoters and why the AEC

. lost its credibility and had to be dis-
bandeéd. '
Nat. H. Sauberman

Great Neck, N.Y.

We Need Restraint

Reading the statement on nuclear
power by 32 scientists in the March
issue of the Bulletin, I remembered
Eugene Rabinowitch’s farewell article,
“Challenges of the Scientific Age,”
published in September 1973. Rabino-
witch had apparently reached the con-
clusion that the combined energy and
pollution problem could be solved
only by heavy emphasis on solar ener-
gy and the stabilization of population.

Before concluding that there is “no
alternative to nuclear power” one
should re-read Rabinowitch’s article,
which, includes the following state-
ment:
It may well be that an ultimate, steady-state,
high-technology mass civilization on Earth
will have to be based primarily on the utili-
zation of solar energy.

The recent environmental statement
by the former Atomic Energy Com-
mission on the proposed Retrievable
Surface Storage Facility (RSSF) makes
it clear that we shall not know for a
period of from 20 to 100 years wheth-
er we can store the high level and
transplutonium contaminated wastes
which will be produced by our bur-

geoning nuclear power plants without
risk of grave planetary contamination.

With due respect to the authors of
the statement, it would have been
more impressive if the signatures, of
ecologists, geneticists, demographers,
economists, and political scientists had
been attached.

This is a period when restraint, not
exuberance, should be exercised with
respect to nuclear power until we
know where we are going.

: Anthony Wayne Smith
Washington, D.C.

Not Safe Enough

I read with great concern the state-
ment given by 32 leading scientists on
nuclear power, coal and America’s
energy future.

The major point of the statement is
that we should move on to nuclear
power since power based on uranium
“is an engineered reality for generat-
ing electricity today.” The scientists
also state that “the safety of civilian
nuclear power has been under public
surveillance without parallel in the his-
tory of technology” and that “on any
scale the benefits of a clean, expensive
and inexhaustible domestic fuel far
outweigh the possible risks.”

After 25 years of research and de-
velopment work on the chemical and
metallurgical properties of metals and
alloys used in nuclear power plants, I
have come to the conclusion that the
current design and materials cannot
give us a safe and well-engineered
nuclear power plant. It now appears
that there are serious limitations for
some of the materials used in nuclear
reactors.

The use of zirconium alloys as a
cladding material for the hot uranium
oxide fuel pellets is a very hazardous
design concept since zirconium is one
of our most reactive metals chemically.
For a safe reactor the cladding materi-
al should be relatively inert to water,
impurities in the water and to the sup-
porting structure under any possible
reaction condition which may occur in
a nuclear reactor.

At the operating temperature of
nuclear power reactors zirconium
cladding alloys react with oxygen in
water to form an oxide layer which
partially dissolves in the metal embrit-
tling and weakening the metal tubing.
Part of the hydrogen formed in the
zirconium-water reaction dissolves in
the metal and may precipitate as a
hydride phase also embrittling and
weakening the metal tubing. Recent
work reported last summer in France
has shown rapid solution ‘of oxygen
from the zirconium oxide layer into

the metal at the grain boundaries,
which could reduce the effectiveness
of zirconium alloys as a cladding mate-
rial. At 400° Celsius the diffusion coef-
ficient for oxygen, D, at the grain
boundaries in zirconium was about
10-"" square centimeters per second
compared to a value of 2.1 times 10-1
square centimeters per second for the
bulk diffusion coefhicient Dy.

At temperatures above 1,100° Cel-
sius zirconium reacts rapidly with
steam with a large evolution of heat
and the formation of free hydrogen,
with most metals to form intermetallic
compounds and with other metallic
oxides to form its own oxide. Once zir-
conium is heated to 1,100° Celsius;
which could occur in loss of coolant
accidents, it is difficult to prevent fur-
ther reaction, failure of the tubing and
of the reactor. It is difficult to define
the reaction conditions under loss of
coolant conditions and good kinetic
measurements for the reaction of zir-
conium with steam at 1,100° Celsius
and higher do not exist.

Many of the recent difficulties in
the operation of our present nuclear
power plants are due to material prob-
lems in the reactor, steam generator
and turbine. There appears to be no
way to overcome the inherent material
problems associated with zirconium
alloys and the current design of the
reactor.

Greater wall thicknesses for the
cladding and lower operating temper-
atures of the fuel may help but the
chemical and metallurgical behavior
of zirconium alloys cannot be over-
come. No backup or alternative design
is available if the present design and
materials prove unreliable. It is there-
fore most important to question the
statements made by the 32 scientists
before it is too late to change.

Earl A. Gulbransen
Department of Metallurgical and
Materials Engineering
University of Pittsburgh

Too Much

Your March issue with the article,
“No Alternative to Nuclear Power,”
shocks me. As scientists, how ‘can you
justify this statement? What are your
criteria?

Cancel my subscription at once and
refund the balance. Scientists and sci-
ence publishers that can be influenced
away from the strict truth are an
abomination and worse cheaters than
the Nixon administration. You can
destroy the future of our children and
their progeny till eternity.

Laina Gerrish
Bennington, Vt.

June 1975 Bulletin of the Atomic Scientists 5
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acceptable methods for long-term dispo-
sal of such wastes. The terrorists have
much simpler ways of carrying out their
operations than getting into the nuclear
field, although they might use a threat as
blackmail. However, having been in-
volved in the reactor safety field for
about 25 vyears, | am satisfied that the
major concern for the public should still
be reactor safety.

It is sad that Salzman is identified as a
representative of Friends of the Earth.
Her letter has done no good to the
credibility of that organization among
knowledgeable people.

C. A. Mawson
Ottawa, Canada

Defends Zirconium

My attention was recently drawn to a
letter, “Not Safe Enough,” by Earl A.
Gulbransen (Bulletin, June 1975), re-
garding the use of zirconium in nuclear
reactors. The purpose of this letter is to
place before the reader the record of
successful performance of zirconium in
nuclear reactors.

At the present time | am a professor of
nuclear engineering and Dean of the
College of Engineering at The Pennsyl-
vania State University. | have had 29
years of experience as an engineer in the
nuclear field including extensive respon-
sibility for nuclear reactor design and
development work. In that work | was in

close contact with the development,

testing, and use of Zircalloy at Oak
Ridge, Argonne, and Bettis. But to make
sure that my response reflects the latest
information in this area, before prepar-
ing this letter | contacted two of my

colleagues at the Westinghouse Electric

Corporation who were directly involved
in the development and testing and use
of zirconium and its alloys.

Zirconium and’ its alloys have been
used as the major cladding and structur-
al material in the reactor cores of water-
cooled naval nuclear plants since 1951.
Since that time, the operation of hun-
dreds of reactor cores has shown no
deterioration of zirconium resulting from
interaction with the water environment
or the fuel; post-operation destructive
examination has revealed reaction with
the environment to be miniscule.

Similar experience has been reported
with the use of zifconium alloys as clad-
ding for uranium oxide fuel pellets in
commercial nuclear reactor plants be-
ginning with the Shippingport, Pa., plant
in 1957. In fact an experiment has re-
cently been concluded in which zirconi-
um clad fuel elements were exposed

continuously in the Shippingport plant
from 1957 to 1974, a calendar exposure
5 to 10 times longer than the design life
of commercial fuel elements; the thick-
ness of the oxide layer, the amount of its
solution in the metal, the amount of
hydride phase formed on fuel elements
examined during this period were all
small and far below design limits. Zirco-
nium alloys are also being utilized in
Canadian power reactors not only for
fuel element cladding but also for the
primary pressure boundary, with equally
favorable experience; the successful op-
eration of water-cooled zirconium core
nuclear power plants in Europe and Asia
has also failed to support Gulbransen’s
fears.

This voluminous record of successful
operating experience with zirconium
has been and continues to be supported
by an extensive in- and ex-reactor test
program in which the limits of applica-
bility have been explored and continu-
ously refined. In contradiction therefore
to Gulbransen’s statements, this experi-
ence demonstrates that the “‘inherent
material problems associated with zirco-
nium alloys” (whatever they may be)
have in fact been successfully overcome
in current reactor designs.

N. J. Palladino
State College, Pa.

. Correction

In ““Nuclear Reactor Safety: Further
Points of Clarification’”” by Frank von
Hippel in the January 1976 issue of the
Bulletin, a phrase was inadvertently
omitted. In the discussion of The Linear
Hypothesis and the Consequences of
. Low Doses of Radiation on page 45, the
sentence should have read: “'This makes
it possible to extrapolate from the ob-
served effects of radiation at high doses
and dose rates to lower doses and dose
rates such as those which would occur

far downwind from a reactor accident.”

‘DOOMSDAY
ALTERNATIVE |

Everyone ‘has cause for
alarm reading articles in many
magazines about runaway
spread of nuclear weapons,
pervasive deterioration of the
human habitat, and other glo-
bal crises. But there is a way
out: The creation of a demo-
cratic world federation which
could provide rational means
for solving global problems,
not possible while militarized
nations remain sovereign.

But—how? Welcome news is
provided by an international
group working on an up-dated
constitution for world govern-
ment supervised by an elected
pariiament. The first draft is cir-
culating for comments, titled:
A Constitution for the Federa-
tion of Earth. . :

Three thousand $10 contri-
butions are needed now to re-
convene the drafting commis-
sion (half from developing
countries) for intensive work
on final draft, to be submitted
to a World Constituent Assem-
bly calied for June 1977 at Inns-
bruck, Austria. More $ are
needed for the Constituent As-
sembly. After adoption at the
Assembly, the world constitu-
tion will be submitted to the
people and nations of Earth for

“ratification.

Obtain details including Call
to Constituent Assembly from:
World Constitution & Parlia-
ment Association, 1480 Hoyt
St., Lakewood, Co. 80215. $10
contributors will receive copy
of preliminary draft.

Applications Invited for AAAS
Congressional Science Fellowships

The American Association for the Advancement of Science invites applica-
tions for the fourth consecutive year of its Congressional Science and

Engineering Fellow Program.

Detailed information on the application procedure and other information
about the program are available from Dr. Richard A. Scribner, Director, AAAS
Congressional Science Fellow Program, AAAS, 1776 Massachusetts Avenue,
NW, Washington, D.C. 20036. The deadline for application is 31"March 1976.

March 1976
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