ISTORY OF THE DEVELOPMENT OF,
IRCONIUM ALLOYS FOR USE
¢ NUCLEAR REACTORS. . ..




NR:D:i975

HISTORY OF THE DEVELOPMENT OF
ZIRCONIUM ALLOYS FOR USE IN
NUCLEAR REACTORS

Papers by:
H. G. Rickove:, ADM, USN

L. D. Geinar

B. Lustman

United States Energy Recearch
and Development Administration
Division of Naval Reactors

NOTICE
Thic seporl was pregared o oan o aceount of work
sponsored by the United States Govespment, Weither
the United States not the United Stutes Energy
Rescarch and Developmen: Admiristration, nor any of
(heir cmpivyees, nor any of their contractafs,
subcontrasters, or  tireir  employces,  makes  iny
wartisly, eyposs oz implicd, or assumes any legs!
liakility or responsibility for the Srcujacy, completencss
ot uselulness vf aav imfornution, apparatus, produst ur
process disclosed, o1 represents that {1s ine would not
infringe privarely owned rights.

i
Lt
. O



FOREWORD

Upen being notified of my selection to receive the William
J. Kroll Medal {or Zirconium, I lhought it fiting to outline the
technical problems and the major decisions made during the
early development ol zirconium alloys for use in naval reactors.
It also seemed appropriate to compile a more detailed account
of these events to supplement my remarks at the Medal presen-
tation. Thevelore, two of those mosl deeply involved with zir-
conium davelspment for naval reactors were asked to Lrepare
papers ouilining the key events associated with this evolution.

The first was Mr. Lawion D. Geiger who was Manager of the
Pitlsburgh Naval Reactors Office of the Atomic Energy Commis-
sion from its establishment in 1948 until his retirement in 1973.
He was directly involved in the early procurement of zirconium
for all Commission needs including naval nuclear reactors. The
second was Dr. Beniamin Lusimar who, statting in 1949 was a
metallurgist and currently 1s a manager responsible for core
materials development at the Ballis Atomic Power Laboratory.
He has been directly involved in the develospment of zirconium
and its alloys as well as their application to naval reactors. Their
papers, logether with my speech presented al the Medal Award
ceremony on March 21, 1975 in Denver, Colorado, are assem-
bled in this report.

I have fostered the publication of the technology developed
as part of the Naval Reactors Program. Eleven books have been
published under the sponsorship of Naval Reactors. Thrae of the
books deal with the materials covered in this report. They are:

“Metallurgy of Zirconium,” edited by B. Lustman and

F. Kerze, Ix., Tuly 1955, McGraw-Hill Book Company,
New York
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“The Metallurgy of Hainium,” edited by D. E. Thomas and
E. T. Hayes, 1960, available from Gover~:ent Printing
Ofltice, Washington, D. C.

"Neutrona Absorber Materials for Reactor Control,” edited
by W. Kermit Anderson and J. 8. Theilacker, 1962, availa-
ble from Government Printing Oifice, Washingten, D. C.
My deep appreciation goes to Mr. Geiger and Dr. Lusimau

for their work in preparing their papers.

H. G. RICKOVER
ADMIRAL, USN
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THE DECISION TO USE ZIRCONIUM IN
NUCLEAR REACTORS

Admiral H. G. Rickover. USN

I am honored to be the lirst recipient of the William J. Kroll
Medal for Zirconium It is gratifying for me because it gives me
an opporlunily to pay lribute to an outstanding scientist.

I came to recognize his exiraordinary qualities in the late
1940’s and early 1950's At that hme nuclear propulsion for
naval ships was far from a reality Those of us working on the
project laced problems at every hand One of the most crucial
was the development of a production process to obtain zir-
conium once the material was chosen for use in the nuclear
reactor. We did nol know whether the metal could be produced
in sutlicient quantities or lo the ngid specilications needed for
naval reactors

Dr Kroll had worked on the development of a zirconium
produclion process a! the Bureau of Mines lacility at Albany,
QOreqgon I made several hurried trips to see the work being done
at that facility to furmish zizcomum for the first naval reactors
Usually Dr Kroll. then a consultant to the Bureau of Mines. and
severalsenior officials of the Bureau of Mines met me al the Port-
land aitport on Friday evenings, We would drnive 1o Albarny, in-
specl the equipment, and discuss the results of the production
effort then underway Dr Kroll always yave me straightorward
answers He was a scientist ] am an engineer Qur common in-
terest was zirconium I think we both understood the problems
the other faced I believe we had this understanding because we
based our discussion on principies.

Dr Kroll was convinced that great advances in science
came through the effor!s of ind:viduals. He himself exemplified
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this philosophy As he wrote iz 1955, his easly work on zis-
conium was conducted at his ‘sboratery in Luxembourg where
his only assislants were an unskiiled laboier. = mechanic, and a
secratary | also have found in my 57 years of naval service that
engineering problems are most often solved through the eiforts
of technically competent individuals, net through the estab-
lishment of huge crganizations or management systems.

Tonigh! I will talk about the decision te use zirconium and
the principles tha! lay behind that decision. Circumstances
change; events never repeat themselves exactly, bul principles
are long enduring. Much of what [ shall say will be my persunal
recoliections. | recognize, however, that withoul the zeal and
hard wark of scores of engineers and scientists Irom several
organizations. zirconium would not be—as il is today—the major
structural material in naval reactors and in nearly all of the reac-
tors in central station power plants in the United States

THE ZIRCONIUM DECISION

InJane 194€, [ headed a few officers and civilians the Navy
had sent to Oak Ridge. Qur purpose was o see hew nuciear
energy could be used (o propel navalships. It was obvious that a
nuclear powered subinarine could revolulionize naval warlare.
Bul a submarine nuciear propulsion plant posed severe require-
ments. [t had io be compact so that it would {it into a submarine
hull. It had io operate when the ship was rolling or pitching, or al
an angle when it was diving or surfacing It had to be safe and
reliable. It had to be rugged to meet military demands Finally, it
would have to be operaled by young sailors—-men who were not
scientists or engineers, bul who would be carefully trained.

These are engineering problems At Oak Ridge. we were
dazzled by the viruosity of the scientists. They had ac-
complished much during the war We scon discovered that
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scientists could give us only limiled help. The goal ol the scien-
tist 1s to discover the laws of nature. The engineer uses and must
obey those laws. The difference is fundamental Theoretical
concepls are cruciel to science, bul they can have a dangerous
and hypnolic efiect on individuals who are responsible for prac-
tical resulls, The engineer must seek out technical facts He can-
not run away {rom them.

The decision io use zirconium 1n a nuclear reactor is an ex-
ample of engineering judgment Dunng 1946 and 1947, sevaerni
groups of scientists and engineers were investigaiing metals for
use in reactors Zircanium wis one such metal. Stainlecs stael,
aluminum, and beryilium were others The search was further
cumplicaivd becauvsz several dilferenl types of reactors were
under study One of the mos! promising of these approaches for
naval propuizion was the pressuiized waler reactor However,
for this applicaticn, a siructural melal was needed which would
withstand corrosion at high temperatures for long periods of
time, which would maintain its integrity mjan environment ol 1n-
tense radtation, and which would not absorh neutrons needed
{or the nuclear reaction Furthermore. if the Navy was 1o have a
flee! ¢i nuclear ships, the metal had to be ane which could be
produced 1n quantity and a! reasonabhle cost Stainless steel
beryllium, and aluminum all had techaical disadvantages which
weighed against their use

Zirzonium too, dhid not look promising Although its corro-
sion properiles appeared reasonable, it was expensive and had
never been produced 1n quantity In 1945 only a few hundred
pounds were manufactured 1n the United Stales The cosl was
aver 300 per pound Above all tests showed that 2irconium ab-
sorbed neulrons riesded {or lhe hission pracess

This siluation changed suddenly While visihng Qak Ridge
in December 1947 [ learned that ©r Kaulman of MIT and
Dr. Pomerance ol Oak Ridge had just {ound that zirconium. as
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occurring in nature, was combined with the element hafnium. It
was the hafnium at about 2 percent by weight whick gave the zir-
conium the high level of neutron absorption. They were able to
remove :he halnium in the laboratory and obtain zircorium
which eahsorbed only & few neuirons. This was a scientific fact of
greal importance. At once I decided to choose zirconium for the
naval reactu.

But the engineering proklems were imriense. At the time of
this d2cision there was no assurad source of zirconivm, na esti-
mate of how much would be needed, no cerlainty that any known
or conceivable process could preduce the required amount,
and no specifications for the nuclear, mechanical, or corrosien
qualities the metal had to possess. [t was also possible that
removing the haflnium could destrey the other qualities that had
made zirconium worth investigating in the first place.

The decision was a logical choice {or the pressurized water
propuision reactor. It was a risk, but ail developmen: is a risk.
Cuce the decision was made we did evervthing we could to
reduce the unzertainty. We didso by irying to find out what were
the natural phenomsna-~which is only another way of saying
that we were searching for technical facts. This is the respon-
sibility of engineering—its challenge—and its ethical content.
Several organizations helped us by runming tesis and perform-
ing analyses This sounds simple, bul it tuok us time to work out
standards so that the efforts of onc group could be compared
with thoze of athers. &s research was going on to ascertain the
engineering properties ol zirconium, Dr. Kroll was conlinuing
his work tc improve the processes used ta manufaciure zir-
conium at low cost.

One reasen for working on research and preduction pro-
cesses simultanecusly was to save [ine, We urgently nedded zir-
conium for two reactors. The firs! was the Mark I, the land-based
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prototype to be built in Idaho to demonstrate the {easibility of in-
stalling a compact pressurized water reactor in a submarine.
The second was the Mark Il which would propel the Nautilus.
But there was another reason. The reactor requirements for the
chemical purity of the metal influenced the development of pro-
duction processes; what we learned in one area had aa impact
on the other. We had to lind oui these relationships. As difficult
as it was, in the long run it was better sad less wastetul to carry
on both elforts together. We were not thinking of only a few reac-
tors, but of many nuclear ships.

One of ice chief obstacles was administrative. I had no
aunthority ‘o obtain production quantities of zirconium. The
Atomic Energy Commission and the Navy had established a
joint organization in 18948 to develop nuclear power for naval
ships. I was assigned to nead this effort. In 1949, Westinghouse
signed a contract and, after building a laboratory on the aban-
doned Bettis airfield, near Piitsburgh. began work on the pres-
surized water reactor. Soon we came up against a hard {act. The
Bettis Laboratory needed zirconium. Procuring the metal was
the responsibility of another organization of the Atomic Energy
Commission. The indication was that the Commission, by
{ollowing its procedures, could not procure zirconium on the
schedule and in the quantity needed. [ urged the Commission to
authorize Betlis to manufacture zirconium for the Idaho reactor.
The Commission overrode my recommendation.

I objected strenuously. I had been assigned the job of
developing a niclear submarine. Tha schedule called lor hav-
ing the ship ready {o1 operation by January 1955—1less than five

- years away. Zirconium at this moment was crucial in the
development of the reactor. Further, this project wa.. the only
one committed io zirconium. The Commission was violating the
principle that authorily must malch responsibility. I had been
aseigned the task, knew the facts, bul other people were deter-
mining how my requiremenis should ke met.
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Certain faclors were involvaed in the crisis. First, productian
application of the Kroll process was siill under ‘evelopment
and had nol yat predrced fully satisfactory metal. Therefore, we
had to use the crystal-bar process which, at best, produced
material of varying quality. In this technique bats were formed
by deposition of a volatile zirconium corpound on a heated fila~
ment. The individual bars were small and expensive. The Com-
mission took the position that [ shou'd wait until a less costly
process was available.

The Commissicn plan to procure the zirconium from a com-
mercial company failed. As a result, Bettis in July 1950, was
finally authorized to build a crystal-bar plani. Several organiza-
‘ions and facilities took part in supplying the zirconium needed
for processing at Bettis. In August, the Commission transferred
the authority to procure zirconium to my own organization
About BS percent of the metal used for the Mark I reactor was
made at Bettis. The rest came from industry sources. The suc-
cessful aperation of the Mark I, which achieved ariticality on
March 30, 1253, and 1eached full power on dune 25, 1953, vin-
dicated many technical decisions, among them the use of zir-
conium.

DEVELOPING IMPROVED ZIRCGNIUM ALLOYS

There still remained the job of developing a zirconium alloy
which would be cheaper o produce and would have less
variability in corrosion resistance. [n this process the Kroll tech-
nigque would be the final production step and eliminate the need
for the cryetal-bar step, an important factor in reducing costs.
Test programs at Beltis and elsewhere examined the eltects of
adding various elements to zirconium. Tin proved most
beneficial. A commillee composed of men from several
organizatiens, who had actually worked on zirconium develnp-
ment recommended an alloy, later called Zircaloy-l, having
2.5 percent tin for the Nautifus reacior.
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This was not a gamble. We had by now an active and ex-
perienced group of organizations capable of conducting tests
and analyzing data. Even as preparaiions began to manufacture
Zircaloy-1, we continued to tesi. By 1952, data showed that
Zircaloy-1, in conirast to the usual behavior of metals, had an in-
creasing rate of corrosion over time. It was clear thal we could
pot use the alloy. Therefore, I stopped lurther processing of this
alloy and began an usgent search for a new one.

Fortunately, Bettis already had underway an active program”

ol corrosion tests. These included the study of a number of
zirconium-base alloys which contained other elements te obtain
improved corrosion resistance. Included was one ingot in which
a small amoun! of stainless steel had been accidentally added.
The tests showed the beneficial effects ¢! iron, nickel and
chromium, which are contained in stainless steel. This diszovery
was a good example of serendipity. But in another sense, it was
avt really chance. A well-run project should be able to recog-
nize and take advantage ¢l the unexpectad.

Since the Nauiifus was already under construction, | bad to
make a decision immediately. On August 28, 1952, [ weni to
Betlis and reviewed the issue with scientists and metallurgists
from Bettis and the Bureau of Mines. I approvad their recom-
mendation to establish an alloy which we subsequently called
Zircaloy-2. I selected it for the Nautilus reacior helore an ingat
had ever been melted, labricated, or iested for corrosion.

Again, the decision was a risk. However, it was made only
after careful consideration of the recommendations of in-
dividuals who were actually involved in the work—not by man-
agers or administrators. The basic composition of Zircaloy se-
lected that day in August 1952, has continued, to the present,
with only minor changes.
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Bettis began manufacturing Zircaloy-2 {or the Nawutilus
reactor. That reacior generated power on December 30, 1954,
just one day prior to the date [ had promised the Congressional
Committee on Atomic Eunergy five years earlier. In less than a
month, on January 17, 1955, the Nawtilus got underway. This
marked the beginning of the era of naval nuclear propulsion

Development of zirconium, however, still continued. The
cperational limit for Zircaloy-2 in a reactor was feund to be de-
penden! on its absorption of hydrogen during cerrosior in high
temperature water Betlis eventually found that replacing nickel
with iron produced an alloy which had as good corrosion
resistance as Zircaloy-2 but cut hydrogen absorption in hall.
This alloy, called Zircaloy-4. has since been adopted as the
relerence struciural metal in most naval reactors produced after
the mid-1960"s as weil as in most civilian power generating sta-
tion reaclors.

DEVELOPING PRODUCTION S8CURCES

A basic reason for developing zircenium alloys was to lower
the cost of production. This was important, for by the mid-1950's
Congress had authorized several nuclear submarines. My staff
and | estimated that our needs {or zirconium would reach one
million pounds a year within the next five years. Our policy was
to procure the zirconium we needed from commercial sources.
To do this we had ‘o see that industry coula get the information 1t
needed to learn the specifications and the produclion process.
We also had to convince industry that an altractive market ex-
isled

In April 1956, the Wah Chang Corporation caniracted to
provide 600,000 pounds of zirconium at 4 price just under $10
per pound In a few months, under the direction of Mr Stephen
Yik, they were in productian Wah Chang has maintained ns
position of leadershup. Over 70 percent of the zurceonium made
in the United States 1s oroduced at its facility in Albany
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I also sought and received proposals from oither companies.
Inthatsame year, conlracis were placed with three other private
organizations. These conlracts were fixed quantity, long-term
arrangements, aimed al providing the basis lor companies to in-
vest capital for large-scale praduction facilities. This action was
the major step in achieving commercial productior: sources for
zirconium. Over ten million pounds of zirconium and about a
quarter of a million pounds ol hainium—which is also used in
naval reaclors—were delivered under ihese conliacls between
1957 and 1963, at an. average cost of ehout $6 per peund.

USE OF ZIRCONIUM IN ELECTRICAL GENERATING
STATICN REACTORS

The use of zirconum in reactors has not been limitea to the
Navy. 1l is also the major reactor strostural maierial in auclear
central stations now being operated and constructed throughout
the United States The first such civilian power stalion was the
Shippinaport Alomic Power Station Inluiy 1953 becanse of my
experience with pressurized waier reactors, the Atomic Energy
Comumission assigned me the respousib;lily lor this projec)
Under my direction the Betlis Atomic Power Laboratazy de-
signed. developed. and built this reactor

Otficial groundbreaking lack place on Septembar 6, 1954
President Eisenhower, while visiting his wile’s family here in
Denver, used a neutron source 1o generale an eisctrical signal
This signa! started an unmanned bulldozer at Shippingport to
move the first earth on this project. The Shippi-gport reactor
lirst began operation on December 2. 1957 This date was sig-
nilicant [t was exactly 15 years after Enrico Fermi achieved tha
first nuclear chain reaction al Stagg Field in Chicago Within
three weeks, the planl reached ils lull elecincal power oulput
which was distribuied on the Duquesne Light Compziny
transmission lines serving the Pitsburgh area



Based on the operation of Shippingport and subsequent
nuclear power plants, the commiiment by electrical utilily com-
panies to nuclear power became much greater during the late
1960's and early 1970's. As of March 1, 1975, 55 nuclear
powered electrical generating slations, with a capacity of over
39 millicn electrical kilowatts, were in operation in the United
States. These 55 plants, operating at a 70 percent capacity fac-
tor. preduce in a vear the energy equivalent of 410 million bar-
rels of ol or 110 million tons of coal. All but three of these
plants use Zircaloy cladding and structural material.

Based on the projected increased growth of eleclrical gen-
eraling plants, it is estimated that by the mid-1980's the zir-
conium required for nuclear reactors will be about 15 million
pounds per year. The metal will be supplied by a zirconium in-
dustry less than 20 years old, and using a process developed
less than 25 years ago by Dr. Krcll.

CONCLUSION

I have emphasized in my remarks tonight that the decisions
an 2uirconium were nat gamhles but risks. This does not mean
that success was inevitable. It was not. What [ have tried to show
is that risk can be narrowed, but it is not easy o do sa.

To sav that it is necessary to cblain lacts is little more useful
than olfering a soothing plahtude In engineering development,
as well as in cther lietds, linding facls is arduous, exhausting,
and time-consuming They do nol exist in isolation. The Romans
looked at a cansteliation in the sky and called it Ursa Major. We
call 1t the Big Dipper The stars are the same, but we are
different from the Romans. So it is with dala: the use depends on
your goal and your view

The scientist can {ollow his quest in pursuit of knowledge:
he can, to use popular figures of speech, expiore an endless
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frontier ¢ a boundless horizon. An engineer cannot. He has
different responsibilities. He must! proceed from one point to
another. But even this is drastic oversimplification. The relaticns
between means and the end are dynamic—a change at one
point aliects others.

It is this fluidity that places a particular responsibility upoan
the individual in charge of a development project. He cannot
separate himself from technical work. He must not allow himself
to be isolated by layers of administrators and managers. In
Greek mythology, Antaeus was a giant who was strong as long as
he had conlact with the earth. When he was lifted irom the earth
he lost his strength. Soitis with engineers. They mus! not be iso-
lated from the real world.

When Dr. Kroll and | met at Albany, we dealt with details.
We had to. We understood each other because we based our
discussion on principles—his were scienlilic, mine were
engineering. Far too trequently people, particularly those who
have just come from universities, are convinced that if they learn
the principles, that is all they need ‘o know. As the decision o
zirconium shows, this is not so. Of course you need principles,
but that is not enough.

The Devil is in the details, but so is salvation.
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DEVELOFMENT OF SOQURCES OrF SUPPLY
FOR ZIRCONIUM AND HAFNIUM FOR
NUCLEAX REACTORS

L D. Geiger
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DEVELOPMENT OF SOUJRCES OF SUPPLY
FOR ZIRCONIUM AND HAFNIUM FOR
NUCLEAR REACTORS

L. D. Geiger

This paper summarizes the development of commercial
sources of supply for zirconium and hatnium melal over the
period 1950 to 1965 The problems encountered in obtaining
zirconium needed for early naval prototype and shipboard reac-
tors are identified. Steps taken in the Government procurement
process are described and slatislics on production amounts,
prices, and invenlory are included.

The early problems led to ceniralization of all Commission
procuremen! ol zirconium at its Piltsburgh Area Olfice, later
designaled the Pitisburgh Naval Reactors Qilice. The actions
leading to placement of flive-year contracts with three compa-
nies in 1952 and 1956 waich developed a commercial industry
for zirconwm are outlined. Throughout this paper | have re-
ferred to actions taken by Admiral Rickover, Director of the
Atomic Energy Commission and Navy projects for nuclear pro-
pulsion of naval vessels and the first nuclear generaling station
at Shippingpor!, Pennsylvania. It is clear throughout the period
covered that Admiral Rickover was the driving {orce in obtain-
ing high quality zirconium al a low price {rom private industry
through the use of market compelition

PRELIMINARY PHASE

When Admiral Rickover lirst decided that zirconium would
be the structural nialerial for naval reaclor cores, facilities [or its
production in ssgnificant quaniities did not exist. [n 1948 a typi-

cal price for the metal was about $235 per pound. In 1949 the
Bettis Flant, later kinown as the Betlis Atomic Power Laboratory,
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was established by the Commission to pursue the nuclear sub-
marine program. [ was assigned as Manager of the Pitisburgh
- Arga Oftice, which was set up te conduct the Commission's
bosiness al that Site.

Evern though it was impaossible at that time to determine with
any cerlainty the amount of zirconium needed for the nuclear
submarine project, there was liitle doubt that the ligure would be
substantial. Not only was metal required by Bettis {or the Mark ]
prololype reactor being built for testing in Idaho and for the
Mark [] reactor being built for installatien in the Nowufifus, but
also lor several other Commission contractors and laboratories
which needed purified zirconium for testing te delermine the
nuclear, mechanical, and corrosion properlies of the metal.

With normal sources of supply unavailable, the procure-
ment of zirconium was complicated and time-cansuming. [i was
otiginally the responsibility of the AEC's Divisicn of Praduction,
which delegated it to the AEC's New York Operations Otfice.
Under this arrangement, Commission laboratories and contrac-
tors needing zirconium submiltted requests through their local
Commission offices to the New York Operations Office, which
sought suppliers for the combined requirements

The New York Operations Qffice had initiated contracts for
zircanium metlal development and procurement with the Foote
Mineral Company of Exton, Penusylvania, and the Titanium
Bloy Manutacturing (TAM) Division of the National Lead Com-
pany of Niagara Falls, New York The New York Operations Of-
fice had also made an interagency working agreement with the
Bureau of Mines tc expand development and production
capabililies for zirconsum al its Albany, Oregon, facilily. These
arrangements constituted three allernate approaches o the pro-
duclior of zirconium metal Other Commission conlractors were
alsa involved Of these, the Battelle Memorial Institute of Co-
lumbus. Ohio, was a polenlial lourth source
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Production of usable zirconium required the removal of an
impurity, hafnium, which was associated with all zirconium ores.
Technology to perform this purification was not available &t ihat
time outside of Commission facilities, but a suitable process had
been successiully developed ai the AEC's Y-12 Plant at Oak
Ridge, Tennessee. During the preliminary phase ol zirconium
produriion, Oak Ridge was lo supply purified zirconium com-
pounds as feed ma‘erial for metal producers.

TAM Division and the Bureau of Mines undertock to pio-
duce the zirconium as sponge melal formed from reduction of
zircanium tetrachloride, while Foole Mineral Company and
Battelle Memorial Instiiute were to produce crystal-bar
zizconium—relined metal produced by deposition lrom «
volatile zrtconium compound on a heated filament,

Some of the other organizaticns that were studying zir-
conium properties and production methods at that time were the
AEC's Argonne National Laboratory, General Electric Compa-
ny as operaior of the AEC’s Knolls Atomic Power Laboratory,
Massachusetts [nstitute of Technology, the AEC’s Ames Labora-
tory at lowa State Universily, National Research Corporation,
Sylvania Electric Products Company, and the Bloamfield plant
of Wastinghouse Electric Corporation.

The research was often {rustrating, partly from lechnical
difficulties, partly from the shortage of materials to work with,
and partly from the fact that no one was coordinating the several
organizations involved In addition, the tendency of some forms
of zirconium to explode or burn rapidly represented a hazard

Admiral Rickover could not at first convince those responsi-
ble in the Commission of the urgency of the need for zirconium.
They argued that because he could not set precise amounts
needed or provide detailed specifications, a large praduction
program seemed premature or unnecessary. Furthermore, they
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said that the work already in progress might resolve the uncer-
tainties and lead to betier and less expensive production
methods than crystal bar, the only process which appeared able
to provide suijtable material,

IDENTIFICATION OF FIRST FIRM REQUIREMENTS

In early 1850 Bettis calculated a firm requirement for
30,000 pounds of low-hainium, corrosion-resistarl zirconium tor
the Mark I protolype reactor. Certain he would never get that
amount of acceptable material lo meel the Mark I timefable
under the existing Commission procedures, Admiral Rickover
encouraged Bettis in March 1950 to wrnite au official leiter to the
Commission pointing out that, on the basis of past experience,
there was little likelihood of obtaining enough zirconium tc meet
the required schedule. Therefore, the Beltis Laboratory re-
quested Commission authorizalion to procure its zirconium
directly,

The Commission, however, in April 1950 contracied
through the New York Operations Office with Foote Mineral
Company lo deliver 30,000 pounds of crystal bar by June 30,
1951. The price varied from $110 per pound for the first
9000 pounds, to $50 per pound for the last 17,000 pounds, ex-
clusive of the cost of the zirconiuw tetrachloride feed material.
The basic plan of the New York Operations Otilice tor meeting
the Mark [ and other requirements was as {ollows:

1. TAM Division would supply impure zirconium tetrachlo-
ride made lrom zircon sand which had been chlcrinated
by the Stauffer Chemical Company The zircon came
from the Rutile Mining Company.

2. Oak Ridge would pertorm tha zirconium-hainium sepa-

ration. The Qak Ridge product would be low-hainium
zirconium oxide. Oak Ridge would convert some of the
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oxide lo tetrachloride, but also ship seme oxide to the
Bureau of Mines Albany, Oregon, plant and to TAM Divi-
sion for further processing.

. The Bureau of Mines would chlorinale some ol the Qak
Ridge zirconium oxide and would reduce the resuliing
ietrachloride and other tetrachloride {rom Oak Ridge to
sponge. Also, the Bureau would convert sponge to ingot
or strip, &5 needed.

. TAM Division would perform much the same procedure
as the Bureau of Mines They would chlorinaie some Qak
Ridge-produced zirconium oxide and reduce the result-
ing tetrachloride as well as other tetrachloride to
sponge. ['rocessing of the zircomium slrip tor an Ar-
gonne reactor physics experiment was subcontracted to
the Electro Metallurgical Corporation for melting and to
the Simonds Saw and Steel Company for forging and
zolling.

. Foote Mineral Company would coenvert low-hafnium
tetrachlaride to sponge and then to crystal bar for deliv-
ery to Eatiis- and other users.

The plan failed. Foote Mineral Company sponge produc-
tion was variable and produced low yields and poor grade
material. The TAM Division also had high process losses and
produced sponge containing impurities. Furlher, production
schedules established by Foote and other producers did not
meet requiremenis. As of July 31, 1950 about 4900 of lhe
6500 pounds of zirconium strip needed for the Argonne critical
experimeant had yet to be delivered. Bellis had received none of
the 30,00 pounds of crystal bar needed [or the Mark I reactor.
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ASSIGNMENT OF PRUOCUREMENT RESPONSIBILI-
TY TO PITTSRURGH )

In July 1950, at Admiral Rickover's prodding, the Commis-
sion finally authorized Bettis lo install and operate crysial-bar
facilities ol its own design and lo use Governmeni-iurnished
sponge as the feed material. Bettis crystal bar was to supplement
ar, if necessary, replace Foote Mineral Company production.
The newly designed plant was bar>d on the same basic process,
but sealed 1o te produce larger crysial-bar stock.

In August 1950 the Commission transferred the respon-
sibility for 2irconium procurement [rom ihe Director of Produc-
tion to the Director ol Reactor Developmen!, who assigned the
responsibility to lhe Chicago Operaticns Olfice and through it
to its Piitsburgh Area Cfice. Up to this point Admiral Rickover's
group, called Naval Reactors, althaugh responsible to the Com-
mission aud the Navy for developing naval nuclear reactors, had
not possessed the authority to procure the metal essential {ar its
work

Alter consuliation wilh Admiral Rickover and Betlis, the
Pittsburgh Area Otfice took several actions to modily the pro-
duction plan. Since the Foote Mineral Company’s sponge was
friable and hard ta process, thal parl of lheir operation was can-
celled Because TAM Division sponge had excessive impurities
and tne production process was ineflicient, this work was
stopped. All hafnium separation was slill done at Qak Ridge,
and all sponge came from the Bureau of Mines and served as the
feed material for Foote and for Beltis when its facility began
operalion in November 1950. This lacility, which operatad until
June 1952, produced approximately 80,000 pounds of crystai-
bar zirconium. About hall of this amount was used in the
manufacture of the Mark I reactor.
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ZIRCONIUGM FOR THE MARK 1 REACTOR

Several themes ran simultaneously throughout the early zir-
conium procurement program lor the Mark | prototype reactor.
iirst was the immediate objective of procurement of reactor-
grade zirconium; second, the improvement of production pro-
cesses; third, the development of zirconium alloys with im-
proved qualities; and f{ourth, the creation of a zirconium indus-
try. Although these ilems are considered separately, they were
actually concurrent, and developments in one usually had an
impaci cn the others.

Specifications lor zirconium material for the Mark I reactor
consisted primarily ol general requirements for ductility, corro-
sion resistance, and absorption cross section for thermal
neulrons Because the limits ot physical properiies and impuri-
lies could not yel be westablished, production was dirzcted
toward zirconium of the highest possible purity. Meial shapes
produced {rom meliling Bureau of Mines sponge, while meeting
the ductility requirements, did not consistently meet corrosion
resistance standards. Conscguently, Admiral Rickover rdecided
that crystal bar, the relined form of zirconium, would be used {or
the Mark I reacter.

The Bureau of Mines required additional capacity to pro-
duce the zizcanium sponge needed at Bellis anc at Foote to pra-
duce the required crystal-bar zirconium. The Bureau's pilot
plant had been estahlished with the encouragement and
assistance bolh of the Navy's Bureau of Ships and the AEC's
Division of Production Withthereassignment of responsibilities
in Augus! 1950, the Pilisburgh Area Ollice linanced the expan-
sion in 1951. Tao cover expansion and producticn casts, the
Commission used inventory funds which had heen provided to
pay lfor the zirconium ordered by various users. Most of the
money came lrom Mark | prototype funds, but other zirconivm
users alsa centribuled.
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The Bureau of Mines soon became heavily involved in
hafnium separation. Inittal use ol the Y- 12 plant at Oak Fidge for
this purpose was seen from the beginning as an expedient, but
one which would distrac! the [acility from its primary mission.
Therelore the decision was made to have the Bureau of Mines
Albany facility expanded to perform this operation. The Bureau
began ccastruction ol additional facilities in April 1851 and
started operation in April [952. About a yvear later Oak Ridge
was able io wilthdraw {rom all zirconium-hainium separation
work.

CARLY STEPS TOWARD INDUSTRIAL
PAKTICIPATION

Given the incomplete stage of iechnological development,
the very tight schedule, and the uncertainty &s te spectlication
requiremenls. there existed no practical alternative but o use
Government lacilities to produce the zirconium nesded for the
Mark I reactor. However, as a basic policy, Admiral Rickover
and the other Commission officials involred considered it un-
desirable lor the Government to continue to produce zirconium.
Therefore, aclions were underlaken to develop cne or more
commercial sources of supply. Having witnessed the operations
ol both the Government and private industry during his Navy
career, Admiral Rickover was convinced of the correciness of
this basic pelicy

The iniliative for stimulaling zirconium industrial inlerest
had 1o come from Washington. In March 1951 the Commission
1ssized a press release announcing the intent to obtain zicconium
and haipium from: commercial sources and asking for expres-
sions of interest. On Yune 22, 1951 the Pittshurgh Area Office
issued a prospecius to 26 companies which appeared to ba the
most likely candidates. The prospectus stated thal the Commis-
sion proposed to ask lor amounis of up to 150,000 pounds of zir-
conium annually for a period of live years, beginning in January
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1953. The prospectus also included preliminary technical
specifications and invited the companies 1o visil Commission
and Bureau ol Mines lacilities for {irsthand information.

The early contracts had contained no technical specifica-
tions because meaningful specifications had not been devel-
oped prior to this time; the scientisls concerned merely vlaled
that they desired the composition to be “as pure as pcssible.”
They also staled that the minimurn strength limils were 10 be "as
strong as possible without increasing hardness.”

However, il was recognized that specilications were impor-
tant in order lo achieve normal procurement on a lixed-price
basis. Therefore, specilications were dralted by the Pittshurgh
Area Offica and were commented on by Beltis, Naval Reactors,
Chicago Operalions Oflfice, Bureau of Mines, and Argonne The
final Naval Reactors’ approved version then went inio the
prospecius package.

With the prospectus, an invitation was issued lo interesied
parfies 1o attend a meeting on July 18 1951, » the AECT's
Chicago Office for a more detailed discussion. Thirty-tour com-
panies sent represenlatives o the meeting These 1epresenta-
tives vehemently disagreed with the plan to use a lixed-price
contract, arguing that the future needs for zirconium and
haifnium were too indefinite and the lechnical uncertainties
were loo greai. Further, thev argued that the annual delivery
rates proposed in the prospectus were not ligh enough to justily
buitding a production plant [l was diffecult at the hime, however,
to jusufy as much as 150,000 pounds of zircenium a year on a
conlinuing basis. Although 1t was expected that replacement
cores for the Nowftlus would be needed, and the study of &
nuclear powered aircraft carrier had begun, other naval reactor
projects were slill nabulous At lhis ime the Mark [ reactor had
not yel begun operalion so there was no certainty thal the Navy
would even adopt nuclear propulsion Allhough therevas talk ui
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other uses of zirconum, there was no reasonabiy irm reguite-
ment by other Commusion reactor development projects, nos
by the Cemmussiwn-ownnd plutopium production resctors

No contracts resulted chirectly from this mensting but 3t was
nevertheless useful as a step toward the contract that was
ultimately negotiated For ene thing, 1 was a follow-up of 1he
prospectus and made cartain that those ¢rgamzations integestesd
m producing zizcomum had access to the xame mformatien
Also, the discusswon enabled Commission represantatives fo
hetter understand and answor queshons which were troubling
industry All of the companws were nteresied 1 obtaining a
Government contract, but none was willing 1o accept the nisk of
butlding a new plant and commutng itself 1o a lixed.price con.
tract The meeting also revealed that within the Commigaion the
Naval Reactorz Program was the 2ole customer. nol withsiandang
vocal inlerest iz-tpif.-s:ﬂ'd by uther progisms By hisnsstienee on
inducuy-awned plants and hxed-pnice contracts. Admiral
Rickover displaved his delermination 1o keep the Goveraman!
oul of the contractor’'s husiness

To overcome soma of the problems identiied by the
CCricagn meahing. the Comm:ssion tn Sﬁph‘mher 1951 autha-
nzed aveeptance of salisfactory bids tur nirconium sponge in
quanihies not w exceed 300,000 pounds per veai tor nive years
A 1zsue thes arnse about how to diade this amount of matenal
among the bidders One position was to award the entire
amount la s sipgle company becauvse such ar achion weuld
result1a the lowest pr:ce Bul a single source procurement could
open the way to 4 monopaly situation Admiral Rickover desired
twe or more supphiers. he never folt comloriable with only one
contractor fur any purpose He also holmvnd'{that long-range
compehtion and greater tehability at lowar cost would result
frem having 'wo or maore soutces of supply
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Loaviag thie 1s2ue unsoltiod an invitalion was 1xsued on
Hovember 5 195] itz more than 3% fums The mvitanon re-
quested hred-price propossis to supply nirconium and hafnium
sponge lor five years, al aunual talez ranging tinm 100,000 1,
450000 pounds of zurceawm The jantatinn was bazed on the
terms and condifions of the standard Guverement suppiv cun.
ttaci and ofleted no rehie! 1o the conltactor {ur the rigke -
volred Amoag the standard conlract provisiers, the Gorvera-
mirit was to be able to cancel any ¢ontract for 4z conveniencs,
and the conltasior would have no was to jecaver the cost of has

favililies

On Jantary 15 1352 the bids wete oponed ot Petsburgh
wilh si compames 3 aitendance However ntone of the Lida
was rosponsive [he National Lead Company and the Au
Redvetion Company each submutied alternative propasais
which were no mure than offers 10 negoliate on substaniially
dilferent terms and cunditions than ?Md boen roquestod Footr
Mineral Company Brush Beryihium Company, Faosy and Barlol
Coempany. and Nicholcart: Minerals Company {an alhiliaie of
the Catborundum Company), while wterested 1n oblaiming a
ceniract declared that the lerms failed o take account of theyy
sk consdening the uncertain bulure market for ireonum and

hafniugs Thit result hasi rieen rapected, 1t provided a legal

basis under procutetmen! togulations W proceed 1o negobiate a

conliacy of cuhltarts

Within a week 2 Zircamur Contracior Selection Board was
established The 100 uf the Buard was to secommend one 11
meore canlrastars fo produce 300,000 pounds of zuconum and
reiated halmium per year for a penod ol ive yoars On Marceh 22
1982 sfter meetings with the most hikely supphiers. the Board
recommended dividing the amaun! equally between the Car-
borundum Company and the Foate Minoral Company Both had
proposed in wning to build their own plants subject to cettan
conditions For a mited tme the Commission would reumburse



actual start-up costs, but with no profit for the companies. After
this petiod, the Commission would pay a unit price for metal
which met speciticatiens. To resolve the problem of the Govern-
ment's right 10 cancel, the proposals specified Government pay-
men! for the unamottized lacility costs il the contract was termi-
najed before the five yeers were up The unit price was to be re-
determined each year o cover labor escalahon and tc share any
other changes 11 actual produchon cosls between the Commis.-
sion and the contractor

Q! the twa proposals, that af Carborundum included the
lowes! pnce lor zirconium and contained the lewest number of
legal conditions Negohiations with this company proved suc-
cessful and a contract was signed on May 13, 1952, with the
Carborundum Metals Company, a whelly owned subsidiary of
the Carborundum Company Construction of a plant in Akron,
New York, was completed about May 1954, and the production
rate rzeached 200.000 pounds per year in 1955. The initial price
for zircomum sponge was $12.46 per pound and, under the
price formule 1n the contract. prices in subsequeni years varied
from about 31510 $10 65 per pound during the five-year term of
this contract Negotiaticns with the Foote Mineral Company for
the second conlract failed

HAFNIUM FOR THE MARK I REACTOR

In the first hall of 1551 the Naval Reactors Program became
interested in halniwum [s neutron-absorbing properties, in addi-
tion to 115 other characlernislics, seemed promising as a control
rod material The developmen! of conirol rods was the respon-
sibility of Argonne which was working on silver-cadmium rods.
Admiral Rickover was interested in halnium, but initially made
sure that it rema:ned a secondary effiort Therefore, he approved
onty limited work 1o explore the properties of the materiel and
authorized only sutficient production for developmental testing.
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In July 18951 Naval Reaclors’ approval was obtamned to
fabricate hafnium contrel rods of the Mark [ reactor design. The
effort was still a backup, tor the hainium rods were ta be used on
a tria! basis. Oak Ridge purilied the hainium-rich concentrates
which had accumulated from the hafnium-zirconium separalion
work The Bureau of Mines set up special equipmenl lo process
the halnium oxide and had shipped several hundred pounds of
hainium sponge 1o Betits by August 1951 Betlis ran tests that
praved hafnium sponge could be made into crystal bar. A con-
tract was placed in which Foote Mineral Company delivered
about 110 pounds of suitable crystal bar in January 1952

In December 1952 Admiral Rickover observed the results
of testing the silver-cadmium conirol rods which were the pri-
mary design {or lhe Mark | reactor These resulis were 50 unsat-
isfaciory that he made the decision not to use these rads for the
Mark [ reactor and immediately appraved use of halnium con-
trol rods. The Fosle Mineral Company then converted addi-
tional hafnium spcnge to about 3000 pounds of crystal bar, the
approximate amount needed lor the Meark I reactor control rods.
Foote's price was about $91 per pound, based on the company’s
paying the Commission $43 per pound for sponge feed
material. The rapid advancemen! of this secondary develop-
ment program was shown by the decreased price. Less than
three years earlier, Foole had quoted a price for supplying live
pounds of hafnium crysial bar at $2000 per pound, excluding
the cost of Government-lurnished halnium oxide.

The expedited program lo oblain halnium for the new rods
without delaving the Mark 1 proved to be comparatively simple.
The process development had been carried out and sulficient
feed material was available in the production pipeline. Rettis re-
ceived the crystal bar lrom the Foote Mineral Company and
labricated the material into contral rods at a rate consisient with
the Mark |l reactor {abrication schedule. Had the development
contracts not been placed when they were, the metal wauld not
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nave been available in nme Halzium became an imporient
matersal for the Naval Reactors Program and. as will he noted
later. posad its own sot of production and prccurcment prob-
lems

ZIRCONIUM FOR THE MARK I] REACTOR FOR
NAUTILUS

The assembled Mark | reacior was completed and shipped
from Beitis to the ldaha testing station in late 1952 By that time.,
work on the Mark [] reactor for the Naufiluy had already begun.

Recognizing thal cosl savings could be realired by elimi-
nating the crystal-bar relining steps. elioris had continued on
zirconium melted directly lrom sponge As a part of these efiorts,
sleps were taken to develop the interest and capability of in-
dustrial firms in the melting and fabrication ol zirconium. Ar-
rangements were made in December 1951 with interesled com-
panies to do expetimental work and make trial runs with
Government-turnished sponye. The sponge was {urnished 21 no
cost o the companies; the companies mada no charge o the
Government tor the work carried out; and the Government, prin-
cipally Beltis, with some work done by the Burzau of Mires and
Argonne, evaluated the samples and test results, The lollowing
companies participaled in this early program:

Allegheny Ludlum Stzel Corporation
Climax Molybdenum Company
Rem-"ru Tilanium, Inc.

Nationa! Bzrearch Corporation

Qiin Industries, Ine
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Bettis was then authorized 'o place orders with these com-
panies, except [or Rem-Cru which dropped out because its
equipment was not compatible with zirconium processing re-
Quirerients.

QOn the basis of experimenial work done by the Bureau of
Mines and Beltis, supplomenied by the experience of the in-
dustrial firms, Bettis ;escommended and Naval Reactors ap-
proved the process ufilizing arc melting of consumable elec-
trodez made of compacts of zirconium spange with other alloy
constiluents in water-cooled copper crucibles. The initial ingots
weould then be used as the electrodes far remelling into larger
ingots. The double melling was necessary tc assure goad hamo-
qeneity of the allay In 1952 and 1953, Allegheny Ludlum, of the
industrial organizations, had the best capability for this process.

Melling of zirconium alloy ingots for the Nantilus reaclor
began in Septeniber 1952. The Bureau of Mines provided the
sponge and converled about 90 percent of it into ingots. The
Bureau bleaded the sponge at Albany, Qregon, compacied tl at
another Bureau {acilily at Boulder City, Nevada, and relurned
the material to Albany fer melting into ingots which weighed
about 100 pounds. Feur or live of these lirst-mell ingots were
walded togethar into an electrode irom which an ingot was then
melted which weighed 30C to 400 pounds.

As a hedge against possible problems resulting from
elimination of the crystal-bar step, a reserve of about
40,000 pounds of crystal-bar zirconium, about enough for
another reactor, was accumulated {rom Betiis and Foote Mineral
Company. In 1952 both organizations discontinued their pro-
duction of crystal-bar zirconium.

Eabrication of the Naufilus reactor was completed in April
1954,

-31-



COMMERCIAL PRODUCTION IN 1953-1954

A major step 1n |he developmen? of commercial sources of
ztrconium and hafnium was the conlract which Carborundum
Metais Company had entered e on May 13, 1952, as men-
ticned earlier Negotiations with the Foole Mineral Compeany.
intended to provide a second source of zirconium, har {atled at
the end of 1952 However, other compames became inleresiad
i zircomum and hafnium and submitted unsolicited propeosals
As aresult, a new Contract Board, similar to the previous one ex-
cepl for some changes in membership, was established in Janu-
ary 1953 The Board considered prupaosals from Foole Mingral
Company, the Air Reduction Company; Eagle-Picher Company,
Horizons, Inc, National Lead Company; and Reynolds Metal
Company

The Board recommended Eagle-Picher Company because
the company was willing to accept a conlract essentially the
same as the Carborundum Metals Company conlracts, in-
cluding the imitial unit price of $13.46, which was more favora-
ble to the Government than the other proposals However, the
contract was never execuled barause in early 1953 require-
ments for zirconium and hafnium were still too uncertain.

After Carborundum Metais Company had achieved accept-
able produchon from its new plant, the Bureau of Mines began
to curtatl its activites It discontinued hainium separation work
mn December 1954 and zircomum sponge production in May
1955 Through process improvement and increased eliiciency,
the Bureau had increased ils sponge capacity to about
225.000 pounds per year. It had done good work hu! was anx-
ious to get out of the program. From the beginning the Bureau of
Mines understood tha! it would be invelved in productipn only
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as long as commercial sources wera not available, The Bureau
olficials were vneany about continuing production when Car-
borundum Metals Company went 1ntc operation, but were will-
ing lo continue as long as the Commission and the Navy gave as-
surance that the wark was essential

NEW REQUIREMENTS

The success!y] operation of the Mark] reactor deman-
strated the validity cf the piessurized water reactor concept and
-stimulated new requirements for zircontum. in 1954, the Naval
Reactors Program was expanding te include more submarine
and surface ship projects, as well as the pressurized water reac-
tor {or the Shippingport Atemic Power Station which nad been
2ssigned to Admiral Rickover by the Commissicn. By 1956 the
estimate cl zirconium required had increased to over
2,600,000 pounds per vear beginning in 1959, About 75 per-
cent of these requirements were for shipboard reactors in-
cluding retueling of nuclear siips, an operation which was ex-
pected to take place every few years. The estimate also included
significant amounts of zirconium for the AEC's Hanlord and
Savennah River preduction reactors and for the aiomic powered
airplane program.

A new lactor to be considered in determining zirconium re-
quirements was the interest of several electric utilities in nuclear
powered reactor plants. Recognizing that civilian nuclear power
reactor plants would ke a potential source of zirconium require-
ments, the Commission informed the utilities of its procurement
plans.

Civilian interest, however, was necessarily small at this
slage and there was no inlent by the Commission to procure zir-
conium for the utilities. Of immediate importance was the
amount of zirconium required for the Naval Reactors Program.
The Commission's appropriations included no funds for the
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continuing Navy requiremcats, and the Commission saw no
reason whiy it should piocure zirconium lor the Navy, Until this

issue was resolved, no new coniracls aould be piaced.

The issue was critical. Admiral Rickover saw advantages 1o
combizning the requirements of both the Commission and Navy
while continuing to follow Commission procuremeni channels.
Turning zirconium procurement over lo the Navy would mean
disrupting the already esieblished procedures and channazls
which had succeeded in reducing the cost of zitconium. This
issue was settled when Admiral Rickover obtained the Navy's
agreement for him to transler Havy tunds to the Commissian tor

the pwpose of procuring reactor cores,

Estimating the requirements for new long-term contrects in-
volved oblaining information {rom several groups. Naval Reac-
tors furnished dales by which various types of reaciors were tc
be needed. Beltis provided estimates of the zirvonium and
hatpium needed lar each type of reactor. The Pittshurgh Area
Office then computed lead times and prepzred production
schadules. These were lurnished to Navai Reactors for approval.

Tu meeti the growing overail requirements for zirconium, the
now customary procedurzes were followed New proposals were
solicited in November 1955, and on Idnuary'?.o, 1956, a Con-
tract Board for Zirconium and Hatuium Production was estab-
lished to evaluate proposals received lor five-year conlracts and
ic tecommend actions fc oblain the increased quantity of zir-
conium required. One possibility considered by the Board to
meel the near-term needs was io reaciivate the Buzean of Mines
facility at Albany, Oregon. Admiral Rickeover and T went tc Alba-
ny to investigate the feasibility, cosl, and schedules. However,
the Commission and the Bureau of Mines were both reluctant to
make this move, for such an action would imply a step backward
from the goal of commercial procurement.
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Coniraclar speration of the Bureaw of Mines facilities at Al-
pany, however, was another matter Tate in 1955 the Wah Chang
Corporation had proposed to enter the lield by conducting a
development program which would use the Albany lacilities to
imorove the production process for zirconium and hafnium. The
Wah Chang proposal was modeled on an agreement which the
companvy had made in May 1955 to develop an improved
tilanium process 2t the Bureau of Mines experimental station at
Boulder City, Nevada.

Wah Chang was a New York o:ganization engaged in min-
ing tungsten ores and the manufacture of lungsien carbide
powder and shapes. In addition, the company had acted as an
agent for the U. S. General Services Admimstratior in puz-
chasing tantalum and niobium ores and concentrates.

No acliocn was taken on the Wah Chang zirconium-hafnium
proposal until the long-range program ceuld ke evaluated.

In early 1956 inviiations for proposals t¢ operate the
Bureau's facilities were issued. Responses were received from a
number of companies, including Wah Chang Corporation, Olin
Matheson Chemical Corporalion, and Harvey Aluminum Divi-
sion. The Harvey Aluminum proposal appeared basi, hat
negolialioas {ailed to remove reservetions which were inconsis-
tent with the {ixed-price coniractintended. In negotiations, Wah
Chang revised ils proposai and, on April 27, 1956, the Commis-
sion signed a contrict.

Wah Chang was to deliver up to 600,000 pounds of zir-
conium sponge by June 30, 1958. The iniiial unit price was
$9.39 per pound of zirconium sponge and wes subject to
renegotiation after the [irst six montks of the plant's opération
However, the change in price could only be downward; actually
the price dropped to $2.07 per pound. Wah Chang immediately
look possession of the Bureau's plarl, and by June 30. 1956, was
in produclion.
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Shortly after the contract was signed, Naval Reactors further
increasad its requirements for zirconium for the next 18 manths.
Wah Chang was asked to speed up ifs production. The company
responded ia a proposal which resulied in a contract ta: {1) ex-
pand at its own expense the hatnium separalion equipment in
the Bureau's plant and io increase the outpui of zirconium
sponse irom 240,000 to 300,000 pounds per year with no
chanyge 1n unit price, and {2) build-a new privately owned facili-
ty a few miles {rom the Dareau of Mines facility. From the new
plant Wah Chang would provide an additional 270,000 pounds
ot zirconiuin sponge per year at $12.00 per pound.

Wah Chang began sponge production in its new plant in
February 1957 In Ap-il 1957 a second order for
278,000 pounds of sponge was placed with the new plant. This
was delivered at a price of $9.35 per pound. In March 1958 the
complelion date of the contract was extended to February 1959,
and the price of the last 191,000 pounds reduced to $8.24 per
pound.

By these agreements the Commission had been akle to pur-
chase urgently needed zirconium sponge at prices less than the
%12 42 per pound concurrently being paid to Carberundum
Merals Company under ils existing contracl, with no additional
cavment by the (Governmenl for {acilities, and with no commit-
ment for purchases bevond known immediate requirements.

A {urther source used to raeet the short-range requiremenis
was a barter arrangement A Japanese company had suc-
cessfully applied the Kroll process to titanium productlion. From
the International Conference on Feaceful Uses of Atomic Ener-
gy held 1n Geneva in 1955, the company obiained information
on zitconium and hainium technology. The company offered to
deliver zirconium and halniuay 10 the United States a! prices
which were appwxima:ely the same as Carborundum pricei
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Admiral Rickover approved an agreement with the Toyo Zir-
conium Company for 400,000 pounds of sponge and associatec
hainium. The Commissicon paid doilars to the Commodity Credit
Corporation, an agency of the Department of Agriculture, which
in turn provided grain ¢f equal value to the Hugo Neu Corpora-
tion. 4 Japanese trading company in New York, which then scld
the grain in Japan for yen which went to pay Toyo for the zir-
conium and halnium. Because of iechnical difticuiites and a
serious fire, the company failed to deliver ihe full
400,000 pounds of zirconium within the specified fime. How-
ever, 325,000 pounds ware received which proved to be of
salisfactory quality.

LONG-TERM CONTRACTS

In February 1956 the Contract Board for Zirconium and
Hainium Production received proposals from ten companies
and recommended awarding three iive-year coatracts with fixed
prices for the first year of production, and annual price redeter-
minalion thereatter, b1t within a {ixed price ceiling

National Distillers Products Corporation and NRC Metals
Corporation, @8 wholly owned subsidiary of the yatinnal Re-
search Corporation. submitled the 1wo lowest bids Both pre-
posed new pracess modifications National Distilbers desired 1o
use sodium instead of magnesium as the reductant, and NRC
desired to use a different solvent in the halnium separaiion steo
Technicai teams, consisting of personnel from Naval Reactors,
the Pittsburgh Area Olffice, and Belus visited the companies
Upon receiving the leam evaiuations, the Board recommended
contracls with these two companies The Board recognized the
uncertainties involved, but believed that the altractive prices
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justified the risk The contracts finally placed were for the
following quantitivs and at the indicated prices:

Unit Price par
Annual Delivery Fate Pound, Initial Year

Neational Distillers 1,000,890 pounds zirco- $4.53
nium
21,500 pounds halatum 2.15
czide

NRC Motals 700,C00 pounds zirco- 6.50
niuem
15,000 pounds hafarem 503
oxide

The Mational Disfillers Products Corporation contract was

signed May 1. 1956. The company at once began to design and
construct facilities in Ashiabula, Chio. National Dislillers made
its firsl shipment in May 1958. Using soedium to reduce zir-
couium tetrachloride delayed delivery because it was dillicult to
remove the sodium chloride from the zirconiz=m sponge. Even-
tually, the problem was resolved by drip-melting the sponge.
The result was a zitconium chunklel which met specification re-
quirements.

The NRC Metals Corporation contract was also signed on
May 1, 1956 NKC buill 2 plant near Pensacola. Florida. Inilial
shipment of zirconium sponge took place in February 1958, but
because of lechnical problems, NRC did not reach conlract
levels until a year later.

The Hugo Neu Corporation, representing the Japanese pro-
ducer, submitted the thud lowrst hid. This ofier became the
pasis ior ks Laiici 4rrangement mettioned eartier.

Hoi.-ons Tilanivra Corporation submilted the fourth most

attractive proposal, but ils process was unproven as far as zir-.

conium was concerned, so no contract was awarded.
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Carborundum Metals Company submitted the fifth best
offer, judging solely by price. The Board favored Carborundum
for a third contract, so that at least one of the three companies
would use a proven process. The initial stumbling block was the
high proposed price. The company eventually reduced iis price
for several reasons. First, it had not understoed that its price was
so far out of line. Also, during the subsequent negotiations, it was
agreed that price redetennination could be upward as well as
downward, a provision which made it easier for Carborundum to
reduce ils initial contract price.

Carborundum signed its coniract on April 30, 1956, {or an-
nual delivery of 500,000 pounds of zirconium sponge at an ini-
tial price of $7.72 per pound. A new plant was built in Parkers-
burg, West Virginia. Nominal plant capacity was
1,200,00C pounds of sponge per year, bul initially some equip-
ment was limited to half that capacity. The Parkersburg plant
was a scaled-up version of the Carborundum plant in Akron,
Okhio. The company made its first delivery from the new facility
in Septeinber 1557 As soon as routine production was assured,
Carborundum closed down the old plant.

At the time these contracts were negotiated, it was recog-
nized that the zirconium and halnium being purchased by the
Governmenl would subsequently be used, as Governmenl-
furrished material, under separate contracts for fabrication of
fuel elements for reaclor cores. As a long-range ohjective, it was
intended thai the {uel fabricators should become responsible for
procurement of raw materials so that the Government would not
have responsibility for furnishing the material. To lacilitale
achirving this, these contracts stipulated that the Commission
had the right to "‘allocale” the product to other designated users
such as [uel labricators. In efiect, this permilled the Commission
to assign to the reactor fuel fabricators its rights and obligations
under these centracls to purchase {from designated zirconium
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sponge producers materiai in amounts specified by the Govern-
ment. When such an assignmen! was made, the fuel {abricator
scheduled, accepted, and paid for the material. During the term |
of the contracts, about 3G percent of the sponge was allocated io
the fabricators. Ac 2 resull, the Commission took delivery and
paid for only the remaining amounts. In some cases, allocation
was made to mellers and fabricators of zirconium who were sup-
pliers to the fuel coniractors The allocatior; procedure reduced
Government funds obligated and paid under the zirconium pro-
curement contracts.

The three five-year contracts martked the fina. major step
achieving commercial sources for zirconium and hafnium
summary, about 10,532,000 pounds ol zirconium sponge,
277,000 pounds of hatnium oxida, and 8000 pcands of hafnium
sponge were delivered between 1957 and 1962 under the three
contracts. Of this, about 3,152,000 pounds of zirconium sponge
were sold under allocation to fabricalion contractors, and the
balance of 7,380,000 pounds was paid fcr directly by the
Government Government direct paymenis amounted tn
$46,729,000. U the zirconium and halnium rroducts are con-
sidered of equal value, the average price paid by the Govern-
ment for the products delivered by these contracis was about

$6.10 per pound.
HAFNIUM

Discussion of hainium requirements has been kept separate
because of the unusual problems presented by this malerial As
time went on, the demand estimated by Naval Reactlors for
hafuium increased substantially along with the increase in zir-
comum demand Zircon sands which contained only about
2 percent as much hafnium as zirconim, were the only known
eceaumic source of the metal However, the prediated need for
hainium was greater than the amounts which would be available
as a by.product from producing predicled zirconium reguire-
ments.
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In 1954 the Bureau cf Mines was asked {0 sea:zch lor sends
with a higher hainium content The Bureau examined over
200 specimens {rom several counlries, including Colomb:a,
.Ceylon, the Malay Stales. India, various parts of the Australian
and Alrican continents, as well as the United States Althcugh
1solated samples contained hafnium-to-zirconium ratios greater
than 2 percent, no sources of higher hainium sands of any sig-
nificance were 1denished.

In 1956 and 1957, when the anticipated shortages ap-
prared increasingly sermous, cansideration was given to ufing
alternate control rod materials and strelching the available sup-
ply by diluting 1t As another measure, no hainium was shipped
to contractors which were not invelvad in the Naval Reaclors
Program Contract provisiens prevented Carborundum Metals
Company and Wah Chang Corperation from selling the metal
fo commercial customers One, a major electric uhhty, cam-
plained to the Chairman of the Commission that it could not get
the halnium it had ordered from Wah Chang The Chairman
turned to Admiral Rickover who, since the utilily had an vrgem
problem which required hainium to be used, agreed tc meet the
reqnest, provided the Navy did not sulfer. With little further
delay, the utility's need was met

Fortunately a serious shortage never occurred The growing
demaand of civilian power reactors lor zirconium led to sullicient
hainium production to meet the needs of the Naval Reactors Pro-
gram,

Each of the thr.® five-year contracts gave the Commission
the option ol taking nafnium either as oxide or as sponge Qxide
was chosen lor all contracts because the relatively small quant:-
ties made by each contractor could not be efficiently processed
into sponge. By consolidaling the oxide from all three con-
tractors and that from Wah Chang, higher yields and lower costs
were realized by converting the oxide fo sponge under a sepa-
rate contract.
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Etforts 1o develop a precess to zliminate the crystal-bar step
for hatrium never achieved success. The Commission extended
the 1952 Foole Mineral Company crystal-bar conitract for three
and a half years. In 1855, after lrying unsuccessiully 1o interest
other compames, a new conltracl was neqgotiated with Foote In
1959 the question agamn arose of extending this contraci. As
Foole insisted on increasing its conversion price, Admira: Rick-
over dec:ded nct to extend the contract

For a while various alternative coniracts were used to ohlain
hafnium. otten with Foole serving as subcontractor Developing
a second source was not easy Eventually, the Nuclear Melals
and Equipment Corporahion [NUMEC) entered the lield
Organized in 1957, the company's price became compelitive
with Foote 1n the early 1960's

GOVERNMENT INVENTORY OF ZIRCONIUM AND
HAFNIUM

Since the Bureau of Mines facihities produced most of the
zirconium and hafrium through June 30, 1955, the malerials in
process al the Bureau represented a substantial Government-
owned 1nveniory which had to be linanced By June 30, 19585,
the cost of the inventory was about $7,.200,000, of which aboul
$500.000 was [or halnium Of the zirconium cost, about
%1,000,000 covered the inventory of crystel bar The rest con-
sisted ol sponge or ingots awaiting lurther processiag, as well as
scrap

As produchion by the Bureau of Mines facilities drew 1o a
close, the in-process pottion of the Government-owned invento-
ry gradually decreased. and lor a few vears there was ¢ slight
decline in the inventory. Lafer, the inventory grew as sponge
from short- and long-range commercial procurement programs
was teceived A laclor in the increased level was the lessening
of requiremenis because of delay in ship consiruction
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Inventory managemeni and conircl was complicated
because the materials were scattered at several locations from
whirch shipments were made. The AEC's Chicano Operations
Olfice had the responsibility {or property management and ac-
counling, bul depended an the Pitisburgh Naval Reactors Oflice
to implement the procedures. As the result of a review con-
ducted in 1955, inaterial cust values were adjusted and stan-
dardized, and Beltis took over centralized accounting and con-
trol of the zirconium and hafnium inventories. Also, certain types
of scrap and off-grade malerials were disposed of. An inventory
write-off amounting ts $4,000,000 was shared by the Commis-
sion and the Navy

END OF GOVERNMENT CENTRALIZED
PROCUREMENT

All of the three contractors, National Distillers Producis
Corporation, NRC Metals Corporation, and Carborundum
Metals Company expenenced substantial cost overruns of their
esbmates for lacilities and start-up. In addition, National Dis-
tillers and NRC {and their successars), probably hecause of the
untried production processes they had chosen, found their pro-
duction costs higher than expected. According o intormation
provided during the original contract negotiations, the ‘hree
companies had based their prices on construction and starl-up
cosis amceunting in total te about $16,000,000. Audit informaticn
developed laler showed that the actual cost could have
amounted to about $36,000,00C. However. the overrun did not
resull in any increase in price, since this type of cosl was not
subject to redetermination.

The major difficullies for the long-term contractors was the
failure of the zirconium market to develop as expected. The
development of a civilian nuclear power industry wzs not as
rapid as hoped for by the contractors. Several assumplions on
which the 1956 estimates of Governument requirements had
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been based proved too optimistic. For example, improvements
in naval reactor core litetimes reduced the {requency of refuel-
ing ships.

Although Admiral Rickover and other Commission ollicials
considered terminating one or more of the contiacls, such ac-
tion was not taken because calculafions showed this not to be in
the best interest of the Government. Admiral Rickover main-
tained that a stockpile was needed to support the future needs of
the Naval Reactois Program

When the jung-lerm contracts expired, the contractors all
appeaied to the Commission, and later to Congress, urging the
externsion of the old contracts or the negotiation of new ones. In
either case. the Government was to conlinue to support the in-
dustry, The political pressure leil largely upon Admiral Rick-
over. He maintained that there was no reason to conlinue the
direct purchase of zirconium and halnium because he con-
sidered the long-lerm contracts had adequately established the
zirconium indusiry.

(

To avoid complete termination of Government purchases,
he established a policy under which only 35 percent of the con-
tinuing annual requirements of Naval Reactors lor zircanium
would be supplied from inventory, while the :emaining
65 percent would be purchased on the open market by the con-
tracters and labricators who needed zircomium products to
manulaclure naval reactor cores. For several years, these addi-
tional purchases, combined wilh zirconium requirements forthe
commercial nuclear power plants, resulted in a conlinuing
markel of roughly 2.200.000 pounds of zirconium sponge per
year._ the same level which had been guaranteed under the five-
year contracts.
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Changes of names cccurred amotig these companies, and
it is vseful to summarize them here. Nalionei Distillers Products
Coarporation assigned ils contract to the Mallory-Sharon Metal
Corporalion, a newly {ormed, partially owned subsidiary. Later
in 1960 this contract was assigned ta Heactive Melals, Inc, in
which National Distillers had an interest. NHC Melals Corpura-
tion assigned ils contract to the Columbia-National Corporation,
which was jointly owned by the National Research Corporation
and the Pittsburgh Plate Glass Company. In 1963 Pitisbuigh
Plate Glass acquired complete control of Columbia-Nalional.
The Carborundum Metals Company, atier contract deliveries
had been completed, assigned its contract in 1965 10 Catborun-
dum Metals Climaz, [nc., a new company jointly owned by the
Carboiundum Coinpany and the Climax Molybdenum Compa-
ny. Twao years later Carborundum sold its interest to AMAX
Spevialty Maetals, a division of American Metals Climaz, Inc.
{ihe successor to Carborundum's first pariner) Wah Chanyg
Corparation, not ene ol the live-year contractors, was acguired
by the Teledyne Corporation and renamed ihe Teledyne Wah
Chang Albany Corporation.

AMAX Specialty Metals and Telsdyne Wah Chang now re-
main as the only bwo major producers in the business. AMAX
produces spaonge at Parkersburg, West Virginia, and mells i
into ingets at Akron, New York, where it also has equipment \o
roll plates and manufacture tubing. Teledyne Wah Chang at
Albany, Oregon, has a lully integrated plant which includes the
capability o meit, forge, and extrude. [t also has crystal-bar
conversion facilities, which eliminate te need to subcontract
hafnium crystal-bar production. Wah Chang can produce some
{orms of zireenium and halniom that AMAX cannot.

The year 1965 marked the end o! the Pillshurgh Naval
Reactors Office role in procuring zitconium and hrainiom for the
Government. After that time, any Commission laciliiy needing
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the metals purchased its speciic requirements from suppliets
on 4 normal commercial basis.

SUMMARY

An overall estimate ot all zirconium purchased and used by
the Commission 1s as lollows:

Zirconium Sponge
Weight. Pounds

Bureau of Mines production 1,000,000

First contract phase {Carberundum,
Wah Chany. and Hugo Neu) 3,200,000

Second cantract phase (Carborundum.
Columbia-Natisnal, and Reactive

Metals) 10,500,000

Open market purchases from 1965
t 1974 11,900,000

TOTAL PURCHASES, INCLUDING

ALLOCATIONS 26,600,000
Inventory in 1974 ~ 2,300,000
TOTAL UTILIZED 24,300,000

The 24,300,000 pounds of zitconium spange were used for
the Naval Reactors Program, the Shippingpor! Atomic Power
Station, the Light Water Breader Reactor. Commiission produc-
tion reactors, and general development programs Assuming
that the price of sponge irom open matket puchases averaged
%5 00 per pound, the tolal cos! ol the zircanium purchased was
ebout $170,000,000 or an averagz of about $6.40 per pound.
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A similar estimate for hafniuvm is as follows:

Hafnium Sponge Hainium Oxide
Weight. Pounds Waeight, Pounds

Bureau of Mines pro-

duction 22,800 -
First contract phase 21,000 38,000
Second contract

phase 8,000 277,060
Open market pur-

chases lo 1974 328,000 --
TOTAL PURCHASES 379.600 316,000
Inventory in 1374 80,000 9,000
TOTAL UTILIZED 299,600 307,000

Since the halnium was purchased in various forms, an
average price has no significance.

Naval and civilian nuclear reactors continue to be the prin-
cipal users of zirconium and kafnium. Attempts to use zirconium
{or piping, pump componenis, and other equipment in chemical
processing plants have not led to many applications. New uses
for hafnium, but 1n small quantities, include pholagraphic {lash-
bulbs and alloys for high-perlormance aircraft turbine blades.
Halnium sales now appear lc be less than the amount ol halnium
potentially available as a by-product from all zircorium produc-
tion.
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TECHNICAL DEVELOPMENT OF
ZIRCONIUM FFOR NUCLEAR REACTOR USE
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TRoHNICAL DEVELOPMENT OF ZIR-
CONIUM FOR NUCLEAR REACTOR USE

B. Lustman

INTRODUCTION

This paper covers the tachnical aspects aszociated with the
developmen! of zirconium fur water-cooled nuclear reactors,
beginuing in early 1949 when the Bettis Atomic Power
Laboratory was established as a pari of the Naval Reactors Pro-
gram. At that time the decision had already been made by Ad-
miral Rickover that zirconium would be the 1eference core struc-
fural malerial for the Mark ] pressurized water reactor in the
Idaho prototype and the Mark Il reacicr being built for the
nuclear submarine Nawtifus. While in the course of the next
25 years small-scale investigations were performed on other po-
lential cora sfructural materials such ac stainless sleel, niobium,
aluminum, and beryllium, the pressure {or continual develop-
menl, improvement!. and application of zirconinm was predomi-
nant and unrelenting.

The reader may be impressed by the recurrence of sudden
and apparenily erratie shilts in materials szlection, fabrication,
alloying, ete. Such flexibility would have becn impossible with-
out the continuing suppor! and emphasis by Admiral Rickover
and ihe Naval Reactors Program on zirconium development.
Thus as shortcomings of inilial choices were revealed by tesl or
analysis, a sound lechnical basis was availakle to support im-
proved directions.

[n retrospect it is semewhal of a miracle that zirconivm was
selected far so restrictive, demanding, and schedularly limiting
arn applicalion. The corresion resislance of the malerisl availa-
ble at that time, as will be discussed later, ranged from unac-
ceptable to disastrous. It is ironic to rellect that, of the three
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Group IV-A elements, titanium, zirconium, and hafnium, only
zirconium shows this exaggerated sensitivity of hot water corro-
sion resistance with respect to purity and slructure In ather re-
spects ithe selection of zirconium turned out to pay unexpected
dividends. Bacaunse of the low neutron absorption cross section,
a smaller amount of wranium is required to produce a critical
reactor mass; the many slip and twinning modes available lead
to tough, ductile behavior under most direct or cyelical
mechanical stressing conditions and make it relatively amena-
ble to most metal fabrication methods; the high solubility for
gaseous confaminants such as oxygen and nitrogen facilitates
welding or solid-siaie bonding processes and yields micro-
structures sinqularly ¢lean of the inclusions that plague most
other commercial melals; and the low elastic modulus and low
thermal expansion coelficient limit residual internal and ther-
mal stresses, although the poor thermal conductivity with re-
spect te the latier is unfavorable. On the other hand, the
anisotropic mechanical and physical properties resulting from
its baragonal cryslal structure lead to dimensicnal instabilities: *
the strength properiies at even moderately elevated tem-’
peratures are by no means notable; and hot water or steam cor-
rosion recistance can be maintained only by strict conirol of
chemisiry, processing, and environmental conditions, and even
then only te modestly elevated temperatures.

ZIRCONIUM CRYSTAL BAR

The crvstal-bar process (alsc called the indide decomposi-
tion, the van Arkel, and the DeBoer process) had been known for
approximately 50 years at the inception of the Naval Reaciors
Program; its early history is described in Chapter 5 of
“Melaliurgy of Zirconium,” edited by Frank Kerze of Naval
Reactors and me, and published in 1955. This process is essen-
tially @ relining rather than a metal reduction technique; zir-
conium tetraiodide is formed at the surface of a bed of impure
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metallic zirconium maintained at low temperatures (approx-
imately 400C) by reaction with ires iodine and is decompcsed
il the surface of 2 hot (appruximately 1400C) filament, deposit-
ing pure zirconium on the filament ard libezaling iodine vapor
to agaiz react with the impure zirconium. The designation
“crystal bar" arose from the bright surface and the erlernal
shape of the grains that grew on the filameut. This material was
commercially available in smal} quantities from the Foote
Mineral Coanpaay, which initially utilized a rather impure
sodjum-reduced sponge material as the raw material {or subse-
quent refiaing, :

The samples of crystal bar which were initially available
were custonarily cut into approximeately l-inch-long segmerts
for corresioy testing in high temperature water autoclaves.
Corrosion-resistant maierial became black after testing while
nencorrosion.resislant samples became white, the different ap-
Pearances bejng related to the thickness and physical nature of
the zircomium oxide corrosion product film. Samples showed a
bewildering variety of corrosion-test behavior. Someiimes entire
Samples were gratilyingly black while closely adjacent samplas,
ever: from the same length of crystal bar, were while; other sam-
Plas were black on the cutside with a white core, and vice versa.
This behavior was originally attributed 1o poor conirol of the at-
Mmosphere inside the DeBoer vessels and variation in the amounl
and nature of specific impurities.

A commitiee of scientists rom various cooperating sites was
charged by Admiral Rickover with the responsibility for detect-
ing and measyring the culprit impurity elemants. This commit-
tea congisted of representatives from Bettis, Massachuseits In-
stitute of Technology, Sylvania Eleclric Products Compary,
Argonne Hatjgnal Labgeratory, Bureau of Mines in Albany,
Oregon, Batlelle Memarial Institute, and lowa Slate at Ames.
The original conjecture concerning the role of impurity ele.
Mepts proved jodeed to be prescient. The offending elements
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were soon identified. Nitrogen ¢ontamination arose [rom insuffi-
cient purification ol the initisl atmosphere or leaks that
developed ir the deposition vessel; Lhis element proved to be
the most insidicus and damaging impurity. Tilanium impurities
arising irom inadverten! admixture with raw titanium sponge,
which was purilied 1n the same {acilities as the crystal-bar zir-
conium, alse led to local corresion failures. Inadvertent use of
tungstzn starting wire for the zirconium deposition, impurities
arising from use of aluminum gaskels, etc., were other causas of
the variable corrosion behavior.

From these resulls it was inlerred that, if the refining pro-
cess were conducted under sufficiently antiseptic conditions
relalive to impurily contamination, attainment of a reproducible
high leve! ol corrosion resistance could be ensured. Fortunately
althis lime a process became available for production of a purer
grade of zirconium {or further relining by the 10dide process. Dr.
William J. Kroll, who previously had developed a magnesium
reduction process for the production of ductile titanium metal,
was conlicdent that the same basic methods weould produce o
pure zirconium spenge and oriented the Bureau of Mines work
at Albany, Oregon, in this direction. In this process zircenium
tetrachloride vapor. prepurilied by sublimation, is brought in
contact with the reductant, racllern magnesium, using precau-
tions to exclude air during li critical operatiens. The use of this
higher puritly raw matevial, Bureau of Mines Kroll-process
sponge, grealer care in evacuation and sealing of the depesition
‘vessels, and, in general, improved operating practices and pro-
cedures by the vendor of ‘he refined zirconium, Foote Mineral
Conpany, scon resulted in an improved yield of corrosion-
resistant product.

However, as discussed by Mr. Geigar in the accompanying
paper, Admiral Rickover was unwilling to entrust so vital a pox-
tion of the Mark | nuclear reactor fabrication and pertormance
to a single commercial vendor without the opportunity to over-
see and independently evaluate his process. This led tu setting
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up a 12-inch-diumeter experimental DeBoer vessel at Bettis; the
vessels used by Foote Minerai Company were smaller in diam-
eler (9inches) and length. The account of the painstaking
engineering and scientilic efforl wnich went into this work, the
maierial engineering and testing to select counstructional
materials least subject to iodine atlack, the meticulous design of
gasketing, electrical lead-ins, and electrical attachments to the
deposition base, the analysis of the electrical voltage/current
relations during crystal-bar growth, and the selection of raw
sponge temperatures, iodine quantities, etc., would constitute a
voluminous fale in itsgll and is beyond the scope of this article.
In any case this facility proved capable of producing lengths of
crysial bar, 7 to 10 pounds in weigli, of unenqualled purity and
corrosion resislance. Furthermore, the availability ol thiz facility
permitted a number of questions to be answered concerning
transfer of impurities irom the atmosphere, the sponge, and the
materiais ol construction.

The main value of the experimental facility was that it
served as a standard for gauging the quality of the crystai-bar
proeduct furnished by Foote Mineral Company. While corrosion
resistance improved tremendously over that displayed hy the
early product, long periods were still experienced when no
matlerial useful for Mark [ production was manufactured. Vivid in
the memory of many at Bettis was the failure in a corrosion test
autoclave of samples from a shipment of produciien crystal bar
from Foote. While most of us stoed around the autoclave aghast
at this serious setback, the head « f the materials development
activily at Bettis carefully ladled the white Z:0, corrosion pred-
uct remnants of the test onic some paper lowels, carried them to
the office of the Bettis Laboratory Manager, and, with a ghoulish

grin, said, "This is whal youre going to use to build your
Mark [.”

The decision was tharefore made by Admiral Rickover that,
fo meet the tight schedula and exacling quality requiremenis of
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the Mark 1 reactor plant, the Foote Mineral Company product
would have to be suppiemented by a hopelully more reproduci-
ble source of supply. He obtained Commission approval to con-
siruct a full-scale production facility at Bettis which would have
the capability of producing the core material requirements jor
the Mark [ plant This facility was pu! inta operation within the
scheduled 16-week period {rom program approval to facility
completion by round-the-clock, 7-day-per-week perscnal in-
volvement of engineering, technical, manufacturing, produc-
tton, procurement, administrative, and cralls personnel. To
secure greater manulacturing efficieney, higher depasition
rates, and reduction of conlamination during opening and clos-
ing of the many small vessels the dismeler and length of the
production deposition vessels were doubled and the weight of
cryslal bar produced per charge was increased by a factor of
ten over that produced in the smaller vessel used in the initial
experimental lacility. The many other decisions made during
design and construction, the many ezperimenis perlormed con-
currently in the experimenr.tal facility to support {ealures of the
production facility, etc., are again beyond the scope of this ac-
count. Suffice it (o say, it was a proud day for the Bettis Laborato-
ry and the Naval Reactors Program when full production was
reached and the laboratory technicians could answer the
laboratory phene with the grand announcement, "Crystal Bar!"
Approximately 85 percent of the Mark I core was built with
crystal bar manutactured by this facility, the remainder being
- manufactured utilizing the Foote Mineral Company preduct.

Lest the impression be conveyed tha! the Betlis crystal-bar
venture was an unhlemished technical success, dark clouds
descended shortly after achievement of full production. Those
experienced in the arl and science of corrosion worried that
continued purilication of the product was not necessanly the
correct path. Indeed, some inkling of this predicament was
available from efforts that had been made to {abricate zitconium
by conversion of the crystal bar to a powder and subsequently to
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process it by conventional vacuum-powder metallurgical tech-
aiques. In facl, initial efforts to make compacts by this method,
utilizing hydriding to ZrH, to embrittle previously corrosion-
tested crystal bar and facilitate its comminution, yielded prod-
nct ol disastrously poor corrosion resistance until il was found
that the purest available hydrogen was contaminated with
relatively high levels of nitrogen. However, even aiter the hy-
drogen was purified so that no nitrogen contamination occurred,
the corrosion resistance of the sintered compacts never attained
that of the starting material. I was inferred that during sintering
{at lemperatures well above 1000C), some as-yet unidentified
impurity element whose presence was necessary fo conler cor-
rosion resistance was vaporized. In facl, Ior some time it was
leared that melling would cause vaporizalion of a beneficial im-
purity element and that melied and {abricated crystal-bar zir-
conium might never attain the corrosion resistance of the initiai
stock. For this reason an ellort was mounted to consolidale
crystal bar by chopping it te lingerlip size chunks and hot-
pressing or hot-extruding it in graphite dies, an early applica-
tion of the recently reinvenied “particle metallurgy' process.
Fortunately this expedient proved to be needless, as discussed
later.

These premonitions were amply confirmed when the prod-
uct of the Beitis crystai-bar facility began to demonastrate a
cloudy gray appearance alier corrosion testing, completely
uplike the pura white appearance of impurity-contaminated zir-
conium, but on the other hand, distinctly inferior to the jet-black
films formed cn acceptable product. It was later found that an
important contributer to the deficient corrosion behavior was
{he continunus improvement in the purity of the zirconinm
sponge manufactured by the Bureau of Mines at Albany,
Oregon, which wae used as the raw material. Finally, the unhap-
py stata of aifairs was reached where much of the Foote product
was acceptable afier corrosion test whereas a large fraction of
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the Bellis product was rejected; the greater the effort applied to
tighten control of impurity sources, the worse the Bellis product
behaved.

Beitis worked to farrel oul analytical dillerences between
acceplable and unacceptable crystal bar, both of Bettis and
Foule Mineral Company origin. The results of this work coupled
with known differences belween the constructional {eatures of
Beitis and Foote deposition vessels {the latter being more sub-
ject to attack and hence transier of iron, nickel, chromium, eic.),
the misceflaneous observations of volatilization from powder
product previously discussed, and the availability ol early
results from alloy-development programs soon directed the
finge: of suspiciou 'oward the higher purity and lower ferrous-
group element content of the Betiis producl. With this informa-
tion available, il was a shorl slep to achievemen! of suitable
vields of zirconium product irom the Bettis tacility by proper
selection of raw sponge charges to ensure transfer of adeguate
irton, chromium, or nickel levels. Thus construction of the Mark T
reactor was enabled {c proceed essentially unimpeded by
unavailability of crystal-bar stock.

Succes ‘ul as this endeavor was, as eniensive tesling and
evalualion of core product proceeded, suthecient evidence
began accumulaling that structural stock, even though fabri-
cated {rom product that was corrosion-resistant in the crystal-
bar stage, teetered on a razot’s edge of acceptability. One af the
more harrowing recollections ot this peried is the testing of
some Mark I fuel elemenis which, afler tesi, revealed on cthez-
wise acceptably jet-black surizaces extensive white, blotchy,
ghost-like regions that were mirror images of similar regions on
surfaces ol adjacent {uel elements. &n inlensive engineering
troubleshooting campaign eventvally revealed that the
autoclaves i which the elements were tesled and which were
aperated at saturation temperalure and ptessure were heated by
alecirical immersion heaters located at the auloclave bottoms.
During the normal lemperature conirol swing, boiling occurred
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on the heater surfaces and the steam bubbles rese through the
water and bridged adjacent fuel element surfaces. Because the
water used at thal lime was not carefully deaerated, the steam
was enriched in nitrogen and oxygen and, as the final link in the
chain, crystal-bar zirconium even with additives of iron,
chromium, and nickel was no! corrosion-resistant to nitragen-
enriched aqueous environments. This particular pzoblem was
solved, once the cause was elucidaled, by proper autocleve con-
struction and chemical contral of the water purity, Ancther
recurring annoyance was the exposure of the upper halt of a
crystal-bar batch or sef of fuel clements in the steam phase dur-
ing cotsosion testing due to inadequate initial autaclave fill or
leakage during tests; those poriions exposed to the sieam phase
usually showed an unacceptable appearance hecause the iron-
group element content necessary 10 maintain corrosion
resistance in water is less than thal required for steam-phase
corrosion resistance.

Incidents such as those described above motivated a grow-
ing dissatisfaction with the continued use of crystal-bar product;
not that it did not have its strong adherents. With the successful
construction and operation of the Mark [ reactor plant in Idaho,
the proponents ol this process had the powerful argument, “Why
switch irom a proven product io a completely unknown and un-
lested entity such as an alloy with a less pure zirconium raw
material?”’ Projections were prepared that, with improvemenis
in the process, crystal-bar refining could be conducied at a cost
very liftle greater than thai {or the Kroll-process sponge pro-
duced by the Bureau of Mines. It is a tribute to the vision of Ad-
miral Rickover and his stalf that the latter course, initially
dubious but eventually justified, was adopied and supported in
the face of this beguiling alternative. Undoubtedly influential in
the decision to utilize the sponge-base malterial was the course
of the titarium industry, which {rom the outset utilized this prod-
uct exclusively. Thus, the crystal-bar refining process lor zir-
conium has remained a vivid memory but became nonetheless
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an obsclescent side stream in the continuing zirconium
development sfory, the nexi phase of which, development of
Kroll-process sponge-bas2 allays, is discussed below

ZIRCONIUM ALLOY BEVELOPMENT

Despite the adoption of crystal-bar zirconium as the core

structural material for the Mark I reactor, an effort was instiluted
by Naval Reactors !o develop a corrasion-resistant alloy of zit-
conium which could use the Kroil-process sponge directly
rather than alter DeBoer-process refining. The cotinual im-
provement in qualily and 1eproducibility of ihe snange no doubt
played a large part in this decision. A Zirconium Alloy Corro-
sion Commitlee, established by Admiral Rickover and chaired
by D. E. Thomas of Bettis, consisted of representatives of most ot
the sites active in zirconium cor:asion investigations. These siles
included Battelle Memaris! Institute; Nuclear Metals, Inc.:
Bureau of Mines (Albany, Oregon); and Naval Reactors. In addi-
tion to identilying many of the elements which delracted from
the corrosion resistance of crvstal-bar zirconium, as discussed
previously, work perlormed under the aegis of this committee
soon isolated several elementis which improved the corrosion
behavior of sponge zirconium to a level apparently equivalent io
that of goad quality crystal bar. These elemenis were tin, tan-
talum, and niobium which, in decreasing order ot ellecliveness,
circumvented the damaging ellect ol the impurities present in
the sponge then available. Since tin was most elfective and
much less of a nuclear poison than its closest rival, this element
was selected for concentrated inveshgation The tevel of addi-
tion, which at one time was as high as 5 weight perceni, was
gradually whittled down to 2.5 weight percent as a good com-
promise belween corrosion resistance, strength, and tabricabili-
ty. The alloy was dubbed Zircaloy, with the suitix -1 appended
iater, and 1t was adopied as the reference core structuraj
material for the reactor plant in the Nautilizx submarine.
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Manufacturing personnel, eager to initiate fabricaticn of the
shipboard core, began ingot melting and primary ingol fabrica-
tion developmenl both atl Beltis and at vendor lacilities aimed at
determining the process changes which would be required to
replace crystal-bar zirconium. Concurrently samples ol
Zircaloy-1 were subjected to continuing long-term high tem-
perature water corrosion testing. Uniortunately as happens so
frequently in advanced research and developmien! programs,
this euphoric state of affairs soon came to an end. On reviewing
the long-term corrosion data as they became available, a dis-
turbing trend became noliceable. Instead of continuing to cor-
rode at a decreasing rate wilh increasing time, as was expected
of well-behaved malerial, the corresion rate at a specific time
{later called breakaway or transilion time} increased and re-
mained essentially constant thereafter. Furthermore, the time at
which this increase in corrosion rate occurred was not graatly in
excess of the time at which the sponge unalloyed with tin would
begin to show while, nonadherent axide corrosion product. Ex-
amination of the Zircaloy-1 specimens alter the transition period
showed thal the corrosion prod.ct oxide kad changed from ifs
normal glossy-black appearance prior to transition to a thicker,
tan-colored adherent layer. In fact it was suspecled that the tin
addition reduced the unalloyed sponge corrosion rale only to a
moderate extenl, the principal "benefil" of the tin addition
being to improve the adherence of the corrasion product oxide.
For heat transfer applications, the thermal resislance posed by
the thick adherent oxide made this “benefit” of dubious value
indeed.

An immediate halt was called to the further processing of
core product conlaining Zircaloy-1 and an urgen! search in-
stituted for a fallback posilion. Fortunately a sufficiently active
series of corrosion investigations was underway so that the
search was nol conducted in a complete absence of information.
The prior work on crystal-bar zirconinm had revealed the impor-
tan! effect of iron additives on zirconium corrosion behavicr. &
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melter in the Bettis fabrication shops had melted a Zirealoy-1 in-
got with the ostensibly inadvertent addition ol some stainiess
steel. It was widely suspected that the eiror was less than in-
genucus, the melter reasoning that, since stainless steel was
widely known to be highly corrosion resistani, itz addition to
Zircaloy-1 could only be benelicial Whatever the motives, the
resultant material did have ouistanding carrosion resistance.
Experiments performed under the gquidance of the Zirconium
Alloy Cerrosion Committee had revealed the beneficial effect of
nickel additions on the high temperature (= 750F)} corrosion
resistance of zirconium and alloys of zirconium with tin af these
lemperaturss.

Within a few days of halling Zircaloy-1 procer-ing, an eve-
ning meeting was called by W. A. Johnson with n...mbers of his
materials group al Bettis who had been actwve in cerrosion,
physical melallurgy, and processing of zirconivm alloys, that is,
D E. Thomas, K M. Goldman, B. B. Gordon, arnd mysell. The
purpose of the meeling was to chart a course cf action. Tt wasz
unanimously agreed that to conlinue with Zircaloy-1 would be
lechnically disastrous. Equally unanimous was the judgment that
minor variations from the Zircaloy-1 composition would not only
confer major corrosion improvements but alsa permit carry-over
ol the fabrication experience accumulated with Zircsloy-1.

The iron content of the alloy was set at a nominal level of
0.15 percenl, primarily in consideration of the range of 1ron
levels present in the various grades cf Kroll-process sponge and
1L e beneticial effect of iron additions in erystal-har zirconium. A
nominal nickel level of 0.05 percent was selected because of
the beneficial eflect of this additive on high temperatura corre-
sion resistance. Chromium, which was beginning ‘o appear as
an impurity in sponge because of the use of stainless steel reac-
tion vessels, was known to have a phase diagram with zirconium
sirailar to that of iron and hence could be expected to kehave
similarly when alloyed: ils content was set at 0.10 percent
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nominally, intermediate between the iron and nickel contents.
Grealest difficulty was experienced in securing a consensus on
the proper level of the tin addition. It was desirable to retain the
2.5-percent tin level of Zircaloy-1 to mainlain the tensile prop-
erties at levels attractive to mechanical designers. On the other
hand, because ol the progressive deterioration of high tem-
perature corrosion resistance with increasing fin additions, a
skrong sentiment existed to reduce tin levels io i percent or less.
A nominal tin level of 1.5 percent was finally selected as proba-
bly exhibiting, with the 0.3-percent additions of iren, chromium,
and nickel, tensile properties equal to thase of Zircalov-1, and
adequalelr improved high temperature sieam corrosion
resiztance. Thus at the conclusion of the evening meeling, a len-
tative composition for the alloy Zircaloy-Z had been selected.

On August 28, 1952 the reasconing underlying the {entative
selection was reviewed with Admiral Rickever. A final composi-
tion was chosen and approved by him for use [if the shipboard
core, without the alloy ever having Leen melted and fabricated,
much less {ested. Aside um subsequent imposition of composi-
tional ranges based primarly upon labrication f2asibility, the
somposition set in those meetings has persisted to the present. It
is doubtful that, within the {amily of such alloy additives as tin,
iron, chromium, and nickel, a dillerent compositier would be
selected were the evening meeting to be repeated today.

Aside from the initial bitter complaints of manufacturing
personnel who predictably denounced the alloy as being un-
meltable, unworkeble, and unusable, Zircaloy-2 was satislac-
torily produced for the Nautifus reactor plant and has remained
to this day the workhorse zirconium alloy, not only for the Naval
Reactors Program but also for civi'ian water-cooled reactors.
Hot the least of its attributes has been the reproducibility of its
properties and ils insensitivity to the normal variation and acci-
dents of quantity production.

-63-



Satisfactery as the performance of Zircaloy-2 had been, the
fear grew that, with the increasa in reactor core lifetimes, with
the elevation of plant operaling temperatures, and with the
unknown but certainly detrimental effect of deposition of reactor
plant corresion products on fuel element surfaces with a resul-
lan! elevaiion of surface tempvintures, the deirimental efiect of
the higk tin content of Zircaloy-2 would eventually reveal itself.
In cooperaticn with the Zirconium Blloy Corrosion Committee,
experiments were conducted to determine the minimum tin con-
tent which could stabilize corrosion resistance against the
nitrogen levels in the then available sponge (as well as tramp

nitrogen picked up in melling and {abrication). An alloy with ’

sponge zirconium consisting of 0.25-percent tin and 0 25-
percent iron was recommended by Bettis in October 1953 as
the most corrosion resistant composition in the Zircaloy family of
alloys. This alloy, optimized for high temperaiure water corro-
sion resistance, was denoted Zircaloy-3 and was approved by
Admiral Rickover in 1955 as ihe relerence structural malerial
for use in a replacement core for the prototype plant which had
operated with the Mark I reacter.

Onde again calamity struck and this selection proved to be
abortive. Shortly alfter production of fuel elements for this prote-
type reactor core was initiated, there was noted, supenimposed
upon the black glossy surface of the corrosion-tested fuel ele-
ments, a network of fine while corrosicn indications approx-
imately 1/8 to 1/4inch in length running parallel with the
tabricalion direction of the cladding. Microscopic examination
revealed that these indications coincided with microscopie
stringers cf Fe-Zr intermetallic compounds which were clumpea
rather than being uniformly dispersed in the matrix. The poor
corrosion resistance of the intermetallic phase had been well-
known, but its aggregation into stringers was unexpected. This
was later traced to {abrication of the material in the two-phase,
alpha-plus-beta region which exaggerates the agglomeration of
the intermetallic phases. Since there appeared to be no logical
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reason wiy such stringers should not appear in Zircaloy-2 as
well, a close examination of the latter was performed. Predicta-
hly stringers vere detecled both microstructurally and by corro-
sion test. The better background corrosion resistance of Zit-
calcy-3, however, made the stringers more marked upon visual
examination aftar corrosicon lesting than in the case of
Zircaloy-2. It was found (hat associated with the stringers of in-
termetallic conipound were strung out bubbles of noble gases,
the presence of which also contributed to the rejectable ap-
pearance. Zirconium alloy melting was then performed in an in-
ert gas almosphere of 5 parts of argon to 1 of heliurm. With the in-
creased proficiency and efficiency of melt shops and the corre-
sponding increase in melling rates and the size of ingots, bub-
bles of noble gases became entrapped in the ingots and were
strung out as fine bubhles during fabricatisn of the ingot to final
shape and size. The inert gas bubble surfaces acted as inter-
faces for nucleation and precipitation of the intermetallic
phases upon cooling from elevated tcmperatures at which these
phases are more solubie. Experiments were performed in which
the size and location of such gas-filled bubbles were measured
as a function of time at elevated temperatures approaching the
melting point of zirconium. These were prokably @ nong the
earliest experiments on the m sbility of inert gas bubbles, a sub-
ject of future importance in the behavior of nuclear fuels.

The formation of stringers could thus be avoided by ap-

propriately altering {abrication temperatures, reducing melting
rates, and taking pains to prevent incorporation of noble gases
in the ingols. Furthermore, st this time vacuum arc melting of zir-
conium alloys became standard practice ia the indusiry and the
stringers vanished as completely and suddenly as they had an-
peared. However, an aura of disillusionment and disenchani-
ment therealter clung te Zircaloy-3, and aside from its applica-
tton in the one protolype reactor, it was relegaied o a lossil late
like its crystal-bar predecessor. The lower mechanical prop-
erties of this alloy compared with Zircaloy-2 alse conliitbuted to
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its abandonment In any case the {aiiure of Zircaloy-1 and
Zircaloy-3 contributed Lo the folklore that only even-oumbered
Zircaloys are viable and led the Naval Reactors Program com-
munity to await the development of Zircaloy-4 with considerable
hope and anticipation. Before embarking upon this latest
chapter in the Zircaioy family story, a digression to the discovery
of the elfects of hydrogen is necessary.

The synergism of the ccdevelopment of zirconium and
titanium is no hetler illustrated than in the elucidatien of the
effects of hydrogen on the mechanical prope:ties of these
melals. [n the course of a2 program of measurement of the
mechanical properttiss of zirconium alloys, nolched-bar impact
testing was initiated. The behavior of the samples in these tests
was completely unpredictabie, sometimes high toughness
values being obtained and at other times low values, even irom
samples cul from the same stock of material. Furthermore, low
temperature heat treatments could radically alter the behavior.
Microstructural examination revealed crystallographically
oriented plalelets in those samples with low impact values, and
a corresponding absence of this microsiructural {eature in the
normaily behaving samples. In discussions with personnel at

Battelle Memonal Institute active in titanium technology, it was -

determined that similar micros*ructural features in titanium had
been identified as 2 hydride phase. Analysis of zirconium alioy
specimens soon showed the interrelation between hydregen
content, appearance ol the hvdride phase, solubility and reten-
tion in solid solution upor guenching, and embritilement in
notch impact tests. Simila: insts ca utanium at Battelle also
revealed embrittlement as ¢ twsuli ot hydride precipitation.

The far-reaching eifect of hydrogen on the mechanical
properties of zirconium and its alloys graduaily became ever
mcre evident. Il had been a continuing puzzle why a metal of
such high apparent ductility as zirconium should fail in tensile
fests, not with the typical cup-and-cone fracture characteristic
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of duatile materials, but rather with a spongy fracture even after
coasiderable prior uniform elongation and reduction of area. By
vacuum-annealing specimens of zirconium to reduce the hy-
drogen content to 5 ppm or less and then quenching from ele-
valed lemperature to hiquid nitrogen testing temperatures o re-
tain this minor level of hydrogen in solulion, material was pro-
duced which had a normal cup-and-cane fracture. The same
material tested at rcom temperature showed a spongy fracture
which was found to be caused by cavitalion in the necked por-
tion of the tensile specimen resulting from the formation of voids
at hydride platelets either thermally precipitated or formed dur-
ing plastic siraining.

Once the mechanical property deterioration was traced o
hydrogen, the horrible suspicion arose that hydrogen was incor-
porated into Zircaloy-2 during corrosion testing. These fears
were soon conlirmed, approximately 50 percent ci the hy-
drogen evolved during the reaction of Zircaloy-2 with water
being incorporated into the metal This finding, together with
the observation that the material became ever more embrittled
the higler the hydrogor content, threatened to set a limit to the
permissible exposure of Zircaloy-clad materials much more
restrictive than that posed by the formation of the external corro-
sion product oxide. The question was raised (and this in the
days before the development of fracture mechanies technology)
of how much of the embriitling hydrogen could be tolerated
before endangering the safe operation of zirconium reactor
cores.

This problem was exacerbated by the results of Bettis tests
in 1956 of Zircaloy-2-clad uranium oxide fuel rods which were
being developed by the Naval Reactors Program for the Ship-
pingport Core I pressurized water reactor. The tests were per-
{ormed in the NRX reactor at Chalk River, Canada, in high tem-
perature water loops buill by Betlis. A number of these fuel rods
failed prematurely by local formation of almost solid hydride
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phase through the enlire cladding thickness, sa-called gross hy-
driding failures. Furthermore, at other locations in unfailed as
well as failed fuel rads, the hydrogen was found to be concen-
trated at the exiernal, colder surlace indicaling that it had mi-
grated down the thermal gradient. The localized gross hydrid-
ing type of failure is now believed to be primarily a function of
fuel cperation rather than directly a consequence of Zircaloy-2
exposure.

By controlled out-of-pile thermal gradient measurements
and application of the methodelogy of the irreversible ther-
modynamics, prediction became possible of the effects of ther-
mal gradient dif{usion on the concentration of hydrogen at ex-
ternal surfaces. By subtracting the thickness of cladding thus
converted to hydride, the level of hydrogen which'could be tol-
erated on heat transfer surfaces was determined. On nonheat
transter surfaces, the tolerable level of hydrogen was set at
250 ppm, based more on judgment than factual data. The level
of hydrogen in failed fuel rods inthe tests in the NRX waler loops
al locations remote from the failures corresponded 1o this level,
and hence if was judged that this was the highest level which
could ke justified by test as being tclerable without causing [uel
clement fziture. A somewhat more salisfactory justification of
this critical hydrogen level was found in the observation that, at
250 ppm of hydroge:, Zircaloy-2 loses at room temperature its
ability to neck down ir a tensile lest. Here again these arbitrary
limits have been replaced by technically more satisfying frac-
ture mechanics considerations.

BAn uneasy truce had thus been struck with the phenomenon
of hydroaen absorption. If the hydrogen absorption capabilities
of Zircaloy-2 structures could bhe predisted from knowledge of
corrosion kinetics, the adverse ellecis of hydrogen absorption
could at leasi be anticipated and used to set thicknesses ol core
structures or reactor core liletimes. The first indications that
such predictions could be faulty accurred as a result of experi-
mentation with a new type of luel element honding process



called “euntectic diffusion-bonding,” which was being investi-
gated as a means of {abricating piate oxide fuel elements for
Shippingport PWR Care Il In this precess, thin coalings of
nickel, copper, oriran wzre applied to the surface of Zircaloy-2
compenents at the locations where bonds were to be made. The
faying comporenis were then heated to a temperalure above the
eutectic temperature of zirconium with the particular element
Thea formation of the eutectic caused brazing of the faying sur-
faces. Upen holding at temperature, the clement used for sur-
face coating diffused inlo the interior of the cladding, causing
solidification of the braze and a sclid phase bond enriched in
the bonding element. On exposure of samples thus {abricated in
in-pile as well as out-af-pile corrosion facilities, completely
unanticipated levels of hydriding were encountered, particu-
larly in samples bonded using nickel. The pickup of hydrogen,
rather than being 50 percent of the hydrogen produced in the

corrosion reactios, could be as much as 300 to 400 percent of
this amount.

This {inding of course called into question the entire basis
which had evolved for predicting hydrogen abscrption. By oper-
ation of some mysterious mechanism, the hydrogen evolved dur-
ing the corrosion reaction had been tacitly tagged as being
more susceptible to abscrption in the metal than hydrogen dis-
soived in the autoclave, in-pile loop, or reaclor water. Thus, lor
cxample, the hypothesis at one time was propounded that ox-
ygen diffused through the zirconium oxide corrosion preduct
film as a hydroxyl ion, thus nicely accounting for the 50-percent
pickup of corrosion-preduced hydrogen by Zircaloy-2. Con-
tradiclory cbservations such as the drastic reduction of hy-
droger absorption in improperly deaerated autoclaves were in
general ignored. Howeves, the fact that hydrogen absorption in
nickel-enriched Zircaloy-2 could be increased to well over
1GG percent of corrosion-produced hydrogen eftectively elimi-
naied the peculiar signiticance of this source of hydrogen. In
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zirconium corrasion literature, reference can still be found to
“percentage of corrosion-produced hydrogen” beczuse of the
convenience of this usage.

In 1958 when it was recognized that nicke' enrichment of
Zircaloy-2 caused the protective cotrosion produect tilm 1o
become more permeable to hydregen dissalved in the water or
steam environment, {he obvious corollary immediately came to
mind that the hydrogen absorplion of Zircaloy-2 might be re-
duced by the eliminalion of the intentional 0.05-percent nicke!
zddition. Some exparimental Zircaloy-2 ingots were labricated
without nickel additive and corrosion tests revealed that hy-
drogen absorption was indeed reduced by more than a factor of
two, This alloy was then adopted as the reierence cladding for
the second (plate oxide) care of the Shippingport reactor, pro-~
duction quantiities of the material were processed, and a large
fraction of the core was indeed labricated with it.

Benetiting from previous experience with the hasty adop-
tion of new Zircaloy compositions, the proponents of this ailoy
formulation did not rush into ils nnmerical designation bul re-
ferred to it as "Nickel-Free Zircaloy-2” and awaited the inevita-
ble dropping of the axe. The dencuemaent was not long in com-
ing. Experimenters at General Electric (San Jose), in tesling the
alloy lot steam-cooled applications, reieclad it as having inade-
quale steam corrosion resistance. This result could have been
predicted since, as you will recall, the nicke! addilion was origi-
naltly made t¢ enhance high temperature corrasion resistance, It
was deemed undesirable to adop! {or widespread application
an alloy with the sligma c¢f reduced steam corresion resistance.
Again ihe pressure of cladding procurement {or PWR Core 1
obviated the possibilily ior any large-scale development pro-
gram. Therefore it was decided that the most expediticus means
of resloring some amount of the decreased s*~am corrosion
resistance while still relaining reduced hydroqen absorption
was lo raise the iron level. Since nickel {forms the intermetallic
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compound Zr,Ni and iron, ZrFe,, a given weight of nickel was
judged to be twice as eflective in intermetallic compound for-
malion as that weight of iron. Thus keeping constant the iotal
volume of inle:metailic compound, the decision was made 1o
compensate for the loss of 0 05-percent nickel bv increasing the
nominal iron composition aboul 0. ] percent to 0.18-
0.24 percent. The chromium and lin compositions remainec un-
changed. This alloy, which was approved by Admiral Rickover
in 1960 for exlensive testing and eventual use in shipboard
cares, was called Zircaloy-4. it was found to retain almost as
good steam corrosion resislance as Zirceloy-2 while exhibiting
one-hail the hydrogen absorption. This alloy has recently been
adopted by the Naval Reactots Program as well as by pressur-
ized waler civilian reactor ceze builders as the reference core
siructural material.

This brings up to date the history of the Zircaloys as per-
ceived [rom Lthe vanlage point of a participant in their develop-
ment, As discussed in the introduction, the availability early dut-
ing this history of high guality zirconium sponge undoubtedly
guided the developmenl ivward use of sponge-base alloys and
away from the crystal-bar base alloys utilized by the USSR in
water reactors. An example ol the manner in which the nature
and quality of the raw material can alfect the course of alloy
development is well illustrated by the experience with zir-
conium sponge manufactured by the Columbia-National Cor-
poration during the peried 1959-1960. The corrosian resistance
in steam lesting of Zircaloy-2 ingols fabricated from this
material never could be brought to the level of that made from
Kroll-process spange by other producers, aven though the puri-
ty of the former equaled or exceeded all specificctions. Small
addilions of silicon to the former were found to produce
Zircalcy-2 of acceplable corrosion resistance. This experience
illustrates graphically that the alloy formulations developed de-
pend not only upon the application but alse upon the nature oi
the raw material.
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CONTROL ROD DEVELOPMENT

With the continuing product'on of zirconium for the Mark I
protolype submarine reactor plant, stocks of halnium salts of low
zirconium content (about S-percent zirconium) began to ac-
cumulate. The natural question raised was whelher the reduc-
tion process (oxide to sponge to crystal bar), which had proven
so svccesslul lor zirconium, was applicable to hafnium and
whether the resultant product was useful in naval nuclear reac-
tor applications, specifically as a neutron absorbher for control of
the nuclear reaction. Finally, A. Radkowsky of Naval Reactors
and W. A Johnson and S. A. Krasik, the latter the head of the
Bettis Physics Department, decided 1o take some definitive ac-
tton. They arranged to procure some metallic hafnium and pet-
{orm physics, corrosion, and fabricability tests. This was done
zlmost surreptitiously since the lead responsibility {or the devel-
opment of the Mark I control system had heen assigned, under
the direction of Naval Reactors, to the Argonne National
Laboratory The reference conirol rod material was a silver-
cadmium alloy shealhed in stainless steel. Although an
elaborate and apparently quite satisfactory fabrication scheme
had been evoived {or the conirol rods, continuing problems with
the design, construction, materials selections, and lesting of the
imtial Mark I conirol mechanism cast a pall of suspicion on all
related aspects.

This problem came to 2 head at a meeting at Bettis the week
of December 15, 1952, with Argonne and Naval Reactors per-
sonnel to review the status of the entire Mark [ contro! prohlem.
Coincident with this meeting, some stainless steel-clad silver-
cadmium cantrol rods fabricated by Argonne were being tested
in high temperature water autoclaves at Beltis, and arrange-
ments were made to remove the rods from test the morning of the
meeting so thal they could be reviewed by the visitors. The worst
fears of those working on the contzol syslem were realized.
Close examination of the rods revealed locations where the
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stainless-steel sheath appeared to be slightly raised and pulled
away from the silver-cadmium core. This would of course be dis-
astrous, since further ballooning of the sheath could cause bind-
ing of the conirol rod and endanger safe and eontrollable reac-
tor operation.

During one of the mesatings o review the status of this work,
Admiral Rickover, using a piumber's tactic, hit a piece of this
material with a hammer and the clad split off the base matenial.
This resuit clearly indicated to him the unacceptability of this
design and he at once made the decision to shift to unclad
hafnium control rods as the replacement reference design for
the Mark I reactor, using the crystal-bar zirconium development
facility on a crash basis to make the first crystal-bar hafnium.
The results of the initial tesis had revealed that halnium was
much less subject than was crystal-bar zirconizm to deterio-
ration of ils corrosion resistance. Noi only were the normal im-
purities such as nitrogen less harmiul, but also the absolule cor-
rosion rate was much less at the same 2xposure corditions. The
neutron abearplicn cross sections as & function vt neutroa ener-
gy, the absorption characteristics as a function of lifetime, and
the chemical nalure of daughter products matched pressurized
water reactar requirements even betler than did the silver-
cadmium control rods. The experience on reduction, purifi-
cation, and fabrication accumulated =itk ciysial-par zirconium
was directly applicable to hafnium. Therefore the transition was
made readily to crystal-bar halnium lor Naval Reactors applica-
tions.

For a time from 1950 {o 1958, when almost all hafpium-
separated zirconium was being vsed in the Naval Reactors Pro-
gram, a haluium shortage was threatened. This temporary short-
age of halnium was overcome by strict economy iu use of the
material. All of the souvenir hafnium paperweights, name
markers, and trophies which had accumulated on engineers’
and administrators’ desks were collected, and these constituted
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a net inconsequential contribution to the hafnium supply. As zir-
cozium was applied to more and more commercial reactors in
which halnium conlrol rods were not used, the hafnium supply
situation has considerably eased and no shortages have re-
curred. Crystal-bar halnium has retained its unique primacy for
this application.

CORROSION TESTING OF REACTOR CORE
COMPONENTS

From the preceding account of the development of the Zir-
caloys from the earliest available crystal-bar samples, the reli-
ance upon high lemperature water corrosion testing to assess
the quality of raw materials and finished components is proka-
bly understandable. The author once strongly advocated ac-
cepling ¢ product based upon composition alone. However, the
occurrence ol stringer corrosion illustrated the danger in this
approach and supported the prudence of either corrasion test-
ing or performing seme test simulating corrosicn exposure for
zirconium components which are required ts operate under
conditions approaching the lower limils of corrosion accept-
ability. Ca the other hand, as anyone familiar with specification
or acceptance testing can testify, there is a greatdanger that the
lesling itself becomes the objecl, rather than use of the test re-
sulis to ensure maintenance of material quality. Corrosion test-
ing of zirconium has not proved o b2 immune from this danger,
and the Naval Reactors Program has directed considerable el-
fort toward ensuring that corrosion tesling yieids reproducible
results and accurately reflects maleriai quality.

In the early 1950°s when corrosion testing was first applied
to the crystal-bar zirconium components of the Mark I reactor,
the complaint was olten heard that the lile of the reactor core
was being used up in testing. This slaiement was made only
partly in jest, since, although the desiga life of the Mark I reactor
was relatively short, the lile of the Zircaloy componenis was con-
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sidered to be fixed by the time at which the zirconium oxide cor-

rosion product reached its transition thickness and began to
fleke.

To permit evaluation of corrosion quality, a sensitive
method of evaluating test results was necessary. Corrosion
weight gain, useful in research and development tests, was of
doubtlul applicability since the varizbility among various ingots,
heat treatments, and surlace finishing practices would require
the imposition of limits so relaxed that defective malerial might
pass the tests. Furthermore, weighing of large zo:nponents with
suflicient precision tc detect local deficiencies in corrosion
quality was impractical. Therelore, a visual inspection method
was adopled whereby the appearance of the corrosion product
on the material or component is compared with that on an ac-
ceplable stantlard. To aid the inspection, the use of a “black
box"” was instituted, which is simply a standardized means of
eliminating extraneous reflections, elc., from the surfaces being
viewed. Under such viewing conditions, differences in materials
can be detected which are beyond the sensitivity even of accu-
rate weight change measurements.

ZIRCONIUM HANDLING AND SATETY

Zirconium is normally characlerized in melallurgy texts as
one of the reactive metals. The truth of this characterization was
vo better emphasized in the Naval Reactors Program than in
1855 on the day of the "Great Zirconium Fire'’' at Betiis. In the
course of construction of the Mark ] and subsequent reactor
plants, a large amoun! of zirconium machining chips, unused
sponge, discards, rejects, etc., was accumulated. Because of the
high cost of the hainium separation during zirconium produc-
tion, this scrap material was deemed valuable since, even if con-
verted back 1o oxide and recycled, its reuse would greatly re-
duce the vost of zirconium. The Commission stored this scrap in
concrete blaock bins in a slorage vard at Bettis until procedures
for its reuse couid be developead.
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On the day of the fira, one of the barrels of chips was
1gnited, presumably as the result of welding operations in an
ddjacent area. The ignilion spread lo adjacent bins and soon
the entire Betlis site was bathed in an eerie light like that of a
continuous and powerful flashbulb. I recollect that I was inter-
viewing a prospective employe al the time. Since I had no idea
what vas going on, leaning on the principle of "need to know,” I
ignored the loud c¢langing of fire bells, hooticg of signals, and
general frantic activity. As 1 escorted him oul cf the plant, the
fine white particles of ZrQ, falling gently upon our heads, ke de-
clined our employment offer ard, while conceding that Bettis
would be an exciting place to wotk, expressed the desire for a
more settled environment,

This incident, coupled with a similar fire at Oak Ridge, led
10 the formulation by the Commission of sate handling practices
for zirconium which have been successful in preveniing any
chemical reaction incidents in prime coatractor or vendor loca-
tions handling zirconium.

The reaclive nature of zirconium once again became of
concern ai the time the Shippingport PWR Core I reactor was
approaching its installation and initial operation. Zircaloy-2 was
used extensively as the lual element cladding as well as the core
structural material. The chemical energy of combustion of the
Zircaloy-2 as well as subsequent reactions of the released hy-
drogen, could, if released during a pestulated reactor accident,
cauze extensive damage to the reactor containment structure.
The specter was raised of riolent explosionswhichhad occurred
in some titanium arc-msliting facilities as a result of puncturing
the crucible and contacting the molten metal with water. The
Shippingport reacter, as the forerunner of commercial pres-
surized water reactor plants, served as the progenitor for many
of the safety acd safeguards practices and analysas which have
subsequently been applied to commercial reactors.
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The quesiion was raised of whether ignition of Zircaloy.
even if locally initiated, could spread in ar uncontrollakle man-
ner fo a major fraction of the Zircaloy contained in a core The
accident conditions under which such a reaction was <on-
sidered most likely to occur would result from the lass-of-
coolant accident in which one of the main coolant pipes would
suffer a guillotine break. It was considered that, if it could be
shown that Zircaloy-2 reacted with water in a predictable man-
ner at all temperatures up through its melting-point, this should
asspage fears of the occurrence of unpredictable and unconirel-
lable reactions. The magnanimous time period of three weeks
was allotted for this demonstration. Thus, an experiment was de-
vised in which samples of Zircaloy tubing similar to those used
‘u Core | were heated inductively while immersed in watler and
the released volume of hydrogen collected and used to monitor
the rate ¢f the reaclion. Barricades were set up around the water
container and a system ol mirrors devised so that an engineer
could contrsl the metal femperature in the caurse of the reaction
while another engineer observed the change in hydrogen
yolume with time as the hydrogen bubbled up through the water
column. Temperatures were gradually and progressively in-
creased in consecutive experimen!s until, as the grand finale,
Zircaloy was meliad under water and the amount of reaction
monitored during melting. These experiments, completed dur-
ing the required time period, demonsirated that the occurrence
of high temperature reaction rates could be ezirapolaled from
those measurad at lower lemperatures, and thal no new or unex-
pected phenomena inlervened which would endanger reactor
plantsatety. Crude as these inilial experimenis were, the kinetic
data derived from them and the conclesions drawn have been
supported by subsequent experiments and analyses.

ZIRCONIUM FABRICATION TECHNOLOGY
DEVELCFEMENT

The mutually beneficial eftect of the codevelopment of zir-
conium and tilanium is again illustrated by the rapid progress
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made 1n the labrication technology of these melals. Because oi
the wide range of applications which wera being explored for ti-
tanium alloys, [abricalion technology was most rapidly ad-
vanced by the titanium industkry. However, the stringent core-
sion, homogeneity, and purity specifications required for zir-
conium alloys led to melling, weldirg, and fabrication praclices
for zirconium which were accepted with profit by the titanium
industry.

The earliest efiorts were directed towards methods of melt-
ing zirconium, lirst crystal bar and then Zircaioy-2. Vacuum in-
duction melling in graphite crucibles weas operationally--cue-.
cess{ul; however, the resulting carbon pickup was disastrous to
the carrosion resislance of crystal-har zirconium. A minor effort
was then directed toward ficding crucible materials which were
inert to molten zirconium, a task which soon proved to be fruit-
less. As previously discussed, even solid-state compaclion by
hol-pressing was at one time seriously considered {or the pro-
duction of ciystal-bar zirconium.

However at this time, altention was directed loward non-
consumable electrode inert-gas arc melting, a rather venerable
cancept which had most recentlv been revived for melting of the
refraclory metals, molybdenum and tungsten. Once the means
of purifying the inert gas ol oxygen and particularly nitrogen
had been worked oui, the art of fabricating water-cooled copper
crucibles which would no! spring leaks evolved, the method
generated of conirolling waler flow to prevent formation of hot
spats, and meliing rates coirelated with metal leed rales, ingots
of crystal-bar zirconium were produced with high yields, which
retained the corrosion resislance of the {ead stock. These ingots,
each weighing 35 pounds, were used in the fabrication of fuel
elements for the Mark 1 core.

These ingots sutfered from a lack of homogeneity; thus,
local inclusion of a poorly corrosion-resistanl piece of erystal
bar, or, lailure to secure local alloying when melling of sponge
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began, often resulted in rejection of an entire ingot. It was nec-
essary lo then fabricate the inge!, chop it lo feed stock, and re-
melt it using an inert electrnde. A& far more salisfactory pre-.
cedure was soon evolved in which the irert-electrode first-melt
ingot was made the consumable electrcde for a second meli,

thus improving the homogeneity without incurring the costs and

delavs of fabricatiag the first ingot to reed stocck size.

The final development consisted of discarding the inert
electrode, wkizh led to local contamination with tungsten, and
rerlacing it with a consumable elactrode made of cold com-
pacted spongs with suilable addition of alicying elemenis; this
first melt then formed the consumable electrode tor the second
mejt. This practice was developed at Bettis and soon became
the standard praciice throughout the zirconium and titanium in-
dustries.

As previously discussed, difficulties began to ke experi-
enced at this time with the inclusion of noble gas bubbles and
ictermetallic compound stringers in the ingats. Fortunately the
practice of vacuum arc-meiting had become widespread in the
titaninm industry and proved lo be transferable 1o Zircaloy melt-
ing. Vacuum double consumable arc-melting thus has become
the established reference melting praciice {o: zirconium alloys.
Progress since then has heen in the direction of i,'creasing in-
got sizes. From the 35-pound ingo!s fabricated for the Mark I
core, melting has progtessed today o 3000-pound ingots, with
resulling improvements not only iz yield, efficiency, and repro-
ducibility, but alse hamogeneity.

Concurrently with the development ol melling practices,
the applicability of almost all metal-working practlices has besn
explored either at the Naval Reaciors Program prime conltractor
laboratories or at vendors’ plants. Zirzonium. and later the Zizr-
caloys, have proven io be adaptable to fabrication by rolling,
forging, exlrusion, or wire-drawing. The first large scale
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manufacture of Zircaloy lubing was initiated in 1855 for labrica-
tion of the Shippingport PWR Core I blanket. Seamless tubing
was manufactured from extruded hollow billets either by suc-
cessive stages of cold-drawing and annealing or by tube-
reducing to final size; tubing of sach type was included in the
first Shippingport reactor core. ’
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: Active programs were also initiated on joining methods.
The applicability of tungsten-inert-gas {TIE) ard cansumahle
metal electrode-inert gas {MIG) arc-welding processes was
rapidly explored The necessity for maintaining atmosphere
purity in order {c prevent contamination led to th: development
. of controlled atmosphere weld boxes of unique design rather
than use of shielded arcs as in other less critical applicalions.
Again, zirconium and its alloys were found to be highly weld-
able and, to a large extenl, immune to wald cracking. One limi-
talion to post-welding heat freatment was encountered unexpec-
: tedly in the welding of fuel elements ls. the Shippingport PWR
Core Il reactor, a plate oxide reactor in which TG welding was
extensively used. When the plates were annealed at 1450F after
welding, the cuslomary practice at that iime, and then corrosion
tested, cladding cracks were detected asscciated with the weld
regions. Metallugraphic examination at first revealed no struc-
tural reason for the cracks; however, more careful examination
revealed thai exaggerated grain growth had occurred in the
welds as a result of the anncaling operaticn, and that cracking
had ocrurred. as a result of precipitation and subsequent crack-
ing of brittle hydride plates across the large grains. Since then,
annealicg temperatures of weldments have been controlled to
prevent exaggeraled grain growth. Elactron beam welding has
alss been used to advantage in zirconium technology. although
care has to be exercised to prevent excessive evaporaiion ol tin,
iron, and chromium {rom the weldments.
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Joining by brazing has found little application in the Naval
Reactors Program. Zirconium-beryllium eutectic alloys for braz-
ing were developed by Bettis and found to exhibit good corro-
sion resistance. This technology has been applied by the Cana-
dians in {abrication of fuel element supports for their heavy-
water reaciors

A dramatic illustration of the unforgiving nature of zir-
conium when its reactive characleristics are ignored was al-
lorded by the covrosion behavior of some critical zirconium
compeonents which were fabricated al elevated temperatures en-
cased in a hermelcally sealed sieel sheath to prevent atmo-
spheric conlaminetion and resulting corrosion delerioration.
Surprisingly, high levels of contamination were {ound on the zir-
contum surfaces after removal of the sheath. It was soon realized
that the partial pressure of the nitrogen impurity in steels was
sufticiently high and its diliusion rapid enough at fabrication

\ temperalures (0 contamina‘e the zirconium and lo reduce its
corrosion resislance drasticaily An enamelling steel, Ti-Namel,
in which the nitrogen impurity is stabilized ir the steel by
titanium additions, was therefore adopled as the sheathing ma-
terial for this appheation.

EPILOGUE

This account has traced the author's reccllections ol the
early develupment of zirconium from the time Admiral Rickover
selected 1! as the strushiral material ior water-cooled submarine
reactor cores tc the early 195(0's when the zircenium alloy
melallurgy was firmly established and attention was concen-
trated on developing its potenhal more fully as 2n engiaeering
material. Continuing supporl of an active developmen! program,
faith in the eventual solution of what appeared at the time insut-
mountable problems, and a willingness to lake unconven!ional
and bold approaches all characterized this early development
period.
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