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FOREWORD

Upon being notified of my selection to receive the William
J. Kroll Medal lor Zirconium, I Ihought it fitting to outline the
technical problems and the major decisions made during the
early development of zirconium alloys for use in na',al reactors.
It also seemed appropriate to compile a more detailed acco!.lnl
of these evel11s to supplement my remarks at the Medal presen­
tation. The;:efore, Iwo d those most deeply involved with zir­
conium development lor navai reactors were asked to (-repare
papers outlining the key events associated with this evoluholl.

The first was Mr. Law:on D. Geiger who was Manager of the
Pillsburgh Naval Reactors Office of the Atomic Energy Commis­
sion from its establishmenl in 1948 until his retirement in 1973.
He was directly involved in the early procurement 01 zirconium
lor all Commission needs including naval nuclear reactors. The
second was Dr. Benjamin LuslmaI1 who, starling in 1949 was a
metallurgist and currently is a manager responsible for core
materials development at :he Beltis Atomic Power Laboratory.
He has been directly involved in the development of zirconium
and its alloys as well as their application to naval reactors. Their
papers, together with my speech presented at the Medal Award
ceremony on March 21, 1975 in Denver, Colorado, are assem­
bled in this report.

I have fostered the publicalion oE the technology developed
as part 01 the Naval Reactors Program. Eleven books have been
published under the sponsorship of Naval Reactors. Three ollhe
boob deal w~th the materials covered in this report. They are:

"Me:allurgy 01 Zirconium:' edited by B. Lustman and
F. Kerze, Jr., July 1955, McGraw-Hill Book Company,
New York
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"The Metallurgy of Halnium," edited by D. E. Thomas and
E. T. Hayes, 1960, available from Gover~.;/lenl Printing
Office, Washington, D. C.

"Neutron Absorber Materials for Reactor Control." edited
by W. Kermit Anderson and J. S. Theilacker, 1962, dvaila­
ble from Government Printing Office, Washington, D. C.

My deep appreciation goes 10 Mr. Geiger and Dr. Lustma'l
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 10 be the Iirst recipient 01 the William. J Kroll
Medal lor Zirconium II 15 gratilying lor me because it gives me
an opportunity to p"y tribute to an oulstanaing sr.ienlisl

I came 10 recognize hl5 extraordInary quali!le5 in the lale
1940's and early 1950's. AI thai lime nuclear propulsion lor
naval ships was lar Irorn a reality Those of us workmg on the
proJect laced proble:n5 at every hand One of the most crucial
was the development 01 a produchon process to obtain zir­
conium once the materi,il was chosen lor '151' m the nuclear
reactor. We did nol know whether Ihe metal could be produced
In sullg;ient quantiti~s 0r to the rigid specJ!lcations needed for
nava I reaclors

Dr Kroll had worked on the development 01 a zirCOnium
production process at the Bureau 01 MInes facility al Albany,
Oregon I made several hurried trips to 5ee the work being done
ill that facIlity 10 furnish zllconium for the firsl naval reactors
Usually Dr Kroll. then a consullanlto the Bureau of Mines. and
several senior offiCIals 01 the Bureau 01 Mines met me at the Porl­
land dllport on Frir.lay evenings. We would drive to Albany, in­
spect the equipment. and discuss the Cf,sults of the production
effort then underway Dr. Kroll always 'Jave me straightforward
answers He was a scientist 1 am an engi!leer Our o;:ommon in­
terest was ZIrconium ] lhrnk we both understood Ihe problems
the other laced I believe we had rhis understanding because we
basE'd our discussion on princ-ipies.

Dr Kroll was convinced Ihat great advances in science
came through the eflor!s 01 illd~viduals. He himsell exemplified
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this philosophy As he wrote· in 1955, his eady w'.Jrk Gn zi.­
conium was conducted at his ';Doratory in L~lX;C;!1bCJurg where
his onll assistants were an ur,,,killed laborer. Co mechanic, and a
secretary I also have found in ml 57 years of naval service thai
engineering problems are ,i-.ost of len sulved through the efforts
of technically competenl indivJduals, not through the estab­
lishmen t of huge organizations or management systems.

Tonight I wililalk about the decIsion to use lirconlum and
the prinCiples tha: lay behind that decIsion Cucumslances
change; events never repeat themselves exadly, bIOI principles
are long enduring. Much of what I shall 'hly will be my personal
recoliections. I reCGgnile. however, Ihill wllhoul the 7.eal and
hard work of scores of engineers and scieniists Irom selldal
organizations. zirconlUm would nol be-<ls il i!' today-the malar
structural material in naval reaclors and In nearly all 01 th .. redC­
tors in central station power plants in the United Slates

THE ZIRCONIUM DECISION

In June 1946, I headed a few ol/ice!s and elvdians the Navy
had sent to Oak Ridge. Our purpose was to see how nudear
energy could be used 10 propel naval ships. It was obvious thai;;
nucle<3r powered subinarine could revoillhonize naval wadare.
But a submarine nUcle'ar projJulsion pldnt posed severe require­
ments. II had to bp compact so that it would fit into a submanne
hull. It had \0 operale ~Jhen the ship was rolling or pitching, or al

an angle when il was diving or surfacing It had to be silfe and
reliable. It had to be rugged to meel military demands Finally, it
would huve to be opera led by young sailors--men whQ were not
sr;ientists or engineE.'rs. bul ..... ho would bf' carefully Irained

These are engineering problerr..s At Oak Ridge. we were

dazzled b·; the virtuosity vf the scientists. They had ac­
complished much during the war. We soon discovered thai
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scientists could give us only limiled help. The goal 01 the scien­
tiStlS 10 discover the laws 01 nature. The engineer uses and must
obey Ihose laws. The diflerence is fundamental. Theoretical
concepts are crucial to science, bul they Cdn have a dangerous
and hypnolic elieel on mdividuals who are responsible lor prac­
tical results. T!1e engineer must seek oul lec.hnicalfacls He can­
not run away Irom them.

The decision to use zirconIum III a lluclear reaGtor is an ex­
ample 01 engineering Juu<:;;n"nl DUring 1946 and 1947. severili
groups 01 scienlists al'.d enqmeers were i"-"8st,gaimq r.let~Is.lor

use in reactors ZlTconium w ... s one such metal St.11nle£s steel,
ah!minum, and berynium were 01 hers The search was further
cumplicaied becat:sc several ddlerent types 01 reaclors were
under sludy One olthe mosl promlslllg of Ihese approaches for
"aval propu;~lon was Ihe pressullzed waler reolc\or However,
lor Ihis applicahcn, a struel ..",l melal was needed which would
wllhsland corroslun al hIgh temperatures 10; long p"rlOds 01
llme, which wo;,ld mil1llla;" lis Integrity Ill' an environment DI,n­
lense radiation, and which '...,ocdd nol abs,>rb neutrons needed
lor th .. nuclear r"aclion Furthermore. d the Na~,. WdS to have a
lleel of nuclear ships, the melal h<,d to be one whlcn coule!. be
produced III quantity dnd a: reasonable cost Stainless 51eE·l,
beryllium, ~nd aluffil:Jum ~ll had lec:,."cal disadvanl'lges whIch
weighed again,,' their US"

Zlf::onium 100, dId nol hok prcH!','Slllg Although it~ corro­
sIon properhes appeared redsonable, :i was expen~I~'e and had
never been produced In qllilntll'; In 1945, only a lew hundred
pounds wC!!e manufactured III Ihe Unlled Stale~ The cos I was
over $~OC! per pound JI.bnve ill!. lests sh,)wecl thai ZIrconium ilb­
Sor hed neutrons needed lor Ihe ltssion prncess

This situation changed suddenly Whde "ISltlng Oak Ridge
In December 1947, [ learned thaI Dr Kaufman ol M[T and
Dr Pomerance 01 Oak Ridge h~d Just found thai zirconium, as
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occurriDg in nature, was combined with the element hafnium. It
was the hafnium at about 2 percent by weight which gave the zir­
conium the high level 01 neutron absorption. They were able to
remove ,he halnium in the laboratory and obtain zircor,ium
which. absorbed only a leVI neuirons. This "",as a scientific fael of
greal importance. At once I decided to choose zirconium for the
naval reaciUL.

But the c.ngineering problems were imrlense. At the time 01
this d~(";:;ion there was no assured SOllICl' oj zirconium, no esti­
mate 01 how much would be needed, ,,0 ;:erlainly that any known
or conceivable process could produce the required amount,
and no specifications for the nuclear, mechanical, or corrosion
qualities the metal had to possess. II was also possible that
rerJloving the halnium could destrcf the ?!her q!lalilies lhal had
m.~de zirconium worth inve~tigating in lhe first place.

The decision was a logical choice [or the pressurized water
propuisiL'!l reactor. It was a risk, but an develop!1"lent is a risk.
Once the decision was made we did cverything we could to
reduce lhe uncertain!,. We dici so by trying to find out what were
the natural phel1omena-which is only another way of saying
that we wer" searching lor technical faels. This .is the respon­
sibilily of engineering-its challenge-and its ethical conten!.
Several organizations helped us by runnl)'lg tests and perform­
i!lg an<llyses This sounds simple, but it luok us time to work out
sta.ndards so that the efforts 01 one group could .be compared
with th05e of others. As research was going on to ascertain the
engineering properties 01 zirconium, Dr. Kroll was continuing
his work lc Imprn.ve the processes used to manufaciure zir­
conium at low cost

One r~ason lor working on research and produ,~lion pro­
cesses simultaneously was !o save lil;:e. We urgently nei",ded zir­
conium for two reactors. The firs! was the Mark 1. the lal1d-based
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prototype to be built in Idi'.ho to demonstrate the feasibility DE in­
stalling a compact pressurized water reactor in a submarine.
The sec;ond was the Mark II which would propel the Nautilus.
:But there was another reason. The reaclor requirements.-for the
chemical puri:y of the metal influenced the development of pro­
duction processes; what we learned in one area had an impact
()[! the other. We had to lind ou l. these relationships. As difficult
as it was, in the long run it was belter ~lld less wasteEulto caII)'
on both effods together. We were not thinking of only a few reac­
tors, but of many nuclear ships.

One of tile chief obstacles wa; administrativ$. [ had no
authority to obtain production qUilntities at zirconium. The
Atomic Energy Commission and the Navy had establishpd a
joint organiza:ion in 1948 to develop nu.clcar power for naval
ships. I was assigned to head this effort. In 1949, Westinghouse
signed a contract and, after building a laboratory on the aban­
doned Bettis airfield, near Pittsburgh, began work on the pres­
3urized water reactor. Soon we carne up against a hard fact. The
Bettis Laboratory needed zire-onium. Procuring the metal was
the responsibility of another organization of the Atomic Energy
Commission. The indication was that the Commission, by
following its procedures, could not procure zirconium on the
schedule and in the quantity needed. I urged the Commission to
au!horize Bettis to manulaeture zirconium for the Idaho reactor.
The ComIl!ission overrode my recommendation.

I objected strenuously. I had been assigned the job o[
developing a nuclear submarine. Th'l schedule called for ha'l­
ing the ship ready fOl operation by January 1955-less than live
years away. Zirconium at this moment was cruciill in the
de'lelopment of the reactor. Further, lhis project We,. the only
one committed 10 zirconium. The Commission was violating the
principle that authority must match responsibility. I had beeil
"lssignQd thE' task, knew the fac!s, but other people were deter­
mining how my requirements should be mel.

-1-



Certain faclors were iuvolved in the crisis. First, produclkm
application of the Kroll process was slill under levelopment
and had nol yel prodl'ced fully satisfa.ctory metal. Therelore, we
had to use the crystal-bar process which, at besl, produced
material of varying quality, In this technique bars were formed
by depositicm 01 a volatile zirconium conIpound on a heated hla­
menl. The individual bars were small and expensive. The Com­
mission took the position that I shou10. wait until a less costly
process was available.

The Commission plan to procure the zirconium hom a com­
mercial company failed. As a result, Bettis in July 1950, was
finally authorized to build a crystal-bar plant. Several organiza­
':ons and facilities took part in supplying the zirconium needed
for processing at Bettis. In August, the Commission t:ransferred
the :l.1lthority 10 procure zirconium to my ow::! organization.
About 85 percent of the melal used for the Mark I reactor was
made il.t Bettis. The rest came hom industry sources. The suc­
cessful operation 01 the Mark I, which achieved r:TiUcality on
March 30, 1953, 3.nd leached lull power on ]une 25, 1953, vin­
dicated many technical decisions, among them the use of zir··
conium.

DEVELOPING IMPROVED ZIRCONIUM. ALLOYS

There still remained the job of developing a zirconium alloy
which .... ould be cheaper 10 produce and would have less
variability in corrosion resistance. In lhis process Ihe Kro!ltech­
nique would be the linal production step and eliminate the need
lor the crydal-bar step, an important fador in reducing costs.
Test programs at Bettis and elsewhere examined the effects 01
adding various elements to zirconium. Tin proved most
berJeficial. A committee composed of men horn several
organizations, who had actually worked on zirconium develop­
menl (ecommended an alloy, iate. c;alled Zircaloy-l. having
2.5 percent tin for the Nalllirus reador.
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This was not a gamble. We had J::,y now an active and ex­
perienced group of organizations capable 01 conducting tests
and analyzing data. Even as preparaiions began 10 manulacture
Zircaloy-l, we continued to test. By 1952, data showed that
Zircalo~'-l, i!l contrast to the usual behavior 01 metals, had an in­
creasing rate 01 corrosion over time. It was dear th"t we could
not use the alloy. Therelore, 1 stopped lurther processing of this
alloy and began an u;gent search lor a new one.

Fortunately, Bettis already had underway an active program:
01 corrosion tesls. These included the study 01 a number of
zirconium-base alloys which contained other elements to obtain
improved corrosion resistance. Included was one ingot in which
a ~mall amount of stilinless steel had been accident~llyadded.
The tesls showed the beneficial ellects o! iron, nickel and
chromium, which are contained in stainless steel. This disc:overy
was a good eRample 01 serendipity. But in another sense, it was
nol really chance. A well-run project should be able to recog­
nize and take advantage cl the unexpected.

Since the Naulilus was already under construction, I had to
make a decision immedi!!tely. On August 28, 1952, I went to
Bellis and reviewed the issue with scientists and metallurgists
Irom Bellis and the Bureau 01 Mines. 1 approved their recom­
mendation to establish an alloy which we subseql;ently called
Zircaloy-2. I selected illor the Nuulilus reacior before an ingot
had ever been melted, fabricated, or iested lor corrosion.

Again, the decisiun was a risk. However, it was made only
alter carelul consideratiol" 01 the recommendations of in­
dividuals who were actually involved in the work-not by man­
agers or administrators. The basic composition 01 Zircaloy se­
lected lhal day in August 1952, has continued, to the present,
with only minor changes.

·9-

.. ,' ... '-{



Bellis began manufacturing Zircaloy-2 lor the Nellllitll,'
reactor. That reaclor generated power on December 30, 1954,
just one day prior to the date I h'l.d promised the Congressional
Commillee on Atomic Energy five years earlier. In less than a
month, on January 17, 1955, the Nalili/If .• got underway. This
marked the beginning of the era of naval nuclear propulsion

Development 01 zirconium, however, still continued. The
operational limit for Zircaloy-2 in a reactor was fc.und to be de­
pendent on its absOlption of hydrogen during corrosion in high
temperature water Bellis eventually found that replacing nickel
with iron produced an alloy which had as good corrosion
resistance as Zircaloy-2 but cut hydrogen absorption in half.
This alloy, called Zircaloy-4. has since been adopted as the
re!srence structural mE!tal in most naval reaclors produced alter
the mld-1960"; as well as in most civilian power generating sta­
tion reac lors.

DEVELOPIN'G PRODUCTION SOURCES

A basic rE'ason for developing zirconium alloys was to lower
the cost of production. This wa~ impor~anl. for by Ihe mld-1950's
Congress had authorized several nuclear submarines. My stall
and I eslim"led that our needs for zirconium would reach one
million pounds a year within the next live years. Our policy was
to procure th" ~irconium we nceded from commercial sources,
To do this we had ~o see thai industry coub gel the information it
needed to leMn Ihe s?ecilicalions and the production process.
We a!~o had 10 convince industry that an ,\Itracllve marlcel ex­
isled

In April 1956, the Wah Ch"ng Corpor,1'ion con:racted 10

provide 600.000 pounds of zirconium "I rl price IU.il under S 10
per pound. In a few months, under the dir~cll"n of Mr Sleph"n
Yih, th ..y w"r~ lfi production W.,h Chang h"s mrlinl"inl'd Its
!=,osilion 01 leadership. Over 70 percelll 01 the ZlrconlUrTI m.,de
in the Uniled 51,,105 IS produced /II Its fAcility in J\lb,'ny
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I ~.Iso sought and received proposals lrom olher compAnies
[n that same year, contracts were placed with th.ee othe. private
o.ganizations_ These COlll'2Cts wero fixed quantity. long-term
arrangements, aimed at providiI'Q the basis lor companies to in­
vest capital lor large-sc:de production facillties_ This actio:! was
the major step in achievin.g commercial producliori sources lor
zirconium. Over t"ln million pounds of zirconium and about a
quarter of a million p0unds 01 hafnium-which is .. loo used in
naval reaclo.s-were delivered under ihese cO'lhi.>cls between
1957 and i963, at an. average cost of ahoul $6 pe. p'.!und_

USE OF ZIRCONIUM IN ELECTRICAL GENERA'!'ING
STATION RI;P.CTORS

The use of zirconium in reactors has not been limi!,,".] to tho'!
Navy. It is "Iso the major reactor slI,,~lural material in nl.Jcle.lr
central stations now being operated and constructed Ihrouqholll
the United States The lirst such ci-iih,," puwer station was thH
Shippinqport AIc,rn IC Power Slalion In JlIly 1953. beCa~Jloe of my
expel ience with pressuriz\!d wdie! r,eaclo!s, the AtomiC Energy
Commission ilssigned me Ih~ r"sponslb;!ily lor Ihis prolee\
Under my direchon the Betlis Atomic Pow('y L~borolIQ~Y de­
signed, developed. dnd built lh., reactor

Ollieial groundbreakmg look place on Septemb"r 6, 1954
Presld",nl Eisenhower. while VIsiting hiS wilt·'s lam"ly here in
Denver. used d neutror. source to generate dn e'j":cl"Cdl sl'lnal
This si'lna! slarted dn unm"nned bulldm,er al Shlppmqporl 10

move the ~irsl earlh ')0 this prolect, The Sh'PP:-IlPort redclol
lilSl beqdn operallon 01\ Decembel 2. 1957 This d"te """5 5Ig.

nilleanl [t ...·as ..:rdclly 15 yedrs .. fler EnriCO F.. rm, .. chleved Ih'l
ksl nucleAr chl\l:l re.lclion ilt SI<l>q'l fwid in Chicago W,lh,n
Ihu!t' weeb. Ihe pl"tll reached 'IS lull ..Iecluc"l power oulpul
which w ... d,sIYlb":,,d on !he Duquesne llghl CompJny
IransmlSSlon Imes selVln'l lhe PlIIsburQb "rea

-11-
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Based on the operation 01 Shippingport and subsequent
nuclear power plants. the commitment by electrical utility com­
panies to nuclear power became much greater during the late
1960's and early 1970·s. As 01 March I, 1975. 55 nuclear
powered el.eclrical generating stiltion~, with a capacity of over
39 million electrical kilowatts, were in operation in the United
Stales. These 55 plants, operating at a 70 percent capacity lac­
tor. produce in'iI year the energy equivalent 01 410 million bar­
rels 01 oLi. or 110 million tons 01 coal. All but three 01 these
plants ~se Zircaloy cladding and structural material.

Based on the projected increased growth 01 electrical gen­
erating plants. it is estimated thai by the mid-1980's the zir­
conIUm required lor nuclear reaclors 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 (han 25 years ago by Dr. Kroll.

CONCLUSION

I have emphasized in my remarks tonight thatlhe decisions
on Zirconium were not gambles but risks. This does not mean
that success was inevitable. It was not. What I have tried to show
IS that fisk can be narro\~ed, but il i~. not I~asy to do 50.

To say !hal :: is necessary 10 oblain (acts is little more useful
than offermg a soothing platitude In engineering developm~nt,

as well as in (.'lher fields, Iinding lacts is arduous, exhausting,
and hme-consuming They do nol exist in isolation. The Romans
looked at a constellation in Ihe sky and called il Ursa Major. We
call .1 (he Big Dipper. The stars are the same, but we are
dillercnilrom the Romans. So it is wilh dala: the use depends on
your goal and Y0:;r view

The ~cienlisl call follow his quest ill pursuit 01 knowledge;
he can, to use popular ligures 01 speech, expiare <in endless

·12·



frontier 0: a boundless hori~on. An engineer canno\. He has
dillerent responsibilities. He musl proceed Irom one poir:.t to
another. But even Ihis is drastic oversimplification. The relations
between means and the end are dynamlc-a change at one
;:>oint aliects olhers.

It is this Iluidity Ihat places a particular responsibility upon
the individual in cha.ge 01 a development project. He cannot
separate himsell from technical work. He must nol allow himself
to be isolated by layers of adminislrators and managers. In
Greek mythology, Antaeus was a giant who was strong as long as
he had contact wilh the earth. When he was lilted hom the earth
he lost his strength. So it is wilh engineers. They must nol be iso­
lated Irom the real world.

When Dr, Kroll and I met at Albany, we dealt with details.
We had to, We und.erstood each other because we based our
discuss~on ,on principles-his were scientific, mine ..... ere
engineering. Far too irequently people, particularly thoSF! who
have just come from universities, are convinced that ilthey learn
the principles. that is allihev need ~o know. As the decision 011

~irconium shows, this is no! so. 01 course you need principles,
but that is nol enough.

The Devil is in the details, but so is salvation.

-13-
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DEVELOPMENT OF SOURCES or SUPPLY
FOR ZIRCONIUM AND HAFNIUM FOR

NUCLEAR REACTORS

L. D. Geiger

This paper summarizes the development of commercial
sources of supply lor zirconium and hafnium metal over the
period 1950 to 1965. The problems encountered it:. obtaining
zirconium needed lor early naval prototype and shipboard reac­
lors are identified. Steps taken in the Government procurement
process are describEod and statistics on production amounts,
prices, and invenlory a~e included.

The early problems led to centralization of all Commission
procurement of zirconium at its Pillsburgh Area Dllice, later
de~ignt!ted the Pillsburgh Na'lal Reaclors Oilice. The .lclions
leading to placement 01 rive-year contracts with three compa­
nies in 1951. and 1956 which developed a commercial industry
lor zirconIUm are outlined. Throughout this paper I have re­
lerred to actions taken by Admiral" Rickover. Direclor 01 the
Atomic Energy Commission and Navy projects for nuclear pro­
pulsion of naval VEssels and the first nuclear generaling station
at Shippingport. Pennsylvania It is clear throughoulthe period
covered Ihill Admiral Rickover was the driving force in obtain­
ing high quality zirconium at a low price fr~m private industry
through the u~e of markel competition

PRELIMINARY PHASE

When Admiral Rickover first decided thai zirconium would
be the slr\1clu;al ""alerial for naval reaclor cores, facilities lor ils
prodl1ctinn in ~.gniiic"nl quantities did nol exist In 1948 a typi­
cal price lor the metal was about 5235 per pound. In 1949 Ihe
Betlis Pia nt, laler known ,)S \he Bellis Atomic Power Laboratory.
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was established by :he Commission to pursue the nuclear sub­
marine program. r was assigned as Manager 01 the Pills burgh
Area Ollice, which was set up to conduct the Commission's
business al that Site.

Ever' though It was impossible at that time to det'lrmine with
any certainty the amount of zirconium needed lor the nuclear
submarlne project, there was little doubt that the ligure would be
substantial. Not only was metal required by Bettis [or the Mark I
prototype reactor being built lor tesling in Idaho and lor the
Mark II reactor being buill lor installation in the ."VrllJ/i/l/s, but
also [or several other Commission contractors ancllaboralories
which needed purified zirconium lor testing to determine the
nuclear, mechanical. and corrosion properties v! the metal.

With normal sources 01 supply unavailable, lhe procure­
ment 01 zirconium was complicated and time-consuming, It was
or iginally the responsibility 01 the AEC's Division of Production,
which delegated it to the AEC's New York Operations Oliice
Under this arrangement, CommiSSion labor.\tories and contrac­
tors needing zirconium submilled requests thll1Ugh their local
Commission olliees to the New York Operations Olfice, which
sO'Jght suppliers lor the combined requirements

The New York Operation~ OUice had ;niliated contracts lor
zirconium metal devc'!opment and procurement with the Foole
Minerai Company 01 E"ton, Pennsylvania, "nd the Titanium
Alloy Manufacturing (TAM) Division of the National Lead Com­
pany 01 Niagara Falls, N'lW York The New York Operations 01­
hce had also made an interagency working agreement with the
Bureau 01 M,nes to expand development and prod1lction
capabilities 10: zirconIum at its Albany, Oregon, faCilily. These
arrangements constituted three alternate approaches 10 the pro­
duchon 01 Zirconium metal Other CommIssion contractors were
"Iso Involved Of tnese, the Battelle Memorial bstitule of Co­
lumbus. OhiO, was a potential lourth source
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Production u! usable zirconium required the removal 0/ an
impunty, hafnium. which was associated with all zirconium ores.
Technology to perform this puriiication was not available iit that
lime outside 0/ Commission facilities, but a suitable process bad
been success[ully developed at the AEC's Y-12 Plant at Oak
Ridge, Tennessee. During the preliminar~ phase 01 zirconium
produciion, Oak Ridge was 10 sllp~ly purified zirconium com­
pounds as leed material for metal producers,

TAM Division and the Bureau 01 Mines undertock to p,o­
duce the zirconium as sponge melal formed from reduction 01
zirconium tetrachloridE;, while Foote Mineral Company and
Bdttelle Memorial Institute were to produce crystal-bar
zirconium-refined metal produced by deposition Irom d

volatile zi',conium compound on a healed lilamenl.

Some of the other organizations that were studying zir­
conium properties o:Ind production methods althal time were the
AEC's Argonne National Laboratory, General Electric Compa­
ny as operator of the AEC's Knolls Atomic Power Laboratory,
Mas~achusellsInslitute of Technology. the AEC's Ames Labora­
tory at Iowa State University, National Research Corporation.
Sylvania Electric Products Company, and the Bloomfield plant
0/ Westil'.ghouse Electric Corporation,

The research was ollen frustrating, partly from technical
dilliculties, partly from the shortage 01 malerials to work with,
and partly from the fact that no one was coordinating the severo:ll
organizations involved. In addilion, the tendency 01 SO'Tle forms
of zirconium to explode or burn rapidly represented a hazard

Admiral Rickover could not at/irst convince those responsi­
ble in the Commission of the lirgency of the need for zirconium.
They argued that because he could not se: pr.,cise amounts
needed or provide detailed specifications, a large production
program seemed premature or unnecessary. Furthermore. they

·l9-
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said that the work already in progress might resolve the uncer­
tainties and lead to better and less expensive production
methods than crystal biir, the only process which appeared able
to provide suitable malerial.

IDENTIFICATION OF FIRST FIRM REQUIREMENTS

In early 19S0 B'lt!is calculated a firm requirement lor
30,000 pounds 01 low-hafnium, conosion-resisl,ml zirconium lor
the Mark I prototype waclor. Certain he would never get thai
amount 01 acceptable malerial 10 meet the Mark I timetable
under the ..xisting Commission procedures, Admirdl Rickover
encouraged Betlis in March 1950 to write illl aHicialletler to the
Com mission pointing out that, on the basis of past experience,
there ..... "s little likelihood 01 obtaining enough zirconium Ie meet
the required schedule, Therefor'e, the Betlis Laboratory re­
quesled Commission authorization to procure its zirconium
directly,

The Commission, however, in April 1950 t:onhacted
through the New York Operations Office with Faole MineBI
Company 10 deliver 30,000 pounds of crystal bar by Iune 30,
1951. The price varied from $110 per pound lor Ihe firs!
9000 pounds, to $50 per pound lor the last 17,000 pounds, ex­
clusive 01 tho cost oE the zirconiulil tetrachloride leed materiaL
The basic plan 01 the New York Operations OHice lor meeting
the Mark 1 and olher requirements was as lollows:

1. TAM DivlSior. would supply impure zirconium tetrachlo­
ride made from zircon sand which had been chlorinaled
by the Stauller Chemical Company The zircon carne
from the Rutile Mining Company.

2, Oak Ridge would perform lh2 z\rconium-halmum sepa­
ration. The Oak Ridge product would be low-hafnium
zirconium oxide, Oak Ridge woald convert some of tile
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oxide 10 te>trachloride. but also ship some oxide to the
Bureau of Mines Albany, Oregon, plant and to TAM Divi­
sion for further processing.

3 The' Bureau of Mines would chlorinate some 01 the Oak
Ridge zirconium oxide and would reduce the resulting
ietrachloride and other tetriichloride /rom Oak Ridge 10

sponge. Also, the Bureau would convert sponge to ingol
or strip, iiS needed.

4. TAM Division would perlorm much the same procedure
as the Bureau 01 ~~ines. They would ch!orinilte some Oak
Ridge-produced zirconium oxide and reduce the resall­
ing tetrachloride as well as other tetrachloride to
sponge. Processing 01 the zirconium strip lor an Ar­
gonne reaclor physics experiment was subcontracted 10

the Electro Metallurgical Corporation lor melting and to
the Simo'nds Saw and Steel Company lor forging and
rolling.

5. Foote Mineral Company would convert low-hafnium
tetrachloride to sponge and then to crystal bar for deliv­
ery ro E;'lti~, and other users.

The plan failed. Foote Mineral Company sponge produc­
tion was variable and produced low yields a::.d pOOT grade
material. The TAM Di"lsion also had high proc",ss losses and
produced sponge containing impurities. Further, production
schedules established by Foote and other producers did not
meet requirements. As of Juiy 31, 1950 about 4900 of the
6500 pounds of zirconium strip needed for (he Argonne critical
experiment had yet to be delivered. Bellis had received none of
the 30,C'OO pounds of crystal bar needl~d for the Mark I reactor.
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ASSIGNMENT OF PROCUREMENT RESPONSIBILT.­
TY TO PITTSBURGH

In July 1950, at Admiral Rickover's prodding, the CO~lmi5­

sian finally authorized Belhs \0 install and operate cryrdal-bar
laciiities of its own design and 10 use Governmeni-Iurnished
spongE: as the feed malerial. Bettis crystal bar was to supplement
or, 11 necessary, repl<>.ce Foote Mim:ral Company production.
The newly designed plant was baf"Jd on the same basic process,
but scaled uo to produce larger cryslal-bar stock.

In Augusl 1950 the COl!lmission translerred the respon­
s,bdlly for Zirconium i'lrocu~p.ment from the Director 01 Produc­
lion !o Ihe DI,eelor 01 Red<:tor Developmenl, who a.ssigned the
responsibil:~y to the Chicago Or;eraticns Ol£ice and through it
10 ils PillS burgh Area Office. Up to I.his point Admiral Rickover's
group, called Naval Reaclors, although responsible 10 ihe Com­
miSSIon aud the N,~vy lor developing naval nuclear reactors, had
not possessed the aulhority to procure the meta I essential lor its
work

Alter consullalion with Admiral Rickover and Bellis, the
Pittsbu'9h Area Ollice look sevE'ral aelions to mod:fy the pro­
duchon plan. Since thE' Foole Mineral Company's spon"e was
friable and hard 10 process, Ihat pari 01 their operation was can­
celled Because TAM DiVISiOn sponge had excessivE' impurities
and Ir,C! production process was inefli<::ient, this work was
slopped. All halnium separalion was slill done at Oak Ridge,
dnd all sponge came from the Bureau of Mines and selved as !he
fced malerial lor Foote and lor Bettis when its facility began
operation in November 1950. This lacilily, which ope;aled unlil
June 1952, produced approJ<imalely 80,000 pounds 01 crysta-l.
bar zirconium. About hall of this amount was used in the
manufacture of Ihe Mark I reacior.
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ZIRCONIUM FOR THE MARK I REACTOR

Several themes ran simultaneously throughout th~ early zir­
conium procurement program lor the Mark I prototype reactor.
First Wi:!S the immediate objective 01 procurement 01 reactor­
grade zirconium; second, the improvement of production pro­
cesses; third. the c..Ievelopment 01 zirconium alloys with im­
proved qualities; and fourth, the creation 01 a zirconium indus­
try. Although thlJse items are considered separately, they were
actually concurrent, and developments in One usually had an
impact on the others.

Specilications lor zirconium material lor the Mark I reactor
consisted primarily 01 general requirements lor ductility, corro­
sion resistance, and absorption cross section for thermal
neutrons Because the limits 01 physical properties and impuri­
ties could nol yel be established, production was dir'2cted
toward zirconium of the highEst possihle pu:ity. Metal shapes
produced !mm melling Bureau of Mines src.nc;le, while me'~ting

the ductility reqUirements, did not consistenlly meet corrosion
resistance standards. ConsEqU!e'n!ly, Admiral Rickover decided
that crystal bar, the relin"d (",m 01 zirconiLim, would b·c used lor
the Mar k I reactor.

The Bureau 01 Mines required additional c ...pacily to pro­
duce the zirconium sponge needed at Bellis and at Foote to pro­
duce the required crystal-bar zirconiuTil The Bureau's pllot
]Jlant had been established with the encouragement and
assistiince both of the Navy's Bureau of Ships and the AEC's
Div!sion 01 Production With the reassignment 01 responsibilities
in August 1950, the Pittsburgh Area OlEce Iinanced the expan­
sion in 1951. To cover expansion and proclucticn costs, the
Commission used inventory funds which had been proliided to
pay for the zirconium ordered by various USE!rs. Most of th~

money came hom Mark I prototype funds, but other zirconiu m
users also contributed.
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The Bllreau 01 Mines soon became heavily involved in
hilln;.llm sepdration. InihaI use o( the Y- j 2 plant al Oak Flidge!or
this purpose was seen from the beginnmg as an expedient, but
one which would distract the facility from its primary mission.
Therefore the decision was made to have the Bureau 01 Mines
Albany lacl1ilY expanded to perl0rm this operation. The Bureau
began CC!ls!ruclion 01 additional lacililies in April I ~31 and
~!arled operation in April 1952. Abollt a )'ear later Oak Ridge
was able :0 wilhdra'n' hom all zirconium-hafnium separation
work

!::'RLY STEPS TOWARD INDUSTRIt'\L
PARTICIPATION

Given the incomplete staqe 01 technological development.
the "ery light schedule. and the uncertainty c.s to specification
r;>quiremenls. Ihere existed no practical alternative b~lt lr> use
Government lacil;ties 10 produce the zin:Qninm ne",ded lor the
Mark I reactor However. as a basic policy, Admiral Rickover
and the other Commission ollicials invo!~ed considered it un­
desirable lor the Government to continue to produce zirconium.
Therelore, actions were undertaken to develop one or more
commercial saurces 01 supply. Having witnessed the operations
01 both the Government and private industry during his Navy
career, Admiral Ricko\'er was convinced of the cormclness 01
this ba~ic pelicy

The iniliative lor stimulating zirconium industrial inlerest
had to come !rom Washington. In March 1951 the Commission
Issued a press rElease armouncir:g the intent to obtain zirconium
and hainium [rom cDmmercial sources and asking for expres­
siOns 01 inler'?sl. On June 22, 1951 the PiUs burgh Area Ollice
issued a prospectlls to 26 companies which appeared to be the
mo~t likely candidates, The prospeclus st~ted that the Commis­
sion proposed to ask 10j" cimounts of up 10 150,000 pounds of zir­
conium annllally {or a period 01 live years, beginning in January
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1953. The prospectus 'llso inr.luded preliminary technicai
specifications and invited ,he companies to visit Commission
and Bureau of Mines facilities for firsthand informatior.\.

The early contraets had contained no techr.ical spt'ci!ica­
tions because meaningful specifications had nol been devel­
oped prior to this time; the scientists concerned merely ~··laled

that they desired the composition to be "as pllre as pcssible."
They also stated thatlhe minimum strength limi~.s were io be "as
fltrcng as possible without increasing hardness."

However, it was recognized thaI specifications were impor­
tant in order 10 achieve normal procurement on a fix"d-p:icl~

ba';;is. Therefore, specilicahons were drafted by the Pittsburgh
Area Ollice and WE,(e com~<!nled on by Bettis, Naval Reacto,s,
C~icagoOperations Of~ice, Bureau of Mines, and Argonne The
final Naval Reactors' approved version Ihen went Inlo the
prospectus package.

With the prospectus, an invitation was issued to inte'ested
parties to attend a meeting on July 18, IS51, :1 the AEC's
Chicago Ollice for a more detailed discussion. Thirly-loLlr com·
panies senl represen.latives to the meeting These ,epresenta­
tives vehemently disagreed with the plan to use a fixed-price
contract, arguing that Ihe future needs for zirconium and
fJafnium were lao indefinite and the technical uncerlfiinties
were 100 great. Further, thev argued that the ilnnual delIvery
rales proposed in the prospectu5 we'e not hIgh enough to lustily
:'uildinq a production P],1Il1. It was ddf'~lIlt at the time. however,
to Justify as much as J 50,000 pounds of ZIrconium ,l yedf on d

contmlling basis. Although II was expected thai replilcement
cores for the S(/ult/u.- would be nee-ded, and the study of a
nuclear powered aircraft carrier h<l<l begun, other naval reactor
proje:::ts were slill nebulous At this lime the Mark I reactor had
nol yel begun operdlion so there wus no certainty thai lh'? N"vy
would ev",n adaptliuclear propulsion Allhaugh there was talk lit
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clhilH US(lJ cA l.lrC()n1l1~. ~r1llort· W.,~ n-,l r .....'sllnAbh· IarM'\ :C"\il.flU.·­

mt!n! bv oth('r Commn~~U(.'t1 r~.,r.l<,)r ei",\·~lupm.!'flt l'follf"t·l:ri. nil:

by Ihfl' Cc:~,ml5'l()n-o""'·n",diJ1\ltoniuTn produc:t1 1.H1 ruo\c.:hlr,:.

No conlr,lcb r..~ull..d clll"cll'/ lrom lh,~ :n .... lll'CJ bul,' WAS

no:>verlht'l"ss u,~lul ",s .1 sIC';> lo"';;rd th" controllcl Iii,,: ... "s
1I11Im.. l .. ly n"qotl.. l .. ci for on", lhlnq, " ""n, " lollo..... up .,1 lh"
p:u""pco,::,tus ",nd ml,d.. c;crtlllt"l thlll tho,,, \aQt3n_:"hon~inl .... rr"fF;'d

In prl)dUClnq ::nrconlu~ ha,d .,c..C't',,!,: In t},u '."m("' Htfornl.,\flr','n

A!$'" IhO! dlsnu.lun """hl..d CUr:1Ml'HIOIl rC'pr"~"l1l"II\'''' t"

1",II"r lInd"r:cl"nd MId ,'ns ....~r (lll".hc,ns willc:h wC'r<" Ir()uhlwQ
Induslry All oj t~{' c\..lr.1p~n\,lS Yr~r~ I.nl"H.""l~~d III llhl~1lul1rJ ~

Governmen! conlf,ld. hilt r1('n" .....'s ""t!!:nq \0 "'·{· .. pl th,. flsle ,'!
blltlcllnq ,. n"", pl.,nl ,H.d L"ommlHII1Q Its"lll"., !I!ed.prtce <'oil,·

Ir"e! Th mO! ..llt1q.d~" I"v.·"lccllh~t wllh:1I ;hr· C"mml~"':)lIlh..
N.w,1I R ,C'lor~ P,oq:.1f:1 ",.,. th ... ~ol" cU~lomr.r. not ...·llh5'''ndm'l
.."(H.:.,llnl<HPst ,~ltPj(~ssf·d hv ulher pr('l'Qf.,m$ By hu In'l~t~nc~ (")[1

,j".d~-:'lry.n""'·nl~,d pl.lnt:a .'I'lc1 ftxl'!'d·prl(:c conlr"lch. A.dm~!"..1l

Rlcle,wer dI5pl~v"d hiS del"rmu1"hon I., Jc;'"p Ih .. Gov.. r::!!1l:'nl
Ollt nf Ih~ c(ln~r~~clnr'j; bU~IfH"5S

To O\·erC0m .. ~,)mr. nl :nc probl~m' ,d .. nl>l",d by Ih"

(:'"c"qo me.'I,nq. th" C"mm:Hlon In S~ptrmbO)( 1951 ....~ll1o­
n~p,J c,c:cC'pt.,ncflo of ~.'h~l.,clorv bid:; tur :~rconlum sponqe 1n
qu.,ni:h('~ nlll:1l ')~l·,,(·d 300,000 pounds per V1'., , i,)r IIV,", ye.H'

An 105\1(' ,!:. .. :, ",me .,b,l": ho ..... 10 dlvld" lh., ",n"ul~1 01 mlllcrlo,l
I,rnonc:; Ihp bHld ... rs Onp pUS-ilion W.,!: to .,wllrd the· ('nllre­

dm\)unl to II ~tnqlr:' (·or:~p(,nv b~c.,u~~ such r\l~ ,\chon wculd
rf-sull .., lh(llow~sl pl: ... e BUI .I s,"~I.., source pr"':lucmenl could
op .. n the .... dy 10.1 monopolv .,tuMlon Admlfdl Rlckover deSired

two or mar" SlIpph.. lS. h,~ Il,:-'· .. r 1,,!1 comlorl.,bl(' wllh only on~

contrdc'or t'Jr c\ny plJrpn~p H,~ ... 1,.0 hph('\,p.d~th,Jlt IO~1q·ro1l1C;r.

competItIOn "nd gll".I!'! r..h"bdllv ,\1 lower C;HI would resull

trom havlnq Iwo or mou' sources 01 ~upplv
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l"4"'1~Q \hou U$U", uluo!tlc:'d ~u U",VU4('O~'1 "'0\$ l",:uQ'd on

:-cu"'tlmhor~, 1951 ~c; ~CJrC' n1A..~1 JS hur,!' 'fhQ :~Ylt-,uon f~·

t.lu..".~,,·d [u;e-ci-prlco prt:'P-i"4~':.i ~,,. lIi"lr-~h' luc:on1ut:\ Ju:\d h",fnlum
:Si]ofHJ~ It"tf tU·rIo T~.tt't_ ~t .;l!3.~ColI ~ ... 'o:::: r"'t~Q1nq ht"'l!T1 100,000 ~(I

.c:SU,O\JO pou::..ch, pi =ue;"'(~:U\.H~ n1~ }t1,(I~... hf)J-:- ..... ~" b",sod un, ~h\,

IC'r:'1~s An(i cOl'l.al!PI:1-;" i,l !h~ "tAIH,iA.rri Guv"':~~£':l[ "~i'pi.., con·

Ir4e'L And ollerod r+u rrolu:.! 10 (hOi C()I'I.1:"",C:~u: fur the- ruk&. 1'·...

v<,l,."d A:nnnq 11." .l'lnci ... rd conluct 1"""'''0'·.•. II,,, GoYOri,­
f"It'~! W.:t.~ ~I.'J h~ ","}Jl~ ~"{·~"H, ... llu",·" <,·uj.':.~r"H.'" frH' i\~ ("(.>:,,,v~nLel-u ..·.,,

.:I!i£i [h~ ("(,nlr~~_·~"--':1 Wt.H,Jld h~\"~" 11.0 '\\;4'" l:1 :It'Co'Il("'f tb~ t"os~ uf hls.

i"e,!lra...

0" IA"\.:"'·~ 1S. 19S2 lI,,, IHd. """I' "1.,,,,, .. <1 .,1 1'1~,.b"'<.lh

\l(i(~ :Ill (·ll ..m'}-.~HlIeos ~;l ~:~~.i-:d':':H·C" Hllwf':l'l(~:. Unr'loc" ,,{ :h .... ~;::!'

\1(.:"" l'I'/!IoPU~$SVr. 7ht'r N.-U •.J:'1J1i l.C'.l\d C()U'lI}~:'i.Y 4:Hi ~h~ Au
Raodve!lou C(')1'~'qJ"'r.L"'t" c~t."b il.lhm.lHrnl 41l"':-~",~~v~ prnprl'o.lh

which wc.-:r.- t"i(l ,:n\.'J!C! ihAQ nHtt[~ to n,rP'QOh4lo en S\.1h~l",nao!tli."J'

d.di(lr~nt hHn\S .And (·',)I\dl!~~::'~ ~h4t' ,h..\d bw-t1;"1 rCGutr."'~!t'Pd !,"'oof,r

Mm.... ! Comp""'l'. B!,,~h 8"'rlll"'" CIl:T1P~I'l'r. F~".·( Alld B",IDII
COmjl.l''r. 411d NI<:h"lco\rb MII1"'~ls C",,,p.,\)' (~11 Qlhll.:" "I
lh .. C .. h"'u"duH'l Cnrr.p.",') ...... hd .. ml .. '"., .... d "' nbl.Il~l:tQ ...

c"(':-!Hr ..u:t dtH:,'lo1uHi tho\~ ~hn !~fm~ I.ull., d ~r) ~"itC':" .H:("uu~~l 01 ,ht'lf

ruk. (,'ol'.ludE;":ll1CJ zhr. IHH"CH:Asn luhHro ~,~rr"l !Of :::1f(·Onlur:\ J\nd
h~{n~ ...',l:.1. Tn 1''; rro"uh hol.\: i~r(",,," "'iP~(·h··d. l~ pro\'Jd('ld ., lCQAl

h.1Sil un..Jt~f prn(,,\:1r.~,:u~:1l II"4'ul~~~O:l~ !u p!,IJCt"Prl tn :ll!'Q()IJ~h~.,

l"(lnlJ~(~l (I[ CIJhlr .... r-h

\\'dlun ~ wro."k, ol Zuc(JlHllr~~ C(lr1.er .• r,·~l)r ~~htch()n HOArd ..... 4:!!1o

.."t~lJb$h~tl Tr.,C'!' l,,,b LJi th ..• HlJ..t~d W"JII tp :,-("omrne-na .)nr. , t

rnc:!ril\' cnn:rJ<-klJll k. phJ<hlC'c"' 300.000 pllund$ l-"f :UCnu,lllnl. ;.nd

'''i.'INlt.... lr<IlIl'l'; P"! ."'''' ".>' .. pr"l"! 01 h· "'''M' Oil t-~.. ,ch 27..
195;, .11.. , ,":!.·~·IIIt(j~ ... lIh 11,.· ,"",I 11\: .. 1 ,uPI)ir"r,. Ih,. BOMd
r~\:~,,~nm(tndc-d GI".-ldinq th~ ",:nunn l '"4u..;.:iy h","tw~<"n th,," CAl"

hor""d"m C l'llp4'.....,r.d 111" r'>ol .. M:n'·r.l Comp"n," Bolh h~d

I",'po."d lr rrlIl'lQ 10 budd I~,."r ow'; pl""'15 '1l1)'I'CI 10 errl",,,
("{lndthun$ for" h:1'11, ... d hlnt'l ~h;: Comrn.I~~51on ",,·ould H!linbursf"
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aclual Sldrt-up costs, but with no p,'Jht lor Ihe companies. Alter
Ihls period, the CommIssion would pay a unit price lor metal
which met speclflc<'\taons. T" resolve the problem of the Govern­
ment's rl(~htlo cancel, the proposals specified Government pay­
men! lor the unamorhzed facility costs i[ the contract was termi­
naled befo'e the lave ye" rs were up The unit price was to be re­
determined each year to cover labor esca lataon and to share any
olher c:hanqes In actual production cosls between the Commis­
sion dnd Iho contraclor

01 the two proposals, that of Carborundum included the
lowest puce lor ZirCOnium and contained the lew est number 01
leg,,1 cond,hons Neqoliations WIth tIns company proved suc­
cessful and d contract was signed on May 13, 1952, WIth the
Carborundum Metals Company, i\ whollv owned subsidiary 01
the Carborundum Company Conslf:!chOll of a plant in Akron,
New York, was completed abo'JI May 1954, and the production
rdte reached 200,000 pounds \Jer yea, In 1955. The initial price
lor zirCOlllllln sponge was $13.tl€l per pound and, under the
price lormula In the contract, prices in subsequent years varied
Irom about 5151051065 per pound during the live-year term 01
th,s contrdct Negolidlic,ns wilh I;he Foote Mineral Company lor
:he second contract latled

HAFNIUM FOR THE MARK I REACTOR

In the Iirst ha II 01 ISSI the Naval Reaclors Program became
interested In hafnIum lis neutron-absorbing properties, in addi­
hon to Its other cha,dcleflstics, seemed promising as d control
rod mdlenal The d ..velopmenl 01 conlrol rods was the respon­
slbtll,v 01 Argonne which was working on silver-cadmium rods.
Admlrdl Rlckover was Interested in halnium, but iniliailv made
sur" !hal It remd,ned d secondary eHort Therefore, he approved
or.!, lImlled work to explore the properties of Ihe malerid and
dulhorlzed only sulbclent production lor deve\opmenial testing,
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In July 1951 Naval Reactors' approval was obtained 10

fabricale haln ium conlrclrods of Ihe Mark I reaclor deSign The
ellorl was still a backup, lor the hainium rods were 10 be used on
a trial basis. Oak Ridqe purified lhe halnium-rich concenlrates
which had accumulated from the hafnium-zirconIUm separahon
work The Bureau 01 Mines set up specia: equipmenl 10 proc.ess
the halnium oxide and had shipped several hundred pounds 01
hafnium sponge 10 Bellis by August 1951. Belhs ran tests Ihal
proved hafnium sponge could be made into crystal bar. A con­
tract was placed in which Foote Mineral Company deliverpu
abollt 110 pounds 01 suitable cryslal b,n in January 1952

In December 1952 Admiral Rickover obs€'rved the results
of testing the silver-cadmium control rods whici~ were the pri­
mary design lor the Mark I redclor Th,ese resulls were so uns41­
islactory that he made the decision no! to use these rods lor the
Mar~. I reactor and immediately approved use of halnium con­
trol rods. The Foote Mineral Company then converted addi­
tional halnium sponge to about 3000 pounds 01 crystal biu, the
approximate amount needed lor the Mark I reaClor control rods.
Foote's price was about $91 pea pound, based on the company's
paying the Commissilln $45 per pound lor sponge feed
material. The rapid advancement of Ihis secondary develop­
ment program was shown by the decreased price. Less than
three years earlier, Foote hac! quoted a price lor supplying live
pounds 01 halnium crystal b.31 al $2000 per pound, ellcludinq
the cost 01 Government-lur:?ished halnium oxide.

,
ThL expedited program to obtain halnium 10: the new rods

without delaving the Mark 1 proved to be comparatively simple.
The process developmenl had been carried out and sulfident
leed mate.ial was available in the production pipeline. Bellis re­
ceived the crystal bar from the Foote Mineral Company and
labricated the material into control rods at a rate r.:onsiSII~ntwith
the Mark I reactor fabrication schedule. Ha.d the development
contracts not been plar=ed when they were, the metai would not
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'\Ave been ~val1.. ble In I,me Hal,,,um became an lmpor~<oni

maleClal for the Naval Reaclors Program and. 115 ""iii he noted
Idler. posed 115 own 501 of production and p,ccuromel1l r;!ob­
lem,

ZIRCONIUM FOR THE MARK II REACTOR FOR
NAUTILUS

The duembled M,uk [ redclo: ..... a5 completed and shipped
(rom Belli. 10 Ihe Idaho I(!,hnq .I .. hon in lale 1952, By Ihallime,
work on Ihe M-srk II reactor I", the ,\'U:/rtlll., hold dlready begun,

Rll:::agnitlng thai cosl savings could be re.tH~ed by elimi­
lldllnq Ihe cry'ldl-b", relining step•. ellorts had continued on
tJrconlum melled directlv Irom sponge As a p,ut nI the~e ..Horts,
steps were ldken 10 develop the inlF/rest 'and capilbility 01 in­
dustrial firm. in the rneltmg and Illbrication at zirconium, Ar­
rangemenls were made in Decem~er 195\ with interested com­
piln,e. to do e~perimentdl Vlork dnd ma'lce lriill runs with
Governrne'lt-lurnished 'ponge, The spong', Wei' furnished ii' no
cos I 10 the companies; the companies made no charqe tt. the
Gove'nmE'ntlor the worle carried out; dnd the Government, prin­
cipally Belli~. with some wo,k done by the Bu,~(\u 01 Mines and
Argonne, ',valuated the samples and lest r<!slilts, The lollowinq
com ...ani'~s participated in this early program:

A.lIegheny Ludlum Sl~el Corporation

Climu Molybuenum Company

Rem-~nl Titanium, Inc,

Natiorh' I ?,;:::oi'lrch Corporation

Oiin Industries, Jnc
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Bettis was then authurized 10 ploice orders ....ith these com­
panies. eKcept lor Rem-em which dropped out bl?cause its
equipment was not com Pol lib I", with zirconium processing re­
quirements.

On the basis of eKperimenla! work done by the Bureau 01
Mines lind B~!!is, supplemented by the ezperience 01 Ihe in­
dusltial lirms. Bettis iecommended and Nava! Reactors ap­
proved the process utilizing an:: melling 01 (';)nsumable elec­
trorles made 01 compacts 01 zirconi!Jm spcn1ge with other alloy
con~lituents in water-cooled copper cm;;ibles. The initial ingots
wo.uld then be used as the electrodes 1m remelting into larger
ingots. The double melting was necessarf to assure good homo­
geneity of the alloy In 1952 and 1953, Allegheny Ludlum, lJl the
industrial organizations, had the best capability lor this process.

Melling of lirconium alloy ingots for the .vmolilll.' reaclo!
began in Sap~erllber 1952. The Bureau 01 Mines providEd the
sponge and convC!rled about 90 percent 01 it into ingots The
Bureau ble:lded thil sponqe at Albany, Oregon, compilcled II at
another Bureau lacility al Boulder City. Nevada, and relurned
the malerial 10 Albany lei melting into ingots which weigl:ed
about 100 pounds Feur or live 01 these first-mell ingots were
welded together into an electrode from which an ingot was then
melted which weighed 300 to 400 pounds.

As a hedge against possible problems resulting from
elimination 01 the crystal-bar step, a reserve 01 about
40,000 pounds 01 crystal-bar zirconium, about enough lor
another reactor, was accumulated from Beltis and Foote Mineral
Company. In 1952 !:loth organizations discontinued tlteir pro­
duction 01 cr'fstal-bar zirconium.

Fabrication olthe NUldill,s reador was completed in April
1954
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COMMERCIAL PRODUCTION IN 1953-1954

A m~lor step In Ihe developmen~ 01 commercial sources 01
ZUC0nlum and hdfllum W<'IS the conlr<'lcl which Cilrborundum
Metais Comp~!IY hild ~nlered 'nlo on MilY 13, 1952. as men­
tioned earlier Negoll"llons Wllh the Foole Mineral Company.
Intended 10 provide a second source of zlfC:onium, harl. LlIled ilt
the end of 1952 However, other companies became ,nleies\.sd
In Zl(COnium and hafnium :md submilled un:;olicited proposals
As <'I result, a new C"ntracl Board, similar to the previous one ell­
ceplfor some changes In membO:fshlp, was established in Janu­
ar, 1953 The BOilrd considered prc,posals from Foote MinErai
Company, the Air Reduchon Corrlpany; Eagle-Picher Company.
HOrizons. !nc, National Lead Company; and Reynolds Metal
Company

The Board recommended Eagle-Picher Company because
the company was wil1Jng 10 accept a contract essentially the
same as the Carborundum Metals Company conlrncls, in­
cluding the inll1al unit price 01 $13.46, which was more lavora­
ble to the Government lhan the other proposals However, the
contract was never ellecuted because in early 1953 require­
menls ler zirconIUm and halnium were still too uncertain.

Aller Carborundum Metais Comp,lny had achieved accept­
able productIon from its new plant. the Bureau 01 Mines began
10 curtail its clctlvities It d isconlinued hafnium separation work
m December 1954 and zirCOnium sponge production in May
1955 Through process improvement clnd increasp.d elliciency,
the Bureau had increased its sponge capacity to about
225.000 pounds per year. 11 had done good work hI.;: was anx­
ious to get out o[ the program. From the beginning the Bureau 01
M,nes understood thaI it would be involved in producli9n only

-32-



as long as commercial sources were not available. The Bureau
olheidls were ",neally aboul conlinuing production when Car­
borundum Metals Company went 1010 operallon. but were will­
ing to continue as long as the Commission and the Navy gave 'l.S­

surance thaI the work was essential.

NEW REQUIREMENTS

The succ~s'!~ll operaiion of the Mark I reactor demon­
slralen the validity c1the pl<!ssurized water reactor concept and

- stimulated ne .... requirements for zirconium. in 1954, the Naval
Reactors Program was e::j)anding 10 include more submarine
and sudace ship project~. as Vlell as the pressurized water reac­
tor for the Shippingport Atomic Power Stali':>n which had been
i:ssigneci to Admiral Rickover by the Commissicn. By 1956 the
estimate 01 lirconium required had increased to over
2,600,000 pounds per year beginning in 1959. About 75 per­
cent 01 these requirements were for shipboard reactors in­
c1udiJ~g refueling of nuclear 'lhps, an operation which was 6:1:­

pected 10 take place every Ie...... years. The esti:nate also included
signiliomt amounts of zirconium for the AEC's Hanford and
Savannah River production reactors and for the ato:imlC powered
airplane program.

A new factor to be considered in determining zirconium re­
quiremants was the interest of several electric utilities in nuclear
powered reactor planls. Recognizing that civilian nuclear power
reador plants would be a potential source 01 zirconium require­
ments, the Commission informed the utilities of its procurement
plans.

Civilian interest, however, was necessarily small at this
stage and there was no inlent by the Commission to procure zir­
conium lor the utilities. Of immediate importance was Ihe
amount 01 zirconi:.lm required for the Naval Reactors ·Program.
The Commi~sion's appropriations included no funds for the
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continuing Navy !equir..m-::>ats. and the Commission saw no
reason wily it should !),ocure zirconium for the Navy. Until this
issue was resolvp,;:i, no new contracts could be pJac.:cd.

lh,~ issue was critical. Admiral Rickover saw advantages 10

combining the requirements 01 both the Commission and Navy
while continuing to follow Commission procurement channels.
Turning zirconium procurement over to the Navy would mean
disrupting the already est<.l.blished procedures and chann~ls

which had succeeded in redllcing the cost of zirconium. This
issue was settled when Admital Rickover obtained the Navy's
agreement for him to transler I,IJavy funds to the Commissioil!or
the purpose of procuring reactm cores.

Estimating the requirements lor new lo:\g-term contracts in­
vc,lved obtaining inlormation In)m several groups. Naval Reac­
tors lurnished dales by which v,uious types 01 reactors were te
be needed. Bettis provided esHmates oi the zirconium dnd
haf".ium needed lor each type 01 reactor. The Pittsburgh Area
Ollice then computed lead times and prepared production
schedules. These were lurnished to Naval Reactors lor approvaL

To ;neet the growing overail requiremen;s lor zirconium, the
now customary proced'nes were followed. New proposals were
solicited in November 1955, and on January'ZO. 1.956, a Con­
tract Board for Zirconium and Hafuium Producho!! was estab­
lished to evaluate proposab received lor live-year contracts and
iQ recommend actions to obtain the increased quantity 01 oir­
conium required. One pOSSibility considered by the Board to
meel the ncar-term needs was \0 reacilvate the Bu:eatl of Mines
lacility at Albany, Oregon. Admiral Rickover and I wenlto Alba­
ny to investigate the feasibility, cos!, and schedul..s. However,
the Commission and the Bureau 01 Mines were both reloclant to
make this move, lor such an ac!ion would imply a step backward
Irom the goal 01 commercial procurement.
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ConrraetQ! cperiiiion oi the Bure;,u of Mines facilities at Al­
bany. howel(er, was another ffi3tter Late in 1955 the Wah Chang
Corporation had proposed to enti!r the Held by conducting d.

development program which would use the Albany facilities to
improve the production process for zircoGium and hafnium. The
Wah Chang proposal was modeled on an agreemenl which lhe
company had made in Io1ay 1955 to develop an improved
titanium process at the Bureau of Mines experimental station at
Boulder City, Nevada.

""ah Chang was a llJew YOlk o:gani?ation engaged in min­
ing tungsten ores and the manufacture of tungsten carbide
powder .and shapes. In addition, the company had acled as an
agent for the U. S, G~neral Services AdmiOistrillion in pur­
chasing tantalum and niobium ores and concentrates.

No activn was taken on the Wah CnanQ zirconium-h,dnium
proposal unlil the long-range program could be evaluated.

In early 1956 invit",tions Eor propo,sals to operate the
Bureau's Eacililies we:e issued. Respo'1seS were received from a
number of co mpa nies, inc luding Wah Chang Corpora lion, 0 lin
Matheson Chemical Corporation, and Harvey Alumin~m Divi­
sion. The Harvey Aluminum proposal appeared best, but
negoliatio;1s failed 10 remove reservations which were inconsis­
tent wieh the lixed-price contract intend@d, In negotiations, Wah
Cha,ng revised Us propos a ~ and, on April 27, 1956, Ihe Commis­
sion signed a contract.

Wah Chang was to deliver up to 600,000 pounds 01 zir­
conium sponge by June 30. 1958. The in;tial un;t price 'NdS

$9,39 per pound oE zirconium sponge dnd Wi!S subject to
renegotiation after the first six months d the plant's operation.
However, the change in price could only be downward; actually
the price dropped to $;).07 per pound Wah Chang immediately
look possession 01 the Bureau's plant, and by June 30. 1956, was
in production.
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Shortly aller the contract was sign~d, Naval Reactors further
increased its requirements for zirconium for the next 18 mClDlhs.
Wah Chang was asked to speed up its ~roduction, The company
responded in a proposal which resulted in a contract to: (1) ex­
pand at ils own expense the hafnium sepilralion equipment in
the Bureau's plant and to increase the output of zirconium
spo:;·.~o \rom 240,000 to 300,000 pounds per year with no
C'nanqe In unit price, dnd (2) build'a new privately owned facili­
ty a few miles fr.om Ihe Dureau of Mines facility. From the new
plant Wah Chang wOuld. provide an additional 270,000 pounds
01 z!rcon lUlr. sponge per IE'i,r al $12.00 per pound.

Wah Ch~ng beg~n sponge production in ils new plant in
F"b~uary 1957 In Ap~il I'Hi7 a second order for
2?O,OOO p0unds of ~ponge \,as plilced with the new plant. This
was delivered al a price of $9.35 per pound. In March 1958 the
complehon date 01 the contract was extended to February 1959,
and the price 01 tne last 191,000 pounds reduced 10 $8.24 per
>,ound.

8y lhese agreemenls the Commissior, nad been able to pur­
c!la'ie urgently needed zirconium sponge at prices less th"n the
$1242 per pQund concurrently being paid to Carborundum
Metals Company under its eXI~ling contract, with no additional
pvment by the Government for facilities, and witn no commit­
ment lor purcnases beyond known immediate requirements,

A lurther source used to r.'eel the shari-range requiremenl~

was a barler arrangemenl A Japanese company had suc­
ci'sshilly apphed tne Kroll process to titanium production. From
tne International Conference on Peacelul Uses 01 Atomic Ener­
gy held 10 Gene'/a In 1955, the comoany obtained inlorm.ation
on Zirconium and nalnium technology The company oHered to
deliver zirconium and hafniu.-,~ 10 the United Slates al priCES
whlcn were approxima:ely the same as Carborundum prices
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Admiral Rickover approved an agreement with the Toyo Zir­
conium Company lor 400,000 pounds of sponge and ~ssociater:

hafnium. The CDmmission paid dollar~ to the Commodity Credit
Corporation, an agency DI Ihe Department 01 Agriculture. whiGh
in tum provided grain oj equal vdlue to the Hugo Neu CDrpora­
tiDn.." Japanese trading company in New York. which then sold.
til" grain in Japan for yen which went to pay Toyo for t~e zir­
cDnium and halnium. Because oj iechnical diJliculites and a
serious fire. the company lilHed to deliver the full
400,000 pounds oi zirconium wllhin the specihed hme. How­
ever, 325.000 pounds were received which proved to be of
satisfactory quality.

LONG-TI:RM: COWfRJiCTS

In February 1956 the Conlncl Board for Zirconium and
Hafnium Production received prDposals from ten companies
and recommended awarding three five-yea r contracts wi~h fixed
prices for the first ve'lr 01 pt:>duction. and annual price [l~deter­

rninalion therealter, b'lt wilhill a fixed price ceiling

National Di.stillers Prlducts CorporatIon and NRC Melals
Corporation, a wholly owned subSidiary 01 the National Re­
search CorlJor'ltion. submilled the Iwo lowest b;~:;-' Both pro­
posed new process modifications NatIonal Dislll);~rs desired to
use sodium insteat.: 01 magnesIum as lhe reductant. and NRC
desired 10 use a diflerent solvent In the hafnium separ;;ilon s\e~

Technicai teams, consisting of personnel irom r~aval Reaclors,
the Piltsbu.rgh Area OHice, and BellIS vj~'[c'd the companies
Upon r€'ceiving the tE'am ,,"vdiudtions. ihe Board recommended
contraet.s with these two companies The Board recognized the
uncerti'.inlies invoived, but believed lha t :I-.e altraclive prices

-37-



justilied the risk The contracts linally placed werp. 1m !he
fvllowing quanlili,.'s and at thl;' indicated price's:

Unit Price P"~

Annu<l1 Deliv"ry Rat.. Pound, Ir.il;al Year

N,,\ional D,sliller.' 1,000.000 pounds zirco­
nium
21,500 pOl:nds halmum
G7.ide

NIlC Mct~15 700,000 pl>unde ?,rco­
nium
15,000 pounds hdlml.!m
o:tide

$4,53

2.75

650

503

The National Distillers Products Corporation contract was
signed May I. 1956. The company at once began to design an ci
COi1struct !acililies in Ashtabula, Ohio. Natklnal Distillers made
ils first shiplTlent in May 1958. Using sodium to reduce zir­
conium tetrachloride delayed delivery because it wa3 dillicult to
iemove the sodium chloride from the zircon:.~'11 sponge. Even­
lually, the problem was resolved by drip-melting the sponge.
The result was a ;o;irconium chunk lei ..... hich met ~J:',ecilicat~Qn re­
quirements.

The NRC Met;;.ls Corporation contract was also signed on
May J. 1956 NnC built a plan: near Pensacola. Florida. Initial
shipment of zirconium sponge look place in ?ebruary 1958, but
because 01 technical problems, NRC did not reach conlract
levels until a year later.

The Hugo Neu Corporation, representing the Japanese pro­
ducer, submitted the third l.~.",,,·~! hid. This offer becdme the
Dasl~ iui :h~ b~~:l;;"i drrangemenl meL.tio:led earU~r.

HoI. 'ons Tilaniur.l Corporation submitted the fourth most
",Ilracljlle proposal, but ils process was unproven as far as zir- .
coniurr. was concerned, so 110 cor-tract was C!ward"d.
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Carborundum Metals Company submitted the fifth best
oller, judging solely by price. The Board lavored Carborundum
lor a third contract, so that at least one of the thzee ':ompanies
would use a proven process, The initiai stumbling block was the
high proposed price. The company eventually reduced iis price
lor several reasons, First. il had not understood that its price was
so far out of line. 'Also, during the subsequent negotiations, it was
agreed that price redetennination could be upwC!.rd as well as
downward, a pr0visiol~ which made il easier for Carborundum to
reduce ils initial contract price.

Carborundum signed its contract on April 30, 1956, lor an­
nual delivery of 500,000 pounds 01 zirconium sponge at an ini­
tial price 01 $7.72 per po~nd, A new plant was built in Parkers­
burg, West Virginia. Nominal plant capacity was
I,200,OOG pounds 01 sponge per year, but initially some equip­
ment was limited 10 half that capacity. The Parkersburg plant
was a scaled-up version of the Carborundum plant in Akron,
Ohio. The company made its first deliver; Iroll'. the new facility
10 September ISs7. As soon as routine production was assured,
Carborundum closed down the old plan!.

At the time these contracts were negotiated, it was recog­
nized thai the zirconium and hafnium being purchased by the
Government would subsequenlly be used, as Government­
fUfll1shed material, under separate contracts for fabrication of
fuel elements for reactor cores. As a long-range objective, it was
intended that the luel fabricators should become responsible lor
procurement of raw maferials so that the Governmen~would not
have responsibility lor furnishing the material. To lacilitale
achip·.ing ihis, these contracts stipulated that the Commission
hp-d the righllo "allocate" the product to other designaled users
such as fuella.bricators. In eilect, this permilled Ihe Commission
to assign 10 the reactor fuel fabricators its rights and obligations
under these contracls to purchase from designa.ted zirconium
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sponge producers material in amounts specified by the Govern­
ment. When such an assignment was made, the fuel labricator
scheduled, accepted. "nd paid for the material. Durin.g the term,
olthe contracts, about 30 perce~,1 01 the sponge was allocated to
the f..bncators. A~ ~ resull, the Commission took delivery and
paid for only Ihe remaining amounts. In some cases, allocation
W,lS made 10 melters and fabricators of zirconium who were sup­
plier:; 10 the luel contractors. The al!ocalior, procedure reduced
Governmenllunds obligated and paid under the zirconium pro­
curement contracts.

The three five-year conlracts marked the fina: Ina lor slep
achieving commercial sources lor zircoDlum dnd hafnium
summary, about 10.532,000 pounds 01 zirconium sponge,
277,000 pounds 01 hafnium oxid<>. dnd 8000 pounds 01 hafnium
sponge were delivered between 1957 and 1962 under the three
contracts, Of this, about 3.152.000 pounds 01 zirconium sponge
were sold under allocation to labnca!lon cQntraetors, and the
billance of 7.380,000 pounds was paid ler directly by the
Go\·ernmenr. Government r1irect paymeni~ amounted tl)
$46,729,000. II the zirconium dnd hafnium products dre con­
sidered of equal value, tne average price pdid by the Govern­
ment lor th", products d",livered by thesp. contracls was about
$6 10 per pound.

HAFNIUM

Discussion 01 halnium reqlJlremenls has been kept separate
because 01 the unusual problems presented by Ihi.s maleriill As
tIme went on. Ihe demand eslimaled by Naval Reactors lor
hilhllum Increased substanliilily <,kong WIth the increase in zir­
conium demand Zircon ~ilTld~. which l:ontilmed only about
2 percent as milch h'llnlUm ~s ZIrconium, were the only known
eccnomic source ul the metd I However, the prer1!':~ted need !,,~

hafnium was greater than the amounts which wuuk! be available
ilS iI by-product f~om prodUCing p~edicled zirconium require­
ments.
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In 1954 the B~HP"U c! Mines W"5 ~sked 10 ~e,srch for s~!1ds

wIth ~ hlgh.. r h"lnium content The Bure~u ex"mmed o'· .. r
200 specimens 110m severlll counlries. :Deluding Colombi~.

,Ceylon. Ih.. MaidY Stdles. IndIa, various paris 01 the Ausl:alidn
and African continents, as wei! dS the United Stales AllhoiJ<]h
Isoldted samples conldllled hafmum-lo-zlrcclnlum rdtlos grealer
than 2 percenl, no sources of higher hafnium sands oj any sig­
nificance were ldenllhed.

In 1955 "lid 1957. when lhe anhclI:)ated shorl~ges ap­
p., .. red inCrf'dSIll'lly se"ous. consideration was given to u~lOg

alternale control rod mdterials and stretchlllg the aVdilable Sup­
ply by diluting It As another meaSlJr", no hafnium was shipped
to conllactor5 which were not invo!v..d In the Naval Reactors
Proqram Contract provoslons prevented Carborundum M.etals
Compdny dnd Wah Chdng Corpordtlon fromfellin'l the metal
10 commercIal customers One, a malar electric utility, r.om­
plainecl 10 Ih~ Chairmlln 01 the Comm:ssion thai il could not get
the hallllurn il had ordered from Wah Chang The Chairman
lurned to Admir,,! Rickover who, since the utility had an t:rgenl
problem which required hafnium 10 be used. agreed to meet the
reql1esl, provided the Navy did nol suffer With lillIe lurther
delay, the utility's need was met

Fortunately d Sfmous shorlage neve:' occurred The growing
demdnd of civilian power reactors for ~irconium led 10 sullicient
haflllum produchon 10 meet the needs of the Naval Reactors Pro­
gram.

Each 01 the t~.I'.·" live-yedr contracts gave the Commission
lhe option of laking r... lnium either as oxide or as sponge Oxide
was chosen lor a II contracts because the relati"e11' small quanlJ­
lies made by each contractor could nol be elliciently processed
into sponge, By consolidating thl! oxide from all three con­
traclors and that Irom Vi a h Chang, higher yields and lower costs
were realized by converting the "xide 10 sponge under a s~pa­

rate contract.
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Ellorts to develop a preces.> to ",liminate the crystal-bar step
lor hafnIUm never achieved success. The Commission extended
the 1952 Foote Mineral Company crystal-bar contract lor three
dnd a half years. In 1955, alter lrying unsuccessfully 10 interest
other companies, a new contract was negotiated with Foote In
1959 the question aq"ln arose 01 extending this contracl. As
Foote Insisted on increasinCJ lis conversion pnce, Admira: Rick­
over dec:ded nct to extend the contract

For a while variou.s dllerna!,ve contracts were used to ohldin
halnium. often with Foole servint) dS subcontractor Developing
a second source was nol easy Eventudlly, Ihe Nuclear Metals
dnd Equipment Corporallon (NUtJIEC) entered Ihe (ield
Organized In 1957, Ihe company's price became com pelitive
WIth Foole In the eMly 1960's

GOVERNMENT INVENTORY OF ZIRCONIUM AND
HAFNIUM

Since the Bureau 01 Mines lacihlles produced most 01 the
zirconium dnd hafnium through June 30, 1955, Ihe materials In
procc~s 011 the Bureau represented a substantial Government­
owned Inventory which had to be financed By June 30. 1955,
the cost o[ the inventory was about $7,200,000, oE which about
$500,000 was (or hafnium Of the zirconium cost, about
$1,000.000 cm'ered the Invenlory of crystal bar The resl con­
sisted 01 sponge or ingots awaiting lurther processIng, as well as
scrap

As produchon by the Bureau 01 Mines lacilities drew 10 a
close, t he In-process portion ollhe Government-owned invenlo­
ry gradually decreased. and lor a few years there was ~ sligo!
decline in the inventory. Later, the Inventory grew as sponge
from 5 hQrl- dnd long-range commercial procurement programs
was received. A lactor in the Increased level was the lessening
01 requirements because of delay in ship construction
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Inventnry managemeni and cordrol was complicilted
because the materials were scattered at several locahc,ns from
which snipments were made. The AEC's Cnlcago Operahons
Ollice had the responsibility ior property ma nagemenl and ac­
counting, but depended on the Pittsburgh Naval Reactors Ollie..
to implement Ihe procedures, As the resull 01 a review con­
ducted in 1955, material cost vi)lues were ad lusted and stan­
dardized, and Bellis look over centralized accounting and con­
lrol of the zirconium and hafnium iaventories. Also, cerlain types
of scrap and oll-gBde materials were disposed 01. An inventory
wrile-oll amounting to $4,000,000 was shared by the C om mis­
sion and the Navy

END OF GOVERNMENT CENTRALIZE.D
PROCUREM.ENT

All 01 the three conlraclOl s, National Distillers Products
Corporation, NRC Metals Corporation, and Carborundum
Metals Company e:rpenenced substantial cost overruns 01 theIr
eslJmates for facilities and start-up, In addition, National DIS­

tillers and NRC (and their successors), probably because olthe
untried production processes they had chosen, found their pro­
duclicJll costs higher 'Ihan expected. Accordmg 10 inlormation
provided dUring the original contract negotiations, thE' 'hree
companies had based their prices on construction and start-up
costs amounting in lolallo about $16,000,000. Audil information
developed later showed thal the aclual cosl could have
amounted 10 about $36,000,000, However. the overrun did nol
result in any increase in price, since lhis type of cost was not
subJect to redetermination.

The malor diHiculties for the long-term contractors was the
failure 01 the zirconium market Ie develop as expected. The
development o! a civilian nuclear power industry w"o nol as
rapid as hoped lor by the contractors. Several assumptions on
which the 1956 eslimates of Government requirements had
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been b ..sed proved '00 optimistic For example, improvements
In naval reactor core lifetimes reduced the I!equency 01 refuel­
ing ships.

Allhough Admiral Rickover and other Commission Qllicials
considered terminating one or more o[ the contracts, such ac­
tion was not taken because c.,lculaflOns showed this not to be in
the besl Interest 01 the Governme1llt. Admiral Rickover main­
tained that a stockpile WdS needed to Gt.lpport the luture needs of
Ihe Naval Reacto;s Pmqram

When the l'Jug.term contracts expired, the contractors all
appealedlo tile Commission, and later 10 Congress, urging the
elll'<!r.sion of the old contracts or the negolidtion of new ones. In
either case, the Government was 10 continue to support the in­
d.ustry. The political pressure lell largely upon Admiral Rick­
(Jve•. He m ainlained that there was no reason to continue the
dir~ct purchase 01 zirCOnium and halnium because he con­
sidered the long-Ierm contracts had adequately established the
zirconium industry.

To avoid complete termination of Government purchases,
he established a policy under which only 35 percent 01 the con­
tinumg ann'!a! requirements 01 Naval Reactors (or zirconium
would be supplied Irom Invenlory, while the .emaining
65 ~ercent would be purchased on the open market by the con­
traclors and fabricators who needed zirconium products to
manulacture naval reactor cores. For several years, these addi­
tiona 1purchases, combined with zirC'!:lnium require~e!!.!s lor the
commercial nuclear power plants, resulted in a continuing
markel of roughly 2.200.000 pounds or zirconium sponge per
year. the same level whIch had been guaranteed under the iive­
year contracts.

-44-



~.

Changes of names occurred amOIi!) Ihese companies, and
it is useful to summarize them here Nalion;:l Distillers Products
Corporalion assigned iis contract to Ihe Ma\locy-Sharon Melal
Corporation, a newly formed, partially owned subsidiary, Later
in 1960 Ihis conlract was assigned 10 Heacl;'re Metals, Jnc, in
which NatioMI Dislillers had an interest. NRC Metals Corpora­
tion assigned its contract 10 the Columbia-National Corporation.
which was jointly owned by the National Research Corporation
and the Pillsburgh Plate Glass Company, In 1963 Pittsburgh
Plale Glass acquired complete conlrol 01 Columbia-Ndlional.
The Carborundum Metals Company, afler conlracl deliveries
had been completed, assigned its coniracl in 1965 to Ca:'borun­
dum Mela!s Climax, Inc" a new company jointly owned by the
Carboltmdum COl,~pany and the Climax Molybdenum Compa­
ny. Two years later Carborundum sold its intelest 10 AMAX
Sp",~ialty Melals, a division 01 American Metals Climax, Inc,
(the successor 10 Carborundum's lirst partner), Wah Chang
Corporation, nol cDe 01 the live-year conlractors. was acquired
by the Teledyne Corporation and renamed the Teledyne Wah
Chang Albany Corporation,

AMAX Specialty Melals and Tel::;dyne Wah Chang now re­
main as Ihe only Iwo major producers in the business. AMAX
p-,.oduces sponge at Parkersburg. West Virginia. and mells il
into ingols al Akron, New York, where it alse has equipment \0

roll plales and manufacture lubing. Teledyne Wah Chang at
Albany, Oregon, has a lully integrated plant which includes the
capability to mea, forge, and exlrude, It also has crystal-bar
conversion facilities, which e\lnii!lale th.: need to subcontracl
hafnium crystal-bar producli'Jn. Wah Chang can produce some
lorms 01 zirconium and halnium thai AMAX cannot

The year 1965 marked Ihe end G! the PiUsour:;lh Naval
Reactors Ollice role in procuring zirconium ilnd nalr..ium lor the
Government. After thai lim~. any Commission laciliiy needing
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Ihe metals pur~hd.sed ItS specdlc requirements hom suppliers
on d normal commercial bdsls.

SUMMl'.RY

An (,over,,11 estimdle 01 .Ill zirconlum purchased and used by
liIe Com miSSion IS as follows'

Zirconium Sponge
Wei~!:t. POImds

Bureau 01 Mines production

rirst contract phase (Carborundum,
Wah Chany. alld Hugo Neui

Second cc"nlracl ph~5e (Carborundum,
Columbia-Nah'Jnal. and Reacli,-~

M"ta].)

Ope·n lMarkel purcha • .?s from 1965
H.l 1974

TOTAL PURCHASES, INCLUDING
ALLOCATIONS

Invenlory in :~74

TOTAL UTILIZED

1,000,000

3,200,000

10,500,000

11,900,000

26,600,000

2,300,000

24,300,000

The 24,300,000 pO!lnds 01 7."conlum sponge were used lor
Ihe Naval Reaclors Program, Ihe Shippingport Alomic Power
5'"lion, the Light Water Bret!der Reactor. C omndssion produc­
lion re<letors, dnd generat developmont programs Assuming
Ihat the price of sponge hom open market puchases averaged
$5 00 per ~ound, the 10:31 cosl <.lIthe zirconium purchased was
~bOI!1 $170,000,000 m an average 01 about $6.40 per I'lound.
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A similar estimate for hafnium is as follows:

Hafnium Sponge
Weight, Pounds

Bureau 01 Mines pro-
duction 22,600

First contract phase 21,000

Second contract
phase 8,000

Open market pur-
chases to 1974 328,000

TOTAL PURCHASES ,79,600

Inventory in 1974 80,000

TOTAL UTILIZED 299,600

Hafnium O:ide
Weight, Pounds

39,000

277,000

316,000

9,000

307,000

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

Naval and civiliiln nuclear reactors continue to be,the prin­
cipal user", oi iircQnium a.nd hafnium. Atlempls to use zirconium
for piping, pump componeni;;, 2nd other equipment in chemical
processing plants have not led to many applications. New uses
for hafnium, but in small quantities, include photographic flash­
bulbs and allovs for high-performance ail craft lurbine blades.
Halnium sales now appear Ie' he less than the amounl of hafnium
potentially available as a by-producllrom all zircolcium produc­
tion.
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TECHNICAL DEVELOPMENT OF ZIR­
CON~UM FOR NUCLEAR REACTOR USE

B. Lustrnan

INTRODUC'l'lON

This paper covers the technical aspects asr.ociated with th~

developmen! 01 zirconium 1"'1" water-cooled nuclear n"aclors,
beginning in early 1949 when the Bellis Atomic Power
Laboratory was established as a part of the Naval Reactors Pro­
gram. At that time the decision had already been made by Ad­
miral Rickover thai zirconium would be the reference core struc­
tural mat.erial for the Mark I pressurized water re"'clor in the
ldano pro!otype and the Mark II reactor being built lor the
nuclear submarine Nautilus. While in the course 01 the next
25 years sma II-scale investigations were performed on olher po­
tential core structural materials such a£ stainless slee!. niobi!..m,
aluminum, and beryllium, the pressure lor continual develop­
menl, improvement and application Clf zirconium was predomi­
nent and unrelenting.

The reader may be impressed by the recurrence of sudden
and apparently erratic shifls in materials salection, iabrication,
alloying, etc. Such flexibility would have been impossible wilh­
out the continuing suppor! and E'mphasis by Admiral Rickover
and ihe Naval Reactors Program on zirconium development.
Thus as shortcomings 01 initial choiCl~s were re'vealed by test or
analysis, il sonnd lechnical basil' was availahle to suppori im­
proved directions,

In retrospect it i~ somewhat ~f " ::oiracle that zirconium was
selected for so reslrictive, demarlding, and schedularly limiting
an application. The corrosion resislance of the material availa­
ble at that lime, as will be discussed lL\~er, ranged hom unac­
ceptable to disaslrous. It is ironic to reflect thaI, of the three
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Group IV-A elements, titanium, zirconium, and hafnium, only
zirconium shows this exaggerated sensitivity 01 hot water corro­
sion resistance with respect to purity and slructure. In other re­
spects the selection 01 zirconium turned out to pay unexpected
dividends. Because 01 the low neutron absorption cross section,
a smaller amount 01 uranium is required to produce a critical
reaelor mass; the many slip and twinning modes available lead
to tough, ductile behavior under most direct or cyclical
mech"nical strtissing conditions and make it relatively amena­
ble to most metal labrication methods; the high solubility for
gaseous ::ontaminants such as oxygen and nitrogen facilitates
welding or solid-state bonding processes and yields micro­
structures singularly clean 01 the inclusions thi\t plague m.ost
other commercial metals; 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 to the laller is unlavorable. On the other hand, the
anisotr<;.pic mechanical and physical properties resulting hom
its h2xagonal crystal structure lead to dimensional instabilities;'·
the strength pruperties at even moderately elevated tern-·
peratures are by no means notable; and hot water or steam cor­
rosion resistance can be maintained only by strict control 01
chemistry, processing, and environmental conditions, and even
then only to modestly eie"'1!ted temperatures.

ZIRCONIUM CRYSTAL BAR

The crystal-har process (also ca!l-=d the icdde decompvsi­
lion, the van Arke!. and the D~Boerprocess) had been known for
approximately 50 years at ihe inception 01 the Naval Reactors
Program; its early history is described in Chapter 5 01
"Metallurgy 01 Zirconium," edited by Frank Kerze 01 Naval
Reactors and me, and published in 1955. This process is essen­
tially it relinirrg rather than a me!al reduction technique; zir­
conium tetraiodide is lormed at the surface 01 a bed of impure
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nletallic zirconium maintained at low temperatures (approll:­
illlately 400C) by reaction with nee i;)dine and is decomposed
at. the surface of a hoi (approximately 1400C) filament, deposit­
illg pure zirconium on the filament ar.d Iibe~ating iodine vapor
to agaili react with tho inlpUre zirconium. The designation
"crystal bar" ar?se from the bright surface ilnd the p.dernal
shape 01 the grains that grew on the filament. This Q.aterial was
commercially available in small quantities from the Foote
1{ineral Co1l1pa:ay, which inil!a.llv utilized a rather impure
sodium-reduced sponge material as the raw mat-ariallor subse­
quent refining.

The samples 01 crystal bar which were initially available
\"ere custolnarill' cut into approximately I-inch-Iong segments
lOr corrosion testing in high temperature water autoclaves.
Corrosion-resistant maierial became black after testing while
ncncorrosion_resistant samples became white, the different ap­
Pearances being related to the thickness and physical nature of
the zirconium ollide corrosion product film. Samples showed a
bewildering variety of corrosion-test behavior. Someiimes entire
samples were gratifyingly black while closely adjacen1 samples,
e\'en from the same length of crystal bar, were white; other sam­
ples were black on the outside wilh a while cor'e, and vice versa,
This behavior was originally attributed to poor conlrol of the at­
mosphere inside the DeBoer vessels and variation in the amount
and nature of specific impurities.

A commillee of scientists hom various cooperating sites was
charged by Admiral Rickover with the respons;bility for detect­
ing and measuring the culprit impurity elemel.1ts. This commil­
te~ consisted of representatives hom Bellis, Massachusetts In­
stitute of Technology, Sylvania Eleclric Products Company,
Argonne NdtioD·3.1 Laboratory, Bureau 01 Mines in Albi!.ny,
Oregon, Ballelle Memorial Institute, and Iowa State at Ames.
The original conjecture concerning the role of impurity ele­
lIl.~nts pro\/'ed iodeed to be prescient. The offending elements
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were soon identified. Nilrog<?n contamination arose [rom insulli­
ci"'nt purification o[ th", iniii,,[ almosph",re or leaks thai
developed ir. Ih", deposition ves~e:; this element proved to be
th", mosl insidious and damao;;ing impurity. Titanium impurities
arising irom inadvertent acimixture with raw titanium sponge,
which W.3-S purilied '" the same filcilities as the crystal-Lar zir­
conium. also led to local corrosion lailures. Inadvertent use of
tllngstGrl starling wire lor the zirconium deposition, impu,ilies
arising from use 01 alaminum gaskets, ",tc., were olher causes 01
th~ variilble corrosion behavior.

Frmn th{!se results it was inlerred that, if the relining pro­
cess ",ere conducled under sulficienlly antiseptic conditions
relalive to impurity contamination, attainment of a reproducible
high l",vel 01. corrosion r",sistance could be ensured. Fortunately
at this lime a process became ava'ilable for production of a purer
grade o[ zir'~onium [or lurther re[ininl; by the iodid", proc",ss. Dr.
William J. 'Kroll, who pr",viously had developed a magnesium
reduction process lor the produetion o[ duelile titanium melal,
was confident that the same ba::;ic meihods would produce a
pure zirconium sponge and ori",nted the Bureau of Mines work
at Albany, Oregon. in this dif'action. In this process zirconium
tetrachloride vapor. prepurilied by sublimation, is brought in
contact with the reductant, nolten magnesium, using precau­
tions to exclude air durin,: .::1\ critical operations. The use 01 this
higher purity raw material. Bureau of Mines Kroll-process
sponge, grealer care in evacuation and sealing of the deposition
vessels, and, in general, improved operating 'practices and pro­
cedliTe,; by the vendor of '.he relined zirconium, Foole Min~!ri,,(

Co;;npany, soon resultr,d in an im.jlTO:>ed yield of corrosion­
resistallt product.

H')wever, as discussed by Mr. Geigar in the accompanying
p'lper, Admiral Ricko\'e'i was unwilling to entrust so vital a por­
tion 01 the Mark I nuclear reactor fabrication and performance
t'J a single commercial vendor without the opportunity to over­
!iee clnd independently evaluate his process. Th:a led to setting
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up a ! 2-inch-di..meter experimental DeBoer "'''',,",sel at Beltis; the
vessels used by Foote Minerai Company were smaller in diam­
eler (9 inches) and length. The account 01 the pai!lstaking
engineering and scientific efforl wnich went into this work, the
malerial. engineering and testing to select constructional
materidls least subjeclto iodine attack, the meticulous design 01
gasketing, electrical lead-ins, and electrical attachments to the
deposition base, the analysis of the electrical voltage/current
relations during crystal-ba.r growth, and the selection 01 raw
sponge temperatures, iodine quantilies, etc., would constitute a
voluminous tale in itself and is beyond the scope 01 this article.
In an, Cllse this lacility proved capable 01 producing lengths of
crystal bar., 7 to 10 pounds in weig:it, :J! lIne'lualled purity and
corrosion resislance. Furthermore, the availability of tr.:~ I!!cilily
permitted a number 01 questions to be answered concerning
transler oi impurities lrom the atmosphere, the sponge, and the
materials 01 construction.

The main value 01 the experimental facility was that it

served as a standard lor gauging the quality 01 the crystal-bar
productlurnished by Foote Mineral Company. While corrosion
resistance improved tremendously over that displayed by the
early product, long periods were still experienced when no
material uselullor Mark I production was manufactured. Vivid in
the memory 01 many at Bettis was the lailure in a corrosion test
autoclave 01 samples Irom a shipment 01 produciion c;ystal bar
from Foote. While most 01 us stood around the autoclave aghast
at this serious setback, the head l r the materials development
activity at Bellis carefully ladled the white Zr02 COHOSion prod·
uct remnants of the test onio some paper towels, carried them to
the ollice 01 the Betlis Laboratory Manager, and, with a ghoulish
grin, said, "This is what you're going to use to build your
Mark 1."

The decision was therelore made by Admiral Rickover that,
to meet the tight schedule and exacting quality requirements of
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Ihe Mark I reactor plant, the Foote Mineral Company product
would have to be supplemented by a hopefully more reproduci­
ble source 01 supply. He obtained Commission approval 10 con­
struct a full-scale production facility at BeHis which would have
the capability o( producing the core material requirements lor
the Mark I plant. This lacility was put into operation within the
scheduled 16-week period from pwgram approval to lacility
completion by round-the-clock, 7-day-per-·.... eek personal in­
volvement of engineering, technical. manulacturing, pra.duc­
tion, procurement, adminis~rative. and cral!.s personnel. To
secure greater m3.nulacluring elliciency, higher deposition
rates, and reduction 01 contamination during opening and clos­
ing 01 the many small vessels, the J.iam",ter and length of the
production deposition vessels were doubled and the weight 01
crystal bar produced per charge was increased by il factor 01
ten over that produced in the smaller vess",j used in ,he initial
experimental facility. The many other decisions made during
design and construction. the many e7,periments performed con­
currently in the experimer.!allacility to support lea lures 01 the
production facility, etc., are again beyond the scope 01 this ac­
count. Suffice it 10 say, it was a proud day lor the Bettis Laborato­
ry and the Naval Reactors Program when full production was
reached and the laboratory technicians could answer thl!
laboratory phone with the grand announcement, "Crystal Bar!"
Approximately 85 percent 01 the Mark I core was buHt wilh
crystal bar manulactured by this lacility, the remainder being

. manulactured utilizing the Foote Mineral Company product

Lest the impression be conveyed thallhe Beltis crystal-bar
venture was an unblemished technical success, dark clouds
desce:>ded shortly aller achievement of full production. Those
experienced in the arl and science of cC'rrosion worried that
coniinued purilication 01 the product was nol necessanly the
correct path. Indeed, some inkling 01 this predicament was
available !rom eiforts that h..d been 111ade to labricate zirconium
by conversion 01 the crystal bar to a powder and subsequently to
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process it by conventional vacuum-powder metallurgical tech­
'liques. In facI, initial elforts to make compacts by Ihis method,
utilizing hydriding to ZrHJ to embritlle previously corrosion­
tested crystal bar and facilitatE: its comminution, yielded Fod­
uct of disastrously poor corrosion resistance until it was found
that the purest available hydrogen was contaminated with
relatively high levels of nitrogen. However, even after the hy­
drogen was purified so that no nitrogen cont~millalionoccurred,
the corrosion resistance of the sintered compacts never attained
that of the slartio:;J material. It was inferred that during sintering
{at temperatures well above IOOOCl, some as-yet unidentified
impurity element whose presence was necessary to conler cor­
rosion resistance was vaporized. In facl, lor some time it was
leared thai melting would cause vaporization of a beneficial im­
purity element and that melieci and fabricated crystal-bar zir­
conium might never al!ain the corrosion resistance 01 the initial
slock. For this reason an ellort was mounted to consolidate
crystal bar by chopping it to fingertip size chunk~ and hot­
pressing or hot-extruding it in graphite dies, an early applica­
tion 01 the recently reinven:ed "particle metallurgy" process.
Fortunately Ihis expedient proved to be needless, as discussed
laler,

These premonitions were amply confirmed when the prod­
uct 01 the Bettis crystal-bar facility began to demoilstrate a
cloudy gray app~arance alier corrosion testing, completely
unlike !he pure while appedrance 01 impurity-contaminated zir­
conium, but on the other h<lnd, distinctly inferior 10 the jet-black
films lormed en acceptable product. It was later found that an
imporiant contributor 10 the deficient corrosion behavior was
the co'atinulJus it=tprovemo>nl in the purity of the lircunium
~pongE' manufactured by the Bureau 01 Mines at Albany,
Oregon, which W'Hi used as the raw material. Finally, the unhap­
py stat~ 01 affairs \lIas reached where much of the Foote product
was acceptable alter corrosion tesl whereas a large fraction of
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the Belhs p~oductWdS rejected; the gredler the eHor'.: applied to
tighten control of impurity sources, the worse the Bettis product
behaved.

Bettis worl.:ed to lerIet out analytical dillcrences between
dcceptabla and unacceptable crystal bar. both of Bettis and
Foote Mineral Company origin. The results of Ihis work coupled
w,th known differences between the constructional features of
Botlti.• and Foote deposilion vessels (the latter being more sub­
ject to attack and hence transfer 01 iron, nickel, chromium, elc.),
Ihe miscellaneous observations of volatilization IIom powder
product previously discussed, and the availability o[ early
re!'ults from alloy-development programs soon directed the
Huger 01 suspicion :ow~rd the higher purity and lower lerrous­
group element content althe Bettis product. With till:; inlorma­
tion avaiiilble, il was a short step to achievement 01 suitable
yields of zirconium product hom the Bettis facility by proper
selection of raw sponge charges to ensure transfer of adequate
iron, chromium, or nickp.lle·.els. Thus construction althe Mark I
reactor was enabled to proceed !!ssenlially unimpeded by
unavailability 01 crystal-bar stock.

Succes :;ul as ·this endeavor was, as ell:~nsive testing and
evaluation of core product proceeded, sulbcient evidence
began accumulating that struclural stock, even though fabri­
cated from product that .....as corrosion-resistant in the crystal­
bar slage, teetered on a rawr's edge 01 acceptability. One of the
more harrowing recollections ot this period is the testing 01
some Mark I fuel elemenls which, alter test, reveaLed on other­
wise acceptably jet-black sudaces extensive white, blotchy,
ghost-like regiot'.s that Vlere mirror images of similar regions on
suIlaces 01 adjacent luel elements. An inlensive engineering
troubleshooting campaign eventually revealed that the
autoclaves in which the elements were tested and which were
operated at saturation temperature and pressure were he11ted by
electrical immersion heaters located at the autoclave bottoms.
During the normal temperature control swing, boiling occurred
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on the heater surfaces and the steam bubbles rese through Ihe
waler and bridged i1djacen! fuel element surfaces_ Because the
water used al thai lime was nol carefully deaerated, the steam
wa~ enriched in nitrog ..n and oxygen and, as the linallink in the
chain, crystal-bar zirconium even with additives of iron,
chromium, and nickel was not corrosion-resistant to nitrogen­
enriched aqueous 'ilnvironments_ This particular pzcblem was
solved, once the cause was elucidated, by proper autoclave C::ln­
stzuclion and chemical control of the wate! purity. Another
recurring annoyance was the exposure of the upper hall 01 it

crystal-bar batch or sel of fuel elements to the steam phase dur­
ing corrosion testing due to inadequate initial autoclave Iill or
leakage during tests; those portions exposed to the sleam phase
usually showed an unacceptaule appearance because the iron­
group elt~ment content necessary to maintain corrosion
resistance in water is less than thill required for steam-phase
corrosion resistance_

Incidents such as those described above motivated a grow­
ing dissatisfaction with the conlinued use of crystal-bar product;
not lhat it did not have its strong adherents. With the successful
construction and operation of the Mark I reactor plant in Idaho,
the proponents of this process had the powerful argument, "Why
switch from a proven produclto a completely unknown and un­
tested entity such as an alloy with a less pure zirconium raw
materiaP" Projections were prepared that, with improvements
in the process, crystal-bar relining could be conducted at a cost
very litHe greater than that for the Kroll-process sponge pro­
duced by the Bureau of Mines_ It is a tribute to the vision 01 Ad­
miral Rickover and his stall that the laller course, initially
dubious but eventually justified, was adopted and supported in
the face 01 this beguiling allemative_ Undoubtedly influential in
the decision to utilize the sponge-base material was the course
of the titar-ium industry, which from the outset utilized this prod­
uct exciusively_ Thus, the crystal-bar relining process lor zir­
conium has remained a vivid memory but became nonetheless
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an obsole5cent side stream in the continuing zirconium
development story, the ned phase of which, development of
Kroll-prpcess sponge-ba;~ allnys, is discussed below.

ZIRCONIUM ALLOY DEVELOPMENT

Despite the adoption 01 crystal-bar zirconium as the core
structural material for the Mark I reactor, an e[[ort was ir,stiluted
by Naval Reactors !o develop a corrosion-resistant alloy 01 zir­
conium which could use the Kroil-process sponge directly
rather than aller DeBoer-process refining. The cOOllinual im­
provement in qualily and reproducibility u[ ihe sponge n~ doubt
played a large part in this decision. A Zirconium AHoy Corro­
sion Committee, established by Admiral Rici<.over and chaired
by D. E. Thomas of Bettis, consisted of representatlves of most of
the sites active in 1i.conium cor::osion investigations. These siles
included BaUelle Memorl;! Institute; Nuclear Metals, Inc.;
Bureau 01 Mines (Albany, Oregon); and Naval Reactors. In addi­
tion to identilying many 01 the elements which detracted from
the corrosion resistance of crystal-bar zirconium, as discussed
previously, work performed under the aegis of this committee
soon isolated several elements which improved the corrosion
behavior of s~onge zirconium 10 a level apparently equivalent 10

that of good quality crystal bar. These elements were lin, tan­
talum, and niobium which, in decreasing order 01 effediveness,
circumvented the damaging elled 01 the impurities present in
the sponge then ilvailablf!. Since lin was most elleclive and
much less o( a nuclear pOison the,n its closest rival. this element
was selected for concentrated investigation The [E'vel 01 addi­
tion, which at one time was as high as 5 weight percent, was
gradually whillled down to 2.5 weight percent as a qood com­
promise between corrosion resistance, strength, and [abricabili­
Iy_ The alloy was dubbed Zircaloy, with the sulfix -I appended
1ater, and It was adopted as the reference core structural
material for the reactor plant in the Nin/lillls submarine.
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Manufacturing personnel, eager 10 initiate fabricaticn of the
shipboard core. began ingot melling and primary ingotfabnca­
ti?n development both at Bellis and at vendor facilities aimed at
determining the process changes which Vlould be required to
replace crystal-bar o:irconium, Concurrently samples of
Zrrcaloy-l were subjected tv continuing long-term high tem­
perature water corrosion testing. Unfortunately as happens 50

freque-ntly in advanced research a::ld development prog-rams.
this euphoric state 01 aflairs soon c~me to an end. On reviewing
the long-term corrosion data as they became available, it dis­
turbing trend became noticeable. Instead of continuing to cor­
rode at a decreasing rate wilh increasing time, as was expected
of well-behaved material. the r::orrosion rate at a specific time
(laler called breakaway or transition time; increased and re­
mained essentially constant thereafter. Furthermore, the time at
which this increase in corrosion rate occurred was not greatly in
excess of the time at which the sponge unalloyed with tin would
begin to show while, nonadherent oxide corrosion product. Ex­
amination of the Zircaloy-l specimens alter the transition period
showed thaI the corrosion prod..lct oxide had changed from its
normal glossy-black appearance prior to transition to a thicker,
tan-colored adherenl iayer, In fael it was suspected that the tin
addition reduced the unalloyed sponge corrosion rale only to a
moderate extent, the principal "benefit" of the tin addition
being to improve the adherence of the corrosion product oxide,
For heat transfer applications, the thermal resistance posed by
tne thick adherent oxide made this "benefit" of dLibious value
indeed.

An immediate halt was called to the further processing of
c'ne product containing Zircaloy-I and an urgent search in­
stituted for a fallback posili,on, Fortunately i!. sufficiently active
3eries of corrosio'l investigations was underway 50 that the
search was not conducted in a complete absence of information.
The prior work on crystal-bar zirconium had revealed the impor­
tant ellecl of iron additives on zirconium corrosion behavior. A
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meller in the Betlls labrication shops had melted a Zircaloy-I in­
gol with thl;! ostensi.bly inadvertent addition o! some slainiess
steel. It was widely suspected that the p.aor was less than in­
genuous, the melter reasoning that, since stainless steel was
widely known to be highly corrosion resistant, itEi:,ddilion to
Zircaloy-l couid only be benelici'l! Whatever the motives, the
resultant material did have outstanding corrosion resistance.
Experiments performed under the guidance 01 the Zirconium
AHoy Ccrrosion Committee had revealed the beneficial ellect 01
nickel additions 011 the h'gh temperature (3 7S0F) cor[osion
resistance 01 zirconium und alloys 01 zirconium with tin atlhese
temperatures.

Within a lew days 01 halting Zirca!oy-l proc(>"~i;:g, an eve­
ning meeting was called by W. A. Johnson with r...:mbers 01 his
materials group at Bettis who had been aclL~e in ccrrosion,
physical metallurgy, and processing 01 zirconiu;'.1 alloys, that is,
D. E. Thomas, K M. Goldman. R. B. Gordon, ar,d >!lysell. The
purpose 01 the meeting was to chart a cour,'e cl action. !t "";!.:
unanimcu:sly agreed that to continue with Zirc;lloy-1 would be
technically disastrous. Equally unanimous w"s the judgment that
minor variations hem the Zircaloy-l comprJsition would not only
conler major corrosion improvements b'l.t .lIs,:, permit carry-over
01 the labrication experience accumulated with Zircalo)'-L

The iron content 01 the alloy was set al a nominai level 01
0.15 percenl, primarily in consideration 01 the range 01 iron
l£·yels present in the various grades cf Krall-proces,' sponge and
!::'e beneficial ellect 01 ira.. addi!ioM in crystdJ-Q'!r zirconium. A
nomil,el nickel level 01 0.05 percent was selected because 01
the beneficial eUed of Ihis add:tive on high temperature corro­
sion resistance. Chromium, which I"~S beginning '" ap"e"r as
an impurity in sponge because 01 the use 01 stainless steel reac­
lion vessels, was known 10 have a phase diagram with zirconium
similar to that 01 iron and hence could be expected to behave
similarly when alloyed; iis content was set at 0.10 percen:
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nominally, intermediate betweell the iron and nickel contents.
Greatest dilliculty was experienced in securing a consensu~ on
the proper lev<!l cf the tin addition. It was des:rablelo retain the
2.5-percent tin level 01 Zircaloy-l to maintain the tensile prop·
erties at levels attractive to mechanical designers. On the other
hand, because 01 the progressive deterioration 01 high tem­
perature corrosion resistance with increasing tin additions, a
strong s,sntiment existed to reduce lin levels to i p~rce"lt or less.
A nominal tin lev':!l 011.5 percent waslinaJly selected as proba­
bly exhibiting, with the O.3-percent additions 01 iron, chromium,
and nickel, tensile properties equal to those 01 Zircaloy--l, and
adequatel;' improved high lemperatur", "iea,rr. corrosion
resistance. Thus at the conclusion 01 th~ evening meeling, a ten­
tative composition lor the alloy Zircaloy-Z had been selected.

On August 28, 1952 the reasoning underlying the tentative
sel~ctionwas reviewed with Admiral Ri<:kc~er. A final c,omposi­
tion was chosen and approved by him for u"!! iii the shipboard
core, without the alloy ever havin,;, l:.",en melted and fabricated,
much less :",sted. Asi.~" ~~"m subsequent imposition of composi­
banal ranges based ptimanly UpOD labricalio:11 f~asibility, the
:::omposition set in those meetings has persisted to the present. It
is doubtful that, within the family 01 such alloy additives as tiD,
iron, chromium, and nickel, a dilferer.t composition would be
selected were the evening meeting to be repealed loday.

Aside frum the initial bitter complaints 01 manulacturing
personnel who predictably denounced the alloy as being un­
meltahle. unworki',ble, and unusable. Zircaloy-2 was satislac­
torily produced lor the Nautilus reactor plant aDd has remained
to this day the workborse zirconium alloy, not only lor the Naval
Reactors Program but also lor civeian water-cooled reaclors.
Not the least of its attributes has been Ihe reproducibility of its
properties and its insensitivity 10 the normal variation and acc:­
d~nts of quantity production.
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Satislactcry as the performance of Zi!caloy-2 had been, the
lear grew that, with the increase in reactor core liietimes, with
the elevation of plant operaling temperatures, aad with the
unknown but c"rtainly detrimental effect of deposition of reactor
plant corrosion product~ on filet element surfaces with a resul­
tant eleviltion of surface temp';l~\tures, the detrimental effect of
the high tin content 01 Zircaloy-2 would eventually reveal ilsell.
In cooperation with the Zirconium Alloy Corrosion Committee,
experiments were conducted to determine the minimum tin con­
tent which could stabilize ~orrosion resistance against the
nitroqen levels in the then available sponge (as well as tramp
nitrogen picked up in melting and labrication). An alloy with
sponge zirconium consisting of O.25-percent lin and 025­
percent iron was recommended by Bettis in October 1955 as
the mosl corrosion resistant composition in the Zircaloy lamily of
alloys. This alloy, optimized for high temperature water corro­
sion resistance, was denoted Z:rcaloy-3 and was approved by
Admiral Rickover in 1955 as the reference structural material
lor use in a replacement core for the prototype plant which had
operated with the Mark I raade-r.

Once again calamity struck and this selection proved to be
abortive. Shortiy after production of luel elements for this proto­
type reactor core was initiated, there was noted, superimposed
upon the black glossy surface 01 the corrosion-tested luel ale­
n:ents, a network 01 line while corrosion indications approx­
imately 1/8 to 1/4 inch in length running parallel wilh the
iabricilliu:1 direction 01 the cladding. Microscopic examinatior.
revealed that these indications coincided. with ;n:crcsccpic
"(ringers cf Fe-Zr iritermetallic compounds which were clumped.
rather than being uniformly dispersed in the matrix. The poor
corrosion resistance of the intermetallic phase had baen well­
known. but its aggregation into stringers was unelopected. This
was later traced to labrication of the material in the two-phase,
alpha-plus-beta region which exaggerates the agglomeration of
the intermetallic phases. Since there appeared 10 be no logical
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reason wl:y such stringers should not appear in Zircaloy-2 as
well, a close examination of the latter was performed. Predicta­
bly stringers \,'ere delected both microstructurally <lnd l)y corro­
sion test. The beller background corrosion resistance of Zit­
calcy-3, however, made the stringers more marked upon visual
examination alter corrosion :esling than in the case of
Zircaloy-2. It was founei Ll-tat associated with the stringers of in­
termetallic compound were strung out bubbles of noble gases,
the pres"mce of which also contributed to the rejectable ap­
pearance. Zirconium alloy melting was then performed in an in­
ert gas atmosphere 01 5 parts of argon to I of helium. With the in­
creased proficiency and elficit:ncy of melt shops and the corre­
sponding increase in melting rates and the si~e of ingots, hub­
hies of noble gases became entrapped in the ingots and were
strung out as fine bubbles during fabrication 01 the ingot to final
shape and size. The illert gas bubble surfaces acted as inter­
faces fa! nucleation and p.ecipita!ion of the intermetallic
phases upon cooling from elevated tt:mperatures at which these
phases are more solubie. E::tperimenls were performed in which
the size and location of such ga.s-filled bubbles were measured
as a funclion of time at elevated temperaturE's approao::~ing the
melting point 01 zirconium. These were probably il r",mg the
earliest experiments 0n the l'T' .,bility of inert gas bubbles, a sub­
ject of future importance in the bohavior of nuclear fuels.

The formation 01 stringers could thus be avoided by ap­
propriately altering fabricC!.lion temperatures, reuuciag melting
rales, and taking pains to pre.cnt incorporation 01 noble gases
in the ingols. Furthermore, "tthis limo vacuum arc melting of zir­
conium alloys becdme standard practice in the indllslry and the
stringers vanished as completely and suddenly as they had a~l­

peared. However, all aura of disillusionment and disenchanl­
ment therealter clung 10 Zircalov-3, and aside from its applica­
lion in the one prototype reactor, it was rclegaied 10 a fossil fate
like its crystal-bar prcd~cessor. The lower mechall:cal prop­
erties of this alloy compared with Zircaloy-2 also contributed to
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its abandonment In any case the faiiure of Zircaloy-l and
Zircaloy-3 contributed to the folklore that onl'{ even-nu.:nbered
Zircaloys ilrE' viable and led the Naval Reactors Program com­
munity 10 awailthe development 01 Zircaloy-4 with com;iderable
hope and anticipation. Before embarking upon this latest
chapter in the Zircaioy famil;· story. a digression to the discovery
of the eflects of hydrogen is necessary.

The synergism of the ccdevelopment cf zirconium and
titanium is no heller illustrated than in the elucidatit-n of the
effects of hydrogen on the mechanical prope.ties 01 these
metals. In the ;:OUTse of a program 01 measurement of Ihe
mechanical propertilOs of zirconium alloys, notched-bar impact
testing was initiated. The behavior 01 the samples in these tests
was completely unpredictable, sometimes high toughness
values being obtained and at other limes low values, even from
samples cut Irom the same stock 01 material. Furthermore, low
tempezature heall~eatmenlscould radically alter the behavior.
Microstructural examination revealed crystallographically
oriented platelets in those samples with low impact values, and
a corresponding absence of this microstructurallealure in the
normdlly behavi::lg samples. In discussions with personnel at
Ballelle MemOrial Institute active in titanium technology, it was·
determined that similar micros'Tuctural features in titanium had
been iden!ilied as ~ hydride phase. Anillysis 01 zirconium a1.:oy
specimens soon showed the interrelation between hyd~ogen

content. appearance 01 the f>vdride phase, solubility and reten­
tion in solid soluiian UPOD q,lenching, and emDrililement in
notch impact tests. Simila: t.:sts Gn Iltanium at Battelle also
revealed embrit~lemenlas ~ ~,,~uli "i hydride precipitation.

The far-reaching ellect 01 hydrogen on the .~echanical

properties 01 zirconium and its alloys gradually became ever
mere evident. It had been a continuing puzzle why a metal 01
such high apparent ductility as zirconium should fail ill tensile
tests, not with the typic:ai cup-and-cone fracture characteristic
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of ductile materials, but rather with a spongy fracture even after
considerable prior uniform elongation and reduction of area. By
vacuum-annealing specimens of ~irr.onium to reduce the hy­
drogen content to 5 ppm or less and then quenching from ele­
vated templOrature 10 liquid nitrogen testing tamperatures to re­
tain this minor level of hydrogen in solution, material was IJro­
duced which had a normal cup-and-cone fradure. The same
materi,,! tested at room temperalure ~howed a spongy fracture
which was found to be caused by cavitatioli in the necked por­
tion of the tensile spllcimen resulting from the formation c! voids
at hydride platelets either thermally precipitated or formed dur­
ing plastic straining.

Once the mechanical property deterioration was traced to
hydrogen, the horrible suspicion arose that hydrogen was incor­
porat~d into Zircaloy-2 during corrosion testing. These fe8rs
were soon confirmed, approximately 50 percent of the hy­
drogen evolved during the reaction of Zircaloy-2 with water
being incorporated into the metal. This Iinding, together with
the observation that the material became ever more embritlled
the higher the hydrogen centent, threatened to set a limit to the
permissible exposure of Zircaloy-clad materials much more
restrictive than that posed b)" the formation of the external corro­
sion product oxide. The question was raised (and Ihis in the
days before the development of fracture me:::hanics technology)
of how much of the embrialing hydrogen could be tolerated
b",fore endangering the safe operation 01 zirconium reactor
cores.

This problem was exacerb<lted by the results 01 BeHis lests
in 1956 of Zircaloy-2-clad uranium oxide fuel rods which were
being developed by the Naval Reactors Program lor the Ship­
pingport Core I pressurized water reactor. Tile tests Wi!ri! per­
formed in the NRX reactor at Chalk River, Canada, in high tem­
perature wilter loops buill by Bellis. A number of these fuel rods
failed premilturely by local formation of almost solid hydride
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phast' through thi> entire c1arlding thickness,-so-called gross h;r­
driding lailures. FU!lhf'Imore, at other locations in unlaileci ij.S

well as lailed fuel rods, the hydrogen was lound to be concen­
trated at the external. colder surface indicating that it had mi­
grated down the thermal gradient. The localized gross hydrid­
ing type ollailure is no"", believed to be primarily a lunction of
fuel operation rather than directly a consequence of Zircaloy-2
exposure.

By controlled out-ol-pile thermal gradient measuremer.:s
and applicOition 01 the methodology 01 the irreversible ther­
modynamics, prediction became possible I]f the ellecls olther­
mal <;lTadient dillusion on the concentration 01 hydro9·en at ex­
ternal surfaces. By subtracting the thickness of cladding thus
converted to hydride, the level 01 hydrogen which· could be tol­
erated on heat transler surfaces was determined. On nonheat
transler surfaces, the tolerable level 01 hydrogen was set at
250 ppm, based more on judgment than factual data. The level
oi hydroqen in lailed luel rods in the tes ts in the NRX water loops
at locations remote from thE' failures corresponded to this level,
and hence il was judged thal this was the highest level which
eQuid be justified by iesi as being tolerable without causing luel
element liii!ure. A somewhat mOle satisfactory jus!ificiltion 01
this critical hydrogen level was lound in Ihe observation that, at
250 ppm of hydroge:., Zircaloy-2 loses at room temperature its
ability to neck dO..... :1 in a tensile lest. Here agaill these arbitrary
limits have been replaced by technica.lly more satislying frac­
lure mechanics consideralions.

An uneasy truce had thus been struck wilh the phenomenon
01 hydrogen absorption. If the hydrogen absorption capabilities
~I Zircaloy-2 structUIe~ could be predicted lrom knowledge 01
corrosion kinetics, the adverse enects 01 hydrogen absorption
could at least be anticipated and used to set thicknesses 01 core
structures or reactor core lilelimes. The first indications lhal
Such predic!ion" could be laulty oc;curred as a result 01 experi­
mentation with a new type 01 luel element bonding proces!;
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called "eutectic dilfusion-bcmdinq," which was being investi­
gated as a meant' of fabricating plate oxide fuel elements lor
Shippingport PWR COle II. In this process, thin coatings of
nickel, copper, or iron y.';;;re applied to the surface of Zircaloy-2
components at the locations where bonds were to be made. The
faying compoilell!s were then heateclto a temperature above the
eutectic temperature of zirconium with the particular element.
Th~ formation of the eutectic caused brazing of the faying sur­
faces. Upon holding at temperature. the element used for sur­
face coating diffused into the interior of the cladding. causing
solidification 01 the braze and a solid phase bond enriched in
the bonding element. On exposure of samples thus labricated in
in-pile as well as out-of-pile corrosion facilitie;;, completely
'manticipah~d levels of hydriding were en<:Ot'ntered, particu­
larly in samples bonded using nickel. The pickup 01 hydrogen,
rather than being 50 percent of the hydrogen produced in the
corrosion reactio:1, could be as much as 300 to 400 percent of
this amount.

This finding of course called into question the entire basis
which had evolved for predicting hydrogen absorption. Byoper­
ation 01 some mysterious mechanism, the hydrogen evolved dur­
ing the corrosion reaction had been tacitly tagged as being
more susceptible to absorption in the metal than hydrogen dis­
sOlved in the autoclave. in-pile loop, or reactor water. Thus. lor
example, the hypothesis at one time was propounded that ox­
ygen diffused through the zirconium oxide corrosion product
film as a hydroxyl ion, thus nicely accounting for the 50-percent
pickup of ,:orrosion-produced hydrogen by Zircaloy-2. Con­
tradictory dJservations such as the drastic reduction of hy­
droge~ absorptio~l i;t improperly deaeraled autocla.e~ were in
general ignored. However, the fact that hydrogen absorption in
nickel-enriched Zircaloy-2 could be increased to well over
100 percent 01 corrosion-produceo hydrogen effectively elimi­
nated the peculiar significance of this source of hydrogen. In
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zirconium cornsion literature, reference can still be (ound to
"percentage 01 corrosion-produced hydrogen" because of the
convenience of this usage.

In 1958 when it was reo::ognlzed that nicke' enrichment of
Zircaloy-2 caused the protective corrosion ~.roduct film 10

become more permeable to hydr(;gen dissolved in the water or
sleam environment, the obvious corollary immediately came 10

mind that the hydrogen absorption o( Zircaloy-2 might be re­
duced by the elimination ollhe mtentional O.OS-percent nichl
addition. Some experimental Zircaloy-2 ingots were fabricated
without nickel additive and corrosion tesls revealed that hy­
drogen absorption was ,,,deed reduced by more than a lactor 01
two. This alloy was them adopted as the relerence c1addinq for
the second (plate oxide) Core of the Shippingport reactor, pro­
duction q"'lntities 01 the malerial were processed, and a large
Iraction of the core was indeed labricaled with it

Benefiting Irom previous expeIlence with Ihe hasty adop­
lion 01 new Zircaloy composillons, th~ proponents of this ailoy
formulation did not rush inlo its nl'.merical designation but re­
felred to il as "Nickel-Free Zircaloy-Z" dnd awaited the inevita­
ble dropping of the axe. The denouement was nol long in com­
ing. Experimenters al General Electnc (San Jose), in testing the
alloy lor steam-cooled applications. re'e<;;l..d it as having inade­
quale sleam corrosion resistance. This result could have been
predicted since. as you wdl recall. the nickel addition wil.S oriqi­
r.ally made to enhance high temperature corrosion resistance,It
was d",emed undeSIrable to adopt lor widespread application
'in alloy with the stigma 01 reduced slei!m Gorrosion resistance.
Again the pressure 01 cladding procurement lor PWR Cor", II
obviated the possibility for any longe-scale development pro·
gram. There/ore it was decided that the most expeditious means
01 ",sloring sam.. amount 0/ the decreased sl~am corrosion
resistance while still retaining reduced hydro,-- dn absorption
was 10 raise the iron level. Since nickel forms the intermetallic
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compound Zr2Ni and iron, ZrFe" a given weight 01 nickel was
judged 10 be hYice as effective in intermetallic campoun<.i lor­
malian as that weight 01 iron, Thus keeping constant the Iota I
volume of inter metallic compound, the dec:sion was made 10

compensate lor the loss of °OS-percent nickel by increasing the
nominal iron composition aboul 0, I percent to 0,18­
0.24 percent. The chromium and tin compositions remainec; un­
changed. ThIs alloy, which was approved by Admiral Riclcover
in 1960 lor extensive te~tinq and eventual use in shipboard
cores, was called Zircaloy-4. it was lound to relain almost as
good steam corrosion resistance as Zircaloy-2 while e"hibi:ing
one-half the hydrogen absorption. This alloy has recently been
<'Idopted by the Naval Reactors Program as well as by pressur­
ized waler civilian reactor co~e builders as the relerence core
structural material.

This brings up to date the history 01 the Zircaloys as per­
ceived Irom the vanlage point 01 a participant in their develop­
ment. As discussed in the introduction, the availability early dur­
ing this history 01 high q:rality zirconium sponge 'mdaubtedly
guided the developmenl ioward use 01 sponge-base alloys and
away Irom the crystal-bar base alloys utilized by the USSR in
water reactors. An example 01 the manner in which the nature
and quality 01 the raw material can allect the course 01 alloy
development is well i1luslratGd by Ihe experience with zir­
conium sponge manufaclured by Ihe Columbia-National Cor­
poration during the period 1959-1960. The cor,osion resistance
in steam testing 01 Zirc ..doy-2 ingots fabricated from thiS
material never could be brought 10 the level 01 that made from
Kroll-process sponge by olher producers. even though the puri­
ty 01 the lormer equeled or exceeded all specific"tions. Small
additions 01 silicon 10 the former were lound 10 produce
Zircak:'-2 01 acceptable corrosion resislance. This experience
illustrates ';:'lphically fhat the alloy lormulalions developed de­
pend nol only upon the application hut also upon the nature oi
Ihe raw material.
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CONTROL ROD DEVELOPMENT

With the continuing producran of zirconium for the Mark 1
prototype submarine reactor plant, stocks of hafnium salts allow
zirconium content (about S-percent zirconium) began to ac­
cumulate. The natura! question raised was whether the reduc­
tion process (oxide to sponge to crystal bar), which had proven
so sL'ccesriful lor zirconium, was applicable to hafnium and
whetnor the resultant product was useful in naval nuclear reac­
for applications, specifically as a neutron absorber for control 01
the nuclear reaction. Finally, A. Radkowsky of Na~al Reactors
and W. A Johnson and S. A. Krasik, the latter the head 01 the
Bettis Physics Department, deCided to take some definitive ac­
hon. They arranged to procure some metallic: halnium anti per­
form physics, corrosion, and labricabihty tests. This was done
'lImos! surreptitiously since the lead responsibility for the devel­
opment of the Mark I control system had been assigned, under
the direction of Naval Reactors, to the Argonne National
Laboratory The reference conlrol rod material was a silver­
cadmium alloy sheathed in stainless steel. Although an
elaborate and apparently quite satislactory fabrication scheme
had been evolved for the control rods, continuing problems with
the design, construction, materials selections, and testing of the
initial Marlr I control mechanism cast a pall of suspicion on all
related aspects.

This problem C3me to a head at a meeting at Bellis the week
a! December 15, 1952, with Argonne and Naval Reactors per­
sonnel to review the status 01 the entire Mark I control problem.
Coincident with this meeting, some stainless steel-clad silver­
cadmium control rods labricated by Argonne were being tested
in high temperature water autoclaves at Bellis, and arrange­
ments were made to remove the rods from teslthe morning 01 the
meeting so that they could be reviewed by the visitors. The worst
feals of those working on lhe contLol system were realized.
Close eXdmination of the rod, revealed locatim,s where the
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stainless-steel sheath appeared to be slightly rilised and pulled
away from the silver-cadmium core. This would of course be dis­
astrous, since further ballooning of the sheath could cause bi nd­
jng of the control rod and endanger safe and controllable re'ac­
lor operation.

During one ollhe meetings to review the stalus oflhis w"rk,
Admiral Rickover. using a plumber's tactic, hit a piece of Ihis
malerial with a h"mmer and the clad splil off the base material.
This result c1eilrly indicated t.o him the un acceptability of Ihis
design and he at once made the decision to shift to l.iDclad
hafnium control rods as the replacement relerence design lor
the Mark I reactor, using the crystal-bar zirconium de\'elopment
facility on a crash basis to make the first crystal-bar hafnium.
The results of the initial tests had revealed that halnium was
much less subiect than was crystal-bar zirconium to deterio­
ralion of its corrosion resistance. No: only were the normal im­
purities such as nitrogen less harmlul. but also the absolu!e cor­
rosion rate was much less at the same exposurt> conditions. The
neutron absorption cross seclions as a function of neutron ener­
gy, the absorption characteristics as a function of liJetime, and
the chemical nature of daughter producls matched pressurized
water reactor requirements even beller than did the silver­
cadmium control rods. The experience on reduction, puriJi­
cation, and fabrication accumulated ..:..~~~ C~1-.ita.l ..oal zirconium
was dir~ctly applicable to hafnium. Therefore the transition was
made readily to crystal-bar hafnium for Naval Reactors applica­
tions.

For a time irom 1950 fo 1958, when almost all hafnium­
separated zirconium was being used in the Naval Reactors Pro­
gram, a hafnium shortage was threatened. This temporary short­
age of hafnium was overcome by slrict economy ill 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 conslilutAd
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a not incongequential contribution to the hafnium supply. As ZiT­
cooium wa.s a.pplied 10 more a.nd more commercial rtlactors in
which halniulD control rods were not used, the hafnium supply
situation has considerably eased and no shortages have reo
curred. Crystal-bar halnium has retained its unique primacy lor
this application.

CORROSION TESTING OF REACTOR CORE
COMPONENTS

from the preceding account 01 the developmell.t 01 the Zir­
caloys Irom the earliest available crystal-bar samples, the reli­
ance upon high temperature water corrosion testing to assess
the quality 01 raw materials and finished components is proba­
bly understandable. The author once strongly advocated ac­
ceplinq a product based upon composition alone. However, the
occurrence 01 stringer corrosion illustrated the danger in this
approach and supported the prudence of either corrosion test­
ing or performing som9 test simulatinq corrosion e:posure lor
zirconium components which are required 10 operale under
conditions approaching the lower limits of corrosion a.ccept­
ability. On the other hand, as anyone lam.iliar with specification
or acceptance tesling can testify, there is a grei!.t danger thatlhe
lesting itseU becomes the ob.ject, rather than 1:,se afthe test re­
sults to ensure maintenance 01 material quality. Corrosion test­
ing 01 zirconium has not proved to be immune hom this danger.
and the Naval Reactors Program has directed considerable el­
lorl toward enSuring that corrOSion testing yields reproducible
results and accurately rellects n.ateriai quality.

In the early 1950's when conosion testing was !irst applie'1
to the cr!stal-bar zirconium components of the Mark 1 reactor,
the complaint was allen hearq. that the Iile 01 the reactor core
was being used up in lesting. This st~iemenl was made only
partly in jest, since, although the desigillife 01 !he Mark I reactor
was relatively short, the life of the Zircaloy componenls 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
fl<.k6'.

To permit evaluation of corrosion quality, a sensitive
method 01 evaluating test results was necessary. Corrosion
weight gain, useful in research and development tests, was of
doubtlul applicability since the variiibility among various ingots,
heat treatments, d!ld surlace finishing practices would require
the imposition of limits so relaxed that defective material might
pass the tests. Furlhermore, weighing 01 large :::omponents with
sufficient precision to detect local deficiencies in corrosion
quality was impractical. Therefore, a visual inspection method
W3S adopted whereby the appearance 01 the corrosion product
on the material or component is compared with that on an ac­
ceptable standard. To aid the inspection, the use 01 a "black
box" W,lS instituted, which is simply a standardized means 01
eliminating e:lltraneous reflections, etc., from thf' surface:;; being
view.d. Under such viewing conditions, dillerences in mater:als
can be detected which are beyond the sensitivity even of accu­
rate weight change measurements.

ZIRCONIUM HANDLING AND S,\FETY

Zirconium is normally characlerized il! melallurgy texts as
one 01 the reactive metals. The truth of this characterization was
vo better emphasized in the Naval Reactors Program than in
lS55 on the day of the "Great Zirconium Fire" at Bellis. In the
course 01 con~tructiO:::l of the Mark I and subsequent reactor
pl<lnts, a large amount of zirconium machining chips, unused
sponge, discards, rejects, etc., was a~cumulated.Because of the
high cost 01 the hafnium $eparalio:l during zirconium produc­
tion, this scrap material wall deemed valuable since, even if con­
verted back 10 oxide and recycled, its reuse would greatly re­
duce the ;.;ost 01 zirconium. The Commission slored lhis scr.;lp in
concrete block bins in a slori:lye yard at Bettis until procedures
for its reuse couid be developed.
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On the day of the lic~, one of the barrels of chips was
j qniled, p~esurndbly as the result 01 welding operations in an
",djacent area. The ignition spread 10 adjacent bins and soon
the entire Bettis site was bathed in an eerie lighllike Ihat of a
continuous and powerful flashbulb. I recollect Ihal I w~s inter­
viewing a pIOsj)l'ctive employe at the lime. Since I had no idea
what Vias going on, leaning on :he principle of "need to know," I
ignored the loud clanging of fire bells, hooting 01 signals, and
g!!neral frantic activily. As I escorted him out of the plant, the
fin:! white particles 01 ZrOz falling g6::!lly upon our h.,ad~. he de­
elined our employment offer acd, while conceding that Bellis
."ould be iln exciting place to wo~k, expressed the desire lor a
more settled environment.

This incident, cOl1pled with a similar fire at Oak Ridge, led
10 the lormulation by the Commission of safe handling practices
for zirconium which have been successful in pre\'enling cny
chemical reaclion incidents in prime contractor or vendor loca­
tions handling zirconium.

ThE) reactive nature of zirconium once again became of
concem at the lime the Shippingport PWR Core I reactor was
approaching its installation and initial operation. Zircaloy-2 was
used extensively as the luel element clddding as well as the core
structural material. The chemical energy of combustion of the
Zin::aloy-2 as well as subsequent reactions of the rf'leased hy­
drogen, could, if released during a postulated reactor accident,
Cdii~e extensive damage to the reactor containment structure.
The specter wa~ raised oll';oleni explosions which had occurred
in some titanium arc-meHing facilities as a result d puncturing
the crucible and contacting tne molten metal with water. The
Shippingport reactor, as the forerunner d commercial pres­
surized waler reactor plants, served as the p~ogenitor for many
of the safely aed safeguards practices and analyses which have
subsequently been applied to commercial reactors.
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The questioli was raised of whether ignition of Zircaloy,
even if locally initiatec, could spread in at: !\n<:ontrolla~,le man­
ner to a major fraction of the Zircaloy contained in a core The
accident conditions under which such a reaction was con­
sidered most Jik~ly to occur would result from the bss-ol­
coolant accident in which one 01 the main coolat:t pipes wO~lld

suffer Ii guillotine break. It was considered that, if it could be
shown that Zircaloy-2 reacted with w<,ter in a predictable man­
Der at a!l temperatures up through its melting-point, Ihis should
assuage fears of the occunence of unpredictable and uncontrol­
lable reaclions. The magnanimous time period of three weeks
was all<'tted for this demonstration. Thus, an experiment was de­
vised in which samp:es of Zircaloy tubing similar to those used
;0 Core [ were heated inductively while immersed in water and
the released volume of hydrogen collected and used to monitor
the rate d the reaction. 13arricades were set up around the water.
container and a system of mirrors devised so that an engineer
could conlrolthe metallemperature in the course of the reaction
while another enq'ineer observed the change in hydrogen
volume ....ith time as the hydrogen bubbled up through the water
column. :'emperaturas were gTadually and progress!vely in­
creased in consecutive experiments until, as the grand linale,
Zircaloy was meHed under water and the amount of reaction
monitored during melting. These experiments, completed dur­
ing the r~quired time period, demonstrated that the occurrence
of high temperature reaction rates could be eA~rapolaled from
those measun"d at lower lemperatures, and that no new or unex­
pec!ed phenomena intervened which would endanger reactor
plant s~Jety. Cr:Jde as these initial experiments were, the kinetic
data derived from them ;lnd the conclusions drawn have beer.
supported by subsequent experiments and analyses.

ZIRCONIUM t"ABRICATION TECHNOLOGY
DEVELOPMENT

The mut'lally beneficial ellect 01 ~he codeyelopment of zir­
conium and titanium is again illustraled by lhe rapid progress

-77-



~.

I,
~."

made In the fabrication technology of these metals. Because 01
the wide range 01 applications which were being explored for ti­
tanium alloys, labrication technology was most rapidly ad­
vanced by the titanium industry. However, the stringent coro­
sion, homogeneity, and purity specifications required for zir­
conium alloys led to melling, weldir:g, and fabrication prdctices
lor zirconium which were accepted with profit by the titanium
industry.

The earliest efforts were directed towards methods of melt­
ing zirconium. lirst crystal bar and then Zircaioy-2. Vilcuum in­
auction melting in graphite crucible'S' Wo;!;· operationa!lY'-~l!C-.

cesslul; however, the resulting carbon pickup was d;saslrous to
thE: corrosion resista::!ce of crystal-bar zirconium. A minor efforl
was then dirlolcled toward iil.ding crucible materials which were
inert to molten zirconium, a task which SOOil proved to be fruit­
less. As previously discussed, even solid-slilte compaction by
hal-pressing was at one lime seriously considered lor the pro­
duction of crystal-bar zirconium.

However at this time, alleiltion was directed toward non­
con~urnableelectrode inert-gas arc melting, a rather venerable
concept which had most recentlY been revived for melting of the
refractory metals, molybdenum and tungsl'.i!n. Once the means
of purifying the inert gas of oxygen and particularly nitrogen
had been worked oui, the arl of fabricating water-cooled copper
crucibles which would nol s?ring leaks evolved, the method
generated of conirolling water £low to prevent formation of hot
spots, and meliing rates '-oirelated with metal feed rates, ingots
of crystal-bar :<irconium were produced with high yields, Vfh~ch

retained the corrosion resistance 01 the le..d stock. These ingots,
each weighing 35 pounds, were used in the fabrication of luel
element~ for the Mark I core.

These ingots sulfE":ed from a lack of homogeneity; thus,
local inclusion of a poorly corrosion-resislant piece of crystal
bar, or, failure to secure local alloying when melting of sponge
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began, often resulted in rejection of i!.n entire ingot. It was nec­
essary to then fabricate the in.;":. chop it to feed stock, and re­
melt it using an inert electr'Jde. A far more sC'.tisfactory pTO-,
cedure was soon evolved in which the inert-electrode first-melt
in.:;ot was made the cor..sumable electrode lor a !leeand meli,
thus improving the homogeneity without incurring the costs and
delays of fabricatia9 the first ingot 10 reed slock size.

The final development consisted 01 discarding the inert
electrode, whid. led to local contamination with tungsten, and
replacing it with a consumable el13c1rode made of cold com­
pacted sponge with suitable addition of aiic;ying elements; this
first melt then formed the cons'.lm...ble electrode for the second
mell. This practice was developed at Bellis and soon became
the standard pcacilC'e througnout the zirconium and titanium in­
dustries.

As previously discussed, difficulties began 10 be experi­
enced at this time with the inclusion of noble gas bubbles and
iI::termelallic compound stringers in the ingots. Forhliately the
practice o~ vacuum arc-meiting had become widespread in the
titanium industry and proved 10 be transferable to Zircaloy melt­
ing. Vacuum double consumable arc-melling thus has become
the established reference melting praciice fo~ zirconium alloys.
Progress since then has been in the direction of i,'creasing in­
g,ol sizes. From the 35-pound ingots fabr:cated for the Mark!
core, melting has proglessed today to 3000-pound ingots, with
resultilig improvements not only i-.: yield, efficiency, and repro­
ducibility, but also homogeneity.

Concurrently with the development of melting prac!ices,
the applicability of almost all metal-working practices has been
explored either at the Naval Reactors Program prime contractor
laborcltories or at vp.ndors' plants. Zi~~onium. anti la:..r the Zir­
caloy~:, have proven to b", adaptable 10 fah;ication by rolling,
forging, extrusion, or wire-drawing. The first large scale
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manufacture of Zircalay tubing wa,; initiated in I S55 for !.lbrica­
tion of the Shippingport PWR Core I blanket. Seamless tubing
was manufactured from extruded hollow billets either by suc­
ces~ive stages oi cold-drawing and. annealing or by tube­
reducing to Iinal size; tubing o£ each type was inchlded in the
first Shippingport reactor core. .

Active programs were also initiated on joining methods.
The applic<1bilily 01 tungsten-inert-gas (TIG) a;:::I. consu~able
meldl electrode-inert gas (MIG) arc-welding processes was
rapidly explored. The necessity for maintaining atmosphere
purity in order to prevent contamination led to th-: development
of cvntro\led atmosphere v/eld boxes of unique design ~ather

than use of shielded arcs as in other less crilical applications.
Again, :;rconium and its O'l1oys were found to Le h.ighly weld­
abie and, to a large extent, immune to w<,ld cracking. One limi­
tation to post-welding heai trea tment was encountered unexpec­
tedly in the welding of fuel elements (e. the Shippingport PWR
Core II reactor, a plate oxide reactor in which rIG welding was
extensively used. When the plates were annealed at 14 50F alter
welding, the customary practice at thatl.ime, and then corrosion
tested, cladding cracks were detected associated with the weld
regions. Metallugraphic e~amination at lirst revealed no struc­
tural reason for Ihe cracks; however, more careful examination
revealed thai exaggerated grain growth hcd occurred in the
welds as a result 01 the onn.:aiing operatic:J, and that cracking
had occurred. as ii result o£ precipitation and subsequent crack­
i~g of b~illie hydride plates across the large grams. Since then,
annealir.<;r temperalures of weldments have been controlled to
prevent exaggeraled grain grDwlh. EI...ctron beam wE:lding h,~s

alr..:l been used to advi:.iltage in zirconium technology. although
care has to be exercis€d to prevent ellce~sive€vapDraiion 01 tin,
iron, and chromium from the weldments.
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Joining by brazing has found little applic:ation in the Naval
Reactors Program. Zirconium-beryllium eutectic alloys for bri>z­
ing were develo,led by Bettis dnd found to ellhibit good corro­
sion reslstanc'e This technology ha~ been appli~d by ~he Cana­
dians in fabrication cf luel element supports for !heir heavy­
water reacl.ors.

A dramatic illustration 01 the unforgiving nalure 01 zir­
conium when its reaelive characleristics are ignored was af­
lorded by Ihe cOifosion behavior 01 some critical zirconiulll
cO'1lponE-nts which were lab rica ted al elevated temperatures ('n·
cased in a. hermehcally sealed sleel sheath to prevent atmo­
spheric conlamination and resulting corrosion deterioration.
Surprisingly, high ieve!s 01 contarr,inalion were lound on the zir­
conium surfaces alter removdl olthe shealh. It was soon realized
th~t the partial pressure 01 the nitrogen impurity in steels wa~

~ufliciently high and its diffusion rapid enough at fabricalion
temperaturE's 10 contamin.'e Ihe zirconJum and 10 reduce its
corrosion resistance draslicaily An enamelling steel, Ti-N'lmel,
in which the nitrogen impurity is stabilized in the sleel by
Iilanium dddilions. was therelore "dopted as the sheathing ma­
terial lor this applicalion.

EPILOGUE

This account haS traced the author's recollections 01 the
e.HI." development of zirconium from Ihe time Admiral Rickover
seleeled It as the slruGh,ral material ior water-cooled submarine
reactor cores Ie the early 1950's when the; zirconium alloy
melallurgy WdS firmly established and 'lttention was concen­
traled on developing its polenhal more luHf a~ ~n engj"eering
material. Continuing support 01 an a.ctive development proqram,
I,"th in the event'J,d solution 01 what appeared at the time insur­
mounta.ble problems, and d wiHjngnes~ to take unconvenllOn<l1
<'Ind bold approaches all charilctol,zed Ihi; earl." development
period.
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