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I. INIRODUCTION

The cmbimtim of zmalear and physical properties possessed by
sirconium makes it a valuable material for use in the construction of
nuclear reactors, For thermal neutrons, the absorption oross section
of zirconium may be about 0,20 barns (1). ‘rhis\abaérgtim cross sece
tion is less than columbium and steel, only twice that of aluminum,
but forty times that of beryllium (2), The high resistance to core
rosive attack by specific agents makes it ussful for heat transfer
surfaces in ocontact with pile voolants, These ;:ropaﬁ.iaa » in addition
to the favorable features of aﬁﬁngth, duetility and malleability,
encouraged development of methods for the production of pure zirconium
metal which would be more economical and more readily expanded to a
large scale operation than processes currently in use,

| Hafnium, which o¢curs in the ore and has similar chemical propere
ties, 1s present in all commereial sirconium produced by methods cure
rently in use, The bafnium content ranges from one to three per cent
for sirconium produced in the United 8States, The aﬁsarpt.t&m oross
section of hafnium is about 101 barns for thermal neutroms (3). Prior
separation of hafnium from the zirconium before ueing the metal in
nuclear reactors is obviocusly necessary. At the Ames Laboratory of
the Atomic Energy Commission the hafnium is removed by passing a metha
nol scolution of sirconium tetrachloride through a column packed with
activated silica gel which preferentially adsorbs the hafnium (4).

The effluent from these colusms must be treated to remove all other
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I1., BEVIEW (F THE LITERATURE

Berselius (5) in 182, reduced potassiumezirconium fluoride with
sodium and obtained for the first time & sirconium powder, probably
mostly lower oxide, Troost (5) employed the methed of reducing gaseous
sirconium tetrachloride with mgmsim er sodium and the reduction of
sodium fluosirconate with aluminum in 1865, Neither Berzelius nor
Troost made a pure metal that éi@layed malleability and corrosion
resistance,

In 1914 lely and Hamburger (6) obtained a ductile zirconium through
the reaction of zirconium chloride with sodium in s sealed pressure
bosb, By careful control of the temperature gradient and rates of
formation zirconium tetrachloride was made by treating sirconium oxide
with chlorine saturated with carbon ﬁetrachlari&e. The Qi.z;cenium
chloride was a compact dense material which did not reaet readily with
atmospherie moisture, A mixture of the zirconium chloride and sodium
was placed in the ’ﬁgub between layers of sodium, The sealed bomb was
heated to initiate the reaetion, Coerse metallic pellets of zirconium
in the product were separated by washing with sconcentrated hydrochlorie
acid or concentrated nitric acid., Finally the metal was washed and
dried with organic solvents. The pellets could be pressed into a rod
or melted in an electric vacuum furnace to give a compact metal which
was practically pure, very ductile, and resistant to attack by acids
and alkalies, |

By thermal decomposition of zireconium tetralodide on a heated
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may be deposited with the zirconium. Aluminum, silicon, boron, iron
and titanium can not be removed from zirconium by this method, The
lodide decomposition method is limited by the souree of electrical cure
rent available, since a rod of zirconium approximately 1/4 inch round
| requires s current of 100200 amperes for resistance heating to maine
tain the proper temperature, Healt dissipation becomes a problem with
thick wires mﬁ, heavy eurrents as the reaction product accumlates,
The Foote Nineral cw produces szirconium commercially by the iodide
method,

The production of less pure sirsoniuvm by reduction of zirconium
tetrachloride vapor with molten magnesium in a helium atmosphere has
been desoribed by Kroll (8,9,10). Zircon sand, which is used as the
starting materianl, is converted to zirconium carbide by fusing a mixture
of zireon and graphite in an arc or resistance furnace, Through the
reaction with chlorine at elevated temperatures a crude sirconium
chloride is obtained from the carbide., Silicon ehloride is removed by
using a condenser heated to 100 degrees centigrade for deposition of
the sireonium chloride, Purification of the chloride 1a accomplished
by.sublimation in a hydrogen atmosphere, which removes oxides, carbon
and carbides, and iron, In the reduction step the zirconium tetra.
chloride is sublimated to react with molten magnesium in a helium
atmogphere forming lump zirconium and magnesium chloride. The excess
| magnesium and pagnesium chloride are removed by vacuum distillation at
885 degrees centigrade. The zirconium sponge ls econditioned with
mixtures of air and helium to minimize the fire hazard when the sponge
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gave a produet which contained some oxygen in solid solution, The
metalliec product was frequently obtained as finely divided or cole
loidal particles. Eleetrolysis of an agueous sclution of zireonyl
sulfate was most successful for the alwtraﬁmm of zirconium from
aqueous media, The great chemical reactivity of such sireconium and
the abab‘ili’oy of the zireonyl ion offer little hope for electrolytie
methods with aqueous solutions, since the lower oxide will most
generally be formed.

The physical and chemieal properties of metallic zirconium are
markedly changed by the presence of small amounts of certain impurities.
These ’ati‘wita stress the importance of producing zirconium metal of
sxtremsly high purity. The reaction between zirconium and atmospheric
geses at elevated temperatures forms solid sclutions, Fast (12) re-
ported that zirconium dissolves up to forty atomiec per cent oxygen
without the appearance of the zirconium oxide phase, Nitrogen aleo
~ forms solid solutions with the metal., The presence of these gases
in solid solution with zirconium makes the metal brittle in the ecold
state, Zirconium containing oxygen in exeess of 0,2 per cent by
weight can no longer be cold rolled and shows a marked inerease in
" hardness according to Lilliendshl {13). The hardness of zirconium
netal has sometimes been used as & measure of the oxygen content of
the metal.

Zirconium metal to be used in nuclear reactors muet be of very
‘high purity, Substances which increase the hardness too much must
be excluded. In addition the metal must not contain impurities which
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increase the absorption of neutrons or inerease the rate of corrosion.
In general, metal of aafﬁaiént purity to withstand the corrosion test
will exhibit adequate nuclear properties, although this eliminates
possibilities of improving corrosion resistance by alloying with
certain slements. The specific test (1) for corrosion resistance of
sirconium metal consists of immersion in deaerated water heated to
315 degrees centigrade in a sealed bomb., The change in weight,

Table 1

Analysis of Non«Corrosive Zireonium

-

i3
13

Eiapnt _Pepaus | | E;:mnt “ p.§ oBe
Fe 300 | ¢ 500
L 100 0 1000
Al ’ 150 ' 81 70
¥ ° Ca <100

expressed in milligrams per square centimeter per month, ia taken as

a messure of the corrosion resistance., These conditions of the test
approximate the conditions within the npuclear reactor with water coole
ing and the service conditions to be expected of the zirconium metal,
Much of the zirconium metal now produced does not show sufficlent
corrosion resistance, The difference in corrosion properties between

samples is attributed to the presence of certain impurities, The



analysis of sireonium metal which did not corrode in the high teme
perature water »n shown in Table I for the mejor impurities which
are most diffieult to eliminate (1).

The purity of a zirconium produet depends on elimination of the
ng.«ragaaa and excluding these materisls in all subseguent operations,
Although numerous methods are reported for the formation of pure
zirconium compounds, many are prohibited in process development by the
cost and unavailability of lsrge supplies of rare chemical reagents,
which restrict these anaw&u to uge in laboratory or analytical
procedures. The difficultiss encountered in handling certain precipis
tates on large scale, the problems associated with the recovery of
costly materials, or the formation of compounda which are not useful
intermediates in the zirconium process eliminates meny other purification
schemes,

Among the methods which could be considered in process development
is the purification of aqueous solutions of zircomium in nitrie aeid
by ion-exchange with Amberlite IR-100, which was demonstrated by J. A.
Ayres {(14). The dilute solutions employed would entail long periods
of time for ion-exchange column operation for the required seale of
zirconium production, The large volumes of solutions would wna.oamo
the cost of concentration or filtration operations in succeeding stages
of the process.

The sublimwation of zirconium tetrachloride in a hydrogen atmose
phere is employed in the process of the Bureau of Mines (10)., The iron
found as ferric chloride in the zirconium chloride is redueed to
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ferrous chloride which remeins behind. Ghromiﬁm is likewise removed as |
chromous chloride, The condensing surface is kept above 100 degrees
centigrade to give & ﬁeme form of zirconium tetrachloride and to reduce
‘amtamimtion by the more volatile silicon tetrachloride, The introduce-
tion of impurities by carrying in the gas stream of %ircaniﬁm tetra~
chloride during the sublimation limits the degree of purity which can
be obtained,

The precipitate of zirconium salicylate formed by the addition of
a solution of ammonium salicylate to aqusm zirconyl chloride is
soluble in dilute ammomium hydroexide (15). The insoluble hydroxides
or hydrous oxides, such as aluminum and iron, can be removed by filtrae
tion., Acidification with hydrochloriec acid reprecipitates the zireconium
salicylate, which can be ignlted to a pure szirconium oxide,

Rumercus applications of the formation of zireconyl chloride crystals
in separations and purifications of sirconium have been reported (16,17,
18), 2irconmyl chloride, Zr0Cl,°8H,0, is readily soluble in hot hydro-
chloric acid, At a concentration of hydrogen chloride of 318 grams per
liter, zirconyl chloride is least soluble at room temperature (17),
The decrease in solubility of zirconyl chloride with the addition of
hydrochloric acid to aqueous solutions of zirconyl chloride or the
change in solubility of zirconyl chloride with temperature has been
used for the separation of crystalline zireonyl chloride in the pure
state, After filtration the zirconyl chloride crystals have been
washed with hydrochloric scid, The condition of high acid concentration
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in heated solutions requires the use of special equipment in the cone
centration and crystallization steps of the method, Filtration and

washing of the zireconyl chloride crystals must also avoid further cone
tamination of the produect,



oprTegen v Jo Lieaovel eyy 40] e9see00sd Bupyowe] Jo uOTIWUTHILe
oYl °T®)sE OATSSUE B® PRJISACDEI 8q L{juenbeaj usd sTwlew Supjlew
udty ey ALea sTyj uy ‘essyd ofrIe4ed oyl Jo jurod JuiTew oyl Jomol 0%
pofordue ST @8xeyo UOTIOESI OyF 0% STBIGN JILUYRO JO UOTITPPR eYj
, *qonpoad
1990w oyy Jo pTeTL eyy eswesouy 0% peppe ede yolys squsde Bupanyy
Jo serdmexe eJw »3@?@ unipos pue epIIOTYS wmyors) ‘*eseyd Jwre
oyy jo jutod Buyjyem oy} JeMOT 09 pesn 9J% ng ‘uoTioves TeoTweYyd
Y] J99Ue 110U op esgeyy *sjuelv Jupanil JO UCTATPPR eyy 8T eeseyd
30 wigeaedes ouy 9383 JTTOR] OF Pesn oIv IPTYM spoylem eyy Suowy
*uOTI080
8y JO 190y OTUINYIOX® BUY) WOJLJ SYINEex sjonpoad uwopgvwes eyy Jo
uoTsng 9y} YOTYM UF ssevcoxd ayy 03 supmqed uoyesnostp BuTmOTTOF WYL
egossyd Jo uopgeawdes v ysilduooow 04 qujod Burjrew oyl 07 LeOINOEG
1eudeqxe Lq pegssy saw sjonposd uOTIOBES oyl YOTUA UT poyjem Jeltuie
¥ WOJJ SI9IJIP STelew JO uorjonpoad eyl Joj pourew eyyy *Lyysuep
UY eOUBJeJIIP JUSTOTIING aAwy puw oTqIosTumy eJv seseyd oyy JT *anooo
TTta seseud oyrTesew puw Jure oqup uociywasdes ‘eqmwys pynbyr oyy uy eaw
#1onpoad UOTIOBEL SYG STTUH °qUOY 8UY WOJIJ SBES0T 380y SWODIVAC O
L1prdex pescoad gsvm uopjomed oyl ‘UCTITDUOD uejlow oyj o9 sjompoad
uopouesL 9Uy dupaq 04 qwey ydnous Fupjeasusd Jo sTqedso uopgonped
| [WOTWeYD OTWJOYIOXR WR JO O8N ey} U0 peseq S enbluyoes quoq paTwes
oy Aq waoy eapsswm oyj ufp jonpoad OTITeISW ¥ JO UOTHURIOF oYL

SHOIIVHEQTSHOO TVHIENGD ONV TVOIITHMOEHI °IIX

'N‘N-



OPTPOT U® eonpoxd TTTH SPTJIONT [ejeu ¥ JO UOTIONPRL Lxewypad v 303
quedves Jey800q 9y} S8 GUTOY me aem oy ferdwexe Jog °*Bels eyy Jo
gutod Bupqyew eyy Bursemo £q seseyd jo nowva%%w ayg 918311 Io%]
Lew uoTyowed JegEO0q oY} JO vunwaum oYy *uopyoEwsx BTu} Jo sonpoad
ey} jJo UOTIOR ey} JO FINEVX B $B TELeUW SATSEEE JO UOTAWMI0] 8Y3
Ul JO30%J jUYIOGW] Uw ewWoOeq Awu UOTIOBEI Je3600q eyy ‘uojjowes
Lxepucves oyy Lq peounpoad joejje TemIey) oy} 07 UWOTITPPe uy
‘uopgores Axwnpad syj 99BTIIUT 04 SUVLDVOJ
Axempad eyy JOo eamguieduey syl seyex 04 POZTTIN €7 UOTIOBRe Jeqe00q
ayj Arreuorswoop *seseyd aTqnTOSUT oWy .“o‘ uopjuiedes pus uotsng
oul J0J %ﬁwﬁ a,g.«.«n 988y %ﬁ 239030 09 ‘SUOT30WES ,d09800q,
poTIeo~08 ‘suopyowea Liejirxme Lq pequswelddns sq usd uopnOAe
geey oyl ‘sjoupoad uopiesed oyj 88nJ 04 esnjeiaedwe) Ul BSVLIOUT
Axesseoeu 9y) eprAcad 0 OpWIeyqOXe LTJUSTOTIME j0u ST Jonpoad
Ie3em peJteep oyj Jurpmlo) uoljowed Lisuiad oyy €eSE) SWOE UL
*suotyeledo guenbesque uy spwk 87 Lo[le aﬁmu.aa oYy WOJJ Tulem 98X
8y Jo AJeAoDey “*SlwjeWl 9Jwl JO 98B0 oYy Ul pesn seuyjewcs ef quele
Bupgoeroo s, g% Tejow puodes v JO Aypauwend e8ael ® JO uoTITPDE oyl
*weBTewe ue Bupmioy £q jompoad SPTIEIem oyl JO S3TATIOR eyy
800NPSI YOTYS Se8se004d 0F3LTOIJ0OTE WY epoylsd Lmosewm w Jo esn oYy
09 snodoTeue ST SIYL *TeIew oyj Jo LIeA009Jd STGBICAB] SJOW B SATE
0% polJTyYe 67 unTaqITInbe oYy o8 qonpoad oTTeIeR eyy JOo L3TATi0R oyl
eonped Lws uolyIppe wa«%ﬁs ue SuUCTqORes BTqTEIRARL JO 98B0 oYy uT
*eBuqusApE OUTSETP © ST sqonpoad uOTowed ey} WOy Jeopmod

lm.nt.



edaeyd quoq 8y} Jo squenoduov eyl Ul #9IerAnduy JO 8309338 eyl sepulo
-uf ejyl *uopqeiedo Supqsso Jo BupqTewsa juenbesqns v U} peAcued q
q0UUBd YOTUS STUTJe38W oTquaTsepun Jo uOTENTOXs 9yj wesynbex ssevoaxd
uopqenpex quoq oYy £q jonpoad OTTTBIEE eand ¥ JO UOTIWGIOF ey
*gfo1e podgsep oY) Jo uopysxedead
Y3 84wqTTIoe] osTe few squelves aeq800q #v sTwjeu Juployre eyy Jo
UOTATPPY *Tvteu eund ey} ev oBeyod uOT40Be oyy 04 peppw oq Lww wey
~gd8 fOTT® oYy JO SHUSNJTISUOD IS0 OYL *HTWIGW JULNJTIBUCO oY} JO
,amﬁsmaco Jo uopqjoupes enosuwinute oy} £q peswdexd eq Les shoTre oyl
*yoaeesed TeofAMITE3eW UE 003 STQERTEA ¥ ST POY3IEW quoq peTees ouy £q
swesdwlp TBUOTINGTIEUCD JO Lpnys 9yy JoF sfoTTe JO UOTIBRIOT YL
*gonpoad opITwjem posysep
oyg Jo PIOTL wmmpxww ey} UTRIqe ©F J03E00Q TYRISY) ® JO UOTLTPPR eyl
UATA peuTquos oq £vm WOTYTPPY SUTAOTTS UW ‘ATIRTTNTS °PORSUTUILS oq
Leu .nca!éa Temaeyy ® Jo esn eyl ‘Te3ou FupLoTre WY JOo UOTIILPE oYy
pue sgonpoad uopgowex eyg jo Supwmyg Jedoxd Lg “pelorduwe eg umo
eBaeyp UOTIOEHI By} OF SUOTITPPE JUSILIITP U} JO SUOTIUTQUOD
*fo1T® uw JO UOTIEWIOZ oY}
yfnoayy eseyd OTIregew eyj JO uUCEsng Jo eanjwiedues eyl scvesoep 03
puw Juys vvﬁagmm oYy Jo quted Suyilew eyl JOsoT 04 pesn oq Lem UOTY
~OMpPeJ SPTIONTS ¥ UT queSeel 189500q 9YG SW SPTPOT TEIOW ® JO esn ouy
‘orduexe JOJ °*BI08JJ0 9S8y} JO YI0Q YETTEOSO® Leu EUOTIORES 189800
0930 *37 u3¥e foyre we Hupmaoy £q jonpoad Tejem Liewtad eyy Jo
qutod Buyssesy eyl Jemol Lfwe jonposd Tejew 8 sUOTLOwed Axwjusuerddne
J0y30 Wl *Bels eprioniy eyy Jo jujod Fupqiem syy JeMeT TITA YOTUR

-3.‘



'HW‘

which would give unfavorable additions to the metal. The distribution
of an impurity wawdng the alag and metallic phase may reduce the une
desirable aspects of certain types of impurities., Thus, g,@ wgagﬁ;
of caleium chleoride in a metal chloride to be reduced by ealeium would
not be harmful., |

Undesirable additions of fluxing agents or alloying agents must
be avolded., A reaction between the reducing agent 3 the ﬁ@amwwua,
product and the fluxing reagent may introduce impurities, Conse-
quently, such additions are usually made in the form of highly stable
compounde or as & compound of the reducing agent other than that formed
in the principal reaction., Unless an alloying addition of a permanent
nature ig intended, the metallic addition should be one which ecan be
subsequently removed by chemical or physical methods,

Reagents which are added to supplement the heat of reasction may
be a source of contamination of the metal. This may oceur if the
metal products form stable compounds with the booster reagent which
enter the metallic phase of the reaction products,

Metallie impurities may alloy with the metallic phase to give
an undesirable distribution between the slag and metallie phases.

The reducing agent may also alloy to some extent with the product
to give a vagmus% addition of an undesirable nature,

The compound which is reduced in the principal reaction may
inelude compounds which are impurities. If these impurities are
also reduced by the reducing agent, the metallic product may become
impure. Solid solutions may slso form between the metal product
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and double halides with the alkeli metals. The bromides and iodides
are fregquently too hygroscople and the low percentage of the metal in
the compound is a disadvantage, The use of bromides or iodides requires
the installation of equipment to recover the halogen from the slag -
for recycling in the process, This economiec factor 1s also a dise
sdvantage assoclated with the reduction of bromides or iodides,

The free ensrgy change assoclated ﬁiﬁh the reaction between the
compound of the metal to be prepared and the reducing agent partially
determines the available materials for use in the reduction charge,
Data are generally not aveilable for the free energy of formstion of
compounds at the temperaturcs of the reaction. A useful empirical
relationship 1s available in the standard electromotive force wvalues
for aqueous solutions. The metals lowest in the series are generally
produced by more economical methode than the bonb method, The metals
generally produced by a bomb reduction usually lie in the region be
tween zinc and aluminum in the series, The choice of a reducing agent
for the preparation of these metals in a bowb reduction is limited
to those materials which will furnish a favorable change in free
energy in the reduction resction. For the reduction to metals which
lie in the region between zine and aluminum in the electromotive force
series, the available reducing agents include the alkali and alkaline
earth metals, mgmsmm, and aluminum,

In the development of a commercial process for the production of
a metal by bomb reduction wethods, the economiec factors govern the
choice among useful reducing agents, This usually limits the metallie
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within the bomb or its refractory liner, The charge with the booster
may be thoroughly mixed and placed in the bomb, Modifications inelude
the segregation of the booster charge from the main charge. Lining
the inside of the bomb with the booster charge may protect the bouwb
from the main products and serve as the refractory liner, For the
reduction of volatile compounds the reducing agent may be packed
completely around the compound so the redustion ocours between a
gaseous compound and the solid reducing sgent, |

Naturally, the charge to be located in the bomb must be stable
at room temperature or this operation would be too hazardous. Once
the charge 1s in the bomb and the closure has been made the reaction
is initiated by heating the bomb, The temperature of the pit in
which the bomb is placed is a variable which may be extremely impore
tant in improving the yield of metal obtained, As a general rule the
larger the bomb, the lower the temperature maintained in the pit,

There are other factors in the successful application of the
bomb reduction method to the preparation of metals, Wost of these
must be determined experimentally. The effect of particle size of
the materisls cormprising the charge cannot be gatisfactorily pree
dicted., 4s the size of the bomb is increased, minor variations in
the particle aslze of reactants become less lmporiant.

The composition of the refractory liner is dependent upon the
chemical properties of the meterials in the charge and the substances
formed in the reductiom, The choice of a gwumga.u. material depends
upon the experimental resulis obtained with emch material. This
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choice is most generally made on the basis of the interaction with
the reaction mixture and the undesirable impurities which become

associated with the metal product,
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IV, BATERIALS AND EQUIPMENT

The availability of sirconium tetrachloride made possible the
separation of the zirconium development program into three sﬁagea,
each using the chloride as the amrtmg material. In the first step,
studies were made on the removal of impurities from the methanol solu-
tion of ﬂmcmit;m tetrachloride or the residue obtained from the meth-
anol recovery. The second phase of the investigation required the
preparation of intermediate materials to be used directly or indirectly
in the reduction process, The final stage was the reduction of a suite
" able sirconium compound to metallic zirconium,

The volumes of zirconium solutions to be treated are decreased
by the great solubility of zirconium tetrachloride in alechol and
water, The resctivity with water is disadvantageous if the solid
zireonium tetrachloride is used, because 1t exhibits a strong tendency
to hydrolyze on contact with atnespheric moisture, Although the mate
erial is quite ;:mm' by ecomparison with other commercial zirconium salts,
the impurities in sirconium tetrachloride would contaminate the metal
product to a high degree, The amlyséa of four drums of zirconium
tetrachloride from the Titanium Alloy Manufaoturing Company are ine
gluded in Table II to show the order of magnitude of the purification
problen,

The preparation of pure sirconyl chloride by orystallization from
acidic solutions used reagent grade concentrated hydrochloric aeid in
the formation of the mother liguor of the desired concentration, After
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the filtration the ecrystals of zirconyl chloride were washed with C, P,
acetone, which was helpful in reducing the concentration of iron and
titanium salts,

Because of the high acidity of the solutions involved in the formae
tion of pure zirconyl chloride, a glasselined evaporator equipped with

Table II

Analyeis of Commercial Zirconlum Tetrachloride

Prum Fe, T4, Br,

Ko, FQPQEQ » ?Q?O“O %
554 650 55 1.95
555 935 60 2,15
556 850 200 2,15

588 1000 | 55 2,20

a steanm jacket was used for concentration of solutions and crystelliza=
tion of the solid., The evaporator had a capacity of thirty liters of
boiling solution, The mother liquor containing the crystallised zireonyl
chloride was vacuum filtered on size 6 Bue¢hner funnels. In expanded
scale of operations filtration with a ecentrifuge is anticipated.

The conversion of zireonyl chloride to zirconium axide was obtalned
by ignition in quartsz tubes closed at ocne end. These tubes were 9
inches in diameter and 40 inches long. Ten to twelve pounds of sire
coniun oxide were formed from one batech of zircomyl chloride. The tubes
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Zirconium tetrafluoride is a highly desirable compound for use in
the bomb reduction te give sireconium metal., The materisl is more ineit
to attack by atmospheriec moisture than the tetrachloride, which eases
the difficulty in handling the solid material. The inereased heat of
reaction between the fluoride and the reducing agents over other
compounds makes a valuable contribution in raising the temperature
of the reaction products above the melting point,

Among the intermediate compounds which could be used for ﬁha
preparation of zirconium fluoride are zirconium oxide, zirconium tetra=
chloride, zirconyl chloride, hydrated zirconia, and zircaniuﬁ care
bonate, Zirconyl chloride and zirconium oxide were cbtained frqm the
purification process, Hydrated zirconis and zireonium carbonate were

formed by precipitation from aqueous solutions of purified zircomyl

chloride, Sodium hydroxide and sodium carbonate were employed for

The precipitations were made in Pyrex beakers and
The moist

this preparation,
the solutions were vacuun filtered on Buechner funnels.

precipitates were dried in stainless steel traya'with a current of

preheated air,
Zireonium tetrafluoride was made by the low temperature reaction

between anhydrous hydrogen fluoride gas and zireonium tetrachloride,
_ This gave an impure zirconium tetrafluoride for use in the prelim-
ipary evaluation of the fluoride in the reduction process. Through
the use of a vertical assembly of graphite trays enclosed in a cope
per jacket, the introduetion of impuritles by corrosion of the cone

tainer was minimized. Hydrogen fluoride from Pennsylvania Salt



-l -

Company was introduced through the bottom (A) of the unit shown in
Flgure 1. The gas was distributed redially over the charge in the
botion tray. The hydrogen fluoride then ascended through the small
ports (B) located on the circumference of the second tray., After
pasaing over the charge of the second tray the gases proceded to the
third tray through the central hole {(C). Repetition of this arrangee
ment through any nusber of trays is possible. The exhaust gases were
removed through the copper tube (D) and discharged. A unit consisting
of eight trays of 12 inch diameter with & bed depth of two inches had
a oapacity of 12 kilograme of zirconium tetrachloride per bateh, The
assembly was jacketed for heating with hot water to prevent condensae
tion of the hydrogen fluoride in the porous graphite,

A smaller unit of proportionate size was used for the experimen-
tal determination of the conditions for the reaction between zirconium
tetrachloride and hydrogen flueride, This reactor consisted of six
graphite trays six wsgg in diameter., The depth of the charge in
each tray was approximately two inches,

. The reaction between zirconium oxide or hydrated zirconia with
%ﬁg hydrogen fluoride proceeded at higher temperatures. The
hydrofluorination unit was constructed from Monel metal pipe as
illustrated in Figure 2. Hydrogen fluoride from the tank was transe
ported through copper tubing and entered the system www% the 1/2
inch Honel tube (A). The gases were directed over the charge in the
three trays (T) by semi-circulsr ,w»zma at the ends of the trays.

The exit gases left the system through a 1 inch Monel tube (B),
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Disposal of the excess hydrogen fluoride was sccomplished by lead-
ing the exit gases through 12 feet of 1/2 inch copper tubing emclosed
in a water-cooled condenser, The acidic condensate was collected in
a Monel huukut and neutralized with sodium carbonate,

The Mone)l trays were four inches wide and fifteen inches long.
The bed of msterial was approximately one inch deesp‘ The Monel reactor .
unit was made of six inch pipe 65 inches long. The amount of zirconium
flvoride praﬂmeﬂ in each batch was a function of the bulk density of
the starting material, but the average batch gave about five kilograms
of product, |

Zirconyl chloride or zirconium oxide which contains relatively
large smounts of chlorine reaect with hydrogen fluoride to form hydroe
gen chloride and v:tor vapor, These reaction products in combination
with the excess hydrogen fluoride form a highly corrosive mixture,
Monel metal did mot adequately withstand this corrosive attack. Trays
of other materials, such as copper, silver, and platinumelined trays
were used in the Monel unit, The inner mils of the Honel eylinder
were lined with copper sheet, |

The Monel hydroflucrination unit was inserted in an irom pipe on
which the resistence h@atmg element was located. The design of the
resistance furnace gave an unintentional tempereture gradient along
the length of the tube., The exit end of the Monel tube was usually
80 centigrade degrees hotter than the opposite end and 40 centigrade
degrees warmer than the measured temperatures,

The addition of aqueous hydrogen fluoride to solid szirconyl
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chloride was tested in reaction vessels mede of silver, copper, lead,
magnesium, flvorothene, platinum and Bakelite, The reaction mixture
was extremely corrosive, The resction was finally carried out in
fluorothene beakers., After decanting the supernmatant liguid, the
precipitate was transferred to platinumelined copper trays in which
it was dried on a hotplate,

The incomplete conversion of zirconium oxide or hydroxide to the
flnoride leaves quantities of oxide which could cause smbrittlement
of the zireonlum produced in the reduction process, Separation of
fluoride from oxide was obtained by sublimating the zireonium fluoride
in a stainless steel retort on an air-ecooled condenser. The retort
wag heated in a gasefired furnace, The publimation operation in an
evacuated system gave additional separation from non-volatile or less
volatile impurities in the crude fluoride. Abate (19) reported an
improvement in the purity of the sublimed szirconium tetrafluoride with
the use of a Monel metal liner in the retort and on the condenser,

The experimental reductions of zirconium compounds to the metal
were made in a stesl bomb as.ghown in Figure 3, The bomb was cone
structed of 2,5 inch steel pipe with a welded bottom, The top was
threaded and a pipe cap was used for closure. 4 refractory liner was
ingerted to prevent interaction of the fused reaction mass with the
bomb walls, These liners were either the presintered type or jolt-
packed liners formwed by uou&gm the refractory powder around a mandrel,
Refractory materials used for the liner were generally electrically
fused dolomitic oxide or eslcium oxide, Hagnorite was used between
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the presintered liner and the bomb wall to support the liner at the
time of firing, _

Caleium metal produced at the Ames Laboratory was used as the
redueing agent in the reduction of zirconium compounds %o the metal,
This ealecium was redistilled and was of the highest purity available,
A typical analysis of the ealeium used is reported in Table III to
show the gmount of contamination which may be introduced in the zire
conium metal through the reducing agent.

Table 11X

Apalysis of Calcium Metal

Element . Pepeu. Element PePalts

Fe 15 Al 7
N 30 Na <50
Mn . 15 11 <20
c 200 X <50
Mg 450

The reaction between the sirconium compounds employed and calcium
wetal is not initiated at the usual furnace temperatures employed.
Thermal boosters were employed which would react with caleium at the
furnace temperature and increase the temperature to a polint at which
the main reaction could proceed, The extremely high melting point of
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zirconium favors the addition of an alloying agent to equaliz# the
welting points of the slag and metsllic phases of the produet. Zine
was found to be a satisfactory alloying agent with the zireonium,

The presence of zinc as part of the booster charge was attained
by using zine chloride or zine fluoride in the booster reaction,
Reagent grade zinc chloride was veouum dried before it was added to
the charge., Zine fluoride was prepared by the action of hydrogen
fluoride on reagent grade zinc oxide at 500 degrees centigrade in
the Monel hydrofluorination unit., The hygroscopic nature of zinc
chloride and the relative low purlity of these materials were dis-
advantages with the zinc compounda. Bunker Hill zinc metal of exe
tremely high purity was obtained for use as an alloying agent to
lower the melting point of zirconium. In thisz modificaetion resube
limed sulfur or iodine was used as the booster reagent,

After loading the charge in the bomb the capped bomb was fired
in a gas«fired furnaee., This furnace was lined with a 12 inch
diameter steinless stesl shell and was heated with a ring burner,
The furnsce tsmperature was controlled by a Wheelco potentiotrol,
The time at which the reaction occurred was detected by measuring
the temperature with a thermocouple inserted in a well welded to
the side of the bomb, The normal incrsase in temperature was 25«50
centigrade degrees per minute, but this lnoreased to 100«300 cenw
tigrade degrees per minute for the first two minutes after the reac-
tion had taken place, The heating aycle was recorded with a Brown

potentiometric recorder.
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V. EXPERIMENTAL METHODS
A. Purification of Zireonyl Chloride

The purity attained in the metallie zirconium is partially depend~
ent uwpon the purity of the zirconium compound employed. In order to
achieve the desired purity it was necessary that a purification atep
should be included. This process had to be applicable to the hafniume
free material from the silica gel columns, It must apply equally to
the purification of commercial sirconium tetrachloride for the preparae
tion of a large quantity of material with which to develop subsequent
unit processes,
| Initial attempts to purify the alecholic solution of zirconium
tetrachloride by lon-exchange wethods were unsatisfastory, because the
acidity of the solution was too great, Distillation of the methyl
aleohol from the solution also removed much of the hydroehlorie acid,
This operation permitied recycling of the aleohol in the hafnium
separation. Aqueous solutions of the solid residue from the methanol
recovery were treated by ioneexchange methods with the acid formw of
Dowex 50 or Haleite High Capacity resins, The removal of titanium
was partieularly incomplete and the separation from iron was not too
effective,

The composition of the solid remaining after evaporation of the
methyl alechol favored a purification through the erystallization of
gireonyl chloride, zwiysﬁze, The residue contained a ratio of one
chlorine atom per zirconium atom, The formation of zirconyl chloride



required the addition of hydrochloric acid to meet the stoichiometric
requirements and to form a mother liquor of the desired acidity., The
hafniun~free material retained most of the impurities present in the
original zirconium tetrachloride, A similar treatment of agueous solue
tions of zirconium tetrachloride furnished zirecomyl chloride free of
all impurities except hafnium for use in the development of subsequent
procezses,

For the preparation of zirconyl chloride of high purity, one kiloe
gram of zirconium tetrachloride was dissolved glowly in water ﬁo give
four liters of solution. The warm solution was filtered to remove the
traces of water insoluble materisl. Evaporation of the solution ad-
Justed the acidity of the solution to approximately six normal hydroe
chloric aeid, ¥hen the solution reached a volume of about 2500 ml., it
was cooled with stirring. The cooled solution with the crystalline de-
posit of gzirconyl chloride was vacuum filtered on a Buechner funnel,
The crystals were washed with three 500 ml, portions of acetone, Fure
ther concentration of the aquecus filtrate to increase the yield of
zireonyl chloride was performed in the same manner, but the washing of
the orystals became more difficult because of the tenfold inersase in
the coneentration of impurities.

In an expanded moale of this procedure fifteen kilograms of sire
conium tetrachloride were dissolved in water to form thirty liters of
solution, These gquantities gave a solution with the desired acidity
without evaporation, The solution was prepared in the glasselined
evaporator in which it could be heated to dissolve all soluble matter,
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The procedure was the same as that used in the original crystallization.
After filtering the recrystallised sirconyl chloride, it was washed with
11l hydrochloric acld previocusly saturated with zirconyl chloride, The
filtrate and washings were combined and used ss the solvent for the

hafniumefree solide in a susceeding bateh,
B, Ignition of Zireonyl Chleride

The conversion of zireonyl chleride to zireconium oxide was acocomw
plished by ignition at elevated temperatures, The solid zirconyl chlo-
ride was charged in closed-end quartz tubes, which were suspended
vertically in a gasefired furnace heated to 600 degrees centigrade,
After twenty-four hours a dense white product was cbtained which re-
tained only smell amounts of earbon and chlorine. The carbon resulted
from thermsl decomposition of acetone and other msterials in the zir.
conyl chloride, Further ignition at 800 degrees centigrade in a
smaller furnace reduced the amount of earbon and chlorine in the zire
conium oxide,

The ignition of zirconyl chloride liberated large amounts of
water vapor and hydrogen chloride., The condensation of these vapors
was acoomplished by drawing them through a water-cooled condenser by

means of a water aspirator, The condensate was colored by organie
| matter, but distillation should give squeous hydrochloric acid which
ecould be used for the purificaticn of zireonyl chloride, No effort
was directed toward this economy measurs during the preparation of

sireoniue oxide,
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zirconium fluoride for a m_wuaa input of hydrogen fluoride was made at
several g@agaﬁ.@?

Zirconium tetrafluoride made by the low temperature hydrofluorinae
tion of zirconium chloride is a powder with about the same bulk density
as the chloride, It exhibits the same tendency as zirconium tetra-
chloride to hydrolyse with atmospheric moisture., Hydrolysis was elimina=
ted by heating the low temperature fluoride at a temperature above 300
degrees centigrade for two hours in an atmosphere of hydrogen fluoride,
The Monel metal unit shown in Figure 2 was used for this finsl treat-
ment, This operation completed the conversion of unreacted zirconium
chloride and girconium aﬁ.@s formed by hydrolysis during trensfer of
the tetrachloride and the low temperature fluoride,

Among the methods considered for the preparation of zirconium
fluoride were the direct hydrofluorination of zireonyl chloride, treatw
ment of a lower hydrate or a mixture of oxide and oxychlorides with
lower water content with hydrogen fluoride, and the preparation of zire
conium hydroxide or carbonate as Intermediate compounds prior to the
hydrofluorination, Gaseous or liquid anhydrous hydrogen fluoride and
aqueous hydrofluoric scid were least likely to introduce impurities
in the fluoride product.

The combination of water, hydrogen chloride, and hydrogen fluoride
formed during the treatment of zirconium vaaaﬁagma econtaining chloride
presented a sericus corrosion problem in the choice of materials of
construction., The resistance of copper and copper alloys to hydrogen
chloride is diminished in the presence of water wvapor,
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In the reactim ‘hstwaen aircanyl chleride and gaseous hydrogen
fluoride, a solution of the charge resulted from the combination of
the water of hydration with the hydrogen fluoride. The highly corro~
sive properties of these solutions containing hydrochloric acid and
hydrofluoric acid made it desirable to remove the water of hydration
from zirconyl chloride prior to the reaction with hydrogen flueoride,
Since the displacement of chlorine by fluorine proceeds more readily
than the displacement of oxygen in the hydrofluorination reaction, the
removal of the water of hydration should be aeaomglished with a minie
mum loss of chloride by hydrolysis to zireonium oxide., Zireconyl
chloride was heated in the quartz tubes at various temperatures for
twenty~four hours to give a materiel for conversion to zirconium
fluoride, Removal of the water of hydration by heating small samples
in vacuum and at atmoapheric pressure was studied for a method to
give a starting materisl for hydrofluorination,

The oxide with a variable chlorine and water content was crushed
with & jaw crusher having an opening of 1/4 inch, The crushed material
was placed in the trays and treated with hydrogen fluoride in the Monel
metal wnit shown in Figure 2., The degree of converaion to zirconium
tetraflivoride was determined as a function of the time of hydrofluorina-
tion, temperature of the zirconyl chloride ignition, and the temperature
of the Monel unit, The amount of corrosion of the trays was a necessary
compromise between the time required for conversion to fluoride and the
temperature to which the zirconyl chloride was heated before hydrofluor-
ination, Trays of copper, brass, lead, silver, nickel, and platinum
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were tested for use as materisls of construction for the ‘trays and
hydrafluarmam unit. Sinece siroomiuvm tetrafluoride obtained by
the trestment of zirconium oxide with hydrogen fluoride retained szir-
conium oxide and added at%ior impurities as a result of corrosion of
the trays, it was purified by sublimation before it could be used in
the experimental reduction to metal,

The reaction between zirconium hydrexide and hydrogen fluoride
does not evolve gases of a corrosive nature, so the Monel metal unit
mey be used without eéntammtim of the sirconium fluoride. The re-
moval of chloride ion in the hydroxide by thorough washing of the pree
oipitate is necessary to eliminate the corrosion problem. To & solue
tion containing 400 grams of godium hydroexide in 12 liters of water
was added a solution containing 1610 grams of zirconyl chloride in 8
liters of water. The filtration characteristics of the precipitate
was improved by this mode of adidition of the reacting solutions, The
prinecipal problem in the hydroxide precipitation was the removal of
filtrate from the solids, The occluded liquids amounted to 80 per
cent of the welght of the wet filter cske, The large volume of the
wet cake discouraged direet washing of the hydrous oxide on the
Buechner funnel., The cake was dried in stainless steel trays with
preheated air which heated the material to approximately 60 degrees
centigrade, The dry solids were pulverized and washed, but the ree
moval of sodium chloride was very difficult, The washed zirconium
hydroxide was dried in the seme manner as the original precipitate,
The dry solids were treated with gaseous hydrogen fluoride in the
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becomes alloyed with the zirconium, and small amounts are used in the
formation of sub-»halides, the use of excess caleium was investigated,
An incresse in the yield of sirconium metal was obtained with the ade
dition of excess caleium, A charge containing 300 grams of zirconium
tetrachloride, 45 grams of sine chloride, and 128 grams of caleium
proved most autmﬁamry.‘ This included a ten per cent excess of
caloium,

Using the same molar proportions in the charge, replacement of
zirconium ta‘hraahierid« by szirconium tetrafluoride made by hydrofluorie
nation of sirconium tetrachloride improved the yleld of szireonium metal
g0 markedly that all further investigations were made with the fluoride
as starting material, 8Since sirconium tetrafluoride can be treated so
it does not hydrolyze in air, this factor in the preparstion of the
charge was lmportant.

After the experimental conditions which gave the maximum yleld of
zirconium metal were determined, attention was directed to an improve-
ment in the physical properties of the metal. The extreme brittleness
of the metal could probably be attributed to oxygen, possibly intro-
duged from the following socurcea:

1. Zirconium oxide content of the zirconium tetrafluoride.

2, Caleium oxide formed by the action of calelum metal
with air during storage. '

3. Vater added with the hygroscopic zinc chloride during
preparation of the charge.

4y HResidual air in the bomb after adding the charge.
5. Interaction of the reaction products with the liner.
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The separation of zirconium oxide from sirconium tetrafluoride was
attained by a vacuum sublimetion of the fluoride at '750 to 800 degrees
gentigrade, A stainless steel ratm containing the erude fluoride was
heated in a gas furnace. The sublimed fluoride was condensed on a |
eylinder cooled by alr. The product was s dense crystalline material
which was diffievlt to grind, Some contamination with iron occurred,
but the subatitution of a contailner of Monel metel and a Monel cone
denser inserted in the stainless steel retort overcame this diffieulty.
Some purification of the orude fluoride from other metallic impurities
has been obtained by Abate (19).

The introduction of oxygen with the reducing agent was minimized
by using the caleium shortly after it was prepared by distillation,

The caleium was packed in small sealed containers in an argon atmoge
phere to avold exposure to the atmosphere,

Oxygen introduced as water with the zine chloride could be elimi-
pated only by the use of specislized methods in the preparation of the
charge. Such specialized methods are not readily appliceble in an
expanded routine production process. The use of zinc fluoride, pree
pared by treating szine oxide with hydrogen fluoride at 500 dsmaa
centigrade, was not successful., This was probably the result of ine
complete conversion of zine oxide to zinc fluoride,
| The use of gine turnings with sulfur or iodine as the booster
reagent gave the lma? melting alloy of zinc and sirconium. This
combination avoided the use of oxygen-containing materials and
hygroscopic reagents., With sulfur or iodine to supply the desired
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by the addition of hydrogen peroxide. The solution was transferred to
a five centimeter cuvette and the transmittancy messured against water
a3 s reference at 410 mu in the Coleman spectrophotomster, Comparison
with a previously prepared standard curve gave the titanium content of
the solution.

An aliquot eontaining one gram of girconium, with which values es
-low as 5«10 parts per million of iron in zirconium can be determined,
was treated with hydroxylamine hydrochloride to reduce the iren to
ferrous iron, The addition of ],l0~phenanthroline caused the formation
of the red ferrous sulfate-l,l0«phenanthroline complex., The maximum
color was developed at a pH of 547, which required the addition of
amponium tartrate to prevent the preeipitation of zirconium. After a
one hour interval to allow the color to develop, a portion of the
golution was transferred to one centimster cuvettes, The per cent
transmission of the solution wes determined in the Coleman spectro-
photometer at 515 mu with water as a reference, With the value found
in this manner the iron content of the solution wss determined from a
previously prepared standard curve,

Hanganese was determined colorimetriecally by the development of
the purple permanganate color which was formed by treating the solubion
of zireonium with silver nitrate and ammonium persulfate. The trans-
mittancy of the purple solution was messured in the Coleman speetro-
photometer using water as a reference solution at a wave length of 545
mu. Comparison with the standard curve gave the manganese content of

the solution,
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Nitrogen was determined by the Kjeldahl method. Following the
addition of tartaric acid and sodium hydroxide to an aliquot of the
sirconium solution, steam was passed through the mixed solution until
50 ml. of the distillate had been collected in a solution of borie
acid and methyl purple indicator which had been added to the vavor
trap and regeiver of the apparatus, The distillate was titrated with
standard hydrochlorle acid to a neutral gray end point, Tﬁe necessary
corrections for the indicator and reagent blank ﬁeta made before calw
culating the nitrogen eontent of the solution,

An aliquot removed for the determination of nickel and zinc was
adjusted to a final pH of 8.0 after the sddition of sulfosalicylie
acid, About 10 ml, of this soluticn was used in & Sarcent lodel XII
polarograph. Hickel appears at a halfewave potential of «0.95 volts
and zinc is observed at -1.20 volts as measured against the saturated
ecalomel cell., The instrument was calibrated by the standard addition
method, Volumes of a standard zinc solution and & standard nickel
solution containing approximately the saeme amounits as that fourd in the
zirconium sample were added to another aliquot of the solution of the

.aamp1e. The mixture was given the same treatment as the original
sample,

The determination of carbon in zirconium tetrafluoride was mede
with a usual carbon train modified by having a scrubbling tower filled
with a saturated sclution of aluminum sulfate in 13l sulfuric scid to
remove hydrogen fluoride, A glass wool plug was also imserted to filter

the dust from the fluoride. An ignition at 1800 degrees Fahrenheit
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for 45 minutes was required for the determination, Carbon in zirconium
metal was determined by burniﬁg turnings of the metal in an alundum
boat. Sulfur was converted to sulfur trioxide with platinized asbestos
and activated manganese dioxide on asbestos.

The determination of fluorine in girconium tetrafluoride was impor-
tant in showing the purity of the compound to be reduced., The pyrohye
rolytic method of Warf and Cline (21) was used to convert zirconium
tetrafluoride into aircomium oxide and hydrogen fluoride. Steam was
passed over the sample in a platinum boat heated to 800-850 degrees
centigrade, The steanm ané hydrogen fluoride were condensad and cole
lected in a silver dish., 4 titration of the distillate with standard
sodium hydraxide in the presence of phenolphthalein indicator gave the
fluorine content of the sample. In the case of sublimed zlrconium
tetrafluoride the pyrohydrolysis reaction took & long period of time
to remove the last traces of fluorine.

Samples prepared for the analysis of other impurities by speciro~
graphic methods were converited to the oxide, Zirconium tetrafluoride
severely limited the spectrographic determinations, so fuming with
sulfuric acid was necessary to convert the zirconium tetrafluoride
to the sulfate, which could be ignited to zirconium oxide, Netal

samples were burned in alr to form the oxide.
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and other installations of the Atomic Energy Commission.

- The chemical and apectrographic analytical results are reported in
Table IV as parts per million of the impurity in zirconium oxide, The
range of values includes the results for several samples, In addition
the following elements were not detected: lead, beryllium, manganese,
arsenic, chromium, germanium, molybdenum, n&ck@l, antimony, tin,

vanadium, zine, and bismuth,

Table IV

Analysis of Zireconyl Chloride

Element PaPems in 31-»02 Element PePelis in Zrﬂz
Fe 1&050 Al 0=30
B <500 g <5
Ti 10«40 B 0=3

The analysis of zirconyl chloride for carbon cculd not be performed
readily, since an ignition in a ecarbon train would liberate hydrogen
chloride by hydrolysis. The presence of carbonaceous matier was
evident from the analysis of zirconium oxide. The reduction of the
ecarbon impurity during the conversion to zsirconium tetrafluoride res
moved the need for developing an analytical method for carbon in

gireonyl chloride, The removal of carbon was more serious with the
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The quantities of carbon in zireonium oxide reveal the presence of
organie matter in the sirconyl chleride which wma,mamu,awana with
acetone. Reduction of this carbon content during the sireonyl chloride
purification or in subsequent processes was necessary in order ww obtain
a metallic product sufficiently free from carbon,

The lower values for iron and titanium obtained in Lot 4 were
attributed to the use nﬁ recovered acetons for washing the zirconyl
chloride crystals. This acetone had been recovered by distillation
of the washings from preceding batches. It retained amall amounts of
hydrochlorie acid from the displaced mother liguor. The increased
efficiency of the purification process led to the ineclusion of recovered
acetone for part of the washing operation in subsequent production of

zirconyl chloride,
C. Preparation of Zirconium Tetrafluoride

Material for the initial investigation of the feasibility of using
zirconium aa¢m¢nwaeu»ma in the reduetion charge was obtained by the low
temperature treatment of zirconium tetrachloride with hydrogen fluoride.
The total aclidity of the exit pases measured the rate at which hydrogen
fluoride was introduced. The chloride analysis of the exit gases
indiecated the rate at which hydrogen fluoride was consumed. The degres
of comversion was calculsted from the cummlative chloride evolved and
the total theorstical chloride to be displaced from the zirconium tetrae
chloride charge, Comparison of the degree of conversion at three

different temperaturss as 2 funation of the amount of hydrogen fluoride
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introduced into the system is made in Table VI,

The degree of conversion to zirconium tetrafluoride based on the
chloride content of the exit gases was lower than the value cbtained
from a fluoride anmlysis of the product, The sampling of gases from
the exit stream probably led to low results because of losses, It is
apparent from the data that the lowesi temperature gives more rapid

conversion to zirconium tetrafluoride by making more efficient use of
Table VI

Conversion of Zirconium Tetrachloride
to Zirconium Tetraflueride

D ——

input, ) %émfaim 4 cmtm | 4 comsram
grams at 50%,  at 863"6.‘  at 100%.
100 15.0 10.2 | 13.6
200 29,1 2142 25.0
300 42,2 32.6 3ke5
400 55.8 43.0 44 a9
500 68.4 5249 55.2
600 78.5 61.2 62.2
700 85.2 68,7 68.7
800 88,2 446 | 7242

the hydrogen fluoride. The use of still lower temperatures was dise
couraged by the condensation of hydrogen fluoride in the porous graphite
trays.

~ With the smaller unit of the type shown in Figure 1 & charge of
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The reaction between sirconium oxide and hydrogen fluoride did
not proceed at a favorable rate, The low temperature ignnim of
zirconyl chloride gave a more reactive material for the preparation of
zireoniom tetrafluoride. The amount of chloride remaining in the oxide
depended on the temperature of the ignition., Ignition of zireomyl
chloride at 400 degrees centligrade gave zireonium oxide containing
about one per cent chlorine, This oxide did not resct readily with
hydrogen flucride in the mmparawm range of 200 to 500 degrees centie
grade, Zirconyl chloride heated to 300 degrees centigrade retained
7«2 per cent chlorine after a 24 hour ignition of a batch giving 10
pounds of product. Zireonium oxide from this ignition required an
excessive amount of time for the conversion to zirconium tetrafluoride,
although it wes an improvement over the oxide prepared at higher
temperatures, ‘

As much as 19.7 per cent chlorine remained after heating zireconyl
chloride at 250 degrees centigrade for 24 hours, This material reacted
readily with hydrogen fluoride. During the early stages of the reaction
the hydrofluorination was operated at 200 degress eentigrade, The
replacement of chlorine by fluorine oscurred completely during the
first four hours. Elevatlion of the tampémtm to 400 degrees centie
grade accelerated the hydrofluorination of the remsining zireonium
oxide.

Corrosion of the Monel metal unit and the introduction of ime

purities in the product were excessive in the hydrofluorination of
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material formed by the ignition of sireonyl chloride at temperatures
below 250 degrees centigrade, zifaoaium flumﬂ&g prepared from the
oxide ignited at 250 ésgﬂma centigrade contained 0.05 to 0.20 per
cent nickel., Sublimation of this fluoride did not remove all of the
nickel. Zireonium metal cbtained from this sublimed fluoride was
suitable for the development of dezinecing and casting operations by
other sections of the Ames Laboratory. |

Other materials were teated for use in the constructien of trays
in the hydroflucrinstion unit, Lead, brass, silver, nickel and staine
less steel trays led to the addition of undesirable impurities in the
fluoride product, Copper wag an improvement over Honel metal, but
zirconium tomflﬁarme prevared from zirconium oxide in copper trays |
contained 0.03 to 0.1 per cent copper, The copper contamination could
be reduced to 50 parts per million in zirconium fluoride in the
sublimation process. Platinum trays were very effective in limiting
the amount of contamination, but the cost for equipment of productive
capacity would be too great,

Hydrated zirconis was precipitated from aqueous solutions of
zirconyl chloride with carbonate-free sodium hydroxide, Hydrofluorin-
ation of hydrated sirconia required 16 hours treatment at 400 degrees
ecentigrade, Zirconium tétzmﬂuarids prepared in this manner contained
500 to 1000 parts per million of carbon, which would be an undesirable
addition to the metal product. The conversion to the fluoride was
about 95 per cent complete, so a sublimation operation was necessary

4o remnove the oxide,
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Zirconium tetrafluoride of high purity was obtained by the ade
dition of aqueous hydrogen fluoride to solid zireconyl chloride, The
original precipitated fluoride was dried in air to the monohydrate,
Analysis of gix batches of 1000 grams of the dried preclpltate gave
an average value of 40,5 per cent fluorine and 49.0 per cent zirconium,
which corresponds nearly to the composition of the monchydrate. De-
hydration in an atmosphere of hydrogen fluoride completed the cohe
version to anhydrous sireconium tetrafluoride, The weight of the
dehydrated product averaged 90.3 per cent of the weight of the charge
in eight batchea, The fluorine content of the anhydrous girconium
tetrafluoride was 45,4 per cent and the zirconium content determined
ag zirconium oxide was 54,3 per eent. No corrections were made for
the hafnium content in the determination of zirconium,

The analytical walues reported for the chemical determination of
the impurities in precipitated and dehydrated zirconium tetrafluoride
eonfirm the high purity retained during the preparation. The high
degree of conversion to the fluoride and the high purity of the
product eliminated the need for a purification by sublimetion, For
zireonium tetrafluoride prepared from zirconyl chloride which had
been recrystallized and washed with hydrogen chloride, the analytical
values in parts per million in zireonium fluoride were: Fe, 17;

T4, 10; N, 12; Ni, <20; 81, 35; and G,lﬁa. The low carbon content of
the anhydrous zirconium tetrafluoride was particularly important,
since zirconium fluoride from other methods contained more than 500

parts per million of carbon.
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D, Experimental Reduction of Zirconium %mpcsuuda

The applicsbility of the bomb reduction method to the preparation
of massive zirconium metal was demonstrated by the reduction of po=
tassium fluozireonate with caleium. The metal was recovered as an
alloy with zine. The zinc addition was obtained with the use of zine
chloride as the thermal booster., Under the most favorable conditions
sirconium was recovered in a 60 per cent yield as a zine alloy
containing only 70 per cent sirconium., The distillation of a volatile
component through the refractory liner during the reduction made it
difficult to remove the reaction products from the bomb, The high
zine content of the slloy would necessitate a lenmgthy wacuum heating
operation to volatilize the zine.

The substitution of zirconium tetrachloride for potassium fluoe
ziroonate in the reduction charge incressed the heat of reaction,
This permitted a decrease in the guantity of sinec chloride used as
the booster reagent. The yield of zirconium metal recovered in the
regulus was also inereased by the use of excess calcium, The maximum
yield of zirconium metal was 71 per cent in an alloy with zinc which
contained 88 per cent zirconium. The difficulties encounteresd in
handling sirconium tetrachloride and the freezing of the resction
products in the bomb through sublimation of zirconium tetrachloride
were serious disadvantages. |

Bomb reductions of zirconium tetrafluoride gave an inerease in

the yield of zirconium recovered, With the amount of zinc chloride
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as the variable in the reduction charge, the maximum yield of 85
per cent was obtained with a charge containing a ratio of 1 mole of
sireonium tetrafluoride, 0.25 moles of zinc chloride and 2,475 moles
of calcium, This charge included a 10 per cent excess of caleium,
In a similor seriea of reductions with stoichiometric guentities of
caleium the regulus contained a maximum of 70 per cent of the zire
conium. This em@ﬁmed the efi?@a’t.‘ of excess caleium in the charge,
which was also observed in the reduction of zirconium tetrachloride,

The use of asublimed zirconlum tetrafliuoride in the charge which
contained zine chloride and a 10 per cent excess of caleium increased
the zirconium yields to 93 to 95 per cent. The metal remained
brittle after removing the zine and casting in graphite crucibles.
This suggested that oxide contamination from other sources was ree
sponsible for the unfavorable physical properties,

The oxygen content introduced as waler with hygroscopic zine
chloride was eliminated by changing to iodine or sulfur as the thermal
booster reagent., The effect of residusl alr in the bonb was reduced
by sweeping the bomb and liner with argon, Caleium metal which had
been recently distilled was algo used., Under these conditions the
zirconium metal, after the removal of zinc, was found to be extremely
hard, but it could be machined and rolled.

The use of sulfur or iodine as the booster reagent made it possie
ble to form & crude zireonium regulus or "biscuit™ in a direct
reduction of zirconium tetrafluoride without an alloying addition of
zinc, A charge containing 300 grams of zirconium tetrafluoride, 338
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grams of iodine, and 225 grams of calcium gave 95-98 per cent ylelds
of an impure sirconivm metal, The same results were obtained by
replacing the iodine with(anraquivalant amount of sulfur, After
vacuum melting the ﬁatal in graphite erueibles, the zirconium products
were hard, This hardness probably resulted from the increased sttack
of the liner which oceurred at the high temperatures reached in the
bomb,

Through the addition of zine metal to lower the m&lting‘peint of
the zirconium phase, the guantity of iodine or sulfur required in the
reduction was decreesed, This decresse in the amount of booster used
reduced the maximum temperatures reached in the bomb as a result of the
exothermic heat of reaction of the charge. Zine wetal was added to the
reduction charge in quantities sufficient to produce alloya with zire
conium containing 5 and 15 per cent zine, An addition of zinc metsl
designed to furnish a sirconium elloy containing 10 per cent zine
resulted in a sharp decrease in the yleld of zirconium.

Alloys of szirconium and zinec prepared by a reduction with a
sulfur booster retajned some of the sulfur, This was not removed
auring'tha vacuun heating and easting operation, The sulfur content
of the cast zirconium remsined as high ag one per cent, The metal
was quite ductile and there was no apparent effect on the physiesl
properties of miremﬁiam metal which contained sulfur, Since no
information was evailable on the effect of sulfur on the corrosion
propertiss of zireconium, this phase of the experimental work was

terminated in favor of the use of an icdine booster,
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or caleium oxide liners.

The chemical ;mritj of the zireonium metal was improved_ with the
use of the preeipitsted and dehydrated sirconium tetrafimoride, Among
the impurities which were most difficult to control were earbon, iron
and nitrogen, The carbon contamination originated from takat iamaant

Table VI1

Chemical Purity of Zirconium Metal

| 'mﬁﬁnﬁ ‘p,‘fém. ) v ‘ Element T ;:t.’.f..w
Al | 3&-3& ¥g 5«15
B 1.23.3 5§ <10
Ca 10-60 81 30-100
Co <lo i 10-20
Cr <10 ¥n 15-25
Cu 10-50 N 60-175
Fe 150-300 Zn 5wl

¢ 300-500

in the reaction charge as mitiea in the reacting materials and in |
the dolomitic oxide liner. The formation of carbonates during the
intervals that the dolomitic oxide was exposed to the air was probably
respongible for the variations in the carbon content as a result of
thermal decomposition of these carbonates at the time of reaction,
Iron was probebly introduced as a result of the sublimation of iodine
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from the réduatim charge into the liner or to the bomb walls where
volatile iodides of iron were formed, Variations in the quantity of
nitrogen present in zirconium metal produced by the bomb method could
not be adequately explained,

The range of anmalytical values reported for sirceonium metal is
included in Table VII. Purification had been obtained by erystale
lization of zireonyl chloride, followed by conversion to anhydrous
zireonium tetrafluoride by the precipitation and dehydration process.
The zirconium tetrafluoride was boud reduced in a sintered dolomitic
oxide liner, The alloy of zsirconium and zine was heated by induction
in a vacuum to 1700 degrees centigrade to remove gzine, caleium, mage
nesium and other wolatile impurities.

5ilicon contamination was increased to an average value of 500
parts per million in zirconium in the reducticnz in which the bomd
was lined with a sintered calcium oxide refractory liner, Carbon
contanination wags slightly higher in metal produced with a caleium
oxide liner. |

The possibilities of expanding the scale of the reductlon process
were investigated with a bomb made of four inch diameter pipe and
fourteen inches in length, The bomb was lined with a joltepacked
liner of dolomitic oxide. The charge contained the sawme relative
proportions of reacting materlals as had been used with the smaller
bombs, Approximately 700 gra#ms of sirconium metal were recovered in

each reduction. The yield was decreased to 950 per cent because the
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liquid phases of the fused reaction products scaked into the more
porous liner, As the size of the bomb is inereased further, ww»n
factor would be less important, since the ratio of surface area to

volume would be more favorable for increased yields of zirconium,
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was completed by dehydrating the monchydrate in an atmosphere of hydroe
gen fluoride, The dehydration was made at 500 degrees centigrade in
five hours using magnesium-lined Monel metal tr#ys in a reactor econw
structed of Monel metal. This fluoride §reduct retained the high
purity obtained in the zireonyl chloride crystallization,

Zirconium tetrafluoride was also prepared by the action of hydroe
gen fluoride gas with zirconlum tetrachloride at 50 degrees centigrade
in graphite trays enclosed in a copper container, Ignition of zireconyl
chloride at 250 degress centigrade gave a material which could be
treated with gaseous hydrogen f&uumide”tm furnish zirconium tetrae
fluoride, Vacuum sublimation at 750800 degrees centigrade of zire
conium tetrafluoride made by these methods was a necessary purification
step to remove oxide and other impurities, The sublimed product was
not conveniently obtained as pure as zirconium tetrafluoride fro& the
precipitation and dehydration process.

The szirconium compounds were reduced in a steel bomb lined with
a sintered dolomitic oxide crucible, Zirconium tetrafluoride was the
most satisfactory starting material in the reduction with calcium,

The use of iodine with caleium in the reductlon charge initiated the
reaction between zirconium tetrafluoride and caleium and supplied
additional heat to fuse the reaction products. BSulfur could be used
in place of iodine, but complete removal of sulfur from the zirconium
produet wasknﬁt possible. An alloying addition of zinc metal in the
reduction charge decreased the interaction with the refractory liner,

sinee less iodine or sulfur was necessary to fuse the lower melting
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alloy of zirconium and zine, The recovery of zirconium metal was
more efficient with the use of excess calcium, Ductile zirconium
metal was obtained with a reduction charge containing 400 grams of
sirconium tetrafluoride, 40 grams of zinc, 64 grems of iodinme, and
223 grams of ealcium,

The refractory liner was placed in the steel bomb and this part
of the assembly was evacuated and filled with argon three times,
The reduction charge was thoroughly mixed and packed in the liner
of 'tha bowb, After the bowb was capped the reaction was initlated
by heating the bomb assembly in a gas-fired furnsce. The regulus
recovered was an alloy of zirconium and zinc cohtaining 93«95 per
cent of the sirconium., The zirconlum content of the alloy was
about 85 per cent by weight, although this could be increased by
lowering the quantity of zine ineluded in the reduction charge.
Induetion heating of the alloy in vacuum removed zine, caleium, and
other volatile impurities, Aithsugh some impurities were introduced
with the other components of the reduction charge, zirconium metal
of high purity was cbtained., The practical use of larger bombs w‘ith

larger charges was demonstrated,
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