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·tt ABSTRACT

InterE'st in. tho GrH3'"icI11 and phJlsic::l.l propertl:':s of ductile zirconium
h;;l.13 been revived pritlli'i!"'i ly by the l~e~m1ts of an investi3:atioh performed in the
Ph:.'lsics Division ut the O~k RidS(,; Nat.ion;",l Lilbclrato1"i,;,s. In adeli tion" a~ 11

je sult of the 1'8search and develop:n<Zlnt i\7ork ::tt th0 HIT HHta11ur;rlcB.l Project
'lnd .~\t the ~~urcal1 of Mines L;t.boratorioB, the ~pp1ication of zircQr,iwn t:l.ppBarS
tete fer;;.sible and the potentially avaib.blEi supply quii~e ad-eqtw.te at 11 ra.ther
~"cdore;te cost. Th~~refore. i t W'::~S de$irable ·to compile tn13 existing data on
the chemic~<l tlnd physical propert.iss w'hich Wen" of interest in the various ap
plications tOl' which zirconium. mi~~ht be condd$red.

Thiz paper pr-eStmts s.n evaluation 0;:' zirconium U.G 8. structlAral material
:C,;Jr high teI,'1.perat'J.re therlU:;d pilos ','lith ~tddition~l notE~s on:

1. Various bases for c,o;rlpari~on 01' :ci Ie matoriu Is.

Be, BeO and G.

3. Physical t~:t:d che~rdr.;al p:r~pBrtJ.'Js of zirconium and columbium
with special emphads on ti.pplications in w::tter-cooled pi!r:,s.

4. (lccu!'rence. O-vailahility.. and ~;.::-oduetion of zirconium and
columbiu~n.



'IABLE OF C:01i'TBNT3
...............---

'1'i tIe

1.

2.

Into. od'.-1.et1. on

Evaluat-iou.- .of i~lat-e:rir:t.ls 7

'7

16

18

19

zo

21

23

24

28



Ta.ble No.

1

2

;)

4

5

7

8

9

10

11

12

13

14

16

A 'LIST OF T:ABL.8S

Title

Materials: with .F'a.'tforab1e Moderating Properties

A Pa1"thd List of Structural Materials

Otb:. r Elt=>I:lehts whi.ch may be Introduced into The rr:.-:tl
Piles in Large Quantities

CO!1'tpar ison of Moderators

structu.ral Material Evalu:'ttion for Thermal Files

Ult:\.mate Tensile sttt?nGth of Structural Material.s

COttlpa.rison of Combination Moder,9.tor 'ind Structural
Materials

Mechl?cnieal Properties of' Structu:ra1 Materials

General D~ita on Zirconium

Ultimab?J not Tensile Strength

Hc;:. re ME; t,,,,18 in the Fe rLod e System of Elements

Aver'lge Ele.mr::nts.ry CC1:rposition of Igneous Rock in
the .10 Mil"" Cl"Ust of tho Earth

Estimated Approxirr<tite Xorld ?r-oduction of Ear',;! V:etals
in Ores (based on tb:'l ,:nre:rage butput of thE! last 3
prtwmr ;years)

17 H$l::~-t:ive Pr-iCB.$
F'<rr'm of'> Or:fj

._l'± __

Separ':ttod Uet:od. to Metal in "che







2. ~YALUf1.TION.OF' MATERIALS

The ra.te at which a high power Iuwl :oilE: ():~:tl ODE.H'at", is lil11ited 8.1
:nost entirely by the rai~6 :it which hGa.t can b~ r61ltoited..· Con£equentl:/> h03.'C
transfer considerations have a profound effeot on the:

2. Neutron utilization

:5. Siz-e

'i.'h,;:rofore. the following threE; criterb. are consid$:r'(:d to he important in the
desi gn of the s:ystems ft)r h(;~t removB.1 ::l.nd mdchanic.~l operations:

1. Low specific power requi refaents for he:lt remova.l.

2. Minimum interference i'fi.th thl:; nuclear reCtction.

3. Engineering f>~::J.sibility.

u. Cn<.::mic:;;.l and physical stability.

Ft~tdiatiorJ !~nd corrosion eff\:.1cts.

c.

(
" ,

I '-J

(2} R0-~:i(tuul str-eSii-(-.;.f; 6

(3) TnBr;rnl stresGes.

If the unit is to fUDcticm for a reo..sonable length of time .. the re
quiremfJnt of ('lngin<~,,;rin;j fer.d3i1:;i lity mut;t b0 s&tisfh:d Oiten though th"" size
'clnd neutron utiliu;Ltion of the pile a:n aavi.'trs""ly afft3C:tt::d. Som8 rnatEJri::l.ls
ar:::: m::.m:ua.l1y su,sc6:?'tible to clum.::l.,T,G' by tlwrfinl stross. and thus the hQ::l.t gene
raticm miGht be lirn.ited by th',:; thBrmal stress,,>s dE}veIopcd inmB sclid parts or
the Bt2·ucture. Hov10ve:t'. other considerations could control. st;lch ::J.S:

A.11. st-rll(~-t-u )...~)" 1 :rntt to- ri u ls t to- ;j, oJ.,:"}!3rO?::0 y Blust b:3" comp:?""t i~) 1e wi-til cr-i.
t'::;ri1l two :xnd three. Ther0for0. it is of' int~H'{-;.st to CC}ffipare (:i,.ll of thOi;B

IT'fJ.teria.lz ·~{.-s luoder:11>G-rS us- -~!bll /:tt3 struct.ul~al---n~~it.-o-riJ9..lB.
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ing
X'<1 .:::

)

The effects of atomic w0ight~ absorption cross-s6ction t and scatter
cross-sr,;,ction must be considered when evalu;,,,ting 8. mod.e:l"ato.r. The factor

€ S may b,;) us~d as i:i. cri te:rion of the efficacy of a moderator where
r;;

11~- "" <' t t·f.,' s - 0cateriDS CrO$$-S(;\C laD

M ~ Molecular vmight

(~_l)Z Ii! + 1=1 - 2M in M~l

2
for' large vCt,lu8s of M)

Element or
MJtt<c<,ial

M:::iS$
v
J..·i.!.

Comparison or Model":3-t0T'S 17

Cross-Scotions
.(Ii" P1r

Moderator Efficacy
Xl per s.tom

Hydrogon 1.0080

Helium 4.003

Oxygon 16.000

Fluorine 19.000

Deuteri urn 2.015

B::n'yl Hum 9.02

GT'~~.phite 12.01

Phaspha reus 30.913

Sodium 22.987

S:\. licon 28.06

20 ()o.31

1.5 very small

4 0.001

4 0.01

5.7 0.001

44 0.82

15,4 0.003

4 0.01

8 .I O.Gll

'L$ 0.0045

10 0.3

~ '"' G-~:-450.0

4 0-... 3:5

1.8 vi?22

-8-

480.0

40.4

4100.

6:5.1

2903

82.8

12.6.5

168.5

0.654

0.915



A n,;<mber of' thete mod0r'!;l;tors would not be ri;;,'~di1y use,\ble bec~usa they
'H"O nornn lly gasH's -~ hydrogen. he lium. oxygen, fb.odne::l.nd deuterium. The
requisitr,;; high prttssures :J.nd the concomitr~nt high pressure dLffe:r>,mcBs would
gi.ve serious hanclling problems tor ::,,11 of these lj;:UWOu.s l'l1oder:t.tors. If these
olelll0nts WO:t8 oompounded into liquid or $>:)lid. statBS then these objections
'Nould be mi tigated ..

In the caSEI of H. substance us.f,d primClri ly as a structural m.ateria.l the
strength per unit absorption ffi:?l.Y perhJ.ps bo uSl3.,d to estim?.'lte the rl~ b.ti ve d.e
grOt) of interference with the nuch::ar- ri}uction. Figure N>:>. lA. llEftic:~cy of
Stl"uctuI"::<l M:;d';r;,riu.ls Yt shows the values of strength per unit abs,orption as a
funetion of tho tompErl"i:l.ture. Tho data given in Tables Nos. 5 ahd 6 were used
to obtain the strength p(,r unit ubsol"'ption. This .figure. No. lA. would i:l.ppen.!'
to indic::.te thtlt oerylli.unl oxide is £'::11' Sl.tp(:,lrior to the oth(}l:" m::i.te-ri!<.ls; how-
CV0.r~ th,;:: ff\,.Ct thllt heryl1ium oxide is brittle material glaclJs severe lirnita.-
'bi ons en its engineeri.i1t'; :3.P?lic:~tiI.:;ns.

Structur:tl M~1.te'Y"ial Evalua.tion for TheI"mal Pi les 17 ,23'

Zir'conium

Columbium

Iron

Aluminum

Boryllium

Graphite

Be rylli1v1~n

O:x ide

Symbol

Gb

Al

c

Absorpti on
Crc$s...Sectiol:l

(barn!'}

0.4

1.2

0.01

0.005

0.01

-9-

AbsQrption
Mean F:tG$ Fath

(Inches)
I . . . . . . .

24.40

5.90

1.67

31.50

960

552

Melting Point
OF

ZiD9Z to 3870

3542 to 4380

2795

1220

24£2

6'740 (subiim.r;:;s,)

-.--_. .. .. "-- -----.--.



T~.i.blc No. 6., .

Ulti1!l'J,tc Ten~;ile (in psi)

100°F
1'emp<.;lrature of

50cyOF ' . lCOOop

Zr 27.000*

Cb 43.000

43,000 40,000 Hi ,800 6.000

Al 12 ..000

Be 27.000 25 .. 000

1.200 1,200 1,200

14,000 14..000 14,000 14,000

* Estimat",d V~'.luM;

** All ffi:J..te:riab fully ann88.1ed

In ttF3 previous $octior1 a f'!lcter Xl w~~s used as a Ul'.J"J.sure of' modera
tor ;"ffiClf~cy, A mOrE} practic:}.l crit(:rion is thl;; value of XZ. per unit volume,
inst::~1.d of Xl p::il:" atom. For mu.t":rhds hn.vi.nr; both dt;:sirallle modo:r0.tor and
structu!"":il propsrties thB VJ. I w;' of (Xz • teDf.3ilc strength) o01..\ld be used as a
be.sis fot' COtnp!3;rison.

1::'<01<.3 No.7

COTaparLson of Combination I,loderator and structural U-'tterL"l.ls 17

0.056 it 106

0.072 X 1.06

0.029 x 10 6

27.6 x 106

Modc'I"!?,;tot' and
Struetut'f.l Ef't;ioac;r

1.750

1.390

1.30

1.020

0.570.105

ModeNtor Efficac~t

Xl P'Jer X2 .Por Unit
A.tom 'i[olumoXz ~ tensile stren~th

1..2

0.01 82.80

0.24 0.2,99

0.011 126.5

0.0045 168.5

1~ P (r's

C"tr* 92.91 8..4 6

F0* 5I~. 84 7.8 11

21'* 91.22 G.'± 8-.2

!!..li: 26.97 2.7 1.33

Be 8.02 1.B6 4:

C 12.01 1 Jlf35 4.8

BeO 25.02 2. 85 3.1.

,. Structur'!3.1 materials which r..t"Cl shown for c(x~lPat'ison plt:rpo~;es only.
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Table No. '7 emphs-sizes th€, fa,oJ:; that berylliu:m,~ graphite. arid beryl
lium OXide a.ro. at pr€,'sEmt* thE! only mod.0J:'l;<ting m::3.b;;rials which a:rf:i ~pplicable

to st1"uctluul :1.pplicatiolls ..

A.s fH'E!viously lW;;ntiorwd. tho r0quiN,:m(,'nts of anginoering i'easibi lity
must be sutisfiod. at hlB.st to a d6~r<::e. if thE! unit is to function. To 1"0
cur"itulo.h; ~- the nK3.tBriSl.1s must first bB u,Scmble by virtuo of their nuclear
propot'ti0s; then the qu",stion of onginG6:ring foasibili ty must b<" cQnsiderod.
Th{; f;Jasi bility of' the use of various m£-<.t''3rials tor :'l. given application is
b''ised on a great mmiber ot considl]):-':l.tions -- ch:omical¥ physic;::..l" and mechani..
0'1.1 prope;rti6s. as won as fabrication charact<":lristics. etc.

SOUle rrntBrio.ls Ctre unusuallysuscepti bl:o to dam:lge by thormfll strOSS0S

::u1cl thus th0 he:;tt gonor':;:.tion might b(; limitDd by the thor'lral stresses devl,lop
Bd in the solid pn.rts of' thu struOCll.r'3. Ther-of<on~t it is enlightening to
(;stimat." th", order of tho1"m:ll i.itTi3tHWS dovelop-'Qd in '.Tar-iOll.s matorials ror !:t

uniform hO:;l.t producti on P~) r uui t volume""

'rho quantity of uniform hOi1t generations pOI' unit volume which pI'o
dl..l,cQ$ the critical thoI'm.",! stress hi proport:iClDUl to a factor F. if we clSS1.:un",
·:dastic ms:t0ri;.:.ls and tho vr.lidity of the st:rfJss-str:l.in :relationships of
elasticity. Then: (Set) Fif;uro NIJ. 2A).

Su

MiS'chanica1 Properties of structural J,[,::.t8rials
(nu: ,O.3.0std.)

ZIRCOfHtlM

Su
psi

Ex 10-6

psi
k (ostd.)

Btu/hr .ft b F F
B • alpha
t~-nu) "k

100 38,000 10.7

500 27 ..000 9.,4*

1000 15.000 7.8*

1500 5tOOO 0.0*

34

32

30

28

IRON
(nu # 0:303)

4.2:

5.0

6.0

23 ..600

15,300

8.060

2,,720

1.61.5

1.86

1.. 84

100 43 ..000 2-9

500 <il).OOO 2-3

1000 18,800 15~5-

1500 6,000 {j •.·0

32

24

18

6.3 8.:nO 5.24:

E{jo 1 '1,310 8.31

G-.9 2~300 8.20

10.0 840 7. 15



Table No. 8. Conttd
" ALutHNUM

(n~ =0.3:5)

Su E410-6 k (estd.) Alpha. x 106 E . albha
'1'ew:pBra.tare psi psi Btu/hr Tt OF °F- 1 F (i-nu)"' k

.. 1:.._-

100 12.000 9 118 13 8* 100 1.48

:300 3~500 6.8 130 15.2 2,940 1.19

700 1..500 5..7 140 16..4 1,500 1.00

BERYLLIUM
enu ::; O.Z)

100 27,000 38 80 6.0 6,€40 4,,07

f,OO 23,000 31.5* 70 7.1 5.050 4,,56

1000 19,000 22.5* 56 8.5 3,900 4.87

1500 l!3,000 15* 42* lO.O 2,940 5.10

GRAPHITE
(nu = o,,~~ )

100 1,200 :: J::. 60 2 13,200 0 ..0625_~. \.J

500 1,200 1..5*' 35 2.2 16,200 0.074

1000 1;f:200 1.5.. ") -- 2.4 9,500 0.126~ ~)

1500 1,200 1 ..5* 20 2 c 6/r50 0.178.0

~ERYLLIU:M OXIDE
(un ~ 0 ..2)

100 14,000 46 60 3.:5 4,400 3.17

500 14..000 46- 4'7 4.4 2,500 5.5

1000 14,000 46 27 5..3 1,270 11.0

1500 14.000 46- 18 e.2 800 17.5

CO LUMB I1JM.
(uu :: 0'.3 estd.)

k (estd.)

100 43,000 19 'Z.J 4 13,200 3 ..4~.llC

500 39,000 18 ;30 5..4* 8,410 4,.64

1000 3;~, QOO 15.5 2"8 6.8* 5~950 5.38

1500 25,000 13 26 8.0* 4,350 5.74

>l:EztiITdt$d values -12-



:::'".

where-~

Su :::: illtirr.ate tensile strength

E ~ Young l s modulus

alpha:: Linear coei'ficient of thermal expansion

k ~ Thermal conductivity

The values of' the physical properties <,'/hioh were ''''-sed in these eV~'l.ltul

ti ons are gi VElII in Table No.8.

Experiments have proven that BeO and Be fail in tension due to therm
ally i:-:lduced strains over the following temper::tture ranges:

BeO up to 8.500oF

Be up to 300°F

It is possible that a so."Uewhat more ductile beryllium may yet be pro
dl.tced. Sinoe b€lrylliuITl oxide is a perfectly elastic material these stress
calGulatio,u'i should give truly representative v~llues. It iz very improbable
that metals,including beryllium at temperi1tures above 300oF~ would fail in
tension due to thermally induced stresses" since meta.ls exhibit plastic flow
at these temperatures. l:towever. this Fhenomena "lUst be considered under engi
ne€'lring: feasibility; th""t is, the :l"6-sultini; creep Jj'l1.~st normally be !rti-_lintt~ined

'idthin given limHs. For these reasons the calcu.htions for the ffit<t!lls cannot
be related directly toper-formance. BeCHJUSe of' somewhat analogous re lations.
the predicted COllditions of f!:.l.i lure for g;r~tphite are probably very conserva
tive.*

In addition to all of these considerations. the specifio application
must be feasible; that is ~ -the ltJaterial UF.<.st be chemically and physically
stahle and have suf.:ficiE'1l.t :re-~nST,;anc€: to corrosion and radiation daral3.g;e. Some
of the pertinent properties are shovm in the follOWing t.able.

*A recent report. AL-327. has proven that this stat-ement is correct" The
0.435'\ diameter samp les we re D_sed to mea~nJ;re tht:i tens i 16 strength l"p to the
sublimation paint. The tend Ie strenM;h attained :~ irJB.ximum value at 490QoF
of ca., twice the strength at r'oom te;r:pera"tu)."o. With :i_nternal heat generation
the tB.m.perature drop through tIm t:E3.ilrple Vh3.S O'88...ter than 340°F when the sur
face tempera-tux'€: was 4900oP.

-13-



Table No.9

Material Bvaluation
(j.X'radiation and corrosiol':t)
+ .. . ,-.. ""1+'= .. - .....

£;fmbol

Zr

Cb

Fe

Al

Be

G

.Be0

Melting Foint of
11" .--

3092 to 3870

3542 to 4380

2795

1220

2462

6740 (sublimes

4616

Apparently none

Apparently none

Apparently none

App8.l"ently none

Apparently none

Serious

Slight (anneals out
above 15000P)

2,1"

COl~rosion R:eBist~ance,.

It forms a stable oxid.e i'iL'Tl stable in pure water at
4:80oP -~ stable in Hs ;:rt high temperatures. Absorp
tion of other (;\)'SGS CdUSBS embrittlemenb.

Cb Forms a stable oxide fillI':
1L11..i. t is nf;t known.

the apper temperature

Al

G

BeO

:FCr'lr<S a loose oxide £"i1m -- attack continues.

Forms ':l. stable oxide film which is retained in acid
solut10ns.

Forms a st~ble oxide film.

Ri:ladi ly oxi di zed.

Att:.H::ked by "later vapor at high te;nperiltu.res.

The limitations im.posed by th(;; COt'J:'odibi lity of the Jnater-ials are
known for BeO. C, AI .. and to SOfie extent for Be. How€ivor. only suf:ficient
information is availt:tble Ob Zr and Co tocaake them appear promising. Zirc~)n

ium appears to Inve somewhat mord resistant properties than columbium.

C. COl1c.lQsions

1. Zirconium

Fik~ure No. 2A shows that zi rconJ urn is f;uperior to 1:<11 of the other
met,:lls O.S a struct;ural matorial. These valu.es are proba.bly conservative for

-14-



US/3 in helium. 11.acros(}opic, examinations have indi.cated the 21' may be used in
Pl.il"O water at least up to 480°F. Zir¢onium absorbs H2r 02. and N2 with con
comitaut reduction in tend 1e strength; hO'lJ'E~ver. thBse rl;~ latiohShips D.re not
known in quant~tive way. Investir;atiohs should be initiat'£:dto deter,miIW tho
limitations of Zi14 coni um.

.)
t;..;:-:c

r6rr~rk:8. bly
re:.s:pao-t:-.

Co hunhiurn

Columbium is SElcond only to zirconium ;;l,S a. metal structural mater
in the he,it g,meration zone. Gcmpared to <"ost metals colmnbium. is

resistant to corrosion; howevel*. it is inferior to zirconium in this

Pure iron would appear to b\Oi .superior to ;;l.lumin1J:ffi £01" applications
».boVB 200°F; however, its applications are sf.iverely limited becaus':' of' sus
eeptibi lity to att~ck by 0brrosion. In addi Hon. irradiation abcelerates the
CQ):'"'!"osion rate of iron. The products formed by the (~orroding; pro0ess produces
very objectional f'ilms on the SUrface of the metal ..

4: • A11.4--nin1l."U

and. Zr.
be u~~ed

FigurE: No. 2A indic~:l,tes that ):.I,lurninum is inferior to Be.. FEl, Cb~

In addition th", maximum operation temper,~tur(;} at '~lthich aluminum may
is 'lery lo','V coml:>ared to the oth<:;r metals.

5. Graphite

FL::ure No. 2A indlc;:::.tBs i:;hD.trarJl.ite is initially :.1 very good
;[l<3.t:;) rial.. Its'''!;l.ppli(~l,-tic::1S are St;;verly r~stl'i\Jted by thB det;'imenb~l effects
of fast neutrons. Not oni:'! do the physical propt'irties s:Affer deteriorntion
due to fust nButr,:)ll bombardment but theun';.'vt;,n i;rowth reSu It-in; froll1 uneven
flux densities produces distortion aI' perhaps fuilures in thfJ elernents. These
difficulties may be SOlllEnvh;:;,t alleviated at high te!!'lpertl.tur0s. (Data ri)]JortBd
in AL-327 proves that the above is a very conserV'ativEl Bvt:tltl.atibn of' graphite.)

6. BEiryllium Oxide

Figure No. 21;. indic!ltes that beryllium oxide is n:~).dily subjerct to
.failure due to thermctl stresses. Th,,}se valw3cs 81lQuld bt.'; truly reprBs;mtatilrd
of' perfo!'wA!'l.Ce. The ma.tE,ti~l does haVE< rather high strength properties as com
p~J'Bd. t;Q gr£tphite and thus lends itst~lf mareta structural '3.pplications. It
is vftry inert except tD w:;,ter vapor ~,-t high tGll1pBtaturf.;s.

7. Beryllium

B-erylliuln is an 0xcBllent mOdtlretor fltltedal.. It is potentially
sU'De.:rior to iron :"l.S "" ,structur""l :roo.terhl,l. Sevi:lre limitat.ions on the uses of'
b6~yl1ium are duE.: to tlw low dueti lity and nonunifo,mity of the present metal.

""15-



3. PHYSICAL PROPERTIES OF ZlRCONIUM
~-< A __-~"""' _

purity
lo:~v:ih:g

'1'hf;l da:ta rBpor-t€d in
of' the mBtt;t 1 from the
tub1,) of [;fHlei"al datt~

tho litBr,,,<-turo arB not in good af~reemBnt. The
different mr~thods v~ri0s considerably. The fo1

fr01.1 S. 1. Hoyt .. "M~lt~ls and Alloys Data Book".

Tf~b10 No. 10
C ,.

ZirCOhium

Zi,'conium

Sytr~bol

Atomic No.

Atomic wt.

Density

ilitn po.

Coe f. of' Exp.

At. VoL

alph"" up to

beta above

Zr

40

r'>1 "0
;::1.:.L;.-. G-G:

0.066

aluha---.-......-...-._-----......--_. " ._-----------
Crystal systttm

H.GP

Cubic

EGe

The c:dcub:t:ed d0nsity of' the HCP zirconium
6.50 whi.m correoted :for purl ty.
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Tend 10 strength of 21' (from H,:;,yb)

Anneal at 1472

Colct-sw:lged

As co Ie dr.(iwn

'rnhsile Strerlgth
.psi

56)'000

38,000

142.JOO

12

2

1

The modulUS oi' e hstid ty VJ::'\$ t"eportcA Oj1 Hoyt 8.£; 10.7 x 106 psi..

The following to-bLotS of datn.,~s r:.)pol'ted by Foote Mlrt01'\:i.l Company.
i.ndicZltion of the variation in physical properties of their product~

T,'\bloNo. 11
10__ .-'+( I" -..

VC.. riritions in Physic ..\.l Froperties

Ultim.'lte str;;mgth

YiBld @ O.25'~ offset

Yield @ 0.1% offs~t

Pr-oportional limit

Modulus of e1tl,sticity

Coei'. of Ex)).

34,000 to 45.000 psi

11,000 to 20,000 psi

10,,000 to 18,500 psi

5,000 to 10,000 p,si

2-8)~ to 40%

8.5 to 12 x 10 6 psi

2-.8 x 10-6 0",-1l'

6.•54

UltLoc~te Hot: 'f611$i10 St:r",ngth
:.......... ".. - - - "'--.~--_._---~+--

TAIT""B l'<" t Llr'~" of H'2- lium Atmos phu 1'0~."-t;./'_ ..--.._- ..,J;;-t,.!-- _~_-"-""""__' 'I"'-oi_'ojoM--""- - .. -- )" ~ ....,,;. ,.,.,z.__

1292

1472

2365

2~t.OOO psi

10..000 psi

6.800 psi

15.000 psi

7,000 psi

500 psi
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The ffif"ltinfi point ';~S reported variGd from ~1!3{) to 3870°1". Th-e ductile
zlrconiurn :18 obt;;dnod by the tBst~':iiodicle ;:nethodl1ol"lll;.'\.lly coot~ihS s:roll pBr
clmtag-~s of tib.nium and hd'nium. Th8SB impurHi~ S COL'! 1d ;::f!""ngB the ;ne !ting
point.

Hafuium

T1t an i u.'l1

Atomic No.
....... - ... --. ··1·

22

Atomic "'l"'L

178 ..6

47.90

Deni:<ity

4.51

3090

3200

Th$ exp!3rin:;;':mtal dab. on th;;;f physiC~tl properties of the Buroau Mil'tEHl
product will probably bf;: avtd.h,ble within 90 d,;,ys.

S80 the g;r':'1.phs for thE; known info:rYru"tion on mechcmica.l properties ~

menta ..
of interest to loo::;.te z1.rCOrUi.J1rl in thtJ p(sr1.odic systO!!1.S of 61e,.;

1,1thiurn

Group No, 2
m···---···· .. ,.

Beryllium

Gr'Oup IJo. 1:
~~Il-'il

Rubidium t 8-\; i<anti um*

Indium t

Th,l,llium Hafnium

Thorium

Columbium T:;lllurium

Rhenium l

Not$S~.-. *

E:;{tr8~rri; ly ra.:r't;,
c:t~f.ri unt -f.~:r-puJ~

>; :;\.1. ,~"'"U J-''' "'.'1 thoUSi\nd s of tons.

-Ie ...



Tho £'1. rst !;l.l1d second groups eont~:dn the "tlL, li ,;,nd
mot~ls which h8,,",70 in CC::1(;lCiU {l hit;h b~;did(, ;l.rfinity f;\nd i3.re
:,:l,~o "'how , ". "t'o···.. "'{""'~."~~,, ·po S 'S" ...·b ,."-~ .......... C":---..c "-;;'~ v.. .,.. ...J .'Il_-·,::; __-~;':·i-~:f- ~-~t~-~;,/- _'.J.: OJ;~" _j~~_, ',_ ')t. :its: J -:.0', r -~: ;;~-r'i(l i:i:l:~

plus Li h&'lfi;; a high uf'f.'irli'tji' for C ~ !i2J.nd HZ.

a l.kd~liriE: _~;~-:::~rth

v0h~tih: .j,'hey
The secoild group

The third group~ ril<:.~in sel~ieG., hiwe ~\ hish G. S ",r.:d 0Z:..fi'inlty. The
~\it'e c;';At"thz belong more to the s",cond group as sh.owni:;y tkKir hydt'id(.~$ n.nd L",\d
·;<lloys.. Trl$ htera;t. series h!we t'jtmor-a,11y i:r",d;ly reduced "..i'finitLs.

'l'tW fourth I~roup h:l.s tho hi;?tK:st pOi:wiblB K2
,"-frinity for' 02t Sj.·~H2 ;'nd h;:\lides ':::- low' ,1..1.'tinithls
r::lthet .h1t;h .c..:ttinHy for Pi:' f,1"(IUP ;m::,t;'"ls«

(tn-d _:(~- :1:ff1-n±-t~r -.....--~ ~mor'"B

in bte N 1 group!': - ..

Th:' f'Jfth [bronp h,-\s to, stro~lg ~...ffihity for C t 'NZ ~ 02. S, H2 ~wi h", lickls J
th,lt foJ:' Fe l~roup m(:t\ls is "'light 1tl' red uCl}d,

A~ R(~ac:t.>io_n- -bf- .Z~tlo,;-:CO-ni--um -Viith G~i,tt--s:
jr- .--~

Zirconium iti a very r:,!::1.ctive tnot,\l; Ji}XC6?t for t;he r,n-'o' i::~'\StlS it shows
p'<>ct afi'5.nity fof' !:;':lSZ'H"" f(j.r (:lx,~i:lplQ~ 02~ N2~ CO, C1J2~ HZ s.nd ,n:ter "i/\.>.}J0r.
It; formE: d8f'ini tE' cht::lllic2:.1 o o~,ipounds :;d th 02. Hz. :"nd. .HZ' It ::,pp"."rs th:lt Cou
siderable Cjtu.nti'ties of tl'l@S0 t;;;ul<.::n C'.w bo,J:,HlrboQ without the fo:r-.-:'V,tiou of
<); -l1::t~ r~hD~--S\}-)I

;;irconium ¥vill ~lbsorb or form solid st)lut~ionB with oxygHn I.tP to t;O ,j.tom
jXH'ctH:rb -~ X-1";<Y 8xD.min~_'l.ti on shov!$ only .:\ rdngli:: h')xaGon,;.l L. tti.Cd.. '.i'h,c: limit
oJ' solubility 1';1r nitrogen wQs ilbol.1:t ZO :;d~01l1 perm;:nt. If l,lO1"<:' ni:~ro6()n is ~',b

sor'b0d~ Hum th2l cubic nitritk ZrH is foun.d in :.:;.dd5.tioYi to tkl <F~tt,r}.ted hGX
Otson&.l solid solution. The abscu"p'tion oJ' $3.888 d,,,erCI';;'S({<> th(-; t0l:1Si 10 E>trength
of ---tl16. :iur;.; ·t-~i 1 :'lr~-d proo:u ct~·s- -$ rh.t>r i'tt:le.fue-:ht.-.

Tlw:rB is cC!ls1.der\ble diff\';roncs of !)F~.:nil,)n "".s to the ,;;.bsorption ch::l.r
act~$·ri·5--tl:c-s -for tile d1.f-.fe:r(~-nt :§;:~.s:::;-1~_1i: Fl-:gure~; 5: -t:G;t £3 --in-cltlE.-:l.11C' (ton:t./J.;.ill !!tost -QJ:~

t·:nt7 aV;:iJ:.1~tbl(j- un.:tr:..

Figurf.H;l 5 "'.nd 6 show trw d,\t;;., on the ~lbs(n'F\:.ion of' h~ydro;r~:;n.

Dlrgs que.ntitios oi' h~!drog(1n c,~n b<c; ""tsor'bod b~l zirconiurn in solid $oll,l:tiol1s;
unHh: oxygen i3.nd nitrogetl~ t;ho FrOC$j~B ~,_ n,vl;"l:'siblv oni} :;nul txt(, dissolved
g.::.,s may 3..g::t.in be liberated l.mdfir 081'Ldn conditions ..

p'u,t (6) found ;:<. f'J.. 'lTorabl(: tCirq)er,,,tut'O rSJ.flg:C' 'b0h~(w!l 576 ~J.nd 7WOF
for t11E; :):-b~)brJ.yt-i0rl_ -·of"' 1?t~yd1~O-g0tl .._ Ili-_-:-:t-b:~is::_-J<..tf.~ti-on-- -th::i: g~~:s prB()-SUJO!~~ -!)f t-11l9 solid
so-lutto.u .1 f:;- _ 1J::-':: r~?/:- .1 o..~Jt: b~.rt phS:'. r~:<t;a- o::t?~- __0.:l)~J-?_t.frhI en 1. [-) ;:l-1rc~a.-d::y~ v'ur:t .:h.:tg:h.. Th''::: g:;:~s

is ~,<gJ..in lHJor:lt",Q butwc:::m 900°F :.~rtd 1562 0p 'l.S shown in figure 5. The m::;tl1
v=ntt-~_}:]l vj.;:::..-t \l-rn~:d -td -(1)_t~J..-1:t1, bh~ ~f:h:~J\:-;]t1- :Ln :h~.l-B:_utt.1 6--- ~':;!;J>$-- 0't:Ld:~-~~71~try- ccnt_s~Initl:1·li:,:Jd

Y11·t~b... :n.ydrc:tS};;n. sin,ee YlZ) ~.{td:;-Orptj._ 011 -l!!r~;;~·s :Ltl'di:c:~vt-~j'd in· th.c: r:'~,;·n{~(:;, 5·7.5 to Y5D.oF:,w ~rh/;

gp:r::i::~1, ..d be.tTle;.;:u )C-llf:Sr:; ·6l;j-r,:'V;~~.·s c~·.rt~~:::r one COH1I)I(:·:'tc;,;' (\Yl.)lo- 0-1~ --tine· ~.~.rld 'c(j'c:linb
in~:ti'c~j.>.Jti th·:it 'B.fj~lli::i c;:l~ ;bb;(: h.yd·rc}gc:11:.yt":ts. F{{:trn<ln:E~ntI~t ~;~l)${)l"'b(;-ci. }?ll& hJrd-ri.cl.:;] dB'~

CQmpOS6S :"t '{GOOF; the:r0J:'cl'0. it is diJ.'fi0'.11t to ,,:;<:pl:J,in tlb wido SP~"Y.'d. in
bU.r'VQ's 'in. It~i;fU:rv 6. ?h~e:$(~ di.s·6:ro.prtrrcio.s ... '{$i}:"~ -PBrrl~nS;-.l' l1(; u.tt·~'o(il)':.xtod ··to t-l10
:1.nhortmt; ditTo renees in thD Prou,,, rt:L'i S Dt th":~O'NdHr 'c.l.hd t:£K' l;~u!"e dxwti 10 J!!eh"l.- ~ ~ . . . . ~
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Fignr", I'Co" ? sho,:',s tht~ d:"tfh I)bk:.ined u,<:in~; :;irco:rrium powder ~~pr'''J'~

:0<0. on f~ molybclEinum ribbon. Th,-, het:.t of oolution of OX;;tGGU in liirconium is of'
thf~ £:;("'>,):.10 ord0r~ru.gnituck; as th,,· hC2.t eJf i'Or"I(!(ltion of :~i:r-cOIl.ium oxich'; (25H Iii:;'
oe':.1.). Oxygen is f:thsor'b'Ja in trF~: intt)r:;:tioos of the ',1vt:3.1 l:c:.<~tic,\:. Ox~'g>;n
i::.ton:lS hi:,'"",: r;rEL::.t mobility in th<.' zirconium httic$ i"-t high tdllVJr~i..t;;H~·.:'{;.

F::lst (6) :r"(tportBd that tho p:t:c)i)sure of oxyg,;;n in QqU'l liedu;;tidth
thz'i s·:'1turo.tod solution of oxygon in Zirconium was too lou for' di l':3d: l-;1:::·:'$ure
ffivnt ~- somewb:tt loss th:3.n 10-8 atmQsphores 't'v{)U <\t 2700°F'.

Th<::: zirconium oxide forms;;.. vtir)' gDod protectivo cClating at low
t::'impei'e.tut'Gs. At hiGh t0mper(,1~ur0s the oxide film disBolv0s in th;.::, met:;.1 unci
the lnE::ts,l sur.f'2..ce reltrC~in$ "'-Cb.V[:h 1\h0 Pr'·:'i.c'l:>ia.::.:.l t8mti()r:;1.t.urG limit i).boVB which
thE' oxide :f11m does not g:ivo roC:.sonable or'otectiQn nt'.s not becn d(,tor',uin0d ..
The oxide film do·:)s dissolvG r~"pldly ",t tem.per3,tux0S :.bov(; 1{joOOF. 0

'Nhan z i.r'coniu.'nwi th C4'1 oxidize d flurfc,ce 10.ye;1" j.s hf~::l. t-2:d In V(,.110

the rr:-etc:.llic lttsh: r reJ.P})BCl-.l"'H. A nU;'lb(ir ~if l)hysic'i 1 pr'opEtrtie S Ct"} ,"1to:t'i3d
by this process. Tho ;uGlting; point i.s r'dsed.; tl'H.:> h'irdn8s£:; is i:w3:r'c:1sed; th0
,,,h.i<~t:ricGll resistivity is inCl'"C11Sod; 'the t(J~'J.?8r,d;ur0 cDefficient of tho Blefi
tric0.1 resist:i.vity is d0(H'eaJ3£;,d; the;:.tomic dist;;,uCe il3 sQmewL::.t it~crfj.:dlBd;

the ducti lity is d,,,cr<:o:;uwd; ,:.end both diss olv';:)d oxyg(in and ni trogen produce
come E;mbrittlement.

Fii~;ur0 1{,). 8 shows tho d:>.t;). obt:linod using zirconium powder' spr;.l.y
c·d on a molybdenum dbb,.>u. As Froviously point Qut, this rr";:td,,w.tS (ividEmtly
CClot3.minated with hydrogE:m. N'it j'og;,;rt ·..cts S oraov,hat s Ld L,r to OXYI';""U, ThQ
h~l",t of fOl'ilE\.tion of' Z:('N if> 82 kf:$- cal.

T·J.bl·o .Nc. l~l sho',:;B thf: f.;ff(·.'ct of d.issolved nitrogvn on the .hot t:'.m
siLl strength. Fi ~;Ur(:j tJ0.. :3 111i ght i;::aic,;i.te th::~t no diS Cr<)tlS(: ih. tensi 10 strmlgth
would be 6xpect i.':: d bB10>;; SOOoF.

100.il10(9) conibin€:s with z,i:rccmium J.t a t';'il;;"it";.tl~r~" of' '"bout 750
t!) 900°1" to i'orm the tetr:.>.iodi.de. Otht,r il1Vosti 0atot's h8..V6 roport:;:,d tho ini
ti~l F3L:.c·cion {;,.s low :1.1l 4:80oF" The iodide em be subli!:lod in vacuo without
d,;;composition.Thl~ pUTe ductile m.::tal In;)'y be obt"ined by thorm~1.1 decomposi
ti.on of thG lod-id", Ixt t01;lPQrat;.tr:0s :)..DCNO 200QoP. Z:i.t'conium with 1m oxidized
sl..n':!':\ce is ..lpp::::'N.mtly not 8,ttn.ckGd by iod.in~)"

Chlo:r:Lne J;'Q3.CtS with zirconium cd: ;,'- dull r~;d ho",t to give thf-i
ited.a.tile tetr.;~chloride" th;.::, t~)t~\.brorlli.dB nu.ybo fOX'Illt:id in ,'::. 8ot(~8Whd.-t simil:;-,r
rmUlne"r.

CcnBi.d{'<rab1t" inf'Trl:l.-xtion is ::;;vi,i1:::.i)le on thB c:orrosion,'usish':mC6 of
zirconium 13.S comIHr8d to t:::.nt·::<.lum ~:tnd 18-6 ,si;.:l.inloss wh;;;n in c:ont:;\ctwith :),
Lll'ge number of ·the com:!l.on corrod.inG .AgBnts.



The chemicD.l buh:.:<.vior of 21' 13110'/[$ th:.c.t it i::: ~"',sist,l.nt to lU:.lily Chr.:'lni,

c:"l solutions. It res 1StS ni trio acid ~Ln .:::.11 COnC'J11t,r-:" tions ':JV-,m ::l.t 212 t1F..
and. presu,,1ru.b l y Cl.1l typic,dly oxidizitl.; 801:,.,tions, c(lUi:;0nt:~·.:<,b.:d hydrochoric up
tiO 21ZoF, hot zo;~ sulphllric :l.cid" chorj.n(! Ili.lS sitll<"r with o:t'Nith!)~.:lt ",oistun",
hot 10~~ and 50% sodium hvdt'oxide, i'u$cJd zodit.tm hyikoxido, 20j{. sodium. chlol"'idc
~olution i;i,t rnzop, ~.l.Oeti; ar::d. ox£.\.lic~·~cidB, hydr~gvn ,:nl1;,Mde i;S\Z, cold :~qu::.
re?;L\; and. cold di lute si Ive-r ni trQto. It I:; not ·t.:u'nish in thc, :..,.t:moSJ,:;]:'!,)!'o.
Zlrc:onium 'i3Xp08ed to distilh"d vl;:.:.tBr :.:d; 4800P for 1000 he,urs r.1l<JWt,d. no co~ro
s:i on.

Zircor!.ium is $1 ightly ~':.tb.ob;;d by i'uBt;:d t:ot:3.$3iuln h'idr<:>xl 60. ll; is
·:<1130 atb.ok0C by COn<i0utrxtBd sulphuric ~lcid at2U:oF, ferric chlorid.f>~ 15j:'
phosphoric ,-,.cid, n;1scent chlorirH:;; '.::ronJ,inD ~ or i'luorihe in w<).'t;.':IT'. hydr-of1uor
silicic acid :md d:LssolvBS J<::;,.pid.ly in hydrofluoric ::\cid ..

In Gf..'n.<.H";;.l, for ,;lQ::;t :<lot:;.ls ~ cox'r'('ldi"tJlli ty is :l.ncr':;:;,SiHJ by cold '?-fork
ing; hO\il0Ver ~ cold-v1o:rked zirconium showed :J.n incn::':l:;;~J in COTTO<iion ,rosiz"
tc:<nce. 9 Perhaps the,) oxido b,y8r l;iitE>s bettiol' protection :lftEr colci~;Norking:.
Th;:J h.lrdness of the oxide It:tyer Ls::.bout 7 on ths Mohs sc;;:.L;:: .10 Rot rolh,d
ill::>.terials 't':',;lCom6 co,;j.tod 'Hi th Son 1,:Jxi<'l:e: hYEir vihich is J,'<:"lloc<,' or brown on the
outside ~U'1d bL.ak at thu oon·t>H~t '''t1th th(t metc:\.l. 1h'0 outer Clxid0 l:.:.cYGJ:' is
soft tlnd is rJttdily :removed. ~)Ji th <\br,~.sivos. but thu bhck inw)r oxide l:J..yer is
v<3ry h;:lrd a.nd n0ith-::.<r c..cids :nor ordin::.'l.ry t:;.or,;,siv(,s ren'lOV0 it G~~13ily.

In conclusion" thid :\lkc:<li l*Bsist::LhCt" of' zirconium W:cB s:r(~~;.ter than
that of tant::<.lum,. 'rhe two met::'.l:;; fihO<N8d ::.bout th.;,:; S'l;;te rcsis-tctUCi'.' to hot~

concBntl';;:,te-d hydrochloriG~~oid. Zir{)(miurn WelS (~ot"!'Qd(,;d 10S:3 th,:i;,n 18-8 st&.in
1<::"S8 1)y hot '{5% phosphoric acid.. Gonc(;ntr,cteu nitric ,;u1d~qu::l J:'egi't h:>.d ~~

w3g.1igiblo ,:;,f'f\:;ct on ziroonium.

If only tlK th(,rmodyn,:~mlcs 0/ ttP rx'obblll W'0l"O lle;ing cl:Jud.dGrDd, one
wculd f';XpOC·t to fhd no ;1h;'tD.l which i<3 corrosion l·\}d.st:~;nt ,'ib;n in c:ont,(tct
wi th tho oxygen in thG ::<1 r or d131301'.1"1.::.d in w~:.:t:JY'. All !f!f.1tJ.h:" !;;V:Jt~ tho pre
oim.u: llli;it:J.1s, h),ve oxid·.':.s vt'h.ic:h:~t room tC;!:ip:;:,r;~tures h"V0 ~n oxys:}n dissocb.....
tion prossur", bo lovll' tb.' p:lt"ti':ll prfjSS1.lre of' oxygen in .:d.r.. Greforo .. on.o
might expect ~c;hat nl[.~>t2~ls shol.del :in tLno oxidiz,,, com.pbt",ly wh::::n in contact
with c.i:r. Ii' the met:::'.l is in t'l-w .rena oi' :).Ii!OYlon.tamic la.y<:"r this oxid<::ttion
c.:.ctu:1.11y' dOlO:S take p b.o!:'; spont·:.inecusl;ll at not too 10'01 (~ tQiHFi' r::l.tuT0. In th,}
O-~0.S&- .0-£' -comp::;t-c:t; itlet-9..1s-. _-tn$- t\:~Cl-c-t<i:~0l:l: __ c:o~rt0~l:- -practt-c-J.'11~l to -;:~ -st.&hd-stil1 :J.l~tor

thf-; for-mation of ::.. V;:iry thin (O.ft0.::l irrvi;;;ibL) oxide film. f'ur.U,cr Y-c,action
rZH{lllr';;<s:< di±'J'ur:;ion of' at l-;;r~st on", of: th:', rc,c'ccting subst",-nces through the
f'11m ':i.lr0,).d", formt:,d; in )';);:';'11'\i' C:lfl0S; sud: it tr'J..twfor eli' ;'In.tt,;~;r in the solid
stab~ does 1;0-[; ti3,kc r.;1.lC9 ~t reom h'i'.:H:l0\'::-,tm'e "to;'J1Y pr;:tctic.cl :;:xtGnt. Thore
foro, th.~ r,&sit:.t2-.ncf;' of ." r~Gt'J.l to c.o~rodon dOGS n~t- dqY;;.nd OtJ. tl:':,,'1 r-f'fini ty
bi,ttWli1fm. th<!! meto'11 s.nd the CiH, U!1d.l~r c-onsidet'::l.tio.l1. hut on the prot00ticn
~cg:'~'i.nst furth'Zi!' COT'i'osion. of'f(~rod by the oxide film ""l!·tTidy prr;.;s0nt. Corro
sion rssista.nt m(,t<~L; :;U'E; thGrt~fo~"~: usu~,lly +;tet:.:<.ls 'Ni th :~ very good proteotive
oxide film.

Oxygen will mig:r8,te t.hrough 'en", i,:u-;::",-l
cr;1.1,;,ct s:t the ::~node ;<,l'nen ," D,C. pot>:,}nti::;, I h,
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1:fow6v0r~ oxygen ions .. molocul,;,s, or cd:<mns prob~~bl:f do not difi'use ircbl.=!rstiti
",lly through the oxid0 l<?y(~rs i;!.,t l'J1o<.lot'ode t~;,:f!pel'·:<turss. ThBrr;ifore, Onti would
eXp8ct zirconium. to be si.::nil~lr to ~luminu:;l ::<.nd chrolTI.iu:m in that for !nod&mtc
t"mper~l.turGs the oxide films tend to r"':tch ::i. thickness of SO A '::.nd tJ-l;;;!l vir ...
tually stop grovving unless d;:>..tXi.g0d by o:rO?ald ng or Ln S0m'S other w:"y.

'I'11E'i he::.ts of f'ortlk1tion of th", 0:>::id8S ot th<::; l'elilti1fo1y corrosion r.;"jsis
tTnt metals a.:re ~s folloW's:

Oxide

A1Z03

ZrOZ

He8.t of FOT'lJ1c,tion
Xg~ 0:::.1: per iSJ"::l.I!l ,ltom of oxy~'n

134.3

112.5

100

eG.6

6.5

At high t{impor;:>\tures tho oxid0 :L".i.lm protBctSJ. mot,:·.l ;nw~h ldsc <di'ec
tivBl~{ ::"g·;l.inst furthi)r corrosion. ·:l,lth.ou~h it does halT;; ,). rot'-"c.lir.g (eff\;,ct
which is gr"",·.::<ter the thicker unO. tho nor(: imp::rvious till) b.yor.

The fol101!'ling thGrmod;Y118.mic d:3.ta :.tti3i uf' intel'est ?,h::>n r"i;,l::..t~)d ·to ex
pEil'im<'ntal w'ork on cor:rosion~

24~).400 e::<.l.

.~- -

129 ,000 ():t1.

tr ~ =1 - 10-261" v.~t d'"- -
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ZrO? +H.... O ::; Zr0(OH)Z (solid)
(This hyarato decomposed :::.,t e:,. ;~OOGC)

ZrO(OH)., AFD (f'orm:).tiQn) :::. - 307~COO 'x,l"...
The protocti.V0 valu,e of th8 oxide film nf:.:mt b,9 Enr~dun;tGd byexped,l1l0n

tal ywrk. The surf"c:<ce b.YGr of oxide dissolves in the m·;'tt'l,l at high tempera"
t;u.1"e s -- the rate ,)f .soluti on sho~ Id b~i l1lJ":~lSUr$d. c..1:~ 1:1, function of ttll:'; tcmpf-i ru.
ture" In &tiditiou t the effect oi' orosion on -chv o:>~ido lrl.yer slwuld be 1nv8s
tig::>.tOd.

5. PRODUCTION OF ZrnCONrm\~

2i rccmium. oxide is not 0!;\SY to r,:ducG. Ii; in not r,,,d:,.1C0d by hydrogon"
RE:,duction of the oxido wi th c~:rbon yi<:"ld.s th;; c';i.rbi. de. G::i, lCium. :;u~d c;....lcium
sodium mixtures in eV':lCWl.tiid r');;~ct.ors,. h':l.v'fj 'tH~&::'l. usod. to pi'oduce ,'::., crwie l!lE,'ktl.

li';l,gnEi$ium. :"nd sodiu.m mi:x.tur!) :llso giv,;; ,?.n :lcc·..:.q)t:;"blu erud0 mot,:"l.

Foot;} l~iWJr'~t1 Comp,:my product;;. f, ductihi ziro (mi urn. ~~ t t h,~ l''':tte of ;<')0 Ut
100 pounds P$~' mont.h. Tho IT'i0thod us:c,d is Oil.s(-:,d on tlE,'Llct th";.t cort3.in 1:'\0

tSl-UJ.c iodides are dccom.pOSt'ld by COl'1ta.ct with. ::l glovving wi t'() so th,,~t the ~etal

is deposited on th!:.i win.:r. ladinG ~V'r1fBS ,:).s th:.: vdhic 1e \.hich cOll':t>i:ncs with
the crude lW:lt:d ::.tt t0mper~tur.G,sctboVi;> ,HlOoF fencing tho tt~tr;:::..L)dide. Tb;; tem"
p'-"raturo of tht;; process is so COl1ti'ol1.ed th;;d; the totr<dod:ldG is vaporizGd
::>.nd ,1iiiposits tho pu.re :t1ttt~\.l on i.:l. tunt~Gten ..cerG "'.Ill'« oporatins :::.t ~). 'b;,;np,-'rclturo
of 2370oF.. The process neccss{.l.rily involves high v:,Cmun <:;i' the ordor of' 10-4
t!Jl11 of illBl"'Cuqr. D:Lfi"erent methoJs in 'U)(:': v,;:"rious op0r~,tion.s for the; proc1uoti,:m
of' ducti 18 zirconium nfj.veo(;;el1 d o'\j'( 1. 0pGel by the lJo1~thwti.si:; Elorlt:rode,,'D lopme:nt
L}oo rB.tory of tho Bur~j~'l.U of' Mines ~::, t ,A.lb:\ny) Or,;lgon. MallBf...b le zi:rcOi::,ium is
produced bj.' t'::JGbctlon of ell1()ri.6t:i v~~por's vrith m'q~netil.l1a in i.:\ i' u:rn:Wi;; with a
nuble g,'cs ~ tmoSph(,;r8. Tho ~;l;'oc{;)ssn)qu1. raB 'bhe £'ol1O't<'ring steps:

1" Production of' zirconium cJ,rbid>~: from zircon.

2.. Chlorino.tion of' zirconiUl.!l c!::.rbid(h

Ll. Reduction of pu.r:::: zirconitL'11 chloride with rrlcS.gncsium.

5. Eliminatin;;:; of' ni.:siduul salts by "Fl.CUWn tre:.l.trn:mt.

6. :Melting of zirconimrt i:nr,ots.

t:}.lf;} Btrr~)D.u -of. -~jri:n.(fS- -h~ty(: u:_s:G~d: -clt\-:i~:6~.1S c-~)r;;rhf;~/i-nirl.~- rnorB th.:)..h -60 POU11-d:s
oJ' ;::i:rconiu::Tl with r{;}covory of ~h()u.t 90 p;.;.<:rcent. n"I(;V h::.va c:roduced 10 pClUW:1
ill.gats of m::dlGQ.ble z.ircor... ium.. Thi9y estimato that z.1.rconiu;' C:m 1]1.:' t;Y'bduCGd

ror C~3.. ;pO pEtr pound. (Footo M:i,n<"!:':,,l Com.p::,ny qtlotm; ~;h~"""'t :",t $lso;lh. J

$225/113. fo.!" list! rods). 1'11<;,; Bu~:;,::<u of Mines k ..ve t:wr:struct0u u. pilot pl':3.nt
Nhich 'Hill per[ait cc:st!),blishi?:lj; the l;oJGliircin.l possibiliti0S of this ffiGthod of
obtilinin.g pUrl:;, :ual1en.l,lEJ ziraor,ium•

... :2::>-



Heilvy s<::otioru; of zirconium, i1re l,l.,su,:Llly :toUed hot, although '}.
to.!l;",ci DUS oxide hyl.tr is forffi£'d 'Nh<:;n the ;11,(;t.d i is h8).:Vsd to 1300oF. Tha bhck
inner oxicte Lly,,,r is vary hard :::.nd n<JithGr ::.-cid~~ nor \;:rdinary :lhl"asivBS r':;'

mcnr,,,s it ,,,:3.sHYt ~lthoui;h .J. silioon (w.rbido gd.ndlnt.'; 'Nhool 'Nill slovtly rCn1OV',~i

i.t. S'

Thin S€:ctions cC;.u be cold-rolled with intBrmcdi:dz):u;\.n";0.1ing.
Soft ingots can be rmlucod 50 pOr'cl;;nt bl::ii'oro reh0.:"ting;.. tnt;: :.mner;,ling; ()i~ zir
i,)otd.u...'U presents I.HX:lO difficult pr'oblBr:1S. Bright :,x'illsding of finished strip
is d.one in ::t helium ~triloiSphGr.;). Tests h;1V0 indirnt,,<c: th3.t zirconium h·.::<:"tod
.fo r. OUB hour ';.\ t 14 7ZoF in~ put'o rti t 1"°8;;' n ror.nained nn l.le::..b ).,,,, • A good annE:i:<l oll

plrtly i\<:bric:;.t:::Qm,jh:tl hCl.s bli,;'on obt:;::dn,il<:l. by pLein-a: it in ~:. I\,lr'n:=<o(> (.in~<ir)
a.t 15000F ;~nd then rom(PJ'ing thi;; nwt:.tl .:1$ i t:ltt~in~;:d :i. ti;ld hO':lt. Trw ductil
i ty of t1'U9 lJk'·b.l was not .i.ppr(lci :.::'0 1y .1fJ'octe d. Thi~ ~nn()",linf~ in .::Sr must be
done quickly and not repeC).tedrrl:)l"(i thJ.n two Of thre(: tirn(:B or th8 ductility
i--s---l(f:~;t·¥

It iR 'Vety (;:];.,sy to roll :d.rconiull1 Olxt of contlct with.::.ir P"y t'n-
closing it in :;, mot::l.1 sn.:.:u.th. SoctioIl-SJ..s thi.n 0,,01 inch ('nn hi", re:Hiily
ohtH.in,~,d. After- rolling, the S.h<:i'Gts ::'...,8 ti3.kJn out of thz; sh.:.nth ,1n<1 co1.d
r'olh.+d to gi"l'~ ·thi;,rr: ';' polish'3d surf;~~ee. This m::..te:r'L::..l tBri:rudl h.::.t'dn0ss of
180) <):3.n oe b(;nt sh~i.rply ::it i3.n",ng10 of' 1,300 on (\. 0,,01 ineh r"i;.dius without
c:t"l1 ck i n g.. ThE' zirconium wi 11 fuse to thi,;; ml~t,~~l sh:::;:'l.th $. t tGr;"'(.Kt'::.tll.r'~,,Z ;:>.boV'>.:l

ltVf20F but ::tbOV"::f 1730°.11'" .it m:.:w ignite .:~nd burn.

Th>.:: b;.sio propE;rti6s which m;,JcE,) zirconium ,;l,;jt:.:,l ..:.civ.1.rlt:q;oous for
.::uny:.ppJ.iC:).t ions c::..I..1.fc:0 troubh:i during drl3.wing ()F~:i r'1.ti orw. Th~i ;:[(otc\l 'Nork

hlrd<::ns VG ry Npidly" consf.Hlu(: nt ly, c o:'$i. d0 !"r.:.hll;::1.'1rK:"liug is rc:quirod. throuGh
Qut tho dr:::.wing: PX":)C(;Ss. Th{:, ,i1et,:,1 bJ.s thG property of seizuro 'to die 'J"a US}
howevE.ir, "'- vory thin. film of oxido m:.:\.y s~:rv~; ;:'-13' lubric:).nt in thE; dru:,fing;
op::r~tion.

F'..tlly l~nnQ'i.Lfd ducti 10 zi rconiUfil will withst:md.:i. I1mi ted;tmount
of drawing; ::md spinning. perh;\ps: 10 percet"t def'orn:i.tion.~ bl..:,forc'l it a.g'J.in be
comBs brittlo through work h3.rG0ning.

The Iiletc,l isrv:.di 1)' ;xJ.chirg:>::::..bl:;:; ,.:<uo. p:3.rts (an be f,,,,bri,~.::.t<.;d by
rivetin.l;~ crimping.. '3.nd *11otting. Snot weldiw£ techniqu",s n:",'vo bG0n devah>p8d
to give :\ s:l.ti;i'~ctory bond whioh d()~s not onJj~·ittb. 'For spot wdding;~ thO]
current ~md tima cyc10 :'ire mo.int:;;.ir,,::id iit CO;~lp~';..tible minimu,,, '\J::~lu~1$.

6. OCCURRElWE MiD AVt<..J:LAB!LITY
········-+&···.. 1·· ... .

SO:([lO ,"Dt;ils, such :3.(.', Zr. 'l\Ihich~:.rG' f'r;:lqu,mt :in n;<1;;un:, ''U:'c c~:.llndr,::...:r~')

only bBC",UsEi pr-0,sent Hli:,thods for' ill;.::.king ttkX(1 a.:tD <: 1::..bcr~t0 t thus thG pric0s
tend to rm probJ. hi t i VB.

The: zin;;.oniura cont·."nt of' tJ"L' G::q:·th~:o C1"l.lSt i~ 8.s'tLn::~tc:d ·to b~1 '::,bout
0.02.6 p(irc0nt. thu~' zi:r<wnium is :;:.ctu:::::..lly rH".:;s(:nt i.n l:"rg;,;:r qlw.ntitlns th::..n
;:n::;.ny f!~milL~r 01(HrMnts suCh;'.~i nickol. copp(:;r~ ?.ilJ()~ or L,::..d.
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Tho most (',bund~,-nt min"'t";J-l) the silicxto ZrSI04, com.'n(mljr c:<lled zir
con, is isamorphol.kS ",.:ith 'the well-kne>,;m tit""l1.iwl1 miri:;,!'::<l) r',;)tih;. TiOZ. Zir
conium is;l.lso fotJ.nd as th,,' oxid,;r which is CQ:8:::rlon:iil.lly know'n ~\s zirkits.
Zirkit::; is f'ound in Brazil in'l f';.irly puro form.

T::,bL:: No. 14

.A:ver3.t;~) El{..ilTlontl3;nl COffiPositiqn of Ign0Qus Rt)cks
in tho lO-mi 10 Crust of tht:: Eo.:r'th10 ... - -, - ... -. - - ..... - -. . . ...... ",/ ..... - - -. -. ~

(CL.rk. F. ~{" H:hshington, E. Sq U. S. Gt:ol. Surv0Y.
Froft'sslone.l P:'~P(:il" 127, 1989)

3. Aluminum

4. Iron

5. Cdciu.m

fl,. Socii urn

9. Tito.niun

10. Phosphorut,

46.59

5.01

2.60

2.09

0.63

0.13

16. Ch:romiu:ll

1'7. CJ.rboll

19. Zire.onium

20. ,Nickd

28. Zinc

29. Gb &: Ttl

35. BST'ylli um

0.10

0.037

0.032

0.026

0.020

O.Ola

0.003

0.002

0 ..001



TvkitriC TODS of' Conbined
Elt'fments Ele.:nonts p~}r Yij!lr-.0"++''-- -----. . .

Rb 10 (pounds)

B 120;000

Ti lOO~OOO

Th 350

T~ 1$0

'" EstL;:~,~tod world producti(m w":<.t; co:\,. '700 tons (2000 los.) in 1940.

** Y:lhstc""l M<Jt. Corp. hus r;j~d\) Cb Shi;H;d: 301• x $0'1
thon"foro" th:;.~ f:::lb:dc~;.tion of' b .. rger C'~s$0mbli:;.,s is,tblly:nmilable supply 1l:, 20.000 lbs/yr.
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(in doll'us I.,(;;r pound)

Notes:

Au

B0

B

Zr

Hi'

Th

Gb

v

510

75

38

13 ..000

1135

5

Ores

0.01

0.02

0.07

1.16

2.90

0.53

3.20

0.52

15.00

8.90

1.35

0.50

2 ..·25

2.80

2.

3. T:l in low C f\"rroB.lloy

5. U in oxide

6. 21' .sheet $900/1b (1948 (lst1::Y:::tE,S ar,i -- Foote $180/10). Bul'·o~>..U of
MirkS ",,:ly b,;; ",.'ok to produc0 ill-Gots for Cu.. *,lO/lh.

'rho pri<:;,,, t,,,b1'.)$ No. 16.. :;t:.:l.Y bo us(:d to est:imi"to th:, rQL,tivr;., :;.:i'ficie:llCy
of J.n i,xtr:.".c'tio!1 procoes ~ for ,,,,x;:cxnplc:

Oro

~ $15.00



Rektive Fr'ic'c's (if S'-'l?3.l").t@d 1.1Bt8.1 to 1i(jt~1 in tho Form 01' Ot'",
.-- .... _ .-.olI+.I E.-- .. :. _ ',',',',', " _ . ',',' II" »lo

Iron

Vs;.uadiul."'l.

Chromium

Aluminum

Zirconium

Ti tauiUiil

0.005

0.49

a.031

0.052

0.007

0.06

0.025

0.35

50

17.5

0.86

0.47

0.47

Cost of' MOt<11

$i1b •

0.010

2.80

0.320

0.300

0.150

·7.00*

75.00

82.5

f.l4.16

99.53

*'* Prew,;;.!' ~)ric'3S of Ot";} (it is now ",",bout 4 tLnos this >,':.:;.].uo) i.neluded tor'
compn.rison.

7. CONCLUSIONS

ZirconiUlfl is a.pp'L"'iintly Bulta-bL" ::<3 :::. Btructaral uutKrLll in high t'3111
peratur(;' th",r,lnl pilGS ·wh·"'n c·Qol(jd 'oy one of tho rfU"B gasos. SUCh':H3 helium.
The practic':>.l ;naximum. 11.mlting to'''pr.:r;\tur'o for' this tjrp(' of operl).tion is not
known.

Zirconium c:~).nnot be;} usod at vot'y hi~h tGi:l'PCl:',~tur0S in an ~,tmosphol"u of'
oXY,!3:en, nitrogen, 'Inter v,~p0t', cu.!*bou dioxid,=,. c~rbon monoxide, (·te. The ;;nxi
mum t(?mpEil"',~tur0 limit for il long ope:rr-ting life in such :.l.tmosr1Kd':;:;S is cert:lin
ly b,,:,19W 1200oP . Tht, 1imitlltions of th(;1 protection giv{a1 b~y tn:., oxide fi 1m.
'll"O not k110·#n ..

In comD:"..l"LSOn ·~d..th tb;; lJ1(la~Gr dat:\ th3.t ·''.1'0 ~:'.'Ii(dL1.b18 on trw pc~:rf'or;:n:..mc0

of berylliu.::n ,. ~.\lU;lli.nu.m in I:lont;:'ct with w:~t0r ;tt high te:;.np<3/,·ltures' (c::::..
500°F) tho tests using zi.rconium 7~.f~;r(J V~>1'Y promi sing. Tho limit",-tion::> L~po~Gd

by th'3 prGS011.C::' of trOD hydrog;;;u :::.n<l i'rd;; oxyg::m in trk: Vl:lt<;:LI' h,,,,,,,?' not bE;""n
in',n:istig;;.ted.

At th.::: prossnttim!ii z.i.rconitLt'J is t·;; in~ asod :1 n t·h0 choral Cod industry
boc:luse of i is (?:x:trEi;~if"jly hie;h t'0Si. staw:;,,· t>3 corrosiiwl. In the: oourSG 0 f llor-
m::3.l d;;;ve1opmont. it will h:::"VEI "(Jic!<:.' "l-ppliextim:l Qecc"us.o its superior
physical ::;;.nd ob:.<:mical prop;:;rtiQIl .;,n6t;lK: L.rgc: pot:i.":nti;"l ?,uFPly ';lEhich C",.ll
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:t'Jadily be li);';.l,do ~i.V1.li1:.lbl(J,. Sine,::::; the ace of' zirconi.um llk-').j' obvi::,:..t0 son"" of
tho s",rious ()pGr~tiotl'~~l llmitl~t.ions inh,~r,,;n'':; in tih,,< pras0nt d5s1gns of th(1rmi:~l
pi los: thl:< tG::.\.si bi 11ty of sorae of its a.oplic'::.ti<iUS sho\.1 1d be invi)stig~).t0d.

F'J!' simib.r !'",asons the limitf1tions on th·::: ·;;.pplicD.tions of cd.W'r.b~um.

,should bo det€"rmined. !!fbi 1,;:; it is not "$ prOml.s:lng ::':.8 zirconiu;n, 1t dcy}s '''p_
p<i'.u" to b(J suporior to some of the otl'b:r str'J<ctu):':~l metals •. Gornp:T80: to most
lUf:.:t:,ds ~ ,:;}olum'bium is r,:;ma.rK;s"bly rosistant to cQ~'rc'stGl1 -- t.h", tomp<!:! !";:l,tur"O limi,..
tations on its 1.1.$,,; in VP.lt0:t' ;-:eN) l.;m.k.nov.rn.
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