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thLUxLEOI OPF MAT ?IALS

The rate at which s high powsr level vile can operats iz limiked sl=
ntivrely oy'tbo rabs 3t which heat can bs romoved, Ceongaguently, hsat
r considerations huve o profound effest on the:

L. Design

2o Neutron utilization

Therslore, ths following thres criteria are considered to be important in the
esign of the systems for heat removal and mechanical operations:

Lo Low speaific power raquirements for heat removal.
Zo  Winimum interfureice with the nuiclegr resctions
8. Enginesring frasibility.

ax ~Chemiead aml physical stahility.

Be  Radiatviwn and vorrosion sifaots.

¢. Albmweble working shressog.
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guirement of snglred:
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it is to function for » ressonable lenglh of time, the re-
ty mast be savisficd oven though bhe
e

ans peubtron uhilization of the piise ars &dbu}“way sffectadi Some materisls
are unususlly guscﬁpﬁiblﬁ Lo damage by thornoel struess, and thus %3 heat gene-
ratiow might be limited by the thermal stresses :lops the sclid parts of

2 in
the structure. "Howevsr, other considerationg could sonfrol, ¢uch a8t
oo Meximom conlant bemperaburds
o Mazimum bemperature at thy gelid surfases

Zoo Maximam bonpersture in solld intorior.

A+ Moderator Materials

ibhle with ori-
&ii of thage

ATl structeral materials,
teria two sl three. Therelore,
smrerials as moderabors ne o wall




The effents of atomic welipht, absorption cross-gection, and scattar-
ing oross~-gmcbion must buo conmsidercd when evalusting o moderator. The factor
may bg used as o oriterion of the elfivacy of a modsrator whers

D antnd

&7y = Seatbtering eress-saction

* fbsorption

Element or Hase Oross~Scntions Mederstor Efficacy
Materisl M 05 X) per atom

i Hydregon 1.008D 20 331 64.5

i

Helium 003 Leb o owery small vory larpgs

Oxygen 16.000 1 £5.001 480.0

Fluorine 19.660 4 0,01 4044
Bruteritm 2,015 57 O.001 43100
Tatar 18008 44 S £5.1
Houwy Wotsr 204015 1844 0.003 2505
Baryliium P02 4 TGl 8248
Beryliiam Oxide 20,08 ol 0011 126.5
Graphite 12401 4.8 0.0045 168.5
Fhosphorous 304 98 10 Dok 2ok
Zodium 28,997 3.8 0,48 D854
Mogrnssium 24432 4 0e&5 F.918
51 licon 28 .08 L3 Dol G585

Sfe




dily useable bepauss they
& : nellum, axygsn, lg wrine and deuyteriun.  Ths
raguls 1*~ nzvh prt, rag and S o 2 $essAru dlffew»nc~« would
; ¢ sorisus handling hes If thess
slements wWors compaundul into liguid or solid Stat@s ther t¥LSr cbgcc one
would bs mitigated.

B‘ Structur*l mle srib s

In the cage of o substance ussd Drima L1y as o strustural

strenegth per unit absorption may pe 5 :d to estimate the relative de-
sesof interfarence with the nuclanr rqaet‘ong i gure No. 14, "Efficacy of

Structural Matoerials™ shows the values of etrahgti per unit shsorpbion as o
fu c*zan of the twm erature.  The data gmlven in Tablaﬁ‘&os. S and & were used
ain the stren it whsorption., This Pigure, No. 14, would appea

diente ﬁ_ t Q“yLlWhonyl- i superior o thg sther materinls;:
the fﬂct thot beryllium o is % britble material places severs 14
on its enginegeing applivatio

'on far Thevnwl k+lwsl

Absorption
. : o
Mean Free Fath Molting Point
Symbel

Zivoonium Zr
Columbium b
Iren B

Aluminun

740 (sublimss)

4816




Yltimute T

sl . tooy

28,000 27,@66* | 18,000%
45,000 22,000* 32 D00*
43,000 40,000 1%,800
12,000 3, 500 (13560 at TOOPE)
27,0060
1,200 1,200

BeC 14,000 14,00@

* - mestimnted Waluss

w¢ A1l materials fully anvealsd

ug gsoebion a factor Xy wias used as g mussure of modera-
tor aflficacy. & more practical eriterion is the value of X», per unit wvolume,
instead of X1 por stom.  For satsrials hax bhoth desirabls moderabor and
structural preperties the valus '
besis £or comparison,

5.0258 » 108
0.086 x 108
5.072 x 108

0.029 x 106

§.02 5 4 0,01 82.8 ; 27.6 x 108

12,01 1.88 1 1,390 1.65 x 108
BeD  25.02  2.85 8.1 y L 1,780 24.7 = 108
Structural msterials which ary shown Por comparison purposes only.




Table Ho. 7 cmphasizes the fact that beryllium, graphite, and beryl-
Fium oxide aro, ab presunt, the only meq,AAnznm matirinls whish are applicable
to struetural applications.

A8 previcusly mentioned, the regu nts of snginvering fessibility
muask be sutlsfiad, wb losst to ooderres, 10 the unit ls to Dunvtion. 16 re-
espitulete == the materisls must first bo wssable by virtus of their nuclesr

tigs; then the quastion of enpinusri fu&&lbxllxy'mus* be considered.

zeibility of the use of various mater s for 2 given upplicstion is
based On s great nmumber of congiduratiosns smieal, physical, and mochani-
onk properdies, ug wall as fabrisativn char aﬁtﬁr¢stlca, ete.

Some materiale nre unusually nuaccr'ibl Lo davlbc bJ thermal strassas
and thus tha heat goneration might bs limlted by the thermal stre
2d in the solid parts of the structurs. Therefore, it is enlightening t
estimate the order of thorml strosses ngAloF@d in varloug materialy for a
wiiform heat produetion psr unit volune.

The guantlivy of uni e

¢ eritlenl the 5t 5 prop il to a fastor F, 1f we assums

materials and the ws pus-strain relntionships of
Then: = (Sew | :

b

Tamparature

100

500

43,000
413,000
18,800

OO0




Table No. &, Cont'd

Su Ex107% & (estd.) Alpha x 108 7 - slvha
Tompersture psi  psi  Btu/hr rp Op  op-l r Tme) &
100 12,006 9 118 13 g,100 1,48
EQ0 5,500 6.8 120 15.2 2,940 1.18
700 1,500 5.7 140 15.4 1,500 1.00
ERYLLIUM
(na = 0.3)
100 27,000 38 80 5.0 6,840 4.07
500 25,000 B1.5¢ 0 7.1 5,050 4,56
1000 19,000 22,6+ 56 8.5 3,900 4,87
1500 16,000 15+ 424 1000 2,040 5,10
GRAPHITE
{ma = 0.2)
100 1,200 1.6 60 2 19,200 0.0625
506 1,200 1.5 35 2.8 16,200 0.074
1000 1,800 1.5+ 25 2.4 9,500 0.126
1500 1,200 Ll.5% 25 2.6 6,750 0.178
BERYILIUY OXIDE
frm = 0.2)
100 14,000 48 50 3.3 4,400 5.17
550 14,000 46 47 4.4 2,500 5.5
1000 14,000 46 | 27 5.3 1,270 11,0
1500 14,000 46 18 €.2 800 17.5
COLUMBTIUM
(mi = 0.3 sstd.)
k (estd.)
; 106 43,000 19 b 4 12,200 2.4
" 500 39,000 18 30 5.4 2,410 1,64
n 1000 32,000 15.5 28 5. 8% 5,550 5.38
1500 25,000 13 26 B.0* 4,3

*Eztimated valuss 12




whares

3%

Su = Ultimate tengile strength

£

i Poigoonts ratio

B

H Young's modulus

1]

alphs = Linear coefficient of thermgl expansion

k

it

Thermal conduntiviby

The walues of the physical propertiss which were ussed in these svalua-
tions-are given in Table Ko. 8.

Ezperiments have proven that BeO and Be fail in tension due to therm~
ally induced stralns over the following tempsraturs roanges:

el up-bo 25000F
Be up to J00°F

It is possible thet a somewhat more ductils beryllium may yet be pro-
ducsd, Since berylliom oxide 1e u perfeetly slastic waberisl thess stress
caloulations should give truly representabive values. It 1z very improhable
that motsls, including beryllium at tempersburss above 3009F, would fsail In
tension due to thermally induced stresses, siance metals exhibit plastic flow
ut these tempsraturss. Howewver, this thenumens must be considered under engl-
ngaring fensibility; that is, the resulting creep must normslly be maintained
within given limits. For these reusons the caloulstipns for the metals cannot
e reolated directly to performence. Bascause of somewhat snalogous relabions,
the predictad conditions of failure for graphite are probably very conservas
tigg«*

In sddition te all of these considerations, the specific application
must be feasible; that is, the meterial must be chemically and physically
stable and have sufficient resistance bto corrosion and radiation deoags. Some
of the rertinent propertiss arse shown in the following tabls,

%4 reooent raport, AL-327, has proven that this statement is corrsct. The
0.435" diamster samples were used to measure the bensile strength up to the
sublimation point. The tensile straneth attained a msximum value at 4900°F

of eca., twice the strength at room temperature. With internal heut generation
the temperature drop through the sample wes greater than $409F when the sur-
fape temperature was 49009F.




Table No. 9

Matarianl Bvalustion

Symbol 0 Melbing Point OF 0000 Domaps by Fast Neutrons

Zr 3092 to 3870 | Lrpurently none

Cb - BB42 to 4380  Arparsntly none

Fé 2725 Apparently none

Al 1220 Apparently none

Be 2462 Aprarantly nons

o 6740 (sublimes Serious

Ral 4616 Slight [annesls out

abova 1B0DOR)

s A, A -, A, i S . A A A A

Corraosion Reslsbancs

Zr It forms o stable oxide film stable in pure water at
4BOCF -~ stable in He at high temperatures. Absorp-

vion of ather zuses cavzes snbrittlement.

&b Forms o stable oxide ilm =« the wpper temperadure
ait Is not kiown.

P Forme a loose gxids Tilm -~ attack continues.

& Pormg aistable “oxide film owhich ig retained in scid

solutions:

By Formg a stable oxide f1ilm.

o Raadily oxidized.
Ral Atbavked by wuter vapor at high temperstures.

Ths limitations imposed by the corrodibility of the miterisls are
known for Bed, O Al, and o dome extent for Bes However, only sufficisnt
information is avalluble on Zr and €6 to wwke them appeay pramiging.  Ziresus
ium sppears to have somewhat meore resistand prorertiss than columbium,

C.oConelusions

OnG LY ”

1e Zirconiun

Figore No. Zh shows that zireonium ig superior to ail of the cother
mebils 58 a structural matarial. These values ars probably conservabive for

~14-




uge in helium. Maoroscopic examim

pure water at lesst. np to ﬂSGQFiZ
comitant reduecti

kpoown ina qu&ntat¢vg Way.
limitations of sireenium.

2. Eolunbium

Columbium is second only to zirconium as g metal ghtructural maters
L Por use in the heat gurerstion zons. Compared ko aosk metals columbiwm is
r&mﬁrka ly resistant to corrosion; however, it is inferior to zirconium in this

rqq%g oty
4. Iron

Fure iron would appear %o bo supsrior ko alusminum for anplications

sbove 200°F; howevwsr, its applications are ssveroly limited becauss of sug~
phibility to a k by corrosion. In addition, irrsdiation secelerates the
osion rate of irow. The nroducts formed by the corrading grccess rrodugss
v@fj'ObJ&Qtlafil films on the surface of the metal.

Aluminun

Figurs Ho. BA indicates that nleminum iz inferior o Be, Ps, Ob,
;-au' bion ﬁha maxlmam gperation t*myer&tura 2% which sluminum may

5. Graphite

re Ho. 24 indicabes tnat o ite is indtially u very good
plia* 518 are severly restricted by the detrimgntal vffsets
% nly do the vhysieanl propartics suffe deterioration
duﬁ te fust neuw La*_‘féf ment but the aneven growth resulting from unevan
flux densities p a8 ¢ “+Oftlud ur perh ‘,'q 5 i ;_- 51 55 Thase
£ Eicu; | at 81l ' ortod

@)

Pisore Wn. 24 inBon
failure due bto Bhormal Wtresuss.
ok arf&rmanCG. The mate

Afhltokand t

te.
sepyvilitm i en excollent modernior mmtbterial. hois.potentially
superior te iron as & siructural mabsrial. 3Severs limitations on the usses of
m sre dus to the low durtility avd nonuwniformity of the prossnt metal,
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Tensile Str

gbh of Zr (from Hoyb)

naeal at 93208
Lannesl atbt 1472
Cold-swaged
&5 vold drawn

The modilus - of o

The {ollowing tuble

ayindination of the wardubion

i3

1

108 psi.

sporied by Foote Mirwral Company,
~oproperties of their products

in Physicul Properiies

Uitimute strength

Yield ® 0.2% offset

Tield @ 0.1% offsst
sportional Timit

Baduction In ares

Eluongatbion

Yodulus of olusticity

Conf. of

Yo lbing point

g 3 {.I;u t e} 45{0

Hot

wos phure:

54,000 to 45,000 psi

11,000 to E0,0QD v

10,000 to 18,500 psi

3,000 to 10,000 psi
o

289 ko 407%

8.5 to 12 x 108 psi

x 1076 ep-l

Bitrogen Atmosphove

2366

*Same type of omegul, Raf.

1815 psi
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Table ¥No. 13~
sils strength.  Fim
woultd be expacted |

Todina (%) combines with sirconiue st 3 tempersturs of sboub 750
to S0CPF to form the botrsicdide. Obher inve Qﬁ;?&ué?g have reported the ini-
saotion as low as 480CF, The iodide cun by sublised in vacuo without
Tha pure ductile mity v be obtained by thermal decomposi-
iodida at gratives above ZO00Y9F. Ziveonium with on oxiddized
agparently not sttucked by 1odLn@.

with /Lro"qium abraodall red heat to give the
@iy bo lorned in oooosomewhat osimilar
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The themlesl b shat i 1o
cal solutions. Ib resists nitric weid ina oF tﬁz\tzong
and prosumably all typleally exidizis ong , Unnoeith
tio dIEOT, hot 204 euwphurla anid, choris A the ‘
hot 10% and 507 sodium hydroxide, fused
solution at 21299, anetic ard axyl :
Yegla, and cold diloute silver ni tratuq
Zirconium exposed to distilled wake
g1 0ns

Zircorium is sllgntlj attocked by fused pok !
wls0o &tt;}kud Ly coneentrated sulphuric acid at <lﬁ“ r céiurida, T5%
phoup { ssoent ”,_,,» troming ;. oF iluariﬂa in water, hydrefluor-
ailiciec seid and o s in hydroflueric neid.

; . ; cold work-

3 howsve r, o worked zirconiuy 1o inorsans in cors zor reslae

.7 Perhaps ti xide layrr gives bettor protoction after ola~voﬁk1ng
rdness of the oxide layer is aboud 7 on the Mohs soul 19 Hot rolled
materials bacoms costed with an o : sr which iz yellow or broyn on the
outside and b at the ac t with the m Ths ouSer awide 1o Laysr ig
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vary nard and nsither acids gor

In conclusion, thy
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Howegwer, oxygen ions, moleosulss, ur wboms probably do not diffuse intargtiti-
21ly through the oxide layers ut medorate tompersturss. Thersfors, ons would
ot zireonium to be similsr to s inum and chromium in that for mﬂd Pty

peratures the oxide filwms tend to rezeh 4 thickness of 80 A and 3
tunlly stop growing unlvss damiged by orachking or in soms othe '
The heasts of formtion of A sxidee o Bha e
tant metsls are og follows:

o
SN

4t hipgh tooporabures the oxide f1inm yrata a motel sush los
tivaly sgainst further corrosion, sithough 1t ;

whinkh is grester tho thicker and the npre

The following thermodimamic dota ars of interest whon related to ex-
perimental work on-corrosion:

2 Eze’ $+ r =
0

v

A Fpoo

Dgy
2r o« 28 & Hao
£ e
& e 141,000
(AF° = - 198,100
(s011d)

koen




Zfog '{' I.uﬁo = ?T‘:}Qow)z (ﬁc‘lld}
{This hydrate decomposed ab one 200Y0

ATOE G o« 5B00 enl

N

Zro{0H), AFY {(formation 307,600 onle
The protactive value oft wide £ilkm wiast ba
tal work.  The surfuce layer of ]
tures »- the rabe of sclution should bs mensured ax o function of the
bure. In addition, the effeet of arosion on the oxide lnyer should be inves~

5, PRODUCTION OF ZIRCONITMM
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. o N 8 :

aud dzposibs tho pure metal on o tun £ ] : ¥

of B370°F. The procsss nocesss : viph viet A bhn ordor of 10~%

mn ob mOrCury. | Perent %4 5 sporabior ks praoduction
getile o Booy : 3¢ by the Werthwset Elootrodeve lopmonk

LlQOFVtO?J’Of tha 5ura¢u‘.*“i3 : tohthany, Urap gakle zireonium is

rroduced by raduction of i) '

nbble s stmeosphera.  Tha

Prnuuctlon af zwrcc11ux;ﬂu

‘Chlorinaﬁicn of girconiuvm curbide.

Purifiestion of ruw zircoriom chloride.

Reduetion of purs zirconium chloride with ssgnes 1§m.

¥ ovacuun Lrestosnts

: : S0 pounds
of girco ¥ 80 ¢ 7 ; srod: 130 ,mu«&
ingmts ef ; . CoEe ‘

wll noradt ust»ollshzng the
¢ opurs, mellenble zirconiva.
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