




Contract 80. W-7405-eng-26 

METAZLURGY DIVISION 

COEIROSION OF MATERIALS BY LITHIUM AT ELEVATED TENPER4TURES 

E. E. Hoffman 

DATE ISSUED 

Submitted as a Thesis t o  the  Graduate Council of the  University of 
Tennessee i n  p a r t i a l  fulfi1Inicn.t of the requirements foT the degree 
of Master of  Science. 

OAK RIDGE flATI0NA.L LABORATORY 
Oak Ftidge, T e n n e s s e e  

Opesated by 
Ul'?ION CARBIDE CORPORllTION 

f o r  the 
U. S. ATOMIC ENERGY COMMISSION 





TABLE OF CONTENTS 

cmmER1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 
CHAFT’ERII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

INTRODIJCTION . , .  . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 

CITAPTrn I11 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 

LIQUID m r A L  CORROSION . . . . . . . . . . . . . . . . . . . . . . . .  9 

CHAPTEB I V  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

ImVIm OF THE: LITEXUUUX~ . . . . . . . . . . . . . . . . . . . . . . .  1 3  

CIIAPTERV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 

OBJECTIVES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  16 

CFEAPYER V I  . . . . . . . . . . . . . . . . . . . . . . .  
EXPERIMENTAL PROCEDURES AI\JD MATmIALS . . . . . . .  

Dewlopmeat of Procedures and Equipment . . . .  
I n e r t  Atmosphere Chamber . . . . . . . . .  
S t a t i c  Corrosion Test  SyL-t .ems . . . . . .  
Dynarnic Corrosion Test  Sy-s-terns . . . . . .  
St r ipp ing  of Lithiwa from Test Comnponedx 

Basic Metinods of Ex.amimtlon . . . . . .  
Test  Mater ia ls  . . . . . . . . . . . . . . . .  

k t e r i a l s  Tested i n  Lithi.um . . . . . . .  
Preparat ion of Test  Components . . . . . .  
Lithium . . . . . . . . . . . . . . . . .  

. . . . . . . . .  

. . . . . . . . .  1.7 
17 

. . . . . . . . .  18 

. . . . . . . . .  18 

. . . . . . . . .  22 

. . . . . . . . .  33 

. . . . . . . . .  33 

. . . . . . . . .  35 

. . . . . . . . .  35 

. . . . . . . . .  35 

. . . . . . . . .  36 

. . . . . . . . .  

CIIAPTERVII . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  38 

RESULTS A I D  DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . .  38 
Static Test Resul ts  . . . . . . . . . . . . . . . . . . . . . . .  38 

“wo-Component S t a t i c  Test  Resul ts  . . . . . . . . . . . . .  38 

Three-Component S t a t i c  Test HesuLts . . . . . . . . . . . .  56 
Seesaw Ehrnace Test Resul ts  . . . . . . . . . . . . . . . . . . .  83 

Alloys . . . . . . . . . . . . . . . . . . . . . . . . . . .  83 

Thermal Convection Loop Test  Resul ts  . . . . . . . . . . . . . .  93 

Al.loys . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 4- 



Page 

C l I A P T r n  VI11 . .  * . . . . . . . . . . . . . . . . . . . . . . . . . .  122 

CONCLUSIONS AN0 K E C O m i V I A i L I I O N S  . . . . . . . . . . . . . . . . .  122 

Conclusions . . . . . . . . . . . . . . . . . . . . . . . . .  122 

lie c ommend a t  j.ons . . . . . . . . . . . . . . . . . . . . . . .  1-25 

127 BIBI,%OGFAP€IY . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
APPEJIDIXI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  130 

IMPURITIES IN LITHIUM . . . . . . . . . . . . . . . . . . . . . .  1.30 
A . Samplins Techniques . . . . . . . . . . . . . . . . . . .  1.30 
R . AnaI.yti.ca1. Methods f o r  Determining Nitrogen and 

Oxygen i n  Lithium . . . . . . . . . . . . . . . . . . .  1-32 
. . . . . . . . . . . . . . . . .  C P u r i f i c a t i o n  Ekperiments 133 

Li th imi  . . . . . . . . . . . . . . . . . . . . . . . .  141 
D . So1inbili.ty of Li-thium Nitride and Lithium Oxide i n  

A P P W T X P I  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  145 
MECflANICAL PHOPJLKT'CY S'IULllES ON TYPE 316 SI'All\ILESS STEEL AFTER 
EXPOSURE TO T,ITHIUM OF VARYING PURITY . . . . . . . . . . . . . .  L)C5 



The purpose of t h i s  :i .nvestigation was t o  determirie the rorrosi-or-i resieta.oce 

of various materials  t o  l i th ium i.n t he  temperature range 1000 to I90o"F 

(538 t o  1038°C) i n  both s t a t i c  arid dy-nami.c systern:;. 

was based pr imar i ly  on nietallographic examination, weight-change d.ata, 

dimensional changes, an.d cherni.ca1 analyses.  

Evalumt-ion of t e s t  r e s u l t s  

The s t a t i c  t e s t s  were conducted i n  constant temperature systmns i n  .tlie 

range 1.500 t o  1900°F (816 t o  1038"~) Bor kime periods o r  100 t o  h.00 hr. 

metals,  a l loys ,  and ceraiii.i.cs were included i n  Yne s tud ie s .  Tile fol.1-owing 

mater ia l s  exhibi ted good corrosion res i s tance  i n  s'cati.c systems: beryllium, 

chromium, cobal t ,  i ron ,  rhenium, titnni.uni, zirconi.ii-n; colmlt-  and. Lron-'uase 

al-loys; and t he  ceramic carbides oi' chromium, t i tanium, and zi.reoniurn. 

Pure 

J!&ziterj.als which showed promise i n  s t a t i c  tes-Ls and which were ava i lab le  

i n  t h e  form of tubing o r  pipe were t e s t e d  i n  dyna.rnic sys'cems containing 

bemperature gradients .  

d i f fe rences  of 100 t o  600 Fahrenheit degrees (56 t o  333 Centigrade degrees)  

between h o t  and cold sect,i.ons were used. Hot-zone temperatures ranged f roi-n 

1000 t o  1900°F (538 t,o l O 3 8 " C ) ,  and -test periods vari.ed. between 100 and 3000 hr .  

Iriconel, stainless s t e e l s ,  and zirconi.um were the rnaLerials studied.. Only 

zi.rconium was found 'GO 'ne s a t i s f a c t o r y  a t  hot-zone tempera-turrs of a t  k a s ' i  

Lithi-wn flow v e l o c i t l e s  of 1 .Lo 8 ft /min and. t emperahre  

1500°F (816°C). 
The a u s t e n i t i c  and f e r r i t i c  s ta i -nless  s t e e l s  containing less than. 0-12 wt; $ 

carbon normally exhibi ted good corrosion res i s tance  i n  s t a t i c  systems. 

Occasionally, in te rgranular  pene t ra t ion  was observed i n  both s ta t i .e  and d.ynarni.c 

t e s t s  with a u s t e n i t i c  s t a i n l e s s  steels. This type of a t t a c k  was found t o  be 

p a r t i c u l a r l y  severe under the combined circumstances of higb i?itrogen content 

li-tiiium and p rec ip i t a t ed  gra.i.n-bounc?.ary carbides.  Tne high carbon Perr i t i .c  

s t a i n l e s s  shee l s ,  such as type 446, always exhibi ted excessive grain-boundary 

attack. Both t h e  f e r r i t i c  and a u s t e n i t i c  s t a i n l e s s  s t e e l s  exhibi ted temperature - 
gradient  mas s trans P e r i 11 :C.low i ~g , nori - i s otlie r m a l  6 ys -t ems a t  hot, -leg t eiiipe r a tu re  s 

of  l3OO"E'  ( r(Ok "C ) and above. In thermal  convection I.oops , l i t h i u m  flow vcl.oci.ty 

wa , s  f0un.d t o  have 3. major influence on the r a t e  o f  mass t r a n s f e r  i n  the  range of 
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ve loc i t i e s  s t ,ud- i  ed ix! t h i s  ir:vest,igatior!. An ana1.ysi.s o f  t h e  dat,a indi-cated 

l..hai; t h i s  eff'ecl; was primari~ly attributablz to t h e  velocity- depeiidznce of 

liquid dii'I'usion in Liie hot, leg. 

in order l;o dct,ermi.iie t,he ef'fects oi' rii.t,ro:.;en and oxygen conta.mination 

oi 1.i l-,hi.um or' i . ts  corroaivececs,  sarnpli.rig -i,ecnniques arid me Lhods of pui5fyii;e; 

li 1.hi~um wcrz developed. The solubiliiies of 2-i. t.l:ium oxide a n d  l i t i i i i m  nitride 

ir, rnoll-eIA l i th ium werc a l s o  dekrni i i ied.  
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INTRODUCTION 

For seve ra l  years :nuclear power react,or engineers have shown an i.nter.est, 

ixi l i q u i d  metals as heat  t ransfer  media. lcbris i n t e re s t  i s  due pr imar i ly  t o  

tile need. for e f fec t ive  accommodation of t h e  extiremely high. hes-l; f'luxes 

ava i lab le  i n  c e r t a i n  types of nuclear renc-t;ors. The removal of very largcrt 

quan t i t i e s  of heat f r o m  a reac k o r  of rel .atively smal.1 v o l w r ~  can be accomplished 

only through the combined physi.cal and heat tra.risfer propertAes o f  c e r t a i n  

l i q u i d  mmt~als. 

absorption cross  sec t ion  ( f o r  t ~ i e m . a I I  reac tors  >, (2) low melting poin t ,  

(3 )  IiigIi 'ooi1iii.g point ,  ( 4 )  low vapor pressure at higti temperatures, 

densi.ty, 

v i s  cos i  C y .  

The proper t ies  desired in a nuclear reactor coolant are :  (1) low neubron 

(5) LOW 
(6 )  high 'near; capaci ty ,  (7) high t h e r i n s l  cortduct;i.vity, and ( 8 )  low 

O f  a l l  the l i q u i d  metals,  two of the a l k a l i  mei;als, l i th iurn  and sodium, 

come closes-L to meeting the  proper1;y reyil:iiem.eri%s l i s t e d  above. Oi? these 

e l e r ~ i e n ' ~ ~ ,  I.ithi.um-7 ( t h e  mo:;t abundant isotope of l i t l i i i x m )  i s  d e f i n i t e l y  

superior  from ail. ove r -a l l  po in t  of view. 

1-1; i s  of i n t e r e s t  t o  note t h a t  t he  resu l - t s  of a study, conducted. a s  e a r l y  
2 

as 191+9, 
f o r  nuclear reac tors  f o r  use i n  shi.ps, airpl-anes, submnri-nes, and in o ther  

appl ica t ions  vhere the space a l lo t ted .  for the reactor and i t s  a u x i l i a r y  cooling 

equipment i s  limited. The need for t he  development; of lithium-'( f o r  use i n  

mno'oile reac tor  systems i s  even more appareni; today. 

i r idicated that, lithium-'-[ vas t h e  m.ost, a t t r z c t i v e  l i q u i d  metal  coolart'c 

Several. pertimint phys ica l  proper-ties of l i th ium a.ad o Lher potiential  

reac tor  coolajits a r e  represented. graphical ly  i.n Fig. I. Cerkairi ramges on 

each p l o t  i.n Fig. 1. a r e  ilesi.gi-i.ated a:: "uridesira1)k areas  ." For exnmpl.e, a 

1.. 
Nu.clear reac tors  are iisiially c l -assi f ied as thermal, i..n.teimediate, or 

fast, according t o  the vel.ocit,y of t h e  neu'c,rons used to sus t a in  t'he fission 
reac t ion .  

A. S. Kitzes, A Discussion of Licpid  Pktnlr, as -- Fi1.e Coolants, 0Zi.L-$0, - I 

pp. 5, 31+ (Augu.st 1.0, 1949). 
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range of tempera-bures corresponding to high !nel%ing points  or loa 'coiling 

points  i s  indicated as undesirable i n  the  f i r s t  plot. Tize temperature ra.,gt 

over which a proposed cool.aii-t e x i s t s  as  a l i q u i d  at iiormal pressures :i.s 

iiirportant f o r  two reasons: 

higher than room temperature would. necess i t a t e  cimbersoine preheating of the 

sys-tern diiring reac tor  s ta r t -up ,  and ( 2 )   lo^ bo t l ing  point  coolants would have 

t o  be c o n t a h e d  i n  a pressurized system i f  the  reac tor  were t o  operate at 

tenipei-atures high enough t o  produce steam s u i  La'ole for e f f i c i e n t  uti l iza.t ioi1 of  

modern power p l an t  equiprment . 

(1) a coolant  whlch has a melting point substai i t inl ly  

The super ior i ty  of li.Lhiiini as a reac tor  coolant i s  evideilt from .the 

f ollowirig considerat ions (F ig .  1) : 

1. Lithium has a l i q u i d  temperature range g rea t e r  than any of the  o.t%er 

a l k a l i  metals njld could be used at, temperatures as high as 1300°C a-i; nea.r 

atniospheric pressure.  

2 .  Li-thium has the  lovest, dens i ty  OP the  mater ia ls  corisidered. 

3. The hea-t capaci ty  of 1it;iii-m i s  the l a r g e s t  of" Lhe potential .  coolaiii;s, 

'wing g rea t e r  thari t h a t  of sodium, the  second bzst i n  !;his category, by a f a c t o r  

of mom than  th ree .  

4. The thermal conductivity- ol" 1 i t h i . m  i s  below t h a t  of sodium sild. 

potassi.im, bu t  It i s  higher than most of the p o t e n t i a l  l iquid-metal  coolants e 
(ref 3 )  5. The high. themial neutron a'osorptim cross  sec t ion  of 65 barns 

prohtb i t s  t he  use oi? natuurally occurring I.9ithi.m as a primary cool.ant -in n 

thermal reac-tor.  Tb.7.s d i . f f i cu l ty  may be overcome, h o ~ e v e . ~ ,  by i so topic  

separa-Lion of the  1.1 thiun-7 isotope from n a t i x a l l y  occurring l i thium, which 

contai0.s 7. ?$ I.ithium-6. 

these  ri.sotopes are  0. (333 arid 91-!-5 barns ,  

The thernial neutron absorption cross  sect ions o r  

3) respec t ive ly .  

A comfipariso~i of tile hea t  transfer proper-Lien of sevzra;. po te i i t t a l  reac tor  
-4 coolants (Table .I. ) shows that w h f l e  both l i - t l i i um and sodi-urn are superior i.n 

H. Sullivan, 'Yrilinenr Chari  of Nuclides, Oak Ridge Natioinal lkboratory,  
U.  S . Government Gff ice, Washi n g K D . C : - " T Z x y ,  1957). 

C.  8. Jackson (Ed, ), Liq1i id-ktals  --.-.-.-.' Randbook Sodium-NaK - -1emFnt, 4 
Atomic I3ncrg.y Commission, D~psrtmcn'c of Navy, Washington, 0, C. p.  162 (1955). 
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COMPAXLSON OF THE HEAT TXANSYEI PEOPEXTTRS OF SEVERAL 
i'UAC1'I3R COOLATJTS AT IOC?O"F (538"~) 

i k  at '1' r en s f e 1' 
Co:Lficient" 

Pres sure  2 
Coolant, (P'sia) ( B t u / H r  -Ft .- "F ) Temperature Rise 

Li t i i i u m  14.7 13, goo 3.41 

Sodium 1.4 * 7 1 3,200 34.c 

56 Sodium- 
44 Potassiim 14.7 7,400 63.14 

1.33. o 

........ ................... --I.. . ........-.. _._-- ._ .-- ............. ..... ...... - 
a 

b 

DetemiYned For a ve loc i ty  of 2C f t / s e c  i n  e l / P - i n .  I D  t u - ~ e .  

Norinalizec t o  a value €or wat,er a t  100°F and 1..h.7 psi.a with a 
velocj-ty o f  20 f'c/sec i n  a 1,/2-in. ID, 10-f t  long tube. 
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regard to heat t r a n s f e r  coelfic1.ent, l i th ium i s  by far more favorable from 

the  standpoint of pumping power requi.remenl;s under t h e  coi idi t ions speci.f'ied. 

Usi:og the  proper t ies  cited in Fig .  1 and Table I as a 'oasis, it is c l e a r  

tha-L li thium-7 and. sodium a r e  the  most a t t r a c t i v e  potential .  r eac to r  coolants. 

Sirice the r e l a t i v e  merits of lithlium-7 and  sodium a r e  f requent ly  discussed 1.n 

connection with rriobi.le rea.ctors where mi.nrimwn weight is a primary coi-t:-,ideration, 

it 1.5 of i -n t e re s t  t o  coiiipare these metals Pro:m the  standpoint o f  nucI.ea:c 

c h a r x  t e r i s t i c s  whi-ch a f f e c t  reac tor  shi.eld.ing requi;'erwnLs. 

According t o  .the anaI.ys1.s of Goldstein, '  a inobile reac tor  systern using 

lithj.um-'-( as t'ne coolant would, in pri-nciple,  requ-irc a smaller primary shield 

and, Lherefore, would be prefer red  tr) one using sodium. lZthiml-r(, upon 

neu'cron capture,  forms l i i ; ' ~ l i u m - 8  which i s  a weak be ta  emi-Lter wltn a h a l f - l i f e  

of 0.1111-1. see.  (ref 3 )  On7.y neutrons a-o.d. gamma rays pose any dirf 'liculty i n  

shiel.df.ng. 

could be posi t ioned outsf.de of  the primary reac tor  shield. CLmma-ray production 

due t o  a t t enua t ion  of be.ta rays by s t r u c t u r a l  inaterial-s contai.ni.ng elements of 

high aton1i.c number is i l G t  regarded a s  a se-r.ious pro'nlem. On t h e  other hand, 

sod.i1~m-23 ( n a t u r a l  abundance, 100%) when act?-vated by neutron captu.re converts 

to sodiuul-24, which is a strong gama ernri.tter with a hsl.f-l.i.fe of 15.0 I i r .  

The hea-t exchanger i n  a sodiuin-cooled system, thesePore, w ~ u l d  have t o  be 

contailled within the primary s'n?..eld which would lin-ve t o  be l a r g e r  and hea-vier 

than the  sh ie ld  f o r  a li.tiiium-cooled sys-tern. Sodi.1.m prese:r,ts t h e  add i t iona l  

disadvantage of requiring seve ra l  d.ay-s wai.ti.ng time for decay o-f gama  a c t i v i t y  

.to a level which wou.I.d p e r m i . *  access t o  tb.e heal; exchar~ger area by reacLor 

persoriirel.. 

Thus, it appears thn-t the heat exchanger i n  a. I.ithiuam system 

(ref 3) 

The:re have appeared withi.il the l a s t  s eve ra l  years nutit?rous pmposed 

appl-ications which indica'ie t o  sorrie extent, t he  interes-'c i n  I.ithium as a, riuclenr 

reactor coolant.  Se77era.l or" .t;her,e proposals are Listed. below: 

1. A fas t -neut ron  a i r c r a f t  reac tor ,  proposed i n  the  USSR, invoI.vf.ng %he 

ci.r.cu.l.ation of lithium in a nickel-base a!.l.oy sys-Lem a t  temperatures as high 
1.7)+2"~ (950"~). 6 

G. N .  Pksterenko, A. I. Sobol.ev, and Yu. N. Syshkob, Applica-t;ion of 
6 

- 
Atom.lcs . Eivines a-..--.-. i n  Aviation, Mi l i t a ry  Press of the Mtnistry of :kPense of the 
IJ.S.S.R., Moscow(195'~(). 
Dociiments Liaison Office, MCLTD, Wright-Patter:;on A i r  Force Bsce, Ohio. 

Traii.sI.ation (NP-TR-81), p -  47, prepared by Technical 
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2. A hypotlietical. space vehi-cle i n  which I.i.thium i s  used. a:; the primary 

coo lan t .  

7.s vaporiL:_.e and used t o  dr ive  a t i irbiae whi.ch i n  -turri provides the  e l e c t r i c i t y  

The l i - h i u r n  i s  passed through a beat exchanger whcre I.i.qi1i.d sodium 

f o r  operation of e i t h e r  an i o n  acce lera tor  o r  a p l a s m  acce lera tor .  7 

3. A coiitrokled thermonuclear device using I.itiiium. both a s  a heat  transfe-r 

f l u i d  and a trj~ti.iun-producing bI.anket . The liihiurn would be circula-i;ed a t  

t e q e r a t u r e s  i n  the  range of 1.000 t o  1830"~ (538 t o  1000°C). 
8 

Despite the  wide-sca1.e interzs'c i n  Ii_thi.im as a heat; t r a n s f e r  f l u i d  ai; 

temperaturps i n  excess of i0OO"P ( 5 3 8 " ~ )  not  a sing1.c: engineering sysbera 

employing Il.itliiurn a t  these  temperatirres i s  known t o  be i.n operation a t  the  

present  t h e .  The u s e  0.f l i th ium a t  e levated temperatures i n  such  systems rnus'i 

await the sol.ution of Lwo major problems. 'l'he f?i-St rcla-Len on1.y t o  the  appl i -  

ca~t;ion of l i th ium i n  thei-mal neutron reactors, whi.le the  second i.s common t o  

a l l  h igh-  kmpe rature  sys-t;cms invol-vi.ng It t h i m .  

The f i r s t  of these  proi,l.eims i s  concemed wi.th the  c~onomical. separakion 

of t he  u-ndesirable l i th i im-6  i.sotope from t h e  l i-Lhiui-7 isotope.  

i mf o m a t i o n  iridi-cates t h a i  this problem i s  not  IS serious rlow a s  i t  has 

been i n  the pas t .  Increased avai.?abilii;y an6 decreased pr ices  .Cor enri 'zhed 

l i i i i iurn-7 were announced by the  U. S. At0rnj.c Energy Comxission i n  Sep'ceiiiber, 

1.959. The mater ia l ,  lithium hydroxide rnonohycliate, i s  availa'irle i n  ki logram 

quan t i t i e s  at, t he  fo1.lowing pr ices:  

Recent 
9 , l .O  

99.99 a t .  % TA-7 - $120/kg contained 1i'Lhiuni 

99.98 at,. $I Li-'( --- $lO7/kg contained l i t h i m  

3.97 a t .  $ L i - 7  - $1100/kg contained lithiurn. 

The second major proolem dea ls  w i - b l i  t he  severe corrosLon encou.Etered. i n  

high -iernpe ratirre systems eontaj.ning l i qu id  IL.=,thium. The research reported 

here L; concerxd  with t h i s  problem. 

7A. Silbersteiti. ,  Xearings before Siubcomi t Lees or" the Join'i. Cormi.ttee .-..-..-_____I ___.__._.___ , -I I___ ~ 

on -~ Atomic .~..............l Energy, Congress o f  the  United S ta t e s ,  Eigh'iy-Fi f t h  Congress Second 
Session on O u t e r  Space l-'ropuLsi.on by Nuclear Encrgji, January 22> 23, arid 
February 6 ,  1956. U. S. Cover-merit P r in t ing  Office: WashiLgton, D.  C . ,  p. 72 
(19 j8). 

L. S p i t z r r ,  Jr. e t  a l . ,  U. S. Atomic gner?;y Commissiorl, New York Op:.rati~oas, 
a -- 

Augist, 1'15h, (unpilbi.i.shed d a t a ) .  
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L1QUrn METAL comosIoN 

There a re  many corros io11 1iieciiani.sms poss ib le  i n  liqutd-meta 1-s o1i.d - 
rnel-,al. s y s t e m .  In addi t ion ,  t h e  r e s u l t s  observed i n  any one corrosi-on 

experiment may be influenced b y  a Large .number of possi.'ole t e s t  variables 

some of which a r e  not cons i s t en t ly  conl;rol.la'ole. It i s  the purpose or 'chis 

serttion t o  present a b r i e f  d i scuss ion  of' the types of 1iqi.iid-nietal corrosion 

and the f a c i a l s  which a f f e c t  corrosion by l i q i i d  metals.  

iQte princi-pal tyyes of l iquid-metal  corrosion are: 11,12 ( I - )  simple 

so lu t ion ,  (2) al- loying 'oet,ween liquid me-tal and solid m e  tal, (3) i n t e rg ranu la r  

penetra Lion, ( J-I ) impuri.ty react;ions, ( 5) temperature -greadient, mass t r ans fe r ,  

a ~ d  (6 )  dissi.mi.lar-metal or conceni;r.a'clio.r-~radi.ent, mass t r a n s f e r .  

Sohi t ion  of a solid container materci.a.1 i n  a l l q u i d  iiietal and alloying 

between the  l i q u i d  and solid metal are t h e  simplest  f u r m s  of l iquid-metal  

corrosion. The amoun-l; of corrosion due Lo these  phenomena cou1.d readj.1.y 'ue 

rJi"f;dicl:ed i.f adeqmte  phase -iliagram inl"o:cmstion were always ava i l ab le .  StaLic, 

isothernial t e s t s  are usua l ly  adequate .Tor dcteiraining -the ex ten t  of solu-Lion 

and a l loy ing .  

In t e rg r snu la r  pene t ra t ion  of a coiitaiuer ma te r l a l  occurs a:; a resul-t; of 

p r e f e r e n t i a l  a t t a c k  on a c : o n s t i t u e n t  of the metal whlch segu.egates i n  'ihe 

g m i n  bound a ri e s . 
Impur i t ies  i n  eit'ner Lh.e l i q u i d  metal. o r  t h e  contaiiier ma te r i a l  can 

affect t h e  nature and %he exten t  OP the corrosion observed. 

The two most troublesome forms of 1iqu.id-netal  corrosion a r e  temperature- 

!i;radi.ent mass t r a n s f e r  and d-Lssimilar-metal ma:;:; t r a n s f e r .  These corrosion 

phenomena a re  very often ditficu1.i; -Lo observe i.i) a simple sLatic t e s t .  I n  

some cases,  they may be d-etected. o n l y  a-f.i;er a f low system c0ntaj-rtin.g tempexiture 

grad ien ts  has been operated. f o r  an exl;eiid.ed t i m e  per iod.  

- 
llE. E. Ho-ffman and W. D. Manly, "Corrosion ResisLance of Metals and All.oys 

-t;o Sodium an.d Li thi-uj-n, I '  Haridlirig and Uses of Liie A.2-k.ali. Metals, Advnriccs in 
Che-mistxy, &. - -  Chem.  SO~':, Ser ies  19, pp. 8 2 9 2  (m 

"M. D. Manly, "finda-rr!entaJ_s oil" ~ i q u i d - ~ ~ e t a ~ .  Corrosion, ' 1  Corrosion 12, 

---- 

- 
3 36-342 ( JUl.y, 1956) - 
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ine 1nechar:ism of temperature -gradi.ent Inas s trarisf  er i.s i l l . u s t r a t ed  i.r: r p  

Fig.  2?' 

loop, as showri schema-Lical-ly lirt Fi.g. 2. Since  hhe sol-i~bri1i.t.y o f  most 

coritatner materia1.s i n  a particular l iqi i5 .d  metal. i.s tempprature dep'eiid.ent., 

so lu t ion  iri Lhe hot  secttori  ar:d subsequelit deposit,j.on i n  a cooler secirion may 

occur and the s y s t e m  eventua l ly  wi3.1. become plugged. 

This type of corrosj.or1 may be s'cudLed in a t,hermal. convec'cioi: 

D i s s i m i l a r - m e t a l  or cor- ceiitr-ai;ior!-gradien-t inass t r a r s f e r  (Fi g .  3)  can 

occur i n  solid -mel;sl.-l i.qiii.d-met;al sysl;erns i n .  &he absen.ce of teniperat;iire 

g rad ien t s .  Where two o r  more solid metals are i.r8 contac-i; with the  same l i q u i d  

metal ,  the l i q u i d  mel;al. m y  a c t  as a c a r r i e r  i.n tra1:csf'errir.e atoms of one of 

-i;l-lc so1i.d meta1.s t.0 t he  surface of t-he o the r  solid. meial.. Such alloying would, 

in ~iios I-, cases have an adverse ef.'€ect on thc mechari.caJ.. p roper t ies  of t,he 

diLssi.mi_lar metals a i d ,  i n  soxe cases I m i  girt even cause plugging oi" small. tubes .  

The priiici.pal f a c t o r s  a€i'eztir;g liqix?'d-metal corrosion are :  (1.) t empera tun  

(2) teinperature gradier?--i;, (3 )  cyclic t2empera-i;ure rluct,ust;iior-, ( 4 )  r a t i o  of 

contai-ner material. area-to-coolartt,  volume, (5) puri_t;y of liquid m-etal, ( 6 )  flow 

ve loc i ty ,  ( 7 )  sur face  condi t ion  of cont t i iner  mater ia l ,  (8 )  two or more 

materials irr. coritact  wi.th l i q u i d  metal ,  arid (7 ) physical m e t a l l i r g i c a l  

condi.LioiL of cont;ai.ner mat,erial.. GerLerally speaking, t h e s e  variables are 

l i s t e d .  i i l  o rder  of decreasing irflpoi-tarice . The rela-Live importartee o f  these 

iac-tor:; mright change, deperidirg or! t he  liquid rne t a7 .  arid the  cor,l;ainer systi:m 

under cons Lde ra t;ion. 

13 D. H. Guririsky, "The Behavior of b'Ial;eri.als iri Aggresstve Liquid Me i;als, " 
Nuclear Metallurgy, A Sjntiposium or! Behavior oi' blzherials i n  Reaciior Envi.ror:- 
m e f i t ,  h s t i t u t x  OP MetaL Divi.sion, A I M ,  p...z .w zJmr - - ...-. ^ . I _ . ~  
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UNCLASSl FI ED 
Y-27251 

- 
i.. ... 

(3) FLOW ----- f /--L-------- 

BOUNDARY FILM 

HOT LEG 
( I )  SOLUTION 
(2) DIFFUSION 
(3) TRANSPORT OF DISSOLVED 

METAL 

COLO LEG 
(4) NUCLEATION 
(5) TRANSPORT OF CRYSTALLITES 
(6) CRYSTAL GROWTH AND 

SINTERING (PLUG F ~ ~ M A T ~ O ~ ~  

Figure 2 .  Ternperatwe-Gradient Mass Transfer. 
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Very l i t t l e  information regarding the coli ipatibil i ty of li-tnium with 
I.4 

mater ia l s  al; elevated temperatures ex is ted  p r i o r  t o  19k5 when Bur-ton 

i n  a corfiprehensive review paper on I.i.thium, presented a q u a l i t a t i v e  emlua-tiiou 

of contai.ner mater ia l s  based on observations during physical  property- studies. 

This evaluati-on, which was limited for the  most par-t; to temperatures less t l inn 

1112°F   goo"^), showed pure i r o n  t o  be preferab le  t o  s t a i n l e s s  s t ee l s .  

-- e t  a l . ,  

The r e s u l t s  of a corrosion screening program were reported by the  U. S. 

Naval Ordnance Test Sta t ion ,  Inyokern, Caiifornj.a, i n  1.950. '5 
and alloys were exposed t o  s h t l c  l i t~hiixn a t  600°F (316°C) and 900°F (482°C) 

f o r  ' [Z! h r .  The efyec t  of Lhe exposure t o  l i th ium on the  tensi . le proper t ies  of 

{;he t e s t  mater ia ls  was a l s o  reported.  'T'iie austeni.ti.c stainless s t e e l s  were 

fourid t o  have good corrosi.on resis tan(-e  and showed. no change 7-11 t e n s i l e  

proper t ies .  

Various metals 

A total. of twenty-six dirferent  mater ia l s ,  includi.ng s i x  Stell.i.te alloys, 

1.6 
four  Xastelloy alloys, and seve ra l  coba1.t- and nickel-bonded ti teniwn-carbide 

cerme-Ls, were t e s t e d  i n  stat-ic 1ii;hiurn a t  842OF (450°C) for 100 hr  by Edler .  

It was coricI.uded ?;hat t h e  metals which best  v i t h s t o o d  corrosion were 

Kennametal K15J-4, S t e l l i t e  >To. 6, and. S ' k l l i t e  Star J Metal. 

Five metals and. seven al loys were t e s t e d  i i i  s-ta-Lic .l-t t t i i i i .m f o r  144 iir a-i; 
17,18 . 5'7'2°F (300°C) and l l l 2 " F  (600"~) by Wi.lkinaoil and Ynggee. 

thorium, i.zranrium, and the s t a i n l e s s  steel: ;  were rcepor-Led t o  have good cor ros lon  

resi-s tance.  

l'roIi, bery1.ltim, 

'"W. N. Burton, S. W .  Cofhan  and C.  L. Raixdolph, Aerojet  Engineel'ing 

15G. DeVries, 0. '7. E e f f e r k o r n  and W. 0. Wetmore, Naval Ordnance T e s t  

'51. G. Edle r ,  Aerojet, Bigineering Corporati.on, ~ctober u., 1.950, 

Corporation, September 16, l91!-9, (unpublished d a t a )  . 
Sta t ion ,  March 21, 1.950, (unpublished da ta )  

(impu'olisheti da t a )  . 
'"W. TI. Wilkinsori and F. L. Ya.ggee, Attack -- I_ 011 N e - t a l s  & :Li.th7.um, ANL-4930 

'$. D. Wilkinson s : d  F. I;. Yaggee, Aitack I__I__ on - Uraniurn & 1,i.thiiun -__cI at; bOO"C, 

(Oc-Lober 13, YS"50). 

ANL-4991 (October 13, 1950). 
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A comprehensive p'ogi-am t o  determine t h e  coi'ros iort behavior oi" li Lhim 

a t  elevated temperatures was corilucted b) the  NEPA Projec t  and trie Eaucock 

and Wilcox Company during L L ~ C  p a r s  1350-1992. The f ind ings  may be summarized 

as ro?lows: 

1. So lub i l i t y  or Metalli c Elemenis i n  T,i  thium. ibelve m e t a l s  naving 

meliiui: poin ts  adove 2300"ii' ( lP60"C) were inves t iga ted  j n ChP temperature 

range of 900 to l 0 5 c ) " P  (kd? t o  1 0 l _ O ° C )  l o r  periods of 4, 214, and 100 hr i n  

I _ i t h i m .  Zirconium i s  reported to havc a s o l u u i l l t y  of less than  2 5 ~  ppn in  

l i t n i u m  a t  1000"~ (932"~). 
20 

2. Maturia1.s Tested i n  Lj'chiuiri. Tests were conduc-i;ed i n  ag i t a t ed  and 

unagitated capsiiles at temperatures from 900 t o  220O"E' (482 t o  1204°C) f o r  

times o f  5 t o  203 h r .  Materials studied were t i t an i im ,  zirconium, nickel., 

iron, s k i n l e s s  s t e e l  types 3Ok: 309, 31.0, 31.6, 32ij 34[, a.nd 4l4-6, Inconel ,  

.[,-&I5 (Haynes Alloy No. 25 ), cemented carbid.(?;:; i. a i d  cerami-cs, including oxides, 

ni- t r ides ,  carbides and graphi-te. 

3. Constaiit Temperature - Forced-Ci-rculation Lithium Inops. Seven 

e s s e n l i a l l y  constant temperature, forced-c i rcu la t ion  l i tn ium loops made of 

type 310 stainless steel were operated a t  tenperatures  ranging from $ 0 " ~  

(516°C) t o  1600"~ ( 8 - j l " C )  and a t  velocities up t o  55 f t / s e c .  

mass trarisl'er cieposits were de'wc-Led i n  loops operated a-i; temperatures i n  

excess or I.)!-OO"F ( 7 6 0 " ~ )  for time peri-ods of  500 to 1000 hr. The maximum 

temperature d i f fe rence  ic: these systems was 40°F. 

IIeavy 1i;etaLli.c 

22 4. Non-isothermal. Forced-Circulat.i.on 1,ithi.um Loops. Four t n ~ e  310 

stainless steel. loops were opera.ted. a t  hot-  and co ld- le% temperatures o f  

1350°F (732°C) and 850°F (45j+"C), respec t ive ly ,  and I.i.thi.um ve loc i t i e s  of 8 to 

1.0 f t / s e c .  

time periods rangi-ng T r o m  2 3  t o  53 nr. Stainless s l i c e 1  specimens i.n the h o t  

I c y  were corroded at a r a t e  of 38 mg/cm /lo0 hr .  

Thc loops were plugged w i ' i l i  n icke l - r ich  mass t r a n s f e r  crys- ta ls  i n  

2 

D. S. Jessmarr et -- a l . ,  Fa i rch i ld  Engj-ne a id  Airplane Corporation, J-une, 

R.  Arderson and H. Stephen, Fairchild F:ngi.ne and Airplaiie Corporati.on, 

1950, (un.published d a t a ) .  

August, 1950: (unpublished d a ' a )  

2 0 

2 1. A .  W .  Dana, 0. If. Baker and M. Fc-rgiison; Inves t iga t ion  - of Consta!tt 
Temperature, Forced __l.._.. T F ~ C  h .  Report Quar . .j: 
H and W Heport No. 

22 
A .  W .  Dana, 0. H. 3ader and M. Fergusori, lnves t iga t ior l  o f  M c t 3 1  T rampor t  

~ .-.. , . - - . - . ~  - - 
by Liquidi  Litniwn, Tech. Report Guar. 5, R and W Report No. 5230, DC-52-27-)+5 
m a n F $ j 7 - - -  
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The s t a t i c  corrosion resistance of m e b l l i c  mn'c,c?-r*i-al.s to high-temperature 

24 l i th ium i n  -iron containers  was inves t iga ted  i)y Cu1nil?p;l1arn*~ and Brasunas. 

Tests were eoilducted on pure me-tals and :oimerous high-temperature al.l.oys at 

111P'F (600"C), lbr/%"F (800"C), and 18'32°F (1000°C) -for times of IC, J-tQ, arid 

400 hr . B a e d  on weighi; clrisnges and metal.lographic exami-nations , Axyiico iron, 

col.imbiurn, tan-Lalum, zirconium, uranium, and t i tanium were reported -to have 

good cori-osiou -eesi.st;ance. 

Milch OF 3.i.thj.urn corrosion da-ta reported. prior t o  3.952 were simiarized i n  
25 t,lie Licluid-k~i;sl  Hardbook issued i i l  June, 1~952. 

26 
A, s tudy by Parkinson of the d f e c t .  of a lpha-par t ic le  i r r a d i a t i o n  on the  

corrosion res i . s tawe of i r o n  t o  lith.i.um a t  1670°E' (9l.O"C) ind ica ted  t h a t  

corrosioi l  was no g rea t e r  than kha t  previously reported without i r r a d i a t i o n .  

The results of a s tudy of t he  corrosion res i s tance  of type 31.6 s t a i n l e s s  

steel t o  dis t i1 . led li"i.i?i.iUn circuiLated i n  thermal convec1;ion loops a t  hot-  and 

cold-leg tmiiperatures of 1600°F (8r(1."C) and L1OO°F' (59 j " C ) ,  respectively, were 

reported by McIke . ''' 
and. it was cori.cluded. that, "llllie corrosiveness of l i t h ium cannot be blamed on 

i - b s  i i i trogen conteiit . " 

'The eff ec-i; of ni-brogen i.n the lj-thiuai was iiives-Ligated 

Recci-:t experiments have been conducted by Miilushkin" t o  de{;esiniize the  

solU-Lion r a t e  of meta3.s i n  driskilleci. l . i thj .um by gravimetric techriiques . 
Ausl;eriitic s t a i n l e s s  s t e e l  speci-mens were found t o  d isso lve  i n  1.ithi.m a t  

1600"~ (8 ' / .LoC) at ar! i n i t i a l l y  high ra-Le of  3.0 mg/in. -hr due t o  prererexLial. 

leschtng of i l ickel,  

A l r s t  of 222 references pei-taining t,o corrosion by molten I.i.thj.m and 

2 

r e l a t ed  sub,jects was compiled for use in co1:nection with a Lithium Syrnyosiuni 

held i n  August, 1957. 29 

A. de S.  3rasunns, Interim Reporl-, orl. St.a'ii.c Liquid-Netal Corrosioi?, 
P4 

I -. 
OmL-164.7, pp. 32'-lc4 (May 11, 1954)) 

"R. N. T,yon (M. ), Liquid-Metal.:, Ilandlsook (revised ed. ), Off i ce  of Naval 
Researel?, NAVEXOS-P-'(33, pp. 1 > 8 ~ T u n e ,  1352). 

26 W Parkinson, Jr. , S t a b i l i t y  of -- Iroii. Toidard I,i.thiurti a t  Elevated 
Tmiperature s imde r Cy c 1 otron l:rradtaJ3 on , f l A . A - S R - ' T : 3 . = k - l c  

"'J. M. ?eke, Nuclear LSeve1oprner.t Associa-tes, June 14, 195'7 (unpili3lished d a t ,  

@E. ?Qr:iishkin, Nuclear Development Associates I June 30, 1958, (unpiiblished 
data). 

29E. E. Hoffman and D. H. J R ~ S ~ I I ,  Lithri-um Symposium - Rnnlyt;j.cal Procedures 
__ arid Iii~h-Tempe.rature Corrosion - Xeadiag _l_l__ I__ Lis t ,  OH'Ki, C F - 5 7 - l m - R e v .  ,January- 20, 
3.9>e-). 
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CIb'ETEP. V 

OHJFCTIVXS 

The gcncral  object ive of t h i s  i.nvcstiga-Lion was the determination of 

t h e  corrosion res i s tance  oP various mater ia l s  t o  l-ithium i.n the temperature 

range 1000°F (5.18"~) -to IJ.900°F (1078°C). 

Tne spec i f i c  object ives  may b r  summari.zed bri.eI1.y as follows: 

1. To determine the  corros!: on res i s tance  of various mater ia l s  t o  l i t h i u m  

under s t a t i c ,  constant t,empera'bur.e corrd-itj.ons . 
2. To determi.ne the  corrosion resj-stance of those materia1.s having 

r e l a t i v e l y  good resi  s tance t o  static, isothermal li~Lhiuni ir, ~?l.o%~ sysi;ems 

c ont a i  n i  n.g tempe ra tur  c g-rad?. e u t  s . 
3. To determi.r;e the  temperature J . i fmitat iom of systems usiilg the  most 

promisi.ng conuaerci.ally ava i lab le  structural materi.al.s, such as t he  s t a i  r i less 

s t e e l s ,  i n  fJ.ow systens conta in ing  temperature gradie12ts. 

k .  To investigate the e f f e c t  of aI.loyi.r:g element:; in conveiiti-ortal 

s t r u c t u r a l  materia1.s or, Liic corrosi .on r ec i c  t a m e  of these  m.2t~ri.al.s t o  I.ithiim 

a t  eleva-Led temperatures.  

5 .  To determine t h e  effect; o f  rior.1-metallic impur i t ies ,  such 8s oxygen, 

ni t rogen,  and carbon, ir, I.ithi.um on tiir corrosive properties o f  l i th ium iri 

s ys terns i-nvolvii-ig c ori$/enti  u r i a l  s t r u c t u r a l  mate rials . 
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CHAPTER V I  

EXPEIIIMENIIIAL PROCEDUNS AND MATERIALS 

Development ol" Procedures and Equipment 

The procedures and ecpipment used -Lo t e s t  t h e  corrosion res i s tance  o f  

pure metals, all.oys, and ceramics i n  molten l i t h ium were based on corrosion 

t e s t i n g  techniques developed i n  s tud ie s  with l i t h ium and o ther  1i.quid metals 

and fused s a l t s  over a period of t e n  years. 30, 31,32,33 

Two bas ic  types of t e s t s  were used: stat'i.c: and dynamic. I n  s t a t i c  t e s t s ,  

Lhe test assembly was maintained i n  a s t a t i o n a r y  pos i t i on  a t  R cont ro l led  

constant temperature. I n  dynamic t e s t s ,  on the  o ther  ha,nd, cont ro l led  temperature 

d i f fe rences  were maintained w i t h i n  the  system, and f low of molten l i th ium 

r e l a t i v e  t o  t h e  test mater-ial was e f fec t ed  e i t h e r  by rocking the  t e s t  assembly 

i.n a seesaw fashion o r  by thermal convect-ion currents i n  a closed. loop. 3'+, 35 

S t a t i c  systems were used pr imar i ly  t o  determine whether poten.t ia1 

s t m e t - u r a l  materi.als held any promise of r e s i s t i n g  a t t a c k  i n  t h e  more severe 

dynamic t e s t s ,  where t'ne conditions more nea r ly  simulated those which would 

exi-st i n  a litiiium-cooled nuclear r eac to r  sys-tern. S t a t i c  t e s t s  were used a l so  

foi- systematic s tud ie s  of those aspects of corrosion mechanisms not r e l a t e d  t o  

flow o r  t,o temperatare grad ien ts .  Tk~e s t a t i c  systems were not only cheaper and 

e a s i e r  t o  f a b r i c a t e  than  dynami.c systems but also provided f o r  c lose r  con t ro l  

of important tesL var iab les .  

30J. E. Cunningham, Interim Report on t h e  Resistance of & t a l l i c  Materials 
I_I 

t o  Corrosion Atta.ck Q High-Temperature Li th im,  ORNL CF-51-7-135, p. is 
(J&y 23, 1 . 9 5 i - j - T -  

"D. Vreeland, E. E. 1To:t'fman and W. D. Manly, "Corrosion Tes-Ls f o r  Liquid 
Metals, Fused S a l t s  ai; I€i.gh Tempera-tures, ' I  Nucleonics - 11( ll), 36-39 (1953). 

I .-.- 
"A. de S. Brasunas , Interim Report on Stati-c Liquid-Netal Corrosion, - - 

ORNL-1647, p. 2 (May 11, 1 . 9 r  
33A. de S. Brasunas Sim l i f i e d  Apparatirs f o r  Making Tnernial Gradient 

Dynamic Corrosioil Tests ($e*, ORNL CF-52-3---(March13, - 
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It should 'ue noted t h a t  the  dynar!iic k s t s  u.sed i n  t h i s  i nves t iga t ion  

were capable of producing l i th ium flow rates 7.n the  range of L t o  10 ft /min, 

whereas a c t u a l  heat  t i -aas fer  systems using liquid. metal. coolants a r e  design-ed 

t o  operate a t  :'low rates o f  10 t o  40 ft/sec. 

and operational. di.fticulti.es , however, high-velocity Tlov sys [,ems requir ing 

rnechariical o r  electromagnetic pumps a re  riot su i t ab le  for use i n  a 1iqiii.d 

metal  corrosion t e s t h g  progra::! designed t,o evaluate  a var ie ty  of p o t e n t i a l l y  

useful.. mater ia ls .  

From the  standpoint oi' expense 

.Inert ...__.__I Atmosphere Chamber 

LithiuT m e h l  used i n  t h i s  investigat;ion was handled e i t h e r  under vacuum 

o r  i n  an i n e r t  gas atmosphere at, a l l  tilnes. The s t a i n l e s s  s t e e l ,  i n z r t  

a-Liiiosphere chamber shown i n  Fig.  4 was used for (1) opening gas- t igh t  

containers  of l i t h i u i ,  ( 2 )  melt<-rig and cas t ing  of li'Lhiumi ( 3 )  loading of 

emblies; and ('4) welding oi" t e s t  assembli-es made of metals 

such a s  rnolyi,deni.im and beryll ium which a re  setmit ive t o  contaminatioin during 

welding by ever, t r a c e  mounts  of oxygen an& nli;yog:eii. A t y p i c a l  welding 

operati.on i s  i l l u s t r a t e d  i.n F ig .  5 .  

P r i o r  t o  conducting any of the  operations above, -ihe s - t a i i i 1 . e ~ ~  s t e e l  

char~iber with a Plexig las  dome was f i r s t  evacuaLed t o  a pressure of one micron 

of' mercury or l e s s .  The leak r a t e  o f  the chamber was checked pe r iod ica l ly  and 

was never g.rea-i;er than fou r  microns o f  mercury per hour. Following evacuation, 

t he  system was brou.ght t o  atmospheric pressure by f i . l l i n g  wiLh argon. Fach 

tacik of argon vas analyzcd p r i o r  t o  use and only  the  tanks which contained less  

than 10 ppm oxygen and 1.ess than 50 ppm ni'irosen vere  used. With gas of t h i s  

p u r i t y  3kvel the  r'ollowir,g observaiAoris were made: 

rnai..dai.n a mirror- l ike surface on such reac t ive  metals a s  sodiiim and potassium 

diirj.ng melting and casi;ing opejrat.i.ons, ( 2 )  bare tungsten fiI.ament,s of 100-w 

1.igh.t bulbs opera'ciiig across 1.1.0 v l a s t e d  as l o ~ i g  a s  3 h r ,  and ( 3 )  contamination 

of melted and c a s t  l i th ium was not de tec tab le  by c:herni.cal analyses.  

(1) it was poss ib le  t o  

S t a t i c  Corrosioi:k ..~~ Test Systems 

The two types of si;ai;Lc corrosion t e s t  systems used a re  i.I.lus-t;rai;rd i n  

Fig" 6 .  Two-component systems of tile t y p  shown in F i g .  6 ( a )  were used i n  

most of the  s ta ' i i c  t e s t s .  TkLe specihens for t h i s  t e s t  were prepared from a 

L'lattened sec t ion  of the  tube wal~.l. when t h i s  was possik1.e. 
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Figure 6. Static Corrosion Test Systems. 
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Three-component s t a t i c  t e s t  systems such a s  the  one i l l u s t r a t e d  i n  

Fig. 6(b) were employed f o r  e i t h e r  of the  following two reasons: 

desired t o  evaluate the  corrosive e f f e c t s  of l i thium on two d i  

materials'  i n  contact w i t h  a common l i t h i u m  t e s t  bath,  or  (2 )  no container 

made of t he  mater ia l  t o  be evaluated was avai lable .  I n  the  l a t t e r  case, t h e  

most i n e r t  container avai lable  (general ly  pure i r o n )  was used. 

(1) it was 

The standard corrosion t e s t  assembly procedure used f o r  both s t a t i c  and 

It should be seesaw tes t  systems i s  out l ined i n  stepwise fashion i n  Fig. 7. 
noted t h a t  t he  e n t i r e  loading and sea l ing  operation could be car r ied  out 

i n s ide  the  i n e r t  atmosphere chamber. Test capsules of metals o r  a l loys  which 

did not possess adequate oxidation res i s tance  a t  t he  desired t e s t  temperature 

were placed i n  s t a i n l e s s  s t e e l  containers p r i o r  t o  t e s t i n g .  

Chromel-alumel thermocouples were attached t o  the  tes t  capsule by spot 

welding, when possible ,  as  shown i n  Fig. 6. 

Brown Pyr-o-vane type con t ro l l e r s  and was recorded on multipoint recorders.  

The maximum temperature var ia t ion  was k 1 8 O ~  (10OC). 

The temperature was control led by 

Several  types of commercially ava i lab le  e l e c t r i c  furnaces were used i n  

the  s t a t i c  t e s t i n g  program. 

Dynamic Corrosion T e s t  Systems 

Seesaw Furnace Tests.37 

t es t  system are  shown i n  Fig. 8. 

furnace t e s t  rack including the  cont ro l  panel. 

system i n  a s ing le  seesaw furnace, the  r e l a t i v e  movement of the  components, and 

the  loca t ion  of hot and cold zones of the  test capsule a re  shown schematically 

i n  Fig. 8 (b) .  

hor izonta l  was 45 degrees. 

used i n  t h i s  inves t iga t ion .  

The e s s e n t i a l  components of t he  seesaw furnace 

Figure 8 ( a )  i s  a photograph of the  s ix -  

The configuration of a test  

The maximum angle of tilt of the  seesaw furnaces with t h e  

Cycling r a t e s  of one-half and one per minute were 

The thermocouple leads f r o m t h e  t e s t  capsules were connected t o  a 

switching box, and the  hot-  and cold-zone temperatures of each t e s t  capsule 

i 

36F0r reac tor  design considerations it i s  of ten  des i rab le  t o  place more 

370ften re fer red  t o  a s  " t i l t i n g "  furnace t e s t s .  

than one mater ia l  i n  contact w i t h  t he  reac tor  coolant.  
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were monitored by means of the switching box and a continuous recorder. 

Each of the s ix  furnaces was physically separated from the other furnaces 

and had i t s  own power supply and temperature controller. 

The three types of seesaw t e s t  capsules used are shown i n  Fig. 9. 

t e s t  system i l lustrated in  Fig. 9(a) was the type most commonly used i n  th i s  

investigation. 

and g(b) were the maximum temperatures reached i n  each zone during one cycle of 

the furnace. (The temperature a t  the interface of the l i t h i u m  and the capsule 

wall was determined i n  an independent experiment and found t o  be approximately 

30 Fahrenheit degrees below the recorded t e s t  temperature. ) 

The 

The test temperatures reported for  the systems shown i n  Fig. 9(a) 

One experimental difficulty encountered i n  the seesaw testing of lithim, 

which t o  some extent limited the use of this testing device, was the reluctance 

of lithium t o  flow i n  t e s t  capsules having inside diameters of less  than 0.6 in. 

Many of the metals and alloys were not available i n  sizes larger than this and 

consequently were not evaluated i n  th i s  system. 

Special techniques were required t o  t e s t  materials having limited 

oxidation resistance a t  elevated temperatures. The method used is i l lustrated 

i n  F i g .  g(c).  

and the outer Inconel protective capsule was par t ia l ly  f i l l ed  with sodium. 

sodium acted as a thermal bond between the two materials and permitted the 

establishment of the desired temperature differences i n  the hot and cold zones 

of the t e s t  capsule. 

The annular space between the t e s t  metal i n  the example shown, 

The 

Seesaw test capsules were loaded with l i t h i u m  using techniques similar t o  

those described i n  Fig. 7. 
Thermal Convection h o p  Tests. A thermal convection loop t e s t  stand 

and a bank of control lers  and recorders used t o  operate four loop stands are 

shown i n  Fig. 10. The stainless s t ee l  loop shown was circulating lithium a t  

maximum hot-leg and min imum cold-leg temperatures of 1600~~ (871"~) and 

1200OF (649"C), respectively. 

The three basic thermal convection loop designs used i n  th i s  study are 

shown i n  Figs. 11 and 12. Descriptions of these designs are as follows: 

1. Type A. Early thermal convection loops made of oxidation-resistant 

materials such as the stainless steels were designed i n  such a manner that  the 

entire loading and sealing operation could be performed i n  the iner t  atmosphere 
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Figure 10. Thermal Convection Loop and Control Equipment. 
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Figure 11. Types of Thermal Convection Loops. 
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chamber i l l u s t r a t e d  i n  Fig. 4. 

i s  shown i n  Fig. 11. The loading procedure was a s  follows: 

volume of l i th ium was c a s t  i n t o  t h e  f i l l - p o t  and allowed t o  s o l i d i f y ,  ( 2 )  the  

f i l l - p o t  was joined t o  the  loop by h e l i a r c  welding i n  t h e  chamber, and (3) t h e  

loop was then evacuated t o  a pressure of l e s s  than f i v e  microns of mercury and 

the  evacuation l i n e  was sealed.  

A schematic diagram of t h i s  type of loop 

(1) a predetermined 

Following t h e  loading operation the  loop was removed from t h e  i n e r t  

atmosphere chamber and r e s i s t ance  hea ters  and i n s u l a t i o n  were applied.  

Ci rcu la t ion  of l i th ium i n  the  loop began when the  l i t h ium became molten and 

flowed from the  f i l l - p o t ,  a t  which time t h e  hea ters  and in su la t ion  on the  cold- 

l e g  sec t ions  were removed. Following completion of t h e  t e s t ,  t he  loop was 

inverted i n  order t h a t  the  l i t h ium would d ra in  from the  loop back i n t o  the  

f i l l - p o t  . 
2. Type B. Improved lithium-handling techniques and a cooperative 

l i th ium corrosion t e s t i n g  program between Nuclear Development Corporation of 

America and the  Oak Ridge National Laboratory l ed  t o  t he  a l t e r a t i o n  of t he  

thermal convection loop design. The modified loop, designated as  Type B, i s  

i l l u s t r a t e d  i n  Fig.  11 and was used f o r  t he  l a t t e r  por t ion  of s t a i n l e s s  s t e e l  

loop s tud ie s .  Loops of t h i s  design were loaded with l i th ium i n  t h e  following 

manner: 

pressure of l e s s  than f i v e  microns of mercury was maintained i n  the  system, 

and ( 2 )  the  evacuation l i n e  was then sealed off and l i q u i d  l i th ium a t  

approximately 7OO0F (371°C) was forced i n t o  t h e  evacuated loop by argon 

p res su r i za t ion  of a charging container.  

(1) the  empty loop was heated t o  1000°F (538°C) while a reduced 

When c i r c u l a t i o n  of l i th ium i n  the  loop was es tab l i shed ,  the  hea ters  and 

in su la t ion  were removed from t h e  cold-leg sec t ions  of t h e  loop. The cold-leg 

temperature could be cont ro l led  by placing varying amounts of i n su la t ion  on 

t h e  cold leg .  

The diffusion-type cold t r a p  shown a t  t he  bottom of the  Type B loop i n  

Fig. 11 was used on some loops i n  an attempt t o  pu r i fy  the  l i th ium by 

p r e c i p i t a t i o n  of contaminants of l imi ted  s o l u b i l i t y .  '' 
of l i th ium following t e s t  by heating the  cold t r a p  and applying argon pressure 

a t  t h e  top  of t he  loop. 

These loops were drained 

38See Appendix 14. 
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Li-tirliwn flow r a t e s  i n  loops of ' ~ype  B were approximately '7 ft /min as 

compared to values of approximately 4 € t / m i i i  i n  loops: of tile li'ype A rlesien. 

These val.iles a m  f o r  hot-  and c o l d - k g  opera t ing  temperatures of 3-j00°F 

(81.6'C) and 1.1.00"F ( 5 9 3 " C ) ,  r e spec t ive ly .  

f o r  each loop tesi; but were checked s e v e r a l  t imes for each t y p  o f  loop by 

two rnetilods - 'Wie €irst method used was based on hea t  balance measurernents 

as desci-ibed by McKee. '' 
chromel-alumel t ~ ~ e r m c o u p l e  encased. i.n a l/4 x 0 .O?O-in. wal.1 stai.mless steel. 

pr0 tec t io .n  tube  was welded i.rito t he  bottom of t he  cold l e g  o f  a loop, ( 2 )  an 

in tense  hea t  source (two acetylene-oxygen Lorches ) was appl ied t o  a smal.!. 

area of t he  upper po r t ion  of -the cold l e g  f o r  several- seet?nds, and ( 3 )  t h e  

t T m e  required f o r  t i i ?  "ho'i; s lug"  t o  reach tile t l ~ e t ~ m c o i ~ p l e  i n  the co ld  l e g  

was measured. 

metiiods d i f f e r e d  by not  more tinan 15%. 

The flow r a t e s  were not  determined 

The second method was a s  follows: (1) a 20-gauge 

Trle flow r a t e s  determined by the  heat  balance arid "hot s lug"  

3. Type C .  I n  order  t o  eva lua te  metals which had l imi ted  oxidat ion 

r e s i s t ance  a t  elevatt-td teniperatures,  i.t was necessary t o  design s p e c i a l  

thermal- convection loop testi-ng f a c i - l i t i e s  . Cladding oi" t he  t e n - L  metals w i t h  

ox ida t ion - re s i s t an t  a l l o y s ,  such a s  Lhe stainless s t e e l s  , was not  s a t i s f a c t o r y  

because thermal- s t r e s s e s  r e s u l t i n g  from Lne d i f f e rences  i n  the  temperature 

c o e f f i c i e n t s  of expansion between the  tes-t  metal. and the cladding metal l e d  

t o  cracking i n  c e r t a i n  c r i t i c a l  a:r;eas of t h e  systems. 

It was necessary,  t he re fo re ,  t o  design and bui.ld a s t a i n l e s s  s t e e l  vacuulti 

box €or t he  corrosion t e s t i n g  of metals having poor oxidat ion r e s i s t ance .  The 

vacuim box and a t y p i c a l  -t;t.s'C loop  a r e  showii i n  Fig. 12. Tests  were run e i t h e r  

under vacuum o r  i n  argon, the former bei-ng preferred. from the  s-Landpoint of 

heat  t r a n s f e r  t o  t h e  vacuum box walls. 

The two minor loop design iiiodifications showi i.n Fig.  l 3  were ernpl-oyed 

so t h a t  t e s t  specimens c o u l d  be included i n  t h e  hot'ies'c po r t ion  of bhe h o t  

39J. M. McKee,  Nuclear Devclopment Associates ,  June 14, 19 57, (unpublished 
d a t a ) .  
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Lone f o r  s'cudyiag mass t r a n s f e r  e f f e c t s .  Modif icat ion N o .  1 shown i n  

F ig .  13 was used on s e v e r a l  c;tairiless s t c z l  l oop  systems t o  determine t h e  

weignt l-oss pe c unit a r e a  f o r  f l a t  spccimms susyend~d i n  trie f lowing l i t h i u m ,  

a s  compared t o  t h e  weight l o s s  on s l eeve  specimens incorpora ted  i n t o  t h e  t i b e  

w a l l .  

S t r i p p i n g  of Lithium from T e s t  Componen-i;s 

The removal of l i t h i u m  from t h e  s t a t i c  and seesaw t e s t  specimens and 

contai-ners  was normal.1.y accompli shed by suhnierging t h e  t e s t  Cm~ioLients i n  

water and allowi.ng t h e  r e a c t i o n  of I.ri.tni.um with t h e  water t o  proceed unti.1. 

no l i t h i m i  me La1 rsriained. 
40 

Lithiu.rn was drafned from t h e  thermal  convect ion loops a t  t h e  end of t h e  

t e s t  pe r iod  when. possible. The loops were then  c u t  i n t o  5- in .  l eng ths  and 

t h e  r e s i d u a l  l i t h i u m  removed From t h e  walls of the loop s e c t i o n s  by reactlion 

with water .  I n  tht. tes ts  which were terminated. by pluggtng (he .to meta l  c r y s t a l  

deposi t ior i ,  t h e  l i t h i u m  could no t  be dra ined  from tlie loops .  These loops were 

sec t ioned  in-Lo 5- in .  1cngi;hs and .Lhe li-Lhi.ui!i i n  each secti .on was removed by 

rea.ct ion w i t h  water .  

It was necessary  t o  e x e r c i s e  c o n s i d e r a b h  care duriiig t h e  s t r i p p i n g  

ope ra t ion  Lo avoid tile loss  of mass t r a n s f e r  c rys ta l - s .  In several- cases  t h e  

loops were radiographed t o  determni.:ne tlie l o c a t i o n  of the mass t r a n s f e r  c r y s t a l s  

in t h e  cold l e g  of t h e  loops prior t o  t h e  s e c t i o n i n g  and s t r i p p i n g  opzra-Lions. 

Basic Yethods of Examination -. --- 
The methods used t o  deLen-nine the ex-Len.i; and ria-Lure of t l ie corrosion 

enenuntiered in t h e  vari.ous t e s t s  i.ncI.uded most of t h e  m e t a l l u r g i c a l  and 

chemical anal .yt ica1 techni-ques c u r r e n t l y  a v a i l a b l e .  'The methods of exarnirmtion 

descr ibed  b~low apply  i n  genera.1 t o  both s ta t - i .c  and dynamic t e s t  systems. 

Specimens and Containei- Mater7.aI.s. 

1. Weight Change. Weight de te rmina t ions  wzre made on specimens before  

I- ._.I_y_ 

and a f t e r  t e s t .  The resul ts  were repoyted as wei.gh1; changes and not  as r a t e s  

based. on t h e  l e n g t h  of test, si.nce tihe l a t t e r  a r e  o f t e n  i n c o r r e c t l y  consti-ued 

.---I__ 

401L i s  importaut  t o  note t h a t  t h e  stri-ppirlg ope ra t ion  was c a r r i e d  out  
j.n a w e l l - v e n t i l a t e d  a rea  -to avoid ?;'ne acciniij.lati.on of hydrogen gas which 
vas  evolved dur ing  t h e  r e a c t i o n .  1-L  was a l s o  fouad necessary  t o  keep the 
l.i.ALlii.i~rfl metal- completely submerged t o  prevent  t;he li chimu Trorn igni'Ling any 
hyd.roe;en which m i g i l t  be present. 
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a s  j -n fe r r in s  l i n e a r  corrosion r a t e s .  Weight -change datti were considered t o  

be of l imi ted  usefulness  as a c c e p t a b i l i t y  c r i t e r i a  s ince  the  a t t a c k  by I.ithiixun 

on maLeri.als was r a r e l y  uniform. 

Dimensional Changes. Specimen-dimension changes a s  de Leimined 

meta l lographica l ly  and by micrometer measurements were u s e f u l  only when -the 

a t t a c k  was heavy and uniform. 

3. Me-taL1ographl.c Methods. Metallographic methods, inchiding both 

r e f l e c t e d  l i g h t  and e l ec t ron  microscopy, were by f a r  t h e  most u s e f u l  for 

evalua t ing  the r e s i s t ance  OP inat,erials t o  a t t a c k  by l i th ium.  

Three specimens from each sta-t;i.c and seesaw furnace t e s t  and si.x from 

each thermal. convection loop t e s t  werc examined metal lographical ly  i r ? .  both the  

as-polished and etched condi-Lioix. Electro-plated n i c k e l  depos j t s  rangtng i n  

the  tliickness from 0.010 t o  0.050 i n .  were used for edge preserva t ion  of 

me'iallogi-aphic specimens during pol i sh ing  s ince  many of -the sur f  ace corrosion 

products were l e s s  than  0.001 i n .  7-n th ickness .  

A,l.l.owing as-pol ished t e s t  specimens t o  s tand i n  a i r  f o r  s eve ra l  days was 

found t o  be an excel.l.eni lnetiiod of l o c a t i n g  g ra in  boundaries which had been 

penetrated by 1 i th i .m .  

Microhardness measurements across  exposed specimens and on corrosion 

produc:t  phases were found "io be  exLremely u s e f u l  i n  eva lua t ing  t h e  effec-Ls of 

corrosion on rriariy mater ia l s .  

A magnet i c -etch t ec hni  que 41''-'2 was e f f e c t i v e  in de tec t ion  of regions of 

aiisteni t i c  s ta in l_ess  sLeel specimens which had become ferromagnetic due t o  

t he  leachi.ng acti.on oP l i t h ium on p a r t i c u l a r  aI.l.oying elemen-Ls . 
4. X-Ray Analysis. Specimens o r  seci;ions ol" t e s t  systems exposed 'LO 

l i thi . im were rou t ine ly  examined by x-ray d i f f r a c t i o n  methods t o  determine 

change:; i.n the  c r y s t a l  strructum of the sur faces  or t o  i.den-Lify sur face  

depos i t s .  

4 1  
R.  J. Gray, 13. Crouse and '1'. K. Roche, Divi-sion Quar. Prog, 

_I_- 

Rep., - OHTL-l3OP, pp. lO5--lO'( (September 2, >?52 

. 

8. Avery, V. IIomerberg and E. Cook, "Yk?tal.lographic Idel i t i f  i c a t i o n  of 
42 

Ferromagnetic Phases, " IvIetals and Al.loys 10, -I_ 353 (-7-939). - - 
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5. Chemical Analysis .43 Chemical ana lys t s  was used t o  deterruine  the 

changes i n  chemical composition of specimens as  a r e s u l t  of exposure t o  

J-7.thiiin and t o  i d e n t i f y  mass t:ransISer crys-Lals e i n  rnany- cases  successive 

l aye r s  of m a t e r i a l  were mi l led  from t h e  sur faces  of spec-i.mens fol lowing exposure 

i n  o rde r  t,a determine tile changes i n  composition as a func-Lion of ilistalicc from 

t he  specimen sur face .  The r e s u l t i n g  da ta  were use fu l ,  f o r  example, 7.n 

detel-mini.ng -the exterit of p r e f e r e n t i a l  leaching by l i t h ium of such elements as 

carbon, chromium, and n i c k e l  from s”iain1ess s tee ls  Spectrographic analyses ,  

i incli~ding t h e  micro-spark technique, were used extensj.ve1.y i n  this connection. 

Samples of 2.i.thiurn from t e s t  conta iners  were analyzed rou t ine ly  i n  the 

e a r l y  s t a t i c :  t e s t  po r t ion  of t h i s  study but; the  r e s u l t s  were of only l imi t ed  

usefu lness .  

Vatu-urn-fusion ana1ysi.s was used t o  dete-mine the  oxygen and n i t rogen  

contents  of various t es t  ma te r i a l s  before  and af’ier t e s t i n g .  

Te s t M a  t e ri a Is 

MaterIa1.s Tested i n  Li:Wii.um ..._.I __I 

The t e s t  ma te r i a l s  and t h e i r  chemical compositions a r e  lis-Led i n  the 

t a b l e s  which surruriarizc Llie corrosion Lest resul ts  i.n Chapter VIL. 

YreparaLion of Tes 1; Cornpoilenhs 

Frocedlxre:; used i n  prepara t ion  of specimen sur f  aces p r i o r  t o  t e s t i n g  

i. n.c I.ude d p 0l.i s h i  ng by me chani c a 1 and chemi c a 1 me thuds 1, d k  ere as ing tre a brae n t  s 

i n  appropr ia te  so lvents ,  and acneali i ig i n  a. hydrogen enviroiirnent to red.uce 

surface oxid-e f i 3 . m .  Porous ceramic nateri.als were subjected t o  degassing 

t reatments  by Ineati.rtg a t  e leva ted  temperatures under vacuum ’io remove adsorbed 

gases from the  sur faces  p r i o r  -Lo t e s t i n g  j.ii lithiulii. 

Special. cxre was taken  t o  assure t h a t  a l l  c u t t i n g  bu r r s  were removed from 

speci.me:1 edges p r i o r  t o  t e s t i n g  s ince  these  could e a s i l y  le&. t o  weighing 

e r r o r s  arid fal.ae metallographic observat ions.  Metal.1ographi.c specimens of a l l  

t e s t  matpri.al.s were examined 

surface p r i o r  t o  exposure t o  

before  t e s t i n e  t o  de1;ermim ihe condi t ion  of t’oe 

li ti-ii wn . 

3 A l l  c hemica 1. analyses  
Division, Oak Ridge National- 

were performed by t h e  Analy t ica l  Chemistry 
L2horatory. 
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Li. t hiurn 

A l l  l i t h ium metal  used i.n -this s tudy was Li: Grade obtained from .i;i?e 

Mayvood Chemical Works, Maywood, New Jersey.  Maximum i-mpurity con-tents f o r  

t h i s  gyade of l i t h ium a r e  gi.ven i n  Table 11. Throughout t h e  work a 

continuous e f f  o r t  was exerted Lo mtnfmize contamination of tile litthiurn metal  

by employing careful handling techniques and to develop p r a c t i c a l  and 

e f f e c t i v e  me-tiiods o r  pu-rifying the  bes t  av-ai.I.able commercial- product.  Sa.nxpI.ing 

and p u r l f i e a t i o n  techniques which were developed are discussed i n  Append-Lx 1-4 

and I-€, respec t ive ly .  A. comparison of t h e  various a n a l y t i c a l  methods used f o r  

oxygen and ni t rogen  detemi.nat ions i s  given i n  Appendi-x 1-4. 

The bulk of the corrosion t e s t i n g  was c a r r i e d  out  usin.g l i t h ium which 

was received i n  'che form of 2-in.  cubes packed under helium gas in s ide  small  

ca s - t i gh t ,  t i n -p l a t ed  cans.  ll'hese cans w r e  open.ed i n  t h e  i n e r t  atriiosp'nere 

chamber previoiisly described The cubes were melbed i.ri s-Laiakss s t e e l  

crucibI.es, heated t o  approximately 45O0F ( ? 3 2 " C ) ,  drossed u n t i l  f r e e  of v i s i b l e  

li.t'nium n i t r i d e  or li-Lhium oxide, and f i n a l l y  c a s t  i n t o  ingots o r  "stj.cksl' 

of Lhe des i red  size. The l i t h ium metal was c a s t  only when the  atiiiosphere i n  

the  chamber was pure enough so t h a t  a mir ror - l ike  sur-face could be maintained 

on the  molten l i t h ium f o r  s eve ra l  minutes,  No a d d i t i o n a l  purlif i c a t i o n  

.Lechni.ques were normally eiirployed on -the I.ri.thium p r i o r  t o  t e s t .  The l i t h ium 

iingo-ts used i n  t he  major i ty  oi" t h e  t e s t s  contain.ed Yrom 200 t o  600 ppm 

ni-trogen and from 100 t o  400 ppm oxygen. 

I n  t h e  l a t t e r  po r t ion  of t h i s  study, litiiiurii was obtained i n  5 O - l b  batches 

which had been loaded by the  supp l i e r  i n t o  s t a i n l e s s  s t e e l  shipping conta iners  

i n  a he3-i.um-filled dry  box. Thri.s metal  was p u r i f i e d  i.n . the manner descr ibed 

i n  Appendi.~ I-C. 

The desired weight of l i t h ium f o r  each t e s t  was obtained by c u t t i n g  and 

weighi-ng the  l i thiurn " s t i cks"  i n  the  i n e r t  atmosphere chamber. 



PURITY 0%' GRADE LC LITHIUM AS SPECIFIEE 
BY THE MMJUFACTUREK 

_ _ . _ - ~ -  I 7 

-_c_ 

I,C Grade P e r  Cent 

S i l icon  0,015 m a x i m u m  

Iron and aluminum 0.03 maximum (calculated as i r o n )  

Calcium 

Sodium 

Heavy metals 

Nitrogen 

Chlorine 

Li.th ium 

0.0 3 max:iniim 

0.02 maxiiriun 

0.07 maxirnurri (calculated as nickel.) 

0.0 3 rnaximurn 

0.003 maximum 

99.80 minimum 
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S t a t i c  Test Resul ts  

Two -Cornpone n t  S t  3t i. c Te s t Re s u l t  s 

Most o f  the  s t a t i c  corrosion da ta  were obtained using two-component 

t e s t  syst.ems of the  type i l lus t ra -Led  i n  Fig.  6 ( a ) ,  Chapter V I .  

of Lests of t h i s  type on several. meta1.s and a l loys  a r e  reported i n  t h i s  

sec t ion .  

The rcsu.l.ts 

Metals. The r e s u l t s  of two-component s t a t i c  . t e s t s  on r e l a t i v e l y  pure 

me-L.zl..s a r e  li.s-Led i n  Table 111. 

The poor corrosion r e s i s t ance  of copper and nLckel i s  apparent ly  

a t t r i b u t a b l e  t o  t he  high s o l u b i l i t y  of t hese  me'ials i n  l i t h lum a t  e leva ted  

temperatures.  

Beryllium, tikanium, and zirconium were round t o  be qui.te res i s tan t ,  

-Lo a t t a c k .  The outs tanding corrosion r e s i s t ance  of' t i tanium and zirconium 

i s  shown i n  the  photomicrographs OP Fig. 14. It; i s  i.n order  t o  note t h a t  

i n  an e a r l i e r  stud.y i n  which i ro i l  capsules were used, beryll ium was r a t ed  

a s  havi-ng poor corrosion r e s i s t ance  t o  l i th ium.  This r e s u l t  i s  now known t o  

have been due t o  d i ss imi la r -meta l  mass t r a n s f e r  of t hese  riietals t o  t he  i r o n  

c o n t a i m r  walls. T'he r e s u l t s  of the  p re sen t  study, then,  serve t o  emphasize 

that; t he  two-component t e s t  technique provtdes a more accurate  eva lua t ion  

or t he  corrosion r e s i s t ance  of a ma te r i a l  t o  a l iquid.  metal  than does the  

three-component technique. 

44 

Although pu.re i r o n  genera l ly  has been Found t o  be qu i t e  r e s i s t a n t  to 

a t t a c k  by l i thium, i r o n  containing small  amounts of carbon o f t e n  is 

penctza.ted i.ntergraim1arl.y by l i t h ium i n  c e r t a i n  temperature ranges. T h i s  

i s  i l lustra-Led i n  F i g e  1.5 which shows tha-L Armco i r o n ,  containing 0.014 w t  $ 
carbon, i s  at tacked i n t e r g r a n u l a r l y  when t e s t e d  f o r  400 h r  at l5OO"F (816°C) 

J. E. Cimningham, ln t e r im  Report on the  Resistance of Metal l ic  
44 - 

Materials  i o  Corrosion Attack by -- H i g h  Temperature I _ - ~  Li thiutn, ORNL CF-51- (-135 
7g5l>. 
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TABU I11 

RESULTS OF LITHIUM CORROSION TESTS ON METALS I N  TWO-COMPONENT STATIC TEST SYSTEMS 

; 
Weight 

Lithium Change 

Metal OF O C  Hour in .  / in.  mg/in. Metallographic Observations 

Volume of 

2 3  
Temperature 

2 
Time 

Beryllium 

Beryllium 

Copper 
a 

Irona 

Iron 

Iron 

N i  c kela 

a Titanium 

Zirconium 

1500 

1832 

1500 

1500 

1500 

1832 

1500 

1500 

1500 

816 

1000 

816 

816 

816 

1000 

816 

816 

816 

100 

100 

100 

100 

400 

400 

100 

100 

100 

10 

10 

13 

13  

7 

7 
13 

13 

13 

+ 1.7 
+ 1.6 

-- 
0 

- 2.0 

- 1.9 
-- 

+ 2.5 

0 

2 mils of intergranular attack. 

3 mils of in t e rg ramla r  attack. 

Portions of 35-mil tube wall completely 
dissolved. 

No attack. 

Up t o  20 mils of very f a i n t  in te r -  
granular penetration. 

No attack. 

Portions of 35-mil tube wall completely 
dissolved. 

No attack. 

No attack. 

I w 
'p 

- 
c 

a Duplicate tests. 
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. 
I i I 

UNCLASSIFIED 
ORNL-LR-DWG 35563R 

Figure 14. Surfaces of Various Refractory Metals Following Ex- 
posure to Lithium. l e s t  Conditions: Static, 1500OF (816°C). 100 hr 
Specimens Shown in the Etched Condition. 



a A 

UNCLASS IFlED 

I, 

' /  

. .  

I 
I 

I 

Figure 15. Arrnco Iron Specimens Following Exposure to Lithium at the Indicated Temperatures. Test  Conditions: Static, 400 hr. 
Note the Faint  Intergranular Attack in (a) and the Lack  of any Attack in  (6). Etch: Nital .  Reduced 28%. 

.t :.. 
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but i s  not attacked when tes ted a t  1 8 3 2 " ~  (1000°C) f o r  a similar time 

period. 

a t  very h igh  magnification. 

Figure l5 (a )  shows the penetration observed i n  the grain boundaries 

This at tack i s  a t t r ibuted t o  a reaction of 

l i t h i u m  wi th  carbon i n  the grain boundaries, a phenomenon which i s  discussed 

l a t e r  i n  connection with the behavior of iron-base alloys i n  two-component 

systems and of mild s t ee l s  i n  three-component t e s t s .  

noted i n  which small par t ic les  of a hygroscopic material  containing lithium 

were found on the exter ior  surfaces of Armco i ron capsules tes ted a t  1500'F 

(816"~)  f o r  periods of 100 h r .  

associated with these capsule wall penetrations. 

Several cases have been 

A d i s t i nc t  acetylene (C2H2) odor was 

The iron-carbon phase diagram, a portion of which i s  shown i n  Fig. 16, 

indicates t h a t  a t  1832'F ( 1000°C) t h e  single homogeneous phase, austenite,  

i s  stable.  However, a t  1500°F (816"~)  the equilibrium phases are  f e r r i t e ,  

containing approximately O.OlO$ carbon, and a very small amount of austenite,  

containing approximately 0.3s carbon. 

carbon-rich austenite i s  i n  the f e r r i t e  grain boundaries. 

The most probable location of t h i s  

Several cases have been reported i n  the l i t e r a t u r e  45;46 of ~ m c o  i ron 

being attacked intergranularly a t  9OO'F (482°C) and 1200°F (650"~)  where 

ferri te and i ron carbide (Fe C) are  the equilibrium phases. If the carbide 

phase were present i n  the grain boundaries, where nucleation i s  easiest ,  it 

would afford a path whereby the l i t h i u m  could penetrate t h e  metal and would 

account f o r  these observations. 

3 

A.lloys. Nickel-, cobalt-, and iron-base alloys have been tes ted i n  

two-component s t a t i c  test systems. 

below: 

The resu l t s  of these t e s t s  are  discussed 

1. Nickel- and Cobalt-Base Alloys. The resu l t s  of tests on various 

nickel- and cobalt-base alloys are  l i s t e d  i n  Table N. 
chromium, iron, and molybdenum, improve the corrosion resistance of nickel. 

The alloying elements, 

. 

45G. DeVries, 0. F'fefferkorn and W. Wetmore, Naval Ordnance Test Station, 

46H. Webber, D. Goldstein and R. Fellinger, "Determination of the Thermal 

March, 1950, (unpublished data) 

Conductivity of Eilolten Lithium, " Trans .  ASME 77(2), 100 (February, 1955). - -a . 
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UNCLASSIFIED 
ORNL- LR-DWG 35564 

1200 

1100 

IOOC 
I 

0 

W 
LT 
3 
l- a 
LT 
W a 
5 
W 
F 

- 

9oc 

80C 

70 ( 
0 

AUSTENITE 

/ 
AUSTENITE __ 

AND 
GRAPHITE 

0.5 1.0 1.5 
CARBON CONTENT ( W t  70) 

2.0 

Figure  16. Temperature-Composit ion P l o t  of the Ferr i te-Austenite Equi l ibr ium in the Iron-Carbon 
Diagram. (From R.  P. Smith, .I. Am. Chem. SOC., 68, 1163) (1946). 



TABU IV 

RESULTS OF 100-Hr LITHIUM CORROSION TESTS ON NICKEL-BASE AND 

Surface Area/Volume of Lithium = 13 i~.~/iri.3 
COBALT-BASE ALLOYS IN TWO-COMPONENT STATIC TEST SYSTEMS 

Nominal Weight 
Composition Change 

Metallographic Observatiors Alloy Wt k mg/in. 2 

1500"~ (816"~) 
D-Ni c kela 

Duranickela 
Nichrome 9 

a Inc ofie 1 

a Imocel X 

Mone 1 
a 

Hastelloy R 

Hastelloy B 
Haynes Alloy 
25a 

1832'~ (iooooc) 
IGC one 1 

95Ni-b. 5Mn -- 

94Ni-b. 5Al -- 
80Ni-20Cr + 12.5 
80Ni -14C r-6Fe + 6.1 

73Ni-15Cr-TFe-2Ti + 17.5 
6 7Ni-30 Cu -- 

65Ni-lkCr-lOFe- 
~ M O  - 4.7 
64Ni-28Mo4Fe 0 

50Co-2OCr-15Mo- 
lONi - 1.5 

80Ni-14Cr-6Fe + 12 

Solution-type attack to depth of 2 mils. Mass transfer 
crystals OR tube and specimen. 
Complete intergranular penetration of 35-mil tube wall. 
1 rnil of intergramlar attack. 0.2 mil of crystals 
attached to specimen surface. 
1 rnil of intergranular attack and solution. Extremely 
hard crystals (0.5 rnil thick) attached to surface. 
1 mil of intergranular attack. Small crystals attached 
to surface. 
Portiom of 35-mil-thick tube wall completely dissolved. 
Copper-colored crystals (composition 95CugNi ) in lithium. 

Attacked to a depth of 0.25 mil. 
1 mil of attack in a few scattered areas. 

Intergranular attack to a maximum depth of 8 mils. 

Up to 4 mils scattered attack in the form of small 
subsurface voids. Specimen covered with O.25-mil layer 
of rickel crystals. 

~~ ~ 

a Duplicate tests. 

I 
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AddiLions of copper t o  n i c k e l  (Monel) and aluminum t o  n i c k e l  (Dursn icke l ) ,  

on - the o t h e r  hand, l e a d  t o  r a p i d  at t ,ac% by 1 i . th i .m.  

Many o f  tire n icke l -base  a l l o y  test specimens were covered wi-Lii small, 

well-bonded meta l  c r y s t a l s  which probably p r e c i p i t a t e d  Y r o m  t h e  1iyiii.d 

s o l u t i o n  dur ing  cooLiiig froiii t h e  t e s t  temperature .  

The one tes-tj on a cobal.t-base a l l o y  i n d i c a t e d  t h a t  i.ts co r ros ion  

r e s i s t a m e  was not  as good as  t h a t  of t h e  b e t t e r  nickel-base a l l o y s ,  such 

as L:ie I ias te l loys  and Inconel.  'This i s  bel.i.eved t o  be r l i x  t o  t h e  r e l a t i v e l y  

high carbon content; of t he  p a r t i c u l a r  cobal t -base  a l l o y  s tud ied .  

2. iron-Rase Alloys. 'The results of two-component ten-Ls  on t h i r t e e n  

d i f f e r e n t  conunereial iron-'oase a l l o y s  a r e  I.i.sted iii Tables V and V I .  Excep'i, 

f o r  t h e  1-03? pla in-carbon s t e e l  and Multirnet, the a l l o y s  s tud ied  'oelong t o  

.that. c l a s s i f i c a t i o n  OP ma-t,erials luiown as t h e  s t a i n l e s s  s t e e l s ,  with 

chromium and nickel. o r  chr0mi.m d o n e  a s  major a l loyi-ng elements .  For t h e  

icnos-i part,, t e s t s  were c a r r i e d  out  ai; 1500°F (81G"c) f o r  1.00 h r  (Table V )  and 

a t  1.832"~ (1000°C) f o r  400 h r  (Table VI). 

experimental resiil.tjs are trea-Led s e p a r a t e l y  i.n the fo l lowing  d i scuss ion .  

Four mair, f e a t u r e s  of -Lhe 

( a )  'The 3 5 - m i l  tu'oe wall. of t h z  p la in-carbon 1035 s t e e l  underwenl; 

'This complete intergrar i i i lar  p e n e t r a t i o n  a f t e r  100 h r  ai; 1500°F (816"~) 
r e s u l t  i s  c o n s i s t e n t  with t h a t  r epor t ed  i.il t h e  prev ious  s e c t t o n  For Armco ingo-i; 

i r o n  i.n which aus-ten.it,e contai-ni  ng approximately 0.3 w t  '$ carbon was p resen t  

as a second phase a t  1500°F (816°C). 

(h) Examinati.on of t h e  su r faces  of t h e  s ' k i n l e s s  s'zeel-s t e s t e d  f o r  

100 hr a t  1500°F (816°C) revea led  t h e  presence of carb ide  c r y s t a l s  i n  a l l  

b u t  two cases .  Ar i  example of t h i s  i s  shown i n  Fig.  17 Tor type 316 s t a i n l e s s  

steel. Crys ta l s  of t h i s  type have been d e t e c t e d  iii I-argcr amounts on type 

4-46 s-i;aiiiless s t e e l  i n  seesaw a.1i.d thermal. convect ion loop systeins and have 

beell i d e n t i f i e d  by x - ray  a imlys i s  3 s  t h e  chromium ca rb ide  ( C r  23C6 ) . 
t h e i r  e t ch ing  behavior ,  mi.crohardiwss , and shape were s i m i l a r  t o  those  of t he  

c r y s t a l s  forrned on t h e  type  446 a l l o y  i n  seesaw and loop  t e s t s ,  c r y s t a l s  

OF the type shown if? Fig.  17 an.d r epor t ed  i n  Table IV a r e  considered t o  be 

C r  C, ~ 1 . ~ 0 .  The carb ide  c r y s t a l s  a r e  be l ieved  t o  deposit dlJ.rlng cool lng  

f r o m  l 5 O O " F  (81.6"C) t;o room twnperature.  

Because 

2 3  n 



TABLE V 

- 
Hor::irid. Coriposltion Welght Cnange 

Metallographic Ob se rv8t i ons 
b Weight Per Ceat Tl1g/lYl. 2 Alloy 

1500°F (816"~) 
1035 S tee lC  

330 ss 

347 ssc 

446 SS 
IncoloyC 

N f i t  imet 

98Fe-O.35C 

53Fe-25Cr-20Ni-O.25C m 8 x .  

- 1  

0 
- 1  

- 1  

0 

+ l  

- 5  

0 

t - 3  
0 

C o q l e t e  in t e rg ranu la r  pene t r a t ion  of 35-mil 
tube wall 
No a t t ack .  Car-Dide c r y s t a l s  on surface.  
Sca t t e red  i n t e  r g r a r x l a r  pene t r a t ion  to maxi - 
n i m  de$ki of 1;. m i i s .  
surf ace. 
I n t e r g r a m l a r  pene t r a t ion  t o  clepth of 7 mils. 
Carbide c r y s t a l s  on surface.  
In t e rg ranu la r  pene t r a t ion  t o  depth of 0.5 

Eo a t t ack .  Carbide c r y s t a l s  on surface.  

Carbide c r y s t a l s  on 

ls . Csrbide crystals or; surface.  

Subsurface vo-ias t o  depth of 2 m i l s .  C s r -  
bide c r y s t a l s  on surface.  
No a t t ack .  

I n t e r g r a m h r  pene t r a t ion  t o  hepth of 10 r i l i l s  
I n t e rg ranu la r  pene t r a t ion  t o  depth of  1 :a i l*  
Carbide c r y s t a l s  on surface.  
No e t t a c k .  0 32Fe-21Cr-2OJXi-2CCo- 

0.12c ma. 
1700"~ (927"~) 

446 S S c  3 2 ~ e - 1 6 ~ ~ - 0 ,  35;c :#EX. - 12 In t e rg ranu la r  pene t r a t ion  -Lo depth of 35 ni ls .  

_, a surface %-ea / voiL,le .. .: oi li+;hi-,,vJ = 13 ~ f i . ~ / ~ n .  3 
- 

C D q l i c a t e  t e s t s .  
i) 
SS s tzLds  f o r  S t a i n l e s s  S t e e l .  



V 

RESULTS OF LI'lTXCUM CORROSION !t!ESZ3 ON IRON-BASE ALLOYS I N  TWO-COMPONENT 
STATIC TEST SYSTEMSa AT 1 8 3 2 " ~  (lOOO°C) 

c 
Weightc 

309 SS 62Fe-23Cr-13Ni-0.20C max. 
316 SS 67Fe-17Cr-12Ni-2M0-0.10C max. 
316 SS 67Fe-17Cr-12Ni-2Mo-O.lOC max. 
316 SS 67Fe-17Cr-12Ni-2Mo-O.lOC max. 

400 - 2 
100 - 3 
400 - 4 
400 -0 

347 SS 69Fe-18Cr-lONi-lCb-O.08C max. 400 -- 
430 SS 82Fe-16Cr-0.12C m a ~ .  400 -- 

Time Change 
2 Metallographic Observations 

Nominal Coqosition 
Alloy Weight Per Cent Hour mg/in. 

304 SS 6gFe-l9Cr-lONi-O.O8C max.  400 - 12 Intergranular penetration t o  depth of 2 mils. 

304L SS 69Fe-19Cr-lONi-0.03C max. 400 -- Intergranular penetration t o  depth of 2 mils. 
Ferr i te  formation. 

Fer r i te  formation. Crystal p l a t e l e t s  on 
specimen surface. 
No attack. 
Intergranular penetration t o  depth of 2 mils. 
Intergranular penetration t o  depth of 3 mils. 
Intergranular penetration t o  depth of 2 mils. 
Ferr i te  formation. C r y s t a l  p l a t e l e t s  on 
specimen surf ace. 
Intergranular penetration t o  depth of 10 
mils on one end of specimen. 
p l a t e l e t s  on specimen surf ace . 
Intergranular penetration t o  depth of 7 
mils. 

A f e w  carbide crystals  on surface. 

Many crystal  

C r y s t a l  p la te le t s  on specimen surface. 

a 2 3  Surface area/volume of lithium = 13 in. /in. 

b~~ stands for Stainless Steel.  

Specimens covered with m a s s  t ransfer  crystals  w e r e  not weighed a f t e r  t e s t .  C 
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Figure 17. Type 316 Stainless Steel Specimen Following Exposure to Lithium. Test Conditions: 
Etched with Glyceria Regia. Static, lSOO°F (816"c), 100 Hours. 

1ooox. 
Note Carbide Crystals on Surface. 
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( e )  Massive deposits of t h in  metallic c rys ta l  p la te le t s  of the type 

shown i n  Fig. 18 were observed on four of the s ta inless  s tee ls  tes ted a t  

1832O~ ( 1000°C). 
thick and up t o  1/16 in. i n  length. 

was found t o  be essent ia l ly  the same as the base a l loy  upon which deposition 

occurred. 

an unpolished, unetched crys ta l  p l a t e l e t  i n  Fig. 18 suggests t ha t  growth of 

the p la te le t s  was primarily i n  directions pa ra l l e l  t o  (111) planes. 

Many of the s ta in less  steel specimens l i s t e d  i n  Tables I V  

These diamond-shaped crystals  were approximately 2-mils 

The chemical composition of the p la te le t s  

The three-fold cubic symmetry displayed i n  the 

(d) 

granular penetration by lithium. This type of a t tack i s  

i l l u s t r a t ed  i n  Fig. 19. The penetration of the grain bo 

was often d i f f i c u l t  t o  establish i n  specimens i n  the etched condition. 

However, when specimens i n  the as-polished condition were allowed t o  stand 

i n  a i r  for several days, staining was observed along the boundaries i n  which 

lithium was present [see Fig. l g ( a )  1. 
Fig. lg(b) are representative of grain boundaries w 

which were heavily attacked by the etchant. 

penetration by lithium was at t r ibuted t o  interaction between impurities i n  

the l i t h i a  and grain-boundary carbides i n  the s tee l .  

ries by l i t h i a  

The thick grain boundaries i n  

ch comtined lithium and 

This e r r a t i c  intergranular 

Additional s t a t i c  t e s t s  were conducted on two types of s ta in less  s t e e l  

In  order t o  elucidate two of the observations c i ted  above; namelyjthe metallic 

c rys ta l  deposition and intergranular penetration by l i t h i m .  

To investigate the metallic c rys ta l  deposition, two type 446 s ta in less  

The capsules s t e e l  s t a t i c  capsule t e s t s  were conducted a t  1900°F (1038”~). 
are shown schematically i n  Fig. 20. 

determine whether the metall ic c rys ta l  deposition noted i n  s t a t i c  t e s t s  

occurred during the t e s t  o r  during cooling of the test capsule to room 

temperature. 

The purpose of these t e s t s  was t o  

After 100 hr, Capsule A, shown i n  Fig. x), vas inverted and allowed t o  

Metallic crystals  were found i n  the region which had been the cool i n  a i r .  

vapor zone of the capsule during the t e s t .  

specimen o r  the bath zone walls of the capsule. 

No crystals  were found on the  

Capsule B was allowed t o  cool slowly i n  the test  furnace a t  the 

completion of the t e s t .  

were covered with hollow hex 

The specimen and the bath zone walls of the capsule 

rial “pipe-like” crystals  The specimen is 
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UNCLASSIFIED 
ORNL - LR- DWG 35874 

Figure 18. Fe-Ni-Cr Crystals Deposited on a 316 
Stainless Steel Specimen During a Static Test in 
Molten Lithium (316 Stainless Steel Container) 
Held at l 8 3 P F  (1000%) for 400 hr. Reduced 15%. 

T 

. 

SURFACE OF DEPOSITLU Fe-Ni- Cr CRYSTAL INDICATED ABOVE 

BRIGHT FIELD ILLUMINATED UNETCHED MAGNIFICATION 375X 
UNPOLISHED 
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47 shown a t  low magnification i n  Fig. 21(a). 

and a cross sectional v i e w  of one of the deposited crystals  i s  shown i n  

Fig. 21(b). 

18 w t  $ chromium which indicated a s l i gh t  preferent ia l  enrichment i n  i ron 

content; since. the before-test analysis of the capsule was 73 w t  $ iron- 

27 wt, $ chromium. 

The surface of the specimen 

The crystals  were analyzed and found t o  contain 80 w t  $i iron- 

An approximate value f o r  the so lubi l i ty  of i ron plus chromium i n  lithium 

a t  1900°F (1038°C) was calculated t o  be 2.7 w t  $ from the specimen weight 

loss  of 36 mg/in.2 i n  Capsule A. 
assumptions tha t  (a )  a l l  c rys ta l  deposition occurred on cooling, as indicated 

by the resu l t s  on Capsule A, and (b) the dissolution of the specimen and 

capsule wall was f a i r l y  uniform as indicated by the c rys ta l  analysis. 

order t o  note tha t  other investigators 48J49 who have observed t h i s  phenomenon 

have at t r ibuted it simply t o  the reaction of lithium with grain-boundary 

carbides. 

This calculation was based on the  

In connection with the intergranular penetration by lithium, it Is i n  

I n  the  present study, however, grain-boundary penetrations 

associated with tests i n  which the nitrogen content of the l i t h i u m  was 

abnormally high. 

metal, a systematic investigation was 

lithium n i t r ide  additions on the corrosiveness of lithium toward tyge 316 

stainless s tee l .  

Since nitrogen i s  one of the major contaminants i n  l i t h i u m  

ertaken t o  determine the e f fec t  of 

The results of these tests are given i n  Table VII. In  nearly a l l  tests 

the capsule walls suffered complete grain-boundary penetration by l i t h i u m  

even f o r  re la t ive ly  small l i t h i u m  n i t r ide  additions. The appearance of the 

47Specimen was nickel plated following tes t  t o  preserve edge during 
metallographic polishing. 

48 W. Wilkinson and F. Yaggee, 
p. 32 (October 13, 1950). 

49R. Anderson and H. Stephan, 
Lithium, NEPA-1652, p. 17 (August, 

Attack - on Metals b2  Uthium, 

Report on Materials 

ANL-4990, 

Tested i n  - 
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TABU V I 1  

t 

EFFECT OF ADDITIONS OF LITHIUM NITRIDE' TO L I T H I ~  ON THE CORROSION 

2 3  
RESISWCE OF TYPE 316 STAINLEES STEEL 

TEST CONDITIONS: 100 hour; Surface Area/Volume = 1 3  i n .  /in. 

Li thium N i t  r ide Weight 
Test Temperature - Addition t o  Lithium Change 
No. OF "C Weight Per Cent mg/in. Metallographic Observations 

1 1500 816 
2 1500 816 

3 1500 816 

4 1600 871 

5 1600 871 

6 1600 871 

0.5 
1.0 

2.0 

0.1 

0.25 

1.0 

+ 2.4 
- 12.3 

- 1.0 

0 

4.0 

- 14.8 

8 mils of intergranular attack. 
35-mil tube wall completely 
i n t  e rgranula r l y  . 
35-mil tube wall completely 
intergranularly.  
35-mil tube wall completely 
intergranularly . 
35-mil tube wall completely 
intergranularly. 
35-mil tube wall completely 
intergranularly. 

penetrated 

penetrated 

penetrated 

penetrated 

penetrated 

a 

bNitrogen content of lithium pr ior  t o  addition of lithium ni t r ide:  

Lithium ni t r ide  analysis: 58.4 Li - 37.1 N2 - 1 . 5  CO (weight per cent) .  
3 

0.05 weight per cent. 

I 
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capsule walls following tests i s  i l l u s t r a t ed  i n  Fig. 22. 

are shown i n  three metallographic conditions: (a )  as polished, (b)  as  polished 

and allowed Lo s t a in  i n  a i r  two days, and ( c )  as etched. 

were found t o  be basic when tes ted with litmus paper indicating tha t  staining 

was due t o  the  formation of lithium hydroxide by reaction of lithium, o r  a 

conrpound containing l i t h i u m ,  with moisture i n  the atmosphere. It i s  t,o be 

noted tha t  the penetration of grain boundaries by lithium i s  d i f f i c u l t  t o  

by examination of specimens i n  the etched condition only. 

the f a c t  t ha t  some  investigator^^^ have not reported grain-boundary 

penetrations. 

The capsule walls 

The stained areas 

This may account for 

The nature of t h i s  intergranular attack and i t s  re la t ion t o  the lithium 

n i t r ide  contamination i n  the lithium i s  not understood. 

might be the formation of the double ni t r ide,  Li N:FeN, which has been 

described by Frankenburger e t  al.,  51 as a s a l t  with a def ini te  melting point. 

I n  any event it i s  f e l t  t ha t  the nitrogen concentration of the lithium has a 

def in i te  e f fec t  because grain-boundary penetration of austeni t ic  s ta inless  

s t ee l s  by lithium (a )  has been observed i n  only a f e w  cases (and then t o  depths 

of l ess  than 10 mils) i n  st,andard tests with no n i t r ide  addition, and (b)  has 

been observed consistently i n  those tests t o  which n i t r ide  additions have been 

made. 

One possible reaction 

3 

&chanical property studies on exposed type 316 s ta inless  s t e e l  have 

conf'irmed the detrimental e f fec ts  of nitrogen contamination i n  lithium. 

studies are  described i n  Appendix 11. 

Three-Component S ta t i c  Test Results 

These 

Metals. The following metals were tes ted i n  three-component s t a t i c  

systems: beryllium, chromium, cobalt, nickel, rhenium, tungsten, y t t r i u m ,  

and zirconium. The results are l i s t e d  i n  Table VIII. 

Beryllium was observed t o  suffer  considerable attack under the conditions 

of these experiments, especially a t  1832'F (lOOO°C). 

capsule on the corrosion resistance of beryllium is  i l l u s t r a t ed  i n  Fig. 23. 

The specimen tes ted i n  an iron container was attacked uniformly t o  a depth of 

The ef fec t  of the iron 

5oJ= McJSke, Effect - of Nitrogen on - Corrosion 2 Lithium, NDA-40, p. 10 
(June 14, 1957). 

?l"W. Frankenburger, L. Andrussow and I?. Dum,  "A Mew Complex Compound 
of Lithium, Iron and Nitrogen, " Zeitschrif t  f u r  - Elektrocheme &(9),  632-637 
(1928 1 



(a) AS POLISHED 

-0.005 in.- , 

(b) AS POLISHED AND ALLOWED 
TO STAIN IN AIR FOR TWO DAYS 

UNC LA SSlFlED 
ORNL-LR- DWG 35566 

(c) AS ETCHED (GLYCERIA REGIA) 

+ 0,005 m.- lc 0.005 in.+ 

Figure 22. Effect of Additions of Lithium Nitride to Lithium on the Corrosion Resistance of Type 316 Stainless Steel. Test Condi< 
tions: 100 hr-15000F (816°C) (Arrows Indicate Identical Areas in Photomicrographs.) 

I 

Y 
I 



TABLE Vlll  

RESULTS OF LITHIUM CORROSION TESTS ON METALS IN THREE-COMPONENT STATIC TEST SYSTEMS 

Metal Temperature Time 

OF OC Hours Specimen Container 
AS* A S *  Weiaht 
A V Chanai 

- - - -  .. - 
-3 . .  

i n. 2 i i  n. 2 i n.2/i n. 3 mg /i n ,2 
Metal logrophic Observotions 

Beryllium Armco Iron 1500 (816) 100 0.3 1.7 -25 

Beryllium Armco Iron 1832 (1000) 100 

Chromium Armco Iron 1500 (816) 

Cobalt 

Nickel 

Columbium 1500 (816) 

Columbium 1500 (816) 

Rhenium Columbium 1500 (816) 

Yttrium Columbium 1500 (816) 

Zirconium Armco Iron 932 (500) 

Zirconium Armco Iron 1112 (600) 

Zirconium Armco Iron 1292 (700) 

Zirconium Armco Iron 1472 (800) 

100 

100 

100 

100 

100 

0.3 

0.1 

0.1 

0.1 

0.1 

0.1 

100 0.2 

100 0.2 

100 0.2 

100 0.2 

1.7 

0.6 

0.4 

0.4 

-422 

-162 

-94 

-2427 

0.8 +0.7 

1.2 -100 

1.0 

1.0 

1.0 

1 .o 

+2.2 

+5.8 

+ 1.7 

-453 

4 m i l s  of intergranulor attock and void formation; 
2 mi ls  of alloying of beryllium with iron con- 
toiner wall. 

9 m i l s  of solution ottock plus 5 m i l s  of groin- 
boundary attack and void formotion; 15 m i l s  of 
alloying of beryllium with iron container wall. 

1 m i l  of uniform solution; 3 m i l s  of chromium 
diffusion into iron container wall. 

0.5 m i l  of uniform solution. 

20 mi ls of uniform solution ottack plus an oddi- 
tional 15 m i l s  of intergranular attack. 

No attack 

2 mi ls of solution attack in some areas; 2 m i l s  

of grain-boundary attack. Yttrium crystals 
found on columbium wall. 

No attack. 

No attack. 

No ottack; 0.2 m i l s  of ZrN on surface. 

14 mi ls  of uniform solution; 100 m i l s  of iron 
capsule wal l  removed at bath level; opproxi- 
motely 2 grams of moss transfer crystals con- 
taining zirconium and iron. 

*As and Ac ore surface areas of specimen and contoiner wal l  exposed to  lithium, respectively; V = volume of lithium. 
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-60 - 
nine mils as a r e su l t  of mass t ransfer  t o  the iron. A similar specimen 

tes ted i n  a beryllium contqiner, howe 

change. 

container i s  i l l u s t r a t ed  i n  Fig. 24 a t  two different  magnifications. 

phase Be2Fe was ident i f ied by x-ray analysis. 

Chromium tested i n  an i ron container was attacked uniformly t o  a depth 

of only one m i l .  

by spectrographic analysis. 

no s ignif icant  weight 

The alloying which occurred a t  the inner surface of the i ron 

The 

Chromium was detected on the surface of the i ron container 

Corroded surfaces of cobalt and nickel specimens, tes ted i n  a 

columbium container, are shown i n  the photomicrographs of Fig. 25. Nickel 

exhibited extensive dissolution and was attacked both intergranularly and 

along cer ta in  crystallographic planes, while cobalt underwent only minor 

solution attack. 

Rhenium tested i n  a columbium capsule showed excellent corrosion 

resistance. The metallographic appearance of rhenium following tes t  i s  

i l l u s t r a t ed  i n  Fig. 26. 

Y t t r i u m ,  tes ted i n  a columbium container, however, exhibited both 

intergranular and solution at tack as shown i n  Fig. 27. Y t t r i u m  crystals  

were deposited on the container wall although no alloying of yttrium with the 

columbium could be detected. 

Very l i t t l e  at tack or  ght change was observed on zirconium specimens 

!, tes ted i n  iron containers i n  the temperature range 932 t o  l29z0F (500 t o  700°C). 

A t  1472OF (8OO"C), however, both the specimen and the capsule underwent very 

severe solution at tack and, as shown i n  Fig. 28, massive quantit ies of i ion-  

rich,  iron-zirconium crystals  i n  the form of hexagonal-shaped pipes were 

deposited on the capsule wall. 

Alloys. Alloys based on nickel, cobalt, iron, zirconium, s i lver ,  gold, 

and palladium were tes ted  i n  three-component s t a t i c  systems. 

1. Nickel- and Cobalt-Base Alloys. The resu l t s  of t e s t s  on hard-facing 

Except f o r  the two alloys based on nickel and cobalt are  listed i n  Table IX. 
cases indicated i n  the table,  test  specimens were taken from. "hard-faced" 

type 347 s ta in less  steel plate,  upon which the a l loy  under consideration had 

been deposited, and were tes ted i n  type 347 s ta in less  s t e e l  containers. Unit 

w e i g h t  changes these specime e computed using the exposed area of the 

deposited a l loy  only, type 347 s ss steel bei l a t ive ly  inert to 
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Figure 25. Cobalt and Nickel Following Exposure to Lithium. Test Conditions: Static, lSOO°F 
(816"c), 100 Hours. Etchant; KCN, H,02 (90-10 Volume Per Cent). SOX. Reduced 6%. . 
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( 0 )  BRIGHT FIELD ( b )  POLARIZED LIGHT 

Figure 26. Rhenium Fallowing Exposure to Lithium. Test Conditionr: Static, 1500OF (816"c), 100 Hours. Cathodic Etch. w)X.  
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TABLE I X  

RESULTS OF LITHIUM CORROSION TESTS ON NICKEL-BASE AND COBALT-BASE ALLOYS IN 
THREE-COMPONENT STATIC TEST SYSTEMS 

TEST CONDITIONS: 150OoF (816OC) - 100 HOURS 

- AS* - A** Weight 

in.2jin.2 in.2/in.3 mg/in.2 

Nominal Compos ition 
Changea Metallographic Observations Alloy Weight Per Cent Contoiner A V 

Hastelloy Db 

Stell ite No. 41b 

Stell i te No. 40b 

Hastelloy Bb 

Hastelloy Cb 

Stell ite No. gb 

Stell i te NO. 21b 

Stell i te (Heat B) 

Stell i te (Heat C) 

Stell i te NO. 1 2 ~  

Stell i te NO. 1‘ 

Stellite No. 2Sb 

82Ni-9Si-3Cu-2Fe-0.12C 

76Ni-12Cr-SFe-4Si-0.42C 

73N i- 13Cr-5Fe-4Si-36- 
0.42C 

61 Ni -28Mo-5Fe-3Co-0.05C 

S2Ni -17Mo-16Cr-SFe-4W- 
0.15C 

64Co-27Cr-4W-2Fe- 1 C 

62Co-27Cr-5Ma-2Fe-0.3C 

58Co-35Cr-SW- 1C 

56Co-28Cr- 12Mo-3Ni-0.3C 

56Co-29Cr-8W-2Fe-1.4C 

50Co-30Cr- 12W-3Fe-2.5C 

50Co-20Cr- 15W- 1 ONi -0.15C 

347 SSE 

347 ss 

347 ss 

347 ss 

347 ss 

347 ss 

347 ss 

Armco Iron 

Armco Iron 

347 ss 

347 ss 

347 ss 

0.07 

0.07 

0.07 

0.07 

0.07 

0.07 

0.07 

0.25 

0.25 

0.07 

0.07 

0.07 

0.3 -129 

0.3 -577 

0.3 -655 

0.3 

0.3 

0.3 

0.3 

1.4 

1.4 

0.3 

0.3 

0.3 

-85 

-108 

-36 

- 28 

-46 

-69 

-26 

-32 

-3 1 

4 to  6 mi ls  subsurface voids. 

10 to 15 mi ls  subsurface voids. 

10 mi ls subsurface voids. 

5 mils subsurfoce voids. 

4 to 8 mils subsurfoce voids. 

4 to 6 mils subsurface voids. 

1 mil subsurface voids. 

3 mils small subsurfocs voids. 

3 mils large subsurface voids. 

0.5 mils attack on carbide network. 

1 m i l  attack on carbide network. 

2 mils solution-type attack plus 
4 m i l s  intergranular penetration. 

*As and A, are surface areas of specimen and container walls exposed to lithium, respectively; V =volume of lithium. 
‘Weight changes based on surface areas of test alloys only. 

bThese alloys tested as deposited on 0.25 inch type 347 stainless steel plate. 
‘SS stands for stainless steel. 
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l i t h i u m  under the conditions of the  tes t s .  The results showed t h a t  w h i l e  

the cobalt-base alloys suffered much less weight loss  and at tack than did the 

nickel-base alloys, none of the hard-facing alloys studied are suf f ic ien t ly  

corrosion res i s tan t  t o  be recommended f o r  use i n  systems containing molten 

lithium a t  1500°F (816°C). 
nickel-base alloys are apparent. 

The detrimental effects  of s i l i con  and boron i n  

Tests were a l so  conducted on a series of nickel-base brazing alloys. 

Ty-pe 316 s ta in less  s t e e l  s t r i p s  were brazed together i n  the form of T-joints, 

as i l l u s t r a t ed  i n  Fig. 29, using the following brazing alloys: 

Naapinal Conpsition 
(w.t e)  

a. 90 Ni-10 P 

b. 80 Ni-10 Cplo P 
C. 80 N i - 6  Fe-5 C r +  Si-3 B-1 C 
a. 73.5 ~i-16.5 c ~ i o  si 
e. 

f .  

g. 69 Ni-QO Cr-10 Si  

71 ~i-16.5 Cr-10 Si+.5 &tn 

70 Ni-14 Cr-6 Fe+ B-4 Si-1 C 

Specimens cut from these assemblies were tested i n  a capsule of the type 

shown i n  Mg. 6(a). 

35 mils or more and therefore would not be sat isfactory f o r  use i n  systems 

AU. of the brazing alloys were attacked t o  depths of 

exposed t o  molten l i t h i u m .  

The e f fec t  of the  base material on the corrosion resistance of a brazing 

al loy i s  i l l u s t r a t ed  i n  Fig. 30, which shows tha t  a nickel-base brazing alloy, 

known commercially as Nicrobraz, exhibited better corrosion resistance when 

applied t o  nickel-rich Inconel than when applied t o  a s ta inless  steel 

containing about 9$ nickel by weight. It appears that when the s ta inless  

s t e e l  was used as the base metal most of the nickel required t o  saturate the 

l i t h i u m  was supplied by the brazing alloy, which accordingly underwent 

extensive attack. 

0.3 w t  $ a t  1292@F (700°C) .52 

The so lubi l i ty  of nickel i n  l i t h i u m  i s  approximately 

52K. &. Bagley and K. R. Montgomery, - The Solubi l i ty  of Nickel i n  L i t h i u m  
United Kingdom Atomic Energy Authority, Industr ia l  Group Report N o . I G V ’  
250 (September 30, 1955). 
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4 

Figure 29. Type 316 Stainless Steel Brazed T-Joint Prepared by Placing a Controlled Quantity 
Brazing Alloy at One End and Heating to the Flow Point in a Dry-Hydrogen Atmosphere. 

f 
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2. Iron-Base Alloys. Three-component s t a t i c  t e s t s  were performed on 

the following iron-base alloys: 1035 s tee l ,  an experimental brazing alloy, 

Alfenol (84 ~e-16 Al), Amco iron containers 

were used f o r  a l l  specimens with the exception of the brazing alloy, which 

was tes ted i n  type 347 s ta inless  s teel .  

i n  Table X. 

type 316 s ta inless  s tee l .  

The resu l t s  of these tests are  given 

The plain-carbon 1035 s t e e l  specimen exhibited very poor corrosion 
53 resistance, a resu l t  which is  i n  agreement with tha t  of an e a r l i e r  study 

on mild s t e e l  i n  Armco i ron containers and with the two-component data 

presented i n  Table V of t h i s  report. The reduction by lithiutu of i ron 

carbide was found t o  be primarily responsible f o r  the poor corrosion 

resistance of the 1035 s tee l .  Attack was observed t o  proceed along channels 

i n  grain boundaries, as shown i n  Fig. 31, and no pear l i te  was v is ib le  i n  the 

microstructure of corroded specimens. The dark areas i n  the structure shown 

i n  Fig. 3 lwere  f i l l e d  with a material which could not be preserved during 

metallographic preparation. The 1035 s tee l ,  which a f t e r  slow cooling from 

1500°F (816"~) normally contains about 45$ pear l i te ,  was converted t o  a low 

carbon iron. Gas evolved by specimens immersed i n  

was analyzed by gas chromotographic techniques and 

(C2H2) and hydrogen, the l a t t e r  being a product of 

Acetylene i s  believed t o  have been produced by the 
54 reaction: 

U 2 C 2  + 2 €$O = 2 U O H  + C2H2. 

water a f t e r  dry polishing 

found t o  contain acetylene 

the lithium-water reaction. 

following endothermic 

Penetration of the grain boundaries during the ear ly  stages of the t e s t  

apparently res t r ic ted  grain growth near the surface and led t o  a duplex 

grain structure. 

from the 1035 s t e e l  specimens are l i s t e d  i n  Table X I .  

a ten-mil layer of the i ron capsule increased from 0.010 t o  0.024 w t  5 during 

the t e s t ,  indicating tha t  the i ron capsule wall acted as a sink f o r  a large 

portion of the carbon removed from the s t e e l  specimen. 

"he resu l t s  of chemical analyses of successive cuts machined 

The carbon content of 

53J. E. Cunningham, Interim Report on the Resistance of E t a l l i c  
Materials t o  Corrosion Attack by High Temperature Lithium, ORNL CF-51-7-13, 
PP* 1, 54 T - d Y  23, 1951). 

54M. Gunty, "Sur l a  Chaleur de Formation du Carbure de Uthium," 
Comptes Rendus -' 126 1866 (June 27, 1898). - 

L 
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TABLE X 
RESULTS OF LITHIUM CORROSION TESTS ON IRON-BASE ALLOYS IN THREE-COMPONENT STATIC TEST SYSTEMS 

r 

Alloy 
Nominal Composition 

Weight Per Cent Container 
- As * - A** Weight 
Ac V Change Metal lographic Observations 

in.’/in.’ in.’/in.’ mg/in.’ 

15OO0F (816OC) - 100 Hours 

1035 Steel 99Fe-0.35C Armco Iron 0.3 2.0 -4.5 Complete penetration of 0.25-inch 
thick specimen by lithium. Ex- 
tensive decarburization through- 
out steel specimen. 

CM-H- 1 762’’ 

Alfenol 

86Fe-SSi-SCu-4B 

84Fe-16AI 

1832OF ( loOa°C) - 100 Hours 

Type 316 SS 67Fe- 17Cr- l2N i  -2Mo 

183pF ( 1000°C) -400 Hours 

Type 316 SS 67Fe-17Ci-12Ni-2Mo 

Type 347 SSb 0.03 

Armco Iron 

0.2 

0.1 0.5 

Armco Iron 0.3 

Armco Iron 0.3 

1 .o 

1.0 

- 10 

-250 

- 15 

-94 

3 mils of subsurface voids in 

braze. 

Complete intergranular penetra- 

tion of 0.25-inch thick speci- 
men; specimen separated into 
individual grains following test. 

5 mils of intergranular attack; 
slight amuunt of austenite 
transformed to ferrite. 

18 mils of heavy intergranular 
attack; some austenite trans- 
formed to ferrite. 

*As and Ac are surface areas of specimen and container walls exposed to lithium, respectively; V = volume of lithium. 
‘Coast Metals Experimental Brazing Alloy applied to  type 347 stainless steel T-joint. 
b~~ stands tor s ta~n~oss  st.01. 
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, 

TABU3 XI 

6 

c 

CARBON AM) LITHIUM C O N " 2  OF TURNINGS MACHINED FROM A 1035 STEELa 

1500°F (816OC) I N  AN ABhEO IRON CONTAINER 
SPECIMEN FOILWING EXPOSURE TO IZTHIuM FOR 100 HR AT 

b c a t i o n  of Turnings 
(mils 1 

wt 
CarbonD Li th ium 

o ( surface )-lo 

10420 

20-30 

30450 

6 0 9 0  

90-120 (center) 

0.057 

0 059 

0 . 072 
0.061 

0.078 

0.054 

0.34 

0.42 

0.42 

_ .  .~ 

Carbon content pr ior  t o  exposure, 0.35 w t  $. a 

bSome carbon l o s t  from turnings due t o  evolution of acetylene (C2H2) 
while samples were being machined. 

Not enough sample for l i thium determination. C 

. 
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A,n iron-base brazing alloy, CM-H-1762 (86 F e 3  Si+ CuA B), applied to 

type 347 stainless steel exhibited fair corrosion resistance to lithium, even 
though this alloy contained alloying additions of copper and silicon, both of 

which are appreciably soluble in lithium. 

Alfenol (84 ~e-16 Al) suffered complete intergranular attack and a very 
large weight loss. The heavy grain-boundary attack, shown in Fig. 32, was 

probably due to the high solubility55 of aluminum in lithium. 

of the Alfenol specimen following test is illustrated in Fig. 32. 

The appearance 

Austenitic stainless steel specimens were observed, in a previous study, 

to suffer extensive grain-boundary attack to depths of 16 mils when tested 
at 1-832~~ (lOOO°C) in Amco iron capsules. 56 
gation, when a type 316 stainless steel capsule was substituted for the Armco 
iron capsule, much less attack occurred on the stainless steel specimen 

(see Fig. 33). 
phenomenon in a more quantitative fashion, the two tests listed at the bottom 

of Table X were conducted. 

However, in the present investi- 

In order to study this dissimilar-metal mass transfer 

The test capsule assembly and photomicrographs of the specimens from the 

The extensive transformation of austenite t o  two tests are shown in Fig. 34. 
ferrite, especially in the 400-hr test, is quite apparent. The ferritic phase 

was identified by x-ray analysis of the surface and by use of the magnetic- 
etch technique. 57,58 

The chemical analysis data obtained on five successive ten-mil cuts from 

the surface of the 400-hr test specimen illustrated in Fig. 34 are plotted in 
Fig. 35. The selective leaching of chromium from the surface of the stainless 

steel is quite apparent. The nickel composition appears to have remained 

55M. Hansen, Constitution of Binary Alloys, McGraw-Ell Book Co., p. 104 - 
(1958). 

56J. E. Cunningham, Interim Report on the Resistance of Metallic Materials -- 
to Corrosion Attack by High Temperature Lithium, ORNL CF-51-7-135, p. 12 
7=Y 23, 1951). 

57R. J. Gray, R. Crouse and T. K. Roche, Metallur 

58€€. Avery, V. Homerberg and E. Cook, "Metallographic Identification of 

Division - mar. Prog. 
Rep., ORNL-1302, pp. 105-107 (September 2, 195/ 

Ferromagnetic Phases," Metals and Alloys -3 10 353 (1939). - - 
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ORNL-LR-DWG 34659 

13.4 

s?5- 

80 

c 

Cr 

16.6 

11.9 12.0 

rn 
0 

0 - 0 
11.6 

Ni 

70 

20 

io 

0 

74.0 
\ A 

4 1.1 

5 8.7 

CUT NO.! 

0 

4 

3 
40 20 30 40 

DISTANCE FROM SURFACE (mils) 
50 

9 

8 

7 
0 
a l- 
LL 

0 to 20 30 40 
DISTANCE FROM SURFACE (mils) 

50 

Figure 35. Chemical Compositions of Turnings Machined in 10-mil Increments from the Surface of a Type 316 Stainless Steel Speci- 
men Following Exposure to Lithium. Test Conditionr: Static, Armco Iron Capsule, 1832OF (lOOO"C), 400 Hours. 
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essentially constant. 

is evident in the plot of weight per cent ratios of iron/chromium and iron/ 

nickel in various cuts shown in Fig. 35, and is responsible for the martensiti- 
cally formed ferrite at the surface, shown in fig. 34. 

59 the M temperature of Using the empirical formula of Monkman et al., 

the first cut was calculated to be approximately 245°F (118"~) as compared to a 
M value of approximately -370°F (-223°C) for the fifth cut. Changes in the 

carbon, nitrogen, manganese, and silicon content of the first cut were found 

to have only a minor effect on the Ms temperature when compared to the effect of 

The preferential leaching of both chromium and nickel 

S 

S 

the reduced chromium and nickel content. 

Chemical analysis of the h c o  iron capsule wall revealed an increase in 

both the chromium and nickel composition as a result of dissimilar-metal mass 

transfer from the stainless steel specimen. 

3. Precious Metal-Base Alloys. The following precious metal-base brazing 

alloys were tested in three-component systems: 

Nominal Composition 
wt 5 

a. 75 Ag420 P d 3  Ivfn 

b. 64 Ag-33 Pa-3 Mn 
C. 90 Au-10 (=u 

d. 82 AU-18 Ni 
e. 60 Pd-40 Ni 
f. 60 Pd-37 Ni-3 Si 

The braze alloys were tested in the fora of T-joint specimens as previously 

illustrated (Fig. 29) with tyye 316 stainless steel as the base'material. 
In  every case the alloys were attacked across the entire thickness (0.040 in.) 

of the brazed T-joint. 
60 These results agree with the findings of past investigators and indicate 

that the precious metal-base alloys should not be considered for use in 

systems containing molten lithium. 

59F. Monkman, F. Cuff, Jr. and N. Grant, "Computation of Ms for 
Stainless Steels," &tal - Progr. g ( k ) ,  95 (April, 1957). 

I _  

'OR. Lyon, Liquid-Metals NAVEXOS P-733 (Revised) Atomic Energy 
Commission and Department of the Navy, p. 161 (1952). . 

L 
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Ceramics. A limited number of corrosion tes t s61  i n  l iquid l i t h i u m  

demonstrated tha t  the common ceramics, glasses and glass-bonded ceramics, 

were heavily attacked. An e f fo r t  was made, therefore, t o  use very pure, 

crystal l ine ceramics f o r  the present study u t i l i z ing  h c o  i ron as the 

container material. 

Metallographic examination of the specimens was considered the most 

important basis f o r  evaluating the corrosion resistance. 

nature of many ceramics, weight change data were usually d i f f i c u l t  t o  

interpret .  

Due t o  the porous 

62 
The resu l t s  of tests on various ceramic materials are l i s t e d  i n  Fig. 36. 

I n  the t e s t s  on single c rys t a l  specimens of MgO, A1 0 and Mg A1204, the 

r a t i o  of the surface areas of specimen-to-container was 0.03 in.2/in.2, w h i l e  
2 3  the r a t io  of specimen surface area-to-volume of lithium was 0.7 in .  /in. . 

2 2  
I n  the t e s t s  on other ceramics i n  lithium, the r a t i o  values were 0.09 in .  /in. 

and 0.09 in .  /in. . Results obtained on similar t e s t s  i n  sodium and lead are 

included i n  Fig. 36, since it i s  f e l t  t ha t  only by such a comparison can the 

re la t ive  corrosiveness of' lithium be appreciated. 

2 3' 

2 3  

O f  the ceramics tes ted i n  lithium, carbides of titanium, zirconium, and 

chromium were the only materials t o  withstand attack. The edges of titanium 

carbide specimens before and a f t e r  exposure t o  lithium are  shown i n  Fig. 37, 
, indicating no change as a r e su l t  of the exposure t o  lithium. 

'are voids and i l l u s t r a t e  the porous nature of the material. 

The dark areas 

Severe at tack on the n i t r ides ,  BN, TiN, and Si N , produced pieces 

from each t e s t  with phases t h a t  could not be ident i f ied by x-ray diffract ion.  
3 4  

Single crystals  of MgO (per ic lase) ,  A1 0 (sapphire), and MgA1204 (spinel)  

were heavily attacked by l i t h i u m  under the conditions of these t e s t s .  Zirconia 
2 3  

was also severely attacked. 

Ceramics i n  general were found t o  have very limited corrosion resistance. 

However, several  of the carbides, which are  the major constituents of many of 

the cermets discussed above, had excellent corrosion resistance t o  lithium. 

won, Liquid-ktals  Handbook, NAVEXOS P-733 (Revised) Atomic 

62The tests i n  l i t h ium were performed i n  collaboration with W. H. Cook 

Energy Commission and Department of the Navy, pp. 152, 156, 157 (1952). 

of the Materials Compatibility Laboratory, b t a l l u r g y  Division. The t e s t s  i n  
sodium and lead were performed by W. H. Cook. 

' 
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3 2 4 0  
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UNCLASSIFIED 
OWL-LR- OW0 (8435 

THEORETICAL CORROSION RESISTANCE 
MATERIAL DENSITY LITHIUM I, SODIUM II LEAD 

(&) BAD I POOR I FAIR I GOOD I BAD I POOR I FAIR I GOOD 11 BAD 1 POOR 1 FAIR I GOOD 

- Zr6p I 1 
B4C I 80-90 [ I 

TIC I 97.4 

Sic 1 I 

I31 
II 

1 ZrC I 103 I 
CrSc2 I 98.7 

E 
E l  
U 

r EN 1 60-98 I I 1 I 1-1 
I TIN I 1 I I g 

;iF 
EO0 96 1 
MgO* I too I I 
~ 1 ~ 0 3 ~  I too [ I I I 
ZrOp" 1 I I I 

s m 2 ~ * *  I 79 1 I I 
[ RE OXIDES BOOY"* I 90 I I I' 
I ThOe 1 75-80 [ 1 I 
I MgAlp04' I (00 K I I 

- 1  

Y. 

c 

1 I I 1 
I I I I I 

U: 
m- 
u- MoSiZ I 1 I I I 

SIONIFICANCE OF SHORTEST BARS: THE TESTED 
SPECIMEN REMAINED. 
THERE WAS NO VlSlELE TRACE K OF THE TESTED SPECIMEN. 

A SPECIMEN FROM A SWGLE CRYSTAL. 
* Coo-STABILIZED. 

** A to00 - hr TEST. 
'**A 500-hr TEST. (BODY COMPOSITION: 45.0 TO 49.5% Sm&-22.5 TO 

27% Gd203-BALANCE PRIMARDLY OTHER RARE-EARTH OXIDES.) 

~~ 

I 1 ARBITRARY CORROSION RATINGS 1 
r. 

*MEASURED IN METALLOGRAPHIC EXAMINATIONS. 
*'DETERMINED BY DIRECT MEASUREMENT AND/OR BY 

CALCULATIONS EASED ON THE MATERIAL(S) FOUND IN 
THE TEST MEDIUM BY CHEMICAL ANALYSES. 

Figua 36. Corrosion Resistance of Various Ceramics in Lithium, Sodium and Lead. Test Condi- 
tions: Static, lSOO°F (816"c), 100 Hours. 
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U NC L AS SI FI E D 
ORNL-LR-DWG 35870 

Figure 37. Titanium Carbide (Tic), (97.4% of Theoretical Density), (a) Before and (b)  Following 
Exposure to Lithium in an Iron Container. Test Conditions: Static, 1500OF (816OC), 100 Hours. As 
Polished. 5OOX. 
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Seesaw Furnace Test Results 

Seesaw furnace t e s t s  were conducted primarily t o  study the tendency of 

various metals and alloys t o  undergo temperature-gradient mass t ransfer  i n  

non-isothermal, low-velocity (1-3 ft/min) flow systems. 

performed f o r  the most par t  on refractory metals and s ta in less  steels which 

had exhibited good corrosion resistance i n  s t a t i c  tes t  systems. In addition, 

two re la t ive ly  low-temperature tesxs were performed on the nickel-base alloy, 

Inconel. 

Alloys 

These t e s t s  were 

Iron-Base Alloys. Seesaw t e s t s  on iron-base alloys were limited t o  

three aus ten i t ic  s ta in less  s t ee l s  and one f e r r i t i c  stainless steel. 

1. Austenitic Stainless Steels.  The aus ten i t ic  s ta in less  s t ee l s  studied 

The resu l t s ,  were types 304, 316, and 347, w i t h  the major e f f o r t  on type 316. 

which are  l i s t ed  i n  Table XII, showed tha t ,  i n  general, complex interactions 

occurred i n  a l l  regidns of the tes t  components. 

observations made i n  connection with the t e s t s  under consideration may be 

summarized as follows: 

Pertinent experimental 

(a )  For the type 316 alloy, the amounts of both hot-zone dissolution 

of 

increase with increasing hot-zone temperature, as shown i n  Fig. 38. 
tes t  m e t a l  and c rys t a l  deposition i n  the cold zones were observed t o  

(b) Metallic mass t ransfer  crystals  were v is ib le  i n  the cold zones o 

a l l  but one of the capsules operated a t  hot-zone temperatures i n  excess of 

1300°F (704°C). 
1 6 0 0 ~ ~  (871°C) tes t  on type 316 were found t o  be high i n  nickel arid low i n  

chromium re la t ive  t o  the before-test container analysis. 

The c rys ta l s  shown i n  Fig. 38 on the cold-zone wall of the 

( c )  The at tack i n  hot zones was found t o  be quite shallow and generally 

occurred along grain boundaries. 

zone walls of the capsules shown i n  Fig. 38 is i l l u s t r a t e d  i n  the photomicro- 

graphs of Fig. 39. 

The metallographic appearance of the hot- 

(d)  Carbide c rys ta l s  of the type described i n  the section of t h i s  

report covering two-component s t a t i c  t e s t s  on iron-base alloys (see Fig. 17) 
were found on hot-zone walls i n  two t e s t s  arid on the cold-zone wall i n  one 

t e s t .  The formation of t h e  carbide crystals  could not be correlated with 

specif ic  t es t  conditions. 



TABLE XI1 

RESULTS OF LITHIUM CORROSION TESTS ON AUSTENITIC STAINLESS STEELS IN SEESAW FURNACE TEST SYSTEMS 
Furnace Ti l t ing Rate: 1 cycle per minute 

Hat Zone Cold Zone Test, Of Appearance of 
Materia I a 

OF OC O F  'C Hours Cold Zone 
Metal lagraphic Observations 

30ab SSc 

316. SS 

316 SS 

316 SS 

316 SS 

316 SS 

316 SS 

316 SS 

316 SS 

347f ss 

347 ss 

1500 

1300 

1400 

1500 

1500 

1500 

1500 

1500 

1600 

1500 

1500 

1350 

960 

100 

100 

Crystals 

No crystals 

900 

1130 

1075 

900 

1000 

900 

1100 

lo00 

1100 

500 

100 

100 

100 

500 

500 

500 

100 

100 

Crystals 

Crystal s 

Crystals 

No crystals 

Crystals 

Crys ta I s 

Crystols 
(71.4Fe, 3.4Cr. 

23.5Ni) 

Crystals 

Crystals 

Hot Zone: \-mil GBAd. 
Cold Zone: No attack, 1 m i l  metallic crystols. 

Hot Zone: \-mil GBA; \-mil carbide crystals. 
Cold Zone: No ottack or crystals. 

Hot Zone: 1 mil GBA. 
Cold Zone: \-mil metallic crystals. 

Hot Zone: 1 m i l  GBA. 1 m i l  carbide crystals. 
Cold Zone: 1 mi l  metallic crystals. 

Hat Zone: 1 mi l  GBA. 
Cold Zone: No ottack, ?$-mil metallic crystals. 

Hot Zone: 3 mils of subsurface voids. 
Cold Zone: No ottack or crystals. 

Hot Zone: 2 mils of subsurface voids. 
Cold Zone: No attack; 10-mil metallic crystals. 
Hot Zone: 7 mils of subsurface voids. 
Cold Zone: No attack; 4 m i l  metallic crystols. 

Hat Zone: 4 mi ls  of subsurface voids. 
Cold Zone: 3 mil  carbide crystals. 13 mil metallic crystals. 

Hot Zone: 4 m i l s  of subsurface voids. 
Cold Zone: 2 m i l  metallic crystals. 

Hot Zone: 4 m i l s  of subsurface voids. 
Cold Zone: ?$-mil metallic crystals. 

aDimnsions of contoimrs: Length, 15 inches; outside diameter, 0.75 inches; wa l l  thickness, 0.035 inches. 
bNominal composition in weight per cent: 69Fe, 19Cr. lONi, 0.08C max. 
'SS stands for stainless steel. 
dGBA stands for grain-boundary attack. 
eNomiml composition in weight per cent: 67Fe, 17Cr, 12Ni, 2M0, 0.1OC mox. 
'Nominal composition in weight per cent: 69Fe. 18Cr, lONi, lCb, 0.08C max. 



P
 

d
 

c' 
(D

 
.- I 

b 

?
 t
 

L
 

F 
'"! SL'O

 

1 

n
 

0
 
0
 

ob 

h
 

u
 

(D
 

co 
LL 

0
 c
 

Y
 

0
 0
 
0
 

ro 

n
 

0
 
u
 

M
 

m
 

In
 

Y
 

$2: 
0
 
0
 

c
 
c
 n

 
0
 

0
 c
 

b
 

ob 

LL 

0
 
0
 

CD 

Y
 

0
 c
 



ul 
W 
I 
u 
z 

,o: 

g 

,o. 

05 

os 

< 
3 
3 -  
7 

U N C L A S S  IFlED 
O R N L - L R - D W G  35695 

P 

n' 

Figure 39. Hot-Zone Sections from Type 316 Stainless Steel Seesaw Capsules Following Exposure to Lithium. Test Conditions: 
1 Cycle Per Minute, 500 Hours (30,000 Cycles); Hot-Zone Temperatures Indicated. Etchant: Glyceria Regia. Reduced 10.5%. 

c 

k I 



L 

(e) X-ray analysis of the hot-zone walls of all capsules which were 

operated in excess of 1300°F (704°C) indicated the presence of a ferrite 

surface layer which was attributed to the leaching of alloying elements by 

lithium. The ferrite layers were not detected metallographically. 

2. Ferritic Stainless Steel. The results of six seesaw-type tests on 

type 446 stainless steel are li The complexity of the 

corrosion phenomena which can occur in a multicomponent, multiphase alloy 

when placed in contact with flowing lithium at elevated temperatures was well 

illustrated by these tests. 

discussed below: 

ed in Table XIII. 

The most prominent corrosion reactions are 

(a) Extensive temperature-gradient mass transfer was observed in tests 

operated for 100 hr o r  longer at hot,-zone temperatures in excess of 1400°F 
(760"~). 
hot-zone temperature is illustrated in Fig. 40, which shows the cold zones 
of three test capsules following 100-hr seesaw tests. 

of the crystal deposits is quite apparent. As indicated in Table XIII, these 
deposits were high in iron and low in chromium relative to the before-test 

container analysis. 

a hot-zone temperature of 1200°F (649°C). 

The rapid increase in the amount of mass transfer as a function of 

The dendritic nature 

No crystal deposits were found in the test conducted at 

(b ) Grain-boundary carbide precipitates in type 446 stainless steel 
were found to be particularly susceptible to attack by lithium. 

intergranular attack was observed in those regions which operated in the 

temperature range 1100-1200°F (593449°C). 

shown in the photomicrograph in Fig. 41 were found by chemical analysis to 
contain as much as 1 wt $ of lithium. 

The deepest 

Penetrated regions such as that 

(c) Abnormally large grains were observed to develop in the central 

regions of hot-zone wall thicknesses, and chromium carbide crystals were 

deposited on cold-zone walls. These effects, which are illustrated in 

Figs. 42 and 43, respectively, were investigated and found to be related to 
the reaction between lithium and grain-boundary carbides in the hot zones. 

The dissolution of car%ides near the surface of the hot wall produced a carbon 

concentration gradient resulting in diffusion of carbon to the surface andsubse- 

@dissolution of carbides in the central portions of the wall. In the 



TABLE Xlll 

RESULTS OF LITHIUM CORROSION TESTS ON TYPE 446 STAINLESS STEEL AND INCONEL IN SEESAW FURNACE TEST SYSTEMS 

Furnace Ti l t ing Rate: 1 cycle per minute 

unt 7nnr  r..iA 

Materiala . Appearance of ,,-. --..- uwII Zone Length of 
Test, 

OF OC OF OC Hours Cold Zone 
Meta I I ograp h ic 0 bservat ion s 

446 SSb 1200 (649) 1050 (566) 100 No crystals Hot Zone: 57 mi ls  GBPC. 
Cold Zone: 21 mi ls  GBP. 

446 SS 

446 SS 

446 SS 

446 SS 

446 SS 

1400 (760) 1130 (610) 

1500 (816) 1130 (610) 

1500 (816) 1200 (650) 

1600 (871) 1250 (677) 

1800 (982) 1300 (704) 

lnconeld 1200 (649) 1100 (593) 

Inconel 1200 (649) 1100 (593) 

100 

100 

100 

24 

100 

100 

500 

No crystals 

Crystals 

Hot Zone: 20 mi ls  GBP. 
Cold Zone: 52 mi ls  GBP, \-mi l  carbide crystals. 

Hot Zone: 10 mi ls  GBP. 
Cold Zone: 45 mi ls  GBP, 2 m i l  metall ic crystals. 

Crystals (0.25 grams) Hat Zone: 12 mi ls  GBP. 
(87.7Fe, 11.7Cr, Cold Zone: 40 m i l s  of GBP, 2 mi l  duplex crystals. 

0.6Ni) 

Crystals Hot Zone: 10 mi ls GBP. 
Cold Zone: 35 mi ls  GBP. No crystals. 

Crystals (2.0 grams) 
(86.7Fe, 11.5Cr, 

Hot Zone: 25 mi ls  GBP, 3 m i l  solution attack. 
Cold Zone: 35 m i l s  GBP, 6 m i l  duplex crystals. 

0.9Ni) 

Crystals (0.38 grams) Hot Zone: 5 mi ls  GBA'. Hard, unidentified phase in 
attacked areas. 

Cold Zone: 0.5 m i l  metall ic crystals. 

Crystals (0.7 gram) Hot Zone: 10 mi ls  GBA. Hard, unidentified phose in 
(95.5Ni, 3.1Cr, 1Fe) attacked areas. 

Cold Zone: 2 m i l  crystals. 

aDimensions of containers: Length, 15 inches; outside diameter, 1.0 inch; wal l  thickness, 0.075 inches. 
bNominol composition in weight per cent: 73Fe, 25Cr, 0.5Ni, 0.35C (mox.); SS stands for stainless steel. 

'GBP stands for grain-boundary penetration. 

dNominal composition in weight per cent: 80Ni, 14Cr, 6Fe. 
'GBA stands for grain-boundary attack. 

CE I 
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UNCLASSIFIED 
ORNL-LR-DWG 35732 

HOT ZONE -1500°F(8160C) 
COLD ZONE-120OaF(65O0C) 

i;, . 0.25 Gm CRYSTALS- - 

HOT ZONE- 18OOOF (982OC) 
COLD ZONE-430O0F (704OC) 

ENLARGED VIEW OF DENDRITIC 
MASS TRANSFER CRYSTAL FROM (C) 

Figure 40. Cold-Zone Sections from Type 446 Stainless Steel Seesaw Capsules Following Exposun 
to Lithium. Test Conditions: 1 Cycle Per Minute, 100 Hours (6000 Cycles). 



UNCLASSIFIED 
ORNL-LR-DWG 35864 

Figure 41. Test Conditions: 
1 Cycle Per Minute, 24 Hours (1440 Cycles); Hot Zone - 1 6 0 0 9  (871oc), Cold Zone - 12509 (6776T). 
As Polished. 5WX. 

Hot-Zone Wall of Type 446 Stainless Steel Seesaw Test Capsules. 
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LITHIUM 
SIDE - 

UNCLASSIFIED 
ORNL-LR-DWG 35863 

k- 0.075 in.S-4 

Ai R 
SIDE 
- 

CARBON CONTENT 0.02 70 (BEFORE TEST, 0.12 70) 

(CARBON CONTENT OF SIMILAR ZONE FROM COLD ZONE 
WALL,O.40 70) 

LITHIUM CONTENT 1.0 70 (BEFORE TEST, NONE) 

Figure 42. Hot-Zone Wall of Type 446 Stainless Steel Seesaw Test Capsule. Test Conditions: 
1 Cycle Per Minute (6000 Cycles), Hot Zone - 18009 (982%), Cold Zone - 1300OF (704%), 100 Hours. 
Etched with Glyceria Regia. S X .  

c 

b 
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Figure 43. Cold-Zone Wall of Type 446 Stainless She1 Seesaw Test Capsule. Test Conditions: 
1 Cycle Per Minute, 100 Hours (6000 Cycles); Hot Zone - 18009 (982%), Cold Zone - 1 3 0 0 9  (704%). 
Etchank Glyceria Regia. 2SX. 
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absence of the grain-boundary carb 

Similar grain-size variations were observed by M C K ~ $ ~  i n  a .type 316 s ta inless  

steel-l i thium system operated a t  180O0F (982"~) .  

microhardness, and x-ray di f f rac t ion  studies showed tha t  considerable carbon 

enrichment had occurred a t  the cold-zone wall (Fig. 43) during the t e s t .  

25-mil layer  machined from the inside surface was found t o  contain 0.40 w t  $ 
carbon as compared t o  0.12$ before t e s t  and a carbide gradient was 

metallographically evident. X-ray analysis of the surface indicated the 

presence of C r  C and f e r r i t e .  

lithip suggested t h a t  nickel-base alloys would experience extensive 

temperature-gradient mass transfer.  Consequently, the corrosion behavior of 

only one such alloy, Inconel, was investigated i n  the seesaw t e s t  apparatus. 

The resu l t s  of two tests conducted a t  hot-zone temperatures of 1200°F (649°C) 

with a re la t ive ly  small temperature gradient of 100 Fahrenheit degrees are 

es, very rapid grain growth occurred. 

Chemical, metallographic, 

A 

23 6 
Nickel-Base Alloys. The appreciable so lubi l i ty  of nickel i n  molten 

. 

given i n  Table XIII. 
short  as 100 hr. 

enriched i n  nickel and low i n  chromium and i ron re la t ive  t o  the before-test 

capsule analysis. 

Ektensive mass t ransfer  was observed i n  test periods as 

The mass t ransfer  crystals  were found t o  be preferent ia l ly  

A hard phase (Diamond Pyramid IEardness-850, 25-g 1 

similar i n  metallographic appearance t o  the chromium-rich sigma phase 

frequently observed i n  s ta in less  steels, was observed i n  the microstructure 

of attacked hot-zone regions. 

Thermal Convection b o p  Test Results 

Thermal convection loop t e s t s  were performed with several  austeni t ic  and 

f e r r i t i c  s ta inless  s tee ls ,  and t o  a vezy limited extent with the nickel-base 

alloy, Inconel. The three basic apparatus designs u t i l i zed  are  described i n  

d e t a i l  i n  Chapter V I  (p. 17). 
was used i n  tes t ing  Inconel and some o f  the  s ta in less  s teels .  b o p  Type "B" was 

an improved version of Type "A" and was used i n  the l a t e r  tests of the s ta inless  

s t ee l s  . 

Loop Tyye "A" represented an ear ly  loop design and 

63J. McKee I Nuclear Development Associates, June 14, 1957, (unpublished 

64 
data).  

UKAEA Industr ia l  Group Report No. IGR-TN/C 250 (SeptemberTO, 1955). 
K. 8.' Bagley and K. R. Montgomery, Solubili ty of Nickel i n  L i th ium,  
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Alloys 

Thermal convection loop t e s t s  on alloys were confined t o  the austeni t ic  

and f e r r i t i c  s ta in less  s t ee l s  with the exception of one t e s t  on Inconel. 

Four austeni t ic  and two 

of the twenty-four s ta in less  s t e e l  loop t e s t s  being performed on type 316 

s ta in less  s tee l .  

ranging from 1000 t o  1600"~ (538 t o  871"~)  for time periods of 88 t o  3,000 hr. 

Loop t e s t s  on alloys were conducted a t  hot-leg temperatures 

The most important factors  considered ir, evaluating thermal convection 

(1) weight losses from specimens loop t e s t s  resu l t s  for these alloys were: 

suspended i n  the hot legs of the loops, (2 )  the corrosion revealed by 

Y 

b 

metallographic examination of the hot- and cold-leg walls, (3)  the weight of 

mass-transferred crystals  found i n  the loop following test, and (4)  the t i m e  

required f o r  the loop t o  plug, i f  plugging occurred. Chemical analyses were 

obtained f o r  the mass-transferred crystals  found i n  the cold legs of loops, 

and these data were correlated with analyses of metal machined from the hot- 

and cold-leg surfaces of the loops following test. In this manner the 

preferent ia l  leaching alloying elements could be followed. 

Nickel-Base Alloy (Inconel). It was shown p ously tha t  Inconel 

experienced extensive mass t ransfer  i n  seesaw furnace t e s t s .  

because of the importance of Inconel as  a commercial high-temperature s t ruc tura l  

material, it was considered desirable t o  ascertain the extent and nature of 

corrosion suffered by t h i s  a l loy  i n  a thermal convection loop. Accordingly, 

a single Inconel loop was operated under the re la t ive ly  mild t e s t  conditions 

afforded by a -zone temperature of 1300°F (704°C) with a thermal gradient 

of 100°F ( 5 6 " ~ )  between the hot and cold legs. 

was u t i l i zed  and the test  was of 1000-hr duration. 

Nevertheless, 

A loop of the Type "A" design 

Photomicrographs of t r a  verse sections through the and cold legs of 

t h i s  loop are shown i n  Fig. 44. 

of about 16 mils, while both 

occurred i n  the cold zone. 

The hot l eg  was heavily attacked t o  a depth 

s t a l  deposition and intergranular a t tack 

Although the temperature gradient i n  t h e  loop was rather small, massive 

quantit ies of crystals  were detected i n  the cold leg  (1.5 g )  and the f i l l -po t  

(13.5 g)  of the loop. 

92.4 Ni-7.0 Cr-O.6 Fe ( w t  5 ) .  
(80 Ni-14 '21-6 Fe, w t  $), it is apparent t ha t  the mass t ransfer  process f o r  

Inconel involved the preferent ia l  leaching of nickel from the walls of the hot 

zone. 

These crystals  were analyzed and found t o  contain 

In  view of the nominal composition of Inconel 

. 
i( 

c 

. 
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Figure 44. (a) Hot-Leg and (b) Cold-Leg Sections from lnconel Loop Following Exposure to Lithium. 
Test Conditions: Hot-Leg Temperature - 1300°F (704%); Cold-Leg Temperature - l2OO'T (649%); 
1000 Hours. (a) As-Polished, (b) Etchant: Glyceria Regia. Reduced 15%. 



Iron-Base Alloys (Austenitic and Fer r i te  Stainless Steels ). Them'l 

convection loop tests of iron-base alloys were res t r ic ted  t o  studies of the 

austeni t ic  and f e r r i t i c  s ta inless  s tee ls .  

1. Preliminary Tests with Type "A" Loops. A t o t a l  of seventeen loop t e s t s  

were conducted with types 316, 321, 347, 430, and 446 s ta inless  s tee ls .  A l l  

loops were of the Type "A" design (see Fig. 11, p. 28). 

i n  these tests ranged from 1000-1500°F (53&816"c) with temperature gradients 

of 140-400"F (794223°C) between the hot and cold zones. 

from 204 t o  

Tables XIV,  XV, and X V I .  

The hot-leg temperatures 

The experiments varied 

3000 hr  i n  length. Results of these tests are  summarized i n  

Appreciable mass t ransfer  deposits (see Fig. 45) were observed i n  a l l  

t e s t s  when the hot-leg temperature was equal to ,  or greater than, 1300°F (7Ok0C), 

although not a l l  of these loops plugged completely during the course of the 

tests. 

operated a t  hot-leg temperatures of l O O O O F  (538°C) was mass t ransfer  insignificant.  

Mass t ransfer  crystals  were found on the cold-leg surface of loop No. 12 which 

was operated fo r  3000 hr, but could be detected only a t  very high magnification 

(see Fig. 46). 

Only i n  the case of the type 347 s ta inless  s t e e l  loops (Nos. 11 and 12) 

Serious inconsistencies existed, however, i n  the results of the higher 

temperature tests,  par t icular ly  with regard t o  the time required f o r  plugging 

as a function of hot-leg 

necessary t o  plug a loop a l so  varied widely. 

material i n  the cold leg  and the shape of the mass-transferred crystals  exerted 

a marked influence on the plugging t i m e  and on the quantity of crystals  required 

for plugging. It was concluded, therefore, t ha t  plugging time was not a useful 

parameter i n  gauging the corrosion character is t ics  of materials i n  thermal 

convection loop t e s t s .  

erature.  The weight of mass-transferred material  

The dis t r ibut ion of deposited 

Although the experimental d i f f i cu l t i e s  j u s t  c i ted  prevented a quantitative 

evaluation of t h i s  s e t  of tes t  results, the corrosion processes observed have 

a general appl icabi l i ty  t o  the more refined t e s t s  described i n  the following 

section and are,  therefore, summarized as follows: 

( a )  Mass Transfer Wfects.  As indicated before, extensive mass t ransfer  

occurred a t  temperatures from 1300--1500°F (704-816"C). 

transferred material was deposited i n  the form of loose aggregates of metall ic 

crystals,  the  compositions of which a re  discussed i n  more d e t a i l  i n  Section 3 

following. I n  addition, a t i gh t ly  adherent layer of "duplex" crystals  was 

Most of t h i s  mass- 

. 
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T A B L E  X I V  

RESULTS OF LITHIUM CORROSION TESTS ON TYPE 316 STAINLESS STEEL' IN THERMAL CONVECTION LOOP TEST SYSTEMS~ 

Lithium flow velocity = 3-4 feet per minute 

Length Total Mass 
of Test, Transfer 

Hours mg 

Loop Hot  Leg AT' d 

Number O F  OC O F  O C  
Meta llographic Observations 

1 1500 (816) 200 (111) 5 00 500 Hot  Leg: 15 mils GBA' 
f Cold Leg: 14 mils GBA. 2-mil duplex crysklls. 

2 

4 

5 

1500 (816) 280 

1470 (798) 140 

1400 (760) 270 

1310 (708) 250 

(157) 1000 

(79) 1000 

(150) 215O9 

29O9 

100 

10 

4700 

9 00 

Hat  Leg: 2 mils GBA. 

Cold Leg: 1 m i l  GBA. 1-mil duplex crystals. 

Ho t  Leg: 5 mils GBA. 

Cold Leg: 1 mi l  GBA. No crystals. 

Ho t  Leg: 23 mils GBA. 

Cold Leg: 5 mils GBA. 5-mil dupbx crystals. 

Hot  Leg: 3 mils subsurface voids, lmil carbide crystals. 

Cold Leg: No attack, 2-mil duplex crystals. 

6 1300 (704) 200 (111) 1000 2 50 Hot Leg: 15 mils GBA. lmil carbide crystals. 

Cold Leg: 10 mils GBA. lmil duplex crystals. 

'Pipe size: 0.84 inch outr ide diameter by 0.109 inch wall thickness, pipe analysis: Fa-68.7, Cr-15.4, Ni-11.5, Mo-2.1, Mn-1.8, C-0.06 

b A l l  loops of type "A" design without diffusion cold trap. 
'AT is the maximum temperature difference between hat and cold legs. 
dWeight of crystals collected from loop following test. 
'GBA stands for grain-boundary attack. 
fDuplex crystal is carbide-metal crystal. 
OLaop plugged wi th  mast transfer crystuls. 

(weight per cent). 



TABLE XV 

RESULTS OF LITHIUM CORROSION TESTS ON TYPES 321a AND 347b STAINLESS STEEL IN THERMAL CONVECTION 
LOOP TEST SYSTEMS' 

Lithium Flow Velocity = 3-4 feet per minute 

Length of Total Mass 
Test, Transfer' 
Hours mg 

Hot Leg  AT^ h Material 
Number O F  OC OF OC 

Metallographic Observations 

7 321 1500 

8 321 1300 

280 

240 

9 

10 

11 

12 

347 

347 

347 

347 

1500 

1300 

1000 

1000 

(816) 400 

240 

380 

380 

(223) 280f 1500 

(157) 204f 1000 Hot Leg: 1 m i l  GBAg. 
Cold Leg: No attack. 1 m i l  metal l ic  crystals. 

(133) 1230f 700 Hot Leg: 3 m i l s  GBA. 
Cold Leg: No attack. 1 mi l  duplex crystals. 

Hot Leg: 3 mils GBA. 
Cold Leg: 5 mi ls  GBA. 2 m i l  duplex crystals. 

(133) 1000 1300 Hot Leg: 6 mils GBA. 1 m i l  carbide crystals. 

Cold Leg: 4 m i l s  GBA. 1 m i l  metal l ic  crystals. 

(212) 1000 0 Hot  Leg: 1 m i l  of subsurface voids. 
Cold Leg: No attack. 0.2 m i l  metall ic crystals. 

(212) 3000 0 Hot Leg: 3 mi ls  irregular surface attack. 
Cold Leg: No attack. 0.3 mi l  metall ic crystals. 

aPipe size: 0.84 inch outside diameter by 0.109 inch wa l l  thickness. Pipe analysis: Fe-68.5, Cr-15.9, Ni-11.5, Mn-1.4, Ti-0.4, Si-0.5, 

bPipe size: 0.84 inch outside diameter by 0.109 inch wa l l  thickness. Pipe analysis: Fe-70.4, Cr-12.1, Ni-12.0, Mn-1.3, Cb-0.8, Si-0.4, 

'All loops of type "A" design without diffusion cold trap. 

dhT i s  the maximum temperature difference between hot and cold legs. 
'Weight of crystals collected from loop following test. 

fLoop plugged with mass transfer crystals. 
gG6A stands for grain-boundary attack. 
hStainiess steel. 

C-0.05 (weight per cent). 

C-0.05 (weight per cent). 

. I  i 
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TABLE XVI 

RESULTS OF LITHIUM CORROSION TESTS ON TYPES 430a AND 446b STAINLESS STEEL I N  THERMAL CONVECTION 
LOOP TEST SYSTEMS' 

Lithium Flow Velocity: 3-4 feet per minute 

I c 

Length of Total Mass 
Transfer' Metal lographic Observations 

Hot Leg  AT^ 
Materialf Test, 

Number O F  OC OF OC Hours 
mg 

13 430 1500 (816) 280 (157) 1500 1000 Hot Leg: 4 mi ls  GBA'. 50 m i l s  decarburized. 
Cold Leg: 5 m i l s  GBA. 6 mi ls  duplex crystals. 

1 qh 

15 

16 

17 

430 

446 

446 

446 

1300 (704) 350 (194) 1530' 

1500 (816) 330 (185) '864' 

1500 (816) 300 (168) 700' 

1300 (704) 240 (133) 1500 

1400 Hot Leg: 4 mi ls  GBA. 6 m i l s  decarburized. 
Cold Leg: 7 m i l s  GBA. 2 mi l  duplex crystals. 

9000 Hot Leg: 8 mi ls  GBA. 30 mi ls decarburized. 
Cold Leg: Complete GBA of 84 m i l  pipe wall. 4 m i l  layer of 

duplex crystals. 

6800 Hot Leg: 15 mi l s  GBA. 20 m i l s  decarburized. 
Cold Leg: Complete GBA of 84 mi l  pipe wall. 2 m i l  duplex 

crystals. 

200 Hot Leg: 25 m i l s  GBA. 1 mil  carbide crystals. 
Cold Leg: 65 mi ls  GBA. 1 m i l  duplex crystals. 

aPipe size: 0.84 inch outside diameter by 0.109 inch wall  thickness. Pipe analysis: Fe-82.3, Cr-15.7, Ni-0.3, Mn-0.5, Si-0.4, C-0.08 

bPipe size: 0.84 inch outside diameter by 0.109 inch wal l  thickness. Pipe analysis: Fe-73.2, Cr-22.7, Ni-0.6, Mn-0.6, Si-0.02, C-0.30 

'All loops of type "A" design without diffusion cold trap. 
d h T  i s  the maximum temperature difference between hot and cold legs. 

'Weight of crystals collected from loop following test. 
fStainless steel. 

'GBA stands for grain-boundary attack. 
hHigh nitrogen content of l i thium (1300 ppm as compared w i th  normal concentration of 300-400 ppm) following tes t  indicated that loop had 

iLoop plugged with mass transfer crystals. 

(weight per cent). 

(weight per cent). 

leaked during test. 

.; .-.,.- 
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Figure 45. (a)  Hot- and Cold-Leg Sections from Thermal-Convection-Loop Test. (b) Enlarged View of Mass-Transfer Crystals. 
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I 

I 

Figure 46. Hot- and Cold-Leg Sections from a Type 347 Stainless Steel Thermal Convection Loop (No. 12) Following Exposure to 
Lithium for 3000 Hours. Etchant: Glyceria Regia. 1OOOX. 
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frequently observed on the walls of both the hot and cold l e  of the loops. 

These crystals  consisted of a carbide phase, C r  and a metallic phase of 

unknown composition but similar i n  metallographic appearance t o  the metallic 

crystals  responsible fo r  plugging. 

shown i n  Fig. 47. 
attached t o  the walls of the hot legs of the loops. 

C 23 6' 

A typical  example of such a deposit i s  

In  a f e w  cases carbide crystals  alone were observed 

(b ) Grain-Boundary Attack. The depth of grain-boundary penetration 

was found t o  vary widely from loop t o  loop. However, the deepest penetrations 

were detected i n  those loops which circulated l i t h i u m  tha t  contained more than 

500 ppm nitrogen a t  the completion of the t e s t .  

at tack i s  shown i n  Fig. 47. 
f o r  the titanium- and columbium-stabilized s ta in less  s tee ls ,  types 321 and 

347, respectively, than f o r  the uzlstabilized grade, type 316. Fe r r i t i c  type 

446 s ta inless  steel, which contained considerably more carbon than the other 

grades tes ted (0.30 vs 0.05-0.08 w t  $), exhibited s ignif icant ly  more grain- 

boundary at tack than the low -arbon alloys. 

pronounced i n  the cold legs of the type 446 stainless  s t e e l  loops where the 

cold-zone temperature was nearly optimum f o r  the grain-boundary precipitation 

of carbides. 

carbides has already been discussed on page 87. 

A typical  example of such 

Penetration appeared t o  be s l i gh t ly  l e s s  severe 

This e f fec t  was especially 

This par t icular ly  severe .attack of lithium on grain-bo 

Special comment i s  required f o r  the surface at tack which occurred i n  

the hot-leg sections of the two type 347 stainless  s t e e l  loops (Nos. 11 and 12), 

which were operated a t  a hot-zone temperature of 1000°F (538°C). 
seen i n  Fig. 46, the depth of surface attack was limited t o  1-1/2 mils, but the 

surface was roughened i n  an extremely i r regular  manner which can scarcely be 

described as grain-boundary penetration. 

As may be 

( c )  Austenite-to-Ferrite Phase Transformations. &tallographic 

examination of the hot-leg sections of a l l  of the austeni t ic  s ta inless  s t e e l  

loops revealed, without exception, the presence of areas of f e r r i t e  1 t o  3 mils 

thick,  

Fig. 46, resulted from the preferent ia l  leaching of the austenite s tabi l iz ing 

elements from the wall surfaces. 

This austenite-to-ferri te phase transformation, as i l l u s t r a t ed  i n  

. 
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Figure 47. Cold Leg Surface of Type 316 Stainless Steel Loop (No. 1) Following Exposure to Lith- 
ium. Test Conditions: Hot Leg - 1 5 0 0 9  (816%), Cold Leg - 1300OF (704oc), 500 Hours. Note Metallic 
Crystal (D*PeH.=138), Carbide Crystal (D.P.H.-1033) and Grain Boundary Attack. Etched with Glyceria 
Regia. 5WX. 
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2. Tes t s  with Modified m e s  "A" and "B" bops .  In  an e f fo r t  t o  

obtain more quantitative mass t ransfer  data i n  the thermal convection loop 

test, modifications were made i n  the or iginal  loop design. 

specimens i n  the form of sleeve inser t s  and tab  inser ts ,  as i l l u s t r a t ed  on 

page 32, were incorporated in to  the hot l eg  i n  the zone having the maximum 

temperature during loop operation. 

s t e e l  only. 

Weight-lo 

Tests were conducted on type 316 s ta in less  

The selection of t h i s  a l loy  was based on two factors: (1) the 

background of corrosion information previously obtained i n  s t a t i c  and seesaw 

tests and (2) i t s  high-temperature strength properties. 

t o  determine the influence of ( a )  hot-leg temperature, (b) diffusion cold 

trap,65 ( e )  additions of l i t h i u m  n i t r ide  o r  lithium oxide t o  lithium, and 

(d) flow velocity. 

three Ty-pe "A" loops (15 in., hot and cold legs ) while the other variables 

were studied i n  f ive  Ty-pe "B" loops (30 in., hot and cold legs) .  

Tests were conducted 

The ef fec t  of hot-leg temperature was investigated using 

( a )  Effect of Hot-Leg Temperature. Three type 316 s ta in less  s t e e l  loops 

of the modified Tme "A" design containing both sleeve and tab iaserts and with 

a diffusion cold t r a p  attached were operated a t  hot-leg temperatures of 1400, 

1500, and 1600°~,  respectively, (760, 816, and 8 7 1 " ~ )  and with temperature 

gradients ranging from 490 t o  630'~ (273 t o  350°C). 
were summarized i n  Table X V I I .  

The results of these tests 

Extensive mass t ransfer  occurred i n  a l l  three of these t e s t s ,  two of the 

loops plugging completely during the t e s t  period. 

studies with type 316 s ta inless  s tee l ,  large quantit ies of metallic crystals  

were recovered from the  cold legs of the loops a t  the completion of the t e s t s ,  

and many of the usual manifestations of surface corrosion (see below) were 

A s  i n  the preliminary 

observed i n  the loops. 

In  an e f fo r t  t o  obtain a more quantitative means f o r  describing mass 

t ransfer ,  it was assumed tha t  the weight losses of the tab inser t s  were a 

measure of the extent of mass transfer.  These weight-loss data were converted 

65Diffusion cold t r ap  i s  simply an air-cooled extension of the loop pipe 
The use of such a t r ap  from the bottom of the cold leg (see Fig. 11, p. 28). 

was shown i n  previous work t o  be effective i n  reducing the mass t ransfer  
tendencies i n  sodium systems by reducing the oxygen content of the sodium. 



T A B L E  X V l l  

RESULTS OF LITHIUM CORROSION TESTS ON TYPE 316 STAINLESS STEELO IN THERMAL CONVECTION LOOP TEST SYSTEMS~ 
1 1  Lithium Flow Velocity = 3 4 - 4 4  feet per minute 

Purpose of Test: To study the affects of hot-leg temperature on corrosion in stainless s tee l  systems 

Hot-Leg Specimen (Tab) 
U-. I ^^  A t C  Length Tota I Mass 

Thickness Loss d , I" ,  L-g - I  

Transfer Loop 
Number o f  Test, Weight Loss (mils) 

OF OC O F  OC Hours mg/in.2/100hr mg 

Mota llogra ph ic Observations 

Moximum Minimum 

18 1400 (760) 630 (350) 1090 5.8 ?f 100 Hot Leg: 4 mi ls  o f  subsurface 1 
4 

voids. 10 m i l  crystals. 

Cold Leg: /! m i l  crystals. 1 

No attack. 

19 

20 

1500 (816) 490 (273) 

1600 (871) 605 (336) 

500' 

437' 

17.8 

42.8 

1 

2 1 

823 Hot Leg: 5 m i l s  of subsurface 
voids. 

Cold Leg: 3 m i l  duplex 
crystals. No attack. 

52 1 Hot  Leg: 6 m i l s  o f  subsurface 
voids. 

Cold Leg: 3 m i l  duplex 
crystals. No attack. 

aPipe size: 0.84 inch outside diameter by 0.109 inch w a l l  thickness. Pipe analysis: Fe-165.0, Cr-17.5, Ni-12.3, Mo-2.2, Mn-1.8, C-0.10 

bAll  loops of type "A" design with diffusion cold trap. 
'AT is the maximum temperature difference between hot and cold legs. 
dWeight of crystals collected from loop following test. 

'Loop plugged with mass transfer crystals. 

(weight per cent). 
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i n to  "mass t ransfer  ra tes"  by computing the weight loss per 100 h r  of tes t  time, 

assuming weight loss t o  vary l inear ly  with time. As may be seen from Table XVII, 
the  r a t e  of mass t ransfer ,  expressed i n  these terms, increased consistently with 

increasing hot-leg temperature. 

A plot  of the ra te  of specimen weight loss  versus hot-leg temperature i s  

In  interpreting this graph, it should be observed tha t  the shown i n  Fig. 48. 

temperature gradients were not the same i n  the  three loops. 

difference, &I?, between the hot and cold legs of loop No. 19 (hot-leg temperature, 

1500°F) was only 490°F (273°C) as compared t o  605 and 630°F (336 and 350°C) f o r  

the other two l o  

6 0 0 ~ ~  (333"C), the mass t ransfer  r a t e  for t h i s  loop would have been increased 

somewhat as a resu l t  of the increased flow ra te  of lithium i n  the loop. 

for equal temperature gradients, it appears reasonable t o  postulate an 

approximately l inear  relationship between the r a t e  of mass t ransfer  and hot-leg 

temperature i n  the limited temperature range 1400-1600°F (760-871"~). 

The temperature 

. Had the AT for loop No. 19 also been i n  the neighborhood 

Thus, 

Weight losses suffered by the sleeve inser t s  i n  these and a l l  subsequent 

t e s t s  with type 316 s ta inless  s t e e l  loops were only 30 t o  50$ as large as the 

weight losses for corresponding tab On the tab specimens there was 

a vis ible  and measurable increase i n  the ra te  of attack near edges and around 

the supporting wire where higher l iquid veloci t ies  developed due t o  loca l  

turbulences i n  the flow pattern. 

thickness changes of tab specimens ci ted i n  Table XVIII and i s  i l l u s t r a t ed  i n  

Fig. 49. 

inserts.  

This effect  was responsible f o r  the i r regular  

The various surface corrosion phenomena observed i n  these loops were 

similar i n  several  respects t o  those encountered i n  the preliminary thermal 

convection loop t e s t s .  

duplex c rys ta l  deposition i n  both the hot and cold legs, and the austenite-to- 

f e r r i t e  phase transformation i n  the hot leg  were a l l  observed. 

hand, substant ia l  subsurface void formation rather  than grain-boundary attack 

occurred a t  a l l  three of the t e s t  temperatures. Transverse sections through 

typical  regions of the hot legs of loops Nos .  18 and 20 are shown i n  Fig, 50. 

Coarse aggregates of metallic crystals i n  the cold leg, 

On the other 

(b) The Influence of the Diffusion Cold Trap. The reduction of mass 

t ransfer  i n  thermal convection loops through the use of a diffusion cold t rap  

is  i l l u s t r a t ed  by the resul ts  obtained with loops Nos. 21 and 22 (see Table xx), 
The two loops were operated under ident ical  conditions and had ident ical  

designs except t ha t  the cold t r ap  was omitted i n  loop No. 22. The r a t e  of mass 

4 
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Figure 48. Effect of Hot Leg Temperature in Type 316 Stainless Steel-Lithium Thermal Convection 
Loop System on the Rate of Removal of Metal from a Specimen Suspended in the Hot Leg. 



T A B L E  X V l l l  

RESULTS OF LITHIUM CORROSION TESTS ON TYPE ma STAINLESS STEEL IN THERMAL CONVECTION LOOP TEST S Y S T E M S ~  

Lithium Flow Veloci ty =6 -8  feet per minute 

Purpose of Tests: To  study important variables wh ich  might affect corrosion in stainless steel  systems 

Hot-Leg Specimen (Tab) Tota I 
Thickness Loss Mass 

ATC Length Hot Leg Loop Test 
Number Variable d (mi ls)  Transfer of  Test, Weight Loss 

O F  O c  O F  O c  Hours mg/in.2/100 hr 
Maximum Minimum mg 

Me ta I I ogra ph i c 0 bs erva t i on s 

21 Base-line loop 1500 (816) 430 (239) 293f 
316 SS' wi th  cold trap 

22 Base-line loop 1500 (816) 430 (239) 96f 
316 SS no cold trap 

23 1000 ppm nitro- 1500 (816) 350 (195) 88f 
h 316 SS gen added. 

No cold trap. 

2 4  1000 ppm oxy- 1500 (816) 250 (139) 210f 
316 SS gen added.' 

N o  cold trap. 

94.2 

509.5 

272.3 

79.0 

7 

12 

6 

6 

3 

6 

3 

2 

1940 

5050 

2560 

1870 

Hot Leg: 3 mi ls  o f  subsurface voids. 
Cold Leg: 1 m i l  duplex crystals. 

1 m i l  G B A . ~  

Hot Leg: 4 mi ls  of subsurface voids. 
Cold Leg: 1 m i l  crystals. 1 m i l  GBA. 

Hot Leg: 4 mi ls  GBA. 
Cold Leg: 2 m i l  crystals. 1 m i l  

GBA. 

Hot Leg: 1 m i l  of subsurface voids. 
Cold Leg: 1 m i l  duplex crystals. '/2 m i l  GBA. 

aPipe size:  0.84 inch outside diameter by 0.109 inch w a l l  thickness; pipe analysis: Fe-65.0, Cr-17.5, Ni-12.3, Mo-2.2, Mn-1.8, C-O.lO(weight 

bA l l  loops of type "B" design. 
'AT is  the maximum temperature difference between hot and cold legs. 

dWeight of crystals col lected from loop fol lowing test. 

' S S  stands for stainless steel. 

gGBA stands for grain-boundary attack, 
hNitrogen added as l i th ium nitride, (Analysis of lithium ni t r ide:  L i  plus N2-96.8 weight per cent). 
i 

per cent). 

Loop plugged w i th  mass transfer crystals. 

Oxygen added as l i th ium oxide. (Analysis of lithium oxide: Li plus 02-98.9 weight per cent). 
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Figure 49. Weight-Loss Specimen from the Hot Leg of Typo 316 Stainless Steel Loop No. 21 Fol- 
lowing Exposure to Lithium. Note that Specimen Surface is  'lGroowd" in Areos of Highest Turbulence. 
Numbers on Specimen Indicate Loss in Thickness in Mils as a Result of Exposure to Lithium. Test 
Conditions: Hot Leg - 15009 (816%), Cold Leg - 10709 (Sn"c), 293 Hours. 
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I 25 GRAM LOAD I 
Figure 50. The Effect of Temperature on the Corrosion of the Hot Legs of Type 316 Stainless Steel Thermal Convection Loops by 

Lithium. (a) Loop No. 18, Hot-Leg Temperature - 14009 (760"c>, 1090 Hours. (6) Loop No. 20, Hot-Leg Temperature -16005 
(871T), 437 Hours. Etchant: Glyceria Regia. SOOX. Reduced 6%. 

I b  c 
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transfer fo r  the loop without the cold t rap was five times greater. 

conducted by &&e 

which were constructed from the same heat of type 316 stainless s t ee l  used i n  

the present study, showed specimen weight-loss rates approximately equal t o  

those obtained with the base-line cold t rap loop (No. EL). 
performed a t  hot- and cold-leg temperatures of 1600 and 1100°F (871 and 593"C), 

respectively. 

Tests 
66 

on loops of T y p  "B" design with diffusion cold traps, 

McKee's tes t s  were 

Originally, it was fe l t  that  the cold trap served t o  remove impurities 

from the l i t h i u m ,  thus reducing attack; however, the results obtained upon the 

deliberate contamination of the l i thium with IJ N and Li20 (see below) do not 3 
support th i s  contention. 

cold t rap i s  not understood. 

A t  the present tinie the function of the diffusion 

( c )  The Effect of Oxygen and Nitrogen Additions t o  Lithium. 

nitr ide and lithium oxide were added t o  loops Nos. 23 and 24, respectively, 

(see Table XVIII) i n  order t o  determine the effect  of these impurities on the 

rate of mass transfer. As a result of these additions, concentrations of 

1000 ppm of nitrogen and oxygen, respectively, were b u i l t  up i n  the two loops. 

Both loops were of the modified Type "B" design except that the diffusion cold 

traps were omitted t o  avoid precipitation of the added impurities. 

Lithium 

The hot-leg 

teqperature i n  both cases was 1500°F (816°C). L .  

.I 

As indicated i n  Table XVIII, the mass transfer rates f o r  loops NOS. 23 

The and 24 were markedly less than that  fo r  the base-line loop, No. 22. 

influence of the additives i s  brought into question, however, by the fac t  

that  the thermal gradients i n  the former loops were substantially less than 

tha t ' fo r  the base-line loop. In  an attempt t o  c lar i fy  this issue, the mass 

transfer rates for the three loops were divided by the respective AT for  each 

loop and the resulting values were plotted against &I. It was found that  the 

three data points lay very close t o  a s raight line, suggesting that  the mass 

transfer rates for  a l l  three loops would have been the same had the loops been 

operated with identical thermal gradients. 

of the data, however, it i s  only tentatively suggested that  the nitrogen and 

In view of the obvious inadequacies 

oxygen additions t o  l i t h i u m  had no effect on the mass transfer rate a t  1500°F 

(816Oc) .. 
66J. McKke, The Effect of Nitrogen - on Corrosion b2 Uthium, NDA-40, 

p. 23 (June 14, lm- - 
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The de ta i l s  of the corrosion phenomena i n  loops Nos. 23 and 24 differed 

somewhat from those f o r  other l o  operated a t  1500°F (816"~). The 1% 

of the loop t o  which nitrogen was added exhibited marked grain-boundary 

penetration [Fig. 5 l ( a ) ]  i n  contrast with the subsurface void formation 

[Fig. 51(b)] observed i n  the base-line loop, No. 22. Metallographic 

examination of the hot leg  of loop No. 24 t o  which oxygen was added revealed 

the occurrence of neither grain-boundary attack nor a phase transformation. 

Surface at tack was very uniform and only a few widely scattered s 

voids a t  a depth of less than one mil were observed. 

mass t ransfer  ra tes ,  however, these observations must be considered as  tentat ive 

on account of the re la t ive ly  small thermal gradients i n  the loops. 

As i n  the  case of the 

(a) Effect of Flow Velocity. The primary difference between the 
I1 ?? 

Types 

sections of the hot and cold legs of the Type "B" loops. 

permitted the attainment of a flow velocity i n  the Type "B" loops nearly 

double tha t  of the Type "A" loops. 

i l l u s t r a t ed  by a comparison of loop No. 19 (Type "A") with loop No. 21 

(Ty-pe "B"). 

conditions, but the mass t ransfer  ra te  f o r  the higher velocity loop was more 

than f ive  times greater. 

the influence of the magnitude of the thermal gradient i n  a loop on mass 

t ransfer  a lso suggested tha t  an increase i n  flow velocity led t o  increased 

mass t ransfer .  Finally, the  dras t ic  effects  of localized variations i n  flow 

patterns and flow velocit ies was noted on page lo5 i n  connectLon with the  

A and "B" loop designs lay  i n  the increased lengths of the ve r t i ca l  

This feature 

The influence of velocity alone was 

. 
These loops were operated under almost ident ica l  temperature 

The ef fec t  discussed on page 111 i n  connection with 

grooving" of the tab in se r t  specimens (see Fig. 49). Thus, it i s  apparent 

t ha t  flow velocity was of paramount importance i n  determining mass t ransfer  

ra tes  under the loop t e s t  conditions described. 

I1 

3. Chemical Analyses of Mass Transfer Deposits and Hot- and Cold-kg 

Surfaces. The bulk of the c rys t a l  deposition observed i n  the s ta inless  s t e e l  

thermal convection loops occurred i n  the v ic in i ty  of the lower T-joints which 

were the coldest sections of the loops. Because of the d i f f i cu l ty  experienced 

i n  retaining the crystals  i n  position during the stripping operation, the 

loops were radiographed a t  the completion of the tests. 

typ ica l  c rys ta l  deposit "plug" is  i l l u s t r  d i n  Fig. 52. Deposition was not 

A radiograph of a 

c 
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UNCLASSIFIED 
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Figure 52. Radiograph of the Bottom of the Cold Leg of a Type 316 Stainless Steel Thermal Convec- 
tion Loop (No. 22) Which Plugged After 96 Hours of Operation. White “Feathery” Areas Indicate Loca- 
tion of Mass Transfer Crystals. Note the Low Density of the Crystal “Plug” Relative to the Weld Zone 
a t  the Saddle Joint. 
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coflined en t i re ly  t o  the bottom of the d o h  leg; minor quantit ies 01 

crystals  were frequently found on the weight-loss specimen i n  the hot leg  

and a t  the  lithium-gas interface a t  the top of the loop. 

Duplicate chemical analyses were performed on the crystals  i n  a l l  tests 

when the  w e i g h t  of crystals  recovered made such determinations possible. 

The resu l t s  of the  chemical analyses p e r f o m d  on the c rys ta l  deposits from 

fourteen s ta in less  steel loops are l i s t e d  i n  Table XM. 
intended t o  show whether any of the components of the s ta in less  s t e e l  had 

mass transferred preferent ia l ly  from the hot-leg pipe wall. An over-all  

summary of the findings l i s t e d  i n  d e t a i l  i n  Table X M  i s  given i n  Table XX. 

Although the deposits were generally found t o  be somewhat enriched i n  

par t icular  elements re la t ive t o  the pipe composition before test, it should 

be emphasized tha t  a l l  major elements found i n  the or iginal  pipe were present 

i n  f a i r l y  large concentrations i n  the crystals.  

These analyses were 

Despite several  inconsistencies i n  the analyt ical  data, the general 

trend of the compositional changes accompanying mass t ransfer  was established. 

The crystals  were usually s ignif icant ly  enriched i n  nickel and manganese, 

and smaller enrichments i n  i ron were frequently observed. The chromium 

content of the metallic crystals  was low i n  a l l  cases, a resu l t  a t t r ibutable  

t o  the  f a c t  t ha t  most of the chromium and carbon removed from the hot leg 

deposited as C r  C crystals  firraly bonded t o  the cold-leg surface. These 

crystals  were not removed during the stripping operation following test .  

, g 

d 
?' 
j, 

23 6 

In  order t o  determine the extent of cornpositional changes i n  the loop 

walls, 1 0 - m i l  cuts were machined fromthe hot- and cold-leg surfaces of 

four type 316 s ta in less  s t e e l  loops. 

5-mil cuts were also obtained. 

obtained, and the resu l t s  are  shown i n  Table XXI. 
between hot- and cold-leg swqXLes obtained from the 10-mil cuts were minor 

and somewhat e r ra t ic .  

10-mil cuts probably masked the e f fec t  of the surface reactions since the 

analyses of the  5-mil cuts indicated a s ignif icant  enrichment of the cold- 

leg  surface i n  chrmium and nickel re la t ive  t o  the hot leg. 

In  the case of one of these loops, 

Analyses of these layers of material were 

The composi-bional differences 

The large quantity of base material contained i n  the 

a 



TABLE XIX 

COMPARISON OF MASS TRANSFER CRYSTAL ANALYSISa WITH T H E  BEFORE-TEST ANALYSIS O F  THE 
THERMAL CONVECTION LOOP PIPE 

Loop 

Number 
Loop Material 

Weight Per Cent 

Fe Ni Cr Mn Mo S i  C 

316 SSb pipe before test 68.7 11.5 15.4 1 .8 2.1 0.4 0.06 
4 crystals 90.6' 1.2 7.1 1.0 0.1 0.1 0.04 
5 crystols 72.1 ' 22. lC  2.3 3.6' 0.1 0.1 

19 
20 
21 
22 
23 
24 

7 

9 
10 

14 

15 
16 

316 SS pipe before test 

crystals 

cry stol s 
crystals 

cry sta I s 
crystol s 
cry sto I s 

321 SS pipe before test 

cry sto I s 

347 SS pipe before test 

crystals 

crystals 

430 SS pipe before test 

crystals 

446 SS pipe before test  

crystals 

crystols 

65.0 
55.5 
60.8 
68.2' 
73.7c 
66.9' 
73.1' 

12.2 
26.3' 
23.5' 
11.6 
17.3' 
19.5' 
13.1' 

68.5 11.5 
58.5 23.8' 

70.4 
58.5 
65.6 

82.3 
97.9' 

73.2 
85.6' 
83.4' 

12.0 
26.7' 
24.1' 

0.3 
0.7' 

0.6 
8.1' 
6.6' 

17.5 
13.1 
11.1 
16.5 
5.4 
6.1 
12.3 

15.9 
13.2 

12.1 
10.2 
5.8 

15.8 
1.1 

22.7 
5.2 
8.5 

1 .8 
4.7' 
3.4' 
1.2 
2.9' 
3.3' 
0.9 

1.4 
4.0' 

1.3 
4.2' 
4.0' 

0.6 
0.3 

0.6 
1.2= 
1.4' 

2.2 
0.4 
0.6 
1.3 
0.1 
0.1 
0.5 

0.6 

0.2 
0.5 
4.0' 

0.5 
0.4 

0.4 
0.3 
0.1 

0.4 
0.1 

0.1 
0.1 
0.1 

0.10 

0.10 

0.06 

0.05 

0.08 
0.01 

0.30 
0.04 
0.03 

'The analyses of the elements l isted totaled 90 to 97 weight per cent of the crystols in oll cases. Duplicote onolyses performed on the 

bSS stonds for stainless steel. 

crystals from eoch loop. Compositions odiusted to  100 per cent. 

'lndicotes that crystals found in  the loop were r i ch  i n  this porticular elemont as cornpored to the concentrotion of the elemont i n  the pipe 
before test. 



-117 - 

TABLE X X  

SUMMARY OF ANALYTICAL RESULTS ON MASS TRANSFER CRYSTALS FOUND IN 
FOURTEEN STAINLESS STEEL THERMAL CONVECTION LOOP TESTS 

I 

12 o f  14 loops had c r y s t a l s  r i c h "  in  n i c k e l  

10 of 14 loops had c rys ta ls  r i ch*  in manganese 

9 of 14 loops had c rys ta ls  r i c h *  in iron 

1 of 11 loops had c rys ta ls  r i c h *  i n  s i l i c o n  

0 of 14 loops had c r y s t a l s  r i c h *  in  chromium 

0 of 

0 of 5 loops had c r y s t a l s  r i c h *  i n  carbon 

8 loops had c rys ta ls  r i c h *  in molybdenum 

* R i c h  in par t i cu la r  e lement  as compared bo the concent ra t ion  of t h a t  e lement  in the s t a i n l e s s  s t e e l  p i p e  

before test. 



TABLE X X l  

C H E M I C A L  ANALYStS CIbI 5- A N D  IO-MIL CUTS MACHINED =ROM T H E  HOT- A N D  COLD-LEG SVRFACES 
O f  T Y P E  3-6 STA3SLESS S y E C L  T- IEKMAL COMVEC'IOhI LOQPS 

I____ _I__ ~~ 

L o o p  H e i j h t  Per Cen t  
- - - hl I -r Mn Mo S I  C 

Sec?ion Ano ,yzed  
-e  Numuer 

~~~~~ ~ 

T y p e  316 S S "  p ipe  before t e s t  0.1 0 65.,3 12.2 17.5 1.8 2.2 0 .6 

19b !3 m i i  c u t  from ho t - i eg  s u r i a c e  

10 m i l  C U P  from coic l - leg sursace 

1 'i .5 

'1.9 

16.7 

17.2 

I .7 2.2 

I .6 2.2 

3 .d 

0.5 

0.02 

0.06 

67.4 

66.5 

20= 13 m i i  c u t  from ho t - l eg  su r face  

10 m i l  c u t  from c o i d - i e g  su r iace  

5 m i ;  c u t  from ho t - i eg  su r face  

5 m i l  c u t  from co ld - i eg  su r face  

68.2 

65.5 

6 0.3 

65.1 

11.8 

12.5 

0.4 

i 2.5 

17.5 

19.5 

15.6 

; 7.4 

'i .6 2.2 

1.8 2.2 

0.4 

9 5  

0.0 3 

0.06 

2 I d  1 0  m i l  C U T  from hot- leg su r face  

10  m i /  c u t  from colcl- leg su r face  

66.2 

67.3 

11.9 

:2.1 

16.0 

16.9 

2 .0 2.2 

2 .o 2.2 

0.4 

0.5 

0.08 

0 34 

22e 1 0  m i l  c u t  i r o m  ho t - i es  zursncz 

10  r n i i  C U E  from c o l d - l e g  s u r f a c e  

66.7 

66.8 

i 2.0 

12.3 

.6.6 

16.6 

i .8 2 .o 
: .9 2 .0 

c: .5 

0.6 

0.08 

0.08 

'SS s tands i o r  sca in iess  5.teeI. 

bTesr cond i t i ons :  Hor  Leg: 1500OF (8'!6'C), Cold Leg :  

r e s t  c o n d i t i o n s :  H o t  Leg :  16OO'F (E7I0C), Cold Lei;: 995°F (535"C), 437 hours.  

; e s t  c o n d i t i o n s :  d o t  i e g :  1500°F (Elti'C), Co ld  L e g :  137C.'F {5??'C), 29.? hours.  

" T e s t  condiy ions:  n o ?  Leg:  i50O"F :Si6'C), Cold Leg :  IP70'F /577OC), 96 hours. 

l0FOoF [543"C), 509 hours.  
- -  
d -  
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The analyses  of 1;he deposi"ied metal.l-ic crys-Lals and of the machined. 

5, that t h e  preferential. l each ing  which occurred ri n the not l e g  

was rela-'iri.vely minor  cornpared t o  t h e  soluti.on a'Gt,ack on t h e  ho-k-leg surface. 

During deposi Lion, however, a "parti~Lior:Lng" of the precipi.tai;ed inaterial 

appeared. to have occurred  wi.tli the chromium and carbon I'ori~JLng Cr C crys t a l s ,  

vhri.12 the m e t a l l i c  deposi-Ls were r e l a t i r r e l y  em5cl-ie~iI i n  nickel-, martganese, and, 

iii iflosAi cases, iron. 

=i:j 6 

4.. Summary of' Austeni.tic and E'errTLic Sta-inlkss Steel Thertnal Convectri oil 

Tdop r(esii1t.s. 'The s t a i n l e s s  s t e e l  loop test investigati .on.s can  be s ~ m e r i . z e ( 3  

by considerirrg three a spec t s  or the co:rrrosion results : 

(a. ) jllern:perature Limi-ta-tiom f o r  the ~ontaillriien-t; of 'L;itiiium. A few 

genei-sl. s ta tements  rnay be made concernin:: the  u.sefi.21 tcaperature l imits of' 

a u s t e a i t i c  o r  ferritic s t a i n l e s s  s t ee l s  T o r  the coi-t'iaLinmeint of l i th ium.  The 

c o r m s f o n  and mass transfer ra tes  of both t ails t e :n i  t, i c and f e I. r i-t i. i: c; La i n l e  s s 

steel:; a t  ho t - l eg  i;eni~~eratii.:!'es above 1300°F ( 7 0 ~ + " C )  were found t o  lit: excessive 

f o r  heat--Lransrer systems designed .for 1000-hr operakion. in addi- t ion,  the 

corros ion  r a t e s  were found. -to i nc rease  i-apidly w i t h  i nc rezs l  iig ho t - l eg  

'Lernpt3rai;urE:s so  t 'nat even shor-ter times of  operation would not  be feasible a t  

peratures . In 'ces-ts operated at a hot-leyi: temperaturil OP LOOOOF 

( 5  @"c), s m n . ~ ~  amowatx OP bot11 ? Jo t -hg  cor ros ion  and crystal tIt:pcsitiou i.n 

cold l egs  were de tec ted .  Thiis , systems opera t ing  at m a x i m u m  .Lemperatu.r'es as 

LOV as 1 0 0 0 ' ~  (538"~) m i g h t  become p1.u d uder 3.ong-ti.me op::ri~~Li~ig condi.ti.ons a 

(h ) Ge:riera.l Nature of the Corroslon Process. 'The corrosi-on in s i x i n l e s s  

s teel-l.i.thi-urm thermal  conv-ectioai loop systems occu.r.red by a mass t ~ . a i s f e r  

process. Althuug'!i some preferentj .al  l eaching  of n i cke l  and chromium from the 

hot-leg vr:11.1. was observed, iroci wa:; a l s o  found LO 1113zjS tyarrsf'er r a p i d l ~ .  A 

Large porkton ojc t h e  chro:cn.j.um and carbon ~;i?at was i-emoved frorn -t;he h o - L  ley; was 

d.epoai.t,ed irt the form oC Rdherent c r y s t a l s  of' c'cirorniurn carb ide  (Cr C ) on the 

cold- leg wall. 'The remntnder of t h e  niaterial  removed from the h o t  leg 

precipita'ceci 3s  ii;etallj.c crystFt1.z; i.n -1;lie co ld  leg ,  'Tk com.posj.ti.on oi" the 

m-etal.l.ic crysta3.s Tr1UU varlu'file and depend-cd on t h e  tes l ;  condi t ions . 

23 6 

( e )  Fac%ora Af.Fec%ing Kate of Mass '1'rai;sfcr. The experimental r e s u N s  

clearly indi  ca te  t h a t  an. increase in flow vzloci ' iy of t h e  l i t h ium increased  

tile r a t e  oi" l ~ i a ~ s  trami'er. The role 0 . C  v e l o c i t y  rus1; be cor!:;idei-.ed from two 

standpoints:  (I.) j.ts obvious connecti-oii in t i i c  t;ransport of solute  stoms f r o m  

1,nc: h o t  leg to the c o ~  leg, and. (2) iris e f f e c t  on oti-ier pos:::i.I>l.e major r a t e -  

eon-trol.l.i.ng s t e p s ,  such as liquid o r  solid. cli.PPusi.oi-t. 

,. 1 



I n  regare t o  Lil t .  transport step, ,  a c a l c i i l a l i o l  of the solute-element  

trarispor-t per  c i - r c u i t  of 1iLiiium arourd  the  l o o p  on the 3as i s  of Yiow TJeLoci Ly, 

Loop dLmeztsi-ons 3rd the wciZk1.t ol; c r y s t a l s  reccvered:  xve - :kd  t h a t  approxi - 
m d x l j r  1. pprn of so l .u t c  z1erer.t;; :?er ci.i.cuj.t. vas deposited iii Lhc co1.d leg. 

This result Ls to be corspared x i t i  the several. ti?ou.;alnd p p ~  per  c i r c u i i  w l f c h  

would have been dep:;j.ted i f  t r a n s p o r t  rate W C T E  2 major 1 i r A  t?.ng facLor.  

(The va1.w or sc\iersl. -r,housacd pprn per c i r c u i t  ii: based o:i recen-t experiments 

i_n which the equi l ibr ium s o l i i b i l i  Ly of i.rori and n f c k z l  TI: l i t l i i u i  a t  clevnt,ed 

I;eiqera 'cu*es was de-Ler:r.iiied. ) 
Loo ].ow I"or transport o f  so1ui;e atoms to have u e m  a major 1 . i i i i i . t i ~ ~  f a c t o r .  

67 

Th:; , t h c  observed iiiass t,rarisfer r a t e s  wel-e much 

The ei ' fect  of  veloci.ty- ori I . iquid diffusion :nay be considei-ed i n  :ems of 

al.t,erations i~n t h e  c h a r a c t e r i s t i - c s  of Lhz l-ami.r,ai. 3.iquia sublayzr. n c : ~ o : ; s  which 

s o l i i t c  e.1.ements a r e  considered t o  cii ' t 'u~,e ai, ruetzl suri'aces i n  t h c  loop.  The 

..ss of Llie laminar I-ajrer cecreases  with increaci-ng ve loc i t ,y .  The 

Callow-iing experimental  o e rva t lons  can be ut-i6.cr~.tood i r. i e r n ~  of chan,. 

this I.arninar l aye r  resul.i;i nt; 17ro:;- changes Iii i'low c h a r a c i o r i s t i c s :  

0;' t h e  L a b i n s e r t  .ipecii:.enc (Fig. It!;) was produced j ri area? where specime,? 

i;eometry resul.t,eii i n  1ocal.ji~c.d ificreascs il: f low vel.oci -c , i  , ar,d ( 2 )  t h e  1r!ei;;ht, 

losses f o r  t h e  .;l.eevc-in:;ert ;pec!.mer.s were o n l y  30 to 5'2$ as grea~i as those 

ri'or t he  tabs even tliou.;.n tlic average t,eiripera'i,urc 0-r' the- sl.ee ,\res was hi.cher 

thap. t h a t ,  af' t h e  t,aL.js. 

(1.) grooxdifi;; 

iii Lhe k a c h i n g  oi zilloyirtg eler:ieni.s Prom hot, le posed the  quesiior:  as t o  

whz i i ie~ '  s o l i d  state diffur ; ior l  W R S  a major Tact,or in thc  o v e r - a l l  :>ass t r a n s f e r  

process .  Cn f i  r s i  consi.der.aLion it, i;iouJ_d appear t h a t  i f  :,oxid s t a t e  diI 'fusIori 

were a major f a c  Lor- no  el'l'ect, of veloci . ty  or1 1ii;lss V , i  sfer rakes should have 

beeii oi3:served i i i  the velocitp;. range .;t,udie5 . T h i s ,  lmlwevcia. wo~lC: no t  

iriily be the case .  If', r o r  e x a q L e t  l- iquld ci i f l 'mlon and s o l i d  di.Cfusion 

each c o n i r i b u t e a  co:rgarable ?:a j o r  resistai-ice3 i i l  t h e  mass trailsfcl '  l.:i.rcuit, 

a s<zrl.iLTj caiit v e l o c i t y  ei'i'eci; 011 tile ovcr-al.l rate r.:ight s Lill be cxr;ei:ted. 
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The fact t h a t  the mass t r a n s f e r  r a t e  wzs increased by- a factor' or' f i v e  on 

on1:y- donblirrg tJie -fl.ow rate, howewr, su.ggests t h a t  the  e f f e c t  of solid s t a t e  

d i t f i i s ion  was pro'nab1.y a minor one. 

Based on these observations it idas concluded that the ra-it- of Inass 

t r a n s r e r  in s t:zinl.ess s teel-l.i  thiiim sy:;"irns ; probably cont;rol.l.ed t o  a 

ma,jor degree by 1.i.cpf-d d i f fus ion  I n  t h e  hot leg. 

Thf orti.i:~iztely, lTttle infomnntian could be ilerivecl from the  experirnerztal 

data regardiEg the in f luence  of other  factor:; on the  mass 1;~i~i~:fer pro 

The exten-i; -to which cold-leg proce::se:; def;en.xi. I I E : ~  t h e  rate o : P  mass transfer,  

?or example, i s  imk:oown. The l i m i t e d  studies of the effect of n i t r i d e  and 

oxide ad-dit-ions to the l.i.thinm l e d  t o  lnconclusive results, t,hus p:rohibiti.ng 

any d.ePi ni.t,e conc1iisi.ons concerning the effect of  imnpi~.rities i n  Lhe lij;liii.un. 
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CHAPTER VI11 

Conclusions 

The corrosi-on r e s i s t a n c e  of a l a r g e  number of m a t e r i a l s  i-n molten l i t h i u m  

under var ious  t e s t  condritions was studi.ed i n  t h i s  i n v e s t i g a t i o n .  Tne results 

of t h e  s tudy  toge'clier wj.tn p e r t i n e n t  information Prom o t h e r  source:; arc 

corn-Dined i n  the b a r  graph shown i n  Fig. 53. It i s  t h e  piirpose of t h i s  graph 

t o  provide a condenxed giili.de f o r  t h e  eval.uation of avsj-lable corrosion da ta  

f o r  a l a r g e  v a r i e t y  o f  ma te r i a l s  under .3 i ~ i d e  range oL" t e s t  condi-t ions.  

'?he s e da-t a i n s e vera 1 i n s t ance  s re p r  e s erit the " be s t - z s t iina t e " e Y t r a p  ?.a t i on 

o f  e x i s t i n g  zxperimental  r e s u l t s .  They a m  vali~d f o r  systems where t h e  

sur face  - to  --vol.unie ratrio i s  i -pp rox imte ly  1.3: J. and, i n  dync3mj.c t e s t a :  f o r  f Loi.7 

r a t e s  and contai-ncr dimension; a s  incii.caie6. on the c h a r t .  It, shou1.d a l s o  he 

emphasi~zed t h a t  t he  d a t a  f o r  t h e  metals  p e r t a i n  i o  tests with  h igh-pur i ty  

rnnterj a l s .  The presence of c e r t a i n  inpur i - t izs  o r  contanii nariis: i.n any of t h e  

ma te r i a l s  l i s t e d  o r  i n  t h e  I I th i i i n  i i s e l f  may signil ' icart.1.y al-ter t h e  tesi ,  

r e s u l t s ,  and t h e  reader  i s  r e f e r r e d  t o  speci-fie seeti-ons o f  t h i s  r e p o r t  Yor 

more detailed d i - s c u s s i o n s  of such in s t ances .  

Based. on an a n a l y s i s  of 'che d a t a  shown i n  t h e  graph and- o t h e r  more s p e c i f i c  

r e s u l t s  f rom t h e  p re sen t  s tudy,  t h c  Yol.lowing genzrcl. coilcllisi.ons may be 

drawrii 

1.. Copper, Nickel,  Nickel-Base Alloys, Precious Metals, aj1.d Precious - 
Pktal.-Bace Al loys .  Ne Lalk wi th  r e l a t i v e l y  l a r g e  solubi- l . i t ies  i n  molten li thi-im 

exhibi-Led poor corros ion  r e s i s t a n c c  even ai; ].ow teinperatu17es. Exarriplcc, oi' such 

behclvi-or are a f fo rd~ed  by t h e  corrosi.on r e s u l t s  f o r  copper,  n i c k e l ,  t h e  ni.cke1- 

base b raz  ing alloys, nickel-base hard-fnci-ng alloys, t h e  pieci .ous meta ls ,  and 

braziiii.; al-loys based on t h e  precious metals .  Inconel  was ar, except ion  to t h i s  

genera l  rule  i n  tha- t  it 2xhi.bited good corrosion behavior  i n  :;tal;ic tests . 
On t h e  o t h e r  hand, it sufferer ;  ex tcns ivc  mass t r a n s f e r  tn dynamic t e s t s  zf, 

120L3'F (649°C). 
2. l - ion.  1-con exhibited.  excellent corrosion r e s i s t a n c e  i n  s t a t i c  systerzs 

as  long as the  carbon conLent of t h e  i r o n  was so  low as  t o  prevent  t n e  

ex i s t ence  ot" a carbon-r ich a u s t e n i t e  phase a t  t h e  i e s t  tcmperature . Although 
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i.ron WRS no t  t e s t e d  i.n a dynamic sysiem, -Lhe resu1t;s oatai-ned wi.th i roi i -  

base a l l o y s  suggested t h a t  ii-on i t s e l f  might have acceptab le  co r ros ion  

proper- t ies  irL f lowing  system:; a-i temperatures  below J2CO"P (6ikg"C). 

3. Low-Alloy Stecls. Low-a!.loy s t e e l s  possessed l i n i . t ed  resis'Lance 

t o  co r ros ion  by 1 i t h i . m .  Grain-boundary pene t r a t iou  occurred i.n t h e s e  s t e e l s ,  

and t h i s  ef fee-i; increased  wi th  inc reas ing  carbon content  - 
F e r r i - t i c  S t a i n l e s s  S t e e l s .  The l i m i t c d  corrosion r e s i s t a n c e  of t h e  

€ z r r i  t i ~ c  s t a i n l e z s  s t e e l s  was relatied to t h e  p r e f e r e n t i a l  a-Ltac:k oi" gra in -  

ooiindary ca rb ides .  Less grain-boundary pene l;imati.on occurred in the low carbon 

grades of Pe r r i  t i c  s tainless S 'W~J .S .  

5. AusteniLic Stainless S t e e l s .  The aus tc : i i t i c  ; ta i . rdcss  s t r z l s  were 

found to be the  most coi-rosion r e s i s t a n t  of t h e  coiimiei-ci.aliy a v a i l a b l e ,  hi.gh.- 

L c i q e r a h r e  alJ.oys € o r  t h e  contairment of lithium. However, t hese  a l l o y s  

sufferea exlensive mass t r a n s f e r  a t  temperatures  of l33O"F (704°C) and a.bove i n  

d3xamic t e s t  systems. In some t e s t s  wi th  these a l l o y s  gaain-boundary a t t a c k  

occurred,  an.d t h i s  e f f e c t  was gi-eally increased  when -the l i t h i u m  i n  t h e  t e s t  

sysiem we:; contaminated with Li th ium n i - t r ide .  The a t t a c k  appeared t o  be 3-ess 

severe  i n  some o f  t h e  s i a b i l i z c d  grad.es I I n  those  system:; where prefei-enLial. 

1eachi.ng of alloyi-ng elements occurred,  su r f  ace regions wcre observed Lo have 

traas€ormed from a u s t e n i t e  t o  f e r r i t e .  

6 .  Beryllium, Cobalt ,  Chromium, Rhenium, and Y t - t i r i u m .  'Illnese metals  sliowd 

good cor ros ion  r e s i s t a n c e  a t  ternpcratu.x-es as h i &  as 1500°F ( 8 1 6 " ~ )  i n  s t a t i c ,  

i so thermal  systems b u t  were not t e s t e d  ii1 djma;:.i.c systems. 

7. Cobal-t-Bas? A1.loys. Cobal.t+ase alloys of t h e  hard- fac ing  type were 

t e s t c d  i n  siati .c systems and were found t o  possess  varying degrees 01 corrosi~or ,  

r e s i s t a n c e  depending on t h e  concent ra t ion  of a l l o y i n g  elements . 'The h igher  

carlion s,l..loys genera3.l.y exh ib i t ed  less  resi.s-tance io attack. 

8. Refrac tory  Metals.  The r e f r a c t o r y  metals  and zirconium were found. t o  

possess  e x c e l l e n t  co r ros ion  resi-s tance t o  1.ithiui-n in botn static and dyria1:fij.c 

test syst,erns. Static corrosion results obtainzo i n  this investigati . .on arid 

r ecen t  dynamic t e s t  da ta  obtained i n  three-component Lest systems 
68,@ 

68 .. 
J. E. Cur?.ningiiain, In t e r im  Report on klic Resis tance of Meta l l ic  MLerialS I_I._ .__- ....... - s__..l___ I - ~ 

t o  Co-rrosion Aktack by - High Temperature - ~ ~ _ _ _  Lithiuliz, I.._-.- OH<L CF-51-7-13?, pp. -4 
G u i y  23, 1g51). 

"M. Silmty, "Sur 1.a Chaleur de k 'ormation du L'arbure d e  Lithium," _I_____.._ Comptes 
Rendus _ _ _ /  126, 1866 (June 27, 1898). 



indica-Led t h a t  titaiil.urn also posse:;:;ecl good. reststance -to 1-i.thiw11. i n  bot11 

static and dynamic systems. 

9. Cerami-cs. A l a rge  :cl-imber of oxy-des, n i t r i d e s ,  bori-des, and carbide:; 

were tested. i n  s t a t i c  systems, bill; only ChromiUIli-, t i tanium-, and zi-rconim- 

carbi.de bodies exhibited acceptxible corrosion r e s i s t ance .  

The fol.l.owi.ag conclusions can be d-rawn r e l a t i v e  t o  phenomena which 

occurred i n  the  molten l i th ium metal i n  these s.t.ud.i.es: 

1. Carbon 'l'rsnsfer . Ex-ten:;?'.ve t r a n s f e r  of ca;-bon b y  l j . t h i i i . m  wzs detected 

in:  ( a )  three-component, s t a t i c  I isothermal- systems in w12ich carbon was 

t r ans fe r r ed  from al-loys of high carbon content to a l loys  of lower carbon 

content; and (b) i n  dynamic systetns i n  which carbon was t r snsfeyred  from hot 

t o  cold zones . 
2. Oxy-gen arid Nitrogen Solubi.li.ties . The u e l a t i v e l y  high so.l .ubil i ty of 

oxygen i.n l i thixm a t  temperatiires just a'oove t h e  melting poin t  of l i th ium 

rai-sed a question as t o  the u.c;ePul.ness of a cold trap f o r  -the I-emoval or oxygen 

from dynamic li_thium systems. The reverse conelmion  was reached i.n t he  case of 

n.itrogen removal.. 

3. Sampl.i.:ng Techni.ques . The research performed r e l a t i v e  t o  a-rmlyses for 

oxygen and n i t rogen  i n  l i th ium indica ted  the  necessi-ty f o r  s p e c i a l  sarnpl.ing and 

handling techni-ques t o  avoid atliiosplieric contminai ; ion OF the spe(:irnc:ns. 

Techniques sui.table f o r  -Lhese purposes were rlevel.oped i n  t h i s  study. 

4. Lithimi F'ui-ifYcation 'T'echniqiies . Titanium and zirconium reduced the  

nitrogen concentration i n  I.i.t,hium very e f f e c t i v e l y ,  and y t t r i u m  showed prornlse 

of s i g n i f i c a n t l y  reducing the  oxygen concentration. 

5. Velocity ET-fects .  Thermal. convectioii loop  t,ests on type 31.6 s t a i n l e s s  

s t e e l  showed t h a t  f low ve loc i ty  had a major in-flueiice on the  r a t e  of mass 

transfer. An. analysis of these  data ind ica ted  t h a t  t h i s  eff 'ect vas pri.marily- 

a t t r i -bu tab le  t o  t he  veloci-by dependence or 1iqui.d diffusion i n  t he  ho t  leg. .  

Iie c om lie nda t i ons 

Recomniendations f o r  fu tu re  s tud ie s  of t he  corrosion of inaterials by 

1 i t h i . m  include: 

1. Xgh-temperature dynamic t e s t s  on r e f r a c t o r y  metal:; a t  high flow 

v e l o c i t i e s  and with l a rge  temperature d i f fe rences  f o r  extended tri.iiie periods.  

2 I Determination ol' the r e l a t ionsh ip  between hot- and cold-leg 

temperature d i f fe rences  and the ra te  of mass t r a n s f e r  i n  dynamic t e s t s  with 

a u s t e n i t i c  stai-nlecs s t e e l s .  
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3. Further. stucliies on the ei'L'ect oi' i'low -v-zlocit;y~ under eqljal 

t,emper:<ture condi.tions in djxl.a::2c tests with a u s t e n i t i c  s t a i n l e s s  s keels.  

!i . i let ,emicnti .on oL' the li:;:i.~tihg temperature cmditior.:; Tor a .us t cn i t i a  

staiclezs steel system:: e-c:.ployi.iig hi.$i flow r a k s  and large t;emperai,u.re 

dj-l ' l 'erences . 
5. Detaile:3 d.eter;inal;'.on=, 01: thz ra tes  of solu1;ion and deposi t i .on as 

funci,i.ons o€ temperature sncl flow v e l o c i t y  in various regions of a3;nanic test 

t;cnis. Such iri.t?ojma.tion mi&, be obtair:ed,  I'or cxamplz: from a ser i .es  of 

wei$it -loss Eleeve-insert spccinieris incorpora ted  i n  the hol, and col.~d l ~ g  of  

i;'riermal o r  fo-rczd convection laop systems. 
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APPENDIX 1 

' l k  most cor:-mon ii!ipurfti.es found i n  commercial 1.1 thiruii are the non- 

iq1etal.s : hydrog ? oxygen? nl'l;rnge:i, and c'nl.orir,e; t h e  metalloids: carbon 

aird s i l i c o n ;  a d  t .he metals: s o d i u q  potzssium, c a l c l u n ,  alu-ni.num, copper, 

iron, and n i c  I .  O S  these elements ? oxygen and nii;i-ogen iiave g,oneral.ly 

bcen r ep i -ded  as bei.ng m o s i ,  iiif lii-eati-al i n  ir1crensi.n;; the corrosi.v?ness of 

I.T.Lh5iz. The techniques whi.ch were deve!.opec and the  experiments conducted 

511 oriler 'LO stu3y the ef fec t , :  of thz:;e i.inpuyities a r e  6iaci;lssed b r i e f l y  i~n 

1 
I 

t h e  S ~ ' ~ L ~ . O J L S  which f 0 3 . l . G w .  

A . Sarnp.l.i.:ii; Te chniqiie s 

Lncorisi:; L e n c i c s  i n  anal.jrtica1. results on di ipl icate  samples of l i t h i u m  

Z r c m  tiie var ious te.::t zys t ems  were observed tii:-oiighout tlic early 

po-t-ti oils of 1;he c s r r c s i o n  s Ludy. In  add i t ion ,  Lhe concent ra t ions  of n i t rogen  

aril, pari,i.c:uli.arly, oxygen of given liiiiiunr samples o r t e n  were found t o  be 

<.monsisterL1-, wi.tn -tile past his . io ry  of' the  particular spechnen. Although 

ar,al;dt,ical di.ffiNx1.ties were thoright, Lo be respons ib le  for sone of t h e  

incons is;tenc:,e:; observed: i t .  i i a c  rccog:iized thai; inadequat,e sampI.ing 

procedures a l s o  represented. a major csn'i;ributior; to  he experimental  errors. 

The sampli rig procedure &eveloped ta overcorne these  problem;, is 

il1iu::i;rateti in Fig.  5!+. In oi'der t o  '0otai.n mesning€ul a n a i y t i c a l  r e s u l t s ,  i.t 

was necessary  to t a k  samples a t  tcrnperatdres o f  Lriterc;l-, i n  i ne r t ,  conta i~ners ,  

quench the-: r a p i d l y  ?'rom the t e s t  tempcrat,ure i;o avoid segregat ior i  of the 

impiiri -y el.e:xenic ? and o r o t c c t  t'nem Prom a-'ho:ipheric coni;arnina-Lion a t  all.  

t i c i c s .  The procedure cons i s t ed  of t h e  f o l l o v i n g  s t eps :  

1. P r e s s u r i z a t i o n  of the coritalner io be sample6 wi th  argon, forein,? 

3.ithium i r k o  a heated sampling tube. - 
c l .  lizriioval of t h e  furnace from around Lhe sampling tube and r ap id  

quenching of -Lhe sanip.l.e Oy means ol' a chi l l -ed-oi l .  bath. 
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C. Purification Ekperiments 

In order t o  study the effects  of nitrogen and oxygen contamination on 

the corrosiveness of lithium, it was necessaryto devise methods of purifying 

the metal. The l i t h i u m  used i n  these studies was obtained from the producer 

i n  gas-tight s ta in less  s t e e l  containers packed under an argon atmosphere. 

as-received purity of several  typical  shipments of metal i s  given below: 

The 

Nitrogen Oxygen Quantity 
Shipment ppm (PPd ( lb  1 

A 600 390 20 

B 1940 415 46 

C 3310 1980 46 

The methods used i n  attempts t o  purify lithium included low-temperature 

f i l t r a t i o n ,  vacuum d i s t i l l a t i on ,  and gettering with active metals, such as 

titanium, zirconium, and y t t r i u m .  

F i l t ra t ion  through 10 IJ. s ta in less  s t e e l  f i l t e r s  a t  482OF (25OOC) did not 

reduce the nitrogen o r  oxygen content of lithium. 

Vacuum d i s t i l l a t i o n  of lithium a t  1202°F ( 6 5 0 " ~ )  i n  the apparatus 

i l l u s t r a t ed  i n  Fig. 55 was also found t o  be ineffective i n  lowering the 

nitrogen and oxygen concentrations. 

l i s t e d  i n  Table XXII. 
t o  the rather  high pressure (loe4 mm Hg) under which the d i s t i l l a t i ons  were 

performed. However, it should be noted tha t  Arbiter and Lazerus, using 

d i s t i l l a t i o n  equipment and t e s t  conditions somewhat similar t o  those employed 

i n  t h i s  study, were successful i n  reducing the nitrogen content of lithium 

t o  l e s s  than 50 ppm. 

the boi le r  could have been responsible f o r  the reduced nitrogen content of the 

d i s t i l l a t e .  

system which did not have titanium sponge i n  the l i t h i u m  boiler.  

The resu l t s  of these experiments are 

The f a i lu re  of t h i s  method i s  probably at t r ibutable  

12 

In the ci ted work, the presence of titanium sponge i n  

The resu l t s  l i s t e d  i n  Table XXII were obtained i n  a d i s t i l l a t i o n  

'%. Arbiter and S .  Lazerus, Purification of - Uthium b_;r Vacuum Distillation, 
NDA-39 (June 14, 1957). 

c 
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Figure 55. Li thium Dist i l lat ion System. 
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TABU XXII 

EFFBCT OF VACUUM DISTIL;LATIO$ AT 1202°F (650°C) ON THE NITROGEN AND OXYGEXV CONTENT OF LITHIUM 
Pressure a t  cold t r ap  with system cold: 
Pressure a t  cold t r ap  with system a t  temperature: 
Dis t i l l a t ion  rate: 30 g/hr 

2 x LO’m Hg -4 1 x 10 mm Hg 

b Nitrogen (pp) Oxygen (m) 
Separate,, Separate 

Dist i l la t ion No. Analyses Average Analyses Average Remarks 

Charge t o  s t i l l  

1 

2 

3 
4 

(1100 g) 

5 

6 

1170, 1250 1210 226 

1400, 1300 1350 370, 285 

885, io10 376, 533 
1260, ll50, 1080 700, 389, 

3000, 1900 2450 375 
4200, 5300 4750 1120, 1210 

1600, 1600, 1730 203, 198 

2700, 3100 688, 630 

2000 

1800, 2100 2430 701, 758, 

As received and f i l t e r e d  a t  300°C through a 
5-p, f i l t e r .  

(2%) 

330 
500 

( 375 ) 
1170 

Condenser leaked near end of run. 

Some contamination of system occurred during 
repair  of leak following Dis t i l l a t ion  No. 3 

200 

690 

80$ of each charge was d i s t i l l ed  and the remaining 205 was discharged through the drain l ine.  a 

b A l l  samples obtained a t  end of 80s d i s t i l l a t i on .  



The addition t o  lithium of metals whobe oxides and n i t r ides  are  more 

s table  than those of lithium was found t o  be the most prac t ica l  and effect ive 

purification method investigated. 

various metals with lithium n i t r ide  and l i t h i u m  oxide calculated from standard 

f ree  energies of formation were used as guides i n  the selection of meta&s f o r  

the gettering studies. 

lithium nitride13 l i s t e d  i n  Table XXIII, titanium, zirconium,and yttrium were 

selected f o r  study as potent ia l  purifying agents f o r  nitrogen. Both titanium 

and zirconium were found t o  be very effect ive i n  gettering nitrogen from 

lithium a t  1500°F (816"~)  but were not effect ive i n  reducing the oxygen content, 

a result t o  be expected from the oxide-free energy datal4 shown i n  Fig. 56. 

Typical t e s t  resu l t s  are shown i n  Table XXIV which gives data obtained f o r  

titanium. I n  these t e s t s ,  f l a t  titanium specimens having measurable surface 

areas were used so t h a t  the gettering r a t e  as a function of the surface area 

could be determined. The metallog 

a f t e r  the gettering experiment i s  i l l u s t r a t ed  i n  Fig. 57. 

Standard f r ee  energies of reaction of 

On the basis of the possible reduc6ion reactions f o r  

hic appearance of the titanium before and 

Titanium sponge was used i n  subsequent purification experiments. These 

tests were conducted a t  1500°F (816"~)  f o r  24 h r  on 40-lb batches of 

commercial l i t h i u m  u t i l i z ing  5 l b  of titanium sponge and resulted i n  reduction 

of the nitrogen 

used routinely t o  produce 1 

thermal convection loop test  investigations. 

s ignif icant  improvement could be achieved using the more expensive zirconium 

sponge, no fur ther  tes t ing  on zirconium was undertaken. 

ntent of lithium t o  less than 10 ppm. This procedure was 

-nitrogen l i t h i u m ,  f o r  the l a t t e r  portion of the 

Since it was clear  t h a t  no 

The results of preliminary studies using y t t r i u m  indicated tha t  this 

metal i s  more effect ive than e i the r  titanium o r  zirconium i n  reducing the 

oxygen content of molten lithium. 

turnings a t  1500°F (816Oc) f o r  100 h r  resulted i n  lithium containing l e s s  than 

100 ppm each of oxygen and nitrogen. 

Lithium purified by exposure t o  yttrium 

Chemical analyses obtained on yttrium 

13L. L. Quill, The Chemistr and Metallurgy of - Miscellaneous b I v h  
McGraw-Hi11 €bok Co . T n d  (1950). 

14A. Glassner, The Thermochemical Properties of the Oxides, Fluorides, -- 
and Chlorides t o  2 5 0 m 7  U. S. Government Printing Office, Washington, D. C. 
( 1 9 5 7 ) .  - 

. 
c 
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TABU XXIII 

STANDARD FREE ENERGY CHAIIGES FOR REACTIONS BElwEEN 
Iii N AND VARIOUS 

3 
X 1 

3 Y  Y X Y  
L i N + - M = - M N  + 3 L i  

N0298 
“xNy Kcal/g-atom of N 

Z r N  

UN 

T i N  

m3N4 

YN 

B e N  

CbN 

TaN 

3 2  

I‘Q3N2 

Ca N 

B a N  

3 2  

3 2  

- 38.0 

- 37-7 
- 36.2 

- 33.6 

- 26.7 

- 23.4 

- 9.3 

+ 0.6 

c 

t 
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Figure s. Standard Free Energy Changes for Lithium Oxide Reduction Reactions. 
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TABLF, X X I V  

RESULTS OF LITHIUM PURIFICATION EXPERIMENT UTILIZING 
TITANIUM SHEXT AS THE GETTERING METAL 

Test 

r 

Conditions: 

Temperature: 1500°F (816"~)  
Container: Type 347 Stainless Steel  
Weight of Lithium: 730 g 
Volume of Lithium: 94.8 in.3 
Dimensions of Titanium Sheets: 
Number of Titanium Sheets: 10 
Total Weight of Titanium Sheets:' 
Ratio of Total Surface Area of Titanium t o  

8.0 x 1.75 x 0.012 in.  

130 g 

Lithium Volume : 2.98 in.  '/in. 3 

i 

Impurity Content 
ppm ) 

Remarks 
Material Analyzed N2 O2 

Lithium 

Before t e s t  

After 24 hr 

After 48 hr 

Titanium Sheet 

Before t e s t  

After 24 hr 

d 

After 48 hr  

2450 

740 

380 

74 
1600 

3200 

370 

910 

730 

1500 

1000 

1400 

Rate of N2 loss (0-24 h r ) ,  

Rate of N2 loss (24-48 hr),  

71 ppm/hr. 

15 pPm/hr. 

X-ray examinatim of surface 
showed Tim; metallographic 
examination showed 0.0004- 
in .  layer of TIN. 

X-ray examination of surface 
showed "iN; metallographfc 
examination showed 0.0006- 
in .  layer of EN. 

%eight change of titanium specimens during 48-hr test: 1.0 g 
(3.55 mg/in.2)- 
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Figure 57. Surface of Titanium Gettering Specimen: (a) Specimen Before and (b )  Specimen Following 
Exposure to Lithium. Gettering Test Conditions: 816% (150O0F), 100 hr; Ratio of Titanium Surface Area 
to Lithium Volume - 2.98 in.*/in.,; Specimen Thickness - 0.012 in. Nitrogen Content of Lithium: Before 
Test - 2450 ppm, After Test - 380 ppm. Etchant: HF, HNO,, Glyceria (25-2550 ~01%). 
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a 

metal specimens exposed t o  impure lithium f o r  various t i m e  periods i n  

another series of t e s t s  are l i s t e d  i n  Table XXV and are indicative of the  

relat ive effectiveness of yttrium as a gettering agent f o r  these impurities. 

Additional tests w i l l  be r red t o  confirm the resu l t s  of these preliminary 

studies . 
D. 

No information was found i n  the l i t e r a t u r e  re la t ive  t o  the equilibrium 

so lubi l i t i es  of lithium n i t r ide  or  lithium oxide i n  molten lithium. Such 

information was needed i n  order t o  determine the potent ia l  usefulness of cold- 

pping15 as a method of continually purifying lithium circulating s 

Solubi l i ty  experiments were conducted i n  the sanpling apparatus shown i n  

Fig. 58, using hi&-purity l i t h i u m  nitride'' and lithium oxidel' which were 

prepared especially f o r  t h i s  study. 

suff ic ient  oxide o r  n i t r ide  was added t o  bring the impurity l eve l  of the bath 

t o  5 w t  $. 
a 20 p s ta in less  s t e e l  f i l t e r  a f t e r  allowing the system t o  equilibrate a t  the 

sampling temperature f o r  24 hr .  

prepared f o r  analysis by the techniques i l l u s t r a t ed  i n  Fig. 54. 

For each so lubi l i ty  determination, 

Samples of the lithium were taken by forcing the lithium through 

The so lubi l i ty  samples were quenched and 

The resu l t s  of t h i s  work s d tha t  the so lubi l i ty  of nitrogen i s  1 

!These re k 150 ppm a t  482°F (250°C) and 1830 4 150 ppm a t  572OF (300°C). 
which are based on the 

the ineffectiveness of low-tempe 

the nitrogen ent  of lithium. 

lyses of three samples a t  each temperature, explain 

ure f i l t r a t i o n  and cold-trapping i n  reducing 

The so lub i l i t y  of l i t h ium oxide was determined a t  four temperatures w i t h  

The results,  which are a minim of seven samples taken a t  each temperature. 

l i s t e d  and plotted i n  F'ig. 59, show that the so lubi l i ty  of lithium ox5de at 

temperatures s l i gh t ly  above the melting point of lithium i s  less than LOO ppm. 

This resu l t  i s  not consistent with the reported ineffectiveness sf cold-tr 

as  a method of reducing the oxygen content of lithium, but this inconsistency may 

18 

t o  the inadequacy of previous analyt ical  techniques. 

15Cold-trapping i s  a method of l iquid metal purif icat ion which i s  based 

%ithim ni t r ide  analysis: 98.7 w t  $ U 3 N .  

17LLthium oxide analysis: 

upQn the temperature dependence of so lubi l i ty  of impurities i n  the l iquid metal. 

99.8 w t  $ U20. 
-0 

of bx Vacuum 
LO 

W. Arbiter and S. Lazerus, - 
Dist i l la t ion,  NDA-39, p. 7 (June 



TABU XXV 

d 

COMPOSITIONS~ OF ~ U M  GETTER SPECIMENS~ BEPORE AND AFTER 
EXPOSURF: TO LITHIUM CONTAINING NITROGEN AND OXYGEN 

Test Temperature: 1500'F (816"~) 
Total Time of Test: 72 hr  

Y t t r i u m  Time Period Oxygen Content of Y t t r i u m  (ppm) Nitrogen Content of Y t t r i u m  (ppm) 
Specimen of Ekposure, Before After Before After 

No. Test Test Change Test Test Change 

1 0-72 1300 3800 + 2500 1100 + 650 450 

2 

3 

24-72 

48-72 

1400 

940 

3900 

1800 

+ 2500 

+ 860 

570 

110 

850 

170 

+ 280 

+ 60 

a 

bDimensions of cylindrical  specimens: 

As determined 3y vacuum-fusion acalysis. 

Diameter - 0.3 in.; Length - 1.0 in .  

I * .  C 

I 
I-' 

F 

8 
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Figure 58. Sampler Used in Li,N and Li,O Solubility Studies. 
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APPENDIX I1 

MECHANICAL PROPERTY STUDIES ON TYPE 316 STA1NL;ESS STEEL 
AFTER MPOSURE TO LITKTUM OF VARYING PURITY 

c 

c 

a 

P 

In  the present corrosion study, it was shown tha t  type 316 s ta in less  steel  

was par t icular ly  sus ceptible t o  grain-boundary penetration when exposed t o  

lithium of high-nitrogen content (see Fig. , k 3 ,  p. 92). The ef fec t  of t h i s  

grain-boundary attack on the room-temperature t ens i l e  properties of the b c e e l  

was determined using f l a t  t ens i le  specimens 0.05 in.  i n  thickness which had 

been exposed f o r  100 hr a t  1500°F (816°C), t o  s t a t i c  l i t h i u m  containing 3 w t  $ 
lithium ni t r ide.  For purposes of comparison, t ens i l e  specimens were also 

exposed t o  lithium containing 2 w t  $ lithium oxide and t o  "pure" l i t h i u m  under 

the same t e s t  conditions. 

Photomicrographs of transverse sections through the specimens pr ior  t o  

tens i le  tes t ing  but after expasure t o  l i t h i u m  are shown i n  F'ig. 60. As may be 

seen, grain-boundary at tack was most pronounced i n  the specimen exposed t o  the 

high-nitrogen l i t h i u m 1 9  and was essent ia l ly  4bsent i n  the s 

"pure l i t h i u m .  

men exposed t o  

The results of the tens i le  tests and photographs of the ruptured specimens 

are shown i n  Fig. 61. 
a t  1500°F (816"~) i n  order t o  duplicate the 

specimens was also included f o r  comparison purposes. 

n i t r i de  impurity has a greater e f fec t  on the strength, the duc t i l i ty ,  and the 

grain-boundary: cracking than does the oxide impurity. 

A control specimen t h a t  was heated i n  argon f o r  100 hr 

treatment given the other 

It i s  evident t ha t  the  

"The specimen exposed t o  lithium which contained the large nitrogen 
addition was s l igh t ly  ferromagnetic and covered with a poorly adherent, 1-mil 
thick metallic film. 
( w t  8 )  as compared t o  71 Fe-10 Ni-18  Cr ( w t  3 )  f o r  the specimens before tests. 
The corrosion process responsible f o r  this fi lm formation was not investigated. 

The chemical composition of this fi lm was 87 Fe-12 Ni-  0.8 Cr 
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f TENSILE SPECIMENS TREATED FOR 
100 hr AT 150OOF (816OC) IN THE 
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LITHIUM (0.0025 % N2,00135 70 02) 
% EXTENSION = 32.2 T0(2-in.GAGE LENGTH) { TENSILE STRENGTH = 96,005 psi 

LITHIUM + 2 70 LITHIUM NITRIDE 
'% EXTENSION = 19.2T0(2-in GAGE LENGTH) 
TENSILE STRENGTH = 88,908 psi 

LITHIUM + 2% LITHIUM OXIDE 

t TENSILE STRENGTH = 91,992 psi 
'% EXTENSION = 30.5 %(Z-in.GAGE LENGTH) 

Figure 61. Type 316 Stainless Steel Specimens Tested in Tension at Room Temperature Following 
Treatments Indicated. Note Intergranular Cracking in the Specimen Exposed to Lithium Containing 2% 
Lithium Nitride. 1OX. Reduced 29%. 
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