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PREFACE 

The four th  in  a s e r i e s  of NASA-AEC Liquid-Metals  Cor ros ion  Meet ings,  held 
October  2-3, 1963, w a s  devoted to $iscussion of the m e c h a n i s m s  of l iquid-metal  
corcosi 'on, the r e s u l t s  of compatibil i ty tests-with a lka l i  metals , -  and the p r o b l e m s  
r-to c o r n p a t i b i l l  te=with a l k r m e t a l s .  P r e v i o u s  meetin<s in  this 
s e r i e s  dea l t  with a b r o z d e r  r a n z e  of top ics  that include m e r c u r y  cor ros ion ,  l iquid- 
m e t a l  analyt ical  chemis t ry ,  and l iquid-metal  p rope r t i e s .  
p rehens ive  coverage,  this meet ing w a s  r e s t r i c t e d  i n  scope. 
not covered  could be d e f e r r e d  to meet ings  under  o ther  ausp ices  planned f o r  the 
n e a r  future .  

/- 
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In the i n t e r e s t  of com-  
It w a s  fe l t  that  topics  

The meet ing w a s  intended to s e r v e  two purposes:  It was  to provide  a n  oppor-  
tunity f o r  the exchange and compar ison  of c u r r e n t  test r e s u l t s ,  and j u s t  as impor -  
tant, it w a s  to provide the w o r k e r  in  the field of compatibil i ty tes t ing  with informa-  
t ion per t inent  to conducting and in te rpre t ing  c o r r o s i o n  tests f r o m  expe r t s  i n  a l l ied  
fields.  It h a s  become evident that (1) a wel l -designed c o r r o s i o n  t e s t ,  espec ia l ly  
under  two-phase flow conditions, c a l l s  f o r  an  understanding of hea t - t r ans fe r  and 
fluid dynamics;  ( 2 )  tes t ing of r e f r a c t o r y  me ta l s ,  pa r t i cu la r ly  where  it is n e c e s s a r y  
to main ta in  low impur i ty  l eve l s ,  r e q u i r e s  a n  insight  into the in te rac t ion  between 
the  environment  and the tes t ;  (3) fu r the rmore ,  the abil i ty to i n t e r p r e t  and c o r r e -  
l a t e  c o r r o s i o n  da ta  is dependent on an  understanding of c o r r o s i o n  mechan i sms .  

Two impor t an t  subjects ,  not on the agenda and not d i scussed  in  this repor t ,  
however ,  w e r e  touched on during the c o u r s e  of the meet ing and should be mentioned. 
One subjec t  concerned  the l ack  of su i tab le  ins t rumenta t ion  f o r  c o r r o s i o n  tes t ing,  
pa r t i cu la r ly ,  p r e s s u r e ,  t empera tu re ,  and vapor  quality ins t ruments .  This  defi-  
ciency was  universa l ly  acknowledged and lamented. 
l imi ta t ions  and significance of the th ree  types of two-phase co r ros ion  tests ( re f lux  
capsule ,  natural-convect ion loop, and forced-convect ion loop) cu r ren t ly  in  use.  
The  c u r s o r y  na tu re  of the d i scuss ion  and the hea t  genera ted  by the par t ic ipants  did 
not p e r m i t  a c rys ta l l iza t ion  of conclusions.  As a consequence of the wide i n t e r e s t  
expressed in these two subjects, it is anticipated that they will be placed on the 
agenda of the next meet ing in this s e r i e s .  

The o the r  subjec t  was  the 

It is grat i fying to  note that, in  sp i te  of the s h o r t  not ice  given to the par t ic ipants  
of the meet ing,  a lmos t  all w e r e  able  to submi t  a wr i t t en  copy o r  a s u m m a r y  of 
t he i r  p resenta t ions ,  which a r e  col lected here in .  
nat ion of information,  this  r e p o r t  has not rece ived  technical  no r  ed i to r i a l  review 
by e i t h e r  the pa r t i c ipan t s  o r  the sponsors .  
the  par t ic ipa t ing  organiza t ions  cannot a s s u m e  respons ib i l i ty  fo r  the c o r r e c t n e s s  
of all de ta i l s  repor ted .  

In the i n t e r e s t  of rapid d i s semi -  

Consequently,  the Government  and 

The Oak Ridge National Labora to ry  and the Pratt & Whitney, CANEL, p r e -  
sentat ions (vol. II) a r e  Confidential  Res t r i c t ed  Data  and the re fo re  a r e  pr in ted  
sepa ra t e ly  as Special  Publ icat ion 42. 

Louis  Ro senblum 
Cor ros ion  Meeting C h a i r m a n  
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1. INTRODUCTORY REMARKS 

L e o  F. E p s t e i n  

a .  The Liquid Metal Revival 

This  f o u r t h  annual meeting on Liquid Metal Corros ion ,  sponsored 

by NASA and t h e  AEC j o i n t l y  comes a s  a p a r t i c u l a r l y  t ime ly  event .  

These two agenc ie s  a r e  l a r g e l y  r e s p o n s i b l e  f o r  a remarkable r e v i v a l  

of  i n t e r e s t  i n  t he  s u b j e c t  of l i q u i d  m e t a l s ,  and a n  i n t e n s i f i c a t i o n  

of e f f o r t  i n  t h i s  a r e a  which cor responds ,  more o r  l e s s ,  w i t h  t h e s e  

meetings.  

There ha.s been, of cour se ,  a. s c i e n c e  of  technology of l i q u i d  

m e t a . 1 ~  s i n c e  ma.n f i r s t  d i scove red  how t o  ex t r a . c t  meta.ls fram t h e i r  

o r e s ,  and t o  f u s e  and shape them i n t o  u s e f u l  o b j e c t s  by c a s t i n g .  

Mercury, t h e  on ly  r e a d i l y  ob ta ined  meta l  l i q u i d  a t  room tempera ture  

seems t o  have had a r a t h e r  s p e c i a l  k ind  of  f a s c i n a t i o n  f o r  a l chemis t s  

and t h e  e a r l y  workers i n  chemis t ry ,  and over  t h e  yea r s  many f a m i l i a r  

a p p l i c a t i o n s  of t h i s  meta l  were found - e.g. thermometers, barometers ,  

e t c .  The modern p e r i o d ,  i n  l i q u i d  me ta l s  technology, however, d a t e s  

e s s e n t i a . l l y  t o  t h e  1920 ' s  when t h e  f i r s t  power pla .nts  f o r  t h e  genera.- 

t i o n  of  e l e c t r i c i t y - u s i n g  mercury va.por instea.d of steam were 

in t roduced .  This a .pp l ica . t ion ,  a.lthough i t  caused a. cons idera ,b le  

f l u r r y  of  exc i tement  f o r  a. wh i l e  u l t ima . t e ly  a.11 bu t  va.nished from 

i n d u s t r y  and technology, 1a.rgely due t o  new developments and innova.t ions 

which ma.de t h e  mercury c y c l e  less  a . t t r a . c t ive  economica,lly than  i t  ha.d 

i n i t i a l l y  seemed t o  be. 
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Immedia.tely fo l lowing  World Wa.r 11, ma.ny of  t h e  s c i e n t i s t s  who 

dur ing  t h e  yea.rs of  c o n f l i c t  ha.d been ob l iged  t o  c o n f i n e  t h e i r  

s t u d i e s  t o  t h e  use o f  t h e  nuc1ea.r f i s s i o n  process  f o r  weaspons on ly ,  

were a.ble t o  f o r  t h e  f i r s t  t i m e  cons ide r  o t h e r  p o s s i b l e  a .pp l ica . t ions .  

The p o s s i b i l i t y  of  u t i l i z i n g  t h e  1a.rge energy r e l ea , se  of t h e  f i s s i o n  

process  t o  produce power ha.d been conceived of ve ry  soon a . f t e r  t he  

d i scove ry  of t h e  ba.sic phenomenon, a.nd i n  1946 a . c t ive  work on t h e  

use  of  nuc1ea.r f i s s i o n  f o r  power product ion  bega.n i n  ea . rnes t .  The 

need f o r  a hea.t t r a . n s f e r  f l u i d  wi th  t h e s e  systems wa.s obvious ,  a.nd 

i t  q u i c k l y  beca.me c1ea.r t ha , t  beca,use of t h e i r  r e s i s t a n c e  t o  ra .dia , t ion 

da.ma.ge, high therma.1 c o n d u c t i v i t i e s  and o t h e r  d e s i r a . b l e  p r o p e r t i e s ,  

l i q u i d  meta.ls ha.d some outs ta .nd ing  a.dvantages. The i n t e r e s t  i n  

l i q u i d  meta.ls a . t  t h i s  t i m e  a r o s e  1a.rgely under AEC sponsorsh ip ,  

and wa.s ca . r r i ed  o u t  a . t  a. number of  l a .bo ra . to r i e s ,  Argonne a.nd t h e  

Knolls Atomic Power La,bora.tory, i n  pa.r t i c u l a , r  . 
For a .ppl ica . t ions ,  where a. f l u i d  i s  used t o  remove h e a t  from a. 

hea,t source ,  i t  i s  easy  t o  show tha. t ,  a.11 o t h e r  f a . c to r s  being equa.1, 

t h e  amount of power r e q u i r e d  t o  c i r c u l a . t e  t h e  f l u i d  ( t h e  pumping 

horse-power) i s  roughly propor t iona , l  t o  t h e  squa.re of t h e  d e n s i t y .  

S ince  t h e  power d i v e r t e d  t o  pumping t h e  f l u i d  a.round t h e  system i s  

no t  a.va.ila.ble f o r  u s e f u l  e x t e r n a l  work, i t  i s  d e s i r a . b l e  t o  minimize 

t h i s  e s s e n t i a l l y  d i s s i p a t i v e  q u a n t i t y ,  and a p p l i c a t i o n  of t h i s  c r i -  

t e r i o n  t o  t h e  choice  of s u i t a b l e  coo lan t s  l e a d s  r a t h e r  qu ick ly  t o  

l i q u i d  metals of  minimum d e n s i t y .  While t h e  l i g h t e s t  of t h e  known 

meta ls  i s  l i t h i u m ,  t h e  use of t h i s  m a t e r i a l  i n i t i a l l y  was r e s t r a i n e d  

by t h e  unhappy presence  of t h e  L i 6  i s o t o p e  i n  n a t u r a l l y  o c c u r r i n g  

m a t e r i a l .  The nuc lea r  behavior of t h i s  s p e c i e s ,  i n  p a r t i c u l a r  i t s  

6 
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l a r g e  a b s o r p t i o n  c r o s s  s e c t i o n  f o r  thermal neu t rons ,  made i t  es- 

s e n t i a l  t o  c a r r y  o u t  i s o t o p e  s e p a r a t i o n  processes  t o  o b t a i n  

r e l a . t i v e l y  pure L i 7  be fo re  t h i s  could  be s e r i o u s l y  considered.* 

Thus t h e  e a r l i e s t  work on l i q u i d  metals f o r  nuc lea r  a p p l i c a t i o n s  

f o r  t h e  most p a r t  concen t r a t ed  on t h e  nex t  l i g h t e s t  me ta l ,  so-  

dium. I n i t i a l l y ,  i t  w a s  thought by some workers t h a t  t h e  f a c t  

t h a t  Na. wa.s no t  l i q u i d  a.t room tempera.ture (Melting P o i n t  97.8OC) 

would be a. s e r i o u s  disa.dva.nta.ge; and f o r  t h i s  rea.son a. grea. t  dea.1 

of  a. t  t e n t i o n  wa.s devoted t o  t h e  sodium-potassium a . l l o y s ,  NaK, which 

ha.ve t h e  u s e f u l  cha.ra.c t e r i s t i c  of being l i q u i d  t o  tempera,tures as 

low a.s -12.3OC ( e u t e c t i c ,  7 7 . 2  weight pe rcen t  K) a. l though the  nuc1ea.r 

a .bsorp t ion  c r o s s  s e c t i o n  of pota.ssium i s  so much worse tha.n tha, t  of 

sodium tha.t  t h i s  convenience i s  no t  ach ieved  wi thout  some pena.l ty.  

It wa.s u s i n g  Na.K, then ,  tha.t  t h e  f i r s t  l iqu id-meta , l  cooled 

power p l a n t  wa.s b u i l t ,  t he  Argonne c o n s t r u c t e d  Experimenta.1 Breeder 

Reactor (EBR-I) which a.chieved c r i t i c a . l i t y  a . t  t h e  1da.ho Test S i t e  

i n  1952 a.nd ha.s been o p e r a t i n g  (except  f o r  minor i n t e r r u p t i o n s )  

eve r  s i n c e .  

t h e  sa.me t i m e  a.s Argonne (1946) i n  a.bout 1950 s h i f t e d  i t s  a t t e n t i o n  

t o  t h e  use  of a. sodium (ra . ther  t han  Na.K) cooled nuc1ea.r r ea . c to r  f o r  

subma.rine p ropu l s ion ,  ,a.nd t h i s  work l e d ,  i n  1955 a.nd 1956, t o  t h e  

opera . t ion  f i r s t  of a. 1a.nd-ba.sed pr.ototype (West Mi l ton ,  N.Y.)  a.nd 

then  of t h e  subma.rine Sea. Wolf. 

U P L ,  which ha.d begun a power p l a n t  p r o j e c t  a . t  a.bout 

* The pra.ctica.1 s e p a r a t i o n  of l i t h i u m  i s o t o p e s ,  and s e r i o u s  c o n s i d e r a t i o n  of 

t h e  use  of l i t h i u m  i n  a. nuc lea r  system, w a s  no t  a.chieved u n t i l  t h e  l a t e  

1950 ' s .  

7 



I n  t h i s  f i r s t  push of  e f f o r t  i n  t h e  deca.de from 1946 t o  1956, 

a. sound ba.sis f o r  unders tanding  the  technology of l i q u i d  meta.ls ,  

a.nd of  t h e  g r e a t e s t  i n t e r e s t  f o r  t h i s  meeting, t h e  mecha.nisms of 

c o r r o s i o n  of s t r u c t u r a l  ma. ter ia , ls  by l i q u i d  meta.ls wa.s developed. 

In  t h i s  fa.st-moving a.nd r a . t he r  r evo lu t iona , ry  era. ,  t h e  p rogres s  of 

t h e  a . r t  leaned hea.vily on the  e a x l i e r  exper ience  w i t h  mercury. The 

explana,t ion of Nera.d (Genera.1 E l e c t r i c )  tha. t  c o r r o s i o n  by t h i s  l i q u i d  

was 1a . rge ly  a. p rocess  of  phys i ca l  s o l u t i o n  ( q u i t e  d i f f e r e n t  i n  kind 

from t h e  chemica.1 r ea . c t ions  which a.ccount f o r  c o r r o s i o n  by wa.ter a.nd 

many o t h e r  common media.), i t  wa.s found, could  be ca . r r i ed  over w i t h  

only  s l i g h t  modi f ica , t ion  t o  t h e  beha.vior of t h e  a . l ka . l i  m e t a . l s .  During 

t h i s  p e r i o d ,  t h e r e  was a. g r e a t  dea.1 of  work done wi th  t h e  hea.vier 

low-melting, low-cross-sec t ion  meta.ls Pb a,nd B i  i n  t h e  U.S. (a.t 

Brookhaven i n  pa.rt icu1a.r)  and i n  Grea.t B r i t a . i n  a . t  Ha.rwel1. These 

s t u d i e s  u l t ima . t e ly  l e d  n o t  on ly  t o  a. g r e a t e r  understa,nding of  t h e  

c o r r o s i o n  behavior  of  hea,vy l i q u i d  metals, bu t  a . lso succeeded i n  

c l a . r i f y i n g  some long-sta,nding puzz les .  The mechanism of  mercury 

c o r r o s i o n  i n h i b i t i o n  by d i s s o l v e d  T i  o r  Z r  wa.s e m p i r i c a l l y  d iscovered  

a.nd pa.tented by Nera.d i n  1 9 3 4 ,  but  t h e  d e f i n i t i v e  exp1a.na.tion of how 

t h i s  worked d i d  n o t  a.ppea.r u n t i l  t h e  a.nnouncement of Gurinsky and h i s  

BNL a s s o c i a t e s  a. t  t h e  f i r s t  Geneva. Conference i n  1955. I n  ma.ny o t h e r  

a.rea.s a . lso,  t h e  1946-1956 per iod  wa.s t h e  Golden Age of  Liquid  Meta.ls. 

How a.nd why i t  ca,me t o  a. r a t h e r  dra,ma.tic c l o s e  fo l lowing  Geneva, I 

i n  1955 i s  a. fa .scina. t ing s u b j e c t  f o r  cons idera , t ion .  

t he  Sea. Wolf which were wide ly  and e r roneous ly  a . t t r i b u t e d  t o  i t s  

sodium-cooled power p l a n t  ( r a t h e r  tha.n t o  ch lor ide- induced  s t ress  

The problems of  
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c o r r o s i o n  cra.cking on t h e  wa,ter s i d e  of t h e  stea.m genera . tors )  

c e r t a . i n l y  ha.d a.n e f f e c t .  

p r e s s u r i z e d  wa.ter p l a n t s  f o r  s h i p  p ropu l s ion ,  a.nd a.s a, r e s u l t  of t h i s  

d e c i s i o n ,  a. subs tan t ia .1 '  amount of AEC suppor t  o f  l i q u i d  meta.1 s t u d i e s  

d isappeared .  The l i q u i d  bismuth work i n  both  t h e  U.S. and Great B r i t -  

a i n  came t o  a v i r t u a l  h a l t ,  and personnel began t o  move into o t h e r  

r e a c t o r  t ypes  t h a t  were cons idered  more immediately remunerative.  The 

new U.S. l e g i s l a t i o n  i n  1956 pe rmi t t i ng  t h e  e n t r a n c e  of p r i v a t e  i n d u s t r y  

i n t o  t h e  nuc1ea.r power f i e l d  a . lso undoubtedly l e d  t o  a g rea . t e r  con- 

c e n t r a . t i o n  on t h e  more fa.milia.r wa.ter systems, a.nd a. move a.wa.y from 

l i q u i d  meta.ls. 

The Na.vy decided t o  sta.nda.rdize on 

These comments a.re no t  t o  sugges t  tha.t l i q u i d  meta l  s t u d i e s  

va.nished a . l t oge the r  i n  t h e  pe r iod  1955 t o  1960. E x c e l l e n t  work wa.s 

cont inued  by groups a . t  Oa,k Ridge, Atomics Interna.t iona.1,  Argonne, 

Brookha.ven a.nd e l sewhere  i n  t h e  U.S., a l t hough  on a. gene ra . l l y  reduced 

s c a l e .  During t h i s  p e r i o d ,  t h e  hopes f o r  a. nuc1ea.r-propelled a i rp l a .ne  

i n s p i r e d  t h e  development of  l i t h i u m  seven a s  a r e a c t o r  c o o l a n t .  

i s o l a . t e d  zea . lo t s ,  i n  t h e  U.S. and elsewhere, cont inued  t o  work i n  t he  

l i q u i d  meta l  a.rea.,. o f t e n  w i t h r l i t t l e  o r  no suppor t  from externa.1 

a.gencies.  

And 

Then, 'wi th  ra . ther  d rama t i c  suddenness,  t h e r e  was a. new Rena.issa.nce 

i n  t h e  f i e l d  of l i q u i d  m e t a l s ,  beg inn ing- in -a .bou t  1959 a.nd 1960. 

n u c l e a r  power plamt d e s i g n e r s  who had been concen t r a , t i ng  on wa.ter 

The 

systems became p a i n f u l l y  aware of  t h e  f a c t  t h a t  t h e  b e s t  c o n d i t i o n s  

they could  ach ieve  - 1000 psi sa , tu ra t ed  steam, 545'F, f o r  example - 
were r a t h e r  p a t h e t i c a l l y  poor i n  comparison wi th  modern f o s s i l  f u e l  
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p l a n t  p r a c t i c e .  The d e s i r e  f o r  h igher  temperatures ,  approaching 

t h e  1000°-llOOOF range of  good modern c e n t r a l  s t a t i o n  i n s t a l l a t i o n s  

q u i c k l y  l e d  t o  a c o n s i d e r a t i o n  of  o t h e r  k inds  of  system which might 

l ead  t o  t h e s e  more f avorab le  cond i t ions .  In  the 'subsequent  r ace ,  

superhea ted  steam and h igh  temperature  i n e r t  gases  were and a r e  

p r e s e n t l y  being eva lua ted .  But a l s o ,  t h e  advantages of  t h e  l i q u i d  

meta l  r o u t e ,  which could l e a d  t o  e l e v a t e d  temperatures  wi thout  t;j 

excess ive  p r e s s u r e s ,  were widely recognized.  N 

c\) 
@ 
W 

A second f a c t o r ,  a lmost  s imul taneous ly  wi th  t h e  i n t e n s i f i e d  

push towards h ighe r  tempera tures ,  appeared about  1960 i n  t h e  th inking  

o f  v a r i o u s  AEC power p l a n t  expe r t s .  From t h e  f i r s t  awareness of t h e  

n a t u r e  of nuc lea r  f i s s i o n ,  t h e r e  had been a widespread r e c o g n i t i o n  

t h a t  i t  was u n l i k e l y  t h a t  a vigorous nuc lear  power i n d u s t r y  could be 

based on t h e  u t i l i z a t i o n  on ly  of t h e  0.7% U-235 which n a t u r e  has  been 

so kind a s  t o  bestow upon us; and t h e  n e g l e c t  and wastage of t h e  

99.3% of u n f i s s i o n a b l e  U-238 found i n  uranium o r e s .  The t h e o r e t i c a l  

concept  o f  breeding ,  t h a t  i s  t h e  convers ion  of U-238 ( o r ,  a l s o  of 

n a t u r a l l y  occur r ing  Th-232) i n t o  a f i s s i o n a b l e  form, had been wide ly  

and f avorab ly  cons idered .  EBR-I, by d i r e c t  experiment ,  e s t a b l i s h e d  

t h a t  t h i s  could i n  f a c t  be achieved,  t h a t  i s  t h e  burnup of  one gram 

of f i s s i o n a b l e  U-235 i n  t h e  r i g h t  kind of r e a c t o r  could l e a d  t o  t h e  

product ion  of more than one gram of ano the r  f i s s i o n a b l e  m a t e r i a l ,  

Pu-239 f o r  example. There a r e  s e v e r a l  types  of r e a c t o r s  t h a t  can 

l ead  t o  a breeding g a i n  of t h i s  k ind ,  but  prominent among t h e  systems 

which look good i s  t h e  " f a s t "  r e a c t o r ,  t h a t  i s  one i n  which t h e  average 

v e l o c i t y  and energy of  t h e  neut rons  i s  cons ide rab ly  h igher  than  i n  
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"therma.1" systems where t h e  neutrons a.re e s s e n t i a . l l y  i n  therma.1 

I 

e q u i l i b r i u m  w i t h  t h e  ambient tempera,ture. To o b t a i n  a. f a s t  spectrum 

s u i t a b l e  f o r  breeding,  i t  i s  n e c e s s a q  t o  r i g o r o u s l y  e l imina , t e  hydrogen 

and o t h e r  v e r y  l i g h t  e lements  which tend t o  slow down t h e  neut rons ,  

and degrade t h e i r  energy d i s t r i b u t i o n  i n  t h e  d i r e c t i o n  of t h e r m a l i z a t i o n .  

The use  o f  l i q u i d  m e t a l s ,  on t h e  o t h e r  hand, d i d  n o t  l e a d  t o  t h i s  k ind  

o f  s p e c t r a l  decay, and seemed i d e a l  f o r  a breeder  system. The p o s s i -  

b i l i t y  of  combining t h e  h igh  thermal e f f i c i e n c i e s  p o s s i b l e  by t h e  use  

o f  l i q u i d  meta ls  a t  e l e v a t e d  tempera tures ,  w i t h  t h e  neut ron ,  f u e l  and 

raw m a t e r i a l  economies a l s o  conce ivable  w i t h  such a system, were t r u l y  

e x c i t i n g .  A number of r ea . c to r s  designed t o  ca .p i t a . l i ze  on t h i s  concept 

suddenly bega.n t o  ta.ke form - t h e  Enrico Fermi pla .nt  i n  Michiga.n, 

EBR-I1 a t  Idaho F a l l s ,  t h e  Dounreay f a s t  b reeder  i n  Scot land ,  t h e  

French "Rapsodie" a t  Cadarache, and o t h e r s .  This  a c c e l e r a t i o n  of 

i n t e r e s t  i n  f a s t  b r e e d e r s ,  t hen ,  has played a n  important  r o l e  i n  t h e  

p r e s e n t  r e v i v a l  o f  e f f o r t  on l i q u i d  meta ls  i n  AEC and power i n d u s t r y  

c i r c l e s  .* 
Our presence here ~t L e w i s ,  and t h e  i n t e r e s t  of NASA and i t s  

a s s o c i a t e d  o r g a n i z a t i o n s ,  a r i s e s  from s t i l l  a t h i r d  f a c t o r .  S h o r t l y  

a f t e r  t h e  opening of t h e  Space Age by t h e  f i r s t  "Sputniks" i n  1957, 

p lanning  f o r  t h e  extended and a c c e l e r a t e d  e x p l o r a t i o n  of  space under- 

went a tremendous upward surge.  I n  such a program i t  was q u i t e  

c l e a r  t h a t  t h e  requirements  f o r  energy sources  i n  space,  i n  i n t e r -  

p l a n e t a r y  e x p l o r a t i o n ,  and elsewhere,  would be s t e a . d i l y  increased  a s  

* It i s  i n t e r e s t i n g  t o  specula . te  on how much t h e  rev ived  i n t e r e s t  i n  breeding 

f i s s i o n  systems i s  a, r e s u l t  of  r e l a . t i v e l y  d i sa ,ppo in t ing  progress  towa.rds 

power p l a .n t s  u t i l i z i n g  n u c l e a r  f u s i o n .  
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more a,nd more ambi t ious  a.nd soph i s t i ca , t ed  spa.ce progra.ms were under- 

taken. For extended pe r iods  of e x t r a t e r r e s t r i a l  o p e r a t i o n ,  i t  i s  c l e a r  

t h a t  nuc lea r  energy, because of i t s  l i m i t e d  f u e l  supply requi rements ,  

wa.s a.bout t h e  on ly  p rac t i ca .1  mea.ns of supply ing  l a r g e  b locks  of 

power which wa.s known. This  r ea . l i za . t i on  then l e d  t o  t h e  ha.ppy 

ma.rria.ge of expediency between NASA a.nd t h e  AEC t o  combine t h e i r  

i n t e r e s t s  a.nd e x p l o i t  t h i s  a.rea. toge ther ;  and t h i s  coopera.t ive pr0gra.m 

has continued f o r  a. number of  yea.rs now a.nd i s  undoubtedly r e s p o n s i b l e  

f o r  t h e  f r e e  a.nd f r i e n d l y  a.dmixture of people from both  a.gencies i n  

t h i s  room t0da.y. 

But  j u s t  t o  sa.y tha , t  t h e  energy source f o r  spa.ce i s  t o  be nuc1ea.r 

i s  on ly  t h e  beginning of  t h e  problem. The f i s s i o n  p rocess ,  a.s 

p r e s e n t l y  developed, re lea . ses  i t s  energy 1a.rgely i n  t h e  r a t h e r  

degra.ded form of  hea.t,  a.nd t o  obta . in  t h e  work r e q u i r e d  dema,nds some 

kind of  a. hea.t engine  ca.pa.ble of changing t h i s  hea.t i n t o  a. more 

e a . s i l y  u t i l i z e d  form of  energy. So fa . r  a.s I am a,wa,re, o n l y  two 

methods of doing t h i s  ha.ve been proposed t o  d a t e ,  bo th  y i e l d i n g  

e l e c t r i c i t y  a.s t h e i r  f ina.1 products;  f i r s t ,  t h e  turbogenera , tor  concept ,  

which i s  a s i m p l e  ex tens ion  of  convent iona l  t e r r e s t i a . 1  power pla .nt  

p ra .c t ice ;  a.nd, a.s a.n a . l t e rna . t i ve ,  thermionic  convers ion  which, i n  

p r i n c i p l e ,  makes i t  p o s s i b l e  t o  conve r t  hea,t i n t o  e l e c t r i c a . 1  energy 

wi thout  pas s ing  through a.ny in te rmedia , te  mecha.nica.1 s t e p s  ( f o r  example 

i n  t h e  t u r b i n e  and t h e  g e n e r a t o r ) .  

conce ive  of a power pla .nt  w i t h  no moving pa . r t s ,  w i t h  t h e  concomita,nt 

a.dva.nta.ges i n  l i f e  expectancy and t r o u b l e  f r e e  ma.intena.nce t o  be 

expected from such a system. 

Th i s  would ma.ke i t  p o s s i b l e  t o  

With e i t h e r  of t h e s e  systems, .however, 
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t h e  engineer  q u i c k l y  comes up a.ga.inst a s i g n i f i c a . n t  f a c t  which 

de termines  how t h e  equipment must be des igned  a.nd must func t ion .  

It i s  a. funda.menta.1 concept  of thermodyna.mics t h a t  a.ny engine  which 

conve r t s  h e a t  i n t o  a.nother type of energy must opera . te  between two 

tempera,tures,  one h igh  a.nd t h e  o t h e r  low. I n  more f a m i l i a r  e a r t h l y  

sur roundings ,  t h e r e  i s  no d i f f i c u l t y  a.t t h e  low tempera.ture end of  

t h e  cyc1.e - t he  a . i r ,  s o i l  a.nd wa,ter a.11 a.round u s  axe q u i t e  e f f e c t i v e  

i n  producing t h e  necessa.ry coo l ing .  

q u i t e  d i f f e r e n t ,  a.nd fa.r  l e s s  fa.vora.ble. There i s  no a,tmosphere t o  

e i t h e r  conduct o r  convect hea.t awa.y, a.nd ra .dia . t ion i s  t h e  o n l y  means 

of  removing i t .  But, u n f o r t u n a t e l y ,  as i s  w e l l  known, t h e  r a t e  

of ra .dia , t ive hea.t t r a . n s f e r  goes up a.s t h e  f o u r t h  power of  t h e  

a b s o l u t e  temperature.  This  l a r g e  exponent l a w  means t h a t ,  f o r  

t h e  co ld  zone of a h e a t  engine ,  t h e  r a d i a t o r  s u r f a c e s  must be 

e i t h e r  a t  a h igh  tempera ture  o r  of a l a r g e  a r e a .  The l a r g e  ra- 

d i a t o r  s o l u t i o n  t o  t h i s  problem i s  precluded by t h e  e x t r a o r d i n a r y  

h igh  c o s t  of pla.cing ea.ch pound of ma.teria.1 i n t o  space ,  a.nd t h e r e  

seems t o  be no pra.ctica.1 a . l t e rna . t i ve  s o l u t i o n  t o  t h e  problem o t h e r  

tha.n t o  run  t h e  ra.dia. tor h o t  enough t o  a.chieve good ra .dia , t ive hea.t 

t r a . n s f e r  r a . t e s .  This  i n  t u r n  means t h a t  t h e  ho t  . .  zone of t h e  hea.t 

engine  must a l s o  work- a.t q u i t e  a.n .. eleva.ted temp.era.ture. 

But i n  space t h e  c o n d i t i o n s  a.re 

Thus t h e  specia.1 requi rements  .of NASA and t h e  space program 1ea.d 

inexora.bly t o , t h e  use  of h igh  tempera.ture f l u i d s  t o  c o o l  nuc1ea.r 

r e a c t o r s .  Under these  circumsta.nces, t h e  same f a c t o r s  which have 

1ea.d n2clea.r  eng inee r s  t o  t u r n  t o  l i q u i d  meta.ls f o r  h ighe r  tempera.ture 
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ea.rth-bound power p l a .n t s ,  ha.ve d i r e c t e d  t h e  a . t t e n t i o n s  of  t h e  space 

engineer  t o  l i q u i d  meta.ls. There i s  s t i l l  a. wide ga.p i n  t h e  tem- 

pera . tures  under examina,tion: 

towa,rds power product ion  i s  p r e s e n t l y  a.iming f o r  systems wi th  a. 

ma.ximum l i q u i d  meta.1 tempera.ture of  a.bout 1300 F. While t h e  NASA- 

d i r e c t e d  work ha.s inc luded  systems o p e r a t i n g  a t  cons idera ,b ly  lower 

tempera,tures , h e r e  t h e  g r e a , t e s t  importa.nce i s  a . t tached  t o  t h e  

a.chievement of  tempera,tures o f  2000°F a.nd h ighe r  .* Beca,use of t h e s e  

extreme tempera,tures,  by compa.rison w i t h  power p l a n t  requi rements ,  a. 

new c l a , s s  of  l i q u i d  meta.1 beha.vior hams assumed a,n enormous new impor- 

ta.nce i n  NASA t h ink ing ,  tha. t  i s  t h e  b o i l i n g  a.nd condensing p r o p e r t i e s  

of  l i q u i d  meta,ls .  Beca.use of  t h i s  a.pplica.t ion,  t h e r e  ha,s been renewed 

i n t e r e s t  i n  t h e  a , lka. l i  me ta l s  more v o h t i l e  tha,n sodium, pota.ssium 

a,nd rubidium, as working f l u i d s  i n  a. h igh  tempera ture  c y c l e .  

on t h e  o t h e r  ha.nd, ha,s t he  c h a . r a . c t e r i s t i c  o f  having a. v e r y  low va,por 

p r e s s u r e  cornpaxed w i t h  t h e  o t h e r  a l k a . l i  meta.ls; and t h i s  p r o p e r t y  

ca.n a , l so  be used t o  a.dva,nta.ge i n  some types  o f  h igh  tempera.ture space  

app l i ca , t i on .  The o n l y  rema,ining member o f  t h e  a . l ka . l i  me ta l s  which 

occur s  on ea , r th  i s  cesium. 

(28.5OC) a.nd b o i l i n g  p o i n t  (705OC), which might ma.ke i t  of  i n t e r e s t  

f o r  u se  a.s a h igh  tempera ture  working f l u i d  i t s  ve ry  h igh  therma.l 

neut ron  a .bsorp t ion  c r o s s  s e c t i o n  (31 ba.rns) ha,s discoura.ged cons idera-  

t i o n  of  C s  f o r  t h i s  a.pplica.t ion.  

c h a . r a . c t e r i s t i c  which i s  unique: 

t h e  AEC l i q u i d  meta.1 program d i r e c t e d  

0 

Lithium, 

Although t h i s  ha.s a. low m e l t i n g  p o i n t  

But cesium va.por has one o t h e r  

of a l l  t h e  known elements,  t h e  l e a , s t  

* See Rosenblum, L.: L iquid  Meta.ls f o r  Aerospa.ce E l e c t r i m l - P o w e r  Systems 

J. Meta,ls - 15 637 (Sept.  1963). 
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amount of energy i s  r e q u i r e d  t o  s t r i p  am e l e c t r o n  from t h e  C s  a,tom 

t o  form t h e  Cs+ i o n .  

ma.kes cesium t h e  ma.teria.1 of  cho ice  f o r  a.ny a .ppl ica . t ion  where h igh  

This  low ion iza . t i on  p o t e n t i a l ,  on ly  3 . 9  v o l t s ,  

tempera.ture ions  axe requi red ;  f o r  exa.mple, t o  n e u t r a , l i z e  t h e  spa,ce 

cha.rge i n  a. thermionic  convers ion  system, o r  a.s t h e  working ma.teria.1 

i n  a n  i o n  p ropu l s ion  engine .  

disa.dva.nta.ges of  C s  ma.y be a.voided, a.nd p r o p e r t i e s  v i r t u a . l f y  

una.t ta. ina.ble wi th  o t h e r  ma. ter  ia.1 s can be  u t i l i z e d  . 

Used i n  t h i s  wa.y, t h e  nuc1ea.r 

Thus t h e  requi rements  of t h e  space pr0gra.m have expa.nded t h e  

f i e l d  of  i n t e r e s t  i n  l i q u i d  me ta l s  ma.rkedly, t o  i n c l u d e  a.11 o f  t h e  

a . lka. l i  meta.ls .  The h igh  tempera.ture f r o n t i e r s  of  l i q u i d  meta.1 

technology a.re be ing  a.ssa.ulted by t h i s  i n t e r e s t ,  a.nd two pha.se 

systems, l i q u i d  a.nd va,por, a r e  be ing  v igo rous ly  inves t iga , t ed  a.s 

w e  sha.11 hea.r i n  t h e  subsequent pr0gra.m. 

There a r e  then ,  a.s I see i t ,  t h r e e  pr inc ipa .1  reasons  f o r  t h e  

r ev iva , l  of l i q u i d  metals - h igh  tempera.tures, b reeding ,  a.nd spa.ce 

a .pp l ica . t ions .  

s e l v e s  lucky  t o  be involved  i n  t h i s  f i e l d .  Within t h e  unha.ppy memory 

of  ma.ny of t h e  people i n  t h i s  room, t h e r e  wa.s a pe r iod ,  n o t  so long  

a.go, when l i q u i d  me ta l s  were t r ea . t ed  a s  something worthy of cons idera ,b ly  

less  i n t e r e s t  and suppor t  t han  w e  have now. 

I suppose a.11 of  us h e r e  t0da.y should c o n s i d e r  our-  

b .  The S t a t e  of t h e  A r t  

From t h e  review of t h e  h i s t o r y  of t h e  l i q u i d  meta l  a r t  above, i t  

w i l l  b e ' n o t e d  t h a t  t h i s  i s  by no means a new f i e l d .  With mercury, 

t h e r e  has been a n  e x t e n s i v e  body of exper ience  and unders tanding  s i n c e  

t h e  e a r l y  1930's .  Sodium came o u t  of t h e  l a b o r a t o r y  and s t a r t e d  t o  
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become a. u s e f u l  eng inee r ing  ma.teria, l  a . f t e r  a.bout 1945. A body of 

exper ience  w i t h  l i t h i u m  began t o  b u i l d  up i n  t h e  pe r iod  1955-1960. 

The p r i n c i p a l  change which t h e  r e c e n t  r e v i v a l  of i n t e r e s t  i n  

t h i s  f i e l d  has brought about  i s  t h e  focuss ing  of  a t t e n t i o n  on h ighe r  

tempera tures .  B o i l i n g  and two-phase behavior  which were of  impor- 

t ance  w i t h  mercury b u t  which had no p l a c e  i n  e a r l i e r  l i q u i d  meta l  

work has now a t t a i n e d  a r o l e  of g r e a t  importance i n  c u r r e n t  th inking .  

Although t h e  b a s i s  f o r  a r a t i o n a l  t heo ry  of  l i q u i d  meta l  c o r r o s i o n  

has long e x i s t e d ,  t h e r e  i s  s t i l l  much t h a t  i s  unknown. A s  w i l l  be 

d i scussed  l a . t e r ,  t h e  p r e d i c t i o n  o f  c o r r o s i o n  r a . t e s  depends on a, 

knowledge of such f a . c to r s  a.s equ i l ib r ium s o l u b i l i t i e s ,  d i f f u s i o n  

c o e f f i c i e n t s ,  r e a c t i o n  r a . t e s ,  e t c .  .While theo re t i ca .1  models from, 

which equ i l ib r ium s o l u b i l i t i e s  o f  s o l i d s  i n  l i q u i d s  ha.ve been developed, 

f o r  o t h e r  t ypes  of systems, w i t h  s o l i d  a , l l oys  d i s s o l v i n g  i n  l i q u i d  

meta.ls t h e s e  c o r r e l a . t i o n s  ha.ve been so poor a.s t o  be v i r t u a . l l y  u s e l e s s .  

For s o l u b i l i t i e s ,  a s  w e l l  as t,he o t h e r  physica.1 pa.ra.meters which e n t e r  

i n t o  t h e  a.na,lysis of  t h e  c o r r o s i o n  p rocess ,  t h e r e  is. v i r t u a . l l y  no 

a.1 t e r n a , t i v e  t o  d i r e c t  experimenta,l  mea,surement. 

e m p i r i c a l ,  a.nd ca.nnot r ea .d i ly  be c a x r i e d  over  from one s o l i d - l i q u i d  

p a i r  t o  a.no t h e r  . 

The da.ta, a.re h r g e l y  

This  dilemma. i s ,  t o  a. cons ideramble  e x t e n t ,  a. d i r e c t  consequence 

of  t h e  p a t h e t i c  l a c k  of understa,nding of t h e  l i q u i d  s t a . t e ,  compa.red 

w i t h  e i t h e r  t h e  s o l i d  o r  t h e  ga.seous s t a . t e .  

ha.ve tended t o  shun t h i s  a,rea., and t h e  most impor tan t  work on hea.t 

t r a n s f e r ,  f l u i d  flow dyna.mics, a.nd similar p r o p e r t i e s  has been done 

by chemical eng inee r s  who ha.ve o f t e n  been c o n t e n t  t o  s t o p  w i t h  empirica.1 

For t h i s  reason ,  p h y s i c i s t s  
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c o r r e l a t i o n  invo lv ing  d imens ionless  q u a n t i t i e s  ( t o  which they l i k e  

t o  give obscure  and e s o t e r i c  names) ra ised t o  pecu l i a r  decimal powe'rs. 

These men p r i d e  themselves on t h e i r  " p r a c t i c a l i t y "  and are c o n t e n t  

t o  l e a v e  t h e  a n a l y s i s  of why t h e i r  c o r r e l a t i o n s  work t o  o t h e r s  - 
who seldom seem t o  r i s e  t o  t h e  cha l l enge .  

For t h e s e  r easons ,  t h e r e  has  been a r a t h e r  absu rd ly  smal l  amount 

o f  b a s i c  work done on t h e  mechanisms of l i q u i d  meta l  c o r r o s i o n ,  and 

t h e  fo rmula t ion  of gene ra l  r e l a t i o n s  c o n s i s t e n t  w i th  t h e s e  mechanisms. 

It i s  even suspec ted  t h a t  many workers i n  t h i s  f i e l d  s e r i o u s l y  doubt 

whether i t  i s  p o s s i b l e  t o  formula te  g e n e r a l  laws of behavior  f o r  

l i q u i d  me ta l  systems. It i s  t h e  purpose of t h i s  s e s s i o n  today t o  c a l l  

your a t t e n t i o n  t o  t h e  amount of work which has been done i n  t h i s  a r e a ,  

and t o  a t t empt  t o  e x p l o r e  w i t h  you t h e  e x t e n t  t o  which such t h e o r e t i c a l  

s t u d i e s  on l i q u i d  meta l  c o r r o s i o n  can  be expected t o  be u s e f u l .  

c .  The Need f o r  Mechanisms and Models 

Much of  t h e  important c o r r o s i o n  work, i n  l i q u i d  me ta l s  a s  i n  t h e  

more f a m i l i a r  aqueous media, i s  empi r i ca l .  Dozens o f  d i f f e r e n t  

t echn iques  of l a b o r a t o r y  t es t s  of c o r r o s i o n  r e s i s t a n c e  have been 

dev i sed .  Some of  t h e s e  have been i n  s t a t i c  systems, o t h e r s  w i t h  

f lowing  l i q u i d .  Experiments have been c a r r i e d  o u t  i n  dev ices  w i t h  a 

AT, and o t h e r s  where t h e  system was ope ra t ed  e s s e n t i a l l y  i so the rma l ly .  

Sometimes i n  t h e  flowing systems t h e  f l u i d  v e l o c i t i e s  were much lower 

than  those  t o  be expec ted  i n  a p r a c t i c a l  o p e r a t i n g  h e a t  t r a n s f e r  system. 

I n  p r a c t i c a l l y  no c a s e  has  l i q u i d  meta l  c o r r o s i o n  proceeded f o r  t h e  

l e n g t h  of time which t h e  a p p l i c a t i o n  being i n v e s t i g a t e d  would r e q u i r e .  
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It i s  i n  t h e  c o r r e l a . t i o n  of t h e s e  s t u d i e s  tha.t  a. t heo re t i ca .1  

mecha.nism a.nd a phys i ca . l l y  s e n s i b l e  model a.re most r e q u i r e d .  With 

such a.mode1, i t  i s  p o s s i b l e  t o  p r e d i c t  t h e  beha,vior of  a flowing 

system from sma.11 sca. le  1a.bora.tory pot  tes ts .  The e f f e c t  o f  AT a.nd 

of flow v e l o c i t y  fo l low from t h e  theory .  Ext ra .pola t ion  of  t e s t  

r e s u l t s ,  obta.ined over a. few thousa.nds of  hours a t  most, t o  t h e  per iod  

of  yea.rs, t ens  of thousa.nds of  hours ,  i s  p o s s i b l e  i f  t h e r e  i s  some 

ra.tiona.1 model on which t o  ba.se t h i s  eva.lua.tion. Skep t i c s  o f t e n  

q u e s t i o n  t h e  v a . l i d i t y  of  h b o r a t o r y  experiments on gram q u a n t i t i e s  

of  l i q u i d  meta.ls f o r  p r e d i c t i n g  t h e  beha.vior of  full sca. le  systems 

which ma.y conta.in tons  of  t h e  ma.teria.1. A s  a ma.tter of f a . c t ,  such 

p r e d i c t i o n s  ba.sed on a.nd guided by a. good theory ,  ha.ve been remarkably 

s u c c e s s f u l  i n  p r e d i c t i n g  t h e  c o r r o s i o n  beha.vior o f  1a.rge a.ssemblies 

- a. s i t u a . t i o n  tha.t  i s  no t  we l l  known o r  a.pprecia.ted.  

This rema.rk must no t  be i n t e r p r e t e d  t o  mea.n tha, t  t h e  f i e l d  has 

rea.ched t h e  p o i n t  where a. few s i m p l e  1a.bora.tory tes ts  a.nd a. few hours 

on t h e  computer w i l l  p r e d i c t  a .b so lu t e ly  t h e  c o r r o s i o n  r a , t e s  of a, f u l l  

s i z e  nuc1ea.r rea .c tor  system yeaxs a . f t e r  s t a . r t u p  w i t h  h igh  p r e c i s i o n .  

It should be r eca . l l ed  tha.t  1a.boratory tests i n  t h i s  f i e l d  a r e  

remarkably d i f f i c u l t  t o  ca . r ry  ou t  a.nd reproduce, pa . r t i cu la . r ly  w i t h  

t h e  a l k a l i  m e t a l s ,  

r a t e  on a m a t e r i a l  which does n o t  undergo a g r e a t  d e a l  of a t t a c k  i n  

l i q u i d  sodium (and consequent ly  i s  a r easonab le  cand ida te  f o r  a p p l i c a -  

t i o n ) ,  t o  w i t h i n  a f a c t o r  of  two, say ,  has reason  t o  be proud of  i t s  

technique .  

i n t e r n a l l y ,  workers a t  one l a b o r a t o r y  o f t e n  f i n d  i t  a r a t h e r  shocking 

A l a b o r a t o r y  which can  c o n s i s t e n t l y  g e t  t h e  same 

Having a t t a i n e d  t h i s  degree  of  c o n s i s t e n c y  and r e p r o d u c i b i l i t y  
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exper ience  t o  compa.re t h e i r  r e s u l t s  w i th  those  from ano the r  i n s t a . l l a . -  

t i o n .  

rea.sona.ble. Ba,sica.l ly,  t h i s  s i t u a t i o n  seems t o  a . r i s e  beca.use c o r r o s i o n  

i s  a. r a t e  p r o c e s s ,  a.nd rate de te rmina t ions  whether they  be  i n  chemical 

k i n e t i c s ,  physica.1 p rocesses ,  o r  something e l se ,  a.re n o t o r i o u s l y  

s e n s i t i v e  t o  sma.11 a.nd uncon t ro l l ed  va.r ia , t ions i n  t h e  t es t  pa.rameters 

- i n  genera.1 much more s u s c e p t i b l e  tha.n e q u i l i b r i u m  o r  s t e a d y  s t a t e  

p r o p e r t i e s .  

The d i s c r e p a n c i e s  o f t e n  l i e  fa.r  beyond what ca.n be cons idered  

But f o r t u n a , t e l y ,  a.s a pra.ctica.1 ma.tter,  t h i s  d i f f i c u l t y  i s  no t  

so horrendous a.s i t  ma.y f i r s t  a.ppea.r, a.nd i n  f a . c t  i s  more a.nnoying 

t o  t h e  t h e o r i s t  ,tha.n l i m i t i n g  t o  t h e  engineer .  The ma.n charged wi th  

t h e  cho ice  of ma.teria. ls  f o r  c o n s t r u c t i o n  of a. system r e a . l l y  ca.res 

l i t t l e  whether a. 0.010 inch  t h i c k  cla.dding undergoes 0.0001 or 0.0005 

i n c h e s  of c o r r o s i v e  p e n e t r a t i o n  i n  i t s  nomina.1 opera . t ing  l i f e t i m e .  

He might t r u l y  be concerned ambout t h e  d i f f e r e n c e  between 0.001 and 

0.005 inches;  bu t  then he would n o t  be i n c l i n e d  t o  use  a ma.teria.1 

tha, t  could l o s e  as much a.s 10% of  i t s  i n i t i a l  t h i c k n e s s  i n  t h e  f i r s t  

pla.ce,  i f  a.ny a . l t e r n a , t i v e  s o l u t i o n  were a.va.ila.ble. 

It must however be kep t  i n  mind t h a t  exper imenta l  l i q u i d  meta.1 

c o r r o s i o n  s t u d i e s  a r e  d i f f i c u l t ,  expens ive  and time-consuming, 

e s p e c i a l l y  wi th  t h e  a l k a l i  meta ls .  An impor tan t  r eason  f o r  pursu ing  

a meaningful t h e o r e t i c a l  model f o r  t h e  c o r r o s i o n  i s  n o t  on ly  t o  p e r m i t  

t h e  k ind  o f  e x t r a p o l a t i o n  t o  l a r g e  s c a l e  systems from l a b o r a t o r y  t e s t s  

which was emphasized above, bu t  i n  f a c t  t o  c u t  down on t h e  amount of  

l a b o r a t o r y  t e s t i n g  a s  well .  Th i s  o b j e c t i v e  w i l l  have a cons ide rab le  

appea l  t o  anyone who has  gone through t h e  p a i n f u l  process  of s e t t i n g  

19 



up a potassium or lithium loop a.t high temperatures as much as it 

will to the auditors and cost accountants who undoubtedly maintain 

a close watch on his expenses! 

There has been a widespread tendency in Government-sponsored 

projects to concentrate on hardware components development rather 

than on the basic studies of how systems work which has been emphasized 

above. 

desperately needed, and in the liquid metal corrosion field in par- 

ticular, there is an urgent need for more carefully controlled ex- 

periments and analyses, and fewer large scale Edisonian test pro- 

grams of dubious value. 

A more balanced mixture of the two kinds of approach is most 



2. LIQUID-METAL CORROSION AS A SOLUTION PHENOMENON - 

- - ~- - 

John R. Weeks  

The d r i v i n g  f o r c e  f o r  l i q u i d  m e t a l  c o r r o s i o n  i s  t h e  e q u i l i z a -  

t i o n  o f  c h e m i c a l  p o t e n t i a l  f o r  d i s s o l u t i o n  o f  a l l  s o l i d  s u r f a c e s  i n  

c o n t a c t  w i t h  t h e  l i q u i d .  

i m p o s s i b l e  g o a l ;  t h e r e f o r e ,  o n e  o b s e r v e s  s e v e r a l  mass  t r a n s f e r  

I n  any p rac t ica l  s y s t e m ,  t h i s  i s  an  

p r o c e s s e s .  A s i m p l e  s o l u b i l i t y  e q u a t i o n  i s  g i v e n  as: 
L-. __ - 

w h e r e  K = S.M. t h e  c o n c e n t r a t i o n  of t h e  s o l i d  m e t a l  d i s -  
(L.M.)  ’ 

s o l v e d  i n  t h e  l i q u i d .  

The  d i s s o l u t i o n  i n  s t a t i c  s y s t e m s  of p u r e  m e t a l s  i s  s k e t c h e d  
2__ 

i n  F i g u r e  2-1.  One s h o u l d  n o t e  t h e  f o l l o w i n g :  1. The r a t e  

d e c r e a s e s  w i t h  t i m e ,  b u t  d o e s  n o t  become z e r o .  2. ~n a dynamic  

l o o p  w i t h  a AT, w e  h a v e  a s t e a d y - s t a t e  c o n c e n t r a t i o n  of s o l u t e .  

R ,  t h e  ra te  o f  d i s s o l u t i o n ,  i s  a f u n c t i o n  o f  AT, s i n c e  S 0 -S i s  

a function of AT. A l s o ,  as S-0 ,  t h e  f ree  e n e r g y  o f  d i s s o l u t i o n  

approaches i n f i n i t y .  Even i n  i s o t h e r m a l  s y s t e m s  m a s s  t ransfer  

i s  n o t  z e r o ,  s i n c e  a l l  s u r f a c e s  i n  c o n t a c t  do  n o t  h a v e  i d e n t i c a l  

c h e m i c a l  p o t e n t i a l s  f o r  d i s s o l u t i o n .  An example i s  shown i n  
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F i g u r e  2-2. H e r e ,  Fe w a s  c o n t a c t e d  w i t h  F e - s a t u r a t e d  S i  f o r  

235 h o u r s  a t  689OC. N o t e  t h e  g r a i n - b o u n d a r y  e t c h  o f  p o l i s h e d  
- y- 

s u r f a c e ,  and  t h e  loca l  d e p o s i t i o n  o f  Fe c r y s t a l s .  

So f a r  I h a v e  d i s c u s s e d  p u r e  s y s t e m s .  Wi th  an  a l l o y  con-  
\ 

t a i n e r  m e t a l ,  t h e  s i t u a t i o n  c h a n g e s :  t h e  s o l u b i l i t i e s  o f  a l l  

componen t s  of t h e  a l l o y  are n o t  e q u a l .  However,  i n  many l i q u i d  

m e t a l s ,  t h e  s o l u b i l i t i e s  o f  t h e  a l l o y  c o m p o n e n t s  are i n  t h e  

same s e q u e n c e ,  i .e . ;  Fe, C r ,  and  N i  are i n c r e a s i n g l y  s o l u b l e  i n  

t h a t  s e q u e n c e .  Also, i n  B i  and  H g ,  Cb i s  m o r e  s o l u b l e  t h a n  T a  

( i n  B i ,  V i s  a l s o  more s o l u b l e  t h a n  C b ) .  Da-ta f o r  Fe ,  C r ,  and 

N i  i n  s e v e r a l  s o l v e n t s  are shown i n  T a b l e  2-1. S o l u b i l i t i e s  i n  

t h e  a l k a l i  metals are somewhat o b s c u r e  and  c o n t r o v e r s i a l ,  p r o b a b l y  

-. -- 
- ---- - 

b e c a u s e  of e f fec ts  of i m p u r i t i e s  d i s c u s s e d  be low.  The  o n l y  

e x c e p t i o n  t o  t h e  S >S >So s e q u e n c e  i s  t h e  d a t u m  f o r  C r  i n  

Pb; t h i s  w a s  e x t r a p o l a t e d  f rom d a t a  t a k e n  above  900°C,  and  i s  
N i  0 C r  Fe 

0 

t h e r e f o r e  o n l y  a r o u g h  a p p r o x i m a t i o n .  I n  K ,  Rb, and C s ,  however ,  

s e l e c t i v e  l e a c h i n g  o f  N i  h a s  n o t  b e e n  o b s e r v e d .  

I n  a d d i t i o n  t o  t h e  h i g h e r  s o l u b i l i t y  of cr t h a n  Fe ,  m u t u a l  

r- 
s o l u b i l i t y  effects are o c c a s i o n a l l y  o b s e r v e d .  I n  F i g u r e  '2-3, 

w e  show t h e  c o n c e n t r a t i o n s  of Fe and  C r  i n  l i q u i d  B i  a s  a f u n c -  
.- - 

t i o n  o f  t i m e  d u r i n g  s t a t i c  c o r r o s i o n  o f  a t y p e  410 steel  c r u c i b l e  

a t  600OC. A f t e r  t h e  f i rs t  f o u r  h o u r s ,  i s o t h e r m a l  m a s s  t r a n s f e r  
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s i m i l a r  t o  t h a t  shown i n  F i g u r e  2-2 c o n t i n u e d -  

more s o l u b l e  (see T a b l e  2-1), r e m a i n e d  i n  s o l u t i o n ,  and  r e d u c e d  t h e  

Fe s o l u b i l i t y .  T h e r e f o r e ,  r e s u l t s  o f  s t a t i c  t e s t s  (1.e. selec- 

t i v e  l e a c h i n g  of C r )  may n o t  be c o n f i r m e d  b y  r e s u l t s  i n  dynamic  

tests*,  i n  w h i c h  t h e  Fe  and  C r  d i s s o l v e  and  m a s s - t r a n s f e r  i n  t h e  

same r a t i o  as t h e y  are present i n  t h e  s teel  ( i n i t i a l  s l o p e  of t h e  

c u r v e  i n  F i g u r e  2 - 3 ) .  

The C r ,  b e i n g  

*a t  t e m p e r a t u r e s  a t  w h i c h  t h e  ra te  o f  s o l i d  s ta te  d i f f u s i o n  

23 



Table 2-1  

S o l u b i l i t y  a t  6OOOC ( p p m )  of N i l  Cu, and  

Fe i n  S e v e r a l  L i q u i d  M e t a l  S o l v e n t s  

N a  - L i  - - Hg Pb - B i  - 

N i  6 6 , 0 0 0  5 , 3 7 0  -100 660 * 

C r  150  -1. 3 6 . 5  1 2  * 
Fe 50 2 .3  0 . 5 1  11 * 

* s e l e c t i v e  l e a c h i n g  s u g g e s t s  S >S ;,S i n  N a .  
0 0 0 N i  C r  Fe  
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W > $r 
0 

I- 
z a t 

iK cn 

cn 
0 
- 

t 
S=S,(I-exp-av a '1 R = a v ( S o - S )  A 

(a) Concentrat ion of (b) Rate of dissolut ion 
solute as a func t ion  (slope of a) as a func-  
of time. t ion  of t ime;  S is t h e  

concentrat ion of so- 
l u te  at  any given t ime; 
So i s  t he  solubi l i ty  at 
t he  temperature of t h e  
experiment; a i s  t h e  
solut ion rate constant: 
A N  i s  t h e  surface area 
to volume ratio. 

Figure 2-1. - Typical dissolut ion curves in isothermal 
systems. 

Figure 2-2. - Grain boundary attack and localized crystal growth on a polished surface of pure iron con- 
tacted for 235 hours at 689 +lo C (lZ70° R with bismuth presaturated with iron (contained in an iron 
crucible). Original X75. (Unetched.) 
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a. 

3. CHEMICAL CORROSION PROCESSES 

Leo F. E p s t e i n  

-c-, 

Chemica.1 Rea.c t i o n ,  Forma.tion of  Sta.ble Compounds 

Mercury i s  one o f  t h e  most "noble" of t h e  m e t a l s ,  and i t  i s  n o t  

r e a . l l y  s u r p r i s i n g  t h a t  w i t h  t h i s  material chemical r e a c t i o n s  a.re of  
F 

less  importance i n  t h e  c o r r o s i o n  process  than  phys ica l  phenomena., 

s o l u t i o n  and d i f f u s i o n  t r a n s p o r t ,  f o r  example. It i s  easy  t o  over- 

look  t h e  f a c t  t h a t  w i th  a l k a l i  metal systems, t h e  format ion  of  new 

chemica.1 species i n  t h e  system, by r e a c t i o n  w i t h  t h e  f l u i d  o r  some 

__-------_I- 

i m p u r i t y  which i t  c o n t a i n s  ma.y be of cons idera .b ly  g rea . t e r  importance 

than  t h e  s o l u t i o n  mechanism. 

.-. 

The r e a c t i o n s  of t h e  oxygen-hungry me ta l s  B e ,  Z r ,  Nb, and C r ,  
Y 

i n  some s tee ls ,  a r e  examples of t h i s .  

c o n t a i n s  Na 0 as a n  impur i ty ,  t h e  p r i n c i p a l  c o r r o s i o n  e f f e c t  observed 

i s  t h e  format ion  of  a f i l m  o f  ox ide  on t h e  metal s u r f a c e ,  e.g.  

I n  sodium, which u b i q u i t o u s l y  
--c- \-. .-- 

2 

Z r  + 2Na20 = Z r 0 2  + 4Na. 

The m e t a l l i c  spec imen  g a i n s  weight ,  a.nd t h e  c o r r e l a t i o n  between these 

A W ' s  and t h e  m e t a l l o g r a p h i c a l l y  determined f i l m  t h i c k n e s s e s  i s  q u i t e  

good. Occas iona l ly ,  t h e s e  f i l m s  show poor adhes ion  p r o p e r t i e s ,  a.nd 

a.re r e a d i l y  s p a l l e d  o f f .  This i s  t r u e ,  f o r  example, o f  t h e  B e 0  

f i l m s  formed by exposing be ry l l i um meta l  t o  sodium. If t h e  f l u i d  i s  

s t a . t i c  and q u i e s c e n t ,  t h e  p o s i t i v e  weight  g a i n s  d e s c r i b e d  a.bove axe 

observed .  But i f  t h e  l i q u i d  is s t i r r e d ,  or f lows  p a s t  t h e  sample a t  

h igh  v e l o c i t y ,  t h e r e  i s  a s t r o n g  tendency of  t h e  f i l m  to f la .ke o f f ,  

and t h e  sample ma.y show p o s i t i v e  (as above 1, z e r o ,  o r  even nega.t ive 
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weight changes ( t h a t  i s ,  weight l o s s e s ) .  Sometimes t h e s e  f i l m s  a r e  

r a t h e r  impermeable t o  t h e  c o r r o s i v e  medium and a r e  t h e r e f o r e  p r o t e c t i v e  

- t h e  c o r r o s i o n  p rocess  slows down and approaches a z e r o  r a t e .  

as o f t e n  a s  n o t ,  they  a r e  non-p ro tec t ive ,  and do n o t  s e r i o u s l y  

i n h i b i t  c o r r o s i o n .  It should be noted t h a t  w i t h  many m a t e r i a l s  t h e  

But 

c o r r o s i o n  f i l m  formed by t h e  oxida . t ion  p rocess ,  a.s noted a,bove, may 

n o t  be t h e  s i m p l e  oxide.  With zirconium, f o r  exa.mple, t h e  forma.tion 

of s t a .b l e  sodium z i r cona . t e  by r ea . c t ion  

Na20 + Z r O  = Na. Z r O  
2 2 3  

i s  thermodynamically favored ,  and may r e a d i l y  occur .  The n a t u r e  of  

t h e  f i l m s  a.ctua.l ly observed i n  post-exposure observa . t ion  i s  h i g h l y  

dependent on t h e  exper imenta l  p rocedures  employed: f o r  example, i f  

t h e  excess  a l k a l i  meta l  i s  removed from t h e  sample w i t h  water  and 

a l c o h o l  i n  t h e  c a s e  above, some of  t h e  sodium s a l t  may be s o l u b l e  and 

d i s a p p e a r .  

Oxygen i s  n o t  t h e  o n l y  impur i ty  element which c o n t r i b u t e s  t o  t h e  

c o r r o s i o n  p rocess  by forming s t a b l e  compounds. Ni t rogen  forms a 

s t a . b l e  n i t r i d e  
_-__-- 

wi th  l i t h i u m ,  and t h i s  cam rea.ct  w i t h  ma.ny ma . t e r i a l s  

t o  produce heavy meta l  n i t r i d e  f i l m s .  

a n  i n e r t  cover  gas  over  sodium have, i n  t h e  p a s t ,  gone awry when t h e  

f l u i d  contained\?alcium ( a s  i t  f r e q u e n t l y  does) and was i n  c o n t a c t  

w i t h  a s t r o n g  n i t r ide - fo rming  me ta l .  The d i s s o l v e d  calcium seems 

Attempts t E n i t r o g e n  a s  

-..----------- 
-_- 

t o  .haeve rea ,c ted  a t  t h e  ga . s - l iqu id  i n t e r f a c e  t o  form t h e  s t a . b l e  and 

s o l u b l e  n i t r i d e .  This  moves through t h e  l i q u i d  a.nd when i t  encounters  

t h e  meta.1, r ea . c t s  w i t h  i t  t o  g i v e  up t h e  n i t r o g e n .  
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Ca3N2 ( i n  s o l u t i o n  i n  Na) + 2Zr ( so l id )  

4 

3Ca ( i n  s o l u t i o n  i n  Na) + 2ZrN(film) 

The d i s s o l v e d  ca lc ium meta l  t hus  r egene ra t ed  then  i s  f r e e  t o  p ick  up 

a n o t h e r  ba t ch  of n i t r o g e n  a t  t h e  i n t e r f a c e ,  and t h e  p rocess  con t inues  

i n d e  f i n i  t el  y . 
Another subs t ance  o c c u r r i n g  q u i t e  commonly as a n  impur i ty  i n  

a l k a l i  metal systems i s  carbon which a l s o  p l a y s  a s i g n i f i c a n t  r o l e  

i n  c o r r o s i o n  p rocesses  through t h e  forma.tion of s t a .b l e  compounds. Thus 

s t a . i n l e s s  s t e e l s  of t h e  18-8 type ,  exposed t o  sodium o r  pota.ssium, i n  

t h e  presence  o f  a. sou rce  of ca.rbon, tend t o  p i ck  up t h i s  element a.nd 

i f  t h e  p rocess  proceeds f a r  enough c h a r a c t e r i s t i c  g r a i n  boundary p r e -  

c i p i t a . t i o n  o f  ca . rb ides  i s  observed. 

t h a t  t h e  r ea . c t ions  w i t h  ca.rbon i n  a . l k a l i  meta l  systems ha.ve assumed 

It should be noted i n  pa.ssing 

a n  enormous importance i n  r e c e n t  t i m e s .  F i r s t ,  n e a r l y  eve ry  r ea . c to r  

which has  had coola.nt  t r o u b l e  ha.s run  i n t o  t h i s  problem because of 
/--- --- 

ca.rbona.ceous m a t e r i a l  o f  some k ind  - t h e  t e t r a l i n  i n  SRE, t h e  g ra .ph i t e  

a t  Fermi and Dounreay, come t o  mind immediately.  There i s  a. growing 

f e e l i n g  t h a t  i n  some k inds  of  systems, sodium f o r  power pla .nt  u se  

i n  p a r t i c u l a . r ,  i t  i s  carbon and i t s  c o r r o s i o n  behawior which sets  - 
a n  upper l i m i t  on t h e  tempera tures  p r a c t i c a l l y  a t t a i n a b l e  a t  t h e  

p r e s e n t  t i m e  (no t  so many yea r s  ago i t  w a s  oxygen, bu t  i t  i s  now 

f e l t  t h a t  oxygen can be measured, removed, and c o n t r o l l e d ,  whereas 

each of  t h e s e  procedures  i s  doub t fu l  i n  t h e  c a s e  of  carbon).  

s h a l l  d i s c u s s  t h e  problem of carbon a g a i n  la ter .  

W e  
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b. Chemica.1 Rea.ction Without Sta.ble Compound Forma,tion 

From t h e  e a r l i e s t  work on l i q u i d  sodium c o r r o s i o n  of  s teels ,  i t  
.------- 

- _  
m- 

was c l e a r  t h a t  t h e  process  was acc-elerated by t h e  presence  of oxygen. 
\J-Y - --_ - 

Never the l e s s ,  t h e  ma.teria1 which went i n t o  s o l u t i o n  i n  t h e  h o t  zone 

of  a. loop ,  and tha. t  which ca.me o u t  i n  t h e  co ld  r e g i o n  were both pure  

i r o n .  How could  oxygen a.ct  t o  speed up t h e  r e a c t i o n  
4 

Fe(so1id) 4 F e ( i n  s o l u t i o n  i n  Na.) 

i n  t h e  presence  of huge excesses  of  t h e  ex t remely  powerful reducing 

a.gent Na.? 

a.re thermodynamica,lly uns ta .b le  i n  t h e  presence  of  l i q u i d  sodium a.t  

All of t h e  fa.mi1ia.r ox ides  of  i r o n ,  FeO, Fe203, a.nd Fe304, 

e l e v a t e d  tempera,tures and should be reduced t o  t h e  meta.1 a . t  e q u i l i -  

brium. Faced w i t h  t h i s  pe rp lex ing  a.noma.ly i n  t h e  l a . t e  1940 's  i t  wa.s 

p o s t u h t e d  tha. t  a. compound of t h e  type 

FeO'x Na.20 

might be s t a b i l i z e d  t o  r e d u c t i o n  by Na. s i g n i f i c a , n t l y  so tha. t  i t  could  

pa . r t i c ipa . t e  i n  t h e  c o r r o s i o n  p rocess  a.nd 1ea.d t o  t h e  k inds  of  r e l a t i o n -  
/ 

s h i p s  observed. This h i g h l y  specu la . t i ve  a.nd tenuous hypo thes i s  wa.s 

g iven  a. s u b s t a n t i a l  boos t  i n  1954 when our  g u e s t ,  D r .  Geoff rey  Horsley 

o f  Ha.rwell, was a.ble t o  p repa re  a. compound of  t h e  type  cons idered ,  

w i t h  x = 2, and t o  show tha.t  i t  i n  f a . c t  d i d  ha.ve t h e  p r o p e r t i e s  needed 

t o  expla.in t h e  beha.vior of Fe-Na, systems. The pa.ssa.ge of t i m e  ha.s 

tended t o  s t r e n g t h e n  t h e  hypo thes i s  t h a t  i n  ma.ny a l k a l i  meta l  c o r r o s i o n  

p rocesses ,  ;compounds of  on ly  l i m i t e d  s t a . b i l i t y ,  whose l i f e t i m e  o r  

s t e a d y  s t a t e  c o n c e n t r a t i o n  i n  t h e  system may be extremely small, may 

_ _  ..-.----- 

n e v e r t h e l e s s  p lay  an  important r o l e  i n  exp la in ing  t h e  behavior  of 

t h e  system. 

'-- ----..-/d 
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C. 

d. 

Comparison w i t h  Aqueous Systems 

Because of  t h e  compara t ive ly  g r e a t e r  amount of  expe r i ence  w i t h  

aqueous c o r r o s i o n  i t  i s  i n s t r u c t i v e  t o  t u r n  t o  t h e s e  systems t o  see 

whether analogues of what i s  observed i n  l i q u i d  metals are i n  f a c t  known. 

I n  wa te r ,  o f t e n ,  t h e  rate of  s o l u t i o n  of  a s o l i d  i s  determined by 

t h e  d i f f u s i o n  of  t h e  r e s u l t i n g  s o l u t e  s p e c i e s  i n  t h e  H20, j u s t  a s  

has  been hypothes ized  f o r  l i q u i d  mercury. P ro fes so r  B o n i l l a  w i l l  

d i s c u s s  t h i s  p rocess  i n  some d e t a i l  s h o r t l y .  But i n  a number of  

c a s e s ,  i t  i s  found t h a t  t h e  process  i s  much slower than  d i f f u s i o n  

c o n t r o l  would demand, and a d e t a i l e d  examination i n d i c a t e s  t h a t  i n  

many of t h e s e  examples, t h e r e  i s  always t h e  p o s s i b i l i t y  of  a chemical 

p rocess  o c c u r r i n g  t o  modify t h e  p i c t u r e .  One example i s  t h e  solu- 

t i o n  of  Fe i n  s t r o n g  HNO Here t h e  c o r r o s i o n  r a t e  i s  slower than  

i t  i s  i n  o t h e r  a c i d s ,  and i t  i s  n o t  d i f f i c u l t  t o  b e l i e v e  t h a t  t h e  

----c-' 

-_L-- 

3' 

o x i d i z i n g  c h a r a c t e r i s t i c s  of HNO r e s u l t  i n  a p a s s i v a t i n g  f i l m  on  3 

t h e  i r o n  which slows down t h e  process .  S i m i l a r l y ,  when t h e  r e a c t i o n  

o f  magnesium and a c e t i c  a c i d  i s  s t u d i e d ,  u s ing  a lcohol -water  mix tu res  

a s  a s o l v e n t ,  t h e  p rocess  has  been shown t o  depend on something o t h e r  

t han  t h e  d i f f u s i o n  r a t e  of t h e  Mg* i o n  i n  s o l u t i o n ,  and h e r e  t h e  

chemical r e a c t i o n  which i n f l u e n c e s  t h e  r a t e  i s  supposed t o  be t h e  

e s t e r i f i c a t i o n  p rocess  where t h e  a l c o h o l  as w e l l  as t h e  meta l  compete 

f o r  t h e  a c i d  p r e s e n t .  

L iquid  Metals 

The importance of i r o n  base  a . l loys l e d  t o  t h e  e a r l y  s tudy  of 

t h e s e  m a t e r i a l s  i n  l i q u i d  m e t a l s ,  and t h i s  work has been most 
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i l l u m i n a t i n g .  With Fe i n  Hg, t h e  c o r r o s i o n  p rocess  i s  q u i t e  ra.pid,  

a.nd may be p r e d i c t e d  a.lmost q u a . n t i t a . t i v e l y  from informa.tion on t h e  
/--’ 

e q u i l i b r i u m  s o l u b i l i t y  of  i r o n  i n  mercury, and t h e  p h y s i c a l  p r o p e r t i e s  

o f  t h e  pure  meta.ls. With i r o n  i n  sodium, t h e  c o r r o s i o n  process  i s  

much slower.  This  and o t h e r  a . spec ts  of  t h e  c o r r o s i o n  p rocess  i n  
” c 

t h i s  system cam be exp la ined  i n  terms of chemica.1 r ea . c t ions  such a.s 

ha.ve been d i scussed  a.bove. ( I n  complete f a i r n e s s  a.nd hones ty ,  i t  

should  be po in ted  o u t  tha. t  t h e r e  i s  a. long-sta,nding con t rove r sy  on 

t h e  v a l u e  of  t h e  e q u i l i b r i u m  s o l u b i l i t y  of  Fe i n  Na., a.nd by choosing 

t h e  lower se t  of  s o l u b i l i t y  va.lues,  c o r r o s i o n  rates c o n s i s t e n t  w i th  

o b s e r v a t i o n  ca.n be obta.ined us ing  t h e  d i f f u s i o n  hypo thes i s .  This 

expla.na.tion does n o t  however a.ccount f o r  t h e  e f f e c t  of oxygen o n  

t h e  system.) 

The ea . r ly  success  o f  mercury systems i n d u s t r i a l l y  was p o s s i b l e  
-_1_ 

o n l y  a . f t e r  i t  ha,d been d i scove red ,  q u i t e  empi r i ca , l l y ,  tha.t  a. few 

pa . r t s  pe r  m i l l i o n  of t i t a .n ium o r  zirconium d i s s o l v e d  i n  t h e  Hg ha.d 

a. profound e f f e c t  i n  i n h i b i t i n g  t h e  c o r r o s i o n  p rocess  w i t h  i r o n ,  

t h a t  i s  slowing down t h e  r a . t e  of  s o l u t i o n .  Th i s  i n h i b i t i o n  w a s  a t  

__I_I_ 

a.n ea . r ly  da.te a . t t r i b u t e d  t o  some k ind  of f i l m  forma.tion, which 

r e s u l t e d  i n  t h e  r a . t e  of s o l u t i o n  r a t h e r  than  t h e  d i f f u s i o n  o f  t h e  

s o l v e n t  be ing  t h e  r a , t e - c o n t r o l l i n g  p rocess .  The na.ture of t h e s e  

f i l m s  w i l l  be d i scussed  l a t e r .  For t h e  p r e s e n t  i t  i s  s u f f i c i e n t  t o  

p o i n t  o u t  tha, t  t h e s e  i n h i b i t o r s  seem t o  work i n  o t h e r  hea.vy metals - 
bismuth a.nd lea.d, f o r  example - and t h a t  t h e  process  can most r ea .d i ly  

be expla,ined a.s a s h i f t  from d i f f u s i o n  t o  s o l u t i o n  c o n t r o l .  
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@ e. Other Examples of  S o l u t i o n  Cont ro l  

The c o r r o s i o n  o f  Fe by T i - i n h i b i t e d  mercury has been c i t e d  a.s 

a.n example where t h e  s o l u t i o n  ra . te ,  as in f luenced  by chemica,l r ea . c t ion  

p r o c e s s e s ,  r a , t he r  tha.n d i f f u s i o n ,  i s  t h e  r a t e -de te rmin ing  s t e p .  As 

ha.s been ind ica . ted ,  t h e  c o r r o s i o n  of Fe by Na. i s  a . lso be l i eved  t o  be 

1a . rge ly  chemica.lly c o n t r o l l e d .  This  a r i s e s  from t h e  low v a l u e  of  

t h e  r a . t e  (a.lthough t h i s  argument i s  weakened by t h e  inconc lus ive  

s o l u b i l i t y  data.); and even more importamtly,  from t h e  s t r o n g  i n f l u e n c e  

o f  oxygen on t h e  system. 

As a. genera.1 r u l e ,  i t  may be assumed tha.t  whenever a. t r a . ce  amount 

o f  impur i ty  has a. ve ry  s t r o n g  e f f e c t  on c o r r o s i o n ,  a. chemica.1 ra . ther  

tha.n p u r e l y  phys ica l  p rocess  i s  r e s p o n s i b l e  f o r  t h e  behavior  of  t h e  

system. The e f f e c t  o f  T i  on mercury, t h e  l a r g e  number of  c o r r o s i v e  

systems invo lv ing  t h e  a l k a l i  metals where oxygen ma.rkedly a c c e l e r a t e s  

t h e  p rocess ,  and t h e  ma.rked i n c r e a s e  of c o r r o s i o n  i n  l i t h i u m  and 

ca.lcium m e l t s  by n i t r o g e n  contamina.tion a r e  a l l  examples of  chemica.lly 

c o n t r o l l e d  c o r r o s i o n  p rocesses ,  i n  a l l  p r o b a b i l i t y .  

F i n a l l y ,  i t  should be po in ted  out  f o r  t h e  b e n e f i t  of ou r  NASA 

f r i e n d s  tha. t  t h e  r e f r a c t o r y  metals i n  which they  are becoming so 

deep ly  involved  - columbium, zirconium, molybdenum, tantalum, tungs t en ,  

t i t a n i u m ,  e tc .  - a l l  form s t r o n g l y  a c i d i c  ox ides ,  which r ea .d i ly  combine 

w i t h  a . l k a l i  ox ides  t o  form r a t h e r  s t a b l e  n i o b a t e s ,  z i r c o n a t e s ,  

molybda.tes, etc.  Because o f  t h i s ,  i t  can  be q u i t e  reasonably  p r e -  

d i c t e d  t h a t  c o r r o s i o n  i n  t h e s e  systems w i l l  be chemica.lly c o n t r o l l e d ,  

a.nd tha. t  t h e  e f f e c t  o f  oxygen p r e s e n t  a s  a.n impur i ty  w i l l  be extremely 

l a r g e  and important i n  de te rmining  t h e  behavior  of t h e  system. 
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I 
4. MECHANISMS IN LIQUID-PHASE CORROSION 

-? 
i 

a. Diffusion Cont ro l led  

C h a r l e s  F. Bonil la  

--I=--s--. 

I n  aqueous corrosion, the dissolving metal  is  absost  almays oxidized t o  

i t s  yos i t i ve  ion, and a l s o  f requent ly  undergoes f u r t h e r  chemical r eac t ion  and 

p r e c i p i t a t i o n  on the  n e t a l  surface.  But the corrosion o f  s o l i d  metals by 

l i q u i d  metals can t a l e  DLace merely b j  so lu t ion  or' the  solid metal a t  the  i n t e r -  

face, fol loxed by d i f fus ion  i n t o  t h s  bulk of thc l i q u i d  metal phase, FcLthout 

c o n ) l i c a t i o n s  from compounds o r  p rec ip i t a t e s .  

6 

cu cn + cu 
w 

In  some cases  compounds do form 

in t he  l i q u i d  metal, but s t i l l  without a l t e r i n g  the difi 'usion s tep.  In  these 

is genera l ly  the r a t e -con t ro l l i ng  s t e ? , s &  i s  evident ly  
_ _ _ _  -- - _- 

necessary, f o r  such corrosion t o  proceed, f o r  the so lu t e  t o  leave  the arerwliere 

it d i s  s o lve  d . 
The two t y p i c a l  s i t ua t ions ,  o r  Itgeometriestt, in which d i f f u s i m - c o n t r o l  

can occur a re  zvidently:  

a) Pure molecular difzusion of ti% s o l u t e  molecules tboughou t  a whole 

quiescent bod-y of t he  l i q u i d  metal. The d i f f u s i v i t y ,  D, is here ev ident ly  

a key fac tor  in the rate and t o ta l  amount of corrosion, in addition t o  the 

s o l u b i l i t y  of the solid metal and the size of the vessel. Hm.eVer, this situ- 

a t i o n  will not  f requent ly  be important, in t h a t  seldom would a body 02 liquid 

metal be e n t i r e l y  quiescent un less  de l ibe ra t e ly  s o  jntended (as i n  a t e s t  t o  

measure D ) ;  and even if it xere quiescent  i n  an ac tua l  s i t ua t ion ,  t h e  t o t a l  

co,-rosion mould probably be lam due to t h e  low s o l u b i l i t y  i n  most p r a c t i c a l  

cases  . 
b) Transport  of the so lu t e  away from t h e  corroding area by floming or 

s tL- red  solvent (Figure !JA-1). 

dis tance  (through a 'llaminar boundary layert1 of t h i c l n e s s d )  t o  get  i n t o  the  

Here the so lu t e  only needs t o  diffuse a short  
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main solvent  stream. Horrever, d i f f u s i v i t y  is  aeain h p o r t a n t ,  because no 

matter hov sho,-t the  distance (how t h i n  t h e  boundary l a y e r ) ,  the  r a t e  of 

d i f fus ion  wU.1 be proport ional  t o  the  d i f f u s i v i t y  (as Tell as t o  t h e  d i f fe rence  

i n  concentration, e t c  .) . 
D i f  fus ivitx 

Therefore one of the first nieces  of k r forna t ion  one should seek -in 

c o r r e l a t i n g  or  pred ic t ing  clif fusion-control led,  o r  po te l l t i a l l y  d i f ius ion-  

control led,  corrosion is  t h e  d i f f u s i v i t y  of the  so lu t e  i n  the  solvent.  

Unfortunately, this is the  most d i f f i c u l t  and uncer ta in  of t h e  comon 

- /--- 

I 

*_-----c---- 

phys ica l  n rope r t i e s  t o  measure. The Stokes-Zinstein formula: 
--- .*----̂ --------- 

where: R =I tk? gas constant 

T = absolute  temperature 

N = Avogadro’s hmber  

u = so lvent  v i s c o s i t y  

r - rad ius  of  the d i f fus ing  atom (o r  ion) ,  as 
ca lcu la ted  from the dens i ty  of the (molten) 
solute and tk mass of one aton,  considering 
the  atom a sphere. 

Fortunately,  p is h a m  f o r  t he  allcali metals t o  reasonably high temper- 

a tu re s ,  and tb equation is thus r ead i ly  eaployed. 

Comnarison of t h i s  equation aga ins t  ava i l ab le  published experimental 

l i q u i d  metal d i f f u s i v i t y  data (1,2}, shows t h a t  t he  published da ta  a re  all 
---=’------ 

e i t h e r :  

a) 

b) 

within an avera-e of 2 5% of equation 1, or 

wi th in  an xrcraqe of + 15% of t?rice equation 1. 
----”-..- - 
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@ Diffusion of the  alkali  metals i n  nercury i s  found t o  f a l l  under case (a) .  

From a considerat ion of equimolar counterdiffusion it is expected tha t  the 

d i f fus ion  of mercu-ry i n  t he  a lkal i  metals, and thus ?res:mably a l s o  of other  

heavy metals i n  the a l k a l i  metals, w i l l  a l s o  f a l l  under case (a) ,  which can 

therefore  be used w i t h  considerable confidence i n  corrosion. 

i s  des i red  t o  be conservative,  case (a) should be used €or des i rab le  phenomena 

(e.g., d i sso lv ing  of a f u e l  i n  a homogeneous l i q u i d  metal r eac to r )  and case (b) 

f o r  unddsirable phenomena (e .g . , container  o r  nipe corrosion) . 

ilowever, i f  it 

N 
cs, 
d 

hl I w 

IJass Transfer Coeff ic ien ts  

Knowing t h e  d i f f u s i v i t y  of the n e t a l  p a i r  and the "geometrg" and flow 

conditions,  one can proceed t o  es t imate  the mass t r a n s f e r  coe f f io i en t  f o r  a 

corrosion s i tua t ion ,  or c o r r e l a t e  it a s  obtained from a corrosion test .  
/-.---- 

The 

and t i e  symbol i n  corrosion mole cm 
usual  u n i t s  a r e  moles/(sec x cm2 x x )  =zc 9 

work is a+ 

This coe f f i c i en t  i s  used i n  the  equation f o r  the  mass transfer o r  corro- 

s ion  r a t e  N p e r  u n i t  time 8 over area A: 

N d n  - = - = a (So - S). A d0 

A s  shown in Figure bA-1, So is  the  s o l u b i l i t y  of the d isso lv ing  metal i n  the 

l i q u i d  metal  and S is  the  appropria3e concentrat ion i n  the  liquid phase. 

Actually,  non-ideali ty of t h e  so lu t ion  may be s ign i f i can t ;  it can be de te r -  

mined i n  var ious ways and taken i n t o  account (2), i f  desired.  

One way tha t  a can be predic ted  is from cor re l a t ions  of dimensionless 

r a t i o s  obtained in o ther  d i f fus ion+ont ro l led  corrosion or  d i s so lu t ion  tests 

i n  t h e  same geometry (i.e., t o  exact  sca le )  . 
t i on ,  it can be presumed, and has been ve r i f i ed ,  tha t :  

For instance,  i n  forced convec- 
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(3) 

Shermood No. =+(Schmidt No., Reynolds No.) 

xhere u is an appropriate  ve loc i ty  i n  t h e  stream, d an appropriate  dimension, 

such as a length  o r  diameter, and p i s  the s t r e a q  density.  The funct ion h i s  
i d e n t i c a l  f o r  any one shape or  "geometryt1, regard less  of the  s ize  or  mater ia l s  

involved. 

However, f e w  mass t r a n s f e r  tests have been ca r r i ed  out w d e r  s u f f i c i e n t  

cont ro l  t o  e s t a b l i s h  t h e  co r re l a t ion  rxith reasonable accuracy. Fortunately,  

it has been es tab l i shed  (2, 3 )  f o r  t h ree  key geometries ( forced flow through 

packed beds, forced flow i n  tubes,  and na tu ra l  convection outs ide of hor izonta l  

cy l inders )  t h a t  l i q u i d  metal mass t r a n s f e r  follows the  same co r re l a t ions  as 

mass t r a n s f e r  of non-metals in t h e  same geometly, and m c h  :?!ore importantly, 

is  analogous t o  nonmeta l  hea t  t r a n s f e r  in the same Teometries. 

Xass Transfer  from Heat Transfer  Correlat ions 

I n  t r a n s l a t i n g  the  heat  tram f e r  corre  l a t ions  i n t o  mass t r a n s f e r  correla-  

t i ons ,  the  following subs t i t u t ions  a r e  employed: renlace the  heat  t r a n s f e r  

c o e f f i c i e n t  h by (uCp), where C i s  the  s o e c i f i c  heat  of the l iqu id ;  replace 

the  thernial conduct ivi ty  k of the l i q u i d  by (DCp); renlace tk rate of heat  

transfer q by It; replace the dr iv ing  force A t  by AS; and ( i n  n a t u r a l  convec- 

t i on )  replace the f r a c t i o n a l  thermal expansion (pAt) by t h e  f r a c t i o n a l  expan- 

(z . e). O f  course, s ion ( o r  contract ion)  due t o  change i n  concentration, 

in a non-symmetrical Teometry, i f  the d isso lv ing  metal  decreases the dens i ty  

of the  l i q u i d  metal, t h a t  element must be the  heated element i n  the  heat  trans- 

f e r  analog, and v ice  versa. 

dp AS 
P 

If these  conclusions hold c lose ly  f o r  such d i f f e r e n t  ceometries, it is  

evident  t h a t  they can be nresur.ied t o  ii-ld f o r  all other  rcometries, although 
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no l i q u i d  metal t e s t s ,  a d  even maybe no izass Lransfer t c s t s ,  have ever  been 

ca r r i ed  out on those seonetrries. These xould include such s i t u z t i o n s  as forced 

f l o n  across  one tube o r  a bar& of tubes,  forced f l o w  along a shor t  tube, 

n a t u r a l  convection in s ide  a v e r t i c a l  o r  hor izonta l  tube, hpingemcnt o f  a j e t  

on a wall, and :mny other  f o r  ifiiich heat  transr 'er  co r re l a t ions  a re  ava i lab le  

f o r  n o n a e t a l s  (4). 
heat  t r a n s f e r  co r re l a t ions  :nay be used., siince heat  trxi-isfei' i n  l i q u i d  neta1.s 

follo?%i a d i f f e r e n t  raecharrisn than t h a t  zf  nass t r ans fe r ,  i.e., e l ec t ron  2lor;l 

i s  the  main rnechanism of heat conduction i n  xe t a l s ,  bu t  does not  contribu-le 

t o  difl"us:ion, 

Hovever, it is r n o r t a n t  t o  recognize t h a t  only non-netal 

As an exapple of prol"itab1e o r  p o t e n t i a l  cariy-over Zron hea t  t r a x f e r  

( o r  f l u i d  flow) knoxledge t o  difr"usion, th? shor t  tube or Z/D e X e c t  nay be 

c i ted .  

oci-by d i s t r i b u t i o n  across  a tube containing larilinar f low does not  reach the  

asymptotic value u n t i l  a do.r.mstre&T length  L, e q r e s s e d  in tu5e d i ane te r s  as 

(L/D), of 6$ or" t he  Reynolds Eiumber. 

(L/equivalent 9) i s  1.5: of the  Eeynol,cls Ihmber. 

t r a n s f e r  severa l  c orrplicated expressions are avai lable ,  b u t  the s i ~ p l e  general- 

ization t h a t  some 6 t o  10 diameters i s  s u f f i c i e n t  f o r  t he  l o c a l  c o e f f i c i e n t  

of heat  t r a n s f e r  ( thus  mass traixfer) t o  become substaqtially constant  i s  

f requent ly  adequate. 

r a t h e r  than  l o c a l  corrosion, t h e  t e s t  spechen . shou ld  be sone 20 t o  50 diam- 

e t e r s  in length  t o  approach t h e  asylDptotic corrosion f a i r ly  closely.  

L/!3 e f f e c t  is no douht the  cause, o r  a t  l e a s t  t h e  p r i x i p l e  cause, of t he  

tJdom-strem' t  e f f e c t ,  r ecen t ly  i d e n t s i e d  i:xkpendently f o r  corrosion by 

Fpstein,  and covered in Sect ion (10 A )  of t h i s  discussion. 

i ca l ly  o r  experimentally h o r m  e f f e c t  02 L/D on pressure gradient  o r  on heat 

Es5ablished laminar f lon  pressure dr0-g theory (4) s h o ~ s  t h a t  the vel-  

Eetween p a r a l l e l  p l a t e s  the corresponding 

For tu rbulen t  €10~1 heat  

I f  t o t a l  corrosion is  t o  be measured o r  predictedfrom the  i n l e t ,  

This 

From t,he theoret-  
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t r a n s f e r ,  the  corrosion t e s t  specinen length  t o  approach n i t h b  ally d?s i red  

percentage of the asyx-@otic o r  long specixen corrosion r a t e  can 5e predic ted  

with confidence f o r  e i t h e r  laminar o r  tu rbulen t  flow. 

-Prediction of Rate- and Amount of Corrosion 

Assuming ne know, measure, o r  p red ic t  D, then a, 57e s t i l l  have a question 

as t o  hon ,mch corrosirm w i l l  occur, i n  v i m  of va r i a t ions  in the  dr iv in?  force 

(So - S) and o ther  fac tors .  

bu t  also in in tg rp re t ing  tests. 

This w i l l  be i q o r t a n t  in pred ic t ing  corrosion, 

The equation can be s e t  up, and in t eg ra t ed  i f  pe r t inen t ,  accordinE t o  

Two 9 r inc ipa l  cases  in t e s t i n g  the  geometry and c i r c u l a t i o n  i n  t h e  system. 

w i l l  be described. 

1) Capsule tests, o r  the sa tu ra t ing  of a pool kept uniform 5-- n a t u r a l  

c i r c u l a t i o n  o r  by s t r o q  ag i t a t ion .  A t  each in s t an t :  

N =I. &(So - S )  (4) . 
However, a l s o  ds N = v- de 

where V is the  volume of the pool or system. 

from s1 ( f requent ly  zero) t o  S2:  

Eliminating :I and in t eg ra t ing  

Thus, a semilog Dlot of So - S VS. 8 f o r  an e,?eriment gives a s t r a i p h t  l i n e  

if difrSsion-control led,  and yields a froin the  slope. 

s i t ua t ion ,  S can be predic ted  as a funct ion o€ t h e ,  and VAS = total mei.rht 

lost by corrosion. 

corrosion stqs.  

Or knowing n f o r  a 

',hen the  pool i s  sa tura ted  ( ~ S S L L T ~ I I ~  it i s  isothemml) t h e  

2) In a n a t u r a l  c i r c u l a t i o n  o r  forced c i x u l a t i o n  loon the c i r c u l a t i n g  

metal goes i'rom subsaturated to-,!ards sa.';urcition i!i t h e  hot re::Fon, and i n  tiirn 
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dr 
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gives up the  metal r ecen t ly  dissolved when it Eets back i n t o  t he  cold reZion, 

vhere it dgain a2proaches s a t m a t i o n ,  5u3 fPoz t i e  supersaturated d i rec t ion .  

This thermal corrosion can kee? on i n d e f i n i t e l y  until t he  hot  spot corrodes 

throughz@h%he cold spo t  f i l l s  up with c rys t a l s ,  t hus  i s  much worse. 

cen t r a t ion  map is as sham in Figure 4.A-2. It i s  seen t h 2 t  both curves f o l l o s  

logari thmic approaches, tk one with the  l a r F e r  conductance c.A anproaching its 

So rnore c lose ly .  

The con- 

By s e t t i n x  up and solving the simultaneous equations of (5s so lv ing  and 

p r e c i p i t a t i n g  and flow 

(7)  

where Q i s  tb f l 0 - c ~  r a t e  i n  the s&Te mass u n i t s  as S,N azd a ,  and t h e  subsc r ip t s  

h and c r e f e r  t o  the  hot and cold sect ions,  respectiively. ) can be 

tcold). ~ lea r ’ iy ,  o’otabed from the  s lope of the s o l u b i l i t y  curve -$ x ( h o t  - 
if all of t he  other q u z n t i t i e s  in the  equst ion a r e  known N can be nrcdictod, 

and thus  the l i f e  of the loop. O r  in a t e s t ,  l m o ~ ~ i n =  iJ and (say) e:rerything 

but (So,h- S 

of the so lub i l i t y .  

(So,h- S 0,c 
ds 

), t h i s  c m  be calculatTd, and thus the temperature coePf ic ien t  
0,c 

Evidently t h e o r j  is availakd-cxLo predict o r  interpret rnost cases  of 
7- 

d i f f u s i o n e o n t r o l l e d  l i q u i d  metal corrosion. 

and doing ~ o o d  experioents  s o  a s  t o  be ab le  t o  i d e n t i f y  the  d i fzus ion-cont ro l led  

systems, and so  as t o  obtain t h e  so lu’n l l i ty  da ta  t o  permit designiny around, o r  

containing, such corrosion. 

The main gob lem is  s e t t i n g  up 
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I CONCENTRATION ' 0  
OF SOLUTE 

Figure 4A-1. - Dissolution of a solid metal into a liquid metal. 

CUMULATIVE NON-ADIABATIC WALL AREA 

Figure 4A-2. - Concentration of solute around a thermal loop. 
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Leo F. Epstein 

I n  previous s e c t i o n s ,  co r ros ion  processes  determined by s o l u t i o n  - 
ra . tes ,  ra . ther  than t h e  d i f f u s i o n  ra . tes  which P ro fes so r  Boni l la .  ha.s 

j u s t  d i scussed ,  ha.ve been considered from a. phenomenologica,l p o i n t  of 
#------ 

view. It i s  p o s s i b l e  t o  formulate  qua.nt i ta . t ive r e l a . t i ons  f o r  t hese  

va.rious k inds  of co r ros ion  which a.re equa l ly  appl ica .ble  t o  e i t h e r  of 

t hese  models. 

-.-c- 

2 Thus i f  a. s o l i d  sa.mple of  surfa.ce a.rea. A (cm ) i s  immersed i n  

3 V (cm ) of  a. l i q u i d  metal  a. t  cons t an t  tempera.ture f o r  a. t i m e  t sec., 

t h e  concentra , t ion of s o l u t e  i n  s o l u t i o n  S (g/cm ) i s  given by the  
3 

equa.tion 

s = ~ 0 [ 1 - e  'I 
where So i s  the  equi l ibr ium s o l u b i l i t y  of  t he  s o l i d ,  a.nd cy i s  the  

s p e c i f i c  s o l u t i o n  r a t e  'constant  of  t h e  ' pa i r ,  wi th  the  u n i t s  of a 

v e l o c i t y ,  cm/sec. 

i t  i s  d i f f u s i o n  or so lu t ion-cont ro l led , '  how oxygen and o t h e r  impur i t i e s  

i n f luence  t h e  system, e tc . ,  e n t e r  i n t o  t h i s  equat ion  on ly  i n s o f a r  a s  

The mechanism of t h e  process  i n  t h i s  ca se ,  whether 
<-- 1 - 

they in f luence  (y. 

The simple phys ica l  concepts  which lea.d t o  the  equat ion  f o r  an  
' .  

i so thermal  system above cam also be a p p l i e d  t o  the  more important  ca se  

where t h e  f l u i d  i s  flowing i n  a system where t h e r e  i s  a temperature 

g rad ien t .  
cu 
(g/cm2-sec) i s  given by 

- 
I n  such a system, the  co r ros ion  r a t e  a t  each po in t  R 
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where a.11 of t he  q u a . n t i t i e s  a.ppea.ring i n  t h i s  equa.tion r e f e r  t o  a. 

s p e c i f i c  p o i n t  i n  the  flow p a t t e r n  a . t  which t h e  tempera,ture i s  T( K) 

and (Y, S,  So and R a.11 r e f e r  t o  t h i s  tempera,ture. 

0 

Spec i f i ca , l l y ,  i f  

t h e  co r ros ion  process  i s  d i f f u s i o n  l i m i t e d ,  t h e  r a t e  equat ion  may 
y - 1  

be w r i t t e n  i n  another  form 

where a s / a y  i s  t h e  s o l u t e  concentra,t ion gra .d ien t ,  pass ing  from the  

wa.11 i n t o  t h e  s o l u t i o n ,  and t h i s  va lue  a. t  y=O r e p r e s e n t s  t h e  con- 

cen t r a . t i on  gra .d ien t  a. t  t he  s o l i d - l i q u i d  in t e r f a . ce .  D i s  t h e  d i f f u s i o n  

2 c o e f f i c i e n t  of t h e  s o l u t e  i n  t h e  f l u i d  (cm /set.). Those who a r e  

f a m i l i a r  w i th  hea t  t r a n s f e r  r e l a t i o n s  w i l l  no te  t h e  s i m i l a r i t y  of 

(Y t o  a hea t  t r a n s f e r  c o e f f i c i e n t ,  and the  p a r a l l e l i s m  between D and 

the  thermal conduc t iv i ty ,  and o t h e r  provocative r e l a t i o n s .  For a 

c losed  loop of diameter D (cm) opera ted  wi th  two temperature r eg ions ,  

a ho t  (symbol H) and a co ld  zone (symbol C) and wi th  t h e  f l u i d  

flowing around t h e  system a t  a cons t an t  v e l o c i t y  v cm/sec., t h e  

co r ros ion  r a t e  a t  a d i s t a n c e  x cm. from t h e  beginning of t h e  ho t  zone 

RH(x) i s  g iven  by 

While t h e  model he re ,  w i th  sha.rp d i s c o n t i n u i t i e s  between the  ho t  a.nd 

co ld  reg ions  i s  r a t h e r  u n r e a , l i s t i c ,  t h i s  ove r s impl i f i ed  system br ings  

o u t  ma.ny importa.nt p o i n t s  on t h e  co r ros ion  pa . t te rn  i n  dynamic loops 

wi th  a AT. 
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I n  sodium systems, and presumably w i t  a l k a l i  m e t a l s  as 

w e l l ,  t h e  e f f e c t  of oxygen on t h e  co r ros ion  process  i s  t o  a f i r s t  

a,pproximation descr ibed  by t ak ing  cy as d i r e c t l y  proportionaA t o  p ,  

t h e  oxygen con ten t  of t h e  sodium (gene ra l ly  expressed i n  p a r t s  p e r  

m i l l i o n  by weight ) ,  i .e .  

'----- 

cy = kp + ..... 
While t h i s  r e l a t i o n  i s  not well-confirmed exper imenta l ly ,  amd f u r t h e r  

obse rva t ions  a r e  r equ i r ed ,  i t  should be poin ted  ou t  tha,t  t h i s  equa.tion 

lea.ds t o  q u a n t i t a t i v e  p r e d i c t i o n s  i n  t h e  Fe-Na system tha.t a r e  i n  

e x c e l l e n t  agreement wi th  the  obse rva t ions  ma.de a.t  t he  Genera.1 E l e c t r i c  

Company i n  San Jose ,  C a l i f o r n i a ,  by R. W. Lockhart a.nd h i s  co-workers 

on t h e  AEC-sponsored Sodium Mass Transfer  Program. 

In  so lu t ion -con t ro l l ed  co r ros ion ,  one of t h e  importa.nt problems 

i s  t o  i d e n t i f y  t h e  exac t  s t e p  which determines t h e  o v e r a l l  r a t e  

for t he  process .  In  t h e  case  of t h e  sodium-iron system, r e c e n t  

developments have suggested t h a t  t h e  ra te -de termining  s t e p  i s  t h e  
/- 

d i f f u s i o n  of t h e  ( N a  0) *FeO t h e  s t a b i l i z e d  oxide spec ie s ,  i n  s o l u t i o n  2 2  

( r a t h e r  tha.n d i s so lved  m e t a l l i c  i r o n ) .  This conclus ion  was a . r r ived  a.t 

1a.rgely from an a n a l y s i s  of  t h e  "down-stream" e f f e c t  which w i l l  be 

d iscussed  later,  aga in  from t h e  d a t a  obta ined  i n  t h e  G.E.-AEC Sodium 

Mass Trans fe r  Program. One fragment of evidence t h a t  may be c i t e d  

i n  suppor t  of t h i s  model i s  t h e  dependence of t h e  co r ros ion  rate on 

t h e  f l u i d  flow v e l o c i t y .  Based on t h e  exp lana t ion  above, t h i s  should 

va.ry as v O * ~ .  The r e s u l t s  of a,pproximately 2000 t e s t s  on i r o n  ba.se 

a . l loys i n  N a ,  has on s t a t i s t i c a l  a n a l y s i s  l e d  t o  a. va lue  f o r  t h e  

exponent of  v of 0.76 +, 0.18, q u i t e  e x c e l l e n t  a.greement wi th  t h e  

p r e d i c t i o n s  of t h e  theory.  
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5. EFFECTS O F  IMPURITIES 

John R. Weeks 

I n  t h e  a l k a l i  meta ls ,  0, N ,  €3, C,  and i n h i b i t o r s  a l l  have 

an important  and o f t e n  dominating in f luence  on cor ros ion  p rocesses ,  

bo th  i n d i v i d u a l l y ,  and i n  com-bination. 

I n  t h e  a l k a l i  metals  oxygen may have e i t h e r  o r  both 

of two e f f e c t s :  it may a c c e l e r a t e  cor ros ion  by c a t a l y z i n g  

d i s s o l u t i o n  of t h e  s o l i d  m e t a l  atoms, o r  oxygen i t s e l f  may be 

t h e  major migra t ing  c o n s t i t u e n t .  E i t h e r  process  i s  a d i r e c t  

r e s u l t  of simple thermodynamics. 

A mechanism f o r  0-catalyzed m a s s  t r a n s f e r  - i s  sketched 
c 

schemat ica l ly  i n  Figure 5-1. The r e a c t i o n  i s  presumed t o  r e v e r s e  

i n  t h e  co lde r  p o r t i o n  of  t h e  flowing system. The predicted >- first- 

o rde r  dependence has  been exper imenta l ly  demonstrated, oxygen- 
/ ---- -. 

ca ta lyzed  m a s s  t r a n s f e r  through Na w a s  observed a t  KAPL with 

N i ,  C r ,  Co, Mn, T a ,  from s t a in l e s s  steels; however, J. D e  Van 

has found r ; i i  t o  be less s e n s i t i v e  than  t h e  o t h e r  m e t a l s  t o  

0-catalyzed mass t r a n s f e r ;  perhaps a r e s u l t  o f  t h e  h ighe r  so lu-  

b i l i t y  of N i .  

When t h e  s o l i d  m e t a l  ox ide  i s  i n s o l u b l e  i n  t h e  l i q u i d  

m e t a l ,  w e  observe oxygen exchange t oxygen from t h e  a l k a l i  m e t a l  

reacts wi th  t h e  s o l i d  m e t a l  s u r f a c e ,  where it e i t h e r  forms 

s u r f a c e  oxides  o r  d i s s o l v e s  i n  and embrittles t h e  s o l i d  metal .  
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A l t e r n a t i v e l y ,  oxygen i n  t h e  s o l i d  m e t a l  may be leached o u t  by 

t h e  l i q u i d  m e t a l ,  r e s u l t i n g  i n  seve re  i n t e r g r a n u l a r  a t t ack .  I n  

e i t h e r  case, t h e  important  cons ide ra t ion  i s  t h e  exchange thermo- 

dynamics of  0. Evans and Thorley c a l c u l a t e d  t h e  maximum embrittle- 

ment of  C b  a t  7 O O O C  t o  be less than  10 p p m ,  i n  agreement wi th  ex- 
Y 

periment.  W e  s h a l l  review t h e i r  method and apply it t o  s e v e r a l  

systems. 

The a c t i v i t y  of 0 i n  t h e  l i q u i d  m e t a l  a t  any g iven  temperature ,  

fsom Henry’s  law, can be assumed equal  t o  t h e  f r a c t i o n  of solu-  

b i l i t y  of t h e  d i s so lved  phase p re sen t :  

The f r e e  energy of 0 i n  s o l u t i o n  A F O ’  t hen  i s  
\ - 

O F o ’  = A F O  + RT log a o i n  L.M.’ 

where OFo i s  t h e  s tandard  f r e e  energy of formation of  t h e  oxide 

a t  temperature  T when t h e  s o l u b i l i t y  and s tandard  free energy 

d a t a  are known. The Henry’s  l a w  approximation i s  probably 

good i n  t h e  d i l u t e  s o l u t i o n s  w e  are cons ider ing  here .  F igure  5-3 

shows t h e  r e s u l t s  ob ta ined  for  t h e  Na-Cb-O,and t h e  Na-Ta-0 systems 

us ing  t h e  N a - N a  0 s o l u b i l i t y  d a t a  of Salmon and Cashman and t h e  

o F O  curves  of coughlin.  Inouye has  shown t h a t  high temperature  

7- 

2 

ox ida t ion  of C b  a t  low 0 p r e s s u r e s  (analogous t o  t h e  low o 

a c t i v i t i e s  he re )  proceeds by i n t e r n a l  migra t ion  of 0 i n  t h e  C b  
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1 

@ and p r e c i p i t a t i o n  of  Cbo i n  t h e  g r a i n  boundaries .  For prevent ion  

I of p r e c i p i t a t i o n  of CbO by 0 exchange and t h e  r e s u l t a n t  embrittle- 

ment of t h e  Cb ,  t h e  f r e e  energy of 0 i n  Na m u s t  be more negat ive  

than  t h a t  f o r  u n i t  a c t i v i t y  of CbO. 'The r equ i r ed  0 l e v e l  a t  7 O O O C  

i s  <25 ppm and a t  6OOOC <20 ppm from Figure 5-3, i n  agreement 

wi th  t h e  obse rva t ion  t h a t  cold-trapped N a  (20 t o  50 ppm 0) 

embrittles Cb a t  600°C whi le  Na hot- " g e t t e r e d "  w i t h  T i  (assumed 

<1 p p m  0) does not .  Free energy c a l c u l a t i o n s  above t h e  mel t ing  

N cn 
d, 
N 

I w 

p o i n t  of N a  0 (915OC) are ques t ionab le ,  s i n c e  t h e  change i n  t h e  

s o l u b i l i t y  func t ion  i s  not  known, and t h u s  are dashed i n  Fig.  5-3. 

2 

F igure  5-4 shows t h e  r e s u l t s  o f  s imi la r  c a l c u l a t i o n s  for 

t h e  systems L i - L i  0 and K-K 0, using t h e  s o l u b i l i t y  d a t a  of 

Hoffman f o r  L i  0 and W i l l i a m s ,  e t  a l .  f o r  K 0. Hot -ge t te r ing  2 2 

o f  K ( o r  N a )  w i th  T i  o r  Z r  (bu t  no t  Ta) w i l l  p revent  ox ida t ion  

- - 2 L 

of Cb ,  whi le  L i  i t s e l f  w i l l  t a k e  0 from Cb o r  Ta. Indeed, on ly  

Y of t h e  s o l i d  " g e t t e r s "  shown o r  C a  as a s o l u b l e  g e t t e r  would 

be expected t o  deoxid ize  L i  s i g n i f i c a n t l y  a t  -8OOOC. Hoffman 

showed s l i g h t  0 r educ t ion  of L i  contac ted  wi th  Y a t  816OC; work 

i n  our  l a b o r a t o r y  showed t h e  a d d i t i o n  of 1 w t .  % C a  t o  raw 

(-1000 ppm 0 )  L i  reduced t h e  0 con ten t  AOO-fold. 

Extremely pu re  T i  has  been shown by Hoffman and DiStefano 

t o  deoxid ize  L i ,  whereas T i  conta in ing  >lo00 ppm 0 d i d  not .  The 
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f r e e  energy func t ion  f o r  T i 0  i n  Figure 5-4 i s  f o r  u n i t  a c t i v i t y  

of  T i O ;  t h e  a c t i v i t y  of 0 i n  s o l i d  s o l u t i o n  i n  T i  i s  cons iderably  

more nega t ive ,  By using t h e  data of Schof ie ld  and Bacon f o r  t h e  

s o l u b i l i t y  of 0 i n  a - T i  and a Henry 's  l a w  approximation analogous 

t o  equat ions  ( 2 )  and ( 3 ) ,  one can estimate t h e  f ree  energy func t ions  

f o r  o i n  T i  as a func t ion  of  temperature:  

+ RT log [ (0  i n  T i ) / ( O  s o l u b i l i t y ) ]  (4)  - - AFGio 
AF6 ' in  T i  T '  

The r e s u l t s  are compared i n  Figure 5-5 w i t h  t h e  c a l c u l a t e d  ac t iv -  

i t i e s  of 0 i n  L i .  A t  8OOOC one estimates t h e  0 conten t  of L i  

could be reduced t o  < l o  ppm by T i .  For t h i s  purpose t h e  T i / L i  

r a t i o  must be s u f f i c i e n t l y  g r e a t  t h a t  t h e  0 con ten t  of t h e  T i  

i s  not  increased  above 200 t o  300 ppm, and s u f f i c i e n t  t i m e  must 

be allowed f o r  t h e  reacted 0 t o  d i f f u s e  i n t o  t h e  T i  and away 

from t h e  T i - L i  in terface.  Thus deoxida t ion  of L i  by pu re  T i  i s  

l i m i t e d  i n  t h e  amount of 0 t h a t  could be absorbed i n  t h e  T i ;  

t h e  rate of  deoxida t ion  i s  probably c o n t r o l l e d  by t h e  ra te  of 

d i f f u s i o n  of 0 i n  T i .  S i m i l a r l y ,  C b  would probably p i c k  up 

s m a l l  amounts of  0 even from N a  ve ry  low i n  0 b u t  not  i n  s u f f i c i e n t  

q u a n t i t y  t o  produce t h e  e m b r i t t l i n g  oxide phase. W e  must emphasize, 

however, t h a t  t h e  major problem i n  cor ros ion  of C b  by L i  i s  no t  t h e  

a c t i v i t y  of  0 i n  t h e  L i ,  b u t  r a t h e r  t h e  a c t i v i t y  of  0 i n  t h e  

C b ;  Figure 5-4 shows t h e  poten t ia l ,  and a mass of  experimental  
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d a t a  shows t h e  exper ience  t h a t  L i  w i l l  go a f t e r  0 i n  t h e  cb, 

r e s u l t i n g  i n  s e r i o u s  p e n e t r a t i o n  of  t h e  Cb. 

Moo2 on a p l o t  such a s  Figure 5-4 l i e s  w e l l  above t h e  Na 2 0 

l i n e :  N a  may w e l l  behave towards 0-contaminated Mo i n  a manner 

s i m i l a r  t o  t h e  way L i  behaves towards 0-contaminated C b ;  use  of 

Mo%Ti o r  TZM a l l o y s  should reduce t h i s  p o s s i b l e  problem by lowering 

t h e  0 - a c t i v i t y  i n  t h e  M o .  The oxides  of Rb and C s  l i e  above t h e  

K 0 l i n e  on t h e  f i g u r e ,  i n  t h a t  sequence. 2 

There a r e  two important e f f e c t s  no t  considered i n  t h e s e  
- 

c a l c u l a t i o n s .  G i b b s  adsorp t ion  equat ion i s  given a s  

Since 0 lowers t h e  su r face  f r e e  energy, of most l i q u i d  metals: one 

a n t i c i p a t e s  a h igher  0 concen t r a t ion  a t  t h e  su r face  of t h e  

( l ) )  , and t h e r e f o r e  more 0 pickup than  o therwise  would l i q u i d  , ( r 2  

be observed. 

i n  t h i s  case.) 

Also,  a l k a l i  metals  t end  t o  form s p i n e l s  with many t r a n s i t i o n  

( C 2  i s  t h e  concent ra t ion  of  0 i n  t h e  l i q u i d  m e t a l  

m e t a l s  - analagous t o  t h e  f e r r i t e  shown i n  Figure 5-1. The i m -  

por tance  of  t h e s e  s p i n e l s  appears  t o  i n c r e a s e  wi th  atomic weight 

of a l k a l i  metals:  0 i n  L i  does no t  e f f e c t  d i s s o l u t i o n  ra tes ,  

whereas 0 i n  Na has  t h e  above-noted e f f e c t  on Fe (F igure  5-2) 
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which appears t o  be i n c r e a s i n g l y  important i n  K ,  

p a r t i c u l a r l y  with t h e  r e f r a c t o r y  metals. 

t h e s e  s p i n e l s  may add an important (and unknown) f r e e  energy 

t e r m  i n  t h e  above c a l c u l a t i o n s .  

Rb, and C s ,  

The  s t a b i l i t y  of 

I n  add i t ion ,  t h e  oxygen s o l u b i l i t y  i s  h igher  i n  t h e  heavier  

a l k a l i  m e t a l s ,  as seen i n  T a b l e  5-A. This  s o l u b i l i t y  increase 

and equat ions  ( 2 )  and ( 3 )  suggest  t h a t ,  al though AF i s  lower 

f o r  R b  and C s ,  t races of oxygen may be more d i f f i c u l t  t o  remove 

from t h e s e  m e t a l s  than  might be  a n t i c i p a t e d .  

0 

Table-5-1 

S o l u b i l i t y  of o a t  30O0c 

w t  (PPm) a t .  (PPm) 

86 L i  200 

N a  126 180 

K 6000 15  , 000 

R b  ? ? 

cs -31,000 -260 , 000 
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N a 2 0  t Fe = 2Na t F e O  

AH = t 3 6 , 0 0 0 c a l .  

F e O  p r e s u m e d  soluble  as 

( Na20)2*Fe0  

 corrosion rate can be  w r i t t e n  

d(Feo) A +  = k A ( N a 2 0 )  
U L  

Figure 5-1. - Model for catalytic effect 
of 0 on Fe dissolution into Na. 

Figure 5-2. - Effect of 0 on rate of mass transfer of Fe through Na. 
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Figure 5-3. - Free energy of 0 in Na as a function of 0 con- 
centration compared with the free energy of formation of the 
oxides of Cb and Ta. 
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Figure 5-4. - Free energy of 0 in Li and K as a function of 0 con- 
centration compared with the free energy of formation of the oxides 
of Na, Cb, Ta, Zr, Hf, Y, and Ca. 
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b. Nitrogen and Hydrogen 

John R. Weeks 

I n  t h e  a l k a l i  m e t a l s ,  N l i k e  0 may a l s o  have  e i t h e r  

o r  b o t h  o f  two e f fec ts .  N i n  L i  may accelerate d i s s o l u t i o n  

i n  a manner a n a l a g o u s  t o  t h e  above ment ioned  b e h a v i o r  o f  0 i n  Na. 

S o l u b i l i t i e s  i n  L i  o f  Fe ,  C r ,  N i l  C'b, T i ,  and M o  a p p e a r  t o  b e  

a f u n c t i o n  of t h e  N c o n t e n t :  t h e r e f o r e  N makes L i  much more 

a g g r e s s i v e  b y  c a t a l y z i n g  d i s s o l u t i o n .  I n  L i ,  N i n  s o l u t i o n  i s  

a much more a c t i v e  d i s s o l u t i o n  c a t a l y s t  t h a n  0.  

N i t r o g e n  may m i g r a t e  t h r o u g h  Na from i m p u r i t i e s  i n  t h e  

c o v e r  g a s  t o  n i t r i d e  s t ee l  o r  C b  o r  Z r  s u r f a c e s .  A l a n  T h o r l e y  

o f  t h e  C u l c h e t h  L a b o r a t o r y  o b s e r v e d  n i t r i d i n g  o f  cb o n l y  when t h e  

C b  e x t e n d e d  t h r o u g h  t h e  s u r f a c e  o f  q u i e t  b a t h ,  s u g g e s t i n g  t h a t  

N m i g r a t i o n  i s  due  t o  s u r f a c e  r a t h e r  t h a n  t o  b u l k  l i q u i d  d i f f u -  

s i o n .  C a  i n  Na i n c r e a s e s  t h e  N s o l u b i l i t y  and o f t e n  i n t r o d u c e s  N 

and N t r a n s f e r  p rob lems .  T h i s  e f f e c t  may o v e r r i d e  any b e n e f i t  

f rom t h e  l o w e r i n g  o f  0 a c t i v i t y  b y  Ca. The l a r g e  l o o p  a t  

Cada rache ,  F r a n c e  h a s  r e c e n t l y  b e e n  s h u t  down due  t o  N embrittle- 

ment c a t a l y z e d  b y  C a  i n  t h e  Na. 

2 

H e m b r i t t l e m e n t  of t h e  f u e l  e l e m e n t s  o c c u r r e d  

a t  T<300°C i n  Dounreay from H 0 i n  c o v e r  g a s .  H may r e a c t  i n  

c o n j u n c t i o n  w i t h  0 i n  a c c e l e r a t i n g  c o r r o s i o n  o f  Fe by  Na: t h e  

NRL work on Fe s o l u b i l i t i e s  i n  Na showed -10 x i n c r e a s e  i n  Fe 

s o l u b i l i t y  w i t h  0 a d d i t i o n s ,  and -100 x i n c r e a s e  i n  Fe s o l u b i l i t y  

w i t h  0 + H (added  a s  NaOH) . 

2 
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Leo F. Epstein 

I n  t h e  s tudy  of m a t e r i a l s  f o r  h igh  tempera ture  s e r v i c e  i n  sodium 

t h e  r o l e  of carbon a s  a n  impur i ty  has come t o  assume a n  e x t r a . o r d i n a r i l y  

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

h igh  importance. It i s  now thought by some workers t h a t  t h e  upper 

l i m i t  i n  t h e  tempera tures  t h a t  can be p r a c t i c a l l y  a t t a i n e d  i n  such 

systems may ve ry  we l l  be determined by t h e  behavior  of carbon - r a t h e r  

than  by t h e  oxygen impur i ty  which was thought t o  be l i m i t i n g  no more 

- - 

---- 
- - ~  -~ ---- -_ 

t h a n  a few y e a r s  ago. There has been a growing r e a l i z a t i o n  t h a t  c a r -  

bon'is a r a t h e r  ub iqu i tous  impur i ty  i n  Na - a f t e r  a l l ,  t h e  metal i s  

ma.nufa.ctured by fused  s a . l t  e l e c t r o l y s i s  w i th  gra .phi te  e l e c t r o d e s .  

Thus e f f e c t s  due t o  ca.rbon a.re observed even when no externa.1 source  

of t h i s  element ma.y be p r e s e n t .  

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 ,  t h e  fami l ia . r  18-8's f o r  example, ___----- - . _ _  . 
_-A. 

which a r e  among t h e  most c o r r o s i o n  r e s i s t a n t  i r o n  base  a l l o y s  known 

f o r  N a  s e r v i c e ,  i n  t h e  presence  of carbon show a. vora.cious a p p e t i t e  

f o r  t h i s  element,  and r a . the r  hungr i ly  remove i t  from t h e  system. 

I n  so doing ,  t h e  carbon d e p o s i t s  on t h e  s u r f a c e  la.yer of  t h e  s t ee l ,  

r - -_ --- - - .  . .  

a.nd a, s i g n i f i c a n t  a.mount of  embr i t t l ement  a.nd o t h e r  d e t e r i o r a , t i o n  of  

mecha.nica.1 p r o p e r t i e s  r e s u l t s .  Th i s  carbon seems t o  r e a d i l y  combine 

wi th  t h e  chromium and t h e  s t a b i l i z i n g  elements (i.e. Mo, Nb, T i ,  etc.) 

p r e s e n t  i n  some s teels  of t h i s  type  t o  form q u i t e  s t a .b l e  c a r b i d e s .  

These a.us t e n i t i c  a l l o y s  a r e  thermodynamically unsta.ble a.t room tem- 

pera . ture ,  a.nd can e x i s t  on ly  beca.use t h e  d e l i c a t e l y  poised  Cr-Ni-Fe 
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ba.la.nce i n h i b i t s  t h e  k i n e t i c s  of  tra.nsforma.tion. When t h i s  r a . t i o  

i s  changed by t h e  ca . rbur iza . t ion  process  desc r ibed  a.bove, i t  i s  no t  

s u r p r i s i n g  t h a t  t h e  t r a n s i t i o n  t o  t h e  f e r r i t e  pha.se i s  observed. 
c I _ - x L ~ - - - - - -  I 

This  t r ans fo rma t ion  a l s o  i s  a.ccompa,nied by a. cha.nge i n  t h e  volume 

o f  t h e  meta.1, hea.t e f f e c t s ,  a.nd o t h e r  p rocesses  which may r e s u l t  i n  

degra .da t ion  of  t h e  u s e f u l  l i f e  of t h e  me ta l .  

F e r r i t i c  a . l l oys ,  on t h e  o t h e r  hand, seem t o  show j u s t  t h e  o p p o s i t e  
c--.-- -- ZI 

behavior ,  a.s a gene ra l  r u l e .  Materia. ls  l i k e  low ca.rbon s t e e l ,  

o r  t h e  common a l l o y s  l i k e  2 t  C r  - 1 Mo a r e  q u i c k l y  deca rbur i zed  by 

h o t  Na.. S ince  a. s i g n i f i c a , n t  pa.r t  of t h e  s t r e n g t h  of  t h e s e  ma te r i a . l s  

a r i s e s  from t h e  presence  of ca.rbon, i t  i s  n o t  s u r p r i s i n g  tha. t  t h e  

loss of  t h i s  element r e s u l t s  i n  a m e t a l  t h a t  i s  cons ide rab ly  

wea.ker a.nd more l i m i t e d  i n  i t s  u s e f u l n e s s  than  t h e  o r ig ina .1  a. l loy.  

These o b s e r v a t i o n s  on t h e  importance of  c a r b u r i z a t i o n -  
r------ 

d e c a r b u r i z a t i o n  r e a c t i o n s  have been developed p r i n c i p a l l y  from t h e  

AEC's power r e a c t o r  program, w i t h  i r o n  a l l o y s  and sodium. The e x t e n t  

t o  which carbon w i l l  be a source  o f  d i f f i c u l t y  w i t h  t h e  o t h e r  a l k a l i  

me ta l s  and t h e  r e f r a c t o r y  a l l o y s  of p r i n c i p a l  i n t e r e s t  i n  t h e  NASA 

__c___----- 

- 

spa.ce program s t i l l  rema.ins t o  be determined. Evidence t o  da.te i s  

l i m i t e d  and c o n f l i c t i n g .  
---- 

Because of  t h e  grea. t  importance which ca.rbon i n  Na. systems has 

a.ssumed, t h e r e  has  been a. renewed and v igorous  e f f o r t  t o  develop 

good a .nalyt ica .1  methods, a.s a. s t e p  towards understa,nding t h e  na.ture 

a.nd mecha.nism of t h e  carburiza, t ion-deca,rburiza t i o n  r e a c t i o n s .  For 
//----------*-- 

many yea r s  t h e  s t anda rd  technique  f o r  de te rmining  ca.rbon i n  sodium 

wa.s by wet combustion - a c i d  medium. i n  a. s t r o n g l y  o x i d i z i n g  chromic Q 
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The technique was t o  d i s s o l v e  the  Na. sample i n  wa,ter, a . c id i fy ,  then 

a.dd t h e  oxida.nt (Va.n Slyke rea.gent) a.nd c o l l e c t  a.nd determine t h e  CO 

thus  produced. Recent ly ,  some ra . ther  s u r p r i s i n g  r e s u l t s  have turned 

up w i t h  t h i s  technique.  Using gas  chroma.togra.phy, i t  has  been found 

tha , t  ca.rbon-containing gases  a r e  re lea .sed from a.n Na. sample (a.long 

wi th  la . rge amounts of hydrogen, of course)  when pure wa.ter i s  rea.cted 

wi th  t h e  meta.1. The r e s u l t i n g  a . lka l ine  s o l u t i o n  r e l e a s e s  more 

C-conta,ining ga.s when i t  i s  a . c i d i f i e d .  In  a. grea. t  dea.1 of e a . r l i e r  

work, t h e  ca.rbon bear ing  ga.ses evolved du r ing  t h e s e  wa.ter a.nd a.cid 

s t e p s  were no t  c o l l e c t e d ,  a.nd a.s a. consequence of  t h i s ,  o n l y  about  

ha.lf t h e  to ta .1  ca.rbon c o n t e n t  of t h e  sample a.ccura.tely determined.  

2 

Dry combustion a.s a. mea.ns of determining carbon i n  Na. a.nd t h e  o t h e r  

a l k a . l i  meta.ls  ha.s a . lso been rev ived  r e c e n t l y .  This  method i s  q u i t e  

simi1a.r  t o  tha. t  used t o  ana lyze  f o r  C i n  s t e e l  a.nd o t h e r  hea.vy me ta l s ,  

a.nd has  ma.ny a . t t r a . c t i v e  a.dva.nta.ges. Ea.rly i n  t h e  h i s t o r y  of sodium 

work, however, i t  was found t h a t  t h e r e  was a. gra.ve problem i n  us ing  

t h i s  technique: whi le  Na. rea .d i ly  burned t o  Na 0 and t h e  ca.rbon p resen t  

t o  CO t h e  1 a . t t e r  was no t  re lea .sed a s  a. ga.s i n  t h e  system but  ended 

up a.s s t a .b l e ,  non-vo la t i l e  Na. CO The a .ddi t ion  of S i0  A 1  0 a.nd 
2 3’ 2’ 2 3 

s i m i  1a.r a.c i d i c  so l  i d s  t o  promo t e ca.r bona. t e d i s soc ia .  t i o n  through 

rea .c t ions  l i k e  

2 

2’ 

Na2C03 + Si02  = Na2Si0 + C02 t 3 

seemed to  work t o  some e x t e n t ,  bu t  d i d  no t  g ive  q u a n t i t a t i v e  r e s u l t s .  

Within t h e  l a s t  year ,  r e p o r t s  from both Grea t  B r i t a i n  (Aldermaston) 

and t h e  U.S. (E thyl  Corporat ion)  have claimed t h a t  i f  t h e  combustion 
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i s  c a r r i e d  o u t  i n  q u a r t z  boa t s  a t  a temperature  of  about  l l O O ° C  

(some 3OO0-4OO0 higher  than t h e  usua l  combustion) t h e  GO 

p l e t e l y  and r e a d i l y  r e l e a s e d .  Since sodium carbonate  i s  one of the  

i s  com- 2 

most s ta .b le  ma.teria. ls  known, t h e  s imple d i s s o c i a , t i o n  rea .c t ion  

Na,2C03 = Na.20 + GO2 t 

i s  not  considered t o  be r e spons ib l e  f o r  t h e s e  r ecove r i e s  - a t  l l O O ° C  

t h i s  r e a c t i o n  has a. AF of + 33 k i l o c a , l o r i e s .  It seems much more 

l i k e l y  t h a t  t h e  r e a c t i o n  of  Na CO w i t h  t h e  S i0  of t h e  c o n t a i n e r  

r e s u l t s  i n  t h e  r e l e a s e  of  t h e  GO 

f o r  t h e  r e a c t i o n  i s  - 11.5 k i l o c a l o r i e s .  One o f  t h e  most important  

2 3  2 

a t  l l O O ° C ,  t h e  f r e e  energy change 2: 

a .spects  of  t h e  use  of  t h e  h ighe r  tempera,tures however proba.bly a . r i s e s  

from t h e  fa .c t  tha. t  a . t  l l O O ° C  a l l  of t h e  rea.cta.nts a.nd products  a.re 

f l u i d :  sodium meta . s i l i ca . te  ha,s a me l t ing  p o i n t  of  1088 C. Work 
0 

has r e c e n t l y  been r epor t ed  on d r y  combustion i n  which ma.teria. ls  o t h e r  

tha.n S i02  ha.ve been used t o  promote ca.rbona.te d i s soc ia , t i on .  Also,  

a. dry-wet process  ha.s been suggested: d r y  combustion a.t 600°-800°C, 

followed by t rea tment  wi th  H SO t o  break down t h e  ca.rbona,te formed. 

This  r e v i v a l  of i n t e r e s t  i n  d r y  combustion methods i s  a.n extremely 

2 4  

i n t e r e s t i n g  a.nd importa.nt new development i n  r e c e n t  t i m e s ,  a.nd a 

cont inued v igorous  e x p l o r a t i o n  of t h i s  method should be encouraged. 

I n  t h i s  work, ca . refu1 a . t t e n t i o n  should be pa.id t o  t h e  problem of Na. 0 

o r  o t h e r  oxide smoke being depos i t ed  on t h e  system wa.lls  o u t s i d e  of  

2 

t h e  r e a c t i o n  zone, and p ick ing  up C 0 2  produced i n  t h e  h igh  tempera.ture 

region.  
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Recent ly  t h e  AEC has  been most anxious t o  develop dependa.ble 

methods of amalys is  f o r  ca.rbon i n  Na., and i n  am a.ttempt t o  eva.luate 

t h e  success a.chieved t o  da.te ha.s sponsored two "round robins ' '  i n  

which supposedly i d e n t i c a l  Na. samples were a.na.lyzed f o r  C by a. s c o r e  

o r  more l a b o r a . t o r i e s ,  by a number of  d i f f e r e n t  techniques .  The 

r e su l t s  up u n t i l  now have been g r o s s l y  d i s a p p o i n t i n g  and both  t h e  

sample prepara . t ion  and handl ing  and t h e  a.na.lytica.1 methods axe open 

t o  some s u s p i c i o n .  

The purpose of  a.11 o f  t h i s  ana. lyt ica .1  work of  cour se  i s  t o  a.ttempt 

t o  c o r r e l a . t e  t h e  ca.rbon c o n t e n t  a.nd form wi th  t h e  ca rbur i za , t i on -  

deca . rbur iza . t ion  r ea . c t ions  observed. To da. te ,  t h i s  e f f o r t  ha.s been 

a lmost  comple te ly  f r u s t r a . t e d .  It i s  now known tha.t  CO, methane 

and o t h e r  hydroca.rbons, a,nd some CO a.re evolved on r e a c t i o n  -of Na 

w i t h  wa.ter a.nd a c i d .  The assumption tha. t  t h e  bulk of t h e  ca.rbon 

2 

p r e s e n t  i n  sodium loop sa.mples ( t h a t  i s ,  sodium which ha.d been ma.in- 

ta.ined a.t  h igh  tempera.tures f o r  a.n extended pe r iod ,  w i t h  v igorous  

a . g i t a t i o n )  i s  p r e s e n t  a.s f r e e  C y  e i t h e r  i n  s o l u t i o n  o r  suspens ion ,  

i s  a, r a . t he r  o v e r s i m p l i f i e d  p i c t u r e ,  even though t h e  na ive  a.pplica.t ion 

of themodynamic c a l c u l a . t i o n s  seems t o  lea.d t o  t h i s  pos tu la . te .  

workers exper ienced  i n  t h i s  f i e l d  a r e  l i k e l y  t o  a.rgue wi th  t h e  sta.te- 

Few 

ment t h a t  t h e  na.ture o f  carbon i n  a l k a l i  

w i t h  o t h e r  p a r t s  of t h e  system are e s s e n t i a l l y  s t i l l  unknown, and 

need e x t e n s i v e  f u r t h e r  explora . t ion :  

_c_ * 

+ 4- 
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d. Inhibitors and A c c e l e r a t o r s  

Leo F. Epstein 

The use  of d i sso lved  t i t an ium and zirconium t o  i n h i b i t  the  _------_ 
/----- 

cor ros ion  of f e r rous  a l l o y s  i n  l i q u i d  mercury has been mentioned 

previous ly .  The mechanism of t h i s  i n h i b i t i o n  behavior was obscure 

f o r  many years .  

c_I_ 

- -  
It w a s  known t h a t  t h e  use of  t hese  a d d i t i v e s  

r e s u l t e d  i n  a. change over  from t h e  d i f fus ion -con t ro l l ed  co r ros ion  

previous ly  d iscussed  by Professor  Bonilla. ,  t o  t h e  so lu t ion -con t ro l l ed  

process .  

su r f aces  wa.s long suspected,  and the re  were some i n t e r e s t i n g  s t u d i e s  

The product ion of T i  o r  Zr-containing f i lms  on t h e  s t e e l  

on i n t e r m e t a , l l i c  compounds of Fe and these  elements.  It wa.s, ra . ther  

ea . r ly  i n  t h e  AEC's  sponsorship of l i q u i d  meta.1 s t u d i e s ,  found tha.t  

t hese  i n h i b i t o r s  seemed t o  work wi th  o t h e r  

bismuth, a.bout a.s they d i d  wi th  mercury. - 
An important  brea,kthrough on how these  a d d i t i v e s  worked ca.me 

from t h e  work a . t  Brookha.ven by Gurinsky, Weeks, e t  a.1 on B i  systems. 

A t  t h e  f i r s t  Geneva. convention i n  1955, these  workers were a b l e  t o  

a,nnounce tha.t  t he  i n h i b i t i n g  f i l m s  ha.d been i d e n t i f i e d  a s  1a.rgely 

Z r N  and Z r C .  This  immediately r a i s e d  t h e  ques t ion  a.s t o  where t h e  

- --c- 

n i t rogen  and carbon needed t o  form these  compounds came from, and 

i t  came as somewhat of a s u r p r i s e  to many m e t a l l u r g i s t s  t o  lea . rn  t h a t  

o rd inary .  s teels  con ta in  very  l a r g e  amounts of n i t rogen .  (The ex tens ive  

development of vacuum fus ion  techniques,  and a widesprea.d a .pp l ica t ion  

t o  t h e  s tudy  of gases  i n  meta ls  s i n c e  1955 has tended t o  support  t h i s  

2 
concept.)  

p re sen t  t o  form the  products  necessa.ry t o  obta.in i n h i b i t i o n .  

Gurinsky, et 3 cla.imed tha.t  t he re  wa.s more tha.n enough N 



The proof of t h i s  p o s i t i o n  came a.bout from a. f u r t h e r  s tudy  of 

t h e  t i m e  dependence of t h e  a .c t ion of  Z r  a.s a.n i n h i b i t o r  i n  B i ;  

The i n i t i a l  e f f e c t i v e n e s s  of t h i s  procedure,  i t  wa.s found, wa.s 

decrea.sed by prolonged exposures.  The expla.na.tion o f f e r e d  f o r  t h i s  

phenomenon wa.s tha, t  t he  Z r N  o r  Z r C  f i lms  formed by rea.ct ion of t h e  

d i s so lved  Z r  a.nd the  non-meta,llic elements i n  t h e  s t ee l  were not  

p e r f e c t l y  adherent .  Af t e r  a. whi le  they tended t o  spa.11 o f f ,  t o  be 

worn awa.y by t h e  a ,c t ion  of  t he  flowing l i q u i d  meta.1. This  r e s u l t e d  

i n  a, d e p l e t i o n  of t h e  n i t rogen  and t h e  ca.rbon i n  t h e  s t ee l ,  a.nd the  

i n h i b i t i n g  f i lms  could no t  r e a d i l y  be re-formed on the  su r face  beca.use 

v i r t u a . l l y  a l l  of t he  N a,nd C ca.pa.ble of  pa . r t ic ipa . t ing  i n  the  f i l m  

producing process  were gone. It wa.s a t  t h i s  po in t  tha.t  Geoffrey 

Horsley,  our  gues t  here ,  conceived of a b r i l l i a n t  s o l u t i o n  t o  t h i s  

problem of  extending the  u s e f u l  l i f e  of a Z r  i n h i b i t e d  system, which 
--I-----______ 

simultaneously o f f e r e d  s t rong  support  t o  t h e  Brookhaven hypothesis  

--/ 

. _---- -_ -__~------.--/---_-----I-- 
c.I -_._ 

on t h e  importa.nce of n i t rogen .  Wha.t Horsley d i d ,  a . t  Ha.rwel1, wa.s 

t o  opera, te  a. high tempera.ture Zr- inhib i ted  bismuth loop a.t h igh t e m -  

pera . ture ,  not  i n  a , i r ,  va.cuum o r  a.n i n e r t  a,tmosphere a s  i s  customa.ry, 

but  i n  a,mmonia. gas .  NH a.t h igh tempera,tures i s  one of  t h e  b e s t  

ma.teria. ls  known f o r  producing n i t r i d i n g  i n  hea.vy meta.ls - n i t rogen  

3 -- 
goes i n t o  s t ee l  much more rea .d i ly  from a.mmonia. tha.n i t  does from a . i r .  

It wa.s found t h a t  under these  cond i t ions ,  t h e  fa.11-off of  t he  

i n h i b i t i n g  a .c t ion of t h e  Z r  w i th  t i m e  d i d  not  occur  - so long a s  

both n i t rogen  a.nd zirconium were suppl ied  t o  the  system, t h e  co r ros ion  

ra . te  continued t o  be a.ccepta.bly low. 

- . . ._ 
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A b y  
I - 1- 

The a c c e l e r a t i o n  of co r ros ion  processes  i n  t h e (  a l k a l i  metal  

c e r t a i n  t r a c e  impur i t i e s  i n  many ways appears  to  be p a r a l l e l  t o  t h e  

i n h i b i t i o n  process descr ibed  above f o r  t h e  heavy meta ls .  Oxygen, 
c __--_J 

a t  very  l o w  l e v e l s ,  appears  t o  speed up t h e  co r ros ion  process  wi th  

-I- 

many m a t e r i a l s ,  p r i n c i p a l l y  by inc reas ing  -the _soluc<92-ra - t e  cons t an t  

which has p rev ious ly  been c a l l e d  cy. ( A s  was suggested e a r l i e r ,  so 
--_ - 

fa.r  a.s ca.n be determined from the  r e l a . t i v e l y  mea.ger da.ta. a .vai la .ble ,  

cy i s  roughly 1inea.r  i n  t h e  oxygen con ten t  o f  t h e  l i qu id . )  Nitrogen 

i n  l i t h ium,  the  on ly  a . lka. l i  metal  which forms a. n i t r i d e  s t a b l e  a.t 

e leva, ted tempera,tures, seems t o  a.ct  i n  t h e  sa.me wa.y, e s s e n t i a , l l y .  

It should be poin ted  o u t  t h a t  t h e  l i q u i d  meta.1 i t s e l f  i s  no t  

a.lwa.ys t h e  s o l e  source  o f  t h e  oxygen a.nd n i t rogen  i m p u r i t i e s  which 

b r ing  a.bout acce lera . ted  cor ros ion .  Some meta.ls ,  i nc lud ing  both Z r  

a.nd Nb, which a.re of such grea.t  i n t e r e s t  i n  spa.ce work, ha.ve t h e  

a . b i l i t y  t o  d i s s o l v e  considera .ble  amounts of oxygen. When a. sa.mple 

of such a meta.1 i s  brought i n t o  c o n t a c t  w i t h  a.n oxygen-free or 

oxygen-deficient a . lka. l i  me ta l ,  a. p a . r t i t i o n  o r  r e d i s t r i b u t i o n  o f  t h e  

oxygen between the  l i q u i d  a.nd t h e  solid phases ta.kes p l a . ce ,  a.nd t h e  

s o l u t i o n  ra .p id ly  c o n t a i n s  t h e  amount of oxygen needed t o  expla.in 

a c c e l e r a t e d  cor ros ion .  This  r e d i s t r i b u t i o n  phenomenon w i l l  be t h e  

s u b j e c t  of a paper by Thurber of ORNL a t  t h i s  a . f ternoon's  s e s s ion .  

The s imilar i t ies  i n  t h e  co r ros ion  mechanism between i n h i b i t e d  

mercury and sodium systems l e d  t o  am ea.r ly  hope tha. t  co r ros ion  by 

a . lka. l i  me ta l s  could be slowed down by a d d i t i o n  of a. few pa . r t s  p e r  

m i l l i o n  o f  an  a.ppropria.te ma.teria.1. This  concept i s  s t i l l  a v a l i d  

one - t h e r e  i s  no rea.son t o  d ismiss  t h e  p o s s i b i l i t y  of i n h i b i t i o n  of 
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cor ros ion  i n  l i q u i d  a . lka. l i  metal  systems a s  inconce ivable  on t h e  

b a s i s  of anything known a t  p re sen t .  But i n  s p i t e  of vigorous seaxch, 

no such s p e c i f i c  i n h i b i t o r  ( p a r a l l e l  w i th  T i  o r  Z r  i n  Hg systems) has 

ever  been repor ted  f o r  t h e  a l k a l i  meta ls .  For a whi le  t he  decrease  

i n  t h e  co r ros ion  r a t e  of  c e r t a i n  types of i ron-base  a l l o y s  i n  Na on 

A 7 

I-- 

t h e  a d d i t i o n  of t h e  a l k a l i n e  e a r t h  meta ls  ( p a r t i c u l a r l y  Ca and B a )  

t o  t h e  f l u i d  was thought t o  be evidence f o r  t h i s  phenomenon, Subse- 
-Id - - -_ _ _  - 

quen t ly ,  i t  became c1ea.r tha.t t h e  mode of a .c t ion i n  these  systems 

was l a r g e l y  t o  grab  oxygen from t h e  Na 0 i n  s o l u t i o n  2 

Na20 + Ca = 2Na + CaO 

/---- -. 

producing t h e  more i n s o l u b l e  a l k a l i n e  e a r t h  oxide.* E s s e n t i a l l y  

then these  so -ca l l ed  "so luble  g e t t e r s "  a.ct  simply by reducing t h e  

concent ra , t ion  of a .va i l ab le  ( i . e .  d i s so lved)  oxygen i n  t h e  system 

ra , ther  tha,n through the  sought-for s p e c i f i c  i n h i b i t i n g  a.ction. 

Another class of ma. te r ia l s  which ha.ve been examined a.s p o s s i b l e  

co r ros ion  i n h i b i t o r s  w i th  the  a. lka.l i  m e t a . l s  a.re t h e  so-ca.lled 

" inso lub le  g e t t e r s " .  These are meta ls  l i k e  Z r  a.nd T i  which (1) ha.ve 

the  a . b i l i t y  t o  r e a c t  w i th  Na. 0 a.nd ex t r a , c t  oxygen from i t  

-------------\~--- 

* i _ - - - - - - L '  

2Na20 + Z r  = 4Na. + Zr02 

*It should not  be f o r g o t t e n  t h a t  t h e  use of so lub le  g e t t e r s  of t h i s  type 
i n e v i t a b l y  leaves  m a t e r i a l  i n  s o l u t i o n  which may be h ighly  d e l e t e r i o u s  

t o  some systems. Thus, a s  has been d iscussed  elsewhere,  t he  use of Ca a s  

a g e t t e r ,  whi le  q u i t e  e f f e c t i v e  i n  removing oxygen, leaves  calcium metal i n  

the  f l u i d  which r e a c t s  w i th  n i t rogen ,  n i cke l  i n  some a l l o y s ,  and has o t h e r  

disadvantageous p r o p e r t i e s .  



and (2)  i n  which t h e  oxygen (o r  metal  oxide) i s  s i g n i f i c a n t l y  so lub le .  

This combination o f  p r o p e r t i e s  makes i t  p o s s i b l e  t o  o b t a i n  very l o w  oxy- 

gen l e v e l s  i n  s o l u t i o n  by "cooking" t h e  a l k a l i  metal  w i t h  t h e  s o l i d  

m a t e r i a l  f o r  some t i m e .  I n  t h i s  a p p l i c a t i o n ,  a l a r g e  s u r f a c e  a rea  

i s  d e s i r a b l e  f o r  t h e  g e t t e r ,  so t h a t  f o i l s ,  tu rn ings  o r  gauze i s  

f r e q u e n t l y  employed.* Note t h a t  wi th  these  m a t e r i a l s ,  a s  w i t h  t h e  

s o l u b l e  g e t t e r s  d i scussed  above, t h e  behavior of t h e  a d d i t i v e  i s  t o  

remove oxygen from t h e  system r a t h e r  than a s p e c i f i c  i n h i b i t i n g  

a c t i o n .  
P 

Although t h e  search  f o r  s p e c i f i c  i n h i b i t o r s  i n  t h e  a l k a l i  metals  

has t o  d a t e  been s i n g u l a r l y  unsuccessful  i t  w i l l  no doubt cont inue ,  

and i t  should perhaps be encouraged. 

c r e d i b l e  r a t i o n a l e  t o  guide such a search  t h a t  i s  r e a d i l y  d i s c e r n i b l e ,  

and t h e  e f f o r t  must be l a r g e l y  Edisonian (as  w a s  t h e  o r i g i n a l  d i scovery  

of t h e  mercury i n h i b i t o r s ) ,  A t  t he  p r e s e n t  t i m e ,  THE B E S T  TECHNIQUE 

FOR I N H I B I T I N G  ALKALI  METAL CORROSION IS  ELIMINATION OF OXYGEN I N  

THE SYSTEM. 

Unfortunately t h e r e  is no 

rcc- 

/ -_ 

*Some of  t h e  metals used a.s i n s o l u b l e  g e t t e r s  f o r  oxygen i n  a l k a l i  meta.ls 

a l s o  ha.ve a, s t r o n g  a , t t r a . c t ion  f o r  ca.rbon and ca.n remove t h i s  element simul- 

taneously w i t h  oxygen. 



6. HETEROMETALLIC PHENOMENA 

John R. Weeks 
>-. 

immedia t e ly  a p p a r e n t  t h a t  mixing mater ia ls  can  be d a n g e r o u s  

s i n c e  t h e  s u r f a c e s  of b o t h  would s t r i v e  t o  become 

a common a l l o y  be tween  t h e  two metals.. An example c of t h i s  

i s  shown i n  F i g u r e  6-1, where N i  m i g r a t e d  t h r o u g h  Na t o  a M o  L -- 
s u r f a c e  a t  1000°C. The m o r e  s o l u b l e  c o n s t i t u e n t  u s u a l l y  m i g r a t e s  

t h r o u g h  t h e  l i q u i d  t o  f o r m  l a y e r s  on t h e  s u r f a c e  of t h e  less so l -  

-- 

u b l e  c o n s t i t u e n t .  The compound M o N i  i s  stable up t o  13OO0C. Even 

w i t h o u t  i n t e r m e t a l l i c  compounds i n  t h e  sys t em,  a l l o y i n g  t o  make 

b o t h  s u r f a c e s  e q u i v a l e n t  a l l o y s  i s  l i k e l y  when s o l u b i l i t i e s  of one  

o r  both are f i n i t e .  When b o t h  m e t a l s  o r  a l l o y s  are e s s e n t i a l l y  

i n s o l u b l e ,  m i g r a t i o n  of  n o n - m e t a l l i c s  i s  t h e  major  conce rn .  

G e t t e r i n g  0 ,  N, and C i n  N a  w i t h  T i  o r  Z r  i s  a c lass ic  example.  

N o n - m e t a l l i c  exchange w a s  p r e v i o u s l y  d i s c u s s e d ;  i n  i t s  m o r e  

s u b t l e  f o r m s  w e  see 0 m i g r a t i o n  t h r o u g h  N a  f r o m  C b  t o  C b - 1 Z r  a t  

12OO0C, C from one s tee l  t o  a n o t h e r  a t  500OC.  G e t t e r i n g  a l l  

s o l i d  metals w i t h  T i  o r  Z r  seems a d v i s a b l e  t o  a v o i d  exchange  

of C ,  N ,  and 0. 

The s a f e s t  way t o  min imize  p r o b l e m s  from h e t e r o m e t a l l i c  

phenomena i s  t o  a v o i d  mix ing  a l l o y s  i n  a l i q u i d  m e t a l  s y s t e m  u n l e s s  

t h e  major metal l ic  c o n s t i t u e n t s  o f  a l l  a l l o y s  are known t o  be es- 
-A- -f 

s e n t i a l l y  i n s o l u b l e ,  and t h e  a c t i v i t i e s  of a l l  possible n o n - m e t a l l i c  

t r a n s f e r r i n g  s p e c i e s  (0 ,  N, C, H) a r e  e q u a l i z e d  i n  a l l  a l l o y s  by  
-____._ . 

g-ing, 
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Figure 6-1. - Mo specimen - N i  container - contacted with Na for 100 hours at 
looOo C (ORNU. 
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7. NONME TALLIC SOLIDS 

a. Ceramics (Thermodynamics) - 
Leo F. Epstein 

Il 'nile m e t a l s  a r e  t h e  p r i n c i p a l  s t r u c t u r a l  m a t e r i a l s  which come 

i n t o  c o n t a c t  w i t h  l i q u i d  m p t a l s ,  t h e r e  a r e  many a p p l i c a t i o n s  where 

t h e  h i g h  e l e c t r i c a l  and thermal  c o n d u c t i v i t y  of  t h e  m e t a l l i c  s t a t e  

i s  u n d e s i r a b l e .  For t h i s  reason ,  t h e r e  h a s  a lways been a n  i n t e r e s t  

i n  t h e  beha.vior of l i q u i d  m e t a l s  and n o n - m e t a l l i c  s o l i d s .  I n  t h i s  

s e c t i o n ,  a few of t h e  common c l a s s e s  o f  m a t e r i a l s  w i l l  be d i s c u s s e d  

w i t h  r e s p e c t  t o  t h d i r  r e s i s t a n c e  t o  a t t a c k  by l i q u i d  m e t a l s ,  p a r -  
c--- a / 

t i c u l a r l y  t h e  a l k a l i  me_tals.  - - _/- -- .- 
The most i m p o r t a n t  group of  s u b s t a n c e s  of t h i s  t y p e  examined t o  

d a t e  a r e  t h e  o x i d i c  ceramics .  These m a t e r i a l s  a r e  o f t e n  used  a s  

i n s u l a t o r s ,  thermal  o r  e l e c t r i c a l .  They may be r e p r e s e n t e d  by t h e  
._ -- . 

formula MaOb i n  g e n e r a l .  

of a n  o x i d e  i n  t h e  l i q u i d  meta l  i s  t h e  fhermodynamics of t h e  r e a c t i o n ,  

l i k e  

The b e s t  g u i d e  t o  t h e  p r o b a b l e  s t a b i l i t y  

- ./ ---J 

MaOb + 2b Na = a M +  b Na20 

which i n  many c a s e s  ( b u t  u n f o r t u n a t e l y  n o t  a l l  of importance)  can  

be d e r i v e d  from a v a i l a b l e  t a b l e s  of f r e e  energy  d a t a .  Along w i t h  

t h e  main r e a c t i o n s  of  t h e  t y p e  d e s c r i b e d  by t h i s  e q u a t i o n ,  secondary  

i n t e r a , c t i o n s  t o  form s a l t s ,  l i k e  

' x Na. 0 
'a0 b 2 Ma,Ob + x Na.20 = 

c a n  o c c u r ,  and r e a c t i o n s  of t h i s ' t y p e  c a n  be v e r y  i m p o r t a n t  i n  some 

systems.  Compounds l i k e  s i l i c a t e s ,  z i r c o n a t e s ,  and a l u m i n a t e s ,  a r e  

e x t r e m e l y  s t a b l e ,  a s  i s  e v i d e n t  from t h e i r  f r e q u e n t  o c c u r r e n c e  i n  
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m i n e r a l s  a n d s o r e s  i n  t h e  e a r t h ' s  c r u s t  

o f  i n f o r m a t i o n  a v a i l a b l e  on t h e s e  doub 

U n f o r t u n a t e l y ,  t h e  amount 

e o x i d e s  o r  s a l t s ,  w i t h  t h e  

a . l ka . l i  meta . l s ,  i s  q u i t e  l i m i t e d  a.nd much more e x t e n s i v e  da.ta. on t h e i r  

p r o p e r t i e s  would be d e s i r a . b l e .  

- I m p u r i t y  l e v e l s  i n  ceramics  tend  t o  be much h i g h e r  t h a n  t h o s e  . 
i n  m e t a l s ,  and c o n s t a n t  c a r e  must be taken  t o  a v o i d  problems which 

a . r i s e  a.s a consequence of  t h e i r  p r e s e n c e .  An i n t e r e s t i n g  exa.mple 

of  t h i s  i s  t h e  e a r l y  h i s t o r y  of  work on Z r O  Thermodynamically 

t h i s  m a t e r i a l  should  be s t a b l e  i n  Na, a c c o r d i n g  t o  a l l  of t h e  

t a b u l a t e d  AF d a t a .  But e x p e r i m e n t a l l y ,  z i r c o n i a  c e r a m i c s ,  most 

p u z z l i n g l y ,  f e l l - a p a r t ,  crumbled t o  d u s t ,  when exposed t o  t h e  a l k a l i  

m e t a l .  The answer e v e n t u a l l y  t u r n e d  o u t  t o  be s i l i c a :  c e r a m i s t s  

l o v e  t o  u s e  a l i t t l e  b i t  o f  S i 0  o r  s i l i c a c e o u s  c l a y  to  produce 2 

improved forming and f i r i n g  c h a r a c t e r i s t i c s  i n  c e r a m i c s .  For  many 

2' -' 
-------__-- 

\ 

/f- '\ L3 

m a t e r i a l s  t h i s  i s  advantageous  - b u t  i f  t h e  m a t e r i a l  i s  to  come i n  

c o n t a c t  w i t h  sodium or  o t h e r  a . l ka . l i s ,  i t  can  be d i s a . s t r o u s .  The 

r e a c t i o n  o f  S i 0  w i t h  Na i s  r a p i d  and e x t e n s i v e :  t h e  r e a c t i o n  p r o d u c t s  

i n c l u d e  sodium s i l i c a t e  (due t o  s a l t  f o r m a t i o n  w i t h  t h e  Na 0 p r e s e n t ) ,  

sodium s i l i c i d e ,  i t  has  been r e p o r t e d ,  and even some f r e e  e l e m e n t a r y  

S i .  When Z r O  was p u r e ,  and no s i l i c a - c o n t a i n i n g  b i n d e r  was used 

2 

2 

2 

i n  t h e  p r e p a r a t i o n  of  t h e  ceramic ,  i t  behaved 

a s  t h e  thermodynamic t a b l e s  p r e d i c t e d  i t  would 

With i n s u l a t i n g  ceramics ,  perhaps  t h e  most 

been done w i t h  alumina A1203. T h i s  compound ,-------' 

n l i q u i d  sodium j u s t  

e x t e n s i v e  work ha.s 

n i t s  p u r e s t  form, 

corundum o r  s y n t h e t i c  s a p p h i r e ,  i s  q u i t e  r e s i s t a n t  t o  Na, a g a i n  i n  

agreement  w i t h  t h e  thermodynamic d a t a  which s u g g e s t s  t h a t  r e d u c t i o n  

by Na t o  form A 1  m e t a l  should  n o t  o c c u r .  With s a p p h i r e ,  t h e r e  i s  
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u s u a l l y  a s l i g h t  weight  g a i n  on exposure  t o  h o t  Na, due t o  i n t e r a c t i o n  

w i t h  Na 0 t o  form sodium a l u m i n a t e .  P a s s i n g  t o  o t h e r  forms o f  a lumina ,  

g e n e r a l l y  s p e a k i n g  t h e  p u r e r  t h e  m a t e r i a l  (FeO and S i 0  b o t h  o f  which 

a r e  r e a d i l y  reduced by Na a r e  p a r t i c u l a r l y  harmful  c o n t a m i n a n t s ) ,  

2 

2 ’  

t h e  h i g h e r  t h e  f i r i n g  tempera. ture  ( o r  what i s  e q u i v a l e n t ,  t h e  h i g h e r  

t h e  d e n s i t y ) ,  t h e  b e t t e r  i s  t h e  c o r r o s i o n  r e s i s t a n c e  o f  t h e  ceramic .  

P o r o s i t y  seems t o  promote r e a c t i o n  s i n c e  t h e  a l k a l i  m e t a l  p e n e t r a t e s  

c r a c k s  and produces changes by both  chemical  and mechanica l  a c t i o n s  

( s e e  d i s c u s s i o n  on g r a . p h i t e ,  below). 

Having d i s c u s s e d  t h e  g e n e r a l l y  harmful  c h a r a c t e r  o f  s i l i c a  i n  

c r y s t a l l i n e  c e r a m i c s ,  i t  should  n o t  be s u r p r i s i n g ,  on t u r n i n g  t o  

g l a s s e s ,  t o  l e a r n  t h a t  t h e s e  have o n l y  poor c o r r o s i o n  r e s i s t a n c e  w i t h  

Na and t h e  o t h e r  a l k a l i  m e t a l s .  

s p e a k i n g ,  t h e  worse t h e  misbehavior .  Thus Vycor and s i l i c a  g l a s s  

a r e  much less  r e s i s t a n t  t h a n  t h e  lowly soda-l ime g l a s s e s  o r  common 

u 
The h i g h e r  t h e  S i 0 2  c o n t e n t ,  g e n e r a l l y  

l a b o r a t o r y  Pyrex.  T h i s ,  perhaps  t h e  most f a m i l i a r  of t h e  g l a s s e s ,  i s  

most g r a t i f y i n g l y  one o f  t h e  b e s t  f o r  a l k a l i  m e t a l  s e r v i c e ,  p o s s i b l y  

because  o f  i t s  h i g h  B203  and c o n s e q u e n t l y  lowered Si0 

i s  n o t  t o  recommend any  g l a s s e s  f o r  sodium s e r v i c e :  a t  b e s t ,  t h e  

c o n t e n t .  This  2 

d i f f e r e n c e s  a r e  s m a l l .  The c o r r o s i o n  behavior  t a k e s  t h e  form o f  a 

browning, or i n  t h e  c a s e  of e x t e n s i v e  r e a c t i o n ,  b l a c k e n i n g  of t h e  

g l a s s  and t h i s  i s  h i g h l y  dependent  on t i m e ,  t e m p e r a t u r e ,  s u r f a c e  a r e a ,  

e t c .  It should  n o t  be f o r g o t t e n  t h a t  exposure  of any g l a s s  t o  h o t  

a l k a l i  m e t a l  f o r  more t h a n  a few minutes  w i l l  i n e v i t a b l y  i n t r o d u c e  

oxygen i n t o  t h e  m a t e r i a l .  

i n  t h e  c a s e  o f  Pyrex t h i s  f i g u r e  may be a s  h i g h  a s  250 C ,  and f o r  

q u a r t z  o r  Vycor i t  might  be w e l l  t o  s t a y  below 150 C.  

Few g l a s s e s  should  e v e r  be used above 2OO0C; 

0 

0 
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There have been a few s t u d i e s  on t h e  development of  a l k a l i  meta l  

r e s i s t a n t  g l a s s e s  t h a t  have been concerned w i t h  vapor , ,  r a t h e r  t h a n  

l i q u i d ,  a t t a c k .  

on t h e  g l a s s  envelope which improves t h e i r  l i f e t i m e  and performance.  

It should  be noted  t h a t ,  g e n e r a l l y  speaking ,  a l k a l i  vapors  a r e  much 

The not-uncommon sodium vapor  lamps c o n t a i n  a c o a t i n g  

l e s s  d e s t r u c t i v e  on g l a s s e s  than  t h e  l i q u i d s ,  due t o  n o t h i n g  more o r  

l e s s  than  t h e  f a c t  t h a t  t h e  c o n c e n t r a t i o n  (atoms p e r  c u b i c  c e n t i m e t e r )  

i s  l e s s  i n  t h e  vapor  s t a t e .  Thus l i t h i u m ,  which i n  t h e  mol ten  s t a t e  

r e a c t s  v i g o r o u s l y  and r a t h e r  s p e c t a c u l a r l y  w i t h  Pyrex,  can  under 

proper  c o n d i t i o n s  a c t u a l l y  be d i s t i l l e d  i n  g l a s s  t o  produce b r i g h t  

s h i n y  m i r r o r s . *  The s e c r e t  l i e s  i n  keeping  t h e  l i q u i d  phase  away 

from t h e  g l a s s .  

F i n a l l y ,  among g l a s s e s ,  a t t e n t i o n  should  be d i r e c t e d  t o  thezT=  

developments  i n  r e c e n t  y e a r s .  The phosphate  g l a s s e s ,  t h e  h i g h  alumina 

t y p e s ,  t h e  u s e  of r a r e  e a r t h s  and o t h e r  new heavy m e t a l s ,  have r e s u l t e d  

i n  a v e r y  l a r g e  number of  p r o d u c t s .  Some of  t h e s e  a r e  r e p u t e d  t o  be 

- 
/ 
\ '\ \. 

'\, b e t t e r  i n  t h e i r  r e s i s t a n c e  t o  l i q u i d  m e t a l s  than  t h e  o l d e r  more 

f a m i l i a r  t y p e s ,  and t h e  r e s e a r c h  worker f a c e d  w i t h  a problem i n v o l v i n g  

a g l a s s  and a l i q u i d  m e t a l  should  n o t  i g n o r e  t h e s e  p o s s i b i l i t i e s ,  

a l t h o u g h  r e a l l y  l o n g  l i f e  a t  h i g h  tempera tures  should  n o t  be expected.* 

* E p s t e i n ,  L. F. and Howland, W. H. ,  SCIENCE 114 443 (1951) .  

**Ceramics o t h e r  t h a n  m e t a l l i c  o x i d e s  a r e  becoming i n c r e a s i n g l y  i m p o r t a n t  

i n  n u c l e a r  and space  technology,  b u t  t h e i r  b e h a v i o r  w i t h  l i q u i d  m e t a l s  i s  

l a r g e l y  unexplored.  I n  t h e  s e c t i o n  which f o l l o w s  t h e r e  i s  a s h o r t  d i s -  

c u s s i o n  of  c a r b i d e s ,  b u t  t h e  behavior  of  n i t r i d e s ,  s u l f i d e s ,  phosphides ,  

s i l i c i d e s ,  e t c . ,  w i t h  h i g h  t e m p e r a t u r e  l i q u i d  m e t a l s  i s  v i r t u a l l y  v i r g i n  

t e r r i t o r y .  



b. Graphite 

Leo F. Epstein 

M e t a l l u r g i s t s  and c e r a m i s t s  l o v e  t o  a r g u e  o v e r  whether  g r a p h i t e  

i s  a m e t a l  o r  a c e r a m i c ,  and i t s  i n c l u s i o n  h e r e  i s  r a t h e r  a r b i t r a r y  

and f o r  convenience  o n l y  r a t h e r  t h a n  a n  i n d i c a t i o n  of a s t r o n g  

p a r t i s a n  s t a n d  on t h i s  r a t h e r  t r i v i a l  q u e s t i o n .  G r a p h i t e  has  been 

used i n  many sodium-conta in ing  systems - i n  f a c t  i t  i s  the modera t ing  

medium i n  l i q u i d  m e t a l  c o o l e d  thermal  n e u t r o n  systems such a s  Atomics 

I n t e r n a t i o n a l ' s  SRE or  Hallam p l a n t s .  It has  a l s o  been used i n  and 

around sodium-cooled f a s t  r e a c t o r s  - t h e  Fermi p l a n t  and Dounreay f o r  

example.  For t h i s  r e a s o n ,  and because a l l  t o o  f r e q u e n t l y ,  u n f o r t u n a t e l y ,  

t h e  g r a p h i t e  has  been a. s o u r c e  of  d i f f i c u l t y ,  i t  i s  c o n s i d e r e d  worth-  

w h i l e  t o  spend a l i t t l e  t i m e  d i s c u s s i n g  % i n  l i q u i d  sodium 

and o t h e r  m e t a l l i c  f l u i d s .  

It should  be r e c a l l e d  t h a t  no s t a b l e  c a r b i d e s  o f  sodium have e v e r  

been p r e p a r e d  by d i r e c t  a c t i o n  of  t h e  e lements  a t  low t e m p e r a t u r e s .  

I n  f a c t  t h e  o n l y  c l e a r - c u t  sodium-carbon compound t h a t  i s  w e l l  known 

i s  t h e  a c e t y l i d e  

Na - C = C - Na. 

I n  view o f  t h i s ,  i t  i s ,  a . t  f i r s t ,  somewhat s u r p r i s i n g  t o  some workers  

t o  l e a r n  of t h e  tendency  towards i n s t a b i l i t y  of g r a p h i t e  on exposure  

t o  Na - many forms of t h i s  m a t e r i a l  s i m p l y  d i s i n t e g r a t e  and f a l l  t o  

powder. 

\ 

\- -------- 
Li th ium does  form a c a r b i d e ,  L i  C q u i t e  r e a d i l y .  Also t h e  

2 2' 

h e a v i e r  a l k a l i  m e t a l s  po tass ium,  rubidium, and cesium form w e l l  

c h a r a c t e r i z e d  compounds w i t h  g r a p h i t e ,  KC8, f o r  example.* 
,= 

*For a n  e x c e l l e n t  review on t h i s  s u b j e c t  see t h e  paper  "Graphi te  I n t e r c a l a t i o n  

Compounds" by W. Rudorf f ,  pp 223-266 i n  Advances in I n o r g a n i c  Chemistry and 

Radiochemis t ry ,  H. J. Ernelgus and A .  G.  Sharpe ,  E d i t o r s .  

Academic P r e s s  (New York, 1959).  

Volume 1. 

'7 9 



I n  t h e s e  v e r y  i n t e r e s t i n g  compounds, t h e  a l k a l i  m e t a l  atom i s  l o c a t e d  

between t h e  p l a n e  s h e e t s  o f  carbon atoms which make up t h e  g r a p h i t e  

s t r u c t u r e .  The i n t e r p l a n a r  s p a c i n g  i s  such t h a t  t h e  h e a v i e r  a l k a l i  

m e t a l s  can  r e a d i l y  f i t  i n ,  b u t  t h e  sodium atom i s  t o o  l a r g e  t o  be 

accommodated comfor tab ly .  N e v e r t h e l e s s ,  Na seems t o  be a b l e  t o  

p e n e t r a t e  t h e  s o l i d  and t o  become lodged between t h e  g r a p h i t e  p l a n e s .  

I n  s o  doing ,  however, i t  d i s t o r t s  t h e  g r a p h i t e ,  because of  i t s  l a r g e  

s i z e ,  and t h e  r e s u l t i n g  stresses a r e  what c a u s e  t h e  m a t e r i a l  t o  

d i s i n t e g r a t e ,  i t  i s  b e l i e v e d .  How t h e  atoms manage t o  g e t  i n t o  t h e  

in te rp1ana . r  r e g i o n  i s  a .nother  q u e s t i o n :  i t  i s  b e l i e v e d  t h a t  t h i s  i s  

p o s s i b l e  o n l y  beca.use o f  t h e  p r e s e n c e  o f  d e f e c t s  a.nd f i s s u r e s  i n  

t h e  l a t t i c e .  Thus t h e  r e s i s t a n c e  of  g r a p h i t e  t o  Na w i l l  depend 

l a r g e l y  on t h e  e l i m i n a t i o n  o f  t h e s e  f laws .  This  can  be i n f l u e n c e d  

by t h e  method o f - p r e p a r a t i o  y v a r i o u s  k i n d s  
T--x.--------i&-2- 

r- 

of impregnat ion  which tend  t o  c l o g  up the h o l e s  and s imi la r  pro-  

c e d u r e s .  Such t a c t i c s  r e s u l t  i n  improved r e s i s t a n c e  t o  t h e  a l k a l i  

m e t a l ,  b u t  g r a p h i t e  i s  s t i l l  a. m a t e r i a l  whose c o r r o s i o n  r e s i s t a n c e  

i n  Na c a n  h a r d l y  be  c h a r a c t e r i z e d  a s  a n y t h i n g  b u t  poor; and i n  u s i n g  

i t  i n  a l i q u i d  m e t a l  system, j a c k e t i n g  i s  v i r t u a l l y  mandatory.  

I n  t h i s  d i s c u s s i o n ,  t h e  emphasis has  been on  Na where t h e r e  i s  

t h e  most e x t e n s i v e  body of e x p e r i e n c e .  Data on g r a p h i t e  i n  t h e  

p r e s e n c e  o f  t h e  o t h e r  a l k a l i  m e t a l s  i s  however q u i t e  meager.  From 

t h e  n a t u r e  o f  t h e  compounds which c a n  be  found,  i t  i s  t o  be expec ted  

t h a t  c o r r o s i o n  r e s i s t a n c e  of  g r a p h i t e  i n  t h e s e  m a t e r i a l s  should  be 

much worse t h a n  t h a t  i n  Na. 
----__ -- -__-----l_-l 

*The d e n s e  " p y r o l y t i c "  g r a p h i t e s  which have become p o p u l a r  i n  r e c e n t  y e a r s  

a r e  markedly s u p e r i o r  t o  o l d e r  t y p e s .  
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No d i s c u s s i o n  o f  t h e  u s e  o f  g r a p h i t e  i n  l i q u i d  a . l k a l i  me ta l  

sys tems would be  comple te  wi thou t  a n  admoni tory  comment about  t h e  

v o l a t i l e  i m p u r i t i e s  which occur  i n  g r a p h i t e .  I n  a s u r p r i s i n g l y  

l a r g e  number o f  c a s e s ,  t h e s e  m a t e r i a l s  have come o u t  of t h e  s o l i d  

( a s  CO, H 0 vapor ,  e t c . )  and ended up by r e a c t i n g  w i t h  t h e  a l k a l i  

m e t a l s  w i t h  i n  some c a s e s  r a t h e r  h o r r i f y i n g  consequences .  Some 

impor t an t  n u c l e a r  r e a c t o r  p r o j e c t s  have been de layed  f o r  months,  

and perhaps  even  y e a r s ,  by t h i s  phenomenon, and t h e  r e c t i f i c a t i o n  

\------- 

2 

of t h i s  o v e r s i g h t  h a s  invo lved  m i l l i o n s  o f  d o l l a . r s .  T h i s  i s  p a r -  

t i c u l a r l y  r e g r e t t a b l e  s i n c e  methods of p r e p a r i n g  g r a p h i t e  which i s  

n o t  g a s s y  a r e  w e l l  known, and such  m a t e r i a l  c a n  b e  o b t a i n e d  w i t h o u t  

major  d i f f i c u l t y  i f  o n l y  t h e  eng inee r  and h i s  a s s o c i a t e s  a r e  aware 

o f  t h e  problem. 

T h i s  d i s c u s s i o n  o f  g r a p h i t e  l e a d s  q u i t e  n a t u r a l l y  t o  a n o t h e r  

c l a s s  o f  ceramic  m a t e r i a l s  which a r e  beginning  t o  a t t a i n  a g r e a t  

d e a l  of impor tance ,  t h e  c a r b i d e s  A l i t t l e  i s  known abou t  t h e  

behav io r  of t h e  f i s s i o n a b l e  me ta l  c a r b i d e s  (LJC, PuC) and t h e  r e f r a c t o r y  

M 

metal  c a r b i d e s  (of Mo, Z r ,  Nb, e t c )  i n  sodium, b u t  n o t  n e a r l y  enough. 

Among o t h e r  f a c t o r s ,  t h e  s t o i c h i o m e t r y ,  t h a t  i s  t h e  ca rbon  t o  me ta l  

r a t i o ,  i s  impor t an t  i n  de t e rmin ing  c o r r o s i o n  resistance,  With a l -  

k a l i  metals o t h e r  than Na, t he  d e a r t h  of expe r imen ta l  d a t a  i s  even 

more pa in fu l . "  

kNote  t h a t  one of the  more p romis ing  combina t ions  f o r  t he rmion ic  conve r s ion  

and s p a c e  a p p l i c a t i o n  i n v o l v e s  a. UC-ZrC m i x t u r e  exposed t o  h o t  C s  vapor .  
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8. VAPOR PHASE PHENOMENA 

Leo F. Epstein 

. - ,-*-- -.-- * 

Most o f  t h e  d i s c u s s i o n  of  c o r r o s i o n  phenomena h e r e  t h i s  morning has  

been concerned w i t h  r e a c t i o n s  w i t h  l i q u i d  m e t a l s .  I n  t h e  l a s t  t h r e e  or 

f o u r  y e a r s  t h e r e  h a s  been a growing i n t e r e s t  i n  t h e  behavior  of m a t e r i a l s ,  

i n  p a r t i c u l a r  m e t a l s ,  i n  t h e  p r e s e n c e  of m e t a l l i c  vaDors a t  h i g h  tem- 

p e r a t u r e s .  

because  o f  t h e  growing i n t e r e s t  i n  t h e  u s e  o f  m e t a l l i c  vapors  i n  t u r b o -  

e l e c t r i c  power c o n v e r s i o n  systems.  T h i s  f i e l d  i s  by no means new. As 

- 
T h i s  phase  o f  c o r r o s i o n  h a s  come i n t o  prominence l a r g e l y  

h a s  been p o i n t e d  o u t  e l s e w h e r e ,  t h e  f i r s t  l a r g e  s c a l e  i n d u s t r i a l  u t i l i z a -  

t i o n  o f  l i q u i d  m e t a l s  came a b o u t  i n  t h e  use  o f  mercury vapor  a s  t h e  

working f l u i d  i n  a. t u r b o g e n e r a t o r  system. The work w i t h  sodium i n  t h e  

l a t e  1 9 4 0 ' s  a.nd e a . r l y  1950's was i n  some c a s e s  c a . r r i e d  o u t  a . t  t e m p e r a t u r e s  

h i g h  enough so t h a t  t h e  va.por p r e s s u r e s  were s i g n i f i c a n t ,  b u t  o b s e r v a , t i o n s  

of  e f f e c t s  due  t o  t h e  m e t a l  i n  gaseous  form were g e n e r a l l y  i n c i d e n t a l  t o  

r a t h e r  t h a n  a d i r e c t  o b j e c t  o f  t h e  r e s e a r c h .  

C o r r o s i o n  by l i q u i d  m e t a l s  i n  many systems h a s  been e x p l a i n e d  

p r e v i o u s l y  a.s a. s o l u t i o n  phenomenon. I f  t h i s  i s  so,  i t  i s  t o  be expec ted  

t h a t  vapor  phase  a t t a c k  should  be much l e s s  t h a n  t h a t  o f  s o l i d s  i n  c o n t a c t  -- - 
with t h e  l i q u i d ,  because  m a t e r i a l s  d o  n o t  " d i s s o l v e "  i n  g a s e s ,  i n  t h e  

u s u a l  s e n s e .  A l s o ,  i n  some c a s e s ,  i t  has  been p o i n t e d  o u t  t h a t  l i q u i d  

m e t a l  c o r r o s i o n  i s  due l a r g e l y  to d i s s o l v e d  oxygen, p r e s e n t  as a n  i m -  

p u r i t y  i n  t h e  l i q u i d .  Recognizing t h a t  i n  t h e  sys tems where t h i s  is most 

i m p o r t a n t ,  i . e .  t h e  a l k a l i  m e t a l s ,  t h e  common o x i d e s  a r e  (1) e x t r e m e l y  

n o n - v o l a t i l e  and (2)  s t a . b l e  t o  v e r y  h i g h  t e m p e r a t u r e s ,  fa . r  beyond t h o s e  

o f  c u r r e n t  i n t e r e s t ,  i t  i s  n o t  s u r p r i s i n g  t h a t  f o r  t h e s e  m a . t e r i a l s  a.s w e l l  

va,por phase  c o r r o s i o n  i s  much less s e v e r e  tham a . t t a c k  by t h e  l i q u i d s ,  

These p r e d i c t i o n s  a r e  i n  f a . c t  
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Sometimes t h e r e  i s  t h e  p o s s i b i l i t y  o f  d i r e c t  r e a c t i o n  between t h e  

m e t a l l i c  vapor  and a n  i m p u r i t y  i n  t h e  s o l i d .  An example o f  t h i s  might  
r - v - -  

be p u r e  pota.ssium va.por r e a c t i n g  w i t h  oxygen d i s s o l v e d  i n  a. columbium 

o r  z i rconium a l l o y .  S i m i l a r l y  r ea . c t ions  w i t h  ca.rbon a r e  c o n c e i v a b l e .  

When c o r r o s i o n  i n v o l v e s  i n t e r m e t a l l i c  compound f o r m a t i o n ,  i t  should  make 

l i t t l e  b a s i c  d i f f e r e n c e  i f  one o f  t h e  c o n s t i t u e n t s  of  t h e  p a i r  i s  i n  t h e  

vapor  r a t h e r  than  t h e  l i q u i d  s t a t e .  Ca o r  L i ,  which form i n t e r m e t a l l i c  

compounds w i t h  n i c k e l ,  f o r  example,  would be expec ted  t o  s e v e r e l y  a t t a c k  

Ni-bear ing  a l l o y s  a . t  t e m p e r a t u r e s  where t h e  c o n c e n t r a t i o n  i n  t h e  vapor  

i s  h igh  enough. 

Most s o - c a l l e d  vapor  phase  c o r r o s i o n  i s ,  i n  f a c t ,  due t o  l i q u i d  
c--r 

yc_ 

condensed from t h e  vapor .  Such a m a t e r i a l  i s  e x t r e m e l y  p u r e ,  f r e e  o f  

s o l u t e ,  and c o n s e q u e n t l y  t e n d s  t o  d i s s o l v e  f r e s h  m e t a l  q u i t e  r a p i d l y .  

For  t h i s  r e a s o n ,  i n  Hg sys tems,  a l a r g e  amount of c o r r o s i v e  a t t a c k  i s  

o r d i n a . r i l y  observed  i n  t h e  condensing va.por r e g i o n .  

Another i m p o r t a n t  s o u r c e  of a .pparent  r a t h e r  than  r e a l  vapor  phase  

a t t a c k  arises from t h e  c a r r y - o v e r  of l i q u i d  d r o p l e t s  w i t h  t h e  vapor .  
&--- - 

A t  t h e  v e r y  h i g h  h e a t  f l u x e s  i n  t h e  two-phase h e a t  t r a n s f e r  sys tems 

which are c u r r e n t l y  a t t r a c t i n g  so much i n t e r e s t ,  i t  i s  n o t  e a s y  

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

t o  p r e v e n t  "bumping" and b o i l i n g  i n s t a b i l i t i e s  t h a t  r e s u l t  i n  a 

s i g n i f i c a n t  number of  l i q u i d  d r o p l e t s  b e i n g  c a r r i e d  a l o n g  w i t h  t h e  

v a p o r ,  d e p o s i t i n g  on s o l i d  s u r f a c e s  some d i s t a n c e  removed from t h e  

l i q u i d - g a s  i n t e r f a c e ,  and e x e r t i n g  a s t r o n g  c o r r o s i v e  i n f l u e n c e .  Note 

t h a t  i n  t h i s  mode o f  a c t i o n ,  t h e  n o n - v o l a t i l e  i m p u r i t i e s  d i s s o l v e d  i n  

t h e  l i q u i d  (Na20 i n  Nay f o r  example) a r e  n o t  o n l y  a v a i l a b l e  t o  e x e r t  

t h e i r  p e r n i c i o u s  e f f e c t ,  b u t  t h e i r  a c t i o n  may i n  f a c t  a c t u a l l y  be 

\ i n t e n s i f i e d  - -- T h i s  c o u l d  come a b o u t  i n  t h e  f o l l o w i n g  way: 
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1. 

2 .  

3 .  

4. 

D r o p l e t s  of  l i q u i d  Nay c o n t a i n i n g  d i s s o l v e d  Na20, a r e  thrown 

i n t o  t h e  vapor  phase ,  and c a r r i e d  a long  by t h e  f lowing  gas  

s t r eam.  

A t  some "superhea t"  r e g i o n  f a r t h e r  downstream, enough energy  

may be pumped i n t o  t h e  system, so t h a t  t h e  l i q u i d  meta l  i n  

t h e  d rops  e v a p o r a t e s .  This  l e a v e s  a d u s t  o r  fog of t h e  Na20 

and any  o t h e r  n o n - v o l a t i l e  i m p u r i t i e s  t o  f l o a t  around i n  t h e  

me ta l  vapor .  

A t  some p o i n t  i n  t h e  system, t h e s e  Na20 p a r t i c l e s  impinge 

on t h e  w a l l s .  Th i s  may come abou t  through some hydrodynamic 

o r  geomet r i c  p e c u l i a r i t i e s  o r  o the rwise .  

I n  any  c a s e ,  t h e  wal ls  are then  s u b j e c t e d  t o  a t t a c k  by the  h o t  

o x i d e  i n  a v e r y  c o n c e n t r a t e d  form, which may be much worse than  ------- 
a n y t h i n g  normal ly  observed  w i t h  t h e  compara t ive ly  d i l u t e  s o l u -  

t i o n s  o f  t h e  o x i d e  i n  the  l i q u i d  me ta l .  Such r e a c t i o n ,  micro-  

s c o p i c a l l y ,  should  be c h a r a c t e r i z e d  by p i n h o l e - l i k e  c o r r o s i o n  

s i t e s ,  co r re spond ing  t o  t h e  t i n y  p a r t i c l e s  of s o l i d  ox ide  whose 

d e p o s i t i o n  was t h e  sou rce  of t h e  t r o u b l e .  

L /--- 

-- - 

These c o n s i d e r a t i o n s  on t h e  behavior  of  vapor  systems are based on 

a r e l a t i v e l y  s m a l l  amount of o b s e r v a t i o n ,  and a g r e a t  d e a l  more work i s  

r e q u i r e d  i n  t h e  f i e l d  and w i l l  no doubt  be for thcoming a s  more and more 

NASA-inspired bo i l ing -condens ing  s t u d i e s  come t o  f r u i t i o n .  

of minimiz ing  b o i l i n g  i n s t a b i l i t i e s  and l i q u i d  c a r r y - o v e r  i n  o r d e r  t o  

e l i m i n a t e  co r re spond ing  e r r o r s  i n  t h e  i n t e r p r e t a t i o n  of vapor  phase  

c o r r o s i o n  canno t  be over-emphasized.  How t o  a c h i e v e  t h i s  k ind  of 

The impor tance  

L 
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f 
s t a b i l i t y ,  which has  s i g n i f i c a n y e  ‘ 1  o e r  and beyond t h e  c o r r o s i o n  q u e s t i o n  

Y 

t .’ 

I c o n s i d e r e d  h e r e ,  w i l l  be  t h e  s u b j e c t  o f  o t h e r  p a p e r s  today  and tomorrow. 
! 

S u f f i c e  i t  t o  s a y  t h a t  t h i s  o b j e c t i v e  i s  n o t  e a s y  t o  a t t a i n ,  and good 

vapor  phase  c o r r o s i o n  d a t a  i s  s t i l l  v e r y  s c a r c e  a s  a r e s u l t  of t h i s  

unhappy s t a t e  o f  a f f a i r s .  
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9.  * TWO-PHASE ~ECHANISMS - 
John R. Weeks 

A s c h e m a t i c  b o i l i n g  l o o p  i s  shown i n  F i g u r e  9-1. D i s s o l u t i o n  
7--- 

o c c u r s  p r i m a r i l y  w h e r e  t h e  s o l u t e - f r e e  c o n d e n s a t e  c o n t a c t s  t h e  

m e t a l  s u r f a c e .  P r e c i p i t a t i o n  may o c c u r  a t  t h e  c o l d e s t  s p o t  i n  

t h e  m e t a l  c i r c u i t ,  o r  w h e r e  t h e  s o l u t e  i s  c o n c e n t r a t e d  b y  f l o w  a t  

t h e  b o i l e r  i n t e r f a c e , ,  Wi th  u s e f u l  b o i l i n g  r a t e s ,  b a c k  d i f f u s i o n  o f  

t h e  s o l u t e  i s  t o o  s l o w  t o  p r e v e n t  c o n c e n t r a t i o n  t o  t h e  s a t u r a t i o n  

p o i n t  of most  s o l u t e s  i n  t h e  b o i l e r .  

S l u g g i n g  may c a u s e  c o r r o s i o n  i n  t h e  s u p e r h e a t e r  b y  c a r r y i n g  - 
l i q u i d  a g a i n s t  t h e  h o t  s u r f a c e s  t h e r e .  Bumping may c a r r y  s a t u r a t e d  

d r o p l e t s  i n t o  t h e  s u p e r h e a t e r ,  wh ich  v a p o r i z e  t h e r e ,  l e a v i n g  

t h e i r  d i s s o l v e d  m e t a l  b e h i n d  a s  f i n e  d e p o s i t s  o n  t h e  s u p e r h e a t e r  

w a l l .  

A d s o r p t i o n  on m e t a l  s u r f a c e s  may o c c u r  e v e n  i n  d r y  v a p o r  when 
// c----- - 

l i q u i d  w e t s  s o l i d .  A s i m p l e  c a l c u l a t i o n ,  a s suming  c o m p l e t e  ( - d s L = O )  

w e t t i n g  of t h e  s o l i d  by  t h e  l i q u i d  a t  t h e  s u p e r h e a t e r  t e m p e r a t u r e ,  

s u g g e s t s  t h a t  w i t h  -50% s a t u r a t i o n  v a p o r ,  o n e  h a s  -.99999 of a 

c o m p l e t e  m o n o l a y e r  o f  a d s o r b e d  l i q u i d  atoms on  t h e  s u p e r h e a t e r  

s u r f a c e ,  w h i c h  amount i s  q u i t e  s u f f i c i e n t  t o  i n i t i a t e  n o n - m e t a l l i c  

e x c h a n g e  a t t a c k .  T h e r e f o r e ,  t h e  r e q u i r e m e n t s  for  s e l e c t i n g  m a t e r i a l s  

f o r  l i q u i d  m e t a l  u s  s t  &e-Eo owed i n  s e l e c t i n g  m a t e r i a l s  

f o r  u s e  in-dry v a p o r .  

=-----d 

1.- - 

87 



A t  t h e  l iquid-vapor  i n t e r f  ce i n  s t a t i c  r e f l u x  capsules ,  

G i b b s  adsorp t ion  isotherm p r e d i c t s  concent ra t ion  o r  dep le t ion  

li L J 

of so lu t e .  A s  a p o s s i b l e  example, Cb-1Zr-Na-5000 hour 1 2 O O O c  

r e f l u x  capsules  a t  BNL have shown s l i g h t  i n t e r g r a n u l a r  a t t a c k  

i n  both  t h e  l i q u i d  and t h e  vapor reg ions  and.none a t  t h e  i n t e r -  

f ace ,  suggest ing t h a t  whatever was being leached i n  t h e  a t tacked  
/...-/- 
reg ions  may have concent ra ted  a t  t h e  i n t e r f a c e  and l o c a l l y  re- 

\/- 

duced t h e  a t t a c k .  



V A P O R  

601 L 

L I Q U I D  
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Figure 9-1. - Schematic boiling loop. 
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10. SPECIAL TOPICS 

a. Downstream Effect 

C-. .  . 

Leo F. Epstein 

Compa.ra.tive1y few new types  of phenomena. have been uncovered i n  

l i q u i d  meta l  c o r r o s i o n  work i n  t h e  l a s t  few yea.rs. It i s  t h e r e f o r e  

o f  ve ry  grea . t  i n t e r e s t  when a n  a l t o g e t h e r  unexpected a.nd s u r p r i s i n g  

r e l a t i o n  i s  found. Th i s  seems t o  be t h e  ca.se w i t h  t h e  so -ca l l ed  

"downstream" e f f e c t  . 
This  ha,s been brought  t o  t h e  a t t e n t i o n  of workers i n  t h i s  f i e l d  

by R. W. Lockhart  a.nd h i s  a s soc ia . t e s  working on t h e  A E C ' s  Sodium 

Mass-T--r-a.ns.fer Pr0gra.m a.t  t h e  General  E l e c t r i c  Company i n s t a . l l a t i o n  
-----_, 

/--- --- 
i n  Sa.n J o s e ,  Ca . l i fo rn ia .  I n  t h i s  s tudy ,  a. s e r i e s  of pumped 

of va.r ious s t e e l  a . l loys  cons idered  s u i t a . b l e  f o r  power p l a n t  a.pplica.- 

t i o n  have been e x t e n s i v e l y  s t u d i e d  over  t h e  l a . s t  few yea.rs. Over 

100,000 hours  of o p e r a t i n g  exper ience  has  been a.ccumula.ted a.nd of  

the o r d e r  of  2500 sa.mples examined, from the  p o i n t  of view of 

c o r r o s i o n  - a.nd t h e  a.s s o c i a t e d  mass tran2f.er-phenomena.. 
'-7---cL- - 

I n  theory ,  h e a t  excha.nge systems and loops  o f  t h i s  type  should 
d -- 

ha.ve tempera.ture d i s t r i b u t i o n s  which a.re cont inuous  a.nd smooth, from 

t h e  h o t  to  t h e  co ld  zone. I n  r e a l i t y ,  o f  c o u r s e ,  t h i s  i s  a d i f f i c u l t  

i f  no t  imposs ib le  s t a t e  o f  a . f fa . i r s  t o  achieve .  With t h i s  par t icu1a . r  
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s e t  o f  l oops ,  a . t  va . r ious p o i n t s  i n  t h e  flow pa . t t e rn  t h e r e  were r eg ions  

o f  cons idera ,b le  l e n g t h  which were a t  t h e  same temperature .  I n  t h e s e  
------------ ,----- 

isotherma.1 r e g i o n s ,  t h e  c o r r o s i o n  ra . te  wa.s h i g h e s t  near  t he  beginning ". __1_ 

of  the  c o n s t a n t  tempera ture  zone,  and decreased  downstream from t h i s  
\.#--.---"-- 

p o i n t .  This  b r i e f l y  i s  t h e  d0wnstrea.m e f f e c t .  It seems t o  have 

esca.ped d e t e c t i o n  f o r  ma,ny yea.rs because few o t h e r  systems ha.ve 

been ope ra t ed  w i t h  isotherma.1 regions* i n  which c o r r o s i o n  samples 

could be ta.ken. 

The exac t  n a t u r e  of  t h i s  downstream e f f e c t  i s  s t i l l  obscure.  
- //---- -.-eL"=- 

Profes so r  Bon i l l a  ( s e e  elsewhere)  f e e l s  t h a t  i t  i s  s imply r e l a t e d  

t o  the  fami1ia.r  entra .nce c o n d i t i o n  r e l a . t i o n s  of hea.t t r a n s f e r .  The 

phenomenon would then  be a.ssocia.ted l a r g e l y  w i t h  t h e  e s t ab l i shmen t  

o f  a. hydrodyna,mic stea.dy s t a t e ,  a.nd t h i s  would be dependent ,  more 

than  a.nything e l se ,  on t h e  r a . t i o  x/a., where 

x = d i s t a n c e  downstream from beginning o f  i so the rma l  

r eg ion  a , t  which c o r r o s i o n  measurements axe  made 

a. = tube r a d i u s  

While t h i s  hypothes is  i s  p l a ,us ib l e ,  and entra .nce c o n d i t i o n  r e l a . t i o n s  

c e r t a i n l y  p1a.y some pa.r t  i n  t h e  phenomenon, t h e r e  a.ppea.r t o  be o t h e r  

importa.nt f a . c to r s  as w e l l .  Q u i t e  rea.sona.bly good qua .n t i t a . t i ve  a.gree- 

ment w i t h  obse rva t ion  can f o r  example be obta ined  ignor ing  t h i s  a s p e c t  

*This i s  probably  a v e r y  poor way t o  o p e r a t e  a hea t  t r a n s f e r  system, and i n  

p r i n c i p l e ,  a smoothly va ry ing  temperature  d i s t r i b u t i o n  around t h e  loop should 

be t h e  des ign  o b j e c t i v e ,  w i t h  no p l a t e a u s  o r  d i s c o n t i n u i t i e s .  

p l a n t  systems,  a s  i n  l a b o r a t o r y  se t -ups ,  t h i s  i d e a l  c o n f i g u r a t i o n  i s  much 

e a s i e r  t o  d e s c r i b e  than i t  i s  t o  a t t a i n .  

I n  power 
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@ e n t i r e l y  and approaching t h e  problem from a completely d i f f e r e n t  

p o i n t  o f  view. Such an  a n a l y s i s  has  been q u i t e  r e v e a l i n g ,  and has  

y i e lded  new i n s i g h t s  i n t o  t h e  n a t u r e  of  l i q u i d  meta l  c o r r o s i o n  

phenomena which may be much more impor tan t  than  t h e  a p p l i c a t i o n  t o  

t h e  downstream e f f e c t .  The d e t a i l s  o f  t h i s  a n a l y s i s  a r e  too  l eng thy  

f o r  t h i s  audience ,  and w i l l  be i s sued  s h o r t l y  i n  AEC r e p o r t s ,  i t  i s  

expec ted ,  and consequent ly  o n l y  the  b r i e f e s t  mention of  t h e  r e s u l t s  
N 

.;tc 
N 

I 

cn 

w can  be made he re ,  those  which a r e  most impor tan t  t o  t h e  s u b j e c t  of  

t h i s  d i s c u s s i o n ,  Mecha.nisms of  Corrosion by Liquid  Metals. 

The s imples t  (and most fash ionable! )  way t o  d e s c r i b e  t h e  c o r r o s i o n  

process  i n  a, c o n s t a n t  tempera.ture h o t  r eg ion  of  a. loop has  been 

w i t h  a.n equa t ion  l i k e  

(1) R = - ( D / 6 ) ( S o  - S )  

where 

R = c o r r o s i o n  ra . te  (g/cm2-sec.). The minus s i g n  ind ica . t e s  

tha , t  t h i s  i s  a. weight  l o s s ,  i n  t h e  ho t  zone. 

So = equ i l ib r ium s o l u b i l i t y  o f  t h e  loop w a l l  m a t e r i a l  

i n  t h e  l i q u i d  me ta l  a t  t h e  tempera ture  under con- 

s i d e r a  t i o n  (g/cm ). 3 

3 S = a c t u a l  concent ra . t ion  of  s o l u t e  i n  s o l u t i o n  (g/cm ). 

D = d i f f u s i o n  c o e f f i c i e n t  of  d i s s o l v e d  species  i n  t h e  

2 l i q u i d  (cm /sec).  

6 = bounda.ry l a y e r  t h i ckness  ( c m ) .  I n  a. t u r b u l e n t l y  

f lowing s t ream,  moving a t  a h igh  v e l o c i t y  v (cm/sec) 

on t h e  average ,  t h e  f l u i d  v e l o c i t y  adja .cent  t o  t h e  w a l l  

i s  taken t o  be zero .  Moving i n t o  t h e  s t ream a d i s t a n c e  63 
6 ,  t he  f l u i d  has  a , t t a ined  i t s  mea.n v e l o c i t y  1. 
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Applied t o  a n  extended i so the rma l  r eg ion ,  t h i s  fo rmula t ion  l e a d s  

t o  a n  expres s ion  f o r  t h e  c o r r o s i o n  r a t e  R(x) a t  any p o i n t  x cm.  

downstream from t h e  beginning o f  t h e  c o n s t a n t  temperature  zone. 

- (2)  R(x) = - (D/S)(So - Se) exp (- 2D/Sa)(x/v) 

e' 

- I 

A l l  t h e  symbols h e r e  have been de f ined  except  S - t h i s  i s  t h e  con- 

c e n t r a t i o n  o f  t h e  s o l u t e  i n  t h e  l i q u i d  (g/cm ) a t  t h e  en t r ance  of 

t h e  r eg ion  under examination. 

3 

Long usage and f a m i l i a r i t y  have caused many workers t o  f o r g e t  

' \  
'J o r  ignore  t h e  f a c t  t h a t  equa t ion  (1) above i s  o n l y  an  approximation 

and one o f  r a t h e r  dubious p h y s i c a l  s i g n i f i c a n c e  a t  t h a t .  This  i s  no 

p l a c e  t o  a rgue  ove r  t h e  v a l i d i t y  o f  t h e  whole boundary l a y e r  concept  

-mos t  hydrodynamicis ts ,  i f  p re s sed ,  w i l l  immediately concede i t  t o  

be a u s e f u l  model f o r  some a p p l i c a t i o n s ,  bu t  w i l l  be e q u a l l y  qu ick  

t o  acknowledge i t s  approximate na tu re .  

c:- / 

I f ,  a s  has been assumed he re ,  l i q u i d  phase d i f f u s i o n  o f  some 

d i s s o l v e d  s p e c i e s  determines t h e  r a t e  o f  c o r r o s i o n ,  t hen  a n  exac t  

expres s ion  can  be w r i t t e n  down f o r  R ,  d e r i v e d  from F i c k ' s  f i r s t  

law o f  d i f f u s i o n .  

r e l a t i o n  i s  

I n  p l a c e  o f  t h e  approximation ( l ) ,  t h e  e x a c t  -? , -  
'\ 

(3)  R = - Dtas/ay)y=O 

Here y i s  t h e  d i s t a n c e  i n t o  t h e  s t ream,  measured from t h e  w a l l ,  so 

t h a t  t h e  t e r m  (aS/ay) r e p r e s e n t s  t h e  c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  

w a l l - f l u i d  i n t e r f a c e .  Applying (3 )  r a t h e r  than  ( l ) ,  t h e  expres s ion  

f o r  t h e  l o c a l  c o r r o s i o n  r a t e  comes o u t  v e r y  d i f f e r e n t  i n  form 

( 4 )  R(x) = - ( D / ~ ' x / v ) F  (So - Se) 

Y=o 

1 
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Care fu l  a .na. lysis  sugges t s  t h a t  t he  approximate technique r e s u l t s  

a.bove should be va . l id  o n l y  f o r  long  r e s i d e n c e  t i m e s ,  i . e .  h igh  x /v  

v a l u e s .  For t h e  c o n d i t i o n s  observed i n  t h e  SMT loops ,  on t h e  o t h e r  

hand (h igh  v e l o c i t i e s ,  s h o r t  r e s i d e n c e  t imes ) ,  J. M. Mot t ley ,  who 

was l a r g e l y  r e s p o n s i b l e  f o r  t he  theo re t i ca .1  a n a l y s i s  o f  t h i s  e f f e c t ,  

found tha. t  t h e  e x a c t  r e l a . t i o n  ( 4 )  ra . ther  tha.n t h e  r e s u l t  of t h e  
-- 

approximate t r ea tmen t  (Z)-gave s u b s t a n t i a l l y  b e t t e r  agreement w i t h  

obse rva t ion .  

------ -~.___.- 

Obviously,  t h i s  i s  an  i n t r i g u i n g  problem, w i t h  i m p l i c a t i o n s  f a r  

beyond those  t o  which i t  can be immedia.tely a p p l i e d .  The downstream 

e f f e c t  i s  mentioned h e r e  a s  a.n i n t e r e s t i n g  example of a new d i s -  

covery i n  wha.t was long  considered a. thoroughly explored and w e l l -  

understood f i e l d .  The t h e o r i s t s  a.s w e l l  a.s t h e  expe r imen ta . l i s t s  ma.y 

d e r i v e  some encoura,gement from t h i s  ca.se - t h e r e  i s  s t i l l  a. g rea . t  

d e a l  t h a t  t hey  ca.n do i n  l i q u i d  meta.1 c o r r o s i o n .  It i s  t o  be hoped 

t h a t  t h e r e  w i l l  be a n  a p p r e c i a t i o n  of t h e  importance of t h e  new 

i n s i g h t s  which t h i s  problem ha.s g iven  i n t o  t h e  na. ture  o f  l i q u i d  me ta l  

c o r r o s i o n  phenomena., a.nd tha.t  f u r t h e r  encoura.gement and suppor t  for 

t h i s  k ind  o f  s t u d y  w i l l  c o n t i n u e  t o  be a .va. i lable  i n  t h e  f u t u r e .  

95 



cu 
(3 
d cu 
I w 

b. P h y s i c a l  P r o p e r t i e s  ( E m b r i t t l e m e n t )  

John  R. Weeks 

-- _.-_-... .- 

/ 

Except f o r  t h e  e m b r i t t l e m e n t  u n d e r  stress of  AIS1 4130 
__-.-- - -- - . ___-. 

when w e t t e d  w i t h  L i ,  no  i n s t a n c e s  o f  l i q u i d  m e t a l  e m b r i t t l e m e n t  

o f  u s e f u l  c o n t a i n e r s  b y  t h e  a l k a l i  m e t a l s  a r e  known t o  me*.  
/- 

A l l  o t h e r  c h a n g e s  i n  m e c h a n i c a l  p r o p e r t i e s  c a n  be d i r e c t l y  

a t t r i b u t e d  t o  m a s s  t r a n s f e r  d u r i n g  t h e  c o n t a c t  p e r i o d :  c a r b u r i z e d  

s teels  become h a r d e r  and  s t r o n g e r ,  0 and H p i c k u p  make C b  more 

b r i t t l e ,  e t c .  However,  t h e r e  i s  s t i l l  a remote p o s s i b i l i t y  o f  

l i q u i d  m e t a l  e m b r i t t l e m e n t  i n  some unknown s y s t e m ,  e s p e c i a l l y  

when h i g h - s t r e n g t h  a g e - h a r d e n i n g  a l l o y s  are u s e d  u n d e r  s t r e s s ,  

so t h e  phenomenon s h o u l d  be b r i e f l y  d e s c r i b e d  h e r e .  
--/---------- - - - /. -.- - .- ------IC 

E m b r i t t l e m e n t  o c c u r s  i n  s p e c i f i c  s y s t e m s .  T h e s e  h a v e  no 

i n t e r m e t a l l i c  compounds and  low s o l u b i l i t y  of  t h e  s o l i d  i n  t h e  

l i q u i d .  E m b r i t t l e m e n t  i s  r e l a t e d  t o  propert ies  a t  t h e  l i q u i d -  

s o l i d  i n t e r f a c e .  A h i g h  a d s o r p t i o n  e n e r g y  of t h e  l i q u i d  on  t h e  
--F--. 

s o l i d  r e s u l t s  i n  a l o w  i n t e r f a c i a l  e n e r g y .  The  l i q u i d  a t o m s ,  

4 --y ~ 

b e i n g  s t r o n g l y  a d s o r b e d  on  t h e  s o l i d  a t o m s ,  r e d u c e  t h e  i n t e r -  

f a c i a l  s u r f a c e  e n e r g y ,  and  t h e r e f o r e  r e d u c e  t h e  stress r e q u i r e d  

t o  separate atoms o f  t h e  s o l i d  m e t a l ,  as s k e t c h e d  i n  F i g u r e  10-B-1. 
L- 

F a i l u r e  b y  l i q u i d  e m b r i t t l e m e n t  may be i n t e r g r a n u l a r  a t  

* E m b r i t t l e m e n t  b y  a l k a l i  m e t a l s  of A 1  a n d  Mg - base a l l o y s  h a s  
been o b s e r v e d .  
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t w i n  b o u n d a r i e s ,  o r  t r a n s - g r a n u l a r ;  i n  a l l  cases e x t e r n a l  o r  i n t e r -  

n a l  stresses are r e q u i r e d .  The phenomenon i s  s i m i l a r  i n  many ways 

t o  stress c o r r o s i o n  c r a c k i n g  b y  a q u e o u s  s o l u t i o n s .  

G e n e r a l  R e f e r e n c e s  

N o  a t tempt  h a s  b e e n  made t o  p r o v i d e  a d e t a i l e d  b i b l i o g r a p h y  

f o r  t h i s  d i s c u s s i o n .  The m a j o r i t y  of  t h e  mater ia l  h a s  b e e n  d i s -  

c u s s e d  p r e v i o u s l y  i n  t h r e e  s u r v e y  papers b y  t h e  w r i t e r :  

1. J. R. Weeks and  D. H. G u r i n s k y ,  " S o l i d  M e t a l - L i q u i d  

R e a c t i o n s  i n  B i s m u t h  and  Sod ium" ,  c h a p t e r  5 o f  t h e  

Book L i q u i d  M e t a l s  and  S o l i d i f i c a t i o n  pg. 106. Amer ican  

S o c i e t y  f o r  M e t a l s ,  C l e v e l a n d ,  1958.  

2. J. R. Weeks and  C. J. Klamut ,  " L i q u i d  M e t a l  C o r r o s i o n  

Mechan i sms"  c h a p t e r  8 of  t h e  book  C o r r o s i o n  o f  R e a c t o r  

M a t e r i a l s  Vo l .  1 p 105, I n t e r n a t i o n a l  A t o m i c  E n e r g y  

Agency,  V i e n n a ,  1962.  

3 .  J. R. Weeks, " C o r r o s i o n  i n  L i q u i d  M e t a l  C o o l e d  R e a c t o r s "  

i n  b o o k  High  Temperature  M a t e r i a l s  f o r  Nuclear  A p p l i c a t i o n s  

( e d i t e d  b y  M.  T. Simnad and  L. Zumwalt)  MIT Press 1963.  
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Figure 10B-1. - Schematic diagram of relations between solid 
and l iquid atoms at crack tip. The energy of attraction be- 
tween the solid (small circles) and l iquid (large circles) 
atoms reduces the energy required to separate the solid 
atoms. The presence of l iquid atoms at the crack t ip is 
therefore a requirement for crack propagation by th is  
mechanism. 
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Leo F. Epstein 

Since t h e  importa.nt applica,t ions of l i q u i d  metals i n  recent  years 
v ~ ~ I ^ _ _ - - - - .  

have involved t h e i r  use i n  and with nuc1ea.r r e a c t o r s ,  i t  i s  not 

su rp r i s ing  t h a t  a g r e a t  dea l  of e f f o r t  and thought has been devoted 

t o  the  quest ion of t he  influence of r ad ia t ion  on the  corrosion 

c h a r a c t e r i s t i c s  of these  ma te r i a l s .  Although, t h e o r e t i c a l l y ,  t he re  

a r e  cases  where r a d i a t i o n  acce le ra t ion  of corrosion could r e a d i l y  be 

_ _  - __ - 

-_ .. ._._ _ _ _  /--- 

imagined, a s  a mat ter  of f a c t  no such se r ious  and detr imental  

behavior associated with the  r ad ia t ion  environment have been 

observed. 

1 
/ 

c- 

---cLc.c--c-- 

I f  t he  corrosion process i s  con t ro l l ed  by the d i f fus ion  of a - 
dissolved species  i n  a l i q u i d  metal ,  r a d i a t i o n  would not be expected 

t o  inf luence t h e  process.  F i r s t ,  because with monatomic f l u i d s  
7 

( i . e .  l i q u i d  meta.ls) t he re  a.re no compounds t o  be damaged by ra.dia- 

t i o n  ( t h i s  i s  i n  ma.rked c o n t r a s t  t o  water systems, f o r  exa.mple, where 

t h e  radiation-induced d issoc ia , t ion  t o  form H a.nd 0 i s  one of t h e  

bas i c  fa .c ts  of l i f e  which can never be ignored). Secondly, i n  
2 2 

l i q u i d  systems there  i s  enough d i so rde r  so tha.t t he  e f f e c t  of 

r a d i a t i o n  i n  bringing a.bout s t ructura .1  damage i s  q u i t e  negl igible .  

This i s  i n  marked contra .s t  t o  crysta.11ine s o l i d s ,  whose p rope r t i e s  

depend s ign i f i camt ly  on the  exis tence of an o rde r ly  pa.tterned arra.y 

of atoms o r  molecules. Here, even with a. monatomic ma.teria.1, a 

v i o l e n t  d i s rup t ion  of t he  l a . t t i c e ,  producing a. s ign i f ica .n t  number 

of displacements, d e f e c t s ,  d i s loca t ions ,  e t c . ,  i n  the s o l i d  s t r u c t u r e  

ca.n certa.in1y a . f fec t  many of i t s  p rope r t i e s ,  including i t s  so lu t ion  
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beha.vior. Spec i f ica , l ly ,  i t  i s  d i f f i c u l t  t o  ima.gine how the  d i f fus ion  

c o e f f i c i e n t  of a so lu t e  species  i n  a l i q u i d  could be a l t e r e d  by a 

ra.dia.tion environment. 

I n  solut ion-control led r a t h e r  than diffusion-control led l i q u i d  
..-. /-I- 

metal corrosion,  on the  o the r  hand, r ad ia t ion  could and should be 

expected t o  have an a f f e c t  on the corrosion r a t e .  This could come 

about because the  species  p a r t i c i p a t i n g  i n  t h e  rate-determining s t e p  

c- 

Q 

7 

i n  t h e  corrosion process may be polya.tomic (e.g., the  Fe0.2 Na20, 

which i s  believed t o  be responsible  f o r  t h e  behavior of i r o n  i n  Na.) 

a.nd consequently vulnera.ble t o  atta.ck by the  ene rge t i c  pa . r t ic les  

present  i n  the  ra .diat ion f i e l d .  It w i l l  be r eca l l ed ,  a. lso,  t h a t  

i n  some very importa.nt cases ,  t he  r a t e  o f  corrosion i s  ma.rkedly 

influenced by the  presence of adherent f i lms  on the  corroding sur -  

faces .  I f  these  p ro tec t ive  l aye r s  a.re exposed t o  the  bomba.rdment 

of ra.dioactive p a r t i c l e s ,  they ma.y spa11 o f f  o r  slough o f f  o r  s u f f e r  

cra.cks and flaws, a.11 e f f ec t s  which should acce le ra t e  t he  corrosion 

process. 

Qua.ntita.tive evaluat ion of  these conceiva.ble r a d i a t i o n  da.mage 

e f f e c t s  , however, indica.tes tha.t f o r  ra.dioa.ctive environments norma.lly 

encountered i n  power pla.nt a.nd spa,ce a.pplications,  o r  l i k e l y  t o  be 

encountered i n  the near fu tu re ,  r a d i a t i o n  acce lera , t ion  of corrosion 

by l i q u i d  metals should be only a sma.11 e f f e c t ,  of q u i t e  neg l ig ib l e  

importance. There i s  t o  d a t e ,  so far as I am aware, no experimental 

evidence f o r  such r a d i a t i o n  enhanced corrosion. 
L_ 

People have looked 
~ 

@ 
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f o r  i t  i n  the  sodium-cooled nuclear  submarine program: an at tempt  

was made to  d e t e c t  d i f fe rences  i n  corrosion behavior i n  the  West 

Milton prototype and i n  the  Sea Wolf, compared with the  observations 

on non-radioactive corrosion loops. These at tempts  f a i l e d  - i f  any- 

thing the l a r g e  operat ing systems showed l e s s  r a t h e r  than more corrosion 

than the labora tory  t e s t s .  (The decrease,  r a the r  than the looked-for 

increase  due t o  r ad ia t ion ,  was a t t r i b u t e d  t o  the b e t t e r  cont ro l  of 

l i q u i d  metal  p u r i t y  poss ib le  with the l a r g e r  system.) Also, i n  the 

work with bismuth a t  Brookhaven, Gurinsky and h i s  associates* b u i l t  

and operated an in -p i l e  corrosion t e s t  loop s p e c i f i c a l l y  ". . . to 

determine the  e f f e c t  of in -p i le  i r r a d i a t i o n  on the corrosion of  

var ious  mater ia l s  by a uranium-bismuth solut ion."  This , i t  might 

be noted, should show an  e f f e c t  on corrosion i f  anything does,  f o r  

t he  f i s s i o n  process takes place r i g h t  i n  the corroding l i q u i d .  

Nevertheless the au thors  concluded t h a t  "Results i nd ica t e  t h a t  

i n -p i l e  and out-of-pi le  experimental r e s u l t s  a r e  s imi la r  and t h a t  

f i s s i o n  fragment r e c o i l s  d i d  not  cont r ibu te  mater ia l ly  t o  e i t h e r  

wet t ing o r  corrosion under the condi t ions imposed i n  t h i s  t e s t . "  

Simi1a.r conclusions ha.ve been rea.ched i n  a l l  o ther  t e s t s  of t h i s  

po in t  tha.t  I know o f .  

*Wa,ide, C. H . ,  Kuka.cka, L. E . ,  Meyer, R. A . ,  M i k u ,  J.,  Klein,  J. H . ,  Chow, J. G . Y, 
Klamut, C. J. and Gurinsky, D .  H.: Uranium-Bismuth In-Pi le  Corrosion Test  Loop. 
Radiation Loop No. 1. Report No. BNL 736(T-365), Brookhaven National 
Laboratory (Upton, New York, May, 1961). 

I 
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In  s p i t e  of t h i s  la.ck of confirma,tory experimental da.ta. on 

r a d i a t i o n  enhanced l i q u i d  metal corrosion,  i t  seems c e r t a i n  t h a t  

under s u f f i c i e n t l y  severe condi t ions,  t h i s  w i l l  sooner o r  l a t e r  be 

seen i n  some kinds of systems. Sol ids  where corrosion r e s u l t s  i n  

f i lms  with weak adhesion c h a r a c t e r i s t i c s  (Be0 on B e  i n  Na i s  an 

example which comes t o  mind) should be p a r t i c u l a r l y  vulnerable.  

The e f f e c t  should be g r e a t e r  a t  higher f luxes  (nv - neutrons/cm -sec.). 

------- _ _ _ _ _ _ _ _ _ _ _ ^  

La-------- 

2 

Also, i t  should depend on the  neutron a.nd f i s s i o n  product energy 

spectrum - the  1a.rger the  fa .s t  (more energet ic)  component, the  

grea. ter  t he  expected damage should be. It would not  be su rp r i s ing  i f  

some minimum energy wa.s required f o r  t h i s  phenomenon, tha.t i s  tha.t 

t he re  was a n  energy threshold for t h i s  r a d i a t i o n  process a.s there  

seems t o  be f o r  so many o thers .  

they a r e  bes t  c a l l e d  speculations) a r e  c o r r e c t ,  the  f a s t  liquid-metal 

cooled r eac to r s  j u s t  now beginning t o  function should be the  f i r s t  t o  

show r a d i a t i o n  enhanced corrosion.  Workers a t  Fermi, t he  EBROs,  

I f  these considerat ions (or  perhaps 

___- - -- - - 
- --- -._ 

_. ___ --- -- __ 
v_ 

Dounrea.y, Ca.dara.che, Obninsk (BR-5), and elsewhere who a.re i n  t h e  

va.nguard of t he  e f f o r t  on f a s t  r eac to r  systems should be urged t o  

be pa r t i cu la , r ly  watchful f o r  a.ny s igns  of t h i s  e f f e c t .  

8 
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11. SUMMARY AND CONCLUSIONS 

Leo F. Epstein 

From t h e  informa. t ion p resen ted  a.nd the  subsequent  d i s c u s s i o n ,  t h e  
fo l lowing  conclus ions  ca.n be rea.ched on t h e  s t a . t e  of knowledge o f  t h e  
mechanism of c o r r o s i o n  by l i q u i d  meta.1~:  

1. SO f a r  as t h e  b a s i c  phenomena of l i q u i d  meta ’ .  c o r r o s i o n  are  con- 
cerned ,  t h e  physica.1 a.nd chemica.1 o r i g i n s  o f  t h e  e f f e c t s  a.re 
proba.bly w e l l  understood. 

2. Q u a n t i t a t i v e  p r e d i c t i o n s  of c o r r o s i o n  r a t e s ,  and e x t r a p o l a t i o n  t o  
working systems,  i s  p r e s e n t l y  p o s s i b l e  i n  o n l y  a v e r y  few c a s e s .  
Although t h e  b a s i c  concepts  and formula t ions  r e q u i r e d  f o r  t h i s  a r e  
a v a i l a b l e ,  t h e r e  i s  a l a c k  of o b s e r v a t i o n a l  d a t a  r e q u i r e d  f o r  t h e  
equa t ions .  Informat ion  on equ i l ib r ium s o l u b i l i t i e s ,  d i f f u s i o n  
c o e f f i c i e n t s ,  and r a t e  c o n s t a n t s ,  f o r  example, i s  a v a i l a b l e  f o r  
o n l y  a l i m i t e d  number of l i q u i d  me ta l - so l id  p a i r s .  Even i n  t h e  
c a s e s  where such measurements have been a t t empted ,  some g l a r i n g  
d i s c r e p a n c i e s  and i n c o n s i s t e n c i e s  e x i s t .  

3 .  While t h e  g ross  phenomena of  l i q u i d  meta l  c o r r o s i o n  appear  t o  be 
adequa te ly  desc r ibed  by r e l a t i o n s  which have been developed,  many 
d e t a i l s  a r e  s t i l l  obscure.  The n a t u r e  o f  t h e  downstream e f f e c t  
( t h e  change i n  l o c a l  c o r r o s i o n  r a t e  i n  a f lowing s t ream i n  a n  
i so the rma l  reg ion)  i s  one example. The t r a n s p o r t  o f  carbon i n  
l i q u i d  a l k a l i  meta l  systems i s  ano the r  phenomenon which i s  unc lea r .  

4 .  The l a c k  of  p r e c i s e  exper imenta l  and a n a l y t i c a l  d a t a  has  i n  many 
c a s e s  i n h i b i t e d  t h e  p rogres s  o f  development o f  t h e o r i e s  of l i q u i d  
meta l  co r ros ion .  The poor r e p r o d u c i b i l i t y  of c o r r o s i o n  o b s e r v a t i o n s  
from one l a b o r a t o r y  t o  ano the r ,  and t h e  l a c k  of dependable  techniques  
f o r  t h e  a n a l y s i s  of  oxygen and carbon i n  t h e  a l k a l i  m e t a l s  a r e  
t y p i c a l  examples of  t h i s .  

5. While sodium and bismuth have been e x t e n s i v e l y  and i n t e n s i v e l y  
s t u d i e d ,  t h e r e  a r e  s t i l l  many a s p e c t s  o f  t h e s e  l i q u i d  me ta l s  which 
r e q u i r e  c l a r i f i c a t i o n  and f u r t h e r  s tudy .  The s i t u a t i o n  w i t h  t h e  
o t h e r  a l k a l i  me ta l s  - l i t h i u m ,  potassium, rubidium and cesium - 
i s  even worse,  and t h e  in fo rma t ion  on t h e  p h y s i c a l  and chemical 
behavior  o f  t h e s e  metals necessa ry  f o r  a meaningful  a n a l y s i s  o f  t h e  
mechanism of  c o r r o s i o n  i s  o n l y  j u s t  beginning t o  be accumulated.  
S i m i l a r l y ,  wh i l e  d a t a  on t h e  behavior  of i r o n  base  a l l o y s  i n  these  
f l u i d s  i s  a v a i l a b l e ,  much more in fo rma t ion  on t h e  i n t e r a c t i o n s  o f  
t h e  r e f r a c t o r y  me ta l s  - columbium, zirconium, tantalum, molybdenum, 
tungs t en ,  e t c .  - which a r e  of g r e a t  i n t e r e s t  i n  h igh  tempera ture  
a p p l i c a t i o n s ,  p a r t i c u l a r l y  f o r  space systems,  i s  u r g e n t l y  needed 
f o r  i n t e l l i g e n t  des ign .  
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6 .  

7. 

There i s  a widespread and growing i n t e r e s t  i n  two phase l i q u i d -  
vapor,  sys t ems  us ing  t h e  a l k a l i  meta ls .  A g r e a t  d e a l  of experimental  
work on t h e s e  systems i s  s t i l l  r equ i r ed  be fo re  they  can be adequate ly  
understood. The problem of a t t a i n i n g  r ep roduc ib le  s t e a d y - s t a t e  
cond i t ions  i n  b o i l i n g  me ta l s  i s  a s eve re  one, and t h e r e  i s  widespread 
disagreement even among e x p e r t s  on t h e  s t a t e  of  t h e  a r t  w i th  t h e s e  
sys  tems . 
A s  i n  prev ious  pe r iods  o f  l i q u i d  m e t a l  h i s t o r y ,  t h e  p r e s e n t  r e v i v a l  
of i n t e r e s t  i n  t h e  use  of t h e s e  m a t e r i a l s  i s  c h a r a c t e r i z e d  by a 
c o n c e n t r a t i o n  of e f f o r t  on component f a b r i c a t i o n  ("hardware") and 
empi r i ca l  t e s t i n g .  The suppor t  being g iven  t o  bars ic  s t u d i e s  on the  
beha.vior of t h e s e  systems, which i s  most d e s i r a , b l e ,  i f  no t  essent ia .1 ,  Y 
t o  t h e  development of dependa.ble equipment, i s  r e k t i v e l y  minor. An tb 
expaasion of t h i s  progra.m, t o  f i l l  i n  t h e  gaps noted a.bove, a.nd o t h e r s ,  N 

N 

W 

would seem t o  be u r g e n t l y  r equ i r ed .  
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SURFACE ENERGY PHENOMENA AND CORROSIaN, 

Robert J. Good 

A_ -..,----...----=----~- 

A. Theory 

For  two subs tances ,  having the  same type of cohes ive  f o r c e s  - 
(e.g. ,  two m e t a l l i c  phases)  t he  f r e e  energy of adhesion,  AFTz, -.cI-. 

should be approximately t h e  geometric mean of t he  f r e e  e n e r g i e s  

of cohesion of the  s e p a r a t e  phases ,  aFc and AF; : 1 

The t h e o r e t i c a l  b a s i s  f o r  t h i s  equat ion  was given i n  Ref. 1. I t  

w a s  shown (’) t h a t  i f  t he  in te rmolecular  f o r c e s  are of t he  same type, 

and i f  t he  molecular  r a d i i  a r e  apprec iab ly  d i f f e r e n t , t h a t  

where t h e  V a s  a r e  t h e  m o l a r  volumes of the  two subs tances .  Unleaa 

the  molar volumes a r e  extremely d i f f e r e n t ,  the  expres s ion  f o r  @ ,  

equat ion 2 ,  yields a value quite close t o  u n i t y .  

a r e  of un l ike  type,  and the f o r c e  laws are s u f f i c i e n t l y  w e l l  known, 

then i t  i s  poss ib l e  t o  compute @ from the  phys ica l  p r o p e r t i e s  - 
d ipo le  moments, p o l a r i z a b i l i t i e s ,  e t c .  ,- t h a t  determine t h e  f o r c e  

l a w s .  This  w a s  done with good success  f o r  o rganic  l i q u i d s  vs. ra te r ,  

as  w i l l  be  r epor t ed  i n  a forthcoming pape r (2 ) ) .  

( I f  the  forces 
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a 

rl, 
Since  AF12 = - y1 - y , where Y i s  s u r f a c e  f r e e  energy*, 

7- 2 
C 2 and AF1 3: -2 AF, = -2 r2, equat ion  1 may be put  i n  t h e  form 

I f  @ = 1, then 

(4)  

(Equat ion ( 4 )  beqrs  a s t r i k i n g  resemblance t o  the  Hildebrand- . -  

Scatchard  equat ion  ( 3 )  for t h e  energy of mixing>AE', o f  two sub- 
-+-- - 

s t a n c e s  t h a t  form a regular s o l u t i o n :  

V where E is  t h e  energy of v a p o r i z a t i o n ,  t h e  VIs a r e  molar volumes, 

t h e  N's a r t  m o l e  f r a c t i o n s ,  and (pl and cp 
2 

* We w i l l  d i s c u s s  only  t h e  s u r f a c e  f r e e  energy, y , u s u a l l y  r e f e r r i n g  
t o  it as t h e  W s u r f a c e  energy". The t o t a l  s u r f a c e  energy, E , and 

t h e  s u r f a c e  entropy,  0 , a r e  r e l a t e d  t o  Y by 

r = E - ~ a  

The t o t a l  s u r f a c e  energy can be t r e a t e d  by t h e  same t h e o r e t i c a l  

methods, r e s u l t i n g  in equat ions  resembling those given here .  

However, t h e  theory  should,  i n  p r i n c i p l e ,  be l e s s  a c c u r a t e  i n  

p r e d i c t i n g  E ' s  t h a n  

d a t a  t o  determine E 's a r e  l e s s  o f t e n  a v a i l a b l e .  The r e l a t i o n s h i p  

between s u r f a c e  f r e e  energy and s u r f a c e  t e n s i o n  (which a r e  dimension- 

T I S  ( c f .  r e f .  3 ) ;  and a l s o  t h e  necessary 

a l l y  t h e  same) i s  d iscussed  by M ~ L e a n ' ~ )  and by Yates ( 5 )  . 
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a r e  the  volume f r a c t i o n s  i n  the  mixture. The resemblance between 

(4 )  and ( 5 )  i s  n o  co inc idence ,  f o r  the  d e r i v a t i o n  of t h e  i n t e r -  
f a c i a l  energy theo ry  i s  c l o s e l y  r e l a t e d  t o  t h e  d e r i v a t i o n  o f  t h e  

4 

- - 
Hildebrand-Scatchard solubi.1 i t y  theory) .  

For  subs tances  t h a t  have apprec i ab le  mutual s o l u b i l i t y ,  i t  

w a s  shown(6) t h a t  rl and r2 ,  i n  equa t ion  ( 3 ) ,  should be r ep laced  

by the  terms g 1  and g2 ,  de f ined  as follows'; 

or  

Here N1 is the  concen t r a t ion  of subs tances  1 i n  phase 2 a t  a a t u r a t i o n ,  

and N2 i s  t h a t  of  subs tance  2 i n  phase 1. 0 1  is g iven  by 

4( viv i  
= 

( 9 )  

*gl and g2 a r e  t h e  concentration-weighted average  s u r f a c e  t e n s i o n s  of  

t h e  two phases ,  and correspond t o  t h e  h y p o t h e t i c a l  s u r f a c e  t ens ions  

o f  t h e  a o l u t i o n s ,  t h a t  would o b t a i n  i f  t h e r e  were no adeorp t ion .  They 

are used,  r a t h e r  t han  the a c t u a l  s u r f a c e  t e n s i o n s  of the  s o l u t i o n e ,  

because the  l a t t e r  i n  gene ra l  r e p r e s e n t  s u r f a c e s  con ta in ing  an adsorbed 

f i l m  ( s u r f a c e  excess )  of one component a t  t he  l i qu id -gas  i n t e r f a c e .  

Adsorption a t  a l i qu id -gas  i n t e r f a c e  c l e a r l y  has  l i t t l e  b e a r i n g  on 

t he  adso rp t ion  a t  a l i q u i d - s o l i d  o r  l i q u i d - l i q u i d  i n t e r f a c e .  
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where 

I f  N1 and N 
For  p r a c t i c a l  purposes ,  " s m a l l "  N1 and N 

about  2 t o  5 mole ,%. 

a r e  s m a l l ,  then equat ion  7 or 8 reduce t o  equat ion 3. 2 
u e u a l l y  means less than 2 

B. Teets  of  theory,  n o t  involving s o l i d  metals.  

Equations 1 and 2 have been t e a t e d  successfu l ly( ' )  f o r  f l n o r e -  -- 
carbons vs. hydrocarbons. Thei r  genera l  a p p l i c a t i o n  t o  l i q u i d -  

s o l i d  i n t e r f a c e 6  have been developed f o r  t h e  i n t e r p r e t a t i o n  of 

h e a t  immersion") and c o n t a c t  angle(8) d a t a ,  f o r  s o l i d e  euch as 

Tef 1 on (7'8), g r a p h i t e ( 7 ) ,  and adsorbed f i l m r " )  such a s  octadecylamine, 

p e r f l u o r o l a u r i c  a c i d ,  e t e .  

- -  

For m e t a l l i c  systems, d a t a  obtained i n  t h i e  l a b o r a t o r y  (299) 

a r e  in accord with t h i s  theory,  for gal l ium VB. mercury; and 

Russian d a t a  ( lo)  show f a i r  agreement for t h e  Pb-Zn system. 

TABLE I 
System Temperature r12 0 @ r12 

Expt. ( c a l c a l . )  expt .  ( c a l c u l . )  Method 

Hg-Ga 30Q 39.7 0.997 0.989 30 Drop 
Weight 

65 Frozen Pb-Zn 420 128 0.985 0 926 
S e s r i l e  
Drop* 

it The method used by Geld and Chnchmarev (lo) i s  open t o  cha l lenge  because 

of ( a )  t h e i r  use of an approximate equat ion  t o  t r e a t  t h e i r  d a t a ,  and 
(b) p o s s i b l e  d i s t o r t i o n s  of drop shape o r  f reez ing .  The a p p l i c a t i o n  
of t h e  theo ry ,  eq. 1 e t c . ,  t o  Pb vs .  Zn i s  open t o  cha l lenge ,  because 

t h e  f a i l u r e  o f  t h i s  system t o  obey the p r e d i c t i o n s  o f  s o l u b i l i t y  based 

on Hildebrand'  S J ( ~ )  theory  i s ,  t o  d a t e ,  an unexplained anomaly. 
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While t h e s e  d a t a  c o n s t i t u t e  a very  f a r  from s u f f i c i e n t  p r o o f  

of t he  i n t e r f a c i a l  t e n s i o n  theory ,  for metals, s t i l l  they  a re  en- 

couraging enough t h a t  an a p p l i c a t i o n  o f  t h i s  t heo ry  t o  l i q u i d - s o l i d  
------cL-- _--- - ----_-- 

m e t a l l i c  systems may be essayed. 
_c__--- 

C. Appl i ca t ions  

TTO a p p l i c a t i o n s  of t h i s  t r ea tmen t  can be made t o  co r ros ion  

phenomenon. The f i r s t  i s  t o  s t r e s e - c o r r o s i o n  c rack ing ;  t h e  second 

is t o  t h e  p r e d i c t i o n  of g r a i n  boundary p e n e t r a t i o n  i n  c o r r o s i o n  by 

e o l a t i o n  mechanisms. 

(1) S t r e s s  c o r r o s i o n  cracking.  

-.-- I__L_ 

\------I----- 

The c rack ing  of a metal ,  under s t ress ,  i n  a c o r r o s i v e  

environment such as a l i q u i d  metal ,  can be s t u d i e d  q u a n t i t a t i v e l y  

by t h e  Obriemov-Gilman method(’’), and by the  e f f e c t  of g r a i n  
s i z e  on f r a c t u r e  e t r e s s  (12913’14). In t h e  former method, t h e  

energy of f r a c t u r e  i s  measured 

by f i r s t  i n i t i a t i n g  a c rack ,  

i n  t h e  d e s i r e d  c r y s t a l l o g r a p h i c  

To tension machine 

Crystal d i r e c t i o n ,  with t h e  c r y s t a l  

clamped so t h a t  c leavage  

does not  propagate  through 

the  c r y s t a l .  The sample i s  

then  p laced  i n  a t e n s i l e  

machine, as shown i n  F igu re  1, 

and  p u l l e d  u n t i l  t he  c rack  
propagat ion  s t a r t s .  The 

energy necessary  t o  cause 

Pivot bearings 

FIGURE 1 
t h e  c rack  t o  i n c r e a s e  by u n i t  area is  then  a measure of t h e  

s u r f a c e  energy of t h e  c leavage  plane. 
t heo ry  due t o  Pe tch  and S t r o h  (12’13’14) p r e d i c t s  a r e l a t i o n  
between t h e  a p p l i e d  t e n s i l e  s t r e s e  a t  f a i l u r e  , am , t h e  s u r f a c e  

f r e e  energy,  r , t h e  s h e a r  modulus, G ,  Poisson’e  r a t i o ,  v , and 

I n  t h e  second method, a 

, t h e  average g r a i n  d iameter ,  d: 
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A comparison w a s  made by S t roh  (14) of t h e  s lope  o f  t he  l i n e  
vs. the  t h e o r e t i c a l  ob ta ined ,  when om is  p l o t t e d  vs. d M 

s lope ,  f o r  s e v e r a l  metals, wi th  agreement i n  t h e  range of 

10 t o  40%. This  method has  been used by Rostoker e t  a1 (15) 

t o  e s t ima te  the  i n t e r f a c i a l  ene rg ie s  i n  c e r t a i n  s o l i d  me t a l / l i q u i d  

me t a l  aye tems . 
In a d d i t i o n ,  t he  Co t t r e l l -Pe tch  f o r  

d u c t i l e - t o - b r i t t l e  t r a n s i t i o n s  employs the  s u r f a c e  f r e e  energy 

of t h e  s o l i d  a s  a parameter ;  and r e s u l t s  f o r  t he  Cu-l iquid B i  

8 y e t e m  were r epor t ed  by Rostoker ,  e t  a1 (15) us ing  t h i s  method. 

Table I1 shows the  l i q u i d - s o l i d  i n t e r f a c i a l  t ens ions  c a l -  

c u l a t e d  by equa t ion  3 ,  ( o r  i n  t h e  CU-Bi  c a se ,  where s o l u b i l i t y  

i s  apprec i ab le ,  equa t ion  7) compared with the  experimental  

va lues  obta ined  by the  t h r e e  methods. Also inc luded  a r e  the 
c a l c u l a t e d  i n t e r f a c i a l  t ens ions  f o r  Fe vs. molten N a ,  K and C s .  
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TABLE 11 

Sys  tern 
S o l i d  metal-  
L i q u i d  metal 

Fe-Li 

Cu-Li 

Cu-Bi 

Zn-Hg 

Zn-Ga 

Fe-Na 

P Fe -K 
I-J 
CJl Fe-Cs 

T e up e ra t u  re 

2000 

2000 

350 

25 

30 

100 

100 

60 

S u r f a c e  Tens ion  
S o l i d  L i q u i d  
Meta l  Meta l  

1800* 400 

2000* 400 

2000 373 

940** 485 

9 40 7 35 

1800 205 

1800 97 

1800 6 8  

I n t e r f a c i a l  f r e e  ene rgy  
C a l c u l a t e d  Exper imen ta l  

500 

600 

450 

70 

14 

850 

1150 

1200 

730 

1010 

160 

54 

42 

( s e e  n o t e  d )  
U 

n 

Ref e r e n c e s  
Exper imen ta l  L i q u i d  F r a c t u r e  
Method f o r  S u r f a c e  Data 
Frae t n r e  s t udy  Tens i  on 

18 ,19  

18 ,19  

20 

21 

22 

23 

18 ,19  

24 

Methods f o r  f r a c t u r e  s t u d i e s :  

( a )  F r a c t u r e  stress a s  f u n c t i o n  of g r a i n  s i z e  

( b )  Duc t i l e - b r i t  t l e  t r a n s i t i o n  t empera tu re  

( c )  F r a c t u r e  e n e r g y ,  Obrienov-Gilman t echn ique  ( S t r e s s  c o r r o s i o n  c r a c k i n g  i s  a l s o  obse rved .  

( d )  S t r e s s - c o r r o s i o n  c r a c k i n g  of Fe by Na, K and C s  i s  n o t  obse rved  

S e e  Ref .  26). 
(15 ) .  

* S u r f a c e  f r e e  ene rgy  of s o l i d  Fe and Cu from h i g h  t e m p e r a t u r e  c r e e p  d a t a ,  e x t r a p o l a t e d  
t o  t e m p e r a t u r e  i n d i c a t e d .  

** E s t i m a t e d  v a l u e  of r, for a h igh- index  p l a n e ,  from e x t r a p o l a t e d  l i q u i d  s u r f a c e  t e n s i o n  p l u s  
a s m a l l  i n c r e m e n t  f o r  s o l i d i f i c a t i o n .  

15  

1 5  

15  

25,26 

27 

1 5  

15  

15  
. .. 



( 2 )  Discuss ion  of stress co r ros ion  cracking.  

The q u a l i t a t i v e  agreement between va lues  of Y s l  c a l c u l a t e d  
p---- 

by equat ion  3 and t h e  experimental  va lues  i s  q u i t e  no tab le .  

The behavior  of t he  s e r i e s  of a l k a l i  metals  on i r o n  i s  now 

exp la inab le ,  a s  due t o  t h e  f a c t  t h a t  l i t h i u m  has  a high  enough 

cohes ive  energy d e n s i t y  (and hence s u r f a c e  t ens ion )  t h a t  t he  

l i q u i d - s o l i d  i n t e r f a c i a l  t e n s i o n  vs. iron i s  r e l a t i v e l y  low. 

Hence the  energy r e q u i r e d  t o  form a c rack  i s  r e l a t i v e l y  small. 

But  N a ,  K and C s  have much lower l i q u i d  s u r f a c e  t ens ions  than  

does L i ;  hence t h e  p r e d i c t e d  Y s i  i s  h ighe r  than  t h a t  of t he  

Li-Fe i n t e r f a c e ,  and the  energy of c rack  formation i s  a l s o  

h igher .  Apparently t h e  c r i t i c a l  i n t e r f a c i a l  t ens ion  f o r  stress 
c o r r o s i o n  c rack ing  of i r o n  i s  between 500 and 850 ergs/cm 2 . 

The c a l c u l a t e d  value of Ysl cannot  be used a lone ,  f o r  the  
p r e d i c t i o n  o f  stress c o r r o s i o n  c racking  ( i n  p a r t i c u l a r ,  i t  

cannot  as y e t  be s o  used f o r  a l l o y s )  because t h e  deformation 

behavior  of t he  s o l i d  metal  must be taken  i n t o  account ,  and 

a l s o  the  occurrence  of i n t e r m e t a l l i c  compounds. But a t  t h i s  

s t a g e ,  i t  i s  ev iden t  t h a t  t he  theory  p resen ted  above y i e l d s  a 

q u a l i t a t i v e  exp lana t ion  of t h e  s u r f a c e  energy a s p e c t  of s t ress  

c o r r o s i o n  c racking;  and it  g ives  a good exp lana t ion  of t h e  t r e n d  

i n  s t ress  c o r r o s i o n  c rack ing  i n  a s e r i e s  such as t h e  a l k a l i  

metals on s t e e l .  

having s u r f a c e  t e n s i o n  lower than  t h a t  of a g iven  s o l i d  meta l ,  

t he  e m b r i t t l i n g  power of t he  l i q u i d  metal w i l l  i n c r e a s e  with 

i n c r e a s i n g  s u r f a c e  tens ion .  

Thus f o r  a g iven  se r ies  o f  l i q u i d  meta ls ,  a l l  

(3) Grain  boundary grooving and pene t r a t ion .  
\- 

When a metal s u r f a c e  which i s  i n t e r s e c t e d  by a g r a i n  

boundary is  hea ted  a t  a temperature  wi th in  a few hundred degrees  

of t h e  mel t ing  p o i n t ,  s u r f a c e  d i f f u s i o n  ( o r  some o the r  t r a n s p o r t  

mechanism) enables  t h e  s u r f a c e  t o  a t t a i n  i t s  equ i l ib r ium shape. 
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The contour  then e x h i b i t s  a groove a t  the  g r a i n  boundary, shorn 

schemat ica l ly  i n  F igure  2+. (Thermal grooving i s  reviewed 
e x t e n s i v e l y  by Gjos t e in  and by o t h e r s ,  i n  Ref. 2 8 ) .  

VAPOR OF METAL - 
GRAIN 
BOUNDARY 

FIG. 2 
The a n g l e  a is determined by the equ i l ib r ium o f  the t h r e e  

s u r f a c e  t e n s i o n s ,  i n d i c a t e d  i n  f i g .  2 ,  and by Smith ' s  
e qua t  i on (29)  

o r  

When a s imi l a r  metal su r face  exposed t o  a l i q u i d  metal  is 

hea ted ,  a s i m i l a r  grooving phenomenon may ochur ,  except  t h a t  

the  groove angle  i s  i n  genera l  more acu te ,  and may be  zero. 

( I n  p r a c t i c e ,  t he  grooves may be somewhat obscured by s u r f a c e  

f a c e t i n g  e f f e c t s ,  which are  ignored h e r e ) ,  See f i g u r e s  3 and 4. 

* The f i n e - s t r u c t u r e  of a thermal groove, which may inc lude  a s l i g h t  

hump on one a i d e ,  i s  ignored  i n  F igu res  2 and 3, See r e f .  28. 



GRAINJ 
B O U N D A R Y  

GRAIN' 
B O U N D A R Y  

FIG. 3 

FIG. 4 

+ 
In the  case  i l l u s t r a t e d  i n  f i g .  3, Irssl + < 2 \rsL1 

and CL > 0; the  groove angle  is  atable. In the case  i l l u s t r a t e d  

i n  f i g .  4, , and t h e  groove angle  is  zero. 
Hence no s t a b l e  l o c a t i o n  f o r  t he  t r i p l e - i n t e r f a c e - l i n e  e x i s t s ,  

and the  l i q u i d  p e n e t r a t e s  t he  g r a i n  boundary wi thout  l i m i t ,  

des t roying  the  adhesion between the  g ra ina .  

as i f  the  g r a i n  boundary t ens ion  had "pul led"  the  two l i q u i d -  

s o l i d  i n t e r f a c e s  "down" i n  between the  two g ra ins .  The a c t u a l  

mechanism of the  g r a i n  boundary pene t r a t ion ,  of course,  i e  t he  

t r a n s p o r t  of s o l i d  metal from the  reg ion  o f  the  g r a i n  boundary 

t o  some o t h e r  p a r t  of t he  system, e.g., i n t o  e o l u t i o n ,  o r  i f  

the  l i q u i d  i s  s a t u r a t e d ,  r edepos i t i on  on some o t h e r  c r y s t a l  

faces .  

17~~1 > 2 1 7 ~ ~ 1  

The behavior  i s  

118 



The two types  of behavior  j u s t  i n d i c a t e d  i n  f i g s .  3 and 4 

are  a c t u a l l y  observed i n  t h e  Cu-Pb and Cu-Bi  systems r e s p e c t i v e l y .  

A t  900°,  molten l e a d  does no t  e m b r i t t l e  copper ,  -- 
bismuth (even bismuth s a t u r a t e d  wi th  copper)  r a p i d l y  d e s t r o y s  - 
t h e  mechanical s t r e n g t h  o f  copper. F igu res  5a and b a re  drawn 

y- -  from photomicrographs of  C. S. Smith ( 2 9 )  showing that f o r  

Cu + Pb, a e t a b l e  groove ang le  is formed, about  60°;  b u t  f o r  

b u t  molten 
-4 c 

<:-- --. L.__. 

rPb rei I 1 , 

c u  

a b 
FIG. 5 

CU + B i ,  t h e  groove ang le  i s  ze ro ,  and g r a i n  boundary c o r r o s i o n  

occurs  

The behavior  o f  theae  two systems can  be  exp la ined  

q u a n t i t a t i v e l y  by means of equa t ions  6 t o  8 and equa t ion  11. 

Table I11 ehoae t h e  comparison of t heo ry  wi th  experiment. 
2 (30).  g r a i n  boundary t e n s i o n  is  taken  to be 550 e r g s / c s  

The 
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TABLE I11 

G R A I N  BOUNDARY CORROSION OF Cu BY Pb AND BY B i  

.. 

System Temper- Dihedral S o l u b i l i t y  Ext ra  o- 

2 ature,OC Angle of Cu, mole $* l a t e d y  Calcul .  Exper. 
e rgs /c r2  ergs/cm2 ergs/cm2 ergs/cm 

Cu-Pb 9000 60° 21 1740 550 2 90 305 

CU-Bi  9000 0 74 1740 550 100 275 

For  t h e  Cu-Pb system, the  agreement i s  wel l  w i t h i n  t h e  

experimental  e r r o r .  F o r  Cu v8. B i  t h e  d ihedra l  angle  d a t a  l e a d  

t o  t h e  conclusion t h a t  Ysz i s  l e s e  than 275, b u t  g ive  no  f u r t h e r  

information;  t h e  c a l c u l a t e d T s 2 0 f  100 i s  i n  f u l l  agreement wi th  

t h i s  experimental  r e s u l t .  

(4)  Discuss ion  and s p e c u l a t i o n s  regarding l i q u i d  metal corrosion.  

F o r  systems auch as a l k a l i  metals on r e f r a c t o r y  meta ls ,  it 
i s  reasonable  t o  expec t  t h a t  equat ion  3, t o g e t h e r  with equat ion  

11, should l e a d  t o  a gosd accuracy of p r e d i c t i o n  of mode of 

g r a i n  boundary a t t a c k .  (Since s o l u b i l i t y  is  very small, t h e r e  

i s  no need t o  employ equat ion  8).  The theory  i s  i n  accord with 

the  observed l ack  of g r a i n  boundary p e n e t r a t i o n  of t h e  pgre re- 

f r a c t o r y  metals  by t h e  a l k a l i  metals.  

grooving should decrease  with i n c r e a s i n g  atomic weight of t h e  

a1 k a l  i me  ta l .  

The depth of g r a i n  boundary 

The theory  a s  presented  a p p l i e s  only t o  two-component 

systems. The e f f e c t  of a t h i r d  component, such a s  oxygen, on 

g r a i n  boundary a t t a c k  would depend on the  adsorpt ion.  

d i s c u s s i o n  i s  n o t  concerned with t h e  r a t e  and mechanism of 

d i s s o l u t i o n  of  t h e  s o l i d  metal ,  which may involve oxygen com- 

p lexes ,  n o r  wi th  t h e  e f f e c t  of t h i r d  components on the  equi l ibr ium 

s o l u b i l i t y  of t h e  s o l i d  metal. I t  is  recognized of coursb t h a t  

such ra te ,  mechanism and s o l u b i l i t y  e f f e c t s  may very o f t e n  be 

t h e  dominant i n f l u e n c e s  i n  t h e  c o r r o s i o n  behavior) .  

-~”..------- 

(This 

~ ~ ~ 

i t  S o l u b i l i t y  d a t a  from r e f e r e n c e s  31, 32, 33. 
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There are  t h r e e  l o c i  where t h e  adso rp t ion  of oxygen ( o r  

n i t r o g e n ,  carbon o r  hydrogen) may in f luence  co r ros ion  behavior. 

These a re :  the  l iqu id-vapor  i n t e r f a c e ,  t h e  l iqu id-so l id-vapor  

i n t e r f a c i a l  l i n e ,  and the  l i q u i d - s o l i d  i n t e r f a c e .  Oxygen i s  

known t o  lower t h e  s u r f a c e  t e n s i o n  of l i q u i d  a l k a l i  meta ls  (34). 

By t h e  Gibbs equat ion ,  we know t h a t  t h i s  means adso rp t ion  of 

oxygen. (Much l e s s  i s  known about  the  s u r f a c e  behavior  of C ,  

N and H i n  l i q u i d  a l k a l i  meta ls ) .  The adso rp t ion  of oxygen 

a t  t h e  l iqu id-vapor  s u r f a c e  means a concen t r a t ion  of oxygen 
a t  the  l i qu id -vaporyso l id  i n t e r f a c i a l  l i n e .  

c o r r o s i o n  a t  t h a t  l i n e ,  over  t he  co r ros ion  underneath the  l i q u i d  

s u r f a c e ,  i s  t o  be expected,  

Hence enhanced 
I--.-”----‘- - -_.- - - ---pa_ ------- - - 

1 --- 
--- I - - _- -.-- 

The adso rp t ion  of oxygen ( o r  N, H o r  C )  a t  the  l i q u i d -  

s o l i d  i n t e r f a c e  i s  a t  p r e s e n t  a completely unexplored f i e l d .  

I t  must be emphasized t h a t  t he  adso rp t ion  a t  t h e  l iquid-= 

i n t e r f a c e  does n o t  l ead  t o  any p r e d i c t i o n  of a d s o r p t i o n  a t  t he  

l i q u i d - s o l i d  metal in te r face* .  On t h e  b a s i s  of chemical a f f i n i t i e s ,  

no ve ry  g r e a t  adso rp t ion  ( e i t h e r  p o s i t i v e  o r  nega t ive )  would 

be p red ic t ed .  I n  t h e  very  d i f f e r e n t  case of an a l k a l i  metal  on 

a metal  ox ide ,  o r  on g l a s s ,  chemical cons ide ra t ions  l e a d  t o  the 

c o n f i d e n t  p r e d i c t i o n  of s t r o n g  oxygen (or m e  t a l  ox ide)  adsorp t ion .  
The w e t t i n g  behavior  of l i q u i d  potassium on s t a i n l e s s  s t e e l  o r  

g l a s s  i s  i n  accord  wi th  these  p red ic t ion .  

* See a l s o  r e f .  3 5 ,  on t h e  mod i f i ca t ion  of t he  Gibbs equat ion  t h a t  

must be  used f o r  a 3-component system. 
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F i n a l l y ,  i t  must be poin ted  out  t h a t  cau t ion  must be used 

in applying th is  theory t o  t h e  c o r r o s i o n  o f  a l l o y s .  
i z a t i o n s  can be made, as  y e t ,  bu t  i t  is  ev iden t  t h a t  marked 

d i f f e r e n c e s  i n  the  s o l u b i l i t y  of t he  components of an a l l o y  i n  

a corroding l i q u i d  metal could overwhelm i n t e r f a c e  and g r a i n  

boundary energy e f f e c t s .  . C f r  Harr i son  and Wagner, r e f .  36. 

Besides ,  the  presence of p r e c i p i t a t e s  a t  g r a i n  boundaries may 

s o  d r a s t i c a l l y  modify g r a i n  boundary ene rg ie s  as t o  render  

p r e d i c t i o n s  o f  the  type descr ibed  above q u i t e  d i f f i c u l t .  

No genera l -  

Acknowledgement. P a r t  of t h i s  w o r k  w a s  supported by the AEC, under 

c on t r ac  t AT ( 04 - 3)  - 297. 
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11. COMPATIBILITY TESTS WITH ALKALI METALS 

David Gurinsky, Chairman 
Brookhaven National Laboratory 

Upton (L. I. ), New York 

The t ime allotted for this session permitted only 
a limited discussion of current  compatibility tes t  
resul ts ,  under the headings of (1) tes t  type (i. e., 
capsule o r  loop) and (2)  fluid. However, detailed 
-stionnaires (designed by C. A. Barret t ,  NASA 
Lewis) complgted by those participating in  this 
session a r e  presented herein. The purpose of 
the questionhi-re completeness 
and uniformity in reporting of corrosion tes t  in- 
formation. 





MSA RESEARCH CORPORATION 
C a l le  r y  , Pennsylvania  

Liquid Meta l  C o r r o s i o n  Capsule Questionnaire 

1. I- 'uq+cJse 01 l e s t  and  S p o n s o r  - E v a l u a t e  ~ ~ e c I ! a n i s r ~ i s  0 1  a t t a c k  
o i  s t r u c t u r a l  weta l s  b y  l i q u i d  and v a p o r  c e s i u m ,  A F  
(ASD) s l .or ,soreu.  

2 .  l . ' luiu - cesiuiri.  

3 .  'i'ype - ~ 1 1  l i q u i d  t o  d a t e .  D i s s i e : i l a r  K e t a l  and " s o l u b i l i t y "  

4 .  A l l o y s  - Cb-1 Zr r e c r y s t a l l i z e d  r o d  

c a p s u l e s ,  F u t u r e  t e s t s  t o  i n c l u d e  t > o i l i n g - r e f l u x  c a p s u l e s .  

! . i0-1/2 T i  r e c r y s t a l l i z e d  r o d  
i-;aynes-25 a n n e a l e d  t u b i n g  

A f t e r  m a c h i n i n g ,  c a s s u l e  coniponeiits a r e  l i g h t l y  a b r a i d e d  
a n d  d e e r e a s e d  w i t h  a c e t o n e .  

5 .  ' I 'est  Spec imens  - D i s s i m i l a r  fijetal c o u p l e s  t h a t  ] lave been s tuc i i ed  
t o  d a t e  a r e :  

Kaynes-25  v s  Cb-1 Zr ( t a b )  

I>io-1/2 T i  v s  Zr ( t a b )  

Cb-1 Zr v s  Yo-1/2 T i  ( t a b )  

S o l u b i l i t y  c a p s u l e s  o f  t i aynes -25 ,  ? : 0 - 1 / 2  T i  arid C b - 1  Zr h a v e  
been f a b r i c a t e d  w i t h  an i n v e r t e d  sampling c r u c i b l e  o f  e i t h e r  
h i g h  p u r i t y  alui;iir?a c r  r e f r a c t o r y  alloy. 
a r e  i n v e r t e d  a t  t e m p e r a t u r e .  

l o n g .  A p p r o x i n a t e l y  1 0  grams o f  cesiurr; c o v e r i n g  t ahs  t h a t  
a r e  -1 i n .  x 1 / 2  i n .  x 1 / 8  i n .  t h i c k .  S o l u b i l i t y  c a p s u l e s  
i n c l u d e  an i n v e r t e d  c r u c i b l e .  

S o l u b i l i t y  c a p s u l e s  

6 .  1)iIneiisions o f  Capsu le  - 3 / 4  i n .  O.D. x 1 / 2 - 5 / 8  i n .  I.D. x 4 i n .  

7 .  C o n t r o l l e d  V a r i a b l e s  S t u d i e d  - T i n e ,  oxygen and  ca rLon  c o n t e n t  of 
cesiun!. 

8 .  P u r i t y  of  A l k a l i  !.%tal - The c e s i u m  was h o t - t r a p p e d  w i t h  z i r c o n i u n  
t u r n i n s s  a t  1400°F f o r  a t  l e a s t  1 5  h o u r s .  X e g a t i v e  oxyc,er! 
v a l u e s  were o b t a i n e d  by t h e  anicilgalilation and  b u t y l  broir;ide 
t e c h n i q u e s .  A niociified a m a l g a m a t i c n  method r e s u l t e d  i n  h i g h e r  
oxygen l e v e l s .  E v a l u a t i o n  of f r e e z i n g  poin ' t  d e p r e s s i o n  o f  
ces iun i  by oxygen has  i n d i c a t e d  a r e l i a b l e  and ; j recise  methoti 
f o r  oxygen i n  ce s iun i .  

C a r t o n  i s  ana lyzed  by d i s s o l u t i o n  i n  i i a t e r ,  n c i d i . f i c ; l t i o n ,  
b o i 1 j . n ~  t o  ciryncss ttlici ci1-y o x i d a t i c n  o f  t h e  s a l t  w i t j l  0 2  
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a t  r v 1 4 ~ o o r .  T h e  C O 2  produced  i s  analyzccl  by i n f r a - r e d .  

5 .  :i,ethod 01 Loading  a m  S e a l i n g  C a p s u l e s  - C a p s u l e s  a r e  charged 
w i t h  cesiupi  i n  a r g o n  f i l l e d  vacuum d r y - b o x ,  and a r e  TI(;-welded 
S i l U t  . 

l(1. l e s t  l :nvironitient - haynes -25  c a p s u l e s  a r e  h e a t e d  i n  a i r ,  r e f r a c t o r y  
c a p s u l e s  i n  vacuo (< 1 0 - 4  nirn I ig ) .  Get ter  t u r n i n g s  and 
I ‘o i l  a r e  i n c l u d e d  i n  t h e  f u r n a c e  h o t  - zone .  

11. F l u i d  Flow Rate - , de t l i : ; i b l e  - b o t h  t i r e  d iss imilar  ixe t a l  ana  

1 2 .  I:loiv S t a b i l i t y  - I:ot a p p l i c a b l e .  

13.  h e t h o d  o f  I ieat ink,  and C o n t r o l  - ’ w n u a l l y  c o n t r o l l e d  c o n t i n u o u s  

s o l u L i l i t y  c a p s u l e s  hbve tieen maintai i iecl  i s o t i i e r n a l  ( + 2 ” ~ )  . - 

b l e c t r i c a l  kower i i i ; \ut  t o  5 i C  elerr ,ent f u r n a c e  w i t h  o v e r i l i g h t  
v a r i a t i c n  l e s s  ti‘ai-1 + l c I o i . .  T e m p e r a t u r e s  a r e  nleasurccl k i t h  
~ k h ,  1<-3 poten t iome-cer  . 

1 4 .  I r i s t r i ln len t .a t ion  - Ca;jsule ex j  o s u r e s  a r e  r e l a t i v e l y  u n i n s t r u F e n t e u .  
Argon c o v e r  bas  a n a l y s i s  ( f o r  u ry -box)  i n c l u d e s  Piiiloxo 
i n d i c a t e r  f o r  oxybcn ( s e r , s i v i t ) .  = G .5  pi i n )  . 

1 5 .  F o s t - l e s t  I’rocecture - S e c t i o n i n ; ;  of  c a i ; s u l e s  i n  a d r y - b o x  u n d e r  
a r g o n .  

1 0 .  I”!ct;,ou of  k a s u r i n g  C o r r o s i o n  - l n c l u u e s  n e t a l l o g r a y h y ,  x - r a y  
u i E f r a c t i u n ,  v:ei;;r;t c h a n g c ,  L:. r,. m i c r o p r o l e  analysis, 
c , i c r o l i a r d n e s s ,  a m l y s i s  of rei-ractory c o h p o n e n t s  f o r  oxygen ,  
ca rLon  a m  n i t r o g e n .  

1 7 .  l < e y r o u u c i i > i l i t y  - Too F‘ew c a i , s u l c s  a r e  r u n  u n d e r  i c r e n t i c a l  c o n -  
d i t i o n s  t o  p e i - n i t  ar ~ ( ~ c r i i : ’ :  ( ‘ e s c r i ; , t i o n  of  r e i  r o 6 u c i b i l i t y .  

1 8 .  iwr;,I;er ol’ I ) rcc5ct ture  F * s i l u r e s  ciue io Lrctibes O t h e r  tliaii C o r r o s i o n  - 
k a r l y  i n  t h e  yro;I?rano, Lour c:i;,sules f a i l u r e s  r e s u l t i n g  I’rom 
c r a c L e o  welhs - 3 C b - 1  Zr ;?TIL 1 ~i -1/2 T i  c a p s u l e .  Ttjo 
:b-1 Zr s o l u b i l i t y  c a p s u l e s  have  i , l a s t i c a l l y  f a i l e d  i n  t h e  
r e g i o n  01 t i le  satip in;  c r u c i b l e .  

19.  ~ a r : > o \ ~ c r  - Leve l  o f  e l j o r t  - 1 - 1 / 2  t e c h c i c a l  nien + 1 t e c h n i c i a i i .  

212. Luil,i,.ary G P  k e s u l t s  - 
Dissii::ilar i. e t a 1  Tests - Tiic t r n r i s f e r  of oxygen ,  ca rLon  and 
n i t r o g e r :  bctween t v o  c~i i , i .o i re i - ts  o f  :i d i s s i m i l a r  1,ietz.l 
c a p s u l e  i s  b e i n &  e v a l u a t e t i  as a i u n c t i o n  o f  t i p i e .  C o n s i d e r -  
a b l e  isot l ierr . ia1 riass t r a n s f e r  i i l  a l l  cou t , l e s  has t e e n  i n u i -  
c a t e o  by r . ; icroprot \c  a n a l y s i s .  
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1 

A 

S o l u b i l i t y  Tests - t deccssa ry  v a r i a t i o r : s  i n  t e c h n i q u e  'nave 
n o t  s e m i  t t e d  quarit  i t a t i v  e s o  lul? i 1 it  y r e  l a t  i o n s h i p s  t o he 
c i e r ived  a t  t h i s  w r i t i n g .  Lo\- s o i u L i l i t y  v a l u e s  ( -  1 0  p p ~ :  
a t  2500"I ' )  anti p o s s i b l e  i n t e r a c t i o n  o f  "catcll" c r u c i b l e  
w i t 1 1  t h e  c h a r g e  h a v e  Deer, r e s ; :o r i s ib l e  f o r  t h e  v a r i a t i o n s .  
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ROCKETDYNE 
DIVISION O F  NORTH AMERICAN AVIATION, INC. 

1 
1 
1 

Liquid- Me tal C o r r o s i o n  Capsule  Que s t ionnai r  e 

2200 
2200 

2100 

1. Purpose of Test and Sponsor: 

define and develop a b e t t e r  underst.anding of t h e  modes of a t tack of various 

s t ruc tu ra l  metals by as-received cesium under both s t a t i c  and ref luxing 

conditions. This program vas spocsored by the AemnmticXL Systems Division 

under USAF Contract No. Al? 33(616)-8U5. 

The purpose of this invest igat ion was t o  

2, Fluid: Cesium (as-received) 

3. Type: Two-phase s ta t ic  and. refliming capsule tests. 

4. Alloys or  Materials: The metals ?investigated were Inconel-X, 310 stainless 

steel, zirconium, hafEium, columbium, colmbium + 1 percent zirconiw-, 

molybdenum, tanl;alm, and tungsten. 

Inconel-X was purchased in the hot-rolled cordit ion,  310 st2idess steel  

i n  the amiealec! condition, and the remaining metals i n  the recrys ta l l ized  

condition. The recrys ta l l iza t ion  hsat trsa5ments a re  given in Table I. 

T A X 8  I 

RECRYSTALJZUTIOX i1ET TFLEATJ’9TS 
FOR CApSJ,, l.a’TER>’J,S-2 

I_ 

Ne t fi 

Zirconium 
IIafnium 
C o lmbium 
c O ~ ~ ~ ~ - i u m - J .  psrc en t Zirconium 
PIolybdenum 
Tantalm 
Tungsten 

Perfanned by s q p l i e r s ,  
--.- --I_ 

?e 

l-l/Ll 

1 
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4- (cont * )  

am3 the zirconim,  molybdenum, and tungsten were vacuurrt-arc cast. The 

columbium-l percent zirconium a l loy  was vacuun-tLTc cast s t a t i n g  wtth 

electron-Seam melted columbium. A l l  capsule mater ia ls  were purchased as  

1/2- and 1-inch dimeter bars. 

The bfnium, colurnbinm, and tantdl:un vere elsctrm-bean melted, 

Metal 

Inc onel-X 
Zirconium 
310 Sta in less  Steel 
!!Lfnium 
Columbium 
Colum5ium-1$ Zircoilium 
T a t  &Lu~I 
MokJbdenum 
Tungs ten 

Conventiond methods were used in machining tk capsules of all materials 

except tungsten. The tungsten capsules were produced by the EJox method. 

u__ 

S t a t i c  Capsules Boiline-F,cf luxing Capsules 
Time, I Temperature, 
hoixs  F I?OllTS F 
1 -1/3 
1-1,/3 -T- 1490 lb90 

Tine, ; Temperature, 
-.__.- 

1 1975 - 1700 
1 1?75 - 1700 
1 2150 1 2200 
1 2150 1 2200 
1 2150 1 2200 
1 :  2150 1 2200 

I 1 2200 1 2150 

After machining, the capsules were cleaned, first with acetone and then 

i i i t h  alcoholo 

The Inconel-X capsules were given the following heat treatment i n  argon: 

2100 F f o r  4 hours follotred by a flowing argon quench to  room temperatwe, 

plus 1550 F f o r  24 hours, followed by a flowing argon quench t o  room tem- 

perature, plus  1300 F f o r  20 h m s ,  followed by furnace cooling i n  argon. 

411 capsules were degassed by heat t rea t ing  i n  a vacuum of 10-5 t o r r  o r  

less f o r  the  times and temperatures given i n  Table 11. 
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4. (cont.) 

essenti-g the same times and tmpera turss  as hsd. been used f o r  the recrjjs- 

trr3lizntion heat treatqen+,s. 

served to  e l - w a t c :  the s i r f ace  cold work prochced by machilting. 

process used on tungsten does not produce cold work, 

A s  can be seen, the degass-ing heat treatments were car r ied  out a t  

Thus, the degassing heat treatments a l so  

The Efox 

5. Test Ssecinens: The contaj_ners Irere the t e s t  specimens. 

6. Dimensions and Sketch of Capomla: 

2 inches long with an outside d i a m t e r  of 1 /2  inch and. a,?,? ins ide  dianeter 

of 1/4 inch, 

loxg v t t h  an ins ide  d i m e t e r  of 1 inch and an  ins ide  &axneter of 1/2 inch. 

The capsules were closed a t  one end by welding i n  a cap, in which a 0.030- 

inch hole had been ctrilled a t  a 30-dagree angle. 

The capsules f o r  the s t a t i c  t e s t s  were 

The capsules f o r  the boiling-refluxing t e s t s  were 6 inckr!s 

A sketch of the capsules f o r  all. matsria3.s othes than tungsten i s  shown i n  

Figure 1. 

machined i n t o  the caps. 

The only difference f o r  tungsten was that the l i p  was not 

7. Controlled Variables Studiedr Time, temperz.f!?.re, var ia t ion  between s t a t i c  

and refluxing conditions, and fluid phase environment (i.e., pure vapor, 

p r e  melt, o r  the two Fhase exposure) were  the controlled variables. 

s t a t i c  t e s t s  were €or 1000 huurs at 1600 F. 

conditions were 1800 9 f o r  loo0 hours and 2500 F f o r  1000 hours i f  possible. 

The 2500 F tests were discontinued a f t e r  %-1/2 hours when the next t o  the  

last of the  molybdenum capsules corroded thrxgh.  

The 

The refluxing t e s t s  ta rge t  
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9. Purity of Alka l i  Ketal: The pu r i ty  spec i f i ca t ions  t o  which the cesium was 

bought are given i n  Table I11 along with the analyses. No pur i f i ca t ion  

method was used a s  the  purpose of t h e  tes t  was t o  study corrosion modes 

with as-yeceived cesium. 

two l a b o r a t o r i e s  by the  mercury analgamation method. 

t h i s  method of orygen ana lys i s  a r e  of  r e l a t i v e  value only and probably do 

not. represent. the  ac tua l  oxygen cont.ent. Refractory metal determinations 

i n  cesium were made on converted ch lor ide  o r  s u l f a t e  o f  t he  cesium 

u t i l i z i n g  co lor imet r ic  and emission spec: trographic methods. 

The oxygen content was analyzed independently by 

The da ta  obt\ai.ined by 

Spec i f ica t ion  
14ajhm Content, ppm 

Li th ium 

sodim 

Pot as sium 

Rubidiim 

W w n  

CdLcium 

S i l i c a  

I ron  

Aluminm, 

Analysis, 
PPm 

I 1 9 2  I 500 
2 000 

500 

39 

69 

626 
94% 

50 

10 

10 
I I 

“A11 oxygen considered presee t  as CszO. PIa,ss spec t rone ter  test,s 
proved o ther  oxides are ac t i ia l ly  present. However, t he  value 
can be nsed fcr comparison pxrposes. The reported result i s  the 
avera,oe of th ree  tests carTied out independently i n  two labora-  
t o r i e s .  

x7y?Jot determined. 
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cu 
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10. 

11. 

Xethod of Loading & Sealing Capsules: 

capsule bodies (see Fis. 1). 

The caps were T I G  welded i n t o  the 

In  a pur i f ied  argon f i l l e d  & m e  box, cesiim was loaded i n t o  the capsules 

through the 0.030-inch holes, using a p las t ic  syringe f i t t e d  with a 

stainless steel  c a p i l l a q .  

The f i l l  holes of the static capsules were closed in the glove box by TIG 

welding. 

The f i l l  holes of the  refluxing capsules were closed by electron-beam 

welding. 

capsule was placed i n  an a i r t i g h t  f i t t i n g  so t h a t  pur i f ied  argon was main- 

tained over the cesiur;?. during transfer. 

the electrox-Sea2 welder. 

For t ransfer  from the glove box t o  the electron-Seam welder, each 

This f i t t i n g  was then opened in 

Test Environment: 

va.cuum a t  press i res  of 3 x 10-6 t o r r  o r  lovero 

Both the  s t a t i c  and refluxing capsule t e s t s  were rcn i n  

Pressures were determined by ionizat ion gages (Consolidated Vacuum Cow. ). 

Fluid Flow Rate: 

dOminathg in the  reflux tests and calculat ions were made before running 

the reflwr-ing tests on vapor veloci ty  a t  pool surface (V,), veloci ty  of 

condensate returning t o  pool (V,) ard the seconds per inventory change ( t ) .  

For the 25'00 F t e s t s ,  these values were roughly as follotrs: 

Refluxing condi%ions were originally a s m e d  t o  be pre- 

vv 2500 = 0.6 ft/ssc 

Nean TJ, 2500 = 0.5 f t / sec  

t2500 = 6.5 seconds/inventorJ change 
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11. (cont.) The lowsr furnace se t t ing  and the higher l a t e n t  heat of  vaporiza- 

t ion f o r  cesium i n  the 1800 F t e s t s  r e m l t e d  i n  a calculated approximats 

Exanination of the capsule i n t e r i o r s  a f t e r  t e s t  and observations du r ing  

t e s t s  indicated tha t  splashin,n of l i qu id  cesiun predomi.nat,ed over refliur- 

i n g  conditions i n  the ac tua l  tes t s .  
!? 
N 
tF- 
W 
N 

12. Flow Stab i l i ty :  The flow was not v e r j  stable.  Constant monitoring of 

capsule base temperatures revealed sudden steady temperature r i s e s  occur- 

ring, followed by audible c l icks  and abrupt lowering of the capsule base 

temperature. The temperature r i s e  is  at;tri.buted t o  formation of a bubble 

between the capsule base and the molten pool. The noise is  a t t r ibu ted  t o  

the btlbble burstin:: after dislodging from the capsule base and risinz t o  

the top of the pool. 

quenching of the hot capsule base by the pool coming i n t o  contact with the 

capsule metal again. 

The abmpt 1otTw.h: of  the temperatme was due t o  

13. Method of Heating and Control: 

placed in an Inconel tube vacuun chamber which was heated with a clan-shell- 

type furnace. The furnace had a heating zone 18 inches long. 

were held i n  a s t a in l e s s  s t e e l  f ix ture  in three rows and all, capsules fit  

within the cent ra l  10 inches of the heating zone. A number of radiat ion 

shields were placed a t  each end of the rows of capsules. Chromel-&lime1 

thermocouples were used for capsule temperature read-out and control. 

temperature recorder indicated a temperature of 1600 F + 5 over the 1000 

hour r u n  a t  the center of the group of capsules. 

For the s t a t i c  t e s t s ,  the capsules were 

The capsules 

The 

- 
The tenperature gradient 
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13. (cont.) from one end of the  rows of capsules t o  the other  was not measured 

but i s  estimated t o  have been about 20 F. 

The ref luxing capsule t e s t s  were conducted in a furnace designed f o r  t h i s  

program. 

heating elements, each with molybdenum radia t ion  shields,  are arranged on 

a 12-1/2-inch reference c i rc le .  

series. 

Approximately the  191~3- 1 inch of each capsule i s  i n  the heating zone. 

capsule support i s  ve r t i cd l ly  adjustable over a totdL &stance of about 

1 inch. 

It i s  of the cold w a l l  tank type, Thirteen cy l indr ica l  tantalum 

The heating elements are connected in 

The capsules are supported i n  the heating elements on pedestals, 

The 

A cold-wall heat ba r r i e r  separates the lower (heating) portion of the 

fnniace tank from the upper (cooling) portion. 

i t s  0t.m water inlet ,  and out le t ,  i s  provided for  each capsule. 

A cooling cell ,  each with 

A *ant akm-sheathed platinum-6 percent rhodium/platLnum-30 percent rhodium 

thermocouple i s  brought up through each capsule support and f i t s  i n t o  a 

small cavi ty  d r i l l e d  i n  the  bottom of the capmle.  

percent rhenium control t.hermocouple extended i n  through the s i d e  of the  

furnace t o  witkin about 1/8 inch of one of the heat,ing elements. 

A tungsten/tungsten-26 

Although Lndividual capsule temperatures could be control led over 200 t o  

300 degree ranges by c h m e n g  the capsule posit ions within heating elements, 

it, was not possible t o  naintain dll of the  capsules a t  the same temperature, 

The temperature measured a t  the bottom of the capsules during the 1800 F 

refluxing run are shown in Table I V .  The temperature ranges indicated f o r  
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13. (cont . ) sone capsules rep-esent short-term texperature cycles 3el.icved 

&J.C t o  nonniicleate boi l ing of the cesium. 

of each capsule vas about 50 P c m l e r  tlrm %lie bottom. 

It i s  believed tha t  tks  top 

Prernatnre f a i l u r e s  dxri.ng the 2500 F refluxing m, which are discnssed 

below, make d i f f i c u l t  an estimation of temperature gradients <and s t a b i l i t y  

f o r  that  ,run. 

I 
Tungsten 

No. 2 

Tantalum 
No. II. 
No. 5 

IvIol ybdenum 
No. 6 
No* 5 
ITO. 2 

Colimbim 
No. 3 
No . 5 
No. 6 

C olumbium-l% Z i  r c o n i m  

NO* 3 
No. 4 
No. 1 

Tenperatwe, F 

18 20 
I820 

1825 t o  1762 
18W 
1728 

1635 t o  1650 
1630 t o  1700 
1750 t o  1820 

14. I n s t m e n t a t i o n r  The in s t rmen ta t ion  on the static tests included chroinel- 

alumel thermocouples, ion gages, and a cont ro l le r  recorder which coi1t~i-011 ed 

t o  + 5 F. Tempemture sensing devices &Lso served to  actuate l i q u i d  n i t rogen  - 
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(cont.) valves serving the cold traps.  T h e e  :kem-ocouples were inser ted  

along the furnace. 

The refluxing capsule tests u t i l i z e d  p la t inm-6  7ercent rhodim/platinum- 

30 percent rhodiw. thermocouples (see i t e n  18) f o r  recordinz temperawes  

and a t u n p  ten/tungs ten-rhenliun thermocouple f o r  controlling* the tempcrz- 

ture. Thermocouples in each capJule base were monitorec?. separately. 

ThSrt,een thennometers w e r e  used t o  n e w e  the temperabres of the water 

cov-ir.g from the cooling c o i l s  around each of the 13 capsvles and one upstream 

t h e m m e t e r  i rd i ca t ed  the o r i g i n a l  water temperature. 

c o o l i ~ g  c o i l  t ias ejected through kdividual  fountains i n t o  a basin in a 

nmner  t h a t  allowed measurement of t.he flow. Thus by neasu.ring the AT 
carid trater flow, t,he heat taken ou t  from the toi: Fort.ion of each capsule 

was indjvidual ly  monitored. 

The water fron each 

'qhe spec ia l  Rocketdyne ref lux capsule furnece u t i l i z e s  a. sa2xmble core 
reac tor  device fi- i t s  control l ing nechanlsr: t o  h x b r i z e  temperrrfcre 
excursions and ,"l.uctuationso 
are given below: 

The par t s  md d-cscription o f  the cont ro l le r  

(s> 'Inleclco Mod.el 8000-2517-XX. I!ZiC Potxntiome t e r  S t r i p  Chart 
Recorder-Controller; 17.1t cc'llibrat:ed scale;  dual range, a 
manual switch operated; #l Range: 0 t o  3000 F. 
f o r  platinum-platinum 13%. $2 F a z e :  25OO-li500 F. Cali- 
brated f o r  tungsten-ixnzsten 265 rhenim; measwing accvracy 
1/4 of 1% of sci?.le span, char t  speed 1, 2 a d  1~ inches per 
hour; Zener diode c o n s t a t  voltage stanciardizaticn; MIC 
current cont ro l le r  w i t h  three function control;  proportional 
band, automatic reset, and r a t e  action; 115 volt ,  60 cycle, 
one phase. 

(b) FirlelFty Saturable Core Reactor, Fodel FE6-7, k0 volt ,  one 
phase 60 cycle input,  396 vol t ,  one phase, 60 cycle output, 
LO KVA; current  l i m i t  device provided. 

(c)  Stepdom Transformer, 396 nlt, one FhllSe, 60 cycle, 30 KVA 

Calibrated 

O I l t Q Z t  . 
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1.5 . 

16. 

17. 

18. 

Post-Test Procechme: 

were qcenched. 

a las the ,  and the  capsules  were then opened wi th  a tube c u t t e r  and. t h e  

contents,  which up t o  this time had- been kept  cold, were warned up t o  

about 85 F and transferred by means of a hypodermic needle t o  g l a s s  v ia ls .  

The neck of each glass t r i a l ,  was a t tached  t o  a vacuum l i n e  in s ide  the  glove 

box and radiant heatir,E; was a p p x e d  around the  v i a l  neck u n t i l  c losure  

occurred. 

from the  glove box. The cap,ules were m e a s r e d  f o r  I.D. changes and then 

LongitudinaZly sect ioned and photographed. Sect ions from the vapor zone, 

nrelt zone ard i n t e r f a c e  zones were removed and prepared f o r  meta l lurg ica l  

examinations. 

the  I. D. 

analyses. 

After the  t es t  rum were c q l . e t e d ,  the capsules  

They were then photographed, a sec t ion  was thinned daw- on 

The sea l ed  glass viXLs and the  empty capsules were then removed 

A thin l a y e r  of alloy (0.CliO in . )  was machined a m y  from 

of o the r  s ec t ions  and these layers were subjected t o  chemical 

Nethod of Measuring Corrosion and I t a t e r i a l  Change: 

ing corrosion and ma te r i a l  change included metallographic exmination, 

microhardness surveys, chances i n  capsule specimen I.D., visual inspec t ion ,  

and chemical anaPJsis. The metallographic exanxination senTed as the m a i n  

d iagnos t ic  t o o l o  

The methods of measur- 

ReproducibiLity of Results: 

in the  similarity i n  photonicropaphs between duplica.te srnd t r i . p l i c a t e  

specirrms exposed. t o  near ly  i d e n t i c a l  conditions,  

The r ep roduc ib i l i t y  of re,mlts can be see3 

Number of Prerna%ure Fa i lv re s  Due t o  Causes Other than Corrosion: 

due t o  causes o ther  t . h a  corrosion did occur. All t he  Vac-Liun-erc c a s t  

F&lures 
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18. (cont.) tLungst.en "pres.sure vessf?] 'I cnpsules crarked throurh the welds as 
Q 

A 
capsvles cacsed considerahle trouble.  Tke pl.at;Fni~v co l l ec to r s  of the 

a t t w k e d  by the cesium vapor t o  the extent t h a 5  these  i o n  gages had l i fe -  

times of approximately two days. Thc r e f l u  teste a.roided t h i s  prob!.em by 

t rapping cesium vapcr, but  no o ther  vapcrs, pri.or t o  admission i n t o  the 

ion  gage. 

spu t t e r ing  and a rc ing  of t a n t a l m  hextinp c3enentLc with2n the furnace cavi ty  

in the  ref luxing t e s t s .  The arcing and sputter',ng r e su l t ed  i n  des tn i c t ion  

of these heat ing elements which caused shctclorm fo r  element replacenent o r  

The tenporary N g h  t r ans i en t  cesium pressures caused drastic 

r a r i r i n g  t o  al3.m f o r  omission of chm,-ec! elenente  in the  series heat ing 

circuit. 

19. Nanpower Involved: No s i g n i f i c m t  hardware design time. 

2/3 m a n  year f o r  Zngineer in preparat ion and operation. 

2 / 3  man year fo r  Tecllx-Lcian in preparat ion and operation. 

1/3 m a n  year f o r  &gineer i..r~ analyses 

1/3 man year  f o r  TechrLcian in analyses 

1/3 nan year f o r  Shop t b - e  
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20. Summary of ilesults t o  Date: All the r e s u l t s  indicated bdOKJ obviously 8 
apply only t o  the unpurified cesiiim used i n  t h i s  progrm. Thc follov5ng 

materials appear adequate f o r  s t ruc tura l  applications i n  sta,gnant cesium 

l i q u i d  o r  vapor at 1600 F. 

310 S ta in l e s s  S tee l  

Inconel-X 

Hafnium 

Columbium 

Colvmbiun-1 Percent Zirconium Alloy 

Hol ybdenuni 

Tantalum 

Tungsten 

Zirconium i s  not adequate f o r  stru.ctur&l. applications a t  1600 F because a 

phase change occurs n e w  t h a t  temperature. Almost no zirconium was found 

in the  cesium from these capsules. 

Columbiun, columbium-1 percent z 5-rconiw alloy, mol.ybdonvm, and tantalm 

do not  appe2r corrosion resistant t o  boiling, splashing, and ref luxing 

cesiuri a t  1800 F. Columbium-1 percent 

zircorium a l loy  suf fers  gra in  b m d a s y  attack, associated with preferential. 

leaching of zirconium from this a l l o y  at 1800 F. 

Molybdenum i s  t h e  least coqz t ib l e .  

Columbium-1 percent zirconium a l loy  was the best  mteriz.1 t e s t ed  i n  boi l ing ,  

splashing, and refluxing cesium at 2500 F, 

noticed in the 1800 F tests did not  appear a t  2500 F. 

The grain boundaq at tack 

Mo!@xlernm. dissolves 
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' 20. (coni.) r ap id ly  i n  bo i l ing  cesium at. 2500 F. The d i s so lu t ion  of molybdeiimi 

into cesium melt, under these conditions,  lezves the molybdemfi r 5 t h  a mirror 

smooth sur face  f i n i s h .  

Thess compat ib i l i ty  conclusions do not apply t o  stress corrosicn phenornexon 

which were not studied. 

Interstitidls e n t e r  i n t o  the  conpati'nj3.i lly problem. 

are decarburized by ces iun  of t h e  p:-i i ty used i n  these t e s t s .  

tent may be one o f  the  most, important var iab les 27 compatibi l i ty  stu.clies. 

Both 310 ana Inconel-% 

Oxygen con- 

The mode of corrosion included intergranlrl.ar attack and g e n e r a  d isso lu t ion .  

IJo p red ic t ion  can be made as t o  irhrich node would be operat ive as a. funct ion 

of chemical co,r.position of t he  material used. 

under d i f f e r e n t  exposure conclitl 1 ons. 

The mcde of a t t ack  can change 

6 

Fluxing of axides may cont r ibu te  t o  d i s s o l u  %iono 

zircor;i.vm alloy, with coherent p r e c i p i t a t e  p a r t i c l e s  of Z,rO, p r e f e r e n t i a l l y  

l o s e s  zirconLum t o  ces iu i .  

The colunibiun-1 percent  

A possible  r eac t ion  t o  explain this i s  

0,uygen c z r r y i n g  compounds, o the r  than Cs20, occur in molten cesium, hence 

all anaJyticsL methods, o the r  thar- vacumi fus ion ,  mass spectrometry, o r  

neutron ac t iva t ion ,  can give only relative results. 

Per t inent  photomicrographs and f igu res  a r e  shown below (Figs.  2 t o  4) 
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STATIC TEST CAPSULE REFLUXING TEST CAPSULE 

Figure 1. - Capsule design for materials other than  tungsten. 
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(a) 1800 F for 720 hours. 

(b) 2500 F for 5d hours. 

Figure 3. - Columbium-1% zirconium capsules exposed to boiling cesium melt. Note intergranular 
2 

nature of attack at 1800 F as compared to braod attack at 2500 F. 
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Figure 4. - Section through molybdenum reflux capsule exposed to boiling, splashing cesium at 2500 F 

for 542 hours. Effect may be due to Redox reaction involving a volatile molybdenum oxide or merely 
to hot cesium solution splashing against a cooler wall and precipitating dissolved molybdenum. 

1 
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GENERAL ELECTRIC COMPANY 
Evandale (Cincinnati) Ohio 

Space Power and Propulsion Section 

Liquid- Metal Corrosion Capsule Que stionnair e 

Purpose: To examine the corrosion resistance of Cb-lZr, AS-55, 
and D-43 (X-110) in refluxing potassium environments, 

Sponsor: NASA Contract NAS 3-2140, AS-55 Program. 

Fluid: Potassium. 

Type : Reflux capsule. 

Materials: Cb-1Zr: 1 hr at 2200°F, weld, 1 hr at 2200°F 
AS-55: 1 hr at 2800°F, weld, 1 hr at 2400°F 
D-43: 1 hr at 22000F, weld, 1 hr at 2400°F 

All 80-mil thick sheet pickled in 20% HF, 20% €IN0 , 
60% H20 and degreased in acetone and ethyl alcoho?. 
Heat treatments were conducted in vacuum environments, 
10-5 torr. 

Test Specimens: Monometallic capsules with tab inserts in the 
liquid and vapor regions. 

Capsule Dimensions: See Figure 1. 

Range of Variables: 0 Temperature - 2000°F to 2200 F; time - 245 
to 10,000 hrs. 

Potassium Purity: Oxygen - 22 to 760 ppm by zirconium gettering 
in an auxiliary Cb-1Zr capsule; 7 to 72 ppm by the 
amalgamation method. 

Loading and Sealhg: Refer to report GE62FPD365 for initial pro- 
cedures. The current procedure involves filling and 
sealing under a torr vacuum in an electron beam 
welding chamber (Figures 2 and 3 ) .  This is a modifica- 
tion of the procedure used at the NASA-Lewis Laboratory. 

-7 10. Test.Environment: Vacuum - 10 to torr at test conditions 
(Figure 4 ) .  

Fluid Refluxing Rate: 11. 0.5 lb/hr at 2000°F and 1.0 lb/hr at 
2200°F under stable conditions. 

12. Refluxing Stability: Some of the first capsules bumped, up to 5,000 
times in 1,000 hrs with 50°F temperature surges. More 
recently tested capsules appear stable at the test 
conditions, as indicated by the absence of temperature 
surges (limit of detection approximately 5OF). 
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13. Method of Heating and Control: Tantalum resistance heater with 
constant voltage control (Figures 1, 5, and 6). 
Thermocouples are used to record the temperature, and 
optical pyrometer measurements are used to correct 
for drift and to set the tantalum heater voltage. 
Theoretical estimates indicate that the temperature 
gradients must be small, less than 25 F. 0 

14. Instrumentation: Tantalum-clad, A1203-insulated, Pt vs. Pt + 13% 
Rh thermocouples attached to the outside of the capsule 
by tantalum straps. Using a similar MgO-insulated 
thermocouple at 2200°F led to a reaction with the AS-55 
and a capsule failure after 245 hrs of testing. 

15. Post-Test Procedure: Capsules are opened and drained under an 
inert gas cover and then cleaned with a hexane - ethyl 
alcohol solution. 

16. Methods of Measuring Corrosion: Weight change and bend testing 
of tab specimens; light and electron microscopy; 
hardness measurements; chemical analysis and stress 
rupture testing of sections from the capsule wall. 

17. Reproducibility of Results: Duplicate tests have not been con- 
ducted. However, results from somewhat similar tests 
indicate a generally consistent behavior with respect 
to weight change, hardness, chemistry, stress rupture 
properties, and the amount of general corrosion. The 
selective attack of some of the weld grain boundaries 
of one Cb-1Zr capsule does not appear reproducible, as 
will be described presently. 

18. Premature Failures: One capsule was discarded after it was acci- 
dentally overheated during start-up. Another capsule 
failued after 245 hrs at 2200 F as a result of a reaction 
with the thermocouple and penetration of the capsule 
wall. N o  weld, heater, or corrosion failures have 
occurred. 

0 

19. Manpower: Approximately one engineer and one technician with 
support for design, chemical analyses, and fabrication. 

20. Summary of Results: Detailed results are presented in GE62FPD365, 
an interim report which describes the work conducted 
under NASA Contract NAS 3-2140. 

In summary, 1000-hr exposures of Cb-1Zr and AS-55 
capsules to potassium at 2000°F resulted in a small 
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amount of general corrosion, as evidenced by solution- 
ing, stains visible at the liquid-vapor interface and 
other locations, a slight increase in hardness in the 
vapor region of the capsule, and small changes in the 
weights of specimens enclosed in the capsules. The 
selective attack of some, but not all, of the grain 
boundaries in weldments exposed to liquid is considered 
one of the more serious aspects of the observed corro- 
sion effects, since it is not understood and it can 
extend to a considerable depth (approximately 10 mils 
in Cb-lZr, Figures 7 ,  8 ,  and 9). Possibly, this non- 
reproducible attack is associated with vapor nucleation. 

Of major significance from the alloy strengthening 
standpoint is the fact that the carbides in AS-55 were 
apparently stable for long times in a 'high vacuum and 
in potassium environments at temperatures on the order 
of 2000°F to 2200'F. 
significant mass transfer of carbon, and metallographic 
examination showed no significant coalescence of the 
carbides. A s  additional evidence of the carbide 
stability, stress rupture tests, conducted at 2200 F on 
specimens which were machined from the wall of the AS-55 
capsule exposed for 1,000 hrs at 2000°F, showed that the 
elevated temperature strength was not appreciably 
affected by the exposure to potassium and high vacuum. 
Presumably, the carbide strengthened D-43 alloy will 
behave similarly. Exposures of Cb-lZr, AS-55, and D-43 
alloys for 5,000 and 10,000 hrs at 2000 F are in progress. 

Chemical analyses revealed no 

0 

0 
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Figure 1. - Reflux capsule illustrating the location of 
radiation shielding, radiation zone, tantalum heating 
element, and height of potassium at temperature. 

Figure 2. - External view of the apparatus for filling capsules with liquid metal 
in a vacuum and sealing by electron beam welding. 
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6 S p l i t  Element - 
0.003'' Tantalum 

'No Rings - i, 0.020" Tantalum 

L 5" 

Figure 5. - Tantalum strip heating element used for reflux capsule 
testing . 

Figure 6. - Tantalum heater and shielding assembly w i th  thermocouples and 
columbium alloy capsules in position for ref lux corrosion testing. 
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0.060" - 
Figure 7. - Localized attack observed on t h e  surface of a Cb-1Zr 

weld exposed to l iquid potassium for 1000 hours  at 2000° F. 

0.002"  - 
Figure 8. - In te rgranu lar  attack observed in t h e  transverse section 

of Cb-1Zr capsule weld exposed to l iquid potassium for 1000 hours  
at  2000' F. Etchant: 60% glycerine, 2046 HN03, 20% HF. 

159 



0 O I O ' ,  

t--------i 
Figure 9. -Areas of intergranular attack observed in  the transverse section 

of Cb-1Zr capsule weld exposed to liquid potassium for 1000 hours at MOOo F. 
Etchant: 609b glycerine, 20% HN03, 2oW HF. 
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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
L E W I S  RESEARCH CENTER 

Cleveland, Ohio 

Liquid Metal Corrosion Capsule Questionnaire 

Questionnaire 1 

1. Purpose of Test:  
a l loys with potassium as a working f l u i d  f o r  advanced space nuclear 
powerplant s . 

To screen possible columbium and tantalum tubing 

Sponsor : NASA. 

2. Fluid: K. 

3. Type: Two-phase ref luxing capsule ( f ig .  1). 

4. Alloys or Materials: Cb-lZr, B-33, FS-85, AS-55, X-110 ,  Ta-lOW, T-111, 
C-129, S-291, Cb-752, B-66, Cb-5Zr capsules from rod stock, t yp ica l  
chemistry and matching sheet stock for  high-vacuum creep program. 

5. 

6. 

T e s t  Specimens: 
3 Dimensions: 

t a b  inser t .  

Capsule wall and t ab  in se r t s  from creep stock sheet. 

1~ inch by 112 inch by 40 m i l  w a l l ;  1 /4  by 114 by 0.030 inch 

7. Controlled Variables : (1) Qualitative : composition (a l loys)  ; ( 2 )  quan- 
t i t a t i v e :  temperature, 1800° - 2200° F; time 1000 - 2000 hours; oxygen 
content i n  K, 20 - 200 ppm; oxygen content i n  a l loy  as received, +20W ppm. 

8. Puri ty  of Alkali  Metal: Cold trapped, hot trapped, followed by vacuum 

Analysis by Hg amalgamation under vacuum. 
d i s t i l l a t i o n .  
leak valve. 

Oxygen content varied by Granville-Phill ips controlled 

9. Method of Loading and Sealing Capsules: 
o f f ,  and E.B. welding; vacuum -loe5 m H g  ( f i g .  2 ) .  

Vacuum eArusion,  hot-wire cut 

10. T e s t  Environment: Vac-Ion pumped tanks, t e s t s  run i n  the low range 
( f i g .  3). 

11. Fluid Flow Rate: To be determined. 

1 2 .  Flow S tab i l i t y :  Constant N?, 50'-75'. 

13. Method of Heating and Control: 
A1203 insulators  and Ta sheath; spec ia l  terminations. 
Pt-13$ Rh check couple at bottom of capsule. 

Tantalum Cal-Rod heaters with swageable 
Control-off Pt- 

14. Instrumentation: Thermocouple top  and bottom of capsule (Ft-Pt-13$ Rh) .  
Pressure - vacuum. 
Columbium contamination tabs.  Mass spectrometer or oxygen analyzer. 
Br i s to l  multipoint temperature recorders, input e l e c t r i c  power. 



15. Post-Test Procedure: Drain under bu ty l  a lcohol ,  s ec t ion  longi tudina l ly ,  
photograph, mount for metallography, se lec ted  vacuum fusion,  microhard- 
ness,  X-ray d i f f r a c t i o n ,  and E.B. probe. 

Tab w i l l  be weighed and o ther  t e s t s  run on t h e  capsule where f eas ib l e .  

16 .  Method of Measuring Corrosion and Mater ia l  Change: Metallography, 
weight change of t abs ,  microhardness and E.B. probe. 

1 7 .  Reproducibi l i ty  of Resul ts :  To be determined. 

18. Premature Fa i lu re s :  From preliminary t e s t s ,  approximately one-eighth 
t o  one-fourth. Probable f a i l u r e s  i n  weld or thermocouple junction. 

19. Manpower Involved - Professional  2 
Technical 2 
Analy t ica l  1 

20. Summary of Tests  t o  Date: Preliminary. 
Corrosion detected i n  nongettered a l loys  ( e .  g., B-33, Ta-1OW) ; t e s t  
t imes t o  2000 hours; temperatures 1800° and 2200' F. 
18 ppm,  90 ppm, and 200 ppm.  Alloy as received. 

Oxygen i n  K a t  
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Questionnaire 2 

1. Purpose of Test :  
and N a  with high-temperature Fe-, N i - ,  and Co-base a l loys .  

To compare the  r e l a t i v e  corrosiveness of K, Rb, C s ,  

2. Fluid:  K,  Rb,  C s ,  and N a .  

3. Type: Two-phase r e f lux  capsule. 

4. Alloys or  Materials:  316, 318, HS-25, Hastelloy X; others  l a t e r .  

5. Test Specimens: Capsule w a l l ;  possibly t a b  in se r t s .  

6. 

7. 

3 
4 Dimensions: 

Controlled Variables : 
time. Hopefully 02 i n  f l u i d .  

Pur i ty  of Alkal i  Metal: 
program. 

1- inch by 1 1 2  inch by 40 m i l ;  114 by 114 inch t a b  in se r t s .  

Alloys; temperature, 1400' - 1800' F; f l u i d ;  

8 .  Same procedure as r e f r ac to ry  metal  capsule 

9. Method of Loading and Scaling Capsules: 
metal  capsule program (f ig .  2 ) .  

Same procedure as r e f r ac to ry  

10. Test Environment : High-purity argon; pos i t ive  pressure s t a t i c  system. 

11. Fluid Flow Rate: To be determined. 

1 2 .  Flow S t a b i l i t y :  To be determined. 

13. Method of Heating and Control: 
magnesium s i l i c a t e  s p i r a l  cylinder;  sheathed with magnesium s i l i c a t e .  
Chromel-Alumel thermocouples t o  multipoint recorders.  Top and bottom 
of capsule thermocoupled. 
manual power se t t ing .  

N i C r  heater  wire wrapped around a 

Control from bottom check couple from 

14. Instrumentation: Thermocouples with Br i s to l  Multipoint. Meters to 
monitor power input and powerstat adjustment. 
source. 

Constant voltage power 

15. Post-Test Procedure: Comparable t o  r e f r ac to ry  metal  program without 
vacuum fusion.  

16. Method of Measuring Corrosion: Same as r e f r ac to ry  capsule program. 

1 7 .  Reproducibil i ty of Results: To be determined. 

18. Premature Fa i lures :  Unknown. 

19. Manpower Involved - Professional 1 
Technical 1 
Analytical  112 

20. Summary of Tests t o  Date: None; t e s t  chambers being constructed. 
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Figure 1. - Reflux capsules used in liquid-metal corrosion studies. 

Figure 2. - Electron-beam welding capsule facility. 
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Figure 3. - High-vacuum capsule test rig. 
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AEROJET-GENERAL NUCLEONICS 

Liquid- Metal Corrosion Capsule Questionnaire 

1. Purpose of Test and Sponsor: USAEC Contract AT(O4-3)-368. Techniques were 
developed for determining the equilibrium concentration of various metals in 
rubidium and the corrosive effects of rubidium on selected commercial refrac- 
tory and nonrefractory metal alloys. 
Mo, Ti, V, Ta, Fey Be, Cry and Ni in rubidium were determined over the temper- 
ature range 1000° to 2000° F. 
alloys and beryllium and vanadium metal by rubidium was determined at various 
temperatures from 1000'' to 200Co F in 1000-hour tests. 
tion and corrosion results are reported and evaluated. 

The equilibrium concentrations of Cb, Zr, 

The corrosion of Mo-0.5TiY Cb-lZr, Haynes-25, 

Equilibrium concentra- 

2. Fluid: Rubidium 

3. vpe: Boiling-refluxing, two-phase capsule 

4. Alloys or Materials: 

(a) Capsule Cleaning Procedures: 
Capsule tubes, end caps, sample cups, and test materials were rinsed 
with acetone to remove fine films of grease and fingerprints prior to 
pickling. Pickling was performed, as shown on Table 1. 

(b) Starting Form and Heat Treatment: 
As shown on Table 2 

5. Test Specimens: The test specimens of Cb-lZr, Mo-0.5TiY and Be were in the 
form of 1/2 in. OD tubing. Each specimen was inserted into the tantalum cap- 
sule shells, as shown in Figure 1. 
easily available in tubing form, were tested in the form of strips: 6 by 1/2 
by 0.049 in. The position of the vanadium strip in the capsule is the same 
as the tubular test specimens mentioned above. These tests can be considered 
bimetallic tests because of the continuous contact of two materials with ru- 
bidium; however, due t : ~  the good corrosion resistance of tantalum to rubidium 
at the test temperature, the effect of tantalum on the test materials is ex- 
pected to be nil. 

The vanadium specimens, which were not 

The Haynes-25 corrosion capsule was made of Haynes-25 tubing. 
required. 

No insert was 
This capsu1.e is shown in Figure 1. 

6 .  Dimensions and Sketch of Capsule: A s  shown on Figure 1 

7. Controlled Variables Studied: Effects of temperature on corrosion were 
studied for each material for identical lengths of time. The oxide content 
of rubidium before and after each test was noted but no correlations were at- 
tempted between oxide content and the corrosion rate. Test parameters may be 
found on Table 3.  



TABLE 1 

Vanadium 

Beryllium 

Tantalum ( tubes ,  caps ,  cups) 

Hay ne s - 2 5 

Rinsed wi th  water and d r i e d  
i n  a i r  a f t e r  p i ck l ing .  

CLEANING AGENTS FOR CAPSULE MATERIALS 

The p a r t s  were r i n s e d  wi th  
water and a lcohol  and d r i e d  
i n  a i r  a f t e r  p i c k l i n g .  

P ick l ing  Agent 

100 m l  HN03 

100 m l  H2S04 

50 m l  HF 

250 m l  H20 

30 m l  l a c t i c  a c i d  

10 m l  HN03 

2.5 m l  HF 

37.5 m l  H 0 2 

10 gm K3Fe(CN)6 

10 gm KOH 

100 m l  H 2 0  

Af te r  p i ck l ing ,  a l l  su r f aces ,  except the  OD of t he  tantalum 
containment capsu le s ,  were handled wi th  c l ean  forceps .  The 
samples were i n d i v i d u a l l y  wrapped and placed i n  p l a s t i c  bags 
u n t i l  ready f o r  capsule  loading and welding. 
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I 

E-2492 

Molybdenum-0.5% Titanium 

- 

Vanadium 

Beryllium 

TABLE 2 

MATERIALS ANALYSIS AND SOURCE 

yompo s i t ion 

98.75% Cb 
1.15% Zr 

30 Ppm c 
94 ppm N 
180 ppm 0 

99.55% Mo 
.43% Ti 
.02% c 

99.6% V 
.01% c 
, 00 l%H 
.04% 0 

.. .04% N 

98.36% Be 
1.63% Be0 
.144%C 
,165%Fe 
.088%A1 
.046%S i 
.064%Mg 
.04% Mar 

Supplier 

Wah Chang Corp., 
Albany, Oregon 

Cleveland Tungsten, 
Inc., 
Cleveland, Ohio 

Oremet Metallur- 
gical Corp., 
Albany, Oregon 

Beryllium Corp. , 
Reading , Penn . 

other impurities 

Condition 

Stress-relieved 
at 1850'F 

Tubes machined 
from crystallized 
rod. No heat 
treatment after 
machining. 

Cold-rolled to 
.050 sheet from 
bar stock 

Machined from 
hot pressed Be 
block 

;ed in Solubility 
Test For: 

Cb, Zr, Ta 

Mo, Ti, Ta 

V, Ta 

Be, Fe, Ta 

1 



TABLE 2 

MATERIALS ANALYSIS AND SOURCE (Continued) 

Material 

Haynes-25 

Tantalum Capsules 
and Cups 

Compos i t ion 

49.65% Co 
20.42% Cr 
15.28% W 
10; 14% Ni 
1.70% Fe 
1.39% Mn 
O.O97%C 
0.42% Si 
0.02% P 
O.O15%S 

99.9% Ta 
.011%0 
.007%C 
.004%N 
.002%H 
.004%Cb 
.02% w 
. 0 11%Fe 
.01% Ti 
.01% Si 
.005%Zr 
.006%Mo 
.005%A1 

Supplier 

Superior Tube Co., 
Collegeville, Penn. 

Fansteel Metallur- 
gical Corp., 
No. Chicago, Ill. 

Condition 

Annealed 

Annealed 

Used in Solubility 
Test For: 

Coy Cry W, Ni, 
Fey Mn, Ta 

Ta 

Z 6 P Z - 3  



TABLE 3 

CORROSION CAPSULE MATERIALS AND TEST TEMPERATURES 

Test 
70 10005; 14003; 1700* 2000~~ 0 Temperature F 

Cb- 1 Z r  Reference - -  X X X 
Mo-0.5Ti Reference - -  X X X 

Haynes-25 
(Co Base) 

- -  X X Reference - -  

- -  -- Be (QMW Reference X X 

Ta (Sample Container) Reference X X X X 

-- -- v Reference X X 

Y c A l l  tests run for 1000 hours. 

8. Purity of Alkali Metal: Oxygen content only was determined pre and post 
test. Samples were taken at room temperature, not at the test temperature. 
Oxygen content of the capsules post test was never over 100 ppm as measured by 
the mercury amalgamation method. The rubidium was purified before filling the 
capsule by filtering, gettering with a TiZr alloy at l l O O o  F, and then frac- 
tional distillation. Prepurification content was roughly 111 ppm in contrast 
to 6-17 ppm after purification. 

9. Method of Loading and Sealing Capsules: 
from the tank of purified rubidium. After loading under argon gas in an en- 
vironmental chamber, capsules were transferred to a leak proof bomb. 
bomb was then transported to a vendor and inserted into a vacuum chamber. 
This chamber was evacuated and the capsules were then seal welded by the elec- 
tron beam process. 

Capsules were loaded directly 

This 

10. Test Environment: The environment inside the capsule furnace was argon 
gas; the purity of the. gas was not monitored. 

11. Fluid Flow Rate: Not known. AT between top and bottom of the capsule as 
measured on the external surface of the capsule wall can be found in Table 4 .  

1 2 .  Flow Stability: Not known 

13. Method of Heating and Control: 
sure vessel insulated on the interior with Foam sil. This surrounded a ni- 
chrome clam shell heater which in turn surrounded a graphite heat focusing 
block. Holes were drilled in the heat focusing block to receive the capsules. 
Furnace temperature was controlled by a null point galvanometer, saturable 
core-reactor combination. Temperature was controlled automatically between 
- +5O F. 

The heater consisted of a cold wall pres- 



TABLE 4 

RECORDED CORROSION CAPSULE TEST TEMPERATURES 

Test Temperature (5 5OF) 

1000°F 

1400°F 

A T  

16 1°F 

160°F 

1700°F 

2000°F 

230°F (this thermocouple 
became non-functional 
after the second day) 

165'F 

14. Instrumentation: Control and miscellaneous temperature readout was by 
Pt/Pt 10% Rh thermocouples. 

15. Post-Test Procedure: After the test run the capsules were removed from 
the furnace and opened in an argon environmental chamber. Test materials were 
removed, cleaned of excess rubidium and the rubidium from the capsules was an- 
alyzed for oxygen. The test specimens were sectioned in three phases for me- 
tallographic examination: the top for examination of specimen surfaces ex- 
posed to rubidium vapor, the middle for examination of surfaces near the liq- 
uid vapor interface, and the bottom for examination of surfaces in the liquid 
phase. The remaining portions were machined into tensile specimens so that 
any changes in strength after testing at the various temperatures could be 
determined. 

16. Method of Measuring Corrosion and Material Change: Methods of measuring 
corrosion and materials changes included macro and metallographic examination, 
microhardness tests, and tensile tests. 

17. Reproducibility of Results: Reproducibility of results does not apply to 
these tests since duplicate capsules were not run. 

18. Number of Premature Failures Due To Causes Other Than Corrosion: A total 
of 16 capsule tests were run. Of these, four were failures due to heater 
burnout, cracked welds, and possible impure argon gas external environment. 

19. Manpower Involved: 

2357 salary hours 

1948 hourly hours 

$11,759 materials, equipment, and outside production 



20. Summary of Results t o  Date: 

A .  CORROSION 

In general, all alloys tested during this program exhibited 
adequate resistance to corrosion by rubidium liquid and vapor at test 
temperatures and times. 
or thickness changes were observed. The effects of exposure to test condi- 
tions upon the mechanical properties of these materials are difficult to 
determine since to conduct parallel blank tests at the test temperature in 
a neutral atmosphere would have exceeded the scope of this program. There 
was little correlation between oxygen content of the rubidium and corrosion 
results, except for beryllium at 1400 F. A review of the specific results 
is as follows: 

Within the limits of experimental error no weight 

0 

1. Columbium-1% Zirconium 

Columbium-1% zirconium alloy was not corroded by rubidium 
liquid or vapor in the 1400 to 2000 F temperature range, nor were corrosion 
products or mass transfer effects noted; however, there was evidence of 
selective leaching of the zirconium out of the columbium during the 2000 F 
test. Compared to pre-test values, the alloy was considerably softer after 
the 2000°F test; this was probably due to annealing effects rather than 
attack by the rubidium, except in the leached areas along the surface. No 
mass transfer effects were noted which seems in opposition to the apparent 
columbium and zirconium solubility results. The alloy is considered condi- 
tionally adequate for containing rubidium in this temperature range. Further 
study of the leaching of zirconium (hardening constituent) is necessary 
before Cb-1Zr alloy is used under conditions of high stress for long periods 
of time at 2000'F. 

0 0 

0 

2. Molybdenum-0.5% Titanium 

There was no evidence of corrosion products, mass transfer 
effects, or corrosion of the Mo-0.5Ti alloy by rubidium liquid or vapor in 
the 1400' to 2000 F temperature range. 
leaching of the titanium out of the molybdenum during the 2000°F test, but 
the analysis techniques were not sensitive enough to quantitatively determine 
the amount of titanium dissolved out of the alloy. No mass transfer deposits 
were found. The test temperature had very little effect on the hardness of 
the alloy. The low ductility of the alloy and the problems encountered in 
fabricating tensile specimens precluded acquiring tensile data. The Mo-0.5Ti 
alloy is adequate for containing rubidium at the test conditions. Investiga- 
tion of the titanium (hardening constituent) leaching is necessary before 
b-0.5Ti alloy is used under conditions of high stress for long times at 
OOOOF or above. 

0 There was evidence of selective 



3. Vanadium 

There was no indication that the vanadium metal was corroded 
by rubidium liquid or vapor in the 1000 
Except for a slight discoloration at 1400 F, no corrosion products or mass 
transfer effects were noted. The solubility results indicated this was to 
be expected. 
1400°F due to annealing. 
lower than after the 1000°F run, and lower than that of the as-received 
material; this is also probably due to annealing rather than to effects of 
the rubidium environment. Vanadium is considered adequate for containing 
rubidium at the test conditions. 

0 0 60 1400 F temperature range. 

Some softening of the metal occurred in the tests at 1000° to 
The ultimate strength after the 1400°F run was 

4. Beryllium 

0 Except for minor surface roughening at 1400 F, there were 
no indications of corrosion by rubidium liquid or vapor in the 1000° to 1400°F 
temperature range. No corrosion products or mass transfer effects were 
noted, except for small amounts of black scale on the surface of the samples 
from the 1400°F test run. This scale was Be0 and is believed to have resulted 
from reduction of rubidium oxide in the liquid; oxygen content of the rubidium 
after the 1400°F run is somewhat lower than the pre-test value. 
of mass transfer effects was expected on the basis of the solubility results. 
The corrosion tests had little effect on the hardness of the metal; this is 
not surprising since the annealing temperature of beryllium is higher than 
the test temperatures. Tensile data is inconclusive since the material is 
so  brittle that valid results were not obtained. If ductility is not a 
requirement, beryllium is adequate for containing rubidium at 1000 F; 
however, for use in the 1400°F range, further testing will be necessary to 
determine the full effects of the scaling tendencies of the metal. 

The lack 

0 

5. Haynes-25 

There were no indications of corrosion by the rubidium liquid 
or vapor in the 1400' to 1700°F temperature range except for some surface 
roughening of the liquid phase sample at 1700OF. 
corrosion products were noted in any of the test capsules. The lack of 
observable mass transfer effects is in opposition to the results of the 
solubility tests, especially regarding the iron, nickel, cobalt, and chromium 
results. The alloy increased in hardness during the 1400°Fotest due to 
precipitation hardening, but the hardness anomalies at 1700 F cannot be 
explained on the basis of these limited tests. The strength of the alloy 
increased after the 1400°F run (precipitation hardening) and decreased after 
the 1400°F run (precipitation hardening) and decreased after the 1700°F test 
(annealing). Haynes-25 is probably satisfactory for containing rubidium at 
low or medium stress levels up to 1700 F. More data from long-time tests 
and a better understanding of the property changes at 1700 F are necessary 
before this alloy could be considered suitable for long-time use. 

No mass transfer or 

0 

0 
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B .  SOLUBILITY 

The concent ra t ion  of columbium spec ies  i n  rubidium i s  l e s s  than 
14 ppm below 1400°F and i n  the  14 t o  30 ppm range between 1400° and 2000'F. 
Agreement of d u p l i c a t e  samples and presence of a genera l  upward t rend  wi th  
temperature i n d i c a t e  the  r e s u l t s  t o  be r e l a t i v e l y  v a l i d .  

The concen t r a t ion  of zirconium spec ies  i s  between 1 and 10 ppm 
between 1000° and 1400°F, and r i s e s  t o  between 10 and 100 ppm i n  the  1400' 
t o  2000°F rang;. Good agreement of the  d a t a  w a s  n o t  found i n  the  capsules  
t e s t e d  a t  1700 F and t h i s  d a t a  s h o u l i  be he ld  in ques t ion .  
upward t rend  e s t a b l i s h e d  by the  1400 and 2000 F d a t a  appears t o  be v a l i d .  

The genera l  

The concen t r a t ion  of molybdenum spec ie s  i s  i n  the  1 t o  10 ppm 
range between 1400° and 2000'F. A t rend  cannot be e s t a b l i s h e d  due t o  
s c a t t e r i n g  of the d a t a ;  however, the  r e s u l t s  a r e  reasonably good cons ider ing  
the  low concent ra t ions  p re sen t .  

The concen t r a t ion  of t i t an ium spec ie s  i s  i n  the  1 t o  4 ppm range 
0 between 1400' and 2000'F. 

probably due t o  experimental  e r r o r .  
e s t ab l i shed  by the  1400' and 2000°F d a t a .  

A negat ive  s lope  i n  the  d a t a  occurs  a t  1700 F ,  
A genera l  upward t rend  seems t o  be 

No r e s u l t s  a r e  included f o r  the s o l u b i l i t y  s t u d i e s  s i n c e  i t  i s  
not  w i th in  the scope of  t h i s  conference and s i n c e  the  s o l u b i l i t y  r e s u l t s  a r e  
not  conclus ive .  
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JET PROPULSION LABORATORY 
Pasadena, California 

Liquid - M e tal  Cor r o s ion Cap s ule Que s tionnair e 

Survey of new Cb and Ta base alloys; Sponser NASA 

Li, K, Cs, and Rb 

Tilting and reflux 

321 and 410 S.S. 
Cb-1Zr 
Wah Chang C129 
Westinghouse B33 and B66 
Ta -lOW 
Union Carbide CB-752 
Westinghouse T-111 
Mo - 112 Ti 
Tabs €or both ends to obtain weight change, to be machined 
into tensile specimens and provide metallographic and 
chemical analysis samples. 

314 in. OD X 10 in. length 

Effect of Y gettering on mass transfer 

High purity starting material. Analysis by supplier after test. 

Melted and poured under high purity atmosphere, sealed by TIG welding. 

High purity argon monitored by oxygen and moisture monitor. 

Tilting capsules cycled at l/min. 

Recording of thermocouples attached directly to capsule. 

Thermocouple and atmosphere monitoring. 

Analysis of liquid metal, weight change, tensile test metallographic 
examination microhardness and analysis of test material. 

Weight change, metallography, microhardness and liquid metal analysis. 

Tests just starting 

None in 6 tests 

2 1/2 men full time 

Material in procurement, stainless steels in test, Cb-1Zr in preparation. 



BROOKHAVENNATIONALLABORATORY 
Upton (L. I. ), New York 

Liquid-Metal  C o r r o s i o n  Capsule  Quest ionnaire  

1. Purpose of Tes t :  To eva lua te  t h e  p o s s i b l e  u s e  of N a  a s  a 

coo lan t  and a working f l u i d  f o r  power conversion systems. 

Sponsor: A .  E,  C. Reactor Development Div is ion  

F lu id :  N a  2. ~ 

3, Type: Two phase r e f l u x i n g  capsules .  

4. Al loys  o r  Mate r i a l s :  C b - 1 Z r  tub ing  and o t h e r  r e f r a c t o r y  meta l  

a l l o y s  i n  form of tub ing  and/or d r i l l e d  rod,  The o t h e r  a l l o y s  i n -  

c lude  X - 1 1 0 ,  FS-85, X-34,  Cb-1OTa-lOW, Ta-1OW. See Table I11 f o r  

d e t a i l s .  

5 ,  T e s t  Specimens: Made from con ta ine r  m a t e r i a l .  

6 ,  Dimensions: Approximately 6 "  long x 1/2" i n s i d e  diameter .  

7. Con t ro l l ed  Var i sb l e s  Studie_d_: Var iab les  inc lude  temperature  

(2000-2400°F), oxygen content  i n  N a  (as  p u r i f i e d  t o  600 ppm), 

carbon con ten t ,  g e t t e r i n g  a d d i t i v e s  (Ba, Mg, Ca, Y) m e t a l l i c  i n -  

serts (Ta, M o ,  C b ) ,  time (up to 5000 h o u r s ) ,  

8. 

f o r  24 hours  and h o t  t r app ing  w i t h  Z r  and T i  f o r  500 hours  a t  

P u r i t y  of A l k a l i  Me-tat: P u r i f i e d  by c o l d  t r app ing  a t  250'F 

1200°F. Method of a n a l y s i s  no t  e s t a b l i s h e d  a s  y e t ,  



9. =hod of Loading and Sea l inq  Capsules:  The  methods v a r i e d  

f o r  d i f f e r e n t  tes ts .  Methods inc lude  loading and s e a l i n g  i n  argon 

d ry  box, loading under vacuum and s e a l i n g  i n  argon dry  box, and 

loading and s e a l i n g  under vacuum, 

10. T e s t  Environmes:  Vacuum chambers wi th  p re s su res  from 2 x 10 

t o  2 x 10 t o r r .  

-6 

-8 

11. F l u i d  Flow R a t e :  E s t i m a t e d  a t  2 grams/minute. 

1 2 .  Flow S t a b i l i t y :  S t a b l e  according t o  thermocouples, 

13. Method of Heatinq and Control :  Heated by Ta w i r e  wound 

Alumina furnace  c o r e s  and instrumented w i t h  W/W 26Y&e thermocouples, 

14. Ins t rumenta t ion :  Temperature c o n t r o l  - W f i  26YAFte 

Vacuum c o n t r o l  - Bayard Alpe r t  gages.  

15. Post-Test Procedure: P o s t - t e s t  procedure inc ludes  meta l lo-  

graphic  examination €or  cor ros ion ,  x-ray d i f f r a c t i o n ,  mechanical 

tes ts ,  vacuum fus ion  a n a l y s i s  of con ta ine r ,  chemistry of N a ,  micro- 

hardness  tests.  

16. Method of Measuring Corrosion and M a t e r i a l  Chanqe: Metal lo-  

graphy 0 

17. Reproduc ib i l i t y  of Resu l t s :  Not determined, 

18. Premature F a i l u r e s :  None due t o  con ta ine r  f a i l u r e  b u t  s e v e r a l  

due t o  h e a t e r  and ins t rument  f a i l u r e .  

180 
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19. Manpower Involved: P ro fes s iona l  - 1/2 man 

Technical  - 1 man 

A n a l y t i c a l  ( inc luding  metal lography)  - 1/2  man 

20. Summary of Resu l t s  t o  D a t e :  N o  co r ros ion  found i n  5000 hours  - 

2200°F b o i l i n g  t e s t  except  f o r :  

150 ppm oxygen contaminated capsu le s  and C b - 1 Z r  w a l l  of Ba a d d i t i v e  

capsule,, Maximum p e n e t r a t i o n  on C b - 1 Z r  capsule  has  been 0.004". 

All p e r t i n e n t  d e t a i l s  a r e  g iven  i n  Tables  I and 11, 

pure C b  i n s e r t ,  Cb-1Zr w a l l  i n  



Table I 

Capsule T e s t s  #1 and 2 - Corrosion I n v e s t i g a t i o n  
and Microhardness T e s t s  

- - ~ _ _ _  __ 
Average 
Microhardness * 

Capsule Materia 1 - Addi t ive  Corrosion DPH/200 gm 
#15 C b  - 1 Z r  

#16 C b - 1 Z r  

#2 1 Cb-1Zr 

#17 C b - 1 Z r  

#18 C b - 1 Z r  

#20 Cb - 1 Z r  

#19 C b  - 1 Z r  

I n s e r t  Ta  

#2 2 C b - 1 Z r  

I n s e r t  MO 

#24 C b - 1 Z r  

I n s e r t  C b  

None 

75 p p m  o 
150 ppm 0 

300 ppm 0 

500 p p m  Mg 

500 ppm B a  

(Ta I n s e r t )  

(Mo I n s e r t )  

(Cb I n s e r t )  

None Detec tab le  

None Detec tab le  

0,003" Max,, Depth 
Tra nsgranu l a r  and 
I n t e r g r a n u l a r  i n  
Liquid Por t ion  

None Detec tab le  

S l i g h t  Trans- 
g ranu la r  i n  Liquid 
Por t ion  ( i o  0005 ")  

0.004" M a x .  Depth 
I n t e r g r a n u l a r  i n  
Vapor Por t ion .  Pos- 
s i b l e  Transgranular  
i n  Liquid Por t ion  

S l i g h t  Transgranular  
i n  Liquid Por t ion  
(<O.  0005) 

None Detec tab le  

None Detec tab le  

None Detec tab le  

None Detec tab le  

0,006" M a x .  Depth 
I n t e r g r a n u l a r  i n  
Vapor Por t ion  

82 

82 

80 

79 

8 1  

86 

- 

- 

- 
- 
- 

- 

Note: *Average Microhardness of Cb-1Zr Tube p r i o r  t o  t e s t  w a s  about 

192 DPH/200 gm 

182 
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Table I1 

Summary of V a c u u m  Fus ion  A n a l y s e s  of C b - 1 Z r  

-- C a p s u l e  T e s t s  #1 and #2 

A. GENERAL 

T e s t  NO C a p s u l e  N o .  

_-_ ________ 
1 14, 16, 1 7  

18, 2 0  

2 19,  2 2 ,  24  

B o  STANDARDS 

A s  R e c e i v e d  PPM 0 
Material - 
C b - 1 Z r  B a r  #201  1 7 7  

( c a p s u l e s )  2 3 1  

C b  B a r  #192 600 
( I n s e r t )  

Ta B a r  #190 ( I n s e r t )  195 

M o  B a r  # 1 9 1 ( I n s e r t )  481 

C, CAPSULE VAPOR PORTION 

C h a m b e r  A v g .  L i q u i d  A v g .  V a p o r  
Pres sure_ T e m p e r a t u r e  Tempe r a t  u r e  
lx10-6torr 1 2 1 O o C  ( 2 2 1 0 ' F )  1 1 7 6 O C  ( 2 1 5 0 O F )  

-6 
5x10 t o r r  1 2 1 O o C  ( 2 2 1 0 O F )  1 1 7 6 O C  ( 2 1 5 0 O F )  

PPM N PPM H 

--- -- 
34 2 4  

33 24  

95 9 

16 9 

26 10 

( E n t i r e  w a l l  s a m p l e d )  

C a p s u l e  No.  

15 

16 

1 7  

18 

20 

1 9  

2 2  

24  

PPM OXyCpA 

520  

664 

6 76 

6 73 

888 

684 A v g  . 
9 2 2  

938 

-- 

835 
865 A v g .  

PPM N i t r o q e n  --- 
34 

35 

41  

36 

77 

45 AVge 

- 

8 2  

1 7 7  

151 
137  A v g .  
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3 Table I1 cont inued 

D. 

C a p s u l e  No_% 

15 O.Do 

I . D .  

CAPSULE LIQUID-VAPOR INTERFACE ( W a l l  sampled i n  half  - s e c t i o n s )  

H a l f  -Section PPM O x y q e n  PPM N i t r o g e n  

892 26 

68 16 0 

526 A v g ,  47 A v g .  

949 8 

6 7  2 2 3  

586 A v g .  38 A v g ,  

- - 

1 7  O.D. 

I .Do - - 

30 

185 

24  O.D. 1110 

I . D .  5 15 - 
813 A v g .  108 A v g .  

E .  

C a p s u l e  No.  PPM Oxyqen PPM Nitroqen 
15 

16 

1 7  

18 

2 0  

CAPSULE L I Q U I D  PORTION_ ( E n t i r e  w a l l  s a m p l e d )  

83 2 49 

863 45 

94 3 20 

8 2  7 63 

74 - 90 7 

8 7 4  A v g .  50 A v g .  

- 

10 8 

1 2 8  

14 9 

1 9  10 70 

2 2  1030 

-- 9 7 1  2 4  

1024  A v g ,  1 2 8  A v g .  

- 

F, 

C a p s u l e  N o .  - PPM O x y q e n _  PPM N i t r o q e n  
15 

2 4  

CAPSULE L I Q U I D  PORTION (6 m i l s  r e m o v e d  f r o m  O.D, - reminder  s a m p l e d )  

993 83 

470 4 1  

184 



Table I1 cont inued 

G .  INSERTS (En t i r e  w a l l  sampled) 
Capsule No. I n s e r t  Po r t  i o n  P P M  0 

M a t e r i a l  -- -- - --- ____- 
Ta Liquid 34 

vapor 5 4  
19 

22 

2 4  

M o  Liquid 92 
vapor 15 0 

C b  Liquid 49 
vapor 75 

185 

P P M  N P P M  H 
-- --- 

1 2  4 1  
20 4 2  

1 7  4 
5 7  23 

104 25 
125 46 



Table I11 . 

B o i l i n g ' ' )  S o d i u m  R e f l u x  C a p s u l e  R u n  #3 

C a p s u l e  No.  Material A d d i t i v e  PPM 

2 5  C b - 1 Z r  

26 C b - 1 Z r  500 C a  

27  C b - 1 Z r  500 M g  

29 C b - 1 Z r  500 B a  

N o n e  

2 9  C b - 1 Z r  1500 Y (3  1 

30 C b - 1 Z r  150 0 

3 1  C b - 1 Z r  600 0 

3 2  C b - 1 Z r  150 C 

33 C b - 1 Z r  6 0 0 C  

34 

35 

36 

Cb-1OTa - low N o n e  

Cb-1OW-1Zr-, 1 C  N o n e  

Cb-5W-3Zr- .  1 C  N o n e  

N o t e s  : 

1) O p e r a t i n g  t e m p e r a t u r e  = 2300'F (126OOC) 

2 )  S o d i u m  w a s  cold trapped and hot trapped before adding t o  capsules, 

A d d i t i o n s  w e r e  m a d e  t o  p u r i f i e d  N a .  

3 )  N o t  soluble  

R e m a r  - -s 

N o t e  ( 2 )  

A d d e d  as pure C a  

A d d e d  as pure M g  

A d d e d  as  pure B a  

A d d e d  as  pure Y 

A d d e d  as pure N a 2 0 2  

A d d e d  as pure N a 2 0 2  

A d d e d  as Spectro- 
graphic C a r b o n  

A d d e d  as Spectro- 
graphic C a r b o n  

Drilled f r o m  bar stock 

D r i l l e d  f r o m  bar stock 

D r i l l e d  from bar s tock  

186 



B. LOOP TESTS 
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GENERAL ELECTRIC COMPANY 
Evandale (Cincinnati), Ohio *. J 

Liquid-Metal Corrosion Loop Questionnaire 

1. Purpose: To examine the corrosion resistance of AS-55 and a 
columbium, lO%W, 1%Zr alloy in flowing liquid potassium 
and, particularly, to examine the extent of interstitial 
element mass transfer under thermal and compositional 
gradients. 

Sponsor: General Electric Company, Contractor's Independent 
Research and Development Program. 

2. Fluid: Potassium liquid. 

3. Type: Natural convection. 

4. Loop Size: 17 inches high and 7 inches wide from tubing center- 
lines (Figures 10, 11, 12, and 13). 

5. Containment Alloys: Seamless tubing (0.887-inch O.D. by 0.068- 
inch wall) of AS-55 and a columbium, lO%W, 1YZr alloy. 
The latter alloy was specially prepared to have a low 
interstitial element content; O.O017Y&, 0.015Yd3, 
O.O009%N,  and O.O012%H. The interstitial element con- 
tent of this AS-55 material was 0.0677&, 0.029Yd3, 
0.024!$, and O.O012O/oH. Heat treatments were conducted 
in 10 torr vacuum environments as follows: 

AS-55: 
1 hr at 2400°F (locally) 
10W-1Zr: 
( locally) 

1 hr at 2800°F + 1 hr at 2400OF; welds: 

1 hr at 2200OF; welds: 1 hr at 2200°F 

Cleaning procedures included pickling in 20%Hl?, 2OYdiNO3, 
60%H 0 and degreasing in acetone and ethyl alcohol. 
The ?oops were assembled by TIG welding, and post-weld 
heat treatments were conducted at the above temperatures 
and as illustrated in Figure 14. 

0 6. Test Conditions: Temperatures - 2000 F (maximum) in the hot zones 
and 1850°F (minimum) in the 7-inch long radiation zones; 
pressure was not measured - 150 psia potassium vapor 
pressure at'2000 F; flow rate - 5 in/sec; operating 
time - 2,000 hrs. 

0 

7 .  Test Specimens: A 6-inch long section of AS-55 tubing was included 
in the hot zone of the columbium, lO%W, 1%Zr loop (Figure 13) 
to determine whether a preferential transfer of interstitial 
elements would result from the differences in the contain- 
ment material compositions. In addition, several TIG welds 
were made in the loop tubing to permit the examination of 
corrosion effects at welded regions (Figures 12 and 13). 
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8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

Pretreatment of Loops: None following the cleaning, welding, and 
weld heat treatments described in item 5 above. 

Method of Filling Loops: Potassium was introduced under an inert 
gas cover, and sealing by electron beam welding was 
conducted in a vacuum of 10-5 torr, 

Start-up Procedure: The loops were slowly heated to approximately 
1000°F (hot zone) and then rapidly heated to the test 
temperature conditions, one loop at a time, to minimize 
bumping and to limit the initial vacuum chamber pressures 
to the torr range. 

-6 -8 Test Environment: Vacuum - 10 to 10 torr at test conditions. 
The vacuum chamber is shown in Figures 4 and 11. 
Pressures were determined from the getter-ion pump 
current and by attached and nude ionization gauges. 

Instrumentation: Tantalum-clad, A1203 - insulated, Pt vs. Pt i 
137JZh thermocouples were attached to the outside of the 
loop by tantalum straps and used to record the tempera- 
ture. Optical pyrometer measurements of the radiation 
zones were used to correct for drift and t o  a d j u s t  the 
tantalum heater voltage. 

Loop Components: The heater was similar to that shown in Figure 5 
except that the tantalum heating element was 6 inches 
long. 

Pot as s ium 

Loop Flow 

Post -Tes t 

Purity: The potassium was sampled during and after loop 
filling and analyzed with the following results: Oxygen 
- 300 ppm by zirconium gettering in an auxiliary Cb-1Zr 
capsule; 7 to 87 ppm by the amalgamation method. Analyses 
for oxygen were not conducted during or  after loop testing. 

Stability: The loops were unstable at moderate tempera- 
tures during start-up, and bumping with 7000F temperature 
surges was encountered. At the test temperature condi- 
tions, the loops appeared stable, as indicated by the 
absence of temperature surges (limit of detection approx- 
imately 5OF). 

Procedure: The loops were opened and drained under an 
inert gas cover and then cleaned with a hexane-ethyl 
alcohol solution. Methods of examining for corrosion 
effects include metallographic examination, dimensional 
and hardness measurements, chemical analyses f o r  the 
interstitial element content of sections taken from the 
loop tubing, room temperature and 20000F tensile testing, 
and stress-rupture testing of specimens obtained from 
the loop tubing. 
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17. Major Loop Problems: None. 

18. Manpower: Approximately one engineer and one technician with 
support for design, chemical analyses, and fabrication. 

19. Summary of Results: Evaluation of the loops is largely complete, 
except for the stress-rupture testing. Aside from 
surface stains that will be mentioned later, there was 
little evidence of general corrosion o r  mass transfer 
which could be observed metallographically o r  by 
dimensional changes. Chemical analyses of samples 
from the AS-55 loop tubing revealed no significant 
change in carbon, oxygen, nitrogen, o r  hydrogen content, 
indicating that the imposed thermal gradient did not 
result in the transfer of these elements. Analyses of 
the columbium, lO%W, 1%Zr alloy loop and the AS-55 
insert indicated that the carbon, nitrogen, and hydrogen 
did not undergo significant transfer under the combined 
thermal and compositional gradients. It was evident, 
however, that oxygen was gettered by the AS-55 insert 
but not appreciably by the columbium, lO%W, 1%Zr alloy. 
In addition to the oxygen in the potassium, oxygen may 
have been supplied by the columbium, lO%W, 1%Zr alloy; 
however, this is not readily apparent from the analytical 
results. Probably, the residual yttrium in the AS-55 
(0.4%) makes it the more effective getter, and the stain 
or  thin film (less than 1 mil) on the AS-55 insert 
(Figure 13) may be a yttrium compound, although it has 
not yet been identified. The AS-55 from the all AS-55 
loop was not stained in this way; this suggests that 
one of the constituents of the stain may have come from 
the columbium, lO%W, 1%Zr alloy. 

Tensile tests, conducted at room temperature, indicate 
that the properties of the AS-55 from the AS-55 loop 
are similar to the initial material. The room tempera- 
t u r e  t e n s i l e  s t r e n g t h  of t h e  columbium, lO%W, L%Zr alloy 
decreased slightly, from 75 ksi to 68 ksi, as a result 
of the exposure. The 2000°F tensile strength of AS-55 
material from both the AS-55 loop and the AS-55 insert 
in the columbium, lO%W, 1%Zr alloy loop decreased from 
an initial value of 31 ksi to 24 ksi. Similarly, the 
2000°F tensile strength of the columbium lO%W, 1%Zr 
alloy decreased from 30 ksi to 24 ksi. Tensile elonga- 
tions were greater than 18% in all the above cases. 
Metallographic examination of the AS-55 alloy did not 
reveal any changes in the metallurgical structure, which 
may have been associated with the decreased tensile 
strength. Stress-rupture testing is planned to determine 
if the longer-time, high temperature properties were alsg ... 
altered by the exposure. 
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Weld defects were observed in both the AS-55 and colum- 
bium, lO%W, l%Zr alloy loops at locations where the arc 
was extinguished upon terminating the weld (Figures 15 
and 16). These defects were revealed by radiographic 
inspection before loop testing, Similar inspection 
after loop testing provided some slight indication, but 
not definite proof, that their depth was increased by 
corrosive attack. I t  should be noted that these defects 
are quite different in appearance from the corrosive 
attack observed in the welded region of a Cb-1Zr reflux 
capsule (Figures 7 ,  8 ,  and 9). Overall, it appears 
that the presence of the defects in the loop welds and 
their depth, which has been measured up to approximately 
40 mils, are a matter of welding technique and how the 
weld is terminated. These regions may, of course, 
exhibit unusual corrosion effects because impurities 
and alloying constituents may tend to concentrate and 
segregate at the end of the weld. 

* 

In summary, it appears that carbon, oxygen, nitrogen, 
and hydrogen did not mass transfer as a result of the 
thermal gradient imposed on the AS-55 loop. In the 
columbium, lO%W, l%Zr alloy loop, carbon, nitrogen, 
and hydrogen did not transfer under the combined 
thermal and compositional gradients, whereas oxygen was 
gettered selectively by the AS-55 alloy insert. In 
these respects, the interstitial elements in the AS-55 
alloy, particularly the strengthening carbides, appear 
stable. The decrease in the 20000F tensile strength of 
the AS-55 alloy after loop testing suggests a change in 
the alloy structure, which was not identified by metal- 
lographic examination or confirmed by room temperature 
tensile tests. Stress-rupture testing of this material 
must still be conducted; however, such testing of AS-55 
material from previously described reflux capsules did 
not indicate a change in rupture strength. Overall, 
the strengthening carbides have appeared quite stable 
during prolonged exposures at 2000°F but this requires 
further investigation, taking into account the important 
effects of the prior heat treatment. 

*See General Electric Company capsule question- 
naire, p. 1 5 3 .  
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Figure 10. - Columbium alloy natural convection loops filled with 250 grams of potassium. Left: AS-55 
alloy 15% W, 1% Zr, 0.06% C, 1% Y added, tal. Cb); RighC 10% W, 1% Zr,  bal. Cb with an AS-55 alloy 
insert. 

Figure 11. - Two columbium alloy natural convection loops positioned in a high 
vacuum chamber after testing with liquid potassium for Moo hours at tem- 
peratures of F in the hot zones and lS!@ F in the radiation zones. 
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Figure 12. - AS-55 natural convection loop sectioned after testing 
with liquid potassium for 2ooo hours at temperatures of 2000° F 
i n  the hot zone and1850' F in the radiation zone. 

Figure 13. - Columbium, 108 W, 1% Z r  alloy natural convection loop, 
with an AS-55 hot zone insert, sectioned after testing with liquid 
potassium for 2ooo hours at temperatures of MOOo F in the hot 
zone and 185@ F i n  the radiation zone. Note the discoloration of 
of the AS-55 hot zone insert. 
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Figure 14. - High vacuum system (10" tor r  range) and tantalum str ip heater 
assembly used for heat treating welds i n  columbium alloy natural convec- 
t ion loops. 
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0.0 IO" - 

0 . 0 0  2 'I 

Figure 15. - Cross section of a weld defect area from t h e  hot zone of an AS-55 
natura l  convection loop sectioned after testing w i th  l iqu id  tassium for 2000 

zone. Such weld defects sometimes occur at locations where t h e  arc  is ex- 
t inguished, and t h e i r  size may be increased by corrosive attack. Etchant: 
60% glycerine, 20% HN03, 20% HF. 

h o u r s  at temperatures of 2000' F in t h e  hot zone and 1850 8". F in t h e  radiation 

196 



,, 2 0 0 '0 

,,o I 0'0 



1. 

2. 

3 .  

4. 

hl 
(3 -+ cu 

I w 

5. 

6 .  

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
LEWIS RESEARCH CENTER 

Cleveland, Ohio 

Liquid-Metal Corros ion  Loop Questionnaire 

Purpose of Loop and Sponsor: 
power system conditions.  

Corrosion t e s t  at advanced space 

F lu id :  Potassium. 

Natural o r  Forced Convection: Forced convection. 

Approximate Overall Size of Loop(s): 
components except condenser, which w i l l  be 0.50 inch tubing. Loop t o  
be contained i n  vacuum b e l l  jar 5 f e e t  O.D. by 11 f e e t  high ( f i g .  1). 

0.250 inch tubing f o r  a l l  loop 

Containment Alloys: 
of advanced r e f r a c t o r y  metal a l l o y  being produced as r e s u l t  of t h e  
a c t i v i t y  of t h e  j o i n t  NASA-DOD-AEC Tubing Panel. 
has not ye t  been chosen. 
and 1 / 2  inch O.D. tubing. 
f a b r i c a t i n g  valves,  pump, e t c .  

Monometallic construction from thin-walled tubing 

The s p e c i f i c  a l l o y  
Majority of ma te r i a l  w i l l  be 1 /4  inch O.D. 

Some bars  stock and rod w i l l  be used i n  

Test conditions:  Approximate advanced space power system conditions.  

Test Specimens: Loop i s  t h e  containment vesse l .  

Pretreatment of Loop: 
"Clean room'' procedures w i l l  be u t i l i z e d .  

Determined by choice of containment a l loy .  

Method of F i l l i n g  Loop: 

S tar t -up  Procedure: 
gas monitoring t o  determine end of bake-out period. 
d i s t i l l e d  i n t o  loop system. 

Test Environment : Vacuum mm H g  monitored with m a s s  spectrometer. 

D i s t i l l a t i o n  of K d i r e c t l y  i n t o  loop. 

Bake-out of vacuum chamber and loop with r e s i d u a l  
K w i l l  then  be 

Instrumentation: 
transducers,  ,E.M. flowmeter. 

Pt/Pt-Rh thermocouples, s t r a i n  gage pressure 

Loop Components: He l i ca l  induction pump. Direct r e s i s t ance  heating 
f o r  preheater and superheater,  and r a d i a t i o n  hea te r  f o r  b o i l e r .  Heat 
r e j e c t i o n  from condenser by r a d i a t i o n  t o  vacuum chamber w a l l s  through 
r a d i a t i o n  con t ro l l i ng  shu t t e r s .  

Alka l i  Metal Sampling o r  Monitoring Procedure: 
sample planned f o r  f i rs t  loop. 

I n i t i a l  and f i n a l  
Subsequent loops may have sampling t aps .  
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15. 

16. 

1 7 .  

18. 

19. 

Loop Flow S t a b i l i t y :  Stable Flow. Determination of s tab le  flow i s  
by temperature, pressure, and flow-rate instrumentation. 

Post-Test Procedure: 
Specific pa r t s  are then t o  be metallographically examined. 

Major Loop Problems : 

Manpower: 
2 man-years; technicians,  1 man-year. 

Summay of Results t o  Date: 

The loop i s  cut apar t  and v i sua l ly  examined. 

Design - lman-year; setup, 1 man-year; operation, 

Program i s  now i n  t h e  ea r ly  design stage.  
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Figure 1. -NASA potassium CO11OSiOl l  loop 

201 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9 .  

AEROJE T - GENERAL NUCLEONICS 

Liquid-Metal Corrosion Loop Questionnaire 

Purpose of Loop and Sponsor: To design, operate, and analyze a pumped 
corrosion loop simulating some of t h e  c h a r a c t e r i s t i c s  of a boi l ing  
rubidium space power conversion system. This work w a s  sponsored under 
USAEC Contract AT(O4-3)-251. 

F l u i d ( s ) :  Rubidium. 

Natural or Forced Convection: Forced convection. 

Approximate Overall Size of Loop(s):  See f igure  1. 

Containment Al loy(s ) :  
w a l l  (plus 316 SS surge tank). 
metal j o i n t s .  

Cb-l%Zr;  1 / 2  in .  and 1/4 i n .  O.D. by 0.049 i n .  
Assembly by fusion welding of s imilar  

The 316 SS/Cb-lZr j o i n t  made with a Swagelok union. 

Test conditions:  The loop operated approximately 330 hours a t  t h e  
following thermal equilibrium conditions : 

Measured preheater i n l e t  temperature 
Measured preheater o u t l e t  temperature 
Measured b o i l e r  temperature 
Measured condenser i n l e t  temperature 
Measured condenser o u t l e t  temperature 
Measured rubidium flow rate 
Estimated rubidium flow rate 
Estimated argon flow r a t e  
Rubidium operating pressure 
Measured power t o  preheater 
Measured power t o  boiler 
Estimated losses  from preheater 
Estimated losses  f r o m  b o i l e r  
Approximate rubidium vapor qua l i ty  
Vapor i n  b o i l e r  by volume 

520' F 
1500' F 
1790' F 
1770' F 
550' F 

0.26 gpm at  520' F 
0.50 gpm 

1 /2  capacity,  i . e . ,  2550 lb/hr 
175  p s i a  
6.50 kw 
8 .75  k w  

-2.00 kw 
4.00 kw 

92% 
0.09 (9%) 

Test Specimens : Containment mater ia l  served as t e s t  specimens. 

Pretreatment of Loop p r i o r  t o  f i l l i n g :  
t o  l e s s  than l m i c r o n  f o r  approximately 24 hours a t  130° F. 

Vacuum outgas t h e  loop i n t e r i o r  

Method of F i l l i n g  Loop: 
argon gas pressure on loading tank and vacuum i n  loop. 

Transfer of f l u i d  i n t o  loop by combination of 
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10. 

11. 

12. 

Star tup Procedure: Pr ior  t o  s ta r tup ,  t h e  loop and a l l  materials 
within the  chamber were heated a t  approximately 130°F under a vacuum 
of 5 t o  10 microns t o  outgas any v o l a t i l e  substances i n  t h e  loop in-  
su la t ion  and other components. The chamber was  then back f i l l e d  with 
high pu r i ty  argon, w i t h  continued heating. Heating of t he  environ- 
mental chamber was accomplished with three  finned space heaters.  Op- 
e ra t ion  of the  blower during t h e  heating period promoted uniform heat- 
ing of t he  e n t i r e  loop and components. 
necessary, p r io r  t o  loading, t o  prevent f reezing of t h e  rubidium 
during t h e  loading operation. 

The heating of t h e  loop was 

Test Environment: 
t inuously passed through a pur i f ica t ion  t r a i n .  
up of a 1400OF chip furnace (chips  of 50% Ti-50% 2)  f o r  oxygen r e -  
moval, and a molecular s ieve t o  remove water vapor. The oxygen 
analyzer (described i n  paragraph 1 2 )  continuously monitored the  oxygen 
content i n  t h e  chamber, usual ly  below 5 ppn oxygen. The water vapor 
i n  t h e  environmental gas could not be detected on a dew point analyzer. 

A port ion of t h e  argon environmental gas was con- 
The t r a i n  was made 

Two thicknesses of 2 m i l  zirconium f o i l  (1/2 in .  wide) were 
wrapped around the  e n t i r e  C b - 1 Z r  surface exposed t o  the chamber envi- 
ronment. 
taminants which could not be removed by the  gas pur i f ica t ion  apparatus, 
but whose presence over a long t e s t i n g  period could be detrimental  t o  
t h e  C b - 1 Z r  surface. 

This served as a , g e t t e r  f o r  any minute quant i t ies  of con- 

Instrumentat ion : 

Recorder, Temperature : Leeds & Northrup, 0-2200°F range, 
<40.3$ accuracy f u l l  scale;  
f o r  Chromel-Alumel thermocouples 

Recorder, Flow: Mine Safety Appl., Inc. 
0-2.5 Mv range, Model H 

Pressure Recorder & Controller (Loop) : Taylor Instrument Co., 
3-300 p s i  range, t o  f i t  and 
posi t ion Hammel-Dah1 Series  
3000 valve which s tabi l izes  
loop pressure 

Temperature Recorder & Controller:  Honeywell Instrument, 0-16OO0F, 
(Environmental Chamber ) 115 V 60 cycles, f o r  Chromel- 

Alumel thermocouple, Model No. 
146R16-PSH-148 
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13. 

14. 

15. 

16. 

Temperature & Controller:  
(water i n  argon t o  water heat Model No. OT 504-EW-IA 

0-300°F, Br i s to l  Instrument, 

exchanger) 

Oxygen analyzer: Leeds & Northrup, 0-100 ppm O2 21% f u l l  sca le  
precision, 22% f u l l  sca le  accuracy, Speedomax 
Type, Response time 5 seconds f u l l  scale ,  
Cat. No. 2-930-041-099-6-24-3-34 

No l imi ta t ions  on instruments during operating l i f e  s e t  by t e s t .  

Components : 

m p  : Electromagnetic, MSA Type 5-30 

Flowmeter: Electromagnetic, MSA 

Heaters : Elec t r i ca l  po ten t ia l  across the  heating sect ion of loop 
yielded an 1 2 R  heating of the  containment mater ia l  

Boiler: Same as above 

Condenser: A coiled section of the loop was passed through an 
annulus which contained a dynamic argon gas flow. The 
argon gas which was heated i n  the annulus was cooled 
as it passed through a water heat exchanger. 

Alkali  Metal Sampling or  Monitoring Procedure: 
pos t - tes t  rubidium were analyzed. 
were: ( A )  Mercury amalgamation method f o r  oxygen content analysis ,  
and (B)  spectrographic analysis  of the  rubidium salt f o r  metal l ics .  
The rubidium salt  was prepared by (1) converting t h e  rubidium t o  
rubidium methylate by adding anhydrous methyl alcohol; ( 2 )  convert- 
ing the  rubidium methylate t o  rubidium hydroxide by react ing w i t h  
water; and (3 )  converting the  rubidium hydroxide t o  rubidium salt 
by adding acid and drying t h e  prec ip i ta te .  

Only t h e  pre- and 
The ana ly t i ca l  procedures used 

Loop Flow S tab i l i t y :  Loop flow was s tab le ;  c r i t e r i a  f o r  s t a b i l i t y  
were constancy of temperature d is t r ibu t ions  and s teadiness  of l iqu id  
flow rate. 

Post-Test Procedure: The rubidium was drained back i n t o  t h e  loading 
tank and t h e  tank removed from t h e  loop. 
disconnected from a l l  pressure connections made on t h e  environmental 
chamber. The exposed connections were immediately capped with a 
Swagelok cap t o  prevent reac t ion  of any rubidium which may have con- 
densed i n  or near t h e  connection jo in t s .  
l i qu id  metal decontamination pad, cut i n to  sect ions and each sect ion 
individual ly  decontaminated with alcohol and water. 
were cut open and examined macro- and microscopically f o r  corrosion 
and/or mass t r ans fe r .  

The loop was then physically 

The loop was removed t o  t h e  

Areas of i n t e r e s t  
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17. 

18. 

19. 

Major Loop Problems: 
oxygen and nitrogen from t h e  a i r , t o  prevent reac t ion  with the  columbium 
tubing. 
mosphere and temperature, and which are required fo r  normal operation 
of components, i . e . ,  blower bearings, mechanical component gears, e t c . ,  
must be f r e e  of carbonaceous or organic impurit ies.  The lubricants  
must be capable of remaining chemically s t ab le  and not outgassing at  
elevated temperatures or high vacuum. These comments a r e  e s sen t i a l  
since columbium has a strong a f f i n i t y  f o r  t h e  i n t e r s t i t i a l  elements. 
The reac t ion  of columbium with minute quant i t ies  of i n t e r s t i t i a l s  over 
a long period can produce suf f ic ien t  corrosion of t h e  columbium t o  
render it s t ruc tu ra l ly  useless.  Erring welding it i s  extremely esaen- 
t i a l t o  have a high pure argon atmosphere (<2 ppm 02, and water vapor 
below t h e  dew point detect ion s e n s i t i v i t y ) .  If the  i n t e r s t i t i a l s  are 
present i n  t h e  welding atmosphere ( X  ppm 02), t h e i r  reac t ion  with 
t h e  molten columbium will r e s u l t  i n  a b r i t t l e  w e l d  j o in t  which can 
f rac ture  very e a s i l y  i f  jo in t  i s  subject t o  any j a r r ing  during loop 
as s embly . 

The environmental atmosphere must be f r e e  of 

Lubricants that are exposed t o  t h e  pur i f ied  environmental at-  

Manpower : 

6512 sa l a ry  hours 

4651 hourly hours 

$42,205 material, equipment, and outside production 

Summary of r e s u l t s  t o  date:  
operated for 455 hours t o t a l  a t  1840°F and a vapor qua l i ty  of 9%. 
t h e  la t ter  loop, t h e  last 335 hours of operation were continuous. 
Stable boi l ing  at  t h i s  vapor qua l i ty  l e v e l  was achieved without t h e  
use of spec ia l  l i qu id  vapor phase separation devices. Operation of 
t h e  loop was  s t ab le  i n  a l l  phases; however, overheating of t h e  envi- 
ronmental chamber was observed due t o  insuf f ic ien t  insu la t ion  on t h e  
loop and r e su l t an t  high heat losses  from t h e  loop heater  and boi le r .  
The columbium loop run was terminated by a cracked weld a t  t h e  en- 
t rance t o  t h e  condenser sect ion i n  t h e  hot port ion of t he  loop. Neg- 
l i g i b l e  corrosion by t h e  rubidium on both loops was observed. Some 
carbide penetration on t h e  outside of t he  columbium loop was observed 
which apparently was caused by carbonaceous impurit ies i n  t h e  argon 
gas. The failure of t h e  w e l d  at  the  entrance t o  t h e  condenser was 
believed t o  be caused by carbide penetration e f f ec t s .  The protect ive 
coating of zirconium f o i l  wrapped around t h e  columbium loop was ob- 
served t o  f u l f i l l  i t s  function and t o  be e n t i r e l y  necessary t o  insure 
t h e  long l i f e  operation of t he  columbium loop. However, some al loy-  
ing of t h i s  f o i l  with the  columbium occurred at  t h e  ho t t e s t  portions 
of t h e  loop. 
were developed f o r  t h e  evaluation of re f rac tory  metal corrosion. 
sults showed corrosion of re f rac tory  containment materials by rubidium 
i s  not c r i t i c a l  i n  t h i s  temperature range. 
s ion occurs from t h e  contaminants i n  protect ive and environmental a t -  
mospheres. 

The second loop was a C%-l%Zr a l loy  loop 
In  

Improved and ref ined ex is t ing  metallographic techniques 
Re-  

Rather, t h e  c r i t i c a l  corro- 
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Figure 1. - Dynamic test loop fo r  l iqu id  rubidium. 



BROOKHAVEN NATIONAL LABORATORY 

Liquid-Metal Corrosion Loop Questionnaire 

Questionnaire 1 - Pumped Loop 

1. 

m a t e r i a l  f o r  l i q u i d  Na and Na vapor a t  high v e l o c i t i e s  i n  a 

Purpose of  loo^: To eva lua te  C b - 1 Z r  a s  a poss ib l e  conta iner  

N Rankine cyc le  system, 
n 
d 
N Sponsor: A. E ,  C. Reactor Development Divis ion 4 

2.  Fluid:  Na 

3 ,  Forced Convection: Flow achieved by means of a G.  E ,  h e l i c a l  

induct ion  pump, S t a t u s  - under cons t ruc t ion .  

4. 

t i n g  i n t o  a 4 foo t  diameter chamber, 

Approximate Overa l l  S ize  of Loop: About 8 f e e t  t a l l  and f i t -  

5 Containment Alloy: C b - 1 Z r  

6. T e s t  Conditions:  Temperatures - 2000'F b o i l i n g  
1700'F condensing 

Flow r a t e s  - 20 #/hour. 

7. T e s t  Specimens: Mostly made from conta iner  ma te r i a l .  Refrac- 

t o r y  m e t a l  a l l o y  specimens i n  tu rb ine  s imula tor .  

8. 

2200'F f o r  1 hour. 

9. Methodof F i l l i n q  Loop: Under vacuum i n t o  a dump tank. F i l l  

loop under i n e r t  gas  cover,  

Pretrestment  of Loop: I n  genera l ,  .post  weld heat t r ea t  a t  

10,  S ta r t -up  Procedure: Undecided. 

11. T e s t  Environment: Vacuum chamber a t  about 1 x 10 t o r r .  
-8 

1 2 .  Instrumentat ion:  W/W 26Re thermocouples, flow meter, and 

pressure t r a n s m i t t e r s  by Taylor ,  
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13, -__ B r i e f  D e s c r i p t i o n  of Components: Flowmeter b u i l t  by BNL, 

C b - 1 Z r  v a l v e s  by Hoke, G o  E, h e l i c a l  i n d u c t i o n  pump. 

14. A l k a l i  Metal Samplinq: None planned t o  d a t e ,  

15. Loop Flow S t a b i l i t y :  Unknown. 

16 ,  Post-Test  Procedure_: P o s t - t e s t  p rocedure  w i l l  i nc lude  m e t a l -  

l o g r a p h i c  examinat ion fo r  c o r r o s i o n ,  x-ray d i f f r a c t i o n ,  mechanical  

tes ts ,  vacuum f u s i o n  a n a l y s i s  of  c o n t a i n e r ,  chemis t ry  of  N a ,  micro- 

ha rdness  tes ts .  

1 7 ,  Major Loop Problems: Procurement of  good c o n t a i n e r  mater ia l  

i. e. t u b i n g  ~ 

18, Manpower_: A t  p r e s e n t  - P r o f e s s i o n a l  ( D e s i g n  and Engineers)  - 1 

Techn ica l  - 1 

A n a l y t i c a l  ( Inc lud ing  Meta l lography)  - 0 

19. S-ary o f  R e s u l t s  t o  D a t e :  Under c o n s t r u c t i o n ,  
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Questionnaire 2 - Natural  Boiling 

1, Purpose of Loops: To  eva lua te  t h e  poss ib l e  use  of Na a s  a 

coolan t  and a working f l u i d  f o r  power conversion systems. 

Sponsor: A. E.  C ,  Reactor Development Divis ion 

2. F lu id :  N a  

3 .  Natura l  o r  Forced Convection: Mostly n a t u r a l  convection. One 

forced c i r c u l a t i o n  loop (discussed i n  sepa ra t e  ques t ionnai re )  and 

one l a r g e  n a t u r a l  c i r c u l a t i o n  loop. 

4. Approximate Overa l l  S i ze  of Loops: S m a l l  n a t u r a l  convection 

about 8"  x 16" rec tangular  shape. Large n a t u r a l  convection - about 

6 f e e t  t a l l .  

5. Containment Alloys: Mostly C b - 1 Z r .  Others being f a b r i c a t e d  

are X-110, FS-85 and Ta-1OW. Large loop made from C b - 1 Z r  a l l o y .  

6. T e s t  Conditions:  Temperatures - 2000 t o  2200°F b o i l i n g ,  

F ~ O M  r a t e s  - l#/hour t o  lo#/hour. 

Operating time - UP t o  5000 hours.  

7. T e s t  Specimng: Mostly made from con ta ine r  material. 

8, Pretreatment of Loops: I n  genera l ,  pos t  weld h e a t  t r e a t  a t  

2200°F f o r  1 hour. 

9, Method of F i l l i n q  Loops: Under vacuum and crimp sea led .  Weld 

a f t e r  c r i m p  under i n e r t  gas  cover. Large loop f i l l e d  v i a  dump 

tank ,  
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10,  S ta r t -up  Procedure: Simply apply hea t  t o  small  loops, Large 

loop f i l l e d  under vacuum, r a i s e  pressure i n  dump tank and increase  

b o i l e r  temperature,, 

11. T e s t  Environment: Vacuum chambers from 1 x 10 t o r r  t o  

1 x torr., 

1 2 .  Instrumentation: W/W-26Re thermocouples f o r  s m a l l  loops and 

f o r  l a rge  loop. Pressure gage on l i v e  b a l l a s t  dump tank system. 

13, Brief  Descr ipt ion of Componen_t_s_: For s m a l l  loops - none. 

For l a rge  loop - low vol tage  - high cu r ren t  furnace (Ta). 

14, A lka l i  Metal Samplinq: None t o  da te .  

15, s o p  Flow S t a b i l i t y :  Small loops s t a b l e  as ind ica ted  by 

thermocouples. Large loop unstable  due t o  dump tank co ld  f l u i d ,  

-6 

16. Post-Test Procedure: Pos t - tes t  procedure includes metallo- 

graphic  examination f o r  corrosion,  x-ray d i f f r a c t i o n ,  mechanical 

tests,  vacuum fus ion  ana lys i s  of conta iner ,  chemistry of Na, micro- 

hardness t e s t s ,  

1 7 ,  Major Loop Problems: Procurement of good conta iner  m a t e r i a l  

i. e tubing 

18. Manpower: Profess iona l  (Design and Engineers) - 1 1 / 2  ( l a rge  

loop) and 1 / 2  (small loops) 

Technical - 3 ( l a rge  loop) and 1 ( s m a l l  loops) 

Analy t ica l  (Including Metallography) - 1 

19. Summary of Resul ts  t o  D a t e :  No corrosion of C b - 1 Z r  seen a f t e r  

1000 hours a t  2000°F bo i l ing ,  
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UNITED NUCLEAR CORPORATION 
DEVELOPMENT DIVISION 

NDA 

Liquid-Metal Corros ion  Loop Questionnaire 

Purpose of Loop and Sponsor: 
stainless steel corrosion by liquid sodium and potassium, 
sponsored by UNC. 

Quantitative comparison of 

Fluids: Liquid sodium and potassium. 

Type of Loop: Natural convection. 

Size of Loop: Small, see attached sketch (run in 
duplicate). 

Containment Alloy: Type 316 stainless steel, 1/2 inch 
IPS schedule 40 pipe, TIG welded joints. 

Test Conditions: 
45 psia, 2 in./sec f o r  sodium, 4 in./sec f o r  potassium, 
5000 hours. 

1575' F maximum, l l O O o  F minimum, 

Test Specimens: Type 316'SS tabs hung at hottest point 
and removed through top end of loop for weighing at 
1000 hour intervals. 

Pretreatment of Loop: Degreasing by hot detergent, 
water rinse, acetone rinse and vacuum outgassing. 

Method of Filling Loop: From bottom, to level of "spark 
plug" probe temporarily inserted through top end. 

Startup Procedure: Conventional for natural convection 
single phase loops. 

Test Environment: Argon cover gas inside loop, air 
outside . 
Instrumentation: Chromel-Alwnel thermocouples made from 
bare 20 gauge wire, and ceramic beads. Maximum tempera- 
ture measured in a well centered in the stream. This 
couple was removed and checked at intervals against a 
secondary standard. 

Cover gas pressure was continuously indicated by 
a Bourdon gauge. 

Brief Description of Components: Convent,ional for 
natural convection loops. 4 kw Globar heater. 
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15. 
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17. 

18. 

19. 

.- 

Alkal i  Metal Sampling: Before and a f t e r  t e s t  only.  

Loop Flow S t a b i l i t y :  S t a b l e  f l o w ,  s i n g l e  phase loops.  

Post-Test Procedure: Measure tab  weights, sample a l k a l i  
metal  i n  loops,  radiograph loops,  d r a i n  wash and s e c t i o n  
loops,  metallography on loops and t abs .  

Major Loop Problems:  N o  major problems. One loop 
sprang a slow potassium leak ,  f i r s t  de t ec t ed  by t a b  
weight change measurements. The l eak  sea l ed  i t s e l f  
and could not  be loca t ed  i n  p o s t - t e s t  examination. 

The sodium used was p u r i f i e d  only by aging and 
f i l t e r i n g .  The  f i l l i n g  l i n e  c o n s t i t u t e d  a small  d i f -  
fu s ion  cold t r a p  during loop opera t ion .  The potassium 
was aged, f i l t e r e d  and g e t t e r e d  w i t h  zirconium f o i l  f o r  
100 hours a t  1250' F. 
during loop opera t ion  o the r  than the  d i f f u s i o n  cold t r a p .  

Manpower: To ta l  budget i s  1030 man-hours, approximately 
1/2 t echn ic i an ,  1/4 engineer, 1/4 chemis t .  O f  the  t o t a l  
about a f o u r t h  was spent  bu i ld ing  the  two t e s t  s tands  
and the  potassium p u r i f i c a t i o n  system. 

No p u r i f i c a t i o n  was provided 

Summary of Resul t s  to Date: A l l  work i s  complete except 
f o r  oxygen a n a l y s i s  of t he  potassium samples and some 
metallography. The corrosion da ta  a r e  summarized i n  
Figure 2.  The cor ros ion  r a t e  of s t a i n l e s s  s t e e l  decreased 
w i t h  time i n  both sodium and potassium, apparent ly  due 
to s e l e c t i v e  leaching of elements from the  s t e e l .  A 
f e r r i t i c  l a y e r  formed on the  exposed su r face  i n  both 
cases .  The cor ros ion  r a t e  was c o n s i s t e n t l y  lower i n  
potassium. At 5000 hours the  cor ros ion  r a t e  i n  1575O F 
potassium was 20 mg/dm2mo, equiva len t  to a uniform 
su r face  removal r a t e  of 0.12 m i l s  pe r  year .  The cor re-  
sponding r a t e  i n  sodium was 60 mg/dm2 mo, o r  3 times 
h igher .  

The sodium t e s t  was run i n  dup l i ca t e .  The two 
curves d i f f e r e d  by a maximum of 13 percent ,  apparent ly  
due to a c c i d e n t a l  oxygen contamination i n  one loop a t  
t h e  2000 hour shutdown. The same two loops,  w i t h  f r e s h  
t abs ,  were used f o r  the  potassium t e s t ,  but one was 
shut  down by a slow l eak  a t  1000 hours.  The 500 hour 
da ta  p o i n t s  were i n  exce l l en t  agreement. It i s  bel ieved 
t h a t  t h e  observed d i f f e r e n c e  i n  sodium and potassium 
cor ros ion  r a t e s  i s  r e a l  and t y p i c a l  for s t a i n l e s s  s t e e l  
thermal convection loops i n  t h e  absence of any unusual 
oxygen sources o r  s inks .  
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Compound gage 

ert gas and vacuum llne 

Radlatlon ahlelds 

godium-gas interlace 

Liquid-aolld eodlum interface 

Svngelok cap 

I/,, In. dlam SS 
wIre tab support 

Figure 1. - Thermal convection loop design, showing gas lock details. 

Figure 2. - Sodium-potassium corrosion comparison. l a b  weight loss 
versus time for type 316 55 tabs suspended in sodium and potassium 
f l w i n g  in  identical SS thermal convection loops at 1575' F 
(475O FATI. 
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ATOMICS INTERNATIONAL 

Liquid-Metal  C o r r o s i o n  Ques t ionna i r e  

I. 

2. 

N 3.  

I 4. 
0 3  + 
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5. 

6. 

7. 

8. 

9. 

10 . 

11 

12 . 
13 

Purpose o f  T e s t  and Sponsor:  C o n t r a c t  f o r  Conduct o f  S o l u b i l i t i e s  
and D i f f u s i o n  S t u d i e s  o f  U l t r a  Pure T r a n s i t i o n  Elements i n  Ul t ra  Pure 
A l k a l i  Metals .  T h i s  program is  sponsored by t h e  Lewis Research Cen te r ,  
NASA. 

F l u i d :  Potassium (and Li thium) 

Type: A l l  Liquid,  

A l l o y s  or M a t e r i a l s :  f o r  exposure i n  l i q u i d  potassium; S i n g l e  c r y s t a l  
Z r ,  H f ,  V ,  Nb, T a ,  Mo, W, Re, and Fe; Metal  compounds, NbO, TaO, Zr02, 
Z r C ,  BeO, VO, t t Z r O , l t  and t l H f O ; l l  f o r  exposure i n  l i q u i d  L i ;  Nb-and BeO. 

T e s t  Spec iaens :  S i n g l e  c r y s t a l  c r u c i b l e s ,  

Specimen Dimensions: 
c r y s t a l  w i t h  a nominal 3 7 8" I D  x 2" deep c a v i t y  i n  which t h e  l i q u i d  
me ta l  i s  exposed. 

C o n t r o l l e d  V a r i a b l e s :  Temperature,  400°, 6000 ,  8000 ,  1000°, and 1 2 O O o c  
t o  2 l 0 C  i f  p o s s i b l e ;  Time: 
40 hour s  exposure i f  r e q u i r e d .  

No ' n a l l y  a 1 / 2 "  D x 2-1/2" l o n g  sample m a t e r i a l  

nominal 1-8 hour s  exposures ,  b u t  up t o  

P u r i t y  o f  Alkal i  Metal :  The g o a l  i s  t o  u se  t h e  p u r e s t  K and L i  t h a t  
can be produced. T e n t a t i v e  p u r i t y  g o a l s  a r e  se t :  oxygen, 5 ppm; 
a l k a l i  m e t a l s ,  5 ppm; C ,  2 ppm; t o t a l  i m p u r i t i e s ,  100 ppm. 

Method of  Loading and S e a l i n g  Capsules:  The sample c r u c i b l e s  w i l l  be  
loaded  i n  vacuum w i t h  ex t ruded  s l u g s  o f  d i s t i l l e d  po ta s s ium and s e a l e d  
w i t h  a sample c o l l e c t o r  w i t h i n  a molybdenum o r  niobium-al loy t e s t  cap- 
s u l e  u s i n g  a n  e l e c t r o n  beam weld s e a l .  (During t e s t ,  t h e  potassium i s  
c o n t a i n e d  i n  t h e  sample c r y s t a l ;  a t  t h e  end o f  t h e  t e s t ,  t h e  t e s t  cap- 
s u l e  i s  i n v e r t e d  t o  pour  t h e  potassium i n t o  t h e  sample c o l l e c t o r . )  

T e s t  Environment: The t e s t  environment f o r  t h e  t e s t  c a p s u l e  w i l l  be 
vacuum a t  10-5-10-6 Tor r  l e v e l ,  The t e s t  environment f o r  t h e  sample 
i s  t h e  i n t e r i o r  o f  t h e  s e a l e d  t e s t  c a p s u l e ,  which is  s i z e d  t o  minimize 
t h e  amount of  vapor  volume ove r  t h e  sample. The vacuum will be moni- 
t o r e d  u s i n g  an i o n i z a t i o n  vacuum gauge. I n  a d d i t i o n ,  t h e  oxygen con- 
t e n t  o f  t h e  atmosphere w i l l  be monitored u s i n g  a l i q u i d  a l k a l i  m e t a l  
g e t t e r  s u r f a c e  and a n a l y z i n g  f o r  oxygen c o n t e n t  i n c r e a s e .  

F l u i d  Flow Rate:  None. 

Flow S t a b i l i t y :  None r e q u i r e d .  

Method of  Hea t ing  and Con t ro l :  
spot-welded t o  t h e  t e s t  c a p s u l e  t o  monitor  t empera tu re  g r a d i e n t s  and 
t o  e f f e c t  c o n t r o l  o f  m u l t i - s e c t i o n  h e a t e r .  

Rad ian t  h e a t i n g  w i t h  thermocouples 
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20 . 

Instrumentation: Multipoint temperature recorder for sample and furnace 
monitoring; potentiometer; timers; vacuum gauges. 

Post-test Procedure: Open test capsule in vacuum, transfer frozen 
potassium sample in sample collector into glass vial for transfer to 
laboratory for chemical analysis. 

Method of Measuring Corrosion and Material Change: Chemical analysis, 
such as colorimetric techniques and emission spectroscopy. 

Reproducibility of Results: Program is not yet developing data, but 
reproducibility within the limits of chemical analytical techniques is 
the goal. 

Premature Failures: Experimental phase has not yet begun. 

Manpower Involved: 12 man-years total over a two-year period. 

Summary of Results to Date: Test system component specifications have 
beenprepared and have been submitted to vendors for bid. Single crystal 
suppliers have been canvassed for their ability to produce crystals of 
the desired purity and size, with several encourgaging responses. 
Analytical and sample characterization techniques are being critically 
evaluated. 
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BATTELLE MEMORIAL INSTITUTE 

Liquid-Metal Cor ro sion Que 8 tionnair e 

I. FATIGUE OF Cb-1Zr SHEXT I N  POTASSIUM AND LITHIUM 

1. Purpose: 

Sponsor: 

To develop fa t igue  data  f o r  Cb-1Zr shee t  during exposure 
t o  l i qu id  a l k a l i  metals. 
AiResearch Manufacturing Company of Arizona (SPUR Program) . 

2. Fluid: Liquid potassium; l iqu id  lithium. 

3. Type: Fatigue specimens submerged i n  l i qu id  during test; saturated 
vapor (no i n e r t  gas) above l i qu id  surface. 

b.  Materials:  Cb-1Zr sheet stock, 30 m i l s  thick,  surface degreased. 

5. Test Specimns: Constant-stress cantilever-bending fat igue speci- 
men (Figure I-l), mounted in 316 s t a in l e s s  s teel  assembly 
(Figure 1-2) . 

6. Capsule Configuration: Pot i s  3-1/2-in. 1D by 5 in. deep. Liquid 
(See machine assembly, depth i s  approximately 1-1/2-in. 

Figure 1-3). 

7. Variables Studied: Temperature - 800F f o r  potassium; 1600F f o r  
l i th ium.  
f o r  specimens tes ted  i n  potassium; t o  30,000 s i  f o r  

Peak stresses (reversed bending) -to 49,500 psi  

specimens tes ted  i n  lithium. Runouts - t o  10 1; cycles. 

8. Alkali  Metal Purity: Potassium -MSAEt spec ia l  pu r i ty  potassium, 
received i n  g lass  v i a l s ;  spot checks by mercury amalgamatior 
showed 75 ppm oxygen. 
wise by exposure t o  1600~ T i - Z r  chips; t lypical analysis  
a f t e r  treatment, 4 20 ppm nitrogen (micro-Kjeldahl) and 
4 150 ppm carbon (Leco conducto-tnetric); fur ther  ge t te r -  
i n g  during t e s t  by T i - Z r  f o i l  placed i n  fa t igue-test  
chamber. 

Lithium -Mate r i a l  get tered batch- 

9 .  Charging: Potassium - glass  ampoule placed inside sealed sidearm 
attached t o  f a t igue-test  chamber, system macuated, 
ampoule sha t te red  by hammer blow on sidearm, potassium 
melted by ex terna l  heat ,  l i q u i d  forced by i n e r t  gas 
pressure through s t a i n l e s s  f i l t e r  i n t o  fa t igue- tes t  
chamber. Lithium - individual  charging pots loaded and 
sealed i n  helium-filled drybox, get tered,  connected t o  
evacuated fat igue-test  chamber, and l i thium transferred 
by i n e r t  gas pressure. 



10. Test Environment: S t a t i c  vacuum (1-5 micron, measured by thermo- 
couple gage) i n  leak-tested fat igue-test  chamber. 

11. Fluid Flow Rate:  NO f low.  

12 .  Plow S t a b i l i t y :  Mot applicable. 

13. Heating and Control: Resistance furnace surrounding fat igue-test  
chamber (see Figure 1-3) . 
thermocouple immersed i n  l iqu id  metal. 

Controller operated by sheathed 

14. Instrumentation: Conventional thermocouple recordifig and control  
instrumentation; capacitance-type sensor probe shuts o f f  
machine and furnace when specimen breaks. Number of 
cycles measured by mechanical counter on d r ive  mechanism. 

15, Post-Test Procedure: Apparatus cooled t o  *y 15OF above the melting 
point of the l iqu id  metal; l iqu id  metal drained i n t o  s to r -  
age vessel;  fa.tigue-test chamber opened; specimen pieces 
removed and cleaned i n  alcohol. 

16. Method of  Measuring Corrosion: Hardness changes; changes i n  oxygen, 
hydrogen, nitrogen content of specimens. 

17. Reproducibility: No exact  duplicate t e s t s  were run; sca t t e r  i n  
S-1: data points  normal f o r  fa t igue r e su l t s .  

18. Premature Failures:  About 10 per cent of the t e s t s  were inva l id  f o r  
one of the following reasons- (1) furnace f a i lu re ,  ( 2 )  leak, 
( 3 )  malfunc t i on  of failure-sensing cutoff device,  (4) d i f  - 
f i c u l t y  i n  t ransferr ing l i thium t o  t e s t  chamber. 

19. Manpower: One engineer and one technician, about half time, for  one 
year 

20. Results: S-N curves were establ ished,  as shown i n  Figure 1-4. 
Ehdurance limits i n  reversed bending were approximately 
27,000 p s i  for  Cb-1Zr i n  800F potassium and 20,000 p s i  i n  
1600F lithium. 
no inert-environment tests were run f o r  comparison. 
ness and gas-analysis data a re  summarized i n  Table 1-1. 

These are absolute d a t a  f o r  bellows design; 
Hard- 
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TABLE 1-1. Cb-1Zr Fatigue-Test Samples 

Ekposure Hardness, P a r t s  P e r  Mill ion 
Specimen Time, hr. VHN(l@kg) Oxygen Hydrogen Nitrogen 

As received ' 0 82.9 367 1.8 100 

Specimens Tested in 800F Potassium 

35 70 5 20 101 .,4 456 

7 45 107.6 506 40 45 

1 210 113.6 58 2 154 4 2  

Specimens Tested in 1600F Li th ium 

u 3 106.3 289 4 99 

6~ 95 83 .O 280 1.6 125 

2L 10 87 S 284 1.5 113 

223 



Specimen test 
section to be 
symmetrical about 
this axis within 
0001 inch 

1 

I-*- 

Figure 1-1. - Nb-1Zr fatigue specimen. 

Figure 1-2. - Specimen, driving and sensing rods, and flexure plate assembly 
of cantilever bending fatigue apparatus. 
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1 

Figure 1-3. -Machine for conducting cantilever bending 
fatigue tests in liquid metals. 

50 lo3 

45 
- 
Ln a 

8- 
E 35 5 
E 

-25  

15 o3 IO 106 10' 

Fotigue Life, cycles 

Figure 1-4. - Results of reversed-bending fatigue tests on Cb-1Zr in liquid potassium 
at 800 F and liquid lithium at 1600 F. 
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11. FATIGUE OF Mo-O.5Ti IN POTASSIUM VAPOR 

se: 

Sponsor: 

To see  i f  exposure t o  potassium vapor has any influence 
on fa t igue  behavior of Mo-O.5Ti. 
AiResearch Manufacturing Company of Arizona (SPUR Program) 

2. Fluid: Potassium. 

3 .  Type: Inside surfaces of hollow specimens exposed t o  saturated 

4. Materials : Arc-vacuum-cast, hot-rolled, ground, 3/L-in.-diam bar 

vapor . 
stock, stress-relieved 1 hr. a t  1800F. 

5. Test Specimens : Cylindrical ,  threaded-end axial-load fat igue 
specimens, hollow with welded end plugs (Figure 11.1)- 

with Mo-O.sTi specimengrips sealed through s t a i n l e s s  
s tee l  bellaws, as shown i n  Figure 11-2. A few drops of 
potassium ins ide  the specimen cause the  specimen c a v i t y  
t o  be f i l l e d  with saturated potassium vapor at the t e s t  
temperature . 

6. Capsule Configuration: Vacuum chamber i s  2-in. I.D. Inconel tube, 

7. Variables Studied: Temperature - 1500 and 2000F; load r a t i o  
(a l te rna t ing  s t ress :  mean s t r e s s )  - 0.95; peak st e s s  
range - 31,500 p s i  t o  100,000 ps i ;  runouts - t o  10 6 cycleso 

8. Alkali Metal Purity: MSJR special  p u r i t y  potassium. A s ingle  glass 
vial supplied potassium f o r  a l l  tests; no oxygen analysis  
made on this pa r t i cu la r  sample; other samples from same 
MSAR batch, handled i n  the  same manner, showed 75 ppm 
oxygen by mercury amalgamation . 

9. Charging: Potassiumtaken by hypodermic needle from heated (200F) 
glass via l  and inser ted in specimen cav i ty  inside helium- 
f i l l e d  drybox; end caps Heliarc welded i n  place. 

10. Test Environment: Specimen i n t e r n a l  - saturated potassium vapor 
plus  helium; specimen ex te rna l  - dynamic vacuum t o  5 
microns or l e s s .  

11. Fluid Flow Rate:  No flow. 

1 2  . Flow S t a b i l i t y :  Not applicable . 
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13. Heating and Control: Resistance furnace surrounding vacuum chamber; 
thermocouples wired t o  tantalum-foil-wrapped specimens 
used f o r  temperature measuremnt and control. 

fi , Instrumentation: Conventional thermocouple recording and cont ro l  
instrumentation; number of cycles, specimen s t ra in ,  and 
f a i l u r e  cutoff device are p a r t  of the Ivy Dynamic Creep 
Machine instrumentation ( Figure 11-3) . 

15. Post-Test Procedure: Apparatus cooled down and specimen removed 
i n  air and cleaned with alcohol, 

16. Method of Measuring Corrosion: Hardness changes; metallography; 
endurance l i m i t  comparison with r e s u l t s  on specimens with 
no potassium present. 

17, Reproducibility: Very few duplicate t e s t s  run; s c a t t e r  i n  S-N da ta  
points only s l i gh t ly  grea te r  than  usual  f o r  f a t i g u e  r e su l t s ,  

18 . Premature Fai lures:  Three t e s t s  out of 28 were stopped e arly f o r  
various reasons: (1) vacuum leak, ( 2 )  f a i lu re  of a pa r t  
i n  the  specimen g r i p  assembly, ( 3 )  furnace burnout. 

19. Manpower: One engineer and one technician about half  time f o r  a 
year . 

20, Results: Summarized i n  Figure 11-4; exposure of Mo-O.5Ti t o  bo th  
1500 and 2000F potassium vapor appears t o  reduce the en- 
durance l i m i t  by a s ign i f i can t  amount. 



0.001 
I 

i t0.0005 0.3745 1 
0.3740 

0.2500 

20.0005 
0.3750 

Note - 
Test section OD ond ID to BE 
concentric within 0.0001 T1.R. 

32 0.m-0.002 

END PLUG Fotigue Specimen 

Mot ' l  - Mo- Ti 

Figure 11-1. - Dynamic creep specimen for modified Ivy machine. 

Figure 11-2. -Furnace, vacuum chamber, and specimen holder 
assembly for Mo-0.5 Ti fatigue tests. 
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Figure 11-3. - Ivy dynamic creep machine. 

.- 
Fatigue L i fe ,  cycles 

Figure 11-4. - Results of axial load fatigue tests on Mo-0.5 Ti in helium-vacuum atmosphere, 
or potassium-vacuum atmosphere at 1500 F and 2000 F. 
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111. STRESS-RWTm OF Mo-OeSTi IN POTASSI~I VAPOR 

1. Purpose: To see if t he  stress rupture behavior of Eo-O.STi i s  any 
d i f fe ren t  i n  a potassium vapor environment than i n  a 
vacuum a t  the  same temperatures. 
AiF,esearch Manufacturing Company of Arizona (SFUR Program) . Sponsor: 

2. Fluid: Potassium. 

3. Type: Inside surfaces of h o l l m  creep specimens exposed t o  

4. Materials : Arc-vacuum-cast, hot-rolled, ground, 3/k-in.-diam 

potassium vapor . 
bar stock, s t ress-rel ieved 1 hr at  1800F. 

5. Test Specimens: Cylindrical, threaded-end creep specimens, hollow 
with welded end plugs (Figure 111-1). 

6. Capsule Configuration: Tests conducted i n  conventional vacuum- 
creep apparatus. The specimen i t s e l f  i s  the capsule. A 
few drops of potassium sealed inside the specimen cause 
the cavity t o  be f i l l e d  with s a t u r a t e d  potassium vapor at 
the t e s t  temperature. 

7. Variables Studied: Temperature - 1800 and 2000F; s t r e s s  l eve l s  - 
25,000 t o  60,000 psi ;  time - t o  1000 hr. 

8. Alkali  Metal Purity:  MSAR special  pu r i ty  potassium; a s ingle  g l a s s  
vial supplied potassium f o r  a l l  t e s t s ;  no oxygen analysis  
made on this par t icu lar  sample; other samples from same 
NSAR batch, handled i n  the s ame manner, showed 75 ppm 
oxygen by mercury amalgamation. 

9 . Charging : Potassium transferred by hypodermic needle from heated 
g lass  v i a l  t o  specimen c av i ty  inside helium-filled dry- 
box; end caps Heliarc welded i n  place. 

10. Test Environmnt: Specimen in t e rna l  - saturated potassium vapor 
plus helium; specimen external  - dynamic vacuum t o  5 
microns or  less.  

11. Fluid Flow Rate: No flow. 

12. Flow S t a b i l i t y :  Not applicable. 
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13.  Heating and Control:  Resis tance furnace,  with 5' independent wind- 
in? s,  surrounding vacnum chamber; thermocouples wired t o  
tan%alum-foil XrapFed specimens used for temperature 
me as 1 ire men t a-rld c on tr o 1 

'Ilc. Instrumentation: Conventional thermocouple recording and c o n t r o l  
i n s t runen t s ;  specimen s t r a ins  measured o p t i c a l l y  by 
pla.tinum-strip extensometers at,tached t o  specimens. 

1s. Post-Test Procedure : Apparatus cooled dmJn and specimen removed 
i n  a i r  and cleaned with alcohol .  

16. Xethod of Neasaring Corrosion: creep curve comparisons between 
tes ts  wit:? and without  potassium present ;  metallography. 

17 . Reproducibi l i ty:  $ R e p  curves from the  f e7nT dup l i ca t e  t e s t s  show 
good agreernent. 
are cons is ten t .  

Res;i.lts from tests under o ther  condi t ions  

1.8 . Fremature F a i l u r e s  : Two o f  t e n  e xperiments yiplded 6ubious d a t a  
because t h e y  were r e s t a r t e d  a f t e r  furnace burnouts  . 

19.  %anpower: Gne engineer  and one t e c h n i c i a n  about  h z l f  t i n e  f o r  a 
Y e a .  

20. Results:  Potassiurn vaDor appears t o  have no in f luence  on t h e  creep 
p rope r t i e s  of Ko-0 .STi. 
were t h e  s a n e  f o r  specimens exposed to potassium vapor and 
those t e s t e d  i n  vacuum. 

9es ign  curves (Figure 111-2) 
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O.D. = 0.500 i .OO(M 

I.D. = 0.375 f .oo05 

Specimen 

Notes: 
All dimensions in inches 

a - 
16 

End Plugs 

Figure I 11-1. - Hollow specimen for 1800 and 2000 F creep-rupture tests on Mo-0.5 Ti, 

.- 
IJY 
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0 
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? 
IJY 
IJY 

+ 
Cn 

1000 IO 100 u.1 I 

Time to Reach Indicated Deformation or Rupture, hr 
Figure I 11-2. - Design curves for stress-relieved Mo-0.5 Ti  alloy in potassium vapor or 

vac u u m . 
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IV. STRESS-EUPTURE OF SAE-4340 STEEL I N  POTASSIWI 
VAPOR 

1, Purpose: To see i f  the stress-rupture behavior of SAE-1~340 s t e e l  
i s  any d i f f e ren t  i n  a potassium vapor environment than 
it i s  i n  a i r  a t  the same temperatures. 
AiFiesearch Manufacturing Company o f  Arizona (SPuli Program) . Sponsor: 

2. Fluid: Potassium. 

3. TYP: Saturated vapor. 

11. Xater ia l s :  Specimens machined from ro l l sd  bar stock which had been 
normalized 1 hr a t  1750F and tempered 1 hr at 11003' t o  a 
hardness of 33EC. 

5.  Test Specimens: Cylindfical ,  button-head creep specimens with 
ground., 2/16-ina-diarn gage section. 

6. Capsule Configuration: Tests conducted i n  a Hastelloy X pot, tr i th 
a Mo-O,sTi p u l l  rod sealed through s ta in less  s t e e l  bel-  
lows. A small pool  of potassium in the bottom caused 
the p o t  t o  be f i l l e d  with saturated vapor at  the test 
temperature (See Fig  I V - 1 ) .  

7. Variables Studied: Temperature - 800 and 1000F; stress - 24,500 
t o  85,000 ps i ;  time - t o  1000 hr. 

8 . Alkali Netal Purity: MSAR special-purity potassium received i n  
sealed g lass  vials; spot checks by mercury amalgamation 
showed 75 ppm oxygen. 

9. Charging: Glass ampoule placed inside sealed siciearm attached t o  
creep-test chamber, system evacuated, ampoule shat tered by 
hammer blow on sidearm, potassium melted b y e x t e r n a l  heat, 
l iqu id  forced by inert  gas pressure through s t a i n l e s s  
f i l t e r  i n t o  crcep-test chamber. 
sea led  o f f  before start ing creep test. 

Chamber evacuated and 

10. Test Environment: S t a t i c  vacuum (1 i o  5 micron) i n  creep chamber 
a t  s tart  of t e s t ;  specimen surrounded by sa tura ted  
potassium vapor d u r i n g t e s t .  

11, Fluid Flov Iiate: Since the top of the t e s t  chamberms cooler  than 
the  r e s t ,  there was some refluxing; r a t e  not measured. 
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12. Flow S t a b i l i t y :  Sat isfactory,  as  indicatec! by constancy of int .ra- 
capsule temperatures , 

13. Heating and Contxol: No-wound resis tance furn? ce, located i n  
iner t -gas-f i l led annulus around creep-test  chamber, con- 
trol3.ed from sheathed thermocouples i n  contact with creep- 
specimen surface. 

lb . Instrumentation: Conventional furnace temperature recording and 
cont ro l  instruments; specimen s t r a i n s  measured by ex terna l  
d i a l  gages. 

? 
15. Post-Test Procedure: Apparatus cooled down; flange weld ground bJ 

off ;  potassium reacted with alcohol; specimen pieces  co removed, cleaned, and measured. co 
I+. 

16, Method of Measuring Corrosion: By e f f e c t  of exposure on creep 
beha.vior; l imited hardness measurements and me t.allography. 

17. Reproducibility: Normal s c a t t e r  f o r  creep-rupture data. 

18 . 'Premature Failures: Several abortions traced t o  nonuniform axial  
temperature d is t r ibu t ions  ; si tuatknn corrected by separate- 
l y  controlled buffer furnace a t  top, and subsequent t e s t s  
vere s a t i s f a c t o r y ,  

19.  Manpower: One engineer and one technician, about half  time, f o r  
one year, 

20. Results:  Potassium vapor a t  800 and lOOOF appears t o  have no 
e f f e c t  on the creep-mpture c h a r a c t e r i s t i c s  of SAE k3LlO 
steel. 
curves, Yigure IV-2. 

This is  i l l u s t r a t e d  by t y p i c a l  creep-rupture 
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PULL ROD (Mo-1/2Tbl 

BELLOWS (316or EXTENSOMETER 

Mo-WOUND FU 

Z~RCONIUM FOIL GETTER’ 

Figure IV-1. - Schematic arrangement of apparatus for studying effect 
of potassium vapor on  creep. 

io 

Figure IV-2. - Typical creep curves for SAE-4340 steel at 1000 F, w i th  and w i thout  potassium 
vapor environment.  
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V. REFRACTORY METALS FOR T€EBMIONIC CONVEXTEES 

1. Purpose: 

Sponsor: 

To f ind materials most su i tab le  f o r  contact with l iqu id  
l i thium t o  3000F and cesium vapor t o  34003'. 
USAF - Research and Technology Division 

2. Fluid: Cesium and lithium. 

3. Type: Cesium - saturated vapor 
Lithium - l i qu id  

4. Materials:  FJ, W-O,9$b, W-1940, W-25Re, Ta-l2W, TZM, B-66, and. 
T-111, 
sources . Star t ing  form is rod, procured from commercial 

5. Test Specimens: Specimens a r e  3/8-in.-OD cans, machined from so l id  
bar. 
p e l l e t  (uOa, uC, o r  UN) . Sealed inside each can i s  a snug f i t t i n g  f u e l  

6, Capsule Configuration: Test specimen i s  sealed inside a 5/8-in-ID 
can made of Mo-O.STi, with e i t h e r  cesium vapor or l i thium 
liquid i n  the annulus between the specimen and the  outer 
s h e l l  (Figure 

7. Variables t o  be Studied: Time - 100 and 1000 hr; temperatures f o r  
cesium - 2500, 2800, 3100, 3400F; temperatures for 
l i thium - 2500, 2800, 3000F; f u e l  p e l l e t  composition - 
u02, UC, UN. 

8.  Alkali  Xetal  Purity:  Lithium - gettered with zirconium-titanium 
a l loy  c h i p s , m t  1600F; arc-emission spectrography 
f o r  structural-metal  impurit ies,  yielding 5 ppm Fe, 10 
ppm C r ,  10 ppm Cu, 100 ppm T i ,  500 ppm Zr, 120 ppm C . 
Cesium - used as received from Dow Chemical; Vendor's 
analysis showed 11 ppm 02; major metall ic impurit ies were 
35 ppm Rb, 18 pprn Ca, 1 8  ppm L i .  

9.  Charging: Lithium - t ransferred manually from get ter ing capsule t o  
t e s t  capsule inside helium-filled drybox with <, 7.5 ppm 
02  i n  drybox atmosphere at start of t ransfer ;  t e s t  capsule 
sealed by Heliarc welding and leak checked. Cesium - 
t ransferred by hypodermic syringe from glass  shipping 
vial t o  tes t  capsule inside helium-filled drybox; t e s t  
capsule sealed by Heliasc welding and leak checked. 
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10. Test Environment: Vacuum 9 ~ 1 0 ~  t o  3,!h.10’6 t o r r  maintained i n  
furnace chamber during e n t i r e  t e s t .  

11. Fluid Flow Rate : Isothermal capsules, no flow. 

12 .  Flow Stab i l i t y :  Mot applicable. 

13. h’eating and Control: Resistance - heated tantalum sheet  vacuum 
furnaces; no measured temperature gradients; temperature 
held t o  +25F a t  2500F. 

lb . Instrumentation: Optical  pyrometer used f o r  temperature measurements. 

15. Post-Test Procedure: Furnace cooled down; capsules t ransfer red  t o  
helium-f S l e d  drybox; specimens removed, weighed, examined 
visual ly ,  examined metallographically . 

16. Fethod of Measuring Corrosion: By appearance, weight change, 
metallography, micro-hardness. 

17 .  Reproducibility: Gross changes were reproducible; Quant i ta t ive ly  
weight-change reproducibi l i ty  was variable.  hetallography 
r e su l t s  completely consistent.  

18. PRmature Fai lures  : A fer.! ca?sules f a i l e d  because of veld leaks; 
some suffered gross d is tor t ion  from i n t e r n a l  pressure . 

1 9 .  Manpower: Equivalent of 2 engineers and 3 technicians f o r  a year. 

20. Results: 100-hr capsule t e s t s  run as of 10/1/63 

2500F 2800F 3100P 
Capsule cs L i  cs L i  cs L i  

w 8 a 6 0 1 0 

W-29e 6 6 6 0 0 0 

Ta-12W 6 6 6 0 6 0 

TZM 6 a 6 0 5 0 
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W - No evidence of a t t a c k  
W-2sRe - FO evidence of a t t a c k  
Ta-131 - Consis ten t ly  a t t acked  a t  both f u e l  and alkal i -metal  i n t e r f a c e s .  

C s  and L i  a t  2500F, about 2 mils pene t ra t ion ;  
C s  a t  2800F, about  8 mils i r o s s  a t t a c k ,  l i g h t  p r e c i p i t a t e  

C s  a t  3lOOF, about  20 mils gross  a t t ack ,  heaq7 p r e c i p i t a t e  
through out 

throughout. 
TZM - C s  and Li a t  2500F, e s s e n t i a l l y  no a t t a c k  

C s  a t  2800F, s l i g h t  sur face  rouphening; some weight loss .  
C s  a t  3100F, large grain prowth near  Cs-exposed surface.  
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1x 

a. Complete Can P r i o r  to Loading 

Components from left to right a r e  
Mo- 1/2Ti lid, fuel-element lid (TZM),  
fuel slug (UC) ,  fuel-element can ( T Z M ) ,  
and outer can of Mo-I/ZTi .  

1x 

b. View Showing Fuel Element Assembled 

1x 
c. View Showing Element in Place; 

2 o r  3 Elements per  Can 

1x 

d. Assembly P r i o r  to  Welding and 
Loading of Cesium o r  Lithium 

Figure V-1. - Exploded view of corrosion and compatibility assembly at  various stages of loading. 
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VI. MATERIU FOR POTASSIUM SEALS 

1. Purpose: Effect  of Potassium Exposure on Potent ia l ly  Useful Materials 
f o r  Rubbing Members of Xotating Seals. 
ASD (Par t  of a la rge  seal-development program) . Sponsor: 

2. Eluid: Potassium. 

3. Type: Liquid and Vapor. 

4. 

, 

Ei%terials: Materials se lec t ion  i s  one o f  the objectives o f  t h i s  
program. 
able  lubr ica t ing  f i l m  upon exposure t o  potassium. 

Criteria include the a b i l i t y  t o  form a replenish- 

so Test Specimens: Powders and slugs of composite materials are being 
examined f o r  film-formation behavior v i a  chemical-reaction 
(DTA) screening experiments. 
runs have been madeo 
planned for a l a t e r  stage, 
time will be in t he  form of tensile and impact bars f o r  
post-exposure mechanical-property determinations. 

To date, only a few exploratory 
Corrosion-screening experiments are 

.Some o f  the  specimens a t  t h i s  

6. Capsule Configuration: The DTA experiments u t i l i z e  type 316 stain- 

The container design f o r  
l e s s  s t e e l  capsules with O.D,=5/3 in., I.D.=1/2 in., 
length = 3 in .  See Figure VI-1. 
l a t e r  experiments has not been firmed up. 

7. Variables Studied: For t h e  DTA experiments - materials, temperature 
t o  llrOOF and heating rates of SF/min t o  60F/min. 
l a t e r  corrosion experiments, materials,  temperature t o  
lkOOF, liquid vs vapor, and t i m e  t o  1000 hr. 

8, Alkal i  Metal Purity: Potassium purity,  pa r t i cu la r ly  olrygen content, 
is  o f  spec ia l  i n t e r e s t  because or" i t s  possible ro l e  i n  t h e  
film-replenishing mechanisms. 
high-purity ( < 50 ppm 02), low-so(fium ( < 50 ppm) potasJ' -1Wl. 
The handling technique now under invest igat ion i s  as 
follows. 
sa rec i rcu la t ing  loop system (1200F, one week). 

For 

S tar t ing  material  i s  MSAR 

As-received potassium i s  get tered a t  S a t t e l l e  i n  

9. Charging: After get ter ing,  a solid-potassium-filled l e g  of  t he  loop 
i s  removed and f i t t e d  i n t o  an extruding device mounted on 
a helium-filled drybox. 
extruded i n t o  the drybox and inser ted  i n t o  the  t e s t  
capsules, the l a t t e r  are closed by he l ia rc  welding. 

Solid slugs o f  potassium are 
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10. Test Environment: DTA capsules are being run i n  a i r .  

11. i l luid Flow Rate: No flow - s t a t i c .  

12. Flow Stabi l i ty :  Not applicable. 

13. Heating and Control: Two potassium-filled capsules, one with a 
material of i n t e re s t  and one without, a re  mounted i n  a 
heavy copper block, surrounded by a resistance-wound 
furnace. 
sealed throxgh the bottom and immersed i n  the  l iquid 
me tal  . 

Each capsule contains a sheathed thermocouple 

14. Instrumentation: One KVA furnace, X-Y plo t te r  f o r  recording re- 
action capsule temperature and d i f fe ren t ia l  temperature, 
recorder f o r  control o f  capsule temperature, and furnace 
control . 

15,, Post-Test Procedure: Dry-box recovery of capsule and contents. 

16. Method of Neasuring Corrosion: If an interest ing 3TA reaction 
occurs and .if the specimen or" t e s t  material. has retained 
i t s  integrity,  X-ray o r  electron-diffraction analyses o f  
specimen surfaces will be made to  ident i fy  films. 

17. Reproducibility: Good reproducibil i ty of reaction temperatures has 
been obtained i n  the few DTA experiments run t o  date. 

18. Premature Failures: None t o  date. 

19, Manpower: For DTA's: part-time engineer and technician f o r  about 
6 moo For the planned corrosion series:  part-time 
engineer and technician f o r  about 9 mo. 

20. Results: I n i t i a l  III'A data indicate tha t  the  No-0-K and W-0-K 
systems behave as predicted thermodynamically (measured 
compound-fcmnation temperatures and ident i f ied compounds) . 
Continuing with other systems. 
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Block 

Differential 
Temperature 

Figure Vi-I. - Differential thermal analysis experiment set-up. 
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1. 

2. 

3.  

4. 

5. 

6. 

HUGHES AIRCRAFT COMPANY 

Liquid- Met a1 C o  r r o s ion Que s ti  onnai r e 

Purpose of Test and Sponsor: Determine compat ib i l i ty  of me ta l l i c  
ma te r i a l s  w i t h  cesium for ion engine app l i ca t ions  f o r  NASA-Lewis. 

F lu id :  Cesium. 

Type: Both l i q u i d  and vapor. 

Alloys: Not hea t - t rea ted .  Cleaned by vapor degreasing and p ick l ing .  
The ma te r i a l s  that  were evaluated were 

1 
2 (1) Timken Sicromo 2- bar  

( 2 )  347 S t a i n l e s s  s t e e l  sheet 

(3)  316 ELC s t a i n l e s s  s t e e l  sheet  

( 4 )  Sens i t ized  502 s t a i n l e s s  s t e e l  sheet  

(5)  Inconel  sheet  

( 6 )  Haynes 25 sheet 

( 7 )  Titanium - E; A 1  - 4V a l l o y  sheet 

(8)  Copper (OFKC!) sheet  

( 9 )  Nicrobraze cast 

(10) Tungsten sheet  

(11) Molybdenum I J U  

( 1 2 )  Tantalum sheet 

(13) Brazed j o i n t s  of 347 s t a i n l e s s  t o  molybdenum using copper 
as t h e  brazing a l l o y  

(14)  Brazed j o i n t s  of 347 s t a i n l e s s  t o  molybdenum using Nicrobraze 
LM as t h e  brazing alloy 

(15) 50 Ti - 50 Z r  a l l o y  turn ings  

T e s t  specimens: 
exposure, wire f i lam2nts  f o r  980' and 1370' C exposures. 

Dimensions: 
welded f o r  t e n s i l e  specimens, 3 /4  inch O.D. g l a s s  tubes f o r  f i lament  
specimens. 

Tens i le  specimens for room temperature and 400' C 

1/2 inch O.D. by 6 inch length  with ends crimped and 
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7. 

8 .  

9 .  

I 

10. 

11. 

12. 

13. 

Controlled Variables s tud ied  and Range of Variables:  

The exposures used were: 

(1) 50 hr a t  400° C i n  cesium l iqu id .  

( 2 )  50 hr a t  400' C i n  cesium vapor. 

(3 )  500 hr at 400' C i n  cesium l iqu id .  

( 4 )  500 hr a t  400° C i n  cesium vapor. 

( 5 )  50 hr a t  980' C i n  cesium vapor f o r  tungsten,  tantalum, and 
molybdenum. 

( 6 )  500 hr at 980' C i n  cesium vapor f o r  tungsten,  tantalum, and 
molybdenum. 

(7) 500 hr a t  1370' C i n  cesium vapor for tungsten,  tantalum, and 
molybdenum. 

(8)  4000 hr a t  35' C i n  cesium l iqu id .  

A l l  t e s t s  were s t a t i c  exposures. 

Pu r i ty  of A l k a l i  Metal: Oxygen, 300 ppm; carbon, not reported.  N o  
f u r t h e r  p u r i f i c a t i o n  beyond vendor 's  processing. 

Method of Loading and Sealing Capsules: 

Tensi le  specimens - Loaded i n  i n e r t  atmosphere d ry  box, metal  capsules 
crimped c lose ,  sea led  with t ape  while t ranspor ted  t o  welding area, in-  
s e r t e d  i n  s p e c i a l  f i x t u r e  which maintained helium atmosphere over cap- 
su l e ,  cesium f rozen  by immersion of bottom of capsule i n  l i q u i d  n i t r o -  
gen, t ape  removed, and crimped end TIG welded. 

Filament specimens - Loaded i n  i n e r t  atmosphere, sea led  of f  w i t h  rubber 
tube,  removed from dry  box, evacuated t o  t o r r ,  and tubu la t ion  fused 
closed. 

Test  Environment: Tens i le  specimen capsules - held i n  sealed aging 
vesse l  with helium c i r c u l a t i n g  through vesse l  while held a t  temperature. 
Filament specimen capsules - held i n  oven maintained a t  265O C with 
f i laments  r e s i s t ance  heated t o  desired temperature. 

F lu id  Flow Rate: -- 

Flow S t a b i l i t y :  -- 

Method of Heating and Control:  Tensi le  specimen capsules - r e s i s t ance  
heated, furnace cont ro l led  by pyrometer with no temperature grad ien t .  
Filament specimens - r e s i s t ance  heated oven with pyrometer con t ro l  with 
no temperature gradient ;  f i lament  temperature measured by o p t i c a l  
pyrometer arrd temperature ad jus ted  by Variac control .  
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14 .  Instrumentation: Tens i le  specimen capsules - Minneapolis Honeywell 
E lec t ronic  Con t ro l l e r .  Filament specimens - Pyrometer Instrument Co. 
Fyro Opt ica l  Thermome-8;er. 

15. Post-Test Procedure: 
unloading. 

Cool capsules and t r a n s f e r  t o  dry box f o r  

16. Method of Measuring Corrosion and Mater ia l  Change: Weight change, 
metallographic examination, v i sua l  examination, mechanical t e s t i n g ,  
and spectrographic a n . d y s i s  of cesium. 

1 7 .  Reproducibi l i ty  of Resul ts :  Undetermined. 

18. Number of premature f s i l u r e s  due t o  causes other  than  corrosion:  
S ix  failures due t o  capsule f a i l u r e  e i t h e r  i n  weld o r  base metal. 

19 .  Manpower Involved: Two professionals ,  two technicians.  

20. Summary of Resul ts  t c  Date: 

O f  t h e  mater ia l s  t e s t e d ,  only tantalum exposed a t  N O o  C was 
found t o  be completely unsa t i s fac tory .  
t h i s  environment cracked and tantalum contents  as high as 10,000 PPM 
were found i n  t h e  exposed cesium. 
w a s  t h e  second most severely a t tacked  ma te r i a l  based on weight l o s s .  
I ts  r a t e  of a t t ack  i n  l i q u i d  cesium w a s  4 . 5 ~ 1 0 - 3  c m / y r .  The r a t e  of 
a t t ack  on a l l  other  mater ia l s  i n  e i t h e r  vapor o r  l i q u i d  w a s  qu i te  
neg l ig ib l e  with t h e  highest  r a t e  being 7x10-5 cm/yr. No s i g n i f i c a n t  
d i f fe rence  between the  vapor and l i qu id  exposures was  noted. I n  t h e  
long term storage t e s t s  a t  35' C for 4000 hr t h e  highest  r a t e  of a t -  
tack  w a s  4x10-5 cm. 

Tantalum tubes exposed t o  

For t h i s  same exposure, tungsten 

The predominant p a t t e r n  of t h e  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  exposed 
t o  e i t h e r  l i q u i d  o r  vapor a t  400' C w a s  weight gain.  Metallographic 
evidence w a s  obtained showing t h a t  a f i l m  0.0002 i n .  t h i c k  w a s  formed 
on t h e  s t a i n l e s s  s t e e l s  exposed t o  e i t h e r  vapor or  liquid atmospheres. 
The formation of t h i s  f i l m  (or d i f f u s i o n  coat ing)  w a s  a t t r i b u t e d  t o  
t h e  r eac t idn  of t h e  cesium oxide w i t h  t h e  s t a i n l e s s  s t e e l ,  i . e . ,  t h e  
cesium oxide was  reduced by t h e  s t a i n l e s s  s t e e l  t o  form chromium oxide 
or a complex oxide on t h e  s t a i n l e s s  s t e e l .  The f a c t  t h a t  t h i s  phenom- 
enon occurred i n  both l i q u i d  and vapor zones ind ica t e s  t h a t  a source 
f o r  oxygen e x i s t s  i n  both zones. 

There w a s  no g ra in  boundary a t t ack  of t h e  sens i t i zed  302 s t a i n l e s s  
s t e e l  and i ts  performance w a s  as good as t h e  s t a b i l i z e d  347 grade and 
t h e  316 low carbon s - ta in less  s t e e l .  

1 
2 

The low a l l o y  s t e e l  (Sicromo 2-) was decarburized t o  a depth of 
0.002 i n .  i n  500 hr exposures at  400' C .  
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Except f o r  t h e  elements t i tanium, boron, and tantalum, no s ig -  
n i f i c a n t  s o l u b i l i t y  w a s  detected i n  the  exposed cesium. A s l i g h t  
increase of i r o n  and chromium w a s  usua l ly  found i n  t h e  cesium. Even 
w i t h  these  elements, it i s  qui te  probable t h a t  t h e i r  ex is tence  i n  
t h e  cesium i s  i n  t h e  form of t h e i r  oxides r a t h e r  than  i n  t h e i r  e l e -  
mental s t a t e .  For example, from t h e  r e l a t i v e  f r e e  energies  of forma- 
t i o n  of t he  oxides of cesium and t i t an ium it i s  expected t h a t  t i ta-  
nium would reduce cesium oxide t o  form an oxide of t i tanium. The ti- 
tanium specimens l o s t  weight as contrasted t o  t h e  s t a i n l e s s  s t e e l  
specimens which gained weight. It i s  bel ieved t h a t  t h e  oxidat ion 
r eac t ion  occurs w i t h  both mater ia l s ,  but i n  t h e  case of t h e  t i tanium, 
the  oxidat ion product i s  not adherent and i s  sloughed of f  i n t o  t h e  
solut ion.  

Although c e r t a i n  of t h e  r e f r a c t o r y  metals were a t tacked  a t  400' C ,  
no a t t ack  was  observed a t  t h e  980° and 1370° C exposures. 
parent anomaly i s  explained by t h e  va r i a t ion  i n  exposure procedures. 
I n  t h e  lower temperature t e s t s ,  t h e  e n t i r e  capsule containing t h e  
specimen w a s  heated t o  400' C.  I n  t h e  higher temperature t e s t s ,  the  
specimens were f i laments  which were r e s i s t ance  heated i n  a cesium 
vapor t h a t  was generated a t  a temperature of 265' C .  
a tu re ,  l i t t l e  cesium monoxide i s  decomposed so  that  t h e  r e s u l t  i s  
t h a t  t h e  cesium vapor surrounding t h e  t e s t  specimen should be qu i t e  
pure and r e l a t i v e l y  f r e e  of oxygen. 
e r a t ed  a t  higher temperatures i s  more aggressive t o  r e f r a c t o r y  metals 
w a s  found i n  an ion  engine examined a f t e r  operation. I n  t h i s  engine,  
t h e  cesium vapor w a s  generated a t  a temperature of 400' C and passed 
through a molybdenum tube heated t o  a temperature of approximately 
1000° C .  The molybdenum w a s  severe ly  at tacked.  The mechanism f o r  
t h e  r eac t ion  t h a t  occurred appears t o  be decomposition of cesium 
monoxide, t o  produce an oxygen - containing vapor and oxidat ion of 
t h e  molybdenum followed by sublimation of t he  molybdenum oxide. 

This ap- 

A t  t h i s  temper- 

Evidence t h a t  cesium vapor gen- 

This s tudy has ind ica ted  t h e  importance of oxygen i n  t h e  corro- 
s ion  behavior of cesium. 
severe r e s t r i c t i o n s  on t h e  choice of materials f o r  s e rv i ce  a t  400° C ,  
t he re  a r e  ind ica t ions  t h a t  cesium containing oxygen can be qu i t e  
aggressive t o  r e f r a c t o r y  metals operat ing a t  temperatures of 1000~ C. 

While t h e  oxygen content does not p lace  
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MSA RESEARCH CORPORATION 
C alle r y , Pennsylvania 

Liquid- Metal Corrosion Questionnaire 

1. Purpose of Loop and Sponsor 

Sponsor: AEC, Chicago Off ice  

Purpose: Two l i q u i d  metal  loops a r e  used i n  t h e  phys ica l  p rope r t i e s  
research  program which was i n i t i a t e d  f o r  t h e  purpose of determining t h e  
e f f e c t s  of r eac to r  grade sodium, and normally an t i c ipa t ed  contaminants, upon 
Type 316 s t a i n l e s s  s t e e l  and 2-1/4 CR-1 Mo s t e e l .  
phys ica l  p rope r t i e s  of t h e s e  same ma te r i a l s  were t o  be determined i n  a i r  
and helium. 
and 1100 F f o r  t h e  f e r r i t i c .  The contaminants t o  be i n t e n t i o n a l l y  i n t r o -  
duced i n t o  t h e  sodium a f t e r  t h e  r eac to r  grade sodium t e s t s  were completed 
would be oxygen, carbon and ni t rogen.  
revea l ing  any poss ib l e  e , f fec ts  of t h e  environments upon t h e  ma te r i a l s  were 
t e n s i l e ,  creep, s t ress - to- rupture ,  and f a t igue .  

For comparison, t h e  

The t e s t  temperatures se l ec t ed  were 1200 F f o r  t h e  a u s t e n i t i c  

The types  of t e s t s  s e l ec t ed  f o r  

2. F lu id  

Reactor grade sodium 

3. Natural  or Forced Convection 

Forced convect ion 

4. Approximate Overal l  S ize  of Loops 

15 f t  wide X 30 ft :Long X 10 f t  high 
Schematic ske tch  is  a t t a c h e d  

5. Containment of Alloys - 
316 ss  
Majori ty  of piping .is 1 / 2  in .  Sch 40 
Loops assembled by both m e t a l  a r c  and T. I . G .  welding processes  

6. T e s t  Conditions 

Temperature: 
Pressure:  1 p s i g  
Flow Rate: 

Operating Time: Ap:proximately 12,000 hours 

1200 F and 1100 F 

1 / 2  gpm through tes t  specimen units and 5 gpm 
i n  main system 



7. Test Specimens 

Type: No. 5 
Specimens were placed i n  t e s t  u n i t s  designed such t h a t  a f t e r  preheating 

a flow r a t e  of 1 / 2  gpm was established through t h e  uni t  a t  e i t h e r  1100 or 
1200 F. The t e s t  specimens were then subjected t o  a creep, creep t o  rupture 
or fa t igue  t e s t .  Following t h e  t e s t ,  t h e  uni t  was drained, cooled and t h e  
t e s t  specimen removed. 

8. Pretreatment of Loor, Pr ior  t o  F i l l i n g  

System piping and components were degreased and washed with commercial 
solvents and detergents p r i o r  t o  assembly only. After assembly t h e  system 
was preheated, evacuated and f i l l e d .  

9. Method of F i l l i n g  Loop 

Loop preheated t o  350 F and then evacuated t o  1 mm. System charged by 
forcing sodium from t h e  sump tank i n t o  t h e  system. Helium cover gas pres- 
sure  on t h e  sump tank served as t h e  dr iving force.  Vacuum on system dur- 
ing  charging was replaced with 1 ps ig  of helium during operation. 

10. St a r t  -up Procedure 

Circulation was i n i t i a t e d  f irst  i n  t h e  bypass system. Test specimens 
were i n s t a l l e d  i n  t e s t  u n i t s  as scheduled and c i rcu la t ion  i n i t i a t e d  through 
t e s t  u n i t s  by opening i s o l a t i o n  valve off t h e  bypass system. 

11. Test Environment 

Reactor grade sodium under helium cover gas. The oxygen l e v e l  was 
measured by a plugging indicator  and control led a t  30 ppm by cold t r a p -  
ping. 

12 .  Instrumentation 

Pressure - standard commercial Bourdon tube gages f o r  cover gas - no 
l i q u i d  metal. 

Temperature - standard commercial temperature recorders and cont ro l le rs  
with thermocouples. 

Flow - magnet i c  f lowmet e r s  with m i l l i v o l t  indicat  o rs  . 
Specimen Elongat ion - standard d i a l  gages. 

Liquid Level - MSAR indicating hand probe (accuracy f 1/4  in .  ) 
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13. Description of Compo:nents 

Pumps - Standard MSAR Style  V electromagnetic pump. 

Heaters - Twelve 1000 watt tubular  heaters  welded i n  a f la t  tube sheet 
which i n  t u r n  is welded i n  t o  an 8 in .  Sch 40 pipe. 

O C I  System - A standard oxide control  and indicat ing system i s  i n  
p a r a l l e l  with t h e  main system. 
standard a i r  cooled finned cold t rap,  a plugging 
indicator  valve, economizer and flowmeter. 

This system includes a 

Valves - 112 in. Type 316 ss Powell bellows sealed valves. 

S t ress  Machines - Arcweld Model K with a 6000 pound capacity. 

14. Description of Alkali  Metal Sampling or Monitoring Procedure 

The oxygen content of t h e  systems was monitored by plugging indicator  
valves at a frequency of a t  l e a s t  once a week. Pr ior  t o  t h i s  t h e  r e l i -  
a b i l i t y  of t h e  plugging indicators  was establ ished by comparing plugging 
runs against  sodium samples removed from instream sampling and expansion 
tanks. 
carbon and metals i n  solut ion.  

Samples were a l s o  taken and analyzed a t  l e a s t  once a week f o r  

15. Loop Flow S t a b i l i t y  

Loop flow wits maintained manually by use of t h e  EM pump and magnetic 
Flow was considered s t a b l e  as 'detectable  on standard commer- flowmeter. 

c i a l  m i l l i v o l t  indicators .  

16.  Post -Tes t  Procedure 

Test units drained, cooled under helium cover gas, specimens removed 
and washed i n  alcohol and water, photographed and measured and held i n  
dessicator  u n t i l  ready for metallographic examinat ion. These examina- 
t i o n s  included t h e  following: 

Physical measurements 
Weishts 
Hardne s s 
Photography 
Microprobe analyses (selected specimens) 
Photomicrographs 
Chemical analyses 
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17.  MaJor  loo^ Problems 

Fa i lure  of bellows sealed valves has been a continuous problem through- 
out t h e  t es t .  
manufacturer has modified t h e  bellows f o r  these  valves and as f a i l u r e s  
occur, these  new bellows a r e  being i n s t a l l e d  i n  t h e  valves. It i s  t o o  
ear ly  t o  say if  t h e  new bellows w i l l  el iminate t h e  f a i l u r e s .  
approximately 30 valves per system of which perhaps half have f a i l e d  dur- 
ing t h e  f irst  year of opera& ion. 

Many valves have f a i l e d  a f t e r  two t o  t h r e e  operations. The 

There a r e  

18. Manpower 

Design - Approximately 6000 engineering hours. 

Operation (per  month) - Four operators, one technician and 1 / 2  
erg ineer  . 

Analyses (per month) - One engineer, one metal lurgis t ,  one chemist 
and two technicians.  

19. Summary of Results t o  D a t e  

Type 316 s t a i n l e s s  s tee l ,  1200 F 

1. The creep rates i n  helium and sodium a r e  higher than i n  a i r .  

2. The number of cycles t o  f a i l u r e  i n  fa t igue  is extended by helium 
followed by sodium as compared t o  air. However, at low s t r a i n s  
a l l  t h r e e  environments may show equal l i f e .  

3. A l l  o ther  physical  propert ies  showed l i t t l e  e f f e c t .  

For 2-1/4 CR-1 Mo Steel,  1100 F 

1. 

2 .  

3 .  

4. 

5. 

6. 

The t e n s i l e  s t rength  was lower i n  helium than i n  a 

The s t ress-rupture  s t rength i n  sodium was s l i g h t l y  
helium or air .  

Pre-exposing t h e  specimens f o r  4000 hrs  ( i n  sodium 
s t r e s s  rupture s t rength.  

The creep r a t e  i n  sodium i s  higher than i n  a i r  

The creep r a t e  i n  helium i s  lower than air  at high 
higher i n  air a t  low s t r e s s .  

r. 

lower than f o r  

lowered t h e  

s t r e s s e s  and 

The number of cycles t o  f a i l u r e  i n  fa t igue  i s  extended by both 
helium and sodium. 
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1.- 

3 

I 

TOTAL - 3 STRESS RUPTURE 

C - CONTROLLER 
CG - COVER GAS CONNECTION 
T - THERMOCOUPLE 
'I - UEIGHl 
VI - VAPOR TRIP 
PI - PLUGBING INDlCITOR 
FM - FLOYYETER 

Figure 1. .- Flow sheet of physical properties test loop. 
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III. PROBLEMS RELATED TO COMPATIBILITY TESTING 

Louis Rosenblum, Chairman 
NASA Lewis  Research Center 
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BOILING STABILITY . 

Paul A. Lottes 

Many of you a re  probably wondering what connection there  i s  between 
corrosion t e s t i n g  and boi l ing  s t a b i l i t y .  
problem of boi l ing  s t a b i l i t y  a r i s e s  i n  any apparatus t h a t  produces vapor 
by boi l ing  a l iqu id .  
system, there  w i l l  be flow osc i l la t ions ,  pressure surges, and temperature 
excursions and, gener-tem will not be i n  steady-state - 
kperation. '  Further, instruments adequate t o  measure f l o w  under steady- 
flow conditions will not indicate  t h e  t rue  t e s t  conditions. 

A s  we will see short ly ,  t he  

If boi l ing  i n s t a b i l i t y  shows up i n  a pa r t i cu la r  

--c- 

In  l i qu id  metal corrosion tests,  flow i n s t a b i l i t y  would Epset-temper- 
ature and concentration gradients,  thus a f fec t ing  mass t r ans fe r ,  d i s turb  
impurity accumulations a t  liquid-vapor in te r faces ,  a f f e c t  t h e  entrainment 
of l i qu id  droplets  i n  vapor region, and change the  locat ion of sens i t ive  
corrosion si tes i n  the  system. 
and mechanisms, you must steady-state flow. That means preventing 
boi l ing  or condensing flow i n s t a b i l i t i e s .  

Thus i n  ordsE'&o determine corrosion rates 

- 
The general  method of a t tacking t h e  problem of i n s t a b i l i t y  i s  t o  

avoid r a the r  than t o  solve it. 
some basic  understanding of t h e  cause. 
ience with i n s t a b i l i t y  which will be described has been obtained with 
boi l ing  water systems. 
important. We are primarily in te res ted  i n  t h e  physical propert ies  of t h e  
f lu id ,  such as l a t e n t  heat of vaporization, change i n  spec i f ic  volume due 
t o  vaporization, and spec i f ic  heat.  

In  order t o  avoid it, we must f i rs t  have 
Most of t he  information or exper- 

A s  s h a l l  be seen, however, t h e  t e s t  f l u i d  i s  un- 

I n  order t o  understand our  s t a b i l i t y  problem we should first discuss 
some re l a t ions  t h a t  describe a boi l ing f l u i d  flow system. I might add a t  
t h i s  point t<at although a mat%it-iXl-EiGdel fo r  two-px&e f l o w  systems 
does not exis t  yet ,  we can describe t h e  process well  enough t o  understand 
the  s teps  required t o  avoid i n s t a b i l i t y .  

-----*-u-- 

Vapor qua l i ty  or flow rate r a t i o  x may be r e l a t ed  t o  t h e  heat input 
Q and t h e  flow r a t e  W by 

where t h e  second term on t h e  r i g h t  s ide of t h e  equation i s  a measure of 
t h e  quant i ty  of heat  required t o  raise t h e  l i qu id  up t o  t h e  boi l ing  point; 
and from a mass balance 



1 r 
which r e l a t e s  the  ve loc i ty  r a t i o  of vapor and l iqu id  t o  the  weight 
flow r a t i o  
f r ac t ion  of f l o w  area occupied by the  vapor, and the  spec i f ic  volume r a t i o  
vg/vf. It should be noted t h a t  x i s  the  flow r a t e  r a t i o ,  t h a t  i s ,  t he  
number of pounds per un i t  time of vapor flowing f o r  each pound per un i t  
time of mixture. The flow rate r a t i o  has the  same value as the  "thermo- 
dynamic qual i ty"  when t h e  veloci ty  r a t i o  i s  unity.  

Vg/Vf 
x/(l - x), t he  flow area r a t i o  (1 - a ) / a ,  where a i s  the  

The average density, weighted by flow area,  of t h e  mixture p f o r  
any flow passage cross sect ion i s  defined by 

From a simple pressure balance on a v e r t i c a l  heated pipe t h a t  ca r r i e s  
a boi l ing f l u i d  within it, we get 

The three  terms on the  r i g h t  a r e  f r i c t i o n  pressure drop, momentum 
pressure drop, and hydrostat ic  head. The f i rs t  term w i l l  be discussed 
l a t e r ;  it i s  s t r i c t l y  a pressure loss term. The second term i s  not a 
loss ,  but rather a change i n  pressure due t o  t h e  accelerat ion of the mix- 
ture as boi l ing  takes  place along the  channel. I n  theory a t  l e a s t ,  a 
pa r t  of t h i s  pressure change may be recovered a t  t h e  end of t he  heated 
channel as the  mixture expands in to  a larger  area. Usually, however, most 
of t he  pressure change i s  not recoverable. The t h i r d  term i s  simply a 
measure of t he  weight of  t h e  mixture contained within the  pipe. For a 
horizontal  pipe, of course, t h i s  term would be zero. 

The momentum pressure change is  described by 

G2 m a = r - -  
gC 

where 

(5 )  

The term r is  cal led an accelerat ion mul t ip l ie r .  This equation w a s  de- 
veloped by Mart inel l i  and Nelson i n  a pioneer paper on boi l ing  (Trans. 
ASME, 1948, p. 695). 
t h e  l i qu id  momentum leaving; t h e  second term, t h e  vapor momentum leaving; 
and t h e  t h i r d  term, the  f l u i d  momentum entering. 

The f i rs t  term inside t h e  bracket i s  a measure of 
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The hydrostatic head i s  defined as 

A t  t h i s  point,  we should s top and consider f l u i d s  t h a t  have a very 
large change i n  spec i f ic  volume due t o  vaporization. 
t i ons ,  equation (2) t e l l s  us t ha t  very s m a l l  values of 
large values of a. In  other words, i n  a flowing system with homogeneous 
flow (vg = V f ) ,  a small vaporization r a t e  
volume change. Suppose, f o r  example, t ha t  we a r e  using a f l u i d  whose 
l i qu id  t o  vapor densi ty  r a t i o  is  100. Further imagine the  l i qu id  and 
vapor ve loc i t i e s  t o  be equal (Vg = V f ) .  
1 percent vaporization, t h e  flow area f o r  t h e  l i qu id  (1 - a)  w i l l  be r e -  
duced t o  0.5 or 50 percent of i t s  o r ig ina l  value. 

Under these condi- 
x w i l l  y ie ld  

x w i l l  give r i s e  t o  a large 

Then f o r  a value of x = 0.01 o r  

Now with an appreciation of t he  significance of equations (1) t o  ( 5 ) ,  
we a r e  i n  a posi t ion t o  look a t  some old data  and examine the  behavior of 
two-phase flow systems. Some ea r ly  data taken f r o w n a t u r a l  c i rcu la t ion  
b-oop a re  shown i n  f i g .  1. The i n l e t  veloci ty  i s  correlated as a 
function of steam void and i s  independent of pressure i n  t h e  loop up t o  
moderate pressure leve ls .  This indicates  t h a t  t he  steady-state behavior 
of t he  system i s  controlled by the  amount of vapor present by volume. 
amount of vapor i s  a measure of the  volumetric vapor flow, which i s  con- 
t r o l l e d  by the  forces  or pressure drops r e su l t i ng  from t h i s  flow. In  
other words, when the  volume f rac t ions  were ident ica l ,  t he  system behaved 
i n  t h e  same manner, independent of pressure. 

The 

A sample of two-phase flow f r i c t i o n  data  i s  shown i n  f i g .  2. The 

i s  correlated as a function of t h e  e x i t  
r a t i o  of bo i l ing  f r i c t i o n  pressure - drop t o  nonboiling f r i c t i o n  pressure 
drop at the  same flow r a t e  R 
steam volume f r ac t ion  and i s  a l so  independent of system pressure. 
dentally,  these data t ixned out t o  have too high a value because of a 
pressure loss near t h e  bo i l e r  exi t  caused by a cons t r ic t ion  i n  the  flow 
passage from a f a u l t y  weld. The r e su l t s ,  however, s t i l l  indicate  the lack 
of a pressure e f f ec t .  

Inci-  

Values of t he  accelerat ion mul t ip l ie r  r calculated from eq. (sa) 
a r e  shown as functions of t he  e x i t  steam volume f r ac t ion  f o r  various s l i p  
r a t i o s  and pressures i n  f i g s .  3(a) and ( b ) ,  respectively.  The accelera- 
t i o n  mul t ip l ie r  increases grea t ly  with an increase i n  steam volume f rac-  
t i o n  but i s  almost independent of t h e  s l i p  r a t i o .  This means t h a t  t he  
accelerat ion pressure drop i s  la rge  because of the  change i n  momentum of 
the  l i qu id  which i s  t o  be expected. 

In  fig. 3(b ) ,  t h e  e f f ec t  of pressure on t h e  accelerat ion mul t ip l ie r  
i s  shown t o  be not too important for values of e x i t  steam volume f rac t ion  
l e s s  than 0.8, because most of t h e  momentum i s  t i e d  up in t he  l iquid.  
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Measured and calculated (eq. ( '3)) values of mean densi ty  r a t i o ,  de- 
f ined as t h e  weight of t h e  mixture i n  t h e  boi l ing  channel divided by t h e  
weight of an equal volume of water, versus e x i t  steam volume f r a c t i o n  
a r e  shown i n  f i g s .  4(a) and ( b ) .  
f e c t s  below 1000 ps ia  a r e  negligible.  
there  i s  l i t t l e  e f f e c t .  
i s  s m a l l  u n t i l  t h e  vapor pressure reaches high enough values; a t  2000 ps ia  
t h e  vapor i s  about 14 percent as dense as the  l iqu id .  
sure  (3206 ps ia )  l i n e  i s  horizontal  s ince t h e  vapor and l i q u i d  dens i t ies  
a r e  equal a t  t h e  c r i t i c a l  pressure.  

Again, it may be seen t h a t  pressure ef-  

The reason is ,  of course, t h a t  t h e  vapor densi ty  

The c r i t i c a l  pres- 

Even a t  pressures of 2000 psia ,  

L e t  us now look a t  a forced c i rcu la t ion  system with flow of a boi l ing 
l i q u i d  through a uniformly heated pipe or  channel. 
curves f o r  such a system a r e  shown i n  f i g .  5. The right-hand curve t h a t  
goes through point 3 i s  t h e  f r i c t i o n a l  pressure drop curve f o r  a l l  l i q u i d  
flowing through the  channel. The left-hand curve i s  t h e  f r i c t i o n a l  pressure 
drop curve f o r  a l l  vapor flowing through t h e  channel. 

The pressure drop 

Imagine t h a t  we a r e  operating a t  point 3 i n  f i g .  5. If t h e  flow i s  
reduced while t h e  power input i s  held constant, we w i l l  soon a r r i v e  at a 
condition w h e r e  bo i l ing  w i l l  start a t  t h e  channel e x i t .  Any f u r t h e r  r e -  
duction i n  flow w i l l  cause more steam t o  be produced. 
steam r a t e  causes increased momentum pressure changes and higher f r i c t i o n  
fac tors .  
t h e  net  change i n  pressure may e i t h e r  increase or decrease as shown. Ex- 
perimental v e r i f i c a t i o n  of t h i s  behavior, i n  a s ingle  tube with a diameter 
of 1/4 inch and a length of 2 f e e t ,  i s  given i n  f i g .  6 .  

The increasing 

The decreasing flow tends t o  o f f s e t  some of these  e f f e c t s ,  but 

I n  1938, Ledinegg analyzed t h i s  pecul iar  looking curve. He made cer- 
t a i n  simplifying assumptions i n  t h e  system, such as equal vapor and l i q u i d  
v e l o c i t i e s ,  constant f r i c t i o n  fac tor ,  density equal t o  homogeneous density, 
e t c . ,  and wrote the  equation of the  multivalued pressure drop curve shown 
i n  f i g s .  5 and 6. 
Handbook," RH-2, Vol. 3 (Engineering) or i n  %ogress i n  Nuclear Energy, 
Ser ies  I V ,  Technology, Engineering and Safety," Pergamon Press (1961) .  
On page 1 7  of t h e  l a t t e r  t e x t ,  a de ta i led  der ivat ion i s  given. Ledinegg 
found t h a t  when he d i f f e r e n t i a t e d  the  pressure drop t o  get  t h e  i n f l e c t i o n  
point,  t h e  conditions necessary f o r  a zero slope a t  t h e  i n f l e c t i o n  could 
be wr i t ten  i n  terms of channel geometry and f l u i d  pressure. I n  other 
words, f o r  a given system, it i s  s u f f i c i e n t  t o  know only t h e  length t o  
diameter r a t i o  
Ledinegg's analysis  f o r  water a r e  shown i n  f i g .  7 .  A s i m i l a r  s e t  of 
curves could be generated f o r  any other f l u i d .  
our system operates at 100 p s i a  with an fL/D r a t i o  of 10. The curve 
t e l l s  us t h a t  we w i l l  get a multivalued pressure drop curve if t h e  i n l e t  
subcooling i s  grea te r  than about 24 Btu per pound. I n  other words f o r  
water, under these  conditions, if  t h e  i n l e t  temperature i s  l e s s  than t h e  
boi l ing  point temperature by 25' F, we have a good chance f o r  bo i l ing  in-  
s t a b i l i t y  . 

The d e t a i l s  can be found i n  t h e  "Reactor Engineering 

L/D, t h e  f r i c t i o n  fac tor ,  and the pressure. The r e s u l t s  of 

Assume, f o r  example, t h a t  

The reason f o r  t h e  i n s t a b i l i t y  i s  t h e  f a c t  t h a t  there  i s  more than one 
value of flow f o r  a given value of pressure drop. I n  a p a r a l l e l  flow device 
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@ with many heated channels connecting two plenums, t he  flow rate i n  any one 
of these channels is set by t h e  pressure drop between t h e  plenums. This 
means t h a t  the  value of APt i n  f i g .  5 i s  the  control  variable.  If the  

APt 
stop and come out of both ends. 
avoid. The r e s u l t  of t h i s  condition i s  violent  flow osc i l l a t ion ,  or chug- 
ging, and if  t he  power i s  high enough t h e  element may go in to  f i lm boi l ing  
and physical ly  melt during these flow osc i l l a t ions .  
enough, t he  system may j u s t  continue t o  chug. The cha rac t e r i s t i c s  of such 
a system a r e  shown i n  f i g .  8. 
horizontal  l i n e  representing the  "available" pressure drop. 
upper l i n e  always exceeds t h i s  avai lable  pressure, s teady-state  flow i s  
impossible and t h e  flow would pulsate.  This i s  the  kind of ac t ion  seen 

drops lower than t h e  minimum point of curve 1-2-B-3, the  flow w i l l  
This is  t h e  condition t h a t  we want t o  

If t h e  power i s  low 

The upper curve does not i n t e r sec t  t he  
Since t h e  

N 

dr 

w 

r n  

(u i n  a common coffee percolator.  

Figure 9 shows how the  flow and temperatures within a system can os-  
c i l l a t e  f o r  a v e r t i c a l  natural c i rcu la t ion  boi le r .  This was taken from a 
report  by Wissler, Isbin,  and Amundson (AIChE J o u r n a l 2 ,  157 (1957)). It 
was f e l t  t h a t  a multivalued flow r e l a t i o n  such as shown i n  f i g .  5 w a s  t he  
cause of t h e  flow osc i l l a t ions  i n  many of our boi l ing  loops. 
much t o  our amazement t h a t  t h i s  was  not always the  case. Results f o r  a 
na tura l  c i rcu la t ion  boi l ing  loop a re  shown i n  f i g .  10. The curves were 
measured a f t e r  we put a pump i n  t h e  system. None of t he  curves a r e  multi-  
valued. The cause of i n s t a b i l i t y  i n  t h i s  
type of system is  recognized today as being r e l a t ed  t o  t h e  momentum of t h e  
l i qu id  i n  t h e  e n t i r e  flow loop. 
t r ans fe r  l i t e r a t u r e  covering t h i s  problem. 

We discovered 

Y e t  t h e  system did go unstable. 

There are many publications i n  t h e  heat- 

An example of flow osc i l l a t ions  picked up by fast  response instrumen- 

(This 
t a t i o n  is shown i 6 f T I l .  
t o  be due t o  mechanical vibrat ions of t h e  pressure transducer. 
l a t t e r  f a c t  is  an example of the  ever present need t o  know exact ly  what 
an instrument is  measuring.) I n  t h i s  case, since we did not care  what 
frequencies were involved, but ra ther  what power caused t h e  system t o  s tar t  
o sc i l l a t ing ,  we continued t o  use the  transducer as a "flow o s c i l l a t i o n  de- 
t e c t o r .  r' 

Some of t he  high-frequency pulses turned out 

Natural c i rcu la t ion  flow osc i l l a t ions  can cause misinterpretat ion of 
experimental data.  
flow osc i l l a t ions  can be given by examining the  case of a simple na tura l  
c i rcu la t ion  flow loop shown i n  f ig .  lZ(a). Pressure drop-charac te r i s t ics  
shown i n  f i g .  12(b) f o r  t h e  heated annular sect ion were measured by pump- 
ing t h e  f l u i d  through t h e  annulus. 
pressure drop avai lable  and is  equal t o  t h e  hydrostatic head i n  t h e  down- 
comer l eg  of t he  loop less any small f r i c t i o n  losses  external  t o  the  
heater.  The point of in te rsec t ion  of t h e  measured curve with the  horizon- 
t a l  l i n e  is the  point where t h e  pressures are balanced around t h e  closed 
loop and is  by de f in i t i on  the  operating point at  t h e  given value of power. 

An example of misleading instrument readings due t o  

The horizontal  l i n e  represents t h e  

By p lo t t i ng  these operating points  as flow r a t e  versus power as shown 
i n  f i g .  12(c) ,  we have a so-called predicted flow cha rac t e r i s t i c  curve. 
The measured flow r a t e s  agree with t h e  predicted flow r a t e s  only f o r  powers 
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l e s s  than 8 kilowatts per l i t e r .  
a heat balance method. 
l i q u i d  w a s  measured with a thermopile. 
losses  and t h e  in jec t ion  of cold make-up water. 
steady ( f o r  powers l e s s  than 8 kw/li ter as shown by t h e  recording of an 
electromagnetic flow meter - see f i g .  12( a )  ) , the  measured values were 
probably correct .  During flow o s c i l l a t i o n s ,  however, t h e  t i m e  average 
flow as indicated from a heat balance did not agree with the  t r u e  flow. 

Flow r a t e s  were i n d i r e c t l y  measured by 
The temperature decrease i n  t h e  rec i rcu la t ing  

This decrease was due t o  heat 
A s  long as t h e  flow was 

A good descr ipt ion of t h e  s t a b i l i t y  problem and t h e  use of o r i f i c e s  
t o  prevent flow o s c i l l a t i o n s  is given i n  Professor Bonilla 's  t e x t  book, 
"Nuclear Engineering." I would r e f e r  you t o  t h i s  t e x t  f o r  an extensive 
treatment of t h e  problem. The e f f e c t  of an i n l e t  o r i f i c e  can be inferred 
from f i g .  9. It i s  possible  t o  provide an o r i f i c e  such t h a t  t h e  sum of 
t h e  o r i f i c e  pressure drop and t h e  multivalued pressure drop f r o m t h e  
channel w i l l  y ie ld  a single-valued curve. For t h i s  condition, only one 
flow would be possible f o r  a given value of pressure drop and t h e  flow 
would therefore  be steady. 
steady by providing an o r i f i c e  at t h e  i n l e t  t o  t h e  boi l ing  channel is  

The prac t ice  of making sure t h a t  t h e  flow i s  

Before concluding, I should mention t h a t  condensing a vaporcauses  
many of t h e  same problems as boi l ing  a liquid.-If-%he r a t i o  of steam 
volume t o  t o t a l  volume i n  a system i s  s m a l l ,  then sudden changes i n  con- 
densing r a t e  can cause large pressure changes. 
tems t h a t  pressure control  i s  d i f f i c u l t  when condensing at  system pres- 
sure ,  but control  i s  adequate when steam i s  t h r o t t l e d  out of t h e  system, 
condensed ex terna l ly  and added back t o  t h e  system i n  t h e  l i q u i d  s t a t e .  
Typical pressures recorded with these systems were 600 ps ia  plus  o r  minus 
15 p s i  f o r  the  former case and 600 ps ia  plus or  minus 1/4 p s i  f o r  t h e  
l a t t e r  . 

We have found i n  our sys- 

I n  summary, t h e r e  a r e  two types of bo i l ing  i n s t a b i l i t y .  The f i rs t  
type 
flow system. 
closed loop of flowing l i q u i d  and vapor. 

t o  &mul t ivwQressure  drop c h a r a c t e r i s t i c  of a p a r a l l e l  
The second type i s  t iFd  u p , i T m O ~ e n t ~ ~ g < s ,  e t c . ,  i n  a ,-------- 

The f i rs t  type can be avoided i n  some cases by o r i f i c i n g .  The second 
type can be avoided by providing a pump r a t h e r  than-t-mal c i rcula-  

- and including orificing-=a s a f e t y  measure. 

I n  order t o  provide steady flow i n  a boi l ing  system, t h e  i d e a l  design 
would use a high head pump, an i n l e t  o r i f i c e ,  plenty of vapor volume i n  
t h e  system, and no compressible vapor or gas spaces between t h e  pump and 

channel. 
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(a) Schematic diagram of natural circulation loop. 

Figure 12. - Effect of flow instability on data interpretation. 
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(d) Electromagnetic flow meter traces. 

Figure 12. - Concluded. Effect of flow instability on data interpretation. 
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i 

CORROSION STUDIES 

H. W. Hoffman 

The t r a n s f e r  __ of heat or mass between a flowing f l u i d  and a bounding 
__c_ -- - -_I 

- - = -  

surface depends intimately on the hydrodynamic s i t u a t i o n  ex i s t ing  for the 
--- 

N spec i f i c  geometry of concern. In  general, the  equations describing the  

motion of  t he  f l u i d  with simultaneous t ransport  of heat and/or mass a re  

mathematically in t r ac t ab le  without l i nea r i z ing  assumptions. 

cases, as for example where the  flow i s  laminar - i . e . ,  a f l u i d  element 

follows a predictable  path without d i s to r t ion  (curvil inear motion) and 

t h e  primary force act ing on the  f l u i d  i s  d i s s ipa t ive  (viscosi ty)  - 
ana ly t i c  solut ions t o  the t ransport  problem a re  possible .  

however, f o r  what appears t o  be the r e l a t i v e l y  simple case of heat t r ans fe r  

with laminar flow around the leading half  of a c i r cu la r  cylinder,  t he re  a re  

many approaches and many answers. Spalding and Pun,’ i n  a recent summary, 

report  1 5  methods -for predicting the  d i s t r i b u t i o n  of t he  heat- t ransfer  co- 

e f f i c i e n t  i n  t h i s  s i t u a t i o n  and find-wide differences i n  the  coe f f i c i en t s  

predicted.  

t o  random ve loc i ty  f luctuat ions i n  a l l  di rect ions and i n e r t i a l  forces  a re  

s ign i f i can t  - d i f f i c u l t i e s  i n  ana ly t i c  solut ion a r e  even more severe and 

r e s o r t  i s  made, i n  the most promising approach, t o  a s t a t i s t i c a l  character-  

i z a t i o n  of t he  motions and interact ions of f l u i d  elements. 

For ce r t a in  

Even here, 

If the  flow i s  turbulent  -wherein the  f l u i d  element is subject 

Since t h i s  complexity e x i s t s  for flow even i n  the simplest s i t u a t i o n  
of  a s t r a i g h t  duct of  c i r cu la r ,  uniform cross sect ion,  it becomes the  f h c -  

t i o n  of t he  experimenter t o  provide both the engineering data needed f o r  

technological advance and the  fundamental data  useful  t o  the  theoret ic ian.  

By h i s  work, t he  experimenter i n  no way deprecates the  e f f o r t s  of t he  

formidable t a l e n t  which continues t o  a t t a c k  t h e  t h e o r e t i c a l  problem. 

ever, t he  researcher i n  heat t ransfer ,  or i n  corrosion, must have more than 

a casual knowledge of  t h e  flow s i t u a t i o n  which e x i s t s  before he even makes 

h i s  measurements. For example, t h e  experimenter looking t o  the determina- 

t i o n  of coe f f i c i en t s  of mass or heat  t r ans fe r  has long spent what may seem 

t o  be a disproportionate time on the design of the  entrance region t o  h i s  

t e s t  channel and on the elimination of other extraneous upstream d i s t u r -  

bances. 

such problems and, as  a consequence, has of ten found himself a t  a loss t o  

How- 

In contrast ,  the  corrosion engineer has generally been unaware of 

273 



explain h i s  r e s u l t s .  

Rather than attempting t o  point out e x p l i c i t l y  the  many d i f f i c u l t i e s  

which may arise i n  corrosion experiments due t o  t h e  neglect of t he  hydro- 

dynamic aspects o f  ;he design, t F i m a t t e m p t s  t o  high light-some of 
..-,/-c-- --r-- / 

t he  problems through a descr ipt ion of a number of s tudies  within t h e  

experience of t he  author.  I n  a l l  cases, flow was e i t h e r  through c i r cu la r  

pipes or along f l a t  surfaces;  the f l u i d s  - uranyl s u l f a t e  solutions,  

molten salts, and l i q u i d  metals - which a re  of’ttimes termed exotic,  a r e  

normal i n  t h e i r  flow cha rac t e r i s t i c s .  

-.- 
c 

. -  
I____ I- 

------ 
- c_-.------____s 

/-- ---. -..- 

SINGLE-PHASE, STEADY FLOW 

During the  years i n  which t h e  homogeneous reactor  concept w a s  under - _  
develppment a t  t h e  Oak Ridge National Laboratory, a s ign i f i can t  portion of 
the  t o t a l  e f f o r t  was  directed t o  the  study of the corrosive e f f e c t s  of 

uranyl s u l f a t e  solut ions on containment materials, p r inc ipa l  among these 
L-- -- 

being type 3 4 m i n l e s s  s t e e l . =  The experimental program was well- 

conceived and-sive; included among the t e s t  var iables  were tem- 

perature,  oxygen concentration, uranyl su l f a t e  and s u l f u r i c  ac id  concen- 

t r a t i o n s ,  corrosion inh ib i to r s ,  flow r a t e ,  exposure time, and, though not 

i n i t i a l l y  recognized as such, t e s t - sec t ion  geometry. With t h i s  number o f  

variables,  extract ing v a l i d  conclusions during the  progress of the program 

was d i f f i c u l t ,  p a r t i c u l a r l y  i n  the  i n i t i a l  stages of experimentation. To 

be able t o  obtain per t inent  r e s u l t s  for use i n  d i r ec t ing  future  s tudies  

was obviously of economic importance f o r  a research e f f o r t  as grand as 

t h i s .  Accordingly, a number o f  t e s t - sec t ion  geometries were conceived and 

used. 

‘i 

/----- 4 

Since our concern i n  t h i s  paper is with hydrodynamic influences, 

t he  discussion following w i l l  consider primarily only t h a t  var iable  with- 

out any in t en t  t o  minimize the  impor-s. 
*- - 

The experimental apparatus assembled f o r  these s tudies  i s  shown 

schematically i n  Fig. 1. A uranyl s u l f a t e  solut ion w a s  c i r cu la t ed  through 

a number of p a r a l l e l  channels containing the corrosion t e s t  specimens by a 

canned-motor centr i fugal  pump. The pressurizer  served several  functions, 

the p r inc ipa l  one being t o  provide the loop overpressure; t h i s  w a s  accom- 

pl ished by control  o f  t h e  f l u i d  temperature i n  the  pressurizer .  The 
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mzltiple-passage loop allowed the simultaneous exposure of several  Sets  

cf t e s t  specimens a t  different  flow conditions, 
f a c i l i t a t e d  the  in se r t ion  and removal of the t e s t  samples which were pos i -  

t ioned within a spli t-channel holder as  shown i n  t h e  photograph of Fig. 2 

and i n  more d e t a i l  i n  Fig. 3. 
each t e s t  channel. There i s  some disadvantage t o  t h i s  loop design i n  

t h a t  (1) the  concentration of corrosion products i n  solut ion increased 

with length of exposure ( i . e . ,  one of t h e  i n i t i a l  conditions was var iable) ,  

and (2)  the entrance condttion [both as  t o  flow and corrosion-product con- 

centrat ion]  for the  second of two holders i n  a channel w a s  i l l -def ined.  

Flanged construction 

Two holders could be located i n  s e r i e s  i n  

cu 
0, 
..jc cu 

I w Two types of specimens were used i n  these s tudies:  a cy l ind r i ca l  pin, 

and a small f l a t  p l a t e  termed a coupon. 

were mounted "in-line" i n  t h e  d i r ec t ion  of flow with a 1-in.  spacing be- 

tween pins .  

uniform bulk f l u i d  velocity,  the hydrodynamic environment i n  which the  

pins exis ted w a s  complicated by the  wakes a r i s i n g  from the  pins themselves. 

In the  second geometry, t he  coupons w e r e  mounted so  as t o  form a septum 

down the center of a duct of rectangular cross section, thus defining two 

p a r a l l e l  flow channels. This arrangement yielded a b e t t e r  flow s i t u a t i o n  

even though some uncertainty remained due t o  the  secondary flows generated 

i n  the  corners of t he  channels. 

r a t i o  (height of specimen t o  gap width), it w a s  possible t h a t  the in f lu -  

ence of these secondary flows extended over a s ign i f i can t  port ion of  t he  

coupon surface. The e f f ec t  of f l u i d  ve loc i ty  w a s  investigated by taper ing 

t h e  flow channel i n  the  f l a t  p l a t e  holder such t h a t  the ve loc i ty  increased 
uniformily along the  passage length.  With t h i s  scheme, it w a s  possible  t o  

obtain ve loc i t i e s  i n  a s ingle  experimental exposure which ranged from 
about 7 ft/sec a t  t he  i n l e t  t o  as high as 80 ft/sec a t  the o u t l e t .  

however, a further extraneous hydrodynamic factor  w a s  introduced i n  t h a t  

with a convergent geometry the re  results, not only a reduced turbulence 

l e v e l  i n  t h e  flow, but a l s o  an increased shear.  

With the  f i rs t  of these,  the pins 

While a va r i e ty  of materials could thus be exposed a t  a 

Since the  flow passages were o f  low aspect 

Again, 

In  looking for ve loc i ty  e f f ec t s ,  a t t e n t i o n  w a s  centered on the  tapered- 

channel system, s ince t h i s  arrangement yielded the  g rea t e s t  r e tu rn  i n  data 

as a flmction of time. Since it w a s  known that a t  temperatures above 225OC 

n 

\ 
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a heavy scale  formed on the  surface which provided e s s e n t i a l l y  complete 

protection against  fur ther  corrosion, t he  data were examined i n  regard t o  

the e f f ec t  of t he  surface shear s t r e s s  on the  formation and/or removal of 

t h i s  f i l m .  

corrosion r a t e  would be high and uniform over the  e n t i r e  surface.  As t he  

corrosion-product film developed, the corrosion r a t e  would then decrease 

and, i n  the absence of hydrodynamic e f f e c t s ,  remain uniform over a l l  the 

coupons. However, i f  shear a t  the f luid-f i lm interface did remove the 

It w a s  postulated that i n  the  i n i t i a l  period of exposure the 

protect ive coating i n  whole or pa r t ,  some veloci ty  would be observed above 

which the  corrosion r a t e  increases t o  a l imi t ing  value equal t o  t he  i n i t i a l  

corrosion r a t e .  

the bond between the  f i l m  and t h e  metal substrate .  

T h i s  t r a n s i t i o n  ve loc i ty  would depend on the s t rength of 

A t yp ica l  s e t  of data obtained under nearly iden t i ca l  experimental 

conditions is shown i n  Fig. 4, where the average corrosion r a t e  per coupon 

s ide  i s  given as a function of t h e  square of the average bulk veloci ty  a t  

each coupon.* The corrosion r a t e  w a s  calculated from the  weight l o s s  of 

the coupons a f t e r  any remaining corrosion-product f i l m  had been s t r ipped 

from the  surface.  As seen, these r e s u l t s  suggest a very s ign i f i can t  e f f e c t  

of surface shear consistent with the  hypothesis described above. Thus, fo r  

short  exposures (Run A-41), the  corrosion r a t e  w a s  high and f a i r l y  uniform. 

Some discrepancies e x i s t ,  as i n  t h e  break i n  the  curve between the  f i f t h  

and s i x t h  coupon and i n  the low corrosion r a t e  f o r  t h e  f i r s t  coupon. 

cussion of these points remains speculative and w i l l  not be considered 

fur5her i n  t h i s  paper. 

1000 hr ) , the  corrosion r a t e  decreased progressively and became e s s e n t i a l l y  

independent of ve loc i ty  at  ve loc i t i e s  below about 30 f t / s e c .  Above 40 ft/ 
sec, fo r  a l l  exposure times, the corrosion r a t e  increased abruptly and was 

D i s -  

A s  t he  length of exposure increased (50 through 

)c 
The_&$Ly stress-at t h e  w a l l  can be wri t ten as T~ = K i2, where K 

is  a furiction of t he  Reynolds modulus and t h e  f l u i d  density.  While the 
veloci ty  var ies  with distance along the  channel, the Reynolds modulus is  
e s s e n t i a l l y  invariant ;  and K, i n  an isothermal system, is constant.  Since 
the corrosion rate data  a re  derived from the  t o t a l  weight loss of each 
coupon, it i s  convenient t o  define an average bulk velocity,  ua, t o  which 
the coupon w a s  exposed. This ve loc i ty  was taken as the ari thmetic mean of 
the  calculated ve loc i t i e s  a t  t he  leading and t r a i l i n g  edges of each co'Jpon 
and w a s  used i n  place of the l o c a l  bulk velocity,  u, i n  calculat ing the  
shear s t r e s s .  
abscissa . 

Thus, i n  Fig.  4, ia2, ra the r  than T ~ ,  is p lo t t ed  as the  



ef fec t ive ly  equal t o  the  rate a t  i n i t i a l  exposure. The data shown here, 

alo9g with r e s u l t s  from other similar experiments, l e d  t o  t h e  concept of 

a “ c r i t i c a l  velocity” with important effect  on t h e  design of aqueous 

homogeneous reactors .  

Visual observation of the  coupons a t  the  conclusion of  a run gave 

f’urther evidence t o  t h e  s t a t e d  hypothesis as t o  surface shear e f fec ts  i n  

dynamic corrosion, 

coupons a t  the  o u t l e t  end had l i t t l e  or no fi lm on them; i n  t h e  i l l u s t r a -  

t i o n ,  corrosion proceeded t o  the  point of t o t a l  loss of metal. 

t2e fiim thickness increased progressively t o  a maximum near t h e  i n l e t .  

While not present i n  t h e  data of Fig. 4, t h e  i n i t i a l  coupon often showed 

a higher rate of corrosion than was found for  succeeding coupons. 

t h i s  region, an entrance condition exis ted with t h e  associated high shear 

a t  the  f luid-sol id  interface.  

shear i s  indicated. 

An example is  shown i n  Fig. 5 .  It w a s  found t h a t  

N 

* N 
Upstream n 

I 

In  

Again, a ver i f ica t ion  of t he  e f f e c t  of 

It is in te res t ing  t o  note t h a t  i n  absolute magnitude t h e  shear force 

i s  low; e.g., a t  a veloci ty  of 55 f t / sec ,  T~ is calculated t o  be of t h e  

order of only 0.04 p s i .  

microscopic scale,  removing s o l i d  corrosion products as they form. 

possible,  of course, t h a t  a protect ive f i lm formed a t  below c r i t i c a l  

ve loc i t ies  could be removed when t h e  veloci ty  exceeded the  c r i t i c a l  value; 

the  r a t e  of such removal would probably be low. 

l i n e s  were not spec i f ica l ly  performed. 

Fluid shear a t  the w a l l  thus appears t o  a c t  on a 

It is  

Experiments along these 

A further experiment u t i l i z i n g  a-cirrt l-ar duct w a s  devised t o  es tab l i sh  

This geometry was i n  be t te r  

_ .  
the extension of t h e  flat-plate results t o  another geometry, a s  w e l l  as t o  
define more c lear ly  entrance region influences. 

agreement with normal reactor  piping and avoided t h e  problems of edge effects 

and txrbulence-level reduction. 

t h e  length of t h e  specimen; and it was necessary t o  obtain data a t  several  

d i f fe ren t  ve loc i t ies .  

The veloci ty  was, of course, constant along 

The experimental apparatus u t i l i z e d  in these s tudies  is ‘as described 

above with t h e  exception that t h e  s p e c k n  holder was of c i rcu lar  cross 

section. 

s ta in less  steel - tubing w i t h  0.15-in.-ID and 0.025-in.-wall thickness; these 

The specimens themselves were 1-in.  long sections of-c’ype 347 

.. - .  - 
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were mounted in- l ine i n  the  holder t o  form a "continuous" tube. Again, 

the  corrosion r a t e  w a s  established 'by t h e  weight l o s s  of the  individual 

sections.  

Data were obtained for  exposure times of 10, 50, 100, and 200 hr at 

ve loc i t ies  of 10, 30, and 50 f t / s e c ;  experimental conditions were ident ica l  

with those for  the  f l a t  p l a t e  s tudies .  

i c a l l y  i n  Fig. 6. 
The r e s u l t s  are  presented graph- 

Since entrance conditions prevailed, t h e  corrosion r a t e  

p lo t ted  is t h e  far-downstream, asymptotic value. In general, the  data 

show the  same charac te r i s t ics  as  observed i n  the  coupon experiments with 

two notable exceptions: (1) the  corrosion r a t e  i n  t h e  tubular specimens 

appears t o  be approximately a factor  of two higher than with t h e  coupons, 

and (2)  t h e  c r i t i c a l  veloci ty  seems t o  be i n  the  range of 55 t o  65 f t / sec  

rather  than the 30 t o  40 f t / s e c  found with the  coupons. The experimental 

program was discontinued before e i ther  of these two discrepancies could be 

resolved. 

of these factors  deriving perhaps from the difference i n  t h e  Reynolds 

mo&dus, and hence i n  t h e  boundary-layer thickness and i n  t h e  turbulence 

level ,  a t  the  same ve loc i ty  i n  the  two geometries. 

data, it was not possible t o  pursue these par t icu lar  r e s u l t s  fur ther .  

One can speculate t h a t  there  a re  hydrodynamic or igins  for  both 

Lacking addi t ional  

Some fur ther  r e s u l t s  of i n t e r e s t  can be obtained by considering the  

a x i a l  var ia t ion i n  t h e  corrosion r a t e  for a typ ica l  run. This is done i n  

Fig. 7 i n  which the  mg/hr 

p lo t ted  as  a function of the  distance from the  channel entrance for an 

exposme of 100 hr with a f l u i d  veloci ty  of 50 f t / s e c .  It is  noted t h a t  

she corrosion r a t e  i s  very high a t  the  entrance and then f a l l s  off t o  an 

asymptotic value of about 0.55 mg/hr a t  the  end of the  t e s t  channel. 

pa t te rn  i s  typ ica l  of t h a t  observed i n  the  entrance region - defined as  

?he region of boundary-layer development - for t h e  t ransfer  of heat., mass, 
or momentum. A t  the  i n l e t ,  where t h e  boundary layer is of "zero" thick-  

ness, the  resis tance t o  t ransfer  i s  low; and t h e  t ransfer  r a t e  i s  high. 

A s  the  boundary thickens, the resis tance increases; and t h e  t ransfer  r a t e  

* 
of m e t a l  loss  from t h e  inside tube surface i s  

This 

* 
The ordinate , mg/hr, can be converted t o  m i l s / y r  through multiplica- 

t i o n  by the  constant 129.9. 



correspcndingly decreases. The distance reqJired for  t he  f u l l  developnient 

cf t he  bojridary layer  is not a simple f u x t i o n  of t he  flow parameters when 

C,urbLilent flow e x i s t s ;  i n  normal pract ice ,  t he  entrance 1eng;h required t o  

a t k a i i  a f u l l y  developed veloci ty  p ro f i l e  i s  taken t o  be greater than 60 
2iioe diamefers. 

t he  f r i c t , i on  factor  (which may be r e l a t ed  through analogy4 t c  the heat-  

t r a3s fe r  and mass-transfer coeff ic ients)  is fully developed a t  v a h e s  of 

L/d of as l i t t l e  as 10. 

a re  a t  l e a s t  consistent with t h i s  range. 

On t he  other hand, Deissler3 has found t h e o r e t i c a l l y  t h a t  

The r e s u l t s  of the experiment shown i n  Fig.  7 

A second phenomena of i n t e r e s t  i s  a l so  noted i n  Fig. 7. Ignoring f o r  

tihe moment the  l i n e s  drawn throngh the data points ,  it would appear t h a t  

cmsiderable  s c a t t e r  e x i s t s  i n  the  data  presented. However, i n  t he  l i g h t  

of the  discussion above on entrance-region phenomena, a reasonable ex- 

planation of t h i s  "scat ter"  can be advanced i n  terms of boundary-layer 

i n t e r r ap t ion  due t o  mismatching of t he  individual sect ions comprising the  

.t,:ibe. At.  each s t ep  i n  the w a l l ,  a perturbation i s  introduced which r e s u l t s  

i:-? the  break-ap and r e i n i t i a t i o n  o f  the boundary-layer flow. 

ccrrosion r a t e  i n  the sect ion downstream of the interrupt ion w i l l  be some- 

what greater  than t h a t  ant ic ipated if the surface were even with t h e  pre- 

ceaing sect ion.  This i s  indicated by the dashed l i n e s  i n  Fig.  7. Since 

rae diameter mismatch i s  probably small for these specimens, t he  e f f e c t  

is daaped f a i r l y  quickly; i n  some runs, interrupt ion of t.he boundary flow 

w a s  s u f f i c i e n t  t o  ret7a-n the  corrosion r a t e  t o  e s s e n t i a l l y  the  i n l e t  value. 

Where t h e  geometry change i s  a s l i g h t  s t ep  enlargement i n  the  tube diameter, 

.%he eddy created i n  t he  wake of t he  upstream sect ion w i l l  a l s o  con?,ribut.e 

1 ; ~  a higher corrosion rake for t h e  downstream sect ion.  

Thus, the 

. .  

SINGm-PHASE FLOW W I T H  THERMAL OSCILLATIONS 

With the  addition of heat t ransfer ,  t he  study of corrosion i s  fur ther  

Again, r a the r  than a general discussion of  t he  problem,= 
- 

complicated. 

spec i f i c  though r e l a t e d  experiments will be described; i n  both o f  these 

imes t iga t ions ,  the heat t r a n s f e r  w a s  o s c i l l a t o r y  i n  nature.  

Thermal o s c i l l a t i o n s  a t  aq interface can derive d i r e c t l y  from the 

flow of a cooiant adjacent t o  a heated w a l l ;  i . e . ,  turblilent eddies a t  
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bA1k-f'2.iid temperat,ures, which are  known t o  penetrate possibly as deeply 

as +%e iaminar sublayer, can cause rapid f luctuat ions i n  the  l o c a l  ra?,e 

of  heat t ransfer .  In  combination with t h i s ,  there  may e x i s t  gross flow 

h s t a b i l i t i e s  which or iginate  i n  the  geometry as with divergent channels 

G r  i n  %he heat-transfer mechanism i t s e l f  as  with boiling. 

fluid-f'crel reactors ,  there  a l so  occurs an adverse temperature prof i le  

(i.e.,  the highest temperature occurs where the  mean veloci ty  i s  lowest), 

the  temperature f luctuat ion a t  the  wall can assume a s ignif icant  magnitude. 

When, for some 

The two experiments discussed below were both intended t o  investigate 

.,he inflaence of temperature osc i l la t ions  a t  the fluid-wall  interface on 

%he wail materi2rlitsTEif; t h i s  is t o  be distinguished from studies i n  which 

The "bulk" wall temperature i s  cycled. The thermal f luctuat ions were 

- <z.=zz..d---- 

generated by d i f fe ren t  means, and t h e  w a l l  thickness w a s  found t o  have a 

s ign i f icant  e f fec t  on the  result ,s .  In both cases, a msed  f luoride s a l t  

mixture NaF-ZrF4-UF4 (56-39-5 mole $) with a melting temperature of 9 8 6 " ~  
was tne heat car r ie r  and Inconel w a s  t he  wall  material .  

VI__ 

'1-----"------- 

&- 
I n  ole  of these studies,  Keyes and K.rakoviak5 devised a thermal pulse 

geaerator (shown i n  Fig. 8) which u t i l i z e d  two reciprocating p is t ions  driven 

i n  phase opposition t o  provide approximately sinusoidal gas-pressure osc i l -  

iat.lons t o  a pa i r  of chambers holding the  working f l u i d  a t  two temperatare 

ieveia . 
I n t o  a common l i n e  leading t o  the  test  section. In  operation, s i i c e  one 

p-Zse chamber emptied while the  other f i l l e d ,  constant flow w a s  maintaired 

i n  the  test, section. Frequencies i n  t h e  range of 0.1 t o  10 cps were pos- 

s i b l e .  The f l u i d  leaving the  t e s t  section, as  shown i n  Fig. 9,  was again 

divided with one stream being pumped t o  a forced-convection a i r  cooler 

wherein it was cooled t o  l150°F and the  other stream being pumped t o  an 

e l e c t r i c a l l y  res is tance heated sect ion which ra i sed  the temperature t o  
1650'~.  A t  0.1 cps, f h i d  temperature amplitudes i n  excess of f250°F were 

generated; the  amplitude decreased a t  higher frequencies. 

Thus, a l te rna te  slugs of "hot" and "cold" l i q u i d  were injected 

Typical test  sections are  shown i n  Fig. 10; wall thicknesses were 

chosen t o  give jus t  perceptible temperature f luctuat ions on t h e  outside 

wall. 

experiments where the depth of  penetra-?ion of the thermal osc i l la t ions  was 

The left-hand sect ion (1.375-in. OD) w a s  used i n  the low-frequency 
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r e l a t i v e l y  great ;  t h a t  on the r i g h t  had two thinner w a l l  sect ions (0.779- 
and 0.667-in. OD) f o r  t he  higher frequency runs.  

Data were obtained for frequencies of 0.1, 0.4, and 1.0 cps a t  ex- 

posures ranging from 23 t o  612 hr ( t o t a l  cycles of 9 x io3 -LO 2.2 x I O 6 ) ;  

t y p i c a l  r e s u l t s  a r e  given i n  Figs.  11 through 14 .  With the  t h i c k  tubes 

(0.445-in.-wall thickness)  a t  a frequency of 0 .1  cps, it w a s  found t h a t  

severe cracking occurred which a t  times extended as much as halfway through 

the  w a l l .  The photomicrograph i n  Fig. 11 shows one such intergranular 

crack which w a s  208 m i l s  i n  depth a f t e r  an exposure of 200 hr (72,000 cycles) 

a t  i 1 5 6 O ~ .  
which shows a plane cut tangent t o  the inside surface of a tube a f t e r  being 

subjected t o  a surface temperature f luctuat ion of i104"F f o r  135 hr a t  0.4 
cps. A t  these same conditions, the exposure time w a s  a l so  a f a c t o r .  I n  

t he  left-hand portion of Fig. 13, it i s  observed t h a t  af ter  194,000 cycles 

cracking extended t o  0.072 in . ,  while t he  photomicrograph on t h e  r i g h t  

shows t h a t  t he re  exis ted only incipient  cracking a f t e r  33,000 cycles.  A s  

t he  s t r e s s  l e v e l  a t  t he  inside w a l l  w a s  reduced (by decreasing t h e  ampli- 

tude of  t he  temperature f luc tua t ion  or by thinning the  w a l l  a t  t he  same 

amplitude), a subs t an t i a l  increase i n  t h e  number of cycles required t o  

e f f e c t  cracking w a s  necessary. 

a- 1 cps with a temperature o s c i l l a t i o n  of 5 4 6 " ~ ;  the t o t a l  nunber of 

cycles o f  exposure w a s  s l i g h t l y  i n  excess of 2.2 X l o6 .  
w a s  machined t o  give w a l l  thicknesses of 0.147, 0.091, and 0.060 i n .  a t  t he  

same inside diameter. 

occxrred some l i g h t  cracking and moderate t o  heavy intergranular a t t a c k  and 

Ticid formation t o  a depth of 1 2  m i l s .  The corrosive a t t ack  appears t o  be 

r e l a t e d  t o  the,themal&ress var ia t ions i n  t h a t  a marked decrease i n  the  

depth of a t t a c k  i s  noted f o r  t h e  intermediate and thin-walled sect ions w i t h -  

out change i n  f l u i d  ve loc i ty  or mean temperature. This r e s u l t  i s  of p a r t i c -  

uiar inf,erest s ince it suggests t h a t  t he  appl icat ion of a r e l a t i v e l y  small 

thermal-stress f luctuat ion,  i f  applied over a s u f f i c i e n t l y  long period, can 

influence t h e  extent of corrosive a t t ack .  It was a l s o  found t h a t  the 

seve r i ty  of cracking increased g rea t ly  i n  en%rance and t r a n s i t i o n  regions 

and i n  t h e  v i c i n i t y  of welds; t h i s  is noted i n  t h e  upper r i g h t  photo. 

An indicat ion of the extent of t h i s  cracking is  given i n  Fig.  1 2  

This i s  i l l u s t r a t e d  i n  Fig. 1 4  f o r  a run 

The t e s t  sect ion 

For the thick-walled region (upper l e f t ) ,  t he re  

CI 
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In  t h e  second experiment, t h e  sa l t  w a s  passed through a thin-walled 

tube loca5ed between t h e  two r e se rvo i r s .  Flow was e f f e c t e d  by a l t e r n a t e l y  

press-ur iz ing t h e  r e s e r v o i r s  with an i n e r t  gas .  The t e s t  s ee t ion  5s 

p lc tx red  i n  F ig .  15 ;  t h e  Inconel tube w a s  of O.25-in. OD x 0.035-in.-wall 

th ickness  and 1 2  i n .  long.  Four inches of  t h e  tube could be heated by 

passage of  an e l e c t r i c  cur ren t  through t h e  tube  w a l l ;  temperature o s c i l l a -  

Zions were induced i n  t h e  flowing sa l t  by cycl ing t h e  power t o  t h i s  hea t e r .  

The remaining 8 i n .  of  t h e  tube comprised t h e  t e s t  reg ion  and was unheated. 

m i n g  t h e  f i rs t  h a l f  of  t h e  flow cycle ,  t h e  unheated po r t ion  of t h e  tube ? 
s k e a m  from t h e  hea ter ;  f o r  t h e  second p a r t  of t h e  cycle ,  i n  which t h e  N 

N 
Ip co 

w a s  sxbjec ted  t o  a cyc l i c  temperature v a r i a t i o n  by t h e  f l u i d  passing down- 

f i u i d  w a s  re turned  t o  t h e  f i rs t  r e se rvo i r ,  t h e  t e s t  s ec t ion  w a s  exposed t o  

Zhe uniform mixed-mean temperature of t h e  f l u i d .  Data w a s  accumulated a t  

f requencies  of  0.01 and 0.4 cps. 

A resu.15, t y p i c a l  of those  obtained i n  these  s tud ie s ,  i s  shown i n  t h e  

I n  t h e  heater, t h e  i n t e r f a c e  temperature, a s  phct,cmicrographs cf Fig.  16. 

ca l cu la t ed  from outs ide  tube sur face  measurements, was 1730 ? l25'F; i n  
t h e  t es t  sec t ion ,  1600 * 19°F. 

t h e  t o t a l  number of cycles  imposed on t h e  t e s t - s e c t i o n  sur face  was 48,000. 
Big- i f icant  i n t e rg ranu la r  a t t a c k  and subsurface void formation w a s  ob- 

The t o t a l  exposure was 66 h r  a t  0.4 cps; 

seryied; i n  p a r t i c u l a r ,  i n t e r m i t t a n t l y  spaced long in te rgranular  s t r i n g e r s  / 
cf voids  were noted which penet ra ted  w e l l  below t h e  depth of  t h e  gecera l  

:j.xiform a t , tack .  Cracking w a s  not found i n  any run .  

Sirrlce corrosion i n  molten sa l t - Incone l  systems i s  a f'anction o f  t h e  

metal sur face  temperature, it i s  t o  be expected t h a t  t h e  general  cor ros ive  

a t t a c k  i n  t h e  second system would s i g n i f i c a n t l y  exceed t h a t  i n  t h e  f i r s 2 .  

Thus, as shown i n  F ig .  16 f o r  T e s t  ETH-B, subsurface void  formation ex i s t ed  

t o  a depth of 4 m i l s  after 66 hr; while i n  Run 10 (Fig. 14) for t h e  "hot- 

cold" s lug  system, a t t a c k  w a s  predominantly in t e rg ranu la r  and then  t o  a 

depth of only 2 t o  4 m i l s  i n  t h e  th inner  s ec t ions  after an 

n i tude  longer exposure (612 h r ) .  A t  t h e  same time, i n  con t r a s t  t o  r e s u l t s  

obtained a t  a uniform sur face  temperature, t h e r e  appeared l o c a l  regions of 

enhanced corrosion as w e l l  as some deeply pene t r a t ing  in t e rg ranu la r  a t t a c k .  

These occarrences are be l ieved  t o  be evidences of  stress e f f e c t s ,  even 

order  of  mag- 
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though i n  the  higher temperature system the  thinner wall and lower ampli- 
tude of t h e  temperature f luctuat ion r e su l t ed  i n  decreased s t r e s s e s .  

Thus, t he  r e s u l t s  obtained i n  a study of t h e  compatability of a molten 

salt with Inconel indicat2-that l o c a l  thermal osc i l l a t ions  a t  t he  f l u i d -  

metal interface can ser iously a f f e c t  both the general corrosion r a t e  and 

the  mechanical i n t e g r i t y  of t he  system, It was found t h a t  the corrosion 

r a t e  was increased above t h a t  obtained i n  a steady-state  system even f o r  

temperature cycles a6 low as 0.01 cps (oneci i rplete  cycle every 1.2 min). 

These experiments show further that the &ge incurred may be r e l a t e d  t o  

the  t o t a l  number of thermal cycles f e l t  by the surface with the  cycles t o  

f a i l u r e  (defined, for example, as crack i n i t i a t i o n )  increasing w i t h  de- 

creasing temperature-fluctuation amplitudes. 

complicated by a dependency on wall thickness. 

, q  

1 

The s i t u a t i o n  i s  m r t h e r  

For most s i t ua t ions  of  p r a c t i c a l  i n t e r e s t  , t h e  temperature f luctua-  

t i ons  are not, of course, a r t i f i c a l l y  generatedbutderive from t h e  i n t e r -  

act ion between the  thermal and hydrodynamic f i e l d s .  A s  s t a t e d  above, the 

hydrodynamic p a r t  i s  embedded i n  the  nature of t he  turbulent flow i t s e l f ,  

although it may be accentuated by geometric f ac to r s .  Thus, t h e  thermal 
cycling problem e x i s t s  t o  some extent i n  any system operating above en- 

vironmental temperatures where specif ic  precautions have not been taken t o  

assure isothermal conditions. 

txrbxlent  s t ruc tu re  of t he  flow, it i s  t o  be expected t h a t  t h e  f luctuat ions 

i n  surface temperature w i l l  be l o c a l  and randomly d i s t r ibu ted  i n  t i m e  over 
t he  surface.  

believed t h a t  .damage will s t i l l  ,occur but tha t  the time scale w i l l  be ex- 

tended. On the  other hand, where the hydrodynamic source derives from 

regions of separated flow, wakes, e tc . ,  t he  e f f e c t s  should accord.more 

closely w i t h  t he  r e s u l t s  described. 

when, as i n  high-performance systems, a large fthd temperature drop e x i s t s  

s o  tha t  t h e  incoming eddy i s  a t  a temperature subs t an t i a l ly  d i f f e ren t  from 

tha t  of t h e  w a l l .  

and conductivit ies of w a l l ,  and coolant are a l s o  important. ~ 

When the  phenomenon i s  rooted only i n  the  

Based then on th? results of t he  s tud ie s  described, it i s  

Thermally, the s i t u a t i o n  i s  aggravated 

In  t h i s  respect ,  both the, r e l a t i v e  thermal d i f f u s i v i t i e s  
. K .- .- , 

Where the 

* ' *  
An asymptotic solut ion,  for  an eddy contacting the -wa l l  a t  negligible 

thermal res is tance and zero temperatwe .yields m/To = A/l+A, f o r  A = 
k;/k @, where ''prime" r e f e r s  t o  f l u i d  and "unprirne". the w a l l  mater ia l .  
At i s  the  f luc tua t ion  amplitude, To, the  i n i t i a l  w a l l  temperature, k, t h e  
thermal condu-tivity, and a ,  The thermal d i f f u s i v i t y .  

283 



d i r f u s i v i t y  of the f l u i d  is much l e s s  than t h a t  of the  wall (as with a 
gaseous c o o l w t  i n  contact with stainless s tee l ) ,  the equiiibrium wall 
temperature w i l l  remain close t o  the  i n i t i a l  w a l l  temperahre;  when the 

s i5uat lo3 i s  reversed (as with a l iqJid-metal  coolant), the  wall w i l l  

t r ans ien t ly  assume a temperature close t o  that of the  coolant eddy. 

it is reasonable t o  expect the  f luctuat ions t o  be greater with a l l q a i d  

metal even though the  wall-fluid temperature difference is much smaller. 

For example, using the  asymptotic solution, for potassium i n  contact with 

347 stainless s t e e l  at  1400°F, &FITo = 0.27, for  a molten s a l t  i n  contact 

with Inconel a t  1200°F, aT/To = 0.25, and for  helium i n  coatact with 347 
s-cairJess s t e e l  at 1000°F, N / T 0  = 0.01. 

Thus, 

TWO-PHASE FLOW 

The f i n a l  portion of t h i s  paper considers some aspects of systems i n  

s circulated under boi l ing conditions. In  con- 

trast t o  t h e  work described i n  previous sections,  the  experiment t o  be 

dlscassed was concerned with the  heat t ransfer  and flow charac te r i s t ics  

of  the  system rather  than with corrosion. However, keeping i n  mind the 

s-mface thermal cycling phenomenon, the  r e s u l t s  r e l a t i n g  t o  the o s c i l l a -  

t o r y  natare of  the  system under some conditions and t o  the  wail superheat 

reqiirements may be of  in te res t .  

Tots study w a s  intended primarily t o  es tab l i sh  t h e  magnitade of the 

c r i t r c a l  (or burlout) heat flux for potassium i n  forced convectioi through 

a ver t ica l ,  c i r c -da r  tube when t h e  l i q u i d  entered the  boi le r  a t  saturat ion 

cosditions.  The experimental system assembled for  t h i s  experimect is shown 

schematically i n  Fig. 17. 
dynamic pmq through t h e  boi ler  t o  a liquid-vapor separator.  

a t  t,he boi le r  i i i e t  provided the  pressure drop necessary t o  decouple the  

boi le r  *om the  pumping system. The flow r a t e s  of the  l i q u i d  ar?d of t,he 

vapor after condensation were determined both volumetrically in cal ibrated 

hold tanks and dynamically by electromagnetic rlow meters; the  boi ler  e x i t  

qual i ty  was based on these measurements. 

blast  served as t h e  condenser. 

t h e  cor;tinuous bypass c i rculat ion of a small stream of l i q u i d  potassi-m 

----- \ 

Liquid potassium w a s  c i rculated by an electro-  

A r e s t r i c t i o n  

A finned c o i l  cooled by ar, a i r  

Oxygen was kept a t  a low concentzation by 

through a heated t i tanium sponge t rap .  



Two b o i l e r s  have been used; these w i l l  be r e fe r r ed  t o  as the low- 

fl-x bo i l e r  capable of operation a t  heat fluKes of t he  order of 40,000 

Bt,u/hr-ft2, and the  high-flux bo i l e r  i n  which f luxes up t o  5OC,OOO Btu/ 

hr-ft' could be achieved. 

l - i n .  -OD (0.87-in. -ID) type 347 s t a i n l e s s  s t e e l  tube r ad ian t ly  heated by 

a s e t  of six 3-in.-ID x 12-in.-long clamshell heaters.  

with six 8-mil-dim Pt-Pt 1 6  Rh thermocouples welded t o  the  outside s x -  

face of the tube a t  t he  approximate axial mid-point of each heater and 

with thermowells and pressure taps  for determining the f l u i d  condi t l  1 ons 

a% the  entrance and e x i t .  A t  t he  i n l e t ,  t he  bo i l e r  tube w a s  welded t o  a 

0.245-in.-ID sect ion;  and a t  t he  o u t l e t  end, t o  a 0.625-in.-ID l i n e .  

The former (shown i n  Fig. 18) w a s  a 6-ft  long, _- I-.-.-I_ _-- 
It w a s  instrumented 

In  a t t a i n i n g  the  c r i t i c a l  heat f l u ,  the  bo i l e r  w a s  maintained a t  a 

constant heat flux l e v e l  while t he  flow r a t e  w a s  progressively reduced. 

A t y p i c a l  s e t  of outside tube-wall temperature t r aces  fo r  a s e r i e s  of runs 

approaching burnout i s  shown i n  Fig.  19; thermocouples 5 and 6 were located 

gear the e x i t  of the  bo i l e r .  Each sect ion of t h e  curves gives approxi- 

mately one minute of t he  temperature t r a c e ;  t he  frequency of the o s c i l l a -  

t i o n  i s  thus of t he  order of 0.15 t o  0.35 cps. A t  t h e  higher flow r a t e s ,  

t he  amplitude of t he  temperature r i p p l e  was f l ° F ;  as  the flow r a t e  was 

decreased, t h e  t o t a l  magnitude of t he  f luc tua t ion  above the f l u i d  mean 

progressively increased, reaching 30 t o  50°F near "burnout". T'ne burnoilt 

point w a s  defined by the  automatic interrupt ion of t he  b c i i e r  power when 

the  wall  temperature i n  any o s c i l l a t i o n  exceeded 1750°F. 

rms without t h i s  cutoff ,  temperature excursions of as  much as 35O'F above 

the mean w e r e  noted. 

In  some e a r l i e r  

O f  more i n t e r e s t ,  perhaps, Porn t h e  point  of view of t h i s  paper w a s  

the observation t h a t  &&ring some phases of operation with the low-flux 

bo i l e r  t he re  exis ted a condition of s t ab le  tube-wall temperature o s c i l l a -  

-f--very high amplitude; associated with t h i s  were extreme f luctuat  ions 

A t y p i c a l  temperature t r a c e  obtained during clne 

------- - 
1. - __I _ _  

is both flow and pressure.  

sach o s c i l l a t o r y  s i t u a t i o n  i s  shown by t h e  upper curve i n  Fig.  20. I n  

comparison, t he  lower curve gives the  t r a c e  f o r  a s t a b l e  condition at 

approximately the  s m e  i n l e t  mass flow and net e x i t  qua i i t y  ( i n  excess o f  

6&). 
0.05 t o  0.10 cps; amplitudes of 2150 t o  f200"F were common. 

The frequency of t he  temperature o s c i l l a t i o n s  w a s  of t he  order of 

While there  
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was evidence t h a t  t h i s  condition could continue over long periods of time, 

it w a s  generally terminated a f t e r  about 10 min t o  avoid excessive damage 

t o  the  boi le r .  

were reduced by about 4 6  below those obtained with s tab le  flow. A s  in- 

dicated i n  Fig. 20, the  r a t e  of temperature r i s e  during these cycles was 

determined t o  be about 17"F./sec. Interpretat ion of t h i s  pa t te rn  w i l l  be 

deferred u n t i l  l a t e r  i n  t h i s  paper. 

Not unsurprisingly, the  c r i t i c a l  heat f lux  values obtained 

The cause of t h i s  i n s t a b i l i t y  remains somewhat uncertain and may r e -  
... / 

l a t e  i n  p a r t  t o  t h e  res tk ic t ion  a t  t h e  boi ler  e x i t .  

t h a t  a reasonable correlat ion could be made with the  amount of i n l e t  sub- 

cooling; t h i s  is indicated i n  Fig. 21. When the  i h l e t  subcooling w a s  held 

t o  l e s s  than about 40°F, s tab le  performance was obtained; t h i s  result i s  

consistent with analyt ic  descriptions of closed-loop systems i n  which the  

preheater is hydrodynamically coupled t o  t h e  boi le r .  

It was found, however, 

The high-flux boi le r  is shown i n  the  cut-away schematic of Fig. 22. 

This was a &in. long, 0.325-in.-ID (0.028-in. - w a l l  thickness)--&p~4'7- 

s ta in less  s t e e l  tube brazed within a segmented copper sleeve of  5-in. 

oats ide diameter. The twenty-one, 2-in. - thick copper disks comprising 

t h i s  sleeve were separated by 0.119-in. gaps t o  minimize a x i a l  heat flow. 

Each disk w a s  heated external ly  by an individually controlled clamshell 

heater;  t h e  converging geometry of the  heat-flow path r e s u l t s  i n  high heat 

f h x e s  a t  t h e  fluid-metal interface for  reasonable heater temperatures. 

The r a d i a l  temperature gradient i n  each copper block w a s  measured with 

t-hree logarithmically spaced 0.040-in. -OD sheathed Chromel-Alumel thermo- 

ccuples. 

a ture  a t  t h e  boi l ing  surface and, i n  combination with the  copper conduc- 

t i v i t y ,  t h e  heat f lux  through each copper segment. 

'e 

These thermocouple readings were extrapolated t o  give t h e  temper- 

In  t h i s  system, it was found t h a t  s tab le  operation w a s  possible on ly  

when vapor exis ted a t  the  boi le r  i n l e t ;  for a l l - l i q u i d  i n l e t  conditions, 

a rapidly amplifying thermal o s c i l l a t i o n  w a s  observed. 

qua l i ty  a t  t h e  i n l e t  w a s  generally obtained by allowing some l i q u i d  t o  

f l a s h  t o  vapor a t  t h e  upstream r e s t r i c t i o n .  It is estimated t h a t  the  in- 

l e t  qual i ty  w a s  l e s s  than 0.5%. 

The required 
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The presence of vapor a t  the i n l e t  leads t o  an in t e re s t ing  conjec+,ure 

as t o  t h e  mechanism of heat t r ans fe r  i n  these systems. The liquid-vapor 

density r a t i o  for s a tu ra t ed  potassium a t  1550°F is 675; neglecting s l i p ,  

t h i s  corresponds t o  a void f r ac t ion  of about 0.80 a t  the i n l e t .  

condition, t he  data  of Radovcich and Moissis' f o r  t h e  flow of air-water 

mixtures i n  v e r t i c a l  tubes predicts  an annular flow condition. 

would therefore  be present as a t h i n  layer  on the  w a l l ;  t he  thickness of 

tnis film has been estimated t o  be 0.040 in .  i n  a 0.87-in.-ID tube a t  an 

i n l e t  flow of 100 lb/hr .  

%perheat required fo r  bubble nucleation),  conduction through the  f i l m  

could sus t a in  a f lux  of  2 X 10' Etu/hr.ft2, well above the values a t t a i n -  

able i n  these experiments. This suggests t h a t  i n  these s tud ie s  the heat 

was t r ans fe r r ed  by conduction through a t h i n  l i q u i d  film followed by 

evaporation at  an inner liquid-vapor interface.  Alternatively,  Goldmann 

e t  a l .7  have proposed t h a t  hydrodynamic forces and the  high mass-transfer 

(evaporation) r a t e s  required a r e  su f f i c i en t  t o  s t r i p  the f i l m  completely 

from the  w a l l  and create  a m i s t  or  fog flow. 

droplets  along the  r a d i a l  veloci ty  gradient and evaporation a t  t he  w a l l  

then would account f o r  the heat t r a n s f e r .  From a corrosion point of view, 

i f  one i s  concerned with mechanism, the difference i n  these two in t e rp re t a -  

t i o n s  i s  spectacular i n  that i n  the  f i rs t  instance the  w a l l  i s  i n  contact 
with a flowing l i qu id ;  while i n  the second, t he  w a l l  i s  scrubbed primarily 

by a vapor flow. 

For t h i s  

The l i q u i d  

For a A t  of 375°F ( j u s t i f i e d  below i n  regard t o  

Diffusion of t he  l i q u i d  

Since ;th_e_fi>rature a t  t h e  fluid-metal i n t e r f ace  i s  of importance 
/\------ - -- - ,I-- -cL----- 

i n  corrosion, it i s  worthwhile t o  consider b r i e f l y  the  problem of  bubble - . 
-nucleation i n  a l i q u i d  metal. By combining the  condition fo r  dynamic 

eqzil ibrium of a spherical  vapor bubble i n  a l i q u i d - p o o l  with the  Clausius- 

Clapyron r e l a t ion ,  it is found t h a t  

2 R Tsat u 
= 

Tv - Tsat - 9 

.hfg pQ 

where Tv i s  the  absolute temperature of vapor within the bubble; Tsat, the  

absolute temperature of t h e  saturated l i q u i d  a t  pressure, PQ; R ,  t he  gas 

constant; h t he  l a t e n t  heat of vaporization of t he  l i q u i d ;  u, the  i n t e r -  

f a c i a l  tension between l i q u i d  and vapor a t  bubble surface; and r, t he  
fg' 



h b b l e  radius .  This equation, which p red ic t s  the approximate l i q z i d  sJper- 

neat r e p i r e d  a t  equilibrium fo r  a bubble of radius,  r ,  has been found t o  

be adeqkate for water and a number of organic f l u i d s .  If the  superheat 

reqkired f o r  bubble nucleation with the  l i q u i d  a l k a l i  metals i s  then cal-  

clllated by d i r e c t  comparison with water using Eq. (1) , t he  values given i n  

Table 1 result.8 Note t h a t  t he  bubble radius is  eliminated as a variable 

Table 1. Estimated Liquid Superheats with 

A l k a l i  Liquid Metals a t  1 A t m  

Calculated Superheat Based Measured 

Super he a t ,  on Water a t  
- 

Fluid 30 OF 90 "F o w  

N a  258 

K 125 
Rb 101 

cs 67 

- 774 
375 342 

303 135 
- 201 

by t h i s  process. The f i rs t  column gives values based on a superheat of 

3O"F f c r  water and indicates ,  f o r  potassium for example, a superheat of 
l25OP. The 30°F value f o r  water derives from measurements on a aafllral  

T u f a c e  (such as a pipe w a l l )  having a normal d i s t r i b u t i o n  of bo i l i ng  

s i t e s  ( c a v i t i e s ) .  From Eq. (l), it i s  seen t h a t  as the  surface tempera- 

f Ire r i s e s  above the  sa tu ra t ion  temperature, bubbles w i l l  form f i r s t  i n  

the c a v i t i e s  of l a r g e s t  radius .  A s  these s i t e s  a re  used up, the w a l l  

temperature w i l l  continue t o  r i s e  and smaller and smaller c a v i t i e s  w i l l  

be brought i n t o  act ion.  Presumably these c a v i t i e s  a re  not completely wer, 

by the f l u i d ;  i .e. ,  t he  f l u i d  does not completely displace trapped or 

adsorbed gases. On the other hand, l i q u i d  a l k a l i  metals wet most s o i i d  

metals e a s i l y  ( d e f i n i t e l y  a t  the boi l ing temperature); and it i s  to be 

expected then t h a t  t he  bo i l ing  s i t e  d i s t r ibu t ion  w i l l  be d r a s t i c a l l y  

skewed, predominating i n  very small cav i t i e s ,  or perhaps even completely 

eliminating a l l  s i t e s .  Further, t he  l i q u i d  metals used a r e  generally of 

very high p u r i t y  and a r e  i n  contact with clean,smooth surfaces i n  the  

absence of i n e r t  gases. The superheat required t o  i n i t i a t e  bubble forma- 

t i on  with a l i q u i d  metal should thus s i g n i f i c a n t l y  exceed t h a t  reTdired 
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with wa5er. Data obtained with d i s t i l l e d ,  deaerated water i n  contact with 

clean, very smooth surfaces show j u s t  t h i s  e f f e c t ,  with superheats of 90°F 

and higher being observed. 

heats arl t icipated based on a 90°F value for water. 

some experimental information obtained a t  ORM; with boi l ing i n  r e f lux  

capsules and i n  natural-  and forced-circulation loops; these r e s u l t s  a r e  

c m s i s t e n t  with the  predictions.  

The second column i n  Table 1 shows the  super- 

The f i n a l  c o l w ~  gives 

The requirement of high l i q u i d  superheat f o r  bubble i n i t i a t i o n  i n  a 

l i q u i d  metal can a l so  be used i n  developing a possible explanation f o r  the 

q j a s i - s t ab le  f luctuat ing boi l ing described previously. For a flowing l i q u i d  

net,al, the  high thermal conductivity r e s u l t s  i n  a nearly f l a t  r a d i a l  temper- 

at-ire d i s t r ibu t ion  for t he  condition of heat t r ans fe r  a t  the  w a l l .  For 

example, when the  w a l l  temperature reaches 375°F ( the condition f o r  bubble 

nucleation),  t he  center l ine temperature i n  a 1 - in .  tube w i l l  be about 340°F. 
O x e  the bubble forms, t he  e n t i r e  energy of superheat becomes avai lable  f o r  

5Jbble growth and, due t o  t h e  high thermal d i f f u s i v i t y  ( for  K, o. is about 

335 times the  d i f f u s i v i t y  f o r  HzO), is released i n  a matter of microseconds 

as a sudden explosion of l i q u i d  i n t o  vapor. The energy of superheat i n  a 

I u i t  volume of potassium under these conditions i s  s u f f i c i e n t  t o  produce a 

vapor TJa l i t y  i n  excess of 7 w t  4. 
p r e s s c a e  surge, aggravated by the  constr ic ted e x i t  i n  t he  low-flux bo i l e r ,  

with an attendant decrease i n  flow. This cycle w i l l  repeat  i t s e l f  a t  a 

freqaency which depends on the heat f lux and the  thermal gradient i n  the 

b-Jbble-producing cavity.  

There then r e s u l t s  a momentary high- 

Two fur ther  factors  should be mentioned i n  regard t o  the s t ab le  b o i l -  

i?g cordi t ion.  If annular flow ex i s t s ,  then burnout occurs when the re  i s  

20 longer s u f f i c i e n t  l i q u i d  present t o  cool t he  w a l l .  This s i t u a t i o n  

(termed dry-wall or l i q u i d  de f i c i en t )  does not correspond t o  a uniqLie 

posi t ion on the  tube; i . e . ,  because of hydrodynamic forces,  the "liquid- 

nc l i qu id"  posi t ion w i l l  wash back and f o r t h  i n  a random fashion over a 

region of t he  tube w a l l .  

perhaps be explained i n  terms of t he  thermal cycling phenomenon. If fog 

flow e x i s t s ,  a cycl ic  cooling condition again occurs as the  r e s u l t  of the 

l i q u i d  droplets  which impinge on the  w a l l  and evaporate. 

Accelerated corrosion observed i n  t h i s  area can 
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The r e s u i t s  for  t h e  c r i t i c a l  heat f lux  with potassium are  shown i n  

Fig. 23 as a function of the  in le t - l iqu id  mass flow. 

were obtained i n  the  low-flux boi le r ;  the  dashed l i n e  indicates  the uc- 
s tab le  flow s i tua t ion .  

l e n t  correlat ion found with the r e s u l t s  of Lowdermilk, Lanzo, and Siegel' 

f o r  the saturat ion boi l ing of water i n  a v e r t i c a l  tube. 

bc i l ing  d i f f e r s  markedly from water boi l ing on a microscale, the  gross 

phenomena, a t  l e a s t  i n  regard t o  burnout, appear s imilar .  

The data a% L/D = 83 

An in te res t ing  feature  of these data i s  the  excel- 

While potassium 

R ECAPIT'XIT I ON 

It has been the  in ten t  of t h i s  paper t o  consider t h e  influepee of 

neat t ransfer  and f l u i d  mechanics 0- dynamic corrosion. Rather than a 
/-A 

general enumeration of t h e  many areas =Y-- of interrelat ionship between heat, 

mass, and momentum t ransfer ,  t h i s  discussion has attempted t o  iiluminate 

some a s p e c t s f  the  problem tnrough a description of spec i f ic  experiments 

dra&%&-the personal experience of t h e  author. 

cormnerrts on the r o l e  of  surface shear and boundary-layer flow and develop- 

me% with uranyl s - d f a t e - s o h t i o n s ,  on the  e f f e c t s  of surface temperature 

osc i l la t ions  on the  mechanical i n t e g r i t y  and corrosion resis tance of an 

a l l o y  metal w a l l  i n  a molten salt environment, and f i n a l l y  on flow and 

r;emperat,.de phenomena which could a f fec t  corrosion i n  a bo i l ing  a l k a l i  

-- --_____ 
This has included 

/-------- 

!. / metal system. 

Because of t h i s  approach, there  have been omitted many other areas i n  

which both t h e  thermal and hydrodynamic charac te r i s t ics  of the system 

modify the  corrosion. Among the  in te res t ing  fac tors  not considered a re  

t h e  influence of thermal gradients on gross mass t ransfer ,  the  development 

a5d perpet-lation of l o c a l  concentration c e l l s ,  mass t ransfer  through the  

baffer  a i d  laminar layers  adjacent t o  a wall, the  spec i f ic  application of 

c l a s s i c a l  laminar-flow analyses i n  the  prediction of corrosion i n  cer ta in  

weil-defined systems, e t c .  It i s  hoped, however, t h a t  t h i s  paper w i l l  give 

t o  the  corrosion experimeiter, and perhaps a l so  t o  the reactor designer, a 

bekter f e e l  for  t h e  importance of considering corrosion i n  dynamic systems 

as a par% of the general t ransport  problem. 
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Figure 1. - Schematic of typical loop for study of corrosion with urany l  sulfate solutions. 

Figure 2. - Specimen holders used in urany l  sulfate corrosion studies. Upper assembly, closed holder; 
central  assembly, w i th  flat-plate specimens; lower assembly, w i th  round  p in  specimens. 
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F igu re  3. - Details of u r a n y l  su l fa te  co r ros ion  specimen holders.  

TIONS: 
+ 0.016 M H2SO4 

50 100 1000 10,000 
-2 - "0 

Figure 4. - Effect of shear at f lu id-sol id interface on corrosion of flat-plate specimens in urany l  sulfate 
solutions. 
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Figure 5. - Visual evidence of shear effects on corrosion of flat-plate specimens in uranyl sulfate solutions. 
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Figure 6. - Influence of shearon corrosion at the inside surface of tubular specimens exposed to flowing 
uranyl sulfate solutions. 
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Figure 7. - Corrosion of tubular specimens in uranyl sulfate solutions as a function of distance from 
the channel inlet. 
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Figure 8. - Schematic diagram of thermal pulse generator. 
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Figure  11. - Effect of thermal  fatigue cyc l ing  at 0.1 cps on thick-wal led lnconel  tube in a fused-salt 
environment.  

FLOW 

igure 12. - View of plane cu t  tangent to inside surface of lnconel test section showing orientation 
of thermal fatigue cracks after exposure at 0.4 cps in a fused-salt environment. 
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Figure 13. - Effect of exposure t ime on thermal fatigue cracking of an lnconel tube at 0.4 cps in a fused-salt 
environment. Left photomicrograph - 194,000 cycles exposure; r ight  photomicrograph - 33,000 cycles 
exposure. 

Figure 14. - Effect of test section wall thickness and transition on thermal fatigue cracking and corrosion 
of lnconel at 1.0 cps in a fused-salt environment. 

298 

r 



Figure 15. -Test section for thermal cycling system using pulsed-power to 
heater for generation of surface thermal oscillations. 

. I  . . . . . . .  

HEATER TEST SECTION 

XFACE TEMPERATURE: 17302 i25OF INTERFACE TEMPERATURE : 1600 f19OF 

DURATION: 66 HRS.- SALT NO. 30 IN INCONEL 

Figure 16. - Effect of thermal cycling at fluid-metal interface on corrosion of 
thin-walled lnconel tube in pulsed-power system at 0.4 cps with fused-salt 
environment. 
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Figure 17. - Schematic diagram Of forced-circulation loop for study of boiling 
heat t ransfer w i th  l iquid potassium. 
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Figure 18. - Low-flux boiler used in forced-circulation potassium boil ing 

studies. 
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Figure 19. - Typical sequence of tube-wall temperatures d u r i n g  approach 
to t h e  cr i t ica l  heat f l ux  in the  low-flux boiler. 
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Figure 20. - Tube-wall temperature patterns i l lus t ra t ing 
differences du r ing  quasi-stable (top) and stable (bottom) 
boi l ing in the  low-flux boiler. 
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Figure 21. - Stability curve showing influence of inlet subcooling on 

amplitude of wall temperature oscillation in the low-flux boiler. 
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Figure 22. - High-flux boiler for 
forced-circulation potassium 
boiling studies. 
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Figure 23. - Crit ical heat f lux data obtained in 
forced-circulation potassium boil ing studies. 
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OXYGEN "PUMP1N.G EFFICIENCY" OF,REF,R_CTORY METALS 

Char l e s  A. B a r r e t t  and Louis  Rosenblum 

i -_ 

Several years ago, at  t h e  start of our space power system mater ia ls  
program, we became concerned with t h e  e f f e c t  of contamination of columbium 
at  elevated temperatures i n  .y~ugn.m.environments. Since most t e s t i n g  of 
space power systems would bG performed on t h e  ground r a t h e r  than i n  space, 
a d e f i n i t i o n  of environmental requirements was needed. 

It seemed c l e a r  t h a t  contamination of columbium by impurit ies i n  t h e  
environment involves two processes: (1) contaminants impinging and s t i c k -  
ing t o  an exposed metal surface,  and ( 2 )  d i f fus ion  of contaminants from 
t h e  m e t a l  surface t o  t h e  i n t e r i o r .  Ei ther  one of these two processes 
could be r a t e  control l ing,  depending on t h e  p a r t i a l  pressure of impurity 
molecules, t h e  temperature of the  metal, and t h e  concentration present i n  
t h e  metal of the  p a r t i c u l a r  impurity.1 
r a t e  of oxygen ( t h e  most detrimental  contaminant) i n t o  columbium i s  
greater  than t h e  product of oxygen f l u x  t o  t h e  surface and the f r a c t i o n  of 
oxygen molecules s t ick ing  t o  the  surface,  no detectable  surface columbium 
oxide layer  should form. Conversely, when d i f fus ion  i s  r a t e  control l ing,  
a surface oxide layer  should form and grow. Therefore, i n  t h i s  case, t h e  
weight gain of oxygen, e s s e n t i a l l y  as surface oxide, should be proportional 
t o  the  square root  of  t h e  exposure time ( r e f .  1). 

I f ,  f o r  example, t h e  d i f fus ion  

From calculat ions made with t h e  diffusion r a t e s  of oxygen i n  columbium 
at  1000° C ( r e f s .  2 and 3), it can be shown t h a t  a t  oxygen p a r t i a l  pressures 
grea te r  than t o r r  t h e  in f lux  of oxygen molecules t o  t h e  surface i s  
t h e  ra te -cont ro l l ing  process, even when t h e  f r a c t i o n  of oxygen molecules 
s t ick ing  t o  t h e  surface i s  1. 
control l ing process, t h i s  f lux can be equated d i r e c t l y  t o  the  amount of 
oxygen picked up by t h e  columbium. 
pressure is  given i n  the  Langmuir equation 

When oxygen f lux  t o  t h e  surface is  t h e  r a t e -  

A r e l a t i o n  between oxygen pick-up and 

FL = 0.0583 PE(~) 112  

where 

FL 
P p a r t i a l  pressure of species,  t o r r  

oxygen pick-up of species,  g/(cm2)(sec) 

M molecular weight of species 

'A t h i r d  ra te -cont ro l l ing  process can a l s o  be postulated t o  explain 
c e r t a i n  experimentally observed phenomena, namely, surface coverage con- 
t r o l .  Over t h e  range of experimental conditions covered herein,  t h i s  
process is  not believed t o  be s igni f icant .  I n  t h e  i n t e r e s t s  of s implif ica-  
t i o n ,  discussion of t h i s  process will be deferred t o  fu ture  papers. 
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From t h e  Langmuir equation and t h e  assumption of t h e  equivalence of oxygen 
f l u x  and weight gain r a t e  of t h e  metal G, it follows t h a t  is  d i r e c t l y  
propor t iona l  t o  P and a l s o  t h a t  weight gain w w i l l  increase l i n e a r l y  
with time. 

\ '  

s t i c k i n g  p robab i l i t y ,  _-. or pumping efficiency, '  of metal 

If t h e  pumping e f f i c i e n c y  E can be determined, t h e  oxygen weight 
,- gain of t h e  columbium can be r e a d i l y  ca lcu la ted  f o r  various temperatures 

and p a r t i a l  pressures of oGgen. 
pressure oxidation of columbium (down t o  3~10'~ torr), values of 
i n  t h e  temperature range of 1000° t o  1200' C and oxygen p a r t i a l  p>essure 
about loW5 t o r r  can be derived. 

From 1nouye''s work ( r e f .  4) on t h e  low- 
E = 0.05 

The upper operating temperature of an  advanced power system may be 
about llOOo C with a pro jec ted  system l i f e  of 10,000 hours. A r b i t r a r i l y  
s e t t i n g  an  oxygen contamination pick-up l i m i t  of 2000 ppm f o r  a 50-mil 
columbium w a l l  and using a value of ~-E-, we can ca l cu la t e  t h a t  t h e  
environmentxor a ~ , ~ O = ~ - t - e - s - t - - a t - l l O O ~ s h o u l d  have a srt ia l  pres - 
su re  of oxygen an  1x10-7 torr. 

I n  view of t hese  estimates,  it seemed important t o  e s t a b l i s h  t h e  
v a l i d i t y  of t h e  contamination process, which p red ic t s  

(1) When d i f fus ion  of oxy en i n  columbium i s  r a t e  determining, sur face  
oxide formation occurs, w oc t1 7 2, and Q i s  independent of P. 

( 2 )  When oxygen f lux  i s  r a t e  determining, no sur face  oxide forms, 
w cc t, and a P. 

Also it would be des i r ab le  t o  determine experimentally t h e  pumping e f f i -  
C iencyzeLa- range  --.. of -.. p r e s ~ ~ _ s _ _ a _ n d , t e m p ~ t u r e s  ._" I f o r  a t y p i c a l  columbium 
a l l o y  such as CbzTZr t h a t  might be considered f o r  use i n  an  advanced space 
power system. t---.-- 

I n  1 9 6 1 t h e  Lewis Research Center, j o i n t l y  with t h e  General E l e c t r i c  
Engineering Laboratory, Schenectady, New York, i n i t i a t e d  an  experimental 
program t o  determine t h e  impurity weight gain of Cb-1Zr specimens exposed 
at 980° and llOOo C t o  impurity p a r t i a l  pressures from 10-5 t o  10-7 t o r r  

-.- 
as a func t ion  of time. The GE Engineering Laboratory: exposed t h e  speci-  
mens i n  t h e i r  high-vacuum f a c i l i t y .  The Lewis Center analyzed t h e  speci-  
mens chemically and me ta l lu rg ica l ly  before and a f t e r  exposure and reduced 
and analyzed t h e  da ta .  

'Pumping e f f i c i e n c y  is  t h e  prefer red  term t o  use here r a t h e r  than 
s t i ck ing  p robab i l i t y  s ince  we a r e  concerned with s teady-s ta te  conditions 
r a t h e r  than equilibrium conditions. 
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Continuous ( i . e . ,  instantaneous) contamination r a t e s  were obtained by 
means of a unique technique devised by t h e  GE Laboratory. Wkbh t h i s  tech- 
nique, weight changes i n  t h e  order of 
exposures a t  t o r r )  could be measured. Gravimetric methods, long used 
by experimenters t o  measure weight changes, a r e  l imi ted  t o  de t ec t ing  
changes i n  t h e  order of 10-6 gram per second. 

gram per second (expected i n  

A photograph and a schematic drawing of t h e  t e s t  setup used by t h e  
GE Engineering Laboratory a r e  shown i n  f igu res  l ( a )  and ( b ) ,  respec t ive ly .  
The gas spec ies  of i n t e r e s t  is continuously passed i n t o  t h e  system through 
a cont ro l led  leak  a t  t h e  same time as two "pumps" - a d i f fus ion  pump and 
t h e  columbium a l l o y  specimen - are  working t o  rehlove it from t h e  system. 
Measuring t h e  d i f fe rence  i n  pressure between two  s t a t i o n s  separated by a 
length  of tube of known conductance allows ca l cu la t ion  of t h e  pumping r a t e  
( i . e . ,  weight gain r a t e )  of t h e  specimen f o r  any set pressure and tempera- 
t u r e  condition i n  t h e  sample chamber: 

Pumping r a t e  = AT? x Tube conductance = iT ( 2 )  

A l l  t h e  tes ts  repor ted  here were run f o r  236 hours. 
gain as determined by in t eg ra t ing  t h e  instantaneous weight-gain rates 
(eq. ( 2 ) )  over t h e  time of t h e  tes t  and t h e  weight gain determined from 
t h e  d i f fe rence  i n  weight of t h e  specimen before and a f t e r  exposure as wel l  
as t h e  weight gain determined by fus ion  ana lys i s  of t h e  exposed sample 
were a l l  i n  good agreement. 

The t o t a l  weight 

The log  of oxygen weight gain i s  p l o t t e d  aga ins t  t h e  log  of time f o r  
t h r e e  p a r t i a l  pressures of oxygen i n  f i g u r e  2 ,  and t h e  log of oxygen con- 
tamination rate aga ins t  t h e  log  of oxygen p a r t i a l  pressure i s  shown i n  
f i g u r e  3. The slopes of a l l  t h e  curves a r e  approximately 1, t h a t  i s ,  
w a t and G a P. 

No sur face  oxide l aye r  w a s  de tec ted  on specimens exposed a t  m-essur3.s 
l e s s  ~ 5 ~ O ~ ~ i m e n s  run at  980' C and Z.~XLO-~ t o r r ,  a t h i n  
discontinuous patch of black oxide, i d e n t i f i e d  by X-ray d i f f r a c t i o n  as 
mainly CbOZ, was noted on t h e  sur face .  Under t h e  conditions of t h e  t e s t  
a crossover i n  t h e  r a t e -con t ro l l i ng  process of contamination from f lux  
contxol t o  d i f fus ion  r a k c o n t r o l  probably occurred at some l a t e  time i n  
t n t .  A T c Y i s a l  credence can be given t h i s  conclusion by comparing 
t h e  ca lcu la ted  time required t o  reach oxygen s a t u r a t i o n  a t  t h e  sur face  of 
t h e  specimen ( f o r  a f l u x  passing through t h e  sur face  and d i f fus ing  inward 
and equal t o  t h a t  ca l cu la t ed  from t h e  Langmuir equation) with t h e  a c t u a l  
t e s t  time. The ca lcu la ted  time t o  reach oxygen s a t u r a t i o n  a t  t h e  surface 
is  200 hours compared with t h e  a c t u a l  t e s t  exposure time of 236 hours. 

--------.-LC 

The 6 

pumping e f f i c i e n c y A o f  Cb-1Zr f o r  oxygen, as ca lcu la ted  from 

P la in ly ,  it is  now pqs-s.ible t o  determine maximum t o t a l  

- 
t h e  c o n t a m i n a t i o n - r a t s a  presented here in ,  has a value of 0.02 t o  0.03- 
-0- t h e  pressure range 
l l O O o  t o  980' C. 
oxygen contamination pick-up of Cb-1Zr used i n  experiments run a t  advanced 
power system temperatures i n  vacuum by means of th_e LangmGir EquaLiZn 

t o  loe5 t o r r  and t h e  temperatures range from 
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together with t h e  experimental value f o r  With use of t h e  experimental 
value of The in te rsec t ion  of t h e  
horizontal  l i n e  - representing i n  f igure  2 a 2000 ppm oxygen contamination 
l e v e l  for a 0.05-inch thickness of Cb-lZr - and a weight-gain curve gives 
t h e  time required t o  reach t h e  given contamination leve l .  
as shown i n  f igure  2 ,  a p a r t i a l  oxygen pressure o f  5 . 5 ~ 1 0 ' ~  t o r r  w i l l  
al low operation up t o  5500 hours before t h e  2000 p p  oxygen contamination 
l e v e l  i s  exceeded. 

E. 
E, p l o t s  can be made, as i n  f igure  2. 

For example, 
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(b) Schematic diagram of system. 

Figure 1. - High-temperature controlled contamination rig. 
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Figure 2. - Oxidation of Cb-1Zr alloy at low oxygen pressures 
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Figure 3. - Cb-1Zr contamination rate as a function of oxygen pressure. 
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PURIFICATION O F  ARGON FOR GLOVE BOXES 

AND ENVIRONMENTAL CHAMBERS 

. _. ---._y_Ic- I ci- .c_.y-+- ---__ - . _ -  
w 

M . F .  Parkman 

Argon i s  used as a cover gas for  a l k a l i  metals or hot re f rac tory  metals i n  
-.. ._ --. - -- 

several  applications.  These include: environmental chambers f o r  loops, glove 

boxes f o r  alkali metal sampling, analysis,  welding re f rac tory  metals, and for  

furnaces f o r  heating re f rac tory  metal capsules. Two major problems are  estab- 

l i s h i n g  and achieving maximum desired contaminant levels .  

data on the  f i rs t  problem, we  approach the  second problem by using gas with t h e  

I n  the  absence of 
7 

lowest obtainable impurity level .  Thus, gas pu r i f i e r s  and procedures are i n  

use based on the  b e s t  avai lable  qua l i ta t ive  knowledge. Results of a number of 

tests t o  determine what pu r i ty  of gas i s  being obtained i n  ex is t ing  systems 

w i l l  be outlined i n  t h i s  paper. 
_-- -- - 

----/ 

The ef f ic iency  of Ti-50 atomic ’$ Z r  i n  removing oxygen from argon w a s  _ _ _  -- - .-= -I_ 2- u -- 

A galvanic c e l l ,  similar t o  t h a t  of Baker, e t  a l . , l  was constructed 
_/ --- I- 

- -  - 

studied. 

t o  measure t h e  oxygen concentration of the  argon. 

A schematic diagram of the  t e s t  system i s  shown i n  Figure 1. High pu r i ty  

argon, containing 4 ppm oxygen (as determined during the  invest igat ion)  was 

used as the  tes t  gas. Oxygen w a s  introduced i n t o  the  argon through a needle 

valve from a b o t t l e  of compressed air. 

t he  feed or  t he  product from the  furnace t o  be analyzed. 

The piping arrangement allowed e i t h e r  

A 1-in. diameter Vycor tube w a s  used t o  contain the  T i - Z r  turnings.2 Bed 

lengths of 1, 3, and 6 inches were used with varying temperatures and gas ve- 

l o c i t i e s .  

The c e l l  w a s  cal ibrated against  an electrochemical c e l l  t h a t  generates 

@ known amounts of oxygen. The ca l ibra t ion  curve i s  shown i n  Figure 2. The 
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s e n s i t i v i t y  i s  shown t o  be about 4.4 microamps/ppm. 

low below 2 ppm because of t he  uncertain shape of the  ca l ibra t ion  curve. 

Accuracy i n  readings i s  
\ 

A 45-hour run was made with 1.5 l/min flow ra te ,  15000F bed temperature, 

3-in. bed length, 0.8 void fract ion,  and 60 ppm oxygen feed concentration. 

Outlet concentration was < 1 pprn during the  period. About 0.45 gm of oxygen 

w a s  absorbed during the  run, near ly  a l l  of it i n  the top  1/4-in. of the  bed. 

The chips i n  t h i s  layer were completely consumed. Visual evidence of oxygen 

reaction occurred f o r  about 1 in. along t h e  bed. The remainder of the  chips 

-----.---- I__- ---.- 

turned a golden color, t yy ica l  of n i t r ides .  

very rapid, with a nonadherent sca le  formed. 

Apparently, t he  oxygen reaction i s  

No nitrogen analysis was made s o  

the  only evidence of nitrogen react ion w a s  color. 

react ion was incomplete. 

On t h i s  basis, t he  nitrogen 

The flow veloc i ty  of argon containing 60 ppm oxygen w a s  varied-from 0 t o  ----- 
2.6 f t / s ec  through a 6-in. bed a t  120O0F. 

1 ppm oxygen. 

Outlet concentration remained below 
_L.c.c-------c --- ----____ac ---=___ 8. 

A t  1300°F, the  same r e s u l t  w a s  obtained with a 1-in. bed. 
--,. 

The above tests indicate  t h a t  t he  eff ic iency and u t i l i z a t i o n  of Ti-5@ Zr 

turnings i s  high when used t o  remove oxygen from air  contaminated argon. 

The performance of two types of gas pu r i f i e r s  were measured. A CEC 

Moisture Monitor w a s  used i n  addition t o  t h e  oxygen analyzer. Pur i f ie rs  con- 

s i s t i n g  of a molecular s ieve t r a p  followed by a Ti-5% Zr hot t r a p  produced 

argon containing <1 ppm oxygen and about 2 ppm water. 
_/--I -.---- _-.--” 

argon containing 2.5 ppm oxygen and about 1.7 ppm water. ------- --_ __, - 
period of time for  an equilibrium t o  form between moisture i n  a gas stream and 

-_ .-- 
-,- - 

A NaK bubbler produced 

Because of t he  long 
- _-.--11 

_c____cI__ ---. - 

on the  w a l l s ,  t h e  moisture content may have been even lower. 

The performance of a 26-ft3 vacuum glove box containing 4 - g-in., 20 m i l  
\-- 

neoprene gloves and capable of being pumped t o  1 x t o r r  when not i n  use 
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@ was measured. Argon containing about 4 ppm oxygen and 8 ppm water was used to 
---/ - I- 

- -  - _ _ _  - -.-.------ 
fill the dry box. 

under high vacuum, the gas analyzed 4 ppm oxygen and 40 ppm water. 

the time under vacuum was not sufficient to remove water absorbed by the 

gloves. 

Immediately on filling the glove box after one to two days 

Apparently 
_e ~--------- 

*___+ -/ 

During 3 hours of bare-handed use with 2 gloves after the above mea- 
/-- - 'surement, the moisture content of the argon was observed to rise at the rate of 

50 ppm/glove-hour. Oxygen content remained the same. The iaoisture '-. pickup rate 
could be significantly reduced by wearing surgeon's gloves during operation. 

The need for continuous repurification of the glove box atmosphere was thus 

demonstrated if the box were to be used for more than a short time. 

- 

A book has recently been published3 summarizing argon purification prac- 

tice. The most recent bibliography we know of is listed as Reference 4. 

4 

References : 
1. W. J. Baker, J. 3'. Combs, T. L. Zinn, A. W. Wotring, and R. F. Wall, 

"The Galvanic Cell Oxygen Analyzer," Ind. Eng. Chem. 51, 1959. 

2. 

3. P. A. F. White and S. E. Smith, Inert Atmosphere, Butterworths, London, 

4. E. A. Cernak, AEC Rept. CNIN-1802-2, Purification of Argon, Helium, and 

Supplied by Oregon Metallurgical Corporation, Albany, Oregon, average size: 
0.20 x 0.25 x .03 inches. 

19 62. 

Xenon, September 1959. 
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0 10ohms 

El 100 ohms 

Y -  I I I I 

20 40 60 80 1 00 
OXYGEN CONCENTRATION, ppm 

Figure 2. - Calibration curve for oxygen analyzer using 
10 ohm and 100 ohm load resistors. 
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