
N r 0  19,701 
NASA CR 72651 
Aerojet 3680 

\ ( > -  

EVALUAT l ON OF TANTALUM FOR MERCURY 
CONTAINMENT I N  THE SNAP-8 BOILER 

BY 

H. Derow, B. E. Farwell, E. B. Johnson, L A. Kimura 
J. C. Whipple, M. K. Wong, D. Yee 

CASE F 

AEROJET-GENERAL CORPORATI ON 
Azusa, California 

prepared for 

NATIONAL AERONAUT1 CS AND SPACE ADMl N l STRATI ON 

NASA Lewis Research Center 

Contract NAS 5 - 4 7  

Mar t in  J. Saari, Program Manager 



NOT ICE 

This  r e p o r t  was prepared a s  an account of Government-sponsored work. 

Nei ther  t h e  United S t a t e s ,  nor t h e  Na t iona l  Aeronautics and Space Adminis- 

t r a t i o n  (NASA), nor any  person a c t i n g  on behal f  of NASA: 

(A) Makes any warranty o r  r e p r e s e n t a t i o n ,  expressed o r  implied,  

wi th  r e s p e c t  t o  t h e  accuracy, completeness,  o r  usefu lness  of 

t h e  information contained i n  t h i s  r e p o r t ,  o r  t h a t  t h e  use of 

any information appara tus ,  method, o r  process  d i sc losed  i n  

t h i s  r e p o r t  may not impinge privately-owned r i g h t s ;  o r  

(B) Assumes any l i a b i l i t i e s  w i t h  r e s p e c t  t o  t h e  use o f ,  o r  f o r  

damages r e s u l t i n g  from t h e  use of any information,  appara tus ,  

method, o r  process  d i sc losed  i n  t h i s  r e p o r t .  

As used above, "person a c t i n g  on behal f  of NASA" includes any employee 

o r  con t r ac to r  of  NASA, o r  employee of such c o n t r a c t o r ,  t o  t h e  ex t en t  t h a t  

such employee o r  c o n t r a c t o r  of NASA, o r  employee of such con t r ac to r  prepares ,  

d i sseminates ,  o r  provides access  t o ,  any information pursuant t o  h i s  employ- 

ment o r  c o n t r a c t  w i t h  NASA, o r  h i s  employment w i th  such con t r ac to r .  

Requests f o r  copies  of t h i s  r e p o r t  should be r e f e r r e d  t o :  

Nat iona l  Aeronautics and Space Administrs t ion 
S c i e n t i f i c  and Technical  Information F a c i l i t y  
Post  Of f i ce  Box 33 
College Park, Maryland 20740 



NASA C R - 7 2 6 5 1  

AEROJET 3680 

T O P I C A L  RE3?ORT 

EVALUATION O F  TANTALUM FOR MERCURY 
CONTAINMENT I N  THE SNAP-8 BOILER 

by 

H. D e r o w ,  B. E. Farwell, E .  B ,  J o h n s o n ,  L .  A. K i m u r a ,  

J. C .  Whipple, M. K. W o n g ,  D.  Y e e  

AEROJET -GENERAL CORPORATION 

A z u s a  , C a l i f o r n i a  

Prepared f o r  

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

N o v e m b e r  1969 

C o n t r a c t  NAS 5-417 

NASA L e w i s  R e s e a r c h  C e n t e r  

C l e v e l a n d ,  O h i o  

M a r t i n  J. Saari, P r o g r a m  M a n a g e r  

SNAP-8 Program O f f  ice 



FOREWORD 

The work descr ibed  i n  t h i s  r e p o r t  was performed a t  Aerojet-General 
Corporat ion,  Nuclear Divis ion,  San Ramon, C a l i f o r n i a  a s  p a r t  of t h e  SNAP-8 
E l e c t r i c a l  System Contract  being conducted wi th in  t h e  Power Systems Depsrt-  
ment of  Aerojet-General Corporation, Azusa, Ca l i fo rn i a .  The s t u d i e s  and 
t h e  r e s u l t s  p s r t a i n i n g  t o  t h e  eva lua t ion  of  tantalum as a mercury, conta in-  
ment m a t e r i a l  i n  t h e  SNAP-8 b 3 i l e r  i s  covered i n  t h i s  r e p o r t .  The work 
was performed under NASA Contract MAS 5-417 wi th  M r .  Martin J .  S a a r i  a s  
NASA Program Manager, and D r .  W. F, Banks a s  Aerojet-General Corporation 
Program Manager. Aerojet-General Corporation acknowledges P. L. Stone and 
E. R .  Furman of t h e  NASA, Lewis Research Center ,  f o r  t h e i r  c o n t r i b ~ ~ t i o n s  
during performance of  t h e  work. 
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ABSTRACT 

A s e r i e s  of t e s t s  were conducted t o  evaluate tantalum as a material  f o r  
mercury containment i n  the SNAP-8 bo i l e r .  Mercury corrosion of tantalum was 
known t o  be minimal; therefore ,  the t e s t s  were designed t o  invest igate  various 
mechanical designs of the  bo i l e r  s t ruc tu re  containing tantalum. The r e su l t s  
of the  t e s t s  provided information f o r  evaluating the e f f ec t s  on tantalum of 
a i r  and polyphenyl e the r  ( ~ i x - 4 ~ 3 ~ )  contaminants in  t he  mercury loop. The 
t e s t  r e su l t s  and t h e i r  appl ica t ion t o  the SNAP-8 bo i l e r  a r e  described. 





A t e s t  program was conducted t o  evaluate t he  use of tantalum fo r  mercury 

containment i n  t h e  SNAP-8 boi ler .  Five t e s t s  on subscale SNAP-8 simulated 

bo i l e r  tube configurations were conducted. Various candidate basic bo i le r  tube 

design concepts and fabr icat ion procedures were evaluated. The e f f ec t s  of 

po ten t ia l  SNAP-8 mercury loop contaminants on tantalum were a l s o  evaluated. 

Two Hg containment tube configurations were found capable of providing 

equivalent acceptable r e l i a b i l i t y  f o r  up t o  40,000 hours of service i n  t h e  

SNAP-8 boi ler .  These a re ,  f i r s t ,  a bimetal 3ube of tantalum bonded by hot 

coextrusion t o  the  I .D.  surface of a 316 s t a in l e s s  s t e e l  tube. Second,unbonded 

non-concentric tubes of tantalum ins ide  a 321 s t a in l e s s  s t e e l  tube. In t h e  

l a t t e r  instance t h e  two tubes are  thermally bonded through a non-flowing NaK 

inventory which f i l l s  t h e  annular space between t h e  two tubes.  In both cases 

t h e  heat i s  t r ans fe r red  from a flowing NaK stream on the  ol&si.de of the  s ta in -  

l e s s  s t e e l  tube t o  a flowing mercury stream on the  ins ide  of the  tantalum tube. 

It was establ-isbed t h a t  mercury loop contamination by a i r  or M ~ x - ~ P ~ E ,  an 

organic f l u i d  used f o r  lubr icat ion and cooling of various components i n  t he  

SNAP-8 system, can detrimentally a f f ec t  the  heat t r ans f e r  capabi l i ty  of a 

SNAP-8 bo i le r .  The reduced heat t rans fe r  i s  caused by a thermal ba r r i e r  formed 

on t he  tantalum surface by a react ion between the  tantalum and the  contaminant. 

This ba r r i e r  can be e f fec t ive ly  removed by chemical cleaning. 



I .  INTRODUCTION 

SNAP-8 is  a 35 kw nuc lea r -e lec t r i c  power conversion system f o r  use i n  

space. The system operates on a mercury ( H ~ )  Rankine cycle using NaK ( e u t e c t i c  

sodium -- potassium mixture) a s  t h e  heat- input  and hea t - re j ec t ion  working 

f l u i d .  The power conversion system i s  being developed by Aerojet-General 

Corpora,t ion ( AGC ) f o r  t h e  National Aeronautics and Space Administrat ion. The 

nuclear  r eac to r  i s  being developed f o r  the  Atomic Energy Commission by Atomics 

In te rna t iona l  . 
The power conversion system, Figure 1, uses mercury a s  the  working f l u i d  

and i s  coupled t o  t h e  reac tor  cooling loop by a heat  exchanger ( b o i l e r )  where 

t h e  mercury i s  preheated, vaporized, and superheated. The superheated vapor 

dr ives  a tu rb ine -a l t e rna to r  assembly which develops 35 kw of use fu l  e l e c t r i c a l  

power. The sa tu ra ted  mercury vapor leaving t h e  tu rb ine  passes through a con- 

denser and then t o  a mercury pump t o  complete i t s  cycle.  Cooling f o r  t h e  

condenser i s  provided by a pump-driven NaK loop which couples t h e  condenser 

and space r a d i a t o r .  Lubrication and cooling of t h e  system i s  provided by a 

loop using a polyphenyl e ther  (&fix-4~3~) organic working f l u i d .  Lu6rication 

i s  provided f o r  t h e  bearings i n  t h e  tu rb ine -a l t e rna to r  assembly and the  

mercury pump-motor assembly. Cooling i s  provided f o r  t h e  a l t e r n a t o r ,  pumps, 

and e l e c t r i c a l  cont ro ls .  The ~ i x - 4 ~ 3 E  loop i s  pump driven and has i t s  own 

heat  - r e j e c t  ion r a d i a t o r .  

The b o i l e r  f o r  t h e  SNAP-8 system was f o r  seve ra l  years  constructed of 

9 C r - 1  Mo s t e e l .  After  a considerable number of capsule corrosion t e s t s  and 

forced-flow subscale and f u l l  s c a l e  t e s t s  had been conducted, it was apparent 

t h a t  t h i s  ma te r i a l  w a s  not  s u f f i c i e n t l y  r e s i s t a n t  t o  mercury corrosion a t  

1100~F,  t h e  maximum l i q u i d  mercury temperature f o r  SNAP-8 b o i l e r  operat ion,  

t o  provide t h e  required minimum 10,000-hour l i f e .  A r e l i a b l e  approximation 

of t h e  mercury corrosion res i s t ance  of a given mate r i a l  can be made by exam- 

ining the  s o l u b i l i t y  i n  mercury of t h e  major a l l o y  elements i n  t h e  mater ia l .  

Figure 2 shows t h e  s o l u b i l i t y  of seve ra l  elements i n  l i q u i d  mercury a s  a 

function of temperature. It can be seen t h a t  although t h e  s o l u b i l i t y  of i ron  

i s  low, t h e  r e f r a c t o r y  metals a r e  only s l i g h t l y  so luble  i n  mercury, with t h e  





TEMPERATURE (OF) 

Figure 2.  S o l u b i l i t y  of Some Elements i n  Mercury 



s o l u b i l i t y  of tantalwn being j u s t  ba re ly  de tec table .  Based primari ly on t h i s  

s o l u b i l i t y  data,  tantalum ( ~ a )  was se lec ted  from t h e  ava i l ab le  r e f r a c t o r y  

metals as t h e  reference mate r i a l  f o r  mercury containment i n  t h e  SNAP-8 b o i l e r .  

In  add i t ion  t o  exh ib i t ing  t h e  lowest s o l u b i l i t y  i n  mercury of t h e  commercially 

ava i l ab le  r e f rac to ry  metals,  tantalum has a proven h i s t o r y  of p roduc ib i l i ty  

and f a b r i c a b i l i t y  i n  t h e  chemical industry.  The mechanical proper t ies ,  though 

da ta  was l imi ted ,  appeared t o  meet t h e  requirements f o r  a  10,000 hour l i f e  

SNAP-8 b o i l e r .  

Several  l imi ta t ions  i n  t h e  use of tantalum ex i s t ed  which required s p e c i a l  

considerat ion i n  designing t h e  ma te r i a l  i n t o  t h e  SNAP-8 system. A i r  contamin- 

a t i o n  of tantalum exposed a t  4 0 0 " ~  resu l t ed  i n  formation of a  non-adherent 

surface  oxide, The react ion  r a t e  increased, with increased exposure temperature. 

Also, it was pos tu la ted  t h a t  tantalum i n  a flowing SNAP-8 multi-metal NaK 

system would accumulate i n t e r s t i t i a l  elements, ca,rbon and oxygen, from t h e  NaK 

r e s u l t i n g  i n  embrittlement and accelera ted  metal mass t r a n s f e r .  Two bas ic  

b o i l e r  designs were developed t o  avoid t h e  above uncer t a in t i e s ,  In both designs 

t h e  tantalum was protected agains t  elevated temperature a i r  oxidat ion,  by fab- 

r i c a t i n g  oxidation r e s i s t a n t  316 s t a i n l e s s  s t e e l  (316 SS), a l l  sec t ions  of t h e  

b o i l e r  which were exposed t o  t h e  a i r .  Also t h e  tantalum was protected aga ins t  

exposure t o  t h e  flowing NaK by i s o l a t i o n  u t i l i z i n g  a s t a i n l e s s  s t e e l  tube 

posi t ioned between t h e  tantalum tube and t h e  flowing NaK s ide  of the  b o i l e r .  

One design provided f o r  mercury flow ins ide  the  tantalum tube and NaK flow on 

t h e  outs ide  of a  s t a i n l e s s  s t e e l  tube ,  The other  design provided f o r  mercury 

flow ins ide  t h e  tantalum tube,  NaK flow on t h e  outside of t h e  s t a i n l e s s  s t e e l  

tube,  and a s t a t i c  NaK annulus between them. Figure 3 depic ts  t h e  two designs. 

Since both b o i l e r  designs were considered t o  be of equal  po ten t i a l ,  it was 

decided t o  t e s t  i n  a  subscale SNAP-8 configurat ion both mercury containment 

tube  designs, The objec t ives  of t h e  t e s t  program were a s  fol lows:  

. Evaluate t h e  hea,t t r a n s f e r  performance of two a l t e r n a t e  mercury 

containment tube designs. 

. Evaluate t h e  e f f e c t  of SNAP-8 operating condit ions on the  s t r u c t u r a l  

i n t e g r i t y  of t h e  mercury containment tube designs. 
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. Establish the  mercury-side corrosion e f f ec t s  on t he  materials. 

. Evaluate t he  e f f ec t  on tantalum tube heat  t r ans f e r  performance, of 

the  presence of a i r  or  ~ i x - 4 ~ 3 ~  in  the  mercury system. 

. Select t he  optimumdesignforfullscale SNAP-8boileruse. 

11. TEST SECTION DESCRIPTION 

The SNAP-8 bo i l e r  i s  a counterflow tube-in-tube heat exchanger, The 

mercury flows inside seven p a r a l l e l  tubes which a re  interconnected by mani- 

folds  a t  the  mercury i n l e t  and ou t l e t  of the  bo i le r .  The seven tubes a r e  

bundled inside a NaK containment she l l .  The NaK flows through the  annular 

space formed between the  tube bundle and the  outer s h e l l  (see Figure 3 ) .  

Approximately t he  f i r s t  4 f e e t  of t he  SNAP-8 bo i le r  length i s  considered the  

most c r i t i c a l  f o r  achieving adequate bo i l e r  performance. Within t h i s  length, 

t h e  major portion of t o t a l  heat t r ans f e r  from the  flowing Na 

mercury must occur t o  meet t h e  desired de 

pressure drop through t l e r ,  and t o  insure minimum li 

over t o  t he  turbine.  Th c t ion  of the  

tantalum bar with channe chined i n to  t 

flow passage t h r o  e a r e  t he  channe 

gap f i t  between t h  I .D .  and bar O.D., 

tube over the  bar.  The l i qu id  mercury reach 
0 

approximately 1100 F i n  t h i s  i n i t i a l  tube 

verted t o  vapor. Therefore, any acceptabl 

must be capable of e f fec t ive ly  t r ansmi t t i  

must withstand the  corrosion and erosion 

mercury flow. For t h i s  reason, t he  t e s t  

evaluation of t e s t  sec t  simulating t h  

overa l l  bo i le r  length,  

Two designs of t h  cury containm 

Tests were performed on both designs using 

t e s t  sections t o  simplify fabr icat ion,  One 

concentric 316 s t a in l e s s  s t ree l  (outside) and tantalum tubes ( ~ a s i c  Concept 

No. 1 i n  Figure 3 ) .  The other tube configuration consisted of non-concentric 



321 s t a i n l e s s  s t e e l  ( o u t s i d e )  and tantalum tubes  wi th  a s t a t i c  N a K  inventory  

i n  t h e  annular  space between them ( ~ a s i c  Concept No, 2 i n  Figure 3 ) ,  Basic  

Concept No. 1 which was used f o r  cons t ruc t ion  of f o u r  of t h e  f i v e  t e s t  s e c t i o n s  

eva lua ted  were f a b r i c a t e d  by co ld  swaging, h o t  co-extruding, and exp los ive ly  

bonding t h e  tubes  ( s e e  Table I). The l a s t  t e s t  s ec t ion ,  r ep re sen t ing  Basic  

Concept No, 2,  was assembled a s  shown i n  f i g u r e  3 wi th  t h e  tantalum and s t a i n -  

l e s s  s t e e l  tubes  providing t h e  necessary s tand-off  d i s t ance  f o r  t h e  s t a t i c  N a K  

containment. 

A .  WONDED CONCENTRIC TUBES 

Tes t  Sec t ions  Numbers 1 and 2 ( s e e  Figure 4) contained Hg conta in-  

ment tubes  of b imeta l  tube  cons t ruc t ion .  The b ime ta l  tube  cons i s t ed  of concent r ic  

tantalum and 316 s t a i n l e s s  s t e e l  tubes  i n  i n t ima te  con tac t ,  bu t  not  me ta l lu rg i c -  

a l l y  bonded. The in t imate  contac t  of t h e  b ime ta l  tube  was produced by  co ld  

swaging. To prevent a i r  exposure of t h e  Ta during system opera t ion ,  and t h e  

r e s u l t a n t  c a t a s t r o p h i c  oxida t ion ,  t h e  tan ta lum tube  was loca t ed  e n t i r e l y  w i t h i n  

t h e  316 s t a i n l e s s  s t e e l  envelope. The load-car ry ing  s t r u c t u r e  of t h e  s e c t i o n ,  

and of a f u l l  s i z e  SNAP-8 b o i l e r  conta in ing  t h i s  tube  concept,  was of welded 

316 s t a i n l e s s  s t e e l .  The two t e s t  s ec t ions ,  Numbers l a n d  2, were i d e n t i c a l  

except t h a t  t h e  l a t t e r  contained a  mechanical s e a l  at t h e  mercury i n l e t  end t o  

prevent rnercury flow through a  gap between t h e  tantalum and 316 tubes  which 

formed when t h e  s e c t i o n  had reached opera t ing  temperature.  This gap r e s u l t s  

from t h e  s i g n i f i c a n t l y  d i f f e r e n t  thermal  expansion c o e f f i c i e n t s  of t h e  two 
-6 -6 

m a t e r i a l s  between 75' and 1300°F, 3.8 x  1 0  and 10.3 x 10 in./ in.l°F, 

r e s p e c t i v e l y ,  Free movement of each r e l a t i v e  t o  t h e  o the r  allowed t h e  316 

s t a i n l e s s  s t e e l  t o  p u l l  away from t h e  tan ta lum forming a 0.0015 inch  r a d i a l  

gap a t  l l O o O ~ ,  t h e  b o i l i n g  temperai;ure of t h e  mercury i n  t h e  t e s t  s e c t i o n .  

This f r e e  r e l a t i v e  movement a l s o  avoided t h e  n e c e s s i t y  of compensating f o r  h igh  

mechanical loads  which might have been app l i ed  had t h e  tantalum and 316 s t a i n -  

l e s s  s t e e l  been s t r u c t u r a l l y  connected. 

B. BONDED CONCENTRIC TUBES 

Tes t  Sect ion Numbers 3  and 4 ( s e e  Figure 5 ) ,  contained concent r ic  
tantalum and 316 s t a i n l e s s  s t e e l  tubes  which were me ta l lu rg i ca l ly  bonded i n t o  
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an  i n t e g r a l  b ime ta l  t u b e  cons t ruc t ion  t o  prevent s epa ra t ion  during b o i l e r  s t a r t -  

up and/or continuous hea t ing  a t  t h e  ope ra t ing  temperature.  The bonded t u b e  of 

Tes t  Sec t ion  No. 3 was produced by ho t  coext rus ion  by Nuclear Metals Div is ion ,  

Whit taker  Corp., Concord, Mass. The bonded tube  of Tes t  Sec t ion  No. 4 was 

produced by explosive bonding by Aerojet-General  Corporation, Downey, C a l i f o r n i a ,  

Catas t rophic  air exposure of t h e  tantalum was avoided by t h e  design u t i l i z e d  i n  

Tes t  Sec t ion  No. 1. However, t h e  bond between t h e  tantalum and 316 s t a i n l e s s  

s t e e l  t ubes  was s u f f i c i e n t l y  s t rong  t o  avoid t h e  ra -d ia l  gap. The tan ta lum t u b e  

y i e lded  s o  a s  t o  expand wi th  t h e  316 s t a i n l e s s  s t e e l  during hea t ing .  The b a s i c  

s t r u c t u r e  of  a f u l l  s i z e  S~TAP-8 b o i l e r  conta in ing  t h i s  tu.be concept would be 

316 s t a i n l e s s  s t e e l  w i t h  t h e  tan ta lum removed on t h e  tube  ends, t h u s  avoid ing  

t h e  problem of j o in ing  t h e  tantalurn t o  t h e  316 s t ad in l e s s  s t e e l .  As was t r u e  of 

t h e  radial  expansion, t h e  bond was s u f f i c i e n t l y  s t rong  t o  advoid f a i l u r e  due t o  

d e t r i m e n t a l  l o n g i t u d i n a l  loads , 

C. NONCONCENTRIC TLBES WITH STATIC N a K  CAVITY 

The mercury containment t u b e  of Tes t  Sect ion No. 5 ( s ee  Figure 6 )  

w a s  made of Ta and t h e  f lotring T\Jal< ou te r  containment s h e l l  was made 'of 316 SS . 
The Ta was p ro t ec t ed  from t h e  flowing NaK by a 321 SS tube which enclosed t h e  

Ta t u b e  forming a n  annular  c a v i t y  f i l l e d  w i t h  s t a t i c  NaK.  I n  a f u l l  s i z e  

SNAP-8 b o i l e r  conta in ing  t l i i s  design concept t h e  e n t i r e  inercury . containment 

system, inc luding  mercury i h l e t  and o u t l e t  manifolds would be cons t ruc ted  of 

tantalum. To avoid  cont inua t ion  of tan ta l~~r tk  out  s i d e  of t h e  b o i l e r  envelope 

formed by t h e  316 s t a i n l e s s  s t e e l  o u t e r  s h e l l  t h e  Ta i s  joined t o  316 s t a i n l e s s  

s t e e l  p ip ing ,  providing rnercury containment ou t s ide  tlie b o i l e r ,  by means of  a  

tantalum/316 s t a i n l e s s  s t e e l  t r a n s i t i o n  j o i n t  ( s ee  Figure 6 ) .  The 316 s t a i n -  

l e s s  s t e e l  o u t e r  s h e l l  and 321 s t a i n l e s s  s t e e l  f l a t t ened -ova l  tube  a r e  welded 

t o  t h e  316 s t a i n l e s s  s t e e l  s i d e  of t h e  t r a n s i t i o n  j o i n t .  Thus, t h e  tantalunl  

s t r u c t u r e  i s  f r e e  t o  move independently of t h e  combined 316/321 s t a i n l e s s  

s t e e l  s t r u c t u r e  of t h e  b o i l e r  bu t  t h e  Ta and s t a i n l e s s  s t e e l  s t r u c t u r e s  a r e  

t i e d  t o g e t h e r  through t h e  two tantalum/316 s t a i n l e s s  s t e e l  t r a n s i t i o n  j o i n t s .  

The 321 SS tube  i s  of f l a t t e n e d - o v a l  c ros s - sec t ion  t o  accommodate t h e  r e l a t i v e  

d iamet ra l  change between t h e  Ta and s t a i n l e s s  s t e e l  por t ions  of t h e  SNAP-8 



r
 T

O
/ 

3
1

6
S

S
 

T
R

A
N

S
IT

IO
N

 J
O

IN
T

 
S

T
A

T
IC

 N
O

K 
C

A
V

IT
Y

 

D
IF

F
E

R
E

N
T

IA
L

 E
X

P
A

N
S

IO
N

 
T

a 
H

g 
C

O
N

T
A

IM
M

E
N

T
 T

U
B

E
 

C
O

M
P

E
N

S
A

TO
R

 B
E

LL
O

W
S

 
F

LO
W

IN
G

 N
O

K 
C

A
V

IT
Y

 
T

a
/3

1
6

 S
S

 
T

R
A

N
S

IT
IO

N
 

t 
I 

I 

H
a
 I

N
L

E
T

 
- 

F
LO

W
IN

G
 

N
a

K
 

S
E

C
T

IO
N

 A
-A

 

F
ig

u
re

 6
. 

T
e

st
 

S
e

c
ti

o
n

 N
o.

 
5 

- 
U

n
im

et
al

 
T

an
ta

lu
m

 M
er

cu
ry

 C
o

n
ta

in
m

en
t 

T
ub

e 
w

it
h

 3
2

1
 S

ta
in

le
ss

 S
te

e
l 

T
ub

e 
F

or
m

in
g 

S
ta

ti
c

 N
aK

 
C

a
v

it
y

 

L
IN

E
 



coi led b o i l e r  configuration due t o  d i f f e r e n t i a l  thermal expansion a s  t he  bo i l e r  

heated up t o  operating temperature (see Figure 3).  The f u l l  sca le  SNAP-8 

bo i l e r  assembly procedure places t h e  Ta tube against  the  outside ( r e l a t i v e  t o  

t he  b o i l e r  c o i l  diameter) radius of t h e  321 SS oval tube. When the  assembly 

i s  heated t o  bo i l e r  operating temperature, t he  coiled diameter of t h e  321 SS 

oval  tube grows more than t he  diameter of t h e  tantalum tube c o i l  due t o  t h e  

g rea te r  thermal expansion coeff ic ient  of t h e  former, as  mentioned previously. 

The d i f f e r e n t i a l  c o i l  diameter growth would ul t imately  place the  tantalum tube 

a t  t h e  midpoint of t h e  major ax i s  of t h e  321 oval tube. The d i f f e r e n t i a l  

growth i n  t he  coiled section of t h e  bo i l e r  i s  accommodated by t h e  r e l a t i v e  

movement af  t h e  two tubes, a s  described above, however, t h e  d i f f e r e n t i a l  growth 

i n  t he  i n l e t  end, s t r a igh t  sect ion (see Figure 3) i s  accommodated by a bellows, 

Since Test Section No, 5 was e n t i r e l y  s t r a igh t  ra ther  than p a r t i a l l y  co i led  a s  

i s  t h e  current  SNAP-8 bo i le r  conceptual design, a l l  d i f f e r e n t i a l  expansion 

between t h e  tantalum and s t a in l e s s  s t e e l  s t ructures  i n  t e s t  section No. 5 was 

accommodated by a bellows a t  t h e  mercury i n l e t  end (see Figure 6). Nevertheless, 

t he  oval  321 SS tube was used so  t h a t  fabr icat ion techniques, and t he  e f fec t  on 

heat t r a n s f e r  of the  nonuniform s t a t i c  NaK annular space, could be evaluated. 



111. TEST PROCEDURES 

A. TEST SYSTEMS 

Two forced flow subscale SNAP-8 t e s t  systems were used t o  evaluate 

the  various t e s t  sec t ions .  These systems were designed t o  provide the  appro- 

p r i a t e  subscale mercury flow. They contained a primary NaK loop hea t  source, 

simulating reac tor  heating capacity. 

. Test Sections,  Numbers 1 through 4, were t es ted  i n  Corrosion 

Loop 11. (CL-k), p i c t o r i a l l y  described i n  Figure 7. CL-4 consis ts  of a primary 

NaK loop containing a hea t  source coupled through the  t e s t  section and a SNAP-8 

simulated mercury superheater t o  a simulated SNAP-8 mercury-Rankine-cycle loop. 

The mercury loop r e j ec t s  i t s  heat  through a condenser t o  an air-cooled c i rcu-  

l a t i n g  NaK loop,  The primary NaK loop uses a res is tance heater  which transmits 

a low voltage through the  NaK containment tube and the  NaK t o  generate heat .  

The mercury flow passage dimensions of the four s ing le  mercury tube t e s t  sec- 

t ions  were i den t i ca l .  The passage was smaller than t h a t  of a s ingle  (one of 

seven) f u l l  s i z e  SNAP-8 bo i l e r  tube. The operating conditions of CL-4 were 

s e t  t o  reproduce SNAP-8 bo i l e r  operating thermodynamic conditions of mercury 

temperature and pressure.  This required a mercury loop flow r a t e  of 525 pounds 

per  hour o r  approximately equivalent t o  1/22 of t he  reference SNAP-8 mercury 

flow. The t e s t  sect ions  evaluated represent approximately the f i r s t  4 1/2 

f e e t  of the  SNAP-8 bo i l e r .  In the t e s t  sect ion,  the mercury was only p a r t i a l l y  

vaporized; therefore,  a workhorse gCr-1Mo s t e e l  bo i le r  was included t o  achieve 
0 - complete mercury vaporization plus an addi t ional  150 F of superheat. 

Test Section No. 5 was t e s t ed  i n  the  Seventh Scale Loop (SSL), 

p i c t o r i a l l y  described i n  Figure 8. This loop was a two-loop forced flow system. 

The primary NaK was heated by an e l e c t r i c a l  res is tance type heater  and the  

mercury pump provided mercury flow i n  excess of 5,000 pounds per hour. 

Approximately one-half of the  mercury flow from the gump discharge was diverted 

through a bypass cooling loop and returned to  the  pump. The heater  preheated 
0 

the l i qu id  mercury a t  the pump discharge t o  TOO F, the  temperature a t  which 

the  mercury entered the  t e s t  sect ion.  In  t h i s  t e s t  section,  the l i q u i d  







mercury received suf f ic ien t  thermal energy from the  NaK t o  produce super- 

heated mercury vapor. The vapor was then condensed in  an air-cooled heat 

exchanger. A non-flowing NaK loop contained the  inventory required t o  f i l l  

t he  s t a t i c  N a K  annulus of t e s t  sect ion No. 5. The s t a t i c  NaIC system, not 

shown i n  Figure 8, contained an expansion tank mounted above t he  t e s t  section,  

a dump tank, and a s t a t i c  cold t r a p  located i n  t h e  cold l eg  between t h e  dump 

tank and t e s t  section.  

The mercury flow passage dimensions of t h e  s ingle  tube t e s t  sec- 

t i o n  No. 5 were i den t i ca l  t o  each of t h e  seven mercury containment tubes i n  

t h e  SNAP-8 bo i le r .  The operating conditions of the  Seventh Scale Loop were 

s e t  t o  reproduce SNAP-8 bo i le r  operating thermodynamic conditions of mercury 

temperature and pressure. This required a mercury loop flow r a t e  of 1643 

pounds per hour which i s  approximately 1/7 of the  reference SNAP-8 mercury 

flow. 

B. OPERATING WiOCEDURFIS 

After prescribed pre- tes t  heat  t r ans f e r  ca l ib ra t ion  procedures 

were completed on t he  i n s t a l l ed  t e s t  sections,  t he  sections were operated a t  

conditions t o  produce equivalent SNAP-8 mercury temperature and pressure 

within t h e  t e s t  section. 

During various operating periods, specia l  t e s t s  were run t o  eval-  

uate t h e  effect  of po ten t ia l  mercury loop contamination on t he  performance of 

t h e  t e s t  sections. These contaminants were air and M i x - 4 ~ 3 ~ .  In t he  SNAP-8 

system, air  can en te r  t he  mercury loop a s  a r e su l t  of a f a i l u r e  i n  any component. 

Some new a i r  i s  a l s o  introduced on any system shutdown. Mix-k~3E, t h e  f l u i d  

used fo r  lubr icat ion and cooling of various SNAP-8 components, can enter  t h e  

mercury loop by back diffusion through the  space sea l s  of the  mercury pump or 

turbine ,  or  by s tar t -up or shut-down problems. This cross-loop dif fus ion can 

occur because t he  mercury and lubricant-coolant loops a re  exposed t o  a s ingle  

space cavi ty  on the  space s ide  of t he  sea l s  i n  t he  SNAP-8 system. 



1. Evaluation of Heat Transfer Performance 

The heat t r ans f e r  performance of each section was judged 

using several  ana ly t i c a l  constants, by comparing the  predicted values with 

ac tua l  measurements made during t e s t  section operation. The predicted values 

were a r r ived  at  using heat t r ans f e r  design c r i t e r i a  supported by previous heat  

t r ans f e r  t e s t s  on s ingle  tubes. In t h i s  repor t  t he  parameter used f o r  indicat ing 

ac tua l  heat t r ans f e r  performance i s  t h e  flowing NaK s ide  temperature drop between 

extremtties of t he  t e s t  section. Again, comparison of the  predicted or design 

value, and t h e  a c t u a l  measured value indicated whether the  t e s t  section 

t rans fe r red  heat from the  flowing NaK t o  flowing mercury s ide  a t  a r a t e  required 

i n  t he  f u l l  scale  SNAP-8 boi ler .  A value s ign i f ican t ly  below predicted, or  

design, would indicate  t h a t  a heat t r ans f e r  ba r r i e r  existed. 

After  the performance t e s t s  were coiliple Led cn each sect ion,  

they were removed from 'ihe system and metal lurgical ly  e v a l ~ ~ i e d  t o  es tab l i sh  

the  cause of poor heat  t ransfer ,  wherever t h i s  occurred, and whether any l i f e -  

l imi t ing  reactions had occurred during the  t e s t  opei-ation. The operational  

t e s t  h i s to ry  of each of the t e s t  sect ions  i s  presented i n  Table 11. 

2. O i l  (MIX-~PB) Inject ion Procedure 

Using an anc i l l a ry  in jec t ion  system (see Figure 9)) prc- 

determined quan t i t i es  of o i l  were in jected a t  the mercury i n l e t  end of Test 

Sections 2 and 3 during operation. The o i l  was preloaded in to  a l i n e  p a r a l l e l  

t o  the  t e s t  system l i qu id  mercury l i n e  a t  the  sect ion i n l e t .  This l i n e  was 

i so la ted  from the  t e s t  system by valves.  Before o i l  was in jected in to  the  

bo i le r ,  the  valves were positioned so t h a t  the  l i qu id  mercury flow would be 

di rected through the  l i n e  containing the  o i l .  The mixture was subsequently 

t ransferred i n to  the  t e s t  sect ion.  
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Controlled air in ject ion i n to  t h e  mercury loop during 

operation of Test Section No. 4 simulated various possible modes of a i r  

contamination. The air  was in jected i n  e i t he r  of two modes a s  i l l u s t r a t e d  

schematically i n  Figure 10. The f i r s t  was a t  a control led r a t e  of air flaw, 

and t h e  second was in ject ion of a f ixed,  predetermined, volume of a i r .  In  

t h e  l a t t e r  instance, t h e  a i r  was in jected i n to  t h e  section e i t he r  a t  t h e  i n l e t  

or  ou t l e t .  The t e s t  sect ion was under an independent and continuously operat- 

ing vacuum'pump during air in jec t ion  t o  insure t h e  passage of air through 

t h e  system. 

C. CHEMICAL CIXANING PROCEDURE: 

During t h e  operation of Test Sections 4 and 5 when poor heat  

t r ans f e r  performance was measured, it was postulated t h a t  air contamination 

of t he  mercury loop had resu l ted  i n  a heat t r ans f e r  inhibi t ing oxide on the  

tube w a l l .  Operation was in terrupted and the  t e s t  sect ions  were chemically 

cleaned a f t e r  the. mercury was drained from the  loop using t he  following 

sequent ia l  chemical solut ion flushing procedure t o  remove t h i s  f i lm:  

Solution 
Iden t i f i ca t ion  No. Si~ppl i e r  General Description 

4931 Turco Products Inhibited Sodium Bisulfa te  

4 3 3 8 ~  Turco Products Alkaline Potassium Permanganate 

493. Turco Products Inhibited Sodium Bisulfa te  

MX-12K Cee-Bee Chemical Cog Potassium Hydroxide 

HNO - -40$ Ni t r i c  Acid 

MX-12K Cee-Bee Chemical Co. Potassium Hydroxide 

HNO 3 / ~  - 6.@ Ni t r i c  ~ c i d / . 0 4 3 i  Hydro- 
f l u o r i c  Acid 

A d i s t i l l e d  water f lush  was used a f t e r  each solut ion flushing t o  remove 

residues . 
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TEST SECTION OUTLET 

CONNECTION FOR INJECTION AT --/ VALVE 
TEST SECTION INLET 

T / C THERMOCOUPLE VACUUM GAUGE 

TO VACUUM 

'SYSTEM, 

0 
PRESSURE GAUGE 

( b ) Fixed Volume Air lnjection 

Figure 10. CL-4 System f o r  A i r  I n j e c t i o n  Tes ts  on Test  Sect ion No. 4 
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D. ULTRASONIC INSPECTION O F  METALLURGICALLY BONDED CONCENTRIC 
TUBE T E S T  SECTIONS 3 AND 4 

Ultrasonic inspection was used t o  quan t i t a t ive ly  evaluate the  

degree of metallurgical  bonding between the tantalum and 316 s t a in l e s s  s t e e l  

tubes i n  the  fabr icated and pos t - t es t  condition. P r io r  t o  inspection, the  

equipment was cal ibra ted using an a r t i f i c i a l l y  constructed standard so  t h a t  

the  ngate" (an adjustment l im i t i ng  the  search area f o r  defects)  bracketed the  

bond interf,ace. 16n t h i s  manner, spurious indications not  associated with 

debonding were re jected.  Using a pulse echo, through-wall transmission, 

u l t rason ic  C-scan technique, the  in terface  of the  tube was inspected f o r  

debond areas which were recorded approximately 1;1, on a char t .  Planimeter 

measurements of unbond areas on the  C-scan recording provided a quant i ta t ive  

measure of the debonding produced by the  t e s t  operation. 



IV. BASIC HEAT TWSFER PERFORMANCE 

Evaluation of t e s t  data  from the  f i v e  t e s t  sect ions ,  which included a l l  

va r ia t ions  of the  bas ic  b o i l e r  tube concepts, indicated t h a t  t he  bonded b i -  

metal tube va r i a t i on  of concept No, 1 (see  Figure 3) provided acceptable heat  

t r a n s f e r  performance. This concept was evaluated i n  Test Sections 3 and 4, 
Tube concept No. 2 evaluated i n  Test Section No. 5 a l s o  showed acceptable 

performance. The meas~wed acceptable heat  t r a n s f e r  performance was based on 

t h e  demonstrated capab i l i ty  of these  t h r ee  t e s t  sections t o  operate a t  r a t ed  

mercury ou t l e t  conditions while meeting t he  design c r i t e r i a  of flowing NaK 

temperature drop across the  sect ion,  

Test Section No. 1 ac tua l l y  t ransferred the heat  e f f i c i en t l y ,  ho~rever, 

pos t - t e s t  metallur,$.cal evaluation indicated t h a x h e  acceptable hea t  t r ans -  

f e r  r esu l t ed  because the annular space bet~reen the unbonded tantalum and 316 
s t a i n l e s s  s t e e l  tubes lras f i l l e d  v i t h  flowing rccrcury. In e f f ec t ,  a double 

concentric mercury flow passage ex i s ted .  This flow pat tern  defeated the prime 

purpose of incorporating tantalum f o r  mercury containment, s ince  the  by-pass 

flow contacted the 316 s t a i n l e s s  s t e e l  tube inner surface .  Proof of by-pass 

flow, as an unacceptable condition, was provided by the mercury corrosion 

s t t a c k  of the  376 ctpir?lar-  s teel .  tube fc?~nd i n  %he metallqzraphic specimens 

examined from Test Sectioil IVo. 1 (see F igwe  11). 

Test Section No. 2 operated t r i t h  a very PCTJ t o t a l  NaK temjlerature drop 
0 

across the  t e s t  section,  appro::imately 30 F, i n  contras t  t o  the design value 

of 80 '~ .  This i sdicated t h a t  i n su f f i c i en t  heat  was being t ransferred through 

the  two ( 3 6  s t a i n l e s s  s t e e l  and tantalum) tube \raI-ls Prom the flowing NaK 

s ide  t o  the  mercury. Thou& t h i s  sect ion was sealed a t  the i n l e t  end t o  

prevent mercury flow through the  annulus, the  o u t l e t  end remained open t o  

mercury vapor back d i f fus ion .  It was postulated t h a t  the  annular space 

between the  tubes formed a t  operating temperature due t o  the  widely d i f f e r en t  

thermal expansion coef f i c ien t s  (a  ca lcula t ion indicates a 0.0015 inch r ad i a l  

gap a t  1 1 0 0 ~ ~ ) ,  backf i l led  with a stagnant mixture of' l i qu id  mercury and 

mercury vapor creat ing a heat  t r an s f e r  b a r r i e r ,  



LOCATION 3 

Figure 11. Hg Corrosion Attach of 316 Sta inless  Steel  i n  
Test Section No. 1 After 2858 Hours of Operation 



V.  EFFECT OF OPERATIOPT ON BOND OF 1!4ETALLURGICALEL'I PONDED CONCENTRIC TUBES 

The construction of Tect Sections 3 and 4 include ractal2urgically 

bonded tantalum t o  316 s t a i n l e s s  s t e e l  tubes. The former was fabr ica ted  by 

hot  coextrusion and t h e  l a t t e r  by explosive bonding - 
bonded concentric tubes,  eval~~.a ted  in  t e s t s  on Sect 

provide acceptable heat  t r a n s f e r  performance, indica 

i n  tk?c bonded tubes ?:auld no t  be acceptable f o r  t h e  S1tP.P-3 b o i l e r .  

A. TEST SECTIOI\J ItO. 3 BONDED BY IiOT COEXTRTJSION 

Ultrasonic inspection of Test Section No. 3, f abr ica ted  b y  hot  

coextrusion, before and a f t e r  operation indicated t h e  435 ho11r t e s t  had pro- 

duced no debonding o i  t h e  316 s t t ; in less  s t e e l  c l ad  and tantalum tube l i n e r .  

Correlat ion of u l t r a son ic  inspection r e s u l t s  with des t ruct ive  meta l lurgica l  

evaluation was excellalit .  

B. TEST SECTION NO, 4 BOXDED BY EXPLOSIVE B9l\CDIPTG 

e bonded bimetal  

f abr ica ted  b s d i f fe ren t  from 

e produced with 

former could not. The explosive bonding process required t h s t  t h e  two tubes be 

separated s l i g h t l y  when t h e  explosi-ve charge was detonated t o  e f f e c t  t h e  bond- 

ing  of t h e  two materials .  Control of t h i s  separat ion necess i ta ted  t h e  s t r a t e g i c  

l o c a t  ion of 1/16 inch diameter dimpled ( inherent  with explosive bonding) areas  

along t h e  length of one of t h e  tubes.  Bonding did not occar a,t these  locat ions  

of tube contact.  In Test Section No. 4, t h e  smi of t h e  uriboniled areas  comprised 

1.23% of t h e  t o t a l  in te r face  a rea  of t h e  t e s t  sect ion.  



operating period of 2599 3?oiars Ttle .ces~?lts are  show^^ br;iow: 

(1) Expressed as percentage of %s%& in terface  area 04: "test 

seetiom. 

Complete cor re la t ion  of u%trason&c inspection r e su l t s  w i t h  

des t ruct ive  rael&lurg'i_c& e v a u a t i o n  toad no% be a%"eined because cEzrrlng 

the  air in jec t ion  tests, 

mercmy exposed surface -I; -kerface. The 

inspection technique could n o 0  of ~rnbond i n  th;%c 

az-eas, 1% 79as also fewd that t h e  nrereury c o r ~ o s i o n  of i i i r ;  

detected, A t y p i c a l  arka 

containing "clzese defects i s  shorn in Figtx~e .32* It ~ a ~ 5  pos"i;tr$a'ced t h a t  Che 

incomoratiom s f  addi t ional  scan using %he ul t rason ic  shear wave technigve 

could cor rec t  t h i s  dePicieacy in the inspection proccifure; laowever, develsp- 

ment work i n  t h i s  area  Imd not  been accoml2l_ished at "the % b e  thLs se@"cozr was 

bspec ted .  1% wovE6 Sppear t h a t  regaralesa of the ca'gabill-i;y of %he ultra- 

sonic ivrspeetion t e c h i q u e  f o r  detecting these areas, t h i s  gross a i ~  conlamin- 

r?l"eon of the Lau~L&im l i n e r ,  in an operawag 3 g u - 8  bo i l e r  w o d d  nd-t be 

acceptable m d  m u s t  be avoided throu& r e l i a b l e  bo i l e r  and s3rs"cem i l e s ig~~ ,  

crnd -roved system operating proeetlures during gro~md tes l lng ,  

e. 

A sJIuay was csnc%uc.t;eid, on tube specbens represen"e% each bonded 

tube f a b r i c a a o n  procedwe, Tnis stucly was iacjbependent of "ckae subscaJ.e loop 

t e s t s  on Test Sec%ions 3 md 4, Short lengths (15 t o  l 7  iaaehes) sf hot 
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Figure 12.  Tantalum Cracks and Mercury Attack of 316 Stainless Steel 
Bimetal Tube Clad i n  Test Section No. 4 
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coextruded and explosively bonded tubes were exposed i n  a vacuum furnace t o  a 
0 thermal environment which included cycling between 300 and 1350 '~  m d  long 

0 dwell periods a t  3.350 F t o  evaluate the  deboliding poterltial under a simulaked 

SNAP-8 bo i l e r  operating environment. The specimens were per iodical ly  removed 

from the furnace and evaluated by ul t rasonic  inspcc t ion,  u t i l i z i n g  both through - 
wall, pulse echo, and shear wave techniques. There was no debonding detected 

in four hot coextrusion specimens which accumulated varying exposure h i s t o r i e s  
0 

up t o  3043 hours a t  1350 F and 110 thermal cycles,  thus c o n f i r ~ i n ~  the non- 

debonding performaice of Test Section No. 3. 

The r e su l t s  of explosively bonded. tube specimens (see Figure 1 3 )  

indicated t h a t  t he  qua l i t y  of t he  bond, and t he  debonding po ten t ia l  of 

pre-exist ing unbond areas ,  was re la ted  t o  t h e  amount of unbond i n  t he  as-  

fabr icated tube. For example, -';:I? specimen cut  fi-om a tube containing 4% 
unbond, t~hicli  on a comparati.ve basis  i s  considered poorly bonded, exhibited 

a much greater  tendency f o r  growth of pre-exist ing unbond areas than specimens 

cut  from tubes containing higher quanti ty bonds ('cite en-tire tl 

15$., o r  l e s s  unbond). 

It was concl-uded from these t e s t  data and the  subscale loop t e s t s  

316 s t a in l e s s  s t e e l  bimetal t:ibes bonded by e i t hc r  hot  co- 

osive bondiile, demonstrated t h e  po ten t ia l  f o r  providing up t o  

P-8 b o i l e r  mercury containment tube l i f e .  The former method was 

preferred because t he  product contains no pre-exist ing s i t e s  f o r  debond growth 

a s  does t h e  l a t t e r ,  However, a s  long a s  t h e  explosive bonding process was 

ca re fu l ly  controlled it appeared capable of producing tubes with a bond a rea  

of equal t o  o r  greater  than 95%. Such a tube merits considera,tion f o r  SNAP-8 

bo i l e r  use i n  t h e  event t h a t  t he  hot coextrusion process can not be developed 

su f f i c i en t l y  t o  produce acceptable tubes of t h e  required 20 t o  25 foot  length,  
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EFFECT OF MERCURY LOOP CONTAMINATION 

The i n t e r s t i t i a l  elements, carbon, oxygen, ni trogen,  and hydrogen a r e  

r e a d i l y  absorbed by tantalum, the  d i f fus ion  r a t e  i n t o  the  tantalum and t h e  solu- 

b i l i t y  l i m i t s  being temperature dependent. The atoms of these  elements d i f f u s e  

between t h e  atoms of t h e  tantalum, r e s id ing  i n  these  i n t e r s t i c e s .  A t  an i n t e r -  

s t i t i a l  elemental content g rea te r  than t h e  s o l u b i l i t y  l i m i t ,  a s  long a s  a con- 

t i n u i n g  source is  ava i l ab le ,  a reac t ion  with t h e  tantalum w i l l  occur forming a 

carbide, oxide, hydride o r  n i t r i d e .  U n t i l  t h i s  l a t t e r  r eac t ion  occurs, t h e  

presence of t h e  i n t e r s t i t i a l  elements is not v i s i b l e  microscopically. When the  

reac t ion  does occur, t h e  r eac t ion  product i s  genera l ly  observed a s  a p r e c i p i t a t e  

i n  t h e  matrix of t h e  tantalum. To varying degrees t h e  presence of these  elements 

change t h e  mechanical proper t ies  of t h e  tantalum, general ly increasing t h e  

s t r eng th  and reducing t h e  d u c t i l i t y .  

Chemical a n a l y t i c a l  procedures were used t o  determine t h e  i n t e r s t i t i a l  

element content of t h e  tantalum i n  t h e  t e s t  sec t ions  before and a f t e r  exposure. 

Analysis was usua l ly  complemented by a microhardness measurement made on t h e  

tantalum because of t h e  d i r e c t  r e l a t i o n s h i p  between t h i s  property and i n t e r -  

s t i t i a l  element content .  The procedure used i n  these  s tud ies  w a s  vacuum fus ion 

ana lys i s  f o r  gases and conductometric ana lys i s  f o r  carbon. P re tes t  and pos t -  

t e s t  a n a l y t i c a l  r e s u l t s  were compared t o  e s t a b l i s h  t h e  extent  of contamination 

r e s u l t i n g  from operat ion.  The e f f e c t  of t h e  contamination on heat  t r a n s f e r  

performance was es tabl i shed by previously described c r i t e r i a  of N a K  temperature 

drop across  t h e  t e s t  sec t ion .  

A i r  contamination a t  high temperature genera l ly  r e su l t ed  i n  an increase 

only i n  oxygen content unless t h e  amount of a i r  was extremely l a rge .  It was 

found i n  previous s tud ies  t h a t  tantalum preferably  absorbs oxygen from a i r  

u n t i l  t h e  oxygen content  approaches t h e  sa tu ra t ion  l i m i t .  Then n i t rogen would 

begin t o  d i f fuse  i n t o  t h e  tantalum. O i l  contamination, a t  l e a s t  t h e  type used 

on t h e  SNAP-8 program, general ly,  r e s u l t e d  i n  absorption of carbon, and hydrogen 

by t h e  tantalum, presuming t h a t  e levated  temperature o i l  decomposition had 

occurred. Associated wi th  decomposition res idue  which forms a s  a heat  t r a n s f e r  

i n h i b i t i n g  f i lm on t h e  surface is  a high carbon, and hydrogen, content.  



A . ARTIFICIALLY INDUCED MERCURY LOOP CONTAMINATION 

1. Mix-4P3E I n j e c t i o n  

I n  t h e  ope ra t ing  SNAP-8 system, some o i l  w i l l  d i f f u s e  from 

t h e  lubr icant -coolant  loop  of  t h e  system i n t o  t h e  mercury loop through t h e  

t u r b i n e  and mercury pwnp space s e a l s .  The two loops a r e  exposed t o  a  common 

chamber on t h e  space s i d e  of  t h e  s e a l s .  Two p o t e n t i a l l y  de t r imen ta l  e f f e c t s  

of o i l  i n  t h e  mercury loop a r e  pos tu l a t ed .  Both r e s u l t  from thermal  decomposi- 

t i o n  of t h e  o i l  when exposed t o  t h e  high SNAP-8 b o i l e r  temperature of g r e a t e r  

t han  1 1 0 0 ~ ~ .  The c r i t i c a l  temperature range f o r  o i l  decomposition i s  8000 t o  

850°F. F i r s t ,  t h e  decomposition forms elemental  carbon and hydrogen. An 

excess  of  t h e s e  elements i n  t h e  tantalum can cause severe  hardening and 

embritt lement of t h i s  m a t e r i a l .  Second, o i l  decomposition r e s u l t s  i n  forma- 

t i o n  of  a carbon r e s i d u e  and/or varn izh  which, if depos i ted  a s  a coa t ing  on t h e  

tube  wal l ,  a c t s  a s  a h e a t  t r a n s f e r  i n h i b i t i n g  l a y e r .  

Tes t  Sec t ions ,  No. 2 and 3, were used t o  eva lua t e  t h e  e f f e c t  

of t h e  presence of M ~ x - ~ P ~ E  o i l  i n  t h e  t e s t  s e c t i o n  during opera t ion .  ~ i x - 4 ~ 3 ~  

o i l  was i n j e c t e d  i n t o  t h e  mercury system a t  t h e  t e s t  s e c t i o n  i n l e t  and t h e  

mercury flow t r anspor t ed  t h e  o i l  i n t o  t h e  s e c t i o n .  The q u a n t i t y  i n j e c t e d  a t  one 

t ime was 2 .5  grams. This  amount r ep re sen t s  t h e  equivalent  (based on s c a l i n g  

f a c t o r )  t o t a l  q u a n t i t y  of o i l  en t e r ing  one tube  of t h e  seven tube  SNAP-8 system 

b o i l e r  dur ing  10,000 hours of  continuous opera t ion .  

Tes t  Sec t ion  No. 2  d id  not  r ep re sen t  a  v a l i d  hea t  t r a n s f e r  

t e s t  because t h e  e f f e c t  of t h e  o i l  i n j e c t i o n  on performance could not  be es tab-  

l i s h e d  with c e r t a i n t y  due t o  t h e  inherent  poor hea t  t r a n s f e r  of  t h e  t e s t  s e c t i o n  

des ign .  

During s t eady  s t a t e  opera t ion  of Tes t  Sec t ion  No. 3, p r i o r  

t o  o i l  i n j ec t ion ,  t h e  t e s t  s e c t i o n  exh ib i t ed  des ign-predic ted  h e a t  t r a n s f e r  

performance as ind ica t ed  by a flowing NaK temperature drop a c r o s s  t h e  

s e c t i o n  of 110~~.  Two 2 .5  gram charges of ~ i x - 4 ~ 3 ~  o i l  were ind iv idua l ly  

i n j e c t e d  i n t o  t e s t  s e c t i o n  No. 3. The f i r s t  i n j e c t i o n  w a s  made a f t e r  235 

hours  of opera t ion  and no change i n  t h e  NaK temperature drop occurred wi th  



t h i s  f i r s t  in jec t ion .  The mercury flow was then stopped, simulating mercury 

system shut-down; however, the NaK flow was continued a t  1 1 0 0 ~ ~ .  Mercury 

flow was r e s t a r t ed  a f t e r  16 hours and no change i n  heat t r ans fe r  performance 

was indicated a s  seen by a continuous NaK AT of 110~~.  A second 2.5 grams 

of ~ i x - 4 ~ 3 ~  was in jected i n to  t he  mercury loop and the  above procedure re -  

peated. During t h e  operating period immediately following injection,  no 

change occurred. After shutdown and r e s t a r t ,  the  heat t r ans fe r  performance 

was degraded from the  condition which exis ted p r io r  t o  the  shutdown. The 
0 0 

NaK temperature drop across t he  t e s t  sect ion had decreased from 110 t o  37 F. 

Operation of the  t e s t  sect ion was continued without making any changes i n  

t he  loop operating parameters. During t he  following 36 hours, t he  perform- 

ance of t h e  t e s t  sect ion returned t o  i t s  o r ig ina l  heat t r ans f e r  l eve l .  A 

second shutdown and r e s t a r t  was performed with no resu l tan t  heat  t r ans f e r  

performance degradation. 

Post - tes t  v i sua l  examination of t he  mercury tube, a f t e r  it 

was cut  longitudinally, revealed a black deposit i n  the  mercury flow channel, 

a t  t h e  mercury i n l e t  end of the  tube. However, post - tes t  chemical analys is  

indicated t h a t  no detrimental e f f ec t  on t h e  tantalum resul ted from the  

~ix-4P3E decomposition. This t e s t  sect ion a l s o  showed no s ign i f ican t  increase 

of carbon, or hydrogen i n  t h e  tantalum l i n e r .  

2. Postulated Theory of Performance Degradation Due t o  
~ i x -  4 ~ 3 ~  

The following mechanism was postulated t o  explain the  per- 

formance of the t e s t  section resu l t ing  from t h e  ~ i x - 4 ~ 3 ~  o i l  in ject ion.  

The v i scos i ty  of t h e  o i l  was markedly decreased by the  increased exposure 

temperature. Furthermore, a t  400 '~  and above, the  o i l  completely wets t h e  

mercury and a mechanical mixture of o i l  and mercury ex i s t s  i n  the  flowing mercury. 

For t h e  react ion below 4 0 0 " ~ ,  t he  o i l  ex i s t s  as .spher ica1 droplets  i n  t h e  mercury. 

To fu r the r  describe t h e  phenomenon above 400°F, if a small quanti ty of o i l  i s  

dropped on a f r e e  surface of mercury, a very t h i n  f i lm forms over the  e n t i r e  

mercury surface; whereas a t  75°F t h e  o i l  remains on the  surface a s  a drop. The 

contact angle between the  drop and t h e  mercury surface would be l e s s  than 90 



degrees i n  t h e  l a t t e r  ca se .  The t e s t  s e c t i o n  i n l e t  temperature was approximately 

500°F, t h e r e f o r e ,  t h e  former condi t ion  would e x i s t .  This  s i t u a t i o n ,  i n  combina- 

t i o n  with t h e  a b i l i t y  of  tan ta lum t o  become wet by mercury (i. e . ,  formation o f  " 

a su r f ace  adherent  t h i n  l i q u i d  mercury f i l m )  i n  t h e  a l l  l i q u i d  mercury po r t ion  

of  t h e  t e s t  s ec t ion ,  and t h e  tu rbu len t  flow of mercury through t h e  t e s t  s e c t i o n  

ac ted  i n  concert  t o  prevent  contac t  of t h e  o i l  wi th  t h e  tan ta lum tube  w a l l .  If 

contac t  had occurred, t h e  o i l  would have been decomposed s i n c e  t h e  tantalum t u b e  

w a l l  temperature (vary ing  up t o  1 3 0 0 ~ ~ )  exceeded t h e  bulk decomposition tempera- 

t u r e  of t h e  o i l ,  800° t o  850 '~.  

When t h e  mercury f low stopped, t h e  mercury cooled and t h e  

mercury vapor i n  t h e  system condensed, a vacuum i n  t h e  n o n - f i l l e d  po r t ion  of t h e  

loop was c rea t ed .  This  space was subsequent ly f i i l e d  wi th  mercury and non- 

decomposed o i l  vapors  and o i l  decomposition gases ,  p r imar i ly  hydrogen, COP, CO 

and methane, t o  s a t i s f y  t h e  equi l ibr ium p a r t i a l  p re s su re s  of t h e s e  c o n s t i t u e n t s  

throughout t h e  system. When t h e  non-decomposed o i l  vapors contacted t h e  tan ta lum 

tube  wal l ,  which was maintained at 1 1 0 0 ~ ~  by t h e  cont inuously flowing NaK, 

decomposition r e s u l t e d  producing a carbon f i l m  on t h e  tan ta lum su r face .  S i m i l a r l y  

a f i l m  was produced a s  a r e s u l t  of a r e a c t i o n  between t h e  tantalum tube  w a l l  and 

t h e  o i l  decomposition gases .  I n  e f f e c t ,  t h e  t e s t  s e c t i o n  tube  wa l l  g e t t e r e d  

most o r  a l l  of t h e  o i l  vapor and decomposition gases  i n  t h e  system. 

Addi t iona l  a n a l y t i c a l  and experimental  work i s  being performed 

a t  Geoscience Limited, Solana Beach, Ca l i fo rn i a  under t h e  auspices  of NASA's 

Lewis Research Center i n  an e f f o r t  t o  ga in  a complete understanding of t h e  

phenomena. 

I n  t h e  Mix-4P3E o i l  i n j e c t i o n  t e s t  on Test  Sec t ion  No. 3, t h e  

f i r s t  2 . 5  grams of o i l  i n j e c t e d  d id  not  a f f e c t  t h e  performance of  t h e  s e c t i o n  

f o r  s e v e r a l  pos tu l a t ed  reasons .  

As long a s  t h e  t e s t  system opera t ion  continued a f t e r  t h e  

i n j e c t i o n ,  t h e  o i l  could not  contact  t h e  tube  wa l l  and no h e a t  t r a n s f e r  i n h i b i t -  

i n g  decomposition f i l m  could be deposi ted a t  t h e  mercury i n l e t  end of  t h e  b o i l e r  

which i s  t h e  most c r i t i c a l  hea t  t r a n s f e r  a r e a .  



Upon shutdown, t h e  f i l m  was deposi ted bu t  t h e  t o t a l  

amount of  o i l  a v a i l a b l e  and/or t h e  t o t a l  down time was not adequate f o r  a  f i l m  

bui ldup  t o  reach t h a t  c r i t i c a l  t h i ckness  which would a f f e c t  hea t  t r a n s f e r  per-  

formance during t h e  subsequent ope ra t ing  per iod .  

The 2nd o i l  i n j e c t i o n  of  2 . 5  grams d i d  no t  cause hea t  t r a n s f e r  performance 

degradat ion a s  long a s  system opera t ion  continued, because t h e  condi t ions  of 

opera t ion  prevented t h e  o i l  from con tac t ing  t h e  tube  su r f ace .  However, when 

t h e  mercury flow w a s  stopped, two sources of  su r f ace  f i l m  bui ldup were now 

p o s s i b l e .  

The undecomposed o i l  remaining i n  t h e  system from t h e  

f i r s t  i n j e c t  ion  of 2 .5  grams. 

The second i n j e c t  ion  of  2 . 5  grams. 

Based on degraded h e a t  t r a n s f e r  performance a f t e r  mercury system r e s t a r t  follow- 

ing  t h e  second i n j e c t i o n ,  it appeared t h a t  t h e  f i l m  deposi ted dur ing  shutdown 

fol lowing t h e  f i r s t  i n j e c t i o n  of 2.5 grams p lus  t h a t  cont r ibu ted  by one o r  both 

of t h e  above sources produced a  c r i t i c a l  amount of decomposed o i l  f i l m  t h i ckness  

on t h e  t a n t a l u n .  

During t h e  subsequent continuous opera t ing  period of 36 hours 

t h e  flowing mercury produced a  scrubbing, s e l f - c l ean ing  a c t i o n  and a  s u f f i c i e n t  

amount, though not  a l l  a s  evidenced by t h e  remaining black l a y e r  seen dur ing  

p o s t - t e s t  inspec t ion ,  of t h i s  f i l m  was mechanically removed from t h e  tube  wal l .  

The o r i g i n a l  hea t  t r a n s f e r  performance, i nd ica t ed  by a  flowing NaK temperature 

drop of 110'~ through t h e  t e s t  s ec t ion ,  was r e s t o r e d .  

A f t e r  t h i s  recovery w a s  completed, t h e  mercury loop shut  down 

and t h e  r e s t a r t  procedure was repeated with no de t r imenta l  consequence on hea t  

t r a n s f e r  performance i n d i c a t i n g  t h a t  a  s u f f i c i e n t  por t ion  of t h e  t o t a l  5 grams 

of o i l  i n j e c t e d  i n t o  t h e  system had been decomposed during t h e  previous two shut-  

downs. Therefore,  decomposition of any remaining o i l  d id  not  produce a  c r i t i c a l  

f i l m  th i ckness  on t h e  tube  wa l l  t o  a f f e c t  hea t  t r a n s f e r  performance. 



3. A i r  I n j e c t i o n  

Tes t  Sec t ion  No. 4 operated with an a i r  i n j e c t i o n  system which 

simulated a i r  leakage i n t o  t h e  mercury system dur ing  a PCS system f a i l u r e .  Data 

a n a l y s i s  i nd ica t ed  t h a t  a  r e a c t i o n  between t h e  tantalum tube  and some p r e s e n t l y  

unknown amount of  a i r  i n  t h e  system would degrade hea t  t r a n s f e r  performance and 

change t h e  mechanical p r o p e r t i e s  of t h e  tantalum. A de t r imen ta l  reduct ion  o f  

tan ta lum d u c t i l i t y  could r e s u l t .  The mechanical p r o p e r t i e s  were changed a s  a 

r e s u l t  of i n t e r s t i t i a l  absorp t ion  by t h e  tan ta lum of  t h e  oxygen and n i t rogen  from 

t h e  gas i n  t h e  system. 

Using t h e  technique descr ibed i n  Sec t ion  111-B-3, e leven a i r  

i n j e c t i o n s  were made ( see  Table 111) .  The i n j e c t i o n s  were made i n t o  a  non- 

flowing mercury system bu t  with flowing N a K  i n  t h e  primary loop, which produced 

a  high temperature tan ta lum tube  w a l l  vary ing  betyeen 1 0 0 0 ~  and 1 2 0 0 ~ ~ .  The 

h igh  temperature of  t h e  tantalum simulated t h e  SNAP-8 opera t ing  temperature which 

f a c i l i t a t e d  d i f f u s i o n  of t h e  gases i n t o  t h e  tan ta lum t u b e  wa l l .  The performance 

of Test  Sec t ion  4 dur ing  t h e s e  experiments v e r i f i e d  t h e  det , r imental  e f f e c t s  o f  

a i r  on hea t  t r a n s f e r  perfornlance of tan ta lum t u b e s .  Based on t h e s e  t e s t s  and 

v i s u a l  observance of disassembled t e s t  s e c t i o n s  af ' ter confirmed a i r  leakage due 

t o  mercury loop f a i l u r e s  (descr ibed below), it w a s  apparent  t h a t  t h e  cause of  

t h e  reduced hea t  t r a n s f e r  performance was a  tan ta lum oxide sur face  f i l m  produced 

by t h e  r e a c t i o n  of  tan ta lum with a i r  a t  e l eva t ed  temperature.  This  f i l m  forms 

very  r a p i d l y  above 4 0 0 9 .  

Quan t i t a t i ve  a n a l y s i s  of t h e  t e s t  d a t a  from a i r  i n j e c t i o n  i n t o  

Test  Sec t ion  4 was no t  poss ib l e  because it w a s  e s t ab l i shed ,  a s  p a r t  of p o s t - t e s t  

eva lua t ion ,  t h a t  a  NaK loop t o  mercury loop leak  probably ex i s t ed  during most, 

i f  not  a l l ,  of t h e  t e s t  s e r i e s .  The l eak  was confirmed by de t ec t ion  of N a K  i n  

t h e  mercury inventory .  It had been e s t ab l i shed  by previous experiments t h a t  

a l k a l i  metal  a d d i t i o n s  t o  mercury would s i g n i f i c a n t l y  enhance hea t  t r a n s f e r  

performance by f a c i l i t a t i n g  removal of meta l  su r f ace  oxides and consequently 

wet t ing  of t h e  w a l l  by t h e  mercury. Therefore,  t h e  a i r  i n j e c t i o n  t e s t  r e s u l t s  

were, i f  anything,  conserva t ive  i n  t h e i r  i n d i c a t i o n  of t h e  de t r imen ta l  e f f e c t  

of a i r  on t h e  h e a t  t r a n s f e r  performance of tantalum mercury containment t ubes  i n  

t h e  SNAP-8 b o i l e r .  Had t h e r e  been no NaK i n  t h e  mercury, t h e  hea t  t r a n s f e r  per-  

formance of t h e  t e s t  s e c t i o n  would probably have been much more adverse ly  a f f e c t e d  

by t h e  a i r  i n j e c t i o n .  



TABLE I11 

A I R  INJECTION INTO TEST SECTION NO. 4 

A i r  In jec t ion  
Accumulated After  A i  

A i r  H r s  of A i r  TaTube To ta l  I n j e c t i o n  'il) 
I n j e c t i o n  Exposure Pr ior  Temp Rate Quant . NaK AT In jec t ion  (2) 

Test No. t o  In jec t ion  9 3  cc/min CC/(STP) OF Procedure 

Notes : 

(1) Base Point : IVaK AT = 1 2 0 ~ ~ ~  
(2)  The following four  d i f f e r e n t  modes of a i r  in jec t ion  were used i n  an attempt 

t o  simulate four p o t e n t i a l  mercury loop a i r  leak conditions. 
( A )  A i r  i n j e c t i o n  a t  slow control led r a t e  i n t o  t e s t  sec t ion  i n l e t .  
(B) A f ixed volume of air, 500 m l ,  was in jec ted  a t  t h e  t e s t  sec t ion  i n l e t .  
(c)  Same a s  "A" above except t h a t  in jec t ion  point was a t  t h e  TSE mercury 

superheat ou t l e t .  
(D) Same as "B" above except t h a t  in jec t ion  point was a t  t h e  t e s t  sec t ion  

out l e t .  
( 3 )  The t h i r d  i n j e c t i o n  was made a t  a  very short  operating i n t e r v a l  a f t e r  t h e  

second in jec t ion .  The NaK AT base point  was 100'~. 
(4)  The mercury loop was not evacuated p r i o r  t o  r e s t a r t  f o r  these  t e s t s  only. 
(5) A s ing le  quant i ty  of 500 m l  of gas was in jec ted .  The 500 m l  w a s  a  mixture 

of a i r  and argon, The r e l a t i v e  proportions were es tabl ished by p a r t i a l  
pressures, i .e. ,  1 inch mercury p a r t i a l  pressure of a i r  i n  74 ps ig  argon. 

(6) A s ing le  quant i ty  of 500 m l  of gas was in jec ted ,  The 500 m l  was a  mixture 
of a i r  and argon. The r e l a t i v e  proportions were i n s t a l l e d  by p a r t i a l  
pressures, i . e o ,  2 inches mercury p a r t i a l  pressure of a i r  i n  74 ps ig  argon. 

(7) 500 m l  b o t t l e  f i l l e d  with pure a i r  a t  75 psig was in jec ted .  



A minor a i r - tanta lum i n t e r a c t i o n  was evident i n  tantalum 

samples from t h e  plug i n s e r t  region, and was characterized by: an increase  i n  

t h e  oxygen from a p r e t e s t  value of 85 ppm t o  740 ppm i n  the  tantalum l i n e r ,  

t h e  development of a subsurface oxide, approximately one m i l  deep i n  t h e  

tantalum l i n e r  and tantalum plug, and by an increase i n  t h e  tantalum I D  micro- 

hardness and plug OD microhardness (see Figure 14 ) .  A major tantalum-air i n t e r -  

ac t ion  was evident  i n  t h e  a rea  immediately downstream of the  plug i n s e r t  region 

and was characterized by an extensive cracking i n  t h e  tantalum l i n e r  (see  Figure 

15) ,  and reduction of t h e  wall  thickness of t h e  tantalum l i n e r .  

Cracks vere evident i n  t h e  l i n e r  I D ,  OD, and center ,  and 

severa l  extended from the  tantalum l i n e r  I D  t o  t h e  OD. Microhardness measure- 

ments taken adjacent  t o  t h e  cracks were approximately equivalent t o  micro- 

hardness measurements taken i n  the  uncracked a rea .  When tantalum-air  i n t e r -  

ac t ion  occurred, t h e  microhardness i n c r e ~ s e d  and when t h e  diffused oxygen 

concentrat ion exceeded t h e  sa tu ra t ion  s o l u b i l i t y  l i m i t  f o r  t h e  exposure tempera- 

t u r e ,  tantalum oxide p rec ip i t a t ion  occurred i n  t h e  g ra in  boundaries and on 

c e r t a i n  crys ta l lographic  planes.  One explanation f o r  t h e  cracking would be 

t h a t  it was caused by t h e  combined e f f e c t  of thermal cycling s t r e s s e s  and 

reduced d u c t i l i t y  of t h e  tantalum due t o  t h e  a i r - tanta lum in te rac t ion .  

The tantalum l i n e r  w a l l  th ickness  i n  t h e  plug e x i t  region 

varied from 1 4  t o  19 .5  mils. The v a r i a t i o n  of t h e  "as-received" sample was 

18.8 t o  19 .5  mils .  N o  p a r t i c u l a r  co r re la t ion  was found between the  cracking 

and t h e  w a l l  th inning.  For example, I D  t o  OD cracking was found i n  a t h i n  

wall  and normal w a l l  thickness a reas .  The tantalum wall  thinning was probably 

the  r e s u l t  of I D  oxidat ion of t h e  tantalum l i n e r  followed by spa l l ing  of t h e  

oxide l a y e r .  

S t a i n l e s s  s t e e l  leaching was evident  i n  the  plug e x i t  region.  

The mercury a t tacked t h e  s t a i n l e s s  s t e e l  i n t e r n a l  diameter surface and leached 

out c e r t a i n  a reas  ( see  Figure 1 5 ) .  The a t t a c k  occurred i n  areas  adjacent t o  
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-racks t h a t  formed a t  t h e  tantalum t o  s t a i n l e s s  s t e e l  i n t e r f a c e .  Apparently 

t h e  mercury d i f fused through t h e  network of cracks i n  the  tantalum l i n e r  

u l t imate ly  contact ing t h e  316 s t a i n l e s s  s t e e l  clad a t  t h e  tantalum/316 s t a i n l e s s  

s t e e l  i n t e r f a c e .  Subsequent leaching-type corrosion, t y p i c a l  of mercury a t t a c k  

of 316 s t a i n l e s s  s t e e l ,  occurred. Based on t h i s  corrosion mechanism, and t h e  

an t i c ipa ted  r a t e  of a t t a c k  es t ab l i shed  by other  s tudies ,  t h e  Type 316 s t a i n l e s s  

s t e e l  tube was estimated t o  be under a t t a c k  f o r  610 hours. 

B. Hg LOOP CONTAMINATION CAUSED AFTER TEST SYSTEM FAILURE 

1. Test Sect ions 1, 2 and 3 

A i r  was ne t  i n t e n t i a l l y  in jec ted  i n t o  these  sec t ions  and the re  

was no obvious system f a i l u r e  which could have resu l t ed  i n  a i r  contamination. 

However, i n t e r s t i t i a l  ana lys i s  of t h e  tantalum indica ted  t h a t  an undetected 

source of a i r  had contaminated the  tantalum tubes i n  each of these  t e s t  

s e c t i o n s .  An increase  i n  hardness a s  a r e s u l t  of sec t ion  operat ion,  determined 

by microhardness measurements, confirmed t h e  chemical ana lys i s  r e s u l t s .  The pre 

and p o s t - t e s t  comparative da ta  were a s  shown i n  Figure 16. 

The i n t e r s t i t i a l  a n a l y s i s  and microhardness checks indicated 

t h a t  t h e  tantalum i n  each sec t ion  picked up oxygen and ni trogen,  e spec ia l ly  

near t h e  mercury i n l e t  end of  t h e  tantalum l i n e r .  Some increase  i n  s t r eng th  

and a reduction of  d u c t i l i t y  of  t h e  tantalum could be expected from t h e  increase 

i n  oxygen and ni t rogen content but it i s  l i k e l y  t h i s  ~ iou ld  not s i g n i f i c a n t l y  

a f f e c t  t h e  corrosion res i s t ance  of t h e  tantalum l i n e r .  The most l i k e l y  sources 

of t h e  n i t rogen and oxygen were a i r  contamination during t h e  mercury loop out- 

gassing procedure performed a t  s t a r t u p  o r  in-leakage of a i r  when, during mercury 

loop shut-down, a subatmospheric pressure r e su l t ed  from mercury vapor condensa- 

t i o n .  

The da ta  indicated t h a t  the re  was no i n t e r n a l  contamination 

of tantalum from t h e  tliermal decomposition of M ~ x - ~ P ~ E  i n  Tes t  Sect ions No. 2 

and 3, which were subjected t o  o i l  i n j e c t i o n  t e s t s .  Neither was t h e r e  o i l  

contamination from t h e  o i l  d i f fus ion  pumps used p r i o r  t o  loop s t a r t u p .  The 

tantalum l i n e r  increased primari ly i n  oxygen and ni trogen content with no carbon 





o r  hydrogen pickup noted. Any increase i n  t h e  l a t t e r  two elements would have 

been measured i f  o i l  had inadver tent ly  entered t h e  loop. It appeared t h a t  t h e  

breakdown of M ~ x - ~ P ~ E  in jec ted  i n t o  Test  Sections No. 2 and 3 did not mater ia l ly  

contribute t o  tantalum contamination and t h a t  in-leakage of a i r  during s t a r t u p  

or t e s t  operation was t h e  main source of i n t e r s t i t i a l  buildup. There was an 

ind ica t ion  of much l e s s  a i r  contamination during the  t e s t  of Section No. 3 

when compared with t h e  first  two t e s t  sec t ions .  

2. Test Section No. 4 

After 165 hours of Test Section No. 4 operat ion,  a momentary 

commercial power l o s s  shut t h e  loop down. The reference operat ing condit ions 

were res to red  in  approximately 5 minutes, and it was noted a t  t h i s  point t h a t  

t h e  hea t  t r a n s f e r  performance of t h e  sec t ion had degraded. This was indicated 

by a sudden reduction i n  t h e  NaK temperature drop. After 99 hours of add i t iona l  

operat ion wi th  t h e  continued poor performance, a mercury l eak  t o  a i r  was found 

i n  t h e  t e s t  sec t ion o u t l e t  pressure transducer and t h e  loop was shut down f o r  

r e p a i r .  

Upon completion of r e p a i r s ,  t h e  t e s t  sec t ion was r e s t a r t e d  

and t h e  hea t  t r a n s f e r  performance of t h e  b o i l e r  was s t i l l  subnormal. Operation 

continued f o r  an add i t iona l  105 hours with no change i n  performance. A t  t h i s  

time t h e  t e s t  was discontinued and t h e  t e s t  sec t ion was removed from t h e  

system. An i n t e r s t i t i a l  element analys is  was performed on a segment of t h e  

tantalum tube. The s t a i n l e s s  s t e e l  c l ad  was dissolved with aqua reg ia  and 

t h e  tantalum analyzed f o r  i n t e r s t i t i a l  elements of C ,  H, N, and 0. The 

r e s u l t s  were a s  follows : 

Content of Tantalum (PPM) 

Element % s t - t e s t  P re tes t  

C 65 3 7 
H 16.5 2 
N 215 37 
0 36 5 85 



The sources of t h e  above elements were a i r  ( 0  and N )  and o i l  ( C  and H ) .  A i r  

could have been introduced through a system leak,  and o i l  could en te r  by back 

d i f f u s i o n  from t h e  o i l  d i f fus ion  pump used i n  system evacuation during t h e  t e s t  

of t h i s  and previous sec t ions .  

The Test Sect ion was chemically cleaned t o  remove any heat  

t r a n s f e r  i n h i b i t i n g  surface f i lms,  using t h e  solu t ions  described i n  Sect ion  1 1 1 - C .  

The res idues  present  i n  the  t e s t  sec t ion  were col lec ted  on a f i l t e r  incorporated 

i n  t h e  cleaning ( forced-f lu id  f l u s h )  system. To prevent mixing of res idues  from 

t h e  cleaning system, with those from t h e  t e s t  sec t ion ,  a second f i l t e r  was placed 

a t  t h e  end of t h e  t e s t  sec t ion  through which t h e  f l u i d  entered.  The t e s t  

sec t ion  res idue  contained 10.2% C, and 1.49% H, which was ind ica t ive  of  o i l  

decomposition on t h e  tantalum tube surface .  

A t ransverse  sample of t h e  bimetal  tube was removed from t h e  

i n l e t  end and evaluated metal lographical ly.  No subsurface p rec ip i t a t ed  tantalum 

oxides were v i s i b l e  i n  t h e  microstructure.  However, a microhardness t r a v e r s e  

through t h e  tantalum l i n e r  indicated converted hardnesses of Rockwell B 88, 96, 
and 107 a t  t h e  s t a i n l e s s  s t e e l  in t e r face ,  at  t h e  center  of t h e  tantalum w a l l ,  

and a t  t h e  mercury exposed inner surface,  respect ive ly .  I n  comparing a p r e t e s t  

hardness of 70, and considering the  marked hardness gradation, the re  was an 

obvious ind ica t ion  of hardening a s  a r e s u l t  of exposure t o  some contaminating 

environment on t h e  mercury s ide  of t h e  bimetal  tube .  

Af ter  cleaning Test Sect ion  No. 4 was r e - i n s t a l l e d  i n  the  loop 

f o r  continued t e s t i n g .  Upon r e s t a r t ,  hea t  t r a n s f e r  performance of t h e  t e s t  

sec t ion  was a s  poor a s  it was immediately p r i o r  t o  the  previous shutdown and 

cleaning, and remained so  through 218 hours of a d d i t i o n a l  operat ion.  The NaK 

temperature drop was approximately 50°F compared t o  1 3 0 ~ ~  during t h e  f i r  s t  

run.  The t e s t  was terminated and t h e  sec t ion  was removed f o r  recleaning.  

When t h e  sec t ion  was removed from t h e  t e s t  loop an abundance of white powder 

was discovered ins ide  t h e  tube a t  t h e  mercury o u t l e t  end. An X-ray d i f f r a c t i o n  

ana lys i s  i d e n t i f i e d  t h i s  substance t o  be pr imar i ly  Ta205. An i n s i g n i f i c a n t  

amount of C ,  H and N were a l s o  present  i n  t h e  tube .  It was apparent t h a t  



dur ing t h e  run following t h e  first cleaning operat ion an undetected a i r  leak  

ex i s t ed  i n  t h e  system downstream of t h e  t e s t  sec t ion  mercury o u t l e t .  Af ter  

recleaning,  using the  same procedure a s  was used t h e  previous time, and resump- 

t i o n  of t e s t  operat ions r a t ed  hea t  t r a n s f e r  performance was produced. 

3 .  Test Sect ion No. 5 

a .  Operational History 

Test Sect ion  No. 5 operated f o r  a t o t a l  of 2858 hours, 

which included 1 2  r e s t a r t s .  During a majori ty of t h e  r e s t a r t s ,  t h e  i n i t i a l  

heat  t r a n s f e r  performance was poor. However, performance improved with con- 

t inued operat ion and genera l ly  r a t e d  performance was achieved within 50 t o  175 

hours a f t e r  each s t a r t u p .  

Approximately h a l f  way through t h e  t e s t i n g  of t h i s  

sec t ion ,  t h e  SNAP-8 p ro jec t  adopted a more s t r ingen t  procedure f o r  s t a r t i n g  

any system containing a tantalum mercury containment component t o  avoid un- 

de tec ted  mercury loop leaks  which would produce a i r  contamination of t h e  tantalum 

tube .  P r io r  t o  t h e  procedure change, during system start t h e  mercury loop was 

evacuated t o  approximately 10  microns maximum, and t h e  primary N a K  loop 

inventory was heated t o  13009. The NaK was flowing through t h e  NaK s ide  of t h e  

t e s t  sec t ion ,  and the re fo re  heated t h e  tantalum which aided i n  mercury loop out- 

gassing.  If an a i r  leak  exis ted ,  t h e  heated tantalum absorbed t h e  gas and 

became contaminated. 

The new system s t a r t  procedure required t h a t  during 

heat-up of t h e  NaK primary loop, p r i o r  t o  heat ing t o  above 400 '~  ( c r i t i c a l  

temperature fo r  surface tantalum oxide formation), t h e  i n t e g r i t y  of t h e  loop 

would be checked by performing a pressure- r i se  r a t e  t e s t .  This was accomplished 

by i s o l a t i n g  t h e  vacuum p u p  f r o m t h e  loop by valving and measuring t h e  r a t e  of 

pressure buildup i n  the  loop. This t e s t  indicated whether t h e  loop was leak- 

t i g h t .  The acceptance c r i t e r i a  was t h a t  within 24 hours the  r a t e  of pressure 

increase  must be reduced t o  a ' p o i n t  which showed an asymptotic r e l a t ionsh ip  t o  

some low value, obviously not ind ica t ive  of an a i r  leak  but r a t h e r  due t o  a 

very slow outgassing of t h e  loop mater ia ls  toward an equalized i n t e r n a l  pressure 



condit ion.  The use of t h i s  procedure during one r e s t a r t  checkout r e s u l t e d  i n  

t h e  discovery, and replacement, of a leaky valve i n  t h e  vacuum take-off  l i n e  

downstream of t h e  condenser. This valve could have been leaking a i r  i n t o  the  

system during t h e  e n t i r e  previous t e s t  h i s t o r y  causing tantalum oxidat ion and 

subsequent conditioning problems experienced during every shutdown. 

A second operat ing procedure change was made t o  p ro tec t  

aga ins t  undetected, but s~nall, Kg loop leaks  of t h i s  type .  Or ig inal ly  during 

t h e  system shutdown, the re  ex i s t ed  a period of time, a f t e r  mercury flow ceased, 

when t h e  mercury loop pressure dropped below atmospheric due t o  mercury vapor 

condensation, thus  accentuating t h e  p o t e n t i a l  f o r  a i r  in t roduct ion .  sine; t h e  

primary NaK loop continued c i rcu la t ing ,  t h e  tantalum remained above t h e  c r i t i c a l  

surface  oxidat ion temperature of 400'~. The procedure change required an argon 

b a c k - f i l l  of t h e  Kg loop upon t h e  cessa t ion  of Hg flow t o  insure  an i n t e r n a l  

pressure above atmospheric a t  a l l  t imes.  Thus, system protec t ion  agains t  a i r  

in t roduct ion  through an undetected leak was maximized. 

Two running periods followed t h e  above r e p a i r  and changed 

opera t ional  procedures. The t e s t  sec t ion  performed poorly immediately upon each 

r e s t a r t ,  however, an improvement was noted with operat ing time. Vacuum decay 

t e s t s  and a helium leak check following t h i s  second period d isc losed a leaking 

pressure transducer f i t t i n g  on t h e  condenser i n l e t  l i n e .  This f i t t i n g  was 

t ightened and pressure decay t e s t s  v e r i f i e d  t h e  absence of leaks .  The t e s t  

sec t ion  was r e s t a r t e d  and again t h e  poor performance was observed. Apparently 

t h e  l eak  had been s o  l a rge  t h a t  t h e  changed system operat ing procedures had not 

been s u f f i c i e n t  t o  protec t  agains t  b o i l e r  contamination. The heat  t r a n s f e r  

performance improved s t e a d i l y  over t h e  next 70 hours of  operation, although ra ted  

performance was never achieved. A t  t h i s  time, four r ap id  power losses  occurred 

and th ree  hours l a t e r  t h e  heat  t r a n s f e r  performance had degraded rapidly .  During 

t h e  next four  days the  sec t ion  was operated a t  reduced mercury flow i n  an 

unsuccessful e f f o r t  t o  improve b o i l e r  performance. Af te r  a t o t a l  operat ing time 

of 164 hours, l a rge  amounts of mercury were discovered beneath t h e  mercury con- 

denser and t h e  t e s t  sec t ion .  The t e s t  operat ion was manually shut  down and a 

leak  was located  a t  the  junction where an 1/8 inch pressure transducer sensing 

l i n e  was welded t o  t h e  condenser i n l e t  l i n e .  



During t h i s  shut-down period t h e  t e s t  sec t ion  was cleaned 

using t h e  chemical so lut ions  described i n  Section 1 1 1 - C .  t o  remove any heat  

t r a n s f e r  inh ib i t ing  oxide f i lms which may have formed during t h e  previous 

operat ing periods wi th  air  leaks.  After system r e p a i r  and t e s t  sec t ion clean- 

ing, t h e  t e s t  was  resumed. immediate ra ted  heat  t r a n s f e r  performance of t h e  

sec t ion was achieved a t  s t a r t u p  and continued through t h e  balance of t h e  run 

which l a s t e d  f o r  165 hours. 

The opera t ional  h i s to ry ,  and heat  t r a n s f e r  performance of 

t h i s  t e s t  sec t ion indicated  t h e  extreme c r i t i c a l i t y  of having good con t ro l  over 

t h e  i n t e g r i t y  of t h e  system. Every e f f o r t  must be made i n  operating a high 

temperature system containing hea,t t r a n s f e r  surfaces of tantalum t o  keep t h e  

system f r e e  of leaks.  Any air l eak  r e s u l t s  i n  a  r eac t ion  with the  tantalum 

producing a heat  t r a n s f e r  inh ib i t ing  tantalum oxide surface f i lm.  

b. Post Test Evaluation 

Post - tes t  evaluation by microhardness measurement and 

i n t e r s t i t i a l  element analys is ,  see Table IV, a f t e r  t h e  f i n a l  165 hour operat ing 

period indicated tantalum tube contamination apparently had occurred, notablyby 

carbon and oxygen. However it obviously was not s u f f i c i e n t  t o  detr imental ly 

a f f e c t  t h e  s a t i s f a c t o r y  heat  t r a n s f e r  performance of t h i s  last t e s t  run. 

TABLE IV 

INTERSTlTLAL ELEMENT COrJTENT OF Hg EXPOSED SIDE 

OF THE TANTALUM TUBE I N  TEST SECTION NO. 5 

I n t e r s t i t i a l  Analysis (PPM) 
Distance from Hg I n l e t  ( inch)  

Element 

Oxygen 
Nitrogen 
Hydrogen 
Carbon 

Pre tes t  17  58 114 177 282 - - - - -  
2 o 40 45 38 65 65 
39 46 35 24 47 l o  
11.5 17 8 8 7 6 
10.5 75 55 62 90 200 



An i n t e r s t  it i a l  ana lys i s  of t h e  tantalum mercury i n l e t  flow 

r e s t r i c t o r  and tantalum-1% W tu rbu la to r  wire of the  t e s t  sec t ion a l s o  showed 

apparent marked carbon contamination, notably at the  mercury i n l e t  end of t h e  

flow r e s t r i c t o r  and the  mercury o u t l e t  end of t h e  wire (see  Table v ) .  

TANTALUM PLUG AND TANTALUM- 10% TUNGSTEN WIRE INTERSTITIAL 

CHEMTCAL ANClLYSIS OF TEST SECTION KO. 5 

Sample Locat ion  Inches 
from Hg I n l e t  Element ( ppm) 

O2 C - N2 . - H2 - 
Flow Res t r i c to r  

Wire - 
64 

355 

A surface coating w a s  noticed on t h e  mercury exposed surface 

of a l l  tantalum components i n  t h e  t e s t  sect ion.  These included t h e  ins ide  

w a l l  of t h e  tantalum tube, t h e  outs ide  surface of t h e  tantalum mercury flow 

r e s t r i c t o r ,  a t  t h e  mercury i n l e t ,  and a t  t h e  outside surface of t h e  tantalum 

a l l o y  ( ~ a - 1 0 % ~ )  tu rbu la to r  wire downstream of t h e  flow r e s t r i c t o r ,  The 

coating appeared a s  a mixture of micros t ructura l  const i tuents  when viewed at  

high magnification. O f  p a r t i c u l a r  s igni f icance  was t h e  presence of a s imi la r  

coating on the  hs-received tantalum tube (see  Figure 17). An inves t igat ion 





was conducted t o  evaluate t h e  nature of t h e  coating and perhaps es tab l i sh  a 

reason fo r  no adverse e f f ec t  on heat  t r ans f e r  performance. 

(1)  Surface Film Physical Structure and 
Chemical Composit ion 

The t e s t  sect ion tantalum tube i n t e rna l  diamet 

(ID) coating thickness varied along t h e  tube length, reaching t h e  maxi 

of ,003 inches a t  a point 60 inches f r o m t h e  mercury i n l e t .  Rnission 

spectrograph, X-ray fluorescence, and microprobe analysis  was used t o  

e s t ab l i sh  t he  composition of t h e  coating. The unexposed (as-received) 

contained primarily A l ,  with s m a l l  amounts of Mg and Fe i n  t h e  surface 

residue. These elements originated as some unknown contaminant during 

tube fabr ica t ion  process or perhaps during subsequent storage. The A 1  an 

Mg elements a r e  highly soluble i n  mercury, even a t  75'3') therefore,  it 

postulated t h a t  removal through t e s t  sect ion operation would have occ 

The post - tes t  surface deposit chemistry indicated approximately 43 w t %  f\Ji and 

approximately 37 wt$ Ag a s  primary elements i n  t h e  f i lm,  Less than 1% each 

of t h e  following, C1, Fe, C r ,  K, A l ,  Z r  and Nb were a l s o  found. 

The s i l v e r  found on t h e  tantalum t l y  originated 

a s  an impurity i n  t h e  mercury. A t is of pure mercury 

loading i n  t h e  system shows approxi 0.15 PPM A g  . This 

w i l l  drop out of t h e  solut ion a s  a s t a t e  i n  t h e  heat tr 

region a s  t h e  Hg vaporizes. The n i c  antalwn tube I D  w a s  

out of t h e  s t a in l e s s  s t e e l  i n  t h e  li t h e  loop and mass t 

t o  t he  tantalum a s  mercury vapor izat i  . 
To determine t i o n  p ro f i l e  of t h  

tube ID coating, a microprobe t r ave r  nd Ag was run across 

coating. For some unexplained reaso s not detected i n  

Nickel was found i n  t he  ID coating w la teau indicat ing 

metal l ic  compound, a t  35 t o  50 wt%. usion i n to  the  t an t a lu  

found ex+ending approximately 1 2  micr he surface,  



( 2 )  Surface Coating S t r u c t u r e  

The su r f ace  s t r u c t u r e  ana lyses  were performed with 

t h e  a i d  of X-ray d i f f r a c t i o n ,  and e l e c t r o n  d i f f r a c t i o n  a n a l y s i s .  Three com- 

pounds on t h e  tan ta lum t u b e  I D  sur face  were i d e n t i f i e d .  They were TaC, Ta205 

( @  form) and TaNij.  Other compounds were present  i n  t h e  tantalum tube  I D  coa t -  

ing,  however, t h e y  could not  be i d e n t i f i e d .  Since t h e  only major element on t h e  

tan ta lum I D  a s i d e  from tantalurn -was N i ,  some form of n icke l - tan ta lum compound 

apparent ly  made up t h e  m e t a l l i c  l a y e r  confirming t h e  previous ly  descr ibed micro- 

probe a n a l y s i s .  The Ta 0 ((3) present  i n  t h e  tan ta lum tube  I D  probably r e s u l t e d  
2 5 

from a i r  contamination e n t e r i n g  t h e  systeni through t h e  pre-riously mentioned 

l eaks  which probably e x i s t e d  f o r  some time without d e t e c t i o n .  The only p o t e n t i a l  

source of carbon, found a s  TaC, was t h e  poss ib l e  contamination of t h e  system by 

o i l .  Subsequent tan ta lum tube  hea t ing  could have decomposed t h e  o i l ,  depos i t i ng  

a carbon-r ich f i l m  on t h e  su r f ace  Which subsequently combined with t h e  tan ta lum 

forming t h e  compound TaC . 



V I I .  EFFECT OF CHENICAL CLEANING 

The ef fec t iveness  of chemical cleaning performed on Test Section No. 4 
and 5 should be viewed i n  terms, not only of the r e s u l t a n t  subsequent heat  

t r a n s f e r  performance, b72t a l s o  i n  terms of the  presumed system conditions 

during the run following the  cleaning process. This i s  so because chemical 

cleaning could remove any heat  t r a n s f e r  inh ib i t ing  surface f i lm, however, i t s  

e f f e c t  would be completely n u l l i f i e d  if the system contained an a i r  leak, o r  

allowed o i l  back di f fus ion,  during the  subsequent r e s t a r t .  I n  a great  many 

instances,  the i n t e g r i t y  of the  loop during the  r e s t a r t ,  following cleaning 

of these t e s t  sect ions becsme questionable when a l eak  was detected i n  the  

system shor t ly  a f t e r  r e s t a r t .  

The chemical cleaning procedure used on these t e s t  sec t ions  was 

o r i g i n a l l y  developed f o r  the  removal of decomposed o i l  residues from 3Cr-Lvlo 

s t e e l ,  SNAP-8 b o i l e r  tube surfaces.  It had proven e f f e c t i v e  severa l  times 

i n  f u l l  sca le  b o i l e r  t e s t s .  P r i o r  t o  i t s  use on tantalum, labora tory  t e s t s  

conXrmed the  ef fec t iveness  of t h e  procedure, not only. f o r  removal of o i l  
0 

but  a l s o  f o r  surface t an ta lux  oxides which were rap id ly  formed above 400 F. 

A 3  a r e s u l t  of the  i n i t i a l  experience gained i n  cleaning and subsequent 

operat ion of the  t an ta lun  5es t  sec t ions ,  a deficiency i n  the procedure w%en 

applied t o  tantalum became apparent. This deficiency i n  cleaning procedures 

and subsequent operat ion of the t e s t  system was not apparent when used f o r  

9Cr-1Mo s t e e l .  The cleaning procedure a s  i n i t i a l l y  developed used the f i r s t  

th ree  chemicals shown in  Section 1 1 1 - C .  However, these were followed by a 

s ing le  f i n a l  r i n s e  with sodium hydroxide. T h i s  o r i g i n a l  procedure was used 

t o  clean Test Section No. 4 during fabr ica t ion.  It appeared from the 

i n i t i a l  poor heat performance t h a t  the  cleaning was not e f fec t ive .  After  

ap;?roximately 2 hours of operat ion an abrupt (within 15 minutes) improvement 

i n  performance occurred. 

It was postula ted  a t  t h a t  time t h a t  the  cleaning procedure ac tua l ly  

l e f t  a f i l m  on the  tantalum surface and t h a t  it required the  2 ho l~r  operat- 

ing period f o r  the flowing mercury t o  mechanically scrub t h i s  f i lm of f .  

Subsequent labora tory  t e s t s  indicated t h a t  the  sodium hydroxide formed a 



sodium t a n t a l a t e  which i s  not r e a d i l y  so lub le  i n  water .  Thus t h e  subsequent 

f i n a l  water f l u s h  d i d  not  thoroughly c lean  t h e  tan ta lum su r face .  To c o r r e c t  

t h i s  de f i c i ency  changes were made i n  t h i s  o r i g i n a l l y  developed cleaning procedure 

leading  t o  t h e  u l t ima te  procedure as descr ibed  i n  Sec t ion  1 1 1 - C .  F i r s t ,  potassium 

hydroxide was s u b s t i t u t e d  f o r  t h e  sodium hydroxide. A potassium t a n t a l a t e  i s  

formed but  t h i s  compound i s  r e a d i l y  so lub le  i n  water .  Second, a d d i t i o n a l  a l t e r n a t -  

i n g  a c i d  and hydroxide f lu shes  were incorpora ted .  The a d d i t i o n  of  n e u t r a l i z i n g  

f lu shes  insured  t h e  complete absence of any r e s i d u a l  f i l m s .  

Demonstration o f  t h e  adequacy of t h e  c leaning  method was provided by t h e  

s i n g l e  chemical c leaning  performed on Tes t  Sec t ion  No. 5. Af te r  2693 hours  of  

opera t ion ,  i nc lud ing  1 0  r e s t a r t s ,  which witnessed almost continuous degraded hea t  

t r a n s f e r  performance, t h e  t e s t  s e c t i o n  w a s  c leaned and t h e  i n t e g r i t y  of  t h e  

mercury loop confirmed. Immediate r a t e d  hea t  t r a n s f e r  performance followed on 

r e s t a r t .  This  performance continued unchanged f o r  t h e  remaining 165 hours  of 

opera t ion .  

It was concluded t h a t  t h i s  c leaning  procedure would remove contaminants 

from t h e  tan ta lum tube  w a l l  which would otherwise i n h i b i t  hea t  t r a n s f e r  

performance. The method appears d e s i r a b l e  f o r  c leaning  dur ing  f a b r i c a t i o n  of  

b o i l e r s  t o  i n s u r e  p red ic t ab le  immediate performance upon s t a r t - u p .  It should 

be recognized, however, t h a t  t h i s  procedure removes f i lm,  and does not  prevent 

t h e i r  formation.  There i s  no s u b s t i t u t e  f o r  a proper ly  f ab r i ca t ed  and h igh  

i n t e g r i t y  t e s t  loop which w i l l  keep contaminants ou t .  



V I I I .  MGRCURY CORROSION OF TANTALUM 

Pos t - t e s t  evaluation of a l l  t e s t  sec t ions  indicated t h a t  no mercury cor- 

rosion of t h e  tantalum tube wall  had occurred. The methods used were metallography 

and a c t u a l  pre and pos t - t e s t  wal l  thickness measurements. 

Test Section No. 4 was t h e  only sect ion i n  which a marked reduction of 

tantalum tube w a l l  thickness was measured a t  t h e  end of t h e  t e s t .  This reduction 

occurred a t  t h e  downstream end of t h e  sec t ion .  A maximum w a l l  l o s s  of 0.0048 

inch was measured. This was t h e  t e s t  sec t ion on which t h e  a i r  in jec t ion  t e s t  

s e r i e s  was conducted and t h e  wal l  l o s s  was a t t r i b u t e d  t o  a tantalum/air r eac t ion  

producing a powdery, non-adherent, tantalum surface oxide. The e f f e c t  of t h i s  

r eac t ion  was previously described i n  Section VI-A-3 .  It i s  s u f f i c i e n t  here t o  

point  out t h a t  t h e  cause was not a  tantalum/mercury reac t ion .  

The tantalum tube of Test Section No. 5 showed no apparent evidence of 

mercury corrosion a t t a c k .  An occasional surface p i t  was found during pos t - t e s t  

meta l lurgica l  evaluation (see Figure 18)  but t h i s  was a t t r i b u t e d  t o  a pre-exist ing 

as- fabr ica ted  tube condit ion.  Tube surface defects  have been found during 

receiving inspection of raw mater ia l .  These p i t s  have not been considered d e t r i -  

mental t o  t e s t  sec t ion  performance because of t h e i r  minimal depth. The pos t - t e s t  

evaluation of t h i s  t e s t  sec t ion  confirmed t h i s  evaluation.  

The tantalum-10% W wire of Test Section No. 5, contained some indicat ions  

of a t t a c k .  It i s  present ly  postulated t h a t  these a r e  not t h e  r e s u l t  of mercury 

corrosion.  The t e s t  sec t ion operated f o r  varying periods with a i r  leaks  i n  t h e  

system. The leaks occurred a t  t h e  mercury ou t l e t  end of t h e  t e s t  sec t ion,  which 

was t h e  locat ion of t h e  tantalum-10% W wire a t t ack .  Thus, a  p o t e n t i a l  cause of 

cracking i s  a i r  contamination. Second, t h e  cracks may have been present i n  t h e  

as- fabr ica ted  sect ion,  produced by the  h e l i c a l  co i l ing  of t h e  wire ins ide  t h e  

tube or  some other present ly  unknown operation i n  t h e  t e s t  sec t ion fabr ica t ion  

procedure. Final ly ,  labora tory  experiments indica te  t h a t  t h e  d u c t i l i t y  of t h e  

tantalum-10% W wire i s  g rea t ly  reduced a s  a r e s u l t  of hydrogen absorption during 

t h e  chemical cleaning procedure. This hydrogen imbrittlement i n  combinat ion with 

operat ing s t r e s s e s  could have resul ted  i n  surface cracks giving t h e  appearance 

of Hg corrosion.  
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Figure 18. Hg Exposed Ta Tube Surface Pit i n  Test Section No. 5 
After  2893 Hours Operation 



The typical mercury corrosion reaction product of Inass transfer which 

occurred in Test Section No. 5 was confirmed by the metallurgical evaluation 
of the surface films found on the tantalum tube 1,D. The first four test 

sections were very short an3 did not contain a simulated tantalum lined 

mi.;.rcurjr vapor superheater section. Therefore mass transfer deposits would 

not be anticipated. 

The preoperational (as-received) metallic film on the tantalu~ tube 

T.D. surface of Test Section No. 5, shown in Figure L7, contgined the elements 
0 

A1  and Mg which were highly soluble in mercury even at 75 F. They were exposed 
0 

to liquid mercury within the temperature range 500' to 1100 F and there is 

no question of their removal from the wall into the mercury stream. The 

elements were moved through the system by mass transfer. Most material 

would have been transported out of the boiler in the liquid state entrained 

in the mercury vapor, however, some would remain in the mercury vapor super- 

heater region either as part of a complex metallic compound or as residue 

deposited during the final shutdom. The presence of A1 in mall quantities 

was foimd throughout the test section in varying amollnts of up to 0.1%. Mg 

could not be detected. 

The Ni found on the tantalux tube wall in the superheater section 

of Test Section No. 5 was alsa postulated as a product of mercury mass transfer. 
The liquid leg piping of the mercury loop was fabricated fro3 316 stainless steel 

which contains a nominal 12% Ni in its composition. The recognized solubility 
0 

of Xi in mercury is approximately 15 PPM at 500 F, the minimum liquid xlercury 

temperature. Therefore, solution of this element into the mercury as it 

flows from th3 cogdenser to the boiler through the 316 stainless steel 
piping, could be anticipated. This Ni could come out of solution as the 

nercury vapor formed and deposit in this area of the test section. 

Apparently the subsequent reaction was Ni diffusion into the tantalum and 

formation of a nickel-tantalum compound. The compaund should exhibit a 

hard brittle structure, typical of interm~kallic comp~unds. However, this 

property could not be ascertained because of the thinness of the formed 

layer. In any event, there was no indication that this intermetallic 

layer was detrimental to continued test section operational integrity. 



IX. OTHER MATERIALS EFFECTS-TEST SECTION NO. 5 

A.  STATIC NaK EXVELOPE 

Test Section No. 5 was t he  sole  representa t ive  of Basic Boiler  

Design Concept No. 2 (see Figure 3) which contained NaK i n  contact with t h e  

tanta lumtube O.D. This non-flowing NaK inventory acted a s  a heat  t r ans f e r  

medium between t h e  tantalum tube and t h e  321 s t a in l e s s  s t e e l  tube. The 

l a t t e r  tube protected t he  tantalum against  contact with t he  flowing NaK of 

t h e  primary loop thus avoiding a presumed detrimental i n t e r s t  it i a l  element 

t rans fe r  from t h e  NaK and/or o ther  metals in  t h e  primary loop. Previous 

s t a t i c  NaK capsule laboratory t e s t s  by other investigations have shown acceptable 

minimum in te rac t ion  between r e f r ac to r i e s  and aus t en i t i c  s t a in l e s s  s t e e l s .  

1. Tube Surface Evaluation 

The tantalum O.D., and 321 s t a in l e s s  s t e e l  I.D. surfaces 

contained a v i sua l l y  apparent coating. The coating was studied by 

various ana ly t i c a l  procedures t o  determine elemental content and c rys ta l -  

lographic s t ructure .  

The major elements found on t he  tantalum tube O.D. surface 

were Ca, T i ,  Fe and Mg, each between 1.1 and 2.2%. The elements present in  

t r a c e  amounts of l e s s  than 1% were A l ,  K b ,  N i ,  Zn and C r .  Electron d i f -  

f r ac t i on  analysis  of t he  coating s t ruc ture  indicated t he  presence of only 

tantalum oxide, Ta 0 (@ form) . However, s tudies  by a second laboratory 
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using X-ray d i f f r ac t i on  techniques lead t o  t he  postulated theory t h a t  t he  

coating on t h e  tantalum O.D. was a residue l e f t  by diatomaceous ea r th  or  

thermally decomposed asbestos. The presence of some foreign mater ia l  of 

t h i s  nature was confirmed by detection of f i b e r s  i n  an e lect ron micrograph 

of t h e  residue. The implication of t h i s  l a t t e r  theory was t h a t  during 

assembly of t h e  t e s t  section a mater ia l  s imilar  t o  t h e  thermal insula t ion 

wrapped around t h e  sec t  ion inadvertently entered t he  s t a t i c  NaK cavity.  

Subsequent 1300°F operation could have caused a react ion between t h e  

mater ia l  and t h e  tantalum with t he  N a K  ac t ing  a s  t h e  couplan-t. 



It was suspected t h a t  the l a t t e r  s tudy was probably more 

v a l i d ,  s ince the  discovery i n  the  i n i t i a l  study of Ta 0 surface residue on 
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the  tantalum tube O.D. surface was not cons is tent  with previous capsule t e s t s .  

When tantalum was exposed t o  stagnant NaK, the NaK deoxidized the  tantalum 

regardless  of the  r e l a t i v e  oxygen content of the  tantalum and NaK, thus 

negating the p o s s i b i l i t y  of formation of a surface tantalum oxide. 

The 321 s t a i n l e s s  s t e e l  oval  tube I.D. surface contained a 

deposi t  iden t i f i ed  by X-ray fluorescence and e lec t ron  microprobe analys is  a s  

tantalum. Minor elements present  were Fe, C r ,  N i ,  the cons t i tuent  elements 

of 321 s t a i n l e s s  s t e e l .  The X-ray d i f f r a c t i o n  analys is  of 321 s t a i n l e s s  

s t e e l  tube I.D. surface  res idue  indicated the  presence of tantalum carbide .  

Tantalum carbide was not found on the  O.D. surface of the  tantalum tube ,  

the re fo re ,  it was postulated t h a t  tantalum was t r ans fe r red  t o  the  321 s t a i n -  

l e s s  s t e e l  tube I.D. by g a l l i n g  of the  two tubes during t e s t  sect ion assembly. 

The tantalum i s  a s t rong  carbide forming element and it was presumed t h a t  the  

carbide formed by in te rd i f fus ion  with the  f r e e  carbon i n  the  321 s t a i n l e s s  s t e e l .  

Metallographic evaluat ion of the tube surfaces ind ica t ing  

areas of m t a l  removal confirmed t h i s  theory of mechanical t ransference of 

tantalum. A t y p i c a l  locat ion  was a s  shown i n  Figure 19 where both the  

tantalum tube O.D. and corresponding locat ion on the  321 s t a i n l e s s  s t e e l  I.D. 

were a f fec ted ,  The cold worked d i s t o r t e d  gra ins  associa ted  with the  de fec t  

on the  tantalum tube surface were presumed t o  have resu l t ed  by ga l l ing  

between the  tube surfaces  during t e s t  sec t ion  assembly. Typical indica t ions  

of 321 s t a i n l e s s  s t e e l  tube g a l l i n g  were a l s o  v i s u a l l y  observed without the  

benef i t  of magnification. 

A f i n a l  indica t ion  of g a l l i n g  between tubes was the 

bellows movement measurements taken during t e s t  sec t ion  operation (see  

Section C ,  below). 
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Figure 19. Galled Opposing % and 321 S t a i n l e s s  S t e e l  Surfaces 
i n  Test Sect ion No. 5 



Carbide p rec ip i t a t ion  and sigma phase formation occured 

i n  the  321 s t a i n l e s s  s t e e l  tube during t e s t  sec t ion  operat ion.  A decarbu- 

r ized  zone was developed a t  the  outside,  flowing Nak-exposed, surface.  The 

sigma and carbides were ext rac ted  e l e c t r o l y t i c a l l y  and an X-ray d i f f r a c t i o n  

analys is  was conducted. The sigma phase chemistry was 50-50 atomic percent 

Fe-Cr, a  t y p i c a l  sigma composition. The carbides found were TaC, Tic, 

Cr23C6. The chemical analys is  of d the  

t y p i c a l  321 s t a i n l e s s  s t e e l  a s  - 
received 321 s t a i n l e s s  s t e e  he 

tantalum carbides were probably the  product of tantalum tube ga l l ing  and 

carbon t r anspor t  a s  discussed above. 

Chemical Analysis of 321 S t a i n l e s s  S t e e l  Oval Tube of Test Section No. 5 

Sample Distance 
from Mercury 
I n l e t  ( inches)  - C 

100 .072 

Typical Li tera-  .08 max 9.00 2.00max NS 
t u r e  Analysis 12.00 19.00 

As-received .044 N.D.  ( 3  
.047 

( 1 )  Tantalum was not detected i n  the  base ma te r i a l .  The residue found on 

the  321 s t a i n l e s s  s t e e l  I . D .  surface contained 61% tantalum originated 

i n  the  g a l l i n g  between the  tantalum and 321 s t a i n l e s s  s t e e l  tube during 

Test Section assembly 

( 2 )  N.S. - Not Specif ied 

(3) N . D .  - Not Detected 



A moderate hardness increase apparently occurred during 

t e s t i n g  as  shown below: 

HARDNESS (ROCKWELL B)  OF 321 SS OVAL TUBE I N  TEST SECTION NO. 5 

Sample Distance from Hardness Location 

Mercury I n l e t  ( inches) I . D .  Center 0 .D.  

Typical l i t e r a t u r e  value 79 79 79 
f o r  annealed mater ia l  

As-received 83 81 83 

158 9 2 88 88 

370 87 86 88 

Tensile t e s t s  indicated the ultimate s t rength  of the 321 s t a in l e s s  s t e e l  tube 

mater ia l  was higher and d u c t i l i t y  lower than typ ica l  l i t e r a t u r e  values 

( see be low) . 

Sample Distance fron? Yield Ultimate Elongat ion 
( 2 )  Mercury I n l e t  ( inches) Strength Strength (1% in  1 i n )  

( k s i  ) ( k s i )  

53 50.8 93.3 25.8 

14 1 47.5 91 7 21.0 

282 46.6 91.5 18.4 

357 46.4 - 93.3 47.2 

Average of above 5 values 47.5 89.9 25. 0 

; ~ % ~ ~ t u r e  data  fo r  35 

Annealed Material 

( 1 )  Stra in  r a t e  was ,005 i n  ./minute t o  yie ld  and .05 in  ./min, the reaf te r  

t o  f a i l u r e .  

( 2 )  Yield strength determined by drop-beam method. 

The data indicated t ha t  the 2858 hrs .  operating exposure a t  1300'~ of 

the 321 s t a in l e s s  s t e e l  oval tube had produced microstructural  and mechanical 



property changes which were t yp i ca l  and ant ic ipated for  t h i s  material .  The 

p rec ip i t a t ion  of carbides and formation of sigma phase normally occur i n  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  a t  t h i s  temperature. A consequential e f f ec t  on mechanical 

propert ies,  notably d u c t i l i t y  reduction, r e s u l t s  from these  microstructural  

changes. There was no indication,  however, t h a t  t he  decrease i n  d u c t i l i t y  would 

continue, with fu r the r  exposure t o  40,000 hours, a t  a r a t e  which represents a 

l i f e  l imi t ing  condition i n  a f u l l  s i ze  SNAP-8 b o i l e r ,  Since present data  was 

l imited t o  2858 hours of t e s t ing ,  addi t ional  t e s t s  should be conducted f o r  

r e l i a b l e  data  ext rapola t ion t o  predict  operation t o  10,000 hours o r  more. 

B . T A N T A L U M / ~ ~ ~  STA1XL;ESS STEEL TRANSITION JOINT 

The braze area  (J-4800 cobalt base a l loy ,  General E l ec t r i c  Co. ) of 

both i n l e t  and ou t l e t  t r an s i t i on  jo ints  were found defective a f t e r  t he  t e s t .  

However, comparison with an unexposed, as-fabricated,  joint  specimen, indicated 

t ha t  the  deficiency probably existed p r i o r  t o  t he  t e s t ,  based on the  presence of 

s imi lar  defects .  A separat ion existed a t  the  braze-tantalum in te r face  on the  

I .D.  s ide  of the  tantalum groove (see Figure 20) and braze a l l oy  removal was 

noted a t  the  mercury exposed faces of t h e  jo int .  A question remains r e l a t i v e  t o  

the  separation.  It may not have resu l t ed  from t e s t  sect ion operation. A t  v a r i -  

ous times during laboratory t e s t i n g  the  b r i t t l e n e s s  of the  braze a l l oy  (even i n  

the  as-brazed condit ion) has resul ted  i n  braze layer  cracking during specimen 

preparation. One consequence of exposure during t e s t i ng ,  based on comparison 

of microhardness measurements , indicated t ha t  t he  2858 hours operat ion had 

caused s ign i f i can t  hardening and consequential reduced d u c t i l i t y  of t he  braze 

a t  the  braze/tantalwn in te r face  (see Figure 21). 

The evaluation r e su l t s  indicate  t h a t  the  braze t r an s i t i on  j o in t  

requires extensive add i t iona l  t e s t i n g  before it would be recommended f o r  use i n  a 

f u l l  s i z e  bo i l e r  requir ing 40,000 h r .  l i f e  and 100 r e s t a r t  cycles. The low 

braze d u c t i l i t y  i n  t he  as-fabricated condition plus t he  apparently lowered 

d u c t i l i t y  of t h e  braze area  during elevated temperature, 1300 '~  exposure makes 

t he  joint  susceptible t o  f a i l u r e  a s  a r e s u l t  of any operating t rans ien t  which 

mechanically shocks t he  s t ruc tu re .  





Figure 21. Hardness Traverse through Wall of Hg I n l e t  and Outlet ~ a / 3 1 6  S t a i n l e s s  
S t e e l  Tubular Trans i t ion  J o i n t s  of Test Section NO. 5 
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C .  MERCURY INLET END BELLOWS 

The thermal expansion compensator bellows was unaffected by 

operat ional  exposure. The bellows was incorporated t o  compensate f o r  the 

longi tudinal  d i f f e r e n t i a l  expansion between the 316 s t a i n l e s s  s t e e l  outer  

jacket1321 s t a i n l e s s  s t e e l  oval  tube un i t  s t ructure  and the tantalum 

mercury containment tube. It appeared adequate f o r  the applicat ion based 

on t h i s  t e s t .  



X .  FUTURE TEST PLANS 

Severa l  a d d i t i o n a l  t e s t s  a r e  planned o r  a r e  i n  progress t o  f u r t h e r  evaluate  

t h e  mercury containment tube concepts of Test Sect ions  No. 4 and 5 .  F i r s t ,  a  

f u l l  s i z e  s i n g l e  tube t e s t  i n  the  Seventh Scale Loop f a c i l i t y  i s  i n  process t o  

f u r t h e r  evaluate t h e  explosive bonded tube concept of Test Sect ion No. 4. Since 

the  explosive bonding technique i s  present ly  i n s u f f i c i e n t l y  developed t o  produce 

t h e  tube lengths  required f o r  SNAP-8 b o i l e r  use, t h i s  t e s t  sec t ion  a l s o  includes 

a  bimetal  tube b u t t  Jo in t  developed t o  connect shor te r  tube lengths .  Second, a  

dupl ica te  t e s t  of Test Sect ion No. 5 i s  planned. Final ly ,  th ree  f u l l  s i z e  

SNAP-8 b o i l e r s  have been fabr ica ted  based on t h e  design p r inc ip le  of Test Sect ion  

No. 5 .  These b o i l e r s  a r e  current ly  operating successful ly  i n  various SNAP-8 

t e s t  f a c i l i t i e s .  Complete des t ruct ion  evaluat ion of a l l  these  b o i l e r s  i s  planned 

a f t e r  completion of the  required t e s t s .  



X I .  CONCLUSIONS 

A t e s t  program was conducted at  Aerojet-San Ramon Nuclear Operations t o  

evaluate t h e  use of a tantalum tube f o r  mercury ( ~ g )  containment i n  t h e  SNAP-8 

b o i l e r .  Five t e s t s  on subscale SNAP-8 simulated b o i l e r  tube  configurat ions were 

conducted. Various candidate b a s i c  b o i l e r  tube design concepts, and t h e  e f f e c t s  

of p o t e n t i a l  mercury loop contaminants on tantalum were evaluated.  A summary of 

t h e  conclusions derived from t h e  t e s t  program i s  presented below: 

Tantalum appears t o  be s u f f i c i e n t l y  r e s i s t a n t  t o  mercury corrosion 

and eros ion under SNAP-8 b o i l e r  operat ing conditions t o  provide a t  l e a s t  40,000 

hours of se rv ice .  

A swaged, unbonded, bimetal  tube of tantalum ins ide  316 s t a i n l e s s  

s t e e l  i s  not acceptable a s  a mercury containment tube f o r  t h e  SNAP-8 b o i l e r  

because of mercury a t t ack  of t h e  316 s t a i n l e s s  s t e e l  clad and poor heat  t r a n s f e r  

c h a r a c t e r i s t i c s .  Mercury a t t a c k  r e s u l t s  from bypass mercury flow between t h e  

tubes and poor heat  t r a n s f e r  r e s u l t s  when t h i s  bypass mercury flow i s  prevented. 

A bimetal  tube consis t ing  of a tantalum l i n e r  bonded by e i t h e r  

explosive bonding o r  by hot coextrusion t o  t h e  I.D. surface of a 316 s t a i n l e s s  

s t e e l  tube  appears t o  be acceptable a s  a mercury containment tube f o r  t h e  SNAP-8 

b o i l e r .  

A bimetal  tube bonded by hot  coextrusion i s  prefer red  t o  one bonded 

by t h e  explosive bonding method because t h e  l a t t e r  contains pre-exis t ing  unbonded 

areas ,  and a l i f e - l i m i t i n g  phenomena of debonding may occur during b o i l e r  

opera t ion .  

Ultrasonic inspect ion  i s  an adequate t o o l  f o r  loca t ing  unbonded 

areas  i n  bonded bimetal  tubes fabr ica ted  by hot coextrusion or  explosive bonding. 

Pos t - t e s t  evaluat ion using u l t r a son ic  inspection data  r e l a t i n g  t o  unbonded areas  

i n  bimetal  tubes could be unre l iable  i f  tantalum contamination occurred during 

operat ion which produced extensive tantalum tube cracking. 



A mercury containment tube assembly consis t ing  of two non-concentric 

tubes of tantalum ins ide  321 s t a i n l e s s  s t e e l ,  with a stagnant NaK inventory 

f i l l i n g  an annular space between t h e  tubes  i s  acceptable f o r  use i n  a SNAP-8 

b o i l e r  r equ i r ing  a t  l e a s t  40,000 hour operat ing l i f e .  

The f a b r i c a t  ion technique f o r  t h e  non-concentr i c  tantalum - 321 

s t a i n l e s s  s t e e l  multi-tube t e s t  sec t ion  was not  adequate t o  prevent g a l l i n g  of 

the  tubes which produced local ized  tube wal l  th inning.  

The manufacturer of t h e  tantalum tubing used processing techniques 

which produced tube  surface  de fec t s .  Although no f a i l u r e  r e su l t ed ,  more s t r ingen t  

con t ro l  of tube q u a l i t y  appears necessary. 

A brazed tantalum t o  316 s t a i n l e s s  s t e e l  t r a n s i t i o n  jo in t  (us ing 

J-4800 cobal t  based braze a l loy ,  produced by General E l e c t r i c  Co.) appears t o  

be quest ionalbe f o r  use i n  the  SNAP-8 b o i l e r .  Brazed jo in t s  contain an  

inherent ly  b r i t t l e  as- fabr ica ted  braze l aye r  which increases i n  hardness as a 

r e s u l t  of 1 3 0 0 ~ ~  exposure. The e f f e c t  of s t r e s s  induced by t h e  d i f fe rence  i n  

thermal expansion c h a r a c t e r i s t i c s  of tantalum and s t a i n l e s s  s t e e l  must be more 

thoroughly evaluated.  

Degradation of heat  t r a n s f e r  performance i s  caused by some unknown 

c r i t i c a l  quant i ty  of m i x - 4 ~ 3 ~  organic f l u i d  o r  a i r  i n  t h e  mercury system which 

forms a thermal b a r r i e r  on t h e  mercury exposed surface  of t h e  tantalum tube .  

Chemical cleaning e f f e c t i v e l y  removes thermal b a r r i e r  surface  f i lms 

from a tantalum Hg containment tube previously exposed t o  M i . x - 4 ~ 3 ~  o r  a i r  and 

r e s t o r e s  f u l l  hea t  t r a n s f e r  c a p a b i l i t y  of the  system. However, t h e  cleaning 

process causes hydrogen embrittlement of t h e  tantalum-10% W tu rbu la to r  wire 

causing a severe reduction i n  d u c t i l i t y .  




