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FOREWORD / 

This materials support program covers work associated with construc- 
tion, test, and operation of the two-stage potassium test turbine under NASA 
contract NAS 5-1143. It supplements work reported in volume I of this 
series, which describes the materials support work associated with turbine 
design and material selection. The work was performed under the Technical 
Management of J. P. Joyce with the assistance of T. A. Moss, R. L. Davies, 
and R. N. Weltmann, all of the Space Power Systems Division, NASA-Lewis 
Research Center. 
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The use of supera l loys  anci 

ABSTRACT 

r e f r a c t o r y  a l l o y s  i n  t h e  f a b r i c a t i o n  and operat ion 

of a two s t a g e  potassium vapor tu rb ine  i s  descr ibed.  Operating Conditions consis ted 

of tu rb ine  i n l e t  vapor temperatures between 1450'F and 1550'F and r o t a t i o n a l  speeds 

from 15,400 rpm t o  21,000 rpm during a 35-hour t u r b i n e  checkout period and a 68- 

hour performance test period. 

of which 1750 hours w e r e  continuous, was completed a t  1500'F i n l e t  vapor temper- 

a t u r e  and a t  a r o t a t i o n a l  speed of 18,250 rpm. Impurity l e v e l s  i n  t h e  potassium 

were maintained a t  about 5-12 ppm by continuous ho t  t r app ing  with zirconium f o i l  

i n  t h e  b o i l e r  by-pass and condenser ho t  t r a p s .  

an A-286 s h a f t ,  U-700 tu rb ine  wheels, U-700, 'IZC and 'IZM blades,  and L-605 nozzle 

p a r t i t i o n s .  

F-48, AS-30, T Z M  and TZC with  carbon, oxygen, n i t rogen  and hydrogen under t u r b i n e  

opera t ing  condi t ions  was evaluated and l i m i t e d  t e n s i l e  tests were performed on 

r e f r a c t o r y  a l l o y  specimens subjected t o  potassium vapor condi t ions.  

A f i n a l  s teady s t a t e  endurance test  run of 2000 hours, 

Turbine components cons is ted  of 

!The amount of contamination of var ious  r e f r a c t o r y  a l l o y s  such a s  

Overal l ,  t h e  tu rb ine  opera t ion  and ma te r i a l  behavior w e r e  h ighly  s a t i s f a c t o r y ;  

no f a i l u r e s ,  of a na tu re  which would l i m i t  f u t u r e  tu rb ine  operat ion,  w e r e  noted. 

During e a r l y  performance t e s t ing ,va r ious  examples of metal  l o s s  by so lu t ion  cor ros ion  

w e r e  observed; f o r  example, g ross  cor ros ion  of t u rb ine  blade a i r f o i l s  occurred 

when la rge  q u a n t i t i e s  of l i qu id  potassium were d e l i b e r a t e l y  sprayed i n t o  t h e  tu rb ine  

i n l e t .  L i m i t e d  metal  t r a n s p o r t  from t h e  b o i l e r  t o  var ious  po r t ions  of t h e  f a c i l i t y  

and tu rb ine  components was a l s o  noted during t h i s  period. Metal f o i l  was deposited 

on t h e  sur face  of t h e  vapor l i n e  from t h e  b o i l e r  and on tu rb ine  wheel and blade 

Components. mese depos i t s  contained predominantly i ron ,  chromium and n i c k e l  and 

were believed t o  have r e su l t ed  from t h e  drying ou t  of l i qu id  d r o p l e t s  from t h e  

b o i l e r  and containing dissolved metal a s  s o l u t e .  These adverse cor ros ion  and metal  

t r anspor t  condi t ions  were v i r t u a l l y  e l iminated during t h e  2000-hour endurance 

tes t  by means of improvements i n  both t h e  b o i l e r  system and i t s  method of operat ion.  

The endurance test ind ica ted  t h a t  long t i m e  opera t ion  of a l k a l i  metal vapor 

tu rb ines  i s  p r a c t i c a l .  
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4. I .  SUMMARY 

The successfu l  opera t ion  of t he  two s t a g e  potassium vapor tu rb ine  during 

prel iminary performance tests and throughout t h e  2000-hour endurance test was 

accomplished wi th  a proper cons idera t ion  f o r  t h e  u t i l i z a t i o n  of materials. This  

w a s  done f i r s t ,  i n  t h e  o r i g i n a l  s e l e c t i o n  of ma te r i a l s ,  secondly, i n  t he  i d e n t i -  

f i c a t i o n  and r e so lu t ion  of minor ma te r i a l s  and process  problems during t h e  

f a b r i c a t i o n  and test of t h e  t u r b i n e  and, f i n a l l y ,  i n  t h e  observat ion and documen- 

t a t i o n  of t h e  c h a r a c t e r i s t i c s  and p rope r t i e s  of ma te r i a l s  a s  the  r e s u l t  of t h e i r  

use  i n  t h e  turb ine .  

Fabr ica t ion  Improvements (pp 1 1 t o  1 7 )  For t h e  most pa r t ,  t h e  o r i g i n a l  

ma te r i a l s  and processes  selected for  the  f a b r i c a t i o n  of t h e  turb ine ,  as  presented 

i n  GE63FPD238 , w e r e  success fu l ly  employed i n  the  f i n a l  tu rb ine  t e s t i n g .  However, 

t h e  f a b r i c a t i o n  and t e s t i n g  of the  tu rb ine  d i d  provide experience which permitted 

t h e  in t roduct ion  of var ious  improvements i n  t h e  d e t a i l s  of t h e  design and of t h e  

u s e  of ma te r i a l s  and f a b r i c a t i o n  processes .  These included: 

1 

1. The use of a l l  welded cons t ruc t ion  in s t ead  of bo l ted  metal  "O"-ring 

f l anges  i n  both t h e  o u t e r  w e l d  assembly of t u rb ine  components and t h e  inner  w e l d  

assembly of t h e  hydrodynamic s e a l  l i qu id  metal  supply system. Techniques wer?e 

a l s o  developed f o r  assembling t h e  tu rb ine  with a minimum of w e l d  d i s t o r t i o n .  

2. The Type 316 s t a i n l e s s  s t ee l  tubes supplying argon, o i l  and potassium 

t o  the  bear ing  housing experienced thermal cracking and were replaced by heavier  

walled tubing:  welding was used as  t h e  method of j o i n i n g  these  tubes t o  the  

housing ins tead  of t he  o r i g i n a l  coba l t  base, H-33 braze (see Table XV, Composition 

Analysis),  s ince  ind iv idua l  r e p a i r s  could be made, when required,  without submit t ing 

t h e  e n t i r e  housing t o  a high temperature brazing cycle .  

3. Turbine bucket locking s t r i p s  were increased i n  th ickness  f o r  t h e  

performance tes t .  These s t r i p s  f a i l e d  by s t r a i n  age cracking i n  t h e  sharp ly  bent 

forward rad ius .  This  problem was el iminated by us ing  a more generous bend rad ius  

and by re -so lu t ion  t r e a t i n g  the  f ab r i ca t ed  locking s t r i p s  before  i n s t a l l i n g  them 

i n  the  tu rb ine  wheel assembly; t h e  locking s t r i p s  were aged i n  p lace  during turb ine  

opera t ion .  

Refractory Alloy Evaluat ion (pp 18 t o  3 1 )  Refractory a l l o y  blades of 

columbium base a l loys ,  F-48 and AS-30, and of the  molybdenum base a l loy ,  T!ZM, 
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were o r i g i n a l l y  considered f o r  use i n  t h e  tu rb ine .  P r i o r  t o  i n s t a l l a t i o n  of ’ 
these  second s t a g e  blades f o r  endurance tes t ,  ex tens ive  eva lua t ion  was made 

of t hese  r e f r a c t o r y  a l l o y s  a s  r i n g  specimens i n  t h e  Type 316 s t a i n l e s s  

s t ee l  tu rb ine  f a c i l i t y  t o  determine t h e i r  poss ib le  contamination wi th  carbon, 

oxygen, n i t rogen  and hydrogen. Because of t he  enormous r a t i o  of Type 316 

s t a i n l e s s  steel t o  columbium a l l o y  specimens, both i n  mass and i n  sur face  

area,  t h e  p o s s i b i l i t y  of contamination of t he  columbium was g rea t .  Evidences 

of  s i g n i f i c a n t  contamination i n  t h e  columbium base a l l o y s  r e su l t ed  i n  a 

dec i s ion  t o  i n s t a l l  only molybdenum base a l l o y  blades i n  t h e  tu rb ine  during 

endurance t e s t i n g .  This type of r e f r a c t o r y  a l l o y  r i n g  t e s t i n g  was continued 

during t h e  2000-hour endurance test. The molybdenum a l loys  were l e a s t  a f f ec t ed ;  

t h e i r  t o t a l  specimen weight changes were only a few t en ths  of a mill igram (0.0001 

g/cm of o u t e r  sur face  area)  as  cont ras ted  t o  t o t a l  weight l o s ses  per  specimen 

i n  columbium base a l l o y s  of approximately 100 mil l igrams (0.0035 g/cm of 

o u t e r  su r f ace  a rea ) .  The weight l o s ses  were gene ra l ly  g r e a t e r  a f t  of t he  tu rb ine  

where more l i qu id  d rop le t  condensate was ava i l ab le .  S imi la r ly ,  t h e  contamination 

pickup i n  the  r e f r a c t o r y  a l loys  w a s  g r e a t e r  i n  t h e  columbium a l l o y s  than i n  

t h e  molybdenum a l loys .  

su r f ace  l a y e r  of t he  F-48 a l l o y  specimens increased s i g n i f i c a n t l y ;  t h e  carbon 

content  more than doubled and the  oxygen and n i t rogen  conten ts  increased by 

about 200 ppm i n  254 hours of t e s t i n g .  The contamination appeared t o  be g r e a t e r  

forward of t h e  tu rb ine  where t h e  temperature was higher ,  but  t h e  g r e a t e r  sur face  

weight l o s ses  i n  t he  specimens located a f t  of t h e  tu rb ine  may have r e su l t ed  

i n  lower apparent contamination values  i n  those specimens. In  the  h igher  

carbon a l loys ,  such a s  AS-30 and TZC, carbon v a r i a t i o n s  were less s i g n i f i c a n t .  

I t  was a l s o  observed t h a t  t he  major po r t ion  o f  contamination occurred during 

t h e  test per iods immediately fol lowing i n s t a l l a t i o n  of t u rb ine  components; 

specimens i n s t a l l e d  a f t e r  t u rb ine  opera t ion  and without  c u t t i n g  i n t o  the  tu rb ine  

were much less af fec ted  by t h e  potassium vapor environment. I t  was because of 

t h e  high l e v e l s  of contamination observed i n  t h e  columbium base a l l o y s  t h a t  

t hese  a l loys  w e r e  no t  tested i n  t h e  tu rb ine  f a c i l i t y  a s  t u rb ine  blades.  

2 

2 

Carbon, oxygen and n i t rogen  conten ts  i n  a 30-mil t h i ck  
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XZC molybdenum a l loy  tu rb ine  blades were prepared and i n s t a l l e d  i n  t h e  tu rb ine  

along wi th  prev ious ly  prepared T Z M  blades.  Because of a complete lack of d u c t i l i t y  

a t  room temperature i n  the  hea t  of !lZC ava i l ab le  f o r  t h i s  purpose, ex tens ive  

t e s t i n g  was accomplished t o  c e r t i f y  t he  TZC f o r  use i n  t h e  tu rb ine  f a c i l i t y ,  Tens i le  

t e s t i n g  above room temperature ind ica ted  t h e  a l l o y  had acceptable  d u c t i l i t y  of 

8-10 percent  e longat ion  above 250'F; prehea t ing  the  tu rb ine  t o  600°F assured t h a t  

t h i s  ma te r i a l  would have ample d u c t i l i t y  during tu rb ine  s t a r t -up  and operat ion.  

'PZC t e n s i l e  bars ,  which were suspended i n  t h e  potassium vapor stream during 1746 

hours of the  tu rb ine  endurance test, ind ica ted  some add i t iona l  loss of low temper- 

a t u r e  d u c t i l i t y ;  but adequate d u c t i l i t y  was ava i l ab le  above 250'F. 

Corrosion (pp 32 t o  4 4 )  Metal l o s s  irom tu rb ine  blades and o the r  components 

took var ious forms during d i f f e r e n t  per iods  of t u rb ine  operat ion.  A g ross  l o s s  of 

metal  occurred during the  35-hour i n i t i a l  t u rb ine  checkout period when potassium 

condensate was d e l i b e r a t e l y  sprayed i n t o  the  tu rb ine ;  these l o s s e s  occurred on t h e  

convex leading edges of t h e  f irst  s t age  U-700 blades,  t h e  lead ing  s i d e  of t h e  bucket 

d o v e t a i l  and bucket locking s t r i p s ,  t he  r e a r  su r faces  of the  f i rs t  s t a g e  nozzle 

p a r t i t i o n s  and the  f i r s t  s t a g e  tu rb ine  t i p  shroud. A lesser degree of metal  l o s s  

occurred on the  second s tage  components. When t h e  l i q u i d  potassium spray and suspected 

d rop le t  carry-over from t h e  b o i l e r  were el iminated,  or were g r e a t l y  reduced, a s  

occurred during t h e  68-hour period of performance t e s t i n g ,  no se r ious  metal  l o s s  

was observed. I n  the  f i n a l  2000-hour endurance test, h ighly  loca l ized  metal  l o s ses  

were observed a t  aerodynamically cont ro l led  loca t ions  p r i n c i p a l l y  along the  con- 

cave leading edge and convex t r a i l i n g  edge su r faces  of t h e  blades.  The corrosion 

appeared t o  be only s l i g h t l y  more severe  i n  t h e  f irst  s t a g e  U-700 blades.  The 

molybdenum a l l o y  blades i n  t h e  second s t a g e  were s l i g h t l y  more a f fec ted  than t h e  

U-700 blades,  but  t h e  depth of loca l ized  cor ros ion  was only 3-4 m i l s  deep compared 

t o  2-3 m i l s  i n  U-700. Metal l o s s  i n  a l l  i n s t ances  was bel ieved t o  be t h e  r e s u l t  

of so lu t ion  corrosion;  no evidence of mechanical impact e ros ion  damage was noted 

i n  t h e  tu rb ine  components. 

Erosion (pp 45to 49) A major purpose of t h e  2000-hour endurance test was t h e  

eva lua t ion  of t h e  effect of impacting l i q u i d  d r o p l e t s  on the  e ros ion  of t u rb ine  

canponents. N o  evidences of such hardware e ros ion  were observed. I n  order  t o  
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i nc rease  t h e  p r o b a b i l i t y  of  observing eros ion  i n  t h e  2000-hour test, e ros ion  + 

specimens of U-700, s t r e s s - r e l i eved  TZM, r e c r y s t a l l i z e d  TZM and as-received ZZC 

were i n s t a l l e d  a f t  of the  second s t a g e  where they would be impacted by l i q u i d  

d r o p l e t s  leav ing  the  second s t age  b lades ,  While some l iqu id  metal  corrosoion was 

observed i n  t h e  r e f r a c t o r y  metal  specimens, only i n  the  U-700 i n s e r t  d id  metal  l o s s  

occur which gave i n d i c a t i o n s  of impact e ros ion  damage. A c l u s t e r  of deep holes  

about 2-3 m i l s  i n  diameter and 7-10 m i l s  deep were located on t h i s  i n s e r t  a t  t he  

expected poin t  of d rop le t  impact, Micro-cracks, i n d i c a t i v e  of mechanical damage, 

were observed i n  these holes .  

Metal Transfer  (pp 49 t o  5 3 )  L i m i t e d  amounts of metal  t r a n s f e r  were observed 

i n  t h e  tu rb ine  f a c i l i t y  and on tu rb ine  components on var ious  occasions.  Metal 

depos i t s  up t o  30 m i l s  t h i c k  were found downstream of the  converging-diverging 

nozzle a f t e r  t h e  nozzle  tes t  and were bel ieved t o  be due t o  t h e  expansion and 

drying out  of l i qu id  d r o p l e t s  conta in ing  dissolved metal .  During t h e  modif icat ion 

of t h e  b o i l e r ,  dus t - l i ke  metal  p a r t i c l e s  were found i n  t h e  upper b o i l e r  header;  

these depos i t s  were bel ieved t o  have formed when l iqu id  potassium d rop le t s ,  s a tu r -  

ated w i t h  metal  s o l u t e  from t h e  b o i l e r ,  were evaporated t o  dryness i n  the upper 

header. Metal f o i l  depos i t s  from 5 ~ 1 0  m i l s  i n  th ickness  and of a porous na ture  

formed i n  a h i g h l y  loca l ized  a rea  on t h e  8-inch vapor l i n e  do$fnstream of t h e  p a r t l y  

closed t h r o t t l i n g  valve during t h e  performance tests;  t h i s  f o i l  became disengaged 

from the  w a l l  and went through t h e  tu rb ine .  These disengaged m e t a l l i c  f o i l  depos i t s  

were found on one of the  contamination r i n g  specimen probes, on t h e  lead ing  edge 

of t h e  f irst  s t a g e  nozzle p a r t i t i o n s ,  and impacted on t h e  lead ing  edge convex 

a i r f o i l  su r f aces  of t h e  f i rs t  s t a g e  blades,  and, t o  a lesser ex ten t ,  on t h e  second 

s t a g e  blades.  A uniform 0.5-mil f i l m  of metal  depos i t  on t h e  first s t age  blades 

and a 0.2-mil f i l m  on t h e  second s t a g e  blades a l s o  occurred during performance 

t e s t i n g  a s  t h e  probable r e s u l t  of some l iqu id  metal  carry-over from t h e  b o i l e r .  

Changes i n  b o i l e r  ope ra t ing  condi t ions  apparent ly  minimized t h e  formation of such 

f i l m s  dur ing endurance t e s t i n g ;  however, a metal  f i l m  was found on the  forward 

sur face  of t h e  f i r s t  s t age  wheel and on t h e  f irst  s t a g e  blades.  On t h e  wheel, 

t h e  f i l m  was 2 m i l s  t h i c k  a t  t h e  hub and less than 1 - m i l  t h i ck  a t  t h e  r i m .  The 

metal  f i l m  on the  blade a i r f o i l s  was O,l-mil.to0.5-mil i n  thickness .  Except f o r  
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those  depos i t s  noted during t h e  endurance test, which contained coba l t  (probably 

from t h e  f i r s t  s t age  L-605 nozzle p a r t i t i o n s  or H-33 braze a l loy ) ,  a l l  t h e  

depos i t s  contained c o n s t i t u e n t s  i n d i c a t i n g  they had come from the  b o i l e r  a s  

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

Analysis of Potassium (pp 54 t o  6 7 )  During t h e  development and t e s t i n g  of 

t he  turb ine ,  t h e  potassium was analyzed pe r iod ica l ly  f o r  oxygen, carbon and 

m e t a l l i c  impur i t ies .  "he impurity concent ra t ions  remained low except when mal- 

func t ions  or r e p a i r  procedures r e su l t ed  i n  contamination of t h e  i n t e r i o r  of t h e  

loop. The combined p u r i f i c a t i o n  processes  of ho t  t rapping  i n  both t h e  b o i l e r  and 

condenser and of vapor iza t ion  i n  t h e  b o i l e r  r e su l t ed  i n  t h e  rapid removal of 

impur i t ies  during s t a r t u p  and t h e  maintenance of extremely high p u r i t y  during test- 

ing  w i t h  r e spec t  t o  oxygen and m e t a l l i c  impur i t i e s ,  Oxygen was usua l ly  present  a s  

only 5-12 ppm. "he carbon content  was probably maintained a t  very low l e v e l s  a lso,  

but t h e  a n a l y t i c a l  r e s u l t s  f o r  carbon showed a considerable  amount of unexpected 

s c a t t e r  - a problem which was not  resolved.  

I n  summary, t h e  tu rb ine  performed most s a t i s f a c t o r i l y  during performance and 

endurance tests. While some metal  l o s s  and mass t r a n s f e r  occurred, s o l u t i o n  

corrosion r a t h e r  than impact e ros ion  was responsible;  t h e  effects were not  of 

s u f f i c i e n t  magnitude t o  jeopard ize  t h e  performance or func t iona l  opera t ion  of t h e  

tu rb ine  e i ther  during these  tests or a s  a cons idera t ion  f o r  continued t e s t i n g .  
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11. INTRODUCTION 

Much of t he  ma te r i a l s  work i n  support  of t he  two s t age  potassium test tu rb ine  
1 was previously reported i n  GE63FPD238 ; t h a t  r e p o r t  covered s e l e c t i o n  and t echn ica l  

j u s t i f i c a t i o n  of ma te r i a l s ,  the  prepara t ion  of ma te r i a l s  and process  spec i f i ca t ions ,  

drawing review, i n i t i a l  f a b r i c a t i o n  development and manufacturing, and t h e  

eva lua t ion  of s p e c i f i c  ma te r i a l s  and process  problems which could be foreseen.  

T h i s  r epor t  covers  t he  ma te r i a l s  and process  work assoc ia ted  w i t h  t he  f i n a l  

f a b r i c a t i o n  of the  tu rb ine  a s  it evolved during the  course of t he  tu rb ine  test 

program. I t  covers  the  period from May 8, 1963 t o  February 8, 1966 and inc ludes  

both tu rb ine  performance t e s t i n g  and a 2000-hour tu rb ine  endurance test;  it con- 

cerns  itself p r i n c i p a l l y  w i t h  t h e  eva lua t ion  of selected components of r e f r ac to ry  

and conventional a l l o y s  f o r  r e s i s t a n c e  t o  tu rb ine  erosion,  cor ros ion  and mass 

t r a n s f e r  e f f e c t s .  

While t h e  bas i c  design approach and i n i t i a l  ma te r i a l s  s e l e c t i o n s  proved 

highly r e l i a b l e  i n  most respec ts ,  t h e  evolu t ionary  na tu re  of t h e  tu rb ine  develop- 

ment r e su l t ed  i n  t h e  i d e n t i f i c a t i o n  of var ious  ope ra t iona l  problems; i t  was 

necessary t o  conduct var ious  i t e m s  of experimental ,  f a b r i c a t i o n  or evalua t ion  work 

t o  reso lve  these problems and t o  i d e n t i f y  improvements i n  design,  ma te r i a l s ,  

processes  or a n a l y t i c a l  methods. 

and design, t h e  f i n a l  performance test and t h e  2000-hour endurance test  were 

conducted i n  a rou t ine  and r e l i a b l e  manner with a minimum of i n t e r r u p t i o n s  

and no ea tos t roph ic  hardware f a i l u r e  or damage. 

As a r e s u l t  of t h i s  op t imiza t ion  of ma te r i a l s  
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I 11. SIGNIFICANT TURBINE EVENTS RELATED TO MATERIALS SUPPORT 

An understanding of t h e  con t r ibu t ions  of t h e  ma te r i a l s  support  e f f o r t  t o  

t h e  successfu l  development and opera t ion  of t h e  two s t a g e  potassium vapor tu rb ine  

r equ i r e s  a b r i e f  desc r ip t ion  of t h e  tu rb ine  i t s e l f  and a chronological  o u t l i n e  

of some of t h e  more s i g n i f i c a n t  events  which occurred during t h e  p r o j e c t .  

A. Turbine Descr ip t ion  

The turb ine ,  shown i n  Figure 1 i n  i t s  o r i g i n a l  configurat ion,  was designed 

t o  opera te  a t  1600°F potassium vapor i n l e t  temperature on 92% q u a l i t y  vapor and 

t o  d e l i v e r  260 horsepower a t  19,200 rpm. The tu rb ine  diameter was about 9 inches.  

The two s t a g e  Astroloy tu rb ine  wheel and U-700 bucket assemblymi- overhung from 

an A-286 s h a f t  which was supported by o i l  l ub r i ca t ed  bear ings wi th in  a Type 316 

s t a i n l e s s  steel  bear ing housing. The forward, pivoted-pad bear ing took t h e  l a r g e r  

p a r t  of t h e  r a d i a l  load and t h e  r ea r ,  b a l l  bear ing  took t h e  t h r u s t  loads.  The o i l  

lubr ica ted  bear ings were separated from t h e  potassium vapor i n  t h e  tu rb ine  by 

means of a r o t a t i n g  cup, l i q u i d  potassium hydrodynamic s e a l ;  argon gas  was i n t r o -  

duced between two r o t a t i n g ,  multiple-toothed l abyr in th  s e a l s  and t h e  flow of argon 

through these  s e a l s  toward t h e  o i l ,  i n  one case, and toward t h e  potassium, i n  t h e  

o the r  case, prevented mixing of o i l  and potassium. 

end of t h e  pad-bearing s leeve  prevented leakage and mixing of o i l  and potassium 

along t h e  s h a f t .  

(which fas tened  t h e  wheels t o  t h e  s h a f t  through a series of curv ic  couplings) and 

t h e  forward I . D .  of t he  s h a f t ;  t h i s  prevented leakage of potassium along t h e  I . D .  

of t h e  s h a f t .  

An a d d i t i o n a l  s e a l  a t  t h e  forward 

An "XI' type  s e a l  was compressed between t h e  U-700 t i e  b o l t  

O i l ,  argon and l i q u i d  potassium, f o r  t h e  operation of bear ings and s e a l s  wi th in  

t h e  bear ing housing, were supplied by means of Type 316 s t a i n l e s s  steel tubes ;  

t hese  entered behind t h e  mid-flange of t h e  housing, passed along t h e  ou t s ide  of 

t h e  housing and entered t h e  forward po r t ion  of  t h e  housing a t  t h e  appropr ia te  

p laces .  A Type 316 s t a i n l e s s  steel shee t  metal  can was welded t o  t h e  forward and 

mid-flanges of t h e  bear ing  housing t o  p ro tec t  t h e s e  tubes  from contac t  with potassium 

vapor which might e n t e r  between t h e  bear ing  housing and t h e  tu rb ine  exhaust s c r o l l .  

The bear ing  housing was c a n t i l e v e r  supported by means of a j o i n t  a t  i t s  mid- 

-7 - 



9 

f lange  w i t h  t he  a f t - f l ange  of t h e  tu rb ine  exhaust s c r o l l ;  t h i s  j o i n t  a l s o  was 

responsible  f o r  prevent ion of potassium leakage to t h e  atmosphere. 

The Type 316 s t a i n l e s s  steel s t a t o r  cas ing  was i n s t a l l e d  a s  s p l i t  ha lves  

and required both a x i a l  j o i n t s  between the  two ha lves  and c i rcumferent ia l  j o i n t s  

both t o  the  bul le t -nose i n l e t  duct i n  f r o n t  and t o  t h e  exhaust s c r o l l  i n  back. 

To i l l u s t r a t e  t he  changes i n  the  design of t h e  tu rb ine  and i t s  use of ma te r i a l s  

and f a b r i c a t i o n  processes,  the  tu rb ine  conf igura t ion  i s  shown i n  i t s  f i n a l  form 

i n  Figure 2. The more s i g n i f i c a n t  changes were a s  follows: 

1. 

2. 

Welded tu rb ine  f l anges  replaced t h e  l'O''-ring f lange  s e a l s .  

A copper p la ted  chevron s e a l  and a Viton "A" "O1'-ring were used t o  rep lace  

a metal  "Ot'-ring s h a f t  s e a l  and prevent leakage of o i l  along t h e  s h a f t .  

3. The pad bear ing was moved a f t  t o  provide room for a s t a i n l e s s  steel o i l  

screw s e a l  w i t h  weld-inlaid s i l v e r  a l l o y  su r faces  t o  restrict t h e  forward flow of 

o i l  from the  bearing. 

4. The lead-indium a l l o y  on t h e  s i l v e r  p la ted  pad bear ing su r faces  was 

el iminated.  

5. The pad bear ing  was provided w i t h  d i rect  o i l  l u b r i c a t i o n  t o  each pad 

which permitted t h e  e l imina t ion  of an "0"-ring s e a l  between the  bear ing housing 

and t h e  bear ing support  r ing .  O i l  leakage toward the  l abyr in th  s e a l s  was minimized. 

6 .  A sp ide r  type  support  was provided t o  maintain concen t r i c i ty  between t h e  

bear ing housing and the bear ing support  r i n g  during d i f f e r e n t i a l  expansion of these 

components. This minimized t h e  p o s s i b i l i t y  of s e a l  rubbing and permitted c l o s e r  

s e a l  c learances.  

7. The n icke l  p la ted  l abyr in th  s e a l s  were replaced w i t h  copper w i t h  better 

rub c h a r a c t e r i s t i c s  and adequate potassium cor ros ion  r e s i s t ance .  

8. The Type 316 s t a i n l e s s  s tee l  s e r v i c e  tubes  supplying argon, o i l  and potassium 

to the bearing housing w e r e  replaced w i t h  heavier  w a l l e d  tubing and t h e  j o i n i n g  

method was changed from the  H-33 braze t o  TIG welding because o f ,  (1) the development 

of numerous cracks and l eaks  and, (2) t h e  d i f f i c u l t y  of t h e i r  r e p a i r .  

9. Various changes were made i n  the  l o c a t i o n  and number of bear ing housing 

tubing supply l i n e s  f o r  argon, o i l  and potassium t o  improve pressure  r e l a t i o n s h i p s  

around the  bu f fe r  s e a l ,  



.E1 

10. The method of j o i n i n g  t h e  hydrodynamic s e a l  assembly t o  t h e  bear ing 

housing was changed from a bol ted assembly t o  a w e l d e d  assembly method t o  

e l imina te  t h e  p o s s i b i l i t y  of s l i n g e r  s e a l  potassium escaping t o  t h e  loop. 

11. A more f l e x i b l e  shee t  metal  cover f o r  t h e  bear ing  housing tube  cav i ty  

was u t i l i z e d  t o  reduce t h e  p o s s i b i l i t y  of weld cracking and of leakage of potassium 

vapor i n t o  t h e  tube  cavi ty .  

B. Summary of Events 

During mechanical tests on t h e  tu rb ine ,  while  t h e  tu rb ine  f a c i l i t y  was 

being used f o r  potassium vapor nozzle  t e s t i n g ,  i t  was determined t h a t  modif icat ions 

i n  t h e  bear ing housing tube assembly were required t o  u t i l i z e  heavier  w a l l  tubing 

and weld jo in ing .  The necess i ty  of complete w e l d  assembly of t he  tu rb ine  i n t o  the  

f a c i l i t y  was apparent when a f a i l u r e  occurred i n  t h e  0”-ring/welded can method 

of i n s t a l l i n g  t h e  C.D. nozzle i n  the  tes t  f a c i l i t y .  Weld f l anges  were added t o  

t h e  tu rb ine  components and t h e  t u r b i n e  was i n s t a l l e d  i n  t h e  f a c i l i t y  f o r  i t s  pre- 

l iminary checkout on Apr i l  13, 1964. 

* I  

Minor, but  s i g n i f i c a n t  leakage of o i l  from the  l u b r i c a t i o n  system i n t o  the  

hydrodynamic s e a l  potassium system occurred during checkout of t h e  hydrodynamic 

s e a l  using potassium l i q u i d ;  t h i s  required minor modif icat ions i n  s h a f t  s e a l  

ma te r i a l s  and design f e a t u r e s .  The tu rb ine  was operated on potassium vapor f o r  

fou r  hours f o r  t he  f i r s t  t i m e  on J u l y  13, 1964; t h i s  period of opera t ion  i d e n t i f i e d  

speed con t ro l  problems and t h e  need f o r  all-welded cons t ruc t ion  i n  t h e  hydrodynamic 

s e a l  assembly opera t ions  t o  prevent l i q u i d  metal  l o s s  t o  t h e  main loop. 

Addit ional  improvements were made i n  the  bear ing housing and hydrodynamic s e a l  

assembly a d  t h e  tu rb ine  was again operated on potassium vapor f o r  35 hours i n  

October 1964 wi th  major emphasis devoted t o  ope ra t iona l  techniques necessary t o  

c o n t r o l  t u rb ine  speed during prel iminary performance tests. A f a i l u r e  i n  t h e  b o i l e r  

system on October 13, 1964 provided t h e  opportuni ty  f o r  s i g n i f i c a n t  r ev i s ions  i n  

t h e  tu rb ine  f a c i l i t y  designed t o  provide a h igher  q u a l i t y ,  a more s t a b l e  supply of 

potassium vapor and more s t a b l e  t u r b i n e  speed con t ro l .  Examination of the  tu rb ine  

a t  t h i s  po in t  ind ica ted  s i g n i f i c a n t  l i qu id  metal  cor ros ion  i n  t h e  blades,  which was 

caused by spray nozzle i n j e c t i o n  of  l i qu id  metal  upstream of t h e  tu rb ine .  



When b o i l e r  r e p a i r s  were completed and t h e  t u r b i n e  w a s  r e b u i l t  i n  March 1965, 

t he  tu rb ine  operated success fu l ly  wi th  good speed c o n t r o l  during two per iods of 

t u rb ine  performance t e s t i n g  of 12 hours and 56 hours each i n  March and Apr i l .  

During these  tests, r e f r a c t o r y  a l l o y  specimens w e r e  i n s t a l l e d  i n  the  f a c i l i t y  t o  

eva lua te  environmental e f f e c t s  on a l l o y  contamination. Some mass t r a n s f e r  of metal  

f o i l  depos i t s  was noted a t  t h i s  t i m e  and a t h i n  uniform m e t a l l i c  f i l m  of metal  

was found t o  have been deposi ted on t h e  tu rb ine  blades.  

During t h e  e a r l y  summer of 1965 a dec is ion  was made t o  incorpora te  'IZC and 

poss ib ly  Cb-132M r e f r a c t o r y  a l l o y  blades along wi th  'IZM blades i n  the  2000-hour 

endurance test. These blades were fab r i ca t ed  and t h e  'IZC ma te r i a l  was q u a l i f i e d  

f o r  use under l i m i t e d  t es t  condi t ions  t o  avoid i t s  adverse low temperature d u c t i l i t y  

c h a r a c t e r i s t i c s .  

The 2000-hour endurance tes t  was success fu l ly  completed on December 20, 1965; 

f o r  purposes of me ta l lu rg ica l  eva lua t ion ,  i t  provided, i n  add i t ion  t o  conventional 

t u rb ine  components, 12  e ros ion  i n s e r t s  of var ious  ma te r i a l s  located a f t  of t h e  second 

s tage,  4 each molybdenum blades of t he  'IZM and 'IZC a l l o y  compositions, t h ree  sets of 

r e f r a c t o r y  metal  probe i n s e r t  specimens each comprised o f  dup l i ca t e  r i n g s  of T Z M ,  

IZC and F-48, and 4 T Z M  t e n s i l e  test bars .  

During tu rb ine  t e s t i n g ,  var ious  tu rb ine  temperatures and tu rb ine  speeds were 

experienced a s  a p a r t  of t h e  t e s t  program. While t h e  complete schedule of test 

condi t ions  i s  covered i n  t h e  o t h e r  t u rb ine  t o p i c a l  r epor t s ,  t h e  fol lowing was 

r ep resen ta t ive  of t h e  l e v e l  of ope ra t ing  condi t ions  of in te res t  from a ma te r i a l s  

viewpoint: 

F i r s t  Stage I n l e t  Second Stage I n l e t  Speed 
Type of T e s t  O F  O F  RPM 

Checkout 1450 

Performance 1450 - 1550 

Endurance 1500 
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13 50 15,400-20,000 

13 50 -1450 15,400-20,000 

1400 18,250 



I V .  NON-REFRACTORY MATERIALS EVALUATION 

The non-refractory ma te r i a l s  i n  t h e  tu rb ine  components performed, during t h e  

2000-hour endurance tes t ,  i n  a h ighly  s a t i s f a c t o r y  manner i n d i c a t i n g  t h e  bas i c  

conservatism i n  the  o r i g i n a l  des ign  and the  adequacy of t h e  p rope r t i e s  of t h e  

ma te r i a l s  selected. During i n i t i a l  opera t ion  and performance t e s t i n g  of t h e  

turb ine ,  minor design and ma te r i a l s  changes w e r e  made t o  improve ope ra t iona l  

r e l i a b i l i t y  or t o  reso lve  problems encountered i n  c o n t r o l l i n g  t h e  Supply of 

l u b r i c a t i n g  o i l ,  argon and hydrodynamic s e a l  potassium. The d e t a i l s  of t hese  

improvements a r e  covered more completely i n  a t o p i c a l  r epor t  on mechanical design 

and have been l i s t e d  only b r i e f l y  i n  t h i s  r epor t  under Turbine Description(II1-A).  

Much of t h e  ma te r i a l s  technology used i n  t h i s  work i s  based upon pas t  experi-  

ence i n  t h e  f i e l d  of a i r c r a f t  gas turb ines .  Mater ia l s  technology d i f f e r s  i n  the  

potassium tu rb ine  from t h a t  of gas tu rb ines  i n  t h e  fol lowing ways: Longer tes t  

per iods and design l i f e  a r e  expected; tu rb ine  wheels a r e  uncooled a t  t h e i r  hubs 

(except f o r  some conduction cool ing  t o  t h e  bear ing l u b r i c a n t ) ;  l i qu id  metal  

cor ros ion  r e s i s t a n c e  r a t h e r  than oxida t ion  r e s i s t a n c e  i s  required;  t u rb ine  wheel 

assembly i s  dependent upon the  t i e  b o l t ' s  r e s i s t a n c e  t o  s t r e s s  r e l axa t ion ;  and an 

ex tens ive ,  l eak - t igh t  system of running s e a l s  and of l i qu id  and gas supply l i n e s  

i s  required.  

The fol lowing summarizes some of t he  more s i g n i f i c a n t  aspec ts  of t h e  successfu l  

use of the  non-refractory a l loys ,  but excludes,  f o r  l a t e r  d i scuss ion ,  mat ters  per- 

t a i n i n g  t o  l i qu id  metal  corrosion,  impact e ros ion  and metal  t r a n s f e r .  

A. Rota t ing  P a r t s  

The r o t a t i n g  components, f o r  t he  purpose of ma te r i a l s  eva lua t ion ,  included 

(1) the  hydrodynamic s e a l ,  (2)  the  tu rb ine  wheels, blades and locking s t r i p s ,  

and (3) t he  s h a f t  and t i e  b o l t .  

Hydrodynamic Sea l  - The hydrodynamic s e a l ,  composed of a Type 316 s t a i n l e s s  

s tee l  s t a t i o n a r y  s e a l  and an A-286 a l l o y  r o t a t i n g  cup, operated success fu l ly  a t  t h e  

800°F opera t ing  temperature with no apparent d e t e r i o r a t i o n  from the  constant  flow 

of l i qu id  potassium pass ing  through t h e  s e a l  a t  approximately 2 gpm. On opening 

t h e  r o t a t i n g  cup a f t e r  2000 hours of endurance t e s t i n g ,  t h e  i n t e r i o r  su r faces  had 

been darkened i n  co lor ,  but  a c l o s e  examination d isc losed  no i n d i c a t i o n  of e ros ion  
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or corrosion.  A g ranular ,  magnetic depos i t  was removed from t h e  bottom of the  

cup; when analyzed by q u a l i t a t i v e  spectrographic  ana lys i s  t h i s  depos i t  was found 

t o  conta in  chromium, i ron ,  and n i c k e l  as  major elements (g rea t e r  than 10% by 

weight) and t i t an ium a s  a minor element (less than 10% by weight).  This depos i t  

appeared t o  have been centr i fuged from the  potassium r a t h e r  than having been 

uniformly deposi ted from so lu t ion .  The quan t i ty  of t h e  depos i t  was inconsequen- 

t i a l  and i t s  presence i s  reported here  a s  a mat te r  of record.  

Turbine Wheels - The Astroloy (U-700)* t u rb ine  wheels and U-700 blades 

d i d  no t  experience c reep  during e i t h e r  t h e  performance t e s t i n g  or dur ing  t h e  2000- 

hour endurance tes t  a s  determined by pos t - t e s t  dimensional ana lys i s .  Inspect ion 

of wheels a f t e r  each tes t  d i d  not d i s c l o s e  any cor ros ion  of t h e  wheels, and only 

during the  2000-hour endurance tes t  d i d  any s i g n i f i c a n t  amount of metal  t r a n s f e r  

occur t o  depos i t  m e t a l l i c  elements onto the  wheel sur faces .  The opera t ing  temper- 

a t u r e  of t h e  f i r s t  s t age  wheel r i m  and buckets was ca l cu la t ed  t o  be approximately 

50°F above the  1400'F aging temperature of t h e  a l loy ,  whereas the  second s t age  

wheel, r i m  and blade opera t ing  temperature was always below the  aging temperature 

of t h e  a l loy .  Accordingly, the  f i r s t  s t age  wheel would be expected t o  show the  

e f f e c t s  of over-aging produced by 2000 hours opera t ion  above t h e  appropr ia te  aging 

temperature,  both i n  mechanical property v a r i a t i o n s  and i n  micros t ruc ture ;  t h e  

second s t a g e  U-700 wheel p rope r t i e s  and s t r u c t u r e s  accordingly would not  be ex- 

pected t o  dev ia t e  measurably from those of the  f u l l y  hea t  t r e a t e d  U-700 mater ia l .  

N o  d e s t r u c t i v e  tests w e r e  performed on these  wheels s ince  they w e r e  intended t o  

be used f o r  an a d d i t i o n a l  3000 hour tu rb ine  endurance tes t .  

Turbine Blades - In  o rde r  t o  determine t h e  e f f e c t s  of the 2000-hour 

endurance test on the  blade mater ia l ,  miniature  t e n s i l e  test  bars  were machined 

from both f i r s t  s t a g e  and second s t a g e  U-700 blades,  and from a f u l l y  hea t  t r ea t ed  

* Note: Although t h e  wheels were designated a s  Astroloy wheels, t h e  very c lose  
s i m i l a r i t y  of t h i s  a l l o y  wi th  U-700 permits  i t s  subsequent des igna t ion  
a s  U-700 f o r  purposes of s i m p l i f i c a t i o n .  
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U-760 t u rb ine  blade blank; t h r e e  t e n s i l e  tests of each were performed a t  room 

temperature.  One of t h e s e  t e n s i l e  b a r s  is  shown wi th  a second s t a g e  blade f o r  

comparison i n  Figure 3. The results,  which a r e  shown i n  Table I ,  i n d i c a t e  only 

minor changes i n  s t r eng th  but  a decided reduct ion  i n  d u c t i l i t y  (from 19% e1ong:rtion 

t o  12% e longat ion) .  

The changes i n  mechanical p rope r t i e s  ind ica ted  t h a t  t h e  micros t ruc ture  of 

U-700 underwent some change over  extended per iods  of t i m e  a t  t u rb ine  opera t ing  

temperatures.  A s tudy of t h e  e l e c t r o n  photomicrographs, presented i n  Figures  4 

and 5 for a f i r s t  s t age  blade before  and a f t e r  t h e  2000-hour endurance test, 

d isc losed  coalescence of t h e  gamma prime p r e c i p i t a t e  wi th in  t h e  g r a i n s  and t h e  

coalescence of t h e  M C i n t e r g r a n u l a r  carbides .  Accicular s t r u c t u r e s ,  i n d i c a t i v e  

of sigma phase (as  noted by t h e  c h a r a c t e r i s t i c  60° o r i e n t a t i o n  angle between 

needles),  were observed i n  t h e  d o v e t a i l  s t r u c t u r e  of a f i r s t  s t a g e  blade a f t e r  

t h e  2000-hour endurance test. These s t r u c t u r e s  can be seen i n  t h e  photomicrographs 

presented i n  Figures  6 and 7. The presence of sigma phase i n  t h e  s t r u c t u r e  could 

a l s o  have cont r ibu ted  toward t h e  decrease i n  t h e  t u r b i n e  blade d u c t i l i t y .  

23 6 

Locking S t r i p s  - During t h e  o r i g i n a l  s e l e c t i o n  of Rene' 41  a s  t h e  tu rb ine  
1 blade  locking s t r i p  ma te r i a l  , 0.020-inch and D,032-inch t h i c k  s t r i p s  were bent 

i n  the aged condi t ion  (1400oF-16 hours) over  a 0.060-inch rad ius .  S u f f i c i e n t  

d u c t i l i t y  was ava i l ab le  i n  t h i s  hea t  t r e a t e d  condi t ion  t o  develop crack-free bends 

i n  t h e  0.020-inch t h i c k  shee t ,  but  t h e  d u c t i l i t y  was marginal i n  t h e  t h i c k e r  s e c t i o n  

and some cracking tendency was observed. The 0.020-inch shee t  was used t o  

f a b r i c a t e  locking s t r i p s  f o r  t h e  f i r s t  t u r b i n e  opera t ion ;  t hese  s t r i p s  were aged 

before  i n s t a l l a t i o n  i n  t h e  t u r b i n e  and operated success fu l ly  without cracking. How- 

eve rg  t h e  gross  cor ros ion  experienced on these  locking s t r i p s  i n  prel iminary tu rb ine  

t e s t i n g  required t h a t ,  (1) t h e  t h i c k e r  lock s t r i p s  be used i n  t h e  so lu t ion  t r e a t e d  

condi t ion  where bend d u c t i l i t y  was good and, (2) t h e  locking s t r i p s  be permitted 

t0 age dur ing  tu rb ine  opera t ion .  

Following performance t e s t i n g  t h e  forward ends of some of t hese  locking s t r i p s  

had f a i l e d  by s t r a i n  age cracking i n  t h e  machine-bent rad ius .  These cracks a r e  

shown i n  photomicrographs i n  Figures  8 and 9. High magnif icat ion examination 
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disc losed  aging p r e c i p i t a t i o n  along s t r a i n  l i n e s  assoc ia ted  w i t h  t h e  observed 

cracks ;  i t  was concluded t h a t  t h e  bend r a d i u s  had been t o o  s m a l l  i n  those cases  

where s t r a i n  age cracking occurred. I n  subsequent t u rb ine  wheel assemblies,  a 

more generous r ad ius  was provided i n  t h e  forward machine-made bend and the  formed 

s t r i p s  w e r e  s o l u t i o n  annealed p r i o r  t o  t h e i r  i n s t a l l a t i o n .  

Because t h e  Rene' 41  a l l o y  d u c t i l i t y  was marginal when bent  i n  t he  aged 

condi t ion,  t h e  p r a c t i c e  of allowing aging t o  occur during opera t ion  was not  

changed. The locking s t r i p s  performed t h e r e a f t e r  without  a s i n g l e  f a i l u r e .  

Figure 10 shows t h e  t e n s i l e  p r o p e r t i e s  of aged and so lu t ion  t r e a t e d  Rene' 4 1  a l l o y ;  

it i n d i c a t e s  t h a t  the  Rene' 41  a l l o y  has  s u f f i c i e n t  s t r e n g t h  t o  be used i n  the  

so lu t ion  t r e a t e d  condi t ion,  and t h a t  aging i n  p lace  dur ing  tu rb ine  opera t ion  is 

a s a t i s f a c t o r y  procedure. 

Di f fus ion  Bonding - The p o s s i b i l i t y  of d i f f u s i o n  bonding was an t i c ipa t ed  

between t h e  wheels and the  s h a f t  a t  t h e  cu rv ic  coupl ings because o f  t h e  h igh  

temperature of opera t ion  and t h e  l o c a l  contac t  pressure  produced by t h e  t i e  b o l t  

t e n s i l e  stresses. apparent ly ,  e i ther  the  su r face  oxides  of t h e  U-700 a l l o y  wheels 

and t h e  A-286 s h a f t  were re t a ined  a t  t h e  c lose  f i t t i n g  i n t e r f a c e s  o f  t h e  cu rv ic  

coupling, or t h e  temperature-load-time condi t ions  were not  s u f f i c i e n t  f o r  d i f f u s i o n  

t o  occur;  disassembly of t h e s e  components w a s  never d i f f i c u l t .  Furthermore, 

d i f f u s i o n  bonding d i d  no t  occur between the  blades and t h e  wheels,, probably 

because of blade v ib ra t ion ,  i n  add i t ion  t o  t h e  previous suggest ions.  Some of  t h e  

2000-hour endurance test  b lades  were more d i f f i c u l t  t o  remove than  those  of o t h e r  

tests; but ,  t h e  d i f f i c u l t y  of the i r  removal could be a t t r i b u t e d  t o  the  presence of 

mass t r a n s p o r t  ma te r i a l  deposi ted along the  d o v e t a i l  sur faces .  

T ie  Bol t  - S t r e s s  r e l a x a t i o n  d id  no t  occur i n  the U-700 a l l e y  t i e  b o l t  

during any of the  t u r b i n e  tests. 

wi th in  t h e  e l a s t i c  l i m i t ,  w i t h  a pre-determined load which r e su l t ed  i n  an 

ex tens ion  of 0.016-inch. A f t e r  each test, t h e  t i e  b o l t  was again stressed w i t h  

the  same load and the locking-nut torque was measured. Since t h i s  torque and t h e  

free length  of t h e  t i e  b o l t  were i d e n t i c a l  before  and a f t e r  test, i t  was concluded 

t h a t  stress re l axa t ion  d id  not  occur. 

During assembly, t h e  t i e  b o l t  was pre-s t ressed ,  
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u" Turbine Shaft  - No evidence of d e t e r i o r a t i o n  of t he  s h a f t  could be found 

fol lowing any of t h e  tests. 

B. Non-Rotating P a r t s  

0"-Ring Sea ls  - The need f o r  r e l i a b l e ,  l eak- t igh t  f l ange  j o i n t s  i n  t h e  I f  

t u rb ine  components and i n  t h e  test f a c i l i t y  was demonstrated during the 

convergent-divergent nozzle tests when a leak  developed i n  t h e  bol ted,  metal  

"O"-ring sealed j o i n t s .  

t h e  n i cke l  e l e c t r o p l a t e  on the  metal  0"-rings was hard, a s  deposi ted,  and t h a t  

t h i s  e l e c t r o p l a t e  cracked when the ''O"-ring was compressed between t h e  f langes ,  

allowing potassium t o  leak  across  the  s e a l .  Tes ts  were performed w i t h  experimental  

Inves t iga t ions  i n t o  t h e  cause of leakage proved t h a t  
IT 

I f  0"-rings and f l anges  t o  determine a s u i t a b l e  metal  s e a l i n g  r i n g  combination 

f o r  these l a r g e  f langes ,  but  no acceptable  s o l u t i o n  could be found. 

Welded Flange Sea l ing  - Because of these leaks  i n  mechanically sealed 

j o i n t s ,  t h e  bol ted  "Off-ring f langes ,  intended f o r  potassium r e t e n t i o n  and for 

ease  of t u rb ine  assembly, w e r e  replaced w i t h  re-weldable f langes  which have 

s i n c e  proved completely s a t i s f a c t o r y .  I t  was necessary t o  a l t e r  the  e x i s t i n g  

tu rb ine  hardware t o  r ep lace  the  "Ofl-ring f l anges  w i t h  re-weldable f langes ;  t h e  

p o s s i b i l i t y  was considered t h a t  weld-induced d i s t o r t i o n  of f in i shed  p a r t s ,  

occasioned by the  add i t ion  of t h e  weld  f langes  o r , b y  weld assembly of components, 

might a l t e r  t u rb ine  blade t i p  c learances  and o t h e r  c r i t i c a l  i n t e r n a l  dimensions. 

To determine the  poss ib l e  ex ten t  of weld d i s t o r t i o n  and t o  develop w e l d  assembly 

procedures which would minimize d i s t o r t i o n ,  dummy tu rb ine  components were prepared, 

a welding procedure was devised, and the  welding was performed; var ious  

diameter measurements w e r e  taken p e r i o d i c a l l y  t o  record the d i s t o r t i o n  of t he  

tu rb ine  cas ing  and o the r  components. As a r e s u l t  of the  d a t a  from t h i s  dummy 

assembly, t h e  tu rb ine  components were w e l d  assembled wi th  i n s i g n i f i c a n t  

d i s t o r t i o n  and t h e  required i n t e r n a l  component c learances  were assured. This  

same procedure was appl ied t o  subsequent t u r b i n e  weld assemblies w i t h  t h e  same 

success  . 
Bearing Housing Welds - The i n s t a l l a t i o n  of s t a i n l e s s  s teel  tubing i n  

t h e  bear ing housing was o r i g i n a l l y  performed us ing  a h igh  temperature cobal t -  
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base braze (H-33). See Table XV f o r  ana lys i s .  Af t e r  t he  opera t ion  of t h e  

t u r b i n e  on steam f o r  flow t e s t i n g  and e f f i c i e n c y  measurements, these tubes  

were removed and replaced by new, heavier  wa l l  tub ing  i n s t a l l e d  by w e l d  assembly 

methods. Welding was used s i n c e  opera t ion  of the C.D. nozzle w i t h  braze 

assembled ins t rumenta t ion  tubing had ind ica ted  t h e  d i f f i c u l t i e s  of, r e p a i r i n g  

leaks,  or t h e  p o s s i b i l i t y  of f a t i q u e  f a i l u r e s  i n  such thin-walled brazed 

assemblies,  The cor ros ion  r e s i s t a n c e  of t h e  H-33 braze proved s a t i s f a c t o r y ,  

a s  ind ica ted  by the  success fu l  opera t ion  of the brazed nozzle p a r t i t i o n s .  

Following t h e  f i r s t  b r i e f  period of t u rb ine  opera t ion  on potassium vapor 

on J u l y  13, 1964, t h e  bolted-on hydrodynamic s e a l  was found t o  leak  a t  i t s  ou te r  

metal  "O"-ring s e a l .  

between t h e  bear ing housing and t h e  hydrodynamic s e a l .  In  o rde r  t o  provide 

a pos i t i ve ,  weld-tight potassium supply system t o  t h e  sea l ,  e l e c t r o n  beam welding 

techniques were developed t o  a t t a c h  a smal l  diameter potassium supply tube  t o  

t h e  a f t  f ace  of t h e  hydrodynamic s e a l .  When t h e  s e a l  was i n s t a l l e d  a t  t h e  f r o n t  of 

the bear ing housing, t h i s  supply t u b e  extended a f t ,  through t h e  f r o n t  bear ing 

housing f lange ,  where i t  could l a t e r  be w e l d  assembled t o  i t s  potassium supply 

l i n e .  A c i r cumfe ren t i a l  TIG weld  was used t o  j o i n  t h e  s e a l  t o  the  bear ing 

housing and t o  prevent loss  of overflow potassium and argon from the s e a l  t o  

t h e  main loop. T h i s  inovat ion i s  descr ibed more f u l l y  i n  t h e  t o p i c a l  r epor t  on 

mechanical design.  

Potassium, suppl ied t o  t h e  s e a l ,  leaked along t h e  i n t e r f a c e  

B u f f e r  Sea l s  - After  prel iminary opera t ion  on potassium vapor, a 

l abyr in th  s e a l  r u b  was noted i n  which t h e  l abyr in th  teeth were damaged equal ly  

a s  severe ly  a s  t h e  n i c k e l  e l e c t r o p l a t e  of the  s e a l  face .  A series of rub 

test experiments were performed on s e v e r a l  a l t e r n a t e  ma te r i a l s  t o  i d e n t i f y  a better 

s e a l  f ace  ma te r i a l .  Copper was u l t ima te ly  selected a s  a replacement f o r  n i c k e l  

when i t  was found t h a t  copper, i n  add i t ion  t o  r e s i s t i n g  a t t a c k  from potassium 

a t  t h e  hydrodynamic s e a l  temperature of 800°F, would p l a s t i c a l l y  deform t o  

accommodate the  l abyr in th  teeth during a rub. Copper was subsequently applied 

t o  t h e  bear ing  housing s e a l  su r f aces  by e l e c t r o p l a t i n g .  The s u p e r i o r i t y  of 

t he  copper was demonstrated when, dur ing  one rub, t he  s e a l i n g  a b i l i t y  of t h e  

l abyr in th  was improved; i n  o the r  i n s t ances  when rubs occurred, t h e  copper deformed 

d u c t i l y  and t h e  s e a l i n g  a b i l i t y  of  the  l abyr in th  was not impaired.. 
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P l a t i n g  turned out  t o  be h ighly  unpredic tab le  f o r  these t h i c k  depos i t s  

and very dependent upon (1) s u r f a c e  prepara t ion ,  (2) t h e  p l a t i n g  opera t ion  

s e t u p  and ( 3 )  t h e  experience of personnel.  Three at tempts  were required before  

acceptable  copper bu f fe r  s e a l s  were obtained f o r  t h e  2000-hour endurance test; 

however, a f t e r  600 hours of opera t ion  the  copper e l e c t r o p l a t e  separated from the  

base metal ,  a f a c t  which was deduced by minor changes i n  the  s e a l  c h a r a c t e r i s t i c s .  

Despi te  t h i s  s epa ra t ion  a t  t h e  e l ec t rop la t ed  i n t e r f a c e  t h e  s e a l  s t i l l  worked 

s a t i s f a c t o r i l y .  

Screw Sea l s  - Afte r  t h e  f i rs t  period O f  t u rb ine  operat ion,  which was 

necessary t o  check out  t h e  tu rb ine  s e a l  systems, minor o i l  leakage i n t o  t h e  

potassium hydrodynamic s e a l  system required t h e  addi t ion  of a s h a f t  screw s e a l  

immediately forward of t h e  main pad bear ing.  An aluminum bronze m a t e r i a l  

(85 Cu - 11 A 1  - 3.7 Fe - 0.3 Mn) was used f o r  t h i s  s e a l ;  l a t e r  opera t ion  of 

t h e  tu rb ine  on potassium vapor r e su l t ed  i n  bear ing  run-out which caused damage 

t o  t h i s  screw s e a l  and demonstrated i t s  chip-forming tendencies .  A t  t h i s  

point ,  t h e  bronze screw s e a l  was replaced by a s t a i n l e s s  s teel  component w i t h  a 

d u c t i l e ,  copper-s i lver  a l l o y  puddle-welded i n  p lace  t o  l a t e r  form the  screw 

s e a l  sur faces .  This a l l o y  Handy and Harmon No. 655 (65% Ag - 28% Cu - 2% N i  - 
5% Mn), has  demonstrated very good d u c t i l i t y  under rubbing condi t ions.  

Exhaust S c r o l l  - S t r e s s e s  from thermal shock and d i f f e r e n t i a l  thermal 

expansion d i d  not  present  complications i n  any of t h e  components, except i n  

t h e  exhaust s c r o l l .  During manufacturing assembly of t h e  s c r o l l ,  the  s t r u t s  

w e r e  f i rs t  w e l d e d  i n  p lace  and then a braze f i l l e t  was formed between gheet and 

s c r o l l  by back brazing.  A f t e r  the  f i r s t  high temperature tu rb ine  opera t ion ,  

cracks were apparent i n  t h e  braze f i l l e t s  around the  leading  edges of t h e  

s t r u t s .  mese cracks increased i n  length  during each subsequent high temperature 

opera t ion ;  however, t h e r e  was no evidence of w e l d  cracking, and no evidence of 

l o s s  of s t r u c t u r a l  i n t e g r i t y  s i n c e  the  we lds  bore t h e  load i n  these  j o i n t s .  

Though a f e w  of these cracks eventua l ly  penetrated completely through t h e  brazed 

and w e l d e d  j o i n t ,  potassium leakage was of no concern s i n c e  t h e  s t r u t s  connected 

only i n t e r n a l  members which d i r e c t e d  t h e  flow of the exhaust vapors and d i d  not  

form a leakage path t o  the atmosphere. 
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'V . REFRACTORY ALLOY MATERIALS EVALUATION 
Y 

The use of r e f r a c t o r y  a l l o y  tu rb ine  blades i n  the  3000 K.W. Type 316 

s t a i n l e s s  steel f a c i l i t y  was intended t o  demonstrate t h e  u t i l i t y  of such 

molybdenum base a l l o y s  a s  'IZM and 'IZC and of such columbium a l l o y s  a s  AS-30, F-48 

and Cb-132M. I t  was a l s o  intended t o  eva lua te  t h e  na tu re  of p o t e n t i a l  problems 

which might occur a s  t h e  r e s u l t  of  erosion,  cor ros ion  and/or metal  t r a n s p o r t  

during tu rb ine  operat ion.  

loop, the  tu rb ine  bucket temperatures i n  t h e  2nd s t a g e  were about 1240-1300°F; 

t h i s  temperature is  w e l l  below t h a t  f o r  t y p i c a l  r e f r a c t o r y  a l l o y  ma te r i a l  

app l i ca t ions  and w e l l  wi th in  the temperature range where e l a s t i c ,  r a t h e r  than 

p l a s t i c  p rope r t i e s  a r e  t h e  c o n t r o l l i n g  f a c t o r .  

t h e  l i m i t i n g  cons idera t ion  f o r  high s t r eng th  r e f r a c t o r y  a l l o y s  a t  these temper- 

a tu re s .  On t h e  o t h e r  hand, t h e  p o s s i b i l i t y  of low d u c t i l i t y  a t  room temperature 

and the  contamination of these a l l o y s  wi th  i n t e r s t i t i a l  elements i n  a non- 

r e f r a c t o r y  a l l o y  system must both be considered. Furthermore, cor ros ion  and 

e ros ion  of r e f r a c t o r y  a l l o y s  may very w e l l  be inf luenced by t h e  presence of 

contaminants i n  t h e  system. 

n e g l i g i b l e  por t ion  of  t h e  t o t a l  system weight, these adverse contamination 

effects may assume more s ign i f i cance  than would be t h e  case i n  an a l l  r e f r a c t o r y  

a l l o y  system even a t  t h e  same apparent l e v e l s  of l i qu id  metal  impurity.  

A t  t h e  opera t ing  temperatures  wi th in  t h e  3000 K.W. 

Mate r i a l  s t r eng th  i s  not  u sua l ly  

When t h e  r e f r a c t o r y  a l l o y s  make up only a 

The fol lowing desc r ibes  t h e  mechanical property t e s t i n g  done t o  assure  

mechanical r e l i a b i l i t y  i n  r e f r a c t o r y  a l l o y  b lades  and t o  measure the  

contamination of r e f r a c t o r y  a l l o y s  i n  t h e  3000 K.W. system under a c t u a l  opera t ing  

condi t ions.  

A. Blade Mater ia l  P rope r t i e s  

Blade Mater ia l  Se l ec t ions  - For t h e  t u r b i n e  endurance run, r e f r a c t o r y  

a l l o y  tu rb ine  blades of AS-30, F-48 and ?ZM w e r e  o r i g i n a l l y  prepared and t h e i r  

mechanical p rope r t i e s  and micros t ruc ture  were thoroughly documented i n  GE63FPD238 . 
These eva lua t ions  included;  (1) room temperature and e leva ted  temperature 

t e n s i l e  s t r e n g t h s  and d u c t i l i t y  p rope r t i e s ,  (2) room temperature and 1400'F 

t e n s i l e  property e f f e c t s  of 1000-hour aging in vacuum a t  1400°F and of 1000- 

1 
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hour'exposure t o  l i qu id  potassium and, (3) e leva ted  temperature s t r e s s - rup tu re  

c h a r a c t e r i s t i c s .  Thei r  room temperature and 1400°F t e n s i l e  p rope r t i e s  a r e  

summarized again i n  Table I1 f o r  comparison with 'JZC and Cb-132M. NASA's 

desire t o  opera te  t h e  tu rb ine  with 'JZC molybdenum a l l o y  blades and Cb-132M 

columbium a l l o y  blades required t h a t  some l i m i t e d  confirmation t e s t i n g  of t hese  

ma te r i a l s  be accomplished i n  o rde r  t o  assure  t h e  s a f e t y  and mechanical i n t e g r i t y  

of t h e  tu rb ine .  S u f f i c i e n t  ma te r i a l  was o r i g i n a l l y  a v a i l a b l e  f o r  only dup l i ca t e  

t e n s i l e  tests a t  room temperature and 1400°F t o  examine the  low temperature 

d u c t i l i t y  and high temperature, short- t ime s t r e n g t h  p rope r t i e s .  

Mater ia l s  Processing His tory  - I n i t i a l l y ,  NASA del ivered  t o  G. E. one 

p iece  of Cb-132M s u f f i c i e n t  t o  make 5 blades and 3 t e n s i l e  bars  and one piece of 

TZC s u f f i c i e n t  t o  make 2 blades and 4 t e n s i l e  specimens. Some t i m e  l a t e r  a 

second p iece  of Cb-l32M, from t h e  same hea t  and processing h i s t o r y  a s  t h e  f i r s t ,  

was provided by NASA; add i t iona l  TZC ma te r i a l  i d e n t i c a l  with the  f i r s t  was 

a l s o  procured. 

t o  the  bucket manufacturer t o  in su re  the  de l ive ry  of a t  l e a s t  4 tu rb ine  blades 

of each mater ia l .  

A por t ion  of t hese  a d d i t i o n a l  ma te r i a l s  was immediately suppl ied 

The layout  diagrams of these  pieces  fol lowing u l t r a s o n i c  inspec t ion  and 

showing the  r o l l i n g  and ex t rus ion  d i r e c t i o n s  a r e  ind ica ted  i n  Figures  11 and 

12; t h e i r  composition, i n t e r s t i t i a l  element ana lys i s  and processing h i s to ry ,  

where ava i l ab le , a re  given i n  Tables I11 and I V .  Both ma te r i a l s  were extruded 

and cross  r o l l e d .  Since t h e  TLC was r o l l e d  a t  170OOC (3092OF), no f u r t h e r  

hea t  t reatment  was given t o  it; a complete r e c r y s t a l l i z a t i o n  of t h e  ?ZC a l l o y  

a t  3250°F, according t o  Chang's2 data ,  would have reduced t h e  1400°F y i e l d  s t r eng th  

t o  24,000 p s i ,  w e l l  below the  bucket d o v e t a i l  stresses which were est imated i n  

t h e  range of 50,000 p s i .  

r o l l e d  a t  2400°F, was given a one-hour stress r e l i e f  a t  2200°F i n  a vacuum of 

1 x 10 t o r r .  Photomicrographs taken of t h e  TLC showed i t  t o  be f iberous  i n  

both the  r o l l i n g  and ex t rus ion  d i r e c t i o n s  a s  shown i n  Figures  13 and 14. The 

Cb-132M had l a rge  equiaxed g ra ins  and showed evidence of a g ra in  boundary 

p r e c i p i t a t e  a s  seen i n  Figures  15 and 16. 

' 

The Cb-132M a l loy ,  which was reputed t o  have been 
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Specimen Prepara t ion  - The t u r b i n e  blade and t e n s i l e  specimen blanks 

were c u t  from t h e  p l a t e  s tock  us ing  a water-cooled s i l i c o n  carb ide  cu t -of f  

wheel. Surface cracks,  which penetrated t o  depths  of 0.0005 t o  0,020-inch, 

were noted along t h e  cu t  edges of t h e  Cb-132M blanks.  A l l  edges were checked 

by Zyglo in spec t ion  f o r  c racks  and s t r e s s - f r e e  gr inding  was used t o  remove 

these de fec t s .  

a s  ind ica ted  by f i n a l  Zyglo inspec t ion .  Cracks i n  the  gauge length  por t ion  of 

the  Cb-132M t e n s i l e  blanks were removed during s t r e s s - f r e e  gr inding  of t hese  

f in i shed  specimens; however, a l l  the cracks  were not  removed from the l a rge r ,  ou ter  

A l l  b lade blanks w e r e  f r eed  of su r face  cracks by t h i s  method,, 

diameter of t h e  button-head ends of t h e  t e n s i l e  specimens. 

Tens i le  Tes t ing  - Both t h e  TZC and t h e  Cb-132M specimens, prepared a s  

ind ica ted  above, f a i l e d  i n  a b r i t t l e  fash ion  when t e s t e d  a t  room temperatures 

i n  an Ins t ron  Tens i l e  Test  Machine a t  a cross-head speed of 0.05 inch/inch/minute. 

I n  addi t ion ,  a Cb-132M t e n s i l e  specimen was stress re l i eved  and hea t  t r e a t e d  a t  

2600°F f o r  1 hour i n  a 10 t o r r  vacuum, pickled i n  20 HF - 80 HNOi - 60 H 0 t o  

remave 0.001-inch of t h e  surface,  and then tested a t  a slower s t r a i n  r a t e  of 0,005 

inch/inch/minute cross-head speed; t h i s  specimen a l s o  f a i l e d  i n  a b r i t t l e  

manner. The l a r g e  g r a i n  s i z e  and t h e  poor room temperature d u k t i l i t y  of t h e  

Cb-132M i n d i c a t e s  t h a t  t h e  reported processing h i s t o r y  may have been i n c o r r e c t  

and t h a t  t h e  ma te r i a l  may have received a r e c r y s t a l l i z a t i o n  t reatment  which developed 

the  l a r g e  equiaxed g r a i n s  from ho t  cold-worked ma te r i a l ,  Because of i ts  

apparent poor p rope r t i e s  and o€ t h e  contamination being experienced wi th  columbium 

base a l l o y s  operated wi th in  t h e  potassium vapor tu rb ine  f a c i l i t y ,  as discussed 

under V I  B, Refractory Alloy Contamination, Cb-132M was no longer  considered a s  

a t u rb ine  blade ma te r i a l  f o r  eva lua t ion  i n  the  present  f a c i l i t y .  

-5 
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The poor room temperature d u c t i l i t y  of t h e  ?zC a l l o y  was thought t o  be 

t h e  r e s u l t  of carbon remaining i n  so lu t ion ;  t h e  high temperatures a t  which t h e  

a l loy  was worlked may not  have r e su l t ed  i n  s t r a i n  energy necessary t o  p r e c i p i t a t e  

dissolved carbon a s  Tic .  I n  con t r a s t ,  a TZC a l l o y  prepared by Prater’ and 

worked a t  lower temperatures exhib i ted  good d u C t i l i t y  and s t r e n g t h  a t  room 
temperature;  see Table V. 
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The effects of hea t  t reatment  on t h e  s t r e n g t h s  of molybdenum base a l l o y s  

2 
have been covered q u i t e  ex tens ive ly  by Chang 

s luggishness  of T i c  aging r eac t ions  i n  t h e  absence of a highly s t r a i n e d  

s t r u c t u r e  suggested t h a t  a l i m i t e d  p o s s i b i l i t y  f o r  improving d u c t i l i t y  might 

e x i s t  by long t i m e  aging a t  temperatures near  2750'F. A s  shown i n  Table V, 

TZC t e n s i l e  specimens #3 and #4 were aged f o r  35 hours a t  2750'F i n  vacuum, 

pickled t o  remove up t o  one m i l  of sur face  l a y e r  and t e s t e d  a t  room temperature 

and a t  1400'F; a crosshead speed of 0.005 inch/inch/minute was used up t o  0.6% 

elongat ion and was then increased t o  0.05 inch/inch/minute t o  f a i l u r e .  T e s t  

r e s u l t s  i n d i c a t e  some improved room temperature d u c t i l i t y  and very adequate hot  

d u c t i l i t y ;  s i g n i f i c a n t l y  lower room temperature d u c t i l i t y  and y i e l d  s t r e n g t h  

were obtained than have been previously demonstrated €or TZC a l loy .  The lower 

y i e l d  and u l t ima te  s t r e n g t h  a t  1400'F suggested t h a t  t h e  a l l o y  would be very 

marginal i n  t h i s  condi t ion  f o r  meeting t h e  bucket d o v e t a i l  stress requirements 

of 56,200 p s i  a t  23,000 rpm ( t h e  t o p  tu rb ine  design speed) even if t h e  7 percent  

e longat ion and 10 percent reduct ion  i n  a rea  a t  room temperature were considered 

acceptab le ,  The f a c t  t h a t  t h e  room temperature specimen f a i l e d  i n  a b r i t t l e  

mannerg away from t h e  minimum a rea  where t h e  reduct ion  i n  a rea  was only 3.5 

percent ,  a t t e s t s  t o  i t s  s t i l l  b r i t t l e  nature .  I t  was concluded t h a t  a t ta inment  

of room temperature d u c t i l i t y  i n  t h i s  p a r t i c u l a r  hea t  of TZC was un l ike ly  without 

s e r ious  l o s s e s  i n  1400'F s t r e n g t h  and no f u r t h e r  hea t  t reatment  s t u d i e s  were 

made. Instead,  t h e  t r a n s i t i o n  temperature from d u c t i l e - t o - b r i t t l e  t e n s i l e  f a i l u r e  

was determined i n  t h e  pickled,  and unpickled condi t ion .  Since t h e  minimum t e n s i l e  

and by Chang and Per lmut te r4 ; the  

d u c t i l i t y  of 8% was achieved a t  150'F, t he  TZC a l l o y  was used i n  t h e  as-received 

condi t ion  f o r  t h i s  t u rb ine  blade app l i ca t ion ,  r e ly ing  on t h e  preheat of t h e  

tu rb ine  t o  a t t a i n  d u c t i l i t y  i n  t h e  blade dove ta i l s .  

TZC Creep Tes t ing  - A creep test of TZC a t  1400'F and 50,000 p s i  stress 

reached 73 hours without deformation. A second creep test specimen was loaded 

to 55,000 p s i  a t  1400'F f o r  150 hours then s t e p  loaded t o  60,000 ps i ,  again 

without deformation. Since t h e  high temperature y i e l d  s t r eng th  of approximately 

58,000 ps i  f o r  TZC i s  s u b s t a n t i a l l y  g r e a t e r  than  t h e  TZC blade d o v e t a i l  stresses 

of 35,400 p s i  a t  18,250 rpm, t h e  tu rb ine  r o t a t i o n a l  speed during the  2000-hour 

endurance test, and t h e  ma te r i a l  i s  obviously not  creep l i m i t e d  a t  t h i s  temperature;  
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t h i s  hea t  of TZC had adequate hot  s t r e n g t h  even though it  developed only about 

70-90% o€ i t s  t r u e  s t r eng th  c a p a b i l i t i e s  a t  room temperature.  A t u r b i n e  speed 

of about 23,000 rpm would be required t o  i n i t i a t e  y i e ld ing  of t he  blade dove- 

t a i l s  assuming t h e  y i e l d  s t r e n g t h  a t  t h e  bucket ope ra t ing  temperature of 1260'F 

i s  not  s i g n i f i c a n t l y  increased over  i t s  1400'F t e s t e d  value. Nevertheless,  t h e  

TZC s t r e n g t h s  were s i g n i f i c a n t l y  less than  those  of TZM; a t  1400'F t h e  TZM had a 

y i e l d  s t r e n g t h  of 81,000 p s i  compared t o  only 58,000 f o r  t h i s  p a r t i c u l a r  l o t  of 

TZIC a l loy .  

TZC Transverse and Aged Tens i le  P rope r t i e s  - The t r ansve r se  t e n s i l e  

p r o p e r t i e s  of TZC and i t s  t e n s i l e  p rope r t i e s  a f t e r  aging 1000 hours i n  vacuum 

a t  1400°F were a l s o  determined. For t h e  1000 hour ageing t reatment ,  t h e  TZC 

t e n s i l e  specimens w e r e  wrapped i n  s e v e r a l  l a y e r s  of tantalum f o i l  and sealed 

under a vacuum of 10 t o r r  i n  a Type 316 s t a i n l e s s  s tee l  capsule;  t h e  capsule  was 

heated t o  1400'F i n  an e l e c t r i c  furnace i n  an a i r  atmosphere and held f o r  1000 

hours.  The r e s u l t s  of t e n s i l e  tests, which w e r e  run a t  room temperature and 

a t  1400'F, a r e  shown i n  Table V I  f o r  t ransverse ,  and f o r  aged specimens. 

-5 

The t r ansve r se  p rope r t i e s  a t  low temperature gave some l imi ted  evidence of 

s l i g h t l y  reduced s t r e n g t h s  and lowered d u c t i l i t y .  

were roughly equiva len t  t o  those i n  t h e  long i tud ina l  d i r ec t ion .  No s e r i o u s  

d e t e r i o r a t i o n  of p r o p e r t i e s  was noted i n  t h e  aged TZC specimens. Although 

t h e  d u c t i l i t y  of t h e  aged specimen a t  150'F appears t o  have been reduced, t h e  

d u c t i l i t y  is  very good a t  250'F; a poss ib le  s l i g h t  increase  i n  t r a n s i t i o n  

temperature might be implied but  was not considered s i g n i f i c a n t  i n  r e l a t i o n  t o  

tu rb ine  ope ra t ing  condi t ions .  

The 1400'F p rope r t i e s  

The above t e s t i n g  and eva lua t ion  of t h e  TZC a l l o y  of fe red  s u f f i c i e n t l y  

s a t i s f a c t o r y  r e s u l t s  t o  assure  t h e  successfu l  opera t ion  of t h i s  p a r t i c u l a r  hea t  

of !kZC a l l o y  a s  t u r b i n e  blade ma te r i a l s  i n  t h e  two-stage potassium turb ine .  

B. Refractory Alloy Contamination 

Refractory Alloy Probes - I n  prepara t ion  f o r  t h e  opera t ion  of r e f r a c t o r y  

a l l o y  t u r b i n e  blades i n  t h e  endurance test of t h e  turb ine ,  s e l ec t ed  r e f r a c t o r y  
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a l l o y  specimens were i n s e r t e d  i n  the  potassium vapor upstream of t h e  t u r b i n e  

f o r  t h e  purpose of  determining any poss ib le  contamination effects. A Type 316 

s t a i n l e s s  s teel  probe, shown i n  Figure 17, was designed t o  support  6 r e f r a c t o r y  

a l loy  specimens each 1/2" O.D. x 1/4" I . D .  x 3/8" high. A perforated s t a i n l e s s  

s tee l  s l eeve  was i n s t a l l e d  over  t h e  r e f r a c t o r y  a l l o y  r i n g s  t o  prevent any gross  

p a r t i c l e s  from e n t e r i n g  the  tu rb ine  should s i g n i f i c a n t  d e t e r i o r a t i o n  of t h e  

specimens occur i n  the  tu rb ine  f a c i l i t y  environment. A thermocouple was in -  

s t a l l e d  w i th in  the  s t a i n l e s s  steel  probe a t  a po in t  adjacent  t o  t h e  first 

r e f r a c t o r y  a l l o y  r ing ;  dur ing  opera t ion  i n  the  test S a c i l i t y ,  t h e  temperature 

ind ica ted  by t h i s  thermocouple was wi th in  10°F of t h e  potassium vapor 

temperature.  

During t h e  12- and 56-hour tu rb ine  performance tes ts  of March and May, 1965, 

r e f r a c t o r y  a l l o y  dup l i ca t e  specimens of F-48, AS-30, and TZM were i n s t a l l e d  on 

a probe located upstream of t h e  tu rb ine  a t  S t a t i o n  One. During the  tu rb ine  

endurance t e s t i n g  which began i n  September 1965, two add i t iona l  probes were 

i n s t a l l e d  without p ro tec t ive  screens i n  the condenser; i n  these tests the  

three probes each contained dup l i ca t e  specimens of TLC, " Z M  and F-48 a l loys .  

A f t e r  12 hours of performance t e s t i n g  above 14OOOF the s i n g l e  probe a t  

S t a t i o n  One, conta in ing  specimens of F-48, AS-30 and R M  was removed, t h e  

specimens were weighed and one specimen of each' composition was replaced w i t h  a 

new specimen of s i m i l a r  composition. The test was continued f o r  an add i t iona l  

56 hours a t  temperatures above 1400°F; fol lowing t h i s ,  a l l  of t h e  F-48, AS-30 and 

" Z M  specimens were removed f o r  eva lua t ion .  

A f t e r  254 hours of t h e  endurance t e s t i n g ,  one complete probe w i t h  a l l  of 

i t s  F-48, TZM and TZC specimens was removed from t h e  condenser and replaced 

w i t h  a caged probe conta in ing  four  TZC t e n s i l e  bars ;  on t h e  probe upstream of 

the  tu rb ine  (S ta t ion  One), one r i n g  specimen of each of these a l l o y  compositions 

was removed and replaced w i t h  a fresh specimen; one a d d i t i o n a l  probe i n  the  

condenser was not  d i s turbed .  After t h e  2000-hour endurance tes t  these specimens 

were eva lua ted .  
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3 Afte r  removal from t h e i r  probes, t h e  specimens w e r e  cleaned i n  hexane and 

a lcohol ;  they  were evaluated by means of weight change, metallography, and C, 

K, 0 and H analyses  a t  t h e  su r face  and core  of each specimen, Specimen weights 

were determined t o  0.0001 gram wi th  an accuracy b e t t e r  than  k.0005 gram us ing  an 

AinswQrth Type SC balance.  Surface specimens were prepared by machining away a l l  

bu t  0.030-inch of t h e  surface;  core  specimens w e r e  prepared by removing 0.030-inch 

from t h e  I . D . ,  O.D. and ends. The r e s u l t s  of t h e s e  eva lua t ions  a r e  d iscussed  

be low. 
- 

Performance Test  Ref rac tory  Alloy Contamination Resu l t s  - "he weight 

change and chemical analyses  d a t a  from t h e  r e f r a c t o r y  a l l o y  r i n g s  exposed i n  t h e  

potassium test f a c i l i t y  a t  S t a t i o n  One dur ing  t h e  performance tests a r e  shown 

i n  Table V I I .  The weight changes i n  t h e  TZM a l l o y  specimens were gene ra l ly  

i n s i g n i f i c a n t  i n  comparison t o  those  f o r  t h e  columbium base a l l o y s .  

With t h e  except ion of one unexpectedly high carbon ana lys i s ,  t h e  d a t a  on 

r e f r a c t o r y  a l l o y  specimens from t h e  performance run tes t  ind ica t ed  t h a t  t h e  TZM 

a l l o y  was q u i t e  s t a b l e  i n  t h e  t u r b i n e  environment, whereas t h e  columbium a l l o y s  

ge t t e red  apprec iab le  amounts of carbon, oxygen and n i t rogen ,  Surpr i s ing ly ,  t h e  

F-48 specimen, which experienced only t h e  t u r b i n e  loop ope ra t ing  condi t ions  

i n  May, appeared to  be gene ra l ly  more contaminated than  t h e  specimen which 

experienced both t h e  March and May, 1965 tu rb ine  loop ope ra t ing  condi t ions ,  

These unexpected r e s u l t s  may have been due t o  a p r o t e c t i v e  m e t a l l i c  f o i l  

depos i t  which was draped over  t he  per fora ted  s l eeve  covering t h e  f i r s t  3 specimens 

i n  t h e  probe tested i n  May. 

Metal lographic  examination of t h e  su r face  of t h e  r e f r a c t o r y  a l l o y  probe 

specimens revealed s u b t l e  i n d i c a t i o n s  of contamination of t h e  F-48 a l l o y  i n  t h e  

form of a new phase which i s  apparent ly  non-metall ic i n  nature .  I t  could be 

Seen i n  the  as-polished cond i t ions  and became more apparent when etched wi th  60% 

Glycerine - 20% Hf - 20% HN03 e tchant .  

e l e c t r o l y t i c  anodizing t reatment ,  a s  is  shown i n  F igures  18 and 19. The p a l e  

yellow co lo r  of t h e  phase i s  s i m i l a r  t o  t h a t  observed by Harr ison and Delgrosso 

i n  t h e  low pressure  oxida t ion  of Cb-1Zr and which they  i d e n t i f i e d  a s  CbO. A 

The phase is  b e s t  def ined by an 

5 
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complete confirmation of t he  na ture  of t h i s  phase would r equ i r e  ex tens ive  work 

i n  t h e  c a l i b r a t i o n  of e t ch ing  techniques aga ins t  known standards,  which was 

beyond the  scope of present  e f f o r t s .  Attempts were made t o  sepa ra t e  the  phase 

using bromine e x t r a c t i o n  techniques,  but  s u f f i c i e n t  q u a n t i t i e s  of t h e  phase 

could not be accummulated f o r  x-ray d i f f r a c t i o n  i d e n t i f i c a t i o n  purposes.  

Liquid d r o p l e t  carry-over from t h e  b o i l e r ,  t he  argon gas,  and outgassing 

of the  loop components a r e  poss ib l e  sources  of t he  contamination of t he  

r e f r a c t o r y  a l l o y  specimens. The unexpected high carbon content  (980 ppm) of 

T Z M  Specimen N o .  5 of t h e  May test was rechecked and found t o  be 1210 ppm; 

metal lographic  examination and hardness t r a v e r s e s  d i d  not  r evea l  a carb ide  l aye r  

or ca rbur i za t ion  of t h e  subsurface.  

The contamination of  t h e  columbium base a l loys ,  p a r t i c u l a r l y  by oxygen and 

ni t rogen,  was s u f f i c i e n t  t o  cause concern f o r  t h e  success fu l  opera t ion  of F-48 

or AS-30 blades i n  the  f a c i l i t y  dur ing  endurance t e s t i n g .  For example, i f  t he  

weight loss of F-48 Specimen No. 1 from t h e  March tes t  vias considered t o  have 

been l o s t  a s  CbO, then t h e  t r u e  pickup of oxygen wi th in  0.030-inch of t he  

o r i g i n a l  sur face  can be ca lcu la ted  t o  be 1086 ppm. S imi la r ly ,  t h e  l a rge  weight 

l o s ses  i n  AS-30 Specimen No.  6 may be assoc ia ted  with i t s  apparent contamination 

during w e l d  assembly of t h e  s t a i n l e s s  steel  probe components i n  a i r .  The AS-30 

Specimen No. 1-5, which was not  contaminated i n  welding, did not experience t h i s  

la rge  weight loss i n  e i t h e r  t h e  f i r s t  or t he  second run. Nevertheless,  t h e  pick- 

up of carbon, oxygen and n i t rogen  i n  t h e  AS-30 specimens appeared equal ly  severe 

i n  both AS-30 specimens. Because of these  high contamination r a t e s  f o r  columbium 

a l loys ,  and t h e i r  poss ib l e  r e s u l t a n t  embrit t lement,  it was decided t o  u t i l i z e  

only molybdenum base a l loys ,  such as  TZC and "ZM, i n  t h e  tu rb ine  endurance tests. 

Poss ib le  Sources of Contamination - The gaseous pickup and carbon 

contamination could conceivably.come from, (1) argon gas from one or more of 

3 sources ,  (a)  t h e  argon from t h e  l i qu id  argon source used t o  o r i g i n a l l y  f i l l  

t h e  loop, (b) Bhe argon from t h e  r e c i r c u l a t i n g  sys t em which might occas iona l ly  

escape through the  hydrodynamic s e a l  during a d i p  i n  speed (speed d ips  occurred 

during t h e  e a r l y  performance tests), and (e)  the r e c i r c u l a t i n g  argon from t h e  

-25 - 



3 

e f f l u x  pressure  ins t rumenta t ion  system, (2) t h e  l i q u i d  metal  drops which a r e  

ca r r i ed  over from the  b o i l e r  and which conta in  d isso lved  gases  and carbon and/ 

or (3) outgassing from the  Type 316 s t a i n l e s s  steel i n  t h e  f a c i l i t y  i t s e l f ,  

Calcu la t ions  were made involving impurity l e v e l s  i n  the  contaminating medium, t h e  

r a t e  of the  medium's r e c i r c u l a t i o n  and est imated s t i c k i n g  f a c t o r s  f o r  impur i t ies .  

These c a l c u l a t i o n s  ind ica ted  t h a t  contamination of t h e  columbium a l l o y s  could 

occur under conserva t ive  condi t ions  f r o m  the  impur i t i e s  i n  e i ther  t h e  argon or 

t h e  l i q u i d  potassium carry-over, a s  w e l l  a s  from t h e  outkgassing of s t a i n l e s s  

steel .  

Carbur iza t ion  Experiments - Even a f t e r  t h e  dec is ion  was made t o  delete 

t h e  use of columbium a l l o y  blades from t h e  t u r b i n e  and t o  use molybdenum a l loys  

in s t ead ,  the  s i n g l e  in s t ance  of high carbon pickup i n  a T Z M  probe specimen 

caused concern; i f  a condi t ion  carbur iz ing  t o  molybdenum a l l o y s  ex i s t ed  i n  t h e  

tu rb ine ,  t h e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  temperature might be increased t o  a 

temperature beyond t h a t  t o  which the  t u r b i n e  could be conveniently preheated,  

Such a condi t ion  would have prevented t h e  opera t ion  of t h e  tu rb ine  f o r  reasons of 

TZC blade b r i t t l e n e s s  and poss ib le  ca t a s t roph ic  f a i l u r e .  P r i o r  t o  opera t ion  of 

t h e  tu rb ine ,  a d d i t i o n a l  eva lua t ion  work on t h e  d u c t i l i t y  of su r face  carburized 

TZC was undertaken and is discussed below. I t  is  a l s o  expected t h a t  more 

ex tens ive  eva lua t ion  of TZM probe specimens f o r  evidences of carbon pickup i n  t h e  

tu rb ine  f a c i l i t y  during t h e  f i r s t  p a r t  of t h e  endurance test would provide 

a d d i t i o n a l  information t o  confirm or deny the presence of a ca rbur i z ing  or 

embrit t lement environment. 

I t  was appropr ia te  t o  determine i f  ca rbur i za t ion  of t h e  TZC mate r i a l  could 

occur by contac t  w i t h  l i q u i d  potassium conta in ing  carbon and t o  determine the  

effect  of such d e l i b e r a t e  ca rbur i za t ion  on the  low temperature d u c t i l i t y  of TZC. 

For t h i s  purpose, f o u r  TZC t e n s i l e  specimens w e r e  heated i n  l i q u i d  potassium, 

conta in ing  excess ive  amounts of carbon, f o r  100 hours  a t  1400'F; t e n s i l e  tests 

a t  e leva ted  temperature were then performed t o  eva lua te  t h e  d u c t i l i t y  of t h e  

carburized specimens. 

A 1 1/4-inch, Schedule 80, Type 321 s t a i n l e s s  s teel  capsule  7 3/4-inches 
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long was prepared. The fou r  t e n s i l e  specimens were assembled i n  a p a r a l l e l  a r r ay  

by means of s t a i n l e s s  s,teel w i r e  fas tened a t  t h e  heads of t h e  tens i le  specimens. 

An amount of carbon s u f f i c i e n t  t o  carbur ize  a l l  t he  molybdenum t o  MoC and a l l  of 

t he  chromium i n  t h e  s t a i n l e s s  Steel capsule  t o  C r  C was ca lcu la ted  a s  33.5 grams. 
3 2  

The amount of carbon was added a s  four ,  5-inch lengths  of l /&inch diameter  spec- 

t rographic  grade carbon e l ec t rodes ;  they w e r e  located i n  pos i t i ons  p a r a l l e l  

t o  t h e  test bars ,  around t h e  inne r  sur face  of t h e  capsule.  The capsule  was f i l l e d  

wi th  approximately 80 cc of potassium which was s u f f i c i e n t  t o  occupy 80% of t h e  

capsule  volume a t  t h e  t es t  temperature.  Transfer  of t he  potassium t o  t h e  capsule  

was done i n  an e l e c t r o n  beam welding chamber modified f o r  t h e  f i l l i n g  and w e l d  

s e a l i n g  of capsules  i n  a vacuum of 10 and t o r r  . Analyses taken from 

potassium i n  t h e  t r a n s f e r  l i n e  t o  the  w e l d  chamber ind ica ted  8, 12 and 15 ppm 

oxygen. 

-5 6 

Af ter  exposure Of t h e  capsule  i n  an a i r  furnace a t  1400'F f o r  100 hours, 

t he  capsule  was opened i n  an argon atmosphere, t he  potassium was m e l t e d  and 

removed, t h e  tes t  specimens were co l l ec t ed  under mineral  o i l ,  and these  specimens 

w e r e  subsequently cleaned us ing  hexane and alcohol .  

Table VI11 shows t h e  t e n s i l e  tes t  r e s u l t s  of t hese  TZC test specimens; they 

exhib i ted  no d u c t i l i t y  a t  temperatures a s  high a s  650'F, whieh i s  t h e  maximum 

reasonable temperature f o r  t u rb ine  preheat .  

Figure 20 shows t h e  presence of 0.0002-inch t h i c k  carb ide  f i l m  which was 

i d e n t i f i e d  by x-ray d i f f r a c t i o n  as  Mo C and MoC. 

inch t h i c k  s e c t i o n  from t h e  end of a t e n s i l e  specimens ind ica ted  a carbon content  

Duct i le  f a i l u r e  occurred a t  1200'F. 

Carbon ana lys i s  of a 0.030- 
2. 

of 2200-2500 ppm compared t o  an o r i g i n a l  vendor ana lys i s  of 1470 ppm. 

This experiment suggested t h a t ,  i f  a condi t ion  which i s  highly carbur iz ing  

t o  t h e  molybdenum a l l o y s  occurred i n  t h e  tu rb ine  f a c i l i t y ,  t h e  molybdenum a l l o y  

blades would probably remain d u c t i l e  a t  t h e  ope ra t ing  temperature, but  would 

have very low d u c t i l i t y  under tu rb ine  r e s t a r t  condi t ions .  I t  a l s o  emphasized 

the  need f o r  a rapid eva lua t ion  of t h e  r e f r a c t o r y  a l l o y  probe specimens a f t e r  

t h e  f i r s t  shut  down of t h e  tu rb ine  during endurance t e s t i n g  with TLC buckets i n  

place.  For tuna te ly ,  eva lua t ion  of these  probes ind ica ted  t h a t  a carbur iz ing  

condi t ion  toward t h e  molybdenum a l loys  did not  e x i s t  i n  t h e  tu rb ine  f a c i l i t y ,  a s  

w i l l  be d i s c u s s e d  below. 
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Endurance T e s t  Refractory Alloy Contamination Resul t s  - When t h e  t u r b i n e  

was shut  down a f t e r  254 hours of endurance run, eva lua t ion  o f  t h e  TZC, TZM and 

F-48 probe specimens wes made. 

1520°F, and one of t h e  probes from t h e  condenser, which operated a t  1260°F, were 

removed and cleaned i n  hexane and alcohol .  These two probes a r e  shown i n  Figure 

21. One r i n g  specimen of each of t h e  a l l o y  compositions on t h e  probe a t  S t a t i o n  

One was removed and replaced wi th  a f r e s h  specimen. The condenser probe which was 

The probe a t  S t a t i o n  One, which operated a t  

removed f o r  specimen evaluat ion,  was modified t o  conta in  fou r  TZC t e n s i l e  bars  

f o r  subsequent exposure during potassium tu rb ine  t e s t i n g .  

The eva lua t ion  da ta  f o r  t h e  probe ma te r i a l s  i s  shown i n  Table I X  and X and 

summarized i n  graph form i n  Figure 22. The F-48 a l l o y  specimens, each neighing 

about 10 grams, l o s t  about 0.0400- t o  0.0700-gram a t  S t a t i o n  One and lost 0.0900- 

t o  0.1100-gram i n  t h e  condenser. I n  comparison, t h e  molybdenum weight changes 

were very much Less; they gained only 0.0002- t o  0.0004-gram a t  S t a t i o n  One and 

l o s t  only 0.0005- t o  0.0012-gram i n  t h e  condenser. The specimen weight l o s ses  i n  

t h e  condenser were probably g r e a t e r  because of t h e  lower q u a l i t y  of t h e  vapor 

en te r ing  t h e  condenser (94% a s  compared t o  99.5% a t  Stage 1) and t h e  g r e a t e r  

p u r i t y  of t h e  f r e s h l y  condensed l i qu id  potassium d r o p l e t s  ,S t r ik ing  the  Specimens; 

a l so ,  t h e  specimens i n  t h e  condenser were not  pro tec ted  by a per fora ted  s leeve  

as  were those  a t  S t a t i o n  One. 

Within t h e  range of  experimental  e r r o r  t h e r e  were no s i g n i f i c a n t  i nd ica t ions  

of carbon contamination i n  t h e  molybdenum a l loys .  The 'IZC specimen a t  S t a t i o n  

One appeared t o  have decarburized somewhat. While TZC specimen 11-4, located 

i n  t h e  condenser, gave two unexpectedly high carbon analyses  of 2850 and 4730 

ppm, th ree  o t h e r  analyses,  a t  1170, 1260 and 1180 ppm, were w e l l  w i th in  t h e  

expected range, and t h e  o the r  !tZC specimen i n  t h e  condenser experienced no 

s i g n i f i c a n t  change. I t  i s  suggested t h a t  t h e  above two high carbon analyses  

r e su l t ed  from t h e  r e t e n t i o n  of Zyglo inspec t ion  f l u i d  i n  cracks which were formed 

during t h e  mechanical t e s t i n g  discussed below. The T Z M  specimen a t  S t a t i o n  One 

appeared t o  have decarburized a t  t h e  sur face ,  but  those i n  t h e  condenser were 

not  appreciably a f f ec t ed .  The range of carbon v a r i a t i o n  i n  unexposed TZC specimens 

i s  ind ica ted  by va lues  of 1760 and 1490 ppm obtained from consecut ive analyses  
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of the same specimen. This  compares w e l l  wi th  an o r i g i n a l  vendor carbon ana lys i s  

of 1470 ppm. The o r i g i n a l  vendor analyses  f o r  'IZM and F-48 a r e  a l s o  given. 

Because of t h e  observed v a r i a t i o n  i n  carbon analyses ,  t h e  comparison of any two 

values  is not  s u f f i c i e n t  f o r  conclusions;  however, a genera l  carbur iz ing  condi t ion  

toward t h e  molybdenum a l l o y s  d i d  not  appear t o  exist. I n  a l l  cases  t h e  F-48 

columbium base a l l o y  increased i n  carbon content ,  A comparison between the  gas  

analyses  f o r  columbium and molybdenum a l l o y s  confirmed pas t  experience;  the F-48 

a l loy  was contaminated s i g n i f i c a n t l y  i n  oxygen and n i t rogen  but  there was genera l ly  

l i t t l e  change i n  t he  molybdenum a l loys .  Gas analyses  were not  performed on t h e  

sur face  specimens of t h e  IZC r i n g s  s i n c e  these  were d ive r t ed  t o  f l a t t e n i n g  tests 

f o r  measurement of bend d u c t i l i t y  a s  descr ibed below. 

The TZC r i n g  specimens were machined along t h e i r  i n s i d e  diameter t o  produce 

t h i n  walled cy l inde r s  w i t h  a wa l l  th ickness  of about 0.044-inch, a nominal 

diameter of l/2-inch and a length  of about 3/8-inch. A s ec t ion  of each r i n g  

was removed t o  form a "C"-shaped specimen. 

inspected t o  d e t e c t  the loca t ion  of any cracks,  t h e  "C"-section of each r i n g  

was bent under compression loading a t  temperatures of 500'F or 650'F; a l l  TZC 

A f t e r  each r i n g  specimen was Zyglo 

r i n g s  taken from t h e  tu rb ine  f a c i l i t y  were very d u c t i l e  under t h i s  t y p e  of test 

as ind ica ted  i n  Table X I ,  These d u c t i l i t y  r e s u l t s  and t h e  absence of carbon 

pickup supported t h e  dec i s ion  t o  continue tu rb ine  'endurance t e s t i n g  beyond 254 

hours w i t h  l i t t l e  expectancy of carbon pickup or l o s s  of duCt i l i t y .  

Carbon and gas  analyses  of TZC, T Z M  and F-48 conducted on specimens taken 

from t h e  var ious  probes a t  t h e  end of t h e  2000-hour endurance tes t  genera l ly  

confirmed e a r l i e r  observat ions.  These da ta  were shown i n  Table X, I n s i g n i f i e a n t  

changes i n  weight occurred i n  t h e  molybdenum specimens. The F-48 specimens 

again l o s t  a s i g n i f i c a n t  amount of weight and these weight l o s s e s  were g r e a t e r  

i n  F-48 specimens a t  t h e  loca t ion  downstream of t h e  t u r b i n e  than i n  those  a t  

t h e  upstream loca t ion .  The loss i n  weight i n  the  F-48 a l l o y  was less f o r  the  longer  

dura t ion ,  l a t t e r  por t ion  of t h e  2000-hour endurance test than it was for the 

f irst  254 hours.  A poss ib le  explana t ion  could l i e  i n  the  h igher  i n i t i a l  oxygen 

concent ra t ion  wi th in  t h e  loop a t  t h e  e a r l y  p a r t  of t h e  test;  once t h e  loop and 

a l l  newly i n s t a l l e d  p a r t s  i n  t h e  loop were operated w i t h  potassium for  t h e  
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254-hour period, the  hardware su r face  contamination was undoubtedly reduced. 

Except f o r  replacement of probe specimens, no e n t r i e s  were made i n t o  t h e  loop a t  

t h e  254-hour shut  down. 

There appeared t o  be some minor reduct ion i n  carbon content  i n  t h e  high 

carbon l e v e l  TZC a l loy ,  some inc reases  i n  carbon l e v e l  i n  the  'EM and 

s u b s t a n t i a l  i nc reases  i n  carbon i n  the F-48 a l loy .  

The oxygen and n i t rogen  l e v e l s  increased f o r  a l l  r e f r a c t o r y  a l l o y  specimens, 

but were g rea t e r ,  by f a r ,  f o r  t h e  F-48 a l loy .  "he Contamination l e v e l s  increased 

s i g n i f i c a n t l y  with t i m e ;  again the  inc rease  was more no t i ceab le  f o r  the  F-48 a l loy .  

The non-linear r a t e  of contamination pickup is  shown by an examination of 

da ta  on new specimens i n s t a l l e d  a t  S t a t i o n  One a f t e r  254 hours of the  2000- 

hour endurance test;  oxygen and n i t rogen  pickup i n  t h e  new F-48 sample was less 

than h a l f  t h a t  i n  a s i m i l a r  o r i g i n a l l y  i n s t a l l e d  sample which remained on test 

f o r  t h e  f u l l  2000 hours. T h i s  same newly i n s t a l l e d  F-48 specimen was 

contaminated a f t e r  1746 hours much less than was t h e  o r i g i n a l  F-48 specimen, which 

was exposed f o r  only t h e  f i r s t  254 hours o f  t h e  test. This  c l e a r l y  demonstrated 

t h a t  t h e  contamination p o t e n t i a l  of t h e  t u r b i n e  f a c i l i t y  toward r e f r a c t o r y  

a l l o y s  decreased s i g n i f i c a n t l y  a f t e r  t h e  f i r s t  period of endurance test operat ion;  

a l o g i c a l  explanat ion appears t o  be t h a t  f l u sh ing  w i t h  potassium during tu rb ine  

s t a r t u p  has  decontaminated exposed p a r t s  of t h e  prev ious ly  opened po r t ions  of 

t h e  tu rb ine  f a c i l i t y  and of newly i n s t a l l e d  tu rb ine  components. 

Metallographic eva lua t ion  of t h e  r e f r a c t o r y  a l l o y  specimens a f t e r  254 

hours and a f t e r  2000 hours of t he  t u r b i n e  endurance test revealed i n t e r e s t i n g  

s t r u c t u r e s  only i n  the  F-48 a l loy .  A s  shown i n  Figures  23 and 24, t h e  contamination 

of an P-48 specimen a t  S t a t i o n  One, which operated a t  a h igher  temperature,  i s  

more ex tens ive  a f t e r  254 hours than t h a t  of an F-48 specimen taken from a lower 

temperature loca t ion  downstream of t h e  turb ine .  Af t e r  2000 hours of t e s t i n g ,  t h e  

su r face  contamination was much more extens ive  a t  t h e  sur face  of t he  F-48 specimen 

located a t  t h e  t u r b i n e  i n l e t ,  a s  shown i n  Figure 25. The contamination has  

penetrated w e l l  over  a m i l  along g r a i n  boundaries. The F-48 specimen located a f t  
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of the  tu rb ine  does not  show t h i s  same degree of e i t h e r  ex tens ive  su r face  

contamination or of i n t e r g r a n u l a r  pene t r a t ion  ( see  Figure 26). 

Four f i n i s h  machined TZC t e n s i l e  tes t  specimens were i n s t a l l e d  immediately 

downstream of t he  test tu rb ine  a f t e r  254 hours of t h e  2000-hour endurance tes t .  

A t  t he  end of t he  endurance t e s t i n g  these  specimens had been exposed t o  t h e  

second s t a g e  tu rb ine  exhaust environment (1240'F and 92% potassium vapor qua l i t y )  

f o r  1746 hours;  they were t e n s i l e  tested a t  var ious  temperatures and t h e  da t a  was 

compared with t h a t  for TZC specimens aged a t  1400'F i n  vacuum f o r  1000 hours. 

A t  t h e  lower tes t  temperatures,  t h e  d u c t i l i t y  of the  l Z C  exposed t o  tho tu rb ine  

atmosphere was decreased, but  was s t i l l  acceptable  a t  250'F turb ine  preheat  

condi t ions ;  a t  1400'F, t h e  s t r e n g t h  and d u c t i l i t y  c h a r a c t e r i s t i c s  of t he  turb ine-  

tested TZC compared very favorably wi th  t h e  vacuum-aged. 

evidence of t h e  s u i t a b i l i t y  of t h i s  hea t  of TZC for continued u s e  a s  tu rb ine  

blades i n  t h e  potassium tes t  tu rb ine .  These da ta  a r e  presented i n  Table XII. 

This  provided f u r t h e r  
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‘VI, CORROSION, EROSION, AND MATERIAL TRANSFER 

Various po r t ions  of t h e  tu rb ine  components experienced metal  l o s s  due t o  

t h e  co r ros ive  a c t i o n  of l i qu id  metal .  The d i s s o l u t i o n  and mass t r a n s f e r  of 

ma te r i a l  wi th in  the  Type 316 s t a i n l e s s  s teel  f a c i l i t y  a l s o  r e s u l t e d  i n  the  

formation of me ta l l i c ,  dus t - l i ke  depos i t s ,  t h e  development of metal  coa t ings  

+ on tu rb ine  components and the  t r a n s f e r  of s o l i d  metal  f o i l  depos i t s  from their  

poin t  of disengagement i n  t h e  8-inch potassium vapor l i n e  t o  the tu rb ine  i n l e t  

guide vanes and t o  tu rb ine  blade sur faces .  

I n  general ,  cor ros ion  and eros ion  did not  present  s i g n i f i c a n t  ope ra t iona l  

problems; however, l i q u i d  metal  cor ros ion  of t u rb ine  components of a severe 

na tu re  was observed a f t e r  t h e  35-hour period of opera t ion  i n  October 1964 when 

f r e s h l y  condensed potassium was sprayed i n t o  t h e  tu rb ine  i n l e t .  During t h e  

endurance rung t h e  formation of su r face  f i l m s  and an apparent sur face  d i f f u s i o n  

e f f e c t  was noted on the  U-700 buckets;  t h e  molybdenum a l l o y  buckets  exhib i ted  

var ious  minor forms of l i qu id  metal  sur face  cor ros ion ,  accentuated by aerodynamic 

e f f e c t s ;  and a l i k e l y  example of impact e ros ion  was observed i n  a s t a t i o n a r y  

U-700 specimen i n s t a l l e d  a t  a po in t  of l i q u i d  d r o p l e t  impingement a f t  of the 

2nd s t a g e  tu rb ine ,  

Mater ia l s  t r a n s f e r  was noted (1) during the  opera t ion  of t h e  C.D. nozzle,  

(2) a t  var ious  pos i t i ons  wi th in  t h e  tu rb ine  f a c i l i t y  during t h e  b o i l e r  modif icat ion 

work and (3) i n  t h e  8-inch l i n e  and as  f i l m s  less than 0.001-inch t h i c k  on 

tu rb ine  components a f t e r  t h e  tu rb ine  performance tes t .  The s p e c i f i c  f a c i l i t y  

opera t ing  condi t ions  under which these depos i t s  formed i s  d e a l t  w i t h  more f u l l y  

in t h e  t o p i c a l  r epor t  on tu rb ine  test f a c i l i t i e s .  

The fol lowing documents the  changing na tu re  of t h e  corrosion,  e ros ion  and 

metal  t r a n s f e r  experienced during t h e  program. 

A. Corrosion and Erosion 

1. Corrosion During I n i t i a l  Turbine Test ing 

A s u b s t a n t i a l  amount of cor ros ion  damage was observed i n  tu rb ine  

components under undesirable ,  no t  t o  be repeated, opera t ing  circumstances 
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fol lowing t h e  completion of t h e  i n i t i a l  35-hour period of t u rb ine  checkout on 

potassium vapor. During t h i s  t i m e ,  (1) boiler i n s t a b i l i t y  was observed w i t h  

t he  p o s s i b i l i t y  t h a t  cons iderable  amounts of l i q u i d  potassium were c a r r i e d  

over from the  b o i l e r  i n t o  the  turb ine ,  (2) Liquid potassium was sprayed i n t o  

t h e  8-inch vapor l i n e  upstream of t h e  t u r b i n e  f o r  t h e  purpose of achieving low 

q u a l i t y  vapor i n  t h e  tu rb ine  and (3) bn ins t rumenta t ion  leak  a t  t h e  bottom of the  

tu rb ine  cas ing  r e su l t ed  i n  the  inges t ion  of a i r  i n t o  the  tu rb ine  and i n  an 

i n t e r n a l  f i r e  which burned a x i a l l y  along t h e  second s t a g e  nozzle and t i p  shroud. 

The second of t h e  above f a c t o r s ,  l i q u i d  metal  spray, was considered t o  be most 

s i g n i f i c a n t  i n  i t s  co r ros ive  effects.  The damage which r e su l t ed  from t h e  

passage of l i q u i d  through t h e  tu rb ine  and from the f;ire; a r e  t r e a t e d  separa te ly ,  

but  t h e  l a t t e r ,  by l o c a l l y  contaminating the  potassium w i t h  oxygen, may have 

acce lera ted  t h e  l i qu id  metal  cor ros ion  damage. 

Damage by l i qu id  metal  occurred i n  many p laces  and r e su l t ed  i n  t h e  removal 

of metal from t h e  components. A s i n g l e  set  of L-605 nozzle p a r t i t i o n s ,  which 

w e r e  used f o r  a l l  t u rb ine  tests, were l i g h t l y  corroded a t  t h e i r  lead ing  edges 

a s  shown i n  Figure 27. The t r a i l i n g  edges of  t h e  f i rs t  s t age  p a r t i t i o n s  were 

corroded by l i q u i d  d r o p l e t s  rebounding from t h e  f i rs t  s t age  blades and t h e  

honeycomb tu rb ine  t i p  shroud was corroded where d r o p l e t s  were s lung i n  a r a d i a l  

d i r e c t i o n  from t h e  tu rb ine  blades;  see Figure 28. The damage t o  the  f irst  s t age  

wheel assembly can be seen i n  Figure 29. Rene' 41 t u rb ine  blade f a s t e n e r s  were 

corroded along the upstream sides of t h e  t u r b i n e  wheels a s  seen i n  Figure 30. 

Some cor ros ion  occurred along t h e  f ace  of t h e  f i rs t  s t age  wheel near  t h e  bucket 

d o v e t a i l s ,  Severe s o l u t i o n  cor ros ion  occurred underneath t h e  bucket platforms of 

the  first s t a g e  buckets a s  shown i n  Figure 31. Corrosion p a t t e r n s  on t h e  bucket 

a r e  shown i n  Figures  32, 33 and 34, Damage t o  t h e  second s t a g e  was s i g n i f i c a n t l y  

less a s  ind ica ted  by t h e  appearance of these tu rb ine  buckets, shown i n  Figure 35, 

The f i re  damage t o  t h e  second s t a g e  s t a t o r  and t u r b i n e  shroud i s  shown i n  

Figures  36, 37 and 38. A i r  e n t e r i n g  through a leak i n  t h e  ins t rumenta t ion  

l i n e  a f t  of t h e  f i r s t  s t a g e  tu rb ine  wheel produced an i n t e r n a l  f i re  which 

melted a po r t ion  of t h e  second s t a g e  nozzle  diaphragm and vanes and destroyed 

a po r t ion  of t h e  honeycomb tu rb ine  shroud. 
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The flow of l i qu id  potassium through t h e  tu rb ine  and i t s  r e s p o n s i b i l i t y  

for t he  above tu rb ine  cor ros ion  damage i s  next descr ibed.  

Liquid potassium d r o p l e t s  e i t h e r  ca r r i ed  i n  t h e  vapor from the  b o i l e r  or 

i n j ec t ed  i n t o  t h e  8-inch diameter vapor l i n e  a t  t h e  spray nozzle  were co l l ec t ed  

on t h e  b u l l e t  nose and flowed through t h e  f i r s t  s t a g e  nozzle  p a r t i t i o n  along 

t h e  inne r  band. Other l i qu id  potassium d rop le t s ,  which d i d  not  c o l l e c t  on t h e  

b u l l e t  nose, passed d i r e c t l y  through t h e  nozzle diaphragm; some of these  

l a r g e r  d r o p l e t s  collected on t h e  nozzle  p a r t i t i o n s  and l e f t  t h e  t r a i l i n g  edge 

of t h e  p a r t i t i o n s  a s  slow moving d r o p l e t s  which were subsequently s t ruck  by 

t h e  convex s i d e  of t h e  lead ing  edge of t h e  f i r s t  s t age  blades.  I n  a l l  cases,  

t h e  l i q u i d  flow i n t o  t h e  tu rb ine  appeared t o  have occurred i n  f a i r l y  l a rge  

q u a n t i t i e s  over a l i m i t e d  t i m e  a s  would occur dur ing  opera t ion  of t h e  spray l i n e  

system. The d i s t r i b u t i o n  of t h i s  flow, as  deduced from l a t e r  inspec t ion  of t h e  

hardware, i s  shown i n  Figure 39. 

When t h e  l i q u i d  metal  flowed over t h e  inne r  band of t h e  nozzle diaphragm, 

a stream of l i qu id  (or drops) s t ruck  t h e  f ace  of t h e  wheel a t  t h e  blade d o v e t a i l  

causing so lu t ion  cor ros ion  of t h e  wheel f ace  and of t h e  blade locking s t r i p s .  

Liquid impacting aga ins t  t h e  blade d o v e t a i l  flowed under t h e  blade platform and 

r e su l t ed  i n  t h e  formation of a severe  groove i n  t h e  blade immediately under 

t h e  platform a t  t h e  lead ing  edge of t h e  blade,  Liquid under t h e  platform was 

forced between t h e  edges of t h e  platforms of adjacent  blades by c e n t r i f u g a l  

fo rce .  A grooving type  of  metal  removal occurred on t h e  b lade  platforms a t  

t h i s  p o i n t ,  The l i qu id  then flowed r a d i a l l y  along t h e  convex su r face  of t h e  

adjacent  blade and over t h e  t i p  of t h e  blade where i t  was s lung  aga ins t  t h e  

honeycomb t i p  shroud. 

The forward, convex a i r f o i l  por t ion  of t he  blade su r face  was subjected 

t o  impacting l i q u i d  d r o p l e t s  a t  a r a t e  s u f f i c i e n t  t o  maintain a f i l m  of flowing 

l i q u i d  metal  on t h e  su r face  of %he blade.  The cha rac t e r  of t h i s  l i q u i d  metal  

flow i s  deduced from t h e  inspec t ion  of t h e  blades,  a s  shown i n  Figure 40. Had 

t h e  a c t u a l  d r o p l e t  v e l o c i t y  been zero,  only t h e  lead ing  edge of t h e  blade a i r f o i l  

would have been a f f ec t ed  and t h e  impacting v e l o c i t y  would have been 710 f e e t  per  
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second, t he  blade t i p  ve loc i ty .  The a c t u a l  d r o p l e t  v e l o c i t y  was apprec iab le  

a s  ind ica ted  by the  f a c t  t h a t  impacting occurred over  an a rea  along t h e  convex 

a i r f o i l  sur face .  Figure 40 a l s o  shows the  method used t o  e s t ima te  the  r e l a t i v e  

angle of impacting d r o p l e t s ;  t he  v e l o c i t y  of t h e  d r o p l e t s  from t h e  nozzle  blade 

, 

t r a i l i n g  edges had  increased t o  about 310 feet per second.a t  the  t i m e  of impact 

and t h e  d rop le t  impacting v e l o c i t y  r e l a t i v e  t o  the  blade was approximately 410 

feet  per  second, which was appreciably less than t h e  blade t i p  v e l o c i t y  of 

710 feet per  second. Liquid metal  i n  t h e  impact a rea  flowed forward under high 

contac t  pressures  due t o  both t h e  blade momentum and t h e  impact of  l i q u i d  

potassium d rop le t s .  Here, high v e l o c i t y  s o l u t i o n  cor ros ion  appeared a l i k e l y  

explanat ion f o r  metal  removal a s  evidenced by t h e  r i v u l a t i o n s ,  p rev ious ly  noted 

i n  Figure 32, which flow toward t h e  lead ing  edge. A narrow a x i a l  a r ea  appeared 

on t h e  convex s i d e  of t h e  blade j u s t  a f t  of t h e  aforementioned r i v u l a t i o n s  where 

t h e  impacting l i qu id  appeared t o  flow rearward t o  a po in t  which was shadowed 

from t h e  impacting d r o p l e t s  by the  preceding blade.  A r a d i a l  l i n e  of p i t s  on the  

convex s i d e  of t h e  blade marked t h e  poin t  a t  which t h e  high l i qu id  contac t ing  

fo rces  produced by t h e  impacting d r o p l e t s  no longer  e x i s t e d ;  from t h e  l i n e  of 

p i t s  a f t ,  evidences of r a d i a l  l i qu id  flow on the  convex sur face  w e r e  not iced.  

These p i t s  may represent  a form of c a v i t a t i o n  cor ros ion  i n  which pu l sa t ions  i n  

l i qu id  flow might a c c e l e r a t e  cor ros ion .  Cav i t a t ion  cor ros ion  i s  a l s o  suspected 

along t h e  blade t r a i l i n g  edge where p i t s  were noted a s  seen i n  Figure 41. 

Cavi ta t ion  corrosion may have occurred a l s o  a t  those p laces  on t h e  blade where, 

f o r  aerodynamic reasons,  a l t e r n a t e  vapor iza t ion  and condensation may have 

occurred or where eddying accumulations of l i q u i d  metal  gathered f o r  aerodynamic 

reasons.  

A s  shown e a r l i e r  i n  Figure 34 l i qu id  flowing over  t h e  t i p  of  t h e  blade 

r e su l t ed  i n  a rounding and grooving of t h e  convex s i d e  of t h e  blade a t  i t s  

t i p  and t h e  depos i t  of a t h i n  f i n  of metal  on the  concave s i d e  of the  blade 

t i p .  T h i s  metal  ev iden t ly  was deposi ted from t h e  l i qu id  potassium a s  i t  l e f t  

t h e  blade t i p .  O the r  m e t a l l i c  depos i t s  occurred a s  t h i n  f i lms  on the  concave 

s i d e  of t h e  blade a f t  of  t h e  mid-chord p o s i t i o n  a s  seen i n  Figure 42, 

The metal  l o s s  from t h e  blades,  descr ibed i n  the  above d iscuss ion  of 
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l i qu id  flow, a r e  bel ieved t o  have occurred a s  t h e  r e s u l t  of s o l u t i o n  corrosion;  

however, impact e ros ion ,  washing or w i r e  drawing eros ion ,  and c a v i t a t i o n  e ros ion  

a r e  a l s o  considered.  

The fol lowing types of metal  l o s s  which have been observed i n  t h e  steam t u r -  

bine opera t ion ,  and i n  o t h e r  app l i ca t ions ,  merit considerat ion:  (1) Impact 

e ros ion  has been observed i n  steam tu rb ines  and i s  believed t o  be the  r e s u l t  of 

mechanical damage produced by d r o p l e t  impact and flow. The most s i g n i f i c a n t  

e ros ion  of t h i s  type  occurs  on t h e  convex s i d e  of blade leading  edges. I n  

hard e ros ion  sh ie lds ,  t h e  metal  l o s s  occurs  as  needle- l ike p i t s  and i s  accompanied 

by microcracks a t  t h e  base of t he  p i t s .  An example of t h i s  type of mechanical 

erosion,  e n t i r e l y  un l ike  t h a t  observed on these  potassium tu rb ine  blades,  i s  

shown i n  Figure 43. (2) Washing eros ion  i s  another  type of metal  removal 

caused by t h e  continuous flow of l i qu id  over a su r face ;  the  mechanism of t h i s  

form of e ros ion  i s  not  known but may involve wear or s o l u t i o n  corrosion.  (3) 

Wire drawing is  a s i m i l a r  form of smooth e ros ion  which occurs when a f l u i d  flows 

through a smal l  c o n s t r i c t i o n  under a high pressure  d i f f e r e n t i a l ;  again the  

mechanism i s  not  known but  may involve wear or s o l u t i o n  corrosion.  (4) Di rec t  

so lu t ion  cor ros ion  i n  l i qu id  metals i s  always a l i k e l y  p o s s i b i l i t y ;  i t  involves  

the  chemical d i s s o l u t i o n  of t h e  metal  component p a r t  i n  t h e  a l k a l i  metal  i n  an 

attempt t o  s a t i s f y  t h e  s o l u b i l i t y  of t h e  l i qu id  f o r  t he  s o l u t e  elements comprising 

the  p a r t .  A t  high d r o p l e t  impacting pressures  or under t h e  inf luence  of 

cav i t a t ion ,  l i qu id  boundary l aye r  f i lms  can be very t h i n  and have very high 

v e l o c i t i e s  i n  t h e  v i c i n i t y  of d rop le t  impact; t h e  s o l u t i o n  cor ros ion  mechanism 

of metal  removal may be more severe under such condi t ions  than under t h e  nominal 

so lu t ion  cor ros ion  experienced i n  pumped l iqu id  metal  loops where t h e  l i qu id  

v e l o c i t y  is r e l a t i v e l y  low. 

A f i r s t  s t a g e  tu rb ine  blade was sect ioned i n  s e v e r a l  p laces  and metal lo-  

g raph ica l ly  examined t o  determine, i f  poss ib le ,  t he  na tu re  of t h e  metal  removal 

process and the  na tu re  and ex ten t  of any sub-surface metal lographic  changes i n  

t he  U-700 micros t ruc ture  produced by exposure t o  potassium vapor. Severa l  

photomicrographs were made of t h e  blade edges; t hese  a r e  shown i n  r e l a t i o n  t o  

t h e i r  l oca t ion  on t h e  blade i n  Figure 44. While l o c a l  a t t a c k  was not 
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p r e f e r e n t i a l  w i th  r e spec t  t o  the  U-700 micros t ruc ture ;  t h a t  i s  evidenced by t h e  

absence of p r e f e r e n t i a l  a t t a c k  of e i ther  g r a i n s  or g r a i n  boundaries. N o  sub- 

sur face  mic ros t ruc tu ra l  changes or d i f f u s i o n  zones were evident ;  microhardness 

t r a v e r s e s  from t h e  blade edge inward showed no v a r i a t i o n  i n  hardness.  Extensive 

add i t iona l  metal lographic  observa t ions  w e r e  made of the  sur faces  of t u rb ine  

blades i n  t h e  a rea  of l i q u i d  d rop le t  impact and flow i n  an attempt t o  determine 

evidence of mechanical damage by impacting d r o p l e t s .  Turbine blade a i r f o i l  

sur faces  w e r e  e l e c t r o p l a t e d  w i t h  n i cke l  t o  preserve edge effects and were 

then mounted and pdished f o r  o p t i c a l  examination a t  magnif icat ions t o  2000X 

and/or eva lua t ion  by e l e c t r o n  microscope. Although a t h i n  f i l m  of unce r t a in  

o r i g i n  was found on the  convex sur face  of t h e  blade i n  t h e  p i t t e d  region, i t  

was not ev ident ,  even i n  e l e c t r o n  micrographs, whether t h e  d e b r i s  was a 

deposited f i l m  or mechanically damaged su r face  ma te r i a l .  However, an e l e c t r o n  

microprobe t r a c e  of t h i s  a rea  f o r  i ron ,  n i cke l ,  and chromium indica ted  t h e  

presence of i r o n  i n  s u b s t a n t i a l  quan t i ty  and c l e a r l y  revealed t h e  d e b r i s  t o  

be 9 deposi ted f i l m  of metal  taken from t h e  b o i l e r ,  ca r r i ed  over a s  s o l u t e  

i n  t h e  l i qu id  metal  d r o p l e t s  and deposi ted on the  blade.  Figure 45 shows 

t h e  o p t i c a l  na tu re  of t h i s  a rea ,  Figure 46 shows i t s  e l e c t r o n  microprobe 

osc i l loscope  p l o t  and Figure 47 shows t h e  d i s t r i b u t i o n  of i ron ,  n i cke l ,  and 

chromium from t h e  U-700 matrix t o  t h e  su r face  d e b r i s  and t h e  e lec t rodepos i ted  

n i cke l  p l a t e .  

I t  was concluded t h a t ,  (1) no evidence of l i q u i d  d rop le t  mechanical 

impact damage could be foun4 (2) the removal of metal  from t h e  blades was 

caused by s o l u t i o n  cor ros ion  by  f r e s h  potassium condensate suppl ied through 

the l i qu id  metal  spray l i n e  sys t em and (3) sur face  d e b r i s  on t h e  blade was 

a c t u a l l y  deposi ted metal  c a r r i e d  over i n  l i q u i d  d r o p l e t s  from t h e  b o i l e r .  The 

f a c t  t h a t  more metal  depos i t s  were not  found on the  blades was undoubtedly due 

t o  t h e i r  being cleaned and corroded by l i qu id  metal  from the  spray l i n e .  Fur ther  

examples of metal  t r a n s f e r  t o  t h e  b l a d e  a i r f o i l s  i n  add i t iona l  performance 

t e s t i n g  a r e  descr ibed below. 

2. Lack of Corrosion During Performance Tes t ing  

During t h e  br ie f  12-hour and 56-hour per iods  of performance t e s t i n g ,  
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no evidence of metal  loss of t h e  s o l u t i o n  cor ros ion  type was noted from t h e  

tu rb ine  blades;  on the contrary,  mass t r a n s f e r  of ma te r i a l  ca r r i ed  over  from t h e  

b o i l e r  ( a s  s o l u t e  d isso lved  i n  l i q u i d  metal  d rop le t s )  was bel ieved respons ib le  

f o r  an accumulated metal  f i l m  on both t h e  f i rs t  and second s t a g e  blades Xn 

addi t ion ,  metal  f o i l  d e p o s i t s  w e r e  found impacted upon t h e  convex leading  edges 

of t h e  tu rb ine  blades.  These metal  t r a n s f e r  e f f e c t s  a r e  discussed i n  a subsequent 

s ec t ion .  Photomicrographs of t he  blades d id  not  r evea l  any unusual sub-surface 

e f f e c t s ,  such a s  a l l o y  dep le t ion  or cracks,  which mighk i n d i c a t e  corrosion or 

eros ion .  

3. Corrosion/Erosion During Endurance Tes t ing  

General Corrosion S t a i n s  - Following the  2,000-hour endurance test, 

t h e  tu rb ine  and the 8-inch vapor l i n e  were maintained a t  an e leva ted  temperature 

and under vacuum f o r  a long t i m e  a f t e r  t h e  remaining po r t ions  of t h e  loop had 

cooled. The purpose was t o  prevent condensation of potassium wi th in  the  tu rb ine .  

Examination of t h e  tu rb ine  a f t e r  i t s  removal from the  f a c i l i t y  d i d  not  d i s c l o s e  

evidence of condensed potassium On tu rb ine  components. A cornparision of t h e  

appearance of t h e  second s t a g e  tu rb ine  wheel  assembly before  and a f t e r  

test i s  shown i n  Figure 48. The tu rb ine  was thoroughly steam cleaned and 

disassembled. Figure 49 shows a po r t ion  o f  the  second s t age  t u r b i n e  wheel  

assembly a f t e r  the  tes t .  

and s i m i l a r  depos i t s  were noted on t h e  first s t a g e  blades and on t h e  f i rs t  and 

second s t a g e  nozzle diaphragms. One depos i t  was very near ly  white;  t h e  o t h e r  was 

dark brown i n  co lor .  

Two types  of depos i t s  were observed on these  blades 

The two d e p o s i t s  were c a r e f u l l y  co l l ec t ed ,  s e p a r a t e l y ,  by scrapping i n  

o r d e r  t o  ob ta in  a s  pure a sample a s  poss ib le ;  however, some mixing of t h e  two 

d id  occur. Non-destructive x-ray d i f f r a c t i o n  ana lys i s  was performed on t h e  

samples p r i o r  t o  spectrographic  ana lys i s  because of t h e  small  quan t i ty  of 

t h e  brown depos i t  ava i l ab le  f o r  ana lys i s .  P a t t e r n s  were obtained,  but  compounds 

could not  be s a t i s f a c t o r i l y  i d e n t i f i e d  f o r  e i t h e r  of these  depos i t s  because 

of t h e  g rea t  number of l i n e s  produced i n  t h e  pa t t e rns .  

The remainder of t h e  w h i t e  sample, which was ava i l ab le  i n  s u f f i c i e n t  
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quarit i ty,  was then spec t rographica l ly  analyzed. 

follows, g ives  only t h e  m e t a l l i c  elements;  s i n c e  t h e  depos i t s  were not  m e t a l l i c  

i n  nature ,  they may have contained s i g n i f i c a n t  q u a n t i t i e s  of gaseous elements. 

However, there was an i n s u f f i c i e n t  amount of ma te r i a l  ava i l ab le  on which t o  

perform ana lys i s  of oxygen, n i t rogen  and hydrogen. 

The q u a l i t a t i v e  ana lys i s ,  which 

Spectrographic  ana lys i s  ind ica ted  t h e  w h i t e  depos i t  from the  f irst  s t age  

blades contained chromium i n  major amounts (over lo%), cobal t ,  n i c k e l  and 

t i t an ium i n  minor amounts (less than lo%), and aluminum, i ron ,  manganese and 

s i l i c o n ,  i n  t r a c e  amounts (less than 1%). The w h i t e  depos i t  from the  second 

s t age  blades contained minor amounts of manganese, molybdenum and s i l i c o n  and 

s t rong  t r a c e  elements of  cobal t ,  chromium, i ron ,  n i c k e l  and t i t an ium.  Larger f o i l -  

l i k e  p a r t i c l e s  scrapped from t h e  blades gave spectrograph evidence of minor 

amounts of coba l t ,  chromium, n icke l ,  t i tanium, manganese and s i l i c o n  and s t rong  

t r a c e s  of aluminum, i r o n  and molybdenum. 

A very l i g h t  vapor b l a s t ,  of the type  used t o  maintain to l e rances  wi th in  

0.0002-inch, was used t o  c lean  these depos i t s  from the  tu rb ine  blades and from 

o t h e r  t u rb ine  components without damaging t h e  underlying metal  conf igura t ion ;  i . e . ,  

sur face  i r r e g u l a r i t i e s  of a very minute na ture  were s t i l l  apparent and unaffected 

a f t e r  removal of these very t h i n  oxide- l ike depoqi ts .  The na ture  of the  tu rb ine  

blade su r faces  a f t e r  t h i s  vapor b l a s t i n g  opera t ion  i s  shown i n  Figure 50. These 

depos i t s  were undoubtedly a l i g h t  form of cor ros ion  product which was d i s t r i b u t e d  

through t h e  tu rb ine  flow passages.  

i n  t he  first and second s tages ,  r e spec t ive ly ,  ind ica ted  t h a t  the  ex ten t  of t h i s  

genera l  cor ros ion  was i n s i g n i f i c a n t .  The s t rong  p o s s i b i l i t y  ex i s t ed  t h a t  these 

depos i t s  may have formed during t h e  c leaning  opera t ions  a s  t h e  r e s u l t  of minute 

amounts of potassium re t a ined  i n  c rev ices  and porous ma te r i a l s  on the sur faces  

of t h e  flow passages,  S imi la r  types  of depos i t s  have been noted i n  t h e  pas t  when 

valves  and o t h e r  potassium conta in ing  components have been steam cleaned. I n  

any event ,  they represent  no s e r i o u s  impairment t o  f u r t h e r  ope ra t ion  of the tu rb ine .  

Blade weight changes of only 0.038% and 0.147% 

Turbine Blade Corrosion - The pos t - t e s t  appearance of t h e  f i rs t  s t a g e  

U-700 tu rb ine  blades i s  shown i n  Figures  51 through 54 and t h a t  of t h e  second 
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s t a g e  U-700 blades a r e  shown i n  F igures  55 through 58. The p r i n c i p a l  a r eas  of 

lead ing  and t r a i l i n g  edge cor ros ion  i n  second s t a g e  T Z M  b lades  a r e  shown i n  

Figures  59 and 60. The f i r s t  s t a g e  U-700 blades appeared t o  have a very 

s l i g h t l y  more severe  sur face  cor ros ion  r e a c t i o n  than occurred on t h e  second 

s t a g e  U-700 blades and a l s o  exhib i ted  s i g n i f i c a n t  metal  f i l m  depos i t s  i n  t h e  

d o v e t a i l  a rea  which were not  observed i n  t h e  second s t age  blades.  The appearance 

and t h e  s e v e r i t y  of su r face  cor ros ion  were s i m i l a r  €or both TZC and 'IZM blades 

i n  t h e  second s t age ;  only one TZM blade was ava i l ab le  f o r  d e s t r u c t i v e  eva lua t ion .  

These r e f r a c t o r y  a l l o y  blades were more severe ly  corroded than were t h e  U-700 

blades 

Corrosion p a t t e r n s  w e r e  very s i m i l a r  i n  a l l  cases.  Very minor cor ros ion  

occurred i n  t h e  U-700 blades along the  f u l l  l ength  of t h e  a i r f o i l  sur faces  

behind t h e  lead ing  edge of t he  concave s i d e  and forward of t h e  t r a i l i n g  edge of 

t h e  convex s ide .  Corrosion i n  these same pos i t i ons  was more severe  i n  PZM 

blades.  mese loca l ized  a reas  of l i m i t e d  corrosion were believed t o  have occurred 

when l iqu id  metal  accumulated i n  these loca t ions  a s  t h e  r e s u l t  of f l u i d  dynamic 

inf luences .  The r e l a t i v e  depth of t hese  cor ros ion  a reas  i s  shown i n  a macrophoto 

of a PZNI t u rb ine  blade a i r f o i l  c ros s  s e c t i o n  and i n  r e l a t e d  micrographs shown 

i n  Figure 61. 

The ex ten t  of cor ros ion  experienced i n  t h e  two-stage potassium tu rb ine  

endurance test i s  by no means excess ive  i n  terms of t h e  types  and s e v e r i t y  of 

metal  loss experienced i n  o the r  t u rb ine  appl ica t ions .  For example, t h e  2.8 m i l s  

of loca l ized  leading  and t r a i l i n g  edge cor ros ion  which occurred during 2000 hours 

on t h e  TZM a l l o y  potassium vapor tu rb ine  blades compares, i n  a favorable  way, 

wi th  t h e  62-190 m i l s  maximum depth of e ros ion  noted on some blades i n  t h e  l a s t  

s t age  of t h e  low pressure  end of t h e  Yankee t u r b i n e  a f t e r  18 months of opera t ion  
7 

Assuming a l i n e a r  r a t e  of water d rop le t  e ros ion ,  f o r  t h e  sake of s impl i c i ty ,  

steam tu rb ine  experience would i n d i c a t e  9 .3  t o  29 m i l s  depth of impact e ros ion  

and metal  l o s s  a s  compared t o  2.8 m i l s  loca l ized  leading  and t r a i l i n g  edge metal  

loss i n  t he  potassium tu rb ine  blades f o r  an equiva len t  t i m e  of 2000 hours. This 
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comparison i s  not  intended t o  be p rec i se ,  but  merely t o  i l l u s t r a t e  t h e  r e l a t i v e  

minor na tu re  of metal loss experienced i n  potassium vapor turb ine  t e s t i n g  t o  d a t e .  

The vapor v e l o c i t y  vec tor  diagrams a r e  of some importance i n  a s ses s ing  the  I 

evidence of loca l ized  cor ros ion  obtained during the  endurance tes t .  The p i tch-  

l i n e  ve loc i ty  vec to r  diagrams, determined by off-design ana lys i s ,  a r e  shown i n  

Figure 62. Shown a l s o  a r e  t h e  blade i n l e t  angles .  The ind ica t ions  a r e  t h a t  

t h e  f i r s t -  and second-stage blades were opera t ing  with negat ive angles  of a t t a c k  

amounting t o  18 and 11 degrees,  r e spec t ive ly .  Negative angles  of a t t a c k  on the  

r o t a t i n g  blades cause a s t e e p  negat ive v e l o c i t y  g rad ien t  on t h e  pressure  (concave) 

s u r f a c e  near  t h e  lead ing  edge. The r e s u l t  was undoubtedly a s tagnant  vapor region 

caused by flow sepa ra t ion  where l i qu id  would not  be swept of f  t he  blade;  ins tead  

it would be cent r i fuged  r a d i a l l y  t o  the  t i p .  A s i m i l a r  phenomenon apparent ly  

occurred on t h e  suc t ion  sur face  near  t h e  t r a i l i n g  edge. A s  t he  flow was turned 

through about 125 degrees i n  pass ing  through t h e  r o t a t i n g  blades,  t h e  flow 

tended t o  sepa ra t e  from t h e  convex s i d e  of the  blade near  t h e  t r a i l i n g  edge. 

When separa t ion  occurred, t he  boundary l a y e r  tended t o  s t agna te  because the  gas 

stream did  not  supply enough energy t o  keep i t  moving. Under these  condi t ions,  

condensed l i qu id  could accumulate i n  these  p laces  of l o c a l  s epa ra t ion  w i t h  

r e s u l t a n t  corrosion.  

T Z M  Blade Micrographs - The photomicrographs of lead ing  and t r a i l i n g  edge 

cor ros ion  were shown i n  Figure 61. The re -en t ran t  na tu re  of the  concave leading 

edge cor ros ion  cav i ty  i s  ind ica t ed ;  i t s  depth was approximately 2.8 m i l s .  A 

cor ros ion  groove on t h e  convex s i d e  of t he  a i r f o i l  j u s t  forward o f ,  and p a r a l l e l  

t o ,  the  t r a i l i n g  edge a l s o  had a depth of 2.8 mi ls ;  t he  cor ros ion  product 

tended t o  adhere on the  upstream s i d e  of t h i s  cor ros ion  groove. 

Figure 63 shows t h e  loca t ion  of t y p i c a l  cor ros ion  a reas  on t h e  convex 

sur face  and t i p  su r faces  of a second s t age  T Z M  blade.  Figure 64 i l l u s t r a t e s  t h e  

cor ros ion  groove on t h e  convex s i d e  of t he  a i r f o i l  which runs p a r a l l e l  t o  the  

t i p  su r face  j u s t  below t h e  t i p .  This  groove is  4 m i l s  deep, t h ree  m i l s  w i d e  and 

has add i t iona l  c a v i t i e s  running toward both the  blade t i p  and the  d o v e t a i l  which 

a r e  each 1/2-mil deep, i n  themselves. The accumulated cor ros ion  product can be 
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seen i n  t h i s  cav i ty ,  which was apparent ly  produced by a c t i v e  e d d i e s  of l i q u i d '  

metal  which co l l ec t ed  ahead of t h e  advancing convex su r face  of t h e  blade. 

!!?he loca t ion  of a cor ros ion  groove, located along the  length  of t h e  convex 

a i r f o i l  sur face ,  appears t o  be con t ro l l ed  by aerodynamic f o r c e s  and is  thought 

t o  represent  a channel i n  which l o c a l  l i qu id  metal  accumulations migrate toward 

t h e  t i p  of t h e  blade.  The c h a r a c t e r i s t i c s  of t h i s  groove a r e  shown i n  Figure 65; 

it is  about 1 - m i l  deep and 2 1/2 m i l s  w ide  wi th  cor ros ion  product accumuaations 

along i t s  edges. Figure 66 i l l u s t r a t e s  a depos i t  which was loca l ized  j u s t  a f t  

of t h i s  groove. 

A t  t h e  t i p  of  the  blade,  re -en t ran t  grooves have been cu t  i n t o  t h e  sur face  

along t h e  major cor ros ion  t r a c e ;  these a r e  shown i n  Figures  67 and 68, A t  the  

blade t i p  and away from t h e  p r i n c i p a l  cor ros ion  t r ace ,  cor ros ion  c rev ices  were 

noted a s  shown i n  Figure 69; i t  i s  poss ib le  t h a t  these represent  a form of . 
c a v i t a t i o n  cor ros ion  ac t iva ted  perhaps by pressure  pu l sa t ions  a s  t he  blade t i p s  

pass  t h e  pockets i n  the  honeycomb tu rb ine  t i p  shroud. 

I n  t h e  previously discussed photomicrographs no f i n e  cracks were found a t  

t he  base of t h e  cor ros ion  grooves or crevices ;  cor ros ion  a t t a c k  showed n e i t h e r  

preference f o r  g r a i n  boundaries norpreferred g r a i n  o r i e n t a t i o n  e f f e c t s .  

The above observa t ions  a r e  t h e  f i rs t  conducted on these blades;  f u r t h e r  

d e t a i l e d  s t u d i e s  a r e  planned f o r  blades subjected t o  an add i t iona l  3000 hours 

of t e s t i n g  and f o r  new blades tested i n  t h e  3000-hour endurance test .  

U-700 Blade Micrographs - Figure 70 (sketch) i l l u s t r a t e s  the loca t ions  

of t y p i c a l  corrosion a reas  of a f i r s t  s t age  U-700 a l l o y  tu rb ine  blade which 

w e r e  examined meta l lographica l ly  f o r  comparison w i t h  s i m i l a r  a reas  of t h e  TZM 

t u rb ine  blade previously discussed.  Photomicrographs of these and o the r  a reas  of 

i n t e r e s t  a r e  shown i n  Figures  71  through 82. 

Figure 71 shows the  re -en t ran t  na tu re  of t h e  concave leading  edge cor ros ion  

cav i ty  which i s  approximately 2 m i l s  deep. Figure 72 shows a sur face  r eac t ion  

product 0.5bmi1 deep which formed immediately a f t  of t h e  lead ing  edge cor ros ion  
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cav i ty .  This formation was observed i n  s e v e r a l  a r eas  of t h e  blade,  through 

t h e  depths  measured gene ra l ly  less than 0.2-nnil. Figure 73 shows a high 

magnif icat ion of t h e  su r face  depos i t  on the concave su r face  a t  t h e  lead ing  

edge. Figure 73 shows t h e  l i g h t  sur face  cor ros ion  and metallic depos i t  a t  t h e  

concave t i p  , 

Figure 75 shows t h e  l i g h t  su r f ace  cor ros ion  and m e t a l l i c  depos i t  a t  t h e  

t i p  on t h e  convex s i d e  of t h e  a i r f o i l .  Notice the  absence of a cor ros ion  groove 

i n  t h i s  a l l o y  compared w i t h  t h a t  p rev ious ly  noted a t  t h i s  l oca t ion  on the  TZM 

blade. 

Figure 76 i n d i c a t e s  very l i t t l e  loca l i zed  cor ros ion  but  a l a r g e  amount of 

m e t a l l i c  depos i t  on t h e  convex s i d e  of t h e  a i r f o i l  j u s t  forward and p a r a l l e l  to 

t h e  t r a i l i n g  edge. 

Figure 77 i l l u s t r a t e s  a cor ros ion  groove located along t h e  length of t h e  

convex a i r f o i l  sur face  which appears t o  be cont ro l led  by aerodynamic forces .  

I t  i s  thought t o  represent  a channel i n  which l o c a l  l i qu id  metal  accumulations 

migrate toward t h e  t i p  of t he  blade.  "he groove a t  t h i s  l oca t ion  i s  about 2 

m i l s  deep and 5 m i l s  w i d e .  

A very genera l  type  of a l loy  deple t ion  was present  on a l l  su r f aces  of the 

U-700 blades from t h e  endurance tes t  which was not  observed a f t e r  any of t he  

previous tests. The m e t a l l i c  f i l m  depos i t s ,  when apparent,  were observed t o  

overlay t h i s  l aye r .  Figure 78 shows t h i s  condi t ion  on t h e  a rea  of the  concave 

sur face  a i r f o i l .  Observe t h a t  on e t ch ing  (see Figure 79), t h e  depth of a l l o y  

deple t ion  appears deeper than  i n  t h e  unetched condi t ion.  Furthermore, t h e  a l loy  

deple t ion  appears to  be p r e f e r e n t i a l  a t  t h e  g r a i n  boundaries.  

F igures  80 and 81 i l l u s t r a t e  t h e  ex ten t  of a l l o y  dep le t ion  observed on the  

d o v e t a i l  sur faces .  The d o v e t a i l  stresses, being considerably h igher  t han  the 

a i r f o i l  stresses, could have inf luenced t h e  coalescence of the p a r t i c l e s ,  

probably M23C6 carb ides ,  i n  the a l l o y  depleted l a y e r  v i s i b l e  i n  d o v e t a i l  photo- 

micrographs. Figure 82 i l l u s t r a t e s  an a rea  of the d o v e t a i l  which had cons tan t  

contact  w i t h  t h e  Wheel; i n  t h i s  area,  which had restricted contact  w i t h  l i q u i d  

potassium, no a l l o y  depleted l a y e r  is present .  
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Elec t ron  Microprobe Evaluat ion - Elec t ron  microprobe t r a c e s  w e r e  made 

across  t h e  c ros s  s e c t i o n  of a f i rs t  s t a g e  U-700 t u rb ine  blade from t h e  2000-hour 

endurance test hardware. Nickel,  i ron ,  chromium, cobal t ,  molybdenum, t i tanium, 

and aluminum content  were determined i n  t h e  n i c k e l  e l e c t r o p l a t e ,  across  t h e  

su r face  of  t h e  blade and t o  a depth of approximately 150 microns (io06 inches)  

below the su r face  of the  blade.  From t h e  t r a c e s  presented i n  Figure 83 it i s  

ev ident  t h a t  t h e  elements molybdenum, chromium, and coba l t  were gradual ly  

depleted i n  t h e  base a l l o y  t o  a depth of about. 4 m i l s .  The i r o n  content  was 

increased t o  a s i m i l a r  depth from an o r i g i n a l  value of 5 percent  t o  an average 

of 15 percent ,  and t h e  n i c k e l  i n  t h i s  same region was reduced from an o r i g i n a l  

value of 50 percent  t o  20-30 percent .  I t  is  a l s o  ev ident  t h a t  t h e  t i t an ium 

and aluminum content  were a l t e r e d  near  t h e  sur face .  The su r face  d e b r i s  was en- 

riched i n  n i c k e l  and i ron;  i t  contained approximately 60-80 percent  n i c k e l  

and approximately 10 percent  i r o n ,  That t h e  su r face  d e b r i s  was a depos i t  was 

confirmed by (1) i t s  appearance i n  t h e  photomicrographs,(2) 'the high i r o n  

content  d i f fused  i n t o  t h e  U-700, and (3) 'the pmsence of a high n i c k e l  content  

l a y e r  over an a rea  of U-700 which was depleted i n  n i cke l .  

I n  add i t ion  t o  the  above microprobe t r a c e  of a sur face  d e b r i s  area,  a 

microprobe t r a c e  was made of a sur face  r eac t ion  product observed a t  t h e  convex 

a i r f o i l  sur face  immediately a f t  of the leading  edge cor ros ion  groove of a 2000- 

hour, first s t age  U-700 blade.  This phase, which appeared pink when viewed w i t h  

the  o p t i c a l  microscope was found t o  conta in  t h e  s u r p r i s i n g  amount of 40-50 percent 

copper t o  a depth of about 2 m i l s ;  an inc rease  of 8-9 percent i r o n  over t h e  

nominal base metal  composition was a l s o  observed. 

t o  have dropped t o  approximately 25 percent  from t h e  normal 50 percent  a l loy  

coneent,  The e l e c t r o n  microprobe t r a c e s  of t h i s  pink phase a r e  presented i n  

The n icke l  content  was found 

Figure 84; i n  genera l ,  s tudy of the o t h e r  t r a c e s  i n d i c a t e  t h a t  no change occurred 

i n  t h e  molybdenum, aluminum, t i tanium, chromium and coba l t  w i th in  t h i s  phase a s  

compared t o  t he  base metal;  however, the c h a r a c t e r i s t i c  compositions of t h e  

sur face  d e b r i s  were s i m i l a r  i n  both the  above microprobe t r a c e s  wi th  respec t  t o  

t h e  base composition. 
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Erosion I n s e r t s  - Erosion i n s e r t s  of t h e  type  shown i n  Figure 85 w e r e  

i n s t a l l e d  behind t h e  second s t a g e  of t he  tu rb ine  during the  endurance test. The 

purpose of t hese  i n s e r t s  was t o  eva lua te  var ious  ma te r i a l s  under the  inf luence  

of impacting potassium d rop le t s  coming from t h e  second s t a g e  blade t i p s  a t  t u rb ine  

t i p  speeds of 770 f t / s e c  and a t  temperatures of about 126O0F. Three specimens each 

of aged U-700, stress re l i eved  TZM,  r e c r y s t a l l i z e d  T Z M  and as-received TZC were 

i n s t a l l e d  on t h e  a f t  s i d e  of t h e  second s t a g e  tu rb ine  shroud a s  shown i n  Figure 86 

( the  r e l a t i v e  s t r eng ths  of  these  ma te r i a l s  a r e  shown i n  Table XI11 a s  an indica-  

t i o n  of t h e i r  expected r e s i s t a n c e  of impact e ros ion ) .  Impacting l i qu id  d rop le t s  

from t h e  blade t r a i l i n g  edge t i p s  s t ruck  t h e  specimens along the  narrow face  of t he  

p ro jec t ing  t a b  of t h e  i n s e r t  near t h e  90° m i l l e d  recess .  The vapor q u a l i t y  e n t e r i n g  

t h e  second s t a g e  tu rb ine  b lades  was 96.7%; i t  was t h e  l i qu id  condensate i n  t h i s  vapor 

which co l l ec t ed  on the  second s t age  blades and which produced eros ion  e f f e c t s  on 

t h e  i n s e r t s  as  t h e  d r o p l e t s  were s lung from t h e  second s t age  blade t i p s .  

Binocular examination of t h e  i n s e r t s  a f t e r  2000 hours of t e s t i n g  d isc losed  

minor, non-uniform sur face  depos i t s  and d i sco lo ra t ion .  These depos i t s  a r e  found 

t o  cons i s t  of cor ros ion  products and mass t ranspor ted  ma te r i a l  s i m i l a r  t o  t h a t  

observed on t h e  endurance t e s t  blades.  Figure 87 shows a t y p i c a l  example of the 

l i g h t  su r f ace  cor ros ion  and d i s c o l o r a t i o n  found on t h e  e ros ion  i n s e r t s .  

The weight change da ta  f o r  t hese  specimens a r e  shown i n  Table X I V  t o  an 

accuracy of 0.0002 grams. The inc rease  i n  weight of these  specimens i n  s p i t e  

of some meta l  l o s s ,  p a r t i c u l a r l y  i n  the  case  of U-700 which experienced a deep 

needle-hole form of impact erosion,  can be explained by the  cor ros ion  products 

accumulated on t h e i r  sur faces .  Af t e r  a l i g h t  vapor b l a s t ,  which cleaned the  

specimens t o  t h e i r  metal  sur faces ,  t h e  r e l a t i v e  weight l o s ses  become more 

s i g n i f i c a n t .  The l a r g e r  l o s ses  i n  U-700 a r e  i n d i c a t i v e  of t h e  needle-hole type 

of impact e ros ion  i n  which t h e  l a r g e s t  amount of metal  removal was noted. 

All of t h e  e ros ion  i n s e r t s  were examined macroscopically before  and a f t e r  

sur face  vapor b l a s t i n g  a t  magnif icat ions a s  high a s  6 0 X  f o r  evidence of 

e ros ion .  Macrophotos of t hese  a r e  shown i n  Figures  88 and 91. 

The U-700 i n s e r t s  were c l e a r l y  t h e  most a f f ec t ed ;  a c l u s t e r  of deep holes  

was r e a d i l y  apparent a t  a l oca t ion  adjacent  t o  t h e  pass ing  t r a i l i n g  edge t i p s  
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of t h e  second s t age  blades a s  seen i n  Figure 88. These holes  i n  t h e  U-700 eros ion  

i n s e r t s  w e r e  examined meta l lographica l ly  a t  s e v e r a l  planes through t h e  impact 

e ros ion  area.  The holes  were found t o  have a depth-to-diameter r a t i o  of approx- 

imately 3 t o  5 f o r  t he  deeper holes .  The i n t e r i o r  su r faces  of t h e  holes  were 

crazed with very small  c racks  pene t r a t ing  inward approximately 0.0005-inch i n  

Some a reas .  Photomicrographs of t he  impact e ros ion  a rea  of U-700 e ros ion  i n s e r t  

number A - 3  a r e  presented i n  Figures  92 through 96. Alloy deple t ion  s i m i l a r  t o  t h a t  

observed on the  U-700 blades was observed on t h e  U-700 eros ion  i n s e r t  a s  seen i n  

Figures  96 and 97; t h i s  sur face  e f f e c t  was apparent ly  unre la ted  t o  l i qu id  impact as  

i t  was present  on a l l  exposed su r faces  of t he  i n s e r t ;  t h i s  implied t h a t  a t h i n  

cor ros ive  l i qu id  potassium f i l m  was present  over  t he  e n t i r e  i n s e r t  su r f ace .  

These e ros ion  i n s e r t s  gave t h e  f i r s t  evidence of what could be c l a s s i c a l  

l i qu id  d rop le t  impact e ros ion  i n  t h e  U-700 specimens and s i m i l a r  i n  na tu re  t o  steam 

tu rb ine  e ros ion  as  seen e a r l i e r  i n  macro form i n  Figure 43, and a t  l a r g e r  magni- 

f i c a t i o n  i n  Figure 98. The deep holes  formed i n  t h e  exac t  a rea  where d rop le t s  

would have been re leased  from t h e  second s t a g e  t r a i l i n g  edge blade t i p s  and would 

have impacted on t h e  e ros ion  i n s e r t .  The micro-cracks a t  t he  base of t he  holes  

a re  i n d i c a t i v e  of t h e  impact e ros ion  or c a v i t a t i o n  e ros ion  methods or mechanical 

damage. The su r face  a reas  between adjacent  ho les  de t e r io ra t ed  e i t h e r  by an apparent 

randomness i n  the  l o c a t i o n  of impacting d r o p l e t s  or by d i s rup t ion  of t he  sur face  

between ad jacent  ho les .  A t  t h e  per iphery of t h e  c lus te r  of holes  t h e r e  ex i s t ed  

occas iona l  deep holes ,  wi th  depths 4 t o  5 t i m e s  t h a t  of t h e i r  diameters ;  t hese  

holes  had formed i n  t h e  o r i g i n a l  sur face  of t he  U-700 i n s e r t  without doing damage 

t o  t h e  adjacent  sur face .  This type of e ros ion  was s i m i l a r  t o  t h a t  reported by 

Hays f o r  d u c t i l e  ma te r i a l s  i n  steam tu rb ine  e ros ion .  I n  o t h e r  examples of 

erosion,  p i t 3  i n  otherwise unaffected su r faces  have been noted i n  mul t ip le  d rop le t  

impact specimens and i n  c a v i t a t i o n  damaged specimens. I n  water  d rop le t  impact 

i n  S t e l l i t e  6B eros ion  s h i e l d s  i n  steam turb ines ,  deep p i t s  or i r r e g u l a r  c ros s  

s e c t i o n  have been observed with depths of one t o  two diameters i n  a reas  where 

no ad jacent  su r face  damage was noted. 

8 

Kulp and A l t i e r i '  have observed, t o  a very l i m i t e d  ex ten t ,  the  formation of 

w e l l  rounded c a v i t a t i o n  p i t s  i n  Type 316 s t a i n l e s s  steel  pump impel le rs  opera t ing  
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i n  pkass ium a t  1400'F; these p i t s ,  which they bel ieved were caused by the  implosion 

of a s i n g l e  bubble, were of approximately equa l  diameter and depth,  They occurred t o  

depths  of f i v e  and nine m i l s  i n  a r eas  i n  which no immediately adjacent  sur face  

damage was noted, The c i r c u l a r  sur face  r i m  of t he  p i t  was forced upward a s  

i f  by some i n t e r n a l  force .  While they assume t h a t  t h e  metal  removal occurred a s  

a s i n g l e  event ,  t he  micros t ruc ture  does not  appear t o  show s u f f i c i e n t  evidences 

of deformation t o  account f o r  a l l  t h e  metal  l o s s  w i th in  the  pore.  The flow of 

l i q u i d  i n t o ,  and ou t  o f ,  t h e  pore i n  repeated events  could have r e su l t ed  i n  removal 

of the  metal  by so lu t ion  cor ros ion;  no microcracks, which would have ind ica ted  

mechanical removal of the  metal  were apparent.  

Cavi ta t ion  damage of a more genera l  na ture ,  noted i n  Kulp's and Alt ier i ' s  

l i q u i d  potassium pump tests, penetrated t o  a maximum t o  50 m i l s ;  t h i s  damage 

was apparent ly  caused by severe working of t h e  su r face  i n  which r e l a t i v e l y  l a rge  

amounts of t h e  su r face  were removed. Other examples of c a v i t a t i o n  damage, a s  

experienced by Robinson and Hammitt , have given t h e  appearance of  low o rde r  

changes i n  su r face  p r o f i l e ,  a s  cont ras ted  t o  t h e  above samples of deeper p i t t i n g .  

The p i t s  formed i n  var ious  ma te r i a l s  under the  inf luence  of c a v i t a t i o n  i n  mercury 

ven tu r i  flow passages and had diameter-to-depth r a t i o s  of 20 t o  1, e n t i r e l y  unl ike  

t h a t  observed i n  t h e  U-700 e ros ion  i n s e r t s .  

a l s o  pointed out  t h a t  a deep type  of c a v i t a t i o n  p i t t i n g  has been observed i n  

water  pump impe l l e r s  and i s  referred t o  a s  

10 

On the o the r  hand, Hammitt" has  

t l  worm holing." 

12 
Kovacevitch h a s  conducted mul t ip le  impact e ros ion  tests i n  water and 

potassium on var ious  tu rb ine  ma te r i a l s .  H i s  test involved wh i r l ing  round bar  

specimens which cu t  through a stream of water  or potassium a t  r i g h t  angles  t o  

t h e  plane of specimen r o t a t i o n .  I n  tests a t  1400'F, molybdenum base a l l o y s  were 

a s  r e s i s t a n t  t o  potassium a s  were S t e l l i t e  6B specimens i n  water  d rop le t  impact 

a t  room temperature under comparable condi t ions  of impact ve loc i ty ,  s t ream 

diameter and nozzle-to-specimen d is tance .  Columbium and tantalum a l l o y s  l o s t  

from 20 t o  200 t i m e s  t h e  weight l o s t  i n  t he  molybdenum a l loys .  The mechanism 

of ma te r i a l  loss was not  repor ted ,  but it was concluded t h a t  t h e  t e s t i n g  method 
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was inadequate i n  comparison t o  a c t u a l  t u rb ine  tests. Low impacting v e l o c i t i e s  

of only 212 feet  per  second and the  p o s s i b i l i t y  of contamination of t h e  potassium 

( t h e  oxygen content  was not  reported)  tend t o  make t h e  r e s u l t s  d i f f i c u l t  to  

i n t e r p r e t .  

I t  i s  apparent,  then, t h a t  impacting e ros ion  has r e su l t ed  i n  t he  

mechanical removal of metal  from t h e  U-700 potassium turb ine  e ros ion  i n s e r t s .  

Refractory a l l o y  e ros ion  i n s e r t s  (stress re l i eved  T Z M  and as-received TZC) 

were examined meta l lographica l ly  i n  an attempt t o  de f ine  more c l e a r l y  poss ib le  

i n d i c a t i o n s  of cor ros ion  and eros ion  observed on those  specimens. A photo- 

micrograph showing t h e  corroded a rea  on t h e  t i p  of i n s e r t  C-3 is  presented i n  

Figure 99; i t  can c l e a r l y  be seen, by t h e  absence of microcracks and the  presence 

of cor ros ion  products,  t h a t  cor ros ion  was the  cause of metal  loss i n  t h i s  

p a r t i c u l a r  a rea .  

A c l o s e  b inocular  s c ru t iny  of a TZC r e f r a c t o r y  a l l o y  e ros ion  i n s e r t ,  

specimen D-3,  revealed,  i n  addi t ion  t o  machining marks which were on the  sur face  

p r i o r  t o  test, very small  i nd ica t ions  of what appeared t o  be loca l i zed  so lu t ion  

cor ros ion  under t h e  inf luence  of impacting l i qu id  potassium d rop le t s .  

Corrosion c a v i t i e s  were seen meta l log laphica l ly  i n  the  a rea  corresponding 

t o  t he  c ra t e red  a rea  of the  U-700 eros ion  i n s e r t .  The i n t e r i o r  of t h e  c a v i t i e s  

gave the  appearance of a porous o r  leached s t r u c t u r e ,  and t h e  bottom of t h e  

leached a rea  could not  be c l e a r l y  def ined.  N o  cracks i n d i c a t i v e  of mechanical 

damage could be d is t inguished  i n  t h e  ma te r i a l  surrounding t h e  c r a t e r s  which 

tended t o  support  so lu t ion  cor ros ion  a s  t h e  f a i l u r e  so lu t ion .  Photomicrographs 

of t h i s  c r a t e red  a rea  of t h e  TZC specimens a re  presented i n  Figures  100 and BOP. 

Corrosion and Erosion Summary - While gross  evidences o f  corros ion  were 
__p 

experienced during an e a r l y  period of t u rb ine  operat ion,  i n  whkch q u a n t i t i e s  of 

f r e s h l y  condensed potassium i n  l a r g e  d rop le t  sizes were introduced i n t o  the  

turb ine ,  t h e  corrosion experienced i n  2000-hour endurance t e s t i n g  has  been 

r e l a t i v e l y  minor. The worst  cor ros ion  w a s  only 2-3 m i l s  deep i n  T Z M  a f t e r  2000 

hours ,  Very s u b t l e  i nd ica t ions  of  a l l o y  deple t ion  and t h e  formation of very t h i n  
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& t a l  depos i t s  a t  t h e  su r face  of blade a i r f o i l  and d o v e t a i l  s e c t i o n s  w e r e  noted 

i n  metal lographic  and e l e c t r o n  microprobe examination. L i m i t e d  evidences were 

ind ica ted  of deple t ion  of n i c k e l  (and t o  a lesser ex ten t ,  of cobal t ,  chromium 

and molybdenum) t o  a depth of 4 m i l s  and of the formation of n i c k e l  and i r o n  

r i c h  depos i t s  or d e b r i s  t o  a th ickness  of approximately 0.1-mil. Intone ins tance  

a high copper concent ra t ion  was d i f fused  i n t o  t h e  su r face  of B U-700 a i r f o i l  

t o  a depth less than 2 m i l s ;  i n  some cases  metal  d e p o s i t s  r e su l t ed  i n  an 

apparent d i f f u s i o n  of i r o n  i n t o  t h e  U-700 a i r f o i l  surface.  Where v i s i b l e  

cor ros ion  occurred, i t s  depth i n  aerodynamically prefer red  a reas  was almost as  

severe i n  the  f i rs t  s t a g e  U-700 blades a s  i n  t h e  second s t a g e  T Z M  blades.  

The second s t a g e  U-700 blade cor ros ion  was less severe  than either of t he  above. 

N o  evidences were noted of d i r e c t  l i qu id  d rop le t  impingement damage on 

tu rb ine  blades during t h e  wel l -cont ro l led ,  long-duration endurance test .  In-  

s tead ,  t h e  l i q u i d  respons ib le  f o r  cor ros ion  i s  bel ieved t o  have accumulated on 

t h e  blades i n  minor amounts, a s  t h e  r e s u l t  of aerodynamic forces ,  and i n  a 

highly a c t i v e  s t a t e ,  a s  t h e  r e s u l t  of h igh  frequency aerodynamic e f f e c t s  

generated a s  t h e  blades passed p a r t i t i o n s  and shroud components. Mechanical 

impact e ros ion  was confirmed i n  only one loca t ion  and i n  one ma te r i a l ;  i . e . ,  

i n  t h e  s t a t i o n a r y  U-700 e ros ion  i n s e r t s  located a f t  of t h e  second s t a g e  blade 

t i p s .  The mechanical na tu re  of t he  damage was a t t e s t e d  by t h e  formation of 

microcracks a t  t he  f o r e f r o n t  of t h e  impact e ros ion  area.  

I n  none of t he  cor ros ion  eva lua t ion  were any effects noted of a na tu re  

which could be considered detx+ipental  t o  continued tu rb ine  opera t ion ,  

B. Mater ia l  Transfer  

Thin porous metal  f i l m  depos i t s  were observed i n  the  tu rb ine  and 

t twbine  f a c i l i t y  on var ious  occasions s i n c e  t h e  f a c i l i t y  began opera t ion  

i n  October, 1963. These depos i t s  were found, f irst ,  downstream of t h e  

convergent-divergent nozzle  during t h e  f i rs t  test of t h e  tu rb ine  f a c i l i t y ;  

second, a s  a powdery depos i t  i n  t h e  vapor drum of t h e  b o i l e r  during t h e  b o i l e r  

r epa i r ;  t h i r d ,  as a f o i l  depos i t  (a )  on t h e  r e f r a c t o r y  metal  probe which had 

been in se r t ed  i n  t h e  8-inch vapor l i n e ,  (b) on t h e  i n l e t  guide vanes, and 
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(c )  

(a) on t h e  f ace  of the  first s t age  wheel, (b) on tu rb ine  bucket d o v e t a i l s  

and a i r f o i l s  and (6) on t h e  e ros ion  i n s e r t  su r f aces  dur ing  the  endurance test. 

For in s t ances  preceding t h e  endurance test, t h e  depos i t s  were bel ieved t o  have 

o r ig ina t ed  a s  metal  taken i n t o  s o l u t i o n  i n  the  b o i l e r ,  then p r e c i p i t a t e d  either 

i n  the  vapor drum, i n  t h e  heated 8-inch vapor l i n e ,  or on o t h e r  su r faces  a s  

t h e  d r o p l e t s  of potassium were evaporated.  The high coba l t  content  of 

depos i t s  on the f i rs t  s t a g e  wheel during t h e  endurance tes t  i n d i c a t e s  t h a t  metal  

may have been t ranspor ted  from t h e  L-605 p a r t i t i o n s  o r  H-33 braze.  

on tu rb ine  r o t a t i n g  p a r t s  during tu rb ine  performance t e s t i n g ;  and fou r th ,  

1, C. D .  Nozzle Tes t ing  - 
When t h e  convergent-divergent nozzle  test s e c t i o n  was removed f o r  

f lange  modif icat ions i n  November 1963, a t h i c k  m e t a l l i c  depos i t  occurred on t h e  

f a r  s i d e  of the  i n s i d e  su r face  of t he  elbow leading  i n t o  t h e  condenser. The 

depos i t  was t h i c k e s t  d i r e c t l y  oppos i te  t h e  nozzle,  and from t h a t  l oca t ion  

thinned-out i n  a l l  d i r e c t i o n s ,  The depos i t ,  a t  i t s  t h i c k e s t ,  measured 

approximately 0.030-inch9 and appeared t o  c o n s i s t  of l a r g e  laminated p a r t i c l e s  

s i n t e r e d  toge the r .  Photomicrographs showing t h e  s t r u c t u r e  of t h i s  depos i t  a r e  

presented i n  Figure 102. Qua l i t a t ive  spec t rographic  ana lys i s  of the  depos i t  

ind ica ted  a major concent ra t ion  of n i c k e l  ( g r e a t e r  than lo%), a minor concent ra t ion  

of i r o n  (less than 10%) and t r a c e  concent ra t ions  of chromium, aluminum and 

coba l t  (less than 1%). 

2. Performance Test ing 

The me ta l l i c ,  mass-transfer depos i t s  which occurred dur ing  performance 

t e s t i n g  were observed i n  s e v e r a l  p laces .  A f o i l  depos i t  on the  8-inch tu rb ine  

i n l e t  vapor l i n e  immediately downstream of  t h e  t h r o t t l i n g  va lve  r e su l t ed  when 

l iqu id  d r o p l e t s  conta in ing  m e t a l l i c  elements i n  s o l u t i o n  were dried-out a s  t h e ?  

passed through t h e  p a r t i a l l y  c losed valve.  This f o i l  depos i t  was porous and 

appeared t o  have grown from the  evaporat ion of l i qu id  d r o p l e t s  and not  a s  impacted, 

o r  s in t e red  s o l i d  p a r t i c l e s  of t h e  type previously.observed i n  t h e  convergent- 

divergent  nozzle test. The f o i l  th ickness  ranged between 0.005-to 0.010-inch t h i c k ,  

The t e x t u r e  of the  f o i l  depos i t  from t h e  8-inch l i n e  i s  shown i n  Figure 103. 
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During performance t e s t i n g ,  a f t e r  the f a c i l i t y  had been modified t o  supply 

dr ie r  vapor, a po r t ion  of  f o i l  depos i t ,  of t h e  above o r i g i n ,  became detached 

from t h e  inne r  su r face  of the  8-inch l i n e  and was c a r r i e d  downstream by t h e  

high v e l o c i t y  potassium vapor t o  be re-deposited upon su r faces  such a s  t h e  

r e f r a c t o r y  a l l o y  specimen probe and the  i n l e t  guide vanes. Figure 104 shows 

t h e  na ture  of f o i l  d e p o s i t s  on the  first s t a g e  nozzle diaphragm. Figure 105 

shows some of t hese  f o i l  p a r t i c l e s  on the  convex s i d e  of t h e  f i r s t  s t age  

tu rb ine  blades and t o  a very minor ex ten t  on t h e  second s t age  blades.  Apparently, 

t h e  f o i l  was ground i n t o  very small  p a r t i c l e s  wi th in  t h e  f i rs t  s tage ,  allowing 

most of these f i n e  p a r t i c l e s  t o  pass  through t h e  second s t a g e  without becoming 

attached t o  t h e  a i r f o i l  sur faces .  "he micros t ruc ture  of impacted f o i l  depos i t s  

on t h e  convex a i r f o i l  su r f ace  of a f i rs t  s t a g e  blade is shown, a t  t w o  magnif icat ions,  

i n  Figures  106 and 107. These f o i l  depos i t s  on t h e  b lades  were i d e n t i c a l  i n  

t e x t u r e  t o  t h e  f o i l  p ieces  taken from the  w a l l  of t he  8-inch vapor l i n e  down- 

stream of t h e  t h r o t t l i n g  valve.  

I n  add i t ion  t o  the  presence of impacted m e t a l l i c  f o i l  on the t u r b i n e  blades,  

which was noted a f t e r  performance t e s t i n g ,  t h i n  m e t a l l i c  f i l m s  formed d i r e c t l y  

on t h e  blades from t h e  evaporat ion or cool ing  of l i qu id  d r o p l e t s  i n  two sepa ra t e  

ins tances .  F i r s t ,  very minor t r a c e s  of such depos i t s  were found on t h e  g ross ly  

corroded t u r b i n e  blades a f t e r  t he  f i rs t  period o f ' t u r b i n e  checkout, i n  which 

t h e - f i l m  was de tec ted  by e l e c t r o n  microprobe ana lys i s .  Second, dur ing  the  12- 

and 56-hour per iods  of performance t e s t i n g ,  i n  which co r ros ive  l i q u i d  potassium 

was not  sprayed i n t o  t h e  vapor l i n e ,  a uniform, but  t h i n  f i l m  of deposi ted 

metal accumulated on t h e  a i r f o i l  s e c t i o n s  of blades from both s t a g e s  i n  t h e  

tu rb ine ,  The uniform f i l m  th ickness  on the  f i rs t  s t a g e  blades was 0 . 5 - m i l  as 

seen i n  Figure 108 and only 0.2-mil on t h e  second s t a g e  blades a s  6een i n  Figure 

109. A s  t h e  r e s u l t  of pickup of  m e t a l l i c  elements, the  first s t a g e  blades 

experienced an average weight gain of 1.13% per  blade and the  second s t a g e  blades 

gained an average of  only 0.023% pe r  blade.  

During b o i l e r  modif icat ion,  a f i n e  m e t a l l i c  powdery depos i t  was removed 

from t h e  upper header of the  b o i l e r .  "he analyses  of a sample of the  powdery 

depos i t  removed from t h e  b o i l e r  header and of a sample of t he  f o i l  removed from 

t h e  8-inch l i n e  a r e  presented i n  Table XV, along w i t h  analyses  of o t h e r  depos i t s .  
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The m e t a l l i c  depos i t s  i n  t h e  upper drum of t h e  boiler and those found i n  

both t h e  CD nozzle tests and i n  the  8-inch vapor l i n e  during performance t e s t i n g ,  

a l l  gave compositional evidence of having o r ig ina t ed  from t h e  Type 316 s t a i n l e s s  

steel loop ma te r i a l  a s  a source.  

Considering the  r e l a t i v e l y  l a rge  a rea  i n  t h e  b o i l e r  and the  r e l a t i v e l y  

small  a rea  i n  which d rop le t  evaporat ion occurred, t h e  formation of t h e  amount 

of d e p o s i t s  noted dur ing  tu rb ine  t e s t i n g  was not  considered t o  be  i n d i c a t i v e  

of s i g n i f i c a n t  cor ros ion  i n  t h e  b o i l e r .  X-ray measurements were made of t h e  wal l  

th ickness  of t h e  b o i l e r  tubes  i n  var ious  loca t ions  p r i o r  t o  endurance t e s t i n g  

and no reduct ion i n t h e  tube wal l  th ickness  was noted. Most of t h e  metal  

d e p o s i t s  observed i n  t h e  8-inch l i n e  may have formed dur ing  t h e  e a r l i e r  per iods 

of t u rb ine  performance opera t ion  when t h e  t h r o t t l e  valve was p a r t i a l l y  closed to  

c o n t r o l  t u rb ine  i n l e t  temperature.  A f t e r  l i qu id  d r o p l e t  carry-over had been 

ma te r i a l ly  reduced by b o i l e r  modif icat ions and t h e  t h r o t t l i n g  valve was operated 

i n  t h e  f u l l  open pos i t ion ,  t h i s  condi t ion  became less se r ious ,  A more s i g n i f i c a n t  

effect  than d e t e r i o r a t i o n  of t h e  f a c i l i t y  by t h i s  degree of metal  t r a n s p o r t  was 

t h e  p o s s i b i l i t y  t h a t  t h e s e  metal  depos i t s  could become disengaged from the 

wal l  and pass  i n t o  t h e  tu rb ine  where blockage of -vapor  flow or mechanical e ros ion  

could r e s u l t .  

P r i o r  t o  t h e  endurance run, t h e  8-inch vapor l i n e  was mechanically cleaned 

t o  remove any f o i l  depos i t s  and t h e  endurance test was run without t h r o t t l i n g  and 

w i t h  t h e  b o i l e r  l i qu id  l e v e l  a t  a pos i t i on  t o  minimize l i qu id  d rop le t  carry-over,  

This proved successfu l  inasmuch a s  t h i s  type  of f o i l  depos i t ion  and detachment 

was not  observed during the  endurance tes t .  

3. Endurance Tes t ing  

Minor depos i t s  of metal  accumulated on the  first s t a g e  wheel 

sur face  and on tu rb ine  blade a i r f o i l  s e c t i o n s  a s  shown i n  Figures  110 and 1 B B .  

I t  was expected t h a t  the  m e t a l l i c  depos i t s  which formed on t h e  f irst  s t age  

wheel and blade su r faces  during endurance t e s t i n g  were produced by evaporat ion 

or cool ing  of  l i q u i d  d r o p l e t s  ca r r i ed  over  from the b o i l e r .  

chemical ana lys i s ,  a l s o  presented in Table XV, shows a s i g n i f i c a n t  amount of 

However, t h e  
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coba l t ,  which i n d i c a t e s  t h a t  t h e  major i ty  of the  metal  could have been picked 

up by l i q u i d  potassium from e i ther  t h e  L-605, coba l t  base i n l e t  duct  guide 

vanes and nozzle  p a r t i t i o n s  or t he  cobal tdbase braze a l l o y  (H-33) used t o  

assemble these components. 

The t h i n  m e t a l l i c  f i l m  i s  v i s i b l e  on U-700 blades  i n  t h e  photomicrographs 

i n  F igures  112 and 113 and appears over lay ing  t h e  rCOrrQded a i r f o i l  sur face ;  t h e  

th ickness  of t h e  f o i l  was found t o  be between 0.1-and 0 . 5 - m i l  on an a i r f o i l  

which had no t  been vapor b l a s t ed .  

Weight change d a t a  presented i n  Table XVI a r e  i n s u f f i c i e n t l y  conclusive 

t o  confirm the  presence of metal f i l m  bui ldup or t o  i n d i c a t e  r e l a t i v e  metal  loss 

through cor ros ion .  I t  i s  apparent t h a t  t h e  prev ious ly  presented metal lographic  

eva lua t ion  alone must be relied upon for such deductions.  
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V I I ,  PROCUREMENT, HANDLING AND ANALYSIS OF POTASSIUM 

A. General  Considerat ions 

The two s t a g e  potassium t u r b i n e  r equ i r e s  about 3,500 pounds of potassium. 

Roughly 2,400 pounds a r e  used i n  t h e  loop during a c t u a l  opera t ion  ( the  remainder 

s t a y s  i n  the  dump tank) ,  and of t h i s  about 120 pounds a r e  used i n  t h e  hydrodqnamic 

s e a l  loop. During tu rb ine  operat ion,  the  potassium i n  the  main loop i s  recycled 

through the loop about t w i c e  an hour. Due to  t h i s  high f l o w  r a t e ,  smal l  

q u a n t i t i e s  of impur i t i e s  i n  t h e  potassium could have d e l e t e r i o u s  e f f e c t s  on t h e  

var ious  p a r t s  of t he  loop and t h e  tu rb ine  i t se l f .  

I t  i s  not poss ib l e  t o  set meaningful l i m i t a t i o n s  on the  maximum quan t i ty  

of each poss ib l e  impuri ty  which t h e  potassium may contain,  s i n c e  the  s p e c i f i c  

effects have not  been e s t ab l i shed  i n  most cases .  I t  is, of course, known t h a t  

oxygen may cause cor ros ion  of t h e  loop and t u r b i n e  components and t h a t  it may 

be removed from the potassium by r e f r a c t o r y  metal  p a r t s  lead ing  t o  undes i rab le  

changes such a s  embrittlement.. There is  some evidence a l s o  t h a t  oxygen 

content  c o r r e l a t e s  with carbon t ransfer16 .  Carbur iza t ion  can lead t o  decreases  

i n  d u c t i l i t y  of var ious  components . 

13,14,15, 

17 

Since so l i t t l e ,  of a s p e c i f i c  nature,, is known about the  e f f e c t s  of 

impur i t ies ,  i t  has  been the  pol icy  t o  maintain the impuri ty  concent ra t ions  at 

t he  lowest poss ib le  l eve l s .  This  i s  accomplished i n  the  loop by means of 

zirconium g e t t e r s  - one i n  the  condenser and one i n  a by-pass hot  t r a p  around 

t h e  b o i l e r .  A t i t an ium get ter  i s  a l s o  provided i n  t h e  dump t a n k  t o  provide 

p u r i f i c a t i o n  c a p a b i l i t i e s  between ope ra t iona l  per iods ,  Furthermore, t h e  

vapor iza t ion  of the  potassium i n  the  b o i l e r  i s  i n  i t s e l f  a very e f f e c t i v e  

p u r i f i c a t i o n  process;  consequently, t h e  potassium vapor which reaches t h e  tu rb ine  

should be of  extremely high pur i ty .  

Under t h e  condi t ions  of t u rb ine  t e s t i n g ,  the  concent ra t ions  of most 

impur i t i e s  i n  t h e  potassium should remain a t  or below t h e  d e t e c t i o n  l i m i t s  

of the  appl icable  a n a l y t i c a l  techniques.  Exceptions t o  t h i s  r u l e  a r e  v o l a t i l e  

impur i t i e s  such a s  sodium. An i nc rease  i n  t he  concent ra t ion  of any p a r t i c u l a r  
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impurity indicates contamination of the potassium in the loop or contamination 

during sampling or analysis. The chemical analysis of the potassium, is, thus, 

more important in understanding o r  eliminating malfunctions or  undesirable 

operating procedures than it is in maintaining the potassium purity at some 

specified level. 

Oxygen concentrations in potassium have been determined at the SPPS 

Laboratories using the mercury amalgamation method under inert helium or argon gas. 

This method is described in detail in SPPS Specification No. 03-0055-00-A, "The 

Amalgamation Method for Oxygen in Sodium, Potassium and NaK" which is a modification 

of the method of Pepkowitz and Judd . 18 

The emission spectrographic technique which has been applied to the 

determination of metallic impurities is described in SPPS Specification NO. 

03-0058-00-A, "Spectrographic Methods for Metallic Impurities in Alkali Metals." 

Three methods have been applied to the determination of carbon in potassium, 

the first used being that developed by S. Kallman of Ledoux and Company, Teaneck, 

New Jersey. This method consists of the dry combustion of the potassium using 

an oxygen-inert gas mixture, followed by the release of carbon dioxide by the 

addition of sulfuric acid. The amount of carbon dioxide is measured conducti- 

metrically. The method is described by S. Kallman and R. Liu . 19 

The second method is that in use by Mine Safety Appliance Research Corporation, 

Callery, Pennsylvania. The method consists of first reacting the potassium 

with water which converts the potassium to the hydroxide and any carbides present 

to acetylene. The quantity of acetylene is determined mass spectrometrically. 

The potassium hydroxide solution obtained in the first step is acidified with 

sulfuric acid, releasing carbon dioxide from any carbonate present initially. 

The carbon dioxide is measured mass spectrometrically. Finally, the potassium 

sulfate resulting from the second step is dried and then oxidized at high 

temperature with oxygen, converting any elemental carbon present to carbon 

dioxide which is then determined with the mass spectrometer, 

The third technique which has been used was recently developed for potassium 

at SPPS. It consists of the dry combustion of the potassium in an oxygen-inert 
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gas atmosphere i n  the  presence of s i l i ca .  

carbonate r eac t  w i t h  t h e  s i l i c o n  d ioxide  forming potassium s i l i c a t e ,  and 

earbon d ioxide  is  re leased  i n  t h e  case of t h e  carbonate.  The carbon dioxide i s  

measured w i t h  a gas  chromatograph. 

The potassium oxide and potassium 

P r i o r  t o  the  tu rb ine  endurance run, t h e  potassium samples which were 

analyzed were removed from t h e  dump tank, s i n c e  no provis ion  had ye t  been made 

t o  sample the  loop i t se l f ;  i.e., r e f e r r i n g  t o  Figure 114 the  tee and connection 

through va lve  6 t o  va lve  VML-2 had not  y e t  been made, although t h e  l i n e s  between 

va lves  5, 7 and 8 were i n .  

t he  dump tank was a s  follows: 

Referr ing t o  Figure 114 the  procedure f o r  sampling 

1. The sample tube and overflow r e s e r v o i r  system (sampling system) 

was cleaned, assembled, helium leak  checked, baked ou t  a t  200'- 
-3 

300'F f o r  15 minutes a t  5 x 10 t o r r  and backf i l l ed  w i t h  Matheson 

u l t r a  high p u r i t y  argon. 

The sampling sys t em was at tached t o  the argon supply between 

valves  2 and 3. Then w i t h  argon flowing from t h e  bottom of the 

sample tube,  t he  sample tube was connected t o  va lve  7. 

The sampling system, the overflow tank and t h e  dump tank d i p  

f i n e  were heated t o  200°-500'F. 

With valve 7 closed,  va lves  5 and. 8 were opened and about 25 pounds 

of potassium were f lushed from the  dump tank i n t o  t h e  overflow tank 

w h i l e  vent ing  pressure  o f f  t he  overflow tank through valve 10. 

2. 

3. 

4 .  

5. The overflow tank was then pressur ized  and emptied back i n t o  the  

dump tank.  

6. Step  No. 4 above was repeated, thus  f lu sh ing  the  dump tank l i n e  

w i t h  about 10 t i m e s  i t s  volume of potassium. 

7. The sample was then taken by c los ing  valve 8, opening valves  1, 2 

and 3 and flowing argon through t h e  sampler r e se rvo i r ,  then opening 

valve 7 and f lu sh ing  potassium through t h e  sample tube u n t i l  t h e  

r e s e r v o i r  was f i l l e d  t o  wi th in  1/2 inch of t h e  t o p  of t he  overflow 

l i n e  ( t h e  d o t t e d  l i n e  shown i n  Figure 114). 
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8. Valves 7 and 1 w e r e  closed, t h e  r e s e r v o i r  was pressur ized  to  5-10 

ps ig ,  valves  3 and 4 were closed and t h e  sampler was cooled t o  room 

temperature.  

9. During sample cool ing,  t h e  overflow tank was pressur ized  and 

emptied through va lve  8 back i n t o  t h e  dump tank.  

10. The coo l  sample was then disconnected and capped off and valve 7 

was cleaned i n  p repa ra t ion  f o r  t h e  next  sampling opera t ion .  

The procedure used t o  sample t h e  loop w i l l  be descr ibed l a t e r  i n  t h i s  

r epor t .  

B .  PrOcurement and I n i t i a l  P u r i f i c a t i o n  of Potassium 

The potassium i n  use i n  t h e  Two Stage Turbine was purchased i n  March 1963 

from Mine Safe ty  Appliance Research Corporat ion;  Ca l l e ry ,  Pennsylvania.  Two 

2000-pound capac i ty ,  s t a i n l e s s  s teel ,  shipping con ta ine r s  were f ab r i ca t ed  by 

MSAR and f i l l e d  with t h e i r  slagged and f i l t e r ed  grade of potassium. 

The potassium (3578 l b s . )  was t r a n s f e r r e d  t o  t h e  loop dump tank on 

September 26, 1963. 

t h e  t r a n s f e r  from Container  N o .  1. This  was subsequently analyzed f o r  oxygen 

and 154 ppm (Specimen 35, Table X V I I )  were found. 

A sample of potassium was obtained from'the fPb1 l i n e  dur ing  

A l l  analyses  f o r  oxygen and carbbn i n  potassium a r e  shown i n  Table X V I I .  

The va lues  given i n  t h e  t e x t  of t h i s  r e p o r t  a r e  weighted averages obtained by 

d iv id ing  t h e  t o t a l  micrograms of oxygen found by t h e  t o t a l  of t h e  sample weights  

f o r  m u l t i p l i c a t e  ana lyses ,  

Af te r  t r a n s f e r  of a l l  t h e  potassium t o  t h e  dump tank,  another  sample was 

obtained from t h e  dump tank and analyzed. The oxygen concent ra t ion  was found 

t o  be 775 ppm (Specimen 36) .  This high va lue  probably i n d i c a t e s  contamination 

by ma te r i a l  i n  t h e  dump tank .  The m e t a l l i c  impur i t i e s  i n  t h i s  sample were a l s o  

determined. These r e s u l t s  a r e  shown i n  Table X V I I I .  All elements determined 

were found t o  be a t  acceptably low values .  
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Subsequent hot  t r app ing  with t h e  t i t an ium g e t t e r  ( ry 200 l b s .  Ti;rh* 1 g 
2 K/in Ti) i n  t h e  dump tank f o r  108 hours a t  1100' t o  1200°F reduced t h e  oxygen 

content  t o  48 ppm (Specimen 42).  The potassium was then forced from t h e  dump 

tank i n t o  t h e  condenser, b o i l e r  and assoc ia ted  p ip ing  where i t  was c i r cu la t ed  

f o r  t h r e e  days a t  300' t o  500°F by means of t h e  EM pump and con t ro l l ed  argon 

pressure .  I t  was not  poss ib l e  t o  c i r c u l a t e  t h e  potassium through t h e  8-inch diameter 

vapor l i n e  or t h e  converging-diverging (C-D) nozzle .  

The potassium was returned t o  t h e  dump tank, resampled and reanalyzed. The 

increase  of oxygen concent ra t ion  t o  87 ppm (Specimen 46) ind ica ted  pickup 

from t h e  loop during f lu sh ing .  

the oxygen concent ra t ion  t o  44 ppm (Specimen 47). 

Subsequent ho t  t rapping  a t  1200'F decreased 

C. I n i t i a l  Boi l ing  and F a c i l i t y  Test ing 

The potassium was returned t o  t h e  loop and b o i l i n g  was i n i t i a t e d  and 

sustained f o r  a few hours.  Operat ional  d i f f i c u l t i e s  involving a potassium leak 

and f i r e  a t  t h e  f l ange  between t h e  C-D nozzle and t h e  condenser required t h a t  

t h e  potassium be returned t o  t h e  dump tank. I t  was again sampled and analyzed 

with a value of 10 ppm (Specimen 48) being found f o r  t h e  oxygen concentrat ion.  

This reduct ion i n  oxygen content  r e f l e c t s  t he  p u r i f i c a t i o n  which took p lace  i n  t h e  

loop due t o  hot  t rapping  and d i s t i l l a t i o n  and is a l s o  evidence t h a t  t h e  leak  d i d  

not r e s u l t  i n  s i g n i f i c a n t  contamination of t h e  potassium. 

The potassium was returned t o  the  loop f o r  t h e  purpose of t e s t i n g  t h e  spray 

nozzle i n  t h e  8-inch vapor l i n e  upstream from t h e  C-D nozzle,  This  system 

did not  opera te  c o r r e c t l y  due t o  plugging i n  t h e  in- l ine,spray l i ne ,ho t  t r ap .  

Af te r  removal of t h e  hot  t r a p , t h e  potassium was used t o  f l u s h  the  loop f o r  

7 hours a t  300° to 400'F and again returned t o  t h e  dump tank ,  Analysis for 

oxygen produced a va lue  of 140 ppm (Specimen 57)) i n d i c a t i n g  contamination of 

t he  loop during t h e  removal of t h e  hot  t r a p .  The potassium was hot trapped i n  

the  dump tank a t  1150'F and subsequent ana lys i s  ind ica ted  an oxygen content  

of 33 ppm (Specimen 58) .  Test ing i n  t h e  C-D nozzle  was completed on December 

29, 1963. 
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D. I n i t i a l  Turbine Tes t ing  

By Apr i l  2, 1964 t h e  i n s t a l l a t i o n  of t h e  two s t a g e  tu rb ine  was near ing  

completion, so t h e  dump tank was sampled and t h e  potassium was analyzed p r i o r  

t o  f l u s h i n g  t h e  loop. The oxygen content  was 67 ppm (Specimen 73). The loop 

was f lushed and t h e  potassium returned t o  t h e  dump tank and sampled a t  950'F. 

Analysis ind ica ted  30 ppm oxygen (Specimen 74). This reduct ion  i n  oxygen content  

i s  probably i n d i c a t i v e  of t h e  high f l u s h  temperature, s ince  it i s  known t h a t  

s t a i n l e s s  s teel  w i l l .  s t a r t c - t o  removeroxygen from pot.assium between 700' and 900'F. 

i s  a l s o  probable t h a t  zirconium and t i t an ium become e f f e c t i v e  a s  g e t t e r s  a t  about 

1000'F. Subsequent hot  t rapping  i n  t h e  dump tank a t  1200°F f o r  100 hours reduced 

t h e  oxygen content  t o  24 ppm (Specimen 75). 

I t  

The potassium was t r a n s f e r r e d  t o  t h e  loop and tu rb ine  t e s t i n g  was i n i t i a t e d  

on Apr i l  13, 1964; i .e. ,  potassium was placed i n  t h e  hydrodyanmic s e a l  f o r  t h e  

f i rs t  t i m e .  This test  was aborted when i t  was found t h a t  o i l  was leak ing  i n t o  

t h e  hydrodyanmic s e a l  potassium system and i n t o  the  condenser, and t h e  potassium 

was returned t o  t h e  dump tank and sampled. The carbon content  was found t o  be 

88 ppm (Specimen 89), i n d i c a t i n g  contamination of  t h e  potassium by o i l .  The 

potassium was hot  trapped a t  1150'F f o r  100 hours and reanalyzed. The carbon 

concentrat ion had dropped t o  59 ppm and t h e  oxygen content  was 17 ppm (Specimen 

93).  The r e s u l t s  of ana lys i s  for m e t a l l i c  impur i t i e s  a r e  shown i n  Table XVIII 

and i n d i c a t e  t h a t  t h e  ma te r i a l  was of supe r io r  q u a l i t y  i n  t h i s  respec t .  Add i -  

t ional  hot t r app ing  a t  1175'F f o r  150 hours reduced t h e  carbon content  t o  43 ppm 

while  t he  oxygen content  d i d  not  change appreciably - 18 ppm (Specimen 97).  The 

meta l l ic '  impuri ty  concent ra t  ion remained e s s e n t i a l l y  unchanged except f o r  A l ,  

Ca, Fe, M g  and S i .  The inc reases  noted f o r  t hese  elements were probably i n d i c a t i v e  

of contamination by dus t  dur ing  conversion t o  KC1. 

By J u l y  15, 1964 t h e  tu rb ine  had been operated on potassium vapor f o r  a 

t o t a l  of about s i x  hours.  Operat ional  d i f f i c u l t i e s  required t h a t  t h e  potassium 

be dumped, so t h e  dump tank and t h e  potassium hydrodynamic s e a l  head tank were 

both sampled. The head tank sample was analyzed f o r  carbon t o  determine whether 

o r  not o i l  was g e t t i n g  i n t o  t h i s  system. A va lue  of 11 ppm carbon (Specimen 101) 

was found, i n d i c a t i n g  t h a t  no such contamination had occurred,  The dump tank  
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sample (Specimen 102) produced va lues  of 40 ppm oxygen, 42 pprn carbon, and 

va lues  f o r  m e t a l l i c  impur i t i e s  (See Table X V I I I )  which were not  s i g n i f i c a n t l y  

d i f f e r e n t  from those  obtained f o r  t h e  hydrodynamic s e a l  head tank sample. 

!?he inc rease  i n  oxygen content  may have r e f l e c t e d  contamination of t h e  

potassium dur ing  an e f f l u x  l i n e  f i r e ,  which was one of t he  d i f f i c u l t i e s  

encountered. Another sample was taken (Specimen 110) and 65 ppm oxygen was 

found, but  p rec i s ion  was poor. 

s i g n i f i c a n t l y  d i f f e r e n t  from t h e  previous sample. I t  was decided t o  ho t  t r a p  

The carbon content  was 32 ppm, which was not  

t h e  potassium. This  was done and the  ma te r i a l  was resampled. Analysis (Specimen 

112) ind ica t ed  t h a t  t h e  oxygen content  had been reduced t o  t h e  low va lue  of 6 

ppm whereas t h e  carbon content  had apparent ly  increased t o  200 ppm. The f a c t  

t h a t  t h e  next specimen (Specimen 115) produced va lues  of 36 ppm carbon and 8 pprn 

oxygen lead t o  t h e  conclusion t h a t  t h e  value of 200 ppm f o r  carbon was erroneous, 

but  no good reason f o r  t h i s  was apparent,  e s p e c i a l l y  s ince  t h e  p rec i s ion  was so 

good on dup l i ca t e  analyses .  

E. Turbine Performance Test ing 

Specimen 115, mentioned above, was removed from the  dump tank  p r i o r  t o  

f lu sh ing  t h e  loop i n  prepara t ion  f o r  performance t e s t i n g .  Af t e r  f l u s h i n g  t h e  

loop and r e tu rn ing  t h e  potassium t o  t h e  dump tank, va lues  of 7 ppm oxygen and 

52 ppm carbon (Specimen 116) w e r e  found. Hot t rapping  was not  considered necessary,  

SO t he  potassium was returned t o  t h e  loop for performance t e s t i n g .  

During t h e  course of performance t e s t i n g  a number of malfunctions occurred. 

One was a potassium leak  and f i r e  i n  t h e  condensate e x t r a c t i o n  tube on t h e  

bottom of t h e  tu rb ine  cas ing ,  I n  t h i s  case  only t h e  condenser was dumped. 

Analysis (Specimen 117) showed 13 ppm oxygen and 199 ppm carbon. Again t h e r e  

i s  no reasonable  explana t ion  f o r  t h e  high value obtained f o r  carbon. 

The most s e r i o u s  occurrence which took p lace  was t h e  leak and f i r e  i n  t h e  

vapor drum of the  b o i l e r  which occurred on October 13, 1964. The b o i l e r  pressure  

was below atmospheric pressure  a t  t h e  t i m e  t h e  leak  f i r s t  s t a r t e d ,  Bnd t h e  

cor,tamination by in-leakage of a i r  is  r e f l e c t e d  i n  t h e  high value of 45 ppm 
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oxygen obtained f o r  Specimen 127. Subsequentlhot t rapping  reduced t h e  oxygen 

content  t o  7 ppm (Specimen 158). The carbon content  was not  reduced s u b s t a n t i a l l y  

(98 ppm). 

A t  t h i s  po in t  it was decided t o  have Mine Safe ty  Appliance Research 

Corporation, Cal le ry ,  Pennsylvania perform f u t u r e  ana lyses  for carbon, s i n c e  

t h e i r  method d is t inguished  between elemental ,  carb ide  and carbonate carbon. 

The dump tank was resampled (Specimen 179) and a specimen was submitted t o  MSAR. 

This sample should have been comparable wi th  No.  158. The p rec i s ion  of t h e  

a n a l y t i c a l  r e s u l t s  f o r  carbon was not p a r t i c u l a r l y  good; however, t h e  average 

va lue  of 35 ppm f o r  t o t a l  carbon was considerably less than t h e  value of 98 ppm 

found by Ledoux. This lower va lue  f o r  t o t a l  carbon may have been due t o  t h e  

f a c t  t h a t  t h e  potassium remained i n  t h e  dump tank a t  about 500'F ffom 

December 12, 1964 u n t i l  February 8, 1965; however, t h e  mechanism f o r  i t s  d i s -  

appearance is  not  apparent.  

A f t e r  ex tens ive  r e p a i r  and modif icat ion of t h e  b o i l e r ,  i t  was f lushed 

with potassium. The a n a l y t i c a l  r e s u l t s  obtained f o r  Specimen 185, obtained 

a f t e r  f lush ing ,  show t h e  contamination (68 ppm oxygen and 460 ppm carbon) expected 

from the  long period dur ing  which t h e  loop was open t o  the  atmosphere and probably 

a l s o  from r e s i d u a l  contamination due t o  t h e  f i r e ,  Hot t rapping  f o r  100 hours 

a t  1350'F s u b s t a n t i a l l y  reduced both t h e  carbon (196 ppm) and t h e  oxygen (15 

ppm) concent ra t ions  (Specimen 187). Subsequent opera t ion  of t h e  tu rb ine  f u r t h e r  

reduced t h e  carbon (70 ppm) and oxygen (10 ppm) contents  (Specimen 188). Specimen 

198 was taken from t h e  dump tank a f t e r  completion of performance t e s t i n g  and 

ana lys i s  ind ica ted  s t i l l  f u r t h e r  reduct ion i n  both carbon (45 ppm) and oxygen (6 

ppm). Ana ly t i ca l  d a t a  for m e t a l l i c  impur i t i e s  f o r  Samples 185, 187, 188, and 198 

'are  shown i n  Table XVIII and i n d i c a t e  t h a t  t h e  concent ra t ions  of these  impur i t i e s  

remained q u i t e  low, 

Specimen 206 was removed from the  dump tank between performance and 

endurance t e s t i n g  a t  t h e  reques t  of t h e  NASA Program Monitor f o r  t h e  purpose 

of ob ta in ing  comparison analyses .  The l a r g e  inc rease  i n  carbonate  carbon i s  

no t  understood. 
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A n  unusual and, a s  ye t ,  unresolved discrepancy appears i n  t h e  d a t a  pre- 

sented,  This i s  t h e  lack  of c o r r e l a t i o n  between t h e  carbpnate carbon and t h e  

oxygen concentrat ions.  Since t h e  ama1gamation.residue i s  analyzed by t i t r a t i o n  

wi th  HC1, assuming t h a t  t h e  only t i t r a t a b l e  spec ie s  is  K 0, whereas K CO i s  

a l s o  t i t r a t a b l e ,  t he re  should be a d e f i n i t e  p ropor t iona l i t y  between carbonate 

and oxygen. That t h e r e  should be a c o r r e l a t i o n  between carbonate and what i s  

ca l cu la t ed  and reported a s  oxygen i s  ar r ived  a t  a s  follows. Two chemical 

equat ions  apply: 

2 2 3  

K 2 0  + 2 H C 1 4  2 KC1 + H20 (1) 

+ 2 HC1*2 KC1 + H20 + C02 (2) K2C03 

I t  i s  c l e a r  t h a t  i n  t h e  t i t r a t i o n  with HCl ,  one gram-atom of oxygen i n  equat ion 

(1) i s  equiva len t  t o  one gram-atom of carbonate carbon i n  equat ion (2).  There- 

fore ,  16 micrograms of oxygen a r e  equiva len t  t o  12 micrograms of carbonate  

carbon. I t  fol lows t h a t  1 ppm of carbon a s  carbonate  i s  equiva len t  t o  1.33 ppm 

of oxygen and would be reported a s  such, us ing  t h e  amalgamation method. Conse- 

quent ly ,  t h e  oxygen and carbonate carbon d a t a  f o r  specimens 185 and 187 a r e  not 

i n  agreement. For example, i f  t he  carbonate  carbon concent ra t ion  were a c t u a l l y  

350 ppm i n  specimen 185, t he  amalgamation method should have de tec ted  it a s  

about 465 ppm oxygen. Furthermore, t h e  presence of t h i s  much carbonate  should 

have been obvious from t h e  t i t r a t i o n  curve s i n c e  t h e  n e u t r a l i z a t i o n  t akes  

p laee  i n  two s teps :  

K2C03 + HCl--)HCl + KHCO a t  pH 8 .3  

KHC03 + HCl---?KCl + H 2 0  + C02 a t  pH 5 

3 

r e s u l t i n g  i n  two i n f l e c t i o n s  i n  the  t i t r a t i o n  curve.  N o  such behavior was 

observed. 

I t  i s  s i m i l a r l y  d i f f i c u l t  t o  i n v a l i d a t e  t h e  carbonate  determinat ion because 

when such high l e v e l s  were found,MSAR checked t h e i r  technique us ing  some 

sodium of known carbonate  content  and found t h e  c o r r e c t  amount, Segregat ion i n  

t h e  long sampling tube  during cool ing  i s  a poss ib l e  explanat ion €or  t h e  non- 

c o r r e l a t i o n ;  however, t h e  good agreement between dup l i ca t e  analyses  f o r  both 
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carbon and oxygen i n d i c a t e s  t h a t  t h i s  was not  t h e  cause. Contamination of  the  

MSAR specimens during handl ing by SPPS or dur ing  t r a n s i t  is a l s o  h ighly  unl ike ly .  

F. Turbine Endurance Tes t ing  

During the  period between the  completion of performance t e s t i n g  and t h e  

i n i t i a t i o n  of endurance t e s t i n g , t h e  potassium sampling system was modified t o  

allow sampling from t h e  loop during opera t ion  a s  w e l l  a s  from the  dump tank 

dur ing  shutdown. This arrangement permit ted t h e  removal of potassium samples 

which w e r e  more r ep resen ta t ive  of  t h e  potassium t o  which t h e  tu rb ine  was 

exposed. 

The modified apparatus  i s  shown schematical ly  i n  Figure 114, and the  

sampling procedure ,was a s  follows: 

1. 

2. 

3. 

4. 

5 .  

6. 

7 .  

8. 

9. 

Connect a c lean ,  argon f i l l e d  overflow r e s e r v o i r  ( w i t h  new sample 

t u b e  a t tached)  t o  t h e  sampling system, making use of the  Swagelok 

f i t t i n g  between va lves  2 and 3. 

Purge t h e  overflow r e s e r v o i r  and t h e  sample tube through va lves  2 

and 3 while  removing t h e  swagelok cap from the  bottom of the  

sample tube and making t h e  connection a5 va lve  7 .  

Open valve 1 and cont inue t h e  argon purge w h i l e  wrapping hea t ing  

t apes  on t h e  sample tube and overflow r e s e r v o i r  and dur ing  heat-up 

of t h e  e n t i r e  sampling s y s t e m .  

Heat a l l  l i n e s  and valves ,  t h e  overflow tank and t h e  overflow 

r e s e r v o i r  t o  about 400OF. 

Adjust the  pressure  i n  t h e  overflow tank to  about 15 ps i a .  

Reduce the  hea t  r e j e c t i o n  i n  t h e  hea t  exchanger t o  give a 

potassium temperature of about 400'F. 

Open valve WL-2 t o  f i l l  t he  l i n e  t o  vaive 6. 

Open va lve  6 t o  f i l l  l i n e s  between va lves  5, 7 and 8. 

0pen valve 8 and flow a quan t i ty  of potassium i n t o  t h e  overflow 

tank which is  equal  t o  one to two times the  volume of t h e  l i n e s  

between valve VML-2 and valve 8. Close va lve  8. 
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10. 

11. 

12. 

13. 

14. 

15. 

16. 

Open valve 7 and flow a quan t i ty  of potassium through t h e  sample 

tube i n t o  the  overflow r e s e r v o i r  which i s  equal  t o  one t o  two 

times t h e  volume between valve 7 and the t o p  of t h e  overflow tube 

i n  t h e  overflow re se rvo i r .  

Close va lves  1 and 7 and p res su r i ze  t h e  overflow re se rvof r  t o  

about 10 ps ig .  

Close valve VXL-2 and open valve 8 t o  d r a i n  t h e  potassium out  of 

t h e  l i n e s  between va lves  5, 7 and VML-2. 

C l o s e  va lves  2, 3 6 and 8 and tu rn  o f f  a l l  hea t  t o  t h e  sampling 

system. 

When t h e  potassium has  reached room temperature,  disconnect  t h e  

sample tube a t  valve 7 and cap t h e  sample tube.  

Disconnect t h e  overflow re se rvo i r  a t  valve 2. 

Clean valve 7 back t o  t h e  valve s e a t .  

The sample tube and at tached overflow r e s e r v o i r  w e r e  submitted f o r  ana lys i s  

f o r  oxygen, carbon and m e t a l l i c  impur i t i e s  i n  t h e  potassium. The a n a l y t i c a l  

da ta  obtained a r e  shown i n  Tables X V I I  and X V I I I .  

The valve,  WE-2, is  j u s t  downstream of t h e  450 Btu hea t  exchanger which 

supplied potassium t o  t h e  argon reclamation system and t o  t h e  f i l l  l i n e  f o r  

t h e  hydrodynamic s e a l  loop. Normally, t h e  potassium suppl ied by t h i s  hea t  

exchanger i s  a t  a temperature near  250'F. This was considered t o  be t o o  low 

a temperature f o r  ob ta in ing  r ep resen ta t ive  specimens, so, during sampling, 

t h e  hea t  r e j e c t i o n  of t h e  exchanger was reduced so t h a t  t h e  potassium temperature 

was abow 300°F and was genera l ly  between 350' and 400'F. 

h igher  sampling tehpera ture  was prefer red ,  t h i s  was not poss ib le  because the  

argon reclamation sys t em should be supplied wi th  l i q u i d  potassium a t  a s  low a 

temperature a s  poss ib le ,  s ince  i t  i s  a counterflow device intended t o  remove 

potassium vapor and d r o p l e t s  from t h e  argon. 

Although an even 

The source of t h e  potassium which i s  suppl ied t o  t h e  450 Btu hea t  exchanger 

is  t h e  l i n e  (conta in ing  valve VTL-8) which is at tached t o  t h e  main loop j u s t  

downstream from t h e  EM pump. me potassium sampled i s  r ep resen ta t ive  of t h a t  
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which has passed through t h e  tu rb ine  t o  t h e  condenser; and should, t he re fo re ,  be 

extremely pure a f t e r  an i n i t i a l  period during which contaminants a r e  being 

cleaned out  of t h e  8-inch tu rb ine  feed l i n e ,  t h e  tu rb ine  and t h e  condenser. 

During t h e  f i r s t  250-hour period of endurance t e s t i n g ,  Specimens 225 

through 235 were removed from t h e  main loop and analyzed. Specimen 225 was taken 

from t h e  loop a f t e r  f i l l i n g  t h e  dump tank, but  before  s t a r t i n g  potassium vapor 

flow through t h e  turb ine .  The r e l a t i v e l y  high oxygen value of 27 ppm obtained 

i s  i n d i c a t i v e  of some contamination during t h e  long shutdown j u s t  p r i o r  t o  tes t .  

The va lues  obtained f o r  t h e  carbon content  and t h e  m e t a l l i c  impurity concent ra t ions  

w i l l  be discussed l a t e r .  

Specimen 226 was removed from the  loop two hours a f t e r  t h e  i n i t i a t i o n  of 

vapor flow through t h e  tu rb ine .  

was probably due t o  some oxygen pickup along t h e  8-inch tu rb ine  feed l i n e  and 

the  condenser during t h e  shutdown. The fol lowing low value (14 ppm) f o r  

oxygen f o r  Specimen 227 indica ted  t h a t  t h e  combination of d i s t i l l a t i o n  and 

hot  t r app ing  which takes  p lace  during loop opera t ion  had quickly and e f f e c t i v e l y  

removed t h e  oxide,  washed down from t h e  8-inch l i n e  and condenser, from t h e  

potassium passing through t h e  turb ine .  

The high concent ra t ion  of oxygen (69 ppm) 

The high value f o r  oxygen (17 ppm) found f o r  Specimen 231 was due t o  

contamination during ana lys i s .  The a i r  l eak  found i n  t h e  a n a l y t i c a l  apparatus  

was repa i red  before  t h e  remainder of t h e  analyses  were performed. The reason 

t h a t  t h e  p rec i s ion  w a s  good on dup l i ca t e  samples was because both samples were 

run simultaneously i n  t h e  same apparatus  and so were exposed t o  t h e  same 

atmosphere. 

Specimen 236 was removed from t h e  dump tank subsequent t o  t h e  shutdown 

a f t e r  r e tu rn ing  t h e  loop potassium t o  t h e  dump tank. 

A s i m i l a r  sampling and analyzing schedule was maintained during s t a r t u p  

and opera t ion  f o r  the  f i n a l  1750-hour period of endurance t e s t i n g .  The r e s u l t s  

i nd ica t e  t h a t  l i t t l e ,  i f  any, contamination occurred during t h e  shutdown period.  

The high value f o r  oxygen concentrat ion found f o r  Specimen 240 may be due t o  such 



Figure 6. First Stage U-700 Blade D2vetail After 2000-Hour Endurance Test 
Showing Concentration of Accicular Structure Presumed to be 
Sigma Phase. (B322411) 

Etchant: 3% H 2 0 2  Mag: 500X 

Figure 7. First Stage U-700 Blade Dovetail After 2000-Hour Endurance Test 
Showing Concentration of Accicular Structure Presumed to be 
Sigma Phase. (B322311) 

Etchant: 3% H 2 0 2  Mag: 2000X 
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A l l  r e s u l t s  f o r  t h e  determinat ion of m e t a l l i c  impur i t i e s  i n  t h e  potassium 

during endurance t e s t i n g  a r e  shown i n  Table X V I I I  and involve specimens 225 

through 290. The d a t a  a r e  reported a s  ppm i n  potassium ch lo r ide .  The high 

values  found f o r  calcium concen t r a t ion  a r e  f a l l a c i o u s .  By a long process  of 

e l imina t ion  i t  was f i n a l l y  discovered t h a t  t h e  source of  t h e  calcium was a red 

rubber bulb on a hydrochlor ic  ac id  d i spense r  which was used i n  t h e  p repa ra t ion  

of potassium c h l o r i d e  from t h e  potassium specimens. The potassium c h l o r i d e  

prepared as Specimens 225A, 289A, and 290A was prepared without using the  

dispenser ,  whereas i n  t h e  p repa ra t ion  of Specimens 225, 289B and 290B t h e  

d i spense r  was used. These d a t a  i n d i c a t e  t h a t  t h e  concentrat ions of a l l  impurity 

elements considered probably remained a t  very low l e v e l s  through t h e  endurance 

t e s t .  The reduct ion i n  t h e  concentrat ions of aluminum and s i l i c o n  noted f o r  

Specimens 22511, 289A, 289B, 290A and 290B i s  e v i d e n t l y  no t  a s soc ia t ed  with 

t h e  high calcium. This has not  been explained. 

The a n a l y t i c a l  d a t a  presented i n d i c a t e  t h a t  t h e  potassium passed through 

t h e  t u r b i n e  was of extremely high p u r i t y  except during s t a r t u p .  This i s  

confirmed by t h e  f a c t  t h a t  only r e l a t i v e l y  small  q u a n t i t i e s  of impur i t i e s  were 

picked up by t h e  r e f r a c t o r y  a l l o y  metal  specimens during t h e  t e s t i n g .  This i s  

e s p e c i a l l y  evident  when i t  i s  r e a l i z e d  t h a t  du r ing  t h e  2000-hour endurance run 

about t e n  m i l l i o n  pounds of potassium w e r e  passed through t h e  tu rb ine .  



V I I L  CONCLUSIONS AND RECOMMENDATIONS 

The experiences and information gained dur ing  t h e  cons t ruc t ion ,  assembly, 

opera t ion  and eva lua t ion  of t he  tu rb ine  l e d  t o  t h e  fol lowing p r i n c i p a l  

conclusions and recommendations: 

1. The non-refractory a l l o y s  and ma te r i a l s  used i n  t h e  two s t a g e  tu rb ine  

have demonstrated t h e i r  adequacy f o r  t h i s  appl ica t ion .  N o  s i g n i f i c a n t  changes 

i n  ma te r i a l s  or processes  a r e  required f o r  f u r t h e r  t u rb ine  t e s t i n g .  

2. While gross  tu rb ine  blade s o l u t i o n  cor ros ion  was produced by a 

d e l i b e r a t e l y  introduced coarse  spray of l i q u i d  potassium i n t o  the  tu rb ine  

and poss ib le  l i q u i d  d r o p l e t  carry-over from t h e  b o i l e r ,  t hese  effects  were 

r e a d i l y  e l iminated i n  subsequent t e s t i n g  by e l imina t ing  t h e  spray, more 

e f f e c t i v e l y  f i l t e r i n g  the  potassium vapor from t h e  b o i l e r ,  and by modifying 

t h e  b o i l e r  opera t ing  procedure. 

3. Probably l i m i t e d  amounts of metal  were t r ans fe r r ed  from the  b o i l e r  

t o  t h e  tu rb ine  when metal  s o l u t e  wi th in  l i q u i d  metal  d rop le t s  was ca r r i ed  from 

the  b o i l e r .  This  s i t u a t i o n  has been g r e a t l y  improved by opera t ing  t h e  b o i l e r  

l i q u i d  l e v e l  a t  a lower p o s i t i o n  wi th in  t h e  upper header and by t h e  use of an 

a d d i t i o n a l  separa tor  a t  t h e  b o i l e r  o u t l e t .  While some minor mass t r a n s f e r  

may s t i l l  be expected i n  f u t u r e  t e s t i n g ,  i t  should no t  represent  a hazard t o  

t h e  s a f e t y  of t he  tu rb ine .  

4. Impact e ros ion ,  which produced lo s s  of metal  by mechanical damage, 

was p o s i t i v e l y  i d e n t i f i e d  i n  only one instance:  S t a t iona ry  U-700 eros ion  test 

i n s e r t s  located behind t h e  t r a i l i n g  edge t i p s  of  t he  second s t age  blades 

developed s i g n i f i c a n t  impact e ros ion  p i t s  during the  2000-hour endurance test. 

5. The "ge t te r ing"  types of r e f r a c t o r y  a l loys ,  such a s  the  columbium 

base a l loys ,  a r e  r e a d i l y  contaminated with carbon, oxygen and n i t rogen  i n  t h e  

Type 316 s t a i n l e s s  s tee l  tu rb ine  f a c i l i t y ;  however, molybdenum a l l o y s  a r e  much 

more r e s i s t a n t  t o  such contamination. 

6. The chenica l  a n a l y t i c a l  d a t a  obtained f o r  t h e  oxygen and m e t a l l i c  

impurity concent ra t ions  i n  the  potassium used i n  the  tu rb ine  loop i n d i c a t e  t h a t  

t h e  analyt ic .a l  techniques applied a r e  adequate for monitoring the  potassium 
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f o r  these  impurity elements. I n  order  t o  quick ly  determine whether or  not t h e r e  

i s  an a i r  l eak  i n  those por t ions  of t h e  sys t em which opera te  below atmospheric 

pressure,  i t  i s  recommended t h a t  t h e  oxygen concent ra t ion  be determined continuously 

us ing  an i n d i c a t i n g  galvanic  c e l l  type oxygen meter or o the r  device i n  the  loop 

system, 

7. The da ta  obtained f o r  carbon concent ra t ions  i n  potassium a r e  confusing 

due t o  t h e  lack  of r e p r o d u c i b i l i t y  and t o  t h e  discrepancy noted between t h e  

carbonate  carbon va lues  and t h e  oxide values .  However, those da t a  f o r  carbon 

obtained most recent ly ,  us ing  techniques developed i n  General E l e c t r i c  Company, 

Space Power and Propuls ion Sec t ion  Laborator ies ,  a r e  i n  much b e t t e r  agreement 

with t h e  oxygen da ta  and i n d i c a t e  t h a t  t he  carbon content  of t he  potassium was 

q u i t e  low, about 20 ppm. 

8. I t  i s  c l e a r ,  from the  carbon and oxygen analyses ,  t h a t  t h e  potassium can 

become contaminated by tu rb ine  malfunctions,  by in-leakage of a i r ,  or by opening 

t h e  loop f o r  r e p a i r  o r  replacement of p a r t s .  However, the  da t a  a l s o  show t h a t  

t h e  g e t t e r i n g  and d i s t i l l a t i o n  processes ,  which take p lace  during opera t ion  of 

the  loop a c t  a s  a "self-cleaning" process  t o  quickly reduce t h e  impurity l e v e l s  

t o  very low values .  

9. The t e s t i n g  program has demonstrated t h a t  a s t a i n l e s s  s teel  tes t  f a c i l i t y  

can success fu l ly  be u s e d  t o  eva lua te  molybdenum a l l o y  turb ine  components f o r  

Rankine Cycle power genera t ing  systems a t  i n l e t  temperatures near  1500°F and 

ro tor  blade t i p  v e l o c i t i e s  t o  765 f t / s e c .  
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F i r s t  Stage 
Blade No. 

45 
56 
58 

Second Stage 
Blade No. 

1 
20 
58 

Heat Treated 
Blade Blank 

A 
B 
C 
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TABLE I 

ROOM TEMPERATURE 

T m I L E  PROPERTIES OF U-700 TURBINE BLADE MATERIALS 

BEFORE AND AFTER 2000-HOUR ENDURANCE TEST 

Turbine T e s t  UTS .2%YS 
(ks i )  (ks i )  %E %RA 

0 
Temperature F 

1360 
1360 
1360 

1260 
1260 
1260 

175 
175 
178 

191 
,198 
199 

131 
130 
141 

10 
12 
15 

1 7  
19 
15 

121 12  13  
125 12  10 
125 10  9 

Untested 
Untested 
Untested 

185 
190 
188 

124 
129 
125 

19 18 
17 18  
20 18  
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TABLE I11 

Cb-132M R A W  MATERIAL DATA AND 
PROCESSING HISTORY 

PIECES RECEIVED: 

Piece #1: 0.6" x 3" x 5 1/4" 

Piece #2: 0.6" x 3 3/8" x 3 7/16" 

SOURCE : 

Universal Cyclops Steel Corporation 

HEAT NO: 

KC1416 

COMPOS IT ION : 

Cb, 19.77 Ta, 14.931, 5.07 Mo, 2.18 Zr, 0.10 C, 120 ppm Si, 100 ppm 
Fe, 50 ppm Cu, 20 ppm Pb, 2 ppn Mn, 32 ppm 02, 49 ppm Nz, 19 Ha. 

REPUTED PROCESSING HISTORY: 

- EB Melted 
- Vacuum Arc Remelted 
- Extruded Above 3100°F at 2.8 to 1 Reduction (64%) 

- Heat Treated 4 Hours at 2800OF. 
- Cross Rolled at 2400°F to about 50% Reduction in Area. 

- As Received Condition: 
Structure - Equiaxed. 
Grain Size - ASTM 0 to 00. 
Hardness - RA 65.5 after 2200°F S R . (305 DPH) 

-74- 



TABLE IV 

TZC RAW MATERIAL DATA AND 
PROCESSING HISTORY 

PIECES RECEIVED: 

Piece #2-8; 1 1/2" x 1 1/4" x 3/4" (on order, June 22 delivery) 

SOURCE : 

General Electric Company, Lamp Metals and Components Department 

HEAT NO: 

RMP No. 89 

COMPOSITION: 

Mo, 1.1 Ti, 0.13 Zr, 0.13 C, 100 ppm Cb, 18 ppm Si, 10 ppm each Pb, 
V, Sn, 8 ppm Al, 13 ppm Fe, 5 ppm Co, 2 ppm each Cu and Mg, 1 ppm 
each Mn, Ni and Cr, 4 ppm 02, 1 ppm N, 1 ppm Ha. 

PROCESSING HISTORY: 

- Vacuum arc melted to 5" diameter finish machined ingot. 

- Extruded at 170OoC (3092OF) at 2.3 to 1 reduction to 4 1/8" x 2.22" 
sheet bar 

- Cross Rolled at 16OO0C (2912OF) to 0.740" thick plate 

- A s  received condition: 

Structure - fiberous in both extruded and 
rolled directions. 

Hardness - RA 61.0 (245 DPH) 
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TABLE V 

Cb-132M AND TZC ROOM TEMPERATURE AND ELEVATED TEMPERATURE TENSILE TEST RESULTS 

T e s t  0.2% Load- U l t .  Reduct. 
Temp. Time Dev. S t r .  Elong. i n  Area 

Mater ia l  Specimen Condition*/* - - OF - &  k s i  - k s i  - % - %  -- 
C b - 13 2M 6 A;  S.R. 2200'F RT 79.7 0 0 

C b - 13 2M* 9 C; S.R.2600°F, Pickled RT ---- 
---- 

Cb- 13 2M 12 A;  S. R. 2200'F RT 121.5 0.3 0.5 
96.4 0 0 

TZC 
TZC 
TZC 
TZC 
TZC 
TZC 
!CZC 
TZC 
TZC 

1 
2 

25 
26 
20 
22 
23 
21 
24 

TZC 17 
TZC 18 
TZC 16 
TZC 19 

TZC 4 
TZC 15 
TZC 14 
TZC 13 
TZC 3 

TZC(Prater) -- 

B; A s  Rolled 
B; A s  Rolled 
B; A s  Rolled 
B; A s  Rolled 
B; A s  Rolled 
B; A s  Rolled 
B; A s  Rolled 
B; A s  Rolled 
B; A s  Rolled 

A s  Rolled & Pickled 
AS Rolled & Pickled 
A s  Rolled & Pickled 
A s  Rolled & Pickled 

Aged 273'F & Pickled 
Aged 27&F & Pickled 
Aged 2756F & Pickled 
Aged 2 758F & Pickled 
Aged 2750%' & Pickled 

F Annealed 2400°F 

RT 
RT 
RT 
RT 
150 
150 
150 

1400 
1400 

RT 
150 
2 50 

1400 

RT 
RT 
250 

1400 

RT 

1400 

97.8 

81.2 
84.5 
83.7 
72.5 
73.3 
58.7 
61.8 

---- 

89.0 
71 .O 
61.2 
60.0 

67.8 
74.0 
53.3 
47.6 
51.1 

111.5 

103.1 
103.0 
97.4 
88.0 

107.0 
104.0 
97.4 
66.4 
69;O 

1.0 
0.2 
1.0 
1.0 
6.0 

10.0 
13 .O 
14.0 
11.0 

108.0 6.0 
103.0 18.0 
91.6 16.0 
68.0 8.0 

99.5** 7.0 
99.0 7.0 
86.5 18.0 
58.5 13.0 
60.3 14.2 

135.5 22.0 

1 . 0  
0.5 
1.0 
0 
9. o*** 

17.0 
38.0, 
74.0 
53.0 

7.0*** 
41.0 
38.0 
53.5 

10. o**** 
10.0 . 
40.0 
54.0 
58.5 

-- 

*/*Condition 
A.  Hot r o l l e d  a t  2400°F, u l t r a s o n i c a l l y  inspected,  machined by s t r e s s - f r e e  

gr inding,  s t r e s s  re l ieved  1 hour a t  2200°F, Zyglo inspected.  
B. Hot r o l l e d  2912'F, u l t r a s o n i c a l l y  inspected,  machined by s t r e s s - f r e e  

gr inding,  Zyglo inspec ted .  -5 
C. "A", above, p lus  1 hour a t  2600'F a t  10 

60 H 0 t o  remove 0.001 inch of su r face .  
D. "B",2above, p lus  25 hours a t  2750'F a t  10 

85 HE0 - 15 H SO - 5 H PO - 2 HF t o  remove 0.0005 inch of su r face .  
E. "B", a%ove, p lus  p i ck le  ?n $5 HN03 - 15 H2S04 - 5 H PO - 2 HF t o  

remove 0.0005 inch of sur face .  
I?. Worked a t  2462OF (135OoC), annealed a t  2400OF. 

t o r r ,  p i ck le  i n  20 HF - 20 HN03 - 
-5 

t o r r ,  p i ck le  i n  

2 4  
3 4  

*Specimens 1, 2, 6, and 12 were tested a t  0.05 inch/inch/minute, crosshead speed 
t o  0.6% e longat ion;  a l l  o t h e r s  w e r e  t e s t e d  a t  0.005 inch/inch/minute. 

**Fracture d i d  no t  occur  a t  minimum area .  

***O a t  break. 

****3.5 a t  break. 

-76- 



TABLE VI 

TRANSVERSE AND AGED TENSILE PROPERTIES OF TZC ALLOY* 

0.2% Yld. Str. U1 t i m a  t e Elong. 
Condition Temp, OF - psi Str. - psi - %  

Transverse to 150 76,000 
Rolling 150 55,500 
Direction 1400 66,300 

Aged 1,000 150 
Hours At 250 
1400°F 1400 

1400 

*G.E. Heat RMP-89, As-Received 

71,300 
67,500 
54,300 
56,500 

89,300 1.8 
68,700 15.1 
70,600 9.3 

96,400 5 
92,000 19 
66,900 14 
68,200 17 

R. A. 
- %  - 
4.9 
68.7 
50.7 

6 
33.5 
58.5 
71 .O 
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TABLE V I 1  

WEIGHT CHANGE AND CHEMICAL ANALYSIS EVALUATION OF REFRACTORY ALLOY 

PROBE SPECIMENS AFTER TURBINE PERFORMANCE TESTING 

Specimen Or ig ina l  F i n a l  W t .  Change 
No. Mater ia l  Wt.-gr. Wt.-gr. - gr.  LO^ a t ion* 

Run #1 - 12 Hours Above 1400°F (March, 1965): 

1 F-48 9.2162 

2 F-48 9.1781 

3 T Z M  10.0498 

4 T Z M  10,0259 

5 AS-30 9,2701 

6 AS-30 9.2513 

9.1885 -0.0277 Surf ace 
Core 
As-Rec 'd  

i n  Run #2 

Core 
As-Rec'd 

i n  Run #2 

i n  Run #2 
A s  -Rec ' d 

9.1704 -0.0077 Re ins t a l l ed  

10.0467 -0.0031 Surf ace 

10.0227 -0.0032 Reins ta l led  

9.2521 -0.0180 Reins ta l led  

Chemical Analyses -ppm 
C 0 N H -- 

155 6 340 309 
240 55 22 4 
270 34 70 1 

210 35 13 2 
180 37 6 1  
200 12 4 1  

710/1040 79/50 180/210 7/10 
9,2125 -0.0388 Contaminated i n  Welding; Reins ta l led  i n  

Run #2 

Run #1 and #2  - 68 Hours Above 1400°F (March t o  May - 1965): 

1-5 AS-30 9.2491 9.2371 -0.0 120 Surf ace 1180/ 12 10 
Core 1170/1100 

2 -2 F-38 9.2491 9.2371 -0.0256 Surf ace 580 
Core 2 70 

3 -4 TZM 10.0224 10.0229 +O .0005 Surf ace 2 10 
Core 160 

Run #2 only  - 56 Hours Above 1400°F (May - 1965): 

4 F-48 8.8727 8.8554 -0.0173 Surface 4 10 
Core 290 

5 'IZM 9.5042 9.5045 +O ,0003 Surf ace 980 
Core 170 

6-6 AS-30 9.2091 9.1375 -0.0716 Surf ace 1160/1100 
Core 1120/ 1120 

557 3 79 
95 183 

2 57 183 
38 28 
49 15 
25 6 

397 169 
115 54 
31 9 
20 2 

56 2 305 
120 186 

* Surface analyses  w e r e  performed on specimens machined from the  test  r ings  t o  
leave t h e  o r i g i n a l  su r f ace  t o  a depth of 0.030-inch. Core analyses  were made 
on specimens machined t o  remove su r face  m a t e r i a l  to  a depth of 0.030-inch. 

NOTE: The p ro tec t ive  sleeve over  the  f i r s t  3 specimens was coated wi th  a me ta l l i c  
depos i t  dur ing  Run #2. 
gases  and r e su l t ed  i n  gene ra l ly  lower contamination of F-48 Specimen 2-2 as  
compared t o  Specimen 4.  

See a l s o  Tables I X  and X for a d d i t i o n a l  d a t a  on o t h e r  tests. 

This  may have inf luenced the  pickup of cpntaminating 
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13 
14 
9 
2 
1 

16 
10 
1 
1 
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TABLE VI11 

TENSILE PROPERTIES OF TZC SPECIMENS AFTER 

EXPOSURE IN A LIQUID POTASSIUM-CARBON MIXTURE 
FOR 100 HOURS AT 1400°F 

Test Temp. Ultimate Strength 0.2% Yld. Strength El ong. - OF - psi - psi - %  

150 
500 
650 
1200 

72,600 
62,200 
70 900 
69,200 

72 600 
62,200 
63,400 
65 500 

0 
0 
0 
13 

R. A. 
- %  

0 
1 
1 
52 

Note: Tensile tests were performed in a vacuum of 1 x torr at a crosshead 
rate of 0.005-inch per minute to 0.6% load-time deviation and then at a 
rate of 0.05-inch per minute to failure. 

-79 - 



TABLE IX 

WEIGHT CHANGE AND CHEMICAL ANALYSIS EVALUATION OF REFRACTORY 

METAL PROBE SPECIMENS AFTER 254 HOURS OF TURBINE ENDURANCE RUN 

Specimen Original Final Wt. Change 
No. Material Wt.-gr. Wt.-gr. - gr. 

Probe I Located at Station 1 (1520OF): 

1-1 TZC 9.7607 9.7611 +O .0004 

1-3 F-48 9.1933 9.1550 -0.0383 
1-2 ?ZM 9.6369 9.6371 +o. 0002 

1-4 TCTC 9.6353 9.6355 +o .0002 

1-5 TZM 9.9288 9.9290 +o .0002 

1-6 F-48 9.2441 9.170 -0.0741 

Probe I1 Located in the Condenser (1260°F): 

11-1 TZC 9.7246 9.7234 

11-2 TZM 9.8626 9.8621 

11-3 F-48 9.3720 9.2860 

n-4 TZC 9.6495 9.6490 

11-5 TZM 9.7889 9.7884 
11-5 TZM 9.7889 9.7884 

11-6 F-48 9.1358 9.0275 

As-Received Specimens: 

TZC 

TZM 
F-48 

-0.0012 

-0.0005 

-0.0860 

-0.0005 

-0.0005 
-0.0005 

-0.1083 

Chemical Analyses -ppm 
Location* C N U -- 

Continued on Test 
1 ,  

,I 

Surf ace 

Core 

Surf ace 
Core 
Surf ace 
Core 

Surface 

Core 

Surface 
Core 
Surface 
Core 
Surf ace 

Core 
Surf ace 
Core 
Surf ace 
Core 

1 ,  1 1  

t l  I f  

980 
1060 
1460 
1800 
1400 

150/70 
340/230 
550/470 
240/350 

1280 
1300 
1460 
1480 

270/170 
440/260 
230/170 

1170/1260 
2850/ 1180 

220/210 

30 
46 
172 
28 

31 
39 
77 
30 

4730** 

320/280 31 
250/250 42 
490/530 65 
270/370 42 

1450/1400 

1470 
1760 
1490 5 
200 12 
270 34 

5 
5 

2 78 
21 

12 
5 

95 
5 

37 
4 

11 1 
24 

1 
4 
70 

* Surface analyses were performed on specimens machined from the test rings to leave 
the original surface to a depth of 0.030-inch. 
machined to remove surface material to a depth of 0.030-inch. 

retention of zyglo inspection fluid in cracks which formed during deformation tests. 

See also Tables VI1 and X fo r  additional data on other tests. 

Core analyses were made on specimens 

**High carbon analyses for the surface of specimen 11-4 may have resulted from the 
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7 
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3 
2 
6 
5 

2 
2 
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TABU X 

WEIGHT CHANGE AND CHEMICAL ANALYSIS EVALUATION OF REFRACMRY ALLOY WEIGHT CHANGE AND CHEMICAL ANALYSIS EVALUATION OF REFRACMRY ALLOY 

PROBE SPECIMENS AFTER 2000 HOURS OF TURBINE ENDURANCE TESTING PROBE SPECIMENS AFTER 2000 HOURS OF TURBINE ENDURANCE TESTING 

Or ig ina l  F i n a l  W t .  Change Chemical Analyses - ppm 
Location* 

Specimen 
No.  Mater ia l  Wt.-gr. Wt.-gr. - gr. C 0 N H 

Probe I Located a t  S t a t i o n  1 (1520OF): 

1-1 TZC 9.7607 9.7603 -0.0004 

1-2 TZM 9.6369 9.6369 0 .oooo 

1-3 F-48 9.1933 9.1457 -0.0476 

I -4** TZC 9.5018 9.5019 +o . O O O l  

I -5** T Z M  9.5885 9,5880 +0.0005 

I -6** F-48 9.3358 9.3256 -0.0102 

Probe I11 Located i n  t h e  Condenser (1260OF): 

Surf ace 1100 
Core 1100 
As-Received 1 1490 
Surf ace 250/190 
Core 300/280 
As-Received 200 
Surf ace 500/460 
Core 350/280 
As-Received 270 
Surf ace 1400/1600 
Core 1500/1800 
Surf ace 210/230 
Core 240/290 
Surf ace 300/500 
Core 210/240 

111-1 TZC 9.7825 9.7821 -0.0004 Surf ace 

111-2 TZM 9.7981 9.7980 -0.0001 Surface 

111-3 F-48 9.4324 9.3687 -0 e 0637 Surf ace 

111-4 TZC 9.6130 9.6133 +O .0003 Surf ace 

111-5 TZM 9.8445 9.8442 -0.0003 Surf ace 

111-6 F-48 9.2600 9.1905 -0.0695 Surface 

Core 

Core 

Core 

Cor e 

Core 

Core 

1000/1100 
1200/1100 

160/220 
250/270 
580/470 
210/190 

1000/1100 
1200/1200 

170/240 
230/190 
320/320 
290/280 

34 
58 

5 
83 
6 1  
12 

24 1 
75 
34 
51 
46 

119 
81 
97 
22 

38 
38 
66 
50 

116 
25 
34 
26 
18 
33 

13 1 
46 

21 8 
8 6 
1 1 
7 1 

13 1 
4 1 

337 1 
42 6 
70 1 
5 3 
6 2 
8 5 
9 5 

156 5 
21 4 

6 
6 
8 
7 

172 
13 
4 
2 
2 
5 

175 
20 

2 
3 
2 
1 
4 
2 
1 
1 
3 
2 
6 
6 

* Surface analyses  were performed on specimens machined t o  leave the  o r i g i n a l  su r f ace  
t o  a depth of 0.030-inch. Core analyses  were made on specimens machined t o  remove 
su r face  m a t e r i a l  t o  a depth of 0.030-inch. 

** These specimens were i n s t a l l e d  a f t e r  254 hours of t h e  2000-hour endurance test. 

See a l s o  Tables  V I 1  and I X  f o r  add i t iona l  d a t a  on o t h e r  tests. 
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TABLE X I 1  

TENSILE PROPERTIES OF TZC TEST BARS AGED I N  VACUUM FOR 1OOOHOURS AT 1400°F AND -- - 

EXPOSED TO 1260OF POTASSIUM TURBINE EXHAUST FOR 1746 HOURS OF ENDURANCE TESTING 

U 1  t i m a t  e 0.2% 

OF Condition S t r eng th  - k s i  Strength - k s i  - %  - %  
T e s t  Temp. T e n s i l e  Yield Elong . R. A. 

150 Vacuum Aged 103/107 71/83 18/6 41/9 

Turbine Tested 109 89.4 5.5 6 

250 

1400 

Vacuum Aged 91.6 61.2 1 6  38 

Turbine Tested 100/91.5 81.1/73.6 9.8/5.0 22.4/7.0 

Vacuum Aged 66.9 54.3 14 58.5 

Turbine Tested 64.7 58.2 15.7 70.6 
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TABLE XI11 
P 

Alloy 

U-700 

TZM 

TZM 

TZC 

RE,UTIVE STRENGTHS OF 

U-700, TZM, and TZC ALLOYS* 

Ultimate 0.2% 
Test Temp. Tensile Yield Elong. R. A .  

OF Condition Strength - ksi Strength - ksi - % - %  

RT 2125OF-2Hrs.A.C. 170 

1500°F 1975OF-2Hrs .A.C. 105 

1550°F-24Hrs .A .C.  

1400°F-16Hrs.A.C. 

140 

88 

RT Stress Relieved 10 8 102 

88 80 2200°F/1 Hr. 1400°F 

RT Recr stallized 81 52 

43 27 
B 2850 F/1 Hr. 1400°F 

RT As Rolled at 170OoC 109 89 

65 58 (3092OF) 1400°F 

5 7 

15 32 

24 

13 

22 

25 

10 

16 

60 

83 

43 

92 

22 

70 

* Data obtained from tests performed on material received for component fabrication. 
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TABLE X I V  

U-700 Alloy 

A-1 

A- 2 

A-3 

TZM Alloy 

B-1 

B-2 

B-3 * 

TZM Alloy 

c-1 
c- 2 

c-3 

TZC Alloy 

D- 1 

D- 2 

D- 3 

EROSION INSERT WEIGHT CHANGES AFTER 2000 

HOURS ENDURANCE TESTING 

W t .  Change 
W t .  Before Af t e r  T e s t  

Condition Test  - gms - gms 
21 25OF-2Hrs. A .  C . 22.3236 t.O.0169 

+0.0216 1975OF-2Hrs .A.C.  22.6031 

1550°F-2Hrs . A .  C.  22.4609 +0.0124 

1400°F-2Hrs,A.C. 

+O .0096 Rec rys t a l l i zed  28.5138 
2850°F/1 H r .  28,4526 -0.0017 

S t r e s s  R e 1  ieved 28.6116 ' +0.0020 

2200°F/1 H r .  28.5160 +o . O O l l  

28.5479 +0.0024 

W t .  Change 
Af ter  Vapor B las t  

. - gms 

-0.0241 

-0.0242 

-0.0195 

Average -0.0226 

-0.0105 

-0.0109 

Average -0.0107 

-0.0087 

-0 .0070 

-0.0078 

Average -0 .O078 

A s  Rolled a t  1700°F 28.2277 -0.0138 

28.1585 -0.0119 (3092OF) 

27.9436 t.0.0016 

-0.0258 

-0.0144 

-0.0063 

Average -0.0155 

* This specimen w a s  machined during f i n a l  t u rb ine  assembly t o  f i t  p roper ly ;  no 
o r i g i n a l  weight ava i l ab le .  
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Y 

it. 

Turbine Blade 

TABLE XVI 

WEIGHT CHANGES OF FIRST AND SECOND STAGE TURBINE 
BLADES AFTER 2000 HOUR ENDURANCE TEST 

U - 7 0 0  F i r s t  Stage 

U - 7 0 0  Second Stage 

Weight Change - % 
A s  Cleaned After Vapor Blast ing  

+O. 038 

+O. 147 

-0.304 

-0.019 

TZM Second Stage -0.044 -0.105 

NOTE: U - 7 0 0  F i r s t  Stage Nominal Bucket Weight - 1G.1 g r .  

U-700 Second Stage Nominal Bucket Weight - 22.1  g r .  

T Z M  Second Stage Nominal Bucket Weight - 2 7 . 8  gr.  
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Figure 3. Miniature  Tens i le  Bar Taken From a Second Stage U-700 Blade Af te r  
2000 Hours Test  a t  126O0F. 
for  Comparison. (MCRA 3043) 

A Second Stage U-700 Blade is  Shown 
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Figure 4. Elec t ron  Micrograph of a U-700 F i r s t  Stage Blade Before Test ing 
and i n  t h e  Ful ly  H e a t  Treated CondjAion. (A7501) 

Carbon Repl ica  Mag: 10,OOOX 

Figure 5. Elec t ron  Micrograph of a U-700 F i r s t  Stage Blade Af te r  2000- 
Hour Endurance T e s t  a t  Approximately 1450OF. 
of Gamma Prime P r e c i p i t a t e  Within Grains and Growth of In t e r -  
g ranular  M23C6 Carbides. (B3215) 

Carbon Repl ica  Mag: 10,OOOX 

Note Coalescence 
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- __ 
contamination, but  i t  i s  more probable t h a t  it was due t o  contamination during 

sampling or ana lys i s .  The high values  found for Specimens 260 and 279 were 

d e f i n i t e l y  due t o  contamination during sampling. 

whenever a high oxygen value was found, the  loop was resampled a s  soon a s  

poss ib le .  

I t  shotild be pointed out  t h a t  

Specimen 288 was i n t e n t i o n a l l y  l a r g e r  so t h a t  a s t a t i s t i c a l  ana lys i s  of 

m u l t i p l i c a t e  a n a l y t i c a l  r e s u t t s  could be made, T h i s  s t a t i s t i c a l  i n v e s t i g a t i o n  

of t h e  r e l a t i o n s h i p  between t h e  oxygen found and i g h t s  produced 

the  regress ion  l i ne :  

gms 0 = 4 . 8 2 ~  gms/gm (Sample W t .  i n  gms) + 7.3 gms 

That is, t h e  oxygen concentrat ion was 4.82 ppm and the a n a l y t i c a l  blank was 7.3 

micrograms. The standard devia t ion ,  o-, was 1.52 micrograms, The c o r r e l a t i o n  

c o e f f i c i e n t ,  r, i n d i c a t i n g  a l i n e a r  r e l a t i o n s h i p  between t h e  weight of oxygen 

found and t h e  sample weight, was 0.946. 

If t h e  a n a l y t i c a l  blank determined for Specimen 288 i s  genera l ly  appl icable  

t o  a l l  analyses ,  then a l l  va luesrepor ted  f o r  oxygen conbentrat ion a r e  somewhat 

high, and i t  may be concluded t h a t  t h e  oxygen content  of t h e  potassium passing 

through t h e  t u rb ine  was except iona l ly  low, on t h e  o rde r  of 5 ppm or less. 

The gene ra l ly  h ighlva lues  found f o r  t h e  carbon content  of t h e  potassium, 

p a r t i c u l a r l y  carbonate  carbon, a r e  v i r t u a l l y  impos'sible t o  explain.  

during t h e  development of t h e  a n a l y t i c a l  method f o r  t o t a l  carbon, Specimens 225 

and 227 were reanalyzed by SPPS personnel (See Table X V I I ) .  I n  n e i t h e r  case  

were t h e  high va lues  reported by MSAR confirmed, 

Recently, 

More r ecen t ly ,  e i g h t  a d d i t i o n a l  samples of  potassium from Specimen 225 

w e r e  analyzed. The average value for t o t a l  carbon was 28 ppm. The standard 

devia t ion ,  cT, was 5 ppm. The percent  recovery of carbon added a s  potassium 

carbonate was 94% for f o u r  samples. 

This carbon ana lys i s  problem is  s t i l l  under inves t iga t ion .  
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Figure 8 .  Forward Radius of Rene' 41 Turbine Blade Locking S t r i p  Showing 
S t r a i n  Age Cracking. (A3401111 

Etchant :  None Mag: l O O X  
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I 

Figure 9. Forward Radius of Rene' 41 Turbine Blade Locking S t r i p  Showing 
S t r a i n  Age Cracking. (A340112) 

Etchant:  None Mag: 500X 
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Figure 10. Rene' 41 Tensile Properties 

*Barker, J.F., "Solution Treated Properties of  R-41 Alloy, General Electric 
Company, Report DM57-187, dated 12-6-57. 
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Extrusion - 
5 1/4" b 

1 l/% 

Blade 
T e s t  Specimen 8 

Figure 11. Cb-132M (upper) and Mo-TZC (lower) Refractory Alloy Blade 
and T e s t  Specimen Layout. 
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0 Blade Blank 0 T e s t  Specimen 

* Location of Internal Defect 

F i g u r e 1 2 .  Cb-132M Refractory Al loy  Blade and T e s t  Specimen 
Layout - Second P iece .  
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Figure 13. Longitudinal Photomicrograph of TZC Alloy, As Received. 
(A29 0111) 

Etchant: As Polished (H202) Mag: lOOX 

Figure 14. Transverse Photomicrograph of TZC Alloy, As Received. 
(A290212) 

Etchant: As Polished (H202) Mag: lOOX 
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Figure 15. Photomicrograph of Cb-132M as Received and Stress Relieved 
One Hour at 2200'F. (A260311) 

Etchant: 60 H20-20 HF - 20 HNO3 Mag: lOOX 

Figure 16. Photomicrograph of Cb-132M as Received and Stress Relieved 
One Hour at 2200OF. (A260312) 

Etchant: 60 H70-20-HF - 20 HNO3 Mag: 500X 
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L Sample Support 

Molybdenum Flange Spacer 

Probe Nozzle m Thermocouple 
Upstream Instrumentation 
Section - &inch Inlet Line 

T e s t  Sample Protective Sleeve 
(19.7% Open Area) 

I .Refractory  Al loy  T e s t  Sample - 
1/49' ID x 1/2" OD x 3/8" Long 

Washer 

Figure 17. Refractory A l l o y  Immersion Probe 
(Scale 1/1) 
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Figure  18. Contaminated Surface of F-48 Probe Specimen from S t a t i o n  One 
Af te r  12  Hour Exposure t o  I n l e t  Potassium Vapor During Turbine 
Performance Test .  (A3201131 

Etchant :  E l e c t r o l y t i c  Anodize* Mag: l O O O X  

Figure 19. Contaminated Sqk-face of F-48 Probe Specimen from S t a t i o n  One 
A f t e r  56 Hour Exposure t o  I n l e t  Potassium Vapor During Turbine 
Performance Test .  (A320614) 

Etchant:  E l e c t r o l y t i c  Anodize* Mag: lOOOX 
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Figure 20. Carbide Formed at the Surface of TZC Exposed for 100 Hours at 
1400°F in Liquid Potassium Containing Carbon. 
Etchant: Murakami's Mag: 500X 

(A8901111 
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Y 

c 

Figure 21. Refractory Alloy Specimen Probes from Station One, Left, and 
Condenser, Right. 
(C6503 2822) Mag: 1X 

(Note Darkening of F-48 Specimens) 
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FORWARD OF TllRRlNE AFT OF TllPPlt lE 

TEMPERATIW, OF 1521) 1260 
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Figure  22. Summary 01 Changes i n  Weight and i n  Carbon Oxygen and Nitrogen 
Content of TZC, TZM and F-48 A l l o y  Ring Specimens During 
Turbine Endurance Tcs t ing .  
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Figure 23. Contaminated Surface of F-48 Specimen from S t a t i o n  One A f t e r  
254-Hour Exposure t o  I n l e t  Potassium Vapor During Turbine 
Endurance T e s t .  (A930114) 

Etchant:  60% Glycerine - 20% HF - 20% HNO3 Mag: lOOOX 
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b 

Figure 24. Contaminated Surface of F-48 Specimen from Condenser Af t e r  254- 
Hour Exposure t o  Ex i t  Potassium Vapor During Turbine Endurance 
T e s t .  (A930312) 

Etchant: 60% Glycerine - 20% HF - 20% HNO3 Mag: lOOOX 
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Figure 25. Contaminated Surface of F-48 Specimen from Station One After 
2000 Hour Exposure to Inlet Potassium Vapor During Turbine 
Endurance Test. (B280911) 

Etchant: 60% Glycerine - 20% HF' - 20% HN03 Mag: lOOOX 

Figure 26. Contaminated Surface of F-48 Specimen from Condenser After 2000 
Hour Exposure to Exit Potassium Vapor During Turbine Endurance 
Test. (B281212) 

Etchant: 60% Glycerine - 20% HF - 20% HN03 Mag: lOOOX 
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Figure  27. Enlarged V i e w  of Leading Edge of t h e  F i r s t  S tage  L-605 Nozzle 
Vane. (C64122369) Mag: 9X 

-115 - 



.. 
M 

B 

n 
cn 
0 
w 
0 
N 
rl 
b( co u 
W 

rl a 
m 

M 

a 
d 

a, 
M m 
c, 
M 

m 
k 
7 
bD 

;=: 

-116 - 



P 

v1 
a, a 
m 
m" 

' a ,  
F( 
*d 
P 

t3 
5 

-117 - 



(C64122208) 

(C64122207) 

Figure 30.  Comparison of B lade  Locking S t r i p s  Before and H I L ~ L  35-Hour 
Turbine Checkout .  
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Figure 31. Comparison of Root-Region of F i r s t  Stage Blade Before and 
After 35 Hour Turbine Checkout. (C64120910) 
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Figure 34. Comparison of Tip Section of F i r s t  Stage Blade Before 
A f t e r  35 Hour Turbine Checkout. (C64120911) 
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Figure 37.  Second Stage Nozzle Diaphragm After Removal from Casing 
Following 35-Hour Turbine Checkout. (C64121805) 
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Figure 38. F i r e  Damage t o  Second Stage  Nozzle Diaphragm Vanes During 
35-Hour Turbine Checkout. (C64121803) 
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Figure 41. Suspected Cav i t a t ion  Corrosion i n  F i r s t  Stage Blade T r a i l i n g  
Edge A f t e r  35-Hour Turbine Checkout. (K5880) 

Etchant:  100 EtOH - 100 HC1 - 30 3% H202, E l e c t r o l y t i c  

Mag: 2 5 0 X  
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I 

F igure 42. Metal & p o s i t  on F i r s t  Stage Blade Concave Surface Af t e r  35 Hour 
Turbine Checkout. (L171) 

Etchant:  100 E t  OH-100 HC1-30 3% H202, E l e c t r o l y t i c  Mag: 5 0 0 X  
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Figure 45.  Optical Photomicrograph of Area of Electron Microprobe Analysis,  
&nvex Surface of Stage One Blade. Mag: l O O O X  

Figure 46. Electron Microprobe Osci l loscope P l o t  of Nickel 
Convex Surface of a First Stage Blade. 

Trace a t  the 

Mag: 8 9 0 X  
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Figure 47. Electron Microprobe Beam Traverse of U-700 Blade. 
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Figure 48. Second Stage Turbine Wheel Assembly Before, (A) and A f t e r ,  (B), 
2000 Hour Endurance T e s t .  -135 - 
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Figure 50 .  Second Stage Turbine Wheel Assembly After 2000 Hour Endurance 
T e s t ,  Vapor B l a s t  Cleaning and Reassembly. (C6602215) 
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Figure 51. Concave Side of U-700 F i r s t  Stage Turbine Blade A f t e r  2000 Hour 
Endurance Test.  (C66011343) 

Mag: 5 X  
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Figure 52. Trai l ing  Edge of U-700 F i r s t  Stage Turbine Blade After 2000 
Hour Endurance Test .  N o t e  Metal F o i l  on Dovetail .  (C66011340) 

Mag: 5 X  
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Figure  53. Convex Side of U-700 F i r s t  Stage Turbine Blade Af te r  2000-Hour 
Endurance T e s t .  (C66011346) Mag: 5 X  
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Figure 54. Tip of U-700 F i r s t  Stage Turbine Blade A f t e r  2000 Hour 

Mag: 5 X  
Endurance T e s t .  (C66011338) 
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Figure  55. Concave Side of U-700 Second Stage Turbine Blade A f t e r  
2000-Hour Endurance T e s t .  (C66011345) Mag: 5X 
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Figure  56. T r a i l i n g  Edge of U-700 Second Stage Turbine Blade Af te r  
2000-Hour Endurance T e s t .  (C66011341) Mag: 5 X  
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Figure 57. Convex Surface of U-700 Second Stage Turbine Blade Af te r  
2000-Hour Endurance T e s t .  (C66011344) Mag: 5X 
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Figure 58 .  Tip of U-700 Second Stage Turbine Blade After 2000 Hour 
Endurance Test .  (C66011337) 

Mag: 5 X  
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Figure 59. Concave S ide  of TZM Second Stage Turbine Blade Af te r  2000-Hour 
Endurance T e s t .  Note Leading Edge Corrosion. ((266011348) 

Mag: 5 X  
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Figure  60. T r a i l i n g  Edge of TZM Second Stage Turbine Blade Af te r  2000- 
Hour Endurance T e s t .  
(C66011328) Mag: 5 X  

Note Corrosion a t  T r a i l i n g  Edge. 

-147 - 



* 

YAG: 3GOX Y 



Speed, 18,250 rpm 

Temperature, 1500°F 
Quality, 0,995 

Separation 

(A) First Stage 

Temperature, 1390'F 
Quality, 0.967 

(B) Second Stage 

Figure 62. Flow Vector Diagrams f o r  First and Second Stage Turbine Inlet 
Contli t ions. 
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(C66012445) (C66012451) 

Figure 63. Location of Se lec t ed  Micragraphs Taken frorrt the Convex A i r f o i l  
Surface and T i p  of a TZM Second Stage Blade A f t e r  2000-Hour T e s t .  
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Figure 64. Convex Surface Near Tip of TZM Second Stage Blade A f t e r  2000 
Hour T e s t .  CB320111) 

Etchant: Unetched Mag: 5 0 0 X  

Figure 65. Convex Surface of T Z M  Second Stage Blade a t  Major Corrosion Area 
After 2000 Hour Test.  (B320312) 

Etchant: Unetched Mag: 500X 
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Figure 66. Convex Surface of TZM Second Stage Blade After 2000 Hour Test;. 
(B3 203 13) 

Etchant: Unetcked Mag: lOOX 

Figure 67. Tip of TZM Second Stage Turbine Blade a t  Major Corrosion Trace 
A f t e r  2000 Hour Test.  (B320112) 

Etchant: Unetched Mag: 5 0 0 X  
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Figure 68. Tip of TZM Second Stage Turbine Blade a t  Major Corrosion Trace 
After 2000 Hour T e s t .  (B320211) 
Etchant: Unetched Mag: 5 0 0 X  

Figure 69. Tip of TZM Second Stage Turbine Blade Away from Major Corrosion 
Trace After 2000 Hour T e s t .  
Etchant: Unetched Mag: 500X 

(B320212) 
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Figure 71. Corrosion Cavity a t  Concave Leading Edge of a F i r s t  Stage 
U-700 B l a d e  After 2000 Hour Endurance T e s t .  
Etchant: Unetched Mag: 500X 

(B321511) 

Figure 72. Surface Reaction Product a t  Concave Leading Edge of a F i r s t  
Stage U-700 Blade After 2000 Hour Endurance T e s t .  (B321514) 

Etchant: 3% H202, E l e c t r o l y t i c  Mag: lOOOX 
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Figure 73.  Surface Deposit on the Concave Leading Edge of a F i r s t  Stage 
Turbine Blade After 2000 Hour Endurance T e s t .  

Etchant : Unetched Mag: l O 0 O X  

(B322211) 
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Figure 74. Surface Corrosion and Metal Deposit a t  Concave Tip of a U-700 
F i r s t  Stage Turbine Blade After 2000 Hour Endurance T e s t .  
(B3 22011) 

Mag: lOOX Etchant: Unetched 
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Figure  75. Light  Surface Corrosion and Metal Deposit on Convex Tip of a 
F i r s t  Stage U-700 Turbine Blade Af te r  2000 Hour Test.  
(B3 2201 2) 

Etchant :  Unetched Mag: l O O X  

F igure  76.  Corrosion and Metal Deposit on Convex T r a i l i n g  Edge of a F i r s t  
Stage U-700 Turbine Blade A f t e r  2000 Hour T e s t .  (B322114) 

Etchant :  Unetched 
-158 - Mag: 250X 



Figure 77. Corrosion Groove on Convex Airfoil Surface of a U-700 First 
Stage Turbine Blade After 2000 Hour Endurance Test. (B322013) 

Etchant: Unetched Mag: 250X 
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Figure  78. Metal Film Deposit Overlaying Corrosion Products on t h e  
Concave Tip Surface of a F i r s t  Stage U-700 Turbine Blade 

Etchant :  Unetched Mag: l O O O X  

f t e r  2000 Hour T e s t  (B320712) 

F igure  79. Metal Film Deposit Overlaying Corrosion Products on t h e  
Concave Tip Surface of a F i r s t  Stage U-700 Turbine Blade 
A f t e r  2000 Hour Tes t .  (B320713) Area Shown i s  t h a t  of 
F igure  78. 

Etchant :  3% H202, E l e c t r o l y t i c  Mag: lOOOX 
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Figure 80. Alloy Depletion a t  Dovetail Surface of a F i r s t  Stage U-700 
Turbine Blade After 2000 Hour T e s t .  (B321813) 

Etchant: 3% Hg02,  E l e c t r o l y t i c  Mag: lOOOX 

Figure 81. Alloy Depletion a t  Dovetail Surface of a F i r s t  Stage U-700 
Turbine Blade After 2000 Hour T e s t .  (B321812) 

Etchant: 3% H202, E l e c t r o l y t i c  Mag: 1OOOX. 
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Figure 82. Dovetail  Contact Area of a U-700 F i r s t  Stage Turbine Blade 
After  2000 Hour T e s t .  N o t e  Lack of Depletion or Corrosion 
i n  Area Protected from Potassium. 

Etchant: 3% H202, E l e c t r o l y t i c  Mag: 250X 

(B321712) 
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Figure 83. Electron Microprobe Traces of Surface Debris on First Stage 
U-700 Turbine Blade from the 2000-Hour Endurance T e s t .  
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Figure 86. Erosion Inserts Instal led i n  Second Stage Turbine Shroud. 
(C65082408) 
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Figure 87. Erosion Insert Showing Typical Discoloration. 
(C66O1243 7)  Mag: 4X 
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Figure  92. Impact Erosion P i t s  i n  U-700 Erosion I n s e r t  A-3. 

Etchant :  Unetched 

(B340111) 

Mag: lOOX 

Figure  93.  Impact Erosion P i t s  i n  U-700 Erosion I n s e r t  A-3 (Center P i t  
i n  Above Figure) .  (B340112) 

Etchant :  Unetched Mag: lOOOX 
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Figure 94. Impact Erosion P i t s  i n  U-700  I n s e r t  A-3 a t  a Third 
P lana r  P o s i t i o n .  (B340117) 

Etchant :  Unetched Mag: l O O X  

Figure 95. Impact Erosion P i t  i n  U-700 Erosion I n s e r t  A-3 .  
(Deepest P i t  i n  Above F igure ) .  (B340116) 

Etchant:  Unetched Mag: lOOOX 

-170- 



Figure  96. Impact Erosion Pits in U-700 Erosion Insert A-3 at a 
Second Planar Position. (B340113) 

Etchant: Unetched Mag: l O O X  

Figure  97. Alloy Depletion in Area of U-700 Impact Erosion Pits 
(See Above Figure). (B340115) 

Etchant: 3% Nitro1 Mag: lOOOX 
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Figure 98. C h a r a c t e r i s t i c  Liquid Droplet  Impact Erosion on S t e l l i t e  6B 

Mag: 1 3 X  
Steam Turbine Blade I n s e r t .  (C65061410) 
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Figure 99. Liquid Potassium Impact  Surface of S t r e s s  Relieved TZM 
Erosion I n s e r t .  (B370111) 

Etchant: Unetched Mag: 500X 
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Figure  100. Corrosion P i t s  i n  TZC Erosion I n s e r t  Specimen D-2. 

Etchant :  Unetched Mag: l O O X  

Figure  101. Corrosion P i t  i n  TZC Erosion I n s e r t  Specimen 

Etchant :  Unetched Mag : 
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Figure 102. Cross Sec t ion  of Meta l l i c  Deposit from CD Nozzle Tes t ,  
l O O X  (Top); Enlarged and Etched Sec t ion  of Meta l l i c  
Deposit from CD Nozzle Test  Showing Vapor Deposit ion 
C h a r a c t e r i s t i c s ,  lOOOX (Bottom). (C63121252) 
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Figure 103. Metal F o i l  Removed from the 8-Inch Vapor Line of the 3000 KW 
Turbine F a c i l i t y  A f t e r  Performance Test ing.  

Etchant: Unetched Mag: l O O O X  

(A6801111 
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Figure 106. Foil Deposit Impacted on a Stage dne Blade During Performance 
Testing . (A610111) 
Etchant: Unetched Mag: lOOX 

-179- 



J 

+- 

Figure 107. F o i l  Deposit Impacted on a Stage One Blade During Performance 
Testing (A6101171 

Mag: 500X Etchant: Unetched 
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Figure 108. Uniform Metal Film Deposit  on a F i r s t  Stage Blade 
A f t e r  6 5 - H o u r  Performance Tes t .  ( A 6 1 0 1 1 - 1 0 )  

Etchant :  100 H20 - 50 HC1 - 5 gr Fe C l 3  

Mag: 5 0 0 X  
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Figure 109, Uniform Metal Film Deposit  on a Second Stage Turbine 
Blade A f t e r  65-Hour Performance Tes t .  

E tchant :  100 H20 - 50 HC1 - 5 g r  FeC13 Mag: 5 0 0 X  

(A750118) 
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Figure  110. Forward Face of F i r s t  Stage Turbine Wheel Af t e r  2000 Hour 
Endurance T e s t  Showing Deposited Metal Film. (C65123043) 
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Figure 111. F i r s t  Stage U-700 Blade A f t e r  2000 Hour Test  Showing 
Deposited Metal Film. (289452) 
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Figure  112. Concave Surface  of F i r s t  Stage U-700 Endurance T e s t  Blade 
Near Leading Edge Showing Meta l l i c  Film Deposit and 
Underlying Corrosion. (B322112) 

Etchant :  Unetched Mag: lOOOX 

F igure  113. Convex Surface  of F i r s t  Stage U-700 Endurance T e s t  Blade 
Near Leading Edge Showing Meta l l i c  Film Deposit and 
Under l y i n g  Corros ion. (B3 221 13) 

Etchant :  Unetched Mag: lOOOX 
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Figure 114. Schematic Magram of Pot8ssiua dluarpling Apparatus for 
the Two Stage Potassium Teat Turbine. 
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