


NOTICE 

This report was prepared as an account of Govemmont sponsored 
work. Noithor the Unitod States, nor tho National Awonautics 
and Space Administration (NASA), nor any person acting on 
M a l f  of NASA: 

A) Makos any warranty or represontation, oxprossd or 
implied, with respect to the accuracy, complotmnors, 
01' usefulness of the information contained in  h i s  
report, or that tho use of any information, apparatus, 
method, or process disclosed in  this roport may not 
infringe privately owned rights; or 

B.) Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor- 
mation, apparatus, method or process disclosod in 
this report. 

As used above, 'person acting on behalf of NASA' includes 
any omployoo or contractor of NASA, or om ploy^^ of such COW 

tractor, to tho o-nt that such omploy- or contractor of NASA, 
or omployoo of such contractor preparos, di ssominator, or 
pmvidos accoss to, any information pursuant to his omploynnnt 
or contract with NASA, or his employment with such contractor. 

Roquests for copies of this report 
should be referred to: 

National Aeronautics and Space Administration 
, Scientific and Technical Information Division 

Attention: USS-A 
Washington, D.C. 20546 



MATERIALS FOR POTASSIUM LUBRICATED JOURNAL BEARINGS 

Quar t e r ly  Progress R e p o r t  No. 11 

C o v e r i n g  t he  Period 

O c t o b e r  22, 1965 t o  January 22, 1966 

E d i t e d  by 

R. G. Frank 

P r o g r a m  Manager 

A p p r o v e d  by 

J. W. S e m m e l ,  Jr. 

Manager, Materials and Processes 

Prepared f o r  

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

C o n t r a c t  NAS 3-2534 

Technical M a n a g e m e n t  
NASA - L e w i s  R e s e a r c h  C e n t e r  
Space P o w e r  S y s t e m s  D i v i s i o n  

M r .  R. L. D a v i e s  

SPACE POWER AND PROPULSION SECTION 
MISSILE AND SPACE D I V I S I O N  

GENERAL ELECTRIC COMPANY 
CINCINNATI ,  OHIO 45215 



FOREWORD 

The work descr ibed he re in  i s  being performed by t h e  General E l e c t r i c  
Company under t h e  sponsorship of t h e  National Aeronautics and Space Admin- 
i s t r a t i o n  under Contract  NAS 3-2534. Its purpose, as o u t l i n e d  i n  t h e  con- 
tract ,  i s  (to eva lua te  m a t e r i a l s  s u i t a b l e  f o r  potassium l u b r i c a t e d  j o u r n a l  
bear ing  and s h a f t  combinations f o r  use  i n  space sys t em turbogenerators ' ,and,  

ment . u l t ima te ly ,  t o  recommend those  m a t e r i a l s  most appropr ia te  f o r  such emp i oy- 

R. G. Frank, Manager, Physical  Metallurgy, Mater ia l s  and Processes ,  i s  
adminis te r ing  t h e  program f o r  t h e  General E l e c t r i c  Company. L. B. Engel, Jr., 
T. F. Lyon, W .  H. Hendrixson and B.  L. Moor a r e  d i r e c t i n g  t h e  program i n -  
v e s t i g a t i o n s .  The design f o r  t h e  f r i c t i o n  and wear t e s t e r s  was executed by 
H.  H .  Erns t  and B .  L. Moor. 
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I. INTRODUCTION 

The program reviewed i n  t h i s  e leventh  q u a r t e r l y  r e p o r t ,  covering ac t iv -  
i t i e s  from October 22, 1965 t o  January 22, 1966, is  performed under t h e  sponsor- 
s h i p  of t h e  Nat ional  Aeronaut ics  and Space Adminis t ra t ion.  ' I t s  purpose i s  t o  
eva lua te  m a t e r i a l s  s u i t a b l e  f o r  potassium lub r i ca t ed  j o u r n a l  bear ing  and s h a f t  
a p p l i c a t i o n s  i n  space s y s t e m  turbogenera tors  ope ra t ing  over  a 400" t o  1600'F 
temperature  range.! The c r i t i c a l  r o l e  of bear ings i n  such systems demands t h e  
maximum r e l i a b i l i t y  a t t a i n a b l e  wi th in  today 's  s t a t e -o f - the -a r t .  Achieving 
t h i s  r e l i a b i l i t y  r equ i r e s  an i n t e r d i s c i p l i n a r y  approach employing t h e  b e s t  
mechanical des igns  of j ou rna l  bear ings  combined with t h e  s e l e c t i o n  of t h e  
optimum m a t e r i a l s  t o  s e r v e  a s  t he  s t r u c t u r a l  m e m b e r s .  S a t i s f y i n g  t h i s  l a t t e r  
requirement c o n s t i t u t e s  t h e  aim of t h i s  program. 

A number of i n v e s t i g a t o r s  have conducted s t u d i e s  i n  t h i s  f i e l d  and t h e i r  
c o n t r i b u t i o n s  have advanced t h e  s ta te -of - the-ar t  cons iderably  (Sect ion V I I ,  
R e f .  1). Although t h e i r  work i s  s i g n i f i c a n t ,  t h e r e  are no common c r i t e r i a  
f o r  a comparison of t h e  e x i s t i n g  da ta .  
approach t o  t he  development and eva lua t ion  of m a t e r i a l s  f o r  potassium l u b r i -  
ca t ed  bear ing  a p p l i c a t i o n  i s  deemed e s s e n t i a l .  
hens ive  i n v e s t i g a t i o n  of m a t e r i a l  p rope r t i e s  adjudged r e q u i s i t e  t o  r e l i a b l e  
j o u r n a l  bear ing  ope ra t ion  i n  t h e  proposed environment. This  inc ludes :  1) 
co r ros ion  t e s t i n g  of i n d i v i d u a l  materials and p o t e n t i a l  bear ing  couples  i n  
potassium l i q u i d  and vapor, 2 )  determinat ion of hot  hardness,  hot  compressive 
s t r e n g t h ,  modulus of e l a s t i c i t y ,  thermal expansion and dimensional s t a b i l i t y  
c h a r a c t e r i s t i c s ,  3 )  wet t ing  tests by potassium and 4) f r i c t i o n  and wear measure- 
ments of s e l e c t e d  bear ing  couples  i n  high vacuum and i n  l i q u i d  potassium. 

Therefore,  e s t a b l i s h i n g  a u n i f i e d  

The program involves  a compre- 

I n  coopera t ion  w i t h  the  cognizant  NASA Technical Manager, 14 candida te  
m a t e r i a l s  were s e l e c t e d  (Table I )  from a compilat ion of e x i s t i n g  da ta  on 
a v a i l a b l e  m a t e r i a l s .  The  m a t e r i a l s  reviewed f a l l  i n t o  f o u r  broad c a t e g o r i e s :  

Supera l loys  and r e f r a c t o r y  a l l o y s  with and without 
s u r f a c e  t rea tment .  

0 

Commercial metal bonded carb ides .  

Ref rac tory  compounds such a s  s t a b l e  oxides ,  ca r -  
b ides ,  bor ides  and n i t r i d e s .  @ 

C e r m e t s  based on t h e  r e f r a c t o r y  metals  and s t a b l e  
ca rb ides .  

0 

Eachmater ia l  i s  procured from appropr ia te  s u p p l i e r s  t o  mutually accept- 
a b l e  s p e c i f i c a t i o n s  and subsequent ly  i s  sub jec t  t o  chemical, phys ica l  and 
m e t a l l u r g i c a l  ana lyses  t o  document i t s  c h a r a c t e r i s t i c s  be fo re  u t i l i z a t i o n  i n  
t h e  program. 
d a t e  m a t e r i a l s  undergo cor ros ion ,  dimensional s t a b i l i t y ,  thermal expansion, 
compression and hot  hardness  t e s t i n g .  Considering t h e  bear ing  m a t e r i a l  

A f t e r  t h e  documentation of processes  and p r o p e r t i e s ,  t h e  candi- 

-1- 
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requirements and the  information obta ined  on t h e  candida te  bear ing  m a t e r i a l s  
which were sub jec t  t o  both potassium and nm-potassium t e s t i n g ,  seven m a t e r i a l s  
combinations l i s t e d  below were s e l e c t e d  i n  cooperat ion wi th  t h e  NASA Technical 
Manager. Potassium co r ros ion  and wet t ing  t e s t s  and f r i c t i o n  and wear measure- 
ments i n  high vacuum and l i q u i d  potassium htve proceeded wi th  these combinations. 

Rota t ing  D i s c  S t a t i o n a r y  Rider 

*l. Grade 7178 Mo-TZM 

2.  Mo-TZM Grade 7178 

*3.  Grade 7178 Grade 7178 

4.  Carboloy 907 Mo-TZM 

5. Carboloy 907 Carboloy 907 

6.  TiC+lW0Cb Mo-TZM 

*7. TiC+lWoCb T i  C+ 1 WoC b 

Those m a t e r i a l s  combinations marked with an a s t e r i c k  (*) were selected f o r  
f r i c t i o n  and wear t e s t i n g  i n  both l i q u i d  potassium and h igh  vacuum. Where 
s i g n i f i c a n t  d i f f e r e n c e s  i n  hardness  e x i s t ,  t he  s o f t e r  m a t e r i a l ,  i . e . ,  Mo-TZM 
a l l o y ,  w a s  s e l e c t e d  as the  r i d e r  ma te r i a l  ( s t a t i o n a r y  specimen) t o  f a c i l i t a t e  
wear-in dur ing  t e s t i n g  i n  l i q u i d  potassium. Couple N o .  2 was s e l e c t e d  t o  
determine what a f fec t  a hard r i d e r  ma te r i a l  would have on t h e  wear p a t t e r n  
of a s o f t  d i s c  m a t e r i a l  i n  comparison w i t h  the  r eve r se  combination. 

The d e c i s i o n  t o  p l ace  cons iderable  emphasis on t h e  r e f r a c t o r y  metal bonded 
c a r b i d e s  w a s  based on t h e i r  e x c e l l e n t  s t a b i l i t y  a t  t h e  h igher  temperatures .  
Also, i t  was elected t o  test t h e  hard ca rb ide  m a t e r i a l s  a g a i n s t  themselves 
i n  o r d e r  t o  o b t a i n  a d i r e c t  comparison of t h e  f r i c t i o n  and wear behavior of 
hard/hard combinations vs  ha rd / so f t  combinations where Mo-TZM a l l o y  i s  one 
m a t e r i a l  i n  a p a i r .  
concluded t h a t  gene ra l ly  i t  i s  d e s i r a b l e  t o  have one of t h e  m a t e r i a l s  ha rde r  
t han  t h e  o t h e r  i n  o r d e r  t o  f a c i l i t a t e  wear-in of t h e  couple .  I f  both m a t e r i a l s  
a r e  hard and b r i t t l e ,  t h e  s u r f a c e  a s p e r i t i e s  on the  weaker m a t e r i a l  can  f r a c t u r e  
and the r e s u l t a n t  d e b r i s  could cause  severe  su r face  damage by abras ion .  How- 
eve r ,  recent f r i c t i o n  and wear tests and f u l l  s c a l e  bear ing  tes t s  conducted 
elsewhere(4)  , us ing  l i q u i d  potassium as a l u b r i c a n t ,  have ind ica t ed  supe r io r  
performance of hard/hard combinations over hard /sof t  combinations because 
of t he  tendency of wear d e b r i s  from the ha rd  m a t e r i a l  t o  become imbedded i n  
t h e  s o f t  m a t e r i a l  of hard /sof t  combinations and poss ib ly  r e s u l t i n g  i n  a 
c u t t i n g  a c t i o n .  

From i n v e s t i g a t i o n s  conducted by C ~ f f i n ( ~ , ~ ) ,  i t  w a s  

The u l t i m a t e  product of t h i s  program w i l l  be a recommendation, substan- 
t i a t e d  w i t h  complete documentation, of t he  ma te r i a l  or m a t e r i a l s  which have 
t h e  g r e a t e s t  p o t e n t i a l  f o r  use  i n  a l k a l i  metal  j ou rna l  bear ings i n  high speed, 
high tempera ture  r o t a t i n g  machinery f o r  space a p p l i c a t i o n s .  Hopefully,  t h e  
r e s u l t s  w i l l  i n d i c a t e  t h e  f u t u r e  course  of a l l o y  o r  m a t e r i a l  development 
s p e c i f i c a l l y  designed f o r  a l k a l i  metal  l ub r i ca t ed  jou rna l  bear ing  and s h a f t  
combinat ions.  
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11. SUMMARY 

During t h e  e leventh  q u a r t e r  of t h e  program, t h e  t o p i c s  a b s t r a c t e d  below 
were covered and t h e  resu l t s  are i n t e r p r e t i v e l y  presented  i n  t h i s  r e p o r t .  

Evaluat ion of t h e  compa t ib i l i t y  of candida te  bear ing  m a t e r i a l  combina- 
t i o n s  i n  a Cb-1Zr al loy/potassium system has been completed. Three ma te r i a l  
combinations, Mo-TZM/Carboloy 907, Mo-TZM/Grade 7178, and Mo-TZM/TiC+lOO&b 
contained i n  Cb-1Zr a l l o y  capsules  with high-puri ty  potassium, had been t e s t e d  
i so the rma l ly  for 1,000 hours a t  800°, 1200°, and 1600°F. Metal lographic  ex- 
amination of t h e  TiC+l%Cb and Grade 7178 specimens which were t e s t e d  a t  a l l  
t h r e e  temperatures  and Carboloy 907 specimens t e s t e d  a t  800°F revea led  no 
s u r f a c e  r e a c t i o n s  o r  evidence of a t t a c k .  Examination of t h e  Carboloy 907 
specimens exposed t o  potassium l i q u i d  a t  1200' and 1600°F revealed s u r f a c e  
r e a c t i o n s  t o  a depth of 0.00047 inch  and 0.0006 inch,  r e spec t ive ly ,  on t h e  
s u r f a c e s  ad jacent  t o  t h e  Mo-TZM a l l o y  sur face .  

I 

The X-ray d i f f r a c t i o n  ana lyses  of the  f a c i n g  su r faces  of t h e  candida te  
bear ing  m a t e r i a l  combinations (0.020-inch sepa ra t ion )  t e s t e d  a t  1600'F re- 

specimens. The d i s s o c i a t i o n  of WC t o  tungsten on t h e  s u r f a c e  of t h e  two 
c a r b i d e s  and t h e  formation of Mo2C on the  s u r f a c e  of t h e  Mo-TZM a l l o y  were 
observed. 
W e r e  observed on t h e  su r face  of t he  Carboloy 907 t e s t e d  a t  1600°F. The 
presence of t h e  Mo2C l a y e r  on t h e  su r face  of t h e  Mo-TZM a l l o y  was observed 
me ta l log raph ica l ly  on t h e  specimens t e s t e d  wi th  Carboloy 907 and Grade 7178 
a t  1600'F and wi th  Carboloy 907 t e s t e d  a t  1200°F. 

t 
I 
I vealed major phase changes i n  t h e  Carboloy 907, Grade 7178, and Mo-TZM a l l o y  

The formation of t h e  complex carb ides  Co2WC4 and (Co,W),C a l s o  

Spec t rographic  ana lyses  of t h e  potassium drained from t h e  capsules  con- 
t a i n i n g  t h e  TiC+lOy&b specimens t h a t  were t e s t e d  a t  1600°F revealed a s l i g h t  
i n c r e a s e  i n  t i t an ium and aluminum content .  

Microhardness surveys of a l l  t h e  cor ros ion  test specimens t h a t  were 
t e s t e d  i n d i v i d u a l l y  o r  i n  combination with Mo-TZM a l l o y  i n  potassium l i q u i d  
and vapor f o r  1,000 hours a t  800', 1200°, and 1600°F have been completed. A 
change i n  hardness  was observed only i n  the  Zircoa 1027 specimens (decrease) .  

The e l eva ted  temperature,  vacuum compression t e s t  f a c i l i t y  has been 
assembled, checked-out and t e s t i n g  procedures e s t a b l i s h e d .  From tests con- 
ducted w i t h  an instrumented specimen, t he  e f f e c t i v e  gauge l eng th  of t he  test 
specimen was determined t o  be equal t o  t h e  measured gauge l eng th  p lus  1.44X 
t h e  w a l l  t h i ckness .  

Potassium wet t ing  tests were completed on Carboloy 907, Grade 7178, 
TiC+lO%Cb and Mo-TZM a l l o y .  Of t h e  f o u r  m a t e r i a l s  i n v e s t i g a t e d ,  t h e  Mo-TZM 
a l l o y  e x h i b i t e d  t h e  b e s t  wet t ing  c h a r a c t e r i s t i c s  wi th  receding con tac t  angles  
of e s F e n t i a l l y  ze ro  degrees .  Carboloy 907 had t h e  h ighes t  receding con tac t  
angle ,  i o e . ,  22". 
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F r i c t i o n  and wear tests were conducted i n  high vacuum f o r  Carboloy 907 
vs  Carboloy 907, Mo-TZM vs TiC+lO%Cb, Mo-TZM vs  Carboloy 907, Mo-TZM vs Grade 
7178, and Grade 7178 vs Grade 7178, The tests were conducted a t  room temper- 
a t u r e ,  a t  speeds of 800 SFM and a t  p r e s s u r e s i n  t h e  t o r r  range. Values 
f o r  t h e  c o e f f i c i e n t  of f r i c t i o n  ranged from0.40 t o  1,07. 

Rota t ing  tes ts  i n  both t h e  h igh  vacuum and l i q u i d  potassium f r i c t i o n  and 
wear t e s t e r s  have shown t h a t  some form of l u b r i c a t i o n  i s  r equ i r ed  i n  t h e  
s h a f t  bear ings  f o r  sus t a ined  ope ra t ion .  Commercial MRC 7207 angu la r  c o n t a c t  
bear ings  with MoS2 coa ted  r e t a i n e r s  have been s e l e c t e d  and used s u c c e s s f u l l y  
i n  t h e  high vacuum f r i c t i o n  tester;  I T 1  8089 s p e c i a l  angular  c o n t a c t  bear ings  
with BaFz/CaF2 coated r e t a i n e r s  have been s e l e c t e d  f o r  t r i a l  i n  t h e  l i q u i d  
potassium f r i c t i o n  tes te r .  

High speed water flow tests,  conducted wi th  t h e  pump f o r  t h e  potassium 
f r i c t i o n  and wear tester,  showed t h a t  equal  flow of about 43 cc/min could  be 
achieved over  t h e  upper and lower test specimens a t  a speed of 5,000 SFM by 
r e s t r i c t i n g  t h e  a r e a  of t h e  flow o r i f i c e  t o  t h e  lower specimen t o  0.0008 
sq i n .  
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.. 

111. PROCUREMENT OF CANDIDATE BEARING MATERIALS 
COMl3INATIONS FOR FRICTION AND WEAR TESTING 

The d e l i v e r y  s t a t u s  of t h e  test specimens requi red  f o r  f r i c t i o n  and wear 
t e s t i n g  of s e l e c t e d  candida te  jou rna l  bear ing material combinations i s  given 
i n  Table 11. A l l  t h e  Mo-TZM a l l o y  and Carboloy 907 specimens were on hand a t  
t h e  end of t h e  r epor t ing  per iod and t h e  Grade 7178 and TiC+lO%Cb specimens 
were received as noted i n  Table 11. 
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I V .  TEST FACILITIES 

A. FRICTION AND WEAR I N  HIGH VACUUM 

1. Temperature C a l i b r a t i o n  of T e s t  Specimens 

I n  p repa ra t ion  f o r  conducting f r i c t i o n  and wear tests i n  h igh  vacuum a t  
temperatures  of 400'F and h igher ,  i t  w a s  necessary t o  c o r r e l a t e  t h e  temper- 
a t u r e s  measured by the  chromel-alumel thermocouples loca t ed  i n  t h e  thermo- 
w e l l s ,  which are i n  con tac t  w i t h  the r i d e r  specimens i n  the loading  arms, 
wi th  t h e  t r u e  test temperature.  Excessive hea t  l o s s e s  through t h e  Mo-TZM 
a l l o y  loading  arm and the tantalum coated s ta inless  steel thermowells pre- 
vented direct reading  of the specimen temperatures.  The c a l i b r a t i o n  system 
which was der ived  compares t h e  temperature of a Mo-TZM a l l o y  r e fe rence  block 
with the temperature  of the  d i s c  specimens and t h e  r i d e r  specimens, F igu re  1. 
The temperature  of the d i s c  specimen i s  considered the  tes t  temperature  and 
was measured w i t h  Pt  vs  Pt+lO%Rh thermocouples; t h e  beaded ends of t h e  thermo- 
couples  were clamped between t h e  test specimens and t h e  specimen ho lde r  
washers,  Because of t h e  problems of t r ansmi t t i ng  t h e  s i g n a l s  from t h e  d i s c  
specimen thermocouples dur ing  r o t a t i o n ,  these thermocouples are not  present  
dur ing  f r i c t i o n  and wear tests,  nor  was t h e  s h a f t  r o t a t e d  dur ing  the  c a l i b r a -  
t i o n  tests. The temperature  of t h e  Mo-TZM a l l o y  r e fe rence  block w a s  measured 
wi th  two beaded Pt vs  Pt+lO%Rh thermocouples. T h e  thermocouples were in -  
s e r t e d  i n  1/2-inch deep holes  a t  oppos i t e  ends of t he  r e fe rence  block. 

The specimen p a i r s  used f o r  t h e  c a l i b r a t i o n  tests were chosen t o  mate 
those  of r e l a t i v e l y  h igh ,  medium, and low thermal conduct iv i ty  i n  seve ra l  
d i f f e r e n t  combinations and l o c a t i o n s .  N o  detectable d i f f e r e n c e s  i n  r e s u l t s  
were observed w i t h  r e spec t  t o  d i f f e r e n c e s  i n  thermal conduct iv i ty .  
t h e  r e s u l t s  were a f f e c t e d  by specimen l o c a t i o n  and are so repor ted .  The 
temperature  d i f f e r e n c e s  due t o  specimen loca t ion  i n  t h e  tester are r e l a t e d  
t o  thesgeometry and temperature of t h e  su r faces  t o  which t h e  specimens r a d i a t e  
h e a t  . 

However, 

The raw temperature  d a t a  were p l o t t e d  i n  t h e  form (Tblock - Tdisc)  vs  

and, as would be expected, genera l ly  showed s t rong  dependence of t h e  

(Tblock - Tdisc)  temperatures  were read a t  ze ro  rate of change f o r  purposes 
of c a l i b r a t i o n  and are p l o t t e d  aga ins t  Tdisc,  as shown i n  F igu re  2.  T h e  
d a t a  a re  summarized i n  T a b l e  111. 
r e l a t e d  w i t h  Tdisc  and t h e  r e s u l t s  are p lo t t ed  i n  F igure  3. 

pq 
empe a t u r e  d i f f e r e n t i a l  upon the  ra te  of change of d i s c  temperature .  The 

The arm thermocouple readings  were cor- 

The r e fe rence  block w i l l  be l e f t  permanently i n  the  tester a s  the  p r i -  
mary specimen temperature  c o n t r o l  device.  

2.  Evalua t ion  of B a l l  Bearings f o r  High Speed 

The High Vacuum F r i c t i o n  and Wear Tester (HWT) was loaded w i t h  spec i -  
mens i n  p repa ra t ion  f o r  the  f i r s t  room temperature,  5,000 SFM f r i c t i o n  tests.  
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P t  vs Pt+lO%Rh 

Mo-TZM Alloy 
Washer 

M252 A l l o y  Sha f t  

P t  vs Pt+lO%Rh 
The mocoup les 

Tantalum Coated 
Rene' 4 1  

Def l ec to r  Disc 

D i s c  S p e c i m e n  

Mo-TZM Alloy 
Disc 

Stylus 

Tantalum Coated Mo-TZM Alloy < 
Loading A r m  

1/8 11, 
Type 321 SS W e l l  

I 
1 I n s u l a t i o n  
I \  

\ 
0.063 In .  Dia. Inconel Sheathed, 
MgO Insula ted  Chromel-Alumel 
Thermocouples 3/4 In .  x 3/4 In .  x 1 In .  

Mo-TZM Reference B l o c k  

t 

B1088-1 

Figure  1. Location of Thermocouples i n  High Vacuum F r i c t i o n  and Wear 
Tester For Temperature C a l i b r a t i o n  of Reference Block. 
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, Positions 2 & 3 

400 800 1200 
0 

Disc Temperature, F 

1600 

Figure  2. Reference B l o c k m  Required t o  Obtain D i s c  Temperature. 
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TABLE 111. TEST TEMPERATURE CALIBRATION FOR HIGH VACUUM FRICTION AND WEAR TESTS 

Reference B l o c k  T e m p e r a t u r e  
T e s t  T e s t  T e m p e r a t u r e  

P o s i t  ion 400°F 800°F 1200°F 1600°F 

A r m  1 37 6 856 1420 2092 

Arm 2 320 750 1280 2040 

Arm 3 320 7 50 1280 1988 

A r m  4 359 840 1390 2130 
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1600 
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800 

4 00 
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\ Loading Arm 1, 2, 3 0Y 

Code 

Loading Arm 1 
Loading Arm 2 
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- 

I I I I 61088 
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Disc Specimen Temperature, OF 

Figure 3. Comparison of Loading Arm Thermocouple Temperature vs Disc 
Specimen Temperature (Specimens in Contact). 
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The commercial angular  con tac t  bear ings were rep laced  wi th  t h e  s p e c i a l  I T 1  8158 ' 

gold- and s i l v e r - p l a t e d  bear ings  designed f o r  h igh  speed, high vacuum ope ra t ion .  . 

The bear ings f a i l e d  without  warning a s  t h e  speed w a s  being increased  t o  t h e  
test speed. The ope ra t ing  cond i t ions  of  t h i s  test  are l i s t e d  i n  Table I V ,  
T e s t  #2. F a i l u r e  of t h e s e  bear ings  could have occurred f o r  a number of reasons ,  
inc luding  improper assembly, poor housing geometry, improper axial  play,  in- 
s u f f i c i e n t  c l ea rance  between t h e  r e t a i n e r  and t h e  inner race l ands ,  and i m -  
proper m a t e r i a l  s e l e c t i o n .  A program of i n v e s t i g a t i o n ,  us ing  commercially- 
a v a i l a b l e  bear ings ,  w a s  i n i t i a t e d  t o  i d e n t i f y  a bear ing  design s u i t a b l e  f o r  
h igh  speed ope ra t ion  i n  high vacuum. A l l  of t h e  bear ings  t h a t  were t e s t e d  
w e r e  degreased, u l t r a s o n i c a l l y  c leaned,  and r in sed  wi th  ace tone  and/or a lcohol  
before  i n s t a l l a t i o n  i n t o  t h e  f r i c t i o n  and wear test  r i g .  The d e t a i l e d  condi- 
t i o n s  of t h e  tests t h a t  were conducted a re  l i s t e d  i n  Table IV; t h e  main tes t  
va r i ab le  and t h e  test  r e s u l t s  are summarized below: 

Bearing 
T e s t  N o ,  I d e n t i f i c a t i o n  

3 MRC 7207 
(Angular Contact)  

4 MRC 7207 
(Angular Contact)  

5 MRC 7207 Upper 
SKF 207 Lower 
(Radial  ) 

6 MRC 7207 
(Angular Contact)  

7 F a f n i r  PM 207K 
(Radi a1  ) 

8 I T 1  8158 
(Angular Contact)  

9 F a f n i r  PM 207K 
(Radia l )  

10  F a f n i r  PM 207K 
(Radial  ) 

T e s t  Variabl  e/Obi ec t i v e  

To determine whether commer- 
c i a l  7207 bear ings  would 
have sus t a ined  l i f e  a t  
4,780 RPM. 

Lower bear ing  o u t e r  f a c e  
preloaded rJ 23 l b s .  

Changed lower bear ing  from 
angular  c o n t a c t  t o  r a d i a l  
bear ing .  

Repeat of test  4 wi th  
bear ings  t h a t  ope ra t ed  
s u c c e s s f u l l y  a t  500 RPhl 
f o r  /u 50 hours .  

Machined copper-bearing 
r e t a i n e r .  

Lower bea r ing  o u t e r  f a c e  
preloaded t o  d 8 6  l b s .  

Bearings l u b r i c a t e d  wi th  
L u b r i p l a t e  130A t o  prove 
t h a t  bear ing  housing and 
s h a f t  geometry and aseem- 
b ly  procedures  are sa t i s -  
f a c t o r y  , 

Bearings l u b r i c a t e d  wi th  
W Se2 powder. 

Bearings se i zed  
immediately.  

N o  improvement - 
bear ings  se i zed  
immediately. 

N o  improvement - 
b a l l s  i n  r a d i a l  
bear ing  wedged i n  
r e t a i n e r .  

N o  improvement - 
r e t a i n e r  f a i l e d .  

No improvement - 
bea r ings  se i zed .  

No improvement - 
bea r ings  se i zed .  

No f a i l u r e  - 
p e r f e c t  ope ra t ion .  

Bearings se i zed  
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Bearing 
T e s t  No. I dent i f i c a ti on T e s t  Variable/Objective 

11 I T 1  8158 S i l v e r  removed from I D  of 
(Angular Contact)  r e t a i n e r  t o  provide Ci rc le  

C vs gold s u r f a c e s  i n  con- 
t a c t .  

12 ND V3207AH Machined Ag p l a t e d  bronze 
LR5 (Radia l )  re ta iner .  

13 

14 

IT1 8158 Clearance between r e t a i n e r  
(Angular Contac t )  and i n n e r  r a c e  inc reased  

t o  0.012 inch .  

MRC 7207 
(Angular Contact)  re ta iner  and baked a t  

MoS2 c o a t i n g  app l i ed  t o  

450" F. 

Resul t s  

Some improvement- 
f r e t t i n g  occurred  
between r e t a i n e r  
and inne r  r ace .  

Some improvement - 
seizure imminent 
a f t e r  1.17 hours .  

Tes ted  a t  low 
speed only  (780 
RPM) - Au wore 
through on b a l l  
grooves i n  races. 

Operated success- 
f u l l y  a t  780 RPM; 
s e i z e d  intermit-  
t e n t l y  a t  5,000 
RPM . 

The above tests show t h a t  t h e  t es te r  des ign  i s  s a t i s f a c t o r y  f o r  high.  
speed ope ra t ion  provided t h a t  t h e  s h a f t  bea r ings  a r e  l u b r i c a t e d .  Therefore ,  
a dec i s ion  was made t o  i n s t a l l  new MRC 7207 angular  con tac t  bea r ings  wi th  MoS2 
coated re ta iners  i n  t h e  h igh  vacuum tes t  r i g ,  proceed wi th  t h e  low speed (780 
RPM) t e s t i n g  and r epea t  t h e  high speed tes t .  

Ten sets of MRC 7207 bear ings  wi th  DF-700 (molybdenum d i s u l f i d e )  baked 
on t h e  r e t a i n e r s  were rece ived .  One set  was i n s t a l l e d  i n  t h e  h igh  vacuum 
f r i c t i o n  and wear tester and opera ted  s u c c e s s f u l l y  f o r  30 minutes a t  780 RPM 
and 60 minutes a t  4,780 RPM. The n o i s e  and v i b r a t i o n  l e v e l  was very low, and 
t h e  systems could be evacuated i n t o  t h e  10-9 t o r r  range. However, bea r ing  
s e i z u r e  occurred s e v e r a l  t i m e s  dur ing  t h e  h igh  speed run. This  test  and o t h e r s  
l e d  t o  the conclus ion  t h a t  t h e  f u l l  l i f e  of t h i s  type  of bea r ing  i s  b a r e l y  
over one hour a t  4,780 RPM. Since  t h e  bea r ings  w i l l  o p e r a t e  aga in  a f t e r  
s e i z i n g  a t  t h e  high speeds i f  they are allowed t o  c o o l ,  and s i n c e  they  o p e r a t e  
s a t i s f a c t o r i l y  a t  lower speeds,  a c o n t r i b u t i n g  f a c t o r  t o  t h e  f a i l u r e  may be  
t h e  c l o s i n g  of i n t e r n a l  bear ing  c l e a r a n c e  due t o  d i f f e r e n t i a l  thermal expan- 
s i o n  of t h e  bear ing  components. 
a l s o  i s  g r e a t l y  a c c e l e r a t e d  a t  t h e  h i g h e r  speed. 

Undoubtedly, wearing of t h e  MoS2 c o a t i n g  

B. FRICTION AND WEAR I N  L I Q U I D  POTASSIUM 

1. L o w  Speed Impeller Pumr, T e s t s  

Because s e v e r a l  changes were made i n  t h e  water  c o l l e c t i o n  dev ice  t o  i m -  
prove the  accuracy of t h e  water  flow r a t e  measurements, t h e  p rev ious ly  r epor t ed  
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l o w  speed water  flow tests were repea ted  t o  determine t h e  v a l i d i t y  of t h e  da t a .  
The d a t a  obtained from t h e  second set of tests,  F igure  4, show very l i t t l e  
dev ia t ion  from t h e  previous resul ts .  However, i t  was found that a s h o r t  run w a s  
r e q u i r e d & a s l i g h t l y  h igher  speed than 778 RPM i n  o rde r  t o  achieve f u l l  loading  
of t h e  impel le r .  This  appeared t o  be more o f - a  n e c e s s i t y  a t  high l i q u i d  l e v e l s  
than a t  lower l i q u i d  l e v e l s .  

2. High Speed Impel le r  Pump T e s t s  

Water flow tests were concluded with t h e  high speed impel le r .  These tests 
showed t h a t  t h e  achievement of balanced l i q u i d  f low a c r o s s  t h e  top  and bottom 
specimens i s  s t r o n g l y  dependent upon t h e  flow area of t h e  lower specimen 
o r i f i c e s .  By cont inuously decreas ing  t h e  diameter  of t h e  0,089-inch diameter  
p o r t s  which supply l i q u i d  t o  t h e  channel ad jacent  t o  t h e  i n s i d e  diameter  of 
t h e  d i s c  specimens, t h e  flow of l i q u i d  over t h e  lower specimen decreased and 
t h e  f low over  t h e  upper specimens increased ,  F igure  5. A f low a r e a  of about 
0.0008 i n 2  was chosen t o  g ive  an equal  flow of about 43 cc/min ac ross  each 
specimen a t  a speed of 5,000 SFM which i s  approximately equiva len t  t o  t h e  
expected balanced flow a t  800 SFM. The above flow area could be achieved by 
one h o l e  of 0,032-inch diameter o r  f o u r  holes  of 0.016-inch diameter.  A f t e r  
t h e  f a b r i c a t i o n  of a new specimen hold-down r i n g  which achieves t h e  necessary  
blockage of t h e  lower supply p o r t s , t h e  flow r a t e  w i l l  be rechecked. 

3. Evalua t ion  of Ba l l  Bearings f o r  High Speed T e s t s  

The l u b r i c a t e d  commercial MRC 7207 angular  con tac t  bear ings  were removed 
and t h e  s p e c i a l  I T 1  8089 bear ings  i n s t a l l e d  i n  o r d e r  t o  prove t h e  high speed 
c a p a b i l i t y  of t h e  bear ings  before  t h e  system w a s  seal welded ( T e s t  #2, Table 
V ) .  Bearing seizure appeared imminent a f t e r  a s h o r t  per iod  of running a t  
speeds of 1,000 RPM. Other  bear ings  were evaluated concurren t ly  wi th  those  
being eva lua ted  i n  t h e  h igh  vacuum f r i c t i o n  and wear tester. The d e t a i l e d  
cond i t ions  of  t h e  tests a re  l i s t e d  i n  Table V and t h e  main test v a r i a b l e  and 
r e s u l t s  are summarized below: 

Bearing 
T e s t  N o .  I d e n t i f i c a t i o n  T e s t  Variable/Ob j e c t i v e  Results 

3 I T 1  8089 Change 440C b a l l s  t o  WC. N o  improvement - 
(Angular Contact)  retainer g a l l e d  

i n n e r  r a c e  lands .  

4 MRC 7207 To eva lua te  commercial N o  improvement. 
(Angular Contact)  bear ings  f o r  low speed 

tests. 

5 MRC 7207 Retainer removed from Bearing se ized  
(Angular Contact)  lower bearing. a t  770 RPM. 
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T e s t  No. 

6 

7 

8 

Again, 

Bearing 
I d e n t i f i c a t i o n  T e s t  Variable/Object ive Resu l t s  

I T 1  8089 Clearance between re ta iner  Some improvement 
(Angular Contact)  and i n n e r  race  increased  a t  low speed 

t o  0.0075 inch. (780 RPM) 

I T 1  8089 Clearance between r e t a i n e r  S i g n i f i c a n t  
(Angular Contact)  and i n n e r  race  increased  improvement a t  

t o  0.009 inch. low speed (780 
RPM); no damage 
a f t e r  s i x  hours .  

I T 1  8089 Clearance between r e t a i n e r  Assembly t o  be 
(Angular Contact)  and inner r ace  increased  used i n  t r i a l  run 

t o  0.013 inch. of test r i g .  

t h e  above tests show t h a t  t h e  bas ic  test r i g  des ign  i s  s a t i s f a c -  
t o r y  f o r  h igh  speed ope ra t ion  provided t h a t  t h e  s h a f t  bear ings  are adequately 
l u b r i c a t e d .  
s e l e c t i o n  of m a t e r i a l s  f o r  poss ib l e  use as a l u b r i c a n t  f o r  t h e  s h a f t  bear ings  
i s  extremely l imi t ed .  From a review of t h e  p o s s i b l e  materials considered f o r  
a p p l i c a t i o n  as a l u b r i c a n t  i n  t h e  potassium f r i c t i o n  tes te r ,  t h e  f l u o r i d e s  
appear  t o  be most promising. 
c h a r a c t e r i s t i c s  i n  tests conducted i n  sodium and vacuum (10-8 t o r r )  a t  NASA- 
L e w i s  Research Center (5) .  
shown i n  Table  V I ,  a l s o  i n d i c a t e  t h a t  they may be s t a b l e  i n  l i q u i d  potassium. 
Subsequently,  t h e  dec i s ion  w a s  made t o  bu i ldup  a set of I T 1  8089 angular  con- 
t a c t  bear ings  inco rpora t ing  Type 440C s t a i n l e s s  steel  races, Type 440C o r  WC 
b a l l s ,  and BaFZ/CaFz coa ted  Type 440C r e t a i n e r s  f o r  eva lua t ion  i n  t h e  l i q u i d  
potassium f r i c t i o n  tester. 
ings  from T e s t  #8 i n  t h e  t es te r  and t o  prepare t h e  tester f o r  t h e  f i r s t  test 
run i n  o r d e r  t o  i d e n t i f y  o t h e r  p o s s i b l e  problem a reas .  

However, i n  t h e  c a s e  of t h e  l i q u i d  potassium f r i c t i o n  tester, t h e  

Severa l  f l u o r i d e s  have shown good l u b r i c a t i n g  

The thermodynamic p r o p e r t i e s  of t h e  f l u o r i d e s ,  

Concurrent ly ,  i t  w a s  decided t o  i n s t a l l  t h e  bear- 

C .  COMPRESSION PROPERTIES 

The e l eva ted  temperature  vacuum compression t e s t  f a c i l i t y ,  F igure  6, has  
been assembled, checked ou t  and t e s t i n g  procedures have been e s t a b l i s h e d .  

1. T e s t  F a c i l i t y  

A schematic  of t h e  load t r a i n  and vacuum chamber i s  shown i n  F igure  7 
and photographs o f t h e  load t r a i n  wi th  a specimen and t h e  extensometer i n  p l ace  
and of t h e  completed assembly wi th  t h e  tantalum s t r i p  h e a t e r  and s h i e l d i n g  i n  
p l a c e  are shown i n  F igures  8 and 9,  r e spec t ive ly .  

The vacuum chamber I s  of double-wall cons t ruc t ion ,  u t i l i z i n g  water cool- 
i n g ,  and i s  f a b r i c a t e d  from Type 304 SS. The dimensions of t h e  chamber a r e  
l l -3/8- inch I D  x 14-1/2-inch deep. E n t r y  i n t o  chamber i s  accomplished by 
means of a front-mounted, double-wall door. The load t r a i n  t h a t  was used 
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TABLE V I .  THERMODYNAMIC PROPERTIES OF FLUORIDES 

Compound -m298 OK '298OK -OF3000K -OF50O0K -OF100O0K -OF1 500°K 

BaF2 143.0 11.5 136.9 132.9 123.7 113.8 

CaF2 145.1 8.2 138.8 134.8 124.9 115.3 

K F  134.5 15.9 127.2 121.9 108.9 -- 

FeF2 84.0 10.4 78.8 75.6 67.6 -- 
CbF5 86.4 7.7 81 . O  -- -- -- 

NOTE: Data given in kcal f o r  one gram atom of F. 

Data Source - Smithells, C. J., Metals Reference Book, V o l .  
2, Third Edition, Butterworth, 1962. 
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Figure  8. I n s i d e  V i e w  of Elevated Temperature Vacuum Compression T e s t  
F a c i l i t y  Showing Load Train Assembly. (C65102523) 
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Figure 9. Inside View of Elevated Temperature Vacuum Campression Test 
Facility Showing Specimen Heater Assembly. (C65102524) 
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* f o r  t h e  room temperature  tests conducted previously(6)  i s  incorporated i n  t he  

i n  t h e  load t r a i n  and t h e i r  c a l i b r a t i o n  have been repor ted  i n  Quar te r ly  Progress  
Report No. 7 (7 ) .  The  bottom ha l f  of t h e  load t r a i n  rests on a 6-inch diameter  
f l ange  which i s  bol ted  t o  the bottom of t h e  chamber. 
feedthrough f o r  t h e  load c e l l  and extensometer l e a d s  i s  welded i n t o  t h e  bottom 

brazed i n t o  t h e  bottom f lange .  Water cooling i s  requi red  f o r  t h e  p l a t e  d i r e c t l y  
above t h e  load cel l .  The vacuum seal f o r  the  t o p  ram i s  made by means of a 
6-inch I D ,  Type 304 SS bellows. The gasket used t o  s e a l  t h e  door i s  cons t ruc ted  
of s i l ve r -p l a t ed ,  a rgon- f i l l ed  s ta inless  s t e e l  tube,  and w i t h  t h e  except ion of 
t h e  Veeco, C-25, f i t t i n g ,  a l l  o t h e r  gaske ts  are cons t ruc ted  of copper. 

* vacuum f a c i l i t y .  D e t a i l s  of t h e  load c e l l  and t h e  extensometer sys t em used 

An e i g h t  prong electrical 

I f l ange  and a Veeco, C-25, vacuum f i t t i n g  f o r  water cool ing  tubu la t ion  i s  

A s tandard CVC PS-40A packaged pumping system i s  used t o  evacuate t h e  
chamber and inc ludes  a PMC-720 o i l  d i f fus ion  pump, wi th  a r a t ed  pumping speed 
of about 6 6 0 k / s e c  a t  t o r r ,  a Welch Duo-Seal mechanical pump, and a Type 
BCR Chevron r i n g  cryogenic b a f f l e .  Pressures  a r e  measured w i t h  a Type CP-140 
CVC P i r a n i  gauge, which has a range of 2 t o r r  t o  1 x 
Type GPH-100A discharge  gauge which has a range of 2.5 x 
t o r r .  

t o r r ,  and with a CVC 
t o r r  t o  1 x 

The e l e c t r i c a l  feedthroughs which supply t h e  power f o r  t h e  specimen h e a t e r  
extend through t h e  back of t h e  vacuum chamber a s  shown i n  Figure 10. 
water  cooled copper b a r  feedthroughs a l s o  serve  a s  supports  f o r  t h e  h e a t e r  
assembly, F igure  9. 
f a c i l i t a t e  i n s t a l l a t i o n  of t h e  test specimens. The hea t ing  element i s  f a b r i -  
ca ted  from 0.005-inch t h i c k  tantalum shee t ,  i s  2-1/2 inches I D  x 2-1/2 inches  
long, and i s  sh ie lded  w i t h  5 l a y e r s  of 0.005-inch t h i c k  tantalum sheet and 
one o u t e r  l a y e r  of Type 304 SS shee t .  

The 

The  h e a t e r  assembly i s  cons t ruc ted  i n  two ha lves  t o  

T h e  power f o r  t h e  tantalum h e a t e r  i s  provided by means of a 15  KVA s tep-  
down t ransformer  which reduces t h e  l i n e  vol tage from 220 V t o  10  V. Temper- 
a t u r e  i s  c o n t r o l l e d  w i t h  a West JSCR c o n t r o l l e r  and i s  measured by means of 
two 1/8-inch diameter tantalum-sheathed, A1203-insulated, P t  vs Pt+lO%Rh 
thermocouples. One thermocouple extends up through t h e  bottom a n v i l  so t h a t  
i t  i s  i n  con tac t  wi th  t h e  i n s i d e  su r face  of t h e  hollow specimens a t  t h e  c e n t e r  
of t h e  gauge s e c t i o n ;  the second thermocouple extends down through a ho le  i n  
t he  t o p  a n v i l  so t h a t  i t  i s  f l u s h  with the  bottom su r face  of t h e  a n v i l .  The 
temperature  ind ica t ed  by the thermocouple a t  t h e  c e n t e r  of t h e  gauge s e c t i o n  on 
t h e  i n s i d e  s u r f a c e  of t h e  specimen during the  t e s t  i s  recorded on a s i n g l e  
channel Brown potent iometer  recorder .  Lucalox loading r i n g s  loca t ed  ad jacent  
t o  t h e  a n v i l  suppor ts  and ex te rna l  Inconel-sheathed, Nichrome hea t ing  elements 
a t t ached  t o  the  a n v i l  supports  a r e  incorporated i n t o  t h e  load t r a i n  t o  mini- 
mize h e a t  l o s s e s  from t h e  specimen during t e s t i n g .  

2 .  Determination of E f f e c t i v e  Gauge Length 

I n  o r d e r  t o  e s t a b l i s h  t h e  e f f e c t i v e  gauge l eng th  of t he  compression 
test  specimen being used i n  the  t e s t  program, Figure 11, t r u e  s t r a i n  i n  a 
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Figure 10. V i e w  of Elevated Temperature Vacuum Compression Tes t ing  
F a c i l i t y  Showing Vacuum System and Ex te rna l  Power Leads 
f o r  Specimen Heater. (C65102526) 
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Figure 11. Compression T e s t  Specimen. 
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Mo-TZM a l l o y  specimen w a s  measured a t  known t o t a l  ex tens ions  and loads  wi th in  
t h e  elastic l i m i t .  The t r u e  s t r a i n  measurements were made by means of s t r a i n  
gauges and t o t a l  ex tens ion  measurements were made w i t h  the  extensometer/LVDT 
assembly  shown i n  F igure  7 .  

Two sets of two Type C6121 s t r a i n  gauges were a t t ached  t o  the OD s u r f a c e  
of the specimen a t  t h e  c e n t e r  of t h e  gauge l eng th  and a t  a r a d i a l  i n t e r v a l  
of 90'. 
a x i s  and the  o t h e r  s t r a i n  gauge of each set w a s  a t t ached  perpendicular  t o  the 
specimen a x i s ,  F igure  12. 
of t he  extensometer assembly were f e d  i n t o  a Leeds and Northrup "Azoret' two 
channel m i l l i v o l t  X-Y recorder .  
can be ca l cu la t ed  using t h e  fol lowing r e l a t i o n s h i p  (Equation 1): 

One s t r a i n  gauge of each set was a t t ached  p a r a l l e l  t o  the  specimen 

The s i g n a l s  from the  s t r a i n  gauges and from t h e  LVDT 

From the  d a t a ,  t h e  e f f e c t i v e  gauge l e n g t h  

L = L  
E 1  

where: L = E f f e c t i v e  gauge l eng th ,  i n .  

= 

= True s t r a i n ,  i n . / i n .  

To ta l  ex tens ion  a t  t r u e  s t r a i n  -1 J i n .  

1 

The instrumented specimen w a s  stressed i n  compression w i t h i n  the e las t ic  
l i m i t  a t  room temperature  three t i m e s .  Using Equation 1, t h e  e f f e c t i v e  gauge 
l eng th ,  L, was c a l c u l a t e d  f o r  each tes t ,  Table  V I I ,  and found t o  be an average 
of 1.024 inches .  
i v e  gauge l e n g t h  extends i n t o  t h e  r a d i u s  of the specimen shoulder  a d i s t a n c e  
equal  t o  approximately one ha l f  t h e  specimen w a l l  t h i ckness .  

These d a t a  confirm t h e  o r i g i n a l  a ~ s u m p t i o n ( ~ 7 ~ )  t h a t  t he  effect-  

3. T e s t  Procedures 

P r i o r  t o  any at tempt  t o  conduct compression tests i n  vacuum a t  e l eva ted  
temperature,  two Mo-TZM a l l o y  specimens were t e s t e d  a t  room temperature  and 
a t  a pressure  of approximately 2-5 x 
t o  demonstrate proper alignment of t h e  load  t r a i n  and t o  v e r i f y  the expected 
performance of t h e  load c e l l  and extensometer s y s t e m .  
used were t h e  same as those  used f o r  t h e  previous  room t empera ture  compression 
tests conducted a t  ambient p re s su res (6 ,7 ) .  
Table  V I I I .  A f t e r  i t  was determined t h a t  t h e  tes t  f a c i l i t y  w a s  func t ion ing  
proper ly ,  tests t o  e s t a b l i s h  techniques  f o r  e l e v a t e d  temperature  compression 
tests i n  vacuum were i n i t i a t e d  w i t h  Mo-TZM a l l o y  specimens,  Upon Completion 
of t h e s e  tests, the fo l lowing  test procedures  were e s t a b l i s h e d :  

t o r r .  T h e  purpose of t he  tests w a s  

The t e s t i n g  procedures 

Resu l t s  of t he  tests are given i n  

1. Inspec t  specimen f o r  d e f e c t s  u s ing  u l t r a s o n i c  and penet ran t  
techniques 

2 .  Dimensionally measure specimen, i . e . ,  gauge l eng th ,  wal l  
th ickness ,  and p a r a l l e l i s m  of end f a c e s .  
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Figure  12. Mo-TZM Alloy Compression Test Specimen With C6121 S t r a i n  
Gauges Attached t o  Determine Ef fec t ive  Gauge Length. 
(C66063031). 
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TABLE V I I .  EFFECTIVE GAUGE LENGTH OF COMPRESSION TEST SPECIMEN 

(3) (4) ( 5 )  
Measured Calcula ted(a)  Di f fe rence  Measured 

(1) (2) Gauge E f f e c t i v e  Column (4)- Wall 
Specimen T e s t  Length Gauge Length Column (3)  Thickness 

No. Inch Inch Inch Inch - I dent  i f ica t ion  

MCN-1037-G-ll(b) 1 0.880 1.040 0.160 0.100 

2 0.880 1.017 0.137 0.100 

3 0.880 1.014 0.134 0.100 

Average 0.880 1.024 

__ 

0.100 

1' (a)  L = 8_ ; c1 = t r u e  s t r a i n ;  A =  t o t a l  ex tens ion  a t  
E 1  

(b) Mo-TZM a l l o y .  
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TABLE V I I I .  ROOM TEMPERATURE COMPRESSION PROPERTIES OF Mo-TZM 
 ALLOY(^) I N  AIR AND VACUUM (10-6 TORR) 

S t rength(c  ) 
Specimen Pressure  0.02% 0.2% 1% S t r a i n  
I d e n t i t y  Torr CYS p s i ( b )  CYS p s i ( b )  p s i  

MCN- 1037-G- 1 7 60 89,400 102,000 102,000 

MCN-1037 - G- 2 7 60 86,000 104,000 104,300 

MCN- 1037 - G9 99,600 115,500 115,500 

MCN-1037-G10 83,800 112,500 112,500 

St rength  ( C  ,d) 
5% S t r a i n  

p s i  

107,200 

111,000 

119,000 

112,500 

(a )  S t r e s s - r e l i eved  2350"F/one hour. 

(b) S t r a i n  r a t e  0.005 in . / in . /min  through 0.2% o f f s e t .  

(c)  Average e f f e c t i v e  gauge l eng th  0.977 inch.  

(d) T e s t  terminated a t  5% t o t a l  s t r a i n .  
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3 .  

4. 

5. 

6. 

7. 

8. 

9. 

10.  

11. 

12 .  

Check alignment and i n s t a l l  specimen i n  load  t r a i n  
wi th  0.005-inch t h i c k  tantalum shim between specimen 
and a n v i l ,  

I n s t a l l  tantalum s t r i p  h e a t e r  assembl ies .  

Evacuate chamber t o  a p re s su re  o f < 1  x 1 0  t o r r .  -5 

Apply power t o  a n v i l  support  h e a t e r s  t o  a t t a i n  maximum 
temperature of approximately 450'F. 

Apply power t o  tantalum s t r i p  h e a t e r s  and h e a t  spec i -  
men t o  t e s t  temperature (800°,  1200°, 1600'F). Main- 
t a i n  p re s su re  below 1 x t o r r  du r ing  heat-up c y c l e .  

Apply 1,000-pound load on t h e  specimen as t h e  test temper- 
a t u r e  i s  reached. The load  i s  c o n t r o l l e d  by t h e  Baldwin 
load  main ta iner  and t h e  tempera ture  i s  au tomat i ca l ly  con- 
t r o l l e d  by a West s t e p l e s s  c o n t r o l l e r .  The 1,000-pound 
load i s  maintained on t h e  specimen a t  t h e  t es t  temper- 
a t u r e  f o r  approximately 1-1/2 hours i n  o r d e r  t o  permit 
t h e  s y s t e m  t o  reach equalibrium tempera tures .  

Switch t h e  method of temperature c o n t r o l  from t h e  auto- 
matic s t e p l e s s  c o n t r o l l e r  t o  a cons t an t  v o l t a g e  i n p u t  
t o  t h e  tantalum h e a t e r .  I t  i s  necessary  t o  main ta in  a 
cons t an t  h e a t e r  temperature i n  o r d e r  t o  prevent t h e  
temperature of t h e  extensometer rods ,  which a r e  l o c a t e d  
wi th in  t h e  h e a t e r  a r ea ,  from vary ing  and producing a 
f a l s e  s t r a i n  i n d i c a t i o n  due t o  thermal expansion o r  con- 
t r a c t i o n .  

Apply load  t o  t h e  specimen a t  a s t r a i n  r a t e  of 0.005 i n . /  
in. /min,through t h e  0.2% y i e l d  p o i n t .  The va lve  s e t t i n g  on 
machine t o  achieve  t h e  0.005 i n . / i n . /min .  s t r a i n  r a t e  i n  t he  
e l a s t i c  reg ion  i s  l e f t  unchanged f o r  t h e  d u r a t i o n  of t h e  
t es t .  

Terminate t h e  test  a t  5% t o t a l  s t r a i n  o r  115,000 pounds 
load i f  f r a c t u r e  of t h e  specimen has  n o t  occur red .  

C a l i b r a t e  t h e  load  c e l l  and extensometer/LVDT s y s t e m  as 
descr ibed  i n  Quar t e r ly  P rogres s  Report N o .  7(7). 

Several problems were uncovered i n  t h e  t e s t i n g  of specimens i n  COmPreSSiOn 
a t  temperatures t o  1600OF and a t  l oads  t o  115,000 pounds. 
i s  t h e  d i s t r u c t i o n  o r  damage of t es t  components due t o  f r a c t u r e  of t h e  spec i -  
mens. P a r t i c l e s  from t h e  f r a c t u r e d  specimen w i l l  v i r t u a l l y  des t roy  t h e  h e a t e r ,  
F igu re  13. Also, t h e  f i n e  d e b r i s  from t h e  f r a c t u r e d  specimen w i l l  lodge  

The major problem 
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between the extensometer rods and t h e  a n v i l  suppor ts  r e q u i r i n g  disassembly of 
t h e  load  t r a i n  p r i o r  t o  conducting t h e  next  tes t ,  F igure  14,  
extensometer rods may a l s o  occur due t o  t h e  sudden shock from t h e  f r a c t u r e ,  
Although these  problems do n o t  occur wi th  each f a i l u r e ,  t h e  degree of t h e  
damage i s  g r e a t e r  a t  the  h igher  loads and temperatures.  F i n a l l y ,  even though 
the  a n v i l  suppor ts  are heated e x t e r n a l l y  and Lucalox i n s u l a t o r s  are employed, 
s i g n i f i c a n t  h e a t  l o s s e s  occur through t h e  load t r a i n  r e s u l t i n g  i n  a r educ t ion  
i n  specimen temperature of as much as 75OF, To compensate f o r  t h e  drop i n  
test  temperature,  t h e  temperature  of t h e  specimen, p r i o r  t o  i n i t i a t i n g  t h e  
test ,  w a s  e q u i l i b r a t e d  a t  a temperature  s l i g h t l y  h ighe r  than t h e  d e s i r e d  test  
temperature.  
wi thout  a f f e c t i n g  t h e  s t r a i n  measurement. 
f a c i l i t y  would be r equ i r ed  t o  f u r t h e r  reduce the  magnitude of t h e s e  problems. 

Bending of t h e  

A s  mentioned previous ly ,  power t o  t h e  h e a t e r  cannot be  augmented 
Major des ign  changes of t h e  test 
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Figure  14. I n s i d e  V i e w  of Elevated Temperature Vacuum Compression 
T e s t  F a c i l i t y  Showing Debris  from F a i l e d  Specimen. 
(C65122390) 
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V .  TEST PROGRAMS 

A. CORROSION - CANDIDATE BEARING MATERIAL COMBINATIONS 

I n  o r d e r  t o  eva lua te  t h e  compat ib i l i ty  of  t h e  candida te  bear ing  m a t e r i a l  
combinations i n  a Cb-1Zr al loy/potassium s y s t e m ,  1,000-hour i so thermal  cap- 
s u l e  co r ros ion  tests were conducted wi th  the fo l lowing  t h r e e  m a t e r i a l  combin- 
a t i o n s  a t  800°, 1200°, and 1600°F: 

Mo-TZM v s  Carboloy 907 

Mo-TZM vs  Grade 7178 

Mo-TZM vs TiC+lO%Cb 

The experimental  procedures of t h e  t e s t  a r e  descr ibed  i n  Quar te r ly  
Progress  Report No.  9 (9)  ; v i s u a l  examination and dimensional and weight change 
measurements of t h e  tes t  specimens and chemical ana lyses  of t h e  Cb-1Zr a l l o y  
capsule  w a l l  f o r  carbon, oxygen, n i t rogen ,  and hydrogen a r e  repor ted  i n  
Quar te r ly  Progress  Report No .  lO(10).  The test specimens have been eva lua ted  
f u r t h e r  by X-ray d i f f r a c t i o n  techniques,  metal lographic  examination, micro- 
hardness ,  and chemical analyses .  The potassium from t h e  capsules  was sampled 
and chemical ly  analyzed f o r  m e t a l l i c  impur i t i e s .  

1. X-Ray D i f f r a c t i o n  Analysis  

The X-ray d i f f r a c t i o n  analyses of the  candida te  bear ing  ma te r i a l  speci-  
mens Carboloy 907, TiC+lO%Cb, and Grade 7178 exposed t o  potassium l i q u i d  and 
vapor a t  1600OF f o r  1,000 hours i n  combination wi th  Mo-TZM a l l o y  specimens 
have been completed. The phases de tec ted  on t h e  s u r f a c e  of t h e  specimens ad- 
jacent t o  t h e  Mo-TZM a l l o y  specimens before  and a f t e r  t e s t i n g  a r e  shown i n  
Table  I X .  N o  phase change was observed a f t e r  t e s t i n g  i n  t h e  TiC+lO%Cb m a t e r i a l  
as  w a s  t h e  c a s e  f o r  t h e  TiC+lO%Cb specimens t h a t  were t e s t e d  i n d i v i d u a l l y ( l O ) .  

The specimens of both t h e  Carboloy 907 and Grade 7178 m a t e r i a l s  which 
were exposed t o  potassium l i q u i d  exhib i ted  major s u r f a c e  phase changes from 
WC t o  tungs t en .  Only a minor amount of WC w a s  de t ec t ed  on t h e  su r faces  a f t e r  
exposure.  S imi l a r  specimens of Carboloy 907 and Grade 7178 which were ex- 
posed i n  t h e  vapor zone exh ib i t ed  major phases of both WC and tungs ten  a f t e r  
t e s t i n g .  The t r a n s f e r  of carbon i n  t h i s  case  i s  most l i k e l y  accomplished 
through a l i q u i d  f i l m  of potassium maintained between t h e  specimens and t h e  
a d j a c e n t  Mo-TZM a l l o y  specimens. 

The format ion  of Co2W4C and (Co, W),C was de t ec t ed  on t h e  su r face  of t h e  
Carboloy 907 specimen e x p o s e d t o K l i q u i 4 ; o n l y  (Co, W),C w a s  de tec ted  on t h e  
s u r f a c e  of t h e  Carboloy 907 specimen exposed i n  t h e  potassium vapor zone. 
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2. Metal lographic  Examination 

The metal lographic  examination of t h e  candida te  bear ing  material specimen 
combinations t e s t e d  a t  800°, 1200°, and 1600°F f o r  1,000 hours has  been com- 
p l e t ed .  The Carboloy 907 specimen exposed t o  l i q u i d  potassium a t  1600°F ex- 
h i b i t e d  s u r f a c e  roughness, excessive poros i ty  t o  a depth  of approximately 
0.001 inch  and a s u r f a c e  r e a c t i o n  to  a depth of 0.0006 inch  on t h e  s u r f a c e  
ad jacen t  t o  t h e  Mo-TZM a l l o y  specimen, Figure 15. Excessive po ros i ty  
(<0 .0001  inch  from t h e  su r face )  a l s o  was de tec ted  on t h e  su r face  of t h e  
Carboloy 907 specimen exposed t o  potassium vapor a t  1600°F and ad jacent  t o  
t h e  Mo-TZM a l l o y  specimen, F igure  15. 

The Mo-TZM a l l o y  specimen t e s t e d  wi th  t h e  Carboloy 907 specimen i n  l i q u i d  
potassium a t  1600°F exh ib i t ed  a uniform su r face  l a y e r  0.0003 inch  t h i c k  on 
t h e  s u r f a c e  ad jacent  t o  t h e  Carboloy 907 specimen, F igu re  16.  An X-ray d i f f r a c -  
t i o n  a n a l y s i s  of t h e  l a y e r  on t h e  s u r f a c e  of t h e  Mo-TZM a l l o y  showed i t  t o  be 
Mo2C. The formation of t h i s  l a y e r  i s  t h e  r e s u l t  of carbon t r a n s f e r  from t h e  
ad jacent  Carboloy 907 specimen. 
The Mo-TZM a l l o y  specimen t e s t e d  wi th  t h e  Carboloy 907 specimen i n  potassium 
vapor a t  1600°F a l s o  exh ib i t ed  a uniform su r face  l a y e r  of M02C (0.00017-inch 
t h i c k )  on t h e  su r face  ad jacent  t o  t h e  Carboloy 907 specimen, F igure  16. The 
t r a n s f e r  of carbon i n  t h i s  case i s  probably made p o s s i b l e  through a l i q u i d  f i l m  
of potassium maintained i n  t h e  0.020-inch space between t h e  specimens dur ing  
t h e  t es t .  I t  i s  i n t e r e s t i n g  t o  no te  t h e  considerably s lower ra te  of t r a n s f e r  
which e x i s t e d  between t h e  specimens i n  t h e  vapor zone as compared t o  t h e  
specimens i n  t h e  l i q u i d  zone. 

Thermodynamically, t h i s  r e a c t i o n  i s  p o s s i b l e ( l O ) .  

The Carboloy 907 specimen exposed t o  l i q u i d  potassium a t  1200°F exh ib i t ed  
s u r f a c e  roughness and a s u r f a c e  r e a c t i o n  t o  a depth of 0.00047 inch  on t h e  
s u r f a c e  ad jacent  t o  t h e  Mo-TZM a l l o y  specimen, F igure  17. The Carboloy 907 
specimen exposed t o  potassium vapor a t  1200°F showed a s i m i l a r  s u r f a c e  r e a c t i o n  
t o  a depth of 0.00033 inch ,  F igure  17.  

The Mo-TZM a l l o y  specimen t e s t e d  wi th  t h e  Carboloy 907 specimen i n  l i q u i d  
potassium a t  1200°F exh ib i t ed  an extremely t h i n  l a y e r  ( i .e .  0.00003-inch t h i c k )  
on t h e  s u r f a c e  ad jacent  t o  t h e  Carboloy 907 specimen. No  s i g n i f i c a n t  changes 
were observed i n  t h e  Mo-TZM a l l o y  exposed with t h e  Carboloy 907 specimen i n  
t h e  vapor zone a t  1200°F. 

The Carboloy 907 specimens t e s t e d  a t  800°F showed no s i g n i f i c a n t  changes, 
F igu re  18. 

The Mo-TZM a l l o y  specimens t e s t e d  a t  800°F with Garboloy 907 a l s o  showed 
no s i g n i f i c a n t  changes. 

The Grade 7178 specimens t e s t e d  i n  combination wi th  t h e  Mo-TZM a l l o y  
specimens a t  800° ,  1200°, and 1600°F exhib i ted  no s e r i o u s  su r face  a t t a c k  o r  
r e a c t i o n s .  However, an agglomeration of t he  e u t e c t i c  phase was apparent  i n  
a l l  t h e  specimens, F igures  19, 20, and 21. S imi l a r  changes were observed 
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A s  Pol ished (A980321) Etched (A980322) 
Vapor Zone Note Apparent Sur face  Attack 

t o  a Depth of 0.0001 Inch. 
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A s  Pol ished (A980311) Etched (A9803121 
Liquid Zone Note Apparent Sur face  Attack 

t o  a Depth of 0.001 Inch. 

el 0 8 8 4  5 

Microstructure  of Transverse S e c t i o n s  of Carboloy 907 A f t e r  Exposure 
With Mo-TZM Al loy  t o  Potassium f o r  1000 Hours a t  160O0F. 

E t  chant  : 10%NaOH, Elec t 1: oly t i c Magnif icat ion:  2000X 

Figure 15. 

N.A.: 1.30 
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BlO88-16 

Mo2C Layer on Surface of Mo-TZM Alloy Specimen Adjacent t o  Carboloy 
907 Specimen Af te r  Exposure t o  Potassium f o r  1000 Hours a t  1600'F. 

Etchant :  Murakamis Magnification: 1500X 
N.A.: 0.95 

Figure  16. 
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A s  Polished (A980211) Etched (A9802121 
Note Apparent Sur face  Attack 
t o  a Depth of 0.00047 Inch. 

Liquid Zone 

81088-17 

Microstructure  of Transverse Sec t ions  of Carboloy 907 Af te r  Exposure 
With MO-TZM Alloy t o  Potassium f o r  1000 Hours a t  1200'F. 

E t  chan t : 10 %NaOH,  E l e c t r o l y t i c  Magnif icat ion:  2000X 

Figure  17.  

N.A.: 1.30 
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Micros t ruc tu re  of Transverse Sect ions of Carboloy 907 A f t e r  Ekposure 
With Mo-TZM Alloy t o  Potassium f o r  1000 Hours a t  800°F. 

E t  chant  : 10%NaOH, E l e c t r o l y t i c  Magnification: 20OOX 

Figure  18. 

N.A.: 1.30 
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81088-19 

Microstructure  of Transverse S e c t i o n s  of Grade 7178 A f t e r  ExPosure With 
Mo-TZM Alloy t o  Potassium f o r  1000 Hours a t  800°F. 

Figure 19. 

E tchant  : 1 0 % N a O H ,  E l e c t r o l y t i c  
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Magnification: 2000X 
N.A.: 1.30 
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01088-20 

Micros t ruc ture  of Transverse Sections of Grade 7178 After Exposure With 
Mo-TZM Alloy t o  Potassium f o r  1000 Hours a t  1200'F. 

F i g u r e  20. 

E t  chan t : 10 %NaOH , E l e c t r o l y t i c  
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Magnification: 20 OOX 
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Micros t ruc ture  of Transverse S e c t i o n s  of Grade 7178 A f t e r  Exposure With 
Mo-TZM Alloy t o  Potassium f o r  1000 Hours a t  1600'F. 

F igure  21. 

Etchan t : 10%NaOH, E l e c t r o l y t i c  
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Magnif i c a t i o n :  2000X 
N.A.: 1.30 



i n  t h e  Grade 7178 specimens t e s t e d  ind iv idua l ly ,  and as was d iscussed  i n  
Quar te r ly  Progress  Report N o s .  Q(9)  and 
be t h e  r e su l t  of inhomogeneity i n  t h e  specimens. 

t h e s e  apparent  changes could 

The Mo-TZM a l l o y  specimens t e s t e d  i n  combination wi th  Grade 7178 a t  
1600°F i n  l i q u i d  potassium exh ib i t ed  a l a y e r  of M02C 0.00015-inch t h i c k  on 
t h e  s u r f a c e  ad jacent  t o  t h e  Grade 7178 specimen, F igu re  22, similar t o  t h e  
l a y e r  observed on t h e  s u r f a c e  of t h e  Mo-TZM a l l o y  specimens t h a t  were t e s t e d  
i n  combination wi th  Carboloy 907. Undoubtedly, t h i s  i s  t h e  r e su l t  of car- 
bon t r a n s f e r  from t h e  Grade 7178 specimen. 
mens t e s t e d  i n  combination wi th  Grade 7178 showed no s i g n i f i c a n t  changes. 

The remaining Mo-TZM a l l o y  speci-  

No s i g n i f i c a n t  changes were observed i n  t h e  TiC+1W0Cb specimens t e s t e d  
i n  combination wi th  Mo-TZM a l l o y  specimens a t  800°, 1200°, and 1600°F i n  
potassium l i q u i d  and vapor, F igures  23, 24, and 25. Also,  no s i g n i f i c a n t  
changes were observed i n  t h e  Mo-TZM a l l o y  specimens t e s t e d  wi th  t h e  T i c +  
lW0Cb specimens. 

3. Chemical Analvses of T e s t  SDecimens 

The chemical ana lyses  of t h e  Mo-TZM a l loy  specimens t e s t e d  i n  combina- 
t i o n  wi th  Carboloy 907, Grade 7178, and TiCt107Eb i n  potassium l i q u i d  and 
vapor a t  1600°F f o r  1,000 hours  have been completed, and t h e  r e s u l t s  are 
shown i n  Table  X. The s l i g h t  i n c r e a s e  i n  carbon content  observed i n  t h e  
Mo-TZM specimen MCN 1037-A25 which w a s  t e s t e d  wi th  Carboloy 907 i n  l i q u i d  
potassium may be t h e  r e s u l t  of t h e  M02C l a y e r  found me ta l log raph ica l ly  on 
t h e  s u r f a c e  of  t h e  specimen. 
which t h e  en t i r e  0.250-inch x 0.250-inch c ross  s e c t i o n  w a s  analyzed, t h e  
Mo2C l a y e r s  observed on t h e  Mo-TZM specimens t e s t e d  wi th  Carboloy 907 and 
Grade 7178 would comprise on ly  a small por t ion  of t h e  t o t a l  carbon i n  t h e  
samples. L i t t l e  s i g n i f i c a n c e  i s  a t t ached  t o  t h e  o t h e r  s l i g h t  v a r i a t i o n s  
observed. 

Because of the  sampling technique used(6)  i n  

4 .  Chemical Analyses of Potassium 

The potassium which was contained i n  the Cb-1Zr a l l o y  capsules  t e s t e d  
a t  1600°F f o r  1,000 hours  w a s  t r a n s f e r r e d  t o  platinum d i shes  under argon i n  
an e l e c t r o n  beam weld chamber and was reacted wi th  HC1 t o  form t h e  K C I  s a l t .  
Subsequently,  t h e  KC1 w a s  analyzed f o r  m e t a l l i c  i m p u r i t i e s  us ing  spectro-  
graphic  t echn iques ;  t h e  d a t a  are presented i n  Table X I .  No s i g n i f i c a n t  
changes i n  metal l ic  conten t  of t h e  potassium w e r e  observed except f o r  t h e  
potassium which w a s  exposed with t h e  TiC+lO%Cb/Mo-TZM a l l o y  specimen com- 
b i n a t i o n .  
aluminum and t i t a n i u m  con ten t s .  

I n  t h i s  case, t h e  potassium exhib i ted  an i n c r e a s e  i n  both 

5.  Microhardness Determinations 

Microhardness surveys on a l l  of t he  cor ros ion  specimens, t e s t e d  in-  
d i v i d u a l l y  and i n  combination i n  potassium a t  800°,  1200°, and 1600°F f o r  
1,000 hours ,  have been completed. Three s e t s  of diamond pyramid indenta-  
t i o n s  were made a t  0.001 inch ,  0.020 inch ,  and 0.125 inch  from t h e  edge us ing  
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81088-22 

Figure  22. Mo2C Layer on Surface  of Mo-TZM Alloy Specimen Adjacent t o  Grade 7178 
Specimen A f t e r  Exposure t o  Potassium Liquid  f o r  1000 Hours a t  1600'F. 

Etchant: Murakamis 
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Magnification: 1500X 
N.A.:  0.95 
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~i ma-23 

Micros t ruc tu re  of Transverse Sect ions of TiC+lO%Cb Af te r  Exposure With 
Mo-TZM Alloy t o  Potassium f o r  1000 Hours a t  800OF. 

Figure  23. 

Etchant :  80HN03+20HF Magnification: 2OOOX 
N.A. :  1.30 
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81088-24 

Figure 24. Microstructure  of Transverse Sec t ions  of TiC+lO%Cb A f t e r  Exposure With 
Mo-TZM Alloy t o  Potassium f o r  1000 Hours a t  1200°F. 

Etchant: 80HN03+20HF 
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Magnification: 2000X 
N.A.: 1.30 
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81088-25 

Microstructure of Transverse Sections of TiC+lO%Cb After Exposure With 
Mo-TZM Alloy to Potassium for 1000 Hours at 1600OF. 

Etchant: 80HN03+20HF Magnification: 2000X 
N.A.: 1.311 
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a 100-gram load  on a Tukon hardness machine. The Zi rcoa  1027 specimens t e s t e d  
a t  1200" and 1600°F were t h e  only  specimens i n  which a s i g n i f i c a n t  change 
could  be de t ec t ed .  A decrease  i n  hardness w a s  observed i n  t h e  specimens ex- 
posed both t o  the potassium l i q u i d  and vapor, F igu re  26. No s i g n i f i c a n t  changes 
i n  t h e  hardness of Zircoa 1027 are  be l ieved  t o  have occurred  as a r e su l t  of 
t h e  exposure t o  potassium a t  800'F. 

B. POTASSIUM WETTING STUDY 

I A l l  potassium we t t ing  measurements have been completed on t h e  f o u r  candi- 
d a t e  ma te r i a l s .  

1. Tes t  F a c i l i t y  Modification 

Several  mod i f i ca t ions  have been made t o  t h e  potassium we t t ing  appa ra tus  
i n  o rde r  t o  minimize a c c i d e n t a l  t r a n s f e r  of potassium from one p o r t i o n  of t h e  
apparatus t o  another  and t o  f a c i l i t a t e  format ion  of t h e  potassium drop. The 
f i r s t  of t h e s e  changes was t h e  a d d i t i o n  of a s t a i n l e s s  steel sheathed chromel- 
alumel thermocouple f o r  measurement of t h e  temperature of t h e  condenser. The 
0.063-inch OD shea th  of t h e  thermocouple i s  s e a l e d  i n t o  t h e  condenser coo l ing  
tube  with a Swagelok f i t t i n g ;  t h e  thermocouple j u n c t i o n  i s  pos i t i oned  approxi- 
mately a t  t h e  l e v e l  of t h e  c e n t e r  of t h e  condenser. Th i s  couple  i s  equipped 
wi th  an  i ce  j u n c t i o n  and i t s  output  i s  r ead ,  through a swi tch ,  on t h e  same 
potentiometer used f o r  t h e  specimen thermocouple. 

The s e a t  of t h e  va lve  between t h e  main t e s t  chamber and t h e  pumping 
s y s t e m  has been found t o  be a t  a s l i g h t l y  lower tempera ture  than t h e  spec i -  
men and undoubtedly some potassium has  condensed a t  t h a t  l o c a t i o n  i n  prev ious  
tests. Apparently, app rec i ab le  hea t  i s  l o s t  through t h e  clamp hold ing  t h i s  
va lve  i n  p o s i t i o n .  A n  a u x i l i a r y  h e a t e r  has  been placed around t h e  va lve  seat 
and t h e  power t o  t h i s  h e a t e r  i s  ad jus t ed  du r ing  a w e t t i n g  run t o  main ta in  t h e  
seat a t  a h igher  temperature than  t h e  specimen. 

Some d i f f i c u l t y  had been encountered i n  t h e  format ion  of t h e  potassium 
drop due t o  t h e  tendency o f  t h e  potassium t o  f low around t h e  t i p  o f  t h e  con- 
denser  and form a f i l l e t  a t  t h e  b raze  j o i n t  between t h e  s t a in l e s s  Steel 
coo l ing  tube  and t h e  Cb-1Zr a l l o y  condenser p l a t e .  I n  an a t tempt  t o  overcome 
t h i s  problem, t h e  edges of t h e  lower p o r t i o n  of t h e  condenser were sharpened 
by f i l i n g  t h e  back s i d e .  Although t h i s  reduced t h e  tendency of t h e  potassium 
t o  flow around t h e  t i p ,  i t  d i d  not  completely e l i m i n a t e  t h e  problem. A con- 
venien t  s o l u t i o n  was found by i n c r e a s i n g  t h e  d i s t a n c e  between t h e  b raze  j o i h t  
and t h e  t i p  of t h e  condenser so t h a t  any potassium t h a t  flowed around t h e  t i p  
of t h e  condenser could not  reach  the  brazed j o i n t .  The c o o l i n g  tube  w a s  
shortened by 0.37-inch so t h a t  i t  extended only  t o  about t h e  center  of t h e  
condenser; t h a t  i s ,  t o  a po in t  0.63 i n c h  from t h e  t i p  of t h e  condenser.  De- 
t a i l s  of t h i s  mod i f i ca t ion  a r e  obvious by r e f e r r i n g  t o  F i g u r e s  35 and 36 of 
Quar te r ly  Progress  Report No. 8 (6 ) .  
r e spec t  t o  t h e  potassium i n l e t  tube  has ,  of cour se ,  been maintained wi th  t h i s  
modi f ica t ion .  
encountered i n  t h e  formation of t h e  potassium drop. 

The o r i e n t a t i o n  of t h e  condenser wi th  

S ince  t h i s  change was made, very  l i t t l e  d i f f i c u l t y  h a s  been 
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Microhardness Traverses of Transverse Sections of Zircoa 
1027, Exposed to Potassium for 1000 Hours. 
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A photograph of t h e  potassium we t t ing  appara tus  i s  shown i n  F igu re  27. The 
v a r i a b l e  au to t ransformers ,  which are loca ted  i n  t h e  upper p o r t i o n  of t h e  i n s t r u -  
ment cabine t  i n  F igu re  27, are t o  c o n t r o l  t h e  power t o  t h e  a u x i l i a r y  h e a t e r s  
l o c a t e d  a t  t h e  potassium r e s e r v o i r ,  t h e  va lve  t o  t h e  main test ,  t h e  vacuum 
manifold and t h e  g e t t e r - i o n  pump. The l a t t e r  two h e a t e r s  are used du r ing  bake- 
o u t  of the  vacuum system. The thermocouple vacuum gauge i s  used t o  measure t h e  
p re s su re  dur ing  t h e  i n i t i a l  evacuat ion  of t h e  system. The pyrometer monitors 
t h e  temperature as i n d i c a t e d  by twelve chromel-alumel thermocouples a t  va r ious  
l o c a t i o n s  on t h e  sys t em.  The specimen temperature and t h e  condenser temper- 
a t u r e  a r e  obta ined  from two swaged chromel-alumel thermocouples equipped 
wi th  i c e  junc t ions .  The ou tpu t s  of t h e s e  two thermocouples are measured by 
t h e  potentiometer through t h e  thermocouple switch.  F u r t h e r  d e t a i l s  of t h e  
cons t ruc t ion  of t h e  s y s t e m  have been g iven  i n  Quar t e r ly  Progress  Report N o .  8 (6 ) .  

A photograph of t h e  appara tus  wi th  t h e  oven and camera i n  p l a c e  i s  shown 
i n  F igure  28. 

2. Experimental Procedure 

The upper s u r f a c e  of each of t h e  f o u r  we t t ing  test  specimens was metal- 
l og raph ica l ly  pol i shed  be fo re  conducting t h e  we t t ing  measurements. The sur-  
f a c e s  were f i r s t  ground wi th  600-grit  s i l i c o n  c a r b i d e  paper followed by hand 
po l i sh ing  on 15,  9, 6 and 0.5-micron diamond pas t eon  micro c l o t h .  F i n a l  
po l i sh ing  was accomplished wi th  a Syntron p o l i s h e r  u t i l i z i n g  0.05-micron A1203  
on a Pre-K paper. The specimens were u l t r a s o n i c a l l y  c leaned  us ing  Bendix BIRL 
s o l u t i o n  and g iven  a f i n a l  r i n s e  wi th  a l coho l .  

Af t e r  a specimen w a s  mounted i n  p o s i t i o n  and t h e  i n i t i a l  evacuat ion  was 
concluded, t h e  s y s t e m  w a s  baked o u t  w i t h  t h e  va lve  t o  t h e  potassium r e s e r v o i r  
c losed .  The bakeout extended f o r  about 30 hours and concluded wi th  a per iod  
of s i x  hours wi th  t h e  main tes t  chamber a t  350°C. A t  t h e  end of t h i s  per iod ,  
t h e  d ischarge  gauge i n d i c a t e d  a p r e s s u r e  of about 1 x t o r r .  Upon cool- 
i n g  t o  room temperature,  t h e  p re s su re  decreased  r a p i d l y  i n t o  t h e  low 
t o r r  range. With extended pumpin t i m e  a t  room temperature,  t h e  p r e s s u r e  
could be reduced t o  about 5 x lo-" t o r r .  

Af t e r  t h e  bakeout was completed and wi th  t h e  p r e s s u r e  i n  t h e  main tes t  
chamber i n  t h e  10-9 t o r r  range, t h e  va lve  t o  t h e  potassium r e s e r v o i r  w a s  
opened and t h e  va lve  t o  t h e  main test chamber w a s  c lo sed .  Tap water w a s  
passed through t h e  condenser coo l ing  tube  a t  a r a t e  s u f f i c i e n t  t o  ma in ta in  
t h e  condenser a t  about 16°C. Then, t h e  oven tempera ture  w a s  i nc reased  i n  
o r d e r  t o  hea t  t h e  e n t i r e  main tes t  s e c t i o n .  Subsequently,  t h e  potassium i n  
t h e  r e s e r v o i r  w a s  heated by applying power t o  t h e  a u x i l i a r y  h e a t e r  and a t  
t h e  same t i m e  main ta in ing  t h e  potassium vapor f low p a t h  a t  a h ighe r  temper- 
a t u r e  than t h a t  of t h e  oondensed potassium. Under t h e s e  cond i t ions ,  potas- 
sium w a s  d i s t i l l e d  from t h e  r e s e r v o i r  o n t o  t h e  condenser p l a t e .  S ince  t h e  
prev ious ly  descr ibed  modi f ica t ions  have been made t o  t h e  condenser, drops 
have been c o n s i s t e n t l y  formed a f t e r  d i s t i l l i n g  t i m e s  of two hours  wi th  t h e  
potassium r e s e r v o i r  a t  220° t o  230°C. The c a l c u l a t e d  q u a n t i t y  of potassium 
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Figure 27. Potassium Wetting Apparatus. (C66011121) 
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Figure 28. Potassium Wetting Apparatus w i t h  Oven and Camera i n  Place.  
(C66011122) 
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t r a n s f e r r e d  under these  cond i t ions  w a s  about 0.34 gram. The drops subsequently 
formed on t h e  specimen have had volumes of 0.2 t o  0.3 cc  (0.17 t o  0.25 gram). 

Af t e r  potassium w a s  d i s t i l l e d  t o  t h e  condenser, t he  e n t i r e  system w a s  
cooled t o  room temperature.  Then, t h e  condenser cool ing  water was shut  o f f  
and room temperature  a i r  w a s  passed through the condenser cool ing  tube.  Sub- 
sequent ly ,  the oven was heated and t h e  a i r  flow t o  the  condenser was con- 
t r o l l e d  a t  a rate s u f f i c i e n t  t o  maintain the  potassimm s o l i d i f i e d .  When t h e  
specimen temperature  reached about 5OoC, t h e  cool ing a i r  f low w a s  decreased, 
and t h e  condenser was allowed t o  warm up t o  melt the  potassium and form t h e  
drop on t h e  specimen. 

Several  photographs obtained during t h e  process of a drop f o m a t i a n  
a r e  shown i n  F igure  29. F igu re  29a shows t h e  specimen s u r f a c e  wi th  the  t i p  
of t h e  condenser j u s t  v i s i b l e  a t  t h e  t o p  of the  photograph. A t  t h i s  po in t ,  
t h e  potassium i s  condensed on t h e  f r o n t  sur face  of t h e  upper po r t ion  of t h e  
condenser which i s  not v i s i b l e .  Figure 29b shows t h e  potassium moving toward 
t h e  t i p  of t h e  condenser a s  t he  potassium m e l t s .  In  F igure  29c, t h e  potas- 
sium has flowed t o  the  r e a r  of t h e  condenser f o m i n g  a symmetrical agglomer- 
a t i o n  j u s t  p r i o r  t o  dropping Figure  29d, shows the  potassium dropping t o  
t h e  su r face  of t he  specimen and i n  F igure  29e, t h e  potassium has separa ted  
from t h e  condenser and s o l i d i f i e d  on the specimen. I t  has  been found 
t h a t  i f  t h e  potassium on t h e  condenser i s  melted rather s l o w l y ,  t h e  drop 
w i l l  make con tac t  wi th  the specimen while  i t  i s  s t i l l  a t tached  t o  t h e  con- 
denser as shown i n  Figure  29d; t h e  r e s u l t i n g  drop has  a sharp  t i p  as i n  
F igure  29e. However, i f  t h e  potassium i s  melted quickly,  i t  detaches from 
t h e  condenser before  making con tac t  wi th  t h e  specimen and t h e  s o l i d i f i e d  
drop has  a more s p h e r i c a l  shape a s  shown i n  Figure 31a. 

A f t e r  formation of t h e  drop on the  specimen, t h e  specimen temperature 
cont inued t o  i n c r e a s e  and m e l t i n g  of t h e  potassium drop w a s  gene ra l ly  observed 
between 66" and 70°C as compared t o  t h e  accepted melt ing poin t  of 63OC. 
This  discrepancy i s  due t o  t h e  f a c t  t h a t  t h e  thermowell i n  which t h e  specimen 
thermocouple i s  loca ted  does not make s u f f i c i e n t l y  good thermal contac t  w i t h  
t h e  specimen and cons iderable  hea t  f lows through the thermowell from t h e  
Lower f l ange .  The r e s u l t  i s  t h a t  t h e  specimen thermocouple i n d i c a t e s  a value 
between t h e  temperature of the lower f l a n g e  and t h a t  of t h e  specimen. The 
d i f f e r e n c e  between t h e  thermocouple temperature and the t r u e  temperature of 
t h e  specimen i s  g r e a t e r  a t  h igher  hea t ing  r a t e s  and a l s o  i s  g r e a t e r  a t  t he  
lower temperatures .  
by r a d i a t i o n  between t h e  thermowell and the specimen so t h a t  t h e  thermocouple 
temperature  i s  c l o s e r  t o  t h e  t r u e  specimen temperature. A l l  specimen temper- 
a t u r e s  repor ted  he re  a r e  t h e  temperatures ind ica t ed  by t h e  specimen thermo- 
Couple. No c o r r e c t i o n  has been appl ied  s ince  we t t ing  has not  been found t o  
be e s p e c i a l l y  s e n s i t i v e  t o  temperature.  

A t  h igher  temperatures ,  s i g n i f i c a n t  hea t  i s  t r a n s f e r r e d  

T h e  temperature  of t h e  specimen was increased i n i t i a l l y  a t  a rate of 
about 30°C per  hour. A t  temperatures  above 190°C and t o  a maximum temper- 
a t u r e  of about 230°C, t h e  hea t ing  r a t e  was somewhat slower.  
d u r a t i o n  of a we t t ing  run from t h e  t i m e  t h e  drop melted on t h e  specimen t o  
t h e  t i m e  t h e  potassium w a s  completely returned t o  t h e  r e s e r v o i r  was s i x  t o  
e i g h t  hours .  

The t o t a l  
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a. Potassium Condensed as Uniform Film on Condenser, 
Tip of Condenser is Visible at Top of Photograph. I 

) v v  b. Potassium Melts and Flows to Tip of Condenser. 

I c. Liquid Potassium Flovsto Backside of Condenser 
Forming Symmetrical Agglomeration Just Prior t'o 
Dropping. 

d. Potassium Drop Forms and Falls to Surface of 
Specimen. 

e. Potassium Separates from Condenser and Solidifies 
on Specimen. 

81088-29 

Figure 29. Photographic Sequence Showing Formation of Potassium Drop 
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During t h e  wet t ing  runs,  con tac t  angles  of t h e  drop were measured wi th  
t h e  p r o t r a c t o r  eyepiece on the te lemicroscope a t  temperature  i n t e r v a l s  of 
approximately 10°C. Whenever s i g n i f i c a n t  changes i n  con tac t  angle  were ob- 
served,  t h e  drop w a s  photographed. The o p t i c a l  system d i s t a n c e s  were set 
a t  t h e  same va lue  f o r  each photograph so t h a t  t h e  magni f ica t ion  w a s  c o n s t a n t ;  
t h e  magni f ica t ion  of t h e  o p t i c a l  system was found t o  be 1.57 X. 

The temperature  of t h e  condenser, as ind ica t ed  by t h e  condenser thermo- 

The condenser temperature  was ad jus ted  by varying t h e  a i r  flow 
couple ,  w a s  compared f r equen t ly  t o  t h e  specimen temperature  during each 
wet t ing  run. 
through t h e  condenser cool ing  tube.  Although t r a n s f e r  of potassium between 
the specimen and condenser could be reduced more o r  less, depending upon how 
much care w a s  exerc ised ,  i t  was impossible  t o  completely prevent  t h e  t r a n s f e r  
of potassium by employing manual c o n t r o l .  A s  a consequence, t h e  wet t ing  run 
involved a l t e r n a t i n g  per iods  during which e i t h e r  potassium was condensing 
on t h e  specimen o r  t he  drop was evaporat ing depending upon whether t h e  con- 
denser  temperature  f l u c t u a t e d  above o r  below the  specimen temperature.  
some cases, t h e  condenser was allowed t o  warm-up i n  o r d e r  t o  completely 
coa t  t h e  specimen wi th  potassium. 
and a decrease  i n  con tac t  angle  gene ra l ly  w a s  observed. 

I n  

When t h i s  occurred, spreading of t h e  drop 

3. Wetting of Carboloy 907 

Three s e p a r a t e  wet t ing  runs have been made on Carboloy 907. Photographs 
from the  f i r s t  run a re  shown i n  Figure 30 and complete we t t ing  d a t a  f o r  t h i s  
run are given i n  Table X I I .  The f i r s t  column of Table X I 1  g ives  t h e  t i m e  
i n  minutes from the  po in t  a t  which t h e  drop melted on t h e  specimen; t h e  second 
column l i s t s  t h e  specimen temperature;  t h e  t h i r d  column l i s t s  t h e  con tac t  
ang le ;  and t h e  f o u r t h  column shows the  diameter of t h e  l i q u i d - s o l i d  i n t e r f a c e .  
The  e n t r y  i n  t h e  l a t t e r  column i s  obtained b y  measuring t h e  diameter  on t h e  
photograph and d iv id ing  by the magni f ica t ion .  The i n t e r f a c i a l  diameter  i n d i -  
c a t e s  whether t h e  drop i s  spreading o r  t h e  i n t e r f a c e  i s  receding.  The f i f t h  
column of Table  I1 gives  t h e  drop volume as ca l cu la t ed  from t h e  maximum height  
of t h e  drop and t h e  i n t e r f a c i a l  diameter .  
i s  assumed t o  be a s p h e r i c a l  segment i n  order  t o  s impl i fy  t h e  c a l c u l a t i o n .  
Actua l ly ,  the  drop  i s  s l i g h t l y  f l a t t e n e d  due t o  t he  g r a v i t a t i o n a l  f o r c e  and, 
thus ,  the c a l c u l a t e d  volume i s  s l i g h t l y  less than  t h e  t r u e  volume. However, 
t h e  e n t r i e s  i n  t he  f i f t h  column g ive  some idea of t h e  ex ten t  of evaporat ion.  
The s i x t h  column of Table X I 1  shows the  f i g u r e  number from which t h e  drop 
dimensions w e r e  obtained.  

I n  t h i s  c a l c u l a t i o n ,  t h e  drop 

A photograph of t h e  s o l i d  drop on t h e  sur face  of t h e  Carboloy 907 speci-  
men taken  du r ing  Run #1 a t  25OC i s  shown i n  Figure 30a. 
a c o n t a c t  a n g l e  of 115" was a t t a i n e d  and th i s  ang le  remained e s s e n t i a l l y  con- 
s t a n t  u n t i l  t h e  temperature  reached 16OoC, (Figures  30b and 30c) .  Between 
160" and 193OC, t h e  con tac t  angle  decreased t o  101" a s  shown i n  F igures  30d, 
30e, and 30f .  Although the  decrease  i n  contac t  angle  w a s  due mainly t o  evapor- 
a t i o n  of t h e  drop,  s l i g h t  spreading w a s  observed as noted i n  Table X I I .  A t  
about  2OO0C, a sudden decrease  i n  t h e  contac t  angle  t o  72" w a s  observed, 

A t  t h e  mel t ing  po in t ,  
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TABLE X I I .  WETTING DATA FOR CARBOLOY 907 - RUN #1 

T i m e  From 
Drop Melt ing 
Minutes 

10 
25 
60 
90 

110 
140 
175 
190 
195 
210 
220 
2 65 
295 
310 
325 
332 
340 
348 
352 
357 
361 

Specimen 
Temperature 

O C  

70 
79 
97 
113 
124 
136 
157 
165 
169 
175 
17 8 
193 
205 
2 09 
213 
21 5 
218 
220 
22 1 
222 
223 

Contact  
Angle 

Degrees 

115 
115 
115 
115 
115 
121 
122 
104 
104 
101 
101 
101 
72 
68 
60 
49 
30 
25 
20 
20 
20 

(b)  I n t e r f a c e  ( a )  Drop 
Diameter Volume 

c m  cc 

0.66 0.108 

0,66 0.108 

0.66 0.084 

0.67 0.082 
0.67 0.081 
0.79 0.080 

0.08 0.051 
0.78 0.024 
0.71 0.018 
0.65 0.011 
0.48 0.005 
0.34 0.002 

Figure  
Number Remarks 

30b 

30C 

30d Evaporation 

30 e Spreading 
30f 
30 g Spreading 

30h Evaporation 
3 0 i  Evaporation 
3 0 j  Receding 
30k Receding 
301 Receding 
30m Receding 

( a )  Drop dimensions obta ined  from photograph, Mag. 1.57X. 

(b)  Drop volume c a l c u l a t e d  assuming drop i s  sphe r i ca l  segment. 
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Figure 30g. This  decrease  i n  con tac t  angle  i s  due t o  spreading  of t h e  drop,  
as ind ica t ed  by t h e  i n c r e a s e  i n  diameter  of t h e  l i q u i d - s o l i d  i n t e r f a c e ,  wi th  
l i t t l e  change i n  volume. A s  t h e  temperature  increased  f u r t h e r ,  evapora t ion  
of the  drop became q u i t e  r ap id  and r e s u l t e d  i n  a decrease  i n  c o n t a c t  angles  
t o  a m i n i m u m  va lue  of 20". 

A s i m i l a r  series of photographs taken dur ing  Run #2 on t h e  Carboloy 907 
specimen are  shown i n  F igure  31; complete d a t a  f o r  t h i s  run a r e  given i n  
Table XLII. Figure  31a shows t h e  s o l i d  drop a t  63°C. When t h e  drop melted,  
t h e  contac t  angle  w a s  64", F igure  31b. The con tac t  angle  remained e s s e n t i a l l y  
cons tan t  a s  t h e  temperature  w a s  increased  u n t i l  t h e  temperature  reached about 
160°C. A t  t h i s  temperature,  potassium condensation was observed on t h e  speci-  
men su r face  and t h e  con tac t  angle  decreased t o  44" a s  a r e s u l t  of spreading  
of the drop as shown i n  F igure  31d. The condenser w a s  allowed t o  heat-up 
i n  order  t o  thoroughly coa t  t h e  specimen wi th  potassium. The small  d r o p l e t s  
of potassium a r e  c l e a r l y  v i s i b l e  on t h e  s u r f a c e  i n  F igure  31f .  F u r t h e r  
spreading of t h e  drop occurred u n t i l  t h e  maximum i n t e r f a c i a l  d iameter  w a s  
reached a t  211OC. A s  t h e  temperature  cont inued t o  inc rease ,  t h e  i n t e r f a c e  
receded and a cons tan t  con tac t  angle  of 27" w a s  maintained. 

Representa t ive  photographs from Run #3 f o r  Carboloy 907 are shown i n  
Figure 32 and Table XIV; t h e s e  r e s u l t s  are  very s imilar  t o  t h e  r e s u l t s  ob- 
t a ined  i n  Run #2. The advancing con tac t  angle  i s  54" and i s  cons t an t  between 
t h e  melt ing po in t  and about 150°C. Potassium condensat ion on t h e  specimen 
sur face  a t  a temperature  of 183°C i s  v i s i b l e  i n  F igu re  32e. The minimum con- 
t a c t  angle  observed during evapora t ion  of t h e  drop w a s  20". 

4. Wetting of TiC+lO%Cb 

Two wet t ing  t e s t  runs were made on a meta l log raph ica l ly  prepared sur -  
face of a TiC+l%Cb specimen. Photographs from t h e  f i r s t  we t t ing  tes t  run 
on TiC+lO%Cb a r e  shown i n  F igure  33 and complete d a t a  f o r  t h i s  run a re  
given i n  Table XV. A s  t h e  specimen tempera ture  w a s  i nc reased  f o r  t h e  TiC+lOY&b 
Run #1, t h e  con tac t  angle  remained e s s e n t i a l l y  cons t an t  a t  66" u n t i l  t h e  
temperature reached 120°C. A t  t h i s  temperature ,  t h e  drop  spread o u t  r e s u l t i n g  
i n  a reduct ion i n  t h e  con tac t  angle  t o  46".  A s  t h e  temperature  was inc reased  
above 120°C,gradual spreading  of t h e  drop occurred  u n t i l ,  a t  a tempera ture  of 
173"C, potassium from t h e  condenser began condensing on t h e  specimen r e s u l t -  
i ng  i n  a s i g n i f i c a n t l y  g r e a t e r  spreading  of t h e  drop. The maximuill i n t e r -  
f a c i a l  diameter w a s  reached a t  173°C and remained e s s e n t i a l l y  cons t an t ,  a s  
t he  temperature increased  and a s  evapora t ion  cont inued ,  u n t i l  t h e  minimum 
con tac t  angle  of 6" was reached. Subsequent ly ,  t h e  i n t e r f a c e  began receding  
and continued t o  do so u n t i l  t h e  drop completely evaporated.  

Photographs obta ined  dur ing  t h e  TiC-tlOojoCb Run #2 are shown i n  F igu re  34 
and t h e  da ta  f o r  t h i s  run a r e  given i n  Table  X V I .  F igu re  34a shows t h e  s o l i d  
drop a t  63°C and Figures  34b and 34c show t h e  drop  spreading  as i t  m e l t s .  
The i n i t i a l  advancing con tac t  angle  w a s  36" and remained cons t an t  u n t i l  t h e  
temperature reached 131°C. A f u r t h e r  increase i n  tempera ture  r e s u l t e d  i n  
spreading of t h e  drop u n t i l  t h e  maximum i n t e r f a c i a l  d iameter  w a s  ob ta ined  a t  
196°C. A s  t h e  drop completely evapora ted ,  t h e  minimum receding  con tac t  angle  
was 6" .  
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TABLE XI11 . WETTING DATA FOR CARBOLOY 907 - RUN #2 

Time From 
Drop Melting 
Mi nut es 

10 
20 
50 
80 
110 
140 
170 
200 

230 
240 
247 
255 
267 
2 90 
320 
350 
365 
37 5 

Specimen 
Temperature 

OC 

69 
74 
87 
103 
121 
137 
155 
170 

182 
187 
189 
192 
196 
204 
211 
218 
220 
221 

(b) Contact Interface (a) Drop 
Angle Diameter Volume Figure 
Degrees cm cc Number Remarks 

64 1.08 0.134 31b 
61 
59 
59 
59 
59 
60 
44 

1.08 0.125 
1.25 0.122 

31c 
31d Condensation 

on specimen - 
spreading 

31e 

3 If 

1.25 0.125 

1.28 0.102 

42 
34 
32 
32 
32 
36 

27 1.02 0.046 3 lh Receding 
27 0.72 0.017 3 li Receding 
26 0.36 0.002 31j Receding 

27 1.35 0.102 3 1g 

(a) D r o p  dimensions obtained from photograph. Mag. 1.57X. 

(b) D r o p  volume calculated assuming drop is spherical segment. 
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TABLE X I V .  WETTING DATA FOR CARBOLOY 907 - Run #3 

T i m e  From 
Drop Melting 

Minutes 

10 
35 
90 

125 
165 
195 
225 

2 55 

285 

315 
345 
375 
405 

Temperature 
O C  

73 
85 

111 
134 
151 
168 
183 

194 

203 

211 
219 
227 
231 

Contact 
Angle 

Degrees 

55 
55 
56 
53 
53 
47 
34 

23 

22 

22 
22 
20 
22 

( a )  I n t e r f a c e  (b)  Drop 
Diameter Vo 1 ume 

c m  cc 

1.52 0.29 

1.59 0.30 
1.59 0.27 
1.78 0.25 

1 .85  0.19 

1.77 0.17 

1 .59  0.109 
1 .01  0.034 
0.36 0.002 

F igure  
Number Remarks 

32b 

32c 
32d 
32e  Condensation 

on specimen - 
spreading  

32f Specimen c l e a  

32g Condensation 
on specimen 

32h Receding 
321 Receding 
32 j Receding 

~~ ~~ ~ ~ 

( a )  Drop dimensions obta ined  from photograph. Mag. 1.57X. 

(b)  Drop volume c a l c u l a t e d  assuming drop  i s  s p h e r i c a l  segment. 
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TABLE XV. WETTING DATA FOR TiC+lO%Cb - RUN #1 

Time From Contact (a) Interface 
Drop Melting Temperature Angle Diameter 
Minutes "C Degrees cm 

15 
40 
75 
85 
105 
145 
170 
180 
210 

76 
95 
114 
121 
133 
149 
159 
164 
173 

66 1.31 
67 1.31 
66 
46 1.41 
37 1.55 
38 
38 
31 1.64 
26 1.77 

240 182 22 1.77 

270 196 23 

290 
320 
340 
350 
355 
360 
380 
390 

2 04 22 
214 15 1.75 
220 10 1.75 
223 6 1.52 
223 6 1.41 
225 6 1.27 
229 6 0.74 
231 6 0.48 

(b) Drop 
Volume 
cc 

Figure 
Number Remarks 

0.25 
0.25 

0.21 
0.21 

0.19 
0.18 

0.18 

0.107 
0.069 
0.040 
0.035 
0.026 
0.007 
0.002 

33b 
33c 

33 d 
33e 

33f 
33g 

33h 

33 i 
33j 
33k 
33 1 
33m 
33n 
330 

Spreading 
Spreading 

Spreading 
Condensation 
specimen - 
spreading 
Condensation 
specimen 
Condensat ion 
specimen 
Specimen clea 
Evaporation 
Evaporation 
Receding 
Receding 
Receding 
Receding 
Receding 

(a) Drop dimensions obtained from photograph. Mag. 1.57X. 

(b) Drop volume calculated by assuming drop is spherical. 
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TABLE X V I .  WETTING DATA FOR TiC+lO%Cb - RUN #2 

T i m e  From 
Drop Melting 

M i  n u t  es 

Specimen 
Temperature 

O C  

5 
35 
70 

100 
130 
160 
190 
230 
260 
285 
290 
310 
330 
350 
37 0 
390 
410 
420 
425 

69 
80 

100 
115 
131 
144 
156 
173 
185 
194 
196 
2 02 
210 
215 
221 
225 
230 
233 
234 

Contact 
Angle 

Degrees 

38 
34 
36 
37 
37 
33 
31 
28 
26 
20 
20 
21  
14 
10  
8 
6 
6 
6 
6 

( a )  I n t e r f a c e  (b)  Drop 
Diameter Volume 

c m  cc 

1.59 0.24 

1.67 

1.67 
1 .71  

1.81 

1.81 
1 .80  
1.54 
1.52 
1 .49  
1.47 
0.92 

0.23 

0.19 
0.19 

0.17 

0.103 
0.083 
0.053 
0.049 
0.047 
0.038 
0.010 

F igure  
Number 

34d 

34e 

34 f 
34g 

34h 

3 4 i  
3 4 j  
34k 
341 
34m 
34n 
3 40 

Remarks 

Spreading 

Spreading 

Spreading 

Evaporation 
Evaporation 
Receding 
Receding 
Receding 
Receding 
Receding 

( a )  Drop dimensions obta ined  from photograph. Mag. 1.57X. 

(b )  Drop volume c a l c u l a t e d  by assuming drop i s  s p h e r i c a l .  
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5. Wetting of Grade 7178 

Two wet t ing  runs a l s o  were made on a meta l lographica l ly  prepared s u r f a c e  
of a Grade 7178 specimen. Photographs from the  f i r s t  run a r e  shown i n  F igu re  
35 and complete da t a  a r e  given i n  Table X V I I .  
angle  was 52' and remained cons tan t  u n t i l  the  temperature reached 157'C. Be- 
tween157' and 192"C, a s l i g h t  evaporat ion of t h e  drop occurred r e s u l t i n g  i n  
a decrease i n  t h e  con tac t  angle  t o  42'. No spreading occurred u n t i l ,  a t  197"C, 
t h e  remaining potassium on t h e  condenser w a s  allowed t o  evaporate  and condense 
on t h e  specimen. This  r e s u l t e d  i n  cons iderable  spreading w i t h  t h e  drop i n t e r -  
f a c e  moving nea r ly  t o  t h e  edge of t h e  specimen a s  shown i n  F igure  35i .  The 
maximum i n t e r f a c i a l  diameter was reached a t  227'C. A s  t h e  drop evaporated,  
a m i n i m u m  receding con tac t  angle  of 3" w a s  observed. 

The i n i t i a l  advancing con tac t  

Photographs obtained during the  Grade 7178 Run #2 are shown i n  F igu re  36 
and complete data f o r  t h i s  run a r e  given i n  Table X V I I I .  The i n i t i a l  ad- 
vancing con tac t  ang le  was 31'. I n  t h i s  run, the  drop was maintained a t  a 
temperature  of about 82'C f o r  16 hours.  During t h i s  period, s l i g h t  spreading 
and evaporat ion occurred. No f u r t h e r  spreading was observed a s  t he  tempera- 
t u r e  was increased  and, a s  evaporat ion of t h e  drop occurred, a minimum re- 
ceding con tac t  angle  of 5" w a s  observed. 

6.  Wetting of Mo-TZM Alloy 

Prel iminary measurements on t h e  Mo-TZM a l l o y  s u r f a c e  have been previous ly  
r e p o r t e d ( l O ) .  
of 135' and a receding con tac t  angle  which was estimated t o  be l e s s  than 10'. 
Since t h e s e  i n i t i a l  measurements were performed, s eve ra l  modi f ica t ions  t o  the 
appara tus  have been made t o  f a c i l i t a t e  con t ro l  of t h e  experimental  v a r i a b l e s  
and a c o n s i s t e n t  ope ra t ing  procedure has been e s t a b l i s h e d  a s  descr ibed i n  
t h e  present  r e p o r t .  Therefore ,  two add i t iona l  wet t ing  runs have been made on 
Mo-TZM a l l o y .  

These measurements showed an i n i t i a l  advancing con tac t  angle  

P r i o r  t o  t h e s e  a d d i t i o n a l  measurements, t he  specimen w a s  thoroughly 
cleaned and t h e  upper s u r f a c e  was repol i shed  b y  hand using 0.05-micron 
alumina on microcloth.  Photographs from t h e  f i r s t  run on the repol i shed  
s u r f a c e  (Mo-TZM a l l o y  Run #4) a r e  shown i n  Figure 37 and complete d a t a  f o r  
t h i s  run a r e  given i n  Table X I X .  The i n i t i a l  advancing contac t  angle  w a s  
47' as shown i n  Figure  37b. A s  the temperature was increased ,  t h e  con tac t  
ang le  remained cons tan t  u n t i l ,  a t  1 3 O o C ,  the drop suddenly spread out  and 
a t t a i n e d  a c o n t a c t  ang le  of 27". This  spreading was due t o  a small  amount 
of potassium which condensed on the  upper sur face .  A s  t he  temperature was 
inc reased  f u r t h e r ,  t h e  con tac t  angle  decreased due t o  slow evaporat ion of 
t h e  drop w i t h  t he  i n t e r f a c i a l  diameter remaining cons t an t .  When t h e  spec i -  
men temperature  reached 201'C, t h e  condenser temperature  w a s  permit ted t o  
i n c r e a s e  and t h e  r e s i d u a l  potassium evaporated from t h e  condenser and con- 
densed on t h e  specimen. This  caused t h e  drop t o  spread nea r ly  t o  t h e  edge 
of t h e  specimen and t h e  contac t  angle  w a s  so small t h a t  t h e  l o c a t i o n  of t he  
l i q u i d - s o l i d  i n t e r f a c e  could not be  accura te ly  determined. In  F igures  37g 
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TABLE X V I I .  WETTING DATA FOR GRADE 7178 - RUN #1 

(b)  i m e  From Specimen Contact I n t e r f a c e  (a )  Drop 
~p Melting Temperature Angle Diameter Volume 
Minutes "C Degrees c m  cc 

10 
30 
60 
85 

110 
135 
175 
205 
240 
252 
265 

275 
280 
305 
335 
350 
360 
37 0 
380 
390 

72 
80 
97 

111 
126 
141 
157 
172 
187 
192 
197 

200 
202 
211 
220 
225 
227 
231 
232 
234 

51 1.50 0.31 
52 
52 
53 
53 1.50 0.31 
53 
52 1 .50  0.29 
49 
44 1.50 0.25 
42 1.49 0.22 
25 1.77 0.17 

17 
16  
17 
16  
13 
12  

9 
9 
3 

1.87 0.15 
1 .97  0.17 

2.03 0.13 

2.00 0.070 
1.62 0.039 

F igure  
Nbmber 

35a 

35b 

3 5c 

3 5d 
3 5e 
35f 

3 5g 
35h 

35i 

35j  
3 5k 

Remarks 

Evaporation 

Evaporation 
Evaporation 
Condensation 
on specimen - 
spreading  
Spreading 
Spreading 

Spreading 

Evaporation 
Receding 

(a )  Drop dimensions obta ined  from photograph. Mag. 1.57X. 

(b)  Drop volume c a l c u l a t e d  by assuming drop i s  s p h e r i c a l .  
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TABU X V I I I .  WETTING DATA FOR GRADE 7178 - RUN #2 
, 

(b)  i m e  From Specimen Contact I n t e r f a c e  (a) Drop 
op Melting Temperature Angle Diameter Volume Figure  
M i  nut es OC Degrees cm cc  Number Remarks 

I 70 
90 

1040 

1135 
1160 
1210 
1265 
1310 
1330 
1360 
1380 
1420 
1460 

77 
78 
82 

97 
108 
130 
156 
170 
178 
189 
2 00 
210 
225 

31 
31 
30 

29 
29 
29 
23 
14 
12 
9 
9 
7 
5 

1.54 0.19 36b 

1.57 0.18 36c S l i g h t  spread- 
ing  a f t e r  16 
hours 

1 .53 0.12 36d Evaporation 
1.53 0.088 36 e Evaporation 
1.53 0.065 36 f Evaporation 

1.45 0.039 36 g Receding 
0.070 0.004 36h Receding 

( a )  Drop dimensions obtained from photograph. Mag. 1.57x. 

(b) Drop volume ca l cu la t ed  by assuming drop i s  sphe r i ca l .  
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TABLE XIX. WETTING DATA FOR MO-TZM - RUN #4 - REPOLISHED SURFACE 

Time From 
Drop Melting 
Mi nut es 

Specimen 
Temperature 

OC 

5 
35 
50 
75 
100 
117 

128 
155 
175 
205 
230 
260 
27 5 
290 

325 
375 
380 
387 
395 
4 00 

74 
88 
98 
113 
129 
139 

145 
157 
164 
175 
185 
195 
2 01 
208 

216 
228 
229 
230 
232 
233 

Contact 
Angle 
Degrees 

47 
48 
47 
47 
48 
27 

27 
26 
25 
24 
21 
20 
20 
10 

9 
7 
4 
3 
0 
0 

(b) Interface (a) Drop 
Volume Figure 
cc Number Remarks 

0.201 37b 

0.148 37c 

0.131 37d 

0.110 37 e 

0,091 37f 
37g 

37 h 
37.i 
37j 
37.k 
37 1 
37m 

Condensation 
on specimen - 
spreading 

Evaporation 

Evaporation 

Evaporation 
Condensation 
on specimen - 
spreading 

(a) Drop dimensions obtained from photograph. Mag. 1.57X. 

(b) Drop volume calculated assuming drop is spherical. 
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and 37h, t h e  condensed potassium i s  v i s i b l e  on t h e  f r o n t  s u r f a c e  and on t h e  
upper su r face  of t h e  specimen. S ince  t h e  i n t e r f a c e  could not  be a c c u r a t e l y  
loca t ed ,  t h e  l a s t  seven t abu la t ed  con tac t  angles  i n  Table X I X  a r e  approximate. 
The receding con tac t  ang le  i s  e s s e n t i a l l y  zero ,  as shown i n  F igu re  37m. When 
t h e  quan t i ty  of potassium on t h e  s u r f a c e  became small ,  i t  was very d i f f i c u l t  
t o  determine whether or not  t h e r e  was any potassium p r e s e n t .  

Photographs obta ined  dur ing  t h e  subsequent we t t ing  measurements on t h e  
prev ious ly  w e t  Mo-TZM s u r f a c e  (Mo-TZM a l l o y  Run #5) a r e  shown i n  F i g u r e  38 and 
complete d a t a  f o r  t h i s  run a r e  given i n  Table XX. When t h e  drop  melted,  t h e  
con tac t  ang le  was 31" a s  S ~ . S W ~  i n  F igure  38b. A s  t h e  temperature was in -  
creased, t h e  i n t e r f a c i a l  diameter remained cons t an t  wi th  a small dec rease  i n  
con tac t  ang le  due t o  evapora t ion .  A t  168OC, a small  amount 01 potassium con- 
densed on t h e  s u r f a c e  and t h e  drop suddenly spread wi th  a concurren t  decrease  
i n  con tac t  ang le  t o  1 9 O ,  Figure  38d. A s  t h e  temperature inc reased  f u r t h e r ,  
no a d d i t i o n a l  spreading of t h e  drop occurred and t h e  c o n t a c t  ang le  decreased 
a s  t h e  drop evaporated,  F igu res  38e through 38m. S i m i l a r  t o  t h e  prev ious  run, 
t h e  l i q u i d - s o l i d  i n t e r f a c e  was d i f f i c u l t  t o  l o c a t e  a s  t h e  con tac t  ang le  
approached zero .  

7 .  Summarv of Resu l t s  and Discussion 

From a cons ide ra t ion  of a l l  measurements made on t h e  f o u r  cand ida te  
bearing m a t e r i a l s ,  t h e  genera l  behavior QE wet t ing  of t h e s e  s u r f a c e s  by potas- 
s i u m  drops i s  a s  fo l lows:  

1. 

2 .  

3. 

4. 

The l a r g e s t  con tac t  ang le  f o r  a p a r t i c u l a r  m a t e r i a l  
i s  observed when t h e  drop f i r s t  melts on a f r e s h l y  
prepared s u r f a c e  (advancing co1:tact a n g l e ) .  

A s  t h e  specimen i s  hea ted ,  t h e r e  i s  a d e f i n i t e  
tendency f o r  spreading  t o  occur.  Spreading can 
o f t e n  be induced by all.owing a d d i t i o n a l  potassium 
t o  condense on t h e  s u r f a c e .  I n  a few cases, 
spreading  w a s  appa ren t ly  spontaneous. I n  gene ra l ,  t h e  
i n c r e a s e  i n  i n t e r f a c i a l  d iameter  w a s  sudden r a t h e r  t han  
a gradual  spreading  of t h e  drop,  

Evaporation of t h e  dr~.ip r e s u l t s  i n  a d e c r e a s e  i n  c o n t a c t  
ang le  wi th  l i t t l e  change i n  i n t e r f a c i a l  d iameter  u n t i l  
a minimum a n g l e  i s  reachcc! a t  which po in t  t h e  i n t e r -  
f a c e  recedes  wi th  cont inued  evapora t ion .  

When t h e  f i r s t  potassium drop  i s  ren;oved from t h e  
s u r f a c e  and a second drop  i s  placed wi thout  exposure 
of t h e  s u r f a c e  t o  t h e  atmosphere, t h e  i n i t i a l  ad- 
vancing c o n t a c t  ang le  f o r  t h e  second drop  i s  con- 
s i d e r a b l y  less  than  t h a t  observed for t h e  f i r s t  drop. 
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TABLE XX. WETTING DATA FOR Mo-TZM - RUN #5  

T i m e  From 
Drop Melting 

Minutes 

5 
35 
55 
75 

100 
125 
155 
180 
2 00 
212 

220 
240 
260 
280 
300 
320 
340 
360 
375 
385 
392 
397 
398 
4 00 

Specimen 
Temp e r a  t u r  e 

O C  

71  
87 
97 

107 
124 
135 
147 
156 
164 
168 

172 
179 
189 
197 
2 04 
212 
218 
225 
230 
233 
235 
235 
235 
236 

Contact 
Angle 

Degrees 

3 i  
31 
31 
31 
31 
31 
31 
29 
28 
19 

19  
18 
19  
17 
17 
16 
14 
1 3  

9 
7 
4 
3 
2 
0 

(a 1 I n t e r f a c e  
Diameter 

c m  

1.57 

1.57 

1 .64  

1 .64  

1.64 

1 .61  
1 .61  
1 .59  
1 .59  
1.57 
1 .50  
1.31 

(b) Drop 
Volume 

cc 

0.178 

0.175 

0.129 

0.116 

0.085 

0.061 
0.052 
0.041 
0.040 
0.031 
0.017 
0.006 

F i g u r e  
Number Remarks 

38b 

38c 

38d Condensation 
on specimen - 
spreading  

38 e 

38 f 

38 g 
38h 
38 i 
38 j 
38k 
38 1 
38 m 

Evaporation 

Evaporation 

Evaporation 
Evaporation 
Evaporation 
Evaporation 
Evaporation 
Receding 
Receding 

( a )  Drop deimsnions obta ined  from photograph. Mag. 1.57X. 

(b) Drop volume c a l c u l a t e d  assuming drop i s  s p h e r i c a l .  
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The  f o u r  d i f f e r e n t  materials may be compared on t h e  b a s i s  of t h e  i n i t i a l  
advancing con tac t  angle  on a f r e s h l y  prepared su r face ,  t h e  i n i t i a l  advancing 
con tac t  angle  on a previously w e t  s u r f a c e  and the  receding con tac t  angle .  This  
comparison i s  i l l u s t r a t e d  i n  t h e  d a t a  presented i n  Table X X I .  The i n i t i a l  
advancing con tac t  angles  w e r e  observed s h o r t l y  a f t e r  t h e  drop m e l t e d ,  t h e  sur -  
f a c e  temperature being about 65OC. Receding contac t  angles  were obtained 
over  a range of temperature near  230OC. I t  may be seen from the  d a t a  of Table 
XXI  t h a t  t h e  m a t e r i a l s  with the lower receding con tac t  ang le  a l s o  e x h i b i t  
lower advancing con tac t  angles .  The outs tanding  except ion t o  t h i s  i s  t h e  
i n i t i a l  advancing con tac t  angle  observed on the  f i r s t  run on Mo-TZM a l l o y ( l O ) .  
The advancing con tac t  angle  measured f o r  t h i s  run (135') w a s  t h e  l a r g e s t  con- 
tact  angle  observed i n  t h e s e  tests, y e t  t he  receding angle  w a s  e s s e n t i a l l y  
zero.  However, t h i s  specimen had been subjected t o  repeated bakeouts and 
exposures t o  t h e  atmosphere dur ing  t h e  e a r l y  checkout of t h e  system and v i s i b l e  
d i s c o l o r a t i o n  of t h e  su r face  had occurred. Af te r  r epo l i sh ing  of t h e  sur face ,  
a cons iderably  lower advancing contac t  angle w a s  obtained (Mo-TZM a l l o y  Run #4). 

Of t h e  f o u r  materials inves t iga t ed ,  t he  Mo-TZM a l l o y  specimen exhib i ted  
t h e  b e s t  we t t ing  c h a r a c t e r i s t i c s ,  w i t h  receding con tac t  angles  of e s s e n t i a l l y  
zero  degrees ;  Carboloy 907 had t h e  h ighes t  receding con tac t  angles  (about 22'). 
There probably i s  some s i g n i f i c a n c e  t o  t h e  f a c t  t h a t  t h e  t h r e e  ca rb ide  com- 
p o s i t i o n s  had h igher  receding con tac t  angles than Mo-TZM a l l o y ,  t h e  only 
metal  a l l o y  i n  t h e  group. 

The r e l a t i v e l y  l a r g e  d i f f e r e n c e s  i n  advancing con tac t  angle  between 
a potassium drop i n i t i a l l y  wet t ing  a f r e s h l y  prepared s u r f a c e  and a potassium 
drop on a previous ly  w e t  s u r f a c e  i n d i c a t e s  t h a t  some modi f ica t ion  of t h e  sur- 
f a c e  occurs  upon t h e  i n i t i a l  contac t  w i t h  potassium. A photograph of the sur-  
f a c e  of t h e  TiC+lO%Cb specimen a f t e r  i t  was removed from the  system fol lowing 
the  two we t t ing  runs i s  shown i n  F igure  39. The c e n t r a l  po r t ion  of the su r face  
where t h e  drops had been loca ted  i s  r e l a t i v e l y  c l ean  and t h e  surrounding a rea  
i s  coated wi th  a depos i t .  The c i r c u l a r  a reas  wi th in  t h e  c e n t r a l  region a r e  
l i g h t  r e f l e c t i o n s  from t h e  camera l ens .  

A p o s s i b l e  explana t ion  f o r  t h e  sur face  appearance of t h e  TiC+lO%Cb 
specimen i s  t h a t  t h e  s u r f a c e  i s  i n i t i a l l y  coated wi th  an i n v i s i b l e  oxide f i l m  
which i s  reduced upon con tac t  wi th  l i q u i d  potassium. When t h e  drop i s  sub- 
sequent ly  evaporated,  the  oxygen i s  deposited a s  potassium oxide a t  t h e  point  
where t h e  l a s t  b i t  of potassium evaporates a s  i nd ica t ed  i n  F igure  39. Since 
t h e  a r e a  surrounding t h e  c e n t r a l  region has been uniformly coated with 
potassium, a f a k r l y  uniform depos i t  of potassium oxide  remains i n  t h i s  area 
a f t e r  evaporat ion.  A f u r t h e r  i n d i c a t i o n  t h a t  t h e  depos i t  i s  potassium oxide 
(or a t  l e a s t  con ta ins  potassium) i s  t h a t  a bas ic  i n d i c a t i o n  was obtained 
when moist  Ph paper was touched t o  the  sur face .  The en t i r e  su r face  ( s i x  
s i d e s )  of t h e  TiC+lO%Cb specimen subsequently was washed with d i s t i l l e d  
water t o  remove a l l  v i s i b l e  depos i t .  Analysis of t he  water w i t h  a f lame 
photometer showed t h a t  t h e  depos i t  contained 200 micrograms of potassium. 
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TABLE X X I .  COMPARISON OF POTASSIUM WETTING DATA ON FOUR 
CANDIDATE JOURNAL BEARING MATERIALS 

Materia 1 Run # 

Carboloy 907 1 

2 

3 

T i  C+ 1 O%C b 1 
2 

Grade 7178 1 

2 

Mo-TZM 

I n i t i a l  Advancing Contact Angle 
(T N 65OC) 

Surface Pol ished Previous ly  
and Baked W e t  Sur face  

115 

64 

55 

66 
38 

51 

135 

47 

31 

Receding 
Contact  Angle 
( T d  23OOC) 

20 

26 

22 

6 
6 

3 

5 

31 
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01088-39 

Figure 39. Upper Surface of TiC+lO%Cb Specimen after Wetting Runs #1 
and 52. (C65121719) 

Magnification: 5.5X 
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Simi lar  behavior has  been repor ted  f o r  sodium we t t ing  i r o n ,  c o b a l t  and 
I n  t h e s e  s t u d i e s ,  i t  n icke l (11)  and chromium, molybdenum and tungs ten(12) .  

w a s  concluded t h a t  t h e  i n v i s i b l e  oxide  f i l m  present  on t h e  metal  s u r f a c e s  
a f t e r  abras ion  i n  a i r ,  was reduced by sodium. A s  a r e s u l t  of t h i s ,  t h e s e  
me ta l s  e x h i b i t  a c r i t i c a l  we t t ing  temperature below which receding  c o n t a c t  
angles  remain above 90". Above t h e  c r i t i c a l  we t t ing  temperature,  complete 
we t t ing  occurs  ( ze ro  receding  con tac t  ang le ) .  

I n  t h e  p r e s e n t l y  r epor t ed  s tudy ,  t h e r e  i s  no d e f i n i t e  evidence of a 
c r i t i c a l  we t t ing  temperature and, i n  f a c t ,  i n  on ly  one i n s t a n c e  (Mo-TZM 
a l l o y )  was complete wet t ing  observed. 
t h a t  although completely d i f f e r e n t  s y s t e m s  were s t u d i e d  and d i f f e r e n t  measuret= 
ment techniques were u t i l i z e d ,  both t h e  Addison-Iberson measurements and t h o s e  
repor ted  i n  t h i s  work i n d i c a t e  t h e  e x i s t e n c e  of an oxide  f i l m  on t h e  s o l i d  
s u r f a c e  which tends  t o  i n c r e a s e  t h e  con tac t  a n g l e  and which can be reduced 
by t h e  l i q u i d  a l k a l i  metal. 

However, i t  i s  i n t e r e s t i n g  t o  n o t e  

C .  FRICTION AND WEAR I N  HIGH VACUUM 

Seven f r i c t i o n  and wear t e s t s  were conducted dur ing  t h e  r e p o r t  i n t e r im ,  
f o u r  i n  T e s t  Assembly V I 1 1  and t h r e e  i n  T e s t  Assembly I X .  The fo l lowing  
m a t e r i a l  combinations were t e s t e d .  

Assembly No.  Rider D i s c  

V I 1 1  Carboloy 907 

V I 1 1  Mo-TZM 

V I 1 1  

V I 1 1  

I X  

I X  

I X  

Mo-TZM 

Mo-TZM 

Grade 7178 

Gra.de 7178 

Mo-TZM 

Carboloy 907 

T i C + 1  O%C b 

Carboloy 907 

Grade 7178 

Grade 7178 

Mo-TZM 

TiC+lO%Cb 

Load - 
p7 
K 

A l l  t h e  tests were conducted a t  a tempera ture  of 75OF, a t  speeds of 800 SFM, 
and a t  i n i t i a l  p re s su res  i n  t h e  t o  10-9 t o r r  range. The p r e s s u r e  
i n  t h e  chamber remained i n  t h e  10-9 t o r r  range dur ing  t h e  tests wi th  t h e  
exception of t es t  500708A (Carboloy 907 vs  Carboloy 907). I n  t h i s  tes t ,  
t h e  h igh  load (6.90 pounds) r e s u l t e d  i n  a r e l a t i v e l y  h igh  wear ra te  (-335.0 
in.3/1010 f t  f o r  t h e  r i d e r )  and a tempera ture  r ise i n  t h e  test specimens 
(432OF on t h e  r i d e r  away from t h e  i n t e r f a c e )  which caused t h e  p r e s s u r e  t o  
rise t o  3.0 x t o r r .  

The r e s u l t s  of t h e s e  tes ts  are  summarized i n  Table  X X I I .  A s h o r t  t e s t i n g  
t i m e  o f 4 6 0  minutes i s  t h e  r e s u l t  of h i g h  f r i c t i o n  between t h e  specimens 
which leads  t o  s l i ppage  i n  t h e  magnetic d r i v e .  The s t a t i c  breakaway to rque  
of t h e  t e s t e r  i s  r e g u l a r l y  measured a t  50 i n . - l b .  The Sanborn t r a c e s  show- 
i n g  t h e  chamges i n  f r i c t i o n  c o e f f i c i e n t s  w i t h  t i m e ,  photographs of t h e  test  
specimens i l l u s t r a t i n g  wear p a t t e r n s ,  weight change d a t a ,  and s u r f a c e  f i n i s h  
measurements a r e  presented i n  t h e  Appendix. An a n a l y s i s  of t h e  test  r e s u l t s  
w i l l  be presented a t  t h e  t e rmina t ion  of t h e  e x i s t i n g  test  program. 
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V I ,  FUTURE PLANS 

The summary which fol lows enumerates the s t e p s  t o  be pursued during t h e  
succeeding q u a r t e r  t o  implement t h i s  s tudy.  

A. Conduct e l eva ted  temperature compression tests of candida te  bear ing 
materials a t  800°, 1200°, and 1600°F. 

B. Conduct f r i c t i o n  and wear tes ts  of Mo-TZM VS. Grade 7178,  Grade 7178 
vs, i t s e l f ,  Mo-TZM v s o  TiC+lO%Cb, TiC+10% vs, i t s e l f ,  Mo-TZM vs. Carboloy 907, 
and Carboloy 907 vso i t s e l f  i n  h igh  vacuum t o r r )  and a t  ambient temper- 
a t u r e s  of 400°, 800°, and 1200'F. 

C. Conduct t r i a l  f r i c t i o n  and wear tes t  i n  l i q u i d  potassium a t  40O0F. 
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FRICTION AND WEAR TEST DATA FOR CARBOL( 
0 

Test No. - 500708A Rider Test Temperature, F - 80 
Material - Carboloy 907 

lssembly No. - VI11 Specimen No. - 1036-E-8 Max.AT of Rider, O F  - 4 

Sp.-* .', SFM - 800 
Loading Arm No. - 1 Disc --I. 

Material - Carbolov 907 
rest Date - 11/6/65 Specimen No. - 1036-F-16A 

Change in Coefficient of Friction with Time - 

Test Duration, Min. - 3.2 

0 5 10 15 20 25 3 

Time, M 

WEAR - RIDER 

Initial Surface F i n i s h  - 
Wear Scar Dia.. Ir 

0.1 0.2 0.3 0.4 

Inches 

-100- 1 s .  

Weight, Gms - 
Start - 3.5154 
Finish - 3.4927 
Change - -0.0227 

Material Density, 
14.684 

Volume Change, Mm' 

-1.546 

Wear Rate, In3/107 
-355 

0.5 0 . 6  



)Y 9071.VS CARBOLOY 907 I N  HIGH VACUUM 

P2 

Compressive Load, Lbs - 6.90(P7) 

Compressive Stress, psi - 485,410 

Load/Material UCS or O.Z%/oCyS - 
Rider - 69% 
Disc - 69% 

Chamber Pressure, Torr - 
0 Start - 7.0 x IO-' 

Max. - 3.0 x lo'* 

Remarks - Test terminated due 
to slippage in magnetic 
drive. 

Average Coefficient of Friction - 0.53 

50 55 60 1 35 40 45 

. - 0.124 

- 
Gms/Cm3 - 

- 

O f t  - 

(C66081668) Mag.: 28.5X (C65 1223155) Mag.: 5X 
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