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I ABSTRACT 

An experimental  program w a s  conducted t o  e v a l u a t e  t h e  proof of p r inc i -  
p l e  of two new methods f o r  improving thermal conductance of mechanical j o i n t s  i n  
a vacuum, namely: (1) inc reas ing  act l ia l  con tac t  s u r f a c e  area a t  t h e  j o i n t  i n t e r -  
face by p l a t eau ing  t h e  microscopic  su r face  asper i t ies ,  and (2) i nc reas ing  t h e  
j o i n t  g r o s s  c o n t a c t  area by making one of t h e  mating s u r f a c e s  a f l e x i b l e  membrane 
p res su r i zed  by a the rma l ly  conduct ing paste o r  f l u i d ,  

Program r e s u l t s  showed gene ra l ly  t h a t  su r f ace -p la t eau ing  methods t h a t  
employ mechanical ly  induced r e l a t i v e  motion wi th  metal- to-metal  con tac t  cause 
g a l l i n g  damage a t  t h e  s u r f a c e  c o n t a c t  po in ts .  U l t r a son ic -v ib ra t ion  techniques  
and p u l s e d - e l e c t r i c  c u r r e n t  h e a t i n g  with g r a p h i t e  t o o l s  n e i t h e r  damaged t h e  sur-  
f a c e s  nor  p la teaued  t h e  asperit ies.  

On t h e  f l e x i b l e  membrane method, ana lyses  i n d i c a t e d  t h a t  u n l e s s  a f l u i d  
w i t h  h i g h  thermal  conduc t iv i ty  (about an  order  of magnitude h ighe r  t han  t h o s e  
i n v e s t i g a t e d )  can be found, t h e  u t i l i t y  of t h e  f l e x i b l e - s u r f a c e  diaphragm as  a 
means t o  inc rease  j o i n t  thermal  conductance i s  ques t ionable .  

T h i s  r e p o r t  d e s c r i b e s  t h e  experimental  program, d i s c u s s e s  machined- 
s u r f a c e  c h a r a c t e r i s t i c s ,  thermal ly  conductive f l u i d s ,  s u r f a c e  p l a t eau ing  con- 
s i d e r a t i o n s ,  and flexible-membrane design cons ide ra t ions ,  and p resen t s  t h e  con- 
c l u s i o n s  and recommendations r e s u l t i n g  from t h i s  i n v e s t i g a t i o n .  

Th i s  r e s e a r c h  program was i n i t i a t e d  i n  A p r i l ,  1966, under c o n t r a c t  wi th  
NASA. T h i s  r e p o r t  covers t h e  work performed dur ing  the per iod A p r i l  8, 1966, t o  
September 30, 1966. 



STUDY TO DETERMINE EXPERImNTALLY THE 
FEASIBILITY OF NEW METHODS FOR IMPROVING 
THERMAL CONDUCTANCE OF MECHANICAL JOIWTS 

I N  A VACUUM 

C. L. Coff in ,  F. A. Creswick, and J .  E. Sorenson 

Space missions t h a t  c a l l  f o r  t h e  v e h i c l e  e l e c t r o n i c  systems t o  ope ra t e  
a t  f u l l  c a p a c i t y  dur ing  o r b i t a l  res idence  t i m e s  of several hours  present  imposing 
e l e c t r o n i c -  package thermal-design problems. I f  s t a b l e  and r e l i a b l e  ope ra t ion  of 
t h e  e l e c t r o n i c s  systems is  t o  be achieved, s u f f i c i e n t  h e a t - t r a n s f e r  paths  must be 
provided t o  d i s s i p a t e  component h e a t  t o  t h e  package surroundings.  Since o r b i t a l  
f l i g h t  c o n d i t i o n s  e s s e n t i a l l y  preclude convect ive h e a t  t r a n s f e r  from t h e  package 
e x t e r n a l  su r f ace ,  t h e  modes f o r  d i s s i p a t i o n  are  l i m i t e d  t o  conduct ion t o  t h e  
suppor t ing  s t r u c t u r e  and r a d i a t i o n  t o  the  exposed v e h i c l e  i n t e r n a l  su r f aces .  
Rad ia t ive  h e a t  t r a n s f e r  can  be  inf luenced by pass ive  c o n t r o l  techniques,  such 
a s  t h e  use  of s e l e c t e d  s u r f a c e  coa t ings  having t h e  d e s i r e d  emit tance.  However, 
t h e  normal v a r i a t i o n s  i n  environmental  t empera tures  dur ing  o r b i t a l  f l i g h t  make 
it u n d e s i r a b l e  t o  d i s s i p a t e  e lec t ronic-package  h e a t  by r a d i a t i o n  alone.  
p o s i t i v e  thermal  c o n t r o l  i s  obta ined  by t h e  u s e  of a n  a c t i v e  coo l ing  system, 
whereby each  of t h e  e l e c t r o n i c  packages re jects  h e a t  by conduct ion t o  a c l o s e l y  
c o n t r o l l e d  cons tan t - tempera ture  h e a t  sink. To be e f f e c t i v e ,  t h i s  technique  
r e q u i r e s  low thermal  r e s i s t a n c e  between t h e  e l e c t r o n i c  packages and t h e i r  respec- 
t i ve  h e a t  s i n k s .  It is, t h e r e f o r e ,  of p a r t i c u l a r  i n t e r e s t  t o  develop a mounting 
pad t h a t  w i l l  have low thermal-contact  r e s i s t a n c e  a t  t h e  mechanical i n t e r f a c e s .  

More 

Thermal-contact r e s i s t a n c e ,  which causes  a d i s c o n t i n u i t y  i n  t h e  temper-  
a t u r e  g r a d i e n t  a long t h e  h e a t  path, i s  a r e s u l t  of phys ica l  imperfec t ions  and 
d i s tu rbances  i n  t h e  c r y s t a l  l a t t i c e  i n  t h e  m a t e r i a l - i n t e r f a c e  region,  which 
impede t h e  energy-bearing phonons. Consequently, o rd ina ry  machined s u r f  aces  i n  
c o n t a c t  e x h i b i t  an  undes i rab ly  h igh  thermal r e s i s t a n c e  a t  t h e  i n t e r f a c e ,  pa r t i cu -  
l a r l y  i n  a vacuum environment. 
methods such a s  t h e  a d d i t i o n  of conductive grease  o r  s o f t  metal  f o i l  t o  t h e  j o i n t .  
However, a l l  of t h e s e  methods have c e r t a i n  undes i r ab le  f e a t u r e s  and, s o  f a r ,  no 
completely s a t i s f a c t o r y  s o l u t i o n  t o  the problem h a s  been found. 

T h i s  r e s i s t a n c e  can be reduced by a number of 

The o b j e c t i v e  of t h e  proposed r e s e a r c h  program was t o  determine exper i -  
menta l ly  t h e  f e a s i b i l i t y  of two new methods f o r  improving thermal  conductance of 
mechanical j o i n t s  which a r e  d iscussed  i n  t h e  R-ASTR-M Working Paper e n t i t l e d ,  
"New Method f o r  Thermal Conductance Between J o i n t s  i n  Vacuum", da ted  January 20, 
1965. These methods are  

(1) Inc reas ing  a c t u a l  contac t  su r f ace  a r e a  a t  t h e  j o i n t  i n t e r f a c e  by 
p l a t eau ing  microscopic  s u r f a c e  a spe r i t i e s  wi th  t h e  a p p l i c a t i o n  of 
pu lsed-hea t ing  o r  t h e  a p p l i c a t i o n  of u l t r a s o n i c  v i b r a t i o n  

(2) Inc reas ing  t h e  gross  contac t  area by making one s u r f a c e  a f l e x i -  
b l e  membrane backed by h y d r o s t a t i c  p re s su re  from a thermal ly  
conduct ing paste or  f l u i d .  



2 

The i n v e s t i g a t o r s  approached 
was t h e  main c r i t e r i o n  t o  be 

t h e  study on t h e  premise t h a t  proof of p r i n c i p l e  
used i n  eva lua t ing  t h e  techniques.  

Th i s  r e p o r t  p re sen t s  t h e  conclusions and recommendations r e s u l t i n g  from 
t h e  r e sea rch  e f f o r t ,  wi th  a t t endan t  d i scuss ions  of t y p i c a l  machined-surface 
c h a r a c t e r i s t i c s ,  thermal ly  conduct ive f l u i d s ,  s u r f a c e  p la teauing  cons ide ra t ions ,  
and f l e x i b l e  membrane des ign  cons idera t ions .  

SUMMARY 

Consis ten t  w i th  t h e  proof-of -pr inc ip le  eva lua t ion  o b j e c t i v e  of t h i s  
r e sea rch  program, t h e  main e f f o r t s  were d i r e c t e d  t o  t h e  experimental  i n v e s t i g a t i o n  
of su r face -p la t eau ing  techniques,  t h e  des ign  and c o n s t r u c t i o n  of a f l e x i b l e -  
su r f ace  diaphragm (membrane), and t h e  search  f o r  s u i t a b l e  thermal ly  conduct ive 
h y d r o s t a t i c  f l u i d s  o r  pas tes .  I n  addi t ion ,  t h e  B a t t e l l e  thermal-conductance 
measurement appara tus  was modified t o  accommodate c y l i n d r i c a l  r i g i d - t o - r i g i d  
s u r f a c e  and r i g i d - t o - f  l e x i b l e  s u r f a c e  specimen p a i r s  f o r  va r ious  ax ia l - load ing  
cond i t ions  wi th  a loa4  t o r r  vacuum environment. Supplementary s t u d i e s  were a l s o  
conducted t o  c l a s s i f y  t y p i c a l  machined s u r f a c e s  according t o  roughness and wavi- 
ness ,  t o  a s s e s s  t h e  p o s s i b i l i t y  of using e i t h e r  convent iona l  o r  s p e c i a l i z e d  
s u r f a c e - f i n i s h i n g  techniques t o  ob ta in  t h e  d e s i r e d  p la teaued-sur face  e f f e c t ,  and 
t o  determine t h e  e f f e c t i v e n e s s  of t h e  f l e x i b l e - s u r f a c e  diaphragm i n  conducting 
h e a t .  

The experiments conducted t o  i d e n t i f y  an e f f e c t i v e  su r face -p la t eau ing  
technique included (1)  f r i c t i o n a l  hea t ing ,  (2) e l e c t r i c - c u r r e n t  pulse  hea t ing ,  
(3) u l t r a s o n i c  v i b r a t i o n ,  and (4) f i n e - g r i t  lapping.  E lec t r i c -d i scha rge  machin- 
ing a l s o  rece ived  a cursory  examination. 

I n  gene ra l  t h e  e f f o r t s  t o  plateau t h e  microscopic a s p e r i t i e s  of m e t a l l i c  
s u r f a c e s  were unsuccessfu l .  
t h e  con tac t ing  su r faces  were dry  r e s u l t e d  i n  s u r f a c e  g a l l i n g  when r e l a t i v e  motion 
betweer, m e t a l l i c  specimens was induced. Th i s  g a l l i n g  damage tended t o  obscure 
any b e n e f i c i a l  p la teauing  e f f e c t s  t h a t  might have r e s u l t e d .  
e l e c t r i c  c u r r e n t  produced s u r f a c e  p i t t i n g  wi th  metal- to-metal  con tac t  and an 
apparent  s l i g h t  smoothing wi th  carbon-to-metal  contac t .  U l t r a son ic  v i b r a t i o n  
caused l o c a l i z e d  smoothing on t h e  specimen su r faces ,  bu t  d i d  not  produce t h e  
des i r ed  plateaued e f f e c t .  

Attempts t o  p la teau  by purely mechanical means when 

The a p p l i c a t i o n  of 

Severa l  thermal ly  conductive f l u i d s  were eva lua ted  i n  an e f f o r t  t o  
i d e n t i f y  a h y d r o s t a t i c  f l u i d  t h a t  would e f f e c t i v e l y  p re s su r i ze  t h e  f l e x i b l e -  
su r f ace  diaphragm. The f l u i d s  evaluated inc lude  t h e  l i q u i d  meta ls  mercury, sodium- 
potassium, and sodium-potassium-rubidium, and s l u r r i e s  c o n s i s t i n g  of s i l i c o n e  
l i q u i d s  o r  g reases  s a t u r a t e d  wi th  f i n e  m e t a l l i c  p a r t i c l e s  of s i l v e r ,  copper,  o r  
aluminum powder. 
eva lua ted  on t h e  b a s i s  of measured thermal conduc t iv i ty .  

The more promising candida te  h y d r o s t a t i c  f l u i d s  were comparatively 
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n 3 

The search  of thermal ly  conductive h y d r o s t a t i c  f l u i d s  s u i t a b l e  f o r  
diaphragm p r e s s u r i z a t i o n  did not  produce a f l u i d  wi th  t h e  necessary  thermal  
c h a r a c t e r i s t i c s .  
thermal -conduct iv i ty  va lues  as compared t o  aluminum. For example, t h e  most 
promising thermal ly  conduct ive h y d r o s t a t i c  f l u i d  i d e n t i f i e d  i s  t h e  l i qu id -me ta l  
sodium potassium (NaK) which has  a thermal-conduct ivi ty  va lue  a t  room temperature  
a n  o rde r  of magnitude lower than  t h a t  of Type 6061 T6 aluminum a l l o y .  

A l l  of t h e  f l u i d s  examined were found t o  have r e l a t i v e l y  low 

A f l e x i b l e - s u r f a c e  diaphragm w a s  designed, based on a model of a t y p i c a l  
However, a n a l y s i s  showed t h a t  t h e  presence of even a t h i n  l a y e r  

The a n a l y s i s  of diaphragm e f f e c t i v e -  

machined su r face .  
of low-conduct ivi ty  f l u i d  can more than cance l  out any b e n e f i c i a l  e f f e c t  t h a t  would 
b e  de r ived  from f l e x i b l e - s u r f a c e  conformity. 
nes s  showed t h a t  a t y p i c a l  tes t -specimen diaphragm would be expected t o  have a n  
e f f e c t i v e n e s s  of on ly  about 7.2 percent.  Consequently, t h e  diaphragm could not  
be expected t o  compensate f o r  t h e  adverse e f f e c t  of t h e  low thermal -conduct iv i ty  
h y d r o s t a t i c  f l u i d .  

- CONCLUSIONS 

It w a s  concluded from t h e  r e s u l t s  of t h i s  r e s e a r c h  program t h a t ,  because 
of t h e  u n a v a i l a b i l i t y  of a s u i t a b l e  h y d r o s t a t i c  f l u i d ,  t h e  pressurized-diaphragm 
technique  cannot p r e s e n t l y  be considered promising f o r  i n c r e a s i n g  j o i n t  thermal 
conductance.  I n  t h e  event  t h a t  a s u i t a b l e  h igh- thermal -conduct iv i ty  f l u i d  can 
be developed i n  t h e  f u t u r e ,  t h e  f l e x i b l e - s u r f a c e  conformity approach c e r t a i n l y  
war ran t s  f u r t h e r  cons ide ra t ion .  

With regard  t o  s u r f a c e  p la teauing ,  none of t h e  s p e c i f i e d  methods 
i n v e s t i g a t e d  produced what could be considered t o  be a p la teaued  s u r f a c e ,  and 
it i s  doub t fu l  t h a t  sur face-process ing  techniques  p r e s e n t l y  a v a i l a b l e  can  be 
used t o  e f f e c t i v e l y  p la teau  m e t a l l i c  su r f aces .  
appa ren t ly  smoothed t h e  su r face ,  t h e  a s p e r i t i e s  (a l though reduced i n  h e i g h t )  d i d  
not  l o o s e  t h e i r  peaked c h a r a c t e r i s t i c .  Consequently, it was concluded t h a t  
r e g a r d l e s s  of how e f f e c t i v e l y  t h e  candida te  p l a t eau ing  techniques  o r  convent iona l  
s u r f a c e - f i n i s h i n g  techniques  reduce su r face  roughness,  smal l  s u r f a c e  a s p e r i t i e s  
con t inue  t o  emerge t o  main ta in  t h e  genera l  peak-val ley c r o s s - s e c t i o n a l  shape. 
I n  e f f e c t ,  t h i s  po in t s  t o  t h e  cond i t ion  of small  a spe r i t i e s  on l a r g e r  asper i t ies ,  
poss ib ly  e x i s t i n g  down t o  s i z e s  approaching t h e  l a t t i c e  spacing of t h e  c r y s t a l -  
l i n e  s t r u c t u r e .  This ,  of course ,  i m p l i e s  t h a t  a s  a spe r i t i e s  i n  a g iven  s i z e  
range a re  rounded o r  f l a t t e n e d ,  another o rde r  of magni f ica t ion  w i l l  r e v e a l  t h a t  
t h e  s u r f a c e  i s  s t i l l  cha rac t e r i zed  by peaked a s p e r i t i e s .  

Even f o r  t hose  techniques  t h a t  

It i s  emphasized t h a t  although t h e  p a r t i c u l a r  p l a t eau ing  methods t h a t  
were i n v e s t i g a t e d  i n  t h i s  program did no t  produce t h e  d e s i r e d  p la teaued  sur face ,  
t h e s e  experiments d id  no t  prove uncquivocal ly  t h a t  m e t a l l i c  s u r f a c e s  cannot be 
e f f e c t i v e l y  plateaued.  These experiments d id ,  however, po in t  up a number of 
problems a s s o c i a t e d  wi th  s u r f a c e  p la teauing .  I n  a d d i t i o n  t o  t h e  problem of 
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s u r f a c e  damage by g a l l i n g ,  t h e  problem of work-piece misalignment dur ing  t h e  
p l a t e a u i n g  process  i s  extremely c r i t i c a l .  
induced between mating s u r f a c e s ,  t h e  wear p a t t e r n  w i l l  no t  be evenly d i s t r i b u t e d  
u n l e s s  t h e  mean l i n e s  f o r  t h e  two su r face  p r o f i l e s  a r e  e s s e n t i a l l y  p a r a l l e l .  
The f a c t  t h a t  a s p e r i t y  h e i g h t s  c h a r a c t e r i z i n g  t h e  types  of s u r f a c e s  considered 
i n  t h i s  s tudy  are microscopic  r e q u i r e s  t h a t  a l lowable  t o l e r a n c e  f o r  misalignment 
of t h e  mating s u r f a c e s  normal t o  t h e i r  common c e n t e r l i n e  be a l s o  e s s e n t i a l l y  
microscopic .  

Obviously, when r e l a t i v e  motion i s  

It i s  noted t h a t  because the  tendency of a g iven  p l a t eau ing  technique 
is  t o  reduce s u r f a c e  roughness, i n i t i a l l y  smooth s u r f a c e s  provide t h e  b e s t  s u r -  
f a c e s  f o r  eva lua t ing  p l a t eau ing  techniques;  t h i s  w a s  confirmed by experimental  
program r e s u l t s .  

It w a s  f u r t h e r  concluded t h a t  of t h e  p l a t eau ing  methods i n v e s t i g a t e d ,  
only t h e  u l t r a s o n i c - v i b r a t i o n  and t h e  pressed- carbon- tool  pu lsed-cur ren t  methods 
are worthy of f u r t h e r  cons ide ra t ion .  A s  p rev ious ly  noted, t h e  o t h e r  methods 
produced badly damaged su r faces .  

RECOMMENDAT IONS 

I f  f u r t h e r  r e s e a r c h  i s  c a r r i e d  out on meth.ods of i n c r e a s i n g  j o i n t  con- 
ductance,  i t  i s  recommended t h a t  t h e  work be d i r e c t e d  i n i t i a l l y  t o  t h e  i d e n t i f i -  
c a t i o n  and/or  development of a h igh- thermal -conduct iv i ty  h y d r o s t a t i c  f l u i d  o r  
pas te .  

With regard  t o  sur face-p la teauing  methods, it i s  recommended t h a t  any 
f u r t h e r  e f f o r t s  d e a l  p r imar i ly  w i t h  t h e  development of s u r f a c e - f i n i s h i n g  methods 
(machine2 chemical,  o r  e l e c t r o -  chemical) t h a t  w i l l  deform t h e  lowest  o rde r  of 
s u r f a c e  a s p e r i t i e s  t h a t  can  be i d e n t i f i e d .  

EXPERIMENTAL PROCEDURES 

Measurements of h y d r o s t a t i c  f l u i d  thermal  c o n d u c t i v i t i e s  and exper i -  
ments t o  assess t h e  e f f e c t i v e n e s s  of va r ious  r i g i d - s u r f a c e  p l a t eau ing  techniques  
were c a r r i e d  out i n  t h e  B a t t e l l e  Mechanical Engineer ing Laboratory.  Much of t h e  
experimental  equipment used f o r  t h e s e  i n v e s t i g a t i o n s  was s p e c i a l l y  designed f o r  
t h i s  program and f a b r i c a t e d  i n  t h e  Laboratory; t h e  t e s t  specimens were made i n  
t h e  B a t t e l l e  machine shop. 

Although t h e  pre l iminary  experimental  f i n d i n g s  precluded t h e  need f o r  
j o i n t  thermal-conductance measurements, A n a l y t i c a l  Phys ics  Div i s ion  personnel  
completed t h e  mod i f i ca t ion  of t h e  Battel.1e conductance-measuring appa ra tus  t o  
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accommodate t es t  specimen p a i r s  under var ious  ax ia l - load  cond i t ions  i n  a vacuum 
environment wi th  p re s su res  less  than  10-4 t o r r .  I 

Test-Specimen Design Cons idera t ions  t 
Specimen-Material S e l e c t i o n  

Type 6061-T6 aluminum a l l o y  was used t o  f a b r i c a t e  both t h e  f l e x i b l e -  
s u r f a c e  diaphragm specimens and t h e  r ig id - su r face  p l a t eau ing  specimens used dur ing  
t h i s  s tudy.  

It w a s  determined through i n v e s t i g a t i o n  of s u r f a c e  f r i c t i o n  phenomena 
t h a t  a s p e r i t y  deformation is  inf luenced t o  a h ighe r  degree  by t h e  material mel t ing  
temperature  than  by t h e  mater ia l  hardness.  T h i s  i n  t u r n  i n d i c a t e d  t h a t  a n e t a l  
w i t h  a r e l a t i v e l y  low mel t ing  po in t ,  such as aluminum (660 C) w i l l  r e q u i r e  less 
energy t o  e f f e c t  t h e  same degree of a s p e r i t y  deformation than  w i l l  h ighe r  mel t ing  
po in t  metals .  Consequently, cons ider ing  both t h e  low mel t ing  poin t  and t h e  rela- 
t i v e  ease of f a b r i c a t i o n  f o r  aluminum a l loy ,  Type 6061-T6 aluminum w a s  s e l e c t e d  
f o r  t h e  p l a t eau ing- inves t iga t ion  specimens. 

Type 6061-T6 aluminum a l l o y  was a l s o  a t t r a c t i v e  as  t h e  diaphragm material 
because of i t s  low elast ic  modulus and the a t t e n d a n t  c h a r a c t e r i s t i c  of a l lowing  
good conformabi l i ty  t o  t h e  r i g i d  surface.  

Rigid-Surface Specimen Design 

A t o t a l  of 34 Type 6061-T6 aluminum c y l i n d r i c a l  specimens, 1 inch  i n  
d iameter  by 5 inches  long, were f a b r i c a t e d  p repa ra to ry  t o  t h e  r i g i d - s u r f a c e  
p l a t eau ing  technique  i n v e s t i g a t i o n .  
s u r f a c e  f i n i s h e s  of 8 microinches,  63 microinches, 125 microinches,  and 500 micro- 
inches  c e n t e r l i n e  average (CLA). 
a s s e s s i n g  t h e  type  of s u r f a c e  most amenable t o  p l a t eau ing .  
f a c e s  were machined w i t h  c o n c e n t r i c  su r face  l a y  t o  provide symmetry. 

These specimens were machined t o  have end- 

Th i s  wide v a r i a t i o n  was s e l e c t e d  as  a means of 
A l l  of t h e  t e s t  sur- 

Surf ace- Plateauing Procedures 

The prescr ibed  r i g i d - s u r f a c e  p la teauing  i n v e s t i g a t i o n  c o n s i s t e d  of a s e r i e s  
of pre l iminary  experiments involv ing  f r i c t i o n a l  hea t ing ,  u l t r a s o n i c  v i b r a t i o n ,  and 

I f  t h e  r e s u l t  of a given pre l iminary  p la teauing  t e s t  was judged t o  be promising on 
t h e  b a s i s  of a change wi th  no  apparent  damage, t h e  specimen s u r f a c e s  were f u r t h e r  
analyzed wi th  t h e  Talysur f  surface-roughness  ana lyze r .  However, i f  s u r f a c e  damage 
occurred,  t h e  p la teauing  technique  r e spons ib l e  f o r  t h e  damage was e l imina ted  from 

' pulsed e l ec t r i c  c u r r e n t  h e a t i n g  wi th  specimen p a i r s  having v a r i o u s  s u r f a c e  f i n i s h e s .  8 
I 

I 
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f u r t h e r  cons ide ra t ion .  For each technique examined, when appropr i a t e ,  parameters 
such a s  c o n t a c t  pressure  and r e l a t i v e  s u r f a c e  speed were v a r i e d  and s e v e r a l  
i n d i v i d u a l  tes ts  were conducted. 

Mechanical- Fr  i c t  ion  P la t eau ing  Methods 

F igure  1 i s  a photograph showing t h e  dev ice  t h a t  was used t o  i m p a r t  
t r a n s l a t o r y  motion t o  t h e  r ig id - su r face  specimens f o r  t h e  p la teauing  experiments,  
and F igu re  2 shows a specimen p a i r  s e t  up on a d r i l l  press f o r  t e s t i n g .  Rotary 
r e l a t i v e  motion w a s  provided by t h e  d r i l l  press. 

The t r a n s l a t o r y  motion device was powered by a 1/2-horsepower d r i l l  
motor wi th  a maximum frequency of about 1 . 7  c y c l e s  p e r  second. D r i l l  motor 
speed, and, t h e r e f o r e ,  t h e  frequency of t h e  t r a n s l a t o r y  motion, could be va r i ed  
through adjustment  of an  a-c  brush-motor speed c o n t r o l  placed i n  s e r i e s  wi th  t h e  
d r i l l  motor. Ro ta t iona l  speed could be v a r i e d  from about 350 t o  2280 rpm by 
changing b e l t  pu l leys  on t h e  d r i l l  press.  It was found i n i t i a l l y  t h a t  t h e  low 
speed, 350 rpm, was t h e  most convenient f o r  t h e s e  p l a t eau ing  t e s t s .  

To perform a tes t ,  t h e  specimen s u r f a c e s  were brought i n t o  c o n t a c t  by 
lowering t h e  revolv ing  upper specimen u n t i l  it contac ted  t h e  bottom o s c i l l a t i n g  
specimen. For a g iven  tes t  i f  g a l l i n g  d i d  not occur upon contac t ,  con tac t  pres-  
s u r e  w a s  increased  g radua l ly  u n t i l  a no t i ceab le  s u r f a c e  change was observed. 
The s u r f a c e  c h a r a c t e r i s t i c s ,  p a r t i c u l a r l y  t h e  l a y  pa t t e rn ,  of t h e  specimens t h a t  were 
used permit ted v i s u a l  assessment o f  su r f ace  change wi th  l i t t l e  o r  no magni f ica t ion .  
For  t h o s e  tests which r e s u l t e d  i n  su r face  g a l l i n g ,  t h e  g a l l i n g  occurred almost a t  
t h e  i n s t a n t  of con tac t  w i th  t h e  a p p l i c a t i o n  of almost n e g l i g i b l e  p r e s s u r e .  

U l t r a son ic -Vib ra t ion  Methods 

Ul t r a son ic -v ib ra t ion  p la teauing  experiments were conducted us ing  t r ans -  
ducers  t o  provide both a x i a l  and t r ansve r se  r e l a t i v e  motions. 

A s  shown i n  F igure  3, a x i a l  re la t ive-mot ion  (high-frequency peening) 
t es t s  were c a r r i e d  out  us ing  a l a t h e  t o  provide r o t a r y  motion i n  con junc t ion  wi th  
an  u l t r a s o n i c  t r ansduce r  head t o  genera te  t h e  l o n g i t u d i n a l  v i b r a t i o n  i n  t h e  t e s t  
specimen. For t h e s e  tests t h e  v i b r a t i n g  specimen had a f requency of about 20 
k i l o c y c l e s  and t h e  l a the -d r iven  specimen had a nominal r o t a t i o n a l  speed of 250 r p m .  
The power suppl ied  t o  v i b r a t e  t h e  specimen was va r i ed  from about 100 t o  500 wa t t s .  

F igure  4 shows t h e  labora tory  s e t u p  t h a t  was used f o r  t h e  u l t r a s o n i c -  
v i b r a t i o n  t r a n s l a t o r y  r e l a t i v e  motion tests. The t r ansduce r  head, a s  shown, 
v i b r a t e d  a s t a i n l e s s  s teel  t o o l  l a t e r a l l y  a t  a frequency of about 20 k i l o c y c l e s .  
Power suppl ied  t o  v i b r a t e  t h e  specimen w a s  v a r i e d  from about 100 t o  500 wa t t s .  
For t h e  s e t u p  as shown, c o n t a c t  pressure between t h e  t o o l  and t h e  t e s t  specimen 
w a s  manually app l i ed  through a l e v e r  arrangement t h a t  e f f e c t e d  an a x i a l  load .  
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FIGURE 1. DEVICE USED T O  IMPART TRANSLATORY RELATIVE MOTION T O  R I G I D  
SURFACES FOR THF: PLATEAUING STUDIES 
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PIGLJRE 2. RIGID-SURFACE SPECIMEN-PAIR SETUP FOR AN EXPERIMENT 
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Elec t r i c -Hea t ing  Methods 

The e l e c t r i c - c u r r e n t -  pulse  p la teauing  t e s t s  were conducted wi th  
e s s e n t i a l l y  t h e  same r e l a t i v e  motion as t h e  f r i c t i o n a l - h e a t i n g  tes ts  and wi th  
t h e  a d d i t i o n  of e l e c t r i c  hea t ing .  
ob ta ined  by us ing  t h e  t e s t  s e t u p  shown i n  F igu re  2. 
specimen was f i t t e d  wi th  brushes t o  conduct t h e  e l e c t r i c  cu r ren t .  

Re la t ive  t r a n s l a t o r y  and r o t a r y  motions were 
I n  add i t ion ,  t h e  r o t a t i n g  

For  t h e s e  t es t s  t h e  specimen pa i r s  served a s  conductors  i n  ser ies  wi th  
a 250-ampere-maximum d-c welder.  
t h e  specimen p a i r  was used t o  provide t h e  necessary  c u r r e n t  t o  t h e  specimens f o r  
each of t h e  tests.  The msgnitude of the c u r r e n t  pu lses  was increased  from test  
t o  t es t  u n t i l  a s u r f a c e  change could be de tec ted .  
s u r f a c e s  t h a t  tended t o  g a l l ,  t h e  cu r ren t  was app l i ed  a t  almost t h e  i n s t a n t  of 
c o n t a c t  i n  a n  at tempt  t o  produce a r e s u l t  t h a t  could be a t t r i b u t e d  p r imar i ly  t o  
t h e  e f f e c t  of e l e c t r i c - c u r r e n t  (I2R) heat ing.  
t h e  sus t a ined  a p p l i c a t i o n  of pulsed cu r ren t  w i th  metal- to-metal  con tac t .  How- 
ever ,  sus t a ined  c u r r e n t  a p p l i c a t i o n  w a s  accomplished by using a pressed carbon 
t o o l  as t h e  r o t a t i n g  p la teauing  specimen. 

A cons tan t  vo l t age  of about 40 v o l t s  a c r o s s  
I 

I 
I 

1 
For t h o s e  t e s t s  involv ing  

T h i s  g a l l i n g  problem precluded 

Hydros t a t i c  F l u i d  Thermal-Conductivity Measurement 

A s i m p l e ,  e l e c t r i c a l l y  heated, annulus-type thermal-conductance 
measurement r i g  f a b r i c a t e d  i n  t h e  l abora to ry  was used t o  e v a l u a t e  t h e  thermal  
c o n d u c t i v i t y  a t  room temperature  of candida te  h y d r o s t a t i c  f l u i d s .  I 

Figure  5 i s  a schematic diagram of t h e  conductance-measurement device  
t h a t  was used. A s  shown, t h e  f l u i d  o r  paste m a t e r i a l  t o  be eva lua ted  was placed 
i n  t h e  annulus  between t h e  e l e c t r i c - r e s i s t a n c e  h e a t e r  and t h e  ou te r  con ta ine r .  
The power suppl ied  t o  t h e  h e a t e r  was ad jus ted  a t  r e g u l a r  i n t e r v a l s  u n t i l  a s teady-  
s t a t e  c o n d i t i o n  was e s t ab l i shed .  
temperatures  a c r o s s  t h e  t e s t  f l u i d  were recorded wi th  thermocouples, and t h e  
f l u i d  thermal  conduc t iv i ty  w a s  t hen  ca l cu la t ed  from t h e  fo l lowing  equa t ion  f o r  
conduct ion ac ross  an  annulus,  from Reference (1) :  

' With t h e  s t e a d y - s t a t e  c o n d i t i o n  p reva i l i ng ,  

W r 2  /rl) 
k =  q '  2n(T1-T2) (1) I 

'1 
I 

Although t h e  primsry i n t e r e s t  was i n  how t h e  conduc t iv i ty  va lues  f o r  
t h e  v a r i o u s  f l u i d s  compared t o  each o ther  and t o  6061-T6 aluminum a l l o y ,  a s i m p l e  
e r r o r  a n a l y s i s  w a s  performed by measuring t h e  thermal  conduc t iv i ty  of a s i l i c o n e  
f l u i d  of known va lue  t o  a s s e s s  t h e  magnitude of exper imenta l  dev ia t ion .  For  t h e  
f l u i d s  used f o r  t h e  e r r o r  a n a l y s i s ,  measured va lues  agreed wi th  t h e  manufac turer ' s  
publ ished va lues  w i t h i n  5 percent .  



1 
1 
I 
I 
I 
8 
E 
1 
J 
1 
c 
I 
S 
P 
t 
I 
U 
t 
P 
I 
1 
I 

Conductive 
f lu id  1 

Thermocouple Y 

12 

Insulation\. ru 

- "  0 

0-0 
0 

o *  

/ /  / / 

L .- a 

-7 
/ '  
/ 
// I I 

Insulation 

FIGURE 5. APPAFUTUS FOR PEASURING HYDROSTATIC FLUID THERMAL CONDUCTIVITY 

I 



1 3  

Machined-Surface C h a r a c t e r i s t i c s  

Prepara tory  t o  t h c  des ign  of t h e  diaphragm and r i g i d - s u r f a c e  specimens, 
l i t e r a t u r e  p e r t a i n i n g  t o  me ta l l i c - su r face  c h a r a c t e r i s t i c s  and t o  cont iguous-surfaces  
phenomena w a s  surveyed i n  an e f f o r t  t o  o b t a i n  t h e  informat ion  needed t o  e s t a b l i s h  a 
r e l a t i o n s h i p  between s u r f a c e  roughness and s u r f a c e  waviness t h a t  would serve  as a 
guide  f o r  spec i fy ing  s u r f a c e  f i n i s h  and diaphragm th i ckness .  
w a s  d i r e c t e d  t o  t h e  c l a s s i f i c a t i o n  of t y p i c a l  machined s u r f a c e s  according t o  rough- 
ness ,  waviness,  l ay ,  and a s p e r i t y  geometry. S t a t i s t i c a l  d a t a  providing roughness 
and waviness ampli tude as a f u n c t i o n  of wavelength f o r  v a r i o u s  machined s u r f a c e s  
was t h e  type  of s u r f a c e  microtopography informat ion  sought.  These s t a t i s t i c a l  
d a t a  were no t  found and may n o t  y e t  be a v a i l a b l e ;  however, s u f f i c i e n t  d a t a  r e l a t i v e  
t o  s p e c i f i c  s u r f a c e s  were a v a i l a b l e  fo r  u se  i n  t h e  des ign  of t h e  diaphragm and 
r i g i d -  s u r f  ace specimens. 

The primary emphasis 

The l i t e r a t u r e  i n d i c a t e s  t h a t  f o r  t h e  types  of machined s u r f a c e s  con- 
s ide red  f o r  t h i s  s tudy,  waviness assumes e s s e n t i a l l y  a pe r iod ic  form wi th  wave- 

g e n e r a l l y  less  than  t h e  waviness amplitude, even f o r  comparat ively rough s u r f a c e  
f i n i s h e s .  It i s  a d d i t i o n a l l y  noted t h a t  a s p e r i t y  p r o f i l e ,  f o r  a g iven  sur face ,  
depends t o  a l a r g e  e x t e n t  on t h e  d i r e c t i o n  of t h e  l ay .  Th i s  is, i n  e f f e c t ,  t h e  
in f luence  of t h e  f i n i s h i n g  marks t h a t  e s t a b l i s h  s u r f a c e  l a y  cond i t ion  c o n s i s t e n t  
w i t h  t h e  m a t e r i a l  s u r f a c e  s t r u c t u r e .  

length exceeding ampli tude by a s i g n i f i c a n t  amount. Also, a s p e r i t y  h e i g h t  i s  

A s  noted i n  Reference (2), convent ional  machining techniques  produce 
waviness wavelengths i n  t h e  o rde r  of from 0.040 t o  1.0 inch  wi th  ampli tudes (peak- 
t o - v a l l e y  displacement)  ranging from approximately 1 x lom6 t o  5 x 
[ B a t t e l l e  s t a f f  members concerned w i t h  t h e  development of  new and r e f i n e d  sur face-  
f i n i s h i n g  techniques  i n d i c a t e  t h a t  recent  advances have made it poss ib l e  t o  achieve  
v i r t u a l l y  z e r o  s u r f a c e  waviness wi th  a t t e n d a n t  roughness i n  t h e  order  of 1 micro- 
inch  f o r  r e l a t i v e l y  hard m a t e r i a l s  by convent iona l  s u r f a c e - f i n i s h i n g  processes  
such as  machine lapping  and supe r f in i sh ing .  The s u p e r f i n i s h i n g  process  i s  
descr ibed  i n  References (3) and ([I)]. 

inch. 

FLEXIBLE- SURFACE DIAPHRAGM DESIGN 

I n  order  t o  des ign  a diaphragm t h a t  w i l l  r e a d i l y  adapt  i t s e l f  t o  t h e  
shape of t h e  mating su r face ,  t h r e e  important parameters must be considered.  
These a r e  t h e  pressure  a c t i n g  on t h e  diaphragm, t h e  wavelength of t h e  s u r f a c e  
waviness,  and t h e  amplitude.  I n  add i t ion ,  because it does no t  a p p e a r  poss ib l e  
t o  des ign  a diaphragm t o  wi ths tand  the r equ i r ed  p res su res  wi thout  being i n  con- 
t a c t  wi th  t h e  mating s u r f a c e  and y e t  be f l e x i b l e  enough t o  conform t o  t h e  mating 
su r face ,  msans must  be provided whereby t h e  p re s su re  can be appl ied  a f t e r  t h e  
j o i n t  i s  assembled. Another p o s s i b i l i t y  i s  t o  des ign  t h e  diaphragm wi th  a s l i g h t  



outward bulge s o  t h a t  
conform t o  t h e  mating 
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as t h e  j o i n t  i s  assembled and t h e  diaphragm forced  t o  
s u r f a c e  t h e  s l i g h t  decrease  i n  volume i n  t h e  enclosed 

space  behind t h e  diaphragm is  enough t o  create t h e  r equ i r ed  p res su res  (it i s  
assfimed t h a t  t h e  the rma l ly  conduct ive pas t e  i s  e s s e n t i a l l y  incompressible) .  

F igu re  6 shows t h e  in f luence  of t h e  wavelength (A)  and t h e  ampli tude 
(6) of t h e  s u r f a c e  waviness on t h e  diaphragm design.  
f l e x i b l e  enough s o  t h a t  under t h e  a c t i o n  of t h e  p re s su re  (P) i t  w i l l  conform t o  
t h e  mating s u r f a c e  a s  shown i n  F igure  6b. 

The diaphragm should be 

A s  previous ly  noted, convent ional  surface-machining p r a c t i c e s  can  be 
expected t o  produce waviness wavelengths i n  t h e  order of 0.40 t o  1.0 inch  wi th  
ampl i tudes  ranging  from approximately 1 x 10-6 t o  5 x 10-4 inch .  For  t h e  p re -  
l imina ry  des ign  of t h e  f lexible-surface-specimen diaphragm, a wavelength of 0.30 
inch  w i t h  a n  ampli tude of 0.0007 inch  were s e l e c t e d  as t y p i c a l  midrange va lues  
t h a t  could be obtained e a s i l y  by s tandard machining p r a c t i c e .  F igure  7 i s  a 
schematic  of an example of the model su r face  p r o f i l e  used f o r  t h e  diaphragm 
des ign .  

The fo l lowing  expres s ion  i s  der ived  i n  Appendix A f o r  t h e  diaphragm 
t h i c k n e s s  r equ i r ed  t o  o b t a i n  complete contac t  wi th  a r i g i d  s u r f a c e  wi th  unid i rec-  
t i o n a l  l ay :  

113 
t = [ & ]  . 

Evalua t ing  t h i s  expres s ion  us ing  t h e  model surface-waviness  c h a y a c t e r i s t i c s ,  t h e  
mechanical p r o p e r t i e s  of Type 6061 aluminum and f l u i d  p re s su re  of 1000 p s i a  
r e s u l t e d  i n  a th i ckness  of 0.026 inch .  (The va lue  f o r  f l u i d  p re s su re  was a r r i v e d  
a t  by assuming t h e  t o t a l  load  supported by t h e  diaphragm was equal  t o  t h e  working 
t e n s i l e  load  of a 1 /4- inch  s t a i n l e s s  s t e e l  cap screw.) 

The r e s u l t i n g  v a l u e  f o r  diaphragm t h i c k n e s s  was judged t o  be sa t i s -  
f a c t o r y  i n  t h a t  it was i n  t h e  range of commercially a v a i l a b l e  th i cknesses  and 
would n o t  present  any extreme problems i n  being welded t o  t h e  suppor t ing  r i m  
s t r u c t u r e .  

DISCUSSION OF PROGRAM RESULTS 

Search f o r  Thermally Conductive F l u i d s  

I n  t h e  i n v e s t i g a t i o n  of conduct ive h y d r o s t a t i c  f l u i d s ,  a number of 
cand ida te  f l u i d s  were exper imenta l ly  evaluated i n  a n  e f f o r t  t o  f i n d  an  e f f e c t i v e  
means f o r  u s ing  p res su r i zed  flexible-membrane su r faces .  A comparative e v a l u a t i o n  
was made on t h e  b a s i s  of thermal-conduct ivi ty  va lues  determined by a s t e a d y - s t a t e  
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a) Diaphragm in Contact with Mating Surface 

b) Diaphragm Conforming to Shape of Mating Surface 

FIGURE 6. SCEIEMATIC DIAGRAM OF FLEXIBLE SURFACE DIAPIPUGM AND 
MATING SURFACE 
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Reference (5 )  
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700 x 10-6in. = 0.0007 in. 

FIGURE 7. T Y P I C A L  SURFACE WAVINESS PROFILE USED FOR THE 
FLEXIELE SURFACE DIAPHRAGM DESIGN 
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heated-annulus  technique  descr ibed  i n  t h e  Experimental  Procedures s e c t i o n  of 
t h i s  r e p o r t .  
inc luded  a review of t h e  p e r t i n e n t  l i t e r a t u r e ,  d i s c u s s i o n s  wi th  vendors and 
Bat te l le  S t a f f  mernbcrs, and formulat ions t h a t  i n t u i t i v e l y  appeared a t t r a c t i v e .  

Methods used i n i t i a l l y  t o  i d e n t i f y  p o t e n t i a l  h y d r o s t a t i c  f l u i d s  

S i l i m e - F l u i d / M e t a l - P a r t i c l e  S l u r r i e s  

A t  t h e  o u t s e t  of t h e  search  f o r  thermal ly  conduct ive f l u i d s ,  it was 
f e l t  t h a t  a s l u r r y  o r  pas t e  of m e t a l l i c  p a r t i c l e s  i n  s i l i c o n e  f l u i d  o r  g rease  
might be a t t r a c t i v e ,  t h e  s i l i c o n e s  being chemical ly  i n e r t  and phys ica l ly  s t a b l e  
a t  normal tempera tures  and t h e  m e t a l l i c  p a r t i c l e s  providing a good conduct ive 
h e a t  path.  

The requirement t h a t  t h e  h y d r o s t a t i c  f l u i d  used f o r  diaphragm pres- 
s u r i z a t i o n  have a cons i s t ency  t h a t  would p e r m i t  convenient  specimen loading  and 
a t  t h e  same time provide a uniform pressure  w i t h i n  t h e  diaphragm c a v i t y  e s s e n t i a l l y  
l i m i t e d  t h e  amount of meta l l ic  powder t h a t  could be added t o  a g iven  q u a n t i t y  of 
s i l i c o n e  f l u i d  o r  grease .  Consequently, t h e  mixtures  s e l e c t e d  f o r  eva lua t ion  
r ep resen ted  a compromise between m e t a l l i c  p a r t i c l e  conten t  and f l u i d i t y .  Low- 
v i s c o s i t y  s i l i c o n e  f l u i d s ,  i n  genera l ,  accommodated a h ighe r  percentage of 
metal l ic  powder than  t h e  s i l i c o n e  greases  f o r  a g iven  degree of f l u i d i t y .  

Table  1 presen t s  r e p r e s e n t a t i v e  r e s u l t s  from t h e  silicone-fluid/metallic- 
p a r t i c l e  conductivity-measurement tests.  
presence of m e t a l l i c  powders i n  .the s i l i c o n e  f l u i d s  and g reases  s e r v e s  t o  i n c r e a s e  
t h e  thermal  conduc t iv i ty  r e g a r d l e s s  of t h e  q u a n t i t y  of m e t a l l i c  powder used, t h e  
c o n d u c t i v i t y  va lue  f o r  t h e  mixture  i s  extremely smal l  compared t o  t h a t  f o r  Type 
6061 aluminum a l l o y .  Test  r e s u l t s  and t h e  s i m p l e  thermal-model c a l c u l a t i o n s  
i n d i c a t e d  t h a t  t h e  maximum thermal-conduct ivi ty  va lue  t o  be expected from a 
silicone-fluid/metal-particle paste is i n  t h e  o r d e r  of 1 .5  t o  2 Btu/hr-f t -F.  

These r e s u l t s  show t h a t  a l thongh t h e  

To check t h i s  experimental  r e s u l t ,  a b r i e f  a n a l y t i c a l  s tudy  w a s  under- 
taken. Considering t h a t  t h e  thermal  conduc t iv i ty  of t h e  s i l i c o n e  f l u i d s  t h a t  
were considered i n  t h i s  s tudy  i s  on the o rde r  of 0.09 Btu/hr-f t -F,  it i s  obvious 
t h a t  i f  t h e  conducting f l u i d  i s  t o  have a conduc t iv i ty  va lue  approaching anywhere 
nea r  t h a t  of aluminum, t h e  m e t a l l i c  powder m u s t  have a s u b s t a n t i a l  e f f e c t  on t h e  
conduc t iv i ty  of t h e  paste .  Resu l t s  of c a l c u l a t i o n s ,  based on a n  e x t r a p o l a t i o n  
of experimental  r e s u l t s  w i t h  a simple thermal  model, i n d i c a t e d  t h a t  a paste con- 
t a i n i n g  only 5 percent  s i l i c o n e  f l u i d  w i l l  s t i l l  have only about 1 /50th  t h e  
c o n d u c t i v i t y  of t h e  metal  powder alone. 

Liquid Metals 

I n  view of t h e  poor c o n d u c t i v i t i e s  e x h i b i t e d  by t h e  s i l i c o n e - f l u i d /  
metall ic-powder s l u r r i e s ,  sodium-potassium and mercury l i q u i d  metals were 
eva lua ted  as poss ib l e  a l t e r n a t e s .  The u se  of l i q u i d  meta ls  had o r i g i n a l l y  
been considered ques t ionab le  f o r  design a p p l i c a t i o n  on t h e  b a s i s  of t h e  damage 
t h a t  might occur  i n  t h e  event  of a rupture  of t h e  f l e x i b l e  diaphragm, pa r t i cu -  
l a r l y  i n  a zero-g environment. I n  an  e f f o r t  t o  ovcrcome t h i s  problem, mercury 
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TABLE 1. MEASURED TE-IERMAL- CONDUCTIVITY VALUES OF CANDIDATE 
HYDROSTAT I C  FLUIDS AT ROOM TEMPEWTURE 

Conductive M a t e r i a l  
Thermal Conduct ivi ty  , 

Btu/hr-ft-F 

Copper powder i n  s i l i c o n e  g r e a s e ,  
copper - 39.8 percent  by weight 

Copper powder i n  s i l i c o n e  grease ,  
copper - 75.9 percent  by weight 

Copper powder i n  Dow-Corning No. 200 
s i l i c o n e  f l u i d  ( v i s c o s i t y  100 cs  
a t  25  C), 
copper - 76.8 percent  by weight 

Dow- Corning No. 200 s i l i c o n e  f l u i d  
(no f i l l e r )  

Aluminum powder i n  s i l i c o n e  grease,  
aluminum - 39.7 percent  by weight 

S i l i c o n e  grease  (no f i l l e r )  

Copper powder, s l i g h t l y  compacted 

Type 6061 T6  aluminum a l l o y  

0.16 

0.43 

0.4 

0.1 

0.2 

0.092 

0.1 

115 
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was combined wi th  s i l v e r  powder t o  form an amalgam p a s t e  conta in ing  approximately 
91.8 percent  mercury by weight. It was theo r i zed  t h a t  p a s t e - l i k e  cons is tency  of 
such an amalgam would permit t h e  ma te r i a l  t o  s t a y  agglomerated i n  t h e  event  of a 
diaphragm r u p t u r e  i n  a vacuum environment. 
r e l a t i v e l y  h igh  thermal  conduct iv i ty ,  e x h i b i t s  a ve ry  good s u r f a c e  w e t t a b i l i t y  
f o r  mercury. 

S i l v e r  f i l l e r ,  i n  a d d i t i o n  t o  i t s  

It i s  probable t h a t  t h e  thermal conduc t iv i ty  of t h i s  amalgam would be 
However, it a t  l e a s t  as good as t h a t  f o r  p u r e  mercury, which is  5 Btu/hr-ft-F.  

w a s  d e s i r e d  t h a t  a h igher  conduc t iv i ty  f l u i d  be used i n  t h e  l abora to ry  t o  show 
proof of p r i n c i p l e  f o r  t h e  diaphragm p r e s s u r i z a t i o n  technique. 
NaK was t e n t a t i v e l y  s e l e c t e d  on t h e  b a s i s  t h a t  it has t h e  h i g h e s t  thermal  con- 
d u c t i v i t y  of a l l  room-temperature l i qu ids ,  about 15 Btu/hr-f t -F a t  room temper- 
a t u r e .  Hovever, it i s  noted t h a t  t h i s  va lue  i s  q u i t e  low when compared t o  t h e  
va lue  f o r  Type 6061 T6 aluminum a l l o y ,  which i s  about 115 Btu/hr-f t -F.  

aluminum va lue  i s  approximately an  order  of magnitude g r e a t e r  t han  t h e  NaK value.  

Consequently, 

The 

General Cons idera t ions  

Thermal-conduct ivi ty  va lues  f o r  a g iven  substance depend, of course,  
on t h e  chemical composition, t h e  physical  s t r u c t u r e ,  and t h e  m a t e r i a l  s t a t e .  
The lowest thermal -conduct iv i ty  va lues  occurr ing  i n  n a t u r e  a r e  a s s o c i a t e d  with 
inorganic  and organic  gases  and vapors,  whereas t h e  h i g h e s t  va lues  a r e  f o r  pure, 
c r y s t a l l i n e  m e t a l l i c  ma te r i a l s ,  with va lues  f o r  l i q u i d s  and amorphous subs tances  such 
as g reases  somewhere i n  between. Current theory  i n d i c a t e s  t h a t  h e a t  t ransmiss ion  
i n  l i q u i d s  r e s u l t s  from o s c i l l a t o r y  long i tud ina l  v i b r a t i o n s  somewhat analogous 
t o  t h e  mechanism of sound propagation. Since t h i s  o s c i l l a t o r y  t r a n s p o r t  of energy 
i s  res t r ic ted by t h e  i r r e g u l a r  arrangement of t h e  molecules and atoms, l i q u i d  
thermal -conduct iv i ty  va lues  a r e  c h a r a c t e r i s t i c a l l y  low compared t o  those  of 
metals.  For  example, water,  t h e  b e s t  conductor of a l l  nonmeta l l ic  l i q u i d s ,  has  a 
thermal -conduct iv i ty  va lue  of approximately 0.4 Btu/hr-f t -F,  o r  about 1/350th 
of t h a t  f o r  Type 6061 aluminum a t  t h e  same temperature.  

An order-of-magnitude s tudy  showed t h a t  even NaK does not  have a h igh  
enough thermal  conduc t iv i ty  t o  make the  pressurized-diaphragm concept a t t r a c t i v e .  
T h i s  po in t  i s  d iscussed  f u r t h e r  i n  t h e  s e c t i o n  on Diaphragm Ef fec t iveness .  

Since t h i s  i s  t h e  case,  it i s  c l e a r  t h a t  any f u r t h e r  i n v e s t i g a t i o n  of 
t h i s  concept should be  aimed p r imar i ly  a t  t h e  sea rch  f o r  a b e t t e r  f l u i d .  
cannot be s t a t e d  t h a t  an  acceptab le  f l u i d  does no t  e x i s t ;  however, t h e  l i k e l i h o o d  
appears  remote. 

It 

Pla teauing  I n v e s t i g a t i o n  -- 

Mechanical P l a t eau ing  

The l i t e r a t u r e  p e r t a i n i n g  t o  m e t a l l i c  s u r f a c e  c h a r a c t e r i s t i c s  and sur -  
f a c e  con tac t  phenomena descr ibes ,  i n  d e t a i l ,  how a s p e r i t y  t i p s  a r e  a f f e c t e d  when 
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two s u r f a c e s  are brought i n t o  con tac t  under load,  t h e  r e s u l t  be ing  pla 'st ic 
deformation wi th  work hardening. The l i t e r a t u r e  a l s o  t e l l s  us  t h a t  f o r  a 
t y p i c a l  a s p e r i t y  d i s t r i b u t i o n  t h e  load r equ i r ed  t o  promote t i p  deformation 
up t o  t h e  po in t  of p l a s t i c  flow i s  q u i t e  small. 
i n d i c a t e s  t h a t  l oads  of less than  0.1 gram normal t o  t h e  s u r f a c e  w i l l  i n i t i a t e  
f u l l  p l a s t i c i t y  i n  t h e  longes t  s u r f a c e  a s p e r i t i e s  of t o o l  s teel .  Th i s  i m p l i e s  
t h a t  when metal s u r f a c e s  are i n  con tac t  w i th  even s m a l l  loads,  t h e  m a t e r i a l  which 
forms t h e  f i n e r  s u r f a c e  a s p e r i t i e s  i s  subjec ted  t o  stress l e v e l s  i n  excess  of i t s  
e l a s t i c  l i m i t .  From t h i s  it w a s  considered probable  t h a t  t h e  degree  of a s p e r i t y  
deformation sought i n  t h i s  program could be accomplished by l o c a l i z e d  h e a t i n g  a t  
t h e  specimen-pair  j o i n t  i n t e r f a c e .  Consequently, experiments were conducted t o  
determine i f  t h e  f r i c t i o n a l  h e a t i n g  geiieratcd by r e l a t i v e  motion dur ing  t h e  
p l a t eau ing  process  w a s  s u f f i c i e n t  t o  cause t h e  d e s i r e d  g r o s s - a s p e r i t y  deformation 
wi th  l i t t l e  o r  no e x t e r n a l  hea t ing .  

For example, Reference (6) 

The c h a r a c t e r i s t i c s  and r e s u l t s  of t h e  pre l iminary  f r i c t i o n - h e a t i n g  
p l a t eau ing  experiments are l i s t e d  below. I n  each case,  f r i c t i o n a l  h e a t i n g  w a s  
induced by moving the c o n t a c t i n g  su r faces  r e l a t ive  t o  each o t h e r  by the method 
desc r ibed  i n  t h e  Experimental  Procedures sec t ion .  T h i s  technique  e s s e n t i a l l y  
i n c o r p o r a t e s  r o t a r y  and t r a n s l a t o r y  r e l a t i v e  motions induced mechanically,  i n  
conjunct ion  wi th  a l i g h t  c o n t a c t  pressure from a manually app l i ed  a x i a l  load.  

Aluminum Against  Aluminum, Surfaces Dry. 
F igu re  8, t h i s  technique  caused severe  g a l l i n g  which damaged t h e  c o n t a c t i n g  su r faces .  

A s  shown i n  t h e  photograph i n  

Aluminum Against  Aluminum, Surfaces  Lubr ica ted  With Kerosine. No g a l l i n g  
i n i t i a l l y ,  bu t  t h e  l u b r i c a t i o n f  i l m  even tua l ly  ruptured,  and t h e  r e s u l t i n g  g a l l i n g  
damaged t h e  con tac t ing  sur faces .  Figure 9 i s  a photograph of t h e  t e s t  su r faces .  

Aluminum Against  Aluminum, Surfaces  Lubr ica ted  With Light  Machine O i l .  
There w a s  no apparent  e f f e c t  because the  o i l  f i l m  served t o  l u b r i c a t e  t h e  s u r f a c e s  
and prevent  e f f e c t i v e  contac t .  

Aluminum Against  S t a i n l e s s  Steel, Sur faces  Dry. A s  shown i n  t h e  photo- 
graph i n  Fygure 10, t h e  r e s u l t  was a l i g h t  g a l l i n g  whic6 produced a somewhat s p o t t y  
sur face .  

Aluminum Against  S t a i n l e s s  Steel, Sur faces  Lubr ica ted  wi th  Kerosine. No 
g a l l i n g ,  b u t  t h e  l u b r i c a t i o n  f i l m  even tua l ly  rup tu red  and t h e  r e s u l t i n g  g a l l i n g  
damaged t h e  con tac t ing  sur faces .  
F igure  11. 

The t e s t  s u r f a c e s  are shown i n  t h e  photograph i n  

Aluminum Against  Pressed Graphite Surfaces  Dry. There w a s  no apparent  
e f f e c t .  

U l t r a son ic -Vib ra t ion  P la teauing  

Ul t r a son ic -v ib ra t ion  techniques were a l s o  i n v e s t i g a t e d  as p o t e n t i a l  
methods of p l a t eau ing  m e t a l l i c  su r f aces  by t h e  gene ra t ion  of l o c a l i z e d  f r i c t i o n a l  
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F I G U R E  8. SEVERE GALLING DAMAGE OF ALUMINUM SURFACES CAUSED BY 
RELATIVE MUTION WITH SPECIMEN SURFACES DRY 
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FIGURE 9. SEVERE GALLING DAMAGE OF ALUMINUM SURFACES CAUSED BY 
RELATIVE MOTION WITH SPECIMEN SURFACES LUBRICATED 
WITH KEROSINE 
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35563 

FIGURE 10. LIGJXC GALLING DAMAGE OF ALUMINUM AND STAINLESS 
STEEL CAUSED BY RELATIVE MOTION WITH SPECIMEN 
SURFACES DRY 
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FIGURE 11. LIGJTT GALLING DAMAGE OF ALUMINUM AND STAINLESS 
STEEL SURFACES CAUSED BY RELATIVE MOTION WITH 
SPECIMEN SURFACES LUBRICATED WITH KEROSINE 
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h e a t i n g  w i t h  ve ry  smal l  r e l a t i v e  displacements.  
included t e s t s  i n  which t h e  s u r f a c e s  were v i b r a t e d  r e l a t i v e  t o  each o t h e r  longi tu-  
d i n a l l y  and tes t s  where t h e  con tac t ing  su r faces  were v i b r a t e d  wi th  a t r a n s l a t o r y  
shca r ing  motion. The u l t r a s o n i c - v i b r a t i o n  p la teauing  methods used i n  t h i s  i-nves- 
t i g a t i o n  are d iscussed  i n  d e t a i l  i n  t h e  Experimental  Procedures s e c t i o n .  

The u l t r a s o n i c  experiments 

In  genera l ,  u l t r a s o n i c  v i b r a t i o n  produced a l o c a l i z e d  smoothing e f f e c t ,  
b u t  t h e  r e s u l t i n g  s u r f a c e  changes cha rac t e r i zed  g r ind ing  r a t h e r  t han  plateauing.  

The pre l iminary  u l t r a s o n i c - v i b r a t i o n  p l a t eau ing  tes t s  conducted a r e  
l i s t e d  below. The 1-inch-diameter aluminum specimens were found t o  be i n e f f e c t i v e  
f o r  t h e  shea r ing  tes ts ,  appa ren t ly  because of t h e  r e l a t i v e l y  h igh  ra te  of h e a t  
conduct ion away from t h e  v i b r a t i n g  sur faces .  

Aluminum Against  Aluminum, Surfaces  Dry. A r o t a r y  motion was induced 
mechanically,  an  a x i a l  motion (high-frequency peening) w a s  induced by u l t r a s o n i c  
v i b r a t i o n ,  and a l i g h t  con tac t  pressure  w a s  produced by manually app l i ed  a x i a l  
load.  Resu l t :  Th i s  technique  r e s u l t e d  i n  l i g h t  s u r f a c e  g a l l i n g  t h a t  produced a 
s p o t t y  su r face .  

Mild S t e e l  Against  S t a i n l e s s  Steel ,  Sur faces  Dry. A t r a n s l a t o r y  motion 
was induce3 by an  u l t r a s o n i c  v i b r a t i o n  and a l i g h t  c o n t a c t  pressure  was maintained 
by a manually appl ied  a x i a l  load.  R e s u l t :  A s  shown by t h e  Ta lysu r f  c h a r t  i n  
F igure  12, t h e  specimen s u r f a c e  w a s  apparent ly  smoothed l o c a l l y  a t  t h e  con tac t  
po in ts ,  bu t  t h e  a s p e r i t i e s  were not  plateaued. 

S t a i n l e s s  S t e e l  Against  Stainless S tee l .  A t r a n s l a t o r y  motion w a s  induced 
by u l t r a s o n i c  v i b r a t i o n  and a l i g h t  contac t  pressure  was maintained by a manually 
app l i ed  a x i a l  load. Resul t :  A s  shown by t h e  Talysur f  c h a r t  i n  F igu re  1 3  t h e  h igh  
po in t  on t h e  tes t - spec imen s u r f a c e  w a s  apparent ly  smoothed by t h e  shea r ing  a c t i o n  
of t h e  t o o l ,  bu t  t h e  a s p e r i t i e s  were not plateaued.  

Pulsed Heating. 

The e l ec t r i c - cu r ren t -pu l se -hea t ing  sur face-p la teauing  experiments were 
performed e s s e n t i a l 1  t h e  same as t h e  f r i c t i o n a l - h e a t i n g  experiments bu t  wi th  

r e l a t i v e  motions were induced mechanically, a l i g h t  c o n t a c t  p re s su re  was pro- 
v ided  by a manually app l i ed  a x i a l  load, and e l e c t r i c  c u r r e n t  was app l i ed  up t o  
200 amperes a t  40 v o l t s .  

h e a t  augmentation (I. s R).  For t h e  t es t s  l i s t e d  below, r o t a r y  and t r a n s l a t o r y  

The a p p l i c a t i o n  of e l e c t r i c  cu r ren t  produced l o c a l i z e d  a r c i n g  wi th  
a t t e n d a n t  s u r f a c e  p i t t i n g  wi th  metal-to-metal  contac t ,  and an apparent  s l i g h t  
smoothing e f f e c t  w i th  carbon-to-metal  contact .  
con tzc t  experiments were conducted w i t h  t he  s u r f a c e s  dry, and i n  each c a s e  
s u r f a c e  g a l l i n g  e i t h e r  preceded o r  accompanied t h e  p i t t i n g .  

A l l  of t h e  metal- to-metal  
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F I G U R E  12.  TALYSURF CHART SIIOKCNG APPARENL' SMOOTHING E F F E C T  OF 
ULTRASONIC VIBRATION IN A REGION OF A MILD smn  SURFACE 

I 
FIGUlZE 13. TALYSURF CIIART SHOWING APPAREhT SMOOTHING E F F E C T  I N  A 

REGION OF A STAINLESS STEEL S W A C E  
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Aluminum Against  Aluminum, Surfaces Dry. A s  shown by t h e  photograph 
i n  F igu re  14 t h i s  approach produced badly p i t t e d  and g a l l e d  su r faces .  

Aluminum f-gaiizst S t a i n l e s s  Steel ,  Sur faces  Dry. As shown by t h e  photo- 
graph i n  F igure  15  t h i s  method a l s o  produced badly  p i t t e d  and g a l l e d  su r faces .  

Aluminum Against  Pressed Graphite,  Sur faces  Dry. A s  shown by t h e  

I 
Talysu r f  c h a r t  i n  F igure  16 t h i s  technique caused an  apparent  s l i g h t  smoothing 
of t h e  specimen s u r f a c e  ( s imi l a r  t o  gr inding) ,  bu t  t h e  asper i t ies  were no t  
plateaued.  

Lamed Surf ace 

Pre l iminary  r e s u l t s  of t h e  p la teauing  i n v e s t i g a t i o n  ind ica t ed  t h a t ,  as 
a s u r f a c e  i s  smoothed by t h e  shea r ing  a c t i o n  of r e l a t i v e  motion wi th  another  
su r face ,  a s p e r i t y  he igh t  i s  g e n e r a l l y  reduced but  a s p e r i t y  p r o f i l e  tends  t o  
remain e s s e n t i a l l y  peaked. I n  a n  e f f o r t  t o  determine i f  t h e  mechanism of sur-  
f a c e  metal flow would f l a t t e n  o r  round-off a s p e r i t y  peaks, t h e  s u r f a c e  of one 
of t h e  aluminum specimens was lapped t o  a nominal roughness of 3 . 1  microinches 
CLA. Th i s  lapped s u r f a c e  served a s  the u l t i m a t e  s tandard  f o r  t h e  aluminum s u r f a c e  
p l a t eau ing  i n v e s t i g a t i o n .  
t h i s  r e l a t i v e l y  smooth s u r f a c e  t h e  a s p e r i t i e s  r e t a i n e d  t h e i r  gene ra l  peaked 
c h a r a c t e r i s t i c .  

Electr ic  Discharge Machining 

I 
I 
1,  
I 
a 
1 

A s  shown i n  t h e  Ta lysu r f  c h a r t  i n  F igure  1 7 ,  even wi th  

- 
During t h e  i n v e s t i g a t i o n  of a v a i l a b l e  m e t a l l i c - s u r f a c e - f i n i s h i n g  

methods, cu r so ry  v i s u a l  obse rva t ions  of meta l  s u r f a c e s  prepareu by e l e c t r i c -  
discharge-  machining techniques  (EDM) ind ica t ed  t h a t  t h e s e  s u r f a c e s  e x h i b i t  
t h e  d e s i r e d  plateaued a s p e r i t y  c h a r a c t e r i s t i c s .  However, a s  shown i n  t h e  Taly- 
s u r f  c h a r t  i n  F igure  18, t h e  a s p e r i t i e s  on t h e  sample s u r f a c e  prepared by EDM 
r e t a i n  t h e i r  peaked C h a r a c t e r i s t i c .  Consequently, e l ec t r i c  d i scha rge  machining 
does n o t  appear  t o  be an e f f e c t i v e  means of p l a t eau ing  s u r f a c e  asper i t ies .  

General Cons idera t ions  

I n  conduct ing and eva lua t ing  t h e  r e s u l t s  of t h e  p l a t eau ing  s t u d i e s ,  I some b a s i c  e f f e c t s  i n  t r y i n g  t o  achieve t h e  d e s i r e d  s u r f a c e  f i n i s h  were observed. 

A d i f f i c u l t y  common t o  a l l  procedures i n v e s t i g a t e d  i n  t h e  course  of 
t h i s  program i s  t h a t  l o c a l i z e d  melt ing of t h e  a spe r i t i e s  appa ren t ly  l e d  immedi- 
a t e l y  t o  microscopic  welding between the  c o n t a c t i n g  s u r f a c e s  and t o  subsequent 
g a l l i n g  of t h e  su r faces .  It can, t he re fo re ,  be theo r i zed  t h a t  t o  achieve  a 
success fu l  p l a t eau ing  technique,  t h e  con tac t ing  s u r f a c e s  m u s t  have a high 
r e s t s t a n c e  t o  being welded t o g e t h e r .  

i 
I 
i 

Another d i f f i c u l t y  a r i s e s  out of t h e  requirement  f o r  p r e c i s e  pos i t ion-  
i n g  of t h e  su r faces .  I f  a s u r f a c e  having an i n i t i a l  roughness o f ,  say, 16 micro- 
inches,  i s  t o  be "plateaued", t h e  resu l . t ing  f l a t s  would have t o  havc s u r f a c e  
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FIGURE 14. GALLING AND P I T T I N G  DAMAGE OF ALUMINUM SURFACES 
CAUSED BY RELATIVE MOTION WITH ELECTRIC CURRENT 
PULSE HEATING, WLTH SPECIMEN SURFACES DRY 
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FIGURE 15. GALLING AND P I T T I N G  DAMAGE OF ALUMINUM AND 
S T A I N L E S S  STEEL SURFACES CAUSED BY RELATIVE 
MOTION WITH ELECTRIC CURRENT PULSE HEATING, 
WITH SPECIMEN SURFACES DRY 
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L 20pin. 

a. Before Surface Treatment 

1 1 1 1  

5 '  I 

Surface roughness, 7.2pin.  C L A  

I I I I O  1 1 1 1 1 1 1 1 1  

b. After Surface Treatment 

.- 
I I I I 1  

F I G U R E  16 .  TALYSURF CHARTS S1IO:;TING APPAKENT SLIGHT SFIO3THIKG 
EFFECT OF ELECTRIC CURRELT PULSE IIEATING AN ALUPIIl~LJlI 
SUPGACE KCTI1 A PRESSED GRAPHITE TOOL 

I 
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0.002 in. Surface roughness, 3. I pin. C L A  

I I I I  1 1 1 1  I I I I  I l l  I O  I I I 1  I l l  I l l  I 1  1 1  
I I 

FIGURE 1 . TALYSURF CHART SHOKCNG ALUMINUM SURFACE LAPPED 
WITH A F I N E - G R I T  COMPOUND 

-0.002 in 

W 

- 
Surface roughness, 49 .Opin .  C L  

1 
- 
- 

I 1  I I  I l l  I 1 0  I I 1  I I I  I I I 
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I I I I .  
- 

FIGURE 18, TALYSURF CHEST SIIOWING E L E C T R I C  DISCHARGE 
MACHINED MILD- STEEL SURFACE 
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roughnesses  of a f r a c t i o n  of a microinch i n  o rde r  t o  f i t  t h e  genera l  p i c t u r e  of 
a p la teaued  sur face .  
t h e  p lanes  of t r a n s l a t i o n  o r  axes  of r o t a t i o n  must remain t r u e  w i t h i n  a f r a c t i o n  
of a microinch, Th i s  t ype  of p rec i s ion  i n  pos i t i on ing  is  n o t ' a t t a i n a b l e  wi th  
any o rd ina ry  o r  even e x t r a o r d i n a r y  types of machine t o o l s .  It i s  probable,  
t h e r e f o r e ,  t h a t  one of t h e  s u r f a c e s  would have t o  be a small " s l i p p e r "  t h a t  
would, i n  e f f e c t ,  span t h e  peaks of no more than  s e v e r a l  a spe r i t i e s  a t  a t i m e .  

To achieve  t h i s  by r e l a t i v e  motion between two su r faces ,  

Because t h e  f l a t  po r t ions  of any p la teaued  s u r f a c e  w i l l  s t i l l  have 
s u r f a c e  a spe r i t i e s  of some s i z e ,  an obvious f i n a l  c o n s i d e r a t i o n  i s  t h e  s c a l e  of 
p l a t eau ing  t h a t  must be achieved t o  increase  t h e  thermal  con tac t  between mating 
s u r f  aces .  

When it i s  c o n s i d e r e d - t h a t  thermal energy is  manifested i n  m e t a l l i c  
s o l i d s  by c r y s t a l - l a t t i c e  v i b r a t i o n s  and t h e  motion of an e l e c t i o n  "cloud", 
according t o  c u r r e n t  theory ,  i t  can be reasoned t h a t  two s u r f a c e s  i n  con tac t  
conduct h e a t  d i r e c t l y  a t  l o c a t i o n s  where t h e  spac ing  between t h e  s u r f a c e s  i s  
on t h e  same o r d e r  as t h e  atomic spacing of t h e  c r y s t a l  l a t t i c e s ,  o r  a t  l e a s t  
w i t h i n  t h e  range of s e p a r a t i o n  a t  which in t e rmolecu la r  f o r c e s  have s i g n i f i c a n t  
e f f e c t .  

An i n v e s t i g a t i o n  of t h i s  cons ide ra t ion  w a s  o u t s i d e  t h e  scope of t h e  
program; neve r the l e s s ,  it appears  t o  be a c o n s i d e r a t i o n  of  prime importance t o  
t h i s  program. 

Diaphragm E f f e c t i v e n e s s  

A s  reques ted  by Electro-Mechanical Engineer ing personnel  a t  Hun t sv i l l e ,  
Alabama, c a l c u l a t i o n s  were performed t o  p r e d i c t  t h e  e f f e c t i v e n e s s  of t h e  diaphragm 
on t h e  f l e x i b l e - s u r f a c e  tes t  specimen i n  conduct ing hea t .  The d e r i v a t i o n  of an 
expres s ion  and t h e  r e s u l t i n g  computations a r e  presented  i n  Appendix B. 

A s  would be expected, t h e  e f f e c t i v e n e s s  i s  a func t ion  of t h e  conductance 
c o e f f i c i e n t  of t h e  i n t e r f a c e  between the diaphragm and t h e  r i g i d  member. From 
Reference (5), it appears  t h a t  a conductance c o e f f i c i e n t  of about 5,000 Btu/hr- 

i n g  t h e  conductance c o e f f i c i e n t  can be improved by a f a c t o r  of 1 0  by t h e  e f  e c t  
of t h e  diaphragm and s u r f a c e  t rea tment  g ives  us  a va lue  of 50,000 B tu /h r - f t  -F. 
With t h e  flexible-surface-specimen design, t h e  diaphragm th i ckness  i s  0.026 inch  
and t h e  diameter  i s  0.75 inch;  f o r  t h i s  geometry and t h e  h igh  conductance- 
c o e f f i c i e n t  value,  t h e  computed e f f e c t i v e n e s s  of t h e  diaphragm i s  7.2 percent .  

f t  2 -F (about 3 watts/cm*-K) i s  a t t a i n a b l e  wi th  an  o rd ina ry  machined j o i n t ;  assum- 

5 

Figure  19 i l l u s t r a t e s  t h e  s i g n i f i c a n c e  of t h i s  low conductance. 

The o v e r a l l  conductance of an o rd ina ry  r i g i d - r i g i d  j o i n t  w i th  an i n t e r -  
f a c e  h of 5,000 Btu/hr-f t2-F i s  8.0s watts/K. The conductance of t h e  diaphragm 
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a)  Ordinary joint 

h = 5000 Btu/hr-sq ft(F) 

NaK 
C = 2:32 / 

C = 80.8 

COA = 2 .26 watts/K 
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, t  C = 13.9 1 ,  
-1TTT- 

C = 5.81 

COA = 4.06 watts/K 

b) Diaphragm joint, no 

fluid conductance 
h = 50,000 Btu/hr-sq f t  (F) 

Hg 
C = 0.776 

C = 80.8 

COA = 0.77 watts/K 

c )  Diaphragm joint, 
NaK f luid 

h = 50,000 B t u / h r - s q  f t  (F) 

d )  Diaphragm joint, 
mercury fluid 

h = 50,000 B t u / h r - s q  ft ( F )  

FIGURE 1 9 .  O V E W L  CONDUCTANCE OF ORDINARY R I G I D -  SURFACE 
J O I W  AND TYPICfiL DIAPIKAGI~I JOINI1S 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

31 

2 wi th  an h of 50,000 B tu /h r - f t  -F i s  5.81 wat ts /K i n  series wi th  t h e  r i m  con- 
ductance of 162 watts/K--giving an  o v e r a l l  conductance of 4.06 watts/K, o r  
about  one-half the conductance of t h e  ord inary  j o i n t .  

Consider ing t h e  conductance of t h e  f l u i d  pocket s epa ra t e ly ,  assuming 

To break  even wi th  t h e  o rd ina ry  j o i n t ,  
t h e  pocket i s  0.125 inch deep, t h e  o v e r a l l  conductance of t h e  j o i n t  i s  2.26 w a t t s /  
K w i th  NaK and 0.77 w a t t s / K  wi th  mercury. 
t h e  depth of t h e  pocket (wi th  NaK) would have t o  be on t h e  o rde r  of 0,030 inch.  
T h i s  pocket depth should be mechanically s a t i s f a c t o r y ,  bu t  very  l i t t l e  r educ t ion  
beyond t h i s  can be considered without  g e t t i n g  i n t o  mechanical problems. 

I f  t h e  a c t i o n  of t h e  conductive paste and t h e  diaphragm-rim combination 
t o g e t h e r  is  considered,  it i s  necessary t o  assume t h a t  t h e  presence of t h e  paste 
t ends  t o  even out  t h e  temperature  d i s t r i b u t i o n  i n  t h e  diaphragm, t h u s  reducing 
t h e  propor t ion  of h e a t  going i n t o  t h e  r i m ;  t h e r e f o r e ,  one cannot superimpose t h e  
conductance of t h e  diaphragm a lone  and t h e  f l u i d  a lone  t o  o b t a i n  t h e  e f f e c t i v e  
c onduct ance of t h e  comb i n a t  ion. 

I f  an o rd ina ry  j o i n t  w i t h  an h of 1 000 Btu/hr-f t2-F i s  compared w i t h  a 
diaphragm j o i n t  w i th  an  h of 10,000 Btu/hr-ft2-F, t h e  comparison i s  more favorable .  
The e f f e c t i v e n e s s  of t h e  diaphragm i s  about 16 p e r c e n t  and t h e  conductance of t h e  
diaphragm j o i n t  i s  2.18 w a t t s / K  as con t r a s t ed  t o  1 .61  w a t t s / K  f o r  t h e  o rd ina ry  
j o i n t .  However, t h i s  i s  s t i l l  only a 2 5  percent  i n c r e a s e  i n  o v e r a l l  conductance. 

The r e s u l t s  of t h i s  a n a l y s i s  i n d i c a t e  t h a t  only a l i m i t e d  improvement 
i n  o v e r a l l  j o i n t  conductance can be achieved a t  b e s t ,  even i f  a t e n f o l d  i n c r e a s e  
i n  i n t e r f a c e  conductance i s  achieved. 

Information upon w h i c h - t h i s  r e p o r t  i s  based may be found i n  Bat te l le  
Laboratory Record Book Number 23499. 
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APPENDIX A 

FLEXIBLE SURFACE DIAPHRAGM THICKNESS. 

EQCrATION DERIVATION MID DESIGN COMTUTATION 

The f l e x i b i l i t y  of t he  diaphragm i s  a func t ion  of both t h e  modulus 
of e l a s t i c i t y  (E)  of the mater ia l  and t h e  th i ckness  of t h e  diaphragm. I n  o rde r  
t o  o b t a i n  t h e  express ion  f o r  t h e  pressure  r equ i r ed  t o  cause a diaphragm of 
th i ckness  ( t)  t o  conform t o  a s u r f a c e  wi th  waviness of a wavelength h and peak- 
to-peak amplitude 6, i t  i s  assumed t h a t  t h e  s u r f a c e  waviness can be expressed 
as a cos ine  func t ion .  That i s ,  

y = f [cos (; 2n)  - 1 ] 
where y i s  t h e  v e r t i c a l  d i s t a n c e  measured from the  peaks.  That i s ,  

a t x = h  Y = 0, 
and a t  x = 1 1 2 ,  y = - 6 -  

Now y i s  a l s o  t h e  r equ i r ed  d e f l e c t i o n  of t h e  diaphragm ( i t  i s  a l s o  assumed t h a t  
t he  problem can be considered t o  b e  two dimensional) .  

Now t he  loading  (p)  on t h e  diaphragm requ i r ed  t o  produce the d e f l e c t i o n  
a s  expressed by Equation (A-1 )  i s ,  

p = E I -  d4Y ( A - 2 )  4 ax 

where I i s  the  moment of i n e r t i a  of the diaphragm s e c t i o n .  Working w i t h i n  1 
wave l e n g t h  and combining Equat ions ( A - 1 )  and ( A - 2 )  g i v e s  

(A-3) 

Th i s  equat ion  impl i e s  t h a t  t h e  loading t o  produce t h e  r equ i r ed  d e f l e c t i o n  i s  
a l s o  a cos ine  func t ion ,  ze ro  a t  t h e  peaks and maximum a t  the  v a l l e y s .  However, 
f o r  t h i s  ca se ,  any loading  t h a t  i s  a t  l ea s t  as g r e a t  a t  any p o i n t  as t h a t  from 
Equation (A-3) w i l l  produce the requi red  d e f l e c t i o n .  Therefore ,  

= P = E168 Pmax ( A - 4 )  

where P i s  the  r equ i r ed  uniform p res su re .  For a u n i t  s t r i p  of t he  diaphragm 
of th i ckness  t ,  

3 
I = -- t 

1 2  . 



Therefore ,  

o r  

A- 2 

3 4  
E t  68n P =  

12h4 

(A-5)  
P 65 6 - -  - -  

E t  A4 

Equation (A-5)  i s  then  used t o  determine t h e  r e q u i r e d  t h i c k n e s s  f o r  
t h e  f l e x i b l e - s u r f a c e  diaphragm. 

t 

1 
The pre l iminary  d e s i g n  computations f o r  t h e  f l e x i b l e  s u r f a c e  diaphragm 

t h a t  was proposed f o r  t h e  experimental  p o r t i o n  o f  t h i s  s tudy  are  as f o l l o w s .  
From t h e  s u r f a c e  model shown i n  Figure 7 ,  

I 
1 
I 
i 
i 
I 
1 
I -  
I 
1 
1 
I 
I 

Waviness amplitude (peak-to-val ley displacement)  , 
-4 6 = 7.0 x 10 inches.  

Waviness wavelength,  h = 0.30 inch.  

From Equation ( A - 5 ) ,  

2 
P - 6563 - ( 6 5 ) ( 7 . 0  x 

t (0 .3  i n . )  

in . ) ( lO x lo6 l b / i n .  ) - - - -  
3 A4- 4 

= 455 x l o 3  l b / i n .  

81 i n .  4 

P 5.62 x 10  7 l b / i n  5 . - =  

t3 

t = 1 0 - 3 ( ~ / ~ . 0 5 6 ~ ) 1 / 3  i n .  3 (P 1 0 - ~ ) ( 1 0 - ~ )  3 t =  i n  . 
5.62 x lo-* 

For P = 1000 p s i ,  

t = (1000/C.0562)1/3  i n .  

t = ( 1 7 , 8 0 0 ) ~ / ~  i n .  

t = 10 x 26.1  = 0.02G1 i n .  - 3  

t = 0.026 i n .  
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APPENDIX B 

EFFECTIVENESS OF DIAPHRAGM I N  TWSFERRING HEAT, 

NEGLECTING THE CONDUCTANCE OF THE PRESSURIZING HYDROSTATIC FLUID OR PASTE 

EQUATION DERIVATION AND EXAMPLE COMPUTATION - 

Heat ba l ance  on r a d i a l  element of  diaphragm: 

Now 
dT 

q k =  - k 2nr t - d r  ' 

D i f f e r e n t i a t i n g  g i v e s  

d dT - = -  dqk 2nkt dr ( r z  ) d r  

d r  

Heat t r a n s f e r r e d  a c r o s s  diaphragm s u r f a c e :  

Aqh = -h 2nr .TAr 

S u b s t i t u t i n g  (B-3)  and (B-4)  i n  (B-1 )  g i v e s  
0 

2nkt( r q  + E) Ar - 2nhTrAr = 0 , 
d r  

which s i m p l i f i e s  t o  

2 r2  d2T + r dT - h r T = 0.  - - -  
2 d r  k t  d r  

2 Now l e t  h = N - 
k t  

and s u b s t i t u t e  i n  (B-5):  

Z d T + r - - - ~ r ~ = 0 .  2 dT 2 2 
d r  r -  2 d r  

(B-3)  

03-41 

(B-7)  
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From Reference ( 7 )  

T = C J ( i N r )  -t- C Y ( i N r ) ,  ( B - 8 )  l o  2 0  

where J ( i N r )  i s  t h e  zero-order  b e s s e l  func t ion  of t he  f i r s t  kind and Y i s  
t h e  zerg-order  b e s s e l  func t ion  of  t h e  second k ind ,  

0 

The boundary condi t ions  a r e  

T = T o  AT r = r (B-9)  
0 

dT = 0 a t  r = 0 
d r  

F i r s t  B.C.: 

(B- 10) 

T = C J ( i N r o )  + C Y ( i N r o ) .  ( B - 1 1 )  
0 l o  2 0  

Second B.C.: 
I 

(B-12) 

d [ J o ( i N r ) ]  = - i N H l ( i N r )  . ( B - 1 3 )  
d r  

S i m i l a r l y  

[I Y o ( i N r )  = - i N Y  ( iNr)  . d r  1 1 

S u b s t i t u t i n g ,  

0 = C1 iNJ1(0) - C 2 iNY1(0) . 
Now J (0) = 0 and Y1(0) = - 03 

Therefore ,  C = 0. 

1 

2 

= C J ( i N r  ) To l o  0 
m 

S u b s t i t u t i n g  @-15) amd ( B - 1 7 )  i n t o  ( B - 1 1 )  : 
J ( i N r )  

o Jo (iNro) 
0 T = T  

( B - 1 4 )  

( B - 1 5 )  

(B-16) 

( B - 1 7 )  

( B - 1 8 )  



B-3 

Now t h e  h e a t  e n t e r i n g  t h e  r i m  i s  

dT _ -  - 2rrktro . 
q r  

D i f f e r e n t i a t i n g  (B-18) :  

- dT = To 
d r  J o ( i N r o )  

[ - i N J l ( i N r ) ]  

And s u b s t i t u t i n g  i n  (B-19) : 

[ - i N J  ( i N r  q = -2rrkr t T 
r 0 0  

Now t h e  i d e a l  h e a t  i n p u t  i s  
2 _ -  - hrrr 

' ideal  0 

The e f f e c t i v e n e s s  o f  t h e  diaphragm 

9': 
( l idea l  

I =  

(B-19) 

(B-20) 

(B-21) 

(B- 22) 

i s  def ined  as  

(B-23) 

2rrkr t T [ - i N J l ( i N r o ) ]  
0 0  n =  

-hnro 2 To Jo ( i N r o )  

'Q = 2 i  J l ( iNr)  

N r o J o ( i N r o )  . 
Now u s i n g  t h e  modified b e s s e l  func t ion ,  

In(x) = i h n J n ( i x )  , 

Y i e l d s  
Io(x) = J o ( i x )  

-1 and I1(x) = i J 1 ( i x )  = -iJ  1 ( i x ) ,  

o r  

N r  I ( N r o )  
0 0  

L e t  r = 0.75 i n .  
0 

k = 115 Btu/hr-f t -F 
t = 0.026 i n .  

0 
L 

A = - IT (E) = 0.00306 f t 2  
4 / 

(B-24) 

(B-25) 

(B-26) 

(B-27) 

(B-28) 

(B- 29) 
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I- I I 

- 
= d4.01h 0.75 = 0.125 h/ h 

12 Nro 

TABLE B-1. DIAPHRAGM EFFECTIVENESS VALUES FOR SELECTED 
VALUES OF JOINT CONDUCTANCE COEFFICIENT 

100 10 1.25 0.845 0.306 0.258 0.136 

1,000 31.6 3.95 0.436 3.06 1.33 0.703 

5,000 70.7 8.84 0.226 15.3 3.46 1.83 

10,000 100 12.5 0.160 30.6 4.90 2.59 

50,000 224 28.0 0.072 153 11 .o 5.81 

100,000 316 39.5 0.051 30 6 15.5 8.19 

Conductance of rim: 

= 13.9 watts/K . 
Conductance of fluid pocket: 
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TABLE B-2. FLUID-POCKET CONDUCTANCE VALUES FOR 
SELECTED HYDROSTATIC FLUIDS 

- - 

k, c ,  c ,  
F l u i d  Btu /hr - f t -F  Btu/hr-P w a t t s l K  

NaK 15 4.40 2.32 

Hg 5 1.47 0.776 

S i l i c o n e  0.4 0.12 0.0633 
-E meta l  
powder 

S i l i c o n e  0.01 0.002 0.00106 
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NOMENCLATURE 

Engl i sh  Let ters  

A 

C 
E 

I 

P 

4 

4' 
r 

t 

X 

Y 

h e a t - t r a n s f e r  area 

cons tan t  o r  c o e f f i c i e n t  

material modulus of e l a s t i c i t y  

s e c t i o n  moment of i n e r t i a  

parameter ,  J I J i F  
p res su re  

temperature  

i n t e r f a c e  conductance c o e f f i c i e n t  

thermal conduc t iv i ty  

diaphragm loading  

h e a t - t r a n s f e r  r a t e  

h e a t - t r a n s f e r  r a t e  p e r  u n i t  l e n g t h  

r a d i u s  

diaphragm th i ckness  

a r b i t r a r y  parameter 

v e r t i c a l  d i s t a n c e  from su r face  peaks 

Greek L e t t e r s  

B increment 

6 maximum d i s t a n c e  from peak t o  v a l l e y  on su r face  ampli tude 

Q diaphragm e f f e c t i v e n e s s  

h maximum d i s t a n c e  between sur face  peaks (wavelength) 

Mathernatfcal Notat ion 

i J -1 

n I (x) modified Bessel func t ion  

Jn (x )  Bessel  func t ion  of f i r s t  kind 

Y (x) Bessel  func t ion  of second kind n 



NOMENCLATURE (Continued) 

Sub s c r i p t s  

h h e a t  e n t e r i n g  diaphragm sur face  

k 
o diaphragm o r  o u t e r  

i i n n e r  

h e a t  flow by conduction i n  diaphragm 


