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Resul t s  a r e  p resen ted  of an exper imenta l  study of the rma l  r e s i s t ance  in contacts  with a 
c e r a mic  coating in a vacuum and a gaseous  medium.  Thermal  r e s i s t ance  of contact  is 
de termined  as  a function of coating thickness  and the rma l  conductivity.  

In construct ion of energy devices  one often meets  the problem of producing high values of contact  
t he rma l  r e s i s t ance ,  pa r t i cu la r ly  in the construct ion of heat  insulating devices  for  var ious  purposes .  Con- 
t ac t s  with a c e r a m i c  coating a re  of grea t  in te res t  in this  connection, since they may be ut i l ized at high t e m -  
p e r a t u r e s .  The present  study will invest igate  such coatings.  

The exper imenta l  apparatus  used in the study consisted of a vacuum chamber  with a model  for  study 
of contact heat t r an s f e r ,  vacuum pumps,  gas cy l inders ,  a l eve r  sys tem to genera te  compress ive  loads,  and 
the measu remen t  equipment.  

The exper imenta l  specimens were  cyl inders  35 mm in d iamete r  and 20 mm high, or  paraUelopipeds 
43 •  x 20 ram. Some specimens  were  p repared  f rom sheet mate r ia l  0 . 5 - 3 . 0  mm in th ickness .  

Exper iments  were  conducted in a vacuum with absolute p r e s s u r e  10 -4 mm Hg and in helium at a p r e s -  
sure  of about 1300 mm Hg. Maximum contact p r e s s u r e  was 30 x 105 N /m  2. 

Both the rma l  flux and t empe ra tu r e  drop over  the contact were  de termined by th ree  or  four  groups of 
thermocouples ,  producing more  re l iab le  values  of contact t he rma l  r e s i s t ance  R c, calculated f rom the f o r -  
mula 

R e -  L~tc 
q 

The e r r o r  in calculat ion of R c compr ised  about 12%. 

Exper iments  were  pe r fo rmed  with the following Pairs  of mate r ia l s :  molybdenum--graphi te ,  molyb-  
d e n u m - g r a p h i t e  with coating of aluminum oxide (A1203), molybdenum--graphi te  with coating of c e r amic  
alloy 85?0 BeO + 15% A1203 (by weight).  The mean  height of surface  microinhomogenei t ies  on the contact 
sur faces  of the molybdenum, graphi te ,  a luminum oxide, and ce r am ic  specimens was 1 .07 ,  62, 55, and 
57/~ respec t ive ly  (calculated f rom prof i logram) .  

The exper imenta l  data a re  presented  in Fig .  1 in the fo rm  of R c as  a function of contact p r e s s u r e  at 
constant t e m p e r a t u r e  in the contact zone, 580 ~10~ 

The low R c values  fo r  the molybdenum--graphi te  pa i r  a re  explained by the high conductivit ies of the 
two ma te r i a l s  and the re la t ive ly  low hardness  of the graphi te .  

Coatings of aluminum oxide and ce r am ic  alloy were  placed on the graphite surface  by vacuum sput-  
t e r ing .  

The the rmal  r e s i s t ance  R c of the molybdenum--graphi te  pa i r  with AlzO 3 coating in a vacuum is approxi -  
mately  8-10 t imes  higher  than that of the uncoated parr ,  because  of the low conductivity and g r ea t e r  hardness  
of the aluminum oxide in compar ison  to  the graphi te .  
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Fig .  1. Contact t h e r m a l  r e s i s t a n c e  v e r s u s  c o m p r e s s i o n  for  m o l y b -  
d e n u m - g r a p h i t e  without and with cover ings  at constant t e m p e r a t u r e  
in contact  zone t c = 580~ 1, 2) molybdenum--graph i t e  in vacuum 
and he l ium,  respec t ive ly ;  3-5) molybdenum--graph i t e  with A12% 
coating,  6 = 300 ~; 3) in vacuum; 4) in helium; 5) in vacuum with 
copper  foil in contact;  6-8) molybden~lm--grapMte with c e r a m i c  
a l loy,  5 = 300 p; 6) in vacuum; 7) in hel ium; 8) in vacuum with c o p -  
p e r  foil in contact .  R c, m 2. deg/W, Pc ,  N/m2.  

F ig .  2. I s o t h e r m s  in su r face  contact  zone of e l e m e n t a r y  t h e r m a l  chan-  
nel with r0 /a  = 3.0; h / a  = 5.0,  where  r 0 is rad ius  of equivalent cyl inder;  
a,  contact  spot rad ius ,  and 5, coating th ickness .  1) Surface with t e m -  
p e r a t u r e  tmax;  2) tmin;  3) adiabat ic  su r faces ;  I) i s o t h e r m s  for  su r face  
contact  without coating; II) i s o t h e r m s  with coating,  m = 0.5,  A = 5 .0 .  
Numbers  on curves  a re  d imens ion less  t e m p e r a t u r e ;  absc i s sa ,  r; ordinate ,  z. 

The R c values  for  the coated pa i r s  (curves 3-8, F ig .  1) include the t h e r m a l  r e s i s t a n c e  of the 300 
coating,  which can be de te rmined  f r o m  the known heat  conductivity coeff icient .  Taking the coefficient  
va lues  p resen ted  in [1], we find the t h e r m a l  r e s i s t a n c e  of the contact  is  (0.25-0.30) • 10 -4 m2-deg/W, 
approx ima te ly  1% of the value of R c in vacuum and 6-10~ of R c in he l ium.  I t  should be  noted that  the t h e r -  
mophys ica l  p r o p e r t i e s  of coatings obtained by the vacuum sput ter ing method [2] may  differ  s ignif icantly 
f r o m  the r e su l t s  of other  s tudies [3] and the data p resen ted  in [4]. 
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Fig .  3. Effect  of contact  g e o m e t r y  on R 6: a) at A = 5.0 and 
A = 1 0  (1, 2, 3, 4, 5 - -A= 5.0; m = 0.10, 0.25; 0.50; 1.0 and 
2.0;  6-11) A = 10; m = 0.10: 0.25: 0.50: 1.0; 1.50 and 2.0); 
b) at A = 20 (1, 2, 3, 4 and 5 - m  = 0.10, 0.25; 0.50; i .0  and 2~0). 
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For  the molybdenum--graphite pair  with the ce ramic  alloy coating the thermal  contact res i s tance  in 
vacuum is approximately 75% lower than that of the pair  with aluminum oxide coating, which is explained by 
the higher conductivity of the ceramic  alloy in comparison to aluminum oxide. 

For  contact operation in a helium atmosphere  the major  portion of the thermal  flux flows through the 
gas l ayers  filling the spaces between microprojec t ions  of the contacting sur faces .  Since the sum H 1 + H 2 of 
the mean height of microprojec t ions  of the roughness of the contacting surfaces  for  both pa i rs  with coatings 
is pract ical ly  identical (the indices 1 and 2 re fer  to the two contacting surfaces) ,  the R c values a re  also 
s imi la r .  

Also studied were coated pa i rs  with a copper foil 50 ~ in thickness introduced into the contact .  In t ro -  
duction of the foil reduced R c in vacuum by a factor  of 2 . 5 - 3 . 0 .  

It must  be noted that the relationship between R c for  pa i rs  with the graphite coated and uncoated is 
determined not only by the values of the thermal  conductivity coefficients,  but also by various mechanical  
proper t ies  of the ma te r i a l s .  

In theoret ical  studies of contact heat t r ans fe r  it is usual ly assumed that the actual surface contact 
is formed by individual spots of c i rcu la r  shape, uniformly distributed over either the entire surface or 
over individual so-oa l ledcontour  a reas  [5, 6]. In this  case  the problem reduces  to determination of the 
thermal  res i s tance  of a single contact,  which may be calculated for  surfaces  without coatings f rom the 
formulas  of [5]. The geometr ic  pa rame te r s  of the contact a re  calculated with the formulas  of [7]. 

If d iscre te  segments of actual surface tangency form a two-dimensional  periodic contact,  the thermal  
res i s tance  of an individual contact may be calculated with the formulas  of [8, 9]. 

In the presence  of a coating of some other mater ia l  on the contact surfaces  the contact thermal  r e s i s -  
tance will depend on the coating thickness and the coefficient of thermal  conductivity of its m a t e r i a l .  

We will consider an e lementary cylindrical  thermal  channel (Fig. 2) with contact spot radius a and 
equivalent cylinder radius r 0, on the contact surfaces  of which there  exists a coating of thickness 6. The 
coefficient of thermal  conductivity of the basic mater ia l  is Xl, that of the coating, 12. 

It is assumed that there  is no heat conductive mater ia l  between the contact surface (vacuum conditions) 
and that the effect of thermal  radiation is negligibly smal l .  

We assume that the thermal  flux is directed f rom surface 1 at a t empera tu re  of tma x to surface 2 at 
a t empera ture  of tmin.  If  the coefficients kl and X2 are  independent of t empera ture ,  the problem of de te r -  
mining the stat ionary t empera tu re  field reduces  to solution of the Laplace equation 

02t __ 1 Ot ~2t 
- -  - - ,  + = 0 ( 1 )  

Or ~" r Or az ~ 

with the following boundary conditions (indices I and 2 on t r e fe r  to basic  mater ia l  and coating, respectively):  

1) at z = 0 t = tma  x for all r from 0 to r = Q; 

2)  a t  Z = h - - 6  tl=t.,and ~, 1 Oil - - ~  Ot2 forall rfmm Otor=r0;  
" Oz Oz 

Ot 2 3) at z = h a n d a ~ r ~ r  o --0; 
Oz 

4) at z = h @ 5  t .= t l and  t .  Ot~ =~'I Oil " " Oz T for all r from 0 to r = re; (2) 

5) at ~ z = 2h ! ----- tmi n for all  r from 0 to r = r0; 

{5) at r=O atl --Oand Ot~ = 0  foraii-z; 
Or Or 
Ot 1 - ,  Or~ 

7) at r = r  o - = 0 ana : =  0 for all z; 
Or Or 

8) in the plane of tangency (z = h) of the surfaces  at 0 _< r _< a ideal contact is assumed,  i . e . ,  the 
thermal  channel is considered to be a continuous body. 

The thermal  flux passing through the contact for  any z within the baste mater ia l  may be written as 
re 

j" )~1 Oz 
Q = atl 2z~rdr. (3) 

0 
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We define the thermal  res i s t ance  of an individual contact without and with coating as 

R I  = Ramax - -  R1rnin, R~  = Ramax - -  R2m m, (4) 

where  Rimax and R2max are  the total thermal  r e s i s t ances  of the channel without and with coating; Rlmin 
and R2min a re  the total thermal  res i s t ance  of the channel with ideal contact ( a = r0) without and with coa t -  
ing.  

In expanded fo rm the express ions  for  R 1 and R2 may be written as:  

R I  = :  tmax - -  [mir l  - -  ~ 2h 

" Q ,  nd kl ~. 

where Q, and Q2 are  the the rmal  fluxes for  the channel without and with coating. 

We intiroduce the following dimensionless  var iables :  

5 h t" 0 . ~tl. i~ - -  t m i  n 
m = - - ,  n - -  ; k = - - ,  A- -  ; T =  - ; 

C/ a a )~2 t rnax - -  t m i n  

ql = Q1 ; q2 = Q~" ; R ~ -  R2 
(tma x - -  tram ) kla (tmax - -  in, ill ) )'.la R 1 

(6) 

Using Eq. (5) and the dimensionless  var iables  of Eq. (6), the quantity R 6 may be represented by 

1 - -  In -:- m ( A  - -  i ) ] :q ,  
2 

Ro q~ ak'-' = - - "  2n (7) 
q2 l - - - -  

ak 2 

This problem was solved numer ica l ly  by the method of [10] on an electronic computer .  The t e m p e r -  
a ture  distribution for  the thermal  channel presented in Fig.  2 was found as the solution of the thermal  con-  
ductivity equation for  which the condition is approximately fulfilled that the derivat ive of t e m p e r a t u r e  with 
r e spec t  to t ime is equal to ze ro  for  all e lementary  volumes of the thermal  channel.  

The increments  Ar in r and Az in z were set equal. The relat ionship between increments  in coord i -  
nates  and t ime was chosen to sat isfy the condition of stabili ty of the finite difference sys tem in cylindrical  
coordinates .  

Calculations of the t empera tu re  field, thermal  flux, and values Rl, R 2 and R 5 were made for  four 
different ra t ios  A of the conductivity coefficients of base mater ia l  and coating: A = 2, 5, 10, and 20. Fo r  
each A value R 5 was determined as a function of re lat ive radius k = r o / a  of the equivalent cyl inder  for v a r i -  
ous values of re lat ive coating th ickness .  The geometr ic  p a r a m e t e r s  m and k were varied within the l imits  
m = 0 .1 -2 .0 ;  k = 3-10. 

For  each the rmal  channel var iant  the s ta t ionary t empera tu re  field and the thermal  flux through the 
contact were calculated.  As an example,  Fig.  2 shows i so therms  of surfaces  without and with coatings 
(A = 5.0;  m = 0.5) for a thermal  channel with geomet r ic  pa r ame te r s  k = 3.0,  n = 5 .0 .  

Introduction into the contact zone of mater ia l  with a low coefficient of thermal  conductivity leads to 
inc rease  in t e m p e r a t u r e  gradient and increased contact thermal  res i s tance .  On the boundary between base 
mater ia l  and coating the i so the rms  have a cha rac te r i s t i c  break,  produced by change in the value of the co -  
efficient of thermal  conductivity.  

F igure  3a, b shows the dimensionless  contact thermal  res i s t ance  R 5 as  a function of the geometr ic  
p a r a m e t e r  k for var ious  values of relat ive coating th ickness .  With inc rease  in k the thermal  res i s tance  
of the coated contact inc reases  somewhat more  slowly than that of the uncoated contact,  because of the 
different cha rac te r  of the contract ion of the flux lines into the actual contact spot. A decrease  in R 6 with 
growth in k occurs  basical ly  at small  values of k.  

With inc rease  in relat ive coating thickness the effect of the p a r a m e t e r  m on the value of R 5 de-  
c r e a s e s ,  since the contribution of the basic mate r ia l  to the value t:t 2 becomes  insignificant and consequently, 
the value of R 6 is determined mainly by the ra t io  of the conductivities A. 
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It is necessary to stress that the basic contribution to thermal resistance is given by the material 
located near the contact spot. Thus even a caating of low thickness may significantly change the thermal 

resistance. 

We note that high effectiveness of coatings with thickness several times smaller than the actual con- 
tact spot radius also occurs in the case where A< 1.0 0tl < 12), i.e., for deposition of coatings to reduce 
thermal resistance. This case has been considered in [11]. 

Calculations have shown that R 5 as a function of A in logarithmic coordinates may be approximated 
With sufficient accuracy by straight lines whose slope is dependent on the geometric parameters m and k. 
In connection with this, an approximate value of R 6 for any value of A and given m, k can be obtained from 

the condition 

Ig R 6 

R~ = A lg A* , 

where  R~ is  the  known value of R5 for  a given t h e r m a l  conductivity ra t io  A. F o r  the value R~ the Values of 
1R 6 p re sen ted  in F ig .  3 fo r  A* = 5, 10, 20 m a y  be used .  

With known R 6 fo r  a t h e r m a l  channel with given g e o m e t r i c  p a r a m e t e r s  m and k the t h e r m a l  r e s i s t a n c e  
of a single coated contact  is  de te rmined  by the product  

R2 = RsR1, 

where  R 1 m a y  be calculated by the fo rmu la s  of [5]. 

According  to the r e s u l t s  of th is  p re sen t  study the t h e r m a l  r e s i s t a n c e  R i of a single uncoated contact 
proved  to  be 5-7% higher  than indicated by the f o r m u l a s  of [5], which were  obtained for  a t h e r m a l  channel 
of infinite d imens ions  in the d i rec t ions  z and - -z .  

The a u t h o r ' s  s tudies  were  p e r f o r m e d  at  h = ( 1 . 0 - 1 . 5 ) r  0. Calculat ions show that  fu r the r  i nc r ea se  
in h has  p rac t i ca l ly  no effect  on 1R 1 . F o r  example ,  for  a change in the d imens ion less  p a r a m e t e r  h / a  f r o m  
3 to 7 at  r0/o  = 3 the va lue  of 1R 1 changed l e s s  than 1%. Such a weak effect  of the p a r a m e t e r  h/o  a l so  af fec ts  
the t h e r m a l  r e s i s t a n c e  1R 2 of a single coated contact  and consequently,  the value of R 5 . 

In connection with th i s ,  i t  may be a s sumed  that  the va lues  of R 6 p re sen t ed  h e r e  for  a t h e r m a l  channel 
of finite d imens ions  in the d i rec t ions  z and--Z do not differ  in p r ac t i ce  f r o m  those for  a channel with infinite 
z d imens ion .  

The va lues  1R 1 and 1R 2 de t e rmine  the t h e r m a l  r e s i s t a n c e  of the contact in a vacuum.  I f  a heat  conduc-  
t ing med ium is  p r e s en t  in the contact  gap i ts  effect  may  be cons idered  with the fo rmu la s  of [5]. 

Pc 
t c 
H 

t l ,  X2 
r a n d  z 
a ,  r 0 
6 
h 
t 

t m a x ,  tmin ,  
k = ro / a  
n = h/tr 
m = 6/a 

A = M/x2 
T =t--tmi n 

tmax--tmin 
Q 

R c 
Rlmax ,  R2max 
Rlmin ,  R2min 

NOTATION 

i s  the speci f ic  c o m p r e s s i v e  load (contact p r e s s u r e ) ;  
i s  the t e m p e r a t u r e  at contact  zone; 
i s  the  mean  height of mic ro inhomogene i t i e s  of contact su r faces ;  
a r e  the coeff icients  of t h e r m a l  conductivity of contact  and coating m a t e r i a l s ;  
a r e  the coordinate  axes;  
a r e  the actual  contact spot rad ius  and equivalent cyl inder  radius;  
i s  the coating th ickness ;  
i s  the cyl inder  height; 
i s  the t e m p e r a t u r e ;  
a r e  the m a x i m u m  and m i n imum t e m p e r a t u r e s  of t h e r m a l  channel; 
i s  the re la t ive  equivalent cyl inder  radius ;  
is  the re la t ive  cyl inder  height; 
i s  the re la t ive  coating th ickness ;  
i s  the r a t io  of contact  m a t e r i a l  conductivity tO coating conductivity; 

i s the d imens ion less  t e m p e r a t u r e ;  
i s  the t h e r m a l  flux; 
is  the t h e r m a l  r e s i s t a n c e  of contact  pe r  unit a r e a  of sur face  in contact;  
a r e  the to ta l  t h e r m a l  r e s i s t a n c e  of channel; 
a r e  the total  t h e r m a l  r e s i s t a n c e  of channel for  ideal  contact  (, = r0); 
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Ri, R2 
ql = Q!/(tmax--tmi n) kia; 
q2 = Q2/(tmax-tmin))tl a 
R 6 = R2/R 1 

are the thermal resistances of individual contact; 

is the dimensionless thermal flux; 
is the dimensionless contact thermal resistance; 

S u b s c r i p t s  

values with index 1 
index 2 

for the channel without coating, 
for the channel with coating. 
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2. 

3. 
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6. 
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