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The article presents the results of an experimental investigation of the thermal resistance 

of contacts with coatings and linings of soft metals (silver, copper) at compressive stresses 

of up to 56 �9 105 N/m 2 over a temperature range of 250-600~ The specimens were made of 

different kinds of stainless steel or of a molybdenum alloy. 

One of the major problems in the manufacture of some types of systems for the conversion of thermal 

energy to electrical energy is the reduction in the thermal resistance of contacts that results from the dis- 

crete nature of the actual contact between the matched surfaces of machine components. 

It is frequently impossible, for various reasons, to solder or weld two components into an inseparable 

junction, for which the contact thermal resistance is practically zero, and in such cases the thermal energy 
is transmitted by means of pressure contact. 

The thermal conductivity of a contact between machined metal surfaces can be calculated from the 

formulas of [i], which were obtained by generalizing the experimental data of various authors. For contact 

heat exchange in a vacuum (disregarding the contribution of thermal radiation, the effect of which may be 
neglected in most cases), the following expression was obtained in [I]: 

a c : 8.10a~-m k 
t 

where cr B is the ultimate strength of the weaker material of the contact pair; k is a coefficient which reflects 

the effects of the actual microgeometry and which increases as the degree of smoothness of the surface be- 

comes higher [I], The conductivity of the contact increases as the height of the microscopic projections of 

the surfaces decreases, but for many important design materials the value of c~ c in a vacuum remains very 

low even when the surfaces have a high degree of smoothness. In this case the thermal conductivity of the 

contact can be increased by adding to the contact some material with higher conductivity and lower hardness 

TABLE i. Physical Properties of Some Metals Com- 
pared with KhI8N9T Stainless Steel 

Material 

Lead 

Aluminum 

Silver 

Copper 
Nickel 
KhlSN9T 

steel 

tm 
e~ 

327 
660 
960 

1083 
1453 

Brinell hardness 
at normal tem- 
perature (HB, 
N/ram 2) 

40-70 
250-320 
250 
800 

1200-1500 

1350-1850 

'Coefficient of thermal 
conductivity, W/re. deg 
at various temperatures, 
~ 

0 / 250 500 

l 35 31 -- 
209 222 -- 

412 E 370 361 
394 375 360 
67 56.8 50 

15 18.2 21.7 
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TABLE 2. 

~ Material of spec- Type of treat- Coating material 
: "~ imen i ment and thickness, 

1 Khl8N9T iTur~ing . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 I KhlSN9T iThe same Silver, 25 
3 Kh18N9T i " Nickel, 25 
4 Khl8N9T !Turning, lapp- - 

I ing 
5 KhlSN9T ~Turning Silver, 25 
6 Kh18N9T IThe same Copper, 25 
7 Khl8N9T Grinding 
8 VM-1 !The same - 
9 KhlSN10T Polishing 

1011 KhlSNIOTKhN78T The same.  !Silver,_ 45 

12 VM-1 I Grinding - 

G e o m e t r i c  C h a r a c t e r i s t i c s  of Contac t  S u r f a c e s  of E x p e r i m e n t a l  S p e c i m e n s  

Average height 
Treatment of of microscopic 
coating irregularities, 

1.8-2.0 
- 1.8-1.9 
- 1 . 7  

- 0 . 6  

! m M ~  r~ 

V8 3-7 

V8 20--40 

V8 5--12 

710 o-i 

Lapping 
Lapping 

1-1.15 

0.85-1 

1.20 

i. 08 

0.95-1 

1.1 

0.25-0.3 

1.05 

V9 
V9 
V9 
V9 
V9 
V9 
VII  
V9 

8-11 

5-12 

0-I 

2 

5-10 

20 -30 

10-15 

5 

Note: 1. The average height of the microscopic irregularities and the nonplanarity for each specimen number are 
obtained from the results of measurements of four surfaces. 2. The contact area in specimens 1-8 is a circle of 
diameter 35 ram, while in specimens 9-12 it is a square measuring 43 x 43 ram. 

than  the  m a t e r i a l s  of the  b o d i e s  in  con tac t ,  The  r e s u l t s  of i n v e s t i g a t i o n s  [2-4] i n d i c a t e  tha t  such  a me thod  
of r e d u c i n g  the con tac t  t h e r m a l  r e s i s t a n c e  i s  e f f e c t i v e .  T a b l e  1 shows  the p h y s i c a l  p r o p e r t i e s  of s o m e  m a -  
t e r i a l s  tha t  m a y  be used  a s  coa t ings  and l i n ings  in  o r d e r  to r e d u c e  the  con tac t  t h e r m a l  r e s i s t a n c e .  

I t  should  be noted tha t  in  o r d e r  to  c a l c u l a t e  the  t h e r m a l  r e s i s t a n c e  of c o n t a c t s  with coa t ings  o r  th in  
l i n ings ,  s o m e  c o r r e c t i o n  m u s t  be m a d e  in the f o r m u l a s  fo r  c o n t a c t  hea t  exchange  tha t  a r e  p r o p o s e d  in  [1] 
and o t h e r  s t u d i e s ,  s i n c e  the  d e f o r m a t i o n  of d e n s e  c o a t i n g s  and l in ings  i s  d i f f e r e n t  in  n a t u r e  f r o m  the d e f o r -  
m a t i o n  of m i c r o s c o p i c  p r o j e c t i o n s  of m a c h i n e d  s u r f a c e s .  It should  a l s o  be noted tha t  when the con tac t  s u r -  
f ace  has  a c o a t i n g  of a d i f f e r e n t  m a t e r i a l ,  the r e g i o n  of c o n t r a c t i o n  of the  l i ne s  of t h e r m a l  c u r r e n t  to the  
s p o t s  of  a c t u a l  con t ac t  c o n s i s t s  of two s e g m e n t s  with d i f f e r e n t  v a l u e s  of t h e r m a l  conduc t iv i ty ,  and c o n s e -  
quent ly  the t h e r m a l  r e s i s t a n c e  of the  con tac t  wi l l  depend  on the t h e r m a l  c o n d u c t i v i t i e s  of the  b a s e  m a t e r i a l  
and the coa t i ng  m a t e r i a l  and on the r a t i o  of the  c oa t i ng  t h i c k n e s s  to  the  r a d i u s  of the con tac t  spo t .  

The  a u t h o r s  have  conduc ted  an e x p e r i m e n t a l  i n v e s t i g a t i o n  of con tac t  h e a t  exchange  on s p e c i m e n s  of 
K h l S N 9 T  s t a i n l e s s  s t e e l  whose  con tac t  s u r f a c e s  w e r e  coa t ed  with  s i l v e r ,  c o p p e r ,  o r  n i cke l .  In add i t ion ,  
we i n v e s t i g a t e d  con tac t s  in  which c o p p e r  foi l  had been  p l a c e d .  T h e  s p e c i m e n s  w e r e  m a d e  of VM-1 m o l y b -  
d e n u m  a l loy ,  Kh l8N9T s t a i n l e s s  s t e e l ,  and KhN78T s t a i n l e s s  s t e e l .  T a b l e  2 l i s t s  the  s p e c i m e n s i n v e s t i -  
ga t ed  and g ives  the m o s t  i m p o r t a n t  da t a  c o n c e r n i n g  t h e m .  

The  e x p e r i m e n t s  we re  c a r r i e d  out  on a c on t a c t  h e a t - e x c h a n g e  t e s t i n g  a p p a r a t u s  c o n s i s t i n g  of a v a c u u m  
o p e r a t i n g  c h a m b e r ,  v a c u u m  pumps ,  a s p r i n g  s y s t e m  f o r  p r o d u c i n g  the  c o m p r e s s i v e  l oad ing  on the con tac t  
u n d e r  i n v e s t i g a t i o n ,  c y l i n d e r s  of i n e r t  g a s e s ,  r e g u l a t i n g  t r a n s f o r m e r s ,  and m e a s u r i n g  i n s t r u m e n t s .  

The  hea t  f lux t h r o u g h  the con t ac t  was  p r o d u c e d  by  m e a n s  of an e l e c t r i c  h e a t e r  and a w a t e r  c o o l e r .  
The  l a t e r a l  s u r f a c e s  of  the  s p e c i m e n s  w e r e  n e a r l y  a d i a b a t i c ;  t h i s  was a c h i e v e d  by  m e a n s  of s h i e l d s  and a 
c o m p e n s a t i o n - h e a t i n g  e l e c t r i c  h e a t e r  p o s i t i o n e d  on one of the  s h i e l d s .  The  t e m p e r a t u r e  in  the  v a r i o u s  e x -  
p e r i m e n t s  r a n g e d  f r o m  250-600~ C h r o m e l - A l u m e l  t h e r m o c o u p l e s  wi th  an e l e c t r o d e  d i a m e t e r  of 0.2 m m  
w e r e  used  f o r  m e a s u r i n g  the  t e m p e r a t u r e .  T h e  ends  of the t h e r m o c o u p l e s  w e r e  t a k e n  out of the o p e r a t i n g  
c h a m b e r  b e t w e e n  r u b b e r - l i n e d  f l anged  j o i n t s .  

The  c o m p r e s s i v e  l oad ing  was  p r o d u c e d  by m e a n s  of a s p r i n g  s y s t e m .  The  p l u n g e r  used  f o r  t r a n s -  
m i t t i n g  the  s t r e s s  f r o m  the s p r i n g  to  the  o p e r a t i n g  c h a m b e r  was  s e a l e d  with  a Sylphon be l l ow s  which  had a 
low d e g r e e  of r i g i d i t y .  In  o r d e r  to  p r e v e n t  the  o c c u r r e n c e  of a bend ing  m o m e n t ,  the s t r e s s  was  t r a n s -  
m i t t e d  f r o m  the p l u n g e r  to  the  c o o l e r  t h r o u g h  a s m a l l  s p h e r e  of  ShKhl5  s t e e l .  The  m a x i m u m  con tac t  p r e s -  
s u r e  in  the  e x p e r i m e n t  was  56" 105 N / m  2. 
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Fig. I. Typical profilograms of contact surfaces of 
steel specimens without coatings and with unlapped coat- 
ings. I) Turning, VS; 2) turning, VS, plus 25-# sil- 
ver coating; 3)turning, ~78, plus 25-# copper coating; 4) 
turning, V 8, plus 25-# nickel coating; 5) polishing, ~79; 
6) polishing, ~79, plus 45-p silver coating. 

The experiments were conducted in a vacuum at a pressure of I0 -~ mm Hg, with a surrounding medium 
of inert gas (helium) at a pressure of 1.8 �9 i05 N/m 2. 

The value of the heat flux was determined from the temperature gradients on the measurement inter- 
vals of the cooler and the heater. The temperature drop at the contact was determined from the readings 
of four differential thermocouples whose junctions were fixed in special openings in the specimens at a dis- 
tance of 2 mm from the contact plane. The thermal resistance of the contact was calculated from the for- 

mula 

Rc = Ate 
q 

The experimental  specimens were cyl inders  with a d iameter  of 35 mm and a height of 20 mm or  p a r -  
allelepipeds measur ing  43 x 43 x 20 mm. In some experiments  we used specimens of sheet steel (Kh18N10T) 
0.6-0.8 m m  thick. The contact sur faces  of the specimens were worked by turning, grinding, and polishing. 

Soft-metal  coatings were applied to the contact sur faces  of the s ta inless  steel specimen by an e l ec t ro -  
chemical  method, which ensured f i rm adhesion to the deposit to the underlying metal  and made it easy to 
regulate the thickness of the coating. 

When the coating is applied, the thickness must  be kept uniform. The calculated value of the coating 
thickness gives an idea only of its average value. Actually, the coating is usually much thicker  at the edges 
and corners  of components than at the center  of the surface [5]. The reason for  the nonuniformity of the 
coating is the nonuniform distr ibution of cur rent  over  the c ross  sect ion of the specimen, which depends on 
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Fig. 2. Variat ion of Re, m 2 .deg/W, as a function of con t ac tp r e s -  
sure  (N/m 2) for  pairs  made of KhlSN9T steel (with and without coat-  
ings) in a vacuum at t c = 440-460 ~ (Fig. 2a) and for  different pairs  
(Fig. 2b): a: 1) Turning, VS; 2) turning, VS, plus nickel coating; 3) 
turning, VS, plus s i lver  coating; 4) turning, VS, lapping; 5) turning, 
VS, plus s i lver  coating, lapping; 6) turning, VS, plus copper coating, 
lapping; 7) grinding, V9; 8) the same, with copper foil in the contact; 
b: 1, 2, 3, 4) KhN78T-KhN78T,  t c = 600~ [1) in vacuum, without 
foil; 2) in vacuum, with copper foil; 3) in helium, without foil; 4) in 
helium, with copper foil]; 5) VM-1-Khl8N10T,  vacuum, t c = 500~ 
6, 7 ) V M - 1 - K h l S N 1 0 T ,  45-# s i lver  coating, vacuum, tc = 500~ [6) 
f i r s t  var iant  of coating; 7) second variant  of coating]; 8, 9) VM-1 
- V M - 1 ,  vacuum; t c = 500~ [8) without foil; 9) with copper foil]. 

many fac tors ,  including the physicochemieal  proper t ies  of the e lectrolyte  and the metal  being deposited, 
as well as the conditions of the e lec t ro lys i s .  

The quality of the t rea tment  of the sur faces  was investigated with an M201 prof i lograph-prof i lometer .  
The average height of the mic roscop ic  i r regula r i t i es  was found by measurements  within the limits of the 
basic  length at three or  four portions of the surface.  Figure 1 shows typical prof i lograms for  a number of 
surfaces  with and without coatings. 

F rom an analysis  of the prof i lograms of the various surfaces ,  we can conclude that the mic rogeo-  
me t ry  of the coating surface is determined to a large extent by the mic rogeomet ry  of the underlying metal  
surface,  but the height and shape of the mic roscop ic  i r regular i t i es  may vary.  It should also be noted that 
the various fo rms  of coatings produce different effects on the mic rogeomet ry .  Thus, for example, when a 
turned steel surface was coated with si lver ,  the average height of the mic roscop ic  i r regular i t i es  remained 
pract ical ly  unchanged, although the thickness of the coating was 12-15 t imes the height of the microscopic  
i r regu la r i t i e s .  A s imi la r  resul t  was obtained when the surface of a polished specimen of KhtSN9T steel 
(smoothness grade 9) was coated with s i lver .  The surface was found to be somewhat less smooth when a 
copper coating was used, and bet ter  when a nickel coating was used. 

The resul ts  of the experimental  investigations are  shown in Fig. 2 and Fig. 3 in the form of curves 
of contact thermal  res is tance  as a function of the specific compress ive  loading and the contact t empera ture .  
As can be seen f rom Fig. 2a, a sof t -meta l  coating on the contact surfaces  of the s tainless  steel specimens 
resul ts  in a considerable reduction of the contact thermal  res is tance  in every  case .  In the range of pa ram-  
e ter  values investigated - i.e., t e = 250-500~ and Pc = (4.8-56) �9 105 N/m 2 - the value of Rc for  the coated 
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Fig. 3. Variation of R c, m 2 �9 deg/W, as 

a function of contact temperature, ~ at 
constant contact pressure: I, 2, 3, 4) 
KhI8NgT-I~h18N9T, vacuum, Pc = 4.8 
�9 105 N/m 2 [I) grinding, V9; 2) turning, 
V8, lapping; 3) turning, V8, stlvereoat- 
ing, lapping; 4) turning, ~8, copper coat- 
ing, lapping]; 5, 6) VM-I-KhISNIOT, 
45-# silver coating, helium, Pc = 2.5 o 105 
N / i n  2 [5) f i r s t  v a r i a n t  of coa t ing ;  6) s e c -  
ond variant of coating]. 

contacts was lower by a factor of 2-10 than the value for the contacts with no coating. The contact thermal 
resistance was also lowered when a copper foil approximately 0.02 ram thick was inserted into the contact. 
As the contact pressure was increased, both the coatings and linings became more effective. 

Increasing the contact pressure from 4.8 �9 105 N/m 2 to 56 �9 105 Nfln 2 resulted, for most uncoated pairs, 

in a reduction of R c by a factor of 2.7-3. For pairs with well-lapped coatings the contact thermal resistance 
was reduced practically to zero as the loading was increased (curve 6, Fig. 2a). 

Increasing the height of the microscopic irregularities and the nonplanarity of the contact surfaces 
resulted in an increase tn Re, both for coated and for uncoated surfaces; when the nonplanarity of the sur- 
face was increased, the thermal resistance was found to be less affected by the contact pressure. 

It can be easily seen from Fig. 2a that for lapped surfaces either with or without a coating the contact 
thermal resistance is only a fraction of its value for unlapped surfaces. The reason for this is that in the 
lapped surfaces the height of the microscopic irregularities and the nonplanarity were less (Table 2) than in 
the turned surfaces. 

As the nonplanarity increased, the coatings became much less effective. 

Figure 2b shows the results of experiments performed on a number of pairs whose surfaces had mac- 
roscopic irregularities of various kinds (nonpla~mrity, local thickening of the sheet metal, etc.). Even at fairly 
low contact pressures we observed a considerable reduction of the thermal resistance of contacts with cop- 
per linings. 

Thus, for a KhN78T-KhN78T pair the insertion of a copper lining into the contact reduced the value 
of R c by a factor of 3-5 for contact pressures of Pc = (2.5-29) �9 105 N/m 2 and temperatures of t c = 300-600~ 
~]len the nonplanarity of the specimen surface was I0-15 # (Table 2), the contact thermal resistance was 
found to be  r e l a t i v e l y  high,  v a r y i n g  l i t t l e  wi th  l oa d ing  (by a f a c t o r  of l e s s  than  2). 

F o r  c o m p a r i s o n ,  F i g .  2b a l so  shows  the  r e s u l t s  of e x p e r i m e n t s  on the  s a m e  p a i r  in  h e l i u m .  In th i s  
c a s e  the  i n s e r t i o n  of a c o p p e r  l in ing  into  the  c on t a c t  d id  not r e d u c e  Rc but  a c t u a l l y  i n c r e a s e d  it s o m e w h a t .  
In  t h e  o t h e r  e x p e r i m e n t s  we o b s e r v e d  e i t h e r  s o m e  i n c r e a s e  (10-2d}) o r  a v e r y  s l i g h t  r e d u c t i o n  of Rc when 
a c o p p e r  l in ing  was  i n s e r t e d  into  the  c o n t a c t .  In  the  i n v e s t i g a t e d  r a n g e  of  c o n t a c t  p r e s s u r e s ,  l i n in gs  in  a 
gas medium with high thermal conductivity were found to have little effect. For a contact without a copper 
lining the value of R c was less by a factor of 15-20 in helium than in a vacuum. This indicates that in this 
case the heat transfer at the contact takes place mainly through the gaseous interlayer. 
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For  a V M - 1 - V M - 1  pair  in which the nonplanarity of the specimens was about 2 #, insert ing a copper 
lining into the contact led to a reduction of the contact thermal  res i s tance  by a fac tor  of 5-6 for Pc  = (4.8- 
56)-105 N /m 2 and t c = 500~ Even when the mater ia ls  of the bodies in contact have high thermal  conduc-  
tivity, the inser t ion  of a sof t -meta l  lining considerably reduces the contact thermal  res is tance .  

Thus, in [2] it was found that when lead or aluminum foil was inser ted into the contact formed by an 
a l u m i n u m - a l u m i n u m  pair, the contact thermal  res i s tance  in a vacuum was reduced by a factor  of 2-4.  The 
contact  p r e s su re  did not exceed 2.5" 105 N / ~  ~, and the total nonplanarity of the specimens in the contact 
pair was in the 43-I14 ~ range. 

In o rde r  to ver i fy  the effect of a thickening of the e lec t rochemica l  coating on the boundaries of the s u r -  
face, we prepared two var iants  of specimens  with s i lver  coatings 45 tt thick. In the f i rs t  variant,  we f i rs t  
prepared specimens f rom Khl8N10T steel and then applied the coating. In the second variant,  the specimen 
was cut f rom the central  portion of a large sheet of metal  coated with s i lver  over  its entire surface.  

Both in the f i r s t  and in the second variant  , thecoat ing was applied to a polished surface (smoothness 
grade 9). 

Both the coated and the uncoated steel  specimens had macroscop ic  deviations f rom a plane surface  of 
the o rde r  of 10 #, chiefly at the edges,  as a resul t  of the deformation of the mater ia l  when the specimens 
were cut f rom the sheet.  

The experiments  showed that in all cases  the thermal  res is tance  of the contact was lower and changed 
more  rapidly with loading for  the second-var iant  specimens than for  the f i r s t -va r i an t  specimens (Fig. 2b). 

In the range of contact p r e s su re s  investigated (Pc = (2.5-29) �9 105 N/m 2) the value of R c was less by a 
fac tor  of 4-5 for  a VM-1-KhlSN10T pair  with a s i lver  coating (second variant) than for  a VM-1-Kh18N10T 
pair  with no coating. 

The physical proper t ies  of the ma te r i a l s  of the bodies in contact, as well as  the coefficient of thermal  
conductivity of the gaseous medium filling the space between the mic roscop ic  projections,  depend on the 
t empera tu re .  We therefore  obtained experimental  curves  of R c as a function of t empera ture  for  constant 
contact p re s su re .  Some of the curves  are  shown in Fig. 3. In all cases  we observed a reduction in the 
contact the rmal  res i s t ance  as the t empera tu re  increased,  a fact explained by the reduction in the strength, 
and the associa ted hardness ,  of the ma te r i a l s .  Another important  fac tor  is the var ia t ion in the thermal  
conductivity of the mate r ia l s  with t empera ture .  

In curves  5 and 6 the most  important  fac tor  causing a reduction of R e with tempera ture  is the increase  
in the thermal  conductivity of helium. 

The resul ts  obtained indicate that contact the rmal  r e s i s t ances  in a vacuum (even at relat ively low 
compress ive  loadings) can be effectively reduced by applying thin linings or  coatings of soft metal  with high 
the rmal  conductivity to the matched sur faces .  

(~c is the 
Rc is the 
Pc  is the 
t c is the 
At e is the 
q is the 

~m 
Xm = (2~r~t~m~)/(Xml + Xm2) 

N O T A T I O N  

thermal  conductivity of contact; 
the rmal  res is tance of contact; 
contact p ressure  (specific compress ive  loading); 
t empera tu re  of contact; 
t empera tu re  drop at the contact; 
heat flux through the contact under investigation; 

is the the rmal  conductivity of the mater ia l ;  
is the converted thermal  conductivity (where the subscr ipts  1 and 2 
re fe r  to the mater ia ls  of the bodies in contact). 

i, 

2. 

3. 
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