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Methods of investigating the thermal and electrical conductivity, emis- 
sivity, and linear expansion of metal coatings are proposed. Certain 
experimental data are presented. 

Meta ls  deposi ted  on a subs t ra te  by the p l a sma  me th -  
od a re  being used for p revent ing  c o r r o s i o n  [1], i n e r e a s -  
ing emis s iv i ty ,  reducing  and inc rea s ing  e l ec t r i c a l  and 
the rmal  contact  r e s i s t a n c e s ,  etc. 

We have invest igated the fol lowing coeff ic ients :  1) 
the rmal  conductivi ty,  2) e l e c t r i c a l  conductivi ty,  3) 
emis s iv i ty ,  4) l inear  expansion. 

The e l e c t r i c a l  and the rmal  conductivi ty and e m i s -  
s iv i ty  were  inves t iga ted  in w a t e r - c o o l e d  e l e c t r o v a e u -  
um apparatus  (vacuum 10 .4 mm Hg). 

The m e a s u r i n g  ins t ruments  included an R-56 ac 
po ten t iomete r  and a c l a s s  0.1 or 0.2 ae a m m e t e r  in-  
se r t ed  in the secondary  c i r cu i t  of a stepdown t r a n s -  
f o r m e r  a c r o s s  a c l a s s  0.2 cu r r en t  t r a n s f o r m e r .  

F o r  the t e m p e r a t u r e  m e a s u r e m e n t s  we made exc lu-  
s ive  use of c h r o m e l - a l u m e l  the rmocouples  with indi-  
vidual eaIibrat ion.  

The thermoeouple  emf was m e a s u r e d  with an R-330 
or  R-307 do po ten t iometer .  

The coeff ic ient  of l inear  expansion was de te rmined  
in an a i r  a tmosphere .  

The methods of invest igat ion and the exper imenta l  
r e su l t s  for  ce r t a in  me ta l s  a re  desc r ibed  belowo 

To de te rmine  the the rmal  conductivi ty we employed 
the s ta t ionary  (absolute) method: X was found f rom the 
known t e m p e r a t u r e s  of the inner  and outer  su r f aces  
of the coating and the heat flux q. 
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Fig.  1. T h e r m a l  conductivi ty X (W/m. deg) 
as a function of t e m p e r a t u r e  (~ C): 1) cop- 

per;  2) nickel.  

The specimens on which the metal was deposited 
were niobium tubes coated with aluminum oxide by 
the plasma method. Before deposition of the metal the 

surface was polished to obtain a tenth class finish. The 
thermocoupIes were imbedded in the aluminum oxide 
coating, the thermocouple buttons first being rolled 

into a thin s t r ip  and led out onto the pol ished surface  
of the a luminum oxide. The outside t e m p e r a t u r e  of 
the meta l  coating was m e a s u r e d  with thermocouples  
contac t -welded to the sur face .  
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Fig. 2. Electrical conductivity ~ (ohm -I �9 cm -I) 

as a function of temperature (~ C): i) copper; 
2) nickel;  3) tungsten; 4) molybdenum. 

The hea te r  was made of niobium tubing. In the r e -  
gions opposite  the ends of the spec imens  the heater  
sec t ion  was reduced,  which made it poss ib le  to obtain 
a one -d imens iona l  heat flow on the working section.  

The heat flux was de te rmined  f rom the e l e c t r i c a l  
power,  

The niobium spec imens  r e c e i v e d  the following coa t -  
ing th icknesses :  n i c k e l - - l . 6 - 1 ~  mm; c o p p e r - - 1 . 1 3 -  
1.14 ram. 

The t e m p e r a t u r e  dependence of the t he rma l  conduc- 
t ivi ty is shown for nickel  and copper  in Fig.  1. As may 
be seen f rom the graph,  these  coatings have a low 
the rmal  conductivi ty (0 .5-6 .0  W/m.  deg). 

The sharply  reduced k as compared  with bulk m e t -  
als is a t t r ibutable  not only to the poros i ty  of the coat -  
ings but also to the oxide f i lms  fo rmed  on the individ- 
ual meta l  p a r t i c l e s  in t h e p r o c e s s  o fp la smadepos i t ion .  

The method of de te rmin ing  e l e c t r i c a l  conductivity 
was based on the d i rec t  de te rmina t ion  of the e l e c t r i c a l  
r e s i s t a n c e  f rom the m e a s u r e d  e l e c t r i c  cu r r en t  and vol t -  
age drop on the working sect ion of the specimen.  

The subs t ra te  spec imens  were  tubes coated with a lu-  
minum oxide by p l a s m a  deposit ion.  A f i lm of the inves -  
t igated meta l  was deposi ted (again by p l a s m a  depos i -  
tion) on the pol ished sur face  (tenth c lass  finish) and 
then pol ished to obtain a tenth c lass  finish~ E l e c t r i c  
cu r r en t  was supplied to the coating through copper  
bars .  

The working sect ion was se lec ted  where  the t e m -  
p e r a t u r e  f ield was near ly  uniform.  The dis tance be-  
tween the po ten t iomete r  taps (~vorking section) was 
m e a s u r e d  c o r r e c t  to 0.02 mm,  and the c ro s s  sect ion 
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of the metal coating was measured correct to 0.01 mm 

with a micrometer. Having determined the electrical 
resistance and measured the geometric dimensions of 
the specimen, one can easily obtain the electrical con- 

ductivity of the metal. 
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Fig. 3. Integral emissivity e as a function of 

t empera tu re  (~ C): 1 and 2) copper and nickel ,  
untreated;  3,4,  5 )n icke l ,  tungsten,  and molyb-  

denum (lO-th c lass  surface finish). 

The spec imen was heated f rom a s ing le -phasepower  
supply ac ross  an OSU-20 stepdown t r a n s f o r m e r ,  and 
the cu r r en t  was regulated with an RNO-250-10 v a r i a -  
b le - ra t io  oil t r ans fo rmer .  A voltage s tab i l ize r  was 
included in the p r i m a r y  c i rcui t  of the t r ans fo rmer .  

T e m p e r a t u r e  m e a s u r e m e n t s  up to 1200 ~ C were 
made with sur face-mounted  thermocouples ,  above 
1200 ~ C with an optical  py romete r .  

Specimens coated with copper,  nickel ,  tungsten,  
and molybdenum w e r e  investigated.  

The densi ty of the spec imens  was 20-22~ less  than 
that of the cast  meta l .  

The data p resen ted  in Fig.  2 r ep r e sen t  the t e m p e r a -  
ture  dependence of the e lec t r ica l  conductivity after 
5 hr at the following t empera tu re s :  1700 ~ C for tung- 
sten,  1500 ~ C for molybdenum, 10000 C fo rn icke l ,  and 
850-900 ~ C for copper.  

I~ is  typical  that the or ig ina l  and final (after heat 
t reatment)  m e a s u r e m e n t s  should not coincide. This  is 
p r i m a r i l y  associa ted with s t r ipping of the oxide f i lms 
formed between the meta l  pa r t i c l e s  and impur i t i es  
included during deposition. ' 

The e r r o r  in measu r ing  the e lec t r i ca l  conductivity 
w a s  3%. 

The method used to investigate the integral emis- 
sivity of the coatings was based on the determination 
of e from heat flux measurements (electrical power) 
and the surface temperatures of the specimen and the 

chamber Tc: 
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Here,  e I is the unknown emiss iv i ty  of the specimen;  
e~ = ez(Tm); T m = (TITa)I/2; F = 7rdl/(1 + C~tl)2. 

We investigated spec imens  coated with copper and 
nickel  without a mechanica l  f inish and nickel ,  molybde-  
num and tungsten spec imens  with a t en th-c lass  s u r -  
face finish.  

The heater  was made of n iobium tubing. In the r e -  
gions cor responding  to the ends of the specimen the 
heater  c ross  sect ion was reduced (to obtain a one-d i -  
mens iona l  heat flow). 

The e r r o r  of the emiss iv i ty  m e a s u r e m e n t s  was 5% 
at 800 ~ C, 7% at 200 ~ C, and 11% at 1500 ~ C, since 
m e a s u r e m e n t s  above 1000 ~ C were made using an 
OPPIR-017 type optical py rome te r  with a s imulated 
black body (opening in specimen).  The r e su l t s  a re  
presen ted  in Fig.  3. 

The m e a s u r e m e n t s  were made after  a p r e l i m i n a r y  
heating under vacuum (there was no oxide f i lm on the 
surface  of the deposited metal) .  

One of the factors  de te rmin ing  the compat ibi l i ty  of 
metal  coating and subs t ra te  is the coefficient of l inear  
expansion. We invest igated this cha rac te r i s t i c  for 
nickel and copper,  us ing  a s imple  and re l iab le  mechan-  
ical  method. 

The elongation was de te rmined  with an IKV-1 op- 
t imete r .  The specimefl was mounted on a fiat quartz 
base welded to the bottom of a quartz test  tube. The 
expansion of the spec imen was t r ansmi t t ed  to the op- 
t imete r  pin by a quartz feeler  located inside the quartz 
test  tube to which a sleeve connected with the opt ime-  
ter was attached. The quartz tes t  tube was placed in a 
thermosta ted  furnace.  The length of the furnace  was 
such as to ensure  an i so thermal  sect ion measur ing  
30-35  mm. The specimen t empera tu re  was de te rmined  
with a thermocouple  which passed  through the quartz 
fee ler  and made contact with the top of the specimen.  
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Fig. 4. Coefficient of l inear  expansion 
a (deg -1) as a function of t empera tu re  
(~ C): 1 and 2) copper with the l aye r s  o r i -  
ented para l l e l  and perpendicu la r  to the in -  
s t rument  axis, respec t ive ly ;  3 and 4) 
nickel with the l ayers  s i m i l a r l y  or iented  

The m e a s u r e m e n t s  were made at a monotonic heating 
ra te  of 2 deg/min. 

The mean  coefficient of l inear  expansion was ca lcu-  
lated as follows: 

~ -  Al +~t~"+~~.. (3) 
lot 
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The uncompensated  expansion of the quartz sy s -  
tem did not exceed 3 mic rons  at the maximum exper i -  
menta l  t empera tu re .  

The d isp lacement  of the r e fe rence  point was found 
after  the apparatus  had cooled to the ini t ia l  t e m p e r a -  
ture.  

In p r e l i m i n a r y  exper iments  we used spec imens  of 
Cr l8Ni9Ti  s teel  in the form of solid cy l inders  7 m m  in 
d iameter  and f rom 10 to 20 m m  long. These  spec imens  
were f i r s t  annealed.  The m e a s u r e m e n t s  were made 
on the in terva l  20-100 ~ C. Compar i son  of the r e su l t s  
with the data of [3], which were s im i l a r l y  obtained, 
showed that the grea tes t  deviat ion (5%) occurs  at low 
t empera tu re s  (to 150 ~ C), while at high t empe ra tu r e s  
the d i sc repancy  is less  than 1%. The reproducib i l i ty  
of the data was 0.5%. These  d i sc repanc ies  are  fully 
cons is tent  with the calculat ion e r r o r ,  which is 4% at 
100 ~ C, decreas ing  to 1% at 1000 ~ C. 

The spec imens  were made as follows: a layer  of 
the tes t  ma te r i a l  5 -7  m m  thick was deposited on a 
b ra s s  disk 15 mm in d iamete r  and 1 m m  thick and then 
removed and worked to the requ i red  d imens ions .  

The effect of p l a s m a  deposi t ion (for th icknesses  of 
1o5-4 mm) is that of one layer  deposited on another 
with oxide f i lms and pores  runn ing  pa ra l l e l  to the sub-  
s t ra te  in the gaps between. At the in ter face  the metal  
is more  in tense ly  oxidized than at the gra in  boundaries .  
The s t ra t i f ica t ion  causes  a ce r t a in  "anisotropy n of the 
deposited metal ;  accordingly the coefficient of l inear  
expansion was de te rmined  twice--on spec imens  with 
a pa ra l l e l  and perpend icu la r  or ien ta t ion  of the l ayers  
re la t ive  to the spec imen axis. 

The values for nickel and copper measu red  on two 
spec imens  with different  or ienta t ion  of the l ayers  are  
p resen ted  in Fig.  4. In the case of a pe rpend icu la r  
or ien ta t ion  the coefficient is less  for the coating than 
for the bulk metal .  The max imum deviat ion is  30%~ 
Specimens with pa ra l l e l  l aye r s  and the bulk metal  have 
a lmost  the same ~+.  

Since the p roper t i es  of the p lasma-depos i t ed  c o a t -  
ings differ sharply  f rom those of the bulk metal ,  the 
s t ruc tu re  of the coatings dese rves  attention. 

The coatings a re  porous and cons is t  chiefly of the 
lower or higher oxide of the metal .  The pores  a re  non-  
uniform and vary  in shape and size. The deposited m e t -  
al is br i t t le ,  eas i ly  spli t  off, and does not possess  the 
duct i l i ty  cha rac te r i s t i c  of the bu lkmeta l  (e. g . ,  copper). 

Moreover ,  at la rge  th icknesses  (1 .5-4  ram) sep-  
a ra t ion  of the l aye r s  is observed.  

The s in te rab i l i ty  of the m e t a l p a r t i c l e s  is very poor,  
but heating in a vacuum or an iner t  medium to a t em-  
pe ra tu re  close to the mel t ing  point of the metal  and 
holding for 15-20 hr causes  the metal  at the surface 
to fuse together to a depth of 20-30 microns .  

Obviously,  the p roper t i e s  of meta l s  deposited in 
an iner t  medium approach those of the bu lkmeta l ,  s ince 
there is no oxidation. 

The densi ty  and oxidation of the meta l  pa r t i c les  de-  
pend on the p l a sma  torch operat ing condit ions,  the size 
of wire  employed, the dis tance between the electrode 
and the specimen,  etc. 

NOTATION 

AU is the voltage drop at the selected section; I is 
the e lec t r ic  current ;  ere  d is the reduced emiss iv i ty  of 
c h a m b e r - s p e c i m e n  system; e 2 is the emiss iv i ty  of the 
inside surface  of a chamber  made of Cr lSNi9Ti  steel;  
T c is the t empera tu re  of inside chamber  surface;  T 1 
is the surface t empera tu re  of the specimen;  F is the 
surface a rea  of the spec imen,  de te rmined  with allow- 
ance for thermal  expansion; d I and d c are  the d i ame-  
te rs  of the spec imen and the chamber ,  respect ively;  
l is the length of the working sect ion of the specimen;  
A1 is the elongation of the spec imen as measu red  with 
an opt imeter  on heating f rom init ial  t empera tu re  t o to 
t; eAlqu is the cor rec t ion  composed of cor rec t ions  
for uncompensated expansion of the quartz sys tem and 
the d isp lacement  of r e fe rence  point,  owing to d i s tu rb -  
ance of mechanica l  contact between the spec imen and 
the quartz  par ts ;  ~qu  is the mean coefficient of l inear  
expansion for quartz  in the t empera tu re  in terva l  f rom 
t o to t [2]; l0 is the length of the specimen at  the t em-  
pe ra tu re  t o . 
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