
THE FORMS OF THE TRANSFER OF THERMAL 

ENERGY IN METALLIC PLASMA DEPOSITED 

COATINGS AND A QUALITATIVE ASSESSMENT 

OF THEIR THERMAL CONDUCTIVITY 

E. V. Smirnov and V. E. Ionin UDC 536.21:621.793.7 

The forms of thermal  energy t r ans fe r  in plasma deposited metal l ic  films in an a tmospher ic  
medium are  examined and a qualitative a s ses smen t  of the effective thermal  conductivity of 
these films is put forward.  

In modern technology films deposited using a plasma flux {plasma deposition) are  widely used to-  
gether  with other  fo rms  of coatings. 

The advantages of producing coatings by plasma deposition are  as fellows: 

a) the high t empera tu res  of the plasma flux make it possible to melt  substances with prac t ica l ly  any 
melting point [1]; 

b) on deposition in a controlled a tmosphere  (inert or other),  the oxidation of the separate  par t ic les  of 
the deposited substances may be avoided; 

c) mult i layer  deposits ,  for example,  s t ruc tu res  with an intermediate  insulating layer ,  a re  deposited 
using a plasma flux; 

d) layers  with a high density may be obtained because of the high velocity of the gas forming the 
plasma,  the high t empera tu re  of the substra te ,  and the co r rec t ly  chosen controlling medium; 

e) near ly  all metals ,  ce ramics ,  and graphites  may be used as substrates;  

f) the t empera tu re  of the substrate  and the energy charac te r i s t i c s  of the plasma flux may be varied 
depending on the technical requ i rements  of the deposits.  

It is well known [2, 3] that metals  deposited on a substra te  by plasma deposition in a tmospher ic  con- 
ditions by a wire  have a coarse ly  textured s t ruc ture  which consists  of extended grains  with nonuniform 
poros i ty  containing separa te  coarse  extended pores  with a large content of oxide or metal l ic  protoxide con- 
sisting not only of higher oxides, but also of various transit ion phases ,  and this was observed,  for example,  
in tungsten consisting of WO3, W4Oll , and other phase states.  

Thus, for a given technology of plasma deposition, the metal  consists  of pure metal  {grains), metal  
oxide, and in some cases  of protoxide (copper), covering the separate  grains and groups of grains ,  and 
also pores  which a re  oriented mainly para l le l  to the substrate  and filled with air  or gas. 

The effective thermal  conductivity of plasma deposited nickel and tungsten is shown in Fig. 1, where 
we see that the value of ~eff of plasma deposited metal  is considerably smal le r  (1.5 to 2 o rders )  than that 
of pure metals ,  and ~eff =f(T) r ep resen t s  a parabol ic  curve.  

The p roces s  of heat t r ans fe r  in such mechanical ly bound granular  mater ia ls  is fa i r ly  complicated 
and takes place in the following modes of t ransfer :  

a) e lec t rons  (conduction in pure metals ,  i. e . ,  in the grains themselves);  
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Fig. 1. Exper imental  resul t s  on effective thermal  con- 
ductivity (W/m.deg)  of p lasma-dusted  metals (t, ~ 
1) tungsten, authors '  data; 2) nickel. 

b) the phonons of the e las t ic  vibration of the crys ta l  lat t ice (in oxides and impurities);  

c) photons of the radiated energy (in the pores);  

d) molecular  thermal  conductivity (in gas filled pores);  

It is usual to reduce all the mechanisms of energy t ransfe r  in porous mater ia ls  to one standard p ro-  
cess of ~thermal conduction" [4]. In this case the coefficient of this standard effective conduction will be 

• ~e ,  Uph,•215 �9 (1) 

There is no doubt that this express ion  for the effective thermal  conductivity has no physical  signifi-  
cance, but it makes it possible to assess  the total effect of energy t rans fe r .  

Let us examine the separate  mechanisms of thermal  energy t rans fe r  in metal l ic  plasma deposited 
coatings. 

.!. The Thermal  Energy Trans fe r  by the Elas t ic  Vibrations of the Crystal  Latt ice (Phonons). The 
t r ans fe r  of thermal  energy by phonons is charac te r i s t i c  of d ie lect r ics ;  it also occurs  in d i sordered  metal  
al loys,  in contaminated metals like the plasma deposited metals ,  since they contain oxides. In pure 
metals  this t r ans fe r  is 1 to 2% of the e lect ron thermal  conductivity [5]. 

In analogy with the kinetic theory of gases,  the thermal  conductivity of the phonon gas will be 

1 
Uph = ~- CphUIph:. (2) 

The theoret ical  analysis of thermal  conduction in d ie lec t r ics  is mainly concerned with determining 
the phonon-free path which is determined by two p roces ses ,  namely,  the geomet r ica l  phonon scat ter ing by 
impuri t ies ,  boundaries,  etc . ,  and phonon-phonon scat ter ing.  The presence  of anharmonie interactions in 
the latt ice is connected with the phonon interactions which r e s t r i c t  the magnitude of the free  path. It is 
well known that the effect of anharmonic interactions in the latt ice is very  complex, and some approximate 
calculations [6] show that the phonon-free path length is proport ional  to 1 /T  (at high tempera tures )  and to 
exp (0/2T) at low tempera tu res .  

The geomet ry  of the oxide film covering the metal par t ic le  has a considerable effect  in limiting the 
phonon-free path length. Thus, when/ph  becomes comparable with the thickness of the oxide film, the 
Hmiting value o f /ph  is determined by this thickness,  and the thermal  conductivity begins to depend on the 
dimensions of the oxide film, i . e . ,  

1 (3) 
• ~ -~- CphU6fm. 

From the analyses  we see that the dimensions of the oxide fi lms covering the metal par t ic les  are  very  
small; f rom fract ions of a micron to severa l  microns.  

Therefore  it is a very  complex process  to take into account the effect  of the phonon component. It is 
impossible in prac t ice  to determine the thermal  conductivity of the oxide film experimental ly .  

Apart  f rom that, the existing data on oxides in the l i t e ra ture  [7, 8] are  given mainly only for the higher 
oxides af ter  a corresponding thermal  t rea tment  and in cer ta in  conditions. There fore  the use of these data 
for a qualitative est imate  of the effective thermal  conductivity of the deposited metals leads to substantial 
e r r o r s .  
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Fig. 2. Lorenz  number as function of t e m -  
pera tu re  (L, W. ohm/(~ 1) p lasma-dus ted  
tungsten; 2) tungsten [7]; 3) p lasma-dus ted  
nickel; 4)99.97% [12]; 5)99.2% [12]; 6) 
99.98% [12]; 7) 99.99% [7]. 

2. Thermal  Energy Transfe r  by Electrons .  In me-  
tallic par t ic les  and grains ,  the thermal  energy  is mainly 
t r an s f e r r ed  by e lec t rons ,  and it is known that in pure me-  
tals the phonon thermal  conductivity is only 1 to 2% of the 
e lec t ron conductivity, since the free  e lec t rons  in metals  
are  an additional source  for phonon scat ter ing reducing the 
role  of phonon scat ter ing by thermal  nonuniformities in the 
s t ruc ture  [6]. 

Taking into account the fact that e lec t rons  obey the 
F e r m i - D i r a c  s ta t is t ics ,  the thermal  conductivity can be 
wri t ten in the following form: 

~2 NUT'~ 
• = - -  , (4)  

3 m 

the electrical conductivity 

1 _ N e ~  (5)  

9 m 
Since the conduction e lec t rons  a re  the energy c a r r i e r s  both in e lec t r ica l  conduction and thermal  con- 

duction, there  is a relat ion between the thermal  and e lec t r ica l  conductivity expressed  in the form of the 
Wiedemann-  Franz law, i . e . ,  

\ e  T, (6) 

and the Lorenz  number connecting this dependence with t empera tu re ,  

- = L. (7)  
T 3 

The Lorenz number for metals  is known [7] and consists  of ~ L = L e + Llatt; Le gives the main con- 
tribution (98-99%). The dependence of the Lorenz number on t empera tu re  with different  contents of chemi-  
cally pure nickel is shown in Fig. 2; the curve for plasma deposited nickel in a tmospher ic  conditions is 
also shown there .  The content of pure nickel in it was ~ 81-82% (by volume). It should be noted that L 
increases  at  t empera tu res  above 800~ approaching the value of L for monolithic nickel. Apparently,  the 
contribution of the e lect ron energy  t r ans fe r  increases  at  the expense of the beginning of agglomerat ion of 
the separate  metal  par t ic les  and par t ia l  removal  of oxide fi lms and gas f rom the pores .  

3. Molecular  Thermal  Energy Trans fe r  in the Pores  of the Coatings. According to the molecular  
kinetic theory,  the thermal  energy t r ans fe r  in the gas-f i l led pores  takes place at the expense of molecular  
motion. 

At temperatures far from the critical temperature, and at low pressures, most gases may be con- 
sidered as ideal; then 

cvl~,y 1 /  3RT 
• = --5--  ~ /  t~ (8) 

For sys tems with fine pores  [9] in which the dimensions of the pores  are  comparable  or smal le r  
than the length of the molecular  f ree  path, the thermal  conductivity of the gas at a tmospher ic  p r e s su re  is 
lower than its molecular  thermal  conductivity and is de termined by a relat ion which is valid for  the t r ans i -  
tion region (IM = 6, Kn -- IM]5 ). The thermal  conductivity of the gas in the intermediate  vacuum 

= • (9) 
2k ( 2 - - a ,  2 - - a ~ )  Kn " 

• M,v 1 + ~ a~ a 2 Pr 

From the given equation it follows that Kn << 1 and l M << 6 (the continuum region, i . e . ,  the region of low 
p r e s s u r e s  and low vacuum). For  l M >> 6, Kn >> 1 (high vacuum region),  the equation (9) takes the form 

cv?6 (k + 1)Pr ~ /r  3RT (i0) 
• 6k( 2 - - a l  2--a.2 ) V ~t 

a 1 a~ 
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The coatings obtained by p l a s m a  deposit ion have pores  of dimensions of seve ra l  microns  to tens of mic rons  
(somet imes  hundreds) depending on the method, for example ,  for p la sma  deposited nickel [2]. in this case 
the Knudsen number  Kn = 1-10 -2, and there fore  the heat  t r ans f e r  in the pores  of the coating (nickel, tung- 
sten) is de te rmined  by the laws cha rac t e r i s t i c  for  the in termediate  vacuum for  which the the rmal  conductiv- 
ity of the gas in the pores  is lower  than its molecular  the rmal  conductivity and is (1 .10-3-1 �9 10-2)W/m �9 deg. 

4. T rans fe r  of Radiant  Thermal  Energy  in Pores  of Deposited Metals.  Since the p l a sma  deposited 
metals  have a considerable  poros i ty  with pore  dimensions f rom severa l  to tens of mic rons ,  a drop in 
radiant  the rma l  energy  in the po res ,  natural ly ,  occurs .  If we consider  the photon gas [10] as ideal, n r  
= Cphot/photU/3, its t he rma l  capaci ty will be 

16 n~T3o a 1 
c--  , u = - - a n d l p h o t = - -  

F rom this the radiant  the rma l  conductivity 

16 T a 
•  = -  n 2 ( ~  - -  �9 (II) 

3 a 

Since the applicabi l i ty  of the given equation is de te rmined  by a number  of fac to rs ,  namely ,  1) a smal l  drop 
in the thickness of the l ayer ,  2) the smal l  value of 1 /~  compared  with the l inear  dimensions of the spec i -  
men,  3) i sot ropic  p rope r t i e s  of the c rys ta l ,  we considered the radiant  heat  t r an s f e r  in the po res  using a 
different  fo rm of express ion ,  i . e . ,  for  a known t empera tu re  distr ibution over  the surface  of some a r b i -  
t r a r y  pore ,  the quantity of heat  pass ing through it by radiat ion may be found, and for  a sufficiently smal l  
t e m p e r a t u r e  di f ference may be e x p r e s s e d  as [11] 

q = 4 e~TaAt, (12) 

and the radiant  the rma l  conductivity as 

• = 4 bde~T a. (13) 

The r e su l t s  obtained for ~r for  po res  in p l a sma  deposited meta ls  have very  smal l  values (0.I4-12.0) �9 10 -3 
W/ re .  deg (the calculat ions were  made for p l a sma  deposited nickel). 

The qualitative e s t ima te s  made for  the effective the rmal  conductivity of deposited g ranu la r  pores  of 
meta ls  showed that the following fac tors  have an effect  on the dec rea se  in the the rma l  conductivity: 

1) the granular  composit ion of the specimen;  

2) the dec rease  in the e lec t ron energy t r ans fe r  at  the expense of the smal l  meta l  pa r t i c l e s  com-  
parable  with the length of the f ree  path of the e lec t rons  in oxide f i lms and gaps; 

3) the dec rea se  in the phonon energy  t r an s f e r  at the expense of the smal l  d imensions  of the oxide 
film which in a number  of cases  a re  comparab le  with the c rys ta l  lat t ice dimensions;  

4) the poros i ty  of the specimen and the t r ans fe r  of energy in the pores  by radiat ion,  and the rma l  
conduction of the gas during in termedia te  vacuum which is cons iderably  sma l l e r  than the t r an s f e r  
in the pores  due to molecu la r  the rmal  conduction. 

~eff ,  ~e,  Uph, ~ r ,  
and ~M 

Cph 
U 

lph 
T 

5fm 
0 

O 
N 
e 

T 

m 

N O T A T I O N  

are  the effect ive,  e lec t ronic ,  phonon, radiant ,  and molecular  t he rma l  conductivit ies,  
respect ive ly ;  
ts thehea t  capaci ty of the grid; 
ts the mean veloci ty of the phonon; 
Ls the f ree  path length of the phonon; 
Ls the absolute t empera tu re ;  
ts the thickness of the oxide film; 
~s the Debye cha rac t e r i s t i c  t empera tu re ;  
~s the specif ic  e lec t r i c  res i s tance ;  
ts the number  of e lec t rons  per  unit volume; 
ts the value of the e lec t ron charge; 
~s the t ime of the field action on the f r ee ly  moving charge (relaxation time); 
~s the par t ic le  mass ;  
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ts the f ree  molecular  path length; 
~s the gas constant; 
Is the gas density; 
ts the molecular  mass of gas equal to m/g; 
ts the accommodation coefficient; 
Is the Knudsen number; 
Ls the Prandtl  number; 
~s the gas p ressu re ;  
Ls the re f rac t ion  factor;  
ts the molecular  weight of gas; 
ts the light velocity in vacuum; 
~s the f ree  path length of the photon; 
is the absorpt ion coefficient; 
is the d iameter  of the capi l lary equal to the charac te r i s t i c  dimension 5; 
Is the volume heat capacity of gas; 
is the heat capacity of the "photon" gas; 
is the radiat ive capacity of the pore;  
is the l a rges t  gap in the direct ion of heat flux; 
is the Boltzmann constant; 
ts the specif ic  heat flux; 
Ls the geomet r ic  factor;  
for  pores  in the form of p lane-para l le l  l ayers  and cyl indrical  pores  with axes paral le l  to the 
heat  flux direction; 
for  spherical  pores;  
for  cyl indrical  pores  with axes perpendicular  to the heat  flux direction.  
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