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Resul t s  a r e  shown of a s tudy concerning the t he rma l  conductivity of p l a s m a - s p r a y e d  a lumi -  
num oxide, depending on the s p r a y  technology and the heat  t r e a tmen t .  

As a consequence of developments  in p l a s m a  meta l lu rgy ,  industry has been provided with s imple ,  
convenient,  and inexpensive methods of deposi t ing coat ings,  profi l ing pa r t s ,  and fabr ica t ing  mul t i l ayer  s y s -  
t ems  as well as compos i te  m a t e r i a l s .  

P l a s m a - s p r a y e d  a luminum oxide is r a t he r  often found in use as the rma l  insulation in both su r face  
coatings and in i n t e r l aye r s .  Natura l ly ,  quite many s tudies  have been made concerning its t he rma l  con-  
duct ivi ty [1-4]. The r e su l t s  a re  d i ve r s e ,  inasmuch as the the rma l  conductivity of this ma te r i a l  is c lose ly  
t ied to its phase  consti tution,  to the g r a i n - s i z e  dis tr ibut ion in the raw powder,  and to other  technological  
a spec t s  of the p l a s m a - s p r a y  p r o c e s s ,  i .e. ,  the kind of p l a s m a  genera t ing gas and its flow r a t e ,  the type of 
s p r a y  nozzle ,  the shape and the t e m p e r a t u r e  of the subs t r a t e ,  etc.  

For  example ,  during p l a s m a  spray ing  on an a i r - coo l ed  cyl indrical  subs t ra t e  (d iamete r  12-15 ram, 
th ickness  1.0-1.5 mm) ,  with the cyl inder  rota t ing (1.0 to 1.5 r p m  on a turntable)  and the nozzle  moving f o r -  
ward  under the following p r o c e s s  conditions: 

a) a r c  p a r a m e t e r s :  cu r r en t  420 A, voltage 65 V; 

b) p l a s m a  genera t ing  gas:  a r g o n - h y d r o g e n  mixture;  

c) flow ra te  of the gases :  argon 70 l i t e r s / r a i n ,  hydrogen 4.5 l i t e r s / r a i n ;  

d) ra te  of argon flow to the feeder  7.5 l i t e r s / r a i n ;  

e) d is tance  to the coated su r f ace  200 ram, with a powder g rade  ch. d . a . ,  grain s ize  20-100 #, and a 
model  GN-5r  sp r ay  nozzle,  one obtains a ma t e r i a l  s t r u c t u r e  consis t ing of d i s c r e t e  elongated A1203 
pa r t i c l e s  or ien ted  pa ra l l e l  to the subs t r a t e  and sepa ra ted  by pores .  In a sect ion no rma l  to the sub-  
s t r a t e  axis the grain s ize  va r i e s  f r o m  3 to 15 p and the pore  s ize  up to 25 p. In a sect ion pa ra l l e l  
to the subs t r a t e  axis the grain  s ize  is somewhat  l a r g e r  (tens of mic rons ,  some  l a r g e r  than 100 p). 
Moreove r ,  the pa r t i c l e s  he re  a l t e rna t e  in l a y e r s  of f iner  and c o a r s e r  ones. 

In this way,  the s t r u c t u r e  of a p l a s m a - s p r a y e d  A1203 coating under such p r o c e s s  conditions r e s e m b l e s  
the gra in  s t r u c t u r e  of compact  powders .  

The s p r a y  p r o c e s s  can be analyzed on the bas i s  of the mate r i a l  s t ruc tu re  forming on given subs t r a t e s  
( large s ize)  (Fig. 1). The f lame into which pa r t i c l e s  enter  will be ten ta t ive ly  divided into th ree  zones: cen-  
t r a l ,  in te rmedia te ,  and pe r iphe ra l  in t e r m s  of the t e m p e r a t u r e p r o f [ l e  a c r o s s  a p l a s m a  a rc  sect ion [5-7]. 
Thus,  the pa r t i c l e s  moving within the cent ra l  zone of the f l ame  will mel t  down comple te ly  in the l a s t  s tage 
of t r ave l ,  colliding agains t  the solid s u r f ace  and deforming  with a poss ib le  breakup and f ragmenta t ion  into 
s m a l l e r  pa r t i c l e s .  C o a r s e  pa r t i c l e s  which move through the in te rmedia te  zone soften along the su r face  and, 
t he r e fo re ,  do not comple te ly  de fo rm  during coll ision.  Final ly,  pa r t i c l e s  which move along the edge of the 
f l ame  re ta in  the i r  shape  dur ing coll ision.  Inasmuch as the subs t ra t e  is moved re la t ive ly  to the p l a s m a  jet ,  
t he re  occu r s  a superpos i t ion  of pa r t i c l e s  f rom the cent ra l ,  the in te rmedia te ,  and the pe r iphe ra l  zone of 
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Fig. 1. Schemat ic  d i ag ram of the s p r a y  p roce s s .  

the f lame.  The re su l t  is a ma te r i a l  of r a t h e r  complex s t ruc tu re ,  as jus t  desc r ibed ,  consis t ing of the 5-  
phase  because ,  as is well known, during melt ing in a p l a s m a  a re  and fas t  cooling on a subs t r a t e ,  even 
pa r t i c l e s  of the ~-modi f ica t ion  t r a n s f o r m  into the 5-phase  s im i l a r  to the well-known y -modi f i ca t ion  of 
a lumina [8, 13]. 

Under the s a m e  sp ray  conditions, however ,  it is poss ib le  to produce  a lso  other  s t r uc tu r e s  by only 
changing the shape andthe  d imensions  of the subs t ra te .  As an example ,  le t  us consider  spray ing  on a f iat  
subs t r a t e  in the shape of a d isk  and without cooling. Le t  the disk have a d i ame te r  s m a l l e r  than 20 m m  and 
a th ickness  of 2 ram, le t  a negl igible  amount  of heat  be r emoved  f rom it by na tura l  cooling, while the disk 
subs t r a t e  is p laced on a t he rma l ly  insulated base  and the s p r a y  nozzle  is s t a t ionary  during the s p r a y  p r o -  
cess  so that the cent ra l  zone of the f lame falls (sectionwise) on the center  of  the disk.  Since the f lame t e m -  
p e r a t u r e  is much higher  along the axis than at the p e r i p h e r y  [5-7], the subs t r a t e  is s t ruck  by com-  
p le te ly  molten pa r t i c l e s  which deposi t  on the su r face  as a liquid, but the f i r s t  l a y e r  ( seve ra l  tens of m i -  
crons)  deposi ted on the , 'cold" su r face  sol idif ies  without having t ime to take on the next  l aye r  and then, as 
the subs t ra t e  is heated up by the p l a s m a  jet ,  the liquid pa r t i c les  deposi t  on the jus t  solidifying su r face  so 
that  the mate r i a l  s t ruc tu re  becomes  a mixture  of a lumina and corundum, the l a t t e r  s l ight ly modif ied,  and 
the 5 -phase  deposi ts  d i rec t ly  on the subs t r a t e .  

Inasmuch as  p l a s m a - s p r a y e d  a luminum oxide r e s e m b l e s  a random mixture ,  i .e . ,  a powder of d ive rse  
grain  shapes  and s izes  (this appl ies  to a ma te r i a l  deposi ted on a cooled cyl indrical  su r face ) ,  an e x p e r i m e n -  
ta l  ver i f ica t ion  can evidently be based on the t he rma l  conductivity of Al2Os powders  with di f ferent  pack-  
ing densi t ies .  The c h a r a c t e r i s t i c s  of such powders  a r e  given in Table  1 together  with some  c h a r a c t e r i s t i c s  
of p l a s m a - s p r a y e d  a luminum oxide. 

R e s u l t s  of t he rma l  conductivity m e a s u r e m e n t s  on powders  and on A120 ~ p l a s m a - s p r a y e d  on var ious  
meta l l ic  s u b s t r a t e s ,  cyl indr ica l  and flat  ones,  a r e  shown in Fig. 2. 

We will d iscuss  s o m e  of the resu l t s .  The t rend of the t e s t  curves  for  the powders is the s a m e  r e -  
ga rd le s s  of the packIng densi ty ,  while the t e s t  curve for  p l a s m a - s p r a y e d  mate r i a l  is a cubic parabola ,  
but the t e s t  points be fo re  and a f t e r  par t ia l  heat  t r e a t m e n t  l ie within the range  of curves  for  the powders .  
It may be a s sumed ,  the re fo re ,  that  the s a m e  mechan i sms  opera te  during the heat  t r a n s f e r  but, when 
powders  a r e  tes ted  in a i r  (as in our case) ,  the t he rma l  conductivity is made up of th ree  components :  
phonon, radiant ,  and molecu la r  - the l a s t  one being r a t h e r  insignificant  according to Knudsen 's  theory  
[10]. All t hese  mechan i sms  opera te  a lso  in p l a s m a - s p r a y e d  A1203, but the molecu la r  t he rma l  conductivity 
includes now that  of a i r  as well as that  of the p l a s m a  genera t ing  gas and it is not p rac t i ca l ly  poss ib le  to 
s epa ra t e  the two, s ince pa r t  of the pores  fil ls up with a i r  and par t  with gas.  Inasmuch  as the t e s t s  were  
in this case  p e r f o r m e d  under vacuum (10"4-10 -5 to r r )  and th rough-poros i ty  var ied  f r o m  35 to 12% (it de -  
c r e a s e  d as the l a y e r  th ickness  was inc reased  f r o m  0.2 to 1.5 ram), only two mechan i sms  of hea t  t r a n s f e r  
we re  assumed  to opera te  in a coating, name ly  phonon and rad iant  t r a n s f e r ,  while the gas was evacuat ing 
f rom the pores .  F u r t h e r m o r e ,  in the case  of thin A120 ~ l a y e r s  [11], heat  radia ted not only through the 
po res  but a lso  through the coating. The geome t ry  of the powders  was not var ied  by packing or  was var ied  
sl ightly,  unlike in the case  of p l a s m a  spraying  with an apprec iab le  sp r ead  in the s ize  and shape  d i s t r ibu-  
tion of pa r t i c l e s .  

Thus,  for  these  r e a s o n s ,  the t rends  of  the r e spec t ive  ~. = f(t) curves  a r e  not the s a m e .  

P l a s m a - s p r a y e d  a luminum oxide was studied on var ious  kinds of meta l l ic  s u b s t r a t e s :  g rade  Kh18- 
N10T s tee l ,  g rades  VN1 and VN2 niobium, g rade  TO-4 alloy,  t i tanium,  copper ,  tungsten,  molybdenum,  
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T A B L E  1. C h a r a c t e r i s t i c s  of  S p e c i m e n s  Made  of P o w d e r s  and of  P l a s m a -  
S p r a y e d  AlzO ~ 
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Fig. 2. Thermal conductivity k(W/m-deg) as a func- 
tion of the temperature t (~ for powders and plas- 
ma-sprayed coatings: i) powder grade ch.d.a. (item 
3 in Table i); 2) powder grade B 45 (item 2 in Table i); 
3) powder grade E-98 (item 1 in Table i); 4) plasma- 
sprayed Al203 (Rem 4 in Table i) before heat treat- 
ment; 5) plasma-sprayed Al203 (item 5 in Table I) 
without heat treatment; 6) plasma-sprayed AI203 with 
heat treatment at t = I000-I050~ under vacuum (i0 -S 
torr) on Nb substrate and argon-hydrogen mixture as 
the plasma generating gas; 7) the same, except heat 
treatment at t = 1350~ 8) plasma-sprayed AI203 
before heat treatment on TO-4 alloy substrate 
with nitrogen as the plasma generating gas; 9) 
the same, except with heat treatment at t = I030~ 
i0) peeling after three heat cycles (maximum tem- 
perature 1000~ 

g r a d e  20 s t e e l ,  e tc .  A few f e a t u r e s  a f f e c t i n g  the  t h e r m a l  c o n d u c t i v i t y  of p l a s m a - s p r a y e d  a l u m i n u m  oxide  
have  been  r e v e a l e d  in th i s  s t u d y .  

F i r s t  of  a l l ,  on c o o l e d  c y l i n d r i c a l  g r a d e  Kh lSN10T  o r  K h tSN 9T  s t e e l  and n iob}um s u b s t r a t e s ,  
i . e . ,  on s u b s t r a t e  m a t e r i a l s  hav ing  d i f f e r e n t  t h e r m a l  c o n d u c t i v i t i e s ,  the  t h e r m a l  e o n d u e t i v i t i e s  of  A1203 
w e r e  c l o s e  (F ig .  2) b e f o r e  h e a t  t r e a t m e n t  but  d i f f e r e n t  a f t e r  8 h of h e a t  t r e a t m e n t  a t  t = 1000-1050~ on 
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Fig. 3. Thermal conductivity of 
plas ma-sprayed aluminum oxide 
X(W/m .deg) as a function of time 
�9 (h) at a 1300~ temperature.  

the niobium substrate the thermal conductivity increased even 
through 6-7 heat cycles. On grade Kh18N10T and grade Kh18N9T 
steel substrates the trend was opposite, the coating peeled and 
cracked parallel to the cylinder axis, with the thermal conductiv- 
ity decreasing sharply through 2-3 heat cycles (specimen layer  
thickness 0.5-1.0 mm). 

Secondly, a high thermal conductivity can be attained by 
spraying on an uncooled substrate at a temperature comparable 
to that of the central zone in the flame and without movement of 
the spray nozzle, resulting in a thermal conductivity close to that 
of plasma-sprayed A1203 after full heat t reatment  (Fig. 2). We 
note that the coating may not have been completely heat treated 
on all substrates,  inasmuch as the heat- t reatment  temperature 
was rather high and above 800~ 

Thirdly, as the technological process conditions, namely the plasma generating gas and other 
parameters  were changed as, for example, by using nitrogen at a flow rate of 50 l i t e r s / ra in  and a plasma 
arc  350 A strong at 80 V with a similar spray nozzle, the thermal conductivity was found higher than in 
the f i rs t  mode, even with the material not heat t reated (Fig. 2). The thermal conductivity of A1203 on the 
grade VN2 niobia substrate as a function of time at a constant temperature of 1300~ is shown in Fig. 3. 

Fur thermore,  the f i rs t  tests have indicated a variation in thermal conductivity with thickness, es-  
sentially in the case of 0.2-0.5 mm layers  and at temperatures 500~ Up to those temperatures the ther-  
mal conductivity varied insignificantly and depended very slightly on the layer  thickness. Evidently, the 
variation in thermal conductivity was here related to: 

1) the different heat t reatment of the material by the empirical method of shifting the power density 
levels; 

2) the changes in the spray process made by manual adjustments, depending on the experience and 
skUl of the operator;  

3) the effect of the emissive power of the substrate (in the case of thin layers  [11]), inasmuch as 
that emissive power was high [12]. 

The thermal conductivity of A1203 was studied experimentally by steady-state methods, inasmuch 
as at high temperatures  (above 800-900~ there occur structural changes in a layer) certain metallic sub- 
strates (steel, copper, etc.), applicable only up to their reduction temperatures  and up to certain thick- 
nesses (on a cylindrical substrate of grade Kh18N10T steel, for example, the coating thickness should not 
exceed 0.5 ram) would not withstand sudden temperature changes, unless high thermal s t resses  appeared 
and caused the coating to break down. 

The following test  methods were used in this study: 

a) the steady-state absolute method of heating a cylindrical specimen by radiation from an insulated 
heater:  the specimen here was a substrate with deposited coating; 

b) the steady-state absolute method with a cylindrical substrate used as the heater; 

c) the steady-state method of shifting the power density levels,  with the heater insulated from the 
specimen, the temperature  field made uniform by tapering the section toward the ends; 

d) the steady-state method of shifting the power density levels,  with a specimen produced by spray-  
ing on a cylindrical substrate-heater  made up of two or several  layers  of different thicknesses; 

e) the steady-state relative method [8], with the thermal flux established according to a reference 
specimen and with the test specimens produced in the form of A1203 pellets f i rs t  sprayed and the 
substrate then removed. 

1~ 
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