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It is shown that microst ructural  changes in aluminum oxide coatings deposited together with 
modifying additives resul t  in a muct~ higher thermal conductivity without an impairment of 
electr ical  insulation character is t ics .  

Many technical applications require coatings which combine good electr ical  insulation character is t ics  
with a sufficiently high thermal conductivity. One material  which can satisfy these requirements is plasma- 
deposited aluminum oxide. The highly unbalanced conditions of a film deposition process  produce very 
specific structural  proper t ies ,  as a resul t  of which the effective thermal conductivity of plasma-deposited 
oxides with a 5-15% porosity is by one order  of magnitude lower than that of their sintered equivalents [1, 
2]. T h e  aim of this study here  was to establish the feasibility of increasing the thermal conductivity of 
plasma-deposited aluminum oxide coatings. 

The scarci ty and certain inconsistency of published data make it necessary to determine the thermal 
conductivity of sprayed aluminum oxide coatings experimentally. Accordingly, we have measured the ef-  
fective thermal conductivity of plasma-deposited coatings which contain aluminum oxide as the basic in- 

gredient. 

For  measuring the thermal conductivity of deposited films we selected an appropriate variant  of the 
steady-state method (Fig. 1). The standard specimen was made of fused quartz, with an outstanding s ta-  
bility of optical propert ies and suitable for a wide temperature  range. In accordance with the VNIIM pro-  
cedure,  taking into consideration the semitranslucency of fused quartz at temperatures  above 500*K, we 
correc ted  the results  of measurements  for the radiative component of heat t ransfer  with a proper account- 
tug for the optical propert ies  of the boundary and for the selective absorption character is t ics  of that ma-  

terial  [3]. 

Considering that the various deposition techniques produce films of finite thickness, we had flat 
specimens fabricated into disks 3-4 mm thick and 23-25 mm in diameter.  The coating, separated from 
the substrate,  was then ground on all sides down to a class 6 surface finish (8-10/~ roughness). The 

TABLE 1. Calculated Relation between the Effective 
Thermal Conductivity of the Ceramic Material and 
Microstruetural  Parameters  

Effective thermal  I I Size of micro :  
conductivity, W Contact area I cracks, P Grain size, 
/m? de g. 

10,2 0,3 10 -~ 
10, I 0,3 10 "'z 
9,1 0,3 10 -1 

5 
100 

5 
5 
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Fig.  1. T e s t  appara tus  for  m e a s u r i n g  the t h e r m a l  
conductivi ty:  1) t e s t  spec imen ;  2) s t andard  spec imens ;  
3) spo t - check  the rmocoup le s ;  4) Sillite rods ;  5) p r o t e c -  
t ive r ings ;  6) r e f r i g e r a t o r ;  7) f i r ec lay  lid; 8) load; 9) 
alundum tube;  10) the rmocoup le ;  11) suppor t  r ig ;  12) 
counterweight .  

t h e r m a l  conductivi ty was m e a s u r e d  under  conditions of pure ly  rad ia t ive  heat ing f r o m  Sillite rods .  In o r d e r  
to reduce  any heat  leakage by radia t ion ,  we sur rounded  the a r r a y  of spec imens  with th ree  concent r ic  p r o -  
tec t ive  r ings  of  a sbe s t o s  c em en t  with quar tz  sand as  f i l ler .  Accord ing  to the r e s u l t s  of  contro l  m e a s u r e -  
men t s ,  the t h e r m a l  insulat ion h e r e  ensu red  a d i f fe rence  of not m o r e  than 4% between t h e r m a l  fluxes through 
the f i r s t  and the second s tandard  spec imen .  The s t e a d y - s t a t e  t e m p e r a t u r e  d rops  a c r o s s  t e s t  spec imens  
w e r e  m e a s u r e d  with four  spo t - check  d i f ferent ia l  P t / P t R h  the rmocoup le s .  The read ings  were  r e c o r d e d  on 
a model  P P - 6 3  po ten t iomete r  (accuracy  c lass  0.5). The s y s t e m  of spec imens  and the rmocoup les  was  
p laced  on top of a r e f r i g e r a t o r ,  p r e s s e d  t ightly a g a i n s t i t  by a 3 k g / c m  2 p r e s s u r e  producing load. This  
p r e s s u r e  reduced  the t h e r m a l  contact  r e s i s t a n c e  between spec imens  and the rmoeoup les .  The t e m p e r a t u r e -  
dependence of this t he rm a l  r e s i s t a n c e  was ca lcula ted  accord ing  to the fo rmula  by Shlykov [4], with the s u r -  
face c h a r a c t e r i s t i c s  taken into account ,  and was  s y s t e m a t i c a l l y  accounted for  in the m e a s u r e m e n t s .  

The t h e r m a l  conductivi ty of the t e s t  spec imens  was de t e rmined  over  the 200-900~ t e m p e r a t u r e  
range .  The t e m p e r a t u r e  cu rve  was plot ted on the bas i s  of at  l ea s t  th ree  s imul taneous  read ings  taken on 
th ree  spec imens  of the s a m e  composi t ion .  The c o r r e c t i o n  for  the contact  r e s i s t a n c e  Rc amounted  to a p -  
p r o x i m a t e l y  25% of the in t r ins ic  t h e r m a l  r e s i s t a n c e  of the spec imen  a s .  The c o r r e c t i o n  for the rad ia t ive  
component  of heat  t r a n s m i s s i o n  through a quartz  spec imen  inc rea sed  with r i s i ng  t e m p e r a t u r e ,  r each ing  
100% at  800~ The m a x i m u m  random e r r o r  of m e a s u r e m e n t s ,  with the p r e c i s i o n  of i n s t rumen t s  and 
with the c o r r e c t i o n s  for  rad ia t ive  t h e r m a l  fluxes as well  as  the t he rma l  contac t  r e s i s t a n c e  taken into account,  

- 1" [6(Q I  I i 
L Q J ' 

was e s t i m a t e d  at  14-16%, Within a 95% confidence level ,  the  s tandard  der iva t ion  f r o m  the mean  

2~ 1]/ n ( n - -  1) 

was  equal  to 0.12 W / m .  deg and this was  well  within the l im i t s  of  the ca lcu la ted  sYstemat ic  e r r o r .  
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Fig. 2. The rma l  conductivity ~ ( W / m ' d e g )  
as a function of the t empera tu re  T (~ for  
p lasma-depos i ted  coatings with aluminum 
oxide as  the ma t r i x  and var ious  addit ives:  1) 
ex t ra  pure  A1203; 2) analyt ical  grade A1203; 3) 
A1203 + 0.3% MgO; 4) A1203 + 1% MgO+ 1.5% 
Co203; 5) A1203 + 1% MgO + 1.5% Cr20~; 6) 
A1203 + 2% Y203. 

The effect ive the rmal  conductivity of ce ramic  ma te r i a l s  is a function of many Variables:  composit ion,  
poros i ty ,  pore shape and dimensions ,  t empera tu re ,  thermal  conductivity and p r e s su re  of the gaseous 
medium,  etc .  The choice of a s t ruc tu ra l  model to descr ibe  deposited oxide was made on the basis  of an 
analysis  of a rea l  s t ruc tu re  in the given tes t  ma te r i a l  [5]. The D u l ' n e v - Z a r i c h n y a k - L i t o v s k i i  model  [6] 
applicable to sys tems with mutually penetrat ing components ,  accounting for  the effects  of m i c r o c r a c k s  and 
in te rgranula r  contact  a r eas  as  well as of the grain dimensions on the effect ive the rmal  conductivity,  was 
found suitable and, in fact ,  the most  ra t ional  one for charac te r iz ing  the effect ive conductivity of deposited 
f i lms.  

An exper imenta l  analysis  of how the many fac tors  affect  the thermal  conductivity p resen ts  a quite 
complex task.  This is so, because a grea t  number  of laborious tes ts  would be requ i red  and, above all ,  
because  of the difficulty in p repar ing  specimens with a r igorous ly  fixed m i c r o s t r u c t u r e .  In view of this,  
theore t ica l  methods of calculat ing the thermal  conductivity appear  ve ry  a t t rac t ive .  On the basis of the 
adopted thermal  model [6] and with the aid of a model BESM-4 computer ,  we have analyzed the effect  of 
s t ruc tura l  p a r a m e t e r s  on  the thermal  conductivity of the mate r ia l .  Typical  resu l t s  for 100~ a re  shown in 
Table  1, indicating a substantial  ro le  played by the interl inkage between individual grains .  Thus,  a t h r ee -  
fold inc rease  in the size of the contact  a r ea  brings about an a lmost  twofold increase  in the the rmal  

Fig. 3. Microphotographs of coating sect ion,  with • 340 
magnificat ion:  a) ex t ra  pure  A12Oa; b) analyt ical  grade 
A1203; c) A1203 + 0.3% MgO; d) A120 ~ + 1% MgO + 1.5% 
Co203; e) A1203 § 1% MgO + 1.5% Cr203; f) A1203 + 2% 
Y2O3. 
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Fig.  4. Pho tographs  of coat ing f r a c t u r e s ,  taken under  
an e l ec t ron  m i c r o s c o p e :  a) analyt ical  grade A1203 (x 1800); 
b) AI203 + 0.3% MgO, (• e) AI203 + 1% MgO + 1.5% 
Co203, (x 1800) ; d) A1203 + 2% Y203, (x 1800). 

conduct ivi ty ,  while a change in the width of m i c r o c r a c k s  by one o rde r  of magni tude af fec ts  the t h e r m a l  con-  
ductivi ty by only 10% and a change in the gra in  s ize  by a fac tor  of 20 af fec ts  the t h e r m a l  conductivi ty by 
only 1%. The r e su l t s  of this ana lys i s  point out the ways for  a cont ro i lab le  i m p r o v e m e n t  of the t h e r m a l  
conductivi ty.  

In o r d e r  to i n c r e a s e  the i n t e rg ranu la r  contact  a r e a  in deposi ted a luminum oxide,  we added doses  of 
me ta I l i c  oxides fo rming  with it e i the r  soIid solut ions or  chemica l  compounds [7]. Modif ie rs  added in smal l  
amounts  (2 to 3%) concen t ra te  along the gra in  boundar ies  in the fo rm of solid soiut ions or  chemica l  c o m -  
pounds with the m a t r i x  m a t e r i a l ,  without reducing  the e l ec t r i ca l  insulat ion c h a r a c t e r i s t i c s  of the coating 
and a l m o s t  without a l t e r ing  the bulk p r o p e r t i e s  of the deposi ted  m a t e r i a l .  At the s ame  t ime ,  they a r e  
capable  of  subs tant ia l ly  a l t e r ing  the su r face  p r o p e r t i e s  of fused d rop le t s ,  which leads  to a m o r e  solid bond. 
In our  expe r imen t  we used the following addi t ives  (Table 2): m a g n e s i u m  oxide, cobal t  oxide, ch romium 
oxide,  and y t t r i um oxide. 

The r e s u l t s  of m e a s u r e m e n t s  per ta in ing  to the effect ive t h e r m a l  conduct ivi ty of p l a s m a - d e p o s i t e d  
s p e c i m e n s  a r e  shown graphica l ly  in Fig. 2. I t  can be seen  he re  that  the t h e r m a l  conductivi ty v a r i e s  only 
sl ightly with t e m p e r a t u r e ,  which can apparen t ly  be explained by the effect  of m i e r o c r a c k s .  

We c o m p a r e d  the effect ive t h e r m a l  conductivi ty of the tes t  m a t e r i a l s  with the t h e r m a l  conductivity 
of ex t r a  pure  a luminum oxide containing not m o r e  than 10-1-10-3% addi t ives .  The t he rma l  conductivi ty of 
analy t ica l  grade  a luminum oxide was found to be app rox ima te ly  1.5 t imes  higher  than that  of ex t r a  pure  
a luminum oxide,  accord ing  to the graph ,  the f o r m e r  containing up to 1% of technological  impur i t i e s ,  The 
m o s t  s ignif icant  ef fec t  he re  has  an addition of magnes ium oxide (0.2 to 0.4%), which r a i s e s  the t h e r m a l  
conductivi ty of the c e r a m i c  m a t e r i a l  by a factor  of 3 to 4 above that  of ex t r a  pure  a luminum oxide. An 
addition of cobal t  oxide or  c h r o m i u m  oxide is l e s s  effect ive:  the t he rma l  conductivi ty is i n c r e a s e d  only by 
a fac tor  of 2 to 3 (Table 2). 

TABLE 2. Effect of Modifying Additives on the Thermal Conduc- 
tivity of Plasma-Deposited Aluminum Oxide Coatings 

1203 
Latrix 

Extra pure 
A.g. 
A. g: 
A, 

Mineral analysis of additive, ~ 

MgO 

m 

A.A. gg: 1,0 

Co2Oa 

Note. A. g. ) analytical grade. 

Cr~O, Y20, 

Dverall 
porosity, % 

13,3 
9,7 
9,8 
6,8 
9,9 
6,8 

X-ray strue- 
c.ural analy- 

?- phase 
?- phase 
7-phase 

a -t- 7,phas 
7- phase 
7-phase 

]Thermal con- 
i ductivity, W 
i/m "deg 

1,3--1,6 
2,3--2,1 
5,3--4,5 
4,8--3,6 
2,9--3,3 
0,9--1,5 
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The increase in thermal conductivity remains a predominant trend as long as the entire amount of 
added oxides contributes to the formation of contact bridges between grains; as soon as the added amount 
exceeds the amount necessary  for increasing the contact area attainable under given conditions, new phases 
(defective structures) begin to form inside the crystals ,  and the thermal conductivity begins to decrease 
[8]. This phenomenon could be what causes an addition of 0.3% MgO to be more effective in raising the 
thermal conductivity than is an addition of 1% MgO with other ingredients. Large amounts of magnesium 
oxide in the interst ices can exist as a separate phase and, in this case, the spinel layer  which has formed 
splits away on the MgO side [9] and thus the contact between grains weakens. 

Microscopic examination (Figs. 3 and 4) has confirmed that specimens with the highest thermal con- 
ductivity have also the closest  packed structure.  An exception are  specimens with an admixture of yttrium 
oxide: these are close packed but have the lowest thermal conductivity, because of microcracks  appearing 
as specimens with a low concentration of pores and cracks are  cooled. Nevertheless,  material  with an 
admixture of yttrium oxide seems to us promising in terms of higher thermal conductivities, inasmuch as 
the effect of microcracks can be overcome by a proper design of the deposition process.  

Our study has shown that, by altering the microst ructure  of ceramic mater ia ls ,  it is possible to ef-  
fect a controllable change in their thermal conductivity. 

N O T A T I O N  

is the thermal conductivity, W / m .  deg; 
T is the temperature;  
AT is the temperature drop; 
Rc is the thermal contact resis tance,  m 2 �9 deg/W; 
Rs is the thermal resis tance of a specimen; 
Q is the thermal flux density, W/m2; 
H is the specimen thickness, mm. 
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