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A study was made concerning the thermal conductivity of silicon-organic elastomer systems 
with mineral filler, depending on the chemical composition, on the amount, and on the dis- 
persion of the latter. 

In the manufac tu re  of h e r m e t i c  sea lants ,  r e s ins ,  and other  m a t e r i a l s  based on s i l i con-organ ic  e l a s -  
t o m e r s ,  as well as of organic  rubbe r s ,  one often uses  f i ne -d i spe r s e  mine ra l  f i l l e r s ,  main ly  meta l  oxides,  
for  r e in fo rcemen t .  The addition of such f i l le rs  not only upgrades  the mechanica l  p rope r t i e s  of unfilled 
vulcani tes  but Mso modif ies  the i r  chemical ,  physical ,  and pa r t i cu l a r ly  the rmophys ica l  p rope r t i e s  [1], In 
the l a t t e r  case  the modif icat ion is  de te rmined  not only by the the rmophys ica l  p r o p e r t i e s  of the pure  com-  
ponents alone but also by the c h a r a c t e r i s t i c s  of in terac t ion  between e l a s t o m e r  and f i l ler ,  which in turn  de-  
pends on the i r  chemica l  nature ,  the i r  d ispers ion ,  and the shape as well as the su r f ace  c h a r a c t e r i s t i c s  of 
f i l le r  p a r t i c l e s ,  In the p r e s e n c e  of act ive  cen te rs  on the su r face  of pa r t i c les  and of r eac t ive  groups in the 
e l a s t o m e r  nolecule,  the in te rac t ion  between f i l le r  and e l a s t o m e r  can be chemica l  [2]. 

A study and an analys is  of the the rmophys ica l  p rope r t i e s  of filled e las t ic  s i l i con-organic  m a t e r i a l s  
over  the i r  ent i re  working t e m p e r a t u r e  range,  the upper  l imit  of which reaches  300~ may  prove  useful  
for  explaining the s t r u c t u r e  of the i r  ingredients  and for  es t imat ing  the cha r ac t e r i s t i c s  of in te rac t ion  be-  
tween f i l l e r  and e l a s t o m e r .  Only ve ry  few data a r e  found in the technical  l i t e r a tu r e  per ta in ing  to the t e m -  
p e r a t u r e  c h a r a c t e r i s t i c s  of s i f i con-organic  e l a s t o m e r s ,  i . e . ,  of the i r  t he rma l  conductivity.  The values for  
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Fig. i. Thermal conductivity (W/m �9 ~ of composites with TiO 2 filler, as 
a function of the temperature (~ pure SKTN (i), 6 volume fractions of 

TiO 2 (2), 12 volume fractions of TiO 2 (3), 18 volume fractions of TiO 2 (4), 
24 volume fractions of TiO 2 (5). 

Fig. 2. Comparison between measured and calculated values of the thermal 
conductivity (W/re-~ of composites with TiO 2 filler: test data (I), calcu- 
lations according to formula (2) (2), calculations according to formula (3) 
(3). 
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T A B L E  i .  C h a r a c t e r i s t i c s  of M i n e r a l  
F i l l e r s  

Density p, 
Filler kg/m 3 

2200 Grade BS-50 Silica gel (SiO2) 

Grade PKquartz powder ($iO2) 
Zinc oxide (ZnO) 
Ferric oxide (FesO s) 
Titanium dioxide (TiO 2) 

2200 
5600 
5700 
4300 

a few s i l i c o n - o r g a n i c  r e s i n s  a r e  g iven  in [3], w h e r e  i t  i s  
a l s o  shown tha t  the  t h e r m a l  c onduc t i v i t y  of the  r e s i n  i s  a l -  

Specificsur- m o s t  una f f e c t e d  by the  f o r m  of the  r a w  r u b b e r  but  de pends  
faces, m~/g e n t i r e l y  on the  t y p e  of f i l l e r .  

47,0 In th i s  a r t i c l e  t he  a u t h o r s  p r e s e n t  t he  r e s u l t s  of a s tudy  
c o n c e r n i n g  the  ef fec t  of m i n e r a l  f i l l e r s ,  t h e i r  c h e m i c a l  c o m -  

.... 5,0 p o s i t i o n  and t h e i r  conten t  l e v e l ,  on the  t h e r m a l  conduc t iv i ty  
::15-t7 ,of v u l c a n i z e d  c o m p o s i t e s  wi th  a l o w - m o l e c u l a r  g r a d e  SKTN- 

45--50 A d i m e t h y l p o l y s i l o x a n  r u b b e r  b a s e  wi th in  t he  20-300~ t e m -  
p e r a t u r e  r a n g e .  The  cho i ce  of  f i l l e r s  was  d e t e r m i n e d  e s -  
s e n t i a l l y  by t h e i r  a p p l i c a b i l i t y  to  r e s i n s  o r  h e r m e t i c  s e a l a n t s  
and compounds  with th i s  r u b b e r  a s  the  b a s e  (zinc ox ide ,  t i -  
t a n i u m  d iox ide ,  s i l i c o n  d iox ide ,  f e r r i c  oxide)  and a l s o  by 

Coefficient t h e i r  d i f f e r e n t  d i s p e r s i o n  c h a r a c t e r i s t i c s  in  the  c a s e  of p r a c -  
A.10' B t i c a l l y  the  s a m e  c h e m i c a l  c o m p o s i t i o n  (quar tz  p o w d e r  and 

s i l i c a  ge l ) .  
o, 159 
0,21 The  d e n s i t y  and the  s p e c i f i c  s u r f a c e  of t h e s e  f i l l e r  m a -  
0,272 t e r i a l s  a r e  g iven  in T a b l e  1. 
0,321 
0 , 3 6 2  C o n s i d e r i n g  the  wide ly  d i f f e r e n t  d e n s i t i e s  of the  t e s t e d  
0,255 f i l l e r s ,  t h e i r  e f fec t  on the  t h e r m a l  conduc t iv i t y  of  the  c 0 m -  0,349 
0,418 p o s i t e s  was  m e a s u r e d  at  equal  v o l u m e  f r a c t i o n s .  
0,209 
0,27l The t h e r m a l  conduc t iv i ty  was  m e a s u r e d  u n d e r  a m o n o -  
0,316 t o n i c a l l y  r i s i n g  s p e c i m e n  t e m p e r a t u r e .  The  i n s t r u m e n t a t i o n  
0,t87 c o n s i s t e d  of a f la t  b i c a m e r a l  c a l o r i m e t e r  with two i d e n t i c a l  
0,213 t e s t  s p e c i m e n s  ly ing  s y m m e t r i c a l l y  be tween  the  c e n t e r  d e -  
0,232 
0,177 v i c e  and a f la t  h e a t e r  on each  s i d e  [4]. The  r e l a t i v e  e r r o r  of 
0,202 the  t h e r m a l  conduc t iv i t y  m e a s u r e m e n t  was 6-8%, with s o m e  
0,221 d e g r e e  of s p e c i m e n  i n h o m o g e n e i t y  t aken  into  accoun t .  
0,239 

The  t h e r m a l  conduc t iv i ty  of un f i l l ed  SKNT v u l c a n i t e  
and of i t s  c o m p o s i t e s  with v a r i o u s  l e v e l s  of  t i t a n i u m  d iox ide  

The  v a r i a t i o n  of th i s  t h e r m a l  conduc t iv i t y  wi th in  t he  t e s t  r a n g e  of t e m p e r a t u r e s  

T A B L E  2. Va lues  of P a r a m e t e r s  A and 
B in Equa t ion  (1) 

Material 

SKTN 
SKTN ,+ 6 volume fractions TiC 2 �9 
SKTN + 12 volume fractions TiC 2 
SKTN + 18 volume fractions TiC 2 
SKTN + 24 volumo fractions TiC 2 
SKTN + 6 volume fractions ZnO ' 
SKTN + 12 volume fractions ZnO 
SKTN + 18 volume fractions ZnO 
SKTN + 6 volume fractions FezO 3 
SKTN + 12 volume fractions Fe203 
SKTN ~ 18Volume fractions Fe203 
SKTN + 6 volume fractions BS- 50 
SKTN + 12 volume feactions BS-50: 
SKTN + 18 volume fractions BS- 50 
SKTN + 6 volume fractions PK 
SKTN + 12 volume fractions PK 
SKTN + 18 volume fractions PK 
SKTN + 24volume fractions PK 

: --2,2 
--3,3 
--4,7 
--5,5 
--6,0 
--3,9 
--5,7 
--6,9 
--3,4 
--4,7 
--5,6 
--2,9 
--3,5 
--3,9 
--2,7 
--3,3 
--3,6 
--3,9 

conten t  iS shown in F ig .  1. 
can  be  a c c u r a t e l y  enough a p p r o x i m a t e d  by the  l i n e a r  r e l a t i o n  

= A t  + B. (1) 

The  t h e r m a l  conduc t iv i ty  i s  a l i n e a r  funct ion of  the  t e m p e r a t u r e  a l s o  when o t h e r  s u b s t a n c e s  a r e  u s e d  
as  f i l l e r .  The  v a l u e s  of p a r a m e t e r s  A and B have  been  d e t e r m i n e d  by  the  m e t h o d  of l e a s t  s q u a r e s  and a r e  
g iven  in  T a b l e  2. An ana logous  t e m p e r a t u r e - d e p e n d e n c e  of t h e r m a l  conduc t iv i t y  was  no ted  in  the  c a s e  of 
s i l i c o n  r e s i n s  [3]. 

The  t r e n d  of  t h e  r e l a t i o n  be tween  t h e r m a l  conduc t iv i t y  and t e m p e r a t u r e  can  be  e x p l a i n e d  on the  b a s i s  
of  the  h y p o t h e t i c a l  m o d e l  in  [5, 6]. I t  h a s  been  e s t a b l i s h e d  tha t ,  a s  t he  t e m p e r a t u r e  r i s e s ,  t he  t h e r m a l  
conduc t iv i ty  of v i t r i f i e d  p o l y m e r s  i n c r e a s e s  s o m e w h a t ;  a f t e r  t r a n s i t i o n  to  the  s u p e r e l a s t i c i t y  s t a t e  i t  d e -  
c r e a s e s ,  b e c a u s e  t he  t h e r m a l  f l uc tua t i ons  of m a c r o m o l e c u l e s  and the  c o n s e q u e n t l y  g r e a t e r  d i s t a n c e  b e -  
t w e e n  m o l e c u l a r  cha in s  ( g r e a t e r  f r e e  vo lume)  r e s u l t  in a h i g h e r  i n t e r n a l  t h e r m a l  r e s i s t a n c e .  The  v a l i d i t y  
of  t h i s  concep t  h a s  been  c o n f i r m e d  by e x p e r i m e n t a l  s t u d i e s  in  [5, 7, 8] c o n c e r n i n g  the  t e m p e r a t u r e - d e p e n -  
d e n c e  of  t h e r m a l  conduc t iv i ty  in  the  c a s e  of l i n e a r  w e a k l y  c r o s s - l i n k e d  t h r e e - d i m e n s i o n a l  p o l y m e r s .  The  
c o m p o s i t e s  in  our  s tudy  h e r e  w e r e  l i n e a r  w e a k l y  c r o s s - l i n k e d  p o l y m e r s  with a g l a s s  t r a n s i t i o n  t e m p e r a -  
t u r e  wi th in  the  b e l o w - z e r o  r a n g e .  

In a n a l y z i n g  the  p r o c e s s e s  of  h e a t  t r a n s f e r  t h rough  the  s i m p l e s t  m u l t i c o m p o n e n t  s y s t e m s ,  fo r  the  
p u r p o s e  of d e t e r m i n i n g  the  t h e r m a l  conduc t iv i ty ,  one u s u a l l y  a s s u m e s  to  s o m e  ex ten t  the  m a c r o s c o p i c  
v iewpoin t ,  i . e . ,  one i g n o r e s  t he  fac t  t ha t  s u b s t a n c e s  c o n s i s t  of a t o m s  and m o l e c u l e s  and one t r e a t s  t h e m ,  
i n s t e a d ,  a s  cont inua  [9-14] .  On th i s  p r e m i s e ,  i t  i s  p o s s i b l e  to  e s t a b l i s h  the  d e p e n d e n c e  of  t he  e f f ec t ive  
t h e r m a l  conduc t iv i ty  on the  s u b s t a n c e  s t r u c t u r e ,  on the  hea t  t r a n s f e r  c o e f f i c i e n t s  of the  s u b s t a n c e  c o m p o -  
n e n t s ,  and on the  c o n c e n t r a t i o n s  of t he  c o m p o n e n t s ,  and i t  i s  p o s s i b l e  to  c o m p r e h e n s i v e l y  enough s tudy  the  
e f fec t  of  one o r  a n o t h e r  of  t h e s e  f a c t o r s  on the  t h e r m a l  conduc t iv i t y  of  the  s u b s t a n c e .  Wi th  such  an a p p r o a c h  
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Fig. 3. Thermal  conductivity (W/m.  ~ 
of composi tes  as a funcVion of the f i l ler  
content (volume): SiO 2 (quartz powder) 
(1), SiO 2 (silica gel) (2), TiO 2 (3), Fe203 

(4), ZnO (5). to rank amoung the most general ones. 

Considering that the principle of generalized conductivity is based on ideal model structures, A. 
Misnar has propscd an empirical formula for calculating the thermal conductivity of two-phase systems 
[12]: 

~ .... a~mix. ~- b~,mi x. 

to the analysis of heat t r ans fe r  p rocesses ,  one makes sev-  

eral  assumptions:  that there  is no thermal  res i s tance  
ac ros s  the interface between substance components,  that 
the thermal  conductivities of pure components a re  inde- 
pendent of one another, etc. At the same t ime, the addi- 
tion of fil ler may change the supermolecular  s t ruc ture  of 
a po lymer  during mixing [2], which in turn will affect the 
thermal  conductivity of the composite.  

A study of the analytical relat ions in the case  of 
s t ruc tures  with isolated closed inclusions has shown the 
formula propsed by V. I. Odelevskii 

( 1 l--n) -1 
~ I - - n  �9 (2) 

;~o~- ,-1 -- v 3 

(3) 

? 

Here kmi x and kmi x are  the values calculated according to (2), if  f i rs t  the substance with the higher ther -  
mal conductivity and then the substance with the lower thermal  conductivity is t rea ted  as the fi l ler.  The 
values of pa r ame te r s  a and b for sil icone res ins  are  taken equal to 0.2 and 0.8 respect ively [12]. 

The measured  thermal  conductivity of composites is shown in Fig. 2 as a function of the TiO 2 content, 
along the values calculated according to formulas  (2) and (3). The test  values agree bet ter  with formula 
(3) for volume concentrat ions n < 0.1 and with formula (2) for volume concentrations n > 0.1. As higher 
values of n, the difference between calculated and measured  values of thermal  conductivity inc reases ,  
reaching 30% if formula  (2) is used for n ~ 0.25. This d iscrepancy ref lects  the imperfect ion of the model 
selected to represen t  the actual e las tomer  fil ler sys tem s t ruc ture .  For instance,  a compar ison between 
test  resul ts  and values based on formula (2) indicates that some chemical  interaction occurs  between the 
dimethylpolysiloxan molecules  and the fi l ler,  just as in the case of organic rubbcrs  [15], and also that con- 
tact between fi l ler  par t ic les  themselves  is possible with a result ing decrease  in the thermal  conductivity of 
the composite,  if  k 2 > k l. 

It is to be noted that the values of thermal  conductivity obtained by the empir ical  formula (3) can be 
brought c loser  to the tes t  values by cor rec t ing  the numerica l  values of pa ramete r s  a and b. Thus, with 
a = 0.15 and b = 0.7, the calculated values will differ f rom the measured  ones by less than 5% over the en- 
t i re  range of concentrat ions.  

The thermal  conductivity of a sys tem as a function of the fil ler content is shown in Fig. 3 for various 
minera l  f i l lers .  The relat ion is near ly  l inear for n < 0.15, while for n > 0.15 the thermal  conductivity in- 
c reases  somewhat slower -- possibly because of local contact res i s tances  between e las tomer  and fil ler 
par t ic les .  Systems containing zinc oxide have the highest thermal  conductivity, because this substance 
has the highest  thermal  conductivity of all the different minera l  f i l lers considered here  [15]. 

The dispers ion charac te r i s t i c s  of the fi l ler  (for example, quartz powder or s i l ica gel) also affect the 
thermal  conductivity of the composite .  The inc rease  in thermal  conductivity with a decrease  in the s ize  
of par t icIes  (at the same volume content of the given filler),  which has been established experimentally,  
can avidently be explained by s t ronger  sur face  effects at the interphase boundary [17]. The activity cen- 
te rs  at the sur face  of si l ica gel par t ic les  enter into a chemical  bond with the e las tomer  molecules ,  m o r e -  
over,  and thus strenghthen the c ross - l inkage  between molecules;  if  a sufficient number of such centers  
exists,  then the f i l ler  par t ic les  may become incorpora ted  into the three-d imensional  s t ruc ture  of the vul- 
canite mater ia l  and will act as conduction bridges between two or m o r e  e las tomer  molecules .  

k 

k I, k 2 

NOTATION 

is the thermal conductivity; 

are the thermal conductivity of binder and of inclusions respectively; 
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t is the temperature; 
n is the volume concentration of filler substance; 
v = Xz/X i . 
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