
INFLUENCE OF FILLERS UPON THE THERMODYNAMIC 

PROPERTIES OF GLASS-LIKE 

POLYM E THYLME THAC RYLATE 

V. P. Dushchenko, V. S. Tytyuchenko, 
I. A. Uskov, V. P. Solomko, 
V. I. Galinskaya, and P. G. Luchitskii 

UDC 536.21 

The a r t i c l e  p re sen t s  r e su l t s  re la t ing  to the influence of d i spersed  f i l l e r s  upon the t h e r m o -  
dynamic p rope r t i e s  of g l a s s - l i ke  po lymethy lmethacry la te .  

The p rope r t i e s  of po lymer s  depend upon the p r e s e n c e  of long, f lexible  mac romolecu l e s  which f o r m  
var ious  supe rmolecu la r  s t r uc tu r e s  [1]. The f lexibi l i ty  of mac rocha ins ,  the in te rmolecu la r  interact ion,  and 
the abil i ty to f o r m  ordered  s t ruc tu re s  depend upon the chemical  s t ruc tu re  of the po lymer  [1, 2]. 

The hea t  t r a n s f e r  in po lymer  bodies depends p r e s u m a b l y  upon mac romolecu l e s  which, due to the p r e -  
sence  of chemical  bonds para l le l  to the chains ,  a r e  pecul ia r  " thermal  wavegu ides . "  Since the orientat ion 
of the m a c r o m o l e c u l e  segments  in space  does not depend upon the posit ion of neighboring sect ions ,  the in-  
dividual sect ions of the waveguides ,  i . e . ,  the so -ca l l ed  e l emen ta ry  waveguides ,  can have  different  o r i en ta -  
t ions with r e s p e c t  to the direct ion of the heat  flux (paral le l ,  perpendicu la r ,  or at a ce r t a in  angle r e la t ive  
to the heat  flux). 

The dimensions of the e l emen ta ry  waveguides cannot exceed the s ize  of the segments  and depend 
d i rec t ly  upon the f lexibi l i ty  of the m a c r o m o l e c u l e s .  A d e c r e a s e  in f lexibi l i ty  co r re sponds  to an i nc rea se  in 
the dimensions of the e l emen ta ry  waveguides .  

In view of what has been said above,  the heat  t r a n s f e r  in po lymers  can be cons idered  a consequence 
of two independent p roces se s :  a) exchange of energy between the a toms of the pr incipal  chain of m a c r o -  
molecu les  which are  connected with chemical  fo rces ,  and b) exchange of energy between the a toms or  groups 
of a toms which do not fo rm a par t  of the pr incipal  chain ( lateral  groups and branches  of the s a m e  type of 
mac romolecu l e s ) ,  and energy exchange between neighboring mac romolecu l e s .  

When a segment  or its par t s  cor responding  to e l emen ta ry  wave guides a re  oriented para l le l  to the 
di rect ion of heat  flux, the m a j o r  par t  of the heat  is t r a n s f e r r e d  through the a toms of the pr incipal  chain. In 
the second l imi t  case ,  in which the e l emen ta ry  waveguide and the  heat  flux a re  perpendicular ,  the c o r r e s -  
ponding port ions of a segment  a r e  si tuated on a single i so the rmal  su r face ,  and the heat  is t r a n s f e r r e d  only 
via the in te rmolecu la r  contacts .  Thermal  sca t t e r ing  occurs  when in te rmedia te  or ientat ions a r e  assumed  
by  the segments  or pa r t s  thereof .  

La t e r a l  groups or end groups of m a e r o m o l e c u l e s  which a r e  dis t r ibuted at r andom in space  contr ibute  
to the sca t t e r ing  of the the rma l  flux. The degree  to which these  groups par t i c ipa te  in the general  t he rma l  
conductivity depends 'upon the mobi l i ty  of the groups and the in teract ion between the groups.  

The heat  t r a n s f e r  via the a toms of the pr incipal  chain is mos t  effect ive.  An i nc r ea se  in the s ize  of the 
waveguides mus t  t he re fo re  imply  an i n c r e a s e  in the t he rma l  conductivity of the po lymer .  

F i l l e r s  a r e  an effect ive means  of modifying the s t r u c t u r e  and the p rope r t i e s  of po lymer  m a t e r i a l s .  
It  is well known that  introduction of a f i l le r  in a po lymer  can g rea t ly  influence the s ta te  of individual po lymer  

A. M. Gor 'k i i  State Pedagogic Inst i tute .  T. T.  Shevehenko State Univers i ty ,  Kiev. Trans la ted  f r o m  
Inzhenerno-Fiz ichesk i i  Zhurnal ,  Vol. 19, No. 5, pp. 893-897, November ,  1970. Original a r t ic le  submit ted 
September  23, 1969. 

�9 1973 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, 
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without 
permission of the publisher. A copy of this article is available from the publisher for $15.00. 

1420 



O.26 

0,17 
0 tO 

[.62 

150 

I, J8 

20 dO C 

Fig. i. 

2O ~0 60 O0 

Fig. 1 Fig. 2 

Dependence of the coefficient of heat conductivity X, W/m "deg, (a) and 
dependence of the specific heat capacity Cp, J / k g  .deg, (b) upon the concentration 
c of the filler, wr % at 60~ polymethylmethacrylate with: 1) kaolin; 2) quartz 
powder (d < 50/~); 3) quartz powder (100 < d < 160~). 

Fig. 2. Dependence of the coefficient of heat conductivity X, W/m .deg, upon the 
temperature t~ of polymethylmethacrylate with various kaolin concentrations: 
1) 0%; 2) 1%; 3) 5%; 4) 10%; 5) 30%; 6) 10% kaolin + GKZh-94. 

chains and the entire polymer binding. A filler can have an orienting effect upon polymer chains and may 
modify the mobility of the chains [3, 4]. In systems containing a polymer capable of coacting motions of 
structural elements, extended structures which are oriented by the surface of the filler developed. The 
flexibility of the macromolecules is then smaller than that of the initial polymer [5]. Apart from this, 
zones of reduced packing density of the polymer macromolecules can develop around the filler particles 
[ 6 ] .  

Accordingly, fillers must modify the heat transfer process and influence the thermodynamic charac- 
+~eristics of a polymer. 

The incorporation of fillers complicates the heat transfer in polymers. As far as the classification of 
heterogeneous systems is concerned, polymers with fillers can be considered matrix systems in which 
solid particles are distributed in a continuous polymer matrix. 

The heat conductivity of systems of this kind depends upon the heat conduc~ivi~ies of the polymer and 
the filler and upon the thermal contact resistance at the boundary between a polymer particle and a filler 
particle. The thermal conductivity of the medium is not necessarily identical with the thermal conductivity 
of the pure polymer, because the filler may induce substantial structural conversions in the polymer. 

The influence of the thermal conductivity of individual components and of the thermal contact resistance 
upon the heat transfer in polymers with fillers is given by the form of the interaction of the components, the 
size of the filler particles, and the extent of filling. 

In order to clarify these problems, we consider the concentration dependence and the temperature 
dependence of the coefficient of thermal conduction (X), the coefficient of thermal diffusivity (a), and the 
coefficient of the specific heat capacity (Cp) of systems withfillers on the basis of L-3 polymethylmethacryl- 
ate and several other disperse fillers. 

Polymethylmethacrylate is a typical representative of linear, amorphous polar polymers with strong 
intermolecular interaction facilitating the cooperating motion of structural elements [5]. 

The polymethylmethacrylate was purified by reprecipitation from a 4% solution in benzene by means 
of methanol, in order to remove admixtures of low molecular weight. 

Prosyanaya kaolin enriched by elntriation with nonisometric 1-4 # particles, and two fractions of 
quartz powder (d < 50 l~ and I00 < d < 160/~) wiLh almost spherical particles were used as filler materials. 

These mineral fillers can form hydrogen bonds with polymethylmethacrylate, because -OHgroups are 
present on the surface of the fillers [8]. 
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This choice of f i l lers made it possible to determine the influence of the thermodynamic properties 
of the f i l lers ,  their degree of dispersion, and their  interaction with the polymer upon the thermodynamic 
properties of the composition with the f i l ler .  Moreover, the 'mineral fi l lers reduced the cost of the polymer 
product and, at the s~me time, can improve the main physical and chemical properties of the polymer. 

The components were combined by gradual addition of polymer to the fi l ler ,  while a long-lasting 
mixing was executed at the same time in order to obtain uniform distribution. At a temperature exceeding 
the flow point by 15-20~ samples were pressed from the mixture; the samples were thereafter  slowly 
cooled under pressure  ~pplieation. 

The polymethylmethaerylate samples with various f i l ler  concentrations had the following densities: 
pure polymethylmethacrylate 1195 kg/m3; polymethylmethacrylate + kaolin (1% 1200 kg/m 3, 5% 1230 kg/m 3, 
10% 1262 kg/m 3, 20%1338 kg/m 3, 30% 1390 kg/m3); polymethylmethacrylate + quartz powder, d < 50 ~ (1% 
1193 kg/m 3, 5% 1206 kg/m 3, 10%0 1256 kg/m 3, 40% 1567 kg/'m~); polymethylmethacrylate + quartz powder, 
100 < d < 160 ~ (5% 1206 kg/m ~, 10% 1241 kg/m 3, 20% 1286 kg/m 3, 40% 1466 kg/m3). The density was de- 
termined at 25~ by hydrostatic weighing. 

The coefficients A and a were determined with an accuracy of 5-6% by the technique of dynamic a -  and 
n-calor imeters  [9]. The quantity Cp was determined with an accuracy of 2.5% by thermal analysis according 

to [101. 

An analysis of the resulting concentration and temperature dependences of k, which are shown in Figs. 
1 and 2, leads to the conclusion that within the interval of fil ler concentrations considered, the heat con- 
ductivity of systems with f i l lers  depends mainly upon the polymer matrix the state of which is affected by 

the introduction of f i l lers .  

It follows from Fig. 1 that incorporation of kaolin up to 5% by weight leads to a sharp increase in k.  
The specific heat decreases sharply (Fig. 1). 

We made special experiments to determine in this concentration interval the increase in the velocity 
of ultrasound, the increase in the vitrification temperature,  and the microhardness of the material .  

The results prove that the interaction between the polymer and the filler via hydrogen bonds reduces 
sharply the flexibility of the macromolecules,  which can modify the lengths of the elementary waveguides. 
Moreover, changes in the polymer are possible on the super molecular level, when a solid surface acts 

upon systems of this kind [5]. 

It seems that these changes in the polymer are  responsible for the increase in X at small f i l ler  con- 
centrations. In this case, almost the entire heat is t ransfer red  via the polymer matrix.  The heat con- 
ductivity of the fi l ler can be ignored because the amount of fi l ler present is very small. Zones with reduced 
packing density, which developed from the strong binding of the poiymethylmethacrylate to the kaolin around 
fi l ler  particles,  reduce the thermal contact of the components and, hence, reduce the contribution of the 

f i l ler  to the total heat conductivity. 

The relative increase in A is reduced when the fi l ler concentration becomes greater  than 5%, because 
the volume of the polymer matr ix  within the total volume of the system decreases .  Though the value of k 
for  the f i l ler  is an order of magnitude greater  than k for the polymer, the f i l ler  contributes but insignifi- 
cantly to the heat t ransfer ,  because the thermal resis tance at the points of contact is high. Moreover,  the 
large number of loose zones scatters the thermal flux. 

We must bear in mind that the bonds which develop between the polymer az~d the filler particles are 
obviously peculiar thermal bridges which improve the heat conductivity at the point of contact. The bridges 

cause an increase in k when the filler concentrations exceed 10%. 

Loosening the microstructure of the polymer in the layers near the surface has also an influence upon 

the concentration dependence of ep. 

Quartz powder has a greater particle size and a smaller interaction with polymethylmethacrylate than 

kaolin. Incorporation of the quartz powder into polymethylmethacrylate changes, to some extent, the con- 
centration dependence of A. In addition, the ratio of the contributions of the components and the thermal 

contact resistance to the total heat conductivity changes. 

Since the interaction and the total surface of the filler are small, the polymer undergoes less exten- 
sive structural conversions in systems containing quartz powder. This conclusion is confirmed by the fact 
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that the increase in the vitrification temperature of these systems is two times smaller than in the co r r e s -  
ponding compositions containing kaolin. Accordingly, the conductivity of the polymer matrix decreases.  
The importance of the heat conductivity of the f i l ler  increases relative to that of systems containing kaolin. 
This behavior is explained by the reduced contact resistance,  which is directly related to changes i~ the 
extent of the interaction between the components of the system. 

In view of what has been said above, the thermodynamic properties of systems containing small con- 
centrations of quartz powder used as a f i l ler  change to a lesser  extent, or, at high fi l ler  concentrations, 
change to a greater  extent than those of the corresponding compositions with kaolin (Fig. 1). 

The role which the interaction between the polymer and the f i l ler  surface plays for the thermodynamic 
properties is further corroborated by research  on the thermodynamic properties of polymethylmethacrylate 
filled with kaolin the particle surface of which had been treated with the hydrophobizing silicone liquid GKZh- 
94. The  organic radicals partially shield the -OH groups of the f i l ler  surface, which reduces the interac-  
tion energy of the components along the interface [11]. Accordingly, it was observed that modification of 
kaolin by GKZh-94 liquid results  in higher Cp values add a much smaller  ultrasound velocity than in cor -  
responding systems with natural kaolin, the f i l ler  concentrations being equal. This means that the binding 
of the polymer by the f i l ler  is reduced and that all above factors capable of increasing k in the particular 
range of f i l ler  concentrations have become less important. As a result ,  the ~ values are reduced. 

At increasing temperatures ,  the ~ values of the polymer and of the compositions with f i l lers  increase 
proportionally to Cp (Fig. 2), which agrees with Debye's phonon theory of heat conduction. When heated, 
Cp increases to a greater  extent than the velocity of sound. The density of the polymer and the f ree  path 
length of the phonons remain almost constant. 

The changes in the coefficient of thermal diffusivity are directly related to the changes in ~, Cp, and 
the density of the compositions. 

is the coefficient of heat conductivity; 
a is the coefficient of thermal diffusivity; 
Cp is the specific heat; 
d is the particle size. 

NOTATION 

LITERATURE CITED 

I. V.A. Kargin and G. L. Slonimskii, Short Outline of the Physical Chemistry of Polymers [in Russian], 
Khimiya (1967). 

2. A. A, Tager, The Physical Chemistry of Polymers [in Russian], Khimiya (1968). 
3. I.W. McBain and" D. Hopkins, J. Phys. Chem., 29, 188 (1925); 30, 114 (1926); I. W. MeBain and 

B. Leew, J. Phys. Chem., 31, 1674 (1927); 32, 1178 (1928). 
4. P . V .  Kozlov, Communications on the Work of the Members of the D. I. Mendeleev All-Union Chem- 

ical Society [in Russian], No. 3, (1955), p. 57. 
5. I . A .  Uskov and V. I. Surovtsev, Mekhanika Polimerov, No. 5, 854 (1967). 
6. Yu. S. Lipatov, Physical Chemistry of Polymers with Fil lers  [in Russian], Naukova Dumka Kiev 

(1967). 
7. V . P .  Dushchenko et a l . ,  in: Heat and Mass Transfer  [in Russian], Vol. 7, Nauka i Tekhnika, Minsk 

(1968). 
8. Yu. G. Tarasenko and I. A. Uskov, Ukr. Khim. Zh., 30, 86 (1964). 
9. E . S .  Platunov, Izv. VUZ. Priborostroenie,  4, No. 4, 119; 4, No. 1, 84 (1961). 

10. Yu. P. Barskii,  Trans.  of the Scientific-Research Institute f~r Ceramic Materials for Building 
Purposes [in Russian], No. 8, 143 (1953). 

11. I . A .  Uskov et a i . ,  Adhesion of Polymers [in Russian], Khimiya (1963). 

1423 


