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Resul ts  a re  p resen ted  on the observed  dependence of the thermophysica l  p a r a m e t e r s  Cp, k, 
and a on t empera tu re ,  f i l le r  content, and p las t i c ize r  concentrat ion for  t~D-5 epoxide res in .  
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Fil led po lymers  a re  now widely used, especia l ly  epoxide r e s ins .  T h e r e  a re  many papers  [1, 2] on the 
physicochemical  and mechanical  p roper t i e s  of such res ins ,  most of which a re  exper iments  on pa r t i cu la r  

composit ions.  To decide how to fo recas t  optimal 
p roper t i e s  for  fil led mate r ia l s  for  use under var ious 
thermal  conditions, one needs to use  concentrat ion 
t empera tu re  relat ionships for  thermophysica l  p rop -  
e r t i e s  in o rde r  to elucidate the interact ions  between 
the po lymer  mat r ix  and the f i l l e r .  
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F i g . l .  T e m p e r a t u r e  dependence of the specif ic  
heat~ Cp ( J / k g .  deg) of composit ions - based on 
ED-5 (all propor t ions  as par t s  by weight), a: 1) 
ED-5 + QS (numbers on curves  a re  QS as weight 
par t s  of res in) ;  b: 1) ED-5 a ~ n e ,  2) ~D-5 + 1 
DBP, 3) ED-5 + 1 5 D B P v 4  ) ED-5 + 5 N U B - 1 ;  5) 
ED-5 + 30 NUB-1; c: 1) ED-5 + 20 QS + 5 DBP, 
2) ]~D-5 + 20 QS + 10 DBP, 3) ED-5 + 20 QS + 15 

J "  r 

DBP, 4) ED-5 + 100 QS + 15 DBP; d: 1) ED-5 
d 

+ 20 QS + 10 NUB-I ,  2) ED-5 + 20 QS + 20 NVB- 
/ / 

1, 3) ED-5 + 20 QS + 30 NVB-1, 4) ED-5 + 20 QS 
+ 30 NVB-1. 

We have examined the effects  of a f i l l e r  (quartz 
sand, QS) and two p las t i c ize r s  (dibutylphthalate, BBP,  
and thiokol, NVB-1) as r egards  the thermophysica l  
p roper t i e s  (Cp, ~, a) fo r  ED-5 fi l led epoxide r e s in .  

To determine  X(T) and a (T)  we used the meth-  
ods of [3], while for  Cp(T) we used the methods of 
[4]; the coefficient of var ia t ion  in the resu l t s  did not 
exceed 5%. 

The careful ly  washed quartz  sand was hea t -  
t rea ted  and etched in hydrochlor ic  acid to r emove  
organic mate r ia l s ,  and then was washed in dist i l led 
water  until the reac t ion  for  chloride was negative.  
It was reduced to absolute d ryness  before  incorpora -  
tion into the res in ,  and the pa r t i c l e s  had d -< 50/~. 
The res in  and the two p las t i c i ze r s  were  used as made 
by chemical  manufac turers  in the USSR and had cha r -  
ac te r i s t i c s  in accordance  with the State Standards 
and technical ins t ruct ions .  The hardener  in every  
case  was polyethylene polyamine (10 par t s  by weight 
of the res in) .  

F igure  1 shows* Cp(T) for  ED-5 res in  f i l led 
with QS and plas t ic ized  with var ious  amounts of the 
p las t i c i ze r s  and other  such combinat ions.  

F igure  l a  shows that Cp(T) inc reases  with T 
in eve ry  case; Cp dec rea se s  as the propor t ion  of 

*The curves  of F igs .  1 and 2 a r e  averages  f rom 3-6 
measu remen t s .  
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Fig.  2. Tempe ra tu r e  dependences of X, W / r e .  deg (solid lines) and 
a, m2/sec  (broken lines) for  ED-5 filled with QS. The numbers  on 
the curves  a re  the amounts of QS in par ts  by weight of the r e s in .  

F ig .3 .  T e m p e r a t u r e  dependence of the speed of sound Uso , m / s e c  
for  ~ ED-5 containing the following par t s  by weight: 1) ED-5 alone; 
2) ED-5 + 10 DBP; 3) ED-5 + 10 NVB-1; 4) ED-5 + 10 QS; 5) ED-5 
+ 100 QS. 

f i l l e r  i nc rea se s ,  and at the vi t r i f icat ion point T v we get a discontinuity in the specif ic  heat ACp, whose 
magnitude de c r ea se s  as the propor t ion of QS inc reases .  Here  T v was de termined as the mean t empera tu re  
in the range where  the specif ic  heat discontinuity occurs  [5], and this tended to shift towards higher t e m -  
pe ra tu res  as the propor t ion  of f i l le r  increased ,  w e  have observed [6] s imi la r  changes in p roper t i e s  fo r  
other  fi l led amorphous po lymer s .  

It is c l ea r  that the solid par t ic les  influence par t i cu la r ly  the cross- l inking p ro ce s se s ,  i .e . ,  the density 
and uniformity  of the spatial  linking in the polymer;  the r i s e  in T v and fall  in Cp may be re la ted  e i ther  to 
the increased  densi ty in the bond network or to binding of some par t  of the macromolecules  to the surface  
of the f i l l e r .  

Sorptioa [7] and gas diffusion [8] show that the molecule packing density in the fi l led case  is l ess  than 
in unfilled spec imens ,  which is due [9] to reduction in the configuration entropy of the po lymer  as a resul t  
of  the r e s t r i c t ions  imposed by the solid surface .  A study can be made [10] of the sorption of water  vapor 
by filled and unfilled epoxide r e s ins .  The thermodynamic functions of such sys tems indicate that there  a re  
regions of local  order ing in the po lymer  near  the sur face  of the f i l le r ;  these o rde red  regions and mode of 
production of them have been examined [11], and e lec t ron  micrographs  on epoxide coatings show [11] that 
the res in  around the par t i c les  produces ordered  s t ruc tu res  of globular type, whose dimensions a re  depen- 
dent on the amount of f i l l e r  in the sys tem.  We can take it t he re fo re  as demonst ra ted  that the polymer  in-  
t e r ac t s  at the f i l l e r  at the supermolecula r  level ,  which agrees  with the genera l ly  accepted view on the in- 
te rac t ion  of po lymers  with f i l l e rs  [9]. 

The specif ic  heat is de termined by all fo rms  of molecular  mobili ty for  all macromolecu les ,  so the 
fall  in Cp at high f i l le r  contents is due to the increased  number  of supermolecu la r  format ions  re la ted  to 
the solid sur face  and to loss  in macromolecula r  mobili ty.  This  is as r egards  Cp; the r i se  in T v is due to 
s lower re laxa t ion  in the fi l led sys tems  as a resul t  of r e s t r i c t ed  mobili ty of the macromolecules  near  the 
in ter faces  [9]. This  is conf i rmed by the opposite behavior  of the Cp(T) curves  for  sys tems  in which the 
molecular  in teract ion has been weakened by p las t ic ize r  (Fig. lb),  which reduces  the molecular  in teract ion 
in the epoxide r e s i n  and tends to mobilize the s t ruc tura l  e lements ,  which in genera l  i nc reases  Cp and r e -  
duces T v [9, 12]. F igures  lc  and d show Cp(T) as represen t ing  competi t ion between the p las t i c ize r  and 
the f i l ler  as r e ga rd s  the macromolecu la r  mobility; a smal l  propor t ion  of f i l le r  (20 par t s  by weight) was 
used with var ious  amounts of p las t ic izer ,  and the effects  were  much as for  the pure  unfilled po lymer ,  and 
only la rge  amounts of f i l le r  produced a substantial reduct ion in Cp (curves 4 in Figs .  lc  and d), i .e . ,  the 
p roper t i e s  of the fi l led p las t ic ized  mater ia l s  for  smal l  proport ions of f i l le r  a re  determined in the main by 
the amount of p l a s t i c i ze r .  T h e r e  is no appreciable increase  in T v for  DBP contents above 15-20 par t s  by 
weight,  or  NVB-1 above 30; this again confirms that the vi t r i f icat ion t empera tu re  is dependent not on the 
thermodynamic f lexibil i ty of the chains but on the kinetic flexibili ty,  which is dependent on the molecular  
interact ions and is governed by the concentrat ions of polar  functional groups and the s trengths of the bonds 
between them. In our case ,  high p las t ic izer  concentrat ions v e ry  grea t ly  weaken the th ree-d imens iona l  ne t -  
work of bonds in the res in  and so weaken the molecular  interact ion,  the resul t  being that inc rease  in f i l l e r  
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concentration does not raise T v. There are  some differences in the disposition of the Cp(T) curves for the 
plasticized system (Fig. lb) on account of the different types of plastification produced by BBP and NVB-1; 
the first  is an external plasticizer for epoxide resins,  while the second is a structural  one [2, 12]. 

Figure 2 shows the observed X(T) and a (T) for ED-5 + QS. We have previously [13] reported the tem- 
perature dependence of X and a for unfillecl F,D-5, which was linear over the range 293-353~ We also 
found slowly rising curves for X(T) when QS was added, but the curves were not quite straight. Debye gives 

~.= 1/3 pCp U~o]. 

The X(T) curves are influenced by p(T), C~(T), u~(T) ,  l(T) (land p decrease as T r ises  for amorphous I J  o u  

polymers). We measured Uso as a function of T by a pulse method [14] at 0.98 MHz (Fig. 3), and the tem- 
perature coefficient was negative for all compositions. Also, Uso falls in the highly elastic region, which 
indicates change in the elastic properties.  Then only Cp in (1) increases with T (Fig. 1), while all the 
other quantities decrease,  which explains the small positive derivative for X(T). 

Also, X increases with the QS content, though the effect is small at low contents, because in that 
case the heat t ransfer  occurs solely via the polymer matrix,  while supermolecular s tructures at the 
particle surfaces increase the size of the defects and facilitate scattering of the heat flux, which reduces 
the effect of the filler on the heat t ransfer .  QS contents above 50 parts by weight cause a considerable rise 
in h on account of heat conduction by the filler. 

T he trends in a (T) follow from the relationship a = X/Cp and are  determined by the temperature depen- 
dence of the quantities in this formula; increase in the concentration of QS results in an increase in a (bro-  
ken lines in Fig. 2). 

Plast icizers  increase ~ and a for the filled system; this is ascribed to reduction in the contact r e s i s -  
tance at the interfaces,  and also to reduction in the dispersal of the heat flux by the structura!  elements in 
the polymer, which are surrounded by plast icizer .  

These results show that one has to allow for the propert ies in the solid p~rticles in examining such 
thermophysical propert ies  for filled polymers.  

Cp is the 
is the 

a is the 
ACp is the 
T v is the 
P is the 
Uso is the 
l is the 
f is the 

N O T A T I O N  

specific heat capacity at constant pressure;  
thermal conductivity; 
thermal diffusivity; 
specific heat discontinuity; 
vitrification point; 
density; 
velocity of sound; 
phonon mean free path; 
frequency. 
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