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Experimental  studies of the thermophysical  proper t ies  of epoxy-based g lass - re in fo rced  p las -  
tics have been conducted in the range .of 10~176 The appearance of secondary anisotropy 
in polymer  has been observed af ter  repeated cooling of t hema te r i a l  . . . . . . . . . . . . . . . . . . . . . .  

At present  the constructional g lass - re in forced  plast ic  is widely used as a mater ia l  to make the compo- 
nents of cryogenic  devices,  As a rule,  these devices are  designed for long- te rm use,  i .e. ,  all the components 
are subjected to periodic heating and cooling in a wide range of tempera tures .  In view of this i t  is necessa ry  
to make a comprehensive study of the p roper t i e s  of mater ia ls  in use over  a wide range of temperatures .  

The thermophysical  p roper t i es  (thermal conductivity, thermal diffusivity, and heat capacity) of g lass -  
reinforced plas t ics  based on epoxy binder I~DT-10 have been experimental ly studied by us in the temperature  
range of 10~176 

The mater ia l  under study is an epoxy res in  (30%) reinforced with oriented glass  fibers (70%). 

The thermal proper t ies  of the mater ia ls  under test were determined in a quas i - s t eady-s ta te  condition of 
hea t ing  the specimens in a setup according to the method descr ibed in [1, 2]. 

The specimens were prepared  in the form of square plates and the thermal  proper t ies  were studied in 
two directions with heat flow along and ac ros s  the reinforcing f ibers .  

It is  seen f rom the resul ts  given in Fig. 1 that the coefficient of thermal conductivity and specific heat 
capacity increase  with r i se  in temperature  and the coefficient of thermal  diffusivity dec reases  in inverse  
proport ion to temperature .  

The coefficients of thermal conductivity and thermal diffusivity depend on the direction of heat flow and 
orientation of re inforcements ,  as they charac ter ize  the conductivity and thermal diffusion in one direction.  The 
heat capacity prac t ica l ly  does not depend on the direct ion of heat flow, as it charac te r izes  a sca lar  volume, i.e., 
the energy accumulation. This is well exhibited in Fig. 1. 

The solid re inforcements  in the form of glass  f ibers  exer t  a grea t  influence on the proper t ies  of filling 
polymers .  This effect is explained by the presence of a disjoining p r e s s u r e  and forces of molecular  interactions 
between po lymer  molecules and adjacent phases .  The specific s t ructure  of  these layers  impar t s  charac te r i s t i c  
differences in their p roper t ies .  In the longitudinai direction the molecules are  joined by chemical bonds resu l t -  
ing in high values of strength and thermophysical  charac te r i s t i cs .  In the t r ansverse  direction they have forces  
of physical  nature,  which corresponds  to much lower values of these factors .  Under the action of these forces  
as a resul t  of  the orienting action of the reinforcing surface ~the po lymer  molecules can occur  in a more  o r  
less ordered  state.  

Thus, the anistropy of proper t ies  of the g lass - re in fo rced  plast ics  takes place due to ad i f f e ren tmechan i sm 
of heat  t ransfer  between the molecules  of glass  fi l lers and polymer  binder and heat t ransfer  in each of its com-  
ponents. This can be well demonstrated,  if one makes use of e lec t ro thermal  analogy, in which the in termolecu-  
lar bonds are  replaced by large o r  small  thermal res i s tances .  A polymer  binder with glass  re inforcement  
mainly has bonds of physical  nature ,  which corresponds  to a large thermal res is tance .  In addition, the main 
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Fig. 1. Tempera ture  dependence of thermal con- 
ductivity ~, W/m. deg thermal diffusivitya,  107 m~/sec,  
and heat capacity c, 10 -3 J /kg"  deg of t~DT-10 along 
(!!) and ac ros s  (l) the f ibers;  T, ~ ...... 
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Fig. 2. Tempera ture  dependences of the thermal  conductivity of t~DT-10 
along the fibers (a) and across  them (b) af ter  single cooling (curve 1), 5- 
fold cooling {curve 2), 10-fold cooling (curve 3) and 60-fold cooling (curve 
4). T, ~ X, W / m  o deg. 

role in the binder is played by the van der Waals forces  that also have great  thermal res is tance.  But in the 
glass re inforcement  the forces  of chemical nature have the main importance and a small thermal res is tance  
corresponds to these forces~ Therefore ,  the heat flow propagating along the f ibers  encounters a smal le r  r e s i s -  
tance than in the perpendicular  direction.  The more  distinct the orientation of po lymer  molecules along the 
surface of g lass  f ibers ,  the g rea te r  is the anisotropy. So the anisotropy of thermal conductivity and thermal 
diffusivity is more  in ~DT-10 than in AG-4S. 

Thus, the thermal proper t ies  of g l a s s - r e in fo rced  plas t ics  significantly depend on the orientat ion of rein-  
forcement.  

It is par t icular ly  important  to deal with the analysis of resul ts  of measurement  of  thermal  p r o p e r t i e s ,  
depending on heat-aging of the mater ia l .  The mater ia l  under test  was subjected to repeated thermal impacts .  
Each thermal  impact  meant heating the specimen to 373~ and cooling it rapidly in liquid nitrogen. The thermo-  
physical  charac ter i s t ics  were determined after  1, 5, 10, and 60 thermal impacts .  Thus, an art if icial  heat-aging 
of the mater ia l  was caused. The thermophysical  proper t ies  were determined along and across  the f ibers .  The 
experimental  resul ts  are  presented in f igures and tables. In Fig. 2a and b the temperature  dependences of 
thermal conductivity of ~DT-10 along and ac ross  the fibers af ter  1, 5, 10, and 60 cycles of cooling are  presented 
as an example. Such an unusual behavior of thermal conductivity can be explained by the appearance of aniso- 
tropy in the proper t ies  of the polymer  film. 

As a resul t  of the difference in the thermal-expansion coefficients of resin and glass  f iber ,  s t r e s ses  
develop in thermal  hardening, the magnitude of which depends also on the rate at which the thermal hardening 
is ca r r i ed  out. In this case the epoxy res in  has the least value of s t r e s se s .  The analysis of magnitude and 
nature of developing s t r e s ses  indicates that they are  pr imar i ly  tangential and par t ly  normal .  The interface 
between res in  and glass  is especial ly favorable for concentration of s t r e s ses  [4]. 

It is  known that the s t ructura l  residual s t r e s ses  in a g las s - re in fo rced  plast ic can have high values and 
can effect the proper t ies  of the mater ia l .  It has been established in [3] that under various loads ac ross  a fiber 
the residual s t r e s ses  lead to cer tain inc rease  in the strength of a g lass - re in forced  plast ic  (based on binder 
~DT-10), which never theless  remains  below the initial s t rength of  the po lymer  binder. The analysis of s t r e s s -  
s t rain state shows [3] that the higher the level of residual  s t r e s ses ,  the fas ter  is the breakdown of the polymer  
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TABLE 1. Thermophysical  P roper t i e s  of the Glass-Reinforced 
Epoxy Plas t ic  (across  the f ibers) ,  .,,/ = 1820 kg /m 3 

[5-fold cooling 10-fold cooling 60-fold cooling 100-fold cooling 

~o 

10 
20 
30 
40 
50 
60 
70 
8O 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
2OO 
210 
220 
230 
240 
25O 
260 
270 
290 
310 
33O 
350 
370 
40O 

2,10] 1 
2,001 1 
1,89:1 
1,71 1 

,058~ 
,086~ 
,1131 
,149~ 
,189~ 
,232{ 
,275( 
,318{ 
,358( 
,397( 
,444( 
,476( 
,511{ 
,555( 
,592( 
,621( 
,662( 
,686( 
,720{ 
,766( 
,8O5( 
,854 
,893 
,934 
,975 
,040 
,120 
,205 
,300 
,375 
,462 
,601 ~,985[ 2,631 

13,2 
8,6 
6,9 
6,0 
5,4 
4,9 
4,4 
4,2 
4,0 
3,9 
3,7 
3,5 
3,3 
3,2 
3,1 
3,0 
2,9 
2,8 
2,7 
2,6 
2,55 
2,50 
2,35 
2,30 
2,05 
i,90 
1,75 
t,70 
1,65 

0,412 1,55 

0,016 
0,040 
0,080 
0,120 
0,160 
0,200 
0,240 
0,280 
0,320 
0,360 
0,400 
0,432 
0,472 
0,512 
0,560 
0,600 
0,656 
0,704 
0,752 
0,801 
0,856 
0,896 
0,944 
1,010 
1,040 
1,104 
1,152 
1,210 
1,408 
t,582 
1,751 
1,920 
2,201 

matrix,  when a unidirected g lass - re in fo rced  plast ic  is under tension. Under such c i rcumstances  the breakdown 
of the polymer  mat r ix  takes place much before the breakdown of the g lass - re in fo rced  plast ic .  

The strength of a g lass - re in fo rced  plast ic  decreases  as a resul t  of cracking of the binder.  

In studying the strength charac te r i s t i cs  of mater ia l  ]~DT-10 [3] it was shown that in loading the g l a s s -  
reinforced plast ic ac ross  the fibers the residual  s t r e s se s  lead to increase in strength. Depending on the type 
of loading, the strength increases  by 20-40% of the initial strength of the epoxy binder. 

In stretching the g l a s s - r e in fo rced  plast ic  along the f ibers  a p remature  cracking of the binder is observed 
(before the g l a s s - r e in fo rced  plast ic  is broken). The higher the level of residual s t r e s ses ,  the ea r l i e r  is the 
cracking. 

In compress ing  along the f ibers  there is joint deformation of the reinforcing elements and binder r ight  
up  to the breakdown of the g lass - re in fo rced  plastiC, i r respec t ive  of the magnitude of residual  s t r e s se s .  

A s imilar  picture is observed in studying the thermophysical  p roper t i es .  It follows f rom what has been 
stated above that by vir tue of the grea t  difference in the l inear-expansion coefficients and forces  of interaction 
of the polymer  with the re inforcement  the internal s t r e s ses  are  so large that they cause s t ruc tura l  changes in 
the polymer  and give r i se  to anisotropy in proper t ies .  

F rom Fig. 2. i t ' s  evident tha t  the thermal  conductivity of g la s s - re in fo rced  plast ic  I~DT-10 increases  
with r i se  in the number of thermal impacts  and it reaches  a maximum (along the fibers) af ter  10-fold cooling 
(in mater ia l  AG-4S this maximum appears  after  5-fold cooling)~ This is related to the fact that the epoxy res in  
possesses  low porosi ty and p r imar i ly  has closed pores .  Besides, at the time of hardening s t r e s ses  of  lower 
magnitude develop in it. 

It is  interesting to compare the thermal conductivity of g la s s - re in fo rced  epoxy plastic along and ac ros s  
the f ibers .  It is seen f rom the f igure that the thermal  conductivity ac ros s  the f ibers  does not have a pronounced 
maximum as the thermal conductivity along the fiber has.  This is evidently related to the fact  that g l a s s r e i n -  
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TABLE 2. 
Epoxy P l a s t i c  (along the f ibers )  

10 
2O 
30 
40 
50 
6O 
7O 
80 
90 

100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
2OO 
220 
240 
260 
270 
290 
310 
350 
40O 

40,8 
31,6 
24,3 
17,8 
13,5! 
11,6 i 
10,4! 
9,4 
8 ,8  
8,5 
8,0 
7,6 
7,4 
7,3 
7,1 
6,9 
6,7 
6,5 
6,3 
6,0 
5,5 
5,1 
4,7 
4,5 
4,1 
3,8 
3,3 
2,95 

The rmophys i ca l  P r o p e r t i e s  of the G l a s s - R e i n f o r c e d  

~ . 

0,0240 10,23,0105 
0,0624 50,03,0256 
0,1130 12,8 9,1095 
0,1565 9,0 9,1688 
0,2020 7,2 9,2265 
0,2460 6,2 9,2829 
0,2900 5,75 9,3240 
0.3280 5,55 0,3584 
0,3690 5,40 9,3902 
0,4050 5,20 9,4268 
0,4400 5,00 0,4663 
0,4740 4,80 0,5080 
0,51 I0 4,65 0,5474 
0,5440 4,45 0,5960 
0,5760 4,35 0,6331 
0,6050 4,20 0,6812 
0,6320 4,10 0,7239 
0,6600 4,00 0,7634 
0,6920 3,85 0,8140 
0,7220 3,75 0,8556 
0,7850 3,55 0,9445 
0,8350 3,30 1,0566 
0,8870 3,10j 1,1644 
0,9050 3,00] 1,2282 
0,9360 2,80 t 1,3579 
0,9800 2,55] 1,5351 

2,05 1,0380 1,55 2,006C 
1,0460 2,528C 

0,0494 1,0 
0,0716 2,0 
0,1033 7,5 
0,1533 5,5 
0,2180 4,3 
0,2710 3.4 
0,3340 2,7 
0,3750 2,3 
0,4210 1.9 
0,4570 1,6 ] 
0,5080 1,3 
0,5570 
0,5940 
0,6240 0,6 
0,6620 0,4 
0,7040 0,3 
0,7460 0,2 
0,7910 0,1 
0,8260 9,9 
0.8880 9,71 
0,9850 9,2 
09989 
1,1610 
1,2120 8,1 1 
1,3360 7,7 I 
1,4260 7,2 
1,635o 
1,8150 

lO0-fold cooRng 

t 
0,200 --  D,016 
0,224 0,040 
0,248 19~ 0~08 
0,271 14,4 0.12 
0,292 10,05 0,16 
0,312 8,6 0,20 
0,336 7,71 0,24 
0.358 7.03 0,28 
0.376 6,40 0,32 
0,401 5,60 0.36 
0,417 5,30 0,40 
0,435 4,60 0,43 
0,456 4,50 0,47 
0,472 4,00 0,51 
0,488 3,90 0,56 
0,512 3,70 0,60 
0,521 3.60 0,66 
0,536 3,50 0,70 
0,544 3,40 0,75 
0,556 3,30 0,80 
0,576 3,10 0,89 
0,592 3,00 1,01 
0,608 2,90 1,10 
0,616 2,80 1,15 
0,624 2,70 1,21 
0,64C 2,50 1,408 
0,66~ 2,10 1,751 
0,696 1,70 2,201 

forced  p l a s t i c  I~DT-10 has  c l e a r  or ien ta t ion  of g l a s s  f ibe r s  and the branching in the s t r u c t u r e  of the p o l y m e r  
binder  is  sma l l .  The po lymer  molecu les  a re  a lso  or ien ted  along the su r face  of g las s  f i be r s .  With r i s e  in 
t e m p e r a t u r e  the the rmal  f luctuat ions  of the p o l y m e r  molecu les  i n c r e a s e  in :the t r a n s v e r s e  d i rec t ion ,  which 
leads  to monotonic r i s e  of the rmal  conductivity a c r o s s  the f i be r s .  When the number  of cooling cycles  is  
i n c r e a s e d  and when the c rys t a l l i n i t y  is  r a i s e d ,  the thermal  conductivity a c r o s s  the f ibers  a lso  i n c r e a s e s  in i ts 
absolute  value and r eaches  a max imum af t e r  10 cyc les ,  but the total change of the coeff ic ient  r e m a i ns  monotonic.  
With fu r the r  i nc rea se  in the number  of cyc les  the the rmal  conductivity d e c r e a s e s  due to c rack ing  and s t r a t i f i c a -  

tion. 

When the number  of cyc les  is  i n c r e a s e d ,  the anisot ropy of p r o p e r t i e s  f i r s t  i n c r e a s e s  and then d e c r e a s e s ,  
when the number  of cyc les  becomes  l a rge .  This is  r e l a t ed  to the addi t ional  o r ien ta t ion  of molecu les  o f t h e b i n d -  
e r  along the su r face  of the r e i n f o r c e m e n t s ,  when the number  of cyc les  is  sma l l .  The more  o r ien ted  the o c c u r -  
rence  of m a c r o m o l e c u l e s  of the b inder  along the r e in fo rcemen t  sur face  and the less  b ranched  the i r  s t ruc tu re  
i s ,  the g r e a t e r  is  the an iso t ropy .  F u r t h e r  hea t -ag ing  leads  to the d i s in tegra t ion :of  the m a t e r i a l  and t rans i t ion  

to an i so t rop i c  s ta te .  
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