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The the rma l  conductivity, t he rma l  diffusivity, and specif ic  heat of the construct ional  g lass  
p las t ic  AG-4S are m e a s u r e d  at 10-400~ af ter  single, f ive-fold,  and ten-fold  cooling. Rea -  
sons for  changes taking place in the the rma l  p r o p e r t i e s  of the m a t e r i a l s  a re  d iscussed .  The 
the rma l  p r o p e r t i e s  a re  analyzed along and a c r o s s  the f i l aments  of the f i l l e r .  

Construct ional  g lass  p las t i c s  a re  used e x t r e m e l y  widely in modern  cryogenic  technology; however,  
the the rmal  p r o p e r t i e s  of these m a t e r i a l s  have been insufficiently studied at low t e m p e r a t u r e s  [1]. 

We studied the the rmophys ica l  p r o p e r t i e s  of construct ional  g lass  p las t i c s  in the t e m p e r a t u r e  range 
10-400~K, The complex  de te rmina t ion  of t he rma l  conductivity, t he rma l  diffusivity, and specif ic heat in 
the rma l ly - insu la t ing  m a t e r i a l s  ove r  a wide t e m p e r a t u r e  range was indicated in full detail  in [2, 3]. 

The bas i s  of the method lay in solving the p rob l em of the Lempera ture - f ie ld  dis tr ibut ion in an unl im- 
ited solid of r egu la r  geomet r i ca l  shape for  boundary conditions of the second kind in the steady-heatin.~ 
mode.  

Samples  of the tes t  m a t e r i a l  were p r e p a r e d  in the f o r m  of two types of p la tes  in which the f i l ler  
f i l aments  lay e i ther  para l le l  or  perpendicu la r  to the plane of the plate .  On using a plane hea te r  this on- 
abled us to m e a s u r e  the the rmophys ica l  p r o p e r t i e s  along and a c r o s s  the filling f i laments  of the m a t e r i a l .  

The equat ions for  analyzing the expe r imen t s  then take the f o r m  

= q8 8 2 dT  Q / dT 

4AT ' 2AT d~ m / -  i= 

One of the mos t  widely used cons t ruc t ion  p o l y m e r s  is the g lass  p las t ic  AG-4S (Table 1). Handbook 
data [1] only provide  the specif ic  heat and the rma l  conductivity at room t e m p e r a t u r e s .  The ma te r i a l  in 
question is intended for  making pa r t s  of a s t ruc tura l ,  and e lee t ro technica l  nature by d i rec t  extrus ion or  die 
cas t ing  and also by winding, with subsequent  heat t r ea tmen t .  

TABLE 1. P r o p e r t i e s  of the Mater ia l  AG-4S [1] 

Components Weight Form of material supplied 
content 

Binder, modified phenol-form- 
aldehyde resin of the resol 
type 

Filler, alkali-free alumino- 
borosilicate glass cloth 

30'_.+_2 

70• 
Strip or cloth made from orien- 

ted primary or twisted glass 
fibers impregnated with binder 

Insti tute of Heat and Mass  T r a n s f e r ,  
la ted  f r o m  Inzhenerno-Fiz ichesk i i  Zhurnal,  
submit ted December  30, 1973. 

Academy of Sciences  of the Be lo rus s i an  SSR, Minsk. T r a n s -  
Vol.27, No.3,  pp.486-490,  September ,  1974. Original a r t ic le  

019 76 Plenum Publishing Corporation, 22 7 West 17th Street, New York, N. Y. 10011. No part o f  this publication may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photoeopying, microfilming, 
recording or otherwise, without written permission of  the publisher. A copy of  this article is available from the publisher for $15.00. 

i117 



50 lOB 

~ l'ri ~ rri 

,50 200 2JQ 
l . v  i 1 ,,- | 
o 1oo zoo 300 

Fig. 1 Fig. 2 
Fig. I. Temperature (T, ~:) dependence of the coefficients k (W/m. deg), a (m2/sec), and e (J/ 
kg.deg) of AG-4S along (ll) and across (.L) the filaments after a single cooling. 

Fig. 2. Temperature dependence of the thermal conductivity of AG-4S along the filaments after 
a single cooling (I) and after five (2) and ten (3) times cooling. 

Figure  1 i l l u s t r a t e s  the t e m p e r a t u r e  dependence of the t he rma l  conductivity, t he rma l  diffusivity, 
and specif ic  heat along and a c r o s s  the f ibe r  of AG-4S af te r  a single cooling, i . e . ,  the samples  were f i r s t  
cooled to l iqu id-he l ium t e m p e r a t u r e ,  then continuously heated to 400~ under adiabatic  conditions; by r e -  
cord ing  the read ings  of the co r respond ing  in s t rumen t s  we were  able to de te rmine  the coeff icients  St, a, and 
c o v e r  the whole t e m p e r a t u r e  range  10-400~ 

We see f r o m  Fig.  1 that the t he rma l  conductivity and t he rma l  diffusivity of the ma te r i a l  inc rease  
monotonically,  without any deviation, suggest ing that the ma t e r i a l  p r e s e r v e s  its original  s t ruc tu re  and 
has  no zones  of phase  t r an s fo rm a t i on  (e. g. ,  zones  of v i t r i f ica t ion  such as occur  in ce r ta in  po lymers ) .  

However,  a study of the t he rma l  p r o p e r t i e s  of the g lass  p las t ic  a f te r  r epea ted  cooling gives a c o m -  
p le te ly  different  p ic tu re .  The r e s u l t s  of  an ana lys i s  of the coeff ic ients  k, a, and c along and a c r o s s  the 
f ibe r  of AG-4S m a t e r i a l  a f t e r  five and ten t i m e s  cooling a r e  p r e sen t ed  in Table  2. 

A single cooling involved cooling the sample  of tes t  ma t e r i a l  in liquid ni t rogen and then heating in 
a muffle furnace  to 380<~. 

By way of example  Fig .  2 g ives  a set  of cu rve s  r e p r e s e n t i n g  the t e m p e r a t u r e  dependence of the 
t he rma l  conductivity of AG-4S ( thermal  flux along the f i l aments )  a f ter  one, five, and ten cool ings.  

We see f r o m  Fig.  2 that a f ter  r epea ted  cooling the t he rma l  conductivity of the mate r i a l  changes con-  
s iderably ,  and even its c h a r a c t e r  a l t e r s .  Whereas  a f te r  a single cooling the the rma l  conductivity inc reased  
monotonically,  a f te r  a f ive- fo ld  cooling it i n c r e a s e s  up to a t e m p e r a t u r e  of the o rde r  of 200~K and then falls;  
on fu r the r  inc reas ing  the mult ipl ic i ty  of the cooling to ten t imes  the the rma l  conductivity fa l ls  in absolute 
value but the genera l  c h a r a c t e r  of i ts  t e m p e r a t u r e  dependence is a r i s ing  one. 

As a r e su l t  of the r epea t ed  ef fec ts  o f  low t e m p e r a t u r e s  the g lass  p las t ic  evidently changes its 
t he rma l  (and hence also mechanica l )  p r o p e r t i e s .  

It is r easonab le  to a s sume  that the fi l l ing p o l y m e r  (existing in the f o r m  of a thin f i lm between the 
g l a s s  f ibers )  r u p t u r e s .  It was  indeed indicated in [4] that the s t r e s s e s  a r i s ing  in r e s i n s  of va r ious  compo-  
s i t ions  dur ing the i r  hardening on g lass  f i lms  were  v e r y  cons ide rab le .  

On inc reas ing  the r a t e  of hardening of the res in ,  the s t r e s s e s  in the f i lm increase ,  reaching  60-70 
k g f / c m  2 for  phenol - fo rmaldehyde  r e s in  a f te r  1.5 h at 160~ 5-7 k g f / c m  2 for  epoxy resin,  and 100 k g f / c m  2 
for  organos i l icon  r e s in  at 200~ [4]. On subsequent  cooling of the hardened r e s in  fi lm, the s t r e s s e s  in- 
c r e a s e  v e r y  sharply  as  a r e su l t  of the di f ference in the t he rma l - expans ion  coeff ic ients  of the g lass  and 
r e s i n .  The total  s t r e s s e s  r e a c h  300-320 and 140-150 k g f / c m  2 for  phenol - formaldehyde  and epoxy r e s i n s  
r e spec t i ve ly .  Th i s  high s t r e s s  intensi ty of the r e s in  f i lms  is evidently one of the chief  r e a s o n s  for  the 
reduct ion  in the s t rength  of the g lass  p l a s t i c s  for  which they f o r m  the ba se .  

The main r ea s on  fo r  the s t r e s s e s  which a r i s e  in the r e s in  f i lm in the course  of cooling is the dif-  
f e r ence  between the expansion coeff ic ients  of the g l a s s  and r e s in .  Th i s  d i f ference  is so grea t  that an in- 
c r e a s e  in the t he rm a l  expansion coeff icient  of the g l a s s  f i lm by  a f ac to r  of 2 (42.7 �9 10 -5 to 90.10-~deg -1) 
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T A B L E  2. T h e r m o p h y s i c a l  P r o p e r t i e s  of  AG-4S  M a t e r i a l  a f t e r  
R e p e a t e d  Coo l ing  

5-fold cooling lO-fold cooling 

T,~ a" 107, m 2 c.  10~, ~ / : : : ~  m 2 Ic.  10:_3 ' 
k~W/m.deg/see I /kg .  deg xW/m.de ! Hkg- deg 

I0 
30 
50 
7O 
90 

110 
130 
150 
170 
190 
210 
230 
250 
270 
290 
310 
350 
40O 

10 
30 
50 
70 
90 

rio 
13o 
15o 
170 
19o 
2to 
230 
259 
270 
290 
31o 
4oo 

0,182 
0,236 
0,302 
0,370 
0,428 
0,523 
0,572 
0,604 
0,629 
0,641 
0,638 
0,627 
0,594 
0,559 
0,518 
0,469 
0,420 
0,384 

0,227 
' 0,288 

0,348 
0,407 
0,464 
0,516 
0,566 
0,613 
0,660 
O, 705 
O, 740 
O, 760 
O, 768 
O, 768 
O, 735 
0,687 
0,499 

21,3 
14,75 
12,15 
10.40 

. 9,15 
8.15 
7,30 
6,50 
5,70 
5.00 
4,30 
3,70 
3.20 
2,72 
2,30 
1,90 
1,00 
0,800 

28,3 
!2,0 
9,45 
8,r 
7,76 
7,20 
6,65 
6,15 
5.70 
5,20 
5,00 
4,30 
3,80 
3,63 
2,90 
2,50 
0,90 

Along the filaments 

0,050 0,194 
0,093 0,213 
O, 145 0,248 
0,207 0,280 
0,272 0,309 
0,373 0,331 
0,467 0,350 
0,544 0,362 
0,642 0,370 
O, 746 0,376 
0,865 0,379 
0,986 0,38l 
1,080 0,383 
1,196 O, 383 
1,313 0,382 
l, 436 O, 381 
2,443 0,376 
2,792 0,369 

Across the filaments 
0,047 0,170 
0,140 0,204 
0,214 0,232 
0,282 0,256 
O, 348 O, 280 
0,417 0,303 
0 495 0,323 
0,580 0,344 
0,674 0,360 
0,789 0,376 
0,842 0,383 
1,028 O, 397 
I, 176 0,404 
1,334 0,409 
1,474 0,413 
1,599 0,414 
3,225 0,422 

28,5 
13,6 
5,60 
4,60 
4,20 
3,95 
3,75 
3,43 
3,10 
2,80 
2,50 
2,20 
1,90 
1,70 
1,55 
1,40 
1,05 
0,55 

25,4 
17,9 
8,30 
6,05 
4,88 
4,30 
3,95 
3,55 
3,30 
3,00 
2,80 
2,60 
2,40 
2,20 
2,13 
2,00 
1,50 

0,041 
0,094 
0,267 
0,368 
0,441 
0,502 
0,560 
0,635 
0,718 
0,807 
0,910 
1,041 
1,212 
1,352 
1,480 
1,635 
2,15 
3,92 

o, 039 
0,066 
o, 172 
0,246 
0,334 
0,410 
0,476 
o, 56i 
0,635 
0,729 
0,806 
0,888 
0,979 
1,08l 
1,128 
1,206 
1,637 

i s  not a p p r e c i a b l y  r e f l e c t e d  in the m a g n i t u d e  of the s t r e s s e s  in the r e s i n ,  s i nce  the d i f f e r e n c e  in the t h e r -  
ma l  e x p a n s i o n  c o e f f i c i e n t s  of  the r e s i n  and the g l a s s  f i l m  c h a n g e s  b y  only  0.6% in such  c a s e s  [4]. In a d d i -  
t ion  to th is ,  the c o m p o s i t i o n  of the  s u r f a c e  and the s u r f a c e  e n e r g y  of the g l a s s  ex tend  t h e i r  inf luence  to the 
i n t e r p h a s e  l a y e r .  

It is  thus  r e a s o n a b l e  to a s s u m e  that  g l a s s  p l a s t i c s  such  as  AG-4S  r e t a i n  t h e i r  p r o p e r t i e s  a f t e r  a 
s ing le  coo l i ng  ( s ince  a s  y e t  the  e l a s t i c  c o m p o n e n t s  of the  i n t e r n a l  s t r e s s e s  in the  r e s i n  f i l m  have not been  
e x h a u s t e d  and the s t r u c t u r e  of the r e s i n  r e m a i n s  in t ac t ) .  A f t e r  f ive  c o o l i n g s  the i n t e r n a l  s t r e s s  of the r e -  
s in  f i l m  i n c r e a s e s ,  and u n d e r  the  inf luence  of the  s u r f a c e  e n e r g y  of the g l a s s  the i n t e r p h a s e  l a y e r  m a y  
change  i ts  s t r u c t u r e  (curve  2 a f t e r  f ive  t i m e s  coo l ing  in F i g .  2); the p r o p o r t i o n  of c r y s t a l l i n e  c o m p o n e n t  
of the r e s i n  i n c r e a s e s ,  o r  the  m a t e r i a l  m a y  de ve lop  an o r i e n t e d  d i s p o s i t i o n  of the cha in s  of p o l y m e r  m o l e -  
cu l e s ,  which p r o d u c e s  an i n c r e a s e  in the t h e r m a l  c onduc t i v i t y  up to 200~ whi le  above t h i s  t e m p e r a t u r e  
the t h e r m a l  c o n d u c t i v i t y  of  the m a t e r i a l  d i m i n i s h e s .  E v i d e n t l y  a f t e r  200 ~ the  i n t e r n a l  s t r e s s e s  e x c e e d  the 
s t r e n g t h  of the f i l l e r  f i lm,  m i c r o c r a c k s  a p p e a r ,  and the f i l m  b r e a k s  up into l a y e r s .  With  i n c r e a s i n g  t e m -  
p e r a t u r e  the p o r o s i t y  of  the f i l m  i n c r e a s e s ,  and th i s  c a u s e s  a c o r r e s p o n d i n g  r e d u c t i o n  in t h e r m a l  c o n d u c -  
t i v i t y .  Th i s  c o n c l u s i o n  is  a l so  s u p p o r t e d  by the X(T) c u r v e  a f t e r  t e n - f o l d  c oo l i ng  (F ig .  2). In v i ew of the 
fac t  that  the  b i n d e r  b e c o m e s  p o r o u s  and a c q u i r e s  a l a y e r e d  s t r u c t u r e ,  the p o l y m e r  d o e s  not  now e x p e r i e n c e  
s e v e r e  i n t e r n a l  s t r e s s e s ;  i t s  t h e r m a l  conduc t i v i t y  is  c o n s i d e r a b l y  l o w e r  than the o r i g i n a l  va lue  and c h a n g e s  
v e r y  l i t t l e  with r i s i n g  t e m p e r a t u r e .  C l e a r l y ,  f u r t h e r  r e p e a t e d  c oo l i ng  is un l ike ly  to p r o d u c e  many  m o r e  
c h a n g e s  in the  p r o p e r t i e s  of the m a t e r i a l .  

N O T A T I O N  

X, t h e r m a l  conduc t iv i ty ,  W / m o d e g ;  a, t h e r m a l  d i f fus iv i ty ,  m 2 / s e c ;  c, s p e c i f i c  heat ,  J / k g . d e g ;  q, 
s p e c i f i c  t h e r m a l  flux, W/m2;  6, p l a t e  t h i c k n e s s ,  m; AT, t e m p e r a t u r e  d rop  ~ z, t ime ,  sec ;  m, m a s s ,  kg;  
Q, t h e r m a l  flux, W; T, t e m p e r a t u r e ,  ~ 
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