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SUMMARY 

A s y n t a c t i c  foam such  as I m i d i t e ,  manufactured by t h e  Whi t taker  
C o r p o r a t i o n ,  from g l a s s  mic rosphe re s ,  has  a t h e r m a l  c o n d u c t i v i t y  
of about  0 . 1  W/m-K.  A c u r r e n t  program r e q u i r e s  a low d e n s i t y  
s u p p o r t  p a r t  w i t h  a  t he rma l  c o n d u c t i v i t y  of about  0 . 4  W / m - K .  
The r e q u i r e d  thermal  c o n d u c t i v i t y  and s t r e n g t h s  have been ach ieved  
by p r e p a r i n g  a  foam from carbon and g r a p h i t e  microspheres  w i t h  a  
po ly imide  b i n d e r  r e s i n  and g r a p h i t e  f i b e r s  t o  improve hand l ing .  

The polyimide r e s i n ,  Kerimid 601 (Rhodia I n c o r p o r a t e d )  o f f e r s  
many p r o c e s s i n g  advantages  o v e r . o t h e r  t y p e s  of  polyimide r e s i n s .  
S i n c e  t h e  r e s i n  is a powder t h a t  m e l t s  and f lows  b e f o r e  c u r i n g  t o  
a  s o l i d ,  a low d e n s i t y  foam can b e  made. That  is, a  l a r g e  volume 
p e r c e n t  of microspheres  can b e . u s e d  w i t h  t h e  r e s i n .  Also,  s i n c e  
t h e  c u r e  is by an a d d i t i o n  r e a c t i o n ,  t h e r e  is e s s e n t i a l l y  no 
weight  l o s s  o r  s h r i n k a g e  d u r i n g  c u r e .  Other  r e s i n s  such as 
p h e n o l i c  and s i l i c o n e  are be ing  cons ide red  and e v a l u a t e d  a s  
backup m a t e r i a l s .  

Carbon microspheres  (Carbo-Spheres)  made by V e r s a r ,  I n c o r p o r a t e d ,  
have been used  t o  reduce  t h e  molded d e n s i t y  and t o  i n c r e a s e  t h e  
t he rma l  c o n d u c t i v i t y .  The on ly  o t h e r  known s o u r c e  of carbon 
microspheres  (CMS) is Kreha Corpora t ion ,  a s u b s i d i a r y  of  a  
J apanese  company. Kreha carbon microspheres  have no t  been 
e v a l u a t e d .  

The Carbo-Spheres are about  96 p e r c e n t  ca rbon  w i t h  2 t o  4  p e r c e n t  
weight  l o s s  a t  700°C i n  n i t r o g e n .  The s p h e r e s  a r e  similar i n  
s ize  d i s t r i b u t i o n  t o  t h e  g l a s s  microspheres  b u t  a l a r g e  p e r c e n t  
o f  t h e  carbon  s p h e r e s  have small h o l e s .  The g l a s s  microspheres  
have a f l o a t e r / s i n k e r  r a t i o  of  about  97:3 w h i l e  t h e  carbon micro- 
s p h e r e  r a t i o  is about  65:35. I f  a  l i q u i d  r e s i n  s y s t e m  were used ,  
t h e  carbon microspheres  would f i l l  w i t h  r e s i n  and y i e l d  a h igh  
d e n s i t y  molding.  However, w i t h  t h e  powdered r e s i n  t h a t  s o f t e n s  
and f lows ,  s p h e r e s  are n o t  f i l l e d  and low d e n s i t i e s  are p o s s i b l e .  

Chopped g r a p h i t e  f i b e r s  w i t h  l e n g t h s  of  6 rnrn (0 .25  i n c h ) ,  3 mm, 
and 1 mm a s  w e l l  as m i l l e d  f i b e r  (0 .004 i n c h  l e n g t h )  ( 0 . 1  rnm) 
have been e v a l u a t e d .  The s e p a r a t i o n  o f  t h e  f i b e r  i n t o  i n d i v i d u a l  
f i l a m e n t s  and t h e  b l e n d i n g  o f  t h e  f i b e r  w i t h  t h e  r e s i n  and carbon 
mic rosphe re s  i s  a c o n t i n u i n g  problem. Many d ry  and w e t  methods 
of s e p a r a t i n g  t h e  f i b e r s  have been t r i e d ;  t h e  most promising 
method is a d r y  t echn ique  u s i n g  a h igh  speed  b e a t e r  o r  i n t e n s i f i e r  
b a r  i n  a  twin  s h e l l  b l e n d e r .  With t h e  i n t e n s i f i e r  b a r ,  t h e  6 mrn 
f i b e r s  are s e p a r a t e d  and f l u f f e d ,  b u t  t h e  1 mm and 3 mm a r e  
r o l l e d  i n t o  small b a l l s .  A twin  s h e l l  b l e n d e r  is an e f f i c i e n t  
way of combining t h e  r e s i n ,  carbon microspheres ,  and f i b e r .  



T e s t  b l o c k s  were p repa red  w i t h  d i f f e r e n t  p o s t  c u r e  c o n d i t i o n s .  
The t empera tu re  w a s  v a r i e d  from 3 7 5 O ~  (-191°C) t o  525OF (274OC) 
f o r  t i m e s  of  from 4  t o  24 hours .  Compressive p r o p e r t i e s  were 
measured a t  77OF (25OC) and 400°F (204OC). The tes t  r e s u l t s  show 
no i n c r e a s e  i n  s t r e n g t h  a f t e r  p o s t  c u r i n g  a t  e l e v a t e d  t empera tu re s .  
The samples  w i t h  no p o s t  c u r e  d i d  have s l i g h t l y  reduced s t r e n g t h  
when t e s t e d  a t  400°F (204OC). 

The molded d e n s i t y  h a s  a s i g n i f i c a n t  e f f e c t  on b o t h  t h e  thermal  
c o n d u c t i v i t y  and t h e  compress ive  p r o p e r t i e s .  The compress ive  
s t r e n g t h  a t  77'F (25OC) r anges  from 750 p s i  (5 .17  MPa) a t  0 .28  g/cm3 
t o  1800 p s i  (12.4  MPa) a t  0 .38 g/cm3. The measured the rma l  
c o n d u c t i v i t y  is a f u n c t i o n  o f  b o t h  t h e  d e n s i t y  and t h e  vo id  
c o n t e n t .  With t h e  carbon microspheres ,  t h e  h i g h e s t  t he rma l  
c o n d u c t i v i t y  w a s  about  0 .25 W/m*K.  With t h e  g r a p h i t e  microspheres  
t he rma l  c o n d u c t i v i t i e s  as h igh  as 0.50 W/m-K w e r e  o b t a i n e d .  

G r a p h i t e  f i b e r s  added t o  t h e  b l end  of  r e s i n  and microspheres  do 
n o t  s i g n i f i c a n t l y  a l t e r  t h e  t he rma l  c o n d u c t i v i t y ,  compress ive  
p r o p e r t i e s ,  o r  t h e  t e n s i l e  p r o p e r t i e s .  However, t h e  f l e x u r a l  
p r o p e r t i e s  are g r e a t l y  improved by adding f i b e r s .  Not on ly  does  
t h e  s t r e n g t h  and d e f l e c t i o n  i n c r e a s e  w i t h  t h e  u s e  o f  f i b e r s ,  bu t  
a l s o  t h e  f a i l u r e  mode changes from a b r i t t l e  f a i l u r e  t o  an e l a s t i c  
f a i l u r e  . 



DISCUSSION 

SCOPE AND PURPOSE 

A structural foam part for mechanical support and thermal protec- 
tion is required for a current program. This effort is to provide 
design data by measuring material properties and to develop 
manufacturing processes for a low density material with the 
following properties: 

Thermal Conductivity 9 x lom4 c a l / ~ m . s - ~ ~  Minimum 
(0.376 W/m-K) 

Compressive Strength at 20°C 700 psi 
(4.86 MPa) 

Compressive Modulus at 20°C 30,000 psi 
(207 MPa) 

Density 0.32 g/cm3 

Minimum 

Minimum 

Maximum 

Survive Impulse Test 2000 taps Minimum 

PRIOR WORK 

Five materials have previously been evaluated at Los Alamos 
Scientific Laboratories (LASL) for the suppart part. These 
include commercially available insulation materials, carbon foam, 
glass microbubble filled RTV silicone, and HTF60, a polyimide 
foam developed by Sandia Albuquerque.' Parts were made by Bendix 
Kansas City, from the HTF6O foam, but the high shrinkage factor 
and weight loss made the parts expensive to manufacture. 2 

Imidite X386, a polybenzimidazole foam made by Whittaker Corpora- 
tion was selected as the prime material for this support part. 3 

The Imidite has superior mechanical and thermal properties, but 
new product requirements for higher thermal conductivity and 
reduced thermal resistance made the elevated temperature prop- 
erties of the Imidite unnecessary and required a different 
formulation to improve the thermal conductivity of the Imidite. 
In addition, procurement and availability of the Imidite raw 
materials was a problem. As a result, development of the Imidite 
was terminated and other readily available candidate materials 
with greater thermal conductivity were selected for evaluation. 

Aluminum honeycomb with polyimide, epoxy, phenolic, silicone, and 
polyurethane resins was evaluated to improve thermal conductivity. 
The most practical method was a foam-in-place technique using 
Bendix Kansas City Thermalthane 4003 (polyurethane) with the 
aluminum honeycomb, but problems with discontinuities relegate the 
honeycomb parts to a backup position. 



, ACTIVITY 

M a t e r i a l  C h a r a c t e r i s t i c s  

Res ins  

S i n c e  t h e  r e q u i r e d  d e n s i t y  is low, t h e  r e s i n s  s e l e c t e d  f o r  t h i s  
e v a l u a t i o n  were s o l i d ,  powdered materials t h a t  m e l t  du r ing  t h e  
c u r e  c y c l e  and bond a d j a c e n t  microspheres  t o g e t h e r .  The t h r e e  
r e s i n s  t e s t e d  were a p h e n o l i c  r e s i n ,  a  polyimide r e s i n ,  and a 
po lya roma t i c  r e s i n .  

The p h e n o l i c  r e s i n  a v a i l a b l e  w a s  Plyophen 5655 (24-655 new designa-  
t i o n )  made by Reichhold Chemicals,  I nco rpo ra t ed .  T h i s  p h e n o l i c  
is  a f i n e l y  powdered one-s tep  r e s i n  used p r i m a r i l y  i n  t h e  manufac- 
t u r e  of  f i b r o u s  g l a s s  i n s u l a t i o n .  The m e l t i n g  range  is 55OC t o  
6 5 O C  w i t h  a set  t i m e  o f  2  minutes  a t  150°C. 

S i n c e  s u c c e s s f u l  molding o f  t h i s  p a r t  r e q u i r e s  t h a t  t h e  r e s i n  
a c t u a l l y  m e l t  and f low around t h e  carbon microspheres ,  t h e  t i m e  
t h a t  t h e  r e s i n  is i n  a f l u i d  s t a t e  is impor t an t .  A Brabender 
Corpora t ion  p l a s t o g r a p h  v i scometer  w a s  used t o  p r o v i d e  a c o n s t a n t  
i n p u t  t empera tu re  and t o  r e c o r d  t h e  t empera tu re  change.  Although 
some t o r q u e  measurements were made, t h e  pr imary i n t e r e s t  w a s  i n  
t h e  t i m e  t h a t  t h e  polymer w a s  f l u i d  a t  a g iven  i n i t i a l  tempera- 
t u r e .  Normally t h e  c u r e  o r  deg ree  o f  c u r e  is set by an a r b i t r a r y  
t o r q u e  v a l u e .  For  t h i s  p r e l i m i n a r y  work, t h e  polymer w a s  con- 
s i d e r e d  cu red  when t h e  material began t o  crumble.  T h i s  p h e n o l i c  
r e s i n  i s  f l u i d  a t  65OC b u t  c u r e s  w i t h i n  5 minutes  a t  8 5 O C .  Only 
t h e  one r u n  w a s  made w i t h  t h e  p h e n o l i c  r e s i n .  The f l u i d  t i m e  is 
undoubtedly  longe r  a t  65OC, b u t  t h e  r e s i n  i s  s t i l l  r a p i d  c u r e  
material .  

The po lya roma t i c  r e s i n  is a H-resin made by Hercu le s ,  Inco rpo ra t ed .  
The H-resin was used  t o  mold tes t  b l o c k s ,  b u t  t h e  compress ive  
p r o p e r t i e s  were s i g n i f i c a n t l y  lower t h a n  f o r  t h e  p h e n o l i c  o r  
po ly imide  r e s i n s .  

S i n c e  t h e  p h e n o l i c  r e s i n  g e l l e d  n e a r  its m e l t i n g  p o i n t  and t h e  H- 
r e s i n  d i d  n o t  meet t h e  compress ive  s t r e n g t h  and d e n s i t y  r e q u i r e -  
ments ,  t h e  Kerimid 601 po ly imide  r e s i n  w a s  s e l e c t e d  f o r  a d d i t i o n a l  
t e s t i n g .  Kerimid 601 poly imide  r e s i n  is made by Rhodia, Incorpor-  
a t e d ,  a French company. I t  is an a d d i t i o n  t y p e  polyimide as 
opposed t o  a condensa t ion  t y p e .  With t h e  a d d i t i o n  t y p e ,  t'he 
polyimide l i n k a g e  is formed b e f o r e  t h e  f i n a l  c u r e .  During t h e  
c u r e  o t h e r  t y p e s  of  c h a i n  e x t e n s i o n  and c r o s s - l i n k i n g  r e a c t i o n s  
occu r  t o  form t h e  r i g i d  polymer. With t h e  condensa t ion  t y p e ,  t h e  
po ly imide  l i n k a g e  is formed d u r i n g  t h e  f i n a l  c u r e  o f  t h e  polymer 
w i t h  t h e  l o s s  of water. S i n c e  t h e  l i b e r a t e d  water can be a 



serious processing problem, the addition type is preferred for 
this application. The generalized reaction for both types of 
polyimides is given in Figures 1 and 2. 

Without going into the detailed reaction, the condensation type 
is formed from a dianhydride and a diamine. The initial reaction 
to the polyamic acid is carried out in a high boiling solvent 
such as dimethylformamide (DMF) or N-methylpyrrolidone (NMP). 
With thermal energy the amic acid is condensed to an insoluble 
imide. The reaction is shown in Figure 1. 

The preparation of the Rhodia 601 resin is protected by U.S. 
Patent 3,562,223. The resin is prepared from maleic anhydride 
and a diamine. This product is fully imidized when received from 
the vendor. During the final cure, the bismaleimide reacts 
through the double bond with other bismaleimide molecules and 
also with additional diamine. The diamine reaction occurs at a 
faster rate and leads to chain extension without cross-linking. 
The rigid polymer is formed by the reaction of the bismaleimides. 
No by-products are evolved during the final cure. 

The resin as received (a mixture of bismaleimide and diamine) has 
a melting range of 194°F to 230°F (90°C to 110°C) as measured by 
the Fisher-Johns method. As with the phenolic resin, a Brabender 
Corporation plastograph was used to measure the time that the 
resin is fluid. For these tests, the torque measurements were 
not as important as the temperature measurements. Several runs 
were made with resin only and with different initial tempera- 
tures. For all the tests the heat input to the mixing zones was 
constant. Any increase in temperature was due to friction or 
exothermic reaction. The runs for an initial melt temperature of 
225°F (107"~), 250"~ (121°C), and 300°F (149°C) are given in 
Figure 3. In all the tests, the material changed from a viscous 
liquid to a crumbly solid immediately after the maximum tempera- 
ture was reached. While this method is by no means exact, it 
does show that the Rhodia 601 resin is slightly exothermic and 
that the time the material is fluid depends upon the initial melt 
temperature. 

The existence of a slight exothermic reaction is also shown by 
the differential scanning calorimeter (DSC) trace in Figure 4. 
This DSC shows an exothermic reaction over the temperature range 
of 150°C to 260°C. Rings made in a production area with up to 
two inch cross section (50.8 mm) have no indications of high 
exothermic temperatures. Rings fitted with thermocouples have 
shown no unusual increase in part temperature during the melt and 
cure cycle. Although the pure resin does have a slight exotherm, 
the resin diluted with microsphere filler does not have a 
measurable exotherm. The Kerimid 601 resin with microsphere 
filler can be cured at any rate without problems due to exotherm. 
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By d e f i n i t i o n ,  t h e  a d d i t i o n  t y p e  polymers shou ld  no t  have a 
wei.ght l o s s  d u r i n g  c u r e .  Weight l o s s  measurements by TGA have 
been made on cu red  and uncured r e s i n .  These r e s u l t s  are shown i n  
F i g u r e  5. There  w a s  no d i f f e r e n c e  between t h e  cured  and uncured 
sample.  T h i s  means t h a t  t h e  r e a c t i o n  is of  t h e  a d d i t i o n  t y p e  and 
p a r t s  made w i t h  t h e  r e s i n  shou ld  have e s s e n t i a l l y  z e r o  weight 
l o s s  d u r i n g  c u r e .  

Microspheres  

Microspheres  made from carbon a r e  a v a i l a b l e  from two companies. 
Kreha Corpora t ion  of  America, a U.S. s u b s i d i a r y  of  a Japanese  
company, makes a carbon  microsphere  t h a t  t hey  c a l l  Krecaspheres .  
The Krecaspheres  a r e  made from a p i t c h  material. Approximately 
one y e a r  ago (March 1974) ,  t h e  Krecaspheres  were no t  a v a i l a b l e  i n  
t h e  U.S. except  i n  100 gram samples .  The a v a i l a b i l i t y  a t  t h i s  
t i m e  is n o t  known. The o t h e r  s o u r c e  o f  carbon s p h e r e s  i s  V e r s a r ,  
I n c o r p o r a t e d ,  a company i n  S p r i n g f i e l d ,  V i r g i n i a .  A l l  of t h e  
tes t  b i l l e t s  made w i t h  carbon microspheres  have been made w i t h  
t h e  Versar "Carbo-Spheres . " 
Seven l o t s  of carbon microspheres  have been r e c e i v e d  and t e s t e d  
a t  Bendix Kansas C i t y .  Three  of  t h e  l o t s  have been m o d i f i c a t i o n s  
of  t h e  s t a n d a r d  produc t  i n  a t t e m p t s  t o  improve t h e  thermal  conduc- 
t i v i t y  of  t h e  composi te .  C e r t a i n  chemical  tes ts  were made on 
Lo t s  2 and 3 .  These microspheres  were ana lyzed  by thermograv imet r ic  
a n a l y s i s  (TGA), mass s p e c t r o m e t r y ,  e l e m e n t a l  a n a l y s i s ,  and emis s ion  
s p e c t r o s c o p i c  a n a l y s i s  of t h e  a sh .  The TGA i n  n i t r o g e n  show a 
weight  l o s s  of 2 t o  4 p e r c e n t  a t  700°C w i t h  an a s h  c o n t e n t  of 
about  2 p e r c e n t .  The e l e m e n t a l  a n a l y s i s  shows t h e  microspheres  
t o  b e  about  96 p e r c e n t  carbon w i t h  t h e  major  c o n s t i t u e n t  of  t h e  
a s h  be ing  sodium and s i l i c a .  The ou tgas sed  p r o d u c t s  by mass 
spec t rome t ry  were w a t e r ,  a i r ,  carbon monoxide, and carbon d i o x i d e .  
These  tes ts  show t h a t  t h e  microspheres  are e s s e n t i a l l y  i n e r t  
ca rbon  and are t h e r m a l l y  s t a b l e  i n  an i n e r t  atmosphere.  

A s  mentioned above, seven  l o t s  o f  t h e  s t a n d a r d  Carbo-Spheres have 
been r e c e i v e d  from Versar. These l o t s  have been t e s t e d  f o r  
appa ren t  d e n s i t y ,  b u l k  d e n s i t y ,  t a p  d e n s i t y ,  f l o a t e r l s i n k e r  
r a t i o ,  a s h  c o n t e n t ,  weight  l o s s ,  and p a r t i c l e  s i z e  d i s t r i b u t i o n .  
The test  r e s u l t s  are summarized i n  Tab le  1 and F i g u r e  6 .  

Normally w i t h  microspheres  t h e  m a t e r i a l  p r o p e r t i e s  of i n t e r e s t  
would be d e n s i t y ,  p a r t i c l e  s ize  d i s t r i b u t i o n ,  and a measure of 
t h e  number o f  broken s p h e r e s  ( f l o a t e r l s i n k e r  r a t i o ) .  The carbon 
microspheres  have an unusua l  problem i n  t h a t  many of  t h e  s p h e r e s  
have one o r  more s m a l l  h o l e s .  The s p h e r e s  are no t  b roken ,  b u t  
r a t h e r  have s m a l l  h o l e s .  A p i c t u r e  of a t y p i c a l  l o t  (Lot  2 )  is 
shown i n  F i g u r e  7. S i n c e  t h e  s p h e r e s  do no t  have a con t inuous  
s u r f a c e ,  t h e  test r e s u l t s  have been i n c o n s i s t e n t .  Two of t h e  
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F i g u r e  5. Weight Loss  of  Rhodia 601 Polyimide Resin  by 
Thermal Grav ime t r i c  Ana lys i s  

impor t an t  p r o p e r t i e s  are t h e  appa ren t  d e n s i t y  and f l o a t l s i q k  
r a t i o .  Both of  t h e s e  p r o p e r t i e s  are measured i n  a l i q u i d  medium. 
The carbon  microspheres  w i t h  t h e  h o l e s  t e n d  t o  be  f i l l e d  w i t h  t h e  
l i q u i d  ( t o l u e n e  o r  hep tane )  and g i v e  h igh  d e n s i t i e s  and h igh  
s i n k e r  r a t i o s .  

The photomicrograph i n  F i g u r e  7 shows t h a t  t h e  microspheres  are 
f u s e d  t o g e t h e r  w i t h  r e s i n  and t h a t  microspheres  w i t h  h o l e s  are 
s t i l l  p r e s e n t ;  t h a t  i s ,  t h e  h o l e s  do no t  f i l l  w i t h  r e s i n .  T h e r e f o r e ,  
f o r  t h i s  a p p l i c a t i o n ,  t h e  p r e s e n c e  of t h e  h o l e s  does  no t  d e t r a c t  
from t h e  performance.  However, t h e  h o l e s  do p reven t  t h e  measure- 
ment of an appa ren t  d e n s i t y .  Without knowing t h e  a c t u a l  b a l l o o n  
( a p p a r e n t )  d e n s i t y ,  t h e  amount of v o i d s  i n  t h e  foam cannot  be  
c a l c u l a t e d .  Although t h e  s p h e r e  d e n s i t y  cannot  be measured by 
t h e  conven t iona l  method, an estimate of t h e  d e n s i t y  was made. 

The best random packing p o s s i b l e  f o r  e q u a l  s i z e d  s p h e r e s  is about  
6 3  p e r c e n t  by volume. The remaining 37 p e r c e n t  is a i r  o r  vo id  
s p a c e  between t h e  s p h e r e s .  Carbon microspheres  are not  monosized 
s p h e r e s ,  b u t  do  have a d i s t r i b u t i o n  of p a r t i c l e  s i z e s .  With a 
d i s t r i b u t i o n  of  s i z e s ,  t h e  smaller s p h e r e s  can f i t  between t h e  
l a r g e r  s p h e r e s  and t h e  pack ing  f a c t o r  o r  volume of s p h e r e s  w i l l  
i n c r e a s e .  The r a t i o  of t a p  d e n s i t y  t o  appa ren t  d e n s i t y  is  a 
measure of t h e  packing f a c t o r .  By assuming a packing f a c t o r  of 



Table 1. Properties of Carbon Microspheres 
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Density 
Weight Loss 

Lot Apparent Bulk Tap Float /Sink Ash Content 700' C-N2 
Number (g/cm3) (g/cm3) (g/cm3) Ratio (Percent ) (Percent ) 
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2A 

2B 

3A 

3B 

Mod 3 
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DIAMETER (MICRONS) (pm)  

F i g u r e  6 .  Average P a r t i c l e  S i z e  D i s t r i b u t i o n  f o r  Carbon 
Microspheres  

0 .63,  and u s i n g  t h e  t a p  d e n s i t i e s  from Table  1, t h e  apparen t  
d e n s i t y  would range  between 0 .29 g/cm3 and 0.33 g/cm3. 

T e s t  d a t a  are a v a i l a b l e  f o r  t a p  d e n s i t y  and appa ren t  d e n s i t y  of  
s e v e r a l  t y p e s  of  g l a s s  microspheres .  For  t h e s e  g l a s s  microspheres  
t h e  r a t i o  o f  t a p  d e n s i t y  t o  appa ren t  d e n s i t y  is 0.66 t o  0 .69.  
S i n c e  t h e  g l a s s  and carbon microspheres  are about  t h e  same size 
and have s i m i l a r  s ize d i s t r i b u t i o n s ,  t h i s  r a t i o  (pack ing  f a c t o r )  
is probably  a c c u r a t e  f o r  t h e  carbon microspheres .  By u s i n g  t h e  
pack ing  f a c t o r  of  0 .68  t e appa ren t  d e n s i t y  would b e  between 9 0.26  g / c m 3  and 0 . 3 1  g/cm . 
G r a p h i t e  F i b e r s  

G r a p h i t e  f i b e r s  have been i n c o r p o r a t e d  i n t o  t h e  material formula- 
t i o n  f o r  two r easons .  F i r s t ,  t h e  g r a p h i t e  f i b e r s  shou ld  improve 
t h e  t he rma l  c o n d u c t i v i t y  and p o s s i b l y  t h e  s t r e n g t h  o f  t h e  b a s i c  



Figure 7 .  Magnified Carbo-Spheres (300X) 



r e s in -ca rbon  microspheres  m a t e r i a l .  The second r ea son  is t h a t  
t h e . f i b e r s  improve t h e  m a t e r i a l  r e s i s t a n c e  t o  t h e  f l y e r  p l a t e  
impulse  t e s t .  

S e v e r a l  t y p e s  of g r a p h i t e  f i b e r  have been purchased from Hercu le s ,  
I n c o r p o r a t e d ,  f o r  t e s t i n g .  F i b e r s  w i t h  l e n g t h s  of 6 mm, 3 mm, 
and 1 mm were purchased.  The 6  rnrn f i b e r  had a s i z i n g  f o r  thermo- 
se t  materials, bu t  t h e  1 mm, and 3  mm d i d  no t  have any s i z i n g .  
M i l l e d  f i b e r ,  approximate ly  0 .004 i n c h  long  ( 0 . 1  mm), w a s  made 
from t h e  1 mm f i b e r  by g r i n d i n g  it  i n  a  mu l l i ng  m i l l .  

P r o c e s s e s  

T h i s  s e c t i o n  i s  subd iv ided  i n t o  t h e  head ings  of b l end ing  methods,  
molding methods,  and c u r i n g  c y c l e s .  The major  problem h a s  been 
w i t h  t h e  b lending  o p e r a t i o n s .  The molding methods a r e  s imilar  t o  
t h e  t e c h n i q u e s  used  w i t h  t h e  I m i d i t e  materials. However, more 
work is needed t o  o p t i m i z e  t h e  c u r e  s c h e d u l e s  s i n c e  t h e  c u r e  
s c h e d u l e s  recommended by t h e  r e s i n  manufac ture r  do no t  seem t o  
y i e l d  t h e  best p h y s i c a l  p r o p e r t i e s .  

Blending Methods 

The mixing of t h e  powdered r e s i n  and carbon microspheres  is no 
problem. S i n c e  t h e  r e s i n  and mic rosphe re s  have s i m i l a r  p a r t i c l e  

. s i z e s  and size d i s t r i b u t i o n ,  a twin  s h e l l  b l e n d e r  is an e a s y ,  
e f f i c i e n t  method 'of  b l end ing .  To p reven t  r e s i n  . r i c h  areas caused 
by agglomera t ion ,  t h e  r e s i n  and microsphere  mix tu re  is s i e v e d  
b e f o r e  t h e  b l end ing  o p e r a t i o n .  

The need f o r  a t h r e e  component system ( r e s i n ,  f i b e r ,  and micro- 
s p h e r e s )  seems t o  g r e a t l y  i n c r e a s e  t h e  b l end ing  problems.  Blending 
of t h e  r e s i n  and carbon mic rosphe re s  by themse lves  is no problem 
and b l end ing  of r e s i n  and f i b e r s  a l o n e  can be accomplished,  bu t  . 
b lend ing  t h e  t h r e e  components is  a problem. B a s i c a l l y  t h e  approach 
h a s  been t o  f i n d  a way of s e p a r a t i n g  t h e  f i b e r  i n t o  i n d i v i d u a l  
f i l a m e n t s  and t h e n  adding t h e  r e s i n  and carbon microspheres .  For  
t h i s  r e p o r t  t h e  mixing methods have been d i v i d e d  i n t o  d r y  and w e t  
methods. The w e t  methods have i n c l u d e d  a k i t c h e n  t y p e  b l e n d e r ,  a 
Cowles d i s s o l v e r ,  a Hobart mixer ,  and a h igh  s h e a r  p r o p e l l e r .  
With t h e s e  t e c h n i q u e s  t h e  l i q u i d  is u s u a l l y  water, b u t  s o l v e n t s  
such  as N-methylpyrrolidone and d ich loromethane  were used w i t h  
t h e  Hobart  and Cowles d i s s o l v e r .  

The d r y  methods of b l end ing  have inc luded  a tw in  s h e l l  b l e n d e r ,  a 
. t w i n  s h e l l  b l ende r  w i t h  a h i g h  speed  i n t e n s i f i e r ,  a b a l l  m i l l ,  
and a mul l ing  m i l l .  The most s u c c e s s f u l  way has  been w i t h  t h e  
twin  s h e l l  b l ende r  w i t h  a h i g h  speed  i n t e n s i f i e r .  

The h igh  speed i n t e n s i f i e r  a t t achment  f o r  t h e  Pa t t e r son -Ke l ly  
tw in  s h e l l  b l ende r  s e p a r a t e s  t h e  clump of 0 .25  i n c h  ( 6 . 3 5  mm) 



f i b e r  f a i r l y  w e l l .  Blend t imes  o f  up t o  30 minutes  were checked.  
The s h o r t  b l end  t i m e s  ( 1  t o  5 minu te s )  g i v e  t h e  b e s t  s e p a r a t i o n  
of  ' f i b e r .  W i t h  mixing times l o n g e r  t h a n  5  minutes  t h e  f i b e r s  
s t a r t  t o  m a t  and form lumps. The i n t e n s i f i e r  on t h e  twin  s h e l l  
does  n o t  r e a l l y  do a  good job of  s e p a r a t i n g  t h e  f i b e r ,  b u t  i t  is 
t h e  b e s t  method t r i ed  t o  d a t e .  P o s s i b l y  m o d i f i c a t i o n s  i n  t h e  
s h a f t  speed ,  b e a t e r  b a r  c l e a r a n c e ,  number of  b e a t e r  b a r s ,  and 
m o i s t u r e  c o n t e n t  of  t h e  f i b e r  cou ld  h e l p  t h e  f i b e r  s e p a r a t i o n .  

Molding Methods 

Two of  t h e  t h r e e  s t a n d a r d  methods f o r  molding t h e  d ry  powder t y p e  
o f  s y n t a c t i c  foam have been used t o  mold t h e  tes t  p a r t s .  The 
method used  most o f t e n  is t h e  compression molding t echn ique .  By 
t h i s  method, a c e r t a i n  weight  o f  material i s  charged  t o  a  c o n s t a n t  
volume mold. The d e n s i t y  of  t h e  p a r t  is determined by t h e  cha rge  
weight  and mold volume. A l a r g e  p e r c e n t a g e  o f  a i r  ( v o i d s )  cou ld  
be p r e s e n t  i n  low d e n s i t y  moldings and a s i g n i f i c a n t  number of 
broken b a l l o o n s  could  be t h e  r e s u l t  of  a h i g h  d e n s i t y  p a r t .  

The second  molding method commonly used  is t h e  vacuum bag t echn ique .  
By t h i s  method, a c o n s t a n t  p r e s s u r e  (de te rmined  by t h e  vacuum 
pump) i s  a p p l i e d  t o  t h e  molding material.  The p a s t  t h i c k n e s s  and 
d e n s i t y  is determined by t h e  material fo rmula t ion  and t empera tu re  
( m e l t i n g )  h i s t o r y .  T h i s  method has  t h e  advantage of be ing  g e n t l e  
w i t h  t h e  carbon microspheres  and is used t o  e v a l u a t e  c u r e  s c h e d u l e s  
and t o  e v a l u a t e  material f o r m u l a t i o n s .  

The vacuum bag t echn ique  does  n o t  l e n d  i t s e l f  t o  a p roduc t ion  
p r o c e s s ,  b u t  t h e  compression molding method is s t r a i g h t f o r w a r d  
and h a s  been used t o  p r e p a r e  p roduc t ion  t y p e  p a r t s .  

Cur ing  Cycles  

For  t h e  i n i t i a l  e v a l u a t i o n ,  t h e  c u r e  c y c l e s  recommended by t h e  
manufac tu re r  were used.  

The normal o r  recommended c u r e  c y c l e  f o r  t h e  polyimide r e s i n  is a 
m e l t  of  200°F (93OC) f o r  1 . 5  hour s ,  a c u r e  of  375OF (191°C) f o r  1 
t o  2  h o u r s ,  and a  p o s t  c u r e  of 480°F (24g°C) f o r  24 hour s .  

With t h e  vacuum bag molding method t h e  p r e s s u r e  is a p p l i e d  a t  t h e  
beg inn ing  of  t h e  m e l t  c y c l e .  With t h e  compression molding method, 
t h e  p r e s s u r e  is a p p l i e d  a f t e r  t h e  m e l t i n g  b u t  b e f o r e  t h e  c u r e .  

Foam P r o p e r t i e s  

T e s t  Methods 

When p r a c t i c a l ,  ASTM methods were used t o  measure t h e  m a t e r i a l  
p r o p e r t i e s .  The material p r o p e r t i e s  t e s t e d  are g iven  below: 



ASTM C-177, Thermal C o n d u c t i v i t y  o f  Ma te r ia l s  by Means o f  
t h e  Guarded Hot P l a t e .  Specimens: 8  i n c h  d i ame te r  by 
0 . 5  i nch  t h i c k  (203 mm by 1 3  mm). 

ASTM D695, Compressive P r o p e r t i e s  o f  R ig id  P l a s t i c s .  
Specimen: 1 .129  i n c h  d i ame te r  by 0 . 5  i n c h  t h i c k  (28 .7  mm by 
1 3  mm). T e s t  Cond i t i ons :  0 .050 inch lmin .  ( 1 . 3  mm/min.) 
cross-head speed .  

ASTM D638, T e n s i l e  P r o p e r t i e s  o f  P l a s t i c s .  Specimen: 
1 .129 i n c h  d i ame te r  by 0 . 5  i n c h  t h i c k  (28 .7  mm by 13 mm) 
bonded t o  two aluminum p l u g s .  T e s t  Cond i t i ons :  0.050 inch/min.  
( 1 . 3  mmlmin.) cross-head speed .  

ASTM D790, Flexura l  P r o p e r t i e s  o f  P l a s t i c s .  Specimen: 
2  i n c h  by 0 . 5  i n c h  by 0 . 1  i n c h  (508 mm by 1 3  rnm by 2.54 rnm). 
T e s t  Cond i t i ons :  0 . 5  inch/min.  ( 1 3  mmlmin.) cross-head 
speed .  

One of t h e  d e s i g n  g o a l s  w a s  low g a s  e v o l u t i o n  a t  550°C o v e r  a 
20 m i l l i s e c o n d  t i m e  span .  Two t y p e s  of tes ts  w e r e  made t o  measure 
t h e  t he rma l  r e s i s t a n c e  of t h e  c a n d i d a t e  r e s i n s .  The Bendix t e s t  
w a s  made u s i n g  a p y r o l y s i s  p robe  and g a s  chromatograph t o  d e t e c t  
t h e  g a s e s  evolved .  Po ly imide ,  po lyu re thane ,  s i l i c o n e ,  p h e n o l i c ,  
and epoxy r e s i n s  were e v a l u a t e d .  None of t h e  r e s i n s  t e s t e d  had a  
measurab le  amount of g a s  g iven  o f f  a t  t h e  550°C f o r  20 m i l l i s e c o n d  
l e v e l .  

The o t h e r  tes t  was developed and conducted by LASL. T h i s  "mouse 
t r a p "  tes t  measures t h e  weight l o s s  of a foam sample a f t e r  t h e  
sample is s l apped  a g a i n s t  a p r e h e a t e d  m e t a l  f o i l .  These tes ts  
a l s o  i n d i c a t e  t h a t  a l l  t h e  foam systems cons ide red  have adequa te  
t he rma l  r e s i s t a n c e .  

Another d e s i g n  g o a l  f o r  t h e  foam is a r e s i s t a n c e  t o  a s p e c i f i c  
impulse  t e s t .  T h i s  t e s t  c a l l e d  a f l y e r  p l a t e  test  was conducted 
by Sandia  Albuquerque f o r  LASL. The tes t  r e s u l t s  i n d i c a t e  t h a t  
t h e  material f o r m u l a t i o n s  w i t h  g r a p h i t e  f i b e r s  exceed t h e  r e q u i r e -  
ments .  

The f o r m u l a t i o n s  w i thou t  f i b e r s  d i d  have some spa11  and were 
marg ina l .  

A series of b l o c k s  was molded and t e s t e d  t o  de te rmine  t h e  e f f e c t  
of  c u r e  t i m e  and c u r e  t empera tu re  on t h e  compressive p r o p e r t i e s  
of foams made from t h e  Kerimid 601 r e s i n  and carbon microspheres .  
A f o r m u l a t i o n  wi thout  g r a p h i t e  f i b e r s  w a s  s e l e c t e d  t o  i n s u r e  a 
complete  mix and t o  c i rcumvent  p r o c e s s i n g  problems. 



The b l o c k s  were compression molded i n  an 8  by 8  by 0 . 6  i nch  (203 
by 203 by 1 . 5  mrn) mold t o  an o v e r a l l  t a r g e t  d e n s i t y  of 0 .33  g/cm3 
w i t h  a 40160 (Kerimid 6 0 l / c a r b o n  microsphere  by we igh t )  f o r m u l a t i o n .  
T e s t s  were made w i t h  t h r e e  m e l t  t e m p e r a t u r e s ,  a c o n s t a n t  c u r e  
t i m e  and t empera tu re ,  and f o u r  p o s t c u r e  t empera tu re s  f o r  f o u r  
p o s t c u r e  t i m e s .  A f t e r , t h e  i n i t i a l  m e l t  and c u r e ,  i n d i v i d u a l  tes t  
specimens (1 .129  i n c h  d i ame te r  by 0 . 5  i n c h )  (28 .7  rnrn by 12 .7  mm) 
were machined from t h e  molded b l o c k s .  The tes t  d i s k s  were then  
p o s t c u r e d  f o r  t h e  p r e s c r i b e d  t i m e  and t empera tu re  i n  a  n i t r o g e n  
a tmosphere .  There  w a s  no d imens iona l  change ( a s  measured by 
v e r n i e r  c a l i p e r s )  as a r e s u l t  of t h e  p o s t c u r e s .  The specimens 
f o r  t h e  p o s t c u r e  w e r e  no t  randomly s e l e c t e d  from t h e  molded 
b l o c k ,  b u t  were r a t h e r  t a k e n  i n  sequence.  Average compress ive  
tes t  r e s u l t s  f o r  t h e s e  specimens are g iven  i n  Tab le s  2  and 3 .  

These tes t  r e s u l t s  show no s i g n i f i c a n t  d i f f e r e n c e  between b l o c k s  
made w i t h  d i f f e r e n t  m e l t  t empera tu re s  and no i n c r e a s e  i n  s t r e n g t h  
r e s u l t i n g  from p o s t c u r e  t i m e  o r  p o s t c u r e  t empera tu re .  Extended 
p o s t c u r e  a t  e l e v a t e d  t empera tu re  is not  r e q u i r e d  t o  develop 
the rma l  r e s i s t a n c e  t o  400°F (204OC). However, i n  o r d e r  t o  develop 
t h e  maximum the rma l  r e s i s t a n c e ,  a p o s t c u r e  t o  500°F (260°C) would 
be  r e q u i r e d .  

P r o p e r t i e s  of a  s y n t a c t i c  foam a r e  dependent upon t h e  foam d e n s i t y .  
For  t h i s  work t h e  t he rma l  c o n d u c t i v i t y  and compress ive  p r o p e r t i e s  
a s  a f u n c t i o n  of d e n s i t y  w e r e  of i n t e r e s t .  Two t y p e s  of t e s t  
specimens w e r e  p r epa red .  The f i r s t  t y p e  of b l o c k s  w a s  molded a t  
c o n s t a n t  p r e s s u r e  (vacuum bag)  i n  an 8  i n c h  (203 mm) d iameter  
mold and each  set of b l o c k s  had a d i f f e r e n t  c o n c e n t r a t i o n  of 
ca rbon  microspheres .  The second t y p e  had on ly  one material 
f o r m u l a t i o n ,  b u t  t h e  mold cha rge  weight and t h u s  t h e  d e n s i t y  was 
v a r i e d .  The f o r m u l a t i o n s  t e s t e d  are g iven  i n  Table  4 .  A l l  of 
t h e  b l o c k s  were molded w i t h  a 2 5 0 ° ~  (121°C) f o r  1 . 5  hour m e l t ,  a 
375OF (191°C) f o r  1 . 5  hour  c u r e ,  and a 480°F (24g°C) f o r  16  hour 
p o s t c u r e .  The e f f e c t  of d e n s i t y  on t h e  compress ive  s t r e n g t h  and 
compress ive  modulus is shown i n  F i g u r e s  8  and 9 .  

The s t r e n g t h ,  w i t h i n  an  expec ted  r ange  of v a l u e s ,  is  a l i n e a r  
f u n c t i o n  of t h e  d e n s i t y .  Within  t h e  f o r m u l a t i o n s  and d e n s i t i e s  
t e s t e d ,  t h e  d e n s i t y  seems t o  be  more s i g n i f i c a n t  t h a n  t h e  amount 
o f  r e s i n  i n  t h e  f o r m u l a t i o n .  There  seems t o  be  no . d i f f e r e n c e  i n  
s t r e n g t h  between a 0 .33  g/cm3 b lock  molded from 40160 (601/CMS by 
we igh t )  fo rmula t ion  and a 0 .33  g/cm3 b lock  molded from a  45/55 
f o r m u l a t i o n .  These r e s u l t s  are c o n t r a r y  t o  t h e  expec ted  r e s u l t s  
o f  h i g h e r  r e s i n  c o n t e n t s  having h ighe r  s t r e n g t h s .  

The compress ive  p r o p e r t i e s  a r e  t empera tu re  dependent .  A t  400°F 
(204OC) and 0.30 g/cm3 t h e  foam r e t a i n s  about  85  p e r c e n t  of i ts 
room t empera tu re  s t r e n g t h .  The compressive modulus d rops  t o  
about  70 p e r c e n t  of t h e  room t empera tu re  v a l u e  when t e s t e d  a t  
400°F (204OC). 



Table 2: Effect of Cure on Compressive Properties of Polyimide/Carbon Microsphere 
Foam at 70°F (21°C) 

Post Cure Compressive Properties at 70°F 
Melt (OF) Cure (OF) 

Test After After Temperature Time Density Strength Modulus 
Block 1.5 Hours 1.5 Hours (OF)* (Hours) (g/cm3) (psi)** (psi) 

*OC = (OF-32)/1.8 
**1 psi equals 6894 Pa 



Table 3. Effect of Cure on Compressive Properties of Polyimide/Carbon 
Microsphere Foam at 400°F (20d0C) 

Post Cure Compressive Properties at 400°F 
Melt (OF) Cure (OF) 

Test After After Temperature Time Density Strength Modulus 
Block 1.5 Hours 1.5 Hours (OF)* (Hours) (g/cm3) (psi)** (psi) 

*OC = (OF-32)/1.8 
**1 psi equals 6894 Pa 



T a b l e  4 .  Formula t ions  of Kerimid 601  and 
Carbo-Sphere Foams 

-- - 

Formula t ion  
Weight R a t i o  Molded 
Kerimid 6011 Molding Dens i ty  
Carbo-Sphere Method (g/cm3) 

Vacuum Bag 

Vacuum Bag 

Vacuum Bag 

Vacuum Bag 

Compression 

Compression 

Compression 

Compression 

Thermal c o n d u c t i v i t y  h a s  been measured by s e v e r a l  methods. The 
pr imary method is t h e  guarded h o t p l a t e  (GHP) acco rd ing  t o  ASTM 
C177. T h i s  method r e q u i r e s  two 8 i n c h  (203 mrn) d i ame te r  by 
0 . 5  i n c h  ( 1 2 . 7  mm) specimens f o r  t e s t i n g .  Another method is t h e  
c u t - b a r  method. The cu t -ba r  a p p a r a t u s  r e q u i r e s  a 1 i n c h  (25 .4  mm) 
d i ame te r  by 1 inch  (25 .4  rnrn) t h i c k  specimen and compares t h e  
t he rma l  c o n d u c t i v i t y  of  t h e  sample t o  t h e  thermal  c o n d u c t i v i t y  of 
a known s t a n d a r d .  The t h i r d  method is a r e l a t i v e l y  new method 
t h a t  measures t h e  h e a t  f low and t empera tu re  change a c r o s s  a 
sample i n  a duPont d i f f e r e n t i a l  s cann ing  c a l o r i m e t e r  (DSC). The 
r e s u l t s  from t h e  DSC method compare very  w e l l  w i t h  r e s u l t s  from 
t h e  guarded h o t p l a t e  method. The DSC method is f a s t  and r e q u i r e s  
a ve ry  s m a l l  sample.  I n  f a c t ,  t h e  main problem w i t h  t h e  DSC 
method is t h e  s m a l l  sample s ize  and t h u s  t h e  chance of  measur ing 
a he te rogeneous  o r  n o n r e p r e s e n t a t i v e  sample. 

Thermal c o n d u c t i v i t y  v a l u e s  f o r  bo th  t h e  DSC and GHP methods are 
shown i n  F i g u r e s  1 0  and 11, as f u n c t i o n s  of  molded d e n s i t y  and of 
v o i d  c o n t e n t .  While t h e r e  is s p r e a d  i n  t h e  d a t a ,  t h e  t he rma l  
c o n d u c t i v i t y  d e f i n i t e l y  i n c r e a s e d  w i t h  i n c r e a s i n g  molded d e n s i t y  
and d e c r e a s e d  w i t h  i n c r e a s i n g  v o i d  c o n t e n t .  According t o  F i g u r e  11, 
t h e  maximum thermal  c o n d u c t i v i t y  p o s s i b l e  w i t h  t h e  carbon micro- 
s p h e r e s  and Kerimid 601  r e s i n  is  about 0 .33 W1m.K. The b locks  
molded by t h e  vacuum bag  (low c o n s t a n t  p r e s s u r e )  method have a  
v o i d  c o n t e n t  of about  20 p e r c e n t .  With t h i s  vo id  c o n t e n t ,  t h e  
expec t ed  thermal  c o n d u c t i v i t y  is about 0.20 t o  0 .25  W / m - K .  



Figure 8. Density Versus Compressive Strength of Foams Made 
From Kerimid 601 and Carbon Microspheres 
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F i g u r e  9.  Dens i ty  Versus  Compressive Modulus of Foams Made 
From Kerimid 601 and Carbon Microspheres  
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F i g u r e  10.  E f f e c t  of Molded Dens i ty  on Thermal Conduct iv i ty  of 
Kerimid 601 and Carbon Microspheres  
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Figure 11. Thermal Conductivity as a Function of Amount of 
Air in a Molded Block 



The foams made w i t h  t h e  carbon microspheres  cou ld  no t  r e a c h  t h e  
0 .37  W / m - K  t a r g e t  v a l u e .  I n  o r d e r  t o  i n c r e a s e  t he rma l  c o n d u c t i v i t y ,  
foam b i l l e t s  were made from g r a p h i t e  microspheres  (Ver sa r  Incor -  

- p o r a t e d )  and from b l e n d s  of g r a p h i t e  and carbon microspheres .  
The tes t  r e s u l t s  are summarized i n  Tab le  5 .  These d a t a  show t h a t  
t h e  thermal  c o n d u c t i v i t y  is s i g n i f i c a n t l y  i n c r e a s e d  by u s i n g  t h e  
g r a p h i t e  s p h e r e s .  Foams made from b lends  of t h e  two t y p e s  of 
microspheres  y i e l d  a material w i t h  a p r e d i c t a b l e  thermal  conduc- 
t i v i t y .  The g r a p h i t e  s p h e r e s  a r e  weaker t han  t h e  r e g u l a r  carbon 
microspheres .  The compress ive  s t r e n g t h  r a n g e s  from about  1020 p s i  
(7 .03  MPa) f o r  a l l  carbon t o  778 p s i  (5 .76 MPa) f o r  a l l  g r a p h i t e  
microspheres .  The g r a p h i t e  s p h e r e s  (Lot  LW24GRW) have lower a s h  
c o n t e n t  and lower v o l a t i l e s  t h a n  t h e  r e g u l a r  ca rbon ,  and SEM 
photographs  show a l a r g e  number of broken s p h e r e s  o r  s p h e r e s  w i t h  
h o l e s .  

G r a p h i t e  f i b e r s  were added t o  b l e n d s  of t h e  601 r e s i n  and carbon 
mic rosphe re s  i n  an a t t empt  t o  i n c r e a s e  t h e  thermal  c o n d u c t i v i t y  
and t o  improve t h e  hand l ing  p r o p e r t i e s .  A s  d i s c u s s e d  p r e v i o u s l y ,  
t h e  6 mm f i b e r  and t h e  m i l l e d  f i b e r  have been blended and molded 
i n t o  b l o c k s .  The 1 and 3 mm f i b e r s  could  no t  be  adequa te ly  
s e p a r a t e d  t o  b lend  w i t h  t h e  r e s i n  and microsphere  and no b l o c k s  
w e r e  made from t h e s e  f i b e r s .  A summary of t h e  tes t  r e s u l t s  of 
foams made w i t h  t h e  g r a p h i t e  f i b e r  is g iven  i n  Tab le  6. 

A l l  s i x  of  t h e  f o r m u l a t i o n s  were molded by t h e  low p r e s s u r e ,  
vacuum bag method. A t  t h e  1 p a r t  and 3 p a r t  f i b e r  l e v e l ,  t h e  
d e n s i t y  is  lower t h a n  f o r  t h e  f o r m u l a t i o n  wi thout  f i b e r  even 
though t h e  d e n s i t y  of  t h e  f i b e r  is about  1 .8  g /cm3 .  T h i s  is due 
t o  t h e  b u l k  of  t h e  s e p a r a t e d  f i b e r  t h a t  is not  compressed by t h e  
low p r e s s u r e .  

The compress ive  s t r e n g t h  and compress ive  modulus are no t  a f f e c t e d  
by t h e  s m a l l  volume of f i b e r  e i t h e r  a t  room t empera tu re  o r  a t  
e l e v a t e d  t empera tu re s .  Even t h e  m i l l e d  f i b e r  does  no t  i n c r e a s e  
t h e  compress ive  s t r e n g t h .  

Adding f i b e r s  d i d  n o t  improve t h e  t he rma l  c o n d u c t i v i t y .  By u s i n g  
t h e  m i l l e d  f i b e r  a t  t h e  25 p a r t s  l e v e l  t h e  t he rma l  c o n d u c t i v i t y  
w a s  i n c r e a s e d ,  b u t  t h e  foam d e n s i t y  exceeded t h e  t a r g e t  v a l u e .  

The t e n s i l e  s t r e n g t h  may be  more of a f u n c t i o n  of t h e  f i b e r  
c o n c e n t r a t i o n  than  t h e  d a t a  i n d i c a t e .  The t e n s i l e  samples were 
ve ry  b r i t t l e  and s e v e r a l  were broken b e f o r e  be ing  t e s t e d .  The 
small sample s i z e  and d a t a  s c a t t e r  p r e c l u d e s  an a c c u r a t e  p r e d i c t i o n  
o f  t h e  t e n s i l e  s t r e n g t h .  However, t h e  data i n d i c a t e  t h a t  t h e  
modulus is h i g h e r  w i t h  f i b e r  f i l l e d  foams and t h a t  t h e  s t r a i n  a t  
f a i l u r e  is  less w i t h  t h e  f i b e r  t h a n  wi thout  t h e  f i b e r .  



Table 5. Properties of Foams Made From Blends of Graphite and Carbon 
Microspheres 

Compressive Properties 
at 20°C 

Formulation DensiSy Thermal Conductivity Strength Modulus 
Block Ratio* (g/cm ) (cal/cm*s*'C) (W/m*K) (psi)** (psi) 

*Resin/Graphite/Carbon Microspheres 
**One psi equals 6894 Pa 



T a b l e  6.  P r o p e r t i e s  of  Foams Made With G r a p h i t e  F i b e r s  

Formulations 

Property 1 2 3 4 5 6 

Density (g/cm3) 0.31 0.29 0.30 0.32 0.32 0.34 

Compressive Strength at 70°F* (psi)** 1150 890 1000 1050 1090 1060 

Compressive Strength at 400°F (psi) 990 850 930 980 1066 1034 

Compressive Modulus at 70°F (ksi)*** 69.6 59.7 59.4 60.0 97.4 85.1 

Compressive Modulus at 400°F (ksi) 45.5 40.5 61.0 55.8 58.4 42.1 

Thermal Conductivity (W/m0K) 0.224 0.182 0.207 0.209 0.221 0.266 

Flexural Strength at 70°F 470 657 670 

Flexural Strain at Failure (Percent) 0.94 1.75 1.46 

Flexural Modulus at 70°F (ksi) 82.9 96.7 85.2 

Tensile Strength at 70'~ (psi) 250 130 230 250 200 

Tensile Strain at Failure (Percent) 1.5 1.2 1.4 1.3 1.2 

Tensile Modulus at 70°F (ksi) 16.3 16.0 16.0 17.0 17.0 

1 6Ol/CMS (40160) 
2 601/CMS/6 mm Fiber 40/60/1 
3 601/CMS/6 mm Fiber 40/60/3 
4 601/CMS/6 mm Fiber 40/60/5 
5 601/CMS/Milled 40/60/5 
6 601/CMS/Milled 40/60/25 

*OC = (OF-32)/1.8 
**1 psi equals 6894 Pa 
***I ksi equals 6.894 MPa 



F i b e r s  d e f i n i t e l y  improve t h e  f l e x u r a l  s t r e n g t h  of t h e  foam. The 
samples  t e s t e d  were 2 . 0  by 0 . 5  by 0 . 1  i n c h  ( 5 0 . 8  by 1 2 . 7  by 
2 .54  mm) w i t h  a  span of 1 . 6  i n c h  (40.6  mm). The t h r e e  f o r m u l a t i o n s  
t e s t e d  w e r e  40160 (601/CMS), 40/60/5 (GOl/CMS/fiber),  and 40/60/25 
6Ol/CMS/milled f i b e r .  The a c t u a l  f l e x u r a l  s t r e n g t h  i n c r e a s e d  
from about  470 p s i  (3 .24  MPa) t o  over  650 p s i  (4 .48  MPa) f o r  bo th  
t h e  6  mm f i b e r  and t h e  m i l l e d  f i b e r .  

More i m p o r t a n t l y  t h e  t y p e  of f a i l u r e  was d i f f e r e n t .  Formula t ions  
made wi thou t  f i b e r  had a b r i t t l e  t y p e  f a i l u r e  w i t h  t h e  f a i l u r e  
o c c u r r i n g  a t  t h e  p r o p o r t i o n a l  l i m i t .  The samples  w i t h  f i b e r  d i d  
n o t  have a b r i t t l e  f a i l u r e ,  b u t  r a t h e r  had a  y i e l d  p o i n t  b e f o r e  
an  e l a s t i c  t y p e  f a i l u r e .  Also t h e  f i b e r  f i l l e d  samples t ended  t o  
b r e a k  a l a y e r  a t  a t i m e .  That  is t h e  f a i l u r e  w a s  no t  c a t a s t r o p h i c ,  
b u t  o c c u r r e d  over  a f i n i t e  d e f l e c t i o n .  For  t h e  span of 1 . 6  i n c h e s  
(40 .6  mm) and t h i c k n e s s  of 0 . 1  i nch  (2 .54  mm), t h e  d e f l e c t i o n  w a s  
about  0.040 i n c h  (1 mm) f o r  t h e  f o r m u l a t i o n  wi thou t  f i b e r  and 
about  0 .075 i n c h  (1 .9  mm) f o r  t h e  fo rmula t ion  w i t h  5  p a r t s  f i b e r .  
Thus a p a r t  molded from t h e  fo rmula t ion  wi th  f i b e r  has  a g r e a t e r  
r e s i s t a n c e  t o  b reak ing  and can be ben t  o r  f l e x e d  more than  an 
equa l - s i zed  p a r t  made wi thou t  f i b e r .  

ACCOMPLISHMENTS 

Methods f o r  b l end ing ,  molding and c u r i n g  m i x t u r e s  of r e s i n ,  
ca rbon  microspheres  and g r a p h i t e  f i b e r s  were i n v e s t i g a t e d  and 
e v a l u a t e d .  A s  a  r e s u l t  of t h i s  work, low d e n s i t y  s y n t a c t i c  foams 
w i t h  improved thermal  c o n d u c t i v i t y  and h igh  compressive s t r e n g t h s  
were developed.  While t h e  p r o p e r t i e s  of t h e  foam f o r m u l a t i o n s  
w i t h  o n l y  r e s i n  and carbon microspheres  exceed t h e  d e s i g n  r e q u i r e -  
ments ,  t h e  a d d i t i o n  of s m a l l  amounts of g r a p h i t e  f i b e r s  g r e a t l y  
improves t h e  hand l ing  p r o p e r t i e s  of t h e  foam and r educes  t h e  chance 
of  b reak ing  o r  ch ipp ing .  

FUTURE WORK 

The e v a l u a t i o n  of t h e r m a l l y  conduc t ive  f i l l e r s  w i l l  c o n t i n u e .  
S i l v e r  c o a t e d  g l a s s  mic rosphe re s  are a v a i l a b l e  and are be ing  
e v a l u a t e d  as  an a l t e r n a t e  f i l l e r  t o  p rov ide  i n c r e a s e d  the rma l  
c o n d u c t i v i t y .  Other  t y p e s  of g r a p h i t e  and carbon f i b e r s  w i l l  
a l s o  be  t e s t e d  t o  de te rmine  t h e  e f f e c t  of f i b e r  l e n g t h  and '  
c o n c e n t r a t i o n  on thermal  c o n d u c t i v i t y  and compressive s t r e n g t h .  

The i n f l u e n c e  of r e l a t i v e  humidi ty  on weight and dimensional  
s t a b i l i t y  w i l l  be measured. I n  a d d i t i o n ,  t h e  ra te  of m o i s t u r e  
p ickup  and m o i s t u r e  removal i n  molded s l a b s  w i l l  be determined.  
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