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THE DEVELOPMENT OF POLYBENZIMIDAZOLE COWOSITES AS ABLATIVE HEAT SIfiIELDS 

Robert R. Dickey, John H. Lundel l ,  and Dx. John A. Parker, 
Ames Research Center ,  Moffe t t  F i e l d ,  C a , i f o r n i a ,  94u- ,5  

* INTRODUCTION . 
Low-density (0.5 gm/cm3), char-forming polymeric composites have found 

a ? p l i c a t i o a  as re-entry h e a t  s h i e l d s  f o r  bo th  o r b i t a l  and lunai- manned 
s 7 a c e f l i g h t  missions ( r e f .  1 ) .  The low-density materials have a low C'nermal 
conduct iv i ty  ( r e f .  2) and consequently a l o w  h e a t  t r a n s f e r  ra te  t o  t h e  
s u b s t r u c t u r e  ( r e f .  3 and 4 ) .  The carbonaceous char  su r faces  formed by t h e s e  
materials have h igh  s u r f a c e  emissivities ( r e f .  5 )  and a t t a i n  high s u r f a c e  
temperatures ( r e f .  6 and 7). These two f a c t o r s  permit  t h e  char  s u r f a c e  t o  
reradiate large amounts of energy back into space. Thus, both low-dens i ty  
and char-forming c a p a b i l i t y  are necessary p r o p e r t i e s  f o r  e f f e c t i v e  per for -  
mance. 

Materials formulated from phenol ic  and r e l a t e d  polymers pyrolyze t o  
produce s t o i c h i m e t r i c  char  y i e l d s  of 23 t o  60 percent  ( r e f .  8) as w e l l  as 
vapor spec ie s .  The cha r  l a y e r s  form wi th  apprec i ab le  volumetr ic  shr inkage  
(20 t o  30 percent  f o r  low-density phenol ic  nylon) which l eads  t o  a 
mechanicaily weak s t r u c t u r e  f u l l  of f i s s u r e s  and voids  ( r e f .  9 ) .  Such cSars  
con ta in  an  imperfec t  carbon l a t t i c e  which may make them more sascepKlbie  
than  g r a p h i t e  t o  removal by s u r f a c e  oxida t ion .  I n  a d d i t i o n ,  f i s s u r e s  and 
in te rconnec ted  p o r o s i t y  provide  i n t e r n a l  patnways f o r  i n t r u s i o n  of t h e  ho t  
a i r  st?eam i n t o  t h e  char  l a y e r  wi th  c a t a s t r o p h i c  e f f e c t s  on h e a t  s h i e i d  
performance. The ex ten t  of t h i s  mode of f a i l u r e  inc reases  wi th  inc reas ing  
p res su re  and decreas ing  dens i ty  of a p a r t i c u l a r  composite ( re f . iO) .  Further- 
more, t h e  presence of oxygen i n  the  v i r g i n  polymer r e s u l t s  i n  oxygen-bearing ' 

vapor s p e c i e s  being evolved during t h e  py ro lys i s  process .  I n  t r a n s p i r i n g  
through t h e  char ,  t h e s e  vapors  may r e a c t  w i th  t h e  char ,  thereby removing and 
weakening i t .  

I n  l i g h t  of t h e  inhe ren t  d e f i c i e n c i e s  of t h e  convent ional  char-forming 
materials (phenol ic  and r e l a t e d  polymers), aromatic  h e t e r o c y c l i c  poiymers -2 

are considered p o t e n t i a l l y  u s e f u l  f o r  t h e  development of new hea t -sh ie ld  
composite materials. Such materials are  a t t rac t ive  because of t h e  high- 
temperature  s t a b i l i t y  of t h e  v i r g i n  polymer as w e l l  as t h e  high concentra- 
t i o n  of mul t ip ly  bonded aromatic  r i n g  s t r u c t u r e s  needed t o  produce Z g h  cha r  
y i e l d s .  I n  p a r t i c u l a r ,  t h e  polybenzimidazoles (PBI) were s e l e c t e d  f o r  t h i s  
i n v e s t i g a t i o n  f o r  t h e  fol lowing reasons: 
polymer permi ts  compounding wi th  f i l l e r s  and f i b e r s  and provides  a l a r g e  
weight f r a c t i o n  of v o l a t i l e s  (phenol and water) t o  form during cure.  These 
v o l a t i l e s  provide  t h e  i n t e r n a l  blowing needed t o  secu re  a low dens i ty  foam 
s t r u c t u r e .  (2) The PBI materials have pseudo-conjugated, multiply-bonded 
aromatic  r i n g  s t r u c t u r e s  which are p o t e n t i a l l y  capable  of producing h igh  
char  y i e l d s .  
are most e f f e c t i v e  i n  providi,-.g convect ive blockage by t h e  mass-transcer 
e f f e c t  ( r e f .  11). (3 )  The Pi31 materials are capable  of producing a h ighly  
organized char  s t r u c t u r e  wi th  a minimum of shr inkage,  good phys ica l  i z t e g r i t y  
and e x c e l l e n t  h igh  temperature  mechanical p r o p e r t i e s .  Furthermore, t h e  chars  
con ta in  i n t e r s t i t i a l  n i t rogen  atoms which r e s u l t  i n  s u b s t a n t i a l l y  lower 
thermal conduct iv i ty  than  g r a p h i t e  o r  carbon. 
no oxygen bear ing  func t iona l  groups t o  i n t e r a c t  w i th  t h e  char  and cause 
i n t e r n a l  o s i l a t i o n .  

(1) Prepolymer s t ag ing  of i;he 

Moreover, they produce low molecular weight vapor spec ie s  which 

( 4 )  The PBI  polymers con ta in  

- _  I- - -  
The purpose of t h i s  paper is  t o  b r i e f l y  desc r ibe  t h e  formulat ion of 

some m w  PBI  composites and t o  p re sen t  some prel iminary r e s u l t s  of a r c - jk t  
tests conducted on t h e s e  materials. 

' 

s y n t h e s i s  of t h e  new materials and then desc r ibe  t h e  char  formation process  
We begin wi th  a d i scuss ion  of t h e  
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i n  t h e s e  materials. 
materials is  descr ibed.  F i n a l l y ,  tL:q experimeptal  proce? ire is  desc r ibez ,  
followed by a p r e s e n t a t i o n  and d i scuss ion  of t h e  tes t  re: ;Its. 

Xext t h e  processing and c h a r a c t e r i z a t i o n  of t h e  \ .  

DESCXIPYON OF PBI MATEIi1r'J.S 

Prepolymers were synthes ized  by thermally condensing 3,3'-diamino- 
benz id ine  ( I )  and d ipheny l i sop tha la t a  (11) t o  g ive  low molecular weight 
prepolymer r e s i n s  (111) as follows: 

0 

0 

II I 
1. 

where n = 2 t o  3. 

Thermogravimetric py ro lys i s  of t hese  prepolymers i n  helium (at a 
hea t ing  rate of S"C/minute) w a s  employed t o  c h a r a c t e r i z e  t h e i r  polymeriza- 
t i on .  
phenol and water) was no t  complete u n t i l  a temperature of a t  l ea s t  
w a s  reached, where upon a s t a b l e  high molecular weight l i n e a r  PBi was for rxd .  
From t h i s  r e s u l t  i t  w a s  concluded t h a t  e a r l y  s t u d i e s  of t h e  a b l a t i o n  of PbI  
composites ( r e f .  12), which were found t o  g ive  l o w  char  y i e l d s  and h igh  
molecular  weight imidazole  fragments as vapor, w e r e  performed on under cured 
specimens. 

It w a s  found t h a t  e l imina t ion  of end groups (through evolu t ion  of 
400°C 

I n  t h e  p re sen t  s tudy ,  t he  PBI prepolymers of t h e  type  shown i n  equat ion  
1 were f i r s t  cured a t  a temperature  of 400°C and then  pos t  cured a t  '800'C. 
The f i r s t  cure  c y c l e  r e s u l t e d  i n  an  e s s e n t i a l l y  l i n e a r  PBI po;ymer which w a s  
f r e e  of t h e  e a s i i y  degraded end groups. 
i n  an  i n e r t  gas  environment a t  a hea t ing  ra te  of 3'C/minute, gave a tough, 
ba l ck  s o l i d  i n  y i e l d s  of about 85 percent .  I n  the  pos tcure  process ,  t h e  
hydrogen atoms a re  dr iven  o f f ,  bu t  t h e  heteroatoms are r e t a ined .  It w a s  
concluded t h a t  when t h e  end groups are  r eac t ed  by adequate pos t  cure ,  a 
high-temperature c ros s l ink ing  r e a c t i o n  can occur i f  s u f f i c i e n t  t i m e ,  a t  
temperatures  i n  excess  of 700"C, is  allowed. The r e s u l t  is  a therrrizilly 
c ros s l inked  s t r u c t u r e  which is s imi la r  t o  t h e  t h r e e  dimensional h e t e r o  net-  
work proposed by Bruck ( r e f .  13) f o r  a similar py ro lys i s  of aromatic  
polyimides. 
polybenzimidazole (pyrobenzimidazole) which has  an empir ica l  formula of 

(C47 H14 N8)n. 
wi th  t h e  s imple l i n e a r  PBI; and, because of i ts  c ross l inked  s t r u c t u r e ,  i t  
a l s o  resists vs icous  shea r  a t  h igh  temperatures.  

Postcuring of t hese  l i n e a r  polymers, 

The material which r e s u l t s  from t h e  pos t  cure  i; a .'Yi'nydro- 

It  is  very ox ida t ion  resistarzt a t  high temperatures ,  compared 

Thus, i t  w a s  expected t o  

c 
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p e r f o m  w e l l  i n  a conbined oxidat ion-shear  e n v i r o x c n t .  Note t h a t  :he ther-  
m a l  c ros s l ink ing  r e a c t i o n  is very slow, and cu re  t i m e s  of as much as 10 
hours  nay be r equ i r ed  t o  complete'the r eac t ion .  Thus, 0, course,  t h e  
msterials must b e  postcured p r i o r  t o  use  as an  a b l a t i v e  n e a t  s h i e l d .  

- 

I n  a d d i t i o n  t o  thermal c ros s l ink ing ,  t h e  f e a s i b i l i t y  of chemically 
. K w U  c r o s s l i n k i n g  the l i n e a r  PBI w a s  i nves t iga t ed .  A c ~ ; . ~ z o L l e d  number of cross- 

l i n k s  were in t roduced  i n t o  the  system by us ing  both t r i p h e n y l  trimeasate as 
a comonomer and po ly func t iona l  amines der ived  from low temperature  o i ~ d a -  
t i o n  of 3,?'-diaminobenzidine. The la t te r  c r o s s l i n k  s i t e  has  not  been 
completely reso lved ,  a l though t h e  material can be  prepared reproducib ly  by 
t h e  Gxldat ion of t h e  amine. Severa l  s t r u c t u r e s  have been proposed t o  
account  f o r  che p o i n t  branching f u n c t i o n a l i t y  of t h e  ox ida t ion  product ,  a l l  
of  which r e q u i r e  coupl ing of t h e  benz id ine  and i n t r o d u c t i o n  of e f f e c t i v e  
f u n c t i o n a l i t i e s  g r e a t e r  than  two. Such s t r u c t u r e s  have a number average 
molecular weight about double t h a t  of t h e  monomer wi th  a 10 pe rcen t  reduc- 
t i o n  i n  primaFy amine content .  

I 

A series of PBI polymers were prepared from d ipheny l i sop tha la t e  and 
amines which w e r e  preoxidized t o  varying degrees.  These complex materials 
were cha rac t e r i zed  both by amine assay  and by s u l f u r i c  a c i d  e x t r a c t a b i l i t y  
of t h e  cured polymer. The amine assay  v a r i e d  from 86 t o  98 pe rcen t ,  t h e  
e x t e n t  of c ros s l ink ing  increased  wi th  decreasing amine assay  and w a s  
accompanied by a decrease  i n  t h e  s o l  content .  
imidazole  c r o s s l i n k s  may be  p re sen t  i n  t h e  polymers ( r e f .  1 4 ) .  It w i l l  be  
shown t h a t  t h e s e  chemical ly  c ros s l inked  systems perform about as w e l l  as t h e  
thermally c ros s l inked  system i n  a coupled oxidat ion-shear  environment. 

Both amide and a r y l e n e  

F i n a l l y ,  a second series of chemically c ros s l inked  PBI's w a s  prepared 
by r ep lac ing  ?art  of t h e  d ipheny l i sop tha la t e  w i th  t r i p h e n y l  t r imeasacz i n  
t h e  polymerizat ion wi th  3,3'-diaminobeazidine. 
dens i ty ,  t h e s e  materials do not  have t h e  r e s i s t a n c e  t o  coupled shea r  and 
ox ida t ion  exh ib i t ed  by both t h e  thermally c ross l inked  materials and those  
chemical ly  c ros s l inked  by t h e  preoxidized amine. 
second type  of chemical c ros s l ink ing  k t e r f e r e s  wi th  t h e  formation of a 
s t a b l e  c r o s s l i n k  s t r u c t u r e  a t  h igh  temperatures.  

A t  comparable c r o s s l i n k  

It w a s  concluded t h a t  t h e  

I n  sumnary, f o u r  types of low-density PBI composices have been eva lua ted  
i n  an  a b l a t i o n  screening  tes t  program. These are (1) high molecular weight 
l i n e a r  PBI, (2)  thermally c ros s l inked  PBI, (3) chemically crossl-lnkel T B I  
ob ta ined  from preoxidized 3,3'-diaminobenzidine, and ( 4 )  chemically cross- 
l i nked  PBI obta ined  from trimeasate de r iva t ives .  Before desc r ib ing  t h e  
t es t  programs and d i scuss ing  t h e  t e s t  r e s u l t s ,  t he  char  formation process  i n  
P B I ' s  and t h e  chemical process ing  arid c h a r a c t e r i z a t i o n  of t he  P B I  composiies 
w i l l  be  descr ibed.  

THE CHAR FORNATION PROCESS I N  POLYBENZINIDAZOLES 

Examination of t h e  thermogravimetric test r e s u l t s  i n d i c a t e  t h a t  conven- 
t i o n a l  PBI 's  y i e l d  no char when pyrolyzed i n  a i r  a t  hea t ing  rates of 3 t o  
10"C/minute. Decomposition begins  t ' L  260°C and i s  complete(with zero char  

systems are no t  u s e f u l  as char-forming a b l a t i v e  materials. Note, however, 
t h a t  t he  r ap id  ox ida t ion  of t he  l i n e a r  PBI is  no t  t h e  ox ida t ion  of a pre- 
formed char  b u t  r a t h e r  t h e  o x i d a t i v e  s c i s s i o n  of t h e  imidazole  r i n g  a t  t h e  
=NH group. 
reduces t h e  ox ida t ive  s c i s s i o n  r eac t ion .  The r e s u l t  is  t h a t  t h e  thermally 
c ros s l inked  PBI's show a s t a b i l i t y  toward oxida t ion  similar t o  t h a t  of 
g raph i t e .  
a t  a temperature  of 1000°C. 

@C/hY, 

- y i e l d )  a t  790°C. Thus, a t  f i r s t  i n spec t ion ,  w e  might conclude t h a t  t hese  d$ 
~ p+A,*FL4' 

/ 
2 - m  4-v -4 

Thus, e l imina t ion  of t h e  =NH groups by thermal c ros s l ink ing  r-- 

'=!-.at is, i n  thermogravimetric tes ts  they are completely oxid ized  

Tests ~f t h e  l i n e a r  PBI's i n  arc-heated a i r  streams i n d i c a t e  t h a t  they 
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can be  made Co form a char  wi thout  o x i d a t i v e  s c i s s i o n  of ':he polymer. The 
d i f f e r e n t  hzhavior  of t h e  l i n e a r  PBI's between thc  therm( 2ravimet r ic  tes ts  
and t h e  a r c - j e t  tests can 'tic explained as fol lows.  I n  L.5 arc-jet tests, 
pernea t ion  of t h e  oxygen s p e c i e s  below t h e  chx-  :iuyface i s  i n h i b i t e d  by :he 
t r a n s p i r a t i o n  of a b l a t i o n  vapors  and by ConsumpLion i n  both gas-phase and 
s u r f a c e  conbust ion r eac t ions .  
surface, char  formation can occur  withour  OxiLative s c i s s i o n .  This suggests ,  
then ,  cha t  thermogravimetric tests i n  an  i n e r t  environment are more repre- 
s e n t a t i v e  of t he  char-formation process  i n  t h e  arc-heated a i r  stream tests 
than are thermogravircetric tests i n  a i r .  
1000°C i s  obzained i n  thermogravimetric tests of l i n e a r  PBI i n  helium. Note, 
however, t h a t  t h i s  conclusion depends upon t h e  material dens i ty  ana i n t e r -  
connected po ros i ty .  I f ,  i n  t h e  low dens i ty  materials, t h e r e  i s  i n s u f f i -  
c i e n t  p o l p e r  t o  provide a low concent ra t ion  of in te rconnec ted  po ros i ty ,  t h e  
oxygen s p e c i e s  can permeate below t h e  s u r f a c e  wi th  r e s u l t a n t  o x i d a t i v e  
s c i s s i o n .  
i n c r e a s e  w i t h  inc reas ing  s u r f a c e  pressure .  

Thus i n  t h e  absence o f  oxygen below t h e  

A char  y i e l d  of 85 pe rcen t  a t  

I n  a d d i t i o n  t o  t h e  po ros i ty ,  t h e  permeation of oxygen w i l l  a l s o  

?i,u2ZSSING AYD CHARACTERIZATION 

Two b a s i c  processes  f o r  t h e  p repa ra t ion  of low-density PBI composites 
were i n v e s t i g a t e d .  
(n-2 t o  3) w i t h  advanced prepolymer (n>3) were molded a t  atmospheric 
p re s su re  and temperatures  of 260°C f o r  20 minutes followed by 3;5OC f o r  
10  minutes. 
depending upon t h e  concen t r a t ion  of end groups, were obtained.  These foams 
w e r e  b r i t t l e  and contained many l a r g e  c a v i t i e s  r e s u l t i n g  from high Local 
rates of gas  evolu t ion .  These problems w e r e  e l imina ted  i n  t h e  second 
process  by inc luding  i n  t h e  formulat ion about 10 t o  1 2  pe rcen t  of cLopped 
carbon o r  a lumina-s i l ica  f i b e r s  t o  c o n t r o l  t h e  gas-evolution. This  r e s u l r e d  
i n  uniform foams of s m a l l  c e l l  s i z e  and f r e e  of de fec t s .  I n  a d d i t i o n  t o  t h e  
f i b e r s ,  about  10 t o  1 5  percent  by wsight of hollow microspheres were in- 
cluded i n  -;ne formula t ion  t o  o b t a i n  the  degree of d e n s i t y  c o n t r o l  nscessary  
t o  f a b r i c a t e  a reproducib le  material. 
w e r e  i nves t iga t ed .  

I n  t h e  f i r s t  process ,  mixtures  of unadvanced prepolymer 

Free  s tanding  foams wi th  d e n s i t i e s  from 0.24 t o  0.61 g m / c m 3 ,  

Both phenol ic  and s i l i ca  microspheres 

A t y p i c a l  h igh  pe r fomance  PBI composite was formulated from a 
chemicaily c ros s l inked  prepolymer (poly 2,2'-(m-~henylene)-5'-bibenzirnida- 
zole)  from ?reoxid ized  amine. It has  t h e  fol lowing c h a r a c t e r i s t i c s .  

(1) Polymer m e l t  temperature:  118 - 125OC 
(2) V o l a t i l e s  evolved (650°C): 25 - 27% 
(3) P a r t i c l e  s i z e :  <50 mesh, 90 % wi th  50 - 200 mesh 
( 4 )  Amine a s say  a f t e r  preoxidat ion:  96.5% 
(5) Glass t r a n s i t i o n  temperature (400OC cure) :  36OOC 
(6) S o l u b i l i t y  i n  s u l f u r i c  a c i d  (hot  a f t e r  35OOC cure) :  1 - 5 percent  

A molding f o m x l a t i o n ,  w i t h  enough of t h i s  c ros s l inked  r e s i n  t o  cover t h e  
microspheres ana f i b e r s  and produce an  inzerconnected p o r o s i t y  less  than  
50 pe rcen t ,  is  ab fol lows:  (1) PBI prepolymer, 69 p r c e n t ;  (2) HITCO C 
carbon f i b e r s ,  13 pe rcen t ;  and (3) phenol ic  microspheres,  18 percent .  This  
and o t h 2 r  formula t ions  were performed i n  a Teflon vacuum bag by hea t ing  a t  a 
c o n t r o l l e d  ra te  from 120°C t o  3 1 5 O C .  Postcuring w a s  accomplished by hea t ing  
i n  argon froin 215OC t o  455°C. 

The r e s L c i n g  composite gave a bulk  dens i ty  of 0.48 2 0.008 gm/cn3, a 
compressive s t r e n g t h  of 8.3 x lo6 newtons/m2 and a n  in te rconnec ted  p o r o s i t v  
of less than  48 percent .  
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AiiC J E T  TESTS AND RESULTS 

The a b l a t i o n  tests w e r e  conducted i n  t h e  Ames Heat Ti-ansfer Tunnel. 
Tnis  i s  an  h x - d r i v e n  wind tunnel  i n  which t h e  a i r  ( o r  o t h e r  gas)  is  heated 
t o  high tempe;atures i n  an  electric-arc hea te r .  A Liiide Model S4000 h e a t e r  
w a s  used f o r  t h e s e  tests. The h o t  a i r  i s  dfschargec through a converging- 
d iverg ing  nozz le  i n t o  an evacuated test chamber as d supersonic  f r e e  j e t .  
For t h e s e  tests, a nozz le  w i t h  a 1.91 cm diameter  t h r o a t  and a 5.08 CI?! 

d iameter  e x i t  w a s  used. R e t r a c t a b l e  suppor t  arms were used t o  moun: ,he 
a b l a t i o n  specimens and t o  i n s e r t  them i n t o  t h e  test stream f o r  t h e  d e s i r e d  
t i m e  of exposure. 

The ins t rumenta t ion  employed i n  t h e s e  tests w a s  very simple.  
s t a g n a t i o n  p o i n t  hea t ing  rate, i n  t h e  absence OT a b l a t i o n ,  is  measured by 
a t r ans i en t - type  copper ca lo r ime te r  of t h e  same s i z e  and shape as the 
ablation models (ref.  7 ) .  The sensing element is a 0.792-cm diameter  
copper s l u g  of known weight which is  thermally i s o l a t e d  from o t h e r  p a r t s  of 
t h e  ca lo r ime te r  model. A thermocouple embedded i n  t h e  sens ing  s l u g  measures 
t h e  rate of temperature  rise. The ca lor imeter  model a l s o  has  t h r e e  p re s su re  
o r i f i c e s  spaced around t h e  sens ing  element s o  t h a t  s u r f a c e  p re s su re  can be  
measured s imultaneously wi th  hea t ing  rate.  An automatic  o p t i c a l  pyrometer 
wi th  a band pass  centered  a t  0.65 microns w a s  used t o  measure s u r f a c e  br ight -  
nes s  temperature  of t h e  a b l a t i r g  specimens. 

The 

The a b l a t i o n  models were machined from molded b i l l e t s  of t h e  va r ious  
PBI composites t o  be  t e s t e d .  The blunt-faced models had a nose-radius 02 
6.12 cm, a dizmeter  of 3.81 cm, and a th ickness  of approximately 2.66 cm. 

A i l  of t h e  materials were t e s t e d  i n  a i r  a t  a nominal s tagnat ion-poin t  
cold-wall  convect ive hea t ing  rate of 800watts/cm2 and a s t a g n a t i o n  p o i n t  
s u r f a c e  p re s su re  of 2.5 atmospheres. 
mined i n  t h e  manner descr ibed  i n  r e fe rence  7. 
stream enthalpy w a s  9 . 3  x 106J/kg. 

The enthalpy of t he  stream w a s  de te r -  
For t h e s e  tests, t h e  nominal 

The test procedure was i d e n t i c a l  f o r  a l l  a b l a t i o n  runs.  The a r c  j e t  
was s t a r t e d  and brought up t o  t h e  prede tern ined  running condi t ions ;  where- 
upon, t h e  combined ca lo r ime te r  and p res su re  probe w a s  i n s e r t e d  momentarily 
i n t o  t h e  j e t  t o  measure t h e  stream condi t ions.  
t h r e e  a b l a t i o n  models f o r  each material were i n s e r t e d  and r e t r a c t e d  one a t  
a t i m e .  The t h r e e  models were exposed t o  t h e  stream f o r  d i f f e r e n t  l eng ths  
of t i m e  (u sua l ly  5 t o  20 seconds).  

Irrmediately fol lowing t h i s ,  

Following t h e  a b l a t i o n  tes t ,  t h e  th ickness  of t h e  a b l a t e d  specimens 
were measuzed a d  compared wi th  t h e  prerun measurements t o  dete-ry:ine t h e  
amount of s u r f a c e  recess ion .  For each material, t he  t h r e e  s u r f a c e  r eces s ion  
measurements w e r e  p l o t t e d  a g a i n s t  t i m e .  
s h o r t e s t  run  t i m e  w a s  always s e l e c t e d  t o  be  longer  than t h e  i n i t i a l  t ran-  
s i e n t  per iod.  
v e l o c i t y .  

These curves are l i n e a r ,  s i n c e  t h e  ~ 

The s l o p e  of t h e  l i n e a r  curve is  t h e  s u r f a c e  r eces s ion  

The test r e s u l t s  f o r  some of t he  PBI materials are presented  i n  Table 1 
along w i t h  t h e  r e s u l t s  of an  i d e n t i c a l  test on low-density phenolic-nylon 
f o r  comparison. A d e s c r i p t i v e  c a l s s i f i c a t i o n  of t h e  type  of P B I  i s  included 
a long  wi th  t h e  v i r g i n  material dens i ty  and t h e  s t a g n a t i o n  p o i n t  s u r f a c e  
r eces s ion  v e l o c i t y .  Since the  v i r g i n  material dens i ty  v a r i e d  somewhat, ;i 
d i r e c t  comparison of t h e  r eces s ion  v e l o c i t i e s  is  n o t  f e a s i b l e .  
t he  product  of dens i ty  and r eces s ion  v e l o c i t y  is  used as a comparison 
a b l a t i o n  paramet&;. This  product  r ep resen t s  t h e  mass ra te  a t  which t h e  
material  a b l a t e s .  
p o i n t ,  t h e  mass removal a t  t h i s  po in t  is  t h e  r e s u l t  of ox ida t ion  alone.  
body p o i n t s  zway from t h e  s t a g n a t i o n  po in t ,  t h e  s u r f a c e  shea r  stress becomes 
f i n i t e  and t h e m a s s  removal may be  t h e  combined r e s u l t  of both ox ida t ion  and 

ConsequetLly, 

Since t h e r e  is  no s u r f a c e  shear  stress a t  t h e  s t a g n a t i o n  
A t  

c 



shear .  
v i r g i n  na te r ia l  dens i ty  and t h e  s u r f a c e  v e l o c i r y  a t  a r ad ius  equal  t o  0.8 of 
t h e  body r ad ius  = 0.8) is given. 

R 

I n  o r d e r  t o  g i v e  a measure of t h e  combined e f f e c t ,  t h e  product  of t h e  

TABLE 1. ABLATION PERFOU’CE OF PBI MATERIALS 

p [ V s ] r / R = O  [ 9 V s ] r / R = O  [pVsjr/R=0.8 
X a t ’ l  Type idee cm/sec gm/sec*cm2 gm/sec-cn2 Char Appearance 

1 Linea r  0.430 0.053 0.025 0.047 Rough s u r f a c e  

2 Thermally 0.550 0.037 0.020 0.026 Rough su r face .  
w i th  p i t s .  

c ros s l inked  

3. Chemically 0.496 0.053 0.026 0.025 S l i g h t l y  rough 
c ross l inked  s u r f a c e  wi th  
(ox ida t ion  s m a l l  p i t s  
of 3.1’- 
diamino- 
benz id ine)  

4. Chemically 0.416 0.094 0.039 0.051 Very i r r e g u l a r  
c ros s l inked  s u r f a c e  wi th  
( t r i p h e n y l  deep f i s s u r e s  
trimeasate) 3 q -  \ \  

5 .  Chemically ,/0.048/ 0.041 0.018 0.023 Smooth s u r f a c e  
c r o s s  l i nked  \-- 
(ox ida t ion  
of 3.3’- 
diamino- 
benz id ine)  

6. Phenolic- 0.545 0.061 0.033 0.060 S l i g h t l y  rough 
Nylon s u r f a c e  

DISCUSSION OF RESULTS 

I 

i 

. I  

The materials which were t e s t e d  are l i s t e d  i n  Table 1 i n  t h e  saEe o r d e r  i 
, they were descr ibed  i n  t h e  previous sec t ions .  

wi th  a composition of 65 percent  polymer, 20 percent  phenol ic  microspheres 
and 15 pe rcen t  carbon f i b e r s .  A t  t h e  s t a g n a t i o n  p o i n t  t h e  mass removal ra te  
f o r  t h i s  material  i s  0.025 gm/cm2-sec, wh i l e  a t  t h e  r/R=0.8 po in t  t h e  rate 
i s  0.047 gm/cm2-sec. Thus, t h e  mass removal rate i n  t h e  combined oxidat ion-  I 

shea r  environment is  about  87 percent  g r e a t e r  than  i n  t h e  ox ida t ion  only 
environment. 
fol lows.  Even i n  t h e  presence of t h e  t r a n s p i r i n g  a b l a t i o n  vapors ,  some 
oxygen permeares below t h e  cha r  s u r f a c e  and a t t a c k s  t h e  l i n e a r  polymer cha ins  
wi th  r e s u l t a n t  cha in  s c i s s i o n .  This e f f e c t i v e l y  reduces t h e  number avera,;e 
molecular  weight ,  and s i n c e  t h e  shgar  compliance of t h e  material i s  propor- 
t i o n a l  t o  i t s  molecular  weight ( r e f .  1 5 ) ,  t h e  material i s  less e l a s t i c  and 
more e a s i l y  Zenoved by t h e  l o c a l  shea r  stress. Even so ,  t h e  l i n e a r  PBI has  
a lower mass removal ra te  than  t h e  low-density phenol ic  nylon (material 6) 
i n  both t h e  ox ida t ion  only  and t h e  combined oxidation-shear environment. 

Material 1 is a i i n e a r  P B I  

l 

~ It i s  hypothesized t h a t  t h e  reason f o r  t h i s  behavior  i s  as I 
I J 

1 

1/ 

An example of thermally c ros s l inked  2BI i s  material 2 which has  t h e  same 
composition as t h e  f i r s t  material. 
removal rate i s  0.02 gm/cm2-sec and a t  t h e  r/R=0.8 p o i n t  t h e  ra te  is  
0.026 gm/cm2-sec. 

For material 2 t h e  s tagnat ior i  2 J i n t  mass 

Hence w e  can conclude t h a t  t h e  thermally c ros s l inked  

c 
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material has  cons iderably  b e t t e r  performance than  t h e  l i n e a r  PBI, e s p e c i a l l y  
i n  the  combined oxidat ion-shear  environment. This  improved performance is 
a t t r i b u t e d  t o  t h e  f a c t  t h a t  t l .e material  i s  c ross l inked  and thus  less 
s u s c e p t i b l e  t o  o x i d a t i v e  s c i s s i o n  as noted i n  t h e  s e c t i o n  on char  fonnat ion.  

Ifaterials 3 and 4 are examples of chemically c ross l inked  PBI; they have 
t h e  same conpos i t ion  as :he f i r s t  two materials. I n  material  3 ,  t h e  cross-  
l i n k i n g  is  obta ined  by use  of preoxidized amines. I n  t h i s  case, t h e  m a s s  
removal rate i s  e s s e n t i a l l y  t h e  same a t  t h e  s t a g n a t i o n  po in t  and t h e  
r/R=0.8 p o i n t  and comparable t o  t h a t  of t h e  thermally c ros s l inked  material 
a t  t h e  r/il=0.8 poin t .  
t r i p h e n y l  trineasate as a comonomer, t h e  a b l a t i o n  performance is  i n f e r i o r  
t o  both  of t h e  o t h e r  c ros s l inked  materials and even t o  t h e  l i n e a r  material. 
The reason f o r  t h i s  is  no t  clear a t  t h e  p re sen t  t i m e .  

When chemical c ros s l ink ing  is obta ined  by u s e  of 

Thus f a r ,  all t h e  materials discussed have had the s a m e  composition. 
I n  o rde r  t o  i n v e s t i g a t e  t h e  e f f e c t s  of small changes i n  composition, 
material 5 w a s  formulated.  This  is  a chemically c ros s l inked  PBI similar 
t o  material 3 except  t h a t  t h e  composition i s  69 percent  polymer, 18 pe rcen t  
microspheres ,  and 13 percent  carbon f i b e r s .  The r e s u l t s  l i s t e d  i n  Table  1 
i n d i c a t e  t h a t  t h i s  small i n c r e a s e  i n  r e s i n  conten t  reduced t h e  s t a g n a t i o n  
p o i n t  mass removal rate by about 30 percent .  This  improvement is be l i eved  
t o  be  :he r e s u l t  of b e t t e r  wet t ing  of t h e  f i l l e r  materials and a consequent 
r educ t ion  i n  in te rconnec ted  po ros i ty .  Note t h a t  a t  t h e  r/R=0.8 p o i n t  t h e  
m a s s  removal rate is comparable t o  t h a t  of material  3. This  i s  a r e s u l t  of 
t h e  f a c t  t h a t  material 5 i s  no t  as ex tens ive ly  c ros s l inked  as m5:erial 3.  

I n  s u m l a r y , i t  must be  emphasized t h a t  t h e  r e s u l t s  and d i scuss ion  above 
are  f o r  on ly  one test condi t ion ,  and as such are no t  n e c e s s a r i l y  i n d f c a t i v e  
of a material’s performance over a wide range of test condi t ions .  
gurpose of t h e s e  i n i t i a l  sc reening  tests w a s  t o  make a s e l e c t i o n  of t h e  more 
promising materials f o r  more ex tens ive  t e s t i n g .  
drawn, however, regarding the  performance of t h e  PBI composites a t  the  
s e l e c t e d  test condi t ion :  (1) t h e  l i n e a r  PBI  composite has  a lower m r s s  
removal ra te  than  low-density phenol ic  nylon i n  both an ox ida t ion  oniy and 
a combined oxidat ion-shear  environment. (2) The performance of PBI can be  
improved by c ross l ink ing .  This  can be  done e i t h e r  thermally by postcLring 
t o  a h ighe r  temperature  o r  chemically by use  of po lyfunct iona i  preoxidized 
amines. (3) Chemical c ros s l ink ing  by use  of t r i pheny l  trimeasate as a 
comonomer r e s u l t s  I n  performance which is  i n f e r i o r  t o  t h a t  of l i n e a r  PBI. 
( 4 )  
materials and a reduced mass removal rate. 

The 

Cer t a in  conclusions can be  

A small i n c r e a s e  i n  r e s i n  conten t  provides  b e t t e r  wet t ing  of t h e  f i l l e r  
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