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STUDY OF CRITICAL DEFECTS I N  ABLATIVE HEAT SHIELD 

SYSTEMS FOR THE SPACE SHUTTLE 

(TASKS I V  AND V FINAL REPORT) 

By Chr is topher  C.  Miller and Ward D. Rummel 

SUMMARY 

An exper imenta l  program w a s  conducted t o  e v a l u a t e  t h e  e f f e c t s  
of manufacturing d e f e c t s  on a b l a t o r  performance. Correspondingly,  
a s tudy  t o  provide  adequate d e t e c t i o n  methods f o r  c r i t i c a l  de- 
f e c t s  was a l s o  accomplished. 

The use of a b l a t o r s  as t h e  thermal p r o t e c t i o n  system of a 
space s h u t t l e  o r b i t e r  depends on low f a b r i c a t i o n  c o s t s .  Two 
major means of achiev ing  low c o s t  are through t h e  acceptance of 
u n i t s  which have n o n c r i t i c a l  d e f e c t s  and through a minimum of 
r a p i d  but  meaningful i n s p e c t i o n s .  

Objec t ives  of t h i s  e f f o r t  w e r e ,  t h e r e f o r e :  

- Determination of t h e  e f f e c t s  of d e f e c t s  on performance; 

- Designation of t h o s e  d e f e c t s  which are c r i t i c a l ;  

- Evalua t ion  of t h e  r a m i f i c a t i o n s  of accep t ing  n o n c r i t i c a l  
d e f e c t s  ; 

- Establishment of i n s p e c t i o n  techniques .  

The e f f o r t  concent ra ted  on a b l a t o r s  a p p l i c a b l e  f o r  p ro tec t -  
i n g  t h e  bottom of a Space S h u t t l e  O r b i t e r .  The b a s e l i n e s  used 
were t h e  NASA-Langley honeycomb-reinforced a b l a t o r  MG-36 and a 
mod i f i ca t ion ,  SS-41, mounted on carrier s h e e t s  and honeycomb 
subpanels r e s p e c t i v e l y .  

Evidence of c r i t i c a l  d e f e c t s  w a s  found from poor process ing  
o f  t h e  a b l a t o r ' s  honeycomb co re  wi th  r e s p e c t  t o  unde rcu t t ing ,  
c rush ing ,  e t c  and t h e  w e t  coa t  t rea tment  p r i o r  t o  a b l a t o r  f i l l i n g .  
Improper c u r i n g  w a s  a l s o  c i t e d ,  along w i t h  a b l a t o r s  which were 
d e l i b e r a t e l y  made on t h e  low d e n s i t y  s i d e .  In spec t ion  methods 
f o r  t hese  d e f e c t s  were e s t a b l i s h e d  a long  wi th  recommendations f o r  
f u t u r e  f a b r i c a t i o n  techniques  and process  c o n t r o l s .  
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INTRODUCTION 

Both p u b l i c  and p r i v a t e  s e c t o r s  of aerospace  development are 
concen t r a t ing  on a r e u s a b l e  space  o r b i t e r .  Proponents of every 
system t h a t  could be  a s s o c i a t e d  wi th  t h i s  v e h i c l e  should c r i t i c a l l y  
examine t h e  s t a t u s  of t h e i r  d i s c i p l i n e s .  

This  examination should b e  along the l i n e s  o f :  What's been 
our  prev ious  p a r t  i n  t h e  emergence of t h i s  concept? How w e l l  
does our p o t e n t i a l  c o n t r i b u t i o n  f i t  i n t o  t h e  proposed miss ions  
and, What can w e  do t o  provide  t h e  necessary  s e r v i c e s ,  hardware, 
e t c ,  at an economic rate wi thou t  s a c r i f i c i n g  s a f e t y  and r e l i a b i l i t y ?  

This  phi losophy has s t r o n g l y  in f luenced  t h e  f i e l d  of thermal  
p r o t e c t i o n  systems (TPS) . The concen t r a t ion  has  i t s  j u s t i f i c a -  
t i o n ,  because t h e  des ign  of a TPS f o r  t h e  S h u t t l e  O r b i t e r  is  
be l i eved  by many t o  be  t h e  most cha l l eng ing  aspec t  of t h e  e n t i r e  
S h u t t l e  des ign .  E. S .  Love, i n  h i s  Tenth Von Kaman Lecture 
( r e f  l), a t t r i b u t e s  8 o u t  of 29 concerns i n  aerothermodynamics/ 
conf igu ra t ions  t o  thermal p r o t e c t i o n  problems. 

P o t e n t i a l  S h u t t l e  O r b i t e r  H e a t  Sh ie lds  

Consider ing t h e  range of h e a t  loads  and mul t i t ude  of missions 
a n t i c i p a t e d  f o r  a workhorse S h u t t l e  O r b i t e r ,  two c a t e g o r i e s  of 
pas s ive  TPS emerge as workable cand ida te s  f o r  O r b i t e r  use.  These 
are: (1) h i g h  temperature  metals, and (2) nonmeta l l i c s ,  such as 
carbonlcarbon (C/C) , r eusab le  s u r f a c e  i n s u l a t i o n s  (RSI) , and 
a b l a t o r  composites. 
i n i t i a t i o n  of t h e  Phase C / D  work are C / C  f o r  t h e  nose  cap and 
l ead ing  edges ,  and RSI f o r  t h e  main area of t h e  v e h i c l e .  

P r e s e n t l y  base l ined  f o r  t h e  O r b i t e r  a t  t h e  

A s  Love p o i n t s  o u t ,  "Abla tors ,  [however], o f f e r  a conf ident  
f a l l -back  s o l u t i o n  [temporary] f o r  bo th  l ead ing  edges and l a r g e  
s u r f a c e  areas should development of t h e  b a s e l i n e  approaches lag."  
H i s t o r i c a l l y ,  a b l a t i v e  systems have proven s u c c e s s f u l  and r e l i a b l e  
i n  e f f o r t s  from Mercury through Gemini and Apollo; enhancing 
t h e  f i n a l  f l i g h t s  of t h e  X-15; and p rov id ing  p r o t e c t i o n  f o r  t h e  
PRIME v e h i c l e .  During t h i s  p e r i o d ,  t h e  u n i t  weight of t h e  a b l a t i v e  
systems dropped s i g n i f i c a n t l y  while  improving i n  thermal  e f f i -  
ciency. 



Abla t ive  Systems 

The drawbacks most o f t e n  r e f e r r e d  t o  by opponents of a b l a t i v e  
systems f o r  S h u t t l e  use  are t h e  cos t  i ncu r red  by refurbishment  
a f t e r  each mission,  and t h e  previous h i s t o r y  of met iculous fab- 
r i c a t i o n  and i a s t a l l a t i o n  of a b l a t o r  TPS i .e .  s u c c e s s f u l  r e e n t r y  
w a s  e s ~ - ~ * : i a l l y  guaranteed through a p e r f e c t  p roduct ,  ob ta ined  by 
f r ~ : ~ ~ m t  rework cyc les  - 

With r e s p e c t  t o  t h e  f i r s t  argument, a b l a t o r  advocates  have 
f e l t  tSat l a r g e  po r t ions  of  t h e  O r b i t e r  v e h i c l e  ( top  of wing, 
body, etc) may no t  exper ience  s u f f i c i e n t  hea t  t o  warrant pyro lys i s -  
induced replacement.  However, f a b r i c a t i o n  and i n s t a l l a t i o n  of 
l a r g e  areas of new a b l a t o r  pane ls  i s  necessary  a f t e r  each f l i g h t .  
This  process  can and must be implemented a t  much less than  cur- 
rent ly-quoted u n i t  c o s t s .  

I n  our  program, w e  s t a r t e d  t h e  c o s t  improvement by conceding 
t h a t  t h e  second argument w a s  true--designs such as Gemini and 
PRIME had been e s t a b l i s h e d  based on i d e a l  performance. System 
r e l i a b i l i t y  w a s  assured through e l a b o r a t e  manufacturing and 
q u a l i t y  c o n t r o l  procedures t h a t  would produce a n e a r l y  defec t -  
f r e e  TPS. That approach produced c o s t l y  h e a t  s h i e l d s  and, i n  
reviewing t h e  f l i g h t  performance of programs such as Apollo, 
PRIME, e t c ,  t h e  ques t ion  w a s  r a i sed  concerning t h e  n e c e s s i t y  of 
a “defect-free’’  design.  The poss ib l e  c o s t  sav ings  from l i b e r a l i z -  
i n g  (and/or  s impl i fy ing)  f a b r i c a t i o n ,  i n spec t ion  and a p p l i c a t i o n  
of a b l a t o r s  t o  v e h i c l e s  t h e  s i z e  of t h e  proposed Space S h u t t l e  
O r b i t e r  made i t  very d e s i r a b l e  t o  f u r t h e r  i n v e s t i g a t e  t h e  s i g n i f i -  
can t  e f f e c t s  of t hese  material v a r i a t i o n s  on performance. 

The b a s i c  ob jec t ives  of our  e f f o r t  were t o  determine,  through 
a comprehensive tes t  program, cons ider ing  a l l  phases of t he  Space 
S h u t t l e  f l i g h t  environments: (1) e f f e c t s  of t h e  commonly occurr ing  
f a b r i c a t i o n  from flaws on a b l a t i v e  pane l  performance, (2)  inspec- 
t i o n  and c e r t i f i c a t i o n  methods of a b l a t i v e  hea t  s h i e l d s ,  and (3 )  
e f f e c t s  of accept ing  n o n c r i t i c a l  d e f e c t s  on hea t  s h i e l d  panel  
f a b r i c a t i o n  and inspec t  ion .  

Procedure of Work E f f o r t  

The s tudy  attempted t o  determine t h e s e  e f f e c t s  be fo re  fabr ica-  
t i o n  processes  were f i rmly  e s t ab l i shed .  
be  d i r e c t e d  toward low-cost methods, and t h e  need f o r  process 
c o n t r o l  and q u a l i t y  i n s p e c t i o n  minimized. Previous i n v e s t i g a t i o n s  

Thus t h e  processes  could 
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considered f a b r i c a t i o n  d e f e c t s  only dur ing  t h e  hardware v e r i f i c a -  
t i o n  phases and very l i t t l e  experimental  d a t a  w e r e  a v a i l a b l e  con- 
cern ing  t h e  d e f e c t  s e n s i t i v i t y  p r o p e r t i e s  of c r i t i ca l  material. 
The e n t i r e  s tudy ,  E;xtending f o r  t h r e e  y e a r s ,  w a s  subdivided i n t o  
f i v e  work tasks : 

- Task I - I d e n t i f y  and c h a r a c t e r i z e  p o t e n t i a l l y - c r i t i c a l  
d e f e c t s ,  survey i n s p e c t i o n  techniques ,  e v a l u a t e  those  tech- 
n iques  most s u i t a b l e  f o r  l o c a t i n g  and i d e n t i f y i n g  d e f e c t s  i n  
t h e  h e a t  s h i e l d ,  and develop methods f o r  inducing  t h e  ap- 
p r o p r i a t e  d e f e c t s  i n t o  test specimens of the b a s e l i n e  h e a t  
s h i e l d  system; 

- Task I1 - Plan  Tasks 111, I V  and V. Conduct nondes t ruc t ive  
test in spec t ions  on GFP a b l a t i v e  pane ls  (manufactured on 
previous  c o n t r a c t s )  , us ing  techniques  found a p p l i c a b l e  i n  
Task I ;  

-.Task I11 - I n v e s t i g a t e  t h e  e f f e c t s  of va r ious  f a b r i c a t i o n -  
induced d e f e c t s  on t h e  a b l a t o r  performance i n  t h e  s imulated 
S h u t t l e  r e e n t r y  environment only ;  

- Task I V  - Determine those  fabr ica t ion- induced  d e f e c t s  which 
are developed t o  a c r i t i c a l  s t a t u s  dur ing  environments 
preceding O r b i t e r  r een t ry .  Ver i fy  through e n t r y  h e a t i n g  
and a c o u s t i c s  s imula t ion ;  

- Task V - I n v e s t i g a t e  updat ing o f  c u r r e n t  s ta te -of - the-ar t  
and t h e  a p p l i c a b i l i t y  of advanced methods f o r  nondes t ruc t ive  
i n s p e c t i o n  and c e r t i f i c a t i o n  of a b l a t i v e  h e a t  s h i e l d  systems.  

Task Summaries 

Considerable  e f f o r t  w a s  expended d u r i n g  Task I i n  c a t e g o r i z i n g  
p o t e n t i a l l y - c r i t i c a l  d e f e c t s ,  and e s t a b l i s h i n g  t h e  veh ic l e /mis s ion  
concept t o  b e  used as a b a s e l i n e  f o r  t h e  s tudy.  A complete m a t r i x  
of NDT techniques  were reviewed f o r  a p p l i c a b i l i t y .  

The work accomplished i n  Task 11, P a r t  1, is se l f -explana tory .  
Reasonable success  w a s  achieved i n  t h e  q u a l i t y  c o n t r o l  i n s p e c t i o n s  
-of t h e  GFP pane l s .  

Task I11 i n i t i a t e d  experimental  i n v e s t i g a t i o n s  i n  conduct ing 
and c o r r e l a t i n g  cause-and-effect t e s t i n g .  The NDT examinations 
w e r e  n e a r l y  e s t a b l i s h e d .  
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Task I V  continued t h e  experimental  s t u d i e s  by inc luding  non- 
e n t r y  environments experienced by t h e  S h u t t l e  O r b i t e r  as v i a b l e  
t i m e  pe r iods  f o r  t h e  formation of c r i t i c a l  d e f e c t s  from manu- 
factur ing-induced va r i ances .  A mixture  of s ta te -of - the-ar t  and 
advanced methods of q u a l i t y  i n s p e c t i o n  served t h i s  t a sk .  

Accomplishments i n  Task V inc luded  determining low-cost inspec-  
t i o n  methods amenable t o  automatic  acceptance of b a s i c  a b l a t o r  
pane ls ,  and experiments wi th  p o t e n t i a l  methods f o r  acceptance of 
ab l a t o r -  to-s ubpanel bondfng . 

A comprehensive r e p o r t  convering Tasks I ,  11, and I11 w a s  
i s sued  by NASA as CR-2010 ( r e f  2 ) .  P e r t i n e n t  condensations of 
t h e  high p o i n t s  of t h a t  r e p o r t  are noted  i n  t h i s  r e p o r t .  

S i g n i f i c a n c e  of  Study 

The program has demonstrated s e v e r a l  important  a spec t s  con- 
cern ing  t h e  r a p i d ,  mass product ion of a b l a t i v e  TPS panels .  

Unusual appearances are o f t e n  misleading and do not  
n e c e s s a r i l y  r e p r e s e n t  c r i t i c a l  d e f e c t s  i n  a panel ;  

Lot  process  r eco rds  must be  monitored wi th  r e s p e c t  t o  
t h e  l o t  h i s t o r i e s  on the  a b l a t o r  cure  c y c l e  and f i n a l  
ne t  dens i ty ;  

Poor process ing  of t h e  p r i m e r  coa t ing  app l i ed  t o  t h e  
a b l a t o r ' s  honeycomb reinforcement  c e l l  w a l l s  must be  
avo i d  e d ; 

S p a l l a t i o n  is i n e v i t a b l e  when t h e  a b l a t o r  honeycomb 
co re  does n o t  extend t h e  f u l l  th ickness  of t h e  a b l a t o r ,  
i . e . ,  foreshor tened  due t o  unde rcu t t ing ,  l o c a l  c rush ing ,  
e tc ;  

S i m p l i f i c a t i o n  and automation of f a b r i c a t i o n  processes  
should lead  t o  lower r e j e c t i o n  rates; 

The r e s u l t s  of  t h i s  s tudy  s u b s t a n t i a t e s  a b l a t o r ' s  proven 
r e p u t a t i o n  of " forg iv ing ,"  d e s p i t e  t h e  presence of 
d e f e c t s  ; 
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7) A new approach t o  t h e  f a b r i c a t i o n / q u a l i t y  assurance cyc le  
i s  postulated--one which concent ra tes  on key, c r i t i ca l  
v a r i a n c e s ;  i s  l i b e r a l  toward non-sens i t fve  f laws (con- 
sequen t ly  reducing i n s p e c t i o n s ) ;  and sugges ts  t h a t  t h e  
path t o  automation is  i n  s i g h t .  
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RUDIMENTS OF A DEFECT STUDY (TASK I) 

I n  e s t a b l i s h i n g  t h e  b a s i s  f o r  a s tudy involv ing  t h e  e f f e c t s  
of i n t e n t i o n a l  d e f e c t s ,  it w a s  necessary  t o  select a b a s e l i n e  
approach from t h e  many a spec t s  of environments, p o s s i b l e  d e f e c t s ,  
and a b l a t o r  conf igu ra t ions  which could be adequately i n v e s t i g a t e d  
w i t h i n  t h e  scope of t h i s  program. I n  a d d i t i o n ,  proper  d e f i n i t i o n  
of t h e  performance expected was  v i t a l  i n  t h a t  it c rea t ed  guide- 
l i n e s  a g a i n s t  which t h e  r eac t ions  could be measured. 

Development of q u a l i t y  con t ro l  techniques which would 
adequately i d e n t i f y  t h e  presence of such de fec t s  had t o  be con- 
ducted concurren t ly  w i t h  t h e  experimental  i n v e s t i g a t i o n s .  

D e f i n i t i o n  of a Cr i t i ca l  Defect 

A c r i t i c a l  d e f e c t  is def ined as an anomaly i n  t h e  a b l a t i v e  
system t h a t  a f f e c t s  c r i t i c a l  p r o p e r t i e s  t o  t h e  e x t e n t  t h a t  t h e  
system does no t  meet b a s i c  performance requirements .  The con- 
c e p t  of a c r i t i c a l  d e f e c t  i s  f u r t h e r  exemplif ied i n  f i g  1, which 
shows t h e  sequence of events  f o r  t h e  l i f e  of t h e  a b l a t i v e  pane ls .  
Defects introduced a t  one poin t  i n  t h e  material's h i s t o r y  could 
t h e o r e t i c a l l y  develop t o  a c r i t i c a l  s t a g e  l a t e r  i n  t h e  sequence 
of mission environment and eventua l ly  manifest  i t s e l f  i n  a phase 
such as r e e n t r y .  I n  c o n t r a s t ,  d e f e c t s  could be  i n i t i a t e d  dur ing  
t h e  o r b i t i n g  po r t ion  of  t h e  f l i g h t ,  etc, and prove t o  be c r i t i ca l  
i n  r e e n t r y ;  t h e s e  w e r e  no t  s tud ied .  

Performance C r i t e r i a  

An a b l a t i v e  thermal p r o t e c t i o n  system f o r  t h e  Space S h u t t l e  
Orb i t e r  must be  designed t o  meet t h e  fol lowing performance requi re -  
ments. 

1) A thermal  i n s u l a t i o n  c a p a b i l i t y  t o  p r o t e c t  t h e  s t r u c t u r e  
t o  a given temperature;  

2)  A s t r u c t u r a l  c a p a b i l i t y  t o  i n s u r e  r e t e n t i o n  of t h e  
a b l a t i v e  l a y e r ;  

3) Retent ion  of t h e  char  l a y e r ;  

4 )  Compat ib i l i ty  wi th  o the r  onboard systems and with t h e  
payload and/or  space s t a t i o n s .  
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These requirements  d e f i n e  a set of c r i t i c a l  p r o p e r t i e s  f o r  
the a b l a t i v e  system. These p r o p e r t i e s  must be e s t a b l i s h e d ,  to-  
ge ther  w i t h  t h e  s e l e c t e d  material and des ign ,  so  t h a t  performance 
requirements are m e t .  For t h e  materials and t h e  des igns  considered 
i n  t h i s  program, t h e  b a s i c  c r i t i ca l  p r o p e r t i e s  have been i d e n t i f i e d  
as : 

Thermal p r o p e r t i e s  ; 

Abla t ive  l a y e r  mechanical p r o p e r t i e s ;  

Char l a y e r  i n t e g r i t y ;  

Sur face  e ros ion  r e s i s t a n c e ;  

Chemical composition and s t a b i l i t y ;  

Abla t ive  l a y e r  bond t o  subpanel,  e .g . ,  f a c e  sheet, support  
pane l ,  basic s t r u c t u r e ;  

Panel  dimensions; 

Subpanel mechanical p r o p e r t i e s .  

Thermal Criteria.-  The c r i t i ca l  thermal  p r o p e r t i e s  of t h e  
a b l a t i v e  pane ls  necessary t o  ensure t h a t  t h e  des ign  s t r u c t u r e  
temperatures  are not  exceeded are: 

Thermal conduct iv i ty  ; 

S p e c i f i c  h e a t ;  

Density ; 

Emiss iv i ty  ; 

Degradation k i n e t i c s ;  

Degradation products ;  

Heat of r e a c t i o n s ;  

Sur face  r eces s ion  k i n e t i c s .  
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S t r u c t u r a l  Criteria.- The requirements f o r  s t r u c t u r a l  pe r fo r -  
mance of t h e  material are e s t a b l i s h e d  t o  a s s u r e  t h a t  a b l a t o r  pane l s  
w i t h  pas sab le  d e f e c t s  possess  adequate s t r e n g t h  t o  perform t h e  
fo l lowing  func t ions :  

Transmit f l i g h t  l oads  t o  t h e  primary s t r u c t u r e ;  

Accommodate thermal  and pressure-induced loads  wi thout  exces- 
s i v e  c racking;  

Provide  adequate o v e r a l l  panel s t i f f n e s s  t o  l i m i t  load-induced 
s t r a i n  i n  t h e  char l a y e r  t o  accep tab le  l e v e l s ;  

Maintain adequate s t r e n g t h  between t h e  f i l l e r  and c e l l  w a l l s  
t o  p reven t  l o s s  of f i l l e r ;  

P r o h i b i t  at tachment p o i n t  f a i l u r e s  t h a t  would j e o p a r d i z e  
pane l  r e t e n t i o n ;  

Withstand t h e  launch and e n t r y  a c o u s t i c s  environments; 

Possess  s u f f i c i e n t  mechanical p r o p e r t i e s  ( E ,  a, E ) t o  pre- 

c lude  c racking  a t  temperatures of -150°F (173'K) dur ing  o r b i t .  
u l t  

Char Layer I n t e g r i t y . -  E f f i c i e n t  performance of t h e  a b l a t i v e  
thermal p r o t e c t i o n  system depends on t h e  char l a y e r ,  which i n  t u r n  
depends on a v a r i e t y  of f a c t o r s .  For t h i s  reason ,  i t s  i n t e g r i t y  
i s  inc luded  as a s y s t e m  performance requirement.  Char l a y e r  
i n t e g r i t y  is  def ined  as r e t e n t i o n  of t h e  char  l a y e r  by main ta in ing  
i t s  attachment t o  t h e  v i r g i n  a b l a t i v e  material l a y e r ,  t h e  r e s t r i c t i o n  
of s p a l l a t i o n  of l a r g e  p a r t i c l e s  of c h a r ,  and chemical s t a b i l i t y  
of t h e  c h a r  c o n s t i t u e n t s  du r ing  t h e  hea ted  pe r iods  t o  prec lude  
sudden me l t ing  o r  c o l l a p s i n g  of t h e  char l a y e r .  Char i n t e g r i t y  
must be  maintained f o r  t h e  fo l lowing  cond i t ions :  

Heat ra te ,  1 3  t o  55 B tu / f t2 - sec  (0,147 t o  0.625 MW/m2); 

Local p r e s s u r e ,  0.005 a t m  (507 N/m2) ; 

Heat t r a n s f e r  c o e f f i c i e n t ,  0.005 t o  0.006 l b / f t 2 - s e c  (0.0098 
t o  0.0294 kg/m2-sec) ; 

Enthalpy, 3000 t o  1 2  000 Btu / lb  (6.98 t o  27.9 MJ/kg); 
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Viscous s h e a r ,  'L 2 psf  (95.8 N/m2) ; 

Local  p r e s s u r e  g r a d i e n t s ;  

Substructure- induced s t r a i n  (1.0%); 

P r i o r  environment exposures .  

Cause And E f f e c t s  

Defec ts  that have been  i d e n t i f i e d  as p o t e n t i a l l y  c r i t i ca l  
are shown i n  t a b l e  1, which a l s o  relates t h e s e  d e f e c t s  i n  terms 
of t h e i r  e f f e c t s  on c r i t i ca l  p r o p e r t i e s .  One of t h e  most obvious 
conclus ions  drawn from t h i s  f i g u r e  i s  t h a t  no t  on ly  t h e  thermal  
p r o p e r t i e s  b u t  a l s o  t h e  mechanical and cha r  i n t e g r i t y  p r o p e r t i e s  
are important  i n  a s s u r i n g  s u c c e s s f u l  h e a t  s h i e l d  performance. 
The b a s i s  f o r  t h i s  compi la t ion  w a s  a l i t e r a t u r e  s e a r c h  and review 
of t h e  f a b r i c a t i o n  process .  

De ta i l ed  d i scuss ions  on t h e  cause-and-effect p o s s i b i l i t i e s  are 
S p e c i f i c  reproduced from r e f e r e n c e  2 and presented  i n  Appendix A. 

d e f e c t s  w e r e  s e l e c t e d  f o r  i n v e s t i g a t i o n  f o r  Tasks I ,  11, and 111 
and then  f o r  Tasks I V  and V .  

Ground Rules of Study 

Assembly Configurat ion.-  The s e l e c t i o n  of a p a r t i c u l a r  s t r u c -  
t u r a l  des ign  concept w a s  r equ i r ed  i n  o r d e r  t h a t  t h e  e f f e c t  of 
va r ious  c r i t i c a l  a b l a t i v e  d e f e c t s  on t h e  O r b i t e r  could b e  examined. 
For example, i n  a t y p i c a l  s h u t t l e  h e a t  s h i e l d  pane l  des ign ,  whether 
t h e  a b l a t o r  i s  load c a r r y i n g  o r  n o t  many i n f l u e n c e  t h e  c r i t i c a l i t y  
of some types  of d e f e c t s .  A c rack  o r  delpminat ion i n  a load-carry- 
i n g  a b l a t o r  may b e  propagated and cause  qhe l o s s  ,of materials, 
wh i l e  i n  a non-load-carrying a b l a t o r ,  t h p  sa,fne c t a c k  may have no 
de t r imen ta l  e f f e c t s  a t  a l l .  

Composite used i n  Tasks I ,  11, and I I T :  The h e a t  s h i e l d  
assembly cons t ruc t ion  s e l e c t e d  f o r  tbe e a r l y  t a s k s  of t h i s  e f f o r t  
cons i s t ed  of a fu l l -dep th ,  phenol ic-glass  honeycomb f i l l e d  w i t h  
an  e l a s tomer i c  a b l a t o r  (MG-36) and bonded t o  a f i b e r g l a s s  backface 
s h e e t .  
t h e  f a b r i c a t i o n  d e t a i l s  are contained i n  Appendix B of r e fe rence  2.  

The d e t a i l s  are presented  i n  f i g u r e  2.  Complete d a t a  on 
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Composite used i n  Tasks I V  and V: A honeycomb subpanel-sup- 
ported TPS des ign  w a s  s e l e c t e d  f o r  t h e  Tasks I V  and V s t u d i e s  
because of i ts  favorable  refurbishment  and maintenance turnaround 
c o s t s .  The components used are presented  i n  f i g u r e  3. The MG-36 
a b l a t o r  composite w a s  a l t e r e d  t o  provide  a more uniform s tandard  
material and i s  i d e n t i f i e d  as SS-41. 

For t h i s  s tudy ,  t h e  subpanel w a s  designed assuming it  must 
ca r ry  a l l  loads .  
( r e f .  3 ) ,  a subpanel a n a l y s i s  w a s  conducted which r e s u l t e d  i n  a 
h igh-s t rength ,  low-weight subpanel of HTS-Gemon L (Graphite 
Polyimide) f ac ings  and E-glass phenol ic  core.  This  system w a s  
designed t o  52.8 p s i  ( t1 .93  N/cm2) a i r  load  and a maximum bondl ine  
temperature  of 500°F (533°K). The a n a l y s i s  conducted under t h e  
above program w a s  t h e  b a s i s  f o r  t h e  subpanel design used i n  t h e  
l a t e r  t a s k s .  

Under t h e  Low Cost Ablator  Program, NAS1-10793 

I n  t h e  i n t e r e s t  of economy, a lower-cost f a c e  s h e e t  material 
s u b s t i t u t e ,  E-glass phenol ic  ($3/ lb)  ($6.60/kg) w a s  used i n  p l a c e  
of t he  more expensive ($80/ lb)  ($176/kg) HTS Gemon L material. 
Analyses w e r e  conducted t o  determine an equiva len t  E-glass phenol ic  
f ace  s h e e t  des ign ,  assuming a design moment of 126 in . - lb  (14.24 m-N) 
and equ iva len t  a c o u s t i c  s t r eng th .  The l i m i t s  which cons t ra ined  
the  des ign  curves were: 1) no panel  f a c e  wr inkl ing;  2) no i n t r a -  
c e l l  buckl ing;  and 3) 1% s t r a i n  i n  t h e  a b l a t o r  o u t e r  sur face .  The 
a b l a t o r  pane l  s t i f f n e s s  w a s  included i n  computing t h e  1% s t r a i n  
al lowable.  
4 ,  showing a comparison of t h e  pane l  u n i t  weights ,  core  th i ckness ,  
and f a c i n g  th ickness  f o r  both the  HTS Gemon L and t h e  E-glass 
phenol ic  des igns .  The two c i r c l e d  p o i n t s  on t h e  f i g u r e  show t h e  
designs which have equa l  acous t i c  s t r e n g t h .  The geometry def ined  
by t h e  c i r c l e d  poin t  on t h e  E-glass phenol ic  u n i t  weight curve 
determined t h e  subpanel dimensions. 

The r e s u l t s  of t h e  ana lyses  are summarized i n  f i g u r e  

I n v e s t i g a t i o n  poin t . -  A cons iderable  v a r i e t y  of missions are 
seen f o r  a Space S h u t t l e  O r b i t e r ,  each having i ts  own p a r t i c u l a r  
set of environments. I n  every use,  t h i s  system must i n t e g r a t e  t h e  
b a s i c  c h a r a c t e r i s t i c s  of  four  vehicles--launch s t a g e ,  o r b i t e r ,  
r een t ry  body, and subsonic  a i r c r a f t .  Thermal p r o t e c t i o n  requi re -  
ments f o r  t h e  bottom c e n t e r l i n e  area of t h e  o r b i t e r  w e r e  t h e  b a s i s  
of t h i s  s tudy .  The mission p r o f i l e  presented  i n  f i g u r e  5 repre-  
s e n t s  a l o g i s t i c s  resupply  of a space  s t a t i o n ;  t h e  i n s e r t i o n  o r b i t  
is 50 x 100 n m i  (92.6 x 185 km), whi le  t h e  r e f e r e r n c e  o r b i t  is 
270 n m i  (500.0 km) and c i r c u l a r  a t  55" i n c l i n a t i o n .  Addi t iona l  
d e t a i l s  are presented i n  re ference  2 ,  which a l s o  lists o t h e r  
p o t e n t i a l  missions of i n t e r e s t .  
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0r . igin of i n v e s t i g a t i o n  de fec t s . -  Except f o r  t hose  introduced by 
mishandl ing,  a l l  d e f e c t s  w e r e  assumed in t roduced  b e f o r e  completion 
oE t h e  panel  assembly. Furthermore,  assuming t h e  r a w  materials 
meet s p e c i f i c  acceptance cri teria,  t h e  ma jo r i ty  of d e f e c t s  were 
in t roduced  du r ing  t h e  subcomponent f a b r i c a t i o n  ( a b l a t i v e  material 
mixing, f a c e  s h e e t  bonding) o r  dur ing  panel  f a b r i c a t i o n  ( f i l l i n g ,  
cu r ing ,  and machining).  S ince  t h e  b a s i c  d e f e c t s  are c r e a t e d  and 
should be d e t e c t e d  and c o n t r o l l e d  i n  t h e  subcomponent and panel  
f a b r i c a t i o n  phase,  t h i s  phase w a s  t h e  f o c a l  po in t  of  t h i s  program. 

Defect De tec t ion  I n v e s t i g a t i o n  

Defect d e t e c t i o n  i n v e s t i g a t i o n s  were c a r r i e d  ou t  t o  i d e n t i f y  
and c h a r a c t e r i z e  p o t e n t i a l l y  c r i t i ca l  d e f e c t s  i n  e l a s tomer i c  h e a t  
s h i e l d s ,  i n s p e c t i o n  s e n s i t i v i t i e s  of a p p l i c a b l e  s ta te -of - the-ar t  
t echniques ,  and t o  i n v e s t i g a t e  advanced i n s p e c t i o n  methods f o r  
"low-cost," minimum-risk space  s h u t t l e  h e a t  s h i e l d  product ion.  
Charac t e r i za t ion  of s ta te -of - the-ar t  i n s p e c t i o n  techniques were 
performed f i r s t  t o  e s t a b l i s h  c a p a b i l i t i e s  f o r  a n a l y s i s  and measure- 
ment of eng inee r ing  test models. 

Se l ec t ed  in spec t ion  techniques .  were then  app l i ed  t o  represen-  
tat ive GFP product ion  samples t o  e s t a b l i s h  product ion in spec t ion  
a p p l i c a b i l i t y  and i d e n t i f y  p o t e n t i a l  s c a l e u p  problems. Se lec ted  
technjqtles w e r e  then  improved and supplemented by advanced tech- 
Eiques t o  de te rmine  methods f o r  reducing i n s p e c t i o n  c o s t s  i n  terms 
of t h e  c r i t i c a l i t y  f o r  i n s p e c t i o n  as i d e n t i f i e d  by t h e  engineer ing  
test program. This  i terat ive approach enabled (1) q u a n t i t a t i v e  
c h a r a c t e r i z a t i o n  of a l l  engineer ing  test samples,  (2) an  oppor tun i ty  
t o  des ign  f o r  i n s p e c t a b i l i t y  a t  minimum c o s t  and h i g h e s t  r e l i a b i l i t y ,  
and (3) a q u a n t i t a t i v e  b a s i s  f o r  e s t a b l i s h i n g  a product ion  in-  
s p e c t i o n  program. 
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EFFECTS OF DEFECTS ON ENTRY PERFORMANCE (TASK 111) 

The fol lowing i n  a r e c a p i t u l a t i o n  of t h e  e f f o r t  repor ted  i n  
r e fe rence  2. It reviews t h e  prev ious ly  publ ished accomplishments 
i n  o r d e r  t o  maintain c o n t i n u i t y  of t h e  e n t i r e  s tudy .  

Customer-defined des ign  a b l a t o r ,  MG-36, mounted on a c a r r i e r  
shee t  s u b s t r u c t u r e ,  se rved  as t h e  b a s e l i n e  material. The pr in-  
c i p a l  o b j e c t i v e  involved t h e  de te rmina t ion  of t h e  r e a c t i o n s  of  
d e f e c t s  i n  a r e e n t r y  h e a t i n g  environment immediately a f t e r  fab- 
r i c a t i o n .  An a n c i l l a r y  phase of t h e  Task I11 e f f o r t  i n v e s t i g a t e d  
t h e  t e n s i l e  s t r e n g t h s  of coupons of t h e  d e f e c t i v e  material  a t  
temperatures  o the r  t han  ambient. Simultaneous s t u d i e s  invo lv ing  
t h e  r o l e  of q u a l i t y  in spec t ions  i n  t h e  d e f e c t  s tudy  were a l s o  
conducted. 

F i n a l l y ,  an i n i t i a l  i n v e s t i g a t i o n  i n  t h e  e f f e c t s  of environ- 
ments o t h e r  than  e n t r y  w a s  undertaken i n  o rde r  t o  e s t a b l i s h  t h e  
groundwork f o r  Task I V .  

React ions t o  Entry Heat ing Only 

Cyl inders  of a b l a t o r  material w i t h  i n t e n t i o n a l  d e f e c t s  w e r e  
f a b r i c a t e d  and exposed (end h e a t  s p l a s h  t e s t s )  i n  t h e  Martin 
Marietta Plasma A r c  F a c i l i t y .  

Defec ts  considered.-  The fo l lowing  d e f e c t s  were s e l e c t e d  f o r  
i n v e s t i g a t i o n  dur ing  t h e  r een t ry  phase of t he  Space S h u t t l e  m i s -  
s i o n  from t h e  compilat ion of p o t e n t i a l l y  c r i t i c a l  d e f e c t s  iden- 
t i f i e d  i n  t h e  previous s e c t i o n ,  and Appendix A. 

Densi ty:  Densi ty  v a r i a t i o n s  seemed t o  have a d e f i n i t e  e f f e c t  
on f i l l e r  bond s t r e n g t h  i n  t h e  f i r s t  f a b r i c a t i o n s .  This  e f f e c t  
w a s  e s p e c i a l l y  n o t i c e a b l e  when t h e  honeycomb c o r e  w a s  p r e t r e a t e d  
wi th  t h e  DC-1200 s i l i c o n e  primer.  Adhesion between t h e  f i l l e r  
and t h e  honeycomb w a s  r e l a t e d  t o  t h e  d e n s i t y  v a r i a t i o n  from t h e  
o u t e r  s u r f a c e  t o  t h e  suppor t ing  f aceshee t .  

The d e n s i t y  v a r i a t i o n  models w e r e  made us ing  a n  impact f i l l i n g  
method and included models wi th  a b u l k  dens i ty  of 16 l b / f t 3  
(256 kg/m3) p lus  overpacked and underpacked models w i th  bulk  
d e n s i t i e s  of 16  t o  18 l b / f t 3  (272 t o  288 kg/m3) and 14  t o  15  l b / f t 3  
(224 t o  250 kg/m3). Ant ic ipa ted  r e s u l t s  involved t h e  p o s s i b l e  
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e f f e c t s  o f :  
through t h e  material on thermal  e f f i c i e n c y ,  char  depth ,  and char  
i n t e g r i t y ,  and (2) bu lk  d e n s i t y  v a r i a t i o n s  on char-to-core bond 
s t r e n g t h .  

(1) bulk  d e n s i t y  v a r i a t i o n s  and d e n s i t y  g rad ien t s  

F i l l e r  bond t o  honeycomb: During i n i t i a l  f a b r i c a t i o n  it  w a s  
discovered t h a t  a r e s i n  bond coa t ing  of t h e  core  w a s  necessary 
be fo re  packing t o  o b t a i n  a good bond of f i l l e r - to -co re .  However, 
it w a s  found t h a t  "excess" r e s i n  w a s  c a r r i e d  down t h e  cel l  by 
t h e  wiping a c t i o n  of t h e  f i l l e r .  This  excess r e s i n  was  concen- 
t r a t e d  nea r  t h e  f aceshee t  and w a s  cons idered  undes i r ab le  because 
of (I) i ts  e f f e c t  on material p r o p e r t i e s  and homogeneity, and 
(2)  i n c r e a s i n g  t h e  d i f f i c u l t y  i n  i n t e r p r e t i n g  NDT i n s p e c t i o n  
r e s u l t s .  The test models w e r e  in tended  t o  provide d a t a  on the  
e f f e c t s  of bond coa t ing  on thermal  performance, char  r e t e n t i o n  
s t r e n g t h ,  and f i l l e r  bond s t r e n g t h .  

Voids: Voids are common d e f e c t s  i n  honeycomb a b l a t o r s  i f  
packing i s  improperly performed. Although t h e  most common 
occurrenees are near  t h e  f aceshee t ,  vo ids  can occur  i n  depth 
throughout t h e  th i ckness .  Thus, a l a r g e  voids  (25% of  cel l  volume) 
i n  a l l  cells  were loca ted  a t  va r ious  depths  w i t h i n  t h e  specimen, 
as shown i n  f i g u r e  6 ,  t o  e v a l u a t e  t h e i r  e f f e c t  on char  s t a b i l i t y  
and thermal  e f f i c i e n c y .  

Formulation: I n  several of t h e  models, t h e  f i b e r s  w e r e  omit- 
t e d  as a c o n s t i t u e n t  t o  determine the e f f e c t  of f i b e r s  on t h e  
filler-to-honeycomb bond s t r e n g t h .  

State-of-cure:  The c u r e  c y c l e  is  known t o  a f f e c t  mechanical 
p r o p e r t i e s  and may a f f e c t  bo th  t h e  degree  of c o r e  bonding and 
thermal p r o p e r t i e s .  A s  a n  a l t e r n a t e ,  a lower temperature-longer 
t i m e  c u r e  w a s  i n v e s t i g a t e d  t o  determine t h e  e f f e c t  of c u r e  c y c l e  
v a r i a t i o n s  - on cha r  s t r e n g t h  and thermal  performance. 

Specimen d e s c r i p t i o n . -  The MG-36 a b l a t i v e  material e n t r y  h e a t i n g  
specimens w e r e  machined from l a r g e  b i l l e t s  i n  t h e  form of 5.0-in,  
( 1 2 . 7  cm)-diameter, 2.0-in.  (5.08 cm)-thick f l a t - f a c e d  c y l i n d e r s .  
The 23 specimens were instrumented w i t h  f o u r  thermocouples each 
t o  monitor t h e  i n t e r n a l  temperature .  Thermocouple w i r e  w a s  30- 
gage (0.25 mm) chromel-alumel and w a s  covered w i t h  double-hole 
alumina tub ing  t o  e lec t r ica l ly  i n s u l a t e  t h e  thermocouple l e a d s  from 
t h e  a b l a t i v e  material  cha r  l a y e r .  A mounting r i n g  of  a sbes tos  
phenol ic  w a s  bonded t o  t h e  back s u r f a c e  of  each specimen. An 
aluminum h o l d e r  w a s  mechanical ly  f a s t ened  t o  t h e  mounting r i n g  f o r  
p o s i t i o n i n g  t h e  specimen on t h e  i n s e r t e r  a r m  ( see  f i g .  7 ) .  Forty-  
f i v e  non-instrumented specimens were a l s o  t e s t e d  f o r  char  l a y e r  
and bonding. 
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Test ing.-  Tes t ing  w a s  conducted i n  a 1-MJJ plasma arc f a c i l i t y  
test chamber using an  F-5000 thermal dynamic arc h e a t e r  and a 6-in. 
(15.25 cm)-diameter supersonic  nozzle .  This  test f a c i l i t y  s imula tes  
hyperve loc i ty  hea t ing  dur ing  r een t ry  by flowing a compressed gas 
mixture ,  s imula t ing  a i r ,  through an  electric d ischarge .  The gas 
undergoes a l a r g e  thermal  energy i n c r e a s e  and is then  expanded 
thrnugh a supersonic  nozz le  t o  approximately Mach t h r e e .  
t i o n  performance tests dur ing  these  i n v e s t i g a t i o n s  were performed 
by exposing material  specimens t o  t h i s  thermal environment. 

All abla-  

The s e l e c t i o n  of plasma arc tes t  condi t ions  f o r  t h e s e  s t u d i e s  
w a s  based on a high cross-range,  1500-n m i  (2778 km) d e l t a  wing 
o r b i t e r .  The r e fe rence  t o t a l  i n t e g r a t e d  hea t  f o r  a 1 - f t  (30.5 cm) 
nose r a d i u s  f o r  t h i s  t r a j e c t o r y  was approximately 95 000 B t u / f t 2  
(1078 MJ/m2) f o r  a nominal e n t r y  ang le  of  22.5 deg. Two test 
cond i t ions  were s e l e c t e d  t h a t  were r e p r e s e n t a t i v e  of hea t ing  alongi 
t h e  bottom forward c e n t e r l i n e  and shoulder  areas of t h e  Space 
S h u t t l e  O r b i t e r .  Nominal f a c i l i t y  cond i t ions  are summarized i n  
t a b l e  2 .  

Resul t s . -  A comprehensive d i scuss ion  of t h e  r e s u l t s  and t r e n d s  
observed dur ing  t h e  hea ted  e n t r y  exposures of s p l a s h  specimens 
is  presented  i n  r e fe rence  2 and summarized he re  i n  t a b l e  3: 
(1) low d e n s i t y  i s  no t  c r i t i c a l  wi th  r e s p e c t  t o  excess ive  backface 
temperature  u n t i l  i t  drops o f f  t o  about  80% of t h e  nominal d e n s i t y ;  
(2) an excess amount of t h e  a b l a t o r  co re  w e t  coa t  r e s i n  creates 
a temperature  v i o l a t i o n  because of an  i n c r e a s e  i n  n e t  thermal 
conductance through t h e  material; and (3 )  voids i n i t i a t e d  i n  t h e  
a b l a t o r  a t  f a b r i c a t i o n  are not  c r i t i c a l  u n t i l  t hey  reduce t h e  net  
dens i ty  of t h e  medium t o  t h e  above i n d i c a t e d  va lue .  

Omission of s i l i c a  f i b e r s  were no t  found t o  b e  c r i t i c a l ,  and 
f u t u r e  formula t ion  o m i t t i n g  them were envis ioned and accepted i n  
Task I V .  Large v a r i a t i o n s  i n  cure  tempera ture ,  p r e s s u r e  and t i m e  
d id  not  a f f e c t  thermal e f f i c i e n c y .  

Mechanical P r o p e r t i e s  Evaluat ion 

T e n s i l e  tests of r e p r e s e n t a t i v e  coupons of c o n t r o l  and de- 
f e c t i v e  a b l a t o r  b i l l e t s  w e r e  conducted a t  temperatures  ranging 
from -150°F (172'K) t o  300°F (422°K) t o  e s t a b l i s h  any n o t i c e a b l e  
changes i n  phys i ca l  p r o p e r t i e s  which could a f f e c t  t h e  perfor-  
mance of t h e  material. 
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. Defects  considered.-  The p o t e n t i a l  d e f e c t s  inqluded i n  t h i s  
s t r e n g t h  experiment involved w e t  coa t  v a r i a t i c n s , / d e n s i t y  varia- 
t i o n s ,  a l t e r e d  cu res ,  and material omissions ( f i b k r s ,  co re ) .  

\ 

Specimen desc r ip t ion . -  A t o t a l  of 95 t e n s i l e  coupons w e r e  
t e s t e d  du r ing  t h i s  i n v e s t i g a t i o n .  The ma jo r i ty  /of t h e  test  spec i -  
mens ( those  :,having honeycomb core)  were fabr icaded  i n  accordance 
wi th  f i g u r e  8 wh i l e  t h e  rest were made i n  t h e  shape descr ibed  
i n  f i g u r e  9 .  

Testing.’  The t ens ion  t e s t i n g  w a s  conducted on an  I n s t r o n  
Universa l  T e s t i n g  Machine a t  a rate of 0 .1  in . /min (0.25 cm/min). 
A Custom S c i e n t i f i c  environmental  chamber, enc los ing  t h e  specimen, 
provided t h e  f , u l l  temperature  range by means of electric h e a t e r s  
and l i q u i d  N2 cool ing.  
l oad -op t i ca l  ex tens ion  r ead ings  were recorded mechanically.  

Temperatures w e r e  monitored by thermocouple; 

Resul ts . -  Tens i l e  tests w e r e  run  w i t h  the honeycomb r ibbon 
d i r e c t i o n  t r a n s v e r s e  t o  t h e  d i r e c t i o n  of loading  and f i v e  specimens 
w e r e  t e s t e d  a t  each cond i t ion .  This  t ype  of  material i s  s u b j e c t  
t o  more v a r i a t i o n s  than a homogeneous material. Thus, t h e  s t r e n g t h  
of each specimen i s  s u b j e c t  no t  only t o  normal v a r i a t i o n s  such as 
machining, minute voids ,  e tc .  , .but a l s o  t o  honeycomb node bond, 
honeycomb f i l l e r  bond, and f i l l e r  s t r e n g t h .  This r e s u l t e d  i n  

homogeneous material. 
more panel-to-panel I and specimen-to-specimen scat ter  than  wi th  a 

The t r e n d s  observed i n  t h i s  Task I11 study are shown i n  f i g u r e s  
10 t o  1 2 .  U l t i m a t e  t e n s i l e  s t r e n g t h s  decreased f o r  w e t  coa t  
v a r i a t i o n s ,  o f f - d e n s i t i e s  (h igh  and low),  and a l t e r e d  cures .  The 
same w a s  l t r u e  f o r  u l t i m a t e  e longa t ion  percentage.  
i n d i c a t e  ;t a n  absence of any i n c r e a s e  i n  t e n s i l e  modulus. 
soak temperatures  inc reased  t e n s i l e  s t r e n g t h s  and moduli con- 
s i d e r a b l y  a t  about equ iva len t  % e longa t ions .  The e l eva ted  t e m -  
p e r a t u r e  tests lowered each parameter less d r a s t i c a l l y  when 
compared t o  t h e  ambient va lues .  

The d a t a  a l s o  
Cold 

I n i t i a l  I n v e s t i g a t i o n  of Nonentry Environments 

Two l a r g e  a b l a t i v e  pane ls  (numbers 1 and 2) w e r e  t e s t e d  t o  
eva lua te  t h e  o v e r a l l  TPS response  t o  a sequence of Space S h u t t l e  
environments.  The o b j e c t i v e  a t  t h e  end of  Task I11 w a s  t o  per- 
form exp lo ra to ry  environmental  exposure tests t o  o b t a i n  a b a s i s  
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f o r  t h e  execut ion of Task I V  work, du r ing  which nonentry environ- 
ments were t o  be  considered.  With t h i s  o b j e c t i v e  i n  mind, pane ls  
w e r e  f a b r i c a t e d  and exposed t o  s imula ted  pre- reent ry  environments 
p r i o r  t o  a r e e n t r y  thermal  pu l se  and a n  a c o u s t i c  spectrum. 

Defec ts  considercr1.- Panel  1 w a s  made wi thout  defcc:- : .c.!~L'. 
Panel  2 contained t h e  fol lowing d e f e c t s :  (See f i g ,  13) 

Metal p a r t i c l e s  

Underpacked material 

Overpacked material 

F i b e r  bundles (inhomogeneity) 

Undercut core  

No c o r e  bond c o a t i n g  

Crushed co re  n e a r  s u r f a c e  

Sur face  voids  

Undercured 

Delaminated f aceshee t  

Core unbond from s h e e t .  

Pane l  desc r ip t ion . -  Dimensions o f  t h e  two test panels  w e r e  
8 x 16  x 2 i n .  (20.3 x 40.6 x 5 .1  cm). The d e f e c t s  o u t l i n e d  
above w e r e  h ighly  l o c a l i z e d  i n  s p e c i f i c  areas of t h e  de fec t -  
des igna ted  panel .  S e e  f i g u r e  13. 

Tes t ing . -  Those nonentry environments which were most l i k e l y  
t o  p r e c i p i t a t e  c r i t i c a l  d e f e c t s  from manufactur ing d e f e c t s  du r ing  
t h e i r  i n f l u e n c e  pe r iod  were s e l e c t e d  and s imula ted  as fo l lows .  

Ascent acous t i c s :  Both panels  w e r e  s imul taneous ly  exposed 

Four 
t o  t h e  a c o u s t i c  spectrum presented  i n  f i g u r e  14.  Tests w e r e  per- 
formed us ing  a s i r e n  powered by two Al l i son  j e t  engines .  
d i f f e r e n t  impel le r  speeds were used t o  s imula t e  t h e  spectrum t h a t  
would b e  encountered a t  boos t e r  l i f t o f f .  
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Hot vacubm: The purpose of t h e  72-hr h o t  vacuum exposure w a s  
t o  o b t a i n  a lprecursory eva lua t ion  of material o f f g a s s i n g  charac te r -  
i s t ics  and ag ing  e f f e c t s  du r ing  o r b i t  cond i t ions  and t o  thermal ly  
s t r a i n  t h e  ab la to r - to - f ace  s h e e t  bondl ine.  The maximum s u r f a c e  
temperature  w a s  300°F (422°K). 

A 4- f t  (1.2 m) d iameter  by 8- f t  (2.4 m) vacuum chamber w a s  
A me- used. 

chan ica l  roughing pump w i t h  a r o t o r  l obe  blower w a s  used t o  t h e  
20- t o  50-ft  m range.  Cryopumping reduced th i s  vacuum t o  1 x low4 
t o r r  ( 1 . 3  x lom2 N/m2) where a n  i o n  pump could be turned  on. 
Operat ing p r e s s u r e  w a s  a t t a i n e d  us ing  t h e  i o n  pump, w i t h  an addi- 
t i o n a l  pumping capac i ty  from a t i t an ium f i l amen t  subl imator .  
P r e s s u r e  w a s  measured w i t h  a h o t  cathode i o n i z a t i o n  tube.  A q u a r t z  
lamp w a s  employed t o  h e a t  t h e  pane ls  on t h e  f r o n t  f a c e  i n  o rde r  
t o  induce thermal  s t r a i n s  i n  t h e  a b l a t o r  and a t  t h e  at tachments .  

Vacuum w a s  maintained by a combination of pumps. 

Cold vacuum: The purpose of t h e  48-hr co ld  vacuum test  w a s  t o  
s t r a i n  t h e  a b l a t i v e  f i l l e r  bond t o  t h e  honeycomb c o r e  and t h e  
a b l a t i v e  l a y e r  bond t o  t h e  f a c e  s h e e t .  This  w a s  accomplished us ing  
t h e  same test s e t u p  as t h e  h o t  vacuum t e s t i n g .  

A shroud i n s i d e  t h e  vacuum chamber w a s  cooled w i t h  l i q u i d  
n i t r o g e n  t o  a temperaturz  of -320°F (78°K). I n f r a r e d  h e a t e r s  
were used on bo th  s i d e s  o f  t h e  samples t o  maintain t h e  sample 
temperature  a t  -150°F (172°K). 

Entry h e a t i n g :  Reentry h e a t i n g  w a s  s imula ted  i n  t h e  Martin 
Marietta P l a s m a  A r c  F a c i l i t y  us ing  a 10.0-in.-(25.4 cm) diameter  
nozz le  wi th  t h e  pane l  pos i t i oned  a t  a 20-deg ang le  t o  t h e  test 
stream. The pane l  w a s  r i g i d l y  a t t ached  t o  t h e  model ho lde r  a t  t h e  
f o u r  a t tachment  po in t s .  This holder  w a s  designed w i t h  a water- 
cooled l e a d i n g  edge machined t o  a 1.25-in.-(3.18 cm) r a d i u s .  
The b l u n t i n g  of t h e  l ead ing  edge w a s  found t o  enhance flow uni- 
formi ty  and improve h e a t i n g  d i s t r i b u t i o n  as shown i n  f i g u r e  15. 
This  t e s t  cond i t ion  w a s  c a l i b r a t e d  us ing  a t h i n  ca lo r ime te r  body 
made of  0.063-in. (0.16 cm) Inconel  X-750 s h e e t .  Heat ing rates 
were c a l c u l a t e d  from t h e  response  of thermocouples t h a t  were 
spotwelded t o  t h e  Inconel  s k i n  us ing  t h e  b a s i c  ca lo r ime te r  equa- 
t i o n .  Both panels  were exposed f o r  1000 seconds.  

Descent a c o u s t i c s :  Following t h e  h e a t  pu l se ,  t h e  TPS panel  
con ta in ing  t h e  d e f e c t s  w a s  exposed i n  t h e  descent  t r a n s o n i c  
a c o u s t i c  environment t o  e v a l u a t e  t h e  behavior  of cha r red  material. 
Af t e r  an exposure t o  the  test environment of 150 dB f o r  120 sec, 
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i n i t i a l  char  l o s s  occurred where t h e  honeycomb co re  had been 
crushed. The dec i s ion  w a s  then made t o  test a t  h ighe r  dB l e v e l s  
(up t o  154) f o r  a d d i t i o n a l  test t i m e ,  

Chronological ly ,  t h e s e  a c o u s t i c  tests were conducted months 
a f t e r ,  t h i s  e n t r y  h e a t i n g  exposure; improved a c o u s t i c  f a c i l i t i e s  
were then  a v a i l a b l e  (see t h e  fol lowing s e c t i o n ) .  

Resul t s . -  These environmental  exposures provided a b a s i c  over- 
a l l  e v a l u a t i o n  of t h e  MG-36 a b l a t o r ' s  a b i l i t y  t o  surv ive  t h e  
h o s t i l e  environments of launch n o i s e ,  o r b i t  temperatures and 
vacuum, and r e e n t r y  hea t ing .  I n  a d d i t i o n ,  t h e  tests provided a 
re la t ive comparison of  t h e  e f f e c t  of d e f e c t s  on a b l a t i v e  per for -  
mance. 

Ascent a c o u s t i c s :  Pos t - tes t  v i s u a l  examination showed no 
degrada t ion  of f a c e  s h e e t  bond, a t tachments ,  o r  a b l a t o r  pane l  
i n t e g r i t y .  

Hot vacuum: Some outgass ing  w a s  ev ident  dur ing  i n i t i a l  hea t -  
ing as t h e  vacuum inc reased  from 5 x lom6 t o r r  (6.6 x lom4  N/m2) 
t o  7 x 
f ace .  

t o r r  (9 .3  x l o m 3  N/m2) wh i l e  h e a t i n g  t h e  a b l a t i v e  sur -  
The vacuum s t a b i l i z e d  a t  6 t o  7 x lom6  t o r r  (8 t o  9.3 x 

N f m 2 >  a f t e r  two days a t  temperature .  

-- . visuzl observa t ion  through t h e  chamber window d id  not  show 
any problems during t h e  test .  The chamber temperature  w a s  t hen  
decreased f o r  t h e  co ld  test without  breaking t h e  vacuum. The 
i n c r e a s e  i n  hardness  dur ing  t h e  h o t  vacuum exposure w a s  from 5 t o  
10 p o i n t s  OII t he  Shore A scale. 

Cold vacuum: I n  t h e  co ld  c o n d i t i o n s ,  t h e  a b l a t i v e  f i l l e r  w a s  
dished i n  t h e  honeycomb core  due t o  d i f f e r e n t i a l  thermal  con t r ac t ion .  
The filler-to-honeycomb bond, however, d id  not  show any s i g n  of 
f a i l u r e .  Pos t - t e s t  v i s u a l  examination f a i l e d  t o  show any degrada- 
t i o n  o f  bonds, f ace  s h e e t ,  a t tachments ,  o r  change i n  f a c e  s h e e t  
d e f e c t s .  

Ent ry  hea t ing :  Panel  2 performed extremely w e l l ,  wi th  a s t rong ,  
smooth cha r  s u r f a c e  formed over 85% of t h e  specimen. Surface- 
connected anomalies had no apparent  e f f e c t  on t h e  c r i t i c a l  s t r e n g t h  
p r o p e r t i e s  of t h e  cha r  o r  on t h e  ab la tor - to- face  s h e e t  a t tachment .  
Sur face  temperatures  w e r e  very n e a r l y  uniform ac ross  t h e  width of 
t h e  pane l ,  t20"F (+11"K), and v a r i e d  along t h e  l eng th  from 2100°F 
(1420K) t o  1900°F (1310°K). 
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Var ia t ions  i n  i n t e r n a l  and backface temperatures were at-  
t r i b u t e d  t o  t h e  v a r i a t i o n  i n  hea t ing  rate and we-e no t  no t iceably  
a l t e r e d  by t h e  presence of s m a l l  s u r f a c e  voids  (1 t o  3 cel ls) ,  
varying i n  depth from 0.125- t o  0,375-in. (0-318 t o  0.952 c m ) ,  o r  
by small  h o l e s  up t o  0.189-in. (0.48 cm) i n  diameter through t h e  
a b l a t o r .  The 8 i n B 2  (51.5 em2) of unsupported char cracked i n t o  
a random p a t t e r n ,  wi th  l i t t l e  d i f f e r e n c e  noted between t h e  area 
of crushed c o r e  and undercut  core .  Char r e t e n t i o n  elsewhere w a s  
no t  no t i ceab ly  a f f e c t e d  by t h e s e  l o c a l i z e d  core  d e f e c t s  o r  by t h e  
s u r f a c e  d i s c o n t i n u t i e s  c r e a t e d  by a b l a t i v e  material removal. The 
two upstream a b l a t i v e  plugs (used f o r  pane l  a t tachment)  formed 
i n t e g r a l  cha r  w i th  the  a d j a c e n t  material and w e r e  s ecu re ly  fas tened .  
The two downstream a b l a t i v e  plugs d id  no t  form an i n t e g r a l  char  
and were l o o s e  in t h e i r  h o l e s ,  probably t h e  r e s u l t  of cooldown 
shrinkage.  The areas con ta in ing  f a c e  s h e e t  delaminat ion and core  
unbonding from t h e  f ace  s h e e t  were n o t  a f f e c t e d  by t h i s  test. 

The comparative d a t a  d e s i r e d  from Panel  1 w e r e  i n v a l i d a t e d  
because of t h e  loss  of a copper water p lug  on t h e  specimen ho lde r .  
This f a i l u r e  occurred a t  t h e  beginning of t h e  test and r e s u l t e d  
i n  water be ing  leaked i n t o  t h e  test chamber. This r e s u l t e d  i n  
an inc rease  i n  chamber p r e s s u r e  and produced an unbalanced test 
stream wi th  a corresponding s t r o n g  shock cone emanating from t h e  
nozzle  exi t .  A shock impingement w i t h  t h e  specimen s u r f a c e  re- 
s u l t e d  from t h e  i n t e r a c t i o n  between t h i s  shock and t h e  bow shock 
and c r e a t e d  a "hot" s p o t  on t h e  forward 8 in . (20 .3  cm) of t h e  
specimen. The increased  h e a t i n g  and t u r b u l e n t  flow t h a t  r e s u l t e d  
produced s i g n i f i c a n t  char  removal and a grooving of t h e  receded 
su r face .  A c o n t r i b u t i n g  f a c t o r  i n  producing these  grooves may 
have been t h e  f a c t  t h a t  t h e  core  r ibbon d i r e c t i o n  w a s  p a r a l l e l  t o  
t he  flow. The groove wid th  w a s  approximately one-half t h e  ce l l  
width s i n c e  t h e  honeycomb nodes were l e f t  s t and ing  t o  a he igh t  of  
approximately 0.125 i n .  (0.318 cm) above t h e  su r face .  The char  

f t 2 - s  (0.113 t o  0.341 MW/m2), exh ib i t ed  good at tachment  s t r e n g t h  
dur ing  t h i s  tes t .  
move t h i s  cha r  from t h e  many open cells around t h e  per imeter  of 
t h e  s u r f a c e  burnthrough reg ion .  Su r face  temperatures  of 2500°F 
(1600'K) w e r e  measured i n  t h e  receded area wi th  a r a p i d  f a l l o f f  
t o  2000°F (1370°K) near  t h e  t r a i l i n g  i n  t h e  receded area wi th  a 
r a p i d  f a l l o f f  t o  2000'F (1370°K) nea r  t h e  t r a i l i n g  edge. 

sk in , "  which seems t o  b e  formed a t  h e a t i n g  rates of 10 t o  30 Btu/ 

P res su re  g rad ien t s  and shea r  f o r c e s  d i d  no t  re- 

11 

Entry a c o u s t i c s :  This  f i n a l  test i n  Task 111 ( t a b l e  4 )  was 
conducted on d e f e c t - f i l l e d  Panel  2 which had experienced consider-  
a b l e  char  bu i ldup  i n  e n t r y  hea t ing .  A f t e r  t h e  i n i t i a l  char  loss 
i n  t h e  area of crushed co re  i n  t h e  f i r s t  exposure,  t h e  de fec t s  
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were i n s e n s i t i v e  t o  two more exposures of 2 min each,  The f o u r t h  
exposure,  l a s t i n g  4 min, c rea t ed  a d d i t i o n a l  cha r  l o s s e s  i n  t h e  
areas of crushed c o r e  and new f a i l u r e s  i n  t h e  r eg ions  of undercut  
core  and undercured material. 

Qua l i ty  Assurance I n s p e c t  i ons  

In  Task I i n v e s t i g a t i o n s ,  d e f e c t s  p o t e n t i a l l y  c r i t i c a l  t o  
Space S h u t t l e  hea t  s h i e l d s  were i d e n t i f i e d  by f a b r i c a t i o n  process  
a n a l y s i s  and by a n a l y s i s  of mission performance requirements .  T e s t  
s amples  were f a b r i c a t e d  con ta in ing  each of t h e  d e f e c t s  i d e n t i f i e d .  
A survey  w a s  conducted t o  i d e n t i f y  p o t e n t i a l  i n s p e c t i o n  methods 
and t h e  most f e a s i b l e  methods w e r e  s e l e c t e d  f o r  eva lua t ion  on 
d e f e c t  tes t  samples. V i sua l ,  X-radiography, neut ron  radiography,  
son ic ,  thermal, microwave, holography and i n d e n t a t i o n  hardness  
were s e l e c t e d  f o r  e v a l u a t i o n  of p o t e n t i a l  d e f e c t s .  
x-radiography, thermal  and hardness  techniques w e r e  s e l e c t e d  f o r  
product ion eva lua t ion .  

Visua l ,  

Task I1 involved nondes t ruc t ive  eva lua t ion  of s imula ted  
product ion h e a t  s h i e l d s  which were f a b r i c a t e d  by fou r  d i f f e r e n t  
o rgan iza t ions  us ing  f o u r  d i f f e r e n t  f a b r i c a t i o n  p rocesses -  Ap- 
p l i c a b i l i t y  and d i f f i c u l E i e s  of u s ing  t h e  nondes t ruc t ive  i m p e p -  
t i o n  techniques  w e r e  eva lua ted .  P racess  dependent d e f e c t s  resc-.c- 
j n g  from t h e  va r ious  processes were i d e n t i f i e d  .) Most s i g n i f i c a r i t  
v a r i a t i o n s  were noted i n  t h e  uni formi ty  and d e n s i t y  of a b l a t o r  
packing and i n  t h e  n a t u r e  and e f f e c t s  oE honeycomb co re  w e t  c o a t ,  
A s  a r e s u l t  of Tasks I and I1 r e s u l t s ,  a change i n  w e t  coa t  m a t e -  
r i a l  from s i l i c o n e  t o  phenol ic  r e s i n  w a s  incorpora ted  i n t o  t h e  
Task I11 e f f o r t s .  Basis f o r  t h e  change w e r e  an  improvement i n  
panel  s e n s i t i v i t y  t o  i n s p e c t i o n s .  

Task I11 d e f e c t  i n v e s t i g a t i o n  e f f o r t s  were supported by 
in spec t ion  of  a l l  a b l a t o r  b i l l e t s  u s ing  i n - t e s t  model f a b r i c a t i o n  
t o  a s s u r e  material uni formi ty .  I n  a d d i t i o n ,  a l l  tes t  models w e r e  
x-radiographed t o  v e r i f y  placement and l o c a t i o n  of i n s t rumen ta t ion  
thermocouples. 

On t h e  b a s i s  of Task I ,  I1 and I11 e f f o r t s ,  a p l a n  w a s  gen- 
e r a t e d  f o r  i n v e s t i g a t i o n  of advanced in spec t ion  methods f o r  c r i t -  
i c a l  d e f e c t  l o c a t i o n  and i d e n t i f i c a t i o n  a t  minimum c o s t .  
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EFFECTS OF TOTAL MISSION ENVIRONMENTS (TASK IV) 

This task was established to determine the criticality of 
manufacturing defects in ablative thermal protection systems 
relative to environments other than hypersonic reentry. It would 
have been desirable that all conceivable manufacturing defects 
be tested in all possible environments throughout the service life 
of a Space Shuttle ablative heat shield subsystem. However, a 
program of such magnitude was not considered justified at this 
stage of the Space Shuttle Thermal Protection System (TPS) develop- 
ment. Rather, the defects and environments had to be evaluated 
and the matrix of potential environment-defect combinations reduced 
to a practical program which evaluated only the most critical. 

As explained previously, the basic ablator fill material was 
changed from MG-36 to SS-41 (figs. 2 and 3 )  in the anticipation of 
obtaining a more uniform baseline material. An attempt was made 
to manufacture a version without honey comb reinforcement (SS-41F). 
This was discontinued when high density and delaminations appeared. 
Furthermore, in keeping with contemporary designs under considera- 
tion in the industry, the substrate configuration was changed from 
the single sheet approach to a faced honeycomb subpanel. 

Subsequent investigations of defect-free panels of the above 
configuration were then conducted, followed by a detailed experi- 
mental study of the reaction of manufacturing defects in sequenced 
mission environments. 

Intermediate Investigations of Other Environments 

The first effort of Task IV concentrated on exposing ablative 
TPS panels, free of any known critical defects, to various com- 
binations of environments in order to establish a sequence for 
final testing. The objectives were to characterize the defect- 
free ablative material in postulated environments and to select 
one or more sequences of environments which could interact with 
particular manufacturing defects to possibly precipitate failures 
in a typical Space Shuttle ablative heat shield system. 

Specimen Description. - Ablative panels with total dimensions 
of 18-1/2 by 18-1/2 by 2 in. (47~47~5.08 cm) was selected for 
this task. These 16 panels (No. 3 to 18) furnished sufficient 
stock for the required test specimens and were large enough t o  
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represent full-scale hardware. Each panel had a volume of 
0.4 cu/ft (11 cm3) and weighed approximately 6-1/2 lb (2.95 kg). 
Exact measurements and density are summarized in table 5. As a 
fabrication alternative, several of the ablative panels were made 
as a molding compound (see Appendix B). 

Honeycomb sandwich subpanels were used to support the S S - 4 1  
ablative panels during the environmental exposures. The subpanels 
were made larger than the supported ablative panel to provide a 
1/4-in. (0.6 cm) margin at the sides and 3/8-in. (0.9 em) at the 
ends. The margins were used to hold the panels during test and 
to provide a vacuum seal surface. 

fhermocouples were installed in the panels to be exposed to 
the thermal vacuum cycle. Three thermocouples were placed in 
each panel, two at 1/4-in. (0.6 cm) from the ablative surface., 
and the third at the subpanel/ablative panel interface. Ceramic 
insulation was used to position the junction at the proper depth 
and to protect the wires at their exit from the subpanel. Dow 
Corning 92-018 silicone adhesive was applied to the wires and 
the subpanel to prevent movement during handling. 

After environmental testing, the panel assemblies were 
returned for preparation of flexural test specimens. Each 
:?-ative panel was separated from its subpanel and cut into 

ght specimens, 4 by 8-1/2 by 1-1/4 in. (10.2~47.0~3.2 cm). 
Four of the specimens were made with the honeycomb ribbon 
running in the direction of the long axis. The ribbon in the 
other four was at 90 deg to the long axis. A l l  surfaces were 
ground by a diamond saw and by a surface grinder to assure a 
smooth, uniform texture. 

’ -  

Environments Investigated. - Exposures were selected as 
representative of the values anticipated on the bottom region of 
the Space Shuttle Orbiter based on reviews of references 4 and 5, 
and Space Shuttle preproposal effort. 

Humidity: The humidity environment defined in figure 16 was 
used for most of the TPS panel tests. The environment is an 
accelerated test for 10 cycles of 24 hrs each for a total period 
of 240 hrs. Panels 4, 5 ,  6 and 7 were exposed to the reference 
environment, and, at the end of 10 days, Panels 4, 5 and 6 were 
removed f o r  dehydration, while Panel 7 continued in the environ- 
ment until 1 6  cycles. Due to the large fraction of weight gain 
in the SS--41, additional tests of several materials were initiated, 
using the environment shown in figure 17, which had a lower water- 
vapor pressure, 
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Dehydration: After removing the ablative panels from the 
humidity chamber, each was dehydrated. For dehydration, Panels 
4, 5 and 6 were exposed to the following cycle: 

24 hrs at 160°F (344°K) and 22 in. (560 mm) of Hg vacuum; 

e16 hrs at room temperature and 22 in. (560 mm) of Hg vacuum; 
I 

20 hrs at 160°F (344°K) and 22 in. (560 mm) of Hg vacuum. 

Panel 7 was exposed to the following dehydration cycle: 

048 h;s at 160°F (344°K) and 22 in. (560 mm) of Hg vacuum. 

Acoustic excitation: A survey of the various acoustic 
environments indicated that the transonic acoustic environments, 
both during ascent and di*ring descent,would be the design limiting 
environments. Typical required acoustic spectrums for these cases 
are shown in figure 18. Engine generated lift-off noise was found 
to be.severa1 dB higher in overall level than transonic acoustics, 
but it was eliminated as a test environment because it was confined 
to the aft end of the vehicle, was very short in duration, and most 
of the energy was at low frequencies, where the ablator panels are 
predicted not to respond. 

Thermal vacuum: In selecting a realistic orbital temperature 
condition, it was assumed that orientation controls would not be 
used to actively control local temperatures and thus impose 
constraints on the mission. The minimum realistic fuselage 
temperature predicted was -167°F (162°K) and occurred near the 
engine pad mounted to the side of the tail structure. This 
temperature occurs at the outer surface of thg TPS, and is based 
on a polar orbit. 
on the engine pad is considered unrealistic, since heat addition 
within the engine pad would be required to prevent fuel freezing. 

A colder temperature of -210°F (139°K) predicted 

Studies have shown the maximum temperature during &bit , 
assuming an a / E  of 1.0, could be 260°F (400°K) and will occur 
for any orbit with B - > 75 deg. 
reduce the extreme temperatures. To be conservative, however, 
the thermal vacuum and cold soak test cycles shown in figure 19, 
which cover the environment extremes, were used in this task. 

S 
Thermal control coatings should 
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It w a s  in tended  t h a t  only one thermal  vacuum test cyc le  b e  
used i n  t h e s e  tests.  
one set  of test  pane l s  r e s u l t e d  i n  t h e  second tes t  cyc le  ( f i g .  20) 
which inc luded  only vacuum exposure a t  ambient and co ld  soak 
temperatures 

However, f a i l u r e  of t h e  h e a t i n g  system f o r  

S t r a i n :  A review made t o  de te rmine  t h e  load ing  environment 
on t h e  o r b i t e r  dur ing  t h e  ascent  f l i g h t  phase revea led  t h a t  a 
gene ra l  consensus d i d  n o t  e x i s t  on t h e  s t a t i c  des ign  load ,  
[+  3 p s i  (t 2 N/cm2) load  w a s  be ing  used a t  Mar t in  M a r i e t t a ] .  
Consequently, t h e  d e c i s i o n  w a s  made t o  test t o  a des ign  s t r a i n  
(1%) r a t h e r  than  a des ign  load. A check made t o  determzne i f  
temperature w a s  impor tan t  during ascenc  found t h a t  tempera tures  
below 15 t o  30°F (263 t o  272°K) w e r e  n o t  expected a t  any p o i n t  
on t h e  o r b i t e r  due t o  NASA's d e c i s i o n  t o  go e x t e r n a l  w i th  t h e  
LO2 and LN2 tankage. However, because i t  w a s  r e a l i s t i c  t o  assume 
some load ing  be fo re  r e e n t r y  h e a t i n g ,  s t r a i n i n g  co ld  [ a t  -150°F 
(173"K)I t o  a proof l o a d  of 5 p s i  (3.5 N/cm2> w a s  chosen-as a tes t  
condi t ion .  

B i a x i a l  f l e x u r e  of pane l s :  The type  loading  chosen w a s  t o  
simply suppor t  t h e  subpanel edges and apply a uniform p r e s s u r e  
on t h e  bottom of t h e  s u b p a n e l ,  p u t t i n g  t h e  a b l a t o r  s u r f a c e  i n  
b i a x i a l  t e n s i o n ,  
9.98 p s i  (6.26 N/cm2) would- produce a 1% streja E 3  t h o  a b l a t o r  
s u r f a c e  a t  room terxperatuxc: 

Pi-etest a n a l y s i s  p red ic t ed  that a p r e s s u r e  of 

Four p o i n t  f l e x u r e  QE beams: I n  o r d e r  t o  f u r t h e r  e v a l u a t e  
t h e  p o s s i b l e  changes which could occur  i n  t h e  a b l a t o r  s t r e n g t h  
as f u n c t i o n s  o€ t h e  environment (and e v e n t u a l l y  as f u n c t i o n s  of 
i n s t a l l e d  d e f e c t s ) ,  four -poin t  f l e x u r e  beams, as p rev ious ly  
desc r ibed ,  were made from i n v e s t i g a t i o n  pane l  a b l a t o r  and t e s t e d  
a t  room temperature.  

Material performance i n  environmental  exposure.  - Once the 
environmental  exposure tests were begun, obvious changes occurred  
i n  t h e  specimens. I n  t h e  fo l lowing  s e c t i o n s ,  t h e  a v a i l a b l e  d a t a  
on each specimen i s  summarized, i n c l u d i n g  p h y s i c a l  measurements, 
v i s u a l  obse rva t ions ,  and any o t h e r  p e r t i n e n t  d a t a  taken  du r ing  
t h e  environmental  exposure.  The s p e c i f i c  sequence of environ- 
mental  exposure f o r  each  test model i s  summarized i n  t a b l e  6 .  
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Humidity e f f e c t s :  The SS-41 pane l s  exh ib i t ed  s i g n i f i c a n t  
weight g a i n  i n  a high-humidity, cyc l ic - tempera ture  environment, 
w i t h  an average  of 14% TPS pane l  weight  g a i n  a t  t h e  end of 1 0  days 
i n  t h e  s p e c i f i e d  environment. The weight  ga in  v e r s u s  t i m e  f o r  
t h e s e  pane l s  is shown i n  f i g u r e  21 and inc ludes  t h e  subpanel  
weight .  A f t e r  exposure,  t h e  a b l a t i v e  f i l l e r  i n  each panel  w a s  
swollen and very  s o f t ,  and t h e  pane ls  w e r e  no t i ceab ly  warped w i t h  
t h e  a b l a t o r  s u r f a c e  be ing  convex. 
ga in  of t h e  TPS pane l s ,  a d d i t i o n a l  humidity exposure tests w e r e  
conducted a t  a lower peak temperature ,  t o  determine i f  lower 
water vapor  p re s su re  reduces  t h e  weight g a i n ,  t o  r e v a l u a t e  t h e  
a b l a t i v e  c o n s t i t u e n t s ,  and t o  compare t h e  SS-41 weight  ga in  w i t h  
t h a t  of a Mar t in  Marietta a b l a t o r  SLA-561 sample .  
t hese  tests are a l s o  shown i n  f i g u r e  21. To summarize, t he  
phenol ic  microbal loons w e r e  t h e  apparent  cause of t h e  l a r g e  weight  
ga in ,  and appa ren t ly  w e r e  capable  of absorbing approximately 57% 
mois ture  by weight .  I n  comparison, a n  SLA-561 a b l a t i v e  b i l l e t  
gained only  approximately 5% mois ture  by weight.  Lowering t h e  
water vapor  p r e s s u r e  reduced t h e  rate of weight ga in .  

Due t o  t h e  l a r g e  pe rcen t  weight  

The r e s u l t s  of 

Dehydration e f f e c t s :  Dehydration of t he  TPS pane l s  brought  
t h e i r  we igh t s  back t o  n e a r  t h e i r  o r i g i n a l  weights  and Shore "A" 
hardness  and removed most of t h e  warpage. Unfor tuna te ly ,  i n  a l l  
of t h e  TPS pane l s ,  t h e  a b l a t i v e  f i l l e r  a l s o  sepa ra t ed  from t h e  
honeycomb w a l l  i n  many cel ls .  It is  be l i eved  t h a t  swe l l ing  dur ing  
t h e  humidity exposure may have crushed some of t h e  microbal loons,  
causing t h e  f i l l e r  t o  p u l l  away from t h e  ce l l  w a l l  du r ing  
dehydrat ion.  

Transonic  a c o u s t i c s  e f f e c t s :  Exposure of t h e  a b l a t i v e  pane l s  
produced no observable  adverse  e f f e c t s  i n  e i t h e r  t h e  a scen t  o r  
descent  spectrums.  This  w a s  somewhat expected i n  t h a t  t h e  a b l a t o r  
w a s  i n  t h e  unpyrol ized s ta te  f o r  bo th  condi t ions .  The spectrums 
experienced are presented  i n  f i g u r e  22. 

Thermal vacuum e f f e c t s :  The exposure of Panels  4 ,  6 ,  11 and 12 
t o  t h e  thermal  vacuum c y c l e  which inc luded  t h e  h o t  [300°F (422OK)I 
cyc le  c o n s i s t e n t l y  caused darkening of t h e  a b l a t o r  and some war -  
page, i n d i c a t i v e  of cons ide rab le  p o s t  cur ing  and shr inkage  of t h e  
a b l a t o r .  The only o t h e r  observable  e f f e c t  w a s  t h e  opening of 
c racks  i n  Panel  4.  The exposure of Panels  9 ,  10  and 1 4 ,  which 
were exposed only  t o  vacuum a t  ambient and cold soak  tempera tures ,  
caused no observable  change i n  t h e  samples.  
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S t r a i n  effects ( e f f e c t s  of b i a x i a l  f l e x u r e  t o  1% s t r a i n ) :  
I n  t h e  b i a x i a l  f l e x u r e  tests, t h e  weakness of t h e  bond which w a s  
i n i t i a l l y  used between t h e  a b l a t o r  b i l l e t  and t h e  subpanel 
compromised t h e  test r e s u l t s ,  wi th  disbonds occurr ing  a t  loads  
and s t r a i n s  w e l l  below t h e  des i r ed  l e v e l s .  I n  a d d i t i o n  t o  
ab la tor / subpanel  disbonds,  obvious c racks  occurred i n  t h e  a b l a t o r  
s u r f a c e  i n  two specimens, Panels  5 and 9.  Details of t h e  test 
r e s u l t s  are summarized i n  t a b l e  7 and f i g u r e s  23 and 24. I n  a l l  
of t h e  tests, measurements of t he  a b l a t o r  s u r f a c e  s t r a i n  showed 
i n e l a s t i c  behavior  (both y i e l d i n g  and s t r a i n  r e l i e f )  due t o  TPS 
system f a i l u r e  a t  p r e s s u r e  l e v e l s  and a b l a t o r  s t r a i n  levels w e l l  
below a n t i c i p a t e d  va lues .  

B i a x i a l  f l e x u r e  load  t o  5.0 p s i  (3.5 N/cm2) du r ing  co ld  soak: 
The loading  of Panels  8,  10 ,  12 ,  1 3  and 14 dur ing  cold soak 
caused no observable  change i n  t h e  samples. A t  t h e  co ld  soak 
temperatures ,  t he  TPS panels  were s o  s t i f f  t h a t  very  l i t t l e  s t r a i n  
occurred,  even a t  t h e  peak load 5 .O p s i  (3.5 N/cm2). 
t i o n  of t h e  cen te r  of t h e  pane l  w a s  only on t h e  o rde r  of .01 i n .  
(0.025 cm). 

The de f l ec -  

Four p o i n t  f l e x u r e  of beams: The r e s u l t s  of beam t e s t i n g  are 
presented  i n  f i g u r e  25. Based on t h i s  d a t a ,  t h e  fol lowing 
observa t ions  were made: 
obviously reduces t h e  SS-41 material u l t ima te  s t r a i n  c a p a b i l i t y  
and s t i f f n e s s ;  b )  t h e  u l t i m a t e  s t r a i n  of t h e  SS-41F material i s  
w e l l  below t h e  u l t i m a t e  s t r a i n  c a p a b i l i t y  of r e g u l a r  SS-41; 
c )  t he  s t i f f n e s s  o f  t h e  SS-41F w a s  g r e a t e r  than  t h a t  of t h e  
SS-41, however; d) minor var iances  appear t o  be  t h e  r e s u l t  of 
da t a  s c a t t e r .  

a )  humidity and/or  dehydra t ion  exposure 

Conclusions.  - Based on t h e  test  r e s u l t s  of P a r t  1 of Task IVY 
t h e  fo l lowing  environments were considered too seve re  f o r  SS-41, 
a t  t h e  test l e v e l s  used: 

.Excess humidity (and subsequent forced dehydra t ion) ;  

1% u l t i m a t e  b i a x i a l  s t r a i n ;  

@Hot vacuum exposure.  

Although t h e  above are considered " c r i t i c a l "  environments f o r  
de fec t - f r ee  SS-41 material, i t  w a s  be l ieved  t h a t  f u t u r e  improve- 
ments t o  t h e  thermal  p r o t e c t i o n  system could be even tua l ly  
implemented t o  s a t i s f a c t o r i l y  accommodate the  a c t u a l  environments 
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represented by the above tests. 
the SS-41 in the humidity environment, for example, can be reduced 
by changing formulation (e,g., cork filler as in SLA-561) o r  by 
possibly using a protective coating over the ablator panel. 
1% ultimate biaxial strain may be possibly achieved by either 
formulation change (e.g., increase the adhesive strength of the 
resin by filling with reinforcing particles much smaller than the 
bulk fillers), or process change (e.g., priming the fillers). The 
300°F (422'K) temperature during the thermal vacuum exposure was 
considered unrealistically high, since it exceeded the predicted 
value of 260'F (400°K) for o s / €  = 1.0; use of thermal control 

coatings should significantly reduce the peak surface temperatures. 

The weight gain and swelling on 

The 

The investigations did verify the applicability of some degree 
of humidity, strain, hot/cold vacuum exposure, and the use of the 
four point beam flexure test as an index to strength changes. In 
addition, it was established that the SS-41 composite is a viable 
baseline for the remainder of this task and was suitable for the 
evaluation of manufacturing induced defects. A progress report 
was issued establishing the recommended approach to be used in 
the remainder of this task. 

Final Investigations 

Various manufacturing defects were exposed to a sequence of 
Space Shuttle-type environments to determine which defects later 
proved to be critical to mission performance. The applicability 
of conclusions from a study such as this is directly proportional 
to the ability to simulate the defects and environments in test 
specimens and the consistent performance of control models. Mean- 
ingful results were obtained and defects flagged despite some 
breakdown in optimum performance by the control specimens. 

Selections. - The spectrum of environments was selected on 
the basis of the results of Tasks I, I1 and 111 (Ref. 2) and 
the investigation conducted during the early part of Task IV. 
Only those pre-entry environments which were believed able to 
develop manufacturing deviations into critical defects were chosen. 

.High humidity (about a*5% weight gain); 

.Ascent transonic acoustics (162 dB); 

.Uniaxial flexure (~1/2% strain in ablator); 

@Thermal. vacuum cycling (200 to -150°F-366 to 173°K). 
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Subsequent environments imposed on most of the test specimens, 
in order to display the ultimate sensitivity of the defects, were: 

Reentry heating [ Q  = 14 000 Btu/ft2 (158.3 MJ/m2)]; 

Descent transonic acoustics (150 dB). 

Although not specifically classified as an environment, four-point 
flexural testing t o  failure was conducted on beams extraced from 
many of the panels completing the vacuum exposure in order to 
obtain strength change trezds. 

Since mechanical performance io of major consideration in 
ablative heat shield design, particularly in nonentry environments, 
the flexural modulus and ultimate strain capability are two sig- 
nificant measures of material behavior. Variances in these 
measurements are believed to be strongly indicative of the effects 
of environmental exposure (and eventually, the effects of fabrica- 
tion defects). Therefore, reliance was placed on the trends 
reported for the four-point flexure tests, 

The selection of manufacturing deviations to be investigated 
in the above sequence of environments was based on a wide variety 
of probable defects classificarions, ConsideKing our findings to 
date. Another guideline in rhe selection was the potential 
development of these variations to a critical condition d u r i n g  
pre-entry exposures. D e t a T I s  f o  the installed defects and panel 
number assignments are presented in figures 26 and 2 7 .  

Ablative Material Defects Honeycomb Core Defects 

.Delaminations; o Broken ribbons ; 

~Unbonds to honeycomb ; .Broken node bond; 

0 Density; oUndercut . 
o State of cure; 

.Filler moisture content; 

Disbond to Subpanel 

.Inhomogeneities. 
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The as-fabricated test panels are illustrated in figure 28, 
with the construction details presented in Appendices B and 6, 
The subpanels were made larger than the ablative panel to hold 
the panel during tests and to provide a vacuum seal surface. In  
both the ablative billets and the subpanels, the honeycomb ribbon 
ran in the shorter direction. There was a total of 27 panels in 
this final phase of environmental investigation. The specific 
defects named were studied with variances of each defect considered. 
Seven panels were defect-free, control panels. 

Also shown in figure 28 is the subsequent subdivision of the 
ablator billets for exposures in the later environments and beam 
flexure testing. Due to facility space limitations, the 27 
investigation panels were grouped into three waves (8 each) and 
a control, nonenvironment group. 

WAVE PANELS 

I 19 23 25 27 28 29 31 33 

I1 21 22 24 26 30 34 35 36 

111 37 38 39 40 41 42 43 44 
By-Pass 20 32 45 

Wave I11 panel environments ended after the thermal vacuum expo- 
sure. All panels in Waves I and I1 went through all the tests, 
including reentry heating, descent acoustics and four-point beam 
flexure. The by-pass panels were introduced to the environment 
sequence at the reentry heating point. 

The sequence of environmental exposures and interstitial 
quality control inspections on the waves of panels is graphically 
illustrated in figure 29, which represents a mission profile, 

Those panels in Wave 111, containing ablator honeycomb core 
defects and disbonds to the substructure, were not tested in 
four-point flexure or for descent acoustics effects on char. This 
was justified because the particular investigation objective f o r  
these panels was to determine whether or not the combination of 
these defects and environments (up to and including thermal vacuum 
exposure) would initiate or propagate a crack or a disbond in the 
total system in the unablated condition. 
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The numerous examinations d ispersed  through t h e  exposure 
sequence d isp layed  i n  f i g u r e  29 served as u s e f u l  i n d i c e s  of 
p e r i o d i c  phys i ca l  changes which could be symptomatic of d e f e c t s  
developments and/or  r e a c t i o n  t o  s p e c i f i c  environments. 

Environment Exposure Details 

Humidity. - A l l  t h r e e  waves of pane ls  were exposed t o  a 
s i n g l e  24-hr cyc le  i n  ou r  humidity chamber s i m i l a r  t o  those  
experienced i n  P a r t  1 of Task I V .  This  soaking w a s  a n t i c i p a t e d  
t o  produce an approximate weight ga in  of 5% mois ture  i n  t h e  
a b l a t o r  material. 

Ascent and descent  a c o u s t i c s .  - Acoustic v i b r a t i o n  tests w e r e  
conducted t o  s imula t e  l i f t o f f  and r e e n t r y  t r a n s o n i c  phenomena. 
It w a s  expected t h a t  dur ing  the  t r a n s o n i c  per iod  of t h e  descent ,  
the  a c o u s t i c  e f f e c t s  on t h e  char could be s i g n i f i c a n t  s i n c e  t h e  
char  w i l l  have cooled cons iderably  by t h a t  t i m e  and w i l l  be  much 
more b r i t t l e  than dur ing  t h e  hypersonic  hea t ing  phase.  The tests 
were performed us ing  a closed environment a c o u s t i c  genera tor  
(Wiley Laboratory Model WAS-3000). Spectrum c o n t r o l  w a s  achieved 
using a modulator f i l t e r i n g  system (General Radio Model 1925).  
Plywood dummy 'test pane ls  were used f o r  spectrum shaping w i t h  a 
B&K 1 /4- in .  (0.6 cm) microphone p laced  a s h o r t  d i s t a n c e  from t h e  
pane l  c e n t e r .  Test models were i n s t a l l e d  i n  r i g i d  wooden frame- 
works w i t h  t h e  subpanel  extremities framed w i t h  plywood t o  
f a c i l i t a t e  adequate clamping. The requi red  spectrum f o r  a scen t  
and descent  w a s  shown i n  f i g u r e  18. 

Un iax ia l  f l exure .  - This  tes t  w a s  designed t o  s imula te  t h e  
p o s s i b l e  d i f f e r e n c e  i n  p re s su re  between the  reg ion  under t h e  
subpanel vs t h e  approaching vacuum on t h e  a b l a t o r  s u r f a c e  dur ing  
ascent .  Uniaxia l  f l e x u r e  i n  t h e  weak d i r e c t i o n  of t h e  pane ls  
(cons tan t  moment perpendicular  t o  t h e  a b l a t o r  honeycomb r ibbons)  
w a s  imposed on a l l  t h r e e  waves over a 400-in. (10.16 m)-radius 
mandrel ca l cu la t ed  t o  produce a 1 /2% s t r a i n  i n  t h e  su r face  of 
t he  a b l a t o r .  This test w a s  e s t a b l i s h e d  as a r e s u l t  of measured 
s t r a i n  d a t a  prev ious ly  obtained i n  b i a x i a l  f l e x u r e  tests. The 
bending load  w a s  app l i ed  by a vacuum bagging technique us ing  
e lec t r ic  monitors t o  v e r i f y  con tac t s  a t  numerous p o i n t s  on t h e  
subpanel and f l o a t i n g ,  nons t r a in ing  l eng ths  of m e t a l  s t r i p s  t o  
i n d i c a t e  s u r f a c e  e longa t ion  on t h e  a b l a t o r  s u r f a c e .  
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Thermal vacuum exposure. - The purpose of the hot/cold vacuum 
These were 

cycling of all three waves was to simulate the variations in 
conditions which can occur during the orbiting stage. 
extended exposures, lasting up to two weeks, and involved pumpdown, 
a heat soak for 40 hrs at 200'F (366"K), and five drops from 
ambient temperature to -150'F (173°K) and back to ambient tempera- 
ture. The nominal vacuum level was to be 1 x torr (1.3 x loe3 
N/m2). 

A chamber-within-a-chamber arrangement was used. Two rectan- 
gular temperature control boxes each supported four of the test 
panels. These boxes were lined with heater tapes and liquid 
nitrogen piping which varied the temperature histories as required 
in accordance with panel-installed thermocouple readings. 

The boxes were centrally located in a 4-ft (1.2 m) diameter by 
8-ft (2.4m) vacuum chamber with manipulator arms and viewing ports 
(Torr Vacuum Corp.). Vacuum was achieved using diffusion pumps, 
once a mechanical roughing pump With a rotor lobe blower reached 
the 20 to 50 um range, and then maintained using an ion pump. 
Vacuum was monitored with a hot cathode ionization tube. 

Each wave of panels had 24 iron-constant thermocouples in- 
stalled at the surfaces and in,the subpanels; details of the panel 
arrangements and thermocouple locations are presented in figure 30. 

Reentry heating. - Reentry heating was simulated in the 1 mW 
Martin Marietta Plasma Arc Facility using a 10.0-in.-(25.4 cm) 
diameter nozzle with the panel positioned at a 20 deg angle to 
the test stream. The panel was rigidly attached to the model 
holder at the four attachment points. This holder was designed 
with a water-cooled leading edge machined to a 1.25-in.-(3.18 em) 
radius. The blunting of the leading edge was found to enhance 
flow uniformity and improve heating distribution, as shown in 
figure 31. This test condition was calibrated using a dummy 
metal plate installed in the specimen location and equipped with 
five small calorimeter bodies. 

The specimens consisted of just the ablator billets [ 8  by 12 by 
1 1/2-in. (20.3 x 30.5 x 3.8 cm)], resting on an aluminum support 
plate's protruding rails. . They were held in place with four 
coarse-thread screws installed from beneath and penetrating 
approximately 1 in. (2.54 cm) into the back surface of the ablator 
billet. Three chromel-alumel thermocouples were centrally located 
in each panel, with alumina tubing perpendicular to the back sur- 
face. The locations of the junctions were (nominally); outer 
surface, mid thickness and back surface. 
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The purpose of these exposures was to: display any critical 
aspects of the defects, compound any already developing distur- 
bance, evaluate defect influence on thermal response, and create 
char formation for the subsequent acoustics exposure. 

Four point flexure. - Beams made from parts of the panels in 
Waves I and I1 and three control panels (all virgin material) were 
tested in four-point flexure to determine changes in yield 
strength, ultimate strength and flexural modulus as a result of 
defects and/or the exposure environments. A sketch of the test 
beams and their dimensions was shown in figure 28. The load was 
applied at two centrally located points [2 in. (20.3 cm)] apart. 
A deflectometer was installed at the beam center, touching the 
bottom of the beam ("inner side" of the ablator) through a small, 
thin, metal pad. Data consisted of load vs deflection plots. The 
tests were conducted on a BLH PTiOO Testing Machine using a speed 
of 0.25 in./min (0.64 cm/min). 

Test data. - Data obtained from the exposure of 24 ablator 
panels (plus 3 by-pass panels), subsequently subdivided into 19 
plasma arc/acoustic specimens and 133 flexural beams, are pre- 
sented. This section summarizes the primary results while 
referring to the inner-sequence non-destructive examinations 
presented later. Discussions of the ramifications of the defect 
environment performance patterns emerging in the following sum- 
maries of test data and specimen appearance are covered at the 
end of this section. 

Pretest appearance: The honeycomb subpanels were checked for 
flatness prior to ablator bonding while the ablator billets them- 
selves were machined in a flat condition. Following the bonding 
of these two components at 200'F (366"K), the completed assembly 
took a slight curvature at room temperature due to differential 
thermal contraction in the materials involved. This appearance 
was not of sufficient magnitude to cause concern, however, since 
h in figure 32 was approximated at 0.025-in. (0.064 cm) . Ablator 

surface hardness, which had an average value of 85.6 on the Shore D 
scale, is discussed later. 

A 

Humidity exposure: The investigation panels picked up an 

Correspondingly, a curvature opposite of that 
average of 7.53% moisture in a 24-hr humidity chamber exposure 
(see table 8). 
described above occurred due to material swelling, with an 
average resulting h of .087 in. (0.22 cm) in figure 32. Hardness 

values dropped to an average of 67.9 due to this environment. 
S 
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A typical trace of relative humidity and chamber temperature vs 
time for a single 24-hour humidity exposure is presented in figure 
33. These results differ from those presented in figures 16 and 
17 because of a difference in venting procedure on the down side 
of the cycle and because the percentages reported in figure 21 
included the weight of those subpanels [approximately 2.61 lb 
(1.18 kg)]. 

Ascent acoustics: Twenty-four test panels experienced an 
ascent acoustic environment typified by the spectrum presented 
in figure 34. The minimum overall dB range was 161.5 (Panel 24) 
and the maximum (Panel 37), 164.0, with an average of 162.9 dB 
(see table 8). No discernible damage was noted, even after an 
ultrasonic inspection of the bond system. Little change in panel 
curvatures was noted. , 

Uniaxial flexure: The initial investigations of this test 
were conducted with a 200-in. (5.08 m)-radius mandrel. Control 
Panels 31 and 44 were flexed in the longitudinal direction 
(perpenaicular to ribbon direction) over this original mandrel, 
producing approximately 1% strain on the surface of the ablator 
in both experiments. A crack appeared in the ribbon direction 
for Panel 44 while none was observed in Panel 31. Since this 
pointed out the marginal aspect of this composite in the neigh- 
borhood of 1% strain, the mandrel was changed to a radius of 
400 in. (10.16 m) in anticipation of 0.5% ablator surface strains. 

All three waves of test panels were flexed over the 400-in. 
(10.16 m) radius mandrel in an attempt to produce 0.5% strain 
in the outer face of the ablator. The previous exposure in the 
humidity chamber, however, had already put a curvatlire into the 
composite assemblies due to ablator swelling from moisture 
absorption. 
prior to flexing was identified as a moisture-induced swelling, 
the new strain measured during the uniaxial flexure represented 
just the incremental amount needed to achieve the planned 0.5% 
value (see table 8). This was further demonstrated by flexing 
a panel which had not been humidified (Panel 32). Measurements 
indicated 0.6% surface strain in uniaxial bending over the 400-in. 
(10.16 m)-radius mandrel. 

Since the strain in existence on the ablator surface 

The Wave I11 panels, following the vacuum chamber exposure 
(discussed later), were flexed again over the 400-in. (10.16 m) 
mandrel previously used for newly-made panels. The difference 
this time was that the ablator material was "dry", as compared 
with the former condition (humidity affected) of these and other 
panels. 
table 8. No failures were noted. 

A comparison of the measured strains is also presented in 
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Thermal vacuum cycl ing:  The i n v e s t i g a t i o n  pane l s  w e r e  exposed 
t o  hot  and cold cyc l ing  i n  t h e  Mart in  Marietta thermal  vacuum 
chamber i n  t h e  t h r e e  waves previous ly  d iscussed .  Resu l t s  of t hese  
exposures ,  inc luding  t h e  s p e c i f i c  d e t a i l s  of t h e  temperature  
cyc l ing ,  t y p i c a l  temperature  h i s t o r i e s ,  t y p i c a l  temperature  
extremes a t  each thermocouple l o c a t i o n ,  and a vacuum h i s t o r y  are 
presented i n  f i g u r e s  35 t o  41 ,  and tahle 9, 

Wave I experienced d i f f i c u l t i e s  a t  one end of t h e  thermal 
c o n t r o l  boxes due t o  i n s u f f i c i e n t  cooldown and heatup p ip ing  and 
t apes ,  r e s p e c t i v e l y .  Although t h i s  produced severe, unplanned-for, 
thermal g r a d i e n t s  a long  t h e  l eng ths  of Panels  2 ,  3 ,  2 7 ,  29 and 33,  
no a s p e c t s  of damage, cracking,  delaminat ion,  e tc .  w e r e  noted i n  
post-exposure examinations.  

Wave 11, i n  redesigned boxes, experienced much more uni formi ty  
i n  t h e  temperature  d i s t r i b u t i o n s ,  a l though t h e  s i n g l e  ho t  c y c l e  
w a s  somewhat i n  excess  of t h e  d e s i r e d  l e v e l .  

Wave 111 w a s  a l s o  t e s t e d  i n  uniform environment cyc le s .  
Severa l  areas of t he  temperature  c o n t r o l  boxes tended t o  overshoot 
during t h e  cryogenic  cooldown cyc le s ,  wi th  no apparent  damage t o  
t h e  specimens. The vacuum chamber p re s su re  h i s t o r y  f o r  t h e  Wave 
I11 exposure presented i n  f i g u r e  41  i s  t y p i c a l  of t h a t  experienced 
i n  t h e  o t h e r  two waves. 

P o s t - t e s t  examinations ind ica t ed  cons iderable  weight l o s s e s  
due t o  t h e  vacuum (dens i ty  below t h e  a s - f ab r i ca t ed  v a l u e s ) ,  concave 
cu rva tu re  on t h e  a b l a t o r  su r face  (with one excep t ion ) ,  t he  h ighes t  
average l e v e l  of a b l a t o r  hardness  (88.1) ,  and a minimum amount of 
s u r f a c e  d i s c o l o r a t i o n  (pos t  cu r ing ) .  N o  a b l a t o r  disbonding from 
the  subpanel  w a s  noted.  An upward bowing [h 0.05 i n .  (0.13 cm)] 

w a s  noted i n  a l l  pane ls  except  f o r  Panel  30, which w a s  e s s e n t i a l l y  
f l a t  a t  t h e  end of i t s  vacuum exposure.  

A 

T e s t  pane l  disassembly: A l l  27 test  panels  had t h e i r  a b l a t o r  
b i l l e t s  removed wi th  a band saw c u t  i n  t h e  a b l a t o r  material ,  j u s t  
above t h e  bondl ine.  The immediate observa t ion  i n  each case w a s  
t h a t  t h e  two separa ted  components sprang back t o  an e s s e n t i a l l y  
zero cu rva tu re .  This  f u r t h e r  s u b s t a n t i a t e d  t h e  previous b e l i e f  
t h a t  a stress p a t t e r n  wi th  corresponding panel  cu rva tu re  had been 
e s t a b l i s h e d  during t h e  cooldown from t h e  o r i g i n a l  bonding process .  
Only one separa ted  b i l l e t  p resented  an unusual appearance,  Panel  
30. The a b l a t i v e  f i l l e r  columns i n  each honeycomb c e l l  were 
completely separa ted  from t h e  c e l l  w a l l s  and could be  manually 
moved w i t h  ease i n  t h e  Z d i r e c t i o n .  
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Following the final X-ray, the billets for Waves I and I1 and 
the three by-pass control panels were subdivided into specimens 
for plasma arc exposure and beam flexure testing. 

Entry heating exposure: The condition established for the 
wedge-type exposure of the 12 x 8 x 1.5 in. (20.3 x 30.5 x 3.8 cm) 
specimens in the Martin Marietta 1mW Plasma Arc Facility were as 
follows (center of panel conditions): 

= 13 Btu/ft2-sec (0.147 MW/m2) qcw 

H = 8545 Btu/lb (19.86 MJ/kg) 
s (avd 
Rectangular heat pulse 

1100 second duration 

= 14 300 Btu/ft2 (162.6 MJ/m2) Qcw 

Wedge angle = 20" 

Mass flow = 0.05 lb/sec (0.023 kg/sec) 

= 15 torr (2000 N/m2) ps 
a3 test panels per facility light-off. 

A summary of the results is presented in table 10. The average 
surface temperature for all exposures was 1640'F (1713OK) while 
the back surfaces achieved a mean value of 250°F (394°K). The 
condition appeared ideal in that a copius amount of char was 
developed (of interest in the subsequent test) while the backface 
of the billets was essentially unpyrolyzed. 

The test time on two of the specimens was foreshortened. 
Panel 26 had been in the environment 712 sec when a flame-out 
of the facility occurred. In consideration of the cooldown 
experienced during the repair of the facility, it was not con- 
sidered advisable to reheat this specimen. A representative 
amount of char had been established in the exposure to a Q of 
9250 Btu/ft2 (105 MJ/m2). 
lifted a fraction of an inch above the water-cooled copper leading 
edge at 900 seconds, completely voiding the surface heating rate 
distribution, as evidenced by the sudden loss of its high tem- 
perature glow. Similarly, the Q of 11 950 Btu/ft2 (135.8 MJ/m2) 
was sufficient . 

Panel 30, with its loose core fill, 
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Most pane l  s u r f a c e s  appeared hardened i n t o  a t i g h t l y - k n i t  
cap s k i n  c h a r a c t e r i s t i c  of t h i s  t ype  of a b l a t o r .  I n  a d d i t i o n  
t o  numerous c e l l - f i l l  d isplacements  i n  Panel  30, t h e  most 
s p e c t a c u l a r  s u r f a c e  f a i l u r e s  occurred i n  Panels  35 and 36. Here, 
l a r g e  p i e c e s  [ l o  sq. i n .  
0.2 i n ,  cO.25 t o  0.50 c m >  thick]  buckled off  t h e  main body of t h e  
a b l a t o r .  Typica l  photographs of tes t  specimens are shown i n  
f i g u r e s  42 and 43, 

(64.5)] of t h e  ou te r  s u r f a c e  [0 .1  t o  

P l o t s  of t h e  maximum thermocouple readings  through t h e  th ick-  
They appear ness  of t h e  pane l  c e n t e r  are presented  i n  f i g u r e  44. 

t o  f a l l  i n t o  t h e  two groups ind ica t ed .  

Entry t r anson ic  a c o u s t i c s :  Immediately a f t e r  t h e  e n t r y  h e a t i n g  
exposure,  t h e  same i n v e s t i g a t i o n  pane l s  were arranged i n  p a i r s  on 
t h e i r  r e g u l a r  honeycomb subpanels ,  bonding c a r e f u l l y  wi th  a s l i g h t  
vacuum. The panels  were bu t t ed  s i d e  by s i d e  w i t h  a wooden form 
around t h e  e n t i r e  pe r iphe ry  t o  s imula t e  a cont inuous TPS appl ica-  
t i o n ,  A t y p i c a l  record ing  of t h e  descent  a c o u s t i c  spectrum 
imposed on t h e  tes t  assemblies  is  shown i n  f i g u r e  45, whi le  t a b l e  
11 summarizes the  tests and t h e i r  r e s u l t s .  F igures  46 and 47 
i l l u s t r a t e  t h e  range of su r face  r e a c t i o n s  achieved.  

About 1 / 3  of t h e  pane l s  went through t h e  exposures  wi thout  
s i g n i f i c a n t  c e l l - f i l l  l o s s e s .  The most c r i t i c a l  r e a c t i o n  w a s  
encountered i n  Panel  21. The average c e l l  l o s s  f o r  t h e  pane l s  
i n  t h e  right-hand group of f i g u r e  44 w a s  about 1 1 / 2  cel ls  p e r  
panel  wh i l e  those i n  i t s  l e f t  group averaged about  10 .  Those 
panels  a l r eady  damaged i n  t h e  e n t r y  h e a t i n g  exposure (Panels  30, 
35 and 36) l o s t  cons iderable  c e l l s  and apparent ly  d e t e r i o r a t e d  
t h e i r  s u r f a c e  t o  a g r e a t e r  degree.  

Four-point beam f l e x u r e :  Summaries of t h e  test  r e s u l t s  and 
da ta  r educ t ion  on beams i n  four  p o i n t  f l e x u r e  are presented  i n  
t a b l e s  1 2  t o  15.  One e r r o r  i n  specimen f a b r i c a t i o n  (Panel 30) 
l e f t  u s  wi thout  proper  
B beams. Ex t rapo la t ion  w a s  appl ied  based on t h e  t r e n d s  i n  t h e  
va lues  on t h e  o the r  beams of Panel  30, however. I n  a d d i t i o n ,  a l l  
beams f o r  Panels  20, 32 and 45 were f a b r i c a t e d  1 1 / 4  i n .  (3.18 cm)- 
t h i c k  and t e s t e d  t o  f a i l u r e  p r i o r  t o  t h e  p l an  of u s ing  two h e i g h t s  
of beams I) 

and E beams and e s s e n t i a l l y  e x t r a  A and 
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Two beam h e i g h t s  were used i n  t h e  major p o r t i o n  of t h i s  t a s k  
because a r e c e n t  s tudy  (see Appendix D )  found t h a t  a low shea r  
modulus c o n t r i b u t e s  s i g n i f i c a n t l y  t o  t h e  f l e x u r a l  deformation of 
materials such  as t h i s  a b l a t o r .  Ca lcu la t ion  procedures  are 
presented  i n  Appendix D. A comparison of t h e  s m a l l  i n c r e a s e  i n  
modulus (E) i s  apparent  i n  examining tah1.e 1 4  a g a i n s t  t a b l e  15. 

Observat ions and Inspec t ion  Summary 

Materials assurance .  - A l l  material used i n  tes t  sample pre- 
p a r a t i o n  w a s  X-radiographed and t h e  hardness  v e r i f i e d  t o  a s s u r e  
uni formi ty  of test  samples. 

Panel  eva lua t ion .  - The environmental  exposure pane l s  were 
cha rac t e r i zed  i n  t h e  p r e t e s t  cond i t ion  and incrementa l ly  a f t e r  
each exposure sequence t o  provide bench marks f o r  (1) monitor ing 
t h e  i n f l u e n c e  of environment on nondes t ruc t ive  eva lua t ion  methods, 
and (2) fo r*moni to r ing  programmed d e f e c t s  f o r  growth induced by 
environmental  exposure.  A l l  pane ls  w e r e  v i s u a l l y  in spec ted ,  
X-rayed, s o n i c a l l y  in spec ted  and measured f o r  hardness .  No 
changes w e r e  noted dur ing  any exposure c y c l e  by X-ray o r  s o n i c  
techniques.  
exposure as shown i n  t a b l e  16.  

The hardness  v a r i e d  cons iderably  w i t h  environmental  

P o s t - t e s t  examinations.  I- - Charred specimens w e r e  examined by 
making c ross - sec t ion  c u t s  down the  c e n t e r l i n e  of t h e  a b l a t o r  
b i l l e t s  which had experienced the  descent  a c o u s t i c s  exposure i n  
t h e  cha r red  s ta te .  Typ ica l  photographs of s i x  of t h e s e  views 
are shown i n  f i g u r e s  48 and 4 9 .  I n  each  of t he  samples examined, 
t h e  c e l l s  i n  t h e  immediate v i c i n i t y  of t h e  c e n t e r l i n e  diamond 
s a w  c u t  were c a r e f u l l y  removed i n  o r d e r  t o  c u l l  ou t  any crack  
p a t t e r n s  i n  t h e  char  which may have been in t roduced  by t h e  sawing. 

Table  17  and the  photographs i n d i c a t e  t h a t  g r e a t e r  a b l a t o r  
p y r o l y s i s  p e n e t r a t i o n  occurred i n  t h e  forward h a l f  of t h e  models 
due t o  t h e  h igh  l e v e l  of h e a t  i n  t h e  d i s t r i b u t i o n  shown i n  
f i g u r e  31. The char  dep th  va lues  r epor t ed  are measurements 
extending from t h e  o r i g i n a l  s u r f a c e  t o  t h e  approximate p lane  
w i t h i n  t h e  a b l a t o r  r e p r e s e n t i n g  f u l l  o r  nea r  f u l l y  developed 
char .  One t h i r d  of t h e  models had a l a r g e  void zone i n  each 
c e l l  i n  t h e  cha r  j u s t  below t h e  ce l l ' s  hardened o u t e r  cap. 
t u n a t e l y ,  pane l s  con ta i a ing  these  were s t anda rd ,  non-defect 
models. 

Unfor- 
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The d i s t r i b u t i o n  of h o r i z o n t a l  f i s s u r e s  (o the r  than t h e  outer-  
most) i n d i c a t e s  an even balance between those c l a s s i f i e d  "few" and 
"many". Control  specimens fa red  w e l l  i n  t h i s  r e s p e c t  (except 
Panel  4 5 )  along w i t h  Panels  25, 26, 3 0 ,  3 3 ,  35 and 3 6 .  A g r e a t e r  
number of  c racks  p e r  ce l l  occurred i n  t h e  areas of deeper a b l a t i o n  
pene t r a t ion .  I n  a l l  t h e  specimens, t h e  honeycomb node bondings 
opened up i n  t h e  char  reg ions .  Char f i s s u r e s  such as these  are 
t y p i c a l  i n  s i l i c o n e  a b l a t o r s  and usua l ly  occur during the  cooldown 
p o r t i o n  of a heated exposure due t o  char  shr inkage,  r eac t ed  by 
s i n t e r e d  attachment of t h e  m a t e r i a l  t o  the c e l l  w a l l s .  I n  many of 
our c ros s - sec t ions ,  continuous l i n e s  can be seen  from c e l l  t o  ce l l .  

The v a r i a t i o n s  i n  a b l a t o r  d e n s i t y  noted from t i m e  of f ab r i ca -  
t i o n  t o  t h e  t i m e  of s e p a r a t i o n  from t h e  subpanel ,  before  e n t r y  
hea t ing  are shown i n  t a b l e  18. I n t e r i m  d e n s i t i e s  are noted f o r  
the  pe r iod  a f t e r  a humidity exposure and the  t i m e  immediately 
fol lowing a hot  vacuum/cold vacuum sequence and were es t imated  
based on an  assumption t h a t  t he  subpanel  p a r t  of t h e  pane l  
assemblies  experienced no changes. 

Task I V  eva lua t ion .  - Several  d e f e c t s  have proven t o  be  c r i t i -  
c a l  when exposed t o  environments o t h e r  than  r e e n t r y .  The f i r s t  
o b j e c t i v e  of t h i s  eva lua t ion  was t o  e s t a b l i s h  a norm f o r  defec t -  
f r e e  cons t ruc t ion .  Although the  c o n t r o l  specimens d id  not  perform 
i n  a t o t a l l y  c o n s i s t e n t  o r  p e r f e c t  manner, they s t i l l  r ep resen t  
the  norm a g a i n s t  which t h e  e f f e c t s  of i n t e n t i o n a l  d e f e c t s  on 
performance must be assayed.  

The second o b j e c t i v e  w a s  t o  compare the  r e a c t i o n s  of t h e  
a l t e r e d  material a g a i n s t  an e s t a b l i s h e d  set of c r i te r ia ,  v i o l a t i o n  
of which would be considered c r i t i c a l .  

Cont ro l  material  s tandards :  What are t h e  c h a r a c t e r i s t i c s  of 
t he  c o n t r o l  material i n  t h e  sequence of environments? Reca l l ing  
the  observa t ions  r epor t ed ,  t h e  b a s e l i n e  performed as fo l lows ,  
us ing  average va lues  i n  most i n s t ances .  

The c o n t r o l  pane l s  gained about 7 . 2 %  mois ture  (by weight)  i n  
the  humidity environment. Although u n i a x i a l  f l e x u r e  s t r a i n  d a t a  
i n  t h e  humidified s ta te  proved inconclus ive ,  similar da t a  i n  t h e  
a s - f ab r i ca t ed  and post-vacuum states ind ica t ed  marginal  e longat ion  
c a p a b i l i t y  of t he  a b l a t o r  i n  the  1% region  and no f a i l u r e  a t  t h e  
0.60% s t r a i n  l e v e l .  Phys ica l  appearance a f t e r  t h e  ascent  
a c o u s t i c s  and thermal  vacuum cycl ing  w e r e  good, w i th  i n t a c t  
bonding t o  t h e  subpanel.  
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The backface temperature  i n  t h e  e n t r y  hea t ing  p u l s e  peaked a t  
315°F (430°K) [260"F t o  400°F (400 t o  477°K) range] wh i l e  t he  sur -  
f a c e  experienced 1585°F (1136°K) [1515"F t o  1665°F (1097 t o  
1180"K)I. A l l  s u r f a c e s  emerged wi th  f i rm,  hardened ce l l  caps.  

Descent a c o u s t i c s  s p a l l e d  an average of s i x  cel ls  p e r  c o n t r o l  
panel  (0 t o  14 ,  range) wi th  two pane l s  developing f r a g i l e  caps 
and three panels  r e t a i n i n g  a f i rm s u r f a c e .  Subsequent s ec t ion ing  
revealed a predominance of cells  wi th  a s i n g l e ,  l a r g e  void j u s t  
beneath t h e  o u t e r  caps and a r e l a t i v e l y  low number of i n t e r n a l  
char  c racks ,  (except ion:  Panel 45).  The average char  t h i ckness  
formed by c o n t r o l  models w a s  0.75 i n .  (1 .91 cm) ( o v e r a l l )  f o r  
those f u l l y  exposed and 0.78 i n .  (1.98 cm)  f o r  t h e  bypass group. 

Four p o i n t  f l e x u r a l  summaries f o r  t h e  c o n t r o l  material are 
presented  i n  t a b l e  19. It would appear t h a t  t h e  exposure t o  t h e  
sequence of environments has  had l i t t l e  e f f e c t  on t h e  average 
s t r e n g t h  va lue  of the  a b l a t o r  when comparing c o n t r o l  specimens 
wi th  and wi thou t  environment h i s t o r i e s  i n  t h e  v i r g i n  state.  

Evalua t ion  c r i t e r i a :  Evaluat ion of t h e  b a s i c  material 
behavior ,  as w e l l  as t h e  de te rmina t ion  of t h e  c r i t i c a l i t y  of a 
given combination of d e f e c t  and environment,  requi red  a d e f i n i t e  
design and performancs c r i t e r i a .  For t h i s  t a s k ,  t h e  des ign  and 
performance c r i t e r i a  were based on r e f e r e n c e  4 and a review of 
Space S h u t t l e  proposal  e f f o r t s .  I n  t h e  assessment of t h e  reac-  
t i o n s  of s e l e c t e d  manufacturing d e f e c t s  r e l a t i v e  t o  nonentry 
environments,  c e r t a i n  o t h e r  c r i t e r i a  became apparent .  

S i g n i f i c a n t  amounts of t h e  fol lowing occurrences have been 
e s t a b l i s h e d  as being c r i t i c a l  t o  o r b i t e r  performance: 

Pre- entry 

Decreased a b l a t o r  s t r e n g t h s ;  

Inc rease  i n  e l a s t i c  modulus and r educ t ion  i n  u l t i m a t e  s t r a i n  
c a p a b i l i t y ;  

Loss of a b l a t i v e  material; 

I n i t i a t i o n  of a b l a t o r  c r acks ;  

F i l l  s e p a r a t i o n  from c e l l  w a l l s ;  

Abla tor  b i l l e t  delaminat ion;  

Material shr inkage.  

39 



E n t q  

Excessive backface temperature; 

Loss of ablative material - outer face, char, other; 

Surface roughening; 

New, large internal voids; 

Internal char cracks; 

Loose cell surfaces; 

Pyrolysis penetration. 

Critical. aspects of tested panels: The final analyses of the 
clues uncovered throughout and following the test sequence require 
careful comparisons against the standard panels. The environment 
at which the intended defect developed to a stage of possible 
criticality, and whether or not the prelaunch condition of these 
defective panels would have displayed the same deviations without 
the full environmental history, was not determined in this program, 

Response to environments 

High humidity - No violations of the criteria were apparent 
after this exposure. Reduced hardness values could be indica- 
tive of weakened ablator fill. 

Ascent acoustics - No degradation occurred. 

Uniaxial flexure - Testing in a wet state unfortunately was 
inconclusive with respect to defect panels. Panels investi- 
gating primary bond and honeycomb breaks (with no history of 
humidity exposure) strained successfully to 0.33%. 

Thermal vacuum cycling - Although very few developing defects 
appeared in this test sequence, it is believed that this total 
environment history had a significant influence on events 
which followed. The environment thoroughly separated the 
ablator fill from its honeycomb in Panel 30, thereby pointing 
out the criticality of the B-staging heat level for the core 
wet-coating operation. In addition, Panel 2 3 ,  representing 
low density deviations, displayed some shrunken core fill. 
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Since t h i s  was t h e  end of t h e  i n v e s t i g a t i o n s  concerning 
a b l a t o r  t o  subpanel  disbonds,  broken honeycomb r ibbons ,  and 
broken honeycomb node j o i n t s ,  i t  i s  surmised t h a t ,  w i t h i n  t h e  
magnitude of t hese  d e f e c t s  s imula ted ,  no c r i t i c a l i t y  w a s  
ev iden t .  

Reentry h e a t i n g  - Undercut co re  e r r o r s  proved h e r e  t o  b e  
s i g n i f i c a n t ,  as p rev ious ly  descr ibed ,  w i t h  cons ide rab le  
l o s s e s  of  o u t e r  material (Panels 35 and 36) .  Also,  t h e  
ques t ionab le  cond i t ion  of Panel  30 d e t e r i o r a t e d  f u r t h e r  i n  
t h i s  exposure,  w i th  cons ide rab le  unevenness developing on 
t h e  s u r f a c e .  

P l o t t i n g  of t h e  thermocouple reading  (max) vs  p o s i t i o n  i n  t h e  
a b l a t o r  t h i ckness  c r e a t e d  two groupings of d a t a ,  as summarized 
i n  f i g u r e  4 4 .  The right-hand group (Panels  19 ,  22, 23,  28, 
29, 33 and 4 5 )  is  of cons iderable  i n t e r e s t  s i n c e  5 of t h e  
pane ls  were i n  Wave I ,  4 of t h e s e  f i l l e d  Box 1 of t h e  vacuum 
chamber dur ing  t h e  Wave I exposure,  and t h e  only  pane l  of 
Wave I1 t o  f a l l  i n t o  t h e  right-hand group w a s  Pane l  22 
( i n v e s t i g a t i o n  d e f e c t  = overcure) .  Reca l l ing  t h e  thermal 
c o n t r o l  d i f f i c u l t i e s  encountered dur ing  t h e  Wave I thermal 
vacuum exposure ( see  t a b l e  9), i t  is surmised t h a t  any degree 
of e l e v a t e d  temperature  f o r  a pe r iod  of t i m e  i s  equ iva len t  
t o  pos t -cur ing ,  and can l ead  t o  h ighe r  peak i n t e r i o r  a b l a t o r  
temperatures  during e n t r y  hea t ing .  

Descent a c o u s t i c s  - This  tes t ,  fo l lowing  t h e  r e e n t r y  hea t ing  
pu l se ,  e f f e c t e d  s e v e r a l  s i g n i f i c a n t  changes i n  t h e  s a m p l e s .  
Once a g a i n ,  obse rva t ions  had t o  b e  r e s t r i c t e d  t o  e x t e r n a l  
examinat ions whereby t h e  material l o s s e s ,  s u r f a c e  roughening 
and s t a b i l i t y  of t h e  o u t e r  l a y e r  of cha r  were assayed.  

Except iona l ly  f r a g i l e  a t tachment  of o u t e r  char  caps  p o i n t  
t o  t h e  d e f e c t s  of undercure (Panel 21) ,  w e t  b a s i c  material 
(Panel 26) and long B-staging of w e t  c o a t .  However, even 
two of t h e  c o n t r o l  p a n e l s  a l s o  d isp layed  t h i s  phenomena. 

Adverse s u r f a c e  roughening w a s  predominant only i n  t h e  d e f e c t  
p rev ious ly  discovered--the cond i t ion  d e t e r i o r a t e d  f a r t h e r  i n  
the  a c o u s t i c s  environment. S i g n i f i c a n t  c e l l  s p a l l a t i o n s  
occurred f o r  t h e  undercured,  ho t  B-staged and undercut  core  
specimens. It perhaps was a matter of t i m e  b e f o r e  Panels  26 
and 29 would have j o i n e d  t h i s  group. The worse i n n e r  c e l l  
char  l o s s e s  were observed on t h e  undercured and undercut  
core  pane l s .  

41 



Sectional specimen examination - A negative statement could 
be made for every panel with respect to some aspect of the 
cross-section examinations--either more char formation than 
the standard's average, a large void just below the outer 
material cap, uneven outer surface, or more than the usual 
number of cracks dispersed through the section. The panels 
which were judged to be in a critical condition, relative to 
the appearance of the standard material sections, were Panels 
21, 22, 23, 29 and 30, due mainly to a significant number of 
internal char cracks and/or considerable pyrolysis penetration. 

Four-point flexure deductions - The virgin material of Panels 
21, 2 4 ,  25, 26, 29, 33 and 34 displayed increases in elastic 
moduli in either the weak, strong, or both directions (see 
figure 50). This property deviation highlights the following 
defects: 

High density w/ s 

Wet basic ingredients w/ s 
Long B-staging of core wet coat W /  s 

Horizontal cracks in the ablator fill w/ s 

Yield strength data indicates that the following panels 
suffered declines: 21, 23, 27 and 30 (all in the weak 
direction) as indicated in figure 51. These represented: 

Undercure; 

Low density; 

Undermixed ; 

Hot B-staging of core wet coat. 

Ultimate strengths, as compared in figure 52, show 
degradations i n  Panels 21, 23, 30 and 35, indicative of: 

Undercure; 

Low density; 

Hot B-staging; 

Undercut core. 
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Primary indications of possible criticality focus therefore 
.on: 

Undercured ablator; 

Off-density composites; 

Undermixing; 

Undercut core; 

Improper B-staging of the core wet coat; 

Horizontal cracks in the ablator; 

Wet basic ingredients. 

These apparently will have an effect on any flexural strength 
requirements up to the time of entry. 

Designation of cr i t i ca l  defects 

Table 20 summarizes all the adverse comments made with respect 
to the intentional defect, the symtoms noted, and the 
environment(s) at which they were noted. If one were to be 
guided by the trends noted in the four point flexure tests, 
every defect could be suspect when compared to the standard 
results. The nature of this type of testing, however, would 
require many more samples than were used in this study, and we 
must consider other parameters. 

The defects which must be avoided therefore center on ablator 
undercuring and overcuring, ablator low density, improper 
B-staging of the honeycomb core's wet coat, and undercut core 
topped off with ablator material to achieve a desired height 
of ablator. These defects have, in this study, displayed 
combinations of excessive backface temperature, internal char 
fracturing, surface deterioration, and material losses. The 
critical period begins at entry and continues to the safe 
return of the vehicle. 
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ADVANCED INSPECTION METHODS (TASK V) 

Production of ablative heat shield panels involves not only 
the establishment of fabrication technology to formulate materials 
and assemble panels but also the development of controls and in- 
spection methods to assure production uniformity and resultant 
performance reliability. Elastomeric ablator materials present 
a unique challenge to inspection technology because they can be 
fabricated with a wide variation in physical properties using 
the same basic formulations and fabrication processes. Physical 
property variations, in turn, can significantly affect the per- 
formance of the ablator in a flight environment and its response 
to nondestructive evaluation methods. 

Engineering specifications for ablator materials must define 
required physical properties and tolerances on each property 
and/or fabrication parameter in accordance with end item per- 
formance requirements. In short, critical defects criteria 
(property and/or process variation) must be identified to permit 
detection with a demonstrated confidence level while avoiding 
control and inspection of nsnrelevaat parameters. Identificarioa 
of critical defects and c r i t i c a l  inspection parameters is accoIil- 
plished by a concurrent iteration process  during the materials 
development program. 

General elastomeric ablator material anomalies have been 
established in previous work. Likewise, a general understanding 
of inspection approaches and the reaction of nondestructive 
evaluation methods to material anomalies has been established. 
The major objectives of the Task V program were to investigate 
advanced methods for inspecting and characterizing ablative heat 
shields and to develop improved methods for locating and identi- 
fying defects. Major efforts have been directed toward: 

Reducing costs of inspection while maintaining maximum 
inspection confidence. 

Verifying critical processing parameter conformance while 
minimizing in-process inspection. 

Our approach has been directed primarily toward nondestructive 
evaluation techniques. 
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Discussion of t h e  Problem and Approach 

Previous  work has shown t h a t  e l a s tomer i c  a b l a t o r s  are "for- 
giving" materials whose performance is  unaf fec ted  by r e l a t i v e l y  
l a r g e  changes i n  phys i ca l  p r o p e r t i e s ,  
are l i m i t e d  t o :  

S p e c i f i c  areas of concern 

Bond s t r e n g t h  of t h e  a b l a t o r  t o  suppor t  subpanel ;  

Bond s t r e n g t h  of a b l a t o r  t o  honeycomb core ;  

Disbonds, c racks  and delaminat ions;  and, 

Inhomogeneities i n  t h e  a b l a t o r .  

Change of t h e  a b l a t o r  mixture  from MG-36 material t o  SS-41 mate- 
r i a l  r equ i r ed  some b a s i c  c h a r a c t e r i z a t i o n  t o  determine response 
t o  nondes t ruc t ive  e v a l u a t i o n  methods. Change from t h e  s i n g l e  
f aceshee t  t o  t h e  honeycomb pane l  s u b s t r a t e  a l s o  r e s u l t e d  i n  addi-  
t i o n a l  c h a r a c t e r i z a t i o n .  Basic  concern areas d i d  n o t  change. 
The o v e r a l l  eva lua t ion  approach i s  shown i n  t a b l e  21. 

Specimen Fabr i ca t ion  

NDT s t anda rd  dens i ty / th i ckness  v a r i a t i o n  panels .  - Specimens 
f o r  comparison and e v a l u a t i o n  of nondes t ruc t ive  i n s p e c t i o n  
techniques  w e r e  f a b r i c a t e d  e a r l y  i n  the program such t h a t  t h e  
same specimen could be  used f o r  e v a l u a t i o n  of v a r i o u s  techniques.  
Twenty-four d e n s i t y / t h i c k n e s s  v a r i a t i o n  samples w e r e  f a b r i c a t e d  
w i t h  d e n s i t y  v a r i a t i o n s  from 1 5  t o  17.5 l b / f t 3  (240 t o  280 kg/m3) 
and th i cknesses  from 11'2 t o  2 i n .  (1.3 t o  5.1 cm). S p e c i f i c  
d e s c r i p t i o n  is  shown i n  t a b l e  22. 

NDT s t anda rd  unbond r e f e r e n c e  pane l s .  - Four s t anda rd  unbond 
r e f e r e n c e  pane l s  were f a b r i c a t e d  w i t h  i n t e n t i o n a l  unbonds, These 
were: 

High p r e s s u r e  cu re  unbond panel ;  

Nominal p re s su re  c u r e  unbond panel ;  

Low p r e s s u r e  cu re  unbond panel;  

D e s t r u c t i v e  unbond panel .  
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Each of t h e  t h r e e  pressure-cure v a r i a t i o n  panels  w e r e  f a b r i c a t e d  
wi th  i n t e n t i o n a l  unbonds between t h e  subs t ruc tu re  f aceshee t  and 
the  a b l a t i v e  honeycomb s t r u c t u r e  i n  s i z e  ranges from 1/4-in.  
(0.64 cm)  diameter t o  2-1/2-in. (6.4 cm) diameter  as shown i n  
f i g u r e  53. The unbonds w e r e  c r ea t ed  by p l ac ing  a d i s c  of pre- 
cured adhes ive  a t  t h e  i n t e r f a c e  t o  maintain a c o u s t i c  p r o p e r t i e s  
i n  t h e  unbond area i n  a cond i t ion  r e p r e s e n t a t i v e  of an  i n i t i a l  
l a c k  of bond o r  a secondary unbond. F igure  54 is  a p lan  view 
of t h e  d e s t r u c t i v e  unbond panel .  These unbonds w e r e  made by 
i n s e r t i n g  a s p a t u l a  a t  t h e  des i r ed  i n t e r f a c e  t o  s imula t e  a 
secondary unbond cond i t ion  of t h e  type  c rea t ed  by handl ing and/ 
o r  secondary environmental  exposure cond i t ions .  

Unbonds were loca ted  as descr ibed  i n  f i g u r e s  54 and 55 as 
fo l lows  : 

Unbond "A" - Bond Material and Facesheet'  #2 i n t e r f a c e ;  

Unbond "B" - Facesheet  #l and Adhesive Film i n t e r f a c e ;  

Unbond "C" - Facesheet  #2 and Adhesive Film i n t e r f a c e ;  

Defect  "D" - Core #1 crushed and removed. 

X-Radiographic Evaluat ion 

X-radiographic eva lua t ion  is a n  e f f e c t i v e  t o o l  f o r  monitor 
of c r a c k s ,  vo ids ,  d e n s i t y  v a r i a t i o n s  and mixture  v a r i a t i o n s  i n  
e l a s tomer i c  a b l a t o r s .  U s e  of x-radiographic techniques i n  pro- 
duc t ion  is  l imi t ed  p r imar i ly  by i n s p e c t i o n  c o s t s .  Emphasis of 
t h e  x-radiographic  eva lua t ion  t a s k  w a s  t h e r e f o r e  d i r e c t e d  toward. 
automated in spec t ion  a t  maximum s e n s i t i v i t y .  I n i t i a l  work w a s  
d i r e c t e d  a t  rad iometr ic  a t t e n u a t i o n  methods f o r  i n d i r e c t  d e t e r -  
minat ion of a b l a t o r  dens i ty .  

X-ray enerpy abso rp t ion .  - X-ray and gamma r a y  gaging is 
used r o u t i n e l y  i n  indus t ry  t o  monitor t h e  th i ckness  of materials. 
Such gaging i s  based on t h e  p r i n c i p l e  t h a t  a material w i l l  
a t t e n u a t e  t r ansmi t t ed  r a d i a t i o n  according t o  t h e  r e l a t i o n s h i p :  

- V X  
1 = 1  e 

0 

where: I is  t h e  i n t e n s i t y  of t r ansmi t t ed  r a d i a t i o n ;  I 0 i s  t h e  
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i n t e n s i t y  of i n c i d e n t  r a d i a t i o n ;  1.1 is t h e  l i n e a r  a t t e n u a t i o n  
c o e f f i c i e n t ;  x i s  t h e  material th ickness .  

and : 
1-1 = -  P 

where : i s  t h e  mass a t t e n u a t i o n  c o e f f i c i e n t ;  and p is  t h e  

d e n s i t y .  

I f  t h e  material d e n s i t y  i s  held cons t an t  , v0 and 1-1 are con- 

s t a n t  a t  a cons tan t  energy va lue  and t h e  th i ckness  x may be  de- 
termined i n d i r e c t l y  by determining t h e  energy absorbed,  i .e. ,  

Conversely,  i f  t h e  t h i c k n e s s  x i s  he ld  c o n s t a n t ,  t hen  

- -  PO 
1.I = - -  

P 

(e) 
X 

An experimental  s e t u p  ( f i g s .  56 and 57) was assembled t o  
measure x-ray abso rp t ion  c h a r a c t e r i s t i c s  of SS-41 a b l a t o r  pane l s  
a t  v a r i o u s  d e n s i t i e s .  S ince  t h e  SS-41 a b l a t o r  i s  a mixture  of 
s e v e r a l  materials, t h e  equ iva len t  amounts of each component of 
t h e  mixture  w e r e  a l s o  cha rac t e r i zed  t o  e v a l u a t e  t h e  e f f e c t  of 
s l i g h t  v a r i a t i o n  i n  mixture  on t h e  measured dens i ty .  Measure- 
ments were made us ing  a Baltograph 5/50 kV, 20 mA, 1 mm B e  
window x-ray source  f o r  t h e  0 t o  50 kV energy range  and a Norelco 
Model MG50, double  focus  tube ,  3 mm B e  window x-ray source  f o r  
t h e  50 t o  75 kV energy range.  A "Radocon" Model 575 w i t h  a Model 
612 p r o p o r t i o n a l  counter  probe (Victoreen Ins t ruments )  w a s  used 
as a d e t e c t o r .  A l l  exposures  were made a t  5 mA and a t  a 30 sec 
(equi l ibr ium f l u x )  count ing  cyc le .  An 18.0 i n .  (45.6 cm) source  
t o  d e t e c t o r  d i s t a n c e  w a s  used f o r  a l l  measurements. The s e t u p  
and x-ray energy output  were monitored be fo re  and a f t e r  each 
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experimental  run. 
t i o n s  w e r e  made f o r  a l l  runs .  
shown i n  f i g u r e  58.  
run  t o  e s t a b l i s h  energy abso rp t ion  v e r s u s  d e n s i t y  and th i ckness .  
Relative abso rp t ion  of t h e  1/2-in.  ( 1 . 3  cm)-thick specimens i s  
shown i n  f i g u r e  5 9 .  This  f i g u r e  i l l u s t r a t e s  t h e  i n c r e a s e  i n  
energy a t t e n u a t i o n  w i t h  inc reas ing  d e n s i t y .  It a l s o  shows t h a t  
t h e  material is  f r e e  from c h a r a c t e r i s t i c  abso rp t ion  peaks over  
t he  energy range monitored. A t  t h e  low energy end of t h e  spec- 
trum, characterist ic abso rp t ion  peaks may not  be  ind ica t ed  by 
t h i s  work due t o  t h e  low i n c i d e n t  f l u x  and measured t r ansmi t t ed  
f l u x .  The upper p o r t i o n  of t h e  spectrum is ,  however, of primary 
i n t e r e s t  due t o  t h e  f i l m  image s e n s i t i v i t y  r e a l i z e d  a t  65 t o  
75 kV exposures.  

Temperature and barometr ic  p r e s s u r e  correc-  
A t y p i c a l  energy output  run  i s  

The 24 S e r i e s  A r e fe rence  specimens w e r e  

Components of t h e  S S - 4 1  mixture  were run  i n  concen t r a t ions  
equal  t o  t h a t  r equ i r ed  t o  formula te  a 2-in. (5 .1  cm) t h i c k  pane l .  
These runs  were repea ted  a t  t w i c e  and t h r e e  t i m e s  t h e  b a s i c  
mixture  concen t r a t ions  t o  e v a l u a t e  t h e  e f f e c t  of mixture  v a r i -  
a t i o n  on absorp t ion .  F igu re  60 shows t h e  re la t ive  abso rp t ion  
of mix tu re  components. The g l a s s  microspheres  and r e s i n  are 
t h e  most a t t e n u a t i v e  of t h e  components and cause  t h e  g r e a t e s t  
change i n  a t t e n u a t i o n  w i t h  s l i g h t  v a r i a t i o n s  i n  concen t r a t ion .  
A 10% (by weight)  change i n  t h e  g l a s s  microsphere con ten t  could 
r e s u l t  i n  a 2 . 5  l b / f t 3  (40  kg/m3) e r r o r  i n  r ad iomet r i c  d e n s i t y  
measurement on a panel .  Since a 10% change i n  t h e  mixture  would 
be cons iderably  beyond normal mix t o l e r a n c e s ,  r ad iomet r i c  gaging 
may b e  considered as a v i a b l e  nondes t ruc t ive  material  d e n s i t y  
eva lua t ion  technique when used i n  combination w i t h  process  c o n t r o l .  

Ca lcu la t ion  of l i n e a r  and mass a t t e n u a t i o n  c o e f f i c i e n t s  f o r  
pane ls  of i nc reas ing  th i ckness  shows a cons ide rab le  v a r i a t i o n  
from a c t u a l  va lues .  A t  65 kV, a b s o r p t i o n  c o e f f i c i e n t s  v a r i e d  
from 1.1 = 1 . 4 4  & 1.1, = 5.61 f o r  0.5-in.  ( 1 . 3  cm) t h i c k  panels ,  t o  

1-1 = 1 .77  & po = 3.06 f o r  two-in. ( 5 . 1  cm)-thick pane l s  a t  a 

nominal 16.0 l b / cu  f t  (256 kg/n3) d e n s i t y .  
c lass ical  abso rp t ion  c a l c u l a t i o n s  have been de r ived  f o r  incom- 
p r e s s i b l e  materials. Elastomeric  a b l a t o r  mixtures  are compres- 
s i b l e  and a t t e n u a t e  x-ray energy p r i m a r i l y  by i n t e r n a l  scatter.  
Classical c a l c u l a t i o n s  do not  c l o s e l y  apply.  Experimental  gen- 
e r a t i o n  of abso rp t ion  ve r sus  d e n s i t y  d a t a  must b e  determined f o r  
each product ion  th i ckness .  

(See t a b l e  2 3 . )  The 
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The conclus ions  and recommendations are as fo l lows:  

X-radiometric (or  gamma) gaging is  f e a s i b l e  f o r  automatic  
monitor ing of SS-41 pane l  d e n s i t y ;  

For a product ion  ope ra t ion ,  a n  i n c r e a s e  i n  count ing  t i m e  
would be  recommended t o  improve measurement p r e c i s i o n ;  

Process  c o n t r o l  of ablative mix tu re  and panel  t h i ckness  
measurement must be performed t o  minimize e r r o r s  i n  t h e  x-ray 
readout .  

A schematic  concept  f o r  a n  automatic  pane l  gaging s e t u p  is shown 
i n  f i g u r e  61. 

X-ray e v a l u a t i o n  f o r  soundness.  - Demonstration of t h e  a b i l -  
i t y  of x-radiography t o  a s c e r t a i n  a b l a t o r  pane l  soundness w a s  
accomplished by f a b r i c a t i o n  and u s e  of a b l a t o r  s t e p  wedges and 
penetrameters  f o r  monitor ing x-ray s e n s i t i v i t y .  The s t e p  wedge 
w a s  machined from a b i l l e t  of 15  l b / f t 3  (240 kg/m3) material and 
w a s  s tepped  i n  1/8-in.  (0.32 em) increments  from two-in.-thick- 
ness  down t o  a 1/2- in . - thickness  ( f i g .  62) .  The s t e p  wedge w a s  
X-rayed a long  w i t h  t h e  pane l  t o  provide  a n  i n t e r n a l  r e f e r e n c e  f o r  
comparison of v a r i a t i o n s  w i t h i n  t h e  pane l  and f o r  monitor ing of 
the c o n t r a s t  s e n s i t i v i t y  of t h e  f i n i s h e d  rad iograph .  

The o v e r a l l  r ad iog raph ic  r e s o l u t i o n  w a s  monitored by means 
of a penetrameter .  
15 l b / f t 3  (240 kg/m3) SS-41 material t o  a f i n a l  t h i c k n e s s  of 
0.040-in. (0.102 cm) [ f o r  use  on a 2-in. (5.1 cm) mater ia l ] .  
Three h o l e s  were then  d r i l l e d  i n  t h e  material having d iameters  
equal  t o  1%, 2% and 4% of t h e  pane l  t h i ckness  ( r e f .  6) .  F igu re  63  
i l l u s t r a t e s  a SS-41 penetrameter  f o r  u s e  w i t h  2- in . - thick panels .  
The penet rameter  w a s  mounted i n  a convent iona l  35 mm photographic  
s l i d e  frame t o  improve handl ing  c h a r a c t e r i s t i c s .  A penetrameter  
w a s  radiographed w i t h  each  pane l  t o  provide  an  i n t e r n a l  measure 
of t h e  r ad iog raph ic  s e n s i t i v i t y .  V i s i b i l i t y  of t h e  penetrameter  
corresponds r e s p e c t i v e l y  t o  1%, 2% and 4% s e n s i t i v i t y .  

A penetrameter  w a s  machined from a b i l l e t  of 

The s t e p  wedge and penetrameter  w e r e  used t o  e s t a b l i s h  a n  
optimum X-ray technique  f o r  eva lua t ion  of a l l  program pane l s .  

In-motion radiography.  - One of t h e  major problems i n  X-raying 
any honeycomb bear ing  material is t h e  p a r a l l a x  e f f e c t .  P a r a l l a x  
is t h e  r e s u l t  of us ing  a p o i n t  x-ray source  which produces a 
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con ica l  beam of energy. A s  t h e  beam spreads,  it does not  pene- 
trate a long  t h e  a x i s  of t h e  honeycomb cel l ,  t hus  t h e  r e s u l t a n t  
x-ray image of a honeycomb c e l l  is  ou t  of r e g i s t r a t i o n  from top  
t o  bottom (see f i g .  64 and 65). A s  t h e  th ickness  of t h e  honey- 
comb i n c r e a s e s ,  t h e  p a r a l l a x  probelm becomes more severe. In- 
motion rad iographic  techniques  have been used s u c c e s s f u l l y  t o  
minimize t h e  p a r a l l a x  i n  examining s t r u c t u r a l  honeycomb materials 
and should be a p p l i c a b l e  t o  a b l a t i v e  pane ls .  The in-motion 
technique involves  u s e  of a co l l ima t ing  s l i t  l i m i t i n g  t h e  x-ray 
beam t o  t h e  cen te r  p a r a l l e l  rays .  The p a r t  and f i l m  are then  
moved smoothly and uniformly through t h e  co l l imated  beam t o  expose 
t h e  f i l m  ( f i g .  66) .  By varying t h e  s l i t  width and t h e  t ravel  
speed, t h e  p a r a l l a x  and exposure may b e  con t ro l l ed .  The p a t h  
of p a r t  t r a v e l  may a l s o  be va r i ed  t o  accommodate exposure of 
curved p a r t s  w i t h  minimum p a r a l l a x .  

Abla tor  panels  were taken t o  the Lockheed Georgia Company, 
Charleston,  South Caro l ina ,  f o r  eva lua t ion  on a product ion in- 
motion rad iographic  system. This  system is a n  i n t e g r a l  p a r t  of 
Lockheed’s r o u t i n e  x-radiographic  examination of honeycomb panels .  
The equipment i s  descr ibed  as fol lows:  

Dana Overhead Suspension System Model ELD; 

150/300 Constant P o t e n t i a l  x-ray Unit  w i t h  150 kV, bery l l ium 
window double focus  0.7 mm and 1.5 mm tube  head, motor 
d r i v e n  s h u t  ter-diaphragm; 
Machlet t  Image I n t e n s i f i e r  w i t h  adapter  f o r  c losed  c i r c u i t  

Plumbicon” TV System; 1’ 

Closed c i r c u i t  Plubmicon TV System; 

Video Tape Recorder. 

F u r t h e r  reduct ion  of i n spec t ion  c o s t  may be  r e a l i z e d  by 
j u d i c i o u s  s e l e c t i o n  of t h e  x-ray image record ing  medium. Data 
is r e a d i l y  a v a i l a b l e  f o r  c o s t  a n a l y s i s  of record ing  materials. 
The r e l a t i v e  r e s u l t s  f o r  x-radiography were eva lua ted  f o r :  

1) X-ray f i l m  - Kodak Type M y  which is compet i t ive ly  p r i ced  
w i t h  o the r  i n d u s t r i a l  x-ray f i lms  of equiva len t  s ens i -  
t i v i  t y . 

2) X-ray s e n s i t i v e  paper - Kodak Indus t rex ,  which i s  compet- 
i t i v e l y  p r i c e d  w i t h  i n d u s t r i a l  x-ray f i l m ,  bu t  enables  
r a p i d ,  low c o s t  development. 
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3) L igh t  s e n s i t i v e  r eco rd ing  paper  - Vis ico rde r ,  Type 2202 
which i s  low i n  c o s t  and r e q u i r e s  only u l t r a v i o l e t  l i g h t  
development as desc r ibed  by Holloway, e t  a1 ( re f  7 ) -  

4) Po la ro id  Type 52 - Photographic f i l m  which enables  r a p i d  
development. 

5)  Direct f l u o r o s c o p i c / t e l e v i s i o n  readout  which enables  
f i l m l e s s  readout  of t h e  x-ray image (see f i g s .  67 and 68) .  

In-motion rad iographs  w e r e  made on t h e  twenty-four (24) 
d e n s i t y  r e f e r e n c e  panels  and on two pane l s  (2x9x12-in.) ( 5 . 1 ~ 2 2 . 8 ~  
30.4 cm) having a r a d i u s  of cu rva tu re  of 15 i n .  (38 cm) and 25 i n .  
(64 cm). Parameters f o r  exposure us ing  Kodak Type M f i l m ,  Polar -  
o id  Type 52 f i l m  and Kodak Indus t rex  paper  are shown i n  t a b l e  24. 
The 2-in. (5.1 cm) 2T penetrameter  could be  reso lved  w i t h  t h e  
Kodak Type M f i lm ,  b u t  could  not  be r e so lved  by e i t h e r  t h e  Polar -  
oid f i l m  o r  t h e  Indus t r ex  paper .  
t i v i e s  are 10% f o r  Po la ro id  f i l m  and 30% f o r  t h e  Indus t r ex  paper .  
Figures  69, 70 and 7 1  show comparison of p r e s e n t a t i o n  w i t h  x-ray 
record ing  media. 
paper becuase extreme exposure t i m e s  would be r equ i r ed .  

Extimated penetrameter  s ens i -  

No r e s u l t s  w e r e  ob ta ined  wi th  t h e  Vi s i co rde r  

The d i r e c t  f l u o r o s c o p i c / t e l e v i s i o n  readout  provides  a con- 
venien t  technique  f o r  e v a l u a t i o n  of g r o s s  d e f e c t s  w i t h  a n  esti- 
mated s e n s i t i v i t y  of 30 t o  40%. Such g ross  e v a l u a t i o n  might be  
provided r a p i d l y  and economically and may m e e t  r equ i r ed  d e f e c t  
s e n s i t i v i t y  criteria. I f  t h e  image can be obta ined  i n  a tele- 
v i s i o n  format ,  automatic  readout  f o r  v o i d s  and g r o s s  d e n s i t y  
v a r i a t i o n s  could be r e a d i l y  e f f e c t e d .  The t e l e v i s i o n  image 
could be  f e d  t o  an  image quan t i ze r  f o r  a n a l y s i s  of d e n s i t y  
v a r i a t i o n s .  A g a t e  could b e  set i n  t h e  quan t i ze r  u n i t  t o  t r i g -  
ge r  an  alarm when out  of t o l e r a n c e  c o n d i t i o n s  are sensed.  S ince  
t h e  pane l  is  in-motion du r ing  x-ray eva lua t ion ,  a complete read- 
ou t  could b e  obtained wi thout  a d d i t i o n a l  panel  manipulat ion.  A 
t y p i c a l  p r e s e n t a t i o n  from a dens i tometer  readout  i s  shown i n  
f i g u r e  72. 

Video image process ing .  - X-radiographs of t h e  24 th i ckness /  
dens i ty  r e f e r e n c e  panels  were processed w i t h  a v ideo  system 
which enab le s  a n a l y s i s  of v i r y i n g  image d e n s i t i e s  i n  t h e  radio-  
graph and r e d i s p l a y  of t h e  image i n  a f a l s e  co lo r  i s o d e n s i t y  
format.  For  t h e  r e f e r e n c e  panels ,  t h e  v ideo  c o n t r o l s  w e r e  set 
us ing  the low d e n s i t y  and h igh  d e n s i t y  pane ls  as t h e  image den- 
s i t y  extremes.  Var i a t ions  w i t h i n  t h e  midrange d e n s i t i e s  were 
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then enhanced and r ed i sp layed  i n  c o l o r .  Pane ls  1 through 6 re- 
s u l t e d  i n  a n  o p t i c a l  (y) d e n s i t y  r ange  from 1.75 t o  1-96y;  pane ls  
7 through 12  had d e n s i t i e s  from 2.0 t o  2,5y; pane l s  1 3  through 
18 had d e n s i t i e s  from 2.3 t o  2 . 8 ~ ;  and 19  through 24 had d e n s i t i e s  
from 2 .6  t o  3 .2 .  Panel  2 w a s  s e l e c t e d  f o r  f u r t h e r  a n a l y s i s .  

The t o t a l  o p t i c a l  d e n s i t y  range  f o r  t h e  p a n e l  2 rad iograph  
was 1 - 7 8  t o  2,2y o r  a 0.42 t o t a l  v a r i a t i o n .  The corresponding 
video densi tometer  readout  range w a s  800 t o  1900 m i l l i v o l t s  o r  
a t o t a l  v a r i a t i o n  of 1100 mV. 
a t  110 mV corresponding t o  an  o p t i c a l  d e n s i t y  s e n s i t i v i t y  of 
0 . 0 4 ~ -  F igure  73 i s  a whi t e  l i g h t  photograph of t h e  Panel  2 
X-radiograph as normally viewed. F igu re  74 is a v ideo  presen- 
t a t i o n  of t h e  Panel  2 rad iograph  i l l u s t r a t i n g  t h e  c o n t r a s t  en- 
hancement obtained by going i n t o  t h e  v ideo  format .  S p e c i f i c  
po in t s  on t h e  image can  be  measured by t h e  v ideo  dens i tometer  
by manipulat ion of t h e  densi tometer  g a t e  as i n d i c a t e d  by t h e  

A 10% "gate" v a l u e  w a s  e s t a b l i s h e d  

cross -ha i r"  p r e s e n t a t i o n  as shown i n  f i g u r e  75. 8 t  

Using t h e  "cross-hair"  (poin t )  dens i tometer  s e l e c t o r ,  a n  
area on t h e  Panel  2 rad iograph  w a s  s e l e c t e d  f o r  f u r t h e r  c o n t r a s t  
enhancement i n  t h e  f a l s e  co lo r  readout  mode ( f i g .  76).  F i g u r e  
77 i l l u s t r a t e s  t h e  d e t a i l e d  v a r i a t i o n s  o b t a i n a b l e  by o p e r a t i o n  
i n  t h e  f a l s e  co lo r  mode. S l i g h t  v a r i a t i o n s  i n  d e n s i t y  are of 
l i t t l e  consequence i n  a b l a t o r  performance and thus  p re sen t  a 
noise"  problem f o r  automatic  image a n a l y s i s .  The same area 

was then  evaluated by a d e r i v a t i v e  mode enhancement which norm- 
a l i z e s  s l i g h t  d e n s i t y  v a r i a t i o n s  and a m p l i f i e s  t h e  edges of  
areas where a g r e a t e r  d e n s i t y  change i s  viewed. 
trates image a n a l y s i s  i n  t h e  d e r i v a t i v e  enhancement mode. 

e l  

Figure  78 i l l u s -  

S i g n i f i c a n t  r e s u l t s  of t h e  v ideo  image process ing  a n a l y s i s  are: 

A c o n t r a s t  enhancement can be  r e a l i z e d  by simply going i n t o  
t h e  v ideo  format.  A similar enhancement would b e  expected 
from a d i r e c t  x-ray t e l e v i s i o n  inpu t  t o  t h e  v ideo  a n a l y s i s  
system thereby making it p o s s i b l e  t o  improve t h e  o v e r a l l  
s e n s i t i v i t y  from t h e  30% v a l u e  obta ined  i n  t h e  Lockheed 
in-motion radiography work us ing  d i r e c t  t e l e v i s i o n  r eadou t .  

The d e r i v a t i v e  enhancement mode o f f e r s  a p o t e n t i a l  f o r  "noise" 
f i l t e r i n g  of s l i g h t  d e n s i t y  changes thereby  improving t h e  
c a p a b i l i t y  f o r  automatic  g a t i n g  and r eadou t ,  

The image magn i f i ca t ion  and p o i n t  dens i tometer  c a p a b i l i t i e s  
o f f e r  a convenient  "on l i n e "  engineer ing  a n a l y s i s  t o o l  fo r  
s p e c i f i c  pane l  eva lua t ion .  
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I n  s h o r t ,  au tomat ic  readout  of x-radiographs of a b l a t o r  mate- 
r i a l  is  f e a s i b l e ,  u s ing  t h e  v ideo  p rocess ing  technique .  

Inden ta t ion  Hardness Evaluat ion 

I n  p rev ious  work w i t h  MG-36 a b l a t o r  hardness  ( t a b l e  25) w a s  
shown t o  b e  sensitive t o  d e n s i t y  v a r i a t i o n s ,  contaminat ion,  in- 
c o r r e c t  c a t a l y s t  con ten t ,  c u r e  t i m e  and temperature  and t o  mois- 
t u r e  con ten t .  I n  s h o r t ,  Shore A: Durometer hardness  w a s  demon- 
s t r a t e d  t o  b e  a s i g n i f i c a n t  process  v e r i f i c a t i o n  t o o l  which is 
s e n s i t i v e  t o  several p rocess  parameters .  A l i m i t a t i o n  of t h e  
Shore A method is  t h e  g r o s s  p e n e t r a t i o n  i n t o  t h e  pane l  s u r f a c e .  
A Shore D durometer w a s  t h e r e f o r e  modif ied t o  reduce  t h e  inden- 
t a t i o n  i n t o  t h e  panel  s u r f a c e  and thereby  more d i r e c t l y  measure 
elastic material response.  
t h e  i n d e n t e r  f o o t  t o  a f l a t  d i s k  c o n f i g u r a t i o n  having a diameter  
of 0.12 i n .  (.29 cm) as shown i n  f i g u r e  79 and weakening t h e  
inden te r  l o a d  sp r ing .  The r e s u l t a n t  range  w a s  s e l e c t e d  such 
that a nominal c u r e  S S - 4 1  pane l  would have a hardness  reading  
of approximately 80.0 u n i t s .  
hardness  measurements w e r e  made on t h e  S e r i e s  A - Density/Thick- 
ness  r e f e r e n c e  panels  w i t h  r e s u l t s  as shown i n  t a b l e  22. From 
t h i s  d a t a  t h e  e f f e c t  of d e n s i t y  and th i ckness  on i n d e n t a t i o n  
hardness  are r e a d i l y  appa ren t .  Also noted is t h e  g r e a t e r  con- 
s i s t e n c y  of d a t a  w i t h  t h e  Shore D: 
e f f e c t  of p a n e l  t h i ckness  on t h e  v a l u e  obta ined .  
f o r e  conclude t h a t  mod i f i ca t ion  of a s tandard  hardness  u n i t  t o  
match material p r o p e r t i e s  can  be of s i g n i f i c a n t  v a l u e  i n  pane l  
acceptance.  The hardness  measurement can  be automated t o  e f f e c t  
pane l  acceptance  a minimum c o s t .  

The mod i f i ca t ion  involved changing 

Both Shore A and Shore D: modified 

modified u n i t  and t h e  g r e a t e r  
W e  may there-  

Panel  F lexure  

Presence  and i n t e g r i t y  of t h e  a b l a t o r  t o  honeycomb bond i s  
a concern parameter.  Our approach w a s  t o  proof load  t h e  pane l  
t o  a nominal s t r a i n  v a l u e  t o  demonstrate  bond i n t e g r i t y .  Sev- 
eral pane l  loading  concepts  were cons idered  inc lud ing  a t h r e e  
po in t  f l e x u r e  loading,  wrapping t h e  pane l  around a mandrel w i t h  
t h e  a i d  of  a series of r o l l e r s  t o  minimize po in t  l oad ing ,  and 
vacuum bag loading  over  a curved mandrel.  
c e p t  was t e s t e d  t o  de te rmine  a p p l i c a b i l i t y  and s e n s i t i v i t y .  

The vacuum bag con- 
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Sec t ions  of two pane l s  which had no honeycomb t o  a b l a t o r  w e t  
coat  were vacuum bag stress over a 400-in. (1010 cm)-radius 
mandrel a t  9 i n .  (228 mm) mercury vacuum (see f i g .  80). This  
method p u t s  a c a l c u l a t e d  s t r a i n  of 1/2% a t  t h e  honeycomb/ablator 
i n t e r f a c e .  No evidence of a b l a t o r  t o  honeycomb c o r e  s e p a r a t i o n  
could be  v i s u a l l y  observed. The f l e x u r e  technique i s  t h e r e f o r e  
not  considered t o  b e  a v i a b l e  acceptance t o o l .  Process  c o n t r o l  
appears  t o  be the  b e s t  approach a t  t h i s  t i m e  f o r  assurance  of 
ablator/honeycomb bond i n t e g r i t y .  

Summary of Panel  Acceptance 

Using t h e  b a s i c  techniques desc r ibed ,  an  automated a b l a t o r  
panel  acceptance c y c l e  i s  both f e a s i b l e  and p r a c t i c a l  on a 
product ion  b a s i s .  A t y p i c a l  acceptance cyc le  might include:  

Process  c o n t r o l  of mixture ,  honeycomb p r e p a r a t i o n ,  honeycomb 
packing , etc. 0 

0 Programmed panel  machining and th ickness  v e r i f i c a t i o n .  

0 Automatic hardness  t e s t i n g  f o r  c u r e  and d e n s i t y  conformance. 

0 Automatic x-radiometr ic  gaging f o r  d e n s i t y  conformance. 

.Automatic x-ray eva lua t ion  and readout  f o r  pane l  soundness. 

Sonic /Ul t rasonic  Evaluat ion 

A f t e r  a b l a t o r  pane l  acceptance i s  complete, t h e  next  major 
i n s p e c t i o n  cons ide ra t ion  is  i n  v e r i f y i n g  t h e  presence  and 
s t r e n g t h  of t h e  ablator- to-subpanel  bond. 
techniques  have been used s u c c e s s f u l l y  f o r  bond acceptance i n  
c r i t i c a l  hardware and w a s  a l o g i c a l  choice  f o r  a b l a t o r  t o  sub- 
pane l  eva lua t ion .  
used as models f o r  technique eva lua t ion .  Two ins t ruments  were 
eva lua ted  f o r  use  i n  unbond d e t e c t i o n ,  i .e.: 

Son ic /u l t r a son ic  

The Series B-unbond r e fe rence  panels  w e r e  

1) Sonic Resonator,  Model 101C, North American. 

2 )  Sondica tor ,  Automation I n d u s t r i e s .  
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I n i t i a l  work w a s  d i r e c t e d  t o  d e t e c t i o n  of unbonds from the 
a b l a t o r  s i d e ,  
similar unbonds i n  a similar s t r u c t u r e  w i t h  a th inne r  a b l a t o r  
and w a s  t h e r e f o r e  considered t o  be a v i a b l e  choice.  N o  d e t e c t i o n  
s e n s i t i v i t y  w a s  r e a l i z e d  on i n i t i a l  eva lua t ion .  A vacuum cup 
t ransducer  coupl ing  dev ice  w a s  eva lua ted  i n  a n  a t t empt  t o  improve 
t h e  t r ansduce r  coupling. The r e s u l t s  w e r e  aga in  n e g a t i v e  and 
t h i s  technique  w a s  d i sca rded .  

The s o n i c  r e sona to r  had been capable  of d e t e c t i n g  

Evalua t ion  from the subpanel  s i d e  w a s  made w i t h  the sonic  
r e sona to r  u s ing  no a c o u s t i c  couplant .  Only a weak response  from 
t h e  l a r g e r  unbonds w a s  ob ta ined .  When g l y c e r i n e  w a s  added as a n  
a c o u s t i c  coup lan t ,  t h e  s e n s i t i v i t y  w a s  g r e a t l y  improved and a l l  
unbonds and crushed c o r e  w e r e  de t ec t ed  i n  t h e  NDT Des t ruc t ive  
unbond panel .  One-in.-diameter and l a r g e r  unbonds w e r e  de t ec t ed  
i n  t h e  NDT Standard unbond panels  w i t h  t h e  except ion  of t h e  one- 
i n .  diameter  unbond i n  t h e  h igh  p res su re  pane l .  It w a s  a l s o  
noted t h a t  t h e  one-in. d iameter  unbond i n  t h e  low p r e s s u r e  pane l  
gave a s t r o n g e r  response than  it  d id  i n  t h e  nominal p r e s s u r e  
pane l .  A d e s t r u c t i v e  check w a s  unable  t o  determine conc lus ive ly  
i f  t h e  bond material had a c t u a l l y  adhered t o  t h e  precured ad- 
hes ive  o r  i f  t h e  degrea of t i g h t n e s s  was  r e s p o n s i b l e  f o r  the 
change i n  responses .  

The sond ica to r  w a s  t hen  eva lua ted  on t h e  four  unbond panels .  
Resu l t s  when inspec ted  from t h e  f aceshee t  s i d e  ( t h e  only  s i d e  
p o s s i b l e )  were p o s i t i v e  f o r  a l l  unbonds and crushed c o r e  i n  t h e  
d e s t r u c t i v e  unbond pane l  b u t  were nega t ive  f o r  t h e  t h r e e  p re s su re  
pane ls .  The roughness of t h e  pane l  s u r f a c e s  i s  thought  t o  be 
t h e  major problem. It should be noted t h a t  no coupl ing  is  used 
f o r  t h i s  technique .  

A t  t h i s  p o i n t  i n  t h e  program, d e t e c t i o n  of bond presence  d i d  
not  appear t o  b e  a g r e a t  probelm when t h e  son ic  r e s o n a t o r  w a s  
used w i t h i n  t h e  l i m i t s  of t h e  d e t e c t i o n  s e n s i t i v i t i e s  noted.  
Later e v a l u a t i o n  of i ts  u s e  on t h e  Task I V  pane ls  i n d i c a t e d  t h a t  
more development and e v a l u a t i o n  might b e  i n  o rde r .  Although t h e  
technique w a s  s u c c e s s f u l  i n  monitor ing t h e  Task I V  p a n e l s ,  accept-  
ance t o l e r a n c e s  were such  t h a t  t h e  e v a l u a t i o n  w a s  somewhat sub- 
j ect i v e  . 

V a r i a t i o n  i n  ins t rument  response are be l ieved  t o  be  due t o  
t h e  n a t u r e  of and t h e  a b s o r p t i o n  of t h e  bonding adhes ive  i n t o  
t h e  a b l a t o r  pane l  (see f i g .  3)  and t o  th i ckness  v a r i a t i o n s  i n  
t h e  bond. I n  s h o r t ,  t h e  technique appears  t o  be  a p p l i c a b l e  but  
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ex tens ive  c h a r a c t e r i z a t i o n  t o  s p e c i f i c  pane l  bonding materials 
and parameters  would be  r equ i r ed  be fo re  product ion  a p p l i c a t i o n  
could b e  considered.  

Ho log  r aphy 

Holographic in t e r f e romet ry  has  shown promise f o r  d e t e c t i o n  
of unbonds i n  e l a s tomer i c  a b l a t o r s  as demonstrated i n  prev ious  
MMA work w i t h  SLA-561. 
exposure hologram t aken  on a 1- in .  (2.54 cm)-thick p i e c e  of 
SLA-561 bonded t o  a n  aluminum a l l o y  f aceshee t  w i t h  an  i n t e n t i o n a l  
unbond loca ted  i n  t h e  c e n t e r  of t h e  panel .  The exposure w a s  made 
by vacuum s t r e s s i n g  t h e  panel  a t  a 2-in. (51 mm) mercury p r e s s u r e  
d i f f e r e n t i a l .  The o v e r a l l  unbond i s  ind ica t ed  by t h e  concentra-  
t i o n  of f r i n g e s  w i t h i n  t h e  honeycomb co re  p a t t e r n  ma t r ix .  The 
vacuum stress holographic  technique depends on expansion of 
entrapped gases  a t  t h e  unbond i n t e r f a c e  t o  i n i t i a t e  a l o c a l  
change i n  s u r f a c e  contour .  The technique  is  used r o u t i n e l y  by 
G.C.  Optronics ,  IRC. (Plymouth, Michigan) f o r  e v a l u a t i o n  of 
t i res .  

F igure  81 i s  a photograph of a double  

Two of t h e  Series B unbond r e f e r e n c e  panels  (h igh  p r e s s u r e  
and low p res su re )  w e r e  subjec ted  t o  holographic  eva lua t ion  by. 
t h e  vacuum stress technique.  Increments of P = 2 i n .  (51 mm) 
Hg, 4 i n .  (102 mm) Hg and 8 in .  (203 mm) Hg were app l i ed  between 
exposures.  No i n d i c a t i o n s  of t h e  programmed unbonds were de tec t ed  
on any of t h e  four  p a n e l  s u r f a c e s .  A r e p r e s e n t a t i v e  photograph 
showing t h e  honeycomb p a t t e r n  obta ined  is  shown i n  f i g u r e  82. 
I n s e n s i t i v i t y  of t h e  technique  on S S - 4 1  material  is  a t t r i b u t e d  
t o  i ts  g r e a t e r  s t i f f n e s s  and p o r o s i t y .  The holographic  technique  
is  not  recommended f o r  f u r t h e r  eva lua t ion .  

Vacuum Cup Resonance 

A vacuum cup resonance technique  w a s  eva lua ted  f o r  s ens i -  
t i v i t y  to panel  unbonds. The NDT Standard unbond panels  w e r e  
a c o u s t i c a l l y  coupled t o  a v a r i a b l e  frequency shaker  t a b l e  and 
v i b r a t e d  a t  nominal pane l  resonance f r equenc ie s .  An acce lero-  
meter w a s  used t o  e v a l u a t e  l o c a l  s u r f a c e  response  i n  known 
bonded areas and i n  known unbond areas. Unbond areas could be 
de t ec t ed  b u t  d i f f i c u l t i e s  i n  reproducing r e s u l t s  w e r e  experienced.  
Reproduc ib i l i t y  problems are a t t r i b u t e d  t o  t h e  ref inement  of t h e  
tes t  method. The technique  shows promise bu t  r e s u l t s  of t h i s  
quick look  eva lua t ion  are inconclus ive .  
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Vacuum Cup - Proof Loading 

Evalua t ion  of bond s t r e n g t h  of the a b l a t o r  t o  t h e  subpanel  
w a s  made us ing  a vacuum-cup-proof loading  technique ,  ( f i g .  8 3 ) .  
This  involved coupl ing t h e  loading  head of  a s t anda rd  t e n s i l e  
test machine t o  t h e  a b l a t o r  s i d e  of a n  unbond r e f e r e n c e  pane l  
by means of a vacuum cup and loading  t h e  a b l a t o r  i n  t e n s i o n  [at 
a cons t an t  0.02 in./min (0.05 cm/min) r a t e ]  t o  a predetermined 
proof load  l e v e l .  The l o c a l  d e f l e c t i o n  of t h e  a b l a t o r  w a s  
measured by a n  extensometer incorpora ted  i n t o  load  t r a i n .  Values 
obta ined  f o r  the NDT Standard Unbond pane l s  are shown i n  f i g s .  
8 4 ,  85, and 86. The l a r g e  scat ter  i n  d a t a  is a t t r i b u t e d  t o  l o c a l  
e las t ic  v a r i a t i o n s  a t  t h e  vacuum cup /ab la to r  s u r f a c e .  Fu r the r  
c o n s i d e r a t i o n  of t h e  technique  should be  g iven  when unbond ac- 
ceptance cri teria are  e s t a b l i s h e d .  

Conclusions and Recommendations (Task V) 

Prev ious  a p p l i c a t i o n  of e l a s tomer i c  a b l a t o r  materials have 
been l i m i t e d  t o  low p roduc t ion  rates. Advanced i n s p e c t i o n  
methods f o r  space  s h u t t l e  a b l a t o r s  have been addressed i n  terms 
of a p p l i c a b i l i t y  i n  a product ion  o p e r a t i o n  mode a t  minimum 
r e c u r r i n g  c o s t .  P o s i t i v e  product ion  i n s p e c t i o n  methods have 
been i d e n t i f i e d  f o r  b a s i c  a b l a t o r  pane l  assurance .  

No nondes t ruc t ive  i n s p e c t i o n  technique  w a s  found t o  a s s u r e  
i n t e g r i t y  of t h e  honeycomb t o  a b l a t o r  bond. This  paramater may 
be p o s i t i v e l y  c o n t r o l l e d  by normal materials and p rocess  monitor .  
A s  automated f a b r i c a t i o n  techniques  are e s t a b l i s h e d ,  such p rocess  
c o n t r o l s  may b e  incorpora ted  a t  minimum c o s t  and thereby  answer 
a concern area f o r  r e l i a b l e  a b l a t o r  a p p l i c a t i o n .  

No t o t a l l y  conclus ive  technique  w a s  i d e n t i f i e d  f o r  low c o s t  
a s su rance  of t h e  subpanel  t o  a b l a t o r  bond. The Sonic Resonator 
technique  w a s  used s u c c e s s f u l l y  t o  c h a r a c t e r i z e  t h e  Standard 
Unbond p a n e l s  and Task I V  test pane l s  bu t  i s  no t  amenable t o  
low c o s t  product ion  s i n c e  i t  r e q u i r e s  a n  a c o u s t i c  couplant  and 
ex tens ive  pane l  scanning t o  o b t a i n  r e s u l t s .  F u r t h e r  work t o  
develop a l t e r n a t e  methods such as t h e  proof load  concept  should 
be performed on a c t u a l  product ion  materials and shapes  t o  assess 
a p p l i c a b i l i t y .  I f  t h e  a l t e r n a t e  methods prove u n s u i t a b l e  f o r  
s p e c i f i c  material and geometry combinat ions,  a s p o t  check (pro- 
cess moni tor )  by t h e  Sonic  Resonator technique  i s  recommended 
as t h e  most f e a s i b l e  i n s p e c t i o n  op t ion .  
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The fo rg iv ing  n a t u r e  of e l a s t romer i c  a b l a t o r  materials makes 
t h e i r  i n s p e c t i o n  and assurance  less demanding than  requi red  f o r  
convent iona l  aerospace hardware. 
i d e n t i f i e d  during t h i s  program l i m i t s  s p e c i f i c  concern areas to :  

A review of c r i t i ca l  d e f e c t s  

Panel  d e n s i t y  and cure ;  

Honeycomb w e t  c o a t  a p p l i c a t i o n  and cure ;  and 

Honeycomb core  undercut .  

It is  s i g n i f i c a n t  t o  no te  t h a t  bonding of t h e  a b l a t o r  pane l  
t o  t h e  subpanel  w a s  no t  i d e n t i f i e d  as a c r i t i c a l  concern. 

The performance of t h e  bond fs a t t r i b u t e d  t o  t h e  na tu re  of 
the bond material, t h e  abso rp t ion  of t h e  bonding mater ia l  i n t o  
t h e  a b l a t i v e  panel  which p o s i t i v e l y  in f luences  t h e  bonding pro- 
ces s ,  and c a r e f u l  process  con t ro l  dur ing  bonding ope ra t ions .  On 
t h e  b a s i s  of t h i s  success ,  no requirement f o r  nondes t ruc t ive  
assurance  of t h e  adhes ive  bond j o i n t  is  a n t i c i p a t e d .  Normal 
materials and process  c o n t r o l  are deemed s u f f i c i e n t  f o r  assurance  
of bond i n t e g r i t y .  This  p o s i t i o n  should be reviewed f o r  complex 
geometr ies  where f i t -up  d i f f i c u l t i e s  normally cause process ing  
problems. I n  a product ion  ope ra t ion  mode, f i t -up  problems would 
be minimized and normal process  c o n t r o l  i s  a n t i c i p a t e d  t o  be 
suf f I c i e n t  . 

On t h e  b a s i s  of o v e r a l l  program r e s u l t s ,  t h e  o u t l i n e d  
Qual i ty  Assurance and in spec t ion  p l a n  shown i n  f i g u r e  87 is 
recommended f o r  " l o w  cos t" ,  low r i s k  e las tomer ic  a b l a t o r  pane l  
product ion.  
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PRO G l U N  CONCLU S IONS 

A number of fabr icat ion-induced d e f e c t s  w e r e  found t o  be c r i t -  
ical t o  performance of t h e  a b l a t o r  composite. Many more, however, 
w e r e  found t o  be of a non-sensi t ive n a t u r e  when compared t o  base- 
l i n e  material cri teria.  
assembly l i n e  product ion  i s  f e a s i b l e ,  based on a combination of 
s ta te -of - the-ar t  and advanced methods. F i n a l l y ,  t h i s  s tudy  in-  
d i c a t e s  that c o s t s  can be reduced on a b l a t o r  product ion  when d i -  
r e c t e d  w i t h  concen t r a t ion  on key va r i ances  and r e l a x a t i o n  on t h e  
appearance of n o n - c r i t i c a l  f laws  and/or  ope ra t ions .  

A procedure f o r  adequately i n s p e c t i n g  

I d e n t i f i c a t i o n  of Determined Cri t ical  Defec t s  

The v a r i a t i o n s  i n  manufacturing of a b l a t o r  p a n e l s  which w e r e  
found t o  b e  of paramount concern were-as fol lows:  

Undercure (a t  150°F (66OC) i n s t e a d  of 250'F (121°C)) 

Overcure (at 350°F c177"C) i n s t e a d  of 250°F (121°C)) 

Low Dens i ty  (15 pcf (240 kg/m3) i n s t e a d  of 16  pcf (256 kg/m3)> 

F i l l e r  t o  re inforcement  bonding (overtime and overtemperature)  

Undercut core  (0 .1  and 0.2 i n .  (0.25 and 0.51 cm)) 

Large i n t e r n a l  vo ids  ( s u f f i c i e n t  t o  create 20% reduc t ion  
i n  d e n s i t y )  

Undercure. - This v a r i a t i o n  is  c r i t i ca l  i n  t h a t  i t  produces 
a b l a t o r s  which have low f l e x u r a l  s t r e n g t h s  w e l l  be fo re  r e e n t r y  
hea t ing .  I n  a d d i t i o n ,  a f t e r  t h e  h e a t i n g  pu l se  of e n t r y  undercured 
material exper iences  l o o s e  cell  s u r f a c e s , , m a t e r i a l  l o s s e s ,  and a 
cons ide rab le  number of i n t e r n a l  char  cracks. 

Overcure.  - Material which has been cured a t  too  h igh  a t e m -  
p e r a t u r e  du r ing  f a b r i c a t i o n  tends t o  develop a h ighe r  n e t  thermal 
conduc t iv i ty  through t h e  th ickness ,  r e s u l t i n g  i n  h ighe r  backface 
temperature  va lues  dur ing  r een t ry .  Much i n t e r n a l  cha r  c racking  
a l s o  develops.  

Low d e n s i t y .  - Low d e n s i t y  composites d i sp l ay  low f l e x u r e  
s t r e n g t h  and a d d i t i o n a l  c o n s o l i d a t i o n  of t h e  f i l l  material i n  the 
honeycomb cells during the thermal vacuum exposure.  This produces 
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a sunken appearance i n  each  cel l  a t  the su r face .  P y r o l y s i s  r e a c t i o n  
dur ing  r e e n t r y  i s  cons iderably  g r e a t e r  than the s t anda rd .  Th i s ,  
accompanied by e x t e n s i v e  i n t e r n a l  char breakup, renders  t h i s  d e f e c t  
as c r i t i ca l .  

F i l l e r  t o  re inforcement  bonding. - The procedures  invo lv ing  
the pr iming of the  a b l a t o r ' s  honeycomb reinforcement  w e r e  found 
t o  be important  i n  several a spec t s .  An excess  amount, p rope r ly  
B-staged, w i l l  s t i l l  wipe down t o  the bottom of t h e  ce l l  under 
the p i s t o n  a c t i o n  of the f i l l e r  material i n s t a l l a t i o n .  This  i n -  
c r e a s e s  n e t  conduc t iv i ty  a t  the main at tachment  p l ane .  Even more 
graphic  i s  the e f f e c t  of a n  over-temperature i n  the B-staging pro- 
cess. A thermal vacuum exposure completely f r e e s  t h e  f i l l  ma- 
ter ia l  wh i l e  r e e n t r y  and a c o u s t i c s  subsequent ly  w i l l  cause m a t e -  
r i a l  l o s s e s ,  s u r f a c e  roughening and deep p y r o l y s i s .  

Undercut core.- Entry hea t ing  i n i t i a t e s  the loss of cons ider -  
ab le  amounts of t h e  a b l a t o r  s u r f a c e  due t o  the absence of r e i n -  
forcement a l l  the way t o  the o u t e r  s u r f a c e  of the a b l a t o r .  The 
material l i f t s  o f f  i n  l a r g e  p i eces .  S imi la r  r e a c t i o n s  are very  
p o s s i b l e  f o r  crushed core ,  damaged core ,  etc.  

Large i n t e r n a l  vo ids .  - Ear ly  i n  t h e  program i t  w a s  observed 
that l a r g e  voids  are de t r imen ta l  when they  reduce t h e  n e t  d e n s i t y .  
Resu l t s  are then as desc r ibed  under Low Density.  The occurrance 
of vo ids  such as these are improbable during f a b r i c a t i o n ,  however. 
Normal, small voids  have no t  proven t o  be a problem. 

S t a t u s  of Non-Cri t ical  Defec ts  

V a r i a t i o n s  which proved, w i t h i n  t h e  l i m i t s  considered i n  t h i s  
s tudy ,  t o  be non- inf luenc ia l  on material performance were as 
fo l lows  : 

High d e n s i t y  

Wet b a s i c  materials 

Inhomogeneity 

Undermixing 

I n t e r n a l  h o r i z o n t a l  c r acks  

Broken reinforcement  nodes 
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Broken reinforcement  r ibbons  (6 -45 cm2) 

Pane l  Disbond s p o t s  up t o  2 i n . 2  (6 .45  cm2) (max. s tud ied )  

Small i n t e r n a l  vo ids  

Formulation 

Foreign i n c l u s i o n s  (contaminat ion)  

Surface  vo ids  

It had been a n t i c i p a t e d  t h a t  t h e  cure  c h a r a c t e r i s t i c s  of m i x -  
t u r e s  con ta in ing  d e f e c t s  such as w e t  b a s i c  materials, undermixing, 
e t c .  would modify t o  t h e  p o i n t  of c r i t i c a l i t y .  Th i s  w a s  no t  t h e  
case, however. 

Adverse thermal and mechanical r e a c t i o n s  w i t h i n  pane ls  con- 
t a i n i n g  i n t e n t i o n a l  d e f e c t s  tend t o  be dampened o u t  by t h e  com- 
pensa t ing  mechanisms c h a r a c t e r i s t i c  of most of  t h e  a b l a t o r  
composites.  

F i n a l l y ,  a l though t h e  e x t e r n a l  appearances of some of t he  ab- 
l a t o r  pane l s  w i t h  these  d e f e c t s  may n o t  a e s t h e t i c a l l y  pass  s c r u t i n y ,  
they are,  t o  t h e  e x t e n t  i n v e s t i g a t e d  i n  t h i s  s tudy ,  s a f e .  

A p p l i c a b i l i t y  of Advanced Inspec t ion  Methods 

Inspec t ion  methods i n v e s t i g a t e d  dur ing  t h i s  program included 
those  techniques  which are convent iona l ly  app l i ed ,  advanced tech-  
nology methods, and product ion s c a l i n g  methods f o r  lowes t  c o s t  
i n spec t ion .  E f f o r t s  were concent ra ted  on nondes t ruc t ive  inspec-  
t i o n  techniques .  These included:  

Visua l  

X-ray 

Neutron radiography 

S o n i c s / u l t r a s o n i c s  

Thermal 

Mic r owave 
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Holography 

Durometer Hardness 

Process  Control  

A l l  of  t h e  techniques w e r e  app l i cab le  t o  s p e c i f i c  elements of ab- 
l a t o r  assurance ,  bu t  are no t  n e c e s s a r i l y  requi red  t o  a s s u r e  a b l a t o r  
i n t e g r i t y  t o  e s t a b l i s h e d  des ign  to l e rances .  C a p a b i l i t i e s  of t h e  
in spec t ion  techniques were eva lua ted  as fol lows.  

Visua l  i n spec t ion .  - This  w a s  necessary  f o r  o v e r a l l  a b l a t o r  
appearance,  soundness, etc. ,  but w a s  most u s e f u l  f o r  de te rmina t ion  
of undercut  honeycomb co re  i n  a machined a b l a t o r .  

X-ray techniques.  - These methods were d iv ided  i n t o  x-ray gaging 
methods f o r  r ap id  nondes t ruc t ive  de te rmina t ion  of a b l a t o r  pane l  
d e n s i t y  and x-radiographic in spec t ion  f o r  soundness. 

X-ray gaging: When t h e  parameters were determined f o r  non- 
d e s t r u c t i v e  measurement of a b l a t o r  d e n s i t y ,  a product ion  s e n s i t i v -  
i t y  of ? % l b / f t 3  (? 8 kg/m3> d e n s i t y  to l e rance  w a s  determined t o  
be f e a s i b l e .  An automatic  readout  system is  f e a s i b l e .  

X-radiography: This  technique w a s  shown t o  be a s e n s i t i v e  
technique f o r  eva lua t ion  of a b l a t o r  vo ids ,  fo re ign  i n c l u s i o n s ,  
dens i ty  v a r i a t i o n s ,  homogeneity v a r i a t i o n s  and soundness of honey- 
comb c o r e .  Three problems i n  a p p l i c a t i o n  of t h e  technique are, 
b a s i c a l l y :  a g r e a t e r  s e n s i t i v i t y  than is  requ i r ed ,  p a r a l l a x  prob- 
l e m s ,  and in spec t ion  c o s t .  In-motion rad iographic  techniques w e r e  
demonstrated t o  be adequate  f o r  minimizing p a r a l l a x  problems and 
were combined wi th  d i r e c t  t e l e v i s i o n  readout  techniques  t o  re- 
duce c o s t  and in spec t ion  s e n s i t i v i t y .  F e a s i b i l i t y  of an auto- 
matic video readout  from t h e  t e l e v i s i o n  image w a s  determined. 

Neutron radiography. - F e a s i b i l i t y  and s e n s i t i v i t y  of neutron 
radiography t o  a b l a t o r  mix and packing anomalies w a s  demonstrated.  
The c o s t  and d i f f i c u l t i e s  i n  us ing  t h e  technique r o u t i n e l y  are no t  
j u s t i f i e d  t o  meet t h e  e s t a b l i s h e d  soundness to l e rances .  

Sonic Resonator.  - This  technique w a s  demonstrated t o  be sen- 
s i t i v e  t o  a b l a t o r  t o  subpanel  unbonds g r e a t e r  than  1- in .  (2 .54  cm)-  
d iameter .  The technique could be used on a sampling b a s i s ,  b u t  
would be d i f f i c u l t  and c o s t l y  f o r  product ion.  A l t e r n a t e  bond 
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i n spec t ion  techniques were eva lua ted  f o r  d e t e c t i o n  of s m a l l  (1-in.  
(23.54 em) diameter)-unbounds, bu t  were no t  i n v e s t i g a t e d  f o r  l a r g e r  
bond t o l e r a n c e s .  I n  gene ra l ,  t hese  techniques were n o t  as sens i -  
t i v e  as t h e  s o n i c  r e sona to r .  

I n f r a r e d  scanning. - Thermal techniques w e r e  shown t o  be sen- 
s i t i v e  t o  g ross  unbond and a b l a t o r  void anomalies. N o  product ion 
in spec t ion  a p p l i c a t i o n  would be ind ica t ed ,  b u t  the technique would 
be a candida te  h e a t  s h i e l d  eva lua t ion  a f t e r  a s h u t t l e  f l i g h t ,  i . e . ,  
on s t r u c t u r e  cool-down. 

Microwave techniques.  - These w e r e  demonstrated t o  be  s e n s i t i v e  
t o  a b l a t o r  d e n s i t y ,  cu re ,  th ickness ,  moisture con ten t  and mix 
s to i c iome t ry .  The i n h e r e n t  s e n s i t i v i t y  of t h e  technique  t o  many 
material and phys ica l  parameters  make i t  u n a t t r a c t i v e  f o r  pane l  
i n spec t ion ,  b u t  a poss ib ly  u s e f u l  technique f o r  i n - l i n e  process  
cont  ro 1. 

Holographic in t e r f e romet ry .  - Holography w a s  demonstrated t o  
be s e n s i t i v e  t o  be  s e n s i t i v e  t o  ablator- to-subpanel  unbonds f o r  
one (SLA-561) a b l a t o r  material, bu t  w a s  i n s e n s i t i v e  f o r  t h e  S S - 4 1  
material. The technique appears  t o  be material dependent ( s t i f f -  
ness  and p o r o s i t y )  and i s  not  considered f o r  producEion appl ica-  
t i o n  a t  t h i s  t i m e .  

Durometer hardness .  - These readings  w e r e  shown t o  be  sens i -  
t i v e  t o  cure ,  dens i ty ,  and moisture  con ten t  anomalies and may be  
r a p i d l y  performed. A modif ied Shore D durometer w a s  shown t o  be  
s e n s i t i v e  t o  material anomalies  and d i d  n o t  i nden t  t h e  a b l a t o r  
material. An automated technique i s  f e a s i b l e  f o r  product ion  
a p p l i c a t i o n .  

Process  c o n t r o l .  - A review of the  c r i t i c a l  d e f e c t s  i d e n t i f i e d  
r e v e a l s  a need f o r  r a w  materials and a b l a t o r  f a b r i c a t i o n  process  
c o n t r o l  t o  a s s u r e  cure ,  d e n s i t y  and honeycomb wet-coat t o l e rances .  
Such c o n t r o l  may be  accomplished by r o u t i n e  documentation and 
test  sample eva lua t ion  and may be reduced and/or  supplemented by 
product ion p rocess  automation techniques.  Addi t iona l  check p o i n t s  
i nc lude  : 

Densi ty  - by r ad iomet r i c  gaging 

Soundness - by durometer (Shore "D" modified) hardness  

Bonding - by son ic  r e s o n a t o r  sampling 
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General 

This  s tudy  r e i n f o r c e s  t h e  b e l i e f  that less r e j e c t i o n s  and re- 
working of product ion-l ine a b l a t o r s  are f e a s i b l e .  Th i s ,  coupled 
wi th  ou r  f i n d i n g  of a b l a t o r  performance i n s e n s i t i v i t y  t o  a g r e a t  
number of f laws ,  should s i g n i f i c a n t l y  reduce and/or  s i m p l i f y  t h e  
myriad of f a b r i c a t i o n  and in spec t ion  s t e p s  c u r r e n t l y  r equ i r ed .  

One f i n a l  obse rva t ion  must be made on t h i s  s tudy .  How ex- 
t ens ive  w e r e  t he  e f f e c t s  of va r i ances  i n  the  reproduct ion  of day- 
to-day ope ra t ions ,  (such as f a b r i c a t i o n  procedures ,  ope ra to r  tech-  
n iques ,  environment c o n d i t i o n s ,  e t c . )  on the  anomalies r epor t ed  
is  imposs ib le  t o  a s c e r t a i n .  

RECOMM€3NDATION S 

The recommendations presented  i n  t h i s  chap te r  concen t r a t e  on 
the  p o s s i b l e  f u t u r e  a p p l i c a t i o n s  of t h e  obse rva t ions  presented  i n  
t h i s  r e p o r t .  The concepts  r e s u l t i n g  r ep resen t  a s i g n i f i c a n t  s t e p  
toward low c o s t  a b l a t o r  product ion and must be f u r t h e r  pursued 
i f  a b l a t i v e  TPS are t o  be compet i t ive  f o r  Space S h u t t l e  use.  

Defec ts  Evalua t ions  

There i s  an  immediate need f o r  a s tudy  which would i n t e g r a t e  
the  f i n d i n g s  of t h i s  e f f o r t  t o  determine t h e i r  impact on u n i t  
c o s t s  . 

The manufacturing process  of a b l a t o r s  such as those  used as 
b a s e l i n e  composites i n  t h i s  s tudy  should be modified wi th  r e s p e c t  
t o  u n i t  procedures  and s p e c i f i c a t i o n  requirements .  
f i c a t i o n  should begin t o  in t roduce  the a s p e c t s  of automation,  
since i t  i s  be l ieved  t h a t  t h e  e n t i r e  process  w i l l  even tua l ly  es- 
t a b l i s h  a long  these  l i nes .  

Th i s  modi- 

I n  any f u t u r e  s tudy ,  t h e  b a s e l i n e  s tudy  composite should b e  
changed t o  provide a more c o n s i s t e n t  s tandard  a g a i n s t  which c o s t  
sav ing  i n v e s t i g a t i o n s  can be  measured. This  would inc lude  changes 
i n  formula t ion  and/or t h e  use  of a seal coa t ing  t o  prevent  ex- 
cessive weight  ga ins  by t h e  a b l a t o r  due t o  mois ture .  S imi l a r  
formula t ion  changes are requ i r ed  t o  enhance the material's s t r a i n  
c a p a b i l i t y .  
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A comprehensive "new p rocess  vs  e e f f e c t "  test program should 
be conducted t o  s u b s t a n t i a t e  the new approach t o  a b l a t o r  f a b r i -  
ca t ion .  
samples and l a r g e r  pane l s  than  those  used i n  the  c u r r e n t  s tudy .  

The program should con ta in  a g r e a t e r  number of  d e f e c t  

The a b s o l u t e  l i m i t  o f  ablator- to-subpanel  disbonds should be 
e s t a b l i s h e d .  The f i n d i n g s  could l e a d  t o  a form of p e r i p h e r a l  
bonding, s t r i p s ,  etc.  

Any f u r t h e r  e f f o r t  should  be s u b j e c t  t o  those  mission environ-  
ments which impose the  most damage, i .e. ,  pane l  f l e x u r e ,  thermal 
vacuum, e n t r y  hea t ing ,  and descent  a c o u s t i c s .  

The degree  of roughness permi t ted  f o r  aerodynamic s t a b i l i t y  
and c o n t r o l  a f t e r  e n t r y  s t i l l  r e q u i r e s  f u r t h e r  d e f i n i t i o n  t o  
eva lua te  changes i n  a b l a t o r  s u r f a c e s .  

Pos tu l a t ed  Inspec t ion  Requirements 

On t h e  b a s i s  of c r i t i c a l  d e f e c t s  i d e n t i f i e d ,  i t  i s  apparent  
t h a t  minimal i n spec t ion  i s  requi red  t o  produce a r e l i a b l e  a b l a t o r  
panel .  C r i t i ca l  i t e m s  are d iscussed  below. 

Materials and process  c o n t r o l  i s  important  b u t  n o t  c r i t i ca l  i n  
terms of material performance. S t r i c t  observa t ions  of i n g r e d i e n t s  
and processes  are r equ i r ed  dur ing  f a b r i c a t i o n  t o  a s s u r e  o v e r a l l  
performance. Proper mixing and proper  w e t  coa t  of honeycomb c o r e  
are mandatory. Mixture r a t i o s ,  t i m e s ,  and sequences could be 
r e a d i l y  automated such t h a t  c a l i b r a t i o n  of materials measurements 
and mixing equipment could be performed on a p e r i o d i c  b a s i s  and 
conformance assured  by occas iona l  a u d i t .  Wet-coat a p p l i c a t i o n  
may a l s o  be automated t o  reduce r i s k  and may be v e r i f i e d  by usua l  
inspec  t i o n .  

Problems encountered due t o  undercut  core  type d e f e c t s  could 
poss ib ly  be e l imina ted  by f a b r i c a t i n g  t h e  a b l a t o r  pane l s  wi th  a 
head and machining inward on both main s u r f a c e s  of t h e  pane l .  
Visua l  i n s p e c t i o n  may be  used. 
j u s t e d  such t h a t  only one s i d e  i s  machined. Visua l  i n s p e c t i o n  
may a l s o  be used f o r  v e r i f i c a t i o n .  

Process ing  parameters  may be ad- 

A t  t h i s  p o i n t ,  pane l  t h i ckness  c o n t r o l  is r equ i r ed  be fo re  
automated d e n s i t y  gaging can be app l i ed .  
determined w i t h  a deep t h r o a t  micrometer o r  wi th  an  automated 
e lec t romagnet ic  scanning device.  

Thickness may then be 
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Panel  dens i ty  can be r ap id ly  a sce r t a ined  by automatic  radio-  
metric gaging. 

Cure v a r i a t i o n s  must be monitored. The accomplishment of 
proper  c u r e  may be au tomat i ca l ly  determined by inden ta t ion  hardness  
techniques .  
eva lua t ion  of panel  cure ,  bu t  readings  must be l o c a t e d  such that 
the i n d e n t e r  does n o t  impact t he  honeycomb core.  Automated tech- 
niques may be developed f o r  this t a sk .  

A modified Shore D u n i t  provides  nondes t ruc t ive  

X-radiography f o r  soundness would provide an  increased  con- 
f idence  level  a t  minimum c o s t  us ing  an automated system approach. 
A s  p rocess ing  confidence is  gained, a s ta t i s t ica l  sampling may 
be  used t o  f u r t h e r  reduce c o s t .  

Within the  bound s t u d i e d  i n  t h i s  program, ablator- to-subpanel  
bonding w a s  n o t  a sce r t a ined  t o  be an  area f o r  p a r t i c u l a r  concern.  
I t  appears  t h a t  the a b l a t o r  bonding is somewhat p rocess - insens i t i ve  
due t o  t h e  n a t u r e  of t h e  cu r ren t  p rocess  and ease of prepar ing  the 
a b l a t o r  s u r f a c e  f o r  bonding. However, a minimal sampling of 
bonding processes  i s  r equ i r ed  t o  main ta in  a h igh  confidence l e v e l .  

High s e n s i t i v i t y  X-radiography and in - l ine  eva lua t ion  of the  
ablator-to-subpanel bonding are techniques  which are w e l l  w i t h i n  
the s ta te -of - the-ar t  bu t  appear t o  be unnecessary t a s k s  t o  pro- 
v ide  assurance  requi red  t o  produce "c r i t i ca l  defec t - f ree"  pane l s .  

Add i t iona l  materials q u a l i f i c a t i o n  i s  necessary t o  e s t a b l i s h  
maximum unbond to l e rances  and thereby f i n a l i z e  t h e  optimum in-  
s p e c t i o n  approach. 

Areas f o r  Future  Abla tor  Study 

From an assurance technology viewpoint,  i n s p e c t i o n  parameters 
are reasonably w e l l  e s t a b l i s h e d  f o r  t he  e l a s tomer i c  a b l a t o r  sys- 
tems. Some a t t e n t i o n  could be addressed t o  e s t a b l i s h i n g  maximum 
unbond to l e rances  f o r  t h e  ablator-to-subpanel bonding and thereby 
f i r m  up parameters f o r  i n spec t ion .  Likewise, a d d i t i o n a l  a t t e n t i o n  
could b e  addressed t o  e s t a b l i s h i n g  automated techniques f o r  
v e r i f y i n g  adequacy of wet-coat a p p l i c a t i o n s .  These t a sks  could 
be performed reasonably on a candida te  a b l a t o r  system and t h e  re- 
s u l t s  would be expected t o  have good t r a n s f e r a b i l i t y  t o  most 
e l a s tomer i c  a b l a t o r  sys  t e m s  . 
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The s p e c i f i c  a b l a t o r  mix and f a b r i c a t i o n  p rocess  sequence can 
make a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  amount of i n spec t ion /ve r i -  
f i c a t i o n  r equ i r ed  and on the  end product  r e l i a b i l i t y  confidence 
l e v e l .  For a low volume product ion involv ing  many hand ope ra t ions ,  
a number of in-process check and v e r i f i c a t i o n  p o i n t s  are r equ i r ed  
t o  main ta in  h igh  confidence i n  performance. For a high-volume, 
automated product ion ope ra t ion ,  process  c o n t r o l  and process  uni- 
formity may be assured  by i n - l i n e  monitor and r eco rd ing  devices  
t o  main ta in  performance confidence a t  minimum i n s p e c t i o n  c o s t s .  
W e  have assumed a h i g h  volume product ion  ope ra t ion  and have sug- 
ges ted  automated nondes t ruc t ive  e v a l u a t i o n  concepts  f o r  a candi- 
d a t e  a b l a t o r  material. Appl ica t ion  t o  a s p e c i f i e d  a b l a t o r  ma- 
ter ia l  would involve:  

A review of s p e c i f i c  process ing  parameters  and t o l e r a n c e s .  

A product ion  p l an  f o r  process ing  s t e p s ,  i nc lud ing  automation 
and flow paramters .  

A pro to type ,  p i l o t  p l a n t  eva lua t ion  t o  e s t a b l i s h  and scale 
f i rm product ion  requirement .  

Design, b u i l d  and q u a l i f i c a t i o n  of the product ion  process .  

Two at tachment  concepts  f o r  a b l a t o r  t o  s p a c e c r a f t  s t r u c t u r e  
have been i n v e s t i g a t e d  du r ing  t h i s  program i . e . ,  (1)  an i n t e g r a l  
bonded f a c e s h e e t  and, (2) a secondary bonded subpanel .  The at- 
tachement method makes a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  d i f f i c u l t y ,  
and, hence,  the c o s t  of i n spec t ion .  A s  such, a "design f o r  in -  
s p e c t a b i l i t y "  cri teria is of g r e a t  importance f o r  h igh  volume 
usage of a b l a t o r s .  I n  t h i s  s tudy,  t h e  subpanel concept  is much 
easier t o  i n s p e c t  than t h e  i n t e g r a l  f aceshee t  concept .  

When a s p e c i f i c  des ign  concept is f i n a l i z e d ,  a d d i t i o n a l  ma- 
terials c h a r a c t e r i z a t i o n  p e c u l i a r  t o  t h e  des ign  w i l l  be  r equ i r ed .  
Product ion  process  development w i l l  then  involve  normal process  
ana lyses ,  p rocess  p lanning ,  p i l o t  p l a n t  eva lua t ion ,  product ion  
p l a n t  des ign ,  f a c i l i t i e s ,  and q u a l i f i c a t i o n .  

For purposes  of e s t i m a t i n g  high volume product ion  c o s t s ,  an  
automated product ion  a n a l y s i s  could be performed on a candida te  
material and at tachement  des ign  concept  using material "defec t  
c r i t i c a l i t y "  t o l e r a n c e s  e s t a b l i s h e d  dur ing  t h i s  program. Such 
an a n a l y s i s  would be u s e f u l  f o r  a n a l y s i s  of o v e r a l l  space s h u t t l e  
h e a t  s h i e l d  c o s t  t r a d e o f f s  f o r  the  complete S h u t t l e  program. 

Mart in  Marietta Corporat ion 
Denver, Colorado 80201 

J u l y  24, 1973 
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APPENDIX 

COMPILATION OF DEFECTS" 

Abla t ive  Material Defec ts  

The most important  p r o p e r t i e s  of the a b l a t i v e  material are i ts  
i n s u l a t i o n  c h a r a c t e r i s t i c s ,  cha r  s t a b i l i t y ,  and r e s i s t a n c e  t o  su r -  
f a c e  e ros ion .  I n  a d d i t i o n ,  t h e  material provides  added s t i f f n e s s  
a g a i n s t  bending and v i b r a t i o n  o r  f lu t t e r - induced  loads .  The f o l -  
lowing d e f e c t s  have been i d e n t i f i e d  as a f f e c t i n g  these p r o p e r t i e s .  

Cracks. - Cracks are de f ined  as vertical d i s c o n t i n u i t i e s  t h a t  
can be conta ined  wi th  the f i l l e r  of a g iven  ce l l  o r  run  cont inuous ly  
a c r o s s  many a d j a c e n t  ce l l s .  

Cause: Since  the  a b l a t o r  material provides  much of t h e  b a s i c  
s t i f f n e s s  f o r  t h e  r e f e r e n c e  design and f o r  the l a r g e  pane l s  
being cons idered  f o r  t h e  Space S h u t t l e ,  2 by 4 - f t  (0.67x1.22 m). 
c racking  caused by unsupported handl ing  becomes a very  real  
p o s s i b i l i t y .  Other causes  would be  r e s i d u a l  stresses, cold 
soak s t r a i n ,  and thermal  stresses dur ing  r e e n t r y .  

E f f e c t :  Local ized s u r f a c e  c racks  that run o u t  t o  the c e l l  
w a l l s  cou ld  lead  t o  char  l o s s  i f  coupled wi th  poor s t r e n g t h  
i n  the  f i l l e r - t o - c o r e  bond. Cracks running a c r o s s  cells  could 
s e r i o u s l y  reduce o v e r a l l  pane l  s t i f f n e s s  and, under f l i g h t -  
induced b u f f e t i n g  and v i b r a t i o n  l o a d s ,  t h e  pane l  would be 
s u s c e p t i b l e  t o  c rack  propagat ion  l e a d i n g  t o  excess ive  loading  
of t he  at tachments  and p o s s i b l e  pane l  l o s s .  

Delaminations.  - Delaminations are de f ined  as d i s c o n t i n u i t i e s  
approximately p a r a l l e l  t o  the a b l a t i v e  pane l  su r f ace .  They would 
normally be  cons t r a ined  by the ce l l  w a l l s  and n o t  be  s u s c e p t i b l e  
t o  propagat ion.  

Cause: By our  d e f i n i t i o n ,  de lamina t ions  occur  i n  a p lane  nor- 
m a l  t o  t he  app l i ed  p r e s s u r e  d i r e c t i o n  during f i l l i n g  and cu re .  
Inhomogeneities i n  t h e  f i l l e r  can become s t r a t i f i e d  o r  l aye red  
under p r e s s u r e  and, a t  e l eva ted  temperatures ,  r e s u l t  i n  l o c a l -  
i zed  r e s i d u a l  stresses after cu re .  These r e s i d u a l  stresses 
are a p o s s i b l e  source  of de lamina t ion .  However, a more l i k e l y  
source  would be t e n s i o n  siresses developed dur ing  r e e n t r y  
tending  t o  p u l l  t h e  c h a r  l a y e r  a p a r t .  
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Effect:  I f  these  delaminat ions are p resen t  o r  develop dur ing  
r e e n t r y ,  they w i l l  a f f e c t  char s t r e n g t h  and could r e s u l t  i n  
char  l o s s ,  

Voids. - Voids are def ined  as material d i s c o n t i n u i t i e s  w i t h  
a b l a t i v e  material n o t  i n  con tac t  ac ross  the  d i s c o n t i n u i t y .  Voids 
i n  honeycomb-filled a b l a t i v e  materials normally are found near  
t h e  f a c e  s h e e t  o r  i n  areas where co re  s p l i c e s  have been made. 
Thei r  s i z e ,  number and o r i e n t a t i o n s  are gene ra l ly  random (see 
f i g .  88.) 

Cause: Voids are caused by l a c k  of suf f ic ' i en t  a b l a t i v e  ma- 
ter ia l  w i t h i n  a c e l l ,  entrapment of gases  dur ing  f a b r i c a t i o n ,  
and o b s t r u c t i o n s  i n  t h e  cel l  passage.  An example of an  ob- 
s t r u c t i o n  i s  s u r p l u s  r e s i n  used f o r  core  s p l i c i n g  o r  core  
bond coa t ing .  

Effect:  
ways. Voids of Type I ( l a rge  bubbles)  are most de t r imen ta l  
when they occur near  t h e  su r face  and become exposed through 
s u r f a c e  recess ion .  The inc reases  i n  th ickness  requi red  t o  
main ta in  s t r u c t u r e  des ign  temperatures  has been shown t o  b e  
approximately equal  t o  t h e  void dimension i n  the d i r e c t i o n  
of h e a t  flow. Voids of Type I1 (high-porosi ty)  i n  e f f e c t  
reduce material d e n s i t y  and could cause inc reased  s u r f a c e  
r e c e s s i o n  and roughness.  Depending on degree,  this could 
a f f e c t  su r f ace  h e a t i n g  and u l t i m a t e l y  i n c r e a s e  s t r u c t u r e  t e m -  
p e r a t u r e s .  Voids of Type I11 ( p a r t i a l l y  f i l l e d  c e l l s )  are 
of s p e c i a l  concern because they r e s u l t  i n  completely vacant  
ce l l s  below the o b s t r u c t i o n .  Although the e f f e c t  on s t r u c -  
t u r e  temperature is  unknown, i t  could be c a t a s t r o p h i c  depend- 
i n g  on the  number and s i z e  of t h e s e  voids .  

Voids can a f f e c t  thermal performance i n  the fo l lowing  

Unbonds from honeycomb core .  - Unbonds from t h e  honeycomb co re  
are de f ined  as d i s c o n t i n u i t i e s  a t  the i n t e r f a c e  between the  honey- 
comb c e l l  w a l l  and the  a b l a t i v e  f i l l e r .  The unbonds can occur  
along one o r  more c e l l  w a l l s .  

Cause: I n  many a b l a t i v e - f i l l e d  honeycomb s t r u c t u r e s ,  a bond 
between the  f i l l e r  and the  core i s  achieved by p r e t r e a t i n g  
the c o r e  o f t e n  wi th  an adhesive coa t ing .  F a i l u r e  t o  perform 
t h i s  ope ra t ion  o r  f a i l u r e  t o  perform i t  p rope r ly  can cause 
poor o r  weak bonds. Other cuases  of unbonds would be thermal 
expansion of t he  a b l a t o r  ou t  of the cel ls ,  and thermal shr inkage  
dur ing  cold soak. 
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Effeet: 
vacuum c o l d  soak and l o s s  of char dur ing  r een t ry .  In  a d d i t i o n ,  
a crack o r  unbond a long  one s i d e  of a cell w a l l  w i l l  p revent  
t h e  t ransmiss ion  of s t r a i n  t o  t h e  a d j a c e n t  cel l ,  t hus  a f f e c t i n g  
panel  s t r e n g t h  and s t i f f n e s s .  

Bond f a i l u r e  could r e s u l t  i n  l o s s  of f i l l e r  dur ing  

Densi ty .  - Densi ty  i s  a very  important  material characteristic 
because of i t s  e f f e c t  on i n s u l a t i o n  and a b l a t i o n  p r o p e r t i e s .  Den- 
s i t y  v a r i a t i o n s  from c e l l  to c e l l  and panel  t o  panel  can be  pro- 
duced du r ing  f a b r i c a t i o n .  

Cause: Densi ty  g r a d i e n t s  r e s u l t  when p res su re  a p p l i e d  t o  the 
f i l l e r  material a t  t h e  top  of t h e  cel l  is  n o t  uniformly trans- 
mi t t ed  t o  the  bottom of t h e  c e l l .  The major cuases  of d e n s i t y  
v a r i a t i o n s  from c e l l  t o  cel l  are t h e  l o c a l i z e d  use  of impact 
f o r c e  and its r a t h e r  random a p p l i c a t i o n  by f a b r i c a t i o n  personnel .  
Other less s i g n i f i c a n t  causes  are the v a r i a t i o n  i n  f i l l e r  den- 
s i t y  caused by such r a w  material v a r i a t i o n s  as microsphere 
s i z e  and poor mixing of t h e  material. The  d e n s i t y  g rad ien t  
normal t o  t h e  s u r f a c e  is  a d i r e c t  r e s u l t  of f o r c e  t r a n s f e r  t o  
the c e l l  w a l l s ,  r e f e rence  3. 

Effect: 
t i e s  i n  d e f i n i n g  r e l i a b l e  a n a l y t i c a l  models f o r  performance 
p r e d i c t i o n s .  Aerodynamic performance could be a f f e c t e d  by a 
d e n s i t y  v a r i a t i o n  from one ce l l  t o  ano the r  because the d e n s i t y  
v a r i a t i o n s  could produce low-density areas a t  the su r face .  
During r e e n t r y  t h i s  could  produce nonuniform s u r f a c e  r eces s ion  
and would a f f e c t  aerodynamic smoothness, poss ib ly ' caus ing  
downstream flow s e p a r a t i o n .  

Densi ty  v a r i a t i o n s  cause compl ica t ions  and uncer ta in-  

F i l l e r  i n t e g r i t y .  - The major f u n c t i o n s  of the f i l l e r s  i n  the 
a b l a t i v e  material  are t o  provide  added s t r e n g t h  t o  the e l a s tomer i c  
ma t r ix  and reduce t h e  composite dens i ty .  
can a f f e c t  t h e s e  p r o p e r t i e s .  

The fo l lowing  d e f e c t s  

Broken f i b e r s :  One way t h a t  f i b e r s  r e i n f o r c e  the char l a y e r  
i s  by b r idg ing  the  low-density p y r o l y s i s  zone. For these f i b e r s  
t o  be e f f e c t i v e ,  t h e i r  l e n g t h  must be g r e a t e r  than the p y r o l y s i s  
zone width.  Since s i l i ca  f i b e r s  are extremely small and b r i t t l e ,  
they are s u s c e p t i b l e  t o  breakage.  

Cause: 
and d i s i n t e g r a t e d  because of t h e i r  low phys ica l  s t r e n g t h .  

During process ing  these  f i b e r s  can become broken and 
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Ef fec t :  Broken f i b e r s  may n o t  be of adequate  l e n g t h  t o  b r idge  
t h e  p y r o l y s i s  zone and thus  w i l l  reduce the material's a b i l i t y  
t o  r e t a i n  i t s  cha r .  I n  a d d i t i o n ,  t h e  s t r e n g t h  of the cha r  t o  
resist s k i n  f r i c t i o n  shear  f o r c e s  may be reduced. 

Broken microspheres:  Microspheres are used as a low-density 
f i l l e r  i n  many a b l a t i v e  materials and, because they  have low 
s t r e n g t h ,  they can be  broken q u i t e  e a s i l y .  

Cause: A c e r t a i n  percencage of microspheres  are broken when 
rece ived  from t h e  manufacturer.  Many more can be  broken dur ing  
mixing ( t h e  percentage  depending on t h e  shea r ing  a c t i o n  of  
t h e  mixer and mixing time) and packing of the a b l a t i v e  f i l l e r  
i n t o  t h e  core .  

E f f e c t :  Var ia t ions  i n  the  pe rcen t  of broken microspheres  
from one ba tch  t o  ano the r  could s i g n i f i c a n t l y  a f f e c t  such 
material p r o p e r t i e s  as d e n s i t y  and conduc t iv i ty .  

State-of-cure.  - The s ta te -of -cure  o r  c r o s s l i n k i n g  i n  e l a s t o -  
meric a b l a t i v e  materials is  known t o  be a f f e c t e d  by s ta te  v a r i a b l e s  
of temperature ,  p re s su re ,  and cure  t i m e .  

Cause: Var ia t ions  i n  temperature  can r e s u l t  from a l a c k  of 
oven c o n t r o l .  Cure p re s su re  can be a f f e c t e d  by l e a k s  i n  the 
vacuum bag, v a r i a t i o n s  i n  pump ope ra t ion ,  and v a r i a t i o n s  i n  
atmospheric  p re s su re ,  Cure t i m e  can be a f f e c t e d  by v a r i a t i o n s  
i n  warmup t i m e  f o r  d i f f e r e n t  s i z e d  p a r t s ,  f a i l u r e  of oven 
c o n t r o l s ,  o r  n e g l e c t  by ope ra to r .  

E f f e c t :  Cure temperature  and p res su re  v a r i a t i o n s  can a f f e c t  
t h e  thermal and p h y s i c a l  p r o p e r t i e s  of t h e  a b l a t i v e  material. 
These v a r i a t i o n s  may r e s u l t  i n  c racks  and pane l  warpage a f f e c t -  
i n g  such th ings  as char  r e t e n t i o n ,  bond s t r e n g t h ,  u l t i m a t e  
s t r a i n  c a p a b i l i t y ,  and loading  on t h e  a t tachments .  

Inhomogeneity. - Inhomogeneity is an undes i r ab le  c h a r a c t e r i s t i c  
i n  many engineer ing  materials because of i t s  adve r se  e f f e c t  on 
p r o p e r t i e s .  Inhomogeneities a l t e r  t h e  molecular s t r u c t u r e s  and 
g ive  rise t o  stress concen t r a t ions .  The fo l lowing  inhomogenei t ies  
have been i d e n t i f i e d  f o r  t h e  a b l a t i v e  material considered i n  t h i s  
s tudy . 

F i b e r  bundles:  F i b e r s  are normally inc luded  i n  an a b l a t i v e  
material t o  provide a measure of re inforcement  of bo th  the char 
s u r f a c e  and the  p y r o l y s i s  zone. For this reinforcement  t o  b e  
uniform and f u l l y  e f f e c t i v e ,  f i b e r  d i s p e r s i o n  must b e  uniform. 
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Cause: 
nonunif onn i  t y  i n  f i b e r  d i s p e r s i o n .  
thought t o  be  the lack of  shea r ing  a c t i o n  dur ing  mixing. 
o t h e r  cause  that has  been i d e n t i f i e d  is t h e  c o l l e c t i o n  of f i b e r s  
on t h e  s i d e s  of t he  mixing bowls. This  p r e s e n t s  two problems. 
F i r s t ,  when f i b e r s  s e p a r a t e  from the w a l l s ,  they  do n o t  r e d i s -  
perse .  Secondly,  some f i b e r s  are l o s t  and the a c t u a l  percentage  
i n  t h e  mat.eria1 i s  reduced. 

Seve ra l  f a c t o r s  have been i d e n t i f i e d  as p o s s i b l y  caus ing  
A predominant cause  is 

An- 

Effect: The e f f e c t  of f i b e r  bundles  o r  poor d i s p e r s i o n  is  t o  
reduce their e f f e c t i v e n e s s  i n  r e i n f o r c i n g  the  char and t h e  
char r e t e n t i o n  s t r e n g t h  i n  the  p y r o l y s i s  zone. 

Microsphere agglomeration: Uicrosphere agglomerat ions are de- 
f i n e d  as groups of microspheres t h a t  are bound toge the r  by mech- 
a n i c a l  f o r c e s .  

Cause: The b a s i c  causes  of t hese  agglomerat ions are absorbed 
moisture  and the p r e s s u r e s  occur r ing  du r ing  s t o r a g e  that ,  a f t e r  
s u f f i c i e n t  t i m e ,  tend t o  compact the microspheres.  

Effect: The e f f e c t s  on a b l a t i v e  material p r o p e r t i e s  are obvious 
s i n c e  each agglomerate r e p r e s e n t s  a domain of e s s e n t i a l l y  f o r -  
e ign  material with d i f f e r e n t  p r o p e r t i e s .  I n  a d d i t i o n ,  s u r f a c e  
voids  can  be caused by agglomerates a t  o r  near  the s u r f a c e .  
This would d i r e c t l y  a f f e c t  i n s u l a t i v e  p r o p e r t i e s  and s u r f a c e  
smoothness . 
Resin r a t i o  v a r i a t i o n s :  The b a s i c  func t ion  of tEe r e s i n  system 

is t o  bind toge the r  t he  o t h e r  c o n s t i t u e n t s .  Nonuniform d i s t r i -  
bu t ion  of t h e  r e s i n  w i l l  produce r e s i n - r i c h  and r e s in - s t a rved  areas, 
thus  producing v a r i a t i o n s  i n  material s t r e n g t h ,  thermal expansion, 
and o the r  p r o p e r t i e s .  

Cause: Resin v a r i a t i o n s  are caused by microsphere agglomerates,  
inadequate  a b l a t i v e  material mixing, and from the r e s i n  c o a t i n g  
app l i ed  t o  the  core .  

Effect: 
of expansion and produce h igh  l o c a l  stresses on temperature  
change. These stresses could open c racks  du r ing  co ld  soak, 
cause s h e a r  f a i l u r e  of t h e  f i l l e r  bond wi th  t h e  co re ,  and load  
the  face sheet a t  the core  bond i n  t ens ion .  S i g n i f i c a n t  e f f e c t s  
can a l s o  be expected i n  s t r a i n  c a p a b i l i t y ,  e las t ic  modulus, 
and c o n d u c t i v i t y  . 

Resin-r ich areas would have a much g r e a t e r  c o e f f i c i e n t  
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Formulation v a r i a t i o n s .  - S m a l l  v a r i a t i o n s  i n  c o n s t i t u e n t  
percentages  w i l l  l i k e l y  have l i t t l e  o r  no e f f e c t  on material prop- 
erties, w i t h  perhaps t h e  except ion of t h e  c a t a l y s t  percentage.  

Cause: 
be e r r o r s  i n  measurements, a l though,  as c i t e d  earlier, f i b e r s  
can become l o s t  due t o  t h e i r  tendency t o  c o l l e c t  on s u r f a c e s ,  

The causes  of formulat ion v a r i a t i o n s  would most l i k e l y  

Effect: 
o n s e t  of cure ,  degree  of cure ,  and t h e  amount of r e a c t i o n  
products  remaining i n  the  cured material. I n  a l l  cases, de t -  
rimental e f f e c t s  on mechanical p r o p e r t i e s  can be expected. 
The percentage of f i b e r s  can be expected t o  have some e f f e c t  
on char s t r e n g t h  and r e t e n t i o n .  

Changes i n  the c a t a l y s t  percentage can a f f e c t  the 

Foreign matter. - Foreign matter i s  any unwanted matter that  
e n t e r s  i n t o  t h e  material by acc ident .  

I n h i b i t o r s :  I n h i b i t o r s  are cha rac t e r i zed  by t h e i r  n e u t r a l i z a -  
t i o n  of t h e  c a t a l y s t ,  t hus  r e t a r d i n g  o r  completely s topping  cure.  

Cause: These i n h i b i t o r s  can be introduced i n  many innocent  
ways, such as a f a u l t y  seal i n  a mixer al lowing o i l  o r  grease  
t o  f a l l  i n t o  the  material batch.  

Effect:  
percentage  of i n h i b i t o r s  included.  However, some v a r i a t i o n  
i n  mechanical p r o p e r t i e s  can be expected i f  i n h i b i t o r s  are 
inc luded .  

To ta l  c u r e  prevent ion w i l l  depend in  most ca ses  on the 

I n e r t s :  Poor process  con t ro l  could r e s u l t  i n  in t roduc t ion lo f  
i n e r t  materials. The most t y p i c a l  of t hese  would be metals and 
wood t h a t  are commonly used as manufacturing a i d s .  Par t ic le  s i z e s  
may vary cons iderably  from microscopic t o  a s i z e  e a s i l y  de t ec t ed  
by rad iographic  in spec t ions .  I n  a d d i t i o n ,  sa l t  compounds of the 
a l k a l i  metals such as sodium c h l o r i d e  and potassium c h l o r i d e  have 
been found i n  a b l a t i v e  materials. 

Cause: These i n e r t s  can be in t roduced  i n  several ways, in -  
c l u d i n g  poor q u a l i t y  con t ro l ,  contaminated r a w  materials, and 
by equipment wear. 
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E f f e c t :  
from w e a r  of equipment are not  of concern because they  should 
not  s i g n i f i c a n t l y  affect  any of t h e  material p r o p e r t i e s  o r  
performance requirements .  Although a lkal i  metals w i l l  have 
l i t t l e  e f f e c t  on performance p r o p e r t i e s ,  they  could add t o  t h e  
problems of c o m p a t i b i l i t y  of  t h e  a b l a t o r  w i th  RF t ransmiss ion  
dur ing  r e e n t r y .  

The microscopic  p a r t i c l e s  t h a t  would l i k e l y  r e s u l t  

Moisture conten t .  - A s i g n i f i c a n t  c h a r a c t e r i s t i c  of low-density 
materials is  their  a f f i n i t y  f o r  absorb ing  mois ture .  

Cause: Two p o s s i b l e  causes  of mois ture  i n  the material are 
mois ture  contained i n  t h e  r a w  materials, p a r t i c u l a r l y  t h e  
microspheres ,  and moi s tu re  absorbed by the a b l a t i v e  pane l  from 
t h e  environment. 

Effect: 
spheres  t o  b u r s t  dur ing  vacuum c u r e  and thus  a f f e c t  d e n s i t y .  
Moisture  absorbed by t h e  f i n i s h e d  a b l a t i v e  pane l  can f r e e z e  
i n  t h e  launch  and o r b i t  environments and thus  cause unwanted 
c racking  and promote s p a l l a t i o n  dur ing  r e e n t r y .  

Moisture  conta ined  i n  t h e  microspheres  can cause the 

Honeycomb Core Defec t s  

The f u n c t i o n  of t h e  honeycomb co re  i n  t h e  a b l a t i v e  material 
i s  t o  a t t a c h  t h e  a b l a t i v e  l a y e r  t o  t h e  f i b e r g l a s s  face s h e e t ;  
r e i n f o r c e  and a t t a c h  t h e  cha r  l a y e r  t o  t h e  v i r g i n  a b l a t i v e  l a y e r ;  
and c o n t r o l  c racking  i n  t h e  char  l a y e r .  The fol lowing d e f e c t s  
a s soc ia t ed  w i t h  t h e  honeycomb have been def ined  on t h e  b a s i s  of 
p o t e n t i a l l y  i n t e r f e r i n g  wi th  t h e s e  t h r e e  func t ions  ( t h e  va r ious  
honeycomb c o r e  d e f e c t s  are shown i n  f i g u r e s  89 and 90. 

Crushed co re .  - Crushed co re  is  de f ined  as wrinkled co re  r i b -  
bons both i n t e r n a l l y  and n e a r  t h e  a b l a t i v e  pane l  s u r f a c e .  

Cause: This  d e f e c t  i s  caused by column loading  of the core.  
It is  expected t o  occur  p r i m a r i l y  as a r e s u l t  of impacting 
t h e  a b l a t i v e  f i l l e r  dur ing  t h e  packing process .  
l a y e r  of a b l a t i v e  f i l l e r  i s  d r iven  completely i n t o  t h e  honey- 
comb c o r e  and t h e  top  of t h e  co re  i s  exposed dur ing  t h e  impact- 
i ng  process ,  c rush ing  of t h e  c o r e  can be expected. 

When t h e  

Effect: 
t h e r e f o r e ,  a l o s s  i n  i t s  e f f e c t i v e n e s s  t o  r e i n f o r c e  the char 
l a y e r .  

Crushed c o r e  r e s u l t s  i n  a loss of i t s  i n t e g r i t y  and, 
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D i s t o r t e d  core.  - This  d e f e c t  occurs  when the ce l l  shape is  
deformed from i t s  o r i g i n a l  conf igu ra t ion .  An example is where 
the cel ls  have been d i s t o r t e d  from a hexagon shape t o  a s i n e  wave 
shape, o r  where t h e  s u r f a c e  has been pushed sideways and t i p s  t h e  
ce l l  w a l l s  from t h e  ver t ica l .  

Cause: Core d i s t o r t i o n s  can be caused by abnormally h igh  packing 
p res su res  o r  by l a te ra l  fo rces  imposed by a vacuum bag. 

E f f e c t :  
stresses i n  the  a b l a t o r  l a y e r  imposed between the d i s t o r t e d  
co re  and t h e  a b l a t i v e  f i l l e r  material. This  could r e s u l t  i n  
c racking  when t h e  s u r f a c e  i s  hea ted  dur ing  r e e n t r y  and poss ib ly  
r e s u l t  i n  some cha r  l o s s .  

D i s to r t ed  c o r e  may imply t h a t  t h e r e  are r e s i d u a l  

Broken co re  r ibbons.  - When the  c e l l  w a l l s  are t o r n  either 
v e r t i c a l l y  o r  h o r i z o n t a l l y ,  t h e  d e f e c t  is  def ined  as broken c o r e  
ribbons.  They can va ry  from a p a r t i a l  break i n  one ce l l  w a l l  t o  
breaks ex tending  over many cel ls .  

Cause: 
pres su re ,  ove r f l ex ing  of t h e  honeycomb, o r  la teral  f o r c e s  i m -  
posed by t h e  vacuum bag. 

These breaks o r  tears can be caused by excess ive  packing 

Effect:  
of the a b l a t i v e  l a y e r  t o  t h e  f i b e r g l a s s  f a c e  s h e e t ,  r educ t ion  
i n  the reinforcement  of t h e  char  l a y e r ,  o r  excess ive ly  wide 
s u r f a c e  c racks  i n  t h e  reg ion  of t h e  broken r ibbons .  The weakened 
at tachment  and wide c racks  may cause  f a i l u r e  either dur ing  co ld  
soak o r  r een t ry .  

Broken co re  r ibbons can r e s u l t  in  a weakened at tachment  

Broken node bonds. - When t h e  ribbon-to-ribbon bond has been 
separa ted  making t h e  c e l l  w a l l s  d i scont inuous ,  t h e  d e f e c t  i s  des- 
c r ibed  as a broken node bond. This  d e f e c t  is  similar t o  v e r t i c a l l y  
broken c o r e  r ibbons.  

Cause: 
o r  ove r f l ex ing  of t h e  honeycomb. 

These breaks  can be caused by excess ive  packing p r e s s u r e  

Effect: 
c racks  e i t h e r  du r ing  co ld  soak o r  dur ing  r e e n t r y .  

These breaks can r e s u l t  i n  excess ive ly  wide s u r f a c e  

Undercut core .  - This  d e f e c t  r e f e r s  t o  a var ia t i ’on i n  core  th i ck -  
n e s s  so the c o r e  does n o t  extend a l l  t h e  way t o  t h e  o u t e r  s u r f a c e  
of t h e  a b l a t i v e  l a y e r .  Fab r i ca t ing  panels  o v e r s i z e  and machining 
them t o  f i n a l  t h i ckness  would a l leviate  t h e  problem. 
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Cause: 
and/or  machining e r r o r s .  

The d e f e c t  would be caused by an under to le rance  core  

Effeet: The most s i g n i f i c a n t  e f f e c t  on end performance would 
be t h e  lack of suppor t  i n  t h e  f i l l e r  a t  t h e  pane l  su r f ace .  
Th i s  could  a f f e c t  t h e  cha r  r e t e n t i o n  and t h e  a b i l i t y  of  t h e  
honeycomb t o  c o n t r o l  s u r f a c e  c racks .  

Defec t ive  c o r e  s p l i c e s .  - S p l i c e s  t h a t  have excess r e s i n  o r  
are n o t  bonded are considered d e f e c t i v e  co re  s p l i c e s .  This  i s  
shown i n  f i g u r e  90. 

Cause: Defec t ive  c o r e  s p l i c e s  can be caused by the a p p l i c a t i o n  
of an improper amount of r e s i n  a t  t h e  bondl ine.  

Effect: The r e s u l t  of an  excessive amount of r e s i n  i s  t o  b lock  
a d j a c e n t  cells and t h u s  i n t e r f e r e  w i t h  cel l  f i l l i n g  and packing 
o p e r a t i o n s ,  i n  a d d i t i o n  t o  causing a l o c a l  anomaly i n  t h e  
a b l a t o r  l a y e r .  
bonded o r  unbonded c o r e  s p l i c e  t h a t  may r e s u l t  i n  an excess ive ly  
wide crack when t h e  p a n e l  i s  sub jec t ed  t o  cold temperatures  o r  
heated d u r i n g  r een t ry .  

A d e f i c i e n t  amount of r e s i n  w i l l  produce a poor ly  

Face Sheet  o r  Subpanel Defec ts  

It i s  assumed t h a t  t h e  S h u t t l e  a b l a t i v e  pane ls  w i l l  be d i r e c t l y  
a t t ached  t o  t h e  metal s t r u c t u r e .  Although t h i s  w i l l  p rovide  some 
support  a g a i n s t  p re s su re  l o a d s ,  i n e r t i a  and thermal loads  w i l l  pro- 
duce l a r g e  bending loads  tending  t o  warp and l i f t  t h e  pane l  away 
from the  m e t a l  s t r u c t u r e .  Large t ens ion  loads  w i l l  be  produced a t  
t h e  at tachments .  The primary func t ion  of t h e  f ace  s h e e t s  w i l l  be 
t o  provide adequate  bea r ing  and shear  s t r e n g t h  a t  t h e  at tachment  
loaca t ions .  The fol lowfng d e f e c t s  have been i d e n t i f i e d  as a f f e c t i n g  
t h e s e  s t r e n g t h  p r o p e r t i e s .  

Delaminat ions.  - Delaminations are phys ica l  s e p a r a t i o n  of t h e  
two p l i e s  of c l o t h .  

Cause: Delamination du r ing  f a b r i c a t i o n  can be caused by o rgan ic  
contaminates ,  r e s in - s t a rved  areas, and s taged o r  cured r e s i n  
areas. 

Effect: 
s t r e n g t h  w i l l  depend on t h e  re la t ive l o c a t i o n  of  the delamina- 
t i o n  w i t h  r e s p e c t  t o  t h e  at tachment  p o i n t s .  A delaminat ion  a t  

The e f f e c t s  of de lamina t ions  on shear  o r  bea r ing  
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t h e  at tachment  hole would r e s u l t  i n  g r e a t l y  reduced f a c e  sheet 
s t i f f n e s s  because of a l a c k  of i n t e r l amina r  shear s t r e n g t h  be- 
tween t h e  p l i e s .  T h i s  could r e a d i l y  r e s u l t  i n  a t tachment  
f a i l u r e  and l ead  t o  t h e  more c a t a s t r o p h i c  f a i l u r e  of pane l  loss .  

Sp l i ced  f a c e  s h e e t s .  - Spliced f a c e  s h e e t s  would be an over- 
lapping of two ad jacen t  p i eces  of c l o t h  t o  form a l a r g e r  s h e e t .  

Cause: The reason f o r  overlapping i s  simply the u n a v a i l a b i l i t y  
of a manufactured p i e c e  of t h e  d e s i r e d  s i z e .  

Effect: 
of the co re  because of the s t e p  introduced a long  i t s  boundaries .  
The e f f e c t  on performance would be t o  reduce t h e  a b l a t i v e  ma- 
t e r ia l  bond s t r e n g t h .  

The s p l i c e  could r e s u l t  i n  l o c a l  unbonds o r  poor bonds 

Conf igura t ion  Defec ts  

T h i s  refers t o  v a r i a t i o n s  i n  pane l  dimensions,  gene ra l  cond i t ions  
of edges,  and su r faces .  The fol lowing d e f e c t s  a s s o c i a t e d  w i t h  pane l  
conf igu ra t ion  are i d e n t i f i e d .  

Thickness.  - This  is  def ined  as t h e  a b l a t i v e  l a y e r  dimension 
requi red  t o  l i m i t  t h e  temperature  of t h e  s t r u c t u r e  t o  a s p e c i f i e d  
design v a l u e s  

Effect: Thickness i s  a most important  dimension t o  be con- 
t r o l l e d  because of i t s  e f f e c t  on both  s t r u c t u r e  temperature  
and v e h i c l e  weight.  I n  a d d i t i o n  t o  e s t a b l i s h i n g  manufacturing 
t o l e r a n c e s ,  when determining th i ckness  acceptance cr i ter ia ,  w e  
should cons ider  t h e  ques t ion  of designing t o  a minimum o r  de- 
s i g n i n g  t o  a cons t an t  t h i ckness .  

Width and length .  - These dimensions c o n t r o l  o v e r a l l  pane l  s i z e .  

Cause: Width and l e n g t h  dimensions can vary  because of t h e  
d i f f i c u l t i e s  i n  machining a b l a t i v e  materials and ope ra to r  e r r o r s .  

Effect: Overall pane l  dimensions must be maintained t o  a s s u r e  
mechanical mating wi th  ad jacen t  pane l s  and t o  c o n t r o l  gaps and 
j o i n t  s i z e s  between panels .  Of course ,  t h i s  problem can b e  
minimized by the  u s e  of compatible sealer materials t o  f i l l  
t h e s e  gaps and reduce hea t  l e a k s  t o  t h e  s t r u c t u r e .  
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Attachments.  - Poor h o l e  alignment and i n t e r f a c e  match w i l l  
impose added loads  a t  these attachment p o i n t s  and i n t e r f a c e s .  

Hole alignment:  Th i s  is def ined  as t h e  l o c a t i o n  of attachment 
holes  i n  the a b l a t i v e  pane l  w i t h  at tachment  anchor s t u d s  on t h e  
s t r u c t u r e .  

Cause: Manufacturing out-of- tolerances.  

Effect: 
p r e s t r a i n i n g  of t h e  e n t i r e  pane l .  Th i s  would n o t  normally be 
a problem i f  des ign  t o l e r a n c e s  are maintained.  Also f l o a t i n g  
a t tachment  p o i n t s  can be used t o  minimize mechanical and the r -  
mally induced s t r a i n s .  

Improper mating wi th  t h e  at tachment  s tud  can cause 

I n t e r f a c e  m i s m a t c h :  This  de f ines  t h e  d i s t a n c e  between a b l a t i v e  
pane l  f a c e  s h e e t s  and t h e  support  s t r u c t u r e  a t  the at tachment .  

Cause: I n t e r f a c e  mismatch can be caused by warped panels  and 
out-of-plane at tachment  l o c a t i o n s .  

Effect: S t r a i n s  produced by fo rc ing  an i n t e r f a c e  match can 
r e s u l t  i n  h igh  b u i l t - i n  bondl ine s t r a i n s  t h a t  could produce 
c racks  dur ing  o r b i t  and r een t ry .  

Edge cond i t ions .  - This  r e f e r s  t o  such d e f e c t s  a t  t h e  pane l  
edges as u n f i l l e d  cel ls ,  and chipped, worn, and uneven edges and 
corners .  

Cause: Since  the  s p e c i f i e d  pane l s  do no t  con ta in  edge members 
o r  re inforcement  coa t ings ,  they are s u s c e p t i b l e  t o  damage 
dur ing  machining, handl ing ,  t r a n s p o r t a t i o n ,  and i n s t a l l a t i o n .  

Effect: Poor edges w i l l  r e s u l t  in  h e a t  l e a k s  t o  t h e  s t r u c t u r e .  

Sur face  smoothness. - The su r face  of a f l i g h t  vehicle should 
be as smooth as p o s s i b l e  t o  e l i m i n a t e  p e r t u r b a t i o n s  of t h e  aero-  
dynamic performance c h a r a c t e r i s t i c s  and hea t ing .  The fol lowing 
d e f e c t s  a s s o c i a t e d  wi th  s u r f a c e  smoothness have been i d e n t i f i e d .  

Waviness: Waviness is  def ined  as a random curva tu re  of t h e  
su r face .  

Cause: This  could be caused by contouring t h e  a b l a t o r  o u t e r  
s u r f a c e  t o  t h e  s u b s t r u c t u r e .  It could a l s o  r e s u l t  dur ing  
r e e n t r y  due t o  thermal  s t r a i n s  caus ing  bowing of the a b l a t i v e  
pane l s .  
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Effect: 
p r e s s u r e  d i s t r i b u t i o n s  around t h e  crests and t roughs of the  w a l l  
and i n c r e a s e  t h e  d rag  fo rce .  

Waviness i n  supersonic  flow w i l l  produce antisymmetrical  

Mismatch of edges: This r e f e r s  t o  a s t e p  i n  the o u t e r  s u r f a c e  
from one panel  t o  the  next. 

Cause: Mismatched edges would r e s u l t  from a change i n  pane l  
t h i ckness  o r  displacement of the attachment s u r f a c e .  

Effect: Two types of s t e p s  can occur -- a rise and drop. I n  
both  cases, an a t t ached  shock could be produced i n  supersonic  
flow, inc reas ing  l o c a l  hea t ing  by an o rde r  of magnitude, 8 
and 9.  

Roughness: Roughness r e f e r s  t o  a lack of s u r f a c e  smoothness 
o r  evenness.  

Cause: Rough su r faces  can be caused by a c c i d e n t a l  chipping,  
gouging, and t o o l  marking during machining and t r a n s p o r t a t i o n .  
Also,  uneven expansion and r eces s ion  between t h e  a b l a t o r  and 
c o r e  o r  from c e l l  t o  c e l l  can occur  dur ing  r e e n t r y  hea t ing .  

Effect: Roughness can a f f e c t  t h e  boundary l a y e r  and produce 
turbulence ,  s epa ra t ion ,  and v o r t i c i t y  that a f f e c t  both h e a t  
t r a n s f e r  and f l i g h t  performance, r e fe rence  10.  
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FABRICATION OF SS-41 ABLATOR HEAT SHIELD PANELS 

Tasks I V  and V used a modified v e r s i o n  of t h e  NASA-Langley 
a b l a t o r  MG-36, i .e. ,  SS-41. Details of the modified des ign  us ing  
SS-41 are i l l u s t r a t e d  i n  f i g u r e  3 and presented  i n  this  Appendix. 

Abla tor  Packing Method 

The c u r r e n t  honeycomb core  packing p rocess  w a s  developed on 
a r ecen t  I U D  program a t  Mart in  Marietta's Denver d i v i s i o n  as a 
r e s u l t  of experiments made t o  determine t h e  p a c k a b i l i t y  of low 
d e n s i t y  a b l a t o r s .  R e s u l t s  i n d i c a t e d  t h a t  any p res su re  o r  v ibra-  
t i o n  loads  on t h e  a b l a t i v e  material caused i t  t o  compact badly.  
The compacted material then  became d i f f i c u l t  t o  l oad  i n t o  t h e  
honeycomb c o r e  s i n c e  i t  formed t i g h t  p lugs  on e n t e r i n g  t h e  ce l l s .  
This  r e s i s t a n c e  w a s  found t o  be g r e a t  enough t o  cause co re  damage 
be fo re  t h e  ce l l s  w e r e  f i l l e d .  

Pre l iminary  experiments were then made p res s ing  t h e  honeycomb 
co re  i n t o  p a r t i a l l y  and f u l l y  packed a b l a t i v e  material. L i t t l e  
d i f f e r e n c e  w a s  found as t h e  a b l a t o r  qu ick ly  packed i n t o  a dense 
block ahead of t h e  core .  
cur red  when t h e  core  w a s  v i b r a t e d ,  caus ing  ver t ical  shock waves 
t o  be t r ansmi t t ed  through t h e  c e l l  w a l l s .  When t h e  c o r e  and 
material were s u f f i c i e n t l y  v i b r a t e d ,  t h e  former e a s i l y  pene t r a t ed  
t h e  a b l a t i v e  material. 

The major improvement i n  packing oc- 

To minimize t h e  d e n s i t y  g rad ien t  through t h e  a b l a t o r  t h i ckness  
t h e  material w a s  v i b r a t e d  i n t o  both s i d e s  of t he  co re .  The pro- 
po r t ion  of material i n  each s i d e  w a s  v a r i e d  t o  determine t h e  
optimum packing r a t i o .  A t  t h e  optimum r a t i o ,  t he  f r o n t  and back 
su r faces  of t h e  pane ls  had a similar d e n s i t y  and t h e  c e n t e r  p o r t i o n  
was  s l i  h t l y  lower. The maximum d e n s i t y  g rad ien t  w a s  less than 

methods had produced d e n s i t y  g r a d i e n t s  as h igh  as t h r e e  pounds 
p e r  cubic  f o o t  through t h e  a b l a t o r  and lateral  g r a d i e n t s  as h igh  
as one pound p e r  cubic  f o o t . )  
t h e  a b l a t o r  pane l  are shown i n  f i g u r e  91. 

1 l b / f t  3 and averaged k-lb o r  approximately 3%. (Previous packing 

Typical  d e n s i t y  v a r i a t i o n s  through 
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The lateral  d e n s i t y  g rad ien t s  were con t ro l l ed  t o  approxi- 
mately k l b / f t 3  ( 4  kg/m3> (1% X) by us ing  a dense pack loading 
technique. I n  t h i s  method, t h e  a b l a t i v e  material w a s  compacted 
i n  screed  frames, e l i m i n a t i n g  any s i g n i f i c a n t  d e n s i t y  v a r i a t i o n  
ac ross  t h e  panel  s u r f a c e .  Each sc reed  contained t h e  proper pro- 
p o r t i o n  of material f o r  one s i d e  of t h e  core .  A s  t h e  v i b r a t i o n  
packing method causes  p r a c t i c a l l y  no la teral  movement of t he  
a b l a t i v e  material, t h e  d i s t r i b u t i o n  remained uniform. 

Overall a b l a t o r  d e n s i t y  w a s  c o n t r o l l e d  by t h e  v i b r a t i o n  f r e -  
quency and magnitude p l u s  the  r a m  p re s su re .  These parameters  
were p r e c i s e l y  c o n t r o l l e d  by d i r e c t  gage readings  and p res su re  
s e t t i n g s .  With c o n s i s t e n t  r a w  materials, the  a b l a t o r  d e n s i t y  
v a r i a t i o n  w a s  found t o  be wi th in  one pe rcen t .  The screeds  pro- 
vided an  accu ra t e  means of  checking t h e  a b l a t i v e  material bulk  
dens i ty ,  as they were weighed w i t h  t h e i r  volumetr ic  charge be- 
f o r e  be ing  used. The v i b r a t i o n  packing method w a s  found t o  be 
equa l ly  e f f i c i e n t  on l a r g e  and s m a l l  pane ls .  
HRP and Mart in  Elar ie t ta  core  were used w i t h  equal  ease of packing. 

Both Hexcel 3/8 

Raw Material Cont ro l  

To minimize f a b r i c a t i o n  t i m e  and c o s t s ,  very  l i t t l e  process ing  
of r a w  materials w a s  done on t h e  SS-41 r a w  materials. 
n o l i c  microbal loons w e r e  d r i ed  under vacuum i n  a V-blender t o  
remove mois ture .  Nylon powder, I G l O l  g l a s s  spheres ,  and t h e  
phenol ic  microballoons were s ieved through 30-mesh t o  remove 
l a r g e  matter and t o  break  up agglomerated lumps. 

The phe- 

Densi ty  v a r i a t i o n  of t h e  r a w  materials w a s  found t o  be s i g -  
n i f i c a n t .  Two batches of I G l O l  g l a s s  spheres  v a r i e d  i n  bulk  
d e n s i t y  from 12.25 t o  14.64 l b / f t  
a l s o  s e t t l e d  i n  t r a n s i t ,  causing a d e n s i t y  g rad ien t  w i th in  each 
con ta ine r .  

(196 t o  235 kg/m3). The g l a s s  

U s e  o f  t h e  dense g l a s s  spheres  r e s u l t e d  i n  an i n c r e a s e  of 
approximately one-half pound per  cubic  foo t  i n  the f i n a l  mix 
d e n s i t y .  A s  t he  v i b r a t i o n  packing method f i l l s  honeycomb c o r e  
vo lumet r i ca l ly ,  t h e  h ighe r  d e n s i t y  caused r e j e c t i o n  of s e v e r a l  
a b l a t i v e  pane ls .  It  w a s  a t  t h i s  t i m e  t h a t  sc reed  weighing w a s  
i n s t i t u t e d  as a bulk  d e n s i t y  check. 
compensate f o r  t h e  h igh  material d e n s i t y  by packing a t  a lower 
p re s su re ,  bu t  the  p o s s i b i l i t y  of vo ids  caused by inadequate  f i l l i n g  
w a s  i nc reased .  Illaterial from t h e  heav ie r  batch w a s  r e j e c t e d ,  
and a l l  o t h e r  r a w  material con ta ine r s  were shaken t o  mix the 
material. 

An a t tempt  w a s  made t o  
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P a r t i c l e  s i z e  of t h e  phenol ic  and g l a s s  spheres  moderately 
a f f e c t e d  t h e  55-41 bulk d e n s i t y .  The l a r g e r  spheres  w e r e  found 
t o  be much less dense than  t h e  smaller ones.  A t y p i c a l  s i e v e  
a n a l y s i s  is  shown i n  t a b l e  26. A s  shown, t h e  d e n s i t y  v a r i a t i o n  
w a s  no t  g r e a t  enough t o  d i s c a r d  any of t h e  major f r a c t i o n s  except  
t h e  -200 mesh (74 micron) g l a s s .  The -200 mesh material, t h e r e f o r e ,  
should be d i sca rded  o r  processed t o  reduce t h e  bulk  dens i ty .  

Broken sphe res  w e r e  found t o  be a major cause of h igh  d e n s i t y ,  
as the  fragments n e s t  w i t h  one another  and wi th  unbroken spheres .  
The broken sphe res  are e a s i l y  removed along wi th  o t h e r  h igh  den- 
s i t y  material by washing i n  methyl-ethyl-ketone, as they  sett le 
t o  t h e  bottom of the  f l u i d .  The d e n s i t y  of washed I G l O l  g l a s s  
microspheres w a s  9 .7  pcf (155 kg/m3). Th i s  w a s  a r educ t ion  of 
over 2 pcf (32 kg/m3) from un t rea t ed  material. Pheno l i c  micro- 
ba l loons  decreased 1 .5  pcf (24 kg/m3) a f t e r  washing. 
t h e r e f o r e  a p o s s i b l e  t rea tment  f o r  d e n s i t y  r educ t ion  i f  t h e  r a w  
materials have h igh  bulk  d e n s i t y .  

Washing i s  

The SS-41 a b l a t i v e  material f o r  t h e  pane l s  w a s  mixed i n  3200 
gram ba tches  i n  a 15  g a l l o n  (57 l i t e r )  Hobart mixer. Each ba tch  
w a s  s u f f i c i e n t  f o r  one panel ,  inc luding  a %-in* (1.3 cm) head. 
The SS-41 formulat ion is presented  i n  t a b l e  27. A f a b r i c a t i o n  
check l i s t  w a s  used t o  a s s u r e  t r a c e a b i l i t y  of raw materials, 
document t h e  bulk  d e n s i t y  and q u a n t i t y  of each i n g r e d i e n t ,  r eco rd  
loading  technique  and pane l  cure  parameters ,  and record  f i n a l  pane l  
phys i ca l  d a t a .  A s  each panel  contained a s i n g l e  b a t c h  of t h e  
a b l a t i v e  mix, t h e r e  w a s  no car ryover  of material from one panel  
t o  another .  

Spec ia l  care w a s  t aken  i n  t h e  mixing ope ra t ion  t o  a s s u r e  that 
t h e  r e s i n  and c a t a l y s t  w e r e  thoroughly blended p r i o r  t o  t h e i r  
a d d i t i o n  t o  t h e  mixing vessel. This  w a s  done t o  a s s u r e  t h a t  no 
uncatalyzed r e s i n  could e n t e r  t h e  a b l a t i v e  material, causing un- 
cured i n c l u s i o n s  i n  t h e  f i n a l  pane ls .  An excess of t h e  r e s i n  
mix w a s  prepared so  t h e  proper  amount could be weighed i n t o  t h e  
mixer bowl f o r  each ba tch .  

Twenty pe rcen t  of t h e  phenol ic  microbal loons w e r e  added t o  
t h e  r e s i n  a t  slow speed and mixed f o r  t h r e e  minutes.  A l l  of t h e  
g l a s s  microbal loons and thk  nylon powder w e r e  then added and 
mixed f o r  t h r e e  minutes.  The f i n a l  mix t i m e  w a s  45 min, w i th  
scrap ing  a f t e r  1 0  min. 
then taken and recorded on t h e  f a b r i c a t i o n  check l i s t .  

A bulk  d e n s i t y  of t h e  mixed a b l a t o r  w a s  
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The mixed a b l a t i v e  material w a s  then  packed i n  screed  frames 
conta in ing  the  proper  volume f o r  f i l l i n g  t h e  co re .  Af t e r  l oad ing ,  
t h e  frames were weighed t o  confirm t h a t  t he  p ropor t ion  w a s  c o r r e c t  
f o r  each  s i d e  t o  be packed. A s  t h e  volume of each frame w a s  
known, t h e  bulk d e n s i t y  of the  prepacked material w a s  e a s i l y  cal- 
cu la t ed .  This  d e n s i t y  toge the r  w i t h  t h e  known d e n s i t y  of t h e  
honeycomb co re  provided an accu ra t e  p r e d i c t i o n  of t h e  f i n a l  pane l  
d e n s i t y .  

Before  being packed wi th  a b l a t i v e  material, the co re  w a s  w e t -  
coated,  spraying  w i t h  Nonsanto SC1009 phenol ic  r e s i n .  The coa ted  
core  w a s  then  heated f o r  45 min. a t  150°F ( 3 3 9 O K )  t o  B-stage the 
r e s i n .  I n  t h e  B-stage t h e  r e s i n  a c t s  as an e f f i c i e n t  primer f o r  
bonding t h e  a b l a t i v e  material t o  t h e  core .  The weight and d e n s i t y  
of t h e  c o r e  w a s  recorded before  and a f t e r  coa t ing .  

I n  t h e  packing ope ra t ion ,  t h e  prepared honeycomb core  w a s  
placed upon t h e  a b l a t i v e  material i n  t h e  screed .  A f i x t u r e  and 
spacers were then placed around t h e  screed so t h e  he igh t  equa l l ed  
the  h e i g h t  of t h e  c o r e  being f i l l e d ,  
i n  t h e  v i b r a t o r  p r e s s  and a l igned  w i t h  t h e  upper p l a t e n .  
w a s  a p p l i e d  t o  t h e  c o r e  and the  v i b r a t o r  motor w a s  s t a r t e d .  The 
p res su re  w a s  maintained u n t i l  t h e  co re  pene t ra ted  t h e  a b l a t i v e  
material, which w a s  i nd ica t ed  by t h e  p l a t e n  becoming l e v e l  w i t h  
the  top  of t h e  f i x t u r e .  

The assembly w a s  then placed 
P r e s s u r e  

The assembly con ta in ing  the  p a r t i a l l y - f i l l e d  co re  w a s  then  
inve r t ed  over  t he  second screed con ta in ing  t h e  remainder of  the 
a b l a t i v e  material. Alignment of t h e  two sc reeds  w a s  made by 
s l i d i n g  t h e  ou te r  frame down, engaging both s c r e e d s  a t  t h e  same 
t i m e .  P re s su re  and v i b r a t i o n  were aga in  app l i ed  t o  t h e  co re  t o  
f o r c e  i t  i n t o  the  second charge.  
ob ta ined ,  t he  v i b r a t o r  motor w a s  run  f o r  one minute.  P r e s s u r e  
was maintained f o r  an a d d i t i o n a l  four  minutes.  

A f t e r  t h e  d e s i r e d  p res su re  w a s  

A f t e r  completion of t h e  p r e s s  c y c l e ,  t h e  assembly was i n v e r t e d  
over a cu r ing  frame. 
ward engaging t h e  cu r ing  frame f o r  t h e  t r a n s f e r  ope ra t ion .  The 
assembly was r e tu rned  t o  t h e  p r e s s  and t h e  f i l l e d  c o r e  w a s  pressed  
from t h e  screed  assembly i n t o  t h e  c u r e  frame wi thout  damage t o  
t h e  c o r e .  Af t e r  removal of t h e  sc reed ,  spacer ,  and alignment 
frame, t h e  c u r e  frame w a s  pushed down, exposing t h e  head. 

The alignment frame was then  pressed  down- 
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The assembly w a s  then  placed on a vacuum bagging p l a t e  and 
A vacuum of 23-24 i n .  (584-610 mm) Hg w a s  

The cure  
prepared f o r  molding, 
appl ied  and maintained du r ing  t h e  cure  and cooldown. 
w a s  16  h r s  a t  250°F (394"K), 
s u r f a c e  g r ind ing  the  pane ls  t o  proper th i ckness  and trimming t h e  
edges wi th  a diamond s a w .  

Ablator  machining cons i s t ed  of 

Honeycomb Sub panels  

The subpanes l  c o n s i s t e d  of 0.014-in. (0.36 mm) g l a s s  phenol ic  
f a c e  s h e e t s  bonded t o  b i n .  (0.6 cm) ce l l  honeycomb core ,  0.613-in. 
(1.55% cm)-thick. 
9 1  LD on S t y l e  120 g l a s s  f a b r i c ,  molded a t  50 p s i  (35 N/cm2) i n  
an au toc lave .  
covered w i t h  IIT 424 adhesive f i lm .  The f a c e  s h e e t s  w e r e  made 
s l i g h t l y  o v e r s i z e  t o  a l low f o r  f i n a l  trimming. 

The f a c e  s h e e t s  were t h r e e  p l y  l amina te s  of 

Face s h e e t  bonding s u r f a c e s  were g r i t  b l a s t e d  and 

Honeycomb c o r e  was c u t  w i t h  an excess  of %-ine (1.3 cm)  on 
each s i d e .  The o u t e r  edge of t h e  honeycomb w a s  then f i l l e d  w i t h  
epoxy t o ' s t r e n g t h e n  t h e  o u t e r  edge of t h e  f i n i s h e d  subpanel .  The 
f i l l e d  co re  w a s  then sandwiched between the two prepared f ace  
s h e e t s .  Tool ing blocks w e r e  placed around t h e  pane l  t o  prevent  
c rush ing  of t h e  honeycomb edges dur ing  cu re .  A vacuum bag w a s  
used t o  apply  24-in. (610 mm) of IIg p r e s s u r e  and t h e  p a r t  w a s  
cured f o r  30 minutes a t  340°F (444°K). The subpanels  were c u t  
t o  s i z e  w i t h  a diamond s a w .  

TPS Panel  Assembly 

I n  t h e  in t e rmed ia t e  pane l  s t u d i e s  of Task I V ,  P a r t  1, the 
SS-41 a b l a t i v e  pane ls  were bonded t o  subpanels  wi th  a RTV adhes ive .  
A t  f i r s t ,  t h e  pane ls  produced were bonded wi th  an RTV which had 
been used e x t e n s i v e l y  as an adhesive bond f o r  similar low d e n s i t y  
a b l a t o r s .  During the  tests of t he  a b l a t i v e  pane ls  i n  b i a x i a l  
f l e x u r e ,  t h e  bond f a i l e d  on several t es t  pane l s .  The pane l s  were 
rebonded us ing  an RTV adhes ive  (and new bonding process)  w i t h  
h ighe r  pee l  and t e n s i l e  s t r e n g t h  which had been developed under 
Mart in  Marietta e f f o r t .  

A bonding f i x t u r e  w a s  used t o  f i rmly  p o s i t i o n  t h e  a b l a t i v e  
pane l  on t h e  subpanel  du r ing  t h e  adhesive cure  ope ra t ion .  The 
assembly w a s  p laced  on a t o o l i n g  p l a t e  and a vacuum bag i n s t a l l e d .  
The p a r t  w a s  cured a t  23-24 i n .  (584-610 mm) of Hg f o r  4 h r s  a t  
200'F (366°K) and cooled under p re s su re .  
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Ablator  SS-41F 

A n  a t tempt  w a s  made i n  the e a r l y  p a r t  of Task I V  t o  manufacture 
a ve r s ion  of SS-41 wi thout  honeycomb. Reinforcement w a s  t o  be 
provided by t h e  a d d i t i o n  of E-glass f i b e r s  ( t a b l e  27-2). Severa l  
pane ls  were molded i n  t h i s  manner us ing  vacuum bag techniques.  
The r e s u l t i n g  high d e n s i t y  and delaminat ions observed caused the 
material t o  be dropped from cons ide ra t ion .  
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METHOD OF INSTALLING FABRICATION DEFECTS (TASK I V )  

This appendix summarizes t h e  v a r i a t i o n s  i n  f a b r i c a t i o n  pro- 
cesses enac ted  i n  o rde r  t o  o b t a i n  t h e  12  d e f e c t  under  consider-  
a t i o n  i n  the Task I V  exper imenta l  s tudy ,  S imi la r  d e t a i l s  on the 
earlier d e f e c t  i n s t a l l a t i o n s  (Task 111) are contained i n  r e fe rence  
2. 

Undercure 

The c u r e  oven f o r  the a b l a t o r  b i l l e t  w a s  set a t  150°F (339°K) 
in s t ead  of 250°F (394°K) f o r  t h e  s p e c i f i e d  t i m e  p e r i o d ,  Panel  21. 

Overcure 

The cu r ing  temperature  used 350°F (450'K) i n s t e a d  of 250°F 
(394"K), Pane l  22. 

Low dens i ty  

The f i l l  mixture  w a s  13.7 pcf (219 kg/m3) i n s t e a d  of the 
customary 1 4 . 1  pcf (226 kg/m3) due t o  t h e  low d e n s i t y  phenol ic  
microbal loons used 7 . 1  pcf (114 kg/m3) and a low honeycomb packing 
r a m  p re s su re  (28 p s i ,  19  N/cm2), Panel  23. 

High d e n s i t y  

The f i l l  mixture  w a s  15 .0  pcf (240 kg/m3) (compared t o  14.1,  
226) because of t h e  high d e n s i t y  phonol ic  microbal loons used (8.7 
pcf 139 kg/m3). 
(93 p s i ,  64 N/cm2) produced t h e  b i l l e t  f o r  Panel  24. 

This ,  a long  wi th  a h igh  r a m  packing p res su re  

No i s  t Ing red ien t s  

Two q u a n t i t i e s  of pheno l i c  microbal loons were soaked i n  a 
humidity chamber u n t i l  t hey  r e g i s t e r e d  5 and 10% weight pickup 
r e s p e c t i v e l y ,  Panels  25 and 26. The p resc r ibed  loads  f o r  t h e  
ba tch  mixtures  w e r e  weighed from t h e s e ,  e s s e n t i a l l y  s t a r v i n g  t h e  
f i n a l  composites by t h e s e  percentages  of microbal loons.  
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APPENDIX C 

Inhomogeneity 

These panels  had undermixed f i l l s ,  hope fu l ly  con ta in ing  un- 
blended components. Pane l  27 's  f i l l  w a s  mixed only  1 / 3  of t h e  
p re sc r ibed  t i m e  and Panel  28 ' s  f o r  2 /3  of t h e  r equ i r ed  pe r iod .  

Overtime Fill-To-Core Bond Primer P repa ra t ion  

The B-staging of t h e  phenol ic  primer app l i ed  t o  the a b l a t o r ' s  
honeycomb core  cel l  w a l l s  w a s  allowed t o  proceed f o r  t w i c e  t h e  
normal t i m e  per iod ,  Panel  29. 

Overheated Fill-To-Core Bond Primer P repa ra t ion  

The B-staging i n  t h i s  case  w a s  f o r  t h e  proper  t i m e  pe r iod ,  bu t  
a t  a h ighe r  temperature ,  250°F (394°K) i n s t e a d  of 150°F (339"K), 
Panel  30. 

Horizonta l  Crack Layer i n  Abla tor  F i l l  

The s tandard p ropor t ions  of t h e  two screed  loadings  w e r e  used. 

The cured 
Lampblack w a s  then  dus ted  on one po r t ion  i n  o r d e r  t o  even tua l ly  
c r e a t e  a h o r i z o n t a l  d i s c o n t i n u i t y  i n  t h e  f i n a l  packing. 
b i l l e t s ,  wi th  t h e i r  p lane  of d i s c o n t i n u i t y  showing around t h e  edges,  
were machined i n  accordance w i t h  t h e  two c rack  p lane  l o c a t i o n s  
s t i p u l a t e d  (Panels  33 and 34).  

Undercut Core 

The a b l a t o r  honeycomb components f o r  Pane l s  35 and 36 were 
d e l i b e r a t e l y  foreshor tened  i n  h e i g h t s .  F i n a l  b i l l e t  machining 
t o  t h e  proper  h e i g h t  placed unre inforced  material a t  t h e  o u t e r  
s u r  f aces .  

B i l l e t  t o  Subpanel Delaminations 

Discs of precast bond material, sprayed w i t h  a Teflon release 
f i l m  and .a s  t h i c k  as t h e  a n t i c i p a t e d  bond l i n e ,  w e r e  l o c a t e d  i n  
s p e c i f i e d  p a t t e r n s  on t h e  subpanels  f o r  Panels  37 and 38. Normal 
assembly followed, w i t h  success fu l  de lamina t ion  spo te s  i n  t h e  
bond l i n e .  \ 

Broken Nodes and Ribbons 

A s p a t u l a  b lade  w a s  used t o  create broken nodes and r ibbons  
i n  t h e  reinforcement  honeycomb p r i o r  t o  t h e  packing of the a b l a t o r  
f i l l i n g .  Panels  39, 40, 41  and 42 were involved.  
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REDUCTIOfJ OF FOUR POINT FLEXURE DATA 

Four-point f l e x u r e  d a t a  w e r e  ob ta ined  on 133 beams of a b l a t o r  
b i l l e t ,  r e p r e s e n t i n g  many of the  i n t e n t i o n a l  d e f e c t s  and c o n t r o l  
pane ls  i n  Task IV ( see  f i g .  92) .  A t y p i c a l  record ing  of t he  l o a d  
vs c e n t e r l i n e  d e f l e c t i o n  i s  presented  i n  f i g u r e  93. The y i e l d  
p o i n t  w a s  de f ined  as the p o i n t  a t  which t h e  loading  s l o p e  dropped 
o f f  and u l t i m a t e  load w a s  represented  by beam f a i l u r e .  The s l o p e  
of the curve  up t o  t h e  y i e l d  po in t  w a s  used i n  modulus d e r i v a t i o n .  
A l l  t h e  p e r t i n e n t  d a t a  and c a l c u l a t i o n s  are summarized i n  t a b l e s  
12  t o  15; formulae are presented  i n  t h i s  appendix. 

Yield and U l t i m a t e  S t r e n g t h  Formula 

The s tandard  beam formula w a s  used; symbols are def ined  i n  
f i g u r e  92: 

F l e x u r a l  Modulus 

The s t anda rd  beam formula r e l a t i n g  the modulus E t o  t h e  s l o p e  
of t h e  d e f l e c t i o n / l o a d  curve  i s ,  f o r  fou r  po in t  loading:  

1 1 7  L3 Y = -  
P 512 Ebh3 

T h i s  produced t h e  va lues  f o r  E found i n  t a b l e  14 .  

It w a s  pos tu l a t ed  i n  a r ecen t  comparison of v a r i o u s  publ ished 
d ive rgen t  va lues  f o r  RSI f l e x u r a l  modulus t h a t  the e f f e c t  of t h e  
low shear  modulus of t r a n s v e r s e l y  i s o t r o p i c  materials such as R S I  
w a s  d i s r ega rded  i n  d a t a  r educ t ion  of th ree-poin t  beam f l e x u r e  
tests, Reanalyzing the d a t a ,  it w a s  concluded t h a t  a s i g n i f i c a n t  
c o n t r i b u t i o n  t o  the deformation of a f l e x u r e  specimen occurs  due 
t o  low shear modulus ( G ) ,  30 t o  90% of t h e  t o t a l ,  depending on 
the length-to-depth r a t i o  of t h e  beam. 
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A s o l u t i o n ,  modified f o r  a four-point beam of our  dimensions, 
modif ies  t h e  d e f l e c t i o n / l o a d  express ion  as fol lows:  

y = -  117 L 3  12.8 E h2 
512 Ebh3 l m 0  +-- P 13.0 G 9 

- 

Inf  1uenc.e of G 

The two unknowns i n  t h i s  express ion  were accommodated by t e s t i n g  
similar beams of two d i f f e r e n t  h e i g h t s  and so lv ing  two simultaneous 
equat ions  f o r  E ,  S e e  f i g u r e  94. 

A summary of f l e x u r a l  moduli c a l c u l a t e d  i n  t h i s  manner is  re- 
ported i n  t a b l e  15. Apparent ly ,  t h e  E / G  r a t i o  ( f l exure / shea r  
r a t i o )  f o r  SS-41 must be s u f f i c i e n t l y  l a r g e  t o  n e g l e c t  t h e  in-  
f l uence  t e r m ,  s i n c e  t h e  average va lues  f o r  E increased  j u s t  
s l i g h t l y .  
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A b l a t i v e  material 

Cracks 

Delaminat ions 

Voids 

Unbonded t o  honey- 
comb 

Dens i ty  

C o n s t i t u e n t  
i n t e g r i t y  

S t a t e  of c u r e  

Homogeniety 

Formulat ion 

Fore lgn  matter 

I n h i b i t o r s  

I n e r t  t o  r e s i n  

Mois ture  conten t  

Honeycomb 

Crushed 

Broken r ibbons  

D i s t o r t e d  cells  

Broken node 
bonds 

S p l i c e s  

Undercut 

Unbonded t o  
s u b s t r u c t u r e  

Panel  s u b s t r u c t u r e  

Resin c o n t e n t ,  
mold c y c l e  

Panel  c o n f i g u r a t i o n  

Thickness  

Width and l e n g t h  

Edge c o n d i t i o n s  

Attachment 
a l ignment  

Contour 

h e r m a l  

TABLE 1 

b l a t  i v e  
ayer  me- 
h a n i c a l  

POTEl - 

:har 
eyer 
nteg- 
Kity - 

AL CRI 

u r f a c e  
r o s i o n  
esist- 
ance  

:AL DEFECT 

Chemical 
compo- 

; i t i o n  and 
j t a b i l i t y  

e 

b l a  t i v e  
layer 
ond t o  
ubpanel  

) imen- 
i iona l  

Subpanel 
iec h a n i c a l  
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TABLE 2.- NOMINAL C O N D I T I O N S  USED I N  PLASMA ARC SPLASH TESTS 

TABLE 3 . -  SUMMARY O F  FABRICATION TO ENTRY STUDY, TASK I11 

D e f e c t  

D e n s i t y  

U n b o n d  H / C  

V o i d s  

F o r m u l a t i o n  

C u r e  V a r i a t i o n  

C r i t i c a l ?  

N o  Y e s  

X 

Excess R e s i n  
Larger N e t  K 

X 

X 

< <  1 4  P C F  
(244  Kg/m3)  

A O v e r s h o o t s >  7 5 " F ( 3 1 4 " K )  

C o m m e n t s  

G r a d i e n t s  - 
D e n s e  ou te r  
greater mass l o s s  

< = 15 P C F  =$%= 

40°F O v e r s h o o t  
(2 95 O K )  

,(240 K g / m 3 )  

S u b s t r a t e  T e m p e r a t u r e  
A O v e r s h o o t s  >75"F 

(314 O K )  
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TABLE 4.- RESULTS OF DESCENT ACOUSTIC ENVIRONMENT TESTS OF MG-36 PANEL 2 

Overall** 
Exposure c y c l e  I dB level 

Dura t ion  
(set) 

120  

120 

120  

240 

Comments 

Some char l o s t  i n  t h e  area of c rushed  c o r e  

No o b s e r v a b l e  change 

Some char l o s s  i n  "damaged areas"*** 

A d d i t i o n a l  c h a r  l o s s  i n  areas o f :  
Crushed c o r e  
Undercut c o r e  
S o f t  c u r e  

Notes: ** The i n p u t  a c o u s t i c  environment had a similar s p e c t r a l  d i s t r i b u t i o n  
a t  e a c h  exposure  level .  

*** S e v e r a l  areas i n  t h e  char had been damaged d u r i n g  p r e t e s t  hand l ing ,  
and d u r i n g  bonding of  the 18" x 18" a c o u s t i c  test assembly. 
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TABLE 5 , -  TPS PANEL PHYSICAL ~~SUREMENTS 

P a n e l  
number 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13  
1 4  

15 

1 6  

17  

18 

Compo- 
s i t i o n  

SS-41 

SS-41 

SS-41 

SS-41 

SS-41 

SS-41 

SS-41 

SS-41 

SS-41 

SS-41 

SS-41 

SS-41F 

SS-41P 

SS-41 

SS-41 

SS-41 

D e n s i t y  

As- fabr ica ted  

16 .09  I 257 

A f t e r  a l l  tests 

anel Dummy 

16 e 58 

16.69 

1 6  e 60 

1 6  ,, 64 

16 ,23  

1 6  a 20 

16  e 30 

16.76 

1 6  a 83 

17  11 

1 7  a 63 

18 ,55  

14.13 
--c. 

16 s 09 

264 

267 

266 

267 

260 

259 

261 

269 

270 

274 

283 

2 91 

258 
--- 
257 

Hardness  (Shore A) 

As-f a b r i c a t e d  

--- 
48-50 

50 

45-55 

45-55 

48-50 

45-55 

45-55 

45-55 

45-55 

45-55 

40-50 

4 5-50 

50-55 
--- 

50-55 

A f t e r  a l l  tests 

--- 
55  

45-50 

45 

35-40 

52 

50 

50 

55-60 

60 

55 

55 

60 

50-55 
--- 

50-55 
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TABLE 6.- ENVIRONMENTAL TEST MATRIX 

Panel 
numb e r 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

1 3  

14 

15 

16 

18 

T r i a l  Panel f o r  F a c i l  

- - 
Biax ia l  
f l exure  

room t e m -  
pe ra tu re  

y Checkou 
____- 

Thermal 
and cola 
soak and 
vacuum 

Cold 
soak 
and 

vacuun 
I-__ 

X 

X 

X 

B iax ia l  
f l exure  
co ld  
soak 

X 

X 

X 

X 

x ,  

lescent 

t ics 
3cous- 

Four- 
p o i n t  

f l e x u r e  

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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TABLE 7.- BIAXIAL FLEXURE TEST RESULTS (AMBIENT TEMPERATURE) 

Press/strain 
Panel 
no.* 

10 

8 

9 

11 

4 

5 

6 

7 

16 

Surface 
elastic 

Previous stiff 

1430 

1540 

1360 

1210 

1210 

1290 

1250 

890 

785 

ess 
N/ cm2 / cm/ cm 

970 

1045 

925 

825 

825 

880 

850 

6 05 

5 35 

elon- 
gation X 

0.60 

0.30 

0.45 

0.46 

0.40 

0.50 

0.38 

0.36 

0.50 

* All panels were SS-41 except No. 16 (SLA-561) 

Previous environments (up to biaxial flexure test) 

A None 
B Ascent acoustics 
C 10 days humidity, dehydrated, ascent acoustic 
D 10 days humidity, dehydrated 
E 16 days humidity, dehydrated 
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TABLE 8.- SUMMARY O F  DATA F O R  HUMIDITY,  ASCENT A C O U S T I C S ,  AND U N I A X I A L  FLEXURE 

g a i n  i n  a b l a t o r  
weight dur ing  

Maximum % s t r a i n  o 
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TABLE 11,- SUMMARY OF DESCENT ACOUSTICS TESTING 

DepLh range ,  

. i n ,  

Hard o u t e r  s k i n  easy t o  
push down i n t o  cel l ;  
Crunchy a t  touch 
No f u r t h e r  damage t o  sk 
s p a l l i n g  occur ing  over 
p re - t e s t  exposed area 

-Two Modules Bonded t o  H/C Subpanel 
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TABLE 12,- Y I E L D  STRENGTH I N  BEAM FLEXURE 
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TABLE 1 3 . -  ULTIMATE STRENGTH I N  BEAM FLEXURE 
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TABLE 14 , -  FLEXURAL MODULUS U S I N G  SIMPLE BEAM FORMXLA 

(2039)  2935 I (1974) 2842 

(3034)  4368 I (2828) 4071 

3850 I 8957 I 6360 
(2674) (6221) (4417) 

3557 
(2471) 

3111 
(2161)  

3647 
(2464) 

7767 
(5345) 

9362 
(6503) 

6499 
(4514) 

8399 
(5834) 

9434 
C6553) 

C4353) 6267 1 
(6130)  8826 I 

p s i  
N/cm2 
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TABLE 15.- FLEXURAL MODULUS USING DATA FROM TWO BEAMS 

Bending a c r o s s  g r a i n  

Panel ~ 

h 1.25 i n  (3.175 c m )  

h 0.75 i n .  (1.905 cm)  

2070 2260 
(1438) (1570) 

2790 2460 
(1938) (1709) 

5240 3700 
(3640) (2570) 

3040 2860 
(2112) (1986) 

4890 4550 
(3396) (3160) 

2410 
(1674) 

2390 
(1660) 

2190 
(1521) 

2700 
, (1875) 

5320 
(3695) 

- 
1 9  

2 1  

- 
2 2  

23 

24 

25 

3720 
(2584) 

3040 
~ (2112) 

2850 
(1980) 

4540 
(3153) 

437 0 
(3035) 

4880 
(3340) 

4010 
(2785) 

3470 
(2410) 

26 1 3250 
(2257) 

3500 
(2431) 

' 3960 
1 (2751) 

4000 
(2778) 

27 

28  3850 
(2674) 

29 5090 
(3535) 

4400 
(3056) 

4970 

30 --- 
--- 
3310 

(2299) 

3400 
(2362) 

3960 
(2751) 

3870 
(2688) 

2080 
(1445) 

2su l t s  f 

31 3910 
(2716) 

33 3930 
(2730) 

34 
(3042) 4380 I (2723) 3920 

4440 
(3084) 

35 
(2063) 2970 I (2695) 3880 

2970 
(2757) 

4090 
(2841) 

36 
(2917) 4200 1 (1459) 2100 

(No 0 ,  75-in. (1.905 c m  I t es t  1 

* EST. I 
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TABLE 17..  - SUMMARY OF CROSS SECTION OBSERVATIONS 

I--- ! Char p e n e t r a t i o n  I 
Aft 6" 
i n .  

0 .81  

0.82 

0.70 

0 .73  

0.95 

0.55 

0 .71  

0.40 

0.66 

0.72 

0.80 

0.62 

0.53 

0.56 

0.77 

0 .71  

0.38 

0.64 

0.73 

15 cm) 
cm 

2.06 

2.08 

1.78 

1.85 

2 . 4 1  

1.40 

1.80 

1.02 

1.68 

1 .83  

2.03 

1.57 

1.35 

1 . 4 2  

1.96 

1.80 

0.97 

1.63 

1.85 

--- I Ove ra l l  view 

d S h o r t e r  hea t  

106 

S m a l l  - 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

- 
Aarge -- 

X 

X 

X 

X 

X 

X 

X 

Notes: a Surface  cap t i l t e d  i n  many c e l l s  
b A r t i f i c i a l  c r a c k  widened cons iderably  
c Outer l a y e r  had buckled o f f  
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TABLE 19 * - BASELINE STRENGTH VALUES FOR CONTROL MATERIALS 

Exposure h i s t o r y  

From f a b r i c a t i o n  

To thermal  

Vacuum 

As-f  abr  i c a t e d  

I  flexural moduls 
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TABLE 22,- SERIES A THICKNESS/DENSITY REFERENCE SPECIMENS 
6 x 6 in. (15,30 x 15.30 cm) PANELS 

32 

33 

36 

34 

55 

38 

91 

91 

88 

85 

95 

94 

Panel 
number 

Thickness Density Average hardness values 

cm kg/m3 modified Y-k- PCf 

14.98 

15.66 

1 5  a 99 

16 .61  

17.00 

1 7  e 43 

14.70 

15.39 

15.97 

16.53 

16 97 

17.44 

14.98 

15.52 

15.86 

16.42 

17 .01  

17.53 

14.99 

15.48 

15.94 

16.54 

16.99 

17.58 -- 

1.27 

1 . 2 7  

1.30 

1 . 2 7  

1 . 2 8  

1 . 2 7  

240 

251 

256 

266 

273 

279 

46 

47 

48 

49 

50 

5 1  

52 

53 

54 

55 

56 

57 

26 

32 - 
7 1  

86 

37 88 

4 1  9 1  

43 92 

S 2.55 

2.54 

2.56 

2.55 

2.55 

2.60 

239 

247 

256 

265 

272 

279 

27 

35 

30 

47 

42 

48 

76 

82 

85 

92 

88 

92 

58 

59 

60 

6 1  

62 

63 

3.82 

3.82 

3.82 

3.81 

3.82 

3 .81  

240 

249 

254 

263 

273 

280 

29 

37 

35 

33 

47 

48  

70 

83 

88 

87  

92 

93 

1 112 

2 64 

65 

66 

67 

68 

69 

240 

248 

256 

265 

272 

282 

5.07 

5.08 

5.13 

4.97 

5.08 

5.02 
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TABLE 23.- CALCULATED ABSORPTION COEFFICIENTS FOR SS-41 

Nominal 

Panel d e n s i t y  

l b / f  t3 

1 5  

15.5 

16.0 

16.5 

17.0 

17.5 

g / cm3 
.240 

.249 

.256 

.264 

- 273 

.279 

WITH INCREASING THICKNESS, 65 KY 
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TABLE 24.- SUMMARY OF IN-MOTION RADIOGRAPHY PARAMETERS 
FOR HONEY COMB REINFORCED S S-41 ABLATOR 

Study In-motion f i l m s  

- 

Power 110 KV 50 KV 

F 1  In t ens i fy ing  
screen  

None 

Kodak indus t r ex  
600 paper  Poloroid 52 I Kodak M ready-pak 

i n d u s t r i a l  x-ray 

Jlanform Thick- 
dimen- ness  
s i o n s  i n .  

in. (cm) (cm) 

0.5 
(1.3) 

6 x 6 1 . 0  
(15.30 x (2.5) 
15.30) 1 . 5  

f l a t  (3.8) 
2.0 

(5.1) 
12 x 9 
(30 x 2.0 

curved 
23) (5.1) 

pane ls  

6 Ill 

1 15"R 

1 25"R 
(64cm) 

12 x 1 2  

f l a t  

Focal  f i l m  

Fixed Traverse speed = .30 in . /minute  (76 cm/min) (movement 
param- erratic a t  s lower speed) 
eters Diaphragm opening a t  t h e  tube  head = 1/8" (0.32 cm) 

(minimum 
a v a i  1 ab 1 e ) 
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TABLE 25 .- SHORE "A" DUROMETER HARDNESS VS MATERIAL VARIATIONS FOR MG-36 

A. Average durometer va lue  vs  d e n s i t y  of s e l e c t e d  NDT samples 

6 
5 
7 
6a 
6b 
5b 
5a 
7a 
7b 

Low dens i ty  
Low d e n s i t y  
Densi ty  c o n t r o l  
Densi ty  con t ro l  
Densi ty  con t ro l  
Densi ty  con t ro l  
High dens i ty  
High dens i ty  
High dens i ty  

B. Average durometer va lue  vs  grea 
NDT a b l a t i v e  samples 

e contamination 

35.8 
64.4 
44.4 
62.6 
64.4 
66.8 
76.4 
73.4 
70.0 

i n  s e l e c t e d  

Control  (267.5) 66.8 
One gram of g rease  contamination 
Two gram of g rease  contamination 

C. 

6% c a t a l y s t  18.8 (301.0) 66.4 

19 14% c a t a l y s t  1 i;:! I (277.0) i 77.6 

- 17 

Average durometer va lues  vs percent  c a t a l y s t  i n  s e l ec t ed  
NDT a b l a t i v e  samples 

10% c a t a l y s t  ( con t ro l )  (285.0) 73.4 

D. Average durometer va lue  vs cu re  temperature  of s e l e c t e d  
NDT a b l a t i v e  samples 

225°F (381K) cu re  18.0 (288.5) 69.8 
250°F (395K) cu re  ( con t ro l )  I (285.0) 1 73.4 

2 1  275°F (408K) cu re  (287 :O) 78.4 
E. 

I 
Average durometer va lue  vs cu re  t i m e  of se l ec t ed  NDT a b l a t i v e  samples 

12-hr cu re  17.2 (275.5) 72 .2  
16-hr cu re  ( con t ro l )  I i;:: I (267.5) 1 66.8 

23 20-hr cu re  (27 2.5) 72.2 

F. Average durometer va lue  vs vacuum f o r  s e l e c t e d  NDT a b l a t i v e  samples 

24 i n .  of Hg (81 kN/m2) (cont ro l )  16.2 (259.5) 66.8 
25 12  i n .  of Hg (40.5 kN/m2 1 1 6 . 2  I (259.5) I 68.4 

G. Average durometer va lue  vs moisture  f o r  s e l ec t ed  NDT a b l a t i v e  sample 
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TABLE 26,- SIEVE ANALYSIS OF I G l O l  GLASS MICROSPHERES 

Mesh 
s ize  

+ 100 

+ 150 

+ 200 

- 200 

Bulk densit  

9.43 

22.34 

27 a 78 

TABLE 27.- FORMULATION OF SS-41 AND SS-41F 

SS-41 
Component pa r t s  by weight 

IResin, GE 655 pa r t  A 

Curing agent, pa r t  B 

Phenolic microspheres, BJO 0930 

Glass microspheres, IG-101 

Nylon powder, 66D 

22.7 I 
2.3 

50.0 

15.0 

10.0 

Fibers, E-glass-1/2 inch --- 
100.0 

SS-41F 
par t s  by weight 

19.7 

2 .0  

43.6 

13.0 

8 .7  

13.0 
100.0 

Note: SS-41 is  packed into Honeycomb core for  curing, while 
SS-41F is  cured as a molding compound. 
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Raw mater ia ls  

v 
Acceptance 

i;r 
Storage 

I Subcomponent f a b r i c a t i o n  I 
I 
I 
I 

I 
Focal p o i n t  I 

Panel f a b r i c a t i o n  
I study I 

I 
I F in ished panel acceptance I 
L - - - - - - _ _ _ _ _ _ _ _  _1 

Stockpi 1 e 

ti. 
v I 

v 
v 
V 
v 
v 
V 

V 

o f  t h i s  

Recer t i f y  e x i s t i n g  I n s t a l l a t i o n  o f  new panels 
f i n a l  inspec t ion  e panels 

7 3 rib;;--, 
1 Erect, f ue l  and countdown 

Ascent 
L-----J 

Orb i t ,  mission and deorb i t  

Primary ‘------I 

phase L-----_I 
performance I Entry  1 

L o i t e r ,  land and f e r r y  

Figure 1.- Ablator Panel L i f e  Sequence 
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72 kg 

Figure 2 . -  Baseline Configuration for Study During Tasks I ,  11, and 111, Me-36 
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Figure  3. -  Base l ine  Conf igura t ion  f o r  Study During Tasks I V  and V, SS-41 
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Figure 7 . -  Plasma Arc Test Specimen Design, Section A-A 
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7.0 .in. (17.75 cm) 

luminum tabs 

Figure 8.- Tensile Specimen, Ablator in Honeycomb 

0.25 i n .  (0.635 cm) Nominal thickness 

2.0 in. (5.08 cm 
Gage length 

FiFigure 9.- Tensile Specimen, Ablator 
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Figure 16.- Humidity Environment Number 1 

Figure 17 .- Humidity Environment Number 2 
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Figure 25.-  Early Four-Point Flexure Results  on S S - 4 1  
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Figure 27.- Details of Disbond and Damaged Honeycomb 
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Figure 30.- Thermal Vacuum Exposure, Panel Placement and Thermocouple Location 
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AT ROOM 
TEMPERATURE, 
AFTER BONDING: 
ALSO : 
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Figure  32. -  Panel  Curvature Trends 
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Figure 33. -  Humidity Environment Number 3 

146 



0 

147 



in 
fz a 

~ (u 0 0 
0 8 51 

- 
I 
I 

A 0 0 O- 

8 0 
I 1 1 

148 



P 

010)  

I m 
pc 

I I 
I ( 

I 

3 N 

F- 0 
X 
u) 
Q) 

3 c 

- 

t 

.- 
E 
v 

w z 
t- 
- 
0 - 

P 
b 
I 

a, 
&! 

2 
a x 

W 

g 
m 
b- 
4 
m 
E 
a, c 

E+ 

(0 
a, 
4 
!-I 

4.J 
m 
4 m 
ar 
3 u 
m 
a, a 

t-1 
f! 
H 

a, 
2 
3! 

I. 
W 
W 

ar 
&! 
3 
M 
.d 
P-I 

149 



I 

t 

c 

1 

I 

I 

L 

0 

I 

t 
t 

I 

150 



I51 



I 0 0 0 0 0 O- 

8 _.. 0 - 8 0 

H 
H 
H 

a, 

B 

a, 

ii 

$ 

., 
3 

v) 

1 
a 
3 
4 
a 

a, 
E! 

I. 
m m 
a, 

3 
M 
4 
L7.I 

152 



1 

M 
Fc m 

+ 

t 

-l- 
IL. m a 

a 
1 
U 
m 
a 

8 
H 
H 
H 
H 

a 

t 
z 
! 
0 
4 

a 
$4 z 
b 

3 

153 



Figure 41.- Vacuum Chamber Pressure History, Wave I11 
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Figure 42.- Typical  Entry Heating Panel  i n  Plasma A r c  F i x t u r e  (Pre- tes t )  

F igure  4 3 . -  Typica l  Post  Entry Heating Appearance 
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Figure 4 4 . -  Summary of Maximum Thermocouple Readings,  Plasma Arc Exposures 
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Figure  53.- S e r i e s  B,  NDT Standard Unbond Reference Panel  
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Figure 54.- NDT Dest ruc t ive  Unbond Panel  

Figure 55.- Cross Sect ion of C r i t i c a l  Defects  Panel 
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Figure  57.- Experimental  Energy Absorption S e t  Up 
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Figure 62.- Ablator Step Wedges for Monitor of Radiographic Contrast Sensitivity 

Figure 63.- SS-41 - Penetrameter for Monitor of Radiographic Resolution 
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Figure  64.- Schematic V i e w  of an  X-Radiographic Set-up 
I l l u s t r a t i n g  t h e  P a r a l l a x  E f f e c t  
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Figure  65.- X-Radiograph of an  Ablator  Panel  Showing Extreme P a r a l l a x  
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cColhmfed X-Ray Beam 1 
c L I 4 

-Part/Filrn Travel 

Figure  6 6 . -  P r i n c i p l e  of t h e  In-Motion Radiographic Technique 

I----- 
Receiver. I Suspension 

Image 
Intensifier 

Tube 
Suspensio 

specimenl 
Figure  67.- Schematic V i e w  of a Direct X-Ray Viewing System 
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Figure 68.- The Lockheed In-Motion Radiography System 
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Figure 69.- In-Motion X-Radiograph of a 2 in. (5.1 em)-Thick Panel, 
Type M Film 
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Figure  70.- In-Motion X-Radiograph of a 2 i n .  ( ,1 cm)-Thick Panel ,  
Poloro id  Type 52 Film 
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Figure 71.- In-Motion Radiograph of a 2 i n .  (5 .1  cm)-Thick Panel ,  
Kodak Indus t r ex  Paper 
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Figure 72.- Video Image Densitometer Readout 
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F i g u r e  73 . -  White-Light Image of a Pane l  #2 Radiograph 
as Normally viewed 

F igure  74.- Video Format f o r  a Panel  #2 Radiograph 
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Figure  75.- P o i n t  Densitometer Readcut for Image Analysis  

F igure  76.- Se l ec t ed  Area For Fa l se  Color Enhancement 
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Figure 77.- False Color Enhancement Mode 

Figure 78.- Derivative Enhancement Mode 
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Figu Lre 79.- Shore D Modified Indentation Hardness Unit 
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Figure 80.- Vacuum/Flexure Test 
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F i g u r e  81,- Double Exposure Hologram O f  An E las tomer i c  
A b l a t o r  Showing Unbounds 

F i g u r e  82.- Dou3le Exposure Hologram O f  An SS-41  
Unbound P a n e l  
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Figure  83.-  Vacuum Cup Proof Load T e s t  Set-UP And Errtensometer Read-Out 
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Figure 87.- Quality Assurance and Inspection Plan for "Low-Cost," Low-Risk 
Ablator Panel Production 
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Figure 88.- Voids in Ablative Material 
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Original core pattern 

Distorted core pattern ,- Broken 
ce l l  wall 

Distorted cell  

68 - Undercut core 
I .  
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I .  
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Figure 89,- Honeycomb Core Defects 
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Lack o f  resin producing a I-' gap and an unbonded area 

Core splice 

L-.---- Excess res in  producing blockage 
o f  cel l  s adjacent t o  spl i ce  

F igu re  90.- Defective Core S p l i c e  
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24C - I5 

Figure 91.- Ablator Density Variations 
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Figure  92.- Typica l  Beam Arrangement 

F igu re  93.- Typica l  Load vs Def l ec t ion  Curve 
197 



198 NASA-Langley, 1974 CR-2336 



4. Title and Subtitle 5. Report Date 
February 1974 

Study of Critical Defects. in Ahlative Peat 
Shield Systems for the Space Shuttle 

7. Author(s) 

C. C. Miller and W. D. Rummel 
, 

9. Performing Organization Name and Address 

Wartin Varietta Aerospace 

6. Performing Organization Code 

8. Performing Organization Report No. 

MCR-73-184 
10. Work Unit No. 

11. Contract or Grant No. 

17. Key Words (Suggested by Author(s1 ) 
Space Shuttle Eon-Destructive Evaluation 
Heat Shield Orbit Environments 
Ab la t o r s Humid it y 
Defects Ultrasonic 
Acoustics Holography 

X-Radiographics 

NM1-10289 Denver Division 
Denver, Colorado 80201 

13. Type of Report and Period Covered 

18. Distribution Statement 
Unclassified--Unlimited 

cat. 33 ' 

12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
i.$ashinzton D. C., 20546 

19. Security Classif. (of this report) 20. Security Classif. (of this page) 

Unclassified Unclassified 

I Contractor Report 

21. NO. of Pages 22. Price" 

208 $5.50 

14. Sponsoring Agency Code I 
I 

15. Supplementary Notes 

This i s  a final report .  

16. Abstract 

Experimental results are presented for a program conducted to determine the effects 
of fabrication-induced defects on the performance of an ablative heat shield material, 
rxposures representing a variety of space shuttle orbiter mission environments--humidity, 
acoustics, hot vacuum and cold vacuum--culminating in entry heating and transonic acoustics, 
vere simulated on large panels containing intentional defects. Non-destructive methods 
for detecting the defects, conside7,ing state-of-the-art and advanced techniques, were 
investigated. The baseline materials used were two honeycomb-reinforced low density, 
silicone ablators, MG-36 and S S - 4 1 .  Principal manufacturing-induced defects disi3layinp 
a critical potential included: off-curing of the ablator, extreme low density, undercut 
(or crushed) honeycomb reinforcements, and poor wet-coating of this honeycomb. 
comprehensive quality assurance effort establishes the mode of fabrication and inspection 
modifications which should be enacted in future ablator preparation. 

A concurrent, 




